EXPERIMENTAL INVESTIGATION ON NANOFLUIDS
WITH AND WITHOUT THE EFFECTS OF EXTERNAL MAGNETIC EELD

by
Alper Elkatms

Submitted to the Institute of Graduate Studies in
Science and Engineering in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy

In

Physics

Yeditepe University
2011



EXPERIMENTAL INVESTIGATION ON NANOFLUIDS
WITH AND WITHOUT THE EFFECTS OF EXTERNAL MAGNETIC FIELD

APPROVED BY:

Prof. Dr. Necdet Aslan

(Thesis Supervisor)

Assist. Prof. Dr. Erciiment Akat e e

Prof. Dr. Ugur Yahsi

Prof. Dr. Sahin Aktas

Assoc. Prof. Dr. Sinan Keskin

DATE OF APPROVAL: ..dovi: disin



ACKNOWLEDGEMENTS

Firstly, | would like to express my gratitude and mleepest appreciation to my
supervisor Professor Necdet Aslan for giving medha&nce to study with him in the field
of nanofluids that was not even related to his agesearch when | started. His advices,
guidance and his trust on me gave me the couradjsteength to overcome the challenges
throughout this long journey.

| extend sincere thanks to Assoc. Prof. Dr. Seya@dtdfrom Chemical Engineering
Department for allowing me to use her equipmerthalaboratory and for her unlimited
tolerance. Special thanks to Merve Yiksel for herdy in preparation of ferrofluid
samples. | also thank Assist. Prof. Dr. ErcimenatAlProf. Dr. gur Yalsi, Prof. Dr.
Sahin Akta and Assoc. Prof. Dr. Sinan KesKor serving on my thesis committee and for

their suggestions to improve the manuscript quality
| would like to thank TUBTAK UME for supporting my thesis research. This
research project would not have been possible wittlte permission of the Institute to

begin and complete this thesis.

Most importantly, | would like to thank my motheveral Ozygit, and my sister,

Banu Celebi, for everything they have done for me.

This thesis is dedicated to my family.



ABSTRACT

EXPERIMENTAL INVESTIGATION ON NANOFLUIDS
WITH AND WITHOUT THE EFFECTS OF EXTERNAL MAGNETIC F |IELD

This thesis is mainly concerned with experimentaldies on the magnetic and
nonmagnetic nanofluids using §88 magnetite heptane/water/hexane and silicon dioxide
(silica) dispersed in ethanol. TEM, SEM, DLS, X-RByffraction and VSM analyses
methods were used to investigate the charactesizafi nanoparticles and nanofluids. The
thermophysical properties of the nanofluids ateddght temperatures and nanoparticle
concentrations including density, viscosity andrtted conductivity directly affecting the
heat transfer behaviors were investigatedme theoretical models for density, viscosity
and thermal conductivity taken from the literatureere used to compare with the
experimental results. In addition, a theoreticaldelowas derived for the thermal
conductivity of the magnetic nanofluids under thige@ of external magnetic field.
External magnetic field effects on thermal conduttiof magnetic nanofluids have been
investigated for magnetite heptane/water, magnké&i@ne and the results were compared
with the theoretical derivation. In order to usee tmagnetic effect, a homemade
electromagnet producing 0-1.7 Tesla was designednaanufactured. The results show
that the density, viscosity and thermal condugtivif magnetic and nonmagnetic
nanofluids increase with increasing particle weiglancentration and decrease with
increasing temperature. In addition, thermal cotiditg enhancement for magnetic
heptane/water under the full wave bridged DC vdtégll wave bridged by bridge diode
of 160 A) external magnetic field and thermal castdity reduction of the magnetite
hexane under the full wave rectified DC voltagdl (fuave rectified by bridge diode of

160 A and capacitors of 45QF) external magnetic field were found and presented



OZET

NANOAKI SKANLARIN DI § MANYET iK ALAN ETK ISINDE VE HARICINDE
DENEYSEL OLARAK INCELENMESI

Bu tez, genel olarak manyetit §&& heptan/su/hegzan ve etanolda silisyum dioksit

(silica) nanoalgkanlar uzerindeki deneysel gahalarla ilgilidir. Nanoparcagik ve
nanoakgkanlarin karakterizasyon élcumleri TEM, SEM, DLSR¥4y Diffraction ve VSM
analiz yontemleri kullanilarak gercekieilmistir. Farkli sicaklik ve nano parcacik
konsantrasyonlarindaki nanoghanlarin 1si1 transferi davrammi dasrudan etkileyen
yogunluk, viskozite ve 1sil iletkenlik buytkltkleriniceren termofiziksel 6zellikleri
arastinimistir. Yogunluk, viskozite ve isil iletkenlik icin literatlieth secilen bazi kuramsal
modeller ile deneysel veriler kalastiriimistir. Ayrica, ds manyetik alan etkisi altindaki
manyetik nanoakkanlar icin teorik model turetilrgiir. Ayrica, dg manyetik alan etkisi
altindaki manyetit heptan, manyetit su ve manyegzan tip manyetik nanoakanlarin
Isil iletkenlikleri aratirimis, kuramsal olarak tiretilen sonuc ile &astiriimistir.
Manyetik etki kullanimi icin 0-1.7 Tesla Uretebileglektromiknatis tasarlangnive
uretilmistir. Bu calsma, manyetik ve manyetik olmayan nangk&nlarin ygunluk,
viskozite ve termal iletkenliklerinin parcacik k@mérasyon ar§i ile arttgini ve sicaklk
ile azaldgini gostermektedir. Ayrica, DC (160 A kopri diyaigdultmal) ds manyetik
etki altindaki manyetit heptan/su nangainin isil iletkeniinin zenginlgtigi ve tam
dalga DC (160 A koépru diyot ve 45Q00F kondansator dgultmall) ds manyetik etki
altindaki manyetit hegzan nanogkanin 1sil iletkeniinin azaldg bulunmy ve

sunulmuytur.



Vi

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ... et e e e eaa s M
ABSTRACT ..ttt ettt mmmn ettt e e e e et e e e e e e et b e e e e e e e s e e e aneeaaeeas iv
(@ 774 = ISR ORRUPRRTROSRPRR Y
LIST OF FIGURES ...ttt e e e IX
LIST OF TABLES ...t ettt e e e e et e e e a e e e e e aanas Xiv
LIST OF SYMBOLS AND ABBREVIATIONS .....ocoiiiiieeiiiiiiees e XVi
1. INTRODUCTION ....oiiiiiiiiieiiiiiitiee e smmmmre e e ettt e e e e e e e nnnbteeaaesassnsseeeeasnnnsseeennes 1
1.1. SCOPE OF THE THESIS .....ccotii ittt e e e e e 1
1.2. ABRIEF HISTORY OF NANOFLUIDS .......cooiiiiiii e 2
1.3. LITERATURE REVIEW ....ccoiiiiiiiiiie ettt eeen e 5
1.3.1. Magnetic Effect on Thermal Condutt of Ferrofluids.................... 6

1.3.2. Concentration Effect on ThermahQactivty of Different Types of
NaNOFIUIAS ...t 8
1.3.3. Different Effects on ViscosdlyDifferent Types of Nanofluids....... 9
2. FERROFLUIDS AND FERROHYDRODYNAMICS ......cccccoeeiiiiiiiiieee e 12
2.1. WHAT IS FERROFLUID? ..ottt 12
2.2. FERROHYDRODYNAMICS. ...t e et e e ean e 15
2.3. STABILITY REQUIREMENTS OF FERROFLUIDS ......c.ccccooviiiiiieee e 17
2.3.1. Stability in a magnetic-field giat.................oovvviiiiicece e, 17
2.3.2. Stability against settling in agtational field...................ccoviiiieeee. 19
2.3.3. Stability against magnetic aggloation ................oovvvvviiiiiiee e, 2C
2.3.4. Necessity to guard against the M@anWaals attractive force......... 2C
2.4. APPLICATION OF FERROFLUIDS .........otteeem it 21
3. THEORETICAL BACKGROUND.........utiiiiieeiiceciiieeee e esiiiiee e siiaeeee e 23
3.1. THERMOPHYSICAL PROPERTIES OF FERROFLUIDS..................... 23
3.1.1. Heat Transfer and Thermal CON@UgL............ccccoevvviiiiiiiinnnnnnnnnnn. 23
3.1.2. Heat Transfer Mechanism in Nandfu............cccccccoiiiiiccaciiiinnes 24
3.1.2.1. NanopartiCle MOUION ... eeeeeeererueiiiiiiieeeeeeeeeeeeeeeeeeerennm 24

3.1.2.2. Liquid Layering at Liquid-Fale Interface........................ 25



vii

3.1.2.3. Nature of Heat Transport emiNparticles............ccccceeeennn. 26

3.1.2.4. Nanoparticle CIUStENNG .ccccceeveeeeeeieiiieiv e 26

3.2, MAGNETISM ..ottt sttt e e e e e e et e e e e e s snneee e e enns 28

3.2.1. BasiC DefiNitioNS.......cooieeeeeeiiiei e 28

3.2.1.1. Magnetic INdUCtION, B .o eeeeeeeeiiiiiiie e, 28

3.2.1.2. Magnetic Field Strength, H..........ooovrrriiiiiiiieeeee 29

3.2.1.3. Magnetic MOMENt, M .......ccovvveriiiiiiiimee e 29

3.2.1.4. Magnetization, M......coooeeieeeeeieiieieeeiee e e eeeees 3C

3.2.1.5. Magnetic SUSCEPLIDIMRY., .. .uvvrrrreiiriieee e s e, 31

3.2.2. Different Types of Magnetic Bel@aui................ccoooviiiiiicceeiiiinnnnnns 31

3.2.3. Hysteresis Loop and Superparantee..........cccoeeeeeeeeeieeaeeeeeennnn, 33

3.3. PREPARATION OF NANOFLUIDS ......ccceiiimmmmeeeeeeeeamiiieeeeeeesiiineeeaeaans 38
3.4. DERIVATION OF MAGNETIC EFFECT ON THERMAL

CONDUCTIVITY OF MAGNETIC NANOFLUIDS .......c.ocovviiieiiieeeeinn, 4C

. MEASUREMENTS TECHNIQUES. ... 5C

4.1. CHARACTERIZATION TECHNIQUES ...ttt 5C

4.1.1. Transmission Electron MicroSCOPEM) ..........cceeeveivieeeeeiiiicemennnee, 5C

4.1.2. Dynamic Light Scattering (DLS) cee..coeeeeieeeeeeiieieeeciieee e 52

4.1.3. X-Ray DIffraCtion ...........ueeeeeeerrmmmmmiiaieeeeeeeeeeeeeeeeeeiiissseeeeeeeeeennenes 55

4.1.4. Vibrating Sampling MagnetometeBM) ..........coovvvvvviivienen e, 58

4.1.5. Scanning Electron Microscopy (SEM)........ccccoeeeiiiieiiiccmveeeiniinnns 62

4.2. THERMOPHYSICAL MEASUREMENT TECHNIQUES...............c....... 63

A.2.0. DENSILY coieiiiiiieiiiiitee s ettt s s s e e e e e e e e e e e e eeeeeesebbbennnnseeebnnnnns 63

Y Yoo 11 | SRR 64

4.2.3. Thermal CONAUCHIVILY .......oceeemriiiiiiiiieee e, 66

. RESULTS AND DICCUSSION ...coiiiiiiiiiiiiiiie et eieeee e sirnnee e 71

5.1. CHARACTERIZATION MEASUREMENTS OF THE SAMPLES.......... 71

5.1.1. Transmission Electron Microscopii) Analyses of Ferrofluids.. 71

5.1.2. Dynamic Light Scattering (DLS) Ayses of Ferrofluids................. 72

5.1.3. X-Ray Diffractometer (XRD) Analysef Ferrofluid........................ 73

5.1.4. Vibrating Sample Magnetometer (\JSMalyses of Ferrofluids...... 74

5.1.5. Scanning Electron Microscopy (SEMY DLS Analyses of Silica.. 77
5.2. THERMOPHYSICAL MEASUREMENTS OF NANOFLUIDS................ 79



5.2.1. Density Measurements of Ferrofluid............cccoovvviimemnniinnn, 79
5.2.2. Viscosity Measurements of Feriaflu................cccoeeevieeeveivviiinnnnns 82
5.2.3. Thermal Conductivity of Ferroflaid................ccoooiiiiicccniiee e, 85
5.2.4. Viscosity Measurements of SiliCa...........ccoevviiiiiieeiniiiiiiiiiiiiiiinnns 89
5.3. MAGNETIC EFFECT MEASUREMENTS ON FERROFIDS ................ 91
5.3.1. Magnetic Field SOUICES....reieiiiiiiiiie e eemem s 91
5.3.1.1. MagnetiC COil .....ccoi e 91
5.3.1.2. Homemade U-core DC Electromedg..................cvvvnnnnnnn. 92
5.3.2. Thermal Conductivity of Magnetiieptane and Water under
MAGNELIC EffECT. ... ceeeeeiiiiiie e 94
5.3.2.1. Using a Magnetic COil .eueiiiiieeeeiiiiiii e, A
5.3.2.2. Using U-core Electromagnet...........ccceeeeevvieeeeeeeninnnnnnnns 98
5.3.3. Thermal Conductivity of Magnetiexane under Magnetic Effect. 10C
6. CONCLUSION AND FUTURE WORK ...ttt iceeme et o 14
APPENDIX A: UNCERTAINTY ESTIMATION AND ERROR ANALYSES OF
THERMOPHYSICAL MEASURENMES ..., 109

APPENDIX B: UNITS FOR MAGNETIC PROPERTIES....cccciiiiiiiiiiiiiiieme. 111
REFERENCES ... ettt 113



LIST OF FIGURES

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

A schematic illustration of a commomnrdéluid composition............ 12

Magnetization effect on the magnetitigias of a ferrofluid............ 14

Schematic representation of magnetiostaucture morphologies.. 15

Theconcentration of magnetic particles in a magneténailuic

under the effect of a gradient magnetic field .o..ooooooeeevivviiaeene. 19

Excess thermal-conductiviky énhancement owing to formation of

highly conductive layered-liquid structure at ligtparticle interface.. 26

Excess thermal conductivitgnhancement owing to increased

effective volumep of highly conducting clusters.......................... 28

Different types of magnetic behaviors.............cccoevvvieeeiiiiiieeninns 33

A typical magnetization hysteresis |@glp-H) of a ferromagnetic

NATEIIAL. .. oo e e e 34

The magnetic responses associated with differasseks of magne
material among others are illustrated by their esponding MH

L1 I | Y ST 35

The illustration of relationship between the codtyi in ultrafine
particle systems and particle sizes................coeviiiiiiinn . 36



Figure 3.8.

Figure 3.9.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

The experimental setup and solutionaom...............cccceeeeieiiee..

Temperature gradient in a ferrofluidaipplying a magnetic field

Lens ray diagram of the imaging SysbéMEM.........................

Transmission Electron Microscope FEE¢éenai G2 F30................

Particle size and particle motion dejg@cy................cocoeveieennes

lllustration of the scattered lightsieg by detector.....................

Bragg condition illustrating the diféteon of X-rays by a crystal

A basic schematic view of a X-ray diffractometer......c............

The scheme of a vibrating sample magneter.........................

Scheme of a VSM with applied field sagrse to the vibration axis...

VSM equipment located at THBK UME...............cooevveenne.n.

Vertical rod holding the sample betweeils.............................

Schematic diagramme of @ SEM..........cooiiiiiiii it i e e

Density meter Anton Paar DMA 4100.........cccovvviiiie i eenee,

Brookfield DV-III Ultra ProgrammablénBometer.......................

Comparison of the thermal conductivity measurentectiniques fc

nanofluids

40

41

52

54

54

57

59

60

61

62

63

64

65



Figure 4.15.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10.

Figure 5.11.

Figure 5.12.

Figure 5.13.

Xi

The thermal conductivity measuringickeused in this study.......... 70

TEM image of magnetite nanoparticles;Qk) prepared by wat
SYNENESIS .. 72

TEM image of magnetite nanoparticlé®;@,) prepared byoil

YNBSS . e e 72
DLS Data for FeOparticles..........cccooviiiiiiii i, 13
Magnetite—Oil X-Ray Diffractogram...........ccccceeevvviviiiieiiiiiiicinennn, 74

Magnetization curves at different conicions of FgO, particles
suspended in heptane at 296 K.............cccoiiiiiiiiiiiiee e 1B

Magnetization as a function of H in Ib@ds for magnetite heptane

NANOTIUIAS ... .o e e 76
SEM image of Silica 2.86 N — 7T (SEM€l128.35 nm).............. 77
DLS results for 2.86 N — 7T Intensit@5.7 - 160.2...................... 78
DLS results for 2.86 N — 7T Volume 515-149.6...................... 78
DLS results for 2.86 N — 7T Numbe084 -108.7...................... 78

Density enhancement for magnetite parnicles dspersed i

HePTaNe. ..o 80

Comparison of density values for magnetite nandfaii25°C......... 81

Viscosity enhancement for magnetiteoparticles dispersed in

REPLANE. ... o 82



Figure 5.14.

Figure 5.15.

Figure 5.16.

Figure 5.17.

Figure 5.18.

Figure 5.19.

Figure 5.20.

Figure 5.21.

Figure 5.22.

Figure 5.23.

Figure 5.24.

Xii

Relative viscosities of magnetite nanofluids afgo0.................... 83

Comparison of the viscosity data with theoriesnf@agnetite heptan
nanofluid according tPL14]............cooviiiiiii i 84

Comparison of the viscosity data whigories for magnetite heptane
nanofluid according tPL1Y.........cooivi i 85

Thermal conductivity enhancement of gmedite m@anoparticle

dispersed in heptane. ... 86

Thermal conductivity enhancement afnetic heptane at each

weight concentration.............vviiiie e ne e eeeeean BT

Relative enhancement of thermal camdtycupon addition of FgO,

in heptane as a function of concentration 8C25........................ 88

Comparison of Wasp model and experiaheata obtained from th
study for the thermal conductivity of &, nanoparticles in Heptane
AL 25°C e e e, 89

Experimental values of viscosity farying weight concentrations

of silicon dioxide nanofluids (128.35 nm) with respto temperature 90

Experimental values of viscosity farying weight concentrations
of silicon dioxide nanofluids (128.35 nm) with regpto temperature 90

Experimental setup for the thermaldemtivity measurements at the

external magnetic field. ... 92

The U-core electromagnet and expetiahsetup for following

EXPEIMENTS ... .ottt et e e e e e e e ne e e eaeeaeeeneen 93



Figure 5.25.

Figure 5.26.

Figure 5.27.

Figure 5.28.

Figure 5.29.

Figure 5.30.

Figure 5.31.

Figure 5.32.

Figure 5.33.

The picture of the U-core electromagised in this study.............. 93

The full wave rectified DC circuit dsir electromagnet............... 94

Relative enhancement of thermal camdtycin water-based

magnetic fluid upon application of an externaldiel................... 96

Relative enhancement of thermal caintycin heptane-based

magneticfluid upon application of an external field.................. 96

The thermal conductivity enhanceméhieptane-based magnetic

fluid which changes almost linearly by an exteffigd................. 97

A picture of the thermal conductivitgasurement with the effect of

external magnetic field.............ccooe i 99

The ferrofluid located in the gap le#w magnetic poles............... 99

Relative enhancement of thermal caintycin heptane-based

magnetic fluid upon application of an externaldiel................... 100

Relative reduction of thermal conduttiin hexane-based magnetic

fluid upon application of an rectified DC exterfigld.................. 101



Xiv

LIST OF TABLES
Table 1.1. Thermal conductivity of additives andd#uids used in nanofluids 5
Table 1.2. Literature review on viscosity of diet types of nanofluids.......... 9
Table 3.1. Typical magnitudes of magnetic induction........................... 29
Table 3.2. Estimated critical single-domain sid&s,for spherical particles wi

NO Shape aniSOtIOPY. ... vue it ettt et eeeee e eenns 30
Table 4.1. Technical data for TEM - FEI Tecnai GDF............................ 52
Table 4.2. Zetasizer Nano Series specifications......ccccccovviiiin s, 55
Table 4.3. Technical data for Anton Paar DMA 4100....e....oiovvvviieven.. 63
Table 4.4. Viscosity units of measurement................ccooiiiiiiiin e, 65
Table 4.5. Rheometer specifications..........c.ccoovie i e e 66
Table 4.6. Thermal conductivity equipment spectfaras........................... 69
Table 5.1. Viscosity theories and their formulaedis this study.................. 84
Table A.1. Comparison of experimental measuremeitslensity of pure n-

heptane with the literature values as a functiorteshperature

AtMOSTEIIC PrESSUIE.....u e e e 110
Table A.2. Comparison of experimental measuremainigscosity of pure n-

heptane with the literature values as a functioteoiperature at



Table B.1.

atmosferic pressure............

Units for magnetic properties

XV



LIST OF SYMBOLS AND ABBREVIATIONS

a Thermal diffusivity

A Current loop area

AL Heat transfer area of liquid

Ap Heat transfer area of magnetic particles
B Magnetic flux density

Bo External magnetic induction

Bint Internal magnetic induction

c Spring constant

Co Heat capacity

C Integral constant

Cv, G Specific heat values for the fluid

d Diameter of nanoparticle

d' Space between regular arrays in crystal
E Electric field

E Energy

f Oscillating frequency

F Force

g Gravitational acceleration

H Magnetic field strength

H Convection heat transfer coefficient
Ha Hamaker Constant

Hec Coercive field

| Electric current

J Current density

k Thermal conductivity

Ks Boltzmann’s Constant

Ketf Effective thermal conductivity

ke Thermal conductivity for polyatomic liquid
) Thermal conductivity of magnetic particles

L Elevation in the gravitational field

XVi



ar

= N~

Ho

Magnetic dipole moment
Mass

Magnetization

Remanence

Spontaneous magnetization
Unit vector

Number of particles

Scalar pressure

Pressure of medium
Electric charge

Heat source for liquid
Heat source for magnetic particle

Heat transfer rate in the x-direction
Radius of magnetic liquid

Radius of magnetic particles
Surface-to-surface separation distance
Absolute temperature

Velocity

Volume

Velocity of particle

Average molecular velocity

Magnetic fluid velocity

Radial velocity

Expansion coefficient

Euler’s constant

Temperature difference between surface and flui
Volume fraction of magnetic particles

Resistivity

Wavelength

Magnetic permeability

Magnetic permeability of free space

XVil



AFM
DM

DLS

EA

ISO

JCPDS

MR

NP

PM

SEM

SPM

SQUID

TEM
TUBITAK UME

VSM
XRD

Relative permeability

Viscosity

Density

Density of base fluid

Density of metallic oxide particles

Mass concentration (%) of the dispersed fluid
Volume concentration (%) of the dispersed fluid
Magnetic susceptibility

Magnetic susceptibility at reference temperature

Total volume of medium

Atomic Force Microscope

Diamagnetic

Dynamic Light Scattering

European co-operaiton for Accreditation

International Organization for standardization

Joint Committee on Powder Diffraction Standards

Magnetorheological fluid

Nanoparticles

Paramagnetic

Scanning Electron Microscope

Superparamagnetic

Superconducting Quantum Interference Device

Transmission Electron Microscope

National Metrology Institute of Scientific and Tewlogical
Research ColiotCiTurkey

Vibrating Sample Magnetometer

X-Ray Diffractometer

XVili



1. INTRODUCTION

1.1. SCOPE OF THE THESIS

This thesis is mainly focused on the experimertalies of thermophyical properties
such as density, viscosity and thermal conductivafy magnetic and nonmagnetic
nanofluids, and the magnetic effect on the themoalductivity of magnetic nanofluids. In
order to get information about the characterizadod experiments of nanoparticles, one
must be aware of the definition of the nanofluidgéneral introduction, brief history the
detailed literature review given on nanofluids widgard to this study has been given in
Chapter 1. Different magnetism terms of materialshve shortly summarized at the end of

this chapter.

Some definitions and applications in addition te thtability requirements of
ferrofluids are presented in Chapter 2.

Chapter 3 deals with the theoretical backgroundnamly heat transfer mechanism
and general magnetism. The magnetic fluid preparagchniques are also presented in
this chapter. The theoretical solution of conseovalaws (Navier-Stokes Equations) along
with Maxwell’s equations for thermal conductivitg a function of external magnetic field

has been derived in this chapter.

Chapter 4 deals with the experimental methodologyd techniques on
characterization and thermophysical measuremerdstaimanofluids used in this study.

The brief theoretical background and devices user wtroduced in this chapter.

In Chapter 5, all the experimental results are mivdhese are mainly the
characterization and thermophysical measuremerdstla magnetic effects on thermal
conductivity of FeO, magnetite nanoparticles both in water and in hreppnd hexane by
changing volume fraction and the strength of thieereal magnetic field. The design and
construction studies of homemade magnetic fieldcgsuwere summarized in this chapter,

as well.



Finally, a conclusion and suggested future stugde® proposed in Chapter 6.
The main specific questions being addressed irdibgertation are as follows:

I.  How will nanoparticle loading or concentration atfehe thermal conductivity,

density and viscosity of nanofluids?

ii. How will the external magnetic field affect the timal conductivity of different
types of magnetic nanofluids?

lii.  Are nanofluids better coolants than their baself@i

Iv. How is the comparison between the theoretical ddow and experimental results of
thermal conductivity of magnetic nanofluids undee teffect of external magnetic
field.

1.2. ABRIEF HISTORY OF NANOFLUIDS

The heat transfer has been a time consuming clyallenscience history. Additional
researches have always been required in order pooira this process. Therefore, many
researchers have conducted many experiments aul different types of methods to
remove heat from, for instance, computer chipsicgosystems, heat exchangers etc.,
since the beginning of 1950’s. The understandingenature behind the nanoscale world
has become an important issue after the physi@seNPrize winner Richard Feynman’s
famous talk at California Technology Institute (ah), “There is Plenty of Room at the
bottom”, introducing the micro and nanoscale cptget the annual meeting of The
American Physical Society on®®f December 195f]. He emphasized the manipulation
and control of the tiny things in small scale is Bpeech. On the other hand, the term

“Nanotechnology” has become pronounced after Néawiguchi, 19743].

The main parameters affecting the thermal trandpeinaviours of fluids are thermal
conductivity and viscosity within heat transfer bBggtions. Thermal management and
cooling are important technical difficulties facingumerous applications including
microelectronics, communication, transportation,nofacturing, computing, optics and

their devices and metrolog].



The increasing power of these kinds of devices wibreasing size also calls for
innovative cooling technology. However, it is imfaort to note that miniaturized devices
are not alone in looking for innovative cooling heology. Large devices (such as
transportation trucks) and new energy technologghsas fuel cells) also require more
efficient cooling systems with greater cooling capes and decreased sizes. Thus,
enhanced cooling technology is the real need oftiooe. It can be achieved by doing
microchannels and miniature cryodevices as newgdsgor cooling devices. Another way
is to enhance the heat transfer capability of thil fitself. Since solid particles usually
exhibit greater thermal conductivity than do ligglicone way to improve the thermal
conductivity of liquids is to use suspensions thahtain dispersed particles into base
fluids. In fact, numerous theoretical and experitakmstudies of the effective thermal
conductivity of dispersions that contain solid maes have been conducted since J.C.
Maxwell's theoretical work was published more ti@0 years ags]. Maxwell was the
first scientist who thought that using suspensiérsalids would be a good alternative
method to achieve this idea. He explained a theatdbasis for calculating the effective
thermal conductivity of suspension. This work wasteaded further to examine
polystyrene suspensions by Ahuja in 1975. He exadhithermal conductivity of
polystyrene-water based solutions with the sizabamfut 40-10Qum in a tube and observed
thermal conductivity enhancement by as mush axctw@rf& [6, 7). However, all of the
studies on thermal conductivity of suspensions hbgen confined to millimeter- or
micrometer-sized particles. Maxwell's model sholaat the effective thermal conductivity
of suspensions that contain spherical particleseases with the volume fraction of the
solid particles. It is also known that the thermahductivity of suspensions increases with
the ratio of the surface area to volume of theig@arf8, 9. Also, Liuet al (1988) worked
on thermal enhancement of fluids containing migparticles and an industrial application
test was carried out by them, in which the effetcparticle volume loading, size and

flowrate on the slurry pressure drop and heat teareehaviour was investigat¢t].

Traditional liquid coolants like water and lubri¢armave poor thermal conductivity.
For example, water is roughly three orders of mtagiei poorer in heat conduction than
copper. Therefore, studies are focused on incrgasi@ thermal conductivity of cooling

fluids. Earlier studies focused on micro and masized particles, which have major



disadvantages like settling rapidly of particlel®gging the flow channels because of the

large size of particles, increasing the pressuoe dr the fluid[9].

These problems resulted in the birth of nanofludsch are a new class of solid-
liquid composite materials consisting of solid naaicles, with sizes typically on the
order of 1-100 nm, suspended in a heat transfardligl]. Masudaet al presented their
studies on thermal conductivity and viscosity ohefuids containing nanoparticles such
as AbOz and TiQ (27 nm) in 1993 [11]. The word “nanofluid” was a&ived by Choi in
1995 from Argonne National Laboratory (ANL). Thestiimpression of nanofluid is the
observation of greater-than-expexted effective niar conductivity with small
nanoparticle volume fractigii2]. Large surface area and less particle momentunmighd
mobility features give chance to nanoparticles écthe best candidate for suspension in
fluids. In other words, nanoparticles have extrgntege surface areas and therefore have
a great potential for application in heat transtith respect to conductivity enhancement,
starting from copper, one can go up to multi-walkkadbon nanotubes (MWCNTS), which
at room temperature exhibit 2X1mes greater conductivity than engine oil (Kim02{
Higher heat conduction, stability, microchannel loap without clogging, reducing the
erosion of system components since nanoparticlee hery small momentum and

reduction of pumping power are the main benefitsasfofluids in this arefB, 9.

Theoretically, all solid nanoparticles with highetimal conductivity can be used as
additives of nanofluids. These nanoparticles thavehbeen often used to prepare
nanofluids reported in literature are: (a) metaparticles (Cu, Al, Fe, Au and Ag); (b)
nonmetal particles (ADs;, CuO, FeO,4 TiO,, and SiC); (c) carbon nanotube; and (d)
nanodroplet. The base fluids commonly used arenvaile acetone, decene and ethylene
glycol. Generally, the thermal conductivity of sidiis typically higher than that of liquids,

as seen from Table 1[&, 13.



Table 1.1. Thermal conductivity of additives aras$é fluids used in nanofluidi8, 13

Material Thermal conductivity (W/m.K)
at Room-temperature
Metallic solids Si 429
Ag 428
Cu 401
Au 318
Al 237
Fe 83.5
Nonmetalic solids Diamond 3300
Silicon 148
Alumina (AlLOz3) 40
CuO 76.5
Si 148
SiC 270
CNTs ~3000 (MWCNTSs)
~6000 (SWCNTSs)
BNNTs 260-600
Base fluids Water 0.613
Ethylene glycol 0.253
(EG)
Engine oil (EO) 0.145

1.3. LITERATURE REVIEW

A number of review articles have been publishechanofluids which are generally

related to enhancement in the effective thermatlaotivity and viscosity14-27.

Thermal conductivity enhancement of a nanofluid ¢en affected by different
parameters such as particle material, particle giadicle volume concentration, particle

shape, base fluid material and temperature. Acogrth the literature given briefly below,



we can say that nanofluids exhibit much higher rttedrconductivities than their base
fluids even when the concentrations of suspendedpeticles are very low. It is clear
that the thermal conductivity enhancement increasigl increasing particle volume
concentration. The general trend indicates thatttfeemal conductivity increases with
increased temperature. The effective thermal candtycof nanofluids increases with the
decrease in the particle size (Mursheidal. 2008). Some of these parameters were

summarized in the following sections.

1.3.1. Magnetic Effect on Thermal Conductivity ofFerrofluids

Li et al (2005) investigated the magnetic field effect dwermal conductivity
enhancement with changing both orientation andd fistrength. According to their
explanations, the orientation of an external magrfetld with respect to the temperature
gradient affects the energy transport process effliid. They observed no substantial
change in thermal conductivity for Fe-water magndtiiid with the concentrations of
between 1% and 5% under the effect of external etagfield up to about 900 G which is
perpendicular to the temperature gradient. On tiherohand, when the magnetic field
direction was kept parallel to the temperature igratd they observed increased thermal
conductivity for the same samples. For the Fe-watagnetic fluid of vol. 5%, thermal
conductivity increased from 0.667 W/m K at 35 @t833 W/m K at 240 G. Besides, they
showed that the magnetic field effect was stroragehnigher particle concentrations than
that at lower particle concentrations. The orieataf an external magnetic field with
respect to the temperature gradient was foundféxtathe energy transport process of the
fluid where no change was observed when the magfieid is perpendicular to the
temperature gradiep28]. Heat transport ability of the magnetic fluid andua wire can be
changed by changing either the orientation or tiagmiude of an external magnetic field
[29].

J. Philip et al, studied the thermal conductivity of magnetic idlu(FeO,
nanoparticles of average diameters 6.7 nm) dutiegformation of chains parallel and
perpendicular to the thermal gradient. In the preseof applied external magnetic field,
the thermal conductivity of magnetite nanofluidsswiaund to increase with volume
percentage of magnetic particles and increasinghetagfield strength. In the presence of



the external magnetic field parallel to the temperagradient, the highest enhancement of
thermal conductivity was 125% in nanofluid of 1.val. % of particles and at field
strength of 378 G. When the direction of magneitdf became perpendicular to the
direction of heat flow, they observed no changetha thermal conductivity values,
irrespective the magnetic field and the volumetamcentrations of the particles. They
observed 300% thermal conductivity enhancement6f8rvol. % FeO, at 82 G. This
unusual increase is explained by the formation ludirclike linear aggregates which

facilitate the heat transport [30].

Shima et al (2009pnlso observed effective thermal conductivity erdeament at
different magnetic nanoparticles concentrationsvbeh 0.0011% and 0.0171% under the
effect of magnetic field with the range of aboud®3 G which is parallel to the
temperature gradient. Even though they observedeffiective thermal conductivity
enhancement at the lowest concentration, the eph@em increased with increasing
magnetic field for the rest concentrations. Theaot@d enhancement of effective thermal
conductivity is 50% at the 0.0057% concentratiomjlevthe viscosity data indicate no
enhancement up to this concentration value. Aduttig, they observed 300% effective
thermal conductivity enhancement at 82 G for 0.@Mvof magnetic nanopatrticles. In the
second magnetic field region between 82-283 G, ctiie thermal conductivity
(dimensionless) rapidly decreases to approximdtélyFor upper magnetic field values up
to about 700 G, viscosity increases dramatically effiective heat transfer coefficient has
a constant value of 1.41 (dimensionless) [31].

Lajvardi et al(2010) studied on the laminar flow in order to #e® convective heat
transfer coefficient change in the effect of exéémagnetic field (up to 1200 G). They
experimentally showed that an increase in heastearcoefficient could be observed by
increasing the magnitude of magnetic field and flaitb(Fe;O4 nanoparticles of diameters
10 nm in water)concentration, which is attributed to the ferrafluihermophysical
properties, such as thermal conductivity or spedieat capacity under the influence of
magnetic field[32]. This behaviour can explained by original theioettderivations

presented in Section 3.4 Equation (3.66).



1.3.2. Concentration Effect on Thermal Conductiviy of Different Types of

Nanofluids

About 10% enhancement upon addition of 0.5 vol.d¥per (3 nm) and 2.3 vol. %
copper oxide (15 nm) to ethylene glycol, 20% enkament upon addition of 3 vol. %
alumina (6.5 nm) nanoparticles [33], 7% with 2 \#l.copper oxide (20 nm) in water [34],
8 % with 4 vol. % alumina (30 nm) [33], 12.4 % &8 % enhancements were obtained in
ethylene glycol and synthetic oil respectively ugddition of 1 vol. % MWCNT [35],
29.7 % enhancement with 5 vol. % titanium oxide () in water, 32.8 % if titanium
oxide nano-rods [36]. For MWCNTs — water nanofluids % enhancement in thermal
conductivity with 1 vol. %, 5 % enhancement withvdl. % copper oxide and 9 %
enhancement with 1 vol. % copper oxide nanopastigteethylene glycol was obtained.
[37] For transformer oil-copper nanofluids, 44 %hamcement in thermal conductivity is
obtained with 7.5 vol. % while for water — copp#0@ nm) nanofluids the enhancement is
52 % with 5 vol. %. [38] A 30% increase in the tinat conductivity of water upon
addition of 4.3 vol % alumina nanoparticles [39H&1% increase with only 0.011 vol. %
Au and Ag in water and in toluene was obtained.[4 to 60% improvement of thermal
conductivity was achieved for only 5 vol. % of alma, copper oxide and copper
nanoparticles in water and oil base fluids [41]nbfduids with Fe particles have better
thermal conductivity values than Cu nanofluidstimyene glycol due to the agglomeration
of Fe nanopatrticles, which causes nonlinear intena& between solid metallic particles
[42]. For very low particle loadings of gold andver with thoriate and citrate as coatings
in water and toluene base fluids 5% - 21% enhanotmiethe thermal conductivity for
silver and water and silver themselves [43]. Tr@roonductivity of carbon nanotubes are
found to be anomalously greater than the theotgbiealictions and were nonlinear with
nanotube loadings [44].

According toBuongiorno et al (2009)the results indicate the thermal conductivity
enhancement with increasing particle concentratiod decreasing base fluid thermal
conductivity [45]. Abareshi et al (2010)nvestigated thermal conductivities of ;Bg
nanofluids with different concentrations and tenaperes ranging from 10°C to 40 °C.

They obtained the highest enhancement of thermadiwadivity as 11.4% for vol.3%



concentration sample and the thermal conductivitghe same sample with the 11.5%
increment at 40 °C [46].

1.3.3. Different Effects on Viscosity of DifferenfTypes of Nanofluids

Namburu et al(2007) showed that the viscosity of SiGanofluids up to 10%
nanoparticle volume concentrationetiylene glycol and water increases as the volumetr
nanoparticle concentration increases. They examigecdim, 50 nm and 100 nm size
particles for the temperature range -35°C and 50%. example, the viscosity of 10%
SiO, particle volume concentration was found to be &ldo8 times the viscosity of the

base fluid. As temperature increases, the viscosity SiO, nanofluid decreases

exponentially{57].
Nanoparticle type and size, solvent, concentrateord temperature effect on
viscosity of different kinds of nanofluids were @stigated by many researchers.

Literature review on this area is summarized asveha Table 1.2 [47-71].

Table 1.2. Literature review on viscosity of difat types of nanofluids

Sample Size Solvent Concent. Temp. Viscosity or eff. Ref.
(nm) (%) (°C) viscosity enhancement
<%2
Cu 200 EG - - 47
Water-%0,2
<%2
PVP
FeOs - 25°C - 48
Dio.water-%0,2
>%2
PEO

Decreasing with
TiO, - - %0,2-2 20-60 °C temperature, increasing 49

with particle concentration

%1-5 increasing with particle
Al,O5 43 Water Room Temp. ) 50
<%?2 concentration

TiO, - EG %8 20-60 °C - 51




Table 1.2. Literature review on viscosity of difat types of nanofluids¢ntinug

Sample Size Solvent Concent. Temp. Viscosity or Ref.
(nm) (%) (°C) eff. viscosity
enhancement
-Al 0,
e
|
R 10 %0.1-%4 5-45 °C - 52
CuO Water
30-50
Ag 40 Dietilen Glikol %0.1-4,4 25°C - 53
Water
TiO, - 0.05-0.12 - - 54
TiO, 21 Water <%3 13-55 °C - 55
CuO 10-30 EG - 25°C - 56
Sio, 20,50, 100
- <%10
<-10°C
Increasing with
EG ] 57
decreasing
Water
particle dimater
CuO >-10°C-50°C
%0-6.12
Al O,
- 36 <94:%4 T
Water
47 <%4:>%4 20-75 °C W >y 58
CuO -
29 Hmaks
Al,O3 28-13 Water - - - 59
<0.02 Decreasing with
Zn0O 10-20 EG 20-60 °C . ] 60
>0.03 increasing temp
Tio, Water
Al,O3 EG %4
- - 20-60 °C %80 61
Al EG %5
Al M. QOil
UubDD EG %1 %50
Ag - Water %2 - %30 62
Sio, Water %3 %20
AlL,O - - - - -
__’Lg N N - N - 63
TiO, 27 Water %4.3 - %60




Table 1.2. Literature review on viscosity of difat types of nanofluids¢ntinug

Sample Size Solvent Concent. Temp. Viscosity or Ref.
(nm) (%) (°C) eff. viscosity
enhancement
Water %5 %86
Al,O3 28 - 64
EG %3.5 %40
-AlLO, 13 200 (rel.vis.)
VAL Water %10 Room Temp. ] 65
TiO, 27 3 (rel.vis.)
Al,O3
- Water %1-%4 21°C-51°C - 28-66
CuO
Al,Os - PG %3 Independent %30 67
Water
Al,O, 11-20-40 - 23°C - 68
- EG
95
TiO, 145 Wat #0.24-60.6- 22°C 69
i ater ° -
- - %1.18 -
210
Decreasing with
temperature,
nonlinear
Al0; - Water %0.01-0.3 20-40 °C ) . . 70
increasing with
particle
concentration
Concentration
Qj = Water = - 71
Independent
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2. FERROFLUIDS AND FERROHYDRODYNAMICS

2.1. WHAT IS FERROFLUID?

Ferrofluid, also called magnetic fluid, is a magneblloidal suspension consisting
of a carrier liquid and supermagnetic nanopartieldh a size of about 10 nm in diameter
coated with a surfactant layer. A colloid is a srspon of finely divided particles in a
continuous medium, including suspensions thatesetit slowly. Each nanoparticle inside
the liquid has a single magnetic dipole momenteadmg strongly to external magnetic
fields. The magnetic material most often used igmeéte (FgO,), and carrier liquids like

water, kerosene or various oils are availgiB@.

The colloidal ferrofluid must be manufactured sirfeerofluids normally do not
occur in nature. Also, it is quite different thdre t‘'magnetic fluids” for clutches and brakes
introduced in the late 1940’s. The clutch fluidsht@ning micron-and larger-size iron
particles can solidify under the influence of arpleggl magnetic field. In comparison,
colloidal ferrofluids as a smart fluid retain liguflowability like the Newtonian carrier
fluids in the most intense applied magnetic fiedahsl the magnetic features of ferrofluid
similar to those of the bulk magnetic materialscdh be seen from the schematics of a
common ferrofluid composition as given in Figuré.2A ferrofluid has three main parts,
first of which is magnetic particle in nanosizec@ad is a carrier liquid and the last one is
a surfactant material that coats the particle {ngathicknesss). A typical ferrofluid

contains 1&’ particles per cubic meter and is opaque to vidighe [72,73.

Ferrof|uid Liguid Surfactant

Figure 2.1. A schematic illustration of a commernrdfluid composition
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The surfactant has to overcome the Van der Waalshaamgnetic forces in order to
prevent agglomeration and precipitation of the nedignnanoparticles. Van der Waals
forces are forces of attraction and repulsion betwatoms, molecules and particles that

arise from statistical correlations in the fluctogtpolarizations of nearby particlg&2].

The orientation of nanoparticles is dictated byt fluctuations in the absence of
a magnetic field. When no magnetic field is appliedgnetic moments of particles inside
the suspension are randomly oriented. In ordess®farrofluids in the technological area,
their stability against sedimentation in gravitaib and magnetic field and against
aggregation of the particles is needed. To achthig the thermal energy of a particle
must be greater than the gravitational and mageetcgy of the particle. The maximum
diameter of the particles, on the order of 10 nagtens can satisfy these stability
requirements. In other words, the nanoparticlest iage a specific size in order to remain
dispersed in the liquid carrier, around 3 to 15hmthis range, thermal molecular motion

keeps the particles from settling ¢iég)].

The prevention of agglomeration of the particleslige to balancing mainly three
attractive forces: i. Magnetic, ii. Gravitationahd iii. Van der Waals forces. Aggregation
of particles can occur because of Van der WaalseforDue to steric hindrance, the
surfactant layer attached to the particles prevagggomeration by maintaining a sufficient
distance between the particles to have Van der S\iatdraction. Brownian motion keeps

the particles from settling in an external magngéld [72].

In Figure 2.2, one can see the external magneid &ffect on the magnetic moment

of a nanoparticle. Stability requirements will bgkined in the Section 2.3. in detalil.
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H=0 H

F 3

No net magnetization

Figure 2.2. Left: The net magnetization of thed#uid is zero since there is no external
field. Right: Magnetic moment of each particle igr@ed in the direction of a magnetic
field with strength of H

The term “nanostructured” describes materials withcture on length scales from 1
to 100 nm. The nanostructure morphology of magneticomaterials can be classified
according to the relationship between nanostructurd magnetic properties, which
emphasizes the physical mechanisms responsiblethier behaviour of magnetic
nanomaterials In this study, we are interestedrst §roup (type A) as ferrofluids among
four general groups describing of magnetic nanosired materials. Non-interacting
particles with nano-scale diameters are groupety@s A, the magnetic properties of
which strickly from the reduced size of the compusewith no interparticle interactions.
In a type A material, the inter-particle spacindgigge enough to approximate the particles
as non-interacting. Magnetic nanofluids, ferrofgjidn which magnetic particles are
surrounded by long surfactant molecules preventitegactions, are a subgroup of type A
materials as shown in Figure 2.3. In a bulk makeaasignificant fraction of the sample
volume (up to 50 %) is composed of grain boundaresinterfaces which denotes type D.
The magnetic properties of a bulk material are daeid by the interactions between the
nanoparticles unlike type A. The other intermedgiteups are type B and type C, first of
which include ultrafine particles with core-shelbrmphology. The presence of a shell can
help prevent particle-particle interactions, bug¢ thteractions between the core and the

shell may affect the magnetic properties of the @amThe shells themselves may be
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magnetic or are formed via oxidation. In type C aommposites consisting of magnetic
particles distributed in throughout a matrix, theagmetic interactions between the
magnetic particles are mainly determined by theiw@ fraction of the magnetic particles

and the character of the matfizd].

Figure 2.3 Schematic representation of magnetiostamcture morphologies. In a type A,
the inter-particle spacing is large enough to appmate the particles as non-interacting.
Ferrofluids, in which magnetic particles are suned by a surfactant preventing
interactions, are a subgroup of Type A materiay€lB materials are ultra-fine particles
with a core—shell morphology. Type C nanocompositescomposed of small magnetic
particles embedded in a chemically dissimilar maffhe matrix may or may not be
magnetoactive. Type D materials consist of smahtadlites dispersed in a non-crystalline
matrix. In this type, the nanoparticles may be disdinct phase from the matrix, or both

the nanoparticles and the matrix are made of theesaaterial as the ideal cd3d]

2.2. FERROHYDRODYNAMICS

The term ferrohydrodynamics was introduted964 by Neuringer and Rosensweig
in their paper that is the first publication indldrea [75]. This attractive area comes from
the interest which describes ferrofluids in thesprece of magnetic fields in order to
convert magnetic energy into motion without the aéenoving macroscopic mechanical

parts.
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The interaction of electromagnetic fields and ftuidas been attracting increasing
attention in the area of applications such as audigsion, chemical reactor engineering,

medicine and high-speed silent printing. The staflyarious field and fluid interactions

may be divided into three main categofiég]:

I. EHD (Electrohydrodynamics): the branch of fluid magics concerned with electric
force effects;

ii. MHD (Magnetohydrodynamics): the study of the intdien between magnetic fields
and fluid conductors of electricity;

lii. FHD (Ferrohydrodynamics): the subject of this thedealing with the mechanics of
fluid motion influenced by strong forces of magnogdolarization. In other words, the
field of ferrohydrodynamics deals with the mechanaf fluid motion under the

influence of magnetic polarization body for¢&g].

The difference between ferrohydrodynamics and te&atively better-known
discipline of magnetohydrodynamics must be exptiiatethis point. In MHD the body
force acting on the fluid is the Lorentz force tlaases when electric current flows at an
angle to the direction on an impressed magnetid.fldowever, in FHD there need be no
electric current flowing in the fluid. The body &ar in FHD is due to polarization force,
which in turn requires material magnetization ia iresence of magnetic field gradient or

discontinuitied72].

On the other hand, magnetorheological fluids shoolkdbe confused with ferrofluids
since they have micron sized magnetic particlesthey can be solidify under the effect of
strong magnetic fields, whereas, ferrofluids retiggnfluidity even in the presence of a
magnetic field as mentioned before. Ferrofluidiiaate a significant magnetic response in
relatively weak field since the magnetic suscelptybiof ferrofluids is large. This is
because of the magnetization of the nanopartislesuch larger than that of the individual

atoms. This can be explained by their superparaetegieaturg72].
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2.3. STABILITY REQUIREMENTS OF FERROFLUIDS

On the microscopic scale, there are a number tdrdifit forces supplying physics of
certain mechanisms that are responsible for thetenge of the ferrofluid. Gravity,
magnetic field gradients, dipole-dipole interactimnces (sometimes repulsive but more
often attractive), van deer Waals attractive foraksact to bring the particles together.
Only thermal effects (Brownian motion) steric repah force them apart. Dimensional
reasoning may be used to arrive at criteria forsplochemical stability. It is helpful to

write expressions for various energy terms. Thesegees per particle are

thermal energy %gT , (2.1)

magnetic energy z,MHV, (2.2)
gravitational energy &0VgL, (2.3)
dipole-dipole interaction energy g,M 2V /12 . (2.4)

Equation 2.4 is valid when the particles are intaon Here, k = 1.38 x 1¢° J.K' is
Boltzmann’s constant, T is the absolute temperaiurdegrees Kelvinpo = 4t x 10”7
Henry.m' is the magnetic permeability of free space, Mismagnetization of the volume
in Ampere/meter, H is the strength of the magnie¢id in Ampere/meter, V is the volume

7d3/6 for a spherical particle, d is the particle diaaneh metersp is the density of the

fluid, g = 9.8 m.gis the acceleration due to gravity, L is the el®ratn the gravitational

field in meter[72].
2.3.1. Stability in a magnetic-field gradient
In order for the ferrofluid particle to have statyilagainst settling in a magnetic field

gradient, one must have the ratio of thermal to meig energies be greater than “1” as

follows:
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thermalenergy _  kgT >1
magneticenergy f,MHV ~ =

Rearranging the equation using particle volume gjia expression for the

maximum particle size:

%
ds[ Bks T J . (2.6)
,MH
Consider the conditions existing in a beaker of medig fluid containing magnetite
(Fes0O,4) particles subject to the magnetic gradient figlda typical hand-held permanent
magnet. The values are as follows: H x &0 A.m™ (equivalentlypo H 0 0.1 Tesla),

M = 4.46x 10° A.m™ (equivalentlyyoM = 0.56 Tesla), T = 298 K.

Here, H corresponds to an inductionfof000 Gauss in CGS units, the strength of a
typical hand-held magnet, the magnetization of retig;hh M given corresponds to 5600
Gauss. The patrticle size, computed from (2.64,4s8.1 nm. Actual particle sizes of stable

colloids range up to about 10 ri72].

Another physical feature limits the concentratidnparticles in regions of more
intense magnetic field. As seen from Figure 2 dristresistance puts an upper limit on the
particle number concentration. Although concentratgradients can be established in
situations like this, when the field is removed tigdes of a well-stabilized ferrofluid

spontaneously redistribute throughout the fluidwmoé over a period of tim&?2].
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Figure 2.4 The concentration of magnetic particies magnetic nanofluid under the
effect of a gradient magnetic field is limited hyfulsion due to particle thermal motion

and steric resistance due to finite particle §rz
2.3.2. Stability against settling in a gravitatioal field

A similar analysis can be done for seftlitue to gravity. Gravity constantly pulls an
individual particle downward in the beaker whileetimal agitation tends to keep the
particle dispersed throughout the fluid medium. Tieéative influence of gravity to

magnetism is described by the ratio

gravitatilmal energy  ApgL
magnetienergy  t,MH

2.7)

By choosingL = 0.05 m and4p = psoiic- Shuid T 4300 kg.nt with g = 9.8 g.% the
ratio from (2.7) is 0.047. Thus gravity is lesslmfeat to the segregation of these magnetic

fluids than is a magnetic fie[d@?2].

Another approach is to use thermal energy agairastitgtional energy for finding
out the limitation on the diameter of the partie stability.
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4
g s{ 6ksT j (2.8)
AprglL

Equation 2.8 givesl < 16 nm. This value is larger than the minimum ditane
needed for stability in a magnetic field. As is rsethe maximum stable diametdris

inversely proportional th [72].
2.3.3. Stability against magnetic agglomeration

Thermal agitation is available to disrupt the aggtoates, with the effectiveness of

the disruption governed by the ratio

thermal energy _ 12k, T
dipole - dipole interaction energy  z,M 2V

(2.9)

Accordingly, for particles to escape agglomeratithiis ratio must be greater than

unity, so the particle size is given by
ds< (72<BT/z;uOM 2)% : (2.10)

For the magnetite particles at room temperatureakon (2.10) required < 7.8 nm.
This estimate shows that normal magnetic fluidsifgayparticle size in the range up to

10 nm are on the threshold of agglomerating butagaro escape this fqté2].
2.3.4. Necessity to guard against the Van der Waadttractive force

However, there is still one more force to be actedinvhich is Van der Waals
attraction force. This attractive force arises $ppneaously between neutral particles. This
force represents the quantum mechanical interactinto fluctuating orbital electrons in
one particle inducing oscillating dipoles in théehext The London model predicts an
inverse sixth power law between point particlesmidker extended the theory to apply to

equal spheres and obtained the following expredsiotine dipole fluctuation energy.
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H 2 2 02+ 44
Hamaker Ener = -2 + +1In 2.11
& 6 |2+40 (¢+2)?7  (¢+2) @11)

where, H, is the Hamaker constant for Fe,,®¢ or FeO, in hydrocarbon, and equals

10" N.m. In addition, ¢ = 25/d , with s the surface-to-surface separation distance. The
Hamaker energy is not significant for distant spkdut for close spheres it changes with

¢, meaning that the energy required to separatébogespheres is infinite. If the colloid
Is to remain stable, particles must be preventech ftoming into contact with one another
[72].

2.4. APPLICATION OF FERROFLUIDS

The research field of magnetic fluids is a mulBaiplinary area including
Chemistry, Physics, Engineering and Biology. Chésnistudy their synthesis and
preparation of ferrofluids, Physicists study thairysical properties and the theory behind
them, engineers study the technology and applicatad ferrofluids and biologists study
their biomedical possibility in medicine and mediegea like drug targeting for cancer

research76|.

Heat conversion to work without mechanical partd aranipulation of the liquids in
the space with no gravitation gave some opporesiior development in this field in the
1960’s. In these times, researchers from the NA®AeRarch Centre investigated methods
for controlling liquids in space. Magnetic nanodsi (ferrofluids) were found to act a
stable colloidal suspensions of single-domain magneanoparticles, such as &,
having number density of the order*iper n? dispersed in appropriate carrier liquid. The
nanoparticles typically have sizes of about betw8etb nm [72]. Ferrofluids show
normal liquid behaviour coupled with superparangignproperties meaning that one can
control the flow of ferrofluids by means of maguetields in the order of about 50 mT.
Due to its unique characteristics, ferrofluids ba&has a smart fluid and has found many
applications in a variety of fields such as aerospamechanical engineering,

bioengineering including magnetic hyperthermia ianeer treatment, loudspeakers,
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bearings, drug targeting, high-speed computer diskes etc. Remote positioning and

control of magnetic fluid using external magnetaids are the other applications [77].
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3. THEORETICAL BAKGROUND

3.1. THERMOPHYSICAL PROPERTIES OF FERROFLUIDS
3.1.1. Heat Transfer and Thermal Conductivity

There are three types of energy transfer: i- Cotoluc ii-convection, and
lii-radiation. All heat transfer processes use onemore of these transfer types. In the
molecular interaction mechanism, one can say thadwaction is the transfer by molecular
motion of heat between one part of a body anotlagr @f the same body, or between
different bodies contacting each other. A moleaila higher temperature transfers energy
to adjacent molecules at lower energy levels. Typs of transfer, of course, occurs in the
situation of temperature gradient and in fluidstheaonducted by almost elastic collisions
of the molecules. The second mechanism is duestodlectrons. The pure metals are the

best conductors since they have high concentrafifree electron§78, 79.

The basic equation explaining the heat conducti@hanism in fluids and solids

was first stated in 1822 by Fourier as follows:

=—kOT or = —kd—T in 1 dimension (3.1)
A dx

> |

whereqy is the heat transfer rate in the x-direction, intd/@W), A is the area normal to
the direction of heat flow in M T is the temperature in Kelvin (K)XIT/dx is the
temperature gradient in the x direction in K/m. éérst ratio is heat flux and proportional
to the temperature gradienk”“expresses the proportionality between heat flog the
temperature gradient and is called the “thermablootivity of the material” in Watts per
meter per Kelvin (W/m.K). Since the heat flow is the opposite direction to the

temperature gradient, there exists a negativeisigms equationj78, 79.

Convection involves a mass movement of fluids betwa surface and an adjacent

fluid. The density difference resulting from thenjgerature difference leads to circulation
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and energy transfer by mass movement which iscdtke or natural convection. If a
pump or a fan is used for mass motion, the protesslled “forced convection”. The
equation for convective heat transfer was firstregped by Newton in 1701 which is

called “Newton’s law of cooling” as follow¥8, 79:

2 =hAT (3.2)

whereq is the rate of convective heat transfer in Wattg, (A is the area normal to the
direction of heat flow in M T is the temperature in Kelvin (K\T is the temperature
difference between surface and fluid. In additibnjs the “convection heat transfer
coefficient”, W/nf.K [78, 79.

3.1.2. Heat Transfer Mechanism in Nanofluids

Particle size, particle shape and volume fracton assuming diffusive heat transfer
both in fluid and solid phases can give a good ipteth for micrometer or larger-size
solid and fluid systems for macroscopic solutioat Biese are not sufficient to explain the
unusual heat transfer characteristics of nanofluid®rder to explain the reasons for the
unusual or anomalous increase of thermal condiytimi nanofluids, more explanations
are needed. Therefore, Keblinskt al. and Eastmaret al. proposed four possible
mechanisms in this area: Browninan motion of theoparticles, Liquid Layering at
Liquid-Particle Interface, anomalous nature of heatsport among the nanoparticles and

nanoparticle clustering. However, they only focusadstationary nanofluid [80, 81].

3.1.2.1. Nanoparticle Motion

As the particles move and collide with each othihiw the nanofluid, there will be
an energy exchange between nanopatrticles arisomy the contact between them. This
effect could result in an enhancement of the thegoaductivity. Even though there has
not been a collision, the Brownian motion of thertiples might enhance thermal
conductivity.

The Brownian motion in the nanofluid is an effeetiveat transfer mechanism than

thermal diffusion in the fluid. However, Keblinsé&t al. have shown that a nanoparticle
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with a diameter of 10 nm takesx210™’ s to move a distance equal to its size. By coptras
the time required to move heat the same distarroeigh the liquid is only 4xI6° s which
means thermal diffusion is much faster than Browrdigfusion. Therefore, Brownian
motion cannot directly cause an enhancement afnigrenal conductivity but it could have
an important indirect role in producing particleustiering which is described later on.
Therefore, the effect of Brownian motion can beoigul since contribution of thermal

diffusion is much greater than Brownian diffusi@®] 81].

Wang et al measured the effective thermal conductivitieslwtls with Al,O3; and
CuO nanoparticles dispersed in water, vacuum puuig, fengine oil and ethylene glycol
and they argued that the thermal conductivity arfioparticle fluid mixtures is dependent

on the microscopic motion (Brownian motion) andtiohe structure [82].

Xuan and Lialso discussed several possible reasons inclutimgnteraction and
collision among particles [83]Chon and Kihmstated that Brownian motion is key
mechanisms of enhanced thermal conductivity siheeetbecome millions of interactions
between nanoparticles and base fluid molecules.ooog to them, the smaller
nanoparticles increase their surfaces and the nuwibmteractions which leads to the

more enhanced thermal conductivity of a nanofl8idf |

3.1.2.2. Liquid Layering at Liquid-Particle I nterface

Liquids tend to show a significant amount of stamat ordering at solid-liquid
interfaces. If this were to enhance the thermaidspart in the layer liquid region, then it
could result in an increase in the thermal congitgtiTo estimate an upper limit for this
effect, let us assume that the thermal conductwitthis interfacial liquid is the same as
that of the solid. The resultant larger effectivelwne of the particle-layered-liquid

structure would enhance the thermal conductivitgvan in Figure 3.180, 81.



26

3
25
v 27
1.5
1
4] 5 10 15 20 25 ao
d (nm)

Figure 3.1. Excess thermal-conductiviky énhancement owing to formation of highly
conductive layered-liquid structure at liquid-peletiinterface for several values of layer

thicknessh as a function of particle diametelk,[80, 8]

3.1.2.3. Natureof Heat Transport in Nanoparticles

Heat carried by phonons in crystalline solids ansported by diffusion according to
macroscopic theories. Such phonons propagatingmdam directions are scattered by
each other and by defects and therefore justifyues of the macroscopic description of
heat transfer. In the situation of the size of nla@oparticles in a nanofluid smaller than
the phonon mean-free path, phonons cannot diffesess the nanoparticle and their
motion will be ballistically without any scattering is difficult to envision how ballistic
phonon transport could be more effective than g-fast diffusion phonon transport,
particularly to the extent of explaining the orad¢rmagnitude- larger increase of thermal
conductivity in Cu nanofluids. In particular, footh ballistic and fast-diffusive phonon
transport, the temperature within the solid paetiiill be essentially constant, providing

the same boundary condition for heat flow in a kermal-conductivity liquid80, 81.

3.1.2.4. Nanoparticle Clustering
If particles could cluster into percolating netwsrkhey would create paths of lower

thermal resistance and thereby have a major effiedhe effective thermal conductivity
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(ker). The effect of clustering is illustrated in Figu8.2, which shows the excess thermal
conductivity enhancement resulting from the incegaseffective volume of highly
conducting clusters as a function of the packiragtfion of the clustep (ratio of the
volume of the solid particles in the cluster to tbh&al effective volume of the cluster).
With decreasing packing fraction, the effective woé of the cluster increases, thus

enhancing thermal conductivifg0, 81.

Even for a cluster of closely packed sphericaliplag, (25% of the volume of the
cluster consists of liquid filling the space betwamarticles, which increases the effective
volume of a highly conductive region 0% with respect to a dispersed nanoparticle
system. For more loosely packed clusters the @ffeeblume increase will be even larger
[80, 81.

A further dramatic increase &fcan take place if the particles do not need tinbe
physical contact, but just within a specific distanallowing rapid heat flow between
them. Such “liquid mediated” clusters exhibit aywkw packing fraction and thus a very
large effective volume and, in principle, are cdpatf explaining the unusually large

experimentally observed enhancements of high thleresistance reducing the thermal

conductivity[80, 81.

Clustering may result in a negative effect on heatsfer enhancement since small
particles settle out of the liquid and create lafgarticle free regions” liquid with high

thermal resistance reducing the thermal condugtj@®, 81.
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Figure 3.2. Excess thermal conductiitgnhancement owing to increased effective
volumeg of highly conducting clusters. Schematic diagramagcate (right to left) (i)
closely packed fcc arrangement of particles, (e cubic arrangement, (iii) loosely
packed irregular structure of particles in physmattact, and (iv) clusters of particles

separated by liquid layers thin enough to allowrégid heat flow among particlg80, 8]

3.2. MAGNETISM

To understand the behaviour of magnetite nanafjuik need to be aware of some

of the fundamental concepts of magnetism, whichbelrecalled briefly here.
3.2.1. Basic Definitions
3.2.1.1. Magnetic Induction, B
The magnetic induction, B, of a magnet may be desdrby its magnetic field lines.

The magnetic field lines are always in closed loggxording to Lorentz’s law, an electric

chargeg, moving at velocityy, is subjected to a forcg, given below
F=q(E+vxB). (3:3)

whereE is the electric field an@ is the magnetic field.
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This equation describes the coupling of electranadl magnetic fields with electric
charges. The unit of B is called Tesla, 1 Teskhésmagnetic induction at a point in space
which exerts a force of 1 Newton on an electricrghaof 1 coulomb moving with a
velocity of 1 m/s normal to magnetic induction. TeaB.1 gives typical magnitudes for the
magnetic induction. Magnetic induction is sometinmesned the magnetic flux density.
The name, magnetic flux intensity, is perfectly reot because the magnetic flux
penetrating a surface is the product of the magnetiuction, B, and the area of the
surface, wherB is normal to the surface. The unit for the magnétix is the “weber”,
which is a Tesla.ffi[85].

Table 3.1. Typical magnitudes of magnetic induc{ig®

Source B (Tesla)
Magnetic induction at the surface of the Earth X
Permanent magnets 101
Iron-core electromagnets upto3
Superconducting magnets up to 20

3.2.1.2. Magnetic Field Strength, H
In vacuum, the magnetic inductid, is related to the magnetic field strendth,by

B =u,H=4mx10"H, (3.4)

therefore, the unit of the magnetic strength, Hingpere/m[85].

3.2.1.3. Magnetic Moment, m
A planar loop of electric currenk, with areaA, has a magnetic dipole moment,

given by expression
m=IAn, (3.5)

wheren is the unit vector normal to the plane of the lodbe unit of the magnetic dipole

moment is then Ampere85)].
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3.2.1.4. Magnetization, M

The magnetizatioriVl, is the magnetic moment per unit volume of a niater

M = nm, (3.6)

S

where n is the number of magnetic dipole moments, per cubic meter. The unit of

magnetization is thus A/m, the same as the maghelicstrengthH [85].

When a material is placed in an external magnatiagtion,By, three general types
of magnetic behaviourdiamagnetismparamagnetisnandferomagnetismare possible as
will be defined in the next section. Within the miagnetic material, the internal magnetic
induction, Bjn, is slightly smaller than the external magnetiduction, Bo. Within a
paramagnetic material, the internal magnetic indactB;y, is slightly larger than the
external magnetic inductiomBo. Within a ferromagnetic material, the internal metc
induction, Bint, is substantially larger than the external magnigtduction,Bo,. In other
words, the magnetic induction lines are dilutedaldiamagnetic material, concentrated by

a paramagnetic material and strongly concentrayedferromagnetic materigd5s).

Measurements on diamagnetic and paramagnetic ateim small applied field,
show that the magnetic inductid®y,, is directly proportional to the magnetic momest a

Bin =KMo M . (3.7)

If a material is placed in an external magnetiactohn, By, or an external magnetic

field of strengthH, the internal magnetic inductioB;.;, in the material is given by
Bine =Bot 1M =:U0(H+M) (38)
wherey,, is therelative permeabilityof the magnetic material and is a unitless constha

given pressure and temperatlid®d]. Equation 3.8 shows that the internal magnetild fie

increases with external field.
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3.2.1.5. Magnetic Susceptibility, xy

The magnetic susceptibility is defined by:

M = xH . (3.9)

It is unitless and is also known as the volume episloility. It measures the ease with
which a given material may be magnetized. For endgnetic materialy is negative and
of the order of 18, indicating that the magnetization in the samplautiparallel to the
magnetic field strength. In this situation, theemmial magnetic induction is smaller than the
applied external magnetic inductidfor a paramagnetic materigl,is positive and of the
order of 10, indicating that it is easy to magnetize such @enel and that the internal

magnetic induction is larger than the applied exdemagnetic inductiof85)].

3.2.2. Different Types of Magnetic Behaviour

Materials are placed in a class based on theirorsgpto an externally applied
magnetic field. The orientations of magnetic moradmtlp to identify different forms of
magnetism observed in nature. There are five tgbanagnetism that can be described:
Diamagnetism, paramagnetism, ferromagnetism, ardifeagnetism and ferrimagnetism
[72].

In diamagnetism the orbital motion of the electroesponds to oppose the applied
field. Diamagnetism represents the weakest typmagjnetic behaviour and is prominent
only in materials with closed electron shells. trgases, many metals, most nonmetals and

many organic compounds are diamagnetic.

Paramagnetism occurs when each atom carries a tragmament which partially
aligns in an applied magnetic field and enhancesntlagnetic flux density. There is no
long range order and there is only a small positagnetic susceptibility. As a result,
paramagnetism is the behaviour resulting from térelency of molecular moments to

align with the applied magnetic field but in thesabce of long-range order.
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Ferromagnetic materials have aligned atomic magmetiments of equal magnitude.
Alignment of the moments in ferromagnetic materialan cause a spontaneous
magnetization in the absence of an applied fieldtdvlals that retain this permanent
magnetization in the absence of an applied fiele &nhown as hard magnets.
Ferromagnetism is exhibited by iron, nickel, colaalti many of their alloys.

Antiferromagnetic materials have atomic magneticnrants of equal magnitude
arranged in an antiparallel fashion. The resulthef magnetic moments cancelling each
other is a net magnetization of zero. In other wpathtiferromagnetic materials exhibit no

net moment and temperature.

Ferrimagnetism is similar to antiferromagnetisnihat there are magnetic moments
arranged in an antiparallel fashion. However thenmiots are not equal in magnitude and
thus a net magnetization occurs. Therefore, inM@agnetism the net moment is smaller
than that in typical ferromagnetic materials. Regiof the general formula MO J&
exhibit ferrimagnetism where M stands for Fe, Nin,MCu, Mg. Magnetite, having
composition FgD, and possessing cubic crystalline structure, iskist known ferrite
[72,73.

A colloidal magnetic fluid consists of a collection ferro-or ferromagnetic single-
domain particles with no-long range order betweartigles. The resultant behaviour |,
termed superparamagnetism, is similar to paramegnetxcept that the magnetization in

low to moderate fields is much lardé?2, 73.

The magnetite particles used in this study are rp@pamagnetic. Magnetic
anisotropy, which keeps particles spin magnetiped certain direction, is proportional to
the volume of the particle. As the particle sizerdases, anisotropy energy decreases until
the thermal energy is sufficient to overcome angfgrential orientation of a particle’s
magnetic moment, maintaining the magnetite pagiele single domain species. A single
domain particle that reaches magnetization equuiibrin a short amount of time relative

to measurement time is referred to as superparagtia¢n2,73.
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Figure 3.3 illustrates in a schematic manner tifferéince between different types of
magnetic behaviour . Ferromagnetism, antiferromégme and ferrimagnetsim give
spontaneous domain formation, whereas paramagnedisch diamagnetism give no
domain. Both types of magnetism have no-long-rasrger. Alignment is in the direction
of the applied field in paramagnetism, while in dpposite direction in diamagnetism.

@ ¢ $ ¢ i. Ferromagmetism
¢ d) @ @ ii. Antiferromagmetism

@ @ @ @ iii. Ferrimagmetism

Figure 3.3. Different types of magnetic behavi@slloidal ferrofluids exhibit

superparamagnetism. i. Ferromagnetic ordering &ltbpins parallel.
ii. Antiferromagnetic ordering with spin momentsuagbut in opposite direction.
iii. Ferrimagnetic ordering with spin moments aatiglel but unequal in magnitute

giving a net magnetization in one directipr2, 84

3.2.3. Hysteresis Loop and Superparamagnetism

When the external magnetic field is sufficientlyge, all the spins within a magnetic
material align with the applied magnetic field. this situation, the magnetization of the
material reaches its maximum value which is cathesl saturation magnetization,sMAs
the magnitude of the field decreases, the spitBamaterial cease to be aligned with the
magnetic field, so the total magnetization of thatenial decreases. When the external
magnetic field decreases to zero for a ferromagneiaterial, the material still has a
residual magnetic moment, and the value of the mtaation at zero field is called the
remanent magnetization, /MRemanenceaepresents the magnetization obtained after

applying a large field to the specimen and thenongng it. The remanence ratio is defined
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as the ratio of the remanent magnetization to #teration magnetization, Mg, which
varies from 0 to 1. In order to bring the matebaktk to zero magnetization, an external
magnetic field in the negative direction has taabelied, and the magnitude of the field is
called the coercive field, H In other words coercivdield is needed to bring the
magnetization from remanent value to zero. The areerfield measures the order of
magnitude of the fields that must be applied to atemial in order to reverse its
magnetization. Figure 3.4 schematically illustradeBysteresis curve of a ferrfomagnetic

material[74)].

In most cases, the hysteresis loop of a magnetierrabcan be experimentally
measured using a vibrating sample magnetometer (V&MVsuperconducting quantum

interference device SQUID magnetomdi&t].

__ 5 8§ r I Saturation |
Remanent Magnetization, M,

Magnetization, M,

-
L
'-Coercivity. !—i:/
\
// i

Figure 3.4. A typical magnetization hysteresil@¢®dl—H) of a ferromagnetic material.
Saturation magnetization, dfemanent magnetization,,Mind coercivity, H, are

shown here as important parame{&

The susceptibility in ordered materials dependsapplied magnetic field H and
temperature. This magnetic field gives rise todharacteristic sigmoidal shape of the M—
H curve, with M approaching a saturation value ighhmagnetic field. In ferromagnetic
and ferrimagnetic materials, hysteresis loops @olserved, as shown in Figure 3.5. The
shape of a hysteresis curve is partly determinethéyarticle size. In large particles in the
order of micron size or more has a multi-domaimicttire. Since it is easy to move the

domain walls, the hysteresis loop of such partidasarrow. In a smaller particle, there is
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a single-domain structure leading to a broad hgsterloop. When particle size becomes
even smaller, in the order of tens of nanometelgs®, one can see superparamagnetism.
The magnetic moment of a superparamagnetic padila whole is free to fluctuate in
response to thermal energy, while the individualhat moments maintain their ordered
state relative to each other. As shown in FiguBe the M—H curve of a superparamagnetic

particle is anhysteretic, but still sigmoid8l].

DM PM

{1000 (10}

Figure 3.5. The magnetic responses associatedifiénent classes of magnetic material
among others are illustrated by their correspontiréfl curves. The particles can be
diamagnetic (DM), paramagnetic (PM), ferromagn@idl) or superparamagnetic
(SPM), depending on their size of the particlerémagnetic materials can be multi-

domain (- - - - in FM diagram) or single-domaim(FM diagram) 87]

A domain is a group of spins whose magnetic momargsin the same direction,
and in the magnetization procedure, they act cadety. In a bulk material, domains are
separated by domain walls, which have a charatiterisgdth and energy associated with
their formation and existence. The motion of domaatls is a primary means of reversing
magnetization and a main source of energy dissipakigure 3.6 schematically illustrates
the relationship between the coercivity and pagtisizes. In large particles, energetic
considerations favor the formation of domain wé&lsming a multi-domain structure. The
magnetization of such a particle is realized thiotlge nucleation and movement of these
walls. As the particle size decreases toward tacariparticle diameter, ) the formation
of domain walls becomes energetically unfavorablerefore, there is no domain wall in
such a particle which is called a single-domaintipla:r For a single-domain particle,
changes in the magnetization can no longer occougih domain wall movement and the
magnetization procedure is realized through theemit rotation of spins, causing larger

coercivities. As the particle size is much smatam Dc, the spins are affected by thermal
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fluctuations, and such a single-domain particle obees superparamagnetic particle.
Frenkel and Dorfman (1930) theoretically predictde existence of single-domain

particles. The Pvalues for some common magnetic materials of sgdleshape are given

in Table 3.274].

single domain =—

= multidomain

Super-
paramagnetic

Figure 3.6. The illustration of relationship betwebe coercivity in ultrafine particle

systems and particle sizg&j]

Table 3.2. Estimated critical single-domain siZ&g,for spherical particles with no shape

anisotropy[ 74]
Material D¢ (nm)
Co 70
Fe 14
Ni 55
Fe;04 128
y-F&sO4 166

Neel (1949) theoretically demonstrated that &pproaches zero when particles
become very small since the thermal fluctuationsvefy small particles prevent the

existence of a stable magnetization. This is acalgphenomenon of superparamagnetism.

[74).
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The physics behind the superparamagnetism is lmas#te relaxation timeof the

net magnetization of a magnetic particle (Brown3)96

r=1,exq 25 (3.10)
0 ka .

whereZE is the energy barrier to moment reversal, ayidi& the thermal energy. For non-
interacting particles the pre-exponential factpis in the order of 18°-10*? s and only
weakly dependent on temperature. The energy bdrasrseveral origins, including both
intrinsic and extrinsic effects such as the magirggtalline and shape anisotropies. In the
simplest cases, it is given WE = KV, where K is the anisotropy energy density &his
the particle volume. The direct proportionality wween 4E and V is important for
superparamagnetism-the thermally activated flippoigthe net moment direction- for

small particles sincdE is comparable togk at room temperature in this situati@y)].

The observation of superparamagnetism is deggnabt only on temperature, but
also on the measurement timg of the experimental technique usgd8]. As shown in
Figure 2.8, ift much shorter than,, the flipping is fast relative to the experimertiaie
window and the particles appear to be paramag(iekt); while if r much longer than,,
the flipping is slow, and such a state is calldalacked state. In a block state, the quasi-
static properties of the material can be obserVée. blocking temperaturegTis obtained
by assuming = 7. In typical experiments, the measurement tipe&an range from the
slow timescale of 10s for DC magnetization, and medium timescale of410° s for

AC susceptibility, through to the fast timescale 19 '—10° s for >’Fe Mdossbauer

spectroscopy87].
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Figure 3.7. Observation of superparamagnetism.cirbkes depict three magnetic
nanoparticles, and the arrows represent the nenetizgtion direction in those particles.
In case (a), at temperatures well below the measmetechnique-dependent blocking
temperature g of the particles, or for relaxation timefthe time between moment
reversals) much longer than the characteristic oreagent time,, the net moments are
guasi-static. In case (b), at temperatures welalg, or forz much shorter thafy, the
moment reversals are so rapid that in zero extéeldlthe time-averaged net moment on

the particles is zer87]

3.3. PREPARATION OF NANOFLUIDS

The ferrofluids used in this study were synthesiaethe Department of Chemical
Engineering of Yeditepe University based on thecpdure reported by Wooding et al. [1],
in which co-precipitation of Fe(ll) and Fe(lll) smby NH,OH at 60°C were carried out in

the presence of a fatty acid surfactant.

Preparation of ferrofluids will be given in summanythis section since the details

are out of the scope of this thesis.

Two methods have been conducted to produce nadsflitirst is a single-step
method and the other is a two-step method. Thdesstgp method is a combining method

using nanoparticles directly prepared by physiadour deposition (PVD) technique or
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liquid chemical method and synthesized nanofluidgether. The agglomeration of

nanoparticles is minimized in this method, so fiuid stability is highe88].

The second method involves the dispersing nanapestinto base fluids. First of all,
nanoparticles are produced as a dry powder by sbffeeent methods given below, then
these particles are dispersed into a fluid as sesbep. The probability of occurrence
agglomeration is higher than that of first methathgle-step method, which causes
clogging of microchannels and decreasing the thiecoraductivity of the fluid. Adding the
surfactants to the fluids has been used in ordesstape agglomeration and enrich the
dispersion behaviour of the fluid. The main probléhat has to be overcome is to get

stabilized suspensions in this metlj8§)].

Preparation of ferrofluids can be divided into teteps at two-step method: (1) The
preparation of nano-sized magnetic particles andti{@ dispersion of the particles in
various liquids. Most commonly used ferrites aregnedite (FeO,) and maghemitey{
Fe0s). There have been different types of ways to pceduano-sized ferrite particles as

follows [73]:

Wet-grinding: The method takes a very long time (1000 hoursplired wet-
grinding ferrites in a ball-mill in the presenceaouitable surfactant until the ferrite is in a
colloidal state. This is the main disadvantagehef method; therefore, a simple and fast
method involving the co-precipitation of metal salt aqueous solution took place in the

survey.

Co-precipitation methods: This conventional method usually conducted between
0 °C and 100°C uses aqueous Feand F&" salt solutions which are in use to obtain iron

oxides (either F£, or y-F&,03).

Microemulsion techniques:This method involves the preparation of two
microemulsions, one containing an aqueous solufoe metal salt or a mixture of metal
salts and the other an aqueous solution of aniadkal mixture of metal salts in the

appropriate ratio.
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3.4. DERIVATION OF MAGNETIC EFFECT ON THERMAL COND UCTIVITY
OF MAGNETIC NANOFLUIDS

The Navier-Stokes (NS) and Maxwell's equations rfglowith Bousinessq
approximation) are used in order to describe thil fllow exposed to external magnetic

and gravitational fields. The solution domain uadderivation is shown in Figure 3.8.

Z A

L tube
T ||, — Solution
..... r //Domain

« s N

B
; B .y
Magnetic liquid

Figure 3.8. The experimental setup and solutionalo
The following assumptions on static pressure amaolcity are considered:

E:O ;E;to (3.11)
or 0z

Since pressure gradients are in the vertical daeain liquids in cylindrical containers. It

was also assumed that the variables show azimsynametry, i.e. %( )=0 so that one

has
V,=0,V,V, = f(r,2). (3.12)

The Navier-Stokes (NS) equations describing massnentum and energy for an

incompressible fluid are given by:

OV =0 (3.13)
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a—V+V EI]ZIV:—iI]P+vE|2V +Bg(T—TO)+pi(JxB+M mB) (3.14)

ot Po 0
oT . . 2
'OOCV(E +V T) = 4, +q +7J00+ kOT (3.15)

whereV is velocity,po is the density, P is the scalar pressurns, viscosity,3 is expansion
coefficient (due to Boussinesq approximatiog),is gravitational acceleration, T is
temperature,), B, andM are current density, magnetic flux density, andymedization

respectively. In additionC,, C C, are specific heat values for the fluigl, and g, are

heat sources for magnetic particle and liquid respely, n is resistivity, and k is the

thermal conductivity. Note that as the magnetaddfiis applied, the magnetic particles
align along the radial direction so that the terapge gradients in the fluid and solid
particles are in local equilibrium and thus the safffigure 3.9). Note also that the right

face of the tube is heated by the heat producdtidglectromagnet.

Cold ™| Hot

NANAA
&

Figure 3.9. Temperature gradient in a ferrofluydabplying a magnetic field

Assume that heat transfer areas and the radii @netec particles and liquid are
constant and given by::AA_ and p, r_ respectively. If the volume fraction (concentrajio
of magnetic particles is, then that of liquid is k- Using these one can show that the

combined effect of magnetic particles and liquidhte heat transfer turns into:
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dT dT

g=q,+q, :_(kpAp +K A)—=KuAL — (3.16)
dr dr

K =k (1 Ty 317

eff — ™ML kL(l—s)rp2 ( . )

Ko is the effective thermal conductivity.

This expression shows that the thermal conductigéis higher by increasing the
volume fraction of magnetic particles which is elgawhat has been observed in previous
experiments in the absence of a magnetic field. &ifextive thermal conductivity can be
complete when magnetic field and temperature graddfects are included into above

expression. This can only be done by combiningabheve equation set by Maxwell's
equations.

Maxwell’s equations are given by:

J=0OxH ;0I[B=0 (3.18)
0B n 2

—-0x(VxB)=—0"B

ot (VxB) 1 (3.19)

where H is magnetic field intensityB, H, and M are related through the following

equations:

H=Hgd+X), B=pH =pg(H+M) , M =xH (3.20)

wherey is magnetic susceptibilityy andp, are magnetic permeability of the fluid and free

space respectively.
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In order to perform simple calculations, some aggions were made. Firstly, as the
tube filled with magnetic fluid is cylindrical, theylindrical geometry was used. Because
the magnetic field produced by magnet is nearlystamt inr direction, only radial
velocity, V; was considered as relevant component of velocitgerocomponents of
velocity were taken as negligible. The temperatloser to magnet, fTis slightly greater
than T, so the temperature gradient was observed to badial direction experimentally

and assumed to be linear for these calculatiomg(€i3.9).
Assuming that T changes onlyrirection, the energy equation can be written as

oT oT oT, . . 2
C,(—+V —+Vz—)=q, +q +n IJ+kOT, 3.21
Ao V(a'[ "o 62) as +q +77 ( )

Note that Joule heating term is zero sldseonstant, i.e.,

J=0xH =0, Therefore 7J [J =0. (3.22)
a—qu;a—qu, (3.23)
ot 0z

(pOCVV, %—%)Z—I =qT (3.25)

where ¢32T/0r2 is negligible sincedT/ar is linear and small and subscript env. denotes

environmental.

The terms with X/ were neglected since Corriolis force is negleci&fth all the
assumptions described so far, the steady statgyeaguation then becomes
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dT _ .

CV,—= 3.26
pO p rdr q ( )

where V, is the average fluid velocity in the radial difeat The magnetic and

gravitational forces in the radial direction areglngible in the momentum equation since
externalB is much greater than the induced field and is tamts In that case, momentum
equation in radial direction turns into hydrodynarfarce balance in radial direction given

by equation

BI(T-T,)=0 (in z-direction) (3.27)
pi(J xB)=0 (Otor-z planed direction) (3.28)
0
M=xH ; B=gH=p(H+M) (3.29)
OB=(0u)H ; H =cons;
(3.30)

B= ,Uo(l"'/\’(T))H

g =0 in radial direction and in cylindrical coordinat@eth %9 - 0):

D _o0 0 0
—=—+V —+V, — 3.31
Dt ot "or ‘oz ( )

9 10 0?2
n2=_9% 429,09 3.32
ar? o 022 (892
2 2
Ny, Ve, N L OBy [0V, 1OV, | OV, (3:39
ot or 0z P, Or or r or 0z
or 0z p, Or ror{ or 0z
\V
N oand®™ Lo 2V g (3.35)

ot 0z 022
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10V3 oV 1 0P
1o —Ka( ’j—— m (3.36)

2 or ror ar_;()?

and Equation 3.14 get its final form

V T - (3.37)

( Vjavr OV, __10R, _ F
' or or? 0, or 0

P, 19,0V,
T ==Ly

or ror or

) (3.38)

V, = f(r)— (3.39)

rori or ) p, or (3.40)
oV 0 avrj_ _ a( aVv oP
—r =r — L= o, .
aP, /or ar( ar PV "ar )T ar (3:41)
If
—_ PV
op, jor (342)
then
ov of
r——=11(r); C—=r 3.43
or ( ) or ( )
1r? dv. 1r
f=Z—_ ; —L=—— 3.44
c2'% " dar c2 (3.44)
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This results in

1 R*-r?
V==
T2 (3.45)
RZ_rZ
C= 4
o (3.46)
1 0P, 4V 3.47
oV o  R-r? (3.47)
P,
_ar :—Rz_r2 pol/ . (348)

By assuming constant pressure gradient and assuasng\; vanishes at the tube

boundaries (at = R), the solution to Equation (3.38) becomes:

_ oP/or

VI’
4y

(r* -R?) (3.49)

The magnetic susceptibility has temperature [8pedéeence given by:

X0

(3.50)

where xq is the magnetic susceptibility at the referenceperature,Ty. This shows that

although the magnetic field intensity obtained by mmagnet is constant in time and space,

magnetic flux density is space dependent throughdtowing equation:
B =pH=p,[1+%(T)H (3.51)

According to the energy principle, the total eneirgthe medium is given 1]
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(i m-
E—£(2Hm F@)dQ (3.52)

whereQ is the total volume of medium arrl= dP/dr is the constant force due to pressure

gradient given by Equation 3.38. For stability, th#erential change in this total energy
should be minimized, i.e.:

5E=j(1HE¢sB—F[6r)dQ=o (3.53)
2 .
Q
By taking
HIOB=H[HOu=H[HOulr (3.54)
oM = =0r [Ou (3.55)

[90] and realizing that

dx dv
HOUW=poH—=0OT = uy—0T. 3.56
H=Hg qT Ho a7 (3.56)

One can obtain the differential change in the gyner

- Ho DQHV' dT -
OE = H F)drdQ =0 7
I( 2 dT dr Jtor (3.57)

which is true only if the integrand vanishes, i.e.,

F_ﬁ’__th_Mﬂ__led_,uﬂ (3.58)
dr 2 dT dr 2 dT dr’

Thus \; given by Equation 3.49 can be written as
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1 du dT
V, =—(r2 =R?)H2-E(—). 3.59
(=g, P -RAHZ () (3.59)
Using Equation 3.26 this can be written as:
_Ho 2 a2 dU q
V, =—(r"-R)H" —=(——
: 8V( ) dT(pOCer) (3.60)

Using Equation 3.51 this equation theml$etm

V2 ~ V2 — /’IOaXOQ(R2 - rz) H2

T 8L+ a(T-T,))? (3.61)
whereV, is the magnetic fluid velocity given as
(V.n +V n)
Vf = e e Lt (362)

n,+n,
where n and R are the number of liquids and particles, respebtivf n_ >>n_ then

V.n +V, n n

V, :Luva +V, L=V, (3.63)
n ’n

L L

According to [91], the thermal conductivity for gatomic liquids is given by:
k. =(N/V) **mC, <V, > (3.64)

where N is the number of particles in volume V, srthe mass, and <V> is the average

molecular velocity which is nothing but the fluidlacity in this analysis/, =V, then,
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k. = (NV) *mC_ <V, >. (3.65)

The previously defined conductivity defined by Etoia 3.17 can be written as

2
L

Ky =k, +k
eff L p((l_g)rpg

) (3.66)

Insertingk, = (N/V) **mC, <V, >in the equation above, one obtains

er?
ket =(NV)**mC, <V, > +kp(m) : (3.67)

p

When the velocity given by Equation 3.60 is usede dinds that the thermal

conductivity of magnetic fluid is given by

_ 213 l-loa)(oq(R2 - rz) JA Srl_z
kar = () e, (e y? Ry 669

This expression shows that thermal conductivitynisarly dependent on the volume
fraction of magnetic particles, externally applietagnetic field intensity and radial
temperature gradient. All these were shown heremxgentally.
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4. MEASUREMENTS TECHNIQUES

4.1. CHARACTERIZATION TECHNIQUES

Transmission Electron Microscopy (TEM), Scanningdilon Microscopy (SEM),
Dynamic Light Scattering (DLS) and X-Ray diffraatiqXRD) techniques are used to
characterize the magnetic nanoparticles in ordesbt@ain their size and its distributions
and crystalline structure. In addition, the sammes subjected to measurements by a
vibrating sample magnetometer (VSM) in order taaobtheir magnetic behaviour s about
the structure of the magnetite particles containgtie magnetic nanofluid. In this chapter,
the devices used in this study are introduced aedbtief theories behind of them are

given.

4.1.1. Transmission Electron Microscopy (TEM)

Evaluation of particle size before dispersion guids is carried out using electron
microscopy techniques. One of them is transmissiestron microscope which uses an

electron beam with high energy to determine thectiire of the samplg92].

Transmission electron microscope (TEM) operates tbe same fundamental
principle as a light microscope but uses electinatead of light. The active components
that compose the TEM are arranged in a column,invithvacuum chamber. An electron
gun at the top of the microscope emits electromé$ ttavel down through the vacuum
towards the specimen stage. Electromagnetic etedanses focus the electrons into a
narrow beam and direct it onto the test specimée.majority of the electrons in the beam
travel through the specimen. Some of the electiotise beam are scattered depending on
the density of the material and removed from thenhbeAt the base of the microscope the
unscattered electrons hit a fluorescent viewingestrand produce a shadow image of the
test specimen with its different parts displayedvaried darkness according to their
density. This image can be viewed directly by tperator or photographed with a camera.
The limiting resolution of the modern TEM producitwo-dimensional images is of the

order of 0.05 nm with aberration-corrected instrata§9?2].
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In a TEM, the electrons are accelerated at higtagek (100-1000 kV) to a velocity
approaching the speed of light (0.6-@)© The associated wavelength is five orders of
magnitude smaller than the light wavelength (0.B88 A). Nevertheless, the magnetic
lens aberrations limit the convergence angle okthetron beam to 0.5° (instead of 70° for
the glass lens used in optics) and reduce the Té&&dlution to the order of A. The ultimate
limit of resolution of an electron microscope istaedenined by the wavelength of the

electron[93]. The basic structure of the device is schemayicallen in Figure 4.1.

1 specimen

objective
objective /
aperture

SAD

aperture IT g
/
¥
intermediate /

lens(es) ll.

projector
lens

viewing screen

Figure 4.1. Lens ray diagram of the imaging systém TEM. Image planes are
represented by horizantal arrows and diffracti@npk by horizantal dots. Rays leading to

a TEM —screen diffraction pattern are identifiedthg double arrow headl94]

In order to characterize the magnetite in this stidiodel FEI, Company: Tecndl

G2 F30 series which is a service of National Nartotelogy Research Centre UNAM,
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Bilkent University, Turkiye, was used. The corresgimg technical data and the
photograph of the device are given in the Tablea#h@in Figure 4.2, respectively.

Table 4.1. Technical data for TEM - FEI Tecnai [95]

TEM Magnification Range 60 x — 1000 kx
TEM Point Resolution 0.20 nm

TEM Line Resolution 0.102 nm
Minimum Focus Step 1.8 nm
Maximum Diffraction Angle +12°

Information Limit 0.14 nm

Figure 4.2. Transmission Electron Microscope FlE¢enai G2 F30 [95]

4.1.2. Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS) also known as Phot@aorrelation Spectroscopy
(PCS) is one of the most popular methods usedterrdae the size and size distribution
of particles and molecules dispersed in a liquichsas proteins, polymers, colloidal sand
suspensions. llluminating the spherical particiethe solution in Brownian motion with a

laser beam results in a change in the wavelengtheoincoming light since the beam hits
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the particle. The Doppler Shift gives the sphere slistribution and a description of the

particle’s motion in the fluid and the intensitydtuations in the scattered lidi®6,97.

In this study, magnetite nanoparticles in hydroptiaddnd hydrophilic conditions
were examined through dynamic light scatteringtfi@ir size and size distributions. The
theory is based on two assumptions, one of whiclthés “particles are in Brownian
motion”. Brownian motion is the random movementpaifrticles in a liquid due to the
bombardment by the molecules that surround thentlaadspeed of movement is used to
determine the size of the particles. The secondnagton is that “the beads used in the
experiment, are spherical particles with a diamet®mall compared to the molecular
dimensions”. As mentioned earlier, the particlespgmded in a liquid are constantly
moving due to Brownian motion, not stationary. Amportant feature of Brownian motion
for DLS is that small particles move quickly andgi particles move more slowly as
shown in Figure 4.3. The relationship betweendize of a particle and its speed due to
Brownian motion is defined in the Stokes-Einsteqnagion.

D =kgT/6ma (4.1)

wherea is the radius of the beads, is the Boltzmann constari,is the temperature in K
(in this experiment it will be considered as ifgttaking place at room temperature) and
is the viscosity of the solvent. Since from thehtigscattering it is possible to obtain
information about the position of the particless formula given above is easy to get the
radius of the bead96,97.
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Figure 4.3. Particle size and particle motion delemcy [97]

Figure 4.4 illustrates the scattered light andrisiy dependency in the manner of
dark and bright areas. The intensity at any pdeicpoint appears to fluctuate for this
reason. The Zetasizer Nano system measures thefréte intensity fluctuations which
yields the velocity of the Brownian motion and twation and then uses this to calculate

the size of the particles using the Stokes-Einstationship.

From Laser

Most light passes
through unscattered

/ I oGl = Average
Detector =\ ) intensity

Figure 4.4. lllustration of the scattered lightsiag by detector. The intensity of the
scattered light fluctuates at a rate that is dependpon the size of the particles [97]
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Table 4.2. Zetasizer Nano Series specification§ [97

Zetasizer | Size range Size range for zeta Molecular weight
(diameter) potential (diameter) range

NanoS | 0.6 nmto gm - 1000 to 2x10Daltons

Nano Z - 5 nmto 1@um -

Nano ZS | 0.6 nm to §m 5 nm to 1Qm 1000 to 2x10Daltons

Nano 1 nm to 3im - 10,000 to 2x10Daltons

S90

Nano 1 nmto 3Im 5nmto 10m 10,000 to 2x10Daltons

ZS90

4.1.3. X-Ray Diffraction

Most of solid materials can be described as cHhystalin which the atoms are
arranged in a regular pattern and there is a sshaltidume element that by repetition in
three dimensions describes the crystal. When Xdragsact with a crystalline substance, a
diffraction pattern like a fingerprint of the suéaste is obtained. In 1919 A.W.Hull gave a
paper titled, “A New Method of Chemical Analysisind he pointed out that “Every
crystalline substance gives a pattern; the samstaute always gives the same pattern;
and in a mixture of substances each producestitsrpandependently of the others. “ The
powder diffraction method is therefore ideally ugedcharacterization and identification

of polycrystalline phasd98].

X-ray diffraction crystallography for powder samplis well-established and widely
used in the field of materials characterizationobgain information on the atomic scale
structure of various substances in a variety destarhere have been many advances in
this field, since the discovery of X-ray diffraatidrom crystals in 1912 by Max von Laue
and in 1913 by W.L. Bragg and W.H. Bra#$)].



56

X-rays with energies ranging from about 100 eV ® MeV are classified as
electromagnetic waves. X-rays show wave nature wakielength ranging from about 10
to 10° nm. When a high voltage with several tens of kepglied between two electrodes,
the high-speed electrons with sufficient kinetieryy, drawn out from the cathode, collide
with the anode (metallic target). The electronsdigpslow down and lose kinetic energy.
Since the slowing down patterns (method of losingetkc energy) vary with electrons,
continuous X-rays with various wavelengths are gaied. X-rays entering a sample are
scattered by electrons around the nuclei of atamthé sample. The scattering usually
occurs in various different directions other thiaa direction of the incident X-rays, even if
photoelectric absorption does not occur. As a tesie reduction in intensity of X-rays

which penetrate the substance is necessarily eel€9].

Plane normal Y 1a'2a’

Figure 4.5. Bragg condition illustrating the dafttion of X-rays by a crystf§d9]

Two geometrical facts are worth remembefih@l]:

I. The incident beam, the normal to the reflecipatne and the diffracted beam are
always coplanar and ii. The angle between theadiféd X-ray beam and the transmitted

beam is always@ This is known as the “diffraction angle”.

Diffraction in general occurs only when the wavelgnof the wave motion is of the
same order of magnitude as the repeating distamteebn scattering centre. This

requirement follows from the Bragg 1400 .
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As an incident beam, with the wavelength »f collides a crystal, diffraction beam

of sufficient intensity is detected only when Bragmndition given below is satisfied:

2dsind =n/ (4.2)

wheren is the number of wavelengths in the path diffeeebetween diffracted X-rays
from adjacent crystal planes shown in Figure 4.5s the spacing between regular arrays

in crystal[10Q].

There are various methods for measuring the irtterdia scattered X-ray beam
from crystalline materials. The most common metsotb measure the X-ray diffraction
intensity from a powder sample as a function ofttecag angle (it is also called

diffraction angle) by using a diffractome{&9].

The device in question, measures the intensity oiatadiffracted X-ray beam, as a
function of angle, in order to satisfy Bragg’s lawder the condition of X-rays of known
wavelength. The basic design of the device istiliaed in Figure 4.6. Three components,
X-ray source (F), sample holder (S), and detec®r ke on the circumference of a circle,

as known as the focusing cir¢@9].

Diffractometer

Ry O T T

cirgle DS /
\ _ &
(/\/ s . q ‘-a‘-ai:‘{n js
2 ¥
W

Dietector (28-axis)

X-ray tube

Figure 4.6.A basic schematic view of a X-ray diffractomefi@]
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4.1.4. Vibrating Sampling Magnetometer (VSM)

The flux linked with a sensing coil located at ertain distance from an open
sample subjected to an intense magnetizing field loa seen as the sum of a main
contribution due to such field plus a perturbat@iginating from the sample. The main
issue is to measure such a perturbation. A kind@fmagnetometric method is used in
order to separate this perturbation from the bamkgd. In this method, the linkage of the
sensing coil with the signal generated by the sangpmade to vary rapidly with time, all
the rest remaining unaltered. This can be donerlwnd the sample mechanically and
giving to that a vibration in order to produce arC Asignal while making a DC
characterization. In this way, any background camisflux is automatically filtered out
and signal optimization can be pursued if someeakegf flexibility exists in the amplitude
and frequencyd) of the oscillation and the arrangement of thesggncoils. As a result,
the sample moves periodically in a region of honmegeis applied field. The vibrating
sample magnetometer (VSM) is based on this priaqi@lFoner, 1959). The field may be
transversal to the axis of vibration. The pick-wil s constructed in two separate sections
wound in series opposition, also transverse twiltiation axis and oppositely wound. The
sample moves around the centre of symmetry of boils in Figure 4.9. A moving dipole
will therefore induce in these coils the instantarsevoltage which is proportional to the

magnetic moment of the sample

u(t) = KMdzesinat (4.3)

whereK is a geometrical factor that is determined bylbration with a sample of known
M, anddz is the amplitude of the periodic displacementhe samplew is the angular
frequency of voltage variatiof100, 10]. The voltage induced in the detection coils is a
function of many variables including the finite dinsions of the coils and the sample, as
well as the geometrical arrangement of the coiérridy. This method permits obtaining

the magnetic hysteresis.

According to Figure 4.7, the feedback driven bytoarous reading by an interfaced
Hall unit controls the field strength. The curréngenerated by means of a bipolar power

supply driven by an interfaced DC source. The gatanduced in the pickup coils is



59

amplified by means of a lock-in amplifier, whoseemmal reference signal, driven via a
computer-controlled procedure relying on the sigyaherated by the vibrating reference
magnet, is used to feed the power amplifier supglythe vibrator. Figure 4.8 illustrates

the scheme of a VSM with applied field transverséhe vibration axi§101].

PC-Vibration control, Tem
Field control, processing P

|ﬁ 11||

11 1 T one

oven/
DVM Lock-in | Gaussm. DC cryostat
source
y
L
: Vibrating

head Bipolar
Ref. magnet Power
AN Supply

1o
—— Ref. coils

—T T Vibrating rod

Sampl t

Pickup__—
coils

\ v

Hall
plate

Figure 4.7. The scheme of a vibrating sample magneter{101]
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The measurement of the magnetic moment of theseesiple as a function of the
field strength can be performed by continuous varaof the field with time. The voltage
simultaneously induced in the pickup coils is agamultaneously detected and processed
to determine the magnetic moment. The lower lirait heasurable magnetic moment is
typically around 18 Am™ in commercial setups. On the other hand, the ulapércan be
of the order of 0.1 A and higher (for example, the magnetic moment af mim

diameter iron sphere is around 0.3 Afi101, 102.

rotation of

vibratior
magnet
poles

pick-up
coils

Figure 4.8. Scheme of a VSM with applied fielchseerse to the vibration axis. The rod
supporting the sample may be rotajt@al]

It is better to mention about some aspects sudlysteresis, remanence and coercive
fields at this point.

Hysteresis is at the heart of the behaviour ofmatig materials. All applications,
from electric motors to transformers and permanmaignets, from various types of
electronic devices to magnetic recording, rely figasn particular aspects of hysteresis.
Hysteresis loops may take many different shapes iarid important to list a few
parameters that give some prime characterizatioloag properties. Three quantities of
particular importance in this respect are the s#itum magnetization M remanent
magnetization oremanencgM,, and thecoercivefield, H;, described in detail in 3.2.1

[103.
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The device used for magnetization measurement @ 96odel Vibrating Sample
Device (VSM, LDJ Electronics, Inc, 9300 Power sypelectromagnet drive 2400 Watt,
30 Amper, 80 V AC) with the magnetic field strengihout 1 Tesla located at TUBAK

UME Magnetic Measurements Laboratory, Kocaeli Tyeki

Magnetization was recorded over the whole magrfetid range from negative to
positive saturation. The mass values were detednieperimentally by filling the
container with the sample and weighing the masghef filled container using the
electronic scale (OHAUJ Company model AP110S, tegsml 0.1 mg). The VSM device

provides the magnetization values in units of leeteomagnetic mass unit (e.m.u.).

Samples were placed in the centre of the spaceebetwhe sensing coils. The
diameter of each coil is 12 cm and the distancevéen the coils is 3 cm. VSM s

calibrated against high purity nickel sphere befkample measurements.

Figure 4.9. VSM equipment located at TLBK UME
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Figure 4.10. Vertical rod holding the sample kedw coils

4.1.5. Scanning Electron Microscopy (SEM)

Electrons are strongly scattered within the specinme even absorbed rather than
transmitted. This is the limitation of TEM as th@esimen must be used as ultra thin. Bulk,
that is relatively thick, specimen can be used EMSapplications. The electron source
used in the SEM can be a tungsten filament. Siheembaximum accelerating voltage
(typically 30 kV) is lower than that of a TEM, tleectron gun is smaller, requiring less
insulation. Axially-symmetric magnetic lenses ased but they are also smaller than those
employed in the TEM. SEM produces an electronic nopthe specimen which is
displayed on a cathode ray tube (CRT). The sigradyred by the secondary electrons is

detected and sent to a CRT image. A SEM image mmntaformation about the surface

topography of the samp|84].

In order to characterize the silica in this stu@arl Zeiss EVO 40 model SEM
instrument was used. The corresponding schematgrainme of SEM is given in Figure
4.11.
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Figure 4.11. Schematic diagramme of a SPK]

4.2.1. Density

4.2. THERMOPHYSICAL MEASUREMENT TECHNIQUES

Table 4.3. Technical data for Anton Paar DMA 41004]

Measuring Range 0 -3 glcm
Measuring Temperature 0-90°C
Density Accuracy 0.0001 g/cm
Temperature Accuracy 0.05°C
Density Repeatability 0.00005 g/cm
Temperature Repeatability 0.02°C

Min. amount of sample App. 1 mL
Measuring Time 30 Sec.
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In this study thermophysical properties such assit\gnviscosity and thermal
conductivity were analyzed using synthesized maigndispersed in water, hexane and
heptane. In this study, a digital density meter ohnPaar DMA 4100 employing the
oscillating U-tube principle was used. Below, teehnical data are provided in the Table
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Figure 4.12. Density meter Anton Paar DMA 4100

The fluid sample to be measured was filled intooaaillating U-shaped glass tube
vibrating at a certain frequency. The measuremdnthe density was based on the
measurement of the vibration frequency which iatesl with the mass of the material to
be measured. The greater the mass of the samelbigher the vibration frequency is. The
measuring principle is mainly based on the massigpmodel and the relationship
between the oscillation frequencl (n Hertz) and the sample density can be seen by
following Equation (4.4)

1] e T
= 2"{(pv +m)} @4

where,p is the density of liquid in kg/fV is the volume of the liquid in nm is the cell
mass in kg and is the spring constant in kg?sf . Since volume is highly temperature
dependent, the density of a typical substancesis @mperature dependent. A thermostat
is connected with the density meter to controltdmperature [105].

4.2.2. Viscosity

The Brookfield DV-IlI Ultra Programmable Rheometeeasures fluid parameters of

Shear Stress and Viscosity at given Shear Ratescodity is a measure of a fluid’s
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resistance to flow. The principle of operation bé tDV-Ill Ultra is to drive a spindle
(which is immersed in the test fluid) through ailwa@ted spring. The viscous drag of the
fluid against the spindle is measured by the spuiedection. Spring deflection is
measured with a rotary transducer. The viscositgsueement range of the DV-III Ultra
(in centipoise or cP) is determined by the rotal@peed of the spindle, the size and shape
of the spindle, the container the spindle is ratatin, and the full scale torque of the
calibrated spring. The DV-IlI Ultra can also measyield stress (in Pascals or Pa) [106].

The equivalent units of measurement in the Sl sysée#e calculated using the

following conversions:

Table 4.4. Viscosity units of measurement [106]

Unit Sl CGS
Viscosity 1 mPaes 1cP

Shear Stress 1 Newton/m 10 dyne/crh
Torque 1 Nem 107 dyneecm

In order to see the volume concentration effecthenviscosity of a fluid viscosity,
analyses of synthesized magnetite dispersed inr\aate heptane were performed using a

Brookfield DV-1lI Ultra Programmable.

Figure 4.13. Brookfield DV-III Ultra ProgrammakiRheometer
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Table 4.5. Rheometer specifications [106]

Specifications
Speed Ranges for viscosity tests 0.01 RPM-250 RIPGL increments
from 0.01 to 0.99 RPM and 0.1
increments from 1.0 to 250 RPM)

Viscosity Accuracy + 1.0% of F.S. range for a sfiec
spindle running at a specific speed

Temperature sensing accuracies and range1.0°C from -100°C to 150C;

+2.0°C from +1506C to 306C

Torque Accuracy +1.0% of full scale range

Torque Repeatability +0.2%

The “gap” between the cone and the plate must biieck and adjusted before
measurements are made. Besides, rheometer musutbeemed before taking the
measurements. This is done by moving the platét {bto the sample cup) up towards the
cone until the pin in the centre of the cone tosctie surface of the plate and then by
separating (lowering) the plate by 0.0005 inch18r@m). This procedure was done due to
the regulation given in the manual on page 85. Sthrdard spindle supplied with the DV-
[l Ultra is designed to be used with a specifimpée chamber that is 600 ml fluid for the
viscosity measurements. Selecting the speed vgldeitermines the torque range for the
measurements. An appropriate speed selection eglllt in measurements made between

10 and 100 on the instrument percent torque stakig]
4.2.3. Thermal Conductivity
An instrument specifically designed by Flucon GmBEambda with PSL

Systemtechnik LabTemp 30190 was used to measurethdemal conductivity of

nanofluids in this study.
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The transient hot-wire method has been widely useddetermining the thermal
conductivity of fluids with a high degree of acctygPittman 1968, Haarman 1969, Mani
1971, de Grooet a11974, Castret a11976 and Nagasaka and Nagashima 1981) [107].

This method was first suggested by Stalhane and Rykl931 to measure the
absolute thermal conductivity of powders. Many aesbers have modified the method to
make it more accurate. There are several advanfagethe TWH method. The most
attractive advantage of this method for applicatitm fluids is its capacity for
experimentally eliminating the error due to natuwahvection. In addition, this method is
very fast compared to other techniques [108].
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Figure 4.14 Comparison of the thermal conductimgasurement techniques for
Nanofluids [108]

The thermal conductivity of a substance is a meastithe ability of that substance
to transfer energy as heat in the absence of nrassport phenomena. Two basic
techniques are commonly used for measuring thercoalductivities of liquids, the
transient hot-wire method and the steady-state odethMost thermal property

measurements of nanofluids have been done usingierda method of measurement.
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The hot wire method is a standard transient dynateahnique based on the
measurement of the temperature rise in a definsihte from a linear heat source (hot
wire) embedded in the test material. If the heatre®is assumed to have a constant and
uniform output along the length of test sample, thermal conductivity can be derived
directly from the resulting change in the tempamtwer a known time interval [109]. The
heating wire as well as the temperature sensornfibmuple) is encapsulated in a probe
that electrically insulates the hot wire and theapgerature sensor from the test material.
A hot-wire system involves a wire suspended symigaly in a liquid in a vertical
cylindrical container. The wire serves both as ingatlement and as thermometer.
Platinum is the general choice of the wire matdfiaD].

If “q’ is the constant quantity of heat production pet time and per unit length of
the heating wire (W.), initiated at the time = 0 (applied electric power), a radial heat
flow around the wire occurs. The fundamental equatf the transit hot-wire technique
method is based on the assumption that the hotisvime ideal, infinite thin and long line
heat source, which is in an infinite surroundingnirhomogeneous and isotropic material
with constant initial temperature. The method iflecatransient because the power is
applied abruptly and briefly. The working equatienbased on a specific solution of
Fourier's Law [110]:

AT(r,t) = -9 jp 42
47K  r°C

(4.5)

where AT (r,t) is the temperature rise of the wire of radiu$ &t time ‘t”. Wheatstone
bridge is used to measure the resistance differdratels related to the difference of the
temperature rises. In additiork’ ‘is the thermal conductivity (W.hK™), ‘a’ thermal
diffusivity (m”.s™) (a=k/poc,) of the fluid, with i is the density (kg.i) and t, the heat
capacity (J.kd.K™) of the material an@=exp()) wherey=0.5772 is the Euler’s constant,

is the radius of the wire (m).

Thus the measurement of temperature rise as aidanat time can be employed to

determine the thermal conductivitk'." Calculating the slope of the linear portion of
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temperature rise AT(r,t) versus natural logarithm of the timi(t) gives the thermal

conductivity of the sample nanofluids [110].

_ q t,
k = ) In[tlj (4.6)

whereT,—T; is the temperature rise of the wire between tithasdt,.
Measurement in natural convection induced partiob®ing is not incorporated in the
measurement. As particles move upon the applicati@gamagnetic field, there may be an

initial overestimation of the measured thermal eartidities.

Table 4.6. Thermal conductivity equipment speatiimns [111]

Specifications

Measuring Media Fluids, fluids with nanopatrticles,

gels, powders

Standard Based on ASTM D 2717
Temperature range Between -30 °C and +190 °C
Resolution/ 0.1°C

Accuracy 0.1°C

Reproducability 1%

Cooling tap water temperature Between +3 °C a8 €
Voltage Input 85 V-264 V~ (47 Hz -63 Hz)

Pressure range Ambient or up to 35 bar (500 psi
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The system mainly enables to determine the thecoradluctivity of fluids, powders,
gels and fluids containing suspended nanoparti€les; small amounts of sample (app. 50
ml) are sufficient to execute reliable measurem§grit§].

Figure 4.15. The thermal conductivity measuringiceused in this study
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5. RESULTS AND DISCUSSION

5.1. CHARACTERIZATION MEASUREMENTS OF THE SAMPLES

Nanoparticles synthesized by the above mentionelnigues were examined by
Transmission Electron Microscopy (TEM), Dynamic higScattering (DLS), X-Ray
diffraction (XRD) and Scanning Electron Microscof$EM) in order to obtain their
structural information. In addition, VSM measurensehave been performed to obtain

magnetization behaviour of the magnetite samples.

5.1.1. Transmission Electron Microscopy (TEM) Anajses of Ferrofluids

The morphology and size of the synthesized pastioere observed using
transmission electron microscope. For imaging thagmetic nanoparticles, the
Transmission Electron Microscope (TEM) Model FEIngmny Tecnai™ G2 F30 Series
operating at approximately 100 kV in UNAM, Bilkentjrkiye was used. Magnetite
nanoparticle samples for the analysis were preplyeplacing a small amount of a very
dilute dispersion of nanoparticles on amorphoudaaicoated copper grid and allowing

the solvent to evaporate at room temperature.

Transmission electron microscopy (TEM) results adee that the hydrophobic and
hydrophilic magnetite particles synthesized areosinspherical although not very regular
in shape with slight polydispersity in size with arerage diameter of about 10 nm.

Hydrophobic nanoparticles have a core diamef approximately 6 nm and a
hydrodynamic diameter of 9.7 nm and the hydropmiegnetite nanoparticles have a core

diameter of 8 nm.

TEM images also indicate that both types of nanapes produced in this study

have no noticeable agglomeration.
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Figure 5.1. TEM image of magnetite nanoparticles@,) prepared by water synthesis

Figure 5.2. TEM image of magnetite nanoparticlkes@,) prepared by oil synthesis

5.1.2. Dynamic Light Scattering (DLS) Analyses dferrofluids

The size distribution of these particles were atgdiusing dynamic light scattering
(DLS, Malvern Zeta-Sizer Nano ZS) and the intensigraged particle distribution was
found to be between 5-20 nm with an average ofagmately 10 nm, which is in perfect
agreement with TEM results.
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Small peak at large sizes disappears if distrilutsobased on the number average
indicating that most particles are indeed isoldtech each other. The size distribution of

the synthesized particles is presented in Figu8e 5.

The analysis technique is mainly based on the pimof the particle diffusion
speed due to Brownian motion. In a typical measergmthe intensity of the scattering
light is measured where a very dilute amount opsasion is placed in a special cuvette
and illuminated by laser light. Depending on theesof the particles, the intensities will

vary and the patrticle size will be determined.
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Figure 5.3. DLS Data for FgO, particles

5.1.3. X-Ray Diffractometer (XRD) Analyses of Ferofluid

Powder X-Ray Diffractometer (XRD) model Rigaku D/MAUltima was used to

obtain crystallographic information on the syntkesl particles.

Powder X ray diffraction of particles confirmedaththe particles were E@,
(magnetite). The characteristic diffraction pattesh FeO, obtained can be seen in
Figure 5.4.The position and relative intensity of all difframt peaks ikl numbers are:
111, 220, 311, 400, 422, 511, 440, 620 and 533 wietlexed as the corresponding
standard magnetite powder diffraction data (refeeenode: JCPDS 01-088-0315) and
according to the results it can be concluded tbatharacteristic peaks of impurities were

observed.
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#| 2-Thets  djA) HaiphiHmghtst Phees ID (hkl} 3-Thetn  Dsita
1] 1853% 4728 25 148 Magnatie (Cr-bearing) - Fe304 4pd08 124 (111] 18312 0234
2| 30438 29630 68 391 Megnetite [Cr-bearing) - Fu304 20644 307 (2200 3121 OM6E
3| 35560 25211 180 {000 Magnetis (Cr-bearing) - Fe304 25281 1000 (311) 35476 0,101
4| 42005 20673 62 357 Megnetie (Crbearng) - Fa30d 20902 202 (400) 43118 0024
5| 53380 47147 14 B3 Megnetia (Sr-bearing) - Fe30d 17416 BB  (422) 53496 0,108
8| STM7 18113 85 385 Magnelite (Cr-beating) - Fa304 18138 283 {E1{) G028 0,001
7| ®2560 14835 80  40E Magnathte (Cr-bearing] « Fa3cd 14822 355 (440) 2022 0082
§| 7082 13250 B 47 Magnabbe [Cr-bearing) - Fa304 13367 27 1820y 70 D48
9| 74110 12782 15 7.7 Magnette (Cr-bearing) - Fed04 12787 B4 (533) 74088 003

Line Shifte of indridual Phases:
PDF#55-0506 - Mapnetite (Cr-bearing) <2T{0} = 0,0, dfdfd) = 1,0=

311

220 400 333 440
111 222 i
| W | Al |

Figure 5.4. Magnetite — oil x-ray diffractogram
5.1.4. Vibrating Sample Magnetometer (VSM) Analyseof Ferrofluids

The magnetic properties of Fe304 samples suspandexptane were analyzed by a
Vibrating Sample Magnetometer (VSM) located at TOUBK UME Magnetic
Measurements Laboratory, Kocaeli, Turkiye. Figurg Hustrates typical magnetization

curves at different concentrations (1%, 3% and 5%).
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Figure 5.5. Magnetization curves at different eatcations of F¢€, particles suspended
in heptane at 296 K

The saturation magnetization of synthesized magnatanoparticles were found to
be equal to approximately 5.74 emu/g for 5 wt% @fgmetite nanoparticles, 4.36 emu/g
for 3 wt% of nanoparticles and 1.94 emu/g for 1 vaPénagnetite nanoparticles. In other
words, from the magnetization curve, it can be aaded that the saturation magnetization
(Mg of the FgO4 nanoparticles increase from about 1.94 to 5.74 /gnwhen the
concentration of magnetite increases from 1 to % wivhich can be attributed to the

increase of weight and volume of magnetite nanapest[112].

We observed H (magnetic field)-dependence of tlseeqtibility of that material in
this figure, which gives us characteristic sigmoighape of M-H curve. At the large
values of H, magnetization approaches its saturgg@nt. There is no hysteresis loop that
means irreversibility in the magnetization procasexpected. The result obtained in these
measurements shows us superparamagnetism wheragmetic moment of the particle is
free to react to thermal energy. Therefore, theveurere is anhysteretic. The magnetic
fluids carrying superparamagnetism feature giveemsanence and no coercivity field that
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can be seen on the curves as expected [113]. firmsnthat the magnetite nanoparticles
are characteristic of superparamagnetic propeatieesom temperature leading to the net
magnetization of fluid in the absence of an extefied is zero. Superparamagnetic

materials have no permanent magnetic moment andehao hysteresis loops as a result.

At the lower field strength, a small change in thagnetic field causes a substantial
change in the magnetization of the magnetic flgidbag as the magnetic field is below the
saturation point. At the higher field strength, thagnetic moments of the particles align
with the external field and reach its saturatiolugaThis change in magnetization reduces

significantly when the ferrofluid reaches satumatjh14].

As seen in magnetization curves, initial magnaigceptibility values increased with
concentration. Increase in magnetic susceptibiiti concentration was also observed by

other researchers [115].

The slopes of the curves in Figure 5.6 can be usedletermine the initial
susceptibilities asy; = 0.01,x; = 0.02 andy; = 0.03 for the 1%, 3% and 5% magnetite

heptane, respectively.

Magnetization M as a function of H in low fields
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y =0.027x 0
2000 - R2 = 0.995 3%
A5%
1500 y = 0.021x
R2=0.994
—~ 1000
=
< 500 y = 0.009x
= R2=0.993
O T
0 20000 40000 60000 80000
-500
-1000 -
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Figure 5.6. Magnetization as a function of H iwIlfeelds for magnetite heptane

nanofluids
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These curves state that the slope increase aswypsEglentage increases; thus, the
magnetic susceptibility increases with weight petage. This is an expected result since

increased weight percentage causes the magnetizatincrease.

5.1.5. Scanning Electron Microscopy (SEM) and DL®&nalyses of Silica

The silica SEM images are presented in Figure Bowsg that nanoparticles are

almost perfectly spherical shape with diameters h6@ nm.

Figure 5.7. SEM image of Silica 2.86 N — 7T (SE&&ak: 128.35 nm)

The size distribution of silica 2.86N-7T is shownHigure 5.8. As seen, the curve

maximizes at the size of 128 nm. This result iarfect agreement with Figure 5.7.
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The DLS results for 2.86N-7T values 155.2-149.6 268.4-108.7 are presented in
Figures 5.9 and 5.10. The peaks in these figurew shat the sizes of cluster near 120 and

90 nm, respectively.

5.2. THERMOPHYSICAL MEASUREMENTS OF NANOFLUIDS

Some of these measurements were taken togetherMstistudent Miss. Merve

Yuksel at Chemical Engineering Department of Y quiteniversity.

5.2.1. Density Measurements of Ferrofluid

The densities of magnetite nanofluids containingous amounts of nanoparticles
dispersed in heptane are measured over a temperange from 25C to 60°C given in
Figure 5.11. The expected result is observed tmatdensity increases with increasing
nanoparticle concentration. The density enhancemfemagnetite nanoparticles dispersed
in heptane having a particle loading of 7 wt% idaoked as 7.78%, and the density
enhancement of magnetite nanoparticles dispersiedptane having a particle loading of 1
wt% is obtained as 0.90% both at 26. The density enhancement of magnetite
nanoparticles dispersed in heptane having a patfbelding of 7 wt% is obtained as 7.86%

calculated over average values.

Temperature effect on density can also be seereasutements in the same Figure
5.11. Density values are decreased with incredasimgerature as expected.
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Figure 5.11. Density enhancement for magnetitmparticles dispersed in heptane

The theoretical model by Pak and Cho (1998) shavesl @greement for magnetite
nanofluids according to Figures 5.12 at all conegiuns. For the magnetite heptane
nanofluid at each volumetric concentration, the imaxn deviation is 1.60% and the
average is 0.67%. Furthermore, the percentage tdmviancreases with the increase in

concentration.

In the investigation of the rheology of suspensjoi® volume concentration,
defined as the fraction of space of the total sasjo@ occupied by the suspended material,
is often used instead of mass concentration. Tepesision rheology depends greatly on
the hydrodynamic forces, which act on the surfatehe particles or aggregates of
particles. Hence, the volume concentration, notrttaess concentration, is often used in
defining concentration. However, it is much moréidilt to make a dispersed liquid

precisely at a desired volume concentration thandssired mass concentrat{di4].

Therefore, in the present study, the volume coinagon was determined from the

mass concentration at the dispersed fluid by thewing equation114:
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1
(L00/ )0, / oy )+1

x100(%) (5.1)

wherep, and ppr are the densities of metallic oxide particles aadebfluid, respectively,
and &, and &, are the volume and mass concentrations (%) of tbpersed fluid,
respectively. Once the volume concentration is rdateed, the density of the dispersed

liquid could be determined from the following eqoat[114]:

p=(1-®u)p, +Pup, (5.2)
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Volumetric Concentration (%)

Figure 5.12. Comparison of density values for netiggn nanofluid at 28C

The theoretical density values were calculated fi6q5.2 and the results were
plotted along with experimental values. As a geintemnd, it is seen that experimental
values are slightly higher than the theoreticalsitgnvalues. The type of the dispersed
nanoparticles and the high particle weight fractican be attributed to this discrepancy.
Although the model represents good agreement wifferamental data, Pak and Cho
developed it for nanofluids with lower concentrago This might be the reason why the

deviations increase with the increase in the gartioncentration.
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5.2.2. Viscosity Measurements of Ferrofluid

The viscosity of nanofluids increases with incregsparticle concentration and
always becomes much higher than that of the bagedli As a liquid behaviour, the
viscosity of base fluids is decreased when the &atpre is increased. At the same time,
the Brownian motion of nanoparticles is increasedh@ temperature is increased, which

affects the increased conductivity.

In this study, viscosities of magnetite nanopagscldispersed in heptane were
measured over the temperature range diCf 60°C using a Brookfield viscometer and
represented in the Figure 5.13. When the viscasitighe nanofluid are plotted against the
temperature, an almost lineaR?( 7 0.99) relationship is found. Magnetite heptane
nanofluid with varying particle loadings from 1% 186, viscosity enhancement is from
2.6% to 24.9%.

Viscosity Enhancement Graph for Magnetite Heptan
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Figure 5.13. Viscosity enhancement for magnetteoparticles dispersed in heptane
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On the other hand, the relative viscoSityafofuidHbasefiuig at 30°C, for example,
decreases from 1.28 to 1.05 for the particle camatans between 7% and 1%. Relative
viscosities at different temperature values givéova are plotted against the particle
weight fraction as percentage. Relative viscositgreased by increasing the weight

fraction shown in Figure 5.14 although the slopaeained almost the same.
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Figure 5.14. Relative viscosities of magnetitaafiuids at 3°C

In summary, the viscosity of nanofluid increasesisiderably with increasing
particle concentration. The reason of this effectthat particle concentration affects
directly the fluid shear stress. On the other hahd,nanofluid viscosity decreases with

increasing temperature since temperature affeetfotices among nanopatrticles.

There have been several models estimating the srgeo of nanofluids. Einstein’s
equation (1906) is the first derivation obtainetieviscosity values of nanofluidg.f) for
magnetite heptane nanofluids at a particular teatpes (25C) and at different particle
weight fractions between 1% and 7% are selectemtder to compare to those of related
theories given in Table 5.1. In this study, twdraations were used for the calculation of
volumetric concentrations. One of them was givelEguation 5.1 and the second below

[114, 115.
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(5.3)

where g is the density of ferrofluidphepis the density of heptange,, is the density of

Fe;04. The results are shown in Figure 5.15 and Figut6.5

Table 5.1. Viscosity theories and their formulaediin this studj/18]

Model Viscosity Formulae
Einstein (1906) Uy = (1+ 2.5(;),uW
Brinkman (1952) u = 1
nf (1_ )2.5 w
Batchelor (1977) iy =L+ 250+ 62507 )u,,
Ward iy =L+ 250+ 625¢7 +15.6¢° Ju,,
Wang (1999) py = [+ 7.30+1230° Ju,
0.71 7 @ Experimental
0.67 1
0.63 1
@ 059 1
>
G 0.55
8
> 051 1
0.47 1 W
ang . .
Einstein
043 - ‘s Brinkman
/ Batchelor
0.39 —  e—— T T : r : . — Ward
0 01 02 03 04 05 06 07 08 09 1
Volumetric Concentration %

Figure 5.15 Comparison of the viscosity data whories for magnetite heptanes

nanofluid (volumetric concentration was calculaaedording td114))
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Figure 5.16 Comparison of the viscosity data whthotries for magnetite heptane nanofluid

(volumetric concentration was calculated accordad 15)

The theoretical models used to estimate particépesusion viscosities are generally
based on the assumption of a linearly viscous fbaidtaining dilute, suspended, spherical
particles. Einstein’s formula is valid for relatlydow relative particle volume fractions
(¢<0.02). For the values higher than this value, darastimates the effective viscosity of
the resulting fluid. In addition, the temperatudues vary between 2% and 27°C for
each viscosity value, which may cause the fluotuabf the data. Therefore, there are
discrepancies between the experimental and theakefiscosity data as seen in Fig.5.15.
But, the second approach is better than beforee dimeoretical result and experimental
result are relatively close to each other. Simiscrepancy was obtained by other
researchers for SiC-deionized water nanofluids Bonkman and Batchelor viscosity
models[11§].

5.2.3. Thermal Conductivity of Ferrofluids

Several measurements were performed over a tempenange covering 2% to
60 °C. For magnetite nanoparticles dispersed in heptar80, 3.58 and 0.86 % the
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thermal conductivity improvements are measurechatparticle fractions of 7, 5 and 1
wt% respectively. The results are presented inreigul7. One can infer from those
results that the thermal conductivity increase$ wieight percentage. This linear increase

Is best presented in Figure 5.18.

Thermal Conductivty Enhancement Graph for Magnkeléptan
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Figure 5.17. Thermal conductivity enhancement afnetite nanoparticles dispersed

in heptane
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Figure 5.18. Thermal conductivity enhancememhagnetic heptane at each weight

concentration

The experimental thermal conductivity results avalgated in terms of relative
thermal conductivities in order to investigate #ifect of base fluid in the Figure 5.19 for
magnetite heptan®elative thermal conductivity is defined to be tago of the measured
thermal conductivity of the nanofluid to the baseid. The enhancement of thermal

conductivity in heptane was found to be directlggmrtional to the particle concentration.
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Figure 5.19. Relative enhancement of thermal gotty upon addition of F€,in

heptane as a function of concentration &25

The classical theory of thermal conductivity ofidlsl with suspended solid particles
was developed by Maxwell assuming the nanopartitbe®e spherical. However, the
model is applicable for relatively large particlés modified correlation is developed by
Wasp (the model function is given in Refl]) indicating that the effective thermal
conductivity (kg) of nanofluids relies on the thermal conductivafythe spherical particle

(kp), base fluid (k) and the volume fractiong( as given in Equation 5.4.

Kerr _ ko + 2kor — 2¢(ket — ko)
kot Ko+ 2kor + @kor — ko)

(5.4)

According to Figure 5.20, the results from Wasp elathderestimate the thermal
conductivity for the magnetite heptane nanofluith@agh both models and experimental

values show an almost linear increas& by weight percentage.
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Figure 5.20. Comparison of Wasp model and expariatelata obtained from this study

for the thermal conductivity of &, nanoparticles in heptane at 25

5.2.4. Viscosity Measurements of Silica

Some experimental investigations into the viscosify silicon dioxide (SiQ)
nanoparticles were conducted by several researshepended in different solutions such
as ethylene glycol and watfs7, 64. On the other hand, the silica was chosen since
silicon dioxide nanoparticles are the least expensianoparticles making it an ideal test
subject.Namburu et alhave conducted experiments using silicon dioxideopatrticles
with average diameters of 100, 50 and 20 nm imouarvolume percentages to explore the

thermophysical properties of these nanofluids.

The viscosity values of the silicon dioxide padilCode:2.86 N — 7T) dispersed in
ethanol forming nanofluid with varying particle \ybt concentrations (1, 2, 5, and 10%)

between temperatures of°5and®35 C are given Figure 5.21.
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Figure 5.21. Experimental values of viscosity¥arying weight concentrations of silicon

dioxide nanofluids (128.35 nm) with respect to tenapure

These results show that the viscosity (cPoisg)dspendent with the % torque of the

measuring device but it is strongly dependent enathight increase.
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Figure 5.22. Experimental values of viscosity\Warying weight concentrations of
silicon dioxide nanofluids (128.35 nm) with respectemperature
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Figure 5.22 illustrateghe plot of viscosity against weight concentratiosth
increasing temperature. Data indicates that vigsgodecreases as the sample fluid
temperature increases. Furthermore, it shows tiththigher nanoparticle concentrations,
nanofluids possess higher viscosity. These behewiave the same as the magnetite
heptane’s result given in Figure 5.13 and FiguBt5Similar behaviour of silica was
obtained by Namburu et al [117]. They indicated that with higher nanoparticle
concentrations, nanofluids possess higher viscositycontrary, viscosity diminishes

exponentially as the sample fluid temperature iases.

In summary, the viscosity of nanofluid increasesistderably with increasing
particle concentration. The reason of this effextthat particle concentration affects

directly the fluid shear stress.

5.3. MAGNETIC EFFECT MEASUREMENTS ON FERROFLUIDS

5.3.1. Magnetic Field Sources

Thermal conductivity measurements for magnetic dept water and magnetite
hexane have been performed using two different eiagsources. First two measurement
have been done by using a simple magnetic coiltiaadast one by using a homemade U-
core electromagnet with the relatively high magnétld reaching up to 1.7 Tesla. The
electromagnet was designed and constructed to ge: iImomogeneous magnetic field.
Some articles have been followed to succeed thas[@@8, 119, 120, 131

5.3.1.1. Magnetic Coil

Magnetic field was created by keeping a DC magnetx( 0.2 Tesla) at a fixed
distance from the container including nanofluid pAed magnetic field was perpendicular
to the hot wire equipment utilized in measuring thermal conductivity (at ambient
conditions). The magnet which provides external me#ig field is essentially composed of
a cylindrical iron core of length 300 mm and diaeneif 40 mm which includes 1500 turns
of copper wires of 1.5 mm diameter. The magnet ezmected to a DC power supply in

order to achieve a steady current within the wigdithus producing a steady magnetic
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field. It is noted that this magnet was located tba right side of the tube carrying

nanofluid, as shown in Figure 5.23.

For reducing the current within the system and segypthe unwanted temperature
increase a ballast resistance was also used. @bs st tube which contains the magnetic
fluid is located at a distance of 100 mm from thent face of cylindrical magnet and the
thermal conductivity sensor which is immersed itite magnetic fluid was connected to
the data acquisition system in order to monitordhanges of thermal conductivity. In the
experiments, the magnetic fluid was placed in @ndyical glass tube and exposed to the
external magnetic field as shown in Figure 5.23.mMéasurements were done at ambient

conditions and the time interval of measurements sedected to be nearly 35 sec.

300mm

ferrofiuid

4imm

-

Glass tube

WAVAVAVAY)

1500 windings. _@_ Power

1.5mm Cu wires Ballast supply
resistance

Thermal
conductivity
SENSor

10mm i
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Figure 5.23. Experimental setup for the thermalduwtivity measurements at the external

magnetic field

5.3.1.2. Homemade U- core DC Electromagnet
The sketch of homemade electromagnet which prodacd3C magnetic field
through an iron yoke is shown in Figure 5.24.
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Figure 5.24. The U-core electromagnet and expetiahsetup for following experiments

Figure 5.25. The picture of the U-core electronegrsed in this study

As illustrated in Figure 5.25, the poles can beusigid by moving them back and
forward as demand. In addition, the position ofscoan also be changed in order to vary
magnetic field strength created in the gap betweses. This allows a careful adjustment
of the magnetic field by changing the positiongoth the poles and coils. A DC power
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supply is the main source of the magnetic fielérgjth. According to the characteristic
measurements of the magnet, the magnetic fielleasas linearly with increasing the
current and decreases exponentially with increagjag distance. The external circuit
providing a full wave rectified DC voltage with cptors used for electromagnet is
schematically shown in Figure 5.26.

Bridege
diode
‘ariac 160A
. (0-220V)
220V \
50Hz 4 J_ J_ ©
s
Capacitors
4500uF
400V

Figure 5.26. The full wave rectified DC circuit ds®r electromagnet

5.3.2. Thermal Conductivity of Magnetite Heptane ad Water under magnetic effect

5.3.2.1. Using a Magnetic Cail

Thermal conductivities of magnetic pdescdispersed in water and heptane were
measured in the presence of a magnetic field. Anetag field was created by keeping
coils at fixed distances from the container witmaftuid. Applied magnetic field was

perpendicular to the hot wire measuring thermabcotivity.

There are a few articles indicating thagmetic effect on thermal conductivity of
magnetic nanofluids as mentioned eaf&8, 29, 30, 31, 32In one of these articles, ket
al. presented no change in the thermal conductiviimagnetic fluid under the magnetic
field perpendicular to the temperature gradientapglied magnetic field was kept parallel
to the temperature gradient, they observed annmeng in the thermal conductivity of the

sample. They concluded that the orientation eftédhe magnetic field can be explained
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by the formation structure-chain-like aggregationthe sampleln our experiments, we
observed a thermal conductivity change when théegpmagnetic field was perpendicular

to the hot wire measuring thermal conductivity.

Low magnetic fields were applied to saespl0.05 Tesla- 0.2 Tesla) to ensure that
the particles are only gently moved in the fluicespite these low magnetic fields, it was
observed that exposure to magnetic field over ageaf time (few minutes) accumulates
the particles on the walls of the container whiesutts in the lack of particles (lowering of
the concentration) from where thermal conductivitgasurements are taken. Therefore,
experiments were only carried out for short periofldsime to minimize concentration

gradient effects (less than 10 minutes).

For either base fluid, a sudden increase in theooaductivity was observed for
magnetic nanofluids upon application the extemagnetic field. For a patrticle loading of
1.63 wt % in water, enhancement of thermal condiigtiof 1.93 % and 5.5 % were
obtained by applying external magnetic field withesgths of 0.05 Tesla and 0.1 Tesla
respectively. On the other hand, for magnetic nartagles dispersed in heptane, 0.6 %
and 2.7 % enhancement in thermal conductivity wdseaed for 1.27 wt. % nanoparticle
concentration by the application of 0.1 Tesla an® Uesla external magnetic fields,

respectively.

It can also be seen that the thermal conductivityegabecome constant with some
fluctuations after a period of time showing thae #nhancements in thermal conductivity
on application of external magnetic field increafesthermal conductivity up to a certain

value for a distinct magnetic field strength andantration.

Upon removal of magnetic field, the thermal conduty values were observed to
settle back to initial values. Enhancement of tlermonductivity on application of
magnetic field for water and heptane are presemte&igure 5.27 and Figure 5.28,
respectively. These results indicate that thentlakiconductivity increases almost linearly
by increasing applied magnetic field, as derivecElguation 3.68 in Chapter 3.4. This is
presented by the plot given in Figure 5.29 whicloveh an almost linear increase of

thermal conductivity by external magnetic fieldestgth.
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Figure 5.27. Relative enhancement of thermal cotidty in water-based

magnetic fluid upon application of an externaldiel
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Figure 5.29. The thermal conductivity enhancenoéiheptane-based magnetic

fluid which changes almost linearly by an exteffielt

Due to the paramagnetic nature of particles, waenexternal magnetic field is
applied, the magnetic moments of individual pagsckcause the particles move in the
direction of the field resulting in thdepletion of nanoparticles from the walls of the
container facing magnet. Simultaneously, due tched produced by magnet, one expects
that an uncontrolled temperature gradient is alsimd created parallel to the magnetic
field.

The experimental data for both water and heptdearly show an almost linear
increase with increasing magnetic field intensithis is in excellent agreement with
Equation 3.68 derived in Chapter 3.4. This equatitso shows a linear dependence of

thermal conductivity on magnetic field intensity.

Although the general trend of enhancement upoticgtion of an external field is
similar, in comparison, water based fluids showighér response to magnetic field than
heptane based ones. Magnetic cores are identidabtim heptane and water suspended
particles so this difference cannot be attributedahy size change. Alternatively, the
common belief is that the thermal conductivity emdement is higher if the thermal
conductivity of the base fluid is lower than thétparticle [122], does not apply here. On

the contrary, water has a much higher thermal coindty than that of heptane as the base
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fluids. At this point, although we do not have agplanation to this behaviour, we find it

appropriate to present these results as impotitahhfs.

Very unusual enhancements of thermal conductolity to alignment of particles in
the magnetic field which results in effective hahsport through chainlike aggregates of
nanoparticles were obtained [30]. In our case, libéh magnetic fields applied and the
concentration of particles were too small to indtiese chainlike aggregates therefore the
mechanism of thermal conductivity enhancement cabaadue to heat transport through

chain formation.

It should be noted that although the particleg@timove when the magnetic field is
applied, the measurement intervals are taken iateadcale that is far larger than the time
scale of the motion induced by the magnetic fialt the measured thermal conductivity is
certainly not due to the translational motion of tharticles in response to the field. As
mentioned above, the particles do indeed move inatedy towards the walls of the
container, therefore if anything, depleting the rmedof nanoparticles should give rise to
a lowering of the measured thermal conductivityt, Bis seen in both cases where heptane
and water are used as solvents, thermal condyctethains high as long as the magnetic

field is on and drops down upon removal of thedfiel

Considering the low concentration of particlesymed with low magnetic fields, the
observed increase in thermal conductivity can dmdyattributed to induced motion of the
particles which do not result in the formation diams as described in the literature but
rather an increase in the number of contacts betwes particles, increasing the thermal

transport, causing an enhancement in thermal conéyc

5.3.2.2. Using U-core Electromagnet

The termal conductivities of magnetic particles dispdrsn heptane were
measured in the presence of a magnetic field uskupre electromagnet at this time.
Magnetic field was created by changing the supplyent. The sample tube was located
between the poles of electromagnite DC circuit given in Figure 5.26 was used with

capacitors here; therefore, the applied voltageridged DC in this experiment. Applied
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magnetic field was perpendicular to the hot wireasuging thermal conductivity shown in
Figure 5.30 and Figure 5.31.

Figure 5.30. A picture of the thermal conductiviteasurement with the effect of

external magnetic field

 Ferrofluic <

- —
-

Figure 5.31. The ferrofluid located in the gapn®Een magnetic poles

For magnetic nanoparticles dispersed in heptanerage 5.2 % enhancement in
thermal conductivity was achieved for 1.27 wt. %nainoparticle concentration by the
application of 0.2 Tesla external magnetic fieldhiat is higher than that of the obtained
with the magnetic coil (Figure 5.32). The thermahductivity values settle back to the
almost initial values when the magnetic field ismed off. This behaviour was observed by
several turning the magnet on and off for nearl@®&econds.
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Although the data at t=1200s show strange behaviptobably due to wrong
measurement by device) all cases show similar suthdeease and decrease upon turning
the magnet on and off. These results show thaffetrefluid does not have a memory
effect and does not store the magnetic field agpégternally. Figure 5.32 shows the
relative enhancement of thermal conductivity in thep-based magnetic fluid upon

application of an external field.
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Figure 5.32. Relative enhancement of thermal coiidty in heptane-based magnetic

fluid upon application of an external field

5.3.3. Thermal Conductivity of Magnetite Hexane uder Magnetic Effect

Thermal conductivities of magnetic pdescdispersed in hexane were measured in
the presence of a magnetic field. Magnetic field weeated by keeping an electromagnet
at a fixed distance from the container with nandflun Figure 5.31. In this experiment,
two capacitors ofi500 pF, 400 V were connected in parallel to rectify gover supply
shown in Figure 5.26. In this case, a pure DC sowas obtainedApplied magnetic field

was perpendicular to the hot wire measuring thewoatuctivity, as before.

Opposing previous findings, a sudden c&do in thermal conductivity was

observed for magnetic nanofluids upon applicatiba small external magnetic field. For a
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particle loading of 1.07 wt % in hexane, reductodrthermal conductivity of 1.13 %, 2.73
% and 2.76 % were obtained by applying external mafig field with strengths of 0.1
Tesla, 0.18 Tesla and 0.3 Tesla respectively. bafsgviour may be due to the chemical

properties of the base fluid.

Hexane is not a suitable solvent for these expearisngue to its low boiling point (69
°C). Heptane and water have similar boiling poif®’C and 100°C respectively which
allow experiments to be carried out at ambient &maoires without having to completely
seal the system. Figure 5.33 shows the relativeictezh of thermal conductivity in
hexane-based magnetic fluid upon application ofrestified DC external field. These
results show that either heptane or water shouldubed if thermal conductivity

enhancement is desired upon magnetic field apmitat
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Figure 5.33. Relative reduction of thermal conduiytin hexane-based magnetic fluid

upon application of an rectified DC external field

A reduction on thermal conductivity under the effef magnetic field was also
observed by several researchgi23, 124. Djurek et al. measured thermal conductivities

of ferrofluids (#FeOs; of 8-15 nm in water and in n-decane and GOkealispersed in
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water) at 25 °C in a magnetic field generated bgx@ernal coil receiving current from DC
power supply and they observed a decrease on theonductivity with increasing the
field strength up to 2-3 x I®T, which was followed by field independence inHeg
fields. Magnetic field effects of thermal condudies of four ferrofluid samples (Sample
1: CoFeO, dispersed in water{50 g/L), sample 2yFe,0O3; dispersed in water(20 g/

L) with specific magnetization 55 emu/g; samplgsBe,0; dispersed in n-decane300 g/

L), sample 4;4Fe,O3; dispersed in water65 g/ L)) indicate a decrease with increasing the
external field for low fields, and a rather constaalue for higher fields. According to
their results, the strongest relative decreasbeaial conductivity with the magnetic field

was observed in CokF®,nanoparticles (sample 1) dispersed in wgtef].

According to Djureket al.,the relative thermal conductivities reduces to 8086,
0.7 and 0.64 for about 0,01 Tesla, 0,018 Teslabd Tesla for sample 3, respectively,
and to about 0.93, 0.91 and 0.85 for about 0,01aT€s5018 Tesla and 0,03 Tesla for

sample 2, respective[j123.

When a magnetic field is applied, the correlatediomoin particle gas reduces the
mass transport, or simply, the superparamagnedite seduces the entropy when the
magnetic field is exerted to it. An interestingukss the decrease of thermal conductivity
with increasing mass of nanoparticles, which isdharexplain by the existing models and
theorieg123.

The other example is from the study of Shistaal. (2009) who investigated the
magnetic field effect on magnetic nanofluid. To lgpa uniform magnetic field to the
fluid, the entire sample cell is kept inside a sold, where the field is varied by changing
the current. They observed decreaséd value from about 4 to about 1.7 by using
magnetic field parallel to the temperature gradientnagnetic field range (82-283 G).
Further, an increase in magnetic field leads ttahikzation ofk/k; at a marginal value of
1.41[124.

As the external magnetic field is slowly increadexin zero to a large value, bulk
field responsive fluids such as magnetorheologitalds undergo several structural

transitions from a gas of Brownian colloids to ramdy distributed chains of colloids
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aligned in the field direction. This aggregatiortoinchains is known as head-to-tail
aggregation. As the field is further increased, ¢hains of colloids begin to aggregate

laterally in order to form clusters of zipped clgiwhich are known as zipperifitR5.

According to Shimaet al, the observed decrease in thermal conductivityal@2 G
could be due either due to “zippering” of chainsntiened above. Mapping of the
magnetic field within the probe area shows faimyform field and hence the possibility of
induced body forces can be ruled out. However Jittgar and thick aggregates with high
aspect ratio due to zippering can collapse to thttoin of the cell and hence cannot be
seen by the hotwirgl24].
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6. CONCLUSION AND FUTURE WORK

Nanoparticles forming the nanofluids were examirmld Transmission Electron
Microscopy (TEM), Dynamic Light Scattering (DLS),-Ray diffraction (XRD) and
Scanning Electron Microscopy (SEM) in order to abtdoeir size, shape and structural
information. In addition, VSM measurements have nbemnducted to obtain the
magnetization behaviour of the magnetite nanasliog obtaining their M-H curves.

Transmission electron microscopy (TEM) results adee that the hydrophobic and
hydrophilic magnetite particles synthesized areoslinspherical although not very regular
in shape with slight polydispersity in size with average diameter of about 10 nm. TEM
images also indicate that both types of nanopagialio not have any noticeable

agglomeration.

The intensity averaged particle distnidtobtained by DLS was found to be
between 5-20 nm with an average of approximatelyQ which is in perfect agreement
with TEM results for the size distribution measuests. According to the XRD results, it
can be concluded that no characteristic peaks @luiities were observed for &,

nanoparticles.

VSM measurements taken for magnetic nanofluids skavat there is no hysteresis
loop indicating the superparamagnetis. Therefdre, durves here are anhysteretic, but
sinusoidal. The magnetic fluids carrying superpagnetism feature gave no remanence
and no the coercivity field as superparamagnetisimbiour , as expected. At the lower
field strength, a small change in the magneticdfiehused a substantial change in the
magnetization of the magnetic fluid as long asrfagnetic field is below the saturation
point. At the higher field strength, the magnetioments of the particles aligned with the
external field and reached its saturation values Gilrves obtained by experimentally state
that the slopes increased as weight percentageased meaning that the magnetic
susceptibility increased with weight percentagesTé an expected result since increased

weight percentage causes the magnetization increase
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The SEM image of silica (2.86N-7T) showed that namticles are almost perfectly
spherical shape with diameters near 100 nm. The disgribution of silica 2.86N-7T by
DLS maximize at the size of 128 nm. This resuliniperfect agreement with The SEM
result. The DLS results for the same sample val®&s2-149.6 and 108.4-108.7 are found.
The sizes of the cluster are near 120 and 90 rspeotively.

Thermophyical measurements including density, \@ggaand thermal conductivity

were obtained without the effect of external magnietld for nanofluids.

The densities of magnetite nanofluids containingous amounts of nanoparticles
dispersed in heptane are measured over a temperatuge from 25C and 60°C. The
density increased with increasing nanoparticle eotration as expected. The density
enhancement of magnetite nanoparticles dispersiedptane having a particle loading of 7
wt% is obtained as 7.78%, and the density enhantemk magnetite nanoparticles
dispersed in heptane having a particle loadingwf% is obtained as 0.90% both at%5
The density enhancement of magnetite nanopartiidgersed in heptane having a particle
loading of 7 wt% is obtained as 7.86% calculatedr@werage values. Density values are
decreased with increasing temperature as expeEtgeerimental values were compared
with the theoretical model (Pak and Cho) and theotétical model showed good
agreement for magnetite nanofluids at all concéntita. Experimental density values are
higher than the theoretical density values. Althotlge model represents good agreement
with experimental data, Pak and Cho developed tt f@anofluids with lower
concentrations. That's why, the deviations increasth the increase in the particle

concentration.

In this study, viscosities of magnetite nanopagcldispersed in heptane were
measured over the temperature range di% 60°C. Magnetite heptane nanofluid with
varying particle loadings from 1% to 7%, viscoséiyhancement is from 2.6% to 24.9%.
The viscosities of nanofluids increased considgrahih increasing particle concentration
and decreased linearly with decreasing temperafthre. viscosity values for magnetite
heptane nanofluids at 25 and at different particle weight concentratioasateen 1% and
7% were selected in order to compare to those d¢dtee theories. Volumetric

concentrations calculated by two different methodsere are discrepancies between the
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experimental and theoretical viscosity data, botilar discrepancy was obtained by other
researchers. The second approach used for cahguldie volumetric concentrations was
better than that of first method since theoretresult and experimental result relatively
close to each other. Therefore, there are discoepmrbetween the experimental and
theoretical viscosity data since the theoreticatiel® used to estimate particle suspension
viscosities are generally based on the assumptica lmearly viscous fluid containing
dilute, suspended, spherical particles. In additiba temperature values vary between 25
°C and 27°C for each viscosity values, which may cause thetdlation of the data.

Similar discrepancy was obtained by other reseasche

Thermal conductivity measurements for magnetiteoparticles dispersed in heptane
were performed over a temperature range coverif@ 26 60°C. 4.80, 3.58 and 0.86 %
thermal conductivity improvements were measurethatparticle fractions of 7, 5 and 1
wt% respectively. One can infer from those restiig the thermal conductivity increases
with weight percentage. This is in excellent agreetwith the theoretical derivations of
thermal conductivity as a function of external dielnd weight percentage (see Equation
3.68 derived in Chapter 3.4). Wasp model was usembmpare the experimental results.
The thermal conductivity results from Wasp modeldenestimate for the magnetite
heptane nanofluid, although both model and experialeralues showed an almost linear

increase of thermal conductivity by weight percgeta

The viscosity values of the silicon dioxide padgldispersed in ethanol forming
nanofluid with varying particle weight concentrais (1, 2, 5, and 10%) between
temperatures of 2& and°35 C were measured. The results showed that tlcestiy is
independent with the % torque of the measuringadebut it is strongly dependent on the
weight increase. Data indicated that viscosity dased as the sample fluid temperature
increased. Data showed also that with higher natiojga concentrations, nanofluids

possess higher viscosity.

Thermal conductivity measurements for magnetic deptand water were taken
using the magnetic coils reaching up to maximumT@&a. A sudden increase in thermal
conductivity was observed for magnetic nanofluidsew an external magnetic field was

applied to the sample. For a particle loading &31wt % in water, enhancement of
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thermal conductivity of 1.93 % and 5.5 % were atedi by applying external magnetic
field with strengths of only 0.05 Tesla and 0.1 [Ragspectively. On the other hand, for
magnetic nanoparticles dispersed in heptane, 0&n&02.7 % enhancement in thermal
conductivity was achieved for 1.27 wt. % nanopétmoncentration by the application of
0.1 Tesla and 0.2 Tesla external magnetic fieklspectively. Thermal conductivity values
become constant with some fluctuations after aopeof time. Upon removal of magnetic
field, the thermal conductivity values were obsedrte settle back to initial values. The
experimental data for both water and heptane gledmbw an almost linear increase with
increasing magnetic field intensity. This is alacekcellent agreement with Equation 3.68
derived in Chapter 3.4. This equation also showéinear dependence of thermal

conductivity on magnetic field intensity.

On the other hand, the thermal conductivities ofgnedic particles dispersed in
heptane were measured in the presence of the DiGvfue bridged by a bridge diode of
160 A) external magnetic field using homemade sdechgnet as an alternative. For
magnetic nanoparticles dispersed in heptane, aweBa® % enhancement in thermal
conductivity is achieved for 1.27 wt. % nanopadticbncentration by the application of 0.2
Tesla external magnetic field, which is higher thlaat of the obtained with the magnetic
coil. The thermal conductivity values come backtlie almost initial values when the
magnetic field is turned off. These results showleat the ferrofluid does not have a

memory effect and does not store the magnetic &pfaied externally.

As a last step, the thermal conductivities for neg@ hexane were measured using
the homemade electromagnet by applying a DC (redtlfy two capacitors of 45Q€F in
parallel and bridge diodes of 160A) external maignitld. Applied magnetic field was
perpendicular to the hot wire measuring thermaboativity. Opposing previous findings,
a sudden decrease in thermal conductivity was webddor magnetic nanofluids upon the
application of a small external magnetic field. Fomparticle loading of 1.07 wt % in
hexane, decrease of thermal conductivity of 1.12%3 % and 2.76 % were obtained by
applying external magnetic field with strengthsQ1 Tesla, 0.18 Tesla and 0.3 Tesla

respectively.
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As a conclusion, the theoretical derivation and eeixpental results for thermal
conductivity for magnetite heptane and water maichell. The magnetic effects on
thermal conductivity for magnetite heptane for Oaly rectified) magnetic field can be
investigated to understand the nature of the effedt. New set of experiments can be
performed in the future for different types of fdtuids at different concentrations by

changing the magnetic field in a wide range.
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APPENDIX A: UNCERTAINTY ESTIMATION AND ERROR
ANALYSES OF THERMOPHYSICAL MEASUREMENTS

As a model function, Fourier's law of heat condowtis chosen for the uncertainty
analyses thermal conductivity measurements. Instimplest arrangement, one needs to
establish a steady one dimensional heat flow byagmication of a known heat flux. Then
by measuring the temperatures at two known locatialtong the direction of heat

transmission one can estimate the thermal condtycés follows:

A
k = %/L (A.1)

where ¢ is the magnitude of heat transmission tiiromanofluid and\T is the temperature
difference across length L and cross-sectional akealThe uncertainty of thermal
conductivity measurements was determined from tilvwing equation according to
GUM, ISO 1995 Guide to the Expression of Uncertaint Measurement and EA-4/02-
1999 Expression of the Uncertainty of Measuremer@alibration by taking q=eg;. Here
g=VI where V is the voltage and | is the currentlgggpto the hotwire. By considering the
uncertainties of these two quantities are abo@0the uncertainty for the.cp 0.7%.

SRR e

Incidental heat transfer; gs obtained from the calibration plot of; gersus

temperature difference {T,) at the different times;tand % The uncertainty in
measurements of temperature is°G.between the whole temperature ranges according to
the device manual. At the mean temperature diCGl%ithin the range of experiments, the
uncertainty resulting from temperature is 0.2%. Theertainty in length measurement can
be taken as 0.5% for standard dimensional gageh®ather hand, the area is proportional
to the square of the L, therefore the uncertaintythe area measurement is 1%. The
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uncertainty inAT measurement results from &nd T. As a result, all components are

given as follow:

2 2 2 2 2 2 2 2
u, = (a—VJ +(a—|j + ﬂ + E +(%j +(20—LJ + ﬂ + ai (A3)
\% I T T, L L T T,
Finally, the standard uncertainty in measurement tfifrmal conductivity is

calculated as 2.7%.

Table A.1. Comparison of experimental measuremaindensity of pure n-heptane with

the literature values as a function of temperaatir@mosferic pressufé26|

Density
(g/cnt)

Temperature Literature Experimental Relative Error
(K) (%)
298.15 0.6795 0.6815 0.3
303.15 0.6755 0.6773 0.3
313.15 0.6675 0.6687 0.2
323.15 0.6591 0.6600 0.1

Table A.2. Comparison of experimental measuremeigscosity of pure n-heptane with

the literature values as a function of temperaatir@mosferic pressufé26|

Viscosity
(mPa.s)
Temperature Literature Experimental Relative
(K) (Best Fit) Error
(%)
298.15 0.3912 0.3934 0.6
303.15 0.3707 0.3759 14
313.15 0.3352 0.3409 1.7
323.15 0.3041 0.3059 0.6
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APPENDIX B: UNITS FOR MAGNETIC PROPERTIES

Table B.1. Units for magnetic propertjd27|

Physical Symbol Gaussian & Conversion S| & rationalized

quantity cgs emd factor, C° mks®

Magnetic flux B Gauss (G) 10* Tesla (T), Wh/rh
density, magnetic

induction

Magnetic

potential U F gilbert(Gb) 10/4x ampere (A)
difference,

magnetomotive

force

Magnetic field

strength, H oersted (Oe); 10%/4n A/m'
magnetizing force Gb/cm
(Volume)
magnetizatioh M emu/cm" 10° A/m
(Volume) 47M G 10%/4n A/m
magnetization
Magnetic
polarization, J, | emu/cm 47 x 10* T, Wb/n?'
intensity of
magnetization
(Mass) o, M emu/g 1 A - nf/kg
magnetization 4n x 107 Wb - m/kg
Magnetic moment m emu,erg/G 10° A - n?, joule per tesla
(IT)
Magnetic dipole j emu,erg/G 4x10"° Wb - m

moment
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Physical Symbol Gaussian & Conversion S| & rationalized
quantity cgs emd factor, C° mks®
(Volume) % K dimensionless, |  4r (4r)° x 107 Dimensionless
susceptibility emu/cnd henry per meter
(H/m), Wb/(A - m)
(Mass) Ao» Kp cnt/g, emu/g 4n x 10° m/kg
susceptibility (4m)? x 10™° H - nf/kg
(Molar) Ymol Kmol cnt/mol, 4n x 10° m*/mol
susceptibility emu/mol (4m)? x 10" H - nf/mol
Permeability u dimensionless 4n x 107 H/m, Wb/(A - m)
Relative Ly not defined - Dimensionless
Permeability
(Volume) energy
density, energy W erg/cn? 10" Jin?
product
Demagnetization D, N dimensionless 1 Dimensionless
factor
Magnetic flux ) maxwell (Mx), 10° Weber (Wb),
G- cnf Volt - second (V- s)

dGaussian units and cgs emu are the same for magmetierties. The defining relation is

B=H + 4zM.

Multiply a number of C to convert it to Sl (e.g. 23GLO™*T/G = 10°T).
‘Sl (Syst'eme International d’Unit'ehas been adopted by the National Bureau of Stdada

Where two conversion factors are given, the upperis recognized under, or consistent with, SI

and is based on the definiti@~ uoH + J, where the symbadlis often used in place df.

91 gauss = 0gamma ).

®Both oersted and gauss are expressed a@¥crg - s in terms of base units.

" A/Im was often expressed as ‘ampere-turn per meteeh used for magnetic field strength.

IMagnetic moment per unit volume.

"The designation ‘emu’ is not a unit.

'Recognized under SI, even though based on theititefiB = 4oH + J . See footnote.

e = ulug = 1 +y, all in SI. Relative permeability; is equal to Gaussian

“B - H andueM - H have SI units J/fiM - H andB - H/4z have Gaussian units erg/ém
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