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Abstract: This study presents the rheological behavior of water-based GO-TiO2-Ag and rGO-TiO2-Ag
ternary-hybrid nanofluids. The impact of nanoparticles’ volumetric concentration and temperature on
the rheological properties were studied. All experiments were performed under temperatures ranging
from 25 to 50 ◦C in the solid volume concentration range of 0.5–0.00005%. The data optimization
technique was adopted using the Taguchi method. The types of nanomaterials, concentration,
temperature, and shear rate were chosen to optimize the viscosity and shear stress. The effect of
shear stress, angular sweep, frequency sweep, and damping factor ratio is plotted. The experimental
results demonstrated that the rheological properties of the ternary hybrid nanofluid depend on the
ternary hybrid nanofluid’s temperature. The viscosity of ternary hybrid nanofluids (THNf) change
by 40% for GO-TiO2-Ag and 33% for rGO-TiO2-Ag when temperature and shear rates are increased.
All the ternary hybrid nanofluids demonstrated non-Newtonian behavior at lower concentrations
and higher shear stress, suggesting a potential influence of nanoparticle aggregation on the viscosity.
The dynamic viscosity of ternary hybrid nanofluid increased with enhancing solid particles’ volume
concentration and temperature.

Keywords: ternary hybrid nanoparticles; hybrid nanofluids; shear rate; Taguchi method; heat transfer

1. Introduction

The concept of “nanofluid” was first coined by Choi [1] to describe the process of
making stable colloidal suspensions of solid nano-sized particles (1–100 nm) in common
base fluids. Nanofluids were proposed as novel heat transfer fluids as they can significantly
enhance conventional liquids’ thermophysical and rheological characteristics. Nanoparti-
cles 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, aluminum, 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. [2]. 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
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few [3]. As a result, nanofluids have garnered considerable interest owing to their potential
benefits in a wide variety of applications. Substantial research has been done on the rheo-
logical properties of fluids which deals with the study of their viscosity or their resistance
to deformation and thermophysical properties, fluid flow, and heat transfer [4,5]. Rheology
is a correlation of stress and strains that can study and understand fluids’ fundamental
behavior and characteristics, which are essential for deriving viscosity models. Dispers-
ing nanoparticles in base fluids increases the thermal conductivity and alters the fluids’
rheological behavior and other structural properties. The detailed rheological analysis of
nanofluids will enable us to determine the fluid’s Newtonian or non-Newtonian nature,
the structural evolution of solid-liquid dispersion, and pumping power, and interpret and
quantify the mechanics of the solid-fluid interaction under various temperature and stress
conditions. The stability of the nanoparticle in fluid and its duration without sedimentation,
etc., also influence the viscosity of nanofluids. Because of all these considerations, it is
crucial to study the effect of dispersing nanoparticles in base fluids on the structure of fluids
and their rheological behavior, change in their chemical structure under different stress
and temperature conditions [6]. Studies have investigated the effects of nanoparticles on
the fluid-structure and also the type of nanoparticles used, such as graphene [7], gold [8],
aluminum, hybrid nanoparticles [6], and other metallic/non-metallic/carbon nanoparticles-
based nanofluids and their applications [9]. Previous research has shown an increase in
thermal conductivity, which has enhanced the efficiency of their applications. One such
research using nanoparticles was shown to accelerate thermal conductivity of polymerase
chain reaction (PCR) by significantly reducing the number of cycles with the addition of
graphene nanoflakes [10] and titanium nanoparticles [11]. Few other studies have observed
that with the addition of nanoparticles, the applications yielded better outcomes in fields
such as medical [8], nuclear reactors [12], oil recovery [13], etc.

Hybrid nanoparticles are a combination of two or more nanoparticles synthesized or
decorated on top of each other, and their dispersion into base fluids is known as hybrid
nanofluids. They have a unique attribute of improved thermal conductivity and tailor-
made rheological properties that make them desirable for various applications. These
properties of nanofluids have attracted many researchers to explore the applications of hy-
brid nanofluids in diverse fields of applications [14]. Numerous studies and reviews have
been published on hybrid nanofluid preparation methods [15], their characterization [16],
thermal conductivity enhancements [17], thermal conductivity models [18], thermal con-
ductivity mechanisms [19], the effect of particle size and shape on thermal conductivity [20],
the rheological effects of hybrid nanoparticles dispersion on-base fluids [6], rheological
behavior [21], viscosity [22], viscosity models [23], the effect of particle size and shape
on the viscosity [24], and stability [2]. Studies on hybrid nanofluids have gained mo-
mentum only recently [9]. Bi-hybrid nanoparticles were used in various studies, such as
CuO-MWCNT [25], Al2O3-TiO2 [26], SiO2-MWCNT [27], MWCNT-GNPs [28], to name
a few. However, very few studies have been performed to date on the rheological be-
havior of trihybrid/ternary hybrid nanoparticles with different concentrations and their
sweep characteristics, such as amplitude sweep and frequency sweep, focused on storage
and loss moduli. Furthermore, relatively few studies observed the rheological effects of
dispersing minute or very low concentrations of nanoparticles on base fluids (<1% wt.),
which can be categorized as dilute [29]. Numerous hybrid nanofluids have been stud-
ied in the literature, including a dispersion of hybrid nanoparticles in the metallic form,
such as silver-gold hybrid [30], or a mixture of carbon-metallic nanoparticles, such as
graphene–titanium dioxide [31], etc., to mention a couple of them. Each of these hybrid
nanoparticles has distinct characteristics and behaviors. Hybrid nanofluids have also been
explored from both a theoretical and practical engineering aspect due to their superior heat
transfer performance [30,31]. The use of nanofluids might be beneficial for improving heat
transfer; however, the presence of nanoparticles may also increase viscosity, which may
lead to higher energy consumption in terms of pumping power [32]. Hence, adding the
nanomaterials as a hybrid could enhance the thermal performance and reduce the substan-
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tial volume suspended in the base liquid. It is widely known that viscosity has a more
significant impact on power consumption in the laminar flow regime (∆P = 32ηVLD−2)
than in the turbulent flow regime (∆P = 0.1582Lη0.25ρ0.75D−1.25V1.75). Thus, a fundamental
understanding of nanofluids’ rheological behavior is gradually evolving, and attempts
to perform more tests are likely to contribute towards establishing nanofluids as a viable
choice for hydraulic transport and other practical uses. Previous researchers focused on
the rheological properties of hybrid nanofluids, mainly of carbon nanotube [27,28], and
titanium dioxide-based biohybrid nanofluid [26]. These reports demonstrate that hybrid
nanofluids’ rheological properties would be influenced by flow parameters, such as solid
volume fraction, temperature, shear rate, etc. Researchers have also studied the forecast
of the thermal conductivity ratio of an Al2O3/water nanofluid as a function of particle
size, temperature, volumetric concentration, LSSVM, and an artificial neural network [33].
Another factor to consider in this analysis is the absence of appropriate rheological observa-
tions and models from studies on tri- or ternary hybrid nanoparticles dispersed in DI water.
Few researchers have used Taguchi analysis to study the grey relational analysis which is
utilized to optimize the input parameters [34], viscosity and relative viscosity [35], signal to
noise ratio, SNR [36], impact of concentration of nanoparticles on the fluids [37], etc. Indeed,
the data optimization techniques have been found in different mechanical engineering
fields, such as materials science [38,39], solid mechanics [40], and fluid dynamics [41–43],
and claimed that they are helpful to predict the optimum result with the cost-effective and
energy-saving method.

This study evaluated the time- and temperature-dependent flow behaviors of two
novel ternary hybrid nanofluids, GO-TiO2-Ag and rGO-TiO2-Ag, with low solid volume
fractions. Three distinct nanoparticles, namely, graphene oxide (GO), titanium oxide
(TiO2), and silver (Ag), are layered on top of each other, forming two novel trihybrid or
ternary hybrid nanoparticles (THNp), GO-TiO2-Ag and rGO-TiO2-Ag. Using the two-
step method, two-hybrid water-based nanofluids were produced by dispersing the two
forms of graphene-based hybrid nanoparticles in water [44]. Moreover, the continuous
rheological properties’ evaluation and time/temperature-dependent rheological behaviors’
assessment of GO-TiO2-Ag/water nanofluids and rGO-TiO2-Ag/water nanofluids were at
a concentration of 0.5%, 0.05%, 0.005%, 0.0005%, and 0.00005% and temperatures ranging
from 25 to 50 ◦C. The primary reason for dilute solutions seldom being assessed or reported
is that it is difficult to measure their rheological behavior. Furthermore, according to our
knowledge, no study has analyzed the very complex fluids’ storage and loss moduli by
measuring the hybrid nanofluids’ sweep characteristics (amplitude sweep and frequency
sweep). Lastly, Taguchi design was used to study the impact of the type of nanofluid,
their concentration, temperature, and shear rate on viscosity and shear stress. Nanofluid
concentration was optimized to provide the optimum rheological characteristics.

2. Experimental Investigation
2.1. Synthesis of Ternary Hybrid Nanoparticles

GO-TiO2-Ag and rGO-TiO2-Ag nanocomposites were prepared by the hydrothermal
approach based on our previous research [45]. Briefly, 0.25 g of GO was dispersed in
250 mL of deionized water by ultrasonic stirring for approximately 2 h. 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, 10 mL of 0.2 M
AgNO3 was added dropwise to the solution. The solution was then mixed and stirred for
30 min, and the pH was altered to 1.1 while stirring was continued for about 2 h to produce
a uniform homogeneous solution. This homogeneous solution was heated at 160 ◦C
for 24 h in a Teflon-lined stainless-steel autoclave. Next, the substance was vigorously
sprayed with ethanol and then washed with water to remove all traces and unreacted
ions. The GO-TiO2-Ag nanocomposites were obtained, the solution was purified and dried
at 80 ◦C. The composition of GO/rGO:TiO2:Ag was roughly estimated to be about 5:1:1
parts by weight. The main difference between the rGO-TiO2-Ag and the rGO-TiO2-Ag



Materials 2022, 15, 28 4 of 27

nanocomposites was the addition of ammonia and hydrazine. These compounds were
used to remove oxygen molecules from GO sheets as well as their functional groups. The
detailed characterizations are presented in our previous work [45].

2.2. Preparation of Nanofluids

Before rheological testing of nanofluids there is an essential step to prepare nanofluids
with good suspension stability to ensure that the nanofluids are free of sedimentation and
agglomeration in the test process. In this experiment, GO-TiO2-Ag/water suspension and
rGO-TiO2-Ag/water suspension at a weight concentration of 0.5% containing nanoparticles
with an average diameter of 750 nm and 1750 nm, respectively, were evaluated for their
stability by measuring their zeta potential using an Anton Paar Electrokinetic Analyzer
SurPASS 3.

The preparation of nanofluids has a vital role in obtaining the desired stability char-
acteristics. Improving uniform dispersal and achieving the desired properties allows a
nanofluid to be durable without sedimentation. Water-based nanofluids were prepared
using nanoparticles at different concentration ratios. Briefly, GO-TiO2-Ag THNp were
suspended in deionized water at a concentration of 0.5 wt%. The nanofluids were then
sonicated using an ultrasonic probe sonication for 1 min and then followed by water bath
sonication for roughly 4 h to acquire a homogenous nanofluid solution without sedimen-
tation. The period of 1-min probe ultrasonication and 4 h of water bath sonication was
chosen based on early trials and subsequent iterations to improve the dispersion of dec-
orated ternary hybrid nanoparticles in the base fluids without breaking them. The stock
solution was then serially diluted at five more levels named concentration A (5 × 10−1

wt%), B (5 × 10−2 wt%), C (5 × 10−3 wt%), D (5 × 10−4 wt%), and E (5 × 10−5 wt%) (from
semi-dilute to dilute concentrations of nanofluids).

2.3. Stability of Ternary Hybrid Nanofluids

The zeta potential of the prepared nanofluids measures the stability and surface load
at a solid-liquid interface. The electrostatic repulsion forces and the zeta potential are
directly proportional. The electrostatic repulsion force is supposed to be stronger than the
precipitation forces of attraction. For the stabilization of nanofluids with solid dispersion,
the optimal absolute zeta potential should be approximately ±30 mV. From Figure 1 it
can be observed that the zeta potential of the rGO-TiO2-Ag-based nanofluids peak was at
32 mV, which is within a stable limit. In contrast, the GO-TiO2-Ag-based nanofluids peak
was at 21 mV.

Figure 1. Zeta potential of ternary hybrid nanofluids.
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2.4. Viscosity Measurements

An Anton Paar’s modular compact rheometer (GmbH, MCR302, Austria) equipped
with a Peltier balancing cell C-PTD200 palter temperature control system was used to
evaluate the dynamic viscosity of hybrid nanofluids. Viscosity, shear rate, and shear stress
measurements were conducted using a 1–100 1/s spindle [46]. CC45 DIN was used at
temperatures ranging from 25 to 50 ◦C with increments of 5 ◦C. The temperature range
was selected based on previous literature studies [47–50]. The presence of convective
currents in the water-based nanofluids will destabilize the rheological properties at higher
temperatures. 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 acting on the spindle rotation is determined using the
calibrated spring’s deflection amplitude. At room temperature, shear strain, shear stress,
and nanofluid viscosity were assessed. The data logger on the instrument records the
values of the variables being measured. The rheometer is very precise with an accuracy that
is guaranteed to be within ±1%. The reproducibility of the spindle speed of the rheometer
is within ±0.2%. Ternary hybrid nanofluids have an opposite 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 to 50 ◦C with increments of
5 ◦C for ternary hybrid nanofluids.

3. Taguchi Method

Dr. Taguchi invented a system based on orthogonal array (OA) experiments that
result in a significantly lower variance for the experiment when control parameters are
adjusted to optimal settings. Hence, the design of experiment (DOE) satisfaction with
optimizing control parameters to produce BEST findings is accomplished. The OA gives a
collection of well-balanced (minimum) trials. Dr. Taguchi’s signal-to-noise ratios (S/N),
which are log functions of the desired output, serve as objective functions for optimiza-
tion and may be used in data analysis and predicting optimal outcomes. The Taguchi
method reduces product development time for design and engineering, lowering costs and
increasing profits.

The Taguchi method also allows for controlling variances produced by uncontrolled
elements that are not considered in the traditional design of experiments. Taguchi measures
the performance qualities of the calibers of control factors against these factors by converting
the objective function values to a signal-to-noise (S/N) ratio. S/N ratio is defined as the
intended signal ratio for the unwanted arbitrary noise value and indicates the quality
features of the experimental data. Furthermore, ANOVA is used to assess the statistical
significance of the process parameter. The use of ANOVA and S/N ratios ensures that the
performance characteristics are accumulated optimally.

Plan of Experiments

The types of nanomaterials, concentration, temperature, and shear rate were optimized
using two levels of Taguchi model, and their effect on viscosity and shear stress was
evaluated. The four parameters were allocated values in two levels based on the preliminary
study. Table 1 summarizes the variables and their responses.

For viscosity and shear stress, the S/N ratios of four variables were determined.
The consequentiality of the factors on viscosity and shear stress was determined using
an ANOVA with a 95% confidence level. Minitab 18 software was used to carry out an
optimization procedure based on the Taguchi technique. Taguchi’s-OA was used in the
design of the experiment for level-2 and parameter-4 combination for eight runs (Table 2).
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Table 1. Selected parameters and levels.

P L1 L3

Type of Nanomaterials GO-TiO2-Ag rGO-TiO2-Ag

Concentration 0.5 0.00005

Temperature 25 50

Shear Rate 1 1000

Table 2. Orthogonal Array P-4 and L-3.

Run
Parameters Response

Type of Nanomaterials Concentration Temperature Shear Rate Viscosity Shear Stress

Unit - wt% ◦C 1/s mPa·s Pa

1 GO-TiO2-Ag 0.5 25 1 0.7 0.000738

2 GO-TiO2-Ag 0.5 25 1000 1 1.0352

3 GO-TiO2-Ag 0.00005 50 1 64.324 0.064335

4 GO-TiO2-Ag 0.00005 50 1000 0.86646 0.86665

5 rGO-TiO2-Ag 0.5 50 1 2.5824 0.002582

6 rGO-TiO2-Ag 0.5 50 1000 1.0062 1.0064

7 rGO-TiO2-Ag 0.00005 25 1 2.0453 0.002046

8 rGO-TiO2-Ag 0.00005 25 1000 0.84368 0.84386

4. Results and Discussion

In general, the rheological behavior of nanofluids is of great importance in a wide
range of applications [51]. There is a proportional relationship between viscosity, shear
rate, pumping power and pressure decrease, and fluid convective heat transfer. 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. Another factor
that increases 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. However, few
studies have demonstrated that viscosity depends on the size of nanomaterials with a
variation of more than 5% [52]. Furthermore, the viscosity of nanofluids varies with the
material type of nanoparticles and their behavior, whether metallic or non-metallic. Another
important aspect is the shape of the particle.

4.1. Ternary Hybrid Nanoparticle Type
4.1.1. Effect of Viscosity

The steady viscosity of nanofluids was evaluated at concentration E (5 × 10−5 wt%)
by increasing the shear rate from 1 to 1000 L/s concerning temperature. Figure 2 shows that
the nanofluids behave like a Newtonian fluid at low temperatures (30 ◦C, 35 ◦C, and 40 ◦C)
as the viscosity of nanofluids remained steady with increasing the shear rate; however, at
higher temperatures (45 ◦C and 50 ◦C), they behave like non-Newtonian fluids with shear-
thinning properties, as viscosity has decreased as reported in the previous report [21]. This
could be due to long molecule chains of the nanofluids that interact complexly, which results
in shear dilution or shear thinning behavior. As the shear rate increases, the attractive
forces between the nanoparticles are reduced, and the particles are scattered, reducing
viscosity. Shear-thinning could be associated with pseudo-plastic behavior.

This results from minor structural improvements in fluid with microscale fluid geome-
tries 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 rheological properties of different nanofluids. Studies also documented the
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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 [21,53].
Numerous theoretical models for different concentrations have also been presented to date,
along with experimental observations of nanofluids [24]. Much of the experiments were
performed based on single material nanoparticles, and theoretical models are also derived
for the same [54]. Rheological investigations found that viscosity improved compared to
the water with nanoparticles [29]. Single component nanoparticles of aluminum oxide,
silicon dioxide, and titanium dioxide were used at a concentration of 4.3%. Wang et al.
observed pseudo-plastic behavior in the nanofluid with the addition of graphite to oil.
Viscosity was improved along with a visco-elastic rise of approximately 1.36 vol% [55].
Newtonian behavior was reported using hybrid nanofluid with Cu-Zn (1:1) alloy with
vegetable oil exhibiting a linear relationship between shear stress and shear rate with lower
viscosity [56].

Figure 2. Shear rate vs. viscosity at different temperatures and concentrations of ternary
hybrid nanoparticles.

4.1.2. Effect of Concentration

The measurement plots in Figure 3 show the variation of viscosity with the change in
the concentration of nanofluids with five levels of serial dilution. The highest concentration
is 5 × 10−1 wt%, whereas the lowest concentration is 5 × 10−5 wt%. The viscosity of two
ternary hybrid nanofluids is proportional in terms of their increase in concentration. The
viscosity of GO- and rGO-based ternary hybrid nanofluids increases with the increase in
concentration at various measured temperatures, albeit at different magnitudes. It can
be seen from the plots of both GO- and rGO-based THNPs, the viscosity of individual
concentration increases gradually with the increase in temperature. Generally, the vis-
cosity of the water-based nanofluids decreases with the lowering of concentrations of the
nanoparticles. From both the plots, it can be seen that at 50 ◦C, the nanofluids have a spike
in viscosity, which can be considered an optimum operating temperature. The GO-based
ternary hybrid nanofluid at a concentration of 5 × 10−1 wt% at 50 ◦C increased viscosity
by 50% at almost all the temperatures measured. A similar hike in viscosity can be seen
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 increased viscosity of GO-based
nanofluids could be a result of a variety of causes.

A slight change in the concentration of the nanofluids has the effect of increasing
or decreasing the nanofluids’ rheological properties. Almost all studies on nanofluids
have concluded the same thing. Substantial efforts have been applied to the research
of concentrations or volume fractions of nanoparticles in nanofluids. There is a strong
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relationship between the increase in the concentration of nanoparticles and the increase in
viscosity [56]. Few reports have studied the Newtonian behavior of water-based metallic
nanofluids where the viscosity increased with the increase of concentration of nanoparticles
on the fluid [29]. The increased viscosity can be as low as 4–15% or as high as 50% [22]. It can
be seen that viscosity is detrimental to the increase of thermal conductivity in the nanofluids.
However, it cannot be generalized that the increase in nanoparticle concentration will
increase viscosity. Figure 3 below shows the viscosity measurements of the two ternary
hybrid nanoparticles.

Figure 3. Viscosity vs. concentration at different temperatures of ternary hybrid nanoparticles.

4.1.3. Effect of Temperature

The viscosity of water, EG, and oil-based nanofluids decreasing with the fluid’s in-
crease in temperature is a known phenomenon. The rate of decrease in viscosity due to an
increase in temperature depends on the fluid’s intrinsic property or the intermolecular bond
strength. The increase in temperature of the fluid supplies the molecules in the fluids with
higher energy. In the case of nanofluids, which have additional particles, this increase of
temperature leads to increased heating and heat transfer leading to faster weakening of the
intermolecular forces, which decreases the fluid’s viscosity. The intermolecular interactions
between the water-nanoparticle become weaker with the increase in the temperature of the
fluid, leading to a decrease of viscosity in the ternary hybrid nanofluid [57]. The strong van
der Waals forces act on the particles at lower temperatures. Once the temperature increases,
the forces weaken, leading to a decrease in viscosity [58]. Figure 4 depicts the averaged
plot of viscosity versus 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 exhibiting slightly lower viscosity at
lower temperatures [59], with the viscosity decreasing to about 80% in GO-based ternary
hybrids. At the same time, it is about 33% in the rGO-based THNf. It must be noted that
the concentrations of THNp in the nanofluids are very minute (<1 wt%).

The rGO-based ternary hybrid nanofluids show a similar trend in which the viscosity
decreases with the increase in temperature of the fluid for all concentrations. The concen-
tration of 0.05 wt% shows a higher viscosity than the other concentration, while the lowest
concentration has a lower viscosity. The potential explanation for this phenomenon is that
the nanoparticles in fluid aggregates with other particles similar to nanocluster 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. Other non-covalent forces, such
as steric, hydrogen bonding, hydrophobic, and electrostatic attraction, account for the
majority of the interactions of the nanofluids with their surroundings [60]. Agglomeration
of nanoparticles at higher temperatures creates internal shear stress between particle-fluid
interface interactions, increasing viscosity in the hybrid nanofluids. Binding energy is
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another phenomenon that occurs at higher temperatures resulting in agglomeration or the
creation of microclusters in nanofluids which increases viscosity [61]. 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,
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 behavior of liquid layers acting as solid particles leads to an increase
in viscosity [61]. Nanoparticles form clusters due to higher attractive forces at higher
temperatures contributing to increased viscosity [6].

Figure 4. Viscosity vs. temperature at different temperatures and concentrations of ternary
hybrid nanoparticles.

It shows that concentration plays a vital role in the change of viscosity with tempera-
ture change. The viscosity increases or decreases with temperature change. The addition
of heat changes the nanoparticles in the fluid from surface force attraction to interatomic
bonding [62]. The difference is more heightened between different nanofluid concentration
samples. This may be due to the agglomeration of nanoparticles at higher temperatures [24].
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. A viscosity
decrease of 56.4% and 73.9% at 50 ◦C and 70 ◦C, respectively, was reported in a study
on rGO-based ethylene glycol nanofluids [63]. While, other researchers have reported an
astronomic viscosity decrease of about 593% at 50 ◦C for their study of graphite/engine
oil nanofluids [59]. Few researchers reported the effect of temperature on the viscosity
of hybrid nanofluids. Esfe and Rostamian reported a 171% viscosity decrease from 40 to
100 ◦C with a volume fraction of 0.05, 0.1, 0.2, 0.4, 0.8, and 1 vol% using CuO-MWCN
hybrid nanofluids [25]. When the temperature is increased in all volume fractions of the
nanofluids, viscosity decreases exponentially.

4.1.4. Effect of Shear Rate

Shear stress is the factor that 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, such as paint, crude oil drilling, handling and transportation, food
processing, and other consumer health products. As mentioned earlier, studying their
rheological properties will give them insight into controlling and easy transportation of
all manufactured products in the industries. One of the methods to investigate 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 shear-thinning fluids at temperatures
ranging from 30 to 80 ◦C [64]. Over the past few decades numerous scholars have studied
flow properties. Different characteristics were reported, such as whether the fluids are
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Newtonian, non-Newtonian or dilatant or pseudo-plastic, or thixotropic fluids. Figure 5
above shows the shear rate versus shear stress in logarithmic scale for the two types of
GO-based ternary hybrid nanofluids at various concentrations and temperatures. The
plots 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].

Figure 5. Cont.
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Figure 5. Shear stress vs. shear rate at different temperatures and concentrations of ternary hybrid
nanoparticles. (A–E) are serial dilutions.

The GO- and rGO-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, in the rGO-based
ternary hybrid nanofluids, the shear stress is not proportional to the shear strain and
behaves as a dilatant or shear thickening fluid at all concentrations. The GO-based ternary
hybrid nanofluids gradually start acting as a shear dilatant or shear thickening fluid as the
concentration is decreased. The response was seen in the concentration 0.05 wt% (plot B)
is known as the structural breakdown of bonds between the molecules with the increase
of shear rate. The nanofluid behaves like a thixotropic fluid at a particular concentration
and temperature with higher shearing forces. The binding forces or the binding energy are
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.

The shear stress and shear strain are a function of concentration and temperature.
Studies have revealed that the water-based nanofluids behave as a Newtonian fluid at
a lower concentration of nanoparticles in the fluid [65] and as a non-Newtonian fluid
at a higher concentration. The nanofluids behaved as shear thickening fluids when the
concentration of the nanoparticles decreased [66]. The plots in Figure 5 show the various
shear stress versus shear strain at different temperatures. A side-by-side comparison
between the GO- and rGO-based ternary hybrid nanofluids is made. The GO-based ternary
hybrid nanofluid behaves almost like a Newtonian fluid for sample A at temperatures
ranging from 25 to 50 ◦C, while the rGO-based ternary hybrid nanofluids behave like
shear-thickening or dilatant fluids for the same concentration for all temperatures. In
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the following plot for the second concentration (sample B), the GO-based ternary hybrid
nanofluids at lower temperatures of 25 ◦C behave like Newtonian fluids but start to
show slight shear thickening behavior once the temperature is increased till the maximum
measured temperature of 50 ◦C.

In contrast, rGO-based ternary hybrid nanofluids behave as a shear-thinning fluid
from 25 ◦C to 50 ◦C. The measurements on concentration (sample C) of the GO-based
ternary hybrid nanofluids at 25 ◦C behave like a shear thickening fluid but tend to be a
Newtonian fluid once the temperature is increased from 30 ◦C until the final measured
temperature of 50 ◦C.

There can be many reasons behind the nanofluids’ behavior as Newtonian fluids at
higher concentrations and as a dilatant behavior at lower concentrations. At increasing con-
centrations, the particle-particle interactions become more significant, and the fluid retains
its Newtonian properties. Once the shear rate and temperature increase, the particle-to-
particle interactions and the attractive forces increase, forcing the nanofluids to behave as a
dilatant fluid. On further concentration reduction, the GO-based ternary hybrid nanofluids
ultimately act as dilatant or shear thickening fluids. This influence of the concentration
of the nanoparticles in the fluid may be due to the higher inter-particle forces at higher
concentrations. These higher inter-particle forces influence the nanofluids to remain New-
tonian [67]. In contrast, the rGO-based nanofluids remain as shear thickening or dilatant
fluids at all concentrations and temperatures. This may be due to the lesser number of oxy-
gen molecules in the rGO nanoparticles. Previous rheological studies on hybrid nanofluids
have reported that a higher volume fraction of nanoparticles trigger the formation of larger
nano-clusters, increasing the viscosity due to van der Waals forces existing between parti-
cles caused by the reduction of movements between fluid layers [68]. As the hydrodynamic
diameter of the nanoparticles increases, adsorption and clustering/agglomeration occur,
tending to increase the viscosity, as reported in the literature [22]. Agglomeration structures
formed in the nanofluids during the shearing process diminish into an orderly arrangement
within the shear rate range, as observed by recent research [22]. Studies by Yang et al. on
Al2O3-diamond hybrid on DI water and silicone oil showed that the nanofluids tend to be
Newtonian due to agglomeration. However, once the shear rate is increased, it tends to be
non-Newtonian shear-thinning fluid similar to the behavior of the GO-based nanofluids in
our study. It is also because of the agglomeration due to the dominance of Van der Waals
forces at lower shear rates. At higher shear rates, the agglomeration breaks down, reducing
viscosity, substantially making the fluid behave as a non-Newtonian shear-thinning fluid.

The plots above show that nanofluids at lower shear rates exhibit Newtonian behavior
and non-Newtonian behavior at higher shear rates. Many studies have shown that the
temperature is directly related to the change in nanofluids’ rheological properties and ther-
mal conductivity [69]. The rheological measurements on the two GO-based ternary hybrid
nanofluids were performed at temperatures ranging from 25 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 lower tem-
perature (25 ◦C), the fluid shows dilatant or shear-thinning behavior. However, when the
temperature increases (30–50 ◦C), the nanofluid exhibits Newtonian behavior. On further
dilution at a concentration D, the nanofluids ultimately exhibit shear-thinning or pseudo-
plastic behavior irrespective of the temperature. The rGO profiles, on the other hand,
exhibit shear-thinning or pseudo-plastic behavior at all concentrations and temperatures.

4.2. Effect of Amplitude Sweep

The linear viscoelastic (LVE) is a region that indicates the fluid range in which the
stresses are tested without destroying the fluid structure. The LVE measurements are
another set of rheological measurements that can be determined by measuring stresses
divided into storage (G′—elastic) and loss (G′′—viscous) moduli. The loss and storage
moduli show 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
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which is also called the plateau value. These measurements are done using the rheometer
in which 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 to the fluids, the structure of the fluid opposes
the strains to a certain extent where the loss modulus G′ increases. The fluid structure in
LVE then deforms, leading to the dismantling of the aggregations of the nanoparticles in
the fluid. This will lead to nanoparticles in the fluids aligning to the flow field, decreasing
the storage and loss moduli in the fluid.

The plots in Figure 6 show 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 a sharp decline of high oscillating stresses and are characterized by constant modulus
or linear viscoelastic plateau. It can also be seen from the plots that the loss modulus is
higher in the nanofluids with higher concentrations. A crossover area between the loss
and storage moduli shows the presence of yield stress in the nanofluids, as mentioned by
a 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 of both GO-
and rGO-based ternary hybrid nanofluids, the loss modulus is almost similar, indicating
that the nanofluids lose the ability to store stresses and remain constant at all measured
temperatures. This suggests that the nanoparticles in the fluids enhance the rheological
capabilities, such as storage, damping, and loss moduli in the fluids.

Figure 6. Cont.
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Figure 6. Cont.
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Figure 6. Amplitude sweep—storage modulus and loss modulus vs. shear stress and their damping
factor (inset) at different temperatures of ternary hybrid nanoparticles. (A–E) are serial dilutions.

This could be one of the reasons why heat conductivity and other rheological param-
eters have been enhanced. According to certain studies, network architectures occur in
nanofluids at higher particle concentrations and lower stresses or frequencies [63]. 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 behavior, but
the addition of ternary hybrid nanoparticles to the base fluids transitions it to viscoelastic
behavior, which is shear-thickening or dilatant in our case. A damping factor is a dimen-
sionless unit that can be described as the ratio of loss over storage moduli (G′′/G′) denoted
by the term tan δ. The ideal value for the damping factor for a liquid in the viscoelastic
region is always greater than unity (tan δ = G′′/G′ >1). The damping factor plots are shown
in the figure insets in each plot.

4.3. Effect of Frequency Sweep

Frequency sweep tests are carried out to measure the time-dependent behavior of the
nanofluids in a non-destructive deformation range. It is an essential tool to measure the
stability of nanofluids. In addition, 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 0.1 to 10 Hz (0.628 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 moduli increase. The damping factor is shown in the Figure 7 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 uniform across all the
concentrations 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 7. Cont.
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Figure 7. Frequency sweep—storage modulus and loss modulus vs. shear stress and their damping
factor (inset) at different temperatures of ternary hybrid nanoparticles. (A–E) are serial dilutions.

4.4. Comparison of Current Experimental Results with Viscosity Models

A substantial number of researchers have dwelled on 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 their inception. Even
though they successfully determined the correlations for the nanofluids, studies have not
determined a universal correlation for determining viscosity in nanofluids. The correlations
obtained thus far have varied according to the type of nanoparticle used, the type of base
fluids, the temperature range, the concentration range of nanoparticles, the sonication time
of nanoparticles in the base fluids, the presence or absence of surfactant, the number of
nanoparticles in a hybrid nanoparticle combination, and so on. The experimental results
of this work are compared to a few current hybrid viscosity models of water-based base
fluids (Table 3) using a single temperature (35 ◦C), as shown in Figure 8a. The comparison
indicated a few of the hybrid correlations of viscosity and experimental data for ternary
hybrid nanofluids. As can be seen from Figure 8, few of the existing water-based hybrid
viscosity correlations agree with the experimental results. Figure 8b is the comparison of
the experimental results of water-based nanofluids dispersed with individual nanoparticles
taken from the literature, such as graphene oxide, silver, and titanium oxide with the
ternary hybrid nanoparticles. It can be observed that the viscosity of the ternary hybrid
nanofluids are much lower compared to the individual nanoparticle-based nanofluids.
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Table 3. Viscosity models for water and ethylene glycol-based hybrid nanofluids.

Hybrid Nanoparticles/Base Fluid Correlations Temperature ◦C Concentration vol% Author

Ag–MgO/water µn f
µb f

= 1 + 32.795ϕ− 7214ϕ2 − 714600ϕ3 − 0.11941× 108 ϕ4 - 0 < ∅ < 0.02 [70]

ND–Fe3O4/water
ND–Fe3O4/EG–water
(20:80, 40:60 and 60:40)

µn f
µb f

= aebϕ

T = 20: a = 1.444; b = 1.402;
T = 30: a = 1.368; b = 1.472;
T = 40: a = 1.277; b = 1.625;
T = 50: a = 1.288; b = 1.771;
T = 60: a = 1.338; b = 1.655

0 < ∅ < 0.002 [71]

ND–Co3O4/water
ND–Co3O4/EG

ND–Co3O4/EG–water
(20:80, 40:60 and 60:40)

µn f
µb f

= 0.9595(1 + ϕ)2.399 20 < T < 60 0.0005 < ∅ < 0.0015 [61]

MgO–MWCNT/EG
µhn f
µb f

=[
0.191ϕ + 0.240

(
T−0.342 ϕ−0.473)] exp

[
1.45T0.120 ϕ0.158] 30 < T < 60 0 < ∅ < 1 [72]

MgO–MWCNTs/water–EG µhn f = 3.371× e0.5782ϕ−0.000371T2 25 < T < 60 0.025 < ∅ < 0.8 [73]

Fe2O3–MWCNTs/EG µhn f
µb f

=
−2.0987 + (4.65ϕ)0.0969 + (0.8702T)0.2633 + (62323.1365ϕ2)

(143.1076T2)
25 < T < 50 0.8 < ∅ < 1.8 [47]

TiO2–SiO2/water, EG µhn f
µb f

= 37
(

0.1 +
ϕ

100

)1.59
(

0.1 +
T
80

)0.31
30 < T < 70 0.5 < ∅ < 3 [58]

TiO2–SiO2/water, EG
µhn f
µb f

= 1.42 + (1 + R)−0.3063
(

T
80

)0.2321

R is the fraction of particle in mixture
30 < T < 80 (1 vol%)

20:80, 40:60, 50:50, 60:40, and 80:20 [74]

Nanodiamond–Co3O4/Eg (40:60)

µhn f
µb f

=

0.50437 + 4.38836ϕ− 0.04183T − 0.26696ϕT − 22.66087ϕ2 +
0.00121T2 + 0.003325ϕ2T + 0.00332T2 ϕ + 0.00001T3

20 < T < 60 0.5 < ∅ < 1.15 [75]

Al2O3–TiO2/water
µn f
µb f

= 2.06− 1.32ϕnp1 − 0.96ϕnp2 + 0.58ϕ2
np1 − 0.39ϕ2

np2 +

1.89ϕnp1 ϕnp2
25 < T < 25 1 < ∅ < 2 [76]

SiO2–graphite/water µhn f
µb f

= 1.00527×
(
T0.00035)(1 + ϕ)9.36265

(
WG

Wsio2

)−0.028935 15 < T < 60 0.1 < ∅ < 2 [77]

(SiO2–CuO/C)/glycol–EG µhn f
µb f

= 0.9894
[
1 +

ϕ

100

]6.6301
×
[Tn f

To

]0.064
50 < T < 80 0.05 < ∅ < 1 [78]
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Figure 8. (a) Comparison of existing viscosity models with experimental results at 35 ◦C and
(b) comparison of experimental viscosity values from literature with current experimental results at
30 ◦C.

5. Taguchi Optimization Results
5.1. Analysis of Variance (ANOVA)

The most common method of experimental design for determining the contribution
and effects of each specified parameter is an analysis of variance (ANOVA). As a result,
the variance analysis for each parameter and a combination of parameters is the first idea
to consider. In this study, a two-level OA with eight experimental runs was used. The
experiment has a total degree of freedom of 8 − 1 = 7 (Table 4). The interaction impact of
each component with all possible combinations of factors is shown in the ANOVA table.

The ANOVA investigation analyzes the influence of variables and their associations
by comparing the mean square versus response parameters of nanoparticle inaccuracies at
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set confidence levels. The impact of each component on the total variance of the outcomes
may be assessed using ANOVA. Tables 4 and 5 provide the results of the ANOVA table
for all response factor test cases (nanoparticles properties). The study was performed at a
significant level of 5%, which equates to 95% trust. Each ANOVA table in the last column
shows the proportional contribution of each element’s component to the total variance.
Every component contribution that substantially affects a response factor and factors that
considerably disrupt output parameters may be assessed using the ANOVA table. Figure 9
supports these findings, and the normalized effect plot is beneficial for screening design.
The main effects’ graphs also clearly show the shear rate influence on response variance
(Figure 9).

Table 4. Analysis of variance (viscosity).

Source DF Adj SS Adj MS F-Value p-Value

Regression 4 2007.5 501.9 1.02 0.513

Concentration 1 492.8 492.8 1.00 0.390

Temperature 1 515.0 515.0 1.05 0.381

Shear Rate 1 543.4 543.4 1.11 0.370

Type of Nanomaterials 1 456.2 456.2 0.93 0.406

Error 3 1472.0 490.7 - -

Total 7 3479.5 - - -

According to Table 4, for one-way interactions, the input parameter does not reflect
more on response output which has a maximum F-value of 1.11, and it shows the likelihood
of being effective. This is because selected parameters are of two kinds: one is a type of
nanomaterial, and another is the properties of nanoparticles. Hence, the selection of input
parameters should be limited to characterization. The R-square for the response viscosity
was found to be significantly less, as shown in Figure 10, which is 0.57666. The provided
parameter is statistically significant if the F-value is more than 8%.

Table 5 reveals that shear rate holds the highest significance with F-values of 253.69 on
shear stress monitored by an F-value of 0.06 in temperature. In comparison, other parame-
ters’ F-values are not more than that 8%. This shows the shear rate of selected parameters
is more influenced by shear stress as it represents the exact mechanical characterization of
nanomaterials. A regression model of current parameters shows the F-value of 63.83. This
means the shear stress response is statistically suitable for selected inputs.

This is because the 7-DOF used all four components and four interactions, and there
was nothing left to enumerate the error. The outcome of non-significant variables and
interactions was aggregated as a solution to this problem. There was a slight variation in
the encounter. As a result, their DOF and SS have been grouped.

Table 5. Analysis of variance (shear stress).

Source DF Adj SS Adj MS F-Value p-Value

Regression 4 1.70599 0.42650 63.83 0.003

Concentration 1 0.00898 0.00898 1.34 0.330

Temperature 1 0.00042 0.00042 0.06 0.818

Shear Rate 1 1.69502 1.69502 253.69 0.001

Type of Nanomaterials 1 0.00157 0.00157 0.23 0.661

Error 3 0.02004 0.00668 - -

Total 7 1.72603 - - -
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Figure 9. Main effects plot for SN ratios.

5.2. Coefficient of Factors

The study of factor coefficients is another crucial aspect of optimization. As a result,
Tables 6 and 7 show the factor coefficients as well as their interactions. It can be observed
that the concentration has the most significant influence, with a coefficient value of −31.4
(viscosity) and 0.134 (shear stress). However, the other parameter for each reaction varies;
for example, temperature follows concentration with 0.642 coefficients for viscosity, but
shear rate coefficients are discovered for the shear stress response with 0.000922. When
compared to concentration for the response viscosity, the factor coefficient of the shear rate
is low and far away, at −0.0165. Temperature is also the bare minimum for shear stress
response. Other parameter nanomaterials only reflect the name of materials selected; hence
this does not influence the coefficient of factors. The sign of the coefficients is irrelevant
since the “weight” of the coefficients is all that matters.

The ANOVA study yielded the following linear regression model, which reflects the
output response of two different mechanical characteristics of nanomaterials as a function
of concentration, temperature, and shear rate, with an expression of the regression equation
as follows.

Table 6. Coefficient table (viscosity).

Term Coef SE Coef T-Value p-Value VIF

Constant 8.8 28.2 0.31 0.777

Concentration −31.4 31.3 −1.00 0.390 1.00

Temperature 0.642 0.627 1.02 0.381 1.00

Shear Rate −0.0165 0.0157 −1.05 0.370 1.00

Type of Nanomaterials

GO-TiO2-Ag 0.000000 0.000000 - - -

rGO-TiO2-Ag −15.1 15.7 −0.96 0.406 1.00
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Table 7. Coefficient table (shear rate).

Term Coef SE Coef T-Value p-Value VIF

Constant −0.025 0.104 −0.24 0.827

Concentration 0.134 0.116 1.16 0.330 1.00

Temperature 0.00058 0.00231 0.25 0.818 1.00

Shear Rate 0.000922 0.000058 15.93 0.001 1.00

Type of Nanomaterials

GO-TiO2-Ag 0.000000 0.000000 - - -

rGO-TiO2-Ag −0.0280 0.0578 −0.48 0.661 1.00

5.3. Data Distribution through a Linear Regression Equation

A statistical model based on linear regression equations was discovered using Taguchi’s
orthogonal array and MINITAB software. Each material combination test is represented by
a linear regression equation based on each component,

Type of nanomaterial: GO-TiO2-Ag

Shear stress = −0.025 + 0.134× Concentration + 0.00058× Temperature + 0.000922× Shear Rate (1)

Viscosity = 8.8− 31.4× Concentration + 0.642× Temperature− 0.0165× Shear Rate (2)

Type of Nanomaterials: rGO-TiO2-Ag

Shear stress = −0.053 + 0.134× Concentration + 0.00058× Temperature + 0.000922× Shear Rate (3)

Viscosity = −6.3− 31.4× Concentration + 0.642× Temperature− 0.0165× Shear Rate (4)

The linear regression Equations (1)–(4) were used to calculate the response material
test combination values for all test instances to estimate the anticipated outcomes and
percentage variance. The residual errors with R-square values of each test are shown in
Figure 10 a,b, with the least R-square values being 0.57666 for viscosity and 0.98646 for
shear stress. The precision of the operation, the device’s errors in the measuring method,
and the combination of nanomaterial characteristics with appropriate formation. Similarly,
because process parameters are conditioned for the operations, the experiment is dependent
on the number of mechanical characteristics. Expected values are then calculated, actual
values deducted, and effects squared. To calculate the total variance, subtract the average
absolute value from the actual values, square the results, and count them. The R-square
may be used to compare the following values:

R2 = 1− RSS
TSS

= 1−∑i
(yi − ŷi)

2

(yi − yi)
2 (5)

RSS stands for “sum of square residuals,” TSS for “the total sum of squares,” and R2

for “coefficient of determination.” Using Equation (5), then divide the second sum (total
variance) by the first sum of mistakes (explained variance), subtract the result from one, and
obtain the R-square. In this study, the R-square value was found to be a minimum of 57.66%,
indicating approximately 43% error in selected parameters for the response viscosity. In
contrast, the same combination of parameters is suitable for the shear stress response, and
it was found to be 98.64%, indicating statistically appropriateness for optimization study.
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Figure 10. Regression prediction plots. (a) Viscosity; (b) Shear stress.

6. Conclusions

The novel ternary hybrid nanoparticles (GO-TiO2-Ag and rGO-TiO2-Ag) were syn-
thesized and dispersed at a concentration of 0.5% by weight in double-distilled, deionized
water. Afterwards, the nanofluids are diluted sequentially to five different concentrations.
Using the zeta potential, the stability of the concentrated stock solution is determined.
Measurement results showed that the measured value was steady between 21 and 32 mV.
Rheological measurements were performed on an Anton-Paar MCR302 modular compact
rheometer. Temperatures ranged from 25 to 50 ◦C in 5 ◦C increments for the controlled
stress and temperature measurements. GO-TiO2-Ag and rGO-TiO2-Ag viscosities increase
by around 40% and 33%, respectively, when the temperature and shear rate increase.

The findings are as follows:

1. One of the main differences between Newtonian and non-Newtonian shear thickening
and dilatation in the GO-based ternary hybrid nanofluids was the concentration at
which Newtonian behavior was seen.

2. A possible explanation is that the reduced oxygen molecules are the reason for certain
minor differences in viscosity between the two fluids. Reduced nanoparticle concen-
tration causes the viscosity of GO-based nanofluid to increase, whereas rGO-based
nanofluid viscosity decreases.

3. The temperature-dependent variation in viscosity is influenced by concentration.
At lower temperatures, particles are subject to Van der Waals forces, but there is
only a mild attraction force at higher temperatures, which reduces viscosity. Higher
temperatures necessitate agglomeration, which is critical. Other non-covalent forces,
such as steric, hydrogen bonding, hydrophobic, and electrostatic attraction, account
for the majority of the interactions of the nanofluids with their surroundings.

4. The GO-based nanofluid behaves as a Newtonian fluid at higher concentrations,
whereas the rGO behaves as a dilatant fluid or shear thickening. At lower con-
centrations, GO-based nanofluids exhibit similar tendencies to rGO-based ternary
hybrid nanofluids.

5. The linear viscoelastic (LVE) zone is present in the non-linear visco-elastic fluids under
the influence of concentration, temperature, and stresses. Oscillating angle sweep tests
and frequency sweep tests were used to undertake non-destructive stress evaluations—
the loss modulus of nanofluids increases as the concentration increases. Plots of the
loss or damping factor ratio revealed that the loss factor is higher exclusively in the
viscoelastic zone with low angular frequency. However, at higher angular frequencies,
it is at its minimum and constant regardless of temperature.
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6. As a final step in the data optimization process, the Taguchi method was used to
show how input factors influence output responses by adjusting their levels and
interactions. With an R-square value of 0.57666, it was discovered that the current
input parameter and its interaction did not affect the viscosity output. With the same
input, the shear stress response was perfectly stable.
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