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ARTICLE INFO ABSTRACT

Keywords: The promising thermophysical properties of mono nanofluids show great potential in various heat transfer ap-
Hybrid nanofluids plications. The properties of mono nanofluids can be tailored by varying the proportion/concentration of the
Synthesis

nanoparticles. However, the mono nanofluids, employing only single-type nanoparticles (metallic or non-
metallic), revealed the stable thermophysical properties in the limited range. To tailor this shortcoming, in
recent years, hybrid nanofluids have been synthesized to improve the base fluid’s thermophysical properties and
heat transfer characteristics. In this paper, a state-of-the-art review on the use of hybrid nanofluid in various heat
transfer applications is presented. The first part of the article summarizes the existing research works on the
preparation and synthesis of various hybrid nanocomposites and hybrid nanofluids. Subsequently, density,
specific heat, viscosity, and thermal conductivity values of different hybrid nanofluids are tabulated, serving as a
database. The collection of thermophysical properties correlations is also presented. The later part of the article
covers the hydrothermal behavior of hybrid nanofluids in various heat transfer applications such as heat ex-
changers, heat sinks, heat pipes, solar panels, natural convection enclosures/cavities, air conditioning systems,
impingement jet cooling, thermal energy storage, and boiling-related applications. In addition, the Nusselt
number and friction factor correlations are tabulated for different heat transfer applications. Finally, the chal-
lenges associated with hybrid nanofluids and future research scopes are presented.
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1. Introduction thermophysical properties of the working fluid can greatly augment the

heat transfer. Hamilton and Crosser [20] introduced the concept of

Science and technology have made continuous growth and signifi-
cant advancements in every aspect of human activity, including power
generation [1,2], heating and cooling, electronics [3,4], manufacturing
industries [5], biomedical applications [6], food industries [7], and
pharmaceutical industries [8]. Effective thermal management is neces-
sary for the reliable and efficient operation of these thermal systems [9].
The exponential growth in manufacturing capabilities and the minia-
turization of components dramatically increased the power density (i.e.,
heat flux), which challenges the existing cooling technologies. In the
past, extensive research works have been carried out to augment the
heat transfer rate via various active or passive techniques such as
extended surfaces [10,11], vortex generators [12], multiphase cooling
[13,14], mini and microchannels [15,16], porous media [17], and nat-
ural convection techniques [18,19]. Even though the above methods
have provided a considerable heat transfer augmentation, the low
thermal conductivity of working fluid (e.g., water, ethylene glycol)
limits their heat transfer capability. Alternatively, improving

enhancing the thermal conductivity of base fluid by dispersing the
micro-sized solid particles. The coagulation issue associated with the
micro-sized particles has deterred its usage in practical applications.
Later, Choi and Eastman [21] introduced nanofluids in which the
nanoparticles are dispersed in base fluid to prevent agglomeration and
enhance thermal conductivity. Adding surfactants in nanofluids can
significantly reduce the agglomeration issue. In nanofluids preparation,
single nanoparticles (e.g., Au, Ag, Cu, Al,03, CuO, TiOj, SiOs, Fe304,
SiN, SiC, CNT, MWCNT, graphite, diamond) are dispersed in base fluid
(e.g., water, ethylene glycol, a mixture of water and ethylene glycol,
transformer oil, Polymer solutions). This type of fluid is referred to as
mono nanofluid (MoNF) [22-25]. A further examination of various
nanoparticles reveals that the metal particles (e.g., Ag, Cu, Au) have
high thermal conductivity and less chemical inertness and stability;
whereas, the metal oxide particles (e.g., Al;O3, CuO) exhibit greater
stability but offer lower thermal conductivity. The facts mentioned
above indicate that the MoNF can provide either higher thermal
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conductivity or better stability in one go [26-31]. However, most of the
engineering applications require a trade-off among the several charac-
teristics of mono nanofluids. A new kind of fluid called hybrid nanofluid
(HyNF) is developed to harvest the blend of favorable features of various
nanoparticles in a single fluid. In HyNF, two or more nanoparticles are
thoroughly mixed in the base fluid to attain good thermophysical and
rheological properties. The composition of metal and metal oxide par-
ticles is mostly dispersed in the base fluid. Through the combination of
metal and metal oxide nanoparticles, hybrid nanofluid can attain the
synergistic effect of high thermal conductivity and better chemical
inertness and stability [32-35].

The use of mono nanofluids in heat transfer applications is exten-
sively studied and reviewed by numerous researchers. The concept of
using hybrid nanofluids is relatively new, and recently, it gained more
research attention. Limited reviews on the HyNF applications are re-
ported. Moreover, the previous review articles described the synthesis
and preparation methods of selected HyNFs, and they are more focused
on very few applications, namely heat exchanger-related applications.
Besides, the thermophysical properties database for the collection of
HyNFs is not available in the open literatures. Therefore, in this review
article, synthesis and preparation techniques of various HyNF are pre-
sented along with their thermophysical properties database. Then, the
widely adopted relationships for estimating density, specific heat, vis-
cosity, and thermal conductivity are summarized. The use of hybrid
nanofluids in a range of heat transfer applications is comprehensively
reviewed, including heat exchangers, heat sinks, heat pipes, photovol-
taic modules, natural convection enclosures, refrigeration and air-
conditioning systems, boiling applications, jet impingement cooling
systems, and thermal energy storage systems. Finally, the challenges
associated with HyNF and the future research directions are discussed.

2. Preparation and synthesis of nanofluids

Advancement in fabrication techniques has enabled the preparation
of nano-sized particles. The nanoparticles of less than 100 nm offer
better mechanical, thermal, optical, magnetic, and electrical properties.
This enhancement is attributed to the higher surface area to volume
ratio due to a larger cluster of atoms at the grain boundaries [21]. MoNF
is the mixture of the base fluid and a single type of nanoparticle;
whereas, the HyNF is the mixture of the base fluid and two or more types
of nanoparticles. The performance of hybrid nanofluids depends on the
chemical properties such as purity, dispersibility and compatibility, and
the geometrical parameters of the nanoparticles, such as size and shape.
The hybrid nanoparticles are produced either by the single-step (small
scale production) or by the multi-step method (mass production), as
shown in Fig. 1. In the single-step process, the simultaneous preparation
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and dispersion of nanoparticles are carried out. In the multi-step process,
the nanoparticles are prepared and dispersed into the base fluid one
after another.

2.1. Synthesis of hybrid nanoparticles

The details of various synthesis methods for different hybrid nano-
composites are described in this section, and the advantages and limi-
tations of different synthesis techniques are listed in Table 1.

2.1.1. Synthesis of Silica — MWCNT hybrid nanocomposite

Baghbanzadeh [36,37] prepared a silica and MWCNT based hybrid
nanocomposite using a wet chemical method. COOH based functional
groups were adopted to increase the dispersibility of MWCNT in the
solvent. At first, the mixture of sodium silicate (15 g) and distilled water
(95 ml) was prepared, and then 4 g of MWCNT was added to that so-
lution. The solution containing 4 g of MWCNT was sonicated for 45 min.
in an ultrasonic bath. Then, 11.7 g of CTAB was added to the mixture of
86 ml distilled water and 300 ml dimethylformamide, and it was well
mixed using a magnetic stirrer for about 15 min. Then, the later solution
was mixed with the ultrasonicated solution, which contains MWCNT.
The combined solution was agitated using a magnetic stirrer for three
hours at 25 °C, and the solution was maintained at pH12. Finally, the
products were dried in a vacuum oven for 12 h at 60 °C to produce the
silica-MWCNT based hybrid nanocomposites.

2.1.2. Synthesis of Ag — MWNT hybrid nanocomposite

Chen et al. [38] adopted a green method to synthesize Ag/MWNT
hybrid nanocomposite. To attain a functionalized MWNT, a mixture of
0.5 g MWNT and 3.2 g NH4HCOj3 were rolled in a cylindrical ball milling
machine operated at a speed of 250 rpm for 5 h. Then, it was dried in a
vacuum oven for 24 h at 100 °C to remove the residual gases. Subse-
quently, the mixture was subjected to a silver mirror reaction and fol-
lowed by introducing a Tollens reagent ([Ag (NH3)>] ™) in 50 ml of 0.1%
sodium dodecyl sulfate (SDS) solution with 0.2 g of MWNT under stir-
ring. The reducer formaldehyde (0.5 g) was dipped into the mixture and
stirred for 0.5 h at 60 °C. Finally, the Ag/MWNT composite was collected
using centrifugation. The ball milling process helped control the length
of MWNTs, and this process can be used for mass production at a low
cost.

Munkhbayar et al. [39] prepared an Ag-MWCNT nanofluid by the
one-step physical technique. The MWCNT was prepared first by pur-
ifying in nitric and sulphuric acid, followed by 5 h of ultra-sonication to
remove the impurities and amorphous carbon. This process can increase
the exterior activity of the nanotubes. The MWCNT (0.7g) was ball-
milled using spherical zirconia balls at 500 rpm for 1 h, followed by

Nano
composites

Fig. 1. Comparison of single-step method and multi-step method.
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Table 1
Advantages and limitations of various synthesis techniques.

SL Reference  Synthesizing Advantages Limitations

No methods

1 [57] Physical phase e Produces e Controls the
gas equiaxed crystals growth of
condensation / e Suitable for nanoparticle and
Inert gas oxide, nitrate, prevent the
condensation and carbide particles from
process particles agglomeration

e High
concentration of
inert gas atoms
can control the
collision rate and
coalescence rate

2 [58,59] Spray drying e High product- o The size depends
process quality reliability on the

e The dried particle concentration of
size, shape, the spray drying
crystal form, solution used.
moisture content, e The overall yield
and porosity can of spray dryers
be controlled used in the

e Low operating laboratory is
cost and energy- around 50 to 70
efficient %

3 [58] Magnetron e Elements having e In the case of
sputter different vapor thermal
deposition pressure can be evaporation, the
technique synthesized gas pressure can

e Achieves better be varied to
compositional obtain different
homogeneity particle size, and

e Particles with a it is not possible
higher melting in the magnetron
point can be sputter
synthesized technique

o The sputtering
process is only
suitable for
producing
particles in a
cluster of small
sizes

4 [60-62] Pulse wire o Higher efficiency e Results in a
evaporation and production broader range of
method rate particle size

e Particle size can distribution and
be controlled hence filters are
precisely attached to

obtain particles
in similar size

5 [63] Vacuum based e Both ductile and e Cost increases
submerged arc brittle metallic due to usage of

materials can be the vacuum
synthesized pump to

e Ultrasonic maintain the
vibration is used vacuum
to enhance the condition in the
arc discharge synthesizing

method

e Maintaining a
clean vacuum
environment is
difficult

6 [64,65] Acetylene flame e Higher e Toxic chemical
synthesis temperature can usage and longer

system (AFSS)

be achieved

It can cover a
larger area
during synthesis
by using single or
multiple flames

processing time
are the
drawbacks
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ultra-sonication. Deionized water-based Ag (2 wt.%) nanofluid was
prepared by employing the pulse wire evaporation method (PWE). The
previously prepared MWCNT (0.05 wt.%) was poured in a 500 ml ex-
ploding bottle and was installed in the PWE unit. The Ag was synthe-
sized by making direct contact with the base fluid using the PWE unit,
and thus Ag-MWCNT/water hybrid nanofluid was prepared.

2.1.3. Synthesis of MWCNT- Fe304 hybrid nanocomposite

Sundar et al. [40] used an in-situ method to synthesize MWCNT-
Fe304 composite. At first, the MWCNT was dispersed in a strong acidic
medium (hydrochloric and nitric acid at a ratio of 1:3 on a molar basis),
and it was stirred for 72 h at 60 °C. The solution was thoroughly washed
using acetone and distilled water, and it was dried in an oven for 24
hours at 100 °C. The above process generates carboxyl groups on the
MWCNTs surface, which helps attaching the Fe3O4 particle onto the
surface of the nanotubes. The prepared carboxylated MWCNT (0.35 g)
was mixed with 50 ml of distilled water and stirred for an hour. Then,
FeCI3* /FeCl?* salts in the molar ratio of 2:1 were further added to the
solution, and then aqueous sodium hydroxide solution was mixed with
the above solution to yield a pH value of 12. The solution was contin-
uously stirred for about 0.5 h, which resulted in a change of color into
black, indicating the completion of the reaction. The precipitate was
further cleaned by acetone and distilled water and dried in an oven at 80
°C for 24 h.

2.1.4. Synthesis of Al,O3 — Cu hybrid nanocomposite

Suresh et al. [41,42] prepared an Al;03 — Cu hybrid nanocomposite
using the thermochemical synthesis method. A water-based solution
contains the salts of Cu (NO3),.3H0 and Al (NO3)3.9H0 was spray-
dried at 180 °C to obtain the precursor powder. It was heated at 900
°C for 60 min. at atmospheric conditions. Followed by heating to 400 °C
and maintained for an hour in the hydrogen atmosphere. The proportion
of each salt was taken such that the final powder mixture would have the
90:10 ratio of alumina and copper oxides. After this process, the CuO
was reduced to metallic copper, whereas the AloO3 remains unchanged.
The obtained powder was ball milled for 1 h at 400 rpm. Then it was
dispersed in deionized water with sodium lauryl sulfate (SLS) as a
dispersant and was ultra-sonicated for 6 h.

2.1.5. Synthesis of Cu-TiOy hybrid nanocomposite

Madhesh et al. [43] prepared Cu-TiO3 based hybrid nanocomposite.
Initially, Titania (5 g) aqueous solution was prepared using the ultra-
sonication method, and then Cu acetate (0.5 g) solution containing the
reducing agents (sodium borohydride and ascorbic acid) was mixed with
the previous solution. The mixture was continuously stirred for 2 h at 45
°C to form the hybrid nanocomposite (HyNC) colloids.

2.1.6. Synthesis of Graphene — MWCNT hybrid nanocomposite

Aravind et al. [44] developed graphene - MWCNT based hybrid
nanocomposites. The graphene was obtained from the graphitic oxide
prepared by the Hummer method [45]. The graphene oxide was exposed
to solar radiation through a convex lens, and then the solar graphene
was refluxed in HNOs for an hour to enable easy dispersion in the base
fluid. The catalytic chemical vapor deposition technique (CCVDT) was
used to prepare the MWCNT, and it was kept at 350 °C for 2 h for pro-
cessing air oxidation. Further, it was refluxed in HNOs for 2 h to remove
the amorphous carbon and impurities. The prepared GO and f-MWCNT
were refluxed in concentrated HNOs for 2 h in the ratio of 1:1 and then
dried thoroughly to become a fine powder of GO-f-MWCNT composite.

2.1.7. Synthesis of Au — CNT hybrid nanocomposite

Jana et al. [46] prepared CNT nanocomposite and Au nanocomposite
separately. The CNT (1 g) was dispersed in a 40 ml mixture of concen-
trated acids (nitric and sulfuric acid at a volume ratio of 1:3) and then
refluxed for 1 h at 140 °C. Then, the filtered CNTs from the solution were
cleaned using deionized water, followed by drying in a vacuum oven for
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12 h at 150 °C to obtain a CNT composite. The prepared CNTs were
dispersed in water to attain a CNT solution. The Au nanocomposites
were mixed with deionized water at a ratio of 1.4:1 to obtain an Au
solution. The Au solution and CNT solution were proportionally mixed
to get hybrid nanofluid.

2.1.8. Synthesis of y-Alo03/MWCNT hybrid nanocomposite

Abbeasi et al. [47] produced y-AloO3/MWCNT hybrid nanocomposite
using the solvothermal method. The functionalization of MWCNT is
similar to the procedure explained in section 2.1.3. The alumina acetate
powder was dispersed in ethanol and stirred for 30 min. The function-
alized MWCNT particles were added to the prepared acetate solution
and sonicated continuously. Then 25% of ammonium solution was
added to the previous solution to maintain a pH of 9, and the solution
was kept in vacuum condition for 24 h. The solution was subjected to a
solvothermal process in an environment of 200 °C and 16 bar pressure
for 24 h, during which the nanocomposites formed. The precipitate was
washed with ethanol, followed by drying at 60 °C for 6 h, and then it was
calcined at 500 °C for 1 h in an inert (argon) atmosphere.

2.1.9. Synthesis of TiO2-CNT hybrid nanocomposite

Magetif et al. [48] prepared a TiO2-CNT hybrid nanocomposite by
functionalizing the CNTs in an HNO3-H»SO4 acid mixture (1:3 v/v) for 3
h at a temperature of 70 °C [49]. The functionalized CNTs were
dispersed in 40 ml distilled water using an ultra-sonicator. Then, 1.5 ml
of ethylene glycol and 20 ml 2-propanol were added to the CNTs solu-
tion under the Ny atmosphere. Subsequently, 1 mL of Ti(OBu)s was
slowly suspended with the previous solution and then stirred for 15 h at
80 °C. Finally, the vacuum filtered precipitates were washed using 2-
propanol solution followed by drying for 12 h at 60 °C.

2.1.10. Synthesis of MWCNT — HEG hybrid nanocomposite

Baby and Ramaprabhu [50] synthesized MWCNT - hydrogen exfo-
liated graphene (HEG) using catalytic chemical vapor deposition
(CCVD) and exfoliating graphite oxide, respectively. The graphene was
obtained from the graphitic oxide prepared by the Hummer method
[45], in which 2g graphite was treated with 46 ml sulfuric acid in an ice
bath. Then, 1g sodium nitrate and 6g potassium permanganate were
mixed with the solution to accelerate the reaction at ambient tempera-
ture. Subsequently, hydrogen peroxide was added after 15 min in the
suspension. Finally, the solution was washed with distilled water, fol-
lowed by vacuum drying for 8 h at 40 °C.

2.1.11. Synthesis of Al- Zn based hybrid nanocomposite

Paul et al. [51] prepared hybrid nanoparticles through a two-stage
process (mechanical alloying method followed by ultra-sonication).
Initially, the aluminum and zinc powders were blended (Al - 5wt.%
Zn). The sample at room temperature was subjected to ball milling at a
speed of 300 rpm, and at 10:1 ball to powder ratio. The oxidation,
agglomeration, and coating of balls and vials with powder was pre-
vented by using toluene as a wet medium. The milling process was
carried out to achieve ultra-fine particles with similar compositions, and
these particles were mixed with base fluid (ethylene glycol). This
mixture was kept in an ultrasonicator, followed by magnetic stirring.

2.1.12. Synthesis of Al;03- microencapsulated PCM based hybrid
nanocomposite

Ho et al. [52] prepared hybrid nanofluid using Al,O3 nanoparticles
and microencapsulated PCM particles. The PCM suspension was pre-
pared by the emulsion technique along with the interfacial poly-
condensation. The PCM n-eicosane particle was used, and it was emul-
sified in water-based urea-formaldehyde per polymer solution and
consisted of 60% MEMPCM particles. The MEMPCM particles were
mixed with the ultra-pure Mill-Q water in a container and were ultra-
sonicated for 2 h. Further Al;O3 nanoparticles in the weight range of 2
to 10 % were mixed with the ultra-pure Mill-Q water and were stirred for
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4 h. Then the above two solutions were mixed to obtain the hybrid
nanofluid.

2.1.13. Synthesis of Fez (NO)3/ Al(NO3)s with CNT based hybrid
nanocomposite

Han et al. [53] studied the application of hybrid nanotube produced
through the spray pyrolysis method. An aqueous solution with the ratio
of 1:1 with 3 wt.% of Fes (NO)3 and Al(NOs)3 was prepared. The
aluminum and iron nanoparticles were formed by the thermal decom-
pression process. The nebulizer was used to generate the aerosol drop-
lets with nitrogen as the carrier gas. The presence of water in the
particles was removed by passing through a silica gel dryer. The pyro-
lytic process was carried out in a furnace at 1000 °C to convert metallic
nitrate to oxide, and the nitrate was mixed with hydrogen gas at the
entrance. Besides, it was routed to another furnace at 750 °C to initiate a
reaction with hydrogen and acetylene to produce CNT growth at the
surface.

2.1.14. Synthesis of Ag-HEG based hybrid nanocomposite

Baby and Ramaprabhu [54] synthesized Ag-HEG hybrid nano-
composites. Graphene oxide (GO) was used to synthesize HEG, and
subsequently, its functional groups were removed from GO. As polar
solvents cannot disperse the as-synthesized HEG, the carboxyl and hy-
droxyl FG were used for dispersion. The residue was treated in an acid
medium, consisting of 3(H2SO4): 1(HNO3) followed by ultrasonication,
filtering, and drying at vacuum conditions. The Ag-HEG nanocomposite
was then dispersed in deionized water and ultrasonicated. Further, it
was kept in a magnetic stirrer for 5 h, and then silver nitrate was added
to the solution. After 24 h, NaBH4 NaOH (40 ml) was added to the
solution.

2.1.15. Synthesis of CuO-HEG based hybrid nanocomposite

Sidik et al. [55] used a two-step method to prepare CuO-HEG/water-
based hybrid nanofluid. The process consists of synthesis, functionali-
zation, chemical reduction, and ultrasonication. The graphene was
synthesized using HEG (hydrogen-induced exfoliation). The CuO was
synthesized through chemical reduction followed by calcination at low
temperatures.

2.1.16. Synthesis of ND-Fe304 based hybrid nanocomposite

Sundar et al. [56] used the in-situ growth and chemical co-
precipitation method to synthesize ND- Fe3O4 nanoparticles. The ND
(1.5g) was treated in an acid medium and dispersed in distilled water
(50 ml), and stirred for 2 h. Two salts (FeCl3-6H,0 and FeCl,-4H50) in
the mole ratio of 2:1 were added to the ND suspensions. Further, NaOH
was added until the PH value reached to 12 and stirred for 2 h. Then, the
residue was washed to remove the Fet, Na*t, CI** ions and dried at 80 °C
for 12 h.

2.2. Preparation of hybrid nanofluids

The nanoparticles are commonly developed using two main tech-
niques: the one-step and two-step method, as shown in Fig. 2. In the one-
step method, the nanoparticle preparation and their dispersion into the
base fluid are completed simultaneously. The nanofluid synthesis can be
carried out either by a physical or chemical process in the one-step
approach. The physical method includes evaporation and physical
phase gas condensation, magnetron sputter deposition technique, pulse
wire evaporation, laser ablation, vacuum-based submerged arc, and
dual plasma synthesis. At the same time, the chemical method involves
sol-gel, polyol, microemulsion, and chemical reduction techniques
[55,63,66-76]. The metal nanoparticles (high thermal conductivity) are
commonly synthesized using the one-step method to avoid oxidation;
however, the one-step process is not suitable for mass production.

In comparison, the two-step method is ideal for mass production. In
the two-step method, nanoparticles are produced in the first step and
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Fig. 2. Synthesis and preparation techniques used in the one step and two step method.

then suspended in the base fluid in the subsequent steps. In the two-step
method, the nanocomposites can be prepared using various techniques,
such as chemical vapor deposition, solvothermal method, and me-
chanical processes (e.g., grinding, milling, sintering). Subsequently, the
dispersion can be carried out using an ultra sonicator and a magnetic
stirrer.

Most importantly, in nanofluid preparation, stability is the primary
concern for practical applications [77]. The stability of different hybrid
nanofluids [40,78-90] is reported in Fig. 3. Most of the HyNF’s
exhibited stability for just two weeks or less; however, MWCNT-Fe304/
water and AIN/EG showed stability for two months. Nevertheless, the
long-term stability of HyNF’s is demanded for realistic applications. The
stability of HyNF’s is dependent on many factors, including the base
fluids, types of nanoparticles, nanoparticles shape and size,
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Fig. 3. Stability period of different hybrid nanofluids.

nanoparticles concentration, pH value, the temperature of HyNF,
dispersion techniques, sonication techniques, sonication time, surfac-
tants, and the combinations of above, as represented in Fig. 4. The list of
factors that influence the stability is more exhaustive; however, all the
above factors can critically affect the HyNF’s stability. For instance, the
TiO2-SiO2/EG-Water sample undergone 90 min sonication demon-
strated 360 hours of stability, while the same sample with 60- and 120-
min sonication time showed just 120 hours of stability [87].

To achieve better stability, the dielectric constant of the base fluid
must be higher. The repulsive potential is directly proportional to the
dielectric constant. Water has the highest dielectric constant value of
78.5 when compared to other base fluids like acetone (21.01), ethanol
(24.6), ethylene glycol (24.6), hexane (1.89), and benzene (2.28) at 20

Base fluid

Factors

affecting
stability

Sonication
time

Dispersion
techniques

Fig. 4. Graphical illustration of factors influencing stability of

hybrid nanofluid.
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°C [91]. It is reported that a higher density difference between the
nanoparticle and base fluid leads to sedimentation even if the particle
has a higher zeta potential. At zero zeta potential value, no repulsive
forces are observed, and the pH value of nanofluid at that point is termed
as isoelectric point (IEP). IEP is the reference point to check stability. At
IEP, the suspension must have greater than +2 pH to achieve stability
[92-94]. Thus, by altering the pH value, stability in nanofluid can be
improved.

The nanoparticle size, shape, and concentration play a significant
role in controlling stability. The repulsive force and Van der Waal force
depend on the particle size. Smaller particle size and minimal density
difference between base fluid and nanoparticle result in higher stability
due to lower settling velocity. An increase in particle concentration
decreases the separation distance between atoms and increases the Van
der Waal forces. The agglomeration of particles starts when the Van der
Waal force is higher than the repulsive force. Thus, an increase in par-
ticle concentration decreases the stability [95,96].

Operating parameters like temperature, salinity, confinement, and
shear affect the stability of nanofluids. The stability of nanofluids de-
creases when used at high temperatures. The Brownian motion of
nanoparticles increases when the temperature rises and results in
frequent collisions, and subsequently, agglomeration is initiated. The
nanoparticles get deposited on the surface due to agglomeration and
increase the heat transfer resistance. Further stabilizing the nanofluid
with surfactant and polymer solution is difficult when operated at high
temperatures [97]. Thus, the thermophysical properties of nanofluids
are altered. A stable nanofluid has higher thermal conductivity than an
unstable nanofluid [98,99]. Similarly, when the particle concentration
increases, the specific heat capacity decreases with stability [100-102].

Moreover, agglomeration and clogging should also be avoided for
using HyNF in real-world applications. The instability and agglomera-
tion issues are inevitable in nanofluids due to the high cohesive and
Vander Waals forces between each nanoparticle. It is well known that
one of the heat transfer mechanisms in nanofluids is the Brownian
motion of nanoparticles in working fluids. However, the agglomeration
hinders the Brownian motion, thereby deteriorating the heat transfer
augmentation. In addition, it can also increase the pressure drop due to
clogging phenomena. Therefore, it is essential to avoid agglomeration
and to enhance stability of nanofluids. The commonly used methods to
minimize the agglomeration are electrostatic stabilization, ultrasonic
vibration, and use of surfactants such as Sodium Dodecyl sulphate (SDS),
Gum Arabic, Sodium Dodecyl Benzene Sulfonate (SDBS), and Cetyl
Trimethyl Ammonium Bromide (CTAB) [32,51,103-110]. The listed
factors that could influence the stability of nanofluids is exhaustive.
However, stability is the main criterion that determines its usage in
practical applications. Therefore, comprehensive works on stability are
further required in terms of stability improvement and nanomaterial
selection.

Although improved stability is essential, stability measurement is
another central aspect. The following measurement techniques are
widely adopted for measuring stability,

(1) Zeta potential method
(2) Spectral absorbance analysis
(3) Centrifugation method
(4) Sedimentation method

Most of the researchers used the zeta potential value to characterize
the stability of nanofluid. The repulsive force between nanoparticles
increases at a higher zeta potential value, improving the stability. The
absolute zeta potential (AZP) value of 60mV indicates a higher level of
stability. The AZP of 30 mV denotes good stability, whereas the AZP of
15 mV implies instability [77,111-113].

2.2.1. Physical phase gas condensation/inert gas condensation process
This technique involves evaporation and rapid condensation. The
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selected material is evaporated by heating, and the vapor is rapidly
condensed into nano-size particles. This process is carried out in an inert
gas atmosphere or at a pressure lower than atmosphere.

2.2.2. Spray drying process

A solution with the water-soluble materials is prepared and made
into an aerosol. In the spray drying process, hot air is blown to vaporize
the solvent, which turns into powder accordingly. The powder is then
evenly pyrolyzed in a fluidized bed reactor, creating porous powder with
an evenly distributed structure without any volatile constituents.

2.2.3. Magnetron sputter deposition technique

The material is placed in a magnetron sputter under the inert gas
atmosphere. The supplied heat energy turns the material into ionized
plasma and directs it towards the confinement area with the assistance
of the magnetic field. Then vapor is condensed into nanoclusters. The
maintained pressure difference between the deposition chamber and
aggregation zone helps to deposit the nanoclusters on the substrate [68].

2.2.4. Pulse wire evaporation method

It is a commonly used method to produce a low-cost hybrid nano-
fluid. In this method, a high voltage (300 V) is supplied to the source
material (wire), forming plasma. Then, it is condensed in an inert gas
atmosphere resulting in the formation of nanoscale powder [55].

2.2.5. Vacuum based submerged arc nanoparticles

An electric arc with high temperature is used to melt the material and
to vaporize with the presence of dielectric fluid in the vacuum chamber.
An ultrasonic device is used to divert the vaporized metal from the
fusion zone, and it assists in stabilizing the arc. This vapor present in the
dielectric fluid starts to nucleate and forms as nanoparticles [63].

2.2.6. Acetylene flame synthesis system (AFSS)

The AFSS system consists of a nebulizer, synthesizer, torch, collector,
carbon source (acetylene flame), and pipelines. The filtered water is
passed through the nebulizer to generate the mist, and it is passed
through the synthesizer. In the collector section, the water mist from the
synthesizer and the hybrid carbon produced from acetylene flame is
combined to form hybrid carbon nanofluids, as shown in Fig. 5. The
suspension and dispersion of hybrid carbon nanofluids are improved by
dispersing in a hot plate stirrer [114].

3. Thermophysical properties

Determination of thermophysical properties such as density, viscos-
ity, thermal conductivity, and specific heat is essential to quantify the
hydraulic and thermal performance of the systems. In this section, the
determination of the aforementioned thermophysical properties of the
hybrid nanofluids is discussed in detail. The density of the HyNF plays a
crucial role in controlling the stability and determining the volume of
hybrid nanofluid required in a thermal system. Similarly, viscosity and
density help in assessing the pumping power requirement [115]. Ther-
mal conductivity decides the rate of heat transfer of a thermal system.
The exergy and energy parameters can be determined by estimating the
specific heat values.

3.1. Density

Density is the ratio of the mass to volume. The density of nano-
particles depends on the type of nanoparticles and it is independent of
the geometric parameters (shape and size), zeta potential, and additives
[116]. Usually, the density of solid particles is higher than the base
fluids. Hence, the addition of nanoparticles increases the density of the
prepared nanofluid. Density varies with the temperature of nanofluid
[117], and it decreases with an increase in temperature. The nano-
particles density is determined either by weighing a known volume
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Fig. 5. Acetylene flame synthesis procedure [114].

(weighing the fluid volume in a standard container) or using a digital
density meter or using the mixing theory or the combinations of the
above methods [6,118-120]. It is observed that prolonged ultra-
sonication can increase nanofluid density [121]. The density of hybrid
nanoparticles can be determined using the mixing rule and derived from
the mono nanofluid density equations [56,99,122]. The density of
hybrid nanoparticles can be determined by measuring the density,
weight percentage, and volume fraction of individual nanoparticles
given in Egs. (1-3),

_ PuptWapt + PrpaWap2

= 1
Php Wapt + Wi M
Ping = Pup1Pupt + PrpoPrpz + (1 - ¢hnp)ﬂbf (2)
Php = Pupt + P2 3)

where, ppppand pp, are the density of hybrid nanoparticle and single
nanoparticle, respectively, wypis the weight percentage of single nano-
particle, and ¢pyp,and gypare the volume fraction of hybrid nanoparticle
and single nanoparticle, respectively.

3.2. Viscosity

It is defined as the internal resistance offered to the fluid flow. The
viscosity of hybrid nanofluid depends on the synthesis and preparation
methods, nanoparticles size and shape, volume fraction, concentration,
and temperature. The kinematic viscosity is inversely proportional to
the temperature of the hybrid nanofluid [123]. Viscosity is measured
using a cone, disk (plate/parallel), cylindrical viscometers, rheometer,
micromachined capillary viscometer [124,125].

Batchelor [126] considered the Brownian motion effects in evalu-
ating the viscosity of the particles dispersed fluid and proposed a
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viscosity relationship, as given in Eq. (4).
oy = (14250 +65¢ )y (C))

Nguyen et al. [127] predicted the dynamic viscosity of nanofluids for
various nanoparticle sizes using Egs. (5-7); and the proposed dynamic
viscosity relationship is a function of temperature, as given in Eq. (8).
The following expressions are also used for predicting the viscosity of
nanofluids [128].

Lﬂ = 1.475-0.319¢ +0.051¢" +0.009¢” for d, = 29nm 5)

of

Zif = 140.025¢ +0.015¢ for d, = 36nm (6)
of

B 0.904exp(0.1483¢) for d, = 47 nm %)

Hir

Lﬁ = (2.1275 — 0.0215T + 0.00027T?) ®)
bf

Brinkman model is also used to determine the viscosity of HyNF as
shown below [129,130],

HPor 9)
25 (1 _ ¢np2)2.5 (

l’tzn' =
"= )

Where, ppsand pprare the dynamic viscosity of nanofluid and basefluid
respectively, ¢ is the volume fraction of the nanoparticle, d, is the
nanoparticle’s average diameter, and T is the temperature.

3.3. Specific heat

The specific heat of nanofluid is determined using various techniques
like differential scanning calorimeter (DSC) and mixing rule. Few re-
searchers have developed the correlations from their self-fabricated
experimental setup [99,131-134]. The specific heat depends on the
temperature, nanoparticle size and shape, and material. The specific
heat increases as the nanoparticle diameter increases.

Pak et al. [99] developed a relationship (Eq. 10) to predict the spe-
cific heat of nanofluid using the mixing rule assuming the suspended
nanoparticles and the basefluid are in thermal equilibrium. And the
reported values were found in good agreement with the experimental
data [52,56]. The specific heat of the hybrid nanofluid can be deter-
mined by measuring density, specific heat, and volume fraction of in-
dividual nanoparticles and base fluid, as given in Eq. (11) [135].

_ PPy CPup + (1 = P)py Cpiy
pnf

Cp.y (10)

C + C +(1—=¢,)C
CP/,,,/ :¢Pn,;1 Pupi ¢Pnp2 Pup2 ( &) Py 11

/)hnf

Where, Cphnsis the specific heat of hybrid nanofluid and Cpypis the
specific heat of nanoparticles, and ¢ppis the volume fraction of
nanoparticle.

3.4. Thermal conductivity

Thermal conductivity is a significant thermophysical property that
determines the heat transfer characteristic of the hybrid nanofluid.
Thermal conductivity of the HyNF is a strong function of the type of
nanoparticles and their concentration, type of base fluid , and the
operating temperature [136,137]. Besides, it is reported that the prep-
aration method (particularly the ultrasonication period) can also affect
the conductivity of HyNF. Thermal conductivity can be measured using
a KD2 pro thermal analyzer, transient hot-wire, insulated wire, and
liquid metal wire methods [121,138-140]. Usually, thermal
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conductivity of nanofluids is higher than that of the basefluids due to the
convection current occurring between the suspended nanoparticles and
basefluid [141]. Thermal conductivity of HyNF increases as the tem-
perature increases, making the HyNF quite attractive in high-
temperature applications such as heat exchangers, heat pipes, and
heat sinks.

Einstein [142] proposed (Eq. 12) a relationship for the Brownian
diffusion coefficient. From Eq. (12), it is clear that the number of colli-
sions among the nanoparticles increase as the temperature increase;
which in turn leads to higher thermal conductivity.

Dy = 2T a2)

(&)

Where, Dy is the Brownian diffusivity, Kp is the Boltzmann's constant,
T is the temperature, d, is the particle average diameter, and p is the
dynamic viscosity

The correlation proposed by Maxwell [143] to measure the thermal
conductivity of solid particles suspended in fluids is used as the base
equation to determine nanofluids’ conductivity.

i ot 2oy + 26k — Kiy) 13
stat bf k"p + 2kbf — ¢(knp - kb/)

Where, K, kpr and kpp are the thermal conductivity of a static sus-
pension, base fluid, and nanoparticle, respectively, and ¢ is the volume
fraction of the nano particle.

Hamilton and Crosser [20] modified the Maxwell equation by
introducing the shape factor of nanoparticles as follows,

kyar = K kﬂp + (nS - l)kbf - (ns B 1>¢F (k"p — kbf)
stat bf kup + (ns — l)kb_/ + 45,) (knp - kbf)

(14)

Where, ns (shape factor) = 3 for spherical shape and ns = 0.5 to 6 for
other shapes.

Bruggeman [144] proposed a correlation for the spherical shape
nanoparticles as follows,
ki, 1 kys
= = (3 — ks + (2 = 3p)kyy + L VA
ky 4 4

(15)

kup

kyy

knp

2
) + (2= 30) +2(2+ 94— 99)"
bf

where, A = (3¢ — 1)2(
Koo and Kleinstreuer [145] combined the static influence equation
(Eq. 13) and the Brownian motion (Eq. 17) to predict the thermal con-
ductivity of the nanofluid using Eq.16,
knf = kstat + kbrown (16)

Kppoun = 5*10%*B%p*p_,*Cp, i f a7)
Pup

B = 0.0137(1009) "% < 1% (18)

S = 0.0037(100) "% > 1% (19)

f = (—134.6341722.3¢) + (0.4075 — 6.04¢)T (20)

The Maxwell model is also used to determine the thermal conduc-
tivity of HyNF as shown below [143],

Kup1 Pup1 Hhnp2 Pupa )  kupr bt Hhupa
( Dupt +Pup2 + Zkbf 2 (¢"1'] + d’an) kbf Dupt +Pup2

khnf = kbf
knp1 Pupt Hhnp2 b 42k + ( b+ ) ko — Kup1 Pupt +Knp2 bp
Dupt +bup2 of npl np2 of Dupt + b2

(21

Where kprown and kys are the thermal conductivity of Brownian motion
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and nano fluid, respectively, and dp,, is the diameter of the nanoparticle.
f and g are the factorial function and the fraction of liquid volume,
respectively.

Further, thermal expansion coefficient, heat capacitance, and ther-
mal diffusivity of HyNF can be determined using the following re-
lationships [146-150],

(pﬂ)hnf = (1 = Gy — ¢np2) (pﬁ)[;f + (pﬂ)npl¢npl + (pﬁ)np2¢np2 (22)

(PCP)hn_/ = (1 = G — ¢np2) (/’CP);,_/ + (PCP),,,AQSnpl + (pcp)n/72¢np2 (23)

klmf
(pcp)hnf

Ay = 24)

3.5. Overview of thermophysical properties for various HyNF

Farhana et al. [151] studied the thermophysical properties of various
HyNF, such as Al303.TiO3, TiO2-ZnO, and ZnO-Al;03/water (0.1 vol.%).
It was observed that the viscosity and thermal conductivity values were
identical for the above-mentioned HyNFs. Bellos and Tzivanidis [152]
studied the thermal behavior of hybrid nanofluid (1.5 % Al;03 +1.5%
TiO5) with oil as a base fluid. The inlet temperature of hybrid nanofluid
was varied from 300 to 650 K, and the corresponding variation in
thermophysical properties was reported. It was observed that the spe-
cific heat capacity was increased, whereas the density, dynamic vis-
cosity, and thermal conductivity were decreased with an increase in
temperature from 300 to 650 K.

Yarmand et al. [128] studied the thermophysical properties of hybrid
GNP-Ag nanocomposite. Water is selected as base fluid. The density,
specific heat, viscosity, and thermal conductivity variations with tem-
perature (20 — 40 °C) and concentration (0 — 0.1 wt.%) were reported. It
was observed that as the nanoparticle concentration increases, density,
viscosity, and thermal conductivity values were found to increase. The
viscosity and density value decreases with a rise in temperature, and
thermal conductivity increases as the temperature increases. Minea and
El-Maghlany [153] and Esfe et al. [154] studied the thermophysical
properties of Ag-MgO/water hybrid nanofluid at two different volume
concentrations 1.5 % and 2 %. It is observed that as the volume con-
centration increases, the density, viscosity, and thermal conductivity
value increases, and the specific heat value decreases.

Sundar et al. [40,155,156] studied the influence of temperature (20
and 40 °C) and volume concentration (0 to 0.3 %) on the thermophysical
properties of hybrid nanofluid consisted of 0.26 g of MWCNT - 0.74 g of
Fe304 with distilled water as base fluid. As the temperature increases,
the density, specific heat, and viscosity decreases, whereas the thermal
conductivity increases. The density, specific heat, thermal conductivity,
and viscosity increase with the rise of the volume concentration.
Hameed et al. [157] studied the thermophysical properties of Alumina —
Cu/water and Alumina ~-CNT/water hybrid nanofluids for two different
volume concentrations (0.1 % and 0.3 %). The density, viscosity, and
thermal conductivity of both the HyNFs increases slightly with the
volume concentration, whereas the specific heat values remain un-
changed. Kumar et al. [158] estimated the thermophysical properties of
various hybrid nanofluids of Al;03-MWCNT, TiO2-MWCNT, ZnO-
MWCNT, and CeO5-MWCNT/water at different concentrations ranging
from 0.25 to 2 %. It was observed that as the volume concentration
increases, the density increases, and the specific heat decreases. Kumar
and Sarkar [159] estimated the thermophysical properties of AlyOs-
CNT/water HyNF for the various mixing ratios such as Al;03-CNT (5:0),
Aly03-CNT (4:1), Al,03-CNT (3:2), Aly03-CNT (2:3), Al,03-CNT (1:4),
and Aly03-CNT (0:5). The variations in density, specific heat, viscosity,
and thermal conductivity subject to different volume mixing ratios were
minimal. Verma et al. [160] studied the thermophysical properties of
MgO-MWCNT/water and CuO-MWCNT/water-based HyNFs by varying
the particle volume concentration (0.0 to 2 %) and temperature (25 to
50 °C). As the temperature increases, the specific heat and thermal
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conductivity of the HyNFs increases, and the viscosity decreases with
volume concentration.

Minea and El-Maghlany [153] and Sundar et al. [161] examined the
accuracy of correlations used to determine the thermal conductivity and
dynamic viscosity of HyNF (0.15% GO-Co304 dispersed in water, 0.05%
GO-Co304 dispersed in 60% Ethylene Glycol and 40% Water, and 0.15%
GO-Co304 dispersed in 60% Ethylene Glycol and 40% Water) with the
experimental results. They found that the existing correlations were
inaccurate. Therefore, they developed new correlations to study the
properties of HyNF. Sundar et al. [162,163] measured the thermo-
physical properties of the ND-Ni/water HyNF at different volume frac-
tions (0 to 0.3 %) and temperatures (30 to 60 °C). The density and
viscosity of the HyNF were found to decrease, and the thermal con-
ductivity and specific heat were found to increase with an increase in
temperature.

In summary, the HyNF’s thermophysical properties are strongly
influenced by the nanoparticle concentration and operating tempera-
ture. As temperature rises, the density and viscosity decrease, whereas
the thermal conductivity and specific heat increase. It is observed that at
high temperatures, the nanoparticles’ velocity increases due to the
strong Brownian motion development, which results in higher thermal
conductivity. As the temperature increases, the viscosity reduces due to
the decrease in cohesive force between the molecules; however, a slight
increase in viscosity is observed due to the momentum transfer occur-
ring between adjacent layers in the turbulent flow. In contrast to the
above general fact, some researchers have reported a reduction in spe-
cific heat [40,155,156] and thermal conductivity [152] with
temperature.

The thermophysical properties such as density, viscosity, and ther-
mal conductivity increase with nanoparticle concentration, whereas
specific heat decreases. Since the thermal conductivity of nanoparticles
is much higher than the base fluid, the interaction of nanoparticles with
base fluid increases at higher concentrations. It helps in increasing the
thermal conductivity of HyNF. The viscosity value increases at higher
concentrations due to increased cohesive forces between like and unlike
molecules. In contrast to the preceding observations, some literature
reported a slight increase in specific heat with concentration
[40,155-157].

The variations in thermophysical properties (density, viscosity,
specific heat, and thermal conductivity) of different hybrid nanofluids
over the base fluid are compared in Figs. 6-9. It is observed that CuO-
MWCNT / water (2%; 50°C) HyNF reported higher values of density
and viscosity over base fluid. Similarly, ND-Ni/water (0.1%; 60°C) and
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MWCNT- Fe304 /water (0.3% and 20°C) reported higher thermal con-
ductivity and specific heat over base fluid, respectively. It is understood
that density, viscosity, and the thermal conductivity of the HyNF are
higher than that of the base fluid, whereas the specific heat of the HyNF
is slightly lower. The thermophysical properties for some of the hybrid
nanofluids widely used in heat transfer applications are listed in Table 2.

4. Heat transfer applications

Hybrid nanofluid is extensively used in various heat transfer appli-
cations, as shown in Fig. 10. This section comprehensively reviewed the
various heat transfer applications, including heat exchangers, heat sinks,
heat pipes, photovoltaic modules, natural convection enclosures,
refrigeration systems, jet impingement cooling, boiling, and thermal
energy storage systems.

4.1. Heat Exchangers

The heat exchanger is a device to exchange the heat between two or
more fluids. It is widely used in many industries such as heating, air
conditioning, chemical processing, petroleum, automobiles, power
plants, waste heat recovery, solar heaters, cryogenic, food, and phar-
maceutical [168]. The growing energy demand is reflecting the need for
more efficient heat exchangers [169,170]. Heat transfer enhancement in
heat exchangers can be achieved by either active or passive methods.
Active methods generally require an external power source for heat
transfer augmentation, which is comparatively sophisticated and less
energy efficient. In the passive methods, the heat transfer rate is
increased by minimizing the thermal boundary layer thickness and
enhancing the fluid mixing. This can be achieved via introducing arti-
ficial roughness, fins, vortex generators, twisted tapes, and coiled wires
[171-180]. In addition to this, improvement in the working fluid’s
thermophysical properties can lead to an increased heat transfer. In the
last decade, many researchers extensively investigated the mono nano-
fluid applications in heat exchangers and showed a considerable
improvement in the heat exchangers’ performance [181]. In recent
years, hybrid nanofluids have attracted the researcher’s attention due to
their improved thermophysical properties and stability [182].

According to the configuration, the recuperative heat exchanger can
be mainly classified into three categories, (1) Tubular heat exchangers,
(2) Plate type heat exchangers, and (3) Extended surface heat ex-
changers [183]. The working fluid passage for most of the heat ex-
changers is a tubular conduit. Therefore, it is essential to understand the
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Fig. 6. Comparison of HyNF density over base fluid.
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+  ALO,-CNT (4:1)/ water (0.01%:30°C) [159]

+  ALO,-CNT (3:2)/ water (0.01%:30°C) [159]
1.05 - +  ALO,-CNT (2:3)/ water (0.01%;30°C) [159]

' +  ALO,-CNT (1:4)/ water (0.01%:30°C) [159)
ALO, -CNT (0:5) / water (0.01% ; 30°C) [159]
MgO-MWCNT / water (2%; 25 C) _ [160]
MgO-MWCNT / water (2%: 50°C)  [160)
CuO-MWCNT / water (2%; 25°C) . [160]
CuO-MWCNT / water (2%; 50 °C)  [160]
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Fig. 9. Comparison of HyNF thermal conductivity over base fluid.
fundamental behavior of the HyNF in various tubular sections such as a bare circular tube, and the related works are summarized in Table 3.

circular, elliptical, triangular, and rectangular. Hence, the first part of The second part of this section focuses on the hydrothermal performance
this section mainly discusses the hydrothermal behavior of the HyNF in of HyNF on the full-scale heat exchangers, and the associated works are
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Table 2
Thermophysical properties of different hybrid nanofluids.
Hybrid Nanofluid specification Thermophysical properties Ref.
Density Viscosity Specific heat Thermal conductivity
(kg m™®) (kg m? s1) (J kg'KY) (Wm'K?h)
Al03- Cu /transformer oil (0.1vol. %) 998 4.49%10°° 1840 0.32 [164]
Al03 - Cu / water (0.1vol. %) 1001.3 9.3%10* 4176.8 0.62 [165-167]
Al,03-TiO, /water (0.1vol. %) 1029.1 1.315 *10°° 4044.6 0.64 [151]
TiO2-ZnO /water (0.1vol. %) 1037.3 1.315 *10°® 4011.5 0.64
ZnO - Al,03 /water (0.1vol. %) 1036 1.315 *107 4017.4 0.64
1.5 % Al,03 -1.5% TiO / oil (300 K) 1024 9.87%10°° 1526 0.14 [152]
1.5 % Al,03 -1.5% TiO / oil (650 k) 683 7.8%10° 1951 0.072
0.15 % GO - Co304 / water 1001.9 10.4*10* 4172.6 0.63 [153,161]
0.05 % GO - Co304 / 60 % Ethylene Glycol + 40 % Water 1087.3 62.3%10 3082.7 0.34
0.15 % GO - Co304 / 60 % Ethylene Glycol + 40 % Water 1089.5 68.910™ 3080.3 0.34
0.85 g ND - 0.15 g Ni / water (0.1 vol. % & 30 °C) 1000.4 9.3*10™* 4174.2 0.66 [162,163]
0.85 g ND - 0.15 g Ni/water (0.1 vol. % & 60 °C) 987.9 5.3*10* 4179.2 0.80
GNP-Ag / water (0.1 vol. % & 20 °C) 998 1.26%10° NA 0.68 [128]
GNP-Ag / water (0.1 vol. % & 40 °C) 992 9.2¥10°* NA 0.76
50 % Ag -50 % MgO / water (1.5 vol.%) 1089 10.25*10* 4127.5 0.67 [153,154]
50% Ag — 50% MgO / water (2 vol.%) 1119.2 10.91*10™* 4109.4 0.69
0.26 g MWCNT - 0.74 g Fe304 / 1002 0.91%10°3 4182.6 0.67
water (0.1 vol. % & 20 °C) [40,155,156]
0.26 g MWCNT - 0.74 g Fe3O4 / 995.8 0.61%10°3 4179.6 0.72
water (0.1 vol. % & 20 °C)
0.26 g MWCNT - 0.74 g Fe304 /water (0.3 vol. % & 20 °C) 1010.1 1.01%10° 4183.9 0.68
0.26 g MWCNT - 0.74 g Fe30,4 /water (0.3 vol. % & 40 °C) 1003.6 0.76*10° 4180.9 0.76
Alumina—Cu /water (0.1vol.%) 1002.2 0.95%10°3 4176.8 0.62 [157]
Alumina—Cu /water (0.3vol.%) 1002.3 0.98%10°3 4176.8 0.63
Alumina-CNT /water (0.1vol.%) 1001.1 0.98%10°3 4174.0 0.63
Alumina-CNT /water (0.3vol.%) 1004.6 1.01*10° 4174.7 0.64
Al,03 - MWCNT / water (0.25 vol.% &35 °C) 1004 NA 4150 NA [158]
Al,03 - MWCNT /water (2 vol.% & 35 °C) 1035 NA 4056 NA
ZnO - MWCNT / water (0.25 vol.% & 35 °C) 1010 NA 4030 NA
ZnO - MWCNT / water (2 vol.% & 35 °C) 1040 NA 3980 NA
TiO, - MWCNT / water (0.25 vol. % & 35 °C) 1010 NA 3867 NA
TiO, - MWCNT / water (2 vol.% & 35 °C) 1038 NA 3776 NA
CeO, - MWCNT / water (0.25 vol.% & 35 °C) 1015 NA 4028 NA
CeO, - MWCNT / water (2 vol.% & 35 °C) 1043 NA 3910 NA
Al,03 -CNT (5:0)/ water (0.01 vol.% & 30 °C) 998.8 9.3%10™ 4181 0.61 [159]
Al,03-CNT (4:1) / water (0.01 vol.% & 30 °C) 998.7 9.4%107* 4180.8 0.61
Al,03-CNT (3:2) / water (0.01 vol.% & 30 °C) 998.2 9.5%107* 4180.4 0.61
Al,03-CNT (2:3) / water (0.01 vol.% & 30 °C) 998 9.5%10* 4180.3 0.61
Al,03-CNT (1:4) / water (0.01 vol.% & 30 °C) 997.9 9.7%10* 4180.1 0.61
Al,03-CNT (0:5) — water (0.01 vol.% & 30 °C) 997.7 9.9%107* 7179.9 0.62
80% MgO - 20% MWCNT / water (2 vol.% & 25 °C) NA 1.26%10° 3538 0.65 [160]
80% MgO - 20% MWCNT / water (2 vol.% & 50 °C) 1040 0.79%10°3 3674 0.70
80%CuO - 20% MWCNT / water (2 vol.% & 25 °C) NA 1.25%10° 3592 0.65
80%CuO - 20% MWCNT / water (2 vol.% & 50 °C) 1048 0.82%10°3 3785 0.71

listed in Table 6.

Suresh et al. [167] studied the heat transfer behavior of Al,03-Cu/
Water (0.1 vol.%) HyNF under the laminar flow regime in a uniformly
heated circular pipe. They showed that compared to pure water, a
maximum of 13.9% improvement in Nusselt number was obtained for
HyNF at Re = 1730, and the average increase in Nusselt number and
friction factor obtained was 10.9% and 16.9%, respectively. This study
also demonstrated that the increase in Nusselt number attained by
Al;03/Water MoNF was 6.0% higher than that of pure water, which
indicates that the heat transfer enhancement attained by HyNF was
4.9% higher than that of MoNF. The reason for this improvement is the
enhancement of thermal conductivity of HyNF due to the addition of
metallic nanoparticles (Cu) into the MoNF. Balla et al. [184] numerically
investigated the CuO-Cu/water HyNF behavior in a circular tube and
found 30-35% enhancement in Nusselt number compared to water.
Labib et al. [135] numerically examined the heat transfer coefficient for
the laminar flow of CNT- Al,O3/Water HyNF in a circular tube main-
tained at a constant heat flux. They used a two-phase mixture model for
the numerical analysis and reported a maximum increment of 59.9% in
the heat transfer coefficient for 0.05 vol.% CNT + 1.6% Al,O3/water
HyNF compared to 0.05 vol.% CNT/water MoNF. The reduction in
boundary layer thickness, caused by the higher shear thinning effect, has
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been attributed to the heat transfer augmentation. The velocity and
temperature profiles of the HyNF are compared with the MoNF, as
shown in Fig. 11. The HyNF profiles demonstrated a developing region
behavior, whereas the MoNF profiles exhibited a fully developed flow
character. Due to this, the HyNF showed better thermal performance
over the MoNF.

Sundar et al. [40] observed a 31.1% increase in Nu for 0.3 vol.%
MWCNT-Fe304/Water HyNF with 1.18 times increase in friction factor
at Re 22,000. Moghadassi et al. [166] numerically simulated the
experimental work of Suresh et al. [167] using a single-phase model and
mixture model. The percentage increase in Nu predicted by the mixture
model was 13.4% and 4.7% compared to the water and AlyO3/water
MOoNF, respectively, which is very close to the experimental measure-
ments of Suresh et al. [167]. Hence, they proposed that the mixture
model is more suitable for the numerical analysis of hybrid nanofluids.
Sundar et al. [155] experimentally investigated the hydrothermal
characteristics of CNT- Fe3O4/Water HyNF in the plain circular tube and
the tube with a twisted tape insert. They observed that in the plain
circular tube, the Nusselt number increased by 31.1% with 1.18 times
increase in friction factor for 0.3 vol.% CNT-Fe3O4/Water HyNF, which
is the same as that of the one found for 0.3 vol.%MWCNT-Fe304/Water
HyNF in Sundar et al. [40]. It implies that both CNT-Fe3O4/Water and
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Fig. 10. Heat transfer applications using hybrid nanofluids.

MWCNT-Fe304/Water exhibit similar thermofluids performance in the
turbulent flow regime. Moreover, the use of twisted tapes has further
increased the Nusselt number by 42.5% at Re = 22,000. Yarmand et al.
[128] examined the role of GNP-Ag/Water HyNF on augmenting the
heat transfer performance in the turbulent flow regime. They found that
the maximum heat transfer enhancement of 32.7% (Nu) occurred for 0.1
wt.% HyNF at Re = 17,500. However, it was accompanied by 1.1 times
increase in friction factor. Takabi et al. [185] concluded a 7.2%
improvement of Nusselt number for Al;03-Cu/Water (0.1 vol.%) HyNF,
which is about 3% lesser than those reported by Suresh et al. [167] and
Moghadassi et al. [166] for the same HyNF. Hussein et al. [186]
experimentally studied the behavior of MWCNT-GNP/water HyNF in a
mini circular tube (D = 1.1 mm) for the low Reynolds number range of
200 - 500. They found that the maximum (43.4%) increase in heat
transfer coefficient was attained at a small Reynolds number of 200.
They also showed that the heat transfer coefficient enhancement got
reduced in the low Reynolds number flow regime. It is important to
mention that this finding is valid only for the mini tube. Whereas, in the
large size tubes, other studies showed that for both laminar and turbu-
lent flows, the maximum heat transfer enhancement occurs at higher
Reynolds numbers due to the increase in flow inertia
[40,128,135,155,166,167]. Megatif et al. [48] studied the heat transfer
performance of TiO,-CNT/water HyNF in a heated circular tube with the
following conditions: Re = 1940, Tj, = 25, 32, and 48 °C with the weight
concentrations around 0.1% - 0.2%. They showed that the addition of
carbon nanotubes into TiOz nanofluid could increase the average heat
transfer coefficient up to 33.7%.

The comparison of hybrid nanofluids performance over the base fluid
with respect to Nusselt number and friction factor is summarized in
Figs. 12 (a) and (b). It can be observed that the Nusselt number and
friction factor ratio of HyNF over base fluid were reported to be higher in
Al,03-CNT / water — 0.3 vol % at a lower Reynolds number. It was re-
ported that in the laminar regime, the heat transfer enhancement
attained via HyNF was almost 10-45% higher than that of the base fluid;
however, it was also accompanied by a 10-45% increase in pressure
drop. Whereas in the turbulent regime, the attained heat transfer
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enhancement was 5-40%, but the increase in pressure drop was only 3-
20%. The enhancement in heat transfer coefficient is attributed to the
interaction of nanoparticles with each other, which is more pronounced
in the boundary layer region. However, the increased pressure drop is
comparatively higher in the laminar flow regime due to the increased
viscosity of HyNF (13%-50% higher than the base fluid), which resulted
in a thicker boundary layer. It implies that the use of HyNF is more
pronounced in turbulent regimes.

Arunachalam et al. [187] conducted an experimental investigation
on Al;O3-Cu/Water HyNF to study the hydrodynamic and heat transfer
behavior in a plain circular tube and a tube having a V-cut twisted tape
insert. They found a maximum enhancement of 42% in Nu for the tubes
with V-cut inserts. Hamid et al. [188] studied the effect of various
mixing ratios of TiO3 and SiO; (20:80, 40:60, 50:50, 60:40, and 80:20)
on heat transfer augmentation with inlet temperature ranging from 30 to
70 °C. They used a mixture of water and ethylene glycol as the base fluid.
It was found that the HyNF with a 40:60 mixture ratio provided a 35.3%
higher heat transfer coefficient at 70 °C with a negligible pressure drop
penalty due to the enhanced thermal conductivity and reduced viscosity,
respectively. They reported the least enhancement of 9% for a 50:50
mixture ratio of 1 vol.% HyNF at 30 °C due to the adverse thermo-
physical properties. In contrast, Nabil et al. [189] showed that a 50:50
mixture ratio of 1 vol.% TiO»-SiOy/water-EG HyNF yielded a 13.6%
increase in heat transfer coefficient at 30 °C with a slight increase in
pressure drop, and 3 vol.% HyNF provided a maximum improvement of
81% at 70 °C.

To clear this discrepancy, more experimental studies are required on
TiO9-SiO2/water-EG HyNF for various mixture ratios. For the same
HyNF, Hamid et al. [190] demonstrated that for the tube with wire coil
inserts, a maximum of 254.4% enhancement in heat transfer was found
at a pitch ratio of 0.83 with 6.38 times higher pressure drop. Though the
pitch ratio of 0.83 exhibited a higher heat transfer, the pitch ratio of 1.5
was found to be optimum in terms of thermal performance factor. To
understand the heat transfer and flow behavior, Sundar et al. [162,163]
performed an experimental study on ND-Ni/Water HyNF in the tubes
with and without longitudinal stripes. The results revealed that the in-
crease in Nusselt number was 35.4% and 93.3% at Re = 22,000 for tubes
with and without longitudinal inserts, respectively. Hussein et al. [191]
studied the thermofluids behavior of MWCNT-GNP/Water HyNF in a
brass microtube for the low Reynolds number flow regime (Re = 200 —
500). They showed a maximum enhancement of 58.2% in the Nusselt
number with a penalty of 12.4% increase in pressure drop. Hussein et al.
[192] numerically analyzed the heat transfer characteristics of
Aly03 Graphene/water in a mini tube and found that the Nu was
increased by 13.7%. Hameed et al. [157] compared the thermal per-
formance of Al;03-Cu/water and Al,O3-CNT/water hybrid nanofluids.
The results demonstrated that the heat transfer enhancement obtained
by Al,03-CNT/water was better than the Al,O3-Cu/water due to the
improved thermal conductivity of the earlier HyNF. Dalkilic et al. [193]
experimentally investigated the heat transfer behavior of graphite-SiOz/
water HyNF in the tube with quad-channel twisted tape inserts (QDCC).
They showed a 26% enhancement in heat transfer coefficient for the
tube with QDCC.

Table 3 shows that many authors widely studied the circular geom-
etry due to its wider use in industries. However, studies on the effect of
HyNF on other tubular sections, such as elliptical, triangular, and rect-
angular are still limited. In Table 4, Nusselt number and friction factor
correlations proposed by many researchers are listed for various hybrid
nanofluids.

Usually, hybrid nanofluid comprises two nanocomposites; hence,
from each HyNF, two MoNF can be derived. Based on this, the heat
transfer performance of various hybrid nanofluids is compared with the
corresponding two mono nanofluids, illustrated in Table 5. The heat
transfer performance of the various fluids (HyNF, MoNF-1, and MoNF-2)
is assessed on a scale of 1-3. For the given fluid, scale 1 denotes the
highest heat transfer enhancement compared to the base fluid, whereas
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Reference Method  Hybrid Base fluid Concentration Re/ Flow rate Type of heat exchanger Comparison of HyNF Heat transfer and Pressure
Nano drop Characteristics with base fluid
composite
Suresh et al. E Al,03-Cu Water 0.1 vol.% Laminar (Re = Circular tube with A maximum increase of 13.5% in Nusselt number
[167] 700-2300) constant heat flux (Nu) was attained with a penalty of 16.9%
increase in friction factor
Balla et al. N CuO-Cu Water 0-1vol.% Laminar (Re=  Circular tube with Enhancement of 30-35% in Nu
[184] 100-1100) constant heat flux
Labib et al. N Al,03-CNT Water - Laminar (Re = Circular tube with HyNF (0.05 vol.% CNT+1.6 vol.% Al,O3) has
[135] 500-2000) constant heat flux provided 59.9% enhancement in heat transfer
coefficient when compared to 0.05 vol.% CNT-
Water MoNF
Sundar et al. E MWCNT- Water 0.1-0.3vol.% Turbulent (Re Circular tube with An increase in Nu of up to 31.1% was observed
[40] Fe304 = 3000- constant heat flux for 0.3 vol.% of HyNF with a penalty of 1.18
22000) times increase in friction factor at a Reynolds
number of 22000
Moghadassi N Al,03-Cu Water 0.1 vol.% Laminar (Re <  Circular tube with Average increase in Nusselt number of 13.5% was
etal. 2300) constant heat flux obtained with an increase of 15.5% in pressure
[166] drop
Sundar et al. E CNT-Fe304 Water 0.1-0.3vol.%  Turbulent (Re Circular tube with Tube with twisted tape has resulted 42.5%
[155] = 3000- twisted tape - constant enhancement in Nu with a penalty of 1.23 times
22000) heat flux increase in friction factor
Yarmand et al. E GNP-Ag Water 0.02 - 0.1 wt. Turbulent (Re Circular tube with A maximum of 32.7% enhancement of Nu was
[128] % = 5000- constant heat flux attained for 0.1 wt.% HyNF at Re = 17500.
17500) Correspondingly, friction factor increased by 8%
Takabi et al. N Al,05-Cu Water 0.1 -2vol% Laminar (Re Circular tube with Average increase in Nusselt number of 7.2% was
[185] 600 - 2300) constant heat flux obtained with an increase of 10.9% in pressure
drop
Hussein et al. E MWCNT- Water o Laminar (Re = Mini circular tube with Average heat transfer coefficient enhancement of
[186] GNP 200 -500) constant heat flux up to 33.5% was attained for a 0.25 wt.% with a
penalty of 11% increase in pressure drop
Megatif et al. E TiO2-CNT Water 0.1-0.2wt.% Re = 1940 Circular tube with Increase in average heat transfer coefficient of
[48] constant heat flux 33.7% for 0.2 wt.% was reported
Arunachalam E Al,03-Cu Water - Laminar (Re < Circular tube with V-cut HyNF (0.01% Cu + 0.4% Alumina) provided a
etal. [187] 2300) twisted tape - constant maximum of 42% improvement in Nusselt
heat flux number for the circular tube with V-cut tube
inserts
Hamid et al. E TiO2-SiO4 Water+EG 1.0 vol.% Turbulent (Re Circular tube with A maximum enhancement of 35.3% in heat
[188] (60:40) = 3000 - constant heat flux transfer coefficient was reported for 40:60
24000) mixture ratio. Furthermore, it showed a slight
increment in friction factor, only 1.02 times
higher than base fluid.
Nabil et al. E Ti0,-Si0, Water+EG 0.5- 3.0 vol.% Turbulent (Re Circular tube with A maximum of 80.9% improvement in heat
[189] (60:40) = 3000 - constant heat flux transfer coefficient was obtained for 3 vol.%
24000) HyNF with a slight increase in friction factor
Hamid et al. E Ti0,-Si0, Water+EG 0.5- 3.0 vol.% Turbulent (Re Circular tube with wire A maximum enhancement of 254.4% in Nusselt
[190] (60:40) = 2300 - coil inserts - constant number was attained for 2.5 vol.% and pitch-
12000) heat flux diameter (PD) ratio of 0.83 when compared to
the plain tube. Furthermore, wire coil insert
arrangement provided a 6.38 times higher
friction factor for the 0.83 PD ratio
Sundar et al. E ND-Ni Water 0.1-0.3vol.%  Turbulent (Re Circular tube with Nusselt number of HyNF with 0.3 vol.% was
[162] = 3000 - constant heat flux increased by 35.4% at Re = 22000. However, for
22000) the same Re, the friction factor was increased up
to 1.12 times
Sundar et al. E ND-Ni Water 0.1-0.3vol.% Turbulent (Re Circular tube with Tube with longitudinal strip insert (AR = 1.0) has
[163] = 3000 - longitudinal strip inserts-  provided a 93.3% enhancement in Nusselt
22000) constant heat flux number and a penalty of 1.248 times increase in
friction factor compared to plain tubes operated
with water.
Hussein et al. E MWCNT- Water 0-0.125wt.%  Laminar (Re=  Circular micro tube with Heat transfer coefficient and pressure drop were
[191] GNP 200 - 500) constant heat flux increased by 58.2% and 12.4%, respectively
Hussein et al. N Al,O3- Water o Laminar (Re = Circular mini tube with Enhancement in Nusselt number of 12.7-13.7%
[192] Graphene 100 - 1600) constant heat flux was reported
Hameed et al. E Al,03-CNT; Water 0.1-0.3vol.%  Laminar(Re=  Circular tube with Al;03+CNT and Al,03+Cu HyNFs enhanced the
[157] Al,05-Cu 700-2300) constant heat flux Nusselt number by 26.6% and 16.5%,
respectively. However, friction factor was also
increased by 38.4% and 30.8% respectively.
Dalkilic et al. E Graphite- Water 0.5 -1 vol.% Turbulent (Re Circular tube with quad Increase in heat transfer coefficient of 26% was
[193] SiO, = 3400 - channel twisted tape provided by tube with QDCC for 1 vol.% HyNF

11000

insert (QDCC) - constant
heat flux

*E — Experimental study; N — Numerical study
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Fig. 11. Comparison of velocity profile and temperature profile of HyNF with
MOoNF [135].

scale 3 denotes the least enhancement of heat transfer coefficient
compared to the base fluid. It is important to note here that for many
studies, heat transfer data of the metallic nanofluids (MoNF) are not
available in the respective literature for comparison; so, for those cases,
only the performance of metal-oxide nanofluids are compared with the
HyNF. Table 5 clearly demonstrates that the heat transfer performance
of HyNF is better than the metal-oxide MoNF. However, Balla et al.
[184] showed that the Cu/Water MoNF (metallic nanofluid) exhibited a
higher heat transfer coefficient (HTC) than that of Al,Os-Cu/water
HyNF. Metallic nanofluid showed a higher HTC due to its improved
thermal conductivity. Though the thermal conductivity of metallic
mono nanofluid is high, its stability is lacking compared to the metal-
oxide mono nanofluids, which contains relatively higher stability. This
fact impedes the use of metallic nanofluids in practical applications. To
overcome this issue, the metallic mono nanofluids (higher thermal
conductivity) and the metal-oxide mono nanofluids (higher stability) are
combined to develop hybrid nanofluid. This newly developed HyNF
possesses the synergetic effect of both the higher thermal conductivity
and stability, which makes the HyNF a potential candidate for various
heat transfer applications [194].

So far, the performance of hybrid nanofluids in a single circular tube
is discussed. In this section, the applications of HyNF in the full-scale
heat exchangers (HX), such as shell and tube HX, tube in tube HX, and
plate heat exchangers, are discussed, and the summary is presented in
Table 6. Madhesh et al. [43] experimentally determined the Nusselt
number and the friction factor for a tube in tube counter-flow heat
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exchanger using Cu-TiOo/water HyNF for the volume concentration of
0.1% to 2.0%. The results revealed that the Nusselt number enhance-
ment (49%) was achieved up to a volume concentration of 1.0%, beyond
which a considerable degradation in heat transfer enhancement was
noticed. However, another similar study conducted by Madhesh et al.
[195] showed that the optimum volume concentration for Cu-TiOy/
water HyNF was 0.7%. A maximum increase of 59.3% in the Nusselt
number was obtained for 0.7 vol.%. The heat transfer enhancement
started to deteriorate beyond 0.7 vol.% due to the increase in viscosity
and agglomeration, which in turn reduces the fluid velocity and the
interaction between the base fluid and nanoparticles. They also pro-
posed a heat transfer correlation for counter-flow heat exchangers,

Nu = 0.012 Re Pr®33 %2 4000 < Re < 8000&0.1 < ¢ < 1.0 vol.% (25)
Nu = 0.012 Re'!#8 P33 094 4000 < Re < 14000&0.1 < ¢ < 1.0 vol.%
(26)

Phanindra et al. [164] conducted experimental and numerical
studies on a counter-flow tube in tube heat exchanger using 0.1 vol.%
Al;03-Cu/transformer oil. They showed a 12.1% increase in the Nusselt
number at a Reynolds number of 1820. Bahiraei et al. [196] numerically
investigated the thermal and hydraulic performances of CNT-Fe304/
water HyNF in a minichannel heat exchanger. They reported an
improved heat transfer performance of HyNF over water and mono
nanofluids, and a maximum of 53.8% increase in heat transfer coeffi-
cient was obtained at a Reynolds number of 500. Heat transfer perfor-
mance was more influenced by the rise in magnetite concentration (i.e.,
Fe304) than the CNTs concentration. This is due to significant
improvement in thermal conductivity obtained by adding the magnetite
nanoparticles over the CNT. Shahsavar et al. [197] compared the
Newtonian and non-Newtonian behavior of CNT-FegO4/water HyNF in a
double pipe heat exchanger. The study concluded that the assumption of
Newtonian fluid behavior for HyNF could result in a significant pre-
dictive deviation (up to 19.6% deviation was observed for performance
evaluation criterion) in pressure drop and pumping power. Whereas the
same has a minor impact (less than 2.91%) on the heat transfer calcu-
lation. So, this study implies the necessity of considering the HyNF as
non-Newtonian fluid.

Singh et al. [198] performed energy and economic analyses for
various hybrid nanofluids, such as Al;O3-MWCNT/water, AloO3-Ag/
water, Al;03-Cu/water, and Al,03-TiOo/water, in a shell and tube heat
exchanger. The results showed that a maximum of 3.2% enhancement in
heat transfer was found for AlyO3-Ag/water HyNF with a higher pres-
sure drop. Whereas Al,03-MWCNT/water exhibited a 2.9% increase in
heat transfer rate with a slight increase in pressure drop. The Al,O3-
MWCNT/water requires an 11.6% lesser pumping power, whereas the
same was 10.9%, 10.2%, and 9.6% for Al,O3-TiO,/water, Al,O3-Cu/
water, and AlyO3-Ag/water HyNFs, respectively. The economic assess-
ment also demonstrated that the Al;03-Ag/water HyNF demands a
payback period of 247 years, whereas the payback period for Al,O3-
TiOo/water drastically reduced to 9.8 years. Anitha et al. [199] studied
the hydraulic and thermal response of shell and tube heat exchanger
using AlyOs-Cu/water HyNF. The results demonstrated that the heat
transfer coefficient obtained by HyNF was 139% and 25% higher than
water and Cu/water mono nanofluid, and the obtained Nusselt number
was 90% higher than that of Al,O3/water MoNF. Hence, it can be firmly
stated that the heat transfer performance of the hybrid nanofluid is
better than that of mono nanofluid.

Hung et al. [114] adopted hybrid carbon nanofluids in an air-cooled
heat exchange system and measured the heat exchange capacity and the
system efficiency factor. An increase in the heat exchange capacity (13
%) and the system efficiency factor (11.7 %) were achieved at the inlet
temperature of 35 °C and a flow rate of 2 LPM. The enhancement ratio in
heat exchange capacity and system efficiency factor was more tangible
for higher Re (greater than 8000), below which (but still within the
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Fig. 12. Comparison of hybrid nanofluids performance over base fluid (a) Nusselt number and (b) Friction factor.

turbulent flow condition) the HyNF has not shown any significant
improvement. Nevertheless, other turbulent flow-related studies
[40,128,155,162,163,188-190,193] showed that the significant
enhancement in heat transfer rate could be attained for the Reynolds
number less than 8000. Karimi et al. [200] examined the MgO-MWCNT/
EG HyNF in an air-cooled heat exchange system. They showed a
maximum enhancement of 20% in Nusselt number at a Reynolds num-
ber of 350, volume concentration of 1%, and inlet temperature of 45 °C.
The increase in pressure drop was 50% at a Reynolds number of 350, the
volume concentration of 0.8%, and inlet temperature of 45 °C. This
study reported that the concentration of nanofluids and Reynolds
number are the crucial factors affecting the heat transfer and pressure
drop characteristics, which is consistent with most of the studies.
However, they reported a small effect of fluid inlet temperature on
pressure drop and heat transfer rate despite having a higher thermal
conductivity of HyNF at higher temperatures, which contradicts the
results obtained by other researchers. A detailed discussion of the effect
of inlet temperature on thermofluids performance of HyNF is provided
later in this section.

Sahoo et al. [201] compared the heat transfer performance of various
hybrid nanofluids, including Al,O3-Ag/water, Al,O3-Cu/water, Al,O3-
CuO/water, Al,O3-Fe;O3/water, and Al,03-TiOy/water in a louvered fin
automotive radiator. Similarly, Sahoo et al. [202] numerically analyzed
the performance of various HyNFs, including Al,03-Ag/EG, AlyO3-Cu/
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EG, Al;03-SiC/EG, Al;03-CuO/EG, and Al;03-TiO3/EG in a louvered fin
automotive radiator. Both the studies showed that the Al;03-Ag based
hybrid nanofluid could provide a higher heat transfer coefficient than
the other hybrid nanofluids. However, the pressure drop of Al,O3-Ag
based hybrid nanofluid was also the highest among other HyNFs. For the
fixed flow rate and heat transfer rate, using Al,O3-Ag based hybrid
nanofluid, the heat exchanger size could be reduced approximately by
3.8% with a 2.9%-3.4% increase in pumping power. Huminic et al.
[203] performed a comparative study between MWCNT-Fe3O4/water
and ND-Fe304/water HyNFs in a flat tube automobile radiator. The re-
sults showed that MWCNT-Fe3O4/water HyNF provided a higher heat
transfer coefficient than that of the ND-FegO4/water HyNF. A maximum
of 21% and 15% enhancement in the heat transfer coefficient was
attained by MWCNT-Fe3O4/water and ND-FegO4/water HyNFs,
respectively. Huminic et al. [204] showed a 16.4% enhancement in the
heat transfer coefficient using MgO-MWCNT/EG in a flat tube automo-
bile radiator.

Returi et al. [205] performed a numerical analysis on a spiral plate
heat exchanger using Al,03-CuO/water and Al,03-TiO2/water HyNFs.
They observed an over 16%-27% increase in heat transfer rate for the
volume concentration of 4%. Further, AloO3-CuO/water HyNF yielded a
10% higher heat transfer rate than Al;O3-TiOy/water HyNF. Allahyar
etal. [78] showed a 31.58% increase in the Nusselt number using Al;O3-
Ag/water HyNF in a coiled heat exchanger. Furthermore, Hormozi et al.
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Table 4
Summary of the HyNF’s Nusselt number and friction factor correlation for cir-
cular tubes.

Reference HyNF Description Correlation Deviation
Suresh et al. Aly03-Cu/ Re < 2300; Nu = 0.031 (Re -3% and
[167] water ¢ =0.1 vol. Pr)®8 (1+ ¢)95'73 +5% for Nu;
% f=26.44Re*%% .50 and
1+ )1oe® +3% for f
Sundar et al. MWCNT- 3000 < Re Nu = 0.0215 Re®® Standard
[40] Fe304/ < 22000 Pr® (14 ¢)°75 deviation of
water Ovol% <¢$p <03 8%
vol.%; 4.50 < Pr and 2.72%
< 6.13 for Nu and f,
f=0.3108 Re respectively
0.245 (1+ ¢)0.42
0vol.% < ¢ < 0.6
vol.%; 3.72 < Pr
<6.37
Moghadassi Al,03-Cu/ Re < 2300; Nu = 0.125 +7% for Nu;
etal. [166]  water ¢=01vol. Re*?Pr®33 (14  .5%and
% D +7% for f
f=133.57 Re'"12
1+ ¢)112.45
Sundar etal.  CNT- 3000 < Re Nu = 0.0223 Re*®
[155] Fe304/ < 22000 PrS (1+ ¢)*58
water 0<H/D< (1+H/D)"0%6; NA
15 0vol.% < ¢ < 0.3
vol.%; 3.75 < Pr
< 6.23
f = 0.31 Re%2*°
A+ )47 (1+H/
D)o.013
0vol.% < ¢ < 0.3
vol.%;
Yarmand GNP-Ag/ 5000 < Re Nu = 0.0017066 Maximum
etal. [128]  water < 17500; Re®-9258 pyl1:29001 deviation of
owt% <¢  f=0.567322Re  8.05%
<0.1 Wt.%; 0.285869 ¢0'0271605 and 0.9% for
Nu and f,
respectively
Hamid et al. Ti0,-Si02/ 3000 < Re Nu = 0.023 Re®® Standard
[188] W+HEG < 24000; P 1+ deviation of
Ovol% <¢  $/100)'° (0.1+T/  4.88%
<1.0vol.%;  70)%%2 (14R) and 2.12%
30<T<70 0.218 for Nu and f,
°G; f=0.3164 Re®?®  respectively
0<R<08 (14 ¢/100)*!
(1+R)-0.032
Nabil et al. TiO,-Si0»/ 3000 <Re  Nu=0.023Re®®  Standard
[213] W+HEG < 24000; Pro (14 deviation of
0vol% < ¢  ¢/100)%° 4.2%
<3.0vol.%;  (0.01+T/70)%% and 2.9% for
30<T<70 f=0.3164Re®® Nuandf,
°G; (14 ¢/100)>® respectively
Hamid et al. TiO,-Si0y/ 2300 < Re Nu = 1.65 x 10 Standard
[190] W+HEG < 12000; Re®7%° pr?®% (14 deviation of
ovol.% < ¢  $/100)%%® (P/D)”  6.35%
<3.0vol.%; 041! and 4.31%
0.83<P/D  f=4.16Re®? for Nu and f,
<417 1+ ¢/100)>3 respectively
(1+P/DYY
Sundar etal.  ND-Ni/ 3000 < Re Nu = 0.022 Re®®  Standard
[162] water < 22000; ProS (14 )0 deviation of
Ovol% < ¢  f=0.295Re®!  51%
<0.3vol%; (14 ¢)°*307 and 2.01%
4.39 < Pr < for Nu and f,
5.71 respectively
Sundar et al. ND-Ni/ 3000 < Re Nu = 0.02433 Standard
[163] water < 22000; Re%8 pr04 (14 deviation of
Ovol% <¢ P 9.42%
<0.3vol.%; (1+AR)*°%! (D,/  and 2.18%
435 <Pr<  Dy)%15%2 for Nu and f,
5.85 f = 0.2689 Re respectively
0<AR< 4 02312 (1. ¢)0.3556
(1+AR)—0.0024
(Dy/DyY 0%
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Table 4 (continued)

Reference HyNF Description Correlation Deviation
Hussein et al. Al,03- 100 < Re < Nu = 3.33 (Re Pr R? = 0.954
[192] Graphene/ 1600 D/ 1+
water 312
Dalkilic et al. Al,03-Cu/ 3400 < Re Nu = 0.00012 Error margin
[193] water < 11000; Re'148294 of +5% and
¢=05and  Pr5%0% (14 +10%
1.0 vol.%; $)°-4297%6 (1/ for Nu and f,
L=14,28 L.41)0-401864 respectively
and 42 cm f = 0.646889 Re

0.318925639 (1 +

¢)1,90706352 (l/
L+1)7.158388067

[206] also conducted an experimental study in a helical coil exchanger
using AlyO3-Ag/water HyNF added with nonionic Poly Vinyl Pyrroli-
done (PVP) and anionic Sodium Dodecyl Sulfate (SDS) surfactants (0.1 —
0.4 wt.%). They concluded that the addition of 0.1 wt.% concentration
of SDS anionic surfactant into the Al,03-Ag/water HyNF could increase
the stability and enhance the thermal performance of the heat exchanger
by 16%.

Safi et al. [207] experimentally investigated the heat transfer per-
formance of MWCNT-TiOy/water HyNF in a plate heat exchanger and
noted a 20.2% increase in heat transfer for 0.08 wt.%. Huang et al. [208]
analyzed the convective heat transfer behavior of Al;,03-MWCNT/water
HyNF in the plate heat exchangers. They observed that the heat transfer
enhancement attained by hybrid nanofluid was very less when
compared to pure water and mono nanofluids. There is an apparent
contradiction between this study observation and other studies, such as
[40,186,191,198,200,203,204,207], which showed a significant heat
transfer enhancement using MWCNT based hybrid nanofluids. The
lower performance improvement might be attributed to the hybrid
nanofluid preparation method that produced poor bonding between
Al,03 and MWCNT nanocomposites, thereby adversely affecting the
thermophysical properties of HyNF. Also, the random motion of nano-
particles in the fluid mixture may, sometimes, align the nanocomposites
parallel to the fluid flow direction, which would also deteriorate the heat
transfer augmentation. Bhattad et al. [209] demonstrated a 39.2%
enhancement in heat transfer rate using Al,O3-MWCNT/water HyNF in
the plate heat exchangers. Bhattad et al. [210] performed a comparative
analysis of various hybrid nanofluids, including Al,03-SiC/water, AlyOs-
AIN/water, Al,03-MgO/water, Al,03-CuO/water, and Al,O3-MWCNT/
water, in the plate heat exchangers. They observed that Al;O3-MWCNT/
water HyNF had provided a maximum heat transfer enhancement of
31.2% with a negligible pressure drop. Whereas another similar study
performed by Bhattad et al. [211] on the plate heat exchangers using
Al;,03-MWCNT/water HyNF showed that the heat transfer performance
of MWCNT MoNF was superior to Al,O3-MWCNT/water HyNF; yet, this
observation is inconsistent with the previous study of Bhattad et al.
[209,210]. Bhattad et al. [212] theoretically analyzed the performance
of Al;03-Ag and MgO-Ag hybrid nanofluids in the plate heat exchangers
applicable for the milk chillers. The analysis used the ethylene glycol
(EG)-water and propylene glycol (PG)-water combination as base fluids.
The results revealed that the maximum and the minimum heat transfer
coefficient improvement of 9.3% and 8.1% were obtained for PG-based
Aly03-Ag hybrid nanofluid and EG-based MgO-Ag hybrid nanofluid,
respectively.

Based on the above-mentioned comprehensive review, it appears
that the results regarding the influence of inlet temperature of HyNF on
the heat transfer performance of the heat exchangers are inconclusive.
For example, Karimi et al. [200] reported no impact of inlet temperature
on heat transfer performance at different volume fractions, as shown in
Figs. 13 (a) and 13(b). Whereas Huminic et al. [203,204] and Safi et al.
[207] showed that the heat transfer enhancement deteriorates gradually
with increased fluid temperature. This is because of the decrease in
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Table 5
Heat transfer performance of assessment of HyNF with MoNF.
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Reference HyNF MOoNF-1 MoNF-2 HyNF Vs MoNF
HyNF MoNF-1 MoNF-2

Suresh et al. [167] Al,03-Cu/water Al,O3/water Cu/water 1 2 NA
Balla et al. [184] CuO-Cu/water CuO/water Cu/water 2 3 1
Labib et al. [135] Al;03-CNT/water Al,O3/water CNT/water 1 3 2
Sundar et al. [40] MWCNT-Fe30,4/water Fe30,4/water MWCNT/water 1 2 NA
Moghadassi et al. [166] Al,05-Cu/water Al,O3/water Cu/water 1 2 NA
Sundar et al. [155] CNT-Fe304/water Fe304/water CNT/water 1 2 NA
Yarmand et al. [128] GNP-Ag/water GNP/water Ag/water 1 NA NA
Takabi et al. [185] Al,05-Cu/water Al,O3/water Cu/water 1 2 NA
Hussein et al. [186] MWCNT-GNP/water GNP/water MWCNT/water 1 NA 2
Megatif et al. [48] TiO,-CNT/water TiOy/water CNT/water 1 NA 2
Arunachalam et al. [187] Al,03-Cu/water Al,O3/water Cu/water 1 2 NA
Hamid et al. [188] TiO,-SiO2/W+EG TiOo/W+EG Si0y/W+EG 1 2 3
Nabil et al. [189] TiO,-SiO2/W+EG TiOo/W+EG SiOy/W+EG 1 2 3
Hamid et al. [190] Ti0,-Si0»/WH+EG TiOy/WHEG Si0,/WHEG 1 2 3
Sundar et al. [162] ND-Ni/water ND/water Ni/water 1 2 3
Sundar et al. [163] ND-Ni/water ND/water Ni/water 1 2 3
Hussein et al. [191] MWCNT-GNP/water GNP/water MWCNT/water 1 NA 2
Hussein et al. [192] Al;03-Graphene/water Al,O3/water Graphene/water 1 2 NA
Hameed et al. [157] Al,05-Cu/water Al,O3/water Cu/water 1 2 NA
Hameed et al. [157] Al,03-CNT/water Al,O3/water CNT/water 1 2 NA

viscosity and density at higher temperatures, which in turn lead to a rise
in Reynolds number. This increase in Reynolds number may align the
nanoparticles rapidly and result in a smaller interaction between fluid
and particles; thus, the Brownian motion in hybrid nanofluid diminishes
and reduces the heat transfer rate, as shown in Figs. 14 (a) and 14(b). It
is important to note here that the thermal conductivity of hybrid
nanofluid increases with fluid temperature. In this regard, the reduction
in heat transfer coefficient is possible only if the reduction in Brownian
motion surpasses the effect of increasing thermal conductivity of HyNF.
In contrast to Huminic et al. [203,204] and Safi et al. [207], the results
of Bhattad et al. [209-211] demonstrated that the heat transfer coeffi-
cient increases with fluid inlet temperature due to the increase in ther-
mal conductivity of HyNF, as shown in Fig. 15. To clarify the
discrepancy among various studies, detailed experimental investigations
on the influence of inlet temperature on the heat transfer performance of
various heat exchangers are required for better clarity and
understanding.

4.2. Heat sinks

Miniaturized electronic components and semiconductor devices,
which are often accompanied with higher power dissipation, pose a
challenge on thermal management due to increased heat generation
[214,215]. To ensure reliable operation of the electronic equipments,
the junction temperature of the electronic components must be below
the threshold value of their specifications. The cooling of electronic
components can be achieved by air or liquid cooling methods. Owing to
the superior cooling capacity, liquid cooling methods are becoming
more popular and accepted for high-flux applications [216]. In liquid
cooling methods, water is mostly used as a working fluid as it offers
outstanding thermophysical properties and widespread availability
[217]. For further enhancing the cooling demand in response to the
gigantic rise in heat dissipation associated with 5G, HPC, IoT, smart
computing, and the like, it is therefore imperative to uplift the perfor-
mance of liquid cooling. The following techniques have been widely
used for augmenting the cooling capacity, such as providing different
geometrical configurations of the flow channel (ex., circular, elliptical,
triangular, trapezoidal, and rectangular), employing wavy structures in
the heat sinks, and introducing porous structure in the channels of heat
sinks [218-220]. Although the aforementioned techniques have
rendered a better cooling performance, further improvement in heat
transfer capacity can be achieved by enhancing the coolant’s thermo-
physical properties. One of such techniques recently developed is
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nanofluid. Many authors studied the role of mono nanofluids in heat
sinks and demonstrated superior performance over water [221-224].
Moreover, hybrid nanofluids are recently developed with higher thermal
conductivity and greater stability. This section discusses the thermal and
hydraulic performance of hybrid nanofluids in heat sinks and micro/
minichannels. The studies related to the micro/minichannel heat sinks
concerning the use of hybrid nanofluids are summarized in Table 7.
Nimmagada et al. [225] numerically investigated the heat transfer
and flow behavior of Al;03-Ag/water hybrid nanofluid in a rectangular
microchannel, using a 2D conjugate heat transfer model. They reported
an enhancement of 143% in average heat transfer coefficient for 3 vol.%
HyNF (0.6vol.% AlyO3 + 2.4vol.% Ag). At the same time, the increase in
the average heat transfer coefficient obtained by 3 vol.% Ag/water
nanofluid was 135.5%, almost 8% lesser than the one attained by HyNF.
Many studies reported that in the core region of the channel, nano-
particles tend to accumulate and increasing the concentration and
density [167]. Because of this, the nanofluids provide a flat velocity
profile (like the developing region velocity profile) compared to pure
fluid such as water and EG. Whereas the velocity profile attained by
Nimmagada et al. [225] showed a reverse trend. i.e., the velocity of
HyNF was higher than that of pure fluid in the core region. The reason
for attaining the higher velocity in the core region could probably be
attributed to using the homogeneous conjugate heat transfer model,
which assumes the constant thermophysical properties, instead of the
multiphase mixture model. Nimmagada et al. [226] numerically studied
the hydrothermal performance of SWCNT-Cu/water HyNF in the
laminar flow regime of the microchannel. They performed the numerical
analysis using a single-phase homogeneous approach and the multi-
phase mixture model. They showed that the mixture model results are
closer to the experimental findings, which is in agreement with the
observations of [135,166]. Moreover, the velocity profile attained using
the multiphase mixture model was flatter than pure water. And the
velocity of HyNF obtained using a single-phase approach was higher
than that of pure water due to the increase in kinematic viscosity, which
does not match with other studies [135,166,167]. Nimmagada et al.
[227] experimentally and numerically analyzed the flow performance of
Al,03-Ag/water HyNF in the low Reynolds number (30-50) regime of a
rectangular microchannel. The heat transfer enhancement obtained by
HyNF (1.5% Al;O3 + 1.5% Ag) was equivalent to 3 vol.% Ag/water
MOoNF. Yet, the cost of Ag nanocomposites is high; thus, the use of Al,O3-
Ag/water HyNF may be economically viable. Nimmagada et al. [228]
investigated the heat transfer and flow behavior of Cu-Al/water HyNF in
a rectangular microchannel. They showed a 23.4% increase in the
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Table 6

Summary on studies related to full-scale heat exchangers.
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Reference Method  Hybrid nano composite Base fluid Concent- Re/Flow Type of heat Comparison of HyNF Heat transfer and Pressure
ration rate exchanger drop Characteristics with base fluid
Madhesh E Cu-TiOy Water 0.1-2.0 Re = Tube in tube Nusselt number was increased by 49%, up to the
et al. [43] vol.% 4000- counterflow heat volume fraction of 1.0%. Pressure drop was
8000 exchanger increased by 14.9%, up to the volume fraction of
2.0%
Madhesh E Cu-TiO, Water 0.1-1.0 Re = Tube in tube Increase in Nu of 59.3% was noticed up to the
etal. [195] vol.% 4000- counterflow heat volume fraction of 0.7%. Pressure drop was
14000 exchanger increased by 5.4%, up to the volume fraction of
1.0%
Phanindra E+N Al,03+Cu 0il 0.1 vol.% 0.5-1.5 Tube in tube Nusselt number was increased by 12.1%
etal. [164] LPM counterflow heat
exchanger
Bahiraei N CNT+Fe304 Water _ Re = 500 Double pipe Increase in heat transfer rate of 53.8% and 28.6%
etal. [196] - 2000 counterflow were obtained at Re = 500 and 2000, respectively
minichannel heat
exchanger
Shahsavar N CNT+Fe304 Water _ Re =500  Double pipe Assumption of Newtonian fluid behavior for HyNF
etal. [197] - 2000 counterflow could lead to a large computational error. Whereas,
minichannel heat Non-Newtonian fluid assumption for HyNF could
exchanger predict the experimental results closer
Singh N Al,03-MWCNT; Al,03-Ag; Water 0-1vol% __ Shell and tube Al;03-Ag exhibited a A3.2% higher heat transfer
etal. [198] Al,03-Cu; condenser coefficient with 4% reduction in pressure drop;
Al,03-TiO2 whereas, Al,03-MWCNT showed 2.9%
improvement in heat transfer with 6.2% reduction
in pressure drop
Anitha E+N Al,03-Cu Water 0-0.2vol. Re = Shell and tube heat Al;03-Cu/water with 0.2 vol.% has yielded a 139%
etal. [199] % 800 - exchanger increase in heat transfer coefficient
2400
Hung E Hybrid carbon Water 0.005 - 0.5-2.0 Air-cooled finned- The heat exchange capacity and system efficiency
etal. [114] nanofluid 0.02 wt.% LPM tube heat exchanger factor of 0.02 wt.% HCNF were improved by 13%
and 11.7%, respectively, at 2 LPM and 35 °C inlet
temperature
Karimi N MgO-MWCNT EG 0-1vol.% Re = Air-cooled heat For the inlet temperature of 45 °C, 1% volume
et al. [200] 350- exchanger concentration, and Re = 350, Nusselt number was
1060 increased by 20%.
Sahoo N Al,05-Ag; Water . Re = Louver finned flat Heat transfer rate and pressure drop of Al,O3-+Ag
etal. [201] Al;03-Cu; 3500- tube heat exchanger HyNF were increased by 3% and 7.3% respectively.
Al;03-CuO; 3800
Al,03-Fe;03; Al,03-TiO2
Sahoo N Al,05-Ag; EG _ . Louver finned flat A maximum increase in heat transfer rate attained
etal. [202] Aly03-Cu; tube heat exchanger by Al,03.Ag/EG HyNF was 5.4%. As compared to
Al,05-SiC; the Al,O3 nanofluid, Al,03.Ag/EG HyNF has
Al,03-CuO; yielded a 2% higher pressure drop
Al,05-TiO,
Huminic N MWCNT-Fe304; ND-Fe304  Water 0-0.3vol. Re= Flattened tube A maximum of 21% and 15% improvement in heat
etal. [203] % 250- automobile radiator transfer coefficient was attained by MWCNT-Fe304/
2000 water and ND-Fe30,4/water HyNFs respectively
Huminic N MgO-MWCNT EG 0-0.4vol. Re= Flattened tube Heat transfer coefficient was increased by 16.3% at
et al. [204] % 50- automobile radiator 0.4 vol.%
1000
Returi N Al,03-CuO; Al;03-TiO, Water 2-4vol% Re= Spiral plate heat Heat transfer rate attained by Al,O3-CuO/water
etal. [205] 25000 - exchanger HyNF was 10% higher than that of Al;03-TiOy/
65000 water HyNF
Allahyar E Al,03-Ag Water 0.1-0.4 Re = Coiled heat Nusselt number was increased by 31.6% at Re =
et al. [78] vol.% 800-5100 exchanger 4687 and 0.4 vol.%
Hormozi E Al,03-Ag Water 0.2 vol.% Re = Coiled heat Thermal performance enhancement of 16% was
etal. [206] 800-5100 exchanger attained using Al,O3-Ag/water with 0.1 wt.%
concentration of SDS anionic surfactant
Safi et al. E MWCNT-TiO, Water 0.02-0.08 2-3.5 Plate heat Enhancement in heat transfer rate of 20.2%
[207] wt.% LPM exchanger obtained by 0.08 wt.% HyNF
Huang E Al;03-MWCNT Water ~ 2.0 vol. . Plate heat For a given pumping power, hybrid nanofluid
etal. [208] % exchanger provided poor performance than the pure water and
Al,03 nanofluid
Bhattad E+N Al,03-MWCNT Water 0.01-0.03 2-4LPM  Plate heat exchanger HyNF provided 39.1% improvement in Nusselt
et al. [209] vol.% Number with 1.2% increase in pressure drop
Bhattad E Al,03+8iC; Al,O3+AIN; Water 0.1 vol.% 2 -4LPM Plate heat exchanger AlI203+MWCNT has provided a maximum of
etal. [210] Al;03+MgO; Al;03+CuO; 31.2% increase in heat transfer coefficient with a
Al,03+MWCNT negligible pressure drop
Bhattad E Al,O03-MWCNT Water 0.01vol.% 2-4LPM  Plate heat exchanger The heat transfer performance of MoNF (MWCNT
etal. [211] (0:5)) was better than the HyNF. Heat transfer
coefficient enhancement of 15.2% was produced by
MWCNT (0:5) MoNF
Bhattad T MgO-Ag; EG-Water; 0-2vol% 3-7LPM  Plate heat exchanger =~ A maximum improvement of 9.3% in heat transfer
etal. [212] Al,03-Ag PG-Water coefficient was provided by propylene glycol/water
(20:80) based Al,03-Ag HyNF
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Fig. 14. Reduction of heat transfer coefficient with increasing HyNF’s inlet temperature (a) 313 K and (b) 323 K [204].
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Fig. 15. Effect of HyNF’s inlet temperature on heat transfer coefficient [211].

average Nusselt number. But still, the enhancement obtained by HyNF
was lower than that of the Cu/water MoNF because of the superior
thermal conductivity of Cu/water MoNF. Uysal et al. [229] showed a
30% increase in heat transfer coefficient using Diamond-Fe3O4/water
HyNF. In addition, they also found that heat transfer coefficient
enhancement obtained by HyNF was higher than that of the respective
MONF (i.e., Diamond/water and Fe3O4 water).

Ahammed et al. [230] carried out an experimental investigation
using Al,Os/water MoNF, graphene/water MoNF, and Al;O3-Graphene/
water HyNF in a multiport minichannel heat sink. They reported that the
heat transfer and flow characteristics of graphene/water MoNF were
comparatively better than that of the Al;03-Graphene/water HyNF and
Aly,03/water MoNF due to higher thermal conductivity of graphene
(kgraphene = 5000 W/m-K). The enhancement in the average heat transfer
coefficient obtained by graphene/water MoNF was 88.6%, whereas the
same obtained by HyNF and Al,Os/water MoNF was 63.1% and 31.9%,
respectively. Kumar et al. [231] performed a numerical analysis on the
laminar flow of Al,O3-MWCNT/water HyNF in a minichannel heat sink
using a two-phase mixture model. They showed a maximum 15.6%
enhancement in heat transfer coefficient with a negligible increase in
pressure drop for 0.01 vol.% Al,O3-MWCNT/water (7:3) HyNF. Bahiraei
et al. [232] evaluated the influence of secondary channels and ribs in
microchannel heat sink using Ag-graphene/water HyNF. They reported
a heat transfer improvement of 17% at a Reynolds number of 100 and a
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Table 7

Summary on works related to micro/minichannel heat sinks using HyNF

International Communications in Heat and Mass Transfer 125 (2021) 105341

Reference Method  Hybrid Nano Base Concentration Re/ Flow rate Type Comparison of HyNF Heat transfer and Pressure drop
composite fluid Characteristics with base fluid
Nimmagada N Al,03-Ag Water 3.0 vol.% Laminar (Re = Rectangular HyNF (0.6 vol.% Al,O3 + 2.4 vol.% Ag) has provided
et al. [225] 200 -600) microchannel 111-144% enhancement in average convective heat
transfer coefficient
Nimmagada N SWCNT-Cu Water 1.0 vol.% Laminar (Re = Rectangular Increase in average heat transfer coefficient of 11% was
et al. [226] 100 -500) microchannel achieved by 0.3% Cu +0.7% SWCNT HyNF
Nimmagada E-+N Al,03-Ag Water 3.0 vol.% Laminar (Re = Rectangular Increase in Nu attained by 3 vol.% HyNF (1.5%
et al. [227] 30 - 50) microchannel Al,03+1.5% Ag) was similar to the one attained by 3
vol.% Ag/water MoNF
Nimmagada N Cu-Al Water 3 vol.% Laminar (Re = Rectangular HyNF has provided 23.4% enhancement in average
et al. [228] 200 - 600) microchannel Nusselt number
Uysal N Diamond-Fe304 Water 0.05 - 0.2 vol. Laminar (Re = Rectangular Improvement of convective heat transfer coefficient of
et al. [229] % 100 - 1000) minichannel 30% was obtained by 0.2 vol.% HyNF at Re = 1000
Ahammedetal. E Al,03-Graphene Water 0.1 vol.% Laminar (Re = Multiport Enhancement in average heat transfer coefficient
[230] 200 -1000) minichannel obtained by graphene/water NF was 88.6%; whereas
the same obtained by HyNF and alumina/water NF was
63.1% and 31.9% respectively
Vivek Kumar N Al,03+MWCNT Water 0.01 vol.% Laminar (Re = Minichannel heat ~ Enhancement in heat transfer coefficient of 15.6 % was
et al. [231] 50 - 500) sink observed for 0.01 vol% Al,O3-MWCNT (7:3) HyNF
Bahiraei N Ag-Graphene Water 0-0.1 vol.% Laminar (Re = Microchannel Convective heat transfer coefficient has improved by
et al. [232] 100 - 500) heat sink 17% at 0.1 vol.% and Re = 100
Vivek Kumar E+N Al,03-Cu Water 0.1 vol.% Laminar (Re = Minichannel heat Maximum of 12.8% enhancement in heat transfer
et al. [233] 90 - 500) sink coefficient was obtained for Al,O3/water MoNF
Vivek Kumar E Al,03-MWCNT Water 0.01 vol.% Laminar (Re = Minichannel heat = MWCNT/water mono nanofluid provided a maximum
et al. [159] 140 - 460) sink improvement in heat transfer coefficient of 44 % with
51.2% increase in pressure drop
Selva Kumar E Al,03-Cu Water 0.1 vol.% Turbulent (Re = Rectangular Enhancement in convective heat transfer coefficient of
et al. [234] 2576.56 - channel 24.4% was obtained with a 12.6% increase in pumping
9261.62) heat sink power
Ambreen N Al,03-Cu Water 1.0 vol.% _ Micro pin-fin HyNF enhanced the Nu by 19.7%, 24% and 25.1% for
et al. [235] heat sink circular, elliptical, and diamond pin-fins

volume concentration of 0.1%. Kumar et al. [233] further analyzed the
influence of various mixing ratios of AlpO3 and TiO2 nanocomposites in
Al,03-TiOy/water hybrid nanofluid. They found that the Al;O3/water
mono nanofluid has provided a maximum increase of 12.8% in heat
transfer coefficient compared to the hybrid nanofluids. Similar to the
previous study, Kumar et al. [159] studied the effect of various mixing
ratios of Al,03 and MWCNT nanocomposites in Al,03-MWCNT/water
hybrid nanofluid. They showed that the MWCNT/water mono nanofluid
had yielded a maximum enhancement of 44% in heat transfer coefficient
compared to the hybrid nanofluids.

Kumar et al. [234] performed an experimental investigation in the
turbulent flow regime of a rectangular channel heat sink using Al;Os-
Cu/water hybrid nanofluid. They showed a 24.4% improvement in
convective heat transfer coefficient with a 12.6% increase in pumping
power. Ambreen et al. [235] performed a numerical simulation to
compare the heat transfer performance of different shapes of pin-fins
such as circular, elliptical, and diamond in micro-pin fin heat sink
using AlyO3-Cu/water hybrid nanofluid. They used a multiphase
Lagrangian and Eulerian approach for the numerical simulation. The
results revealed that the HyNF enhanced the Nusselt number by 19.7%,
24%, and 25.1% for circular, elliptical, and diamond pin-fins.

Table 7 shows that the studies using hybrid nanofluids in the tur-
bulent flow regime of micro/minichannel heat sinks are very limited.
Future research works can focus on predicting the heat transfer and flow
behavior of hybrid nanofluids in the turbulent regime.

4.3. Heat pipe

Heat pipe is a widely used component for cooling applications due to
its simple structure and high efficiency. The vacuumed heat pipe has an
evaporator (heat source), an adiabatic, and a condenser section (heat
sink), and it is filled with fluid. A porous structure such as a screen mesh
is placed on the inner periphery of the heat pipe to enable fluid circu-
lation through capillary action. Heat pipe uses the phase change phe-
nomenon of working fluid to transport heat from the source (evaporator)

to the sink (condenser). Many studies have shown that the mono
nanofluids could enhance heat pipe thermal performance [236,237]. In
recent years, researchers focused on applying hybrid nanofluids in heat
pipes to improve their performance. Swapnil et al. [238] employed
Al,03-BN/water HyNF (1-2 vol.%) in a cylindrical heat pipe and showed
an approximately 40% reduction in thermal resistance compared to
water. Ramachandran et al. [239] utilized Al;03-CuO/water HyNF in a
cylindrical screen mesh heat pipe. The results revealed that the use of
HyNF could reduce the thermal resistance up to 44.3% compared to DI
water, as shown in Fig. 16. The increased surface roughness and
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Fig. 16. Heat pipe’s thermal resistance comparison for the HyNF and DI
water [239].
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wettability caused by the adherence of nanoparticles on the wick
structure could increase the number of nucleation sites, which could
enhance the heat transfer rate and reduce the thermal resistance. They
also demonstrated that the use of HyNF in heat pipes could significantly
reduce the vapor temperature in the adiabatic section. A maximum
21.4% reduction in vapor temperature was attained at a heat load of 250
W, as shown in Fig. 17. It indicates that HyNF can significantly increase
the heat load for the given heat pipe configuration. Chaudhari et al.
[240] experimentally studied the performance of cylindrical heat pipe
using CuO-BN/water HyNF. They showed that the thermal resistance of
the heat pipe decreases with the rise in heat load, inclination angle, and
volume concentration of hybrid nanofluid. It was demonstrated that a
maximum of 40% reduction in thermal resistance could be achieved at
100 W heat input, 0° inclination angle, and 2 vol.%. Kamble et al. [241]
observed a 39.3% reduction in thermal resistance using 2 vol.% AlyOs-
CuO/water HyNF at 100 W heat input in a heat pipe. All the studies
mentioned above substantiated the use of hybrid nanofluid to reduce the
thermal resistance of the heat pipe significantly. In contrast to those,
Han et al. [242] displayed a 40-50% higher overall thermal resistance in
grooved heat pipe (GHP) filled with Al,O3-Ag/water HyNF compared to
water, suggesting that the use of Al,03-Ag/water HyNF in a GHP could
jeopardize the thermal performance.

4.4. Photovoltaic modules

Owing to several advantages, like grid-independent power produc-
tion, low pollution, and easy installation, the photovoltaic (PV) modules
are used in many applications such as PV modules for rooftop power
generation, solar collectors, crop dryers, and agriculture water pump
[243-245]. The power production and effectiveness of the PV modules
can considerably reduce as the temperature of the PV cell increases
[246]. Hence, the coolants are used to maintain the temperature of the
PV modules [247]. Recently, few studies have focused on the applica-
bility of HyNF in solar panel cooling to improve the system efficiency.
Younis et al. [248] used the AlyO3-ZnO/water HyNF in PV integrated
solar collector system to improve the efficiency. It was observed that by
using hybrid nanofluids, total efficiency and exergy efficiency of the
system were increased by 4.1% and 4.6%, respectively. The HyNF’s
optical properties can be tailored in such a way to facilitate absorption of
the solar radiation at a particular spectrum range, which can increase
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Fig. 17. Comparison of adiabatic vapor temperature of HyNF with DI
water [239].
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the efficiency considerably. Crisostomo et al. [249] demonstrated that
the Ag-SiOy/water HyNF could improve system efficiency up to 12%.
Similarly, Hjerrild et al. [250] utilized the selective spectrum absorption
technique in PV/thermal collector. They used the Ag-SiO2/CNT hybrid
nanofluids, which can absorb the radiation at the whole visible spectrum
with minimal scattering. It is observed that the combined efficiency of
the PV system can be increased by 30%. Sai et al. [251] studied the effect
of Go-TiO2 hybrid nanocomposite in PV cells. The HyNF resulted in
increased current output and efficiency, and it reduced the recombina-
tion rate. Han et al. [53] used CoSos Ag-based hybrid nanofluid to
enhance the performance of the PV system. It was observed that the
CoSo4Ag-based HyNF has strong absorption in UV and visible spectrum.
It was reported that a merit function of 1.37 could be reached by using
CoSo4Ag-based HyNF filters in PV systems.

4.5. Heat transfer in various enclosure/cavity

Natural, mixed, or forced convective flow through a channel,
chamber, and past a given plate are seen in various applications such as
electronic cooling, solar collectors, nuclear reactors, chemical and
power industries, geothermal energy, and double pane windows [252].
Many researchers studied the role of hybrid nanofluids in different en-
closures such as square, circular, trapezoidal, wavy, and unconventional
shapes. The recent studies are listed in Table 8. Takabi and Salehi [146],
Goudarzi et al. [253], Tayebi and Chamkha [147], and Tayebi and
Chamkha [148] investigated the effect of HyNF on natural convective
heat transfer in a sinusoidal corrugated enclosure, sinusoidal wavy
enclosure, the annulus between horizontal confocal elliptical cylinders,
and eccentric circular annulus, respectively. They found that for the
same volume concentration, the Nusselt number of HyNF is higher than
the mono nanofluid. The increased heat transfer performance is attrib-
uted to the enhanced buoyancy effect. Chamkha et al. [254] showed that
the Nu increased with volume concentration for higher Rayleigh
numbers (Ra = 10°) in the semicircular cavity. In contrast, Ghalambaz
et al. [255] found that in a square cavity, increasing the Ag-MgO/water
volume concentration improved the local and average Nusselt number at
smaller Rayleigh numbers, while the Nu reduced at higher Ra. Besides,
Ghalambaz et al. [256] studied the natural convection heat transfer
behavior of Ag-MgO/water in a porous square cavity. They used the
local thermal non-linear model and finite element method (FEM) for
solving the governing equations obtained by the Darcy model. They
observed that the heat transfer rate of the HyNF significantly increases
up to Ra = 600 and beyond which there is no significant improvement in
heat transfer rate is attained. In contrast, Mehryan et al. [257] reported
that for the porous enclosure, the heat transfer rate of Ag-MgO/water
HyNF is lower than that of the respective MoNF. Al-Srayyih et al.
[258] simulated the square cavity partially filled with porous medium
using Galerkin FEM and found that the maximum heat transfer rate has
occurred at Ra = 10°. Kalidasan and Rajesh Kanna [259] performed the
finite difference analysis of natural convection heat transfer behavior of
nanodiamond - cobalt oxide/water hybrid nanofluid. The results
revealed that the Rayleigh number significantly influences the heat
transfer performance. Up to Ra = 10°, the average Nusselt number
increased with the Rayleigh number, while it reduced beyond Ra = 10°
due to the weak primary vortex formed at higher Ra. Similarly, Yildiz
et al. [260] found that the Al;03-SiOy/water HyNF showed a higher heat
transfer performance at a lower volume concentration than MoNF. Yan
et al. [261] compared the heat transfer behavior of tall and narrow
enclosures and found that the narrow enclosures are performed better
for small Richardson numbers, while the tall enclosures are suitable
under large Richardson numbers. Cimpean et al. [262] showed that the
performance of porous trapezoidal cavities is more efficient than the
square cavities.

Besides the conventional enclosures such as square, triangular, and
trapezoidal shapes, few studies examined the performance of uncon-
ventional shape enclosures filled with HyNF. Izadi et al. [263]
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Table 8
Summary of studies related to enclosure/cavity using HyNF
References Method Scheme  HyNF Range Geometry Findings
Takabi and Salehi Natural FVM Cu-Al,O3/Water 0% < ¢ < Sinusoidal corrugated Heat transfer rate of HyNF is higher compared to MoNF
[146] convection 2% enclosure and it is more profound at higher Rayleigh number (Ra)
10°<Ra<
10°
Goudarzi et al. Natural FVM Ag-MgO/Water _ Sinusoidal wavy enclosure ~ Nu increment of 11% is achieved via thermophoresis
[253] convection diffusion
Tayebi and Natural FVM Cu-Al,O3/Water 0% < ¢ < Annulus between confocal At low Ra, the increase of volume concentrations
Chamkha [147] convection 1.2% elliptical cylinder considerably enhanced the average Nu
10°<Ra<
3x10°
Tayebi and Natural FVM Cu-Al,03/Water 0% < ¢ < Eccentric cylindrical For the same volume concentration, the Nusselt number
Chamkha [148] convection 1.2% annulus increases about 5% at higher Ra
10°<Ra<
10°
Chamkha et al. Natural FDM Cu-Al,03/Water 0% <¢< Semicircular cavity UptoRa= 10°, Nu increases with volume concentration
[254] convection 0.05%
10*<Ra<
10°
Ghalambaz et al. Natural FEM Ag-MgO/Water 0% <¢< Square cavity At low Ra, HyNF increases the average Nusselt number,
[255] convection 2% whereas the Nu reduces at high Ra
10°<Ra<
10°
Ghalambaz et al. Natural FEM Ag-MgO/Water 0% <¢< Porous square cavity Nu significantly increases up to Ra = 600
[256] convection 2%
0<Ra<
10°
Mehryan et al. Natural FEM Ag-MgO/Water 0% < ¢ < Porous square cavity Heat transfer rate of HyNF is lower than that of tMoNF
[257] convection 2%
10<Ra<
10°
Al-Srayyih et al. Natural FEM Cu-Al,O3/Water 0% < ¢ < Porous square cavity Maximum heat transfer rate attained at Ra = 10°
[258] convection 0.2%
10°<Ra<
107
Kalidasan and Natural FDM Nano diamond- 0% < ¢ < Square cavity Nu increases up to Ra = 10° and beyond which it is
Rajesh Kanna convection Cobalt Oxide/ 6% decreased
[259] Water 10* <Ra<
10°
Yildiz et al. [260] Natural FVM Al,03-Si0y/ 1% < ¢ < Square cavity Compared to MoNF, HyNF enhances the heat transfer
convection Water 3% performance at lower volume concentration
10*<Ra<
10°
Yan et al. [261] Mixed FVM Cu-TiO,/water 0% < ¢ < Rectangular enclosure For narrow and tall enclosures, Nu increases up to 10.4%
convection 2% and 14.5% at Ri = 0.01 and 100, respectively
0.01 <Ri
<100
Cimpean et al. Mixed FDM Cu-Al,03/Water 0% < ¢ < Porous trapezoidal Trapezoidal cavity performance is more efficient than
[262] convection 0.04% chamber square cavity
Ra = 10°
Kadhim et al. [278] Natural FEM Cu-Al,O3/Water 0% < ¢ < Porous wavy wall HyNF provided higher Nusselt number compared to MoNF
convection 0.2% for all inclination angle
10*<Ra<
107
Izadi et al. [263] Natural LBM MWCNT-Fe304/ 0% < ¢ < Inverted T shape Nu decreases with cavity obstruction ratio and increases
convection Water 0.003% with heat source aspect ratio
10*<Ra<
10°
Kalidasan et al. Natural FDM Cu-TiOy/water 0% <¢< C shaped open cavity Primary vortex strength reduces at higher Ra
[264] convection 5%
10* <Ra<
10°
Almeshaal et al. Natural CVM CNT-Al,03/ 0% < ¢ < T shaped cavity At higher volume concentration and Ra, HyNF
[265] convection Water 4% demonstrated a 100% increase in heat transfer rate over
10°<Ra< water
10°
Zahan et al. [266] MHD natural FEM Cu-Al,O3/Water 0% < ¢ < Triangular enclosure with Richardson number greatly influences the flow structure
convection 0.05% sinusoidal bottom wall and heat transfer mechanism of HyNF with in the cavity
0.5 <Ri<
10
Tayebi and MHD natural FVM Cu-Al,03/Water 0% <¢< Square cavity with HyNF increased the heat transfer rate and irreversibility
Chamkha [267] convection 0.09% corrugated conducting under magnetic effects
10> <Ra< block
10°

(continued on next page)
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References Method Scheme  HyNF Range Geometry Findings
0<Ha<
50
Tayebi and MHD natural FVM Cu-Al,03/Water 0% < ¢ < Square cavity with a Entropy generation and heat transfer rate decreased with
Chamkha [268] convection 0.09% conducting hollow increasing Hartmann number
10°<Ra<  cylinder
10°
0<Ha<
50
Tayebi and MHD natural FVM Cu-Al,03/Water 0% < ¢ < Square cavity with a wavy ~ Heat transfer rate increased with Rayleigh number, volume
Chamkha [269] convection 0.06% circular conducting fraction, and fluid to solid conductivity ratio, whereas it
10°<Ra<  cylinder decreased with Hartmann number
10°
0<Ha<
50
Ashorynejad and MHD natural LBM Cu-Al,03/Water 0% <¢< Wavy enclosure Nu increases with increasing Ra and volume concentration,
Shahriari [270] convection 0.04% while it reduces with increasing Ha
10®<Ra<
10°
0<Ha<
90
Shehzad et al. [271] MHD natural CVFEM MWCNT-Fe304/ 1<Ha< Elliptic porous enclosure For low Ha values, Nu increases about 7.95 times at higher
convection Water 20 Ra; whereas it reduces at higher values of Ha
Gorla et al. [273] MHD natural FDM Cu-Al,O3/Water 0.03% < ¢  Square porous cavity Average Nu of hybrid suspension is lower than the Al,O03/
convection <0.1% water and Cu/water
0<Ha<
100
Izadi et al. [274] MHD natural FEM MWCNT-Fe304/ 0% <¢< Square porous cavity Nu reduces with increasing porosity and it increases with
convection Water 0.3% Ra under magnetic effect
0<Ha<
50

performed a numerical analysis to predict the performance of an
inverted T shape enclosure, as shown in Fig. 18, under natural convec-
tion using the Lattice Boltzmann Method (LBM). They studied the in-
fluence of HyNF’s volume concentration, Rayleigh number, heat source
aspect ratio and its position, and cavity obstruction ratio on the heat
transfer performance. The results revealed that the Nu decreased with

cavity obstruction ratio and increased with heat source aspect ratio.
Similarly, Kalidasan et al. [264] predicted the performance of Cu-TiOy/
water in a C-shaped open cavity, as shown in Fig. 18. They found that the
Nu increased with a volume concentration of HyNF for Ra = 10* and
105, whereas it is marginally decreased for Ra = 10°. Almeshaal et al.
[265] predicted that the heat transfer rate of CNT-Al;O3/water HyNF in
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a T-shaped enclosure is 100% higher than that of water at high Ra and
volume concentrations.

HyNF’s heat transfer characteristics in enclosure/cavity under the
magnetohydrodynamic (MHD) effect are investigated by many re-
searchers. Zahan et al. [266] investigated the Cu- Al;O3/water perfor-
mance in the triangular enclosure with a sinusoidal bottom wall under
the MHD effect. They found that the HyNF showed modest enhancement
of Nusselt number compared to MoNF. Besides, they concluded that the
flow structure and heat transfer mechanism are greatly affected by the
Richardson number (Ri). Tayebi and Chamkha [267-269] examined the
heat transfer performance and entropy generation during MHD natural
convection in the square enclosure with a corrugated conducting block,
conducting hollow cylinder, and wavy circular conducting cylinder.
Ashorynejad and Shahriari [270] found that the Nu increases with
increasing Ra and volume concentration, and it reduces with increasing
Hartmann number in the wavy open cavity. Similarly, the MHD effects
on natural convection heat transfer of hybrid nanofluids in various
porous enclosures such as elliptical [271], octagonal [272], and square
[273,274] are investigated, and the important outcomes are presented
in Table 8. A detailed description of the numerical modeling and
simulation of nanofluids can be found in [275-277].

Based on the above discussion, it is understood that most of the
studies on natural convection are numerically based. In this regard,
more experimental studies in the future are suggested for a deep un-
derstanding of the buoyancy flow and thermal behavior in cavities.
Moreover, several studies were focused on 2D numerical analysis, and
future studies can be extended to 3D analysis. The existing literatures
mainly focused on predicting the natural convection effects of various
enclosures under horizontal and vertical orientation; whereas, the
studies concerning the inclination effects are rare. Besides, the works on
unconventional enclosure shapes such as L and H are minimal.

4.6. Miscellaneous applications

The research works on the use of HyNF in heat exchangers, heat
sinks, heat pipes, natural convetion applications, and solar panels are
numerous. However, the studies related to other heat transfer applica-
tions such as HVAC systems, pool boiling, jet impingement cooling, and
latent heat thermal energy storage systems are still limited. In this sec-
tion, reports on those miscellaneous applications are reviewed.

4.6.1. Vapor compression refrigeration system

Ahmed and Ashraf [279] compared the performance of mono
nanofluids (Al,O3/water and TiOy/water) with the hybrid nanofluids
(Al,03-TiOg/water) in a chilled water air conditioning system. The
experimental results revealed that the COP of the vapor compression
refrigeration cycle was 22.9% higher for the MoNF (i.e., Al;O3/water)
compared to pure water. However, COP enhancement attained using
HyNF (Aly,03-TiOp/water) was comparatively lower than MoNF (i.e.,
Al,O3/water). For the same mass fraction, the viscosity of HyNF is much
higher than MoNF. The increased viscosity of HyNF, which can directly
affect the heat transfer, is attributed to the lower performance
improvement.

4.6.2. Jet Impingement cooling

Sun et al. [280] studied the convective heat transfer behavior of a
conventional impinging jet and swirling impinging jet cooling system
using Ag-MWCNT/water nanofluid. Due to the improved eddies and
diffusion in the fluid flow, the swirling impinging jet system has pro-
vided a 120.5% improvement in heat transfer coefficient for 0.05% Ag-
MWCNT/water HyNF compared to pure water. In contrast, the same for
the conventional impinging jet was 116.7%. They also reported that the
heat transfer coefficient of MoNF was significantly lower than that of
HyNF.
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4.6.3. Boiling

Reported research works on the use of HyNF in nucleate boiling and
convective boiling are limited. Anil Reddy and Venkatachalapathy
[281] experimentally investigated the effect of Al;03-CuO/water hybrid
nanofluid (0.01-0.1 vol.%) under pool boiling conditions. Compared to
pure water, the critical heat flux (CHF) of HyNF was 19.3%, 27.3%, and
49.8% higher for 0.01 vol.%, 0.03 vol.%, and 1.0 vol.%, respectively.
Compared to CuO MoNF, HyNF showed 6.6% and 8.2% higher CHF for
0.01 vol.% and 0.03 vol.%, respectively. An increase of 7.1% in the heat
transfer coefficient (HTC) was observed for 0.01 vol.% of HyNF;
whereas, the HTC deteriorates at the higher concentrations. In pool
boiling, the surface roughness and the number of nucleation sites control
the bubble departure. At higher concentrations, a layer of nanoparticles
tends to settle on the nucleation sites and thus deteriorates the bubble
departure frequency, reducing the HTC. Aizzat et al. [282] conducted a
pool boiling study using a low concentration Aly03-SiOy/water HyNF
(0.001 vol.%). They reported that for the first 30 min, the HTC increases
tremendously for HyNF. However, the HTC deteriorates over time due to
the deposition of SiO; nanoparticles (lower thermal conductivity) on the
surface, which can form a thin layer and can considerably increase the
thermal resistance.

4.6.4. Latent heat thermal energy storage system

In the latent heat thermal energy storage system (LHTESS), the en-
ergy released during the phase change process is stored. The phase
change materials (PCM) used in LHTESS possess very low thermal
conductivity, which can slow down the phase change process, and thus,
the energy extracted. The use of nanoparticles in PCM can increase its
thermal conductivity and can accelerate the phase change process.
Hosseinzadeh et al. [283] used Al;03-Go hybrid nanoparticles in PCM.
They found that the addition of hybrid nanoparticles in PCM increased
the solidification rate by 1.75 and 2.69 times for the 2.5% and 5%
volume fractions, respectively.

5. Conclusions, challenges, and future research scope

This study presents a comprehensive review on recent developments
in the hybrid nanofluids synthesis, characterization, thermophysical
properties evaluation, and then its application in heat exchangers, heat
sinks, heat pipes, solar panels, natural convection enclosures, HVAC
systems, jet impingement cooling, boiling, and latent heat thermal en-
ergy storage systems. Overall, the hybrid nanofluids showed a signifi-
cant improvement in heat transfer performance; however, it was also
accompanied by a pressure drop penalty due to increased viscosity. The
main reason for obtaining the improved heat transfer performance is the
improvement in the thermal conductivity of HyNF. However, the lack of
longer stability challenges its usage in industrial applications. The
thermophysical properties are the key parameters that control the heat
transfer and flow behavior of the HyNF. The thermophysical properties
of the hybrid nanofluids are mainly affected by the types of nano-
particles, nanoparticles concentration, nanoparticles size and shape,
base fluid, operating temperature, preparation methods, and the use of
surfactants. For future research directions, the following observations
are proposed.

e Among the various types of nanoparticles, Al,03 and CNT/MWCNT
based nanoparticles have widely been studied by many researchers.
The suitability of other hybrid nanofluids, which are already devel-
oped, requires extensive experimental and numerical research on
various heat transfer applications.

Concurrently, the development of new hybrid nanofluids needs to be
carried out to fulfill the future energy requirement. However,
developing the new kind of HyNF poses a compatibility limitation.
Since the hybrid nanocomposites comprise more than two different
kinds of nanoparticles, examining and developing the compatible
hybrid nanocomposite is challenging.
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The use of HyNF in industrial applications is limited due to the sta-
bility issues. Therefore, the development of new synthesis and
preparation techniques is required for improving stability. Besides
developing the new synthesis and preparation techniques, these
techniques must be standardized for repeatability and mass
production.

Water is the commonly used base fluid for developing hybrid nano-
fluids. Future research might focus on the development of HyNF
using other base fluids such as ethylene glycol (EG), EG mixture, and
oil.

The conclusion on the rheological behavior of HyNF is inconsistent.
Some studies claim that HyNF exhibits a Newtonian behavior,
whereas other studies display a non-Newtonian behavior. To develop
a better numerical model, the rheological behavior needs to be
further investigated.

Numerical studies have widely adopted a single-homogeneous
approach and the multiphase mixture model. The Brownian mo-
tion, which is a crucial factor determining the heat transfer
augmentation, is not accounted for in the single-phase homogeneous
approach. At the same time, the Brownian motion effects are
considered in the multiphase mixture model. The previous studies
also suggested that the multiphase model is more suitable for
analyzing the hydrothermal behavior of HyNF. Still, the analysis
concerning the multiphase mixture model is minimal.

HyNF’s thermophysical properties are highly dependent on the
operating temperature. Hence, the heat transfer and the flow
behavior of a system could be significantly affected by the change in
operating temperature. However, most of the numerical studies
considered constant thermophysical properties. The temperature
dependency behavior needs to be considered in future numerical
simulations.

Thermophysical properties analysis reveals that HyNF’s thermal
conductivity is a strong function of temperature and increases with
temperature. Hence, it is expected to have higher heat transfer per-
formance at a high temperature. However, some studies reported a
reverse trend of no effect or reduction in heat transfer performance
with an increase in temperature. More experimental studies are
required to understand the effect of fluid inlet temperature in heat
transfer performance to clear this discrepancy. The reason for the
above discrepancy might be due to the randomness associated with
the Brownian motion. The nanoparticles’ motion in the base fluid
could probably be different at various temperature ranges. There-
fore, some flow visualization studies (using laser doppler velocim-
etry or other viable techniques) are required to understand the
motion of nanoparticles at various temperatures and the effect of
temperature on HyNF’s performance.

The heat transfer and flow behavior of HyNF’s can further be
extended under the influence of magnetic and electrical effects,
which might affect the motion of the nanoparticles in base fluid.
Most of the studies reported the heat transfer and the pressure drop
behavior of HyNF’s in different applications. However, the major
issues associated with the HyNF’s are the sedimentation and corro-
sion occurring in the thermal system after prolonged usage. The
studies dealt with these topics are extremely rare.

The heat transfer and friction factor correlations are only available
for few types of hybrid nanofluids. More experimental studies are
needed to develop these correlations for different HyNF’s at various
operating conditions.

The studies related to the micro/minichannel heat sinks using HyNF
are restricted to the laminar flow regime only. The studies on tur-
bulent flow region are very limited. Future research might focus
more on the transition and turbulent flow regimes.

HyNF is comparatively well studied in heat exchangers. Still, it is
minimal on other applications such as mini/microchannel heat sinks,
heat pipes, solar panels, refrigeration and air conditioning, boiling,
and impingement cooling.
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