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Highlights

e Synthesizing MWCNT: Al;Os at six different PWR each, with 5 nm and 30 nm Al,Os3,

o Measuring the fluid properties to identify the best PWR based on the particle size.

e Maximum pH, electrical conductivity and viscosity with 30 nm Al,Os at 10:90 PWR.

e Maximum pH, viscosity and thermal conductivity with 5 nm Al,03 at 90:10 PWR.

e Property correlation predicted for different sized Al203 at all PWR of MWCNT: Al,Os3.

Abstract

Hybrid nanofluids are colloidal suspensions containing two different nanoparticles whose
enhanced thermal properties rely upon different parameters such as properties of the base
fluid and nanoparticles, in addition to particle size and shape. While few studies have
reported the best particle weight ratio (PWR) based on the optimal properties, no results
have been found to declare the efficient PWR based on particle sizes. The current study
focuses on measuring the fluid properties of hybrid (MWCNT-AI;03) nanofluids with 5 nm
and 30 nm Al,Os at different temperatures (15 to 55 °C), particle concentrations (0.025 to
0.5%), and particle weight ratio (90:10, 80:20, 60:40, 40:60. 20:80, 10:90). When 0.1%
volume concentrated nanofluids were compared based on particle size, the maximum
enhancement for pH and electrical conductivity (o) was 9.8 to 15.9% and 195.5 to 229.1%
owing to the 80:20 ratio nanofluids with 5 nm Al;0s. In contrast, the viscosity and thermal
conductivity enhancement were higher with 30 nm Al;03 nanofluids by 17.5 to 21.7% for
10:90 ratio and 7.3 to 25.9% for 40:60 ratio. After measuring the properties of hybrid
nanofluids with 5 nm Al,Oj3 at different PWR, temperature, and volume concentrations, the
90:10 ratio possessed the maximum enhancement in properties. The maximum pH, and o
enhancement were 14.5 to 23.3%, and 238.2 to 248.3% at 0.2% concentration, whereas
viscosity and thermal conductivity enhanced by 40.9 to 57.3%, and 13.7 to 45.1% at 0.5%



concentration. Correlations were computed to predict relative values that have R-square
values between 0.9160 and 0.9926, with a margin of deviation away from experimental
values by -9.42 and + 6.83%.

Keywords: Hybrid nanofluids; Percent weight ratios; Al,O3, MWCNT; pH; Viscosity; Thermal
conductivity; Electrical Conductivity; Stability; Particle size; Interaction mechanism

Nomenclature

Ag Silver SDS Sodium dodecyl sulphate
AIN Aluminium nitride PG Propylene glycol

Al;05 Aluminium oxide SDBS Sodium dodecyl benzene sulfonate
Au Gold Sic Silicon carbide

BF Base fluid Si0y Silicon oxide

BG Bio-glycol SWCNT  Single-walled carbon nanotube
BNF Binary nanofluid T Temperature, °C

BNP Binary nanoparticle TiO, Titanium oxide

CNT Carbon nanotube TO Transformer oil

Cu Copper v Volume, m?

CuO Copper oxide w weight, g

DIwW Deionised water Zn0 Zinc oxide

Dw Distilled water

DWCNT Double-walled carbon nanotube Greek letters

EG Ethylene glycol ¥ Gamma phase of Aluminium oxide
EG-DIW Ethylene Glycol-deionised water p Density, m*/kg

EO Engine oil n Dynamic viscosity, Pas
Fe;0;  Iron (Il) oxide o Electrical conductivity, $/cm
Fes04  Iron (II) oxide ® Volume fraction

G Graphene b Volume concentration, vol.%
GA Gum Arabic

GO Graphene oxide .

k Thermal conductivity, W/m K .:tbsmpts Average

LaBg Lanthanum hexaboride bf Base fluid

Mg0O Mfagnesiu!‘n oxide Exp Experiment

MO Mme'r al il Enhan. Enhancement

MWCNT Multi-walled carbon nanotube hnf Hybrid nanofluid

ND Nano-diamond Pred Predicted

NF Nanofluid rel Relative

NP Nanoparticles s Sample

PVP Polyvinyl pyrrolidone W Water

PWR Particle Weight Ratio

1. Introduction

Nanofluids’ (NFs) continuous exhibition of exceptional flow and thermal behavior compared
to conventional heat transfer fluid makes a subject of increasing global research [1], [2], [3].
Studies on the thermal properties of NFs show enhancement compared to base fluids (BFs)
[4], [5], [6]. Various nanoparticles (Ag, AIN, Al,O3, Au, Cu, CNT, CuO, DWCNT, Fe;03, Fes0a,
G, MgO, MWCNT, ND, SiC, SiO,, spinels, SWCNT, TiO3, ZnO, etc.) dispersed in various BFs (W,
BG, coconut ail, EG, EO, PG, MO, TO, palm oil, glycerol, ionic fluid, etc.) at varying
mass/weight/volume fractions or concentration for ranges of temperatures, were studied
[7], [8], [9]. Dispersants or surfactants (DATB, GA, Oleic acid, PVP, Salt, SDBS, SDS) make the
nanofluids stable by reducing the surface energy of host fluids, thus increasing the
dispersibility of nanoparticles [10], [11], [12]. Binary nanofluids (BNFs) are doing well in
improving thermal applications because of their appreciable thermophysical properties over
base fluid [13]. It gives good credence to tri-hybrid nanofluids (TNFs). These nanomaterials
blend their combined physical and chemical properties. This growth has positively impacted
nanofluids research, leading to the hybridization of different nanoparticles with various
nanosize, nanoshape, temperatures, and base fluid to formulate hybrid and tri-hybrid
nanofluids. The use of mono, di- and tri-hybrid nanofluids as novel working fluids has gained



global attention and widespread application spanning nano-lubrication [14], [15], [16],
corrosion control [17], and electronic cooling applications [18], [19], solar thermal
applications [20], [21], [22].

Over a decade now, the concept of hybridizing NPs was first advanced by Jana et al. [23] and
Chopkar et al. [24], who were the ones to come up with the concept of hybridizing different
nanomaterials for optimized thermal solutions. These works reported improved thermal
conductivity (k). They published a k improvement of 50-150% when they synthesized Ag,Al
and Al,Cu BNPs in EG and water to formulate BNFs for volume concentration (¢) range of
0.20 to 1.50 vol%. Contrariwise, Jana et al. [23] formulated and measured k for water-based
single-NFs (Au, CNT, and Cu) and water-based BNFs (CNT-Au and CNT-Cu). They reported
that the single-NFs had a higher k than the BNFs. Jha et al. [25] published k of Cu-MWCNT
dispersed in DIW and EG had a higher value than that of NFs of MWCNT/EG and
MWCNT/DIW, which supported the finding of Chopkar et al. [24] and in agreement with the
results of Chen et al. [26], who reported an improved k of Ags—MWCNT/Water BNF over the
MWCNT/water NF.

Using Fes04,—GNP (20:80)/DIW NF, Askari et al. [27] considered the impact of temperature
(20-40 °C) and a mass fraction (0.1-1.0 mass%) on thermal conductivity (k) and observed
14-32% improvement. Chen et al. [26] examined k for MWCNT (0.05 vol%)—Fe,03

(0.02 vol%) aqueous-based NF at room temperature. They published a 27.75% improvement
over the BF. Also, Esfahani et al. [28] published an enhanced thermal conductivity for ZnO—
Ag/W nanofluid, as ¢ (0.125-2%) and temp. (25-60 °C) increases. Under the impact of ¢
(0.10-3.50%) and temperature (25 to 50 °C), Toghraie et al.[29] Investigated k of ZnO-
TiO2/EG BNF and reported an improved k under growing volume fraction and temperature.
At 3.5 vol% and 50 °C, the maximum k enhancement of 32% was achieved. In addition, Chen
et al. [26] published the k of aqueous-based Ag—MWCNT BNF to be more than k of aqueous-
based MWCNT/W NF for 1.0% volume fraction and temperature 5-65 °C. Suresh et al. [30]
experimentally studied the viscous behavior and thermal conductivity 0.9Al,05-0.1Cu/water
BNF at ambient temperature for volume concentrations (0.1-2%). The authors observed
thermal conductivity and viscosity enhancement of BF by 1.47-12.11% and 8-115%,
respectively. Recently, Rostami et al. [31] studied the k for GO-CuO(50-50)/W-EG (50:50)
nanohybrid at increasing ¢ of 0.1 to 1.60 vol% for temperatures 25 to 50 °C. They obtained
the highest enhancement of 43.4% when ¢ was 1.6 vol% at 50 °C. Lately, the influence of
variation in ¢ (0.005-0.1 vol%), temperatures (25-40 °C), and PMRs (30:70, 50:50, 70:30) on
the k of Al,03-Ag/DW BNF was examined by Aparna et al. [32]. The authors published the
highest k with the 50:50 ratio. The BNF had a maximum k than the NFs of Ag/DW and
Al,03/DW. The enhancement increased with increasing volume concentration.

For heat transfer applications using nanohybrids, viscosity (u) is a prime parameter. Soltani
and Akbari [33] examined the influence of temperature range 30 to 60 °C and particle
concentration 0 to 1.0% on u of MgO-MWCNT/EG BNF and observed a Newtonian
performance with u in a detracting trend at temperature increase and enriched u at
increased particle concentration. Next, Asadi and Asadi [34] examined the u of MWCNT-
ZnO/Engine Oil (10 W40) BNF and reported temperature having a higher impact on u than
particle concentration, thus achieving a maximum deterioration in dynamic viscosity of 85%
for temperature 55 °C. Also, Motahari et al. [35] examined the u of MWCNT-SiO,/SAE20W50



BNF at ¢ = 0.05-1.0 vol% and temperature of 40 to 100 °C. The nanohybrid exhibited
Newtonian behavior for all concentrations and temperatures, with an enhanced u of 171%
at peak particle concentration and temperature.

Open literature is available for the measurement of k and u of nanosuspensions. Esfe et al.
[36] evaluated the k and u of an aqueous-based nanohybrid of Ag-MgO (50:50) for ¢ = 0—
2% and achieved augmentation with increasing ¢. Considering changes in temperatures
(30-60 °C), PMRs (25:50, 50:50, and 75:25), and ¢ (0.1-0.5 vol%), Mechiri et al. [37]
evaluated experimentally for u and k of Cu—Zn (50:50)/groundnut HNF. They noticed that ¢
and temperature affect 4 and kK more than PMR. Both BF and nanohybrid exhibited
Newtonian behavior. Suresh et al. [30] reported an enhancement of 8-115% for y and 1.47—
12.11% for k for an aqueous-based Cu-Al;03 (10%:90%) BNF at ¢ = 0.1-2%. Also, Hamid et
al. [38] studied k and u for TiO>—SiO; (40—60)/W-EG (60:40) BNF for changing PMRs (20:80—
80:20) for temperatures 30-80 °C at ¢ = 1.0 vol%. They reported an enhancement of 16%
for k at PMR 20:80 and maximum improvement for u for PMR 40:60, assuring it is suitable
for thermal cooling purposes. PMR of 50:50 has the poorest cooling properties.

Investigating the electrical conductivity (o) of water-based Al,03—TiO; and Al,03—SiO, BNFs
for temperature (20—60 °C) and ¢ (0.5:0.5, 0.5:1.0, 0.5:1.5 (for both Al;03:TiO; and
Al,03:Si03)), Chereches and Minea [39] published a o enhancement of 30-58-fold and 14—
40-fold for TiO2/water and SiO,/water NFs, respectively, when compared to BF at 60 °C and
¢ (0.5:1.5). The o of TiO2/water NFs is more than SiO,/water NFs. Hence highest o of Al,03—
TiO,/Water BNF was 43-57-fold as related to water. Also, Giwa et al. [40] investigated the
influence of PMRs (20:80, 40:60, 60:40, 80:20, and 90:10) and temperatures 15-55 °C on the
o and u of Al,03—MWCNT/DIW BNF. They obtained a peak augmentation of 288.0% and
19.3%, and 442.9% and 26.3% for u and o of Al,03—MWCNT/DIW BNF at PMRs of 20:80 and
90:10, respectively, compared to BF. Also noticed is that with growing temperatures, u
detracts clearly, while PMR considerably enhanced o, which classifies as fine for coolant
applications. Again, Giwa et al. [41] first investigated the trio effect of temperature (20—

50 °C), ¢ (0.05-0.75 vol%), and BFs (EG-DIW and DIW) on the performance of u and o of
nanohybrid of Al,O3— Fe304 (25:75). Authors published augmentation for o of 163.37—
1692.16% and 717.14-7618.89%, whereas u was improved by 3.23-43.64% and 2.79-
49.38% for the DIW-based and EG—DIW-based nanohybrid, in comparison to the individual
BF. Further discovery reveals that enhancing ¢ enhances o and u, while an increasing
temperature enhances o and detracts u. The DIW-based BNF possessed minimal u and
maximum o over the EG-DIW-based nanohybrid. Lately, Wanatasanapan et al. [42]
considered the impact of Al,O3-TiO2 NPs mixing composition on the thermal-fluid behavior
of the water-based BNFs. The water-based BNFs were formulated with five various ratios of
Al;,03 and TiO; NPs at a constant 1.0 vol% for temperatures 3070 °C. They reported a
maximum k of 1.134 W/mK for a sample ratio of 50:50 at 70 °C, with a k enhancement of
71% compared with DIW. The BNFs exhibited a Newtonian fluid pattern for all NPs
temperature and mixing ratios, with the ratio of 80:20 having the maximum u of 1.98 mPas.
Furthermore, Giwa et al. [43] investigated the trio impact of PWRs (20:80, 40:60, 60:40,
80:20), NS, and temperature (20-50 °C) on the thermal performance of MgO (20 and

100 nm)-ZnO/DIW BNF at 0.1 vol%. They reported that BNF with 100 nm MgO NP had higher
values of g, i, and pH than BNF with 20 nm MgO NP, except for k. Also, temperature
increase enhances k and o of the nanohybrids but detracts u and pH. Maximum



improvement for k, u, and o are 14.95-22.33% (40:60), 8.29-17.46% (60:40) and 453.70—
550.62% (40:60), respectively.

Akilu et al. [44] performed an investigation on ¢, k, and u of Si0,—CuO/C (80:20)/EG-G
(40:60) BNF by changing ¢ (0.5-2.0 vol%) and temperature (30-80 °C). They observed
enhancement of 26.9% and 1.15-fold for k and w, respectively, while ¢, deteriorated by
21.10% at ¢ of 2.0 vol%, at 80 °C. The k for BNF is more improved than the k (6.9%) of
SiO./G-EG. Further, Kannaiyan et al. [45] studied the p, ¢p, k, and u of Al,03—CuO/EG-W
(80:20) BNF for temperature (20-70 °C) and volume concentration (0.05, 0.1, and

0.20 vol%). They reported an improvement of thermal properties with augmentation in ¢, k
increased with temperature, p and u reduced steadily with temperature increase, while ¢,
remained constant. The maximum achieved k improvement was 45%.

Studies keep emerging on the use of nanofluids for thermal management applications.
However, from open literature, we lack an investigation that aims at predicting the optimal
PWR based on the particle size. Therefore, industries and commercial sectors would be
misguided to synthesize the hybrid nanofluids based on the reported PWR as the overall
properties appear to vary based on the particle size and shape. Hence, to fill the existing
research gap, there must be a mapping of the 4th parameter, namely the particle size with
the pre-existing trio parameters such as percent weight ratios (PWRs), temperature, and
concentration (¢) on different properties of nanohybrids such as pH, electrical conductivity,
density, specific heat, viscosity, and thermal conductivity. Besides, the best nanoparticles
available to date (MWCNT and Al,Os) are the considerations for this study. Moreover, this is
the first time the nanofluid properties attain importance for measurement after confirming
4-month stability.

2. Experimental details
2.1. Raw sources for sample synthesis

Nanoparticles of y-Al,0s with two different particle sizes sourced from Nanostructured and
Amorphous Materials Inc., USA and functionalized MWCNT with COOH content of 1.45 to
1.65 obtained from MKNano Company, Ontario, Canada, were utilized in this study. In
addition, SDS (Sodium dodecyl sulfate) per purity of 2 98.5% sourced from Germany, Sigma-
Aldrich, was engaged as a dispersant/surfactant to achieve superior hybrid nanofluids
stability. The properties of these nanopowders are listed in Table 1.



Table 1. Properties of the nanopowders.

Properties Al05 COOH-CNT

Particle size 30 nm 5 nm Length 10-30 pm;
1D: 3-5 nm; OD:
10-20 nm

Purity ~9E ~O8% ~A7%

Colour White White Black

Shape Spherical  Spherical  Tubular

Density (g/cc) 397 388 22

Specific heat (J/kg K) 878 832 7

Specific Surface Area (m?/g) 182 540 237

Thermal conductivity (W/mK) 40 42 3000

2.2. Instrumentation capabilities

PANalytical X’Pert Pro X-Ray Powder Diffractometer (XRD), Zeiss Crossbeam 540 Scanning
Electron Microscopy (SEM), JEOL JEM-2100F Transmission Electron Microscope (TEM), were
engaged for powder and fluid characterization in this study. The particle's hydrodynamic
size and the zeta potential were measured by Malvern Zetasizer Nano ZS ZEN 3600
instrument. Suitably using a digital weighing machine (accuracy of + 0.01 g and
measurement variety of 10 mg — 220 g - Radwag AS 220.R2 (Poland)), the powders were
weighed based on the volume concentrations prescribed for the study. A magnetic stirrer
(Hotplate Stirrers, Ha400 HSB, Indonesia) and Qsonica device (ultrasonicator- Model Q-700;
700 W and 20 kHz USA) was engaged to homogenize the hybrid nanoparticles into the
deionized water and to mix the powder MWCNT and y-Al,03 nanoparticles, respectively.
The stability of the nanofluids was also quantified using UV Vis Spectrophotometer (Jenway,
UK). The mixture temperature during the sonication period was kept constant at 20 °C by
inserting the samples into a programmable thermal bath (LAUDA ECO RE1225). EUTECH
(CON700) electrical conductivity meter (1% accuracy), Jenway 3510 pH meter (+0.003
accuracy and 2 to 19.999 range), KD2 Pro thermal conductivity meter (Decagon devices, US;
+10%% accuracy for k= 0.2 — 2.0 W/m K), SV-10 device (sine wave viscometer with + 3%
accuracy, A&D, Japan) to measure the thermal, electro, and chemico-physical properties of
the prepared nanofluid samples, were used.

2.3. Formulation of hybridized nanofluid

A two-step method to make water-based (y-Al,03/MWCNT) hybrid nanofluids was engaged.
Eq.(1) calculates the weight of the nanoparticles required. Thus, the specific amount of
oxide nanoparticles and nanotubes was formulated at 0.1 vol% for dispersion into the based
fluid. In the next step, the powder Al,O3 nanoparticles and MWCNT nanotubes have been
dispersed at the ratio of 40:60 by weight into water base fluid using a magnetic stirrer for
30 min with a magnetic agitator. The process of stirring followed by a sonication procedure
using an ultrasonic device is the usual preparation method. The idea behind using an
ultrasonic processor is to attain an excellent distribution and eliminate the phenomenon of
nanoparticle clustering, thus, preventing the issue of sedimentation and making a stable
suspension of nanofluids. The fluid sample was susceptible to different sonication periods
(30-90 min), amplitude (70—90), and dispersion fraction of surfactant (0.4—1.4) to optimize
the stable preparation of the remaining nanofluid samples. To confirm worthy stability, pH



and Electrical Conductivity of the prepared hybrid nanofluids at different PWR
(MWCNT/AI,05-90:10, 80:20, 60:40, 40:60, 20:80, and 10:90) for 0.025, 0.05, 0.1, and 0.2%
were studied. The crystallite size, powder morphology, and particle dispersion in the HNFs
via XRD, SEM, and TEM, were respectfully measured. The stability of the fluids was also
inferred through viscous behavioral measurements at room temperature for four months,
and visual techniques to observe the stability of the HNFs were engaged. Based on the same
procedure by Giwa et al. [40], once again, the fluids for testing and comparison were also
formulated.
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2.4. Quantifying the thermo, electro and chemico-physical properties
2.4.1. Thermal conductivity of HNFs

The quantification of the functional requisite by the fluid to conduct heat was through the
KD2 Pro meter. The container with nanofluid was positioned in the thermal bath to maintain
the measurement's temperature constant at different ranges (15 to 60 °C). Meanwhile, the
device calibration was made by measuring the thermal conductivity of the standard fluid
provided by the manufacturer (glycerin). To assure the accuracy of the experimental data,
the measurement was recurrent eight times at each temperature, and the average value
resulted in the investigational data. Equations (2), (3) calculated the thermal conductivity of
all the samples, relative and enhancements concerning the base fluid.

_
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Where Krels Khnr, Kbt and Kenhan e the relative thermal conductivity, the thermal
conductivity of HNFs, based fluid thermal conductivity, and the thermal conductivity
enhancement. Also, the margin of deviation (MOD) for thermal properties of the considered
binary nanofluid is evaluated based on Equation (4).

MExp —Mpreq
MExp

MOD(%) = ( ) %100

(4)

where Mpreq and Mgy, are the forecast and investigational values of a point out property,
respectively.

The uncertainty of k was evaluated using Equation (5), within the 95% probability. From the
means of repeatability, reproducibility, manufacturer’s data, and the temperature
indication, the measure of uncertainty was calculated and found to be 2.18%.
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2.4.2. Evaluating the fluid viscous behavior

Before measuring the viscous behavior of the base fluids at 15-60 °C temperature, the SV-
10 device was calibrated. During the evaluation, the temperature was controlled using a
circulating water bath (LAUDA ECO RE1225) after adjustment with the base fluids. Relative
viscosity and enhancement of the HNFs related to base fluids were estimated by Egs. (4),
(5), respectively.
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Where pnns, and ppr are the viscosity of HNFs and the DIW, respectively.

In addition, the margin of deviation (MOD) for both characteristics of the HNFs examined is
stated by Equation (8).

VExp. — VPred
Ve

MOD(\%)= ) % 100%

P (8)
Where V. and Vered, are experimental and predicted values of the specific property.
The uncertainty of the pu was evaluated using Equation (9), within the 95% probability. Based

on the calibrated data, repeatability, temperature indication, and manufacturer
specification, the uncertainty was 1.26%.

0= () () G+ ()

2.4.3. Measurement of electrical conductivity and pH of formulated nanofluid

(9)

Calibration of the EUTECH instrument using a standard fluid (as supplied by the maker)
ensures proper electrical conductivity measurements. Proceeding with standardization, a
worth of 1413 pS cm™ was measured at 25 °C. After which, the electrical conductivity of
deionized water base fluid and hybrid nanofluids at 15-60 °C (5 °C intervals) were
measured. Before measuring the pH of the HNFs, calibration of the pH meter using fluid
supplied (pH values of 10, 7, and 4) was carried. The relative (ors) and the enhancement
(0ennan) Of the electrical conductivity regarding base fluids were calculated by Equations (6),
(7), respectively. With the error propagating from the electronic weighing balance while
measuring the surfactant and the nanopowders and the sensitivity of the pH meter based
on the temperature indicated and repeatability of data, the uncertainty seemed to be



2.71%. Similarly, uncertainty based on the measured electrical conductivity values was
1.13%.
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Where onns, and opr are electrical conductivity of hybrid nanofluids and the base fluid,
respectively.

3. Results and discussion
3.1. Characterization of hybrid nanopowders nanofluids
3.1.1. Quantifying grain size and structure

The instrument used in this investigation is a PANalytical X’Pert Pro X-Ray Powder
Diffractometer. The samples analyzed exhibit considerable peak broadening, and the counts
are low (low intensities), signifying a small crystallite size. Before measuring, the crystallite
size, the LaBe sample, a size-strain standard that indicates negligible size-strain broadening,
was used. Its measurement was done on the same instrument using the same settings used
later to measure the hybridized samples.

25.7
43.65

— MWCNT

— M:A=80:20
— M:A=20:80
—ALO,

Count

Position (20) (degrees)
Fig. 1. X-ray diffraction spectra of mono and hybrid nanopowders.

Based on the obtained data, the XRD plots in Fig. 1 show multiple peaks for Al,O3 (5 nm) and
MWCNT that matches well with the available literature works. The peaks corresponding to
25.70° and 43.65° correspond to MWCNT, and the ones prevailing at 32.15°, 37.34°, 45.74°,
60.89°, and 66.93° correspond to those of Al,Os. The hybrid powders of 80:20 and 20:80
ratio of MWCNT: Al,O3 clearly show the combined peaks of both powders. Based on the
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Debye-Scherrer relation, the average crystallite sizes of MWCNT, Al,03, and 80:20 ratio of
MWOCNT: Al;03 and 20:80 ratio of MWCNT: Al,O3 was 2.38 nm, 2.49 nm, 3.39 nm, and
3.53 nm.

3.1.2. Morphological studies

We observed the morphology of the hybridized powder with the aid of Scanning Electron
Microscopy. As notable from Fig. 2, the Al,03 particles could be seen annexed towards the
wall of the CNTs besides getting clustered within themselves. Besides, we observed that
their sizes are more or less similar, as observable from how the periphery of Al,O3 matches
that of MWCNT. We can infer the same from the crystallite sizes deduced from the XRD
data. The spherical alumina associated with the walls partially supports the effect of
enhanced electro- and thermo-phoretic behavior within the fluids when susceptible to
electrical and thermal inertia.

100 nm ! Jie " Nl : ;1 ZEISS
Time
L Wacuum = 4 06e-010 mbar i p—

Fig. 2. Scanning Electron Micrograph of hybridized nanopowders.
3.2. Hydrodynamic size of the powder

The hydrodynamic diameter of the dispersed particle within a base fluid helps us
understand the particle-to-fluid interaction. The hydrodynamic size of the powder sample
measured by the Dynamic Light Scattering method (DLS) explains the overall diameter of the
powder sample by taking into consideration the encapsulation of a thin electric dipole layer
of the base fluid around the particle surface. This additional layer impacts the solid
constituents within the base fluid. Thus we will also realize the particle motion by the

10



Brownian mechanism. In general, calculating the hydrodynamic diameter of the particle is
through the translational diffusion coefficient from the Stokes-Einstein equation [46]. The
TEM helps us identify the core size with a fluid layer around it. Thus, a more accurate
measurement could be possible by DLS studies, and Fig. 3 shows the hydrodynamic size of
0.1% concentrated nanofluid prepared with PWR of 90:10 as 39 nm, which is 5 to 6 times
more than the crystallite size measured by XRD, and particle size as specified by the
manufacturer. As the particle diameter is relatively smaller, the Brownian motion must be
higher, thus ensuring enhanced properties of the nanofluids.

50
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Fig. 3. Hydrodynamic size of 0.1% concentrated 90:10 nanofluid at pH = 8.8.
3.3. Optimized preparatory conditions for nanofluid synthesis

It is always a good practice to optimize the parameters desired for synthesizing, surfactant
dispersion, sonicating, and stabilizing the nanofluids for the long run. Hence the charge
bearing capacity of the powders dispersed into the base fluid is determined through
electrical conductivity studies at different dispersion fractions (0.4 to 1.4), the amplitude of
sonicating waves (70 to 90), and sonicating time (30 to 90 min). In general, the surfactant
micelles that contain hydrophilic and hydrophobic regions encapsulate the powder particles.
Once the surfactant concentration is sufficient to attach to the particle surfaces, the excess
surfactant adheres to each other to form micelle clusters. The electrical conductivity would
rise until a limit reaches, followed by a fall, which indicates the critical micelle concentration
(CMC).

We noted that the electrical conductivity rose during the following conditions: dispersion
fraction between 0.4 and 0.8, sonication amplitude at 70 and 75, and the sonicating time
between 30 and 50 min. But the values suddenly declined at 1.0, 80, and 60 min,
respectively, which are identified as optimized fluid preparatory parameters as notable from
Fig. 4, after which the electrical conductivity values began to increase with a rise in such
parameters.
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Fig. 4. Identifying optimised sonication time, sonicator amplitude and dispersion fraction with
@ =0.1% 60:40 MWCNT:AI,03 nanofluid.

3.4. Characterization of hybridized nanofluids

The TEM image in Fig. 5 depicts the distribution of the hybridized particles within the
aqueous base fluid. In general, MWCNTSs are hydrophobic, and they must be dispersed and
stabilized with surfactants, especially with aromatic groups in them, such as Sodium
dodecylbenzene sulphonate and Triton X-100. However, such aromatic groups tend to
enhance the viscous behavior that might look excellent for stabilizing but affects the
thermo-convective behavior of these fluids. In our case, functionalized MWCNT were used,
and they were stable only for 19 days. Our focus on the experiments were after attaining
the stability for four months, and hence sodium dodecyl sulphate (SDS) was preferred. It is
evident from the TEM image that the hybrid particles are nearly distributed. In addition, we
found from the TEM image that the particle sizes were 11 nm in the case of MWCNT and
14 nm in the case of Al;03, which is indicative of the hydrodynamic bonding of the powders
with the associated fluid.
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Fig. 5. Powder dispersion evaluations through Transmission electron microscopy.
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Fig. 6. Mechanism of particle interaction with surfactant and base fluid.

The possible mechanism for such stability or distribution is explanatory in Fig. 6. While
aluminum oxide reacts readily with water, SDS mixes with water, thus releasing the sodium
ion to form sodium hydroxide. The head of the surfactant thereon interacts with aluminum
oxide nanofluid to discharge water molecules. While on the other end, the double bond of
the oxygen in the surfactant molecule breaks to form a bond with the carbon atom available
on the outer periphery of the MWCNT. Thus, they get acquainted with each other for a
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much-stabilized solution. It is one of the reasons why Al,O3 is found abundant at sites where
there is a long or series of MWCNTs.

3.5. Fluid stability quantification
3.5.1. Transient viscosity method

One of the promising methods to quantify the stability of the nanofluids is by measuring the
viscous behavior of the nanofluids. We measured the viscosities of the 0.1% concentrated
nanofluids at a 90:10 ratio of MWCNT: Al,O3 at regular intervals during and for a month

(30 days) at an ambient temperature of 20 °C (refer to Fig. 7). The viscosities were also
measured thrice every day to determine the average viscosity of the fluid for the day. Thus a
total of 90 data were recorded. The viscous nature deteriorated merely by 2.03% over a
period of 30 days is generally considered appreciable of the fact that the fluid remained
stable for a prolonged period.
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Fig. 7. Investigating the stability through viscosity measurement over a month.
3.5.2. Zeta potential measurement

Based on the existing research studies on the characterization of nanofluids, zeta potential
stands unique in the method to evaluate the stability of nanofluids. The potential difference
between the particle surface and the bulk fluid is zeta potential. The fluid stability is based
on high electrostatic repulsion between the dispersed particles within the fluid, thus
preventing them from being agglomerated. When the zeta potential is beyond £ 30 mV, it is
considered a better stable fluid. The zeta potential appears to be excellent if the pH values
indicate acidity or basicity, where the former links to more H* ions and the latter links to
more OH™ ions, thus developing sufficient repulsive forces for the fluid samples to prevail
stable.

Fig. 8 shows the zeta potential generated around the particles dispersed in 90:10 PWR at
0.1% concentration within the base fluid and maintained at pH = 8.8. The zeta potential of
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-35 mV indicates a highly stable sample. If the pH could have been 10, the zeta potential
would have been approximately -45 mV.
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Fig. 8. Zeta potential measurement of 0.1% concentrated 90:10 nanofluid at pH = 8.8.

3.5.3. UV absorbance method

Performing the stability evaluation by UV Vis spectrophotometer for 40 h with an average
interval of 20 min was based on two cases: (i) by comparing two best performing nanofluids,
i.e., 90:10 MWCNT: Al,O3 containing 5 nm-sized Al,03 and 40:60 PWR containing 30 nm
Al,Qg3, (ii) by comparing two nanofluids at fixed PWR, i.e., 40:60 PWR containing 5 nm and
30 nm Al;0s. From case (i), it was found that the 90:10 PWR of MWCNT: Al;O03 with 5 nm
Al,Os is better stable than that of 40:60 PWR containing 30 nm Al,Os. In case (ii), the
absorbance values are higher in the nanofluids containing smaller-sized Al203 particles

(5 nm). These could be attributed to the higher particle occupancy ratio of smaller-sized
particles within a given nanofluid volume, thus ensuring more absorbance of spectral light.
The result is contrary to large-sized particles signifying a lower particle occupancy ratio. In
addition, if the particles within the nanofluid agglomerate resulted in instability, then the UV
light absorbance would have been very low. From Fig. 9, the relatively constant absorbance
values signify the excellent stability of the nanofluids. From literature [47], we learned that
the wavelength of Al,Os/water was 225 nm, whereas in our case, the wavelength ranged
between 292 and 303 nm. The variation in this wavelength must be associated with the
particle hybridization at different PWR.
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Fig. 9. Stability quantification by UV—Vis spectrophotometer.
3.5.4. Visual inspection method

Apart from confirming the even distribution of particles within the dried hybrid particles
through the TEM image and the stability of the synthesized fluids by UV-Vis, viscous
evaluation, and zeta potential, we did a visual inspection (Fig. 10) to rule out the possibility
of particle settling. While performing the visual inspection once in 15 days, we could not see
any particle settling until the end of 4 months between June and September 2021

Fig. 10. Investigating the stability through visual inspection over 4 months.
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3.6. Particle size effects

The particle sizes could predominantly vary the properties of the powder and thus the fluids
with which it is associated, especially when the particles are of the size order of
nanometres. With a thumb rule known from the existing works of literature, the small size
particles possess a higher surface to volume ratio that is conclusive of their reachability as a
potential thermo-enhancive material. Hence, from one of our previous works [40], we found
that a blend of 5 nm MWCNT and 30 nm Al,Os dispersed in DI water at a 40:60 ratio
possessed enhanced chemical, physical and thermal properties when compared with other
ratios. We synthesized the nanofluids with 5 nm MWCNT and 5 nm Al,03 by a similar
method and measured the pH, electrical conductivity, viscosity, and thermal conductivity at
0.1% concentration for PWR of 80:20, 60:40, 40:60, and 20:80. The difference in particle
sizing is for the change in the size of alumina (5 nm and 30 nm) with the size of MWCNT

unchanged.
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Fig. 11. Effect of particle size on ¢ = 0.1% nanofluid properties synthesised with powders mixed
under varied particle weight ratio.
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3.6.1. Chemico-physical study

The evaluation of the chemico-physical nature of nanofluids could be by measuring the
acidic or basicity nature of the nanofluids. Measuring the pH of these nanofluids serves such
a purpose. From Fig. 11, it was lucidly evident that all the nanofluids possessed higher pH
than water, which might be due to the dispersed nanopowders getting associated or
dissociated with H* and OH™ ions due to the base fluid-surfactant-particle interaction
mechanism as discussed in Section 3.3.

It was evident that the pH decreases with increasing temperature as the NaOH formed
during the base fluid-surfactant-particle interaction. At higher temperatures, NaOH could
have dissociated into Na* and OH™ ions wherein the former would have associated with the
tail of surfactant and the latter would have neutralized while associating with the free H*
ions on the alumina particles, thus reducing the basicity and reaching the neutrality as that
of water. It was also observable from Fig. 11 that the highest pH at a specific temperature in
the case of 30 nm-sized alumina corresponds to 10:90, whereas in the case of 5 nm-sized
alumina, it corresponded to an 80:20 ratio. The contrasting reason could be associated with
the particle size involved in the dissociation of H* and OH™ ions during the micelle formation,
apart from the interaction of surfactant with base fluid and powder surfaces.

It was evident from the works of Konakanchi et al. [48] that the ones with a larger particle
size have high pH. In the case of fluid containing the 10:90 ratio, alumina possesses a larger
particle size, and hence it aided in dissociation of H* and OH™ ions similar to the 80:20 ratio
of nanofluids containing comparatively larger sized MWCNT than 5 nm alumina. However,
when pH is compared based on particle size, fluid containing 5 nm alumina has more pH
than fluid containing 30 nm-sized particles. The reason is nowhere different from the one
stated earlier. The more the MWCNT means that the hydrophobic nature of carbon
nanotubes makes us add more surfactant that produces more NaOH that on dissociation
creates more OH™ ions causing high basicity compared to those with fluids containing larger
sized alumina or relatively smaller sized MWCNTs.

3.6.2. Electro-physical study

Despite the diversified significance of electrical conductivity characteristics of nanofluids,
ignorance of them in most of the existing studies is evident from the available pieces of
literature. Amidst many studies to evaluate nanofluid stability, the electrical conductivity
might provide more light on the dispersibility of the particles within the nanofluids. The
electrical conductivity studies were performed on the nanofluids with different PWR for two
different sizes of Al;03 (30 nm and 5 nm) mixed with common-sized MWCNT (5 nm) at 0.1%
volume concentrations. It is indicative from Fig. 11 that the electrical conductivity of the
10:90 ratio nanofluids was higher in both the cases containing either 30 nm alumina or 5 nm
alumina. While comparing the electrical conductivity based on particle size, 30 nm alumina-
based nanofluids result in a lower value than 5 nm alumina-based nanofluids. It must be due
to the effective particle charge density of the particles that tend to enhance when their size
gets reduced. Besides, based on the mechanism explained in section 3.4, alumina stands as
a binding mediator between the water, surfactant, and MWCNT. The alumina that
associates promptly with water also associates with the surfactant with the hydrophobic
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tail. While one oxygen bond in the alumina breaks to associate with MWCNT, the NaOH
formed due to interaction between water and SDS gets dissociated as Na* counter ions.
These ions might increase with an increased fluid temperature, thus initiating an association
with the hydrophobic tails as smaller micelles, thus raising the electrical conductivity. So
lesser particle size means more particles would be available, besides having more surface
charge on each particle. In the case of higher PWR, where MWCNT concentration is high,
these counter ions do not have the required tails to get associated thence form NaOH when
reacting with dissociated OH™ thus reducing pH. These might have resulted in the opposite
behavior of pH to electrical conductivity while prone to varying temperatures.

3.6.3. Thermo-physical studies
3.6.3.1. Viscosity

In general, when the size of the particle is lesser, it means a more surface-to-volume ratio
that enhances the viscosity of the nanofluids. But in our case, we noted a contradictory
behavior, wherein the fluid with a larger sized particle causes additional viscous behavior
than the one with smaller particle size. Similar nature of contradictory inferences has also
been reported earlier [49]. If the particles are all spherical and the fluid contains only such
shaped particles, they would have rolled around each other during the kinetic movement
within the fluids. If the fluid is prone to one spherical particle and another tubular particle,
the surface contact between such particles causes enhanced viscosity. As notable from Fig.
11, it is understood that the nanofluids dealing with a large-sized Al,03 (30 nm) seem to
impinge more flow resistance than the ones with small-sized Al,03 (5 nm). It could be
attributed to the excess surface contact points between large-sized alumina and MWCNTs,
whereas it is lower surface interaction in the case of smaller particles. However, the large-
sized alumina tends to acquire more surfactant molecules on their surface and can bind
MWCNTs which might form slightly larger aggregates that could have also been contributing
to higher viscous behavior. These aggregates might also be due to the smaller EDL,
indicative of the lower electrical conductivity of the fluids with smaller-sized Al,O3 (5 nm).
When we compared the viscosities regarding similar PWR, we observed that the fluids
behaved in a contrasting nature, or in other words, the viscosities in the order of higher to
lower values can be 10:90, 20:80, 40:60, 60:40, 80:20 in case of fluids with 5 nm MWCNT
and 30 nm Al;O3, whereas it is aptly the mirrored way in case of samples with 5 nm MWCNT
and 5 nm Al,0s. The most relevant reason could be the encapsulation of tiny hydrophobic
MWCNT around the large-sized alumina that needs more surfactant for stability, causing
flow resistances. In the other case, small-sized alumina seems to be evenly distributed
around the MWCNTSs, whereas the hydrophilic alumina supports the low use of surfactant
for better dispersion, thus reducing the viscous behavior within the fluids.

3.6.3.2. Thermal conductivity

As discussed before, the reduced particle size possesses a more surface-area-to-volume
ratio that provides space for more charged ions to be associated with the surface. However,
this concept applies to a case where the fluid has one particle involved in the action. When
there are two particles dispersed inside the base fluid, apart from the particle size playing a
role in the properties, the way they bond to each other and the number of charges it carries
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apart from the pH of the base fluid play significant roles. So there must be an optimal
balance between their influential natures to enhance the thermal conductivity of
nanofluids. From Fig. 11, it is observable that the 40:60 ratio nanofluid containing 30 nm
Al,03 possesses higher thermal conductivity than the rest of its group of nanofluids,
whereas the 80:20 ratio nanofluid with 5 nm Al,Os fared the best amidst its group of
nanofluids with similar particle size. It could be attributed to the equiproportional
contribution of the nanopowders through their unique thermal conductivity values in
combination with their particle sizes. Besides, the surfactant being a base can slightly
deteriorate the properties if excess MWCNT is in the case of dispersion. However, in the
case of fluid containing 5 nm-sized particles, the particle size effects might have dominated
more apart from the thermal conductivity of the individual powders.

To conclude, Table 2 shows the enhancement in the properties of nanofluids based on the
particle size and particle weight ratio at 0.1% concentration.

Table 2. Property enhancement of 0.1% Conc. different sized particle based nanofluid over DI water.

M:A size Fluid PWR pH Enhan. & o Enhan. & p Enhan. & k Enhan. &

(nm) High Low High Low High Low High Low
5:30 80:20 74 0.4 64.4 52.1 15.0 10.5 18.5 42
5:30 60:40 8.7 09 804 68.6 15.7 115 207 48
5:30 40:60 101 1.0 96.1 853 17.7 13.2 259 73
5:30 20:80 10.8 14 108.1 95.2 195 153 240 6.5
5:30 10:90 12.0 1.8 1212 1104 21.7 175 153 38
5:5 80:20 159 9.8 144.3 1358 120 84 244 6.6
5:5 60:40 136 92 157.8 1444 1.1 39 211 5.1
5:5 40:60 133 8.7 1773 158.5 9.1 25 186 4.6
5:5 20:80 132 83 206.0 192.0 76 1.8 164 43
55 10:90 13.0 73 2291 1955 4.0 1.1 159 4.1

3.7. Properties at a different particle weight ratio

Now it is apparent the fluctuating properties of the nanofluids through the dispersion of
different sized particles experiments were carried out by testing the capabilities of the
hybrid nanofluids with a 90:10 ratio involving 5 nm Al,03. We performed them as we knew
that the PWR 40:60 containing 30 nm Al,03 and the 80:20 ratio with 5 nm Al,03 fared the
best in almost all properties.

3.7.1. pH

It was, as usual, to find from Fig. 12 that the pH of the nanofluids reduced with increment in
fluid temperature for the reasons stated in previous sections. Besides, the PWR 90:10 had
higher pH than the rest of it. Therefore, the nanofluids with pure MWCNTSs had a pH higher
than those fluids with Al,O3, which is the logic behind the high value of pH in the case of
nanofluids containing a higher ratio MWCNTSs. The excess MWCNTs tend for excess
surfactant that reacts with water to form more NaOH, leading to dissociation of OH™ ions
during lower temperatures. These OH™ ions convert the fluid to basicity conditions, thus
making its pH higher. However, the rise in fluid temperature enhances the kinetic energies
of the molecules that excited the molecular vibrations leading to the dissociation of water
molecules, thus leading to more H* ions causing a decreased pH.
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Fig. 12. Influence of varied temperature and volume concentration on the pH of different PWR based
nanofluids.

3.7.2. Electrical conductivity

We measured the electrical conductivity of the fluid samples at different temperatures
under varied volume concentrations. It is observable from Fig. 13 that the electrical
conductivity enhanced up to 0.2% concentration and began plateauing up to 0.5%. The
maximum value was for pure Al,03 at 0.2% for 55 °C, as the electrical conductivity of Al,Os is
higher than that of MWCNT. Hence, it is unmistakable that the hybridization of these
particles would result in conductivity lesser than Al,Os. Based on different PWR, under
similar concentration and temperature conditions, we inferred the maximum value at PWR
10:90.
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Fig. 13. Influence of varied temperature and volume concentration on the Electrical Conductivty of
different PWR based nanofluids.

Besides, the electrical conductivity began to lower from 60 °C for all classes of fluids.
Therefore, the enhanced electrical conductivity of the nanofluids compared to the base fluid
must be due to the net charges around the particle, and thus the formation of an Electrical
Double Layer (EDL).

The reason for contrasting results beyond 0.2% and 55 °C is because the electrical
conductivity has a complex dependence on the pH, ionic and volume concentrations, and
EDL. In specific, when the dispersion of alumina happens within polar fluids such as DI
water, electric charge forms around the particle surfaces. Counter ions are attracted
towards these charges to form a diffuse layer or the electrical double layer signified by
Debye length [50]. The matter of concern in our experiments is that the net electric charge
density might be higher on the interactive surfaces due to low ionic strength resulting in
insufficient ionic concentration for electric charge compensation. Thus the combined ionic
concentration and charge over the particle surface that forms the EDL is the reason for
enhanced electrical conductivity due to electrophoretic mobility within the nanodispersion.
It might also be why at higher temperatures, electrophoretic mobility and thermophoretic
mobility causes a decrease in pH and an increase in the electrical conductivity to a limit of
particle dispersion and temperature. Besides, furthermore generation of conducting
pathways at increased volume concentration attenuates the electrical conductivity.
However, when the volume concentration crosses 0.2% and is at 0.5%, the number of
particles added is so much that the EDL formation is insufficient, thus leading to the intense
electrostatic attraction between particles in the nanofluids. These are the reasons for the
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halt in experiments beyond 0.2% concentration on measuring pH and electrical conductivity

of nanofluids.

3.7.3. Viscosity

Significantly, the dispersion of two different nanopowders with general characteristics of
either being -phobic or -philic with water molecules can augment or detriment the viscous
behavior of the fluid on the whole. From Fig. 14, it is observable that the addition of two
different nanoparticles at diverse PWRs into the base fluid augmented the viscous behavior
of that fluid. Though it might imply the dense nature of the nanoparticles and nanotubes,
they must also be visualized based on their nature while interacting with the water
molecules. For example, while alumina readily reacts with water, MWCNT behaves opposite
exactly, forcing an additional reaction of surfactant molecules with MWCNT to ensure a
stable nanofluid. Thus, the addition of MWCNT means higher PWR, possessing high

viscosity.
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Fig. 14. Influence of varied temperature and volume concentration on the viscosity of different PWR

based nanofluids.

Besides, the availability of two different particles of two different shapes can have an
interaction mechanism and bonding nature that influences the viscous behavior of the fluid
with which it is associated. Such mechanisms support intense intermolecular force between
the particles themselves and between particle and fluid molecules, thus reducing the
Brownian kinetics, and hence the fluid resistance prevails. But such resistances are
overcome by a higher temperature that promotes Brownian interaction, thus weakening
such intermolecular forces leading to detrimental viscous behavior.
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3.7.4. Thermal conductivity

The thermal conductivity of the nanofluids enhances with an increase in particle loading and
temperature. Enhancement due to particle loading is much more significant than the
temperature effects. The encapsulation of the liquid molecules around the particle surface,
thus forming a thermal bonding between the particle and fluid molecules, is the cause of
enhanced thermal conductivity and energy transport. The energy transport is due to micro
convection effects within the fluid generated by the Brownian motion of the particles. The
increase in temperature generates Brownian convection, and excess particles within it
promote random movement of particles causing enhanced thermal conductive behaviour.

In case of variations regarding PWR, the 90:10 ratio fares best at all volume concentrations,
as observable from Fig. 15. MWCNTSs are hydrophobic in nature and are less dense, which
tends to lower particle Reynolds number, which does not enhance the thermal conductivity
multifold though it has a value of 2000 W/mK. Hence, the rise in thermal conductivity for
the 90:10 ratio must be attributed to the higher thermal properties of MWCNT instead of
the dense alumina that bonds with surfactant and binds the MWCNTs around it. So the
effect of the Brownian motion must be dominative due to the denser particle that causes
the movement of MWCNTSs around the fluid molecules that promote excess thermal
conductivity.
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Fig. 15. Influence of varied temperature and volume concentration on the Thermal Conductivity of
different PWR based nanofluids.
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Hence, it is conclusive from the results that the surface charges must be significantly
available to ensure electrostatic repulsion between particles for better stability and for
Brownian convection to enhance the thermal properties of the nanofluids. To conclude,
Table 3 displays the enhancement in the properties of nanofluids based on the volume
concentration and particle weight ratio.

Table 3. Property enhancement of 90:10 PWR nanofluid over DI water.

& pH Enhan. % o Enhan. % p Enhan. % k Enhan. %
Highest Lowest Highest Lowest Highest Lowest Highest Lowest
0.025% 83 4.3 34.3 28.8 7.4 4.9 12.0 33
0.05% 16.8 84 66.4 553 133 7.8 237 54
n10% 17.7 10.0 138.2 1265 14.5 95 26.0 7.4
0.15% 18.6 11.1 213.0 195.0 227 11.7 26.5 7.6
020% 233 145 2483 2382 318 223 279 83
0.50% - - - - 573 409 45.1 137
3.8. Correlation development
As the existing correlations suggested by Giwa et al. [40] did not suit the measurement of
pH, EC, and viscosity, new correlations were evolved based on the measured data. Besides,
the correlation for thermal conductivity is also generated based on the PWR, volume
concentration, and temperature. Before suggesting the suitability of correlations, the PWR
is to be read as 0.9, 0.8, 0.6, 0.4, 0.6, 0.2, and 0.1 for 90:10, 80:20, 60:40, 40:60, 20:80, and
10:90 respectively. The correlations predicted for pH and viscosity are applicable for the
volume concentration between 0.025 and 0.2%, temperature between 15 and 55 °C, and
PWR between 0.1 and 0.9. However, the viscosity and thermal conductivity correlations are
extendable to 0.5% as per the conditions stated above. The viscosity and thermal
conductivity correlations are also applicable to mono-particle nanofluids in above-stated
scenario. The general way of expressing the correlation is as follows.
Table 4 lists the constants A; to A1;, whereas Table 5 details the deviation limit between the
correlated and experimental values, R?, and standard error values.
Table 4. Constants for the generalized correlation.
Parameter Ay Ay Ay Ay A, As Ay Az Ay A An
Relative pH 1.0245 415 0.7564 —-9.46 3.098 7222 —1.15 3893 -1.7 185 3.076
x1073 x107 x107? x107? =103 x107? x107 Falind x107?
Relative Electrical conductivity 1.2288 52 19.429 01313 —1.0415 06322 B.059 -0.1517 52 -32.492 03796
x10™* x107* x107°
Relative Viscosity 0.9931 6.5 0.6335 43 0.1134 03361 5.1 46 212 02234 3.006
xlo* x10? x10% x10*® x1o® x10*
Relative thermal conductivity 1.0111 1.39 0.1452 1.153 2.842 0.1166 1.14 1.15 429 0.451 2.63
x107 x10? x102 x107 x10™ x10°% x102
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Table 5. Deviation limit, R square and Standard error values for the predicted correlation.

Correlation for Deviation from R Standard
experimental data square  error

Relative pH —3.46 to 3.05% 09160 00133

Relative Electrical —9.42 to 5.88% 0.9926 0.0856
conductivity

Relative Viscosity —9.35 to 4.64% 09394 0.0255

Relative thermal 5.74 to 6.83% 0.9535 0.0184
conductivity

4. Conclusion

Based on the optimized Dispersion Fraction, sonicating time and sonication amplitude, the
nanofluids were prepared at different PWR using MWCNT and Al,03 by a stabilizing agent,
SDS. The experiments were carried out to predict the effect of Al,03 particle size on the
nanofluid properties to identify the best PWR based on particle sizes. The conclusion could
be derived as follows:

a. The XRD, SEM and DLS results confirm the average crystallite size, particle size and
hydrodynamic size of the particles to be <5 nm, 15 nm, and 39 nm.

b. The hydrodynamic bonding between the particles that signifies the uniform
distribution of the dispersed constituents is evident from the TEM image.

c. The nanofluid stability is much appreciable based on the zeta potential
measurement, transient viscous data, and UV—Vis studies apart from the visual
inspection made for four months.

d. Maximum enhancement of pH, electrical conductivity and viscosity by 12%, 121%
and 22%, respectively, were noted in the 10:90 MWCNT: Al;03 nanofluids with
30 nm Al;03 and thermal conductivity enhancement by 26% at 40:60 MWCNT: Al,Os.

e. Maximum enhancement of pH, viscosity and thermal conductivity by 16%, 12% and
24%, respectively, in 90:10 MWCNT: Al;03 nanofluids with 5 nm Al>O3 and electrical
conductivity enhancement by 229% at 10:90 MWCNT: Al,Os.

f. Based on positive property requisites of a nanofluid, the best PWR is 40:60 MWCNT:
Al,03 with 30 nm Al;03 and the 90:10 MWCNT: Al,O3 with 5 nm Al;Os.

g. The correlations for all the properties were developed as a function of temperature,
volume concentration, and PWR, with the maximum deviation between the
correlated and experimental data to be less than + 10%, which is generally a good
agreement.
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