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Abstract

Achieving homogenised and stable suspensions have been one of the important research
topics in nanofluid investigations. Preparing nanofluids, especially from the two—step method
is often accompanied with varying degrees of agglomerations depending on some parameters.
These parameters include the physical structure of the nanoparticle, the prevalent particle
charge, strength of van der Waals forces of attraction and repulsiveness strength. Amongst
the methods of deagglomeration, the use of ultrasonic vibration is the most popular for
achieving uniform dispersion. However, there are very few works related to its effect on the
thermo-physical properties of nanofluids and above all, standardizing the minimum required
ultrasonication time/energy for nanofluids synthesis. In this work, the optimum energy
required for uniform and initially stable nanofluid has been investigated through experimental
study on the combined influence of ultrasonication time/energy, nanoparticle size, volume
fraction and temperature on the viscosity of alumina-glycerol nanofluids. Three different
sizes of alumina nanoparticles were synthesised with glycerol using ultrasonication assisted
two-step approach. The viscosities of the nanofluid samples were measured between
temperatures of 20-70 °C for volume fractions up to 5%. Based on the present experimental
results, the viscosity characteristics of the nanofluids samples were dependent on particle
size, volume fraction and working temperature. Using viscometry, the optimum energy
density required for preparing homogenous nanofluid was obtained for all particles sizes and
volume fractions. Lastly, an energy density model was derived using dimensionless analysis
based on the consideration of nanoparticles binding/interaction energy in base fluid, particle
size, volume fraction, temperature and other base fluid properties. The model’s empirical

constants were obtained using nonlinear regression based on the present experimental data.
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1. Introduction

Nanofluids are fluids with modified heat transfer characteristics which are produced from
the suspension of ultrafine particles (nanoparticles) with the conventional heat transfer fluids
(base fluids) to form homogenised liquid-particles matrix. Clearly, the traditional heat
transfer fluids with their inherent poor thermal conductivity and heat capacity cannot handle
the present thermal load from the miniaturised, compact, high-capacity and high-energy
density devices. On the other hand, the prominent traditional approach, which is the use of
extended surfaces, cannot be used because this approach increases the size of equipment
(weight and bulkiness). Besides, this method does not support the new design philosophy for
attaining global energy sustainability. Reports of experimental investigations on nanofluids’
heat transport properties show that nanofluids have promising potential in handling the new
age thermal management challenges. For example, by adding and homogenising
nanoparticles of Cu and carbon nanotubes (CNTs) in ethylene glycol (EG) and oil, Eastman
et al. [1] and Choi et al. [2] showed that the thermal transport property can be enhanced up to
40% and 160%, respectively, at 1% volume fraction. Pastoriza-Gallego et al. [3] investigated
the thermal conductivity of Al>O3-EG and observed that an enhancement of 19% was
obtainable at 8.6% volume fraction. Their results also agreed with the work of Timofeeva et
al. [4]. It should, however, be noted that there are still very few standards established in
nanofluids research and the field is still laden with contradictory reports/results on
experimental and theoretical predictions. For instance, comparing the work of Amrollahi et
al. [5] with the previous work by Liu et al. [6] on CNTs in EG, there exists a notable
difference in the enhancement values reported even at the same volume fraction. This
difference could be as a result of difference in the method of synthesis of their nanofluids
amongst other parameters. Amrollahi et al. [5] used ultrasonication to disperse CNTs up to 24

hours, while Liu et al. [6] used a combination of both magnetic stirrer and ultrasonication



without mentioning the equipment settings, sample volume, process time or energy density
involved. A similar report was given by Murshed et al. [7] with the observed difference in
their experimental data when compared with the work of Wang et al. [8].

Presently, there are only two approaches to the preparation of nanofluids which are the
single-step and two-step approaches [9]. Very essential in the synthesis of nanofluids is the
techniques to ensure a stable homogenisation. For two-step approach, there are different
dispersion assist mechanisms available. Therefore, standardisation of the method of
preparation of individual nanofluid as it was captured in the recent review of Ghadimi et al.
[10] becomes very crucial. Hwang et al. [11] reported that high pressure homogenizer gave
better performance amongst other physical deagglomeration techniques. The fact is that the
results of ultrasonic characterisation presented by Hwang et al. [11] were close to that
obtained from high-pressure homogenisation even at 1-hour sonication time. On the other
hand, the size of nanoparticles in suspension after preparation as presented by Fedele et al.
[12] shows that ultrasonication is more efficient in clusters deagglomeration. This suggests
that the variation of the dispersion parameters in ultrasonic vibration method (such as time,
amplitude and pulse-pulse intensity) is important in enhancing deagglomeration. Some
researchers have shown that ultrasonication probe plays key role in aggregates
deagglomeration [13,14]. Amrollahi et al. [14] experimentally showed that optimising the
ultrasonication parameters such as time/energy is key to stable suspension. Furthermore, the
present most easily accessible and effective two-step assist mechanism is the use of ultrasonic
vibration, in which case researchers have mostly chosen an arbitrary value of time when
preparing their nanofluids [15-20].

Considering the works already done to characterise the effects of ultrasonication
time/energy on the uniform homogenisation and stability of nanofluids, many were carried

out to study its effect on thermal conductivity [21-24] and very few centred on its effects on



viscosity [25]. Garg et al. [25] studied the effect of different ultrasonication times on
viscosity and heat transfer performance of multi-wall carbon nanotube nanofluids.
Agglomeration which could occur as a result of wide size distribution, inelastic collision of
particles during Brownian motion, poor physical deagglomeration methods during synthesis
or lack of optimisation of the apparently appropriate techniques, increases the viscosity of
nanofluids. Wide size distribution is seldom controllable especially when nanoparticles are
procured. Inelastic collision on the other hand can be minimised either by steric or
electrostatic repulsion [26] which ultimately prevents agglomeration. Optimisation of the
ultrasonication time/energy ensures stable homogenisation by reducing the agglomerates to
the smallest size possible [13] thereby lessening the effect of gravitational pull to the
minimum.

In the present work, the optimum energy density required for the preparation of
homogenous nanofluids has been studied by investigating the influence of ultrasonication,
nanoparticle size, volume fraction and temperature on the viscosity of Al>Oz-glycerol
nanofluids. The viscosity data are used to determine the consistence of the nanoparticle
dispersion based on the methodology proposed by Song and Youn [27]. To the best of
authors’ knowledge, this is the first work that combines these four parameters for Al>Oz-
glycerol nanofluids. Finally, an empirical correlation is developed based on non-dimensional
analysis in order to predict the required ultrasonication energy density for preparation of

alumina-glycerol nanofluids.

2. MATERIALS AND METHODS

2.1. Materials

The three different sizes of alumina nanoparticles used in this work were procured from three
different companies: Nano Amorphous Inc. (20-30 nm y-Al203), MK Nano (80 nm a-Al>Og)

and US Nanomaterials Inc. (100 nm a-AlOz) Table 1 gives the physical properties of the



nanoparticles. Glycerol was procured from Merck Millipore (Germany), with 99.5% purity.
All materials in the present work were of analytical grade and used as received without the

addition of surfactant or surface-active agent.

2.2. Equipment

The temperature regime for the measurements was achieved using a programmable constant
temperature thermal bath (LAUDA ECO RE1225 Silver). The bath was programmed with a
ramp function to achieve a relatively uniform and steady control of the temperature of
samples throughout the experiments. A digital Highland HCB1002 (max: 1000g and
precision: 0.01g) weighing balance was used to measure the mass of the samples during
preparation. Ultrasonic vibration was achieved with a 200 W, 24 kHz Hielscher ultrasonic
processor (UP200S). Finally, the viscometry was accomplished using a constant shear rate

vibro-viscometer (SV-10) from A&D, Japan. Fig. 1 shows the experimental setup.

2.3. Nanoparticle characterisation and nanofluid synthesis

Samples for transmission electron microscope (TEM) characterisation were prepared by
dispersing 0.1% volume fraction of each nanoparticle type in acetone so that rapid drying
method could be employed for the captures [28]. Heavier base fluids such as glycerol,
ethylene glycol, propylene glycol and engine oil cannot be used for this purpose because of
they will cause irreparable damage to the TEM vacuum column. Therefore, the nanoparticles
were sonicated for 5 min in acetone and were characterised using the JEOL JEM-2100F
microscope operated at 20KV, to determine the morphology of the nanoparticles used. An
XPERT-PRO diffractometer (PANalytical BV, The Netherlands) with theta/theta geometry,
operating a cobalt tube (A = 0.1789 nm) at 35 kV and 50 mA was used to obtain the X-ray
diffraction (XRD) pattern. The XRD patterns of all the alumina nanoparticle samples were
recorded in 10°-90° range (2 theta position) with a scanning step size of 0.001° and a

counting time of 12.705 s per step. The nanofluid samples were also characterised using the
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UV-visible spectrophotometer (Model 7315, Jenway Scientific Equipment, UK) and
Zetasizer Nano ZS (Malvern Instrument, UK) to measure the absorbance of the nanofluid,
zeta potential and in situ nanoparticle size in glycerol.

In order to synthesise the nanofluid samples used in this work, the well-known two-step
technique was applied [9]. The volume fraction (¢) of the nanoparticles was determined by
calculating the equivalent mass of nanoparticles, using the mass of the base fluid and the
densities of both nanoparticles and base fluid as in Eq. (1):
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where ¢, m and p are the volume fraction, mass and density, respectively. The dispersion of
the Al,O3z nanoparticles was accompanied by direct method of ultrasonication [29] using
ultra-intensity sonication probe device (Hielscher ultrasonic processor, UP200S). The
nanoparticles of known weight were initially mixed with the base fluid using manual stirring
so that ultrasonic force does not splatter the nanoparticle materials around. The sample is
placed in a sample holder in the constant temperature thermal bath which is kept at a
temperature of 15 °C. This is necessary to ensure that the high temperature due to the
ultrasonic vibration does not affect the sample state vis a vis change in the volume of the
sample and sample degradation. In the present experiment, the ultrasonication was carried out
in a 100-mL beaker using a 12-mm (S14) stainless steel sonotrode, the amplitude of
ultrasonication was set at 75% and the pulse-pulse setting was set at 0.8 sec (i.e. 0.8 sec
continuous sonication and 0.2 sec sonication static). The pulsed operation mode has been
suggested as part of the dispersion guidelines [29] in order to effectively control the
dispersion temperature in addition to use constant temperature thermal bath. Based on the
above-mentioned settings, the energy density applied to the ultrasonication process was

between 5.0 x 108 and 4.0 x 107 kJ/m®, which was calculated based on the maximum power



delivered by the ultrasonicator and the period in which the sonication was carried out. A brief
description on how the ultrasonication process does the breaking down of nanoparticle

agglomerates in suspension is given in Section 3.7.

2.1 Viscometry

The viscometer (SV-10 vibro-viscometer) uses the turning fork vibration method at a
constant resonating frequency of 30 Hz to determine the resistance to flow of the fluid
sample, based on power differentials that maintain the resonating frequency. The viscometer
measures in the range of 0.3-10,000 mPa.s with 5% uncertainty at full range and 1%
repeatability error, if measurements are made under the same experimental condition. This
has been previously confirmed by Ghadimi and Metselaar [30] and Lee et al. [31]. The
temperature of the samples at the measurement site was controlled employing a water jacket
measuring cup connected to the programmable thermal bath. The two vibrating forks keep the
temperature at the measurement site uniform and this is monitored with a temperature probe
affixed equidistance in between the two forks. The viscometer was calibrated using glycerol
of known viscosity at 20 °C, and the viscosity data were measured in the temperature range of

20-70 °C.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle and nanofluid characterisation

Fig. 2 shows the TEM images of Al>Os nanoparticle samples for 20-30, 80 and 100 nm. Fig.
2 (a) shows that the nanoparticles are spherical and have a narrow size distribution and
representative of manufacturer’s quoted size as shown in Fig. 3 (a). In Fig. 2 (b), the 80-nm
alumina nanoparticles show a wide size distribution which some particles are bigger as well
as many smaller than the manufacturer’s quoted value. The size analysis in Fig. 3 (b)

accentuates the observation as presented in Fig. 2 (b). However, in Fig. 3 (c), the 100-nm



alumina nanoparticles are within the manufacturer’s specified value with the majority of the
particle size at around 130 nm.

Fig. 4 depicts the XRD patterns of all the alumina nanoparticles used in the present work. For
the 20-30 nm particles (Fig. 4(a)) the pattern peaks correspond to corundum (Al203) and
millosevichite (Al2[SO4]3) with joint committee on powder diffraction standards (JCPDS) file
number 01-083-2080 and 01-077-0385, respectively. The 80-nm particle (Fig. 4(b)) pattern
peaks correspond to Corundum only with JCPDS file number 90-008-8029. The JCPDS file
numbers for the 100-nm particle (Fig. 4(c)) are 01-081-2267 and 01-077-0066 corresponding
to corundum and millosevichite, respectively.

The UV-visible spectrophotometry analyses of the Al>Oz-glycerol nanofluids were
carried out at volume fraction 0.01%-0.035% and the spectra results are presented in Fig. 5.
Low volume fractions were chosen for the UV-visible experiment because of at a higher
volume fraction the spectrophotometer returns NaNs (i.e. beyond the equipment’s range). The
UV-visible analysis is one of the convenient ways to characterise the dispersion of nanofluid.
Using the Beer Lambert law (Eq. 2) the light absorbency ratio index of the nanofluid can be

calculated as follows:

A:—Iog||—°:gl¢ (2)
In Eqg. (2), € is the molar absorptivity, | is the optical path which is the length of test section

light passes through, ¢ is the concentration of the particles in suspension, A is the

absorbance, |, is the intensity of the UV-visible light through the blank and I is the intensity
of the UV-visible light through the samples. Concerning Eq. (2) it can mention that for a
fixed optical path length and molar absorptivity, the absorbency of a suspension is
proportional to the concentration of the particles in the suspension. Therefore, a well-
dispersed suspension shows a proportional relationship between the absorbance and

concentration [32]. Presented in Fig. 5 (a, b and c) are the UV-visible spectra of Al;Os-



glycerol nanofluids for different concentrations. The spectra pattern of the nanofluid
presented a strong absorption band at around 230 nm wavelength, after which the spectra
pattern decreased in a monotonic manner with increasing scanning wavelength. The spectra
pattern and the strongest peak wavelength correspond to the results previously presented by
Piriyawong et al. [33] on Al2Os dispersed in deionised water. Fig. 5 (d, e and f) confirms that
the dispersion follows the Beer’s law (i.e. the absorbance increases as the nanoparticle

concentration increases).

Using the method of dynamic light scattering (DLS) in the Zetasizer Nano ZS device, the in
situ particle size of the Al,O3 was measured in the glycerol. The results presented in Fig. 6 (a-
c) show that Al>Os sizes are 59.6, 128.7 and 118 nm instead of 20-30, 80 and 100 nm
respectively. The zeta potential characterisation of the samples (which shows the level of
nanofluids stability) is presented in Table 2. It should be noted that the volume fraction of the
samples used for both DLS and zeta potential measurement is 0.05% because at higher

volume fraction the results may not be reliable.

3.2. Experimental validation and uncertainty analyses

Fig. 7 represents the result of base fluid viscosity measurement after the viscometer
calibration. The measured data were compared with the manufacturer’s and Oberstar and
Segur’s [34] reference values at 20 and 30 °C, which shows less than 1% deviation. Further
comparison with Miner and Dalton [35] over the temperature range of our investigations
shows good agreement.

The measurement errors relating to the variables in the preparation, temperature and viscosity
measurements constitute the uncertainty in this work. The weighing balance measures in the
range of 0.3-70g with £0.01g accuracy. The accuracy of the viscometer and the built-in

thermocouple within the measurement range is £5% and +2°C, respectively. The uncertainty
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of the experimental results could be calculated using Eqg. (3) based on the procedure adopted

by Kulkarni et al. [36] using the following equation:

()3 (2]

where u is the viscosity, T the temperature, m the mass and A stands for the accuracy of the

device within measurement range. Substituting the relevant values, the combined uncertainty

of the present experimental investigation is 6.7%.

3.3. Influence of ultrasonication

The tendency to agglomerate is very high when the nanofluids are prepared using the two-
step method. At the beginning of the preparation, this tendency becomes even higher when
the base fluid is highly dense and the presence of agglomerates could be seen even with the
bare eyes. The use of ultrasonication probe has been proven to be effective in
deagglomeration, seeing that it is not a strong bonding interaction that exists between
agglomerate particles [13]. According to the recent review of Meyer et al. [37] most methods
used in studying both the nanofluid dispersion and stability are deficient because these
methods only take very dilute volume fraction and also depend on the opacity of the
nanoparticle dispersed. The volume fraction studied in this work is up to 5% of AlO3
nanoparticles and the available DLS device takes maximum volume fraction of 0.05%. This
makes it difficult to use the quantitative method of analysis (in our case) which is to measure
the in situ size as ultrasonication period is changed. Since this experiment is performed on
different particle sizes and all the volume fractions investigated are well higher than what the
DLS device can handle, viscosity values were used to study the influence of ultrasonication
on the nanofluid samples in order to determine the dispersion consistency. This will allow the
determination of minimum ultrasonication energy required for proper dispersion of the

nanoparticles in the base fluid [38]. Good dispersion is vital to the achievement of
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satisfactory nanofluid stability and reduced viscosity. Increase in ultrasonication time/energy
has been shown to reduce the size of agglomerates, increase in thermal conductivity and
reduced viscosity as a result of uniform dispersion [24]. Therefore, viscometry was used to
typify the minimum ultrasonication energy density required for the preparation of the
alumina-glycerol nanofluids. In Fig. 8, 20-30 nm particles became well dispersed in glycerol
at 6-hour sonication period (corresponding to 3.0x107 kJ/m®) and the trend was repeated for
the entire volume fraction investigated on this nanoparticle. However, for the 80- and 100-nm
particles the optimised time for ultrasonication is generally around 3 hours (corresponding to
1.5x10" kJ/m®) as prolonged ultrasonication beyond this time caused a noticeable increase in
viscosity of the nanofluid samples. The prolonged ultrasonication period led to the
coalescence of the particles to reform loose aggregates which allow the entrapment of fluid
and causing viscosity increment. This fact has been previously reported as well [39—41]. The
TEM image shows that the 80-nm particles have a wide range of particle size distribution
(PSD) with particles bigger and smaller than the manufacturer’s stated size. Taking the
average particle size as 80 nm, the reduction in viscosity of the 80-nm particles must be

primarily due to the wide-range PSD [42,43].

3.4. Influence of temperature on viscosity

Fig. 9 presents the effect of temperature on the viscosity of Al2Os-glycerol nanofluids with 3-
hour ultrasonication time (1.5x107 kJ/m®). All samples viscosity reduced exponentially with
the increase in temperature which agrees with literatures for other nanofluids as well [44].
The 20-30 nm particles displayed highest resistance to flow and distinct increase in viscosity
gradient along the volumetric fraction. At high temperatures (60-70°C), the viscosity changes
is less than 5% (Fig. 9, insets), which this mainly is due to very weak intermolecular bonding
caused by increased temperature. For other sonication periods, very similar trends were

observed for all the samples.
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3.5. Effect of Al203 concentration and size on the dispersion viscosity

The addition of nanoparticles into base fluid and its influence on the viscosity have been
previously studied [45-47]. These studies have shown that amongst other influencing
parameters the addition of particles to base fluid considerably affects the suspension
viscosity. The increase in particle concentration brings about increase in suspension viscosity
and the percentage increase is dependent on factors such as types of particles, base fluids and
the size of particles, to mention a few. In the case of constant particle concentration in
suspension, subsequent reduction in particle size increases the total number of nanoparticles
present in the medium , thereby increasing the effective solid volume fraction [48]. The
Brownian theory also confirms that the smaller size particles may translate to increase in
Brownian velocity and particle—particle interactions. This will step up the energy dissipation
during the process due to the first and second electro-viscous effects that cause the increase in
viscosity [49,50]. Therefore, in suspensions prepared with small particles, the viscosity is
higher than suspensions with bigger particles [51]. Fig. 10 displays a steady increase in the
relative viscosity as the volume fraction increased in all the samples of the nanofluids and the

highest value was observed in the smallest particle size.

3.6. Sedimentation rate

As it has been mentioned earlier that nanofluids uniform dispersion and kinetic stability are
essential factors which will make it usable in engineering applications. Different methods
have been used to stabilise nanofluids, namely steric stabilisation, electrostatic stabilisation
and preparation methods. Preparation variables such as the type of assist mechanism and
energy of deagglomeration are some of the basic methods of ensuring stability. In the present
study the variation of the process time/energy density on sedimentation has been qualitatively
studied through observation. Fig. 11 shows the sedimentation behaviour of the nanofluid

samples at different times after preparation for different ultrasonication energy densities.
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Nanofluids prepared from the 80 nm nanoparticles were unstable and started showing
separation few days after preparation, irrespective of the sonication energy density applied.
The wide PSD could be the most probable reason for this behaviour based on the factors

considered in the experiment.

3.7. Energy of dispersion

During the process of ultrasonication, the resultant mechanical energy from the ultrasound
device is transferred into the receiving medium (nanoparticles + liquid) through ultrasound
wave. This energy causes cavitation within the medium which assists to disintegrate
agglomerates into individual particles via bubble implosion reaction force and the associated
shearing effect created during the implosion. Aggregations of particles occur in suspension as
a result of the presence of effective van der Waals force of attraction between particles
compared to the force of repulsiveness. However, van der Waals influence is not solely
responsible for the aggregation [52]. This factor coupled with some other parameters such as
temperature, volume fraction, particle size, shape, density and solvent properties. There is an
energy inertial which must be overcome through the disintegration process, namely
agglomerate’s binding energy. Therefore, for effective dispersion to be achieved the energy
per volume delivered by ultrasonication must be higher than the binding energy of the
agglomerates.

Considering the above, the non-dimensional energy density applied through ultrasonication

can be written as a function of the following non-dimensional parameters (x’s):

E*: f(¢1priscnf) (4)

where
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ES is the ultrasonication energy per unit volume, E, is the agglomerate binding/interaction
energy, V is the volume of nanofluids, ¢ is the volume fraction, 0, is the particle density,
Py 1S the base fluid density, Sc. is the ratio of the viscous diffusion to the Brownian
diffusion, 44y is the base fluid viscosity and Dp is the Brownian diffusion coefficient of the

nanoparticles. E, and Dp are calculated using the following relations, [53,54] respectively:

R

E =—A, , x——
b p/flp 12H0

(5)

KgT

D =
37y d

p

(6)

where kg is the Boltzmann constant, d is the particle diameter, T is the temperature, R is the
radius of the particles (assumed same size), Ho is the surface distance between the particles
and Apsp is the Hamaker constant that is calculated based on the static dielectric constants of
both the particle and base fluid using the approximation from Birdi [55]. The dielectric

property of the particle and base fluid used was obtained from the literature [56,57].

The function f in Eq. (5) is expressed as follows

B 4
E =cgr| Lo | | )
Pt Pt Dp
where C, «, £ and y are empirical constants determined from the present experimental data
as 1.013, 0.05, 91.284 and -1.55 respectively. The model and the empirical constants have
been derived for Al2Os-glycerol nanofluids using 48 data points for volume fraction up to
5%. Fig. 12 shows the predicted energy density with the experimental energy density for all

the particles sizes investigated at 3% volume fraction. A similar trend is obtainable when

predicting other volume fractions investigated in the present work. Based on the predicted
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data, the performance of the model in predicting the energy density required for homogenous
dispersion of Al2Os-glycerol nanofluids falls within 90-99% (maximum and average relative
deviation of ~10% and 4.88% respectively) with R? value of 0.998. At all the volume
fractions investigated in the present work, the efficiency of the model falls within the
uncertainty of the ultrasonicator according to the manufacturer’s specification. The model
performance at all volume fractions relative to the experimental data has been plotted in Fig.

13 for nanofluid samples formulated from 20-30 nm Al>O3 nanoparticles.

4. Conclusion

In this study, experimental investigations had been carried out to determine the optimum
time/energy density required for the preparation of stable Al>Os-glycerol nanofluids. The
study was achieved by viscometry considering the following parameters: ultrasonication
energy density, volume fraction, temperature and nanoparticle size. The preparation process
showed that two-step method for nanofluids preparation is always accompanied with varying
degrees of agglomerations, and deagglomeration is required to complete the synthesis
process. The viscometry study revealed that the nanofluids viscosities reduced as the
ultrasonication energy increases up until an optimum value is reached, wherein the viscosity
was minimum. The optimum energy density was found to be 3.0x10” kJ/m® for 20-30 nm
nanofluid and 1.5x107 kJ/m® for 80 and 100 nm nanofluids. All samples irrespective of
particle size, volume fraction and ultrasonication energy density displayed exponential
reduction in viscosity to the increasing temperature. The results further showed that
nanofluids formulated from small nanoparticles size have higher viscosity compared to
nanofluids formulated from bigger nanoparticles size and required more energy for proper
dispersion to be achieved. As the nanoparticle volume fraction increases, the viscosity
increases irrespective of nanoparticle size. Based on the data of the ultrasonication energy

applied for homogenous dispersion, a model for the prediction of energy density required for
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the preparation of initially homogenised Al2Os-glycerol nanofluids has been presented. The
model has been derived based on dimensionless groups and consideration was given to the
nanoparticle binding/interaction energy in base fluid, particle size, temperature, volume

fraction and other base fluid properties.
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NOMENCLATURE

Apiip Hamaker constant, J

C empirical constant

d characteristic size of the nanoparticle, m

Dp Brownian diffusion coefficient of the particle, m?/s
ES ultrasonication energy per unit volume, J/m?

E, agglomerates binding/interaction energy, J

Ho distance between two particles, m

JCPDSjoint committee on powder diffraction standards
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ks

Am

PSD

SCnt

AT

Unm

Boltzmann constant, J/K

mass, kg

mass uncertainty, kg

particle size distribution

radius of particle, m

ratio of the viscous diffusion to the Brownian diffusion (Schmidt number)

temperature, °K
temperature uncertainty, °K.
overall experimental uncertainty

volume of nanofluid, m?

Greek symbols

Subscripts
Al
b

bf

empirical constant

empirical constant

empirical constant

viscosity, Pa.s

viscosity uncertainty, Pa.s

density, kg/m®

change in density between the nanoparticles and base fluid, kg/m?®

volume fraction

aluminium oxide
Boltzmann
base fluid

fluid
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gly glycerol

m maximum

nf nanofluid

p particle
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Figure captions

Fig. 1 Experimental setup (a) constant temperature thermal bath with ultrasonication device
in use and (b) viscometer setup.

Fig. 2 TEM image of Al20s: (a) 20-30 nm (b) 80 nm (c) 100 nm.
Fig. 3 Size distribution of Al,O3 nanoparticles: (a) 20-30 nm (b) 80 nm (c) 100 nm.

Fig. 4 X-ray diffraction pattern for AloO3 nanoparticles (a) 20-30 nm (b) 80 nm (c) 100 nm.
The black font represents corundum and the blue font represents millosevichite.

Fig. 5 UV-visible spectra analysis of Al.Oz-glycerol nanofluid (a, b and c) spectra pattern at
different volume fraction and wavelengths for 20-30, 80 and 100 nm, respectively and (d, e
and f) absorbance of Al>Oz in glycerol at different concentrations and 230 nm wavelength for
20-30, 80 and 100 nm, respectively.

Fig. 6 In situ nanoparticle size distribution in glycerol base fluid using DLS technique: (a)
20-30 nm, (b) 80 nm, (c) 100 nm.

Fig. 7 Comparison of measured viscosity values of glycerol with available data. The
horizontal bar shown on the experimental data point represents the standard deviation of the
experimental values.

Fig. 8 Effect of ultrasonication time on effective viscosity: (a) 2% volume fraction, (b) 3%
volume fraction.

Fig. 9 Effect of temperature on viscosity of Al>Os3-glycerol nanofluids: (a) 20-30 nm, (b) 80
nm, (c) 100 nm. Results represent the viscosity value at 3-hour ultrasonication.

Fig. 10 Relative viscosity plots showing the combined effect of particle size and increase in
volume fraction at different ultrasonication periods.

Fig. 11 Sedimentation rate of Al.Os-glycerol nanofluids for 5% Al.Os concentration (a)
prepared with 4.99x108 kJ/m®, after 3 months of preparation; (b) and (c) prepared with
1.5 x 107 and 3.0 x 107 kJ/m?, respectively, after 12 months of preparation: (A) 20-30 nm, (B)
80 nm, (C) 100 nm.

Fig. 12 Model performance for prediction of the required energy density for Al>Os-glycerol
nanofluids.

Fig. 13 Performance of the model at different volume fractions for 20-30 nm Al>Os-glycerol
nanofluid.
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Table 1 Physical properties of alumina nanoparticles

Name Crystallographic Size Shape 2 Density 2 Manufacturer
structure (nm) (g/cm?)
at 20 °C
v- Al203 Rhombohedral ®  20-30 Nearly 3.7 Nano Amorphous
spherical Inc.
a- Al2Os Hexagonal 80 Nearly 3.5-3.9 Us Nanomaterials
spherical Inc.
a- Al2Os Rhombohedral 100 Nearly 3.7 MK Nano
spherical

3as stated by the manufacturer. °cubic by manufacturer’s estimation.
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Table 2. pH and zeta potential values for the Al>Oz-glycerol nanofluids at 20 °C

Nanofluids pH Zeta potential DLS average DLS peak (hm)
(mV) size (nm)

20-30 nm 6.44 -504.33 59.61 49.63

Al>Oz-glycerol

80 nm Al>Os- 6.26 —243.67 128.70 72.45

glycerol

100 nm Al203-  4.09 —79.43 118.00 72.93

glycerol
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Fig. 2
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Fig. 7
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Fig. 8
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Fig. 9
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Fig. 10
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Fig. 11
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Fig. 12
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Fig. 13
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