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ABSTRACT

PREPARATION, CHARACTERIZATION, AND OPTIMIZATION OF
SILVER OXIDE NANOFLUIDS

Ayan YACIN IBRAHIM
Master of Science in Chemical Engineering
Advisor: Asst. Prof. Dr. Semahat DORUK
August 2022

In this study, nanofluids in which the basic fluid is deionized water were prepared
using silver oxide nanoparticles via two-step method, and the physical properties of
these nanofluids were determined. Nanofluids were prepared in three different ratios
of 0.1%, 0.5% and 1%. After the nanofluids were prepared, viscosity, thermal
conductivity, zeta potential and particle diameter were measured. In the study, it was
observed that the thermal conductivity, viscosity and zeta potential values increased
as the ultrasonic mixing time and the amount of solids by volume increased. The
thermal conductivity values were higher than the thermal conductivity values of
deionized water, which is the base fluid of the nanofluid, and were in the range of
0.669 W/m.K-0.671 W/m.K. Viscosity values are in the range of 1 cp-1.07 cp and
are higher than the viscosity value of deionized water. The zeta potential is in the

range of 37-47.

2022, 64 pages

Keywords: Nanofluids, Silver oxide nanoparticles, Viscosity, Thermal

conductivity, Zeta potential



OZET

GUMUS OKSIT NANO AKISKANLARIN HAZIRLANMASI,
KARAKTERIZASYONU VE OPTIMIZASYONU

Ayan YACIN IBRAHIM
Kimya Miihendisligi, Yiiksek Lisans
Tez Danismani: Dr. Ogr. Uyesi Semahat DORUK
Agustos 2022

Bu caligmada giimiis oksit nanopargaciklar kullanilarak, bazik akigkanin saf su
oldugu nanoakiskanlar iki asamali yontemle hazirlanmis ve bu nanoakigkanlarin
fiziksel 6zellikleri belirlenmistir. Nanoakiskanlar %0,1, %0,5 ve %1 olmak iizere ii¢
farkli oranda hazirlanmistir. Nanoakisklanlar hazirlandiktan sonra viskozite, termal
iletkenlik, zeta potansiyeli ve partikiill c¢api1 Olgiilmiistiir. Calismada ultrasonik
karistirma siiresi ve hacimce kat1 miktari arttik¢a 1s1 iletim katsayisi, viskozite ve zeta
potansiyeli degerlerinin arttig1 goriilmiistiir. Is1 iletim katsayilar1 nanoakiskanin baz
stvist olan saf suyun 1s1 iletim katsayisindan yiiksek ¢ikmis ve 0,669 W/m.K-0,671
W/m.K araligindadir. Viskozite degerleri 1 cp-1,07 cp araligindadir ve saf suyun
viskozite degerinden yiiksektir. Zeta potansiyeli 37-47 araligindadir.

2022, 64 sayfa

Anahtar Kelimeler: Nanoakiskanlar, Giimiis oksit nanopartikiiller, Viskozite,

Termal iletkenlik, Zeta potansiyeli

i1



PREFACE AND ACKNOWLEDGEMENTS

This master thesis was prepared in Cankir1 Karatekin University. It is my pleasure to
thank all the people who have contributed to the accomplishement of this project,
whether they come from near or far. I would like to express my gratitude in the most
sincere manner possible to my supervisor, Asst. Prof. Dr. Semahat DORUK, for her
patience, guidance and support. You have always given my work the utmost interest
with dynamism and competence. I have been able to appreciate your great human
qualities, which have contributed significantly to the completion of my work. As a
token of deep gratitude, please find my most sincere gratitude.

I thank my rapporteurs Asst. Prof. Dr. Berrin Saygi YALCIN and Asst. Prof. Dr.
Muhammed Bora AKIN who agreed to devote part of their time to the examination
of this thesis. Special thanks to Dr. Vedat Arda KUCUK for his help for answering
all my questions answered all my questions without any delay.

Lastly; my sincere appreciation goes to my lovely parents, Yacin and Ardo Ibrahim,
who supported me during the process. Your support for me had always been
unwavering. Mom, thank you for answering all those phone calls. Dad, despite long
days of work and hard times, you always listened to me rant and talk, cracked jokes
when things got too serious, and sacrificed so that I could earn a master's degree. |
will always be indebted to you. I am grateful to my wonderful sister, Asma Yacin,
for always having my back, helping me, and telling me I was great despite my
insecurities. Finally, despite the distance that separates us, I would want to thank all
of my friends and family members for their encouragement and support whenever I
needed it. I dedicate this thesis to my parents, my siblings, and all my friends from

near and far. Finally, to all those who are dear to me.

Ayan YACIN IBRAHIM
Cankiri-2022

iii



CONTENTS

ABSTRACT i
OZET ii
PREFACE AND ACKNOWLEDGEMENTS iii
CONTENTS iv
LIST OF SYMBOLS vi
LIST OF ABBREVIATIONS vii
LIST OF FIGURES viii
LIST OF TABLES ix
1. INTRODUCTION 1
2. BACKGROUND 3
2.1 Nanotechnology 3
2.2 NaNOPATICIES ...ccvueereiiseiisernsnissnissnisssnsssnesssnsssnssssnsssnessssssssssssssssessssssssessssssssessse 5
2.2.1 Types of NanOPArtiCles ........couvveerrseicssanicssanesssaresssascssnsssssssssssssssssssssssssssasssssases 6
2.3 Production of Nanoparticles ..........eceieneicsecssnnssnncssnisssncsssnsssnesssessssessssssssesanne 7
2.4 NaNOFTUIAS «.uveenierurissenisnisinnnsnisssissnisssncssnesssesssnssssssssnsssssssssssssssssssssssssssesssssssssssss 9
2.4.1 Types of nanofluids 10
2.4.2 Mono nanofluids 10
2.4.3 Hybrid nanofluids 10
2.5 Production Methods of Nanofluids .11
2.5.1 One-step method 11
2.5.2 Two-step method 12
2.5.3 Mechanisms of nanofluids stability 12
2.5.4 Stability evaluation Methods .........cccueeveecsenssenisnenssnecseensseecssnnsnecssecssneanens 15
2.5.5 Thermophysical properties of nanofluids ........cccceeeeeesueessencsuenssnecsencseecnnens 19
2.5.6 Usage areas of NanofTuids .....c..cccevvueecssnnccsnrcssnncssnicssnnscsssnssssssessssssssssesssaseses 24
3. LITERATURE REVIEW......uuiiinsinnnicsnnssnsssisssnssssssnsssssssssssssssssssssssssssssssass 27
3.1 Metallic Nanoparticles Nanofluids .27
3.2 Metal Oxide Nanoparticles Nanofluids 28
3.3 Non-metallic Nanoparticles Nanofluids 30
4. MATERIALS AND METHODS ......ccoiiviirnninsnissnnsencssnssssssnssssssssssssssssssssssssane 31

iv



4.1 General 31

4.2 Chemicals Used in the Experiment: Source and Purity 32
4.3 Synthesis of Silver/Water Nanofluids 32
4.4 Structural Characterization of Silver-oxide/Water Nanofluids .........c..ccc..... 33

4.5 Thermophysical Properties of Nanofluids: Measurement Techniques and

Experimental Protocols 34
4.5.1 Thermal conductivity 34
4.5.2 VISCOSILY .eueerrurissnicsunissnissancssnnsssnssssnsssnesssnsssnsssssesssssssssssssssssessssssssesssssssssssssssssess 35
4.5.3 Zeta potential and Zeta SIZe .......ccceevverecsrenccssarcssssresssancssancssssssssssssssssssssassses 36
5. RESULTS AND DISCUSSION ....uuuiiiiinsiniiissnncsnisssncssssssssessssssssssssssssessssssssess 38
5.1 Synthesis of Silver-oxide/water Nanofluids: Results and Discussion............. 38
5.2 Optical Microscope images of Silver-oxide/water Nanofluids ...............c....... 39
5.3 Thermophysical Properties of Nanofluids: Results and Discussion.............. 41
5.3.1 Thermal CONAUCHIVILY ...cccereeessnecssncsssancsssancsssasesssssesssanessssnesssasssssssesssasssssassses 41
5.3.2 VISCOSILY .euvrerurisnissunissnncsancsssnsssnssssicssnesssssssssssssesssssssssssssssssssssssssssssssssssessssssssese 43
5.3.3 Zeta potential .44
5.3.4 Optimization of nanofluid parameters 45
6. CONCLUSION AND RECOMMENDATIONS .....cccvieruirncsuessnnsncssrcssssssssne 53
REFERENCES .....uuoiuiiiininntinninnissnsssissssssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssase 54
CURRICULUM VITAE 64




LIST OF SYMBOLS

kot

bf
Heff
Knf

pf
Pp

<= S

Percent

Less than

Greater than

More or less

Celsius degree

Specific heat

Specific heat of basefluid
Specific heat of nanofluid
Buoyant force

Drag force

Gravitational force

Gravitational acceleration
Constant of thermal conductivity
Boltzmann's constant

Basefluid thermal conductivity
Effective thermal conductivity
Nanoparticle thermal conductivity
Millivolt

Nanofluid

Radius

Reynolds number

Velocity

Constant of hydrodynamic interaction of nanoparticles and fluid
Ratio of particle radius to matrix thickness
Zeta potential

Viscosity of basefluid

Effective viscosity

Viscosity of nanofluid

Pi

Density

Density of fluid

Density of particle

Nanoparticle volume ratio
Sphericity coefficient

vi



LIST OF ABBREVIATIONS

cm
CNT
CVD
DIW
DLS
EG
FTIR
HeNe

mm
MWCNTs
NFs

nm

pH

PVD

SEM

SI

TEM
TGA-DSC
UV-VIS
pm

Cubic centimeter

Carbon nanotube

Chemical vapor deposition
Deionized water

Dynamic light scattering

Ethylene glycol

Fourier-transform infrared spectroscopy
Helium-neon

Meter

Cubic millimeter

Multi-walled carbon nanotubes
Nanofluids

Nanometer

Potential of hydrogen

Physical vapor deposition
Scanning electron microscopy
International system of units
Transmission electron microscopy
Thermogravimetric analysis-Differential scanning calorimetry
Ultraviolet-visible spectroscopy
Micrometer

vii



LIST OF FIGURES

Figure 2.1 Nanometer to millimeter scale (Serrano ef al. 2009)..........ccoovveervieennieennneenne 4
Figure 2.2 Surface area of nanosized materials (Thaxton ef al. 2009) .......cccccevvveernneene 4
Figure 2.3 (1) spherical nanoparticles (2) carbon nanotubes (Pande et al. 2014, Yuan

ANA CHEN 2010) wovvveiiiiiieieeeeee et e e e 6
Figure 2.4 Surface area provided by nanostructured materials (Sakhare et al. 2022) ...... 8
Figure 2.5 Production methods (1) One-step method (2) Two-step method (Babar et

AL 2009) e 12
Figure 2.6 Different forces acting on a nanoparticle immersed in fluid (Wcislik

2020) ettt ettt sttt et enaees 13
Figure 2.7 Representation of zeta potential (§) (Matusiak and Grzadka 2017).............. 17
Figure 2.8 Zeta potential in function of pH (Pate ef al. 2016)........ccccccevvieeriieennieennnnen. 18
Figure 2.9 Usage areas of nanofluids..........coocuvieviiiiiniiiiiniiiiieieecee e 25
Figure 4.1 (1) Ultrasonicator device (2) Experimental setup for ultrasonication ......... 33
Figure 4.2 Optical MICTOSCOPE ...evuvvieriiieiiiieriieeeieeeeiteesiteeeiteesbeeestee s b e esibeeesabeesaeeas 34
Figure 4.3 (1) thermal conductivity meter (2) Experimental setup for thermal

CONAUCHIVILY MEASUTEIMENL....ccuuvveeririeeriieeniiieerieeenieeenireeenreesnareesssreesnnseesnnne 35
Figure 4.4 VISCOMELET AEVICE ....ccuiiiiiiiiiiiiiiiiieeiieeeit ettt e 36
Figure 4.5 ZetasiZer dEVICE .......coovuieiiiiiiiiiiiiiiiieeiteeet ettt 37
Figure 5.1 Silver-oxide/water nanofluids samples..........cccccoceeviiniiiniiiiiinieciieneeen 39
Figure 5.2 Optical microscope images of Ag,O/water nanofluids ...........c..cceceeveennen. 40

Figure 5.3 Experimental and theoretical heat transfer coefficients of deionized water..41
Figure 5.4 Thermal conductivity ratio of Ag>O/water nanofluid as a function of

VOIUME CONCENEIALION ....evviiiiiiieiiiiicie ettt s 42
Figure 5.5 Experimental and Theoretical viscosity values ..........ccccoecvvevnieernieeenieeenen. 43
Figure 5.6 Viscosity of Ag,O/water nanofluid as a function of volume concentration..44
Figure 5.7 Zeta potential of Ag>O/water nanofluid as a function of volume

CONCENTIALION «...teeiiieeeiiieeeiit et e et e et e et e et e e eabe e e bt e e seabeesbbeesbeeesabneesanee 45
Figure 5.8 Main effects plots fOI VISCOSILY ...cc.corvvieriiriiiiniiniieieciieee e 46
Figure 5.9 Contour plot fOr VISCOSILY ....ceeviierriiieriieeniieeniieerieeeeieeesreeesreesaeesseree s 47
Figure 5.10 Main effects plots for thermal conductivity..........cccecvveeriierinieennieeeniee e, 49
Figure 5.11 Contour plot for thermal conducCtiVity ...........ccevueerieeiieinieiseenieeeenieeeene 50

viii



LIST OF TABLES

Table 2.1 Thermal conductivity of base fluids and materials at 20°C (Vajjha et al.

2009) ...ttt b et st nb et 9
Table 2.2 Stability behavior of nanofluids (Kumar ez al. 2017) ......ccccevverveevreeennenn. 16
Table 2.3 Thermal conductivity models of nanofluids (Aybar et al. 2015)............... 21
Table 2.4 Viscosity models of nanofluids (Mukesh ez al. 2012) .........ccccceeeeeniennnen. 23
Table 4.1 Specification of the sample Ag>O/water nanofluids..........cccoeeeeieenienee. 31
Table 4.2 Chemicals used in the eXPeriment .............cceeevuveeriiieeniiieeniieeenieeeriee e 32
Table 5.1 Response optimizer PrediCtions ........eeeeeeereeeeniieeniieeniieeniee e esiree e 48
Table 5.2 Response optimizer PrediCtions ........eeeeeeerieeeriieeniieeniieenieeesiee e e 51
Table 5.3 Response optimizer PrediCtions ........eeeeeeeeieeeriieeniieeniieerieeesiee e 52

X



1. INTRODUCTION

The human desire to preserve and improve our well-being, that of our family and that
of our community is undoubtedly the main reason for the demand of energy thus the
use of heat transfers. This makes them today, the pillars of the different industrial
processes that we use regularly. But this mode of consumption is problematic in
more than one way in the industrial world and in the society as a whole, which is

becoming aware of the inevitability of the exhaustion of fossil fuels.

Presented in this way, the energy problem seems essentially technological and any
answer to the problems posed by this model can only be technological. For better

energy management, it would be judicious to develop new processes.

In the industrial sector, there is a real need to develop new ways for improving the
thermal behavior of fluids used in heat exchangers. In these exchangers, a fluid is
used to remove heat. The most common heat transfer fluids are water, sometimes
mixed with ethylene glycol. However, the ability of these fluids to transfer the heat is
limited with their low thermal conductivity which is one of the principal
thermophysical properties to consider when evaluating the potential heat exchange

(Tawfik 2017)

Since the end of the 1990s, significant advances in chemistry have facilitated the
production of nano-sized particles, which, when dispersed in a base fluid, constitute
nanofluids. The idea of improving the thermal properties and characteristics of a
fluid is not recent. Choi and Eastman were the two first persons to introduce the term

nanofluid in 1995 in the US (Choi 1995).

Nanofluids are colloidal suspensions produced by dispersing solid particles with a
nanometric dimension into a base liquid (Sheikholeslami and Ganji 2017).
Accordingly, nanofluids have aroused curiosity and become one of the most studied

subjects with numerous research and development works both in academia and



industry and are increasing over the years (Zainal et al. 2022). They have become a
support for the energy field and are used to improve energy systems (Molaei and
Siavoshi 2021). The number of studies on nanofluids has risen spectacularly since
the first time they were brought to the world (Malvandi 2015). For example, from
2021 to this day, 6613 types of research have been done and published on Science
Direct (ScienceDirect 2022).

However, using nanofluids in considerable quantities in actual thermal installations

remains a challenge (Kaggwa and Carson 2019).

The considerable amount of research that has been conducted on nanofluids has the
objective of improving their thermophysical properties, excelling in their synthesis
and stabilization so that it is possible to use them in industrial heat exchangers (Said
et al. 2013). This is a fundamental goal because the thermal properties of nanofluids
are affected several parameters such as pH, surfactant concentrations, nanoparticles
type, nanoparticle size, temperature, or sonication time (Said ef al. 2021). Therefore,
for these suspensions to be used in industries and prepared in huge quantities, the
main element is excellent thermal conductivity and avoiding any modification that
can alter the dynamic viscosity. In addition, the preparation must be economically
efficient, easily prepared with perfect stability, and contain non-oxidizable particles

(Ali and Salam 2020).

The first part of the thesis represents the definitions, the use of nanofluids and the
fundamental knowledge about nanofluids, including the different thermophysical
parameters that can influence the behavior of a nanofluid. In the second part, the
different materials and methods used are presented. In the third part, we will specify
the different results obtained using Minitab. Finally, the last part represents the

conclusion of the study in which the solid points and results will be highlighted.



2. BACKGROUND

2.1 Nanotechnology

Nanotechnology is the technology of small things that allows us to create material

with atomic-level precision, as shown in (Figure 2.1) (Ismail et al. 2018).

The world, as we know, is changing. Accordingly, nanotechnology offers limitless
potential for people and society (Schummer 2006). As a result of its ability to be
applied to other disciplines, it has become a multidisciplinary collection of fields,
including electronics, mechanics, chemistry, biology, and medicine. Research in this
discipline is becoming increasingly integrative, similar to most modern sciences.
(Porter and Youtie 2009). Nobel Prize-winning physicist Richard P. Feynman
introduced the notion of nanotechnology in 1965 and is considered the inventor of
nanotechnology, although the idea belongs to Maxwell in 1867 (Ali and Tariq 2014).
In a famous lecture delivered in December 1959 at the American Physical Society
conference, Richard P. Feynman discussed the concept of nanotechnology (Feynman
1960). In 1974, about 15 years after the term nanotechnology was coined, a scientist
from Japan named Norio Taniguchi initially used the term (Bayda et al. 2019). He
described it as the deformation, consolidation, and separation of materials caused by

the manipulation an atom or a molecule (Hulla et al. 2015, Keiper 2003).

Nanotechnology is a term that encompasses the study of principles and properties at
the nanoscale, or the level of atoms and molecules (Subedi 2014). The prefix Nano-
derives from the Greek word "Nanos," meaning "dwarf," and stands for 10~° m in
the International System of Units (SI) (Boholm 2016). Nanoscience aims to create
objects or materials less than 100 nanometers in diameter (Society 2004). These
nanomaterials consist of intentionally shaped nanoparticles instead of fine particles
from nature or combustion (Morganti 2012). Metals, ceramics, carbons, polymers,
and even silicates are nanomaterials with unique properties compared to similar

macroscopic-sized materials (Khan ez al. 2019).
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Figure 2.1 Nanometer to millimeter scale (Serrano et al. 2009)

Nanotechnology offers enormous potential for discoveries and applications since the
properties of matter can change dramatically at the nanoscale. Atoms are much more
accessible at this scale (Roco and Bainbridge 2002). Thus, one in ten million atoms
is on the surface of a cubic centimeter (cm?®) of matter, while over 80% of atoms are
on the surface of a cubic millimeter (mm?®). For the same volume, materials in the
form of nano-objects (e.g, nanoparticles) have a larger developed surface area
(Figure 2.2). Therefore, they are more reactive as chemical reactions occur on the
surface. More reactivity, on the other hand, can also mean more utility. At this scale,
the surface reactivity of a material determines its properties, which can vary
considerably. The boiling point, solubility, or catalytic activity could all be factors.
When materials are shrunk to microscopic size, they can have unique properties that

they would not have at a larger scale (Anonymous 2021).

1cm 1
“—>
1cm
Surface Area 6 cm? Surface Area 60 cm? Surface Area 60,000,000 cn?
{all 1 mm cubes) (all 1 nm cubes)

Figure 2.2 Surface area of nanosized materials (Thaxton et al. 2009)



This aspect of nanomaterials is illustrated above (Figure 2.2). Suppose a cube of one
centimeter on each side has a surface area of 6 cm? (providing contact with the
outside). We can extend the surface area of a cube to 60 million cm? by cutting it at
the nanoscale. This makes the atoms more accessible and changes the properties of

the matter (Thaxton et al. 2009).

2.2 Nanoparticles

The use of nanotechnology has enabled the production of various materials at the
nanoscale. Nanoparticles have always been present in the environment. They can
occur naturally during volcanic activity and photosynthesis (Handy et al. 2008).
Desert dust, for example, can be nanometric in size. Nanoparticles are also created as
the by-products of a combustion reaction (Buzea et al. 2007). Whenever there is a
fire, environmentally harmful nanoparticles are released into the atmosphere, which
is exacerbated by vehicle exhaust (Jeevanantham et al. 2019). In addition to the
various nanoparticles found in nature, some are now produced industrially to perform

a specialized function (Stark et al. 2015).

Nanoparticles or ultra-fine particles are particles with a dimension less than 100
nanometers (nm) in size, where most atoms are located on the surface. Their total
dimension can exceed 100 nm, but their constituent components are of a smaller size
or equal to 100 nm (Mathiazhagan and Joseph 2011). They are generally particles
bonded by relatively weak forces, such as Van der Waals, electrostatic, or surface
tension (He and Alexandridis 2015). Nanoparticles, owing to their minimal size,
have a large exchange surface area (specific surface area) per gram. Due to this wide
exchange surface area, they exhibit particular physical, chemical, and optical

properties when contacting living organisms (Kango et al. 2013).

Moreover, they have higher surface reactivity with increasing size and are predicted
to have more significant biological activity than larger particles of the same mass.
They are known as nano-objects with three external dimensions (Lanone and

Boczkowski 2010).



The ability of nanomaterials to be explicitly generated to meet a particular purpose
makes them useful in many industries, ranging from healthcare and cosmetics to

environmental preservation and air purification (Klaine et al. 2008).

2.2.1 Types of nanoparticles

Diverse nanoparticles have been used to produce nanofluids and are classified into
different types according to their size, morphology (e.g, Figure 2.3), and physical and
chemical properties. They can be divided into four categories (Ahmed 2019):

— Metal nanoparticles such as aluminum, copper, iron, and silver.
— Nanoparticles of ceramic oxides include Al,O3, CuO, TiOz, ZnO, and SiOx.

— Nanoparticles of metal carbides such as silicon carbide metal.

— Non-metallic nanoparticles such as graphite and carbon nanotube CNT.

Figure 2.3 (1) spherical nanoparticles (2) carbon nanotubes (Pande et al. 2014, Yuan
and Chen 2016)

Furthermore, the most widely utilized base fluids are (Suneetha et al. 2022):

— Water,

— Ethylene and propylene glycol,



— OQils and other lubricants,
— Toluene,

— And bio-fluids.

The most available nanoparticles are shaped in:

— Spherical,
—Cylindrical,

— Agglomerate, forms.

The range of volume fractions studied in general is:

—1%
—1-10%
—>10%

2.3 Production of Nanoparticles

Various methods can manufacture nanoparticles, including physical, chemical, and
biological approaches (Figure 2.4). In general, it is believed that physical and
chemical processes are best suited to produce nanoparticles of uniform size and with

long-term stability (Augustine and Hasan 2020).
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Figure 2.4 Surface area provided by nanostructured materials (Sakhare et al. 2022)

The bottom-up method builds nanoparticles atom by atom or molecule by molecule.
There are several ways to make such materials, including chemical synthesis, self-
assembly, and assembly by individual positioning. Chemical synthesis of
nanoparticles is well known and can produce a significant number of particles, while
group by unique positioning of atoms requires insufficient productivity methods of
microscopy. Self-assembly is a technique in which atoms form ordered structures at
the nanoscale by arranging themselves. Crystal formation from a supersaturated
solution is an example of self-assembly that enables mass production (Arnall 2003,

Siegel et al. 1999).

A prominent structure is gradually reduced to nanoscale dimensions in the top-down
technique. Standard methods include etching, precision engineering, lithography, and
milling. Many of these techniques are used in clean rooms in the electronics sector,
where production and health and safety conditions are controlled (Feigenbaum et al.

2004, Society 2004).

In the Top-Down approach, there are physical processing techniques which are:

—Mechanical techniques: etching, cutting, ball milling, grinding

— Lithographic techniques: Photolithography, Electron Beam Lithography



Whereas, in the Bottom-Up approach, there are physical as well as chemical

processing techniques which are:

—Physical techniques: Sputtering, Laser ablation, Physical Vapor Deposition
(PVD), Plasma Arcing.
— Chemical techniques: chemical vapor deposition (CVD), Self-assembled

Monolayer (Sol-gel method, pyrolysis...) (Arole et al. 2014).

2.4 Nanofluids

Nanofluids are colloidal solutions consisting of particles in nanometer dimension and
size suspended in a carrier fluid. Since their unique thermal properties were
discovered, this solution has attracted much attention. However, the thermal
conductivities of the standard base fluids commonly used for cooling or heating are
low (Table 2.1), which limits their heat transfer capabilities. Consequently, the
objective is to introduce nanoparticles into basic fluids to increase the heat
conductivity of the mixture and improve their thermal performance. The base fluids
used to prepare nanofluids include those commonly used for heat transfer, such as
DIW, EG, or motor oil. The nanoparticles can be based on oxides, nitrides,

metals,carbon or carbides (Saidur ez al. 2011).

Table 2.1 Thermal conductivity of base fluids and materials at 20°C (Vajjha et al.

2009)

ELEMENT THERMAL CONDUCTIVITY A (W/m. K)
Water 0,599
50% water + 50% ethylene glycol 0,41
Ethylene glycol 0,25
Motor oil 0,14
Carbon nanotubes 3000-6000
Diamond 1000-2600
Copper 401
Nickel (Metal) 237
Silicone (non-metallic) 148
Alumina (Al,03) 40




2.4.1 Types of nanofluids

Suspensions of nanoparticles in a fluid, known as nanofluids, offer intriguing thermal
properties compared to normal base fluids and undeniably improved heat transfer
properties. The thermal conductivity of nanofluids can be significantly higher than
that of pure liquids. A critical factor in preparing a nanofluid is the choice of
appropriate base fluids, as they ensure stability over time and prevent aggregation.
The type of nanofluids depends on the materials used, such as nanoparticles and base
fluids. However, they are generally classified into Mono nanofluids and Hybrid

nanofluids (Bumataria ef al. 2019).

2.4.2 Mono nanofluids

Mono-nanofluids, also known as simple nanofluids, are colloidal suspensions formed
by combining a single type of nanoparticle with any base fluid in a one- or two-step
method. They were the first nanofluids to improve a suspension's thermal properties.
The type of base fluid, size, shape, kind of nanoparticles, and concentration influence
their high thermal conductivity. However, mono-nanofluids lack overall
hydrothermal features, including increased stability and thermal conductivity. On the
other hand, metal nanofluids (e.g, copper nanofluids) have a high thermal
conductivity but low stability. Moreover, clogging, fouling, sedimentation and
system failures are all conceivable because of their standard strength. These factors
make such nanofluids inadequate for applications involving heat transfer

(Chandravadhana et al. 2020).

2.4.3 Hybrid nanofluids

Hybrid nanofluids are a new type of nanofluids developed to solve the problems of
stability and low thermal conductivity. They are fluids created by colliding multiple
types of nanosized solid particles of two or more different materials into a base fluid.

They can optimize heat transfer rates in many applications by providing a higher heat
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transfer rate than standard nanofluids and reportedly exhibit higher thermal
conductivity. Due to its synergistically improved thermal properties and enhanced
overall hydrothermal characteristics, it is now a prospective candidate for the

management of heat transfer applications (Sarkar et al. 2015).

2.5 Production Methods of Nanofluids

Nanofluids are most of the time prepared by the one-step method and the two-step
method. The first step of the two-step method is the synthesis of nanoparticles, and
the second step is the dispersion of nanoparticles in a base fluid. Therefore, the two-
step method is advantageous when mass production of nanofluids is considered

(Mukherjee and Paria 2013).

2.5.1 One-step method

In the one-step process, the nanoparticles are dispersed directly in a base fluid, and
oxidation of the pure metal particles is prevented (Figure 2.5). These nanoparticles
are prepared in a single step from powdered nanofibers or nanomaterials such as
nanotubes (Babita et al. 2016). It is less industrial and can only be applied to specific
nanofluids, preventing nanoparticles aggregation and oxidation. One of the
environmentally friendly methods for metal nanoparticle production is the laser
ablation approach, a unique tool for nanoparticle production. Another one-step
process is condensing vapor made of metal in a reactor to produce nanoparticles on a
liquid film at a very low pressure of vapor. Its disadvantage is that it is compatible
with low vapor pressure liquids and is made in the base liquid, so it can only be
produced in small quantities. Another disadvantage of the method is being an
incomplete reaction; a portion of the reagent remains in the nanosuspension, causing
the purity and properties of the nanofluids to be compromised. On the other hand, the
advantage is that the nanoparticles are pure and have a more homogeneous size

(Babar et al. 2019).
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2.5.2 Two-step method

The two-step method is commonly used to produce nanofluids. The first step of this
method is to generate the nanoparticles, while the second step is to disperse the
nanoparticles into a base fluid (Figure 2.5). Rotary stirrers or ultrasounds are often
required to break up the agglomerates to ensure good dispersion. Additionally,
electrostatic repulsive forces are utilized by charging the surface of the particles by
altering the pH to prevent aggregation caused by attractive forces between particles.
Using molecules adsorbed or grafted on the surface, we can also use steric repulsive
forces. Due to the general industrial production of nanoparticles, this method offers

cost advantages and enables the production of nanofluids on a large scale (Babar et

al. 2019).
B
(=]
=
% Nanoparticles Prepared and
dispersed
% simultaneously
= Base Fluid
@
f =
o
© m
o ;
= f‘:“] Prepared and
§ dispersed
<@ Base Fluid
s
|_

Figure 2.5 Production methods (1) One-step method (2) Two-step method (Babar et
al. 2019)

2.5.3 Mechanisms of nanofluids stability

The principal factors influencing the stability of the suspensions are particle

aggregation and sedimentation. In contrast, the instability of a nanofluid causes
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mixture inhomogeneity and non-constant thermophysical properties. As a result,
reducing the influence of these two factors is required. Furthermore, particle fall
velocity can be influenced by various factors regarding sedimentation. Therefore,
considering the process of particle sedimentation as one of the variables that
destabilize nanofluids is essential for the establishment of a suitable technique of
stabilization. A particle is susceptible to three forces when in a fluid (Figure 2.6)

(Wei et al. 2012).

Nanoparticle

e B e e e o e ¢

Fluid

Figure 2.6 Different forces acting on a nanoparticle immersed in fluid (Wcislik
2020)

In a suspension, there is three forces that the fluid exerts on each particle: the

buoyant force Fg oriented upwards, gravitational force Fj; oriented downwards, and

drag force F, oriented upwards, resulting from the fluid's frictional forces on each
particle. Newton's second law states that when these forces approach equilibrium:

Fp+Fys—F; =0 (L.1)

According to Stokes’s law the expression for the drag force of a spherical particle of

radius r moving at a deficient Reynolds number (Re >>1) and with speed
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U, through a viscous fluid of density p and viscosity coefficient p takes as an

expression (Gregersen 2021):
FD = 672;”7‘(]0 (12)

Moreover, the apparent weight or apparent gravitational force is the weight of a body
as affected by the buoyancy of a fluid in which it is immersed, being the accurate

weight minus the weight of the particle and is written:

4
Fg—Fs = (p, = pp)g;m® (1.3)

with prand p,the mass densities of the fluid and the particle, respectively, and g the

acceleration. Finally, the expression of the velocity of the fall of a particle is written

according to the previous relations:

gr? (1.4)

The diameter or radius of a particle, according to Equation 1.4, is the most crucial
parameter for sedimentation rate. A nanometric particle settles 1 million times slower
than a particle with a diameter on a micrometer, explaining the excellent theoretical
stability of nanofluids. Besides the three forces described in equation 1.1, there are
other forces such as electrostatic forces, atomic forces (Brownian motion), and
thermophoretic forces. These forces enhance the probability of the nanofluid
collapsing and the chance of numerous particles aggregating together, thus raising
the danger of aggregation. Once agglomerated, the particles have a wider diameter
than individual particles, which aids in sedimentation. Therefore, to generate stable
suspensions, it is necessary to consider these two factors by employing minuscule

particles and reducing the probability of aggregation (Wcislik 2020).
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2.5.4 Stability evaluation methods

The stability of nanofluids can be evaluated and determined by using a variety of
methods. Observing the suspension with the eyes is one of the most straightforward
techniques to assess the stability of a nanofluid. Particle sedimentation produces a
visible concentration gradient, especially in opaque suspensions. Furthermore,
absorbance measurements can be taken, which are related to the concentration of
nanoparticles over time by the Beer-Lambert law. A reduction in absorbance over
time implies particle sedimentation. However, extended observation times are
required, and no information concerning particle aggregation can be collected (Arora

et al. 2021).

Centrifugation and sedimentation method

Sedimentation is one of the simplest and fundamental methods to determine the
stability of nanofluids. In the presence of external forces, the volume or weight of
nanoparticles directly relates to the level of stability for nanofluids. In this case, the
nanofluid is stable if the concentration, proportion, and size of the particles moving
through it are stable. In another common technique, a specialized camera would
monitor the sedimentation in a base fluid at an interval of time. However, using this
method for an extended period would be unwise since long observation times would
degrade the accuracy. For this reason, centrifugation was developed. This method is
perfect for evaluating the nanofluids' stability after centrifugation at a different rpm

(Rathodiya et al. 2017).

Measurement of zeta potential

The zeta potential (or potential-C), also known as the electrokinetic potential, is a
fundamental quantitative parameter and a faster technique for evaluating the stability
of a suspension. Its unit is commonly represented by the Greek letter (). It represents

the potential difference between the stationary base fluid layer affixed to the
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dispersed particles and the dispersion environment. The model most generally used
to describe the electric double-layer structure is the Gouy-Chapman-Stern-Grahame
model (Figure 2.7). Moreover, zeta potential reveals the degree of electrostatic
repulsions between particles of similar charges. Particles having charges of the same
sign reject each other when the zeta potential increases, preventing agglomeration.
Values greater than 30 mV or below -30 mV indicate good suspension stability
(Figure 2.7) (Table 2.2). The potential difference between these two values,
especially at the isoelectric point, is small. It becomes negligible to balance the
forces of attraction, resulting in the risk of particle flocculation. Generally,
nanofluids with high zeta potential value are considered to have higher stability,
whereas nanofluids with lower zeta potential have lower stability (Rathodiya et al.

2017).

Table 2.2 Stability behavior of nanofluids (Kumar et al. 2017)

Zeta potential (mV) Stability behavior!
Oto 5 Fast flocculation or
coagulation
110 to £30 Emerging instability
130 to 40 Moderated stability
40 to 60 Good stability
>61 Excellent stability

There are two ways to increase the zeta potential: adding surfactants or adjusting the
pH. A surfactant is a surface-active agent which modifies the surface tension
between two surfaces (Cacua et al. 2019). Surfactants are amphiphilic> molecules,
which means they contain two sections with distinct polarities: apolar (dissolves in
lipids), and the other is polar (dissolves in water or other hydrophilic solvents),

which can be mainly cationic or anionic. Surfactants modify the surface potential of

! Rheological behavior of a fluid, i.e. the relationship between ther deformations of the fluid and the
applied constraints.

2 Chemical compounds which have have both nonpolar and polar regions, making them hydrophilic
and lipophilic.
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the particles, surface tension and wettability of the mixture by interacting at the
particle-fluid interface. Since the coagulate molecules form a thermal contact
resistance, thermal conductivity can be reduced. On the other hand, Nonionic

surfactants aid in dispersion while leaving the zeta potential unaffected.
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Figure 2.7 Representation of zeta potential (&) (Matusiak and Grzadka 2017)

Adjusting the pH increases the concentration of charges present on the particles’s
surfaces, causing the zeta potential to vary. Figure 2.8 illustrates the zeta potential
evolution as a function of pH. Typically, a nanofluid can be stabilized by either
adding an acid (reducing the pH to 0) or adding a base (increasing the pH to 14). The
isoelectric point is determined by the particle/base fluid pair and is not always at
neutral pH. The addition of pH-modifying substances or surfactants, on the other

hand, might change thermophysical properties, particularly thermal conductivity.

Consequently, it is crucial to establish the optimal balance between nanofluid
stability and property modification for each application. In addition to zeta potential,

techniques such as DLS (dynamic light scattering) are commonly utilized to
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determine the size of nanoparticles in suspension. The hydrodynamic diameter is the
actual diameter of the particle plus the layers of solvent, surfactant, or other chemical
species that move with it and is represented by this dimension. Thus, it differs from
the particle size before suspension. Nonetheless, comparative measurements can be
used to analyze the dynamics of particle aggregation and so complete the zeta

potential measurements (Huang et al. 2009).
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Figure 2.8 Zeta potential in function of pH (Pate et al. 2016)

Measurement of spectral absorbency

Another quantitative and qualitative analysis technique for determining the stability
of nanofluids is absorbance spectrometry. This method is founded on a single
element used to reconstitute metal analysis in various materials. It is based on the
idea that free-moving atoms can absorb light of a specific wavelength for a specific
amount of time. Each element uniquely absorbs its wavelength; no other element
absorbs it. In the limit of the Beer-Lambert law's proportionality between

concentration and absorbance, the intensity of the absorbed radiation is essential
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when the solution is concentrated. The spectrophotometry UV-visible is particularly
interesting in the case of nanoparticles distributed in a basic fluid to show the state of
dispersion, the presence or absence of agglomerates of particles depending on the
intensity of the absorbed or transmitted light. Indeed, the absorbance of the
suspensions is used to identify changes in the concentration and size of the

supernatant particles over time (Sharif et al. 2017).

Measurement of scanning electron microscopy

SEM (Scanning Electron Microscopy) allows you to see elements at the atomic level,
including their sizes, shapes, and distributions. Since the tests are often carried out on
samples that have been dried. These approaches do not allow for real-time
measurement of nanoparticles in suspension in a basic liquid. Nonetheless, these
techniques provide valuable information about nanoparticle structure and the
networks they might form. They enable the creation and size of aggregates inside

nanofluids to be controlled (Erdman er al. 2019).

2.5.5 Thermophysical properties of nanofluids

Although nanofluids are considered homogeneous media in many studies, they are
two-phase fluids. Therefore, they share some properties with solid-liquid mixtures.
The amount of models created to calculate these two values shows that dynamic
viscosity and thermal conductivity are the two thermophysical properties of
nanofluids that have been investigated the most. In contrast, the density of nanofluids
and specific heat has received little attention, especially at the practical level

(Rudyak et al. 2018).

Thermal conductivity

Thermal conductivity is the capacity of a material to conduct or transfer heat and is

the most significant property for improving the performance of a heat transfer fluid.
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Many researches have been devoted theoretically and experimentally to estimating
the thermal conductivity value. This specific property depends on different
parameters, such: temperature, thermal conductivity of base fluids, thermophysical
properties of nanoparticles, size and shape of the particles, Brownian motion of
particles, and the volume fraction of the particles in suspension. The studies carried

out on these parameters are numerous and varied (Gandhi 2007).

Maxwell (1873) studied the thermal conductivity of a nanofluid containing
nanoparticles with a form of a sphere. He assumed that the particles have the same
diameter and are separated by a sufficient distance to neglect their mutual
interactions. In his model, the thermal conductivity value depends only on the
thermal conductivities of the fluid and the nanoparticles and the volume fraction of

the suspended nanoparticles (Maxwell 1873).

Y _ [knp +2kbf+2(knp—kbf)<P]
eff knp+2kbf_(knp_kbf)4) bf

(1.5)
Bruggeman (1935) theorized the heat transfer coefficient of a nanofluid containing
spherical nanoparticles with high concentration. He proposed a relationship based on
the fluid and nanoparticle thermal conductivities, as well as the volume fraction. For
the case of spherical nanoparticles, this model appears to better approach some

experimental results (Bruggeman 1935, Wang et al. 2008).
Jpkerr ) (4 _ o (Forkerr ) )
® (knp+2keff> + (1 ¢ (kbf+2keff)> =0 (1.6)

Hamilton and Crosser (1962) modified the formula proposed by Maxwell by
introducing the form factor of nanoparticles. For this purpose, the authors used the
sphericity coefficient (i), which is the ratio of the surface area of a sphere with the
same volume as nanoparticles to the surface area of a nanoparticle. This relation is
valid when ratio of thermal conductivity of nanoparticles to liquid is greater than 100

(Hamilton and Crosser 1962).
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koor = knp+(—Dkpr—(m-1)@(kpr—Knp)
eff = knp+2(m—Dkpr+@(kpr—Knp)

kps 1.7

. D 3
n represent form factor and its expression is written as follows n = v

For cylindrical particles n = 6 and for spherical particles n = 3. For spherical
particles, Hamilton's model coincides with Maxwell's. As conclusion, the model of

Hamilton coincides with the model of Maxwell.

Table 2.3 Thermal conductivity models of nanofluids (Aybar et al. 2015)

Researchers Expressions
knp + 2kpp + 2(knpy — kpp)@
(Maxwell 1873) kopp = [ d k
Eff knp + Zkbf - (knp - kbf)(p bf
knp — Kegy kps — kesy
(Bruggeman 1935) ) <?’— +(1-9 -0
kpny, +(m—Dkyr— (n— Dok, — k
(Hamilton et al. 1962) kepr = [ np + ( Yepr = ( )Pk = knp) kyy
kunp +2(m — Dkpr + @(kpp — knp)
knp + 2kpr — 20 (kps — kyp)
Wasp et al. 1977 k...=k [ np
(Xie et al. 2002) k 1430 30292,
1€ er al. = -
eff +309r+ T—) or
k 2k — 2(kyr — k kgT
(Xuan et al. 2003) kepp = 22 + 2kpp — 2(kip = k) iy + 200 | Ko

Knp + 2kpp + (kpp — knp) @ 2 [3mnu

RA-Y+A+pA+ 20y
Yu et al. 2003 k.- =k
(ru et al. 2003) s bf[—(l—y)+(1+ﬁ)3(1+2y)
(Pak et al. 2007) kesp = 1+ 747¢
knp + (n — Dkpp — (n — D)y (knp — ki)
(Avsec et al. 2007) k,er=k [ 1P
STV ey + (0= Dy + @p(enp — kins)
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Viscosity

The ability of a fluid to flow is defined by its viscosity. Due to its capability of
affecting the pressure drop during forced convection, it is known as an essential
parameter for practical parameters. The addition of solid particles to a liquid causes a
greater or lesser increase in the mixture's viscosity. Again, many factors may be the
cause of the observed differences. For identical nanoparticles (type, size) and the
same base fluid, the quality of the dispersion and the temperature can significantly
affect the viscosity. Therefore, to enable nanofluids in potential applications, the
degree of viscosity increases of nanofluids compared to conventional fluids must be
carefully studied. A number of theoretical models have been created to anticipate
how the dynamic viscosity of suspensions may vary under specific circumstances

(Mahbubul et al. 2012).

In general, the existing formulas go back to the work of Einstein (1906). Starting
from the assumption that energy depends linearly on viscosity, Einstein determined
the energy lost around a single particle in a fluid by relating its energy to the work
done to move it relative to the fluid. This result determined the expression describing
a linear dependence of the viscosity of suspensions in a liquid on concentration

(Einstein 1906).

tns = tpr(1 + 2,5¢) (1.8)

Einstein (1906)' s formula has been studied experimentally since Einstein
development and is regarded as suitable for diluted suspensions composed of
spherical particles, specifically for volume concentrations below 1%. It should be
mentioned that this model does not consider the impact of particle size and inter-

particle interactions (Einstein 1906).

Brinkman (2004) extended FEinstein's formula to cover a wide range of volume

concentrations. His relation leads to the Einstein relation for low volume fractions.
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g = tpr(1 — @) 725 (L.9)

These first two relationships do not consider the impacts of Brownian motion or the

size of the nanoparticles in suspension (Brinkman 2004).

Batchelor (1977) considered the effect of hydrodynamic contact between two
spherical nanoparticles when theoretically studying a nanofluid's dynamic viscosity.
He demonstrated that, unlike the "Einstein and Brinkman" relationships, the volume

fraction has no linear relationship with the dynamic viscosity of a nanofluid

(Batchelor 1977).

Table 2.4 Viscosity models of nanofluids (Mukesh et al. 2012)

Researchers Expressions
(Einstein 1906) Unr = Upr(1 + 2,5¢)
(Hatschek 1913) Uns = tpr(1+ 4,5¢)
) _ 1
(De Bruijn 1942) Fong = Hoy <1 250 + 1.552¢2)
2,50
(Mooney 1951) <1_—L>
Ung = Upge> om
— 2
(Batchelor 1977) e = Mor(1 + 25¢ + 6.2¢7)

—[ulom
(Krieger et al. 2000) Eos [1 L

.ubf Pm
(Brinkman 2004) tng = Upr(1 — )75
(Wang et al. 2007) tng = tpr(1 47,39 + 123¢?)
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Specific Heat

According to the literature, viscosity and thermal conductivity have been extensively
studied and described. However, it is not the case for the specific heat, which is
rarely investigated when it comes to experiments. The specific heat capacity, often
known as mass heat capacity, is measured in J/Kg. K and indicates the specific heat
capacity unit mass of a material or homogeneous system. It is the amount of heat
necessary to increase the temperature of the unit of material by one Kelvin during the
transition under consideration. This specific quantity is linked to the energy equation
and must be determined carefully. Two well-known models have been most
frequently used in all studies performed on the specific heat of nanofluids (Rudyak et

al. 2018).

Model (1) of Pak et al. (2007) connects the specific heat of nanofluids collectively

to all the components combined based on the law of mixtures (Pak et al. 2007):
Cong = @Cp + (1= @)Cp s (1.11)

Model (2) of Xuan and Roetzel (2000), based on the theory that the nanoparticles and
liquid phases are in thermal equilibrium, the specific heat capacity may be calculated

using the following formula (Xuan and Roetzel 2000).
Cp,nf = ¢(pcp)p +(1- ¢)(pcp)f|¢pp +(1- @)pf (1.12)

with, Cy,: specific heat, ¢: particle volume concentration, and p: density.

2.5.6 Usage areas of nanofluids

Nanofluids are an attractive solution in many applications with their exceptional
thermal properties. Many thermal systems can benefit from nanofluids to increase

heat transfer and efficiency. Depending on their intended use, nanofluids can be tri-
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bological nanofluids, heat transfer nanofluids, chemical nanofluids, surfactant
nanofluids, environmental nanofluids, pharmaceutical nanofluids, and medical

nanofluids. This section provides some examples of all the applications (Figure 2.9).
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Figure 2.9 Usage areas of nanofluids

Nanofluids have had many applications in industry, which has prompted several
experimental investigations. Dispersions of nanoparticles already find many fields of
application for their magnetic properties (magnetic bearings with Ferrofluids,
contrast agents in medical imaging), their electrical properties (electro-wetting
conductive deposition for liquid lenses), and cell marking or counterfeiting with
functionalized nanoparticles. In thermal applications, nanofluids can be used
wherever large heat flows must be evacuated by closed liquid loops: cooling of

electrical and electronic components, radars, or automobiles. Nanofluids could
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provide an interesting solution for cooling mirrors, targets, and filters of high-power
lasers and X-rays. The very small size of nanoparticles and the lubricating properties
of some of them would allow their use as fluids for transmissions, gearboxes, and
thermal engine oils. In dysphasics, by managing to improve their performance, we
can envisage improved air conditioning and refrigeration systems, as well as the use
of more efficient heat pipes for space applications and electronic cooling. It is also
envisaged to use the increase of the critical flow for the emergency injection circuits

of pressurized water nuclear plants (Wei et al. 2012).
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3. LITERATURE REVIEW

Many studies have focused on developing the different properties of nanofluids to
enhance heat transfer. In comparison to typical heat transfer fluids, metals like silver,
copper, and iron, as well as nonmetals like aluminum oxide (Al,03), copper oxide
(CuO), titanium dioxide (TiO,), zinc oxide (ZnO), SiC, and carbon nanotubes
(graphene), have higher thermal conductivities. Considering the importance of
thermal conductivity and viscosity for heat transport, many studies in the literature
focus on these two properties. These studies can be separated into three categories

depending on the type of nanoparticles used:

3.1 Metallic Nanoparticles Nanofluids

The term "nanofluid" was first used by Choi (1995) in 1995 and defined as colloidal
solutions obtained by dispersing solid particles of nanometric size (10™° m) in a base
fluid (Choi 1995). They proposed using metallic nanoparticles as part of heat transfer
fluids to increase their thermal conductivity and improve heat transfer. Their idea
stems from the observation that fluids commonly used for heat transfer have very
low thermal conductivities, 10 to 1000 times lower than solids and especially metals,

as shown in Table 2.1.

Li et al. (2002) presented a study showing that thermal conductivity increases with
volume fraction. Thermal conductivity ratio of Cu/water nanofluid to base fluid
increases 75% and 45% for Cu/oil nanofluid when the values of volume fraction of

nanoparticles varies between 2.5% to 7.5%.

Theoretically, Xuan et al. (2003) used the model Hamilton and Crosser to study the
thermal conductivity of the previous nanofluids and obtained results close to the

experimental results.
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Eastman et al. (1997) in 1997, observed a 45% improvement in thermal conductivity
by adding less than 0.055% by volume of 35nm copper nanoparticles in oil (Eastman
1997). In 2001 they found a 40% improvement in thermal conductivity for the
Cu/ethylene glycol nanofluid containing less than 0.3% by volume of nanoparticles

smaller than 10nm.

Patel et al. (2010) studied the nanofluid Au-thionate/toluene at a temperature of 60°C
and obtained an 8.8% improvement in thermal conductivity for a nanoparticle
volume fraction ¢=0.011%. For a solution of Au-citrate/water, they obtained an 8.3%
improvement in thermal conductivity for ¢= 0.00026; on the other hand, for a
solution of (Ag-citrate/water) they obtained an improvement of 4.5% for ¢=0.001%.
For the Ag/water nanofluid, the obtained thermal conductivity is lower than that of
the gold/water nanofluid, although silver is a better thermal conductor than gold.
This apparent improvement in thermal conductivity when using gold nanoparticles
compared to silver particles could be attributed to the size of the gold nanoparticles,

which are 3 to 8 times smaller than silver.

P. Kumar et al. (2019) found an increase in thermal conductivity of 20% for ¢=

0.00013% gold in water.

3.2 Metal Oxide Nanoparticles Nanofluids

In 1993, Masuda et al. published the first research on aluminum oxide and thermal
conductivity enhancement. Nanoparticles Al2O3; were dispersed in water with a
nanoparticle size of 13nm in diameter. They found a 30% increase in heat
conductivity for a fraction ¢ = 4.3 %. Another research published by Eastman et al.
(2001) discovered a 30% increase in thermal conductivity of nanoparticles Al>O3 of
size 33nm suspended in water for a volume percentage of 5% (Eastman et al. 2001,

Masuda et al. 1993).
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Wang et al. (1999) numerically studied the natural convection in a cavity of two
dimensions for various Grashof numbers and volume concentrations. They obtained
a thermal conductivity refinement of 40% for Al.Os/ethylene glycol of 8% volume

fraction and 14% for Al,Os3 for a volume fraction of 4.5%.

Choi et al. (1999) studied the thermal conductivity of nanofluids. They employed
AlO3 and CuO. These particles are dispersed into ethylene glycol and pure water.
They achieved a 10% improvement in thermal conductivity for the Al.Os/water
nanofluid with a volume fraction of 4.3% and a 20% enhancement for Al>O3 in
ethylene glycol for ¢ = 5% volume. The latter results differ significantly from those
reported by earlier scientists, despite the fact that they used nanoparticles of the same

size.

Das et al. (2003) were the first to study the influence of temperature on the increase
of thermal conductivity of nanofluids in 2003. They found an increase in thermal
conductivity when the temperature varies from 21°C to 51°C for both nanofluids
AlOs/water and CuO/water. The values of particle diameters are 38.4nm for Al2O3
and 28.6nm for CuO. The experimental results show that the thermal conductivity
increases linearly with increasing temperature and depends on the volume fraction of

nanoparticles in water.

Choi et al. (1999) measured the thermal conductivity of nanofluid using CuO
nanoparticles of diameter 18.6 nm in water or ethylene glycol. They found that the
thermal conductivity of the nanofluid used increases linearly as a function of the

volume fraction of nanoparticles.

Li et al. (2006), also conducted experiments with CuO nanoparticles of 29 nm
diameter in pure water with a volume fraction of 10% and a temperature of 34.7°C.
They found a 52% improvement in the thermal conductivity of the nanofluid. They

proposed the case of Al2Os nanoparticles.
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Pak et al. (2007) improved thermal conductivity by 10.7% % for a volume fraction
of 4.35% by dispersing 27 nm nanoparticles in water. This value is inferior than the
32% obtained for the Al>Os/water nanofluid with the same the nanoparticles

concentration.

Murshed et al. (2006) evaluated the heat transfer coefficients of spherical and
cylindrical TiO; nanoparticles. They discovered that a nanofluid containing 15 nm

spherical nanoparticles improves heat conductivity somewhat.

3.3 Non-metallic Nanoparticles Nanofluids

Wen et al. (2004) measured the enhancement of (MWCNTSs) suspended in water as a
function of temperature and concentration. They found that below 30°C, the thermal
conductivity of the nanofluid increases linearly with increasing temperature. The

maximum improvement obtained is 31% for ¢ = 0.84% and at the temperature of

60°C.

Ding et al. (2006) conducted the same experiment and found an improvement of

80% for = 1% and at a temperature of 30°C.

Assael et al. (2004) obtained 38% for a volume fraction of 0.6% of nanotubes in

water or 150% for a concentration of 1% of nanotubes in ethylene glycol.
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4. MATERIALS AND METHODS

4.1 General

In this study, nanofluids in which deionized water is the main fluid were prepared
using silver oxide nanoparticles. Taguchi L9 experimental design was used in the
study, and optimum nanofluid was determined with the help of Minitab 15 software.
Taguchi experimental design is given in Table 4.1. Three different volumetric ratios,
0.01%, 0.05%, and 0.1%, were used in the experiments. These volumetric ratios
correspond to mass ratios of 0.1164%, 0.5828% and 0.1637%, respectively. 150 mL
of nanofluid was prepared for each experimental run. Nanofluids were prepared at
three different mixing times, 60, 90, and 120 minutes. Another factor used for the
stabilization that helps nanofluids to remain stable is surfactants. In the study,

Tergitol NP-10 was used as a surfactant, 0.5 g for each test condition.

Table 4.1 Specification of the sample Ag>O/water nanofluids

Experiment Volumetric Ratio Ultrasonic mixing
No v/v) Time (min)
1 0.01 60
2 0.01 90
3 0.01 120
4 0.05 60
5 0.05 90
6 0.05 120
7 0.1 60
8 0.1 90
9 0.1 120
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4.2 Chemicals Used in the Experiment: Source and Purity

Table 4.2 Chemicals used in the experiment

Chemical Name Formula Supplier Purity Rate (%)
Silver oxide nanoparticles A0 Sigma Aldrich 99.99
Sodium Hydroxide NaOH Sigma Aldrich >99
Hydrochloric acid HCI Sigma Aldrich 37
Tergitol NP-10 (CoH40)n . CisHauO Sigma Aldrich 99.99
Deionized water H,0 Cankir1 Karatekin University 99.99

4.3 Synthesis of Silver/Water Nanofluids

As stated in the second chapter, there are two ways for preparing nanofluids: one-
step and two-step. This study was employed with the two-step method. The phases of

preparation for the two-step approach are as follows:

— Silver nanoparticles were weighed in accordance with the specified volumetric

ratios and made up to 150 mL of deionized water,

— By using 0.01 M NaOH and 0.01 M HCI solution, pH adjustment was made at

the specified value for each experiment,

— The prepared mixture was mixed in a magnetic stirrer at 1000 rpm for 30

minutes,

— The mixture, which was stirred for 30 minutes in the magnetic stirrer, was mixed
in the ultrasonic stirrer for the time specified for each sample shown in Table

4.1. Figure 4.1 (1) shows the ultrasonic mixer used in the study.
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2
Ultrasonicator

Cooled Bath m

Figure 4.1 (1) Ultrasonicator device (2) Experimental setup for ultrasonication

Ultrasonic mixing was done with 8/2 pulses at 400 W power. As the temperature rise
during mixing is high and high temperatures affect the stability of the nanofluid, a
cooling jacket was formed by using a circulating water bath, as seen in Figure 4.1

(2). Moreover, the temperatures of the nanofluids were kept at room temperature.

As previously stated, viscosity, thermal conductivity, zeta potential, and particle

sizes were evaluated to identify the physical properties of the generated nanofluids.

In addition, as soon as the nanofluids were prepared, they were dropped on a glass
surface and dried, and their images were taken under an optical microscope. All

physical properties were measured at room temperature.

4.4 Structural Characterization of Silver-oxide/Water Nanofluids

For the characterization of silver/water nanofluids, a light optical microscope was
used. An initial drop of nanofluid was placed on a microscope slide in the center.

Afterwards, the slide was viewed and photographed under the microscope.
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Figure 4.2 Optical microscope (Microscopio De Luz Transmitida 2022)

4.5 Thermophysical Properties of Nanofluids: Measurement Techniques and

Experimental Protocols

4.5.1 Thermal conductivity

The literature has adopted various methods for measuring thermal conductivity of
liquids, and some of these techniques have also been applied to actual nanofluids.
The experimental setup for measuring thermal conductivity is shown in Figure 4.3
(2). Transient short-wire approach was used to examine the different thermal
conductivities of AgoO/water nanofluids using a KD2 pro thermal properties
analyzer (Decagon devices, INC., USA). To control and measure the conduction in
the probe, the instrument was equipped with a 60 mm length and 1.3 mm diameter
probe, a thermoresistor, and a microprocessor. Its accuracy was specified as + 5%.
The sample was covered in parafilm to prevent air penetration and ensure reliable

results. After temperature equilibrium was achieved, the sample was held for another
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30 minutes. Ten measurements were made for each sample, and an average was

determined.

KS-1 sensor

cahble

Needle
sensor

Figure 4.3 (1) Thermal conductivity meter (2) Experimental setup for thermal
conductivity measurement

In order to protect the KD2 Pro thermal conductivity measuring device from
temperature changes during thermal conductivity measurements, a water bath was

used during the measurements, as shown in Figure 4.3 (2).

4.5.2 Viscosity

For the measurement of viscosity data, a Vibro-viscometer SV-10/SV-100 with
which a wide range of measurements can be made continuously, was used (Figure
4.4). The ranges are for SV-10: 0.3-10000 mPa.s and for SV-100: 1000- 100000
mPa.s. The instrument in question measures viscosity by detecting the electric
driving current necessary to resonate the two sensor plates at a constant frequency of
30Hz and amplitude of less than 1mm and has an accuracy of + 1%. For each
sample, three different values of viscosity and temperature were noted. The viscosity
was measured at ambient pressure and temperature between 10°C and 40°C. The

suspension was deposited into the glass container of the viscometer with the help of a
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Pasteur pipette while avoiding the air bubbles. Before any of these measurements

were made, the viscometer was carefully calibrated manually.

Figure 4.4 Viscometer device

4.5.3 Zeta potential and Zeta size

To determine the stability of the nanofluids, Malvern Zetasizer Nano ZS was used,
which uses a 632 nm HeNe laser with a 173°C detection angle to perform zeta
potential and zeta size measurements. It is shown in Figure 4.5. With the described
instrument, particle size, the zeta potential, and the molecular weight of the
suspension can be measured using the dynamic light scattering techniques in a single
unit. A sample is loaded with the nanofluid into a disposable folded capillary cell in
the measurement. The cells are equipped with two conductive electrodes on the

outside that contact the applied voltage and fold back to touch the liquid sample.
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Figure 4.5 Zetasizer device
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S. RESULTS AND DISCUSSION

5.1 Synthesis of Silver-oxide/water Nanofluids: Results and Discussion

As mentioned before, nanofluids were prepared using the two-step nanofluid method.
The images of the nanofluids prepared in accordance with the parameter in the
Taguchi L9 experimental design in Table 4.1 are given in Figure 5.1. One of the
methods of determining the stability of nanofluids is photography. In the
photographs, it is seen that denser nanofluids are obtained as the solid amount
increases. The volumetric ratios of all three nanofluids 1,2, and 3 are 0.01%.
However, the ultrasonic mixing time varies to 60, 90, and 120 minutes, respectively.
Although the solid ratios are the same, as can be seen from the images, nanofluids
number 1 and three are more transparent than fluid number 2, and nanofluid number
1 appears more transparent than nanofluid number 3. Nanofluids 4,5 and 6 have
0.05% volumetric ratios and ultrasonic mixing times of 60, 90, and 120 minutes,
respectively. Here, nanofluid 6 appears to be more stable compared to nanofluids 4
and 5. The ultrasonic mixing time of nanofluid 6 is 120 min. Nanofluids with test
numbers 7, 8, and 9 have a volume ratio of 0.1% and a mixing time of 60, 90 and 120
minutes, respectively. While nanofluids 7 and 8 appear to be more stable than
nanofluid 9, it is seen that nanofluid 8 is the most stable one. Ultrasonic mixing times
of nanofluids have an optimum value, and collapse and instabilities are observed
below and above this value. Therefore, it can be said that the 90 min ultrasonic
mixing time with the photographing method in the silver oxide nanofluids obtained

in this study is the most appropriate time.
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Figure 5.1 Silver-oxide/water nanofluids samples

5.2 Optical Microscope images of Silver-oxide/water Nanofluids

As mentioned before, optical microscope images of nanofluids were taken. Figure

5.2 shows the images taken by drying a few drops of nanofluids on a glass surface.
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Figure 5.2 Optical microscope images of AgoO/water nanofluids
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5.3 Thermophysical Properties of Nanofluids: Results and Discussion

5.3.1 Thermal conductivity

The thermal conductivities were determined with the help of the KD2 pro device, as
we mentioned before. Each sample was measured 15 times, and the average was
taken to determine the thermal conductivity. Firstly, deionized water thermal
conductivities were measured at different temperatures, then compared to literature
values before measuring nanofluids. Experimentally obtained thermal conductivities
and the thermal conductivity values from the literature on deionized water are given

in Figure 5.3. Measured values are below 5%, which is the error range of the device.
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k (W/m.K)
o
o
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0.55

0.5
20 25 30 35 40

Temperature (°C)

Figure 5.3 Experimental and theoretical heat transfer coefficients of deionized water

In Figure 5.4, the effect of ultrasonic mixing times on the thermal conductivities is
shown graphically. When the thermal conductivities were compared according to the
ultrasonic mixing time for nanofluids 1,2, and 3 with a volumetric ratio of 0.01%, the
highest thermal conductivity value was obtained at 120 min mixing time. However,

an interpretation that the thermal conductivities increase as the ultrasonic mixing
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speed increases is incorrect because the thermal conductivity at the mixing time of 60
minutes is greater than the value of the thermal conductivity obtained at the mixing

time of 90 minutes.
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Figure 5.4 Thermal conductivity ratio of Ag>O/water nanofluid as a function of
volume concentration

In experiments 4,5 and 6 with a 0.05% volumetric ratio, the thermal conductivity
value increased as the ultrasonic mixing time increased. For a 0.05% volumetric
ratio, the highest thermal conductivity was obtained at 120 min ultrasonic mixing

time.

In experiments numbered 7, 8, and 9 with a 0.1% volumetric ratio, the thermal
conductivity values decreased as the ultrasonic mixing time was increased. The

highest thermal conductivity value was obtained at 60 min ultrasonic mixing time.

In general, thermal conductivity values increase as the solid ratio increases. For
example, the thermal conductivity value of deionized water at room temperature is

given as 0.607W/m.K in the literature (Dinger et al. 2015).
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As expected, the thermal conductivities of the nanofluids are higher than thermal

conductivities of deionized water for each ratio.

5.3.2 Viscosity

As mentioned earlier, viscosities were determined using a viscometer. First, the
viscosity values of the 99% pure ethylene glycol solution in the temperature range of
20-40 °C were measured with a viscometer and compared with the literature values
in Figure 5.5. The device has an error range of 1%. Therefore, the measured values

are within the error range of the device.
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Figure 5.5 Experimental and Theoretical viscosity values

Figure 5.6 shows the variation of viscosity values with ultrasonic mixing times.
When the graph is examined, it is seen that the viscosity values increase as the
volume % solid ratio increases. When each solid ratio is considered separately, it can
be said that increasing the ultrasonic mixing times causes a linear increase in the

viscosity values.
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Figure 5.6 Viscosity of Ag>O/water nanofluid as a function of volume concentration

The viscosity of nanofluids gives very effective information about their stability. In
general, the viscosity values of nanofluids should be higher than the viscosity of their
base fluids. In this study, the viscosity values for all solid ratios were higher than the

viscosity value of pure water at room temperature.

The increase in viscosities with the increase of ultrasonic mixing times shows that

the amount of suspended nanoparticles increases as the mixing time increases.

5.3.3 Zeta potential

The zeta potential value is one of the most important parameters that give
information about the stability of a nanofluid. As mentioned before, the zeta potential
value of a stable nanofluid should be between +30 - +40. Figure 5.7 shows the zeta

potential values of silver oxide nanofluids.
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Figure 5.7 Zeta potential of Ag>O/water nanofluid as a function of volume
concentration

When the effect of ultrasonic mixing speed on the zeta potential is examined, it is
seen that as the ultrasonic mixing speed is increased, the zeta potential values get
closer to the 30-40 range. In other words, as the ultrasonic mixing speed is increased,
more stable nanofluids with better zeta potential values are obtained. The 120 min
ultrasonic mixing time is the mixing time with the best results for all three

volumetric ratios.

When the effect of the volumetric solid ratio on the zeta potential is examined, it is
seen that as the solid ratio increases, the number of suspended particles increases,

and therefore the zeta potential also increases.

5.3.4 Optimization of nanofluid parameters

Using nanofluid preparation parameters experimental design approach was used to

find optimum parameter levels. Main effects plots, contour plots were drawn, and
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linear regression models were calculated for each of the outputs namely, viscosity,

thermal conductivity, and zeta potential.

Main effects plots were drawn using volumetric solid ratio and ultrasonic prop time

parameters was given in Figure 5.8 for viscosity.

Main Effects Plot for viscosity
Fitted Means

%V Ultrasonic time
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Figure 5.8 Main effects plots for viscosity

A linear relationship between volumetric solid ratio and viscosity can be seen on the
plot. Similarly, a linear relationship between ultrasonic prop time and viscosity can

be seen on the plot. Both parameters have increasing effect to the viscosity.

Contour plot was drawn using volumetric solid ratio and ultrasonic prop time

parameters was given in Figure 5.9 for viscosity.
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Contour Plot of viscosity vs Ultrasonic time; %v
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Figure 5.9 Contour plot for viscosity

Contour plot clearly shows the effects of parameters on viscosity. For higher

viscosities both volumetric solid ratio and ultrasonic prop time should be increased.

A regression equation was calculated using volumetric solid ratio (v) and ultrasonic

prop time (u) parameters was given below for viscosity.
viscosity = 0.97764 + 0.5694v + 0.000264u (R? = 97.02%)

Coefficient of determination (R?) for the equation was found as 97.02%. High value
this coefficient shown that linear model is useful on explaining relation between

parameters and response.

Response optimizer tool was used to determine optimum viscosity output.

Determined optimum results were given in Table 5.1.
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Table 5.1 Response optimizer predictions

Composite
Solution %v Ultrasonic Time Predicted Viscosity
Desirability
1 0.10 120 1.066 0.95
2 0.10 60 1.051 0.72
3 0.01 120 1.015 0.21

Solution 1 was determined as optimum result since it has the highest desirability.
Optimum parameter level for volumetric solid ratio was determined as 0.100 and
optimum level for ultrasonic prop time was determined as 120 minutes. When the
predicted result compared with experiment 9 it can be seen that predicted result and

the experimental result was quite close.

Main effects plots were drawn using volumetric solid ratio and ultrasonic prop time

parameters was given in Figure 5.10 for thermal conductivity.
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Fitted Means

0,705 %V Ultrasonic time
0,700
0,695
0,690

0,685 /

0,680

Mean of k

0,675

0,670
0,000 0,025 0,050 0,075 0,100 60 75 920 105 120

Figure 5.10 Main effects plots for thermal conductivity

A linear relationship between volumetric solid ratio and thermal conductivity can be
seen on the plot. Similarly, a linear relationship between ultrasonic prop time and
thermal conductivity can be seen on the plot. Both of the parameters have increasing

effect to the thermal conductivity.

Contour plot was drawn using volumetric solid ratio and ultrasonic prop time

parameters was given in Figure 5.11 for thermal conductivity.
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Contour Plot of k vs Ultrasonic time; %v
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Figure 5.11 Contour plot for thermal conductivity

Increasing effects of parameters on output can be seen on the contour plot.

A regression equation was calculated using volumetric solid ratio (v) and ultrasonic

prop time (u) parameters was given below for viscosity.
k = 0.6634 + 0.338v + 0.000063u (R* = 14.19%)

Coefficient of determination (R?) for the equation was found as 14.19%. Low value
of this coefficient shown that linear model is not useful on explaining relation
between parameters and response. This may be due to the nonlinear relationship

between parameter and response.

Response optimizer tool was used to determine optimum thermal conductivity

output. Determined optimum results were given in Table 5.2.
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Table 5.2 Response optimizer predictions

Predicted Thermal
Composite
Solution %v  Ultrasonic Time conductivity
Desirability
(W/m.K)

1 0.10 120 0.705 0.56
2 0.10 60 0.701 0.53
3 0.01 120 0.675 0.32

The highest desirability value for the optimum parameter levels found in solution 1.
When the predicted result was compared with the experimental result it was seen that
predicted result was much higher than the experimental result. This is due to the fact
that linear regression is not successful on explaining the relationship between
parameter and the output. Therefore Solution 3 was selected as optimum solution to
maximize thermal conductivity. Optimum parameter level for volumetric solid ratio
was determined as 0.01 and optimum level for ultrasonic prop time was determined
as 120 minutes. The predicted value for thermal conductivity was found as 0.675

W/m.K and experimental result was found as 0.708 W/m.K.

For a good stability of nanofluids it was desired to have zeta potential over 30-40
mW. Though zeta potential is not an output of nanofluid preparation a similar
response prediction can be made to compare predicted results and the experimental
results. Response optimizer tool was used to determine predicted zeta potential

output. Determined results were given in Table 5.3.
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Table 5.3 Response optimizer predictions

Predicted zeta Composite
Prediction %v Ultrasonic Time
potential (mW) Desirability
1 0.01 120 40.9 0.85
2 0.10 120 37.8 0.74
3 0.01 60 25.3 0.31

The optimum parameter levels for two different outputs (viscosity and thermal
conductivity) were found to be same. Optimum parameter level for volumetric solid
ratio was determined as 0.100 and optimum level for ultrasonic prop time was
determined as 120 minutes. These parameter levels are also adequate for the desired

zeta potential.
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6. CONCLUSION AND RECOMMENDATIONS

In this study, in which 9 samples of Ag>O/water nanofluids were prepared with
Taguchi L9 experimental design and the physical properties of these nanofluids were

determined, the following results were obtained.

— Increasing the ultrasonic mixing time allowed the nanofluids to remain
suspended.

— Thermal conductivity of nanofluids increased with increasing ultrasonic mixing
time.

— Increasing the amount of solid resulted in an increase in the thermal
conductivity.

— Viscosity values increased as ultrasonic mixing time, and solid amount
increased.

— The zeta potential value increased as the solid amount increased

— As the amount of solid is increased, denser image nanofluids are obtained.

— As the ultrasonic mixing times of the nanofluids are increased, more intensely

imaged nanofluids are obtained.

Preparation of nanofluids and determination of their physical properties is a very
laborious process. Various methods have been applied in the literature to obtain
stable and long suspended nanofluids. There are many methods to increase the
stability of nanofluids. It is possible to obtain highly stable nanofluids by using

different surfactant amounts and various surfactants.

Another important parameter for stable nanofluids is pH. Optimum pH values can be

determined by examining the effect of pH change on stability.

In order for a good nanofluid to be used in an application, it is crucial that it remains
stable for a long time. Therefore, determining how many days the nanofluids can

remain stable will contribute.

53



REFERENCES

Ahmed, M. S. 2019. Nanofluid: New Fluids by nanotechnology. in A. Shahzad (ed.),
Thermophysical Properties of Complex Materials, IntechOpen, London.

Ali, A. R. L, and Salam, B. 2020. A review on nanofluid: preparation, stability,
thermophysical properties, heat transfer characteristics and application. SN
Applied Sciences, 2(10), 1-17.

Ali, S. A., and Tarig, M. 2014. Nanotechnology and its implication in medical
science. Journal of Pakistan Medical Association, 64(9), 984-986.

Anonymous, 2021. Nanoyou: nanotechnology education resources, nano for youth.

Web Site. http://nanoyou.eu/. Date of access: 31.12.2021.

Arnall, A. H. 2003. Future technologies, today’s Choices: nanotechnology . Web Site
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.102.1790. Date of
access: 09.01.2021.

Arole, V. M., and Munde, S. V. 2014. Fabrication of nanomaterials by top-down and
bottom-up approaches-an overview. JAAST:Material Science (Special Issue), 1,
2-89.

Arora, N., and Gupta, M. 2021. Stability evaluation and enhancement methods in
nanofluids: A review. AIP Conference Proceedings, 2341(1), 040022.

Assael, M. J., Chen, C. F., Metaxa, 1., and Wakeham, W. A. 2004. Thermal
conductivity of suspensions of carbon nanotubes in water. International Journal
of Thermophysics, 25(4), 971-985.

Augustine, R., and Hasan, A. 2020. Multimodal applications of phytonanoparticles.
Phytonanotechnology, pp. 195-219.

Avsec, J., and Oblak, M. 2007. The calculation of thermal conductivity, viscosity and
thermodynamic properties for nanofluids on the basis of statistical
nanomechanics. International Journal of Heat and Mass Transfer, 50(21-22),
4331-4341.

Babar, H., Sajid, M. U., and Ali, H. M. 2019. Viscosity of hybrid nanofluids: a
critical review. Thermal Science, 23(3 Part B), 1713-1754.

Babita, Sharma, S. K., and Gupta, S. M. 2016. Preparation and evaluation of stable

nanofluids for heat transfer application: a review. Experimental Thermal and

54


http://nanoyou.eu/
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.102.1790

Fluid Science, 79(C), 202-212.

Batchelor, G. K. 1977. The effect of Brownian motion on the bulk stress in a
suspension of spherical particles. Journal of Fluid Mechanics, 83(1), 97-117.

Bayda, S., Adeel, M., Tuccinardi, T., Cordani, M., and Rizzolio, F. 2019. The history
of nanoscience and nanotechnology: from chemical-physical applications to
nanomedicine , 25(1), 112.

Boholm, M. 2016. The use and meaning of nano in American English: Towards a
systematic description. Ampersand, 3, 163—173.

Brinkman, H. C. 2004. The viscosity of concentrated suspensions and solutions. The
Journal of Chemical Physics, 20(4), 571.

Bruggeman, D. A. G. 1935. Berechnung verschiedener physikalischer Konstanten
von heterogenen Substanzen. 1. Dielektrizitdtskonstanten und leitfdhigkeiten der
mischkorper aus isotropen substanzen. Annalen Der Physik, 416(7), 636—664.

Bumataria, R. K., Chavda, N. K., and Panchal, H. 2019. Current research aspects in
mono and hybrid nanofluid based heat pipe technologies. Heliyon, 5(5), e01627.

Buzea, C., Pacheco, L. 1., and Robbie, K. 2007. Nanomaterials and nanoparticles:
Sources and toxicity. Biointerphases, 2(4), MR17-MR71.

Cacua, K., Ordonez, F., Zapata, C., Herrera, B., Pabon, E., and Buitrago-Sierra, R.
2019. Surfactant concentration and pH effects on the zeta potential values of
alumina nanofluids to inspect stability. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 583, 123960.

Chandravadhana, A., NandaKumar, V., and Venkatramanan, K. 2020. Mono and
hybrid nanofluid based heat sink technologies - A review. Journal of Physics:
Conference Series, 1644(1), 012048.

Choi. 1995. Enhancing thermal conductivity of fluids with nanoparticles. American
Society of Mechanical Engineers, Fluids Engineering Division (Publication)
FED, 231, 99-105.

Choi, S. U. S., Li, S., and Eastman, J. A. 1999. Measuring thermal conductivity of
fluids containing oxide nanoparticles. Journal of Heat Transfer, 121(2), 280—
289.

Das, S. K., Putra, N., Thiesen, P., and Roetzel, W. 2003. Temperature dependence of

thermal conductivity enhancement for nanofluids. Journal of Heat Transfer,

55



125(4), 567-574.

De Bruijn, H. 1942. The viscosity of suspensions of spherical particles.(The
fundamental n-c and ¢ relations). Recueil des Travaux Chimiques des Pays-Bas,
61(12), 863-874.

Dinger, 1., and Zamfirescu, C. 2015. Appendix b thermophysical properties of water.
Drying Phenomena, pp. 457-459.

Ding, Y., Alias, H., Wen, D., and Williams, R. A. 2006. Heat transfer of aqueous
suspensions of carbon nanotubes (CNT nanofluids). International Journal of
Heat and Mass Transfer, 49(1-2), 240-250.

Eastman, J. A., Choi, U. S., Li, S., Thompson, L. J., and Lee, S. 1996. Enhanced
thermal conductivity through the development of nanofluids. MRS Online
Proceedings Library (OPL), 457, 3-11.

Eastman, J. A., Choi, S. U. S., Li, S., Yu, W., and Thompson, L. J. 2001.
Anomalously increased effective thermal conductivities of ethylene glycol-
based nanofluids containing copper nanoparticles. Applied Physics Letters,
78(6), 718-720.

Einstein, A. 1906. Eine neue bestimmung der molekiildimensionen. Annalen Der
Physik, 324(2), 289-306.

Erdman, N., Bell, D. C., and Reichelt, R. 2019. Scanning electron microscopy.
Springer Handbooks, pp. 229-318.

Feigenbaum, D., Nsamirizi, A., and Sinclair-Desgagné, B. 2004. Les
Nanotechnologies : leurs bénéfices et leurs risques potentiels. CIRANO
Working Papers. Web Site. https://ideas.repec.org/p/cir/cirwor/2004s-44.html.
Date of access: 03.03.2022

Feynman, R. P. 1960. There’s plenty of room at the bottom: An invitation to enter a
new field of physics. Miniaturization, Reinhold.

Gandhi, K. S. 2007. Thermal properties of nanofluids: Controversy in the making?
Current Science, 92(6), 717-718.

Gregersen, E. 2021. Stokes’s law. Encyclopedia Britannica. Web Site

https://www.britannica.com/science/Stokess-law. Date of access: 22.07.2021.

Hamilton, R. L., and Crosser, O. K. 1962. Thermal conductivity of heterogeneous

two-component systems. Industrial & Engineering Chemistry Fundamentals,

56


https://ideas.repec.org/p/cir/cirwor/2004s-44.html.
https://www.britannica.com/science/Stokess-law

1(3), 187-191.

Handy, R. D., Owen, R., and Valsami-Jones, E. 2008. The ecotoxicology of
nanoparticles and nanomaterials: Current status, knowledge gaps, challenges,
and future needs. Ecotoxicology, 17(5), 315-325.

Hatschek, E. 1913. The general theory of viscosity of two-phase systems.
Transactions of the Faraday Society, 9(0), 80-92.

He, Z., and Alexandridis, P. 2015. Nanoparticles in ionic liquids: interactions and
organization. Physical Chemistry Chemical Physics, 17(28), 18238-18261.
Huang, J., Wang, X., Long, Q., Wen, X., Zhou, Y., and Li, L. 2009. Influence of pH
on the stability characteristics of nanofluids. Symposium on Photonics and

Optoelectronics, SOPO, 1-4.

Hulla, J. E., Sahu, S. C., and Hayes, A. W. 2015. Nanotechnology: history and
future. Human and Experimental Toxicology, 34(12), 1318—1321.

Ismail, M., Gul, S., Khan, M. A., and Khan, M. I. 2018. Plant Mediated Green
Synthesis of Anti-Microbial Silver Nanoparticles—A Review on Recent Trends.
Reviews in Nanoscience and Nanotechnology, 5(2), 119—-135.

Jeevanantham, S., Saravanan, A., Hemavathy, R. V., Kumar, P. S., Yaashikaa, P. R,
and Yuvaraj, D. 2019. Removal of toxic pollutants from water environment by
phytoremediation: A survey on application and future prospects. Environmental
Technology & Innovation, 13, 264-276.

Kaggwa, A., and Carson, J. K. 2019. Developments and future insights of using
nanofluids for heat transfer enhancements in thermal systems: a review of recent
literature. International Nano Letters 2019, 9(4), 277-288.

Kango, S., Kalia, S., Celli, A., Njuguna, J., Habibi, Y., and Kumar, R. 2013. Surface
modification of inorganic nanoparticles for development of organic—inorganic
nanocomposites—A review. Progress in Polymer Science, 38(8), 1232—-1261.

Keiper, A. 2003. The Nanotechnology Revolution. The New Atlantis, 2, 17-34.

Khan, 1., Saeed, K., and Khan, I. 2019. Nanoparticles: Properties, applications and
toxicities. Arabian Journal of Chemistry, 12(7), 908-931.

Klaine, S. J., Alvarez, P. J. J., Batley, G. E., Fernandes, T. F., Handy, R. D., Lyon, D.
Y., Mahendra, S., McLaughlin, M. J., and Lead, J. R. 2008. Nanomaterials in

the environment: Behavior, fate, bioavailability, and effects. Environmental

57



Toxicology and Chemistry, 27(9), 1825-1851.

Krieger, I. M., and Dougherty, T. J. 2000. A Mechanism for Non-Newtonian Flow in
Suspensions of Rigid Spheres. Transactions of the Society of Rheology, 3(1),
137.

Kumar, A., and Dixit, C. K. 2017. Methods for characterization of nanoparticles.
Advances in Nanomedicine for the Delivery of Therapeutic Nucleic Acids, 43—
58.

Kumar, P., Shivam, P., Mandal, S., Prasanna, P., Kumar, S., Prasad, S. R., Kumar,
A., Das, P, Ali, V., Singh, S. K., and Mandal, D. 2019. Synthesis,
characterization, and mechanistic studies of a gold nanoparticle-amphotericin B
covalent conjugate with enhanced antileishmanial efficacy and reduced
cytotoxicity. International Journal of Nanomedicine., 14, 6073—-6101.

Lanone, S., and Boczkowski, J. 2010. Les sources de nanoparticules. Revue
Francaise d’Allergologie, 50(3), 211-213.

Li, C. H., & Peterson, G. P. 2006. Experimental investigation of temperature and
volume fraction variations on the effective thermal conductivity of nanoparticle
suspensions (nanofluids). journal of applied physics, 99(8), 084314.

Li, Q., and Xuan, Y. 2002. Convective heat transfer and flow characteristics of Cu-
water nanofluid. Science in China Series E: Technolgical Science 2002, 45(4),
408—416.

Mahbubul, I. M., Saidur, R., and Amalina, M. A. 2012. Latest developments on the
viscosity of nanofluids. International Journal of Heat and Mass Transfer, 55(4),
874-885.

Malvandi, A. 2015. The unsteady flow of a nanofluid in the stagnation point region
of a time-dependent rotating sphere. Thermal Science, 19(5), 1603—-1612.

Masuda, H., Ebata, A., Teramae, K., and Hishinuma, N. 1993. Alteration of Thermal
Conductivity and Viscosity of Liquid by Dispersing Ultra-Fine Particles.
Dispersion of Al203, SiO2 and TiO2 Ultra-Fine Particles. Netsu Bussei, 7(4),
227-233.

Mathiazhagan, A., and Joseph, R. 2011. Nanotechnology-A New Prospective in
Organic Coating -Review. International Journal of Chemical Engineering and

Applications, 225-237.

58



Matusiak, J., and Grzadka, E. 2017. Stability of colloidal systems - a review of the
stability measurements methods. Annales Universitatis Mariae Curie-
Sklodowska, Sectio AA — Chemia, 72(1), 33.

Maxwell, J. C. 1873. A treatise on electricity and magnetism (Vol. 1). Clarendon
press.

Microscopio De Luz Transmitida - Microscopiooptico.org. 2022. Web Site.
https://microscopiooptico.org/tipos-de-microscopios/luz-transmitida/ Date of

access: 18.08.2022

Molaei, F., and Siavoshi, H. 2021. The role of nanofluids on enhancing the solar
energy performance with focusing on the mining industry. International Journal
of Energy Research, 45(10), 14414—-14435.

Mooney, M. 1951. The viscosity of a concentrated suspension of spherical particles.
Journal of Colloid Science, 6(2), 162—170.

Morganti, P. 2012. Nanoparticles and Nanostructures Man-Made or Naturally
Recovered: The Biomimetic Activity of Chitin Nanofibrils. Journal of
Nanomaterials & Molecular Nanotechnology, 1(2), 4-2.

Mukesh Kumar Anna, P., Kumar, J., and Suresh, S. 2012. Review on Nanofluid
Theoretical Viscosity Models. International Journal of Engineering Innovation
& Research, 1(2), 2277-5668.

Mukherjee, S., and Paria, S. 2013. Preparation and Stability of Nanofluids-A
Review. IOSR Journal of Mechanical and Civil Engineering (IOSR-JMCE,
9(2), 63—69.

Murshed, S. M. S., Leong, K. C., and Yang, C. 2006. Thermal conductivity of
nanoparticle suspensions (nanofluids). NanoSingapore 2006: IEEE Conference
on Emerging Technologies - Nanoelectronics - Proceedings, 155-158.

Pak, B. C., and Cho, Y. I. 2007. Hydrodynamic and heat transfer study of dispersed
fluids with submicron metallic oxide particles, 11(2), 151-170.

Pande, N., Kaur Jaspal, D., Ambekar, J. 2014. Ecofriendly synthesis and applications
of silver nanoparticles. Journal of Chemical and Pharmaceutical Research, 6(9),
403-410.

Pate, K., and Safier, P. 2016. Chemical metrology methods for CMP quality.
Advances in Chemical Mechanical Planarization (CMP), 299-325.

59


https://microscopiooptico.org/tipos-de-microscopios/luz-transmitida/

Patel, H. E., Sundararajan, T., Das, S. K., Patel, H. E., Sundararajan, T., and Das, S.
K. 2010. An experimental investigation into the thermal conductivity
enhancement in oxide and metallic nanofluids. JNR, 12(3), 1015-1031.

Porter, A. L., and Youtie, J. 2009. How interdisciplinary is nanotechnology? Journal
of Nanoparticle Research, 11(5), 1023-1041.

Rathodiya, B., Vishnoi, S., and Prof, A. 2017. Preparation methods for nanofluids
and there stability. 2320-2882.

Roco, M. C., and Bainbridge, W. S. 2002. Converging technologies for improving
human performance: integrating from the nanoscale. Journal of Nanoparticle
Research, 4(4), 281-295.

Rudyak, V. Y., and Minakov, A. V. 2018. Thermophysical properties of nanofluids.
The European Physical Journal, 41(1), 1-12.

S Aybar, H., Sharifpur, M., Reza Azizian, M., Mehrabi, M., and Meyer, J. P. 2015. A
review of thermal conductivity models for nanofluids. Heat Transfer
Engineering, 36(13), 1085-1110.

Said, Z., Sajid, M. H., Alim, M. A., Saidur, R., and Rahim, N. A. 2013. Experimental
investigation of the thermophysical properties of AL203-nanofluid and its
effect on a flat plate solar collector. International Communications in Heat and
Mass Transfer, 48, 99-107.

Said, Zafar, Sundar, L. S., Tiwari, A. K., Ali, H. M., Sheikholeslami, M., Bellos, E.,
and Babar, H. 2021. Recent advances on the fundamental physical phenomena
behind stability, dynamic motion, thermophysical properties, heat transport,
applications, and challenges of nanofluids. Physics Reports., 1-94.

Saidur, R., Leong, K. Y., and Mohammed, H. A. 2011. A review on applications and
challenges of nanofluids. Renewable and Sustainable Energy Reviews, 15(3),
1646-1668.

Sakhare, K., Prasasvi, K. R., and Palani, S. G. 2022. Plant and bacteria mediated
green synthesis of silver nanoparticles. Green Functionalized Nanomaterials for
Environmental Applications, Elsevier, pp. 155-178.

Sarkar, J., Ghosh, P., and Adil, A. 2015. A review on hybrid nanofluids: Recent
research, development and applications. Renewable and Sustainable Energy

Reviews, 43, 164-177.

60



Schummer, J. 2006. Societal and ethical implications of nanotechnology: meanings,
interest groups, and social dynamics. Nanotechnology Challenges: Implications
for Philosophy, Ethics and Society, 413—-449.

ScienceDirect 2022. Web Site.
https://www.sciencedirect.com/search?qs=nanofluids&years=2021%2C2022 &I

astSelectedFacet=years. Date of access: 22.07.2021

Serrano, E., Rus, G., and Garcia-Martinez, J. 2009. Nanotechnology for sustainable
energy. Renewable and Sustainable Energy Reviews, 13(9), 2373-2384.

Sharif, M. Z., Azmi, W. H., Redhwan, A. A. M., Zawawi, N. N. M., and Mamat, R.
2017. Improvement of Nanofluid stability using 4-Step UV-Vis Spectral
Absorbency Analysis. Journal of Mechanical Engineering, 4(2), 233-247.

Sheikholeslami, M., and Ganji, D. D. 2017. Nanofluid: Definition and Applications.
Applications of Nanofluid for Heat Transfer Enhancement, 1-52.

Siegel, G. J., Agranoff, B. W., Albers, R. W, Fisher, S. K., and Uhler, M. D. 1999.
Basic Neurochemistry. Basic Neurochemistry: Molecular, Cellular and Medical
Aspects, 1-13.

Society, R. 2004. Nanoscience and nanotechnologies: opportunities and
uncertainties. Report by by the Royal Society and the Royal Academy of
Engineering. Web site. http://www.nanotec.org.uk/finalReport.htm Date of
access: 02.02.2022

Stark, W. J., Stoessel, P. R., Wohlleben, W., and Hafner, A. 2015. Industrial

applications of nanoparticles. Chemical Society Reviews, 44(16), 5793-5805.

Subedi, S. K. 2014. An introduction to nanotechnology and its implications.
Himalayan Physics, 5, 78-81.

Suneetha, S., Subbarayudu, K., and Reddy, P. B. A. 2022. Hybrid nanofluids
development and benefits: A comprehensive review. Journal of Thermal
Engineering, 8(3), 445-448..

Tawfik, M. M. 2017. Experimental studies of nanofluid thermal conductivity
enhancement and applications: A review. Renewable and Sustainable Energy
Reviews, 75, 1239-1253.

Thaxton, C. S., Elghanian, R., Thomas, A. D., Stoeva, S. L., Lee, J. S., Smith, N. D.,
Schaeffer, A. J., Klocker, H., Horninger, W., Bartsch, G., and Mirkin, C. A.

61


https://www.sciencedirect.com/search?qs=nanofluids&years=2021%2C2022&lastSelectedFacet=years
https://www.sciencedirect.com/search?qs=nanofluids&years=2021%2C2022&lastSelectedFacet=years
http://www.nanotec.org.uk/finalReport.htm

2009. Nanoparticle-based bio-barcode assay redefines “undetectable” PSA and
biochemical recurrence after radical prostatectomy. Proceedings of the National
Academy of Sciences of the United States of America, 106(44), 18437—-18442.

Vajjha, R. S., and Das, D. K. 2009. Experimental determination of thermal
conductivity of three nanofluids and development of new correlations.
International Journal of Heat and Mass Transfer, 52(21-22), 4675-4682.

Wang, X. Q., and Mujumdar, A. S. 2007. Heat transfer characteristics of nanofluids:
areview. International Journal of Thermal Sciences, 46(1), 1-19.

Wang, X. Q., and Mujumdar, A. S. 2008. A review on nanofluids - part I: theoretical
and numerical investigations. Brazilian Journal of Chemical Engineering, 25(4),
613-630.

Wang, X., Xu, X., and Choi, S. U. S. 1999. Thermal conductivity of nanoparticle-
fluid mixture. Journal of Thermophysics and Heat Transfer, 13(4), 474—480.
Wasp, E. J., Kenny, J. P., and Gandhi, R. L. 1977. Solid-liquid flow slurry pipeline

transportation (1st ed.). Trans Tech Publications., 1-4.

Weislik, S. 2020. Efficient stabilization of mono and hybrid nanofluids. Energies,
13(15), 13-16.

Wen, D., and Ding, Y. 2012. Effective Thermal Conductivity of Aqueous
Suspensions of Carbon Nanotubes (Carbon Nanotube Nanofluids), 18(4), 481—
485.

Xie, H., Wang, J., Xi, T., and Liu, Y. 2002. Thermal Conductivity of Suspensions
Containing Nanosized SiC Particles. International Journal of Thermophysics
2002, 23(2), 571-580.

Xuan, Y., and Li, Q. 2003. Investigation on Convective Heat Transfer and Flow
Features of Nanofluids. Journal of Heat Transfer, 125(1), 151-155.

Xuan, Y., Li, Q., and Hu, W. 2003. Aggregation structure and thermal conductivity
of nanofluids. AIChE Journal, 49(4), 1038—1043.

Xuan, Y., and Roetzel, W. 2000. Conceptions for heat transfer correlation of
nanofluids. International Journal of Heat and Mass Transfer, 43(19), 3701—
3707.

Yu, W., and Choi, S. U. S. 2003. The Role of Interfacial Layers in the Enhanced
Thermal Conductivity of Nanofluids: A Renovated Maxwell Model. Journal of

62



Nanoparticle Research, 5(1), 167-171.

Yu, Wei, and Xie, H. 2012. A review on nanofluids: Preparation, stability
mechanisms, and applications. Journal of Nanomaterials. 30-34.

Yuan, Y., and Chen, J. 2016. Nano-welding of multi-walled carbon nanotubes on
silicon and silica surface by laser irradiation. Nanomaterials, 6(3), 36.

Zainal, N. A., Nazar, R., Naganthran, K., and Pop, 1. 2022. The Impact of Thermal
Radiation on Maxwell Hybrid Nanofluids in the Stagnation Region.
Nanomaterials, 12(7), 1109.

63



CURRICULUM VITAE

Personal Information

Name and Surname

Education

MSc

Erasmus Program

Master's degree
Preparation

Undergraduate

Work Experience

Year

2017

: Ayan YACIN IBRAHIM

Cankir Karatekin University

Graduate School of Natural and Applied Sciences 2019-2022

Department of Chemical Engineering

Poznan University of Technology

Faculty of Chemical Technology February 2021-July 2021

Cankir1 Karatekin University
Language Education Application and
Research Center Turkish language education

University of Djibouti
Faculty of Science
Department of Physic and chemistry

Institution Position
Djibouti Airport
Department of Informatic Intern

64

2018-2019

2015-2018



	ABSTRACT
	ÖZET
	PREFACE AND ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF SYMBOLS
	LIST OF ABBREVIATIONS
	LIST OF FIGURES
	LIST OF TABLES
	1. INTRODUCTION
	2. BACKGROUND
	2.1 Nanotechnology
	2.2 Nanoparticles
	2.2.1 Types of nanoparticles

	2.3 Production of Nanoparticles
	2.4 Nanofluids
	2.4.1 Types of nanofluids
	2.4.2 Mono nanofluids
	2.4.3 Hybrid nanofluids

	2.5 Production Methods of Nanofluids
	2.5.1 One-step method
	2.5.2 Two-step method
	2.5.3 Mechanisms of nanofluids stability
	2.5.4 Stability evaluation methods
	2.5.5 Thermophysical properties of nanofluids
	2.5.6 Usage areas of nanofluids


	3. LITERATURE REVIEW
	3.1 Metallic Nanoparticles Nanofluids
	3.2 Metal Oxide Nanoparticles Nanofluids
	3.3 Non-metallic Nanoparticles Nanofluids

	4. MATERIALS AND METHODS
	4.1 General
	4.2 Chemicals Used in the Experiment: Source and Purity
	4.3 Synthesis of Silver/Water Nanofluids
	4.4 Structural Characterization of Silver-oxide/Water Nanofluids
	4.5 Thermophysical Properties of Nanofluids: Measurement Techniques and Experimental Protocols
	4.5.1 Thermal conductivity
	4.5.2 Viscosity
	4.5.3 Zeta potential and Zeta size


	5. RESULTS AND DISCUSSION
	5.1 Synthesis of Silver-oxide/water Nanofluids: Results and Discussion
	5.2 Optical Microscope images of Silver-oxide/water Nanofluids
	5.3 Thermophysical Properties of Nanofluids: Results and Discussion
	5.3.1 Thermal conductivity
	5.3.2 Viscosity
	5.3.3 Zeta potential
	5.3.4 Optimization of nanofluid parameters


	6. CONCLUSION AND RECOMMENDATIONS
	REFERENCES
	CURRICULUM VITAE

