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An experimental study on the thermophysical
properties of Al O,-TiO,/ Ethylene Glycol-Water
hybrid nanofluid at different concentrations and
temperatures
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A nanofluid is a fluid in which particles with a size between 1 and 100 nm are permanently suspended in the
base fluid. The addition of nanoparticles affects the thermophysical properties of the liquid. In this study, the effect
of temperature and concentration of alumina and titanium dioxide nanoparticles on the thermal conductivity and
dynamic viscosity of a base fluid comprised of water and ethylene glycol was investigated. The volume fraction
of the nanoparticles was 0.05, 0.1, 0.5, and 1 %vol. and the test temperatures were chosen to be between 260 and
305 K. SEM and TEM were used to examine the nanoparticles’ morphology and microstructure. XRD analysis
was used to detect phases in nanoparticles. BET analysis was also used to determine the specific area and porosity
of the nanoparticles. The hybrid nanofluids’ thermal conductivity and dynamic viscosity were measured and com-
pared to the base fluid. The results showed that the thermal conductivity of the Al,O,-TiO,/ethylene glycol-water
hybrid nanofluid depended on the concentration of nanoparticles and temperature. The findings revealed that the
thermal conductivity of hybrid nanofluids increases with temperature and nano-additive concentration. Moreover,
the viscosity increases with the increasing volume fraction of nanoparticles. As the results show, the viscosity
changes with temperature are more pronounced at higher concentrations. This is an open access article which per-
mits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI: 10.22034/
ASAS.2022.163105] All rights reserved.
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Introduction

A liquid that transfers heat from one component to
another is called a heat transfer fluid. These fluids are
used in processes where cooling or heating is required
to reach and maintain a specific temperature. In heat
transfer of fluids, temperature difference, cross-section-
al area, and heat transfer coefficient are the parameters
that affect the heat transfer rate in heat exchangers[1].
If the heat transfer rate is to be increased, this can be
achieved by increasing the heat transfer coefficient of
the fluid. One of the factors that affect the heat transfer
coefficient is viscosity, which plays a vital role in the
relationships that govern heat transfer[1], [2]. In some
applications, nanofluid is used to improve the heat
transfer properties of the fluid. Nanofluids are a new
type of heat transfer agent resulting from the uniform
and stable dispersion of nanoparticles (usually less than
100 nanometers) in a base fluid. Common base fluids
are water, ethylene glycol, propylene glycol, and mo-
tor oil. The ability to lower the freezing point of water,
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the low vapor pressure, and the relatively low corrosion
of ethylene glycol make it a suitable fluid for use as a
freezing point depressant of water and as a heat transfer
fluid in refrigeration systems[2]—[6].

Nanofluids can be divided into two main categories:
Single nanofluids and hybrid nanofluids[7]. Owing to
their excellent heat transfer properties, nanofluids have
attracted researchers’ attention recently[8]-[12]. Stud-
ies show that the thermal conductivity of nanofluids is
significantly higher than that of conventional liquids.
This behavior depends on factors such as the shape of
the nanoparticles, their size distribution and volume
fraction, temperature, the thermal conductivity of the
nanoparticles, and the base fluid. Various studies show
that the smaller the nanoparticles, the higher the effec-
tive thermal conductivity[11], [13]-[15]. It has also
been reported that the effective thermal conductivity of
nanofluids increases as the number of nanoparticles in-
creases. The effective thermal conductivity of nanoflu-
ids and their Brownian motion increase with increasing
temperature[16], [17].

In the last decade, the heat transfer properties of nano-
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fluids have been extensively studied. Consideration has
been given to using nanofluid systems for various ap-
plications. In the context of heat transfer, the viscos-
ity of nanofluids is critical. However, most research
has been done specifically to increase the heat transfer
rate in heating applications at medium and high tem-
peratures[18]-[20]. Due to the lack of studies on the
application of nanofluids at low temperatures (below
zero), the application and commercialization of the
use of nanofluids at low temperatures have not pro-
gressed[17].

Because the particles in nanofluids are so small, there
are fewer problems with corrosion, contamination, and
pressure drop, and the stability of the fluids against
sedimentation is critical. Surfactants and the physical
or chemical bonding of polymer chains on the surface
of nanostructures are two techniques that can be used to
increase the stability of nanofluid suspensions and con-
sequently improve thermal conductivity[1], [3], [21].
Among the factors affecting the properties of nano-
fluids, the nanoparticle concentration parameter can
be considered a crucial factor because properties such
as viscosity, density, pH, heat capacity, thermal con-
ductivity, heat transfer coefficient, and stability of
nanofluids are directly affected by the concentration
of nanoparticles. It has also been shown that increas-
ing the concentration of nanoparticles leads to greater
instability of the nanofluid[3], [18], [22], [23]. On the
other hand, it should be considered that increasing the
concentration of nanoparticles increases the cost of
production and industrial application of nanofluids.
In general, nanoparticles with concentrations ranging
from 0.1 to 10% by weight are used to produce various
nanofluids[6].

In this study, the influence of nanoparticle concentra-
tion and temperature on the thermophysical properties
and rheological behaviour of a hybrid Al,O,-TiO,/eth-
ylene glycol-water nanofluid was experimentally stud-
ied. In order to achieve this, nanofluid samples with
various solid volume fractions were prepared and ex-
amined at various shear rates and temperatures. Cur-
rently, the hybrid nanofluids are prepared with a water-
ethylene glycol mixture (WEG 50:50 vol% at 250C)
and surfactants such as oleic acid (OA) and sodium
dodecyl sulfonate (SDS). Nanoparticle concentrations
0f 0.05, 0.1, 0.5 and 1 volume % were investigated. In
addition, the properties of the hybrid nanofluids were
experimentally evaluated in the temperature range of
260 to 305 K to confirm their performance at low tem-
peratures and demonstrate their potential applications.

Materials and methods
The first step in the present study is the preparation of
the stable nanofluid. The stability of nanofluids is of

great importance in maintaining their thermophysical
properties. The use of surfactants is one of the most ef-
fective solutions to improve the stability of nanofluids,
as they prevent the agglomeration of nanoparticles by
reducing the surface tension of the base fluid.

The TiO, and Al,O, nanoparticles used in this study
were obtained from US research nanomaterials (USA)
with the properties tabulated in Tables 1 and 2.

Table 1- Specifications of TiO, nanoparticles used in this

study
Parameter Value
Purity 99+%
Color white
Size 21 nm
Morphology nearly spherical
Specific surface area (SSA) 220 m%/g
Density 3900 kg/m?

Table 2- Specifications of Al,O, nanoparticles used in this

study
Parameter Value
Purity 99+%
Color white
Size 15 nm

Morphology nearly spherical
Specific surface area (SSA) 138 m¥/g
Density 3890 Kg/m?
Specific heat capacity 880 J/(Kg-K)

In this study, a combination of ethylene glycol and dis-
tilled water with a ratio of 50:50 vol. % at 298 K was
considered as the base fluid, 0.2 vol. % of oleic acid
(OA) and 0.2 wt% of sodium dodecyl sulfonate (SDS)
were added to the base fluid as a surfactant to stabilize
and disperse the nanoparticles. Tables 3 and 4 show
the physical and chemical properties of ethylene glycol
and oleic acid.

Nanoparticles have been dispersed into base fluid with
fractions of the solid volume of 0.05, 0.1, and 1 %.
In the base fluid, equal volumes of Al,O, and TiO,
nanoparticles have been dispersed. Equation (1) was
used to calculate the amount of nanoparticles needed
to prepare the hybrid nanofluid samples:

w w
(p — W (?VI)IAIZDE! + (3)7'1'02 W x 100 (1)
R R

Where ¢ is the nanoparticle volume fraction, p is the
density in kg/m3, and W is the mass in kg.
The amounts of nanoparticles, ethylene glycol (EG),
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Table 3- Characteristics of Ethylene Glycol used in this

study
Characteristic Value
Chemical formula CHO,
Appearance Clear, colorless liquid
Odor Odorless
Molar mass 62.07 g/mol
Density 1113.20 kg/m’®
Boiling point 197.3°C
Thermal conductivity 0.244 W/m K (at 20 °C)
Viscosity 16.1 ¢P (at 20 °C)

Table 4- Characteristics of oleic acid[24]-[26].

Characteristic Value
Chemical formula CH,,0,
Appearance Clear, Pale yellow
Viscosity(@293.15K) 38.80 mPa.s
Melting point 286.15K
Freezing point 277.15K
Cloud point (CP) 283.15K+1
Pour point (PP) 273.15K+1

and water used to prepare 400 ml of hybrid nanofluid
are listed in Table 5. The concentration of surfactant
was constant in all samples. In this study, the nanoflu-
ids are prepared in two steps. A magnetic stirrer (IKA,
model RCT basic) was utilized for 181 minutes to break
up particle aggregation and achieve a uniform suspen-
sion. The nanoparticles were dispersed in the base fluid
for 4 hours, and the agglomeration was broken up by
continuous ultrasonication.

The viscosity of hybrid nanofluids was measured with
solid volume fractions from 0.05 to 1% in the tempera-
ture range from 260 to 305 K. A Brookfield viscom-
eter with a temperature bath was used to measure the
viscosities of nanofluids in the shear rate range from
0.3 rpm to 70 rpm. The amplitude and accuracy of the
viscometer are 0.2 and 0.1, respectively. Before mea-
suring the dynamic viscosity of hybrid nanofluids, the
viscometer was calibrated with a mixture of pure water
and ethylene glycol (50:50) at various temperatures.

Figure 1 depicts a logical correlation between the mea-
sured data and the ASHRAE handbook data [27]. The
mean absolute deviation between the ASHRAE data
and the experimental data in this study is less than 2%.
The thermal conductivity of the nanofluid was calcu-
lated using a thermal analyzer (Decagon Devices, Inc.,
model KD2 Pro). Over a temperature range of 260 to
305 K, the sensors accuracy was 5%. The thermal con-
ductivity of the base fluid (a mixture of pure water and
ethylene glycol (50:50)) at various temperatures was
compared with data from the ASHRAE handbook [27]
before measuring the thermal conductivity of the hy-
brid nanofluids with the KD2 Pro. As shown in Figure
2, with a tiny (0.5%) variance in the given temperature
range, the base fluid>s experimentally determined ther-
mal conductivity is in good agreement with the data.
A thermal analyzer was used to calculate the thermal
conductivity of the nanofluid (Decagon Devices, Inc.,
model KD2 Pro). The accuracy of the sensor was 5%
over a temperature range of 260 to 305 K. Before mea-
suring the thermal conductivity of the hybrid nano-
fluids with the KD2 Pro, the thermal conductivity of
a mixture of pure water and ethylene glycol (50:50)
at various temperatures was compared to information
from the ASHRAE handbook [27]. The experimen-
tally determined thermal conductivity of the base fluid
agrees well with the available data, as shown in Fig-
ure 2, with a small deviation (0.5%) in the temperature
range mentioned.
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Figure 1- Comparison of experimental findings with
ASHRAE data [27] on the viscosity of a water-ethylene gly-
col mixture (50-50) at various temperatures.

Table 5- Mass of nanoparticles, ethylene glycol (EG), and water used for the preparing a volume of 400 ml of hybrid nanofluid

Solid volume

Mass [+£0.001] (g)

fraction (%) TiO, ALO, Ethylene glycol Water
0 0.000 0.000 199.642 222.640
0.05 0.390 0.389 199.542 222.529
0.1 0.780 0.778 199.442 222417
0.5 3.900 3.890 198.644 221.52687
1 7.800 7.780 197.646 220.414

10
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Results and discussion

Zeta potential analysis was used to confirm the sta-
bility of hybrid nanofluids. The zeta potential index,
which is related to the electrostatic repulsive forces be-
tween nanoparticles, is used to evaluate the stability of
nanoparticles. The zeta potential of stable nanofluids
is above 30 mV. Zeta potential values below 15 mV
indicate instability of the nanofluid [12], [28], [29]. Hy-
brid nanofluids have zeta potential values between -31
and -55 mV, which is sufficient for the stability of the
nanofluid.

The X-ray diffraction pattern of Al,O, nanoparticles is
shown in Figure 3(a). The diffraction peaks of y-ALO,
nanoparticles at 32.81 ©, 36.72 °, 45.38 °, 66.59 °, and
67.24 ° at intervals of 2.726, 2.446, 1.996, 1.403, and
1.391 can be seen. These peaks correspond to crystal-
lographic plates (220), (311), (400), (422) and (440)
[30]-[32]. No peaks of impurities were observed in
the X-ray diffraction pattern of the alumina powder
nanoparticles.

The X-ray diffraction pattern of TiO, nanoparticles
is shown in Figure 3(b). Diffraction peaks of TiO,
nanoparticles were viewed at 27.42°, 36.08°, 41.25°,
54.33°, and 63.44°. These peaks correspond to crystal-
lographic plates (110), (101), (111), (211), and (002),
respectively [33]. No impurity peaks were observed in
the X-ray diffraction pattern of the nanoparticles of ti-
tanium oxide powder.

The morphology of the nanoparticles was studied us-
ing SEM. Figure 4(a) shows the SEM image of y-ALO,
nanoparticles. The morphology of alumina nanopar-
ticles is relatively spherical, as shown in this figure. As
can be seen in Figure 4(a), the nanopowders are some-
what agglomerated. The aggregation of the particles
is due to the huge surface area and volume ratio of
the nanoparticles. SEM images of TiO, nanoparticles
are shown in Figure 4(b). According to these images,
quasi-spherical particles were observed. As shown in
Figure 4(b), the nanopowders are somewhat agglomer-
ated.

Further investigation into the size and shape of nanopar-
ticles was conducted using TEM images. TEM Images
of y-AlLO, and TiO, nanoparticles are shown in Figure
5. All particles exhibit a spherical shape.

The hydrophobicity of nanoparticles depends on their
surface area. The active surface area of the nanopar-
ticles was determined using the BET analysis. Accord-
ing to Figure 6, the BET surface area, pore volume,
and average pore size of Al,O, nanoparticles were de-
termined to be 15.178 cm¥g, 0.78 cm?®/g, and 58.174
A, respectively.

The BET surface area of TiO, nanoparticles is shown
in Figure 7. From Figure 7, the BET surface area, pore
volume, and average pore size of titanium dioxide
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Figure 2- comparison of experimental findings with

ASHRAE data[27] on the thermal conductivity of a mixture

of water and ethylene glycol (W:EG/50:50 Concentrations in
Volume Percent) at various temperatures.

nanoparticles are 79.49 cm?/g, 0.21 cm?®/g, and 108.38
A, respectively.

Figure 8 shows the dynamic viscosity of the AL,O,-TiO,/
ethylene glycol-water hybrid nanofluid per shear rate at
273.15 K for different values of solid volume fraction.
It is observed that the viscosity of nanofluids increases
with increasing volume fraction of nanoparticles at a
constant temperature. This is because that the random
movement of nanoparticles in the base fluid and con-
stant collision between nanoparticles and molecules of
the base fluid is one of the factors affecting viscosity.
When nanoparticles are added to the base fluid, these
nanomaterials are dispersed in the base fluid, and sym-
metrical and larger nanoclusters are formed due to the
Van der Waals force between the nanoparticles and the
base fluid[16], [17], [23]. These nanoclusters prevent
ethylene glycols from moving on top of each other, re-
sulting in increased viscosity.

At all temperatures studied, Al,O,-TiO /ethylene gly-
col-water hybrid nanofluid samples with high concen-
trations (¢ = 0.5 - 1) exhibit non-Newtonian behavior.
Non-Newtonian fluids follow Equation 2:

T =my" (2)
Where 1 is the shear stress, y "is the shear rate, m is the
consistency index, and n is the power law index.

Temperature is the most critical and influential factor
for viscosity[2]. As shown in Figure 9, the viscosity of
the AL,O,-TiO /ethylene glycol-water hybrid nanofluid
decreases with increasing temperature. This is because
that as the temperature increases, the intermolecular at-
traction between the nanoparticles and their base fluids
decreases[2]. Most studies have shown a decreasing
trend in viscosity as temperature rises [34]-[37].

The thermal conductivity of Al,O,-TiO, /ethylene gly-
col-water hybrid nanofluid in the temperature range
of 260 to 305 K was carried out for suspensions with
solid volume fractions of 0.05, 0.1, 0.5, and 1%. Fig-
ure 10 shows the thermal conductivity of Al,O,-TiO,/
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Figure 3- XRD patterns of a) nanosized y-Al,O, and b) TiO, nanoparticles.

ethylene glycol-water hybrid nanofluid as a function of
solid volume fraction at different temperatures. As can
be seen in this figure, the thermal conductivity of the
Al O,-TiO,/ethylene glycol-water hybrid nanofluid in-
creases with the volume fraction of nanoparticles. As-
suming a uniform suspension, the number of particles
in a given volume is larger at high volume fractions
than for the hybrid nanofluid, and the distance between
the solid particles in the base fluid is more minor than
at lower concentrations. The thermal conductivity of
nanofluids is significantly improved due to their high
stability, particle size, and inherent thermal conductiv-
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ity of solids. Therefore, the application of nanofluids
in heat exchangers is very suitable. Nanofluids, which
have better heat transfer properties and higher thermal
conductivity, are more ideal for increasing the heat
transfer coefficient of the base fluid[11], [38].

As the temperature increases, the kinetic energy of
the particles increases, and the number of random col-
lisions between the particles increases, the more col-
lisions between the nanoparticles, the more energy is
exchanged between the particles. This increases the
thermal conductivity of the base fluid[16], [38], [39].
This increase is more pronounced in hybrid nanofluids

WD 4,370 mem

Dat: SE 5 e

Crabedd iy 012521 n
Irae. el Sei. Tach

VEGAW TESCAN

Figure 4- Scanning Electron Microscopy images of a) y-AL O, and b) TiO, nanoparticles.
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Figure 5- TEM images of a) y-Al O, nanoparticles and b) TiO, nanoparticles.
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Figure 6- N, adsorption/desorption isotherms and pore diameter distribution of Al,O, nanoparticles.
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Figure 7- N, adsorption/desorption isotherms and pore diameter distribution of TiO, nanoparticles.

with higher concentrations. The considerable distance
between particles prevents a significant increase in
thermal conductivity at low concentrations. Increasing
the concentration of nanoparticles increases the ther-
mal conductivity, but on the other hand, can increase
the probability of nanoparticle agglomeration. Ag-
glomeration of nanoparticles decreases the surface area
to volume ratio and reduces thermal conductivity[39].
As shown in Figure 10, the thermal conductivity in-
creases with increasing temperature. At higher tem-
peratures, the slope of these positive changes is more

significant. This means that the thermal efficiency of
the hybrid nanofluid is improved at higher tempera-
tures. As shown in Figure 10, the effect of temperature
on the thermal conductivity of the hybrid nanofluid is
more significant at higher solid volume fractions (0.5-1
vol%). The thermal conductivity is based on Brownian
motion and collision between nanoparticles. At high
concentrations, the effect of temperature is more no-
ticeable.

TiO, and Al O, nanoparticles have thermal conduc-
tivities of about 11.7 W/m.K [40] and 46 W/m.K [41],
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Figure 8- The viscosity of hybrid nanofluids versus the shear rate for various solid volume fractions at a temperature equal to
273.15 K.
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respectively, while ethylene glycol has a thermal con-
ductivity of 0.244 W/m.K and water has a thermal
conductivity of 0.6 W/m.K [42]. As a result, adding
nano-additives to the base fluid improves its thermal
conductivity. As mentioned earlier, as the concentra-
tion of nanoparticles increases, the number of suspend-
ed nanoparticles also increases. This improves the heat
transfer rate and, at the same time, increases the viscos-
ity of the nanofluid. On the other hand, the stability of
the nanofluid decreases at high concentrations, leading
to agglomeration and accumulation of nanoparticles[3].
Therefore, the rate of increase in thermal conductivity
is relatively low at a higher solid volume fraction.

To illustrate the improved thermal conductivity, Figure
11 shows the change in the thermal conductivity ratio
of the hybrid nanofluid as a function of solid volume
fraction and temperature. This figure clearly shows
how the nanoparticle content and temperature affect
the increase in the thermal conductivity of nanofluids.
The increase in thermal conductivity ratio corresponds
to approximately 24.5% and 15.2% at the highest and

20

lowest test temperatures for the highest volume frac-
tion (1% by volume). The results of the thermal con-
ductivity measurements of the hybrid nanofluid at low
temperatures show an acceptable improvement in ther-
mal conductivity compared to the base fluid. It was
concluded that its application might be helpful in low-
temperature environments. These results are promising
for using hybrid nanofluids in low-temperature appli-
cations.

Conclusion

The dynamic viscosity and thermal conductivity of the
TiO,-Al O /Ethylene Glycol-Water hybrid nanofluid
at low temperature were investigated. Hybrid nanoflu-
ids were prepared using a water-ethylene glycol mix-
ture (W: EG/50:50 %vol. at 298.15 K) and surfactants
containing SDS (sodium dodecyl sulfonate) and oleic
acid. The thermal conductivity and density of the TiO -
Al O,/Ethylene Glycol-Water hybrid nanofluid were
measured at temperatures of 260 to 305K and various
volume fractions of nanoparticles including 0.05%,
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Figure 10- Variations in hybrid nanofluids thermal conductivity versus temperature for different solid volume concentrations.
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Figure 11- Dependence of the relative thermal conductivity of the hybrid nanofluid on the solid volume fraction of the base fluid
at different temperatures.

0.1%, 0.5%, and 1%, respectively. The major conclu-
sions from this work are summarized below:

1. Hybrid nanofluids (¢=0.05-1) have zeta potential
values between -31 and -55 mV, which is sufficient for
the stability of the nanofluid.

2. The results showed that the thermal conductivity and
rheological properties of Al,O,-TiO,/ Ethylene Glycol-
Water hybrid nanofluid depend heavily on the tempera-
ture and concentration of nanoparticles, particularly at
low temperatures.

3. Adding nanoparticles to the base fluid increases the
viscosity considerably. The viscosity of the hybrid
nanoliquid also declines as the temperature increases.
4. The thermal conductivity of hybrid nanofluids was
a function of temperature and nanoparticle concentra-
tion. The results showed improved thermal conductiv-
ity of hybrid nanofluids with increased temperature and
volumetric concentration of nanoparticles. The maxi-
mum increase in the thermal conductivity of the hybrid
nanofluid was 38.09% and was obtained at a solid vol-
ume fraction of 1% and temperature of 305.15 K.
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