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A B S T R A C T

In this study the effects of CuO nanoparticles mass fraction and temperature was studied on the dynamic
viscosity and thermal conductivity of CuO/viscous paraffin nanofluid. TEM and DLS analysis as well as zeta
potential test were performed for obtaining the morphology and nanoparticles stability within the basefluid. The
results of TEM and DLS images exhibited that the average CuO nanoparticles diameter was ranged from 15 to
30 nm. Moreover, Zeta potential analysis showed high stability of nanoparticles in the basefluid. In addition, the
results showed that with the increment of nanoparticles mass fraction and temperature the ratio of the thermal
conductivity of nanofluid to basefluid increased and this parameter increases significantly with the temperature
at the temperature below 40 and 70 °C where the mass fraction was chosen below and higher than 2.5 wt%,
respectively. Also the results showed that with the increase of temperature the ratio of dynamic viscosity of
nanofluid to basefluid decreases insignificantly and with the increment of nanoparticle load this parameter
enhances tangibly. Moreover, two separated correlation including temperature and mass fraction of CuO na-
noparticle was estimated by using hybrid GMDH-type neural network method for estimating relative dynamic
viscosity and thermal conductivity of nanofluid. The results declared that the deviation of the data obtained by
correlation from the experimental values was mostly< 5% for both the thermal conductivity and dynamic
viscosity. Finally, the value of relative Pr number was calculated at various temperature and mass fraction of
CuO nanoparticles based on obtained correlations. The results of sensitivity analysis for relative Pr number
exhibited that this parameter is more sensitive to mass fraction of nanoparticles in comparison with the tem-
perature.

1. Introduction

Due to the interesting properties of nano-structured materials and
nanoparticles, many scholars have focused their researches on the ap-
plication of these fine materials [1–7]. The application of nano-sized
particles have been noticed because of their interesting properties in
wide range of applications including separation technologies [8], re-
inforced nanocomposite, medical application, and thermal and hydro-
dynamic properties [4]. It has been mentioned in previous efforts that
the nanoparticles dispersed in basefluid, (called nanofluid), [9] have
especial thermal and hydrodynamic properties [10,11] at the condition
were different nanoparticle types and loads are used. Dynamic viscosity
and thermal conductivity of nanofluid are the main factor that has di-
rectly highest impact on the power needed for pumping the fluid in
laminar and turbulent flows and heat transfer at various regimes, re-
spectively. It is mentioned that the viscosity [12] and thermal

conductivity of different nanofluid are higher than that of basefluids
[13]; therefore, it is affordable to use nanofluid as heat transfer fluid
due to the fact that they lead to smaller size of heat transfer equipment
in industries. The main factors that directly influence the viscosity and
thermal conductivity of nanofluids are temperature, particles size, na-
noparticles load, and nanoparticles as well as basefluid types [14].

Due to the highest and direct impact of nanofluid on cooling and
heating process, the application of nanofluid in heat transfer devices is
taken into consideration in previous researches. As a one of the im-
portant factor, the basefluids can be chosen in wide ranges of aqueous
and nonaqueous liquids. Considering the polar bonds in aqueous
basefluids such as water, ethanol, and ethylene glycol, it is reasonable
to use nanoparticles with highest surface polarity for prevention of
nanoparticles agglomeration. Consequently, it is more affordable to use
nonpolar basefluids for the nanoparticles with low surficial polarity. In
addition, nonaqueous basefluids including oil and liquid paraffin can be
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used as basefluids for nonpolar nanoparticles due to the nonpolar
structure and they can be taken into consideration in heat transfer
devices in which high operational temperature are needed. On the other
hand, since aqueous basefluids such as water have low boiling point,
their application is restricted in heat transfer devices such as furnaces
and heat exchangers that operate at the temperature higher than 100 °C
[15].

The results obtained by other researchers show that different me-
chanisms can influence the hydrodynamic and thermal properties of
nanofluid including Brownian motion of nanoparticles [16], formation
of nanolayer at the surface of nanoparticles [17], clustering mechanism
[18], and interaction of nanoparticles' surface with basefluid com-
pounds [19]. Although many researchers have investigated the effect of
mass fraction, temperature on viscosity and thermal conductivity of
nanofluid, but there is not fully agreement among the results obtained
at the condition where different nanoparticles and basefluids are used
[17–23]. Moreover, there is no wide range of data for thermal con-
ductivity and viscosity of CuO/viscous paraffin nanofluid.

1.1. Nanofluid thermal conductivity

Chon et al. measured the thermal conductivity of Al2O3/water na-
nofluid at the condition where different nanoparticle sizes were used
[20]. Their results showed that with the increase of nanoparticle size
the thermal conductivity of nanofluid declined significantly. Chopkar
et al. studied the impacts of volume fraction and particle size on
thermal conductivity of metal based nanofluid containing Al2Cu and
Ag2Al nanoparticles. Their findings showed that the relative thermal
conductivity of nanofluid decreased with particle size and enhances
with nanoparticles volume fraction [24]. Previous researches exhibited
that the enhanced thermal conductivity of nanoparticles also depends
on the clustering or aggregation effect, pH, surfactant, and the base
fluid thermal conductivity. Vajjha et al. presented a new correlation,
(Eq. (1)), to state the thermal conductivity of oxide nanoparticles dis-
persed in ethylene glycol and water mixture [25].
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This model proposed that thermal conductivity of nanofluids as a
function of the nanoparticle volume fraction, temperature, and the
physical properties of nanoparticle and the base fluid is valid for water
based nanofluid.

Chon et al. proposed a new correlation, (Eq. (2)), for estimating the
thermal conductivity of Al2O3/water nanofluid in term of Re, Pr. Their
result validated for nanoparticle sizes between 11 and 150 nm, tem-
peratures ranged from 294 to 344 K and for volume fractions of 1% and
4%.
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1.2. Nanofluid viscosity

Chevalier et al. measured the relative viscosity of SiO2/ethanol
nanofluids. The results of their experimentation showed that the visc-
osity of nanofluid increases with the increase in volume fraction [26].
Schmidt et al. measured the viscosity of Al2O3 dispersed in decane,
isoparaffinic, and polyalphaolefin. They also reported that with the
increase of the nanoparticle volume fraction from 0.25 to 1% the
viscosity of nanofluid increases [27]. Einstein presented a correlation,
(Eq. (5)), for viscous fluid containing spherical particle at low volume
concentrations (φ < 0.02) [28].
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This formula shows that the viscosity increases with particle volume
fraction. The mentioned correlation cannot consider structure and
particle-particle interaction for the high nanoparticle concentration.
Hosseini et al. [41] presented an empirical formula, (Eq. (6)), for
Al2O3/water nanofluids. This correlation is dimensionless model for
consideration of nanoparticles volume fraction, temperature, size as
well as properties of the capping layer.
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Considering the previous correlations proposed for viscosity and
thermal conductivity of nanofluids, there is not a unique and compre-
hensive correlation for estimating mentioned properties of nanofluid at
different condition. Thus, it is required to obtain a new correlation
independent to nanoparticles and basefluid types for estimating nano-
fluid's thermophysical properties. The aim of this study is to measure
viscosity and thermal conductivity of CuO/viscous paraffin nanofluid
and find a comprehensive correlation for prediction of these properties.
For this purpose, the viscosity and thermal conductivity of nanofluid
was measured at different CuO nanoparticle mass fractions and various
temperatures. Finally an empirical relation incorporating temperature
and mass fraction was proposed to predict Pr number of nanofluid at
various conditions.

2. Experiments

2.1. Materials

In this research CuO nanoparticles were prepared by using the
precipitation of Cu(NO3)2 · 3H2O with 99.9% purity, purchased from
Merck Co. Germany. For this purpose sodium hydroxide, (NaOH with
99.99% purity, purchased from Merck Co. Germany), was used for

Nomenclature

T Temperature (K)
DP Nanoparticle diameter (nm)
k Thermal conductivity (W/m·K)
αP Thermal diffusivity of nanoparticles (m2/s)
αw Thermal diffusivity of water (m2/s)
φ Volume fraction
Dbf Molecular diameter of basefluid (nm)
ρ Density (kg/m3)

κ Stephan Boltzmann constant
lbf Mean free path on molecular movement (m)
T0 Reference temperature (298 K)
m Factor depends on interaction of nanoparticles and base-

fluid molecules
φh Hydrodynamic volume fraction of nanoparticles
w Mass fraction of nanoparticles
R Relative properties of nanofluid
Cp Heat capacity (j/kg·K)
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precipitation of Cu2+ ions. Moreover, in order to prepare the nanofluid,
viscous paraffin, (VP), with detailed physical properties, (presented in
Table 1), was purchased from Merck Co. Germany and used as base-
fluid. Deionized water was used for washing the laboratory glasswares
[29].

2.2. Instruments

In this research the thermal conductivity of nanofluid was measured
by using a thermal properties analyzer, (KD2 Pro. Deacagon, USA). Also
for measuring dynamic viscosity of prepared nanofluid a cylindrical
viscometer, (Brookfield model DV2T, U.S.A.), was used within the ex-
perimentation. For estimating the stability of nanoparticles within the
basefluid, Zeta Potential analysis was performed on nanofluids and was
reported by plotting total counts of nanoparticles vs. total electrostatic
voltage, (obtained from ZetaSizer, Malvern, ZetaSizer Nano ZS, United
Kingdom). In addition Dynamic Light Scattering (DLS), (Malvern,
ZetaSizer Nano ZS, United Kingdom), was used for determination of
nanoparticles size distribution in the viscous paraffin. Transmission
Electron Microscopy (TEM), (Hitachi, 9000 NA, Japan), was used to
characterize the shape and size of prepared CuO nanoparticles. For
preparation of nanofluid and prevention of nanoparticles agglomera-
tion within the basefluid, ultrasonic processor, (Hielscher, UP200St,
Germany), was implemented during dispersing of CuO nanoparticles in
viscous paraffin. Furthermore, the weight of dried CuO nanoparticles
was measured by using a precise electric balance, (HT series, Che
Scientific Co., Hong Kong), and the temperature was set on constant
value during the experimentation by using isothermal circulator bath,
(−40, 7 L Ref. Circulator, PolyScience Co., U.S.A.). A syringe pump,
(Viltechmeda Plus SEP21S), was used for adding NaOH solution into
the Cu(NO3)2 · 3H2O solution during nanoparticles synthesis.

2.3. Nanofluid preparation

In this research precipitation method was implemented for pre-
paration of CuO nanoparticles in which 2.416 g Cu(NO3)2 · 3H2O was
dissolved in 100ml deionized water to obtain Cu2+ ions, then the
synthesis started by adding 250ml 0.1M NaOH solution by means of a
syringe pump with flow rate of 250ml/h. During the injection, the
mixture was kept on stirring condition with rate of 1200 rpm. The ad-
dition of NaOH solution was continued until pH was arrived to 14
showing no more precipitation reaction. Afterward, the precipitate was
quite separated from solution by means of centrifugation method in
which the suspension was kept under 5000 rpm rotation for 7min. In
order to eliminate the remained NaOH and purifying the surfaces of
nanoparticles, they were washed 6 times by means of pure ethanol,
99.99% purchased from Merck Co, Germany. Finally for drying the
surface of nanoparticles the precipitate was kept in an oven at 70 °C for
24 h. The precipitation of Cu2+ by means of NaOH solution leads to
formation of both CuO and Cu(OH)2 as products [30]; therefore, for
eliminating the hydroxyl groups (eOH) in the nanoparticles structure
the precipitate were subjected to the high temperature environment for
long period of time. Accordingly, the nanoparticles were heated within
an oven up to the temperature of 500 °C for 4 h for elimination of any

extra hydroxyl (eOH) groups within the nanoparticles [29].
For preparation of CuO/VP nanofluids 5.49 g of CuO nanoparticles

was dispersed in 100ml viscous paraffin for obtaining 6 wt% CuO/VP
nanofluid, as stock suspension. Then a certain amount of stock sus-
pension was diluted by adding pure paraffin, for preparation of nano-
fluid with CuO mass fractions of 4, 2.5, 1.5, 0.5 and 0.25 wt%. After
dispersing of CuO nanoparticles the nanofluid was subjected to the
three separated step of sonication for 1 h with amplitude and step time
of 60% and 0.5 s, respectively [29].

2.4. Measuring the viscosity of nanofluid

In this research viscosity of CuO/VP nanofluid was measured at
condition where different mass fractions of CuO nanoparticles, (ranged
from 0.25 to 6 wt%), and various temperature of 25, 40, 55, 70 and
100 °C was chosen for the experimentations. During measuring viscosity
of nanofluid, (to minimize experimental errors), the measurement of
dynamic viscosity was done 5 times with interval time of 5min and the
standard deviation for each measurement was calculated according to
Eq. (7) at constant condition.
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where Rμ, i is the ratio of dynamic viscosity of nanofliud to pure base-
fluid, (Rμ= μnf/μbf) for each measurement. Rμ is average ratio of dy-
namic viscosity, and n is numbers of measurements, (n=5) [29].

2.5. Measuring thermal conductivity of nanofluid

For measuring thermal conductivity of nanofluid with mass frac-
tions of 0.25, 0.5, 1.5, 2.5, 4, and 6wt%, also different amount of CuO
nanoparticles were dispersed into basefluid. After preparation of na-
nofluids, 10ml of each sample was added to a cylindrical glass vessel
with 1 cm diameter, 12.74 cm height, and 0.5mm wall thickness. Then,
the vessel, (containing 10ml CuO/VP nanofluid), was inserted in the
isothermal circulator bath and the probe of thermal analyzer device was
inserted vertically within the vessel. In order to eliminate experimental
errors and avoid effect of every unstable temperature during applying
KD2 Pro, the measurements were repeated 10 times at constant con-
dition with interval time of 7min. The standard deviation for thermal
conductivity measurement was obtained using Eq. (8) [29]:
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where Rk, i is the ratio of thermal conductivity of nanofliud to pure
basefluid, (Rk= knf/k) for each measurement. Also Rk is average re-
lative thermal conductivity, and m is numbers of measurements,
(m=10).

2.6. Uncertainty analysis

The uncertainty analysis for each experiment was defined by using
dynamic viscosity measurement error as well as mass fraction of CuO
nanoparticles and temperature. For this purpose, the uncertainty of
experimentation regarding obtaining dynamic viscosity was calculated
by means of the accuracy of viscometer, (± 1%), thermal circulator
bath, (± 0.005 °C), and precise electric balance, (± 0.0003 g). The
uncertainty of dynamic viscosity measurement was calculated ac-
cording to the follow [14]:
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According to data calculated by Eq. (9) the maximum uncertainty of
viscosity measurement was±3.7%. Also for estimating the uncertainty

Table 1
Physical properties of viscous paraffin model 107160 [29].

Value Properties No

8012-95-1, 232-384-2 CAS-no. and EC no. 1
Lower than 0.01 Pa (@20 °C) Vapor pressure 2
Density 0.860 g/cm3 Specific gravity 3
230 °C Flash point 4
300–500 °C Boiling point 5
300 °C Ignition temperature 6
8–13 °C Melting point 7
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of thermal conductivity measurement the following equation was used:
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where the accuracy of KD2 Pro was± 1%. Therefore, the maximum of
uncertainty of thermal conductivity measurement was 6.7%.

3. Results and discussion

3.1. Characterization

According to the results of TEM analysis, (presented in Fig. 1), CuO
nanoparticles were synthesized with mean diameters ranged from 15 to
30 nm. Moreover, it is concluded from the results of this figure that the
CuO nanoparticles morphology was semispherical without a significant
agglomeration. Due to the importance of nanoparticle size as well as the
agglomeration of nanoparticles and their effects on thermophysical
properties of nanofluid, it must be noticed to investigate and measure
the stability of CuO nanoparticles in the viscous paraffin. For this
purpose, Dynamic Light Scattering, (DLS), and Zeta potential analysis
were performed on CuO/VP nanofluid. The results presented in Fig. 2a
exhibit that the mean diameters of CuO nanoparticles in viscous par-
affin ranges from 10 to 50 nm with Poly Dispersity Index of 0.124. In
order to apply DLS and Zeta Potential analysis samples were diluted
with further viscous paraffin for eliminating any experimental errors. In
addition the results presented in Fig. 2a declared that there is no sig-
nificant agglomeration for CuO nanoparticles within the viscous par-
affin and these results are consistence with the findings obtained from

TEM analysis.
The results of Zeta Potential analysis for CuO nanoparticles dis-

persed in viscous paraffin is presented in Fig. 2b. This results exhibits
that the dispersed CuO nanoparticles within basefluid has the highest
zeta potentials less than −40mV and showing high stability of nano-
particles in viscous paraffin [31,32].

3.2. Viscosity

Fig. 3 shows the results of viscosity measurement. In this figure the
ratio of dynamic viscosity of CuO/VP nanofluid to basefluid is plotted
versus various temperatures at condition where different nanoparticles
mass fractions were chosen. It is concluded from these results that with
the increase of CuO nanoparticles mass fraction from 0.25 to 6 wt% the
ratio of viscosity increases from 1.01 to 1.75 at the condition where
temperature was set on 25 °C. In addition, with the increment of na-
noparticles load from 0.25 to 6wt% the dynamic viscosity ratio in-
creases from 1.03 to 1.64 for those where inserted into the hot water
bath with the temperature of 100 °C. Also, it is evidence that with the
temperature enhancement the ratio of dynamic viscosity declines in-
significantly. Therefore, for the condition where the mass fraction of
nanoparticles is 6 wt%, with the temperature enhancement from 25 to
100 °C the ratio of dynamic viscosity decreases from 1.75 to 1.64 and
for those contains 0.25 wt% CuO nanoparticles, with the increases in
temperature from 25 to 100 °C the ratio of dynamic viscosity de-
crease< 5%. In this figure it can be concluded that CuO nanoparticles
load has highest impact on the ratio of dynamic viscosity of CuO/VP
nanofluid; although, it has been noticed in other previous researches
[3,20,32] that the temperature has intense effect on thermophysical

Fig. 1. TEM images of CuO nanoparticles.
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properties of nanofluid.

3.3. Thermal conductivity

The results of the ratio of thermal conductivity of nanofluid to
basefluid at various temperatures and the condition where mass frac-
tion of CuO nanoparticles was chosen to be 0.25 wt% are presented in
Fig. 4a. It is concluded from these results that with the increase of
temperature from 25 to 100 °C the ratio of thermal conductivity

increases from 1.03 to 1.17. In addition, these results indicate that with
the increase of temperature from 25 to 40 °C the ratio of thermal con-
ductivity of nanofluid increases significantly while for the temperature
above 40 °C the value of thermal conductivity ratio change insignif-
icantly. Accordingly, it is evidence that with the increase in tempera-
ture from 40 to 100 °C the value of thermal conductivity ratio increases
about 3% and for temperature below 40 °C, with the increase of tem-
perature from 25 to 40 °C the ratio of thermal conductivity enhances
about 11% declaring high impact of temperature below 40 °C.

Fig. 4b shows the results of the ratio of nanofluid thermal con-
ductivity to basefluid at various temperatures and the condition where
mass fraction of CuO nanoparticles was chosen to be 0.5 wt%. The re-
sults of this figure also indicate that that with the increase of tem-
perature from 25 to 100 °C the ratio of thermal conductivity increases
from 1.06 to 1.23. Moreover, it is evident that with the increase of
temperature from 25 to 40 °C the ratio of thermal conductivity of na-
nofluid increases significantly. Therefore, with the temperature en-
hancement from 40 to 100 °C the value of thermal conductivity ratio
increases about 5.3% and for temperature below 40 °C the enhancement
in thermal conductivity ratio, (for temperature enhancement from 25 to
40 °C), is about 10.4%.

Fig. 5a exhibits the results of relative thermal conductivity mea-
surement for CuO/VP nanofluid at various temperatures and mass
fraction of 1.5 wt%. Similar to the results of Fig. 4a and b, the results of
this figure also show that with the increase of temperature from 25 to
100 °C the ratio of thermal conductivity increases from 1.08 to 1.32.
Also, it is concluded from this figure that with the increase of tem-
perature from 25 to 40 °C the ratio of thermal conductivity of nanofluid
increases significantly and for the temperatures ranged from 40 °C to
70 °C the value of thermal conductivity ratio does not change tangibly;

Fig. 2. The results of a) DLS and b) Zeta potential analysis for CuO nanoparticles dispersed in viscous paraffin.

Fig. 3. The ratio of dynamic viscosity of nanofluid to basefluid at various temperature
and CuO nanoparticles mass fractions.
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however, this property increases significantly at temperature near to
100 °C. Thus, with the temperature enhancement from 70 to 100 °C the
value of thermal conductivity ratio enhances about 5.6% and for tem-
perature enhancement from 25 to 40 °C the increase in thermal con-
ductivity ratio is about 12.9%.

Also Fig. 5b shows the results of thermal conductivity measurement
for CuO/VP nanofluid at various temperatures and mass fraction of
2.5 wt%. Similar to the results of Fig. 5a, this figure also exhibit that
with the increase of temperature from 25 to 100 °C the ratio of thermal
conductivity enhances from 1.12 to 1.5. In addition, this figure shows
that with the increase of temperature from 25 to 70 °C the ratio of
thermal conductivity increases significantly and for temperature above
70 °C the ratio of thermal conductivity changes insignificantly in com-
parison to lower temperatures. Thus, with the temperature enhance-
ment from 25 to 70 °C the value of thermal conductivity ratio increases
about 29% while for temperature enhancement of 70 to 100 °C the
value of thermal conductivity ratio increases only 3.5%.

The results presented in Fig. 6a are the thermal conductivity ratio of
CuO/VP nanofluid at various temperatures and the condition where the
mass fraction of CuO nanoparticles was chosen to be 4.0 wt%. Similar to
the results of previous figures, (Figs. 4 and 5), the results of this figure
declare that with the enhancement in temperature from 25 to 100 °C the
ratio of thermal conductivity increases from 1.2 to 1.6. Moreover, si-
milar to the results of Fig. 5b this figure exhibits that with the en-
hancement in temperature from 25 to 70 °C the ratio of thermal con-
ductivity of nanofluid increases tangibly and for temperature above
70 °C the ratio of thermal conductivity of nanofluid changes

insignificantly in comparison to temperatures lower than 70 °C. Ac-
cordingly, with the increase in the temperature from 25 to 70 °C the
value of thermal conductivity ratio enhances about 29.1% and for the
increase in the temperature from 70 to 100 °C the value of thermal
conductivity ratio enhances about 3.2%.

Fig. 6b present the values of thermal conductivity ratio for CuO/VP
nanofluid at various temperatures and the condition where the mass
fraction of CuO nanoparticles was chosen to be 6.0 wt%. The results of
this figure also show that with the increase in temperature from 25 to
100 °C the ratio of thermal conductivity enhances from 1.28 to 1.7. In
addition, similar to the results presented in Figs. 5b and 6a this results
exhibits that with the temperature enhancement from 25 to 70 °C the
relative thermal conductivity of CuO/VP nanofluid increases sig-
nificantly. Consequently, with the increase in the temperature from 25
to 70 °C the value of thermal conductivity ratio enhances about 28.9%
while for the increase in the temperature from 70 to 100 °C the value of
thermal conductivity ratio increases 3.0%.

3.4. Temperature effect

It is evident from the results presented in Fig. 3 that the experi-
mental values for CuO/VP nanofluid show that with the increase in
temperature the values of dynamic viscosity ratio decrease insignif-
icantly. This declination for CuO/VP nanofluid viscosity is attributed to
the motion of nanoparticles at micron dimension. According to the
results obtained by other scholars [9,14,20,28,33], with the enhance-
ment in micro-convection of nanoparticles in basefluid the inter-

Fig. 4. The ratio of thermal conductivity of nanofluid to basefluid at various temperature
and CuO nanoparticles mass fraction of a, 0.25 wt% and b, 0.5 wt%.

Fig. 5. The ratio of thermal conductivity of nanofluid to basefluid at various temperature
and CuO nanoparticles mass fraction of a, 1.5 wt% and b, 2.5 wt%.
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molecular forces between basefluid molecules and nanoparticles sur-
face decreases. According to the results obtained by Koo et al. [16],
(based on Brownian motions of nanoparticles), with the increase of
temperature the random velocity of nanoparticles increase significantly
[16]. Therefore, it is apparent that with the temperature enhancement
the value of Brownian velocity of CuO nanoparticles increases and this
enhancement lead to decrease the inter-molecular forces between
basefluid and nanoparticles surface resulting lower viscosity at higher
temperature. The results obtained in this study showed that with the
temperature enhancement, the ratio of dynamic viscosity decreases and
the values of nanofluid dynamic viscosity would be higher than base-
fluid at the temperature range of 25 to 100 °C.

The experimental measurement of thermal conductivity of nano-
fluid declares that with the increases of temperature the value of
thermal conductivity ratio increases at fixed CuO nanoparticles mass
fraction, (results of Figs. 4 to 6). In addition, for the nanofluids con-
taining CuO nanoparticles below 2.5 wt%, with the increase of tem-
perature from 25 to 40 °C the ratio of thermal conductivity increases
significantly while for those contain CuO nanoparticles higher than
2.5 wt% this range would be 25 to 70 °C. The main mechanism for effect
of temperature on thermal conductivity of nanofluid is Brownin velo-
city of nanoparticles resulting micro-convection by using nanoparticles
in basefluid [20]. With the increase of the numbers of micro-convection
in nanofluid, more basefluid molecules with higher thermal energy can
be transferred and higher thermal conductivity is resulted [20]. Thus,
the results of this research show that the main factor that can satisfy the
effect of temperature is attributed to the impact of temperature on the

magnitude of Brownin velocity or micro-convection caused by nano-
particles, that has been described by Koo et al. [16,20].

3.5. Mass fraction effect

In this research it is evident that with the increase of CuO nano-
particles in the nanofluid the value of both thermal conductivity ratio
and dynamic viscosity ratio increases, (Figs. 3 to 6), which is attributed
to the solid content of nanofluid. With the increase of nanoparticles
mass fraction the numbers of micro-convection by means of CuO na-
noparticles increases and this lead to increase of nanofluid thermal
conductivity. The results of this research showed that with the incre-
ment in the mass fraction of CuO nanoparticles in viscous paraffin from
0.25 to 6 wt% at the temperatures of 25, 40, 55, 70 and 100 °C the ratio
of dynamic viscosity nanofluid enhance 75, 60, 60, 58 and 57% and the
ratio of thermal conductivity increases 24, 27, 38, 43, 45%.

3.6. Correlation

According to the previous researches, various methods was im-
plemented for deriving a new correlation to estimate the dynamic
viscosity and thermal conductivity of nanofluid at specified tempera-
ture range and nanoparticle loads. It was by Attari et al. and
Darvanjooghi et al. [20,32] that the temperature and interfacial forces
have major effect on the thermo-fluidic properties of nanofluid [34];
however, other researches declares that the Brownian random motion
has high effect on dynamic viscosity and thermal conductivity of na-
nofluid due to the micro-convection produced by nanoparticles within
the basefluid.

According to theories based on nanoparticles random motion [35]
and experimental values of thermal conductivity and viscosity, math-
ematical regression analysis were applied for obtaining a new correla-
tion to estimate the viscosity and thermal conductivity of nanofluid at
different nanoparticle loads and temperatures.

In this research hybrid group method of data handling (GMDH)-type
neural network was implemented for obtaining a new correlation for
estimating thermal conductivity and dynamic viscosity of CuO/VP na-
nofluid [36]. For this purpose, GMDH Shell DS software was used for
estimating polynomial correlations. The correlation for estimating the
ratio of dynamic viscosity of CuO/VP nanofluid was obtained by hybrid
GMDH-type neural network as function of nanofluid temperature (°C)
and CuO mass fractions (%wt). The following correlation was obtained
with R2=0.99 for estimating the ratio of dynamic viscosity of nano-
fluid:

= = + +R
μ
μ

A A T w A w·μ
nf

bf
1 2 3

(11)

where:

= = − =A A A0.995246, 0.000293119, 0.1257611 2 3

Moreover, a polynomial correlation for the ratio of thermal con-
ductivity of nanofluid to basefluid was obtained as function of tem-
perature (°C) and mass fraction of CuO nanoparticles (%wt) as follow:

= = + + + + +R
k
k

B B w B T B w T B w B T·k
nf

bf
1 2 3 4 5

2
6

2

(12)

where:

= = =B B B0.792194, 0.0547913, 0.00998805,1 2 3

= = − = −B B B0.000730423, 0.00421237, 0.0000643292,4 5 6

In order to assess the correlation obtained for estimation of nano-
fluid thermal conductivity or dynamic viscosity ratio the margin of
deviation was calculated according to the following equation:

Fig. 6. The ratio of thermal conductivity of nanofluid to basefluid at various temperature
and CuO nanoparticles mass fraction of a, 4 wt% b, 6 wt%.
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−

×
R R

R
Margin of deviation 100μ or k Exp μ or k Cal

μ or k Exp

, ,

, (13)

According to the results presented in Fig. 7a it is concluded that the
Eq. (11) can estimate the ratio of dynamic viscosity of nanofluid to
basefluid at various temperatures and nanoparticle mass fractions with
low deviation from experimental values. These results exhibit that de-
viations of estimated data from experimental values are majorly< 5%.
In addition this figure shows that the calculated relative dynamic
viscosity has lower deviation from experimental values at condition
where mass fraction of nanoparticles was chosen to be 4 wt% and for
the temperature of 40 and 55 °C the margin of deviation has minimum
values. Therefore, Eq. (11) can estimate the relative dynamic viscosity
of nanofluid containing CuO nanoparticles dispersed in viscous paraffin
at temperature range of 25 °C to 100 °C and the mass fraction within
0.25% to 6%wt.

Also in order to assess the correlation obtained for estimation of
thermal conductivity ratio of nanofluid to basefluid the margin of de-
viation was calculated according Eq. (13). According to the results
presented in Fig. 7b it is evident that the Eq. (12) can estimate the ratio
of dynamic viscosity of nanofluid to basefluid at various temperatures
and nanoparticle mass fractions. These results exhibit that deviations of
estimated data, (obtained by means of proposed correlation), from ex-
perimental data are< 5%. Moreover, this figure exhibits that the cal-
culated ratio of thermal conductivity of nanofluid to basefluid has lower
deviation from experimental values at condition where mass fraction of
nanoparticles was chosen to be 4 and 6wt% and for the temperature

lower than 55 °C the margin of deviation has minimum values. Thus,
Eq. (12) can estimate the relative thermal conductivity of CuO/VP
nanofluid at temperatures ranged from 25 °C to 100 °C and the mass
fraction within 0.25% to 6%wt.

It has been mentioned in previous researches that the two main
factors which have highest impact on heat transfer devices such as heat
exchanger are the hydrodynamic of fluid flows within the heat ex-
changer as well as thermal and physical properties of heat transfer fluid,
reported as Pr number. Although there are large numbers of study fo-
cused on the fluid regimes on heat exchanger devices as well as fluid
properties, there is no wide range of studies focused on hydrothermal
properties of nanofluid at condition where different temperatures and
nanoparticles loads are applied. For this purpose, in this research the
value of the ratio of nanofluid Pr number to basefluid was obtained by
using the thermofluidic correlations which were proposed by hybrid
GMDH-type neural network method. The value of relative Pr was cal-
culated according to the Eq. (14).

⎜ ⎟= = ⎛

⎝
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⎞

⎠
⎟

⎛

⎝
⎜

⎞

⎠
⎟

⎛
⎝

⎞
⎠

R
Pr
Pr
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kPr
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bf

nf

bf

bf

nf (14)

where the values of heat capacity for nanofluid was obtained according
to the following equation:

= + −Cp w Cp w Cp· (1 )·nf np bf (15)

Therefore, by substituting Eqs. (11), (12) and (15) into the Eq. (14)
the following equation would be obtained for the ratio of nanofluid Pr
number to basefluid:

⎜ ⎟= = ⎛
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For CuO nanoparticles the specific heat capacity, (j/kg·K), can be
obtained by the correlation proposed by Leitner et al. as follow [37]:

= + + + ×
+

− ×
+

Cp T
T T

471.75 181.53( 273.15) 4.338 10
( 273.15)

1.279 10
( 273.15)np

7

2

10

3

(17)

Fig. 8 shows plot of RPr vs temperature and mass fraction of CuO
nanoparticles in the basefluid. In this figure the value of RPr was cal-
culated by using Rk and Rμ that was obtained by using the hybrid
GMDH-type neural network method. According to the results of this
figure, it is evident that with the increase of the mass fraction of CuO
nanoparticles the value of relative Pr number increases significantly; on
the other hand, it is concluded from the results presented in this figure
that with the increase of temperature the value of Pr number decreases
insignificantly. In addition for the condition where the temperature and
CuO nanoparticle mass fraction were set on 25 °C and 6wt% the value
of relative Pr number has the maximum values, (equal to 2.91).
Moreover for the condition where the value of mass fraction is below
0.5 wt% relative Pr number is below unity declaring lower value of
nanofluid Pr in comparison to basefluid and for the condition where the
temperature and mass fraction of CuO nanoparticles were set on 100 °C
and 0.25 wt% respectively the relative Pr number has minimum value,
(equal to 0.95).

Furthermore, for validating the correlation proposed for relative Pr
number, an experimental data set was prepared from the results of
other scholars and represented in Table 2. The results were gathered
from those that nanofluids contain CuO and Al2O3 nanoparticles dis-
persed in deionized water at the condition were different nanoparticle
volume fractions and temperature was used during measuring viscosity
and thermal conductivity. These findings show that the proposed cor-
relation can estimate the experimental results of other studies at the
temperature range of 25 °C to 100 °C, volume fractions up to 4 vol%
with deviations ranged from −28.1 to 18.4%. In addition, at the con-
dition where the temperature and volume fraction of CuO nanoparticles

Fig. 7. a, Margin of deviation for estimating the relative dynamic viscosity of nanofluid
and b, Margin of deviation for estimating the relative thermal conductivity of nanofluid.
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dispersed in water were set on 21 °C and 3 vol% respectively the de-
viation of experimental relative Pr number from the calculated one is
below 10% and for the condition where Al2O3/water nanofluid was
used this deviation is below 10% for volume fractions of 2 and 4 vol%
and temperatures of 36 and 51 °C, respectively.

3.7. Sensitivity analysis

The sensitivity analysis declares that which parameters, (tempera-
ture and mass fraction of nanoparticles), has highest impact on dynamic
viscosity and thermal conductivity of CuO/VP nanofluid. In the present
research, for analyzing the sensitivity of the relative Pr number the
sensitivity analysis was performed by applying±5,± 10,± 15,±
20,± 25,± 30,± 35 and± 40% change in mass fraction of CuO na-
noparticles (wt%) and the temperature (°C). Therefore, for a CuO/VP
nanofluid containing 1.5 wt% CuO nanoparticles and temperature of
50 °C the sensitivity of relative Pr number is obtained by con-
sidering± 5% change in temperature according to the following
equation:

= = ± = − = =
= =

×
° ° °

°

Sensitivity
R R

R

(%)

(T 50 C 2.5 C, w 1.5 wt%) (T 50 C, w 1.5 wt%)
(T 50 C, w 1.5 wt%)

100Pr Pr

Pr

(18)

Fig. 9 shows the results of the sensitivity of relative Pr number vs.
temperature and mass fraction of CuO nanoparticles in viscous paraffin.
It is evident from the results presented in this figure that the relative Pr
number is more sensitive to CuO nanoparticles mass fraction in

comparison to temperature. These results also express that with +20%
and −20% change in temperature the value of sensitivity for relative Pr
number is 25% and 27% respectively. In addition, with +20% and
−20% change in CuO nanoparticle mass fraction the value of sensi-
tivity for relative Pr number is 4% and 2% respectively.

4. Conclusion

In this study the effects of CuO nanoparticles load and temperature
was studied on the dynamic viscosity and thermal conductivity of CuO/
viscous paraffin. TEM and DLS analysis as well as zeta potential test
were performed for obtaining the morphology and shape as well as
nanoparticles stability within the basefluid. The results of TEM and DLS
images exhibited that the average CuO nanoparticles diameter was
ranged from 15 to 30 nm. In addition, Zeta potential analysis showed
high stability of nanoparticles in the basefluid and no significant ag-
glomeration of nanoparticles.

Moreover, the results showed that with the increment of nano-
particles mass fraction and temperature the ratio of the thermal con-
ductivity of nanofluid to basefluid increased while for the relative
viscosity an insignificant declination was observed with temperature
increment. In addition, the thermal conductivity ratio increases sig-
nificantly with the temperature at the temperature below 40 and 70 °C
where the mass fraction was chosen below and higher than 2.5 wt%
respectively.

Finally, a correlation, (for estimating the ratio of thermal con-
ductivity and dynamic viscosity of nanofluid to basefluid), including
temperature and mass fraction of CuO nanoparticle was proposed by
using hybrid GMDH-type neural network method. The results declared

Fig. 8. The values of relative Pr number at various temperatures and nanoparticle mass
fractions.

Table 2
The comparison between data obtained by other scholars and values obtained by Eq. (16).

φ (%) T(°C) Nanofluid type RPr, exp RPr, cal
⎜ ⎟= ⎛
⎝

⎞
⎠

×
−

error 100
RPr exp RPr cal

RPr exp
, ,

,

Ref.

2 21 CuO-water 2.05 1.84 10.1 [38,39]
3 21 CuO-water 2.15 2.32 −8.5 [38,39]
4 21 CuO-water 2.33 2.88 −23.9 [38,39]
2 36 CuO-water 1.81 1.53 15.4 [38,39]
3 36 CuO-water 1.89 2.14 −13.2 [38,39]
3 51 CuO-water 2.04 1.75 14.2 [38,39]
4 51 CuO-water 2.14 2.52 17.9 [38,39]
1 21 Al2O3-water 1.08 1.19 −10.3 [28,39,40]
1 36 Al2O3-water 1.18 1.05 10.2 [28,39,40]
2 36 Al2O3-water 1.13 1.21 −7.5 [28,39,40]
3 36 Al2O3-water 1.11 1.42 −28.1 [28,39,40]
3 51 Al2O3-water 1.51 1.23 18.4 [28,39,40]
4 51 Al2O3-water 1.47 1.43 2.6 [28,39,40]

Fig. 9. Sensitivity analysis diagram for RPr.
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that the deviation of the data obtained by correlation from the ex-
perimental values was mostly< 5 for both the thermal conductivity
and dynamic viscosity. Finally based on the correlations, the value of
relative Pr number was calculated and plotted vs temperature and mass
fraction of CuO nanoparticles. The results of sensitivity analysis for
relative Pr number exhibited that this parameter is more sensitive to
mass fraction of nanoparticles in comparison with the temperature.
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