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Abstract

Conventional working fluids such as water, glycol, and synthetic oils are commonly employed in solar thermal applications,
but they have relatively low thermal conductivity, which leads to minimized heat transfer and lower thermal performance.
As an alternative, a novel category of fluids known as hybrid nanofluids has proven to be highly beneficial for solar thermal
applications due to their enhanced thermophysical properties. Recently, numerous studies have explored hybrid nanofluids
as a continuation of nanofluids research for the improvement of the thermophysical properties of mono nanofluids. In this
review paper, publications of hybrid nanofluids are in depth analyzed. The review is focusing on hybrid nanofluid prepara-
tion methods and characterization procedures, as well as techniques for assessing stability and improving it. The impact
of hybrid nanoparticles on thermophysical properties such as thermal conductivity, viscosity, specific heat, and density is
extensively reported. Furthermore, the current review provides a comprehensive overview of various experimental, numerical,
and theoretical investigations where the hybrid nanofluids in flat-plate solar collectors were studied with a focus on thermal
efficiency improvement, which is regarded as the primary parameter for using hybrid nanofluids. Lastly, recent challenges
and limitations are outlined, and future recommendations are presented for further investigations.
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Introduction

As the world's population continues to rise at an alarming
rate, it is critical to develop more effective methods of using
energy resources. Fossil fuels account for more than 80% of
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global energy output, raising carbon levels in the atmosphere
and thereby hastening climate change [1]. As a result, renew-
able energy sources such as solar energy are encouraged
to mitigate the aforementioned disadvantage of fossil fuels
[2, 3]. This enormous energy source can be used almost
anywhere on the earth without contaminating the air. Solar
thermal energy is often regarded as the most ecologically
and cost-effective form of energy. Solar thermal collectors
are used to harvest thermal energy from solar radiation. The
flat-plate solar collector type (FPSC), which collects solar
thermal energy and transfers it to the working fluid, is one
of the most economical and widely used types of solar col-
lectors. FPSCs are favored over other solar thermal collec-
tors due to their low production cost, ability to collect both
diffuse and beam radiation, and absence of need for a sun
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tracking equipment [4]. FPSCs, on the other hand, have low
thermal efficiency and convective heat transfer between the
circulating fluid and the absorber. [5, 6]. Researchers had
aimed to increase FPSCs efficiency by improving collector
design and increasing the heat transfer rate between tubes
and working fluids: shape of the collector [7, 8], coatings
[9, 10], absorber design [11-13], flow turbulence [14-17],
porous media [18, 19].

Utilizing highly thermally conductive working fluids,
nanofluids, is another feasible and effective way to increase
FPSC thermal performance. Nanofluids are produced via
dispersing high conductive solid nanoparticles in base fluids,
and as a result, the thermophysical characteristics of these
fluids are considerably improved. The thermal conductiv-
ity of nanofluids is enhanced due to many crucial aspects:
particle Brownian motion in fluids, nanoparticles clustering
in the base fluid, a liquid layer at the liquid-particle inter-
face, nanoparticles concentration in the base fluid, and size
of particle and particle migration [20, 21]. However, by
adding nanoparticles to the base fluid, the viscosity expe-
riences a rise, resulting in a rise in pumping power and a
decrease in heat transfer capabilities. Nanofluids should be
pumped at a low velocity to retain heat transfer rate as clas-
sical fluids. As a result, finding the optimal concentration of
nanoparticles with low viscosity and good heat conductiv-
ity is critical [22]. In addition, one of the essential require-
ments of nanofluids for the applications of heat transfer is
long-term stability. Nanofluid stability is important because
it has a strong link to thermal conductivity enhancement
[23]. The nanoparticles proneness to aggregation because
of the presence of strong van der Waals attractive forces
is the major parameter that affects the stability of nanoflu-
ids. The enhanced nanofluid thermal conductivity starts to
decline as the aggregates sink to the bottom of the container
of nanofluids.

The improved thermophysical properties of nanofluids
have motivated several researchers to use them as a new
class of heat transfer in the use of solar collectors. Hos-
seini and Dehaj [24] experimentally studied the influence
of two types of nanofluids: water-based Al,0; and GO on
the performance of parabolic trough solar collector. It was
concluded that the highest thermal efficiency of the system
was 63.2% for Al,0; and 32.1% for GO. Sheikholeslami
and Ebrahimpour [25] attempted to employ Al,Oj5 in lin-
ear Fresnel reflector with using multi-way twisted tape
numerically. The authors concluded that using such a com-
bination of heat transfer enhancement techniques could
lead to augmentation in the thermal efficiency of the solar
system. Sheikholeslami and Jafaryar [26] studied the effect
of carbon nanotubes (CNT) on the thermal performance of
the tube in a concentrated solar system. In addition, swirl
flow device was tested as heat transfer enhancement tech-
nique. Results revealed that utilizing such techniques can
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improve the thermal performance of the system. In terms
of FPSCs, the most often used nanoparticles in FPSCs
are Al,O;, SiO,, CuO, TiO,, MWCNTs, GNPs [6], and
water, ethylene glycol (EG), oil, and molten salt are uti-
lized as the base fluids. Choudhary et al. [27] employed
Fe,0,/water-EG nanofluids in a FPSC with volume con-
centrations ranging from 0.2 to 1% and flow rates ranging
from 30 to 150 L/h. Thermal efficiency was found to be
15.2% higher when compared to water and EG working
fluids. Sundar et al. [28] used water-based Al,O5; nanofluid
with wire coil as heat transfer augmentation methods for
a FPSC. The highest thermal efficiency of 37.73% was
reported compared with water. The thermal efficiency of
FPSC was improved by 16-34.13% using MWCNTs/water
nanofluid with volume concentrations of 0.01-0.1% [29].
Moreover, Alawi et al. [30] investigated the effect of using
graphene nanoplatelets with pentaethylene glycol (GNPs/
PEG) as a working fluid in a FPSC. Several parameters
inputs were employed: nanoparticle mass fractions, vol-
ume flow rates, temperatures, and solar radiations. It was
reported that the absorber performance had been enhanced
by 13.3%.

A novel type of fluid known as hybrid nanofluids was
later introduced. Several recent studies had examined hybrid
nanofluids as a continuation of nanofluids research. Hybrid
nanofluids are formed by dispersing two or more nanoparti-
cles in the base fluid in either composite or mixed form [31].
Various methods were suggested for synthesizing hybrid
nanoparticles, namely in situ, thermochemical, mechani-
cal alloying, ball milling, wet chemical, solvothermal, and
chemical vapor deposition [32]. Turcu et al. [33] are the first
researchers who described synthesizing (MWCNTs/Fe,05)
hybrid nanoparticles. Following this, researchers have
reported that hybrid nanofluids exhibited better thermal con-
ductivity than regular nanofluids [34—38]. However, pressure
loss caused by an increase in friction factor remains a severe
issue. The increase in viscosity has a direct impact on pres-
sure drop and requires more pumping power as a result. The
pressure drop is proportional to the volume concentration of
nanofluids and is greater for hybrid nanofluids [39]. Accord-
ing to several authors [40—42], the friction coefficient and
pressure drop were considerably greater for hybrid nanoflu-
ids than that for the nanofluids from single nanoparticles.
Figure 1 shows the number of articles published over the last
10 years in terms of nanofluids and hybrid nanofluids. It is
seen that the attention of researchers on the nanofluids topic
has gradually increased. As hybrid nanofluids are new gen-
eration of nanofluids, increasing interest in hybrid nanofluids
is seen especially during the last three years. Since hybrid
nanofluids have proved the enhancement of thermophysi-
cal properties compared to mono fluids, it is believed that
the attention toward the utilization of hybrid nanofluids will
increase shortly.
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Sheikholeslami [43] evaluated the effect of Si0,-CNT/
water hybrid nanofluids on the performance of a Linear
Fresnel reflector solar system. Authors employed perforated
fins with the shape of horseshoe connected to the bottom of
the tube. Based on findings, hybrid nanofluids along with
fins can enhance the performance of the system. Ekiciler
et al. [44] attempted to test three different types of hybrid
nanofluids: Ag-ZnO, Ag-TiO,, and Ag-Mgo with Syltherm
800 as a base fluid, on parabolic trough solar collector.
Volume concentrations of 1-4% were considered. Results
indicated that the most suitable type of hybrid nanofluids
was Ag-MgO/Syltherm 800. An experimental study was
conducted by Henein and Abdel-Rehim [45] to investigate
the hybrid nanofluid (MgO-MWCNT/water) on the thermal
performance of an evacuated tube solar collector. Four dif-
ferent mixing ratios were considered: 80:20, 70:30, 60:40,
and 50:50. The results of the study indicated that the (50:50)
ratio of MgO/MWCNT hybrid nanofluid performed better
than all other ratios of the hybrid nanofluid at all volume
flow rates. Shoeibi et al. [46] numerically studied the impact
of using Al,0;-TiO, hybrid nanofluids on glass cooling of a
double-slope solar still. According to the results, the energy
efficiency was increased by 28.32% compared with not using
hybrid nanofluids. Recently, few articles have been reported
in terms of employing hybrid nanofluids in FPSCs. For
example, Verma et al. [47] experimentally tested the influ-
ence of using CuO-MWCNTs/water and MgO-MWCNTs/
water hybrid nanofluids on the thermal performance evalua-
tion of a FPSC. For MgO hybrid nanofluids, the highest aug-
mentation in thermal efficiency of FPSC was 18.05% while
for CuO hybrid nanofluids, 20.52%. Thermal efficiency
enhancement of FPSC was experimentally assessed using
graphene and crystal nano-cellulose (CNC) nanofluids and
a combination of graphene-CNC hybrid nanofluids with base
fluids of EG and water by Mahamude et al. [48]. The ther-
mal conductivity was increased by 194% in comparison with
single nanofluids at 80 ° C, and its viscosity rose to three

Publication year

times of base fluid indicating that hybrid nanofluids can be
an excellent replacement to regular absorber working fluid.
Moreover, at 0.5 vol%, the maximum thermal efficiency of
using graphene-CNC hybrid nanofluid was 15.86%, while
the thermal efficiency of using regular water was 4%. Tahat
and Benim [49] experimentally evaluated the influence of
using Al203-CuO (25:75)/water-EG hybrid nanofluids on
the thermal efficiency of FPSC system. According to the
authors’ findings, thermal efficiency had increased to a max-
imum value of 52%.

In this review, articles related to hybrid nanofluids are
comprehensively reviewed. The review focuses on prepa-
ration methods of hybrid nanofluids and characterization
techniques. Methods of measuring stability and techniques
used for enhancing stability are reviewed as well as the
influence of hybrid nanoparticles on thermophysical prop-
erties, thermal conductivity, viscosity, specific heat, and
density. Further, this review explores different experimen-
tal, numerical, and theoretical investigations of employing
hybrid nanofluids in FPSC focusing on thermal efficiency
improvement since it is considered the main parameter for
utilizing hybrid nanofluids. Finally, challenges, conclusions,
and future remarks are discussed for further investigation. It
is also worth mentioning that more than 85% of the reviewed
articles in this review were published in the last six years,
as depicted in Fig. 2.

Preparation of hybrid nanofluids

Hybrid nanofluid can be produced by dispersing two or more
types of different nanoparticles in base fluid with suitable
blending in proper environmental conditions. Most common
nanoparticles employed for the preparation of hybrid nano-
fluids are exhibited in Fig. 3. Agglomeration of particles
is a crucial issue that may sink due to the action of gravity
leading to decreasing the enhanced properties of nanofluids
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Fig.2 Breakdown of reviewed articles based on the year of publica-
tion

and clogging pipes and valves. Thus, hybrid nanofluids must
be prepared in a proper way to avoid these issues. The nano-
fluid preparation process may commonly be divided into two
techniques, namely one-step and two-step techniques. In the
single-step approach, the production and suspending of nan-
oparticles in the base fluid are carried out concurrently. It is
considered the most effective strategy for enhancing stability
and preventing the creation of oxides and clusters [50]. This
approach omits time-consuming steps including storing, dry-
ing, and mixing particles in the base fluid. The illustration
of the single-step approach is displayed in Fig. 4a. On the

Fig.3 Classification of
nanoparticles used for hybrid
nanofluids preparation

other hand, the two-step approach is the most often applied
method for synthesizing hybrid nanofluids by researchers.
Firstly, the nanoparticles were prepared in dry powder uti-
lizing mechanical or chemical processes. After that, synthe-
sized dry powder is suspended in base fluid: water, or EG
with the help of ultrasonication, shown in Fig. 4b. While the
two-step approach is advantageous for large-scale produc-
tion, it has the disadvantage of clumping particles together
due to high van der Waals forces prior to distribution in the
base fluid, resulting in sedimentation of the particles in the
liquid. As a consequence, the heat conductivity decreases.
Several chemical and physical ways to resolve this problem
have been suggested, including ultrasonic waves, the use of
surfactants, and pH adjustments [51]. The following section
is the classification of hybrid nanoparticles used to synthe-
size and prepare hybrid nanofluids.

Metal oxide + metal oxide

Khan et al. [52] used a two-step technique to synthesize
and prepare Al,0;-SiO,/water hybrid nanofluids. Al,O5
and SiO, nanoparticles at a concentration of 0.01% are dis-
persed in 1000 mL DI water (base fluid) with a mixing ratio
of 50:50. The colloid is first stirred for 6 h at 50 ° C in a
magnetic stirrer and then homogenized in a homogenizer
to accomplish cell disruption, shown in Fig. 5. In another
related experiment, Johari et al. [53] synthesized and pre-
pared Al,O5-SiO, hybrid nanofluids. SiO, and Al,O; were
both prepared independently using a volume fraction of 0.5%
distributed in a 60:40 combination of water/green bio-glycol
as base fluids. Due to the fact that Al,O5 and SiO, nano-
particles exhibit distinct physical phases, their preparation
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Metal oxide Metal Metal Metal oxide Metal
+ + + + +

Metal oxide Metal oxide Non metal Non metal Metal
A,O,-SIO, Cu-Al,0, Cu-GnP ND-Fe,0, Cu-Zn
AlLOTiO, Cu-SiO, Ag-GnP CeO,~MWCNT Al-Zn
Al,0,~CuO Ag-TiO, Al-GnP Fe,0,~MWCNT

Fe,0,-TiO, Ag-MgO Ag-MWCNT TiO,~MWCNT

TiO,-SiO, Ag-WO, SIC-MWCNT TiO,~GnP

ZnO-MgO Cu—CuO Cu-MWCNT Al,O,~GnP

Si0,~CuO Ag-ZnO Fe,O,~GnP

MgO-TiO, Zno-MWCNT




Rheological and thermophysical properties of hybrid nanofluids and their application in...

6649

(@) (b)

Direct
mixing

0
=l
=
=

o

=

]
P4

Fig. 4 Illustration of a one-step and b two-step preparation methods

Direct

mixing

(2]
°
=
=

9]

C

5
=z

Weight scale

Prepared SiO, nanofluid

Prepared Al,O3 nanofluid

—> .- —>¢
Al,O3 nanoparticles ‘ ' SiO, nanoparticles

Base fluid

Magnetic stirring

Sonication

Fig.5 Schematic illustration of Al,03-SiO,/water hybrid nanofluids [52]

methods were likewise distinct. Al,05/SiO, nanofluids were
created in four mixing ratios: 10:90, 30:70, 50:50, and 70:30.
Then, they were sonicated for three hours. The preparation
of water-based TiO,-Al,O5 hybrid nanofluids was performed
by Wanatasanapan et al. [54] using the two-step method.
Various mixing ratios of TiO,-Al,O5 nanoparticles were
used in this study: 20:80, 40:60, 50:50, 60:40, and 80:20.
The nanoparticles were suspended in water firstly using
mechanical stirring for 2 h, followed by an ultrasonication
technique keeping volume concentration of 1.0%. Ma et al.
[55] investigated water-based Al,03-CuO and Al,05-TiO,
hybrid nanofluids using a two-step technique. The optimal
mixing ratio of nanoparticles was selected as 20:80 (Al,05/
TiO, and Al,05/CuO). Another preparation of Al,0;-CuO/
water hybrid nanofluids was performed by Zhang et al. [56].

Powders of Al,O; and CuO were purchased and added to
DI water followed by mechanical stirring (2000 rpm) for
1 h. Then, nanoparticles were equally suspended in water
creating hybrid nanofluids with various mass concentrations.
Malika et al. [57] synthesized and prepared Fe,O5-TiO,/
water hybrid nanofluids. Fe,O5-coated TiO, nanosheets were
synthesized using hydrothermal reduction. Following this,
water-based Fe,05;-TiO, hybrid nanofluids were prepared
utilizing ultrasonication acoustic cavitation method.

The two-step technique was utilized to prepare TiO,-Si0,/
green bio-glycol hybrid nanofluids which were presented
by Zainon and Azmi [58]. Preparation of TiO, and SiO,
nanofluids was firstly performed at several volume frac-
tions of 0.5 — 3%, followed by mixing them with a ratio of
20:80 (TiO,/Si0,). Following this, the green bio-glycol base

@ Springer



6650

M. A. Alfellag et al.

fluid was added to the mixture preparing the hybrid nano-
fluid with the help of the dilution process. Synthesizing of
MgO and ZnO and nanoparticles was carried out by Vidhya
et al. [59] using the co-participation and sol—gel method.
Equal amounts of the two nanoparticles were suspended
in a mixture of water and EG (60:40) forming ZnO-Mgo
hybrid nanofluids. In another investigation, Akilu et al. [60]
employed the two-step approach to prepare SiO,-CuO/C
hybrid nanofluids. CuO/C powder was created using solvo-
thermal methods [61], and SiO,-CuO/C nanoparticles were
made in 80:20 (mass concentration) via ultrasonic aided wet
mixing method utilizing the technique exhibited in the work
performed by Wei et al. [62]. Then, SiO,-CuO/C hybrid
nanofluids were prepared by suspending the solid nanopar-
ticles in the base fluid: glycerol, and EG with a mixing ratio
of 60:40 (% by mass).

Metal + metal oxide

Employing the two-step approach, water-based Al,O5-Cu
hybrid nanofluid was prepared by Ma et al. [63] with vol-
ume concentrations of 0.3-1.5 vol%. Nanoparticles of
Al,O; of 20, 30, and 50 nm were used. Also, the volume
mixing ratio of 80:20 (Al,04/Cu) was kept constant dur-
ing the experimentation. Similarly, Al,O5-Cu hybrid nano-
fluid with volume concentrations of 0.1-2% was prepared
by Suresh et al. [64] via dispersing nanoparticles in pure
water. Si0,-Cu hybrid nanofluids with water and EG as base
fluids are synthesized and prepared by Amiri et al. [65].
Firstly, the Stober technique was applied to produce SiO,
nanoparticles via hydrolysis and condensation of tetra-
ethyl orthosilicate (TEOS). For about 2 h, the preparation
reaction was carried out under stirring. Filtration, washing
with ethanol and drying for two hours at temperatures less
than 100 ° C were applied. Secondly, for forming SiO,-Cu
nanoparticles, 25 mmol prepared SiO, nanoparticles were
introduced to 100 ml water in a stirred beaker, followed by
adding 11.74 mmol ammonia and 11.16 mmol CuCl, for
6 h. Following ethanol purification and filtering, the prod-
ucts were dried for two hours at room temperature. Lastly,
Si0,-Cu nanoparticles were dispersed in deionized water
and EG and stirred for about 3 h using a magnetic stirrer
forming hybrid nanofluids. Using the same nanoparticles,
Lahari et al. [66] prepared SiO,-Cu (50:50)/glycerin-water
(30:70) hybrid nanofluids using the two-step method. Cu
and SiO, nanoparticles are directly suspended in base fluids,
and then they were magnetically mixed for one hour and
ultrasonicated for two hours producing more stable hybrid
nanofluids.

Chawhan et al. [67] synthesized Ag-doped TiO, nano-
particles utilizing an ultrasonic-assisted technique. The
nanoparticles were filtered and rinsed with ethanol and
purified water before being dried at 80 ° C for two hours.
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Furthermore, the Ag-doped TiO, nanoparticles were sus-
pended in water producing Ag-doped TiO, hybrid nano-
fluid. In another study, Esfe et al. [68] prepared Ag-MgO/
water hybrid nanofluid. A mixture of 50:50 (Ag/MgO) was
suspended in water, forming hybrid nanofluid with volume
concentrations range of 0 — 2%. According to Aberoumand
and Jafarimoghaddam [69], the electrical explosion of wire
(EEW) approach known as a one-step method was utilized
in preparing tungsten (IIT) oxide (WOj3)-silver/transformer
oil hybrid nanofluid. One benefit of using EEW method is
its capacity to produce nanoparticles from any substance
capable of forming a thin wire.

Metal + non-metal

Using the two-step technique, Kishore et al. [70] prepared
Cu-graphene/water hybrid nanofluid. Cu nanoparticles
with a diameter of 30-50 nm and GnP nanoplatelets with
a diameter of less than 2 um are employed for the prepara-
tion procedure, and hybrid nanoparticles with two mixing
ratios: 30:70 and 70:30 (Cu/GnP), were employed in this
study. Dispersing hybrid nanofluids in water yielded pro-
ducing Cu-graphene hybrid nanofluids with 0.01 and 0.02%
volume fractions. According to Ma et al. [71], a mixed ratio
of 1:1 of GnP/Ag nanoparticles was used for preparing GnP-
Ag/water hybrid nanofluid with three mass concentrations:
0.001, 0.002, and 0.003%. A magnetic stirrer was utilized for
the reason of evenly suspending the nanoparticles in the base
fluid. Likewise, GnP-Ag/water hybrid nanofluid was pre-
pared by Yarmand et al. [72] using the two-step technique.
Graphene nanoplatelets were functionalized first since they
are hydrophobic and not able to disperse directly into the
water. Then, Ag was mixed with functionalized GnP with
a mass ratio of 1:6. Specific amounts of water were added
to the composition making hybrid nanofluids with several
concentrations.

Li et al. [73] synthesized and prepared SiC-MWCNTs
hybrid nanofluids for solar applications. Firstly, powders of
SiC and MWCNTs were mixed with a ratio of 8:2 (SiC/
MWCNTS). Then, hexane was added to the mixture followed
by stirring for 20 min and then ultrasonication and drying
process. The dry product was dispersed in ethylene glycol,
base fluid, forming SiC-MWCNTs hybrid nanofluid with
mass fractions range of 0.01-1%. Munkhbayar et al. [74]
prepared Ag-MWCNTs hybrid nanofluid via the single-
step technique utilizing the pulsed wire evaporation (PWE)
approach. The apparatus utilizes four major elements: a
high-voltage direct current power source, a high-voltage
gap switch, a capacitor bank, and a condensation/evapora-
tion chamber. MWCNT nanofluids were put into a 500-ml
bottle, which was subsequently placed in the PWE instru-
ment. Then, using the PWE approach, Ag nanoparticles were
synthesized and directly contacted the base fluid within wall
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of the chamber. Finally, Ag-MWCNT hybrid nanofluid was
obtained with different concentrations.

Metal oxide + non-metal

Sundar et al. [75, 76] used chemical co-precipitation and
in situ growth method to synthesize nanodiamond (ND)/
Fe;O, nanoparticles with a mixing ratio of ND/Fe;0, of
72:28% (mass ratio) [75] and 28:72% (mass ratio) [76]. The
synthesized nanoparticles were suspended in two base fluids,
namely water and EG. Several mixture ratios were used in
reference [75]: 20:80, 40:60, 60:40 (mass ratio) of EG/W,
while in reference [76], just one mixing ratio was employed,
40:60 (mass ratio) of EG/W. Both studies utilized concen-
trations of 0.05, 0.1, and 0.2%. The same procedure was
repeated by Said et al. [77] and Saleh and Sundar [78] to
synthesize and prepare nanodiamond-Fe;0, hybrid nanoflu-
ids with mixing ratios of base fluids of 40:60% and 60:40%
(water/ethylene glycol).

Tiwari et al. [79, 80] applied the two-step approach for
preparing CeO,-MWCNT hybrid nanofluids. They mixed
80:20% (mass ratio) of CeO,/MWCNT nanoparticles and
dispersed them in several base fluids, namely water, Ther-
minol VP-I, EG, and silicon oil. A range of concentrations
of 0.25-1.5 vol% was employed. Some other recent stud-
ies utilized various nanoparticles with multi-walled carbon
nanotubes (MWCNTs) to prepare hybrid nanofluids. In an
investigation performed by Said et al. [81], water-based
Fe;O0,-MWCNT hybrid nanofluids were prepared using the
in situ growth method with the approach of chemical reduc-
tion. Several particle concentrations were utilized: 0.05, 0.1,
0.2, and 0.3%. Moreover, Fe;0,-F-MWCNT nanoparticles
were prepared and mixed with equal volume by Harandi
et al. [82]. Then, the mixture was dispersed in ethylene
glycol to form hybrid nanofluids with volume fractions of
0.1-2.3 vol%. In another Fe;0,-F-MWCNT hybrid nano-
fluids preparation investigation [83], the chemical reduction
technique was used which entails treating MWCNT with
strong acids and establishing a carboxyl (-COOH) connec-
tion between Fe;0, and MWCNT. Fe;O,-MWCNT nanopar-
ticles were mixed in water to achieve concentrations range
of 0.05-0.3%.

Alawi et al. [84] employed the two-step method for
preparing MWCNTs-TiO, hybrid nanofluid following
sequencing steps. Functionalization of MWCNT was firstly
performed, and then, MWCNT and TiO, nanofluids were
prepared. After that, the prepared nanofluids with a mixing
ratio of 40:60% (MWCNT/TiO,) were dispersed in water
forming hybrid nanofluids with mass fractions range of
0.025-0.1%. Another similar investigation was performed
by Safi et al. [85] synthesizing and preparing MWCNTs-
TiO, hybrid nanofluids. Functionalized MWCNTSs and
TiO, nanoparticles were prepared utilizing solvothermal

technique. A wide range of MWCNTs-TiO, concentrations
of 0.02-0.08 mass% was employed and mixed in water
as base fluid. Graphene nanoplatelets had been used with
TiO, [86], Al,O5 [87], and Fe;O, [88] nanoparticles pro-
ducing hybrid nanofluids. The two-step technique had been
applied for the hybrid nanofluids preparation with a con-
centrations range of 0 — 1%.

Metal + metal

Mechiri et al. [89] investigated the synthesis and prepara-
tion of Cu—Zn hybrid nanofluid. Cu and Zn nanoparticles
were prepared using mechanical milling. Nanoparticles
were mixed with ratios of 50:50, 75:25, and 25:75 (Cu/
Zn). Following this, compositions were suspended in veg-
etable oil for volume concentrations of 0.1 — 0.3% and then
ultrasonicated for 3 h each. Other similar studies were car-
ried out by Kumar et al. and Mechiri et al. [90, 91]. In situ
Cu-Zn hybrid nanoparticles were synthesized. Equal
amounts of Cu and Zn nanoparticles were suspended in
vegetable oil producing hybrid nanofluids. Pual et al. [92]
prepared Al/Zn nanoparticles via mechanical alloying, and
nanoparticles were suspended in ethylene glycol base fluid
utilizing ultra sonicator producing Al-Zn hybrid nanofluid.
Table 1 summarizes preparation methods of hybrid nano-
fluids for various publications.

Characterization of hybrid nanofluids

Techniques of characterization are necessary to success-
fully characterize the hybrid nanofluids that have been pro-
duced. Researchers have used various methods, namely
X-ray diffraction (XRD), transmission electronic micro-
scope (TEM), scanning electronic microscope (SEM),
Fourier transmission infrared (FTIR), energy-dispersive
X-ray spectroscopy (EDX), dynamic light scattering
(DLS), energy-dispersive X-ray spectroscopy (EDS), high-
resolution transmission electron microscopy (HRTEM),
Raman, field emission scanning electron microscopy
(FE-SEM). XRD is used for estimating the characteristic
peaks of the materials, and TEM and SEM are utilized
for studying the microstructure and morphology of hybrid
nanoparticles [95]. FTIR is employed to investigate the
surface chemistry of solid particles as well as liquid par-
ticles, while DLS is utilized for estimating the average
nanoparticle size in base liquid. Also, Raman is used to
investigate the G-band and D-band of the carbon-related
hybrid nanoparticles [96]. Figure 6 shows the TEM, FTIR,
and XRD results of Ag-TiO, hybrid nanoparticles [67].
Characterization techniques employed by scholars in this
literature are provided in Table 2.
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Table1 A summary of

preparation methods of
hybrid nanofluids for various
publications

Category Nanoparticles Base fluid Method of References
preparation

Metal oxide + metal oxide  Al,053-SiO, Water, water/bio-glycol Two-step [52, 53]
TiO,-Al,04 Water Two-step [54, 55]
Al,05-CuO Water Two-step [55, 56]
Fe,0;-TiO, Water Two-step [57,93]
TiO,-SiO, Water/bio-glycol Two-step [58]
ZnO-Mgo Water/bio-glycol Two-step [59]
Si0,-CuO/C Glycerol/ethylene glycol Two-step [60]
MgO-TiO, Water Two-step [94]

Metal + metal Oxide Al,05-Cu Water Two-step [63, 64]
Si0,-Cu Water and ethylene glycol =~ Two-step [65]
Si0,-Cu glycerin Two-step [66]
Ag-doped TiO, Water Two-step [67]
Ag-MgO Water Two-step [68]
Ag-WO; Transformer oil One-step [69]

Metal + non-metal Cu-GnP Water Two-step [70]
Ag-GnP Water Two-step [71,72]
SiC-MWCNTs EG Two-step [73]
Ag-MWCNTs Water One-step [74]

Metal oxide 4+ non-metal ND-Fe;0, Water/bio-glycol Two-step [75-78]
CeO,-MWCNT water, Therminol VP-I, EG, Two-step [79, 80]

silicon Oil

Fe;0,-MWCNT  Water, ethylene glycol Two-step [81-83]
TiO,-MWCNTs Water Two-step [84, 85]
TiO,-GnP Water Two-step [86]
Al,O3-GnP Therminol Two-step [87]
Fe;0,-GnP Kerosene Two-step [88]

metal + metal Cu-Z7n Vegetable Oil Two-step [89-91]
Al -Zn water Two-step [92]

Stability of hybrid nanofluids

Because nanoparticles are often hydrophobic, they are not able
to be dispersed in the majority of heat transfer fluids with-
out the addition of surface treatments, surfactants, or disper-
sants [97]. Additionally, without these particular procedures,
the nanoparticles would agglomerate, resulting in additional
issues such as sedimentation, clogging, and a decrease in the
mixture's thermal conductivity. Thus, it is critical to study the
parameters affecting the hybrid nanofluids dispersion stability
and methods of stability enhancement. The following section
discusses several ways for evaluating and improving the stabil-
ity of hybrid nanofluids, shown in Fig. 7. This approach has
the disadvantage of being time-consuming.

Stability evaluation methods
Nanofluids evaluation stability can be assessed using popular

methods including sedimentation method, zeta potential, and
spectral absorbance analysis as discussed below in detail.

@ Springer

Sedimentation method

Sedimentation method is a very easy technique for determin-
ing the stability of a nanofluid. After preparing the hybrid
nanofluid, it is maintained static inside a glass tube, and the
particles settling are monitored continually via the use of
photographs. The time required to capture photos is related
to the quality of the hybrid nanofluids during preparation.
Various researchers have utilized the sedimentation approach
to study the stability of hybrid nanofluids [63, 73, 98-106].
For instance, the sedimentation observation after 72 h of
preparing Al,O5;-ZrO/Jatropha oil-based hybrid nanofluids
is shown in Fig. 8 [107].

Zeta potential test

The zeta potential test is considered the most popular
method for determining the stability of the hybrid nano-
fluids. Dispersed particles are surrounded by a liquid layer
of fluid which consists of two parts: the stern layer, which
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Table 2 Characterization methods employed by researchers in this literature

Characterization technique

References

X-ray diffraction (XRD)

Scanning electronic microscope (SEM)

Field emission scanning electron microscopy (FESEM)
Transmission electronic microscope (TEM)

High-resolution transmission electron microscopy (HRTEM)
Fourier transmission infrared (FTIR)

Energy-dispersive X-ray Spectroscopy (EDS)
Energy-dispersive X-ray spectroscopy (EDX)

Dynamic light scattering (DLS)

Raman

[54, 59, 60, 63, 64, 67, 68, 71, 75, 85, 88, 94, 98, 102, 104, 122, 123,
135, 163, 169, 170, 174]

[56, 64, 65,70, 71,75, 81, 85, 90, 93, 94, 98, 107, 122, 123, 125, 170]
[57, 60, 65, 84, 90, 98, 100, 102, 123, 143, 172, 174]

[54, 55, 63, 67, 88, 98, 100, 104, 113, 117, 127, 135, 161, 163, 168]
[54,75, 84, 104]

[38, 57,59, 67,71,75, 85, 88, 98,99, 104, 124, 135, 163, 170, 174]
[59, 107, 123]

[60, 65, 70, 84, 100, 123, 124]

[57, 88,90, 99, 170, 175]

[71, 82, 83, 104]

contains firmly bound ions, and the diffuse layer, which con-
tains weakly bound ions. A stable entity is formed by ions
and particles inside an imaginary boundary in the diffuse

layer. Due to gravitation, any particles that migrate beyond
this boundary will remain within this bulk phase and the
potential on the boundary is named as zeta potential. Zeta

@ Springer



6654

M. A. Alfellag et al.

Fig.7 Hybrid nanofluids
evaluation and enhancement
techniques
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Fig.8 Sedimentation analysis
hybrid nanofluid [107]
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potential value increases as the forces of electrostatic repul-
sive between nanoparticles rise. An increase in the zeta
potential reveals that nanofluids are more stable [22, 53,
108]. Several studies [50, 59, 104] indicated that nanofluids
with zeta potential values higher than + 30 mV are regarded
as good stable nanofluids while nanofluids with zeta poten-
tial values above + 60 mV have outstanding stability.
Bakhtiari et al. [86] utilized the zeta potential test for
evaluating the stability of TiO,-Graphene/water hybrid
nanofluids. The measured zeta potential was — 47.6 mV
revealing good stable hybrid nanofluids. Mane et al. [109]
inspected the effect of several dispersants: chitosan, sodium
dodecyl benzoic sulfate (SDBS), and gum Arabica (GA)
on the zeta potential of CuO-Fe;O,/water hybrid nanoflu-
ids. It was concluded that using chitosan increased the zeta
potential revealing better stability in comparison with oth-
ers. The stability of SiC-MWCNTs hybrid nanofluids was
performed by Li et al. [73] for different mass concentrations.
Results exhibited that the zeta potential value reduced with
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increasing mass concentration and standing time, shown
in Fig. 9, the same trend was reported by Li et al. [103].
Despite this, after 30 days of storage, the value of zeta poten-
tial was 45 mV which indicates a good stable nanofluid.
CeO,-MWCNT/water hybrid nanofluids prepared by Tiwari
[80] showed good stability after 90 days of preparation with
the highest zeta potential value of 50 mV. According to
Johari [53], moderate stability of Al,05;-SiO, hybrid nano-
fluids with a value of zeta potential of 23 mV was observed.
In addition, moderate stability of Al,0;-CuO hybrid nano-
fluid with a potential value of — 26.49 mV was observed
by Wanatasanappan et al. [105]. A recent investigation by
Jin et al. [104] on the Cu-CNT and Ag-CNT hybrid nano-
fluids stability showed relative potential values which were
relatively low: -37.6 mV and — 33.7 mV, respectively, and
it may be accounted for the metal nanoparticles presence.
Vidhya et al. [59] employed the zeta potential technique to
test the stability of the ZnO-MgO hybrid nanofluid. They
concluded that the potential values for all examined vol-
ume concentrations: 0.0125-0.1%, were between 45 and
60 mV indicating that the nanofluids were in good stability.
Mousavi et al. [94] tested the stability of MgO-TiO,/water
hybrid nanofluids with several concentrations and mixing
ratios. They found that the hybrid nanofluids were stable
with a minimum potential of 30 mV and a maximum value
of 38.93 mV.

Ultraviolet-visible spectroscopy measurement

Another effective method for determining the stability
of hybrid nanofluids is ultraviolet—visible spectroscopy
measurement. This technique is most commonly utilized
when the nanoparticle dispersed in the base fluid exhibits
an absorption peak that is between 190 and 1100 nm in
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Fig.9 Zeta potential of SiC-MWCNTs nanofluids as a function of
standing time [73]

wavelength [110, 111]. The particles dispersed in the base
fluid have a proclivity for absorbing visible and ultraviolet
light. Stability is determined via monitoring the absorption
peak characteristics and how they change over time with
a UV-VIS spectrophotometer. The decrease in absorb-
ance with time suggests that the nanofluid suspension is
unstable [112]. In the UV-VIS spectrophotometer, the
absorbance peak of the provided nanofluid must be firstly
determined. As the concentration of suspension increases,
absorbance rises as well demonstrating a linear connection
between absorbency and concentration. Once a desired
concentration of suspension is prepared to investigate rela-
tive stability, the sedimentation process begins. Following
that, the stability of nanofluids will be assessed via moni-
toring supernatant concentration by employing a UV-VIS
spectrophotometer at several intervals [22]. The drawback
of this method is that it is ineffective for nanofluids with
a high concentration or those that are dark in color, since
high concentration nanofluids induce high incoming light
absorption and lower scattered light intensity, lowering
data quality.

Sandhya et al. [98] evaluated GNPs-CNC hybrid nano-
fluid stability utilizing UV—-Vis spectroscopic technique for
different volume concentrations. The UV-VIS spectrums
revealed that the hybrid nanofluid at 0.2% volume concen-
tration had the highest absorption peak (with 200400 nm
wavelength range) which yields greater hybrid nanofluid sta-
bility. Shajan et al. [87] studied the stability of GNP-AI,O,
hybrid nanofluid. Results indicated that, at high wavelengths,
UV absorbance value decreased with increasing sedimenta-
tion period. After 14 days of storage, the absorbance value
of 0.658 was found which promised a good stable suspen-
sion. The stability of Al,0;-CuO and Al,0;-TiO, hybrid
nanofluids was assessed by Ma et al. [55] as a function of
wavelength using UV-Vis investigation. Results yielded that
Al,05-TiO, hybrid nanofluid is more stable than Al,O;-CuO
at all ranges of wavelengths.

Stability determination of TiO,-SiO, hybrid nanofluid by
measuring the absorbance ratio throughout sedimentation
time was performed by Hamid et al. [101, 113] and Nabil
et al. [114] using the UV-Vis spectrophotometer. It was indi-
cated that rising sonication time up to 120 min over 336 h of
sedimentation time yielded an absorbance ratio of 70% [101,
113] which means stable suspension. The optimal value ref-
erence of the absorbance ratio is 100%. However, Nabil et al.
[114] found that a sonication time of 90 min with the same
sedimentation period yielded the highest absorbance ratio of
around 80%. In another related study, Zainon and Azmi [58]
applied the same technique with the same nanoparticles to
evaluate the suspension stability. They achieved an absorb-
ance ratio of about 90%, which means excellent stability,
with a sonication time of 3 h and sedimentation period of
336 h, as explained in Fig. 10.
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Stability enhancing techniques
Chemical methods
Surfactants

This is one of the most applied strategies for preventing
nanoparticle sedimentation. The use of surfactants, also
known as dispersants, may help nanoparticles stay stable in
aqueous solutions [115]. The reason behind this is that with
the help of surfactants, nanoparticle surfaces are changed
from hydrophobic to hydrophilic and vice versa depending
on the requirement. Surfactants can be classified into four
groups depending on the composition of the head: anionic
surfactants which are negatively charged heads, non-ionic
surfactants which do not have charges in their heads, ampho-
teric surfactants which have zwitterionic head groups, and
cationic which have positively charged heads [116]. The type
of dispersant to be used is determined by the particle charac-
teristics as well as the desired fluid. Tiwari et al. [80] tested
the stability of CeO,-MWCNT hybrid nanofluid employing
six different surfactants, namely sodium dodecyl benzene
sulfonate (SDBS), polyvinyl pyrrolidone (PVP), sodium
dodecyl sulfate (SDS), gum Arabic (GA), cetyltrimethyl-
ammonium bromide (CTAB), and distearyl dimethylammo-
nium chloride (DDC). Authors stated that better stability
was achieved when increasing the amounts of surfactants
to a certain point. However, any additional increase in the
amount of surfactant used in the mixture will diminish the
stability of the suspension. In addition, CTAB surfactant,
which is cationic, exhibited the best stability up to 30 days
after preparation. Days 30-90, the SDBS surfactant was
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Fig. 10 Variation of absorbance ratio for different sonication times
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crucial in the hybrid nanofluid stability. The same research
group, Tiwari et al. [79], had proven that the organic salt
type Benzalkonium chloride (BAC) surfactant produced the
best results among other surfactants in terms of stability of
Ce0,-MWCNT hybrid nanofluid up to the 30th day, and
hence, the use of BAC surfactant is suggested when pre-
paring long-term stable nanofluids. Ma et al. [55] studied
the influence of SDS, PVP, and CTAB dispersants on the
stability of Al,05-CuO and Al,05-TiO, hybrid nanofluids.
According to the findings, PVP had been discovered to be
the most effective surfactant for maintaining the stability
of hybrid nanofluids after 25 days, as illustrated in Fig. 11.

Many researchers had utilized popular dispersants to sta-
bilize nanofluids including CTAB [55, 59, 67, 68, 70, 80,
99], SDBS [56, 80, 93, 117], SDS [55, 80, 94,99, 118, 119],
PVP [55, 80, 117, 120], GA [99, 120], BAC [79], potassium
lauryl sulfate (PLS) [79], sodium deoxycholate (SDC) [117].

pH control

The stability of nanoparticles is directly related to their elec-
trokinetic characteristics. As a result, adjusting the pH of
nanoparticles can assist in improving their stability. It has
been shown that nanoparticles are more stable at pH levels
that are distant from the isoelectric point (IEP), which is
known as the point at which the particles' surface charge and
the zeta potential values are both zero [121]. Wanatasana-
pan et al. [54] concluded that TiO,-Al,O5 hybrid nanofluids
within all mixing ratios: 20:80, 40:60, 50:50, 60:40, and
80:20 showed high stability since they exhibited pH values
slightly lower than the pH of the base fluid. In Suresh et al.
[64] study, the pH values of the synthesized water-based
Al,0;-Cu hybrid nanofluids were determined to be approxi-
mately 6. A stable dispersion is thought to be accomplished
because the pH range (6) is near to that of normal water.
Also, it was discovered that when the concentration of the
hybrid nanofluid grows, the pH rises. This suggests that the
hybrid nanofluids stability is reliant on the nanoparticles'
volume fraction. In another related investigation performed
by Suresh et al. [122], the stability of water-based Al,0;-Cu
hybrid nanofluid was assessed via measuring pH values. It
was revealed that pH values were about 5.5 which is distant
from the isoelectric point (IEP) meaning high stability. A
stable TiO,-CuO/C hybrid nanofluid was achieved by Akilu
et al. [123] with a pH value of 10, accounting for the strong
electrostatic repulsion between the nanoparticles. Qing et al.
[124] inspected the SiO,-graphene/naphthenic oil hybrid
nanofluid stability under 4 different pH values, 9 — 12.
Authors stated that a pH value of 11 showed the maximum
stability, while a pH value of 12 revealed the lowest stability.
According to Tiwari et al. [80], optimized pH values, 9 and
9.5, were obtained with the utilization of SDBS and CTAB
dispersants. Zhang et al. used NaOH to regulate the pH value
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Fig. 11 Stability of a Al,0;-CuO and b Al,O;-TiO, hybrid nanofluids for various surfactants [55]

of Al,0;-CuO/water to 9.5 resulting in good stability [56].
In another study, Yildirim et al. [125] described that the
highest pH value of 7.9 of Al,0;-MoS, hybrid nanofluid was
obtained at a mixing ratio of 2:1, shown in Fig. 12, achieving
higher stability among other tested concentrations.

Physical methods
Ultrasonication

Ultrasonication is a common approach used by scholars to
stabilize nanofluids. Ultrasonic devices can distribute nano-
particles uniformly in the base fluid and break up clusters via
applying high-frequency vibrations, with no change in nano-
particle surface characteristics [32, 126]. Mousavi et al. [94]
indicated that ultrasonication time is considered one of the
most important factors affecting hybrid nanofluids stability.
Increasing sonication time to a certain point yielded to more
stable MgO-TiO, hybrid nanofluid and then experienced
slightly lower stability, as Tiwari et al. [79, 80] concluded.
At a mass mixing ratio of 50:50 (MgO/TiO,), the optimal
sonication time was 70 min for all volume concentrations
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examined while at mixing ratios of 80:20 and 20:80 (MgO/
TiO,), the best sonication time appeared to be 60 min. Asadi
and Asadi [127] used an ultrasonic processor to obtain super
dispersion of MWCNT-ZnO hybrid nanofluid, and the sus-
pension was stable for one week. A probe sonicator was
utilized by Xian et al. [117] to stabilize TiO,-graphene/
water-EG hybrid nanofluid. It was concluded that a longer
sonication time for tested samples reveals better stability.
During the preparation process of TiO,-SiO,/water-EG
hybrid nanofluid which is performed by Hamid et al. [113],
ultrasonic bath was used to stabilize the solution with several
sonication times. 120 min of sonication time was employed
in this study since it yielded to high stability to the solution.
Amiri et al. [65] employed a 250-W sonicator for two hours
to stabilize SiO,-Cu hybrid nanofluid. The solution gave sta-
ble for two weeks at least.

Magnetic stirring

Magnetic stirring is considered the most common technique
utilized for dispersing nanoparticle clusters. This approach
is essential for mixing nanoparticles in base fluids during
hybrid nanofluids production. Magnetic bead spins because
of an external outside magnetic field and stirring of the parti-
cle fluid mixture. It is necessary to control the stirring speed
to create high-quality hybrid nanofluids, as too fast stirring
might lead to promoting bubble production, and these bub-
bles may attach to the side of the beaker during shifting,
affecting the mass fraction during research [128]. Various
investigations dealing with using magnetic stirring can be
found in [60, 65, 85, 103, 117, 126, 127, 129, 130]. Table 3
summarizes measurement and stabilization techniques
employed by researchers.

Thermophysical properties of hybrid
nanofluids

Employing nanoparticles significantly alters the thermo-
physical properties of hybrid nanofluids, namely thermal
conductivity, viscosity, density, and specific heat of any
type of hybrid nanofluid. A variety of factors influencing
this modification: material type, size, and shape of the nano-
particles used, temperature, and the volume concentration
of dispersed nanoparticles are discussed in the following
sub-sections.

Thermal conductivity
Thermal conductivity is a critical thermophysical param-
eter that dictates the heat transfer characteristics of hybrid

nanofluids. Improvement of thermal conductivity is linked to
convection currents between nanoadditives and base fluids.
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High thermal conductivity yields to increase in the thermal
performance of the thermal system. The thermal conductiv-
ity of hybrid nanofluids is highly affected via the kind and
concentration of nanoparticles, the type of base fluid, and the
operating temperatures [131, 132]. Researchers have utilized
several apparatuses to measure the thermal conductivity,
such as KD2 pro thermal properties analyzer, and scholars
also proposed correlations based on experimental data for
estimating the thermal conductivity, as displayed in Table 4.

Experimental investigations

Various studies have analyzed and assessed the performance
of convective heat transfer of hybrid nanofluids to increase
the thermal conductivity of these nanofluids and improve
the heat transfer rate. Kumar and Sahoo [133] investigated
the thermal conductivity of Al,05;-CuO (50:50) hybrid
nanofluids with several mass concentrations of propylene
glycol (PG) and EG binary base fluids, the volume fraction
of 1.5%, and temperatures ranging from 50 to 70 °C. The
influence of various nanoparticle shapes on thermal con-
ductivity, such as cylindrical, spherical, platelets, brick, and
blades had been studied in this investigation. It was found
that Al,O5-CuO hybrid nanofluid had a greater thermal con-
ductivity in PG binary base fluid than in EG base fluid. In
addition, for both base fluids, increasing temperature and
volume concentration yielded a remarkable augmentation in
thermal conductivity. Spherical nanoparticles exhibited the
highest results in terms of thermal conductivity compared
with other shapes. An experimental investigation was car-
ried out by Ma et al. [134] for investigating the influence of
various mixing ratios of nanoparticles and base fluids on
the thermal conductivity of Al,05-TiO,/EG-W, Al,05-CuO/
EG-W, and Al,05-Cu/EG-W hybrid nanofluids. The study
was performed with a temperature range of 20-60 ° C and
a volume concentration of 1%, and a thermal constant ana-
lyzer (Hotdisk TPS2500) was utilized for performing the
measurements. Results revealed that a mixing ratio of nano-
particles of 20:80 yielded the highest thermal conductivity
among other ratios. According to a sensitivity analysis, it
was shown that the influence of nanoparticle mixing ratios
on thermal conductivity was more notable as compared to
the base fluid mixing ratios. Also, the thermal conductiv-
ity of tested hybrid nanofluids was enhanced via increasing
both temperatures and nanoparticle concentrations, and the
Al,05-TiO, hybrid nanofluid outperformed other nanofluids.
The influence of temperatures and nanoparticles fractions of
GO-C;0,4/water hybrid nanofluid on thermal conductivity
was examined by Said et al. [135]. A range of temperature of
20— 60 ° C and a range of volume concentration of 0 — 0.2%
had been employed in this study. KD2 pro (Decagon Devices
Inc., USA) was employed to measure thermal conductiv-
ity, and the average of 15 readings at 5-min intervals was
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Table 3 Summary of measurement and stabilization methods used by researchers

Hybrid nanofluids

Stabilization method

Measurement method

Stability period

References

CeO,-MWCNT/water, silicone
oil, EG, and Therminol VP-I

CeO,-MWCNT/water

Al,O;3-CuO/water
Al,05-TiO,/water

Al,O0;-CuO/water

ZnO-Mgo/water-EG

Ag-dopedTiO,/water

Ag-MgO/water

Cu-GnP/water

Fe,05-TiO,/water

TiO,-GnP/water-EG

Ag-GnP/water

MgO-TiO,/water

TiO,-ALO,/water

Al,05-Cu/water

Al,O5-Cu/water

TiO0,-CuO/C /EG

Si0,-GnP/naphthenic oil

Al,0;-MoS,

Surfactants (BAC, CTAB, ALS, PLS)

30-240-min Ultrasonication
pH value

SDBS, SDS, CTAB, DDC, GA, PVP)

30-180-min Ultrasonication
8-11 pH value

4-h magnetic stirring
Surfactants (SDS, PVP and CTAB)
60-min Ultrasonication
20-min magnetic stirring
SDBS

1-min Ultrasonic vibration
8.5 pH value

1-h mechanical stirring
CTAB

90-min Ultrasonication

4-h magnetic stirring

9 pH value

CTAB

2-min Ultrasonication
CTAB

3-h Ultrasonication

5.4 pH value

CTAB
Ultrasonication

SDBS

9-h ultrasonication bath
45-min magnetic stirring
5-min homogenization
CTAB, SDC, SDS and SDBS
90-min Probe ultrasonication
30-min magnetic stirring
GA

180-h ultrasonication
180-min magnetic stirring
SDS

80—100-min Probe ultrasonication
1-h magnetic stirring
PVP

2-h ultrasonication
6.7-6.8 pH value

2-h mechanical stirring
SLS

6-h ultrasonication

6 pH value

SLS

6-h ultrasonication

5.5 pH value

2-h ultrasonication

6-7 pH value

4-h ultrasonication

9-12 pH value

24-h stirring

60-min ultrasonication
5.6-7.9 pH value

60-min magnetic stirring
1-h mechanical stirring

Zeta potential test

Zeta potential test

Sedimentation
Spectral absorbance analysis test

Sedimentation
Zeta potential test

Sedimentation
Zeta potential test

Sedimentation

Sedimentation

Sedimentation test

Sedimentation test
Zeta potential test
Spectral absorbance analysis test

Sedimentation test

Zeta potential test

Sedimentation test
Zeta potential test

Zeta potential test

Zeta potential test

Zeta potential test
Spectral absorbance analysis test

90 days

90 days

25 days

14 days

30 days

30 days

Several hours

30 days

20h

40 days

30 days

More than 3 days

30 days

Stable

Stable

Stable

14 days

Stable

(791

[80]

[55]

[56]

[59]

[67]

[68]

[70]

[93]

[117]

[71]

[94]

[54]

[64]

[122]

[123]

[124]

[125]
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Table 3 (continued)

Hybrid nanofluids Stabilization method Measurement method Stability period References
MWCNT-AI,05-MoS, 1-h ultrasonication - 7 days [127]
2-h magnetic stirring
TiO,—Si0,/water-EG 2-h bath ultrasonication - Stable [113]
1-h mechanical stirring
SiO,-Cu/water 2-h ultrasonication - 14 days [65]
3-h magnetic stirring
Al,O5-Cu/water 60-min ultrasonication Sedimentation test 7 days [63]
15-min magnetic stirring
Cu-CNT/water-EG ultrasonication Sedimentation test 6 months [104]
Ag-CNT/water-EG 30-min stirring Zeta potential test
Spectral absorbance analysis test
Table 4 Correlations proposed by researchers estimating thermal conductivity of hybrid nanofluids
Hybrid nanofluids Correlation Range References
Si0,-TiO,/water-EG Ki _ (14 © 525 |+ T 0.076 0<p<3% [149]
E=(rm) (1+5) 30<T<70°C
Al 05;-Cu/EG K — ©.6128+¢) — 0.0041099 0.125<9<2% [150]
Ky 9.3885-0.0001075972 P 25<T<50°C
ZnO-Ag/water K — 14 0.0008794¢0-5899 1345 0.125<9<2% [151]
Ky 25<T<50°C
Si0,-P25/water-EG T 00848 3474 05<9<1.5% [38]
2 K = ko1 0156(14+ ) (142 BTt C
GO-AL,O4/water K _ 0.0031*(T1.185)*(¢0.86S) +1.006 0.1<¢<1% [137]
Kot 25<T<50°C
GNP-AL,0,/TH55 k(@, T) = 0.1055 + 0.6761¢ + 0.001097T — 3.247¢* — 0.026269T  0.01<p<0.1% [87]
—1.515¢"%T? + 0.08627¢°T + 0.0002225¢T* + 7.288e~%T° 25<T<65°C
TiO,-Graphene/Water Kt = 1.0033 + 0.078846 X (TO40488) 5 (0 69671) 0.005<9<0.5% [86]
Kor 25<T<75°C
ND-Fe;0, /water-EG 039 o [ T, 10-383x107" 0.05<9<0.2% [76]
Ky = 1.041 xkbf[(l + )" x [ J= ] T =20°C
T,.=60°C
Al,05;-MWCNTs kKy/ky=A+BXT+CxX@+DXTX@+EX¢* 0.02<9<0.8% [138]
+FXTX > +GX @’ 25<T<50°C
Si0,-MWCNTS/EG 2= 1.01 +0.007685T¢ — 0.5136¢° T~ 4 115437717 0.025<9<0.86% [152]
bf 30<T<50°C
TiO,-MWCNTSs/EG-water St — 1 4+ 0.0187¢06719T06913 0.0625<p<1% [37]
Ko 20<T<60°C
CeO,-MWCNT/water 7\ 19438 0356853 0<9p<1.5% [80]
knf=kbf<1+o.580453x(;0) X 0 30oT<50°C
T,=30°C
Al,O5;-SWCNTs Kt = 0.963 + 0.008379 x [(p044439 X T0-9246] 0.04<9<2.5% [153]
Kar 30<T<50C
MgO-FMWCNTS/EG Kt = 0.8341 + 119024377028 0.05<¢<0.6% [154]
Ko 25<T<50°C

K. Kif, @, T are thermal conductivity of hybrid nanofluids, thermal conductivity of base fluid, volume concentration, and temperature, respec-

tively

considered. It was noted that increasing both temperature
and particle concentration yielded augmentation in hybrid
nanofluid thermal conductivity. A maximum thermal con-
ductivity enhancement of 19.14%, compared to water, was

@ Springer

achieved. The thermal conductivity of GO-Si/water hybrid
nanofluids was tested experimentally by Vardaru et al. [136].
The study considered the influence of nanoparticle mixing
ratios (0.2 — 0.8) and temperature (25 — 50 ° C) on thermal
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conductivity. Authors used a KD2 pro analyzer and ther-
mostat bath for measuring thermal conductivity. Authors
concluded that a mixing ratio of 0.8:0.2 (GO/Si) exhibited
higher enhancement in thermal conductivity. Maximum
improvement of thermal conductivity of 7.97% was achieved
at a temperature of 50 ° C. In another study employed GO
nanoparticles, Taherialekouhi et al. [137] tested the thermal
conductivity of GO-AlL,O5/water hybrid nanofluid at tem-
perature range of 25 — 50 ° C and volume concentrations of
0.1 — 1% with the help of KD2 pro (Decagon Devices Inc.,
USA). Such device measure thermal conductivity with a
range of 0.2 —2 W m~' K~ and -50 to+ 150 ° C. According
to the results, the relative thermal conductivity coefficient
was improved by 33.9% when the temperature was raised
from 25 ° C to 50 ° C and the volume fraction was increased
from 0.1% to 1%, as indicated in Fig. 13. Similar trend was
observed by Askari et al. [88] where Fe;O,-graphere hybrid
nanofluids were tested. They found that thermal conductiv-
ity was augmented by increasing both temperature and mass
concentration achieving the highest enhancement of 31%.
Thermal conductivity coefficient variation of SiO,-P25/
water-EG hybrid nanofluid was evaluated by Ba et al. [38]
for several volume concentrations: 0.5, 1, and 1.5% at five
different temperatures, 20, 30, 40, 50, and 60 ° C. A modi-
fied transient plane source technique was used to measure
thermal conductivity. To ensure that the desired temperature
is maintained throughout the experiment, a temperature-con-
trolled oven was utilized. All the samples were placed in the
oven for 30 min to achieve the desired temperature. Each
sample was measured three times, and the mean value was
recorded as the final result. Authors used an equal mixing
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Fig. 13 Relative thermal conductivity coefficient of GO- Al,O5/water
hybrid nanofluid as a function of volume concentration [137]

ratio of SiO, and P25 nanoparticles, 1:1, for all experiments,
and also, employed a mixing ratio of 5:1 for water and EG
base fluids. A maximum enhancement in thermal conductiv-
ity, 12%, was achieved at a temperature of 60 C and 1.5%
volume concentration.

Bakhtiari et al. [86] evaluated the thermal conductivity of
water-based TiO,-graphene hybrid nanofluids with a volume
concentration range of 0.005 — 0.5% and temperature range
of 25-75 © C employing KD 2 Pro (Decagon, USA). Accord-
ing to the data, the rise in thermal conductivity with increas-
ing solid volume concentrations is more evident at higher
temperatures. Nevertheless, the impact of volume fraction
rise on thermal conductivity was greater than that of temper-
ature. At a volume concentration of 0.5% and a temperature
of 75 °C, the thermal conductivity was 27.84% greater than
the base fluid. A similar trend was noted by Arani and Pour-
moghadam [138] who examined the thermal conductivity of
EG-based Al,0;,-MWCNTs hybrid nanofluid with a temper-
ature range from 25 ° C to 50 ° C and nanoparticles volume
concentrations of 0.02-0.8% without adding any surfactants.
Findings showed that the thermal conductivity was increased
while increasing both temperature and volume fraction. The
influence of volume fraction on thermal conductivity was
more noticeable than temperature. In another related inves-
tigation, Asadi et al. [139] tested Al,0;-MWCNT/thermal
oil hybrid nanofluid with temperature and concentration
ranges of 25 — 50 ° C and 0.125 — 1.5%, respectively. KD2
pro analyzer was employed in this study. Three repetitions
were conducted for each measurement set and the resulting
average values were recorded. Additionally, a hot water bath
was utilized to regulate and maintain the desired temperature
during the process of measuring thermal conductivity. Find-
ings exhibited that thermal conductivity augmented linearly
with increasing both temperature and concentration achiev-
ing a highest enhancement of 45%.

Shajan et al. [87] assessed the influence of graphene nan-
oplatelets (GNP) fraction and temperature on the thermal
conductivity GNP-A1,05/THS55 hybrid nanofluid. Hybrid
nanofluids were evaluated with GNP loadings range of 0.01
— 0.1% and temperatures of 25 — 65 ° C using KD2 pro
(Decagon Devices Inc., USA). Findings exhibited that the
thermal conductivity was increased by 6.5 — 18.72% when
increasing particle loading from 0.01% to 0.1% at the high-
est temperature, 65 ° C. Moreover, the thermal conductivity
of hybrid nanofluids was augmented by 3.03% compared
with GNP/THS55 mono nanofluid while it was augmented
by 10.28% in comparison with Al,05/TH55 mono nano-
fluid. Moradi et al. [37] inspected the thermal conductiv-
ity of TiO,-MWCNTs/EG-water hybrid nanofluid taking
into consideration the effect of temperature, which ranged
between 20 ° C and 60 ° C, and volume concentration, which
ranged between 0.0625 and 1%. According to the experi-
ment data, the thermal conductivity was augmented as the
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volume concentration and temperature rose. The study indi-
cated that the highest augmentation in thermal conductivity
was 34.31%. Further, the findings showed that thermal con-
ductivity was more sensitive at high temperatures compared
to lower temperatures. Effect of using several surfactants
(CTAB, SDBS, SDS, DDC, GA, PVP), different mixing
ratios of hybrid nanofluid to surfactants (5:0, 4:1, 3:2, 2:3,
1:4), sonication time (30 — 180 min), volume concentration
(0.25 — 1.5%), and temperature (30 — 50 ° C) on thermal con-
ductivity of CeO,-MWCNT (80:20)/water hybrid nanofluid
was evaluated by Tiwari et al. [80]. Authors employed Hot
Disk (TPS-500) analyzer for measuring the thermal con-
ductivity. The measurements were taken multiple times for
each temperature and concentration, and then, a mean value
was recorded. The thermal conductivity of hybrid nanofluids
using surfactants was positively influenced when increas-
ing the mixing hybrid nanofluid to surfactant ratio up to a
certain ratio, 3:2. After that, thermal conductivity experi-
mented with a declining trend. Increasing sonication time
up to 90 min yielded increasing thermal conductivity, and
then, it started to decrease. In addition, it was revealed that
increasing both temperature and volume concentration can
enhance thermal conductivity. Researchers concluded that a
maximum 27.38% improvement in thermal conductivity was
obtained with CTAB, 3:2 mixing ratio, 90 min sonication
time, 1.5% volume concentration, and 50 ° C temperature.
Pourrajab et al. [140] performed an investigation dealing
with the effect of Ag nanoparticles and MWCNTs-COOH
nanoparticles on enhancing the thermal conductivity of
hybrid nanofluid using KD2 Pro (Decagon Devices, Inc.,
USA). Several concentrations of water-based MWCNTs-
COOH nanofluid, 0.004 — 0.14%, and a concentration of
Ag of 0.04% were employed in this study with a 20-50 ° C
range of temperature. The highest augmentation of thermal
conductivity of 47.3% was noted for hybrid nanofluid having
0.16% MWCNT-COOH and 0.004% Ag nanoparticles at 50
° C. MWCNTs-Ag/water hybrid nanofluid showed higher
performance as compared with single-nanoparticle nanoflu-
ids as illustrated in Fig. 14 indicating that hybrid nanofluids
are the nanofluids of the future.

Sundar et al. [76] and Saleh and Sundar [78] performed
investigations dealing with the thermal conductivity
enhancement of nanodiamond-Fe;O,/water-EG hybrid nano-
fluid. 60:40% water-EG mixture base fluid was used by [76]
while a mixture of 40:60% water-EG was utilized by [78].
Both studies performed experiments at particle concentra-
tions of 0.05% to 0.2% and temperatures ranging from 20
° Cto 60 ° C. According to findings, the highest thermal
conductivity of 12.79% [76] and 14.65% [78] indicated that
the influence of increasing EG base fluid is more effective
than water. Another related study employing nanodiamond-
Fe;0, hybrid nanofluids was performed by Sundar et al.
[75]. Outcomes indicated that thermal conductivity was
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Fig. 14 Influence of Ag and MWCNT mixing ratio on thermal con-
ductivity [140]

linearly augmented via increasing both temperatures (20-60
¢ C) and volume concentrations (0-0.2%). Experiments were
performed at volume fractions range of 0.019-0.075% and
temperature range of 25-50 ° C.

Artificial intelligence (Al) investigations

Due to the number of factors that appear to impact the
thermal conductivity of nanofluids, the accuracy of theo-
retical models of thermal conductivity prediction is lim-
ited [141]. Numerous researchers have suggested different
correlation models determining the thermal conductivity
of hybrid nanofluids. Recently, artificial neural networks
have been offered as an alternate method for estimating the
thermal conductivity of hybrid nanofluids. Thermal con-
ductivity of fly ash-copper (80:20 vol.%) hybrid nanofluid
in temperatures ranging between 30 ° C and 60 ° C and a
volume concentration range of (0—4.0%) was predicted by
Kanti et al. [142] employing artificial neural network (ANN)
and multi-gene genetic programming (MGGP) techniques.
The results revealed that the thermal conductivity of hybrid
nanofluid augmented with temperature and concentration.
The highest thermal conductivity was achieved at 60 ° C
for a concentration of 4 vol.%. Further, ANN model showed
more accurate results estimating the thermal conductivity of
proposed hybrid nanofluids compared with MGGP model.
Malika and Sonawane [143] used ANN and response sur-
face methodology (RSM) techniques to study the influence
of nanoparticle concentrations (0.2-1 vol%), temperatures
(25-45 ° C), size of particles (20-60 nm), and ultrasonica-
tion time (0—40 min) on thermal conductivity of Fe,05-SiC/
water hybrid nanofluid. A more accurate predicted thermal
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conductivity was obtained by the ANN method compared
with the RSM method, as shown in Fig. 15. It was revealed
that the best thermal conductivity was noted at a concentra-
tion of 0.8 vol%, a temperature of 40 ° C, a particle diameter
of 30 nm, and ultrasonication time of 30 min. In another
related work, ANN technique was utilized by Rostami et al.
[144, 145] to estimate the thermal conductivity of SiO,/
water—ethylene glycol (50:50) hybrid nanofluid [144] and
MWCNT-CuO/water hybrid nanofluid [145]. Experiments
were firstly performed using seven different volume con-
centrations ranging from 0 to 5% [144], and 0.05-6% [145]
with a temperature range of 25-50 ° C. Authors noted that
thermal conductivity augmented with rising nanofluid tem-
perature and volume concentration of the nanofluid due and
this enhancement can be accounted for the increase in nano-
particle collisions as well as the weakening of molecular
bonds in fluid layers. After, the ANN method was applied
predicting the nanofluid thermal conductivity and authors
stated that the ANN method showed better performance with
fewer errors compared to the fitting method.

Wole-Osho et al. [141] tested the thermal conductivity
of Al,05-ZnO/water hybrid nanofluid with three different
mixing ratios, namely 1:2, 1:1, and 2:1 (Al,05/Zn0O). The
experiments were performed with various volume concen-
trations (0.33, 0.67, 1.0, 1.33 and 1.67%) with a range of
temperatures of 25-65 ° C. Moreover, authors utilized artifi-
cial intelligence approaches, ANN, and adaptive neuro-fuzzy
inference system (ANFIS), for predicting thermal conduc-
tivity. According to their findings, Al,05;-ZnO/water hybrid
nanofluid with a mixing ratio of 1:1 yielded the highest ther-
mal conductivity as compared with other mixing ratios, 1:2

and 2:1, at all examined temperatures and volume concentra-
tions. Further, maximum thermal conductivity augmentation
of 36%, 35%, and 40% was found for hybrid nanofluids with
mixture ratios of 1:2, 1:1, and 2:1, respectively, at a tempera-
ture of 65 ° C and a volume concentration of 1.67%. ANN
model performed better performance in terms of predicting
thermal conductivity. Locally weighted linear regression
(LWLR) was used by Pourrajab et al. [146] as a comput-
ing technique predicting the thermal conductivity of hybrid
nanofluids in water, EG, and water/EG mixtures. For valida-
tion, several related recent correlations [82, 114, 129, 147,
148] were compared with LWLR. Authors findings revealed
that LWLR offered a good prediction of thermal conduc-
tivity with a maximum error of less than 1.5%. Addition-
ally, via performing a sensitivity analysis, it was concluded
that temperature, volume concentration, and nanoparticles
size were the most effective factors while water/EG mixing
ratio showed less importance in terms of assessing hybrid
nanofluid thermal conductivity. A summary of thermal con-
ductivity improvement of hybrid nanofluids performed by
various researchers is displayed in Table 5.

Viscosity

Viscosity is a crucial characteristic of fluid-based thermal
applications. The viscosity of the fluid affects pressure drop,
pumping power, and convective heat transfer coefficient
[155]. Therefore, viscosity merits the same consideration
as thermal conductivity owing to its very significant effect
on heat transfer [127, 156]. The viscosity of hybrid nanoflu-
ids, compared to base fluids, should be thoroughly examined
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Table 5 Thermal conductivity enhancement of various hybrid nanofluids performed by researchers

Hybrid nanoparticles Base fluids Outcomes References

Al,03-CuO PG, EG/water Using Spherical nanoparticles, PG base fluid exhibited the highest thermal conductivity [133]

Al,05-TiO, Water/EG Optimum nano particles mixing was 20:80, and Al,05-TiO, hybrid nanofluid outperformed [134]

Al,05-CuO other nanofluids

Al,0;3-Cu

Go-Co;0, Water Maximum thermal conductivity enhancement of 19.14%, compared to water at 60 ° C and [135]
0.2 vol%

GO-Si Water A maximum thermal conductivity enhancement of 7.97% was achieved [136]

GO-AlL 04 Water The relative thermal conductivity coefficient was improved by 33.9% at 50 C and 1 vol% [137]

Si0, P25 Water/EG A maximum enhancement in thermal conductivity, 12%, was achieved at a temperature of [38]
60 ° C and 1.5% volume concentration

Fe;0,-graphere Kerosene Maximum thermal conductivity of 31% was achieved [88]

TiO,-Graphene Water The thermal conductivity was 27.84% greater than the base fluid at 75 ° C and 0.5 vol% [86]

Al,O5;- MWCNTs EG The influence of volume fraction on thermal conductivity was more noticeable than tem- [138]
perature

Al,0;-MWCNT Thermal oil ~ Thermal conductivity augmented linearly with increasing both temperature and concentra-  [139]
tion achieving a maximum enhancement of 45%

Al,0;-GNP THS55 Thermal conductivity was increased by 18.72% at 65 ° C and 0.1 vol% [87]

TiO,-MWCNTs Water/EG The highest rise in thermal conductivity was 34.31%. thermal conductivity was more sensi- [37]
tive at high temperatures compared to lower temperature

CeO,- MWCNT Water A maximum 27.38% improvement in thermal conductivity was obtained [80]

Ag-MWCNTs-COOH Water The highest augmentation of thermal conductivity of 47.3% was noted for hybrid nanofluid  [140]
having 0.16% MWCNT-COOH and 0.004% Ag nanoparticles at 50 ° C

ND-Fe;0, Water/EG The highest thermal conductivity of 12.79% was obtained at 60 C and 0.2% [76]

ND-Fe;0, Water/EG The highest thermal conductivity of 14.65% was obtained 60 ° C and 0.2% [78]

ND-Fe;0, Water Thermal conductivity was linearly augmented by increasing both temperatures and volume  [75]
concentrations

fly ash-copper Water The highest thermal conductivity was achieved at 60 ° C for a concentration of 4 vol. [142]
percent hybrid nanofluid. ANN model showed more accurate results estimating thermal
conductivity of proposed hybrid nanofluids compared with MGGP model

Fe,05-SiC Water A more accurate predicated thermal conductivity was obtained by ANN method compared  [143]
with RSM method

Al,0;~ZnO Water Maximum thermal conductivity enhancement of 40% was found. ANN model performed [141]

better performance in terms of predicting thermal conductivity compared with ANFIS

and analyzed before considering employing them in solar
thermal applications. Many researchers proposed correla-
tions for estimating the viscosity of hybrid nanofluids, as
shown in Table 6.

Experimental investigations

Most researchers have evaluated the influence of tempera-
ture and volume concentration on the viscosity of hybrid
nanofluids. Nadooshan et al. [157] evaluated the viscosity
of EG-based Fe;0,-MWCNTs (1:1)/hybrid nanofluid at tem-
peratures range of 25-50 ° C, volume concentration rang-
ing from 0.1% to 1.8%, and shear range of 12.24-73.44 s
Brookfield DV-1 prime digital viscometer was employed in
this research. The viscometer's precision was within + 1% of
the maximum value that the viscometer could measure. To
obtain more accurate results, experiments were conducted
at each volume fraction and temperature for different shear
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rates. This process helps to account for any variations in
the experimental conditions and ensures that the results
are reliable. The findings exhibited that hybrid nanofluids
showed a Newtonian behavior at volume concentrations
(0.1-0.8%), while it demonstrates a non-Newtonian behav-
ior at volume concentrations (0.8—1.8%). Furthermore,
researchers concluded that viscosity increased with respect
to rising volume concentration and decreasing temperature.
Another related study dealing with evaluating the viscos-
ity of Fe;0,-MWCNTs (80:20)/water hybrid nanofluids
was performed by Giwa et al. [158]. Volume concentra-
tions and temperatures ranges of 0.1-1.5% and 15-55 ° C,
respectively, were used in this study. Researchers employed
vibro-viscometer (SV-10; A&D, Tokyo, Japan) as a viscosity
measurement device with +3% accuracy It can be seen that
the effect of temperature on viscosity was higher than that
of volume fraction, and also findings were compared with
references [157, 159, 160] and showed a good agreement
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Table 6 Correlations proposed by researchers estimating the viscosity of hybrid nanofluids
Hybrid nanofluids Correlation range Ref
Fei0,-MWCNTSs/water — py _ ~20987+.650)° 9 +(0.8702T) 25 +(62323.1365¢%) 0.1<9<0.8% [157]
Hof (143.1076T°) 25<T<75°C
Fe;0,-MWCNTs/water Yt = 1,031 + 0.0025T + 0.1386¢ 0.1<p<1.5% [158]
Hor 15<T<55°C
Al,0;-MWCNT/water Mo = 1.41467 +5.197 x 107°R — 1.37 x 1072T 15<T<55°C [161]
WO,-MWCNT/water-EG bt _ 0.1708+(—0.0028T)+(—0.0131¢T)+(0.0003¢) 1443 0.1<¢<0.6% [163]
ot exp <(—1.5776<p2)+(—0.6442T°‘"m)+<—0.1882( z )wm» 25<T<50°C
ZnO-MWCNT/engine oil |, . = 796.8 + 76.26¢ + 12.88T + 0.7695¢ T + M\—flﬁw 0.125<p<1% [127]
T 5<T<55°C
ALO;TiO/EG Wy = 7.1074 + 3.65¢ — 0.14097T + 0.05176T + 0.907¢? + 0.00092T> 0.02<p<0.1% [168]
30<T<80°C
Al,05-ZnO/water tor = (a; + a,Tp + a3 T7 + a,R + asR* + agp + ;0% p,) . R =0.9334 033<p<1.67%  [169]
25<T<65°C
TiO,-SiO,/bio-glycol Bt 1.0753exp<13.91 % i) n (0.0619 « l) 0.5<9<3% [58]
Hog 100 80 30<T<70°C
Si0,-graphite/water —0.028935 0.001 <p<0.02% [171]
Bk = 100527 x (T*%%) x (1 + )3%% x <&> 15<T<60°C
bf Wsio, 1>
Ag-Mgo/water b 2 3 T\20719 0.0625<9<1% [178]
= 1.123 + 0.3251¢ — 0.08994T + 0.002552T~ — 0.00002386T~ + 0.9695(;) 25<T<50°C
ND-Fe;0, /water-EG Mo = Hp [1.67922 +2.71766¢ — 0.69741 ( Tin. )] 0<p< 0‘20% [77]
T T,in=20°C
Tmax = 60 ° C
ND-Fe,O,/water-EG T 170279 0<9p<0.2% [76]
T Hog = 17366xubf[<1 + )% x [—} ] T =20°C
Tpax=60°C

Hat» Hpss @, T are viscosity of hybrid nanofluids, viscosity of base fluid, volume concentration, and temperature, respectively

with them. Relative to the base fluid, a maximum increase of
35.7% of hybrid nanofluid viscosity was noticed. Giwa et al.
[161, 162] tested water-based Al,0;-MWCNT and y-Al,O5-
MWCNT hybrid nanofluid with 0.1% volume concentration.
Different mixture ratios of Al,0; and MWCNT were used
(90:10, 80:20, 60:40, 40:60, and 20:80) (Al,O;/MWCNT)
with temperatures ranging from 15-55 ° C. Results of both
studies revealed that viscosity increase of 24.56% (80:20)
and 26.3% (90:10) was observed for Al,0,-MWCNT/water
and y-Al,0;-MWCNT/water hybrid nanofluid, respectively,
at 55 °C and 0.1 vol%, shown in Fig. 16. Zhu et al. [163]
investigated the dynamic viscosity of WO;-MWCNT/
water-EG (80:20) hybrid nanofluid. A range of volume
concentrations of 0.1-0.6% and temperatures of 25-50 °
C were used. The Brookfield DV2 viscometer (+ 1% accu-
racy) is employed to measure the viscosity. The findings
indicated that viscosity increased as volume concentration
increased at a constant temperature. In contrast, viscosity
of the fluid decreased as temperature rose at a fixed volume
concentration.

Influence of nanoparticle concentrations and temperatures
on dynamic viscosity of engine oil SAE40-based SiO2-
MWCNTs hybrid nanofluids had been carried out by Afrand

et al. [164]. Experiments were conducted with volume con-
centrations range of 0-0.1% and temperature of 25-60 ° C.
Brookfield CAP 2000 + Viscometer was used in this study.
The viscometer operates at a medium to high shear rate and
utilizes the cone-plate geometry. It also has an integrated
temperature control system to regulate the temperature of
the test sample material during the experiment. It was found
that a Newtonian fluid behavior at all examined ranges of
temperatures and concentrations. Also, it was revealed that
the dynamic viscosity was augmented with increasing vol-
ume fractions and reduced with rising temperature. A similar
trend was observed by Amini et al. [165] using the same
nanoparticles employed by Ref. [164] but with a different
base fluid, glycerol. A maximum increase of 37.5% and
105.4% was found by both research teams. Esfe et al. [166]
assessed the effect of volume concentration and temperature
on the viscosity of TiO,-MWCNT (70:30)/SAE50 hybrid
nanofluid. Authors used volume fractions of 0—1% and tem-
peratures of 25-50 ° C and also various shear rates using
CAP2000 rotary viscometer. It was revealed that the hybrid
nanofluids showed non-Newtonian behavior at all concen-
trations. When predicting viscosity using empirical correla-
tions, authors concluded that temperature, as an independent
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Fig. 16 Viscosity of water-based a Al,O;-MWCNT [161] and b y- Al,0;-MWCNT hybrid nanofluid [162]

factor, is important in predicting viscosity, and the second
independent parameter in the proposed correlation can be
shear rate or volume fraction. However, these two independ-
ent characteristic factors cannot accurately predict nanofluid
viscosity when utilized in an empirical correlation as two
independent parameters. The rheological behavior of water-
based A1203-TiO2 hybrid nanofluid was tested by Moldove-
anu et al. [167]. A modular rheometer (Physica MCR 501,
Anton Paar) with a Peltier system for temperature control
was employed by authors. The most significant finding is
that the tested nanofluids exhibited non-Newtonian behavior.
In contrast, the Newtonian behavior of Al,05-TiO, (80:20)/
EG hybrid nanofluid was observed by Urmi et al. [168].
Experiments were carried out with volume concentrations
ranging from 0.02% to 0.1% and temperatures of 30-80 ° C.
Viscosity was noted to be raised with increasing concentra-
tions and decreasing temperatures.

Wole-Osho et al. [169] inspected the influence of par-
ticle mixing ratio on the dynamic viscosity of Al,05-ZnO
hybrid nanofluids. In this study, the Brookfield DV-I PRIME
digital viscometer was employed to measure the viscosity
of the fluid. To maintain a consistent temperature during
the viscosity measurements, the viscometer was equipped
with a temperature bath that kept the samples at a con-
stant temperature. Researchers used three different mixing
ratios of Al,O; and ZnO (1:1, 2:1, and 1:2) of nanoparti-
cles at volume concentrations ranging from 0.33 to 1.67%
and temperature range of 25-65 ° C. Findings showed that
viscosity enhanced with increasing volume concentration,
and it reduced with rising temperature. Also, it was seen
that a mixture ratio of (2:1) yielded a maximum increase of
96.37% in dynamic viscosity at 1.67% volume concentration
and 25 ° C. The dynamic viscosity of water-based CuO-TiO,
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hybrid nanofluids was assessed by Asadi et al. [170]. A digi-
tal viscometer (Brookfield DV2-Pro) was utilized, and at the
same time, a thermal bath was used to regulate and stabilize
the temperature of the samples during the viscosity measure-
ments. After preparing and examining the hybrid nanofluids
using techniques mentioned earlier in the literature, dynamic
viscosity was measured with a range of 0.1-1% of volume
concentration and 25-50 ° C of temperature. Additionally,
the influence of shear stress was examined. According to
researchers’ findings, prepared hybrid nanofluids were found
to be Newtonian, and a maximum increase in dynamic vis-
cosity took place at 1 vol% and 25 ° C. It was also found
that rising the temperature had resulted in a decrease in
viscosity indicating a positive effect on hybrid nanofluid
thermal properties, shown in Fig. 17. Dynamic viscosity of
TiO,-S10,(20:80)/water-bio-glycol(40:60) hybrid nanoflu-
ids was measured by Zainon and Azmi [58] with volume
concentration and temperature ranges of 0.5-3% and 20-80
° C, respectively. It was concluded that the dynamic vis-
cosity remained almost constant for all examined volume
concentrations. However, a slight rise in viscosity was noted
at the temperature of 80 ° C. Dalkili¢ et al. [171] performed
an experimental investigation measuring the viscosity of
Si0,-graphite hybrid nanofluids using a capillary tube vis-
cometer. Authors used Cannon—Fenske Opaque Viscometer
as a viscosity measurement device. To maintain a constant
temperature during the experiment, the hybrid nanofluids
were placed in a measurement tank with circulating water. A
cooler/heater unit was used to regulate the temperature of the
tank and keep it at the desired level. Additionally, a reference
thermometer was submerged into the measurement tank to
ensure that the temperature remained consistent through-
out the experiment. The viscometer was placed into the
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Fig. 17 Variations of the viscosity versus solid concentration in dif-
ferent temperatures of CuO-TiO,/water hybrid nanofluids [170]

measurement tank to conduct the viscosity measurements.
Several mixing ratios of SiO, and graphite, 20:80, 40:60,
60:40, 80:20, and four volume concentrations, 0.1, 0.5, 1,
and 2%, with a range of temperature of 15-60 ° C were used
in experimentations. Highest increase in viscosity of 36.12%
was observed. Similarly, the viscosity of SiO,-graphene
(70:30)/water hybrid nanofluids was assessed by Kazemi
et al. [172]. Non-Newtonian pseudoplastic behavior was
exhibited.

Artificial intelligence (Al) investigations

ANN and MGGP modeling were implemented by Kanti et al.
[173] to predict and optimize the viscosity data of fly ash-
Cu hybrid/water nanofluid collected from the experimental
investigation. The dynamic viscosity of fly ash-Cu hybrid
(80:20)/water hybrid nanofluid was experimentally evaluated
with a volume concentration range of 0—4% with a tempera-
ture range of 30-60 ° C. It was revealed that the dynamic
viscosity of hybrid nanofluid increased with concentration
and decreased with temperature. The contact between the
water molecules and the nanoparticles causes an increase in
viscosity. At 30 ° C, hybrid nanofluid nanoparticles had the
highest effective viscosity of 1.45. Using the ANN model,
the optimal number of neurons in the hidden layer is 7 for
hybrid nanofluid. Also, the results of a statistical analy-
sis showed that the MGGP model exhibited an outstand-
ing performance for fly ash-Cu hybrid nanofluid viscosity
compared with the ANN model. In another study, ANN and
RSM modeling along with experiments were performed by
Chu et al. [174] for investigating the rheological behavior of
MWCNT-TiO,/5W40 hybrid nanofluid at concentrations of

0.05-1% and temperatures of 20-60 ° C. According to the
study results, dynamic viscosity on hybrid nanofluid raised
with increasing volume concentration and decreasing of both
shear rate and the temperature reaching a maximum increase
of 790%. Numerically, utilizing ANN and RSM approaches
was acceptable predicting viscosity. However, the accuracy
of the ANN method, with an error of less than 5%, was
greater than that, 5-10%, of the RSM method as indicated in
Fig. 18. In another investigation, Toghraie et al. [175] used
ANN technique to evaluate viscosity of WO;-MWCNTs/
engine oil hybrid nanofluid for different volume concen-
trations, temperatures, and shear rates. The experimental
findings indicated that the effect of increasing temperatures
on viscosity was more noticeable than increasing volume
concentrations. In addition, it was found that ANN outputs
closely match the experimental data points, and the optimal
neuron number for this data set was 39. Therefore, utilizing
ANN method may reduce experimental costs by eliminating
the need for further tests. For saving time and cost, Jamei
etal. [176] used the MGGP technique for assessing the vis-
cosity of oil-based hybrid nanofluids. Gene expression pro-
gramming (GEP) and multi-variate linear regression (MLR)
methods were utilized for the reason of comparison with the
MGGP model. Authors used 679 previous experimental data
points including temperature, volume concentration, density,
and size of nanoparticles as input for the model, and relative
viscosity was set as an output. Results exhibited outstanding
performance of the present approach in predicating relative
viscosity. Said et al. [177] applied three different machine
learning methods: support vector machine (SVM), ANN,
and boosted regression tree (BRT) predicting viscosity of
rGO-Fe;0,-TiO,/EG hybrid nanofluids based on experimen-
tal data for a range of temperature and nanoparticles volume
concentrations. Results of BRT method were more accurate
compared to others. A summary of the viscosity of differ-
ent hybrid nanofluids carried out by various researchers is
displayed in Table 7.

Specific heat and density

Another significant parameter of hybrid nanofluids is spe-
cific heat. Solids often have a lower specific heat than lig-
uids. As a result, when solid nanoparticles are added to the
base fluid, the specific heat decreases. However, a greater
specific heat value is required for an optimum coolant to
remove more heat [156]. Additionally, the density of the
hybrid nanofluid is an essential feature. Increased parti-
cle loadings increase the hybrid nanofluids density, which
decreases with increasing temperature. It is the determining
factor responsible for the sedimentation of nanoparticles in
the base fluid [96].
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Fig. 18 Distribution of error
of employing ANN and RSM
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Table 7 Viscosity of various hybrid nanofluids performed by researchers

For RSM:
63.2% data has MOD
less than 5%

For ANN:
100% data has MOD
less than 5%

Hybrid nanoparticles Base fluids Remarks References

Fe;0,-MWCNTs EG Viscosity increased concerning rising volume concentration and decreasing temperature ~ [157]

Fe;0,-MWCNTs Water A maximum increase of 35.7% of hybrid nanofluid viscosity was noticed. the effect of [158]
temperature on viscosity was higher than that of volume fractions

Al,O;-MWCNT Water Viscosity increased up to 24.56% at 55 ° C and 0.1 vol% [161]

7-AlL,O;-MWCNT Water Viscosity increased up to 26.2% at 55 ° C and 0.1 vol% [162]

WO;-MWCNT Water-EG Findings indicated that viscosity rises as volume concentration increased at a constant [163]
temperature. In contrast, the viscosity of the fluid decreased as temperature rose at a
fixed volume concentration

Si0,-MWCNTs SAE40 Newtonian fluid behavior at all studied range of temperatures and concentrations with [164]
37.5% increase in viscosity

Si0,-MWCNTs Glycerol Maximum increase of viscosity of 105.4% was found [165]

TiO,-MWCNT SAES0 Hybrid nanofluid results showed non-Newtonian behavior at all concentrations [166]

Al,0;-TiO, Water The most significant finding is that the tested nanofluids exhibited non-Newtonian behav-  [167]
ior

Al,0;5-TiO, EG Results showed Newtonian behavior. Viscosity was found to be raised with increasing [168]
concentrations and decreasing temperatures

Al,03-ZnO Water Maximum viscosity enhancement was 96.37% at 1.67 vol% and 25 ° C [169]

CuO-TiO, Water Prepared hybrid nanofluids were found to be Newtonian, and a maximum increase in [170]
dynamic viscosity took place at 1 vol% and 25 ° C

TiO,-Si0, Water-bio-glycol Dynamic viscosity remained almost constant for all examined volume concentrations. [58]
However, a slight rise in viscosity was noted at the temperature of 80 ° C

Si0,-graphite Water Highest increase in viscosity of 36.12% was observed [171]

SiO,-graphene Water Non-Newtonian pseudoplastic behavior was exhibited [172]

fly ash-Cu Water Statistical analysis showed that the MGGP model exhibited an outstanding performance [173]
for fly ash-Cu hybrid nanofluid viscosity compared with ANN

MWCNT-TiO, 5W40 Maximum increase of 790% of viscosity was noted. the accuracy of ANN method, with [174]
error of less than 5%, was greater than that, error of 5-10%, of RSM method

WO3-MWCNTs Engine oil ANN outputs closely match the experimental data points, and the optimal neuron number [175]
for this data set was 39

rGO-Fe;0,-TiO, EG Results of BRT methods were more accurate compared to others [177]
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Experimental investigations

Moldoveanu and Minea [179] evaluated the specific heat
capacity of Al,05-SiO,/water hybrid nanofluids with several
mixing ratios of nanoparticles. Measurements of specific
heat were conducted at room temperature with the use of
a Mettler-Toledo DSC apparatus. The aluminum capsules
used for the measurements had a volume of 40 mL, and all
probes had a mass ranging from 4 to 6 mg. The measure-
ment accuracy was within 1% and a cooling system of type
RCS40 was employed. To ensure accuracy, three tests were
conducted for each determination and the average value was
used for interpretation. Their main conclusion is that specific
heat is highly reduced with the addition of nanoparticles.
Also, they proposed an equation predicting the specific heat
capacity of the tested nanofluids as a function of density of
nanoparticle and base fluid (p,, and py), nanoparticle size
(d,), and concentration (¢):

02 0.4167
Pp d, @ \2272
=|— 1+ — <1 - —) 1
o ( Por > ( 50 ) 100 ot @

In another investigation, Gao et al. [180] evaluated the
specific heat of graphene oxide-Al,Os/water hybrid nano-
fluids taking into consideration the effect of the tempera-
ture and mass fraction. Experiments were conducted at a
temperature range of (20-70 ° C) and mass fractions of
(0.05-0.15%). The cooling method was adopted in this
research using heat capacity evaluation equipment (BRR-
II/T1, Xiangtan Xiangyi instrument Co. LTD, China). Based
on findings, the nanoparticle mass fraction has a greater
impact on the specific heat of hybrid nanofluids at lower
temperatures. The specific heat increases as the temperature
rises, which influences the specific heat more than the nano-
particle mass fraction. Specific heat and density of metal
oxides (CuO, MgO, SnO,) with MWCNT water-based
hybrid nanofluids was assessed by Tiwari et al. [181] with
various volume concentrations (0.25-1.5%), temperatures
(25-50 C) and sizes (20-50 nm). The specific heat capacity
was evaluated employing differential scanning calorimetry
(Setaram C80D), and density was evaluated by the density
meter (DMA 5000, Anton Paar). Every experiment was
performed four times for each sample in order to minimize
errors. Based on findings, a highest decrease in the specific
heat of 15% as compared with base fluid was noted at 1.5
vol%, 25 ° C, and 20 nm diameter for MgO-MWCNT hybrid
nanofluids. It was also found that the specific heat of hybrid
nanofluid increases as density decreases while decreasing
as density increases. Authors had proposed a correlation
determining specific heat as a function of temperature (T
and T,), concentration (), size (d,, and d,), and density

(Por and pyp):

1\~ N\ 04
Cpyr = Cpye| 1 —10.6364 x <_ x 0448 5 _p)
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Saleh and Sundar [78] evaluated the influence of tem-
perature and volume concentration of ND-Fe;O /water-EG
hybrid nanofluids on specific heat and density. Researchers
used a range of temperature of 20-60 ° C and a volume
concentration range of 0-0.2%. The specific heat of hybrid
nanofluids was measured using a differential scanning cal-
orimeter (DSC 2920 instrument, TA Instruments), which
has an accuracy of +2.5%. The DSC device is equipped
with a refrigerated cooling system for precise temperature
control during the measurements while the Archimedes
principle was adopted for evaluating the density. It was
noted that specific heat increased with rising temperature
and decreased with increasing particle loading. However,
in terms of density, as the temperature rose, the density
decreased while it rose with increasing the volume concen-
tration, shown in Fig. 19. Such a trend was also observed
by Oliveira et al. [182] using ND-Ag/EG hybrid nanoflu-
ids. Authors had proposed equations to estimate specific
heat and density of hybrid nanofluid depending on experi-
mental data as follows:

@

~ Tmin —0.238x1073
Cp,hnf = Cp,bf l(l + (p)—0.129x10 1 % [T_] (3)

max

7 )

max
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where T,;,=20 ° C and T,,,, =" 60 C. Specific heat and
density of TiO,-SiO, hybrid nanofluids were evaluated by
Zainon and Azmi [58] with volume concentration and tem-
perature ranges of 0.5-3% and 20-80 ° C. The DA-130 N
model portable density meter was employed to measure the
density using the resonant frequency oscillation method with
an accuracy of +0.0001 g/cm®. Data were manually recorded
for each sample, and the measurement was repeated at dif-
ferent concentrations, with a minimum of three repetitions.
According to their findings, specific heat increased with ris-
ing temperature and decreased with increasing volume con-
centration. Also, increasing concentration led to an increase
in density while rising temperature yielded a density reduc-
tion. The results of the present study were consistent with
Saleh and Sundar [78], Gao et al. [180], Akilu et al. [183].
Wanatasanappan et al. [105] inspected the influence of dif-
ferent mixing ratios of Al,O; and CuO nanoparticles on both
specific heat and density. Several mixing ratios were used:
20:80, 40:60, 50:50, and 60:40 (Al,05/Cu0), at a volume
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Fig. 19 a Specific heat and b density of ND- Fe304/water-EG hybrid nanofluids [78]

concentration of 1%. The DSC Q20 instrument from TA
Instruments was utilized to determine the specific heat
capacity of nanofluids. Six scans were carried out to obtain
average values and minimize the possibility of system errors.
The Rudolph density meter DDM 2909 (+0.0001 g/cm3
accuracy) was utilized to measure the density of the samples.
A total of five readings were obtained and averaged to ana-
lyze the results. It was shown that the specific heat capacity
of base fluid was higher than that of hybrid nanofluids, and
specific heat reduced as increasing the Al,Oj; ratio. In terms
of density, hybrid nanofluids at all mixing ratios showed an
increasing trend compared with base fluid. Suspending equal
amounts of nanoparticles, 50:50, led to the lowest density
with an improvement of 2.33% compared with base fluid.

Artificial intelligence (Al) investigations

ANN modeling was designed by Colak et al. [184] for esti-
mating the specific heat of Cu-Al,0; hybrid/water hybrid
nanofluids. Values of specific heat were experimentally
measured at different volume concentrations with a tem-
perature range of 20-65 ° C, and the results obtained were
utilized in the ANN model. It was indicated that the data
obtained from modeling were in agreement with experimen-
tal results with an average deviation of 0.005%. Experiments
were conducted by Kumar et al. [185] evaluating thermo-
physical properties including specific heat and density of
water-based MWCNT/ALO;, TiO,, ZnO, and CeO, hybrid
nanofluids, and they also performed ANN modeling opti-
mizing experimental data. Researchers used volume con-
centration and temperature ranges of 0.25-2% and 25-50
° C, respectively. The specific heat capacity was observed
to rise with rising temperatures, and it was also shown to
decline with increasing concentrations of the nanoparticles.

@ Springer

The specific heat capacity was reported to rise by 5% with
rising temperatures for all tested hybrid nanofluids. As con-
centrations of hybrid nanofluids increased, a degradation of
5-10% was seen on average. In addition, density was shown
to be decreased with rising temperature while experiencing
an increasing trend with increasing volume concentrations.
The results of the ANN method matched the experimental
data showing that a single model can accurately estimate the
thermophysical parameters of hybrid nanofluids. Sepehrnia
et al. [186] stated that the utilization of the ANN method
in predicting the viscosity of ZnO-MWCNT/5W30 engine
oil hybrid nanofluids revealed better accuracy compared to
theoretical correlations. In another study, Said et al. [135]
used an algorithm named Marine Predators Algorithm to
optimize specific heat capacity and density of rGO-Co;0,
hybrid nanofluids achieving the goal of the proposed study.

Application of hybrid nanofluids in flat-plate
solar collectors

Flat-plate solar collector (FPSC) is the most common type
of solar thermal units, and it is used in low-temperature
applications up to 90 °C, such as space heating, swimming
pools heating, and household hot water generation, as well
as sun cooling systems due to the ability to convert sunlight
into thermal energy [187]. Details of a FPSC are shown in
Fig. 20, and it consists of the following [39, 188];

1. Glazing one or more glass sheets. Its function is to mini-
mize heating losses of convection and radiation.
2. Tubes they act as a heat exchanger transferring heat to

working fluids. Heat transfer can be maximized using
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Fig.20 Schematic of a flat-plate

solar collector [39, 198] Glass Cover

Absorber

Housing”

heat transfer enhancing techniques inside the tubes: cor-
rugations, grooves, fins, etc. [189].

3. Absorber it is used for collecting solar energy and trans-
ferring heat to the tubes and then working fluids. Its
surface is typically having high absorption and low emit-
tance. The absorber could be flat, grooved, or modu-
lated.

4. Insulation it is important because it reduces the thermal
losses from the bottom and sides of the collector to the
surrounding.

5. Casing all parts mentioned above are enclosed in a cas-
ing for protection from water, dust, and others.

FPSCs have the benefits of being inexpensive to produce,
collecting both beam and diffuse radiation, and is perma-
nently fixed in place, so no tracking of the sun is neces-
sary [190]. Utilizing nanofluids in the FPSC increases its
efficiency, which is further boosted when particle loadings
are raised. Initial investigations with nanofluids containing
a single nanoparticle revealed an increase in collector ther-
mal efficiency [191-197]. More recently, researchers have
made an effort to utilize hybrid nanofluids in flat-plate solar
collectors for more enhancement in thermal performance
experimentally, numerically, and theoretically.

Experimental studies

Verma et al. [47] experimentally examined the influence
of employing CuO-MWCNTs/water and MgO-MWCNTs/
water hybrid nanofluids on the energetic and exergetic per-
formance evaluation of a FPSC. Experiments were con-
ducted with volume concentrations ranging from 0.25 to
2% and a flow rate range of 0.5 L min~! to 2 L min~" under
given ambient conditions. Findings revealed that the opti-
mal operating conditions for the FPSC were with volume
fractions of 0.75-1% and mass flow rate of 0.025-0.03 kg

i Copper tubes

Qutlet

Glass Cover
Black absorber plate
|

. Back insulation

Insulation
sulatio Collector box

s~!. For MgO hybrid nanofluid, the maximum improvement
in thermal efficiency of FPSC was 18.05%, while for CuO
hybrid nanofluids was achieved. Thus, authors concluded
that MgO-MWCNTs/water hybrid nanofluids are preferred
in terms of thermal efficiency and cost as compared with
CuO-MWCNTs/water hybrid nanofluids. However, it was
noted that using MWCNT/water mono nanofluids have supe-
rior efficiency compared to hybrid nanofluids, as indicated
in Fig. 21. Hussein et al. [199] formed hybrid nanofluids
by dispersing covalent functionalized-graphene nanoplate-
lets (CF-GNPs) with hexagonal boron nitride (h-BN) with
covalent functionalized-multi-wall carbon nanotubes (CF-
MWCNTs) in water. The prepared nanofluids had been
tested in a FPSC system with volume flow rates of 2—4 L
min~!. Several mass concentrations (0.05, 0.08, and 0.1%)
were used by utilizing Tween-80 (Tw-80) as a surfactant.
It was noted the performance of using hybrid nanofluids
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Fig. 21 Efficiency of FPSC vs volume concentration of tested nano-
fluids [47]

@ Springer



6672

M. A. Alfellag et al.

in a FPSC is superior to single nanofluids. In addition, the
maximum efficiency of FPSC of 85% was obtained at a mass
concentration of 0.1% and 4 L min~!, which was 20% higher
than water as a working fluid under the same conditions. In
another similar experimental study, hybrid nanofluids con-
sisting of boron nitride and functionalized carbon nanotubes
were employed by Ahmed et al. [200] in a FPSC system.
Tween-80 surfactant was used, and an optimized mixing
ratio of 40:60 was adopted in this research. The findings
indicated that incorporating an amount of hBN/CF-CNTs
(0.1 mass%) with a flow rate of 4 L min~! had a significant
impact on collector efficiency, increasing it by up to 87%
compared to the conventional working fluid employed in
FPSC. The thermal efficiency of a FPSC was studied by
Elshazly et al. [201] using MWCNT, Al,O;, and a hybrid
MWCNT/ALO; (50:50%) as a working fluid. Four volume
concentration percentages were examined for each type of
nanofluid (0.5, 0.025, 0.01, and 0.005%), with three different
mass flow rates for each concentration. The results demon-
strated that the use of hybrid MWCNT/AL,O; (50:50) led to
a considerable increase in efficiency by 29%.

A study on the thermal performance of a flat-plate col-
lector employing hybrid nanofluid (Cu-MWCNTs/water)
and using grey relational analysis (GRA) was carried by
Mausam et al. [202]. The research demonstrated how hybrid
nanofluids can be beneficial and valuable in solar energy
harvesting systems that incorporate flat-plate collectors by
enhancing the heat transfer mechanism. Maximum thermal
efficiency of 68.69% was achieved. Fe;0,-MWCNTSs hybrid
nanofluids were investigated by Saleh and Sundar [203] in a
FPSC under thermosyphon circulation to evaluate the heat
transfer, friction factor, and thermal efficiency using various
concentrations of 0.05% to 0.3% and volume rates of 0.1 L
min~! to 0.75 L min~!. The FPSC achieved better perfor-
mance in terms of thermal efficiency due to the enhanced
thermophysical properties of the proposed hybrid nanoflu-
ids. Researchers indicated that the highest improvement in
thermal conductivity and viscosity of 28.46% and 50.4%
were obtained at 0.3 vol% and 60 ° C as compared to water.
Furthermore, Nusselt number was augmented with increas-
ing particle concentration, and a maximum value of Nusselt
number and friction factor values of 18.68% and 18.91%
was obtained at daytime hour of 13:00 and Reynolds num-
ber of 1413. Thermal efficiency of the FPSC was noted to
be increased by 28.09% at 0.3 vol% confirming that the use
of Fe;0,-MWCNTSs hybrid nanofluids in FPSCs is advan-
tageous as compared to the working fluid of water. Ther-
mal efficiency enhancement of a FPSC was experimentally
assessed using graphene and crystal nano-cellulose (CNC)
nanofluids and a combination of graphene-CNC hybrid
nanofluids with water and EG as base fluids by Mahamude
et al. [48]. Thermal conductivity of the proposed hybrid
nanofluids was increased by 194% compared with mono
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nanofluids at 80 ° C, and its viscosity rose to 3 times of base
fluid indicating that hybrid nanofluids can be an excellent
replacement to regular absorber material. Moreover, at 0.5
vol%, maximum thermal efficiency of using graphene-CNC
hybrid nanofluid was 15.86%, while thermal efficiency of
using regular water was 4%. ND—Co;0, hybrid nanoflu-
ids were utilized by Sundar et al. [204] for experimentally
assessing the thermal efficiency, heat transfer, friction factor
of a FPSC thermosyphon system. 0.05-0.15% volume con-
centrations and 0.56—1.35 L min~! volume flow rates were
tested. As a result of the enhanced thermophysical charac-
teristics of hybrid nanofluids, the FPSC was able to achieve
both a greater coefficient of heat transfer and an increased
thermal efficiency in comparison with the results obtained
using water. The findings indicated that the Nusselt number
increased by 21.23%, with a highest friction factor penalty
of 1.13 times when compared to water. While the thermal
efficiency of water is only 48% at day time hour of 13, the
collector thermal efficiency was determined to be 59% for
0.15% mass concentration, as shown in Fig. 22.

Some researchers have tested metal oxides hybrid nano-
fluids in FPSCs. Mono and hybrid nanofluids of metal oxides
of Al,O5 and TiO, were prepared with the addition of CTAB
surfactant for better stability by Farajzadeh et al. [205]. The
prepared nanofluids were investigated experimentally and
numerically in a FPSC system, shown in Fig. 23, with a mass
concentration of 0.1% at volume flow rates (1.5 L min~",2 L
min~!, and 2.5 L min~}). Findings indicated that employing
Al, 05, TiO,, and Al,05-TiO, nanofluids led to an augmen-
tation in thermal efficiency of the FPSC by 19%, 21%, and
26%, respectively, in comparison with water as a working
fluid. In terms of cost, authors revealed that using a mix-
ture of proposed nanofluids can lead to a reduction in price
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Fig.22 Variation of FPSC efficiency employing ND-Co;0, hybrid
nanofluids vs day time [204]
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(b)

Fig. 23 FPSC system: a experimental setup, b schematic test device [205]

compared with TiO, nanofluid since TiO, is more expensive
than Al,O;. Tahat and Benim [49] experimentally evaluated
the influence of using EG and water mixture-based A1203-
CuO (25:75) hybrid nanofluids on the thermal efficiency of
a FPSC system using ASHRAE standards. Several volume
concentrations of 0.5%, 1%, 1.5%, and 2% were examined.
According to the authors’ findings, thermophysical prop-
erties (thermal conductivity, viscosity, and density) were
increased with nanoparticle concentrations. A similar trend
was observed in terms of thermal efficiency leading to a
maximum value of 52%. Utilizing the same hybrid nanofluid
(A1203-CuO/water), Kalbande et al. [206] assessed the ther-
mal performance of a FPSC and energy storage system. They
concluded that using hybrid nanofluids is superior to that of
conventional working fluids. The useful energy and thermal
efficiency of hybrid solar collectors (flat collector and PV
system) had been evaluated by Wole-Osho et al. [207] using
Al,05-ZnO/water hybrid nanofluids. Several parameters had
been tested: ratios of Al,O; in the mixture (0.2-0.8), vol-
ume concentrations (0.0001-0.01%), and mass flow rates
(0.01-0.1 kg s~1). Researchers stated that changing mixing
ratios affected the thermal efficiency of the system leading
to an optimum mixing ratio of 0.47 of Al,O;. Finally, it was
clearly seen that using hybrid nanofluids led to a remark-
able improvement in thermal efficiency of 34% compared
with water.

Numerical studies

Several researchers have numerically evaluated the influ-
ence of utilizing hybrid nanofluids on the energy and exergy
performance of FPSCs equipped with other heat transfer
enhancing techniques such as turbulators, porous media,
and changing tube design. Water-based Al,0;-MWCNT
hybrid nanofluid in turbulent flow is examined numerically
by Ibrahim et al. [208] to determine the exergy efficiency
of a FPSC with unique turbulators, shown in Fig. 24. The
experiment was carried out on a two-phase water-based
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Solar
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Bypass valve

< 4 Coil
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Al,O;-MWCNT hybrid nanofluid with Reynolds numbers
ranging from 5000 to 20,000, volume fractions ranging
from 1 to 3%, and torsion ratios of 0.05-0.25 at heights of
(5-20 mm) using a novel turbulator. Based on the results
obtained, the maximum exergy efficiency occurred at Re
of 20,000 and volume concentration of 3% at a turbulator
height of 5 mm and a torsion ratio of 0.05. A numerical
investigation of the thermal performance of a FPSC system
using Cu-Al,O; hybrid nanofluids and porous media had
been carried out by Yegane and Kasaeian [209]. The results
showed that at a constant nanoparticles volume fraction, a
mixture of Cu and Al,O; with equal volume concentration
performs better than pure Al,O; nanoparticles in terms of
heat transfer. Further, increasing pore density and decreasing
porosity led to augmentation in heat transfer rate and friction
factor. A numerical investigation of Cu-fly ash hybrid nano-
fluids on the thermal performance of a FPSC was conducted
by Azimy et al. [210]. In this study, authors have considered
changing the design of the absorber pipe from straight to
zigzag. The influence of fluid temperature, volume concen-
trations, and mass flow rate on thermal performance have
been studied. Based on findings, thermal efficiency of the
FPSC increased by using the proposed absorber design,
and also by increasing these three parameters, the Nusselt
number augmented. In another investigation, Xiong et al.
[211] numerically examined the effect of combing Ag-Al,O5
hybrid nanofluid with porous media on the hydrothermal
performance of FPSC employing the finite element method
(FEM), shown in Fig. 25. The proposed study was carried
out as a function of hybrid nanofluid concentrations, poros-
ity coefficient, Reynolds number, Darcy number, Brown-
ian motion parameter, radiation parameter, thermophoresis
parameter, Schmidt number, and ratio of porous media to
hybrid nanofluid thermal conductivity. Authors revealed that
the heat transfer rate was augmented by increasing porosity
coefficient and lowering Darcy number, radiation parameter,
and thermal conductivity ratio. Also, using hybrid nanofluid
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Fig. 24 Schematic of the geom-
etry of the solar collector with
turbulators [208]
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Fig. 25 Schematic of considered FPSC with hybrid nanofluids and
porous media [211]

led to a reduction in heat transfer and increased the supply
temperature slightly at low Reynolds number.

Nabi et al. [212] tested several turbulence-inducing ele-
ments along with hybrid nanofluids that were numerically
tested in a FPSC using CFD software. Initially, the influ-
ence of a variety of turbulence generating element geom-
etries was assessed for the FPSC. Subsequently, making
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use of the scenario that resulted in the largest heat trans-
fer, the researchers investigated the impact of two hybrid
nanofluids (CuO-MWCNT and CuO-SWCNT) in addition
to regular water. In the third step, several concentrations
(1-5%) of the fluid that exhibited the maximum rate of
heat transfer were tested. According to the findings, the
addition of turbulent-inducing features boosted the heat
transfer coefficient in all of the analyzed scenarios more
than in the base case owing to the creation of a rotating
flow and improved mixing. The heat transfer coefficient
of hybrid nanofluids at high Reynolds numbers is higher
than pure water. Further, the heat transfer coefficient and
friction factor increased as the concentration of tested
nanofluids increased. The best thermal efficiency was
found in SWCNT-CuO/water at a concentration of 1% at
Re =6000, with a 5.16% gain over classic working fluid.
In another simulated study, Fattahi and Karimi [213]
examined the influence of three parameters affecting the
performance of a FPSC, namely Al,05-ZnO-Fe;0, ter-
nary hybrid nanofluids, coating the absorber with a supe-
rhydrophobic coating, and wavy absorber. Despite the fact
that the ternary nanofluid helped greater heat transfer by
increasing the Nusselt number by 50-70%, it yielded a
higher friction factor of 11-21%. Also, findings showed
that the coating may lower the average Nusselt number
by roughly 6% while reducing the friction factor by 45%
meaning that it is a useful technique for enhancing hydro-
thermal performance of FPSC. Alzahrani et al. [214] ana-
lyzed numerically the effect of Darcy-Forchheimer and
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(CuO-MWCNTs, MgO-MWCNTs) water-based hybrid
nanofluids on the thermal performance of an inclined
FPSC. Increasing volume concentrations along with
increasing thermal radiation parameters exhibited an
increase in heat transfer rate which yield an augmenta-
tion in Nusselt number.

Theoretical studies

An analytical study of energy and exergy of a FPSC system
was carried out by Babu et al. [215] employing mono and
hybrid nanofluids (Cu, CuO, and Cu-CuO) employing water
as a base fluid. It was noted that there was an enhancement in
heat gain by 2.16% for hybrid nanofluids while 1.03%, and
0.91% for Cu/water and CuO/water nanofluids, respectively.
The FPSC thermal efficiency was augmented by 2.175% for
the hybrid nanofluid and 0.93% and 1.05% for mono nano-
fluids. On the other hand, a penalty increase in pressure
drop was noted: 2.918%, 3.09%, and 2.74% for hybrid and
mono nanofluids. Furthermore, in terms of exergy, exergy
efficiency was increased by 2.59%, 2.32%, and 2.96% for
hybrid and mono nanofluids. It can be concluded that using
hybrid nanofluids in the FPSC is superior compared with
mono nanofluids. Lee et al. [216] theoretically evaluated
three types of solar collectors (flat-plate, vacuum U-tube,
and heat pipe solar collectors) employing mono and hybrid
nanofluids (MWCNT, CuO, Fe;0,, MWCNT-CuO, and
MWCNT-Fe;0,) water-based. The mass flow rate was fixed
at 0.047 kg s~! while volume concentrations and solar radia-
tion were varied with ranges of (0.06—-1%) and (650-1000
W m~2). They found that employing MWCNT-CuO and
MWCNT-Fe;0, hybrid nanofluids exhibited an improvement
in thermal efficiency by 50, 7, and 4% for flat-plate, vacuum

Fig.26 Thermal and exergetic

U-tube, and heat pipe solar collectors, respectively. In addi-
tion, the MWCNT-CuO hybrid nanofluid demonstrated more
thermal efficiency than the MWCNT-Fe;O, hybrid nanofluid
in three solar collectors. Another thermodynamic investiga-
tion of FPSC was performed by Okonkwo et al. [217] on
mono and hybrid nanofluids (Al,O5/water, Al,O;-Fe/water).
Different inlet temperatures (25-65 ° C), mass flow rates
(0.001-0.07 kg s™1), and volume concentrations (0.05-0.2%)
were evaluated employing water as a base fluid. The findings
indicated that the implementation of Al,O5-water nanofluid
at a concentration of 0.1% enhanced the collector's ther-
mal performance by 2.16%; however, the hybrid nanofluids
decreased the collector's thermal performance by 1.79% in
comparison with water, as exhibited in Fig. 26. Although the
hybrid nanofluids have not given a superior thermal alterna-
tive to water, they did improve exergetic efficiency by 6.9%
compared to 5.7%when utilizing Al,O,-water nanofluids. A
recent study was performed by Mustafa et al. [218] evaluat-
ing the effect of Al,0;-Cu/water hybrid nanofluids on ther-
mal performance and the environmental effect of a FPSC.
Laminar flow with Reynolds member range of (700-2300)
was employed with a volume concentration of nanoparticles
of 0.1%. Authors indicated that the thermal efficiency of
hybrid nanofluids is higher by 4.23% compared with base
fluid (water). Further, environmental pollutants associated
with using water is maximized while amounts of emissions
is minimal utilizing hybrid nanofluids. Stalin et al. [219]
performed a thermodynamic performance analysis on a flat-
plate solar thermal collector that utilized single nanofluids
and hybrid nanofluids. Heat transfer fluids such as Fe,O,/
water, Zn-Fe,O,/water hybrid nanofluids, and water were
used in the experiment. MATLAB codes were developed to
solve the collector's thermal model iteratively and evaluate
energy and exergetic performance. The results indicated that
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Table 8 A summary of reviewed experimental, numerical, theoretical articles related to employing hybrid nanofluids in FPSCs

2

Nanoparticles Base fluids Type of investigation Volume or mass fractions Collector area, m* Remarks References

CuO/MWCNTs Water Experimental 0.25-2% 0.375 Maximum enhancement in  [47]
Mgo/MWCNTs thermal efficiency of FPSC
was 18.05% while for CuO
hybrid nanofluids, 20.52%
enhancement in thermal
efficiency was achieved

CF-GNPs/CF Water Experimental 0.05-0.1% 1.92 Maximum efficiency of [199]
MWCNTs/h- FPSC of 85% was obtained
BN at a mass concentration
0.1% and 4 L min~', which
was 20% higher than water
as a working fluid at the
same conditions

hBN/CF-CNTs Water Experimental 0.05-0.1% 2.06 Maximum efficiency of [200]
FPSC of 87% was obtained

MWCNT Water Experimental 0.005-0.5% 1.94 The results demonstrated [201]
AlL,O4 that the use of hybrid
MWCNT/AL O, MWCNT/AI 05 (50:50)

led to a considerable

increase in efficiency by

29%

Cu/MWCNTs Water Experimental 0.25-2% 0.22 Maximum thermal efficiency [202]
of 68.69% was achieved

Fe;O0/MWCNTs  Water Experimental 0.05-0.3% 3 Thermal efficiency of FPSC  [203]
was noted to be increased
by 28.09% at 0.3 vol%
compared with water

CNC Water/EG  Experimental 0.1-0.5% - At 0.5 vol%, the maximum  [48]
Graphene thermal efficiency of using
Graphene/CNC graphene-CNC hybrid

nanofluid was 15.86%

while thermal efficiency

of using regular water

was 4%

ND/Co50, Water Experimental 0.05-0.15% 3 The collector's thermal effi-  [204]
ciency was determined to
be 59% at 0.15 vol% while
it was 48% for pure water

Al O, Water Experimental 0.1-0.2% 1.85 Results indicated that using  [205]
TiO, Numerical Al,O3, TiO,, and Al,O5/
Al,04/TiO, TiO, nanofluids led to an
augmentation in ther-
mal efficiency of FPSC
by 19%, 21%, and 26%,
respectively

Al,05/CuO Water/EG ~ Experimental 0.52% 2 Maximum thermal efficiency [49]
of 52% was obtained using
hybrid nanofluids

Al,05/CuO Water Experimental - - Using hybrid nanofluids is ~ [206]
superior to that of conven-
tional working fluids

Al,05/Zn0O Water Experimental 0.3-1.7% 1.6665 Employing hybrid nano- [207]
fluids led to a remarkable
enhancement in thermal
efficiency of 34% com-
pared with water
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Table 8 (continued)

Nanoparticles

Base fluids Type of investigation Volume or mass fractions Collector area, m

Remarks

References

AlL,Oy/MWCNT

Cu/AlO;,

Cu-fly ash

Ag/ALO,

CuO/MWCNT
CuO-SWCNT

Al,0,/Zn0/Fe;0,

CuO/MWCNTs
MgO/MWCNTs

Cu
CuO
Cu/CuO

CuO

Fe;0,

MWCNTs
CuO/MWCNTs
Fe;0,/MWCNTs

ALO,
ALO,/Fe

Water

Water

Water

Water

Water

Water

Water

Water

Water
EG

Water

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical

Theoretical

Theoretical

Theoretical

1-3%

0.05-0.1%

0.5-3.5%

0.005%, 0.1%

1-5%

0-1%

0-2%

1-5%

0.06-0.1%

0.05-0.2%

0.006

0.225

0.09

0.4

0.74

2.03

1.51

The maximum exergy effi-
ciency occurred at Reyn-
olds number of 20,000 and
volume concentration of
3% at a turbulator height
of 5 mm and a torsion ratio
of 0.05

The use of hybrid nanofluids
with equal volume frac-
tions is superior to mono
nanofluids. Increasing
porosity reduces friction
factor and Nusselt number

thermal efficiency of the
FPSC increased by using
the proposed absorber
design

Hybrid nanofluid led to a
reduction in heat transfer
and increased the supply
temperature slightly at a
low Reynolds number

The best thermal efficiency
was found in SWCNT-
CuO/water at a concentra-
tion of 1% at Re =6000,
with a 5.16% gain over
classic working fluid

Although the ternary
nanofluid helped greater
heat transfer by increas-
ing the Nusselt number
by 50-70%, it yielded a
higher friction factor of
11-21%

Increasing volume con-
centrations along with
increasing thermal radia-
tion parameters exhib-
ited an increase in heat
transfer rate which yield an
augmentation in Nusselt
number

FPSC thermal efficiency was
augmented by 2.175% for
the hybrid nanofluid and
0.93% and 1.05% for mono
nanofluids

MWCNT-CuO hybrid nano-
fluid demonstrated more
thermal efficiency than the
MWCNT-Fe;0, hybrid
nanofluid in three solar
collectors

hybrid nanofluids decreased
the collector's thermal
performance by 1.79% as
compared to water

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]
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Table 8 (continued)

Nanoparticles Base fluids Type of investigation Volume or mass fractions Collector area, m> Remarks References
Al,0;/Cu Water Theoretical 0.1% 2 thermal efficiency of hybrid [218]
nanofluids is higher by
4.23% compared with base
fluid (water)
Fe,0, water Theoretical 0.02-0.5% 2 Hybrid nanofluids outper- [219]
Zn-Fe,0, formed single nanofluids

and water in terms of
thermal efficiency

Limitations and
challenges

Increasing
viscosity

Fig. 27 Limitations and challenges of hybrid nanofluids

hybrid nanofluids outperformed single nanofluids and water
in terms of thermal efficiency. Additionally, the hybrid nano-
fluids demonstrated an 8.24% increase in exergetic efficiency
compared to Fe,O,/water nanofluids. Table 8 summarizes
all reviewed experimental, numerical, theoretical articles
related to employing hybrid nanofluids in FPSCs.

Limitations and challenges

Despite the benefits of employing hybrid nanofluids in aug-
mentation of thermal performance of solar collectors among
other heat transfer fluids, there are some problems and limi-
tations that need to be addressed and solved to obtain the
possible heat transfer efficiency, shown in Fig. 27.

1. Dispersion and long-term stability are essential require-
ments for hybrid nanofluids. Sustained enhanced ther-
mal conductivity is the result of improved nanofluid sta-
bility. It is a technical challenge to create a homogenous

@ Springer

suspension of hybrid nanofluids, as nanofluids have a
strong propensity to agglomerate due to their strong van
der Waals forces. To date, there have been a few studies
demonstrating the long-term stability of hybrid nano-
fluids, as demonstrated by many researchers [79, 80, 99,
117].

Numerous experimental investigations have shown that
using surfactants enhances the nanoparticles' dispersion
and reduces their tendency to agglomerate [55, 117].
However, due to the surfactant's exposure to many cool-
ing and heating cycles, its usage might result in foam
formation in the solar collector systems causing a reduc-
tion in stability and thermal conductivity via the pro-
duction of thermal resistance between nanoparticles and
base fluids.

Viscosity is a crucial factor in heat transfer. As the
hybrid nanofluids have a greater viscosity than the base
fluids, so the requirement of pumping power needed
to circulate the working fluid rises. The rise in pump-
ing power relies on the concentration and morphol-
ogy of the nanoparticles. With a high concentration of
nanoparticles, the use of hybrid nanofluids may result
in a substantial rise in pressure drop and, therefore,
pumping power consumption [47, 212]. In addition,
the increased viscosity may clog the pipes leading to
shutting down the entire system. Thus, considerable
effort is necessary to develop hybrid nanofluids with
low viscosity.

The flow of a nanofluid in solar thermal systems may
cause contact surfaces to erode and corrode due to the
presence of nanoparticles. Few studies have reported
how nanofluids erode and corrode in thermal systems,
for instance, [220].

Nanofluids are much more expensive than classical
working fluids. It includes nanoparticle costs as well
as preparation costs. Increasing the concentration of
hybrid nanofluids leads to further enhancement in ther-
mal conductivity. However, the cost will be high. This
is essential to commercialize the employment of hybrid
nanofluids in solar thermal applications.
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Conclusion and future recommendations

This review presents a comprehensive analysis of prepara-
tion methods and characterizations of hybrid nanofluids.
Stability evaluations and enhancing methods of hybrid
nanofluids have been reviewed along with critically eval-
uating the enhancement of their thermophysical proper-
ties. Further, this review analyzed the utilization of hybrid
nanofluids in FPSCs. Based on the literature reviewed in
the present study, some important conclusions are stated
below:

1. Most scholars used the two-step method for the prepara-
tion methods of hybrid nanofluids. Although the one-
step method is simple and easy, the two-step method
provides control over the volume concentration of
hybrid nanofluids.

2. Stability is a critical issue for hybrid nanofluids, espe-
cially at high nanoparticle volume concentrations. Nano-
particles tend to agglomerate after a period due to the
action of gravity, hence, leading to low stability. This
will consequently affect the thermophysical properties
of nanofluids by lowering thermal conductivity and
increasing viscosity.

3. During hybrid nanofluids preparation, it is essential to
employ techniques for enhancing stability such as add-
ing surfactants, controlling pH value, and performing
ultrasonication and magnetic string. This will ensure
the improvement of hybrid nanofluids stability for long-
period.

4. The thermal conductivity of hybrid nanofluids mainly
depends on nanoparticle concentration and tempera-
ture. Increasing nanoparticle concentration led to the
enhancement of thermal conductivity. On the other
hand, the viscosity will increase as well.

5. Hybrid combination of nanoparticles containing MWC-
NTs and GNPs has exhibited higher enhancement in
thermal conductivity compared with other types of
nanoparticles.

6. Increased viscosity of hybrid nanofluids yields an
increase in pumping power and clogs pipes and valves.

7. Artificial neural networks have been offered as an alter-
native method for predicting the thermophysical proper-
ties of hybrid nanofluids due to the accuracy limitation
of theoretical models.

8. Hybrid nanofluids have been presented as an alternative
to mono nanofluids for the augmentation of the perfor-
mance of FPSCs. Most of the studies proved that using
hybrid nanofluids, compared with single nanofluids and

conventional working fluids, enhances the thermal effi-
ciency of FPSCs. However, few investigations revealed
that using mono nanofluids in FPSCs exhibited higher
thermal efficiency as compared with hybrid nanofluids.
9. Further enhancement of FPSCs thermal performance is
achieved using hybrid nanofluids and other heat transfer
enhancing techniques like turbulators and porous media.

After an intensive review of the literature and based on
the gap found in this current review, several key recom-
mendations are summarized and outlined as follows:

1. The stability of hybrid nanofluids is the key factor in
their applications. More research must be performed to
study the effect of different factors on the long-term sta-
bility of hybrid nanofluids.

2. More investigations should be carried out to optimize
the nanoparticles mixing ratios for achieving high ther-
mal conductivity with low viscosity.

3. As the fact that solar thermal collectors work at high
temperatures, more investigations should be conducted
to observe the thermal conductivity behavior of hybrid
nanofluids at high working temperatures.

4. Corrosion and erosion of pipes due to employing hybrid
nanofluids for long periods should be deeply addressed
in future works.

5. Further investigations are required to be carried out to
explore the effect of new types of hybrid nanofluids on
the thermal performance of FPSCs.

6. The cost has a crucial impact on the application of
hybrid nanofluids in thermal energy transport and
storage. The economic feasibility of utilizing hybrid
nanofluids should be considered in the future prior to
employing them in solar thermal applications.

7. In the literature, some numerical studies used hybrid
nanofluids with other heat transfer enhancement tech-
niques such as turbulators and porous media in FPSCs.
Using such techniques experimentally, along with hybrid
nanofluids, would give more advanced and enhanced
thermal performance of FPSCs

8. Employing hybrid nanofluids in FPSCs has proven to
provide high thermal efficiency. Now, it is important to
perform experiments on real large-scale systems for long-
term to observe the sustainability of this technology.
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