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In this study the effects of mass fraction of CuO nanoparticles and temperature was investigated on the
dynamic viscosity of liquid paraffin based nanofluid. For this purpose, CuO nanoparticles were prepared
by using precipitation method in which Cu(NO3)2�3H2O was used as a precursor. Moreover, in order to
assess the morphology and stability of nanoparticles, TEM and DLS analysis as well as zeta potential test
were performed on CuO nanoparticles. The results of TEM analysis indicated that the average nanopar-
ticles diameter was ranged from 15 to 30 nm. In addition, the results of experiments indicated that with
the enhancement of nanoparticles load the ratio of the dynamic viscosity of nanofluid to basefluid
increases and with the increase of temperature the viscosity of nanofluid declines significantly.
Moreover it was concluded that dynamic viscosity of nanofluid increases at the condition where CuO
mass fraction was chosen to be above 1.5 wt% while at the condition below 1.5 wt% the change in viscos-
ity is not highly tangible. Finally, a unique empirical correlation including temperature and mass fraction
of CuO nanoparticles was obtained based on regression analysis and used for calculating the relative vis-
cosity of nanofluid. The results of regression analysis exhibited that the deviation of the data obtained by
correlation from the experimental values was mostly less than 5% and the results of sensitivity analysis
showed that the nanofluid viscosity is more sensitive to nanoparticles mass fraction in comparison with
the temperature.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Today the application of nanomaterials has been noticed by
many scholars due to their high impacts in developed technologies
at the various fields of science [1–6]. The application of nanoparti-
cles have been developed due to their interesting properties in var-
ious applications including reinforced nanostructure, catalyst,
medical application, electrical application, and thermal and trans-
port properties [4]. Nanofluids, (a dispersion containing nanometer
size particles dispersed in a basefluid) [7], have especial thermal
and hydrodynamic properties [8,9]. Two main properties of nano-
fluid, (which are influenced by various parameters including mass
fraction and temperature), are viscosity and thermal conductivity
that influence the power needed for pumping fluid in laminar
and turbulent flows as well as heat that can be transferred at var-
ious flow regimes respectively. It is evidence that the viscosity of
nanofluid is higher than that of basefluids [10] and the relative
thermal conductivity is higher than unity in many cases [11]; con-
sequently, by the application of nanofluid smaller heat transfer
equipment may be used in industries. The viscosity and thermal
conductivity of nanofluids relays on various parameters including
temperature, particle size, and nanoparticles mass fraction [12].

Besides, the cooling process is one of the most important issues
in various industries. Therefore the application of nanofluid is
affordable in heat transfer equipment. It has been reported that
the nanoparticles interface and polarity of basefluid has been
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Table 1
Physical properties of liquid paraffin model 107160.

No Properties Value

1 CAS-No. and EC No. 8012-95-1, 232-384-2
2 Vapor pressure Lower than 0.01 Pa (@20 �C)
3 Specific gravity Density 0.860 g/cm3

4 Flash point 230 �C
5 Solubility Insoluble in H2O (20 �C)
6 Boiling point 300–500 �C
7 Melting point 8–13 �C
8 Ignition temperature 300 �C
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noticed since they affect the thermophysical properties of nano-
fluid. Due to the polarity of conventional basefluid such as water,
ethanol as well as ethylene glycol there is restriction for applica-
tion of nanoparticles with nonpolar surface; therefore, application
of oil and nonpolar basefluid such as oil based fluid must be taken
into consideration in heat transfer devices. Moreover, it is clear
that the application of aqueous basefluid is limited due to their
low boiling point in furnaces and high temperature heat transfer
devices. On the other hand oil and liquid paraffin are applied for
equipment such as furnaces and shell and tube heat exchangers
that operate at the temperature higher than 100 �C [13].

It has been concluded from previous researches that the
thermo-fluidic behavior of nanofluid mainly depends on viscosity
and thermal conductivity of nanofluid; thus, in order to determine
the hydrodynamic behavior of flows and the ability of nanofluid for
heat transfer, the analysis of mentioned properties ought to be
studied within the related researches. Although there are many
researches which have been carried out regarding the impacts of
nanoparticles mass fraction and temperature on viscosity and ther-
mal conductivity of nanofluid [14], there is not complete consis-
tency about the results obtained by other scholars.

In the follow there are numbers of studies focusing on the inves-
tigation of the effect of nanoparticle load and temperature on the
viscosity of nanofluids. Prasher et al. [15] showed that with the
increment of Al2O3 nanoparticle load in water the viscosity of nano-
fluid increases.Moreover, their results exhibited that the increase in
viscosity of nanofluid, at fix nanoparticles load, viscosity ratio is
higher than the ratio of thermal conductivity, declaring the intense
impact of nanoparticles concentration on viscosity of Al2O3/water
nanofluid. Murshed et al. [16] did a research in order to measure
the viscosity and thermal conductivity of nanofluid experimentally
and theoretically. The results of their experimentation exhibited
that both properties of nanofluids was higher than their basefluids.
In addition, with the increase of the nanoparticles load in the water
based nanofluid viscosity and thermal conductivity of nanofluids
enhances significantly. Duangthongsuk et al. [17] expressed that
the ratio of the viscosity of TiO2/water nanofluid increases from 4
to 15% for the nanoparticle volume fractions ranging from 0.2 to
2.0 vol%.Hemmat Esfe et al. [18] reported that the dynamic viscosity
of oil-based nanofluid containingAl2O3 nanoparticles at various vol-
ume fractions and temperatures. In order to investigate the effect of
mentionedparameters theyprepared the sampleswithvolume frac-
tions ranging from 0.25 to 2 vol% and they carried out their experi-
mentation under the temperature range of 5 to 65 �C. In order to
estimate thedynamic viscosityof nanofluid, a newcorrelation incor-
porating temperature andvolume fractionwasused.Moreover, they
reported that the viscosity of the nanofluid highly depends on
nanoparticles load and a significant enhancement was observed
with the increments of this parameter as well as temperature. In
addition, Chandrasekar et al. [19] did a research for investigating
of the effect of nanoparticles volume fraction, ranging from 0.33 to
5 vol%, on the viscosity of Al2O3/water nanofluid. Their results
exhibited that with the nanoparticles increment the viscosity of
nanofluid increases tangibly. Furthermore, they proposed a correla-
tion for estimating the viscosity of nanofluid.

Nguyen et al. [20] reported the effect of temperature and the
particle size on the dynamic viscosities of Al2O3 and CuO water
based nanofluids. They investigated the effect of different temper-
atures ranging from 25 to 75 �C. Also they used different sizes of
Al2O3 nanoparticle with diameters of 36 nm and 47 nm as well as
CuO nanoparticle with diameter of 29 nm for preparation of
nanofluids. Their findings exhibited that with the increment of
temperature the dynamic viscosity of both Al2O3 and CuO water
based nanofluids declines.

Sundar et al. [21] studied the effect of various temperatures on
the dynamic viscosity of magnetic Fe3O4 dispersed in deionized
water as basefluid. Their results indicated that with the increment
of the temperature from 20 to 60 �C the dynamic viscosity of nano-
fluid change significantly. Namburu et al. [22] declared that with
the increase in temperature from �35 to 50 �C the dynamic viscos-
ity of nanofluids decreases. Hojjat et al. [23] investigated the rheo-
logical behavior of different water based nanofluids containing
Al2O3, TiO2 and CuO nanoparticles at various temperatures. Their
results showed that with the increase in Al2O3 and TiO2 nanoparti-
cles load the relative viscosity of nanofluid enhances while the vis-
cosity of those containing various volume fractions of CuO
nanoparticles remains constant. Aladag et al. [24] also studied
the effect of temperature on the viscosity of Al2O3 and Carbon
Nano Tube, (CNT) water based nanofluids at moderate nanoparti-
cles load. They exhibited that with the increase in the temperature
the dynamic viscosity of both nanofluids diminishes significantly.

The transport properties including viscosity and thermal con-
ductivity of nanofluid highly depends on interaction between
nanoparticles’ surface and basefluid molecules [25–27]. Although
there are wide ranges of studies focusing on the transport proper-
ties of nanofluid including oxide and metallic nanoparticles dis-
persed in various basefluids [28–30], there is no fully agreement
about the results regarding the effect of mass fraction and temper-
ature on viscosity of CuO/liquid paraffin nanofluid. Thus, in order
to shed light on the issue, this research have been carried out with
this aim that the effect of mass fraction and temperature was
investigated on the dynamic viscosity of CuO/liquid paraffin nano-
fluid as well as a comprehensive correlation for prediction of nano-
fluid viscosity was proposed.
2. Experiments

2.1. Materials

In this research Cu(NO3)2�3H2O with 99.9% purity was used as
precursor for preparation of CuO nanoparticles and purchased from
Merck Co. Germany. In addition NaOHwith 99.99% purity was used
for oxidization of Cu2+ ions that was also purchased fromMerck Co.
Germany. Also in order to prepare the nanofluid, liquid paraffin,
model 107160, was used as basefluid and purchased from Merck
Co. Germany. The physical properties of liquid paraffin are pre-
sented in Table 1. Deionized water was used for washing the labo-
ratory glass wares.
2.2. Instruments

In order to measure the dynamic viscosity of nanofluid a cylin-
drical viscometer, (Brookfield model DV2T, U.S.A), was used with
detailed specification presented in Table 2. Dynamic Light Scatter-
ing (DLS), (Malvern, ZetaSizer Nano ZS, United Kingdom), was used
for determination of nanoparticles diameter distribution dispersed
in the liquid paraffin. Also Transmission Electron Microscopy
(TEM), (Hitachi, 9000 NA, Japan), was implemented to characterize
the shape of CuO nanoparticles. Ultrasonic processor (Hielscher,



Table 2
Specification of viscometer used in this research.

Volume of sample (ml) 5
Range of viscosity measurement (cp) 1–2,000,000
Viscometer accuracy ±1%
Cylinder material Stainless steel
Maximum temperature (�C) 190
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UP200St, Germany) was used for preventing the agglomeration of
CuO nanoparticles during dispersing in the basefluid. In order to
measure the stability of nanoparticles in the basefluid Zeta Poten-
tial analysis was carried out by using the plot of total counts of col-
loid particles vs. induced total electrostatic voltage obtained from
ZetaSizer, (Malvern, Zeta Sizer Nano ZS, United Kingdom). Further-
more, the weight of dried nanoparticles, after preparation by
means of precipitation method, was measured by the precise elec-
tric balance (HT series, Che Scientific Co., Hong Kong) and the tem-
perature was kept constant during whole time of experiment using
isothermal circulator bath, (�40, 7 L Ref. Circulator, Poly Science
Co., U.S.A) with accuracy of ±0.005 �C. Moreover, in order to add
the alkali solution into the Cu(NO3)2�3H2O solution precisely a syr-
inge pump, (Viltechmeda Plus SEP21 S,), was used during the syn-
thesis of nanoparticles.
2.3. Nanofluid preparation

In this research CuO nanoparticles were prepared by using pre-
cipitation method in which the oxidization of Cu2+, (obtained from
dissolving2.416 grCu(NO3)2�3H2O in 100 ml deionized water), took
place during the synthesis by means of 0.1 M NaOH solution.
250 ml alkali solution was injected to the Cu2+ solution by means
of syringe pump with flow rate of 250 ml/h. During the injection,
the mixture of both solutions was kept under stirring condition
with 1200 rpm. Then the injection of alkali solution was continued
until pH was arrived to 14 declaring no more precipitation reac-
tion. The precipitate was separated from solution by means of cen-
trifugation method in which the solution was kept under 5000 rpm
rotation for 7 min. In order to eliminate the remained NaOH at the
surface of solids, the particles were washed by using pure ethanol,
99.99% purchased from Merck Co, Germany, 6 times. Finally for
drying the nanoparticles and evaporation of remained ethanol
the precipitate was kept in an oven at 70 �C for 24 h. As it has been
discussed in the previous researches [31], after the precipitation of
Cu2+ by means of NaOH solution the remained particles still con-
tains Cu(OH)2; thus, to eliminate the hydroxyl groups (-OH) and
transform these chemical groups to oxygen the precipitate ought
to be under high temperature for long period of time. Therefore,
the Cu(OH)2 nanoparticles were inserted in oven at the tempera-
ture of 500 �C for 4 h to form CuO nanoparticles.

After preparation of CuO nanoparticles (with physical proper-
ties reported in Table 3), in order to obtain nanofluid containing
6 wt% CuO nanoparticles, (stock nanofluid), a certain amount of
nanoparticles was dispersed in 100 ml liquid paraffin. Then a cer-
tain amount of nanofluid was diluted by adding pure liquid paraf-
fin for preparation nanofluid containing 4, 2.5, 1.5, 0.5 and 0.25 wt
% CuO nanoparticles. Then the nanofluid was under three sepa-
rated step of sonication for 1 h with amplitude and step time of
60% and 0.5 s respectively.
Table 3
Physical properties of prepared CuO nanoparticles.

Nanoparticles Bulk density (kg/m3) True density (kg/m3) Mea

CuO 798 6300–6490 15–3
2.4. Measuring the viscosity of nanofluid

In this research CuO/liquid paraffin nanofluid with different
mass fractions ranging from 0.25 to 6 wt% was prepared by dis-
persing nanoparticles in basefluid and the temperature was also
set on25, 40, 55, 70 and 100 �C for measuring the viscosity of nano-
fluid. Moreover, the viscosity and shear stress of nanofluid was
measured at different shear rates of 13, 27, 39, 66, 93, 132, and
159 1/s. Also, during applying shear rate on nanofluid, to minimize
unstable temperatures, the measurement of shear stress was done
5 times with interval time of 5 min. Then the standard deviation
for dynamic viscosity of nanofluid was calculated according to
Eq. (2).

Rl ¼ lnf =lbf ð1Þ

S:D: ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

iðRl;i � RlÞ2
m2

s
ð2Þ

where Rl;i is relative dynamic viscosity of nanofliud for each mea-

surement, Rl is average relative dynamic viscosity of nanofluid,
and m is number of measurement, (equal to 5).

2.5. Uncertainty analysis

In this research also the uncertainty analysis was defined by
using the measurement errors of the nano fluid dynamic viscosity,
mass fraction of nanoparticles, and temperature. This value of
uncertainty analysis was measured for viscosity measurement
with accuracy of ±1%, temperature accuracy of ±0.005 �C, the pre-
cise electric balance with accuracy of ±0.0003 g. The following
equation was used for calculating the uncertainty analysis of
dynamic viscosity of nanofluid [12]:

U ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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l

� �2
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w

� �2

þ DT
T

� �2
s
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where l is dynamic viscosity of nanofluid at fixed temperature and
mass fraction. According to data obtained from Eq. (3) the maxi-
mum uncertainty of the experiment for dynamic viscosity measure-
ment would be ±3.7%.

3. Results and discussion

3.1. Characterization

The results of TEM analysis are presented in Fig. 1. According to
this figure nanoparticles mean diameter was within 15–30 nm and
these findings indicate that the nanoparticles morphology was
semispherical. As it has been reported in previous efforts, the
aggregation of nanoparticles within the basefluid is the most
important factor that can change the physical properties of nano-
fluid significantly. Thus, it is essential to investigate and measure
the stability of CuO nanoparticles in the liquid paraffin. For this
purpose Dynamic Light Scattering, (DLS), and Zeta potential analy-
sis were applied on the nanofluid containing CuO nanoparticles.
The results of DLS analysis is presented in Fig. 2a, indicated that
dispersed CuO nanoparticles in liquid paraffin has average diame-
ters ranged from 10 to 50 nm with PDI, (Poly Dispersity Index),
n particle size (nm) Crystallographic structure Melting point (�C)

0 Monoclinic 1326



Fig. 1. TEM images of CuO nanoparticles synthesized by using precipitation
method.

Fig. 2. The results of (a) DLS analysis and (b) Zeta potential analysis.

192 S. Ghasemi, A. Karimipour / Applied Thermal Engineering 128 (2018) 189–197
equal to 0.124, (In order to apply DLS analysis the sample was
diluted with further liquid paraffin). Also the results of DLS analy-
sis indicated that there is no significant aggregation for CuO
nanoparticles dispersed in liquid paraffin as well as these results
confirmed the sizes of nanoparticles obtained from TEM analysis.
Moreover, Fig. 2b exhibits the results of zeta potential analysis of
CuO nanoparticles dispersed in liquid paraffin after the preparation
of nanofluid. This figure indicates that the synthesized nanoparti-
cles has zeta potentials less than �40 mV and indicating high sta-
bility of CuO nanoparticles in basefluid [25,32].
3.2. Viscosity

Fig. 3 shows the dynamic viscosity of CuO/liquid paraffin nano-
fluid and the shear stress applied for measuring the viscosity vs.
various shear rates at condition where different mass fractions
were chosen and the temperature was set on 25 �C. According to
the results of this figure it is evident that with the increase in mass
fraction of CuO nanoparticles the dynamic viscosity of nanofluid
increases significantly.

Also these results shows that with the increase in shear rate the
value of shear stress increase linearly declaring Newtonian behav-
ior of nanofluid at the temperature of 25 �C for different nanopar-
ticles loads; consequently, it is concluded from this figure that with
the increase of shear rate no significant change was observed on
the viscosity of nanofluid at fix mass fraction. Moreover, these
results show that with the increase of nanoparticles mass fraction
from 0.25 to 6 wt% the value of viscosity increases around 63%.
The results of dynamic viscosity and shear stress vs. shear rate
are presented in Fig. 4a and b respectively for those experiments
where the temperature was set on 100 �C. According to the results
of Fig. 4b, the increase in shear rate lead to the increase in shear
stress linearly declaring Newtonian behavior of nanofluid at
100 �C similar to the results of previous figures. The results of
Fig. 4a also exhibits that with the increase of nanoparticles mass
fraction from 0.25 to 6 wt% the value of dynamic viscosity
increases from 0.022 to 0.036 Pa�s.

It is concluded from Figs. 3 and 4 that with the increase of tem-
perature from 25 �C to 100 �C the values of dynamic viscosity
decreases at constant CuO nanoparticles mass fraction. Moreover
the results of viscosity at various shear rate declares that the values
of dynamic viscosity is constant and independent of shear rate
exhibiting Newtonian behavior of nanofluid and different temper-
ature of 25 and 100 �C. Data presented in Fig. 5 shows the average
dynamic viscosity of CuO/liquid paraffin at various temperatures
and nanoparticles mass fractions. These results exhibit that with
the increase of mass fraction from 0.25 to 6 wt% the relative viscos-
ity of nanofluid increases from 0.02 to 0.035 Pa�s for those experi-
ments the temperature was set on 25 �C. Moreover with the
increase of mass fraction from 0.25 to 6 wt% the dynamic viscosity
of nanofluid increases from 0.041 to 0.065 Pa�s for those where the
temperature was set on 100 �C. The result of this figure also indi-
cates that with the increase in the temperature the dynamic vis-
cosity of nanofluid decreases significantly. Thus for the condition
where the mass fraction of nanoparticles was chosen to be 6 wt%,
with the increase of temperature from 25 to 100 �C the value of



Fig. 3. (a) Viscosity vs. shear rate and (b) shear stress vs. shear rate at temperature
of 25 �C.

Fig. 4. (a) Viscosity vs. shear rate and (b) shear stress vs. shear rate at temperature
of 100 �C.
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average dynamic viscosity decreases from 0.065 to 0.032 Pa�s and
for the condition where the mass fraction was set on 0.25 wt%
the enhancement in temperature from 25 to 100 �C lead to decline
the dynamic viscosity from 0.042 to 0.02 Pa�s. In this figure it can
be concluded that both temperature and mass fraction have
intense effect on the dynamic viscosity of CuO/liquid paraffin
nanofluid; although, it has been mentioned in previous efforts
[25–27] that the temperature has higher impact on hydrodynamic
as well as thermal properties of nanofluid.
Fig. 5. Average dynamic viscosity of nanofluid at various temperature and
nanoparticles mass fraction.
3.3. Temperature effect

As it can be concluded from Fig. 5, the experimental findings
exhibit that with the increase in temperature dynamic viscosity
of CuO/liquid paraffin nanofluid reduces. The declination of
dynamic viscosity is attributed to factor such as the motion of
nanoparticles at micron dimension, (the micro-convection of
nanoparticles in basefluid decreases the inter-molecular forces
between basefluid molecules) [7,12,14,26,33]. The results of this
study exhibited that with the temperature enhancement according
to Figs. 3 and 4 for a nanofluid containing CuO nanoparticles the
dynamic viscosity decreases significantly and the values of this
parameter is higher than basefluid dynamic viscosity at 100 �C.

With the increase of temperature the molecular velocity of
nanoparticles increases according to Brownian motion of nanopar-
ticles obtained by Koo et al. [34], thus it is apparent that with the
increase of temperature the Brownian motion of CuO nanoparticles
increases in basefluid; therefore, the enhancement of nanoparticles
random velocity lead to decreases the inter-molecular forces
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between basefluid and nanoparticles surface resulting lower vis-
cosity at higher temperature.
3.4. Mass fraction effect

Moreover the findings presented in Figs. 3 and 4 declared that
with the enhancement in mass fraction of CuO nanoparticles the
dynamic viscosity of nanofluids increases which is attributed to
the solid nanoparticles content. The results of this research exhib-
ited that with the increment in the mass fraction of CuO nanopar-
ticles from 0.25 to 6 wt%at the temperatures ranging of 25, 40, 55,
70 and 100 �C the dynamic viscosity of CuO/liquid paraffin nano-
fluid increases about 55, 57, 53, 38 and 60%, respectively.
Fig. 6. Comparison between data obtained from experimentation and values
calculated by using correlation presented in (a) [37], (b) [38] and (c) [39].
3.5. Correlation

It has been reported in the previous efforts that different meth-
ods were implemented for obtaining a correlation to estimate the
viscosity of nanofluid at different conditions where various tem-
peratures, volume fraction, and nanoparticle type were chosen.
Although it has been mentioned by Attari et al. and Darvanjooghi
et al. that the temperature and surficial chemical functional groups
has major impact on attraction forces between basefluid molecules
and nanoparticle surface leading to influence the thermo-fluidic
properties of nanofluid [35], the Brownian randommotion has high
impact on mentioned properties due to the mechanism attributed
to the micro-convection within the nanofluid. According to the
nanoparticles motion relation obtained by Einstein [36] as well
as experimental data and mathematical regression analysis, vari-
ous researches have been carried out for obtaining a new correla-
tion which can estimate the viscosity of nanofluid at the
condition where different nanoparticle volume fractions and tem-
peratures were chosen.

Nielsen et al. [37] reported a new correlation for estimating the
viscosity of nanofluid and they study the effect of nanoparticle load
on the viscosity of nanofluid based on Brownian motion theory. In
addition, Chen et al. [38] expressed a new relation for estimating
the viscosity of nanofluid by using the volume fraction of nanopar-
ticles and various temperatures ranged from 20 to 60 �C. Moreover,
Namburu et al. [39] reported a relation in terms of temperature
and volume fraction of nanoparticles to estimate the viscosity of
various nanofluid including CuO/EG-water, Al2O3/EG-water
andSiO2/EG-water.

Fig.6a exhibits the comparison between experimental data and
the calculated values obtained from the correlation proposed by
Nielsen et al. The results presented in this figure shows that this
correlation cannot estimate the relative viscosity of nanofluid at
different temperatures and nanoparticles mass fractions. More-
over, the deviation of experimental data from calculated values is
within �40 to 40% and the results presented in this figure exhibit
that the calculated values are higher than experimental data
majorly.

Fig.6b exhibits the comparison between experimental data and
the calculated values obtained from the correlation proposed by
Chen et al. The results of this figure also show that the correlation
obtained by Chen et al. can estimate the relative viscosity of nano-
fluid at various temperatures and nanoparticles mass fractions
with deviation ranged from �12 to 12%.

Fig.6c shows the comparison between experimental results and
data obtained by correlation presented by Namburu et al. This fig-
ure indicates that their correlation also cannot estimate the viscos-
ity ratio at the condition where various mass fractions and
temperatures were chosen. Moreover, the findings exhibit that
the deviation of experimental values from the calculated data are
ranged from �40 to 40%.



Table 4
The comparison between experimental data with values obtained by other
correlations.
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Therefore, in order to obtain a correlation for measuring the rel-
ative viscosity of nanofluid at different conditions new correlation
should be proposed for CuO/liquid paraffin nanofluid. Thus, in this
research a new relation was proposed in order to estimate the rel-
ative viscosity of CuO/liquid paraffin nanofluid. For this purpose,
the correlation was obtained from two dimensional regression
analysis incorporating temperature (�C) and mass fraction of
nanoparticles in the basefluid (wt%) by using the experimental
data set. In order to fit the best correlation to the experimental data
the following procedure was used in which least square error was
calculated. The least square error was calculated according to the
follow equation:

e ¼
X lnf

lbf

 !
exp

� lnf

lbf

 !
theo

0
@

1
A

2

ð4Þ

In this equation lnf

lbf

� �
theo

was substituted according to the fol-

lowing proposed equation in which A1;A2;A3;A4 and a; b; c; d was
chosen as variables which were obtained by using two dimensional
regression analysis.

lnf

lbf

 !
theo

¼ A1T
a þ A2wb þ A3wc � Td þ A4 ð5Þ

The values of A1;A2;A3;A4 and a; b; c; d were calculated at the
condition where minimum error was obtained. For this purpose
minimum values were obtained by using first order partial deriva-
tive to the target parameter according to the follow:

@e=@A1 ¼ @e=@A2 ¼ @e=@A3 ¼ @e=@A4 ¼ @e=@a ¼ @e=@b

¼ @e=@c ¼ @e=@d ¼ 0 ð6Þ
According to the mentioned equations the values of A1;A2;A3;A4

and a; b; c; d could be calculated numerically by solving nonlinear
set of equations. The following values were obtained for mentioned
parameters with R2 = 0.99.

A1 ¼ �1:735; A2 ¼ �0:027; A3 ¼ 0:039; A4 ¼ 2:956;
a ¼ �0:017; b ¼ 0:418; c ¼ 1:543; d ¼ �0:033

In order to assess the correlation the margin of deviation was
calculated according to the following relation:

Margin of deviation ¼ Rl;experimental � Rl;theoretical
Rl;theoretical

� �
� 100 ð7Þ
Fig. 7. Margin of deviation for the comparison between experimental values and
those obtained from Eq. (4).
According to the results presented in Fig. 7 it is evidence that
the results obtained by Eq. (4) have less deviation from experimen-
tal data. The deviations of estimated data from experimental val-
ues are majorly less than 5%. Therefore, Eq. (4) can estimate the
relative viscosity of CuO nanoaprticles dispersed in liquid paraffin
at Temperature range of 25 �C to 100 �C as well as the mass frac-
tions within 0.25% to 6 wt%.

The results of this figure indicate that for the mass fraction of
CuO nanoparticles below 2.5 wt% the value of margin of deviation
for relative viscosity is near to zero in comparison to the condition
where mass fraction of nanoparticles were chosen to be 2.5 wt%; in
addition, for those experimentations where the temperature was
set on 40 and 100 �C the deviation of experimental values from cal-
culated data was higher than those carried out at 25, 55 and 70 �C.
The result of this figure also exhibit that for experimentations
where temperature was ranged from 25 to 100 �C the value of mar-
gin of deviation is near to zero, (�4.0% < M.D. < 4.5%) indicating
high consistency of proposed correlation with the experimental
values for viscosity of CuO/liquid paraffin nanofluid.

The following data, (presented in Table 4), was obtained by the
comparison of experimental data and values obtained from corre-
lations proposed by Nielsen et al., Chen et al. and Namburu et al.
According to the results presented in this table, the values of calcu-
lated data obtained from the correlations proposed by Nielsen
et al., Chen et al. and Namburu et al. has higher deviation from
the experimental values at the condition where temperature and
mass fraction of CuO nanoparticles increases and margin of devia-
tion ranges from �37.43% to 33.06%.

Moreover, for validating the correlation of this study, an exper-
imental data set was collected from the literatures and represented
in Table 5. In this table the nanofluid contains oxide nanoparticles
including Fe2O3, ZnO, NiO, WO3, Al2O3-MWCNTs, Al2O3 were dis-
persed in various basefluids including crude oil, SAE40, car engine
coolant. The data presented in this table shows comparison for dif-
ferent nanofluid containing different types of nanoparticle, mass
fractions and various temperatures. These findings exhibit that
the proposed correlation can estimate the experimental results of
Correlation proposed by Experimental
values

Calculated
data

Margin of
Deviation (%)

Nielsen et al. (T = 25 �C,
0.25 wt%)

1.024 1.001 2.24

Nielsen et al. (T = 55 �C,
0.25 wt%)

1.034 1.089 �5.32

Nielsen et al. (T = 100 �C,
6.0 wt%)

1.570 1.051 33.06

Nielsen et al. (T = 55 �C,
4.0 wt%)

1.390 1.049 24.53

Chen et al. (T = 25 �C,
0.25 wt%)

1.024 1.025 �0.10

Chen et al. (T = 55 �C,
0.25 wt%)

1.034 1.021 1.26

Chen et al. (T = 100 �C,
6.0 wt%)

1.570 1.751 �11.53

Chen et al. (T = 55 �C,
4.0 wt%)

1.390 1.449 �4.24

Namburu et al. (T = 25 �C,
0.25 wt%)

1.024 1.198 �16.99

Namburu et al. (T = 55 �C,
0.25 wt%)

1.034 1.421 �37.43

Namburu et al.
(T = 100 �C, 6.0 wt%)

1.570 1.319 15.99

Namburu et al. (T = 55 �C,
4.0 wt%)

1.390 1.418 �2.01



Table 5
The comparison between data obtained by other scholars and values obtained by Eq. (5).

Researcher Nanofluid Experimental data Values obtained by Eq. (4) Margin of deviation (%) Reference

Attari et al. Fe2O3-Crude oil, (T = 40 �C, 1 wt%) 1.21 1.34 �11.6 [25]
Attari et al. ZnO-Crude oil, (T = 40 �C, 1 wt%) 1.42 1.34 4.3 [25]
Attari et al. NiO-Crude oil, (T = 40 �C, 1 wt%) 1.91 1.34 29.1 [25]
Attari et al. WO3-Crude oil, (T = 100 �C, 1 wt%) 1.48 1.36 8.0 [25]
Attari et al. NiO-Crude oil, (T = 100 �C, 2 wt%) 1.33 1.41 �6.0 [25]
Dardan et al. Al2O3-MWCNTs/SAE40, (T = 25 �C, 0.25 wt%) 1.24 1.30 �4.9 [40]
Dardan et al. Al2O3-MWCNTs/SAE40, (T = 25 �C, 0.5 wt%) 1.30 1.31 �0.8 [40]
Dardan et al. Al2O3-MWCNTs/SAE40, (T = 50 �C, 0.75 wt%) 1.32 1.33 �0.8 [40]
Dardan et al. Al2O3-MWCNTs/SAE40, (T = 25 �C, 0.065 wt%) 1.18 1.30 �10.2 [40]
Kole et al. Al2O3/Car engine coolant, (T = 10 �C, 0.004 vol%) 1.17 1.27 �9.4 [41]
Kole et al. Al2O3/Car engine coolant, (T = 10 �C, 0.007 vol%) 1.43 1.28 10.5 [41]

Fig. 8. Sensitivity analysis diagram.
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other studies at the temperature range of 10 �C to 100 �C, mass
fractions up to 2 wt% with margin of deviation ranged from
�11.6 to 29.1%.
3.6. Sensitivity analysis

The sensitivity analysis is used to study the effect of indepen-
dent parameters including temperature and mass fraction of CuO
nanoparticles and shows which one has higher impact on the rel-
ative viscosity of nanofluid. For this purpose in the present work
the sensitivity analysis was calculated by applying ±5, ±10 and
±20% change in mass fraction of CuO nanoparticles (wt%) as well
as the temperature (�C). Consequently, for a CuO/liquid paraffin
nanofluid containing 1.5 wt%CuO nanoparticles and temperature
of 50 �C the sensitivity of relative viscosity is obtained by consider-
ing ±5% change in temperature according to the following
equation:
Sensitiv ity ð%Þ ¼ RlðT ¼ 50 �C� 2:5 �C;w ¼ 1:5 wt%Þ � RlðT ¼ 50 �C;w ¼ 1:5 wt%Þ
RlðT ¼ 50 �C;w ¼ 1:5 wt%Þ

����
����

� 100

ð8Þ
Fig. 8 presents the results of the relative viscosity sensitivity vs.

temperature and mass fraction of nanoparticles. It is concluded
from this figure that the relative viscosity of nanofluid is more sen-
sitive to CuO nanoparticles mass fraction comparing to the temper-
ature i.e. the impact of nanoparticle mass fraction is more than
temperature on relative viscosity of nanofluid.
4. Conclusion

In this study the effects of mass fraction of CuO nanoparticles
and temperature was investigated on the dynamic viscosity of
CuO/liquid paraffin. In order to assess the morphology and stability
of nanoparticles TEM and DLS analysis as well as zeta potential test
implemented. The results of TEM analysis indicated that the aver-
age nanoparticles diameter was ranged from 15 to 30 nm.

Moreover, the results of experimentations exhibited that with
the increment of nanoparticles mass fraction the ratio of the
dynamic viscosity of nanofluid to basefluid increases and with
the increase of temperature the relative viscosity of nanofluid
decreases. In addition, the dynamic viscosity of nanofluide
increases significantly at the condition where mass fraction of
CuO nanoparticles was chosen to be higher than 1.5 wt% while
for the values below 1.5 wt% the change in viscosity is not
significant.

Finally, an empirical correlation including temperature and
mass fraction of nanoparticles was obtained based on regression
analysis and used for calculating the relative viscosity of nanofluid.
The results of regression analysis declared that the deviation of the
data obtained by correlation from the experimental values was
mostly less than 5%. Also, the results of sensitivity analysis exhib-
ited that the viscosity of nanofluid is more sensitive to mass frac-
tion of nanoparticles in comparison with the temperature.
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