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SYNTHESIS OF NANOFLUIDS CONTAINING ECO-FRIENDLY
FUNCTIONALIZED CARBON NANOMATERIALS FOR IMPROVING HEAT
DISSIPATION

ABSTRACT

Conventional working fluids used in high heat flux systems such as heat exchangers
and solar collectors typically have low thermal conductivities which provides low heat
transfer efficiency. Many studies have been performed to improve the heat transfer of
the conventional working fluids by dispersing higher thermally conductive particles into
them. In this study, highly conductive carbon nanostructures are dispersed in distilled
(DI) water, and the thermal properties are significantly enhanced at the lowest particle
concentration. This study is focused on the development of eco-friendly, facile,
functionalization technique to synthesize a new generation of water-based carbon
nanostructure nanofluids for use as coolants in order to improve the convective heat
transfer and hydrodynamic properties of a single-tube heat exchanger. The approach is
green since it does not involve the use of toxic, corrosive acids. The graphene
nanoplatelets (GNPs) and multi-walled carbon nanotubes (MWCNTs) were covalently
functionalized using clove buds and gallic acid, respectively, using the one-pot method.
Next, the functionalized GNPs and MWCNTs were dispersed in DI water to synthesize
the clove-treated GNP, gallic acid-treated GNP, gallic acid-treated MWCNT nanofluids.
Moreover, graphene oxide was reduced using saffron in one pot to synthesize water-
based saffron-reduced graphene oxide (SrGO). The nanofluids were produced at various
particle concentrations (0.025, 0.075, and 0.1 wt %). The effectiveness of the covalent
treatment and reduction method were evaluated using Fourier transform infrared
spectroscopy, Raman spectroscopy, thermogravimetric analysis, X-ray photoelectron

spectroscopy, transmission electron microscopy, and ultraviolet-visible spectroscopy.
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Ultraviolet-visible spectroscopy and zeta potential measurements were also conducted
to verify the colloidal stability and the presence of hydrophilic groups on the surface of
the functionalized nanoparticles. The thermo-physical characteristics of the nanofluids
were investigated experimentally and the results indicate there is significant thermal
conductivity enhancement (up to 29.2%) for the water-based SrGO at 45°C. The
turbulent convective heat transfer was studied using a heat exchanger subjected to
constant heat flux (12,752 W/m?) within a Reynolds number range of 6,371-15,927.
Preliminary experiments were conducted with DI water and the results were compared
with those determined from empirical correlations. The results indicate good reliability
and accuracy of the set-up. Experiments were conducted for the nanofluids flowing
through the loop under fully-developed turbulent condition and the results show that the
addition of a low fraction of green-functionalized carbon nanostructures into DI water
significantly enhances the Nusselt number and convective heat transfer coefficient (up
to 40% for water-based SrGO). The increase in friction factor and relative pumping
power (<1.21) is negligible. The remarkable enhancement of the performance index
(>1) indicates that these nanofluids have great potential for use as heat transfer fluids
considering the overall thermal performance and energy savings. The computational
fluid dynamics (CFD) simulation are performed using shear stress transport k-
turbulence model to predict the heat transfer performance of water-based CGNPs
nanofluids in three-dimensional heated tube. The results conform well to those from
experiments with an average relative deviation of +10. The experimental results confirm
the applicability of the numerical model to simulate heat transfer performance of

nanofluids in turbulent flow conditions.

Keywords: Convective heat transfer, eco-friendly functionalization, turbulent,

nanofluids, carbon nanostructures



SYNTHESIS OF NANOFLUIDS CONTAINING ECO-FRIENDLY
FUNCTIONALIZED CARBON NANOMATERIALS FOR IMPROVING HEAT
DISSIPATION

ABSTRAK

Cecair kerja konvensional yang digunakan dalam sistem fluks haba tinggi seperti
penukar haba dan pengumpul suria biasanya mempunyai konduktiviti haba rendah yang
mengurangkan kecekapan pemindahan haba secara ketara. Banyak kajian telah
dijalankan untuk meningkatkan pemindahan haba bagi cecair kerja dengan
menyebarkan zarah berkonduktif termal ke dalam cecair ini. Dalam kajian ini, struktur
nanostruktur karbon yang sangat konduktif telah disebarkan ke dalam air suling (DI),
dan sifat-sifat terma telah dipertingkatkan dengan ketara pada kepekatan zarah terendah.
Kajian ini memberi tumpuan kepada pembangunan teknik pemungsian yang mesra alam
dan mudah bagi mensintesis nanofluid nanostruktur karbon berasaskan air generasi baru
untuk digunakan sebagai penyejuk bagi meningkatkan perpindahan haba konvensional
dan sifat-sifat hidrodinamik bagi penukar haba berasaskan tiub keluli tahan karat lurus.
Pendekatannya ini adalah bersifat ‘hijau’ dan ia tidak melibatkan penggunaan toksik
dan asid penghakis. Nanoplatlet graphene (GNP) dan nanotiub karbon berbilang dinding
(MWCNTs) telah difungsikan secara kovalen menggunakan tunas cengkih dan asid
gallik, masing-masing menggunakan kaedah pot tunggal. Seterusnya, GNP dan
MWCNT yang difungsikan telah disebarkan di dalam air DI untuk mensintesis
nanofluid GNP yang dirawat cengkih, GNP yang dirawat asid gallic dan MWCNT yang
dirawat asid gallic. Di samping itu, graphene oksida telah dikurangkan dengan
menggunakan safron dalam pot tunggal untuk mensintesiskan oksida graphene yang
dikurangkan saffron (SrGO) berasaskan air. Nanofluid telah disediakan pada kepekatan
zarah yang berlainan (0.025, 0.075, dan 0.1 wt%). Keberkesanan kaedah pengurangan

dan rawatan kovalen telah dinilai dengan menggunakan spektroskopi inframerah



transformasi Fourier, spektroskopi Raman, analisis termogravimetrik, spektroskopi
fotoelektron X-ray, mikroskopi elektron penghantaran, dan spektroskopi boleh lihat-
ultraviolet. Pengukuran potensi zeta dan spektroskopi boleh lihat-ultraviolet juga
digunakan untuk mengesahkan kestabilan koloid dan untuk membuktikan kehadiran
kumpulan hidrofilik pada permukaan nanopartikel yang berfungsi. Ciri-ciri thermo-
fizikal dari nanofluids telah disiasat secara eksperimen dan hasilnya menunjukkan
terdapat peningkatan kekonduksian terma yang ketara (sehingga 29.2%) untuk SrGO
berasaskan air pada suhu 45 ° C. Pemindahan haba konveksi gelora telah dikaji
menggunakan penukar haba yang diberikan fluks haba tetap (12,752 W/m?) dalam julat
nombor Reynolds 6,371-15,927. Eksperimen awal dilakukan dengan air DI dan hasilnya
dibandingkan dengan keputusan yang ditentukan dari korelasi empirikal. Hasil
menunjukkan kebolehpercayaan dan ketepatan yang baik bagi set-up. Eksperimen telah
dijalankan untuk nanofluid yang mengalir melalui gelung di bawah keadaan gelora
terbina lengkap dan keputusan menunjukkan bahawa penambahan pecahan rendah
karbon berstruktur nano berfungsi ke dalam DI air meningkatkan nombor Nusselt dan
pemalar pemindahan haba konveksi dengan ketara (sehingga 40 % untuk SrGO
berasaskan air). Peningkatan faktor geseran dan kuasa pam relatif (<1.21) boleh
diabaikan. Peningkatan prestasi indeks luar biasa (> 1) menunjukkan bahawa nanofluid
ini mempunyai potensi besar untuk digunakan sebagai cecair pemindahan haba dengan
mengambilkira prestasi haba keseluruhan dan penjimatan tenaga. Simulasi dinamik
bendalir berkomputer (CFD) telah dilakukan dengan menggunakan model gelora
pengangkutan ricih k-o untuk meramalkan prestasi pemindahan haba CGNPs nanofluid
berasaskan air dalam tiub tiga dimensi yang dipanaskan. keputusan menuruti dengan
baik terhadap eksperimen dengan sisihan relatif purata + 10. Keputusan experimen
mengesahkan kebolehgunaan model berangka untuk mensimulasikan prestasi

pemindahan haba nanofluid dalam keadaan aliran gelora.
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CHAPTER 1: INTRODUCTION

Due to rapid development in industry and transportation followed by fast increment
in energy consumption, saving energy is a vital issue; further, managing high thermal
loads has become critical. Heat transfer is a significant key in many sectors such as air
conditioning, power generation, and microelectronics due to having the heating and
cooling systems. It is favorable to improve the Heat transfer efficiency of systems
employed in these sectors; such this development can make it possible to minimize the
size of heat transfer equipment and reduce the operating costs of the corresponding
processes. Thus, several efforts have been performed to increase the heat transfer
properties in this equipment. One important factor in heat transfer is the thermal
conductivity of the working liquids. Generally, the conventional fluids such as engine
oil, ethylene glycol and water used in heat transfer application possess very low thermal
conductivity. Therefore, the scientists made efforts to discover a method in order to
modify the thermal conductivity of such these liquids. One of the techniques to reach
this goal is to produce mixtures by adding solid particles (millimeter or micrometer
sized) especially metals which have higher thermal conductivity compared to the base
fluids. Over the years the metals and metal oxides had been employed for enhancement
of thermal conductivity of the conventional liquids (Ahuja, 1975a, 1975b; Hetsroni &
Rozenblit, 1994; S. Lee, S. U. Choi, S. Li, and, & J. Eastman, 1999; Sohn & Chen,
1981; Xuan & Li, 2000). However, these mixtures cannot be utilized in practical
applications due to creating problems such as erosion, fouling, sedimentation, channel
clogging and enhanced pressure drop of the flow which elevates the needed pumping
power and related operating costs. (Keblinski et al. 2002; Wanget al. 2003).
Accordingly, due to these critical drawbacks, utilization of millimeter or micrometer

sized particles has not been feasible.



The latest development in nanotechnology made it feasible to develop solid particles
with a diameter smaller than 100 nm. As a consequence, an innovative idea of preparing
liquid suspensions by dispersing these nanoparticles instead of millimeter- or
micrometer-sized particles in a base fluid and utilizing them for heat transfer
enhancement was proposed (S. U. Choi & Eastman, 1995; Masuda, Ebata, & Teramae,
1993). These liquid suspensions are called nanofluids. An important feature of
nanofluids is that since nanoparticles are very small, they behave like fluid molecules
and the better stability of nanofluids will prevent fast sedimentation and decline

clogging in heat transfer devices.

It is even possible to use nanofluids in small passages such as microchannels (Chein
and Chuang 2007; Lee and Mudawar 2007). It was also shown that by the use of proper
activators and dispersants, it is possible to obtain stable suspensions. The high thermal
conductivity of nanofluids translates into higher energy efficiency, better performance,
and lower operating costs. They can reduce energy consumption for pumping heat
transfer fluids. Miniaturized systems require smaller inventories of fluids where
nanofluids can be used. Thermal systems can be smaller and lighter. In vehicles, smaller
components result in better gasoline mileage, fuel savings, lower emissions, and a

cleaner environment.

This new generation of conductive fluids with nanoparticles are referred to as
nanofluids (Chol, 1995; Mohd Zubir et al., 2016). Various nanoparticles, such as carbon
base nanomaterials and metal-oxides (copper oxide (CuO), aluminum oxide (Al,03),
Fe>0O; and silicon dioxide (Si02)) have been used to produce nanofluids with enhanced
thermal conductivity. Recently, remarkable enhancement in thermo-physical,
rheological and heat transfer properties of carbon based nanofluids was reported in the

literature (Yulong Ding, Alias, Wen, & Williams, 2006; V. Singh & Gupta, 2016;



Zubir, Badarudin, Kazi, Huang, Misran, Sadeghinezhad, Mehrali, Syuhada, et al.,
2015). Wang et al.(X. Wang, Xu, & S. Choi, 1999) estimated the viscosity of Al,O3 and
CuO nanoparticles dispersed in water, vacuum pump fluid, engine oil and ethylene
glycol and found 30% enhancement with Al,Os/water nanofluid at 3% volume
concentration. Suresh et al.(Suresh, Chandrasekar, Selvakumar, & Page, 2012)
experimentally investigated the convective heat transfer and friction factor
characteristics in the plain and spiraled rod inserts in a plain tube under laminar flow
with constant heat flux is carried out with Al>Os-water nanofluids. The experimental
results of Nusselt number for 0.5% nanofluid with spiralled rod inserts under laminar
flow showed a maximum of 24% higher than the plain tube and the isothermal pressure
drop of nanofluids with spiraled rod inserts were about 5% to 15% higher than the plain
tube. Syam Sundar et al.(Sundar, Singh, & Sousa, 2013) studied the experimental and
theoretical determination of effective thermal conductivity and viscosity of magnetic
Fe3Os/water nanofluid. The thermal conductivity and viscosity of the nanofluid
suspensions were increased with an increase in the particle volume concentration.
Viscosity enhancement was greater compared to thermal conductivity enhancement
under the same volume concentration and temperature. Among different nanoparticles,
carbon nanotubes (CNTs) in single, double, or multi-walled types as one dimensional
carbon nanostructures and  graphene nanoplatelets as two  dimensional
carbon nanostructures have attracted special interest due to unique thermal, mechanical
and electrical properties which make them suitable candidate for heat transfer issues.
Choi et al. (S. U. Choi & Eastman, 2001) observed 160% thermal conductivity
enhancement with CNTs dispersed in synthetic poly (a-olefin) oil at 1.0% volume
concentration. Bobbo et al.(Bobbo et al., 2012) investigated the viscosity of SWCNT/DI
water and TiO2/DI water nanofluids and found 12.9% and 6.8% enhancement at 1.0%

volume concentration respectively. Sadri et al. (Sadri et al, 2014b)


http://www.sciencedirect.com/science/article/pii/S0735193313000420

studied the sonication time effect on the dynamic viscosity, thermal conductivity and
dispersion of MWCNT aqueous suspensions. The results represented that the viscosity
decreases, whereas the thermal conductivity of the nanofluids increases with an increase
in temperature and sonication time. The maximum thermal conductivity enhancement
was found to be 22.31% (ratio of 1.22) at a temperature and sonication time of 45°C and
40 min, respectively. The heat transfer and friction factor characteristics of multi-walled
carbon nanotubes—Fe3;04 (MWCNT-Fe304) nanocomposite nanofluids flow in a tube
with longitudinal strip inserts were studied by Syam Sundar and his coworkers (Sundar,
Otero-Irurueta, Singh, & Sousa, 2016)From the results, the Nusselt number
enhancement for 0.3% nanofluid flow in a tube without inserts is 32.72% and with
inserts of aspect ratio 1 is 50.99% at a Reynolds number of 22,000. Graphene
nanoplatelets, a two-dimensional atomic sp? carbon layer, by representing outstanding
properties such as high specific surface area and excellent thermal conductivity have
attracted researchers in the last few years(Loh, Bao, Ang, & Yang, 2010). These unique
properties make it a promising additive for many applications such as inkjet printing,
conductive thin films, solar cells, polymer composites, aerogels and heat exchangers
(Allen, Tung, & Kaner, 2009; Worsley et al., 2010).Nevertheless, the peculiar
characteristics of a nanofluid cannot be achieved simply by mixing the pure fluid with
nanoparticles. In fact, to high specific surface area, graphene presents tendency to
agglomerate by strong n-n stacking interaction, while the dispersibility of graphene in
aqueous media is considered as one of the most important factor in heat transfer
equipment, films and composites (Mohd Zubir et al., 2016; Y. Yang, Qiu, Xie, Wang, &
Li, 2010). Hence several methods were employed to improve stability of graphene in
aqueous and organic media by chemical and physical methods containing covalent and
non-covalent functionalization of graphene(Q. Yang, Pan, Huang, & Li, 2010). To

achieve highly disperses carbon nanomaterials in aqueous media, researchers commonly
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select covalent functionalization in which, the hydrophilic functional groups like
carboxyl acid, amine esters, alkalis group are attached on the surface of GNP by
employing oxidizing, radical addition and alkali metal reduction (An et al., 2010; Y.-P.
Sun, Fu, Lin, & Huang, 2002). Among them the free radical coupling is a promising
method of functionalization carbon nanostructure has depicted facile way of covalent
functionalization. In this method peroxides and substituted anilines (Tasis, Papagelis,

Prato, Kallitsis, & Galiotis, 2007), were utilized as starting materials.

Even though these chemical routes are generally reliable to synthesize functionalized
CNTs, these techniques are not environmentally friendly because the reagents used for
synthesis are toxic and harmful to the environment. More importantly, some of these
chemical routes may cause defects in the lattice which will degrade the inherent
characteristics of CNTs.(Y. Yang, S. Qiu, X. Xie, et al., 2010) also their corresponding
nanofluids (coolants) cause problems like equipment corrosion, environmental problems
and cost of materials. Hence, there is a critical need to develop a simple, efficient,
environmentally friendly technique for the dispersion of CNTs, which will be greatly
beneficial in the long term since it helps reduce pollution resulting from the use of toxic

reagents during syntheses.(Loh et al., 2010)

In addition, Since the Fluids flow in the heat exchangers and their convective heat
transfer and hydrodynamic properties are significant phenomena in the engineering
systems and widely used in key applications such as nuclear reactors, cooling of
electronic devices, boilers, solar energy systems, and thermal storage systems, as a
result studies on synthesis of an appropriate working fluids (nano-coolants) and their

impact on environment and heat transfer enhancement in heat exchangers are essential.



1.1 Scope of study

The main focus of this work is concerned with the development of environmentally
friendly, cost-effective and innovative functionalization techniques for synthesizing new
generations of water-based carbon nanostructures nanofluids to use as coolants in order
to improve thermal performance and hydrodynamic properties of a single tube heat
exchanger. Graphene nanoplatelets (GNPs), multiwalled carbon nanotubes (MWCNTs)
were separately functionalized covalently using a green method with clove buds and
gallic acid. In a separate experiment, the graphene oxide was reduced using saffron in a
one-pot method, followed by dispersing the corresponding treated nanoparticles in
distilled water. Then they were characterized via FTIR, Raman, XPS, TGA, TEM and
uv-vis. A zeta potential measurement was performed to validate the presence of
hydrophilic groups in the nanoparticles. The thermo-physical properties, convective
heat transfer and friction loss of nanofluids were experimentally evaluated in a flow
loop with a horizontal heated tube test section subjected to a constant heat flux at a
various Reynolds number range and weight concentrations. The corresponding pumping
power and performance index were also calculated using experimental data for
nanofluids. ANSYS—Fluent CFD software was used to predict the performance of the
heat exchanger with water-based CGNP nanofluids as the working fluid in single-phase
turbulent flow. The following flowchart (Figure 1.1) summarized the present research

procedures.


http://www.sciencedirect.com/science/article/pii/S004579301200240X

Clove Gallic Saffron
I | |

Material
Preparation

v | v

CGNP GAGNP SrGO
‘ GAMWCNT ‘
>e
v -
= FTIR
o e = TGA
Characterization 3
= Raman
_ = XPS

=  Thermal conductivity v « TEM

=  Viscosity s UV-vis

*  Density Thermo-physical Properties of

= Specific heat capacity Nanofluid

]

Simulation Study of

Heat Transfer and Heat Transfer

Friction Loss of andlljriction
CGNP 0SS
GAGNP
Compare GAMWCNT
Simulation and
Experimental Data
Conclusion
Figure 1.1: Research Process Flowchart
Main aim

Development of environmentally friendly, cost-effective, innovative, covalent
functionalization techniques for synthesizing new generations of carbon
nanostructures nanofluids to use as coolants to improve the convective heat transfer

and hydrodynamic properties of heat exchangers.



1.2

1.3

Objectives of the current research

The overall goals of this study are summarized as follows:

1.

To develop environmentally friendly, innovative, covalent functionalization
techniques for synthesizing water-based carbon nanostructures aqueous
suspensions (Nanofluids).

To investigate the effectiveness of the covalent functionalization procedure on
functionalized carbon nanostructures via material characterization tests.

To investigate the thermophysical properties, Analyse the heat transfer and
hydrodynamic characteristics of the developed nanofluids flowing in a single
tube heat exchanger.

To simulate (CFD modeling) turbulent heat transfer to nanofluid flowing in heat
exchanger and compare the experimental data with the numerically obtained

results.

Problem statement

Low thermal conductivity of conventional working fluids such as Water,
Ethylene glycol and Engine Oil.

Toxic and hazardous acids are typically used in common carbon nanomaterial
functionalization procedures and cause equipment corrosion, environmental
problems and cost of materials for synthesis of carbon based nano-coolants.

The low stability of Carbon nanomaterials in Base fluids leads to increase the
pumping power, energy consumption, and higher operating costs, moreover,

decrease the thermal conductivity of nanofluids and heat transfer efficiency.



CHAPTER 2: LITERATURE REVIEW

2.1 Background

Energy optimization is one of the critical issues in various industrial sectors,
including building and construction, transportation, and defense. Convective heat
transfer plays an important role in minimizing energy consumption of thermal systems
such as cooling devices, solar collectors, and heat exchangers, where water, propylene
glycol, ethylene glycol, and oil are typically used as coolants. All of these fluids have
low thermal conductivities and it is known that thermal conductivity influences the
thermal transfer efficiency of thermal systems. In recent years, much effort has been
made to disperse nanoparticles with high thermal conductivity into the base fluid in
order to solve the aforementioned problem (S. J. Aravind et al., 2011). Studies
pertaining to the development of advanced heat transfer fluids began in 1985 at Argon
National Laboratory (ANL). Masuda et al. (Masuda, Ebata, Teramae, & Hishinuma,
1993) studied the effect of thermal conductivity and viscosity of ultra-fine alumina,
titanium dioxide, and silicon dioxide in Japan. Following Masuda, Choi (S. U. Choi &
Eastman, 1995) succeeded in formulating colloidal dispersions containing high thermal
conductivity nanoparticles and the term ‘“nanofluids” was coined. Indeed, studies in
ANL are the first coherent studies in nanofluids and thermal conductivity enhancement
of these fluids. Some of these studies are similar to Masuda’s work while others are
different. Previous researchers have reported that nanofluids result in dramatic thermal
conductivity enhancement and this has led scientists and researchers from both the
academic and industry to explore the properties and applications of nanofluids. The
significance of nanofluids is apparent from the increasing number of studies available in
the literature related to the subject, as shown in Figure 2.1.

Many scientists and researchers have synthesized nanoparticles and prepared

nanofluids for laboratory experiments and industrial applications. They have also



investigated the effect of nanoparticle size, volume fraction of nanoparticles, and fluid

temperature.

Figure 2.1:Growing trend of published papers related to nanofluids('"Web of
Science," 2017)

In this chapter, experimental, numerical, and theoretical studies pertaining to the
synthesis, thermophysical properties, rheological properties, and heat transfer of

nanofluids are reviewed and discussed.

2.2 Nanofluids

Nanofluids are solid-liquid composite materials consisting of nanosized solid
particles, fibers, rods, or tubes suspended in different types of base fluids (Chol, 1995).
These materials are promising fluids for heat transfer enhancement because of their
wide range of benefits including high thermal conductivity. Nanofluids have higher
colloidal stability compared with conventional fluids added with micrometer or
millimeter-sized solid particles because of the minute size of the nanoparticles and

Brownian motion of the nanoparticles in liquids (Baby & Sundara, 2011).
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The surface to volume ratio of nanoparticles is higher than that for microparticles by
three orders of magnitude. The high surface area of nanoparticles enhances heat
conduction of nanofluids and therefore, more of the solid surface takes part in the heat

exchange (Saini, Kaur, Sharma, & Gangacharyulu, 2016).

Various nanoparticles such as carbon-based nanomaterials and metal-oxides (e.g.,
copper oxide (CuO), aluminum oxide (Al,03), iron oxide (Fe2O3) and silicon dioxide
(Si02)) have been used to produce nanofluids with enhanced thermal conductivities.
Carbon-based nanofluids have been proven to give remarkable enhancement in
thermophysical, rheological, and heat transfer properties (Yulong Ding et al., 2006; V.
Singh & Gupta, 2016; Zubir, Badarudin, Kazi, Huang, Misran, Sadeghinezhad, Mehrali,

Syuhada, et al., 2015).

2.3 Carbon-based nanomaterials (carbon allotropes)

Carbon nanostructures are carbon allotropes with at least one dimension within the
nanometer range. It has been proven that carbon nanomaterials are superior in terms of
hardness, optical properties, heat resistance, radiation characteristics, chemical
resistance, electrical insulation, electrical conductivity, thermal conductivity, and
surface and interfacial properties, compared with other nanomaterials. It is also typically
perceived that carbon materials encompass the whole spectrum of characteristics of all
substances on the planet from the “the hardest to the softest”, “insulator to
semiconductor to superconductor”, “thermal insulator to thermal conductor” and “fully
light-absorbing to completely transparent”. For this reason, these materials can be used
in a wide range of applications. Carbon nanomaterials have garnered much attention
from the scientific community in recent years because of the possibilities to synthesize

nanocarbon crystals in various shapes such as sheets, tubes, spheres, and many other

morphologies (Yan, Gozin, Zhao, Cohen, & Pang, 2016). The most notable and
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extensively studied members of this family are fullerenes, carbon nanotubes (CNTs),
and graphene. These carbon nanomaterials are composed of sp?> hybridized carbon
atoms, which create conjugated polycyclic structures of different sizes and shapes.
Fullerenes are closed carbon cages with spherical shape (with C60 being the most
abundant) or elliptical shape (C70 and other giant fullerenes). For this reason, fullerenes
are regarded as zero-dimensional (0D). Single-walled carbon nanotubes (SWCNTSs) are
rolled-up, seamless graphene cylinders, which are approximately one-dimensional (1D).
Graphene, on the other hand, is strictly two-dimensional (2D) because it is formed by
flat sheets of carbon with a thickness of one atom (Figure 2.2). It is interesting to note
that the following carbon nanoforms can transform into one another under certain
conditions. For instance, graphene nanoribbons have been prepared by longitudinal
unzipping of CNTs under harsh chemical conditions (Jiao, Zhang, Wang, Diankov, &
Dai, 2009; Kosynkin et al., 2009). Fullerenes can be converted into CNT) when these
materials are encapsulated within other nanotubes. With the right stimulations, these
materials can even be made into double-walled nanotubes (Bandow, Takizawa,

Hirahara, Yudasaka, & Iijima, 2001; Pérez & Martin, 2015).

Figure 2.2: Various types of carbon nanostructures(" Carbon Nanotube TEM
Image," 2017; Ksenevich et al., 2016)

12



23.1 Carbon nanotube

CNTs are pure carbon macromolecules consisting of sheets of carbon atoms
covalently bonded in hexagonal arrays that are seamlessly rolled into a hollow
cylindrical shape. CNTs typically have an outer diameter within a range of ~1-100 nm
and length up to several tens of micrometers. Since the discovery of CNTs in 1991
(Iijima, 1991; Lin & Xing, 2008), these nanomaterials have gained considerable interest
among the scientific community because of their unique and outstanding electronic,
mechanical, thermal, and chemical properties as well as their potential applications such
as energy conversion, quantum nanowires, catalyst supports, and biomedicine.
Researchers have also expressed interest on the environmental behavior and ecological
risk of CNTs, considering the mass production and wide applications of CNTs (Lam,

James, McCluskey, Arepalli, & Hunter, 2006; Lin & Xing, 2008).

There are two types of CNTs, depending on the process used to fabricate the CNTs:
(1) single-walled CNTs (SWCNTs) and (2) multiwalled CNTs (MWCNTs). SWCNTs
consist of a single graphene layer (Figure 2.3) rolled up into a seamless cylinder
whereas MWCNTs consist of two or more concentric cylindrical shells of graphene
sheets (Figure 2.3) coaxially arranged around a central hollow core with van der Waals
forces between the adjacent layers. Based on a qualitative perspective, the structures of
SWCNTs are very similar to those of fullerenes. Thus, it can be reasonably assumed
that the same main principles apply, and most supramolecular complexes are based on
optimizing the dispersibility of CNTs. The primary difference between fullerenes and
SWCNTs is that SWCNTs have significantly higher aspect ratios, which increases

interactions within these materials, resulting in the formation of insoluble aggregates.
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Figure 2.3: Different types of CNTs and their corresponding TEM
images(Hanelt et al., 2011; Center; Center; Microphase Co.)

23.2 Graphene nanoplatelets

Graphene is composed of an atomically thin, 2D lattice of sp>-hybridized carbon
(Figure 2.4). This material has demonstrated tremendous potential for a wide range of
applications because of its thermal, mechanical, and electrical properties, as proven by
analytical and experimental studies (Loh et al., 2010). The remarkable properties of
graphene render this material a promising additive for several applications such as inkjet
printing, conductive thin films, solar cells, polymer composites, aerogels, and heat

exchangers (Allen et al., 2009; Worsley et al., 2010).

The chemical structure of graphene is very similar to that of SWCNTs, although the
lack of curvature makes it less reactive in terms of covalent chemistry. In addition,
graphene is prone to establish strong van der Waals forces and n-m interactions (Pérez &

Martin, 2015).
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Figure 2.4: Structure of graphene nanoplatelets and their corresponding TEM
image

Various methods have been developed to synthesize graphene including one-step and
two-step methods. In the former method, graphite is directly converted into graphene. In
the latter method, graphite is converted into graphite oxide and the products are then
converted into graphene by a reduction process such as solar exfoliation technique
(Eswaraiah, Aravind, & Ramaprabhu, 2011; Eswaraiah, Sankaranarayanan, &
Ramaprabhu, 2011), mechanical exfoliation of graphite (Hernandez et al., 2008),
chemical vapor deposition (CVD) (Bo et al., 2011; Reina et al., 2008), arc discharge
process (Zhengzong et al., 2010), unzipping of CNTs (Tanaka et al., 2015), and
chemical and thermal reduction of GO (graphene oxide) (Sadri, Zangeneh Kamali, et

al., 2017).

Del Rio-Castillo et al. (Del Rio-Castillo, Merino, Diez-Barra, & Vazquez, 2014)
synthesized single-layer graphene using the ball-milling exfoliation method, which is a
simple, inexpensive, and eco-friendly way to produce high-quality graphene layers
(Table 2.1(A)). On the other hand, they used melamine (2,4,6-triamine-1,3,5-triazine) as
the exfoliating agent and carbon fibers as the carbon precursor material. The addition of
a small amount of solvent during the ball-milling process of carbon fibers significantly
improves the exfoliation process, which allows dispersion of single-layer graphene.

They also demonstrated the use of Hansen solubility parameters to differentiate between
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single-layer graphene and poorly exfoliated fibers. Overall, their method is a facile,

inexpensive, and expandable method to synthesize monolayer graphene.

Liu et al. (C. Liu, Hu, & Gao, 2012) successfully synthesized high-quality graphene
nanosheets on a large scale through a liquid-phase exfoliation method, otherwise known
as electrochemical exfoliation. Few-layer graphene (FG) was produced in supercritical
N,N-dimethylformamide (DMF) using expandable graphite (EG) as the starting material
in less than 15 min. Monolayer graphene was produced by exfoliation of FG in

supercritical DMF (Table 2.1(B)).

Yu et al. (L. Yu, Yasuda, & Murakoshi, 2012) used highly oriented pyrolytic
graphite (HOPG) as a carbon source to exfoliate graphene from HOPG with a size of
about 510 nm? using electrochemical exfoliation. Table 2.1(C) shows the schematic of
the circuit connection of HOPG. Here, HOPG was attached to a tungsten wire by a
silver pad and then it was inserted into the electrolyte as the anode of the circuit. A
platinum (Pt) sheet was used as the cathode of the circuit in parallel with the HOPG.
The results showed that the electrochemical exfoliation method is able to produce high-
quality single-layer graphene within the nanometer range. The method is a promising

method to realize conductive films for fuel cell applications.

Electrochemical intercalation of sodium dodecyl sulfate (SDS) into graphite and
electrochemical exfoliation of the SDS-intercalated graphite are shown in Table 2.1(D).
The features of the produced graphene sheets are greatly affected by the value of the
electrode potential used for electrochemical intercalation of SDS into the graphite layers
(e.g., the number of graphene layers, dimension, and structural order). The intercalation
process can only take place when the electrode potential is higher than 1.4 V while a
strong intercalation potential is used to produce monolayer graphene films. The

intercalation method is advantageous compared with the exfoliation process because it
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can prevent the individual exfoliated graphene sheets from restacking in the solution by
having the surfactants adsorbed onto the surface of the graphene films. The successful
large-scale production of reduced graphene films is a new avenue of research to be
explored by scientists for various applications (Alanyalioglu, Segura, Ord-Sole, &

Casan-Pastor, 2012).

Another technique that can be used to synthesize graphene layer is to unzip SWCNTSs
(Table 2.1(E)). CNT is essentially a rolled-up graphene layer and therefore, unzipping a
CNT can yield a thin elongated strip of graphene, which is known as “graphene
nanoribbon”. Recently, Tanaka et al. (Tanaka et al., 2015) fabricated single-layer
graphene nanoribbons (sSGNRs) using double-walled carbon nanotubes (DWCNTs). The
defects were initially induced in the DWCNTSs by annealing them in the air at 500°C,
followed by dispersing them in an organic solution. The DWCNTs were subjected to
sonication treatment prior to unzipping in order to produce high-quality double-layer
graphene nanoribbons (dGNRs). Following this, the dGNRs were further sonicated in

order to form individual sGNRs.

The CVD technique involves decomposition of the carbon source molecules in the
presence of a precursor in order to synthesize graphene films. Various precursors have
been used in the past, comprising solid, liquid, and gas precursors. Gan et al. (Gan et al.,
2012) developed a simple, low-temperature method to grow graphene on Cu foils using
the CVD technique. Hexachlorobenzene (HCB) was used as the carbon source. In this
method, the Cu foil serves as a catalytic substrate and reductant, and reacts with HCB to
form the intermediate product C6. The intermediate product serves as the building block
for self-assembly of graphene. Indeed, they obtained high-quality graphene flakes at

360°C (Table 2.1(F)).
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The exfoliation of graphite oxide (GO) using focused solar electromagnetic radiation
has been discussed by Aravind et al. (Aravind, Eswaraiah, & Ramaprabhu, 2011). The
GO was irradiated with focused sunlight using a convex lens with a diameter of 90 mm.
The temperature increased abruptly to 150-200°C within 1-2 s, resulting in exfoliation
of GO into graphene. Exposure to the focused sunlight leads to decomposition of the
insulating functional groups over the basal planes of GO. This mechanism is known as
deflagration of GO. The photoacoustic effect results in a popping sound due to the high-
temperature chemical reaction between the surface carbon and surrounding water. The
solar exfoliation of GO produced well-separated ultra-thin graphene sheets. Next, the
GO was substituted with metal salt-GO composites and the experiment was carried out

using a convex lens having a diameter of 100 mm (Table 2.1(G)).

Hydrothermal treatment is a preferable technique in recent years because it is an eco-
friendly technique to synthesize reduced graphite oxide (rGO) aqueous suspensions.
This technique offers several advantages compared with other chemical reduction
processes: (1) it only requires a very simple setup (i.e., an autoclave), (2) it has great
scalability and therefore, it is suitable for batch processing, and (3) it retains the purity
of the products since it only involves the use of water. Furthermore, this technique is
capable of controlling the degree of the reduction process by adjusting the pressure and

temperature (Table 2.1(I1)) (J. Ding et al., 2012; Sadri, Zangeneh Kamali, et al., 2017).

The schematic of photoreduction of GO is shown in Table 2.1(H). Here, GO is
dispersed in water (0.1 mg/mL) by magnetic stirring for 30 min followed by sonication
for 1 h. Following this, a few milliliters of GO-water dispersion is degassed under
nitrogen atmosphere and the dispersion is placed into an ultraviolet (UV) oven (3D

systems, 50/60 Hz) for 48 h under nitrogen atmosphere (Rella et al., 2015).
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Table 2.1: Various methods of synthesizing graphene sheets

Schematic of the synthesis method

Name of
synthesis
method

Ball-milling
exfoliation (X.
Yu et al.,
2011)(Single-

step method)

Electrochem
ical (C. Liu et al.,

2012)

(Single-step

method)

Electrochem
ical exfoliation
(L. Yuetal,

2012)

(Single-step

method)
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Table 2.1, continued

Chemical
exfoliation
(Alanyalioglu et al.,

2012)

(Single-step

method)

Unzipping of
CNTs (Tanaka et al.,

2015)

(Single-step

method)

Chemical vapor
deposition (Gan et

al., 2012)

(Single-step

method)
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Table 2.1, continued

Solar
exfoliation (S. S. J.

G Aravind et al., 2011)

(Two-step

method)

Thermal
reduction or
hydrothermal

treatment

(Sadri,
Zangeneh Kamali,

etal., 2017)

(Two-step

method)

UV irradiation

(Rella et al., 2015)

(Two-step

method)

24 Preparation of nanofluids
Nanofluids are nanoscale colloidal suspensions containing condensed nanomaterials.
Nanofluids are essentially two-phase systems where the nanoparticles (solid phase) are

dispersed in the base fluid (liquid phase). There are several issues which need to be
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considered when preparing two-phase systems such as nanofluids. One of the critical

issues is the nanofluid stability, which remains a big challenge to this day.

As mentioned previously, there are two types of methods used to synthesize
nanofluids: (1) one-step method and (2) two-step method (A Ghadimi, Saidur, &

Metselaar, 2011).

2.4.1 One-step method

In the one-step method, the nanoparticles are synthesized simultaneously with the
preparation of nanofluids. The nanoparticles are prepared directly using physical vapor
deposition (PVD) or liquid chemical method. In this method, the processes of drying,
storage, transportation, and dispersion of nanoparticles are avoided, which in turn,
minimizes the agglomeration of nanoparticles and increases the stability of the
nanofluid. However, the main disadvantage of the one-step method is that only fluids
with low vapor pressures are compatible with the process, which limits the application
of the method. Eastman et al. (Eastman, Choi, Li, Yu, & Thompson, 2001)
implemented the one-step physical method to prepare nanofluids, where Cu vapor was
directly condensed into nanoparticles by contact with flowing ethylene glycol, which is
a liquid with low vapor pressure. Liu (M.-S. Liu, Lin, Tsai, & Wang, 2006) synthesized
nanofluids containing Cu nanoparticles in water through chemical reduction method for
the first time. Lo et al. (Lo, Tsung, & Chen, 2005; Lo, Tsung, Chen, Su, & Lin, 2005)
prepared CuO nanofluids using a one-step method, which they called SANSS. They
found that the SANSS method is effective in preventing particle aggregation, resulting
in well-dispersed CuO nanoparticles with uniform size distribution in the deionized
water suspension. Zhu (Wu, Zhu, Wang, & Liu, 2009) presented a novel one-step
chemical method to prepare Cu nanofluids by reducing CuSO4-5H,O with

NaH2PO»-H2O in ethylene glycol under microwave irradiation. They obtained stable Cu
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nanofluids without agglomeration of Cu nanoparticles (A Ghadimi et al., 2011; Y. Li,

Tung, Schneider, & Xi, 2009).

The modified “vacuum evaporation on running liquids” (VERL) process has been
developed to prepare carrier liquids of low vapor pressures. The method involves the
use of high-pressure magnetron sputtering (Wagener & Giinther, 1999). Figure 2.5
shows the schematic of the magnetron sputtering system used to prepare the nanofluids.
The vacuum in the chamber is pumped down to 1(10°°) torr using a diffusion pump.
Once the chamber is filled with argon gas up to the desired gas pressure, the argon gas
flow rate is adjusted to 15-50 cm®/min. The sputtering argon gas pressure is fixed at
1(107?) torr in order to produce Ag nanoparticles. The target substrate is a rotating drum
dipped into a reservoir filled with silicon oil. The rotational speed is varied from 0 to 10
rpm whereas the distance between the Ag sputter target and drum is fixed at 8 cm. The
Ag particles, directly sputtered into the thin film of silicon oil, form on the rotating
drum. Oleic acid (1 wt%) was dissolved in the base fluid prior to the sputtering process

in order to prevent agglomeration of the Ag nanoparticles (Yujin Hwang et al., 2008).

Figure 2.5: Schematic of the modified magnetron sputtering system used to
prepare nanofluids(Yujin Hwang et al., 2008)
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24.2 Two-step method

In the two-step method, the nanofluids are prepared by dispersing nanoparticles into
the base liquids. The nanoparticles, nanofibers, or nanotubes are first prepared into dry
powders by inert gas condensation, CVD, mechanical alloying, or other suitable
techniques, and the nanopowders are then dispersed into the base fluids. In this method,
the preparation of nanofluids is isolated from the preparation of nanoparticles.
Consequently, the nanoparticles may agglomerate in both steps, especially during
drying, storage, and transportation of nanoparticles. Agglomeration is undesirable
because this will lead to settlement of the nanoparticles and clogging of microchannels,
as well as decrease in the thermal conductivity. Simple techniques such as ultrasonic
agitation or the addition of surfactants to the fluids are often used to minimize particle
aggregation and improve dispersion behavior. Since nanopowder synthesis techniques
have already been upscaled to commercial production, there are potential economic
advantages in using two-step synthesis methods which rely on the use of such powders.
However, the stability of the suspensions is of primary concern with two-step methods

(Y. Li et al., 2009).

Hong (K. Hong, Hong, & Yang, 2006; T.-K. Hong, Yang, & Choi, 2005) prepared
Fe nanofluids by dispersing Fe nanocrystalline powder in ethylene glycol using the two-
step method. The Fe nanoparticles (mean size: 10 nm) were synthesized using a
chemical vapor condensation process. To prevent the nanoparticles from aggregating in
the nanofluids, they used an ultrasonic cell disrupter, which generates ultrasonic pulses
of 700 W at 20 kHz. Xuan (Xuan & Li, 2000) prepared Cu/H>0 and Cu/oil nanofluids
using the two-step method. They used surfactants and ultrasonic agitation to prevent
nanoparticle aggregation. Murshed (Murshed, Leong, & Yang, 2005b) prepared TiO>
suspensions in water using two-step method. Xie (H. Xie et al., 2002) prepared

ADLO3/H20, ALLO3/EG, and Al,O3/PO nanofluids using the two-step method, and they
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used intensive ultrasonication and magnetic force agitation to avoid nanoparticle

aggregation.

A high-pressure homogenizer (e.g., Model no.: M-110LCE, Microfluidics, Inc.) can
also be used in conjunction with the two-step method in order to produce nanofluids.
Figure 2.6 shows the schematic of the high-pressure homogenizer, consisting of two
micro-channels, dividing the liquid stream into two streams. Both of the streams are
then merged in a reacting chamber. It is found that the velocity of the pressurized liquid
streams in the microchannels increases, which leads to cavitation of the liquid (Yujin

Hwang et al., 2008; Shaw & Costello, 1993).

Figure 2.6: Schematic of the high-pressure homogenizer used to produce
nanofluids(Yujin Hwang et al., 2008)
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2.5 Stability of nanofluids

The main challenge in preparing carbon-based nanofluids is their poor colloidal
stability due to the formation of agglomerates (Figure 2.7) resulting from the large
surface area of the nanoparticles and strong forces of van der Waals between the
nanoparticles. The stability of nanofluids is essential in practical applications owing to
the fact that the thermophysical properties of unstable colloidal dispersions will vary

significantly with time (Bianco, Manca, & Nardini, 2014).

In order to achieve a highly stable suspension, it is necessary to attain uniformly
dispersed nanoparticles in the base fluid. The thermal and electrical properties of
nanofluids are enhanced when the nanofluids are stable(Philip & Shima, 2012). The
agglomeration of nanoparticles will not only lead to sedimentation and clogging of the
microchannels, but also decreases the thermal conductivity of nanofluids (Beck, Yuan,
Warrier, & Teja, 2010b). Hence, several methods have been devised over the years to
improve stability of nanoparticles in aqueous and organic media by chemical and
physical methods, which comprise physical and chemical functionalization methods, pH

control, and ultrasonication.

A B

Figure 2.7: (A) Transmission Electron microscope images of the agglomerated
CNTs(Pawel Keblinski, Eastman, & Cahill, 2005) and (B) graphene
sheets(Hiemenz, 1986)
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Preparing stable nanofluids is a prerequisite to optimize the thermal properties of the
nanofluids. Various combinations of materials may be used depending on the
application such as nanoparticles of metals, oxides, nitrides, and metal carbides, as well
as carbon nanomaterials with or without surfactants, which are dispersed into the base

fluid such as water, ethylene glycol, or oils (Pawel Keblinski et al., 2005).

In the stationary state, the sedimentation velocity of small spherical particles in
liquid follows the Stokes law (Hiemenz, 1986):

2R? (2.1)

|4 :W(pp —p1)-g

Where V' is the sedimentation velocity of the particle, R is the radius of the spherical
particle, u is the viscosity of the liquid medium, p,, and p; are the density of the solid
particle and liquid medium, respectively, and g is the acceleration due to gravity. This
equation reflects the gravitational force, buoyancy force, and viscous drag that are
acting on the nanoparticles suspended in the base fluid. Based on Eq. (2.1), the
following measures can be taken to reduce the sedimentation velocity of the
nanoparticles, which in turn, improves the stability of the nanofluid: (1) reducing the
size of the nanoparticles, R, (2) increasing the viscosity of the base fluid, u, and (3)
reducing the difference in density between the nanoparticles and base fluid, (p, — p;). It
is evident that reducing the particle size will reduce the sedimentation velocity of the
nanoparticles and improve the stability of nanofluids, considering that V' is directly
proportional to the square of R. According to the theory of colloidal chemistry, when
the size of the particles decreases to a critical size, R., sedimentation does not occur
because of the Brownian motion of nanoparticles (diffusion). However, smaller

nanoparticles will have higher surface energy, increasing the likelihood of aggregation.
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Thus, it is crucial to prepare stable nanofluids when smaller sized nanoparticles are used

in order to prevent aggregation of the nanoparticles (Wu et al., 2009).

2.5.1 pH control

There is a direct relationship between the stability of aqueous nanofluid and its
electrokinetic properties. Through the high surface charge density, the strong repulsive
forces can facilitate stability of a well-dispersed suspension (D. Zhu et al., 2009). Xie et
al. (H. Xie, Lee, Youn, & Choi, 2003) found that with simple acid treatment, the CNTs
attain good stability in water. This is due to the hydrophobic-to-hydrophilic conversion
of the surface nature due to the generation of hydroxyl groups. The isoelectric point
(IEP) is the concentration of potential controlling ions at which the zeta potential is
zero. Thus, at this point, the surface charge density is equal to the charge density, which
is the starting point of the diffuse layer. Hence, the charge density in the diffuse layer is
zero. It shall be noted that the repulsive energy must be smaller for smaller sized
particles in order to ensure nucleation and stabilization of the nanoparticles in the
solution and for this reason, a higher zeta potential is required to ensure stability of the
suspension (H. Chang, Jwo, Fan, & Pai, 2007). As the pH of the solution departs from
the IEP of the particles, the stability of the colloidal particles increases, which alters the
thermal conductivity of the fluid. The state of surface charge is the fundamental
characteristic that is primarily responsible to increase the thermal conductivity of the
nanofluids (D. Lee, Kim, & Kim, 2006). In addition, it is found that the particle shape
conversion is related to variations in pH (Hadjov, 2009). In a liquid suspension, the
particles may either attract or repel each other. This interaction depends on the distance
between the particles and the total interface energy, Eir, which is the sum of the van der
Waals attraction, £,4, and the electrostatic repulsion, E.;, between them. The E.; between
the two charged particles and the surface potentials (941 and @,4,) is approximated by

the DLVO theory(A Ghadimi et al., 2011):
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Where r is the radius of the particles, x is the interparticle surface-to-surface distance,
and the other symbols have their conventional meanings. It shall be noted that that
higher potentials (¢4 or f) will create a larger potential barrier for agglomeration. In an
aqueous nanofluid containing 0.3 vol% of CuO and ~8.5-9.5 of PZC, the interparticle

distance is ~100 nm for mobility-equivalent spherical particles.

It is imperative to quantify the stability of the suspension in terms of the collision
efficiency, a, which is responsible for growth of the colloidal particles. Here, a is
reciprocal of the stability coefficient, W, which is associated with the rate constant of
aggregation, k = akaiy = kai/ W. It shall be noted that ky;r represents the rate constant of
coagulation between the uncharged particles. Hence, the stability coefficient, W, can be

expressed in terms of the total interaction energy, Eir, as (D. Lee et al., 2006):

® Etot dx (2-3)
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For example, if the pH of the nanofluid deviates far from the IEP, the surface charge
increases with the addition of sodium dodecylbenzene sulfonate (SDBS) surfactant in
the Cu/H20 nanofluid. Since more frequent attacks occur to the surface hydroxyl and
phenyl sulfonic groups by potential-determining ions (H', OH, and phenyl sulfonic
groups), this increases the zeta potential of the colloidal particles. Thus, the stability of
the suspension increases, which alters the thermal conductivity of the nanofluid (X. Li
et al., 2008). Lee (K. Lee et al., 2009) also studied the effect of pH on Al,O3 nanofluids.
The results showed that when the pH of the nanofluid is 1.7, the agglomerated particle
size decreases by 18% whereas when the pH of the nanofluid is 7.66, the agglomerated
particle size increases by 51%. The significant increase in the agglomerated particle size

is due to reduction in electric repulsion force. When the Al,Os particles are immersed in
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water, hydroxyl groups (~OH) are produced at the surface of the Al>O; particles. The
relevant reactions depend on the pH of the solution. When the pH of the solution is
lower than the PZC, the hydroxyl groups react with the H" ions from water, which leads
to a positively charged surface. However, when the pH of the solution is higher than the
PZC, the hydroxyl groups react with —OH from the water, producing a negatively

charged surface (A Ghadimi et al., 2011).

2.5.2 Ultrasonic agitation (vibration)

Ultrasonic baths, processors, and homogenizers are all powerful tools used to break
down particle agglomerations compared with magnetic and high-shear stirrers (Yujin
Hwang et al., 2008). However, occasionally, after the optimum duration of the process,
all of these tools will further aggravate agglomeration and speeds up sedimentation of

the particles.

Sadri et al. (Sadri et al., 2014a) experimentally studied the effects of ultrasonication,
temperature, and type of surfactant on the thermophysical properties of MWCNT
nanofluids. Three types of surfactants were used in the experiments, namely, gum arabic
(GA), sodium dodecylbenzene sulfonate (SDBS), and sodium dodecyl sulfate (SDS).
They measured the thermal conductivity and viscosity of the nanofluids at various
temperatures. The results showed that the use of GA in the nanofluid leads to superior
thermal conductivity compared with SDBS and SDS. Using distilled water as the base
liquid, the samples were prepared with 0.5 wt% MWCNTs and 0.25% GA and
sonicated at different sonication times. The results showed that the sonication time
influences the thermal conductivity, viscosity, and dispersion of the nanofluids. The
thermal conductivity of the nanofluids enhances with an increase in temperature and
sonication time. The maximum thermal conductivity enhancement is 22.31% (ratio of

1.22) at a temperature of 45°C and sonication time of 40 min. The viscosity of the
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nanofluids show non-Newtonian shear-thinning behavior. In addition, the viscosity of
the MWCNT nanofluids increases to a maximum value at a sonication time of 7 min
and subsequently decreases with a further increase in the sonication time. The results
indicate that the viscosity and thermal conductivity of nanofluids are influenced by the
sonication time. In addition, the CNT agglomerates break up with an increase in
sonication time. At high sonication times, all of the agglomerates disappear and the

CNTs are fragmented and the mean length of the CNTs decreases.

2.6 Physical and chemical functionalization methods

Carbon allotropes tend to agglomerate due to strong n-m stacking interactions. The
dispersibility of carbon nanostructures in aqueous media is one of the most important
criteria in thermal systems and synthesis of films and composites (Y. Yang, S. Qiu, X.
Xie, et al., 2010). The tendency of carbon allotropes to agglomerate hinders the
processability of CNTs in industrial applications (Sadri et al., 2014a). Hence, several
methods have been developed to improve the stability of carbon allotropes in aqueous
and organic media by chemical and physical methods containing covalent and non-

covalent functionalization of graphene, as shown in Figure 2.8.
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Figure 2.8: Primary CNT functionalization methods(J. Chen et al., 1998)

2.6.1 Chemical functionalization methods: Covalent functionalization

Recently, chemical functionalization has gained popularity because this method has
great potential to improve the stability of nanoparticles in aqueous media. Chemical
functionalization involves rehybridization of one or more sp? carbon atoms of the
carbon network into the sp® configuration, which facilitates attachment of the
hydrophilic organic groups such as carboxyl, esters, alkalis, and amine groups onto the
surface of carbon nanomaterials. The bundles of nanostructures are broken up into

smaller bundles during the functionalization process.

A common method for this oxidation process involves refluxing the CNTs or
graphene nanoplatelets (GNPs) in a mixture of concentrated nitric and sulfuric acids
under prolonged sonication treatment (S. J. Aravind et al., 2011; J. Chen et al., 1998;
Kuznetsova et al.,, 2000; Yarmand et al., 2016). Wong et al. (Wong, Woolley,
Joselevich, Cheung, & Lieber, 1998) reported the first covalent modification of
SWCNTs in order to create high-resolution, chemically-sensitive microscopy probe tips

(Figure 2.9). The carboxylic acid groups at the open ends of SWCNTs were coupled to
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amines in order to create additional probes with basic or hydrophobic functionality.
Force titrations recorded between the ends of the SWCNT tips and hydroxy-terminated
self-assembled monolayers (SAMs) confirmed the chemical sensitivity and robustness

of the SWCNT tips (Wong et al., 1998).

Figure 2.9: Schematic showing modification of a SWCNT tip by coupling amine
(RNH2) to a terminal (-COOH) and the application of this probe to sense specific
interactions between the functional group (R) and surface —OH groups(Wong et
al., 1998)

Other oxidizing agents include HCL, KMnO4, H>O,, O3, OSO4, HCIO4, and low
concentrations of nitric acid (Byl, Liu, & Yates, 2005; J. Chen et al., 1998; Jin Zhang et
al., 2003) (Figure 2.10). The chemical reaction between the oxidant and carbon
nanomaterials results in opening of the trigonal bond, which creates favorable sites for
covalent reaction with dissociated ions. This leads to the formation of oxygen-based
moieties that mostly consist of hydroxyl, carboxyl, ether, and other groups (Ajayan et
al., 1993; Tsang, Chen, Harris, & Green, 1994). The attachment of various oxygenated
groups on the surface of carbon nanomaterials (CNTs and GNPs) does not only improve
the solubility of these materials in dipolar solvents but also serves as the foundation for

solution-based chemistry through ionic and covalent functionalization (Hamon et al.,

1999; Shiral Fernando, Lin, & Sun, 2004; Vigolo et al., 2000).
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(A)

(B)

©

Figure 2.10: Schematic showing the oxidation of covalently functionalized: (A)
GNPs(Yarmand et al., 2016) and (B, C) CNTs (Weydemeyer, Sawdon, & Peng,
2015)
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It can be seen from Figures 2.10(B) and (C) that autoclaving in hydrogen peroxide
may lead to two types of functionalization on the CNT surface, hydroxyl groups, and
carboxylic acid groups. When the temperature is increased to 110-120°C, the hydrogen
peroxide becomes unstable and decomposes spontaneously into hydroxyl radicals (Eq.

(2.4)) and perhydroxyl radicals (Eq. (2.5)) (Weydemeyer et al., 2015).

H,0, - 2HO: (2.4)
H,0, - HOO + H (2.5)

However, since the reaction given by Eq. (2.4) is a kinetically dominant reaction, it is
expected that most of the hydroxyl radicals generated will attack the CNTs, leading to
the formation of hydroxyl groups on the CNT surface. An ab initio computational
quantum mechanical study supports functionalization of CNTs by hydroxyl radical
adduct. Besides the addition of OH radicals to the CNTs, it is also anticipated that some
of the highly active hydroxyl radicals produced from the reaction (Eq. (2.4)) may trigger
the following reaction (Eq. (2.6)) in aqueous H2O> as the more dominant pathway than

(Eq. (2.5)) in order to produce perhydroxyl radicals.

HO + H,0, - HOO" + H,0 (2.6)

The calculated barrier energies indicate that the OOH radical is much less reactive
than the OH radical with regards to the additional reactions with CNTs, cytosine, and
thymine in both gaseous and aqueous media. It is hypothesized that the
functionalization of CNTs in hydrogen peroxide through autoclaving is primarily driven

by the addition of hydroxyl radicals (Weydemeyer et al., 2015).

Other covalent reactions of carbon-based nanomaterials include amidation and
esterification, radical addition, alkali metal reduction, bingel cyclopropanation, nitrene

cycloaddition, 1,3-dipolar cycloaddition, electrophilic addition, nucleophilic addition,

35



carbene addition and Diels-Alder cycloaddition (Y.-P. Sun et al., 2002; Tasis,

Tagmatarchis, Bianco, & Prato, 2006).

2.6.1.1 Amidation and esterification reaction

In amidation with the amino-containing functional group (Figure 2.11), the acyl
chloride route generally produces samples that are more soluble than those from the
diimide-activated coupling reactions. The samples produced from diimide-activated
coupling reactions contain more bundled carbon nanomaterials in the soluble fraction
such that the resulting solution exhibits a higher level of light scattering (Y.-P. Sun et

al., 2002).

Figure 2.11: Amidation reaction of CNTs(Y.-P. Sun et al., 2002)

Amiri et al. (Amiri, Shanbedi, et al., 2015) used microwave-assisted direct coupling
of GNPs with polymers including hydroxyl (-OH) groups such as polyethylene glycol
(PEG) and bio-molecules such as 4-phenylazophenol (Azo). The addition of Lewis acid
results an electrophilic addition reaction within a short period (30 min). Hence, this
method is less time-consuming compared with multiple-step approaches. The colloidal
stability was investigated using particle absorbance measurements and the results

showed that the nanofluid has good stability with very low sedimentation. Figure 2.12
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shows the experimental procedure for chemical-assisted functionalization of GNP with

PEG and Azo.

Figure 2.12: Experimental procedure for chemical-assisted functionalization of
GNP with PEG and Azo(Amiri, Shanbedi, et al., 2015)

Haddon and co-workers first reported the use of acid groups to attach long alkyl
chains to SWCNTs via amide linkages (J. Chen et al., 1998) or carboxylate-ammonium
salt ionic interactions (J. Chen et al., 2001). Abuilaiwi et al. (Abuilaiwi, Laoui, Al-
Harthi, & Atieh, 2010) showed that esterification of carboxylic acids can also be used to
functionalize and solubilize nanotubes. Figure 2.13(A) shows the mechanism of
esterification. Yu et al. (D. Yu, Yang, Durstock, Baek, & Dai, 2010) reported
functionalization of GO with —CH>OH terminated regioregular poly(3-hexylthiophene)
(PsHT) through the formation of ester bonds with the carboxyl groups of GO
nanoplatelets (Figure 2.13(B)). Due to the large amounts of hydroxyl groups in the
added polymer, the PsHT-functionalized GO is soluble in common organic solvents,

which facilitates its characterization and fabrication by solution processing.
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Figure 2.13: (A) Chemical esterification of modified carbon nanotubes and (B)
synthesis procedure for chemical grafting of CH2OH-terminated P3HT chains onto
graphene(D. Yu et al., 2010)

2.6.1.2 Electrophil

ic addition reaction

It is known that functionalization under microwave radiation is somewhat different,

faster and more efficient than conventional chemical functionalization methods (W.

Zhang, Chen, Lu, & Nagashima, 2004). Microwave-induced method has been used in

some reactions of CNTs with remarkable effects such as carboxylation (Yubing Wang,
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Igbal, & Mitra, 2006), 1,3-dipolar cycloaddition (Junxin Li & Grennberg, 2006; Yubing
Wang, Igbal, & Mitra, 2005) ,and radical functionalization with 4-
methoxyphenylhydrazine (J. Liu et al., 2007). Yang et al. (Y. Xu et al., 2008) conducted
microwave-induced electrophilic addition of SWCNTs with alkylhalides using Lewis
acid as the catalyst, followed by hydrolysis. The reaction results in the attachment of
alkyl and hydroxyl groups to the surface of the nanotubes. The rapid, high-energy
microwave radiation is found to be highly efficient for this reaction, and the whole

process takes place within several minutes (Y. Xu et al., 2008), as shown in Figure 2.14.

Figure 2.14: Covalent functionalization of SWCNTSs by alkylhalides(Y. Xu et al.,
2008)

Amiri et al. (Amiri, Sadri, Shanbedi, Ahmadi, Kazi, et al., 2015) synthesized
triethanolamine-treated graphene nanoplatelets (TEA-GNPs) using electrophilic
addition reaction functionalization with molecules including hydroxyl (—OH) groups.
The synthesis procedure was quick and the nanofluids obtained were of high stability.
They prepared highly-dispersed GNPs decorated with non-corrosive hydrophilic groups
in water in order to produce the nanofluid, as shown in Figure 2.15(A). Sarsam et al.
(Sarsam, Amiri, Zubir, et al., 2016) used electrophilic addition reaction under
microwave irradiation, which is found to be a promising, quick, and cost-effective

approach to functionalize GNPs with ethylene glycol. The alkyl and hydroxyl groups
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were successfully attached to the GNPs through electrophilic addition reaction under

microwave irradiation (Figure 2.15(B)).

Figure 2.15: (A) Experimental procedure for chemical-assisted functionalization
of GNPs with ethylene glycol(Amiri, Sadri, Shanbedi, Ahmadi, Kazi, et al., 2015)
and (B) electrophilic addition reaction of GNPs with TEA (Sarsam, Amiri, Zubir,
et al., 2016)
2.6.1.3 Free radical grafting method
Free radical coupling is a promising method to functionalize carbon nanostructures
and it is a facile way of covalent functionalization. In this method, peroxides, aryl
diazonium salts, substituted anilines, and benzophenone are used as starting materials
(X. Peng & Wong, 2009).The radical coupling to CNTs or GNPs is an emerging field
where aryl diazonium salts(Doyle, Rocha, Weisman, & Tour, 2008), substituted
anilines, alkyl or aryl peroxides (Hudson, Casavant, & Tour, 2004), and benzophenone
are used as the starting materials . Among this rich group of reactions, the coupling of
diazonium to CNTs or GNPs has become the dominant route to functionalize CNTs and

GNPs due to its simplicity, scalability, and versatility(Y. Yang, S. Qiu, X. Xie, et al.,

2010).
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There are two techniques used to graft carbon nanomaterials, depending on the
building of polymer chains. The “grafting to” approach involves synthesizing a polymer
with a specific molecular weight terminated with reactive groups or radical precursor
(Figure 2.16). In a subsequent reaction, the polymer chain is attached to the surface of
the carbon nanostructure by addition reactions. This method is disadvantageous because
the grafted polymer content is limited, which is due to the relatively low reactivity and
high steric hindrance of macromolecules. The “grafting from” approach, however,
involves growing polymers from the surface of the carbon nanostructure through in situ
polymerization of monomers initiated by chemical species immobilized on the CNT
sidewalls or surface and edges of the GNPs (Spitalsky, Tasis, Papagelis, & Galiotis,
2010). In general, the “grafting to” approach involves preformed polymer chains
reacting with the surface of either pristine, oxidized, or pre-functionalized CNTs and
GO or rGO. The “grafting to” techniques include direct covalent linkage of the
functional polymers on the GO or pre-functionalized CNT surface using esterification,
amidation, click chemistry, nitrene chemistry, and radical addition (Layek & Nandi,
2013). The main approaches exploited in this functionalization strategy are radical or
carbanion additions as well as cycloaddition reactions to the CNT or GNP double
bonds. Since the curvature of the carbon nanostructures imparts a significant strain upon
the sp® hybridized carbon atoms that constitute their framework and the energy barrier
required to convert these atoms to sp® hybridization is lower than that of the flat
graphene sheets, these materials are susceptible to various addition reactions (Spitalsky

etal., 2010).
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Figure 2.16: Schematic representation of the “grafting to” approach for
functionalization of nanotubes with polymers(Homenick, Lawson, & Adronov,
2007)
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Tasis et al. (Tasis et al., 2007) described a process to graft water-soluble polymer
chains from the surface of CNTs. In the first step, they covalently attached organic
radicals thermally produced from organic peroxides. In the second step, they prepared
polyacrylamide-coated SWCNTs and MWCNTs by carrying out ceric ion-induced
redox process. The main advantage of this grafting step is that it can be done in aqueous
media and at room temperature. These reactions are summarized in Figure 2.17 (Tasis et

al., 2007).

Figure 2.17: Schematic diagram of the complete functionalization strategy,
where the first step involves radical addition to the sidewalls of CNTs and the
second step involves redox radical grafting of polyacrylamide chains(Tasis et al.,
2007)
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In general, the “grafting from” approach involves polymerization of monomers from
surface-derived initiators on either MWCNTs or GNPs (Figure 2.18). These initiators
are covalently attached using various functionalization reactions developed for small
molecules, including acid defect group chemistry and sidewall functionalization of
CNTs. The advantage of the “grafting from” approach is that the polymer growth is not
limited by steric hindrance, allowing high molecular weight polymers to be efficiently
grafted. In addition, this method enables preparation of carbon nanostructure-polymer

composites with high grafting density (Spitalsky et al., 2010).
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Figure 2.18: Schematic representation of the “grafting from” approach used to
functionalize nanotubes with polymers(Homenick et al., 2007)
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2.6.2  Physical functionalization methods: Non-covalent functionalization

It is known that the chemical groups attached to nanomaterials can significantly
enhance the solubility of the nanomaterials (Hirsch, 2002). However, the attachment of
these chemical groups can also create defects, which will alter the functional properties
of the carbon allotropes (CNTs or GNPs). An alternative non-destructive method that
can be used to improve the solubility of carbon allotropes is to promote non-covalent
interactions of ambiphilic molecules (surfactants) with the surface of the nanoparticles.
Here, the hydrophilic parts of the molecules interact with water whereas the

hydrophobic parts are adsorbed onto the nanotube surface, which solubilizes the carbon
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allotropes and prevents them from aggregating into bundles and ropes. The structures of
the hydrophilic groups of surfactants are very diverse and their nature defines the
efficiency of the dispersion of carbon allotropes in solutions (Britz & Khlobystov,

2006).

The attachment of different molecules to the basic structure of carbon nanomaterials
through physical interactions is the fundamental mechanism of non-covalent
functionalization. The adsorption is mediated by different types of forces such as van
der Waals forces, electrostatic forces, m-m stacking interactions and hydrogen bonds.
These forces form the basis of non-covalent functionalization which is mainly based on
the formation of supramolecular complexes (C. Zhu, Guo, Fang, & Dong, 2010). Non-
covalent functionalization is realized via (1) enthalpy-driven interactions, such as n-m,
CH-n, and NH-n between the surface of CNTs or GNPs and the dispersants and/or (2)
entropy-driven interaction, which is a hydrophobic interaction in the presence of

surfactants (Figure 2.19) (Fujigaya & Nakashima, 2015).

Figure 2.19: Dispersant-CNT interactions(Fujigaya & Nakashima, 2015)
Some of the common surfactants that have been used in other studies are sodium
dodecylsulfate (SDS) (Bostwick, Ohta, Seyller, Horn, & Rotenberg, 2007; Q. H. Wang

& Hersam, 2009), SDBS (Si & Samulski, 2008; Van Noorden, 2011), salt and oleic acid
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(N. Liu et al., 2013), cetyltrimethylammoniumbromide (CTAB) (Huh, Park, Kim,
Hong, & Kim, 2011), dodecyl trimethylammonium bromide (DTAB), sodium octanoate
(SOCT), hexadecyltrimethylammoniumbromide (HCTAB), polyvinylpyrrolidone (PVP)

(Kosynkin et al., 2009), and gum arabic (Si & Samulski, 2008).

It is worth mentioning that the surfactant molecules on the surface of the carbon
nanomaterials are in a dynamic equilibrium between the surfactants in the bulk solution
(Figure 2.20 (A)). Therefore, the dispersants can be easily removed by filtration or
dialysis, which leads to aggregation of the CNTs (Figure 2.20(B)) (Noguchi, Fujigaya,
Niidome, & Nakashima, 2008). Similar dynamic dispersions also take place in the case
of enthalpy-driven functionalization using small molecules as the dispersant. On the
other hand, when polymer is used in enthalpy-driven functionalization, this often results
in static dispersion due to multi-point interactions between the polymers and surface of
the CNTs (Noguchi et al., 2008). In this case, the non-covalently surrounded polymers
are retained even after the washing process such as filtration, which results in polymer-
wrapped CNTs. In some applications, these wrapped dispersants serve as a contaminant.
However, in some cases, the wrapped CNTs synergistically improve the performance of

the CNTs if the polymers are strategically designed (Fujigaya & Nakashima, 2015).
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Figure 2.20: Schematic diagram showing the dynamic (upper) and static (lower)
dispersion of CNTs(Fujigaya & Nakashima, 2015)

One of the advantages of polymer wrapping is that this approach provides a
thermodynamically stable coating on the surface of the CNTs. In addition, this approach
makes it possible to remove the unbound (free) polymer and leave the wrapping
polymer on the CNT surface (Figure 2.20). The unbound polymer in the bulk solution
can be removed by either one of the following methods: (1) dialysis (Jeng, Moll, Roy,
Gastala, & Strano, 2006), (2) precipitation/decantation cycle (Stranks, Habisreutinger,
Dirks, & Nicholas, 2013), (3) filtration/washing process (Izard et al., 2008; Okamoto,
Fujigaya, & Nakashima, 2009), (4) ultracentrifugation/decantation process (Stranks et
al., 2013), and (5) chromatographic separation (Fujigaya & Nakashima, 2015). In the
filtration process, it is quite easy to distinguish a stable dispersion since a good
dispersion is achieved from the washed materials after stable wrapping has taken place

(Figure 2.21).
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Figure 2.21: Schematic showing the procedure of the filtration process(Fujigaya
& Nakashima, 2015)

For charged surfactants such as sodium dodecylsulfate (SDS) or tetraalkylammonium
bromide, the nanotube dispersions are stabilized by electrostatic repulsion between the
micelles. However, for charge-neutral surfactants such as polyvinylpyrrolidone (PVP),
the nanotube dispersions are stabilized due to the large solvation shells created by
hydrophilic moieties of surfactants assembled around the nanotubes (Moore et al.,
2003). The hydrophobic parts of the surfactants are interacted directly with the surface
of the nanotubes. These interactions can potentially alter properties of the nanotubes
(Britz & Khlobystov, 2006). Non-covalent functionalization by n- @ interactions is an
appealing synthesis method because it offers the possibility of attaching functional
groups to graphene without disturbing the electronic networks (Georgakilas et al.,

2012).

Sarsam et al. (Sarsam, Amiri, Kazi, & Badarudin, 2016) investigated the effect of
four types of surfactants (SDBS, SDS, CTAB, and gum arabic), each with three
different concentrations, and five ultrasonication times (15, 30, 60, 90, and 120 min) on
the stability of water-based GNP nanofluids. The viscosity and thermal conductivity of
the sample with the highest stability were measured at different temperatures. The

results showed that the water-based pristine GNP nanofluids are unstable and the
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stability of the nanofluids improves upon the addition of surfactants. The presence of
SDBS, SDS, and CTAB surfactants in the nanofluids results in excessive foam. The
best water-based GNPs nanofluid was selected based on the following criteria: (1)
highest colloidal stability, (2) highest thermal conductivity, and (3) lowest viscosity.
They found that the (1-1) SDBS-GNP sample ultrasonicated for 60 min has the highest
stability (relative concentration of particles: 82% after 60 days), second highest thermal
conductivity (8.36%), and nearly the lowest viscosity (7.4% higher than that of distilled

water).

In chemistry, m stacking (also called m-m stacking) refers to the attractive, non-
covalent interactions between aromatic rings, because they contain © bonds. Zhu and
Pignatello (Lin & Xing, 2008) reported that m-m interaction is the main mechanism
regulating the adsorption of both m-acceptors and n-donors. It shall be noted that the
combination of these two bonds is called sigma-donor/m-acceptor on the graphene
surface. With a rolled hollow cylindrical graphite-like structure, the CNTs act in an
amphoteric role toward the adsorbates of both m-acceptors and n-donors through mn-n
interactions. In addition, the stacking of benzene rings onto the CNT surface
significantly increases the surface coverage of surfactants and polymers (Lin & Xing,

2008).

Non-covalent functionalization has been used to functionalize graphene nanosheets
(GNSs) through n-r stacking of pyrene molecules with a functional segmented polymer
chain. This yields remarkable improvement in the thermal conductivity of GNS-filled
polymer composites. The functional segmented poly(glycidyl methacrylate) containing
localized pyrene groups (Py-PGMA) was prepared by atom transfer radical
polymerization, and the Py-PGMA was characterized by nuclear magnetic resonance

spectroscopy (C.-C. Teng et al., 2011), as shown in Figure 2.22.
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Figure 2.22: Schematic showing the preparation and functionalization of
graphene(C.-C. Teng et al., 2011)

Figure 2.23: Endohedral polymerization of C600 inside the CNT(Britz &
Khlobystov, 2006)

Endohedral functionalization involves the insertion of various nanoparticles into the
inner walls. This can be done by (1) spontaneous penetration with colloidal nanoparticle
suspensions filling the inner walls by evaporation of the carrier solvent or (2) by wet

chemistry, where the compounds are introduced into the inner walls of the nanotubes
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and transformed into nanoparticles while maintaining the predetermined thermal or

chemical conditions (Hirsch, 2002), as shown in Figure 2.23.

The addition of surfactants is not suitable for high-temperature applications (Z. Sun
et al.,, 2010). This is due to the fact that the bonding between the surfactant and
nanoparticles can be damaged at temperatures more than 60°C (X. Huang, Qi, Boey, &
Zhang, 2012). Therefore, the nanofluid will lose its stability, resulting in sedimentation
of the nanoparticles (Basu, Basu, & Bhattacharyya, 2010). In addition, this approach
restricts the viscosity of the nanofluid and it can be expected that there will be a
significant increase in the pressure drop and pumping power especially if gum arabic is
used as the surfactant in nanofluids. It has been proven that the addition of SDBS, SDS,
and CTAB surfactants results in excessive amounts of foam. Thus, care should be taken
when using these surfactants to prepare water-based GNP or CNT nanofluids for heat
transfer applications because of the adverse effects of foam on the heat transfer

efficiency and fluid flow characteristics (Sarsam, Amiri, Kazi, et al., 2016).

2.7 Green methods

With global warming being one of the major environmental concerns nowadays,
much effort has been made to eliminate or reduce the amounts of hazardous materials in
chemical reactions in order to reduce environmental hazards associated with these
chemicals. This approach is known as green chemistry and it has been embraced by
scientific communities all over the world. By preventing hazardous wastes, this reduces
handling, transportation, and disposal of hazardous materials, and reduce costs
associated with these activities.

According to chemists, green chemistry consists of 12 important principles: (1)
eliminate chemical wastes, (2) reduce derivatives, (3) invent safer chemicals, (4) reduce

hazardous chemical syntheses, (5) select safer auxiliaries and solvents, (6) design for
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degradation, (7) catalysis, (8) time analysis to prevent pollution, (9) improve energy
performance, (10) consideration of atom economy, (11) use renewable sources, and (12)
practice safer chemistry for accident prevention.

Green chemical processes have gained much attention because these processes are
environmentally benign and produce products that are comparable or better than
conventional toxic processes (Anastas & Warner, 1998; Kumar et al., 2004).
Conventional functionalization procedures involve the use of strong acids and inorganic
solvents which leads to problems such as environmental pollution, equipment corrosion,
and health hazards. Therefore, it is imperative to develop environmentally friendly
methods to functionalize carbon-based nanostructures (Y. Yang, S. Qiu, C. He, et al.,
2010).

A large number of plant-based extracts have been used as stabilizing and reducing
agents for graphitic materials. Green tea, DNA, polysaccharides, tannic acid, humic
acid, and fulvic acid have been successfully used to stabilize CNTs in aqueous-based
systems (Lin & Xing, 2008). Much effort has also been made to understand the
mechanisms that propel mutual interactions between phytochemicals and CNTs (Pan &
Xing, 2008). Other researchers have extended the work by incorporating well-stabilized
phytochemical-grafted CNTs as the precursor material for various engineering
applications (Uddin, Watanabe, Gotoh, Saito, & Yumura, 2012). Based on
spectroscopic and microscopic techniques, only a low concentration of phytochemical is
required to isolate the CNTs, which reduces interference from the dispersant on the
physicochemical properties. Nakamura et al. (Nakamura, Narimatsu, Niidome, &
Nakashima, 2007) found that tea polyphenols contain different types of phenolic
compounds (i.e., epicatechin (EC), epicatechin gallate (ECG), epigallocatechin (EGC),
and epigallocatechin gallate (EGCG)) which are primarily responsible for stabilizing

CNTs through =n-m interactions, which are similar to the polycyclic aromatic
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hydrocarbons (PAH)-based dissolution mechanism. Uddin et al. (Uddin et al., 2012)
found that highly soluble green tea greatly facilitates the CNT solution to act as a
precursor to reinforce the DMSO/PVA-based composite structure. The results showed
that there is significant improvement in the strength, modulus, and toughness of the
composite structure compared with those for the base material. On the other hand, Chen
et al. (W. Chen & Yan, 2010) found that the well-dispersed CNTs along with the
presence of polyphenol component in the CNT/green tea composite improves the
sensitivity of the material toward reactive oxygen species resulting from oxidation of
the phenolic group. In addition, there is electron transfer enhancement between the
interacting species. They concluded that the composite may serve as the foundation to
develop simple resistivity-based sensors. Fujitsuka and Oya (Fujitsuka & Oya, 2012)
have experimentally proven that catechin (one of the constituents of tea extract) is
certainly more effective in exfoliating CNT bundles compared with non-ionic
surfactants. This leads to efficient response toward external alternating current, resulting
in a well-aligned composite structure due to the highly discrete nature of catechin.
Further investigation revealed that the well-aligned CNT-composite paper samples have
higher electrical conductivity compared with the non-aligned samples. Figure 2.24
shows the schematic of the interactions between the CNTs and tannic acid. The tannic
acid molecules anchored onto the tube wall with benzene rings bond themselves to the

surface carbon rings through n-m interactions, forming a monolayer (Lin & Xing, 2008).
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Figure 2.24: Schematic of the interactions between the CNTs and tannic acid:
(A) The adsorbed TA monolayer sorbs more of the dissolved tannic acid
molecules; (B) The thick lines in the figure represent the chemical bond linking to
pyrogallol which interacts with the back side of the CNTs (Lin & Xing, 2008)

Nowadays, low-cost, environmentally friendly, and facile processing are the main
criteria in selecting a suitable method to synthesize bulk graphene on an industrial scale.
Green nanotechnologies have been widely explored in the synthesis of metal
nanoparticles, where biomolecules, microbes and plant extracts are used as the reducing
and capping agents. Here, the chemical components that are implicated in the bio-
reduction process, formation, and stabilization of nanoparticles include bio-molecules
such as proteins, amino acids, polysaccharides, alkaloids, alcoholic derivatives,

polyphenolic compounds, enzymes, chelating agents, and vitamins (Iravani, 2011; Park,

Hong, Weyers, Kim, & Linhardt, 2011). This principle has also been used for bio-
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reduction of GO into graphene. In general, biological approaches used to synthesize
graphene are considered facile, environmental friendly, inexpensive, and producing high
product yields. More importantly, biological approaches do not involve the use of harsh

and toxic chemicals (Agharkar, Kochrekar, Hidouri, & Azeez, 2014).

Nowadays, more focus is given on developing greener reducing agents in order to
synthesize rGO. Some of the green reducing agents that have been used include phenols
(e.g., tea polyphenol, tannic acid, and gallic acid) (Bo et al., 2014; Lei, Tang, Liao, &
Guo, 2011; R. Liao, Tang, Lei, & Guo, 2011; Yan Wang, Shi, & Yin, 2011; L. Q. Xu,
Yang, Neoh, Kang, & Fu, 2010; Zubir, Badarudin, Kazi, Huang, Misran,
Sadeghinezhad, Mehrali, & Yusoff, 2015), metals (e.g., zinc, iron, and aluminum)(Bo et
al., 2014; Z.-J. Fan et al., 2010; Z. Fan et al., 2010; S. Yang et al., 2012), alkaline
solutions (e.g., sodium hydroxide and potassium hydroxide) (Fan et al., 2008), alcohols
(e.g., ethyl alcohol, methyl alcohol, and isopropyl alcohol) (Dreyer, Murali, Zhu, Ruoff,
& Bielawski, 2011), sugars (e.g., sucrose, glucose, and fructose)(Bo et al., 2014; H.
Peng, Meng, Niu, & Lu, 2012), and other materials such as ammonia borane(Zhuo,
Zhang, Du, & Yan, 2015) , vitamin C, and glycine(Bose, Kuila, Mishra, Kim, & Lee,
2012; Fernandez-Merino et al., 2010). However, there are some disadvantages with
green reduction methods. For example, the low capabilities of tea polyphenol and
methanol as reducing agents result in poor deoxygenation of GO(Bo et al., 2014; Dreyer
et al.,, 2011; Y. Wang et al., 2011). On the other hand, the use of metals as reducing
agents leaves impurities in the rGO (Z.-J. Fan et al., 2010; Z. Fan et al., 2010; S. Yang
et al., 2012). Hence, hydrothermal treatment is a preferable method in recent years

because it is an eco-friendly method to synthesize rGO aqueous suspensions.

Glucose is the mostly studied analyte because of its great biological importance.

Glucose is typically used as a reducing agent owing to its mild reductive ability and
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non-toxicity. Zhu et al. (C. Zhu et al., 2010) developed a green, facile approach to
synthesize chemically converted graphene nanosheets (GNSs) using reducing sugars

such as glucose, fructose, and sucrose, with exfoliated GO as the precursor.

A green and fast electrochemical approach has also been developed to synthesize
GNSs using exfoliated GO as the precursor. The beauty of this method is that it does not
lead to contamination of graphene. However, there are some defects in the
electrochemically-reduced graphene because of the fast reduction rate. These defects
can be eliminated by performing electrochemical reduction at elevated temperatures or
by annealing the products (Guo, Wang, Qian, Wang, & Xia, 2009).

Liu et al. (K. Liu et al., 2011) developed a green, facile method to prepare gelatin-
functionalized graphene nanosheets (gelatin-GNSs), where gelatin is used as the
reducing agent. Meanwhile, the gelatin also serves as a functionalized reagent to prevent
aggregation of the GNSs. They found that the biocompatible gelatin-GNS have
excellent stability in water and various physiological fluids such as cellular growth
media and serum. This is indeed an important pre-requisite for use of graphene in
biomedicine. Wang et al. (Y. Wang et al., 2011) developed a green, facile strategy to
fabricate soluble rGO. The proposed method is based on the reduction of exfoliated GO
in green tea solution, which utilizes the reducing capability and aromatic rings of tea
polyphenol found in the tea solution. Kumar et al. (Babu, Nahm, & Hwang, 2014)
formulated a simple, environmentally benign, time-efficient, and cost-effective
approach for reduction of GO and synthesis of rGO/mono and bimetallic composites
using Azadirachta indica extract.

Ding et al. (YH Ding et al., 2011) presented a green approach to synthesize and
stabilize aqueous graphene dispersions through ultraviolet-irradiated reduction of
exfoliated GO. Polyvinyl pyrrolidone (PVP) was used to enhance the dispersibility of

reduced graphene oxide by one-step functionalization. This method is simple and low-
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cost because it does not involve the use of photocatalysts or reducing agents, and
therefore, it is possible to produce stable reduced graphene oxide dispersions on a
commercial scale using this approach. Sui et al. (Sui, Zhang, Lei, & Luo, 2011) reported
an environmentally friendly, scalable route to synthesize rGO hydrogel by simple
reduction of exfoliated GO with excess vitamin C.

Gurunathan et al. (Gurunathan, Han, Eppakayala, & Kim, 2013) demonstrated an
environmentally friendly, cost-effective, and simple method to prepare water-soluble
graphene using bacterial biomass. This reduction method avoids the use of toxic
reagents such as hydrazine and hydrazine hydrate.

Haghighi et al. (Thakur & Karak, 2012) introduced the use of rose water as a
reducing and stabilizing agent. The rose water was used for chemical reduction of
exfoliated GO and synthesis of reduced graphene oxide nanosheets (RGONs). Thakur et
al. (B. Haghighi & Tabrizi, 2013) conducted reduction of GO by phytochemicals using
aqueous leaf extracts of Colocasia esculenta and Mesua ferrea Linn. and aqueous peel
extract of orange (Citrus sinensis).

Gurunathan et al. (Gurunathan, Han, & Kim, 2013) developed a green, rapid, and
simple method to synthesize graphene from GO, where mitochondrial polypeptide
humanin is used as the reducing agent. Graphene was prepared via one-step reduction of
GO under mild conditions in an aqueous solution. Tavakoli et al. (Tavakoli, Salavati-
Niasari, & Mohandes, 2015) have successfully synthesized GNSs in the presence of
pomegranate juice. In their approach, pomegranate juice serves not only as a reducing
agent but also as a capping agent to produce the GNSs. Zheng et al. (Bo et al., 2014)
reported a new, green, and efficient reducing agent (caffeic acid) for GO reduction. The
results showed that the caffeic acid rGO has a high C/O ratio (7.15), which is among the

best rGOs prepared with green reducing reagents. According to Sheng et al. (S. Zhang
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et al., 2011), poly(diallyldimethylammonium chloride) (PDDA) serves as a reducing
agent and stabilizer when they prepared soluble GNSs from GO.

Kartick et al. (Kartick & Srivastava, 2013) develop a green route to synthesize
graphene by reduction of GO using Cocos nucifera L. (coconut water) as the reducing
agent. Coconut water is desirable because it is naturally available, non-toxic, and
environmental friendly. Wang et al. (G. Wang, Qian, Saltikov, Jiao, & Li, 2011) found
that GO can be reduced to graphene using a normal aerobic setup under ambient
conditions where the process is mediated by microbial respiration of Shewanella cells.
The results showed that the microbially-reduced graphene (MRG) has excellent
electrochemical properties. They systematically investigated extracellular electron
transfer pathways at the cell/GO interface and the results suggest that both direct
electron transfer and electron mediators are involved in the GO reduction.

Grape (Vitis vinifera) extract was also used as a green reducing agent to prepare rGO
from GO. The effects of reduction time on the physical, chemical, and optical properties
of the rGO were also investigated. The results showed that the synthesized rGO samples
have excellent capability as an adsorbent to remove organic dye. The synthesis route is
indeed environmentally friendly, cost-effective, with great potential for large-scale
production of rGO (Upadhyay et al., 2015). Maddinedi et al. (Maddinedi et al., 2014)
developed one-step biosynthesis of graphene from GO, where casein is used as the
stabilizer, which is a naturally occurring milk protein. The synthesis of casein reduced
graphene oxide (CRGO) is complete within 7 h under reflux at 90°C with the formation
of a few layers of fine GNSs. The aspartic acid and glutamic acid residues present in the
casein molecules are responsible for the reduction of GO. Some of the aforementioned

methods are summarized in Table 2.2.
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Table 2. 2: Summary of green methods used for reduction of GO

Researchers /

Remarks

Mechanism of preparation

Zhu et al. (C.
Zhu et al., 2010)
Glucose, 60 min

at 95°C

Liu et al. (K.
Liu et al., 2011)
Gelatin, 24 h,

95°C

58




Table 2.2, continued

Wang et al. (Y.
Wang et al., 2011)

Green tea solution

Thakur et al.
(Thakur & Karak,
2012) Room
temperature or

refluxed
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Table 2.2, continued

Tavakoli et al.
(Tavakoli et al.,
2015) 12, 18, and 24

h

Wang et al. (G.

Wang et al., 2011)

Upadhyay et al.
(Upadhyay et al.,
2015)

95°C at
different time
intervals (1, 3 and 6
h) using water

condenser
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Table 2.2, continued

Maddinedi et al.

(Maddinedi et al.,
2014)
Casein

(Milk protein)

Liu (Y. Liu et
al., 2011)

Zn powder

Wang et al. (Yi
Wang et al., 2012)
Heparin, 1 h,

95°C
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Table 2.2, continued

Li et al. (Y.-F.

Li, Liu, Zhang, Guo,
& Chen, 2015)
Zn powder,

1,5, 10, 30, 60

min

Lietal. (C.C.
Li, Yu, Yan, & Hng,
2015)
High-pressure
hydrogen,
50 or 100°C for

24h

Tran et al.
(Tran, Kabiri, &
Losic, 2014)

Valine, 90°C,

3,6,and 12 h

Vusa et al.
(Vusa, Berchmans,
& Alwarappan,
2014)

Carrot, 1 h at

90°C
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Table 2.2, continued

Lei et al. (L.
Huang et al., 2011)

Pulsed laser

Zhang et al. (T.
Zhang, Liu, Sheng,
Duan, & Zhang,
2014)

Tonic liquid

180°C

Khan et al.
(Khan et al., 2015)
Salvadora
persica L. (S.
persica L.) roots
(miswak)

24 h at 98°C

2.8 Thermophysical properties of nanofluid
The thermos-physical properties are essential parameters in order to understand the

convective heat transfer behavior of nanofluids. The high thermal conductivity of
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nanofluids aqueous suspensions is the property that is exploited to improve heat transfer
of thermal systems. Thermal conductivity, in particular, is one of the most significant
thermos-physical characteristics of nanofluids. On the other hand, it is challenging to
predict the thermal conductivity of nanofluids because there are many parameters that
will affect the thermal conductivity values such as temperature, type of base fluid, type
of nanoparticles, size, shape, and volume fraction of the nanoparticles, as well as
synthesis and mixing methods. Hence, one of key issues in nanofluid research is to
accurately predict the thermal conductivity of nanofluids. In this section, a review on
studies pertaining to the thermal conductivity of nanofluids is presented in order to shed
some light on the factors that affect the thermal conductivity of nanofluids. Viscosity is
also a crucial property of nanofluids because high viscosity will increase the usage of
the nanofluid, which will increase the pumping power required to circulate the
nanofluid. Predicting the viscosity of nanofluids is also challenging and it is one of the
key issues in nanofluid research. The factors that affect the thermal conductivity of
nanofluids will also affect the viscosity values. Estimating the viscosity is also
important in order to determine the heat transfer coefficient, especially for turbulent

flows, because viscosity us used to determine the Reynolds (Re) number.

The density and specific heat capacity also affect the heat transfer performance of
nanofluids. Fortunately, it is easier to predict these thermophysical properties compared
with other properties. The thermophysical properties of nanofluids are often compared

with the properties of base fluids in order to reach a conclusion.

2.8.1 Thermal conductivity
Thermal conductivity is the ability of a material to transport energy in the form of
energetic vibrations which manifest as heat. For solids, thermal conductivity is a

measure of the direct exchange of energy through atomic level lattice vibrations and
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free electron diffusion. In contrast, for fluids or gases, thermal conductivity is a measure
of direct molecular contact and molecular diffusion. Thermal conductivity is a
fundamental property of physical materials and it is defined as the power per unit
temperature and per unit length over which conduction takes place. The thermal
conductivity of a material is dependent on the physical structure of the material and its
current state. Thermal conductivity is one of the important thermal transport
characteristics of a material and it plays a vital role in numerous thermal design
problems. Therefore, much effort has been made to measure the thermal conductivities

of various materials over the last few centuries.

The physical mechanism underlying thermal conductivity enhancement of nanofluids
is not well understood. Maxwell (Maxwell, 1904) was one of the pioneers to analyze
thermal conduction through suspended particles analytically. Maxwell used a much
diluted suspension of spherical particles and neglected the interactions between
particles. The Maxwell equation can be obtained by solving the Laplace equation for the
temperature field outside the particles using either one of the following methods. In the
first approach, one can consider analyzing a large sphere containing all of the spherical
particles with an effective thermal conductivity, ke, embedded in a matrix with a thermal
conductivity, k». Alternatively, one can consider analyzing all of the spherical particles
with a thermal conductivity, k,, embedded in a matrix with a thermal conductivity, k.

The resulting equation is given by:

kp — Ky (2.7)

ke = Ky + 39 k
C T T P 2k + ke, — Oy (kp — k)

Where 9, is the particle volume concentration. It is worth noting that the Maxwell
equation is only a first-order approximation and therefore, it is only applicable to

mixtures with low particle volume concentrations. Various modifications have been
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made to the Maxwell equation, taking into account various factors that will affect the
effective thermal conductivity such as the particle shape (Fricke, 1953; Granqvist &
Hunderi, 1978), particle distribution (Rayleigh, 1892), high volume fraction (Béttcher,
1945), particle-shell structure (Qingzhong, 2000), and contact resistance (Benveniste,
1987). Even though these modified equations provide a reasonable prediction of the
thermal conductivity for dilute mixtures containing relatively large particles in fluids,
there is a lack of agreement between the experimental data and theoretical predictions
for nanofluids. In general, these equations either underpredict the experimental data for
nanofluids containing spherical particles or overpredict the experimental data for
nanofluids containing prolate spheroids with semi-axes, i.e., a > b = ¢, such as
nanotubes. In order to improve the predictions, various mechanisms have been proposed
for nanoscale materials including the effects of nanoparticle-matrix interfacial layer
(Prasher, Bhattacharya, & Phelan, 2006), Brownian motion of the nanoparticles
(Prasher, Bhattacharya, et al., 2006), and nanoparticle clusters or aggregates. Each of
the results from previous studies are applicable only for a limited range of data and to
date, there are no accepted mechanisms or theories to predict the thermal conductivity
enhancement of nanofluids. However, the situation is better in experimental research
since a number of thermal conductivity enhancement results have been reported for a
variety of nanofluids (Wenhua Yu, France, Routbort, & Choi, 2008). Some of the

models used to predict thermal conductivity are summarized in Table 2.3.
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Table 2. 3: Theoretical and empirical equations used to predict the effective

thermal conductivity of nanofluids

Researchers Empirical correlations Remarks
The liquid
kepr  kp + (n = Dp + (n = Dop(ky, — ky) phase is larger
ke ky+ -1k — (n— Dok, — k than 100.  n =
Hamilton- ! p ey = ( )ga( P f)

Crosser (H-C)
model (Hamilton &
Crosser, 1962)

kp and kr are the thermal conductivity of the particles and base fluid,
respectively, and »n is the empirical shape factor

n=3 for spheres and n=6 for cylinder

%, 1 is the particle

sphericity, and ¢
is the nanoparticle
concentration.

Yu and Choi
correlation (W Yu
& Choi, 2003)

keff . kp + Zkf + 2(p(kp - kf)(l + B)3
ke Ky + 2k — oy — kp)(1 + B)°

p is the ratio
of the nanolayer
thickness to the
original  particle
radius and ¢ is
the nanoparticle

concentration.
i th
Maxwell model ka _ knp + 2kpp + 2 (Knp — koy) volu(fne ° )
Maxwell, 1881 kps  knp + 2kps — @(knp — k
(Maxwell, 1881) bf np b ~ @Knp = koy) concentration.

Yu and Choi
correlation (W Yu
& Choi, 2003)

kng ks + 2k, + 2(ks — k)1 + B)%v
ky, ks 2k, — (ks — k)1 + B)3v

v is the nanoparticle volume fraction.

kw is the thermal conductivity of water.

ks is the thermal conductivity of nanoparticles.

p is the ratio
of the nanolayer
thickness to the
original  particle
radius, where f =
0.1.

Pakdaman et al.
(Pakdaman,
Akhavan-Behabadi,
& Razi, 2012)

k 0.369
—IT = 1 4 304.47(1 + 9)13535exp(—0.021T) [ —
k dp

bf

dnp is the diameter of nanoparticles (nm)
T is the temperature (K).
B=247.8 and C =140

T1.2321

102.4—64—23/(T—C))

o
Maxwell model keff _ 3(a— Do a knf
(Maxwell, 1881) kpy (@ =2)—(a—1)g
Knp
Yuetal. (W Yu kepr 3p(a— 1)1+ )3 = s
& Choi, 2003) kps 1+ 20— @(1—a)(1+ )3 p="

Aberoumand
(Aberoumand,
Jafarimoghaddam,
Moravej,
Aberoumand, &
Javaherdeh, 2016)

knr = (3.9 X 1075T — 0.0305)¢2 + (0.086 — 1.6 X 107*T)¢ + 3.1 X 107*T + 0.129

—5.77 X 10 ™%k, — 40 x 10~*
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Table 2.3, continued

kbf
Murshed et kerr = 0.25[(3¢p — Dkny + (2 = 3§0)kbf] + T\/Z
al. (Murshed,
Leong, & Yang,

Knp\* k
2005a) A= (3p — 1)? (kﬂ> +(2-30)%+2(2+9p —99»9 (kﬂ)
np bf

It is apparent that there are significant amounts of experimental data gathered by
researchers upon examining the scientific literature. The data are presented in a variety
of formats and categories such as morphology, clustering, type of base fluid,

temperature, motion, and so on. Some of these are reviewed in this section.

2.8.1.1 Morphology

In materials science, morphology is defined as the shape, size, texture, and phase
distribution of physical objects. Murshed et al. (Murshed et al., 2005b) measured the
effective thermal conductivity of rod-shaped (diameter x length: 10 nm x 40 nm) and
spherical-shaped (diameter: 15 nm) TiO2 nanoparticles in deionized water. The results
showed that the rod-shaped nanoparticles have higher thermal conductivity
enhancement, which is consistent with the theoretical predictions using Hamilton-
Crosser’s model (Hamilton & Crosser, 1962). Evans et al. (Evans et al., 2008)
investigated the effect of aspect ratio on the thermal conductivity enhancement of
nanofluids. They compared the thermal conductivity enhancement of long fibers in flat
plates at a specific concentration for different aspect ratios. The results suggest that the
fibers with high aspect ratios (CNTs) lead to superior thermal conductivity enhancement

compared with spherical or ellipsoidal particles.

Xie et al. (H.-q. Xie, Wang, Xi, & Liu, 2002) studied the effect of nanoparticle shape
and the results revealed that the cylindrical-shaped nanoparticles have higher thermal

conductivity enhancement compared with spherical-shaped ones for the same base fluid,
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despite their larger average size. This conclusion was confirmed by other researchers
(YJ Hwang et al., 2006; H. Xie et al., 2003). Moreover, the increase in length-to-
diameter ratio of the dispersed nanotubes results in higher thermal conductivity
enhancement (Assael, Metaxa, Arvanitidis, Christofilos, & Lioutas, 2005; Xing Zhang,
Gu, & Fujii, 2007). Likewise, Choi et al. (S. Choi, Zhang, Yu, Lockwood, & Grulke,
2001) found that the MWCNTs yield an anomalously non-linear increase in the
effective thermal conductivity, which contrasts the predicted effective thermal
conductivity, which shows a linear behavior. On the other hand, fullerenes, which are
carbon molecules in the form of hollow spheres, ellipsoids, tubes or other shapes
(Kharisov, Kharissova, & Ortiz-Mendez, 2016), showed lower thermal conductivity
enhancement. This result was also confirmed by Putnam et al. (Putnam, Cabhill, Braun,
Ge, & Shimmin, 2006) who dispersed C60—C70 fullerenes in toluene and compared
their effect on the thermal conductivity enhancement against those of gold
nanoparticles. The results showed that fullerenes have lower thermal conductivity

enhancement compared with gold nanoparticles at low particle loadings (Tawfik, 2017).

Some researchers investigated the effect of nanoparticle size and in general, they
found that nanoparticle size has a significant effect on the thermal conductivity of
nanofluids. Another characteristic of nanoparticles is the specific surface area (SSA),
which needs to be considered in the preparation of nanofluids because this parameter

affects the effective thermal conductivity of nanofluids. The SSA is defined as:

Particle surface area
A= : (2.8)
Particle volume

Lee et al. (S. Lee, S.-S. Choi, S. Li, and, & J. Eastman, 1999) suspended CuO and

AlO3 nanoparticles (CuO particle size: 18.6 and 23.6 nm, Al>Os3 particle size: 24.4 and
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38.4 nm) in different types of base fluids: water and ethylene glycol. They produced
four types of nanofluids: CuO-water, CuO-ethylene glycol, Al,Os-water, and Al,O3-
ethylene glycol nanofluids. The results showed that the thermal conductivity ratios
increase almost linearly with the volume fraction of nanoparticles. The results indicate
that the particle shape and size are the dominant factors that influence the thermal
conductivity of nanofluids. Xie et al. (H. Xie et al., 2002) demonstrated the effect of
nanoparticle size on the thermal conductivity enhancement and they measured the
effective thermal conductivity of Al>Os-ethylene glycol nanofluids with different
particle sizes. They reported that the thermal conductivity increases almost linearly with
an increase in the volume fraction of nanoparticles. In addition, the rate of thermal
conductivity enhancement ratio is dependent on the volume fraction of the dispersed
nanoparticles. They found that the thermal conductivity enhancement is dependent SSA
and the mean free path of the nanoparticles and base fluid. At small particle sizes, the
Brownian motion of the nanoparticles increases, which dominates nano-convection.
This in turn, increases the effective thermal conductivity of the nanofluids. Yoo et al.
(Yoo, Hong, & Yang, 2007) investigated the thermal conductivities of TiO,, Al>O3, Fe,
and WO3 nanofluids. They found that the surface-to-volume ratio of the nanoparticles is

a key factor which influences the thermal conductivity of nanofluids.

2.8.1.2 Temperature

In conventional suspensions of solid particles (where the size of the particles is
within the millimeter or micrometer range) in liquids, the thermal conductivity of the
mixture is only dependent on temperature, which is due to the dependence of thermal
conductivity of the base liquid and solid particles on temperature (Ozering, Kakag, &
Yazicioglu, 2010). However, for nanofluids, changes in temperature affects the
Brownian motion and clustering of nanoparticles (C. H. Li, Williams, Buongiorno, Hu,

& Peterson, 2008) which results in dramatic variations of the thermal conductivity of
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nanofluids with temperature. Das et al. (Sarit Kumar Das, Putra, Thiesen, & Roetzel,
2003) discovered that the nanofluids have strong temperature-dependent thermal
conductivity compared with the base fluid. They measured the effective thermal
conductivities of Al2O3 and CuO nanoparticles in water when the temperature of the
nanofluids was varied from 21 to 51°C. They observed that the thermal conductivity
enhancement of the nanofluids increases by a factor of 2—4 within the range of
temperatures investigated. Patel et al. (Patel et al., 2003) reported that there is a
considerable increase in the thermal conductivity enhancement ratios of the Au
nanofluids as the temperature is increased. Zhang et al. (X Zhang, Gu, & Fujii, 2006)
measured the effective thermal conductivity of Al>,Os-distilled water nanofluids within a
temperature range of 5-50°C and their results are in good agreement with those of Das
et al. (Sarit Kumar Das et al., 2003). However, other experimental studies showed a
different thermal conductivity enhancement behavior. Yu et al.(Wei Yu, Xie, & Chen,
2010) investigated the enhancement ratios of thermal conductivity of nanofluids
including graphene oxide nanosheets (GONs) and they discovered that the thermal
conductivity enhancement ratios are nearly invariant at different temperatures. This
indicates that the thermal conductivity enhancement ratios are influenced by various
factors. One of these factors is the viscosities of the base fluids. In their experiments,
they used ethylene glycol as the base fluid, which has a high viscosity. However, since

the size of the GONs was large, the effect of Brownian motion was not obvious.

2.8.1.3 Thermal conductivity of base-fluid

Different types of fluids (e.g., water, ethylene glycol, vacuum pump oil, and engine
oil) have been used as the base fluids in preparation of nanofluids. One study showed
that the thermal conductivity enhancement decreases with an increase in thermal
conductivity of the base fluid, regardless of the type of nanoparticles (H. Xie, Yu, Li, &

Chen, 2011). For nanofluids with the same nanoparticles, it is found that the thermal
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conductivity enhancement is inversely proportional to the thermal conductivity of the
base fluid, regardless of the shape of the nanoparticles (Kim, Choi, & Kim, 2007). This
observation was confirmed by other studies, where it is found that the thermal
conductivity enhancements for ethylene glycol-based nanofluids are higher compared
with those for water-based nanofluids (Beck, Yuan, Warrier, & Teja, 2010a; H. Xie et
al., 2003). In contrast, a couple of studies (Agarwal, Verma, Agrawal, Duchaniya, &
Singh, 2016; M.-S. Liu, Lin, Huang, & Wang, 2005) have shown that the use of
ethylene glycol results in higher thermal conductivity enhancement at the same volume
fraction of nanoparticles. This finding was also confirmed by the following studies
(Agarwal et al., 2016; Chopkar, Sudarshan, Das, & Manna, 2008), where water-based
nanofluids have higher thermal conductivity enhancement compared with ethylene
glycol-based ones at the same volume fraction of nanoparticles. A new research trend
emerged beginning from the 2000s where mixtures of base fluids were used instead of
conventional ones. For example, Beck et al. (Beck et al., 2010a) used a mixture of
ethylene glycol and water (50:50 wt%) as the base fluid and the results showed that
thermal conductivity enhancement is higher for this base fluid compared with
conventional ones. The thermal conductivity enhancement increases upon the addition
of nanoparticles. However, a more detailed investigation is needed when using mixed
base fluids in order to select the appropriate mixing ratio because this will significantly
affect the thermal conductivity of the resultant nanofluid. Abdolbaqi et al. (Abdolbaqi,
Azmi, Mamat, Sharma, & Najafi, 2016) obtained a thermal conductivity enhancement
of 24% by dispersing Al>O3 nanoparticles (diameter: 13 nm) into 2 vol% of ethylene
glycol-water base fluid (40:60 wt%) at 80°C. The thermal conductivity enhancement
dropped to 13% when the mixing ratio of the base fluid was 60:40 wt%. Their results
are in good agreement with those of Usri et al. (Usri, Azmi, Mamat, Hamid, & Najafi,

2015), who dispersed Al>O3 nanoparticles (diameter: 13 nm) in ethylene glycol-water
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base fluid and the results showed that the thermal conductivity decreases with an
increase in the ethylene glycol concentration (Tawfik, 2017). Xie et al. (H. Xie et al.,
2002) investigated the thermal conductivity of suspensions containing nanosized
alumina particles. The results showed that at the same nanoparticle concentration, the
thermal conductivity enhancement ratio decreases with an increase in the thermal
conductivity of the base fluid. Liu et al. (M.-S. Liu et al., 2005) also investigated the
effect of base fluid on the thermal conductivity enhancement of MWCNT nanofluids.
Ethylene glycol and synthetic engine oil were used as the base fluids in their
experiments. The thermal conductivity enhancement of the 1 vol% MWCNT-ethylene
glycol nanofluid was 12.4% relative to that for the base fluid. In contrast, the thermal
conductivity enhancement of the 2 vol% MWCNT-synthetic engine oil nanofluid was
30%. Hence, it is apparent here that the thermal conductivity enhancement is higher

when synthetic engine oil is used as the base fluid.

2.8.1.4 Brownian motion

Brownian motion refers to the random movement of particles in the fluid, where the
particles constantly colliding with one another. Brownian motion accounts for direct
transport of heat from one solid to another which ultimately increases the thermal
conductivity. Brownian motion is defined by the particle diffusion constant, D, which is
given by the Stokes-Einstein formula:

T (2.9)
~ 3mnd

where kg is the Boltzmann constant, 7 is the fluid viscosity, and d is the particle
diameter. This equation provides an estimation on the effect of Brownian motion on the
thermal conductivity where the time scale of particle motion is compared with the time
scale of heat diffusion in the liquid. By comparing the time required for a particle to

move by a distance equal to its size with the time required for heat to move in the liquid
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by the same distance, Keblinski’s team demonstrated that the thermal diffusion is much
faster than Brownian diffusion, even when nanoparticles were considered in the
analysis. They concluded that the movement of nanoparticles due to Brownian motion is
too slow to transport significant amounts of heat through the nanofluid. However,
Brownian motion can have an important and indirect role in clustering of particles,
which enhances thermal conductivity. Keblinski et al.(Phillbot Keblinski, Phillpot,
Choi, & Eastman, 2002) and Koo and Kleinstreuer(Junemo Koo & Clement
Kleinstreuer, 2005) suggested that the potential mechanism for thermal conductivity
enhancement is the transfer of energy due to collision between the particles at higher
temperatures with those at lower temperatures. The effectiveness of Brownian motion

decreases with an increase in the bulk viscosity.

In conventional approaches, the effect of Brownian motion of particles is neglected
due to the large particle size. As the particle size approaches the nanometer scale, the
Brownian motion of the particles results in heat exchange between the particles and
surrounding liquid. The contribution of Brownian motion of the nanoparticles in
enhancing thermal conduction may be viewed in two different ways: (1) the thermal
conduction is enhanced due to the movement of the nanoparticles which transfers heat
and (2) the thermal conduction is enhanced due to microconvection of the fluid around
the individual nanoparticles. The first one has been shown theoretically to be negligible
(Phillbot Keblinski et al., 2002). On the other hand, microconvection also has a minor
effect on the thermal conductivity based on theoretical analysis (Evans, Fish, &
Keblinski, 2006). The random motion of the nanoparticles enhances the thermal
conductivity of the nanofluid. Therefore, the effective thermal conductivity of the
nanofluids is dependent on the nanostructures of the suspensions as well as the
dynamics of the nanoparticles in the base fluid. Consequently, one needs to consider the

movement of nanoparticles due to the interactions between the nanoparticles and base

74



liquid molecules when developing a prediction model (Sarit K Das, Choi, Yu, &
Pradeep, 2007). Keblinski et al. (Phillbot Keblinski et al., 2002) performed molecular
dynamics (MD) simulations to calculate the thermal conductivity of a simple liquid and
solid model by using Green-Kubo relationships. The results showed that the effect of
collision between the nanoparticles due to Brownian motion is not significant because
the ratio of thermal diffusion to Brownian motion is significantly higher. Furthermore,
the Brownian motion may affect the formation of particle clusters which can improve

the thermal conductivity of nanofluids.

Li and Peterson (C. Li & Peterson, 2007) analyzed the mixing effect of the base fluid
in contact with the nanoparticles due to the Brownian motion of nanoparticles by using
ANSYS CFX 5.5.1 software in order to simulate the temperature, pressure, and velocity
fields. They investigated the effects of single, adjacent, and multiple nanoparticles.
Their results imply that Brownian motion induces microconvection and the mixing
significantly enhances heat transfer of the nanofluid on a macroscopic scale. Brownian
motion is one of the important factors for the anomalous enhancement of the effective
thermal conductivity of nanofluids. Sarkar and Selvam (Sarkar & Selvam, 2007)
developed a nanofluid system comprising argon and copper nanoparticles dispersed in
the base fluid at various particle concentrations. They used an equilibrium MD
simulation to model the nanofluid system. They used the Green-Kubo relationship in
order to determine the thermal conductivities of the base fluid and nanofluids. They
found that the effective thermal conductivities of the copper-argon nanofluids are
significantly higher than those predicted by the Hamilton-Crosser model at low volume
fractions (up to 0.4%) and high volume fractions (up to 8%). They also found that the
motion of the liquid atoms in the nanofluids increases considerably compared with the
base fluid (by a factor of 1.41 for the nanofluid with 1% particle concentration). The

movement of the nanoparticles is also 28 times slower than that of the base fluid for the
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nanofluid with 1% particle concentration. This implies that the Brownian motion of the
nanoparticles is too slow to transport heat. On the other hand, the localized fluid
movement around the nanoparticles is induced by the liquid atoms travelling at higher
speeds. They concluded that these phenomena are the main mechanisms underlying the
thermal conductivity enhancement of nanofluids. However, they only considered single
nanoparticles in their simulations and excluded the effects of aggregation (Aybar,

Sharifpur, Azizian, Mehrabi, & Meyer, 2015), as shown in Figure 2.25.

Figure 2.25: Schematic showing the Brownian motion of nanoparticles

2.8.1.5 Clustering

Clustering is the formation of larger particles through the aggregation of
nanoparticles. Clustering effect is always present in nanofluids and it is factor that
influences the thermal conductivity of nanofluids (Ozering et al., 2010). The probability
of aggregation increases as the particle size decreases at a constant volume fraction
because the average interparticle distance decreases, which increases the van der Waals
forces between the particles (Sarit K Das et al., 2007). Aggregation reduces the
Brownian motion due to the increase in the mass of aggregates whereas it can increase

the thermal conductivity due to percolation effects in the aggregates as the highly
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conducting particles contact one another (Prasher, Phelan, & Bhattacharya, 2000).
However, the larger clusters tend to settle down in the base fluid, which reduces thermal
conductivity enhancement.

A number of researchers have strongly suggested that nanoparticle aggregation plays
a significant role in heat transport of nanofluids. Using the effective medium theory,
Prasher et al. (Prasher, Evans, et al., 2006) demonstrated that the thermal conductivity
of nanofluids can be significantly enhanced by the aggregation of nanoparticles,
resulting in the formation of clusters. Hong et al. (K. Hong et al., 2006) investigated the
effect of nanoparticle clustering on the thermal conductivity of nanofluids. They found
that there is significant thermal conductivity enhancement for the Fe nanofluids
sonicated at high-powered pulses. They measured the average size of the nanoclusters
and thermal conductivities of the sonicated nanofluids as a function of time after the
sonication stopped. They found that the reduction of the nanofluid thermal conductivity
is directly related to the agglomeration of nanoparticles. Kwak and Kim (Kwak & Kim,
2005) demonstrated that the significant thermal conductivity enhancement is
accompanied by an abrupt increase in viscosity at low volume fractions of nanoparticles
(<1%). This indicates that it is more effective to use small volume fractions of
nanoparticles rather than large volume fractions in preparation of nanofluids. Lee et al.
(D. Lee et al., 2006) demonstrated the critical importance of particle surface charge on
the thermal conductivity of nanofluids. Surface charge is one of the primary factors that
control nanoparticle aggregation. Furthermore, Putnam et al. (Putnam et al., 2006) and
Zhang et al. (X Zhang et al.,, 2006) demonstrated that nanofluids with good
dispersibility do not result in any unusual thermal conductivity enhancements (Evans et
al., 2008).Table 2.4 summarized the results of effective thermal conductivity

measurement from literature on nanofluids containing carbon allotropes.
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2.8.2  Density
In essence, nanofluids are heterogeneous mixtures of solid and liquid materials. In
order to illustrate this concept, consider a nanofluid in which solid nanoparticles occupy

volume Vs whereas the base fluid occupies volume V7, as shown in Figure 2.26.

Solid particles Liquid base fluid

Figure 2.26: Illustration of a nanofluid, which is a heterogeneous mixture of
solid and liquid materials

Nanofluid systems consist of solid nanoparticles that occupy volume V; and liquid
base fluid that occupies volume Vy. According to the conservation of volume of

heterogeneous mixtures, the following expression is used for the nanofluid volume, V.

V=V+V (2.10)

The volume fraction of the solid particles, ¢, is defined as:

2.11
iy @.11)

<=

Therefore, the volume fraction of the liquid base fluid is:

Ve (2.12)
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The mass that is enclosed within the volumes V¢ and V5 can be expressed in terms of
the densities of the solid particles and base fluid pg and ps. Thus, the total mass m can

be expressed as:

m=mg+mp=p;oV + ps(1 — @)V (2.13)
The average density of heterogeneous mixture can be determined from the ratio of

mass and volume.

m 2.14
pave=7=ps¢+pf(1—<p) (2.14)

It shall be noted that p,,. is the average density of the entire fluid. At any local point
within the nanofluid, the density is either the density of the base fluid or the density of
the nanoparticles, or it can be discontinuous at the particle surface. Similarly, the
average density for a very small volume is not necessarily equal to the average density

because the concentration of the solid particles may vary slightly locally (Mikkola,

2015).

Like viscosity, density also affects the pressure drop and pumping power, as it affects
the Re number, Nusselt (Nu) number, thermal diffusivity, and heat transfer coefficient
of the heat transfer fluid. However, only a limited number of studies have been carried
out to investigate the effect of density of nanofluids. Sommers et al. (Sommers &
Yerkes, 2010) obtained a linear relationship between density and particle concentration
for Al,Osz-propanol nanofluids. Vajjah et al. (R. Vajjha, Das, & Mahagaonkar, 2009)
also investigated the density of ethylene glycol-water based nanofluids with AlOs,

ZnO7 and Sb204:SnO; nanoparticles.
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2.8.3  Viscosity

Viscosity is a measure of the fluid resistance to flow. This resistance arises from the
attractive forces between the fluid molecules. Fluid will only flow when there is
sufficient energy to overcome these forces. Isaac Newton was the first to give a
scientific definition for viscosity. He derived a mathematical formula that relates
viscosity with the resistive (drag) force experienced by a thin plate “shearing” through

the fluid. The definition given by Isaac Newton is based on two quantities:

1. Shear rate: This refers to the speed of the thin plate divided by its distance from

some reference surface such as the container wall.

2. Shear stress: This is the drag force experienced by the thin plate divided by its

surface area.

In any flow, the fluid layers move at different velocities and the fluid viscosity
stems from the shear stress between the layers that opposes the applied force. The
relationship between the shear stress and velocity gradient can be obtained by
considering two plates closely spaced at a distance y and separated by a homogeneous
substance. It is assumed that each plate has large surface area, A4, such that edge effects
may be neglected. The lower plate is fixed and force, F, is applied to the upper plate. If
this force causes the substance between the plates to undergo shear flow with a velocity
gradient u (as opposed to just shearing elastically until the shear stress in the substance

balances the applied force), the substance is called a fluid, as shown in Figure 2.27.
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shear stress,

radi nti
gradie! "y

velocity u

Figure 2.27: Laminar shear flow in a straight pipe where the shear stress is
proportional to the velocity gradient

The applied force is proportional to the area and velocity gradient of the fluid.
However, the applied force is inversely proportional to the distance between the plates.

The applied force as a function of these terms is given by:

F=puAl 2.15
u :
y (2.15)

where u is the proportionality factor called viscosity.

Equation (2.15) can be expressed in terms of the shear stress, 7 = g. For straight,

parallel, uniform flows, the shear stress between the fluid layers is proportional to the
velocity gradient in the direction perpendicular to the layers, as given by the following

equation (Symon, 1971):

= u— 2.16
TEHG (2.16)
The relationship between the shear stress and velocity gradient can be obtained with

this method. Note that the rate of shear deformation is 5, which can also be written as
. ou
the shear velocity, E

The rheological properties of colloids have been studied extensively over the past

century. In fact, Einstein (1906) proposed a theoretical equation to predict the viscosity
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of a very dilute colloidal system (less than 1% by volume) 100 years ago. Many
researchers have attempted to improve the viscosity model of colloids. As the particle
concentration increases, the hydrodynamic interaction between the particles becomes
more pronounced because the disturbance of fluid around one particle will interact with
that surrounding other particles. In 1977, Batchelor (1977) considered this factor and
proposed an improved model to predict the viscosity of colloids at relatively higher
concentrations of particles. The results showed that as the particle concentration
increases, the interactions between the colloidal particles becomes significant. However,
there is no rigorous analysis regarding this subject. In 1959, Krieger and Dougherty
(1959) proposed a semi-empirical correlation for the shear viscosity which encompasses
the entire range of particle concentrations. In addition, a large number of experiments
have been conducted to understand the viscosity of colloids. Goodwin and Hughes
(2008), Larson (2005) and Abdulagatov and Azizov (2006) experimentally investigated
the rheological properties of colloids. C. Chang and Powell (1994) and (Luckham and
Ukeje (1999)) have investigated the effects of particle size and particle distribution on
the viscosity of colloids. The results showed that smaller particle size result in higher
viscosity, whereas larger particle size distribution reduces the viscosity of colloids.

However, studies on the rheological properties of nanofluids are still scarce.

Most flow applications require low-viscosity fluids because this will reduce the
pumping power required to transport the fluid. In heat transfer applications, extra
pumping power is required to transport fluid in active systems. In convective heat
transfer systems where nanofluids are used as the working fluid, the viscosity of
nanofluids may increase the required pumping power of the system while increasing
heat transfer. This is one of the disadvantages of nanofluids, which needs to be
overcome because the increase in fluid viscosity will negate thermal conductivity

enhancement.
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The viscosity of nanofluids is dependent on several factors such as the
concentration, type, size and shape of the nanoparticles, the type of base fluid, and pH
of the nanofluid. Similar to thermal conductivity enhancement, fluid viscosity increases
with an increase in particle concentration and decrease in the size of particles. On the
other hand, an increase in temperature will slightly decrease the relative viscosity of the
nanofluid. Some of the common empirical correlations used to predict the dynamic

viscosity of nanofluids are summarized in Table 2.5.

Table 2. 5: Summary of models used to predict the effective dynamic viscosity

Researchers

Empirical correlation

Einstein’s equation
(Einstein, 1956)

bng = (1 + 2.5¢)ppr

Brinkman’s model
(Brinkman, 1952)

D i
Hnf = (1—¢)25

Pak and Cho’s
correlation (Pak &
Cho, 1998)

tns = ur(1+39.11¢ + 533.992)

Brownian model
(Orozco, 2005)

tnr = (1 4+ 2.5¢ + 6.17¢?)

Gherasim et al.’s
model (Gherasim,
Roy, Nguyen, & Vo-
Ngoc, 2009)

tinf = Up(0.9041*89)

Maiga’s model
(Maiga, Palm,
Nguyen, Roy, &
Galanis, 2005)

Nguyen’s model
(Nguyen et al., 2008)

tnf = pp(1 4 0.025¢ + 0.015¢2)

etal., 2016)

Batchelor’s model. Fnr _ + 250y + 6503
(Sarsam, Amiri, Zubir, Upf
etal., 2016)
Sarsam et al..’s. modf.:l Hng _ 145500,
(Sarsam, Amiri, Zubir, Upf
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Pak and Cho (Pak & Cho, 1998) measured the viscosity of Al,Os-water nanofluids as
a function of the shear rate and particle concentration. The Al,O3 nanoparticles have an
average diameter of 13 nm and the particle concentration was varied up to 10 vol%. In
general, the nanofluids show Newtonian behavior, where the viscosity is independent of
the shear rate and the maximum viscosity of nanofluids is up to 300 times higher than
that of the base fluid. The measured viscosities of nanofluids are significantly higher
than those predicted by Batchelor’s equation. Wang et al. (X. Wang, Xu, & Choi, 1999)
only observed a 90% increase in viscosity for AlbOsz-water nanofluids with similar
concentrations and particle dimensions. Even though they measured the viscosities of
the Al2O3; nanofluids and did not find any non-Newtonian effect, many nanofluid
systems show non-Newtonian behavior, unlike the corresponding base fluids. Das et al.
(Sarit K Das, Putra, & Roetzel, 2003) measured the viscosity of AloOs-water nanofluids
and they observed that there is a slight change in the viscosity as the shear rate increases
and the nanofluids behave as Newtonian fluids. They also investigated the variation of
viscosity as a function of temperature and the results are similar to those for the base
fluid. The maximum viscosity is obtained for the nanofluid with the highest particle
loading at the lowest temperature. Kwak and Kim (Kwak & Kim, 2005) dispersed 12-
nm CuO nanoparticles in ethylene glycol and measured the viscosity of the nanofluids.
They observed that the viscosity of the nanofluids change from Newtonian to shear
thinning as the particle concentration increases. For nanofluid with a CuO particle
concentration of 1 vol%, the viscosity decreases by two orders of magnitude as the
shear rate increases from 0.01 to 1000 1/s. Kulkarni et al. (Kulkarni, Das, & Chukwu,
2006) observed the same shear thinning behavior in CuO-water nanofluids. Ding et al.
(Yulong Ding et al., 2006) dispersed MWCNTs in water and found that the results of
these nanofluids are similar to those of spherical nanoparticle suspensions. In fact, the

shear thinning behavior of CNT-water nanofluids is more apparent than that of
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nanofluids with spherical nanoparticles. Davis et al. (Davis et al., 2004) observed
similar shear thinning behavior in the viscosity of CNT nanofluids and they obtained a
local maximum and a local minimum when they measured the viscosity of nanofluids as
a function of the CNT concentration. This trend can be explained by the phase behavior
of the Brownian rigid rods in nanofluids. At the beginning, as the volume fraction of the
CNT increases, the nanofluids transit from a dilute regime (in which there is no
interaction between the CNTs) to the liquid crystal phase. Stated differently, as the
concentration of CNTs increases, the motion of the CNTs are restricted by interactions
between the CNTs, which increases the viscosity. When the CNT concentration is
increased further, this causes the nanofluid system to transit from a bi-phasic system to
a solely liquid crystal system, and this occurs between the local maximum and local
minimum of viscosities. However, if the concentration continues to increase, the

viscosity will increase rapidly from the local minimum point.

Wang and Mujumdar (X.-Q. Wang & Mujumdar, 2007) reported that there are
limited studies on the rheological behavior of nanofluids. The viscosities of CuO-water
suspensions were measured by Li et al. (Junming Li, Li, & Wang, 2002) using a
capillary viscometer. They observed that there is a decrease in the apparent viscosity of
nanofluids. They also pointed out that the capillary tube diameter may influence the
apparent viscosity at higher nanoparticle mass fractions, especially at lower
temperatures. Das et al. (Sarit K Das et al., 2003) measured the viscosities of Al2O3-
water nanofluids as a function of shear rate. They reported that the viscosity increases
with an increase in the particle concentration and they stated that there is a strong
possibility that the nanofluids may be non-Newtonian fluids, or even viscoelastic in
some cases. However, they proposed that further experimental studies are needed in
order to define the viscosity models of nanofluids and obtain simulation results with

higher accuracy. Ding et al. (Yulong Ding et al., 2006) measured the viscosities of
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CNT-water nanofluids as a function of shear rate. They observed that the viscosity of
the nanofluid increases with an increase in CNT concentration and decrease in
temperature. They also observed shear thinning behavior, which means that nanofluids
can improve fluid flow performance due to higher shear rate at the wall, which results in

low viscosity (H. Mohammed, Bhaskaran, Shuaib, & Saidur, 2011).

2.8.4 Specific heat capacity

The specific heat capacity of a pure substance or a mixture is defined as the heat
required to raise the temperature of 1 mole of a substance under specified conditions. It
is crucial to determine the specific heat accurately in order to evaluate the thermal
performance of nanofluids. This property is required in thermal conductivity, thermal
diffusivity, and t spatial temperature measurements in free convection flows and it is
one of the key parameters to describe convective flows of nanofluids. Some studies
have shown that nanoparticles have a very small effect on the specific heat of nanofluid
due to the low volume fraction of nanoparticles. However, in most cases, it is assumed
that the specific heat is strongly dependent on the volume fraction of nanoparticles. In
the absence of available experimental data, two models widely used in experimental and

numerical studies of nanofluids. These models are described as follows.

Model I. This model is analogous to the mixing theory of ideal gas mixtures. The

specific heat of a nanofluid is expressed as:

Cong = PCpn+ (1 — @)Cp 5 (2.17)
where the subscripts nf, n, and f refer to the nanofluid, base fluid, and nanoparticle,

respectively. Because of its simplicity, Equation (2.17) has been used to assess the heat

transfer performance of nanofluids in numerous experiments and theoretical

simulations.
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Model II. This model is based on classical and statistical theories. Assuming that the
base fluid and the nanoparticles are in thermal equilibrium, the specific heat of the

nanofluid can be predicted using the following equation:

o ¢(pCy), + (1= @)(pCy), (2.18)
PR ope + (1 @)py

Where p is density. In this model, the density variations of the nanofluid,
nanoparticles, and base fluid are involved. Equation (2.18) has also been used as the
basic formula in many nanofluid investigations, such as in the theoretical models of
anomalous thermal conductivity (Xuan & Roetzel, 2000), thermal diffusivity
measurements (Murshed, Leong, & Yang, 2006), and convective heat transfer (S. Zhou

& Ni, 2008).

2.9 Heat transfer and friction factor of nanofluids

It is known that there are three modes of thermal energy transport, which are
conduction, convection, and radiation. However, it is very rare that there is only one
mode of heat transfer in thermal processes, though one of these three modes may

dominate a particular process.

29.1 Forced convection heat transfer in a tube

In most industrial processes, heat is transferred by forced convection. Therefore, the
performance of heat transfer fluids used in these systems has a remarkable impact on the
energy efficiency of practical applications. Significant economic and environmental
benefits can be gained by exploiting the use of effective heat transfer fluids. Several
studies have shown anomalous enhancement in convective heat transfer of nanofluids
(Gupta, Arora, Kumar, Kumar, & Dilbaghi, 2014; Kakac, Yener, & Pramuanjaroenkij,
2013; Michaelides, 2014). Hence, nanofluids have great potential to improve convective

heat transfer processes.
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Convection is one of the modes of heat transfer, in which thermal energy is
transferred by fluid motion. In practice, forced convection systems include two
mechanisms of heat transfer: thermal conduction and advection. Due to the presence of
advection, convection heat transfer is a highly complex phenomenon compared with
thermal conduction. Analytical solutions of convection problems require one to solve

the governing equations of mass, momentum and energy.

Convection of laminar flows is quite well understood and there are analytical
solutions for several geometries. However, there is no generic momentum equation for
turbulent flows and thus, the heat transfer coefficients cannot be accurately determined
analytically. Due to the lack of analytical solutions, the heat transfer coefficients of
nanofluids in turbulent flow conditions are often determined using experimental
correlations. However, the heat transfer coefficients obtained using these correlations

are not accurate, with a large error range of ~5-15% (Kakac et al., 2013).

29.2  Force convection and friction factor in turbulent flow conditions

Heat transfer coefficient is a better indicator for nanofluids compared with the
thermal conductivity enhancement when designing heat exchangers. Since nanofluids
can improve the heat transfer coefficient of thermal energy systems, these fluids can
facilitate in reducing the size of such systems which increase the energy and fuel
efficiencies, reduce pollution, and improve reliability. It is essential to directly measure
the heat transfer performance of nanofluids under turbulent flow conditions that are
representative of those in the actual applications. While not as common as reports on
thermal conductivity enhancement of nanofluids, there are still several significant
studies on heat transfer coefficient enhancement of nanofluids under turbulent flow
conditions. Most heat transfer studies involve the use of the Nu number, which is the

ratio of convective to conductive heat transfer across the boundary.
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Several mechanisms have been proposed to describe convective heat transfer
enhancement and new correlations or numerical methods have been used to estimate
convective heat transfer of nanofluids. Empirical correlations are usually of practical
importance for engineering design purposes due to their simplicity. For fully-developed
turbulent flows in a hydraulically smooth pipe, the correlations (Newaz, Duffy, & Chen,

1998) generally used to estimate the Fanning friction factor are given by the following

equations:
f =0.079Re %25 Re < 2 x 10* (2.19)
and
f = 0.046Re™%2° Re > 2 x 10* (2.20)

In practice, the tubes used in industrial applications are not hydraulically smooth.
The turbulent flow friction factor of real pipes is strongly dependent on the smoothness
of the internal surface. J. Nikuradse (1933) experimentally investigated sand-grain
roughened tubes to evaluate the effect of roughness (&) on the friction and velocity
distributions. However, there is a lack of emphasis on heat transfer measurements (Kazi,

2001).

J. Nikuradse (1933) identified the three regimes of flows in pipes, which depends on

the values of f, Re,, and €/r. These regimes are given by the following equations:

Hydraulically smooth regime: 0 < Re, < 5, f = F(Re) (2.21)
Transition regime: 5<Re., <70, f =F(e/r,Re) (2.22)
Completely rough regime: Re, > 70, f =F(eg/r) (2.23)

In hydraulically smooth regimes, € is very small such that the sand grains are
contained within the laminar sub-layer. Hence fis not affected by ¢ and f'= F(Re). In the

transition regime, the sand grains extend partly outside the laminar sublayer, which
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imposes additional resistance to the flow in the form of profile drag. In this case, the
friction coefficient is dependent on &/r and Re. Thus, in the transition regime, the
laminar sub-layer is completely disrupted. In this case, the friction coefficient is solely

dependent on the size and shape of the sand grains, i.e., f = F(&/r).

Prandtl (1960), Von Karman (2012), and V. Nikuradse (1932) developed a
correlation for /= F(Re) on theoretical basis. This correlation is valid for an arbitrarily
large Re and the values predicted by this equation are in good agreement with extensive
experimental measurements within +2%. This correlation is recommended for a Re

number range of 4x10°~1x107.

1
— = 1.73721n(Re,/f) — 0.3946 224
7 (Rey/f) (2.24)

Later, Colebrook (1939) developed a correlation for flows in a smooth circular duct:

— 1.56351 (Re)
- 156351n (5 (2.25)

-

This correlation is also valid within a Re range of 4x10°~1x10".

Colebrook (1939) developed an implicit formula which is applicable for 0 < Re, <
5. This formula spans the entire transition, hydraulically smooth, and completely rough

flow regimes.

1 e 935
\/—7 =3.48—-1.73721n - + (2.26)

Re\/7

Equation (2.26) is valid within the Re range of 4x10°~1x107.

For turbulent heat transfer in smooth pipes, Colburn (1933) equation can be used as a
general approach to calculate the dimensionless Nu number. The Nu number is

correlated with the Re number and Prandtl number (Pr) in an exponential function for
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fully developed turbulent pipe flows. The Colburn empirical correlation has been

widely used in practice.

Nu = CRe”Pr" (2.27)
where C, m, and n are the constants which need to be determined from experimental
data for a certain type of tube. Typically for smooth tubes, C = 0.023, m = 0.8, and
n =~ 0.3. If these values are used, the equation us known as the Dittus-Boelter

correlation (Dittus & Boelter, 1930) for the case where the fluid is heated.

Nu = 0.023 Re®8 Pr%3, 0.7<Pr<160 and Re > 10* (2.28)
Equation (2.28) is recommended for general use; however, the standard deviation of

error 1s ~13%.

Petukhov and Kirilov (1958) developed correlations (Equations (2.29) and (2.30)) to
determine the Nu number for fully developed turbulent flows in a smooth circular duct

for gases and liquids. These correlations are valid for 0.5 < Pr < 10° and 4000 <

Re <5 x 10°.
(f/2)RePr
Nu = I
f\z2, 2 (2.29)
C+12.7 (7> (Pr3 —1)
900 0.63
where € = 1.07 +——— [1+10Pr]
(f/2)RePr
Nu = I
(2.30)

1.07 + 12.7 (5)5 (Pr§ - 1)

The first Petukhov correlation is in agreement with the most reliable experimental
data on heat and mass transfer within an accuracy of +5%. This correlation is valid for

0.5 < Pr <10° and 400 < Re <5 X 10°. The second correlation is a simplified
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version of the first one and it was modified by V1 Gnielinski (1976), resulting in the

following correlation:

(f/2)(Re —1000)Pr
Nu =

1/2 2.31
14127 (Jz—c) (Pr2/3 — 1) @30)

The Gnielinski correlation extends the Petukhov correlation to within the following
range: 2300 < Re < 5 x 10°. When 0.5 < Pr < 2000 and 2300 < Re < 5 X 10°, the
Gnielinski correlation gives the best agreement with the experimental data and it agrees

with the Petukhov correlation within —2 and 7.8%, respectively.

The effect of tube roughness on the turbulent flow friction factor leads to the
development of correlations to determine the Nu number for rough tubes. The
correlations for smooth tubes do not show good agreement with experimental data when
these correlations are used for rough tubes. Thus, several correlations have been
developed to determine the Nu number for fully developed turbulent flows in rough
circular ducts (Kazi, 2001). The correlation developed by (Martinelli, 1947) for a fully
rough flow regime is given by:

Nu = RePry//2 (2.32)

5[Pr + In(1 + 5Pr) + 0.5 ln(Rew/f/Z /60)

Some of the correlations for convective heat transfer of flows through ducts are

summarized in Table 2.6.
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Table 2. 6: Summary of the empirical correlations developed to determine the
Nu number of flows through ducts

Researcher(s) Correlation Medium Flow conditions
Sieder and Tate osn 1/ (H)0* Fully turbulent Re > 10*
(Sieder & Tate, Nu = 0.027Re"*Pr'/s (Z) flows 0.7 < Pr < 16,700
1936) L/y =10
Hausen (Hausen, D 2/s L\ 014 Transitional and 2300 <Re < 10°
1959) Nu = 0.037(Re®’> — 180)Pr%42 |1 + (Z) (H_> turbulent flows 0.5 <Pr<1000
w

Maiga’s equation Nu = 0.085Re®7*Pr0-35
Sundar et al. Nu = 0.02172Re®8Pr05(1 + ¢)°-5181 Fe;04 nanofluid 3000 < Re < 22000
(Sundar, Naik, 3.72<Pr<6.5
Sharma, Singh, & 0< ¢ <0.6%
Reddy, 2012)
Pak and Cho (Pak Nu = 0.021Re%8pPr®5 AlOs and TiO, 10* < Re < 10°
& Cho, 1998) nanofluids 6.54 < Pr<12.33

0<p<3.0%
Duangthongsuk Nu = 0.074Re707 pr038550.074 TiO; nanofluid 3000 < Re < 18000
and Wongwises 0<¢9<2.0%
(Duangthongsuk &
Wongwises, 2010)
Sundar (Sundar, Nu = 0.0215Re®8Pro5(1 + ¢)°78 Hybrid MWCNT- 3000 < Re < 22000
Singh, & Sousa, Fe;Ou/water 3.72 < Pr < 6.37
2014) nanofluids 0<¢<0.6%
Xuan and Li Nu,s = 0.0059(1 + 7.6286¢ 656 Pe 01 )Rel, 7238 Prot
Vajjha et al. (R. S. Nu = 0.065(Re®®> — 60.22)(1 + 0.0169¢°1%)Pr0-542 0 < ¢ <6.0 CuO, SiO,
Vajjha, Das, & 0< ¢ <100 ALO;
Kulkarni, 2010) 3000 < Re

< 1.6 x10*

Sajadi and Kazemi Nu = 0.067Rr%7*Pr%35 + 0.0005Re TiO,/water 0.2 < ¢ <0.25 vol%
(Sajadi & Kazemi, nanofluids 5000 < Re < 3 x 10*
2011)
Dittus-Boelter Nu = 0.023Re%#Pr0+* Re > 10*
correlation [36] 0.6 < Pr <160

Researchers have conducted experimental investigations to improve the heat transfer
performance and pressure drop of nanofluids with various nanoparticle concentrations

in laminar and turbulent flow regimes (Youssef, Aly, & Zeidan, 2012).

There are many experimental studies available in the literature concerning
nanofluids in the laminar flow regime. Most of the results confirm that the heat transfer
enhancement increases with an increase in particle concentration and thermal
conductivity for almost all types of nanofluids. The convective heat transfer
characteristics of copper-water nanofluids in a horizontal straight tube with constant

heat flux and different flow rates have also been experimentally investigated in (Xuan &
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Li, 2003). The results revealed that the presence of the copper nanoparticles has a
promising effect on the heat transfer performance of the base fluid, and the friction
factor values of the nanofluids are at par with those of water. Based on their findings,
the copper-water nanofluids have superior convective heat transfer coefficient compared
with the base fluid, with a value of ~60% at a particle concentration of 2 vol%. In
addition, they proposed a new correlation to predict the heat transfer coefficient of the
nanofluids for both laminar and turbulent flow conditions. They also conducted pressure
drop studies at different flow rates to justify the use of copper-water nanofluids due to
the fact that a higher pressure drop results in higher pumping power. However, they
found that there is no significant increase in the pressure drop, which indicates that the

nanofluids do not impose any extra penalty in the pumping power.

Faulkner et al. (Faulkner, Rector, Davidson, & Shekarriz, 2004) was the first to
conduct convective heat transfer experiments of aqueous CNT nanofluids in a
microchannel with hydraulic diameter of 355 m within a Re number range of 2—-17.
They observed that there is considerable enhancement in heat transfer coefficient when
the CNT concentration is 4.4%. Ding et al.(Yulong Ding et al., 2006) studied the heat
transfer characteristics of aqueous suspensions of MWCNT nanofluids flowing through
a horizontal tube. They observed that there is significant convective heat transfer
enhancement of the nanofluids, which are dependent on the Re number, MWCNT
concentration, and pH, where the pH has the lowest effect on the heat transfer
enhancement. The results showed that the maximum convective heat transfer
enhancement of the nanofluid containing 0.5 wt% of MWCNTs is more than 350%
at Re = 800, which is not solely due to enhanced thermal conduction. They proposed
that particle rearrangement, shear-induced thermal conduction enhancement, reduction
of thermal boundary due to the presence of nanoparticles, and the significantly high

aspect ratio of MWCNTs are possible mechanisms that lead to the high convective heat
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transfer enhancement. Mehrali et al. (Mehrali et al., 2015) investigated the heat transfer
characteristics and thermal conductivity of GNP nanofluids (where the GNPs have an
SSA of 750 m?/g) inside a circular stainless steel tube subjected to constant wall heat
flux. The experiments were carried out under laminar forced convection conditions. The
flow velocity was kept constant and the GNP concentration was varied from 0.025 to
0.1 wt%. They obtained thermal conductivity enhancement of 12-28% relative to that
for the base fluid. The convective heat transfer coefficient for the GNP nanofluid is
found to be up to 15% higher than that for the base fluid. The heat transfer rate and
thermal performance for the nanofluid containing 0.1 wt% of GNPs are higher by a

factor of up to 1.15.

Kumaresan et al. (Kumaresan, Khader, Karthikeyan, & Velraj, 2013) studied the
heat transfer characteristics of CNT nanofluids in a tubular heat exchanger of various
lengths for cooling/heating applications. The nanofluids were prepared by dispersing
MWCNTs in water-ethylene glycol mixture (70:30 by volume). The results showed that
the Pr number increases by 115.8 and 180.2% at 0 and 40°C, respectively, for the
nanofluid containing 0.45 vol% of MWCNTs. In contrast to the conventional heat
transfer concept, the Nu number of the nanofluids increases with a decrease in the Re
number as the MWCNT concentration increases. The results showed that there is
significant enhancement in the convective heat transfer coefficient in the entrance
region. The possible reason for the abnormal enhancement in the heat transfer
coefficient for the test section with the shorter length is the migration of the MWCNTs,

which hinders rapid development of the thermal boundary layer.

Sunder et al. (Sundar et al., 2014) experimentally investigated the convective heat
transfer coefficient and friction factor for fully developed turbulent flow of MWCNT-

Fe;O4/water nanofluids flowing through a circular tube uniformly heated at a constant
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heat flux. The results indicate that the maximum enhancement in Nu number is 31.10%;
however, this comes at the expense of increased pumping power by a factor of 1.18 for

a particle loading of 0.3%. The Re number was 22,000.

Akhavan-Zanjani et al. (Akhavan-Zanjani, Saffar-Avval, Mansourkiaei, Ahadi, &
Sharif, 2014) experimentally studied the thermal conductivity and turbulent convective
heat transfer of graphene/water nanofluids (with various concentrations of graphene)
inside a uniformly heated circular tube. The results showed that there is enhancement in
the thermal conductivity with a moderate increment of viscosity at low volume fractions
of nanoparticles. Moreover, there is a significant increment in the heat transfer
coefficient while the pressure loss remains unchanged. The maximum thermal
conductivity, viscosity, and heat transfer coefficient enhancements are 10.30, 4.95, and

6.04%, respectively.

Amrollahi et al. (Amrollahi, Rashidi, Lotfi, Meibodi, & Kashefi, 2010) investigated
convective heat transfer of water-based FMWNT nanofluid under both laminar and
turbulent regimes flowing through a uniformly heated horizontal tube in entrance
region. The nanoparticles functionalized by acid treatment. The experimental results
indicated that the convective heat transfer coefficient of these nanofluids increases by
up to 33—40% at a concentration of 0.25 wt.% compared with that of the pure water in

laminar and turbulent flows respectively and 20 °C.

In another interesting study, Cardenas Gomez et al. (Goémez, Hoffmann, & Bandarra
Filho, 2015) compared the thermal performance of CNT nanofluids with different CNT
aspect ratios (0.24 vol% of MWCNT with aspect ratios of 100 and 2400). They tested
the CNT nanofluids flowing in a horizontal pipe under the following test conditions: (1)
Re number range: 3,000-20,000, (2) inlet temperature: 10, 15, and 20°C, (3) heat flux in

the test section: 10—18 kW/m?, and (4) mass flow rate: 20—100 g/s. They concluded that
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the sample with the higher CNT aspect ratio has superior thermal performance because
the heat transfer coefficient increases by 15% (relative to that of the base fluid) while
increase in pumping power insignificant (<10%).Table 2.7 summarized the results of
experimental study of forced convective heat transfer from literature on carbon

allotropes-based nanofluid.
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2.10  Simulation

There are a number of studies focused on modeling convective flows where
nanofluids are used as the working fluids. Several methods have been used by
researchers to perform the simulations. These methods can be generally classified as
single-phase and two-phase models, which are reviewed and presented in the following
sub-sections. As a matter of fact, most researchers used numerical methods to determine
the effective thermal parameters such as convective heat transfer coefficient and thermal
conductivity of nanofluid flows because these methods are more cost-effective than
traditional experimentation.
2.10.1 Governing equations
2.10.1.1 Single-phase models

Single phase (homogeneous) models are very popular for numerical studies
involving nanofluids due to the simplicity of these models. In this approach, the
nanoparticles are assumed to be uniformly distributed in the base fluid (Niu, Fu, & Tan,
2012). Moreover, the effective thermophysical properties, including conductivity,
viscosity, heat capacity and density, are based on the mixture of nanoparticles and base
fluid. Furthermore, in single-phase modelling, both the liquid and solid particle phases
are in chemical and thermal equilibrium, and the relative velocity between the phases is
equal to zero (Corcione, Cianfrini, & Quintino, 2012; Q. Li, Xuan, & Wang, 2003;
Namburu, Das, Tanguturi, & Vajjha, 2009). This assumption may be realistic because
the relative velocity decreases with a decrease in particle size and the nanoparticles are
more minute in size compared with microparticles (Namburu et al., 2009). In this
approach, it is also assumed that there is ease of fluidization of nanoparticles in the base
fluid and therefore, the effective mixture has similar behavior as that for single-phase

fluids (Q. Li et al., 2003; Namburu et al., 2009). The accuracy of the numerical results
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for single-phase models is strongly dependent on proper selection of the effective

thermophysical properties.

The governing equations for steady-state nanofluids using single-phase modelling are

as follows (Vanaki, Ganesan, & Mohammed, 2016):

Conservation of mass:

V.(pnsVg) =0 (2.33)

Conservation of momentum:
V. (pnfVV) = VP + s V2V — pp V. (VV) = (0B)nf (T — To)g (2.34)
The third and fourth terms on the right side of Eq. (2.34) indicate the effect of

turbulent flow and natural convection, respectively. For laminar forced convection

flows, these terms are considered zero.

Conservation of energy:
V. ((0CD)nfVT) = V. (ks VT — (pCP)nfVE) (2.35)
where (pCp), fﬁ is used for turbulent flow regime (Vanaki et al., 2016).

Maiga et al. (Maiga, Nguyen, Galanis, & Roy, 2004) modeled the forced convection
flow of a nanofluid (gAl,Os dispersed in water and ethylene glycol) in a straight tube
with circular cross-section. They assumed that the flow is single phase in order to derive
the governing equations and calculate the heat transfer enhancement of nanofluids in
laminar and turbulent flow conditions. The nanoparticle concentration was varied from
0 to 10%. For laminar flow conditions, the results showed that there is an increase in the

heat transfer rate (particularly at the walls) with variation of w. When w = 10%, the
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product rc, and thermal conductivity, k, increases by 18 and 33%, respectively. In
addition, the heat transfer coefficient ratio, /4r, increases by almost 60% with an increase
in particle concentration, particularly at the tube end. Furthermore, the average heat
transfer enhancement is more pronounced for the gAlOs/ethylene glycol nanofluid
compared with that for the gAl>Os/water nanofluid for w > 3% (identical otherwise).
The wall shear stress increases considerably with an increase in the particle volume
fraction and along the tube length. For the turbulent flow regime, there is a sharp
increase in the heat transfer coefficient within a very short distance from the inlet
section. The variations of /7 and ¢r are similar to those in the previous case. Palm et al.
(Palm, Roy, & Nguyen, 2006) numerically investigated the enhanced heat transfer
capabilities of Al,Os/water nanofluids (g = 38 nm; w = 1-4%) in a radial laminar flow
cooling system. They used temperature-dependent nanofluid properties in their
simulations. The experimental results obtained using the single-phase approach showed
that there are noticeable fluctuations in the properties near the injection inlet. The
viscosities are lower at higher temperatures, the wall shear stress decreases with an
increase in the wall heat flux, and the heat transfer rates are higher compared with
predictions obtained using constant properties. Hwang et al. (K. S. Hwang, Jang, &
Choti, 2009) performed a study on AlbOs/water nanofluids in fully developed laminar
flow regime. They found that the nanofluid friction factor can accurately be predicted
using the classical Darcy equation for single phase flows. On the contrary, there is
anomalous enhancement in the heat transfer coefficient, which cannot be predicted
using classical equations. Namburu et al. (Namburu et al., 2009) developed a single-
phase model to study turbulent flow and heat transfer characteristics of nanofluids in a
circular tube. The results showed that the nanofluids containing smaller diameter
nanoparticles have higher viscosities and Nu numbers. Akbarnia and Behzadmehr

(Akbarinia & Behzadmehr, 2007) developed a single-phase CFD model to investigate
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laminar convection of AlbOz/water nanofluid in a horizontal curved tube. The effects of
buoyancy force, centrifugal force, and nanoparticle concentration were discussed in
their work. Zeinali et al. (S. Z. Heris, M. N. Esfahany, & G. Etemad, 2007a) proposed a
dispersion model to account for the presence of nanoparticles in nanofluids. They
showed that the dispersion and random movement of nanoparticles inside the fluid alters
the structure of the flow field, which leads to heat transfer enhancement. Behzadmehr et
al and Mirmasoumi et al. (Behzadmehr, Saffar-Avval, & Galanis, 2007; Mirmasoumi &
Behzadmehr, 2008) used two-phase models to predict turbulent forced convection of
nanofluids in a tube with uniform heat flux. They used a mixed model based on a two-

phase model for a single fluid in their CFD simulations.

(a) Brownian motion and dispersion model

The increase in Brownian motion (microconvection effect) is supposed to be one of
the main reasons for the thermal conductivity enhancement of nanofluids. This has led
to the development of several new theoretical models (Jang & Choi, 2004) (which are
temperature-dependent) in order to evaluate the effective thermal conductivity of
nanofluids. These single-phase CFD models with temperature-dependent effective
thermal conductivity were already used in (Akbari, Galanis, & Behzadmehr, 2012;
Namburu et al., 2009) to investigate the turbulent forced convection of three types of
nanofluids (Al203, CuO and SiO; in ethylene glycol-water mixtures). The results
showed that there is good agreement between the predicted Nu numbers and those
determined from the Gnielinski correlation for the nanofluids. It shall be noted that the
chaotic movement of nanoparticles also causes thermal dispersion in the nanofluid and
this may be one of the reasons that led to the thermal conductivity enhancement of
nanofluids. A few researchers have used the dispersion model and they found that this
model gives a more reliable prediction of the heat transfer behavior of nanofluids when

the results were validated against experimental data. Heris et al. (Heris et al., 2007a)
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numerically investigated laminar flow convective heat transfer of nanofluids in a
circular tube using a constant wall temperature boundary condition. They concluded that
dispersion and random movement of nanoparticles inside the fluid alter the structure of
the flow field, which leads to heat transfer enhancement. The numerical and
experimental results for AlOs/water, CuO/water, and Cu/water nanofluids were
compared to assess the accuracy of the dispersion model in predicting the heat transfer
coefficient of nanofluids, and the results showed that there is good agreement between
the numerical predictions and experimental data. Mokmeli and Saffar-Avval (Mokmeli
& Saffar-Avval, 2010) introduced a new thermal conductivity relationship in the radial
direction based on the dispersion model in order to study the laminar convective heat
transfer behavior of nanofluids in straight pipes. They observed that the dispersion
model gives a more reliable prediction of the heat transfer behavior of nanofluids. The
discrepancies in the results in response to changes in the volume fraction of
nanoparticles and Re number are less than 2.5 and 4%, respectively. In contrast, the
discrepancies in the results for the homogeneous model are within a range of 14-30%.
Mojarrad et al. (Mojarrad, Keshavarz, & Shokouhi, 2013) conducted experimental and
numerical studies to analyze the heat transfer performance of Al,Os/water nanofluids
flowing in the entrance region of a circular tube with constant wall surface temperature.
The diameter of the AlbO3 nanoparticles is 30 nm. They proposed a new correlation to
determine the thermal conductivity in the radial direction. They reported that the new

dispersion model gives accurate prediction of the experimental data.

(b) Newtonian and non-Newtonian rheology

One simplified view which has been considered in many works (J Koo & C
Kleinstreuer, 2005; Moraveji & Ardehali, 2013) is to treat nanofluid as a Newtonian
fluid with modified properties (Niu et al., 2012). For example, Maiga et al. (Maiga et

al., 2004) numerically investigated laminar and turbulent forced convective heat transfer
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of AlbOs/water and AlxOs/ethylene glycol nanofluids inside a heated tube. They used
the single-phase model with constant dynamic viscosity (i.e., Newtonian fluid behavior)
and constant thermal conductivity which were selected from the experimental data for
each nanoparticle volume fraction. They found that there is good agreement between the
predicted heat transfer coefficient and experimental data with a maximum error of 10%.
Moraveji et al. (Moraveji, Darabi, Haddad, & Davarnejad, 2011) used a similar model
to investigate the heat transfer enhancement of Al,Os/water nanofluid under laminar
forced convection. They reported that the predicted values approximate those from
experiments with an increase in the Re number and decrease in the size of particles. The
maximum deviation in the Nu number between the predicted and experimental data is
10%. On the contrary, some researchers suggested that the rheological behavior of
nanofluid is more likely shear-thinning rather than Newtonian. For example, Chang et
al. (H. Chang et al., 2005) found that the CuO/water nanofluid behaves as a non-
Newtonian fluid in their experimental study. The non-Newtonian rheological behavior
can be described by the power law model with a flow index of less than 1 (Niu et al.,
2012). Putra et al. (Putra, Roetzel, & Das, 2003) conducted an experimental study to
examine the relationship between shear stress and shear strain of AlOsz/water
nanofluids. According to the data given by Putra et al. (Putra et al., 2003), the constants
of power-law model have been extracted by several researchers for use in numerical
studies. Santra et al. (Santra, Sen, & Chakraborty, 2009) numerically investigated
laminar forced convection of Cu/water nanofluids through two isothermally heated
parallel plates using the Newtonian and power law rheology models. They found that
the difference in the predicted Nu number between the two models becomes significant
as the Re number increases. Hence, it is imperative to consider the non-Newtonian

effect of nanofluids.
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2.10.1.2 Two-phase models

Nanofluids are essentially two-phase fluids and therefore, it is expected that
nanofluids share the same features inherent of solid-liquid mixtures. For this reason, the
classical theory for two-phase flows is used for nanofluids. In two-phase modelling, the
nanoparticles and base fluid are considered as two different phases with different
velocities and temperatures. Hence, the assumption of zero slip velocity between the
fluid and particles is no longer valid (Xuan & Roetzel, 2000) because the effects of
gravity, friction between the fluid and solid particles, Brownian motion, Brownian
diffusion, sedimentation, and dispersion need to be considered. The results obtained
from two-phase modelling are more realistic because this approach accounts for the
movement between the solid and fluid molecules. Although this modelling approach
offers insight into the functions of both liquid and solid phases in the heat transfer
process, this approach results in long computational time, and a high-performance
computer is needed for the simulations. There are two types of models used for two-

phase modelling (Vanaki et al., 2016).

According to the findings of Ding and Wen (Yulong Ding & Wen, 2005), if the
nanoparticle concentration is lower near the wall region compared with the core region,
the assumption that the distribution of nanoparticles is homogeneous in the base fluid
may not always hold true for a nanofluid (Kamyar, Saidur, & Hasanuzzaman, 2012). In
addition, factors such as gravity, Brownian motion, Brownian diffusion, friction force
between the fluid and nanoparticles, sedimentation, dispersion, layering at the solid-
liquid interface, ballistic phonon transport, and thermophoresis, may affect nanofluid
flows (Bahiraei, 2014; Moghari, Akbarinia, Shariat, Talebi, & Laur, 2011). These
factors may be attributed to nanoparticle migration, slip velocity between nanoparticles
and base fluid, as well as non-homogeneous distribution of nanoparticles in the base

fluid (Aminfar & Motallebzadeh, 2011; Moraveji & Ardehali, 2013). These findings
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have motivated researchers to use two-phase models in numerical studies of nanofluids.
In two-phase modelling, the nanoparticles and base fluid are distinguished as two
separate phases with distinctive thermophysical properties. The multiphase flows are
solved using Eulerian or Lagrangian frameworks. In the Eulerian-Eulerian framework,
each phase is treated as a continuum with separate transport equations. In contrast, in
the Eulerian-Lagrangian framework, the particle phase is traced as a discrete phase. The
interphase interactions between the particles and fluid are accounted for in both of these
frameworks (Fluent, 2009). There are two types of Eulerian two-phase models
commonly used to simulate nanofluid flows: (1) mixture model and (2) Eulerian-
Eulerian (two-fluid) model. The mixture model only solves the governing equations for
the mixture phase and uses the relative velocities to describe the dispersed phases,
whereas the Eulerian-Eulerian model solves the equations for each phase. For this
reason, the Eulerian-Eulerian model results in higher computational time and cost
compared with the mixture model (Fluent, 2009). Akbari et al. (Akbari et al., 2012)
conducted a numerical study to investigate turbulent forced convection of Al,Os/water
and Cu/water nanofluid in a straight pipe with constant wall heat flux. They used the
single-phase model (with temperature-dependent properties) and three different two-
phase models (volume of fluid (VOF), mixture, and Eulerian-Eulerian models). The
results showed that all of the two-phase models result in similar predictions in the
thermal field properties. However, interestingly, there is a significant deviation between
the results predicted by the two-phase models and experimental data, compared with the
results predicted by the single-phase model. The deviation between the results predicted
by the two-phase models and experimental data increases with an increase in the
nanoparticle volume fraction. However, the results predicted by the single-phase model
show good agreement with the experimental data in almost all flow conditions. The

results also showed that the Nu number predicted using CFD methods are less
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dependent on the Re number compared with those obtained from experiments. They
believed that this is due to the clustering phenomena and the effect of Re number, which
alters the thermal and hydrodynamic properties of nanofluids. Behzadmehr et al.
(Behzadmehr et al., 2007) used a two-phase mixture model to investigate turbulent
forced convection of nanofluids inside a pipe. They assumed that both nanoparticles and
base fluid are at the same temperature (i.e., the phases are in thermal equilibrium). The
results of the two-phase model are found to be closer to the experimental data than those

of the single-phase homogeneous model.

Nevertheless, many researchers have performed numerical simulations using the
single-phase assumption and have reported acceptable results for heat transfer and
hydrodynamic properties of the flow (Rashidi, Nasiri, Khezerloo, & Laraqi, 2016).
Several numerical and semi-analytical methods have been used by several researchers in
order to simulate heat transfer and flow characteristics of nanofluids (Rashidi et al.,
2016). Xuan and Li (Q. Li et al., 2003) studied the single-phase flow and heat transfer
performance of nanofluids in tubes in turbulent flow conditions. Their experimental
results showed that the convective heat transfer coefficient and Nu number of
nanofluids increase with an increase in the Re number and volume fraction of
nanoparticles under turbulent flow conditions. Compared with that for water, the Nu
number of the nanofluid containing 2.0 vol% of Cu nanoparticles increases by more
than 39% (Vanaki et al., 2016). Sheikholeslami et al. (M Sheikholeslami, Gorji-Bandpy,
& Soleimani, 2013) used heatline analysis for two-phase simulation in order to
investigate the flow and heat transfer characteristics of nanofluids. The results showed
that the average Nu decreases as the buoyancy ratio number increases until it reaches a
minimum value, followed by an increase thereafter (Mohsen Sheikholeslami, Abelman,
& Ganji, 2014). Namburu et al. (Namburu et al., 2009) simulated turbulent flow and

heat transfer enhancement of nanofluids flowing through a circular pipe. The nanofluids
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comprise three types of nanoparticles dispersed in ethylene glycol-water mixtures. They
used the k-¢ turbulence model proposed by Launder and Spalding (Launder & Spalding,
1974) and the results showed that the average Nu increases with an increase in the
nanoparticle concentration. Akbari et al. (Akbari et al., 2012) compared numerical
predictions of a single-phase model with those of three two-phase models (VOF,
mixture, and Eulerian) models for nanofluids flowing in a horizontal tube with uniform
heat flux in turbulent forced convection conditions. They compared with results with
two sets of experimental data. The results showed that the single-phase model coupled
with the best property correlations gives better predictions compared with the two-phase
models with the best outlet condition. They concluded that the single-phase model is
more appropriate for their investigation considering that this model is easier to
implement and requires less computer memory and computational processing time.
Malvandi and Ganji (Malvandi & Ganji, 2014) studied the effects of Brownian motion
and thermophoresis on slip flow of alumina/water nanofluid inside a circular
microchannel in the presence of a magnetic field. Moshizi et al. (Moshizi, Malvandi,
Ganji, & Pop, 2014) conducted a two-phase theoretical study of nanofluids flowing
inside a concentric pipe with heat generation/absorption. In the case of heat absorption,
they found that the dimensional temperature profile becomes more uniform by imposing
heat flux at both walls. Malvandi and Ganji (Malvandi & Ganji, 2015b) investigated the
effects of magnetic field and slip on free convection inside a vertical enclosure filled
with alumina/water nanofluid. In another study, Malvandi and Ganji (Malvandi &
Ganji, 2015a) analyzed the effects of nanoparticle migration on hydromagnetic mixed
convection of alumina/water nanofluid in vertical channels with asymmetric heating.
They observed that the nanoparticles eject themselves from the heated walls, producing
a depleted region, and accumulate in the core region. However, they noted that the

nanoparticles are more likely to accumulate toward the wall with lower heat flux.
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Malvandi et al. (Malvandi, Ganji, & Kaffash, 2015) studied the effects of magnetic field
on the nanoparticle migration and heat transfer of alumina/water nanofluid in a parallel-
plate channel with asymmetric heating. Malvandi et al. (Malvandi, Safaei, Kaffash, &
Ganji, 2015) also studied MHD mixed convection in a vertical annulus filled with
AL Os/water nanofluid taking into account the migration of nanoparticles. Ashorynejad
et al. (Ashorynejad, Sheikholeslami, Pop, & Ganji, 2013) studied the flow and heat
transfer characteristics of nanofluids in a stretching cylinder in the presence of a
magnetic field. They showed that selecting copper (for small values of the magnetic
parameter) and alumina (for large values of the magnetic parameter) leads to the highest
cooling performance for their problem. Sheikholeslami and Ganji (M Sheikholeslami &

Ganji, 2014) studied heated permeable stretching surface in a porous medium.

2.10.1.3 Eulerian-Eulerian model

The Eulerian-Eulerian model is recommended for two-phase mixtures containing
large amounts of solid particles. For simulation purposes, it is perceived that the
Eulerian-Eulerian model is a suitable model for nanofluids with large amounts of
nanoparticles, even at low volume fractions. The three common Eulerian-Eulerian

models are volume of fluid (VOF), mixture, and Eulerian models (Vanaki et al., 2016).

2.10.1.4 Mixture model

One of the most common approaches in modeling two-phase slurries is the mixture
theory, which is also known as the theory of interacting continua (Ishii, 1975; J. Xu et
al., 2004). The popularity of this approach in multi-phase applications can be attributed
to the following features of this model. For instance, the mixture model is simple in
theory and implementation, which reduces run time and central processing unit usage. It
is straightforward to introduce turbulence model into the mixture model. The mixture

model is also reasonably accurate for a wide range of two-phase flows. The mixture
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model is based on the following assumptions (Moraveji & Ardehali, 2013): (1) there is
strong coupling between the phases and the particles closely follow the flow; (2) all of
the phases share a single pressure and the interactions between different dispersed
phases are neglected; (3) each phase has its own velocity vector field and there is a
certain fraction of each phase within a given control volume. In addition, it is assumed
that the secondary disperse phase consists of spherical particles having a uniform
particle size. This is specified during the calculations. The concentration of the
secondary disperse phase is solved using scalar equations taking into account
corrections due to phase slip. However, the mixture model has the following limitations
(Moraveji & Ardehali, 2013): (1) there is no possibility for phase change and the flow
compressibility is not accounted for; and (2) the pressure boundary condition cannot be
specified because the ideal gas law is not applicable. In addition, the turbulence
generation in the secondary phase is not accounted for as well as the turbulence of the
primary phase which is directly affected by the presence of the secondary phase (EI-

Batsh, Doheim, & Hassan, 2012).

2.10.2 Turbulence modeling
In order to solve the governing equations of fluid dynamics for turbulent flows,
experimental data or approximate models are necessary to account for turbulence

phenomena.

2.10.2.1 k — £ model

Namburu et al. (Namburu et al., 2009) recommended the use of the k — & model
proposed by Launder and Spalding (Launder & Spalding, 1972). Two new equations
were introduced in the k — & model equations; one for the turbulent kinetic energy

whereas the other for the rate of dissipation. These equations are given by:
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With C; = 1.44, C; = 1.92,C, = 0.09,0 = 1,0, = 1.3.
Various damping functions have been developed over the years for the k — & model,
which improves the agreement between the data obtained from this model and those

obtained from direct numerical simulations (Menter, 1994).

2.10.2.2 Standard k — o model

The k-w model is the model of choice to solve for the sublayer of the boundary
layer. Unlike any other two-equation models, the k- model does not involve damping
functions. Thus, simple Dirichlet boundary conditions can be specified using this
model. The k- model is superior to other models because of its simplicity, especially
with regards to the numerical stability. Furthermore, this model provides good accuracy
in predicting the mean flow profiles. Wilcox (WILCOX, 1988) made modifications to
the k- model which accounts for rough walls and surface mass injection (Menter,

1994). The turbulent kinetic energy, &, for the k~-w model is given by:

d 0 0 ok

0x; g oy / 0x;

j

where Y} is the dissipation rate of kinetic energy due to turbulence, oy is the
turbulent Prandtl number for kinetic energy, and p, = a*” ky w- It shall be noted that a*
is the viscosity damping coefficient, which equals to unity. The specific rate of
dissipation for kinetic energy, w, for the k- model is given by:
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where Y, and o, represent the turbulence dissipation rate and Prandtl number due to

w, respectively. Here, o, , = 2.0, 0, = 1.176, 0, = 1.168, and 0, , = 1.0 .

2.11 Summary

To achieve highly dispersed carbon nanomaterials in aqueous media, researchers
commonly select covalent functionalization in which, the hydrophilic functional groups
are attached on the surface of carbon nanostructures by employing oxidizing, radical
addition and alkali metal reduction. Among them the free radical coupling is a
promising method of functionalization of carbon nanostructures has depicted facile way
of covalent functionalization. In this method peroxides and substituted anilines were
utilized as starting materials. Even though these chemical routes are generally reliable to
synthesize functionalized carbon nanostructures, these techniques are not eco-friendly
because the reagents used for synthesis are toxic and harmful to the environment. More
importantly, some of these chemical routes may cause defects in the lattice which will
degrade the inherent characteristics of carbon nanostructures. Also their corresponding
nanofluids cause problems like equipment corrosion, environmental problems and cost
of materials. Hence, there is a critical need to develop a simple, efficient, eco-friendly
technique for the dispersion of carbon nanostructures, which will be greatly beneficial
in the long term since it helps reduce pollution resulting from the use of toxic reagents
during syntheses. Moreover, Since the Fluids flow in the heat exchangers and their
convective heat transfer and hydrodynamic properties are significant phenomena and
widely used in key applications such as cooling of electronic devices, boilers, solar
energy systems, and thermal storage systems, as a result studies on synthesis of an
appropriate nanofluids and their impact on environment and heat transfer enhancement

in heat exchangers are essential.
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CHAPTER 3: METHODOLOGY

3.1 Materials
3.1.1 Clove treated GNPs

Pristine Graphene nanoplatelets (GNPs) with thickness and lateral size of about 2 nm
and 2 pm , specific surface area 750 m? /g and purity 99.5% were purchased from, XG
Sciences, Lansing, MI, USA. Hydrogen peroxide (H202, 30%) and Gallic acid (3, 4, 5-
trihydroxybenzoic acid) were purchased from Sigma-Aldrich (M) Sdn. Bhd., Selangor,
Malaysia and dried clove buds, as a source of Eugenol, Vitamin C (ascorbic acid),

Eugenyl acetate and B-caryophyllene, obtained from grocery store in Iran.

3.1.2  Gallic acid treated GNPs and MWCNTSs

Pristine Graphene nanoplatelets (GNPs) with maximum particle diameter of 2 mm,
specific surface area 750 m? /g and purity 99.5%, and Pristine multiwalled carbon
nanotubes (MWCNTs) with a diameter less than 8 nm a purity of more than 95% and
specific surface area more than 500m*/g were obtained from, XG Sciences, Lansing,
MI, USA and Nanostructured & Amorphous Materials Inc. (Houston, TX, USA). Rest
of the chemical materials were of analytical grade such as Gallic acid (3.4,5-
trihydroxybenzoic acid) and hydrogen peroxide (H20., 30%) were procured from

Sigma—Aldrich.

3.1.3  Graphene oxide and reduced graphene oxide

Graphite flakes (code no 3061) were purchased from Asbury Graphite Mills, Inc.
Sulfuric acid (H2SO4, 98%), phosphoric acid (H3POs, 85%), potassium permanganate
(KMnOs, 99.9%), ammonia (NH3, 30%), and hydrogen peroxide (H>O2, 30%) were
purchased from Merck. Hydrogen chloride (HCl, 37%) was purchased from Sigma-
Aldrich. Saffron, as a source of Carbohydrate, Protein, Vitamin, Fat and Mineral,

obtained from grocery store in Iran.
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3.2 Preparation of nano-coolants
3.2.1  Synthesis of Clove-treated GNPs aqueous suspensions

In this study, an eco-friendly method for covalent functionalization of GNPs has
been proposed in order to improve its stability in polar Solvents by employing dried
clove buds. In this technique, Eugenol, Eugenyl acetate and -caryophyllene as a main
components of cloves (Parthasarathy, Chempakam, & Zachariah, 2008)) was grafted
onto the GNPs by employing hydrogen peroxide(a free-radical oxidizer that generates
non-toxic by-products and leaves no chemical residue) and ascorbic acid as the redox
initiator (K. A. K. Mohammed, Abdulkadhim, & Noori, 2016). This method includes
two stages: 1. Preparation of clove extract 2. Functionalization procedure. As can be
seen in scheme 3.1, in the first stage, 15 g of ground cloves were added into a 1000 ml
of distilled water preheated at 80°C. The solution was then homogenized (at 1200 rpm)
and heated (at 80°C) for 30 min. Lastly, extract solution was filtered utilizing a 45 um
polytetrafluoroethylene (PTFE) membrane, using Vacuum Filtration System (Vilkhu,
Mawson, Simons, & Bates, 2008; Zubir et al., 2016) (Figure 3.1). In second stage,
pristine GNPs (5 g) were poured into a beaker filled with 1000 ml of clove extract
solution, followed by continuous stirring for 15 min order to achieve a homogeneous
black suspension. Following this, 25 ml of hydrogen peroxide was added dropwise into
the reaction mixture during the sonication time. The mixture was ultra-sonicated (10
min) and heated to 80°C under reflux for 14 h respectively. The resultant suspension
was centrifuged (at 14000 rpm) and washed with abundant distilled water repeatedly
until the suspension attained a neutral ph. The functionalized sample was dried
overnight in a vacuum oven set at 60°C. It was observed that the CGNPs are highly
stable in aqueous medium. To synthesize the clove-treated GNPs nanofluid, the CGNPs
were ultra-sonicated with distilled (DI) water as the base fluid for 10 min. The

nanofluids were prepared for three different concentrations of CGNPs: 0.025, 0.075 and
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0.1 wt.%. Here, the free radial grafting pathway is employed for functionalization

purpose.

Figure 3.1: Schematic diagram of the preparation procedure of the clove extract
solution

Figure 3. 2 (a) illustrates the initiation reaction. In this step, the vitamin C reacts with
hydrogen peroxide producing hydroxyl radicals.(Kitagawa & Tokiwa, 2006;
Weydemeyer et al., 2015) Also at high temperatures( at 80 °C), the hydrogen peroxide
becomes unstable and decomposes spontaneously into hydroxyl radicals(Baskaran,
Mays, & Bratcher, 2004). Figure 3. 2 (b) shows that the hydroxyl radicals will attack
Eugenol and Eugenyl acetate to produce free radicals on their structures, which leads to
linkage of the activated component onto the surface of GNPs. In addition, the hydroxyl
radicals can attack the GNPs directly, leading to formation of hydroxyl groups on the

surface of GNPs.

118



Figure 3.2: Schematic diagram of (a) initiation reaction for free radical grafting,
(b) Formation of CGNPs by free radical grafting technique

3.2.2  Synthesis of GA-treated GNPs aqueous suspensions

In order to synthesize the covalently functionalized GNPs, 5 g of pristine GNPs (XG
Sciences Inc., Lansing, Minnesota, USA) and 15 g of gallic acid (3, 4, 5-
trithydroxybenzoic acid) (Sigma-Aldrich (M) Sdn. Bhd., Selangor, Malaysia) were
poured into a vessel filled with 1000 ml of distilled (DI) water and then stirred for 15
min at 80°C to attain a homogeneous black suspension. Following this, 25 ml of

concentrated hydrogen peroxide (30%) (Sigma-Aldrich (M) Sdn. Bhd., Selangor,
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Malaysia) was poured dropwise into the vessel as an initiator throughout the sonication
time. The mixture was then ultrasonicated with a probe sonicator for 15 min. After
sonication, the reaction mixture was heated at 80°C under reflux condition for 14 h. The
oxidized GNPs were centrifuged and washed several times with large amounts of DI
water until the pH was neutral (Figure 3.3). The covalently functionalized sample
(GAGNPs) was dried overnight in a vacuum oven set at 60°C. The nanofluids were
prepared for three different concentrations of GAGNPs: 0.025, 0.075 and 0.1 wt.%.
The GAGNPs were much more soluble in water compared to the pristine GNPs, which

was due to strong covalent functionalization.

Figure 3.3: Synthesis of Gallic acid-treated GNPs

In order to synthesize the covalently functionalized MWCNTs, 5 g of pristine
MWCNTs and 15 g of gallic acid (3.4,5-trihydroxybenzoic acid) were poured into a
vessel filled with 1000 ml of distilled (DI) water and then stirred for 15 min at 80 °C to
attain a homogeneous black suspension. Following this, 25 ml of concentrated hydrogen

peroxide (30%) was poured dropwise into the vessel as an initiator throughout the
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sonication time. The mixture was then ultrasonicated with a probe sonicator for 20 min.
After sonication, the reaction mixture was heated at 80 °C under reflux condition for 14
h. The oxidized MWCNTs were centrifuged and washed several times with large
amounts of DI water until the pH was neutral. The covalently functionalized sample
(GAMWCNTs) was dried overnight in a vacuum oven set at 60 °C. The GAMWCNTs
were much more soluble in water compared to the pristine MWCNTs, which was due to
strong covalent functionalization. Figure 3.4 shows the schematic diagram of the
covalent functionalization of MWCNTs with GA. The significant enhancement in
dispersion of the GAMWCNTs in water can be attributed to the miscibility of GA. The
GAMWCNTs (0.025, 0.075 and 0.1 wt.%) were sonicated in DI water for 10 min in

order to synthesize the GAMWCNT-water nanofluid.

Figure 3.4: Synthesis of Gallic acid-treated GNPs and MWCNTSs
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Figure 3.5 shows the schematic diagram of the covalent functionalization of GNPs
and MWCNTs with GA. The significant enhancement in dispersion of the GAGNPs and
GAMWCNTs in water can be attributed to the miscibility of Gallic acid(GA). The
GAGNPs and GAMWCNTs were sonicated in DI water for 10 min in order to
synthesize the GAGNP-water and GAMWCNTs-water nanofluid. Figure 3.5 shows the
proposed free radical grafting reaction of graphene nanoplatelet and multi walled carbon
nanotube in aqueous media. In the initiation step, hydrogen peroxide (as a free-radical
oxidizer that generates non-toxic by-products and leaves no chemical residue) at high
temperatures becomes unstable and decomposes spontaneously into hydroxyl radicals
(Weydemeyer et al., 2015). These producing hydroxyl radicals will attack Gallic acid to
produce free radicals on the Gallic acid structure, which leads to linkage of the activated
molecules onto the surface and edges of GNPs. In addition, the hydroxyl radicals can
attack the GNPs directly, leading to formation of hydroxyl groups on the surface of

GNPs(Y. Yang, S. Qiu, X. Xie, et al., 2010).
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(A)

(B)

Figure 3.5: Schematic diagram of the covalent functionalization process of
GNPs(A) and MWCNTSs with gallic acid(B)
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3.2.3 Graphene oxide and reduced graphene oxide

There are three stages involved in this technique: (1) preparation of the graphene
oxide (2) preparation of saffron extract and (3) Reduction and functionalization
procedure. In the first step, Graphite oxide was prepared by the established simplified
Hummer’s method.(Hummers Jr & Offeman, 1958). Figure 3.6 presents the preparation
procedure of graphene oxide. Oxidation of graphite was carried out by mixing highly
concentrated HoSO4 and H3PO4 with the ratio of 320:80 mL in a 2 L beaker initially,
which was followed by addition of graphite flakes, and 18 g KMnO4. The one-pot
mixture was left for stirring for 3 days to allow the oxidation of graphite. The color of
the mixture changed from dark purplish green to dark brown. Then, for the termination
of the oxidation process, sufficient amount of DI water iced cubes added to the mixture
(oxidized graphite), after that 27 ml H>O> solution was slowly poured into the solution
under the stirring mode. Exothermic condition controlled by the ice cubes. When the
color of the mixture changed to bright yellow, it was the indicative of a high oxidation
level of graphite. The graphite oxide formed was washed three times with 1 M of HCI
aqueous solution and repeatedly centrifuged with deionized water at 11,500 rpm until a
pH of 4-5 was achieved. The washing process was carried out using simple decantation
of supernatant via a centrifugation technique with a centrifugation force of 10,000g.
During the washing process with deionized water, the graphite oxide experienced

exfoliation, which resulted in the thickening of the graphene solution, forming a GO gel.
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Figure 3.6: Schematic diagram of preparation and oxidation of graphite

Graphite oxide consists of layered GO sheets that contain many oxygen functional groups
(e.g. hydroxyl, epoxide, carbonyl, and carboxyl groups). These functional groups
significantly alter van der Waals interactions between the layers and endow GO with strong
hydrophilicity. Based on the models proposed in this research, GO contains oxygen

functionalities on the basal planes and edges of sheets. The presence of these functional
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groups destroys the planar sp? carbons of graphite and converts them to sp’ carbons.
Therefore, the m—m electronic conjugation of graphite is destroyed in GO.(Kuila, Mishra,
Khanra, Kim, & Lee, 2013) This research proposed an eco-friendly method for covalent
functionalization and reduction of graphene oxide by employing saffron, in order to
improve its electrical and thermal conductivity beside its stability in polar Solvents.
Saffron spice is made up of 65.37/100 g carbohydrate, 11.43/100 g protein, 2.54/100 g
minerals, 5.85/100 g fat and 81/100 mg vitamins. Figure 3.7 shows component list of

saffron which is reported by National Nutrient Database.

Figure 3.7: Schematic diagram of chemical composition of saffron

Synthetic routes used to prepare the saffron extract solution, oxygen reduction
reaction, and functionalized precursors material are presented in Figure 3.8 (a) and (b),
respectively. Firstly, 0.8 g of saffron added into 100 ml of distilled (DI) water that was
preheated at 80 °C. This solution was stirred continuously for 30 min in heating mood
(80°C ) in order to achieve reddish colour solution. Lastly, extract solution was filtered

utilizing a 45 pm polytetrafluoroethylene (PTFE) membrane, using Vacuum Filtration
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System (Vilkhu et al., 2008; Zubir et al., 2016).In second step, 20 ml of GO(I%

aqueous solution was transferred to beaker contains 100 ml saffron extract solution,
which was followed by the addition of some drops of ammonia solution (25%) to adjust
pH at 10.5 and enhance stability of graphene oxide. The reaction mixture was ultra-
sonicated for 40 min and then heated it to 90 °C under reflux for 6 h (change in color
from brown to black). The resultant suspension was centrifuged at 14,000 rpm and
washed the suspension with a significant amount of DI water repeatedly until a neutral
pH is obtained for the suspension. The stable saffron reduced graphene oxide was
collected after cooling at room temperature and the concentrations of nanofluids were
maintained at 0.025, 0.075 and 0.1 wt.%. Figure 3.8 depicts proposed reaction of
graphene oxide with ammonia and different component of saffron. As can be seen from
Figure 3.8, Oxygen-containing functional groups are removed during reduction, and
Thiamine was covalently functionalized over GO using nucleophilic ring opening of
epoxide functional groups by amine group in the presence of ammonia(Vij, Tiwari, &
Kim, 2016). Also, Graphene oxide probably interacts with ammonia and rest of saffron
component at high temperature and produce amine group over graphene oxide. The
reduced GO may also have some residual oxygen and amine functionalities, such as the
carboxylic groups and thiamne as shown in Figure 3.9. Thus, vitamins, proteins and fats
(saffron components) might form hydrogen bonds with the residual oxygen and nitrogen
(amine group) functionalities on the reduced GO surfaces. Such interactions can disrupt
the n-nstacking between the reduced GO sheets, and further prevent the formation of the

agglomerates(Jiali Zhang et al., 2010).
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Figure 3.8: Procedure used to prepare the saffron reduced graphene oxide
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Figure 3.9: Schematic diagram of reduction reaction of graphene oxide by
saffron
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33 Experimental procedure

Experimental were performed in several steps. First the nanofluids were synthesized,
and their thermos-physical properties of base and synthesized nanofluids were
evaluated. Nanomaterials and fluids were characterized using different analytical
equipment and finally the heat transfer and frictional properties of nanofluids flowing in
a closed conduit were evaluated. Ultrasonication was conducted via ultrasonic liquid
processor (Misonix Inc., Farmingdale, New York, NY, USA) having an output of 600
W. Hitachi HT7700 transmission electron microscope (high-resolution digital TEM)
was used to examine the morphological characteristics of the samples. For the TEM
analysis, the samples were prepared by ultrasonically dispersing the nanoparticles in

ethanol prior to collection on Lacey carbon grids.

The Raman spectra were recorded using Renishaw in Via Raman with laser
excitation at 514 nm. Zeta sizer Nano ZS two-angle particle and molecular size analyser
(Malvern Instruments Ltd., Malvern, UK) was used to measure the zeta potential of the
nanofluid samples. An X-ray photoemission spectrometer (XPS, Axis Ultra DLD
system, Kratos Analytical, UK) equipped with a 150 W monochromatic Al Ka X-ray
source (1486.8 Ev) was used to identify the functional groups in treated nanoparticles.
The CASA XPS program with a Gaussian—Lorentzian mix function and Shirley
background subtraction was used for the deconvolution of the XPS spectra. The UV
Spectrophotometer (UV-1800, Shimadzu Corporation, Kyoto, Japan) was used to
evaluate the dispersibility of nanofluids. To permit for detectable wavelengths for the
UV-vis spectrometer to pass through the samples, a dilution ratio of 1:20 with distilled
water was used. Using special quartz cuvettes suitable for UV region, light absorbance
of all samples was measured at different time intervals for 63 days. Thermal
conductivities of the nanofluids were measured by the KD-2 pro device (Decagon,

USA) where the KS-1 probe sensors were used was 6 cm long and had a diameter of 1.3
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mm. The accuracy of the measured thermal conductivity was about 5%. To ensure the
equilibrium of the nanofluids, an average of 16 measurements were recorded during 4h
for each temperature and weight concentrations. Calibration of instrument with DI water
was performed before the measurements of nanofluids. The thermal conductivity of DI
water at 30 °C was measured and a value of 0.609 W/mK was found, which is in
agreement with the previous investigations (Duangthongsuk & Wongwises, 2009) and
(X Zhang et al., 2006). The viscosity of the nanofluids was measured using Physica
MCR rheometer (Anton Paar, Austria). The rotational rheometer consists of a moving
cylindrical plate and a stationary cylindrical surface placed in parallel with a small gap
between them. The density of the samples was measured using DE-40 density meter

(Mettler Toledo, Switzerland), with an accuracy of 107 g/cm?.

The overall experimental set-up for convective heat transfer includes the horizontal
pipe as a test section, a reservoir tank, a pump, a data acquisition system, a cooling unit,
a heated test section, and measuring instruments including a differential pressure
transmitter (DPT) and a flow meter. The experimental set-up is shown in Figure 3.10 (a-
b). The aqueous suspensions were pumped using Araki EX-70 R magnet pump from a
10 L stainless steel jacketed tank at a flow rate of 0—14 L/min. The pressure loss and
flow rate were measured using a Foxboro™ differential pressure transmitter and SE 32
inline paddle wheel transmitter with display (Biirkert Contromatic Corp., USA),
respectively. The pump flow was regulated using Hoffman Muller inverter. A straight
seamless tube (stainless steel) with a 12 £ 0.1 mm outer diameter, 10 mm inner diameter
and length of 1400 mm, was used as the test section. An ultra-high-temperature flexible
tape heater (with a 12.5 mm width and 3.6 m length dimension) was carefully wrapped
surrounding the test section at a maximum power of 940 W to prepare the final heated
section of 1.2 m. The heater was linked to a QPS VT2-1 variable voltage transformer

(Success Electronics & Transformer Manufacturer Sdn. Bhd., Malaysia) and, voltage
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and current were measured to set the desired heating power. Five K-type thermocouples
were inserted into stainless still thermocouple sleeves, which were installed on the
upper surface of the test section employing high temperature epoxy glue (Figure. 3.10).
The axial distances of the thermocouples from test tube inlet are 20, 40, 60, 80, and 100
cm as it can be seen in Figure 3.11. The bulk temperature of the flow was measured
using two platinum resistance temperature detectors (Pt-100 RTDs) which were placed
inside the pipe at the outlet and inlet of the test section. The maximum error for
thermocouples was + 0.2°C. The thermocouples were connected to a GL220 10-channel
midi logger (Graphtec Corporation, Japan) in order to monitor and record the
temperature data. The test section was wrapped with thick fibreglass wool in order to
reduce heat loss to the surroundings, as well, as achieving steady state temperature at

the inlet and outlet of the test section.
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Figure 3.10: (a) Schematic diagram and (b) Image of the experimental set-up for
the measurement of convective heat transfer
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Figure 3.11: Sectional view of the experimental test section
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The specifications and the accuracy of the measuring instruments and sensors used in

the present experimental setup are presented in Table 3.1.

Table 3.1: Specifications and errors of the measuring instruments and sensors
used in the present experiment

Measured parameter | Instrument and sensor type Operating |Error

Surface temperature Type K thermocouple 0-300°C +0.1°C

Bulk Temperature RTD (PT-100) sensor 0-200°C +0.1°C

Fluid flow meter Biirkert, Ceramic paddle wheel 0.03-12 m/s |+0.5%

Fluid pressure drop ALIADP, Differential Pressure Transmitter (DPT) | 0-25 kPa +0.075%

Cooling unit WiseCircu, DAIHAN Scientific, Refrigerated 2.2 kW +0.1°C
circulating bath

34 Data Processing

The experimental values were processed to assess the heat transfer performance and
hydrodynamic behaviour of a novel eco-friendly synthesized GNPs coolant in a closed
conduit system. By considering the conduction in the tube wall and convection heat
transfer with the fluid at the test section, a calibration is essential to measure the
temperatures at the internal surface of the tube. accordingly, a Wilson plot technique
(Fernandez-Seara, Uhia, Sieres, & Campo, 2007) was performed which acts According
to the equating the resistance between various sections of the heat transfer direction and
measuring the internal surface temperatures of the horizontal pipe via mathematical
manipulation. To study the effect of the CGNPs aqueous suspensions on thermal
properties of DI water, the significant parameters, namely convective heat transfer
coefficient (/4), Nusselt number (Nu) and pressure drop (DP) are required to be
evaluated. The convective heat transfer coefficient was evaluated from the experimental
values including the measured bulk, surface, inlet and outlet temperatures via the

Newton’s cooling law.
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That is,

=T =Ty G-

Where, T,,, T, and q represents the wall temperature, bulk temperature and heat

To+T;

flux, respectively. Tj, is defined as , Wwhere T, and T; is the outlet and inlet

temperature of the flow, respectively. The heat flux can be calculated using Eq. (3.2),

QO

(3.2)

Where, Q is the input power (VI) provided by the power supply and A is the internal

heated surface area of the tube. Note that A= nDL.

The input power (VI) of 600 W was used in this experimental study. The Nusselt

number is given as,

_hxD

Nu=— (3.3)

Where, K, h and D are, respectively, the thermal conductivity, the heat transfer
coefficient and the tube inner diameter, respectively. The Reynolds number (Re) was

evaluated using the following equation:

re = PP (3.4)
U

Where, v, p and u are the velocity, density and the dynamic viscosity of the working

fluid, respectively.
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For single-phase fluids, the empirical correlations for Nusselt number were suggested
by Gnielinski (Volker Gnielinski, 1975), Petukhov (Petukhov, 1970) and Dittuse

Boelter (Duangthongsuk & Wongwises, 2008), respectively, as

(g) (Re — 1000)Pr
1+12.7 (g)o's (pé _ 1) (3.5)

Nu =

Here Re is the Reynolds number, Pr is the Prandlt number and f'is the friction factor.

Eq. (3.4) is used in the range of 3x103 < Re < 5x10% and 0.5< Pr < 2000.

(é)RePr
Nu = . (3.6)
1.07 + 12.7 (ﬁ)os (Prifs — 1)

8

Eq. (3.5) applicable for the range of 3000 < Re < 5x10° and 0.5< Pr < 2000.

Nu = 0.023Re%8pr04 (3.7)

Eq. (3.6) is used in the range of Re > 10*and 0.6 < Pr < 200.

The friction factor(f), in Equations (3.4) and (3.5) is given as Petukhov (Petukhov,

1970).

f = (0.79 Ln Re — 1.64)2 (3.8)

For 2300 < Re < 5 x 10°

The friction factor (f) of the DI water and CGNPs aqueous suspensions was
determined from the pressure drop across the test section measured from experiments

using the following equation (Eq.3.9):
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AP (3.9)
) (7)

Where, AP and v are the pressure drop and flow velocity, respectively.

f:

The empirical correlations suggested by Petukhov (Petukhov, 1970) and Balsius
(Blasius, 1907) for the friction factor of the base fluid is given by Egs. (3.8) and (3.10),

respectively.

f =0.3164 Re 02?5 (3.10)

For the range of Reynolds numbers, 3000< Re < 10°.
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3.5 Analysis methods
351 FT-IR

Fourier Transformation Infrared Spectrometer (Bruker, IFS-66/S, Germany) at the
wave ranges of 4000-400 cm-1 was employed to analyse functional groups on the
surface of the carbon nanostructures. Fourier transform infrared spectroscopy (FT-IR)
samples were prepared by grinding a very low proportion of dry material with
potassium bromide (KBr) to form a very fine powder. This powder was then
compressed into a thin pellet for analysis. Figure 3.12 shows Fourier Transformation

Infrared Spectrometer (Bruker, IFS-66/S, Germany).

Figure 3.12: FT-IR spectroscopy (Bruker, IFS-66/S, Germany)

352 Raman

Raman spectroscopy is becoming a technique of increasing relevance for the
characterization of carbon materials. Apart from being non-destructive, it is simple and
rather sensitive not only to the crystal structure (the long range order), but also to
structural changes occurred at the molecular level (the short range order). Therefore,
Raman spectroscopy has the high potential to access the chemical functionalization

status.
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Raman scattering of monochromatic light usually from a laser in the visible near
infrared or near ultraviolet range. The laser light interacts with molecular vibrations,
phonons or other excitations in the system, resulting in the energy of the laser photons
being shifted up or down. The shift in energy provides information about the vibrational
modes in the system. Raman spectra were collected using a Renishaw in Via Raman

spectrometer equipped with laser excitation at 514nm. (Figure 3.13)

Figure 3.13: Raman spectra (Renishaw in Via)
353 TGA
TGA 1s a thermal analysis technique, whereby modifications in the structure of
materials are evaluated with varying temperature in a controlled atmosphere. The TGA
instrument (TGA-50, Shimadzu, Japan) continuously weighs a sample as it is heated to
temperatures of up to 1000 °C for coupling with Mass spectrometry gas analysis. As the
temperature increases, various components of the sample are decomposed and the

weight percentage of each resulting mass change can be measured. (Figure 3.14)
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Figure 3.14: Thermogravimetric analysis (TGA-50, Shimadzu, Japan)

354 XPS

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that measures the elemental composition at the parts per
thousand range, empirical formula, chemical state and electronic state of the elements
that exist within a material. XPS spectra are obtained by irradiating a material with a
beam of X-rays while simultaneously measuring the kinetic energy and number of
electrons that escape from the top 0 to 10 nm of the material being analyzed. Axis Ultra-
DLD system, Kratos Analytical X-ray photoemission spectrometer (XPS) with Al Ka
X-ray source (hv =1486.8 eV) was used to recognize the functional groups in carbon
nanostructures. CASA XPS programme with Gaussian-Lorentzian mix function and
Shirley background subtraction were used for deconvolution of the XPS spectra

(Figure3.15).
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Figure 3.15: Axis Ultra-DLD system, Kratos Analytical X-ray photoemission
spectrometer (XPS)

355 TEM

Transmission electron microscopy (TEM) is the primary technique to verify single
particle dimensions and to identify agglomerations of the particles. The electron beam
can be used to see features on the nanometer level. A major drawback to the use of
TEM is that samples must be dried out of solution in order to be attached to the carbon
matrix and placed in the vacuum chamber of the TEM; therefore, the particles are not
exactly in the colloid state and agglomeration might occur during drying. However,
TEM can be used in combination with dynamic light scattering to acquire exact sizing
in nanofluid form. Hitachi HT7700 transmission electron microscope (Figure 3.16) was
conducted to examine the morphological characteristics of the samples. For the TEM
analysis, the samples were prepared by ultrasonically dispersing the nanoparticles in

ethanol prior to collection on Lacey carbon grids.
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Figure 3.16: Hitachi HT7700 transmission electron microscope

3.5.6 Zeta potential

It is worth noting here that the stability of nanofluid is closely linked with its electro-
kinetic properties. The high surface charge density of nanoparticles will generate strong
repulsive forces, which helps in the attainment of well-dispersed, stable carbon
nanoparticles suspensions. (L. Chen & Xie, 2010) Hence, zeta potential measurements
were taken to investigate the electrophoretic behavior and further understand the
dispersion behavior of MWCNTs and GNPs in water. (Bala et al., 2005; Mayer, Neveu,
Secheresse, & Cabuil, 2004) Zeta potential values that are more negative than —30 mV
or more positive than +30 mV are generally considered to represent sufficient mutual
repulsion to ensure stability of the dispersion. The particles can no longer be strongly
repelled close to the isoelectric point (i.e. point of zero charge) and therefore, they begin
to aggregate and sediment over time (Ko et al., 2007). Zeta sizer Nano ZS two-angle
particle and molecular size analyser (Malvern Instruments Ltd., Malvern, UK) was used

to measure the zeta potential of the nanofluid samples (Figure 3.17).
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Figure 3.17: Malvern Instruments Ltd Zeta sizer

3.5.7 UV-Vis

The solubility and stability of nanoparticles in the base fluids is very significant for
practical application, the data from this instrument is limited on evaluating of the
dispersibility of nanofluids. Shimadzu UV-1800 spectrophotometer (Figure 3.18) was
used to determine the dispersibility of Clove treated carbon nanostructure-water
nanofluids. For the UV-vis analysis, the sample nanofluids were diluted with DI water
at a dilution ratio of 1:20 in order to ensure that the detectable wavelengths of the UV -
vis spectrometer were able to pass through the samples. Following that the samples
were poured into quartz cuvettes specialized for transmission of UV wavelengths and
the absorbance of the samples were measured at pre-defined time intervals over the

course of 63 days.

143



Figure 3.18: Shimadzu UV-1800 spectrophotometer

3.5.8 KD2-PRO

The effective thermal conductivity of the samples was evaluated via KD-2 PRO
portable field and laboratory thermal property analyser (Decagon Devices, USA). The
KS-1 probe has a length and diameter of 60 and 1.3 mm, respectively. The accuracy of
the thermal conductivity measurements is around 5%. In order to ensure equilibrium of
the nanofluids, an average of 20 measurements were recorded over a 5-hrs period for
each nanoparticle concentration and temperature. Calibration of the instrument was also
done with DI water prior to collecting the measurements using nanofluids. Figure 3.19

shows thermal conductivity setup.
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Figure 3.19: Thermal conductivity measurements set up

3.59 Rheometer

Viscosity of nanofluids (suspensions contained nanoparticles) is one of the most
important parameters, which determines the quality of the heat transfer liquid. As in the
case of simple fluids, the viscosity of a nanofluid depends largely on the temperature
(Mehrali et al., 2014). Moreover, the viscosity of nanofluids is measured at different
rotor RPMs to investigate if the nanofluids are Newtonian or non-Newtonian fluids. The
viscosity of the nanofluid suspensions was evaluated via Physica MCR rheometer
(Anton Paar, Austria). The rotational rheometer consists of a moving cylindrical plate
and a stationary cylindrical surface placed in parallel with a small gap between them

(Figure 3.20).

145



Figure 3.20: Anton Paar rheometer
3.5.10 Density
The density of the samples was evaluated via DE-40 density meter (Mettler Toledo,
Switzerland), with an accuracy of 10™* g/cm’®. The measurements were made in

triplicate for each sample and temperature. Figure 3.21 depicts density meter setup.

Figure 3.21: DE-40 density meter, Mettler Toledo
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3511 DSC

Differential scanning calorimetry (DSC) is a powerful tool to measure the heat
capacity of the nanofluids. The difference in the amount of heat flow required for
heating up a sample pan and reference pan are measured as a function of temperature.
During the whole process, the sample and reference pans are maintained at nearly the
same temperature throughout the experiment. The heat capacity of the reference pan is
already known. By measuring the difference in heat flow, the heat capacity of the
sample is obtained. If there are phase transitions happened in the sample pan, more or
less heat will need to flow out of it than the reference to maintain both at the same
temperature, so endothermal or exothermal peaks are shown on the DSC curves,
corresponding to melting or freezing, respectively. The phase transition temperatures
and latent heats are determined according to the DSC curves. The heat capacities of the
nanofluids and DI water were obtained from a differential scanning calorimeter (Perkin

Elmer DSC 800 differential scanning calorimeter with an accuracy of £+ 1.0%).
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CHAPTER 4: SYNTHESIS, CHARACTERIZATION, THERMO-PHYSICAL
PROPERTIES, CONVECTIVE HEAT TRANSFER AND HYDRODYNAMIC
PROPERTIES OF WATER-BASED GALLIC ACID-TREATED GRAPHENE

NANOPLATELET NANO-COOLANT

4.1 Characterization of GA-functionalized GNPs

To analyze the GAGNPs, the FTIR spectroscopy was employed to investigate
chemical groups that are attached to the GNPs. The FTIR spectra of the pristine GNPs
and GAGNPs are shown in Figure 4.1(A). In contrast to the pristine GNPs, it is seen
that the GAGNPs sample provides some cues of the GA molecules. The spectrum of
GAGNPs indicates a board peak at 3448 cm™, which could be ascribed to the O-H
stretching vibration. This peak could be because of the reaction of one of the hydroxyl
groups of the GA with GNPs and/or the attached hydroxyl groups on the GNPs. The
symmetric and antisymmetric fundamental vibrations of CH bonds are observed at
29202980 cm™ for the GAGNPs. The peaks in the range of 1579-1639 cm are
attributed to C=C graphitic stretching mode of GNP, which is infrared-activated by
functionalization. Moreover, GNPs functionalization via GA was confirmed by the
appearance of the peaks at 1451 cm™!, 1388 cm™ and 1056-1189 cm’!, respectively, for
the CH; bending vibration, out of plane CH vibration and C-O stretching vibrations.
The peaks at 1014 and 877 conform to the stretching vibration of C-C and COH out of
plane deformation. TGA provides information about the quantitative amount of
functional groups on GNPs surface by thermal analysis of samples. Figure 4.1 (B)
shows evidence of the functionalization of GNPs with GA. According to the figure,
there is no significant weight loss in the pristine GNPs; however, a steady weight loss
between 150 and 400 °C is seen in the GAGNPs, which confirms the decomposition of

the functional groups. Also, the second mass loss after 500 °C is associated with the
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degradation temperature of the main graphitic structures in the air. Furthermore, the

results show that the functionalization of GI\%S with GA is successful, since a steady
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weight loss of GAGNPs with increase of temperature is observed. GA as a functional
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Rathan spectrosc was used to provide insight on the covalent functionalization of
Ian Spectroscgry dlow g
GNP$8vith GA and the results are shown in Figure 4.2(A). It can be observed from the
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3 Raman spectra that botl™H@HE (GNPs and GAGNPs have D, G and 2D band at a
wavenumber of 1342, 1574 and 2713 cm™! respectively. The blue shift in G and 2D band
of GAGNPs is related to a sufficient concentration of defects(Kudin et al., 2008). The G
band is associated with graphitic carbon (sp?) whereas the D band is associated with
amorphous or disordered carbon (sp*). The increase in the Raman intensity ratio (Ip//)
is due to changes in the hybridized carbon from sp? to sp’ as a consequence of covalent
functionalization. The Ip/I ratio is found to be 0.64 and 0.74 for the pristine GNPs and
GAGNPs, respectively. The higher /p/lc ratio obtained for the GAGNPs is attributed to
the higher number of sp> carbons present and the occurrence of electrophilic addition

reaction. The Raman spectra can be considered as one of the solid proofs in examining
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the covalent functionalization of GNPs. Raman spectroscopy can distinguish a single

layer from a few layers by focusing on the intensity, size and shape of the 2D bands, as

the number of the layers in graphene increased, the 2D band becomes much smaller and

broader. A single, sharp 2D peaks of GAGNPs compare with GNPs can verify the

presence of single layered- or few layered- graphene (Ferrari et al., 2006). Full Raman

spectra analysis data is given in Table 4.1.
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Figure 4.2: (A) Raman spectra and (B) wide-scan O1s and C1s XPS spectra for

Table 4.1: Raman spectra analysis results for pristine GNPs and GAGNPs

pristine GNPs and GAGNPs

Sample Peaks Centre (cm™) Intensity(a.u.) In/I
D bond 1341.824 503.376

GNPs G bond 1572.288 785.834 0.64
2D bond 2713.13 297.565
D bond 1341.824 832.443

GAGNPs G bond 1566.247 1120.019 0.74
2D bond 2695.02 527.102
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X-ray photoelectron spectroscopy (XPS) was used to examine the surface of the
graphene sheets before and after covalent functionalization with GA. The wide-scan
Ols and Cls XPS spectra for GNPs and GAGNPs are shown in Figure 4.2(B). The
peaks at a binding energy of 284.6 and 533 eV were generated by photoelectrons
emitted from the Cls and Ols core level, respectively. The oxygen-to-carbon (O/C)
ratio increases from 0.04 (pristine GNPs) to 0.14 (GAGNPs) (Felten, Bittencourt, &
Pireaux, 2006), indicating that the free radical grafting of GNPs was successful in
oxidizing amorphous carbon impurities and grafting different oxygen functional groups
onto the GAGNPs. Figure 4.3 (A—D) show the high-resolution XPS spectra of the Cls
and Ols deconvoluted peak components for pristine GNPs and GAGNPs. The peaks at
284.6, 285.4, 286.4, 287.9, 289.4 and 291 eV are assigned to the C=C (aromatic), C—C
(aliphatic), C—O (hydroxyl and epoxy), C=0O (carbonyl), O—C=0 and =n-m interaction
bonds, respectively (Kuila et al., 2011; T. Zhou et al., 2010). Figure 4.3(A) and (B)
shows the three main oxygen peaks that arise from the C—O (hydroxyl and epoxy
~286.4 eV), C=0 (carbonyl ~287.9 eV) and O—C=0 (~289.4 eV) functional groups for
pristine GNPs and GAGNPs, respectively. After covalent functionalization, these three
peaks (associated with the C-O, C=0 and O—C=0 bonds, respectively) increases from
5.70, 4.00 and 1.61% (GNPs) to 11.37, 4.61 and 3.28% (GAGNPs), which confirms the
presence of large fractions of oxygen atoms as C—O and C=0O functional groups in the
GAGNPs. The higher peak intensities at 531 and 533 eV in the Ols spectrum confirms
the presence of large fractions of oxygen atoms in the form of O—C=0O and C-O
functional groups in the GAGNPs. The oxygen atoms in the C—O functional group (Ols
spectrum) were generated from O—C=0 linked to the aromatic rings in the GAGNPs. In
contrast, the pristine GNPs show the presence of generic functional groups such as C—
O—C and O-C=0 (Cl1s spectrum) and C—OH and C=0 (Ols spectrum), as shown in

Figure 4.3(A) and (C). These functional groups were generated unintentionally when
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the GNPs were exposed to the environment containing natural oxidizing agents such as

ozone and hydroxyl radicals (R. Das et al., 2015). Full XPS analysis data is given in

Table 4.2.

Figure 4.3: C1s XPS spectra for (A) pristine GNP and (B) GAGNP, and Ols
XPS spectra for (C) pristine GNP and (D) GAGNP

Table 4.2: XPS analysis results for pristine GNPs and GAGNPs

Elemental composition (atom %)

Overall Percentage
Sample (atom %) Cls Ols
Cls Ols c=C c-C c-0 cC=0 0-C=0 m—T c-0 c=0
GNPs 96.09 3.91 67.54 16.05 5.70 4.00 1.61 1.51 1.74 1.86
GAGNPs 86.09 13.97 45.01 19.17 11.37 4.61 432 3.28 3.19 9.05
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The TEM images of the GAGNPs and pristine sample are shown in Figure 4.4, Fig.
4(a) is the pristine GNPs, which show flakes with fairly smooth surface and layer edge.
The TEM image for the GAGNPs shown in Figure 4.4(b) shows surface deterioration
and wrinkles of the GNPs that formed as a result of functionalization with GA. As it is
clear from TEM images, the GAGNPs flakes preserved their size and shape compared
with GNPs. The presence of wrinkles within the GAGNPs flakes can be ascribed to the

inherent instability of the 2D structures and the improved flexibility of GNPs flakes

after functionalization.
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Figure 4.4: TEM images of (A) pristine and, (B) GA-treated GNPs nanoparticles
and (C) zeta potential values of GAGNP-water nanofluid as a function of pH
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Figure4.4(C) shows the measured zeta potential values of the GAGNP-water
nanofluid as a function of pH. It can be seen that the GAGNP-water nanofluid has high
negative zeta potential values (-30.6 to -50.7 mV) within a pH of 3.10-9.69, which are
far from the isoelectric point (i.e. point of zero charge). This indicates that the GAGNP-
water nanofluid has strong electrostatic repulsion forces within this pH range and resists
aggregation via non-covalent interactions such as m-m interactions or H-bonding. This
property can be attributed to the oxygen functionalities at the surface of the GNPs. The
GAGNP-water nanofluid is stable when the pH is more than 3.1. The zeta potential
value of the nanofluid is around -30.6 mV at this pH. The results indicate that the
GAGNP-water nanofluid is stable even in slightly acidic conditions. In highly acidic
solutions (pH < 3.1), the GAGNP-water nanofluid tends to agglomerate and undergoes
intermolecular dehydration catalyzed by H*, which leads to the coupling of GNPs via
ether linkages. It can be clearly seen from Figure 4.4(C) that the GAGNP-water
nanofluid becomes more stable upon the addition of alkali, which leads to the

generation of additional negative charges in the nanoparticles.

UV-vis spectra analysis is a typical procedure used for investigating stability of
nanoparticles aqueous suspensions. In accordance with the Beer—Lambert’s law, there is
a direct connection between the absorbance of a colloidal suspensions and the
concentration of the absorbing species such as nanoparticles in the colloidal
suspensions. Based on this Law, the absorption spectrum of the prepared nanofluids
indicated a maximum peak at around 265 nm corresponding to m — 1 transition of

conjugation system in the polyaromatic structures.

The UV—vis spectroscopy analysis for the DI water-based GAGNPs nanofluids with
different weight fractions were evaluated and the photometric analysis of the UV—vis
spectroscopy was employed to pursue the variation of relative weight fraction of the

samples versus times (day). The UV-vis spectrum for the water-based GAGNP
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nanofluids with different weight concentrations are presented in Figure 4.5 (a). It shows
that the peak values of absorbance for all the samples were located in the wavelength of
265 nm that is due to the presence of GAGNPs. Also it can be seen that the absorbance
of GAGNPs nanofluids reduces from 0.1 to 0.025 wt.% that shows the enhancing
amount of dispersed GAGNPs will increase the value of absorbance. As shown in
Figure 4.5(b), there is a good linear relationship between the absorbance and the
concentration of GNPs, which conforms to the Beer's law and shows that graphene

sheets were dispersed well into the base fluid.
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Figure 4.5: (a)UV-vis spectroscopy analyses of water-based GAGNPs aqueous
nanofluids at various concentrations and wavelengths, (b) absorption values of
GAGNPs dispersed in DI water at different concentrations

Figure 4.6 (A) illustrates the variation of stability of water-based GAGNPs
nanofluids as a function of the number of the days after preparation. It is seen that the
relative concentration of GAGNPs suspensions decreases with the number of days after
sample preparation. However, the relative concentration of the nanofluids is almost
constant after Day 50 for all samples. The highest sedimentation magnitude of 8, 9.47
and 10.7% are found, respectively, for the weight concentration of 0.025, 0.075 and
0.1%. This verifies the stability of the GAGNPs-water nano-coolants. Digital image of
gallic acid-functionalized GNPs (GAGNPs) dispersed in DI water after 90 days, is

represented in Figure 4.6(B).
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Figure 4.6: (A) The colloidal stability of GA-functionalized GNPs dispersed in
water, (B) photograph of GA-treated GNPs dispersed in water after 3 months

4.2 Thermo-physical properties of GAGNPs nanofluids

The thermal conductivity of gallic acid-treated graphene nanoplatelets (GAGNPs)
nanofluids was measured experimentally and the results are presented in Figure 4.7.
Three different concentrations of 0.025, 0.075 and 0.1 wt%, and a range of temperatures
from 20 to 45 °C are considered and variations of thermal conductivity with temperature
and concentration are studied. To prevent a drastic increase in viscosity, nanofluids with
low concentrations of GA-GNPs are selected. The thermal conductivity of the base fluid
is also shown in the Figure 4.7 for comparison. It is seen that the experimental values of
thermal conductivity for DI water shows good agreement with the NIST database
(Ramires et al., 1995) with an error less than 1%. Moreover, the thermal conductivity of
the GAGNPs-water nanofluids is markedly higher than that of the DI water. In addition,
Figure 4.7 clearly shows that the thermal conductivity of GAGNPs nanofluids as well as
DI water increases with the fluid temperature. However, the rate of increase is

noticeably higher for the GAGNPs nanofluids at higher solid concentrations. The main
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mechanism for the enhancement of thermal conductivity with increase of temperature is
attributed to the Brownian motion of the nanoparticles suspended in the base-fluid (S. J.
Aravind et al.,, 2011). In addition, the formation of nanolayers in nanofluids is a
significant mechanism for enhancing the thermal conductivity of GAGNPs nanofluids.
These layers are generated around the GAGNPs by liquid molecules and the local
ordering of the liquid layers increases at the interface region. These liquid layers have
greater thermal conductivity than the base fluid (S. J. Aravind et al., 2011). The higher
slope in thermal conductivity of GAGNPs nanofluids with concentrations of 0.1 and

0.075 wt% reveals the greater rate of generation of the nanolayers.

The percentage of thermal conductivity enhancement was computed using [(k,r —
kpr) * 100]/ky s, where “k,” corresponds to thermal conductivity of nanofluids and
“kps" that of base fluid. Over the range of temperatures tested, the maximum

enhancement in thermal conductivity for concentrations of 0.025, 0.075 and 0.1 wt.%

are, respectively, about 6.28, 16.64, and 24.18% at 45 °C.
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Figure 4.7: Thermal conductivity of GA-treated GNPs aqueous suspensions and
DI water

The effective viscosity of gallic acid-functionalized graphene nanoplatelets
(GAGNPs) aqueous suspensions and DI water was experimentally measured at a shear

rate of 150 s and the results are shown in Figure 4.8 for temperature range of 20—-50°C.
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This figure shows rather small increment in the measured viscosity of nanofluid with an
increase in concentration of GAGNPs compared to that of the DI water. This is indeed
expected since a low concentration of GAGNPs is used in our samples. This also shows
the benefit of covalent functionalization using Gallic acid since the GAGNPs remain
suspended in the DI water. In agreement with the earlier studies of Sadri et al.(Sadri,
Hosseini, Kazi, Bagheri, Zubir, Solangi, et al., 2017) and Aravind et al. (S. J. Aravind et
al., 2011), Figure 4.8 shows that the viscosity of nanofluids and DI water decreases with
an increase in temperature, which is due to the weakening of the intermolecular forces.
The rather mild increase in the effective viscosity with nanoparticle concentration is an
important advantage, since a high increase in viscosity could undermine the overall
positive impact of enhanced heat transfer due to the pumping fluid penalty (Timofeeva,

Routbort, & Singh, 2009; W Yu, France, Timofeeva, Singh, & Routbort, 2010).
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Figure 4.8: Dynamic viscosity of GA-treated GNPs nanofluids and DI water as a
function of temperature and weight concentration for shear rate of 150 s-!

The experimentally measured values of dynamic viscosity for the water-based
GAGNPs suspension were compared with those calculated with the empirical
correlations of Batchelor (Khanafer & Vafai, 2011) and Einstein (J.-H. Lee et al., 2008)

using Equations (4.1) and (4.2), respectively, and the results are depicted in the Figure
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4.9. This indicates that the values calculated from experimental data are in good
agreement with those determined from empirical correlations for water-based GAGNPs

nanofluid with a maximum error of ~7%.

Batchelor model, ? =1+ 2.5¢ + 6.5¢2 (4.1)
bf

Einstein model, ? =142.5¢ (4.2)
bf

Where uyf is the viscosity of the nanofluid, uy is the viscosity of the base fluid and

¢ is the volume fraction of the nanoparticles.

It is crucial to keep down the increment in viscosity of the heat transfer working
fluids by using an appropriate synthesis method and considering low weight
concentrations for the nano-coolants, particularly in heat transfer systems, in where the
overall positive impact in heat transfer is being undermined by pumping fluid penalty
occurs with an increase in viscosity(Timofeeva et al., 2009; W Yu et al., 2010). Hence,
in order to maximize the heat transfer performance of closed-loop systems in which
nanofluids are used as the working fluids, it is imperative to maintain the resultant
colloidal mixtures in Newtonian behavior since this will reduce the pumping power

compared to non-Newtonian fluids.
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Figure 4.9: Dynamic Viscosity of water-based GAGNPs nanofluids in
comparison with those calculated with Batchelor and Einstein model as functions
of concentration and temperature

The Figure 4.10 represented the dynamic viscosity of nano-coolants as functions of
shear rate, temperature and weight concentration. As shown in Figures 6(c—e), the
behavior of synthesized water-based GAGNPs nanofluids in this research are quite
Newtonian, whereby the viscosity of the nanofluids remains constant with an increase in
the shear rate. The amount of variation in dynamic viscosity with increasing the weight

concentration is insignificant and negligible. From a thermal transport perspective, this

material is deemed suitable as an additive to enhance heat transfer performance.
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Figure 4.10: Plots of the measured values of dynamic viscosity versus shear rate
for GAGNPs aqueous nanofluids at various temperatures and weight
concentrations ((A) DI water,(B) 0.025 wt%,(C) 0.075 wt% and (D) 0.1 wt %)

The density of the GA-treated GNPs aqueous suspensions and the DI water as the
base fluid is also measured experimentally as a function of mass fraction and
temperature and the results are listed in Table 4.3. It can be seen that the density of
GAGNPs nanofluids as well as the base fluid reduces with an increase in temperature,
which is related to the thermal expansion of liquid. For example, the density of the DI-
water and GAGNPs aqueous suspensions at mass concentration of 0.1% decreases by

0.6%, when the temperature increases from 20 to 40 °C, respectively.

There is also a negligible increment in the density of GAGNPs aqueous suspensions
when the weight concentration of GAGNPs increases. The higher density of nanofluids

can be attributed to the density of GAGNPs which is higher than that of the base fluid.
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Table 4.3: Density of GA-treated GNPs and DI water as a function of

temperature and concentration

Density (kg/m?)
Concentration/temperature (°C) 20 25 30 35 40
DI water 998.00 996.85 995.50 993.90 992.00
0.025 wt% 998.10 997.00 995.65 994.05 992.10
0.075 wt% 998.40 997.25 995.90 994.35 992.35
0.1  wt% 998.55 997.30 996.00 994.45 992.50

The specific heat capacity of the GAGNP aqueous nano-coolants and DI water are

also presented in Figure 4.11. It is apparent that the specific heat capacity increases

slightly when the temperature is increased for all samples. The slope is similar for the

specific heat capacity curves, which agrees well with the findings of Pak and Cho

(Amiri, Sadri, Shanbedi, Ahmadi, Kazi, et al., 2015; Pak & Cho, 1998). It can be seen

that the specific heat capacity of the GAGNPs aqueous nanofluids decreases

insignificantly with an increase in the GAGNPs mass fraction, whereby the average

reduction in specific heat capacity is within a range of 0.5-1.88% compared to that of

the DI water. This decrease is due to the fact that the CGNPs nanoparticles have a

lower specific heat capacity than that of the base fluid.
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Figure 4.11: Variation of Specific heat capacity of Gallic acid-treated GNPs
aqueous suspensions versus temperature at different weight concentrations
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4.3 Heat transfer and hydrodynamic properties
4.3.1 Validation of the experimental results

In order to validate the reliability and accuracy of our closed conduit heat transfer
system, a series of experiments are performed using DI water at constant heat flux
boundary conditions prior to running the experiments using GAGNP-water nanofluids.
The local Nu is determined using Eq. 3.3 based on our experimental data. The local Nu
is plotted versus the axial distance of the horizontal stainless steel tube for various Re,
as shown in Figure 4.12 (a). The fully developed thermal entry length for turbulent
flows is given by x > 10 D (E. B. Haghighi et al., 2014). It is seen from Figure 4.12 (a)
that the local Nu is practically invariant for the fully developed thermal boundary layer
region at various points along the closed conduit, which is in line with the theory
described by Cengel (Cengel, 2003). This can be explained by considering the constant
heat flux boundary condition and fully developed thermal boundary layer. In general,
the temperature gradient is invariant along the axial distance, which results in a
relatively constant local heat transfer coefficient and consequently, constant local Nu.
Besides, the average Nu is plotted as (Figure 4.12 (b)) and compared with the values
determined from empirical correlations proposed by Gnielinski (Volker Gnielinski,
1975), Petukhov (Petukhov, 1970) and Dittus-Boelter (Duangthongsuk & Wongwises,
2008). These empirical correlations are given by Equations (3.5), (3.6) and (3.7), and
are applicable for turbulent flow. It is apparent from Figure 4.12 (b) that the Nu
increases with an increase in Re. More importantly, the Nu values determined from
experiments show good agreement with those calculated from empirical correlations.
The average error between the experimental values and the values determined from
Gnielinski’s (Volker Gnielinski, 1975), Petukhov’s (Petukhov, 1970) and Dittus-
Boelter’s (Duangthongsuk & Wongwises, 2008) empirical correlation is 7.11, 2.01 and

7.96%, respectively. Hence, it can be deduced that the experimental results conform
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well to those from empirical correlations for the range of Re investigated in this study,
indicating the reliability of our experimental set-up for heat transfer measurements.
Hence, our experimental set-up can be employed to assess the heat transfer properties of
the GAGNP-water nanofluids. In order to determine the pressure drop in the test
section, the friction factor for the DI water is calculated using Eq.3.9 and compared
with those determined from Petukhov’s (Petukhov, 1970) and Blasius’s (Blasius, 1907)
empirical correlation given by Equation (3.8) and (3.10), respectively. The friction
factor results are presented in Figure 4.12 (a). Our results are indeed encouraging since
the maximum difference in the friction factor between experiments and those obtained
from Petukhov’s (Petukhov, 1970) and Blasius’s (Blasius, 1907) empirical correlation is
Egs. 3.8 and 3.10, respectively. The maximum difference is small (less than 5%), which
indicates that our experimental set-up is reliable to measure the pressure drop over the

range of Re investigated in this research.
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Figure 4.12: (a) Variation of local Nusselt number versus the conduit axial
distance for DI water. (b) Comparison of measured Nusselt number of DI water
with the empirical correlations. (¢) Comparison of the measured friction factors

for DI water with the empirical

43.2 GA-treated GNPs aqueous suspensions

To study the convective heat transfer of the nanofluids under turbulent flow regime, a
series of experiments are performed for various weight concentrations of the GA-treated
GNPs for different flow Reynolds numbers. The variations of the convective heat
transfer coefficient as a function of Reynolds number for various concentrations of GA-
GNPs are shown in Figure 4.13 (A) for the constant inlet temperature of 30°C. It is seen
that the convective heat transfer coefficient of the nanofluids as well as base fluid,
increases with the Reynolds number. Also it is clear that increase of nanoparticles
concentration has a direct effect on heat transfer coefficient of aqueous suspensions.
The significant improvement in convective heat transfer coefficient of GA-GNPs
nanofluids was largely attributed to the thin thermal boundary layer at higher Reynolds

number as a result of the enhancement of the thermal conductivity of nanofluids, and
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the reduced thermal resistance between the inner wall surface of the tube and flowing
nanofluids. Based on (S. J. Aravind et al., 2011; Yulong Ding et al., 2006), carbon
nanostructures such as GNPs and CNTs have a trend to reduce the thickness of thermal
boundary layer. In addition, improvement of convective heat transfer coefficient is
strongly dependent on the specific surface area, Brownian motion of the nanoparticles.
The presented data shows that the convective heat transfer coefficient increases by 9.89
%, 28.38% and 38.58%, respectively, for the nanoparticle weight concentrations of
0.025, 0.075 and 0.1wt.%. The average of experimental Nusselt numbers are evaluated
from Eq. (3.3) and the data are plotted in Figure 4.13(B). It is seen that the Nusselt
number increases markedly with an increase in Reynolds number and also with the
increase in nanoparticles concentration. The higher Nusselt number for the GA-treated
GNPs aqueous suspensions is attributed to the large surface area, Brownian motion and
thermophysical properties of suspended nanoparticles and therefore the heat transport
capability of nanofluid elevates further (Sundar et al., 2014). Also, it may be devoted to
properties of nanofluid suspension in terms of lower specific heat and higher thermal
conductivity compared to that of water. The maximum enhancement of Nusselt number
for nanoparticle concentrations of 0.025, 0.075 and 0.1 wt.% are, respectively, 4.91,

13.85 and 18.75% for Reynolds number Re=15925+5.

11000 150
g ©DW
5 10000 = 140 | ODW
g OGAGNPs 0.1 wt% O z XGAGNPs 0.1 wt% x
£ 9000 | AGAGNPs0.075 wi% o A E 130 I = GAGNPs 0.075 wt% y -
S _ 8000 | OGAGNPs0.025wt% A = g 120 | XGAGNPs 0.025 wt% = X
2
- X
‘é% 7000 A O o Emo X 0
£ o o 5 100 | =
£ = 6000 A g 2 % N ¥
= [m] [ =
5 < s000 | A 9 ~
T 2 80 | % &
o 4000} B 8 g I a
& o) 5 70 3
= -
g wo @[ ol (B)
2000 ‘ ‘ ‘ ‘ . 50 ‘ ‘ ‘ ‘ .
5000 7000 9000 11000 13000 15000 17000 5000 7000 9000 11000 13000 15000 17000
Reynolds number, Re Reynolds number, Re

Figure 4.13: Variations of (A) average heat transfer coefficient and (B) Nusselt
number of GA-treated GNPs aqueous suspensions as a function of Reynolds
number at various concentrations
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The pressure drop of the GAGNPs aqueous suspensions and DI water flowing through
the experimental test section over a range of Reynolds number represented in Figure
4.14(A). The corresponding friction factor data were measured applying Eq. (3.9) and
the results are shown in Figure 4.14(B). The data indicates that there is a slight
enhancement with concentration in both friction factor and pressure drop for the
GAGNPs aqueous suspensions compared to those for DI water. But the overall penalty in
the friction factor is negligible. It is seen that the friction factor for GAGNP nanofluids show
slight increase compared to that of DI water. The maximum increase in the friction factor of
nanofluids for weight concentration of 0.025, 0.075 and 0.1% is, respectively, about 1.46, 3.35

and 3.9%. The enhancement in friction factor is largely attributed to the increase in the
viscosity of nano-coolants. Note that for a constant Reynolds number, an increase in
viscosity requires a small increase in fluid velocity. Therefore, the increase in the
velocity of working fluid can be considered as the reason for increase of the friction

factor of the nano-coolants in convective heat transfer systems.
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Figure 4.14: Variation of pressure drop (A) and friction factor of GA-treated
GNPs (B) as a function of Reynolds number for various concentrations

The power consumption of a heat transfer set-up is a significant parameter in terms
of economy and energy saving in various thermal applications. The pumping power for
turbulent flow regime can be measured using following Equation (Mansour, Galanis, &

Nguyen, 2007) :

W=onss(h) (LT (4.3)
- T p2D*75
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pvD

Where, m is mass flow rate. Using p =% and v =% for a fixed Re = and

substituting m into the Eq. (4.3), the relative pumping power (%) for constant
bf

Reynolds number is given as,

e (o0 ()
Wy Pnr) \Ubf

Where W,; and W, is the pumping power of the base fluid and GAGNP nano-
coolants, respectively. The relative pumping power of the GAGNP nano-coolants is
calculated employing the equation (4.4) and the results are presented in Figure 4.15 for
various weight concentrations. This figure shows that the pumping power required for
the nano-coolants with various GAGNPs nanoparticles loading is quite close to that of

DI water.
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Figure 4.15: Relative pumping power of the GAGNP-water nanofluids and
distilled water

To assess the economic performance of a new working fluid (GAGNPs) as a suitable
alternative candidate for use in heat transfer equipment such as car radiators, heat
exchangers and solar collectors, the performance index parameter (¢ ) is evaluated. The

performance index is described as the ratio of the enhancement in convective heat
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transfer coefficient (desired efficiency) to the enhancement in pressure drop (unpleasant

efficiency) of nanofluid relative to the base fluid. The performance index is given as:

. hny/hpy _ Ry
APn/APyr  Rap (4.5)

Here, Ryis the ratio of the convective heat transfer enhancement, and R,p is the ratio of
pressure drop. The performance index of GAGNPs aqueous suspensions is determined
for a range of Reynolds number and concentration and the results are presented in
Figure 4.16. It is seen that the performance index for all concentrations is higher than 1.
This shows the advantage of the new synthesized nanofluids for use in the heat transfer
equipment. Figure 4.16 also indicates that as the weight concentration of the GAGNPs
in base fluid increases, the performance index also increases, which is the proof of
higher effectiveness of this new coolant at higher concentration. In addition, The Figure
4.16b shows a rising trend of performance index with Reynolds number for all
concentrations. Thus, the results indicate that the GAGNPs nano-coolants could be as an

appropriate alternative coolant for use in heat transfer applications for a range of Re.
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Figure 4.16: The performance index of the GA-treated GNPs versus Reynolds
number at different concentrations
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CHAPTER 5: CHARACTERIZATION, THERMO-PHYSICAL PROPERTIES,
CONVECTIVE HEAT TRANSFER AND HYDRODYNAMIC PROPERTIES OF
WATER-BASED CLOVE-TREATED GRAPHENE NANOPLATELET NANO-

COOLANT

5.1 Characterization of Clove functionalized GNPs

Figure 5.1(A) shows the FTIR spectra for the pristine GNPs and CGNPs, which are
represented by the transmittance (%) versus the wavenumber (cm™). It can be observed
from Figure 5.1 (A) that there are noticeable cues of the eugenol molecule in the
CGNPs compared to the pristine GNPs. The broad peak at 3436.92 cm! is ascribed to
O—H stretching vibrations, which may be caused by the reaction between the GNPs and
hydroxyl groups of eugenol and/or hydrogen peroxide. The symmetric and asymmetric
sharp vibrations of C—H bonds are observed within a wavenumber range of 2849.68—

2917.09 cm! for both GNPs and CGNPs.

A couple of peaks are observed within the wavenumber range of 1577.58 cm™,
which arise from C=C stretching vibrations of GNPs after opening due to the addition
of electrophilic reactions between the main structure of GNPs and the —OH band of
eugenol. The functionalization of GNPs by eugenol is confirmed by the peaks at
1384.56, and 1178 cm’!, which are out-of-plane CH vibrations and C-O stretching
vibrations, respectively. The peaks within the wavenumber range of 1715.75cm™ and
the peak centred at 1631 cm™! are assigned to O—C=O0 stretching vibrations, indicating

the formation of carboxyl groups at the main structure of GNPs.
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Figure 5.1: (A) FTIR spectra of pristine GNPs and C-GNPs, (B) TGA curves,
and (C) Raman spectra of pristine GNPs and CGNPs

TGA provides information about the quantitative amount of each functional groups
on the surface of GNPs, which were used to characterize the pristine GNPs and CGNPs.
Figure 5.1(B) shows the TGA curves for pristine GNPs and CGNPs and it can be
observed that there was feeble weight loss in the raw GNPs up to the temperature of
~800°C, which is the temperature at which the main graphitic structures began to
decompose. However, there was a significant weight loss for the CGNPs, which
confirms the decomposition of the functional groups. There are two distinctive steps of
weight loss for the clove-treated GNPs within a temperature range of 0—800°C. The first
weight loss occurred at ~100°C, which was attributed to water whereas the second

weight loss happened between 160 and 800°C, which is due to the decomposition of the
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functional group (i.e. eugenol) and the degradation of the graphitic structures in air
(after 600°C). The results indicate the successful covalent functionalization of GNPs
with eugenol, which is evidenced by the gradual weight loss observed in the TGA curve

of CGNPs.

Raman spectroscopy provides fundamental information for us to examine the
structure of sp? and sp> hybridized carbon atoms in carbon-based materials and
therefore, Raman spectroscopy was chosen as the first characterization technique.
In addition, Raman spectroscopy elicits essential information on the covalent
functionalization of GNPs by following the variations in holes. Figure5.1(C)
shows the Raman spectra of the MWCNT and CGNPs. The enhancement in the
Raman intensity ratio (/p/Ic) indicates a change in hybridized carbon from sp? to
sp>, which is a direct evidence of covalent functionalization (R. Das et al., 2015).
The pristine GNPs have an Ip//¢ ratio of 0.57 whereas the CGNPs have an Ip/ls
ratio of 0.85. The larger /p/Ic ratio obtained for the CGNPs indicates the presence
of a higher number of sp* carbons and the occurrence of an electrophilic addition
reaction, which confirms the successful covalent functionalization of GNPs.

Raman spectra analysis data are presented in Table 5.1.

Table 5.1: Raman spectra analysis results for pristine and clove-treated GNPs

Sample Peaks Centre (cm™) Intensity (a.u.) In/Ic
D band 1353.94 593.47

GNPs 0.57
G band 1597.43 1036.38
D band 1341.82 1682.44

CGNPs 0.85
G band 1566.24 1970.01

The elemental composition of the surface of the GNPs is examined before and after

functionalization using XPS. Each peak was fitted to the binding energy of standard
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carbon, i.e. 284.6 eV. It can be observed from the wide-scan XPS spectra for GNPs and
CGNPs (Figure 5.2) that the Cls and Ols peaks are centred at ~284.6 and 532.8 eV,
respectively. Unlike GNPs, the CGNPs have a higher Ols peak intensity since the
oxygen-to-carbon (O/C) ratio increases from 0.029 (GNPs) to 0.247 (CGNPs). This
proves the prospering oxidizing amorphous carbon impurities and free radical grafting
of different oxygen functional groups onto the CGNPs. It is very likely that the
oxygenated groups such as C—O (in hydroxyl and epoxy), C=O (in carbonyl derivatives)
and COO (in carboxylic acids) are attached to the edge and surface of the GNPs after
functionalization. The curve fitting of the high-resolution Cls and Ols spectra is
performed in order to assess the contributions of these groups. Figure 5.2(b) and (c)
shows the high-resolution XPS spectra of the Cls deconvoluted peak components for
GNPs and CGNPs, respectively. Our results confirm the presence of sp*-hybridized
graphitic structure (C=C) at 284.6 eV, analiphatic group (C—C) at 285.39 eV, hydroxyl
and epoxy groups (C—0) at 286.27 eV, carbonyl group (C=0) at 287.61 eV, carboxyl
group (O—C=0) at 289.02 eV as well as n-m interaction bonds at 290.13 eV. After
oxidative treatment, the intensity of the C—O, C=0 and O—C=0O bonds increases from
5.75, 4.04 and 1.62% (pristine GNPs) to 13.04, 5.95 and 4.7% (CGNPs), respectively,
while the n-m interaction bonds vanish completely. The higher peak intensities at 530.7
and 533 eV in the Ols spectrum (Figures 5.2 (d) and (e)) confirm the presence of large
fractions of oxygen atoms in the form of C=0O and C—O functional groups in the
CGNPs. In contrast, the pristine GNPs show the presence of feeble and generic
functional groups such as C—O and C=0 (R. Das et al., 2015). These functional groups
were generated unintentionally when the GNPs were exposed to the environment
containing natural oxidizing agents such as ozone and hydroxyl radicals. The results of

the XPS analysis are summarized in Table 5.2.
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Table 5.2: XPS analysis results for GNPs and CGNPs

Elemental composition (atom %)
Overall percentage
Sample (atom %) Cls Ols
Cls Ols C=C‘ c-C ‘ C—O‘ C=O‘ 0-C=0 mT—T c-0 C=0
GNPs 97.09 291 68.15 16.19 5.75 4.04 1.62 1.52 1.32 1.41
CGNPs 80.15 19.85 39.63 17.63 13.04 595 4.7 0 6.84 12.21

Even though TEM highlights the surface deterioration (morphology) and wrinkling
of GNPs, this technique does not provide any information on the functional groups.
Figure 5.3(a) and (b) shows the TEM image of the GNPs and CGNPs, respectively. It
can be observed from Figure 5.3(a) that the GNPs have a multi-layered structure with
relatively smooth surface and edges (low edge defects) as well as higher presence of
aggregation. In contrast, the surface of the CGNPs appears very rough with higher
defects and wrinkles resulting from covalent functionalization. We attribute the
presence of wrinkles and lines on the surface of the CGNPs to the inherent instability of
the two-dimensional structures as well as improved flexibility of the GNPs after

covalent functionalization with cloves.

175



01 2 3 45 6 7 8 9 1011 12

0 T

¢
= 't‘ Unstable|
£ \
s \
£ 30 :
[
E e SN
© ™
E ™ stable

e
*s
¢)
-60
PH

Figure 5.3: (a) TEM image of (a) pristine GNPs, (b) Clove-functionalized GNPs
and (c) zeta potential values of the CGNP nanofluid as a function of PH

Figure 5.3(C) shows the measured zeta potential values as a function of pH for the
CGNP aqueous suspension. It can be observed that the CGNP nanofluid has high
negative values (—4.42 mV to —49.5 mV) within the pH variations from 1.84 to 10.55.
More importantly, the zeta potential values for the CGNP nanofluids are far from the
isoelectric point (i.e. point of zero charge), which indicates that this pH range (2.8—
10.55) results in strong electric repulsion forces between the particles of CGNPs. This
prevents aggregation of the CGNPs by non-covalent interactions such as 7w-m
interactions or H-bonding. This phenomenon is attributed to the oxygen functionalities
at the surface of the CGNPs. Hence, the CGNP aqueous suspension is stable when the

pH is more than 2.8 (where the corresponding zeta potential is around —30.6 mV). In
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this study it could be highlighted that the CGNP aqueous suspension is stable even in
weak acidic conditions. In strong acidic solutions (pH < 2.8), the material tends to
agglomerate and undergo intermolecular dehydration catalyzed by H', leading to the
coupling of CGNPs via ether linkages. It was identified that the CGNP nanofluid
became more stable by adding alkali to the aqueous suspension, which lead to the

generation of additional negatively charged in the nanoparticles.

UV-vis spectroscopy analysis is a common procedure used for evaluating stability of
colloidal nanoparticles. Based on the Beer—Lambert’s law, there is a direct connection
between the absorbance of a solution and the concentration of the absorbing species
such as nanoparticles in the solution. Following this law, the absorption spectrum of the
prepared nanofluids exhibited a maximum peak at around 265 nm corresponding to m —

7 transition of conjugation system in the polyaromatic structures.

The UV—vis spectroscopy analysis for the DI water-based CGNPs nanofluids with
different weight fractions were evaluated and the photometric analysis of the UV—vis
spectroscopy was employed to pursue the variation of relative weight fraction of the
samples versus times (day). The UV-vis spectrum for the water-based CGNPs
nanofluids with different weight concentrations are presented in Figure 5.4 (a). It shows
that the peak values of absorbance for all the samples were located in the wavelength of
265 nm that is due to the presence of CGNPs. Also it can be seen that the absorbance of
CGNPs nanofluids declines from 0.1 to 0.025 wt.% that proves the enhancing amount
of dispersed CGNPs will increase the value of absorbance. As shown in Figure 5.4(b),
there is a good linear relationship between the concentration of GNPs and the
absorbance, which conforms to the Beer's law and shows that graphene sheets were

dispersed well into the base fluid.
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Figure 5.4: (a) UV—vis spectroscopy analyses of water-based CGNPs nanofluids

at different concentrations and wavelengths, (b) absorption values of CGNPs

dispersed in DI water at different concentrations and (c) colloidal stability of
Clove-treated GNPs dispersed in DI water

UV-vis spectroscopy is a common technique employed to study the dispersibility of
nanofluids as a function of the sedimentation time. Figure 5.4(c) indicates the stability
of CGNP-water nanofluids with respect to the number of days after preparation. It is
seen that the relative concentration of the nanofluids decreases by enhancing in the
number of days after sample preparation. However, the relative concentration of the
nanofluids is almost constant after Day 45 for all samples. The highest sedimentation
magnitude is found to be 8.4, 10.4 and 11.8% for the sample containing 0.025, 0.075
and 0.1 wt% of CGNPs, respectively. This confirms the stability of our CGNP-water

nanofluids.
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5.2 Thermo-physical properties of water-based CGNPs nano-coolants

The effective dynamic viscosity, thermal conductivity and specific heat capacity of the
CGNP-water nanofluids and DI water are measured in our experiments and we present
the results as a function of temperature and particle concentration in Figure 5.5(a)—(c).
The thermal conductivity of a coolant is one of the significant factors in raising the heat
transfer rate (and thus, heat dissipation efficiency) of heat exchangers. The thermal
conductivity of the DI water used as the base fluid in our study is similar to those in the
NIST database (Ramires et al., 1995) with a maximum error of 1%. It is apparent from
Figure 5.5(a) that the effective thermal conductivity is significantly higher for the
CGNP-water nano-coolants compared to DI water. In addition, the thermal conductivity
of CGNP-water nano-coolants increases when the temperature increases. Interestingly,
the rate of increment in thermal conductivity for the CGNP-water nano-coolants is
greater at higher particle concentrations. Temperature plays a pivotal pattern in
enhancing the thermal conductivity of nanofluids, as evidenced from Figure 5.5(a). This
is caused by the increment in Brownian motion of the CGNPs dispersed in the DI water.
A maximum thermal conductivity enhancement of 5.65, 15.85 and 22.92% is attained

for a particle weight concentration of 0.025, 0.075 and 0.1% at 45°C.

One of our goals is to prevent a radical increase in the viscosity of the coolant, since a
higher viscosity will increase the pumping power. Here, the effective dynamic viscosity
of the CGNP-water nanofluids (particle concentration: 0.025, 0.075 and 0.1 wt.%) and
DI water are presented at a shear rate of 150 s~ and temperature range of 20-50°C in
Figure 5.5(b). It is clear that when the weight concentration of CGNPs is increased in
DI water, there is only a slight increase in the dynamic viscosity of the nanofluids
relative to that for DI water. This is indeed expected since only a low concentration of
CGNPs used in our samples. Figure 5.5(b) also shows the benefit of covalent

functionalization using cloves since the CGNPs remain suspended in the DI water. It
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can also be observed that the dynamic viscosity of the CGNP-water nanofluids and DI
water decreases when the temperature is increased, which is caused by the weakening of
the intermolecular forces (S. J. Aravind et al., 2011). Interestingly, the samples in our
study show the same declining trend for the dynamic viscosity. Our results conform
well with those of Sadri et al.(Sadri, Hosseini, Kazi, Bagheri, Zubir, Solangi, et al.,
2017) and Aravind et al. (S. J. Aravind et al., 2011). According to the results, it can be
deduced that a pronounced increment in the dynamic viscosity of the working fluids can
be prevented by devising an innovative and reliable synthesis route for nanofluids.
Furthermore, it is important to consider the low weight concentration of the
nanoparticles dispersed in the base fluid, especially if the nanofluid will be used as
coolant in heat transfer systems. A higher particle concentration may increase the
dynamic viscosity of the nanofluid which negates the positive impact of utilizing nano-
coolants for heat transfer enhancement. This is due to the fact that a higher fluid
viscosity will result in the pumping fluid penalty.

The specific heat capacity of the CGNP nano-coolants and DI water are presented in
Figure 5.5(c). It is apparent that the specific heat capacity increases slightly when the
temperature is increased for all samples. The slope is similar for the specific heat
capacity curves, which agrees well with the findings of Pak and Cho (Amiri, Sadri,
Shanbedi, Ahmadi, Kazi, et al., 2015; Pak & Cho, 1998). It can be seen that the specific
heat capacity of the water-based CGNPs nanofluids decreases insignificantly with an
increase in the CGNPs weight concentration, whereby the average reduction in specific
heat capacity is within a range of 0.43—1.52% compared to that of the DI water. This
decrease is due to the fact that the CGNPs nanoparticles have a lower specific heat

capacity than that of the base fluid.
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Figure 5.5: Variation of (a) thermal conductivity, (b) dynamic viscosity and (c)
specific heat capacity of CGNP-water nano-coolants at different temperature and

particle concentration

The Figure 5.6 shows the effective dynamic viscosity of the water-based CGNPs

nanofluids and DI water as functions of shear rate, weight concentration and

temperature. As it can be seen in Figures 5.6(c—e), the behavior of synthesized water-

based CGNPs nanofluids in this study are quite Newtonian, whereby the viscosity of the

nanofluids remains constant with an increase in the shear rate. The amount of variation

in dynamic viscosity with increasing the weight concentration is insignificant and

negligible. From a thermal transport perspective, this material is deemed suitable as an

additive to enhance heat transfer performance.
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Figure 5.6: Plots of the measured values of dynamic viscosity versus shear rate
for CGNPs aqueous nanofluids at various weight concentrations ((A) DI water, (B)
0.025 wt %,( C) 0.075 wt% and (D) 0.1 wt %) and temperatures

The experimentally measured values of viscosity for the water-based CGNPs
suspension were compared with those calculated with the empirical correlations of
Batchelor (Khanafer & Vafai, 2011) and Einstein (J.-H. Lee et al., 2008) using
equations (4.1) and (4.2), respectively, and the results are depicted in the Figure 5.7.
This indicates that the values calculated from experimental data are in good agreement
with those determined from empirical correlations for water-based CGNPs nanofluid

with a maximum error of ~7%.

It is crucial to keep down the increment in viscosity of the heat transfer working
fluids by using an appropriate synthesis method and considering low weight

concentrations for the nano-coolants, particularly in heat transfer systems, in where the
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overall positive impact in heat transfer is being undermined by pumping fluid penalty
occurs with an increase in viscosity (Timofeeva et al., 2009; W Yu et al., 2010). Hence,
in order to maximize the heat transfer performance of closed-loop systems in which
nanofluids are used as the working fluids, it is imperative to maintain the resultant
colloidal mixtures in Newtonian behavior since this will reduce the pumping power

compared to non-Newtonian fluids.
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Figure 5.7: Dynamic Viscosity variation of water-based CGNPs nanofluids in
comparison with those calculated with Batchelor and Einstein model as functions
of concentration and temperature

Besides, the density of the CGNP-water nanofluids and DI water are measured from
experiments within a temperature range of 20 to 40°C and the data are represented in
Table 5.3. It can be noticed that the density for all samples decreases when the fluid
temperature is increased, which we believe is due to the thermal expansion of the fluid.
Furthermore, the density of the CGNP-water nano-coolant increases by increasing the
particle concentration, though the increase is rather minor. The higher density of the
CGNP-water nanofluids is attributed to the density of the CGNPs, which is greater than

the density of water. The density of the CGNP-water nanofluid increases by only

0.045% for a particle concentration of 0.1 wt.% at 20°C. However, the density of this
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nanofluid decreases by approximately 0.6% when the fluid temperature is increased

from 20 to 40°C, indicating that temperature also plays a role.

Table 5.3: Density of CGNP-water nano-cooclants and DI water as a function of
temperature and particle concentration

Density (kg/m?)
Concentration/temperature (°C) 20 25 30 35 40
DI water 998.00 996.85 995.50 993.90 992.00
0.025 wt% 998.10 997.00 995.60 994.00 992.05
0.075 wt% 998.35 997.20 995.80 994.30 992.30
0.1  wt% 998.45 997.30 995.90 994.40 992.40
5.3 Heat transfer and hydrodynamic properties

In order to investigate the convective heat transfer coefficient and Nu of the CGNP-
water nanofluids, a series of experiments were conducted under the following
conditions: (1) range of Re: 6371 to 15927, (2) input power: 600 W and (3) inlet
temperature: 30°C. Only three particle concentrations have been considered in this
study, i.e. 0.025, 0.075 and 0.1 wt.%. The convective heat transfer coefficient of the
CGNP-water nanofluids and DI water are determined using Equation (3.1) and the
results are presented as a function of the Re in Figure 5.8(a). It can be observed that
there is an increment in the convective heat transfer coefficient when the Re is increased
for the CGNP-water nanofluids and DI water. Moreover, the concentration of
nanoparticles has a pronounced effect on the convective heat transfer coefficient of the
CGNP-water nano-coolants. This effect can be attributed to the thin thermal boundary
layer resulting from the enhanced thermal conductivity for the CGNP-water nano-
coolants as well as the lower thermal resistance between the nanofluids and inner wall
surface of the test section at higher Re. According to (S. J. Aravind et al., 2011; Yulong
Ding et al., 2006), carbon-based materials such as carbon nanotubes and graphene
nanoplatelets tend to reduce the thickness of thermal boundary layer. Furthermore, other
factors such as the specific surface area and Brownian motion of the CGNPs play a key

role in the convective heat transfer coefficient. Hereupon, the convective heat transfer
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coefficient of the CGNP-water nanofluids increases by approximately 9.25, 26.6 and

37.53% for a particle concentration of 0.025, 0.075 and 0.1 wt%, respectively.

The average Nu are determined by inserting the average convective heat transfer
coefficient values for the CGNP nano-coolants into Equation (3.3) and we present the
results in Figure 5.8(b). It is seen that there is an obvious increase in the average Nu by
increasing the Re and particle concentration. The higher average Nu for the CGNP-
water nanofluids is due to the large surface area, Brownian motion and thermophysical
properties of CGNPs nanoparticles suspended in the base fluid and therefore the heat
transfer capability of nanofluid rises further (Sundar et al., 2014). A maximum average
Nu enhancement of 4.96, 13.58 and 18.69% are obtained for a particle concentration of

0.05, 0.075 and 0.1 wt%, respectively, when Re = 15927.
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Figure 5.8: (a) average heat transfer coefficient and (b) average Nusselt number
of the CGNP-water nano-coolants and distilled water at various Reynolds number

The pressure drop across the test section for the CGNP-water nanofluids and DI
water is presented as a function of Re in Figure 5.6(a). The corresponding friction factor
values are determined using Equation (3.9) and the data are represented in Figure 5.6
(b). It can be seen that there is a slight increase in the friction factor and pressure drop
for the CGNP nano-coolants compared to those for DI water. Interestingly, the friction

factor increases by approximately 1.76, 2.56, 3.79% for a particle concentration of
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0.025, 0.075 and 0.1 wt.%. This is due to the slight increment in viscosity for all CGNP-
water nanofluids (Figure 5.6 (b)) which requires negligible increment in fluid velocity
since the Re is constant (Equation (3.4)). Hence, the velocity of the working fluid plays
a vital pattern in increasing the friction factor and pressure drop in convective heat

transfer systems.
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Figure 5.9: Variation of (a) pressure drop and (b) friction factor as a function of
Re for the CGNP-water nanofluids in the test section

The power consumption of a heat transfer loop is important since both energy
consumption and energy savings should be considered in order to optimize energy usage
of thermal systems. In this study, the relative pumping power of CGNP-water

nanofluids is determined using the following Eq.(4.4) (Mansour et al., 2007).

The relative pumping power of the CGNP-water nanofluids and DI water is
represented in Figure 5.10. Our results appear promising since the relative pumping
power increases insignificantly with respect to the particle concentration. More
importantly, the relative pumping power of the CGNP-water nanofluids is close to that

for DI water, i.e. the sample containing 0.0 wt% of CGNPs.
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Figure 5.10: Relative pumping power of the CGNP-water nanofluids and
distilled water

In general, the economic performance of a working fluid in heat transfer systems is
assessed using the performance index (&). The performance index is expressed as the
ratio of the heat transfer enhancement (Rj,) of the nanofluid to the ratio of the pressure
drop (Rpp) of the nanofluid relative to the base fluid. The performance index for the
CGNP-water nanofluids is determined using Equation (4.5) and the corresponding

results are represented in Figure 5.11 as a function of the Re.

It is apparent that the performance index is greater than 1 for all CGNP-water
nanofluids. This indicates the benefit of using these environmentally friendly nanofluids
in heat transfer systems. It is also apparent that the performance index increases when
the CGNP particle concentration is increased in the base fluid. In addition, the
performance index of the CGNP-water nanofluids increases when the Re is increased.
Based on Figures 5.10 and 5.11, It can be concluded that our CGNP-water nanofluids
are promising alternative coolants for heat transfer systems because of their thermal

performance and energy-savings.
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CHAPTER 6: CHARACTERIZATION, THERMO-PHYSICAL PROPERTIES,
CONVECTIVE HEAT TRANSFER AND HYDRODYNAMIC PROPERTIES OF

WATER-BASED SRGO NANO-COOLANTS

6.1 Characterization of SrGO

The removal of the oxygen-containing groups of GO is clearly reflected by the FTIR
spectra of GO and SrGO sample. Figure 6.1(A) depicts the Fourier transform infrared
(FTIR) spectra of GO and SrGO sample. The GO shows couple of peaks in the range of
3424 cm ! which can be attributed to the O—H stretching vibrations, whereas the peaks
at 1731, 1626, and 1383 cm™! are assigned, respectively, to the C=O stretching, sp” -
hybridized C=C group and O—H bending(Cheng et al., 2013). Meanwhile, the peaks at
1062 cm™! can be attributed to the C—O vibration of the epoxy or alkoxy groups in GO,
respectively(Pham et al., 2011). The presence of new symmetric and asymmetric sharp
peaks vibrations of C—H bonds are observed within a wavenumber range of 2850-3000
cm’! for both SrGO. Other outstanding differences are observed in the appearance of the
two peaks at 1574 and 1162 cm™ attributed to N-H bending and C-N stretching,
appears in the spectra of the reduced GO samples. These observations confirm that most
of the oxygen functionalities have been removed from the GOs. Although the reduction
of functional groups in the SrGO is obvious, also variety of functional groups remained

in the final product that maintains the stability of the SrGO in water.

TGA characterization was also performed, to assess the thermal stability of the
materials. TGA plots of GO and SrGO are shown in Figure 6.1(B). There were three
distinctive steps of weight losses for both GO and SrGO within the temperature range of
0-800°C.Both samples showed a little mass loss around 100°C, which is mostly

attributed to the removal of the trapped water molecules and epoxy oxygen functional
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groups. whereas the second weight loss occurred between 200 and 400-500°C, which
can be attributed to the removal of phenolic groups and decomposition of sp> hybridized
carbon atoms located at the defect site of GO. This result indicates the high degree of
oxidation of graphite after chemical exfoliation. However, for SrGO, there is less
amount of weight loss below 525 °C, demonstrating the effective reduction and removal
of oxygen functional groups. Comparing to GO, after functionalization and reduction
with saffron, the thermal stability decrease and a large mass loss appears after 600 °C.
This can be attributed to the decomposition of nitrogen containing functional group in
reported results for saffron reduced GO. The last weight loss occurred after 550°C,

caused by the degradation of the graphitic structures in air.
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Figure 6.1: (A) FTIR spectra of graphene oxide (GO) and SrGO, (B) TGA
curves of GO and SrGO

Raman spectroscopy is one of the most widely used techniques to characterize the
structural and electronic properties of graphene including disorder and defect structures
and, defect density. This technique is able to identify graphene from graphite and few
layers graphene. Figure 6.2 (A) shows Raman spectra of graphene oxide (GO) before
and after reduction and functionalization with saffron. The Raman spectra show
significant structural changes occurring during the chemical processing from GO to
SrGO. Both GO and SrGO have a couple of Raman-active bands in the spectra, with the

D band at 1350 cm™! corresponding to defects or edge areas and G band at 1598 cm™
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related to the vibration of sp? hybridized carbon. The Raman spectra show an increase
in the D/G ratio, from 1.313 for GO to 1.261 for SrGO, indicating the increased defects
or edge areas by reduction of GO. These defects might be due to the smaller size of
graphene sheets as well as the remaining functionalities(Ginic-Markovic, Matisons,
Cervini, Simon, & Fredericks, 2006; H. Wang, Hao, Yang, Lu, & Wang, 2010). For
SrGO, two new peaks at 1484 cm™ were attributed to C=N stretching vibration of
quinonoid ring. The stretching band assigned to C-N appeared at 1331 and 1210 cm™. A
band at 1016 cm was attributed to N-H bending in-plane of the benzenoid ring. The
peaks at 1162 cm™ were attributed to C-H bending vibration of the benzenoid
ring.(Ginic-Markovic et al., 2006).All evidences supported that the functional group
have been grafted onto the surface of rGO. Generally, a peak for the 2D band of the
monolayer graphene sheets is observed at 2676 cm™ whereas this peak is broaden and
shifted to higher wavenumber in case of multi-layer graphene. In this investigation 2D
bands were observed at 2696 and 2709 cm™ for GO and RGO respectively. This Figure
indicates that both GO and RGO have multilayer structure. It is also cleared that after
reduction of GO, the 2D band is shifted toward higher value which suggested about
stacking of graphene layers. As GO has different types of functional groups which may
prevent stacking of graphene layers but after reduction due to decrease of such

functional groups a few graphene layers are stacking and formed multilayer RGO.
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Figure 6.2: (A) Raman spectra and (B) wide-scan O1s and C1s XPS spectra for
Graphene oxide and SrGO

To further illustrate the formation of graphene, XPS was performed to characterize
the removal of the oxygen groups. Figure 6.2(B) shows the XPS spectra of graphite
oxide and graphene reduced saffron. As can be seen from the wide-scan XPS spectra of
GNPs and CGNPs (Figure 6.2 (B)), each peak was fitted to the binding energy of
standard carbon, 284.6 eV. The C 1s, O 1s and N 1s peaks centered at ~284.6 ev, 532.8
eV and 400 eV, respectively. The GO sample includes high amount of oxygenated
functional groups, and the O atomic percent is obviously higher than that of the SrGO,
as the oxygen-to-carbon (O/C) ratio drops from 0.74 (GO) to 0.218 (SrGO). Four
different peaks centered at 284.6, 286.78, 287.708, and 288.905 eV are observed,
corresponding to C-C/C=C in aromatic rings, C-O, C (epoxy and alkoxy), C=0O and O-
C=0 groups in GO, respectively (Figure 6.3). The peak intensities of these components
(C—O and C=0) in saffron reduced GO are considerably smaller than those in GO,
indicating considerable deoxygenation during the reduction process. It seems that the
degree of reduction derived from the C/O ratio is not as high as expected. The Cls
spectra of SrGO deconvoluted into C=C at 284.6, C-O/C-N at 285.917, C=0 at 286.799,
O-C=0/N-C=0 at 288.146 and m-m at 289.178 which is confirmed reduction and

functionalization of SrGO. The results of the XPS analysis are summarized in Table 6.1.
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This may be because some components of saffron such as protein and vitamin were
bound to the rGO sheets and thus the high oxygen and nitrogen content of saffron
(proteins and vitamins) contributed to the low O/C ratio of SrGO. In the high resolution
spectrum of N 1s, the peaks at 398.938 and 400.362 eV correspond to the N-C and N-H,
respectively (Figure 6.3(E)). The higher peak intensities at 531.482 and 532.572 eV in
the Ols spectrum confirms the presence of large fractions of oxygen atoms in the form
of C=0 and C-O functional groups in the GO (Figure 6.3(C and D)). The Ols peaks

intensities deceased significantly after reduction with saffron.

Table 6.1: XPS analysis results for GO and SrGO

Elemental composition (atom %)

Over(i‘ilt(f:lrﬁ;f,;‘tage Cls Ols Nis
Sample | Cls  Nis  Ols | C=C/c-C CO C=0 0-C=0 rn c=0 coO | cN  NH
GO | 6367 0 3633 | 2697 2853 584 268 0 6.76 2921 | o 0
SrGO 72.37 6.09 21.55 39.65 18.17 7.82 5.22 2.44 5.69 15.10 3.34 2.56

Figure 6.4(A) illustrates the transmission electron microscopy (TEM) images of
SrGO nanosheets. It can be seen from the figure that the rGO mostly consists of
individual planar structure wrapped together to form a much crumpled morphology.
Further, as shown in Figure 6.4(A), a close-up observation on the surface and edge
structures of the rGO sheet reveals an elaborated roughness based on color intensity
variation, which consists of a combination of dark and gray spots. Dark areas indicate
the thick stacking nanostructure of several graphene oxide and/or graphene layers with
some amount of oxygen functional groups. The higher transparency areas indicate much
thinner films of a few layers graphene oxide and/or reduced graphene oxide resulting
from stacking nanostructure exfoliation. Significantly larger surface area of high
transparency of delaminated graphene layers (of about one to few layer thickness) in

shown by the reduced graphene oxide sample (SrGO) contrary to graphene oxide
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sample (SrGO), indicating layer delamination due to reduction. According to Navarro et
al.(Goémez-Navarro et al., 2010) the light gray domain represents the defect free
crystalline graphene layer having identical atomic configuration as to graphite. The
wrinkles in SrGO, particularly at the edge can be associated with the structural damage
of the sp? carbon arrangement, which occur during oxidation process, solution

processing and drying.

Zeta potential measurement is one of the common characterization technique for
determining the level of stability of colloids by providing a measure of the magnitude
and sign of the effective surface charge associated with the double layer around the
colloid particles(Konkena & Vasudevan, 2012). Highly dispersed nanofluids could be
attributed to the suspensions with high surface charge density so that it can produce
considerable electrostatic repulsive forces. The nanofluids that possess a zeta potential
value stronger than ~+30 mV or more negative than 30 mV are considered as a stable
suspension due to interparticle electrostatic repulsion(Konkena & Vasudevan, 2012; H.-
K. Lee, Lee, & Jeon, 2007). Close to the isoelectric point (point of zero charge), the
particles could no longer be repelled strongly, and therefore start to aggregate and
sediment over time(S. W. Lee, Park, Kang, Bang, & Kim, 2011). Figure 6.4(B) shows
the measured zeta potentials values as a function of pH for the SrGO nanofluids. The
results show that SrGO sheets are highly negatively charged in the range of -33.4 mV to
-52 mV for the pH range of 6.45 to 10.73. Therefore, the SrGO in the investigated pHs
has strong electrostatic repulsion force which avoids the SrGO sheets to aggregate by
noncovalent interactions such as n—m interactions or H-bonding. On the other hand, zeta
potential results of SrGO dispersion shows less negative values than that of the GO for
the same pH range which was attributed to reduction and partial elimination of the
oxygen functionalities at the surface of GO. In acidic solution (PH < 6.45), the material

tends to agglomerate and undergo intermolecular dehydration catalyzed by H', leading
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to the coupling of SrGO via ether linkages. Figure 6.4(B) suggests that the SrGO

aqueous suspensions is stable at pH more than 6 (the zeta potential around 33 mV) and

never exceed the isoelectric point for the range of pH of interest. The SrGO nanofluids

became more stable by adding alkali to the aqueous suspension, which leads to

generation of additional negative charge in nanoparticles. Generally the pH plays a

critical role in dispersion of the nanofluids SrGO(Y. Zhou, Bao, Tang, Zhong, & Loh,

2009), herein in this work, the SrGO nanofluid is stable in even slightly acidic

conditions.
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Figure 6.4: (A) TEM images of SrGO and (B) Zeta potential values of the SrGO

nanofluid as a function of pH

UV-vis spectroscopy analysis is a common procedure used for investigating stability

of nanoparticles aqueous suspensions. According to the Beer—Lambert’s law, there is a
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direct connection between the absorbance of a solution and the concentration of the
absorbing species such as particles in the solution. Following this law, the absorption
spectrum of the prepared nanofluids exhibited a maximum peak at around 265 nm

corresponding to m — 7 transition of conjugation system in the polyaromatic structures.

The UV-vis spectroscopy analysis for the DI water-based SrGO nanofluids with
different weight fractions were evaluated and the photometric analysis of the UV—vis
spectroscopy was employed to pursue the variation of relative weight fraction of the
samples versus times (day). The UV—vis spectrum for the water-based SrGO nanofluids
with different weight concentrations are presented in Figure 6.5 (a). It shows that the
peak values of absorbance for all the samples were located in the wavelength of 264 nm
that is due to the presence of SrGO. Also it can be seen that the absorbance of SrGO
reduces from 0.1 to 0.025 wt.% that illustrates the enhancing amount of dispersed SrGO
will increase the value of absorbance. As shown in Figure 6.5(b), there is a good linear
relationship between the concentration of SrGO and the absorbance, which conforms to

the Beer's law and proves that StGO sheets were dispersed well in the base fluid.

UV-vis spectroscopy is a common technique employed to study the dispersibility of
nanofluids as a function of the sedimentation time. Figure 6.4(c) indicates the stability
of SrGO -water nanofluids with respect to the number of days after preparation. It is
seen that the relative concentration of the nanofluids decreases by enhancing in the
number of days after sample preparation. However, the relative concentration of the
nanofluids is almost constant after Day 42 for all samples. The highest sedimentation
magnitude is found to be 7.2, 9.07 and 11.2% for the sample containing 0.025, 0.075
and 0.1 wt% of SrGOs, respectively. This confirms the stability of our SrGO -water

nanofluids.
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Figure 6.5: (A) UV-vis spectroscopy analyses of water-based SrGO nanofluids
at different concentrations and wavelengths, (B) absorption values of SrGO
dispersed in DI water at different concentrations and (C) colloidal stability of
SrGO dispersed in DI water

6.2 Thermo-physical properties of SrGO nanofluids

The effective thermo-physical properties of the water-based Saffron-reduced
Graphene Oxide (SrGO nanofluids) as well as DI water were experimentally measured
for various range of temperature and weight concentration and the results are
represented in Figure 6.6. The Figure 6.6 demonstrates the effective thermal
conductivity as one the most principal thermo-physical properties, for the DI water and
SrGO nanofluids at weight concentrations of 0.025, 0.075 and 0.1% and the temperature

ranging from 20 to 45°C . It can shows that the thermal conductivity of DI water is in

good agreement with the NIST database (Ramires et al., 1995) with a maximum error of

198



1%. The Figure 6.6 clearly displays the measured thermal conductivity of the SrGO
nanofluids is much higher than that of the base fluid and it increases by loading
nanoparticles. The reason for this discrepancy is associated with the liquid/particle
interfacial nano-layers (nano-layer at the interface between nanoparticle and fluid) (S. J.
Aravind et al., 2011; Murshed, Leong, & Yang, 2009), Brownian motion and specific
surface area (SSA) of the nanoparticles(Amiri, Sadri, Shanbedi, Ahmadi, Chew, et al.,
2015; S. J. Aravind et al., 2011; Sadri, Hosseini, Kazi, Bagheri, Zubir, Solangi, et al.,
2017; Sadri, Zangeneh Kamali, et al., 2017; H. Xie, Fujii, & Zhang, 2005), and
consequently higher thermal conductivity of the SrGO nanoparticles compare to that of
the DI water. In light of previous researches(Sarsam, Amiri, Zubir, et al., 2016), the
graphene sheets with higher SSA loaded in base fluid leads to higher thermal
conductivity of the corresponding nano-coolants. Furthermore, some fundamental
parameters such as temperature, thermal conductivities of the base fluid and
nanoparticles, weight concentration, shape or geometry of nanostructures play
significant roles in determining the thermal conductivity of the nano-coolants.(Amiri,
Shanbedi, & Dashti, 2017; Amiri, Shanbedi, Rafieerad, et al., 2017). Also, It can be
obviously seen in Figure 6.6 that the measured thermal conductivity of nano-coolants as
well as DI water enhanced by increasing fluid temperature, which is an expected
phenomenon. This shows the temperature plays a significant role in enhancing the
thermal conductivity of aqueous suspensions that it can be devoted to the increased
Brownian motion of the SrGO nanoparticles dispersed in base liquid. The thermal
conductivity of the SrGO nanofluids increased up to 8.95, 20.72 and 28.88%,
respectively, for the weight concentration of 0.025, 0.075 and 0.1% at temperature of

45°C.
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Figure 6.6: Thermal conductivity variation of water-based SrGO nano-coolants
and DI water as a function of temperature and weight concentration

Figure 6.7 demonstrates the results of dynamic viscosity measurement for the DI
water and water-based Saffron-reduced Graphene Oxide (SrGO nanofluids) at the shear
rate of 150 s™1, weight concentrations of 0.025, 0.05 and 0.1% and the temperature
ranging from 20 to 45°C. It can be observed that the viscosity plots of the SrGO
nanofluids resemble the viscosity plot for distilled water, whereby there is an
insignificant and negligible increase in the viscosity of SrGO nanofluids compared to
that of the DI water with an increase in SrGO weight concentration, as shown in Figure
6.7. The reason behind this phenomenon can be attributed to the low weight
concentrations considered for the nanofluids in addition to the successfully
implementation of covalent functionalization which leads to the well dispersing of the
SrGO nanoparticles into the base fluid. It can be seen from the Figure 6.7 that the
viscosity decreases when the temperature is increased, which is in tandem to the water
behaviour, and this trend is caused by the weakening of the intermolecular adhesion
forces(S. J. Aravind et al., 2011; Tian, He, Xu, Fang, & Zhang, 2016). This
phenomenon is in agreement with Sadri et al. (Sadri, Hosseini, Kazi, Bagheri, Zubir,

Ahmadi, et al., 2017) and Aravind et al.(S. J. Aravind et al., 2011).
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Figure 6.7: Dynamic viscosity of water-based SrGO nanofluids and DI water as
a function of temperature and weight concentration at shear rate of 150 s-!

The experimentally measured values of viscosity for the water-based SrGO
suspension were compared with those calculated with the empirical correlations of
Batchelor (Khanafer & Vafai, 2011) and FEinstein (J.-H. Lee et al., 2008) using
equations (4.1) and (4.2), respectively, and the results are depicted in the Figure 6.8
This indicates that the values calculated from experimental data are in good agreement
with those determined from empirical correlations for water-based SrGO nanofluid with

a maximum error of ~6%.

It is crucial to keep down the increment in viscosity of the heat transfer working
fluids by using an appropriate synthesis method and considering low weight
concentrations for the nano-coolants, particularly in heat transfer systems, in where the
overall positive impact in heat transfer is being undermined by pumping fluid penalty
occurs with an increase in viscosity (Timofeeva et al., 2009; W Yu et al., 2010). Hence,
in order to maximize the heat transfer performance of closed-loop systems in which

nanofluids are used as the working fluids, it is imperative to maintain the resultant
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colloidal mixtures in Newtonian behavior since this will reduce the pumping power

compared to non-Newtonian fluids.
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Figure 6.8: Viscosity of water-based SrGO nanofluids compared with those
calculated by theoretical models as function of concentration and temperature at
the shear rate of 150 s™!

The Figure 6.9 represented the dynamic viscosity of nano-coolants as a function of
shear rate at different temperatures. As shown in Figures 6.9(a—d), the water-based
SrGO nanofluids synthesized in this research exhibit Newtonian behavior, whereby the
viscosity of the nanofluids remains constant with an increase in the shear rate. From a
thermal transport perspective, this material is deemed suitable as an additive to enhance

heat transfer performance.
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Figure 6.9: Plots of the measured values of dynamic viscosity versus shear rate
for SrGO aqueous nanofluids at various weight concentrations((A) DI water,(B)
0.025 wt%,(C) 0.075 wt% and (D) 0.1 wt %) and temperatures

As another effective thermo-physical property, the specific heat capacity of the
water-based SrGO nanofluids as a function of weight concentration and temperature is
represented in Figure 6.10. The specific heat capacity for distilled water is also plotted
in the same graph for comparison. It can be seen that the specific heat capacity of the
water-based SrGO nanofluids decreases with an increase in the SrGO weight
concentration, whereby the average reduction in specific heat capacity is within a range
of 0.72-2.36% compared to that of the DI water, exhibiting insignificant decrease. This

decrease is due to the fact that the SrGO nanoparticles have a lower specific heat

capacity than that of the base fluid.
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Figure 6.10: Variation of specific heat capacity of water-based SrGO nano-
coolants at different temperature and particle concentration

The densities of the water-based SrGO nanofluids and distilled water (base fluid) are
determined with respect to the changes in the SrGO weight concentration and
temperature and the results are summarized in Table 6.2. It can be seen that the density
of the SrGO nanofluids and base fluid decreases by approximately 0.6% when the
temperature is increased from 20 to 40°C. A plausible explanation for this is that the
volume of the liquids increases when the temperature is increased and it is known that
density is inversely proportional to the volume of liquid. Also, it is also apparent that
the density of the SrGO nanofluids increases when the concentration of SrGO is
increased, which can be a reasonable issue. However, the difference in the density

values is rather minor.

Table 6.2: Density of water-based SrGO nanofluid and DI water as a function of
temperature and concentration

Density (kg/m%)
Concentration/temperature (°C) 20 25 30 35 40
DI water 0 wt% 998.00 996.85 995.50 993.90 992.00
SrGO 0.025 wt% 998.15 997.05 995.65 994.05 992.15
SrGO 0.075 wt% 998.40 997.35 995.95 994.35 992.40
SrGO 0.1 wt% 998.55 997.45 996.10 994.50 992.50

204



6.3 Heat Transfer and hydrodynamic properties

To study the convective heat transfer coefficient of water-based SrGO nanofluids, a
series of experiments have been performed at the Reynolds number range of 6370+5 to
1592545, input power of 600 W and inlet temperature of 30°C under turbulent
boundary condition. Three SrGO weight concentrations of 0.025, 0.075 and 0.1 % are
considered in this research. The convective heat transfer coefficient of water-based
SrGO nanofluids and DI water are evaluated using Equation (3.1) and the corresponding
results are demonstrated in Figure 6.11(a) as a function of the Reynolds number. It can
be seen clearly from Figure 6.11(a) that there is an increment in the convective heat
transfer coefficient when the Reynolds number is elevated for the SrGO water-based
SrGO nanofluids and DI water. Furthermore, the SrGO weight concentration has a
noticeable effect on convective heat transfer coefficient enhancement of the water-based
SrGO nano-coolants, which can be assigned to the thin thermal boundary layer and the
enhanced thermal conductivity for the water-based SrGO nanofluids as well as the
lower thermal resistance between the nanofluids and inner wall surface of the test
section at higher Reynolds number. Based on the previous researches (S. J. Aravind et
al., 2011; Yulong Ding et al., 2006), carbon allotropes such as carbon nanotubes and
graphene nanoplatelets tend to reduce the thickness of thermal boundary layer.
Moreover, other parameters such as the specific surface area and Brownian motion of
the SrGO nanoparticles in base fluid play a key role in the convective heat transfer
coefficient. The convective heat transfer coefficient of the SrGO-water nano-coolants
rises by approximately 12.95, 31.59 and 41.79% for a weight concentration of 0.025,

0.075 and 0.1 wt%, respectively.
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Figure 6.11: (a) Average heat transfer coefficient of the water-based SrGO
nanofluid and distilled water at various Reynolds number and (b) Average Nusselt
number of the water-based SrGO nanofluid and distilled water at various
Reynolds number

The ratio of convective to conductive heat transfer of water-based SrGO nanofluids
is determined by inserting the corresponding average convective heat transfer
coefficient values into Equation (3.3) and the results are illustrated in Figure 6.11(b)
with respect to the nanoparticle weight concentration and Reynolds numbers. It can be
observed from Figure 6.11(b) that there is a clear increment in the average Nusselt
number with an increase in the Reynolds number and SrGO weight concentration. The
greater average Nusselt number for the water-based SrGO nano-coolants is attributed to
the to the large surface area, Brownian motion and thermophysical properties of
suspended SrGO and therefore the heat transport capability of nanofluid rises further
(Sundar et al., 2014). A maximum average Nusselt number enhancement of 6.17, 15.2
and 19.5% achieved, respectively, for a weight concentration of 0.05, 0.075 and 0.1

wt% at Reynolds number of 15925 + 5.

The pressure drop across the experimental test section examined for various weight
concentrations and Reynolds number of water-based SrGO nano-coolants and the
results are depicted in Figure 6.12(a). The corresponding friction factor values are

evaluated using Eq. (3.9) and the results are illustrated in Figure 6.12(b). It can be
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observed clearly that pressure drop and friction factor increases slightly with an increase
in weight concentration compared to that of DI water. The pressure drops for the StGO
nano-coolants at low concentration of 0.025 wt% is quite close to that for the DI water,
which is assigned to the low weight concentration of SrGO. The enhancement in friction
factor and pressure drop is due to the minor increment in the dynamic viscosity of
nanofluids. It should be mentioned that for a constant Reynolds number, an increase in
viscosity requires a small increase in fluid velocity. Accordingly, the increase in the
velocity of working fluid can be considered as the main reason for increase in friction
factor and pressure drop of the nanofluids in convective heat transfer systems. The
maximum increase in the friction factor of nanofluids for weight concentration of 0.025,

0.075 and 0.1% is, respectively, about 1.17, 2.48 and 3.21%.
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Figure 6.12: Variation of (a) Pressure drop and (b) friction factor of water-
based SrGO nano-coolants as a function of Reynolds number for various
concentrations

The pumping characteristics and power consumption of a heat transfer set-up is an
important factor in respect of energy savings and energy consumption in order to
evaluate the suitability of a working fluid and optimize energy usage of thermal
equipment. The relative pumping power of water-based SrGO nano-coolants and DI
water are calculated using the equation (4.4) and the results presented in Figure 6.13 as

a function of weight concentration. It is noteworthy that the Figure 6.13 shows only a
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small increase in relative pumping power with StGO nanoparticles loading. The reason
behind this phenomenon can be associated to the low weight concentrations considered

for the nanofluids in this study.
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Figure 6.13: Relative pumping power of the water-based SrGO nano-coolants
and distilled water

In this part the thermal and economic performance of the working fluids in heat
transfer equipment is evaluated according to the performance index which is defined as
the ratio of the enhancement in convective heat transfer coefficient to the enhancement
in pressure drop of nanofluid relative to the base fluid. Based on the literature, adding
high thermal conductive nanoparticles improves the convective heat transfer, however,
the pressure drop across the test section also elevates which is undesirable Evidently,
when the performance index is greater than 1, it implies that the technique is more in the
favor of heat transfer enhancement rather than in the favor of pressure drop increasing.
Therefore, the heat transfer methods with performance indexes greater than 1 would be
feasible choices in practical applications. The performance index for the water-based
SrGO nanofluids is determined using Eq. (4.5) and the data is demonstrated in Figure
6.14 at various Reynolds number and weight concentration. It be clearly seen from the

Figure 6.14 the values of performance index for all of the samples including SrGO is
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greater than 1 and it rises with an increase in Reynolds number and weight
concentration. Among the tested SrGO nanofluids, the with sample optimum volume

concentration has the highest performance index ratio.
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Figure 6.14: Performance index Variation of the water-based SrGO nanofluids
versus Reynolds number at different concentrations
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CHAPTER 7: CHARACTERIZATION, THERMO-PHYSICAL PROPERTIES,
CONVECTIVE HEAT TRANSFER AND HYDRODYNAMIC PROPERTIES OF

WATER-BASED GAMWCNT NANO-COOLANT

7.1 Characterization of GAMWCNT

The FTIR spectra of the pristine and GAMWCNT are shown in Figure 7.1. As can be
seen, the GAMWCNT sample demonstrates clear cues of various functionality groups
in contrast to the pristine MWCNT. The sharp and broad peaks at the range of 3446-
3750cm™ is attributed to O-H stretching vibrations at the main structure of both
MWCNTs and CMWCNTs with different intensity, which may be caused by the
reaction between the MWCNTs and hydroxyl (O-H) groups of gallic acid and/or
hydrogen peroxide(H>0>). Also the symmetric and asymmetric peaks in the range of
2850-3000 cm™! in both GAMWCNT and MWCNT are sighed with C—H bonds. It can
be observed from Figure 7.1(a), a peak centered at the wavenumber range of 2360 cm”
in the spectrum of GAMWCNT is corresponding to CO2(Rusu, Popa, Lisa, &
Verestiuc, 2015). Also a couple of peaks in the wavenumber of 1388 and 1562-1639cm”
! are assigned to CHz bending vibrations and C=C stretching vibrations of MWCNTs
after opening due to the addition of electrophilic reactions between the main structure of
MWCNTs and the —OH band of gallic acid respectively. According to the FTIR results

the gallic acid is successfully attached to the pristine multiwall carbon nanotube through

free radical grafting reaction.

TGA is a thermal analysis technique, whereby modifications in the structure of
materials are evaluated as a function of temperature. TGA trace of the GAMWCNTs
shows evidence about functionalization by using thermal analysis of sample. Figure

7.1(b) shows the TGA curves for pristine MWCNTs and GAMWCNTs. It can be
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figured out that there was no significant weight loss with raw MWCNTs, which was
thermally stable when heated to 640 °C. Furthermore, GAMWCNTs indicates a mild
weight loss in the temperature range of 30-220 °C and 220-580 °C, which can be due to
the decomposition water and functional group respectively. The second phase of
degradation 580-900 °C was related to the decomposition of the graphitic carbon. The

obtained results indicate that the functionalization of MWCNT with gallic acid is

successful.
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Figure 7.1: (A) FTIR spectra of pristine MWCNTs and GAMWCNTs, and (B)
TGA curves of pristine MWCNTs and GAMWCNTSs

Raman spectroscopy is becoming a technique of increasing relevance for the
characterization of carbon materials. Apart from being non-destructive, it is simple and
rather sensitive not only to the crystal structure (the long range order), but also to
structural changes occurring at the molecular level (the short range order). Therefore,
Raman spectroscopy has high potential to access chemical functionalization. The
Raman spectrum of the GAMWCNTs and pristine MWCNTs are illustrated in Figure
7.2 (a). It can be observed from the Raman spectra that both pristine MWCNTs and
GAMWCNTs have D and G band at a wavenumber of ~1350 and 1590 cm!,
respectively. The D bands are related to the amorphous/disordered carbon (sp* ) and G

bands to the graphitic carbon (sp? ). Increase in the ID/IG ratio means that number of
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sp? hybridized carbons changed to sp® hybridization carbons because of the covalent

functionalization. The Ip/I; ratio is found to be 0.62 and 0.71 for the pristine CNTs and

GAMWCNTs, respectively. The higher Ip/lc ratio obtained for the GAMWCNTs is

attributed to the higher number of sp® carbons present and the occurrence of

electrophilic addition reaction. Full Raman spectra analysis data is given in Table 7.1.
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Figure 7.2: (A) Raman spectra and (B) wide-scan O1s and C1s XPS spectra for
pristine MWCNTs and GAMWCNTSs

Table 7.1: Raman spectra analysis results for pristine MWCNTSs and

GAMWCNTs
Sample Peaks Centre (cm™) Intensity(a.u.) In/lc
D bond 1344.989 1117.054
LV TS G bond 1594.618 1777.089 0.63
D bond 1352.577 1308.141
GAMWCNTs G bond 1587.16 1836.491 0.71

X-ray photoelectron spectroscopy (XPS) of the MWCNTs before and after covalent

functionalization with cloves and the results are shown in Figure 7.2(b). Each peak was

fitted to the binding energy of standard carbon, 284.6 eV. As can be seen from the wide-

scan XPS spectra of MWCNTs and GAMWCNTs (Figure 7.2), C 1 s and O 1 s peaks
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centered at ~284.6 eV and 532.8 eV, respectively. According to the results, pristine
MWCNTs shows a very small amount of oxygen. Upon functionalization, the intensity
of the O 1 s peak increased considerably, while the carbon content in MWCNT is the
opposite, as the oxygen to carbon (O/C) ratio increased from 0.024 of MWCNTs to 0.22

of GAMWCNTs. It confirms the successful free radical grafting of gallic acid on

MWCNTs.
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Figure 7.3: C1s XPS spectra for (a) pristine MWCNTs and (b) GAMWCNTs,
and O1s XPS spectra for (c) pristine MWCNTs and (d) GAMWCNTSs
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Figure 7.3 shows the core level Cls spectra of pristine and functionalized MWCNTs.
The Cls peaks were obtained in a binding energy range from 282 to 292 eV. The Cls
spectra of all samples were deconvoluted into five components: the peak at 284.6 eV is
attributed to the graphitic structure (C=C), the peak at 285.66 eV is attributed to C—O
(hydroxyl and epoxy), and the peaks at 286.85 and 288.5 eV are attributed to C=0, and
—COO-, respectively. The last peak at 289.9 eV is assigned to the n—m transition peak.
The detailed elemental analysis and relative percentage of each peak fraction are

illustrated in Table 7.2.

Table 7.2: XPS analysis results for pristine and GAMWCNTSs

Elemental composition (atom %)

Overall Percentage
Cls Ols
(atom%)
Sample
0-¢C
Cls Ols c=cC c-0 c=0 mT—T c=0 c-0
=0
MWCNT 97.09 2.91 73.84 14.44 4.53 2.58 1.97 1.44 1.20
GAMWCNT 81.74 18.26 49.75 17.84 8.05 3.96 292 5.09 12.39

As can be seen from Table 7.2, the peak fractions of C=C decreased and those of
C-0, C=0 and —COO- increased after gallic acid treatment. This suggests that
oxidation on the MWCNTSs’ surfaces occurred by the dissociation of the active p bonds
in C=C bonds. The higher peak intensities at 531.7 and 533.47 eV in the Ols spectrum
confirms the presence of large fractions of oxygen atoms in the form of C=0O and C-O
functional groups in the GAMWCNTs. In contrast, the pristine MWCNTs show the
presence of feeble and generic functional groups such as C—O and C=O. These
functional groups were generated unintentionally when the MWCNTs were exposed to
the environment containing natural oxidizing agents such as ozone and hydroxyl

radicals.
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TEM images of the pristine MWCNTs and GAMWCNTs are illustrated in Figure
7.4. The pristine MWCNT shows smooth surface (Figure 7.4(a)) while, there is an
increase in surface roughness for the modified GAMWCNTs (Figure 7.4(b)). The cut
and open ends of the MWCNTs were separated completely, (which may be due to the
partial damage of graphitic (sp?) carbon after functionalization). This separation can be
attributed to the carboxylation stages and replacement of carboxyl groups. The defects
are the places for characterizing Gallic acid in the main structure of MWCNT. As the
defects increased in the structure, the carboxylic groups (defects) in the structure of

MWCNT increased the stability of MWCNT in the base fluid rose considerably.

Figure 7.4 (c¢) shows the measured zeta potentials values of GAMWCNTs as a
function of pH. It can figure out that GAMWCNTs show high negative values in the
range of -16 mV to -52.4 mv for the pH range of 2.7 to 9.56 and it’s far from the
isoelectric point. It can show that in the pH range of 3.1 to 9.56 the GAMWCNTs have
strong electrostatic repulsion force which avoids the MWCNTs to aggregate by
noncovalent interactions such as n-m interactions or H-bonding. This phenomenon can
be attributed to the oxygen functional groups at the surface of MWCNTs. Therefore, the
MWCNTs aqueous media is stable at pH more than 3.1 (the zeta potential around -32.1
mv). It is noteworthy to highlight that in this work, the GAMWCNTSs aqueous
suspensions is stable in even slightly acidic conditions. In more acidic solution
(PH<3.1), the material tends to agglomerate and undergo intermolecular dehydration
catalyzed by H', leading to the coupling of MWCNTSs via ether linkages. The
GAMWCNTs nanofluids became more stable by adding alkali to the aqueous

suspension, which leads to generation of additional negative charge in nanoparticles.
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Figure 7.4: (A, B) TEM images of pristine MWCNTs and GAMWCNTs, and
(C) zeta potential values of GAMWCNT-water nanofluid as a function of PH
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Figure 7.5: (A) UV-vis spectroscopy analyses of water-based GAMWCNTSs
nanofluids at various wavelengths and concentrations, (B) absorption values of
GAMWCNT:s dispersed in DI water at various concentrations and (C) colloidal

stability of GAMWCNTs dispersed in DI

UV-vis spectra analysis is a typical procedure used for investigating stability of
nanoparticles aqueous suspensions. In accordance with the Beer—Lambert’s law, there is
a direct connection between the absorbance of a colloidal suspension and the mass
fraction of the absorbing species such as particles in the solution. Following this law,
the absorption spectrum of the prepared nanofluids exhibited a maximum peak at
around 260 nm corresponding to m — m transition of conjugation system in the

polyaromatic structures.
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The UV-vis spectroscopy analysis for the GAMWCNTs aqueous nanofluids with
various weight fractions were evaluated and the photometric analysis of the UV—vis
spectroscopy was employed to pursue the variation of relative weight fraction of the
samples versus times (day). The UV-vis spectra for the GAMWCNT aqueous
nanofluids with various mass fractions are illustrated in Figure 7.5 (a). It shows that the
absorbance peak values for all the samples were located in the wavelength of 260 nm
that is due to the presence of GAMWCNTs. Also it can be seen that the absorbance of
MWCNTs decreases from 0.1 to 0.025 wt.% that indicates the increasing amount of
dispersed MWCNTs will increase the value of absorbance. As shown in Figure 7.5,
there is a good linear relationship between the concentration of MWCNTs and the
absorbance, which conforms to the Beer's law and shows that MWCNT nanoparticles

were dispersed well in the base fluid.

Figure 7.5 illustrates the variation of stability of water-based GAMWCNTSs
nanofluids as a function of the number of the days after preparation. It is seen that the
relative concentration of GAMWCNTSs suspensions decreases with the number of days
after sample preparation. However, the relative concentration of the nanofluids is
almost constant after Day 45 for all samples. The highest sedimentation magnitude of 8,
9.33 and 10.9% are found, respectively, for the weight concentration of 0.025, 0.075
and 0.1%. This verifies the stability of the GAMWCNTs-water nano-coolants. Digital
image of gallic acid-functionalized MWCNTs (GAMWCNTs) dispersed in DI water

after 90 days, is represented in Figure 7.5 (c).

7.2 Thermo-physical properties of GAMWCNTSs nanofluids
The effective viscosity of nanofluids containing GAMWCNTs and DI water were
measured experimentally and the data are shown in Figure 7.6. The effective dynamic

viscosity is shown as a function of the nanoparticle concentration and temperature at a

fixed shear rate of 150 S!. It can be observed that there is only a slight increase in the
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dynamic viscosity of the samples by loading of the GAMWCNTs relative to that for DI
water. This phenomenon is expected since a low weight concentration of GAMWCNTs
is used in our samples. (Sadri et al., 2017 ) This slight increase in viscosity is also
indicated the benefit of using covalent functionalization method rather than using non-
covalent method including surfactants such as SDBS, triton X-100 and gum Arabic
(GA), which lead to higher viscosity of corresponding nanofluids, moreover the
GAMWCNTs remain more suspended in the DI water. According to the previous
studies feeble dispersibility and consequently increasing agglomeration size will
directly increase viscosity of nanofluids. (Azadeh Ghadimi & Metselaar, 2013) It can
also be observed from Figure 7.6 that the dynamic viscosity of the GAMWCNTSs
nanofluids declines by increasing temperature, which may be attributed to weakening of
intermolecular forces (S. J. Aravind et al., 2011). This observation corroborates well the
findings of Aravind et al. (S. J. Aravind et al., 2011), Ko et al. (Ko et al., 2007) and
Sadri et al. (Sadri et al., 2016), who observed that there is decrease in viscosity when
the fluid temperature is increased. The rather mild increase in the effective viscosity
with nanoparticle concentration is an important advantage, since the increase in
viscosity could undermine the overall positive impact of enhanced thermal conductivity

in heat transfer due to the pumping fluid penalty.
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Figure 7.6: Dynamic viscosity of water-based GAMWCNT nanofluids as a
function of temperature at various concentrations
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The experimentally measured values of viscosity for the water-based GAMWCNTs
suspension were compared with those calculated with the empirical correlations of
Batchelor (Khanafer & Vafai, 2011) and Einstein (J.-H. Lee et al., 2008) using
equations (4.1) and (4.2), respectively, and the results are depicted in the Figure 7.7.
This indicates that the values calculated from experimental data are in good agreement
with those determined from empirical correlations for water-based GAMWCNTSs
nanofluid with a maximum error of ~7%. It is crucial to keep down the increment in
viscosity of the heat transfer working fluids by using an appropriate synthesis method
and considering low weight concentrations for the nano-coolants, particularly in heat
transfer systems, in where the overall positive impact in heat transfer is being
undermined by pumping fluid penalty occurs with an increase in viscosity(Timofeeva et
al., 2009; W Yu et al., 2010). Hence, in order to maximize the heat transfer performance
of closed-loop systems in which nanofluids are used as the working fluids, it is
imperative to maintain the resultant colloidal mixtures in Newtonian behavior since this

will reduce the pumping power compared to non-Newtonian fluids.
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Figure 7.7: Viscosity of water-based GAMWCNTSs nanofluids compared with
those calculated by theoretical models as function of concentration and
temperature at the shear rate of 150 s-1
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Figure 7.8: Plots of the measured values of dynamic viscosity versus shear rate
for GAMWCNTSs aqueous nanofluids at various mass fraction((A) DI water,(B)
0.025 wt%,(C) 0.075 wt% and (D) 0.1 wt %) and temperatures
The Figure 7.8 represented the dynamic viscosity of GAMWCNT nano-coolants as a
function of shear rate at different temperatures. As shown in Figures 7.8(A-D), the
water-based GAMWCNT nanofluids synthesized in this research exhibit Newtonian
behavior, whereby the viscosity of the nanofluids remains constant with an increase in

the shear rate. From a thermal transport perspective, this material is deemed suitable as

an additive to enhance heat transfer performance.

The thermal conductivity of a coolant is one of the parameters that play a significant
role in increasing the heat transfer rate of heat exchangers. Hence, the thermal
conductivity of the GAMWCNT-DI aqueous suspensions was measured experimentally
in this study and the data are represented in Figure 7.9. The thermal conductivity of the

GAMWCNT-DI water nanofluids was plotted as functions of temperature and
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nanoparticle concentration. It could be noted that only nanofluids with low
concentrations of GAMWCNTs were considered in this study in order to prevent a
drastic increase in viscosity. The thermal conductivity of the base fluid (DI water) was
compared with that from the National Institute of Standards and Technology (NIST)
database and there is good agreement between these values (Ramires et al., 1995), with
an error less than 1%. It is evident from Figure 7.9 that the thermal conductivity of the
GAMWCNT-DI water nanofluids is significantly greater than that for the base fluid.
Moreover, it is evident that the thermal conductivity of the GAMWCNT aqueous
suspensions and base fluid increases with an increase in fluid temperature. Nonetheless,
the thermal conductivity enhancement is higher for the GAMWCNT aqueous nanofluids
at higher nanoparticle concentrations. Based on Figure 7.9, it can be deduced that
temperature plays a significant role on enhancing the effective thermal conductivity of
nanofluids, which resulted in increase in Brownian motion of the GAMWCNTSs
dispersed in the base fluid (S. J. Aravind et al., 2011). The maximum thermal
conductivity enhancement obtained is 5.024, 14.13 and 21.51% for nanoparticle

concentration of 0.025, 0.075 and 0.1 wt.% at 45 °C.
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Figure 7.9: Effective thermal conductivity of water-based GAMWCNT
nanofluids as a function of temperature at various concentrations
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The specific heat capacity of the GAMWCNTSs aqueous suspensions as functions of
weight concentration and temperature is illustrated in Figure 7.10. The specific heat
capacity for distilled water is also plotted in the same graph for comparison. It can be
seen that the specific heat capacity of the nanofluids decreases with an increase in the
GAMWCNTs mass fraction, whereby the average reduction in specific heat capacity is
within a range of 0.33—1.42% compared to that of the DI water, exhibiting insignificant
decrease. This decrease is due to the fact that the GAMWCNT nanoparticles have a

lower specific heat capacity than that of the base fluid.
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Figure 7.10: variation of Specific heat capacity of water-based GAMWCNT
nanofluids as a function of temperature at various concentrations

The density was measured for the GAMWCNT aqueous suspensions and base fluid
at various temperatures and the results are presented in Table 7.3. It can be seen that
there is a decrease in the density of the water-based GAMWCNTSs nanofluids and DI
water with an increase in fluid temperature, which leads to the liquid thermal expansion.
There is a slight increment in the density for the GAMWCNT-DI water nanofluids with
an increase in nanoparticle concentration. The increase in density can be attributed to
the density of the GAMWCNTs, which is higher than that of the base fluid. Hence,

increasing the particle loading will increase the density of the nanofluid. The maximum

223



increase in density of the GAMWCNT-DI water nanofluid is 0.055% for a nanoparticle
concentration of 0.1 wt.% at 30°C. However, the density decreases by approximately
0.6% when the temperature is increased from 20 to 40°C for the same nanoparticle

concentration.

Table 7.3: Density of water-based GAMWCNT nano-coolants and DI water as a
function of temperature and concentration

Density (kg/m?)
Concentration/temperature (°C) 20 25 30 35 40
DI water 0 wt% 998.00 996.85 995.50 993.90 992.00
GAMWCNT  0.025 wt% 998.10 997.00 995.60 994.05 992.10
GAMWCNT  0.075 wt% 998.40 997.25 995.85 994.35 992.35
GAMWCNT 0.1 wt% 998.50 997.35 995.95 994.45 992.50
7.3 Heat Transfer and hydrodynamic properties

A series of experiments were conducted for the water-based GAMWCNT-DI
nanofluids (nanoparticle weight concentration: 0.025, 0.075 and 0.1%) by varying the
Reynolds number from 6371 to 15927 in order to determine the convective heat transfer
of the aqueous suspensions in turbulent flow regime. The input power was kept fixed at
615 W. The results are shown in Figure 7.11 for a constant inlet temperature of 30°C. It
can be observed that the convective heat transfer coefficient increases when the
Reynolds number is increased for both the base fluid and GAMWCNT-DI water
nanofluids. It can also be observed that the nanoparticle concentration affects the heat
transfer coefficient of the nanofluids. The remarkable enhancement in convective heat
transfer coefficient of the working fluids can be associated with the decreased thickness
of thermal boundary layer and the increased thermal conductivity in the presence of
GAGNPs aqueous suspensions, which result in a significant reduction in thermal
resistance between the inner wall of tube and the working fluid as compared to that of
the DI water (S. Z. Heris, M. N. Esfahany, & S. G. Etemad, 2007b; Qu & Wu, 2011;

Tsai et al., 2004; Yarmand et al., 2016). According to (S. J. Aravind et al., 2011;
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Yulong Ding et al.,, 2006), carbon nanomaterials (e.g. graphene nanoplatelets and
carbon nanotubes) tend to reduce the thickness of the thermal boundary layer. The
specific surface area and Brownian motion of the nanoparticles also play a role in
enhancement of the convective heat transfer coefficient. In this study, the convective
heat transfer coefficient of the nanofluids increases by 7.94, 22.37 and 33.05% for a

nanoparticle concentration of 0.025, 0.075 and 0.1 wt.%, respectively.

To assess the convective-to-conductive heat transfer ratio of GAMWCNT aqueous
suspensions, the average Nusselt number determined from Eq.3.3 was plotted as a
function of Reynolds number and nanoparticle concentration. The results are shown in
Figure 7.11 and it can be seen that there is a significant increase in the Nusselt number
with an increase in the Reynolds number as well as concentration of GAMWCNTs
relative to that for the base fluid. The greater Nusselt number for the GAMWCNT
nanofluids is attributed to the large surface area, Brownian motion and thermophysical
properties of suspended GAMWCNTs and therefore the heat transport capability of
nanofluid elevates further (Sundar et al., 2014). Also, it may be devoted to properties of
nanofluid suspension in terms of lower specific heat and higher thermal conductivity
compared to that of water. The maximum increase in the Nusselt number of the
GAMWCNT-DI water nanofluids is found to be 4.69, 10.93 and 16.30% for a
nanoparticle concentration of 0.025, 0.075 and 0.1 wt.%, respectively. This maximum

increase is achieved when Re = 15927.
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Figure 7.11: (a) average heat transfer coefficient and (b) average Nusselt
number of the GAMWCNT-water nano-coolants and distilled water at various
Reynolds number

The pressure drop of the GAMWCNT-DI water nanofluids flowing through the test
section recorded over a range of Reynolds number is shown in Figure 7.12(a). The
corresponding friction factor values were calculated using Eq. (3.9) and the results are
shown in Figure 7.12(b). The results show that there is a small increment in both the
pressure drop and friction factor for the GAMWCNT-DI water nanofluids relative to
those for DI water. The maximum increase in the friction factor is found to be ~1.38, 3,
3.62%, respectively, for a nanoparticle concentration of 0.025, 0.075 and 0.1wt.%. This
increment in friction factor is mainly due to the slight increment in viscosity for all
GAMWCNT-DI water nanofluids (Figure 7.6) which required slight increment in fluid
velocity since the corresponding Reynolds number is constant (Eq.3.4). Hence, it can be
seen that the velocity of the working fluid plays a vital pattern in increasing the pressure
drop and friction factor compared to DI water in convective heat transfer systems. This
matter can be acknowledged by revisiting Eq. (3.9) for the pressure drop and friction

factor, and Eq. (3.4) for the Reynolds number.
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Figure 7.12: Variation of (a) pressure drop and (b) friction factor as a function
of Re for the GAMWCNT-water nanofluids in the test section

The pumping characteristics and power consumption of a heat transfer set-up is an
important factor in respect of energy savings and energy consumption in order to
evaluate the suitability of a working fluid and optimize energy usage of thermal
equipment. The relative pumping power of water-based GAMWCNT nano-coolants and
DI water are calculated using the equation (4.4) and the results presented in Figure 7.13
as a function of mass fraction. It is noteworthy that the Figure 7.13 shows only a small
increment in relative pumping power with GAMWCNT nanoparticles loading. The
reason behind this phenomenon can be associated to the low mass concentrations

considered for the nanofluids in this study.
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The performance index (¢) was calculated using Eq. (4.5) in order to assess the
economic performance of the novel, eco-friendly GAMWCNT-DI water nanofluids
synthesized in this study as potential fluids in heat transfer systems such as solar

collectors and heat exchangers(Amiri, Sadri, Shanbedi, Ahmadi, Kazi, et al., 2015).

Figure 7.14 indicates the performance index of the GAMWCNT aqueous
suspensions over a range of Reynolds number and various nanoparticle concentrations.
It can be observed that the performance index is higher than 1 for all samples, which
shows the advantage of using these novel nanofluids in heat transfer systems. It is
apparent that the performance index increases with increasing the concentration of
GAMWCNTs in the base fluid. This implies that these eco-friendly nanofluids have
higher effectiveness when the particle loading is increased. Figure 4.14 shows that the
performance index of the GAMWCNT nanofluids tends to increase with an increase in
the Reynolds number (regardless of the nanoparticle concentration), indicating that the
GAMWCNT-DI water nanofluids are suitable alternative coolants for heat transfer

applications.
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CHAPTER 8: MODELING OF TURBULENT CONVECTIVE HEAT
TRANSFER OF NANOFLUIDS CONTAINING GREEN COVALENTLY
FUNCTIONALIZED GRAPHENE NANOPLATELETS IN A HORIZONTAL

CIRCULAR HEATED TUBE

CFD was used to investigate the thermal performance of clove-treated GNP
nanofluids (CGNP) nanofluids flowing in a horizontal circular heated tube under
steady-state fully developed turbulent flow condition. Figure 8.1 shows the geometry of
the horizontal circular heated tube. The total length of the tube is 1.4 m, the heated
section length is 1.2 m, and the inner diameter of the tube is 10 mm. The tube was
subjected to a constant heat flux of 600 W. A commercial CFD software package,
ANSYS Fluent v18 (double precision, 3D version), was installed in a computer with
Intel® Core™ 17-4770 3.40 GHz processor and 16 GB of random access memory for
these simulations. The grid was generated using meshing module provided in the
software package. In this model, the pipe wall thickness was not considered and only
the fluid control volume was modelled. A structured grid with 9 inflation layers was
used to mesh the region near the surface (walls) of the control volume where large
gradients of velocity and temperature exist. Unstructured grid was used for the interior
volume cells. The grid of the solution domain, which includes the pipe fluid volume, is

shown in Figure 8.2.
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Figure 8.1: Geometry of the three-dimensional horizontal circular heated tube

Figure 8.2: Grid of the solution domain

It was assumed that the nanofluid is homogeneous single-phase fluid, which means
that the CGNPs and base fluid (DI water) have the same temperature and velocity. Since
the properties of the nanofluid were obtained empirically, the single-phase flow model
i1s more suitable for the analysis compared with the two-phase flow model. It was also

assumed that the nanofluid is a Newtonian fluid.
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The steady-state governing equations of mass, momentum, and energy for single-

phase flows are presented as follows (Blazek, 2015; Chung, 2010):

Conservation of mass:

v(pV) =0 (6.1)

Conservation of momentum:

V.(oVV)= —VP+uV?V +pg (6.2)

Conservation of energy:

V.(pCp VT) = Kopf V2T + V(tof;V) (6.3)

where K.z is the effective thermal conductivity of a homogeneous single-phase fluid. In
order to solve the governing equations, the thermo-physical properties of the nanofluid
such as density (p), viscosity (u), specific heat capacity (Cp), and thermal conductivity
(K) were determined from experiments at an inlet temperature of 30°C, as presented in

Table 8.1.

Table 8.1: Thermo-physical properties of the CGNP nanofluid at an inlet
temperature of 30°C

Thermo-physical properties DI water 0 wt.% CGNPs 0.025 wt.% CGNPs 0.075 wt.% CGNPs 0.1 wt.%
Thermal conductivity (W/m.K) 0.611 0.642 0.667 0.691
Viscosity (mPa.s) 0.829 0.860 0.884 0.907
Specific heat capacity (J/kg.K) 4142 4114 4086 4057
Density (kg/m®) 995.50 995.85 996.15 996.45

The boundary conditions are described as follows. Turbulent flow condition was
used for the liquid phase. Uniform heat flux and no-slip boundary condition were used
for the walls of the tube. The fluid enters the tube at a constant inlet temperature (7i,) of
303.15 K and uniform axial velocity (99). The flow and temperature field were assumed
to be fully developed at the outlet of the tube. It was assumed that the tube walls were

perfectly smooth and the external surface of the tube walls was insulated. The fluid
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velocity at the wall boundary was set as zero such that the boundary condition for the
velocity is Ywann = 0. The flow and thermal fields were assumed to be symmetrical with
respect to the axial plane. The acceleration of gravity was set as 9.8 m/s?. Three CGNP

concentrations were considered for the simulations: 0.025, 0.075, and 0.1 wt%.

To solve the governing equations of the flow field, it is necessary to use experimental
data or approximate models to account for turbulence phenomena. In this study, the
nanofluid flow inside the horizontal tube was solved over a Re number range of 6,371—
15,927. The two-equation SST k-w turbulence model proposed by Menter (Menter,
1994) was used to simulate the turbulent flow in order to determine the convective heat

transfer coefficient. The SST k- turbulent model is given by the following equations:

dpk Ju; d ok

; — sy — * B — _ '4
of 3%, Ty 5%, B kpw + ox, [(M + oppe) axj] (6.4)

dpo vy Oy , 0 ow 1 0k dw (6.5)

The default values for the SST k-w model were used for the simulations (Menter, 1994):

i1 = 0.5, 61 = 0.5, f1 = 0.075, £ = 0.09, k = 0.41, 2= 2/ B — Gun. K2/ /" Where

k
W (6.6)
w
B ou; N du; 20uy 5 2 LS 67
tij = He dx; 0x; 3 0xg b 3p b 6.7)
F, = tanh(arg?) (6.8)
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(6.9)

vk _ 5001/) _ 4p0w2kl

arg, = min lmax <0.09a)y' V2w ) Chroy?

where y is the distance to the next solid surface and CDy, is the positive portion of the

cross-diffusion term that can be determined from the following equation:

(6.10)

1 0k dw
CDy,, = max 10720

2 -
POw2 w 0x; 0x;’

The set of differential equations (governing equations) was discretized using the
finite volume technique and solved iteratively by using the line-by-line method. The
second-order upwind scheme was used for the convective and diffusive terms whereas
the well-known SIMPLEC algorithm was used for the velocity-pressure coupling. For
the convergence criteria, the sum of the scaled absolute residuals for the mass and
velocity parameters were restricted to less than 107 and temperature was restricted to
less than 1076, In order to ensure that the simulations were independent of the grid size,
grid independence test was carried out for three grid sizes. It can be seen from Figures
8.3(a) and (b) that ~2,000,000 elements provide satisfactory results for the Nu and
pressure drop. Increasing the grid size beyond 2,000,000 elements does not significantly
influence the accuracy of the results. Based on the results, the optimal number of
elements (i.e. 2,000,000) was selected in order to reduce computational time. More
details on the effect of grid size on the Nu number and pressure drop are presented in

Table 8.2 and Table 8.3, respectively.

234



145

— & = Experimental (a)
130 —=— 1,425,416 Grids
= 1,972,881 Grids
Z=115 — « —2,393,384 Grids .
5“ — -+ —2,823,411 Grids
2100 | ~
g
=
=
= 85 I
2 e
2 7
Z 70 t S
7
55 -3
65
20 , , 7200 , 8000
5000 7000 9000 11000 13000 15000 17000
Reynolds number, Re
4000 b
g;(s)g : — & —Experimental ( )
3250 | —au— 1,425,416 Gr%ds
o, 3000 | —¥%— 1,972,881 Grids
<1“ 2750 | - #« =27393384 Grids
§* 2500 |- — = —2.823,411 Grids
o
o 2250 |
= 2000
v
G 1750 |
=
A~ 1500 |
1250 |
1000 |
500 13500 14000

6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000

Reynolds number, Re

Figure 8.3: Grid independence test for the (a) Nu number and (b) pressure drop
as a function of the Re number

Table 8.2: Effect of grid size on the Nu number for DI water

Nusselt numbers, Nu

Reynolds number 6371 8282 10193 12104 14015 15927

1,425,416 Grids 59.7213915 78.544463 91.3824366 103.726627 117.56892 131.76032
1,972,881 Grids 57.6303595 74.130975 91.9865781 106.09951 117.74801 129.826043
2,393,384 Grids 57.466916 73.865987 91.7359 105.89172 117.57621 129.62607
2,823,411 Grids 57.476412 73.926164 91.780276 105.86487 117.54243 129.62446
Experimental 53.41899 66.330881 78.857955 93.307219 106.13137 113.92504
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Table 8.3: Effect of grid size on the pressure drop for DI water

Pressure drop, AP

Reynolds number 6371 8282 10193 12104 14015 15927
1,425,416 Grids 743.5361 1202.98584 1709.48568 2291.7849 2962.1777  3688.4428
1,972,881 Grids 736.4414 1151.11192 1685.1436 2282.0588 2928.3839  3655.4616
2,393,384 Grids 734.9233 1148.01736 1681.5624 2278.1842 2924.6347  3650.6411
2,823,411 Grids 734.8858 1148.56392 1682.12072 2277.8448 2923.9902  3650.5728
Experimental 669 1061 1522 2074 2711 3439

The results were obtained once convergence was achieved, as defined by the set of

convergence criteria. The wall and bulk temperatures and the shear stress data along the

heated tube were then collected. The friction factor (f), pressure drop (AP), local and

average convective heat transfer coefficients (%), and Nusselt number (Nu) were then

computed using the following equations based on the shear stress, wall and bulk

temperature data along the heated tube obtained from CFD simulations.

_ 8ty

f_ﬁ

_4lvy,

Ap

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

where, t,,, 0, p, h, q, D, k, T}, and T, represent the wall shear stress, flow velocity, fluid

density, convective heat transfer coefficient, heat flux, inner tube diameter, thermal

conductivity of the fluid, bulk temperature, and wall temperature, respectively.
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8.1 Validation of simulation results

In order to ensure accuracy of the CFD model and the numerical procedure, the
simulations were carried out using the same geometry and dimensions of the actual
horizontal circular heated tube and the same operating conditions as those used in the
experiments. The CFD model developed in this study includes all the components used
in the experimental test section (see assembled the test section in Figure 3.10). The
predicted average Nu for DI water inside the horizontal tube subjected to uniform heat
flux were compared to those determined from experiments and empirical correlations
proposed by Petukhov (Petukhov, 1970), Gnielinski (Volker Gnielinski, 1975), and
Notter-Rouse (Khoshvaght-Aliabadi, Akbari, & Hormozi, 2016; Notter & Sleicher,

1972) and the results are plotted in Figure 8.4(a).

(é) RePr

Nu = ; (6.18)

0.5
1.07 + 12.7 (g) (Pr/3 —1)

Eq. (6.18) was used if 3000 < Re < 5x10° and 0.5< Pr < 2000.

(g) (Re — 1000)Pr

(0 () o

8

Here, Pr is the Prandlt number and f is the friction factor. Eq. (6.19) was used if

3x103<Re<5%10° and 0.5< Pr < 2000.

Nu = 5+ 0.015Re %856 py0:347 (6.20)

The friction factor (f) in Equations (6.18) and (6.19) were determined using the

relationship proposed by Petukhov (Petukhov, 1970):

f = (0.79 Ln Re — 1.64)~2 (6.21)

It is found that there is good agreement between the simulation data and those obtained

from experiments and Notter-Rouse’s and Petukhov’s empirical correlations, with an
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average relative deviation of 12.48, 13.72, and 11.31%, respectively. This may be due to
the existence of conduction resistance in the experimental test section, which was not
considered in the CFD model. Based on the results, it can be deduced that the CFD
model is capable of simulating the heat transfer characteristics of the CGNP-DI water

nanofluids.

The predicted friction factors for DI water were compared with those determined from
experimental data and empirical correlations proposed by Petukhov (Petukhov, 1970)

and Blasius (Blasius, 1907) (which are given by Equations (6.21) and (6.22),

respectively) and the results are plotted in Figure 8.4(b).
f =0.3164 Re 0?5 (6.22)

This equation is valid for 3000 < Re < 10°,

The results are indeed encouraging since the average relative deviations in the friction
factor between the simulations and those obtained from experiments and Petukhov’s
(Petukhov, 1970) and Blasius’s (Blasius, 1907) empirical correlations are 8.94, 6.024,
and 6.56%, respectively. This indicates that the CFD model is reliable to measure the
hydrodynamic properties of CGNP-DI water nanofluids within the range of Re number

investigated in this study.

238



—_
D
[e=)

----- Nu (simulation)
(2)
2 140 F ===« Nu (Experimental)
[y -
1 -— -— "’
@ 120 Nu (Petukhov Eq.) g
= .- e 4
g = == Nu (Notter-Rouse ',——‘ S
S 100 | Eq.) S S
»n Pid )
> e f’f”
Z P ‘/ °
gl) 80 | f" ’g *
5 el
= R
< 60 F Py .
v, -
-
40 1 1 1 1 1
5000 7000 9000 11000 13000 15000 17000
Reynolds number, Re
0.045
= - =FExperimental (b)
----- Simulation
0.040 .
o — = Blasius eq.
§j ~. — = =Petukhov eq.
Q S
& N Ssen
= 0035 1 \\\\\\ Sl
1 . \ Seao
S ~ ., o~ ~,~~_~~
= . ~ Seeeo
= = -~ = =~ ~~~“~~
0.030 | e AT S=ees
S e ) T T
= R
—
0.025 L L L L L
6000 8000 10000 12000 14000 16000

Reynolds number, Re

Figure 8.4: Comparison of the (a) average Nu number and (b) friction factor
between simulation, experiment, and empirical correlations for DI water

Figure 8.5 shows the axial local Nu number for DI water as a function the Re
number. It can be observed that the local Nu decreases with an increase in the axial
distance along the horizontal tube, though the local Nu seems to be invariant when X/D
is more than 15. It is apparent that there is a significant drop in the local Nu number
when X/D is within a range of 0—15. The local Nu number remains relatively constant
thereafter due to the fully developed turbulent flow. In addition, it is evident that
increasing the Reynolds number reduces the temperature difference between the wall
and bulk temperature which results in higher convective heat transfer and thus, higher

Nu number.
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Figure 8.5: Variation of local Nusselt number along the horizontal tube for DI
water in the turbulent flow regime at different Re numbers

A series of CFD simulations using the single-phase model were performed in order
to predict the convective heat transfer coefficient and pressure drop of the CGNP-DI
water nanofluids flowing in the horizontal tube with an input power of 600 W. The Re
number was varied from 6,371 to 15,927, indicating that the simulations were
conducted for turbulent flow condition. Likewise, three CGNP concentrations were
considered in this study: 0.025, 0.075, and 0.1 wt%. Finally, the average heat transfer
coefficient was determined by inserting the average wall temperature and bulk

temperature determined from simulations into Eq. (6.15).

Figure 8.6(a) shows the comparison between numerical and experimental data for the
average heat transfer coefficient as a function of the Re number for nanofluids with
different CGNP concentrations. It can be seen that the average heat transfer coefficient
significantly increases with an increase in the CGNP concentration. This is likely due to
the thermal conductivity enhancement resulting from the Brownian motion of CGNPs
suspended in DI water. Moreover, increasing the Re number leads to higher average
heat transfer coefficient. The greater Re number results in higher fluid velocity and a

steeper temperature gradient, which in turn, increases the heat transfer coefficient. In
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general, there is good agreement between the simulation and experimental data, where
the average relative deviations are 8.11, 1.87, and 6.02% when the CGNP

concentrations are 0.025, 0.075, and 0.1 wt%, respectively.
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Figure 8.6: Comparison of the (a) average heat transfer coefficient and (b)
pressure drop of the CGNP-water nanofluids between simulations and
experiments
The pressure drop across the test section was determined by inserting the wall shear

stress values obtained from simulations and the results are shown in Figure 8.6(b) for

various concentrations of CGNPs and Re numbers.
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It can be seen that there is a slight increase in the pressure drop for the CGNP-DI
water nanofluids compared with those for DI water. It can be seen that the pressure drop
increases slightly when the concentration of CNGPs in DI water is increased. It is
believed that this is due to the slight increase in viscosity for all CGNP-DI water
nanofluids, considering that there is negligible increase in the fluid velocity since the Re
is constant (Equation (3.4)). Hence, it can be deduced that the velocity of the heat
transfer liquids plays a vital role in enhancing the pressure drop in convective heat
transfer systems. In general, there is a good agreement between the simulation and
experimental results for both pressure drop where the average relative deviations are
8.02, 6.82, and 5.94% for CGNP concentration of 0.025, 0.075, and 0.1 wt%,

respectively.

Figures 8.7(a) and (b) show the temperature distribution contours for the CGNP-DI
water nanofluid (1 wt %) and DI water at Re = 6,371, respectively, in the horizontal
tube subjected to a constant heat flux of 12,752 W/m?. The color bar showing a range of
colors in the visible spectrum from blue to red indicates the temperature range from
minimum to maximum in the tube. It can be observed that the inner wall temperature
decreases when the CGNPs/DI water nanofluids are used as the working fluids instead
of DI water. In general, this reduction is due to the transport properties of the
nanofluids (particularly, the higher thermal conductivity of CGNPs) and the role of
Brownian motion of nanoparticles on the thermal conductivity enhancement. This in
turn, leads to higher convective heat transfer enhancement, which promotes heat

transfer from the higher-temperature surface (i.e. inner wall of the tube) to the fluid.
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(a)

(b)

Figure 8.7: Temperature distribution contours of the horizontal tube for (a) DI
water and (b) CGNP nanofluid at Re = 6,371 and uniform heat flux of 12,752 W/m?
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CHAPTER 9: CONCLUSIONS

In this study, a novel, environmentally friendly functionalization and reduction
technique was successfully developed to synthesize well-dispersed water-based carbon
nanostructure nanofluids for use as coolants in order to improve the convective heat
transfer and hydrodynamic characteristics of a straight, stainless steel heat exchanger.

The following conclusions are drawn based on the findings of this study:

The effectiveness covalent functionalization and reduction methods was determined
using characterization techniques such as XPS, FTIR spectroscopy, TGA, UV-vis
spectroscopy, Raman spectroscopy, and TEM. The nanofluids were prepared by
dispersing the GAGNPs, CGNPs, GAMWCNTs and SrGO in DI water at different
particle concentrations. The stability and solubility of the colloidal suspensions were
verified by UV-vis spectroscopy. The dispersibility values are more than 89.3, 88.2,
89.1, and 88.8% for the water-based GAGNP, CGNP, GAMWCNT, and SrGO

nanofluids, respectively, over the course of 63 days.

The thermal conductivity of the DI water shows excellent agreement with the NIST
data (Ramires et al., 1995), with an error of less than 1%. The observed enhancement in
thermo-physical characteristics of nanofluids compared with those for base fluid,
indicating that the nanofluids are promising coolants for heat transfer applications. The
maximum thermal conductivity enhancements are 24.17, 22.92, 21.51 and 28.88% for
the GAGNP, CGNP, GAMWCNT, and SrGO nanofluids, respectively, at the lowest
particle concentration (0.1 wt %) and fluid temperature of 45°C. In addition, the

dynamic viscosity and density of all nanofluids are similar to those for DI water.

The reliability and accuracy of the closed conduit heat transfer system was validated
by experiments where DI water was used as the working fluid. The results show that

there is excellent agreement in the Nusselt number obtained from experiments with
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those determined from Gnielinski’s (Volker Gnielinski, 1975), Petukhov’s (Petukhov,
1970), and  Dittus-Boelter’s (Duangthongsuk & Wongwises, 2008) empirical
correlations with an average deviation of 7.11, 2.01, and 7.96%, respectively. There is
also good agreement in the friction factor obtained from experiments and those
determined from Petukhov’s (Petukhov, 1970)and Blasius’s (Blasius, 1907) empirical

correlations, with an average deviation of 5 and 4%, respectively.

Detailed experiments were carried out to study the heat transfer and hydrodynamic
characteristics of the nanofluids flowing in a heat exchanger under turbulent flow
regime. The results show that there is pronounced increase in the heat transfer
coefficient (~38.58, 37.53, 33.049 and 41.79%) of the water-based GAGNP, CGNP,
GAMWCNT, and SrGO nanofluids, respectively, relative to that for the base fluid, at
the low particle concentration (0.1 wt%) and Reynolds number of 15,927. More
importantly, there is a negligible increase in the friction factor, with a maximum value
of 3.896, 3.79, 3.62 and 3.21%, for the GAGNP, CGNP, GAMWCNT, and SrGO
nanofluids, respectively. These results are obtained at a constant wall heat flux of
12,752 W/m?. The significant enhancement on the heat transfer rate is associated with
the loading and well-dispersion of the functionalized-carbon nanostructures in the base

fluid.

The obtained results are very encouraging since the pumping power is close to that
for DI water for all nanofluids synthesized in this study. In addition, the performance
index for these nanofluids is greater than 1 and shows an increasing trend with
increasing Re number, which indicates that these green water-based nanofluids have

great potential for use as heat transfer fluids.

The thermo-physical properties obtained from experiments were used as the inputs
for the CFD simulations. ANSYS Fluent commercial CFD software was used to predict

the heat transfer and pressure loss of the heat exchanger with CGNP nanofluids as the
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working fluid in single-phase turbulent flow. In general, there is good agreement
between the numerical simulations and experimental results for pressure drop, with an
average relative deviation of 8.02, 6.82 and 5.94% for a CGNP concentration of 0.025,
0.075, and 0.1 wt%, respectively. In addition, there is good agreement in the mean
convective heat transfer coefficient with an average deviation of 8.11, 1.87 and 6.02%

respectively, for a CGNP concentration of 0.025, 0.075, and 0.1 wt%, respectively.

In summary, the novel covalent functionalization technique developed in this study
used to functionalize carbon nanostructures is eco-friendly, quick, cost-effective, and
scalable. The results prove that the nanofluids prepared with the covalently
functionalized carbon nanostructures result in a significant thermal enhancement with
negligible pumping power penalty. The technique does not require the use of surfactants
in synthesizing nanofluids and therefore, it is feasible means to synthesize a new

generation of coolants for a wide range of industrial applications.
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