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Highlights

e Aqueous hybrid ferrofluid (AHF) has been investigated for the heat transfer capability in
a rectangular cavity under magnetic induction.

e Effective viscosity and thermal conductivity of stable AHF was measured for different
volume concentrations.

e Correlations were proposed for the effective viscosity and thermal conductivity of AHF.

e Heat transfer was augmented at lower volume concentrations of AHF in the absence of
magnetic induction.

e In the presence of magnetic induction, heat transfer of AHF was further augmented.

Abstract

Utilization of hybrid nanoparticles to formulate nanofluids is one of the ways to improve
nanofluids’ thermal and fluid properties. This work attempted to study the free convection heat
transfer performance of aqueous Fe;O3-ALOs (75:25) nanofluids in a rectangular cavity under
magnetic induction. The thermal properties of the aqueous hybrid ferrofluids (AHFs) were
measured for volume concentrations of 0.05-0.3 vol% and temperatures of 20-40 °C. Also, the
stability and morphology of AHFs were examined. On charging the AHF and base fluid samples
into the cavity, the two opposite vertical walls were subjected to temperature gradients ranging
from 20 to 35 °C to create buoyancy. Parameters such as Nity, hov, Ra and O, were determined
for each AHF sample and the base fluid. The AHF with the highest heat transfer performance
was exposed to magnetic induction to investigate its convective heat transfer. With Rz range of
1.65 X 10°~3.80 X 10°, the N, was observed to intensify with increasing Ra. Without the

magnetic induction, the improvements in /., Nz, and Y were observed for 0.05-0.2 vol%
AHFs in comparison with the base fluid. Optimum heat transfer enhancement of 10.79% was
achieved for 0.10 vol% HF at AT = 35 °C. By inducing magnetic field (118.4 G) vertically on the
side wall of the cavity, a maximum enhancement of N, (4.91%) was achieved compared to the
case without magnetic induction. Additionally, increasing the magnetic field strength (48.9—
219.5 G) was noticed to further enhance heat transfer of 0.10 vol% AHF. Correlations were
proposed for predicting viscosity, thermal conductivity and Nz, of AHF in a rectangular cavity.
The use of hybrid nanofluid was revealed to have better heat transfer performance than mono-
particle nanofluids. Conclusively, the heat transfer performance was observed to depend on ¢,
AT, AHF deployment, magnetic induction, strength and direction.
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Nomenclature B thermal expansion coefficient, 1/K
@ volume concentration

X percent weight of nanoparticles’ type, % P weight concentration

M mass of nanoparticles’ type, g i viscosity, mPas

K thermal conductivity, W/mK A change

Cp speciflic heat capacity (al constant pressure), J/kgK

T temperature, “C Subscript

A area of cavity, m?

] mass flow rate, kg/s c cold side

Q heat transfer, W av average

g gravitational acceleration, m?/s HF hybrid ferrofluid

L characteristic length of cavity, m DIW deionized water

Ra Rayleigh number Fe,03 hematite nanoparticles

Nu Nusselt number AlO5 alumina nanoparticles

h average coefficient of heat transfer, W/m?*K i in

Pr Prandtl number, Cyp/K o out

H height, m h hot side

Greek symbols

p density of nanoparticles, kg/m*

1. Introduction

Natural convection hasfound huge and numerous applications in electronics cooling, power
generation, nuclear energy, solar energy collectors, agriculture, geophysics, industrial, etc., [1], [2].
In the past two decades, nanofluids have been widely researched and established to possess
improved thermal properties when compared with traditional fluids of liquids [2], [3] and air [4],
[5]. By extension, the thermo- and thermomagnetic convection of different types of nanofluids
in various shapes of cavities have been investigated and still on-going [6], [7], [8], [9], [10], [11],
[12], [13]. Published articles in the public domain evidently showed that extensive researches had
been conducted in this field of study with great emphasis on the numerical approach relative to
the experimental method [14].

Studies on the experiment-based free convection of nanofluids in enclosures of various
configurations have been investigated. Putra et al. [15] pioneered the study on the free
convection of nanofluids in an enclosure. They considered distilled water (DIW)-based ALOs;
and CuO nanofluids (¢ = 1-4 vol%) filled into a differentially-heated horizontal cylinder with
aspect ratios (ARs) of 0.5-1.5. The result showed the detetrioration of heat transfer for all the
nanofluids as a function of AR, nanoparticles’ density and . Li et al. [16] engaged ZnO/DIW-
EG (75:25, 85:15, and 95:5 vol%) nanofluid with ¢, = 5.25 wt% in a square enclosure and
reported the attenuation of heat transfer for the nanofluids with the increase in EG quantity. Hu
et al. [17] used TiO-DIW (3.85-10.71 wt%) nanofluid in a vertical square and observed heat
transfer deterioration of the same in comparison with the DIW. The work of Kouloulias et al.
[18] engaged ALOs/water (0.01-0.12 vol%) nanofluid in a square cavity and also found that the
use of nanofluid led to the deterioration of heat transfer compared with the water. A recent
study by Ilyas et al. [19] employed MWCNT/thermal oil (0—~1 wt%) nanofluid in a vertical
rectangular cavity (AR = 4) and revealed that » and N depreciated as ¢ increased. These studies
emphasized that the deterioration in the heat transfer capabilities of the investigated nanofluids
was mainly due to the increase in viscosity (as ¢ increased) than other factors such as stability,
thermal conductivity, and natural convection of base fluid.

Apart from the findings that the use of nanofluids caused deterioration of heat transfer in
comparison with the base fluids, some studies have shown that nanofluids can enhance heat



transfer at specific volume concentrations. Ghodsinezhad et al. [9] reported the enhancement of
h by 15% for ¢ = 0.1 vol% when the thermo-convection behaviour of ALO5;/DIW (0.05—

0.6 vol%) nanofluid in a differentially heated rectangular was studied. Garbadden et al. [20] used
MWCNT/DIW (0—1 vol%) nanofluid in a square enclosure and observed optimal heat transfer
performance (45%) when ¢ = 0.1 vol%. Ho et al. [21] studied the free convection heat transfer
in a square cavity containing ALOs/distilled water (DW) (0.1-4 vol%) nanofluid and they
demonstrated that the highest heat transfer enhancement occurred for ¢ = 0.1 vol%. The work
of Joshi and Pattamatta [8] was also found to be consistent with those stated above. Relative to
DW, they noticed that the maximum improvement in heat transfer was noticed for ¢ = 0.1 vol%
when the thermo-convection performance of ALOs;, MWCNT, and graphene/DW (0.1—

0.5 vol%) nanofluids filled into a square enclosure was investigated. On the contrary, Nnanna et
al. [22] reported that the optimum heat transfer enhancement of Al,Os/DIW (0.2-8 vol%o)
nanofluid contained in a rectangular cavity was achieved when ¢ = 0.2 vol%. Similarly, Sharifpur
et al. [23] found that the free convection heat transfer performance of TiO,/DIW (0.05—

0.8 vol%) nanofluid in a rectangular cavity was augmented by 8.2% at ¢ = 0.05 vol%.

In attempting to enhance free convection performance of nanofluids in cavities, various
techniques such as AR, magnetic field, cavity inclination, hybrid nanofluid (nanofluid prepared
using two or more nanoparticles), base fluid, porous cavity, and bio-nanofluid have been
employed in experimental studies. The free convection heat transfer characteristics of aqueous
carboxymethyl cellulose-based Al,Os and TiO; nanofluids in a vertical cylinder with AR = 0.5—
1.5 and heated from the bottom was investigated by Mahrood et al. [24]. The result showed that
the optimum heat transfer occurred at ¢ = 0.1 vol% and 0.2 vol% for the TiO, and ALO;
nanofluids, respectively, with the former being the better of the nanofluids. For both nanofluids,
an increase in AR was observed to augment heat transfer. A rectangular cavity filled with
ALO;/DIW (0.01 and 0.1 vol%) nanofluid and having AR = 0.3-2.5 was examined by
Choudhary et al. [25]. The free convection heat transfer performance was found to depend on
the AR, Ra, and ¢. The highest enhancement (29.5%) was recorded for 0.01 vol% at AR = 0.5
and Rz = 7.89 X 10% Solomon et al. [26] engaged ALO3;/DIW (0.1-0.6 vol%) nanofluid in a
cavity having AR of 1, 2 and 4 and noticed that 4 and Nx were functions of AR. Maximum heat
transfer enhancements wete achieved when ¢ = 0.1, 0.2 and 0.3 vol% for cavities with AR =1, 2
and 3, respectively. Additionally, Ali et al. [27] studied the free convection of ALO3;/DW (0.21—
0.75 vol%) nanofluid in a vertical cylinder (with AR = 0.0635 and 0.127) heated from the top.
They reported the deterioration of the heat transfer performance of the nanofluid as a function
of AR and ¢ with the DW. In a similar study that used the same experimental setup but heated
the vertical cylinder from the bottom, Ali et al. [28] showed enhancements of 4 by 40% and 8%
for ¢ = 0.21 vol% and AR = 0.0635, and ¢ = 0.51 vol% and AR = 0.127, respectively.

The dual effect of cavity inclination and AR on the augmentation of heat transfer of nanofluids
in enclosures were also studied. Moradi et al. [29] experimented the influence of inclination angle
(30°-90°), AR (0.5-1.5), and heat fluxes (500~1500 W/m? on the free convection characteristics
of ALL,Os/DIW and TiO,/DIW nanofluids (p = 0.1-1.5 vol%) in a cylindrical cavity heated from
the bottom wall. They showed deterioration of heat transfer with the use of TiO,/DIW
nanofluid and it enhancement when ALOs;/DIW nanofluid was engaged. The highest
enhancement was obsetrved for ¢ = 0.2 vol% when AR = 1 and inclination angle = 30°. The
presence of porous media in a rectangular cavity saturated with ALO3/EG (60%)-DIW (40%)
nanofluid (¢ = 0.05-0.4 vol%) was investigated for the free convection heat transfer capability
[30]. Results revealed that the heat transfer augmentation depended on the ¢ and porous media.
Concerning the base fluid, the use of the porous media and nanofluid in the cavity yielded heat
transfer augmentation of 10% when ¢ = 0.1 vol% and AT = 50 °C.



Giwa et al. [31] pioneered the experimental study of free convection behaviour of hybrid
nanofluids of ALO>-MWCNT (95:5 and 90:10)/DIW) with ¢ = 0.1 vol% in a squate cavity.
Results revealed the enhancement of heat transfer using hybrid nanofluids when compared with
DIW and mono-particle nanofluid of ALO;/DIW [9]. Maximum improvement of 4 = 9.8% and
Nu =19.4% was achieved using ALO3;-MWCNT (90:10 ratio)/DIW nanofluid. An extension of
this work in which different percent weights of water-based AL,Os-MWCNT nanofluids has been
recently published [32]. Additionally, Solomon et al. [33] investigated the free convection of
green nanofluid (DIW-based mango bark) with ¢ = 0.01-0.5 vol% in a rectangular cavity for the
first time. They reported the deterioration of the free convection heat transfer of the green
nanofluid in comparison to DIW.

Yamaguchi et al. [34] experimented the influence of an external magnetic field on the free
convection behaviour of Mg-Zn fertite/kerosene nanofluid in a square cavity. They showed that
the presence of a magnetic field resulted in heat transfer enhancement and increasing the
magnetic field strength caused further enhancement. In a similar study by the author and
engaging the same magnetic nanofluid, the dual presence of external magnetic field and heat-
generating objects (inside the cavity) were observed to augment the free convection heat transfer.
Increasing the size of the heat-generating objects was noticed to reduce heat transfer slightly [12].
The influence of ¢ and three types of arrangements of permanent magnets on the free
convection performance of DIW-based Fe;O3 nanofluid (0.05-0.3 vol%) contained in a
rectangular cavity was examined by Joubert et al. [35]. They observed that the heat transfer
augmentation of the nanofluid depended on the ¢, magnetic field strength and magnets’
configuration. The optimum heat transfer performance was attained when ¢ = 0.1 vol% with the
placement of 700 G magnets above and below the hot side of the cavity. In the presence of the
magnetic field, the N# was enhanced by 2.81% (p = 0.1 vol%) compared to the case without the
magnetic field. Roszko and Fornalik-Wajs [13] researched into the influence of AT (5-25 °C),
magnetic excitation and strength (0—10 T) on the free convection characteristics of DW-based
Ag nanofluid (p = 0.1 vol%) in a cubic cavity exposed to a variable magnetic field. They showed
that the Nx was enhanced as a function of AT, magnetic field and strength. Recently, Dixit and
Pattamatta [36] examined the influence of magnetic excitation on the free convection of non-
magnetic nanofluids (SiO./, MWCNT/, graphene/, and Cu/DW) for ¢ = 0.057-2 vol% in a
square cavity. They reported heat transfer depreciation for all the nanofluids considered on
exposure to the magnetic field despite indicating enhancement capabilities (for ¢ = 0.1 vol%
MWCNT/DW and graphene/DW nanofluids) when not exposed to the magnetic field. The
depreciation was observed to depend on the magnetic field direction and strength, type and
concentration of nanofluids and Ra. The work of Dixit and Pattamatta [36] contradicted that of
Roszko and Fornalik-Wajs [13] concerning the enhancement of free convection heat transfer of
non-magnetic nanofluids in a square enclosure under a magnetic field.

In the context of this literature survey, it is obvious that despite limited experimental studies on
the free convection thermal transfer of nanofluids in enclosures, no work at present has reported
the synergetic effect of employing the duo of the magnetic field and hybrid nanofluid on heat
transfer enhancement. This current study aimed at expanding the body of knowledge on the
engagement of both magnetic hybrid nanofluid (hybrid ferrofluid) and magnetic excitation to
enhance thermo-convection heat transfer in a cavity. Hybrid nanofluid is an extension of mono-
particle nanofluid which is presently being researched as a newly engineered fluid.



2. Experimental study description
2.1. Formulation and characterization hybrid ferrofluids

The nanoparticles used in this study were y-Al,O3 (20-30 nm diameter) and Fe;O; (98% purity;
20-30 nm diameter). Both nanoparticles were purchased from Nanostructured and Amorphous
Materials Inc., Houston, Texas, USA. The surfactant (sodium dodecyl sulphate (298.5% purity))
was sourced from Sigma-Aldrich, Germany. To formulate the aqueous hybrid ferrofluids
(AHFs), ALO; (25 wt%) and Fe,Os (75 wt%) nanoparticles were dispersed into deionized water
(DIW) using the two-step technique. In the formulation of stable AHFs, variables such as
dispersion fraction, sonication time, and amplitude were optimized by monitoring the electrical
conductivity of AHF. This was used to determine the critical micelle concentration (CMC). The
optimized dispersion fraction for the formulation of AHF is provided in Fig. 1. The electrical
conductivity was observed to increase until it decreased at the dispersion fraction of 1.1. This
point was the CMC, and it was the optimum dispersion fraction for the AHF formulation. Other
optimal variables used to achieve stable AHFs were sonication time of 2 h and amplitude of 70%
with 5 s and 2 s sonic switching on and off, respectively. The digital weighing balance (Radwag
AS 220.R2) was used to weigh ALO; and Fe;O; nanoparticles, and surfactant (1.1% dispersion
fraction). The expression in Eq. (1) was used to estimate the weights of the hybrid nanoparticles
and the surfactant dispersed into 1.4 1 for various volume concentrations (0.05-0.3 vol%). The
weighed materials were put in a beaker and immersed in a water bath (LAUDA ECO RE1225)
to maintain a constant temperature while homogenizing the mixture with the use of an
ultrasonicator (Qsonica Q-700; 700 W and 20 kHz) at the optimized values for sonication.
Stability of the formulated AHFs was monitored using a UV—visible spectrophotometer (Jenway;
model 7315) to measure the absorbance for 50 h, and the visual inspection was performed
weekly for a month [26]. Also, a transmission electron microscope (JEOL JEM-2100F) was used
to characterized the morphology of AHFs.
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Fig. 1. Optimum dispersion fraction for a stable aqueous hybrid ferrofluid formulation.
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Fig. 2. Experimental setup.
2.2. Description of setup and procedure

The natural convection heat transfer of the AHFs in a rectangular (length 120.8 mm X breadth
99.7 mm X height 113.2 mm) cavity exposed to magnetic excitation was studied. Two opposite
vertical walls of the cavity were differentially heated while the remaining walls were thermally
insulated. With the temperature differences of 20 °C (20 °C and 40 °C), 25 °C (20 °C and 45 °C),
30 °C (15 °C and 45 °C), and 35 °C (15 °C and 50 °C), natural convection was generated inside
the cavity when charged with DIW and AHFs. Isothermal counter-flow shell and tube heat
exchangers were engaged in achieving constant heating of the cavity walls by circulating water at
constant temperatures between the thermal baths (PR20R-30 Polyscience; —30 and 200 °C;
0.005 °C accuracy) and the heat exchangers. Flow meters (Burkert Type 8081; the accuracy

of £0.01% of full-scale flow rate +2% (measured value)) installed on the inlet pipes of the heat
exchangers were used to measure the flow rates of the water being circulated. Both the pipe
connections and the cavity were insulated to reduce heat loss within the experimental setup. A
schematic representation of the experimental setup is shown in Fig. 2. Temperatures within and
outside the cavity were measured using T-type thermocouples (Omega Engineering Inc., USA;
the accuracy of 0.1 °C). The arrangement of the thermocouples (23) within and around the cavity
is presented in Fig. 3. Before the initiation of this experiment, the thermocouples were calibrated
at a temperatute range of 15-50 °C. The uncertainty telated to the calibrated thermocouples was
0.16 °C.
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Fig. 3. Thermocouples arrangement.

In this study, a run of four experiments for each sample of DIW and AHFs was carried out at
different temperature gradients after charging the cavity with the test samples. Data acquisition
of the temperatures and flow rates commenced after the samples have reached a steady-state
(after 50 min of charging the cavity with the test sample). The data were logged into a computer
(installed with a LABVIEW® software (2014 version)) using a 32-channel data logger (National
Instrument; SCXI-1303). Flow rates of the thermal baths were adjusted (within a maximum
difference of 4%) to attain thermal equality between both ends of the cavity containing the test
samples.

To investigate the effect of magnetic excitation on the convective heat transfer of AHF in the
cavity, the AHF sample with the highest heat transfer performance was selected. Two identical
electromagnets were mounted on the various walls (top, bottom, and side) of the cavity
(containing the selected sample), to impose magnetic excitation of 118.4 G on the sample. These
electromagnets were connected to a DC power supply (NIE, model: PS3020 with maximum 20
A and 30 V) to generate magnetic excitation. Increasing the current supply to the electromagnets
was noticed to increase the magnetic excitation. A gaussmeter (5180 model, F.W.BELL, USA, 1
G-30 kG with 1.1% accuracy) was used to measure the intensity of the magnetic excitation. The
arrangement of the electromagnets is presented in Fig. 4. It should be noted that at the top of
the cavity, the electromagnets were placed parallel and perpendicular to the direction of the
temperature gradient, whereas, for the sidewall, the electromagnets were positioned both
horizontally and vertically. For the bottom wall, the magnets were placed perpendicular to the
direction of the temperature gradient. The magnetic excitation was imposed on the cavity walls
for 10 min to allow sufficient time for the saturation of the magnetic excitation within the
enclosure. On identifying the electromagnets’ arrangement with the highest heat transfer
enhancement, the magnetic excitation was increased from 48.9 to 219.5 G to investigate the
possible augmentation in heat transfer performance.
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2.3. Determination of thermophysical properties

The thermal conductivity and viscosity of the AHF for 0.05 vol%—0.3 vol% at a temperature
range of 2040 °C were measuted using vibro-viscometer (SV-10, A&D, Japan, +3% accuracy)
and TEMPOS thermal properties analyzer (METER Group; £10% accuracy for »# = 0.2—

2.0 W/m K), respectively. The comparison of the measured thermal conductivity of AHF to that
estimated based on modified Maxwell model [37] for hybrid nanofluid was also performed. The
thermal expansion coefficient, specific heat capacity, and density of DIW and AHFs were not
determined experimentally but by numerical evaluation. As provided in the literature [37], the
empirical mixture models for these properties have been modified for hybrid nanofluids, and it
was used for the AHF in this study. These properties are given in Eqs. (2), (3), (4), (5).
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The correlation developed (from the measured thermophysical properties in this present study)
for the viscosity and thermal conductivity of AHF (Fe;Os- ALOs/DIW nanofluid) was engaged
in the data reduction process.

2.4. Data reduction

To reduce the data of temperatures and flow rates obtained in this study, the thermophysical
properties of the test samples of DIW and AHFs were employed in estimating the important

variables of Nt 1, Q, and Ra. Q,, by, Nugy and Ra e calculated using Egs. (5), (0),
respectively. The thermal equilibrium reached between the thermal baths and the cavity samples
was quantified using Eq. (6).
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2.5. Validation of cavity
Validation of the cavity was carried out by comparing

data of DIW obtained in this work with those of Nx data estimated using empirical models
sourced from the literature. The models proposed by Berkovsky and Polevikov [30], Leong et al.
[38] and Cioni et al. [9] for the prediction of N of water in a cavity are expressed in Egs. (10),
(11), (12), respectively. Values of Rz and Pr for DIW and EG-DIW were substituted into Egs.
(10), (11), (12) to obtained Nu.

.20
Nu = 0.18(5£5 Ra) ~ (Pr<10°Ra < 10°;1 < H/L < 10)

(10)
iy
Pr="5 N
Nu = 0.08461Ra"** (10* < Ra < 10%) (11)
Nu = 0.145Ra"2? (3.7210° < Ra < T210°) (12)

2.6. Uncertainty analysis

An analysis of the uncertainty associated with different variables considered in this work was
carried out. The purpose was to have a good knowledge of the degree of reliability of the
collected data involving these variables. Data of temperatures and flow rates noticed as the main
error sources have been propagated using Egs. (7), (8), (9).
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The estimated uncertainties were 8.12% (@), 3.06% (Nu), and 6.10% (h).

3. Results and discussion
3.1. Morphology and stability of aqueous hybrid ferrofluid

Fig. 5 shows the TEM image of Fe;O3-ALOs/DIW nanofluid for ¢ = 0.3 vol%. A good
dispersion of both types of nanoparticles into DIW was noticed in Fig. 5, which indicated good
stability of the AHF. The distribution of the hybrid nanoparticles observed in Fig. 5 also
reflected the percent weights that were used in the formulation of 0.3 vol% AHF. Both
nanoparticles were noticed to be spherical but with the difference in appearance as indicated.
Particle size ranges of 20.50 nm—34.99 nm and 16.60 nm—35.31 nm were identified (using TEM)
for ALOj; and Fe;O3 nanoparticles, respectively. The UV—visible spectrophotometer was used to
monitor the AHFs for a duration of 50 h. The stability of the AHF for 0.05, 0.1 and 0.3 vol% is
displayed in Fig. 6. For the stability of each AHF monitored, absorbance values of approximately
2.4, 2.5, and 2.8 at wavelengths 297, 299, and 299 nm were recorded for 0.05, 0.1 and 0.3 vol%,
respectively. With a wavelength of 225 nm reported for water-based ALO; nanofluid [9], the
wavelength values obtained for the AHF can be connected to the hybridization of ALOs and
Fe,Os nanoparticles. The linearity of the absorbances of AHFs as illustrated in Fig. 6 showed the
degree of stability of the nanofluids over time. It is worth noting that the stability reported above
was carried out immediately the AHFs were charged into the cavity to check their stability
throughout the duration of the experiment and beyond. The AHFs were visually inspected and
found to be stable for over one month with little or no sedimentation.

Fig. 5. TEM image of aqueous hybrid ferrofluid (Fe2Os- Al,O3 (75%0:25%)).
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Fig. 6. Stability of different concentrations of aqueous hybrid ferrofluid.
3.2. Measured thermophysical properties aqueous hybrid ferrofluids

A plot of the effective viscosity of AHFs against temperature for various volume concentrations
is presented in Fig. 7. It was observed that the effective viscosity of AHFs was enhanced as the
volume concentration increased. Also, this thermal property detracted as the temperature
appreciated. The obtained result was observed to agree with the report found in the literature
concerning the effect of ¢ and temperature on the effective viscosity of nanofluid [39], [40], [41].
Enhancement range of 4.55-20.43% was recorded for the AHF in comparison with the DIW. A
new correlation which depended on ¢ and temperature has been developed for predicting the
effective viscosity of AHF based on the measured data. The developed correlation was expressed
in Equation (16) and it has a prediction accuracy of 98% with a margin of deviation of —2.34%
and 2.30%. The AHF was found to have a lower viscosity in relation to the Fe,O3-DIW
nanofluid as published by Joubert et al. [35]. The utilization of 25 wt% ALO; nanoparticle in
AHF was observed to cause a reduction in the viscosity of the mono-particle ferrofluid (FeOs-
DIW). Using the correlation proposed in the work of Joubert et al. [35] and this study (at the
temperatures and ¢ considered in this present work), the viscosity of the mono-particle ferrofluid
was estimated to be reduced by 28.02-31.02%. This indicated that the use of AHF resulted in
viscosity reduction, which would be beneficial to the convective heat transfer and flow of
nanofluids.

pip = 1.3291 — 0.0164T + 0.3010¢ (R* = 0.962) a6
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Fig. 7. Effect of temperature on effective viscosity of aqueous hybrid ferrofluid.
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Fig. 8. Effect of temperature on effective thermal conductivity of aqueous hybrid ferrofluid.

In Fig. 8, the influence of ¢ and temperature on the thermal conductivity of AHF is illustrated.
Both temperature and ¢ were noticed to enhance the effective thermal conductivity of AHF with
the temperature being more significant than ¢. Besides, the AHFs were observed to have better
thermal conductivity than DIW. Since the hybrid nanoparticles have higher thermal conductivity
(individually and combined) than DIW, expectedly the dispersion of the nanoparticles into DIW
would produce AHFs with higher thermal conductivity. Also, it was estimated that the AHFs
have thermal conductivity augmentation of 0.58%—3.32% over that of DIW for the range of ¢
and temperature studied. A formula was proposed using the experimental data (thermal
conductivity) for predicting the AHF thermal conductivity as given in Equation (17). The
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formula has a prediction performance of over 98% with a margin of deviation of —4.25% and
3.88%.

Kapp = 2.508 x 107°T 4 0.1220¢ + 0.5720 (17)

Plots of the effective thermal expansion coefficient, density, and specific heat capacity of AHF
were presented in Fig. 9, Fig. 10, Fig. 11, respectively. It was obsetved in these figures that an
increase in temperature caused an enhancement of effective thermal expansion coefficient and a
depreciation of effective density and specific heat capacity of AHF. Concerning an increase in
volume concentration, the effective density was augmented while the specific heat capacity and
thermal expansion coefficient were reduced for AHF. These results (for density and specific heat
capacity) agreed with previous studies found in the literature for hybrid nanofluids [42], [43]. A
comparison of this proposed formula with that of the modified Maxwell model (Eq. (6)) revealed
that the latter underestimated the experimental data as presented in Fig. 12. This implied that
using theoretical and empirical models could lead to overestimation of resultant output when
used in the data reduction process. Thus, it is advisable to determine thermophysical properties
engaged in the data reduction process for studies involving natural convection of nanofluids in
various enclosures, experimentally. This is consistent with the work of Astanina et al. [44] which
showed that the use of various correlations (experimental and theoretical) led to a considerable
heat transfer in a partially-heated square cavity containing AL O3/water nanofluid and exposed to
an inclined magnetic field.
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% |
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S
W
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Fig. 9. Estimated effective thermal expansion coefficient of aqueous hybrid ferrofluid.
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Fig. 10. Estimated effective density of aqueous hybrid ferrofluid.
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Fig. 11. Estimated effective specific heat capacity of aqueous hybrid ferrofluid.
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Fig. 12. Comparison of measured and empirically derived effective thermal conductivity of AAF for
volume fraction of 0.30 vol%.
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Fig. 13. Cavity validation with empirical models.
3.3. Cavity validation

The validation of the cavity was carried out using the N data for DIW obtained in this study.
To depict the validity of the cavity, a comparison of the N# values obtained in this work with
those calculated using existing numerical models reported in the literature for natural convection
[9], [38], [45] is plotted in Fig. 13. It was observed that the models could not predict the
experimental Nx values correctly but rather underestimated it using the Ra values (for DIW)
obtained in this work. It was clear from the literature that Leong et al. [38] proposed a model
having Ra range of 10* < Rz < 10°, which was less than the values

(1.37 x 10° < Ra < 2.20 X 10% obtained experimentally in this work. On the contrary, the model
of Cioni et al. [9] has a Ra range (3.7 X 10° < Rz < 7 x 10°) higher than the experimental Rz
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range. However, the model proposed by Berkovsky and Polevikov [45] with a range of Rz < 10"
was well within the range obtained for this study. Conclusively, the experimental values were
found to be significantly higher than those estimated by these models (see Fig. 13). Thus, the
obtained result agreed with previous studies in the literature that reported that none of these
models successively estimated the experimental N# data for DIW in a cavity, though with similar
trends [23], [20].

3.4. Heat transfer performance of aqueous hybrid ferrofluids (without magnetic
induction)

This present study engaged stable aqueous Fe;O3-ALOs nanofluids (AHFs) formulated for
various ¢ in a rectangular cavity subjected to different AT conditions. The thermal transport

behaviour of AHFs (in the cavity) was studied for Rav, Ngy, and Qay- | The plot of N, against
Ra at different ¢ is presented in Fig. 14 with Ra ranging from 1.49 X 10°-3.04 X 10°. The DIW
has Ra range of 1.88 X 10°~3.04 x 10° while the AHFs were with a range of 1.49 X 10°-

2.68 x 10°. From Fig. 14, an enhancement in the Nu,, was observed with increasing ¢, AT and
Ra. Generally, the Nu,, of AHFs was higher than that of DIW. The dispersion of hybrid
nanoparticles (Fe;Os and ALO3) into the DIW was noticed to cause a decrease in Rz at each AT
(when compared with Ra for DIW) with a corresponding increase in the Nz, for the AHF
samples. Thus, the Rz was directly related to the Nu.,. This trend agreed with previous studies
[8], [23] and can be ascribed to the difference in the thermophysical properties of the DIW as
afforded by the dispersal of hybrid nanoparticles into it (see Fig. 7, Fig. 8). From Fig. 14,

0.1 vol% AHF was noticed to have the highest N, (93.26) at Rz = 2.68 X 10° and AT = 35 °C.
This was followed by 0.05 vol%, 0.2 vol%, and 0.3 vol% AHFs and lastly the DIW. The Nz, of
93.26 attained in this present study was slightly higher than the value of 82.76 (at Rz = 3.94 X 10°
and ¢ = 0.1 vol%) reported by Joubert et al. [35] on investigating the thermo-convection of
aqueous Fe;Os nanofluids in a rectangular enclosure. The formulation of AHFs by adding AL,O;
(25%) and Fe;Os nanoparticles (75%) to DIW could be connected to the enhancement observed
in this work.
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Fig. 14. Effect of Rz on Nu,, for test samples.

In Fig. 15, the influence of ¢ and AT on the N, is presented. The increase in AT was observed
to have a direct impact on the Nz, by enhancing it, whereas a rise in ¢ (0.00-0.10 vol%)
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augmented the Nz, to a peak, and after that, it diminished (0.10-0.3 vol%.). In relation to the
DIW, the N,y was enhanced by 10.81%, 6.41%, and 3.66% for 0.1 vol% AHF, 0.05 vol% AHF,
and 0.2 vol% AHF, respectively, and deteriorated by 1.12% for 0.3 vol% AHF. The optimum
augmentation (10.81%) of the N, obtained in this work was slightly higher than the value of
5.63% published by Joubert et al. [35]. This clearly showed the possible enhancement in heat
transfer that can be provided when hybrid nanofluids are engaged in thermo-convection studies.
Based on the findings (from Fig. 7) that the effective viscosity of AHF was enhanced with
increasing value of g, the buoyancy force within the cavity was suppressed at higher
concentrations of the hybrid nanoparticles due to increased viscosity. This scenario led to
deduction in the N, after a peak has been reached. Though the effective thermal conductivity
was augmented with increasing ¢ (see Fig. 8), the enhancement in the viscosity of AHF at high ¢
caused the convective flow of AHF in the cavity to diminish. Thus, the deterioration of the N,
as an increase in ¢ would further enhance the viscosity of AHF.

T i T T T
—m—AT =20°C
—8—AT=25°C
A—AT=30°C| 4
—¥—AT=35°C

70 == H T J T v T

@ (vol.%%)

Fig. 15. Effect of volume fraction on N, for test samples.

A formula was developed from the N, data of AHF, and it was expressed in Eq. (18). The
prediction performance of the formula was 94%.

Nu = 0.721(Ra)"***" 90913 (R? — 93.85%) (18)

The relationship between the predicted and experimental N, values is presented in Fig. 16. The
formula proposed can predict the experimental values with a margin of deviation of —2.66% and
2.96% and an average absolute deviation of 1.498%.
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Fig. 17. Effect of volume fraction on 4,, for test samples.

In Fig. 17, the influence of ¢ on the 4., at various AT for all test samples is presented.
Expectedly, the /., was enhanced with increasing AT for all the samples considered in this work.
However, this was not the case when ¢ was increased from 0.0 to 0.3 vol%. The numerical value
of the /., for DIW (p = 0.00 vol%) was observed to be improved with increasing ¢ for 0.05—
0.2 vol% AHFs and it slightly deteriorated for 0.3 vol% AHF. A peak in the /.

(574.66 W/m?* °C) was achieved using 0.1 vol% AHF at AT = 35 °C and this corresponded to
11.92% enhancement relative to the A, of DIW. For 0.05 vol% and 0.2 vol% AHFs, the 4., was
enhanced by 7.69% and 3.95%, respectively, and for 0.3 vol% AHF, an attenuation of /., by
0.8% were observed in comparison to the 4., of DIW at AT = 35 °C. The decline in the
augmentation of /., for 0.20 vol% and the subsequent deterioration for 0.30 vol% can be linked
to the increase in their viscosity at these concentrations, which retarded the convective heat
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transfer in the cavity and consequently caused the reduction of 4, for these AHF samples. With
previous studies reporting 4., of 15% [9] and 18% [21] for alumina nanofluids and 12.7-19.4%
[31] for ALOs>-MWCNT/water nanofluids in square cavities, the value of 4., obtained for AHF
was found to be in close agreement with these publications.

To understand the free convection thermal transport capability of AHFs in the cavity, the @avas
a function of ¢ at different AT was examined. As shown in Fig. 18, an increase in AT from 20 to

35 °C was noticed to produce a corresponding increase in @av for all the studied samples.
Increased agitation of molecules of the samples in the cavity due to AT increase was responsible

for the improvement in Qus. The dispersion of hybrid nanoparticles into DIW was noticed to
enhance o for 0.05-0.2 vol% AHFs with the peak augmentation recorded for 0.1 vol% AHF.
However, a deterioration was observed for 0.3 vol% AHF. In relation to Q@ for DIW, the AHF

samples of 0.05 vol%, 0.1 vol%, and 0.2 vol% showed enhancement of Quv by 8.45%, 10.79%,
and 5.08%, respectively, and depreciation of 3.01% for 0.3 vol% AHF. Recently, Sharifpur et al.
[23] reported heat transfer enhancement of 8.2% using TiO,/DIW nanofluid in a rectangular
cavity while Giwa et al. [31] published 7.2-9.8% as the value for the heat transfer augmentation
of ALO;-MWCNT /water nanofluids in a square enclosure. The value of 10.79% achieved for
thermal transport enhancement of AHF in this study was noticed to be slightly above those of
these previous studies.
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Fig. 18. Effect of volume fraction on 4, for test samples.
3.5. Heat transfer performance of aqueous hybrid ferrofluids (with magnetic induction)

Since 0.10 vol% AHF was noticed to offer the maximum heat transfer performance, the impact
of external magnetic induction at various parts of the cavity on its free convection heat transfer
was investigated. The effect of the magnetic induction of 118.1 G on different walls of the cavity
containing 0.1 vol% AHF (as earlier described in sub-Section 2.2) is shown in Fig. 19. Nz, was
augmented by 1.83%, 1.31% and 2.64% (at Rz = 2.01 X 10%) when the magnetic field strength of
118.1 G was induced horizontally on the sidewall, perpendicular to the direction of temperature
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gradient on the bottom wall and vertically on the sidewall of the cavity, respectively, relative to
the case of N, of 0.1 vol% AHF without magnetic induction. The introduction of magnetic
fields into the setup was observed to create magnetic forces into the fluid with the evidence of a
rise in the temperature of 0.1 vol% AHF, which consequently led to the augmentation of the
convective flow within the cavity. Consequently, the /. of 0.1 vol% AHF was enhanced causing

N, and heat transfer performance (@a) augmentation. However, the deterioration of N, by
1.11% and 1.64% (relative to N,y of 0.1 vol% AHF without magnetic induction) was observed
with the magnetic induction of 118.1 G parallel and perpendicular to the direction of the
temperature gradient on the top wall of the cavity, respectively. Owing to the direction
(perpendicular and parallel to temperature gradient) for the top wall, the induced magnetic field
was noticed to retard the convective flow due to suppression of buoyancy forces within the
cavity.
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Fig. 19. Effect of magnetic induction on Nu,, for different walls of the cavity.

On detecting that the imposition of the magnetic field vertically on the sidewall and
perpendicular to the direction of the temperature gradient on the bottom wall caused heat
transfer enhancement of 0.1 vol% AHF, the magnetic strength range of 48.9 G-219.5 G was
studied to understand how this affected the Nz,. The obtained result is presented in Fig. 20. It
can be observed that increasing the magnetic strength from 48.9 G to 219.5 G caused the
enhancement of Nz, With the magnetic induction positioned vertically on the side of the cavity,
the N, was augmented by 1.39%0—4.91% when the magnetic field was increased from 48.9 G to
219.5 G, while the Nz, was improved by 1.06%—2.59% on increasing the magnetic field. In
addition, the N, was improved by 0.53%—1.75% when the magnetic fields were induced
perpendicular to the direction of the temperature gradient on the bottom wall subject to the
increase in magnetic field strength (Fig. 20). This showed that the vertical positioning of the
electromagnets to induce magnetic fields on the side of the rectangular cavity afforded the
maximum Nz, enhancement with the peak obtained at 219.5 G. For this magnetic induction

position, maximum augmentation of 5.38% and 4.31% were estimated for /4., and Quvat 219.5 G,
respectively. The published works of Joubert et al. [35], Yamagushi et al. [34] and Roszko, and
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Fornalik-Wajs [13] agreed with this outcome that increasing the strength of magnetic fields
induced on the walls of cavities containing nanofluids resulted in the augmentation of heat
transfer performance. With Joubert et al. [35], the exposure of permanent magnets of 700 G to
the top and bottom walls (at the hot side) of a rectangular cavity containing Fe,O3/DIW
nanofluid (p = 0.10 vol%) enhanced Nz, by 2.81% above that of the case without magnet
induction. It can be concluded that the vertical positioning of the induced magnetic fields
provided the maximum heat transfer enhancement of all the electromagnets’ arrangements
considered in this present study.
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Fig. 20. Nu,, enhancement with increasing magnetic induction.
4. Conclusion

Stable AHFs (0.05-0.3 vol%) were formulated, and the thermal properties (thermal conductivity
and viscosity) were measured at temperatures of 20—40 °C. With the AHFs charged into a
rectangular cavity, an examination of the free convection heat transfer performance was
conducted at a steady-state under varying temperature gradients with and without a magnetic

induction. Without magnetic induction on the cavity walls, improvements in Aay, Ny, and Quv,,
were observed for 0.05-0.2 vol% AHFs in comparison with the DIW. Peak heat transfer
enhancement of 10.81% was achieved using 0.10 vol% AHF at AT = 35 °C. By inducing
magnetic fields vertically on the side wall of the cavity, maximum enhancement of N, was
achieved compared to other magnetic induction arrangements. Additionally, increasing the
magnetic field strength (48.9-219.5 G) was noticed to further enhance heat transfer of 0.10 vol%
AHF contained in the cavity. The use of hybrid nanofluid was revealed to have better heat
transfer performance than mono-particle nanofluids. Moreso, the imposition of the magnetic
field on 0.1 vol% AHF has been demonstrated to improve heat transfer.
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