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The remarkable enhancement in heat transfer capabilities of conventional fluids
with the addition of nanosized metallic and non-metallic particles appealed the
attention of investigators towards the suspension of hybrid nanocomposites as a
substitute of mono particles. Although these fluids manifest captivating thermal
characteristics, the drawbacks associated with their application include high
frictional effects and pumping power requirements. The major cause of aforemen-
tioned problems is the elevated viscosity. The current study summarizes the work of
different investigators and discusses the critical factors affecting the viscosity of
hybrid nanofluids such as temperature, particle concentration, pH value, particle
size and morphology with a concise discussion on the reasons reported in the
literature for the viscosity augmentation. Furthermore, the models developed by
different investigators have also been discoursed with specified limitations.
Comparison between the viscosity of mono and hybrid nanofiuid is also presented
comprehensively. It is observed that most of the studies considered the effect of
particle concentration and temperature that the effect of these factors is more
significant. Water-based nanofluids delivered better results in comparison of
ethylene glycol-based nanofluids while the oil-based nanofluids preferred in the
applications where the pumping power is not more significant. It has been noticed
that the fluids containing tube shaped nanoparticles comparatively showed
enhanced viscosity than that of spherically shaped nanoparticles. It has also been
observed that the studies preferred to develop their own models for the prediction of
viscosity rather than to use the existing models and failed to provide a universal
correlation.
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particle concentration

Introduction

It is clear from the research of different researchers on the thermal properties that the
solid metals possess higher thermal conductivity as compared to the conventional fluids such as
ethylene glycol (EG), water (W), propylene glycol (PG), and oil, etc. The requirement of the fluid
that possesses unique thermal properties fascinated the investigators to work on the new class of
fluids called nanofluids firstly introduced by Choi [1]in 1995. This new class of fluids is obtained
by dispersing the nanoparticles (metallic, carbides, ceramics, non-metallic) of size not more than
100 nm into the base fluid. The introduced fluid gained popularity within a short period due to its
unique properties like high heat transfer and less clogging in pipes. The research work of different
investigators ensured the enhancement in thermal conductivity of conventional fluids with the
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addition of nanoparticles [2-6]. However, the investigation of viscosity is also important to reveal
its fluidic behavior. The applications of nanofluids are found in various fields like electronics [7-
10], solar energy [11-15], nuclear reactors [16-20], pool boiling [21-24], automotive industry
[25-30], medical [31-35], food industry [36-40], machining processes [41-45], and in heating and
cooling of buildings [46, 47]. So, this field looks emerging for future studies.

The recent development in technology demands a new revolution in the field of heat
transfer. The latest research on nanofluids introduced the advanced class of fluids with augmented
thermal properties (extension of nanofluids) named hybrid nanofluids obtained by dispersing the
nanocomposite or nanoparticles of different metals into the base fluid as shown in fig.1, with this
advancement researchers started to report a number of challenges associated with hybrid
nanofluids soon after they came into limelight.

The hybrid nanofluids showed the
enhanced thermal properties as compared to the
mono nanoparticles based nanofluids and
conventional fluids [48-50]. A numerical
investigation of Takabi and Salehi [51] on the
heat transfer characteristics of unitary and
hybrid nanofluids revealed that the nanofluids
provided the augmented heat transfer rate due to
the presence of nanoparticles and hybrid
nanofluids delivered supplemented results.
There is no doubt that the thermal conductivity
of base fluids enhanced with the addition of
nanoparticles, but it also raised some problems
in the form of pumping power, erosion,
convection heat transfer, stability, and pressure
drop due to the enhancement in viscosity caused
by the formation of clusters that increases the
hydrodynamic diameter and reduces the
specific surface area. The hybrid nanofluids
exhibitgd higher .Viscosity as compared to the Figure 1. Graphical representation of
conventional fluids and most of the unitary Hybrid nanofluid
nanofluids. However, it depends on the selected
nanoparticles and their combinations. The study of Botha ez al. [52] on the viscosity of oil-based
unitary and hybrid nanofluids of Ag-SiO, revealed that the unitary nanofluid of SiO, relatively
showed greater enhancement in viscosity as compared to its hybrid nanofluids with Ag. Further-
more, in case of hybrid nanofluids, there is no classical model that can predict the exact values for
viscosity on the basis of different parameters like temperature, particle concentration, and particle
size and shapes, efc. Takabi ef al. [53] numerically investigated the effect of different types of
working fluids including conventional, unitary, and hybrid nanofluids on the forced convection
heat transfer by passing them through a uniformly heated test tube section. Hydrodynamic and
thermal performance of the fluids was inspected while restricting the flow in the laminar regime.
The results revealed that the classical models that are used for the estimation of thermophysical
properties of nanofluids failed to predict the properties of hybrid nanofluids accurately,
suspension of hybrid nanofluids comparatively exhibited enhanced heat transfer characteristics,
heat transfer coefficient augmented with particle concentration and Reynolds number, and the
wall temperature decreased along the length of the test tube. According to Megatif ez al. [54], the
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dynamic viscosity of the hybrid nanofluids of CNT-TiO,-water increased linearly with the
decrease in temperature and particle concentration. Esfe et al. [55] studied the rheological
properties of the nanolubricant of CuO-MWCNT-10w40 and concluded that the effect of
temperature on viscosity of hybrid nanofluids is more significant than that of the particle
concentration. They also proposed a correlation for the prediction of the viscosity of prepared
nanolubricant within the specified range of temperature and particle concentration. Nadooshan et
al. [56] investigated the rheological behavior of the hybrid nanofluid of MWCNT-Fe,O,/EG by
varying the particle concentration and temperature from 0.8 to 1.8 vol.% 25-50 °C, respectively,
and found that the fluid viscosity showed a direct relation with the particle concentration and an
inverse relation with temperature. They also observed that the behavior of the fluid changed from
Newtonian to non-Newtonian above a certain limit of particle concentration and temperature.

The experimental studies proposed correlations to predict viscosity of nanofluids using
curve fitting, linear and non-linear regression techniques on experimental results for specified
ranges. On the other hand, a lot of inconsistencies in the results of different research groups have
been noticed during the literature review even for the same hybrid nanofluid this could be due to
the effect of preparation and dispersion techniques, particle shape and size, measuring tech-
niques, agglomeration, and shear rate, efc. Authors noticed that the investigators focused the
effect of particle concentration and temperature on the viscosity of hybrid nanofluids in their
studies, although these are the important influencing factors, but the factors like pH value,
sonication, particle size and shape, surfactant, clusters size, etc. are also important and needed a
lot of work on them to exploit the potential of hybrid nanofluids in a wide range of applications.

In the recent epoch, a lot of research efforts have been carried out on hybrid nanofluids
but most of the work encircled around the thermal conductivity enhancement [57-62]. The
reviews published recently in the field of hybrid nanofluids also engrossed the attention of
researchers towards the thermal conductivity, preparation, heat transfer, performance-effecting
factors, applications and challenges [63-69], but no one thoroughly focused the viscosity
although it seems to be a substantial property in the field of heat transfer. Figure 2 provides the
statistics about the number of published articles and reviews by ScienceDirect that discussed the
visosity and thermal conductivity of hybrid nanofluids.

The experimental studies proposed correlations to predict viscosity of nanofluids using
curve fitting, linear and non-linear regression techniques on experimental results for specified
ranges. On the other hand, a lot of inconsistencies in the results of different research groups has
been noticed during the literature review even for the same hybrid nanofluid this could be due to
the effect of preparation and dispersion techniques, particle shape and size, measuring tech-
niques, agglomeration, and shear rate, efc. Authors noticed that the investigators focused the
effect of particle concentration and temperature on the viscosity of hybrid nanofluids in their
studies, although these are the important influencing factors, but the factors like pH value,
sonication, particle size and shape, surfactant, clusters size, efc. are also important and needed a
lot of work on them to exploit the potential of hybrid nanofluids in a wide range of applications.

In the recent epoch, a lot of research efforts have been carried out on hybrid nanofluids
but most of the work encircled around the thermal conductivity enhancement [57-62]. The
reviews published recently in the field of hybrid nanofluids also engrossed the attention of
researchers towards the thermal conductivity, preparation, heat transfer, performance-effecting
factors, applications and challenges [63-69], but no one thoroughly focused the viscosity
although it seems to be a substantial property in the field of heat transfer. Figure 2 provides the
statistics about the number of published articles and reviews by ScienceDirect that discussed the
viscosity and thermal conductivity of hybrid nanofluids.
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The presented study deliberated the effect of different parameters like temperature,
particle concentration, pH value, surfactant, base fluid, sonication, particle shape and size on the
viscosity of hybrid nanofluids. Furthermore, it enlightened the developed models of different
investigators with the limitations and accuracy. The important aspects like hybrid nanofluid,
particle size, temperature range, particle concentration range, viscosity measuring equipment,
and viscosity enhancement of the discussed studies are summarized in tab. 3.
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Figure 2. Number of (a) articles (b) reviews published reports by ScienceDirect from 2013
to 2017 retrieved with the keyword hybrid nanofluid with thermal conductivity and viscosity

Preparation and characterization techniques
Hybrid nanofluids are prepared by using the techniques called single step method and
two-step method. The first one is mostly used to produce hybrid nanofluids on a small scale while
the second one suitable for mass production. Ali ez al. [4] provided a great graphical illustration of
the nanofluids preparation methods in their study on the preparation and challenges of titania
(TiO,) nanofluids as shown in fig. 3.

() In single-step method, the pro-
cesses of nanoparticles preparation and
i dispersion are carried out simulta-
Base( Nano- p . .
Fluid \ Particles Method neously. Pulsed wire evaporation (PWE)
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of a high voltage DC power supply,
capacitor bank, wire feeding system, a
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Base ),/ Nano- Two Ste tion chamber. .In this methpd, a high
Fluid /)™\Particles Metho voltage pulse directed on a thin wire that
melts and evaporates it within microsec-
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anotiui Dispersed heating. The vaporized particles made in
Figure 3. Preparation methods (a) Single-step method contact with an Inert gas (N, or Ar) inside
(b) Two-step method [4] the condensation chamber and con-

densed into nanosized powder. Hybrid
nanofluid is then prepared by mixing the desired particle concentration of nanofluid with the
nanosized powder prepared using the aforementioned technique after pouring it to an exploding
container contained in the pulsed wire instrument [70]. Lee ef al. [71] observed the following
important characteristics of this technique while synthesizing the NiFe,O, powder:
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o The powder synthesized by this technique is pure and highly crystal line.

o The mean size of the obtained particles depends upon the pressure of an inert gas. As higher
the pressure of inert gas smaller will be the particles size of the synthesized.

o Thesize of the particles reduced with the diameter of the induced wire.

o Particle size also depends on degree of superheat applied to the induced wire. It shows an
inverse relation with the degree of superheat.

Aberoumand and Jafarimoghaddam [72] employed the one step electrical explosion of
wire method for the preparation of the hybrid nanofluid of WO,-Ag/transformer oil. The
explosion of wire was carried out with the help of high pulsed electric voltage in the container of
base fluid by operating the device PNC1K. Munkhbayar et al. [73] adopted the pulsed wire
method for the fabrication of MWCNT-Ag-water hybrid nanofluid. For this purpose, they
prepared the MWCNT-water nanofluid separately using a wet grinding method and installed it in
the chamber of PWE apparatus. Chemical treatment was carried out with the help of H,SO, and
HNO, to stabilize the utilized solution of MWCNT. To get the hybrid nanofluid, the water-based
Ag nanofluid was firstly prepared and then mixed with the already prepared nanofluid of
MWCNT inside the chamber of the PWE apparatus. However, due to the usage of expensive
instruments and complex nature of processes one-step method is avoided in most of the studies
and therefore it is preferred to employ two-step method.

In two-step method literature reported the three different approaches for the preparation
of hybrid nanofluids: dispersed the nanoparticles into the base fluid one after another, prepared
the unitary nanofluids and then mixed together, and synthesized the nanocomposite and then
dispersed it into base fluid. However, some studies exercised these techniques with some
amendments for better dispersion of nanoparticles. Zhu et al. [74] used the two-step method for
the preparation of alumina-based nanofluid in conjunction with chemical assistance for better
dispersion of nanoparticles and long-term stability. Different chemicals like SDBS, HCI, and
NaOH were introduced into the solution to avoid coagulation of nanoparticles. They observed
that the supplementation of SDBS increased the repulsive forces between particles by negatively
charging the powder surface. However, the pH value of the fluid was controlled by adjusting the
concentration of HCI and NaOH. According to the results, chemical treatment of the fluid in
conjunction with two-step method was very effective for rheological and thermal properties of
nanofluids. They also concluded that the addition of chemicals above a certain limit may reverse
the results. Wei ef al. [75] purchased the nanopowder of selected materials from the market and
then prepared the hybrid nanofluid by dispersing them into the base fluid of diathermic oil. Huang
et al. [76] prepared the unitary nanofluids of Al,O,-water and MWCNT-water separately later on
mixed them collectively to get the hybrid nanofluid of A1,O,-MWCNT-water. Kiruba et al. [77]
prepared the polyethylenimine (PEI) based hybrid nanofluid of y-ALO, by supplementing the
specific amount of the PEI into the water-based nanofluid of y-Al,O, purchased from the market.
Harandi et al. [78] firstly mixed the nanoparticles of the Fe,O, and -MWCNT then dispersed it
into the EG to prepare the hybrid nanofluid. Later on, the solution was exposed to some mechani-
cal processes like magnetic stirring and ultra-sonication for better dispersion of nanoparticles.
Sundar et al. [79] synthesized the nanocomposite of GO/Co,0, using chemical co-precipitation
and in-situ method, afterward, prepared the hybrid nanofluid by dispersing the nanocomposite
into the base fluid. Trinh ef al. [80] used the EG-based unitary nanofluids of (Gr-COOH and
MWCNT-OH) prepared and functionalized in laboratory with the assistance of some chemical
and mechanical techniques. Finally, to get the hybrid nanofluid both the solutions mixed with a
volume fraction of 1:1 and analyzed the microstructural and morphological characteristics of the
fabricated nanofluid with the help of different techniques as shown in fig. 4.
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The techniques that are used to estimate the size, chemical nature, agglomeration size,
and surface morphology are called characterization techniques [81]. Literature reports the follo-
wing important techniques for the estimation of different characteristics of the hybrid nanofluids.
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Figure 4. (a) SEM of graphene, (b) TEM of graphene, (c) SEM of CNT, (d) TEM of
CNT, (e) SEM of Gr-CNT hybrid nanofluid, (f) TEM of Gr-CNT hybrid nanofluid,
(g) FTIR spectrums, (h) Raman spectrum [80]
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— The X-ray diffraction (XRD) used for crystallinity also provided information about a crystal
size.

— The SEM used for the surface morphology of nanopowder.

— The TEM used for analysing the particle size and their distribution in the base fluid.

— The DLS used for the analysis of agglomeration state or dispersion of nanoparticles in base
fluid.

— The VSM used for measuring the magnetic properties of the suspended particles.

— Energy dispersive X-ray spectroscopy (EDS) used for chemical characterization and elemen-
tal analysis.

— The UV-Vis spectroscopy used for assessing the particles dispersion.

— The FTIR technique used to identify the polymeric, organic and inorganic materials. This
technique helps to identify the phase, functional groups, and chemical bonds [82, 83].

— Thermal analysis TG-DTA used to inspect the thermal stability.

— The DSC and rheometer used for measuring the specific heat and viscosity of the fluids
respectively.

— Zeta potential, optical spectrum analysis (OPS), centrifugation, dynamic light spectrum are
the methods commonly used for the measurement of stability of the hybrid nanofluids.

Performance affecting parameters
Temperature effect on viscosity

Literature reports a significant effect of temperature on the viscosity of hybrid
nanofluids. Most of the studies inspect the viscosity of water and EG-based nanofluids at a lower
temperature up to 60 °C while the viscosity variation of oil-based nanofluids analyzed at higher
temperature values. Afrand et a/. [84] examined the dynamic viscosity of SiO,-MWCNT/engine
oil for a temperature range of 25 °C to 60 °C with volume fractions of 0.0625, 0.125, 0.25, 0.50,
0.75, and 1 vol.%. The maximum enhancement in viscosity was 37.4%, which occurred at a
temperature of 60 °C and particle concentration of 1%. Motahari ez al. [85] reported that viscosity
of MWCNT-Si0,/oil hybrid nanofluid decreased with an increase in temperature for specified
volume fraction. The viscosity of hybrid nanofluid was measured at a temperature range of 40 °C
to 100 °C with a volume fraction 0 0.05, 0.1, 0.2, 0.4, 0.8, and 1vol.%. About 171% increment in
viscosity was achieved for 100 °C with 1% nanoparticles concentration. Esfe and Rostamian [86]
investigated the effect of temperature on the viscosity of ZnO-MWCNT (55%-45%)/engine oil
hybrid nanofluid. The temperature range used in experimentation was 5 °C to 55 °C with volume
fraction of 0.05, 0.15, 0.25, 0.5, 0.75, and 1 vol.%. The viscosity was reduced as a result of
increment in temperature.

Shahsavar et al. [87] found a decline in the viscosity of CNT-Fe,O,-water hybrid
nanofluids for the rise in temperature from 25 °C to 55 °C during experimentation. Nabil et al.
[88] performed an experimental study to determine the effect of temperature on the viscosity of
water and EG-based nanofluid of SiO,-TiO,-water. The viscosity of hybrid nanofluid decreased
with increase in temperature from 30 °C to 80 °C. The effect of base fluid and temperature
variation on the viscosity of ND-Co,0, hybrid nanofluids was experimentally investigated by
Sundar et al. [89]. The base fluids used during experimentation included water, EG, 20EG:80 W,
40EG:60 W, and 60EG:40 W with a temperature range of 20 °C to 60 °C. Viscosity enhancement
was in order of u60EG:40W > uEG > uW > u40EG:60W > 120EG:80W.

Esfe et al. [90] determined that viscosity of MWCNT-SiO,/engine oil was more
sensitive to lower temperature instead of higher temperature. The solid volume fraction of 1% at
temperature 40 °C showed maximum enhancement in viscosity of about 30.2%. Esfe ez al. [91]
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conducted an experimental study to measure the viscosity enhancement of MWCNT-ZnO/engine
oil hybrid nanofluids for volume fractions of 0.05, 0.075, 0.1, 0.2, 0.4, 0.5, 0.75, 1 vol.% and
temperature range of 20 °C to 50 °C. The maximum enhancement in viscosity was achieved at 40
°C because of nanoparticles clustering was reached at its climax. Further increase in temperature
broke this clustering and thus a reduction in viscosity was observed. Afrand et al. [92] evaluated
viscosity of Fe,0,-Ag/EG hybrid nanofluid under variation of temperature and volume fraction.
The nanoparticle concentration was varied from 0.0375 to 1.2 vol.% with temperature range from
25 °C to 50 °C. For the non-Newtonian behavior of nanofluid (¢> 0.3%), consistency index was
decreased with increase in temperature.

Baghbanzadeh ef al. [93] reached to the conclusion that hybrid nanofluid of (50 wt.%
silica—50 wt.% MWCNT-water) comparatively showed lower viscosity than that of (80 wt.%
silica-20 wt.% MWCNT-water). For higher concentrations, 20 °C was found to be optimum
operating temperature. Soltani and Akbari [94] prepared samples of MgO-MWCNT/ethylene
glycol hybrid nanofluids with the volume fraction of 0.1, 0.2, 0.4, 0.8, and 1% and investigated
the effect of temperature on the viscosity of prepared samples. Temperature was varied from 30°C
to 60 °C and observed that the viscosity of hybrid nanofluids with the volume fraction of 0.8 and
1% was significantly affected by temperature. Hamid et al. [95] prepared TiO,-SiO,-water and
ethylene glycol nanofluids having different mixture ratios of 80:20, 60:40, 50:50, 40:60, and
20:80. The experimental work was conducted to study the thermophysical properties of hybrid
nanofluid. The dynamic viscosity of nanofluids was measured under variation of temperature
from 30 °C to 80 °C. The viscosity ratio for mixtures 50:50, 80:20, and 20:80 remained constant
for 30 °C -50 °C, whereas an increase was observed at 60-80 °C. Yarmand et al. [96] synthesized
hybrid nanoparticles by decorating graphene nanoplatelets with platinum. The stability, viscosity
and thermal conductivity of water-based hybrid nanofluid were evaluated for the temperature of
20 °C to 40 °C. Maximum enhancement in viscosity of hybrid nanofluid as compared to the
viscosity of water was 33% for 0.1 wt.% and 40 °C. Kumar et al. [97] evaluated the viscosity and
thermal conductivity of Cu-Zn hybrid nanofluids with different base fluids (vegetable oil, paraffin
oil, and SAE oil) at 30 °C. Esfe et al. [98] investigated the nanodiamond/cobalt-oxide hybrid
nanofluid to find out the optimum responses for viscosity and thermal conductivity by varying the
temperature (20-60°C) and particle concentration (0-0.15 vol.%). For this purpose, they used the
Design Expert software and the algorithm NSGA-II and found that the second one provided the
optimal values more accurately. The results also exhibited that the optimal values for viscosity
and thermal conductivity were found at the maximum temperature.

Qing et al. [52] prepared the naphthenic mineral oil-based hybrid nanofluid of SiO,-
graphene nanoparticles and examined the viscosity variation by varying the temperature from 20-
100°C. The results revealed that viscosity of the fluid reduced with an increase in temperature due
to the effect of increased particles Brownian motion. Aghaei et al. [99] found that the viscosity of
the hybrid nanolubricant of CutO-MWCNT/SAE 5w—50 was augmented up to 12.52% even at a
temperature of 55 °C and 35.52% at 5°C. For the case of engine oil, the augmented viscosity is
important because it assists in the lubrication process. Sundar ez al. [100] conducted experimenta-
tion to measure enhancement in friction factor and heat transfer by application of MWCNT-Fe,O,
hybrid nanofluid in a circular tube. A decreasing trend in viscosity was observed with the
enhancement in temperature. Yarmand et al. [101] elaborated thermo-physical properties of
activated carbon/graphene hybrid nanofluid under variation of concentration and temperature.
The decreased viscosity at elevated temperature was found to reduce the pumping power. Dardan
et al. [102] investigated the effect of suspending ALLO,-MWCNT hybrid nanoparticles on the
viscosity of SAE40 engine oil for different volume fractions (0-1 vol.%) and temperature ranges
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(25-50 °C). The increase in temperature from 25 °C to 30 °C caused enhancement in the move-
ment of hybrid nanoparticles, arranging nanotubes in direction of flow and thus providing low
viscosity. However, further increase in temperature from 30 °C to 35 °C, made arrangement of
nanotubes perpendicular to the direction of flow which led to an increase in viscosity.

Mechiri et al. [103] found the deteriorating effect of temperature on the viscosity of
hybrid nanofluids (Cu-Zn/vegetable oil). Sundar ez al. [104] measured enhancement in viscosity,
thermal and electrical conductivities of hybrid nanofluids of (ND-Fe,O,) prepared by different
base fluids (water, 80:20%, 60:40%, 40:60% W/EG). Nanofluid having 80:20% W/EG as base
fluid showed maximum enhancement in viscosity of 203% at 20 °C which further enhanced to
219% at 60 °C compared to simple 80:20% W/EG for 0.2% volume fraction. Sunder et al. [79]
also used water, 80:20%, 60:40%, 40:60% W/EG as base fluids to synthesize GO/Co,0, hybrid
nanofluids and investigated increase in viscosity of hybrid nanofluids with various base fluids.
The experimentation was performed for a temperature range of 20-60 °C. The order of maximum
enhancement in viscosity achieved for different base fluids was pW>u20EG:80W>uEG>
HA0EG:60W>u60EG:40W. Akilu et al. [105] did an experimental study to measure viscosity
enhancement of TiO,-CuO/C ethylene glycol base hybrid nanofluid for different concentration of
nanoparticles at the temperature range 0of298-333K. At higher temperature, a significant decrease
in viscosity was observed due to enfeeble intermolecular forces. Enhancement in Nusselt number
and friction factor as a result of GNPs-Ag/water hybrid nanofluid application was computed by
Yarmand et al. [106] using the circular tube. The flow of hybrid nanofluid was in the turbulent
regime. About 1.3 times increase in viscosity was observed for nanofluids as compared to simple
water at 40 °C. Soltani and Akbari [94] noticed the effect of temperature was more significant at a
higher volume fraction of nanoparticles.

Ahammed et al. [107] elaborated entropy generation and different thermophysical
properties of mono and hybrid nanofluids of (Graphene-Alumina) in the heat exchanger which
was coupled with thermoelectric cooler under different temperatures. At 50 °C, graphene,
alumina and hybrid nanofluid showed an enhancement of 33.75%, 10.28% and 18.86% in
viscosity. Chandran et al. [108] developed novel hybrid nanofluids containing ZnO and
encapsulated paraffin wax having melting temperature of 58-60 °C. The influence of temperature
on the viscosity of hybrid nanofluid was investigated. The reduction in the viscosity of nanofluid
was higher for a temperature range of 50-60 °C as compared to 25-50 °C.

Paraffin wax was in solid form up to 50 °C that's why viscosity reduction of nanofluid
was relatively small at this temperature. The highest viscosity ratio of 1.615 was obtained for 1
vol.% of ZnO and 16 wt.% of paraffin wax at 60 °C. Asadi et al. [109] noticed a diminution in the
dynamic viscosity of hybrid nanolubricant of MWCNT/Mg(OH),-engine oil with the increase in
temperature at all the studied nanoparticles concentration. Figures 5-8 presented the viscosity of
water, EG, oil, and water/EG-based hybrid nanofluids, respectively, reported in various studies
with different combinations of nanoparticles against temperature for different particle
concentrations.

Volume fraction effect on viscosity

Reported studies show a great agreement on the effect of particle concentration that the
viscosity of hybrid nanofluids enhances with the augmentation of particle concentration. Afrand
et al. [84] found the Newtonian behavior of Si0,-MWCNT/engine oil hybrid nanofluids for 0 to
1% volume concentration of nanoparticles and proved that dynamic viscosity of hybrid nanofluid
was increased with increasing volume fraction. The sensitivity of viscosity of hybrid nanofluid
was observed to increase significantly for enhancement in volume fraction from 0.0625 to 1%.
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Motahari et al. [85] also obtained Newtonian behavior of Si0,-MWCNT/oil hybrid nanofluids
for 0.05 to 1% volume fraction and viscosity showed an increase with enhancement in volume
fraction.

Sundar et al. [89], ND-Co,O /water, (ND: 4-5 nm)
—H— 0 % vol.—@— 0.05 % vol. 0.1 % vol.—y—0.15 % vol.
Yarmand et al. [96], GNPs-Pt/water, (GNP particle diameter: 2 micro-m)
9 0% vol—4—0.02%vol. p 0.06 % vol.—@— 0.1 % vol.
Sundar et al. [100], FeJOA-MWCNTs/water, (MWCNTs outer diameter: 10-30 nm)
—%— 0 % vol.—@— 0.1 % vol.—@— 0.3 % vol.
Sundar et al. [104], ND-Fe O /water, (ND: 5 nm, Fe O,: 13 nm, ND-Fe,O,: 21-24 nm)
t—+— 0 % vol.—X— 0.05 % vol.—#— 0.1 % vol.——— 0.2 % vol.
Sundar et al. [79], GO-Co,O /water, (GO-Co,0,<50 nm)
1 —0 % vol.—M— 0.05 % vol. 0.1%vol. A 0.15 % vol.—y— 0.2 % vol.
Yarmand et al. [106], GNPs-Ag/water, (GNP: 2 micro-m)
© 0%vol. < 0.02%vol.— p0.04 % vol.—@— 0.06 % vol.—%— 0.08 % vol.—@— 0.1 % vol.
Hussein et al. [118], Graphene-MWCNT /water, (MWCNT outer di 15 nm), (Graphene: 6-8 nm)
@ 0% vol.—+—0.075 % vol.- < 0.125 % vol.—+— 0.25 % vol.
Sharma et al. [120], (0.8 CeO,-0.2 Cu/water), (CeO,: 30 nm)
— 0%vol.— | — 0.5 % vol.——0.75 % vol.—@— 1 % vol.—A— 1.25 % vol.—y— 1.5 % vol.—@— 2 % vol.—d— 3 % vol.
Sharma et al. [120], (0.8 Al,0,-0.2 Cw/water), (AL O,: 45 nm)
P 0% vol—@— 0.5 %vol—%k—0.75%vol. @ 1%vol. @ 1.25%vol—+— 1.5 % vol. 2%vol. ¥ 3 %vol/|
Dalkilig et al. [121], SiO,-graphite (20-80)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
——0.1% vol.— | — 0.5 % vol.—H— 1 % vol.—@— 2 % vol.
Dalkili¢ et al. [121], SiO,-graphite (40-60)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
—-A— 0.1 % vol.—y— 0.5 % vol.- 49— 1 % vol.—q— 2 % vol.
Dalkilic et al. [121], SiO,-graphite (60-40)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
P 0.1 % vol.—@— 0.5 % vol.—4— 1 % vol.—@— 2 % vol.
Dalkilic et al. [121], SiO,-graphite (80-20)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
—@— 0.1 % vol.—+— 0.5 % vol.—X— 1 % vol.—— 2 % vol.
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Figure 5. Viscosity variation of water-based hybrid nanofluids against temperature at
different particle concentration [various studies]
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Nadooshan et al. [56], Fe,O -MWCNT/EG, (Fe304: 20-30 nm), MWCNT outer diameter: 5—15 nm)

—H— 0 % vol—@— 0.1 % vol.—4.— 0.25 % vol.—y— 0.45 % vol. -4 0.8 % vol.
Sundar et al. [89], ND-Co,O /EG, (ND: 4-5 nm)
d—0%vol. p 0.05% vol.—®— 0.1 % vol.—&— 0.15 % vol.
Afrand et al. [92], Fe O -Ag/ethylene glycol, (Fe,O,: 20-30 nm), (Ag: 30-50 nm)
—®@— 0.0375 % vol.—@— 0.075 % vol.—+— 0.15 % vol.—<— 0.3 % vol.
Soltani and Akbari [94], MWCNTs-MgO/EG, (MWCNTSs outer diameter: 5— 20 nm), (MgO:40 nm)
—#—0.1 % vol. 0.2 % vol— | — 0.4 % vol.—M— 0.8 % vol. 1 % vol.
Yarmand et al. [101], Carbon-graphene oxide/EG
A 0%vol—y—0.02%vol. @ 0.04%vol. « 0.06 % vol.
Akilu et al. [105], (TiO,-CuO/C)/EG, (TiO,: 26 nm), (CuO/C: 20 nm)
Pp— 0 % vol—@— 0.5 % vol.—k— 1 % vol.—@— 1.5 % vol—@— 2 % vol.
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Figure 6. Viscosity variation of ethylene glycol-based hybrid nanofluids against
temperature at different particle concentration [various studies]

Esfe and Rostamian [86] measured viscosity of ZnO-MWCNT/engine oil hybrid
nanofluids by varying concentration from 0.05 to 1%. The hybrid nanofluid exhibited non-
Newtonian behavior. Shahsavar et al. [87] stated that by increasing concentration of CNT in
Fe,0,-CNT-water hybrid nanofluids, the viscosity of colloidal mixture increased due to the high
interaction between particles. Maximum enhancement in viscosity achieved was 29.62% for
(0.9% Fe,0,-1.35% CNT) the highest concentration. Newtonian behavior of hybrid nanofluid
was observed for higher shear rates. Nabil ez al. [88] reported that viscosity of TiO,-SiO,-water
and ethylene glycol hybrid nanofluid increased with increase in concentration from 0.5 to 3
vol.%. The enhancement in viscosity of hybrid nanofluid was 25.9% and 62.5% for 0.5% and 3%
concentration of nanoparticles at 80 °C, respectively. The hybrid nanofluid showed Newtonian
behavior for volume fraction up to 3%. The variation in base fluid and weight concentration was
found to have a direct effect on viscosity of ND-Co,0, hybrid nanofluids by Sundar ez al. [89]. The
viscosities of water, ethylene glycol, 20EG:80W, 40EG:60W, and 60EG:40W base nanofluids
was enhanced to 45, 46, 15, 19, and 51%, respectively, from their respective base fluids at 0.15%
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Esfe et al. [55], CuO-MWCNT/10w40, (MWCNT outer diameter: 515 nm), (CuO: 40 nm)
—l— 0% vol—@— 0.05 % vol.—4— 0.5 % vol —y— 1 % vol.
Afrand et al. [84], SiO,-MWCNTs/engine oil (SAE 40), (MWCNTs outer diameter: 5 — 15 nm, (SiO,:20— 30 nm)
9 0.0625 % vol—4—0.125%vol. P 0.25 % vol.—@— 0.5 % vol.—k— 0.75 % vol.—@— 1 % vol.
Motahari et al. [85], MWCNTs-SiO_/engine oil (SAE 20W50), (MWCNTSs mean diameter: 20 nm), (SiO,:40 nm)
—@— 0.05 % vol—+— 0.1 % vol.—— 0.2 % vol.—+— 0.4 % vol. 0.8 % vol— | — 1% vol.
Esfe et al. [90], MWCNTSs-SiO,(20-80)/engine il (SAE40), (MWCNTS outer diameter: 5 — 15 nm), (SiO,:20 - 30 nm)
—l— 0.0625 % vol. 0.125%vol. A 0.25 % vol.—-y— 0.5 %vol. ¢ 0.75%vol. 4 1 % vol.
Esfe et al. [91], MWCNTs-ZnO/engine 0il (SAE40), (MWCNTSs inner diameter: 3 —5 nm), (ZnO:10 —30 nm)
P 0.05 % vol—@— 0.075 % vol—k— 0.1 % vol—@— 0.2 % vol.—@— 0.4 % vol.—— 0.5 % vol. 0.75 % vol.—f— 1 % vol.
Dardan et al. [102], AL,O,-MWCNTs/engine oil (SAE 40), (MWCNTs outer diameter: 5-15nm), (ALO,: 20 nm)
—0.0625 % vol.— | —0.125 % vol—— 0.25 % vol.—@— 0.5 % vol.—A— 0.75 % vol.—y— 1 % vol.
Mechiri et al. [103], Cu-Zn (50:50)/vegetable oil, Cu-Zn: 25 nm
—@— 0.1 % vol.—q— 0.3 % vol.— p— 0.5 % vol.
Asadi et al. [109] , MWCNT/Mg (OH), -engine oil (SW50), (Mg (OH)2: 10nm), (MWCNT: 30nm)
700 —@— 025 % vol—k—0.5%vol. @ 0.75%vol. @ 1% vol—+— 1.5 %vol. 2 % vol.
1 Vv
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Figure 7. Viscosity variation of oil-based hybrid nanofluids against temperature at different
particle concentration [various studies]

weight fraction of nanoparticles. Esfe e al. [90] carried out an experimental study to investigate
the rheological behavior of MWCNT-Si0,/engine oil hybrid nanofluid. The Newtonian behavior
of nanofluid was observed for volume concentration up to 1%, whereas a further increase in
concentration showed non-Newtonian behavior of nanofluid. Esfe ez al. [91] determined
maximum enhancement of 33.3% in viscosity of MWCNT-ZnO/engine oil hybrid nanofluid with
the volume fraction of 1% at 40 °C. The hybrid nanofluid showed Newtonian behavior for an
employed range of volume fraction. Afrand et al. [92] explored the Newtonian behavior of Fe,O,-
Ag/EG hybrid nanofluid for volume fraction of less than 0.3%. The hybrid nanofluid with a
concentration of nanoparticles greater than 0.3% showed non-Newtonian behavior. Consistency
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index increased while the power law index decreased with increase in volume fraction of
nanoparticles.

Baghbanzadeh et al. [93] prepared hybrid nanofluids with two different mass ratios (50
wt.% silica — 50 wt.% MWCNT and 80 wt.% silica — 20 wt.% MWCNT) of nanoparticles in
concentration of 0.1, 0.5, and 1 wt.%. Hybrid nanofluid with a mass ratio of (80 wt.% silica — 20
wt.% MWCNT) showed 8.8%, whereas (50 %wt. silica—50 %wt. MWCNT) hybrid nanofluid
achieved 8.2% enhancement in viscosity as compared to water for 1 wt.% concentration. Soltani
and Akbari [94] conducted an experimental study to investigate the effect of nanoparticles
concentration on the viscosity of hybrid nanofluid (MgO-MWCNT/ethylene glycol). Increase in

Nabil et al. [88], TiO,-SiO /water-E G(60:40), (SiO,:22 nm), (TiO,:50 nm)
—H— 0 % vol.—@—0.5 % vol.—A— 1 % vol—¢— 1.5 % vol.—4p—2 % vol.—q— 2.5 % vol. - 3 % vol.
Sundar et al. [89], ND-Co,O /water-EG (80:20), ND: 4-5 nm
—@— 0% vol.—%— 0.05 % vol.—@— 0.1 % vol.—@— 0.15 % vol.
Hamid ef al. [95], TiO,-SiO /water-EG(60:40), (Si0,:22 nm), (TiO,:50 nm)
—+— 0 % vol—><— 1 % vol.(20:80)—k— 1 % vol.(40:60) 1 % vol.(50:50)— | — 1 % vol.(60:40)—M— 1 % vol.(80:20)
Sundar ef al. [104], ND-Fe O /water-EG (60:40), (ND: Snm, Fe O : 13 nm,ND-Fe O :21-24 nm)
0% vol. 4 0.05 % vol.—y— 0.1 % vol. @ 0.2% vol.
Sundar et al. [104], ND-Fe O /water-EG (40:60), (ND: Snm, Fe O: 13 nm, ND-Fe O : 21-24 nm)
< 0%vol.—p—0.05 % vol.—@— 0.1 % vol.—k— 0.2 % vol.
Sundar et al. [79], GO-Co O /water-EG (80:20), (GO-Co 0 <50 nm)
—&— 0% vol.—@—0.05 % vol.—+— 0.1 % vol—><— 0.15 % vol.—¥— 0.2 % vol.
Sundar et al. [79], GO-Co,0 /water-EG (60:40), (GO-C0,0 <50 nm)
— 0% vol— | — 0.05 % vol.—"— 0.1 % vol.—@— 0.15 % vol.—&— 0.2 % vol.
Sundar et al. [79], GO-Co 0 /water-EG (40:60), (GO-C0,0 <50 nm)
—¥— 0% vol.—@— 0.05 % vol.—q— 0.1 % vol.—p— 0.15 % vol. —@— 0.2 % vol.
Afshari ef al. [122], alumina-MWCNT/water-EG (80:20), (MW CNT outer diameter: 515 nm, A1,O: 20 nm)

14 —%—0%vol. @ 0.0625 % vol. @  0.125 % vol.—+— 0.25 % vol. 0.5 % vol. 2K 0.75 % vol.—— 0.1 % vol.

Viscosity [mPa-s]

10 20 25 30 35 40 45 50 55 60 65 70 75 80 85
Temperature [°C]

Figure 8. Viscosity variation of binary (water/EG)-based hybrid nanofluids against temperature
at different particle concentration [various studies]
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viscosity was significant at a higher concentration on nanoparticles (0.8% and 1%). Maximum
enhancement in viscosity of hybrid nanofluid observed was 168% for 1 vol.% and 60 °C. The
hybrid nanofluid showed Newtonian behavior for all concentrations. Among all mixture ratios
prepared by Hamid ez al. [95], TiO,-Si0,-water and ethylene glycol hybrid nanofluid with a
mixture ratio of 50:50 showed the highest enhancement in dynamic viscosity. The hybrid
nanofluid containing less percentage of silicon dioxide nanoparticles showed a marginal decrease
in dynamic viscosity. The least increment in dynamic viscosity was observed for 80:20 mixture
ratio. TiO,-Si0, hybrid nanofluid behaved as Newtonian fluid for studied temperature range
because viscosity was independent of shear rate.

Yarmand ez al. [96] revealed that viscosity of GNP-Pt-water hybrid nanofluid increased
by increasing volume fraction from 0 to 0.1% due to influence on the internal shear stress of fluid.
Vegetable oil, paraffin oil, and SAE oil were used as base fluids by Kumar ez al. [97] to synthesize
Cu-Zn hybrid nanofluids with 0.1, 0.3, and 0.5% volume factions. The SAE oil-based hybrid
nanofluid exhibited highest relative viscosity. Only vegetable oil based nanofluid behaved as a
Newtonian fluid. Tahat and Benim [110] performed an experimental study to analyze
thermophysical properties of Al,O,-CuO-water and ethylene glycol hybrid nanofluid. The
viscosity enhancement as a function of volume fraction was measured. Enhancement in viscosity
for volume concentration of 0.5, 1, 1.5, and 2% was 112%, 124%, 135%, and 159%, respectively,
as compared to the viscosity of water. The Al,O,-CuO hybrid nanofluid behaved as a Newtonian
fluid.

Suresh et al. [111] disclosed that the increase in viscosity of Al,O,-Cu-water hybrid
nanofluid was considerably higher than enhancement in thermal conductivity. The viscosity
enhancement for 0.1, 0.33, 0.75, 1, and 2% volume fraction of nanofluid was 8, 22, 54, 78%, and
115, respectively. For utilized nanoparticles concentration range, Newtonian behavior of hybrid
nanofluid was observed. Esfe er al. [112] experimentally elaborated the effect of hybrid
nanoparticle (Ag-MgO) concentration (0.5-2%) on dynamic viscosity and thermal conductivity
of hybrid nanofluid. An increasing trend of viscosity was achieved for an increase in volume
fraction. Maximum volume fraction of 2% showed the highest enhancement in viscosity of about
38.1%. Sundar et al. [100] flowed hybrid nanofluid (MWCNT-Fe,0,) through the circular tube
and investigated the effect of concentration on thermal conductivity, viscosity, friction factor, and
heat transfer rate. Maximum enhancement in viscosity of about 50% occurred at the highest
concentration of 0.3% and temperature of 60 °C.

Yarmand et a/. [101] found a nonlinear increase in viscosity of carbon/graphene oxide
hybrid nanofluid by increasing weight concentration. The ACG/ethylene glycol hybrid nanofluid
was qualified as Newtonian fluid for applied concentrations. The highest concentration of 0.06
wt.% intensified viscosity around 4.16%. Dardan et al. [102] obtained Newtonian behavior of
ALO,-MWCNT/engine oil hybrid nanofluid and increase in viscosity by increasing concentra-
tion. About 46% augmentation in viscosity was attained at 1% volume concentration of
nanoparticles. Viscosity analysis revealed that viscosity was more sensitive to the variation of
nanoparticles volume fraction. Cu-Zn hybrid nanoparticles with different weight ratios (50:50,
75:25, and 25:75) were prepared by Mechiri et al. [103] using a mechanical alloying method.
Hybrid nanoparticles with a weight ratio of (50:50) showed higher viscosity than other hybrid
alloys. More tendencies towards agglomeration were the reason behind higher viscosity of Cu-
Zn (50:50).

Sundar ez al. [104] obtained a non-linear behavior of viscosity enhancement by increase
in (ND-Fe,0,) nanoparticle concentration from 0.05 to 0.2 vol.%. The viscosity enhancements
for water, 80:20%, 60:40%, 40:60% W/EG were 172%, 219%, 150%, and 179%, respectively, at
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maximum concentration of 0.2 vol.%. The results showed that viscosity enhancement was
dependent on nanoparticle concentration, temperature and type of base fluid used. Sundar et al.
[79] also prepared GO/Co,0, hybrid nanofluids in different base fluids to investigate an increase
in viscosity due to the presence of nanoparticles. Hybrid nanoparticles having different
concentration 0f 0.05, 0.1, 0.15, and 0.2 vol.% were dispersed in water, ethylene glycol, 80:20%,
60:40%, and 40:60% W/EG as base fluids. Water base hybrid nanofluid showed maximum
enhancement in viscosity of 170%, whereas 40:60% W/EG base nanofluid showed the least
enhancement of 131% for 0.2 vol.% and 60 °C. Akilu et al. [ 105] obtained Newtonian behavior of
TiO,-CuO/C ethylene glycol base hybrid nanofluids for applied concentrations and temperature
ranges. The relative viscosity values achieved for concentrations of 0.5, 1, 1.5, and 2 vol.% were
1.13,1.31,1.56,and 1.77, respectively.

To avoid the disadvantages of high volume fraction such as an increase in viscosity,
pressure drop, friction factor and pumping power, low volume fraction (0.02-0.1%) of
nanoparticles was used by Yarmand et al. [106] in experimentation to investigate the effect of
hybrid nanofluid on heat transfer. Friction factor enhancement was insignificant as compared to
the increase in heat transfer. Sundar ez a/. [113] studied friction factor and turbulent heat transfer
behavior of (ND-Ni) hybrid nanofluid flowing through the tube. Enhancement in viscosity was
23.24% as a result of the addition of 0.3 vol.% hybrid nanoparticles in water. Moldoveanu ef al.
[114] made a comparison between the viscosity of TiO,, ALLO, nanofluids and their hybrid for
different volume concentrations at room temperature. The non-Newtonian behavior of
nanofluids was observed for all samples. The TiO, nanofluid showed fewer enhancements in
viscosity as compared to alumina nanofluid and their hybrid.

Low volume fraction of nanoparticles showed less enhancement in dynamic viscosity
whereas this increase became significant for higher volume fraction [94]. Kannaiyan ez al. [115]
made a comparison of thermophysical properties of hybrid nanofluid (Al,0,/CuO) measured
experimentally and calculated theoretically. The probability of nanoparticle agglomeration
increased at higher volume fractions thus, causing an increase in dynamic viscosity of nanofluid.
Kumar et al. [116] investigated the effect of spacing on the performance of plate heat exchangers
by using nanofluids. For this purpose, TiO,, Al,O,, ZnO, CeO,, CutAl,0,, GNP, MWCNT
nanofluids were prepared and their thermo-physical properties were evaluated at fix temperature
of 35 °C. The order of increase in viscosity achieved for nanofluids was MWCNT < GNP < Cu +
Al,0,<Ce0,<Zn0O<Al0,<TiO,.

Nabil et al. [117] found an insignificant increase of about 2% in dynamic viscosity of
hybrid nanofluid (TiO,-SiO,-water and ethylene glycol) when the volume fraction of
nanoparticles increased from 2 to 3% at a temperature of 30 °C. Hussien et al. [118] reported
thermo-physical properties of hybrid nanofluid (MWCNT-GNP) by varying wt.% of MWCNT in
hybrid nanocomposites. For an increase in the concentration of MWCNT in nanocomposite, the
viscosity of hybrid nanofluid elevated from 2.8 to 10.3%. Hamid et al. [119] investigated the
effect of nanoparticle (TiO,-Si0,) mixture ratio variation on thermophysical properties and heat
transfer characteristics of hybrid nanofluids. For this purpose, hybrid nanoparticles containing
mixture ratios of (TiO,-Si0,) 20:80, 40:60, 50:50, 60:40, and 80:20 were prepared. The mixture
ratio (50:50) showed maximum enhancement in dynamic viscosity due to particles distribution.
The study of Sharma et al. [120] on the viscosity of different types of hybrid nanofluids found that
the viscosity of the fluids augmented in the following sequence (0.8 CeO, — 0.2 Cu) > (0.8 TiO, —
0.2 Cu)> (0.8 Si0,—0.2 Cu) > (0.8 AL,O,—0.2 Cu) than that of base fluid.

Dalkilic et al. [121] inspected the viscosity of graphite-SiO, hybrid nanofluid and found
that the addition of silica nanoparticle augmented the viscosity sharply as compared to the
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Sundar et al. [89], ND-Co,O /water, (ND: 4-5 nm)
—B— 20 °C—@— 30 °C—A— 40 °C—y— 50 °C ¢ 60 °C
Yarmand et al. [96], GNPs-Pt/water, (GNP particle diameter: 2 micro-m)
—€—20°C p 25°C—9—30°C—%—35°C—@—40°C
Sundar et al. [100], Fe, O,-MWCNTs/water, (MWCNTs outer diameter: 10-30 nm)
—@— 20 °C—+—22.5 °C—X—25 °C—%—27.5°C 30°C— | —325°C—m—35°C 37.5°C-A-40°C
—W—425°C @ 45°C 4 475°C—p— 50 ‘C—@—52.5 ‘C—k— 55 °C—@— 57.5 °C—@— 60 °C
Sundar et al. [79], GO-Co,O /water, (GO-Co,0,< 50 nm)
—+—20°C—<—30°C—¥—40°C — 50°C— | —60°C
Yarmand et al. [106], GNPs-Ag/water, (GNP: 2 micro-m)
— 11— 20 °C—®— 25 °C—A—30°C—y—35°C—9—40°C
Hussien et al. [118], Graphene-MWCNT /water, (MWCNT outer diameter: 15 nm), (Graphene: 6-8 nm)
—— 26.85 "C—P— 36.85 ‘C—@— 46.85 ‘C—k— 56.85°C

Sharma et al. [120], (0.8 CeO,—0.2 Cw/water), (CeO,: 30 nm)
® 25°C @ 30°C—+—35°C 40°C ¥ 45°C———50°C

Sharma et al. [120], (0.8 A1,0,~0.2 Cu/water), (AL O,: 45 nm)
— | — 25 °C—Hl—30 °C—@— 35 °C—A— 40 °C—y—45 C—9—50°C
Dalkilic et al. [121], SiO,-graphite (20-80)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
—4—15°C P 20 °C—@—25°C—*—30 ‘C—@— 35 "C—@— 40 °C—+— 45 °C—X— 50 ‘C—¥—55°C 60°C
Dalkilic et al. [121], SiO,-graphite (40-60)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
— | —15°C-M—20°C @ 25°C A 30°C—y—35°C @ 40°C  45°C P 50°C—@—55°C—k—60°C
Dalkilic et al. [121], SiO,-graphite (60-40)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)
—@— 15°C—@—20 'C—+—25°C—X—30°C—+—35°C — 40°C— | — 45 °C—H— 50 "C—@®— 55 ‘C—A— 60 °C
Dalkilic et al. [121], SiO,-graphite (80-20)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)

o

1.75 —¥— 15 °C—9—20 C—4—25°C—p— 30 "C—@—35°C—k—40°C & 45°C @ 50°C—+—55°C 60 °C
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Figure 9. Viscosity variation of water-based hybrid nanofluids against particle concentration at
different temperatures [various studies]
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Nadooshan et al. [S6], Fe, O, -MWCNT/EG, (Fe304: 20-30 nm), (MWCNT outer diameter: 5 —15 nm)
—H—25 °C—@—30 °C—A—35°C—y—40°C—9— 45°C—4—50°C
Sundar et al. [89], ND-Co, O /EG, (ND: 4-5 nm)
P 20 °C—®— 30 °C—k— 40 °C—@— 50 °C—@— 60 °C
Afrand et al. [92], Fe O, -Ag/ethylene glycol, (Fe,O,: 20-30 nm), (Ag: 30-50 nm)
—+—25 °C—X—30 °C—¥—35°C 40°C— | —45°C—m—50 °C
Soltani and Akbari [94], MWCNTs-MgO/EG, (MWCNTs outer diameter: 5 —20 nm), (MgO:40 nm)
30°C-A 35°C—y—40°C @ 45°C 4 50°C—p—55°C—@—60°C
Yarmand et al. [101], Carbon-graphene oxide/EG
—%— 20 ‘C—@—25 °C—@— 30 °C—+— 35 °C—<— 40 °C—¥— 45 °C
Akilu et al. [105], (TiO,-CuO/CYEG, (TiO,: 26 nm), (CuO/C: 20 nm)
— 25°C—1—30°C—1"—35°C—@— 40 °C—A— 45 °C—y— 50 °C—9— 55 ‘C—4— 60 °C

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 22

Particle Concentration [vol.%)]

Figure 10. Viscosity variation of EG-based hybrid nanofluids against particle concentration
at different temperatures [various studies]

nanoparticles of graphite. Afshari er al. [122] investigated the dynamic viscosity of the hybrid
nanofluid of alumina— MWCNT/ethylene-glycol (20%)— water (80%) and found that the
behavior of the fluid transformed from Newtonian to pseudoplastic non-Newtonian when the
particle concentration surges past from 0.5 vol.%. They also observed that with the increase in
shear rate viscosity of the fluid decreased. Ghasemi and Karimipour [123] revealed that the effect
of particle concentration on the viscosity of CuO-paraffin nanofluid becomes significant at the
particle concentration higher than 1.5 wt.% below of that it was not significant. They also stated
that the viscosity of the analyzed nanofluid was more sensitive to particle weight fraction than
that of the temperature. Viscosity variation of different water, EG, oil, and W/EG-based hybrid
nanofluids against particle concentration at different temperatures reported in various studies are
presented in figs. 9-12 respectively.
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Esfe et al. [55], CuO-MWCNT/10w40, (MWCNT outer diameter (OD): 5 —15 nm), (CuO: 40 nm)
—H—5°C—@—15°C—A—25°C—y—35°C 9 45°C—4—55°C
Afrand et al. [84], SiO,-MWCNTs/engine oil (SAE 40), MWCNT's OD: 5 — 15 nm), (SiO,:20 — 30 nm)
P 25°C—@—30 °C—4k— 35 C—@— 40 °C—@— 45 °C—+— 50 °C—x— 55 °C—#— 60 °C
Motahari et al. [85], MWCNTSs-SiO,/engine oil (SAE 20W50), (MWCNT's OD: 20 nm), (SiO,:40 nm)
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Figure 11. Viscosity variation of oil-based hybrid nanofluids against particle concentration at
different temperatures [various studies]

Effect of base fluid

The best fluid is the one that provides the prodigious heat transfer, however, the
selection of base fluid depends upon the application of hybrid nanofluids. It is clear from the figs.
5-12 that the water-based nanofluids comparatively performed well where the effect of pumping
power is more significant as the viscosity variation of water-based hybrid nanofluids is not more
than 2 mPas in most of the studies while for the case of EG-based hybrid nanofluids its value goes
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Figure 12. Viscosity variation of binary (water/EG)-based hybrid nanofluids against particle
concentration at different temperatures [various studies]

up to 40 mPa.s. However, for the applications where the lubrication is also important with heat
transfer oil-based nanofluids would be preferred. Atashrouz et al. [124] studied the effect of
particle diameter, concentration and temperature on the relative viscosity of nine different
nanofluids (ALO,-EG, Al,O,-PG, TiO,-EG, Al,0,-60% EG, and 40% water, CuO-water, SiO,-
water, AL,O,-water, TiO,-water, CuO-60% EG, and 40% water) prepared by using the base fluids
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of ethylene glycol, water, and PG. For this purpose, they developed the hybrid self-organizing
polynomial neural network based on the group method of data handling (GMDH). The results
predicted with GMDH models showed a great agreement with the experimental results. Table 1
provided the Nodal expressions used for different nanofluids with an average absolute relative
deviation and regression coefficient of 2.14% and 0.9978, respectively.

Kannaiyan ef al. [115] investigated the thermal conductivity and viscosity of alu-
mina/cupric oxide hybrid nanofluids by varying the temperature and particle concentration
ranging from (20-70 °C) and (0.05-0.2 vol.%). They used the pure water and water-ethylene
glycol mixture as the base fluids and found that the water-based nanofluids performed well and
provided the better thermal conductivity values with a comparatively less augmentation in
viscosity. In heat transfer applications where the lubrication is not important, the investigators
preferred to use water-based hybrid nanofluids. However, oil-based nanofluids due to its high
viscosity preferred in the applications where the lubrication is significant with heat transfer.

Other affecting parameters

Besides of aforementioned affecting parameters, there are a lot of other parameters that
influence the viscosity of hybrid nanofluids like particle size and shape, pH value, surfactant
addition, and particles aggregation. Literature reports very limited studies that discussed the
effect of these parameters on the viscosity of hybrid nanofluids. However, for the case of unitary
nanofluids handful studies is available that assists the investigators to comprehend the influence
of these factors on the viscosity of nanofluids. The study of Koca et al. [125] on the effect of
particle size drew the following important concluded remarks:

— Studies reported contradictory results about the effect of particle size on the viscosity of
nanofluids. Some studies reported a decline in viscosity with an increase in particle size, while
the others stated the augmentation with particle size. They mentioned that the different
preparation, measurement techniques, consideration of two or three different sizes of
nanoparticles, and limited studies are the restrictions that restraint to draw a clear conclusion
of'the effect of particle size in viscosity.

— Particles shapes like cylindrical, spherical ezc. also influenced the viscosity of nanofluids.

Nwosu et al. [126] revealed that to develop a more general and accurate viscosity model
consideration of the factors like particle size and shape, aggregation size, surfactant, and base
fluid polarity with temperature and particle concentration could be very effective. However,

Bashirnezhad et al. [81] suggested the consideration of some additional parameters like pH value

and sonication time to generate a more accurate model.

Palabiyik et al. [127] studied the effect of sonication time on the particle size of TiO, and

ALQ, nanofluids and observed a noticeable reduction in size with an increase of sonication time,

however, after a certain time this effect mitigated and further increase in sonication time reflected

no influence on particle size as sown in fig. 13(a). Sharma et a/. [128] reported that the optimiza-
tion of particle size can be very valuable to get the nanofluids with superior rheological proper-
ties. To obtain a stable solution of nanofluids additive like surfactants also played a very effective
role [129]. In some studies [130, 131] investigators observed that the addition of surfactants
changed the behavior of the fluid flow from Newtonian to non-Newtonian. Jarahnejad ez al. [132]
analyzed the effect of surfactant and particle size on the viscosity of nanofluids of TiO, and Al,O,
respectively. For this purpose, they used the surfactants of tri-oxadecane acid and poly-
carboxylate and found that the viscosity of utilized nanofluid enhanced with the addition of
surfactants. Moreover, the tri-oxadecane acid supported nanofluid showed enriched viscosity
values as compared to the surfactant free and poly-carboxylate supported nanofluid. However, for
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Table 1. Nodal expressions for hybrid (GMDH-PNN) with limitations [124].

Number
System Related GMDH - polynomial Range of variables | of data
points
AlLO;-EG 1, =57.7116 - 0.0705208d - 0660868dyp + 0.00024175d 283.15<7<323.15 96
+162.223¢ - 0.400933¢T + 135.288¢" - 0.354906T 0.005 < ¢ <0.066
+0.000553982T° d=43.8
ALO, - 60% | 1, =44.1534 - 0.274456T + 0.651533Tp + 0.000437995T° 298 <T<133 96
EG and - 177.958¢ + 1210.41¢° 0.0003 < ¢ < 0.01
40% water d=13
SiO, - water | p, =2.11973 - 0.00343424T + 0.417004T¢p - 125.954¢ 293 <T<323 21
+2336.92¢° - 177.958¢ + 1210.41¢° 0.0045 < ¢ < 0.0224
d=12
TiO, - EG u,=0.212463 + 0.00755177 - 0.03213917¢p - 1.17438e 293.15<T7T<333.15 45
-05T" - 18.2968¢p + 106.324¢° 0.0013 < ¢ <0.0224
d=25
CuO - water | u,=0.792034 + 36.3781¢ - 408.646¢" - 0.27359n, 294 <T <337 54
+0.236136N,” N,=49.9132 - 0.313024T - 0.22456T¢ 0.01 <9 <0.07
+0.000502159T + 49.9962¢ + 833.886¢ d=29
ALO;-PG | x,=1.06129-0.00335679T - 0.003161637N, 303 <7<333 36
“N2=0.516211+¢ x 49.0593 - 761.957¢° 0.02 < <0.05
d=39
TiO, - water | g, =0.439835+ T x 0.00491987 - 0.206399Tp - 55.5471¢ 288 <T<308 15
0.002 < ¢ <0.02
d=27
CuO - 60% | u,=0.923585 + 16.4819¢ + 30.4847¢N, - 1017.31¢’ 238 <T7<323 60
EG and -0.0930604 N,” N,=0.151871 + 0.00382567T - 0.342882T¢p | 0.01 < ¢ <0.0612
40% water | + 93.8755¢ +740.151¢’ d=29
ALOQ, - water| 1, =23.1077 - 0.14405T + 0.00148085TN, - 0.000223842T° 2904 <T<343 138
+0.543275N, N, = - 0.00268592 - 0.0438904dN, 0.01 < ¢ <0.094
+0.0438062dN, + 1.88848N, - 0.881516N, d=36,47
N,=1.79002 + 14.0621¢ - 0.00360243dN,- 0.927421N,
+0.333461N, N,=34.9901 - 0.213667T - 0.0874713T¢p
+0.0003390227° + 602.534 ¢

the case of particle size, they failed to draw a clear conclusion. The effect of surfactants and
particle size on the viscosity of employed nanofluids represented in figs. 13(a) and 13(b),
respectively. In past, a lot of studies were carried out on different types of nanofluids that reported
the augmentation in viscosity with an increase of particle size [133-135]. Ferrouillat ef al. [136]
studies the effect of particle shape on the viscosity of water-based ZnO and found that the fluid
containing polygonal shaped nanoparticles suspension exhibited slightly more viscosity than that
of rod-shaped nanoparticles suspended fluid. While for water-based SiO, nanofluids the
suspension of banana-shaped nanoparticles showed marginally more viscosity in comparison of
spherically shaped nanoparticles. Figures 14(a) and 14(b) demonstrated the effect of particle
shape on the viscosity of SiO, and ZnO nanofluids respectively. Timofeeva et al. [137] acquired
higher viscosity of the platelets nanoparticles as compared to brick-shaped nanoparticles while
investigating the water-EG based nanofluid of A1,O,. Wang and Li [138] investigated the effect of
pH value on the viscosity of water-based nanofluids of Al,O, and Cu and found that particles
formed clusters below the pH value of 7 that not only increased the viscosity but also reduced the
stability period. According to the results, nanofluids of alumina exhibited great stability at the pH
values between 7.5-8.9 and the nanofluids of copper provided better particles dispersion at the pH
>7.5. The aggregation effect of nanoparticles also influenced the viscosity of the nanofluid. The
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study of Duan er al. [139] on the effect of
particles aggregation revealed that formation
of aggregates augmented the viscosity of the
nanofluid.

Viscosity comparison of hybrid
nanofluids with mono nanofluids

This section comprised the studies that
provided a comparison between the viscosity
values of different unitary and hybrid
nanofluids. The viscosity of hybrid nanofluid
depends upon the selected nanoparticles,
concentration, and temperature. Results of
most of the studies revealed that viscosity of
hybrid nanofluids found in between the
viscosity of mono nanofluids of utilized
nanoparticles which are combined to prepare
the hybrid and it can be optimized by adjusting
the weight percent (wt.%) of each type of
nanoparticles. However, its effect is more
significant at a lower temperature and high
particle volume fraction. Afrand et al. [84]
experimentally investigated viscosity of
hybrid nanofluid Si0,-MWCNT/engine oil and
compared it with viscosities of mono
nanofluids SiO,/engine oil and
MWCNT/engine oil. Results showed that
relative viscosity of hybrid nanofluid was
greater than Si0O,/engine oil nanofluid, whereas
less than from MWCNT/engine oil nanofluid.
Shahsavar et al. [87] empirically found that
viscosity of 1.35% CNT-0.9% Fe,O,-water
hybrid nanofluid was about 28.60% greater
than (0.9% Fe,O,-water) nanofluid. The
increased viscosity of hybrid nanofluid was
due to the presence of CNT. At an optimum
operating temperature of 20 °C and maximum
concentration of 1 wt.%, Baghbanzadeh ez al.
[93] concluded from experimentation that
viscosity enhancement of mono nanofluids was
greater than hybrid nanofluids. Viscosity
enhancement for MWCNT, silica, (80 wt.%
silica — 20 wt.% MWCNT), (50 wt.% silica —
50 wt.% MWCNT) nanofluid was 18.9%,
9.7%, 8.8%, and 8.2%, respectively. The
structure of MWCNT was the main reason
behind much increase in viscosity of nanofluid.
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0.0012 » Suresh et al. [111] obtained higher viscosity
0.0010 enhancement in Al,O,-Cu-water hybrid

E 0.0008 nanofluids as compare to Al,0,-water mono

= nanofluid. Sundar et al. [79] determined

2 0.0006 that viscosity enhancement of hybrid
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O ———r—r———e—o0 5 Mmentthan mono nanofluids [114]. Kumar e?
(a) Temperature [°C] al.[116] obtained viscosity enhancement of
mono nanofluids (TiO,, ALO,, ZnO, and

0.0012 Ce0,) to be greater than hybrid nanofluid

- 0.0010 (Cu+AlQ,) for studied volume fractions of

g 0.0008 nanoparticles. Ahammed ez al. [107] found

B viscosity of Graphene-alumina hybrid

8 0.0006 nanofluid to be greater than alumina

£ 0.0004 nanofluids, while less than graphene

nanofluids. Akilu ef al. [140] compared the
viscosity of the unitary nanofluid of
00000 0 20 30 40 s0 60 70 so SiO./EG-glycerol(G) and the hybrid
(b) Temperature [°C] nanofluid of carbon-ceramic copper
Figure 14. Effect of particle shape on the viscosity of Odee/G._EG an.d revealed that the hybrid
nanofluid (a) SiO,, (b) ZnO [136] nanofluid provided the enhanced thermal
conductivity with a comparatively less
increase in viscosity. According to the results, hybrid and unitary nanofluids showed an enhance-
ment of 1.15-times and 1.33-times in viscosity than that of the base fluid.

Moldoveanu et al. [114] developed a comparative study of the viscosity of the unitary
nanofluid of TiO, and Al,O, and their hybrids at different particle concentration while keeping
them at room temperature. Table 2 presents the comparative study of Moldoveanu et al. —[114]
representing the viscosity values of the examined unitary and hybrid nanofluids. It is revealed that
the titania-based nanofluids offered comparatively less augmentation in the viscosity values as
compared to alumina-based nanofluids that exhibited maximum enhancement while the viscosity
of hybrid nanofluids depends upon the particle volume fraction.The study of Moldoveanu et al.
[141] on the viscosity of mono nanofluids of SiO, and Al,O, and their hybrid nanofluids also
depicted that the alumina-based nanofluids showed augmented viscosity values than that of
unitary SiO, and hybrid (SiO,+ALO;) nanofluids. Moreover, silica-based nanofluid exhibited
shear-thickening while the alumina-based mono and hybrid nanofluids showed shear thinning
behavior. Table 2 presented the graphical representation of the viscosity comparison of mono and
hybrid nanofluids by considering a number of studies.

0.0002  —water 0ZnO Nyacol® 0ZnO Evonik®

Correlations to predict the
viscosity of hybrid nanofluids

This section presents the correlations reported in the literature to predict the viscosity of
hybrid nanofluids within a specified range of temperature, particle concentration, and shear rate
with the prediction accuracy. Afrand et al. [142] presented a comparative study between the
viscosity values predicted by empirical correlation and the optimal artificial neural network
(ANN) model of the hybrid nanofluid of MWCNT-Si0,/AE40 while considering the margin of
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deviation as a decisive factor. They found that the ANN model can predict the viscosity values
best in comparison of empirical correlation. Asadi ez al. [54] examined the thermal and rheologi-
cal properties of the hybrid nanolubricant of ALLO,-MWCNT/thermal oil for the automotive and
manufacturing applications. The results revealed that the viscosity of the lubricant augmented
with the particle concentration and the prepared nanofluid exhibited Newtonian behavior over the
examined range of temperature and particle concentration from 40-100 °C and 0.125-1.5 vol.%,
respectively. According to the results, the maximum enhancement in viscosity was found to be
81% all over the experiment at the particle volume fraction of 1.5%. The increase in dynamic
viscosity of the fluid was examined using the eq. (1).

dynamic viscosity increase = [z"f - 1] 100% )

nf

Esfe and Hajmohammad [99] developed a correlation to predict the viscosity of the
hybrid nanofluid of nanodiamond-Co,0,/EG (40:60). They also considered the determination of
optimum values of viscosity and thermal conductivity (maximum thermal conductivity and

Table 2. Viscosity comparison of unitary and hybrid nanofluids.
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Table 2. (Continuos)
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titania
nanofluids show
higher viscosity
and MWCNT's
nanofluid exhibit
lowest viscosity
values at all
examined
concentration
of particles.
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Table 2. (Continous)

The hybrid
nanofluid of
(80%wt. Si0,-20%
wt. CuO/C) shows
relatively less
viscosity than that
of the 100 wt. SiO,
nanofluid. It is due
to the less density
of Si0, nanoparti-
cles because the
number of particles
woglg0 /reducsq ghen

0 owt. 510,
=Temperature 80 OC nanoparticles are
o |M Temperature 30 °C | | replaced with the
1.00 1.05 1.10 1.151.20 1.25 1.30 1.35 1.40| same the amount
Relative Viscosity of denser CuO/C

nanoparticles.

(Silica-(CuO/C)/G-EG) 2% vol
(Silica/G-EG) 2% vol
(Silica-(CuO/C)/G-EG) 2% vol
(Silica/G-EG) 2% vol
[140] (Silica-(CuO/C)/G-EG) 0.5% vol
(Silica/G-EG) 0.5% vol

minimum viscosity) and found the best results at the highest temperature and particle concentra-
tion (60 °C and 0.15 vol.% correspondingly). The developed correlation of viscosity could
predict the viscosity of the examined nanofluid with a great accuracy against the values of
temperature and particle concentration.

Aghaei et al. [143] examined the experimental data to develop the new correlation for
the prediction of viscosity of non-Newtonian hybrid nanofluid of MWCNT-SiO,/EG-water. They
also considered the ANN technique for the forecasting of rheological behavior and made a
comparison with the developed correlation that which one provides the more accurate results.
The results showed that the ANN technique was the most suitable and accurate in comparison of
the developed model. Sharma et al. [120] examined the viscosity of hybrid nanofluids prepared
using different combination of nanoparticles like (0.8 CeO,—0.2 Cu), (0.8 ALO,—0.2 Cu), (0.8
Ti0,—0.2 Cu), and (0.8 SiO,—0.2 Cu) and observed that the values obtained during the experimen-
tal work always showed notable augmentation than that of the values predicted with the available
models.

Nadooshan et al. [144] assessed the viscosity of hybrid nanolubricant of SiO,-
MWCNT/10W40 and found that the developed model used for the prediction of nanofluids
viscosity failed to predict the values for cases of hybrid nanofluids. So, they used the ANN
technique for the prediction of viscosity while considering the temperature, particle concentra-
tion and shear rate as input parameters. The employing technique provided great results with the
value of R* = 0.9948. Esfe and Arani [145] considered shear rate, particle concentration, and
temperature to develop a correlation for viscosity prediction of SiO,-MWCNT (0.6:0.4)/5W50
hybrid nano-lubricant.

The study of Esfe ef al. [146] on the viscosity of the nanolubricant of ZnO-MWCNT
(0.9:0.1)/5W50 used the Design Expert software and statistical models to find out the optimized
maximum and minimum viscosity values against the parameters temperature, shear rate, and
particle concentration. They used the ANN technique for the designing of viscosity prediction
model and also compared with the mathematical correlation. According to the results, the
maximum optimal value of viscosity was 598.095 (mPa.s) at the temperature, shear rate, and
particle concentration of 5.09 °C, 774.58 s"and 0.95 vol.%, respectively, while the optimal
minimum value was found at the 54.29 °C, 1029.89 5", and 0.1% vol.%, respectively. Esfe et
al. [147] developed a study to predict the viscosity of the hybrid nanolubricant of Al,O,-
MWCNT/5W50 using ANN technique and proposed a new correlation. They considered the
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effect of more influential parameters like temperature, particle concentration, and shear rate
and revealed that the ANN technique was more effective for the prediction of relative
viscosity as compared to the empirical correlation. Esfe et al. [148] also developed a correla-
tion to predict the viscosity of hybrid nanolubricant of AL O, (90%) - MWCNT (10%)/5W50

Table 3. Important aspects of the discussed studies.

References |  Nanofluid Particle size Variable parameters MGE}Suringt nhViSCOSity .
equipmen enhancemen
Si0,-graphene Graphene Weight fractior}): \
[54] / naphthenic nanoparticles: 0.01,70.04, 0.08% 29.7% fg)r
mineral oil 2 nm T%n??r&ggée: 0.04 wt.%
- MWCNT Volume fraction: 0
[55] MCWuSNT outer diameter: - 1% Brookfield ‘{9\,{;’1&0/:
/ 10w40 CS 615 nm Te?pgrsatgre: CAP 2000 + at 5°C
uO: 40 nm - 55°
Fe,O,: 20-30 nm Volume fraction:
[56] FeC}OﬁF- MWCNT 0.1-1.8% Brookfield 63% for
MWCNT/EG outSer (}?meter: Temperature: DV-I 0.8 vol.%
-15nm 25-50°C
Voéuégg 5fraitoi/on:
1 - . - 0
M\%/lgﬁrf / MWENTS outer Temperature: 25 - 60°C | The CAP 2000\ 37 404 for
84 ~INAS diameter: i ‘or- | + viscometer.
[84] engine oil 5-15nm Nanofluid behavior: Accuracy: : 1 vol.%
(SAE40) | Si0,:20-30 nm Shggg&n;ggge: 0, and 60°C
667— 6667 s’
Volume fraction:
MWCNTs MWCNTs 0.05-1% MYR VaL 171% for
- i . : rota
A . N . . 0,
85 10, mean diameter Temperature ry |
[85] / engine oil 20 nm 40 - 100°C viscometer. 1 vol.%
(SAE20W50) Si0,: 40 nm Nanofluid behavior: Aciggjcy: and 100°C
Newtonian TL7
N6 05 3
s:0.05-1.35% :
Volume fraction of P ﬁ%ggﬁa 29.62%
CNTs- | MWCNTsouter | Fe.0:0.1-0.9% | ‘ocaiieldisc | for 0.9%
[87] Fe.O, / water diameter: Temperature: 25 - 55°C prhe ometer Fe.O - 1.35%
o 10-30mm | Nanofluid behavior: | {Ccliacy: SNt
ewtonian :
Shear rate range: $0.5%
10-100 s
Voluénse frﬁﬁtion:
TiO, - SiO, / Temperature: 2 0 0
AL perature: 30 - 80°C LVDV III 62.5%
[88] ethwﬁ:tgé arluicol %82 %% ﬁrnll Nanofluid behavior: ultra for 3 vof.%
y(60'4%)y ” Newtonian - theometer. and 80°C
’ Shzegr r%efgnge:
- 187.5s
o,
ND-CO.O Weight fraction: The A&D 0_5115/ $vt;()"2,
(89] | /water, EG, | ND:4-5nm 9.05-0.15% ontpro, 60°C and
water and EG Tzrgrieggt%e. Vigometer (640(;’{; VI\::aCtsr:
0
Voéuélgg 5fragtni/on:
MWCNTs outer : "0 o
MWCNTs - diameter: Temperature: 25 - 50°C | The CAP 2000 30.2% for
Si0, (20 - 80) Nanofluid behavior: ; 70 10
[90] 2T S 5-15nm : + viscometer. 0
Newtonian up t 1 vol.%
/ engine oil P ewto up to A ; /
(SAE40) Si0;: 1 vol.% and ceuracy: and 40°C
20-30 nm Non-Newtonian +2%
for vol.% > 1

—
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Table 3. (Continous)
Volume fraction:
. 0.05-1%
MWCNTs - | MWCNTs inner Temperature: The CAP 2000 33.3% for
710 / engi diameter: - . + viscometer. 1 vol.% and
[o1] n'l SX%%SG 3-5nm Nanofluid behavior: Accuracy: V(Z(')o"can
o1 Zn0: 10 - 30 nm Newtonian +29%
Shear rate range:
1333 - 13333
Volume fraction:
0.0375-1.2%
Fe,0 o behavior: | DV prime
- e,0,: anofluid behavior: y
Fe.DcAg 20 - 30 nm Newtonian up to 0.3 digital 2] mPass,
/ ethylene for 0.3 vol.%
[92] y 220 0 viscometer. °
glycol Ag: 30 - 50 nm N VOIl\.IA) Etmd' 'Accuracy: and 25°C
on-Newtonian :
for vol.% > 0.3 +1%
FEEERR PR
23-122.3%"
Silica -
(%\‘%?ZIEI)"T/:) MWCNTs outer Wei hlt ﬁﬁfﬁon: Capill 88;@&?&%{1%
h . A= 17 1 - S
[93] /valiaclsz d?l%u;tg. Temperature: Visi%}nigr, (80% - 20%
MWCNTs Silica: 10 nm flO -40°C with 1 wt.%
(59%_50%) Surfactant: SDBS and 20°C
water
Volume frlz};tion:
MWCNT: 1-1%
MWCNTs outer s Temperature: 30 - 60°C |  Brookfield 168%
[94] - MgO diameter: Nanofluid behavior: viscometer. 1val 0; or d
/ ethylene 5°20 nm Newtonian Accuracy: V%Oo&an
W] Meortomm | S | T
TVolume fractggn: 810"/3C
emperature: 30 -
Mixture ratios of
To.-sio, | TO, 80080, | | R
fos] | /waterand | TiO:S0nm | 40:60,30:30,60:40, | theometer. |(50:50) mixture
ethylene %1}’001 §i0,: 22 nm ﬁ80.20)h e Range: ratio and 80°C
(60:40) Nan(I)\I él\if(%otifia?lwor' 1-10°mPa.s and
Shear rate range:
61.15-122.35"
Wei%ht fraction:
19. 2-0.1%
emperature: Phvsi 339% fi
GNPs - Pt GNP particle -40° Sed oy
[96] / water diametgr: 2 um Nanofluid behavior: h CRt 0}1‘163/6
ShNewtonian rheometer. an
ear rate range:
00s’"
Volume fraction:
0.1-0.5%
Cu-tZ)ln / " N Nanoﬂuu} behav10r]::’ | Ant ~371‘Vg/f(§rA %5
vegetable oil, T ewtonian for vegetable nton paar vol.%
(97] paraffin oil, Cu-Zn: 25 nm oil base nanofluids theometer. oil base
SAE oil Shegr r%eorange: nanofiuid
- S!
Surfactant: SDS
CuO outer o
CuO - diamléterjlj].() nm Volume fraction: Brookfield 35.52% at05 C
[99] MWCNTs MWCNT outer 0.05-1% r00 et and 12.92% at
/ SAE 5w-50 diameter: Temperature: 5 - 55°C | Viscometer 55°C for
5-15nm 1 vol.%

—
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Table 3. (Continous)

Volume fraction:
Fe,O, - MWCNTs 0.1 and 0.3% A&D vibro 50% for
[100] MWCNTs outer diameter: | Temperature: 20 - 60°C |  viscometer 0.3 vol.%
/ water 10-30 nm Surfactant: SV-10. and 60°C
Nanosperse AQ
Weight fraction:
Carbon - 0.02 - 0.06 %
graphene Temperature: 20 - 45°C | Physica MCR 4.16%
[101] oxide Nanofluid behavior: Anton Paar | for 0.06 wt.%
/ ethylene Newtonian rheometer.
glycol Shear rate range:
20 - 500 s
Voéuéggsfracltoi/on: The CAP
R . - 1% e
MA{;\lfgf\ITs M“égﬁge?}lter Temperature: 25 - 50°C 12000 + 46% for
[102] / enﬁine oil 5-15nm Nan(l)\i;luu% behavior: \Xscometer. 1 vol.%
. ewtonian ccuracy:
(SAE 40) ALO;: 20 nm Shear rate range: +2% Y
1333 - 13,333 5"
Cu - Zn (50:50): Volume fraction:
Cu-Zn (5050, 25 nm 0.1-0.5% 46.5 mPa.s for
103 75:25 and Cu - Zn (75:25): Temperature: 0.5 vol.%
[103] 25:75)/ 19 nm 30 - 60°C (50:50) and
vegetable oil | Cu-Zn (25:75): | Nanofluid behavior: 30°C
23 nm Newtonian
ND: § A&D vibro 919% for 0.2
ND - Fe,0, / 15 nm Volume fraction: - viscometer. o Tor 1.
[104] water, EG and | Fe,0,: 13 nm 0.05 - 02% Range: 0.3 - vol.% 0Of
water mixture ND - Fe,O,: Temperature: 10,000 mPa.s (30:20%
21 -24 nm -60°C Accuracy: | W/EG) at 60°C
+0.01 mPa.s
GO - Co,0, Volume fraction: ) 170% for 0.2
[79] / water, EG GO - CO,0, 0.05-0.2% A&D vibro vol.% of water
and water <50 nm Temperature: - viscometer. | base nanofluid
mixture 20-60°C at 60°C
Volume fraction:
T 5-2%
. . ture:
(TiO, - CuO/C) | _TiO,: 26 nm 208 CS3NK Phusi 80% for 2
[105] / ethylene CuO /C: 20 nm Nanofluid behavior: MC Sl300a2. vol.7o and
glycol Newtonian 313.15K
Shear rate range:
0.1-100s"
Volume fraction:
. 30% for 0.1
GNPs - 0.02-0.1% Ph MCR,
[106] A wter GNP:2um | Temperature: 20 - 40°C | * Anton Paar. | “O4ged™d
Shear rate: 500 s
. 18.86% for
Graphene - ALO,: 50 nm Volume fraction: 0.1% | LV-DE rot:
[107] alumina / water Graf)héne: 5nm | Temperature: 30 - 50°C Visconigtgiy gnl dvso(}z,o(/f’
MWCNT / Mg (OH),: Volume fraction: Brookfield
Mg (OH), - %0( nm)z 0.25 - 2% cone and ?bo;t 5 (l)(:,//"
[109] engine oil MWCNT: Temperature: plate ort 6\(3(3C 0
(§W50) 30 nm -60° viscometer a
A raand | cuo:20 Volume fracti 159% f
water an u0: 29 nm olume fraction: 5 or
[110] chylene o ALO,: 40 nm 0.5-2% ARESLS 3 vol.%

—
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Table 3. (Continous)
Volume fraction: LVDV-1
1-2% Vprimge
ALO Nanofluid behavior: 1scosity 115% for
[111] - Cu (90:10) AlLQ, - Cu: Newtonian ran(%e: 2 vol.%
/ water 17 nm Shear rate range: 0.3-1028 cP. and 32°C
0-750s Accuracy:
Surfactant: SLS +1%
S Cone and plate
A% - MgO MgO: 40 nm Voluénse_frz%ﬁnon. viscometer. 38.1% for
[112] water Ag:25nm Surfactant: CTAB 0 3R21% %: P 2 vol.%
: 3- cP.
Cu-ALO Volume fraction: LVDV-II + ~21% for
[116] }l - t 23 0.5-1.25% pro Brookfield 1.25 vol.%
water Temperature: 35°C viscometer and 35°C
TiO, - SiO L Volume fraction: LVDV-III 2% for
[117] / water - ?82; 3(2) nm -3% ultra 3 Vol(.)% and
ethylene glycol 10,: 22 1m Temperature: 30°C rheometer 30°C
Graphene MWCNT outer |Weight fraction of graphene 10.3% for 0.35
[118] -MWCNT diameter: 15 nm | 0.35% Weight fraction of | RVDV-IIT'U, | o7 graphene
/ water Graphene: MWCNTs: 0.075 - 0.25% viscometer -0.25 wt.%
6 -8 nm Temperature: 27 - 57°C Brookfield MWCNT
(0.8 Ce0,-0.2 Cu) Vol fraction: 52.8 % for 3.0 vol.%
(08ALO-02 Cy) | €e0:30nm 030 | LVDVAIERPro [0y B et
[120] (0.8 Ti0,-0.2 Cu) /;1283 14 05 1?11{? Tezfglpesr?)t(}lcrei BimOl:fil(l 432 % for 3.0 vol.%
(0.8 Si0,-0.2 Cu) > B VO o for 3.0 vol.%
Graphite (G): Volume fraction: .
[121] | SiO, - graphite L 0.1- 2% Capillary tube | 36.12% for,
/ water SiO,: 6 - 10 nm | Temperature: 15 - 60°C | viscometer vol.7a at
alumina - MWCNT outer -
[22] | MWONT/ diameter: Volume fraction: | pv.1 PRIME | 774% for 1
1ethylflene " AlSO-I 52r(1)m Tempefature' 25 ° 50°c | Brookfield | vol.% at 25°C
glycol - water ,040 nm .
Weight fraction:
[123] CuO - paraffin | CuO: 15-30 nm 0.25-6% Brookfield | 63% for 6 wt.%
Temperature: 25 - 100°C
SiOé: 102-/2(5: nm Vol fracti
. ul : olume fraction:
140 (8iO, - CuO) 17-35 nm 0.1% LV-DE rotary | 18.86% for
[140] -C/EG-G | Nanocomposite Temperature: viscometer 0.1 vol.%
of (Si0,-CuO) 30-50°C and 50°C
- C: 25 nm

and observed that the effect of temperate was more than that of the factors particle concentra-
tion and shear rate. The maximum and minimum optimal values of viscosity was found
relatively at the values of (5 °C, 1 vol.%, 11996.99 s ) and (54.6 °C, 0.02 vol.%, 1948.9s™))
for temperature, particle concentration and shear rate respectively. Table 4 summarized the
models presented by different investigators with the limitations (for temperature, particle
concentration and shear rate) and accuracy. However, further work is needed to develop the more
appropriate models that also considered the effect of other effecting parameters like pH value,

particle size, shape etc. with temperature and particle concentration.

Reasons for enhancement in
viscosity of hybrid nanofluids

hybrid nanofluids.
— High volume fraction of nanoparticles triggered the development of larger nano-clusters due

Studies reported the following important facts about the augmentation of viscosity of
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to Van der Waals forces existing between the particles that could cause the viscosity augmen-
tation by reducing the movement of fluid layers [84].

— Increase in volume fraction of nanoparticles caused internal shear stress to enhance which
will, in turn, increases the viscosity of hybrid nanofluid [86, 88, 96].

— The increase in hydrodynamic diameter of nanoparticles as a result of adsorption and cluster-
ing will lead to enhance the viscosity [111].

— High resistance between two fluid layers due to the presence of nanoparticles caused
enhancement in viscosity of hybrid nanofluid [79]. At lower concentration of nanoparticles,
this resistance is low, whereas high for higher concentration.

Table 4. Correlations developed by different investigators for the prediction of viscosity of hybrid
nanofluid with limitations and accuracy.

References C orl:cagrtlit%etion Temperature Correlation Accuracy
M
m =a+ b(p
7(C) a b
5 25 417.71 76.566 maximum
[54] _ 105'1\,051 o, | 25-50°C 30 280.79 69.027 margin of
T 35 207.9 54.585 devation
40 158.3 39.5
45 124.29 20.952
50 93.602 20.372

1, 633.8379 +280.1511p - 38.41837 - 6,17707pT
~305.838¢" + 0.8888917 .
[55] | 0-1vol% | 5-55°C +0.807687¢°T + 0.05807¢T" R =0.9850

+166.6123¢° + 0.00714T°

08-18 , ty  -2.0987+(4.659) " +(0.87027)"**+(62323.1365¢°) L
[56] vol.% 25-50°C \ m, = (143.107677) R=0.99
Hoy T\? 0.8827 03148
) =0.09422 [ )+ 0.100556T

(85) 0.0? 0/1 40 - 100°C iy @ v R =0.9943

volLve exp (72474.75T 9™

Q 2
[86] 0\.,(())? 0—/1 5_55°C %/ 0354 2O (-1.023¢)|2T.(ziior+ 0.4015¢°T)| R =0.9822
/0 bf
Max margin

0.5-3 B 0 /'L"/_ ® \159 T 031 it

[88] vol.% 30-70°C T, =37 (0.1 +555)"” (0.1 +55) ofil%\flsa}%on
Max margin

0 - 2 0 iﬂ_ 2 3 . g

[90] vol.% 25-50°C T, =4 T aptap +ayp ofilelelzizon
Z,f =A+Ap+Ap +Ag
T(C) A4, A, A, A

0-1 25 0.1553 -0.0334 0.0631 1.0087 Max margin

[o1] vol.% 25-60"C 30 0.2499 -0.2865 0.2043 1.0085 of deviation
' 35  0.5341 -0.6313 0366 1.0223 — o0

40 0.5376 -0.5013 0.261 1.0382
45 0.6448 -0.9427 0.5225 1.013
50 0.6596 -0.913 0.4822 1.0132
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Table 4. (Continous)

1,
[94] <lvol% | 30-60°C | 7"~ [0.191¢ +0.240 (T “”)] exp (1.457"¢""™)
TiO, - SiO, .
lunf Max margin
1 1% _ 0.1063 02321 1arg
[95] 28€8§0g8?§8, 30-80°C 142+ (14R)"™ (g5) of deviaton
50:50, 60:40, . =14.89%
and 8020 R represented the fraction of particle in the mixture
0.05 'u"f =0.50437 + 4.38836¢ - 0.041837 - 0.26696¢.T
[99] 1 15’ vol.o% | 20- 60°C +22. 66087q) 0.001217° R’= 0.994
' ’ +0.003325¢°.T + 0.003327".¢
-0.00001 7*
Ly Maximum
0.0625 - 1 =1.123+0.3251¢ - 0.08994T + 0.0025527T" margin of
[102] 1o 25 - SOOC Hr _ 0.01719 dev1gati0n
vol.% 0.000023867° + 0.9695 (L) A
Cu-Zn =101.2-2.532T+ 17.06¢ + 0.018627° - 0.1413T
0.1, 4 2 _
03 | (50:50) - 10.42¢° R=0998
and | Cu-Zn 400 u,=101.2-2.532T + 17. 06¢+001862T 0.14137| . _
[103] 0.5 | (75:25) 30-60C S 10.42¢° R =0.999
Vo?l- Cu-Zn =96.13-2.3097 + 39.39¢ +0.016287" - 0.08Tp | .. _ 1 o00
° | (25:75) -24 719+ 0.008996T ¢ + 0.2169T + 10.19¢’ )
’li”f = 40"
Hy — 9
7(C) a b
20 1.444 1.402
[104] 0'8(5)1'02'2 20-60°C 30 1.368 1.472
' 40 1.277 1.625
50 1.288 1.771
60 1.388 1.655
H, -
0252 \ 1, = 1604 +256.8p +24.73 ¢’ + 1.615T" Max margin
[109] e 25-60°C 4 0.073430T" - 832 T-7.3899° of deviation
vol.% ) 3 0,2 =6.5%
-0.011237" - 74.19¢
'u"/ Max margin
[112] | 0-2vol% =(1+32795¢,- 72149, + 714600p," | (Fieviation
-0.1941 x 10°p,) =2%
1-2vol.%
[14] | (0505051, 25°C /T, =206 - 1320,,0,- 096 9,0, 05800y | R7=0.9992
0 5 1 5) + 0 39(p Tio2 + 1 89 (pAI"DS(pTIDZ
Hoy 0.00035 9.36265 Average
*100527><(T ) X (1+p) Standard
0 1, andar
[121] 0.1-2vol% | 15-60°C x (e yvorwss Deviation:
Ws,oz 2.4%
1% . 5
.= a+(be) +(¢)
T7¢C) a b c d
0.0625 - 1 25  1.0560 8.5662 3.0971 8.5662
[122] : vol"/- 25-50°C 30 1.1262  9.0211  3.3657 9.0211 R'=0.997
’ 35 11699 8.8939 3.4919 8.8939
40  1.2245 9.1468 3.8255 9.1468
45  1.2913 9.3580 3.8180 9.3580
50 1.3038 9.5283 4.2613 9.5283
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Table 4. (Continous)

P AT+ A + A X T+ 4 Maximum
025 0 Hay ’ ! margin of
[123] 6wy, |25-100°C A,=-1.735,4,=-0.027,4,=0.039, 4,=2.956 | deviation
a=-0.017,b=0418,c=1.543,d=0.033 =5%
U Maximum
[142] g(‘)lloﬁ 25-60°C T = 0.00337 + exp (0.07731¢9"“T">") margin of
‘ = 4%
0 0625 @ — 15 8840085]T7L189y-05639
[143] Yol |275- 50°C Moy R =0.987
-4 VOL7 y = shear rate (0.612 s - 122.2 5™)
% =1.02+ 0.054¢ +9.57x 10° T- 0.029y + 1.56
[146] | 0-1vol% | 5-55°C x 10°9T +0.0327y - 0.045¢’ R’ =0.9467
-0.014 T7-0.027y - 0.015¢°T
+0.03677% + 0.067¢" - 0.019y°
. Maxir_nur?
()
[147] | 0-1vol% | 5-55°C 1= (%) 7% (- 2.,4148) ety
=7.3%
1,= 697.4317382 + 431.879068¢ - 33.398405557 -
0.01346927y - 10.77912341¢T - 0.006913725¢y +
0.05-1 0 0.001487159Ty - 334.024913¢” + 0.623341666T" + R =
[148] 5-55°C
vol.% 133838 10" + 0.000149409¢ Ty + 0.99703
2.908513579¢°T + 0.076573924T°¢ - 1.20931 x
107y°T + 121.11947¢’ - 0.0048020597"
Abverlage
0.05-1 0 Hy = 0.9894 [1 " P | ss0n % [I”f] 0.064 absolute
naop | ol | so-soc 098941+ oo | x| 7 eyon
0.85%
i 1, = 02111 5%
[141] 0-51 0/2 25°C 1= 02597 R =0.84
VOL7o Share rate =y =0.01 - 1000 s

— The viscosity of hybrid nanofluid augmented with an execution of a permanent magnetic field
that accumulated the magnetic particles and also caused the enhancement of heat transfer
coefficient [149].

— Functionalization of nanoparticles influenced the viscosity as well. The suitable selection of
functionalized material is also important. Amiri ef al. [150] studied the viscosity of MWCNT
by functionalizing them with cysteine and silver. According to the results, nanoparticles
functionalized with silver showed relatively more viscosity values than that of MWCNT-
cysteine. However, after functionalization, the viscosity of MWCNT's was reduced. Qing et
al.[52] observed that coated nanoparticles of graphene showed augmented viscosity values as
compared to non-functionalized ones. They observed this while investigating the SiO, coated
graphene nanoparticles and reported that the upsurge in viscosity was due to the increase in
particle size and density of the fluid.

— At a lower temperature, the particles interaction is strong due to the strong Van der Waals
forces that augmented the viscosity while with the increase in temperature the interaction
between the particles become lesser that caused the reduction in the dynamic viscosity of the
fluid [54].
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Conclusions

The comprised study drew the following important concluding remarks about the

viscosity of hybrid nanofluids

The existing experimental studies clearly show that the viscosity of hybrid nanofluids
augmented with an increase of particle concentration and diminished with temperature rise.
Dispersion of spherically shaped nanoparticles comparatively exhibited less viscosity
enhancement than that of cylindrically shapes nanoparticles like CNT.

Needs a lot of work to acquire the optimum value of viscosity against temperature and particle
concentration.

Single-step preparation method offered less viscous nanofluid but most of the studies
preferred two-step method for the preparation of hybrid nanofluids with the assistance of
mechanical (stirring, sonication) and chemical (surfactant addition) processes to get better
dispersion of nanoparticles due to the involvement of expensive and complex instruments in
single-step method.

Among water, EG, and oil-based hybrid nanofluids that are studied in this article, water-based
nanofluids presented relatively fewer viscosity values than that of EG-based nanofluid.
However, oil-based nanofluids showed viscosity up to 650 mPas.

Need to work for the optimum values of affecting factors like pH value, temperature, particle
concentration, sonication time and particle size to get better thermal properties with a small
increase in viscosity that will be very helpful in the heat transfer applications where the fluid
transfers heat while flowing. Studies reported the effect of various factors on the viscosity of
hybrid nanofluids and someone also reported the optimum values for these factors like Xian-
Ju and Xin-Fang [138] provided the optimum pH values while investigating the viscosity of
water-based Cu and alumina.

Reasons for viscosity augmentation are the formation of clusters as a result of Van der Waals
forces present between the particles that increased the hydrodynamic diameter of particles,
internal shear stresses, density of the dispersed nanoparticles, particles shape,
functionalization and coating of the particles, and pH value.

Most of the studies considered the effect of two or three factors like temperature, particle
volume fraction and shear rate etc. To develop the more general correlations we need to
consider the more affecting factors for future studies.

Available classical models that are used for the prediction of viscosity of unitary nanofluids
failed to predict the viscosity of hybrid nanofluids

.Instead of that a lot of work has been carried out on the viscosity of nanofluids but for hybrid
nanofluids still needed a lot of work.

Nomenclature

w — water SAE — society of automotive engineers
EG — ethylene glycol GNP — graphene nanoplatelet

G — glycerol FTIR — fourier transform infrared spectroscopy
ND —nanodiamond TEM — transmission electron microscopy
GO — graphene oxide SDBS  —sodium dodecylbenzene sulfonate
ANN  —artificial neural network Greek latters

T — temperature u — viscosity

SiO, —silica ® — concentration %

Ag — silver y — shear rate

NiFe,O, — nickel ferrite Subscript

VSM — vibrating sample magnetometer nf — nanofluid

RM — raman microscope bf — base fluid
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DLS — dynamic light scattering hnf — hybrid nanofluid

EDS — energy dispersive spectroscopy nc — nanocomposite

DSC — differential scanning calorimetry
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