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Hybrid nanofluids developed with the fusion or suspension of two or more different nanoparticles in a mixture as a novel heat
transfer fluid are currently of interest to researchers due to their proven better measured thermal conductivities. Several reviewed
articles exist on the thermal conductivity of hybrid nanofluids, a vital property for which the heat transfer rate is directly
dependent. This review aims to understand the current developments in hybrid nanofluids and their applications. An extensive
literature survey was carried out of heuristic-based articles published in the last 15 years. The review reiterates topical research on
the preparation methods and ways to improve the stability of readied fluid, thermophysical properties of mixture nanofluids, and
some empirical correlations developed for estimating thermal conductivity. Hybrid nanofluid studies on heat transfer per-
formance in automobile radiator cooling systems were also obtained and discussed. The review’s significant findings include the
following: (1) hybrid nanofluids produce a noticeable thermal conductivity enhancement and a relatively higher heat transfer
coeflicient than mono nanofluids and regular liquids. Furthermore, through the uniform dispersion and stable suspension of
nanoparticles in the host liquids, the maximum possible thermal augmentation can be obtained at the lowest possible con-
centrations (by <0.1% by volume). (2) An automobile radiator’s overall heat transfer accomplishment can thus be boosted by using
a mixture of nanofluids as conventional coolants. Up-to-date literature results on the thermal conductivity enhancement of
mixture fluids are also presented in this study. Nonetheless, some of the barriers and challenges acknowledged in this work must
be addressed for its complete deployment in modern applications.

1. Introduction

In a lecture titled, “There’s Plenty of Room at the Bottom” at
the California Institute of Technology (Caltech) in 1959,
Richard Feynman advocated that man would soon possess
the ability to transform matter at the atomic scale. To il-
lustrate miniaturization’s technological potential, he cited
the example of storing all 24 volumes of the Encyclopzdia
Britannica on the head of a pin. This talk, many years later,
inspired the conceptual foundations of nanotechnology. But
the word “nanotechnology” was first used in 1974 by the
Japanese scientist Norio Tanigushi [1] of the Tokyo Uni-
versity of Science when discussing nanotechnology and the
possibility of manufacturing materials at the nanometric

scale (i.e., one-billionth or 107 of a meter or about the size of
a molecule, Figure 1). Thus, Tanigushi gave a name to the
infinitesimally small technologies that would soon experi-
ence rapid development in the industry [1]. This discovery
has sparked further research and diverse applications in
every human endeavour, including engineering.

In thermal systems, liquid materials such as water, or-
ganic liquids, and oil have naturally been employed as heat
transfer fluids. However, these fluids’ performance is usually
limited due to the smaller available surface-to-volume ratio
for heat transfer to occur. Therefore, research has sought a
way to improve the thermal performance of these materials.
Nanoparticles in the range of 1-100 nm have been used to
manipulate liquids to create nanofluids with improved
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quantum mechanical effects. This delivers an incredible
velocity for heat transfer to occur at an elevated temperature
[2]. However, nanofluids can be a nanomaterial mixture
(Figure 2), commonly suspended in a building base liquid to
form a hybrid nanofluid.

Again, liquid suspended by ultrafine unit nanometer-
sized metallic or nonmetallic solid particles (Figure 3) is also
referred to as nanofluids, a term instituted by Choi and
Eastman in 1995 [3]. Hence, solid nanoparticles with high
thermal conductivity have been used as additives to create
hybrid nanofluids [4]. Another fascinating concept of in-
terest is “Nanofluidics,” the study of fluid motion through
small structures, an idea that involves the investigation of the
behavior, scheming, and control of liquids that are restricted
to nanometer-sized structures. It is the science, innovation,
and appliance of transport phenomena and liquid streams in
channels. In contrast, nanofluids are a class of fluid con-

taining nanoparticles. Moreover, nanofluidics and nano-
fluids can present unique physical behaviors not seen in
microfluidics and microfluids (such as acoustic properties,
higher thermal conductivity, increased viscosity, and distinct
rheological). These features have made them potentially
valuable in diverse applications.

The nanofluids’ fractions for achieving experimental
results vary from a virtually vanishing value of 0.0001-10%.
Researchers use graphene as a typical example of solid

nanoparticles, which shows thermal conductivity in an array
of 2000-5000 W/m K [5] or more. Although metals are
initially thought to have high thermal conductivities ranging
from 10 to 100 W/m K [6], these values are less than the
thermal conductivity of carbon nanotubes, which ranges
from 1800 to 4000 W/m K [6, 7] (Figure 4). Materials like
these tend to reinforce the positive aspects of one another.
This new class of working fluids with enhanced thermo-
physical properties contains two or more distinct solid
particles in a base fluid (water, ethylene glycol (EG), water
and ethylene glycol (EG) mixture [8], water, ethylene glycol
(EG), oil, and acetone [9]), which provided researchers with
another breakthrough in the quest for enhanced energized
transmitting fluid.

Turcu et al. [10] were the pioneering investigators in the
study of hybrid particulate blends of nanocomposites,
particularly multiwalled carbon nanotubes (MWCNTs) on
Fe,05; magnet nanoparticles and two different polypyrene-
carbon nanotube (PPY-CNT) hybrids of the nanocomposite.
Many other studies followed, expanding the science of mono
and hybrid nanofluids. Recently, Akhgar et al. [11] devel-
oped disparate artificial neural networks (ANNs) to predict
the thermal conductivity of MWCNT-TiO,/ethylene glycol
mixture nanofluid and inferred that ANN yields could thus
predict the empirical outcomes better than the correlation
method. Shahsavar et al. [12], using an artificial neural
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FIGURE 4: Thermal conductivities of various solid liquids at 300 K except stated otherwise.

network (ANN) algorithm, measured thermal conductivity =~ ANN modeling, Rostamian et al. [13] predicted the thermal
and viscosity for molten paraffin-based nanofluid accom-  conductivity of CuO-SWCNTs nanofluid. An analogous
modating Al,O; nanoparticles. Using experimental dataand ~ report with an increase in thermal conductivity was also



presented by Rostami et al. [14], Safaei et al. [15], Tian et al.
[16], and Ji et al. [17] when they considered MWCNT-CuO/
water, ZnO-TiO,/EG, GO-AlL,O;/water-EG, and TiO,-Ag
mixture nanofluid, respectively. Toghraie et al. [18] also
designed an artificial neural network to envisage the vis-
cosity of Ag/EG nanofluid for sundry temperatures and a
solid fraction of nanoparticles. Komeilibirjandi et al. [19]
engaged the group method of data handling (GMDH) ANN
algorithm in estimating the thermal conductivity of nano-
fluids containing CuO nanoparticles in water, ethylene
glycol, and engine oil as accommodating fluids. They con-
cluded that using the GMDH ANN resulted in better ac-
curacy. In a similar vein, Maleki et al. [20] deployed three
approaches, including multivariate adaptive regression
spline (MARS) and artificial neural network (ANN) with
Levenberg-Marquardt, and GMDH, to determine the
thermal conductivity of nanofluids containing ZnO particles
in the water-EG mixture, EG, and water-propylene glycol as
the host liquid. The authors confirmed that using the ANN
with Levenberg-Marquardt for training gives the best re-
sults. Peng et al. [21] reported that the ANN-supported
models agreed with the empirical results when used to
decide the thermal conductivity of Al,0;-Cu/EG of equal
volume ratio (50:50). Giwa et al. [22] analyzed the effect of
base liquid, temperature, and volume fraction on electrical
conductivity and effective viscosity of the two types of hy-
bridized ferrofluids (Al,O3-Fe,O3/DW and Al,O3-Fe,O5/
EG-DW) using the ANN and ANFIS soft computing
techniques. The study concluded that hybridized ferrofluids
may not be suitable for engineering, since model results
show low viscosity compared with monoparticle ferrofluids
and nanofluids. Bagherzadeh et al. [23] developed an “en-
hanced artificial neural network” (EANN) based on the
novel generated hybridized nanocomposite of F-MWCNTs-
Fe;04/EG, representing functionalized multiwalled carbon
nanotubes merged with Fe;O, nanoparticles, spread in
ethylene glycol (EG) as the working fluid. The proposed new
sensitivity analysis result was thus confirmed to have been
correct and precise; it also requires less computational time
and cost. Safdari Shadloo [24] applied the least-square
support vector machine (LS-SVM), another artificial intel-
ligence approach, to predict nanofluids’ convective heat
transfer coefficient through circular pipes. The smart
modeling results established that the convection heat
transfer coefficient (HTC) increases via increasing dilution
of nanoparticles up to the maximum value and undergoes a
descending trend. The proposed intelligent paradigm ac-
celerates the evaluation procedure of convection HTC of
nanofluid flow within a circular pipe.

Furthermore, Saeedi et al. [25] in their study considered
the rheological behavior of CeO,-ethylene glycol (EG)
nanofluid and reckoned that the mathematical correlation
obtained was a suitable evaluation model for dynamic vis-
cosity. Goodarzi et al. [26] assessed the dynamic viscosity of
the ZnO-MWCNTs/engine oil mixture nanolubricant based
on differences in temperature and solid volume fraction and
confirmed Newtonian behavior at all concentrations and
temperatures. Comparable work based on the effect of
nanoparticles was also performed by Khodadadi et al. [27]
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for MgO-water nanofluid. Ruhani et al. [28] investigated the
rheological behavior of Newtonian hybridized nanofluid,
ZnO-Ag (50%-50%)/water, while taking experimental data
into account. Afshari et al. [29] also investigated the rhe-
ological behavior of hybridized nanocomposite considering
AlL,O;-MWCNT/water/EG (80%:20%). The investigation in
[28, 29] shows that viscosity mostly upsurges with increased
volume concentration. A comparable result was thus pub-
lished by Zadeh and Toghraie [30], when they investigated
experimentally, the dynamic viscosity of Ag-EG nanofluid
with a new model developed. Keyvani et al. [31] reported
that the thermal conductivity of CeO,/EG nanofluid using
curve-fitting with two-variable correlation was enhanced
with growing temperature and particle loading. Akhgar and
Toghraie [32] completed an experimental study on the
stability and thermal conductivity of water-ethylene glycol/
TiO,-MWCNTs hybridized nanoliquid and reported that the
thermal conductivity of the prepared fluid can surge by a
most of 38.7%. Furthermore, Moradi et al. [33] looked at
MWCNT-water nanofluid stream and heat transference in a
double pipe heat exchanger by means of permeable media.
Arasteh et al. [34] considered ideal geometries arrangements
of a heat sink partially loaded with multilayered permeable
media employing hybridized solid-liquid composite (water-
graphene nanoplatelet/platinum). Gholami et al. [35]
modeled the effect of rib profile on the performance of a
laminar stream of oil/MWCNT nanofluid in a rectangular
microchannel. Barnoon et al. [36] modeled MHD mixed
convection and entropy initiation in a lid-driven cavity with
spinning cylinders occupied by a nanofluid.

However, despite these materials’ extraordinary charac-
teristics, as evidenced by published research, they are still in
their early stage of advancement in research application,
especially in automobile radiator cooling. To the authors’ best
knowledge, no review article has yet been published on this
subject. So, the current review will provide a comprehensive
overview of thermal enhancement for different hybrid
nanofluids as they apply to automobile radiator cooling. This
is the novelty of the present review. The current study also
provides a further overview of different hybrid nanofluids and
some methods of preparation, characteristics, and thermal
properties of hybrid nanofluids. Nevertheless, the core focus
of this review study is to elaborate on the thermal conductivity
of hybrid nanofluids, a vital property since heat transfer rate,
which is essential for the design and control of engineering
processes, is clearly dependent on it, while also showcasing
new blends of hybrid nanoparticles and looking at some
empirical correlations presented in the literature, to predict
the thermal conductivity of hybrid nanofluids and the status
of ongoing research works permitting the use of hybrid
nanofluids besides present challenges, and it is the authors’
prospect that this review will be useful by giving relevant
information (by serving as a minidatabase) to researchers,
which will ease their judgment when choice and amalgam-
ation of nanoparticles and base liquids are so required for
thermal conductivity improvement and mixture fluid use.
Finally, applications of hybrid nanofluids in today’s auto-
mobile radiator cooling systems were also considered in the
last section of the work.
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1.1. Review Methodology. The review deals with the inno-
vations around nanotechnology, focusing on thermal con-
ductivity = and  identifying  challenges  limiting
nanotechnology development. First, studies on the thermal
conductivity of various mixture nanofluids are represented
and followed by the investigation on the application of the
referenced hybrid nanofluids in the auto radiator cooling
system. An extensive literature survey was, however, carried
out from a list of compiled heuristic or evidence-based
articles in scholarly, peer-reviewed journals, conference
proceedings, expert reports, papers, and chapters of books,
for the past 15 years (with nanoparticles, hybrid nanofluids,
thermal conductivity, automobile, cooling, and radiator as
keywords) and reviewed in terms of results gotten from
theoretical and experimental works on the thermal con-
ductivity of hybrid nanofluids, preparation methods, per-
formance characteristics, and variables to discuss and
address the research questions. The research methodology
adopted for this review is nevertheless divided into six ge-
neric steps as shown in Figure 5, considering the focal as-
pects: nanoparticles, nanofluids hybrid formulation,
thermophysical properties, and nanofluids applications for
auto cooling, as will be nevertheless detailed in the following
subsequent sections.

Information obtained from literature is thus categorized
into segments as stated in the contents. Section 2 presents
and discusses the preparation/formulation procedures of
hybrid nanofluids; this is followed by a review of recent
analytical, artificial intelligence (AI), or machine learning
approaches and experimental examinations with mixture
nanofluids covered in Section 3. Methods implemented to
evaluate the thermophysical properties of mixture nano-
fluids and correlations to estimate the thermal conductivity
for hybrid nanofluids are also established in Section 4.
Hybrid nanofluid use for auto cooling and the future pre-
diction of nanofluid in new technological systems are thus
discussed in Section 5. Finally, a sum-up will then be fur-
nished in Section 6.

2. Preparation of Hybrid Nanofluids

Thermal decomposition pathways [37], microwave [38],
irradiation, chemical reduction [39], laser [40], and gas-
evaporation method [41] have all been used to prepare
nanofluids, as shown in Figure 6. According to Das [42],
nanocomposites are chiefly grouped into three classes, as
shown in Figure 7. Al,O; is perhaps the most well-known
nanomolecule material used in nanoliquid for enhanced
heat transfer. There are various reasons behind the Al,O;
nanomolecule being generally used in nanofluid investi-
gations. First, they are low-cost metal oxides, particularly
Al O;, enabling large-scale manufacturing and making
them economically accessible. Second, unlike many me-
tallic nanoparticles, it is a ceramic nanoparticle that is not
susceptible to surface oxidation and is simpler to combine
into liquid due to its hydrophilic surface properties. Third,
although the thermal conductivity of Al,O; is not as high
compared to other metal oxide materials such as CuO,
MgO, and ZnO, it is two orders of magnitude higher than

that of conventional heat transmission fluids. But Al,O5 is,
however, chemically stable with enhanced mechanical
strength. It is also applicable for electrical insulation.
Suresh et al. [43] recognized that the Cu nanoparticles show
modest dispersion stability but high thermal conductivity
and reactivity.

In contrast, alumina (Al,O3) nanoparticles have dis-
persion and chemical inertness but exhibit low thermal
conductivity. Hence, Siddiqui et al. [44] combined three
samples of Al;0,-Cu hybrid nanofluid with different Cu
and Al,O; ratios to attain a significant enhancement in
thermal conductivity and relatively better stability. Metal
oxides are also blended in double and multiple forms to
achieve the stability of hybrid nanofluids. Ramadhan et al.
[45] activated trihybrid nanofluids by blending three metal
oxides, Al,Os, TiO,, and SiO,, in a water-ethylene glycol
(EG) mixture. They signaled that good stability was nev-
ertheless achieved after 10h of sonication. The amalgam-
ation of double and multiple metals at the nanoscale level
proffers an effective means to fine-tune the chemical and
physical properties of nanoparticles, either by aiding hy-
bridized chemical, electronic, and magnetic interfaces
between metal components or by using hybridized
chemical, electronic, and magnetic interfaces that combine
various properties connected with each pure component.
Again, the cost of a metallic nanoparticle is the core
limiting factor behind its extensive industrial applicability.
Chakraborty et al. [46] synthesized Cu-Al layered double
hydroxide (LDH), i.e., Cu-Al LDH-water hybridized fluid
using the coprecipitation technique and recorded a 16.07%
rise in thermal conductivity measure for 0.8 vol% of
nanofluid.

However, three kinds of host fluids are commonly used to
set up the mixture arrangement of hybrid solutions [47]:
water and ethylene glycol (EG) for hybrid nanofluids and oil-
based liquids, and oil for hybrid solutions nano-lubricants.
The formulation or making of hybrid nanofluids is known as
“single or one-step” or “two-step” procedures. The two-step
method is the most widely employed method for preparing
nanofluids. This is because it is the most economical method
available for the large-scale production of nanofluids. The
choice and combination of nanoparticles in the right pro-
portions and their readiness for use is one of the main tasks
involved in hybrid nanofluid preparation. The proper or right
selection and preparation of nanomaterials pave the pathway
for attaining enhanced thermal conductivity [48]. Preparation
may entail single particles in a unitary fluid (mono nanofluid),
single particles in a dual or binary fluid (biliquid nanofluid),
or single particles in a ternary fluid (triliquid nanofluid).
Hybrid nanofluids are easily produced by blending two (or
more than two) distinct types of nanoparticles into a building-
based fluid.

The one-step or single-step technique (Figure 8) for
nanofluid preparation is more reliable, following the chal-
lenges faced in preparing a stable nanofluid by using the two-
step method.

Although some researchers like Han and Rhi [50] made
Ag-Al,03/H,0O with the one-step method, Bhosale and
Borse [51] also prepared Al,0;-CuO/H,O hybrid nanofluid
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FIGURE 8: Schematic diagram of the nanofluid production system
designed for direct evaporation/condensation of metallic vapour
into low-vapour pressure liquids [49].

using this method (Table 1); this technique is, however,
credited to Akoh et al. [74] called the vacuum evaporation
on running oil substrate (VEROS) method. The technique
instantaneously makes use of any of the methods of
chemical vapour condensation [49], chemical precipitation
[75-77], or direct evaporation [49], before scattering the
nanoparticles (single, double, or multiple) right into an
accommodating fluid in one step. It is most suitable for

preparing metallic nanofluids because of their high thermal
conductivity to avoid oxidation. It is the most effective
technique for synthesizing low-cost nanofluids [78, 79].
Unlike the two-step method, the processes of drying,
storing, and transporting the nanoparticles before dis-
persing them are thus avoided. This thus reduces the ag-
glomeration of the nanoparticles and offers an increase in
the resultant fluids’ stability.

Nevertheless, some significant drawbacks of this
technique, apart from the relatively high production cost
and the fact that limited quantities are usually produced,
are that the use of low vapour pressure liquids (mainly
with the direct evaporation technique) is essential. Again,
the initial intent of this method was to produce nano-
particles. However, it is difficult to separate the particles
from the fluids later to get dry nanoparticles. It is also
observed that the residual reactants (impurities) are often
left in nanofluids due to the incomplete reaction, which is
difficult to remove [80]. Other improved nanoparticle
production methods are presently being practiced as
presented by some researchers (depending on material
combination). These include the synthesis of metal
nanoparticles in deionized water, using multibeam laser
ablation in liquids (where the laser parameters will thus
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TaBLE 1: Some syntheses of hybrid nanofluids conducted by different researchers.

Hybrid nanofluid

Preparation

Observation

Reference

Polypyrrole (PPy)-Fe;O,/water

CNT-Au/water and CNT-Cu/
water

Cu/MWCNTs-EG/water

Ag-MWNTs-EG/water/Au-
MWNTs-EG/water/Pd-
MWNTs-EG/water

ALO, + MEPCM
Ag-Al,O5/water

SiO,-MWCNT/water

Al,O5-Cu/water

Al,O;-Cu/water
Cu-TiO,/water

y-AlL,O;-MWCNT/water

Ag-MWCNT/water

Cu/Cu,O-water

Two-step strategy chemical:
hybridized magnetic
nanocomposites

Two-step strategy mechanical:

metal addition to CNT water
based nanofluid
Two-step strategy chemical:
hybridized nanoliquid-solid
composite
Two-step strategy chemical:
hybridized nanoliquid-solid
composite

Two-step strategy mechanical:

hybridized nanoliquid-solid
composite
One-step strategy: 2 mixed
nanofluids
Two-step strategy chemical:
hybridized nanoliquid-solid
composite
Two-step strategy chemical:
hybridized nanoliquid-solid
composite
Two-step strategy: 2 particles
mixed in water
Two-step strategy: hybridized
nanoliquid-solid composite
Two-step strategy: hybridized
nanoliquid-solid composite
One-step strategy thermal:
hybridized nanoliquid-solid
composite
Two-step strategy-mechanical:
hybridized nanoliquid-solid
composite

Controllable magnetic properties can thus be
engendered.

The synergistic effect of the hybridized fluid
appears not to have created a better thermal
conductivity.

Homogeneous distribution of Cu-decorated
MWCNTs in base fluids.

Improvement of thermal conductivity with
temperature was observed.

There is a significant enhancement in thermal
conductivity compared to water.

Hybrid nanofluids were effective compared with
mono nanofluids.

4 weeks of stability of fluid with surfactants.
Inadequate thermal conductivity results.

A thermal conductivity enhancement of 12.11%
was achieved.

Improvement of 13.56% in Nu at Re =1730.

Thermal conductivity of Nu increases by 52%,
49%, and 68%, respectively.
Thermal conductivity enrichment of about
14.75% was achieved.

MWCNT nanofluids are 14.5% less thermally
conductive than Ag/MWNT hybrid nanofluids.

Thermal conductivity enhancement was
observed.

Turcu et al. [10]

Jana et al. [52]

Jha and
Ramaprabhu [53]

Jha and
Ramaprabhu [54]

Ho et al. [55]

Han and Rhi [50]

Baghbanzadeh et al.
[56]

Suresh et al. [57]

Momin [58]

Madhesh and
Kalaiselvam [59]

Abbasi et al. [60]

Munkhbayar et al.
[61]

Nine et al. [62]
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TABLE 1:

Continued.

Hybrid nanofluid Preparation

Observation

Reference

Two-step strategy-mechanical: 2
nanoparticles dissolved in water
Two-step strategy: hybridized
nanoliquid-solid composite
Two-step strategy chemical:
hybridized nanoliquid-solid
composite

MWCNT-Fe,Os/water

MWCNT-Fe,Os/water

Fe, O3 + SiO,-MWCNT/water

Ag + MgO/water Two-step strategy: hybrid
nanocomposite
Fe;0,-CNT/water One-step strategy: 2 mixed
nanofluids
One-step strategy: hybridized

Cu-Pd nanoliquid-solid composite

Two-step strategy: 2
nanoparticles dissolved in water
and EG
Two-step strategy: 2

SiC/SiO,-water/EG

Thermal conductivity is increased by 28%.
Thermal conductivity is enhanced by 29%.

Thermal conductivity augmentation of 24.5% for
0.03% vol.

The thermal conductivity and viscosity of
hybrids increase as the fraction of hybrids
increases.

In the presence of a magnetic field, the
temperature had a negative effect on the thermal
conductivity. This was for 0.9% FF + 1.35% CNT.
Maximum thermal conductivity improvement
(18.79%) was observed for Cu/Pd at 20:1 molar
ratio and at 80°C.

Thermal conductivity and viscosity
enhancement of nanofluid over the base liquid.

The wettability of hybrid nanofluids improves

Chen et al. [63]
Sundar et al. [64]

Theres Baby and
Sundara [65]

Esfe et al. [66]

Shahsavar et al. [67]

Jaiswal et al. [68]

Nikkam et al. [69]

A1203 -TiOz/Water

Al,O3-TiO,-SiO,/water/EG

nanoparticles dissolved in
distilled water
Two-step strategy: 3 particles

mixed and spread in water/EG

Two-step strategy mechanical: 2

TiO,-Al,Os/water/EG particles mixed in water and EG

MgO-ZnO/deionized water
(DIW)

Cu-COOH-MWCNT//water

Two-step strategy: 2 particles
hybridized in water
Two-step strategy: 2 particles
mixed in water

hybridized fluids with a volume fraction above

The stability and morphology of the hybridized

Enhanced heat transfer capability was registered.

with increasing volume fraction. Septiadi et al. {70]
Formation of a stable solution. Ramac}l;;l etal.

Improved heat transfer efficiency of the

Urmi et al. [71]

0.04%.

fluids were confirmed to be satisfactory. Giwa et al. [72]

Gupta et al. [73]

control the nanoparticle size and distribution) [81, 82].
Another is the submerged arc nanoparticle synthesis
system (SANSS) [83, 84] [85]. In the two-step formulation
technique, the nanofluid preparation is normally sepa-
rated from the nanoparticles’ synthesis, hence the two-
step (Figure 9). The method begins with producing
nanoparticles by chemical, mechanical, or physical pro-
cesses (e.g., evaporation and inert gas condensation
processing) [86]. It then proceeds to scatter them into the
host fluid. In the initial stage (first step), nanomaterials are
usually synthesized and acquired as powders, which are
then introduced to the accommodating liquid in a sub-
sequent advance (second step). The two-step process is
generally applied to oxide nanofluids (“Kool-Aid”
method) nanoparticles and is used to synthesize carbon
nanotube-based nanofluids. The two-step system’s major
drawback is that the nanoparticles’ structure clusters
(which occurs during drying, storage, haulage, and
redispersion of nanoparticles) during the nanofluid
preparation, inhibiting the proper scattering of nano-
particles inside the base liquid. This phenomenon happens
because of the strong van der Waals force among nano-
particles [87] and can negatively affect the nanofluid’s
thermal conductivity. Stabilizing the blend requires but is
not limited to three primary methods:

(a) Surfactants-surface activators [88, 89]
(b) Changing the pH value [57] and
(c) Utilizing ultrasonic vibrations [90, 91]

Septiadi et al. [70] suspended two different metallic oxide
particles, y-alumina (Al,O3) and titanium dioxide (TiO,),
with the two-step method. The two-step method was also
used for preparing trihybrid nanofluids by mixing three
nanofluids (of nanoparticles Al,Os, TiO,, and SiO,), sub-
jected to mixing and sonication-based processes by Ram-
adhan et al. [45] (Table 1).

The synthesis of hybrid nanoparticles has been practi-
cally carried out by employing two distinct approaches
grouped into physical and chemical. However, biological
methods are sometimes considered (Table 2). Physical
methods are straightforward, and robust hybridization be-
tween nanoparticles is acquired by this pathway. Still, the
control of the size of hybrid nanoparticles looks complex.
The upsides of the physical process are rapidity in the
preparation process, radiation employed as a reducing agent,
and no hazardous chemicals engaged.

Nonetheless, the downsides are little yield and high
energy expenditure, impurities, and inadequate or non-
uniform distribution; individual nanoparticles stay, in some
cases, discrete, particularly within the finished
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TaBLE 2: Summary of the method of preparation of hybrid nanofluids.
S/ . Some hybrid nanoparticle . .
N Techniques syntheses by the method Main advantages Disadvantages
(a) Chemical synthesis methods
. . . Nanoparticles’ size and concentration Inability of both pure noble metals
j  Chemical reduction  Au-Pd-Pt, AW/TIO, and Au- o ycineq by controlling the (NM) nanoparticles and hybrid

(CR) ZnO

synthetic.

Simplicity of steps and versatility of
application.

Obtaining a high surface area and
stable surfaces thus improves adhesion
between the substrate and the topcoat.
Low processing temperature (energy

2 Photoreduction (PR)  Pd/TiO,, Ag/TiO,, Au/TiO,

Au/SiO,, CNT-Fe;0,4, and

3 Sol-gel silica-MWCNT saving).
The aspect ratio.
Precisely controlled in size and internal
structure.

4 Hydrothermal PUTIO,, Ag-ZnO Ease in controlling the size and shape of

Thermal . nanoparticles.
> decomposition Pd-Fe;0,, Ag-TiO,
Coprecipitation Au-Fe,03, Au-NiO, Au- . .
6 method C0;0,, and Au-ZnO Simple and effective.

It is faster, safer, less complicated, and

Pd-CuO, Pd-TiO, eco-friendly.

7 Sonochemical synthesis

Au-TiO, Size distribution in narrow particles.
It is a very effective method, especially
8 Seeding growth Ag-Fe;0, in the case of dumbbell-like hybrid

nanoparticles.

Process of rapid solidification.
Cost-effectiveness and method
adaptability.

It is quick and has high purity.
Low processing temperature (room
temperature).

Ni-graphene, Ni-TiN, Pt-Ru,
Ni-TiO,, Ni-ZrO,, Ni-AlN,
Ni-AlL,Os, and Ni-SizNy

9  Electrodeposition (ED)

nanoparticles to mix properly.

Presence of impurities
High cost of precursor.

Long duration of the process.

Relatively low yield.

High pressure and reaction
temperature

High cost of equipment

It is inappropriate for the synthesis
of a highly untainted, precise
stoichiometric phase.

Still, the mechanism is not well
understood

Low temperature can lead to poor
crystallinity.

(b) Physical fabrications of hybrid nanoparticles

Laser-induced heating Highly pure colloids are produced with

10 (laser ablation) Ag-Al O3, Cu-Cu,O unique surface characteristics and
without any by-products.
Atom beam . .
11 cosputtering Au-ZnO, Au-Ag High purity
12 Ion implantation Au-TiO,, Ag-TiO,

It requires a great amount of
energy.

NP colloids is often low, hence
difficult to implement them on an
industrial scale.

Lack of control of the size and
shape of the particles.

It is difficult to control the
morphology of the formed
nanoparticles

Extensive energy requirement.
High energy demands.

(c) Biological fabrications of hybrid nanoparticles
Fe-Pt, Co-Pt, Co-Fe, and Cd- Good reproducibility and scalability,
Se. high yield, and low cost

Microbial incubation
and plants extract

Slow and laborious

Source: Mohapatra et al. [92]; Ali et al. [93].

nanostructure. Chemical blends (particularly the control-
lable nanostructures) will perform better than physical
techniques. On the other hand, they can display undesirable

properties because of compound species such as settling
ligands and polymer shells. Chemical pathways are further
grouped into a reduction of metal precursors and the
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processing routes. The main advantage of the chemical
process, as opposed to physical techniques, is high yield.
Other benefits include ease of production. Although it is
considered a less costly process, some of its procedures, such
as “top-down” and “bottom-up” methods, are quite ex-
pensive. Hazardous chemicals as reducing agents make
biological methods a viable option.

2.1. Stability of Nanoparticles and Hybrid Nanofluids.
Stability is critical in achieving good heat transfer perfor-
mance when considering nanofluid for use. Hybridized
liquid also faces stability challenges, which may be greater
for suspension of two different types of nanoparticles than
for suspension of similar nanoparticles. The nanocomposite,
on the other hand, is extremely stable in a variety of aqueous
solvents without the use of a surfactant [94]. Table 3 provides
the stability level of the related nanofluids with no stabilizing
agent/surface functionalization. In addition, it addresses the
inherent dispersibility of the nanoparticles in base liquids.

There is, however, no clear definition of a stable hybrid
nanofluid. Notwithstanding, there is a broad knowledge of
agreement to the fact that hybrid nanofluids are “stable” or
that the stability of hybrid nanofluids is said to be if they stay
as one unit for a lengthy period of time, typically in the order
of a quarter or more from the date of preparation. This
involves the preservation of specific nanostructure charac-
teristics such as aggregation, composition, crystallinity,
shape, size, and surface chemistry. The stability concern of
the finished blend is one of the foremost challenges of mono
and hybrid nanofluids as the synthesis of materials, and their
right selection to prepare stable hybrid nanofluids is yet a
subtle goal to achieve. Chopkar et al. [96] realized a thermal
conductivity increase of about 200% by dispersing the
nanocrystalline of Al,,Cus, at a particle volume fraction of
1.5% in ethylene-glycol (EG) base fluid. But for the stability
hitch, more particle dispersion would have been possible and,
relatively, the thermal conductivity enhancement too. Re-
ports indicate that the thermal conductivity of mono
nanofluids diminishes with time. Nonetheless, for hybrid
nanofluids, this may vary since the stability characteristics of
hybrid nanofluids are different based on the amalgamation
structure of dissimilar dual materials such as nanocomposites
and, again, the diverse attractions amongst the materials
involved in the composite. Furthermore, for mono nano-
fluids, although a higher level of stability can nevertheless be
achieved via the one-step method, stability of the particles
can also be achieved with other well-established chemical and
physical techniques. Researchers are taking advantage of
incorporating these techniques (chemical use of double or
multiple and right surfactants, particle functionalization, and
pH modification; physical or mechanical means such as
magnetic stirring, ultrasonication, homogenization, and ball
milling) that are already in use for stability enhancement of
mono nanofluids for stability measure of hybrid nanofluids.
But the spread of diverse (double or multiple) materials in the
host liquid creates another challenge for nanocomposite-
based nanofluids because of the different particles’ facial
charges (+ve or —ve) variation. Furthermore, the proper
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pairing of nanoparticles and mixture ratio may bring about
some level of stability. The electrokinetic properties of a
nanofluid are directly related to its stability. Hence, pH
adjustment promotes the stability of nanofluid due to strong
repulsive forces. Suresh et al. [57] measured the pH of a
water-based mixture nanofluid containing both AlL,O; and
Cu. They recorded a value of about 6, far less than the distinct
nanofluids containing Al,O; and Cu. This ensures the sta-
bility of the ready hybrid nanofluid. So, a predictive model for
pH of the mixture nanofluid will also be useful for estimating
stability. Van Trinh et al. [97] reported that nanofluids can
give good stability based on the functional groups attached to
the surfaces of both graphene sheets and MWCNTs. Esfe et al.
[66] achieved stability with water of Ag-MgO hybrid
nanofluids of the size of 25nm (Ag) and 40nm (MgO)
nanoparticles, after three hours of ultrasonication and with
the use of low concentrations of cetyltrimethylammonium
bromide (CTAB) additive surfactant. However, the dispersed
nanoparticles were confirmed to have been steady for several
days. The use of surfactants has its limitations, especially
when fluid acts at a high temperature. This can affect bonding
between the nanoparticle and the surfactant. Besides, there is
no definite work today that has completely dealt with the
steadiness or stability of hybrid nanofluids. Aureen Albert
et al. [98] opine that the sedimentation velocity can never-
theless be reduced by the synergistic effect of cutting down
the particle size, by the particle’s density, or by increasing the
viscosity of accommodating fluid. Although, the rising vis-
cosity of hose liquid is not practical for heat transfer. It also
increases the pumping power mandatory to pump the fluid.
They had achieved PVA-CuO hybrid nanofluid stability
when CuO nanoparticles were eventually enveloped by PVA,
resulting in a nanocomposite with a lower density, pre-
venting particle agglomeration. The report indicates that the
resultant PVA-CuO hybrid nanofluid was stable for up to 1
year. Furthermore, to achieve stability of CNTs-based hybrid
nanofluids, their surfaces are, however, reformed to hy-
drophilic nature. Nanoparticles react and behave differently
to various base fluids. According to Shahsavar et al. [12], the
accommodating liquid (one of the significant variables
influencing nanofluids” performance) is further grouped into
two classes: aqueous (i.e., water and ethylene glycol) and
nonaqueous liquids (i.e., oil and liquid paraffin). Because
watery (aqueous) base liquids contain polar bonds, nano-
particles with high surface polarity should be considered with
aqueous liquid to avoid nanoparticle agglomeration. Sub-
sequently, on account of nanoparticles with low surface
polarity, nonaqueous base fluids ought to be considered for
preparing efficient nanofluids. In addition, nonaqueous base
fluids can, however, be used as base fluids for nonpolar
nanoparticles.

2.2. Benefits of Hybrid Nanofluids over Single-Base Nanofluids.
Hybrid nanofluids outperform conventional and modern
thermofluids in terms of thermophysical and optothermal
properties. They have been known to give perceptibly in-
creased heat transfer characteristics. The numerous benefits
of hybrid nanofluids remain the combined influence of
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TaBLE 3: Stability of nanoparticles in different fluids.

Without treatment Water/water-soluble molecular liquid Oil Tonic liquid
Metallic Poor Moderate Good
Ceramic Moderate Good Very good
Carbon Very poor Poor Moderate

Source: Ma and Banerjee [95].

nanomaterials, extensive advanced thermal conductivity, the
positive impacts of individual suspension of every single
dispersion, rectified heat transmission, and stability. A single
type of nanoparticle possesses certain unique benefits owing
to the characteristics of the suspended nanoparticle. How-
ever, it cannot improve all of the needed qualities of the base
fluid. It may also not have all of the desirable traits for certain
applications [70]. Applications of nanofluids in various
domains necessitate fine-tuning of various properties in
order to get the desired outcomes. Thus, by adopting hybrid
nanofluids via picking the right combination of nano-
particles, one can manipulate the favorable attributes of each
particle while making up for their weaknesses when used
alone. So, by weighing and balancing the advantages and
disadvantages of individual suspensions (Table 4), mixing
two or more nanoparticles in a building base fluid (which
increases the thermophysical properties) can cause signifi-
cant changes in heat transfer and pressure drop charac-
teristics. This can be attributed to a better aspect ratio, a
more suitable thermal network, and especially to the syn-
ergistic influence of nanoparticles. This is one apparent
advantage that the hybrid nanofluids have over unitary
nanofluids.

Furthermore, when compared to single-type nanofluids,
hybrid nanofluids offer a variety of chemical, physical, and
thermal properties (i.e., better thermal characteristics and
rheology at the same time) that a single-segment nanofluid
does not exhibit [9]. They present better chemical stability,
mechanical resistance, physical strength, electrical con-
ductivity, and other properties than individual nanofluids.
When nano-sized particles are appropriately distributed,
hybrid nanoparticles offer a massive advantage due to their
exponentially enormous effective thermal conductivity. In
most cases, the drawback of the increased viscosity of the
resulting liquids was overcome and better with a hybrid than
with a mono nanofluid. In addition, the fluid flow in a typical
nanofluid is widely known to allow for greater heat transfer.
To make it even better, a mixed nanofluid is used. Hybrid
nanofluids could achieve the same heat transfer performance
as mono nanofluids. This can thus be done at a lower
percentage of the particle volume [100]. The combined in-
fluence of AlL,O; nanoparticles and nanoparticles of
microencapsulated phase change material (MEPCM) has
demonstrated a remarkable improvement in terms of
cooling effectiveness compared to mono (pure PCM)
nanoparticles and water [101]. Due to their intriguing fea-
tures, hybrid nanofluids have found a vital role in energy
transfer applications that can be adjusted according to needs.

Furthermore, composite nanofluids also have some
other advantages over mixture nanofluids. Table 4 provides
the benefits and drawbacks of composite nanofluids.

3. Enhancement of the Thermal Conductivity of
Nanofluid through Hybridization

Several literature pieces have nevertheless been published on
the heat transfer capacities of novel nanofluid blends with
solid nanoparticles as they develop. These materials’ thermal
conductivity reveals the capacity or potential of these blends
to deliver a high heat exchange between the associated
environments. Jana et al. [52] published the first article
covering the thermal conductivity of hybrid nanofluids. In
their studies, they achieved stability and higher thermal
conductivity with nanofluids laced with solid carbon
nanotubes (CNT), gold nanoparticles (AuNPs), and copper
nanoparticles (CuNPs) with water as the host fluid. How-
ever, the thermal conductivity was not affected with further
hybridization when more than one nano solid, such as CNT-
CuNP and CNT-AuNP came together. This is due to the
poor association between Cu nanoparticles and CNTs, which
lowers the dispersion propensity of the two classes of
nanomaterials, bringing about increased agglomeration
[102]. Furthermore, to improve the dispersion quality of
CNT in water, Gupta et al. [73] organized a stable metal/
COOH-MWCNT hybridized nanofluids by adding Zn, Ag,
Fe, and Cu nanoparticles with COOH-MWCNT. All the
readied meta/COOH-MWCNT  hybridized nanofluid
showed enhanced thermal conductivity compared to water
with Cu/COOH-MWCNT, which established the greatest
thermal conductivity enhancement of 78.5%. Chakraborty
etal. [46] looked at Cu-Al/water, Akram et al. [103] tried Ag-
Au/water, while Gupta et al. [104] considered Zn-Fe,SO,/
water in their experiments. An outstanding result, which was
attributed to nanoparticle concentration, was obtained for
the Ag-Au/water trial, while others [46, 104] yielded similar
outcomes. Pourrajab et al. [105] were able to get a better
result when they paired Cu-SAB-15 in distilled water (DW).
Suresh et al. [57] in their test work with Al,O3-Cu hybrid
particles observed that the thermal conductivity of Al,O;-
Cu/water hybrid nanofluid rose linearly with an increment
in the volume concentration of the nanoparticles. They
attained a maximum enhancement value of 12.11% for a
solid volume fraction ¢ of 2% as opposed to results obtained
by Jana et al. [52]. The foremost reason for the increased
thermal conductivity of Al,O;-Cu/water hybrid nanofluid
could be traced back to the interaction between Al,O3 and
Cu nanoparticles, since Cu nanoparticles are of higher
thermal conductivity (Figure 4) to that of AlL,O; nano-
particles [102]. Suresh et al. [106] likewise estimated the
thermal conductivity of 0.1% Al,O;-Cu/water hybrid
nanofluids as 0.62 W/m K. It implied that by adding 0.1%
hybrid nanomaterial, a 1.2% augmentation in thermal
conductivity was, however, achieved. Similar analysis and
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TaBLE 4: Advantages and disadvantages of nanocomposite-dispersed nanofluid.

Advantages

Disadvantages

A hydrophilic nanocomposite can be created by coating hydrophilic

material on hydrophobic material, which is not possible with a
nanoparticle mixture.

Better stability in comparison with mixture-based hybrid nanofluid.
The heat capacity of composite nanofluid may be higher than host

liquid, which is not possible for mixture nanofluid.

Advance enhancement in thermal conductivity and heat transfer
characteristics compared to monoparticle nanofluids.

Nanocomposite (metallic and oxide particles)-based hybrid

nanofluids are marginally less expensive than metallic-based single-

particle nanofluids with same performance ratings.

Not readily or easily available.

Uncontrollable shape and size of particles

Inadequate theoretical models are available.

There are only a few applications in the literature, but they can be
used in any application where mono nanoparticle nanofluids are

used.

Augmentation of viscosity is slightly more as compared to mono

nanoparticle nanofluids.
In internal flow, pressure drop increases, which increases the

pumping power slightly compared to single particle nanofluids.

Source: Kumar and Sarkar [99].

outcomes with AlL,O;-Cu/water were equally reported by
Mehryan et al. [107] and Siddiqui et al. [44]. Nevertheless, a
better result was, however, obtained when Taherialekouhi
et al. [108] carried out a comparable experiment with water-
graphene oxide (GO) and aluminium oxide (AlO;)
nanoparticles (Table 5). Abbasi et al. [60] studied the thermal
conductivity of hybrid nanofluids blended onto MWCNT-
y-Al,O3 nanoparticles. The hybrid nanofluids were formerly
formulated with pure MWCNTs of an average particle size of
37 pm, functionalized MWCNTs of an average particle size
of 804nm, and functionalized MWCNTs of an average
particle size of 335 nm. The experiment’s outcome at room
temperature showed that the functionalized groups had a
substantial effect on the thermal conductivity of the solid-
liquid composite. The results also indicated that the aug-
mentation in thermal conductivity had gone up to 20.68% at
a 0.1% volume fraction of the hybrid compared to the pure
form. Nine et al. [109] synthesized and characterized water-
based AlL,O;-MWCNTs hybrid nanofluids in a weight
proportion of 97.5:2.5 to 90:10 over a 1-6% weight con-
centration. The thermal conductivity of the solid-liquid
composite was compared with that of base Al,Os/water
nanofluids. The overall outcome demonstrated that Al,O;-
MWCNTs water base hybrid nanofluids gave a higher
thermal conductivity compared to Al,Os/water nanofluids.
It was also observed that hybrid nanofluid containing cy-
lindrical particles displayed higher enhancement than those
containing spherical particles in hybrid nanofluid. Esfe et al.
[110] in their work contemplated the impact of temperature
and volume concentration of nanoparticles on the thermal
conductivity of CNTs-Al,Os/water nanofluids. The out-
comes demonstrated that the thermal conductivity of CNTs-
Al,Os/water nanofluid increased with temperature and solid
volume fraction. Comparable work was also reported by
Devarajan et al. [111]. Taherialekouhi et al. [108] considered
the pair of GO-AL,O5/water hybridized nanofluid in their
experimentation, and a better result was further obtained. In
another study, Ho et al. [55] prepared a hybrid water-based
suspension of Al,O; nanoparticles and microencapsulated
phase change material (MEPCM) particles, and the results
after the experimental investigation indicated that at set

limits of 30°C for different PCM suspensions (w,,, =0%,
2.0%, 5.0%, and 10 wt%) and several mass concentration of
AlL,O; nanoparticles, the hybrid nanofluids exhibited a
higher thermal conductivity as the mass concentrations of
nanoparticles increased compared with the PCM suspen-
sion. The improvement in thermal conductivity was because
alumina had a much higher thermal conductivity (Figure 4)
than n-eicosane particles. Similar results were obtained in
terms of thermal conductivity enhancement with pure water
and A1203-SiOZ [112], A1203-Ti02 [113, 114], A1203-Ti02
and Ale3-SiOZ [115], A1203—Zn0 [116], A1203—C602 [117],
and Al,O;-Ag [118] (Table 5). Similar to the case of Jana
et al. [52], experimental work was also carried out for three
mass concentrations (0.1, 0.5, and 1.0%) of nanoparticles at
two different room temperatures of 27°C and 40°C corre-
spondingly to check for the thermal conductivity of nano-
fluids based on multiwall carbon nanotube (MWCNT) and
silica (SiO,) nanoparticles along with that of hybrid
nanofluids SiO,-MWCNT/water in two proportions of 80%
Si0,-20% MWCNT and 50% SiO,-50% MWCNT by
Baghbanzadeh et al. [56]. The trial test results disclosed that
the values of the hybrid nanofluids’ thermal conductivity
were within the range of the values of the thermal con-
ductivities of most nanofluids. Safi et al. [119] achieved a
thermal conductivity enhancement of 12.1% for a specimen
with 0.08% weight percentage of MWNT-TiO, compared to
distilled water (DW) at 36°C and 13.71% at 52°C. The results
obtained by Jana et al. [52], juxtaposed with Suresh et al. [57]
using Cu metal are similar to the cases of Baghbanzadeh et al.
[56] and Safi et al. [119] using ceramic matrix. Higher
thermal conductivity was also reached when Karimipour
[120], Zadkhast et al. [121], and Verma et al. [122] con-
sidered CuO-MWCNT dispersed in pure water. Senthilraja
et al. [123] conducted a study to ascertain the thermal
conductivity of Al,Os/water, CuO/water, and CuO-Al,O5/
water nanofluids. Thermal conductivity was then measured
in terms of temperature and volume concentration. The
maximum enhancement in thermal conductivity displayed
by Al,Oj/water, CuO/water, and CuO-Al,Os/water nano-
fluids at 0.2% concentration and a temperature of 60°C was
6.1%, 8%, and 9.8%, respectively. Ramachandran et al. [124]
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TaBLE 5: Summary of results from published literature on thermal conductivity of various hybrid nanofluids.
Thermal conductivity (TC) 91f h)itl)rid composite Observation summary
S/ element (W m~— K7)
N References authors TC (K (W/m Max %
Material/base fluid K) Source hnf with increased TC ¢ (%) T (°C) rise
CNTs ~3000 [32] oNT-CuNP/water
Cu 400 [52] No effect
1 Jana et al. [52]
Au 318 [52] CNT-AuNP/water on TC
Distilled water (DW) 0.597 [112]
COOH-functionalized
MWCNT 1500-3000 [121]
Cu 401 [4]
2 Gupta et al. [73] Ag 429 [3] MWCNT-Cu/water 78.5
Zn 116 [296]
Fe 83.5 [4]
Distilled water (DW) 0.597 [112]
Cu 401 [4]
3 Chakraborty et al. [46] Al 237 [4] Cu-Al/W 0.80 16.07
Distilled water (DW) 0.597 [112]
Ag 429 [103]
4 Akram et al. [103] Au 318 [103] Ag-Au/water 0.6-2.0 71.53
Water 0.613 [103]
Zn 116 [296]
5 Gupta et al. [104] Fe,O, 9.7 [297] Zn-Fe,O,/water 0.50 11.80
Distilled water (DW) 0.597 [112]
Cu 401 [4] 50
6 Pourrajab et al. [105] SAB-15 0.2-0.3 [298] Cu-SAB-15/water 0.08 24.24
Distilled water (DW) 0.613 [4]
Cu 401 [4]
7 Suresh et al. [57] Al O; 40 [4] Cu-Al,O5/water 0.20 12.11
Distilled water (DW) 0.611 [57]
Cu 401 [4]
8 Suresh et al. [106] Al O3 40 [4] Cu-Al,Os/water 0.10 1.20
Distilled water (DW) 0.597 [112]
Cu 401 [4]
9 Mehryan et al. [107] Al,O3 40 [4] Cu-Al,O5/water 2.00 1.20
Deionized (DI) water 0.613 [4]
Cu 401 [4]
10 Siddiqui et al. [44] Al,O3 40 [4] Cu-Al,O5/water
Deionized (DI) water 0.606 [44]
MWCNT- 3000 [4]
11 Abbasi et al. [60] ALO; ! 40 [4] MWCNT-y-AlLO5/ 0.10 25 20.68
Deionized (DI) water 0.613 [4] water
MWCNTs ~3000 [4]
12 Nine et al. [109] ALO; 40 [4] MWCNT-ALO,/
Distilled water (DW) 0.597 (112] water
CNTs 3000 [110]
13 Esfe et al. [110] Al O3 40 [110] CNT-Al,Oz/water
Distilled water (DW) 0.597 [112]
CNT 3007.4 [111]
14 Devarajan et al. [111] Al,O3 40 [111] CNT-AlL,O5/water 2.00 60 20.00
Deionized (DI) water 0.613 [4]
GO 1000 [156]
15  Taherialekouhi et al. [108] Al,O3 40 [4] GO-AlL,Oz/water 1.00 50 39.30
Distilled water (DW) 0.597 [112]
GO 1000 [156]
16 Moghadam et al. [261] TiO, 8.4 [222] GO-TO,/water 01.00 50 32.80
Distilled water (DW) 0.597 [112]
GO 2000 [299]
17 Singh et al. [299] CuO 33 [299] GO-CuO/water 0.30 60 30.00
Distilled water (DW) 0.597 [112]
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TasLE 5: Continued.
Thermal conductivity (TC) 91f h}:t;rid composite Observation summary
S/ element (W m™— K7)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
GO 1000 [300]
rGO 1000 [301] rGO-TiO,-Ag 0.05 25-50 66.00
18 Zayan et al. [300] Ag 429 [3]
TiO, 8.4 [222] .
Deionized (DI) water 0.613 (4] GO-TiO-Ag 0.05 25-50 83.00
Al,O5 40 [4]
19 Ho et al. [55] MEPCM 0.15-0.35 [101] AL Os-MEPCM/water 10.00 13.00
Distilled water (DW) 0.597 [112]
AlLO; 40 (4]
20 Moldoveanu et al. [112] SiO, 1.4-12 (88, 302]  Al,O3-SiO,/water 23.61
Distilled water (DW) 0.586 [112]
AlLOs 40 (4]
21 Septiadi et al. [70] TiO, 8.4 [222] Al,O5-TiO,/water 0.70 32.50
Distilled water (DW) 0.586 [113]
Al,O5 40 (4]
22 Moldoveanu et al. [113] TiO, 8.4 [222] Al,O5-TiO,/water 25 19.20
Distilled water (DW) 0.586 [113]
ALO; 40 (4]
23 Wanatasanapan et al. [114] TiO, 8.4 [265] Al,O3-TiO,/water 1.00 70 71.00
Deionized (DI) water 0.606 [219]
ALO; 40 (15T A 04-8i0,/water
24 Minea [115] S10, 1.2 [115] 12.00
TIO, 8.4 IS] - A1,0,-TiO, water
Pure water 0.613 [4] 23 2
Al,O5 40 [4]
25 Wole-Osho et al. [114] ZnO 29 [303] Al,O3-ZnO/water 1.67 65 40.00
Distilled water (DW) 0.597 [112]
AlLO; 40 (4]
26 Kamel et al. [117] CeO, 12-14.1 [304] Al,O3-CeO,/water 0.50 50 8.80
Deionized (DI) water 0.606 [219]
Ag 429 [3]
27 Aparna et al. [118] Al O3 40 (4] Ag-Al,Os/water 0.10 53 23.82
Distilled water (DW) 0.597 [112]
Ag 419 [305]
28 Khan [305] TiO, 12 [305] Ag-TiO,/water 010 31 12.20
Distilled water (DW) 0.597 [112]
Ag 419 [305]
29 Khan [259] TiO, 12 [305] Ag-TiO,/water 0.4 60 18.47
Distilled water (DW) 0.597 [112]
MWcNTs ~3000 [4]
30  Baghbanzadeh et al. [56] SiO, 1.38 [56] MWCcNT-SiO,/water nf=hnf
Distilled water (DW) 0.6 [56]
MWCNT ~3000 (4]
31 Safi et al. [119] TiO, 8.4 [265] MWCNT-TiOy/water  0.08 52 13.71
Distilled water (DW) 0.597 [112]
MWCNT ~3000 [4]
32 Karimipour et al. [120] CuO 76.5 [4] MWCNT-CuO/water  1.00 50 37.05
Distilled water (DW) 0.6 [120]
MWCNT ~3000 [4]
33 Rostami et al. [14] CuO 76.5 [4] MWCNT-CuO/water  0.60 50 30.38
Water 0.613 (4]
COOH-MWCNT 1500-3000 [121]
34 Zadkhast et al. [121] CuO 329 [121] MWCNT-CuO/water  0.60 50 30.38
Pure water 0.613 (4]




Journal of Nanotechnology

TaBLE 5: Continued.

Thermal conductivity (TC) of hybrid composite

element (W m~' K) Observation summary

References authors

Material/base fluid e (i)()W/m Source hnf with increased TC ¢ (%) T (°C) Mri)s(e%
MWCNT ~3000 (4]
35 Verma et al. [122] I\C/[Zg 72; [2[§]7] MWCNT-CuO/water  1.00 20.82
Pure water 0.613 [4]
CuO 32.9 [123]
36 Senthilraja et al. [123] ALO3 30 [123] CuO-Al,Oz/water 0.20 60 9.80
Distilled water (DW) 0.597 [112]
GNP ~3000 [4]
37 Yarmand et al. [91] Ag 429 [3] GNP-Ag/water 0.10 50 22.22
Distilled water (DW) 0.597 [112]
CNT ~2000-4000 [6]
38 Megatif et al. [125] TiO, 8.4 [265] CNT-TiO,/water 0.20 25 20.50
Distilled water (DW) 0.597 [112]
CNT 25 [126]
39 Dalkilig et al. [126] SiO, 14 [126] CNT-SiO,/water 1.00 60 26.29
Distilled water (DW) 0.597 [112]
Nanodiamond 3300 [265]
40 Sundar et al. [127] Ni 53.3 [306] ND-Ni/water 3.00 60 29.39
Distilled water (DW) 0.597 [112]
CuO 76.5 [4]
41 Ramachandran et al. [124] Al O3 40 [4] CuO-Al,Oz/water 0.10 79.35
Deionized (DI) water 0.606 [219]
CuO 69 [128]
4 Mousavi et al. [307] 1\T/11§5 g‘ﬁ H;g} Cu0/ I\V/v[ftgr/ O/ h10 50 78.60
Distilled water (DW) 0.597 [112]
TiO, 5.407 [128]
43 Mousavi et al. [128] MgO 5.112 [128] MgO-TiO,/water 0.30 60 21.80
Distilled water (DW) 0.597 [112]
Ag 429 3]
44 Esfe et al. [66] MgO 48 [237] Ag-MgO/water
Distilled water (DW) 0.597 [112]
Ag 429 (3]
45 Batmunkh et al. [129] TiO, 8.4 [265] Ag-TiO,/water 1.00 25 1.00
Distilled water (DW) 0.597 [112]
Cu 401 [4]
46 Madhesh and Kalaiselvam . vTiOZ. . 8.4 [265] Cu-TiO,/water 1.00 80
[59] Deionized distilled
0.613 [4]
water
Cu 401 [4]
47 Madhesh et al. [130] . .T102. . 8.4 [265] Cu-TiO,/water
Deionized distilled
0.613 [4]
water
Cu 401 [4]
48 Nine et al. [62] Cu,O 4.5 [308] Cu-Cu,O/water
Deionized (DI) water 0.606 [219]
Cu 401 [4]
49 Ranga Babu et al. [131] Cu,O 4.5 [308] Cu-Cu,O/water 17.52
Water 0.606 [219]
CuO 76.5 [4]
Polyvinyl alcohol
50 Aureen et al. [98] (PVA) 0.31 [309] CuO-PVA/water
Deionized (DI) water 0.606 [219]
MWNT ~3000 (4]
Theres Baby and Sundara, Fe,O3 7 [303]
51 %’65] 50, 412 [ss, 302 MWNT-Fe,Oy/water  0.03 24.50
Deionized (DI) water 0.606 [219]
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Thermal conductivity (TC) of hybrid composite Observation summary

S/ element (W m™' K1)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
CNT ~2000-4000 [6]
52 Shahsavar et al. [132] Fe;0,4 9.7 [236] CNT-Fe,O3/water 55 34.26
Water 0.613 (4]
CNT ~2000-4000 [6]
53 Shahsavar et al. [67] Fe;0,4 9.7 [236] CNT-Fe,O3/water 25 151.31
Deionized (DI) water 0.606 [220]
CNT ~2000-4000 (6]
54 Shahsavar et al. [133] Fe;O0,4 9.7 [236] CNT-Fe,O3/water 55 44.60
Deionized (DI) water 0.606 [220]
- CNT ~2000-4000 [6]
55 Shahsavarlzr;d Bahiraei Fe;O, 9.7 [236]  CNT-Fe,Os/water
(134] Water 0.613 [4]
CNTs ~2000-4000 [6]
56  Syam Sundar et al. [135] Fe;0,4 9.7 [236] CNT-Fe,O3/water 0.30 60 29.00
Water 0.613 (4]
MWCNTs ~3000 [4]
57 Chen et al. [63] Fe,0; 7 [303] MWCNT-Fe,0,/ 0.50 27.75
Water 0.613 [4] water
MWCNT ~3000 [4]
58 Sundar et al. [64] Fe,05 7 [303] MWCNT-Fe,0,/ 0.30 60 29.00
Water 0.613 [4] water
MWCNTs 3000-6000 [61]
59 Munkhbayar et al. [61] Ag 429 [3] MWCNTs-Ag/water  0.05 40 14.50
Distilled water (DW) 0.597 [112]
MWNT ~3000 [4]
60 Amiri et al. [137] Ag 429 [3] MWNT-Ag/water
Water 0.613 [4]
MWNTs ~3000 [4]
61 Chen et al. [138] Ag 429 [3] MWNT-Ag/water 65 24.00
Water 0.613 [4]
MWCNTs ~3000 (4]
g2 [Farbod an‘[il ;‘;}angarp our Ag 429 3] MWCNT-Ag/water ~ 4.00 40 20.40
Water 0.613 [4]
Ag 429 3]
63 Sinz et al. [140] f-HEG ~10.9 [310] Ag-f-HEG/water
Water 0.613 [4]
GNP ~2200 [311]
64 Yarmand et al. [141] Pt 71.5 [306] GNP-Pt/water 0.10 40 17.77
Water 0.613 [4]
Graphene (Gr) 5000 [142]
65 Ahammed et al. [142] AlLO3 46 [142] Gr-Al,Os/water 0.10 50 13.84
Water 0.613 [4]
Graphene (Gr) 5000 [142]
66 Bakhtiari et al. [239] TiO, 8.4 [265] Gr-TiOs/water 0.50 75 27.84
Water 0.613 [4]
Fe 80.4 [143]
67 Okonkwo et al. [143] AlLO3 40 [4] Fe-Al,Os/water 0.20 14.00
Water 0.613 [4]
Si 148 [296]
68 Huminic et al. [144] Fe 80.2 [296] Si-Fe/water 1.00 50 12.60
Water 0.613 (4]
Go 2-1000 [5]
69 Mahyari et al. [145] SiC 490 [296] Go-SiC/water 1.00 50 33.20
Water 0.606 [145]
COOH-MWCNT 1500-3000 [121]
70 Pourrajab et al. [146] Cu 401 [4] MWCNT-Cu/water 50 47.30

Water 0.613 (4]

17
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S/ element (W m™— K7)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
Cu 400 [147]
71 Kanti et al. [147] Fly ash (Indonesia) 1.7 [147] Cu-fly ash/water 0.50 60 14.00
Water 0.613 (4]
Cu 400 Cu
72 Kanti et al. [148] Fly ash (Indian) 1.7 [147] Cu-fly ash/water 0.50 60 11.90
Water 0.613 (4]
Cu 400 [147]
73 Kanti et al. [149] Fly ash 1.7 [147] Cu-fly ash/water 0.50 60 19.00
Water 0.613 [4]
Ag 429 3]
74 Esfahani et al. [150] ZnO 29 [303] Ag-ZnO/water 2.00 50
Water 0.613 [4]
rGO 1000 [301]
75 Said et al. [301] Co30, 69 [156] ND-Co;0,4/water 0.20 60 19.14
Distilled water (DW) 0.602 [301]
Nanodiamond (ND) 3300 [265]
76 Sundar et al. [151] g;’;g: 0291 5 [1[316] ND-Co;0,4/water 0.15 60 16.00
Ethylene glycol (EG) 0.253 (4]
Nanodiamond (ND) 3300 [265]
77 Sundar et al. [152] . o [2[216] ND-Co;OEG/water 020 60 17.80
Ethylene glycol (EG) 0.253 (4]
Nanodiamond (ND) 1000 [153]
78 Sundar et al. [153] 5\‘;;?6‘; 08.2624 Hgﬂ ND-Fe;0,EG/water 020 60 12.70
Ethylene glycol (EG) 0.253 (4]
Nanodiamond (ND) 3300 (4]
79 Sundar et al. [154] WI;I:er 052'133 [3{2]6] ND-NiEG/water 3.03 60 21.00
Ethylene glycol (EG) 0.253 (4]
Nanodiamond (ND) 3300 [265]
80 de Oliveira et al. [155] Ag 429 [3] ND-AgEG 0.10 6.92
Ethylene glycol (EG) 0.253 (4]
GO 1000 [156]
81 Sundar et al. [156] Ethylen(;"gl;)c“ol 56 0?;"573 [1[2]6] GO-CosO/water 020 60 19.14
Water 0.613 (4]
GO 2-1000 (5]
82 Rostami et al. [157] oo (e Hg;} GO-Co;0,EG/water  1.60 43.40
Ethylene glycol (EG) 0.26 [157]
Ag 418.69 [96]
Cu 386.11 [96]
83 Chopkar et al. [96] Al, 237 [4] CuALEG/water 1.00 >70.00
Deionized (DI) water 0.621 [96]
Ethylene glycol (EG) 0.246 [96]
MWCNTs ~3000 (4]
Cu 401 [4] MWCNT-CuEG/
84  Jha and Ramaprabhu [53] Deionized (DI) water 0.62 [54] water 0.03 35.00
Ethylene glycol (EG) 0.253 [4]
MWCNT 3000 [54]
Ag 429 [54]
85  Jha and Ramaprabhu [54] Palla dﬁllrln (Pd) 73112 Ej} MWCNT-Ag/water 0.03 37.30
Deionized (DI) water 0.62 [54]
Ethylene glycol (EG) 0.248 [54]
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S/ element (W m™ K7)
N References authors TC (K (W/ Max %
Material/base fluid (K)() ™ Source hnf with increased TC ¢ (%) T(°C) rai)s(e ?
- MWNT ~3000 [4]
Ag 429 [3]
g6 baby and[llézrfaprabh“ f-HEG ~10.9 [310] MWNT-Ag/water 005 25 20.00
Deionized (DI) water 0.606 [219]
Ethylene glycol (EG) 0.253 [4]
Ag 429 3]
Baby and Ramaprabhu f-HEG ~10.9 [310]
87 [160] Deionized (DI) water  0.606 [219]  A8HEGEG/water —0.05 25 2500
Ethylene glycol (EG) 0.253 [4]
CuO 76.5 [4]
f-HEG ~10.9 [310]
88 Baby and Sundara [161] Deionized (DI) water 0.606 [219] CuO-HEGEG/water  0.05 25 28.00
Ethylene glycol (EG) 0.253 [4]
MWNT ~3000 [4]
Jyothirmayee Aravind and Graphene (Gr) ~3000 (4] i
89 Ramaprabhu [94] Deionized (DI) water 0.606 [219] MWNT-GrEG/water  0.04 25 13.70
Ethylene glycol (EG) 0.253 [4]
Graphene (Gr) ~3000 [4]
Aravind and Ramaprabhu MWNTs ~3000 [4]
2 [162] Deionized (DI) water  0.606 [19] ~ Cr-MWNT/water — 0.04 50 87.90
Ethylene glycol (EG) 0.253 [4]
MWCNT 1500-3000  [278]
Graphene (Gr) 2500 [278]
91 Shankara et al. [278] CuO 33 [278] MWCNT/CuO/water  0.10 80 30.00
Deionized (DI) water 0.606 [219]
Graphene (G) 2500 [278]
92 Kazemi et al. [312] SiO, 1.4-12 (88, 302] G-SiO,/water 1.00 50 36.10
Water 0.613 [4]
MWNTs ~3000 [4]
N-rGO 2-1000 (5] MWNT-N-rGO/
93  Shende and Sundara [163] Deionized (DI) water 0.606 [219] water 0.02 50 17.70
Ethylene glycol (EG) 0.253 [4]
DWCNT >2000 [313]
Zn0O 29 [303)  DWCNT-ZnOEG/
94 Esfe et al. [164] Water 0.613 [4] water 1.00 50 32.00
Ethylene glycol (EG) 0.253 [4]
DWCNT >2000 [313]
95 Esfe et al. [165] Zn0O 29 [303] DWCNT-ZnO/water  1.90 50 24.90
Ethylene glycol (EG) 0.253 [4]
GC 5500 [166]
CuO 76.5 (4]
9% Sati et al. [166] Zn0O 29 [303] l?érg;jr;EGhZei? 002 50 26.00
Deionized (DI) water 0.606 [219] grap
Ethylene glycol 0.253 (4]
AlLO4 40 (4]
Cellulose nanocrystal 145 [167]
97 Naiman et al. [167] (CNC) ’ Al,O3/CNC-water/EG  0.90 70
Water 0.613 [4]
Ethylene glycol (EG) 0.253 (4]
AlLO5 40 (4]
Cellulosz;r 1noaélocrystal o 209] AL,O5/CNC-water/EG
98 Benedict et al. [168] (CNC) 1.45 [314] 0.90
Distilled water (DW) 0.597 [112]

Ethylene glycol (EG)  0.253 (4]  TO/CNC-water/EG
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S/ element (W m™ ! K™)
N References authors TC (K (W/ Max %
Material/base fluid (K (W/m Source hnf with increased TC ¢ (%) T (°C) ax
K)) rise
ALO; 40 (4]
. TiO, 8.4 [265] .
99 Urmi et al. [71] Water 0.6 (71] AlL,O3/TiO,-water/EG  0.10 80 40.86
Ethylene glycol (EG) 0.254 [71]
ALO; 40 (45]
TiO, 8.4 [45] . .
100 Ramadhan et al. [315] Si0, 1.4 [45] ALOs O8I0,/ 500 g 27.00
Water 0.613 (4] water/EG
Ethylene glycol (EG) 0.253 [4]
Al,Os 40 (45]
. TiO, 8.4 [45] Al,O5-TiO,-Si0,/
101  Palanisamy et al. [316] $i0, L4 [45] water 0.10 50 18.33
Water 0.613 [4]
GnP ~2200 [311]
. TiO, 8.4 [265] ‘
102 Xian et al. [169] Distilled water (DW) 0.597 [112] GnP-TiO,/water/EG 0.10 60 23.74
Ethylene glycol (EG) 0.253 (4]
TiO, 8.4 [265]
. Si0, 1.4-12 (88, 302] . .
103 Hamid et al. [170] Water 0.613 (4] TiO,-SiO,/EG/water  3.00 70 22.10
Ethylene glycol (EG) 0.253 [4]
TiO, 8.4 [265]
. Si0, 14-12  [88,302] .ur o
104 Hamid et al. [171] Water 0.613 (4] TiO,-Si0,/EG/water 1.00 70 13.80
Ethylene glycol (EG) 0.253 (4]
TiO, 8.4 [265]
. Si0, 14-12 [88,302] .ur o
105 Nabil et al. [172] Water 0.613 (4] TiO,-SiO,/EG/water  3.00 30 3.70
Ethylene glycol (EG) 0.253 [4]
TiO, 8.4 [265]
. Si0, 1.4-12 (88, 302] . .
106 Nabil et al. [173] Water 0.613 (4] TiO,-SiO,/EG/water  3.00 80 22.80
Ethylene glycol (EG) 0.253 [4]
MWCNT ~3000 [4]
. TiO, 8.4 [88]  MWCNT-TiO,/EG/
107 Akhgar and Toghraie [32] Water 0.613 (4] water 38.70
Ethylene glycol (EG) 0.253 [4]
MWCNT ~3000 (4]
. TiO, 8.4 [265] MWCNT-TiO,/EG/
108 Moradi et al. [174] Water 0.613 (4] water 1.00 60 34.31
Ethylene glycol (EG) 0.253 [4]
MWCNT ~3000 [4]
. TiO, 8.4 [265] MWCNT-TiO,/EG/
109 Li et al. [175] Water 0613 4] ater .00 50 56.48
Ethylene glycol (EG) 0.253 [4]
Cu 401 [4]
TiO, 8.4 [265] .
110 Leong et al. [176] Water 0.613 (4] Cu-TiO,/EG/water 9.80
Ethylene glycol (EG) 0.253 (4]
Cu 401 [4]
. Si0, 1.4-12  [88,302] MWCNT-SiO,/EG/
111 Amiri et al. [178] Water 0.613 (4] water
Ethylene glycol (EG) 0.253 [4]
CuO 76.5 [4]
. ALO; 40 [4]
112 Tahat and Benim [179] Water 0.613 (4] CuO-Al,O5/EG/water
Ethylene glycol (EG) 0.253 [4]
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S/ element (W m™' K1)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
MWCNTs 1500 [180]
113 Bagheri and Nadooshan ZnO 29 [180] ZnO-MWCNT/EG- 30.00
[180] Water 0.6 [180] water ’
Ethylene glycol (EG) 0.224 [180]
MWCNT ~3000 (4]
Kakavandi and Akbari SiC 270 [4] MWCNT-SiC/EG-
114 [181] Water 0.613 [4] water 0.75 >0 33.00
Ethylene glycol (EG) 0.253 [4]
SiC 270 (4]
115 Nikkam et al. [69] Vf’,‘g; 1(;16_1132 [SSE 43102] SiC/SiO,-water/EG ~ 9.00 20.00
Ethylene glycol (EG) 0.253 [4]
MgO 48 [237]
116 Giwa et al. [72] ZnO 29 [180] MgO-ZnO/water 0.10 50 22.33
Deionized (DI) water 0.606 [219]
MgO 48 (237]
117 Vidhya et al. [182] V%fggr 0.26913 [l[i?] MgO-ZnO/EG-water  0.10 50 17.40
Ethylene glycol (EG) 0.253 (4]
Co 96.4 [317]
Fe,0, 9.7 [297] ,
118 Safaei et al. [183] Si0, 14-12 (88, 302] COFe204/SI0/EG- 37.70
Water 0.613 [4] water
Ethylene glycol (EG) 0.253 [4]
Ag 429 [184]
Cu 401 [184]
SiC 350 [184]
ALO; 40 (184]
119  Sahoo and Sarkar [184] CuO 18 [184] Ag + AL,O3/EG/brine 4.00
TiO, 8.4 [184]
Water/brine (salt 0.6 [318]
water)
Ethylene glycol (EG) 0.253 [4]
Al 237 (4]
120 Paul et al. [185] Zn 116 [296] Al-Zn/EG 010 70 16.00
Ethylene glycol (EG) 0.253 [4]
MWNTs ~3000 [4]
121 Shirazi et al. [186] N-rGO 2-1000 [5] MWNT-N-rGO/EG 10.16
Ethylene glycol (EG) 0.253 (4]
MWNT ~3000 (4]
Theres Baby and Sundara Ag 429 (3] Ag/MWNT-f-HEG/
122 [187] £HEG ~10.9 [310] EG 008 25 800
Ethylene glycol (EG) 0.253 (4]
MWCNT ~3000 [4]
123 Van Trinh et al. [97] Graphene (Gr) ~3000 [4] Gr-MWCNT/Cu 004 60  41.00
Cu 401 [4]
Ethylene glycol (EG) 0.253 [4]
Graphene (Gr) 3000-5000 [319]
124 Mbambo et al. [319] Ag 429 [3] GNs-AgNPs/EG 25-45 32.30
Ethylene glycol (EG) 0.253 [4]
Graphene (Gr) 3000-5000 [319]
125 Mbambo et al. [293] Au 318 [52] GNs-AuNPs/EG 25-45 26.00
Ethylene glycol (EG) 0.253 [4]
Cu 401 [4]
126 Parsian and Akbari [188] AlL,O3 40 (4] Cu-ALO3/EG 2.00 50 28.00
Ethylene glycol (EG) 0.253 [4]
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S/ element (W m™' K1)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
MWCNTs 1500-3000  [189]
127 Harandi et al. [189] Fe;04 9.7 [236] MWCNT-Fe;04/EG 2.30 50 3.00
Ethylene glycol (EG) 0.249 [189]
MWCNT ~3000 [4]
128 Vafaei and Afrand [190] MgO 48 [237] MWCNT-MgO/EG 23.30
Ethylene glycol (EG) 0.253 (4]
MWCNT ~3000 (4]
129 Vafaei et al. [191] MgO 48 [237] MWCNT-MgO/EG
Ethylene glycol (EG) 0.253 (4]
FMWCNTs ~3000 4]
130 Afrand [192] MgO ~50 [192] FMWCNT-MgO/EG  0.60 25 21.30
Ethylene glycol (EG) ~0.25 [192]
SWCNTs 3000-6000 [4]
131 Esfe et al. [193] MgO 48 [237] SWCNT-MgO/EG 1.00
Ethylene glycol (EG) 0.253 (4]
SWCNT 50-200 [194]
132 Esfe et al. [194] MgO 54.9 [296] MWCNT-MgO/EG 055 50 >35
Ethylene glycol (EG) 0.252 [296]
DWCNT >2000 [313]
133 Esfe et al. [195] Si0, 14-12  [88,302] DWCNT-SiO,/EG 171 50 38.00
Ethylene glycol (EG) 0.253 [4]
MWCNT 1500 [196]
134 Esfe et al. [196] Si0, 14-12  [88,302] MWCNT-SiO/EG  0.86 50 20.10
Ethylene glycol (EG) 0.253 [4]
MWCNT 1500 [196]
135 Rostami et al. [260] TiO, 8.4 [265] MWCNT-TiO,/EG 1.00 50 25.18
Ethylene glycol (EG) 0.253 (4]
MWCNTs ~3000 [4]
136 Li et al. [197] SiC 490 [296] DWCNT-SiC/EG 040 50 32.01
Ethylene glycol (EG) 0.256 [197]
Arani and Pourmoghadam MWCNT ~3000 [4]
137 (198] ALO, 40 [4] MWCNT-ALOJ/EG 080 50 17.00
Ethylene glycol (EG) 0.253 [4]
MWCNT ~3000 4]
138 Esfe et al. [199] ZnO 29 [303]  MWCNT-ZnO/EG  1.00 50
Ethylene glycol (EG) 0.253 [4]
ZnO 29 (303]
139 Toghraie et al. [200] TiO, 8.4 [265] ZnO-TiO,/EG 3.50 50 32.00
Ethylene glycol (EG) 0.253 [4]
ZnO 29 [303]
140 Rubasingh et al. [201] TiO, 8.4 [265] ZnO-TiO,/EG 08.00 90 34.00
Ethylene glycol (EG) 0.253 [4]
TiO, 8.4 [265]
141 Hamid et al. [202] Si0, 14-12  [88,302] TiO,-SiO./EG 1.00 16.00
Ethylene glycol (EG) 0.253 [4]
GO 2-1000 (5]
142 Yarmand et al. [203] Activated C 0.63 [320] ACG/EG 0.06 40 6.47
Ethylene glycol (EG) 0.253 [4]
CuO 76.5 [4]
1435 Akilu et al. [204] o o gg TiO,-CuO/CEG 200 601  16.70
Ethylene glycol (EG) 0.253 [4]
144 Hussein [205] Pu?;I\IIEG 08.'246 Egg} AIN/EG 400 50
CuO 76.5 (4]
145  Kannaiyan et al. [206] AL O, 40 (4] CuO-AlL,O5/EG 45.00

Ethylene glycol (EG) 0.253 [4]
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S/ element (W m™' K1)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
GO 1000 [156]
146 Mehrali a et al. [207] Fe;0,4 9.7 [236] GO-Fe;04/EG
Ethylene glycol (EG) 0.253 (4]
GO 1000 [156]
147 Sadeghinezhad et al. [208] Fe;0,4 9.7 [236] GO-Fe;04/EG 11.00
Ethylene glycol (EG) 0.253 (4]
Graphene (Gr) ~3000 [4] 30-50 18.00
148  Van Trinh et al. [209] CNT ~2000-4000 (6] Gr-CNT/EG
Ethylene glycol (EG) 0.253 (4]
MWCNT 1500 [210] .
149 Amini et al. [210] Si0, 1.3 [210] waNT'SIIOZ/ 2.00 50 16.70
Glycerol 0.275 [210] glycero
CNT ~2000-4000 [6]
150 Han et al. [211] AlLO; 40 [4] CNT-AlLOs/PAO 0.20 10 20.50
Poly-alpha-olefins 0.1434 [211]
(PAO) '
7ZnO 29 [303]
Encapsulated paraffin 015 [55] ZnO-paraffin wax/
151 Chandran et al. [212] wax ’ propylene gylcol/ 0.613 10.40
Propylene glycol 0.1962 [321] water
Water 0.613 [4]
ALO; 40 (4] . 010 30 241
152 Zawawi et al. [213] Si0, 1.4-12 [88, 302] lAlliOf'S‘OZI/ |
Polyalkylene glycol 0.156 [322] polyatkylene glyco
Ag 429 [3]
153 Botha et al. [214] Si0, 1.4 [214] Ag-Si0O,/oil 15.00
Transformer oil 0.136 [214]
AIN 285 [214]
154 Choi et al. [215] ALO; 40 [4] AIN-ALO5/oil 0.50 8.00
Transformer oil 0.11 [214]
Ag 429 (3]
155 Iafﬁlianiroogf:gg:n?rgﬂ] WO, 1.6 [235] Ag-WO5/oil 400 100 41.00
Transformer oil 0.11 [214]
MWCNT 1500 [224]
156 Asadi et al. [223] ALO; 36 [224] MWCNT-ALOs/oil  1.50 50 45.00
Thermal oil (TO) 0.1891 [220]
MWCNT 3000 [4]
157 Asadi et al. [224] MgO 48 [323] MWCNT-MgO/oil 2.00 50 65.00
Thermal oil (TO) 0.1891 [220]
MWCNT ~3000 (4]
158 Asadi et al. [225] Mg(OH), 0.16 [323] MWCNTO‘ﬁ/[g(OH)Z/ 2.00 60 50.00
Engine oil 0.145 [4]
MW<cNTs ~3000 (4]
159 Soltani et al. [226] WO, 1.6 [235] MWCNT-WOs/0il 060 60 19.85
Engine oil 0.145 [4]
MWCNT ~3000 [4]
160 Tian et al. [227] ALO; 40 (4] MWCNT-ALOs/0il  1.00 65 30.53
Engine oil 0.145 [4]
. - Al O3 40 (4]
161 Sulgani a“gzlga“m‘pour Fe,0, 7 [303) MWCNT-ALOs/oil  4.00 65 33.00
[228] Engine oil 0.145 (4]
Graphene (Gr) ~3000 [4]
162 Qing et al. [229] Si0, 1.4-12 (302] Gr-Si0,/oil 0.04 100 80.00
Naphthenic oil 0.133 [218]
Graphene (Gr) ~3000 (4]
163 Askari et al. [230] Fe;0,4 9.7 [236] Gr-Fe;O4/kerosene 50
Kerosene 0.15 [236]
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TaBLE 5: Continued.
Thermal conductivity (TC) 91f h}:t;rid composite Observation summary
S/ element (W m™— K7)
N References authors TC (K (W/m Max %
Material/base fluid K)) Source hnf with increased TC ¢ (%) T (°C) rise
SiC 220 [222] . . . .
164 Wei et al. [222] TiO, 8.4 [222) SICTOA fll‘athermlc 100 20 8.39
Diathermic oil (DO) 0.119 [219] o1
ALO, 40 [4] .
165 Gulzar et al. [231] TiO, 8.4 [265] ﬁtgglgélogg 050 158.07  33.50
Therminol-55 0.135 [324]
Cu 401 (4]
166 Mechiri et al. [233] Zn 116 [296] Cu-Zn/vegetable oil 30
Vegetable oil 0.162 [216]
Cu 401 (4]
Zn 116 [296]
167 Kumar et al. [216] Vegetable oil 0.162 [216]  Cu-SiO,/vegetable Oil  0.50 30 48.00
Paraffin oil 0.136 [216]
SAE oil 0.133 [216]
Ag 429 [4]
168 Parameshwaran et al. [234] TiO, 8.4 [265] Ag-TiO,/PCM 52.00
PCM 0.257 [234]
169 Jaiswal et al. [68] Palla dgl‘lln ®d) ;‘10; [[544]] Cu-Pd 80 1879

Note. Bold cells indicate possible active material(s) in the blend, attachment nanoparticles to core nanoparticles, that are likely to influence the TC en-

hancement of the hybrid nanofluids.

carried out similar studies with Al,Os/deionized (DI) water
and registered 79.36% for 0.1 wt.%. Yarmand et al. [91], in
their trial, considered thermal conductivity of functionalized
graphene nanoplatelets (GNP-Ag). They observed that the
boost in GNP’s effective thermal conductivity-Ag/water was
uniform with increasing weight concentration of GNP-Ag
nanoparticles and rise in temperature. Analogous thermal
conductivity enhancement results were obtained using
distilled water (DW) and CNT-TiO, [125], CNT-SiO, [126],
ND-Ni [127], and also with MgO-TiO, ceramic matrix [128].
Esfe et al. [66] investigated Ag-MgO/water hybrid nanofluid
for a range of 0.5-2.0% (50% Ag and 50% MgO) by volume
concentrations of nanoparticles. Findings from the author’s
report indicated a rise in the thermal conductivity of
nanofluid with an increase in nanoparticles. Batmunkh et al.
[129] experimented with TiO, nanoparticles based on
aqueous nanofluids by adding silver (Ag) nanoparticles as a
modifier. The results obtained indicated that the thermal
conductivity of TiO,-based solutions could be enhanced by
introducing the flattened “Ag” particles. Madhesh and
Kalaiselvam [59] experimentally dissolved copper-titania
hybrid nanocomposite in pure fluid (Cu-TiO,/water) for use
as a coolant. The result showed that the thermal conductivity
of hybrid nanofluid increased with the nanocomposite
volume concentration and the nanofluid temperature. The
copper nanoparticles on the titania surface acted as the
thermal boundary between the host liquid and the wall
surfaces, which prompted the nanofluid’s thermal con-
ductivity enrichment. Madhesh et al. [130] also recorded the
thermal conductivity of (Cu-TiO,/water) hybrid nanofluid
in a counterflow heat exchanger as a function of temperature
and solid volume concentration. Authors credited this

phenomenon to the configuration of Cu nanoparticles on
the face of Al,O; nanoparticles, hence forming a thermal
interfacial synchronization between the nanoparticles and
fluid, which promotes heat transfer. Nine et al. [62] dis-
persed Cu,O and Cu/Cu,O nanoparticles with water. The
result shows that the thermal conductivity of hybridized
nanofluids (containing both Cu and Cu,0O) nanoparticles
exhibited maximum thermal enhancement compared to
nanofluids containing Cu nanoparticles or Cu,O nano-
particles separately. This implies that Cu-Cu,O nano-
particles enhance collisions amid nanoparticles during
Brownian motion. A similar report was presented by Ranga
Babu et al. [131] using Cu and Cu,O nanoparticles. Theres
Baby and Sundara [65] achieved comparable results for
trihybrid nanofluids of Fe,Oj+ SiO,-MWCNT/water.
Shahsavar et al. [132] emulsified and dispersed Fe;0,-CNT
particles using gum arabic and tetramethylammonium hy-
droxide. However, they observed that the addition of gum
arabic (GA) coated with CNT nanofluid enhanced the
thermal conductivity of the aqueous nanofluid containing
tetramethylammonium hydroxide- (TMAH-) coated Fe;0,
nanoparticles. Enrichment in thermal conductivity was also
reported in repeated work by Shahsavar et al. [67, 133] and
Shahsavar and Bahiraei [134]. Similarly, Syam Sundar et al.
[135] attained a 13.88% augmentation in the thermal con-
ductivity of hybrid nanofluid at 0.3% solid volume fraction
(¢) and 20°C, which further improved to 28.46% at 60°C.
Chen et al. [63] studied the thermal conductivity of hybrid
nanofluid by changing the solid volume fraction of iron
oxide in the solid-liquid composite employing water as the
host fluid. The result showed 27.7% augmentation in thermal
conductivity. This was, however, attained with 0.02 wt.%
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Fe, 05 and 0.05% MWCNTs. Furthermore, at an increase in
volume concentration of Fe,O3 nanoparticles above 0.02%,
the thermal conductivity decreased, resulting from excess
clustering of nanoparticles [136]. Sundar et al. [64] reported
a similar experiment and results with MW CNT-Fe;0/water
hybrid nanofluids and confirmed that thermal conductivity
was thus enhanced by 29% with 0.3% particle concentration
in the base fluid at a temperature of 60°C. Munkhbayar et al.
[61] noticed the highest thermal conductivity enrichment of
14.5% at 40°C for 0.05 wt.% of MWCNTs and 3 wt% of Ag
composite water blend. MWCNTs functionalized with gum
arabic (MWCNT-GA), functionalized with cysteine
(MWCNT-Cys), and blended with Ag (MWCNT-Ag)
nanoparticles were studied by Amiri et al. [137]. Studies
show higher thermal conductivity for MWCNT-Ag because
of the higher thermal conductivity of silver nanoparticles
(Figure 4). Chen et al. [138] looked at the effect of reducing
time on the thermal conductivity of a water-based hybrid
nanofluid containing MWCNTs adorned with Ag nano-
particles during formation. As the times are reduced by 0.5,
1,and 1.5 h, a maximum enrichment in thermal conductivity
of about 24% was then obtained for 65°C at a 1.5h reducing
time. Farbod and Ahangarpour [139] obtained a similar
result. Sinz et al. [140] likewise reported a rise in thermal
conductivity for hybridized silver (Ag) and hydrogen ex-
foliated graphene (HEG) in water (i.e., Ag-HEG/water). A
comparable experimental result was also realized when
Yarmand et al. [141] considered graphene/nanoplatelet/
platinum (GNP-Pt) hybridized nanofluids. Ahammed et al.
[142] investigated graphene-alumina-Gr-Al,O3 streaming in
a two-pass multiport minichannel. At 50°C, for 0.1 vol%
graphene nanofluid and hybrid nanofluid, a better en-
hancement in thermal conductivity of 26.92% was observed
for graphene nanofluids than that of hybrid nanofluid,
which was 13.84%. However, a better result was obtained in
later work when Taherialekouhi et al. [108] activated GO-
AlL,O5 nanoparticles in distilled water. Similar study reports
were also given for water and Cu-AlL,O; [107]. Table 5
[143-150] provides more extensions of other analogous
works. Sundar et al. [151] in their experiment to verify the
thermal conductivity of nanodiamond ND-Cos;0O,/water,
ND-Co;04/ethylene glycol (EG), and dispersed synthesized
ND-Co;04 nanocomposite in water-ethylene glycol (EG/
water) mixtures. The mixture ratio was 20: 80, 40: 60, and
60:40, and volume concentrations of ND-Co;0, nano-
particles were 0.05%, 0.10%, and 0.15% correspondingly and
then tested at a varying temperature range of 20-60°C.
According to trial results, thermal conductivity enhance-
ments for water, EG, 20: 80%, 40 : 60%, and 60:40% EG/W-
based nanofluids at 0.15 wt.% concentrations and 60°C are
approximately 16%, 9%, 14%, and 10%, respectively. Sundar
et al. [152] and Sundar et al. [153] reported comparable
experimental results using ND + Fe;0, hybrid nanofluid.
Sundar et al. [154] presented a stable magnetic hybrid
nanofluid composed of carboxylated nanodiamond (c-ND)
and nickel (Ni) nanoparticles in ethylene glycol (EG) and
water blend. However, with water at 60°C and 3.03% weight,
a maximum thermal conductivity augmentation of 21% was
achieved. In their study, Oliveira et al. [155] also looked at
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ND-Ag/EG. They recorded a significant increment in the
thermal conductivity of hybridized nanofluid. In their in-
vestigations, some other authors [156, 157] also looked at
carbonaceous materials blended with ceramics. Chopkar
et al. [96] synthesized AL,Cu and Ag,Al water hybrid
nanofluids for investigation. They observed that at a 1%
volume concentration of Al,Cu/water base nanofluid, a 70%
augmentation in thermal conductivity was then attained
compared to pure liquid. More so, cylindrical and platelet-
shaped hybrid nanoparticles gave higher augmentation than
those of spherical nanoparticles. However, a high aug-
mentation was registered for Ag,Al water-based nanofluid
compared with Al,Cu nanofluid. This enhancement is due to
silver’s higher thermal conductivity property (Figure 4)
compared to copper. Jha and Ramaprabhu [53] synthesized
copper nanoparticle-stacked multiwalled carbon nanotubes-
(Cu/MWCNTs-) based nanofluids by scattering Cu/
MWCNTs in deionized (DI) water and ethylene glycol (EG)
polar base fluids without surfactant. The outcomes indicated
that all properly suspended Cu/MWCNTs nanofluids with a
change in concentration of Cu/MWCNTs could be blended
using the present technique. However, most thermal con-
ductivity at a shallow volume concentration of Cu/
MWCNTs was nevertheless recorded due to the homoge-
neous scattering of Cu laced with MWCNTs in building-
based liquid and the arrangement of increasing hydrophilic
MWCNTs. Jha and Ramaprabhu [54] again considered
MWCNTs laced with silver, gold, and palladium and dis-
persed separately in EG and DI water. Since silver’s thermal
conductivity was the highest among the chosen metals, Ag-
MWCNTs exhibited an optimum enhancement in thermal
conductivity of about 37.3% for DI water and 11.3% for EG.
DI water-based nanofluid displayed more enhancement
than EG-based nanofluid. This was due to the fact that
thermal energy is transferred more easily in water than in EG
[158]. Baby and Ramaprabhu [159] completed investigations
of carbon nanohybrid-dispersed thermal transport prop-
erties in deionized (DI) water and ethylene glycol (EG)
separately. The resultant blend’s thermal conductivity was
measured at different temperatures for various volume
concentrations of functionalized multiwalled carbon
nanotubes and functionalized hydrogen exfoliated graphene
(f-MWCNT +{-HEG). The hybrid nanostructure spread in
deionized (DI) water-based nanofluid displays a good
thermal conductivity improvement of 20% for volume
fractions not greater than 0.05%. Baby and Ramaprabhu
[160] synthesized silver with functionalized (Ag/HEG)
nanofluids in deionized (DI) water and ethylene glycol (EG).
The results of the thermal properties studied showed an
enhancement in the corresponding values compared to host
liquid. At 25°C, hybridized fluid showed an 25% increase in
thermal conductivity for a 0.05% volume fraction (¢).
Munkhbayar et al. [61] noticed the highest thermal con-
ductivity enrichment of 14.5% at 40°C for 0.05 wt.% of
MWCNTs and 3wt% of Ag composite water blend. Baby and
Sundara [161] synthesized copper oxide decorated hydro-
gen-induced exfoliated graphene (CuO/HEG) scattered in
deionized (DI) water and ethylene glycol (EG) in a solid
volume fraction of 0.05% and 0.01%. The study results show
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that at 0.05% volume concentration, there is a 28% and 90%
increase in thermal conductivity at 25°C and 50°C, respec-
tively. Jyothirmayee Aravind and Ramaprabhu [94] blended
graphene- (Gr-) enfolded multiwalled carbon nanotubes
(Gr-MWNT) dispersed nanofluids for heat transfer appli-
cations using deionized (DI) water and ethylene glycol (EG)
as the building base fluid. They obtained an enhancement in
thermal conductivity of 11.3% and 13.7% with a 0.04%
volume fraction of hybrid composite based on deionized
(DI) water and EG nanofluids at 25°C. Aravind and Ram-
aprabhu [162] studied the thermal conductivity augmen-
tation of synthesized graphene-multiwalled carbon
nanotube (MWCNT) composites. For deionized (DI) water-
based nanofluid, they obtained 10.5% and 87.9% enhance-
ment for the solid volume fraction of 0.04 at temperatures
between 25°C and 50°C, respectively, for deionized (DI)
water-based nanofluid. For the ethylene glycol (EG) base
fluid, 13.7% and 24% were also reported at the same volume
concentration and temperature. Because MWCNTS retain a
high aspect ratio, they can be firmly attached to graphene to
limit the interfacial resistance, and so, hybrids (Gr/
MWCNT) show better thermal conductivity than single
mono (Gr) nanofluid. Shende and Sundara [163] investi-
gated the use of nitrogen-doped hybrid carbon-based
composites, N-(rGO-MWNTs), dispersed in nanofluids as a
working fluid for low-temperature direct absorption solar
collectors (DASC). They achieved a substantial augmenta-
tion in thermal conductivity of 17.7% with a 0.02% volume
fraction in deionized (DI) water and 15.1% with a 0.03%
volume fraction in ethylene glycol (EG). Esfe et al. [164]
established that the thermal conductivity of functionalized
DWCNT-ZnO/water-EG  (60:40) hybridized nanofluids
was nevertheless enhanced by 32% with 1.0 wt.% at 50°C.
Esfe et al. [165] measured enhanced thermal conductivity of
24.9% for 1.90wt% at 50°C in another trial using DWCNT-
ZnO/water. Other authors also undertook other analogous
works, as given in Table 5 [166-177]. Amiri et al. [178]
prepared SiO,-Cu/water and SiO,-Cuw/EG nanofluids and
then measured them in three volume concentrations of 1.0,
0.50, and 0.25% of the SiO,-Cu nanoparticles and analyzed
them at a varying temperature range of 20-40°C. The re-
sultant outcome was the chemical deposition of a small
quantity of Cu (approximately 8 percent) on the SiO,
surface, bringing about a significant increase in the hybrid
nanofluid’s thermal conductivity. Several other researchers
[179-184] looked at various works based on binary base
liquid (EG/water).

Paul et al. [185] synthesized Al-5wt% Zn nanoparticles
in ethylene glycol (EG) base fluid. The results showed a
thermal conductivity enhancement of 16% at 0.1% volume
concentration, which was comparable with results pre-
sented by Chakraborty et al. [46] with Cu-Au nanoparticles
in water. Seyed Shirazi et al. [186] also synthesized nitro-
gen-doped activated carbon/graphene with a high nitrogen
level, vyielding nitrogen-activated carbon graphene
(NACG), and recorded a significant augmentation in
thermal conductivity of 10.16%. Compared with the result
reported by Shende and Sundara [163] in a similar ex-
periment with deionized (DI) water, this result showed that
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thermal conductivity enrichment was better with water.
Theres Baby and Sundara [187] synthesized a hybrid
nanostructure with silver (Ag) nanoparticles, multiwalled
carbon nanotubes (MWCNT), and hydrogen exfoliated
graphene (HEG)-Ag/(MWNT-HEG), dispersed in ethylene
glycol (EG). The result shows an augmentation of 8% in
thermal conductivity attained for a solid volume fraction
(¢) of 0.04% at 25°C. Other authors [188-210] also
attempted similar research.

Han et al. [211] considered the thermal conductivity of a
multilayered hybrid sphere/carbon nanotube (CNT), con-
sisting of various 2 ym CNTs affixed to a 70 nm alumina/iron
oxide sphere with poly-alpha-olefin (PAO) oil nanofluids as
the building base fluid at a temperature range of 10-90°C.
They noticed a 21% enhancement in thermal conductivity in
PAO oil-based hybrid sphere/CNT nanofluids, with a solid
volume fraction (¢) of 0.2% at room temperature. Fur-
thermore, they mentioned that the Brownian motion effect
was evident in the case of the spherical type of nanoparticles.
As for the comparison with other nanoparticles, it was thus
observed that the effective thermal conductivity augmen-
tation of the solid-liquid composite is higher than specimens
containing spherical nanoparticles. Chandran et al. [212]
experimented with ceramics in propylene glycol/water base
liquid, and Zawawi et al. [213] looked at double ceramics in
polyalkylene glycol as the host fluid. Botha et al. [214]
blended transformer oil-based nanofluid with silica and
silver upheld on silica (Ag-SiO,/Oil). Thermal conductivity
was observed to increase with silica concentration as 0.60
wt.% of silver (Ag) nanoparticles deposited on 0.07 wt.% of
silica (Si0,), causing a shorter phonon passage distance
amid the nanoparticles. Choi et al. [215] prepared three types
of nanofluids by dispersing aluminium oxide (Al,03) and
aluminium nitride (AIN) nanoparticles in transformer oil.
The thermal conductivity of Al,O5/AIN hybrid nanofluid
increases with particle volume fraction. The result also states
that AIN nanoparticles at 0.5% volume concentration can
increase the thermal conductivity of the transformer oil
(Figure 10) by 8%. Furthermore, the overall heat transfer
coefficient has been increased by 20%. In another study,
improvement in the thermal conductivity of hybrid nano-
fluid was also registered by Aberoumand and Jafar-
imoghaddam [221], with Ag-WOs/transformer oil. Another
similar research with engine oil, naphthenic oil, kerosene,
diathermic oil (DO), Therminol-55, parafin oil, and SAE oil
as host fluids was also considered by other authors
[222-231], as given in Table 5. Mechiri et al. [232] completed
an experimental work on Cu-Zn hybrid nanoparticles using
the following formations (0:100, 75:25, 50: 50, 25:75, and
100:0) to prepare nanofluids by spreading them into veg-
etable oils as accommodating fluid. Experimentally, the
thermal conductivity of the host liquid and nanofluids with
different nanoparticle loadings at varying temperatures was
measured. The products showed an increase in the thermal
conductivity of nanofluids with an increase in hybrid
nanoparticle concentration with a temperature rise. Modi-
fied work was repeated by Mechiri et al. [233] using Cu-Zn
hybrid nanoparticles. Analogous research was also carried
out by Kumar et al. [216]. They compared Cu-Zn in
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Figure 10: Thermal conductivities of various lubricants at 300 K [4, 214, 216-220].

vegetable oil, paraffin oil, and SAE oil hybridized nanofluids
separately and reported that Cu-Zu/vegetable oil gave more
thermal conductivity.

Parameshwaran et al. [234] in their work on new organic
ester phase change material (PCM) embedded with silver-
titania hybrid nanocomposite (Ag-TiO, HyNC) concluded
that HyYNPCM embedded with the surface-functionalized
HyNC exhibited improved thermal conductivity by up to
52%. Moreover, the thermal conductivity of hybrid nano-
fluids was also investigated experimentally by Esfe et al. [90]
after dispersing Cu and TiO, nanoparticles of a mean di-
ameter of 70 and 40 nm in a dual blend of water and EG (60 :
40), measured at several particle loadings (0.1,0.2,0.4, 0.8, 1,
1.5, and 2%) and temperatures varying from 30 to 60°C. The
results showed that the blend’s thermal conductivity in-
creased with an increase in nanoparticles and temperature
concentration. Similar research has also been presented in
the literature (Table 5). However, Zhao et al. [235] syn-
thesized CoSb;/WO; nanocomposites and observed de-
creased thermal conductivity of composites which resulted
from phonon dispersion by WO;. This showed that the
thermal conductivity of nanofluids depends upon the sus-
pension of solid particles and the choice of carrier fluids
[236].

Generally, another research on the thermal conductivity
of hybrid nanofluids (in the form of binary/dual and ternary/
trihybrid nanofluids) within the last decade has nevertheless
been very revealing. Their findings are given in Table 5. The
results tabulated in Table 5 follow this order: water-based
hybrid nanofluids and analogous experimental works (rows
1-74), water/EG-based hybrid nanofluids and comparable
experimental works (rows 75-117), EG-based hybrid
nanofluids, similar experimental works (rows 118-147), and
finally, oil-based hybrid nanofluids and comparable ex-
perimental results (rows 148-168). However, recently,

several aqueous, nonaqueous, and organic/oleic nanofluids
have been tentatively contemplated [237]. These nanofluids
have been explored with diverse particle shapes and sizes
[238], volume fractions, sundry surfactants, and production
approaches [237]. Most of the studies have demonstrated
that hybrid nanofluids have the same trend of behavior as
nanofluids in terms of the effect of changes in temperature
and volume concentration. Therefore, using these nano-
composite and carrier fluid combinations can improve the
thermal conductivity of hybrid nanofluids by increasing the
concentration of hybrid nanoparticles and raising the
temperature. However, temperature, according to some
researchers [150, 164, 189, 239], has a greater influence on
thermal conductivity than volume fraction.

4. Thermophysical Properties of
Hybrid Nanofluids

4.1. Density and Specific Heat. Researchers have developed a
model for determining some thermophysical properties of
mono nanofluids that have been extrapolated to cover hy-
brid nanofluids. For example, the density of nanofluids
depends on the physical principle of the mixture rule. This is
thus denoted as [240]

mf + mnp

:(T) _ PVt PapVip
Peit “\V )V, + V7,

Vf +Vnp

>

e (s
Peff = 1= Pyt
VitV ) T \V+ v,

Pett = (1- ¢)pf + (¢)pnp

For hybrid nanofluid (py,,¢) of two nanoparticles npl
and np2,
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where f and np refer to the fluid and nanoparticle, re- [55] tested a hybrid nanofluid made up of MEPCM and
spectively, and ¢,,, = (V,,/V ; + V) is the volume fraction ~ Al,O; and found that the density could be accurately de-
of the nanoparticles [87]. While, ¢,,; and ¢,,, are the  termined, with the aid of a mixing model.

volume fractions of first and second nanoparticle. Ho et al. The specific heat capacity is given as [87, 240]

(me)fAT +(me)npAT
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>
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(pCP)nf = Paf my T My > 3)
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(PCP)hnf = ¢(PCP)np +(1- ¢)(Pcp)f,

(PCp )t = Pt

where py, is the density of the nanoparticle, p is the density ~ base fluid, respectively. For hybrid nanofluid of two
of the base fluid, p g is the density of the nanofluid, and C nanoparticles npl and np2,
and C; are the heat capacities of the nanoparticle and the

(me) AT +(me)nplAT +(mCP)np2AT “
m AT +(me)nP1AT +(me)np2AT ’

(pCP)hnf = Phnf

(mcp>f + (mCP)npl + (mCP)nPZ

C = Phn > (5)
P =P, 07 )
(pC ) =p (pVCP)f +(pVCP)npl +(pVCP)np2 (6)
P/haf h“f((mf + My + mnpz)/(Vf + Vo1 + Vnpz)) x(Vf +Vopr + Vnpz)’
(pCP)hnf = ¢np1 (PCP)npl + ¢HP2(pCP)np2 +(1 N (/)npl N (/)“Pz)(pVCP)f’ (7)
where (Cp)f and (Cp)nP are the heat capacities of the host % 1+25¢, (8)

liquid and nanofillers, respectively.
where k* is the viscosity of the solution and k is the viscosity

of the pure solvent.

4.2. Viscosity. In 1906, Einstein considered a diluted solu- Reexpressed at present as

tion of substances, a rigid sphere that does not dissociate in
solution. Using hydrodynamic conditions, he expressed the Hefr = 1+ 25¢ 7. 9)
viscosity as
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Since Einstein investigated the viscosity of a dilute
suspension of rigid spheres in a viscous liquid, several
equations (Table 6) have been established with the end goal
of extending Einstein’s formula to suspensions of higher
concentrations, including the effect of nonspherical particle
concentrations [87, 240].

The viscosity model formulated by Brinkman (equation
(10)) [241], Krieger-Dougherty (equation (11)) [242], and
others for higher particle volume fraction is thus also ap-
plicable for hybrid nanofluid.

Hhnt = 24 (10)
hnf — X 5
(1 - ¢np1)25(1 - ¢np2)25
By
HUnnf = =
. (1 - ¢np1 - ¢np2)25 (11)

The total volume fraction of the two different sorts of
nanoparticles suspended in base fluid, denoted by ¢, is
computed using the following equation:

¢ = ¢np1 + ¢np2' (12)

To be effective in heat transfer applications, a base fluid
must have high thermal conductivity and low viscosity. This
is to avert pressure loss. Botha et al. [214] also recorded, after
their investigation, that the viscosity of mixture nanofluid
was lower than individual nanofluids. Dispersed particles in
host liquid incorporate the advantages of increased thermal
conductivity of both mono and composite fluids to keep
viscosity low.

4.3. Thermal Conductivity. Currently, no consolidated or
dependable theories or models consider all the core

(¢np1knp1+¢np2knp2/¢npl + ¢np2) + 2kf + 2(¢np1knpl+¢np2knp2) - 2(¢np1 + ¢np2)kf

29

mechanisms and influence factors for the thermal con-
ductivity of nanofluids (mono or hybrid). As reported by
experiments, the important parameters that can influence
the thermal conductivity of mono/hybrid nanofluid are as
follows:

(i) Additives
(ii) Base fluid material
(iii) Nanoparticle concentration
(iv) Particle material
(v) Particle shape
(vi) Particle size
(vii) Acidity/pH value and
(viii) Temperature
Nonetheless, there exist a few semiempirical correlations
for computing the apparent conductivity of two-phase
mixtures. For example, Maxwell [248] proposed one of the
first, most famous, and widely used models (effective me-
dium theory, EMT) for solid-liquid mixtures with relatively
large particles. However, it was based on the solution of the
heat conduction equation through an arbitrary stationary

suspension of spheres. As a result, the effective thermal
conductivity was given by

kot Kp + 2Ky + 29 (ko — k)
ki ko + 2k = ¢(kyp — k)
where K, is the thermal conductivity of the particles, K is

the fluid thermal conductivity, and the modified Maxwell
model for hybrid nanofluid is presented as

(13)

hnf —

where npl k and np2 k are the thermal conductivities of
primary and secondary nanoparticles.

4.4. Electrical Conductivity. Crystalline structure, electron
mobility, and physical state (whether solid or liquid, single,
or multiple phases) play a role in determining conductivity.
Under a temperature difference, thermal conductivity
evaluates how easily heat (thermal energy in motion) can
travel through a substance. On the other hand, electrical
conductivity measures how well electrical current (charge in
motion) can travel through a substance when a voltage or
electric field is applied. Electrons are the primary carriers of
both electromotive force (flow of charge) and heat transfer
(flow of thermal energy) in metals. Metal conductivities are
thus determined by the number of loose electrons available
to flow through the metal. Valence electrons that are not
paired are known as “free or loose electrons.” They are only

(¢np1knp1+¢np2knp2/¢npl + ¢np2) + 2’kf _(¢np1knpl+¢np2knp2) _(¢np1 + ¢np2)kf

) (14)

loosely connected with the atomic nucleus in conductive
metals. They are free to wander around within the metal.
Metals’ thermal and electrical conductivities share the same
relative magnitude, determined by the number of free
electrons available. It also depends on how tightly they are
bound to the nucleus. As a result, if the electrical conduc-
tivity is high, so will the heat conductivity. This will enhance
effective cooling. The crystalline structure of nonmetals plays
a more significant role in determining thermal conductivity.
Temperature evaluates the average kinetic energy of the
vibrations of the individual atoms in the crystalline lattice.
As an elastic wave of vibration (phonon waves), thermal
energy can thus travel through the material. Some atomic
configurations allow phonon waves to flow more easily than
others. This is why the heat conductivity of nonmetals varies
greatly depending on the crystalline structure. Pure carbon
compounds, for example (Table 7), have variable degrees of
conductivity. This varies by an order of magnitude
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TABLE 6: Some of the models found in the literature.

Researchers

Viscosity of nanofluids

Remarks

Brinkman [241]

Krieger and Dougherty [242]
Lundgren [243]

Batchelor [244]

Bicerano et al. [245]

Nguyen et al. [246]

Sahu and Sarkar [247]

(Uegeluy) = [1 = ¢1>°
(et ) = [9/¢,,) "

(Heluy) = [L+2.5¢ + (2.5/4)¢9° + £ (¢) ]
(Heff/!’lf) = [1 + 25¢ + 65([52]
(pegeltip) = 1+ 16 + Ky ¢
(eselp) = (21275 = 0.0215T + 0.00027T)
Hhnf = ((#nfl(pl + #nf2¢2/¢))

Spherical particles
Spherical particles
Moderate concentration
Spherical particles

Nonspherical particle concentrations
Different shaped particles

TasLE 7: Electrical and thermal conductivities of some carbon-based materials at 300 K.

Form of carbon

Electrical conductivity

Thermal conductivity (W/m K)

Graphite 2x10°-3x10° 110-190

Graphene 1.00x10® 2000-5300
Diamond 1x107-1x107"8 900-2300
Carbon nanotubes 2.5%x10*-2 %107 1800-4000

depending on the atomic arrangement. It is also worth
noting that, while diamond is a near-perfect electrical in-
sulator, it has the highest heat conductivity of any metal.
Also, although having an identical electron arrangement,
carbon nanotubes have a fairer electrical conductivity. They
demonstrated better electron mobility in that crystalline
form than graphite or diamond.

Computing enhancement in electrical conductivity
(o,¢/0n¢) for nanofluid is expressed by the following rela-
tionship presented:

Inf _ 4

3¢ (0191 + 0,0, — 0y (¢ + 2))

Onf _ 3(c-1)¢

O N (0+2)=(o—-1)¢’ (15)

where o, is the electrical conductivity of the particles, oy is
the fluid electrical conductivity, and the modified Maxwell
model for hybrid nanofluid is presented as

Obf (0101 + 029, +2¢04¢) = ¢oe (0,81 + 026,) —0pe (¢1 + ¢,))

4.5. Thermal Expansion Coefficient. The thermal expansion
coefficient for nanofluid is represented as

Pnf ’

(Blus = (17)

where 8, and 8 correspondingly are the thermal expansion
coefficients for the nanoparticles and the base fluid. For
hybrid nanofluid,

(pﬁ)hnf = (1 - ¢np1 - ¢np2) (P/g)f + ¢np1 (Pﬁ)npl + ¢np2 (pﬂ)an'
(18)

Again, 8, and B, are the thermal expansion coeffi-
cients of the initial and additional nanoparticles.

Keblinski et al. [249] explored the possible factors for
enhancing thermal conductivity in nanofluids and projected
that the size effect, the clustering of nanoparticles, and the
nanolayer at the solid/liquid interface could be the major
contributions to the enhancement. However, their work was
referenced in 2004 by Eastman et al. [250] where they shed
additional insight on the effect of nanoparticle Brownian
motion (Figure 11).

(16)

Several extensions to Maxwell’'s equation have been
recorded since Maxwell’s initial investigation. Maxwell’s
equation and other thermal conductivity expressions, such
as Rayleigh [251] and Hamilton and Crosser [252], predicts
thermal conductivity reasonably well for dilute mixtures of
relatively large particles in liquids with lower particle volume
fractions [87, 253]. Rayleigh [251] and Jeffrey [254] grouped
the thermal conductivity models based on nanoparticles’
arrangement and discovered that the clustered path of
particles conducts more heat, hence higher thermal con-
ductivity. Table 8 provides some of these model expressions,
strengths, and areas of limitation.

A couple of scholars have established and derived some
correlations for the thermal conductivity of hybrid nano-
fluids (Table 9). This is to help reduce errors and enhance
precision in their investigation. Hybrid nanofluids can thus
be used for various systems requiring heat transfer even-
tually. Sahu and Sarkar [247] proposed a mixture model
(equation (19)) for the thermal conductivity of hybrid
nanofluids of different shaped nanoparticles by interpolating
the individual particle equation. Other specific equations are
given in Table 9.
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FiGURE 11: Schematic diagrams of the 3 significant possible mechanisms [249, 250].

(19)

_ (knf1¢1 + knf2¢2)
Unnf = ¢ .

4.6. Relationships between Thermal Conductivity and Heat
Transfer Performance. The thermal conductivity is directly

proportional to its heat transmission performance. Con-
vective heat transfer can be improved passively by changing
boundary conditions, stream geometry, or by augmenting
the thermal conductivity of the liquid. The influence of a
property on heat transfer rates is frequently stated as a
thermal conductivity value. Again, the most essential pa-
rameter responsible for the improved heat transfer is
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TaBLE 8: Established thermal conductivity of solid/liquid blends k., thermal conductivity of base fluid k¢, thermal conductivity of particle
kp, thermal conductivity ratio a = kp/k £ 9=(a—-1)/(a+2), particle shape factor n, and particle volume fraction ¢.

Models Expressions Remarks/limitations
Accurate to order ¢1,
uniformly sized spherical
i (KeglKp) =1+ ((3(a= 1) (@+2) - (a=1)¢) fow volime, Considerable
deviation from measured
experiment.
Considered material in the
Rayleigh . . forﬁm of spherical.
[251] (keff/kf) =1+ ((3¢)/ (((k, — Zkf)/(k1 - kf)) - ¢+ 1.569 ((k, — kf)/(3k1 —4kf))¢ +--4)) 1gclu510ns a.rranged in a
simple cubic array. Far
from reality for higher ¢.
Spherical and nonspherical
Hamilton particles p are considered:
and Crosser (Ker/Kg) =1+ (B (a—1)¢)/ ((a +2) = (a = 1)¢)), n=3 for spheres and n=6
252] (Ke/Kp) = ((a+ (n=1)(n=1)((1-a)p)/ (a+ (n=1) + (1 - a)¢)) for cylinders. Consider

Jeffrey [254]

Davis [255]

Lu and Lin B ,
[256] (keff/kf) =1l+a¢+bo
Bonnecaze

and Brady Numerical simulation
[257, 258]

(kegilk ;) = 1+ 39¢ (39 + (39/4) + (9B°/16) + ((a +2)/ 2 +3)) +-- )¢’

(Kegelky) = ((3(a=1)/ (a+2) = (a = 1)¢)[¢ + f ()¢ +0(¢)]

only shape and volume
concentration.
Accurate to order ¢?, high-
order terms represent pair
interaction of randomly
dispersed spheres

Accurate to order ¢?, high-
order terms represent pair

interaction of randomly
dispersed spheres. f («) =
2.5 for a=10; f (a) =0.5 for

=00

Spherical and nonspherical
particles p are considered.

For spherical particles,

a=2:25b=2:27 for
a=10; a=3:00, b=4:51

for a =00
Near and far-field
interactions among two or
more particles p are
considered. Numerical
simulation, expressions
not given.

thought to be thermal conductivity. Heat convention in the
hybridized fluid matrix is one factor that leads to enhanced
heat transmission. Knowing the thermal conductivities of
the different materials that make up the hybridized fluids
allows us to compare how well heat can be transferred. The
higher the number for a given material, the faster heat will be
transported through it. Metal-based nanofluids have better
heat transfer performance than most fluids in ceramic make-
up. Combining the two can significantly improve the
thermal conductivity of ceramics. Effective heat transfer
performance is a better indicator than effective thermal
conductivity. Hence, it is the preferred marker for nano-
fluids used as coolants in transportation and other indus-
tries. The suspended nanoparticles alter the fluid’s effective
thermal conductivity (dependent on numerous elements
such as shape, size, surfactant, pH, volume/weight fraction,
and mass flow rate) and convective heat transfer coeflicient,
improving the nanofluid’s heat transfer capability. When the

heat transfer capacity of the working fluids is improved, the
size of the heat exchanger is reduced, as is the fuel con-
sumption rate, lowering CO, emissions.

5. Applications of Hybrid Nanofluids in
Radiator Cooling Systems

Recently, the number of fields that have seen nanofluids’
intrinsic potential and their demand for specific industrial
applications seems to have grown [263]. Hybrid nanofluid
has applications in diverse areas, which include but are not
limited to the automobile industry (Figure 12) or heat
transfer purposes only [265]. Thermal management is a
significant factor in the automobile industry because it di-
rectly or indirectly impacts the general use of the automobile
[266]. The efficiency with which a plethora of heat moves
from the engine walls to the surrounding air is critical in
enhancing engine performance and preserving the material



33

0.0 > I > D,5¢C
900:0 S¢>0
02410
Qud[Ay3e
JINDMINJ-OSIN
0,08 >.I > 0.,5C
900:0 S¢>0
[024]3 aud[y3o
/SLNDMIN-OSIN
0,09 > .1 > D,0C
S100:0 S9¢>0
(0¥
109 pue ‘09:0% ‘08:07)
Iarem-Dg/70f0D-aAN
02415
QUAAYI/Y Of0D-AN
P1eM/FOf0D-AN

0,09 > .1 > D,0C
200:0 S¢>0
(0¥
109 pue ‘09:0% ‘08:07)
I01emM-DF/FOfd-AN
11eM/F O I-AN
0,06 > L > 0D.5C
€200 S9$>0
[024]3 dud[y3e
/PO I-SLNOMIN
0,06 > I > D.0¢
20:0 5¢>0
DT/OSN-LNOMS
0,09 > I > D,0¢
20:05¢>0
(0%:09) 102415
QudAIe-193eM /01T -ND)
0,09 > I > D.5¢
Y0 SP>T10
197eM/3y-2Q1],
20:0 5¢>0
(%0S
19505) 13eM/OSIN + 8V

197eM/INV-SLNO

(sgz0-Lepro® T+ 15€8°0) P ¥y = 'y

((LT00T'0 = 440coPT80€°0) dx3 + £86°0) ¥y = %y

(gcco0(® +1)8266°0) 7%y = 7y

8189:0=9 ‘0S10:1 =7
£69S:0=4 ‘8910 T=?
8TLV:0=9 ‘LS10:1="D
164£:0=9 ‘8810:1=0

€0¥C:0=9 6¥10: 1=? DO,0T=.I 104

(g +v) %y =%

(60090 Lgeos0PTO10°0 + 1) ¥y = Ty
(LyeP99TT00 + ,LePE199°0 — $7806°0) Uy = "y
¢ x67E— (I)UIS FIH0°0 — P X L X ¥ F +.I X €£900°0 + 11°9)50> X ¢ X I X 7 + (($ X .I.) /F81000°0—) + .I X 68500°0 + £0'T = (P%y/™"y)

(L *$)TTHI00 + 7LL00000°0 + ,($)8ESLTT +.19000°0 — ($)TS8°0 — 9FT'T = (/™)

((19°401°2661°0 + 99" ,0T°LTIT0 + 9$°0T'86F1°0 — (0T 'LFLT'0) /(0T LFLT0)) %y = %y

17EM/ANNO-SIND (P My werore (9 7y) M asdp) + 8 — 1) /() Moy ueore () M aidr) + 9 - 1) = ()

[c61] pueyy

[161] Te 30 oeJRA

[1ST] 'Te 39 1epUNg

[2ST] Te 39 Iepung

[681] e 10 tpueIRl

yopezyoo[oqies

[€6T] Te 10 9359

[06] Te 10 99

[657]
‘[B 19 nSery ue[eA

[99] 'Te 19 959

[2s] e 10 vue(

JUSWWO))

[PPOIN

Journal of Nanotechnology

‘spIpjoueu prIqAY jo A)TANONPUOD [RULIDY) AU} 10 SUONL[21I0D [edlridwd awog ¢ a14Vv],



Journal of Nanotechnology

34

D,09>.I > 0€
%0%>¢ >50
19)eM/ND)-Yse A
D,055.15D,.5¢
%0S:059S %1070
paseq Iajem
/(0Z:08) “02D-0V
%0S: 1595 %0
D,055.L5D,0¢
.How @wmmﬁ kumg\AON
:08) LNOMIN+02D
D,09515D,0C
%9:05> 9> %S00

[to
aurdua/SLNDOMIN-SOM
D.05515D.6C
%ITSPS%I0
(%05
19606) [0943 Qud[hy3e
Qwum?\OU.OSU
D.05515D.6C
%0: 159> %S00
(%06 : %0S) DIS-0D
%0 TSP S %0
D,055.15D,0T
193eM/COL1-0D
D.05515D.0C
%0 1SS %5790°0
121eM-DF/(0€-0£)
SLNOMIN-“OIL
D.05S515D.6C
%ITSPS%I0
(%SL
10467) 109413 susdye
-193eM/ LNOMIN-OUZ
%L S
¢S %0 D.0S>.L50.5T
10J Ia1eM
/(%05-%0S) 8V-Ouz
D0S S IS D.5T
I S¢>5000
[094]8 sud[dy3o
[FOLL-SLNOMIN

c1600001/7MP) o O LML) 2271 = (/7 ™y)

}.1865900°0 + LETTI000°0 + PE€TT0 + .L185600°0 — 12T = (*¥y/7"y)

conose 0 X geeper(CLAL) X (€57085°0 + 1) My = %y

(((061-L) (9€890°01€-)) d%3) /(( 1,,0LLLOO D) (10 PTLEE T) +F1£6°0)) = (*y/7")

6£96'0 + gepero® * cg00( 1) 15070 = (P¥y/7*y)

PTIT60 + (ggocte0rosszsn) L6TTSTO0 = (FBy/7™y)

cro® X 16T0°T X TLO'0+ L10°'T = (P%y/7"y)

e1690:L11290PL8T00 + T = (Fy/7%y)

((ges01-# 2P - 1£06F€) dX) /(90510.L 09200 * 150790867 + €098°0) ) = (*4/7")

cre1-Leeaco®P6£8000°0 + T = (F4/7y)

PBEVLSTT = LISOST0°0 + PLVERL 6 + P8SL'OT + 1STTI00°0 — 6966°0 = (*4y/7™y)

[297] e 12 nuey

[£TT] e 30 [owrey]

[68] 'Te 30 1Em1L,

[9z2] ‘Te 10 1URIOS

[£ST] Te 10 TwreIsOyg

[S¥1] Te 10 1reAyeN

(19¢]
‘Te 30 wepeySoA

[#£1] Te 30 1peION

[081] ueysoopeN
fpeuiyy
pue Loydeq

[0ST] "Te 32 TueyessT

[092] Te 10 TureISOY

JUWWOD)

uorssardxg

[PPOIN

ponunuo) 6 IdV],



Journal of Nanotechnology

35

Nanofilms for
Self-Cleaning

Nanomaterials in
Fuel cells/Batteries

Heat Polymer Fuel
Shielding Glazing Additives

Nanoinclusions in
Lubricants

Nanocomposite
Coating

Polymeric
Nanocomposites

Nanoscale
Sensors

Nanograined
Engine/Body

Catalyst
Nanomaterials

Nanoparticles
in Tires

Fiure 12: Current application areas of nanofluids in the automobile industry [264].

integrity of the engine [267]. This, therefore, means that an
efficient and responsive thermal management system is key
in the design and operation of an automobile [268]. The use
of nanofluids has turned out to be a reasonable choice for
improving the engine cooling rate and easing the complex
nature of the thermal management system [269]. An au-
tomobile cooling network consists of six parts. They are the
radiator, water pump, thermostat, radiator pressure-release
cap, and electric cooling fan (Figure 13).

Generally, the coolant used in the automobile radiator is
water or a mixture of water and an added liquid-like ethylene
glycol (EG) (antifreezing fluid boil over protection), flowing
inside the tubes. Another coolant (natural air) exiting
outside the system flows through the fins to cool the water
temperature inside the tubes [270]. Ethylene glycol (EG) and
water have long been used as coolants in the automobile
industry because they are cheap, readily available, and have
worked well in achieving the cooling of the automobile
system. Generally, in the heat exchanger, the thermal
conductivity enhancement results in a higher heat transfer
rate and thermal efficiency in nanofluid applications
[223, 271]. Ho et al. [101] significantly improved cooling
effectiveness with a hybrid suspension (Al,03;-MEPCM) in a
circular tube. Sinz et al. [140] numerically looked at the
convective heat transfer of silver (Ag) and graphene HEG
nanoparticles spread in water (Ag-HEG/water) hybrid
nanofluids streaming through a circular channel. However,
the thermal conductivity was raised from 0.6006 to
0.6053 W/m-K by increasing the solid volume fraction (¢)
ranged between 0.1 and 0.9%, enhancing the heat transfer
performance of Ag-HEG/water as a working fluid.

Hong et al. [272] investigated the hydrothermal per-
formance and erosion-corrosion effects of a new hybrid
nanofluid in automobile cooling systems. They recom-
mended the fluid for future cooling frameworks. Sahoo and
Sarkar [184] completed a study dealing with the augmen-
tation of convective heat transfer performance of an EG salt
water-based mixture fluid. Several hybrid nanofluids, i.e.,
Ag, Cu, SiC, CuO, and TiO, in a 0-1% solid volume fraction
(¢) of AL,O5 nanofluids, were used as coolants in a louvered-
fin automobile radiator. Among all the hybrid nanofluids

investigated, 1% Ag hybrid nanofluid (0.5% Ag and 0.5%
AlLyO3) recorded the highest effectiveness, heat transfer rate,
and pumping power. Nonetheless, SiC+ Al,O; dispersed
hybrid nanofluid recorded the best performance profile,
indicating that it is the best coolant. Sahoo et al. [273] in
another study used water-based (50/50) volume fraction for
Fe, 03, CuO, TiO,, Ag, and Cu in A,O; hybrid nanofluids as
coolants for a louvered fin automobile radiator. For all
considered hybrid nanofluids, Al,O;-Ag/water hybrid
nanofluid exhibited higher effectiveness, heat transfer rate,
pumping power, and pressure drop of 0.8%, 3%, 6%, and
5.6%, respectively, as compared to water as radiator coolant.
Okello et al. [274] investigated three different samples of
ethylene glycol (EG)-based hybridized nanocoolants. They
are (Cu-Al,O3), (Cu-TiO,), and (TiO,-Al,O3) in that order.
This was to decide their suitability as a possible coolant for
use in a car radiator. They concluded that the (Cu-Al,03)/
EG hybridized solid-liquid blend showed a faster heat
transfer rate compared to the other two ceramic matrices,
and it is recommendable. Soylu et al. [275] examined the
effects of using nanofluids on heat transfer performance in
automobile radiators. Four different sorts of nanoparticles
were then prepared in nanofluids, which included pure TiO,,
TiO, doped with 0.1% Ag, TiO, doped with 0.3% Ag, and
TiO, doped with 0.1% Cu. Prepared nanoparticles were then
introduced into the retaining fluid (50:50), ethylene glycol
(EG)-water mixture by volume with a 0.3, 0.5, 1, and 2%
ratio. The experimental results indicated a net change was
then seen in the thermal conductivity of 0.3% Ag-doped
nanofluids. Sandhya et al. [177] treated CNC-graphene-
based hybrid nanofluids in a car radiator. However, a system
investigation was performed by mulling a single tube unit in
the radiator for pattern advancement. A CFD examination
was then conducted using the ANSYS FLUENT module. The
results indicate that graphene + CNC-based hybrid nano-
fluids will improve the performance of an auto radiator
when compared with graphene nanofluid and base fluid.
Benedict et al. [168] investigated mono and hybrid metal
oxide performance of Al,O; and TiO, with or without plant-
based extracted nanocellulose (CNC) for various volume
concentrations and an improved heat transmission
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FiGure 13: Components within an automotive cooling system.

nanofluid in comparison to distilled water (DW) as a ra-
diator coolant. The thermal conductivity of nanofluids
(mono and hybrid) improved significantly as the volume
concentration of nanoparticles dispersed in the host fluid
increased. A higher thermal conductivity was also exhibited
by AL,O3/CNC and Al,O3/TiO, hybrid nanofluids. Naiman
et al. [167] considered the thermophysical properties of
alumina-cellulose nanocrystal (Al,O3/CNC) composite
nanofluids in water/ethylene glycol (EG) (W/EG) as a new
coolant for a radiator. The results obtained indicate that
enhancement in Al,O3/CNC nanofluid’s thermal conduc-
tivity increased compared to base fluid W/EG. This was so as
the temperature increased and peaked at a volume con-
centration of 0.9% at a temperature of 70°C. Kumar and
Sahoo [276] realized better results with Al,O3(sphericay and
graphene (piaeler) in @ water base. Sahoo [277] progressed the
research with spherical (Al,O3), cylindrical (CNT), and
platelet (graphene) based ternary hybrid nanofluid for an
automotive radiator and reported the effectiveness of the
combination in enhancing the thermohydraulic perfor-
mance of an automobile cooling system. Shankara et al.
[278] investigated a deionized (DI) water-built hybrid
nanofluid of MWCNT-CuO and graphene as an automobile
coolant, increasing the convective heat transfer coeflicient in
arrays of 65-87% at different coolant stream rates. Ram-
alingam et al. [279] used aluminium oxide (Al,O;) doped
with unmilled silicon carbide (SiCyy) nanoparticles and
milled silicon carbide (SiCy) nanoparticles dispersed in
distilled water (DW) and ethylene glycol (EG) at 50:50
volumetric proportions and then employed in their exper-
iment to assess the heat transfer characteristics and system
physiognomies using it in an automotive radiator. The re-
sults show that both samples attained high thermal con-
ductivity at a volume concentration of 0.4% and an optimum
improvement regarding the overall thermal performance of
28.34% using Al,O; doped with milled silicon carbide
(SiCy) at a volume loading of 0.8%. In their study, Li et al.
[197] also looked at EG/SiC-MWCNTs hybrid nanofluids for
car radiator systems. They reported that the heat transfer
advantage of SiC-MWCNTs hybrid nanofluid showed its
potential application in automobile cooling systems. Bhar-
adwaj et al. [280] used carboxyl-graphene (CG) and

graphene oxide (GO)/EG nanoparticles because of their high
thermal conductivity to explore their effects in automobile
radiators at 1%, 2%, and 3% volume concentrations for the
nanoparticles and different flow rates of 4.5 and 6 LPM and
investigated them through a numerical approach by as-
suming laminar flow. The results indicate that including
graphene oxide and carboxyl graphene will augment the
radiator’s heat transfer performance by increasing the heat
transfer. This hybrid nanofluid is ideal for the automotive
radiator to deliver the best effect when used at the proper
concentration. Karimi and Afrand [281] researched the
efficiency of vertical and horizontal tube radiators. However,
MgO-MWCNTs/ethylene glycol (EG) was nevertheless
considered for their work. The results indicated a vertical
tube radiator showed better performance and a 10% higher
efficiency than a horizontal tube. Jadar et al. [282] compared
forced convective heat transfer in aluminium functional-
ized-MWCNT (Al-f/MWCNT)-water nanofluid to distilled
water (DW) in an automobile radiator with conventional
and composite fins. The results obtained prove that in-
creasing the fluid streaming rate can enhance heat transfer
performance. The f/MWCNT nanofluid displayed an im-
mense enhancement in heat transfer rate compared to DI
water. Due to its prevalent thermal conductivity (0.92 W/
m K at 80°C), the heat transfer performance of f/MWCNT
nanofluid was better than distilled water (DW). The present
outcomes are valuable for use in designing a smaller size of
automobile radiator. Abbas et al. [283] recently employed
Fe,05-TiO,/water for convective heat transfer improvement
in an aluminium tube automotive radiator, which confirmed
an increase in heat transfer rate by 26.7% at a flow rate of 15
LPM for a 0.009 vol.% fraction.

Nanoparticles added to normal engine coolants have the
potential to increase cooling rates in automobiles and heavy-
duty engines. This advancement may be used to remove
engine heat with a smaller coolant system, resulting in
smaller and lighter radiators that improve nearly every el-
ement of automobile and truck performance while also
increasing fuel economy. Improved cooling rates for car and
truck engines, on the other hand, can be used to remove
more heat from higher horsepower engines while main-
taining the same coolant system size.
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5.1. Applications of Nanofluidics. With so many accom-
plishments already under our belts, it is only natural to
wonder, “Where is nanotechnology headed?” Nanotech-
nology is projected to lead to tiny robotic devices that
monitor and detect electrooptic faults and malfunctions in
human systems in real-time using nanoelectronics, sensors,
microelectromechanical systems (MEMS), and nano-
electromechanical systems (NEMS). Manipulating small
volumes of liquid is essential in fluidic digital display devices,
optical gadgets, and microelectromechanical systems
(MEMS), such as lab-on-chips analysis structures. However,
this can be achieved by electrowetting or lowering the
contact angle by an applied voltage to the little volumes of
liquid. Nanofluidics habitually falls under nano-
electromechanical systems (NEMS), which are usually fab-
ricated using complementary metal-oxide semiconductor
(CMOS) technology. Following the advanced lab-on-a-chip
gadgets for PCR and associated techniques, nanofluidics has
significantly impacted biotechnology, clinical diagnostics,
and medicine. Several researchers have made efforts
[284, 285] to comprehend the conduct of stream fields
around nanoparticles concerning liquid forces as a function
of Reynolds and Knudsen’s numbers using computational
fluid dynamics. The correlation between drag, lift, and
Reynolds numbers has thus been seen to differ significantly
at the nanoscale compared to those at the macroscale.
Therefore, nanofluidics has the potential to become a focus
technology worthy of further investigation.

5.2. Recent Advances, Enhanced Values of Thermal Conduc-
tivity, and Stability. Cele et al. [286] synthesized platinum
(Pt) nanoparticles of different sizes and shapes using a ra-
diolysis technique. Pt nanoparticles were thus produced
after gamma irradiation of solutions at 70, 90, and 120 kGy at
room temperature. Maaza et al. [287] reported the stability
of Pt, Ag, Au, and Cu nano-based dispersions (in three
dissimilar dispersing liquid agents of acetonitrile, pentane,
and water) produced by laser liquid-solid interaction (LLSI)
with the fundamental Nd:YAG frequency. They observed the
stability of these metals in the solution was due to their large
polarizability index. Maaza et al. [288] also described in
another report the production option of binary oxide
nanoparticles in a nano-scaled form by the Nd:YAG laser
liquid-solid interaction (LLSI) technique (irradiating laser
source), using water and or hydrogen peroxide-based
coating fluid layer. They had established the likely possibility
of manipulating the electronic metal-oxygen valence
through the nature of the coating liquid layer of pure H,O
and hydrogen peroxide H,O,, specifically for molybdenum
oxide. Kana et al. [289] used the standard platinum wire
technique at temperatures ranging from 25 to 45°C,
obtaining a net increase in thermal conductivity (up to 44%)
of molybdenum oxide-based nanosheets via direct disso-
lution of metallic Mo in water (MoO3-H,0). Molybdenum
was also noticed in mainly 6" electronic valence. Riahi et al.
[290] demonstrated the feasibility of fabricating Al,O;-water
nanofluid with high thermal conductivity enhancement
using pulsed laser ablation in liquid for temperatures
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ranging 25-45°C. Khamliche et al. [291] reported the fab-
rication of copper nanoparticles-ethylene glycol (CuNPs-
EG) nanofluid by the one-step pulsed Nd:YAG laser ablation
technique to ablate the surface of a polished copper target in
EG base fluid in ambient conditions. The authors proposed
that this medium can also be used to create highly efficient
nanofluids. Mbambo et al. [292] formulated graphene
nanosheets using nanosecond pulsed Nd:YAG laser ablation
of pure graphite in water-based fluid under ambient con-
ditions in a single-step formation process. Mbambo et al.
[293] synthesized graphene nanosheets adorned with Au
nanoparticles by ablating graphite targets trailed by Au in
ethylene glycol as the accommodating liquid using an ul-
trafast pulsed Nd:YAG laser. They reported that GNs-
AuNPs/EG hybridized nanofluid displays an improvement
in thermal conductivity of about 26% for a temperature
range of 25-45°C. The latter is higher when compared to
studies on the thermal conductivity enhancement of
equivalent nanoparticle-matrix with ethylene glycol (EG)-
based nanofluids. Maaza et al. [288] reported an improved
result in a similar experiment with pure EG, AgNPs-EG,
GNs-EG, and AgNPs-GNs-EG separately for the same
temperature range. The thermal conductivity measurement
of the AgNPs-GNs-EG hybridized fluid temperature-based
was thus estimated as 32.3% higher than that for pure EG.
This result is the best so far when compared to other parallel
studies reported earlier [163]. Khamliche et al. [294] con-
ducted thermal conductivity measurements on nAgPs:EG
nanofluids for sundry volume fractions (¢) of nAgPs. The
study considers the effect of ageing time on the shape of
nAgPs spread. However, this was done at a temperature
range of 25 < T'< 50°C, exploiting a guarded hot plate (GHP)
technique. The thermal conductivity revealed a monotonic
increment with temperature and a circa linear relationship
with the volume fraction (¢) of nAgPs. An enhancement of
about 23% was obtained by ageing the nanofluid for 5h, and
AgNWs were predominant. In another trial, Chen et al.
[295] looked at the thermal conductivity and stability of
composites of carbon black filled polydimethylsiloxane
(PDMS-CB) as temperature and filler fraction functions
from the perspective of fuel cells. The study also showed
good thermal stability under ambient conditions. Composite
materials maintained thermal stability at the fuel cells” high
operating temperatures (90-180°C). Thermal conductivity
generally intensifies as the filling fraction increases. Sig-
nificantly, when compared with other composites such as
epoxy resin-CB, it was observed that little CB loading for
PDMS is required to realize the same thermal conductivity as
an epoxy resin-CB composite.

5.3. Future of Prediction of Nanofluid in New Technological
Systems. Today, work on nanoparticles (NPs) is ubiquitous.
Considering the present state of nanotechnology in terms of
research achievement, it is easy to say that the near future
will be a remarkable period for technological convergence in
numerous spaces aside from the automobile industry
(Figure 12), such as biotechnology, machine learning, the
web of things, material science, semiconductors, and 3D
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printing. Silicon nanoparticles made of silicon dioxide are a
superb example of the wide range of industrial applications
for NPs (SiNPS). SiNPs are currently used in construction
(for example, concrete or rubber), electronics, polishing
agents, catalysis, paints and coatings, polymers, and agri-
culture. The MWCNTs, which are coaxial nanotubes found
unequivocally inside one another, have endorsed renowned
properties to such an extent that a nanotube in the focal
center can slip into the external one with no force of friction,
prompting the formation of an ideal nuclear rotational
bearing. This is one of the principal genuine models of
subatomic nanotechnology. This property is presently being
used to assemble the minutest rotary engine and oscillator.
Future applications incorporate fascinating possibilities,
such as GHz mechanical oscillators. The conceivable effect
that these and other advances will have on the more ex-
tensive meaning of nanotechnology will be almost unfath-
omable. Furthermore, much more work is needed before the
theories of nanofluids can be fully developed, accepted, and
used with confidence. Researchers are yet making progress
in this field for better futuristic possibilities for industrial
applications. Hence, we are just a few steps closer to realizing
their use. This will cover various new technological systems.

5.4. Reliability of Future Prediction of Research Results.
Many scholars have proposed various correlations for eval-
uating the effective thermophysical properties of nanofluids,
and these correlations are consistent with experimental re-
sults. Hence, the predicted results of the investigated work of
nanofluid’s application for new technological systems can be
trusted. This, which denotes the consistency of a measure of a
particular construct over time, has been demonstrated based
on several reports presented by researchers. So far, it is clear
from proposed correlations that the theoretical predictions
based on the modified liquid mixture rule have good con-
formity with the experimental outcomes. For instance, the
proposed theoretic predictions based on liquid mixture theory
for the density and heat capacity of hybridized nanofluid at
diverse volume concentrations agree with the experimental
conclusions of Ho et al. [55]. Also, the trial results of Syam
Sundar et al. [153] for the specific heat of nanodiamond-
Fe;O4/water hybrid nanofluid compared with the findings
obtained using the proposed theoretical prediction (equation
(7)) were in fact in good agreement. Esfe et al. [66], having
numerically compared and validated measured values of
thermal conductivity and dynamic viscosity ratio with pre-
dicted values by different proposed dynamic viscosity and
thermal conductivity ratio models, observed similar ranges in
the values of obtained results for various nanoparticle volume
fractions and, in their concluding statement, claimed that
nanofluids would offer engineers a better option for their use
in electronics, automotive, and nuclear applications where
heat transfer improvement or efficient heat dissipation is
necessary. The validity of predicted results for future use has
also been demonstrated using modern artificial intelligence
(AI) methods such as ANN (Peng et al. [21]), SVM, and
others. Several results of modeling data using Al are in very
good conformity with the predicted data. Vafaei et al. [191],
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used ANN modeling to account for the thermal conductivity
of MgO-MWCNTs/EG. On the other hand, the authors
compared the results obtained to the outcomes of 36 previous
analogous experimental works. It was found that the ex-
perimental and smart modeling results were convergent,
proving the validity of ANN modeling. Similar accounts were
also presented by Esfe et al. [195].

6. Conclusion and Prospects

This work, however, steered a critical overview of the im-
proving thermal conductivity for the latest nanofluids re-
search for their heat transfer applications (Table 5), which
also covered the heat transfer applications of mixture
nanofluids for automobile cooling in one space. The study
entails extracting and comparing information obtained from
recent analytical, artificial intelligence/machine learning
approaches, and experimental examinations with mixture
nanofluids, describing hybrid nanofluids in terms of thermal
conductivity enhancement and heating performance. There
are a number of challenges confronting mixed nanofluid
society today, ranging from formulation and functional
application to mechanism understanding. Although, there
has been a significant advancement in the preparation
methods for hybrid nanoparticles, resulting in many ul-
tramodern combinations and innovations of nanoparticles
in the process. The lack of long-term stability, the
manufacturing process, the selection of appropriate nano-
material blends to achieve the synergistic effect, and the high
cost of nanofluids may all pose significant challenges in their
actual applications. The following significant, complex, and
fascinating phenomena involving mixtures of nanofluids
have subsequently been archived in the reviewed work of
literature from which the accompanying outcomes were
nevertheless deduced:

(i) When two or more than two nanoparticle types are
combined to form a composite in a base fluid, one
plays the role of the core and the others attach to the
core to enhance thermal conductivity. Although
there are a few discrepancies in the percentage of
augmentation and the ideal measure of nano-
particles, significant thermal conductivity en-
hancement of nanofluids has been reported in both
experimental and theoretical studies. Carbon-based
hybridized nanofluids revealed superior enhance-
ment. The solid volume fraction of nanoparticles
was nevertheless reported as the key factor (most
significant effect) responsible for the enhancement.

(if) Water-based nanofluids give better enhancement
concerning heat transfer when compared with EG-
based nanofluids. Oil-based hybrid nanofluids
perform the least (fairly) as heat transfer mediums.
They are chosen for applications where the
pumping capacity is not considered important.

(iii) With the exception of four cases [52, 56, 142, 299],
hybrid nanofluids produce a noticeable thermal
conductivity enhancement and a relatively higher
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heat transfer coefficient when compared to regular
nanofluids

(iv) Through the uniform dispersion and stable sus-
pension of nanoparticles in the host liquids, the
maximum possible thermal augmentation can be
obtained at the lowest possible concentrations
(by <0.1% by volume)

(v) Mainly, cylindrical, spherical, or platelet-shaped
nanoparticles were mentioned in experimental
studies. However, it could not be ascertained if
other nanoparticle shapes such as blades, bricks,
dendritic, pyramids, and icosahedrons were used as
they were barely mentioned.

(vi) It also demonstrates that a clear understanding of
the major mechanism(s) involved in the behavior of
hybrid nanofluids has yet to be established

(vii) It has additionally been seen that hybrid nanofluids
can thus be considered as a likely possibility for
several applications requiring improved thermal
performance

Other factors, the mechanisms that are effective in the
motion analysis of nanoparticles such as Brownian, ther-
mophoresis, and inertia, which could affect the thermal
conductivity of hybrid nanofluid were not covered in this
review work as our cardinal interest did not include these
areas.

A top-to-bottom understanding of the diverse shapes,
sizes, and amalgamations of particles, communications
between particles, stabilizers, accommodating fluid, and the
heating surface will nevertheless be significant for applica-
tions of nanofluid. Recently, researchers have employed
hybrid nanofluids as nanocoolants in automobile radiators
with the enduring aim of further broadly considering these
hybrid nanofluids in real industrial applications. Clearly,
hybrid nanofluids can work efficiently as conventional
coolants for auto radiators, including a variety of thermal
applications in light of different perspectives, especially
compatibility, thermal conductivity, stability, and viscosity.
Nevertheless, multidisciplinary teamwork among various
(colloid science, engineering, nanomaterials, and physics)
researchers will thus be required to better comprehend and
design suitable nanofluids and models to accelerate their real
applications.

Nomenclature

ACG: Activated carbon graphene
AgNWs: Silver (Ag) nanowires
AlL Artificial intelligence

ANFIS: Adaptive neurofuzzy inference system
ANN: Artificial neural network

C: Specific heat capacity

CB: Carbon black

CMOS: Complementary metal oxide semiconductor
CNC: Cellulose nanocrystal

CNTs: Carbon nanotubes

COOH: Carboxyl group
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CTAB: Cetyltrimethylammonium bromide

DASC: Direct absorption solar collectors

DW: Distilled water

DWCNT:  Double-walled carbon nanotubes

DI Deionized water

EANN: Enhanced artificial neural network

EG: Ethylene glycol

Eq: Equation

FF: Ferrofluid

FHEG: Functionalized hydrogen exfoliated graphene

FMWCNTs: Functionalized multiwalled carbon nanotubes
GA: Gum arabic

GHP: Guarded hot plate

GMDH: Group method of data handling
GNP: Graphene nanoparticle

GO: Graphene oxide

Gr: Graphene

HEG: Hydrogen exfoliated graphene
HTC: Heat transfer coeflicient

HyNC: Hybrid nanophase change material
HyNPCM: Hybrid nanocomposite

K: Thermal conductivity (TC)
LLSI:

Laser liquid-solid interaction
LPM: Liter per minute
LS-SVM: Least-square support vector machines
MARS: Multivariate adaptive regression spline
MEPCM:  Micro encapsulated phase change material
MEMS: Microelectromechanical systems
MHD: Magnetohydrodynamics
MWCNTs:  Multiwalled carbon nanotubes
ND: Nanodiamond
NACG: Nitrogen activated carbon graphene
NEMS: Nanoelectromechanical systems
NM: Noble metals
NPs: Nanoparticles
N-rGO: Nitrogen reduced graphene oxide
n: Particle shape factor
nAgPs: Nanosilver particles
PAO: Poly-alpha-olefins
PCM: Phase change materials
PCR: Polymerase chain reaction
PDMS: Polydimethylsiloxane
PVA: Polyvinyl alcohol
PPY-CNT: Polypyrene-carbon nanotube
SAB-15: Mesoporous silica
SANSS: Submerged arc nanoparticle synthesis system
SWCNTs:  Single-walled carbon nanotubes
SVM: Support vector machines
T: Temperature
TMAH: Tetramethylammonium hydroxide
VEROS: Vacuum evaporation on running oil substrate
Vol.: Volume
W: Water
Wt.: Weight concentration
Symbol

a: Thermal conductivity ratio
B: Thermal expansion coeflicient (1/K)
y: Functionalized group
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ESART® ®

Thermal constant

Dynamic viscosity (N/sm?)
Density (kg/m?)

Electrical conductivity (Sm™)
Volume fraction (%)

Mass fraction (%)

Subscripts

bf:
eff:
f
hnf:
nf:
np:
p:

ref:

Base fluid
Effective

Fluid

Hybrid nanofluid
Nanofluid
Nanoparticles
Particles
Reference.
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