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Abstract 
The advanced class of conventional heat transfer fluids called hybrid nanofluids is one of the astonishing 

outcome of the recent advancement in nanotechnology. The remarkable enhancement in heat transfer 

capabilities of conventional fluids with the addition of nanosized metallic and non-metallic particles 

appealed the attention of scientists and scholars towards the suspension of hybrid nanocomposites as a 

substitute of mono particles. The presence of nanocomposites enhances the heat transfer rate as a result of 

the thermal conductivity enhancement of utilized fluid. Although these fluids manifest captivating 

thermal characteristics, the drawback associated with their application includes high frictional effects and 

pumping power requirements. The major cause of aforementioned 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 along 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. A brief comparison between the viscosity of mono and hybrid nanofluid is also 

presented. It is revealed that most of the studies considered the effect of particle concentration and 

temperature that the effect of these factors is more significant than that of others. Water-based nanofluids 

delivered the 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 

observed that the fluids containing tube shaped nanoparticles comparatively showed enhanced viscosity 

than that of spherically shaped nanoparticles. It has also been noticed that the studies preferred to develop 

their own models for the prediction of viscosity of utilized hybrid nanofluid rather than to use the existing 

models and failed to provide a universal model. Moreover, the presented models are acceptable within the 

prescribed ranges for variables with the restriction of ensuring the same procedure and conditions for the 

preparation of hybrid nanofluids.  
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Nomenclature  

Abbreviations  

W                          water DSC  Differential scanning calorimetry 

EG             ethylene glycol SAE  Society of Automotive Engineers 

G                         glycerol GNP                     Graphene nanoplatelet 

SiO2             silica ND                       Nanodiamond 

Ag                       silver GO                       Graphene oxide 

NiFe2O4             Nickel ferrite ANN   artificial neural network 

SDBS               Sodium dodecylbenzene sulfonate T   temperature 

SWCNTs single-wall carbon nanotubes Greeks Latter 

MWCNTs multi-walled carbon nanotubes ‘  viscosity 

SEM                    Scanning electron microscope •  concentration, % 

TEM                    Transmission electron microscopy   shear rate 

VSM  vibrating sample magnetometer Subscript 

RM  Raman Microscope nf  nanofluid 

FTIR  Fourier transform infrared spectroscopy bf  base fluid 

DLS  Dynamic light scattering hnf  hybrid nanofluid 

EDS  energy dispersive spectroscopy nc  nanocomposite 

  

 

1 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, 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 100nm 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 addition of nanoparticles [2ï6]. However, the investigation of viscosity is 

also important to reveal its fluidic behavior. The applications of nanofluids are found in various fields like 

electronics [7ï10], solar energy [11ï15], nuclear reactors [16ï20], pool boiling [21ï24], automotive 

industry [25ï30], medical [31ï35], food industry [36ï40], machining processes [41ï45], 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. 
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Figure 1. Graphical representation of Hybrid nanofluid. 

The hybrid nanofluids showed the enhanced thermal properties as compared to the mono nanoparticles 

based nanofluids and conventional fluids [48ï50]. 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 exhibited higher viscosity as compared to the conventional fluids and most of the 

unitary nanofluids. However, it depends on the selected nanoparticles and their combinations. The study 

of Botha et al. [52] on the viscosity of oil-based unitary and hybrid nanofluids of Ag-SiO2 revealed that 

the unitary nanofluid of SiO2 relatively showed greater enhancement in viscosity as compared to its 

hybrid nanofluids with Ag. Furthermore, 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 etc. Takabi et 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 were 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 et al. [54], the dynamic viscosity of the hybrid nanofluids 

of CNTôs-TiO2/water increased linearly with the decrease in temperature and particle concentration. Esfe 

et al. [55] studied the rheological properties of the nano-lubricant of CuO-MWCNT-10w40 and 
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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 

nano-lubricant within the specified range of temperature and particle concentration. Nadooshan et al. [56] 

investigated the rheological behavior of the hybrid nanofluid of MWCNTs-Fe3O4/EG by varying the 

particle concentration and temperature from 0.8 to 1.8 vol.% 25-50ÁC 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 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 techniques, agglomeration, and shear rate etc. 

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 [57ï62]. 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 [63ï

69], but no one thoroughly focused the viscosity although it seems to be a substantial property in the field 

of heat transfer. Fig. 2 provides the statistics about the number of published articles and reviews by 

ScienceDirect that discussed the viscosity and thermal conductivity of hybrid nanofluids. 

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 Table 4. 
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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. 

2 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 et al. [4] provided a great graphical illustration of the nanofluids preparation 

methods in their study on the preparation and challenges of titania (TiO2) nanofluids as shown in Fig. 3. 

In single-step method, the processes of nanoparticles preparation and dispersion are carried out 

simultaneously. Pulsed wire evaporation (PWE) is the most prominent method of single step preparation 

technique that consists of a high voltage DC power supply, capacitor bank, wire feeding system, a high 

voltage gap switch and a condensation chamber. In this method, a high voltage pulse directed on a thin 

wire that melts and evaporates it within microseconds due to the effect of non-equilibrium heating. The 

vaporized particles made in contact with an inert gas (N2 or Ar) inside the condensation chamber and 

condensed into nanosized powder. Hybrid nanofluid is then prepared by mixing the desired particle 

concentration of nanofluid with the nanosized powder prepared using the above-mentioned technique 

after pouring it to an exploding container contained in the pulsed wire instrument [70]. Lee et al. [71] 

observed the following important characteristics of this technique while synthesizing the NiFe2O4 

powder: 

¶ The powder synthesized by this technique is pure and highly crystalline. 

¶ 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. 

¶ The size of the particles reduced with the diameter of the induced wire. 

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

relation with the degree of superheat. 
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Figure 3. Preparation methods (a) Single-step method (b) Two-step method [4]. 

Aberoumand and Jafarimoghaddam [72] employed the one step Electrical Explosion of Wire (EEW) 

method for the preparation of the hybrid nanofluid of WO3-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 H2SO4 and HNO3 to stabilize the utilized solution of MWCNTôs. To get the 

hybrid nanofluid, the water-based Ag nanofluid was firstly prepared and then mixed with the already 

prepared nanofluid of MWCNTôs 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, (i) dispersed the nanoparticles into the base fluid one after another, (ii) prepared the unitary 

nanofluids and then mixed together, (iii)  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 nano-particles and long-term stability. 

Different chemicals like SDBS, HCl, 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 HCl 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 et 

al. [75] purchased the nano-powder 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 
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nanofluids of Al2O3/water and MWCNT/water separately later on mixed them collectively to get the 

hybrid nanofluid of Al2O3-MWCNT/water. Kiruba et al. [77] prepared the polyethylenimine (PEI) based 

hybrid nanofluid of ɔ-Al2O3 by supplementing the specific amount of the PEI into the water-based 

nanofluid of ɔ-Al2O3 purchased from the market. Harandi et al. [78] firstly mixed the nanoparticles of the 

Fe3O4 and f-MWCNTôs then dispersed it into the EG to prepare the hybrid nanofluid. Later on, the 

solution was exposed to some mechanical processes like magnetic stirring and ultrasonication for better 

dispersion of nanoparticles. Sundar et al. [79] synthesized the nanocomposite of GO/Co3O4 using 

chemical co-precipitation and in-situ method, afterward, prepared the hybrid nanofluid by dispersing the 

nanocomposite into the base fluid. Trinh et 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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Figure 4. (a) SEM of graphene, (b) TEM of graphene, (c) SEM of CNTôs, (d) TEM of CNTôs, (e) SEM of Gr-CNTôs 

hybrid nanofluid, (f) TEM of Gr-CNTôs hybrid nanofluid, (g) FTIR spectrums, (h) Raman spectrum [80]. 
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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 following important 

techniques for the estimation of different characteristics of the hybrid nanofluids. 

¶ X-ray diffraction (XRD) used for crystallinity, also provided information about a crystal size. 

¶ SEM used for the surface morphology of nano-powder. 

¶ TEM used for analyzing the particle size and their distribution in the base fluid. 

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

¶ VSM used for measuring the magnetic properties of the suspended particles. 

¶ Energy dispersive X-ray spectroscopy (EDS) used for chemical characterization and elemental 

analysis. 

¶ UVïVis spectroscopy used for assessing the particles dispersion. 

¶ 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. 

¶ 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. 

3 Performance affecting parameters  

3.1 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 ÁC while 

the viscosity variation of oil-based nanofluids analyzed at higher temperature values. Afrand et al. [84] 

examined the dynamic viscosity of SiO2-MWCNTs/engine oil for a temperature range of 25 ÁC to 60 ÁC 

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 ÁC and particle concentration of 1%. 

Motahari et al. [85] reported that viscosity of MWCNTs-SiO2/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 ÁC to 100 ÁC with a volume fraction of 0.05, 0.1, 0.2, 0.4, 0.8 and 1vol.%. 

About 171% increment in viscosity was achieved for 100 ÁC with 1% nanoparticles concentration. Esfe 

and Rostamian [86] investigated the effect of temperature on the viscosity of ZnO-MWCNTs (55%-

45%)/engine oil hybrid nanofluid. The temperature range used in experimentation was 5 ÁC to 55 ÁC 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 CNTs-Fe3O4/water hybrid nanofluids for the rise 

in temperature from 25 ÁC to 55 ÁC 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 SiO2-

TiO2/water. The viscosity of hybrid nanofluid decreased with increase in temperature from 30
o
C to 80

o
C. 

The effect of base fluid and temperature variation on the viscosity of ND-Co3O4 hybrid nanofluids was 

experimentally investigated by Sundar et al. [89]. The base fluids used during experimentation included 

water, EG, 20EG:80W, 40EG:60W and 60EG:40W with a temperature range of 20 ÁC to 60 ÁC. Viscosity 

enhancement was in order of m60EG:40W >mEG >mW >m40EG:60W >m20EG:80W. 

Esfe et al. [90] determined that viscosity of MWCNTs-SiO2/engine oil was more sensitive to lower 

temperature instead of higher temperature. The solid volume fraction of 1% at temperature 40ÁC showed 

maximum enhancement in viscosity of about 30.2%. Esfe et al. [91] conducted an experimental study to 

measure the viscosity enhancement of MWCNTs-ZnO/engine oil hybrid nanofluids for volume fractions 
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of 0.05, 0.075, 0.1, 0.2, 0.4, 0.5, 0.75, 1 vol.% and temperature range of 20ÁC to 50ÁC. The maximum 

enhancement in viscosity was achieved at 40ÁC 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 Fe3O4-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 25ÁC to 50ÁC.  For the non-Newtonian behavior of nanofluid (• > 0.3%), 

consistency index was decreased with increase in temperature.  

Baghbanzadeh et al. [93] reached to the conclusion that hybrid nanofluid of (50wt.% silica - 50wt.% 

MWCNTs/water) comparatively showed lower viscosity than that of (80wt.% silica -20wt.% 

MWCNTs/water). For higher concentrations, 20
o
C was found to be optimum operating temperature. 

Soltani and Akbari [94] prepared samples of MgO-MWCNTs/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 ÁC to 60 ÁC 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 TiO2-SiO2/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 ÁC to 80 ÁC. The viscosity ratio for mixtures 50:50, 80:20 and 20:80 remained 

constant for 30 ÁC -50 ÁC, whereas an increase was observed at 60 ÁC -80 ÁC. Yarmand et al. [96] 

synthesized hybrid nanoparticles by decorating graphene nano-platelets with platinum. The stability, 

viscosity and thermal conductivity of water-based hybrid nanofluid were evaluated for the temperature of 

20ÁC to 40ÁC. Maximum enhancement in viscosity of hybrid nanofluid as compared to the viscosity of 

water was 33% for 0.1 wt.% and 40 ÁC. 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 ÁC. Esfe et al. [98]  investigated the nano-diamond/cobalt-oxide hybrid nanofluid to find out the 

optimum responses for viscosity and thermal conductivity by varying the temperature (20-60
 
ÁC) 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 SiO2-graphene 

nanoparticles and examined the viscosity variation by varying the temperature from 20-100
 
ÁC. 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 nano-

lubricant of CuOïMWCNTs/SAE 5wï50 was augmented up to 12.52% even at a temperature of 55
 
ÁC 

and 35.52% at 5
 o
C. For the case of engine oil, the augmented viscosity is important because it assists in 

the lubrication process. Sundar et al. [100] conducted experimentation to measure enhancement in friction 

factor and heat transfer by application of MWCNTs-Fe3O4 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 Al2O3-MWCNTs hybrid 

nanoparticles on the viscosity of SAE40 engine oil for different volume fractions (0-1 vol.%) and 

temperature ranges (25-50 ÁC). The increase in temperature from 25 ÁC to 30 ÁC caused enhancement in 
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the movement of hybrid nanoparticles, arranging nanotubes in direction of flow and thus providing low 

viscosity. However, further increase in temperature from 30 ÁC to 35 ÁC, 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 et al. [104] measured enhancement in viscosity, thermal and electrical 

conductivities of hybrid nanofluids of (ND-Fe3O4) 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 20ÁC which further enhanced to 219% at 60
o
C compared to simple 80:20% W/EG 

for 0.2% volume fraction. Sunder et al. [105] also used water, 80:20%, 60:40%, 40:60% W/EG as base 

fluids to synthesize GO/Co3O4 hybrid nanofluids and investigated increase in viscosity of hybrid 

nanofluids with various base fluids. The experimentation was performed for a temperature range of 20-

60ÁC. The order of maximum enhancement in viscosity achieved for different base fluids was mW > m 

20EG:80W > mEG > m40EG:60W > m60EG:40W. Akilu et al. [106] did an experimental study to measure viscosity 

enhancement of TiO2-CuO/C ethylene glycol base hybrid nanofluid for different concentration of 

nanoparticles at the temperature range of 298-333K. 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. [107] 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 ÁC. Soltani and 

Akbari [94] noticed the effect of temperature was more significant at a higher volume fraction of 

nanoparticles.  

Ahammed et al. [108] 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 ÁC, graphene, alumina and hybrid nanofluid showed an 

enhancement of 33.75%, 10.28% and 18.86% in viscosity. Chandran et al. [109] developed novel hybrid 

nanofluids containing ZnO and encapsulated paraffin wax having melting temperature of 58ï60 ÁC. 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 50ï60 ÁC as compared to 25ï50 ÁC. Paraffin 

wax was in solid form up to 50 ÁC thatôs why viscosity reduction of nanofluid was relatively small at this 

temperature. The highest viscosity ratio of 1.615 was obtained for 1vol.% of ZnO and 16 wt.% of paraffin 

wax at 60 ÁC. Asadi et al. [110] noticed a diminution in the dynamic viscosity of hybrid nano-lubricant of 

MWCNT/Mg(OH)2-engine oil with the increase in temperature at all the studied nanoparticles 

concentration. Figs. 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. 
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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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Figure 6. Viscosity variation of ethylene glycol-based hybrid nanofluids against temperature at different 

particle concentration [various studies]. 
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Figure 7. Viscosity variation of oil-based hybrid nanofluids against temperature at different particle 

concentration [various studies]. 
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Figure 8. Viscosity variation of binary (water/EG)-based hybrid nanofluids against temperature at 

different particle concentration [various studies]. 

 

3.2 Volume fraction effect on viscosity 
Reported studies show a great agreement on the effect of particle concentration that the viscosity of 

hybrid nanofluids enhance with the augmentation of particle concentration. Afrand et al. [84] found the 
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Newtonian behavior of SiO2-MWCNTs/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%. Motahari et al. [85] also obtained Newtonian 

behavior of SiO2-MWCNTs/oil hybrid nanofluids for 0.05 to 1% volume fraction and viscosity showed 

an increase with enhancement in volume fraction. Esfe and Rostamian [86] measured viscosity of ZnO-

MWCNTs/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 CNTs in Fe3O4-CNTs/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% Fe3O4-1.35% CNTs) the highest 

concentration. Newtonian behavior of hybrid nanofluid was observed for higher shear rates. Nabil et al. 

[88] reported that viscosity of TiO2-SiO2/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 ÁC 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-Co3O4 hybrid nanofluids by 

Sundar et 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% weight fraction of nanoparticles. 

Esfe et al. [90] carried out an experimental study to investigate the rheological behavior of MWCNTs-

SiO2/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 et al. [91] determined maximum enhancement of 33.3% in viscosity of MWCNTs-

ZnO/engine oil hybrid nanofluid with the volume fraction of 1% at 40
o
C. The hybrid nanofluid showed 

Newtonian behavior for an employed range of volume fraction. Afrand et al. [92] explored the Newtonian 

behavior of Fe3O4-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 

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 (50wt.% silica ï 

50wt.%MWCNTs and 80wt.% silica ï 20wt.% MWCNTs) of nanoparticles in concentration of 0.1, 0.5 

and 1wt.%. Hybrid nanofluid with a mass ratio of (80wt.% silica ï 20wt.% MWCNTs) showed 8.8%, 

whereas (50 %wt. silicaï50 %wt. MWCNTs) 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-

MWCNTs/ethylene glycol). Increase in 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
o
C. The hybrid nanofluid showed Newtonian behavior for all concentrations. 

Among all mixture ratios prepared by Hamid et al. [95], TiO2-SiO2/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. TiO2-

SiO2 hybrid nanofluid behaved as Newtonian fluid for studied temperature range because viscosity was 

independent of shear rate.  
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Yarmand et al. [96] revealed that viscosity of GNPs-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 et al. [97] to synthesize Cu-Zn hybrid 

nanofluids with 0.1, 0.3 and 0.5% volume factions.  SAE oil-based hybrid nanofluid exhibited highest 

relative viscosity. Only vegetable oil based nanofluid behaved as a Newtonian fluid. Tahat and Benim 

[111] performed an experimental study to analyze thermo-physical properties of Al2O3-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. Al 2O3-CuO hybrid nanofluid 

behaved as a Newtonian fluid. 

Suresh et al. [112] disclosed that the increase in viscosity of Al2O3-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 et 

al. [113] 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 (MWCNTs-Fe3O4) 

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 ÁC. 

Yarmand et al. [101] found a nonlinear increase in viscosity of carbon/graphene oxide hybrid nanofluid 

by increasing weight concentration. 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 Al2O3-MWCNTs/engine oil hybrid nanofluid 

and increase in viscosity by increasing concentration. 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 tendency towards agglomeration was the reason behind higher viscosity of Cu-Zn (50:50). 

Sundar et al. [104] obtained a non-linear behavior of viscosity enhancement by increase in (ND-Fe3O4) 

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 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. [105] also prepared GO/Co3O4 hybrid nanofluids in 

different base fluids to investigate an increase in viscosity due to the presence of nanoparticles. Hybrid 

nanoparticles having different concentration of 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 ÁC. Akilu et al. [106] obtained Newtonian behavior of TiO2-

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. 
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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. [107] 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 et al. 

[114] 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 et al. [115] made a comparison between the viscosity of TiO2, Al2O3 

nanofluids and their hybrid for different volume concentrations at room temperature. The non-Newtonian 

behavior of nanofluids was observed for all samples. TiO2 nanofluid showed less enhancement 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 et al. [116] made a comparison of 

thermo-physical properties of hybrid nanofluid (Al2O3/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. [117] investigated the effect of spacing on the 

performance of plate heat exchangers by using nanofluids. For this purpose, TiO2, Al2O3, ZnO, CeO2, 

Cu+Al2O3, GNP, MWCNT nanofluids were prepared and their thermo-physical properties were evaluated 

at fix temperature of 35ÁC. The order of increase in viscosity achieved for nanofluids was 

MWCNT<GNP<Cu+Al2O3<CeO2<ZnO<Al2O3<TiO2.    

Nabil et al. [118] found an insignificant increase of about 2% in dynamic viscosity of hybrid nanofluid 

(TiO2-SiO2/water and ethylene glycol) when the volume fraction of nanoparticles increased from 2 to 3% 

at a temperature of 30
o
C. Hussien et al. [119] reported thermo-physical properties of hybrid nanofluid 

(MWCNT-GNPs) by varying wt.% of MWCNT in hybrid nano-composites. For an increase in the 

concentration of MWCNT in nano-composite, the viscosity of hybrid nanofluid elevated from 2.8 to 

10.3%. Hamid et al. [120] investigated the effect of nanoparticle (TiO2-SiO2) mixture ratio variation on 

thermo-physical properties and heat transfer characteristics of hybrid nanofluids. For this purpose, hybrid 

nanoparticles containing mixture ratios of (TiO2-SiO2) 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. [121] on the viscosity of different types of hybrid nanofluids 

found that the viscosity of the fluids augmented in the following sequence (0.8 CeO2ï0.2 Cu)>(0.8 TiO2ï

0.2 Cu)>(0.8 SiO2ï0.2 Cu)>(0.8 Al2O3ï0.2 Cu) than that of base fluid. Dalkēlē et al. [122] inspected the 

viscosity of graphite-SiO2 hybrid nanofluid and found that the addition of silica nanoparticle augmented 

the viscosity sharply as compared to the nanoparticles of graphite. Afshari et al. [123] investigated the 

dynamic viscosity of the hybrid nanofluid of aluminaï MWCNT / ethylene-glycol (20%)ï 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 [124] 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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Figure 9. Viscosity variation of water-based hybrid nanofluids against particle concentration at different 

temperatures [various studies]. 














































