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Abstract
In this study, the effect of temperature and mass fraction of Al2O3 and WO3 nanoparticles dispersed in deionized water and

liquid paraffin was investigated on dynamic viscosity of nanofluid. The results of the TEM tests showed that the size of

Al2O3 and WO3 nanoparticles was ranged from 10 to 60 nm, and the results showed that nanoparticles were semi-spherical.

Also the results of DLS and zeta potential tests, respectively, exhibited the uniform size and high stability of the

nanoparticles in the basefluid environment. The findings showed that adding a certain amount of nanoparticles to water and

liquid paraffin increases dynamic viscosity, and in the case of various shear rates, the viscosity is constant for the water-

based nanofluids, which indicates the Newtonian behavior of the nanofluid. In addition, for those prepared by liquid

paraffin as a basefluid, the viscosity does not remain constant at different shear rates and at low amount of shear rate the

viscosity achieves higher value, indicating non-Newtonian behavior of liquid paraffin-based nanofluids. The results showed

that by increasing the temperature in liquid paraffin-based nanofluid the uniformity and linearity of the viscosity curve at

various shear rates could be observed, which represents an approach for Newtonian behavior of nanofluid at higher

temperatures. These results also showed that with increasing the mass fraction of nanoparticles in water and liquid paraffin,

the viscosity increases at different shear rates. Finally, the correlation presented in this study shows that for nanofluid

viscosity as a function of nanoparticles load and temperature, the deviation of correlated data from experimental values is

less than 10%.
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Introduction

The addition of nanoparticles to basefluid, called nanofluid

[1], can directly influence the physical properties of fluids

such as heat transfer and hydrodynamic properties [2–4].

The use of these materials directly reduces the amount of

energy consumed by reducing the heat lost within the heat

exchangers in the industry. Similarly, nanofluids can be

used in heat exchangers and leads to a significant

enhancement in heat transfer rate. This can solve the

problem of water consumption and waste production

indirectly from large industries such as petrochemicals and

refineries [5–9]. The heat exchangers with this approach

are designed with a smaller size and weight, which is used

in large numbers within the all industries. Moreover,

nanofluids cause less friction and corrosion on equipment

surfaces in comparison with microparticles-loaded fluids

and cause less damage to the canals and pumps [10–12]. In

order to cool down micro-electromechanical systems that

create high heat flux, narrow channels are used as cooling

agents that ordinary fluids cannot be used directly; conse-

quently, nanofluid can be used without producing any

significant blockage in channels and they can transfer high

heat flux due to their enhanced thermal and hydrodynamic

properties [13–16].

Experimental researches are of important for the anal-

ysis and validation of analytical and theoretical results

obtained for nanofluids’ properties. These studies,
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especially on viscosity of nanofluids, provide detailed

information about the rheological properties of nanofluids,

which can directly influence the amount of heat transfer

and power needed for pumping fluids. Extensive research

on nanofluids’ viscosity has been carried out, and it can be

concluded from these findings that several factors includ-

ing the shape and size of nanoparticles, mass fraction,

temperature, surfactants, and the acidity of the basefluid

can directly influence the rheological properties as well as

nanofluids’ viscosity. Following is a summary of the

finding obtained by other scholars regarding the effect of

various parameters on nanofluids’ viscosity and rheological

properties.

According to the results obtained from previous studies,

it can be concluded that the viscosity and rheological

properties of the nanofluids depend on nanoparticles shape

and size significantly [17–19]. Nyguan et al. [20] investi-

gated the effect of Al2O3 nanoparticle size on viscosity of

nanofluids. According to the results, they observed that

nanoparticles with mean diameters of 36 and 47 nm

exhibited approximately same viscosity [20]. In their other

study, they observed that by increasing the volume fraction

of nanoparticles from 7 to 9%, the effect of the nanopar-

ticles diameter on the nanofluid viscosity was found to be

more significant [20]. He et al. [21] studied the viscosity of

distilled water-based nanofluid loaded with TiO2

nanoparticles. In their experiments, they used nanoparticles

with mean diameter of 95 and 145 nm. Their results also

showed that with the increase in nanoparticle diameter the

viscosity of nanofluids enhances significantly [21].

Extensive research has been carried out on the impacts

of nanoparticle loads on viscosity of nanofluid [2, 22–31].

It has been pointed out in these studies that by increasing

the volume fraction of nanoparticles the viscosity of the

nanofluids increases significantly and a wide range of

mechanisms have been presented to explain this effect

[2, 22–31]. Parsher et al. [28] showed that the viscosity of

the nanofluid changed with the volume fraction of the

nanoparticles and showed that with the increase in Al2O3

loads in basefluid the viscosity of nanofluid increases tan-

gibly. Das et al. [32] and Putra et al. [33] also showed that

with the increase in nanoparticle concentrations, the rheo-

logical behavior of Al2O3/water nanofluid changed to non-

Newtonian fluid and the nanofluid viscosity increases sig-

nificantly due to the increase in solid content of nanofluid.

Duangthongsuk et al. [34] showed that by increasing the

volume fraction of nanoparticles from 0.2 to 0.2 vol% at

temperatures ranged from 15 to 53 �C the viscosity of

TiO2-loaded nanofluid increased by 4–15% relative to pure

water as basefluid.

Chevalier et al. [35] also pointed out in their research

that with the increase in the volume fraction of silica

nanoparticles in ethanol-based nanofluid the viscosity of

nanofluid increases significantly compared to pure ethanol.

Schmidt et al. [36] showed that by increasing the volume

fraction of aluminum oxide nanoparticles in a wide range

of basefluids such as polyolefin, cellulose and isoparaffin,

the values of nanofluid viscosity increase and this

enhancement was observed in volume fractions ranging

from 0.25 to 1 vol%. Chandrasekar et al. [37] showed that

with the increment of Al2O3 nanoparticles volume fraction

from 0.33 to 5 vol% a very significant increase was

observed in nanofluid viscosity.

Considering the information provided by other

researchers on the viscosity of nanofluids, it is concluded

that with the increase in temperature the values of

nanofluids viscosity reduce significantly and in the all

nanofluids the results follow similar to this trend. Large

numbers of reports have presented that the temperature as a

major factor influences the physical properties of nanoflu-

ids including viscosity, thermal conductivity, heat capacity,

and density [25]. With the increase in the nanofluid tem-

perature, the attractive forces between the nanoparticles

and the basefluid molecules reduce due to the larger

magnitude in Brownian random motion of nanoparticles

and this leads to a significant reduction in nanofluid vis-

cosity [38, 39].

Goharshadi et al. studied the rheological properties of

zirconium oxide/ethylene glycol nanofluid at different

temperatures. They observed that with increasing the

temperature the viscosity of nanofluid diminishes. They

were also able to estimate viscosity data obtained by

experimentation by using the model they proposed [40].

Pastoriza et al. [41] measured the viscosity of alumina/

ethylene glycol nanofluids at different temperatures. Their

experimental results showed that with the temperature

enhancement the nanofluid viscosity decreases, and this

declination was according to the following equation:

ln lnf ¼ Aþ B

C þ T
ð1Þ

Namburu et al. [26] also measured the nanofluid vis-

cosity in a temperature range of 50–35 �C. They observed

that by the decrease the temperature viscosity of nanofluid

increases, and the rheological behavior of nanofluid

approaches non-Newtonian state in case of temperature

declination close to the freezing point of the basefluid.

Sundar et al. [42] investigated the effect of temperature on

nanofluid viscosity containing iron oxide nanoparticles

dispersed in distilled water. Their results exhibited that the

viscosity of nanofluid depends on temperature signifi-

cantly, and a large reduction in this parameter was seen by

increasing the temperature.

The aim of this study is to study the impacts of both

basefluid and nanoparticles types on dynamic viscosity of

nanofluid. For this purpose, two types of nanoparticles
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were dispersed in aqueous and non-aqueous basefluids

separately. Then, the viscosity of nanofluids was measured

in different temperatures and nanoparticles’ mass fraction.

In addition, comprehensive correlations were obtained by

using hybrid GMDH-type neural network method for the

prediction of nanofluid viscosity at various conditions.

Considering the impacts reported in previous researches

regarding nanoparticles density on thermophysical prop-

erties of nanofluids including dynamic viscosity and ther-

mal conductivity [2, 3, 43, 44], in this research both Al2O3

and WO3 nanoparticles were chosen as an available and

commercial nanoparticles, whose densities are 3.95 and

7.16 g cm-3, respectively, for the purpose of accentuating

on the influence of this parameter on experimental dynamic

viscosity of nanofluids and final proposed correlation at

various nanoparticles loads and temperatures. Furthermore,

the other factor that increasingly effect the dynamic vis-

cosity of nanoparticles was chosen to be the type of

basefluids due to the forces resulted from the polarity of

water molecules as well as weak Van Der Waals forces

between paraffin molecules [23, 43, 45]. Thus, it is

worthwhile to investigate the effect of these intramolecular

forces, which can be implied from macroscopic properties

of pure basefluids [46], on viscosity of nanofluid containing

oxides nanoparticles with different molecular weights.

Experimental

Materials

In this research, Al2O3 and WO3 nanoparticles were pur-

chased from US Nano Company with purity of 99.99%,

and physical properties of nanoparticles are presented in

Tables 1 and 2, respectively. Moreover, for the preparation

of nanofluids, deionized water was used and liquid paraffin

model 107160 was purchased from Merck Company,

Germany, with detailed physical properties presented in

Table 3. In addition, deionized water was used for washing

the laboratory glasswares [23].

Instruments

In this study, a cylindrical viscometer (Brookfield model

DV2T, USA) was used with detailed specification pre-

sented in Table 4 for measuring the viscosity of oxides

nanoparticles-loaded nanofluids at condition where various

nanoparticles mass fraction was used. For imaging and

estimating the size and morphology of nanoparticles,

transmission electron microscopy analysis (TEM) (Hitachi,

9000 NA, Japan) was used on de-moisturized nanoparti-

cles. Also for the estimation of Al2O3 and WO3 nanopar-

ticles stability within the deionized water and paraffin

model 107160, zeta potential analysis was performed on

nanofluids samples containing 0.005 mass% nanoparticles

by using the plot of total counts versus total electrostatic

voltage (obtained from ZetaSizer, Malvern, ZetaSizer

Nano ZS, UK). During the applying viscosity measure-

ment, the temperature was set on constant value by using

an isothermal circulator bath (- 40, 7 L Ref. Circulator,

PolyScience Co., USA) and for the preparation of stock

nanofluid certain amount of Al2O3 and WO3 nanoparticles

was measured by using a precise electric balance (HT

series, Che Scientific Co., Hong Kong). Finally, in order to

measure the sizes of nanoparticles within the aqueous and

non-aqueous basefluids and observe the distribution size of

nanoparticles, dynamic light scattering (DLS) (Malvern,

ZetaSizer Nano ZS, UK) was performed on diluted

samples.

Table 1 Physical properties of Al2O3 nanoparticles

Molecular weight 101.96 g mol-1

Density 3.95 g cm-3

Melting point 2072 �C
Boiling point 2977 �C

Table 2 Physical properties of WO3 nanoparticles

Molecular weight 231.84 g mol-1

Density 7.16 g cm-3

Melting point 1473 �C
Boiling point 1700 �C

Table 3 Physical properties of liquid paraffin model 107160

EC no. and CAS no. 232-384-2 and 8012-95-1

Vapor pressure at 20 �C \ 0.01 Pa

Density at 20 �C 0.86 g cm-3

Kinematic viscosity at 40 �C 42.5 mm2 s-1

Boiling point 300–500 �C
Ignition point 300 �C

Table 4 Specification of viscometer used in this study

Sample volume 5 mL-1

Range of viscosity measurement 1–2,000,000 cp

Accuracy of viscometer ± 1%

Spindle materials Stainless steel

Maximum temperature operation 190 �C
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Nanofluid preparation

In this study, in order to prepare nanofluids with different

nanoparticles loads a certain amount of Al2O3 and WO3

nanoparticles was first weighed (about 1 g of oxide

nanoparticles) and then dispersed in 19 g of distilled water

or liquid paraffin separately under stirring condition of

500 rpm for 30 min. Afterwards, in order to separate the

agglomerates of nanoparticles within the basefluids the

solutions were placed under sonication waves with a time

period of 0.5 s and amplitude of 60% for three steps of

20 min with 5 min rest between each step. Then, other

concentrations of nanofluids were made by diluting the

stock solution obtained at this stage as given in Table 5.

In order to make solutions with lower concentrations

(for example 1 mass%), 4 g of stock nanofluid with a

concentration of 5% was taken in accordance with the

values presented in Table 5 and then the desired basefluid

(water or liquid paraffin) was added to nanofluid until the

total mass of nanofluid reaches 20 g. Accordingly, for the

preparation of nanofluids with various nanoparticles loads

(5, 1, 0.5 and 0.1 mass%), a certain amount of stock col-

loidal suspension was diluted by adding pure basefluids.

Measuring dynamic viscosity of nanofluids

In order to measure the dynamic viscosity of nanofluid with

various mass fractions of oxides nanoparticles in aqueous

and non-aqueous basefluids, 5 mL of each sample was

introduced to a cylindrical vessel. After putting the spindle

of viscometer, the values of shear stress were measured at

different shear rates of 2.6, 3.5, 4.8, 6.1, 6.9, 11.8, 14.2,

19.4, 36.0, 53.9, and 64.6 1 s-1. Also the temperature of

vessel was kept at 5, 25, 45, and 65 �C, and the viscosity of

each sample was measured at different temperatures. In

addition for eliminating any further experimental errors

and avoid effect of every unstable temperature, the mea-

surements were repeated 2 times at constant condition.

Thus, the standard deviation for dynamic viscosity mea-

surement at fixed temperature and nanoparticles mass

fraction was calculated by using Eq. 2:

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

i li � �lð Þ2

n2

s

ð2Þ

where li is dynamic viscosity of nanofluid at fixed shear

rate, �l is average dynamic viscosity of nanofluid, and n is

numbers of measurements (m = 11 for each asserted shear

rate).

Uncertainty analysis

The uncertainty of each measurement was calculated by

using dynamic viscosity measurement error, the error of

precise electric balance, and isothermal circulator bath

error. Thus, according to accuracy of thermal circulator

bath (± 0.005 �C), precise electric balance (± 0.0003 g)

and the accuracy of viscometer (± 1%), the uncertainty of

experimentation was calculated by means of Eq. 3 [47]:

UM ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dl
l

� �2

þ Dw
w

� �2

þ DT
T

� �2
s

ð3Þ

The maximum value of uncertainty for dynamic viscosity

measurement was found to be 8.3%.

Results and discussion

Characterization

TEM analysis

In this research, TEM test was used to determine the shape

and sizes of dry nanoparticles. In order to apply TEM

analysis on samples, aluminum oxide and tungsten oxide

nanoparticles were dispersed in ethanol with mass fraction

of 0.0001 mass%. Then, the samples were introduced to

TEM after full evaporation of ethanol. Figure 1 shows the

results of TEM analysis of Al2O3 nanoparticles. The results

of this figure indicate that mean diameter of Al2O3

nanoparticles was found to be 40 nm, mostly ranged from

10 to 70 nm. In addition, it is evident from the results of

TEM analysis that the Al2O3 nanoparticles morphology

was spherical.

Table 5 Mass of stock nanofluid needed for the preparation of diluted nanofluids

Nanofluid mass fraction in basefluid/mass% Mass of nanofluid taken from stock solution/g Final mass of nanofluid after dilution/g

5 – 20

1 4 20

0.5 2 20

0.1 0.4 20
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Figure 2 also shows the results of TEM analysis of WO3

nanoparticles. The results of this figure exhibit that mean

diameter of WO3 nanoparticles was found to be nearly

20 nm, mostly ranged from 10 to 40 nm. This figure also

shows that the WO3 nanoparticles morphology was

spherical similar to those obtained for Al2O3 nanoparticles.

According to the results of previous efforts, that nanopar-

ticle shape has highest impact on hydrodynamic properties

of nanofluid [2, 3, 23, 44]. It is concluded from the results

of Figs. 1 and 2 that both Al2O3 and WO3 have spherical

morphology; therefore, the difference on nanofluids’ vis-

cosity may not be resulted from shape and morphology of

nanoparticles.

DLS analysis

In this research, dynamic light scattering (DLS) was used

for measuring the mean diameter of Al2O3 and WO3 as

well as distribution curve for nanoparticles’ size in base-

fluids (distilled water and liquid paraffin model 107160).

The results of DLS analysis for each nanofluids sample are

shown in Fig. 3. The results of DLS analysis for Al2O3/

water and Al2O3/liquid paraffin show that the average

diameter of the nanoparticles in both basefluids (after

applying the ultrasonic process) is about 42 nm

(Fig. 3a, b), and the polydispersity index (PDI) for

nanoparticles’ size in water and liquid paraffin is about

0.342 and 0.412, respectively.

Also, the results of DLS for WO3/water and WO3/liquid

paraffin (Fig. 3c, d) show that the average size of

nanoparticles in the basefluids is about 21 nm and the value

of PDI for nanoparticles’ size in the water and liquid

paraffin is about 0.147 and 0.330, respectively. The results

of this analysis show that the average size of nanoparticles

is according to those obtained from TEM analysis declar-

ing no significant agglomeration of nanoparticles in base-

fluids environment.

The stability of colloidal suspension can be measured by

using the results of zeta potential analysis [3]. The mag-

nitude and maximum value of zeta potential show the

intensity of distributed electrostatic repulsion covered

nanoparticles’ surface dispersed in basefluid. Conse-

quently, the enhancement in the value of zeta potential

more than ? 40 mV or less than - 40 mV, depending on

Fig. 1 TEM images of Al2O3

nanoparticles
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nanoparticles and basefluid type, more stable colloidal

suspension are resulted; therefore, larger magnitude of the

zeta potential exhibits the higher repulsive electrostatic

forces of nanoparticles that do not tend to agglomerate

[2, 3, 23, 48, 49].

The results of zeta potential analysis for Al2O3/water,

Al2O3/liquid paraffin, WO3/water, and WO3/liquid paraffin

are presented in Fig. 4. These results exhibit that the large

number of both Al2O3 and WO3 nanoparticles has maxi-

mum zeta potential at electrical potential less than

- 40 mV, showing high stability of oxides nanoparticles

within aqueous and non-aqueous basefluids [2, 50].

Viscosity

In this research, after the preparation of Al2O3/water and

WO3/water nanofluids the viscosity of nanofluids was

measured at various temperatures and nanoparticles mass

fractions. In this case, the mass fraction of nanoparticles

was considered as 0.1, 0.5, 1, and 5 mass% and tempera-

ture was set on 5, 25, 45, and 65 �C during every mea-

surements. For this purpose, the effects of mentioned

parameters were investigated on dynamic viscosity of

nanofluids at different strains. Figure 5 shows the value of

viscosity versus shear rate for Al2O3/water and WO3/water

nanofluid at different temperatures, respectively, and mass

fractions of 0.1 and 5 mass%.

As shown in Fig. 5a, b, the viscosity can be considered

as a function of the mass fraction of Al2O3 nanoparticles at

constant temperature and it is evident that with the increase

in nanoparticles mass fraction the value of nanofluid

dynamic viscosity increases significantly. Also, when

Al2O3 nanoparticle is added to water the viscosity is

measured to be constant in different shear rate declaring

Newtonian behavior of nanofluid. Figure 5a, b shows that

the viscosity of the nanofluid decreases with increasing

temperature, and the value of viscosity deviate at higher

temperature resulted in impact of temperature on

nanoparticles’ random movement. Nano-sized particles

have a microscopic effect on hydrodynamic and thermal

properties of nanofluid; therefore, according the results

obtained by Koo et al. [4] with the temperature increases,

the nanoparticle movements and the velocity of these

Fig. 2 TEM images of WO3

nanoparticles
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movements increase leading to higher momentum transfer

between fluids’ layers.

Figure 5c, d shows the results of measurement for the

viscosity of WO3/water nanofluid versus shear rate at a

constant nanoparticles mass fraction and temperature. It

can be concluded from this figures that with the increase in

nanoparticles mass fraction the value of nanofluid dynamic

viscosity increases significantly similar to that obtained for

Al2O3/water nanofluid, and the value of dynamic viscosity

is found to be constant in different shear rate presenting

Newtonian behavior of WO3/water nanofluid. The results

presented in Fig. 5c, d exhibit that the viscosity of the

nanofluid decreases with increasing temperature due to the

enhanced nanoparticles’ velocity, leading to declination in

intramolecular forces within the basefluid.

Figure 6a, b shows the results of measured dynamic

viscosity for Al2O3/liquid paraffin nanofluid versus various

shear rates at constant temperature and nanoparticles mass

fraction. These results exhibit that with the increase in

temperature the value of dynamic viscosity declines sig-

nificantly, and also for the case where nanoparticles are

added to liquid paraffin, the viscosity gains higher values at

lower shear rate magnitude, indicating the non-Newtonian

behavior of Al2O3/liquid paraffin nanofluid. These results

also show that with the increase in temperature the

dependency of nanofluid viscosity to shear rate declines,

indicating the Newtonian behavior of nanofluid at higher

temperature. In addition, the findings presented in this

figures also declare that with the increase in shear rate the

value of dynamic viscosity approaches a constant value

which is considered as final dynamic viscosity for non-

aqueous-based nanofluid in this research.

Figure 6c, d also shows the results of dynamic viscosity

for WO3/liquid paraffin nanofluid versus various shear

rates at constant temperature and nanoparticles mass frac-

tions of 0.1 and 5 mass%. These results also show that with
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the increase in temperature the value of dynamic viscosity

declines and the value of viscosity is higher at lower shear

rate magnitude declaring the non-Newtonian behavior of

WO3/liquid paraffin nanofluid. These results also show that

with the increase in temperature the impacts of shear rate

on dynamic viscosity decline similar to those obtained for

Al2O3/liquid paraffin nanofluid and with the increase in

shear rate the value of dynamic viscosity approaches a

constant value.

Data presented in Fig. 7 show the dynamic viscosity of

Al2O3/water at various temperatures and nanoparticles

mass fractions. These results present that with the incre-

ment in nanoparticles mass fraction from 0.1 to 5 mass%

the dynamic viscosity of nanofluid increases from 1.6 to

2.3 Pa.s at fixed temperature of 5 �C. In addition, with the

increase in nanoparticles load from 0.1 to 5 mass% the

dynamic viscosity of nanofluid enhances from 0.4 to
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0.7 Pa.s at 65 �C. According to the results presented in this

figure, it is evident that for Al2O3/water the increase in the

temperature leads to significant declination in nanofluid

dynamic viscosity. Consequently, with temperature

enhancement from 5 to 65 �C the value of average dynamic

viscosity reduces around 75% for those contain 0.1 mass%

Al2O3 nanoparticles; however, for the condition where the

mass fraction was set on 5 mass% this enhancement in

temperature leads to dynamic viscosity declination about

69%. It can be observed from the results of this figure that

both temperature and nanoparticles mass fraction have

intense impact on the dynamic viscosity of Al2O3/water

nanofluid, although it has been reported [2, 3, 44, 51] that

the temperature influences the hydrodynamic and thermal

properties of nanofluid more intensively.

Figure 8 exhibits the dynamic viscosity of Al2O3/liquid

paraffin at various temperatures and nanoparticles mass

fractions. These results also show that with the increase in

nanoparticles mass fraction from 0.1 to 5 mass% the value

of dynamic viscosity enhances from 58 to 93 Pa.s at tem-

perature of 5 �C and with the increase in Al2O3 nanopar-

ticles mass fraction from 0.1 to 5 mass% the dynamic

viscosity of nanofluid enhances from 25 to 32 Pa.s at

65 �C. According to the results presented in this figure, it is

evident that with the increase in temperature from 5 to

65 �C the value of average dynamic viscosity decreases

around 57% for 0.1 mass% Al2O3/water nanofluid. How-

ever, for the condition where the mass fraction was set on

5 mass% this enhancement in temperature leads 54%

declination in dynamic viscosity of nanofluid.

The results presented in Fig. 9 show the measured

dynamic viscosity of WO3/water nanofluid at various

temperatures and nanoparticles loads. These results repre-

sent that with the increase in nanoparticles mass fraction

from 0.1 to 5 mass% the value of average dynamic

viscosity of water-based nanofluid increases from 1.7 to

2.4 Pa.s at temperature of 5 �C and with the increase in

nanoparticles load from 0.1 to 5 mass% the value of this

parameter enhances from 0.4 to 0.8 Pa.s at 65 �C. The

results of this figure also show that with the increase in

temperature from 5 to 65 �C the value of average dynamic

viscosity reduces around 76% for 0.1 mass% WO3/water

nanofluid, although for nanofluid with nanoparticles mass

fraction of 5 mass% this enhancement in temperature

causes 67% decrease in dynamic viscosity of WO3/water

nanofluid.

The results of dynamic viscosity measurement WO3/

liquid paraffin nanofluid are presented in Fig. 10 versus

various temperatures at various WO3 nanoparticles mass

fractions. These results clearly show that with the

enhancement in WO3 nanoparticles mass fraction in liquid

paraffin from 0.1 to 5 mass% the value of nanofluid
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dynamic viscosity increases from 60 to 85 Pa.s at 5 �C and

for the same enhancement in nanoparticles mass fraction

the value of this parameter enhances from 26 to 39 Pa.s at

65 �C. According to results of this figure, it can be con-

cluded that with the increase in temperature from 5 to

65 �C the value of average dynamic viscosity reduces

around 53% for nanofluid containing 0.1 mass% WO3

nanoparticles and for those nanofluids containing 5 mass%

nanoparticles the enhancement in temperature from 5 to

65 �C leads 54% decrease in dynamic viscosity of WO3/

liquid paraffin nanofluid.

Effect of temperature

The experimental results of this study show that with the

increase in temperature the viscosity of oxides nanoparti-

cles-loaded nanofluid declines independent to basefluid

types. The main mechanism for this declination is due to

the induced micro-convection caused by random motion of

nanoparticle leading to a significant decrease in inter-

molecular forces between basefluid components [2, 4, 52].

The results of this study showed that with the increase in

temperature as shown in Figs. 7–10 for Al2O3/water,

Al2O3/liquid paraffin, WO3/water, and WO3/liquid paraffin

nanofluids the dynamic viscosity decreases significantly. In

addition, it is concluded from the results of this study that

with the increase in temperature from 5 to 65 �C the

maximum value of dynamic viscosity reduction (76%) was

obtained for WO3/water nanofluid with nanoparticles mass

fraction of 0.1 mass%, although the minimum value of

viscosity declination (53%) was achieved for WO3/liquid

paraffin nanofluid with nanoparticles mass fraction of

0.1 mass%.

Effect of nanoparticles mass fraction

In addition, the results presented in Figs. 7–10 declared

that with the increase in mass fraction of oxides nanopar-

ticles within the aqueous and non-aqueous basefluids the

dynamic viscosity of nanofluids increases due to the

enhancement in solid nanoparticles content. The results of

this study also declared that with the increase in the mass

fraction of Al2O3 and WO3 nanoparticles from 0.1 to

5 mass% at the temperatures of 5, 25, 45, and 65 �C the

dynamic viscosity of Al2O3/liquid paraffin nanofluid

increases about 31, 28, 27, 36% and for WO3/liquid

paraffin nanofluid this enhancement was found to be 38,

34, 28, and 30%, respectively.

Effect of basefluid and nanoparticles types

Figure 11 shows the value of dynamic viscosity at various

temperatures and nanoparticles mass fraction of 5 mass%.

These results indicate that for nanofluids with same base-

fluid (water or liquid paraffin), WO3 nanoparticles increa-

ses the viscosity of nanofluid more that Al2O3

nanoparticles. According to the Brownian motion of

nanoparticles, it has been indicated that with the increase in

nanoparticles density the velocity magnitude of nanopar-

ticles random motion decreases [2, 3, 44]; therefore, for

this case it is concluded that due to the higher density of

WO3 nanoparticles in comparison with Al2O3 nanoparti-

cles higher dynamic viscosity is expected.

Also it is evident from the results of Fig. 11 that for

nanofluids with different basefluids, similar effect of

nanoparticles’ type is observed. Accordingly, for both

aqueous- and non-aqueous-based nanofluids, addition of

WO3 increases the viscosity of nanofluid more than that

contains Al2O3 nanoparticles. Therefore, it is concluded

that nanoparticles type has much higher impact on nano-

fluid viscosity in comparison with basefluid type and this

effect would be independent of basefluid types.

In this research, the rheological behavior of nanofluid,

obtained from experimental data, exhibit that paraffin-

based nanofluid shows shear-thinning behavior which

strongly depends on several parameters including

nanoparticles shape and size, nanoparticles mass fraction,

and temperature. According to previous efforts, it is men-

tioned that with the increase in shear rate aggregated

nanoparticles give up the intermolecular forces that lead to

make nanoparticles together. By this external force, these

aggregates lunch to break apart and consequently move in

the direction in which shear rate increases, resulting a

significant decrease in viscosity of the nanofluid [53].

Furthermore, with the increase in the shear rate the vis-

cosity of nanofluids approaches a constant value repre-

senting weak interactions between nanoparticles. On the

contrary, with the declination in shear rate a significant

growth of nanoparticles forms and causes to rebuild a
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strong network which resist against any external forces

[53]. In this research, non-Newtonian behavior of paraffin-

based nanofluids at low shear rates is similar to those of

observed by previous researcher with implementation of

different nanoparticles [21, 53–55].

Correlation

Aqueous-based nanofluid

In this research for estimating the relative dynamic vis-

cosity of water-based nanofluids at various temperature and

oxides nanoparticles mass fractions, a regression analysis

was made based on hybrid group method of data handling

(GMDH)-type neural network [22]. Therefore, a correla-

tion for calculating relative dynamic viscosity of Al2O3/

water and WO3/water nanofluid was obtained as function

of temperature (�C), nanoparticles and basefluid physical

properties (k), and nanoparticles’ mass fraction (mass%),

by using GMDH Shell DS software (the following corre-

lation was obtained with R2 = 0.97):

lnf
lb

¼ B1k
a þ B2T

b þ B3w
c þ B4

1:5447e� 0:023:T

B1 ¼ � 1:228; B2 ¼ � 3:027; B3 ¼ 0:575;

B4 ¼ 6:256; a ¼ � 0:206; b ¼ 0:130; c ¼ 0:192

ð4Þ

where

k ¼
Mwnpqnp
Mwbfqbf

ð5Þ

where Mwnp and qnp are molecular weight and density of

nanoparticles and Mwbf and qbf are also molecular weight

and density of basefluid (water). Adding nanoparticles

increases the viscosity of nanofluid. In addition, with the

decrease in shear rate, at constant temperature and

nanoparticles mass fraction, higher viscosity is resulted for

liquid paraffin-based nanofluids; therefore, it is convenient

to used average dynamic viscosity of nanofluid for pre-

diction of appropriate correlation at which this parameter

approaches to a constant value, (for viscosity measurement

at shear rates of higher than 10 L s-1).

Figure 12 shows the value of relative dynamic viscosity

of nanofluid which have been obtained by Eq. 4 versus

experimental values of relative dynamic viscosity for

Al2O3/water and WO3/water nanofluids. It is evident from

the results of this figure that Eq. 4 can estimate the ratio of

dynamic viscosity of water-based nanofluid to pure base-

fluid at various temperatures of 5, 25, 45, and 65 �C and

nanoparticle mass fractions of 0.1, 0.5, 1, and 5 mass% for

Al2O3/water and WO3/water nanofluids with deviation

majorly less than 10% from experimental values.

Non-aqueous-based nanofluid

Also in order to estimate the relative dynamic viscosity of

liquid paraffin-based nanofluids at various temperature and

nanoparticles mass fractions, a regression analysis was

made based on (GMDH)-type neural network [22]. For this

purpose, a correlation for the estimation of the dynamic

viscosity of Al2O3/liquid paraffin and WO3/liquid paraffin

nanofluid was obtained incorporating temperature (�C),
nanoparticles and basefluid physical properties (�k), and

nanoparticles’ mass fraction (mass%) with R2 = 0.96:
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lnf
lb

¼ A1
�k
�a þ A2T

�b þ A3w
�c þ A4

52:36e� 0:013:T

A1 ¼ � 32:072; A2 ¼ � 6:191; A3 ¼ 12:895;

A4 ¼ 116:64; �a ¼ 0:136; �b ¼ 0:513; �c ¼ 0:346

ð6Þ

where

�k ¼ Mwbfqbf
Mwnpqnp

; �kk ¼ 1 ð7Þ

Figure 13 presents the values of relative dynamic vis-

cosity of nanofluid which have been obtained by Eq. 6

versus experimental values of relative dynamic viscosity

obtained for Al2O3/liquid paraffin and WO3/liquid paraffin

nanofluids. It is concluded from the results presented in this

figure that Eq. 6 can estimate the ratio of dynamic viscosity

of liquid paraffin-based nanofluid to those obtained for

basefluid at various temperatures of 5, 25, 45, and 65 �C
and nanoparticle mass fractions of 0.1, 0.5, 1, and 5 mass%

with deviation majorly less than 10% from experimental

data.

In order to validate the presented correlation for water-

based and liquid paraffin-based nanofluids, experimental

data were obtained from previous researches and a com-

parison was made on obtained results given in Table 6.

According to the results presented in this table,

experimental data were obtained from a research (Zadeh

et al. [31]), on dynamic viscosity of nano-silver/ethylene

glycol nanofluid and the corresponding values were

obtained by using Eqs. 3 and 5. It is evident from the

results presented in this figure, for the case of nano-silver/

ethylene glycol nanofluid Eq. 3 calculates the relative

dynamic viscosity of the mentioned nanofluid with a large

deviation from experimental value (around 100%), indi-

cating that this correlation cannot estimate the relative

dynamic viscosity of nanometal-loaded nanofluid well.

Moreover, the data in this table clearly exhibit that Eq. 6

can estimate relative viscosity of mentioned nanofluid with

a deviation less than 35%. These results also show that

Eq. 6 can predict relative dynamic viscosity of nanofluid

within the temperature range of 40–50 �C and nanoparti-

cles’ mass fractions of 8.72, 6.67, 4.54, and 2.32 mass%

with the least deviation from the experimental data set.

Table 7 also represents the comparison between values

obtained by Eqs. 3 and 5 and the experimental data

obtained for NiO/crude oil nanofluid viscosity (Attari et al.

[2]). It is evident that for the case of NiO/crude oil nano-

fluid both Eqs. 3 and 5 can estimate nanofluids’ viscosity

with a deviation less than 10% from the experimental data.

These results clearly show that the both correlation can

calculate the relative dynamic viscosity of the mentioned

nanofluid within the temperature range of 40–80 �C with

Table 6 Comparison between data obtained by Eqs. 3 and 6 with experimental data for Ag/ethylene glycol nanofluid viscosity

Temperature/

�C
k Mass

fraction/mass%

Experimental

data

Data

obtained

by Eq. 3

Data

obtained

by Eq. 6

Deviation of values obtained

by Eq. 3 from experimental

data

Deviation of values obtained

by Eq. 6 from experimental

data

40 16.4 8.72 1.45 2.51 1.86 - 73.39 - 28.72

45 16.4 8.72 1.45 2.68 1.81 - 85.04 - 24.55

50 16.4 8.72 1.52 2.87 1.75 - 88.83 - 15.05

45 16.4 6.67 1.34 2.60 1.72 - 94.29 - 28.95

50 16.4 6.67 1.41 2.87 1.67 - 97.22 - 18.48

40 16.4 4.54 1.24 2.34 1.68 - 89.31 - 35.78

45 16.4 4.54 1.25 2.50 1.62 - 99.68 - 29.85

50 16.4 4.54 1.28 2.66 1.56 - 107.84 - 22.33

45 16.4 2.32 1.10 2.33 1.45 - 111.51 - 32.50

50 16.4 2.32 1.12 2.47 1.40 - 120.55 - 25.04

Table 7 Comparison between data obtained by Eqs. 3 and 6 with experimental data for NiO/crude oil nanofluid viscosity

Temperature/

�C
k Mass

fraction/mass%

Experimental

data

Data

obtained

by Eq. 3

Data

obtained

by Eq. 6

Deviation of values obtained

by Eq. 3 from experimental

data

Deviation of values obtained

by Eq. 6 from experimental

data

40 0.72 2 1.24 1.15 1.21 7.83 3.18

50 0.72 2 1.18 1.16 1.15 1.32 5.18

80 0.72 2 0.97 1.04 0.87 - 6.84 - 10.57
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NiO nanoparticles mass fraction of 2 mass% within the

deviation range of - 10.57 to 7.83.

Conclusions

In this study, the effect of temperature and mass fraction of

Al2O3 and WO3 nanoparticles in distilled water and liquid

paraffin model 107160, was investigated on dynamic vis-

cosity of nanofluid. In order to prevent agglomeration of

nanoparticles during the preparation of nanofluid, they

were suspended in aqueous and non-aqueous medium by

using an ultrasonic processor.

The results of the TEM tests showed that the size of

Al2O3 and WO3 nanoparticles was ranged from 10 to

60 nm, and the results showed that the structure of

nanoparticles was semi-spherical. Also the results of DLS

and zeta potential tests, respectively, exhibited the size and

stability of the nanoparticles in the basefluid environment.

In order to carry out viscosity tests, samples of nanofluid

including Al2O3/water, WO3/water, Al2O3/liquid paraffin,

and WO3/liquid paraffin with mass fractions of 0.1, 0.5, 1,

and 5 mass% were prepared and then viscosity tests were

performed on samples at 5, 25, 45, and 65 �C.
The results showed that adding a certain amount of

nanoparticles to water and liquid paraffin increases vis-

cosity and, in the case of various shear rates, the viscosity

is constant for the water-based nanofluids, which indicates

the Newtonian behavior of the nanofluid. For those pre-

pared by liquid paraffin as a basefluid, the viscosity is not

the same at different shear rates and at low value of shear

rate the viscosity is higher, indicating non-Newtonian

behavior of liquid paraffin-based nanofluids. Consequently,

by adding nanoparticles to the liquid paraffin, the nanofluid

behaves like a non-Newtonian fluid at low shear rate

values.

Increasing the temperature in liquid paraffin-based

nanofluid contributes to the uniformity and linearity of the

viscosity curve at various shear rates, which represents

Newtonian behavior of nanofluid at higher temperatures.

These results showed that with increasing mass fraction of

nanoparticles in water and liquid paraffin, the viscosity

increases in different shear rates. Finally, the correlation

presented in this study shows that for nanofluid viscosity as

a function of nanoparticles load and temperature, the

deviation of correlated data from experimental values is

less than 10%.
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