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Abstract: The optimization of process parameters of the nanofluid preparation process for maximum
stability and high heat transfer is an active and important area of research. In this work, the effect
of the surfactant material, surfactant weight, and ultrasonication time are studied on distilled
water-based CuO, Fe;0a4, and CuO+Fes;04 nanofluids. Taguchi L9 orthogonal array was used for
the design of the experiment and 9 samples were prepared using this array. The effect of each
level of process parameter on the thermal conductivity is analyzed by calculating Signal to Noise
Ratio (SNR) and optimum levels of these parameters are identified. The crucial role of stability
in delivering high thermal conductivity nanofluids as predicted by SNR analysis is further
confirmed using Analysis of Variance (ANOVA).
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Nomenclature
ANOVA | Analysis of Variance
CNT | Carbon nanotubes
dr | Diameter of nanoparticles (m)
EDS | Energy-dispersive X-ray spectroscopy
K | Thermal conductivity (W/m.K)
Kerownian | Brownian thermal conductivity (W/m.K)
ks | Boltzmann constant (1.3807 x 10-23 J/K)
SEM | Scanning electron microscopy
SNR | Signal to Noise Ratio
T | Temperature (K)
Us | Brownian velocity of particles (m\s)
Ut | Terminal velocity of particles (m\s)
Density (kg/m®)
Weight fraction (%)
Viscosity (cP)
Particle concentration (%)
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1. INTRODUCTION

Nanofluids offer many thermal, chemical, and practical advantages in medicine, engineering, and
thermal applications. In heat transfer applications, users are generally interested in the thermal
advantages offered by the nanofluids and focused on thermal conductivity, wettability, specific heat,
and viscosity. Commonly used nanoparticles like CNT (carbon nanotubes), Cu, CuO, Al.Os, Fes04
delivers superior thermal conductivity compared to base fluid [1]. The high thermal conductivity and
specific heat of the nanofluids make them an attractive option in heat pipes [2], heat exchangers [3] and
IC engines [4,5]. Sajid et al. [6] have presented review on the applications of nanofluids in thermal
applications like different types of heat exchanges and heat pipes. While using nanofluids in heat
exchanging device different surfactants are needed to be used to increase the stability of nanofluids.
Martin et al. [7] used water-based Fe+CuO (50:50) nanofluid (2 wt.%) in heat pipe. They have used
Triton X-100 (0.2 wt.%) as a surfactant to stabilize nanofluid. Aydin et al. [8] used Triton X-100 and
Sodium Dodecyl Benzene Sulfonate surfactants to stabilize Bauxite-water nanofluids and found 20.9%
enhancement in heat pipe efficiency with SDBS surfactant. Sozen et al. [9] used kaolin nanofluid in heat
exchanger and found 9.3% enhancement in heat transfer coefficient. Emine et al. [10] CuO+Al,Os/water
hybrid nanofluid in a U-type tubular heat exchanger and found 12% enhancement in heat transfer
coefficient at 1% concentration. These different nanofluids are effectively used in many applications as
listed above, and these studies show the need of surfactants in nanofluids.

Many early studies ascribe the improvement in thermal conductivity to a reduction in thermal resistance
because of well-dispersed solid particles in the nanofluid (effective medium theory) [11,12]. Later
studies have shunned such a simplistic explanation and have characterized the heat transfer enhancement
into static and Brownian thermal conductivity. An increase in the static thermal conductivity is explained
by the mechanisms shown in Fig. 1.
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Figure 1. Mechanisms of thermal conductivity of nanofluids

The liquid layering of particle surface or interfacial liquid layer mechanism focuses on the formation of
a very thin and organized layer of liquid molecules around the nanoparticles [13]. Henderson et al. [14]
conducted a molecular dynamics study on the fluid and wall interface, based on which the authors
suggested that there is a thin layer of fluid on the surface of the nanoparticle, the first layer has a
thickness of less than half the diameter of the nanoparticle. This liquid layer has a higher thermal
conductivity than the bulk because of the organized molecules around the solid particles. The thermal
conductivity of the layer decreases along with the thickness of the layer away from the particle surface
[15]. When these successive layers are formed around the particles in the nanofluid, a collective high
thermal conductivity volume is formed in the nanofluid which increases the effective thermal
conductivity. Other mechanisms associated with an enhancement in static thermal conductivity are the
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thermal diffusion of heat in close particles and clusters of nanoparticles, and high thermal conductivity
paths created by the agglomerations of nanoparticles. In Brownian thermal conductivity, the Brownian
motion of the nanoparticles in the liquid results in collisions. This solid-to-solid contact between the
nanoparticles during collision allows heat transfer through conduction and a rise in overall thermal
conductivity.

Stability is another important aspect of nanofluids. As the nanoparticles mixed in the base fluid should
remain suspended in the fluid over a certain period, depending on the application, the study of the
stability of nanofluid is inevitable. The stability of the nanofluid is generally characterized by zeta
potential, hydrodynamic diameter, and visual observations. The nanoparticles in any nanofluid tend to
agglomerate and settle down in the fluid over a period; this is called sedimentation of the nanofluids.
Due to this, the nanofluids lose their advantage and show thermal properties similar to that of the base
fluid [16]. Hence to improve the stability of nanofluids and to avoid sedimentation, surfactants are added
to the nanofluid. The surfactant molecules consist of a hydrophobic tail and a hydrophilic head. When
a surfactant is mixed in nanofluid, the hydrophobic tail attaches itself to the nanoparticle, while the
hydrophilic head is in contact with water. This makes a cluster of nanoparticle and surfactant molecules
that is hydrophilic [17]. The addition of a surfactant also increases the surface charge which leads to an
increase in repulsive forces between the nanoparticles, which collectively results in the enhancement of
the stability of the nanofluid [18]. Many studies have shown that the surfactant, in addition to increasing
stability, also has an impact on the thermal properties of nanofluids. Xuan et al. [19] performed an
experimental investigation to study the heat transferability of the Cu-water nanofluid with SDBS
surfactant. The findings of this study reveal that SDBS reduces the heat transfer coefficient in jet
impingement heat transfer. The heat transfer further reduces with surfactant mass. The ultrasonication
of nanoparticles is also commonly employed to enhance nanofluid stability [20,21]. This works by
giving physical shocks to agglomerates formed by nanoparticles and physically breaks them into smaller
particles.

As discussed earlier, the rise in thermal conductivity is the outcome of different mechanisms. Mugica
et al. [22] have compiled different experimental studies of improvement in thermal conductivity and
evaluated the hypothesis of thermal conductivity enhancement through Brownian motion. The authors
point out the lack of repeatability in experimental results with the strength and weakness of each theory
for thermal conductivity enhancement. The authors further found out that multiple physical variables
contribute to thermal conductivity and the individual effect of these variables is not addressed. Hence
in this paper, the evaluation of the process parameters (surfactant material, surfactant weight,
ultrasonication time, and nanoparticle material) and their effect on the thermal conductivity of
nanofluids is conducted using the Taguchi method. The Taguchi method is the design of experiments
(DOE) tool employed to study stability and properties of nanofluids [23,24,25], and the number of
studies using Taguchi methods in thermal applications are increasing as it offers much time saving
compared to full factorial experimentation [26]. Taguchi method is used in this study to explore the
effect of preparation parameters on the thermal conductivity. Taguchi methods provide quality results
in less cost and time compared to other optimization techniques. Taguchi also allow obtaining
quantitative results in few number of experiments. Hence in this work, the effect of process parameters
and their levels on the thermal conductivity of distilled water-based CuO, Fe3O4, and hybrid CuO+Fe3;04
nanofluids is explored using the Taguchi method. This paper further studies the role of stability as a
hidden contributor to thermal conductivity and explores the relationship between preparation
parameters, stability, and thermal conductivity.

2. METHODS AND MATERIALS

To study the impact of the preparation parameters of nanofluid on its thermal conductivity, distilled
water-based CuO, Fes04, and hybrid CuO+Fe;0. nanofluids were selected. The weight of all three
nanoparticles was maintained at 0.1% of the base fluid weight. To study the size and shape of
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nanoparticles scanning electron microscopy (SEM), and for purity energy-dispersive X-ray
spectroscopy (EDS) techniques were also used. The images of CuO and Fe;O. nanoparticles were
obtained using a scanning electron microscope. It can be observed, in Fig. 2 that both nanoparticles have
a size below 100 nm and spherical shape. EDS is a microanalysis technique that detects the presence of
elements in the sample using X-rays in the electron microscope. Table 1 shows that the CuO and Fe3O4
nanoparticles are pure and does not contain any impurities or foreign element. The weight percentage
and atomic percentage show the relative concentration of Cu, Fe, and O elements in the sample. For
base fluid distilled water was used in which nanoparticles were mixed using stirring and ultrasonication.

Figure 2. SEM images of nanoparticles

Table 1. Composition of nanoparticles in EDS

Nanoparticles Weight (%) Atomic (%)
CuO Cu-95.9 Cu-85.5
0-4.1 0-14.5
Fes04 Fe-91.3 Fe-75
0-8.7 0-25

2.1 Taguchi method

Taguchi analysis allows the extraction of maximum data from the minimum number of experiments.
Whenever a large number of experiments are required to be performed to study a complex phenomenon,
the Taguchi method is often utilized. It is a statistical design of experiment (DOE) tool that provides a
sophisticated method for the design of experiments. In Taguchi analysis, experiments were designed
using Orthogonal Arrays (OA). These orthogonal arrays give a specific arrangement of process
parameters. This arrangement is such that it gives the minimum number of experiments to be performed
while ensuring that all the necessary combinations of process parameters are covered in the design. The
output of experiments cannot be interpreted directly as a common baseline to compare each level of
process parameter is generally not available. Hence a signal to noise ratio (SNR) was calculated to
interpret the results of these experiments [27]. The performance of each level of operating parameter
was evaluated using SNR and a higher value of SNR shows a higher impact on the output of the
experiment. In this work, surfactant material, surfactant weight, ultrasonication time, and nanoparticle
material were selected as the process parameters and three levels of each process parameters are taken.
The L9 orthogonal array was selected for the design of experiments based on parameters and their levels.
As thermal conductivity is required to be highest as possible, it can be classified as ‘Larger the better
characteristics and in the ‘Larger the better’ quality characteristics the SNR was calculated using
Equation 1;

SNR = 10* |Og1o%{(2?=1 yiz)} (@)

where, y = observed characteristic, n = number of observations of y.
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Figure 3. Preparation of nanofluid

Three surfactants; Citric Acid (CA), Sodium dodecyl sulfate (SDS), and Cetyl Trimethyl Ammonium
Bromide (CTAB), three quantities of these surfactants; 0.05%, 0.1%, and 0.5% of base fluid weight and
three ultrasonication times; 15 minutes, 30 minutes, and 60 minutes, were selected as preparation
parameters of the nanofluids as shown in Table 2. Most of these levels were selected based on the
literature but to explore the effect of change in the process parameters the authors have taken the liberty
in the selection of remaining levels. Based on L9 Taguchi Orthogonal Array (OA) 9 samples were
prepared using these preparation parameters as shown in Table 3. The nanofluid was prepared by mixing
distilled water with nanoparticles using a stirrer and ultrasonication as shown in Fig. 3. The
ultrasonication frequency was maintained at 20 kHz with 400-Watt power.

Table 2. Process parameters with their levels

Process parameter 1 2Leve| 3 Unit

Surfactant Material CTAB CA SDS -
Surfactant Weight 0.05 0.1 0.5 % of base fluid weight
Sonication Time 15 30 60 Minutes

Nanoparticle Material  CuO  FesO0s CuO+ Fe304 -

Table 3. Sample preparation based on L9 orthogonal array
Experiment (Specimen) Composition
CuO + CTAB (0.05%) + 15 minutes sonication
FesO4 + CTAB (0.5%) + 30 minutes sonication
(CuO + Fe304) + CTAB (0.1%) + 60 minutes sonication
(CuO + Fe304) + CA (0.05%) + 30 minutes sonication
CuO + CA (0.1%) + 60 minutes sonication
Fe304 + CA (0.5%) + 15 minutes sonication
Fe304 + SDS (0.05%) + 60 minutes sonication
(CuO + Fe304) + SDS (0.1%) + 15 minutes sonication
CuO + SDS (0.5%) + 30 minutes sonication

OCoO~NOoO O~ WN PR

3. STABILITY OF NANOFLUIDS

Visual observations and turbidity measurements were used to study the stability of nanofluids. Turbidity
was measured over a period using a Turbidity meter (Make-Lutron, Model- TU-2016). The turbidity of
each sample was recorded every 60" minute from the preparation till 360 minutes. Turbidity
measurement provides the amount of light scattered by the nanofluids samples due to the presence of
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nanoparticles in the sample. The monitoring of turbidity over a period offers a quantitative observation
of the state of nanoparticles present in the sample.

It can be observed from Table 4 that samples 1, 2, 3, 7, 8, and 9 are stable for a longer period than
samples 4, 5, and 6. Visual observations showed that sample 4, 5, and 6 shows rapid settlement and
visible agglomeration within a few hours. The other samples were stable over a longer period; sample 2
showed the initiation of the settlement of the particles after 12 hours, and samples 1, 3, 7, 8, and 9
showed settlement initiation after 24 hours. Once the settlement of particles was initiated, these samples
still hold a small number of particles till 15 days after preparation. It can be observed from Fig. 4 that
after 15 days most of the particles in the samples are settled. But still, samples 1, 2, 3, 7, 8, and 9 had a
higher density than samples 4, 5, and 6. Though, visual observation is the simplest method of
sedimentation monitoring, due to different materials of nanoparticles the opacity of the sample varies.
The comparison between dark-colored nanofluids (CuO, FesOs4, CNT) and bright white-colored
nanofluids (TiO2, Al.O3) becomes very difficult. Hence more reliable methods of stability monitoring
can be employed for long-term monitoring of nanofluid stability.

Table 4. Stability of Nanofluid specimen

Turbidity
Sa,\ql) ?Ie 0 rz;?;rtes 360aTthrmes Visual Observations
preparation preparation

1 64 801 Stable for more than 24 hours

2 241 343 Stable for more than 12 hours

3 38 599 Stable for more than 24 hours

4 71 26 Sedimentation_initiates within_the 2 hours after_ preparation
Complete settling of nanoparticles takes place in 9 hours
Sedimentation initiates within 45 minutes after preparation

5 97 50 . . .
Complete settling of nanoparticles takes place in 6 hours
Sedimentation initiates within the 2 hours after preparation

6 134 71f . . .
Complete settling of nanoparticles takes place in 9 hours

7 204 213 Stable for more than 24 hours

8 46.89 768 Stable for more than 24 hours

9 37.55 781 Stable for more than 24 hours

The turbidity measurement is an optical measurement process in which light is passed through the
nanofluid sample and scattered light from nanoparticles is measured to calculate the turbidity. It can be
observed in Fig. 5 that in samples 1, 2, 3, 7, 8, and 9 the turbidity of the nanofluid was increased
considerably over 360 minutes. The presence of more nanoparticles with high mobility in the nanofluid
reduces the amount of light scattered, hence in the initial period of nanofluid life the turbidity was lower.
As time increases, the agglomeration of the nanoparticles takes place which increases the size of
nanoparticle clusters and reduces their mobility. The increased size of the nanoparticle clusters causes
higher light scattering in the fluid [20]. Due to this, the turbidity of samples 1, 2, 3, 7, 8, and 9 increased
as a result of increased particle cluster size. In samples 4, 5, and 6, the turbidity was observed to be
decreased in 360 minutes after preparation. In these samples, the rapid agglomeration and sedimentation
of the particles took place. Due to very high agglomeration, the nanoparticle clusters start settling down
in the fluid, and nanoparticles in the fluid decrease. This low number of particles reduces the amount of
light scattered and much of the incident light transmitted through the solution which reduces the
turbidity. From visual observations and turbidity monitoring, it can be concluded that the surfactants
CTAB and SDS provide more stable nanofluids than CA.
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Figure 5. Turbidity behavior of nanofluid samples

Sample 2 and sample 7 were observed to be stable in visual observation and their turbidity was lower
than other stable samples at the end of 360 minutes. The refractive index of fluid and particles affect the
amount of light scattered. In this study, three different materials were used for nanofluid preparation and
due to different refractive indices, samples with different materials show different turbidity. Due to
different refractive indices of the particles, the FesOs-water nanofluids showed different turbidity
behavior compared to CuO-water and CuO + FezO4-water nanofluids.

Along with turbidity, the Brownian velocity and terminal settling velocity were also calculated to study
the stability of nanofluids. Allen et al. [28] presented an Equation 2 to determine the Brownian velocity;

__2keT_ ,
B ”Pnfdpz ( )

And the terminal velocity of the particle for settling was determined using Equation 3,
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94p* (Prp—Pnf)
U =222 P~ Pnf 3
rrr— (3)

At a high Brownian velocity, the nanoparticles travel at a high speed in the fluid which reduces the
possibility of agglomeration. The intermolecular attractive forces are weak when particles are moving
at a high velocity. The terminal settling velocity is the velocity at which a particle starts to settle in the
fluid due to gravity. The particle has the gravitational force acting on it but due to high Brownian motion,
the particle can overcome it. Initially, a particle will have a certain Brownian velocity but as the aging
of nanofluid takes place due to agglomeration, the increased particle size will reduce the Brownian
velocity. When the Brownian velocity reaches terminal settling velocity the particle is no longer able to
overcome the gravitational force and settles down in the fluid. Hence to achieve high stability, the
nanoparticles should have higher Brownian motion than the terminal settling velocity. A higher ratio of
Brownian velocity and terminal settling velocity ensures higher stability of nanofluids [29]. Both
Brownian and terminal settling velocity of the particles was strongly influenced by the particle size, as
low size particles have higher Brownian motion and lower terminal settling velocity [30].

In this work, the viscosity of nanofluid samples was measured at 25°C using Brookfield DV2T
viscometer (accuracy = £1%). And the density of the nanofluid was calculated using

Prr = Ppnp + (1 = P)pps 4)
The particle sizes of the nanofluids were measured using dynamic light scattering analysis. Using all
these properties, the Brownian velocity and terminal settling velocity were calculated and tabulated in

Table 5.

Table 5. Brownian and terminal settling velocity of nanofluid samples.
Samplel Sample2 Sample3 Sample4 Sample5 Sample6 Sample7 Sample8 Sample 9

Viscosity (cP) 0.98 0.97 1.01 0.90 1.04 0.94 0.93 0.93 0.94
Us x 10° 4.806 2.425 2.756 0.208 0.013 0.151 13.985 3.469 5.236
Urx 108 16.430 26.460 24.958 403.770 5151.776  450.478 4.99 22.688 16.230

Ug 292.99 91.83 113.85 0.517 0.0026 0.336 2798.6 152.91 322.55
U

The samples showed different viscosity values even though they are at the same concentration. This
difference in viscosity was the result of the use of different surfactants and agglomeration sizes of the
nanoparticles. It can be observed that samples 1, 2, 3, 7, 8, and 9 have considerably higher Brownian
motion than samples 4, 5, and 6. There was a faster rate of agglomeration in the nanofluid samples
prepared using the TX-100 surfactant. Sample 7 showed the highest velocity ratio which shows that it
is more stable than the rest of the nanofluid samples included in this study. It was also observed that
samples 4, 5, and 6 have a velocity ratio lower than unity, indicating that the particles in these samples
are at a lower Brownian velocity compared to their terminal velocity. This explains the higher
sedimentation and low life of these nanofluid samples.

4. EXPERIMENTAL SETUP

Fig. 6 shows the experimental setup where a 25°C temperature was maintained using a jacketed beaker
and constant temperature bath. The specifications of apparatus/instruments used in the experimental
setup are provided in Table 6.

156



Constant temperature bath

- Jacketed Beaker
E I KS2 Sensor
11
I I . 1

Nanofluid sample

KD2 Pro thermal
= _ :] b Property analyzer
= == ==
— fay
= &

Figure 6. Experimental setup for measurement of thermal conductivity

Table 6. Specifications of components of the experimental setup

Components Variant/Model Make Accuracy
Thermal Property Analyzer KD2 Pro with KS-1 Sensor  Decagon Devices  0.005 W/m?°C
Constant Temperature Bath F25 Julabo 0.01°C
Jacketed beaker - Optech -

For thermal conductivity measurement, a thermal property analyzer KD2 pro was used. To increase the
accuracy of measurement, 10 readings were taken for each sample while 15 minutes of the time interval
is maintained between two readings. To study the accuracy of experimental measurements, the thermal
conductivity of distilled water was recorded at 25°C, 30°C, 35°C, and 40°C. These measurements were
then compared with standard NIST data [31] (refer to Fig. 7). A maximum error of 0.5% was observed
at 35°C.
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Figure 7. Validation of measured thermal conductivity with NIST data
In this study, Uncertainty analysis was conducted to validate the obtained results. The uncertainties in

the results are emerged from temperature of samples and thermal conductivity measurement. In order to
determine the uncertainties in the experimental measurement it is assumed that the measuring devices
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are showing their maximum errors. To find uncertainty in thermal conductivity measurement, the
methodology of Holman et al. [32] was followed,

1
U= [(;_;ul)z + (;_)guz)z R (;TOnun)Z]z (5)

This Equation (5) provides uncertainty (Ug) in final value of the measurement calculated using
uncertainties (U1, Uz......un) of independent variable (X1, Xa......... Xy). Because of high accuracy of the
thermal property analyzer and constant temperature bath, the calculated total uncertainty in the
experimental measurement is 0.01% which in acceptable limit.

5. RESULTS AND DISCUSSION

5.1 Signal to Noise ratio (SNR)

'3 v T T T T T J T T T L T v T \l T v T T T

Mean of SNR
]
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-\\./ ot T N

e S S
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Surfactant material ~ Surfactant Weight Sonication Time Nanoparticle material
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Figure 8. Effect of process parameters on thermal conductivity

After measurement of the thermal conductivity of the samples, the Taguchi analysis was conducted, and
SNR was calculated. Fig. 8 shows the calculated SNR for each process parameter. Fig. 8 shows that CA
shows the lowest SNR for thermal conductivity, and nanofluid samples with CTAB as surfactant shows
the highest SNR. The average value of thermal conductivity for nanofluids with CTAB and SDS is
3.28% and 2.9% higher than nanofluids with CA as the surfactant. This indicates that for high thermal
conductivity CTAB is the best performing surfactant material. The nanofluid samples with CA show the
lowest thermal conductivity and show merely 0.5% enhancement than thermal conductivity of distilled
water. The nanofluid samples prepared using CA are also the least stable nanofluids and hence the lower
thermal conductivity is the result of agglomeration and rapid settlement of nanoparticles. The increased
size of the particles due to agglomeration reduces the Brownian motion of the nanoparticles. Also, the
settlement of the nanoparticles leads to fewer particles in the nanofluid. This collectively resulted in low
thermal conductivity of nanofluid with CA surfactant.

The effect of surfactant quantity on the thermal conductivity can be observed from the mean value of
SNR in Fig. 8. It is observed that the SNR decreases when surfactant quantity is increased from 0.05%
to 0.1% and it further increases by 0.5%. The chemistry of the nanofluids is much more complex, the
mere quantity of surfactant is not important in the nanofluid composition as different surfactants have
different optimum concentrations for lower particle size and high particle mobility. This optimum
concentration of surfactant is dependent on the surfactant material, nanoparticle material, and the base
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fluid. Hence, here a direct relation between surfactant quantity and thermal conductivity cannot be
established, but within the constraints of this work the 0.5% concentration of the surfactants provides
higher thermal conductivity.

Fig. 8 also shows that with an increase in ultrasonication time, the mean value of SNR decreases. This
shows that at higher ultrasonication time, the thermal conductivity of the nanofluid decreases. Though
the thermal conductivity should be enhanced with ultrasonication time, the worst results obtained by
other process parameters like surfactant material and nanoparticle material has overshadowed the better
performance of the higher ultrasonication time. This is the limitation of the Taguchi method, where the
interaction of the different process parameters is not taken into consideration which decreases the quality
of the results. It can be observed that the thermal conductivity of nanofluid is a direct product of the
thermal conductivity of the nanoparticle material in accordance with effective medium theory. Fig. 8
also shows that the CuO-water nanofluid has the highest SNR for thermal conductivity as CuO material
has higher thermal conductivity than Fe;O. and a mixture of CuO+ Fe;O. material. The CuO-water
nanofluids have the highest thermal conductivity and Fe;Os-water nanofluids show the lowest thermal
conductivity in this study. It is found that the average value of the thermal conductivity of CuO-water,
FesOs-water, and CuO+Fes3O4-water is increased compared to the base fluid by 3.65%, 1.19%, and
2.62%, respectively.

5.2 Analysis of variance (ANOVA)

ANOVA is a statistical tool used for the interpretation of data obtained in experimentations. It provides
the significance of each process parameter in the output of the experiment. Using the Taguchi method,
the effect of each level of process parameters can be compared amongst themselves, whereas ANOVA
determines the contribution of each process parameter in the output [33]. Predicted residual error of sum
of squares found during ANOVA calculation is 0.16%. Using ANOVA, the best performing levels of
each parameter and their effect on the thermal conductivity of the nanofluid are obtained and listed in
Table 7.

Table 7. Optimum Conditions.

Process Parameter Optimum Level Effect on Thermal Conductivity
Surfactant Material CTAB Dominant
Surfactant Weight (%) 0.5 Significant
Sonication Time (minutes) 15 Dominant
Nanoparticle Material CuO Dominant

ANOVA was conducted to investigate the individual contribution of surfactant material (52.5%),
surfactant weight (5.8%), sonication time (15.1%), and nanoparticle material (26.6%) on the thermal
conductivity. As shown in Fig. 9, that surfactant material has a maximum impact on the thermal
conductivity which is almost twice more than the material of nanoparticles. Even though it is
controversial to claim that the surfactant material has a higher contribution to the thermal conductivity
than nanoparticle material; this can be explained through stability. Considering the complex behavior of
nanofluids, it is not correct to conclude that the surfactant material, surfactant weight, and
ultrasonication time of nanofluid preparation have a direct impact on the thermal conductivity of the
nanofluid. The surfactant material, surfactant weight, and ultrasonication time have a more direct impact
on the stability of the nanofluids and hence the dominant effect of these factors on the thermal
conductivity noticed using ANOVA is a result of the stability of nanofluids.
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Figure 9. Effect of process parameters on thermal conductivity

The optimum levels of the surfactant material, surfactant weight, and ultrasonication time provide stable
nanofluids and thus provide a higher thermal conductivity of the nanofluid compared to a less stable
sample of the same nanofluid material. The visual observations of the nanofluid stability also suggest
that the stable nanofluid provides considerably higher thermal conductivity than less stable nanofluids
of the same material. The surfactants prevent agglomeration and hence surfactants with optimum
concentration can enhance the thermal conductivity of the nanofluid [34,35]. From all these
observations it can be concluded that the stability of nanofluid has a high impact on thermal
conductivity. As the surfactant material, surfactant weight and ultrasonication time play a direct role in
the stability of the nanofluid, these parameters can be considered as stability parameters. From Fig. 10
it can be observed that the stability is more influential on the thermal conductivity of the nanofluid than
the material of the nanofluid.

I Stability Contributors
I Nanoparticle Material

Figure 10. Comparison of the impact of stability contributors and nanoparticle material on thermal conductivity

Similar behavior was also reported by Chen et al [36] where the authors investigated the effect of
cationic Gemini surfactant on the properties of multi-walled carbon nanotube nanofluid. They found
that less stable nanofluids have lower thermal conductivity. The less stable nanofluid with high thermal
conductivity particles can provide inferior thermal conductivity than stable nanofluid with low thermal
conductivity particles. The low thermal conductivity in less stable nanofluids is the result of the low
Brownian motion of the nanoparticles compared to stable nanofluids, in which nanoparticles have high
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surface charge and a high movement of particles. As the Brownian motion of nanoparticles plays a key
role in deciding thermal behavior, the thermal conductivity decreases with Brownian [37,38]. Hence
while comparing different nanofluids; the stability of the nanofluid also be given prominence rather
along with thermal conductivity of the nanoparticles.

5.3 Mathematical approach on thermal conductivity of nanofluids

The Brownian motion theory for thermal conductivity enhancement is a predominantly explored
mechanism that explains the high change in thermal conductivity with the change in temperature [39,
40]. In this section, the Brownian motion mechanism and its relationship with process parameters are
explored. Koo et al. [41] have developed a mathematical model for thermal conductivity which considers
the effective thermal conductivity of nanofluids to be composed of a static part and the part due to
Brownian motion.

Keft = Kstatic + Ksrownian (6)

But, it is suggested that at low concentration (< 1%) the Kstaiic is negligible and Kerownian plays a dominant
role in the effective thermal conductivity. Hence it can be assumed that in this study Kgrownian i the
primary mechanism that affects the effective thermal conductivity and Kstric can be neglected from Eq.
(6). The Karownian is given as [41];

kBrownian = \/% P* Pa * g * Cv kpT * i (7)

paD D

Where, K = Boltzmann Constant, P = probability of particle to travel in any direction, T = Temperature
of the sample, ps = Particle density, og = Particle concentration, D = particle diameter and | = average
distance of particle travel.

Hence,
Karownian = f (P, Cy, Pd, Od, T, D, I) (8)

As all the measurements of the thermal conductivity are taken at the 25°C, so there are no variations in
the thermal conductivity with temperature. Similarly, p and o of all the nanofluid samples are the same.
In Eq. (7), the factors P, D, and | are the factors that are highly dependent on the preparation parameters
(surfactant material, weight, and sonication time). The surfactant material and weight affect the surface
charge on the nanoparticle which enhances interparticle potential. This enhances the particle movement
and increases the probability of the particle to travel along any direction (P). Similarly, the particle
diameter (D) is also highly dependent on the sonication time, surfactant material, and weight.

The stability of nanofluid is characterized by particle size and high particle mobility due to a surface
charge which can be observed through turbidity in this study. The preparation parameters affect the size
and mobility of particles, the low particle size and high particle mobility increase the Brownian motion
and hence Brownian thermal conductivity of nanofluid increases. This enhancement in the thermal
conductivity of the nanofluids with lower particle size is observed by many researchers with Al,O3[42],
CuO [43], TiO [44], and ZnO [45] nanoparticles. This interrelation between preparation parameters,
stability, and thermal conductivity is schematically represented in Fig. 11. It can be concluded from
Equation (8) that for the same material nanofluids the thermal conductivity is strongly dependent on
particle size and high mobility of the particles and hence also on the stability of the nanofluid. Along
with the Brownian motion mechanism of thermal conductivity, in the interfacial liquid layer mechanism
also, the small particle sizes are desirable for the higher thermal conductivity enhancement as it is
hypothesized that liquid layer thickness is dependent on the particle diameter [46]. Hence the change in
effective thermal conductivity of the nanofluids contributed by different mechanisms and their relation
to the preparation parameters are further needed to be explored.
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Figure 11. Interrelation in between preparation parameters, stability, and thermal conductivity

6. CONCLUSIONS

In this paper, Taguchi analysis of the thermal conductivity of nanofluids is conducted using surfactant
material, surfactant weight, ultrasonication time, and nanoparticle materials as process parameters. This
approach explores the role of preparation parameters and stability in the thermal conductivity of
nanofluids. It is observed that CuO nanoparticle with CTAB surfactant and preparation parameters of
0.5% surfactant weight and 15 minutes ultrasonication has the best thermal conductivity. Taguchi
analysis shows that the CuO-water nanofluid delivers the highest thermal conductivity compare to
Fe;Os-water and CuO+ Fe;Os-water nanofluids. Nanofluid samples with CTAB and SDS surfactant
show higher turbidity than the nanofluids with CA surfactant. It is also observed that the SNR for CA is
considerably lower than CTAB and SDS. The stable nanofluids with CTAB and SDS surfactant provide
higher thermal conductivity than the unstable nanofluids with CA surfactants.

The results of ANOVA show that the nanoparticle material is not the sole contributor to the thermal
conductivity, but surfactant material, quantity, and ultrasonication time collectively play an
overwhelmingly dominant role. This work also highlights that though it is statistically observed that the
surfactant material, quantity, and ultrasonication time play a dominant role in the thermal conductivity
of nanofluids, they do not directly influence the thermal conductivity. Their effect is manifested as an
improvement in the stability which in turn results in the overall enhancement of the thermal conductivity
of the nanofluid.
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