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Abstract
The thermophysical properties and thermal performance of water- and ethylene-glycol-based nanofluids 
containing Al2O3 and CuO nanoparticles were examined. Nanofluids were prepared at four concentrations 
(1-4 vol%) using an electric mixer and magnetic stirrer, and the thermophysical properties were measured. 
Surfactants were used to improve stability. The transient hot-wire method (KD2-Pro device), Dynamic Light 
Scattering (DLS), and Ostwald viscometer (ASTM D445-06) were used to measure the resulting thermal 
conductivity coefficient, nanoparticle diameter, and nanofluid viscosity, respectively. The experiments were 
carried out in the 20 to 50 °C temperature range. Adding 1 wt% sodium dodecyl sulfate (SDS) to the CuO–
water and the same amount of sodium dodecylbenzene sulfonate (SDBS) to the Al2O3–water nanofluid 
were found to stabilize them for 20 and 22 days, respectively. Increasing the nanoparticle volume fraction, 
raising the temperature, and reducing nanoparticle diameter were found to increase the thermal conductivity 
coefficient. The density also increases with the nanoparticle volume fraction in the base fluid increasing. 
Moreover, at the same volume fraction, the CuO–water nanofluid had a higher density than Al2O3–water. 
Better base fluid thermal properties amplify the effect on the nanofluid's thermal conductivity coefficient. The 
actual thermal conductivity coefficient was determined by comparing model predictions of the coefficient. 
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INTRODUCTION
Heat transfer is one of the most important 

processes in many industrial and consumer 
products. For more than a century, scientists and 
engineers have made great efforts to enhance 
the inherently poor thermal conductivity of 
conventional fluids. So the idea of dispersing solid 
particles in fluids, which started with millimeters 
and micrometers, was completed with the use of 
solid nanoparticles, and today nano-fluids are a 
good alternative to normal fluids such as water and 

oil [1]. Nano particles cause a significant increase 
in the heat transfer of nano-fluids. Adding nano 
particles to the base liquid has a significant effect 
on thermal conductivity. Many researchers have 
extensively investigated nanofluids in terms of 
their thermal and dynamic properties, the ability 
to develop these properties, and the possibilities 
of using themin industrial applications [2-3]. In 
1995, for the first time in the laboratory, a scientist 
called Choi significantly increased the production 
and thermal conductivity coefficient of a base fluid 
in a combination of solid metal and non-metallic 
nanoparticles in conventional fluids. He called the 

http://creativecommons.org/licenses/by/4.0/.
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resulting suspension nanofluid [4]. After Choi, most 
researchers focused on increasing the thermal 
properties of nanofluids. A number of these 
studies are listed below. Morshed et al. examined 
the nanoparticles of copper dioxide in water in the 
range of 0.5 to 5%. They observed the nonlinear 
behavior of the conductivity coefficient with volume 
deduction, especially in low volume deductions. [5]. 
Das et al. studied the nanofluid behavior of water 
and copper oxide, as well as water and aluminum 
oxide, by changing the temperature. They 
concluded that as the temperature increases, the 
thermal conductivity of the nanofluid increases [6]. 
Karthik et al. investigated the thermal conductivity 
coefficient of copper oxide nanofluid. Their studies 
have shown that temperature has significant 
effects on the thermal conductivity coefficients 
of nanofluids [7]. Kucharska et al. examined the 
effect of adding a coating 2 3AL O  cover on nickel. 
The results showed that the obtained piece has 
more stiffness and abrasion resistance than pure 
nickel [8]. Ghazvini et al. in their experimental 
study, investigated the effect of copper oxide 
nanoparticle concentration on increasing viscosity 
and thermal conductivity coefficient of SAE 
20W50 engine oil at concentrations of 0.1% to 
0.5% and for temperatures of 40 to 100c [9]. 
Leong et al. examined the effect of using ethylene 
glycol-copper nanofluid as a coolant in a car’s 
radiator. The results showed that adding 2% of 
nanoparticles to the base fluid increased the 
thermal conductivity coefficient rate by 4% [10]. 
Leong et al. investigated the effect of changes in 
the thermal conductivity coefficient of nanofluid 
copper-ethylene glycol on car radiators. The results 
showed that increasing the Reynolds number 
of air and cooling fluid increased the thermal 
conductivity coefficient [11]. Syam Sundar et al. 
showed that the viscosity of nanofluids depends 
on the concentration of particles, temperature, 
size, and shape of the particles and the viscosity 
of the base fluid. In addition to the above, how to 
stabilize nanofluids, how to make and synthesize 
nanoparticles and the nanoparticle manufacturer 
are effective in the viscosity of nanofluids [12]. 
Pugalenthi et al. studied the reinforcing effect 
of Sic and 2 3AL O  on aluminum composite. They 
produced four samples by casting method and 
showed that the reinforcement material increases 
the tensile strength, resistance, and hardness of 
the maid aluminum [13]. Pastoriza-Gallego et al. 
investigated the effect of particle size on viscosity 

and volumetric behavior of CuO nanofluid. The 
results showed that the effect of particle size on 
density is low but not negligible, but this effect on 
viscosity is very large and should be considered in 
any scientific application [14]. Singh et al. measured 
the changes in the rate and thermal conductivity 
coefficient vertically and horizontally by changing 
the difference between the temperature of the 
steam and the surface on the thermal pipes. 
The findings show that the thermal conductivity 
coefficient rate using copper nanofluid for vertical 
pipe mode is 2.07 times higher than the horizontal 
pipe mode and the thermal conductivity coefficient 
in the vertical a mode is 1.94 times higher than the 
horizontal mode [15]. Turkyilmazoglu used the 
classic Noselt layer-density theory and presented 
two different analytical models for nanofluids. In 
this analysis, he used silver nanoparticles, copper, 
copper oxide, aluminum oxide, and titanium oxide 
with a water-based fluid. His results show that by 
increasing the volume deduction of nanoparticles, 
the thickness of the condensed layer decreases and 
it increases the thermal conductivity coefficient, 
too [16]. El Mghari et al. numerically analyzed the 
thermal conductivity coefficient at the nano scale 
layer density within the square micro channel. 
Their results show that if the volume deduction of 
copper nanoparticles increases by 5%, the thermal 
conductivity coefficient improves by 20% [17]. Azimi 
and Taheri showed in their study that, an empirical 
electrical conductivity assessment of nanofluids 
comprising CuO nanoparticles water-based in 
different concentrations, particles size and various 
temperatures of nanofluids has been carried out in 
this paper. These experimentations have been done 
in deionized water with nanoparticles sizes such as 
89, 95, 100 and 112 nm and concentrations of 0.12 
g/l, 0.14 g/l, 0.16 g/l and 0.18 g/l so nanofluids 
obtain in temperatures such as 25 °C, 35 °C, 45 
°C and 50 °C for investigation of their electrical 
conductivity. It is observed that, in water-based 
nanofluids, the electrical conductivity increases 
with increasing in both nanofluids temperatures 
and concentration respectively in the range 25–50 C 
and 0.12-0.18g/l. But in nanoparticles size rising in 
nanofluids we observe that electrical conductivity 
has a few increases when nanoparticles have 95nm 
diameters, so decrease for biggest nanoparticles 
such as 100 and 112nm. It seems that there is an 
optimum in electrical conductivity with resizes 
nanoparticles. [18]. Sabbaghi et al. by use of 
nonionic surfactants polyethylene glycol (PEG), 
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the clew CuO nanostructure with the diameter of 
about 4 µm was prepared at 150 ˚C for 11 hr. As 
the temperature increased to 160 ˚C for 11 hr, the 
gear wheel CuO nanostructure with the diameter 
of about 70 nm was made. Furthermore, two other 
temperatures (180 and 200) are utilized for 20 hr to 
produce nanowire. The product was characterized 
by powder X-Ray diffraction, and scanning 
electron microscopy SEM showed the various 
shapes of CuO nanostructures, including clew, 
gearwheel, and nanowire bundles. [19]. Bhuiyan 
et al. conducted a study on the surface tension 
of alumina nanoparticles and titanium dioxide. It 
was determined that the surface tension of the 
fluid and the angle of contact of the droplet with 
the surface is one of the influential parameters in 
droplet density [20]. The use of nanofluid as a fluid 
with advanced thermal conductivity coefficient 
properties in various industries is increasing. 
Therefore, determining the thermo-physical 
properties of these fluids is important. Due to 
the lack of similar studies in this regard, and the 
inefficiency of classical relationships in determining 
the exact coefficient of thermal conductivity 
coefficient of nanofluids on the one hand and on 
the other hand providing contradictory results by 
researchers in this regard led us to do the present 
research. Therefore, these properties were 
determined in a laboratory and compared with 
valid sources in order to evaluate the accuracy of 
the obtained cases. Nanofluids were used in heat 
exchangers, oscillating heat pipes, chillers, solar 
water heating machining, car engine cooling, 
electronic component cooling, and nuclear reactor 
cooling.

MATERIALS AND METHODS
This section, first, discusses base fluid 

preparation, which could be water or Ethylene 
Glycol (EG), before reviewing the production of 
nanoparticles with a Plasma Nano Colloid Maker 
(PNC1k-C) and their electron microscope imaging. 
Next, nanoparticle diameter measurement by 
Dynamic Light Scattering (DLS) and, finally, the 
evaluation of the thermophysical parameters 
in different conditions using a KD2 Pro thermal 
properties analyzer are described.

Distilled Water Preparation
Distilled water is required to produce a water-

based nanofluid. In this study, the required distilled 
water was produced using a Fater Electronics 

Model 6004 device.

Nanoparticle Production
The PNC1k-C produces metal nanocolloids on 

a laboratory scale by the electrical wire explosion 
technique. Here, 2 3AL O  and CuO nanoparticles 
were prepared by this device.

Imaging of Nanoparticles
The Transmission Electron Microscope (TEM) 

is a specialized tool for revealing the materials’ 
microstructure and morphology and enables 
microstructural studies of materials with extreme 
magnification at high resolution. Images were 
taken on an H9500 TEM and a HITACHI Su3500 
scanning electron microscope (SEM). Figs. 1a and c 
show TEM images of Al2O3 and CuO nanoparticles. 
Moreover, Figs. 1b and d show SEM images of the 
two nanoparticles.

Nanoparticle Diameter Measurement by DLS
Light scattering methods are commonly used 

to determine particle size and size distribution 
in colloidal systems. In this method, a laser 
beam illuminates the suspension, recording the 
scattering patterns by an optical detector. Larger 
particles have a lower velocity in the solution than 
smaller ones. Therefore, the scattering pattern 
changes more slowly in a suspension with larger 
particles than one contain smaller particles. 

The relationship between particle size and 
Brownian motion speed is established by the 
Stokes–Einstein relation: (Eq. 1).

2.4. Nanoparticle Diameter Measurement by DLS 

Light scattering methods are commonly used to determine particle size and size distribution in colloidal 

systems. In this method, a laser beam illuminates the suspension, recording the scattering patterns by an 

optical detector. Larger particles have a lower velocity in the solution than smaller ones. Therefore, the 

scattering pattern changes more slowly in a suspension with larger particles than one contain smaller 

particles.  

The relationship between particle size and Brownian motion speed is established by the Stokes–Einstein 

relation: (Eq. 1). 

 (1)  

dH = KT
3πη D 

dH: Hydrodynamic Diameter of Particle, K: Boltzmann constant, η: solvent viscosity that depends on 

temperature and is not related to system density and pressure. T: Absolute temperature and D: Influence 

coefficient [20]. Figure 2 shows the measurement of particle diameter histograms. 

2.5. Nanofluid Preparation 

Dry, analytical-grade pure 𝐴𝐴𝐴𝐴2𝑂𝑂3  and CuO nanoparticles with 10 nm and 50 nm particle sizes, products 

of Tamad Kala Co., were used. An electric agitator with adjustable speed (200–3000 rpm) was used to 

mix the nanofluid. Next, the solution was placed on a magnetic shaker with a speed range of 100–2000 

rpm and 400 W heating powers. Equation 2 estimates the mass fraction (wt%) considering the mass of 

nanoparticles (mp) and the mass of the base fluid (mf) [65]. 

 (2) 

𝜙𝜙 = (
𝑚𝑚𝑝𝑝

𝑚𝑚𝑝𝑝 + 𝑚𝑚𝑓𝑓
) × 100 

  (1) 

dH: Hydrodynamic Diameter of Particle, K: 
Boltzmann constant, η: solvent viscosity that 
depends on temperature and is not related 
to system density and pressure. T: Absolute 
temperature and D: Influence coefficient [20]. Fig. 
2 shows the measurement of particle diameter 
histograms.

Nanofluid Preparation
Dry, analytical-grade pure 2 3AL O   and CuO 

nanoparticles with 10 nm and 50 nm particle 
sizes, products of Tamad Kala Co., were used. An 
electric agitator with adjustable speed (200–3000 
rpm) was used to mix the nanofluid. Next, the 
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Fig. 1. (a) TEM image of Al2O3 nanoparticles, (b) SEM image of Al2O3 nanoparticles, (C) TEM image of CuO nanoparticles, (d) SEM image of 

CuO nanoparticles. 

Fig. 1. (a) TEM image of Al2O3 nanoparticles, (b) SEM image of Al2O3 nanoparticles, (C) TEM image of CuO nanoparticles, (d) SEM 
image of CuO nanoparticles.

 

Fig. 2. Histogram for measuring the diameter of nanoparticles Al2O3. 

  

Fig. 2. Histogram for measuring the diameter of nanoparticles Al2O3.
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solution was placed on a magnetic shaker with a 
speed range of 100–2000 rpm and 400 W heating 
powers. Equation 2 estimates the mass fraction 
(wt%) considering the mass of nanoparticles (mp) 
and the mass of the base fluid (mf) [65].

  (2)
100p

p f

m
m m

φ
 

= ×  + 

Let Let ρ𝑝𝑝 denote the nanoparticles' density and ρ𝑓𝑓 the base fluid density. The volume fraction of 

nanoparticles (Φ) can be estimated from Eq. 3 [10]. 

(3) 

Φ =

𝑚𝑚𝑝𝑝
𝜌𝜌𝑝𝑝

𝑚𝑚𝑝𝑝
𝜌𝜌𝑝𝑝 + 𝑚𝑚𝑓𝑓

𝜌𝜌𝑓𝑓
 

Surfactants were used to maintain the solution stability for engineering applications. The material 

specifications are presented in Table 1. 

As evident, 1 wt% sodium dodecyl sulfate (SDS) was added to the CuO nanofluid, and 1 wt% sodium 

dodecyl benzene sulfonate (SDBS) was used for the Al2O3 solution. These solutions were products of 

Kalazist Co. Figure 3 illustrate the reaction between Al2O3 nanoparticles and sodium dodecylbenzene 

sulfonate. 

2.6. Measuring the Nanofluid Thermal Conductivity 

2.6.1. Estimation Methods for the Thermal Conductivity Coefficient 

Several experimental theories have been proposed for measuring thermal conductivity by theoretical 

methods, some of which have been employed in this study (Table 2). 

2.6.2. Measuring Thermal Conductivity by the Transient Hot Wire Method 

The Transient Hot Wire (THW) method is a common technique for the experimental measurement of the 

thermal conductivity of liquids by statistical means and using a linear source. A thin metal wire made of 

platinum (or tantalum) measuring 5-80 μm in diameter is placed inside the liquid, serving as both a heat 

source and a thermometer. The specimen's thermal conductivity can be determined from the temperature 

variation of the hot wire over time. The wire's thermal resistance changes with temperature. A 

Wheatstone bridge measures the electrical resistance of the Rw wire. The electrical resistance of the R3 
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Surfactants were used to maintain the solution 
stability for engineering applications. The material 

specifications are presented in Table 1.
As evident, 1 wt% sodium dodecyl sulfate 

(SDS) was added to the CuO nanofluid, and 1 
wt% sodium dodecyl benzene sulfonate (SDBS) 
was used for the Al2O3 solution. These solutions 
were products of Kalazist Co. Fig. 3 illustrate the 
reaction between Al2O3 nanoparticles and sodium 
dodecylbenzene sulfonate.

Measuring the Nanofluid Thermal Conductivity
Estimation Methods for the Thermal Conductivity 
Coefficient

Several experimental theories have been 
proposed for measuring thermal conductivity by 
theoretical methods, some of which have been 
employed in this study (Table 2).

Measuring Thermal Conductivity by the Transient 
Hot Wire Method

The Transient Hot Wire (THW) method is 
a common technique for the experimental 
measurement of the thermal conductivity of 
liquids by statistical means and using a linear 

 
Table 1. Specifications of surfactants. 

 
sulfonate Molecular formula   Formula structure Molecular Weight 

(g/mol) 
Density ( g

cm3) 

Sodium dodecyl 
sulfate [21] 

𝑁𝑁𝑁𝑁𝐶𝐶12𝐻𝐻25𝑆𝑆𝑂𝑂4 

 

288.372 1.01 

Sodium dodecyl 
benzene sulfonate 

[22] 

𝐶𝐶18𝐻𝐻29𝑁𝑁𝑁𝑁𝑂𝑂3𝑆𝑆 

 

348.48 1.02 

 
  

Table 1. Specifications of surfactants.

 

 

Fig. 3. Reaction mechanism between Al2O3 nanoparticles and sodium dodecyl benzene sulfonate. 

  

Fig. 3. Reaction mechanism between Al2O3 nanoparticles and sodium dodecyl benzene sulfonate.
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source. A thin metal wire made of platinum (or 
tantalum) measuring 5-80 μm in diameter is 
placed inside the liquid, serving as both a heat 
source and a thermometer. The specimen’s 
thermal conductivity can be determined from 
the temperature variation of the hot wire over 
time. The wire’s thermal resistance changes with 
temperature. A Wheatstone bridge measures the 
electrical resistance of the Rw wire. The electrical 

resistance of the R3 potentiometer is set when the 
galvanometer G shows zero current. By balancing 
the bridge with the zero galvanometer current, 
the value of Rw (Eq. 4) can be determined based 
on the known values of R1, R2, and R3 (Fig. 4)

  (4)1 2

3
w

R RR
R

=

 
Table 2.  Mathematical models for estimating thermal conductivity coefficient. 

 
Model Mathematical model Explanations 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 [23] Keff =
Kpφp(dT/dx)p + Kbφb(dT/dx)b

φp(dT/dx)p + φb(dT/dx)b
 Most primitive model by assuming 

particles in spherical shape. 

Maxwell-
 𝐺𝐺𝑀𝑀𝐺𝐺𝐺𝐺𝑀𝑀𝐺𝐺𝐺𝐺 [24] 

Knf
Kf

=
(Kp + 2Kf) − 2φ(Kf − Kp)
(Kp + 2Kf) + φ(Kf − Kp)  

The modified model is Maxwell and it is in 
good agreement with the experimental 

data. 

𝐻𝐻𝑀𝑀𝐻𝐻𝐻𝐻𝑀𝑀𝐺𝐺𝐻𝐻𝐺𝐺 [25] Keff =
Kp + (n − 1)Kl − (n − 1)(Kl − Kp)φ

Kp + (n − 1)Kl + (Kl − Kp)φ Kl 
Applicable to spherical particles (n = 3) 

and cylindrical particles (n = 6) 

𝐽𝐽𝑀𝑀𝐽𝐽𝐽𝐽𝐺𝐺𝑀𝑀𝐽𝐽 [26] Keff = [1 + 3βφ + (3β2 + 3β3

4 + 9β3

16 − α + 2
2α + 3 + 3β4

26 +. . . )φ2]kl 
Assuming spherical and binary interaction 

between particles. 

𝐿𝐿𝐻𝐻𝐻𝐻 − 𝐿𝐿𝐻𝐻𝐺𝐺 [27] Keff = [1 + aφ + bφ2]kl 
a = 2.25, b = 2.27 for α = 10;  a = 300, b = 4.51 for α = ∞ 

Assuming spherical and non-spherical 
particles. 

𝑇𝑇𝐻𝐻𝐻𝐻𝐻𝐻𝐽𝐽𝑀𝑀𝑀𝑀𝑇𝑇𝑀𝑀 [28] 
Knf
Kf

= (1 + 3φ) In this model, the only effective 
parameter is the volume percentage. 

𝑃𝑃𝑀𝑀𝑃𝑃 − 𝐶𝐶ℎ𝐻𝐻 [29] 
Knf
Kf

= 1 + 7.47φ 

 

In this model, the only effective 
parameter is the volume percentage. 

 
  

Table 2.  Mathematical models for estimating thermal conductivity coefficient.

 

 

Fig. 4. Measurement of thermal conductivity coefficient using transient hot wire. 

  

Fig. 4. Measurement of thermal conductivity coefficient using transient hot wire.
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Since nanofluids are electrical conductors, 
covering the platinum wire with a thin layer of 
electrical insulator will prevent such problems 
as the electric current running through the fluid 
causing heat generation in the wire. This technique, 
referred to as the modified THW, was introduced 
by Nagasaka and Nagashima, who covered the 
wire in a layer of epoxy adhesive [31]. Given the 
platinum wire’s small diameter and high electrical 
conductivity, it can be assumed as a linear source 
in an unlimited cylindrical environment. This study 
uses the relationships proposed in the literature for 
this setting (Eqs. 5–9) [34]. Transient temperature 
for a long time follows the following relationship.

 
T(r,t)=

2 2

2
4 . 1  .  .  . 

4 4 4 4
Q t r rln

k r t t
α γ

π α α
    + − − −        

  

(5)

In this equation:
Q: The applied power per unit length in the 

heat source w
m

 
 
 

k: Thermal conductivity coefficient W
m.K

 
 
 

α: Thermal distribution coefficient 
2

m
sr: radial position of temperature measurement

Y: The stability of Uller is γ = ln (σ) = 0.57721
This approximation can be used for a linear 

source located within an unlimited cylindrical 
environment: [32].

 (6)2

1
4 .
r

tα
 
 
 



Therefore, the equation becomes as follows 
[32].

( ) 2 2
4 . 4,

4 4
Q t QT r t ln lnt ln

k r r
α αγ γ

π πλ
      = − = + −            

  
(7)

Therefore, the dependence of temperature 
on time is as follows, which we will have in two 
different times: [32].

 (8)( ) ( ) 2
2 1

14
tQT T t T t ln

k tπ
 

∆ = − =  
 

By placing Q and simplifying the following 
equation for k is obtained [32].

 (9)
( ) ( )

2

12 14
tQk ln
tT t T tπ

 
=   −   

The transient hot wire method allows us 
to measure k quickly and accurately, while 
also reducing the unwanted effects of thermal 
conductivity (Fig. 5a, 5b, 5c).

Measuring Thermal Conductivity Using the KD2-
Pro

The thermal conductivity of the nanofluids was 
measured using the KD2-Pro, a hand-held device 
for measuring thermal properties with manual 
controllers and sensors that can determine the 
thermal conductivity of nanofluids. The device 
comes with three accuracy settings (5-10%). 
The KS-1 sensor with a ± 5% accuracy was used 
in the present study. The error can be reduced 

 

 

Fig. 5. View of the Hot Wire device for measuring thermal conductivity, (a) Main device, (b) Hot wire housing, (c) Thermocouple. 

 

  

Fig. 5. View of the Hot Wire device for measuring thermal conductivity, (a) Main device, (b) Hot wire housing, (c) Thermocouple.
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by placing the specimen in a water bath with a 
1 °C temperature difference from the sample. 
During data sampling, the specimen must remain 
stationary with the sensor installed perfectly 
perpendicular to the sample. 

Table 3 lists the thermophysical properties of 
the base fluid and nanoparticles.

Determining the Density
The nanofluid density can be calculated using 

the law of mixtures and the Pak and Cho relation 
(Eq. 10) [34].

conductivity of nanofluids. The device comes with three accuracy settings (5–10%). The KS-1 sensor 

with a ± 5% accuracy was used in the present study. The error can be reduced by placing the specimen in 

a water bath with a 1 °C temperature difference from the sample. During data sampling, the specimen 

must remain stationary with the sensor installed perfectly perpendicular to the sample.  

Table 3 lists the thermophysical properties of the base fluid and nanoparticles. 

2.7. Determining the Density 

The nanofluid density can be calculated using the law of mixtures and the Pak and Cho relation (Eq. 10) 

[34]. 

 (10) 

ρeff = (mV)eff
=
mb +mp
Vb + Vp

=
ρbVb + ρpVp
Vb + Vp

= (1 − ϕp)ρb + ϕbρp 

Where ϕ denotes the nanoparticle volume fraction, ρ is the density and index; p indicates the 

nanoparticles and b the base fluid. The DA130N digital portable density meter, produced by KEM, Japan, 

was used to measure the density. 

2.8. Measuring the Viscosity 

Viscosity is the measure of a fluid's resistance to deformation under applied longitudinal or shear stress. 

Studies have shown that nanofluids have a higher viscosity than base fluid. Viscosity, similarly to 

conductivity, depends on the nanoparticle volume fraction. As illustrated by Table 4, various theoretical 

models have been proposed for calculating the viscosity of nanofluids. The ASTM D445-06 Ostwald 

Viscometer was used for measuring the viscosity here. 

3. Results and Discussion 

3.1. CuO and 𝐴𝐴𝐴𝐴2𝑂𝑂3 Sedimentation in the Water-Based Nanofluid 

 
 (10)

Where φ  denotes the nanoparticle volume 
fraction, ρ is the density and index; p indicates the 
nanoparticles and b the base fluid. The DA130N 
digital portable density meter, produced by KEM, 
Japan, was used to measure the density.

Measuring the Viscosity
Viscosity is the measure of a fluid’s resistance 

to deformation under applied longitudinal or shear 
stress. Studies have shown that nanofluids have a 
higher viscosity than base fluid. Viscosity, similarly 
to conductivity, depends on the nanoparticle 
volume fraction. As illustrated by Table 4, 
various theoretical models have been proposed 
for calculating the viscosity of nanofluids. The 
ASTM D445-06 Ostwald Viscometer was used for 
measuring the viscosity here.

RESULTS AND DISCUSSION
CuO and 2 3Al O  Sedimentation in the Water-

Based Nanofluid
Suspension uniformity and stability 

considerably improve the nanofluids thermal 
properties. Cluster formation or particle 
accumulation is a phenomenon that affects 
nanofluid stability and promotes particle 
settlement. Clustering has two adverse effects on 
the nanofluid. It could destabilize the suspension 
by creating large masses and also compromise 

thermal conductivity by creating areas depleted 
of nanoparticles in the liquid, thus increasing the 
thermal resistance. This issue is illustrated in Fig. 
6.

According to Fig. 6, nanoparticle aggregation 
and clustering becomes more likely as the volume 
fraction of nanoparticles scattered in the base 
fluid increases, reducing the thermal conductivity. 
A 1 vol% nanofluid was prepared with 20 nm 
nanoparticles to measure the settling time. An 
electric mixer was used in the first experiment to 
make a perfectly homogeneous solution. Then, 
100 ml of the mixture was poured into a graduated 
container and photographed at regular intervals. 
Results showed that the mixture maintains its 
suspension state in the first hour, with some of 
the nanoparticles settling during the next hour. In 
the second experiment, the mixture was placed 
on a magnetic stirrer for 10 minutes, with the 
temperature set at 30 °C to delay nanoparticle 
settlement. The second solution was also 
photographed at regular intervals for comparison. 
In this experiment, the solution remained in a 
suspension state for 2 to 2.5 hours before it started 
to precipitate gradually. However, no surfactant 
was used to stabilize the solution. It was found that 
using an electric mixer (Figs. 7a and 8a) followed 
by magnetic stirring (Figs. 7b and 8b) to agitate 
the nanofluid produces a more stable nanofluid 
(Figs. 7c and 8c). The results are in agreement with 
previous reports [33]. The solution stability was 
further improved by adding 1 wt% SDS to the CuO 
nanofluid and 1 wt% SDBS to the Al2O3 nanofluid, 
helping them maintain stability for 22 (Fig. 7d) and 
20 days (Fig. 8d), respectively.

The Actual and Theoretical Thermal Conductivity 
Coefficients

Experimental data are suggestive of 
improvements in thermal conductivity at 
increased nanoparticle volume fractions. Al2O3 
and CuO nanofluids with different concentrations 
(1, 2, 3, and 4 vol%) were tested, recalculated, and 
evaluated based on seven theories (Table. 5).

 
Table 3. Thermo-physical properties of base fluids and nanoparticles [32]. 

 
Water Ethylene glycol Copper CuO 𝐴𝐴𝐴𝐴2𝑂𝑂3 Properties 
4179 2420.6 385 533 765 𝑐𝑐𝑝𝑝(𝐽𝐽𝐽𝐽𝐽𝐽−1𝐾𝐾−1) 
997.1 1110.2 8933 6500 3970 𝜌𝜌(𝐽𝐽𝐽𝐽𝑚𝑚−3) 
0.613 0.253 400 76 40 𝐾𝐾(𝑊𝑊𝑚𝑚−1𝐽𝐽−1) 

21 57 1.67  ------ 0.85 𝛽𝛽 × 10−5(𝐽𝐽−1) 
 

  

Table 3. Thermo-physical properties of base fluids and nanoparticles [32].
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Table 4. Summary of nanofluids’ viscosity models. 

 
Row Model name Models Remarks 

1 Einstein [34] 
μnf
μf

= 1 + 2.5ϕ Spherical particles of very low 
volume fraction (ϕ<0.02) 

2 Krieger and Dougherty 
[35] 

μnf
μf

= [1 − ϕ
ϕm

]−ηϕm 
Randomly mono dispersed and 

hard spheres with variable 
packing fraction 

3 Neilson [36] 
μnf
μf

= (1 + 1.5ϕ)e
ϕ

(1−ϕm) 
Power law model valid for 

particle volume fraction more 
than 0.02 

4 Mooney [37] 
μnf
μf

= e( ξϕ
1−kϕ) 

Appropriate for self-crowding 
factor (1.35 < k < 1.91) and 

fitting parameter of 2.5 

5 Batchelor [38] 
μnf
μf

= (1 + 2.5ϕ + 6.5ϕ2) 
Extension of Einstein model 

considering Brownian motion 
 

6 Lundgren [39] 
μnf
μf

= [1 + 2.5ϕ + 25
4 ϕ2 + f(ϕ3)] 

Reduction of Einstein model 
formulated from Taylor series 

expansion of φ 

7 Brinkman [40] 
μnf
μf

= (1 − ϕ)2.5 

Formulated from Einstein 
model. Valid for continuous 

medium of particle 
concentrations less than 4 % 

8 Chen et al. 
[41] 

μnf
μf

= (1 − ϕa
ϕm

)−2.5ϕm 

ϕa = ϕ(aa
a )

3−D
 

 

Modified Krieger–Dougherty 
equation. Consider particle 

aggregates 

9 Franken and Acrivos 
[42] 

μnf
μf

= 9
8

[
 
 
 
 
 
 

( ϕ
ϕm

)
1
3

(ϕm − ϕ)
1
3

ϕm

1
3 ]

 
 
 
 
 
 

 

Valid for spherical particles and 
for 

0.5236≤φ≤0.7405 
ϕm is determined 

experimentally 

10 Ward [43] 
μnf
μf

= [1 + η(ϕeff + 2.5η + (2.5η)2+ . . . . . . )] Exponential model for up to 
35 % of spherical particles 

11 Kitano [44] 
μnf
μf

= 1

[1 − ( ϕ
ϕm

)]
2 Based on maximum particle 

volume fraction 

12 Bicerano [45] μnf = (1 + ηϕ + KHϕ2) Considers volumetric effect on 
viscosity 

13 Tseng and Chen  [46] 
μnf
μf

= 0.4513e0.6965ϕ 
Considers volume concentration 
for nickel/terpineol nanofluids 

 

14 Graham [47] 
μnf
μf

=

(

 
 1 + 2.5ϕ + 4.5

[
 
 
 
 

1

( h
dp

(2 + h
dp

)) (1 + h
dp

)
2

]
 
 
 
 

)

 
 

 

Modified form of Franken–
Acrivos model. Considers 

particle radius and inter-particle 
spacing 

15 Masoumi et al. [48] μnf = μf (1 + ρNVbdN
2

72Cδμf
) 

Based on Brownian motion of 
particles and valid for 

alumina/water nanofluids 

16 Pak and Cho 
[49] 

μnf
μf

= (1 + 39.11ϕ + 533.9ϕ2) 
Developed by taking room 
temperature as reference 

 

17 Kulkarni [50] 
ln(μnf) = −(2.8751 + 53.548ϕ − 107.12ϕ2)

+ (1078.3 + 15857ϕ + 20587ϕ2

T  

Valid for CuO–water nanofluids 
within a temperature range of 

5–50 °C 
 

18 Nguyen et al. [51] 
μnf
μf

= (2.1275 − 0.0215T + 0.00027T2) 
Temperature-dependent 

viscosity with particle volume 
fraction 1–4 % 

19 Namburu et al. [52] log(μnf) = Ae−BT 

Temperature-dependent model 
and valid for Al2O3 nanofluids 
with 1–10 % volume fraction 

and −35 to 50 °C 
 

20 Chandrasekhar et al. 
[53] 

μnf
μf

= 1 + b ( ϕ
1 − ϕm

)
n

 
Considers electromagnetic, 
mechanical and geometrical 

aspects 

21 Abu–Nada 
[54] 

μnf = −0.155 − 19.582
T + 0.794ϕ + 2094.47

T2 − 0.192ϕ2

− 8.11ϕ
T − 27463.863

T3 + 0.127ϕ3

+ 1.6044ϕ2

T + 2.1754 ϕ
T2 

Temperature-dependent model, 
valid for 𝐴𝐴𝐴𝐴2𝑂𝑂3 nanofluids 

 

Table 4. Summary of nanofluids’ viscosity models.
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Fig. 6. Clustering effect and volume percentage on thermal conductivity coefficient [57]. 
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Fig. 6. Clustering effect and volume percentage on thermal conductivity coefficient [57].

 

Fig. 7. Al2O3 Nano-fluid stability test (a) Using a conventional mixer (b) Using a magnetic stirring (c) Using an electric mixer and a magnetic 

stirring (d) Using an electric mixer and a magnetic stirring with surfactant. 

Fig. 7. Al2O3 Nano-fluid stability test (a) Using a conventional mixer (b) Using a magnetic stirring (c) Using an electric mixer and a 
magnetic stirring (d) Using an electric mixer and a magnetic stirring with surfactant.

Row Model name Models Remarks 

22 Masud Hosseeini [55] 
μnf
μf

= exp [m + α ( T
T0

) + β(ϕh) + γ( d
1 − r)] 

Temperature-dependent model. 
Considers hydrodynamic volume 

fraction and thickness of 
capping layer 

 

23 Avsec and Oblac [56] 
μnf
μf

= [1 + 2.5(ϕeff + 2.5ϕeff + (2.5ϕeff
2 )+ . . . )] Extension of Ward model and 

Einstein model 
 
  

 Continued Table 4. Summary of nanofluids’ viscosity models.



262

B. Rahmatinejad et al.

Int. J. Nano Dimens., 12 (3): 252-271, Summer 2021

 
Table 5. Determination of thermal conductivity coefficient by changing the volume deduction for nanofluid copper oxide in water. 

 

experimental Loo-Lin Pak-Cho Timofeeva Maxwell Maxwell-
Garnett Hamilton Jeffrey  

Knf/Kf Knf/Kf Knf/Kf Knf/Kf Knf/Kf Knf/Kf Knf/Kf Knf/Kf 
Volume 
fraction 

(% ) 
1.039 1.022 1.074 1.03 1.029 1.03 1.057 1.029 1 
1.068 1.045 1.149 1.06 1.59 1.061 1.116 1.06 2 
1.091 1.069 1.224 1.09 1.09 1.092 1.176 1.091 3 
1.132 1.093 1.298 1.12 1.121 1.124 1.238 1.123 4 

𝐾𝐾𝑓𝑓 = 0.067, 𝛼𝛼 = 1141.79, 𝛽𝛽 = 0.9973, 𝑛𝑛 = 3,𝐾𝐾𝑝𝑝 = 76.5 
 

Table 5. Determination of thermal conductivity coefficient by changing the volume deduction for nanofluid copper oxide in water.

Experimental data and theoretical results 
determine the thermal conductivity coefficient, 
indicating an increase in thermal conductivity 
coefficient at higher volume fractions. In this 
analysis, Loo-Lin’s theory predicts the lowest, 
and Pak-Cho’s theory the highest thermal 
conductivity. Based on the regression of the 
calculated experimental results (R = 0.99), this 
value corresponds to the Timofeeva model (Fig. 9).

Effect of Nanoparticle Diameter on the Nanofluid’s 
Thermal Conductivity

The thermal conductivity coefficients of CuO–
water nanofluids with different concentrations 
(1–4 vol%) of 10 and 25 nm nanoparticles were 
examined, and Fig. 10 presents the results.

The thermal conductivity coefficients of Al2O3–

water nanofluids with different concentrations (1 
to 4 vol%) of 6, 10, and 20 nm nanoparticles were 
also examined, depicting the results in Fig. 10.

It was found that smaller suspended 
nanoparticles increase the thermal conductivity 
to a greater extent thanks to the higher surface-
area-to-volume ratio. Reducing the size of the 
nanoparticles increases the surface area that is 
in contact with the fluid. Moreover, a comparison 
between CuO and Al2O3 nanofluids with 10 nm 
nanoparticles at the same volume fraction shows 
the higher thermal conductivity of CuO–water. 
This outcome can be attributed to the higher 
thermal conductivity of CuO nanoparticles. 
Further, reducing the particle diameter in the 4 
vol% Al2O3 nanofluid from 20 to 10 nm increased 
the thermal conductivity by 9%. In the case of 

 

Fig. 8. CuO Nano-fluid stability test (a) Using a conventional mixer (b) Using a magnetic stirring (c) Using an electric mixer and a magnetic 

stirring (d) Using an electric mixer and a magnetic stirring with surfactant. 

Fig. 8. CuO Nano-fluid stability test (a) Using a conventional mixer (b) Using a magnetic stirring (c) Using an electric mixer and a mag-
netic stirring (d) Using an electric mixer and a magnetic stirring with surfactant.
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Fig. 9. Display changes in theoretical thermal conductivity coefficient by changing the volume deduction (CuO+Water). 
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Fig. 9. Display changes in theoretical thermal conductivity coefficient by changing the volume deduction (CuO+Water).

 

Fig. 10. The effect of nanoparticle size in different volume deduction on the effective thermal conductivity coefficient of CuO+Water and 

Al2O3+Water. 
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Fig. 10. The effect of nanoparticle size in different volume deduction on the effective thermal conductivity coefficient of CuO+Water 
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CuO, the thermal conductivity was improved by 
12% when the nanoparticle diameter was reduced 
from 25 to 10 nm.

Changes in the Nanofluids’ Thermal Conductivity 
with Nanoparticle Volume Fraction

The thermal conductivity of Al2O3–water 
and CuO–water nanofluids was investigated at 
different nanoparticle volume fractions (1 to 5 
vol%). Fig. 11 illustrates the results of increasing 
the nanoparticle volume fraction, which can be 
implemented linearly or nonlinearly. The increase 
appears differently in different systems with 
different slopes. The reason is that the thermal 
conductivity of nanofluids depends on the thermal 
conductivities of both the base fluid and the 
nanoparticles. For example, increasing the volume 
fractions of Al2O3 and CuO from 1 to 5% increased 
the respective nanofluids’ thermal conductivity by 
approximately 10 and 12%. The experimental data 
were compared with the reports of Lee et al. [59], 
revealing their consistency.

Measuring the Nanofluid Density
A DA130N density meter was used for the 

measurements. The results are suggestive of 
the considerably higher density of nanofluids 
compared to the water-based fluid. Furthermore, 
as the nanoparticle volume fraction in the nanofluid 

increases, so does the density. Moreover, for the 
same volume fraction, the CuO–water nanofluid 
had a higher density than the Al2O3–water (Fig. 
12). For example, at 3 vol%, the density of CuO 
nanofluid was nearly 3% higher than that of the 
Al2O3 nanofluid. Increasing the Al2O3 and CuO 
volume fractions from 1 to 4% in the respective 
nanofluids increased the density by approximately 
7 and 9%. The results were compared with 
previous studies for validation [50, 60, and 61].

A temperature rise leads to the fluid’s 
expansion, changing its density. It must be noted 
that different liquids expand at different rates. 
Accordingly, changes in nanofluid density with 
temperature were investigated in the following 
experiment. It was shown that the density 
decreases with increasing temperature (Fig. 13). 
However, the decrease depends on the volume 
fraction of nanoparticles suspended in the 
nanofluid besides the temperature. For example, 
at 4 vol%, raising the temperature of the Al2O3-
water nanofluid from 20 to 50 °C reduces the 
density by almost 3%. The results were validated 
based on data found in the literature [62].

Dynamic Viscosity of the Nanofluids
20 nm nanoparticles were used to measure 

the viscosity of the Al2O3 nanofluid. Temperature 
is one of the parameters that affect viscosity. 

 

Fig. 11. Investigation of changes in thermal conductivity coefficient of nanofluid Al2O3+Water and CuO+Water with volumetric percentage of 

nanoparticles. 
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Fig. 12. Nano-fluid density Al2O3+Water and CuO+Water with volumetric percentages 1 to 4. 
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Fig. 13. Nano-fluid Al2O3+Water density changes with temperature changes for 1 to 4 percent volume deduction. 
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Fig. 13. Nano-fluid Al2O3+Water density changes with temperature changes for 1 to 4 percent volume deduction.
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An increase in temperature makes gases more 
viscous, but the contrary holds for liquids (Fig. 14). 
This difference can be explained by the effective 

factors of viscosity. Results from the literature 
were used for validation [63, 64].

According to Fig. 14, at 40 °C and 4% volume 

 

Fig. 14. Viscosity changes of pure water and nanofluid Al2O3+Water with temperature changes. 
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Fig. 14. Viscosity changes of pure water and nanofluid Al2O3+Water with temperature changes.

 

Fig. 15. Changes in the ratio of thermal conductivity coefficient to volume deduction for nanofluid copper oxide in water at different 

temperatures. 
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Fig. 15. Changes in the ratio of thermal conductivity coefficient to volume deduction for nanofluid copper oxide in water at different 
temperatures.
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fraction, the viscosity increases 78% from the 
base-fluid level.

Temperature Effects on Nanofluid Thermal 
Conductivity at Different Volume Fractions

The water-based nanofluid containing 20 nm 
copper oxide particles was tested at volume fractions 
of up to 2% in 20 to 50 °C temperature range. Its 
thermal conductivity was accurately measured and 
recorded. The test results corresponding to this 

nanofluid are shown in Fig. 15.
The accuracy of the results was validated, 

considering the case with a 1% volume fraction in 
the 20 and 50 °C temperature range, in comparison 
with previous reports [65] (Fig. 16).

The experiment was replicated with Al2O3 
nanofluids with up to 4% nanoparticles (20 nm) in 
the temperature range between 20 and 50 °C (Fig. 
17).

The accuracy of the results was validated, 
 

 

Fig. 16. Comparison of effective thermal conductivity coefficient of copper oxide with a volume of 0.01 at temperatures between 20 and 50 °C 

with source [64]. 
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Fig. 17. Changes in the ratio of thermal conductivity coefficient to volume deduction at different temperatures for nanofluid Al2O3 + Water. 
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Fig. 16. Comparison of effective thermal conductivity coefficient of copper oxide with a volume of 0.01 at temperatures between 20 
and 50 °C with source [64].

Fig. 17. Changes in the ratio of thermal conductivity coefficient to volume deduction at different temperatures for nanofluid Al2O3 
+ Water.
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considering the cases with 1 and 4% volume 
fraction in the 20 and 50 °C temperature range, in 
comparison with previous reports [65] (Fig. 18).

The results are suggestive of the negligible 
effects of the temperature on the thermal 
conductivity coefficient ratio at small volume 
fractions. However, as the volume fraction 
increases, the effect of temperature on the 
thermal conductivity becomes more significant. 
With the volume fraction increasing, the number 
of particles suspended in the base fluid increases, 

and elevated temperatures promote molecular 
collision and Brownian motion. For example, in 
the case of the 1 vol% Al2O3 nanofluid, raising the 
temperature from 20 to 50 °C increases the thermal 
conductivity by approximately 6%. At 4 vol%, the 
same temperature increase (20 to 50 °C) improved 
the thermal conductivity by approximately 18%.

Thermal Conductivity of Water- and EG-Based 
Al2O3 and CuO Nanofluids

The thermal conductivity of the resulting 

 

 

Fig. 18. Comparison of the effective thermal conductivity coefficient of Al2O3 with a volume of 0.01 between 20 and 50c temperatures. 
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Fig. 18. Comparison of the effective thermal conductivity coefficient of Al2O3 with a volume of 0.01 between 20 and 50 oC tempera-
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Fig. 19. Comparison of Al2O3 and CuO thermal conductivity coefficient with water and ethylene glycol base fluids. 

 

1

1.05

1.1

1.15

1.2

1.25

0 0.01 0.02 0.03 0.04

Th
er

m
al

 c
on

du
ct

iv
ity

 ra
tio

 (K
ef

f/K
f)

Volume fraction

Al2O3+water (Present Experimental Data)

Cuo+water (Present Experimental Data)

Al2O3+EG (Present Experimental Data)

Cuo+EG (Present Experimental Data)

AL2O3+water (Khedkar et al.)

Al2O3+EG (Khedkar et al.)

Fig. 19. Comparison of Al2O3 and CuO thermal conductivity coefficient with water and ethylene glycol base fluids.



269Int. J. Nano Dimens., 12 (3): 252-271, Summer 2021

B. Rahmatinejad et al.

nanofluids was investigated by mixing different 
volume fractions of Al2O3 and CuO nanoparticles 
in two common base fluids, namely water and 
EG. It has been shown that using a base fluid with 
better thermal properties amplifies the effects 
of nanoparticles on the nanofluid’s thermal 
conductivity. For example, at 30 °C, the thermal 
conductivity coefficients of ethylene glycol and 
water measure 0.28 and 0.62. Considering the 
case with added CuO, we find that the CuO�EG mix 
registers a lower thermal conductivity than the mix 
with water as base fluid (Fig. 19). That is, the thermal 
conductivity of CuO–water is approximately 3% 
higher than that of the CuO–EG at 3 vol%.

CONCLUSION
Al2O3 and CuO nanoparticles were added 

to water and EG base fluids at four volume 
fractions (1-4%) using an electric mixer and 
magnetic stirring. Nanofluid stability proved to 
be challenging, and in order for the produced 
fluids to be applicable, surfactants must be used. 
Therefore, SDBS and SDS were added to Al2O3 and 
CuO nanofluids, keeping them stable for 22 and 20 
days, respectively. The actual thermal conductivity 
coefficient was obtained by comparing with 
predicted results. Based on the regression of 
the experimental results (R = 0.99), this value 
corresponds to the Timofeeva model. Raising 
the volume fraction and the temperature and 
reducing the nanoparticle diameter were found 
to improve the thermal conductivity. Increasing 
the volume fraction of nanoparticles suspended 
in the base fluid increases the density. It was also 
found that increasing the temperature results 
in a significant drop in viscosity. For example, at 
40 °C, adding 4 vol% nanoparticles increased 
the viscosity by 78% from the base-fluid level. 
Moreover, at the same volume fraction, the CuO-
water had a higher density than Al2O3–water. The 
better thermal properties of the base fluid are 
the greater the effects on the nanofluid’s thermal 
conductivity. Since raising the temperature 
increases the nanofluid’s thermal conductivity, it 
can be concluded that they are the most effective 
in high-temperature applications.
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