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Abstract

The objective of this research is to examine how ultrasonication time affects agglomeration, stability, thermal conductivity,
and viscosity of CuO nanofluid. Using different reaction conditions, distinct shaped CuO nanoparticles are synthesised and
dispersed in an EG: DW (70:30) ratio with 0.3 vol%. Microscopic and TEM images are used to analyze colloidal solutions
with varying sizes and shapes of nanoparticles. After 30 days of preparation, the zeta potential is measured to ensure that
the suspension is stable. The Bridgman equation is used to compute thermal conductivity using sound velocity values. Vis-
cosity of colloidal suspension is measured by viscometer. All of the studies are performed at 30° +2 °C room temperature
for ultrasonication times ranging from 30—-120 min. At an optimal sonication time of 80 min, there is less agglomeration
and more stable particle dispersion. In comparison to other morphological suspensions, CuO spherical shape suspended
nanofluid has the lowest viscosity and maximum thermal conductivity, as well as the most stable fluid. At the optimal soni-
cation period, measured results demonstrate thermal increase and decreased viscosity, which could have implications for
heat transfer applications.
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Introduction are required, thus increasing the heat load and heat fluxes

generated by raising the power and the product size [3].

Improvement in heat transfer is highlighted for energy-sav-
ing purposes which could promote the excellence of human
life and achieve sustainable progress [1]. High thermal
load is a critical problem in infrastructure, transportation,
manufacturing, space, defense sectors that are becoming
a constraint for improving output [2]. There are several
factors that explain production in these industries, one of
which is the ability to cool the system being used rapidly.
In order to maintain the operating efficiency and reliability
of new products, cooling down thermo-physical machines

P< Janki Shah
janki.1311@gmail.com

< Patrice Estellé
patrice.estelle @univ-rennes|.fr

1 FCIPT, Institute for Plasma Research, Sector-25,
Gandhinagar 382044, India

Chemical Engineering Discipline, Indian Institute
of Technology (IIT) Gandhinagar, Gandhinagar,
Gujarat 382355, India

3 LGCGM, Université Rennes, 35000 Rennes, France

Thus, in the last decade, a more effective cooling mecha-
nism has been significantly in demand. As a result, more
companies are starting to invest raising capital in research
into more effective heat transfer processes. The standard
method for enhancing heat transfer in any thermal system
involves increasing the heat transfer surface area while also
increasing the flow rate of the flowing fluid [4, 5]. There is
a way to improve heat transfer by increasing the working
fluid's thermal conductivity. To date, water, ethylene gly-
col, oil, etc. have been used as a heat transfer fluid which
then has poor thermal conductivity than solids [6]. Adding
solid particles to base fluid with higher thermal conductivity
would improve thermal efficiency than conventional fluid.
Multiple researchers previously studied the practical use of
milli/micrometer-sized solid particles suspended in fluid
and resulted in settling, agglomeration, erosion, and reduced
efficiency of the thermophysical machine [7-9]. Therefore,
the emergence of high heat flow processes has generated
significant demand for new heat transfer technologies [10,
11]. Overcoming the microparticle suspension barrier, Choi
and Eastman from Argonne National Laboratory examined

@ Springer


http://orcid.org/0000-0003-3305-7831
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-022-11266-y&domain=pdf

10320

J.Shahetal.

nanoscale metallic particle and carbon nanotube thermal
enhancement suspensions and first introduced the concept
of 'nanofluid,’ which is nanometer-sized particles suspended
in base fluid as a result of which heat transfer is enhanced
by suspending metallic nanoparticles in conventional heat
transfer fluids [7, 12, 13]. They worked on nanoparticles of
metal and metal oxides in several different conventional flu-
ids and described their properties to enhance nanomaterials
suspended in fluid called "nanofluids" [14—16]. Suspension
stability, thermal conductivity, and viscosity are main areas
for work to improve the properties of thermal engineering
systems [17, 18].

Nanofluids are produced by One-step method in which
particles synthesis process occurs in the base fluid at the
same time and Two-step method has nanoparticles synthesis
and fluid generation in separate stages [19]. The single-step
fluid generation method has more issues of agglomeration
compared to the Two-step method. The nanoparticles are
agglomerated in both methods, when drying, processing,
and transportation of nanofluid take place. Nanoparticles
are accumulating because of Van der Walls forces taking
place among nanoparticles. So, these clusters are trying to
settle down in base fluid [20, 21].

This agglomeration problem does not only affect the flow
of fluid in micro/nanochannels, but also affects the thermal
and viscous properties of fluid [22, 23]. There are some tech-
niques to overcome this issue such as adding surfactants
which repel particles and try not to agglomerate in disper-
sion. Ultrasonication process also reduces the clogging of
particles and increases stability and thermophysical prop-
erties of fluid [24]. The use of ultrasonication process is
breaking down the large clusters of nanoparticles into the
smaller ones to ensure long-term stabilization, enhance ther-
mal conductivity, and maintaining higher velocity of fluids
with minimal agglomeration and sedimentation. Therefore,
it can be inferred that stable fluid synthesis is a crucial step
in conducting experimental research on the mechanisms of
thermo-physical nanofluid. A primarily ultrasonic process
is used for particle de-agglomeration, particle synthesis,
and accumulation, particle size reduction, dispersal of par-
ticles into the functioning fluids. There are certain ultrasonic
parameters which affect the stability and thermal properties
of the nanofluid. The principal parameters are like [25],

e Ultrasonic instrument type; bath or probe.
e Time to ultrasonication.
e The power of ultrasonication.

The stability of nanofluid plays a significant role in con-
trolling the properties of the fluid for any thermophysical
applications. The ultrasonic process separates aggregated
particles in fluid and makes the suspension homogeneously.
With higher surface energies of nanomaterials, they tend to
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get easily agglomerated [10]. Ultrasonic technique improves
the properties of stable dilution in the surface and structure.
As an extremely limited comparative research on optimum
ultrasonic time affecting the nanofluid's stability and ther-
mophysical properties is reported.

The primary goal of nanofluid research is to produce
nanofluid that is stable over long time for industrial uses.
For the preparation of aqueous nano-suspensions, ultrasoni-
cation is a widely used approach for dispersing aggregated
nanoparticles [26, 27]. Hence, nanofluid stability is still a
struggling field that directly affects the outcome of increas-
ing viscosity and disappointing researchers to use these
nanofluids in any system. There are very limited works
reported on the effect of ultrasonic time on the prepara-
tion of nanofluids and on thermo-physical properties [25].
Amrollahi et al. [28] published literature on the impact of
ultrasonication on carbon nanotube sediment dispersed in
ethylene glycol base fluid and concluded thermal enhance-
ment with ultrasonication time. Yang et al. [29] looked at the
effect of sonication energy and time on nanotube-oil fluid
thermal conductivity and found that as the energy and time
of sonication increased, the thermal conductivity decreased.
They also investigated the sonication-energy effects of nano-
tube-oil suspensions on the steady-shear viscosity and found
that the viscosity decreased with increased sonic energy.
Kwak and Kim [30] reported a time-dependent study of the
sonication for nanofluid CuO-EG (Ethylene glycol). They
sonicated fluid for 10-30 min and as a result, calculated
zeta potential is optimum 9 h sonication time; particles are
coalesced again after longer sonication time. Yang et al. [29]
noted that nanofluid viscosity was gradually decreasing as
dispersion energy increased for dispersion of carbon nano-
tube and resulted in time for sonication being proportional
to energy dispersion. Therefore, the influence of sonication
time on thermal and viscous properties is still in a state of
dispute. More research on how the thermal and rheological
properties can vary with the process/time of ultrasonication
should be done.

The present study deals with copper oxide nanoparticles
that are suspended in ethylene glycol: distilled water ratio
(70:30) for 0.3% particle volume fraction varying ultrasonic
time (30-120 min). For the ultrasonication process, a bath
sonicator (Powersonic, UB-405) with a frequency of 40 kHz
and a power of 350 W is used. The ultrasonic effect for vari-
ous shaped suspended nanoparticles (spherical, cubelike,
rectangular, nano bar, nanorod) was shown here as well. Zeta
potential measurements are used to evaluate nanofluid sta-
bility, thermal conductivity of nanofluids is evaluated from
sound velocity experiments. It has been noted that diluted
different sizes and shaped CuO nanoparticles as a heat trans-
fer fluid enhance the thermal conductivity and decrease the
viscosity with respect to the time of sonication. The motive
behind the present work is to highlight the treatment of
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ultrasonic time for most critical parameter stability for nano-
fluid and thermophysical properties for different shapes. All
of the above criteria have been considered in this study in
order to enable nanofluid research go to the next stage in its
prospective usage as a heat exchanger liquid.

Importance of ultrasonication process

Nanofluid preparation two-step method has disadvantage of
particle agglomeration in fluid. At the beginning of synthe-
sis process, nanoparticle agglomeration tendency becomes
higher when base fluid is with high density and this agglom-
eration is visible from bare eyes also. The size-shape and
particle distribution of nanoparticles in fluid critically
affect the stability and thermal properties of fluid because
of agglomeration and settling down [31]. This problem can
be solved by reducing the size of agglomeration for homo-
geneous fluid. Many methods are used to stabilize nanofluid
for example electrostatic repulsion [32] or steric stabilization
[33]. These particles do not have strong bonding between
them so the ultrasonication process is extremely helpful to
deagglomerate particles in fluid. Meyer et al. [34] reviewed
that Dynamic Light Scattering (DLS) is the most used
method for nanofluid dispersion and stability measurement
of fluid but this method is only applicable for highly diluted
volume fraction and depends on the opacity of dispersed
particles. Since sonication is useful for different particle
size-shape and different concentration better than a DLS
device can handle. Examined results show that viscosity
of fluid is directly correlated with ultrasonication time for
uniform dispersion and this will allow the optimized sonica-
tion energy for dispersion of particles on fluid [25]. Nano-
fluid stability and reduced viscosity are dependent on good
dispersion. Increased ultrasonication time/energy helps to
reduce particle agglomeration, enhanced thermal conductiv-
ity, and reduced viscosity as a result of uniform dispersion
[35].

The ultrasonication radiation effect on stable nanofluid
preparation depends on time, temperature, frequency, and
power of sonication [36]. In this method, strong shear forces
between particles can be broken by acoustic cavitation gen-
erated by sonication [37, 38]. This acoustic cavitation will
enhance diffusion rate, highly concentrated and uniform sus-
pension of micro/nano particles in base fluid [39]. Moreover,
there are some works reported on the effects of sonication on
the thermal properties of nanofluids [40] but limited works
are reported on ultrasonication process on different size and
shape of suspended nanoparticles to enhance thermal per-
formance. Selena Pradhan et al. [41] examined the highest
particle concentrated standard solution which did not have
sedimentation issues of nanoparticles and got noticeably
clear and polydisperse particle size distribution. This highly

concentrated solution has higher particle collision frequency
and higher agglomeration probability. Similar outcomes for
TiO2 nanoparticles have been reported [41]. Therefore, the
effect of sonication time on particle size distribution was
presented for a standard solution with higher concentrations
of 1 g L™! of particles [41].

The only key obstacle is nanofluid stability, which
reduces the efficiency of smart fluids in engineering appli-
cations. Due to interaction forces, particle aggregation is a
typical problem that affects the dispersion, rheology, and
overall performance of nanosuspensions. The interaction
between particles and suspension is crucial to the stability of
nanofluids. B. Derjaguin, L. Landau, E. Verwey, and J. Over-
beek proposed the DLVO hypothesis in the 1940s [42]. This
theory gives a general description of the forces that impact
colloids in suspension stability. The theory is essential for
explaining colloidal interactions and separations induced by
the balance of two opposing forces, particularly electrostatic
repulsion and van der Waals attraction forces. Both elec-
trostatic double-layer forces and van der Waals forces are
involved in the overall interactions between two particles.
Due to an energy barrier between the particles, the elec-
trostatic double-layer forces prevent them from approach-
ing one another, according to the theory. As a result of the
repelling forces between particles, a stable dispersion can be
created, which can resist to agglomeration. If the repulsion is
insufficient, aggregation formation will be quite likely. The
van der Waals forces can attract particles toward each other
to overcome the barrier and form an agglomeration if the
particle surfaces collide with enough energy [43].

The size of agglomerates in nanofluids can have a big
influence on their thermal conductivity and viscosity,
resulting in different heat transfer capabilities. Ultrasoni-
cation is a typical technique for breaking up agglomerates
and increasing nanoparticle dispersion in base fluids. Bub-
bles are produced and deflated during sonication, and the
shock from this cavitation process breaks up agglomerates.
With a longer sonication period, the agglomerate size in
the nanofluids is reduced. Smaller agglomerates indicate a
more uniform distribution of nanoparticles, which is likely
to contribute to the increase in thermal conductivity. When
the agglomerates were broken, the viscosity of the nanoflu-
ids reduced [44].

Kiruba et al. [45] resulted enhancing stability with ultra-
sonication process for zinc oxide nanofluid and they have
measured ultrasonic velocity and density values for six
different molar concentrations of ZnO nanofluids. Yadav
et al. [46] reported ultrasonication attenuation is directly
proportional to thermal performance of suspension. They
have worked on ultrasonication velocity factor for polymer
colloidal solutions with suspended particles. Alvarez-Are-
nas et al. [47] investigate the ultrasonic characteristics of
solid-liquid suspensions with micro-sized particles. They
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discovered that as ultrasonic attenuation increases, the veloc-
ity of micro-sized particles decreases.

Method and characterization
Synthesis of nanomaterials

CuO nanostructures of various shapes (nanoparticle, cube-
like, rectangular, nano bar, and nanorod) were formed using
a basic synthetic method that involved precipitating cop-
per salts with concentrated NaOH solutions at ambient
temperature. CuO nanocrystals of various shapes were cre-
ated using a standard precipitation approach for regulating
synthesis conditions. The precipitation process was used to
make copper oxide nanocrystals with varying crystal growth
heating temperatures. To create a 0.1 M concentration, the
copper chloride precursor was dissolved in 100 mL distilled
water. In the following step, (0.5 M) the NaOH solution was
dropped into the aqueous solution and vigorously stirred
with a magnetic stirrer for 2 h until the pH reached 14. In
the mother solution, black precipitates were produced. The
mother liquor is stored at various temperatures like 60, 80,
110, 160, 180 °C. Following that, the finished product was
filtered (Whatman No. 1 filter papers) and rinsed with deion-
ized water to eliminate any potential ionic remains, until
the pH reached 7. Following that, the washed precipitates
were heated at various reaction temperatures before being
calcined at 450 °C for 4 h. Synthesis method and charac-
terization for different shaped nanoparticles are already
reported by us in detailed [48, 49]. Morphological tests of
CuO nanoparticles show that as the temperature of the reac-
tion increases (60—180 °C) the Brownian motion of droplets
increased, so the rate of particle collision increased, and
particle size increased.

In nanomaterials characterisation techniques, X-ray dif-
fraction (XRD) (model-Bruker) was used to evaluate phase
and compound identification of the material. X-ray diffrac-
tion analysis [48] with minor residues of Cu(OH), residual,
XRD revealed that all diffraction peaks are indexed to be
monoclinic crystal structure of all CuO structures. The
broadening of the diffraction peaks suggests a crystallite
domain size on the nanometer scale. The XRD graph shows
that crystallite phases with increased structural proper-
ties were formed in synthesis condition after calcinations
temperature (450 °C/4 h). As a result, at a sufficiently high
calcination temperature of 450 °C/4 h, the intensity of the
CuO diffraction peak becomes stronger, indicating that
due to agglomeration, copper oxide crystallization is com-
plete and more inclusive. Additionally, scanning electron
microscopy (SEM) (model-ZEISS) and transmission elec-
tron microscopy (TEM) (model-ZEISS) are also used to get
information about morphological studies of homogeneous
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samples [48, 49] SEM gives information about composition
and surface morphologies while TEM focuses on internal
compassion of samples and crystallization, stress, or even
magnetic domains also.

Preparation of nanofluid

We produced CuO nanofluid using a two-step process
in which synthesised nanoparticles are suspended in a
0.3 vol % in EG: DW (70:30) base fluid volume ratio. CuO
nanoparticles are suspended in ethanol as a solution and
ultrasonicate it for 10—15 min and then using a micropipette
to pour few drops on carbon-coated copper grids before a
minute and then touch the grid to a bit of filter paper to
get rid of remaining material and fluid. Microscopic and
TEM images are shown in Fig. 1 including crystallite size
of nanoparticles. This mentioned crystallite size is meas-
ured from XRD graph [48].

The current research focuses on the synthesis of differ-
ent CuO nanoparticles using DW-EG mixtures as a base
fluid. CuO nanoparticles with DW-EG mixes at 70:30 ratio
exhibits higher stability and thermophysical properties at
0.3 vol % particle concentration when compared to other
examined base fluid combinations of DW and EG. These
nanoparticles are suspended in base fluid by magnetically
stirrer until the solution becomes clear which was observed
till 2 h at constant 40°C and then different ultrasonic times
(30-120 min) was chosen to disperse the nanoparticles in the
base fluid, by a bath-type sonicator (Powersonic, UB-405;
40 kHz, 350 W). Below Eq. (1), is a formula for calculat-
ing the amount of dispersed nanoparticles in base fluid as a
function of concentration.

W
¢ = <p_P> X 100%
=T,y ®
( Pp + Por )

As a function of concentration, the above Eq. (1) calculates
the amount of nanoparticles that will disperse into the base
fluid. [50]. Where ¢ is the percentage of concentration, W, is
mass of CuO particles, Wy is the mass of base fluid and py; is
the density of base fluid mixture. Here, p;, is the true density
of nanoparticles and it was determined from the monoclinic
crystal structure [45, 48, 49], its value is 6310 kg m™ for all
shapes of CuO.

The microscopic images of the nanofluids containing
different shapes of CuO nanoparticles are taken using the
optical microscope (Carl Zeiss Axio Scope. Al). A drop of
nanofluid sample is placed on the glass slide and then gently
covered with the coverslip before capturing the images. The
microscopic images are taken for 80 min sonication time
nanofluid which is shown in Fig. 1. These images conclude
the best stability with spherical particles. As crystallite size
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Spherical

Cubelike

Shape of Crystallite
Nanoparticles Size/nm

a Spherical 22.06

b Cubelike 23.09

c Rectangular 26.08

d Nanobar 26.92

e Nanorod 23.95

Fig. 1 Microscopic and TEM images are shown for different shaped and size CuO nanoparticles suspended in EG:DW (70:30) with 0.3 vol%
nanofluid with calculated crystallite size at 80 min optimised sonication time respectively

increases from spherical to nanorod, the agglomeration also
increases hence, stability in fluid decreases which can clearly
be concluded from below Fig. 1.

In all different shaped CuO samples, the nanoparticles'
crystallite size is not much variable but shapes are totally
different from each other. Varying the temperature of the
nucleation and growth cycle may also be a valuable method
of regulating the form of nanoparticles in the solution state.
Under the circumstances of high temperature [54, 55], orien-
tated attachment [56], accumulation [57, 58], component dif-
fusion, and phase transition are popular phenomena among
existing particles resulting from a minimization of the free
energy of the reaction mechanism and nanoparticles [59].

Characterization of nanofluid

The Zetasizer, Model # ZS 90 (Malvern Instruments,
Worcestershire, UK) was used to determine the suspension
stability of CuO nanoparticles in base fluid. Samples were
drained from the beaker using a micro-pipette and filled in
capillary zeta cells before being placed inside the Zetasizer
machine for zeta potential measurement. This apparatus
uses a combination of dynamic light scattering, laser Dop-
pler micro-electrophoresis, and static light scattering to

determine collision stability using the zeta potential of the
suspension.

The ultrasonic nanofluid interferometer apparatus (Mit-
tal Enterprises, New Delhi) uses Debye's theory to measure
thermal conductivity from ultrasonic sound velocity. Pho-
nons (hydroacoustic vibrations) produced in a continuous
medium promote heat transfer in fluids. The wavelength of
ultrasonic waves generated by a Piezo-Electric transducer
is measured with a digital micrometer with a high accuracy
of +0.001 mm in this apparatus. The temperature controller
device keeps the temperature of filled nanofluids between
RT and 90 °C. During the measurement, the temperature
of the sample was kept constant by flowing water around it
using a special thermostat. The sound velocity (vg) of nano-
fluid is determined by the formula below using the frequency
(f) and wavelength (4) [60],

Vg=4-f )

Bridgman develops a formula to calculate the relation-
ship between sound velocity and thermal conductivity of any
liquid, which is dependent on the heat transfer mechanism.
It explains how liquid molecules are grouped in a lattice and
how energy is transferred at the speed of sound from one lat-
tice plane to the next in the filled fluid. Bridgman's modified
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equation is used to compute thermal conductivity from data
of sound velocity in the submitted work [61],

M .
V= nf (3)
Pnf
My = oMy + 2,M, )
N\3

where k, is the calculated thermal conductivity from the
modified Bridgman equation, N (Avogadro's number) is
6.02x 10?3, Vis the molar volume calculated from the molar
mass and density of the nanofluid, and value of Boltzmann’s
constant K is 1.3807 x 107 J K™!. p,; defines the density of
nanofluid and M, is the molar mass of nanofluid. X and x,,
are the molar fractions of the base fluid and nanoparticles,
respectively. Here, M,; and M, are molar masses of the base
fluid and nanoparticles, respectively. An Anton-Paar (model
DMA 45) digital density meter and a circulating fluid tem-
perature bath (Brookfield TC-500) are used to determine the
density of the fluid. The bath is used to keep the sample at
different temperatures while measuring density.

The viscosity of nanofluid is measured using a Cannon
Fenske-type capillary viscometer immersed in a bath that
regulates the 30° +2 °C room temperature. Before each
series of experiments with nanofluids, the accuracy of the
instruments was checked by measuring the viscosity of dis-
tilled water at 20 °C for viscometer calibration. Furthermore,
all measurements are repeated three times for all samples
(with a maximum standard deviation of 2%) and averaged
the results to improve accuracy. Because the measured val-
ues reveal minimal variations (less than 1%), they are aver-
aged and used as the final values for nanofluids.

Results and discussions
Zeta potential

Here, zeta potential is measured for different shaped CuO
nanoparticles suspended in EG: DW (70:30) base fluid with
respect to varying sonication time. Stability is a critical
parameter for nanofluid which is characterized by Zetasizer
(Model #7590, Malvern Instruments, Worcestershire, UK)
by varying sonication time of fluid (30—120 min) for all nan-
oparticle’s shapes after 30 days of preparation. According to
Vandsburger [62], aqueous dispersions with zeta potential
values lower than +30 mV generally present limited sta-
bility, zeta potentials +30—45 mV indicate that the fluid is
physically stable and values larger than that threshold show
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excellent stability. So, in presented work, fluid with spheri-
cal and cubelike CuO nanoparticles are most stable with
varying sonication time. Rectangular and Nanobar shaped
particles show good stability and nanorods are very least
stable compared to all fluids. For all nanofluids show most
stable nature at 80 min which is optimised sonication time
which is shown in below Fig. 2. As particle size and shape
change, they will start to agglomerate which is also clearly
visible in microimages of nanofluid (Fig. 1). These crystals
will try to settle down in fluid and stability will decrease
because of agglomeration and sedimentation of suspended
particles in fluid.

The agglomeration and sedimentation are critical prob-
lems in preparation and usability of nanofluid as a nano-
lubricant owing to string van der Waals interaction which
disrupts the large-scale commercialization. The particles
will colloid if the attractive force is greater than the repul-
sive force, and the suspension will be unstable. If repulsive
forces are greater than attraction forces, particles will remain
stable in fluid and form homogeneous solutions. [40]. These
results are concluded as, the larger the value of zeta poten-
tial, greater the repulsive force between nanoparticles shows
better stability of fluid. At 80 min ultrasonication time for
most of all samples have maximum zeta potential values.
Many works reported that, for a longer duration of sonica-
tion process, the zeta potential values can reach at maximum
stability condition. But in most cases like here presented
work, at higher ultrasonication time resulted in coalescence

60
_./% Excellent stability
.
i
50 |- §~-~/ Spherical
=ik
& * " Cubelike
= " w ® L
> A—Xi__ . Rectangular
E 4} X % 8 S 9 .
%’ ?—;‘ Nanobar
2 g 7 physical stability
S 30 -
S ,f[ v - -
g ¥ Nanorod
20 | .
Limited stability
1 0 n 1 1 1 1 1 1 " | n 1
40 60 80 100 120 140

Sonication time/min

Fig.2 Zeta potential values for different shaped CuO nanoparticles
(Spherical, Cubelike, Rectangular, Nanorod, and Nanobar) suspended
in EG: DW (70:30) with 0.3 vol% nanofluid for varying sonication
time (30-120 min). Shaded region shows optimum sonication time
(80 min). At 30°+2 °C room temperature, all of the measurements
were collected. Because all experiments are performed three times for
all samples, the error bars represent the data's specified uncertainty
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Fig. 3 Ratio of thermal conductivity values with respect to base fluid
for different shaped CuO nanoparticles (Spherical, Cubelike, Rectan-
gular, Nanorod, and Nanobar) suspended in EG: DW (70:30) with
0.3 vol% nanofluid for varying sonication time (30-120 min). All the
measurements were taken at 30° +2 °C room temperature

of the nanoparticles again as mentioned in [63]. Sadeghi
et al. [64] presented data that stability of fluid continuously
improved with increasing sonication period. However, Mah-
bubul et al. [63] noted that stability of fluid gets saturated
at certain sonication time (60 min) not at maximum period.
They have found that zeta potential is time-dependent prop-
erty as time passes, colloidal suspension stability becomes
lower and zeta values subsequently decrease. The time-
dependent existence of the zeta potential may be one expla-
nation behind the comparatively low zeta potential values
that several studies have obtained compared to the described
here.

Thermal conductivity of nanofluid

Thermal conductivity is calculated from above mentioned
Bridgman equation method for all shaped CuO nanopar-
ticles suspended nanofluid for varying sonication time
(30-120 min). In below Fig. 3, value of thermal conductivity
ratio is carried from thermal conductivity of nanofluid and
thermal conductivity of base fluid. As nanoparticles shape
changes from spherical to nanorod, the thermal efficient path
for heat transport and thermal conductivity increases which
are noted with respect to sonication time increases. Here,
spherical suspended particles have excellent stability and
nanorod has minimum stability with respect to sonication
time (Fig. 2). As a result, the value of thermal conductivity
ratio is enhanced with respect to ultrasonication time and
zeta potential value. This is because ultrasonic rays break
particles agglomeration, generating a larger surface area thus
increasing thermal conductivity.

As the ultrasonication time increases 30 to 120 min, ther-
mal enhancement takes place till sonication time is 80 min
which is maximum fluid stability by zeta values (Fig. 2).
After that, the value of thermal conductivity ratio started
decreasing gradually. Thermal enhancement is noticed
because of Brownian motion of nanoparticles and inter-
molecular interaction between particle and fluid increases
with sonication time till 80 min. After that, particles started
clustering in fluid which is the reason for decrease in heat
transfer and thermal conductivity. Heat transfer is a surface
phenomenon, and the surface of particles is used for thermal
energy interaction. At the time of agglomeration of particles,
the effective surface to volume ratio decreases and so the
effective heat transfer area decreases which cause thermal
conductivity of fluid decreases [65] (Fig. 3).

Few works reported on thermal conductivity of nano-
fluid as a function of sonication time to investigate its effect.
Asadi et al. [20] worked on the effect of ultrasonication
time on stability and thermal performance of MWCNT-
water nanofluid. They observed the increasing phenomena
of thermal conductivity till 60 min and after that, it started
decreasing. They concluded the reason behind enhancement
in thermal conductivity by prolonging the ultrasonication
time which breaks the large clusters into smaller ones and
surface volume ratio will be increased. Nishant et al. [65]
studied heat transfer coefficient of CuO and TiO, nanofluid
with respect to effect of sonication time. It is noted that
thermal conductivity increases with respect to sonication
time till 60 min and start decreases after 70 min. A possible
explanation for this phenomenon is clustering of nanopar-
ticles and their settling in base fluid. Amrollahi et al. [28]
examined MWCNT with 0.5 mass% concentration in eth-
ylene glycol fluid. Their study shows thermal conductivity
enhancement because of adding gum Arabic surfactant with
sonication time. Ruan and Jacobi [44] explained the thermal
conductivity of nanofluid increased with sonication time till
160 min. After 22 h of sonication, thermal enhancement
reaches up to 23% of base fluid.

Viscosity of nanofluid

The addition of nanoparticles to fluids increases their viscos-
ity significantly. The viscosity of nanofluids is affected by
the nature, shape, size, and composition of nanoparticles, as
well as the impact of base fluids and surfactants, as well as
temperature. [66]. Here, viscosity is measured for all CuO
nanoparticles shapes which are suspended in base fluid. As
surface area increases by increasing particle shapes, fluid
will become more viscous as shown in Fig. 4. As mentioned
earlier in Fig. 1 spherical particles show maximum stability
with de-agglomeration as compared to others. As particles
get agglomerated cubelike to nanorod, suspension gets less
stable, hence viscosity will be increased. In the process of
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Fig.4 Viscosity values of different shaped CuO nanoparticles
(Spherical, Cubelike, Rectangular, Nanorod, and Nanobar) suspended
in EG: DW (70:30) with 0.3 vol% nanofluid for varying sonication
time (30-120 min). All the measurements were taken at 30°+2 °C
room temperature. Dashed line represents viscosity value of mixture
of EG: DW (70:30) at same temperature

ultrasonication, when frequency is given (40 kHz, 350 W)
in a bath sonicator, bubbles are formed and collapse to each
other which breaks up the agglomerated particles. As the
sonication time increases 30 to 120 min, the agglomeration
breaks down and viscosity of fluid is decreasing.

As particle concentration increases, surface to volume
ratio also increases, it causes more attractive surface inter-
action and viscosity starts to increase. Furthermore, shorter
ultrasonication duration leads to less energy dispersion.
Thus before 80 min ultrasonication duration, the energy is
not sufficient to break the agglomeration, so particles are still
in cluster form till 80 min. With the 80 min of sonication
time, it is gaining optimal energy to distribute the nanopar-
ticles uniformly and lose the agglomeration with resulting
lower viscosity. Viscosity of the fluid decreases after 80 min
of the sonication time and after that it mainly keeps constant.

Researchers worked on the same concept of influence
of ultrasonication time to enhance stability, thermal con-
ductivity, and viscosity of titania nanofluid [67]. Shahsavar
et al. [68] reported work on the effect of ultrasonication on
thermal enhancement of nanofluids containing carbon nano-
tubes with higher concentration of particles. Hence, with
the help of sonicated fluid shows stable suspension, thermal
enhancement, and decreased viscosity this will be very much
helpful parameters for heat transfer fluid. These properties
are also examined by Garg et al. [25] for different types of
fluid suspended in distilled water. Ruan and Jacobi [44]
have worked on viscosity properties for 0.5 mass% CNTs.
Starr et al. [69] studied experiments with higher viscosity
with ultrasonication time duration of 60 min in the com-
parison with 0-30 min which shows clustered nanoparticles
exhibited lower viscosity compared to uniformly dispersed
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suspension. Amount of suspended particles, ratio of base
fluid and particles, clustering, and mainly ultrasonication
time have significant impacts on nanofluid viscosity.

Conclusions

In this paper, the effect of ultrasonic duration (30—120 min)
on the stability, thermal conductivity, and viscosity of an
EG:DW (70:30) based nanofluid containing various-shaped
CuO nanoparticles (spherical, cubelike, rectangular, nano
bar, nanorod) with 0.3 vol. % is examined. The nanofluid
stability improved with the time duration of the sonication,
according to the current study. It establishes a direct link
between ultrasonication time and thermophysical param-
eters. The agglomeration of particles breaks down as the
period for ultrasonication increases, and heat conductivity
rises. At an optimal sonication process time of 80 min, nano-
fluid demonstrates steady behavior. Furthermore, because
of its low surface area, CuO nanofluid loaded with a spheri-
cal shape has the lowest viscosity and highest thermal con-
ductivity compared to dispersions prepared with various
morphologies such as cubelike, rectangular, nano bar, and
nanorod. Remarkably, the synthesis approach enabled the
efficient production of copper oxide nanoparticles with mini-
mal re-aggregation, resulting in nanofluids with great stabil-
ity. As a result, the ultrasonic process that influences colloi-
dal phenomena, as well as noteworthy changes in nanofluid's
thermophysical characteristics, is observed in this study. It
can be concluded that sustaining commercialization efforts
for heat transfer applications in the field of nanofluids can
be achieved by calibrating ultrasonic time with long-term
stability, lower viscosity, and enhanced nanofluid thermal
conductivity.
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