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Abstract:

This study presents the rheological characterization of deionised water dispersed with two different
ternary-hybrid nanoparticles namely, GO-TiO,-Ag and rGO-TiO,-Ag. The stability of 0.05 wt%
nanofluid samples are serially diluted by 10 fold in 5 levels is determined using zeta potential
measurements. The non-linear viscoelastic measurements at temperatures ranging from 25°C to
50°C reveal that the graphene based ternary hybrid nanofluids exhibit Newtonian behaviour at
higher concentrations. However, it displays shear thinning or pseudo-plastic fluid characteristics at
lower concentration, suggesting a potential influence of nanoparticle aggregation on the viscosity.
The experimental results are found to be in good agreement with the existing water based viscosity
models. In addition, the effect due to shear stress, angular sweep, frequency sweep and damping
factor ratio is also plotted.
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1. Introduction

Colloidal suspensions of nanoparticles in base fluids are called nanofluids. Nanoparticles are typically
dispersed in base fluids such as water, ethylene glycol, oils and synthetic fluids such as liquid paraffin
oil and polyester. Gold, silver, titanium, aluminium, iron oxide etc. are commonly used metallic
nanoparticles. The carbon-based nanoparticles used are diamonds, graphene, CNT, fullerenes, etc.
Some other non-carbon, non-metallic nanoparticles include sodium, ceramic, carbides etc. [1].
Nanofluids are novel fluids which enhances the heat transfer or thermal conductivity of base fluids.
They are adapted in many major industrial and biomedical applications where rapid heating and
cooling are critical such as engines, power plants, pharmaceutical processes, vehicle thermal
management, to name a few [2]. These industries needs fluids with higher thermal conductivity and
better rheological properties as their working fluid. Thermal conductivity enhancement is the ability
of the matter to transmit or dissipate greater magnitude of heat at a faster rate. This improved heat
transfer fluid decreases time and energy consumption. The rheological properties of materials and
fluids is the study of its viscosity or the resistance to deformation. Rheology is a correlation of stress
and strains that can be used to study and understand the basic behaviour and characteristics of fluids
which are essential for deriving viscosity models. Dispersing nanoparticles in base fluids increases
the thermal conductivity as well as alters the rheological behaviour and other structural properties



of the fluids. The detailed rheological study of nanofluids will allow us to determine whether the fluid
is Newtonian or non-Newtonian, the structural evolution of solid-liquid dispersion, pumping power
and also to interpret and quantify the mechanics of the solid-fluid interaction under different
temperature and stress conditions. Dispersing solid nano-sized particles in standard base fluids will
also induce a decrease in the system pressure. An example of this is the shear thinning of nanofluids
due to the different shapes of the particles contributing to the agglomeration of the particles in the
fluids, thus affecting their efficiency. Other factors influencing the rheological properties include, the
pH of the nanofluid, the volume fraction of the nanoparticle, the shearing rate of the liquid layer of
the sample, the selection of the base fluid, the size and shape of the nanoparticle. The stability of
the nanoparticle in the fluid and its duration without sedimentation, etc., also influence the viscosity
of the nanofluids. In view of all these considerations, it is important to study the effect of dispersing
nanoparticles in base fluids on the structure of fluids and their rheological behaviour, change in their
chemical structure under different stress and temperature conditions [3]. Studies has investigated
the effects of nanoparticles and also the type of nanoparticles used such as graphene [4], gold[5],
aluminium, hybrid nanofluids [3] and other nanoparticles based nanofluids and their applications [6].
Few research have showed an increase in thermal conductivity, which has enhanced the efficiency
of their applications. One such research using nanoparticles has shown to accelerate thermal
conductivity of polymerase chain reaction (PCR) by significantly reduce the number of cycles with
the addition of graphene nanoflakes [7] and titanium nanoparticles [8] . Few other studies have
observed that with the addition of nanoparticles, the applications yielded better outcomes in fields
such as medical [5], nuclear reactors [9], oil recovery [10], etc.

Nanofluids containing more than one type of single material nanoparticle are referred to as hybrid
nanofluids are extensively studied by many researchers in the current decade. Hybrid nanoparticles
are a combination of two or more nanoparticles synthesised or decorated on top of each other and
their dispersion into base fluids is known as hybrid nanofluids. They have a special attribute of
improved thermal conductivity as well as tailor-made rheological properties that make them
desirable to a wide variety of applications. These properties of nanofluids draw a lot of researchers
to explore the applications of hybrid nanofluids in diverse fields of application [11]. Numerous hybrid
nanofluids have been studied in the literature which include dispersion of hybrid nanoparticles in
metallic form such as silver-gold hybrid [12] or a mixture of carbon-metallic nanoparticles such as
graphene —titanium di oxide [13] etc. to mention a couple of them. Each of these hybrid
nanoparticles has distinct characteristics and behaviours. Numerous studies and reviews has
published about hybrid nanofluid preparation methods [14], characterization [15] , thermal
conductivity enhancements [16] , thermal conductivity models [17], thermal conductivity
mechanisms [18], particle size and shape impact on thermal conductivity [19], rheological effects on
the base fluids due to the dispersion of hybrid nanoparticles [3], rheological behaviour [20], viscosity
[21], viscosity models [22] effect of particle size and shape on the viscosity [23] and stability [1].
Hybrid nanofluid studies have only recently gained momentum [6]. Bi-hybrid nanoparticles have
been used in various studies such as CuO-MWCNT[24], Al,05-TiO[25], SiO,-MWCNT [26], MWCNT-
GNPs [27], to name a few. However, very few studies have been done to date on the rheological
behaviour of tri-hybrid/ternary hybrid nanoparticles with different concentrations and their sweep
characteristics, such as amplitude sweep and frequency sweep focused on storage and loss modulli.
Furthermore, relatively few studies have observed the rheological effects of dispersing minute or
very low concentrations of nanoparticles on base fluids (< 1% wt) which can be categorized as dilute
[28]. The other aspect to consider in this analysis is the lack of proper rheological observations by
studies on tri-hybrid or ternary hybrid nanoparticles dispersed in DI water.



In this study, three distinct nanoparticles, such as graphene, titanium oxide and silver, are decorated
on each other forming a novel tri-hybrid or ternary hybrid nanoparticles (THNp). Ternary hybrid
nanofluids were produced by dispersing the two forms of graphene-based hybrid nanoparticles in
the base fluid. Nanofluids are then diluted in sequence at varying concentrations. Characterization
of the nanoparticles was performed using FTIR, SEM, XRD and Raman spectroscopy. Zeta potential
measurements were performed to verify the stability of the two ternary hybrid nanofluids.
Rheological experiments were carried out at different temperature periods. Viscosity Vs shear rate
and temperature was measured along with other rheological parameters, such as Amplitude Sweep
and Frequency Sweep with Loss and Storage Units at different temperatures.

2. Materials and methodology

2.1 Synthesis of ternary hybrid nanoparticles
2.1.1 Preparation of GO-TiO,-Ag and GO-TiO,-Ag nanocomposites

The hydrothermal approach was used for the synthesis of GO-TiO,-Ag nanocomposite [13].
Graphene oxide (GO) of approximately 0.25g was dispersed in 250ml of deionized water by ultrasonic
stirring for approximately 2 hours. Separately, 10 ml of Titanium isopropoxide (TTIP) and silver was
combined with 10 ml of isopropyl alcohol and this solution was added to 50 ml of GO suspension.
After that 10ml of 0.2M AgNO; was added drop-wise to the solution. The solution was then mixed
and stirred for about 30 minutes and the pH was altered to 1.1 while the stirring was continued for
about two hours in order to produce a uniform homogeneous solution. This homogeneous solution
is heated at 160°C for 24 hours in a Teflon-lined stainless steel autoclave. The substance was
vigorously sprayed with ethanol and then washed with water to remove all traces and unreacted
ions. The solution is then purified and dried to 80°C to obtain GO-TiO,-Ag nanocomposites. Similar
technique was used to synthesise rGO-TiO,-Ag nanocomposites with the main difference being the
addition of ammonia and hydrazine. These compounds have been employed to reduce oxygen
molecules from GO sheets and their functional groups. Nanofluids were prepared using
nanoparticles with different concentration ratios in deionized water. The Bath Sonicator was used to
sound the nanofluids for around 4 hours.

2.2 Material Characterization

Characterization of hybrid nanoparticles was performed using the Fourier Transform Infrared
Spectroscopy (FT-IR) spectra. The Bruker IFS66/S infrared spectrometer was used to measure with a
resolution of #4 cm-1 and a scan number of 16 and in the range of 4000-400 cm-1. Laser Raman
spectroscopy (LRS) was conducted on nanomaterials at room temperature in the 200-3000 cm-1
range and on UV excitation in the 325 nm range using He—Ne laser (model RENISHAW in via Raman
Microscope). The surface topography was measured by Field Emission Scanning Electron Microscopy
(FE-SEM) at 30 kV. Powder X-ray diffraction (XRD) patterns were used on a PAN analytical, X'Pert
High Score diffractometer with primary monochromatic high-intensity CuK5-007radiation (5-007 =
0.15406 nm).

2.3 Preparation of nanofluids

The preparation of nanofluids has an important role in obtaining the desired stability characteristics.
Improving uniform dispersal and achieving the desired properties allows a nanofluid to be durable
without sedimentation. Sartorius Entris® designed electronic balance was used to measure THNp



(rGO-TiO,-Ag and GO-TiO,-Ag) and was then dispersed in Double distilled and deionised water. 2.5
mg THNp was dispersed in 50 ml of deionized water at a concentration of 0.05 Wt %. This
concentration can be called semi-dilute (i.e. ~ 0.001 < @< ~0.05). Initially, the nanofluids were
sonicated using an ultrasonic probe sonication for 10 minutes and then accompanied by a water bath
sonication for around 4 hours to attain a homogenous nanofluid solution without sedimentation.
The stock solution was then serially diluted at around 5 levels of 0.05wt % (from semi-dilute to dilute
concentrations of nanofluids).

2.4 Stability of ternary hybrid nanofluids

Anton Paar Electrokinetic Analyzer SurPASS 3 was used to evaluate the zeta potential of the prepared
nanofluids. It is a measure of stability and surface load at a solid-liquid interface. The electrostatic
repulsion forces and the zeta potential are directly propotional. The electrostatic repulsion force is
supposed to be stronger than the precipitation forces of attraction. For the stabilisation of nanofluids
with solid dispersion, the optimal absolute zeta potential should be approximately 30mV. From the
zeta potential figure below (fig 1), it can be seen that the peak measured for ternary hybrid
nanofluids is roughly 25 mV to 5 mV, which are within a stable limit. Zeta potential of less than 20mV
is known to be unstable dispersion.
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Figure 1: Zeta potential of ternary hybrid nanofluids
2.5 Viscosity measurements

Anton Paar's (GmbH, Austria) MCR302 modular compact rheometer was used to evaluate the
dynamic viscosity of hybrid nanofluids. The Peltier balancing cell C-PTD200 is used by the rheometer
to maintain the temperature of the sample. Measurements of viscosity, shear rate and shear stress
were conducted using a 1-100 1/s spindle. CC45 DIN at temperatures ranging from 25 to 50°C with
increments of 5°C. The ternary hybrid nanofluids were loaded within the sample chamber of the
rheometer. The double gap spindle was submerged and rotated against the ternary hybrid nanofluid.
The drag force against the spindle rotation is calculated by the amplitude of the deflection of the
calibrated spring. Shear strain, shear stress and nanofluid viscosity are then measured at ambient
temperature. The results of the measured variables are reported by the data logger of the
equipment. The rheometer is very precise with an accuracy that is guaranteed to be within £ 1%. The



reproducibility of the spindle speed of the rhoemeter is within £0.2. Ternary hybrid nanofluids have
opposing viscous effect against spindle rotation. Measurements of viscosity, shear stress and shear
strains for ternary hybrid nanofluids are made at different temperatures ranging from 25°C to 50°C
with increments of 5°C for ternary hybrid nanofluids. The results demonstrate that the viscosity of
hybrid nanofluids is almost linear at measured temperatures, suggesting Newtonian fluid. It can also
be shown that ternary nanofluids have slightly higher viscosities than base fluids [33].

3. Results and discussion

In general, the rheological behaviour of nanofluids is of remarkable importance in a wide range of
applications [30]. There is a proportional relationship between different variables, such as viscosity,
shear rate, pumping power and pressure decrease, as well as convective heat transfer in fluids. The
change in viscosity is primarily due to two significant features, such as temperature change and the
increase/decrease in nanoparticle concentrations in the nanofluids. Other factor that increase
viscosity is the interaction between k and the viscosity of nanofluids. Many reports have also shown
that viscosity is also affected by the element k. Few studies have also shown that the viscosity is also
depending on the size of the nanomaterials with a variation of more than 5% [31]. The viscosity of
nanofluids varies with the material type of nanoparticles and their behaviour, whether metallic or
non-metallic. Another important aspect is the shape of the particle.

3.1 Viscosity Vs Shear rate
a. Effect of ternary hybrid nanoparticle type on viscosity

Viscosity measurements were conducted for the two ternary hybrid nanoparticles prepared with five
different concentrations of nanofluids. Of the five samples measured, the concentration of 0.0005wt
% (sample E (5x10-5)) wt % was chosen to evaluate the effect of the shear rate on viscosity with
respect to temperature. Figure 2 shows that the viscosity of nanofluids is decreased by increasing
the shear rate at various temperatures. Ternary hybrid nanofluids behave like Newtonian fluids at
lower temperatures. At higher temperatures and lower shearing rates, viscosity decreases, as
reported in a number of studies, suggesting shear thinning behaviour [20]. Viscosity of the ternary
hybrid nanofluids are very high at 40°C and 50°C. The potential explanation for this phenomenon is
that the nanoparticles in fluid aggregates with other particles similar to nano-cluster formation due
to Van der Waal forces of attraction between nanoparticles and higher resistance to flow as the shear
rate is lower at higher temperatures. Agglomeration of nanoparticles at higher temperatures creates
internal shear stress between particle-fluid interface interactions, resulting in increase of viscosity in
the hybrid nanofluids. Binding energy can be another phenomenon occurring at higher temperatures
leading to agglomeration or the formation of micro clusters in nanofluids, which increases viscosity
at higher temperatures [32]. The hydration layer formation on the nanoparticle-fluid interface
increases the cohesion potential between the solid and liquid layers that are typically responsible for
transferring or dissipating heat, which may be acting as solid at a nanoscale level. This interaction of
solid-liquid layers can be higher at higher temperatures as the liquid layer needs to transfer or
dissipate higher amounts of heat energy. This behaviour of liquid layers acting as solid particles leads
to an increase in viscosity [32]. Nanoparticles form clusters due to higher attractive forces at higher
temperatures contributing to the increase in viscosity [3]. Then as the shear rate increases, the
attractive forces between the nanoparticles are reduced and the particles scattered, leading to a
reduction in viscosity, which can be termed shear thinning behaviour. Shear thinning can be
associated with pseudo-plastic behaviour. This is the result of small structural improvements in fluid
with microscale fluid geometries to allow the shearing of fluids themselves. Phase separation is



another phenomenon that contributes to shear thinning in nanofluids. Numerous studies have
reported the measured the rheological properties of different nanofluids. Studies also documented
the effects of the presence of nanoparticles on the rheological properties of the base fluid.
Rheological studies were carried out to determine whether the decrease in pressure and the
structure of nanoparticles can help predict the thermal conductivity of nanofluids [20]. Numerous
theoretical models for different concentrations have also been presented to date, along with
experimental observations of nanofluids [23]. Much of the experiments were performed on the basis
of single material nanoparticles, and theoretical models are also derived for the same [33].
Rheological investigations found that viscosity improved against water with nanoparticles[28]. Single
component nanoparticles of aluminium oxide, silicon dioxide and titanium dioxide were used at a
concentration of 4.3 %. Wang et al was observed pseudo-plastic behaviour in the nanofluid with the
addition of graphite to oil. Viscosity was improved along with a visco-elastic rise of approximately
1.36 vol % [34]. Newtonian behaviour was reported in the use of hybrid nanofluid with Cu-Zn (1:1)
alloy with vegetable oil exhibiting linear relationship between shear stress and shear rate with lower
viscosity[35].
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Figure 2: Shear rate Vs viscosity at different temperature and concentrations of ternary hybrid
nanoparticles.

b. Effect of ternary hybrid nanoparticle type on concentration

The measurement plots in figure 3 shows the variation of viscosity with the change in the
concentration of nanofluids. The variables A to E represents five levels of serial dilution of the
nanofluids with A as the highest concentration of 5 x 10and E as the lowest concentration of 5x10°
5. The two ternary hybrid nanofluids are inversely proportional in terms of their increase in viscosity.
The viscosity of the GO based ternary hybrid nanofluid increases with the decrease in concentration
whereas it is otherwise in the rGO based ternary hybrid nanofluid in which the viscosity decreases
with the decrease in concentration in various measured temperatures. It can be seen from the plots
of both GO and rGO based THNPs, viscosity of individual concentration increases gradually with the
increase in temperature. Generally, the viscosity of the water based nanofluids decrease with lower
concentrations. This was observed in the rGO based nanofluids. The GO based ternary hybrid
nanofluids behaves otherwise. From both the plots it can be seen that at 35°C the nanofluids has a
spike in the viscosity, which can be considered as an optimum operating temperature. The GO based
ternary hybrid nanofluid, the concentration D (5x 10) has an increase of viscosity of about 50% at
almost all the temperatures measured. Similar hike in viscosity can be seen in the concentration C
(5x 103) in the rGO based ternary hybrid nanofluids. It can also be noted that GO based ternary
hybrid nanofluid has significantly higher viscosity at all concentrations and temperatures compared
to rGO based ternary hybrid nanofluid. The increase in viscosity of the GO based nanofluids may be



due to various factors. A slight variation of the concentration of the nanofluids tends to increase or
decrease the rheological property of the nanofluids. Almost all researches on nanofluids has reported
the same. Substantial efforts have been applied on research of concentrations or volume fractions
of nanoparticles in the nanofluids. There is a strong relationship between the increase in
concentration of nanoparticles and the increase in viscosity [35]. Few reports have studied the
Newtonian behaviour of water based metallic nanofluids where the viscosity increased with the
increase of concentration of nanoparticle on the fluid [28] . The viscosity increased can be as low as
4 to 15% or it can be as high as 50% [21]. It can be seen that viscosity is detrimental to the increase
of thermal conductivity in the nanofluids but it can’t be generalised that the increase of nanoparticle
concentration will lead to increase in viscosity. The figure 3 below shows the viscosity measurements
of the two ternary hybrid nanoparticles.
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Figure 3: Viscosity Vs Concentration at different temperature of ternary hybrid nanoparticles.
A,B,C, D and E are serial dilutions

c. Effect of ternary hybrid nanoparticle type on temperature

The viscosity of water, EG, and oil based nanofluids decreases with the increase in temperature of
the fluid is a known phenomenon. The rate of decrease in viscosity due to an increase in temperature
depends in the fluid’s intrinsic property or the intermolecular bond strength. Increasing the
temperature of the fluid basically is supplying the molecules in the fluids with higher energy. In case
of nanofluids, which has additional particles, this increase of temperature leads to increased heating
and heat transfer leading to faster weakening of the intermolecular forces which decreases the
viscosity of the fluid. The intermolecular interactions between the water-nanoparticle becomes
weaker with the increase in the temperature of the fluid leading to decrease of viscosity in the
ternary hybrid nanofluid. The strong van der Waals forces acts on the particles in lower
temperatures. Once the temperature is increased, the forces weaken leading to decrease in
viscosity[36]. The figure 4 depicts the averaged plot of viscosity verses temperature in terms of
concentration of GO and rGO based ternary hybrid nanofluids. It can be seen that the viscosity is
almost similar except for a slight variation with the lower concentration fluid exhibit slightly higher
viscosity at lower temperatures [37]. The rGO based ternary hybrid nanofluids shows a similar trend
in which the viscosity decreases with the increase in temperature of the fluid for all concentrations.
The concentration B shows a higher viscosity than the other concentration while the lowest
concentration have a lower viscosity
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Figure 4: Viscosity Vs Temperature at different temperature and concentrations of ternary
hybrid nanoparticles. A,B,C, D and E are serial dilutions

It shows that the concentration plays a vital role in the change of viscosity with the change in
temperature. The viscosity increases or decreases with the change in temperature. The addition of
heat changes the nanoparticles in the fluid from surface force attraction to interatomic bonding [38].
The change is more noticeable when between the different concentration samples of the nanofluids.
This may be due to the agglomeration of nanoparticles in higher temperatures[23]. Similar results
were observed by most researchers who studied the effect of temperature on the viscosity of the
nanofluids based on different levels of concentration. Shah. S et al, in his study on rGO based
ethylene glycol nanofluids reported a viscosity decrease of 56.4% and 73.9% at 50 °C and 70 °C
respectively [39]. Hu, Xichen et al has reported an astronomic viscosity decrease of about 593% at
50°C for their study graphite/engine oil nanofluids [37]. Few researchers reported the effect of
temperature on the viscosity of hybrid nanofluids, Esfe and Rostamian reported that there was a
171% decrease of viscosity form 40 °C to 100 °C with a volume fraction of 0.05, 0.1, 0.2, 0.4, 0.8 and
1vol.% using CuO-MWCN hybrid nanofluids [24]. When the temperature is in all volume fractions of
the nanofluids, viscosity decreases exponentially.

3.2 Shear stress Vs Shear rate
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Figure 5: Shear Stress Vs Shear rate at different temperature and concentrations of ternary

hybrid nanoparticles. A,B,C, D and E are serial dilutions

a. Effect of ternary hybrid nanoparticle type on shear rate

Shear stress is the factor which determines whether the fluid is Newtonian or non-Newtonian. The
control of the nanofluid suspension’s flow property is crucial in many large scale industries like paint,




crude oil drilling, handling and transportation, food processing and other consumer health products.
The study of their rheological properties will give them an insight to control and for easy
transportation of all manufactured products in the above mentioned industries. One of the method
to study their flow based property is to determine the shear rate and shear stress of the flow in the
fluids. The water based nanofluids generally behave as a shear thinning fluids at temperatures
ranging from 30°C to 80°C [40]. Numerous researches have done the study on flow properties from
the past few decades and different characteristics were reported like the fluids is Newtonian, non-
Newtonian or dilatant or pseudo-plastic or thixotropic fluids etc. The plots in the figure 5 above
shows the shear rate versus shear stress for the two types of GO based ternary hybrid nanofluids at
various concentrations and temperatures. The GO based ternary hybrid nanofluid behaves as a
Newtonian fluid at higher concentration indicating that shear stress is linearly proportional to the
shear strain in the fluids at all the measured temperatures. On the other hand the rGO based ternary
hybrid nanofluids, the shear stress is not proportional to the shear strain. The GO based ternary
hybrid nanofluids even though behave as a Newtonian fluid at higher concentration of nanoparticles
gradually behaves as a shear thinning or pseudo-plastic fluid as the concentration is decreased. For
instance, it can be seen from the plots that at a particular level of serial dilution (concentration C)
and at room temperature (25°C), it behaves like a shear thinning or pseudoplastic fluid while at a
higher temperature (30°C to 50°C), it behaves as a Newtonian fluid where the shear stress and shear
rate are linearly proportional. The response seen in the concentration C is known as thixotrophy
which is the structural breakdown of bonds between the molecules with the increase of shear rate.
The nanofluid behaves like a thixotrophic fluid at a particular concentration and temperature when
the shearing forces is more higher and the binding forces or the binding energy is not enough for the
solid-liquid layer to retain its structure. It can also be depicted as the breaking or dispersion of the
agglomerated particles.

b. Effect of ternary hybrid nanoparticle type on concentration

The shear stress and shear strain are a function of concentration and temperature. Studies has
revealed that the water based nanofluids behave as a Newtonian fluid at lower concentration of
nanoparticles in the fluid [41] and as a non-Newtonian fluid at higher concentration. The nanofluids
behave as a shear thinning fluids when the concentration of the nanoparticles increased [41]. The
plots in the figure 5 shows the various shear stress versus shear strain at different temperatures. A
side by side comparison between the GO and rGO based ternary hybrid nanofluids are made. The
GO based ternary hybrid nanofluid behaves like a Newtonian fluid for the sample A at temperatures
ranging from 25°C to 50°C, while the rGO based Ternary hybrid nanofluids behave like a shear
thinning or plastic fluids for the same concentration for all temperatures. In the next plot for the
second concentration (sample B), the GO based Ternary hybrid nanofluids at lower temperatures of
25°C, they behave like a Newtonian fluid but starts to show slight shear thinning behaviour once the
temperature is increased till the maximum measured temperature of 50°C. While rGO based Ternary
hybrid nanofluids behaves as a shear thinning fluid from the starting range of 25°C till 50°C. the
measurements on concentration (sample C), the GO based Ternary hybrid nanofluids at 25°C
behaves like a shear thinning fluid but tends to be a Newtonian fluid once the temperature is
increased from 30°C until the final measured temperature of 50°C. The concentrations (sample D
and E), the Go based Ternary hybrid nanofluids behaves like a shear thinning fluid at all measured
temperatures ranging from 25°C till 50°C, while the rGO based nanofluids follows the same trend
and behaves like a shear thinning fluids at all measured temperatures and concentrations. There can
be many reasons behind the nanofluids behaviour as Newtonian fluids at higher concentration and
as a pseudo-plastic behaviour at lower concentrations. The particle to particle interactions at higher
concentrations is stronger and hence it retains as a Newtonian fluid. Once the shear rate and
temperature are increased, the particle to particle interactions becomes weaker and the attractive
forces diminishes forcing the nanofluids to behave as a pseudo-plastic fluid. On further reduction of



concentration, the GO based ternary hybrid nanofluids completely behaves as dilatant or shear
thickening fluid. This influence of concentration of the nanoparticles in the fluid may be due to the
higher inter-particle forces in higher concentration. This higher inter-particle forces influences the
nanofluids to remain Newtonian [42]. Whereas the rGO based nanofluids remain consistently as a
shear thickening or dilatant fluids in all concentrations and temperatures. This may be due to the
lesser number of oxygen molecules in the rGO nanoparticles. Previous rheological studies on hybrid
nanofluids have reported that higher volume fraction of nanoparticles trigger the formation of larger
nano-clusters which increases the viscosity due to van der Waals forces existing between particles
caused by the reduction of movements between fluid layers [43], but from the figure 5, it can be
noticed that with the increase in shear rate, the shear stresses decrease gradually, which indicate
the weakening of the attraction forces between the fluid layer leading to shear thinning behaviour.
The increase in hydrodynamic diameter of the nanoparticle results in adsorption and
clustering/agglomeration which tends to increase the viscosity as observed in previous studies[21].
Agglomeration structures formed in the nanofluids during the shearing process gets diminished to
an orderly arrangement within the range of shear rate as has been observed by recent researches
[21]. Studies by yang et al on Al,0s-diamond hybrid on DI water and silicone oil showed that the
nanofluids tends to be Newtonian but due to agglomeration but once the shear rate is increased it
tends to be non-Newtonian shear thinning fluids similar to the behaviour of the Go based nanofluids
in our study. It is also because of the agglomeration due to dominance of van der walls forces at
lower shear rates and at higher shear rates, the agglomeration breaks down leading to reduction of
viscosity substantially making the fluid to behave as a non-Newtonian shear thinning fluid.

c. Effect of ternary hybrid nanoparticle type on temperature

Nanofluids at lower shear rates exhibit Newtonian behaviour and non-Newtonian behaviour at
higher shear rates as seen from the plots above. Many studies have shown that the temperature is
directly related to the change in the rheological properties and as well as thermal conductivity of
nanofluids [44]. The rheological measurements on the two GO based ternary hybrid nanofluids were
done on temperatures ranging from 25°C to 50°C. It can be seen that the shear stress increases with
the increase in shear rate and decreases with temperature. The trend in the GO plots shows that at
a particular concentration (sample C) and at lower temperature (25°C), the fluid shows dilatant or
shear thinning behaviour but when the temperature is increased (30°C to 50°C), the nanofluid
exhibits Newtonian behaviour. On further dilution at a concentration D, the nanofluids completely
exhibits shear thinning or pseudo plastic behaviour irrespective of the temperature. The rGO profiles
on the other hand exhibits shear thinning or pseudo plastic behaviour on all concentrations and
temperatures.

Comparison of experimental results with viscosity models

A substantial number of researchers have dwelled into finding the exact cause of the increase of
viscosity of hybrid nanofluids. Various studies have developed several correlations for determining
the viscosity of hybrid nanoparticles since its inception. Even though they were successful in
determining the correlations for the nanofluids, studies till now has not been able to determine a
universal correlation for the determination of viscosity in a nanofluids. The correlations derived till
now have been different based on the type of nanoparticle used, their type of base fluids, the
temperature range, concentration range of nanoparticles, sonication time of nanoparticles in the
base fluids, with/without the addition of surfactant, number of nanoparticles in a hybrid nanoparticle
combination and its ratio etc. the Experimental results of this study is compared with few of the
existing hybrid viscosity models of water based base fluids (Tablel) by choosing a single set of
temperature (35°C) as presented in the figure 6. The comparison indicate that few of the hybrid



Table 1: Viscosity Models for water and ethylene glycol based hybrid nanofluids
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viscosity correlation with the experimental results of the ternary hybrid nanofluids. It can be seen
from figure 6, few of the existing water based hybrid viscosity correlations do agree with the
experimental results.
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Figure 6: comparison of existing viscosity models with experimental results at 35°C

3.3 Amplitude sweep

The linear viscoelastic (LVE) is a region which indicates the range in the fluid in which the stresses
are tested without destroying the fluid structure. The LVE measurements are another set of
rheological measurements which can be determined by measuring stresses which can be divided into
storage (G'- elastic) and loss (G" - viscous) moduli. The loss and storage moduli shows the mechanical
properties of the nanoparticles under low oscillatory shear. It is the range with the lowest strain
values. The G’ in the LVE region shows a constant value which is also called the plateau value. These
measurements are done using the rheometer in which in the spindle performs oscillatory motions of
stress range between 0.01 and 10 Pa at a constant frequency of 1 Hz. if G" > G', then the fluid can be
termed a viscoelastic liquid. When an external strain is applied on the fluids, the fluids structure
opposes the strains until a certain extent where the loss modulus G’ increases. Then the fluid
structure in the LVE deforms leading to dismantling of the aggregations of the nanoparticles in the
fluid. This will lead to nanoparticles in the fluids align to the flow field which in turn decreases the
storage and loss moduli in the fluid. The plots in figure 6 shows the loss and storage moduli of the
two GO based ternary hybrid nanofluids. It can be seen that the curves demonstrate a similar
qualitative feature with sharp decline of high oscillating stresses and characterized by constant
modulus or linear viscoelastic plateau. It can also be seen from the plots that the loss modulus are
higher in the nanofluids with higher concentrations. There is a crossover area between the loss and
storage moduli which shows the presence of yield stress in the nanofluids as mentioned by few
studies. At higher shear strain, the G' decreases indicating the loss of viscoelastic structure in the
nanofluid. One striking feature is that at lower concentrations both GO and rGO based ternary hybrid
nanofliuds, the loss modulus is almost similar indicating the nanofluids losses the ability to loss or
store stresses and remains constant at all measured temperatures. This indicates that it is the
nanoparticles in the fluids enhances the rheological abilities like storage, damping and loss moduli in



the fluids. This maybe one of the reason for enhancement of thermal conductivity and other
rheological properties. Network structures are formed in the nanofluids at higher particle
concentrations at lower stresses or frequencies as reported by some studies[39]. It is noted from the
plots that the critical external strain is independent of all concentrations of the fluids. It should be
noted that the base fluids exhibit a Newtonian behaviour but with the addition of ternary hybrid
nanoparticles in the base fluids transitions it to viscoelastic behaviour which is shear thinning or
pseudo plastic behaviour in our case and dilatant in other cases. The damping factor is a
dimensionless unit which can be described as the ratio of loss over storage moduli (G”/G’) which is
denoted by the term tand. The ideal value for the damping factor for a liquid in viscoelastic region is
always greater than unity (tand = G”/G’ >1). The damping factor plots are shown in the figure insets
in each plots.
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Figure 7: Amplitude sweep — Storage modulus and Loss Modulus Vs Shear stress and their
damping factor (Inset) at different temperature of ternary hybrid nanoparticles. A,B,C, D and E
are serial dilutions

3.4 Frequency sweep

Frequency sweep tests are carried out to measure the time-dependant behaviour of the nanofluids
in a non-destructive deformation range. It is an important tool to measure the stability of the
nanofluids. It helps to quantify zero shear viscosity for viscoelastic liquids. Frequency sweeps can be
measured either by using fast moving high frequency simulation or by slow moving low frequency
simulation. The frequency sweeps were measured in the LVE region with angular frequencies ranging
from frequency range of 0.1 Hz to 10 Hz (0.628 rad/s to 62.831 rad/s) by applying oscillatory stress
of 0.05 Pa. The loss and storage moduli are similar and practically constant in all the concentrations
of the measured ternary hybrid nanofluids. The measurements show that at higher frequencies both
the storage and the loss moduliincreases. Damping factor is shown in the figure insets. It can be seen
that the damping factors are higher only in the viscoelastic region with low angular frequency. Once
the frequency is increased, the damping factor is minimum and are also uniform across all the
concentrations and also independent of temperature. Both the GO and rGO based ternary hybrid
nanofluids exhibit a similar trend for the damping factor. The damping factor decreases exponentially
with the increase in angular frequency.
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Figure 8: Frequency sweep — Storage modulus and Loss Modulus Vs Shear stress and their damping

factor (Inset) at different temperature of ternary hybrid nanoparticles. A,B,C, D and E are serial

dilutions

4. Conclusion

Two different ternary hybrid nanoparticles (GO-TiO,-Ag and rGO-TiO,-Ag) were synthesised and
dispersed in double distilled deionised water with a concentration of 0.05% wt. The nanofluids are
then serially diluted to five levels. The stability of the concentrated stock solution is checked by
measuring the Zeta potential. It showed that the measured value was in a range between 25 mV to
5 mV which are considered to be stable. Anton-Paar MCR302 modular compact rheometer was used
for rheological measurements. The measurements were carried out in controlled stress and
temperature with the temperatures ranging from 25°C to 50°C at 5°C increments.

The following conclusions were obtained;

1.

The GO based ternary hybrid nanofluids were observed to exhibit Newtonian behaviour with
higher concentrations whereas the nanofluids exhibits as non-Newtonian shear thinning
behaviour or Pseudo-plastic at lower concentrations.

The ternary hybrid nanofluids behaves like Newtonian fluids at lower temperatures. At
higher temperatures and lower shear rates, the viscosity decreases indicating Shear thinning
behaviour. Phase separation is believed to be the reason for the nanofluid’s shear thinning
behaviour.

The viscosity of GO and rGO based THN fluids behaves opposite to each other. The viscosity
of GO based nanofluid increases while the viscosity of rGO based nanofluid decrease with
the decrease of concentration of nanoparticles in the fluid.

Concentration plays a vital role in the change of viscosity with the change in temperature.
Van der Waals forces acts on the particles in lower temperatures whereas at higher
temperatures there is very weak force of attraction leading to decrease in viscosity.
Agglomeration plays a crucial at higher temperatures.

The GO based nanofluid behaves as a Newtonian fluid at higher concentrations while the
rGO behaves as a dilatant fluid or shear thickening. The GO based nanofluids at lower
concentrations follows the similar trends as rGO based Ternary hybrid nanofluids.

The effects of concentration, temperature and stresses applied on the non-linear viscoelastic
reveals the presence of linear viscoelastic (LVE) region. Non-destructive stress tests were
conducted using oscillating angular sweep test and frequency sweep tests.

Nanofluids exhibit higher loss modulus at higher concentrations. The loss or damping factor
ratio plots revealed that the loss factor is higher only in the viscoelastic region with low
angular frequency whereas it is minimum and constant at higher angular frequencies
irrespective of temperatures.
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