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

outcomeof the recent advancement in nanotechnology. The remarkable enhancement in heat transfer
capabilities of conventional fluids with the addition of nanosized metallic anemmdallic particles
appealedhe attention of scientists and scholargdadsthe suspension ohybrid nanocomposites as a
substitute of mono particle$he presencef nanocompositesnhanceshe heat transfer rate asesultof

the thermal conductivity enhancement afilized fluid. Although these fluids manifest captivating
thermal daracteristicsthe drawback associated with their applicationludes higHrictional effectsand
pumping power requirementEhe major causeof aforementionegroblems is thelevatedviscosiy. The
currentstudy summarize the work of different investigators and discesthe critical factorsaffecting

the viscosity of hybrid nanofluidsuch agemperature, particle concentratiqr] value,particlesizeand
morphologyalong with a concise discussion on theasons reporteth the literature for the viscosity
augmentation Furthermorethe modelsdevelopedby different investigators have aléeen discoursed
with specified limitationsA brief comparison betweethe viscosity of mono and hybrid nanofluid is also
presentedlt is revealed that most of the studies considered the effect of particle concentration and
temperatirethatthe effect of these factors is more significiw@nthat of othersWaterbased nanofluids
delivered the better resultsn comparison of ethylene glycblased nanofluids whilehe oilbased
nanofluids preferredn the applications where the pumping power is not more significdhthas been
observed that the fluids containing tube shaped nanoparticles comparatively simha&eded viscosity
than that of spherically shaped nanopatrticles. ltassbeennoticed that the studies preferred to develop
their own models for the prediction wiscosityof utilized hybrid nanofluid rather than to use the existing
modelsandfailed to providea universal modelMoreover, the presented models are acceptable within the
prescribed ranges for variables with the restrictiorrgfuing 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

Sio, silica ND Nanodiamond

Ag silver GO Graphene oxide

NiFe,O, Nickel ferrite ANN artificial neural network

SDBS Sodiumdodecylbenzene sulfonate T temperature

SWCNTs singlewall carbon nanotubes Greeks Latter

MWCNTSs multi-walled carbon nanotubes ‘ viscosity

SEM Scanning electron microscope . concentration, %

TEM Transmissioteetron microscopy r shear rate

VSM vibrating sample magnetometer Subscript

RM Raman Microscope nf nanofluid

FTIR Fourier transform infrared spectrosco| bf base fluid

DLS Dynamic light scattering hnf hybrid nanofluid

EDS energy dispersivepectroscopy nc nanocomposite

1 Introduction

It is clear from the research of different researchers on the thermal properties tbéidtheetals possess
higher thermakonductivityas compared to the conventional fluids such as ethylene &) water
(W), propylene glycoland oiletc. The requirement of the fluid thadsseses unique thermal properties
fascinatedheinvestigatordo work on the new class of fluids called nanif&firstly introduced by Choi

[1] in 1995 This new class of fluidds obtained by dispersing theanoparticlegmetallic carbides,
ceramics, nometallic) of size not more than 100nmto the basdluid. The introduced fluid gained
popularity within a short period due to its unique properties like high heat tramsfégss clogging in
pipes.The research work of differentvestigatorsensured the enhancement in thermal conductivity of
convaitional fluids with the addition of nanoparticl¢®i 6]. However, the investigatioof viscosity is
also important to reveal its fluidic behawiThe applications of nanofluids are found in various fields like
electronics[7110], solar energy{11i 15], nuclear reactor$§l6i 20], pool boiling [21i 24], automotive
industry [251 30], medical[31i 35], food industry[36i 40], machining processd41i 45], and in heating
and cooling of building§46,47] So, this field looks emerging for future studies.

The recent development in technology demaadsw revolution in the field of heat transféFhe latest
research on nanofluids introduceédde advanced class of fluidsith augmented thermal properties
(extension of nanofluids) named hybrid nanofluidbtained by dispersing the nanocomposite or
nanopartioks of different metals into the bafeid as shown in Fig.lwith this advancememesearchers
started to report a number of challenges associated with hybrid nanofluids soon after they came into
limelight.



Figure 1. Graphicalrepresentation of Hybrid nanofluid

The hybrid nanofluids showed the enhanced theprngpertiesas compared to themono nanoparticles

based nanofluidand conventional fluisl[48i 50]. A numerical investigation of Takahnd Salehj51] 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 result$here is no doubt thahe thermal conductivity of base fluids enhanced with the
addition of nanoagrticles but it also raised some problems in the form of pumping poresion,
convection heat transfestability, and pressure drop due to the enhancement in visaiised B the
formation of clusters that increases thelrodynamic diameter améduces the specific surface aréae

hybrid nanofluids exhibitedigher viscosity as compared to the conventional fl@dd most of the

unitary nanofluidsHowever, it depends on the seksmthanoparticles and their combinations. The study

of Botha et al[52] on the viscosity of oibased unitary and hybrid nanofluids of-&8§0, revealed that

the unitary nanofluid of SiQrelatively showed greater enhancement in viscosity as compared to its
hybrid nanofluids with AgFurthermore, in case of hybnthnofluids,there is no classical rdel that can

predict the exact values for viscosity on the basis of different parameters like temperature, particle
concentration, and patrticle size and shapesTetkabiet al.[53] numerically investigated the effect of
different types of working fluids including conventional, unitary, and hybrid nanofluids on the forced
convectionheat transfer by passing them through a uniformly heated test tube section. Hydrodynamic and
thermal performance of the fluids were inspected wigkdrictingthe flow in the laminar regime. The
results revealed that the classical models that are usddefesstimation 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
augmentedvith particle concentration and Reynolds number, and the wall temperature decreased along
the length of the test tubAccording toMegatif et al.[54], the dynamic viscosity of the hybrid nanofluids

of C N T-3i®,/water increased linearly with the decrease in temperatureatidle concentratiorEsfe

et al. [65] studied the rheological properties of the naldbricant of CuGMWCNT-10w40 and
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concluded that the effect of temperature on viscosity of hybrid nanofluids is mgoifecant thantha of

the particle concentratiofhey also proposed a correlation for the prediction of the viscosity of prepared
nanclubricant within the specified range of temperature and particle concenttdtidnosharet al.[56]
investigated the rheological behavior of the hybrid nanofluidM®CNTs-Fe;O,/EG by varying the
particle concentration and temperature from 0.8 to 1.8 vol.9%6025Qespectivelyand found that the

fluid viscosity showed a directelation with the particle concentration and an inverse relation with
temperature. They alsobserved thathe behavior of the fluid changed from Newtonian to -non
Newtonian above certain limit of particle concentraticand temperature

The experimental studies proposed correlations to predict viscosity of nanofluids using curve fitting,
linear and nonrlinear regression techniques on experimental results for specified rahgdahe 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 nanofliid could bedue to the effect of preparation and
dispersion techniques, particle shape and size, measuring techniques, agglomeration, and shear rate etc.
Authorsnoticed that the investigators focused the effect of particle concentestibtemperaturen the
viscosity of hybrid nanofluids their studiesalthoughthesearethe impatant influencingfactors,butthe
factorslike pH value sonication, particle size and shape, surfactant, clusters sizarestalso important

and needed a lot of wor&n them to exploit the potentiabf hybrid nanofluidsin a wide range of
applications.

In the recenepoch a lot of research efforts have been carried out on hybrid nanofluids but most of the
work encircled aroundhe thermal conductivity enhancemébti 62]. The reviews published recently in

the field of hybrid nanofluids als@ngrossedthe attention ofresearcherstowards the thermal
conductivity, preparation, heat transfperformancesffecting factors, applications and challendé8i

69], but no one thoroughly focused the viscosity although it seems to be a substantial property in the field
of heat transferFig. 2 provides the statistics about the numbempuoblishedarticles andreviews by
ScienceDirect that discussed the viscosity and thermal conductivity of hybrid nanofluids.

The presented study deliberatbe effect of different parameters like temperature, particle concentration,
pH value,surfactantpase fluid,sonication,particle shapand size on the viscosity of hybrid nanofluids.
Furthermore,it enlightenedthe developed models of different investigatarsh the limitations and
accuracy The importantaspectslike hybrid nanofluid, particle s& temperature range, particle
concentration range, viscosity measuring equipment, and viscosity enhanoértientliscussed studies

are summarized in Table 4.
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Figure 2. Numberof (a) articles (b) reviewspublished reports b$cienc®irect from 201 to 2017 retrievedwith
the keywordhybrid nanofluid with thermal conductivity and viscosity.

2 Preparation and Characterization techniques
Hybrid nanofluids are prepared by using the techniques called single step methea-atep method.

The first oneis mostlyused to produce hybrid nanofluids asmall scale while the second one suitable
for mass productionAli et al. [4] provided a great graphical illustratiaf the nanofluidspreparation
methodsn their studyonthe preparation and challengeditdnia (TiO,) nanofluids asshownin Fig. 3
In singlestep method the processes of nanoparticles preparation and dispes®rcarried out
simultaneouslyPulsedwire evaporation (PWE) idhé most prominent methaaf single stegoreparation
technique thatonsists of a high voltage DC power supply, capacitor bairk, feeding systema high
voltage gap switch and a condensation chamhethis method a high voltage pulsdirected on a thin
wire that melts anakvaporats it within microsecondslue to the effect of neaquilibrium heatig. The
vaporized particlesnade in contact witlan inert gas(N, or Ar) inside thecondensation chambeand
condensed intananosizedpowder. Hybrid nanofluid is tken prepared bymixing the desiredparticle
concentrationof nanofluid with the narsized powder prepared using thebovementionedtechnique
after pouring it toan exploding container contained tim pulsed wire instrumer70]. Lee et al.[71]
observed the following important characteristics this technique while synthesizing the NiBg
powder

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

1 The mearsize of the obtained particles depends uporpteesure of an inert ga&s higher the

pressuref inert gassmallerwill be the particles size of the synthesized
1 The size of the partickreduced \ith the diameter of the induced wire.
9 Particle size also depends degreeof superheat applied to the induced wire. It shawmverse
relation with the degree of superheat.
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Figure 3. Preparation methods (é8inglestepmethod (b) Twestep method].

Aberoumand and Jafarimoghadddi2] employed the one step Electrical Explosion of Wire (EEW)
method for the preparation of the hybrid nanofluid of 3@/transformer oil. The explosion of wire was
carried out with the help of high pulsed electric voltage in the container of base fluicktatiog the

device PNC1K. Munkhbayar et 4¥.3] adopted the pulsedire method for the fabrication of MWCNT

Ag/ water hybrid nanofluid. For this purpose, they prepared the MWCNT/water nanofluid separately
usinga wet grinding method and installed it in the chambeP¥YE apparatus. Chemical treatment was
carried out withthe help of HSO,and HNQt o st abi |l i ze the wutilized solu
hybrid nanofluid, the watdpased Ag nanofluid was firstly prepared and then mixed with the already
prepared nanofluid of MWCNTOs i HHosvévereaeuettonhe usageafmber
expensive instruments and complex naturprotessesnestep method is avoided in most of the studies

and therefore it is preferred to emplwyo-stepmethod.

In two-step methodliterature reported the thredifferent appro@hes for the preparation of hybrid
nanofluids,(i) dispersd the nanoparticlemto the base fluidbne after anothe(ii) prepare the unitary
nanofluidsand then mixed togethefiji) synthesizedhe nanocomposite and then dispdrigénto base

fluid. However, somestudiesexercisedhese techniques with some amendments for better dispersion of
nanoparticlesZhu et al.[74] used the twestep method for the preparationafiminabasednanofluid in
conjunction with chemical assistance for better dispersion of-partles and longerm stabiliy.

Different chemicals like SDBS, HCI, and NaOH were introduced into the solution to avoid coagulation of
nanopatrticles. They observed that the supplementation of SDBS increased the repulsive forces between
particles by negatively charging the powder stefddowever, 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 withtwo-stepmethod was very effective for rheological and thermal properties of nanofluids.
They also concluded that the addition of chemicals above a certain limit may reverse theVkesdts.

al. [75] purchased the narmowder of selected materials frattme market and then prepared the hybrid
nanofluid by dispersing them into the base fluid of diathermid-hibng et al[76] prepared the unitary



nanofluids ofAl,Os/water and MWCNT/water separately later on mixtdeem collectivelyto get the
hybrid nanofluid of AJO;-MWCNT/water.Kiruba et al.[77] prepared theolyethyleniming(PEI) based
hybri d nambd; bysupblemertingttre specific amount of the PEI into theaterbased
nanof | -4lOdpurchiisedfronthe market Harandi etal. [78] firstly mixed the nanoparticles of the
FeO, and FEMWCNTG shen dispersed it into thEG to prepare the hybrid nanofluid. Later on, the
solution wasexposed tsome mechanical processes like magnetic stirring and ultrasonication for better
dispersion of nanoparticleSundar et al.[79] synthesized the nanocomposite GD/Cg0O, using
chemical ceprecipitation andn-situ method afterward,prepared théwybrid nandluid by dispersing the
nanocomposite into the base fluitinh et al.[80] usedthe EG-basedunitary nanofluids ofGr-COOH
and MWCNT-OH) prepared and functionalized laboratorywith the assistance of some chemical and
mechanical techniqueginally, to get the hybrid nanofluid both the solutions mixed witliolume
fraction of 1:1 and analyzethe microstructural andmorphological characteristicsf the fabricated
nanofluid withthe help of different techniques shown irFig. 4.
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The techniques that are used to estimate the size, chemical nature, agglomeration sszefacad
morphology are called characterization techniqui@d]. Literature repors the following important
techniquedor the estimation of differentharactesticsof the hybrid nanofluids

1 X-ray diffraction (XRD) used focrystallinity, also provided information about a crystal size.

1 SEM used fothesurfacemorphology of nangowder.

1 TEM used for analyzing the particle size d@hdir distribution inthe basefluid.

1 DLS used for the analysis of agglomeration statgigpersion of nanoparticles in base fluid.

1 VSM used for measuring the magnetic propentiethe suspended particles

1 Energy dispersive Xay spectroscopy (EDS) used for chemical characterization and elemental
analysis.

T UViVis spectroscopwused for assegsj theparticles dispersian

1 FTIR technique used to identify thmolymeric, organic and inorganic material$is technique
helpsto identify thephasefunctional groupsand chemical bond82,83]

1 Thermal analysi TG-DTA used to inspect the thermal stability.

1 DSCand rheometansed for measuring thepecific heaind viscosityof the fluids respectively

i Zetapotential, optical spectrum analysis (OPS), centrifugation, dynamic light spectrum are the

methods commonlysedfor the measurement sfability of the hybrid nanofluids

3 Performanceaffecting parameters

3.1 Temperature effect on viscosity

Literature repos a significanteffect of temperature on the viscosity of hybrid nanofluMsest of the
studiesinspectthe viscosity of water and Eased nanofluids atlower temperatuve up to 60 A Gvhile
the viscosity variation of obased nanofluids analyzed lgher temperate values Afrand et al.[84]
examinedthe dynamicviscosity of SiQ-MWCNTs/engine oil fora temperatureange of 25A @o 60A C
with volume fractions of 0.0625, 0.125, 0.25, 0.50, 0.75 and 1 vdil#é. maximum enhancement in
viscosity was 37.4%, which occurred attemperatureof 60 A Cand particle concentrationof 1%.
Motahari et al.[85] reported that viscosity of MWCNTSIO,/oil hybrid nanofluid decreased witén
increase in temperatufer specified volume fractianThe viscosity of hybrid nanofluid was measured at
a temperaturgange of 40A Go 100A Gwith a volumefraction of 0.05, 0.1, 0.2, 0.4, 0.8 and 1vol.%.
About 171% increment in viscosity was achieved for A0Gvith 1% nanoparticlesoncentrationEsfe
and Rosimian [86] invesigated the effect of temperature orthe viscosity of ZnGMWCNTs (55%
45%)/engine oil hybrid nanofluidthe temperature range used in experimentation wags 55A Quith
volume fraction 0f0.05, 0.15, 0.25, 0.5, 0.75 and 1 vol.%he viscosity wa reduced as result of
increment in temperature.

Shahsavar et aJ87] found a declinein the viscosty of CNTsFeO4water hybrid nanofluids fotherise

in temperature from 28 Go 55A @uring experimentatiorNabil et al.[88] performedan experimental
study to determin¢he effect of temperature otthe viscosity ofwater and EGased nanofluid o§iO.-
TiO,/water.The viscosity of hybrid nanofluid decreased with increagerimperature from 3C to 80C.
The effect of basfluid and temperaturgariation onthe viscosity of ND-C0;0, hybrid nanofluidswas
experimentally investigated by Sundar et[8B]. The base fluids used during experimentation included
water,EG, 20EG:80W, 40EG:60W and 60EG:40Mith atemperatur@ange of 20A @o 60A CViscosity
enhancementas in order 0fMoec:aow>Nkc >My >Mioec 60w >Moec:s0w

Esfe et al.[90] determined that viscosity of MWCNISiO./engine oil was more sensitive to lower
temperatue instead of higheiemperatureThe solid volume fraction of 1% at temperaturé\48howed
maximum enhancement in viscosity alfout30.2%.Esfe et al]91] conductedan experimental study to
measurehe viscosity enhancement of MWCNO/engine oil hybrid nanofluids for volume fractions
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of 0.05, 0.075, 0.1, 0.2, 0.4, 0.5, 0,75v0l.% and temerature range of 20Q@o 50A CThe maximum
enhancement in viscosity was achieved ah €because ohanoparticles 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 E@,-Ag/EG hybrid nanofluid under variation of
temperature and volume fractiofhe nanoparticle concentration waaried from0.0375 to 1.2 vol.%

with temperature range from 2520 50A C For the non-Newtonianbehavior of nanofluide > 0.3%)
consistency index was decreased with increase in temperature.

Baghbanzadeh et g93] reached tahe concluson that hybrid nanofluidof (50wt.% silica- 50wt.%
MWCNTs/water) comparatively showed lower viscosity than that of (80wt.% silica -20wt.%
MWCNTs/wate). For higher concentration0°C was found to be optimum operating temperature.
Soltani and Akbarf94] prepared samples of MgRIWCNTs/ethylene glycohybrid nanofluids witththe
volumefraction o0f0.1, 0.2, 0.4, 0.8 and 1% and investigatesleffect of temperature othe viscosity of
prepared sampleSemperaturavas varied from 3@ Go 60A @ndobserved thathe viscosity ofhybrid
nanofluids withthevolumefraction of 0.8 and 1% wasgnificantly affectedby temperaturedamid et al.

[95] preparedTiO,-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 teautlyermophysical
properties of hybrid nanofluid. The dynamic viscosity of nanofluids was measured under variation of
temperature from 3@\ Qo 80 A CThe viscosity ratio for mitures50:50, 80:20 and 20:86emained
constant for 30A G50 A Cwhereas an increase was observed aA@D80 A CYarmand et al[96]
synthesized hybrichanopartiles by decorating graphene napfatelets with platinumThe stability,
viscosity and thermal conductivity efaterbasechybrid namfluid wereevaluatedor thetemperaturef

20A Qo 40A CMaximum enhancement in viscosity of hybrid nanofluid as comparéuetascosity of
water was 33% for 0.1 wt.% and 48 CKumar et al.[97] evaluatedthe viscosity and thermal
conductivity of CuZn hybrid nanofluids with different base fluids (vegetable oil, paraffinawitl SAE

oil) at 30A CEsfeet al.[98] investigated the nargiamond/cobatbxide hybrid nanofluidto find out the
optimum responses foviscosity and thermal conductivity by varying the temperature6®8 T and
particle concentration0¢0.15 vol.%). For this purpose, they used the Design Expert software and the
algorithm NSGAII and found that the second one provided the optimal values more accurately. The
results also exhibitethat the optimal values for viscosity and thermal conductivigrefound at the
maximum temperature.

Qing et al. [52] prepared the naphthenic mineral -lolsed hybrid nanofluid of Spyraphene
nanoparticles and examined the viscosity variation by varying the temperature fr@0 20C The
results revealed that viscosity of the fluid reduced wittincrease in temperatudue to the effect of
increasedparticles Brownian motionAghaei et al.[99] found that the viscosity of the hybrid nano
lubricant of CUOMWCNTS/SAE 5vi 50 was augmented up to 12.52% eveia tgmperature of 58 C

and 35.52% at &C. For the case of engiral, the augmentestiscosity is important becauseaissistdn

the lubricatiornprocessSundar et al[100] conducted experimentation to measure enhancement in friction
factor and heat transfer by application of MWCNA&O, hybrid nanofluidin a circular tube. A
decreasing trend in viscosity was observéth the enhancement itemperatureYarmand et al[101]
elaborated therpiphysical propeies of activatel carbon/graphene hybrid nanofluid under variation of
concentration and temperature. The decreased viscosity at elevated temperature was foundtte reduce
pumping power.Dardan et al.[102] investigatedthe effect of suspending AD;-MWCNTs hybrid
nanoparticles orthe viscosity of SAE40 engine oil for different volume fractiorfs-1 vol.%) and
temperature rangg85-50 A T The increase in temperature from 2320 30 A @aused enhancement in
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the movementof hybrid nanoparticlesarranging nanotubes in direction of flow and thus providing low
viscosity.However, firtherincrease in temperature from 20Go 35A Cmadearrangemenof nanotubes
perpendicular tahe directionof flow which ledto anincreasen viscosity.

Mechiri et al.[103] found the deterioratingeffect of temperature othe viscosity of hybrid nanofluids
(Cu-Znlvegetable oil).Sundar & al. [104] measured enhancement in viscosity, thermal and electrical
conductivities of hybrid nanofluidef (ND-FeO,) prepared bydifferent base fluids (water, 80:20%,
60:40%, 40:60% W/EGNanofluid havingd0:20% W/EG adase fluidshowed maximum enhancement
in viscosity of 203% at 28 Qvhich further enhanced to 219% af60:ompared to miple 80:20% W/EG

for 0.2% volumefraction Sunder et al[105] also used water, 80:20%, 60:40%, 40:60% W/EG as base
fluids to synthesize GO/GO, hybrid nanofluids and investigateithicreasein viscosity of hybrid
nanofluids withvarious base fluidsThe experimentation was performed fotemperatureange of 20

60A CThe order of maximum enhancement in viscosity achieved for different base vilagin, > m
20EG:80w> Mg > Mioec:sow™ Myoecaow AKilu et al. [106] did an experimentalstudy to measure viscosity
enhancemenbf TiO,-CuO/C ethylene glycol base hybrid nanofluid for different concentratioh
nanoparticlesat the temperatureange of 29&833K. At higher temperaturga significant decrease in
viscosity was observed due to enfeeble intermolecular fofeeksancement in Nusselt number and
friction factor asa resultof GNPsAg/water hybrid nanofluid application was computed by Yarmand et
al. [107] usingthe circular tube. The flow of hybrid nanofluid was the turbulentregime. About 1.3
times increase in viscosity was observed for nanofluids as compared to simplatwi@& CSoltani and
Akbari [94] noticed the effect of temperature was more significaat a higher volume fraction of
nanoparticles.

Ahammed et al[108] elaborated entropy generation and diffetermophysicaproperties of mono and
hybrid nanofluid of (GrapheneAlumina) in the heatexchanger which was coupled with thermoelectric
cooler under different temperatures. At BOC graphene, alumina and hybrid nanofluid showed an
enhancement of 33.75%, 10.28% and 18.86% in viscosity. Chandrarjl€t9ldeveloped novel hybrid
nanofluids containing ZnO and encapsulated paraffin wax having melting temperatuie0#58The
influence of temperature on the viscosity gfohid nanofluid was investigated. The reduction in the
viscosity of nanofluid was higher fartemperatureange of 5060 A @s compared to 250 A CParaffin

wax was in solid formupto 58 @ hat 6s why viscosity redudatthen of
temperature. The highest viscosity ratio of 1.615 was obtained for 1vol.% of ZnO and 16 wt.% of paraffin
wax at 60A CAsadiet al.[110] noticed a diminution in the dynamic viscosity of hybrid ndmtaricant of
MWCNT/Mg(OH),-engine oil with the increase in temperature at thk studied nanopécles
concentrationFigs. 58 presented the viscosibf water, EG, oil, and water/EGasedhybrid nanofluids
respectively reported in various studigegh different combinations of nanoparticles against temperature
for different particle concentrations.
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Figure 5. Viscosity variation of watebased hybrid nanofluids against temperature at different particle
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Dalkilic et al. [122], SiO_-graphite (40-60)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)

-A— 0.1 % vol.—y— 0.5 % vol—— 1 % vol—q— 2 % vol.
Dalkilig et al. [122], SiO_-graphite (60-40)/water, (Graphite (G): 7 nm, SiO,: 6-10 nm)

P 0.1 %vol—@— 0.5 % vol—k— 1 % vol —@—2 % vol.
Dalkilig et al. [122], 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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Nadooshan et al. [56], Fe, O -MWCNT/EG, (Fe304: 20-30 nm), MWCNT outer diameter: 5—15 nm)
—H—0 % vol—@— 0.1 % vol.—"— 0.25 % vol.—y— 0.45 % vol. 44— 0.8 % vol.

Sundar et al. [89], ND-Co,O /EG, (ND: 4-5 nm)

—4—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)

Ha—0.1%vol.—— 0.2 %vol— | — 0.4 % vol.—Hl— 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. [106], (TiO,-CuO/C)/EG, (TiO,: 26 nm), (CuO/C: 20 nm)
P 0 % vol—@— 0.5 % vol.—&— 1 % vol.—@— 1.5 % vol.—@— 2 % vol.

iscosity (mPa.s)
[ [
=] 7]
1 |

A%

Temperature ("C)

Figure 6. Viscosity variation oéthylene glycebasedhybrid nanofluids against temperature at different
particle concentration [various studies].
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Esfe et al. [55], CaO-MWCNT/10w40, (MWCNT outer diameter: 5 —15 nm), (CuQ: 40 nm)
—H— 0 % vol—@— 0.05 % vol.—— 0.5 % vol.—y— 1 % vol.
Afrand et al. [84], SiO,-MWCNT s/engine oil (SAE 40), (MWCNTSs outer diameter: 5 —15 nm), (SiO,:20— 30 nm)
€ 00625%vol—d—0.125%vol. p 025 %vol.—®— 0.5 % vol—%— 0.75 % vol—@— 1 % vol.
Motahari et al. [85], MWCNTs-SiO, /engine oil (SAE 20W50), (MWCNTSs mean diameter: 20 nm), (SiO,:40 nmj)
—@— 0.05 % vol.— | — 0.1 % vol—x—0.2%vol—f— 0.4 %vol.— — 0.8 % vol.— | — 1 % vol.
Esfe et al. [90], MWCNTSs-Si0,(20-80)/engine oil(SAE40), (MWCNTs outer diameter: 5— 15 nm), (Si0,:20—30 nm)
—l—0.0625 % vol. 0.125%vol. A 0.25%vol. 0.5 %vol. 0.75%vol. 4 1 %vol.
Esfe et al. [91], MWCNTs-ZnO/engine oil(SAE40), (MWCNTs inner diameter: 3 —5nm), (ZnO:10 —30 nm)
b 0.05 % vol.—@— 0.075 % vol—%— 0.1 % vol.—@— 0.2 % vol.—@— 0.4 % vol—— 0.5 % vol.—— 0.75 % vol—£— 1 % vol.
Dardan et al. [102], AL O -MWCNTs/engine oil (SAE 40), (MWCNTs outer diameter: 5-15 nm), (AL O, : 20 nm)
— 0.0625 % vol— | — 0.125 % vol—— 0.25 % vol —@— 0.5 % vol.—&— 0.75 % volL.—y— 1 % vol.
Mechiri et al. [103], Cu-Zn (50:50)/vegetable oil, Cu-Zn: 25 nm
@ 0.1%vol—d— 03 %vol. p 0.5 %vol.
Asadi et al. [110], MWCNT/Mg (OH),-engine oil (SW50), (Mg (OH)2: 10nm), (MWCNT: 30nm)
200 —@—025%vol—k—0.5%vol. @ 0.75%vol. @ 1%vol—|— 1.5%vol. < 2%vol
{1 v
600 —
500 —
400 —
300 -
200 —
100 -
0
0

Temperature ("C)

Figure 7. Viscosity variation of oibased hybrid nanofluids againgmperatureat different particle
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Nabil et al. [88], TiO,-SiO,/water-E G(60:40), (5i0,:22 nm), (TiO,:50 nm)
—l— 0% vol—@—0.5 % vol—"— 1 % vol.—y— 1.5 % vol. -2 % vol.—|— 2.5 % vol. p» 3 % vol.
Sundar et al. [89], ND-Co,O /water-EG (80:20), ND: 4-5 nm
—— 0% vol—&— 0.05 % vol. —#Fr— 0.1 % vol.—@— 0.15 % vol.
Hamid et al. [95], TiO,-Si0,/water-E G(60:40), (5i0,:22 nm), (Ti0,:50 nm)
—+— 0 % vol.—<— 1 % vol.(20:80)—#— 1 % vol.(40:60) 1 % vol.(50:50)— | — 1 % vol.(60:40)—M— 1 % vol.(80:20)
Sundar et al. [104], ND-Fe O /water-EG (60:40), (ND: Sum,Fe,O,: 13 nm, ND-Fe O : 21-24 nm)
0%vol. A 0.05% vol. W 0.1%vol 0.2 % vol.
Sundar et al. [104], NDfFeJijatel'—EG (40:60), (ND: Snm, F9304: 13 nm, ND—F9304: 21-24 nm)
<4 0%vol.— - 0.05% vol.—— 0.1 % vol.—3k— 0.2 % vol.
Sundar et al. [105], GO-C 0304/Wﬂt€'l'—EG (80:20), (GO—CoJOf 50 nm)
—— 0 % vol.—3—0.05 % vol.—— 0.1 % vol.— = 0.15 % vol.—— 0.2 % vol.
Sundar et al. [105], GO-C 0304/water'—EG (60:40), (GO—C0304< 50 nm)
— 0%vol— | —0.05 % vol.—— 0.1 % vol.—@— 0.15 % vol.—#— 0.2 % vol.
Sundar et al. [105], GO-Co O /water-EG (40:60), (GO-Co,0,< 50 nm)
—9— 0% vol.—— 0.05 % vol.—l— 0.1 % vol.— p— 0.15 % vol.—@— 0.2 % vol.
Afshari et al. [123], alnmina—MWCNT/water-EG (80:20), MW CNT outer diameter: 5 -15 nm,Al:OJ: 20 nm)
—&— 0% vol. @ 0.0625 % vol. @ 0.125 % vol.—— 0.25 % vol. 0.5 % vol. 3k 0.75 % vol—— 0.1 % vol.

14

12 4

®
>

iscosity (mPa.s)

A%

Temperature (°C)

Figure 8. Viscosity variation obinary (water/EG)based hybrid nanofluids againemperatureat
different particle concentratiofvarious 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 concentrafiamd et al.[84] found the
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Newtonianbehavior of SI-MWCNTs/engine oil hybrid nanofluids for 0 to 1% volume concentration of
nanoparticles and proved thdynamic viscosity of hybrid nanofluid was increased with increasing
volume fraction.The sensitivity ofviscosity ofhybrid nanofluid was observed to increase significantly
for enhancement in volume fraction from0625to 1%. Motahari et al.[85] also obtained Newtonian
behavior of SI-MWCNTSs/oil hybrid nanofluids for 0.05 to 1% volumeaétion and viscosity showed
anincreasewith enhancement imolume fraction Esfe and Rostamiai86] measured viscosity of ZnO
MWCNTs/engine oil hybrid nanofluids by vang concentration from 0.05 to 1%. The hybrid nanofluid
exhibited noANewtonian behavior.

Shahsavaret al. [87] stated thatby increasing concentration of CNTs in sPe-CNTs/water hybrid
nanofluids, the viscosity of colloidal mixture increased dughmhigh interaction between particles.
Maximum enhancement in viscosiachievedwas 29.62% for(0.9% Fg0,-1.35% CNT$ the highest
concentrationNewtonianbehavior of hybrid nanofluid was observed for higher shear ristasl et al.
[88] reportedthat viscosity of Ti@-SiO./water and ethylene glycol hybridandluid increased with
increase in concentration from 0.5 to 3 vol.%. The enhancement in visobdigbrid nanofluidwas
25.9% and 62.5% for 0.5% and 3% concentration of natioles at 80 A Qespectively.The hybrid
nanofluid showed Newtonian behavior feolume fractionup to 3%.The variation inbasefluid and
weight concentration was found to haaelirect effect onviscosity of ND-Co;0, hybrid nanofluidsby
Sundar et al[89]. The viscosities of water, ethylene ghyc20EG:80W, 40EG:60W and 60EG:40W base
nanofluids was enhanced to 45%, 46%, 15%, 1@9d51% respedtely fromtheir respective base flusd
at0.15% weight fraction of nanoparticles.

Esfe et al[90] carried outan experimentaktudyto investigatethe rheologicalbehaviorof MWCNTs
SiO./engine oil hybrid nanofluidThe Newtonian behavior of nanofluid was observed for volume
concentration up to 1%, whereagurther increase in concentration showednNewtonianbehavior of
nanofluid. Esfe et al.[91] determined maximum enhancement of333.in viscosity of MWCNTs
ZnOlengine oil hybrid nanofluid witthe volumefraction of 1% at 4%C. The hybrid nanofluid showed
Newtonian behavioior anemployedrange of volume fractiorAfrand et al.[92] exploredthe Newtonian
behavior of FgO,-Ag/EG hybrid nanofluid fomwolumefraction of less than 0.3%. The hybrid nanofluid
with a concentratiorof nanopatrticles greater than 0.3% showed-Newtonian behaviorConsistency
index increased whilthe powerlaw indexdecreased with increase in volume fraction of nanoparticles.
Baghbanzadeh et g93] prepared hybrid nanofluids wittwo different mass ratios (50wt.% silica
50wt.%MWCNTs and 80wt.% silica 20wt.% MWCNTSs) of nanoparticles in concentration of 0.1, 0.5
and 1wt.%. Hybrid nanofluid witla massratio of (80wt.% silicai 20wt.% MWCNTSs) showed 8.8%,
whereas (5@bwt. silicai 50 %wt. MWCNTS) hybrid nanofluid achieved 8.2% enhancementiscosity

as compared to water for 1 wt.% concentrat®oltani and Akbarf94] conductedanexperimentaktudy

to investigatethe effect of nanoparticles concentration dhe viscosity of hybrid nanofluid (MgQ
MWCNTs/ethylene glycol). Increase in viscosity was significant @ higher concentration on
nanopatrticles (0.8% and 1%). Maximum enhancement in viscositylwid nanofluid observed was
168% for 1 vol.% and 68C. The hybrid nanofluid showed Newtonian behavior for all concentrations.
Among all mixture ratios prepared by Hamid et [85], TiO,-SiO./water and ethylene glycol hybrid
nanofluid witha mixtureratio of 50:50 showethe highestenhancement in dynamic viscosifthe hybrid
nanofluid containing less percentage of silicon dioxidmoparticlesshoweda marginal decrease in
dynamic viscosityThe least increment in dynamic viscosity was observed for 80:20 mixtureTrédio.
SiO, hybrid nanofluid behaved as Newtonian fldim studied temperature rangpecause viscosity was
independent of sheaate
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Yarmand et al[96] revealed that viscosity of GNHR/water hybrid nanofluid increased by increasing
volume fraction from 0 to 0.1% due to influmn onthe internalshear stress of fluidvegetable oll,
paraffin oil and SAE oil were used as base fluidg Kumar et al.[97] to synthesizeCu-Zn hybrid
nanofluidswith 0.1, 0.3and 0.5% volume factionsSAE oil-basedhybrid nanofluid exhibitechighest
relative vigosity. Only vegetable oil bagdaanofluid behaved aa Newtonianfluid. Tahatand Benim
[111] performedan experimentalstudy to analyze thermphysical properties of AD;-CuO/water and
ethylene glycol hybrid nanofluidThe viscosity enhancement asfunction of volume fractionwas
measuredEnhancemenin viscosity for volume concentration of 0.5, 1, 1.5 and 2% was 112%%o1
135% and 159% respectively as compared toe viscosity of water.Al,Os-CuO hybrid nanofluid
behaved aa Newtonianfluid.

Suresh et al[112] disclosed thiathe increasein viscosity of AbOs-Cu/water hybrid nanofluid was
considerably higher than enhancement in thermal conductiMily.viscosity enhancement for 0.1, 0.33,
0.75, 1 and 2% volume fraction of nanofluid was 8%, 22%, 54%, 78% and 115% respeétrel
utilized nanoparticles concentration ran$wtonianbehavior of hybrid nanofluid was observétfe et

al. [113] experimentallyelaboratedhe effectof hybrid nanoparticle (AgMgO) concentratiorf0.5%2%)

on dynamic viscosity and thermal conductivity of hybrid nanofldid.increasing trend of viscosity was
achieved foran increasein volume fraction.Maximum volume fraction of 2% showethe highest
enhancement in viscosity of about 38.18andar et al[100] flowed hybrid nanofluidMWCNTs-F&Qy,)
throughthe circular tube and investigatetthe effect of concentration on thermal conductivity, viscosity,
friction factor, and heat transfer ratdMaximum enhancement in viscosity of about 56&eurredat the
highestconcentration of 0.3% and temperature oA6Q

Yarmand et al[101] found a nonlinearincrease in viscosity of carbon/graphene oxide hybrid nanofluid
by increasing weight concentratioACG/ethylene glycol hybrid nanofluid \saqualified as Newtonian
fluid for applied concentrations. The highest concentration of 0.06 wt.% intensified ityisaosund
4.16%.Dardan et al[102] obtained Newtonian behavior of A;-MWCNTs/engine oil hybrid nanofluid
and increase in viscosityy increasing concentration. About 46% augmentation in viscosity was attained
at 1% volume concentration of nanoparticl&§scosity analysis revealed that viscosity was more
sensitive tothe variation of nanoparticles volume fractiolCu-Zn hybrid nanoparticles with different
weight ratios (50:50, 75:25 and 25:75) were prepared by Mechiri [@0&] usinga mechanicahlloying
method.Hybrid nanoparticles witla weight ratio of (50:50) showed higher viscosity than other hybrid
alloys.More tendencyowardsagglomeration wathe reasorbehind higher viscosity of Gdn (50:50).
Sundar et al[104] obtainal a nonlinear behavior of viscosity enhancement by increagdi-Fe;0,)
nanoparticle concentratiofrom 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 coiocenfra
0.2 vol.%.The results showed that viscosity enhancemexs dependerdn nanoparticle concentration,
temperature and type of base fluid usaghdar et al[105] also prepareO/Ca0,4 hybrid nanofluidsn
different base fluid¢o investigateanincreasen viscositydue tothe presencef nanoparticlesHybrid
nanoparticles having differempbncentration of 0.05, 0.1, 0.15 and 0.2 vol#ére dispersed in water,
ethylene glycol, 80:20%, 60:40% and 40:60% W/EG as base fMMdter base hybrid nanofluid showed
maximum enhancement in viscosity of 1708hereas40:60% W/EG base nanofluid showttk least
enhancementf 131%for 0.2 vol.% and 6@\ CAKkilu et al.[106] obtained Newtonian behavior of TiO
CuO/C ethylene glycol base hybrid nanofluids &mplied concentrations and temperature rangeése
relative viscosity values achieved for concentrations af D.9.5 and 2 vol.% werg.13, 1.31, 1.56 and
1.77 respectiely.
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To avoid the disadvantages of high volume fraction suchaasncreasein viscosity, pressure drop,
friction factor and pumping powerpw volume fraction(0.020.1%) of nanoparticleswas used by
Yarmand et al[107] in experimentatiorto investigatethe effect of hybrid nanofluidon heat trarfgr.
Friction factor enhancement was insignificant as compardketincreasein heat transferSundar et al.
[114] studied friction factor and turbulent heat transfer behavior of-fN)Dhybrid nanofluid flowing
throughthe tube Enhancement in viscosity was 23.24% as a resuheédditionof 0.3 vol.% hybrid
nanopatrticles in water. Moldoveastial.[115] made a comparison betwethe viscosity of TiO,, Al,Os
nanofluids and their hybrid for different volume concentrations at room temperaigeon-Newtonian
behavior of nanofluids was observed for all samples., Ti@nofluid showed less enhancement in
viscosity axzompare to alumina nanofluid and their hyitdr

Low volume fraction of nanoparticles showed less enhancement in dynamic visebsitgasthis
increase became significant for higher volume fradi@al). Kannaiyan et al116] made a comparison of
thermaphysical properties of hybrid nanofluid (8:/CuQO) measured experimentally and calculated
theoretically.

The probability of nanoparticle agglomeration increased at higher volume fractions thus, @ausing
increasein dynamic viscosity of nanofluid. Kumar et §1.17] investigatedhe effect of spacing on the
performance of plate heat exchangers by using nanofluids. For this purpose ALQ;, ZnO, CeQ,
Cu+Al,03, GNP, MWCNT nanofluids were prepared and their thephysical properties were evaluated
at fix temperature of 35C The order of increase in viscositgchieved for nanofluids was
MWCNT<GNP<Cu+A}O3;<CeQ<ZnO<ALO:<TIO,.

Nabil et al.[118] found an insignificant increase of about 2% ymamic viscosity of hybrid nanofluid
(TiO,-SiO,/water and ethylene glycol) wheime volumefraction of nanoparticlemcreasedrom 2 to 3%

at a temperatureof 30°C. Hussien et al[119] reported thermghysical properties of hybrid nanofluid
(MWCNT-GNPs) by varying wt.% of MWCNT in hybrichanecomposites For an increase ithe
concentrationof MWCNT in nanecomposite, the viscosity of hybrid nanofluid elevated from 2.8 to
10.3%. Hamid et al[120] investigaed the effect of nanoparticle (Ti@SiO,) mixture ratio variation on
thermophysical properties and heat transfer characteristics of hybrid nanofluids. For this purpose, hybrid
nanoparticles containing mixture ratios of (}i60,) 20:80, 40:60, 50:50, 600 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 gdll21] on the viscosity of differentypes ofhybrid nanofluids
found that the viscosity of the fluids augmented in the following sequé@m&eQi 0.2 Cu)>(0.8 TiGi

0.2 Cu)>(0.8 Si@ 0.2 Cu)>(0.8 AIO;i 0.2 Cu)than that of base fluid a | k &al. [@22] inspected the
viscosity of graphiteSiO, hybrid nanofluid and found that the addition of silica nanoparticle augmented
the viscosity sharply as compared to the nanopatrticles of grapiféteari et al.[123] investigatel the
dynamic viscosity of the hybrid nanofluid of alumintfWCNT / ethyleneglycol (20%) water (80%)
and found that the behavior of the fluid transformed from Newtonian to pseudoplastitendonian
when the particle concentration surges pasnffb5 vol.%. They also observed that with the increase in
shear rate viscosity of the fluid decreas&hasemi and Karimipourl24] revealed that the effect of
particle concentration on the viscosity of CGp@raffin nanofluid becomes significant at the particle
concentration higher than 1.5 wt.% below of that it was not signifiddmty also stated that the viscosity
of the analyzed nanofluidvas more sensitive to particle weight fraction than that of the temperatur
Viscosity variation of different water, EG, oil, and W/H@sed hybrid nanofluidagainst patrticle
concentration at different temperatures reported in various studies are presented i®-Figs.
respectively.
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Figure 9. Viscosity variation of watebased hybrid nanofluids against particle concentration at different
temperatures [various studies].
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