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ABSTRACT

HEAT TRANSFER AND FLOW BEHAVIOR OF CARBON
BASED NANOFLUIDS

Thermal and rheological behaviors of the graphene-water nanofluids are inves-
tigated experimentally. Nanofluids with particle mass fraction from 0.025 to 2.0% are
prepared by using PVP as surface active material and ultrasonication. Morphologi-
cal, material and stability characterization are carried out by STEM imaging, Raman
spectroscopy, and zeta potential measurements. Rheological behavior of the prepared
samples is analyzed at different temperatures and shear rates. Maximum viscosity
increase is observed to be 45% for the 2.0% mass concentration at 25°C. The rel-
ative viscosity does not change with temperature, unlike the absolute viscosity that
decreases with temperature due to the viscosity change of the base fluid. Moreover,
the relative viscosity is nearly constant at low concentrations for all shear rates, and it
decreases with increasing shear rate for the mass fractions higher than 1.0%. Hence,
graphene-water nanofluids exhibit Newtonian behavior for particle mass fractions be-
low 1.0% and shear thinning behavior at higher concentrations. Hysteresis is observed
when increasing and reducing the shear rates within the same speed ranges for the
samples higher than 1% particle mass fraction and above 40°C. Thermal conductivity
is enhanced with increasing concentration and maximum augmentation is observed to
be 96% for a mass fraction of 2.0%. Forced convection is investigated for graphene-
water nanofluids of 0.025, 0.1 and 0.2% mass fractions at a Reynolds numbers from
1400 to 4000. Transition to turbulence is observed at lower Reynolds numbers for 0.1
and 0.2% concentrations. Maximum heat transfer enhancement is measured as 36%
for 0.2% nanofluid for a Reynolds number of 3950. Besides, pressure drop and friction
factor measurements are carried out. Maximum pressure loss is observed to increase

30% at transition region.



OZET

KARBON TABANLI NANOAKISKANLARIN ISI
TRANSFERI VE AKIS DAVRANISI

Grafen-su nanoakigkanlarin 1s1l ve reolojik davraniglar: deneysel olarak incelendi.
%0.025 ile %2.0 pargacik kiitle konsantrasyonuna sahip nanoakigkanlar yiizey aktif
madde olarak PVP kullanilarak ve ultrasonik olarak karigtirilarak tiretildi. Morfolo-
jik, malzeme ve stabilite karakterizasyonu STEM goriintiileme, Raman spektroskopisi
ve zeta potansiyel Ol¢imleri ile uygulandi. Hazirlanan o6rneklerin reolojik davranisi
farkl sicaklik ve kesme hizlarinda analiz edildi. Maksimum viskozite artigi, %2.0’lik
konsantrasyona sahip 6rnek icin 25 °C’de %45 olarak gozlemlendi. Bagil viskozite,
baz akigkandaki viskozite degisiminden dolay1 sicaklikla azalan mutlak viskozitenin ak-
sine sicaklik ile degismemektedir. Ayrica, bagil viskozite diigiik konsantrasyonlarda
tiim kesme hizlar icin neredeyse sabittir ve %1.0’1n tizerindeki kiitle konsantrasyon-
lar1 icin artan kesme hizlariyla azalir. Bu ylizden grafen-su nanoakiskanlari %1.0’in
altindaki parcacik kiitle konsantrasyonlarinda Newtonyan davranig, daha yiiksek kon-
santrasyonlarda ise kesme incelmesi davranigi sergiler. 40°C ve %1.0 parcacik kiitle kon-
santrasyonu lizerinde kesme hizlar1 ayni hiz araliginda arttirildiginda ve azaltildiginda
histerezis gozlemlenir. Isil iletkenlik artan konsantrasyonla artar ve maksimum artig
%2 kiitle konsantrasyonu i¢in %96 olarak gozlemlenmistir. Grafen-su nanoakigkanlarin
tagimimsal 181 transferi %0.025, %0.1 ve %0.2 kiitle konsantrasyonlarinda 1400’ten
4000’e kadar olan Reynolds sayilarinda aragtirilmistir. %0.1 ve %0.2 kiitle konsantrasy-
onlarindaki nanoakigkanlar icin tiirbiilansa gecisin daha diisiik Reynolds sayilarinda
oldugu gozlemlenmistir. Maksimum 181 transferi artigi %2’lik nanoakigkan i¢in 3950
Reynolds sayisinda %36 olarak ol¢tilmiigtiir. Ayrica, basing diigiigii ve stirtiinme kat-
sayis1 icin Olciimler yapilmistir. Maksimum basing diisiisii artisi gecis bolgesinde %30

olarak olgiilmiigtiir.
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1. INTRODUCTION

1.1. Problem Overview

Efficient energy transport is critical for many engineering applications such as
chemical processes, thermal management and energy systems. Water, ethylene glycol
(EG) and propylene glycol are the most common heat transfer fluids used in these
industries and have limited thermo-physical properties. Therefore, researchers have
been investigating the alternative ways to improve the thermo-physical properties of
these heat transfer fluids. Micron and millimeter-sized particles were added into a liquid
to enhance the heat transfer properties. However, the colloidal stability of the solutions
was not good and solid particles precipitated after a while, leading to sedimentation,
agglomeration, clogging problems and as a result, high-pressure drop in the applications
[1]. With the developments of nanotechnology, Choi suggested the use of nanometer-
sized particles in 1995 [2], and a new era for heat transfer fluids have begun with
the invention of so-called nanofluids. It was shown that nanometer-sized particles
dispersed into a base fluid increases the thermal conductivity, with acceptable stability
due to the high surface area to volume ratio of nano-sized particles [3]. Researchers
observed significant heat transfer enhancement for a wide range of applications by using
nanofluids containing nanoparticles such as SiO,, Al,O3, CuO, TiO,, Fe;O3 and some

carbon forms [4].

Nanofluids have been considered as the next generation heat transfer fluids due
to their enhanced thermal features. However, there are still some challenges regarding
with the stability and increased viscosity. Because sedimentation directly affects the
continuity of the applications, it is a major drawback of the nanofluids. Researchers
have been trying to prepare solid-liquid suspensions that have long term stability since
the concept was introduced. Another challenge is the increase in viscosity that de-
creases the system efficiency by increasing pressure drop. Nanoparticles added into a

liquid increase its thermal conductivity, but the viscosity of the mixture increases as



well. Balancing between viscosity and thermal conductivity has great importance for
optimizing the amount of nanoparticles added. Therefore, rheological characterization

of nanofluids is required before using them for various applications.

In addition to thermo-physical characterization, the convective heat transfer be-
havior of the nanofluids should also be investigated. Hence, researchers tested nanofluid
samples in different concentrations, temperatures and flow rates and investigated the
their effects on heat transfer. Even though many studies investigated the nanofluids
under different flow regimes, most of them focused on laminar and turbulent region.
The heat transport behavior in the laminar to turbulence transition still has many
uncertainties, so this topic should be clarified for nanofluids to be considered a reliable

heat transfer fluid.

1.2. Literature Survey

1.2.1. Nanofluid Synthesis and Colloidal Stability

The experimental results of the nanofluids should be verifiable when the same
preparation method is performed. Therefore, some methods have been developed to
eliminate the inconsistencies between different studies. One-step and two-step methods
are the most common approaches for nanofluid preparation. In the one-step method,
a nanofluid is prepared simultaneously synthesizing the nanoparticles and dispersing
them in the base fluid [5]. In the two-step method, nanoparticles are produced by
physical or chemical methods first, then added into the base fluid for preparing the
nanofluid. A well-mixed dispersion is obtained by applying some processes such as
high-shear mixing, ultrasonication, magnetic stirring, homogenizing and ball milling
after nanoparticles added [5,6]. Since the two-step method allows to produce large
amounts of nanofluids and easy applicable, it is the most common method for preparing
nanofluids. However, strong van der Waals forces and surface charges among nanopar-

ticles lead to agglomerations that affect the stability and heat transfer characteristics



(a) (b)
Figure 1.1. Most common stabilization mechanisms: (a) electrostatic stabilization,

(b) steric stabilization [10]

of the nanofluid in this method [7]. Some techniques such as using surface-active
materials (or surfactants), pH control and using functionalized nanoparticles have been

used to overcome the agglomeration and stability problems in nanofluids.

The stability of nanofluids is based on the balance between attractive and re-
pulsive forces among nanoparticles. Nanoparticles are well dispersed if the repulsive
forces are dominant, this leads to colloidal stability. The stability of nanofluids can
be achieved by electrostatic (Figure 1.1a) and steric stabilization (Figure 1.1b) mecha-
nisms. Steric stabilization is obtained by surfactants and it has some advantages over
electrostatic stabilization as electrostatic stabilization might necessitate suspensions
being significantly acidic or basic that might have negative impact on equipment relia-
bility. Surfactants in an organic structure comprise of hydrophobic tail and hydrophilic
head [8]. As it is shown in the Figure 1.1b, the heads of the surfactants stick on the
surface of the nanoparticles, whereas the tails prevent agglomerations in the suspension

by pushing other nanoparticles [8-10].

1.2.2. Thermal Conductivity and Rheological Behavior of Nanofluids

Nanofluids provide an anomalous heat transfer augmentation in comparison to
conventional heat transfer fluids due to their unique heat transfer mechanisms. The
observed anomalous heat transfer increase of nanofluids is attributed to several mech-
anisms including Brownian motion, nano-layering of the liquid molecules at the par-

ticle interfaces, and percolation through clustering nanoparticles [11]. The Brownian



motion is argued to be an important mechanism for heat transfer enhancement that
is based on the stochastic movements of nanoparticles in a liquid leading to micro-
convection effects [12,13]. The nanolayer bridges the nanoparticle and liquid to create
a uninterrupted thermal profile leading to a remarkable increase compared to classical
models [14]. Nanoparticle clustering or percolation networks are proposed as another
possible mechanism for nanoscale heat transfer. Low-level nanoparticle clustering is
considered as the most important mechanism leading to the anomalous thermal con-
ductivity augmentation [15]. The regions that nanoparticles intensively contained in a

liquid have higher thermal conductivity than liquid dominant ones. [16].

Many nanoparticles such as aluminum oxide (AlyO3), copper oxide (CuO), tita-
nium dioxide (TiO,), zinc oxide (ZnO), ferrimagnetic (Fe3O,4 and Fe;O3) and carbon-
based (graphite, CNT, graphene) have been used to prepare nanofluids. Since each has
distinct properties, their potential in different applications can be determined based on
different thermo-physical properties. For instance, carbon-based nanofluids are appro-
priate for solar applications due to their superior thermal conductivity and absorption
properties, whereas zinc oxide-based nanofluids can be used in the electronics industry
because of their catalytic and optoelectronic properties. Also, concentration, nanopar-
ticle size and shape, pH and temperature are influential on the thermo-physical prop-
erties of nanofluids [4], that can be determined by characterizing nanofluids. Thermal
conductivity and viscosity are two important properties regarding to heat transport, so
many studies focused on these in the literature. Chon et al. [17] studied Al,Os-water
nanofluids with different nanoparticle sizes with 1% volume concentration, and they
found 22% conductivity enhancement for 11-nm nanoparticles at 71 °C. Their results
showed that the thermal conductivity enhancement increases with decreasing the par-
ticle size. Das et al. [18] investigated the water-based AloO3 and CuO nanofluids for
the volume fraction of 4% and observed up to 26% and 28% thermal conductivity en-
hancement respectively. Also, they reported that there is a strong dependency between
temperature and thermal conductivity for both nanofluids. When the temperature of

the nanofluid is increased from 21 to 51 °C, they monitored significant enhancement in



thermal conductivity. Duangthongsuk and Wongwises [19] observed thermal conduc-
tivity augmentation of 3-7% for TiO,-water nanofluids in a broad volume concentration
range (from 0.2 to 2%). Jeong et al. [20]studied particle shape effect for the ZnO-water
nanofluids and showed thermal conductivity of rectangular particle based nanofluids
is higher than spherical. Ding et al. [21] observed 8 times higher thermal conductivity
enhancement when the temperature of the CNT-water nanofluid increases from 20 to
30 °C. Abareshi et al. [22] studied with magnetic nanoparticles, Fe304, and they stated

about 8% increase in thermal conductivity for 1% particle volume fraction.

Rheological behavior of the heat transfer fluids is also important since the viscos-
ity increases by the adding solid nanoparticles into a fluid. Viscosity directly affects
the pressure drop and the pumping power in the systems and it can be critical for some
applications [23]. There are many experimental studies using different nanoparticles
to investigate the viscosity of nanofluids. Chandrasekar et al. [24] studied Al,O3-water
nanofluids with particle volume concentrations of 0.33 to 5%. Their results indicate
that the viscosity of the Al,O3 nanofluids shows a linear increase with the particle
volume fraction to 2%, followed by a nonlinear increase for higher particle volume
fractions. Nguyen et al. [25] investigated water based Al,O3 and CuO nanofluids and
observed significant temperature and particle volume fraction dependence of viscos-
ity. Their results showed the relative viscosity of both Al;O3 and CuO nanofluids
does not change too much with temperature for particle volume fractions below 4%,
whereas temperature dependence was observed for higher fractions. Moreover, the re-
ported relative viscosity is significantly higher for CuO nanofluids in comparison to
Al;O3 nanofluids for relatively higher particle volume fractions such as 9%. Abarashi
et al. [22] investigated the rheological behavior of magnetic a-FeyO3-glycerol nanoflu-
ids, and observed shear thinning characteristics. Duangthongsuk and Wongwises [19]
investigated the TiOs-water nanofluids, and found that the classical viscosity models
were not in agreement with their experimental results. Phuoc et al. [26] experimen-
tally studied multi-walled carbon nanotube (MWCNT)-water nanofluids and reported
Newtonian behavior for low-concentrated samples (0.24-1.43%), whereas that shear

thinning behavior observed for higher particle volume concentrations.



Some researchers reported that the nanofluids might exhibit hysteresis behavior
under various circumstances and analyzing the hysteresis is important due to its direct
effect on the pumping power and energy consumption for highly transient operations
and applications. Nguyen et al. [27] studied AlyOs-water and CuO-water nanofluids
and reported different behavior following heating and cooling processes. They observed
hysteresis once a critical temperature and particle volume fraction is exceeded. Jiang et
al. 28] investigated the viscosity and hysteresis behavior of ammonia/water nanofluids
by using different nanoparticles and they proposed that the surfactants’ molecular
structure might be altered at higher temperatures, affecting its functionality leading
to particle aggregation and sedimentation. Thus, they explained observed hysteresis
by the changing morphology. Rather than focusing on changing temperature, Aladag
et al. [29] investigated the hysteresis phenomena for water based Al;O3 and CTN
nanofluids by measuring the viscosity while increasing and decreasing the shear rates.
They showed that the shear stress for increasing shear rates is higher than it is for
decreasing rates and hysteresis is observed for both nanofluids due to the disintegration

of agglomerated particles with increasing shear rates.

1.2.3. Graphene-based Nanofluids

Recently, using directional materials for producing nanofluids such as graphite
[30], boron nitride [7] and CNT [31] have received increasing interest due to the observed
remarkable properties. Graphene, which is comprised of a single/few hexagonal sheet(s)
of covalently bonded carbon atoms have been receiving significant interest since it was
presented by Novoselov et al. [32]. The structures of the graphitic forms carbons,
fullorene, nanotube and graphene nanolayers, are shown in Figure 1.2. Graphene layers
are fabricated by exfoliating three dimensional graphite. High thermal and electrical
conductivity, high carrier mobility, long-range ballistic transport at room temperature,
high Young’s modulus and fracture strength are some of its outstanding properties [33].
Balandin et al. [34] reported the thermal conductivity of graphene as 5000 W/m.K that

is superior to that CN'T’s, making it a promising material for producing nanofluids.



There have been recent studies focusing on the production and properties of
graphene nanofluids. Yu et al. [36] prepared graphene oxide (GO)-EG nanofluids
and obtained 61% conductivity enhancement for 5% volume concentration. Baby and
Ramaprabhu [3] investigated 0.056% particle volume fraction graphene-water nanofluid
and observed 14% augmentation of thermal conductivity. Yu et al. [37] observed 86%
enhancement for graphene (GnS)-(EG) nanofluid with 5% particle volume fraction.
Gupta et al. [38] reported strong temperature dependence for GnS-water nanoflu-
ids unlike CNT nanofluids. The enhancement in thermal conductivity of GnS-water
nanofluids is 17% with the temperature increase of 20°C. Mehrali et al. [39] studied
nanofluids with graphene nano-platelets with different surface areas and they reported
that the largest thermal conductivity augmentation is 27%, achieved using the nano-
platelets with the highest surface area. They also observed 44% increase in viscosity
for 0.1% particle mass fraction. Hajjar et al. [40] prepared graphene oxide (GO)-
water nanofluids and reported significant effect temperature on thermal conductivity
enhancement, with 34% and 47% increase in thermal conductivity at 20°C and 40°C,
respectively for 0.25% particle mass fraction. Ghozatloo et al. [41] investigated the

Figure 1.2. Structure of the fullerene, carbon nanotube and graphene nanolayers [35]



time and temperature effect on thermal conductivity of graphene-water nanofluids.
The enhancement is 17% for 0.03% mass concentrated sample at 50°C, whereas it is
12.5% at 25°C. Thermal conductivity of the nanofluids decreased a little in the first
45 hours, then it remained constant. Kole et al. [33] observed observed remarkable
viscosity increase, which is almost 100% for 0.395% particle volume fraction and about
15% augmentation of thermal conductivity with functionalized hydrogen exfoliated
graphene (f-HEG)-water nanofluid. Moghaddam et al. [42] observed that viscosity of
the graphene-glycerol nanofluids increases 300% with respect to that of the base fluid
for 2% particle concentration. Moreover, the nanofluid exhibits shear thinning behav-
ior, even though the base fluid is Newtonian. Sarsam et al. [43] prepared functionalized
graphene nanofluids by using different surfactants, and reported 3-21% higher viscosity
for their nanofluids. Recently, Yang et al. [44] studied the GO-water nanofluids with
different temperatures and concentrations. They reported thermal conductivity en-
hancement of 48% for the particle mass fraction of 1.5% at 60°C and the enhancement

increases with temperature due to the Brownian motion.

1.2.4. Convective Heat Transfer and Pressure Drop of Nanofluids

Convective heat transfer performance and flow behavior of nanofluids under dif-
ferent flow regimes have also been an area of interest for researchers. Most of them
observed significant heat transfer enhancement for different nanoparticles even though
some researchers reported little or no enhancement. Heyhat et al. [45] investigated
the thermophysical properties and convective heat transfer of AlyOs-water nanofluids
under laminar flow regime for particle volume fractions 0.1 to 2%. They observed 3%
heat transfer enhancement for 0.1% volume fraction at a Reynolds number of 330,
whereas the enhancement increased to 32% for the 2% volume fraction at a Reynolds
number of 2100. They also reported up to 6 times higher pressure drop compared
to that of water. Pak and Cho [46] studied convective heat transfer of AlyOs-water
and TiOs-water nanofluids in a circular pipe, subject to a constant heat flux under
turbulent regime. They showed that heat transfer coefficient for 3% volume concentra-

tion nanofluid is 12% lower than that of pure water even though the Nusselt number



increases with Reynolds number and volume fraction. Heris et al. [47] observed that
the heat transfer performance of CuO-water nanofluids under laminar regime is re-
markably better than pure water, and stated that the heat transfer enhancement is
more apparent especially in the higher Reynolds numbers. Fotukian and Esfahany [48]
also studied with CuO-water nanofluids, but under turbulent flow conditions and at
lower nanoparticle concentrations. Convective heat transfer enhancement they report
is 25% and pressure drop increase is 20% for 0.03% particle volume fraction. Kayhani
et al. [49] investigated TiOy-water nanofluids under turbulent flow regime and constant
heat flux boundary conditions. Their results showed that the added TiO5 nanoparti-
cles lead to moderate augmentation in heat transfer with Nusselt number increasing
8% for 2% particle volume concentration at a Reynolds number of 11780. Whereas,
they did not observe an abnormal increase in the pressure drop in comparison to that
of water. Hemmat Esfe et al. [50] observed a heat transfer enhancement up to 12% for
Ag-water nanofluids with low particle concentrations and under turbulent regime and

the increase in pressure drop is about 16%.

In addition to the metallic and ceramic nanoparticles, carbon-based nanoparticles
have been widely used in recent years to produce nanofluids. Wang et al. [51] inves-
tigated the heat transfer behavior of multiwalled carbon nanotube (MWCNT)-water
nanofluids in a horizontal circular tube under laminar flow regime, and showed that
there is a significant enhancement in heat transfer up to 190% even at low Reynolds
numbers such as 120. They also observed a linear increasing trend in the pressure
drop with respect to Reynolds number. Baby and Ramaprabhu [52] prepared nanoflu-
ids by dispersing f-HEG nanoparticles into EG/water mixture and investigated the
convective heat transfer performance under turbulent flow regime. They measured
entrance and developed heat transfer enhancements separately; their results showed
that -HEG dispersed nanofluid for 0.01% particle volume fraction increased the heat
transfer up to 170% at the entrance, whereas the enhancement is around 140% at out-
let of the pipe. Ghozatloo et al. [53] studied graphene-water nanofluids focusing on
the thermal characterization under laminar regime. The relationship between convec-

tive heat transfer, temperature and concentration is investigated and remarkable heat
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transfer enhancement is observed by increasing temperature or concentration. When
the mass concentration of the nanofluids is increased from 0.025 to 0.1%, they ob-
served 15% heat transfer increase at 25°C, but it is 24% at 38°C. So, they stated that
the effect of increasing temperature is more significant than concentration. Akhavan-
Zanjani et al. [54] investigated the convective behavior of graphene-water nanofluids
under laminar flow in a uniformly heated circular pipe, and reported heat transfer
enhancement of about 14% for 0.02% particle volume fraction at a Reynolds number
of 1850. Selvam et al. [55] investigated the convective heat transfer characteristics of
graphene-water/EG nanofluids for 0.1-0.5% particle volume concentration in a broad
range of Reynolds number. They observed up to 170% enhancement in heat transfer
coefficient at a Reynolds number of 6790 and 96% enhancement in Nusselt number.
Yarmand et al. [56] studied the heat transfer coefficient and pressure drop of functional-
ized graphene nanoplatelet (f-GNP)-water nanofluid in a square duct. They observed
that the enhancement of heat transfer coefficient and Nusselt number are 19% and
26% respectively for 0.1% particle mass fraction. The friction factor of the nanofluid

increases 9% in comparison to water at a Reynolds number 17500.

1.3. Objectives

There has been an increasing number of studies about the characterization of
graphene nanofluids in recent literature. While most of these are dedicated to the
thermal transport properties, only very few focus on the rheological behavior, and they
consider only a limited range of concentration. Moreover, no studies are investigating
the hysteresis behavior in graphene nanofluids. A preparation recipe for graphene
nanofluids is developed, and morphological, thermal and rheological characterization
of the graphene nanofluids are experimentally carried out in this study. While the
thermal and stability features of the produced graphene nanofluids are presented; the
rheological behavior is emphasized. It must be highlighted that hysteresis in measured
viscosity for graphene-water nanofluids is investigated for the first time in this study.
Furthermore, most of the studies in the literature investigate the thermo-physical prop-

erties of graphene nanofluids for low concentrations. Understanding the flow behavior
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of the graphene-water nanofluids in higher concentrations will be more important with
the nanoparticle production become cheaper in the future. Hence, relatively higher
concentrations up to 2% particle mass fractions are studied and reported, expanding

the range in the existing literature.

In addition to thermo-physical characterization of the graphene-water nanofluids,
convective heat transfer investigation is also carried out. Even though there are limited
number of studies regarding the transitional flow behavior of some metallic and ceramic
nanoparticles, such as Al,O3, ZnO and Cu, no studies reporting the transitional behav-
ior of graphene dispersed nanofluids. Convective heat transfer behavior and pressure
drop characteristics of the graphene-water nanofluids are investigated experimentally
by focusing on the transition from laminar to turbulent flows. The graphene-water
nanofluids having the particle mass fractions of up to 0.2% are considered. Since the
reliability of the test system and the measurement results would be questionable in the
higher concentrations, convective heat transfer behavior is investigated for relatively
lower particle concentrations. The effect of particle concentration to the laminar to
turbulence transition point is examined together with its effect on heat transfer and

pressure drop.



12

2. METHODOLOGY

2.1. Nanofluid Preparation

Graphene-water nanofluids are prepared by the two-step method in this research.
The purchased nanoparticles are mixed into de-ionized (DI) water that is used as base
fluid. Graphene nanoplatelets used are reported to have 5-10 nm thickness, 5-10 pum
lateral size and 99% purity (Grafen Chemical Industries, Turkey). Graphene is hy-
drophobic and it does not disperse in polar solvents such as water. Steric stabilization
is preferred in this study due to its advantages over electrostatic stabilization. Sur-
face active materials are added into the base fluid prior to mixing of the nano-flakes
to achieve stable suspensions. Three types of surfactant groups, anionic (i.e. SDS,
SDBS, GA etc.), cationic (i.e. CTAB and DTAB), and non-ionic (i.e. Triton X-100,
TA and PVP), can be used in nanofluid dispersions [57]. Being an organic material,
using GA might support micro-organism growth leading to mold formation limiting
long term usability. Using SDS leads to foaming [7], which is not desired for heat
transfer applications. Whereas, SDBS properties change, after it is exposed to higher
temperatures [28]. For this reason, steric stabilization for the graphene-water nanoflu-
ids is recommended by using non-ionic surfactants [58,59]. Yoon and In [60] stated
that hydrophobic interaction between reduced graphene nanoplatelets and PVP ensures
high solubility. Zhao et al. [61] also used PVP as a surfactant in their graphene-water
nanofluid study and they achieved stable solutions after 1 month from preparation.
Besides, the properties of nanofluids prepared using PVP do not change after it is
subject to higher temperatures [62]. Hence, polyvinyl pyrrolidone (PVP K30) is used

as a surface active material in this study.

The surface active material, PVP K30, is weighed by precision scale (Kern PFB,
+10 mg), added to 100 ml DI-water, and stirred by a mechanical mixer (Heidolph,
RZR 2021) for 15 minutes at 1600 rpm until the surfactant-water solution becomes

homogenous. Graphene nano-flakes are then introduced into the solution and they are
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mechanically mixed for 45 minutes at 1600 rpm. The suspension is then subjected
to ultrasonic mixing (Hielscher UP400S, using sonotrode H22) for 2 hours with 200
W, where it is placed into a water bath to prevent overheating and vaporization the
fluid. The temperature of the bath is set to 8 °C by using a temperature controlled
a circulating chiller (PolyScience 9106A12E). The preparation process is shown in the
Figure 2.1.

The PVP and graphene concentrations of the suspensions are reported as mass
fractions as definition of volume for graphene nano-flakes is ambiguous. The prepara-

tion recipe presented is identified as a result of an optimization study to achieve long

(d) (c)
Figure 2.1. Graphene-water nanofluid preparation process: (a) weighing, (b)

mechanical mixing, (c¢) ultrasonication, (d) prepared nanofluid
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term stability using minimum amount of surface active material so that the viscos-
ity will not be increased significantly due to the addition of surface active material.
Graphene mass fractions that are considered in this study vary from 0.1 to and 2%,
whereas PVP concentrations are adjusted depending on the graphene’s fraction and

vary from 0.1 to 2% based on the results of the optimization study.

2.2. Characterization Methods

The produced nanofluids are characterized to examine their morphology and iden-
tify their thermophysical properties. Morphological characterization is carried out by
visual characterization methods such as environmental scanning electron microscopy
(ESEM), and scanning transmission electron microscopy (STEM) imaging and dynamic
light scattering (DLS). Raman spectroscopy is used for material characterization and
stability assessment is carried out by zeta potential measurements. Finally, thermal
conductivity and viscosity are measured for identifying the thermo-physical behavior

of the produced nanofluids.

2.2.1. Morphological Characterization

Imaging the produced nanofluids using an electron microscope helps to identify
the morphological structure, and observing the particle agglomeration level of the sus-
pensions. Besides, these imaging techniques also help to confirm the manufacturer
reported size of the particles before the mixing process. Firstly, ESEM images of the
dry particles are captured by transmission scanning electron microscope (Philips X130
ESEM-FEG/EDAX) to characterize the dry nanoparticle size. Then, STEM imaging
is used with the same instrument to observe the morphological structures of the par-
ticles and aggregates within the nanofluid. For that, nanofluid samples with different
concentrations are diluted to 0.01% particle mass fraction and dried over copper grids
to get quality images.There have been taken at least 10 images by ESEM and STEM.
Since all the images are consistent with each other, two of them are shown as represen-

tations. Dynamic light scattering (DLS) is a method that is used for characterizing the
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particle size distribution of colloidal suspensions with sphere like particles. Although
its use for characterization of colloidal suspensions of nano-flakes is questionable, it
was reported that the peak of the particle size distribution measured by DLS is well
correlated with the TEM measurements [63]. As a result, DLS is performed by using
Malvern Zetasizer Nano ZSP for identifying the aggregate size.

2.2.2. Material Characterization

Material characterization by Raman spectroscopy is widely used to identify the
doping level and quality of the material. For graphene, G and D characteristic peaks
are observed around 1574 cm™! and 1331 cm™!, respectively [42]. The location of
the G peak indicates the in-plane vibrations of sp? carbon atoms and the number of
layers of the graphene nano-sheets can be interpreted via G peak accordingly; moves
to lower frequencies as the number of layers increases. Whereas, D peak shows the
disordered structure level and indicates the quality of the graphene even though its
position is related to the excitation wavelength [64]. The intensity rate of the D to G
peaks (Ip/Ig) implies the defect density of the graphene nanosheets [65]. In this study,
Raman spectroscopy of the graphene is carried out by the Renishaw inVia Raman
Microscope and 532 nm green laser is used in the experiment with an exposure time

of 10 seconds.

2.2.3. Stability Characterization

Zeta potential measurements are widely utilized for assessing the stability of
the colloidal suspensions. Each nanoparticle has an electric potential (or a surface
charge), and the surface charge measured within the suspension is a good indicator
of the stability. The measurement detects the electrophoretic mobility of the charged
particles under the electrical field and suspensions that have high mobility particles
resulting in high absolute value of zeta potential are considered to be stable. The zeta
potential scale varies between -100 mV and 100 mV and the suspensions that have zeta

potential larger than 30 mV or less than -30 mV are assumed as stable [66]. Sample
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Figure 2.2. Zeta potential and DLS measuring device

nanofluids are diluted to 0.01% particle mass fraction, and zeta potential is measured by
Zetasizer Nano ZSP, (Malvern Instruments, +2% error). Measurements are repeated 5

times to verify the results using different samples taken from the produced suspensions.

2.2.4. Rheological Characterization

A cone-plate rheometer (Brookfield DV-III Ultra) that is shown in Fig. 2.3 is
used to measure the viscosity of nanofluid using a circulating chiller (PolyScience,
9106A12E) for controlling the temperature of nanofluid during measurements. Viscos-
ity is measured at different spindle speed rates from 375 to 1875 sec™! and considering
the shear rate dependence, the measurements are carried out both from low-to-high
speed rates and from high-to-low speed rates to investigate hysteresis. The viscosity
values of DI-water and ethylene-glycol at 25 °C are well known, and these fluids are
used as calibration fluids. Results of the calibration experiments are coherent with the

reported values in the literature and viscosity values of graphene-water nanofluids are
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Figure 2.3. Viscosity measuring device

measured following the validation. The viscosities reported are average of 5 measure-
ments. The relative measurement uncertainty of the rheometer is reported to be 1.0%

at the specified speeds of the spindle by the manufacturer.

2.2.5. Thermal Characterization

Thermal conductivity of produced graphene-water nanofluids is measured using
transient hot-wire (THW) method based on the ASTM D7896 standard [67]. A thermal
conductivity analyzer (Decagon KD2 Pro, 5%) is used for measurements at 25 °C. As
it can be seen in the Figure 2.4, the probe of the instrument (KS-1) is fully immersed
into the nanofluid vessel and the analyzer is operated at low power mode to prevent
convective currents. Temperature of the samples is stabilized using a water bath and
a circulating chiller (PolyScience 9106A12E) during measurements. The test vessel is
placed in a beaker filled with still water to provide the uniform temperature, and the
beaker is placed in a water bath. The measurements are carried out 1 hour after the
explained system is set to ensure thermal equilibrium. All measurements are repeated

10 times to assess the repeatability, and the mean value is reported.
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)

Figure 2.4. Thermal conductivity measuring device

2.3. Convective Heat Transfer Measurements

The experimental test system is built to investigate the convective heat transfer
from laminar to turbulent regimes in a horizontal copper circular pipe as seen in Fig-
ures 2.5 and 2.6. Pumped fluid flows through the test section, which is comprised of a
2.1 m long circular copper pipe with 6 mm inner and 8 mm outer diameter. The first
0.6 m of the test section is not heated and is dedicated to hydrodynamic entry. Hy-
drodynamically developed flow enters the latter part of the test section that is heated
by uniform heat flux. The test section is wrapped with the insulation layers to prevent
heat removal as seen its section view in . Electrical insulation is ensured by covering
the copper pipe with fiberglass sleeves with helically coiled bare nichrome heater wire
wrapped on it. In order to measure the temperature on the pipe wall, thermocouples
are attached to copper tube in determined axial locations. After that, heater wire is
covered by zinc phosphate-based cement layer to obtain a uniform heat distribution
along the pipe. Heat and electricity resistant fiber-glass insulation tape and fireproof
cloth tape are wrapped on the heated section in order to prevent any ignition at high
temperatures. Finally, glass wool is covered for minimizing the heat loss from the sys-
tem as is seen in Figure 2.7. Heater wire is connected to AC power source at both ends

and is supplied with 400 W using a potentiometer.
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T-type thermocouples with special error limits (Omega Inc.; op= 40.5 °C) are
used for measuring the temperatures at different axial locations on the copper pipe.
Nine thermocouples are mounted on the pipe wall at dimensionless axial locations (x/D)
of 10, 33.3, 46.6, 60, 80, 100, 120, 200, 240 (starting from the heating section) and two
thermocouples are inserted into the flow at the inlet and outlet of the pipe to measure
the bulk mean fluid temperature. A valve-connector couple is binding right after and
before the test section and in order to mix the flow and measure the mean temperature
correctly. Temperature measurements are performed 1 hour after the system started
circulating to ensure that steady state is reached. The measurements are collected by
a data acquisition unit (Agilent 34970A). Calibration of the thermocouples is carried
out by using a constant temperature water bath. The fluid exiting from the test
section enters the concentric heat exchanger, where water circulated by the chiller
(Polysat 12920) reduces the temperature of the fluid coming from the test section and
stabilizes the temperature before enters the storage tank. The fluid is then pumped
from the storage tank by a centrifugal pump (Iwaki RD-20), flow rate is adjusted
by using a valve and measured by a flowmeter (Sea, YF-S402), 0, = 2% of reading
error. Flowmeter was calibrated before the very first experiment of this study and

controlled before each experiment. Pressure drop and friction factors are calculated

Figure 2.6. Front view of the experimental set-up
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Figure 2.7. Section view of the experimental set-up

by using two pressure transmitters (Setra C206, 0.13% of full scales that are 0-25
and 0-50 PSIG respectively). They are mounted to the valves placed at the inlet
and outlet of the test unit and pressure values are recorded by the data acquisition
unit. Validation and calibration of pressure transducers are carried out by measuring
static water pressure for different heights. Pressure drop and convective heat transfer
experiments are performed simultaneously. Measurements are repeated at least two

times and mean value is reported if the results are consistent with each other.

2.4. Data Reduction

Thermophysical properties such as density and specific heat change when solid

particles are added into a fluid. The density (p) and specific heat (c,) of the nanofluid
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can be defined based on basic mixture theory as

PrpPbf
Pnf = 2.1
d (1= 9)pnp + Opuy 21)

Cpnf = PCpmp + (1— (b)cp,bf (2.2)

Here, ¢ represents particle mass fraction [%], and the subscripts nf, bf and np in the
equations are the abbreviation of the words nanofluid, base fluid and nanoparticle,

respectively.

Pressure transducers are mounted to the inlet and outlet of the test section to
measure the pressure drop (AP) along the system. For laminar flow, pressure drop

measurements are validated using Hagen-Poiseuille equation.

32, L

AP:Pl—PZI _D2

(2.3)
where P, and P are the fluid pressures at the inlet and outlet of the test section. Also,
D, L, u,, and p represent tube diameter (m), tube length (m), mean fluid velocity (m/s)

and dynamic viscosity (Pa), respectively.

Then, Darcy-Weisbach equation is used to calculate the friction factor using AP.

_ AP(D/L)

1,2
§pum

f (2.4)

Well-known Poiseuille correlation ( Equation 2.5) is used to validate the friction
factor under laminar flow. Blasius (Equation 2.7) and Petukhov [68] (Equation 2.8)
correlations are used for comparing experimental results beyond laminar region.

64

f = 2
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Py D

Rep = 2.6
p== (2.6)
with Rep is dimensionless Reynolds number.
f =0.3164Rep"® (2.7)
f = (1.82log(Rep) — 1.64) 2 (2.8)

Convective heat transfer measurements are first carried out by using DI water in
the test system, then for the graphene-water nanofluids prepared with the mass frac-
tions of 0.025%, 0.1% and 0.2%. The insulation quality of the test setup is determined
by comparing the power supplied to the heater (g;,) with the heat transferred to system
from heater (gf). While g;,, is 400 W in this study, ¢y is calculated as follows

qr = mcp(Tm,o - Tm,z) (29)

where 1 is the mass flow rate (kg/s), T, , and T, ; are the fluid outlet and inlet mean
temperatures (°C'), respectively. T, ; is measured by submerging a thermocouple into
the flow at the inlet of the test pipe, whereas T}, , is measured at the outlet of the test

pipe in a similar manner.

Heat loss of the experimental system is obtained by using Equation 2.10 and is

lower than 8%.

Qloss = (1 - ;I_f) x 100 (210)
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Local convective heat transfer coefficient, h,, is calculated from Newton’s law of

cooling;

qs/(mDL)

M = T (2) — Ton(a)

(2.11)

Here; T,,(x) and T,,,(z) represents local wall and mean fluid temperatures (°C') at axial

position x, respectively. The mean temperature at a position z can be defined as;

Tp(x) = Tps + % (2.12)

where ¢ is the heat transferred to system (W) and «z is axial distance from the heated

part of the test section (m).

Local Nusselt number, Nu,, can be determined after calculating the local heat

transfer coeflicient.

Nu, = (2.13)

where k is thermal conductivity (W/m.K).

There are many empirical correlations in the literature to predict the local Nusselt
number under laminar flow conditions. The expression developed by Shah and London

[69] is used to validate the test setup for laminar flow in this study.

1.302(z*) "3 —1 ,7* < 0.0005
Nu, = ¢ 1.302(2*)"Y% - 0.5 ,0.0005 < 2* < 0.0015 (2.14)
4.364 + 0.263(x*) %% exp(—412*) ,2*>0.0015

where z* = (z/D)/(RepPr) and represents dimensionless axial distance, and

Pr==—7"%= (2.15)
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with Pr is dimensionless Prandtl number.

A wide flow range from laminar to turbulent flow is investigated in this study.
In addition to laminar flow side, it is necessary to represent the equations used for
transition and turbulent flow. Due to the instabilities in these regions, mean values of
the heat transfer coefficient and Nusselt number are used instead of the local values.
The mean heat transfer coefficient, hp, for the entire test unit is defined as;
— mDL
n, — 4/(xDL) (2.16)
T,—Ty
Here, T, is average temperature of the thermocouples mounted on the test unit and T
is average of the inlet and outlet temperatures. The mean Nusselt number is defined

based on mean heat transfer coefficient acordingly.

Nup = hDTD (2.17)

Mean Nusselt number is calculated by Gnielinski correlation for laminar flow

(Equation 2.18) and validation study is done for DI water [70].
N N3 3 (N 5w 33
NUD = [NUDJ + 0.6° + (NUDQ —06) +NUD73 ] (218)

with the expressions as follows

Nup, = 4.354, (2.19)

Nups = 1.953{/RepPr(D/L) (2.20)

Nups = 0.924VPrv/Rep(D/L) (2.21)
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For turbulent flow, Gnielinski correlation (Equation 2.22) is used to validate the
mean Nusselt number of water [71].

~o . (F/8)(Rep — 1000)(Pr) (2.22)

P 127 /F8(Prs — 1)

where 2300 <Rep <10° and 0.5<Pr <2000 , the friction factor, f, is estimated by using
Petukhov equation (2.8)

2.4.1. Uncertainty Analysis

Uncertainty analysis of local heat transfer coefficient, Nusselt number and friction
factor is carried out [72]. Uncertainties in flow rate, temperature, thermal conductivity
and heat flux measurements cause an uncertainty in the heat transfer coefficient and
Nusselt number. In the calculations, the accuracy of the measuring devices given above

is used.

1/2

= | (O, 2+ O, 2+ O, 2+ Ohe )’ (2.23)
7= o T or, " OTi " ag" " '

The uncertainty of the heat flux, o4, is calculated based on Equations 2.24 and

2.25 as;

y o TG
g thL( ™m0

— Tos) (2.24)

1/2

od" 2 od" 2 od" 2
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Then, the uncertainty of the Nusselt number is defined by the following equation.
ONu, 2 ONu, 2 ONu, 2 ONu, 2
v =\ ) T\ ar, o) T\ e, 7t) T\ e 7

n ONwu, 2
ok "

1/2 (2.26)

In the Figure 2.8, the experimental uncertainties for the h, and Nu, under lam-
inar flow are shown to the 8% and 9%, respectively. Beyond the laminar region, the
uncertainties for the hp and Nup are calculated similarly and increase up to 10% and

11% respectively.

In addition to heat transfer, the uncertainty calculations for the pressure drop

and friction factor are performed by Equations 2.27 and 2.28. Results show that, the

18} h
X
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T
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x/D

Figure 2.8. Relative uncertainty of h, and Nu, along the test tube
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uncertainty of the pressure drop measurements for the range from laminar to turbulent

flow is below 2%, whereas friction factor is below 5%.

OAP \?_(0AP 2 o
op, 1 op, T '

oAP =

1/2

5, > [0 ?
<8AfPaAp) + (%a%) ] (2.28)

O'f:
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3. RESULTS AND DISCUSSION

3.1. Morphological Characterization

ESEM images are used for characterization of the dry graphene nanoparticles and
to evaluate their compliance with the manufacturer’s datasheet. While the particle sizes
observed in Figure 3.1 are consistent with the manufacturer’s specifications, some ag-
glomerations up to 5um among the graphene nanoparticles are observed. The method-
ology explained before is applied for the production of the graphene-water nanofluid.
After the dry graphene nanoparticles are dispersed into water, ultrasonic mixing is

applied to break these aggregates.

The STEM images of the dried nanofluids are presented in Figure 3.2, where it
can be observed that graphene flakes form loosely percolating structures with size of
these structures in the order of few micrometers. In addition to the STEM imaging,
DLS measurements are carried out. As two dimensional materials such as graphene
are approximated as spherical particles in DLS, intensity based size distribution are
reported in terms of diameters (d.nm) as presented in Figure 3.3. It can be observed
that the majority of the particles are around 600 d.nm, which is consistent with STEM

images. Besides, the z-average in DLS measurements that represents the intensity

Jet WO pb———{ S00nm

SE 70

Figure 3.1. ESEM images of dry graphene nanoparticles
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Figure 3.2. STEM images of graphene-water nanofluids for different mass

concentrations (a) 1%, (b) 0.5% with the scales 2um and 500 nm respectively

based cumulative average particle size is found to be 443 d.nm. Therefore, it can be
concluded that the applied ultrasonication time is sufficient for preventing the possible

aggregates in the nanofluid.
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Figure 3.3. Particle size distribution of graphene-water nanofluid by DLS

measurements
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3.2. Material Characterization

Raman spectrum of the graphene nano-flakes is shown in Figure 3.4. The range of
the spectrum is 100-2000 cm~! and it can be observed that the G and D peaks appear
at 1572 cm~! and 1341 ecm ™!, respectively. The location of the G peak indicates that
the graphene nano-flakes are comprised of few layers. The intensity ratio of the D and
G peaks (Ip/Ig) equals to 0.77, and this relatively high ratio suggests that some defects
might have occurred during the exfoliation of graphene nanosheets from the graphite.
Nevertheless, the quality of the graphene sheets used in the experiments appears to be

acceptable comparing the intensity ratio to those reported in the literature [65].
3.3. Stability Characterization
Stability assessment of the produced nanofluids is critical as stability is considered
to be one of the major challenges for industrialization of nanofluids. Zeta potential

measurements are used to assess the stability by diluting the nanofluid samples to
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Figure 3.4. Raman spectrum of the graphene nanosheets
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0.01% particle mass fraction. A study is carried out for determining the nanoparticle-
surfactant ratio required for achieving stable suspensions. The results of the study
are presented in Table 3.1 for 1% particle mass fraction, where it can be seen that
nanoparticle-surfactant ratio of 1-1 provides the highest stability. Therefore, this ratio
is used for preparing all nanofluids in this study. The measured zeta potential for
1-1 ratio is -39.2 mV, indicating that the suspension is stable. Moreover, long-term
stability is assessed by performing zeta potential measurements 20 and 30 days after
the production of the samples, and zeta potential is measured as -36.5 mV after 20
days and -32.8 mV after 30 days. These values resemble acceptable long term stability
considering the literature [55,73].

Table 3.1. Zeta potential values with respect to different nanoparticle-PVP ratios

Nanoparticle-PVP Ratio Zeta Potential (mV)
1-0.2 -29.6 +2%
1-0.5 -34.8 +2%
1-1 -39.2 £2%
1-1.5 -38.5 +2%

3.4. Rheological Characterization

Rheological behavior of the prepared graphene-water nanofluids is investigated
next. The viscosity measurements are validated by measuring the dynamic viscosity
of DI water at different temperatures. Dynamic viscosities of five different samples
with particle mass fractions from 0.1 to 2% are then measured. The measurements are
performed by increasing the shear rates from 375 to 1875 sec™! at 25°C and the average
of the measured viscosity values is reported as the viscosity of each concentration. The
relative viscosity (i, /pny) of the nanofluid is presented based on measured viscosity of

water. The relative and absolute viscosity with respect to particle mass fraction at 25°C
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is shown in Figure 3.5. The maximum relative viscosity increase is found to be 45% for
2%. The slope of the relative viscosity line changes significantly after 1%, where perco-
lation networks become more effective. Zheng et al. [74] reported that the percolation
threshold of the graphene nanofluids is around 1% particle fraction that is in agree-
ment with the results presented. The temperature dependence of the viscosity is also
investigated for a temperature range varying from 25 to 60 °C. The measured change
of absolute and relative viscosity with temperature is presented in Figures 3.6 and 3.7,
respectively. It can be observed that the absolute viscosity of the nanofluid decreases
with the increased temperature; whereas, relative viscosity remains almost constant.
This indicates that the temperature dependence of the graphene-water nanofluids is
due to the temperature dependence of base fluid’s viscosity, and changing tempera-
ture does not have a significant effect on the mechanisms affecting the viscosity of the
nanofluid. The change in thermo-physical properties due to Brownian motion depends
on temperature as discussed by Prasher et al. [75]; whereas, the percolation effect does

not vary with temperature as reported by Gupta et al. [38]. Considering these, it can
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Figure 3.5. Change of the viscosity with respect to the concentration at 25°C
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be concluded that percolation effects are more dominant than the effects of Brownian

motion for the graphene-water nanofluids investigated.

The viscosity of the nanofluids at different shear rates is analyzed for identify-
ing rheological characteristics. The relative viscosity change with respect to different
shear rates at 25°C is presented in Figure 3.8, where relative viscosity is measured by
gradually increasing the shear rates from 375 to 1875 sec™!. While Newtonian behav-
ior is observed for nanofluids with relatively lower particle concentrations (¢ <0.5%);
shear thinning behavior is observed for particle mass fractions above 0.5%. The non-
Newtonian behavior becomes more pronounced for the higher particle concentrations.
Wang et al. [76] studied graphene oxide-EG nanofluids with 0.5 to 2% particle mass
fraction and observed similar behavior at higher fractions. They explained this change
of the rheological characteristic by percolation networks. The viscosity decreases with
increasing shear rates; the relative viscosity of the 1.5% sample declines 4.8% as shear

rate increases from 375 to 1175 sec™!, whereas the decline is 1% as shear rate increases
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from 1175 to 1875 sec™!. It appears that relatively lower shear rates are enough to
disintegrate the loosely percolating structures observed in Figure 3.2 leading to a de-
crease in viscosity, and further increase in shear rates does not have a further significant
effect resulting in a milder decrease in viscosity. Similar observations are also valid for
nanofluids with 1 and 2% around the same shear rates. Moreover, the relative viscosity
values at higher shear rates presented in Figure 3.8 is in agreement with the predic-
tions of Batchelor [77] correlation that considers Brownian motion effects. Therefore,
it can be concluded that at lower shear rates the nanofluid is more viscous due to the
presence of both percolation and Brownian motion induced mechanisms, whereas, the
percolating structures disintegrate with increasing shear rates and viscosity increase is

due to Brownian motion induced effects.

Hysteresis is investigated next, by measuring viscosity by first gradually increas-

ing the shear rate from 375 to 1875 sec™!, and then reducing it gradually back to 375

sec™! at different temperatures. Figure 3.9 shows the change in the absolute viscosity
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of graphene-water nanofluids with different concentrations, at different temperatures,

with changing shear rates, both increasing and decreasing. The viscosity is approxi-

mately same for increasing or decreasing shear rates for 0.1% particle mass fraction

graphene-water nanofluid. Hysteresis in the viscosity can be observed at or above 50

°C for 0.5% particle mass fraction. Here the viscosity does not change with increasing

shear rate; whereas, it increases as the shear rate decreases beyond 900 sec™!, exhibit-

ing a shear thinning behavior. Similar behavior can be observed at or above 40 °C

for 1% and 1.5% particle mass fractions, with viscosity increasing once shear rate de-

creases from 1600 sec™! for 40 °C. The 2% particle mass fraction nanofluid exhibits

shear thinning behavior for both increasing and decreasing shear rates. However, the

shear thinning behavior is more pronounced for decreasing shear rates.
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3.5. Thermal Characterization

Thermal conductivity measurements are performed at 25 °C for all the samples
with different particle mass fractions. Thermal conductivity of water and EG are mea-
sured for validation prior to the thermal conductivity measurement of nanofluids. The
change of relative thermal conductivity (k,r/kys) of graphene-water nanofluids with
particle mass fraction is presented in Figure 3.10. It can be observed that the thermal
conductivity enhancement with respect to DI water monotonically increases from 22%
for 0.1% to 96% for 2%. It appears that the conductivity increase is relatively gradual
until 1% particle mass fraction is reached, where thermal conductivity increase is about

40%. This concentration appears to be the percolation limit, and thermal conductivity
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Figure 3.10. Relative thermal conductivity of graphene-water nanofluids at 25°C

increase accelerates exceeding this concentration due to increased effectiveness of the

percolation networks.
3.6. Thermophysical Property Comparison with Literature
The results presented are in the agreement with the literature as shown in Table
3.2, where summary of results of the current study is presented together with data
from literature.
3.7. Forced Convection in Nanofluids

3.7.1. Pressure Drop and Friction Factor

Pressure drop (AP) and friction factor (f) of graphene-water nanofluids with

0.025, 0.1 and 0.2% particle mass fractions are investigated for a Reynolds number
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Table 3.2. Thermo-physical property comparison of different graphene/surfactant

solutions in the literature

Thermal
Nanofluid / Viscosity
Author Concentration Conductivity
Surfactant Increase
Enhancement
Current
GnP-DW / PVP 0.1-2.0 wt% Up to 96% Up to 45%/
Study

GnP-EG / DOC 21%
[78] 0.001-0.5 vol% -

GnP-DW / DOC 16%

GnP-DW / CTAB 5.8% 6.9%

GnP-DW / GA 10.8% 116.9%

[43] 0.1 wt%

GnP-DW / SDBS 8.3% 7.4%

GnP-DW / SDS 1.4% 4.5%

(ND)Graphene- DW
[79] 0.01-0.06 wt% Up to 37% -
/ Triton X-100

[80] GnP-DW/SDBS 0.05-0.15 vol% Up to 49% Up to 47.1%
[81] GnP-DW / P123 0.1 wt% Up to 24.4% Up to 47%
[82] GnP-DO / OA 0.05-0.5 wt% Up to 68% -

range of 1400 to 4000. A validation study is carried out with DI water, and the
friction factor results are compared with Poiseuille (Equation 2.5), Blasius (Equation
2.7) and Petukhov (Equation 2.8) correlations. In the laminar flow, experimental
results of friction factor and Poiseuille correlation are in the agreement for DI water.
In turbulent region, friction factor measurements for DI water exceed the predictions by
Blasius correlation, but they are in close agreement with predictions by the Petukhov

correlation.

Measured pressure drop for a range of 1400 to 4000 Reynolds number is shown in

Figure 3.11. It increases with increasing particle concentration and flow rate. Ratio of



42

2500
® Exp. Water
A 0.025% wt ol
O 0.1% wt
2000f
O 0.2%wt E ‘?
—_ ---- Hagen-Poiseuille Correlation |
1
3 1
o 1500r A |
o I
= Low pressure |
© drop increase B@ i
3 . 1
@ 4000l 4 v ngh:pressure
e .' O dropjincrease
o |I o ‘ .r"".* :
I i
500} ," e :
B -
e i
- I I
. ! i N L N . 1 ) L] i N
% 1000 2000 3000 4000 5000

Reynolds Number

Figure 3.11. Pressure drop change for different concentrations and flow rates

the pressure drop of the nanofluids to that of water in the transition zone is significantly
higher than other regions. Chaotic fluctuations after smooth laminar flow might cause
a high loss here. Even though measured maximum pressure drop for the nanofluids
is 30% higher than water in the transition regime, the increase in the pressure drop
measurements are less than 10% for laminar and turbulent regimes. Therefore, working
with the graphene nanofluids are used operation within the in transition regime should

be avoided due to its high pressure drop.

Laminar, transition and turbulence regions of water and graphene-water nanoflu-
ids are seen clearly in Figure 3.12. In the laminar flow, friction factor decreases with
increasing Reynolds number. The friction factor decline trends for water and graphene
nanofluids are similar. The friction factor of DI water and nanofluid with 0.025% par-

ticle concentration is nearly identical through the laminar region, whereas it is higher
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for the nanofluids with 0.1% and 0.2% at a given Reynolds number. For water and the
nanofluid of 0.025% concentration, the increase in friction factor starts after around a
Reynolds number of 2450 and continues up to Rep 3150, where laminar to turbulent
transition takes place. It can be seen in Figure 3.12, the transition starts at smaller
Reynolds numbers for nanofluids with higher particle concentrations as agreement with
other studies [83-85]. The onset of laminar to transition flow and transition flow to
turbulence are determined by linear and nonlinear regression to the measured friction
factors, and listed in Table 3.3. Laminar to turbulence transition shifts to a lower
Reynolds number by ~4% for 0.1% particle mass fraction and ~7% for 0.2% particle
mass fraction while the early transition phenomenon is observed with an increase in
the concentration. The slope of increasing the friction factor with respect to Reynolds
number in the transition region is almost identical for water and all the nanofluids
tested. Friction factor of DI water and the nanofluid with 0.025% mass concentration

starts to decrease after Rep ~3150 whereas the corresponding Reynolds number is
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Figure 3.12. Friction factor change trends for laminar, transition and turbulent flow
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Table 3.3. Approximate onset of the transition and turbulence regimes in terms of

Reynolds number according to pressure drop measurement

Onset of Transition Onmnset of Turbulence
Sample
(ReD) (ReD)
Water 2475 +£50 3150 +£65
0.025% nf 2435 +50 3125 +65
0.1% nf 2385 +£50 3010 £60
0.2% nf 2315 445 2990 +60

about 3000 for 0.1% and 0.2% nanofluid. Hence, the transition takes place for the
nanofluids of 0.1% and 0.2% is shorter than water and nanofluid with 0.025% particle
mass concentration. One possible reason of the early transition is extra disturbance
caused by the graphene nanoparticles in denser nanofluids [86]. Beyond Rep=3200,
friction factors for all samples decreases with increasing Reynolds number with similar

trends and the flow in the pipe turns to fully turbulent.

3.7.2. Heat Transfer Coefficient and Nusselt Number

Convective heat transfer performance of the graphene-water nanofluids is inves-
tigated for nanofluids with 0.025, 0.1 and 0.2% particle mass fractions focusing on
transition from laminar to turbulent flow. Validation studies are carried out for DI wa-
ter before testing nanofluids, by comparing measurements with predictions of Shah and
London [69] and Gnielinski [70] correlations for laminar flow, and Gnielinski correla-
tion [71] for turbulent flow. The experimental measurements are in the agreement with
predictions based on correlations as seen in Figures 3.13 and 3.14. It should be note
that the laminar regime in this study has hydrodynamically developed and thermally

developing characteristics, whereas the flow is fully developed in turbulence region.
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Experiments are carried out for a range of Reynolds numbers and with three
different nanoparticle concentrations to investigate the flow rate and concentration ef-
fects on heat transfer in different flow regimes. For the laminar flow, local heat transfer
coefficient of graphene-water nanofluids is measured in various flow rates and shown
for Rep=1400 and 1950 (£ 50) in Figure 3.15. It is observed that local heat transfer
coefficient, h,, of both water and graphene nanofluids increase with flow rate, and par-
ticle concentration. Local heat transfer coefficient enhancement for the particle mass
concentrations of 0.025, 0.1 and 0.2% at different axial locations and Reynolds numbers
is shown in Table 3.4. Since increase in heat transfer coefficient is nearly same for given
concentrations at x/D=120 and z/D=240, it can be argued that the flow is hydrody-
namically fully developed after x/D=120, but it is still thermally developing. Also,
local heat transfer coefficient enhancement depends on the concentration in laminar
flow rather than flow rate considering the measurement precision. In order to better un-

derstand the effective heat transfer mechanisms under laminar flow, mean heat transfer
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Figure 3.15. Local heat transfer coefficient of graphene-water nanofluids for 0.025, 0.1

and 0.2% mass concentration at Rep~1400 and Rep~1950
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Table 3.4. Local heat transfer coefficient increase of graphene-water nanofluids for

Rep~1400 and 1950 at x/D = 120 and z/D = 240

For x/D=120
0.025 wt% | 0.01 wt% | 0.2 wt%
Rep=1400 3.6% 12.1% 15.4%
Rep=1950 2.5% 8.1% 15.2%
For x/D=240
0.025 wt% | 0.01 wt% | 0.2 wt%
Rep=1400 3% 11.2% 14.8%
Rep=1950 3.6% 12.8% 17.4%

coefficient, hp), is also investigated at a Reynolds number of 1400 and 1950. Mean heat
transfer coefficient enhancement for 0.025, 0.1 and 0.2% particle mass fraction is 7.3,
17.2 and 22.7% at Rep=1400 and 7.2, 17.6 and 22.8% at Rep=1950, respectively.

Therefore, the enhancement in convective heat transfer coefficient is largely due to the
enhancement in thermal conductivity for laminar flow (Figure 3.16). The effect of the
thermal conduction on heat transfer can be seen more clearly in Figure 3.17. Similar
with the local heat transfer coefficient enhancement, local Nusselt number values also
do not change significantly in different concentrations, but change with different flow

rates.

Heat transfer in laminar to turbulence transition is investigated next, by fur-
ther increasing the Reynolds number from 1950 to 4000. Figure 3.18 illustrates the
mean heat transfer coefficient, hp, change of graphene-water nanofluids with respect
to Reynolds number. In addition, the mean heat transfer coefficient change trends for
laminar, transition and turbulent flow regimes are shown in Figure 3.19. For laminar
flow, mean heat transfer coefficients of all three nanofluids show parallel trends, slightly
increasing with Reynolds numbers nearly from 1400 to 2200. But, the heat transfer

behavior of water and graphene-water nanofluids begins to change beyond Rep a2200.
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Figure 3.16. Relative thermal conductivity and viscosity of graphene-water nanofluids

for 0.025, 0.1 and 0.2% mass concentration

The approximate onset of the laminar to turbulent transition and turbulent flow are
listed in Table 3.5. Transition is observed at lower Reynolds numbers with increasing
concentration as it is seen in Table 3.5. There is a dramatic increase in mean heat
transfer coefficient of DI water at around a Reynolds number of 2450, and mean heat
transfer coefficient converges to Gnielinski correlation (2.22) nearly at 3150 as it is
consistent with the friction factor results (Table 3.3). Even though the transition takes
place earlier than water and the observation is in the agreement with the studies in
the literature [84,87,88], transition observed relying on the heat transfer measurements
is at lower Reynolds numbers for tested nanofluids than those reported by relying on
the friction factor measurements. The onset of the laminar to transition regime for
the nanofluids with 0.025, 0.1 and 0.2% particle mass concentrations are around at a
Reynolds number of 2370, 2250 and 2200 in the heat transfer measurements, whereas
it is 2435, 2385 and 2315 in the friction factor measurements, respectively. It means

that mean heat transfer coefficient for the graphene-water nanofluids begins to increase
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Table 3.5. Approximate onset of the transition and turbulent flow regimes in terms of

Reynolds number according to heat transfer measurements

Onset of Transition Onmnset of Turbulence
Sample
(Rep) (Rep)
Water 2440 +50 3160 +65
0.025% nf 2370 £50 3155 +65
0.1% nf 2250 +45 3020 £60
0.2% nf 2200 +45 2970 +60

significantly before transition flow which is determined in the friction factor measure-

ments. On the other hand, the onset of the turbulent flow is almost same for heat
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Figure 3.17. Local Nusselt number of graphene-water nanofluids for 0.025, 0.1 and

0.2% mass fraction
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transfer measurements as accordance with friction factor measurements. One reason
of the early transition phenomenon is the addition of the solid particles into the base
fluid. After graphene-water nanofluids are prepared by adding graphene nanoparti-
cles into water, the nanoparticles disturb and fluctuate the flow during the circulation.
Therefore, inertia forces become more effective with the introduced fluctuations at ear-
lier. Moreover, the viscosity of the nanofluids is higher than the base fluid (Figure
3.16). This leads the nanofluid have lower Reynolds number than its base fluid at a
given flow rate and the transition takes place earlier in terms of Reynolds number. The
experimental results are checked for water and nanofluids at a given flow rate, and it is
observed that Reynolds number decreases with concentration. But, the decrease rate
due to viscosity is much lower than the decrease in the onsets. Hence, nanoparticle

addition is more solid explanation regarding early transition.
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nanofluids with 0.025, 0.1 and 0.2% mass concentration for laminar, transition and

turbulent flow

The effect of thermal conduction begins to diminish after transition regime. In
Figure 3.20, the Nusselt numbers of the nanofluids are very close to each other due
to the heat conduction, whereas the increase in mean Nusselt number starts to be
observed as the convection mechanism increases the heat transfer significantly in higher
Reynolds number. The mean heat transfer coefficient enhancement for the nanofluid
with 0.025% concentration becomes more pronounced beyond a Reynolds number of
3100 and maximum enhancement is 11% at Rep=3200. Also, the nanofluids with 0.1
and 0.2% particle mass fractions reach the early turbulent state around Rep=3000.
The maximum augmentation in the mean heat transfer coefficient is 30% and 36% for
the nanofluids with 0.1 and 0.2% fraction at a Reynolds number of 3950, respectively.
The results are in agreement with the literature [53,56]. Thermal conduction might

have the key role for explaining the heat transfer mechanisms in here. It is stated
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Figure 3.20. Mean Nusselt number change of graphene-water nanofluids for 0.025, 0.1

and 0.2% mass concentration

before, graphene nanoparticles create percolation chains in the nanofluids and increase
the thermal conductivity. In the steady-state laminar flow conditions, percolation
chains might keep their formations and create local zones where thermal conduction
dominates the heat transfer enhancement. Beyond laminar region, the instabilities
and random fluctuations in the flow break the percolation chains and decrease the
conduction effect. Eventually, convective mechanisms such as thermophoresis leads to
enhance the heat transfer rather than thermal conduction in the turbulent flow [89],

and heat transfer increases much more than laminar flow.

In order to investigate the heating effects on the structure of the graphene-water
nanofluids, viscosity of the nanofluids is measured before and after the experiments.
The measurements are performed in the temperature range of 25 to 50 °C, repeated

three times, and the average values are calculated. The maximum change in the relative
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viscosity before and after the tests is seen as less than +2%. Hence, the structure of

prepared nanofluids are not affected from heating process significantly.
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4. CONCLUSION AND FUTURE WORK

4.1. Conclusion

A preparation recipe for graphene-water nanofluids is developed and thermo-
physical properties of produced nanofluids are investigated for a particle mass fraction
range of 0.025-2%. The nanofluids are prepared using two-step method, using mechan-
ical and ultrasonic mixing, and PVP with surfactant-nanoparticle mass ratio of 1-1 to
achieve stable suspensions. Particle size and aggregation level of the purchased dry
graphene nano-flakes are characterized by ESEM images, and Raman spectroscopy is
used to identify the graphene nano-flakes. Temporal zeta potential measurements are
also performed for determining the stability level over a period of 30 days and DLS
measurements are used to identify the mean particle size. Moreover, STEM imaging
is used for dried nanofluids for morphological investigation. The rheological behavior
is measured using cone-plate rheometer at different temperatures and shear rates, and

thermal conductivity is measured using transient hot wire thermal analyzer.

It is observed that the nanofluids produced with the developed recipe are sta-
ble up to 30 days based on Zeta potential measurements. Dynamic viscosity of the
prepared nanofluids is measured in the range of 0.1-2% particle mass fraction. The
maximum viscosity increase with respect to base fluid is 45% for 2% concentration
and amount of the increase in viscosity ascends after 1%. Moreover, the produced
graphene-water nanofluids exhibit Newtonian behavior for lower particle mass frac-
tions (<1%) and shear thinning behavior is observed for higher particle concentrations
(>1%). Besides, the shear thinning behavior is more pronounced for higher temper-
atures. It was identified that the shear thinning behavior is due to disintegration of
the percolating structures that are observed in STEM images. A hysteresis behavior
is also observed for viscosity; nanofluids with relatively higher particle concentration
and at higher temperatures exhibit more pronounced shear thinning behavior for ex-

periments with decreasing shear rates, rather than increasing. Significant increase in
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thermal conductivity with respect to that of base fluid is observed for the produced
nanofluids. The nanofluid with 0.1% and 2% particle mass fraction exhibits 22%, and

98% increase in thermal conductivity, with respect to that of the base fluid.

Forced convection in graphene-water nanofluids is investigated for 0.025, 0.1 and
0.2% particle mass concentrations. Experiments are carried out for a Reynolds number
range of 1400 to 4000 by focusing on the transition flow regime. Pressure drop and
friction factor change are measured by two pressure transducers that are placed to the
inlet and outlet of the test pipe. Studied nanofluids show similar friction factor increase
trend in the transition region. Also, pressure drop increase in the studied nanofluids
do not exceed 10% with respect to the water in the laminar and turbulent flow, but
it increases up to the 30% within transition regime. The convective heat transfer per-
formance of the graphene-water nanofluids is also investigated. The study is done at
laminar, transition and turbulent regions in order to understand the effective mecha-
nisms on the convective heat transfer. In laminar region, local heat transfer coefficient
enhancement for given nanofluids at #/D=120 and 2/ D=240 roughly does not change
with Reynolds number. Besides, thermal conduction enhancement mechanisms domi-
nates the heat transfer enhancement and all nanofluids have similar Nusselt number for
given Reynolds numbers and axial locations, whereas increase in the mean heat transfer
coefficient is about 7, 17 and 22%. Then, it is observed that transition from laminar
flow for the graphene-water nanofluids in the concentration range studied shifts to the
lower Reynolds numbers. The transition relying on the heat transfer measurements
begins at lower Reynolds numbers than measurements relying on the friction factor.
It means that increase in the mean heat transfer coefficient for nanofluids starts just
before the transition flow. By relying on the heat transfer measurements, the mean
heat transfer coefficients of the nanofluids with 0.025%, 0.1% and 0.2% particle mass
concentrations increase significantly after at a Reynolds number of 2370, 2250 and
2200, respectively, whereas it is about 2450 for DI water. For the nanofluids of 0.1 and

0.2% concentrations, the enhancement in the mean heat transfer coefficient is observed
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after around a Reynolds number of 3000. Furthermore, prepared nanofluids exhibit
maximum 36% mean heat transfer coefficient enhancement for 0.2% particle mass con-

centration at a Reynolds number of 3950.

In conclusion, graphene-water nanofluids provide an outstanding heat transfer
enhancement by creating percolation structures. Hysteresis phenomenon is observed
in high concentrations and temperatures. Also, pressure drop increase is relatively
low in the laminar and turbulent regime, whereas it is higher in the transition flow.
Therefore, it should not be preferred to work with graphene-water nanofluids in the

transition region as it causes the relatively high pressure drop and pumping power.

4.2. Recommendations for Future Work

Considering the observed stability, significant increase in thermal conductivity
that exceeds the viscosity increase; graphene-water nanofluids have a significant po-
tential for thermal management or energy system applications. Further experimental
studies should be carried out to identify the effective heat transfer mechanisms beyond
laminar flow regime, and microscopic modeling must be utilized to further validate
the hypothesis outlined explaining the hysteresis observed and the shear thinning be-
havior. Also, applications such as direct absorption solar systems, electronics and ve-
hicle thermal management might be deeply investigated by using the graphene-water

nanofluids.
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APPENDIX A: ESEM IMAGES OF DRY GRAPHENE
NANOPARTICLES
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Figure A.1. ESEM images of dry graphene nanoparticles in different scales
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APPENDIX B: STEM IMAGES OF GRAPHENE-WATER
NANOFLUIDS
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Figure B.1. STEM images of graphene-water nanofluids with the particle mass

concentration of 0.1% in different scales
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Figure B.2. STEM images of graphene-water nanofluids with the particle mass

concentration of 0.5% in different scales
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Figure B.3. STEM images of graphene-water nanofluids with the particle mass

concentration of 1% in different scales
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APPENDIX C: CONVECTIVE HEAT TRANSFER DATA
SET FOR WATER AT A REYNOLDS NUMBER OF 1400

The values used in the convective heat transfer calculations for DI water at a

Reynolds number of 1400 are listed in Table C.1. Local heat transfer coefficients and

local Nusselt numbers calculated from the values in Table C are shown in Table C.2.

Table C.1. The parameters used in the heat transfer calculations for water

at Rep=1400
Parameter Value Unit
Pipe Inside Diameter 0.006 m
Density 993.56 kg/m3
Dynamic Viscosity 0.0007 kg/m.s
Specific Heat 4180 J/kg. K
Thermal Conductivity 0.625 W/m.K
Volume Flow Rate 4.64E-06 m3/s
Mass Flow Rate 0.00461  kg/s
Inlet Flow Temperature 26.59 °C
Outlet Flow Temperature 46.12 °C
Power Supplied to Heater 400 W
Heat Transferred to System 376.11 W
Heat Flux 13302.2  W/m?
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Table C.2. Measured wall and inlet temperatures, and local heat transfer coefficients

along the test pipe for DI water at Rep=1400

/Dy Tx | Tmi | Tm(x) | Experimental | Experimental
(°C) | (°C) | (°C) h, Nuy
10 39.18 | 26.59 | 27.37 1126.67 10.82
33.33 | 46.70 | 26.59 | 29.20 759.73 7.29
46.66 | 48.80 | 26.59 | 30.24 716.58 6.88
60 51.22 | 26.59 | 31.28 667.16 6.4
80 595.06 | 26.59 | 32.84 598.84 5.75
100 | 57.54 | 26.59 | 34.41 574.99 5.52
120 | 60.38 | 26.59 | 35.97 544.97 0.23
200 | 67.86 | 26.59 | 42.22 518.79 4.98
240 | 71.80 | 26.59 | 45.35 502.84 4.83






