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Symbol
PBHTC

S|/ T"T =

Abbreviations
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TEM
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Subscripts

nf
bf

Description

Pool boiling heat transfer coefficient
Thermal conductivity

Dynamic viscosity

Volume fraction
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Velocity

Base fluid
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1. Introduction

Conventional heat transfer fluids such as water, propylene glycol, ethylene glycol (EG),
and engine oil have been broadly utilized in many industrial applications [1]. The heat transfer
enhancement of these fluids can reduce the material cost, energy, process time, and size as well
as increase the lifetime of the device [2], [3], [4]. In heat exchange systems, one of the problems
is that the conventional heat transfer fluids have low thermal conductivity. The thermal
conductivity of these fluids can be enhanced by dispersing the solid particles in them [5]. The
study of the thermal conductivity of mixtures of solid particles and liquids was first developed
in the 19™ century when James Clerk Maxwell dispersed small particles into liquids [6]. Further
studies were conducted with millimeter, micro-sized particles, which enhanced the properties
of fluids [7]. However, the major problem with these particles was that they settled rapidly in
the fluids. Additionally, this caused a pressure drop (PD) and erosion of pipelines. These issues
may be resolved by using nano-sized particles [8]. Nano-suspensions are a new class of
nanotechnology-based heat-transfer fluids. First, aluminum oxide (Al>Os3) ultrafine particles
were dispersed into water by Masuda et al., and the thermal conductivity enhancement was 30
% [9]. Nanofluids, coined by Choi and Eastman [10] in 1995, are colloidal suspensions of
ultrafine metallic or nonmetallic particles in a base matrix host fluid. Some essential
requirements should be met, for example, steady-state suspension, low agglomeration of

nanoparticles, and the base fluid (BF) should be chemically unchanged [11].

The use of nanoparticles improves the thermal conductivity of fluids but increases their
viscosity as well, which causes an increase in pump energy [12]. This trade-off significantly
limits the industrial application of nanofluids in heat transfer systems. Like thermal
conductivity, the viscosity of nanofluids also depends on the size and shape of particles and
clusters [12]. Therefore, the combined investigation of viscosity and thermal conductivity is
essential. Numerous studies [9], [13], [14], [15] have addressed these challenges, yet there
remains a critical need for highly effective nanofluid formulations. Many investigations focused
primarily on nanofluid behavior without a comprehensive characterization of the nanomaterials

themselves, which limits the accurate interpretation and comparison of reported results [16].

My research aims to bridge this gap by meticulously investigating the interaction between
different material properties to develop nanofluids optimized for heat transfer applications. My
thesis provides an in-depth analysis of the thermophysical properties of nanofluids, with a

particular focus on thermal conductivity and viscosity. The research focuses on the influence
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of key factors: nanoparticle size, type, and concentration; nanofluid stability; the role of
stabilizers; and nanoparticle synthesis methods. In addition, my research investigates the pool
boiling heat transfer (PBHT) performance of the prepared stable nanofluid and conducts

numerical simulations using computational fluid dynamics (CFD) under turbulent flow

conditions.
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2. Literature review

2.1. Types of nanofluids

Nanofluids can be divided into two types: metallic nanofluids (metals: Au, Ag, Cu, Al, Fe;
metal oxides: Al,O3, CuO, Fe304, SiO,, TiO2, ZnO, etc.; carbides: TiC) and nonmetallic
nanofluids (graphite, diamond, single-walled carbon nanotubes (CNTs)/multi-walled carbon
nanotubes (MWCNTs), graphene, etc.) [17]. There are two primary methods to produce
nanofluids: the one-step method, by creating the BF and nanoparticles together, and the two-
step method, by creating the nanoparticles separately and then mixing them with the BF [18],
[19]. Nanofluids have some important characteristics for different utilizations, for example,
high heat conductivity, ultrafast heat transfer ability, good stability, and good lubrication. These
fluids can lower the friction coefficient by facilitating a rolling mechanism between contact
surfaces. Furthermore, the formation of a nanoparticle-rich protective layer on the solid
boundaries helps in reducing mechanical wear [20].

In 1999, Lee et al. [21] used Al2O3 and CuO nanoparticles in water and EG. They found
that thermal conductivity was linearly dependent on the volume fraction. In 2001, Eastman et
al. [22] dispersed nanometer-sized copper particles in EG, and the effective thermal
conductivity was much higher than the BF. Choi et al. [23] showed that non-metallic
nanomaterials, MWCNT, in water increased the thermal conductivity up to 160 % at 1 %
volume fraction. After that, much research on heat transfer fluids was performed with different
nanomaterials, such as aluminum [24], [25], [26], gold [27], copper oxide [28], CNT [29], [30],
silicon dioxide, and titanium dioxide [31]. While the influence of nanoparticle type on the
thermal conductivity of nanofluids is clear, the effect of particle size remains controversial [32].

The nanoparticles can be prepared by various techniques or by the combination of different
techniques, such as ball milling, chemical vapor deposition, and plasma treatment [33], [34],
[35]. Based on nanoparticles, there are two types of nanofluids: single material and hybrid or
composite nanofluids. The first type of nanofluid is traditional using a single kind of
nanoparticle dispersed into the BF. In the literature, there have been many studies reporting that
these nanofluids have more advantageous thermophysical properties than the BFs, such as
thermal conductivity and heat transfer coefficient (HTC) [36], [37]. Compared to the standard
nanofluid, hybrid nanofluids offer even more possibilities. Hybrid nanofluids are innovative
and novel types containing a mixture of more than one kind of nanoparticles suspended in BF

[38], [39]. In 2007 Jana et al. [40] were the first to investigate the CNTs, copper nanoparticles,

11|Page



gold nanoparticles, and their hybrids. They showed that the Cu/H>O nanofluids had the highest
enhancement in thermal conductivity, while the CNT-Cu/H2O had better stability than others.
2.2. Preparation of nanofluids

The preparation of nanofluids is the first and main part of the exploratory investigation of
nanofluids. It is not just a simple operation of mixing the nanoparticles into the BF. The
preparation requires some characteristics such as uni-dimensionality, physical and chemical
stability, and dispersibility [41], [42].

There are two types of nanofluid preparations, including the one-step method and the two-
step method [43]. In the first case, the production of nanoparticles and dispersion of
nanoparticles into BF are combined in one step, as shown in Figure 1. Physical vapor deposition
is the most used method, in which the nanoparticles are directly evaporated and condensed in
BF. In this way, they produce pure and uniform nanoparticles. As a result, the minimization of
the particle agglomeration is an advantage of the one-step synthesis technique. But strict
conditions are required for such a process. Additionally, the obtained nanofluids contain
residual reactants, and the cost is high. Eastman et al. [44] produced Cu nanofluids by
condensing Cu vapor directly with EG at low vapor pressure. Zhu et al. [45] prepared stable Cu
nanofluids via chemical reactions in which CuSO4.5H>0 was reduced with NaH2PO,.H20 in

EG under microwave irradiation.

reactant 2
V 4
. -3 & -
E Reaction Ea
Reactant 1 Nanofluid solution

Figure 1. Single-step method [46]

In the two-step method, the nanoparticles are prepared first and then dispersed into the BFs.
The volume of a nanoparticle is measured through its mass and density. The two-step
preparation process [47] is very popular in research articles as the most convenient process for
the production of nanofluids because of its simplicity. Stabilization and proper mixing are
required to get nanofluids with homogeneously dispersed nanoparticles due to the strong van

der Waals force among nanoparticles. The most common technique is shown in Figure 2.
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Dispersant
addition

Nanoparticles * / \

f . !
- )
\ mixing /

Basefluids \ / |

Ultrasonication

Figure 2. Two-step preparation process of nanofluids

it

A higher shear mixing or ultrasonic sonication is mostly used to homogenize nano-powders
with BFs. In order to reduce particle agglomeration, the intensive use of ultrasonication or
stirring is required. In most research articles, water is used as BF. Zhang et al. [48] used the
two-step method to prepare the TiOz/water nanofluids by adding pH stabilizing agent
(tetramethylammonium hydroxide) and surface-modifying agent (3-
aminopropyltriethoxysilane). Jia et al. [49] produced graphene nanofluids with water and
stabilizing agent carboxyl methyl cellulose using ultrasonic vibration. Alberola et al. [50] used
halloysite to prepare the halloysite/water nanofluid by sonication and improved its stability by
setting pH = 12. Hashemi and Noie [51] prepared the MWCNT/water nanofluids from MWCNT
nanoparticles and Gum Arabic (GA) and then sonicated them for 120 min. Yu et al. [52]
exhibited a chemical method for producing graphene oxide nanosheet-based nanofluids.
Graphene oxide was first exfoliated in anhydrous ethanol, after which the collected
nanoparticles were dispersed in EG without additional agents. Agresti et al. [53] dispersed the
silica nanoparticles of spherical shape in distilled water, and then the nanofluids were obtained
by ultrasonication. Similarly, Nabil et al. [15] prepared the hybrid nanofluids from TiO> and
Si0; nanoparticles and a water/EG mixture. Park et al. [54] and Ghozatloo et al. [55] produced
graphene nanosheets by using chemical vapor deposition to develop the graphene nanosheets
on copper foil by catalytic decomposition in a quartz tube heater system. With the reflux system
and potassium persulfate, the functionalization of graphene took part, and after that, it was
mixed with water. Then, it was homogenized in the ultrasonic bath for one hour to produce the
graphene nanofluids. With other BFs, Agarwal et al. [56] prepared graphene—kerosene
nanofluids with oleylamine as a stabilizing agent by the two-step process. Luo et al. [57] used
this technique to produce graphene oxide nanofluids of oil and water, while Su et al. [58]

worked with n-butanol alcohol aqueous solution.
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2.3. Stability of nanofluids

Nanofluids are able to lose their potentiality to transfer heat for the reason that
nanoparticles have a tendency of coagulation involving electrical double-layer action, steric
action, and van der Waals forces [59]. Balancing the competing interactions supports
nanoparticle dispersion and prevents clustering and aggregation. Meanwhile, agglomeration
was investigated as a factor that increases the thermal conductivity of nanofluids. As a result,
the investigation of a stable and homogeneous nanofluid is an unavoidable and great challenge

for nanofluid preparations.
2.3.1. Stability mechanisms

The stabilization of nanofluids is the most urgent concern, as it ensures that nanoparticles
remain dispersed without significant agglomeration over time. The reason for the
agglomeration of the nanoparticle is that nanoparticles in nanofluid are able to attach together
as a result of the attractive force against the repulsive force. Specifically, van der Waals forces
promote attraction, while electrical double-layer forces provide repulsion. Also, the random
Brownian motion of nanoparticles increases their chances of encountering and attaching to each
other [60]. When attraction prevails over repulsion, two nanoparticles will collide, and
nanoparticles tend to agglomerate in clusters. In contrast, if nanoparticles have stronger
repulsion than attraction, then nanofluids will exist in a steady state. Accordingly, the
enhancement of repulsive force can ensure keeping nanofluid in a steady state and prevent
nanoparticle agglomeration. As specified by the repulsion kinds, the fundamental mechanisms

are divided into two kinds: steric stabilization and electrostatic stabilization [61], shown in

(a) (b)

. + A 3 ,&
Figure 3. Electrostatically and sterically stable nanoparticles (a: electrostatic stabilization,
b: steric stabilization) [62]
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For steric stabilization, macromolecules (polymers, surfactants) are involved in the
colloidal system. They will be grafted to the surfaces of the particles, producing an additional
steric repulsive barrier to prevent the particle from coming close to each other [63], [64]. For
instance, Askari et al. [65] grafted oleic acid on the surface of Fe3Os-decorated graphene
nanoparticles by chemisorption, and the nanofluids had good stability for more than five
months. Graphene nanofluids are very stable on account of the protective role of oleylamine,
as it prevents the growth and agglomeration of nanoparticles by the steric effect. This effect of
stabilizing agents is determined by their concentration. Agarwal et al. [56] found that for
maximum stabilization of the nanofluid, a mass ratio of oleylamine to graphene of 0.6 was the
optimal value, and the nanofluids were stable for up to 60 days. Pavithra et al. [66] used
polyvinylpyrrolidone nonionic-dispersant to increase the stability of CuO nanofluids for more
than one week. Bach et al. [67] grafted poly(methyl methacrylate) chains onto the surface of
Fe304 nanoparticles. The steric repulsive force between these chains increased the stability of
the nanofluids with organic solvents. The nanocomposite content only decreased slightly, even
after centrifugation.

For electrostatic stabilization, the existence of surface charge or Coulomb repulsion is a
major source of stabilization. Electrostatic stabilization is developed through the following
mechanisms: preferential adsorption of ions, the isomorphic substitution of ions, dissociation
or physical adsorption of surface-charged species, and accumulation or depletion of electrons
at the surface [68], [69]. Electrostatic interactions are pH-sensitive way [70]. Therefore,

electrostatic stabilization is limited to use.
2.3.2. Stability enhancement procedures

Various methods are used for obtaining stable nanofluids, including physical methods (e.g.,
mechanical agitation, stirring, and ultrasonic vibration) or chemical treatment (e.g., the addition
of agents, pH control). Nanofluid stability is directly related to the electrokinetic properties.
Consequently, pH control can increase stability due to strong repulsive forces. The pH can
control the van der Waals and electrostatic forces. For instance, acid treatment can improve the
dispersibility of graphene in BF and enhance the thermal conductivity of graphene nanofluids
[71]. Yarmand et al. [72], [73] studied the functionalized graphene-based nanofluids from a
simple acid treatment reaction procedure, and the nanofluids were stable for many days without
sedimentation. Zhang et al. [74] performed a study on the effects of pH on the stability of
TiOz/water nanofluids. They found that the nanofluids were more stable when pH was far from

the isoelectric point, and pH = 12 gave the optimal stability of the nanofluids. Vallejo et al. [75]
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investigated the effect of various pH values of graphene nanofluids in a propylene glycol-water
mixture and observed that the absolute values of zeta potential (ZP) were higher than 30 mV
for samples with pH values above 6, such as at pH = 8 ZP was lower than -40 mV. With the
same method, Alberola et al. [S0] showed that the suitable pH value for halloysite nanofluids
of water is 12. It was found that ZP reached a zero value at pH = 3.5 and -39 mV at pH = 12
because the silica was located on outer surface and its isoelectric point was 2.

Utilizing stabilizing agents in the two-phase systems is an economical and easy way to
make the nanofluids in a steady state. Stabilizing agents are able to decrease the surface tension
of BFs and raise particle immersion. In the case of surfactant, stabilizing agents could consist
of a hydrophobic tail portion, e.g., a hydrophilic polar head group and a long-chain
hydrocarbon, which could help to modify hydrophobic materials to enable dispersion in an
aqueous solution. Based on the composition of the surfactants, they can be divided into four
types: anionic (negatively charged groups: alkyl sulfates, phosphates, and sulfonates), cationic
(positively charged groups: quaternary ammonium compounds and protonated long-chain
amines), nonionic (neutral charge groups: alcohols, polyethylene oxide) and amphoteric
surfactants (pH dependent charged groups). In literature, for various kinds of nanofluids, some
types of stabilizing agents were utilized, such as sodium carboxymethyl celluloses (SCMC)
[49], oleylamine [56], sodium dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate
(SDBS) [76], Tween 80 (T80), acumer terpolymer [77], sodium deoxycholate (NaDC) [78],
Triton X-100 (TX) [79], GA, cetyltrimethylammonium bromide (CTAB) [76]. Nevertheless,
using stabilizing agents also affects the thermophysical characteristics of the nanofluids in many
ways due to the fact that stabilizing agents are cross-linked in solvents and molecules of solvent
[80]. It should be noted that this technique cannot be useful for nanofluids acting at high
temperatures, typically above 100 °C, as a result of damage to the bonding between the
nanoparticle and stabilizing agents. Stabilizing agents may produce foams while heating.
Furthermore, stabilizing agents can extend the thermal resistance of the nanofluids because the
stabilizing agents attach to the nanoparticle surfaces [81]. These restrictions are able to limit
the enhancement of the effective thermal conductivity.

The surface modification technique is an agent-free technique that can deliver better
nanofluid stability for more than one day. A lot of researchers utilized such modification
techniques. Myekhlai et al. [82] presented work on the production of graphene and silver
nanoparticles composite by adding silver to the surface of graphene. It was noted that the
combination of silver and graphene in the composite material considerably improved the

thermal conductivity of BF, and the specific surface area was enhanced. Sen et al. [83] modified
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the surface of TiO> nanoparticles with monolayer coverage of propyl sulfonate functional
groups. They found that the modified TiO; nanofluids were more stable with TiO; loadings up
to 50 wt%. Similarly, Hosseini et al. [84] modified the surface of TiO2 nanoparticles with N-
(2-aminoethyl)-3-aminopropyltrimethoxysilane as a coupling agent and then dispersed in a 10
wt% salt concentration to obtain the stable nanofluids. Fahad et al. [85] used oleic acid to
modify the surface of TiO> and AlO3 nanoparticles and, from the obtained nanoparticles,
prepared the hybrid nanofluids with base oil. Yarmand et al. [72], [73] increased the stability
of nanofluids by introducing the hydroxyl and carboxyl function groups onto the graphene
surface. With the same purpose, Mehrali et al. [86] prepared nitrogen-doped graphene by a
hydrothermal process with graphene oxide as a raw material in an ammonia solution. Grinding
can be utilized to significantly enhance the dispersibility property in BF water [71].

After the nanofluid preparation, agglomeration can occur over time, which causes rapid
sedimentation of the particles as a result of the enhancement of downward body force. The
physical techniques used to promote the stability of nanofluids are stirring, mechanical
agitation, and ultrasonic vibration. Several researchers have used mechanical stirring
techniques, where the working BF was water [87], [88], [89]. Many authors have studied the
use of ultrasonic vibration to disperse and suspend in many BFs. For instance, Amin et al. [90]
studied the importance of sonication time on the stability of nanofluids. It was found that the
ultrasonication time of 60 min gave the best stability of MWCNT nanofluids.

The stability of nanofluids has been a main and challenging problem so far. This limits the
utilization of nanofluids in heat transfer applications. Thus, further investigation is required to
obtain optimum methods to enhance the thermal and chemical stability of graphene nanofluids
on the optimum basis, surface modification techniques of nanoparticles, and the use of various

stabilizing agents.
2.3.3. Stability evaluation methods for nanofluids

Stabilization of nanofluid can be estimated through measurement of the exact amount of
the settled and suspended nanoparticles in BF over time. There are eight different methods to
study the stabilization of nanofluids as follows: UV—Vis spectrophotometry, ZP, sedimentation
photograph capturing, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), sedimentation balance method, 3 method, centrifugal dispersion analysis,
and thermal conductivity.

In a nanofluid, ZP is the difference of potential between the stationary sheet of BF grafted

to the nanoparticle and BF, shown in Figure 4. The electrical potential is considered as ZP that
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is associated with the repulsive force between neighboring, analogously charged nanoparticles
in the suspension system. Therefore, nanofluids having low ZP will gradually coagulate, while

nanofluids with high ZP (positive or negative) are known as electrically stabilized.

Surface charge (negative)

Stern layer
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Figure 4. Definition diagram of ZP [91]

Nanofluids are believed to have good stabilization with ZP between 30 and 60 mV (see
Figure 5). Nanofluids with ZP higher than 60 mV are known to have excellent stabilization
[92]. Many researchers, such as those in studies [49], [93], have utilized ZP to study the stability
of nanofluids, partly because it allows for quick and easy determination of the electrostatic
repulsion between particles, which is crucial for preventing agglomeration. For example, Vakili
et al. [94] utilized this method for graphene nanofluids, and Zainon et al. [95] also utilized it
for Si02-Ti10; hybrid nanofluids. With this method, Alberola et al. [50] determined the optimal
pH, which was 12, for halloysite nanofluids.

Positive zeta potential

STABLE
+30mV
.................. OmV . % NOT STABLE
NAT— -30mv,
STABLE

Negative zeta potential

Figure 5. Scheme for ZP of stable and unstable dispersions [96]

Sedimentation method is the most elementary and simplest technique to evaluate the
stability of nanofluids [97]. The sediment amount is an expression of the stabilization of the

characterized nanofluids under an external force field to start the sedimentation of
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nanoparticles. When the concentration or particle size of the supernatant particles remains
constant over time (the time frame is often day), the nanofluids are generally considered to be
stable. Wang et al. [98] used the principle of this technique in their own experimental setup for
measuring the stabilization of the graphene nanofluids. With the use of a camera, Wei et al. [99]
took pictures of the nanofluids within 24h after preparation.

TEM is used to discover particle size distribution and particle agglomeration of nanofluid,
while surface structures can be studied effectively by using SEM. The effect of surfactant and
polymer addition on the dispersion of Cu-Zn-Al LDH nanofluid was studied by Chakraborty et
al. [100]. They reported stability based on TEM and SEM that were highly correlated with ZP
and sedimentation measurement.

Another technique known as sedimentation balance can also be used to measure the
stability of the nanofluid. The balance tray is immersed in the fresh nanofluid, then the mass of
sediment nanoparticles is measured over a given period. This method was used by Zhu et al.
for the stability of suspensions of graphite nanoparticles [101].

The three-omega technique can be used to determine the colloidal stability of nanofluid.
The thermal conductivity improvement caused by nanoparticle sedimentation over a broad
nanoparticle volume fraction range can be used to evaluate it. Oh et al. [102] used this method
for the stability measurement of Al>O3 nanofluids based on water and EG.

Spectral absorbance analysis via UV—Vis spectrophotometer is another efficient way to the
evaluation of the stability of the nanofluids. Generally, there is a linear relationship between
the concentration of nanoparticles in fluid and the absorbance intensity. In some cases, the
sample must be diluted before measurement [103]. The advantage of this method compared to
other methods is that UV—Vis spectroscopy can give a concentration of nanofluids. Many
researchers analyzed the stability of nanofluids by measuring the UV—Vis absorption after
different sediment intervals (see Figure 6) [76], [104], [105]. This approach involves
monitoring how the absorbance changes over time as particles settle out of suspension. A
decrease in absorbance over time indicates that the nanoparticles are aggregating or settling,
which suggests instability in the nanofluid. Conversely, stable nanofluids show little to no
change in absorbance, indicating that the nanoparticles remain well-dispersed. By comparing
absorbance readings at different time intervals, researchers can determine the stability of the
nanofluid and conclude whether it maintains its dispersion properties or if sedimentation occurs,

which would reduce its effectiveness in applications.
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Figure 6. UV-Vis spectra of graphene nanofluids before and after using the nanofluid in the
testing cycle duration of 1 week [106]

There are other methods, such as applying centrifugation, observing the amount of
sedimentation after a period of time, and investigating the change in thermal conductivity of
the nanofluid after a certain time.

2.4. Applications for nanofluids

Different types of nanofluids have been used for a large range of engineering applications,
such as heat pipes, sensors, micro-mini-channels, clean energy devices, heat sinks, composite
materials, automobiles, medicine, cosmetic, air-conditioning, refrigeration, solar energy device,

lubricants, and coolants as shown in Figure 7.
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Figure 7. Application of nanofluids [107]
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Due to the rapid development of modern technology, recent electronic devices with more
compact dimensions generate a tremendous amount of heat. This reduces the normal efficiency
of advanced electronic devices and reduces expected life and reliability. Thus, reliable thermal
management is essential for the good working of electronic devices. Generally, heat removal
can be improved with two approaches: finding an optimum geometry of cooling devices and
increasing the heat transfer capacity. Ali and Arshad [108] used graphene nanofluids with pin—
fin heat sinks. This contributed to a striking advancement in active cooling technology with
graphene/water nanofluid. The integral fin heat sink with graphene nanofluid is appropriate for
electronic devices that dissipate the maximum heat flux around 50 kW/m?. Xia et al. [109] used
TiO2/water and AlOs/water nanofluids to perform the comparison of the heat transfer
performance of a fan-shaped micro-channel heat sink with the rectangular micro-channel one.
Al,Os/water nanofluids gave higher heat transfer enhancement than TiOz/water nanofluids,
although TiOz nanofluids have better thermal conductivity.

The heat pipe, a two-phase thermal transfer device, is explored with different coolant
mediums as an active and passive cooling technology. The different nanomaterials such as
silver, graphene oxide, and TiO: in a miniature loop heat pipe, oscillating heat pipe, wick, and
grooved heat pipe have been studied and have obtained remarkable improvement in thermal
transfer efficiency [79], [110], [111], [112]. Additionally, it is believed that the
functionalization of graphene nanoparticles may present various impacts on the heat efficiency
of the heat pipe.

Heat management of automotive engines has an impact on the efficiency of vehicles both
indirectly and directly as it influences motor efficiency, fuel utilization, human comfort,
emissions, component life, maintenance, and vehicle quality. The effective cooling of motors
utilizing nanofluids has been investigated by different researchers. Amiri et al. [113] used
crumpled nitrogen-doped graphene with water—EG mixture, and Sahoo et al. [114] utilized Ag,
Cu, SiC, CuO, and TiO; in 0-1 % volume fraction of Al,O3/EG nanofluids as a coolant through
an automobile radiator. It was found that with higher loading of nanoparticles, a higher HTC is
obtained. The authors suggested more investigations for various BF, loading, and inlet
temperature across the car radiator.

The use of mini channels with nanoparticles has been reported for thermal system
applications by some researchers. Ahammed et al. [115] performed an experimental study for
entropy generation analysis in a multiport mini-channel heat exchanger coupled with a
thermoelectric cooler. It was observed that the thermal efficiency of graphene nanofluid is better

than Al>O3 nanofluid and hybrid nanofluid containing Al2O3 and graphene. Yilmaz et al. [116]
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studied the effects of Al2O3 nanofluids on the tube side of the mini-channel shell and tube heat
exchanger. They found that the HTC was higher in turbulent and transition areas.

The heat exchanger is utilized broadly in industry and particularly in processing plants, for
example, power plants, cooling towers, refineries, etc. The key challenge is the powerful
heating and cooling of processing liquids inside the heat exchangers. To improve the heat
exchange rate, the conventional technique is to increase the surface area; however, the cost
becomes the main parameter. Some studies are accessible on the effective cooling of heat
exchangers with nanofluids on flow arrangement [117], flow regime [118], and construction
[119]. From the studies, at a fixed Re number, the rise of loading graphene to water enhances
the convective HTC. Furthermore, a higher Re number and higher concentration of
nanoparticles cause an increment in friction factor, which results in increasing PD and pumping
power.

Some studies have been presented on boiling heat transfer under various regimes and
boiling parameters with nanofluids [120]. PBHT is still being investigated to decrease or
increase the rate of heat transfer. Several researchers [121], [122] used nanoparticles with water
reporting the improvement in critical heat flux and boiling HTC by modifying heater size,
shape, material, diameter and orientation, the heat of channel surface condition, the degree of
surface wetting, etc.

Researchers [88], [123], [124], [125] have investigated nanofluids in direct absorption solar
collectors and flat plate solar collectors, focusing on the enhancement of the absorption of solar
irradiation. An increase of up to 16.74 % was found by Choudhary et al. [126] using MgO
nanofluids compared to EG/water. Saffariana et al. [127] used CuO/water nanofluids in flat
pipe solar collectors and found that the HTC increased to 78.25 %. Due to the water disinfection
of silver particles, silver nanofluids were studied by Parsa et al. [128] in a solar desalination
system. It was stated that the nanofluids had a better heat transfer rate compared to the BF.
2.5. Halloysite nanofluids

In the aggregation mechanism, thermal conductivity occurs along with large particles or
aggregates. This means that the size and shape of particles and clusters play an important role
in thermal conductivity enhancement [129], [130], [131]. It has been observed that materials
with elongated or chain-like structures, such as nanofibers or nanotubes, tend to exhibit higher
thermal conductivity due to the more efficient heat transfer along their extended structures. As
a result, significant research has focused on the applications of CNT nanofluids [30], [132],

titanium dioxide nanotubes [133], titanate nanotubes [134], boron nitride nanotubes [135], etc.
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Halloysite, belonging to the kaolin group, is a low-cost nanotubular clay with the chemical
formula Al>Si,05(OH)4-nH20, where n = 0-2 [136]. The length of the halloysite is from 0.02
to 30 um, the inner diameter is from 10 to 100 nm, and the outer diameter is approximately 30
to 190 nm [137], [138]. The inner surface includes AI-OH groups, while the outer surface
comprises inert Si—O—Si groups. Therefore, the reactivity of the outer and inner surfaces are
different [139]. Because of these properties, there are many different applications of halloysite,
such as solvent-free nanofluids [140], [141], nanoreactors [142], drug delivery [143], energy
storage devices, etc. [144]. Although halloysite has been studied extensively for various
applications, its use in preparing water-based nanofluids has been relatively underexplored.
Few studies, such as that by Alberola et al. [S0] have focused on this area, highlighting the need
for further research. They prepared a halloysite nanofluid and improved its stability by adjusting
the pH to 12. Their findings showed an 8 % enhancement in thermal conductivity at a 5 %
volume concentration and a temperature of 80 °C, indicating the potential of halloysite
nanofluids for thermal management applications. In contrast to Alberola's approach, which
relied on pH adjustment for stabilization, my work compares pH-based stabilization with the
use of a stabilizing agent. The aim is to evaluate the stability and performance of halloysite
nanofluids under both conditions, while assessing the potential of stabilizing agent to reduce

the need for extreme pH environments.
2.6. Halloysite nanofluids in PBHT

With the quick increase in the global population and the development of industries, the
demand for resources has grown significantly [145]. Energy is recognized as one of the most
important issue people are facing now and in the future. Therefore, more efficacious and
beneficial energy usage and administration are needed [146]. Another reason comes from the
ever-increasing rates of heat emission at both macro- (e.g., car engines) and micro-level (e.g.,
chips in computers and mobile phones). At the present time, cooling by using two-phase pool
boiling processes is an essential matter in the industrial sector due to the urgent need for
miniaturization of electronics on the one hand and increasing the performance improvement of
such heat exchange systems on the other hand [147]. The latent heat of vaporization during this
process could play an important role in removing large amounts of heat from high heat flux
devices. Heat transfer requires an appropriate cooling system for effective heat dissipation with
a competent working fluid. The conventional heat transfer fluids currently used, like EG, water,
air, and oil, have very low thermophysical properties and low thermal conductivity compared

to solids. The investigation of new fluids with higher energy efficiency for heat transfer is
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necessary to solve the heat transfer challenges in heat exchange systems. Moreover, all methods
for the improvement of heat transfer, such as turbulence generation and area expansion, are
limited by the low thermal conductivity of the fluids. Consequently, it makes sense that the
improvement of the thermal conductivity behavior of fluids will be studied.

The PBHT process is an important method in heat exchange systems and the industry in
general. Based on the up-to-date research and published works, the PBHT process in the
nucleate boiling regime is a complicated phenomenon. PBHT from tubes has been under
consideration by heat transfer professionals as it is used in many industrial fields such as reactor
cooling, evaporators, boiler tubes, etc., [148]. The use of nanofluids in PBHT has shown
conflicting results in previous studies regarding pool boiling heat transfer coefficient (PBHTC).
It has been widely reported in the literature that PBHT performance is affected by numerous
parameters and conditions, i.e., BF, nanoparticle type, nanoparticle shape and size, volume
concentration, thermo-physical properties of BF, nanomaterial morphology, nanofluid stability,
heating surface characteristics, and many more.

In 1986, experimental research with Al,O3 nanofluids (0.1-0.5 wt%) was first performed
by Yang et al. [149] to study the behavior of PBHT. It was presented that the PBHT of
nanofluids was improved in comparison to the BF. Das et al. [150] did an experimental study
using the alumina nanoparticles to see their performance and effect on the HTC and pool boiling
curve with the aid of using a narrow heated pipe. The result revealed that the system for boiling
bubbles differed from small to standard industrial tubes because the bubbles were sliding from
the ground part to the upper region. Research on PBHT of MWCNT nanofluids was conducted
by Sarafraz et al. [151] for modified heating surfaces. In their study, by investigating some
properties of diamond-shaped micro-finned surfaces, the results stated that the PBHTC
decreased on smooth surfaces, and with modified surfaces, it was enhanced to 77 % for 0.3
wt%. Nevertheless, a continual layer was formed, and it caused a considerable decrease in HTC.

The PBHTC of ZnO nanofluid with the BF of EG and water in a cylindrical vessel under
barometric pressure was studied by He et al. [152]. It was found that the increase in heat flux
significantly increased the HTC of the nanofluid. Xing et al. investigated the effects of surface
modification with covalent and non-covalent functionalization groups on the PBHT of
MWCNT nanofluids (0.1-1 wt%). It was seen that the PBHTC enhancements were 34.2 % and
53.4 % for carboxyl and hydroxyl-modified MWCNT nanofluids, respectively. This happened
because the surface modification reduced the deposition of MWCNT. The impact of depositing
Ag nanomaterials in reentrant inclined mini-channels for PBHT was investigated

experimentally by Akbari et al. [153]. It was found that with the rising concentration of the
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nanofluids to get a nanocoated polished surface, the PBHTC was higher. Moreover, the PBHT
was improved by inclination and reentrancy compared with polished copper. The PBHTC of
water and Al,Osz-based nanofluids with low concentrations (0.0007 and 0.007 %) were studied
by Manetti et al. [154]. The results showed an enhancement of HTC up to 15 % for rough
surfaces and 75 % for smooth surfaces compared to water.

The PBHT performance of Fe3Os/water nanofluid was investigated by Salimpour et al.
[155] under atmospheric pressure on a flat copper surface in order to investigate the impacts of
concentration and type of the nanofluids, sedimentation thickness, roughness of the surface,
and heat flux on the surface roughness after boiling experiments. It was seen that after the
boiling test on the rough surface, the nanofluids’ PBHT decreased at low heat fluxes and
increased at high heat fluxes, while on the smooth surface, the PBHT increased at low heat
fluxes and did not change at high heat fluxes. The influence of surface roughness and
nanoparticle deposition on surface wettability, contact angle, and PBHTC was determined. The
higher concentration of Fe;O3; nanofluids increases the surface roughness. They acquired the
greatest HTC for the smooth surface with the deposition of nanoparticles at low-weight
concentrations.

The PBHT of two kinds of distilled water-based nanofluids (CuO nanofluids and TiO»
nanofluids) on a flat heater plate was studied by Karimzadehkhouei et al. [156]. It was shown
that the TiO, nanofluids had the greatest improvement (around 15 %) at the lowest
concentration (0.001 wt%), while the enhancement of the CuO nanofluids was 35 % for 0.2
wt% concentration. ZnO-EG nanofluids were used by Kole and Dey [157] for the experimental
investigation of PBHT performance. The PBHT performance of ZnO nanofluids was studied
for different concentrations at atmospheric pressure. The PBHTC of the nanofluid at 1.6 % was
enhanced to 22 % in comparison to that value of the BF. Kamel et al. [158] investigated the
improvement of PBHTC using Al2O3 and CeO/water hybrid nanofluids at atmospheric
condition. Their heater geometry was a horizontal typical copper tube which was fixed inside a
pool of working fluids that were tested for this purpose. They found that the PBHTC of the
hybrid nanofluids was improved by about 1.37 times higher than that of water. However, they
concluded that using hybrid nanofluids with the range of dilute concentrations utilized in this
study could improve the heat transfer compared with mono fluids (alumina nanofluid or ceria
nanofluid) with the initial surface roughness used in their study. In literature, there have been
no studies on halloysite nanofluids in PBHT application. This identifies a significant knowledge

gap that my research aims to address.
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2.7. Hybrid nanofluids

Nabil et al. [159] and Ganvir et al. [160] presented some reviews about the thermo-physical
properties of hybrid nanofluids. Hybrid nanofluids with CNTs grafted to alumina/iron oxide
spheres dispersed in poly-alpha-olefin were studied by Han et al. [161]. A thermal conductivity
enhancement of 21 % for a volume concentration of 0.2 % was obtained. The CNTs played an
important role in the augmentation of thermal conductivity. The Al,O3;—Cu/water hybrid
nanofluids with volume concentrations from 0.1 to 2 % were investigated by Suresh et al. [162].
A maximum thermal conductivity enhancement of 12.11 % compared to a single Al,O3 was
shown at a volume concentration of 2 %. Madhesd et al. [163] investigated Cu-TiO> hybrid
nanofluids in the application of water-based coolant. The thermal conductivity of the fluid
increased by 48.4 % compared to the BF of water up to 0.7 % of the hybrid nanocomposite. It
was found that the functionalized surface and the high crystallinity of the nanocomposite
improved the enhancement of thermal conductivity. In recent years, further investigations on
the viscosity of hybrid nanofluids have been performed [164], [165], [166]. A numerical study
on a hybrid nanocomposite of TiO, Al2O3, and SiO> nanoparticles dispersed in water was
performed [167]. ALLOs (25 %) was mixed with TiO2 (75 %) or SiO> (75 %) to prepare hybrid
nanofluids at concentrations of 0.5, 1.0, and 1.5 %. An experimental investigation on the
rheological behavior of Fe—CuO hybrid nanofluids was performed in water—EG at a proportion
of 20:80. The concentration range of hybrid nanofluids was 0.04—1.5 %. They found that at low
concentrations, the rheology of hybrid nanofluids was Newtonian, whereas, at high
concentrations, hybrid nanofluids exhibited non-Newtonian behavior (shear-thinning) [168].
The heat transfer of non-Newtonian nanofluid has different behaviors, for example, in the
presence of suction and injection [169]. Sundar et al. and Zakaria et al. [170], [171] investigated
the thermal conductivity of nanofluids with the BF of DW and EG mixture. They found that the
enhancement of thermal conductivity was affected by volume concentration and temperature.
Additionally, the particle size and stability of nanofluids contributed to the improvement of
thermal conductivity [172], [173]. It was found that the combination of nanofluids had higher
thermal conductivity and lower dynamic viscosity [174]. Some works have been performed to
evaluate the thermal conductivity of SiO>—TiO> hybrid nanofluids. Nabil et al. used TiO> (50
nm) and SiO2 (22 nm) nanoparticles for investigating the heat transfer enhancement of hybrid
nanofluids with different volume concentrations (0.5-3 %), temperatures (30—80 °C), BF ratios,
nanoparticle ratios, and forced convection mode [13], [174], [175]. They found that the thermal

conductivity enhancement of hybrid nanofluids was 22.1 % at 3.0 % volume concentration and

26| Page



70 °C compared to the BF. Meanwhile, a 62.5 % increment of relative viscosity was observed
for 3.0 % volume concentration.
2.8. Carbon nanofluids

Carbon-based nanomaterials have emerged as cutting-edge materials, offering a unique
combination of lightweight properties, superior strength, and diverse functionality across
numerous fields [176]. Among them, carbon nanospheres (CNS) have garnered significant
attention due to their unique spherical structures including high surface area, porous structure
and hydrodynamic properties [177]. These properties make them highly suitable for a wide
range of applications, such as lubricants, catalyst supports [178], photoluminescence [179],
multiphoton bioimaging [180], anode materials in batteries, nanofluids [178], etc.

Generally, carbon spheres can be prepared with three methods. First, carbon spheres may
be produced directly via pyrolysis [181], [182], chemical vapor deposition [183], and
hydrothermal treatment [184]. The second method uses rigid templates such as 3D macro-
porous silica [185] and zeolite Beta beads [186]. Finally, carbon spheres can be obtained from
the synthesized polymer spheres with thermal treatment [187]. Each method has distinct
advantages in controlling the properties of the final material, with hydrothermal synthesis
generally preferred due to its cost-effectiveness and high efficiency [188].

In literature, no study has been performed on the comparison of thermal conductivity and
viscosity of the nanofluids containing CNS from the hydrothermal method and carbon
nanopowder (CNP) from a manufacturer with different sizes. This represents another critical
knowledge gap that this research intends to address by comparing these two types of carbon
nanomaterials.

2.9. CFD study of nanofluids on heat transfer

The definition of CFD is “the analysis of systems involving fluid flow, heat transfer, and
associated phenomena such as chemical reactions by a means of computer-based simulation”
[189]. CFD is a technique generating discretized forms of partial differential equations for fluid
flow issues to solve the governing equations of liquid movement [189]. CFD helps us to save
resources and time in engineering plans and is very suitable for issues where areas are
inaccessible to measurement instruments, such as coolant flow in twist drill machining.

The heat transfer research was conducted in at least two directions. The first was to perform
experiments and then find and construct empirical and semi-empirical formulae (correlations)
for solving engineering problems. The second was to analyze the heat transfer phenomenon,

investigating its physics, discovering the effects of working fluid properties, the wall-fluid
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interaction, and the validity of the known equations applied to describe the process. The results
that yield the solutions for heat transfer problems are based on a combination of experimental
data and theoretical analysis. Earlier, physical experiments were the only way to determine heat
transfer subprocesses. Recently, sophisticated CFD software has offered reasonable
alternatives, the so-called numerical experiments, for investigating heat transfer problems
related to determining the velocity and temperature fields in different arrangements.
Independent of the type of experiment, the dimensionless numbers or groups resulting from the
similarity theories (Buckingham pi theorem or differential similarity) prove crucial in heat
transfer calculations. Boussinesq assumptions [190] are generally applied in solving the
governing equations of the heat transfer (mass, energy, momentum conservation). The material
properties variations are indirectly set up, usually by the proportion of the Prandtl numbers (Pr)
at two characteristic temperatures (average fluid and wall). Neither the differential similarity
nor the pi theorem applies if the variation in properties is included in the fundamental equations.

The most investigated and basic arrangement is the horizontal tube with an isothermal wall
or steady wall heat flux. One can also use these configurations in engineering formulae for heat
transfer calculation. It should be mentioned that the isothermal wall temperature, in most cases,
can be maintained only in strict experimental conditions, and in practice, this assumption rarely
exists. Nevertheless, the difference between the two basic approaches is nearly negligible for
the Nusselt (Nu) number in a turbulent flow. Promoting the numerical experiments (making
CFD calculation), the boundary conditions can easily be established, and the results of the
calculations are according to the desired conditions. That is one possible explanation for the
observed variance compared with the real experimental results.

Hussein et al. investigated the impact of the cross area on heat transfer and friction [191].
They found that, compared with circular and elliptical pipes, flat pipes had a notable increment
of heat transfer and PD. Additionally, they studied the augmentation of forced convection heat
transfer in an automotive cooling system [192].

Suresh et al. [26] presented a laminar convective heat transfer under full development (FD)
and PD through a heated flat pipe using Cu-Al20O3 hybrid nanofluids. They observed that the
enhancement of the HTC under laminar flow was 13.56 % at Re = 1730, compared with water.
Mosayebidorcheh et al. [193] studied the heat transfer under a magnetic field and turbulent
flow. The heat transfer was proportional to the concentration and Re number but inverse to the
Hartmann number (its definition is the ratio of electromagnetic force to the viscous force) and
turbulent parameter. Abbasi et al. [194] investigated the effect of the functionalization

technique on thermal conductivity and the stability of CNT/Al2O3 hybrid nanofluids. The
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functional groups significantly affected the thermal conductivity of hybrid nanofluids. The
thermal conductivity enhancement was 20.68 % for 0.1 % volume concentration.

Labib et al. [195] chose the two-phase mixture model to research the convective heat
transfer of hybrid nanofluids. Two kinds of BFs and Al>O3 nanoparticles were used to determine
the impact of BF on heat transfer. The computational model was validated using CNTs with
water nanofluids and compared with the data presented in literature. It was found that EG had
better heat transfer increments than water.

Sundar et al. [196] studied the heat transfer of Fe304s~-MWCNT/water hybrid nanofluids
under turbulent flow in a circular tube. Their experiment presented a heat transfer increment of
31.10 % with a cost of 1.18 times increase in pumping energy at 0.3 % volume concentration
and Re = 22000 in comparison with water. The proposed correlations fitted the experimental
results. Using ultrasonication, Baby and Ramaprabhu [33] prepared FesO4/MWCNT and
Fe;04@Si102/MWCNT nanofluids, which had thermal conductivity enhancements of 20 % and
24.5 %, respectively.

2.9.1. Forced flow in circular tubes

Forced flow occurs in multiple configurations, and one of the important engineering
arrangements is the forced flow in the duct. The duct’s cross-section may appear in various
shapes, and in the engineering calculation, it is maintained through an equivalent circular
diameter. Therefore, investigations generally deal with only circular tubes.

Although the experiments in my work were carried out on a circular duct, it is advisable to
recall that, in practice, the non-circular ducts cases can be handled well using the hydraulic
(Degn) and thermal (Dgq4r) equivalent diameter even in complex permanent cross-sectional

structures. The definitions are as follows:

Area of duct
Degn = I , @)
Wetted perimeter
Area of duct
DeqT =4 )

Working perimeter in heat transfer ’

The hydraulic equivalent diameter should be used in Re number and the thermal in the
Nusselt number [197].

According to the Re number, the flows in a tube are characterized as laminar flow (Re <
2300), transitional flow (2300 < Re < 4000), and turbulent flow (4000 < Re). However,
transitional flow is often considered part of turbulent flow in engineering practice. Moreover,
depending on the distance from the entrance, there are different flow formations, such as

developing and (fully) developed flow regimes, as shown in Figure 8. Therefore, the local heat
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transfer varies alongside the tube length, and some correlation formulae count this phenomenon.
As both the velocity and the temperature vary from those of the entrance, there are hydraulically

developing, thermally developing, and simultaneously developing flows.

Inviscid flow region
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Figure 8. Hydraulically developing turbulent flow in the tube.
2.9.2. Turbulent flow

The inner perturbation of fluid causes a turbulent flow. Different perturbations always exist
in the fluid. When velocity is low, the viscous forces stabilize the flow pattern, but this
stabilization is not effective when the velocity increases and the local vortex formations result
in a turbulent flow pattern. The laminar-turbulent transition never means a sharp borderline.
There is always a particular transition zone. This phenomenon explains why the HTC (Nu
number) calculations perform less when the Re number is not much larger than the laminar Re
number limit. There is always a particular length after the fully developed flow pattern is
generated.

In the Handbook of Heat Transfer [198], there are 12 formulae for calculating the Nu
number in the smooth tube for turbulent flow. The wide variation of the starting range for the
Re numbers shows that generating a formula that accounts for the transition and the fully
developed regime is not a simple task. The formulae can be characterized in two groups-either
(a) the & friction factor is not included in the formulae or (b) it is, as shown in Table 1 and Table
2. Analyzing all the formulae is beyond the scope of this study; therefore, I selected only three
formulae to validate my numerical experiments, for which the application range should fit
5000 < Re and 3 < Pr for my experiments. The Dittus—Boelter (1) is generally used, while
Sieder—Tate (6) accounts for the property variation, and Gnielinski (13) is based on the friction
factor and also counts the tube length diameter ratio. The arrangements of the experiments
should follow the limitations stated in the application ranges of the correlations considering
flow development (hydraulic, thermal, and simultaneous). The other listed correlations might

be useful for readers in further investigation or application of Nu number calculations.
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Table 1. Correlations for Nu number based only on Re and Pr numbers [198].

Correlations (a)
Dittus—Boelter (1) [199]
e {0.023 Re%8pPr%* for heating
~ 10.026 Re®8Pr°3 for cooling
Colburn (2) [200]
Nu = 0.023 Re®®pr/3
Drexel-McAdams (3) [201]
Nu = 0.021 Re®8pro4
Gnielinski (4, 5) [202]
Nu = 0.0214 (Re®® — 100)Pro+

Nu = 0.012 (Re®87 — 280)Pr°+
Sieder—Tate (6) [203]
u 0.14
Nu = 0.027 Re*/>pr1/3 (—)

Hausen (7) [204]

Nu = 0.037 (Re®75 — 180) Pr042

NeN

Application Range
0.7 < Pr <120
2500 < Re <1.24-10°
L/d > 60
0.5<Pr<3
10* < Re < 10°
Pr <0.7
10* < Re <5-10°
05<Pr<15
10* < Re <5-10°
1.5 < Pr <500
3-10% < Re < 10°

0.7<Pr<16
700 < Re < 10*

0.7<Pr<3
10% < Re < 10°

Table 2. Correlations for Nu number containing the friction factor [198]

Correlations (b)
von Kéarman (8) [205]
(¢/8)RePr

145778 [Pr—1+in (SPT6+ 1)]
Prandtl (9) [206]
(¢/8)RePr

u =
1+8.7,/¢/8(Pr—1)
Friend—Metzner (10) [207]
B (¢/8)RePr
1.2 +11.87,/¢/8 (Pr — 1)Pr—1/3
Pethukov—Kirillov—Popov (11) [208]
B (¢/8)RePr
C +12.7,/¢/8 (Pr2/3 — 1)
C= 107+ 900 0.63
- Re 1+ 10Pr
Webb (12) [209]
(¢/8)RePr

1.07 + 9%/8 (Pr — 1)Pri/4
Gnielinski (13) [202]

Nu

Nu

Nu

Nu

_ (£/8)(Re —1000)Pr D 2/3l
e i er— 1) ll * (L) or

Application Range

0.7<Pr<10
10*<Re<5-10°

0.5<Pr<s
10*<Re<5-10°

50 < Pr <600
5-10*<Re<5-10°

0.5<Pr<10°
4000 < Re<5-10°

0.5<Pr<100
10*<Re<5-10°
0.5 < Pr<2000
2300 < Re <5-10°
& = (1.82loggRe — 1.64)72
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Correlations (b) Application Range

Pr (Tmean)\***
¢ (Pr (Twall) )
In the case of constant fluid properties:
D/L=0, and ®1=1.
Sandall et al. (14) [210]

(¢/8)RePr
1 0.5<Pr<2000
12.48Pr2/3 — 7.853Pr3 + 3.613In(Pr) + 5.8+ C 10*<Re<5-10°
Re /&/8
=27 _—
C 8ln< s )

According to the second law of thermodynamics, any methods or efforts made to intensify
the heat transfer result in an entropy generation, which manifests in the increased amount of
work that must be performed to maintain flow configuration. The calculation of that increased
work — practically the pumping work — is based on the determination of the friction factor of
the flow arrangement, smoothness of the tube, and viscosity of the working fluid. When the
working fluid property changes and increases the heat transfer, this phenomenon — namely, the
increased friction, always appears. The increased viscosity is the cost for the increased heat
transfer, as the second law of thermodynamics states. The friction factor calculation might also
be carried out according to several formulae. As the Prandtl-K4arman—Nikuradse friction factor
definition is implicit, several value calculations are recommended and listed in Table 3 to
overcome that difficulty.

Table 3. Correlations for friction factor. [198]
Correlations Application Range
Blasius [211]

(1) £/4 = 0.0791Re %25
Drew et al. [212]

4%x10°<Re<10’

(2) /4 = 0.00128 + 0.1143Re 2311 4x10°<Re<510°
(3) £/4 = 0.0014 + 0.125Re 032 4 x10°<Re< 10’
Bhatti and Shah [213]
(4) /4 = 0.00128 + 0.1143Re %311 4 x10°<Re< 10’
Prandtl-Karmén—Nikuradse [214]
(5) % = 1.72721n (Ref> — 0.3946 4 x10°<Re< 10’
Colebrook [215]
(6)%: 1_56351n(R_7e) 4 % 10° <Re<10’
Filonenko [216]
(7) % = 1.581InRe — 3.28 10* < Re < 107
Techo et al. [217]
. Re 10* <Re <107
®) JE L7872 (1.964lnRe—3.8215) =7
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2.9.3. Foundational concepts in CFD simulations

CFD simulations involve a three-step workflow:

- Pre-Processing: This stage focuses on defining the problem for the CFD code. It
involves geometry definition and mesh generation. In the first one, a digital representation of
the physical domain where the fluid flow will be analyzed. In the latter one, the computational
domain is then discretized into a mesh of small elements, such as cells, triangles, or
tetrahedrons. This mesh is essential for the numerical calculations.

- Solving: In this phase, the governing fluid flow equations are solved numerically. This
involves discretizing the equations, which essentially breaks them down into smaller, more
manageable pieces. A series of iterations is then performed to solve the discretized equations.
This process also requires defining the properties of the fluid and selecting an appropriate flow
model. Convergence is achieved when the change in solution variables between iterations
becomes minimal. It's important to note that the accuracy of the final solution depends on
several factors, including the initial problem setup, the resolution of the computational grid,
and the accuracy of the chosen physical model.

- Post-Processing: This phase focuses on analyzing the data generated by the solver. It
involves extracting key insights from the data and potentially refining the model based on
these findings. Post-processing tools offer a variety of techniques for data exploration,
including vector plots, 2D/3D surface plots, contour plots, interactive view manipulation,
particle tracking, and color-coded postscript output. These visualizations are used for
understanding patterns in pressure, velocity, kinetic energy, and other flow properties. A
crucial aspect of post-processing is the ability to effectively visualize complex flows.
Additionally, modern tools might incorporate animation for a dynamic presentation of results.
Beyond graphical representations, most codes also provide reliable numerical output and data
export capabilities, allowing for further analysis outside the original software.

ANSYS Workbench 16 (ANSYS Inc., Canonsburg, PA, USA) is an integrated platform
that allows users to perform a wide range of engineering simulations. It provides tools for
creating 3D geometry, meshing, and applying various types of finite element analysis. ANSYS
Workbench integrates with other ANSYS simulation tools to provide a comprehensive
simulation environment. Then, ANSYS Fluent is a part of the ANSYS suite that specializes in
CFD. It is used to solve the governing equations for fluid flow, heat transfer, and related
phenomena. These governing equations indicate the mathematical models of the conservation

laws of physics, which are a balance of mass, momentum, and energy. The following equations
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were used for calculating the mass, energy, and momentum conservation with variable

properties [218]:

o(m) _

ax; 0, ®)
opm | o dpm) _ _0F 0 ( om i
(axj + Y Ox; ) o 0x; + 0x; (‘u ox;j +puu f)' @)

d(cppT) | d(cppU;T) 9 @
6xi + 6xi - axi (k axi )’ (5)

where u is velocity component, u’ is velocity disturbance, while p, P, T, c, are density,

pressure, temperature, and specific heat, respectively.

2.10. Knowledge gap

Based on the literature review, several significant knowledge gaps have been identified that
limit the widespread application and optimization of nanofluids in heat transfer systems.

First, despite the growing interest in HNT-based nanofluids, existing studies primarily rely
on extreme pH adjustment (e.g., pH = 12) to achieve dispersion stability. However, such
methods may limit practical applicability due to corrosion risks and system incompatibility.
Moreover, there is a lack of systematic investigation into alternative stabilizing agent, such as
SCMC, particularly in terms of their comparative effectiveness on thermal conductivity over
varying temperatures and volume fractions. Therefore, the development and evaluation of non-
pH-based stabilization methods for HNT nanofluids remain insufficiently explored.

Second, while nanofluids have been widely studied for convective heat transfer, their
application in PBHT systems remains limited, especially for HNT-based nanofluids. Existing
literature lacks detailed analysis of how HNT nanofluids influence as superheat reduction and
enhancement of the HTC. In particular, the performance of HNT nanofluids under PBHT
conditions and their potential for heat transfer enhancement have not been comprehensively
quantified.

Third, although individual SiO; and TiO: nanofluids have been studied, there is a
significant knowledge gap regarding the synergistic enhancement of thermal conductivity in
Si102-P25 TiO> hybrid nanofluids synthesized without stabilizing agents in mixed BFs (e.g.,
water-EG 5:1). A direct comparative analysis of the thermal conductivity and viscosity
performance of such hybrid nanofluids against their single nanofluids across varying volume

fractions and temperatures is needed to fully understand their unique advantages.
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Fourth, current CFD models for nanofluids often rely on simplified assumptions and fail to
accurately capture the complex behavior of hybrid nanofluids under turbulent flow conditions.
In particular, there is limited validation of whether constant thermophysical property models
can reliably approximate temperature-dependent models within specific Reynolds number
ranges for Si0,-P25 TiO; hybrid nanofluids. This creates uncertainty in selecting appropriate
modelling approaches for engineering applications, highlighting the need for validated,
computationally efficient CFD frameworks for hybrid nanofluids.

Fifth, carbon-based nanomaterials have demonstrated potential for thermal conductivity
enhancement; however, comparative studies between different carbon nanoparticle
morphologies and sizes remain scarce. Specifically, there is a lack of direct comparison between
hydrothermally synthesized CNS (500 nm) and commercially available CNP (60 nm) within
nanofluids. The influence of particle size, morphology, BF (e.g., ethanol vs. EG), and
surfactants (e.g., T80) on both thermal conductivity and viscosity has not been systematically
investigated, limiting the understanding of their relative performance in heat transfer

applications.
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3. Experimental section
3.1. Aim of the experiments

The halloysite nanotube/water nanofluids were prepared with SCMC stabilizing agent in
comparison to pH = 12. I studied the viscosity and the thermal conductivity of nanofluids for
several volume fractions (0.5, 1.0, and 1.5 %) and a temperature range of 20-60 °C. Then, I
investigated the halloysite nanotube/water nanofluids with pH = 12 in PBHT.

I prepared the SiO2, TiO2, and SiO2-Ti0O2 nanofluids with a mixture of water and EG as BF
by a two-step method using no agents. Then, I studied the viscosity and the thermal conductivity
of nanofluids for several volume fractions (0.5, 1.0, and 1.5 %) and a temperature range of 20-
60 °C. Then, I investigated the heat transfer performance of SiO>-TiO2 nanofluids with a
mixture of water and EG as BF passing through a circular tube by CFD with a constant heat
flux of 7955 W/m? and constant wall temperature of 67 °C.

I prepared the nanofluids from CNS/ethanol and CNP/EG with T80 stabilizing agent. I
compared the viscosity and the thermal conductivity of nanofluids between two types for

several volume fractions (0.5, 1.0, and 1.5 %) and a temperature range of 20-60 °C.
3.2. Preparation and stabilization of nanofluids

3.2.1. SiO:-TiO2 nanofluids

Silicon dioxide (S102) nano-powder (99.5 %, 10-20 nm, 637238-50G), TiO2 nano-powder
(>99.5 %, 21 nm, 718467-100G), and EG (= 99 %, 102466-1L) were purchased from Sigma-
Aldrich, Hungary. The materials were analytical reagent grades and utilized as original, without
modification. Deionized water and EG were used as BFs. Water was produced at the
Department of Inorganic and Analytical Chemistry, Budapest University of Technology and
Economics (Hungary). Table 4 and Table 5 show the properties of TiO2, SiO2 nanoparticles,
EG, and water from the manufacturer.

Table 4. Properties of TiO> and SiO> nanoparticles

Properties SiO2 TiO2
Color White White
Molecular mass/g mol ! 60.08 79.87
Average particle diameter/nm 10-20 21
Density/kg m > 2220 4260
Melting point/°C 2230 1850
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Table 5. Properties of EG and water

Properties EG Water
Formula C2Hs0O2 H>O
Molecular mass/g mol ! 62.07 18.02
Freezing point/K 260 273
Boiling point, at 101.3 kPa/°C 198 100
Viscosity at 20 °C/mPas 20.9 1
Density/kg m > 1113 997
Thermal conductivity/ W/(mK) 0.258 0.609
Specific heat at 20 °C/J kg ' K! 2347 4186

Si02, TiO; nanofluids, and SiO,—TiO> hybrid nanofluids were prepared by dispersing
different amounts of SiO», TiO2 nanoparticles, and Si0,—TiO; mixture (1:1 volume ratio) in
water and EG mixture (5:1 volume ratio). SiO>—TiO> in amounts of 0.5, 1.0, and 1.5 % was
dispersed in an appropriate mass of water and EG. Then, SiO,-TiO2 colloidal solutions were
sonicated at 130 W and 45 kHz using an ultrasonication instrument for 1 h. Table 6 shows pure

Si0;, TiO; nanofluid, and SiO,-Ti0O; hybrid nanofluid sample specifications.

Table 6. Specification of SiO>, TiO: nanofluids and SiO>-TiO:> hybrid nanofluid samples

Sample names Si01/% TiO:/% Water and EG mixture (5:1)/%
Si0,-0.5 0.5 - 99.5

Si0,-1.0 1 - 99

Si0,-1.5 1.5 - 98.5

Ti02-0.5 - 0.5 99.5

Ti0,-1.0 - 1 99

Ti0,-1.5 - 1.5 98.5

Si0,-Ti02-0.5 0.25 0.25 99.5

Si0,-Ti0»-1.0 0.5 0.5 99

Si0,-TiO»-1.5 0.75 0.75 98.5

3.2.2. Halloysite nanofluids

Halloysite originated from Turplu/Balikesir, Turkey and was supplied by University of
Pannonia. The stabilizing agents, including T80, oleylamine, GA, CTAB, SDS, SCMC and 1M
sodium hydroxide (NaOH) were bought from Sigma-Aldrich (Saint Louis, MO, USA).
Deionized water was used as BF.

Halloysite nanofluids were prepared by dispersing different amounts of halloysite
nanoparticles in water. The volume fractions of halloysite content were 0.5, 1.0, and 1.5 %.
Then, either stabilizing agents or 1 M NaOH solution were added to the nanofluids in the
appropriate amounts to serve as stabilizing agents. The concentration of surfactant was kept at
a minimum to primarily enhance nanoparticle dispersion while minimizing its impact on the

thermophysical properties of the nanofluids. Halloysite nanofluids were sonicated at 130 W and
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45 kHz using an ultrasonication instrument for 1 h. Table 7 shows halloysite nanofluid sample
specifications.

Table 7. Specification of halloysite nanofluid samples in volume fraction

Sample names # Halloysite/% | Water/% 1M NaOH solution/% SCMC/%

HNT-0.5 0.5 99.45 - 0.05
HNT-1.0 1 98.95 - 0.05
HNT-1.5 1.5 98.45 - 0.05
HNT-pH-0.5 | 0.5 98.5 1 :
HNT-pH-1.0 |1 98 1 C
HNT-pH-1.5 | 1.5 97.5 1 C

3.2.3. Carbon nanofluids

CNS were prepared using the hydrothermal method [219]. Sucrose was put in an autoclave;
then, the pH was set to 12 with NaOH solution. Under autogenous pressure at 180 °C, the
mixture was treated for 12 h. The reaction’s product was washed three times with distilled water
then suspended in a 45 % ethanol-water solution. The suspension was centrifuged at 4000 rpm
for 20 min. The settled material was filtered and dried at 70 °C after washing with warm distilled
water overnight. The product was a brown powder [220]. The product was then studied with
analytical methods.

CNP, BFs (EG and ethyl alcohol), and stabilizing agents (GA, TX, and T80) were
purchased from Sigma Aldrich (Saint Louis, MO, USA).

The stability of nanofluids was investigated by using different kinds of solvents and
stabilizing agents. Various ratios of the solvent mixture were considered as well, and in the
following, I reported only those configurations that were observed as stable nanofluids. The
nanofluids were obtained by adding CNS and CNP into the BF of water/ethanol and water/EG,
respectively. The ratio of water and ethanol was 5:1. In the case of water and EG, the ratio was
1:1, and T80 was used as a stabilizing agent with a volume fraction of 3.3 %. For CNP, the
different BFs were investigated; however, the nanofluids without stabilizing agent were not
stable. To ensure stability, T80 was added in minimal necessary concentrations to improve
nanoparticle dispersion while limiting its impact on the thermophysical properties of the
nanofluids. The volume fraction of nanoparticle content was 0.5, 1.0, and 1.5 % (see Table 8).
The CNS and CNP nanofluids were sonicated using an ultrasonication instrument for 1 h at 130

W and 45 kHz. The prepared nanofluids were stable over 3 days.
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Table 8. Specification of CNS and CNP nanofluid samples in volume fraction.

Sample CNS or Water/% | Ethanol/% EG/% T80/%
names CNP/%

CNS-0.5 0.5 82.9 16.6 - -
CNS-1.0 1 82.5 16.5 - -
CNS-1.5 1.5 82.1 16.4 - -
CNP-0.5 0.5 48.1 - 48.1 3.3
CNP-1.0 1 47.85 - 47.85 3.3
CNP-1.5 1.5 47.6 - 47.6 3.3

3.2.4. Halloysite nanofluids in PBHT

Halloysite was used in PBHT as described above. In the preparation of nanofluid, the two-
step method was used in this experimental work to make the halloysite nanofluids with different
volume fractions (0.01, 0.05, 0.1, and 0.5 %) and by adding the halloysite to BF with pH = 12

medium, then homogenizing the nanofluids with ultrasonication process.

3.3. Nanomaterial characterization

3.3.1. SEM and energy dispersive X-ray analysis (SEM-EDX)

The nanomaterial samples were used, so the morphological characterization of
nanomaterials was performed by an LEO 1440 XB scanning electron microscope (LEOGmbH,
Oberkochen, Germany) at 5 kV with a secondary electron detector in a high vacuum mode. The
nanomaterials’ elemental composition was investigated by using energy-dispersive X-ray
analysis (EDX) with a JEOL JSM-5500LV electron microscope (Tokyo, Japan).

3.3.2. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of nanomaterials were investigated by an Excalibur FTS 3000 BioRad FT-IR

(Bio-Rad, Digilab, UK) in the 400-4000 cm™! domain in transmittance mode, with a resolution

of 4 cm™!

and a TGS detector, and the number of scans was 64. Approximately 1 mg of the
sample was added to 300 mg of dried potassium bromide, and the mixture was pelleted for
measurement.
3.3.3. Thermogravimetry/differential thermal analysis (TG/DTA)

The thermal properties of the nanomaterials were investigated using an STD 2960
thermogravimetry/differential thermal analysis (TA Instruments Inc., New Castle, DE, USA)

device in platinum sample pans. The heating rate was 10 °C/min, and the temperature range

was from room temperature to 800 °C in air and nitrogen, which has a velocity of 130 cm?®/min.

3.3.4. X-ray diffraction (XRD)
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The crystal structure of the nanomaterials was studied by utilizing an X’PERT PRO MPD
X-ray diffractometer (PANalytical, Almelo, Netherlands), with Cu K, irradiation. The
measurement results were recorded at a resolution of 3 degrees/min for the 26 range of 5° to
65° with a step size of 0.025° for 25 mins with a divergent slit. Before the measurement,

approximately 1 mg of the sample was uniformly distributed on the sample holder.

3.3.5. Raman spectroscopy

Raman spectrum was obtained utilizing a Jobin Yvon Labram Raman spectrometer
(Horiba, Kyoto, Japan) containing an Olympus BX41 microscope (Olympus, Tokyo, Japan)
equipped with a 532 nm green Nd-YAG laser, which was focused by 20x objective. To avoid
the sample's thermal degradation, D0.3 intensity filter was utilized to lower the laser power.
The measurement range was 72—1560 cm™! with 3 cm! resolution. The exposure time was 15

seconds in order to produce intensive peaks.

3.3.6. Specific surface area analysis

According to the multipoint Brunauer—Emmett—Teller technique, the surface area analysis
of CNS and CNP and nanoparticles was determined by utilizing nitrogen adsorption isotherms
from an automated volumetric nitrogen gas adsorption device (NOVA 2000e) at —196 °C after
outgassing the samples 25 °C.

3.3.7. X-ray photon electron spectroscopy (XPS)

The XPS measurements of the CNP and CNS were performed using a SPECS PHOIBOS
150 MCD XPS instrument. For the measurements, a 150 W (14 kV) X-ray source was applied
with Al Ka radiation, a pass energy of 40 eV, and a dwell time of 0.3 s. Before the
measurements, the samples were kept in a vacuum during the night. The curves were

deconvoluted using CasaXPS software.
3.4. Nanofluid characterization

3.4.1. Ultraviolet-visible spectroscopy (UV-Vis)

The stability of carbon nanomaterial nanofluids was tested by using an Avantes AvaSpec-
2048 Fiber Optic spectrometer (Avantes BV, Apeldoorn, Netherlands). After a period, 20 pL
of each sample was diluted with 2 mL of water in a quartz cuvette, and their maximum
absorbance was recorded. The detector was CCD. Deuterium and halogen lights were used as
the light source, and the measurement range was from 250 to 800 nm. The resolution was 2.4

nm.
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3.4.2. Viscosity measurement

The viscosity of the prepared nanofluids was investigated with three replicas using an
Anton Paar Physica MCR 301 (Anton Paar, Ashland, VA, USA) rotation viscometer at 15
different shear rates and five temperatures. The amplitude was 5 %. The range of angular

frequency was 100 to 2000 s~ .

3.4.3. Thermal conductivity measurement

Based on the modified transient plane source approach, an SKZ1061C TPS Thermal
Conductivity Tester (SKZ Industrial, Shandong, China) was used to measure the thermal
conductivity of CNS and CNP nanofluids. All nanofluids were measured three times at five
temperatures (20, 30, 40, 50, and 60 °C). The mean value and standard error were calculated
for use in the figures. In order to increase the temperature of the nanofluids at the defined

setpoint, a temperature-controlled oven was used.

3.4.4. PBHT measurement

In PBHT experiments, the sleeve is constructed of a solid copper shaft with three holes
designed at various radial angles and positions across the axial width, as shown in Figure 9. I
measured the bulk and surface temperatures around the heating medium by using four K-Type

thermocouples that had been previously tuned [221]. Figure 10 shows the complete apparatus

parts. Another heating element was placed inside the chamber to provide more heating sources.
The dimensions of this cylindrical tube are 22 mm external diameter and 1 mm thickness. The
tube is filled with copper sleeves manufactured in the laboratory. The chamber pool is made of
stainless steel metal with the following dimensions (length = 155 mm, width = 120 mm, and
height =310 mm). The type of reflux condenser used (Allihn type NS29/32) has a 400 mm long
jacket.

|AII dimensions in millimeters (mm)l

Figure 9. The isometric view of the copper sleeve
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Figure 10. Schematic picture of the pool boiling device [158]

3.4.5. Digital optical microscopy (DOM)
The measurements of the DOM were carried out with the Keyence VHX-5000 digital
optical microscope (Keyence, Itasca, IL, USA). There are the DOM measurement pictures for

the four-volume fractions (0.01, 0.05, 0.1, and 0.5 %) with 500x and 5000x magnifications.
3.5. CFD study

3.5.1. Pre-processing

This section details the meshing process for the pipe and the geometric model used. The
preprocessing phase can generally be divided into two main steps: the creation of the geometric
model and the generation of the mesh for the flow domain.

The two-dimensional geometry of the pipe was created numerically with L = 1.5 m
length, d = 16 mm hydraulic diameter, and wt = 2 mm wall thickness. Figure 11 represents

the arrangement and flow in a pipe.

Constant heat flux or temperature

il

Inlet Outlet
—

wi 1

| L
Figure 11. Scheme of the model.
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For the purpose of this study, the flow inside the tube was assumed to be symmetrical and
steady. The flow domain was meshed using quadrilateral elements, chosen for their simplicity
and efficiency in capturing the flow characteristics. The meshing within the flow domain is
depicted in Figure 12. The cross-section includes two inflation layers near the wall, designed to
accurately capture boundary layer effects. These layers have a growth rate of 20 %, a transition
ratio of 10", and a bias factor of 50 applied to edge sizing, ensuring smooth gradation and

effective resolution near the pipe walls.

Figure 12. Meshing of the flow domain

Table 9 presents the mesh quality metrics for the computational domain. The results
demonstrate exceptionally high mesh quality, with skewness values ranging from 0.0013 to
0.0027, indicating near-perfect cell shapes. Orthogonal quality was also outstanding, ranging
from 0.999 to 1, ensuring highly accurate flux calculations. While the maximum aspect ratio
reached 16.98, this was localized and did not compromise overall element regularity, as
evidenced by the ideal Jacobian ratio values between 1 and 1.01. These robust metrics
collectively confirm that the mesh is of sufficient quality to provide reliable and accurate

simulation outcomes.

Table 9. Indicators of mesh quality

Indicators Minimum quality Maximum quality
Skewness 0.0013 0.0027
Aspect ratio 1.003 16.98
Orthogonal quality 0.999 1
Jacobian ratio 1 1.01

3.5.2. Solver settings

Turbulence modelling

A range of turbulence models are available, each with specific strengths for predicting
turbulent flow characteristics under different conditions. For the analysis of nanofluids within
pipelines in this study, the standard k — ¢ turbulence model was chosen due to its robustness
and proven effectiveness in simulating turbulent flows. This model, which solves transport

equations for the turbulence kinetic energy (k) and its dissipation rate (&), is particularly well-
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suited for capturing the key dynamics of turbulent flow in pipelines, making it an appropriate

choice for the current investigation.

Solution initialization

Selecting an appropriate time step size is crucial for balancing numerical accuracy and
computational efficiency. Smaller time steps can enhance the quality of the simulation by
preventing issues such as negative cell volumes, but they also increase the computational cost.
Conversely, larger time steps can reduce the simulation time, but they carry a higher risk of
numerical instability. However, in my study, the simulation was conducted under steady-state
(stationary) conditions, which assumes that the flow properties do not change over time.
Therefore, the options for setting the number of time steps and the time step size were not
applicable, as the solver directly computes the final equilibrium state without the need to
simulate the temporal evolution of the flow.

Explicit relaxation factors were applied as solution controls, with pressure set to 0.3,
momentum to 0.7, turbulent kinetic energy to 0.8, and turbulent dissipation rate also to 0.8.
Additionally, under-relaxation factors were used to control variable updates within the pressure-
based solver. Other variables, including density, body forces, turbulent viscosity, and energy,
were set to 1. Initial calculations employed default under-relaxation parameters, which are
optimized for a wide range of cases, as detailed in Table 10.

Table 10. Under-relaxation factors

Equation Under-relaxation factors
Pressure 0.3
Density |
Body forces 1
Momentum 0.7
Turbulent kinetic energy 0.8
Turbulent Dissipation rate 0.8
Turbulent viscosity 1
Energy 1

Material properties

Si02-TiO2 nanoparticles and water/EG mixture as BF were considered hybrid nanofluids,
and these properties were investigated. The hybrid nanofluids in point were considered
incompressible, Newtonian, and single-phase fluids. Table 11 illustrates the density (p), £,

dynamic viscosity (u), and specific heat (c,) of hybrid nanofluids.
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Temperature

p

k

Table 11. The basic properties of SiO>-TiO> hybrid nanofluids for different volume fractions.

(o

m
°C g/cm? W/(mK) mPas J/ng
0.50 % Si02-TiO2
20 1.033 0.510 1.789 3848
30 1.030 0.535 1.470 3863
40 1.026 0.549 1.152 3888
50 1.022 0.561 0.978 3903
60 1.017 0.568 0.815 3926
1.00 % Si10,-TiO,
20 1.044 0.522 2.054 3799
30 1.041 0.546 1.594 3814
40 1.037 0.56 1.313 3838
50 1.033 0.571 1.079 3853
60 1.028 0.578 0.885 3875
1.50 % S10,-TiO2
20 1.055 0.531 2.281 3734
30 1.052 0.553 1.825 3766
40 1.048 0.568 1.445 3789
50 1.045 0.579 1.212 3804
60 1.039 0.587 1.008 3825

The experimental measurements were conducted at the temperature range from 20 °C to
60 °C. Some empirical formulae in Table 1 and Table 2 use the Pr numbers ratio as temperature
correction. Therefore, the prediction was applied for the hybrid nanofluid’s Pr numbers
extension to 100 °C, as Table 12 reports. The prediction method can be summarized as follows:
The ratio of the nanofluid’s Pr number against the water’s Pr number in the measurement range
was calculated and extended by linear regression. Figure 13 visualizes the measured and
extended values. As shown, the extended Pr numbers are the natural continuity of the measured
data, as the third-order polynomial curve R? values confirm. If needed, this prediction method

works for other properties as well. This is called regression analysis and is used in a lot of

research [222], [223].
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Figure 13. The measured and the predicted values of the Pr numbers over temperatures for
different volume fractions.

Table 12. The Pr numbers of SiO>-TiO:> hybrid nanofluids for different volume fractions. (Gray
background shows the predicted values.)

Fractions 0.50 % 1.00 % 1.50 %
Pr numbers
20 13.50 14.95 16.04
30 10.62 11.14 12.43
40 8.16 9.00 9.64
50 6.80 7.28 7.96
Temperature, °C | 60 5.63 5.93 6.57
70 5.05 5.57 6.00
80 4.37 4.83 5.20
90 3.86 426 4.59
100 3.45 3.80 4.10

The empirical formulae should always follow the specific order related to the formulae.
Generally, the characteristic length 1s specified, and the characteristic temperature is defined so
that one should use it to determine fluid properties. When the formula has an extended
application range, the Re and Pr numbers appear, and specific corrections may also count the
specialties of the arrangement. A such correction could be the length-to-diameter ratio or the Pr

numbers ratio. Figure 14 illustrates the effect that the properties variation may mean.

w

«—ﬂ. = variable

Figure 14. Velocity profiles for constant and variable viscosity [224]
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Since the mean fluid temperature plays a central role in the HTC calculation, Equation (6)

shows its calculation.

SR U@ p(T (1) Cp(T(r) T(r)-dr
SR u(r)p(T () Cp(T(r))-ar

(6)

Tmean, f=

where u is velocity, Timean s practically is the so-called completely stirred temperature.

Boundary conditions

In numerical experiments, the inlet temperature of the flow was 30 °C. Water was used for
validating the CFD analysis. The inlet velocity was uniform. Static pressure conditions at the
entrance and stagnation pressure conditions at the outlet were applied. Since the subject of my
study was turbulent forced flow, the Re number was greater than 5000 in all investigated cases.
The fluid’s velocity and temperature were varied so that the Re number remains in the range of
5000 - 17000.

The inner pipe wall was assumed to be hydraulically smooth, showing a negligible
roughness coefficient. Furthermore, no-slip boundary conditions were applied to all domain
walls, implying that the fluid velocity at the wall surfaces was identical to the wall velocity,
which was zero. The CFD study applied (a) a constant heat flux of 7955 W/m? and (b) a constant

tube wall temperature of 67 °C.

3.5.3. Simulation convergence

Residuals for variables such as velocity, continuity, and turbulent kinetic energy were used
as indicators of convergence. Figure 15 graphically depicts the convergence behavior, showing
residuals plotted for Re = 5000. The figure demonstrates the gradual stabilization of the
continuity residuals. Convergence criteria were set, requiring residuals to fall below 107 for the
continuity equation and below 107 for other equations. Simulations conducted at Re = 8000,
11000, 14000, and 17000 adhered to these criteria, confirming the stability and convergence of

the simulation results.
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Figure 15. Residuals convergence for Re = 5000
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3.6. Measurement performed by the doctoral candidate and those together

with the help of collaborators

I carried out my research work under the guidance of my supervisor, associate professor
Dr. Imre Mikl6s Szilagyi. I performed the measurements at the BME Department of Inorganic
and Analytical Chemistry: FTIR, XRD, TG/DTA, SEM-EDX, and UV-Vis. My students
Marcel Bohus (BSc and MSc), Zalan Istvan Varady (BSc and MSc), Ahmed Qani Alkurdi
(MSc), and Ahmed Bager (MSc) also participated in the preparation of the samples and the
execution of the measurements.

I received help from Gyorgy Bosznai and Dr. Krisztina Laszl6 at the Surface Chemistry
Group of the Department of Physical Chemistry and Materials Science of BME in the specific
surface area measurements and the result evaluation. The Raman spectra were taken by Tamas
Igricz at the Department of Organic Chemistry and Technology of BME. The high-resolution
SEM images were taken by Dr. Istvan Lukacs at the Institute of Technical Physics and Materials
Science of the Hungarian Academy of Sciences. I evaluated the measurement results of SEM
and Raman. The TEM images were taken by Dr. Klara Hernadi and Anna Szab6 at the Applied
& Environmental Chemistry Department of SZTE.

The XPS measurements and result evaluation were carried out by Samu Gergely Ferenc
and Dr. Zoltan Konya at the Department of Applied and Environmental Chemistry of SZTE.
The thermal conductivity of the prepared nanofluids was measured at the Department of Energy
Engineering of BME with the help of Dr. Gyula Grof. Janos Molnar helped to measure the
viscosity of the nanofluids at the Department of Physical Chemistry and Materials Science of
BME. I evaluated the thermal conductivity and viscosity results.

Dr. Mohammed Saad Kamel and Dr. Lezsovits Ferenc performed the PBHT measurements
and the result evaluation at the Department of Energy Engineering of BME. The DOM images
of the surface of the heating tube were taken, and the DOM results were evaluated by Dr. Alfréd
Menyhard at the Department of Physical Chemistry and Materials Science of BME. Dr. Gyula
Grof at the Department of Energy Engineering of BME guided and advised me throughout the
entire process of performing the CFD simulation. With his expertise and valuable advice, he
assisted me in the formulation of simulation methodology, background research, and evaluation

of simulation results.
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4. Results and analysis

4.1. Characterization of halloysite nanofluid

Figure 16 shows the XRD pattern of the halloysite, where distinct diffraction peaks are
explained by the crystalline property of the halloysite. The primary aim of the XRD
measurement was to confirm the crystalline nature of the halloysite and to identify any other
mineral phases present in the sample. This XRD pattern was indexed to ICDD (International
Centre for Diffraction Data) 00-029-1487. The pattern had peaks corresponding to the
aluminum silicate hydroxide. The diffraction peaks at 26 = 12.0, 20.1, 24.6, 35.0, 37.9, 54.5,
and 62.6 corresponded to (001), (100), (002), (110), (003), (210), and (300) planes, respectively
[225]. The diffraction peak at 35.0° is more visible than at 37.9°. The presence of the (001)
peak at 20 of 12.0° corresponded to a layer spacing of 0.73 nm. The dehydrated state was also
confirmed by the (100) diffraction peak at 20 of 20.1° (0.44 nm). The reflection at 26 of 26.6°
was also observed, which indicated the presence of quartz, which is a very common mineral
constituent. The material was characteristic of tubular halloysite [226], [227]. Through this
XRD analysis, the crystalline nature of the halloysite, validated the expected tubular structure,
and identified the presence of quartz was confirmed. With these characteristics it can contribute

to improving the thermal conductivity of nanofluids.
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Figure 16. X-ray diffraction (XRD) pattern of halloysite

Figure 17 shows the SEM image of the morphological structure of the halloysite. From
SEM studies, it can be seen that the sample used was uniform in content, containing nanotubes
with infrequent particle agglomerates. Between the halloysite, some platy particles were
presented due to residual kaolinite. By measuring the diameter at five points of the SEM images,
the mean outer diameter and the mean length were determined. The diameter and length were

58 and 436 nm, respectively. The aspect ratio was calculated as ca. 7.5. Compared to the

49| Page



halloysite used by Alberola et al. [50], the halloysite in this study was smaller. This could give

the advantage of higher thermal conductivity and greater stability.
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Figure 17. SEM images of halloysite with magnification x20000 (left) and x 100000 (right).

In addition to the above results, TEM images were also recorded, as shown in Figure 18.
The dimensions of the halloysite were as follows: the length and the diameter of the halloysite
were harmonized with SEM results. The TEM images confirmed the tubular morphology of the
used halloysite.

Figure 18. TEM images of halloysite (a) scale bar, 200 nm (b) scale bar, 100nm.

The examination of functional groups of the used nanomaterials helps the effort to
understand the structure of the nanomaterials. Figure 19 shows the FTIR spectrum of the
halloysite. The two infrared active modes centered at around 3694 and 3617 cm™! were assigned
to the stretching vibration (O—H) bonds of halloysite [228]. The peak at around 1630 cm ™! and
broadband around 3000-3600 cm™!' confirmed the typical bending vibration of absorbed water.
This peak in halloysite was more intense and broader than in kaolinite [229]. The peak at 1110
cm ! was caused by the stretching mode of apical Si—O bonds. The peaks at 1029 and 477 cm™!
were attributed to the Si—O-Si asymmetric stretching and bending vibrations. There was
another minor peak around 935-940 cm™! attributed to the inner surface O-H. The peaks at 911
and 540 cm ! referred to the bending vibration of AlI-O—H and Si—O-Al bonds, respectively.
The peaks at 789 and 754 cm™ ! were assigned to OH translation vibrations of halloysite [50].
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The 694 cm™ band could be characteristic of crystalline quartz (in harmony with the XRD
results) or Si-O.

100

3694 1630 789

o N 1029|754

3617
60 \ 1110| 911 | 540

|
[ pll691
| !f\

|
i i
| U

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ')

Transmittance (%)

Figure 19. FTIR spectrum of halloysite.

In Figure 20, the Raman spectrum of the halloysite can be observed. The peak centered at
205 cm! referred to AlOs octahedron (Ai,). The peaks at 247 (A1) and 277 cm™! (B2) were
attributed to the internal vibrations of the O—H-O triangle. The three vibrational modes of the
SiO4 tetrahedra were presented at 334, 428, and 469 cm™'. The peaks at 647, 710, and 747 cm™"
were caused by Si—O—Al translation. The peaks at 793 and 910 were assigned to the OH
translation and liberation, respectively [230]. The peak at 1113 cm™' (A)) confirmed the
stretching vibrations of the Si—O bond [231].
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Figure 20. Raman spectrum of halloysite. .

EDX provided the qualitative composition of the used material. The main components of
the halloysite included Al, Si, and O (H can not be seen). Table 13 contains the EDX results of
the halloysite (Appendix A). The values in the table were the average of the results obtained at
five measurement points in the atomic percentage. These values (Al:Si:0 = 1:1.03:4.38) were
similar to the EDX results (Al:Si:O = 1:1.13:5.42) obtained from Tayser et al. [232]. The

oxygen content indicated that the used halloysite did not have H.O molecule.

Table 13. Energy-dispersive X-ray (EDX) analysis results of halloysite.

. Atomic%
Nanoparticles Al Si o
Present work 15.6 16.1 68.3
Tayser et al. [232] 13.2 15.0 71.8
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Figure 21 shows the TG/DTG/DTA curves of halloysite samples in air (Appendix B). At
around 150 °C and below, mass losses referred to the loss of absorbed water (2 %) on the surface
and interlayer [233]. From 150 °C to 400 °C, the interlayer water was removed completely
[234], while at 400-700 °C, the AI-OH groups of halloysite were dehydroxylated with a loss
of approximately 9 % and the “meta-halloysite” (Al203:2Si102) was formed [233]. In the
differential thermal analysis curve, because of the removal of water, the process was
endothermic, and then the structural rearrangement of the material — above 800 °C — was

exothermic [235].
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Figure 21. TG/DTG/DTA curve for halloysite in air.

The ZP of 0.5 % halloysite nanofluids with different stabilizing agents is shown in Table
14. To improve the stability of halloysite nanofluids, different stabilizing agents were utilized,
each at a concentration of 0.05 %, including CTAB, SDBS, GA, SCMC, oleylamine, and TX.
Among these, SCMC exhibited the best performance, yielding a ZP of -30.5 mV, which is
indicative of a relatively stable colloidal system. The concentration of the surfactants was
optimized by gradually increasing the concentration until stable nanofluids were achieved.
Preliminary tests were conducted to determine the optimal concentrations used in the final
experiments.

The effectiveness of SCMC as a stabilizing agent can be understood by considering the
nature of the surfactants used. Among the surfactants, T80, GA, and oleylamine are non-ionic,
CTAB is cationic, while SDBS and SCMC are anionic. The halloysite surface, which carries a
positive charge due to the presence of aluminum oxide, as presented in the FTIR and Raman
spectrum, interacts more effectively with anionic surfactants like SCMC and SDBS. SCMC,
being a thickener, not only provides strong electrostatic repulsion due to its anionic nature but
also induces steric repulsion, which enhances the stability of the nanoparticles by preventing
agglomeration. This dual mechanism of stabilization — electrostatic and steric — makes SCMC

particularly effective in maintaining a stable dispersion of halloysite nanoparticles in the
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nanofluid. Consequently, SCMC was found to be the best-stabilizing agent for halloysite
nanofluids, as evidenced by the ZP values and visual observation of sedimentation behavior.

Table 14. ZP of 0.5 % halloysite nanofluids with different stabilizing agents.

Stabilizing i t,h.m.” _
agents stabilizing T80 | CTAB | Oleylamine | GA | SDBS | SCMC
agents
ZP of 0.5%
halloysite -11.8 7.9 20.4 24.2 -17  -26.8  -30.5
nanofluid (mV)

Colloidal solutions with ZPs as low as —30 mV have acceptable stability. Table 15 shows
the ZP values of halloysite nanofluids with different volume fractions. In these experiments,
the concentration of the SCMC stabilizing agent was kept constant at 0.05 % across all tested
nanofluid samples, regardless of the volume fraction of halloysite. With SCMC stabilizing
agent, the ZP of 0.5, 1.0, and 1.5 % halloysite nanofluids was —30.5, —32.2, and —31.2 mV,
respectively, while adjusting the pH of the colloidal solutions to 12, the ZPs were —33.4, —39.7
and —32.4 mV for 0.5, 1.0 and 1.5 %, respectively. These values indicated the stability of
nanofluids. Also, visual observation verified that these nanofluids were stable over 3 days.
Compared to Alberola’s result [50], the ZP in my study was lower.

Table 15. ZP of halloysite nanofluids with different volume fractions.

Nanofluids | SCMC-0.5 | SCMC-1.0 | SCMC-1.5 | pH-12-0.5 | pH-12-1.0 | pH-12-1.5
ZP (mV) -30.5 322 31.2 —33.4 —39.7 324

The viscosity of the nanofluids is important parameters determining the heat transfer. The
viscosity of the BF and halloysite nanofluids at different shear rates was measured for three
volume fractions of 0.5, 1.0, and 1.5 % at five temperatures: 20, 30, 40, 50, and 60 °C. Figure
22 shows the shear rate—shear stress diagram of 0.5 % halloysite nanofluids with SCMC
stabilizing agent at different temperatures. The shear stress of halloysite nanofluids fell with
increasing temperature and increased with increasing fractions of nanofluids. The increase in
temperature caused the Brownian movement and thermal motion of molecules to be higher;
thus, the viscosity of nanofluids decreased [166]. The shear rate of halloysite nanofluid was
almost linearly dependent on the shear rate. It was concluded that the nanofluids were

Newtonian.
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Figure 22. Shear stress—shear rates diagram of nanofluids for volume fraction of 0.5 %.

Figure 23 shows the relative viscosity of prepared halloysite nanofluids at different

temperatures. Relative viscosity was obtained by dividing the viscosity of nanofluids by that of

the BF. It could be seen that the viscosity was higher with nanoparticle content due to the

clusters formed from nanoparticles. Temperature played an essential role in the relative

viscosity. This meant that with the increasing temperature, the viscosity of the BF decreased

more than that of the nanofluids. Compared to the halloysite nanofluids used at pH = 12 without

stabilizing agent, the relative viscosity of nanofluids containing the stabilizing agent did not

have a significant difference. With stabilizing agent, the halloysite nanofluids had the lowest

relative viscosity of 1.09 for 0.5 % volume fraction at 20 °C and the highest relative viscosity

of 1.31 for 1.5 % at 60 °C. The relative viscosities of halloysite nanofluids at pH = 12 were 1.09
for 0.5 % at 20 °C and 1.27 for 1.5 % and 60 °C.
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Figure 23. Viscosity and relative viscosity of halloysite nanofluids for different volume

fraction at different temperatures (left: pH = 12, right: using SCMC stabilizing agent).
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The thermal conductivity of halloysite nanofluids at different temperatures is presented in
Figure 24. The device was reliable within 0.6 % error when the calibration measurement was
verified for water. The nanofluids showed greater thermal conductivity than the BF at
experimental temperatures. Halloysite nanofluids with SCMC stabilizing agent gave 4.48 %,
6.03 %, and 7.93 % thermal conductivity increments at 0.5, 1.0, and 1.5 % in comparison with
the BF at 20 °C, respectively. The thermal conductivity increments of halloysite nanofluids at
pH = 12 were 2.64 % and 6.90 % at 20 °C for 0.5 and 1.5 %, respectively. By increasing the
temperature, the thermal conductivity of nanofluids increased due to the augmentation in the

Brownian motion of the solid.
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Figure 24. Thermal conductivity and enhancement of thermal conductivity of halloysite
nanofluids for different volume fractions at different temperatures (left: pH = 12, right: using
SCMC stabilizing agent).

It could be seen that when the nanoparticle content in nanofluids increased, the thermal
conductivity also increased because of the higher number of nanoparticles presented in the
nanofluid. The thermal conductivity enhancement of nanofluids containing stabilizing agent
was slightly higher than nanofluids with pH = 12. It was concluded that similar to changing pH,
applying the stabilizing agent also supported using halloysite in the preparation of nanofluids.
Compared to the results from Alberola et al. [50], the thermal conductivity of the nanofluids in
this study was greater. This may be due to the smaller length and diameter of halloysite used in
this research. Smaller halloysite nanotubes have a higher surface area-to-volume ratio, which
can enhance their interaction with the BF and improve heat transfer efficiency. As a result, the
nanofluids in this study exhibited higher thermal conductivity compared to those using larger

halloysite nanotubes.

4.2. Halloysite nanofluids in PBHT
This was the first applied research of halloysite nanofluids in PBHT. This might open a

way to using halloysite nanofluids in a variety of engineering applications. In the preparation

of nanofluid, the two-step method was used in this experimental work to make the halloysite
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nanofluids with different volume fractions (0.01, 0.05, 0.1, and 0.5 %) and by adding the
halloysite to BF at pH = 12, then homogenizing the nanofluids with ultrasonication process.
The pH = 12 was chosen instead of the stabilizing agents to avoid the effect of heat on them.
In Figure 25, there are the DOM pictures of the heating tube surface for the solutions of
0.01, 0.05, 0.1, and 0.5 volume fractions with 500% and 5000% magnification. These pictures
were taken after each PBHT experiment. From the pictures, it was clearly seen what the
difference was between the clean sample (free of deposition) and the samples with the nano-
powder deposited on the external layer of the heating tube. Also, it could be noticed that the
deposition ratio varied from one sample to another depending on the volume fraction. This
deposition caused a negative effect on the heat transfer process as it made a nano-porous layer

which led to the deactivation of the nucleation site of the bubble formation.

(a) (b) |
(© @ ‘
(e)

Figure 25. Deposition of the nanoparticles (a) 5000 Clean sample (without deposition), (b)
500x for 0.01 %, (c) 5000 for 0.05 %, (d) 5000 for 0.1 %, (e) 5000 for 0.5 %, and (f)
500% for 0.5 %.

In order to confirm the reliability of the boiling chamber, water was used for the
investigation of PBHT. Then, our results of the pool boiling cure for water were compared with
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the previous studies [236], [237], [238], [239], as shown in Figure 26. From the results, it was

seen that the experimental results in the present study could be accepted.
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Figure 26. Validation of pool boiling curves of water with Suriyawong and Wongwises [238],
Das et al. [239], Gorenflo et al. [237], and Rohesnow et al. [236].
Figure 27 shows the relationship between heat flux against the superheat temperature,

which is the difference between the wall temperature and the saturation temperature of the fluid
heated by that wall (ATsup = Tw — Tsat). This figure is defined as the pool boiling curve for
the BF and halloysite nanofluids. Because of the power restriction of the cartridge heater
utilized in this study, the maximum applied heat flux employed for all experiments did not
exceed 118 kW/m?, which indicated that all experiments were performed below the critical heat
flux value. As the applied heat flux was raised, the superheat temperature rose slightly for both
the halloysite nanofluid and water because of the nucleate mechanism of pool boiling.
Moreover, it could be noticed that at the 0.05 % volume fraction, the curve moved to the left
side of the graph as compared to water at heat flux values ranging from 36.3 to 58.8 kW/m?
with superheat temperatures values 7.6 to 9.6 K. At 0.1 % fraction curve, there was a very slight
enhancement, as it could be seen from the minor left shift of the curve at heat flux values from
30 to 60.3 kW/m? with superheat temperatures values 7.4 to 10.5 K. However, increasing the
fraction of the nanofluid significantly changed the boiling curve toward the right. Exceptionally,
at high heat flux values, the shift was remarkable. Moreover, as the process was running
forward, heat flux and superheat temperature kept rising, and at the same time, the pool’s
boiling performance worsened. This might be linked to the nanoflakes accumulating on the
surface of the heating tube under the boiling phase. The result was that the thermal insulation
layer which was formed prevented the heat transfer between the heating tube and the working

fluids. This explanation was used by several researchers [157], [238], [239].
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Figure 27. Pool boiling curves of water and halloysite nanofluids at different volume fractions.

Figure 28 shows the proportional relationship between the a heat flux and PBHTC. From
the graph, it could be seen that there was an improvement in the PBHTC for the volume
fractions of (0.1 % and 0.05 %). The 0.1 % curve had a better PBHTC than water starting from
heat flux of 30 kW/m? with PBHTC of 4.05 kW/m?K and reaching the maximum PBHTC of
5.74 kW/m?K at the heat flux of 60.3 kW/m?. While the 0.05 % curve had the best heat transfer
process among all the other fractions, as it increased by moving to the left side of the graph
when the heat flux value reached 36.27 kW/m? with 4.77 kW/m?K of PBHTC and continued
rising until the highest value of the PBHTC at 6.10 kW/m°K with 58.8 kW/m? heat flux.
However, after reaching the peak, the curves for both the above-mentioned fractions started to
deteriorate as the boiling process moved forward with time. The reason behind this was related

to the good thermal conductivity of the halloysite nanofluid.
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Figure 28. PBHTC against the applied heat fluxes for water and halloysite nanofluid of four-
volume fractions.

Figure 29 shows the graph between the applied heat flux and the ratio of PBHTC of
halloysite nanofluid with respect to water (PBHTC,¢/PBHTCyater) for four volume fractions. It
could be clearly seen that the ratio of 0.05 % halloysite nanofluid had the best enhancement of

13.8 % at moderate heat flux (51.74 kW/m?). Moreover, there was another improved ratio
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(about 4.6 %) for the 0.1 % volume fraction at low heat flux (30 kW/m?). Furthermore, the
behavior of the PBHTC of the nanofluid at moderate and low heat was discovered to be superior
to that of water, particularly when it came to volume fractions (0.05 % and 0.01 %), and that

was because the bulk effect prevails in the free convection area.
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Figure 29. PBHTC ratio of halloysite nanofluid and water at different volume fractions and
applied heat fluxes.
Another notable piece of information from Figure 29 is that at heat flux > 60 kW/m? for

most fractions, the PBHT ratio decreased. The reason for this deterioration was the deposition
of the solid material (dry powder nanoparticle) on the heating element surface, where the
cavities were filled with the nanotubes of the halloysite, which deactivated the nucleation sites,
as could be seen from Figure 25 at the DOM pictures. Kim et al. [240] explained the deposition
of the suspended solid material on the external surface of the heater inside the chamber by
showing that this deposition formed an insulation layer (nano-porous) and hindered the heat
transfer process, which resulted in making the heating tube hydrophilic. Because of the
cohesion of the nano-powder to the heating surface, it was postulated in this research that the

accumulation of nanotubes negatively alters the surface properties.

4.3. SiO:-TiOz nanofluids

According to the specifications described by the manufacturer, the sizes of SiO2 and TiO:
nanoparticles were 10-20 nm and 21 nm, respectively. SiO2 and TiO2 (1:1 volume ratio) were
dispersed into a mixture of EG and water (5:1 volume ratio).

Figure 30 shows the XRD pattern of SiO> and TiO,. For the XRD pattern of SiO (Figure
30a), the broad diffraction peak confirmed a completely amorphous structure. Except for a
broad band centered at 260 =22.5°, no diffraction peak was observed [47]. It also revealed no
impurity peaks for SiO2 nanoparticles. Based on the XRD patterns of TiO2 (Figure 30b), TiO2

consisted of rutile and anatase phases. The anatase form was the main component with peaks
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at 20 values of 25.4°, 37.9°, 48.1°, 54°, 55.1° and 62.8°. The rutile phase was an adjunct at 20
values of 27.6°, 36.2°, 41.4° and 54.4° [48]. There were not any reflections corresponding to
any impurity phases, so the high purity of the TiO2 sample was indicated. The TiO: used in this
analysis contains a significant anatase component, which is expected to result in improved
thermal conductivity. This is because anatase can enhance the thermal conductivity of
nanofluids more effectively than rutile, due to its more efficient phonon transport and reduced

scattering [241].
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Figure 30. XRD pattern of (a) SiO>, (b) TiO:

Figure 31 and Figure 32 show the SEM and TEM images of the morphological structure
of nano-Si0x-. It could be observed that nano-SiO> had a size of ca. 15 nm in accordance with
the manufacturer’s specifications. The SEM image of nano-TiOz is shown in Figure 33. It could

be found that the particle size was 23 nm.

XX 100nm  EHT= 5.00 k¥
[ ] W0 = 53mm

Figure 31. SEM images of SiO> nanoparticles with magnification 20000 (left) and x 100000
(right)
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Figure 33. SEM images of TiO> nanoparticles with magnification 20000 (left) and x100000
(right).

The FTIR spectrum of TiOz nanoparticles is shown in Figure 34a. The broadband centered
at around 600 cm™! was assigned to the bending vibration (Ti—O-Ti) bonds in the TiO; lattice.
The broadband centered at around 3420 cm ™! was attributed to the intermolecular interaction of
the hydroxyl group (-OH) with the H>O molecule absorbed on the TiO> surface. The peak at
around 1650 cm™! confirmed the typical bending vibration of the -OH group [243]. Figure 34b
shows the FTIR spectrum of SiO> nanoparticles. The peaks around 3420 cm ™! and 1630 cm™!
could be ascribed to the —OH stretching and bending vibrations of absorbed water molecules
on the SiO, nanoparticles, respectively. The peaks at 1101 and 475 cm ™! referred to the Si—O-
Si asymmetric stretching and bending vibrations, similar to the peak of halloysite. The peaks at
961 cm™! and 801 cm™! were attributed to the Si—O-(H-H>O) stretching vibrations and the
symmetric vibrations of Si-O-Si, respectively [244]. The FTIR spectra of the TiO, and Si0O;
nanoparticles showed clear, well-defined peaks with no signs of impurities, indicating high
purity of the nanoparticles. The presence of functional groups suggests that these nanoparticles
are likely compatible with polar solvents, such as a water and EG mixture, which could promote

stable dispersion in such BFs.
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Figure 34. FTIR spectrum of nanoparticles: (a) TiO: (b) SiO:

Table 16 contains the EDX results of TiO; and SiO> nanoparticles (Appendix C). The
results were the average values of five measurement points in the atomic percentage. These
results confirmed the chemical composition of the used nanoparticles.

Table 16. EDX results of TiO> and SiO:z nanoparticles

SiOz2/atom % TiO2/atom %
Si (0] Ti (0)
33.68 66.32 30.57 69.43

For improving the stability of SiO>—TiO2 hybrid nanofluids, different stabilizing agents
were used, such as CTAB, SDBS, SCMC, and TX. Table 17 shows the ZP of 0.5 % Si0>-Ti0>
hybrid nanofluids with different stabilizing agents. Among the used stabilizing agents, the
CTAB gave the best result with —19.1 mV. According to the ZP values, the Si0>—TiO> hybrid
nanofluids had the best stability without any stabilizing agents. The visual observation gave the

same result.

Table 17 ZP of 0.5 % SiO>—TiO: nanofluids with different stabilizing agents

Stabilizing agents OGRS Rn CTAB
agents
ZP of 0.5 % SiO2-TiO2

hybrid nanofluid/mV

SDBS | SCMC | TX

—30.4 -19.1 -10.5 -10.1 —-17.3

Colloidal solutions with ZP’s lower than —30 mV have acceptable stability [92]. Table 18
shows ZP values of SiO,, TiO> pure nanofluids, and SiO>—TiO> hybrid nanofluids without
stabilizing agent for different volume fractions. The ZP of 0.5, 1.0, and 1.5 % Si10>—Ti02 hybrid
nanofluids was —30.4 mV, —33.0 mV, and —43.3 mV, respectively. This showed the stability
of nanofluids. These ZP values indicated the slower aggregation behavior of SiO»-TiO;
nanoparticles by increasing the fractions. It meant that by increasing the fractions of nanofluids,
the negative electrical surface charge of SiO,—TiO: increased; thus, the -OH groups were

ionized. TiO2 nanofluids provided good stability with high ZP. ZP results showed that SiO2
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nanofluids had moderate stability. By visual observation, it was confirmed that these nanofluids
were stable over 3 days.

Table 18. ZP of SiOz, TiO: nanofluids and SiO>-TiO> hybrid nanofluids for different volume
fractions

Si0,- Si0,- Si0,-
Nanofluids Ti0;- Ti0O;- Ti0:;-
0.5 1.0 1.5

Si0,- Si0»- Si0»- TiOz- | TiO2- | TiO»-
0.5 1.0 1.5 0.5 1.0 1.5

7P,

-304 —33.0 —433 -230 -—-242 —252 34.5 333 309
mV

For determining the rheological behaviors of SiO>—TiO> hybrid nanofluids, the viscosities
at different shear rates were investigated for three volume fractions of 0.5, 1.0, and 1.5 at five
temperatures: 20, 30, 40, 50, and 60 °C as shown in Figure 35. The viscosities of all Si0>—TiO»
hybrid nanofluid samples decreased with increasing temperature and increased with increasing

fraction of nanofluids.
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Figure 35. Viscosity—shear rates diagram of SiO>, (b) TiO: and (c) SiO>—TiO: hybrid nanofluids
for 0.5 % volume fraction

This reduction behavior of viscosity might be caused because the higher temperature
increased the Brownian and thermal motion of molecules and their average velocity, leading to

weakened intermolecular interaction and adhesion forces between molecules [166], [245]. For
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low shear rates (less than 5 s™!), the nanofluid behaved as a non-Newtonian fluid or shear-
thinning fluid. It meant the viscosity of all hybrid nanofluids decreased with the increase of the
shear rate. In the case of high shear rates, the viscosity of SiO>—TiO> hybrid nanofluids was
almost independent of the applied shear rate. This meant that the hybrid nanofluid was
Newtonian (see Figure 35). Bahrami et al. [168] and Nabil et al. [15] found that the Fe—CuO
nanofluids and TiO2-SiO> nanofluids owned Newtonian rheological behavior for different
temperatures and fractions. These results indicated that the properties of nanoparticles and
temperature were important factors in the rheological properties of nanofluids. The rheological
behavior generally depended on particle size and morphology, nanoparticle fraction, BF,
electro-viscous effects, and solution chemistry-related surface layer [246]. Mehrali et al.
showed that at low shear rates, the structure of fluid changed temporarily when the spindle
rotated in the fluid, and molecules were gradually arranged in the direction of increasing shear,
causing less reduction in viscosity. However, when the shear rate is high enough, the fluid
undergoes maximum shear ordering, causing larger aggregates to break down into smaller,
more dispersed particles. This breakdown reduces the effective size of the particles in
suspension, decreasing the internal resistance to flow and thus leading to a lower viscosity [18].
With the presence of nanoparticles in hybrid nanofluids, it could be explained that the viscosity
of Si0>-TiO; hybrid nanofluids was higher than the BF.

Figure 36 shows the relative viscosity of SiO>—TiO> hybrid nanofluids. The relative
viscosity increased with the increase in the volume fraction, while temperature did not play an
important role. The relative viscosity increased from 24 % for a 0.5 % volume fraction of SiO>—

TiO> hybrid nanofluids to 58 % for a 1.5 % fraction.
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Figure 36. Relative viscosity of SiO>-TiO: hybrid nanofluids at different temperatures
Figure 37 shows a comparison of the relative viscosity between the present work (0.5 %)

with the data from Nabil et al. [15]. The results from the present research showed little higher
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relative viscosity than the literature data between 20 and 60 °C. The SiO> nanofluids still had
the lowest relative viscosity, while the TiO2 nanofluids had the highest viscosity. The viscosity

strongly depended on nanoparticles, BFs, and fractions.
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Figure 37. Comparison of the relative viscosity between the present work and the result of
Nabil et al. [15]

The thermal conductivity of all SiO,—TiO> hybrid nanofluids at various temperatures is
shown in Figure 38. The calibration tests for water were verified before the measurement of
samples, and the results were obtained within a 0.5 % error. All Si0,—Ti0O2 hybrid nanofluids
showed higher thermal conductivity compared to the water/EG mixture at all temperatures.
Si0,-TiO; hybrid nanofluids at 0.5, 1.0, and 1.5 % showed 4.72 %, 7.19 %, and 9.03 % thermal
conductivity enhancement compared to the EG/water mixture at 20 °C, respectively. The
thermal conductivity of SiO>—TiO2 hybrid nanofluids increased with increasing temperature.
Nevertheless, the effect of temperature and fraction on the enhancement of thermal conductivity
was different. On the one hand, the temperature caused the thermal conductivity of nanofluids
to be higher because of the reduction of viscosity and the augmentation in the Brownian motion
of nanoparticles [18]. On the other hand, the relationship between thermal conductivity
enhancement and a fraction of Si0>—Ti0; nanoparticles was not completely linear. This was
understandable; as the number of nanoparticles in the solution increased, the thermal
conductivity of the solution also increased. In addition to the fraction and temperature, the
extent of thermal conductivity enhancement of nanofluids depended on the type of used
nanomaterials, pH, stabilizing agents, and the type of BF, which influenced the motion of

particles in suspension.
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Figure 38. Thermal conductivity and enhancement of thermal conductivity of pure SiO>, TiO>
and SiO>-TiO: hybrid nanofluids at different temperatures

66| Page



Figure 39 shows the enhancement of thermal conductivity obtained from the present work
and previous studies. It could be seen that the thermal conductivity of the hybrid nanofluids in
the present research was higher than the thermal conductivity of pure SiO2, TiO2 nanofluids,
and even SiO>-TiO; hybrid nanofluids. This could be explained by the fact that TiO:
contributed greatly to increasing the thermal conductivity of the hybrid nanofluids due to the

size and anatase content of TiO2 nanoparticles.
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Figure 39. Comparison of the enhancement of thermal conductivity between the present work
and the result of Nabil et al. [15]

4.4. CFD study on heat transfer performance
4.4.1. Mesh independency test

To ensure the reliability of the numerical solutions and minimize the effects of mesh
changes, a mesh independence study was performed. Six separate mesh configurations were
used to evaluate the impact of mesh selection on the simulation results.

The investigated Re range was from 5000 to 17000. The Nu numbers by the ANSYS
calculation were determined for the Re = 5000 and Re = 17000, with the mesh sizes of 7.0
x10°,8.0x10°,9.0 x 10°,1.0 x 10°, 1.1 x 10%, and 1.2 x 10 unit. Figure 40 shows the calculated
ratio (Nu divided by Nu of the highest mesh) variation against the mesh size. I assumed that if
mesh independence was proved at the end of the investigated range, the same mesh used was

validated inside the Re range.
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Figure 40. Nu number ratios against the mesh size.

4.4.2. Fully developed flow

In the formulae that account for the fully developed flow heat transfer, the diameter-to-
length ratio did not appear, except for in (7) and (13), but (7) was not applicable due to its
validity for low Pr numbers. The numerical experiment had to be performed for a long tube to
obtain the fully developed flow. The local heat transfer variation was localized for a shorter
length in turbulent flow configuration than the laminar flow; for calculating the entry length
(Le), Equation (7) was used from [247]. However, in planning the experiment, the tube should
be long enough to neglect that part. Figure 41 represents the local Nu number variation decrease
from [198]. According to the investigated nanofluids, the Pr = 5 curve was assumed to
determine that part of the length where the local Nu number varied. Practically, this means that
the investigated zone started at L = ~23 - D = 0.37 m from the tube entrance, as shown in
Table 19, which lists the calculation results based on [247]. It was also worth mentioning that
in [248], the proposed equation for hydrodynamic entry length — from the point of entry to the
point where the velocity profile is fully developed - was Le = D - 1.359 - Re®2® and in [249],
Le = ~10 - D. The smallest approximation for entry length in [247], [248], [249] offered the

largest one. This latter value was accepted.

%z 4.4 - Re@/6) (7
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Figure 41. Effect of the Pr number on the development of heat transfer in a tube [198].

Table 19. The entry length variation D = 0.016 m.

Re Le/D, [247] Le, m [249] Le/D, [248]
5000 18.2 0.29 11.4
8000 19.7 0.31 12.9
11000 20.8 0.33 13.9
14000 21.6 0.35 14.8
17000 223 0.36 15.5

4.4.3. Velocity and temperature profiles

The velocity and temperature profiles of the hybrid nanofluids at the fully developed flow
regime are represented in Figure 42 as an example for Re = 10000. Part (a) shows wall subjects
of constant heat flux, while part (b) shows wall subjects of constant temperature. According to
sources in the literature, for example [198], in turbulent flow, there were no countable
differences between part (a) and part (b) regarding the velocity profiles, but the temperature

values were different; meanwhile, the shapes of the temperature profiles were also very similar.

part a) partb)
334 0.8 341 0.8
K m/s K m/s
333 0.6 339 0.6
332 0.4 336 0.4
331 0.2 334 0.2
330 0 331 0
0 0.002 0.004 0.006  0.008 0 0.002 0.004 0.006 0.008
R [m] R [m]

Temperature [K] Velocity [m/s] Temperature [K] Velocity [m/s]

Figure 42. Velocity and temperature profiles in fully developed flow (a) constant heat flux (b)
constant temperature of the wall.

4.4.4. Simulation results
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The results were valid according to the limitations of the previous sections’ reports. Here,
it was mentioned that the developing flow was not included in the results, compared with the
correlations, because most are valid only for infinite-length tubes.

Constant heat flux with Non-Variable Properties, Developed Flow:

Figure 43a represents the numerical simulation results for a constant wall heat flux of Re =
5000-17000. In agreement with sources in the literature, the hybrid nanofluid of 1.5 % volume
fraction had the highest Nu numbers.

Constant Wall Temperature with Non-Variable Properties and Developed Flow:

Figure 43b represents the numerical simulation results for a constant wall temperature of
Re = 5000 — 17000. In line with sources in the literature, the hybrid nanofluid of 1.5 %

volume fraction had the highest Nu numbers.

140 140 .
——1.5% 1% ——WG 1.5%
120 0.5% WG : 120 1.% 0.5%
100 100
80 80
60 60
) (@) (b)
40 40

5000 8000 11000 14000 17000 5000 8000 11000 14000 17000

Figure 43. Nusselt numbers against Reynolds numbers for (a) constant heat flux (b) constant
wall temperature.

Figure 44 introduces the comparison of the constant wall temperature and heat flux for (a)
Re = 5000 and (b) Re = 17000. It shows the Nusselt numbers calculated by (1) Dittus—
Boelter (DB), (6) Sieder-Tate (ST), (8) von Karman (vonK), and (13) Gnielinski (Gn)
correlations. The Twan curve represents Nu numbers for a constant wall temperature, and heat
flux represents Nu numbers for a constant wall heat flux arrangement. The ST and DB
correlations do not contain the friction factor, while the vonK and Gn include the friction factor.
Since the tendencies are the same for all Re numbers in the investigated range, only the Re =
5000 and Re = 17000 results are shown. The major observation can be summarized as

follows:
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a) Re=5000 b) Re=17000
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Figure 44. Comparison of the simulation results and correlations with (a) Re = 5000 (b) Re =
17000.

e The Nu numbers in the case of constant wall temperature were 7—-10 % higher than in the
case of the constant heat flux, and the difference increased as the Re number increased.
The difference between constant heat flux and constant wall temperature was considered
small in the literature, for example, in [198], but due to the greater temperature difference
alongside the tube length, the heat transfer was more intensive in the case of constant wall
temperature. Moreover, the observed differences in the context of the accuracy of heat
transfer measurements were satisfactory;

e The DB correlation underestimated Nu numbers, while the ST correlation gave practically
the same Nu numbers for constant heat flux;

e The ST correlation values were less than the numerical simulation result up to Re = 14000
and were above the simulation result only at Re = 17000. It should also be mentioned
that the ST correlation by [198] was valid only to Re = 10000, but according to our
results, it could be used at least to Re = 17000;

e The correlation that contained the friction factor performed better at higher Re numbers. It
should be mentioned that the application range for vonK started from Re = 10000, and
for Gn, from Re = 2300, but vonK performed well below Re = 10000 as well.

Constant heat flux with Variable Properties:

The properties of the fluids varied by temperature, but when the difference between the
mean fluid temperature and the tube wall temperature was not high, the differences that the
variations of the properties such as thermal conductivity and viscosity may cause are nearly

negligible. Table 20 illustrates the calculation results with CFD simulations using constant and
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variable properties. By considering the variable properties, the Nu number was generally higher

by 1 % in the investigated cases.

Table 20. Nu numbers for constant and variable properties of constant heat flux.

0.5 % 1% 1.5 %

Re Const. Variable Const. Variable Const. Variable
5000 434 43.7 44.1 44.5 45.6 45.5
8000 63.1 64.2 64.2 65.3 66.4 66.9
11000 81.9 83.3 83.4 84.8 86.4 86.9
14000 100.0 101.5 101.8 103.4 105.5 105.9
17000 117.5 119.0 119.7 121.2 124.1 124.2

Constant Wall Temperature with Variable Properties:

Table 21 illustrates the calculation results with constant and variable property CFD

simulations. By considering the variable properties, the Nu number was generally higher by 2

% 1in the cases investigated. The higher differences were due to the higher differences between

the wall and mean fluid temperatures.

Table 21. Nu numbers for constant and variable properties for constant wall temperature.

0.5 % 1% 1.5 %

Re Const. Variable Const. Variable Const. Variable
5000 47.2 47.2 48.2 48.6 50.2 50.0
8000 69.2 70.1 70.7 72.6 73.8 74.8
11000 90.7 91.6 92.7 95.2 96.9 98.3
14000 111.6 112.1 114.1 117.0 119.3 120.8
17000 131.8 132.0 134.8 138.1 141.0 142.7

HT in Flow Development:

Comparing the constant heat flux and constant wall temperature, one might find only
limited differences according to the practical approach, as reported in [249]. Figure 45 shows

the relative local Nusselt number variations (Nu/Nuy,) at constant heat flux for Re = 5000 and

Re =17000 for a 1.5 % volume fraction. These results were in agreement with those shown in

Figure 42 and Figure 43, based on [249]. The decrease in the Nu number was instant, and the

development of the flow ended around Le = 10-D when the Re number was above 104, but for
smaller Re numbers, the flow development occurred at a somewhat greater distance. The use
of short tubes was advised in the practical engineering application, considering flow
development. A more intensive heat transfer would occur than expected in the case of constant

wall temperature. Generally, this was not considered a problem and could be ignored.
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Figure 45. Local Nu number variation for 1.5 % nanofluid.

As previously mentioned, the friction factor has a significant role in determining the
pumping power of the working fluids, and its value also appears in correlations for calculating
the HTC. Several formulaec were worked out to find the implicit Prandtl-Karméan—Nikuradse
correlation (Appendix E). Table 22 shows all friction factor results [ made using the formulae
in Table 3 and the CFD calculation PDs in different cases.

Table 22. The friction factors by different correlations and the CFD simulation

Case No Friction factors

identification : Re =5000 Re =17000

1 1 0.0376 0.0277

2 2 0.0375 0.0272

3 3 0.0384 0.0277

Numbers of Table 4 4 0.0375 0.0272

3 correlations 5 5 0.0378 0.0272

6 6 0.0379 0.0269

7 7 0.0386 0.0272

8 8 0.0373 0.0270

Constant 0 % 9 0.0367 0.0279

heat flux 0.5% 10 0.0370 0.0279

non-variable 1% 11 0.0370 0.0279

properties 1.5 % 12 0.0370 0.0279

Constant wall 0% 13 0.0370 0.0279

temperature non- 0.5 % 14 0.0370 0.0279

variable 1 % 15 0.0370 0.0279

properties 1.5 % 16 0.0370 0.0279

0% 17 0.0372 0.0280

heat?]?liszzﬁtiable 0.5 % 18 0.0373 0.0280

. 1 % 19 0.0374 0.0280

properties

1.5% 20 0.0368 0.0280

Constant wall 0% 21 0.0370 0.0280

temperature 0.5% 22 0.0368 0.0280

variable 1% 23 0.0369 0.0280

properties 1.5 % 24 0.0363 0.0277

The friction factor is more general than the PD; Figure 46 shows the PD of hybrid

nanofluids obtained from simulation for non-variable properties. The results presented that the
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PD increased with higher Re numbers. If one substitutes the (Re) friction factor function into

the PD calculation formula, the result is as follows:

900

800 —@— Base fluid y = 1E-05x769
— 700 0.50% y= 2E—05>i17zz7

= 2E-05x*

£ 600 1.00% Y X
S y = 3E-05xL767
2 500 1.50%
o]
® 400
>
g 300
o 200

100

0
5000 8000 11000 14000 17000

Re

Figure 46. PDs for SiO>-TiO> hybrid nanofluids by CFD calculation.

Ap = £——(;)2 Re?¢(Re) (8)

where L: length of pipe, d: pipe diameter, p: fluid density, u: fluid viscosity, the é(Re) is
considered as CRe™ where C is constant, according to our results, and the exponent parameter
of the trendlines was 1.76, then m = 1.76 — 2 = —0.24, which was close to the Blasius

correlation exponent (—0.25), as shown in Table 3.

The PDs relatively increased by 56 % and 137 % at 0.5 and 1.5 %, respectively, because

of the rise in viscosity.

4.5. Characterization of carbon nanoparticle nanofluids

The XRD patterns of CNS and CNP are shown in Figure 47. The structure of CNS was
amorphous, indicated by the single broad diffraction peak centered at 20°. For CNP, it could be
seen that there were two broad peaks at 20 = 25° and 20 = 43.8°. The diffraction peaks
corresponded to the (002) and (101) planes of graphite because of the higher degree of
graphitization [250]. Identifying the structural characteristics through XRD is essential for
understanding their impact on the thermal properties of the nanofluids. The amorphous structure
of CNS, as indicated by the broad peak, suggests increased phonon scattering, which may
reduce thermal conductivity. In contrast, the higher degree of graphitization in CNP, as
evidenced by the distinct peaks, implies a more ordered structure that can enhance thermal

conductivity [251].
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Figure 47. XRD pattern of (a) CNS and (b) CNP

Figure 48 shows the SEM photographs of CNS (a, b) and CNP (c, d). From the figure, it
could be seen that the CNS had uniformed well-shaped spheres with smooth surfaces, while the
CNP particles were irregular. By measuring the diameter at five points of the SEM images, the
average diameter of the particles was obtained. The diameter of CNS and CNP was 500 and 60
nm, respectively. The size of the CNP was in agreement with the data given by the manufacturer
(<100 nm). The smaller size of CNP compared to the size of CNS indicated that CNP nanofluids
might have higher thermal conductivity. The particles of both types tended to aggregate.
However, CNP particles aggregated more than CNS. This may be attributed to stronger
attractive forces in CNP than in CNS, which made the CNP nanofluid challenging to stabilize
[92].

Figure 48. SEM images of (a,b) CNS and (c,d) CNP with magnification x20000 and *100000
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The nanoparticle shape strongly affects the transport processes in nanofluids [252].
Therefore, the thermal conductivity and viscosity do not depend only on the volume fraction of
the nanoparticle but, to another extent, on the particle shape. As the molecular level interactions
take place at the particle surface, the particle shape impacts the thermal and momentum
transfers. The particle shape influences the particle-particle interaction (e.g., collision) and the
particle—fluid interaction (e.g., liquid layering) as well. These complex static and dynamic
processes result in differences in augmentation, in the role of radiation of the heat transfer, and
in the liquid layering.

There are some oxygen-containing groups on the carbon nanoparticles. These groups are
left over in the nanoparticle manufacturing process. In order to investigate the effect of the
functional groups of the CNS and CNP to select the type of solvents and stabilizing agents,
FTIR analysis was performed. The FTIR spectra of the nanoparticles are shown in Figure 49.
For both types of nanoparticles, the vibration of ~OH groups was at 3425 cm™!. At 1614 cm™!
and 1618 cm™!, the characteristic peaks of the C=C double bonds were observed. The peaks at
around 754, 796, and 840 cm ! were caused by the hydrogen wagging of carbon rings [253].
For the CNS, the band at 2930 cm™! referred to the vibration of C—H bonds [250]. The peak at
1700 cm ™! and 1026 cm ™! was assigned to the —OH and C—O bonds, respectively [254]. For the
CNP, the fingerprint bands at 616 and 473 cm™! presented the aromatic structure with mono-
substitution [255]. Due to these properties, CNS nanofluids can be more effectively stabilized

with polar solvents like water and ethanol, whereas CNP may require the presence of a

stabilizing agent to achieve better dispersion.
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Figure 49. FTIR spectrum of (a) CNS and (b) CNP dry particles.

The chemical composition of the CNS and CNP was obtained by EDX. The main elements,
including C and O (H cannot be observed) from EDX and XPS measurements and specific
surface area (Sger), are presented in Table 23. The table presents the average of the atomic

percentage at five measurement points. The atomic percent of the oxygen content in the CNP
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was lower than in the CNS. The CNP had 91.6 atomic percent of carbon from EDX analysis.
The Sger of CNP was more than 10 times higher than that of CNS.

Table 23. Sper, XPS, and EDX results of CNS and CNP dry particles.

. Atom% (XPS) Atom% (EDX)
2

Nanoparticles SeET/(M*/g) C o C o

CNS 9 76.9 23.1 81.4 18.6

CNP 106 90.7 9.3 91.6 8.4

Figure 50 presents the TGA/DTG/DTA curves of the CNS and CNP samples in air
(Appendix D). For the CNS, two stages of weight loss were observed. The first one referred to
the removal of the absorbed water, the dehydration of the functional groups, and the
densification of the surface layer of the CNS to 245 °C, and the weight loss was around 6.3 %.
The next decomposition step could be attributed to the oxidation of the carbonaceous
nanomaterials to 470 °C, and in this step, an abrupt change was observed [255]. For the CNP,
the first stage lasted to 425 °C, and the weight loss was 3.9 %; then, the oxidizing process
proceeded to 700 °C [256]. The oxidation happened with CNP at a higher temperature
compared to CNS. This indicated that the thermal stability of CNP was higher than that of CNS.
This was similar to the case of reduced graphene oxide and graphene oxide. [257]. The
remaining ash from the oxidization was 0.5 % and 5.5 % for the CNS and CNP, respectively.
The reason can be related to the content of the residual catalyst. CNS was obtained from sucrose

without catalysts, while in CNP, there were remaining catalysts such as transition-metal oxide

frequently used.
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Figure 50. Thermal analysis curve for (a) CNS and (b) CNP with a heating rate of 10 °C/min

in airflow (Exothermic direction is up on DTA curves).

XPS spectrum and the deconvolution of the carbon 1s of CNS and CNP are shown in Figure

51 and Figure 52. From the figures, the carbon 1s contained five components: sp?, sp>, C-O,

77|Page



C=0, and O-C=0O/loss feature observed at 284.3, 285.3, 286.8, 288.3, and 290.7 eV,
respectively [258]. At 290.7 eV, the peak could be the mixture of the plasmonic loss feature
and carbon peak. Table 24 shows the concentration of chemical bonds from XPS measurements
(Appendix F). The percentage of O—H in CNS was greater than in CNP. Also, the percentage
of C—O and C=0 of CNS was higher than that of CNP, corroborating thermal analysis results.
This was also consistent with the results of Sper. With a greater carbon/oxygen ratio, the Sger

values of particles were higher due to the effects of functional groups [259].
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Figure 51. XPS analysis for (a) CNP and (b) CNS with 40 eV pass energy and 0.3 s dwell time.
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Figure 52. C 1s XPS spectrum of (a) CNP and (b) CNS.

Table 24. Concentration of chemical bonds on the surface of CNS and CNP from XPS.

Nanoparticles C1s (%) O1s (%)
sp* sp? C-O0 C=0 0-C=0 C=0 O-H

CNP 72.1 12.3 5.5 4.0 6.1 35.4 64.6

CNS 69.3 12.6 15.0 3.1 8.2 91.8

UV-Vis measurement was used to determine the stability of nanofluids. The maximum
absorbance was read with a wavelength, then the absorbance at that wavelength was recorded
after each time interval. The maximum absorbance of CNS and CNP nanofluids over days is

shown in Figure 53. It was obvious that the prepared nanofluids were stable for 4 days.
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Figure 53. Maximum absorbance-time diagram of (a) CNS at 303 nm and (b) CNP nanofluids
at 300 nm for different fractions.

One of the most important factors determining the quality of the heat transfer fluid is
viscosity because the increase in viscosity causes higher pumping energy. Similar to other
fluids, temperature affects the viscosity of the nanofluids. The viscometer was calibrated with
water, and the measured value closely matched the theoretical result. The viscosity
measurements were performed on BF, CNS, and CNP nanofluids for three volume fractions of
0.5, 1.0, and 1.5 % at different temperatures. Figure 54 presents the viscosity of 0.5 % CNS and
CNP nanofluids as a function of shear rate at different temperatures. The increasing temperature
made the shear stress of the nanofluids lower due to the Brownian motion, while the fraction of
CNS and CNP increased the shear stress [71,72]. The nanofluids were Newtonian because the

chart line can be considered linear.
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Figure 54. Viscosity-shear rates diagram of (a) CNS and (b) CNP nanofluids for 0.5 % at
different temperatures.

The surface to volume ratio was significantly higher (see Figure 48 and Table 23) for CNP
compared to the CNS. Forming nanofluid with the same fraction results in more particle—fluid

interaction resulting in higher shear stresses and higher viscosity.
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The relative viscosity of CNS and CNP nanofluids, which is the ratio of the viscosity of
nanofluids and BF, is shown in Figure 55 from 20 to 60 °C. The BF in the case of CNP also
contained a stabilizing agent to study the effect of the nanoparticles on the increase in viscosity.
The nanoparticle content increased viscosity. This was probably due to the formed clusters.
With temperature, the viscosity of nanofluids increased faster than that of the BF. Similar
relative viscosities were obtained for both particles. However, the viscosity of CNP nanofluid
(at 0.5 % at 20 °C, 3.911 mPas) was much higher than that of the CNS nanofluids (1.545 mPas)
due to the usage of stabilizing agent in CNP nanofluid [260]. The viscosity increment is the
ratio of the difference between the viscosities of the nanofluid and solvent to the viscosity of
the solvent. The viscosity increment of CNS nanofluid was between 3.11 % and 9.31 %, while

this range of the CNP nanofluids was 5.31 % and 9.56 %.

1

SRH] | - CNS-0.5 gl T DS (b)
oot ONS-L0 (a) [ | R A T}

110H »——— CNS-1.5

109} »——= CNP-15 — s |

1408 | = o 108 _— R

VISCOSITY (L /i /)
a
Ve ViScosity (W, /M, /)

Relativ
5 =
B a
. L\
e s
TN
Relat
= =
I} b5
\
k¥

12 ; :
20 30 40 50 60 o 20 30 IT) 50 50

Temperature (C) Temperature (°C)

Figure 55. Relative viscosity—temperature diagram of (a) CNS and (b) CNP nanofluids for
different fractions at different temperatures.

The relative viscosity obtained in the current study was collated with the values published
in the previous investigations to confirm the results (see Table 25).

Table 25 Correlation for relative viscosity from previous studies

Reference Correlation for relative viscosity
Wang et al. [261] 1+7.3¢+ 123¢?
Hatscheck et al. [262] 1+4.5¢

The collation was performed with different fractions and at 20 °C. Figure 56 shows the
comparison between the present study and the previous results. This study has a result similar
to the predicted values from Hatscheck et al. [262] and Wang et al. [261] at 0.5 %, while at

higher fractions, the Wang formula overestimated the prepared nanofluid viscosities.
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Figure 56. Comparison of the relative viscosity data obtained in this study with the results of
Hatscheck et al. [262] and Wang et al. [261] at 20 °C and different fractions.

The thermal conductivity and its increment of CNS and CNP nanofluids are shown in
Figure 57 and Figure 58 at different temperatures. The nanofluids had higher thermal
conductivity than the BFs at experimental temperatures. The thermal conductivity of the
nanofluids increased with increasing temperature because of the Brownian movement of
nanoparticles. At 0.5 %, from 20 to 60 °C, thermal conductivity increased from 0.534 to 0.582
W/(mK) or 8.99 % increment for CNS and from 0.575 to 0.692 W/(mK) or 20.35 % for CNP.
The higher number of nanoparticles dispersed in the nanofluids made thermal conductivity
greater. At 30 °C, from 0.5 % to 1.5 %, thermal conductivity increased by 0.55 % for CNS and
6.38 % for CNP nanofluids. In literature, from the results of Mirsaeidi et al. [263], the carbon
quantum dot (4.5 nm)/water-EG nanofluids had thermal conductivity of 0.261 and 0.27
W/(mK), the thermal conductivity enhancement of 3.6 % and 7.1 % for 0.4 and 1 %. Brzdska
et al. [264] showed that the thermal conductivity increments of MWCNT (60-80 nm)/EG
nanofluids were 15.4 % and 29.3 % for 0.5 and 1 %. Compared to the carbon quantum dot
nanofluids, the CNP nanofluids had a similar result, while the CNS nanofluids had lower

thermal conductivity enhancement.
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Figure 57. Thermal conductivity of (a) CNS and (b) CNP nanofluids with different fractions at
different temperatures.
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The thermal conductivity enhancement of CNP nanofluids was greater than that of the CNS
nanofluids. This occurred due to the smaller sizes and higher crystallinity of the CNP
nanoparticle. Moreover, based on the XPS analysis, CNP had a higher carbon/oxygen ratio,
which improved the thermal conductivity of the CNP nanofluids [259]. It was concluded that
although the CNP nanofluids were difficult to stabilize, these nanofluids had better thermal
conductivity. The CNS with smaller size improved more thermal conductivity for the
nanofluids based on them [263]. These results are lower than the thermal conductivity
enhancement of MWCNT nanofluids [264]. This can be explained by the long shape of
MWCNT.

The comparison of thermal conductivity enhancement between this study and the previous
research is shown in Figure 59. Clearly, the results estimated from Pak’s model [265] match
with CNP nanofluids, while the Maxwell model [266] was suitable for the CNS nanofluids. In

literature, these models have been used as references for solid and liquid solutions.
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Figure 59. Thermal conductivity enhancement comparison between the present study and the

result of Maxwell et al. [266] and Pak et al. [265].

82 |Page



5. Conclusion

In my PhD work, I investigated the thermophysical properties (i) and PBHT (ii) of the
halloysite nanofluids, the thermophysical properties (iii) and the heat transfer performance in
CFD (iv) of SiO,-TiO; hybrid nanofluid, and the comparison of the thermophysical properties
of the carbon nanomaterial nanofluids (v). This research has addressed significant gaps in the
existing literature, particularly concerning the fundamental behavior and potential applications
of these largely unexplored nanofluid types. My studies have successfully synthesized and
characterized these novel stable nanofluids, investigated their thermophysical properties, and
performed both experimental and numerical experiments in various heat transfer applications.

For halloysite nanofluids, stability can be successfully achieved under high pH conditions
or through the use of stabilizing agents, as confirmed by ZP measurements and visual
observations indicating strong dispersion. A key advantage of HNTs is their natural abundance,
which makes them a potentially more cost-effective and environmentally friendly alternative to
synthetic nanomaterials. Their unique tubular morphology characterized by an average
diameter of approximately 58 nm and a length of approximately 436 nm plays a critical role in
performance. This structure enables the formation of efficient heat transfer pathways within the
fluid, resulting in a thermal conductivity enhancement of up to 18.30 % at a volume fraction of
1.5 %. Additionally, halloysite nanofluids exhibit Newtonian rheological behavior, which is
advantageous for maintaining stable flow in heat transfer applications. However, a notable
limitation is the requirement for a high pH (pH = 12) to achieve stabilization without additives,
which may limit applicability in pH-sensitive systems. The presence of quartz impurities, while
not detrimental in this study, may also warrant consideration in applications demanding high
material purity.

Further investigation into HNT behavior during PBHT revealed that the physical
deposition of nanoparticles on the heater surface significantly modifies surface wettability and
nucleation site density. These changes lead to enhanced HTC and reduced superheating
temperatures, even at very low volume fractions (0.05 % and 0.1 %), underscoring the critical
role of nanoparticle—surface interactions in improving boiling heat transfer performance.

Comprehensive investigations of novel SiO>-TiO; hybrid nanofluids demonstrated
significant potential by combining the complementary properties of amorphous SiO>
nanoparticles (15 nm) and crystalline TiO2 nanoparticles (10—20 nm, predominantly in the rutile

and anatase phases). The primary advantage of these hybrid systems is their enhanced thermal
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conductivity, which reaches 12.24 % at a volumetric concentration of 1.5 %, substantially
surpassing the performance of nanofluids containing only SiO; or TiO>. This improvement
indicates a strong synergistic effect, whereby the distinct characteristics of each nanoparticle
type contribute to a more efficient heat transfer mechanism. The stability of the hybrid
nanofluids has been clearly verified through ZP measurements, while the use of a water-EG
mixture as the BF extends their applicability across a broader operating temperature range.
Nevertheless, a notable limitation is the significant increase in viscosity, up to 24 % at a
volumetric concentration of 0.5 %, relative to the BF, which may necessitate higher pumping
power in practical applications. From a fundamental standpoint, the interactions among
differing particle sizes, morphologies, and crystal structures of SiO, and TiO> are likely to form
a more complex and optimized phonon conduction network within the fluid. This synergistic
behavior underscores the capability of hybrid nanofluids to finely tune and enhance
thermophysical properties beyond the limits of single-component nanofluids, highlighting their
promise for advanced heat transfer fluid design.

In this study, the heat transfer performance of SiO>—TiO> nanofluids in a circular tube was
analyzed using CFD under conditions of constant heat flux and constant wall temperature. The
analysis provided a thorough examination of turbulent heat transfer, addressing several
commonly overlooked yet crucial details of the phenomenon. The following conclusions were
drawn: First, while most simplifications made in the context of turbulent flow were reasonable,
it is important to acknowledge the limits of these simplifications. Second, when real-world
conditions deviated from the simplified assumptions, a more complex treatment of the
phenomenon was necessary. Third, for moderate temperature differences, assuming constant
properties yielded results similar to those obtained with temperature-dependent properties, with
the added benefit of reduced computational costs. Fourth, both the Nusselt number and PD
increased with higher concentrations of hybrid nanofluids and increased flow rates, consistent
with previous experimental and theoretical studies. Finally, the simulated results were in good
agreement with prior research, validating the reliability of the computational model used in this
study.

A comparative study of carbon nanofluids, consisting of CNS (500 nm) synthesized from
sugar via a hydrothermal method and CNP (60 nm) sourced from a supplier, offers valuable
insights into the effect of carbon morphology on nanofluid performance. The carbon
nanospheres are amorphous, while the carbon nanopowder exhibits a higher degree of
graphitization. Nanofluids containing CNP demonstrated notably better thermal conductivity

enhancement, reaching up to 10.61 % at a volumetric concentration of 1.5 %, making them
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promising candidates for heat transfer applications. Both types of carbon nanofluids exhibited
desirable Newtonian flow behavior and maintained reasonable stability for at least four days at
higher volumetric concentrations. However, CNS showed limited improvement in thermal
conductivity, which restricts their effectiveness for heat transfer purposes in this context.
Moreover, although T80 effectively stabilized the CNP nanofluids, it caused a substantial
increase in viscosity, presenting a trade-off between stability and flow characteristics. Further
analysis revealed that the irregular morphology and larger specific surface area of the CNP,
compared to the more uniform but larger spherical carbon nanoparticles, play a critical role in
its superior thermal performance. Additionally, the higher thermal stability of the CNP
underscores its suitability for high-temperature applications. This comparative analysis
emphasizes that while the uniformity of spherical nanoparticles offers certain advantages, the
complex structural and surface characteristics of nanopowder are essential for optimizing heat
transfer properties.

In conclusion, this study advances both the fundamental understanding and practical
application of novel nanofluids. By preparing, characterizing, and validating their enhanced
thermophysical and heat transfer properties, it provides key data addressing gaps in the
literature. The results highlight strong potential for practical use in electronic device cooling,
solar thermal energy systems, and advanced engine cooling, where efficient heat dissipation is
essential. Future research should focus on confirming the long-term stability, reusability, and
cost-effectiveness of these nanofluids in real-world systems, exploring the performance of
various hybrid nanofluid formulations, and rigorously evaluating potential fouling or corrosion

effects to facilitate their broader application in energy-efficient technologies.
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6. Thesis points
The publications belonging to each thesis points are found in chapter 7.

(1) Halloysite nanotube/water nanofluids were successfully prepared through a new
stabilization method using sodium carboxymethylcellulose (SCMC), specifically compared
with those stabilized at pH = 12. These nanofluids were analyzed over a range of temperatures
(20-60 °C) and volume fractions (0.5 %, 1.0 %, and 1.5 %). The study revealed that the thermal
conductivity of the nanofluids containing SCMC was enhanced by 18.3 %, while the pH = 12
nanofluids showed a 12.7 % increase at 1.5 % volume fraction and 60 °C. This confirms that

SCMC is a viable and improved alternative for preparing halloysite nanofluids. [P1]

(2) The impact of halloysite nanotube/water nanofluids with pH = 12 on pool boiling heat
transfer was explored, showing significant improvements. For dilute volume fractions of 0.05
% and 0.1 %, the nanofluids reduced superheat temperatures and increased the pool boiling heat
transfer coefficient, resulting in a leftward shift of the boiling curve. Notably, a 0.05 % volume

fraction achieved a 13.8 % enhancement at moderate heat flux (51.74 kW/m?). [P2]

(3) Si02-TiO2 hybrid nanofluids synthesized using a water-ethylene glycol mixture (5:1 ratio)
as the base fluid, without stabilizing agents demonstrated superior thermal conductivity
compared to single nanofluids. The hybrid nanofluids exhibited up to 12.2 % improvement in
thermal conductivity at a 1.5 % volume fraction and 60 °C, outperforming the individual pure
Si0; (8.6 %) and TiOz (11.5 %) nanofluids at 1.5 % volume fraction. Additionally, the viscosity
of the hybrid nanofluids was found to increase by 24 % at a 0.5 % volume fraction and 20 °C.

[P3]

(4) Through computational fluid dynamics analysis of Si0,-P25 TiO; hybrid nanofluids in a
water-ethylene glycol mixture (5:1 ratio), a crucial insight for efficient modelling and design
has been established. Under a constant heat flux of 7955 W/m? and a wall temperature of 67
°C, the study rigorously demonstrated that for Reynolds numbers below 11000, the study found
that a constant property model closely matched results from a temperature-dependent model,
showing a maximum deviation of approximately 1-2 % in Nusselt number predictions, thereby
presenting a computationally efficient alternative. Furthermore, increasing volume fractions
directly correlated with enhanced Nusselt numbers (e.g., up to 12.7 % higher for 1.5 % volume
fraction compared to 0.5 % at Re=17000 under constant heat flux) and significantly increased

pressure drops (e.g., 56 % at 0.5 % and 137 % at 1.5 % volume fraction due to increased
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viscosity). This work validates the robustness of simplified turbulent flow assumptions and

provides quantitative metrics for practical applications. [P4]

(5) Comparative research on the thermophysical properties of stable nanofluids using carbon
nanospheres (500 nm) and carbon nanopowders (60 nm) was successfully conducted, revealing
distinct performance characteristics. Prepared in ethanol (carbon nanosphere) and in ethylene
glycol with Tween 80 as a surfactant (carbon nanopowder), the carbon nanopowder nanofluids
exhibited an 11 % increase in thermal conductivity at a 1.5 % volume fraction and 60 °C
compared to the base fluid. In contrast, the carbon nanosphere nanofluids achieved only a 2 %

enhancement in thermal conductivity at a 1.5 % volume fraction and 50 °C. [P5]
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10. Appendix
10.1. Appendix A

Element | Line | Intensity (¢/s) | Atomic Concentration
(wt.%) (wt.%)
O Ka |252.27 68.24 55.51
Al Ka | 488.35 15.50 21.27
Si Ka |42592 16.26 23.22
Total 100.00 100.00

EDX spectra and elemental composition for halloysite at one site

10.2. Appendix B

Processes Temperature range Mass loss Heat effect
Loss of absorbed water 25-150 °C 2.0% Endothermic
Loss of interlayer water 150-400 °C 34% Endothermic
Dehydroxylation 400-700 °C 11.8 % Endothermic
TG/DTG/DTA analysis result for halloysite
10.3. Appendix C
Element | Line | Intensity (¢/s) | Atomic wt % | Concentration
wt.%
0 Ka |38.48 66.74 53.338
Si Ka |228.18 33.26 46.662
Total 100.000 100.000
EDX elemental composition for SiO: at one site
Element | Line | Intensity (¢/s) | Atomic Wt % | Concentration wt.%
@) Ka [45.11 68.536 42.132
Ti Ka |[1272.85 31.464 57.868
Total 100.000 100.000

EDX elemental composition for TiO: at one site

10.4. Appendix D

Processes Temperature range Mass loss Heat effect

Loss of absorbed water 25-245°C 6.3 % Endothermic

Oxidation of carbon 245-470 °C 93.7 % Exothermic
TG/DTG/DTA analysis result for CNS

Processes Temperature range Mass loss Heat effect

Loss of absorbed water 25-425°C 3.9% Endothermic

Oxidation of carbon 425-700 °C 96.1 % Exothermic

TG/DTG/DTA analysis result for CNP
10.5. Appendix E

Figure shows the percentage differences from the Prandtl-Karman—Nikuradse friction
factor calculation results for Re = 5000 and Re = 17000. While the seven other correlation

107 |Page



results were symmetrical, the CFD simulation results were “one sided”. When the Re value was

5000, the friction factors were less, and when the Re value was 17000, the friction factors were

higher than the references calculated by the Prandtl-Kédrméan—Nikuradse correlation. My

observation indicated that the analysis of these results should be reserved for future studies.
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Percentage differences from the Prandtl-Karman—Nikuradse friction factor.

10.6. Appendix F
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(d)

XPS spectra with calculation for (a) CNP at Cls region, (b) CNS at Cls region, (c) CNP at
Ols region and (d) CNS at Ols region
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