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Abstract: In recent years, technical advancements in high-heat-flux devices (such as high power
density and increased output performance) have led to immense heat dissipation levels that may
not be addressed by traditional thermal fluids. High-heat-flux devices generally dissipate heat in
a range of 100–1000 W/cm2 and are used in various applications, such as data centers, electric
vehicles, microelectronics, X-ray machines, super-computers, avionics, rocket nozzles and laser
diodes. Despite several benefits offered by efficient spray-cooling systems, such as uniform cooling,
no hotspot formation, low thermal contact resistance and high heat transfer rates, they may not fully
address heat dissipation challenges in modern high-heat-flux devices due to the limited cooling
capacity of existing thermal fluids (such as water and dielectric fluids). Therefore, in this review, a
detailed perspective is presented on fundamental hydrothermal properties, along with the heat and
mass transfer characteristics of the next-generation thermal fluid, that is, the hybrid nanofluid. At the
end of this review, the spray-cooling potential of the hybrid nanofluid for thermal management of
high-heat-flux devices is presented.

Keywords: hybrid nanofluids; high-heat-flux devices; electric vehicles; thermal management

1. Introduction

Hybrid nanofluids are a new class of heat transfer nanofluid engineered by dispersing
two different types of nanoparticles in conventional heat transfer fluid (called the base
fluid) [1–3]. Hybrid nanofluids offer enhanced heat transfer performance in thermal
processes, exhibiting better thermophysical properties than conventional heat transfer fluids
(oil, water and ethylene glycol) and mono nanofluids [4]. Recent research has indicated that
hybrid nanofluids can replace mono nanofluids (comprising a single type of nanoparticles)
as they provide better heat transfer enhancement in various thermal applications, such
as automobile, electro-mechanical processes, manufacturing processes, HVAC and solar
energy systems. The modern development in the field of engineering is increasing the
demand of exceptionally featured compact devices with the best performance, accurate
functioning and long lifespan. In order to meet high power density requirements in modern
high-heat-flux devices, efficient heat transfer processes play a pivotal role. Therefore, in
recent years, extensive research has been carried out on the thermal management of high-
heat-flux devices to ensure their efficient cooling. However, despite promising heat transfer
characteristics, there is limited research on the application of hybrid nanofluids to address
heat dissipation issues in high-heat-flux devices. This is because hybrid nanofluid is still
in its primitive stages of research where more emphasis has been on understanding its
fundamental characteristics than its application in thermal systems.

Hybrid nanofluids are prepared by the dispersion of two different nanoparticles in a
base fluid that provides synergistically enhanced thermal effects compared to traditional
fluids and mono nanofluids [5]. The first study on hybrid nanofluids was carried out by
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Turcu et al. [6] on hybrid particulate fusion of nanocomposites, called multiwalled carbon
nanotubes (MWCNTs), on Fe2O3 magnet nanoparticles and two different polypropylene-
carbon nanotube (PPY-CNT) hybrids of nanocomposites. The thermal performance of
hybrid nanofluid highly depends on the inter-particle compatibility of different nanopar-
ticles used in it. For instance, the thermal conductivities of hybrid nanofluids (carbon
nanotube copper and carbon nanotube gold) are lower compared to mono nanofluids
due to inter-particle compatibility issues [7]. Several factors affecting the heat transfer
enhancement of hybrid nanofluids have been identified, including nanoparticle synthesis,
thermal conductivity, preparation methods, particle level, compatibility, shape and appro-
priate thermal network formation with fluid molecules [8–12]. Masuda et al. [13] dispersed
micrometer-sized solid particles in single phase fluids and observed that the thermal con-
ductivity of hybrid nanofluids enhanced but that there was sedimentation in the base fluid,
which reduces the conductivity. In another study, Li and Xuan [14] observed an increase in
the heat transfer by 60% for 2% concentration of Cu/H2O nanofluid in a tube at a Reynolds
number of 25,000, and also developed an independent Nusselt number correlation for lami-
nar and turbulent flow. Wen and Ding [15] conducted experimental analysis on Al2O3/H2O
nanofluids in a tube under laminar flow and observed a 47% increase in the heat transfer
at 1.6% volume fraction as compared to water as the base fluid. Duangthongsuk and
Wongwises [16] found an increase in the heat transfer by 20% and 32% for 1.0% volume
fraction of TiO2/H2O nanofluid flowing in a tube at Reynolds numbers of 3000–18,000,
respectively, at a temperature of 38 ◦C. Sundar et al. [17] observed a 31% increase in the
heat transfer with a pumping penalty of 10% for a 0.6% volume fraction of Fe3O4/H2O
nanofluid in a tube at a Reynolds number of 22,000. Similarly, a lot of other researchers also
observed heat transfer enhancement using hybrid nanofluids. The examples are as follows:
Amrollahi et al. [18], Wang et al. [19] and Ding et al. [20] used carbon nanotubes nanofluids,
Sajadi and Kazemi [21] used TiO2 nanofluids, Ghazvini et al. [22] used diamond/engine oil
nanofluids, Ferrouillat et al. [23] used SiO2/water nanofluids and Guo et al. [24] obtained
significant heat transfer rates by using Fe2O3/water nanofluids.

In addition to the ongoing research studies on existing nanofluids, it is important to
discuss the potential of newly developed hybrid nanofluids. Mashhour et al. [25] studied
the thermal performance and flow characteristics of a shell and tube heat exchanger with
changing baffle angles using water and hybrid nanofluids at two different concentrations
of 0.04% and 0.1% of GNP-Ag/water within the Reynolds number (Re) values ranging
between 10,000 and 20,000. They found that, at a low Re number, the Nusselt number
(Nu) corresponding to the baffle angle of 135◦ was very close to the recorded value at
180◦. At Re = 20,000, the Nu number increased by 35% as compared to the reference case.
M. Bahiraei et al. [26] evaluated the thermohydraulic attributes of a hybrid nanofluid
containing graphene–silver nanoparticles in a microchannel heat sink equipped with ribs
and secondary channels. Employing the hybrid nanofluid in the microchannel heat sink
improves the heat sink performance significantly. They also found that by increasing either
the concentration or the Re number, the temperature decreases and the flow experiences a
greater pumping power at higher Re numbers and concentrations. Zhang et al. [27] worked
on the preparation of a new hybrid nanofluid with excellent thermal conductivity and
stability, named BiOIO3, using two-step synthesis. They applied five different dispersants
to disperse the BiOIO3 nanoparticles. The best-performing nanofluids with a zeta potential
value of 144.45 mV and particle size of 22.90 nm could be prepared with a polyvinylpyrroli-
done (PVP) dispersant. The thermal conductivity value of BiOIO3 becomes larger with
increasing concentration at 50 ◦C, having a peak value of 1.52 at a volume concentration
of 0.134%. Said et al. [28] reviewed the understanding of different physical phenomena
of modern hybrid nanofluids and their development. They investigated the research on
the heat transport of nanofluids and the introduction of new 2D materials along with the
potential applications of nanofluids.

In this review, hybrid nanofluids are discussed as potential next-generation thermal
fluids for the thermal management of high-heat-flux devices (such as electric vehicle high-
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power electronics, high-power LEDs, laser diodes, etc.). Due to their synergistic thermal
effects and overall hydrothermal properties, hybrid nanofluids may show enhanced heat
transfer properties in phase-change processes (such as spray cooling) for the thermal
management of high-heat-flux devices. Since modern high-heat-flux devices have heat
dissipation flux in a range between 100 W/cm2 and 1000 W/cm2, hybrid nanofluids with
their unusual thermal properties may address the thermal management issues in such
devices. The main scope of this review paper is to address heat dissipation challenges in
modern high-heat-flux devices with the application of next-generation hybrid nanofluids
in phase-change processes, such as spray cooling. Phase-change processes offer much
better heat transfer rates than single-phase cooling. However, existing fluids do not possess
high heat transfer coefficients to address enhanced heat dissipation rates in high-heat-flux
devices. Therefore, the main objective of this review paper is to highlight the importance of
hybrid nanofluids as potential next-generation thermal fluids for high-heat-flux cooling
applications. Moreover, this paper also addresses the research gaps, such as using hybrid
nanofluids in phase-change processes with high heat transfer rates (such as spray cooling)
to address thermal issues in state-of-the-art high-heat-flux devices.

2. Heat Dissipation Issues in High-Heat-Flux Devices

The development of the electronic industry towards miniaturization, high power
density and 3D heterogenous integration demands effective thermal management solutions
to improve the lifespan and reliability of the high-heat-flux devices. Mahajan et al. [29]
reported that the power of computers doubled every 36 months and that the heat flux
in large-scale electronic equipment reached up to 103–104 W/cm2 [30,31]. Such a high
heat flux may tremendously increase the device operating temperature, posing risks for
device safety and reliability [32]. About 55% of electronic failures are caused by the
improper or poor thermal management of high-heat-flux devices [33]. According to the
international technology roadmap for semiconductors, the generated heat from a single
chip was enhanced from 330 W/cm2 in 2007 to 520 W/cm2 in 2011 [34]. Agostini et al. [35]
suggested that it is difficult to manage a heat dissipation flux of 300 W/cm2 at 85 ◦C
using existing cooling technologies. Different techniques have been investigated for the
efficient cooling and enhanced thermal management of high-heat-flux devices. However,
these techniques were insufficient to meet the high cooling demand of high-heat-flux
devices [36,37].

Presently, the main heat dissipation methods in high-heat-flux devices include natural
and forced air cooling [38,39], fluorochemical liquid–forced convection and fluorochemical
liquid–boiling heat transfer [40], forced water convective cooling [41], water boiling cool-
ing [42], jet impingement [43–46], microchannel cooling [47–50] and spray cooling [51,52].
Figure 1 shows that air cooling cannot remove a heat dissipation flux above 100 W/cm2

and therefore cannot meet the heat dissipation requirement of the high-heat-flux devices.
Additionally, the heat dissipation capability of conventional water cooling and heat pipes
is also limited. Heat transfer mode in Figure 1 refers to the heat transfer mechanism that
comprises both the cooling technology (such as pool boiling, jet impingement, microchan-
nel, spray cooling, etc.) as well as the coolant (such as water, refrigerant, dielectric fluids,
etc.) used in a cooling process. It is demonstrated that the air cooling mode of heat transfer
is least effective among the existing cooling technologies. This is because air has a low
heat transfer coefficient and high thermal contact resistance, which makes it an inefficient
cooling medium for thermal applications. Figure 1 further illustrates that forced convection
gives better heat transfer rates than free convection. Forced convection is followed by
a boiling heat transfer mode for exhibiting a better heat transfer coefficient due to the
phase-change process involved in it. The phase-change process involves latent heat energy
with much higher heat transfer rates as compared to a single-phase heat transfer process
utilizing sensible heat energy. However, the heat transfer coefficient in the boiling heat
transfer mode is still less than the jet impingement and microchannel cooling processes due
to the relatively high thermal contact resistance. The heat transfer coefficient in microchan-



Nanomaterials 2022, 12, 507 4 of 29

nel cooling is even higher than jet impingement due to micro-scaled channel dimensions
offering an enhanced effective heat exchange area. Among all the heat transfer modes pre-
sented in Figure 1, spray cooling gives the highest heat transfer coefficient due to uniform
surface cooling, high droplet area to volume ratio and low thermal contact resistance. Due
to high heat transfer rates obtained from the spray-cooling process, this paper provides an
extensive review on both hybrid nanofluids and spray-cooling technology with a recom-
mendation to use hybrid nanofluids in spray-cooling processes to address heat dissipation
issues in high-heat-flux devices. Therefore, advanced cooling methods are urgently needed
for the effective cooling of high-heat-flux devices.

Figure 1. The cooling capacity of various cooling technologies. “Reprinted with permission from
ref [48]. Copyright 2015 Elsevier”.

Heat transfer fluids commonly used for thermal management of high-heat-flux de-
vices have poor thermophysical properties (as shown in Table 1) [53–56], making them
incapable of addressing heat dissipation issues in high-heat-flux devices. Additionally,
some dielectric coolants, for instance, Fluorinerts (FC-72, FC-84 and FC-87) and Perfor-
mance Fluids (PF-5050, PF-5052, PF-5060 and PF-5070), have high global warming potential
(GWP), making them inappropriate for high-heat-flux device cooling [54]. Furthermore,
the cooling performance of water and traditional heat transfer fluids is much lower than
the heat dissipation flux of some high-heat-flux devices, such as high-power electronics in
electric vehicles. Researchers used water and dielectric fluids in microchannel heat sink,
heat pipe, jet impingement and spray-cooling applications to cool high-power electronics
in electric vehicles and reported heat flux removal in a range of 100−312 W/cm2 [54,57–60].
This is much below the required peak heat dissipation flux of 500 W/cm2 in current electric
vehicles [61] and 1000 W/cm2 in future electric vehicles [62], thus presenting an urgent
need for advanced thermal fluids, such as hybrid nanofluids.
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Table 1. Thermophysical property data of some fluids used in EV high-power electronics cooling [55,56].

Fluid
Saturation
Pressure,
Psat (kPa)

Saturation
Temperature,

Tsat (◦C)

Density,
ρ (kg/m3)

Latent Heat of
Vaporization,

hfg (kJ/kg)

Thermal
Conductivity,

k (W/m·K)

Specific Heat
Capacity,

Cp (J/kg·K)

HFE-7100 101.325 60.4 1372 112.1 0.062 1254

FC-72 101.325 56 1680 88 0.057 1100

PF-5070 101.325 80 1730 80 0.060 1050

R-134a 1700 60 1052 138.8 0.065 1669

Water 101.325 100 957.8 2257 0.68 4217

3. Why Hybrid Nanofluid?

Nanofluid (also called mono nanofluid) is the colloidal suspension of very fine, nano-
sized (below 100 nm) particles in a base fluid (such as water), which substantially improves
its thermal properties and is widely reported by researchers [63–65]. The high thermal
conductivity of mono nanofluids depends on various factors, such as the base fluid type,
nanoparticle size, shape, type and its concentration [66–68]. The large area-to-volume
ratio of highly conductive nanoparticles results in the higher thermal conductivity of
mono nanofluids compared to their respective base fluids [69]. However, mono nanofluids
do not possess overall hydrothermal properties, such as high stability and high thermal
conductivity altogether. For instance, metal (such as copper) nanofluids show high thermal
conductivity but poor dispersion stability. This is because metal nanoparticles are generally
hydrophobic and do not form bonds with the surrounding water molecules. Such less
stable nanofluids, when used in thermal applications, may result in sedimentation, clogging,
fouling and system failures.

Although metal nanofluids can be stabilized using surfactants, their thermal properties
are compromised, as surfactants cover the nanoparticle surfaces. Additionally, surfactants
further increase the viscosity of metal nanofluids, resulting in high pumping power and
large pressure losses. On the other hand, metal-oxide (such as Al2O3) nanofluids exhibit
high dispersion stability, as metal-oxide nanoparticles are generally hydrophilic and can
form bonds with the surrounding water molecules. However, metal-oxide nanofluids
are thermally less conductive than metal nanofluids and are also not suitable for thermal
systems due to their low heat rejection rates. Due to these reasons, mono nanofluids are
not suitable for heat transfer applications, as they do not possess overall hydrothermal
characteristics [70]. Recently, another class of nanofluid (known as the hybrid nanofluid)
has been investigated, which has resulted in better overall hydrothermal properties than
mono nanofluids and is prepared by dispersing two different nanoparticle types (metal,
metal-oxide or non-metal) in the base fluid.

In addition to enhanced overall hydrothermal properties, the presence of two different
nanoparticle types also has a synergistic thermal effect, thus making the hybrid nanofluid a
highly conductive fluid, which is not the case with mono nanofluid. At even low particle
concentrations, hybrid nanofluids are reported to exhibit higher thermal conductivity than
mono nanofluids [71–74]. The synergistic thermal conductivity in the hybrid nanofluid
is due to a thermal pathway created by one nanoparticle type with another nanoparticle
type, thus reducing the overall thermal contact resistance between the nanoparticles and
the surrounding molecules of the base fluid, shown in Figure 2 [75].

For this reason, the synergistic thermal effect in a hybrid nanofluid highly depends on
the inter-particle compatibility. It is the synergistically advanced thermal properties and
enhanced overall hydrothermal characteristics of the hybrid nanofluid that make it a poten-
tial candidate for the thermal management of high-heat-flux applications. Moreover, unlike
most refrigerants, hybrid nanofluids (containing water as a base fluid) are environmentally
friendly, as they do not exhibit global warming or ozone depletion issues. Additionally,
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as hybrid nanofluids can be used in closed loops in thermal applications, their chemical
toxicity may not affect the environment.

Figure 2. A TEM micrograph showing the thermal pathway of the (alumina/iron-oxide) sphere-CNT
hybrid nanoparticle as a means of synergistic thermal effect in the hybrid nanofluid.

3.1. Hybrid Nanofluid Synthesis

The preparation and stability of the nanofluids are the initial requirements for the
proper study and deploying them for appropriate applications. Several research pa-
pers [76–78] on the preparation of nanofluids, their stability and their thermophysical
properties have already been published and reviewed in the past decade. Figure 3 shows
the preparation methods of nanofluids: one-step and two-step methods with their ad-
vantages and disadvantages. The single-step preparation of the nanofluids involves the
immediate preparation and dispersal of nanoparticles in the base fluid [79,80]. This method
eliminated the drying and storage, resulting in less sedimentation, no oxidation and highly
stable nanofluids. However, in this method of preparing nanofluids, the yield of the
nanoparticles is very low, and this method is thus only suitable for small-scale production.

Unlike mono nanofluids, which are prepared by either a one-step (nanoparticles
synthesized during nanofluid preparation) or a two-step method, hybrid nanofluids are
generally synthesized using only a two-step method. This is because the one-step method
involves the simultaneous production and dispersion of nanoparticles within the base
fluid, which is difficult to implement in hybrid nanofluid synthesis. The two-step method
involves the dispersion of already-prepared nanoparticles in the base fluid followed by
mixing and ultra-sonication. In the hybrid nanofluid preparation, the two-step method
can be further classified into two more types. In the first type, nanocomposite particles
are first prepared and then dispersed in the base fluid. In the second type, two different
nanoparticles are separately dispersed in the base fluid. In the first type, nanocomposite
particles in the hybrid nanofluid are always prone to split into individual nanoparticles
during ultra-sonication, which eventually becomes similar to dispersing different nanopar-
ticles in the base fluid [8]. Additionally, the effect of the nanoparticle mixing ratio on the
stability and hydrothermal characteristics of hybrid nanofluids is difficult to study using
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the first synthesis technique, since nanocomposite particle fabrication involves intricate
chemical, physical or mechanical processes.

In a two-step method, the dispersed nanoparticles are mixed in the base fluid using a
magnetic stirrer or a glass rod. Following mixing, the sample is ultra-sonicated using an
ultra-sonication bath or a sonication probe [81–84]. Although an ultra-sonication probe
results in better dispersion than an ultra-sonication bath due to direct probe immersion into
the sample, ultra-fine particles detached from the probe during sonication may contaminate
the hybrid nanofluid sample [69]. Moreover, ultra-sonication time, power and frequency
are all important parameters that affect the hybrid nanofluid dispersion stability [85–87].
Furthermore, researchers suggested that high-pressure homogenizers can give even better
nanoparticle dispersion in the base fluid compared to ultra-sonication [88–90]. Homoge-
nizers involve impaction, cavitation and high shear stress inside their microchannel walls
that break large aggregates into fine nanoparticles, thus resulting in a high dispersion
stability [69].

Figure 3. Nanofluids and their preparation. “Reprinted with permission from ref. [91]. Copyright
2021 Elsevier”.

The two-step method is an economic method, and, unlike the one-step method, the two-
step method is used to produce the nanofluids in an extensive quantity [72]. Synthesized
or commercially accessible nanoparticles are disseminated in a base fluid as a first step,
and afterwards the second step involves ball millers, ultrasonics, homogenizers, etc. based
on the specific requirements. This method is cost-effective and provides an improved
performance of the nanofluids as compared to the one-step method [92–94].

The stability of the nanofluids is an important factor to be considered when selecting
any nanofluid for a suitable application, as stability plays an important role in achieving
enhanced thermal performance. Generally, nanoparticles show electrostatic and van der
Waals force attractions. The grouping of the nanoparticles, due to the van der Waals inter-
action between nanoparticles, and sedimentation, due to the density difference between
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nanoparticles, causes instability. Enhancement in the stability of the nanoparticles can be
achieved through pH control [95,96], ultrasonication [97,98], surfactant addition, surface
modification techniques [99,100] and mechanisms [101]. Altering the pH value significantly
changes the thermal conductivity of the nanofluids. Every nanofluid has a certain optimum
pH for which maximum efficiency can be attained in the system.

The ultrasonication time and concentration of nanoparticles in the base fluid play a
significant role in providing the uniform dispersion of the nanoparticles [98,102]. How-
ever, rapid sedimentation and accumulation is reported for usage beyond the optimum
ultrasonication time. A summary of the various synthesis methods adopted by previous
researchers is presented in Table 2.

Table 2. Summary of various synthesis methods of hybrid nanoparticles [9].

Reference Hybrid Nanoparticle Base Fluid Synthesis Method

Madhesh et al. [103] Cu-TiO2 DI Water Mechanical milling
Sundar et al. [104] MWCNT-Fe3O4 Distilled water In situ and chemical co-precipitation
Baby et al. [105] MWNT-GO DI Water Catalytic chemical vapor deposition

Yarmand et al. [106] GNP-Ag Water chemical vapor deposition
Batmunkh et al. [74] Ag-TiO2 Water Mechanical stirring

Abbasi et al. [107] Υ-Al2O3-MWCNT Water Solvothermal
Nine et al. [108] Cu-Cu2O Water Wet ball milling
Chen et al. [109] Ag-MWCNT Water Ball milling

Suresh et al. [110] Al2O3-Cu Water Thermo chemical
Li et al. [111] CNT-SiO2& CNT-SiO2-Ag Water Plasma treatment

Chen et al. [112] MWCNT-Fe3O4 Water Ball milling

3.2. Heat Transfer Characteristics of Hybrid Nanofluids

The promising thermophysical properties of mono nanofluids show great potential in
heat transfer enhancement in various applications. However, mono nanofluids (metallic,
metal-oxide or non-metallic) do not exhibit overall hydrothermal properties (high stability
and enhanced thermal conductivity). To overcome such shortcomings, hybrid nanofluids
have been synthesized in recent years with synergistic thermal properties and enhanced
heat transfer characteristics [113]. Heat transfer enhancement in hybrid nanofluids is
mainly due to synergistic thermal effects, which is not the case with mono nanofluids for
the same volume fraction of both mono nanofluids and hybrid nanofluids. Two different
types of nanoparticles in hybrid nanofluids create a thermal network, thus reducing ther-
mal contact resistance that cannot be achieved in mono nanofluids for the same volume
fraction as used in hybrid nanofluids. When nanoparticles are dispersed in the fluid, the
suspended nanoparticles become encapsulated by an orderly arrangement of surround-
ing fluid molecules called nanolayers, as shown in Figure 4. Theses nanolayers grow in
size as more molecules surround the nanoparticle due to the Van der Waals force. These
nanolayers act as a thermal bridge, thus reducing the thermal contact resistance between
the nanoparticle and liquid molecules. Moreover, nanolayers possess intermediate ther-
mal properties between nanoparticles and liquid molecules that help improve the overall
thermal properties of nanofluids. However, the nanolayer thickness is greater in hybrid
nanofluids compared to mono nanofluids for their same volume fractions, resulting in
their synergistic thermal conductivity in hybrid nanofluids, as illustrated in Figure 4. This
is because hybrid nanofluids comprise two different types of nanoparticles, resulting in
a denser and more compact nanolayer around hybrid nanoparticles as compared to that
obtained for the same volume fraction in mono nanofluids, as demonstrated in Figure 4.
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Figure 4. Demonstration of the synergistic thermal effect in hybrid nanofluids for the same volume
fraction as mono nanofluids (a) Dispersed status (b) TEM of TiO2/EG-W nanofluid (c) inner structure
of the cluster (d) TEM of Al2O3-TiO2/EG-W nanofluid. “Reprinted with permission from ref. [114].
Copyright 2020 Elsevier”.

Suresh et al. [110] carried out an investigation on the heat transfer and pressure drop
characteristics of hybrid nanofluids. In his work, a fully developed laminar convective
heat transfer and pressure drop characteristics through a uniformly heated tube using
Al2O3-Cu/water were studied by developing an experimental test rig. The experimental
setup consists of a calming section, test section, pump, cooling unit and fluid reservoir.
The experimental results for laminar flow showed an enhancement of 13.56% in Nusselt
number at a Reynolds number of 1730 when compared to water. There was an increase of
10.94% in Nusselt number for an Al2O3-Cu/water hybrid nanofluid when compared to
pure water. Meanwhile, the enhancement obtained by 0.1% Al2O3/water nanofluid was
6.09% when compared to the pure water. This shows that introducing a small amount
of copper nanoparticles in alumina matrix significantly enhances the Nusselt number. In
another study conducted by Suresh et al. [115], they investigated the turbulent heat transfer
and pressure drop characteristics of dilute Al2O3-Cu/water hybrid nanofluids and showed
an average heat transfer enhancement of 8.02% compared to the pure water.

Pumping power is another important factor in cooling down the power electronic
equipment using liquid-cooled heat sinks, because it is the only factor that determines the
running cost of the cooling system [116]. Selvekumar and Suresh [117] worked on the effect
of heat transfer and pressure drop characteristics using Al2O3-Cu/water hybrid nanofluids
of 0.1% volume fraction in an electronic sink. The reported results proved that the pumping
power increases with the increase in the volume flow rate of both deionized (DI) water and
hybrid nanofluid. The pumping power required for the hybrid nanofluids was slightly
higher than the DI water. An increase in the pumping power of 12.61% was observed
when hybrid nanofluid was used as the coolant, which was less than the percentage rise
in the convective heat transfer coefficient (24.35%). So, in light of the above discussion,
they concluded that the hybrid nanofluids can be successfully used in the cooling of the
electronic components.
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In addition to this, there are several parameters that effect the thermal performance of
the mono nanofluids and hybrid nanofluids. P.K Das [118] studied several factors affecting
the thermal conductivity of the nanofluids and hybrid nanofluids. Some of them include
nanoparticle type and size, pH, base fluids, solid volume fraction, temperature, sonication
and surfactant. He also discussed synthesis, thermal conductivity characteristics and chal-
lenges in using the hybrid nanofluids. Sundar et al. [104] found that thermal conductivity
augmentation in mono nanofluids and hybrid nanofluids is mainly attributed to the micro
convection and particles’ Brownian motion in the base fluid. However, further enhance-
ment in the thermal properties of hybrid nanofluids as compared to mono nanofluids is
due to denser and more compact nanolayers resulting in synergistic thermal effects, as
mentioned in the discussion of Figure 4. At a volume concentration of 0.3%, the thermal
conductivity of MWCNT-Fe3O4-based nanofluid augmented by about 13.88% compared
to that of base fluid at 20 ◦C. At T = 60 ◦C, it produces the higher thermal conductivity
enhancement of 28.46%. Arvind et al. [119] observed that the graphene-MWCNT hybrid
nanofluid showed an increase of 10.5% of thermal conductivity at a volume concentration
of 0.04%, which was higher than pure graphene nanofluids. Similarly, Han et al. [75]
measured the thermal conductivity of hybrid sphere/carbon nanotube-based polyalpha-
olefin (PAO) oil nanofluids over a temperature range of 10–90 ◦C and observed a 21%
enhancement in thermal conductivity in a PAO oil-based hybrid sphere/CNT nanofluids
at a volume concentration of 0.2%, which is much higher as compared to the thermal
conductivity of the nanofluids containing spherical nanoparticles of the same particle
loading. G.M. Moldoveanu et al. [71] conducted an experimental investigation to study the
thermal conductivity for two nanofluids (Al2O3–water and SiO2–water) and their hybrid
(Al2O3–SiO2–water). The colloidal suspensions were analyzed at room temperature and at
different temperatures (20–50 ◦C) and volume fractions (1–3%), respectively. The results
showed an increase in thermal conductivity with an increase in the volume fraction and
temperature. Moreover, the increase in the thermal conductivity of hybrid nanofluids
depends on the volume fraction of both Al2O3 and SiO2 nanoparticles.

3.2.1. Carbon Nanotubes (CNT) Based Hybrid Nanofluids

It is important to fully understand the heat transfer characteristics of hybrid nanofluids
before using them in heat transfer applications. Since hybrid nanofluids have higher
heat transfer enhancement as compared to the base fluids with a single nanoparticle, the
researchers worked on the heat transfer of carbon nanotubes (CNT). Labib et al. [120]
numerically investigated the heat transfer performance of a water and ethylene glycol
(EG)-based CNT/water and mixture of Al2O3 into CNT using the two-phase mixture
model and observed that the ethylene glycol-based nanofluids give better heat transfer
rates as compared to water. Baby and Ramaprabhu [121] synthesized multi-walled carbon
nanotubes (MWCNT), hydrogen exfoliated graphene (HEG) and Ag nanoparticles and
prepared exfoliated graphene-based nanofluids. For a 0.005% volume concentration at
a Reynolds number of 250, an increase of 570% in convective heat transfer enhancement
is observed.

In another study by Arvind and Ramaprabhu [119], the synthesis of graphene and
graphene/multiwalled CNT composite material was carried out. They prepared water-
based nanofluids and found a 193% heat transfer enhancement at Re = 2000 for 0.02%
volume concentration and suggested that these nanofluids are beneficial for the thermal
management of the high-heat-flux devices (electronic cooling). Takabi and Salehi [122] nu-
merically calculated the laminar natural convection for Al2O3-Cu/H2O hybrid nanofluids
in a sinusoidal corrugated enclosure using discrete heat source on the bottom wall. They
observed higher heat transfer rates for hybrid nanofluids as compared to the nanofluids
with the same volume concentration.
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3.2.2. Oxide-Based Hybrid Nanofluids

Similar to the CNT-based hybrid nanofluids, the relevant literature related to the
heat transfer of oxide-based hybrid nanofluids has also been investigated by different
researchers. Suresh et al. [115] used Al2O3-Cu/H2O hybrid nanofluid flow in a tube under
turbulent flow conditions and observed heat transfer enhancement of 8.02% at a volume
fraction of 0.1%. Han and Rhi [123] prepared the hybrid nanofluids using different volume
concentrations of silver/Al2O3-H2O used as working fluids in a grooved heated pipe. They
investigated the heat transfer coefficients in the heat transfer rate for a power range of
50–300 W with 50 W intervals, volume fractions of 0.005%, 0.05% and 0.1% and inclinations
of 5◦, 45◦ and 90◦ and at cooling water temperatures of 1 ◦C, 10 ◦C and 20 ◦C and obtained
better thermal performance with hybrid nanofluids in a grooved heat pipe.

4. Dispersion Stability

As hybrid nanofluids are prepared using a two-step method, they generally have low
dispersion stability. However, some hybrid nanofluids show good stability in water, as they
contain hydrophilic and chemically inert nanoparticles (metal-oxide nanoparticles such as
Al2O3, MgO, etc.) that do not need any external stabilization mechanism [9,70]. Hybrid
nanofluids containing hydrophobic (non-metal nanoparticles such as CNT, GNP, etc.) or
chemically reactive (metal nanoparticles such as Cu, Ag, Zn, etc.) nanoparticles exhibit poor
dispersion in water and therefore need stabilization [96]. There are three main methods
used to improve the hybrid nanofluid stability, i.e., steric stabilization, surface treatment and
electrostatic stabilization [124–127]. In steric stabilization, the surfactants (surface-active
agents) are added into the hybrid nanofluid mixture that cover the hybrid nanoparticle
surfaces. The surfactant acts as a bridge between the hybrid nanoparticle and surrounding
fluid molecules, thus improving the dispersion stability [128,129]. The surfactants can be
broadly classified as anionic (negatively charged), cationic (positively charged) or non-ionic
(neutral). Although surfactants improve the dispersion stability, they can also increase the
hybrid nanofluid viscosity and reduce its thermal conductivity [130,131].

Another method is the surface treatment of hydrophobic nanoparticles in which the
nanoparticle surface is chemically modified and functional hydrophilic groups are attached
to its surface, which improves the dispersion stability [132,133]. The main benefit of the
surface treatment method is that it does not increase the viscosity of the hybrid nanofluid.
In the electrostatic stabilization technique, the pH of the hybrid nanofluid is maintained far
from its isoelectric potential (IEP) that induces an electrical double layer around hybrid
nanoparticles, thus exhibiting high dispersion stability. The IEP is the pH where there
is no net charge on hybrid nanoparticle surfaces. At the IEP, the absence of electrostatic
repulsive forces causes particles to quickly agglomerate, which results in low dispersion
stability [9,69,134].

The hybrid nanofluid stability can be measured using various techniques, such as
particle size analysis, zeta potential analysis, sedimentation analysis and UV-vis spec-
troscopy [135–138]. In particle size analysis, the effective diameter of suspended hybrid
nanoparticles is measured over a period of time. The increase in particle size with time
suggests agglomeration effects, indicating reduced stability. In zeta potential analysis, the
net charge in the electrical double layer on suspended hybrid nanoparticles is measured
(as illustrated in Figure 5), and therefore high zeta potential means high net charge on
suspended particles and high dispersion stability due to large inter-particle repulsive forces.

Sedimentation analysis is a qualitative visual technique where sample images acquired
over a certain period of time are analyzed to assess stability loss due to particle agglom-
eration, as demonstrated in Figure 6. UV-vis spectroscopy is based on the Beer–Lambert
law, which states that light absorbance is linearly proportional to the concentration of
colloidal particles in a suspension. As agglomerated particles sediment, less light is ab-
sorbed by the remaining suspended particles, and this information is used to determine
the dispersion stability.



Nanomaterials 2022, 12, 507 12 of 29

Figure 5. Different liquid layers around the suspended nanoparticle used in zeta potential measure-
ment. “Reprinted with permission from ref. [69]. Copyright 2016 Elsevier”.

Figure 6. A schematic exhibiting the sedimentation process “Reprinted with permission from ref. [69].
Copyright 2016 Elsevier”.

5. Thermophysical Properties

Hybrid nanofluids possess superior thermal properties compared to their respective
base fluids and mono nanofluids. Thermal conductivity enhancement in a range of 16–32%
using the hybrid nanofluid compared to the base fluid for particle concentrations up to
a 2% volume fraction is reported in the literature [107]. Moreover, the hybrid nanofluid
thermal conductivity considerably increases with increasing temperature and particle
concentration [139–141]. Some other factors also affect the hybrid nanofluid thermal
conductivity, such as the base fluid, surfactants, ultra-sonication time and nanoparticle
type, size and shape [142]. Researchers suggested that thermal conductivity enhancement
in hybrid nanofluids is mainly due to the Brownian motion and interfacial nano-layer
surrounding the suspended hybrid nanoparticles in the base fluid. The Brownian motion of
suspended hybrid nanoparticles generates micro-convection effects that increase the hybrid



Nanomaterials 2022, 12, 507 13 of 29

nanofluid thermal conductivity. On the other hand, the interfacial nano-layer comprises
the liquid molecules at the solid–liquid interface that acts as a thermal bridge between the
suspended nanoparticle and surrounding base fluid [143,144].

The hybrid nanofluid density depends on the density of the base fluid and respective
densities and volume fractions of dispersed hybrid nanoparticles in the base fluid [94].
Similarly, the specific heat capacity of the hybrid nanofluid depends on the specific heat
capacity and density of the base fluid and respective specific heat capacity, density and
volume fraction of dispersed hybrid nanoparticles in the base fluid. Generally, the specific
heat capacity of hybrid nanofluids decreases with increasing nanoparticle concentration
and increases with increasing temperature [145,146]. The viscosity of hybrid nanofluids
increases with increasing nanoparticle concentration and decreases with increasing temper-
ature [104,146]. However, due to synergistic thermal effects and enhanced hydrothermal
characteristics at even low particle loading, low concentrations of hybrid nanofluids can be
used to reduce pumping losses and agglomeration issues in practical applications.

6. Mono Nanofluid and Hybrid Nanofluid Application in Phase-Change Cooling Processes

As the main scope of this review is to address the heat dissipation issues in modern
high-heat-flux devices, it is important to discuss the application of existing mono nanoflu-
ids and next-generation hybrid nanofluids in efficient phase-change cooling processes,
such as spray-cooling process. However, as spray cooling involves several droplets that
may undergo evaporation or boiling processes, it is pertinent to first discuss the droplet
evaporation behavior of mono and hybrid nanofluids in this review. Once the droplet
evaporation and boiling behavior are well understood in this section, the next section
(Section 6.2) will discuss the spray-cooling characteristics with emphasis on mono nanoflu-
ids and hybrid nanofluids.

6.1. Droplet Evaporation and Boiling

In recent years, several hybrid nanofluids have been investigated for their enhanced
thermophysical properties and improved dispersion stability. However, the hybrid nanofluid
application in droplet-based cooling (such as spray cooling) remains an unexplored area
to date. On the other hand, the droplet evaporation of mono nanofluids has been widely
investigated. This may be because hybrid nanofluid research only recently started being
comparable to nearly three decades of research on mono nanofluids. Many researchers
investigated different residue patterns obtained from sessile nanofluid droplet evaporation
over unheated surfaces. The droplet evaporation on unheated surfaces is generally treated
purely as a diffusion process with negligible convection effects. During the droplet evap-
oration, the main mechanism controlling the liquid flow is of primary importance, as it
determines the particle movement and the final deposit profiles. The capillary flow and the
Marangoni flow are two important and major types of flow regimes frequently observed
in evaporating sessile droplets. However, in many applications, a uniform deposition is
preferred instead of a coffee ring style, so the capillary flow needs to be suppressed or even
eliminated. A Marangoni flow with a reverse direction might work. Marangoni conven-
tion is driven by an uneven distribution of the liquid–vapor interface. The non-uniform
distribution of liquid–vapor surface tension can result from a temperature gradient [147].
For thermally induced Marangoni flow, the direction of the convection is found by the
non-uniform temperature distributions at the sessile droplet, which arise from the non-
uniformity of the evaporation rate along the droplet and heat transfer non-uniformity
from the substrate. The balance between these two sources of temperature distribution
determines the direction of the Marangoni flow [148]. Moreover, the evaporation flux at the
droplet–air interface depends on the droplet contact angle, as illustrated in Figures 7 and 8.
For droplet contact angles below 90◦, the evaporation occurs non-uniformly over the
droplet surface with increasing evaporation flux from the droplet centerline towards the
three-phase contact line [149,150], as demonstrated in Figure 7. Once a droplet is pinned
on the solid surface, the surface tensions initiate a radially outward flow to replenish the
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evaporation liquid loss at the periphery, known as capillary flow, as shown in Figure 9 [151].
As a result, the particles present in the liquid are driven outward and adsorbed at the
three-phase line. The formation of the coffee ring pattern from a pinned colloidal droplet is
ascribed to the capillary flow. This results in an outward movement of suspended particles
along with the fluid from the droplet centerline towards the edge to replenish the vacant
space from the evaporated fluid near the droplet edge, as shown in Figure 8. Consequently,
a ring-shaped residue pattern is obtained due to the non-uniform evaporation flux of
nanofluid droplets [152].

However, other residue patterns (such as uniform and stick–slip patterns) can also be
obtained depending on the base fluid, surfactant and nanoparticle type, size and concentra-
tion [153,154], as demonstrated in Figure 10. The nanofluid droplet generally undergoes
a pinning effect (constant contact radius) for most of the droplet evaporation time. This
is because the outwardly driven nanoparticles deposit near the droplet edge that pins
the nanofluid droplet over the substrate. However, just before the evaporation ends, the
nanofluid droplet shrinks over the substrate and enters the de-pinning mode (constant
contact angle) [155,156]. The evaporation rate of the sessile nanofluid droplet over unheated
surfaces mainly depends on the nanoparticle type, pinning effect, viscosity and presence of
nanoparticles at the droplet–air interface [150,157,158].

Figure 7. Dependence of sessile droplet evaporation flux along the droplet–air interface (j(r)) on its
contact angle (θ). “Reprinted with permission from ref. [159]. Copyright 2021 Elsevier”.

Despite the potential benefits of hybrid nanofluids over mono nanofluids, no research
effort was made to investigate the droplet evaporation performance of hybrid nanofluids
over heated surfaces. However, the droplet evaporation of mono nanofluids on heated
surfaces has been reported by a few researchers [160–163]. The mono nanofluid droplets
exhibit higher evaporation rates, mainly due to their enhanced thermal conductivity, as
compared to base fluid droplets over heated surfaces. As the particle concentration of
evaporating nanofluid droplets increases with evaporation time, the effective thermal con-
ductivity of the nanofluid droplets increases with evaporation time, resulting in enhanced
nanofluid droplet evaporation rates as compared to base fluid droplets. Moreover, as
particle migration occurs towards the droplet edge in evaporating nanofluid droplets due
to internal convection effects, this results in an increased particle concentration near the
droplet edge. Additionally, as the evaporation rate at the droplet edge is usually higher than



Nanomaterials 2022, 12, 507 15 of 29

the droplet surface, the increased particle concentration near the edge of the evaporating
nanofluid droplet makes it a locally enhanced thermal conductive zone. This results in
improved evaporation rates for nanofluid droplets as compared to their respective base
fluid droplets.

Figure 8. Increasing evaporation flux from the droplet apex to the three-phase contact line for contact
angle θ < 90◦. “Reprinted with permission from ref. [164]. Copyright 2015 AIP”.

Moreover, the enhanced evaporation rate of nanofluid droplets is also attributed to
their smaller initial contact angles compared to those of base fluid droplets on heated
surfaces. Al-Sharafi et al. [162] suggested that both Marangoni and buoyancy forces affect
the internal flow field of the CNT nanofluid droplet over a hydrophobic surface. However,
on other surfaces, they indicated that Marangoni forces have a dominating effect on the
internal flow field as compared to natural convection [163].

Figure 9. Outward movement of suspended particles inside the droplet due to non-uniform evap-
oration flux at the droplet–air interface. “Reprinted with permission from ref. [165]. Copyright
2013 Nature”.

Like droplet evaporation, the droplet boiling of hybrid nanofluids is an open yet de-
manding research area. A few researchers have investigated the droplet boiling mechanism
in mono nanofluids. Okawa et al. [166] noticed that the titanium-dioxide (TiO2) nanofluid
droplet shows high boiling heat transfer rates with a critical heat flux enhancement of 50%
as compared to water droplets. They suggested that heat flux enhancement in nanofluid
droplets may be due to nanoparticle deposition during the droplet nucleate boiling that
alters the surface properties at the droplet–solid interface.
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Figure 10. (a) Coffee-ring, (b) irregular and (c) uniform residue patterns obtained from Al2O3

nanofluid droplets for different nanoparticle sizes and concentrations. “Reprinted with permission
from ref. [167]. Copyright 2017 Elsevier”.

Duursma et al. [168] reported a 10% heat flux enhancement for a 0.1% volume fraction
of aluminum-dimethyl sulfoxide (Al-DMSO) nanofluid droplets as compared to DMSO
droplets. Kahani et al. [169] reported an up to 33% increase in cooling effectiveness for
TiO2 nanofluid droplets as compared to water droplets over a heated silicon substrate.
Paul et al. [170] investigated the Leidenfrost phenomenon for TiO2 nanofluid droplets
and noticed that the evaporation time for concentrated TiO2 nanofluid droplets reduced
about 10 times of that of water droplets in the film-boiling regime. They anticipated that
vapor film underneath the TiO2 nanofluid droplet could not levitate it due to the high
concentration of dense nanoparticles inside the TiO2 nanofluid droplet.

6.2. Spray Cooling

As spray cooling involves numerous droplets of various sizes, the droplet evaporation
and boiling behavior for mono nanofluids were discussed in the previous section. However,
a lack of studies on hybrid nanofluid droplet phase-change processes serves as an opportu-
nity for future researchers to address this promising research gap. Spray cooling has been
widely investigated by researchers for its various parameters, such as number of nozzles,
their type and orientation, fluid type, flow rate, film thickness and heater surface roughness.
Pressure nozzles are generally preferred over air-assisted nozzles, as they do not need any
secondary fluid stream for spray atomization [171]. Based on droplet distribution over the
substrate, pressure nozzles are generally classified as full cone, hollow cone and flat type,
as demonstrated in Figure 11. A few researchers reported that nozzle orientation has no
impact on the spray-cooling performance, as gravity does not affect high-velocity spray
droplets [172,173]. However, other researchers suggested that nozzle orientation affects the
spray-cooling performance [174–176]. Mean droplet diameter, mean droplet velocity and
volumetric flux are the main hydrodynamic parameters that influence the spray-cooling
performance. Many heat transfer correlations based on Nusselt number and heat transfer
coefficient were developed for single-phase spray cooling [177–180]. In the nucleate boiling
regime, homogeneous nucleation, thin film evaporation and secondary nucleation were
reported as the main mechanisms for phase-change heat transfer. In secondary nucleation,
droplets induce bubble nucleation through vapor entrainment inside the thin film. Addi-
tionally, the impacted droplets increase nucleation frequency by breaking large bubbles
into small-sized bubbles, thus resulting in secondary nucleation [181,182].

Jia and Qiu [183] suggested that spray-cooling heat transfer can be divided into four
main regions using a parameter called expulsion ratio, as shown in Figure 12. They defined
the expulsion ratio as the ratio of expelled mass flux to impacted mass flux over the heater
surface. In region I, the heater surface temperature is below 100 ◦C, where droplets are
mainly expelled due to splashing from spraying droplets and thin films on the heater
surfaces. Region II initiates when the heater surface temperature is a little higher than
100 ◦C. In this region, the liquid film thickness decreases and it breaks into small fragments,
resulting in an increasing expulsion rate. In region III, the expulsion rate decreases as the
liquid film becomes even more thin and breaks into several droplets or disks. In this region,
the nucleate boiling in thin film transforms into droplet evaporative cooling.
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Figure 11. Different types of pressure spray nozzles. “Reprinted with permission from ref. [171].
Copyright 2017 Elsevier”.

Figure 12. Variation in heat flux and expulsion rate for water spray cooling with a mass flux of
0.847 kg/m2s. “Reprinted with permission from ref. [183]. Copyright 2003 Elsevier”.

In region IV, the expulsion rate increases again due to the formation of vapor cushion at
the droplet-heater interface. Several nucleate boiling heat flux correlations were developed
based on heater surface temperatures, fluid thermophysical properties and spray hydrody-
namic parameters [178,184–186]. Some contradictory findings were reported for the effect
of heater surface roughness on spray-cooling performance. A few researchers concluded
that smooth surfaces exhibit better heat transfer rates than rough heater surfaces [187,188],
while others suggested that increasing surface roughness increases the spray-cooling perfor-
mance [189–193]. Moreover, the critical heat flux (CHF) in spray cooling is mainly affected
by hydrodynamic parameters, such as volumetric flux, mean droplet velocity and mean
droplet diameter [194–199].
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In addition to extensive research on spray-cooling performance using various fluids,
the effect of additives (such as surfactants) on spray heat transfer enhancement was also
investigated by researchers. They reported that adding surfactant up to a certain concentra-
tion increases the spray heat transfer rate; however, further increasing the concentration
did not improve the spray-cooling performance [200–202].

Despite the high-heat-flux removal capability of hybrid nanofluid droplets compared
to base fluid or mono nanofluid droplets, the spray-cooling potential of hybrid nanofluids
has not been investigated to date. This research gap must be addressed in future studies to
fully understand the spray-cooling potential of hybrid nanofluids. However, researchers
reported contradictory findings on the heat transfer rates of mono nanofluid-based spray-
cooling systems. Some researchers [203–205] indicated significant heat flux enhancements
up to 2.4 times (as illustrated in Figure 13), while others suggested heat flux reduction
using nanofluid spray cooling compared to base fluid spray cooling [168,206,207].

Figure 13. Comparison of nucleate boiling heat flux for water and mono nanofluids.”Reprinted with
permission from ref [205]. Copyright 2015 Springer Open”.

Moreover, the effect of nanoparticle loading on the spray-cooling performance of mono
nanofluids is still unclear. Chang et al. [208] noticed substantial heat flux enhancement
using a low particle loading of 0.001% volume fraction of an alumina nanofluid-based
spray system. However, high particle loading in a range of 0.025–0.05% volume fraction
deteriorated the spray-cooling heat flux. Tseng et al. [209] also indicated a decrease in heat
transfer performance with increasing nanoparticle concentration in a range of a 1−40% mass
fraction of titania nanofluid.

7. Conclusions

The present review reveals that, in recent years, the thermal management of high-
heat-flux devices became a research focus due to increased power density, high output
performance and dense packaging. This resulted in heat dissipation flux reaching un-
precedented levels. For instance, heat flux in the high-power electronics of current electric
vehicles (EVs) can reach up to 500 W/cm2 and it is anticipated to exceed 1000 W/cm2

in future EVs. Such a high heat flux may not be removed even by efficient cooling tech-
nologies (for instance, spray cooling) due to the limited heat removal capacity of existing
thermal fluids, such as water and dielectric fluids. To address this issue, in this review, the
cooling potential of the next-generation thermal fluid, called the hybrid nanofluid, based
on a phase-change process, such as spray cooling, is discussed. Despite being an efficient
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cooling process, spray cooling may not address heat dissipation issues in high-heat-flux
devices due to the low heat transfer coefficients and reduced heat transfer rates of existing
thermal fluids. Even mono nanofluids are not ideal candidates for the thermal manage-
ment of high-heat-flux devices for not possessing overall hydrothermal characteristics (i.e.,
high dispersion stability and enhanced thermal properties). On the other hand, hybrid
nanofluids possess overall hydrothermal properties and synergistic thermal effects that
make them suitable candidates for the thermal management of high-heat-flux devices.
Hybrid nanofluids, when used in a spray-cooling process, may result in much higher heat
flux removal rates compared to mono nanofluids or existing thermal fluids. The following
are the main conclusions of this review:

• Hybrid nanofluids possess synergistic thermal effects and better overall hydrothermal
characteristics compared to mono nanofluids.

• The thermal properties of hybrid nanofluids depend on the various parameters, such
as type of base fluid and nanoparticles, nanoparticle concentration, size and shape.

• Hybrid nanofluids are generally prepared using a two-step method. The one-step
method is not commonly used for hybrid nanofluid synthesis.

• Some hybrid nanofluids containing metal-oxide nanoparticles can be self-stabilized
without any need for surfactants. However, other hybrid nanofluids containing non-
metal nanoparticles (such as CNT and graphene) need surface treatment methods
for stabilization.

• The stability of hybrid nanofluids is compromised at high particle concentrations due
to agglomeration resulting in sedimentation.

8. Challenges and Future Work
8.1. Conventional Nanofluids

Although conventional nanofluids (or mono nanofluids) show enhanced heat transfer
characteristics compared to existing thermal fluids, there are several challenges that need
to be addressed for their application in high-heat-flux device cooling. The applicability
of mono nanofluids is also limited by a lack of consensus on findings from various re-
searchers, inadequate analysis of suspensions and a lack of standardized procedures for
their preparation [210]. It is evident from the literature that one of the major challenges for
mono nanofluids is their short-term dispersion stability [211,212], high pumping power
and pressure drop [213], reduced thermal performance in turbulent flow [214], high vis-
cosity [215], high cost [216] and limitation to mass production [217–219]. However, these
challenges must be addressed in future research before conventional nanofluids can be
considered for high-heat-flux device cooling application. Thermal characterization of
nanofluids can help us to understand their performance mechanisms. Moreover, high
temperatures can deteriorate the effect of dispersants due to effervescence issues [136,220].
As the durability of nanofluids is directly related to the properties of additives, future
studies should prioritize the issues of additive selection and the performance of different
types of surfactants for different nanofluids. Moreover, the effect of various ultrasonication
parameters, such as ultrasonication time, power and frequency, on nanofluid stability must
be considered in future research. Moreover, as the temperature of the suspension increases
during ultrasonication processes, the nanofluid concentration may be changed due to fluid
vaporization, thus affecting their properties. All these issues must be considered in future
nanofluid research [221].

Moreover, there are no available concrete studies to justify the overall cost of different
nanofluids. Traditional nanofluids are being replaced by other nanofluids mainly depend-
ing on their novel properties. Replacing conventional fluids with new nanofluids may give
better thermal performance, but the overall cost of nanoparticles as well as the nanofluid
preparation method is still high [136,222]. Therefore, the overall economics of different
types of nanofluids should be investigated in future studies to increase the scope of their
application in various fields.
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8.2. Hybrid Nanofluids

Hybrid nanofluids have shown interesting characteristics in terms of heat transfer
performance; however, there remain several challenges that need to be addressed in future
research, such as the selection of appropriate composite nanoparticles and their prepa-
ration process, thermal conductivity models, stability and clogging issues. Additionally,
there are some disagreements between the experimental data and theoretical models for
hybrid nanofluids. Although much research has been performed to understand the hybrid
nanofluid thermophysical properties, interparticle interactions and their effect on thermo-
rheological characteristics need further research. Moreover, cost-effective methods must
be developed for the preparation of hybrid nanofluids for their widescale application in
thermal systems. Stability is another major obstacle for hybrid nanofluid application. To
date, there is no detailed framework for the stability mechanisms of hybrid nanofluids. The
thermophysical properties, stability and economic feasibility of hybrid nanofluids must be
considered before their implementation in thermal applications, as illustrated in Figure 14.

Figure 14. Challenges for hybrid nanofluid application in thermal systems. “Reprinted with permis-
sion from ref. [223]. Copyright 2019 Elsevier”.

Although the thermophysical properties of hybrid nanofluids have been investigated
by the research community, their phase-change behavior is not fully understood to date. The
synergistic thermal behavior and enhanced hydrothermal properties of hybrid nanofluids
can be tapped in a spray-cooling process to address heat dissipation issues in high-heat-flux
devices. Moreover, the spray-cooling potential of hybrid nanofluids should be investi-
gated on high-heat-flux devices in future studies. Despite hybrid nanofluids possessing
advanced thermal properties, their application in a spray-cooling process may result in a
porous residue formation on a heated surface. Although hybrid nanofluid spray residues
may enhance heat transfer rates due to capillary effects across residue micropores, they
will need periodic cleaning to avoid fouling effects. Therefore, cleaning protocols must
be developed in future studies for the periodic cleaning of deposited residues to avoid
substrate fouling effects. Moreover, the cleaned residue comprising hybrid nanoparticles
should be reused in order to retain the original concentration of hybrid nanofluids used in
spray-cooling applications.

With all these issues addressed in future research, hybrid nanofluid spray cooling may
emerge as a promising cooling technology to address heat dissipation issues in high-heat-
flux devices.
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Nomenclature

List of Abbreviations List of Symbols

Al-DMSO Aluminum dimethyl sulfoxide Ag Silver
CHF Critical heat flux Al Aluminum
CNT Carbon nanotubes Cu Copper
DIEG DeionizedEthylene glycol Fe Iron

EV’s Electric vehicles
γ gamma
h Free surface height
H2O Water

FC Fluorinets r radius
GNP Graphene nanoparticles t time
GWP Global warming potential Ti Titanium
HEG Hydrogen exfoliated graphene
HFE Hydrofloroethers
HVAC Heat, ventilation and air-conditioning
IEP Isoelectric potential
LEDs Light emitting diodes
MWCNTs Multiwalled carbon nanotubes
MWNT Multiwalled nanotubes
PF Performance fluids
PAO Polyalpha-olefins
PPY-CNT Polypropylene carbon nanotubes
TEM Transmission electron microscopy
UV Ultraviolet

References
1. Bahiraei, M.; Heshmatian, S. Graphene family nanofluids: A critical review and future research directions. Energy Convers. Manag.

2019, 196, 1222–1256. [CrossRef]
2. Sharma, P.; Baek, I.-H.; Cho, T.; Park, S.; Lee, K.B. Enhancement of thermal conductivity of ethylene glycol based silver nanofluids.

Powder Technol. 2011, 208, 7–19. [CrossRef]
3. Alawi, O.A.; Sidik, N.A.C.; Kazi, S.N.; Abdolbaqi, M.K. Comparative Study on Heat Transfer Enhancement and Nanofluids

Flow over Backward and Forward Facing Steps. J. Adv. Res. Fluid Mech. Therm. Sci. 2016, 23, 25–49. Available online:
https://www.akademiabaru.com/submit/index.php/arfmts/article/view/2074 (accessed on 27 December 2021).

4. Kshirsagar, D.P.; Venkatesh, M. A review on hybrid nanofluids for engineering applications. Mater. Today Proc. 2020, 44, 744–755.
[CrossRef]

5. Salman, S.; Abu Talib, A.; Saadon, S.; Sultan, M.H. Hybrid nanofluid flow and heat transfer over backward and forward steps: A
review. Powder Technol. 2019, 363, 448–472. [CrossRef]

6. Turcu, R.; Darabont, A.; Nan, A.; Aldea, N.; Macovei, D.; Bica, D.; Vekas, L.; Pana, O.; Soran, M.L.; Koos, A.A.; et al. New
polypyrrole-multiwall carbon nanotubes hybrid materials. J. Optoelectron. Adv. Mater. 2006, 8, 643–647.

7. Jana, S.; Salehi-Khojin, A.; Zhong, W.-H. Enhancement of fluid thermal conductivity by the addition of single and hybrid
nano-additives. Thermochim. Acta 2007, 462, 45–55. [CrossRef]

8. Leong, K.; Ahmad, K.Z.K.; Ong, H.C.; Ghazali, M.; Baharum, A. Synthesis and thermal conductivity characteristic of hybrid
nanofluids—A review. Renew. Sustain. Energy Rev. 2017, 75, 868–878. [CrossRef]

9. Babu, J.R.; Kumar, K.K.; Rao, S.S. State-of-art review on hybrid nanofluids. Renew. Sustain. Energy Rev. 2017, 77, 551–565.
[CrossRef]

10. Sidik, N.A.C.; Jamil, M.M.; Japar, W.M.A.A.; Adamu, I.M. A review on preparation methods, stability and applications of hybrid
nanofluids. Renew. Sustain. Energy Rev. 2017, 80, 1112–1122. [CrossRef]

11. Sundar, L.S.; Sharma, K.V.; Singh, M.K.; Sousa, A. Hybrid nanofluids preparation, thermal properties, heat transfer and friction
factor—A review. Renew. Sustain. Energy Rev. 2017, 68, 185–198. [CrossRef]

12. Gupta, M.; Singh, V.; Kumar, S.; Kumar, S.; Dilbaghi, N.; Said, Z. Up to date review on the synthesis and thermophysical properties
of hybrid nanofluids. J. Clean. Prod. 2018, 190, 169–192. [CrossRef]

http://doi.org/10.1016/j.enconman.2019.06.076
http://doi.org/10.1016/j.powtec.2010.11.016
https://www.akademiabaru.com/submit/index.php/arfmts/article/view/2074
http://doi.org/10.1016/j.matpr.2020.10.637
http://doi.org/10.1016/j.powtec.2019.12.038
http://doi.org/10.1016/j.tca.2007.06.009
http://doi.org/10.1016/j.rser.2016.11.068
http://doi.org/10.1016/j.rser.2017.04.040
http://doi.org/10.1016/j.rser.2017.05.221
http://doi.org/10.1016/j.rser.2016.09.108
http://doi.org/10.1016/j.jclepro.2018.04.146


Nanomaterials 2022, 12, 507 22 of 29

13. Masuda, H.; Ebata, A.; Teramae, K. Alteration of Thermal Conductivity and Viscosity of Liquid by Dispersing Ultra-Fine Particles
(Dispersion of Al2O3, SiO2 and TiO2 Ultra-Fine Particles). Netsu Bussei 1993, 7, 227–233. [CrossRef]

14. Li, Q.; Xuan, Y. Convective heat transfer and flow characteristics of Cu-water nanofluid. Sci. China Ser. E Technolgical Sci. 2002, 45,
408–416. [CrossRef]

15. Wen, D.; Ding, Y. Experimental investigation into convective heat transfer of nanofluids at the entrance region under laminar
flow conditions. Int. J. Heat Mass Transf. 2004, 47, 5181–5188. [CrossRef]

16. Duangthongsuk, W.; Wongwises, S. An experimental study on the heat transfer performance and pressure drop of TiO2-water
nanofluids flowing under a turbulent flow regime. Int. J. Heat Mass Transf. 2010, 53, 334–344. [CrossRef]

17. Sundar, L.S.; Naik, M.; Sharma, K.V.; Singh, M.; Reddy, T.S. Experimental investigation of forced convection heat transfer and
friction factor in a tube with Fe3O4 magnetic nanofluid. Exp. Therm. Fluid Sci. 2012, 37, 65–71. [CrossRef]

18. Amrollahi, A.; Rashidi, A.; Lotfi, R.; Meibodi, M.E.; Kashefi, K. Convection heat transfer of functionalized MWNT in aqueous
fluids in laminar and turbulent flow at the entrance region. Int. Commun. Heat Mass Transf. 2010, 37, 717–723. [CrossRef]

19. Wang, J.; Zhu, J.; Zhang, X.; Chen, Y. Heat transfer and pressure drop of nanofluids containing carbon nanotubes in laminar flows.
Exp. Therm. Fluid Sci. 2013, 44, 716–721. [CrossRef]

20. Ding, Y.; Alias, H.; Wen, D.; Williams, R.A. Heat transfer of aqueous suspensions of carbon nanotubes (CNT nanofluids).
Int. J. Heat Mass Transf. 2006, 49, 240–250. [CrossRef]

21. Sajadi, A.; Kazemi, M. Investigation of turbulent convective heat transfer and pressure drop of TiO2/water nanofluid in circular
tube. Int. Commun. Heat Mass Transf. 2011, 38, 1474–1478. [CrossRef]

22. Ghazvini, M.; Akhavan-Behabadi, M.A.; Rasouli, E.; Raisee, M. Heat Transfer Properties of Nanodiamond–Engine Oil Nanofluid
in Laminar Flow. Heat Transf. Eng. 2012, 33, 525–532. [CrossRef]

23. Ferrouillat, S.; Bontemps, A.; Ribeiro, J.-P.; Gruss, J.-A.; Soriano, O. Hydraulic and heat transfer study of SiO2/water nanofluids
in horizontal tubes with imposed wall temperature boundary conditions. Int. J. Heat Fluid Flow 2011, 32, 424–439. [CrossRef]

24. Guo, S.-Z.; Li, Y.; Jiang, J.-S.; Xie, H.-Q. Nanofluids Containing γ-Fe2O3 Nanoparticles and Their Heat Transfer Enhancements.
Nanoscale Res. Lett. 2010, 5, 1222–1227. [CrossRef]

25. Alazwari, M.; Safaei, M. Combination Effect of Baffle Arrangement and Hybrid Nanofluid on Thermal Performance of a Shell
and Tube Heat Exchanger Using 3-D Homogeneous Mixture Model. Mathematics 2021, 9, 881. [CrossRef]

26. Bahiraei, M.; Jamshidmofid, M.; Goodarzi, M. Efficacy of a hybrid nanofluid in a new microchannel heat sink equipped with both
secondary channels and ribs. J. Mol. Liq. 2018, 273, 88–98. [CrossRef]

27. Zhang, R.; Zhang, H.; Qing, S.; Xiaohui, Z.; Luo, Z.; Zhu, X. Systematic preparation and physical property characterization of a
novel stable BiOIO3 nanofluids. Therm. Sci. 2021, 337. [CrossRef]

28. Said, Z.; Sundar, L.S.; Tiwari, A.K.; Ali, H.M.; Sheikholeslami, M.; Bellos, E.; Babar, H. Recent advances on the fundamental
physical phenomena behind stability, dynamic motion, thermophysical properties, heat transport, applications, and challenges of
nanofluids. Phys. Rep. 2021, 946, 1–94. [CrossRef]

29. Mahajan, R.; Nair, R.; Wakharkar, V.; Swan, J.; Tang, J.; Vandentop, G. Emerging directions for packaging technologies.
Intel Technol. J. 2002, 6, 62.

30. Lee, J.; Mudawar, I. Fluid flow and heat transfer characteristics of low temperature two-phase micro-channel heat sinks—Part 1:
Experimental methods and flow visualization results. Int. J. Heat Mass Transf. 2008, 51, 4315–4326. [CrossRef]

31. Lee, J.; Mudawar, I. Low-Temperature Two-Phase Microchannel Cooling for High-Heat-Flux Thermal Management of Defense
Electronics. IEEE Trans. Compon. Packag. Technol. 2009, 32, 453–465. [CrossRef]

32. Laguna, G.; Vilarrubi, M.; Ibáñez, M.; Betancourt, Y.; Illa, J.; Azarkish, H.; Amnache, A.; Collin, L.-M.; Coudrain, P.; Fréchette,
L.G.; et al. Numerical parametric study of a hotspot-targeted microfluidic cooling array for microelectronics. Appl. Therm. Eng.
2018, 144, 71–80. [CrossRef]

33. Bailey, C. Thermal Management Technologies for Electronic Packaging: Current Capabilities and Future Challenges for Modelling
Tools. In Proceedings of the 2008 10th Electronics Packaging Technology Conference, Singapore, 9–12 December 2008; pp. 527–532.
[CrossRef]

34. Lee, J. Convection performance of nanofluids for electronics cooling. 2009. Available online: https://search.proquest.com/
openview/be192e049bd669d8206a4d37e1051477/1?pq-origsite=gscholar&cbl=18750 (accessed on 28 December 2021).

35. Agostini, B.; Fabbri, M.; Park, J.E.; Wojtan, L.; Thome, J.R.; Michel, B. State of the Art of High Heat Flux Cooling Technologies.
Heat Transf. Eng. 2007, 28, 258–281. [CrossRef]

36. Qureshi, Z.A.; Ali, H.M.; Khushnood, S. Recent advances on thermal conductivity enhancement of phase change materials for
energy storage system: A review. Int. J. Heat Mass Transf. 2018, 127, 838–856. [CrossRef]

37. Rehman, T.-U.; Ali, H.M. Experimental investigation on paraffin wax integrated with copper foam based heat sinks for electronic
components thermal cooling. Int. Commun. Heat Mass Transf. 2018, 98, 155–162. [CrossRef]

38. Xie, G.; Sundén, B.; Wang, L.; Utriainen, E. Parametric study on heat transfer enhancement and pressure drop of an internal blade
tip-wall with pin-fin arrays. Heat Mass Transf. 2011, 47, 45–57. [CrossRef]

39. Guan, N.; Liu, Z.-G.; Zhang, C.-W. Numerical investigation on heat transfer of liquid flow at low Reynolds number in micro-
cylinder-groups. Heat Mass Transf. 2012, 48, 1141–1153. [CrossRef]

40. Özisik, M.N.; Orlande, H.R.B. Inverse Heat Transfer: Fundamentals and Applications; CRC Press: Boca Raton, FL, USA, 2018.
[CrossRef]

http://doi.org/10.2963/jjtp.7.227
http://doi.org/10.1360/02YE9047
http://doi.org/10.1016/j.ijheatmasstransfer.2004.07.012
http://doi.org/10.1016/j.ijheatmasstransfer.2009.09.024
http://doi.org/10.1016/j.expthermflusci.2011.10.004
http://doi.org/10.1016/j.icheatmasstransfer.2010.03.003
http://doi.org/10.1016/j.expthermflusci.2012.09.013
http://doi.org/10.1016/j.ijheatmasstransfer.2005.07.009
http://doi.org/10.1016/j.icheatmasstransfer.2011.07.007
http://doi.org/10.1080/01457632.2012.624858
http://doi.org/10.1016/j.ijheatfluidflow.2011.01.003
http://doi.org/10.1007/s11671-010-9630-1
http://doi.org/10.3390/math9080881
http://doi.org/10.1016/j.molliq.2018.10.003
http://doi.org/10.2298/TSCI210710337Z
http://doi.org/10.1016/j.physrep.2021.07.002
http://doi.org/10.1016/j.ijheatmasstransfer.2008.02.012
http://doi.org/10.1109/tcapt.2008.2005783
http://doi.org/10.1016/j.applthermaleng.2018.08.030
http://doi.org/10.1109/eptc.2008.4763487
https://search.proquest.com/openview/be192e049bd669d8206a4d37e1051477/1?pq-origsite=gscholar&cbl=18750
https://search.proquest.com/openview/be192e049bd669d8206a4d37e1051477/1?pq-origsite=gscholar&cbl=18750
http://doi.org/10.1080/01457630601117799
http://doi.org/10.1016/j.ijheatmasstransfer.2018.08.049
http://doi.org/10.1016/j.icheatmasstransfer.2018.08.003
http://doi.org/10.1007/s00231-010-0671-x
http://doi.org/10.1007/s00231-011-0956-8
http://doi.org/10.1201/9780203749784


Nanomaterials 2022, 12, 507 23 of 29

41. Xu, G. Evaluation of a Liquid Cooling Concept for High Power Processors. In Proceedings of the Twenty-Third Annual IEEE
Semiconductor Thermal Measurement and Management Symposium, San Jose, CA, USA, 18–22 March 2007; pp. 190–195.
[CrossRef]

42. Alawi, O.A.; Sidik, N.A.C.; Mohammed, H.A.; Syahrullail, S. Fluid flow and heat transfer characteristics of nanofluids in heat
pipes: A review. Int. Commun. Heat Mass Transf. 2014, 56, 50–62. [CrossRef]

43. Chandratilleke, T.; Jagannatha, D.; Narayanaswamy, R. Heat transfer enhancement in microchannels with cross-flow synthetic
jets. Int. J. Therm. Sci. 2010, 49, 504–513. [CrossRef]

44. Dong, J.; Zhang, X.; Wang, J. Experimental investigation on heat transfer characteristics of plat heat exchanger applied in organic
Rankine cycle (ORC). Appl. Therm. Eng. 2017, 112, 1137–1152. [CrossRef]

45. Krishan, G.; Aw, K.C.; Sharma, R.N. Synthetic jet impingement heat transfer enhancement—A review. Appl. Therm. Eng. 2019,
149, 1305–1323. [CrossRef]

46. Punch, J.; Walsh, E.; Grimes, R.; Jeffers, N.; Kearney, D. Jets and rotary flows for single-phase liquid cooling: An overview of some
recent experimental findings. In Proceedings of the 2010 11th International Conference Thermal, Mechanical & Multi-Physics
Simulation, and Experiments in Microelectronics and Microsystems (EuroSimE), Bordeaux, France, 26–28 April 2010; pp. 1–4.
[CrossRef]

47. Chingulpitak, S.; Wongwises, S. A review of the effect of flow directions and behaviors on the thermal performance of conventional
heat sinks. Int. J. Heat Mass Transf. 2015, 81, 10–18. [CrossRef]

48. Dixit, T.; Ghosh, I. Review of micro- and mini-channel heat sinks and heat exchangers for single phase fluids. Renew. Sustain.
Energy Rev. 2015, 41, 1298–1311. [CrossRef]

49. Kumar, V.; Paraschivoiu, M.; Nigam, K. Single-phase fluid flow and mixing in microchannels. Chem. Eng. Sci. 2011, 66, 1329–1373.
[CrossRef]

50. Sidik, N.A.C.; Muhamad, M.N.A.W.; Japar, W.M.A.A.; Rasid, Z.A. An overview of passive techniques for heat transfer augmenta-
tion in microchannel heat sink. Int. Commun. Heat Mass Transf. 2017, 88, 74–83. [CrossRef]

51. Cheng, W.-L.; Zhang, W.-W.; Chen, H.; Hu, L. Spray cooling and flash evaporation cooling: The current development and
application. Renew. Sustain. Energy Rev. 2016, 55, 614–628. [CrossRef]

52. Kandlikar, S.G.; Bapat, A.V. Evaluation of Jet Impingement, Spray and Microchannel Chip Cooling Options for High Heat Flux
Removal. Heat Transf. Eng. 2007, 28, 911–923. [CrossRef]

53. Incropera, F.P.; Bergman, T.L.; Lavine, A.S.; DeWitt, D.P. Fundamentals of Heat and Mass Transfer; John Wiley & Sons, Inc.: Hoboken,
NJ, USA, 2011. [CrossRef]

54. Mudawar, I.; Bharathan, D.; Kelly, K.; Narumanchi, S. Two-Phase Spray Cooling of Hybrid Vehicle Electronics. IEEE Trans.
Components Packag. Technol. 2009, 32, 501–512. [CrossRef]

55. 3M, Performance Fluid PF-5070, (2003) 1–4. Available online: http://www.solvents.net.au/index_htm_files/5070specs.pdf
(accessed on 28 December 2021).

56. 3M, 3M TM Fluorinert TM Electronic Liquid FC-72 Product description, 1100 (2019) 1–4. Available online: https://multimedia.3m.
com/mws/media/64892O/3m-fluorinert-electronic-liquid-fc72-en.pdf (accessed on 28 December 2021).

57. Steiner, T.; Sittig, R. IGBT module setup with integrated micro-heat sinks. In Proceedings of the 12th International Symposium
on Power Semiconductor Devices & ICs. Proceedings (Cat. No.00CH37094), Toulouse, France, 22–25 May 2000; pp. 209–212.
[CrossRef]

58. Avenas, Y.; Gillot, C.; Bricard, A.; Schaeffer, C. On the use of flat heat pipes as thermal spreaders in power electronics cooling. In
Proceedings of the 2002 IEEE 33rd Annual IEEE Power Electronics Specialists Conference. Proceedings (Cat. No.02CH37289),
Cairns, QLD, Australia, 23–27 June 2002. [CrossRef]

59. Gillot, C.; Schaeffer, C.; Bricard, A. Integrated micro heat sink for power multichip module. In Proceedings of the Conference
Record of 1998 IEEE Industry Applications Conference. Thirty-Third IAS Annual Meeting (Cat. No.98CH36242), St. Louis, MO,
USA, 12–15 October 2002. [CrossRef]

60. Shaw, M.; Waldrop, J.; Chandrasekaran, S.; Kagalwala, B.; Jing, X.; Brown, E.; Dhir, V.; Fabbeo, M. Enhanced thermal management
by direct water spray of high-voltage, high power devices in a three-phase, 18-hp AC motor drive demonstration. In Proceedings
of the ITherm 2002. Eighth Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (Cat.
No.02CH37258), San Diego, CA, USA, 30 May–1 June 2002; pp. 1007–1014. [CrossRef]

61. Reimers, J.; Dorn-Gomba, L.; Mak, C.; Emadi, A. Automotive Traction Inverters: Current Status and Future Trends. IEEE Trans.
Veh. Technol. 2019, 68, 3337–3350. [CrossRef]

62. Jung, K.W.; Kharangate, C.R.; Lee, H.; Palko, J.; Zhou, F.; Asheghi, M.; Dede, E.M.; Goodson, K.E. Microchannel cooling strategies
for high heat flux (1 kW/cm2) power electronic applications. In Proceedings of the 2017 16th IEEE Intersociety Conference on
Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), Orlando, FL, USA, 30 May–2 June 2017; pp. 98–104.
[CrossRef]

63. Tso, C.; Fu, S.C.; Chao, Y.H.C. A semi-analytical model for the thermal conductivity of nanofluids and determination of the
nanolayer thickness. Int. J. Heat Mass Transf. 2014, 70, 202–214. [CrossRef]

64. Fu, S.; Tso, C.Y.; Fong, Y.; Chao, C.Y. Evaporation of Al2O3-water nanofluids in an externally micro-grooved evaporator.
Sci. Technol. Built Environ. 2016, 23, 345–354. [CrossRef]

http://doi.org/10.1109/stherm.2007.352422
http://doi.org/10.1016/j.icheatmasstransfer.2014.04.014
http://doi.org/10.1016/j.ijthermalsci.2009.09.004
http://doi.org/10.1016/j.applthermaleng.2016.10.190
http://doi.org/10.1016/j.applthermaleng.2018.12.134
http://doi.org/10.1109/esime.2010.5464505
http://doi.org/10.1016/j.ijheatmasstransfer.2014.09.081
http://doi.org/10.1016/j.rser.2014.09.024
http://doi.org/10.1016/j.ces.2010.08.016
http://doi.org/10.1016/j.icheatmasstransfer.2017.08.009
http://doi.org/10.1016/j.rser.2015.11.014
http://doi.org/10.1080/01457630701421703
http://doi.org/10.1073/pnas.0703993104
http://doi.org/10.1109/TCAPT.2008.2006907
http://www.solvents.net.au/index_htm_files/5070specs.pdf
https://multimedia.3m.com/mws/media/64892O/3m-fluorinert-electronic-liquid-fc72-en.pdf
https://multimedia.3m.com/mws/media/64892O/3m-fluorinert-electronic-liquid-fc72-en.pdf
http://doi.org/10.1109/ispsd.2000.856808
http://doi.org/10.1109/psec.2002.1022544
http://doi.org/10.1109/ias.1998.730275
http://doi.org/10.1109/itherm.2002.1012567
http://doi.org/10.1109/TVT.2019.2897899
http://doi.org/10.1109/itherm.2017.7992457
http://doi.org/10.1016/j.ijheatmasstransfer.2013.10.077
http://doi.org/10.1080/23744731.2016.1250562


Nanomaterials 2022, 12, 507 24 of 29

65. Tso, C.Y.; Chao, C.Y. Study of enthalpy of evaporation, saturated vapor pressure and evaporation rate of aqueous nanofluids.
Int. J. Heat Mass Transf. 2015, 84, 931–941. [CrossRef]

66. Kleinstreuer, C.; Feng, Y. Experimental and theoretical studies of nanofluid thermal conductivity enhancement: A review.
Nanoscale Res. Lett. 2011, 6, 229. [CrossRef] [PubMed]

67. Murshed, S.M.S.; Leong, K.C.; Yang, C. Enhanced thermal conductivity of TiO2—water based nanofluids. Int. J. Therm. Sci. 2005,
44, 367–373. [CrossRef]

68. Ding, Y.; Chen, H.; Wang, L.; Yang, C.-Y.; He, Y.; Yang, W.; Lee, W.P.; Zhang, L.; Huo, R. Heat Transfer Intensification Using
Nanofluids. KONA Powder Part. J. 2007, 25, 23–38. [CrossRef]

69. Babita; Sharma, S.; Gupta, S.M. Preparation and evaluation of stable nanofluids for heat transfer application: A review.
Exp. Therm. Fluid Sci. 2016, 79, 202–212. [CrossRef]

70. Siddiqui, F.; Tso, C.Y.; Chan, K.C.; Fu, S.C.; Chao, C.Y. On trade-off for dispersion stability and thermal transport of Cu-Al2O3
hybrid nanofluid for various mixing ratios. Int. J. Heat Mass Transf. 2018, 132, 1200–1216. [CrossRef]

71. Moldoveanu, G.M.; Huminic, G.; Minea, A.A.; Huminic, A. Experimental study on thermal conductivity of stabilized Al2O3 and
SiO2 nanofluids and their hybrid. Int. J. Heat Mass Transf. 2018, 127, 450–457. [CrossRef]

72. Suresh, S.; Venkitaraj, K.P.; Selvakumar, P.; Chandrasekar, M. Synthesis of Al2O3–Cu/water hybrid nanofluids using two step
method and its thermo physical properties. Colloid. Surf. A Physic. Eng. Asp. 2011, 388, 41–48. [CrossRef]

73. Nine, J.; Batmunkh, M.; Kim, J.-H.; Chung, H.-S.; Jeong, H.-M. Investigation of Al2O3-MWCNTs Hybrid Dispersion in Water and
Their Thermal Characterization. J. Nanosci. Nanotechnol. 2012, 12, 4553–4559. [CrossRef]

74. Batmunkh, M.; Tanshen, R.; Nine, J.; Myekhlai, M.; Choi, H.; Chung, H.; Jeong, H. Thermal Conductivity of TiO2 Nanoparticles
Based Aqueous Nanofluids with an Addition of a Modified Silver Particle. Ind. Eng. Chem. Res. 2014, 53, 8445–8451. [CrossRef]

75. Han, Z.H.; Yang, B.; Kim, S.H.; Zachariah, M.R. Application of hybrid sphere/carbon nanotube particles in nanofluids. Nanotech-
nology 2007, 18, 105701. [CrossRef]

76. Esfe, M.H.; Bahiraei, M.; Mir, A. Application of conventional and hybrid nanofluids in different machining processes: A critical
review. Adv. Colloid Interface Sci. 2020, 282, 102199. [CrossRef]
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98. Asadi, A.; Pourfattah, F.; Szilágyi, I.M.; Afrand, M.; Żyła, G.; Ahn, H.S.; Wongwises, S.; Nguyen, H.M.; Arabkoohsar, A.; Mahian,
O. Effect of sonication characteristics on stability, thermophysical properties, and heat transfer of nanofluids: A comprehensive
review. Ultrason. Sonochemistry 2019, 58, 104701. [CrossRef]

99. Vahedi, S.M.; Pordanjani, A.H.; Wongwises, S.; Afrand, M. On the role of enclosure side walls thickness and heater geometry in
heat transfer enhancement of water–Al2O3 nanofluid in presence of a magnetic field. J. Therm. Anal. Calorim. 2019, 138, 679–696.
[CrossRef]

100. Ahangaran, F.; Navarchian, A.H. Recent advances in chemical surface modification of metal oxide nanoparticles with silane
coupling agents: A review. Adv. Colloid Interface Sci. 2020, 286, 102298. [CrossRef]

101. Zareei, M.; Yoozbashizadeh, H.; Hosseini, H.R.M. Investigating the effects of pH, surfactant and ionic strength on the stability of
alumina/water nanofluids using DLVO theory. J. Therm. Anal. Calorim. 2018, 135, 1185–1196. [CrossRef]

102. Mahbubul, I.; Saidur, R.; Hepbasli, A.; Amalina, M. Experimental investigation of the relation between yield stress and ultrasoni-
cation period of nanofluid. Int. J. Heat Mass Transf. 2016, 93, 1169–1174. [CrossRef]

103. Madhesh, D.; Parameshwaran, R.; Kalaiselvam, S. Experimental investigation on convective heat transfer and rheological
characteristics of Cu–TiO2 hybrid nanofluids. Exp. Therm. Fluid Sci. 2014, 52, 104–115. [CrossRef]

104. Sundar, L.S.; Singh, M.K.; Sousa, A. Enhanced heat transfer and friction factor of MWCNT–Fe3O4/water hybrid nanofluids. Int.
Commun. Heat Mass Transf. 2014, 52, 73–83. [CrossRef]

105. Baby, T.T.; Ramaprabhu, S. Experimental investigation of the thermal transport properties of a carbon nanohybrid dispersed
nanofluid. Nanoscale 2011, 3, 2208–2214. [CrossRef]

106. Yarmand, H.; Gharehkhani, S.; Ahmadi, G.; Shirazi, S.F.S.; Baradaran, S.; Montazer, E.; Zubir, M.N.M.; Alehashem, M.; Kazi,
S.; Dahari, M. Graphene nanoplatelets–silver hybrid nanofluids for enhanced heat transfer. Energy Convers. Manag. 2015, 100,
419–428. [CrossRef]

107. Abbasi, S.M.; Rashidi, A.; Nemati, A.; Arzani, K. The effect of functionalisation method on the stability and the thermal
conductivity of nanofluid hybrids of carbon nanotubes/gamma alumina. Ceram. Int. 2013, 39, 3885–3891. [CrossRef]

108. Nine, M.J.; Munkhbayar, B.; Rahman, M.S.; Chung, H.; Jeong, H. Highly productive synthesis process of well dispersed Cu2O
and Cu/Cu2O nanoparticles and its thermal characterization. Mater. Chem. Phys. 2013, 141, 636–642. [CrossRef]

109. Chen, L.; Yu, W.; Xie, H. Enhanced thermal conductivity of nanofluids containing Ag/MWNT composites. Powder Technol. 2012,
231, 18–20. [CrossRef]

110. Suresh, S.; Venkitaraj, K.P.; Selvakumar, P.; Chandrasekar, M. Effect of Al2O3–Cu/water hybrid nanofluid in heat transfer.
Exp. Therm. Fluid Sci. 2012, 38, 54–60. [CrossRef]

111. Li, H.; Ha, C.S.; Kim, I. Fabrication of carbon nanotube/SiO2 and carbon nanotube/SiO2/AG nanoparticles hybrids by using
plasma treatment. Nanoscale Res. Lett. 2009, 4, 1384–1388. [CrossRef]

112. Chen, L.F.; Cheng, M.; Yang, D.J.; Yang, L. Enhanced Thermal Conductivity of Nanofluid by Synergistic Effect of Multi-Walled
Carbon Nanotubes and Fe2O3 Nanoparticles. Appl. Mech. Mater. 2014, 548-549, 118–123. [CrossRef]

113. Muneeshwaran, M.; Srinivasan, G.; Muthukumar, P.; Wang, C.-C. Role of hybrid-nanofluid in heat transfer enhancement—A
review. Int. Commun. Heat Mass Transf. 2021, 125, 105341. [CrossRef]

114. Ma, M.; Zhai, Y.; Yao, P.; Li, Y.; Wang, H. Synergistic mechanism of thermal conductivity enhancement and economic analysis of
hybrid nanofluids. Powder Technol. 2020, 373, 702–715. [CrossRef]

115. Suresh, S.; Venkitaraj, K.P.; Hameed, M.S.; Sarangan, J. Turbulent heat transfer and pressure drop characteristics of dilute water
based Al2O3-Cu hybrid nanofluids. J. Nanosci. Nanotechnol. 2014, 14, 2563–2572. [CrossRef] [PubMed]

116. Sarkar, J.; Ghosh, P.; Adil, A. A review on hybrid nanofluids: Recent research, development and applications. Renew. Sustain.
Energy Rev. 2015, 43, 164–177. [CrossRef]

117. Selvakumar, P.; Suresh, S. Use of Al2O3–Cu/Water Hybrid Nanofluid in an Electronic Heat Sink. IEEE Trans. Compon. Packag.
Manuf. Technol. 2012, 2, 1600–1607. [CrossRef]

118. Das, P.K. A review based on the effect and mechanism of thermal conductivity of normal nanofluids and hybrid nanofluids.
J. Mol. Liq. 2017, 240, 420–446. [CrossRef]

119. Aravind, S.S.J.; Ramaprabhu, S. Graphene–multiwalled carbon nanotube-based nanofluids for improved heat dissipation.
RSC Adv. 2013, 3, 4199–4206. [CrossRef]

120. Labib, M.N.; Nine, J.; Afrianto, H.; Chung, H.; Jeong, H. Numerical investigation on effect of base fluids and hybrid nanofluid in
forced convective heat transfer. Int. J. Therm. Sci. 2013, 71, 163–171. [CrossRef]

121. Baby, T.T.; Sundara, R. Synthesis of silver nanoparticle decorated multiwalled carbon nanotubes-graphene mixture and its heat
transfer studies in nanofluid. AIP Adv. 2013, 3, 12111. [CrossRef]

http://doi.org/10.1016/j.icheatmasstransfer.2016.02.013
http://doi.org/10.1016/j.tsf.2019.05.007
http://doi.org/10.1016/j.ijheatmasstransfer.2018.05.021
http://doi.org/10.1016/j.ijheatmasstransfer.2018.09.104
http://doi.org/10.1016/j.ultsonch.2019.104701
http://doi.org/10.1007/s10973-019-08224-6
http://doi.org/10.1016/j.cis.2020.102298
http://doi.org/10.1007/s10973-018-7620-1
http://doi.org/10.1016/j.ijheatmasstransfer.2015.10.046
http://doi.org/10.1016/j.expthermflusci.2013.08.026
http://doi.org/10.1016/j.icheatmasstransfer.2014.01.012
http://doi.org/10.1039/c0nr01024c
http://doi.org/10.1016/j.enconman.2015.05.023
http://doi.org/10.1016/j.ceramint.2012.10.232
http://doi.org/10.1016/j.matchemphys.2013.05.032
http://doi.org/10.1016/j.powtec.2012.07.028
http://doi.org/10.1016/j.expthermflusci.2011.11.007
http://doi.org/10.1007/s11671-009-9409-4
http://doi.org/10.4028/www.scientific.net/AMM.548-549.118
http://doi.org/10.1016/j.icheatmasstransfer.2021.105341
http://doi.org/10.1016/j.powtec.2020.07.020
http://doi.org/10.1166/jnn.2014.8467
http://www.ncbi.nlm.nih.gov/pubmed/24745264
http://doi.org/10.1016/j.rser.2014.11.023
http://doi.org/10.1109/TCPMT.2012.2211018
http://doi.org/10.1016/j.molliq.2017.05.071
http://doi.org/10.1039/c3ra22653k
http://doi.org/10.1016/j.ijthermalsci.2013.04.003
http://doi.org/10.1063/1.4789404


Nanomaterials 2022, 12, 507 26 of 29

122. Takabi, B.; Salehi, S. Augmentation of the Heat Transfer Performance of a Sinusoidal Corrugated Enclosure by Employing Hybrid
Nanofluid. Adv. Mech. Eng. 2014, 6, 147059. [CrossRef]

123. Han, W.; Rhi, S. Thermal characteristics of grooved heat pipe with hybrid nanofluids. Therm. Sci. 2011, 15, 195–206. [CrossRef]
124. Assael, M.J.; Metaxa, I.N.; Arvanitidis, J.; Christofilos, D.; Lioutas, C. Thermal Conductivity Enhancement in Aqueous Suspensions

of Carbon Multi-Walled and Double-Walled Nanotubes in the Presence of Two Different Dispersants. Int. J. Thermophys. 2005, 26,
647–664. [CrossRef]

125. Hwang, Y.; Lee, J.; Lee, C.; Jung, Y.; Cheong, S.; Ku, B.; Jang, S. Stability and thermal conductivity characteristics of nanofluids.
Thermochim. Acta 2007, 455, 70–74. [CrossRef]

126. Ju, L.; Zhang, W.; Wang, X.; Hu, J.; Zhang, Y. Aggregation kinetics of SDBS-dispersed carbon nanotubes in different aqueous
suspensions. Colloids Surfaces A Physicochem. Eng. Asp. 2012, 409, 159–166. [CrossRef]

127. Li, X.; Zhu, D.; Wang, X. Evaluation on dispersion behavior of the aqueous copper nano-suspensions. J. Colloid Interface Sci. 2007,
310, 456–463. [CrossRef]

128. Mukherjee, S.; Paria, S. Preparation and Stability of Nanofluids-A Review. IOSR J. Mech. Civ. Eng. 2013, 9, 63–69. [CrossRef]
129. Yu, H.; Hermann, S.; Schulz, S.E.; Gessner, T.; Dong, Z.; Li, W.J. Optimizing sonication parameters for dispersion of single-walled

carbon nanotubes. Chem. Phys. 2012, 408, 11–16. [CrossRef]
130. Wang, J.; Zheng, R.; Gao, J.; Chen, G. Heat conduction mechanisms in nanofluids and suspensions. Nano Today 2012, 7, 124–136.

[CrossRef]
131. Nasiri, A.; Shariaty-Niasar, M.; Rashidi, A.; Amrollahi, A.; Khodafarin, R. Effect of dispersion method on thermal conductivity

and stability of nanofluid. Exp. Therm. Fluid Sci. 2011, 35, 717–723. [CrossRef]
132. Jia, H.; Lian, Y.; Ishitsuka, M.O.; Nakahodo, T.; Maeda, Y.; Tsuchiya, T.; Wakahara, T.; Akasaka, T. Centrifugal purification of

chemically modified single-walled carbon nanotubes. Sci. Technol. Adv. Mater. 2005, 6, 571–581. [CrossRef]
133. Esumi, K.; Ishigami, M.; Nakajima, A.; Sawada, K.; Honda, H. Chemical treatment of carbon nanotubes. Carbon 1996, 34, 279–281.

[CrossRef]
134. Sidik, N.A.C.; Adamu, I.M.; Jamil, M.M.; Kefayati, G.H.; Mamat, R.; Najafi, G. Recent progress on hybrid nanofluids in heat

transfer applications: A comprehensive review. Int. Commun. Heat Mass Transf. 2016, 78, 68–79. [CrossRef]
135. Zhu, H.; Zhang, C.; Tang, Y.; Wang, J.; Ren, B.; Yin, Y. Preparation and thermal conductivity of suspensions of graphite

nanoparticles. Carbon 2007, 45, 226–228. [CrossRef]
136. Yu, W.; Xie, H. A Review on Nanofluids: Preparation, Stability Mechanisms, and Applications. J. Nanomater. 2012, 2012, 435873.

[CrossRef]
137. Jiang, L.; Gao, L.; Sun, J. Production of aqueous colloidal dispersions of carbon nanotubes. J. Colloid Interface Sci. 2003, 260, 89–94.

[CrossRef]
138. Ghadimi, A.; Saidur, R.; Metselaar, H.S.C. A review of nanofluid stability properties and characterization in stationary conditions.

Int. J. Heat Mass Transf. 2011, 54, 4051–4068. [CrossRef]
139. Esfahani, N.N.; Toghraie, D.; Afrand, M. A new correlation for predicting the thermal conductivity of ZnO–Ag (50%–50%)/water

hybrid nanofluid: An experimental study. Powder Technol. 2018, 323, 367–373. [CrossRef]
140. Hamid, K.A.; Azmi, W.; Nabil, M.; Mamat, R. Experimental investigation of nanoparticle mixture ratios on TiO2–SiO2 nanofluids

heat transfer performance under turbulent flow. Int. J. Heat Mass Transf. 2018, 118, 617–627. [CrossRef]
141. Hamid, K.A.; Azmi, W.; Nabil, M.; Mamat, R.; Sharma, K. Experimental investigation of thermal conductivity and dynamic

viscosity on nanoparticle mixture ratios of TiO2-SiO2 nanofluids. Int. J. Heat Mass Transf. 2018, 116, 1143–1152. [CrossRef]
142. Yang, L.; Xu, J.; Du, K.; Zhang, X. Recent developments on viscosity and thermal conductivity of nanofluids. Powder Technol. 2017,

317, 348–369. [CrossRef]
143. Feng, Y.; Yu, B.; Xu, P.; Zou, M. The effective thermal conductivity of nanofluids based on the nanolayer and the aggregation of

nanoparticles. J. Phys. D Appl. Phys. 2007, 40, 3164–3171. [CrossRef]
144. Xuan, Y.; Li, Q.; Hu, W. Aggregation structure and thermal conductivity of nanofluids. AIChE J. 2003, 49, 1038–1043. [CrossRef]
145. Devendiran, D.K.; Amirtham, V.A. A review on preparation, characterization, properties and applications of nanofluids.

Renew. Sustain. Energy Rev. 2016, 60, 21–40. [CrossRef]
146. Ho, C.J.; Huang, J.; Tsai, P.; Yang, Y. Preparation and properties of hybrid water-based suspension of Al2O3 nanoparticles and

MEPCM particles as functional forced convection fluid. Int. Commun. Heat Mass Transf. 2010, 37, 490–494. [CrossRef]
147. Ward, C.A.; Duan, F. Turbulent transition of thermocapillary flow induced by water evaporation. Phys. Rev. E 2004, 69, 056308.

[CrossRef]
148. Ristenpart, W.D.; Kim, P.G.; Domingues, C.; Wan, J.; Stone, H.A. Influence of Substrate Conductivity on Circulation Reversal in

Evaporating Drops. Phys. Rev. Lett. 2007, 99, 234502. [CrossRef]
149. Deegan, R.; Bakajin, O.; Dupont, T.F.; Huber, G.; Nagel, S.R.; Witten, T.A. Contact line deposits in an evaporating drop. Phys. Rev. E

2000, 62, 756–765. [CrossRef]
150. Deegan, R.D. Pattern formation in drying drops. Phys. Rev. E 2000, 61, 475–485. [CrossRef]
151. Zhong, X.; Crivoi, A.; Duan, F. Sessile nanofluid droplet drying. Adv. Colloid Interface Sci. 2015, 217, 13–30. [CrossRef]
152. Deegan, R.D.; Bakajin, O.; Dupont, T.F.; Huber, G.; Nagel, S.R.; Witten, T.A. Capillary flow as the cause of ring stains from dried

liquid drops. Nature 1997, 389, 827–829. [CrossRef]

http://doi.org/10.1155/2014/147059
http://doi.org/10.2298/TSCI100209056H
http://doi.org/10.1007/s10765-005-5569-3
http://doi.org/10.1016/j.tca.2006.11.036
http://doi.org/10.1016/j.colsurfa.2012.06.015
http://doi.org/10.1016/j.jcis.2007.02.067
http://doi.org/10.9790/1684-0926369
http://doi.org/10.1016/j.chemphys.2012.08.020
http://doi.org/10.1016/j.nantod.2012.02.007
http://doi.org/10.1016/j.expthermflusci.2011.01.006
http://doi.org/10.1016/j.stam.2005.08.004
http://doi.org/10.1016/0008-6223(96)83349-5
http://doi.org/10.1016/j.icheatmasstransfer.2016.08.019
http://doi.org/10.1016/j.carbon.2006.07.005
http://doi.org/10.1155/2012/435873
http://doi.org/10.1016/S0021-9797(02)00176-5
http://doi.org/10.1016/j.ijheatmasstransfer.2011.04.014
http://doi.org/10.1016/j.powtec.2017.10.025
http://doi.org/10.1016/j.ijheatmasstransfer.2017.11.036
http://doi.org/10.1016/j.ijheatmasstransfer.2017.09.087
http://doi.org/10.1016/j.powtec.2017.04.061
http://doi.org/10.1088/0022-3727/40/10/020
http://doi.org/10.1002/aic.690490420
http://doi.org/10.1016/j.rser.2016.01.055
http://doi.org/10.1016/j.icheatmasstransfer.2009.12.007
http://doi.org/10.1103/PhysRevE.69.056308
http://doi.org/10.1103/PhysRevLett.99.234502
http://doi.org/10.1103/PhysRevE.62.756
http://doi.org/10.1103/PhysRevE.61.475
http://doi.org/10.1016/j.cis.2014.12.003
http://doi.org/10.1038/39827


Nanomaterials 2022, 12, 507 27 of 29

153. Moffat, J.R.; Sefiane, K.; Shanahan, M.E.R. Effect of TiO2 Nanoparticles on Contact Line Stick−Slip Behavior of Volatile Drops.
J. Phys. Chem. B 2009, 113, 8860–8866. [CrossRef]

154. Bigioni, T.P.; Lin, X.-M.; Nguyen, T.; Corwin, E.I.; Witten, T.A.; Jaeger, H.M. Kinetically driven self assembly of highly ordered
nanoparticle monolayers. Nat. Mater. 2006, 5, 265–270. [CrossRef]

155. Picknett, R.; Bexon, R. The evaporation of sessile or pendant drops in still air. J. Colloid Interface Sci. 1977, 61, 336–350. [CrossRef]
156. Hong, S.-J.; Chou, T.-H.; Liu, Y.-Y.; Sheng, Y.-J.; Tsao, H.-K. Advancing and receding wetting behavior of a droplet on a narrow

rectangular plane. Colloid Polym. Sci. 2012, 291, 347–353. [CrossRef]
157. Moghiman, M.; Aslani, B. Influence of nanoparticles on reducing and enhancing evaporation mass transfer and its efficiency.

Int. J. Heat Mass Transf. 2013, 61, 114–118. [CrossRef]
158. Nguyen, T.A.H.; Nguyen, A.V. Increased Evaporation Kinetics of Sessile Droplets by Using Nanoparticles. Langmuir 2012, 28,

16725–16728. [CrossRef]
159. Gibbons, M.; Garivalis, A.; O’Shaughnessy, S.; Di Marco, P.; Robinson, A. Evaporating hydrophilic and superhydrophobic

droplets in electric fields. Int. J. Heat Mass Transf. 2020, 164, 120539. [CrossRef]
160. Sefiane, K.; Bennacer, R. Nanofluids droplets evaporation kinetics and wetting dynamics on rough heated substrates. Adv. Colloid

Interface Sci. 2009, 147–148, 263–271. [CrossRef]
161. Kim, Y.C. Evaporation of nanofluid droplet on heated surface. Adv. Mech. Eng. 2015, 7. [CrossRef]
162. Al-Sharafi, A.; Ali, H.; Yilbas, B.S.; Sahin, A.Z.; Khaled, M.; Al-Aqeeli, N.; Al-Sulaiman, F. Influence of thermalcapillary and

buoyant forces on flow characteristics in a droplet on hydrophobic surface. Int. J. Therm. Sci. 2016, 102, 239–253. [CrossRef]
163. Al-Sharafi, A.; Sahin, A.Z.; Yilbas, B.S.; Shuja, S.Z. Marangoni convection flow and heat transfer characteristics of water—CNT

nanofluid droplets. Numer. Heat Transf. Part A Appl. 2016, 69, 763–780. [CrossRef]
164. Stauber, J.M.; Wilson, S.K.; Duffy, B.R.; Sefiane, K. On the lifetimes of evaporating droplets with related initial and receding

contact angles. Phys. Fluids 2015, 27, 122101. [CrossRef]
165. Sempels, W.; De Dier, R.; Mizuno, H.; Hofkens, J.; Vermant, J. Auto-production of biosurfactants reverses the coffee ring effect in a

bacterial system. Nat. Commun. 2013, 4, 1757–1758. [CrossRef] [PubMed]
166. Okawa, T.; Nagano, K.; Hirano, T. Boiling heat transfer during single nanofluid drop impacts onto a hot wall. Exp. Therm. Fluid Sci.

2012, 36, 78–85. [CrossRef]
167. Lee, H.H.; Fu, S.C.; Tso, C.Y.; Chao, C.Y. Study of residue patterns of aqueous nanofluid droplets with different particle sizes and

concentrations on different substrates. Int. J. Heat Mass Transf. 2017, 105, 230–236. [CrossRef]
168. Duursma, G.; Sefiane, K.; Kennedy, A. Experimental Studies of Nanofluid Droplets in Spray Cooling. Heat Transf. Eng. 2009, 30,

1108–1120. [CrossRef]
169. Kahani, M.; Jackson, R.G.; Rosengarten, G. Experimental Investigation of TiO2/Water Nanofluid Droplet Impingement on

Nanostructured Surfaces. Ind. Eng. Chem. Res. 2016, 55, 2230–2241. [CrossRef]
170. Paul, G.; Das, P.K.; Manna, I. Nanoparticle deposition from nanofluid droplets during Leidenfrost phenomenon and consequent

rise in transition temperature. Int. J. Heat Mass Transf. 2020, 148, 119110. [CrossRef]
171. Liang, G.; Mudawar, I. Review of spray cooling – Part 1: Single-phase and nucleate boiling regimes, and critical heat flux. Int. J.

Heat Mass Transf. 2017, 115, 1174–1205. [CrossRef]
172. Qiao, Y.M.; Chandra, S. Spray Cooling Enhancement by Addition of a Surfactant. J. Heat Transf. 1998, 120, 92–98. [CrossRef]
173. Rybicki, J.R.; Mudawar, I. Single-phase and two-phase cooling characteristics of upward-facing and downward-facing sprays.

Int. J. Heat Mass Transf. 2006, 49, 5–16. [CrossRef]
174. Hsieh, C.-C.; Yao, S.-C. Evaporative heat transfer characteristics of a water spray on micro-structured silicon surfaces. Int. J. Heat

Mass Transf. 2006, 49, 962–974. [CrossRef]
175. Choi, K.; Yao, S. Mechanisms of film boiling heat transfer of normally impacting spray. Int. J. Heat Mass Transf. 1987, 30, 311–318.

[CrossRef]
176. Yoshida, K.-I.; Abe, Y.; Oka, T.; Mori, Y.H.; Nagashima, A. Spray Cooling Under Reduced Gravity Condition. J. Heat Transf. 2000,

123, 309–318. [CrossRef]
177. Hsieh, S.-S.; Tien, C.-H. R-134a spray dynamics and impingement cooling in the non-boiling regime. Int. J. Heat Mass Transf. 2007,

50, 502–512. [CrossRef]
178. Mudawar, I.; Valentine, W.S. Determination of the local quench curve for spray-cooled metallic surfaces. J. Heat Treat. 1989, 7,

107–121. [CrossRef]
179. Cho, C.; Ponzel, R. Experimental study on the spray cooling of a heated solid surface. In Proceedings of the 1997 ASME

International Mechanical Engineering Congress and Exposition, Dallas, TX, USA, 16–21 November 1997; pp. 265–272.
180. Abbasi, B.; Kim, J.; Marshall, A. Dynamic pressure based prediction of spray cooling heat transfer coefficients. Int. J. Multiph. Flow

2010, 36, 491–502. [CrossRef]
181. Mesler, R. Discussion: “Surface Roughness and Its Effects on the Heat Transfer Mechanism of Spray Cooling” (Pais, M.R., Chow,

L.C., and Mahefkey, E.T., 1992, ASME J. Heat Transfer, 114, pp. 211–219). J. Heat Transf. 1993, 115, 1083. [CrossRef]
182. Rini, D.P.; Chen, R.-H.; Chow, L.C. Bubble Behavior and Nucleate Boiling Heat Transfer in Saturated FC-72 Spray Cooling.

J. Heat Transf. 2002, 124, 63–72. [CrossRef]
183. Jia, W.; Qiu, H.-H. Experimental investigation of droplet dynamics and heat transfer in spray cooling. Exp. Therm. Fluid Sci. 2003,

27, 829–838. [CrossRef]

http://doi.org/10.1021/jp902062z
http://doi.org/10.1038/nmat1611
http://doi.org/10.1016/0021-9797(77)90396-4
http://doi.org/10.1007/s00396-012-2797-5
http://doi.org/10.1016/j.ijheatmasstransfer.2013.01.057
http://doi.org/10.1021/la303293w
http://doi.org/10.1016/j.ijheatmasstransfer.2020.120539
http://doi.org/10.1016/j.cis.2008.09.011
http://doi.org/10.1177/1687814015578358
http://doi.org/10.1016/j.ijthermalsci.2015.11.013
http://doi.org/10.1080/10407782.2015.1090809
http://doi.org/10.1063/1.4935232
http://doi.org/10.1038/ncomms2746
http://www.ncbi.nlm.nih.gov/pubmed/23612298
http://doi.org/10.1016/j.expthermflusci.2011.08.007
http://doi.org/10.1016/j.ijheatmasstransfer.2016.09.093
http://doi.org/10.1080/01457630902922467
http://doi.org/10.1021/acs.iecr.5b04465
http://doi.org/10.1016/j.ijheatmasstransfer.2019.119110
http://doi.org/10.1016/j.ijheatmasstransfer.2017.06.029
http://doi.org/10.1115/1.2830070
http://doi.org/10.1016/j.ijheatmasstransfer.2005.07.040
http://doi.org/10.1016/j.ijheatmasstransfer.2005.09.013
http://doi.org/10.1016/0017-9310(87)90119-0
http://doi.org/10.1115/1.1345887
http://doi.org/10.1016/j.ijheatmasstransfer.2006.07.023
http://doi.org/10.1007/BF02833195
http://doi.org/10.1016/j.ijmultiphaseflow.2010.01.007
http://doi.org/10.1115/1.2911372
http://doi.org/10.1115/1.1418365
http://doi.org/10.1016/S0894-1777(03)00015-3


Nanomaterials 2022, 12, 507 28 of 29

184. Holman, J.; Kendall, C. Extended studies of spray cooling with Freon-113. Int. J. Heat Mass Transf. 1993, 36, 2239–2241. [CrossRef]
185. Hsieh, S.-S.; Fan, T.-C.; Tsai, H.-H. Spray cooling characteristics of water and R-134a. Part I: Nucleate boiling. Int. J. Heat Mass Transf.

2004, 47, 5703–5712. [CrossRef]
186. Visaria, M.; Mudawar, I. Effects of high subcooling on two-phase spray cooling and critical heat flux. Int. J. Heat Mass Transf. 2008,

51, 5269–5278. [CrossRef]
187. Pais, M.R.; Chow, L.C.; Mahefkey, E.T. Surface Roughness and Its Effects on the Heat Transfer Mechanism in Spray Cooling.

J. Heat Transf. 1992, 114, 211–219. [CrossRef]
188. Kang, B.-S.; Choi, K.-J. Cooling of a heated surface with an impinging water spray. KSME Int. J. 1998, 12, 734–740. [CrossRef]
189. Sehmbey, M.S.; Chow, L.C.; Hahn, O.J.; Pais, M.R. Spray cooling of power electronics at cryogenic temperatures. J. Thermophys.

Heat Transf. 1995, 9, 123–128. [CrossRef]
190. Sehmbey, M.S.; Chow, L.C.; Hahn, O.J.; Pais, M.R. Effect of spray characteristics on spray cooling with liquid nitrogen.

J. Thermophys. Heat Transf. 1995, 9, 757–765. [CrossRef]
191. Ortiz, J.E.G.L. Experiments on steady-state high heat fluxes using spray cooling. Exp. Heat Transf. 1999, 12, 215–233. [CrossRef]
192. Zhang, Z.; Li, J.; Jiang, P.-X. Experimental investigation of spray cooling on flat and enhanced surfaces. Appl. Therm. Eng. 2013,

51, 102–111. [CrossRef]
193. Fukuda, H.; Nakata, N.; Kijima, H.; Kuroki, T.; Fujibayashi, A.; Takata, Y.; Hidaka, S. Effects of Surface Conditions on Spray

Cooling Characteristics. ISIJ Int. 2016, 56, 628–636. [CrossRef]
194. Yao, S.C.; Cox, T.L. A general heat transfer correlation for impacting water sprays on high-temperature surfaces. Exp. Heat Transf.

2002, 15, 207–219. [CrossRef]
195. Hou, Y.; Liu, X.; Liu, J.; Li, M.; Pu, L. Experimental study on phase change spray cooling. Exp. Therm. Fluid Sci. 2013, 46, 84–88.

[CrossRef]
196. Toda, S. Study of mist cooling—2 theory of mist cooling and its fundamental experiments. Heat Transf. Jpn. Res. 1974, 3, 1–44.
197. Toda, S.; Uchida, H. Study of liquid film cooling with evaporation and boiling. Heat Transf. Jpn. Res. 1973, 2, 44–62. [CrossRef]
198. Chen, R.-H.; Chow, L.C.; Navedo, J.E. Effects of spray characteristics on critical heat flux in subcooled water spray cooling. Int. J.

Heat Mass Transf. 2002, 45, 4033–4043. [CrossRef]
199. Vorster, W.; Schwindt, S.; Schupp, J.; Korsunsky, A. Analysis of the spray field development on a vertical surface during water

spray-quenching using a flat spray nozzle. Appl. Therm. Eng. 2009, 29, 1406–1416. [CrossRef]
200. Cheng, W.; Xie, B.; Han, F.; Chen, H. An experimental investigation of heat transfer enhancement by addition of high-alcohol

surfactant (HAS) and dissolving salt additive (DSA) in spray cooling. Exp. Therm. Fluid Sci. 2013, 45, 198–202. [CrossRef]
201. Cheng, W.-L.; Zhang, W.-W.; Jiang, L.-J.; Yang, S.-L.; Hu, L.; Chen, H. Experimental investigation of large area spray cooling with

compact chamber in the non-boiling regime. Appl. Therm. Eng. 2015, 80, 160–167. [CrossRef]
202. Cui, Q.; Chandra, S.; McCahan, S. The Effect of Dissolving Salts in Water Sprays Used for Quenching a Hot Surface: Part 2—Spray

Cooling. J. Heat Transf. 2003, 125, 333–338. [CrossRef]
203. Zhu, D.S.; Sun, J.Y.; Tu, S.D.; Wang, Z.D.; Guo, L.; Joseph, D.D.; Matsumoto, Y.; Sommerfeld, Y.; Wang, Y. Experimental Study of

Non-boiling Heat Transfer by High Flow Rate Nanofluids Spray. AIP Conf. Proc. 2010, 1207, 476. [CrossRef]
204. Wu, W.; Bostanci, H.; Chow, L.; Ding, S.; Hong, Y.; Su, M.; Kizito, J.; Gschwender, L.; Snyder, C. Jet impingement and spray

cooling using slurry of nanoencapsulated phase change materials. Int. J. Heat Mass Transf. 2011, 54, 2715–2723. [CrossRef]
205. Hsieh, S.-S.; Leu, H.-Y.; Liu, H.-H. Spray cooling characteristics of nanofluids for electronic power devices. Nanoscale Res. Lett.

2015, 10, 139. [CrossRef]
206. Bansal, A.; Pyrtle, F. Alumina Nanofluid for Spray Cooling Enhancement. In Proceedings of the ASME/JSME 2007 Thermal

Engineering Heat Transfer Summer Conference collocated with the ASME 2007 InterPACK Conference, Vancouver, BC, Canada,
8–12 July 2007; pp. 797–803. [CrossRef]

207. Bellerova, H.; Pohanka, M.; Raudensky, M.; A Tseng, A. Spray cooling by Al2O3 and TiO2 nanoparticles in water. In Proceedings
of the 2010 12th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic Systems, Las Vegas,
NV, USA, 2–5 June 2010; pp. 1–5. [CrossRef]

208. Chang, T.-B.; Syu, S.-C.; Yang, Y.-K. Effects of particle volume fraction on spray heat transfer performance of Al2O3–water
nanofluid. Int. J. Heat Mass Transf. 2012, 55, 1014–1021. [CrossRef]

209. Tseng, A.A.; Bellerová, H.; Pohanka, M.; Raudensky, M. Effects of titania nanoparticles on heat transfer performance of spray
cooling with full cone nozzle. Appl. Therm. Eng. 2014, 62, 20–27. [CrossRef]

210. Aglawe, K.; Yadav, R.; Thool, S. Preparation, applications and challenges of nanofluids in electronic cooling: A systematic review.
Mater. Today: Proc. 2021, 43, 366–372. [CrossRef]

211. Kakati, H.; Mandal, A.; Laik, S. Promoting effect of Al2O3/ZnO-based nanofluids stabilized by SDS surfactant on
CH4+C2H6+C3H8 hydrate formation. J. Ind. Eng. Chem. 2016, 35, 357–368. [CrossRef]

212. Elias, M.; Mahbubul, I.; Saidur, R.; Sohel, M.; Shah, S.K.; Khaleduzzaman, S.; Sadeghipour, S. Experimental investigation on the
thermo-physical properties of Al2O3 nanoparticles suspended in car radiator coolant. Int. Commun. Heat Mass Transf. 2014, 54,
48–53. [CrossRef]

213. Lee, J.-H.; Hwang, K.S.; Jang, S.P.; Lee, B.H.; Kim, J.H.; Choi, S.U.; Choi, C.J. Effective viscosities and thermal conductivities of
aqueous nanofluids containing low volume concentrations of Al2O3 nanoparticles. Int. J. Heat Mass Transf. 2008, 51, 2651–2656.
[CrossRef]

http://doi.org/10.1016/S0017-9310(05)80155-3
http://doi.org/10.1016/j.ijheatmasstransfer.2004.07.022
http://doi.org/10.1016/j.ijheatmasstransfer.2008.02.045
http://doi.org/10.1115/1.2911248
http://doi.org/10.1007/BF02945735
http://doi.org/10.2514/3.637
http://doi.org/10.2514/3.735
http://doi.org/10.1080/089161599269690
http://doi.org/10.1016/j.applthermaleng.2012.08.057
http://doi.org/10.2355/isijinternational.ISIJINT-2015-609
http://doi.org/10.1080/08916150290082649
http://doi.org/10.1016/j.expthermflusci.2012.11.023
http://doi.org/10.1299/kikai1938.38.1830
http://doi.org/10.1016/S0017-9310(02)00113-8
http://doi.org/10.1016/j.applthermaleng.2008.08.007
http://doi.org/10.1016/j.expthermflusci.2012.11.005
http://doi.org/10.1016/j.applthermaleng.2015.01.055
http://doi.org/10.1115/1.1532011
http://doi.org/10.1063/1.3366412
http://doi.org/10.1016/j.ijheatmasstransfer.2011.03.022
http://doi.org/10.1186/s11671-015-0793-7
http://doi.org/10.1115/ht2007-32485
http://doi.org/10.1109/itherm.2010.5501333
http://doi.org/10.1016/j.ijheatmasstransfer.2011.10.009
http://doi.org/10.1016/j.applthermaleng.2013.07.023
http://doi.org/10.1016/j.matpr.2020.11.679
http://doi.org/10.1016/j.jiec.2016.01.014
http://doi.org/10.1016/j.icheatmasstransfer.2014.03.005
http://doi.org/10.1016/j.ijheatmasstransfer.2007.10.026


Nanomaterials 2022, 12, 507 29 of 29

214. Ding, G.; Peng, H.; Jiang, W.; Gao, Y. The migration characteristics of nanoparticles in the pool boiling process of nanorefrigerant
and nanorefrigerant–oil mixture. Int. J. Refrig. 2009, 32, 114–123. [CrossRef]

215. Wu, S.; Zhu, D.; Li, X.; Li, H.; Lei, J. Thermal energy storage behavior of Al2O3–H2O nanofluids. Thermochim. Acta 2009, 483,
73–77. [CrossRef]

216. Jiang, W.; Ding, G.; Peng, H. Measurement and model on thermal conductivities of carbon nanotube nanorefrigerants. Int. J.
Therm. Sci. 2009, 48, 1108–1115. [CrossRef]

217. Das, S.K. Nanofluids—The Cooling Medium of the Future. Taylor Fr. 2007, 27, 1–2. [CrossRef]
218. Waghmare, S.N.; Shelare, S.D.; Tembhurkar, C.K.; Jawalekar, S.B. Pyrolysis System for Environment-Friendly Conversion of Plastic

Waste into Fuel. Lecture Notes in Mechanical Engineering; Springer International Publishing: Cham, Switzerland, 2020; pp. 131–138.
219. Lee, J.; Mudawar, I. Assessment of the effectiveness of nanofluids for single-phase and two-phase heat transfer in micro-channels.

Int. J. Heat Mass Transf. 2007, 50, 452–463. [CrossRef]
220. Chen, L.; Xie, H.; Li, Y.; Yu, W. Nanofluids containing carbon nanotubes treated by mechanochemical reaction. Thermochim. Acta

2008, 477, 21–24. [CrossRef]
221. Urmi, W.T.; Rahman, M.M.; Kadirgama, K.; Ramasamy, D.; Maleque, M.A. An overview on synthesis, stability, opportunities and

challenges of nanofluids. Mater. Today Proc. 2021, 41, 30–37. [CrossRef]
222. Esfe, M.H.; Alirezaie, A.; Rejvani, M. An applicable study on the thermal conductivity of SWCNT-MgO hybrid nanofluid and

price-performance analysis for energy management. Appl. Therm. Eng. 2017, 111, 1202–1210. [CrossRef]
223. Babar, H.; Ali, H.M. Towards hybrid nanofluids: Preparation, thermophysical properties, applications, and challenges. J. Mol. Liq.

2019, 281, 598–633. [CrossRef]

http://doi.org/10.1016/j.ijrefrig.2008.08.007
http://doi.org/10.1016/j.tca.2008.11.006
http://doi.org/10.1016/j.ijthermalsci.2008.11.012
http://doi.org/10.1080/01457630600904585
http://doi.org/10.1016/j.ijheatmasstransfer.2006.08.001
http://doi.org/10.1016/j.tca.2008.08.001
http://doi.org/10.1016/j.matpr.2020.10.998
http://doi.org/10.1016/j.applthermaleng.2016.09.091
http://doi.org/10.1016/j.molliq.2019.02.102

	Introduction 
	Heat Dissipation Issues in High-Heat-Flux Devices 
	Why Hybrid Nanofluid? 
	Hybrid Nanofluid Synthesis 
	Heat Transfer Characteristics of Hybrid Nanofluids 
	Carbon Nanotubes (CNT) Based Hybrid Nanofluids 
	Oxide-Based Hybrid Nanofluids 


	Dispersion Stability 
	Thermophysical Properties 
	Mono Nanofluid and Hybrid Nanofluid Application in Phase-Change Cooling Processes 
	Droplet Evaporation and Boiling 
	Spray Cooling 

	Conclusions 
	Challenges and Future Work 
	Conventional Nanofluids 
	Hybrid Nanofluids 

	References

