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Abstract

The prospect to alter the thermophysical properties of ferrofluid with an influence of magnetic field
leads to improving natural convection in various heat transfer systems. This investigation principally
focuses on the studies of electromagnetism-based turbulent natural convection heat transfer of low-
density disk-shaped magnesium ferrite /water-based ferrofluid, filled in a novel heat pipe-assisted
cubical cavity at various volume fractions. Two flat plate heat pipes were used to maintain temperature
differences in the cavity. To advance the buoyancy of working fluid inside the cavity, deliberately low-
density ferrofluid containing disk-shaped particles were formulated using the hydrothermal method.
The temperature difference between the two-heat pipe-assisted vertical walls were sustained with four
distinct temperature ranges from 10 to 25 °C. The ferrofluid filled in the cavity was then subjected to
magnetic field ranging from 0 to 350 Gauss to understand the thermomagnetic convection effects on
heat transfer. The optimal volume fraction of ferrofluid for maximum heat transfer was found to be
0.05% at a wall temperature difference of 25 °C, owing to 23.51% improvement in average heat transfer
coefficient along with 33.37% improvement in average Nusselt number when compared to water. With
the application of a magnetic field of 350 Gauss, the average heat transfer coefficient was further
enhanced by 10.11%, and the average Nusselt number improved by 6.28% for 0.05% volume fraction
in comparison to the condition where no magnetic field was applied.

Keywords: Natural convection; Heat pipe; Ferrofluid; Magnetic field; Magnesium ferrite; Turbulent
flow



Introduction

Utilization of renewable energy sources has the potential to save the environment from the
consequences of global warming, energy scarcity, and climate change caused by the overconsumption
of fossil fuels to meet our energy requirements. Therefore, it is absolutely necessary to use renewable
energy and to improve the operational efficiency of renewable energy systems. The solar PV system is
one of the most commonly used systems for generating electricity from incident sunlight with the aid
of solar cells. However, only a small quantity of incident light is transformed into electricity, and most
of the light energy is converted into heat by the solar PV-panel surfaces. The temperature of the panel
surface will rise due to absorbed solar radiation and lower the performance of solar PV systems (Ahmed
et al. 2019). Therefore, to improve the efficiency of solar PV systems, it is mandatory to remove the
excess heat generated in the solar PV panel surface. In the past, conventional cooling fluids such as
thermal oil, water, refrigerant, and ethylene glycol were used for reducing the PV-panel surface
temperature (Elsheikh et al. 2018; Sathyamurthy et al. 2021). However, the thermo-physical properties
of conventional cooling fluids are known to be insubstantial to make them effective for use in cooling
PV-panel surfaces.

Nanofluid (NF) is a colloidal mixture of nanomaterials and conventional cooling fluids
formulated to boost the heat transfer properties of conventional cooling fluids (Choi 1995).
Additionally, NFs have many different applications in energy/catalysis research (Ghasemi et al. 2020,
2021; Mozaffari et al. 2021). There are wide range of investigations carried out for improving the
thermo-physical properties of conventional fluids by suspending different types of nanoparticles of
various sizes (less than 100 nm) into them. It was concluded that the thermophysical properties of the
NF was enhanced with a rise in nanoparticles quantity in base fluids (Gaganpreet and Srivastava 2012;
Nkurikiyimfura et al. 2013; Solangi et al. 2015; Shah et al. 2017; Sezer et al. 2019). Further, the addition
of hybrid nanoparticles into the conventional fluid was found to be one of the effective methods for
improving the thermo-physical properties of conventional fluids (Soltani and Akbari 2016; Akilu et al.
2017). Apart from NF and hybrid NF, Ferrofluids (FFs) were formulated by dispersing magnetic
nanoparticles into the traditional cooling fluids for enhancing its thermo-physical properties by applying

an external magnetic field (MF). From the reviews (Kumar and Subudhi 2017; Doganay et al. 2019),



it was evident that the application of MF on the FF can enhance the thermal conductivity and viscosity
of FF significantly. To study the effectiveness of NFs in various thermal systems, natural convection
heat transfers in cavities filled with different NFs were investigated and it was concluded that the heat
transfer capacity of NFs was enhanced at lower volume concentrations. However, the heat transfer
capacity of NFs was reduced due to its high viscosity and density at higher concentrations (Hu et al.
2014; Choudhary and Subudhi 2016; Ghodsinezhad et al. 2016; Garbadeen et al. 2017; Solomon et al.
2017). Giwa et al.(2019) experimentally investigated the use of hybrid NF (ALL,O;: MWCNT/H,0) in
the square cavity for the free convection heat transfer. The hybrid NF was prepared at various weight
percentages of AlO3 / MWCNT nanoparticles and the results revealed that the water-based NF with
60:40 weight percentage of Al,O3;: MWCNT enhanced the natural convection heat transfer in terms of
Nusselt number by 16.2% and average heat transfer coefficient by 20.5% compared to that of water.
Besides this, a new way of enhancing the natural convection heat transfer with FF in the
enclosure through regulating fluid movement by means of MF was proposed in few studies
(Sheikholeslami and Rokni 2017; Giwa et al. 2020a). Some studies show the importance of using
sensitivity analysis and artificial intelligence to obtain more precise predictions (Ebrahimi et al. 2021;
Wang et al. 2021). Very few experimental investigations were also conducted to examine the impact of
MF on the natural convection heat transfer by using FFs filled clear enclosure (Giwa et al. 2021;
Narankhishig et al. 2021). Joubert et al.(2017) studied the laminar natural convection heat transfer
augmentation using Fe304/H,O FF of different concentrations in a square enclosure subjected to MF. It
was shown that the optimum heat-transfer performance was attained at a volume fraction of 0.10% by
improving the Nuayg by 5.63%. In the presence of MF, the NuUayg again enhanced to 2.81%. Shi et
al.(2019) analyzed the laminar natural convection heat transfer by utilizing hybrid NF consisting of
Fe;04: CNT (2:1)/Water FF with the MF application in the rectangular cavity. The heat transfer was
enhanced maximum by 15% without the application of the MF. Later the application of MF (400 Gauss)
enhanced the heat transfer from15% to 24%. Dixit and Pattamatta (2019) studied the influence of MF
strength (0.13 to 0.3 Tesla) and MF direction on laminar natural convection heat transfer of four
different NFs (multi-wall carbon nanotubes NF, graphene NF, copper NF, and silica NF) filled in a

cubical cavity whose vertical sides were kept at different temperatures. The results concluded that the



natural convection heat transfer capacity of MWCNT /water NF (0.10% volume fraction) and Graphene
NF (0.057% volume fraction) were enhanced by 12% and 13% respectively without the application of
MF. Also, there was no improvement in the heat transfer performance of copper NF and silica NF
compared to that of water under the condition stated above. Moreover, the heat transfer performance of
all NFs reduced over water when the MF was applied in the range between 0.13 to 0.3 Tesla. Dixit and
Pattamatta (2020) analyzed the laminar natural convection heat transfer in a differentially heated cubical
cavity, employing two different FFs such as Fe3O4/H>O and Fe/H>O at volume fractions of 0.05% and
0.20% with the application of MF strength of 0.3 Tesla. It was understood that the direction of the MF
lines has an important role in the enhancement of natural convection heat transfer. It was concluded that
the influence of direction of the MF reduced the transfer of heat for both FFs and this reduction was
proportional to the volume fraction. Giwa et al. (2020b) identified the finest volume percentage for
maximum heat transfer enhancement (10.79%) as 0.10% of Ferrite: Alumina/ H,O hybrid FFs in a
rectangular enclosure whose sidewalls are maintained at a temperature difference of 35 °C. Further, it
was noted that the natural convection heat transfer was improved again by 4.91% at MF strength of
118.4 Gauss in the tested range of 48.9 to 219.5 Gauss.

Besides the heat transfer enhancement reported above, various boundary conditions imposed
on the cavities were summarised in Table 1. It was noted that equipment’s like shell and tube heat
exchangers, thermostatic water baths, and tape heaters are commonly used to establish heating and
cooling boundary conditions and these conditions can be non-uniform. Moreover, the use of
conventional heat exchangers and thermostatic water baths requires external power for operation and it
makes the system more complex. Hence, a flat heat pipe heat spreader is used to maintain uniform
temperature at the hot and cold sidewall of the cavity. It was also observed from the table that there are
different magnetic nanoparticles with different morphology such as spherical, flakes, bricks, and hybrid
of spherical, and tubular structures and these shapes have lower aspect ratio than disk shape
nanoparticles. Literature confirms that the nanoparticles having a high aspect ratio provides better
thermal conductivity and better viscosity for NFs. In this study, the type of nanoparticle is selected
based on the density of particle expecting that a low-density nanofluid is required to increase buoyancy

and thereby improve the natural convection process. A prior experimental study by Ajith et al. (2020)



Table 1 Observations from investigations employed ferrofluids in the cavity with MF application

Authors Nanofluid Nanoparticle shape Geometry of Heating and cooling Magnetic Natural convection heat transfer enhancement
the cavity methods field
(Gauss)
Joubertet  Fe,Os+ Water Fe,0s- Spherical Square Copper shell and tube heat 300 and  5.63% enhancement in Nu at volume fraction of
al.(2017) exchanger at both sides 700 Gs 0.10% over base fluid. Additional increase of
2.81% at MF 700 Gauss for the same volume
fraction
Shi et Fe;04: CNT + Water  Fe3Os-Spherical Rectangular  Silica gel heater with DC 50 to 15% enhancement in Natural convection heat
al..(2019) CNT-Tubular supply at hot side and 400 Gs transfer at 2:1 mass fraction. Heat transfer
thermostatic water bath efficiency enhanced from 15% to 24% with the
application of MF of 400 Gauss
Dixit and Fe;O4+ Water and Fe  Fe;Os- Brick shape ~ Cubical Nichrome wire heater with 3000 Gs  The influence of MF direction reduced the heat
Pattamatta + Water Fe-Brick shape DC supply at hot side and transfer rate of both NFs
(2020) cold plate with cold bath
Dixit and MWCNT nanofluid, MWCNT- Tubular Cubical Nichrome wire heater with 1300 Heat transfer performance of MWCNT /water NF
Pattamatta  Graphene nanofluid, = Graphene-Flat flake DC supply at hot side and and at 0.10% VF and Graphene NF at 0.057 VF were
(2019) copper nanofluid, and  Copper-Spherical cold plate with cold bath 3000 Gs enhanced by 12% and 13% respectively. Heat
silica nanofluid Silica-Spherical transfer performance of all NF diminished by the
influence of MF
Giwa et Fe;03:ALOs + Water  Fe;Os-Spherical Rectangular ~ Counter flow shell and tube 48.9 to 10.81% enhancement in Nu number at 0.10vol% FF
al.(2020b) AlL,Os3-Spherical heat exchanger at both 219.5 and additional enhancement of 4.91% at MF of
sides Gs 219Gauss.
Giwa et Fe;O3: MWCNT + Fe;Os- Spherical Rectangular ~ Counter flow shell and tube 48.9 to Heat transfer performance enhanced maximum by
al.(2020c)  Water MWCNT-Tubular heat exchanger at both 219.5 11.21% for 0.05% volume fraction and additional
sides Gs 5.02% enhancement at MF 219.5 Gauss




authenticates that MgFe,O4/Water-based FF with disk shape has considerable enhancement in thermal
conductivity with MF application compared to water. Further, it was reported that the density of
MgFe,O4 FF was low compared to other FFs and was reduced by the influence of MF. It was pointed
out that the rise in the viscosity of MgFe,O4 FF by the influence of MF was low related to that of other
FFs(Doganay et al. 2019; Ajith et al. 2021). These features of MgFe,O4 FF led to the analysis of its
feasibility in magnetohydrodynamic natural convection heat transfer. Moreover, limited experimental
studies on magnetohydrodynamic laminar natural convection were available (Kumar and Subudhi 2017;
Giwa et al. 2020a, 2021) and no work has been published on the magnetohydrodynamic turbulent
natural convection heat transfer in the cavity using FF with disk shape nanoparticles. Therefore, this
study is focused on the experimental analysis of magnetohydrodynamic turbulent natural convection
heat transfer in the heat pipe-assisted cubical cavity with aid of high aspect ratio disk-shaped MgFe,O4

nanoparticles in base fluids.
Methodology

Ferrofluid formulation

Magnesium ferrite (MgFe>O4) nanoparticle was synthesized by hydrothermal method using mixtures of
ferric and magnesium nitrate solutions (Ajith et al. 2019, 2020). The dimension and structure of the
prepared MgFe,O4 nanoparticles are examined by the SEM and TEM analysis as represented in Figure
1(a) and (b). The MgFe,>O4 nanoparticles synthesized are in disk shape with a diameter of <93 nm. To
make the FF, MgFe,O4 nanoparticles were dispersed in water. For the better homogenization of FF, a
Hielscher UP400S ultrasonic mixer was utilized for 40 minutes and prepared 1 litre of solution. After
the sonication process, sodium dodecyl sulfate (SDS) was added to the fluid and sonicated for 20
minutes for improving stability. The mass of SDS added to the fluid is the same as the mass of
nanoparticles added to water for the preparation of FF (Joubert et al. 2017). Yu et al. 2010 studied the
long-term stability of the NF by measuring its thermal conductivity for a certain experimental time of
360 minutes. Hence, To check the long term stability of MgFe,Os FF in our study, the thermal
conductivity of FF at various volume fractions (0.01,0.05, and 0.10 %) is measured over a 15-week

duration at a temperature of 25°C and it is revealed that the FF is stable over a 15-week duration with a



constant thermal conductivity as depicted in Figure 2. This result confirms the prepared FF is possessed

long-term stability.

Fig. 1 Microscopic view of MgFe204 magnetic nanoparticles a) SEM image; b) TEM image
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Fig. 2 Stability of prepared Ferrofluid through its thermal conductivity

Experimental setup

The layout of the experimental testing facility for the magnetohydrodynamic natural convection study
is shown in Figure 3. The experimental testing facility comprises of heat pipe-assisted cubical cavity
with dimensions L (100) x W (100) x H (100) mm, heater, water pump, chiller, data logger, computer,
dimmer stat, electromagnets, and DC power supply. The two vertical sides of the cavity are covered
with two flat heat pipes and all other sides including the bottom were covered with an acrylic sheet of
thickness 10 mm. The application of heat pipe provides a uniform temperature on both sides of the
cavity to predict the heat transfer capability accurately. A heat pipe is a passive heat transfer device that
utilizes the principles of both boiling and condensation to transfer heat from one position to another.
Generally, the heat pipe consists of a metal enclosure, working fluid, and a wick structure to transport
the liquid. The working fluid undergoes a phase change (evaporation to condensation and vice versa)
to transfer the heat depending on the temperature. The wick material in the heat pipe returns the
condensate liquid to the evaporator through capillary action. The heat pipe can maintain a consistent
temperature at the cavity's heat transfer surface, increasing precision and serving as the cavity's heating
and cooling boundary state. The use of conventional heat exchangers requires external power for its

working and it makes the system more complex. Hence in this study, for the heating and cooling of FFs,



two flat heat pipes were fabricated and fixed on the two sides of the cavity at a distance of 100 mm and
this cubical cavity is covered with glass wool housed in a wooden box. The cold side heat pipe is cooled
using a constant temperature bath and the hot side heat pipe is attached with a heater. A dimmer stat is

used to control the power supply to the heater, the power input is changed by varying the voltage.
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Fig. 3 Layout of Experimental setup for natural convection heat transfer

There are five T-type thermocouples each welded on both the hot side and cold side heat pipe of
the inner cavity for wall surface temperature measurement. Another five T-type thermocouples are
attached along the canter of the cavity for FF temperature measurement. Two thermocouples are fixed
to measure the inlet and outlet temperature of cooling water supplied to the condenser of the cold side
heat pipe. The arrangement of the thermocouples in the experimental setup is displayed in Figure 4 and
all these thermocouples are connected to the HP Agilent Key sight data logger (34972A), which records
all temperature readings. Four electromagnets (which contain a core of 10 cm length and number of
copper windings of 1200) delivered the MF once it is linked to the DC power supply. Two of these
electromagnets are kept on the upper portion and two at the lower portion of the cavity as shown in
Figures 5 (a) and (b). The magnets are placed in such a way that the direction of MF lines is
perpendicular to the direction of heat transfer from the hot side to the cold sidewall as presented in

Figure 5(c). A Gauss meter was used to measure the MF strength provided by the electromagnets. A



water pump is installed to supply cold water into the cold side heat pipe and to extract the heat. The
cold-water temperature is maintained by a chiller. A rotameter is connected to the pump to monitor and

to maintain the inlet water flow rate.

Fig. 4 Thermocouple position a) Within the cavity; b) Within the hot sidewall; and ¢) Within the cold sidewall of the cavity
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Fig. 5 Position of electromagnets on the cubical cavity a) Top view; b) Side view; and c) Direction of magnetic field lines

Experimental procedure

The cubical cavity is filled with 1000 ml of MgFe>O4 FF at various volume fractions. The ATy is kept
at 10, 15, 20, and 25 °C by setting the power input at the hot side heat pipe and maintaining the low
temperature on the other side of the cavity by supplying cooling water to the cold side of the heat pipe.
At different ATy, the temperature of the hot sidewall, working fluid, and cold side wall was noted for
about 40 minutes till the experimental system attains a steady-state condition. Then, electromagnets
were powered to apply 50 Gauss of MF about 30 minutes to attain a steady-state, and this process was
continued till 350 Gauss. At each 50 Gauss MF application, the temperature responses were recorded.
The sidewalls and bottom of the cavity are inspected in every experiment and no noticeable
nanoparticles deposition observed. This ensures that the prepared nanofluid is stable under the magnetic
field for the entire experimental duration. Besides, the stability of MgFe,O4 FF filled in the cavity may

degrade at elevated temperatures and the nanoparticles may deposit at the heat exchanging surfaces.
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Therefore, to avoid the stability issues the AT between the hot and cold side of the cavity is maintained
at a lower temperature difference ranging from 10 to 25°C.

Solution methodology

The heat transfer capacity of the cubical cavity was analyzed by heat balance test after determining the
heat input to the cavity (Qin) and heat output from the cavity (Qou). Also, the hot side heat transfer
coefficient (hnet), cold side heat transfer coefficient (hcoid), average heat transfer coefficient of the cavity
(havg), and average Nusselt number (NUay) for varying Rayleigh number (Ra) are estimated to analyze
the heat transfer in the cavity.

Heat supplied to the FF (Qin) is estimated using power supplied to heater attached to the hot side heat

pipe using the Eq. (1)

Qin = VI (D

Heat transferred by the cavity (Qout) from the cold side heat pipe is determined by Newton’s law of
cooling as presented in Eq. (2)

Qout = My * Cpew) * ATy, @)

Heat transfer coefficients hnot and heoig are measured using Eq. (3) and (4)

_ Qin
Bhot = 525 3
b — _Qou 4)

cold — A(Ts=Te)
Based on the hno and heoid, the average heat transfer coefficient was calculated as shown in Eq. (5)

h h
havg — hot'; cold (5)

The average Nusselt number Nuayg of the cavity is calculated as

havg*Lc

Nuayg =

(6)

Kyt

The nature of flow inside the cavity is determined by calculating the Ra and is expressed as in Eq. (7)

— gBwelTh—Tclpwe? (Cpwe) (LC3)

R
a () (ko)

()

The specific heat of the FF is estimated by using the correlation as shown in Eq. (8)
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Pnf CPnf= Onf Pnp Cpnp +(1=dng) Por Cpy e ®)
Based on the Prandtl number and Ra number, the Berkovsky and Polevikov model expressed in Eq. (9)

is used to validate the experimental data (B. Berkovsky). In this study, the Prandtl number is less than

10> and the Ra is less than 10'°.

Nu = 0.18[(-—) (Ra)]°?* ©)

0.2+Pr
In this study, the thermal conductivity, viscosity, and density of MgFe,O4 FF in the absence and
presence of MF were taken from the thermo-physical properties of MgFe>O4 FF reported by Ajith et al.

(2020) as presented in Table 2.

Table 1 Thermophysical properties of MgFe>O4 ferrofluid at various volume fractions subjected to magnetic field

Temperature Magnetic Thermo-physical properties
() field
(Gauss) k (W/mK) p (Cp) p (kg/m%)
0.01% 0.05% 0.10% 0.01% 0.05% 0.10% 0.01% 0.05% 0.10%
25 0 0.628 0.639 0.642 0921 0994 1.055 1003.417 1014.19 1027.941
25 100 0.632 0.644 0.646 0933 1.002 1.064 1001.813 1012.814 1025.649
25 200 0.638 0649 0653 0945 1.012 1.074 999.7503 1010.752 1023.128
25 250 0.640 0.652 0.657 0950 1.017 1.078 998.8336 1009.606 1021.753
25 300 0.643 0.656 0.660 0956 1.023 1.08 9979168 1008.46 1019.92
25 350 0.645 0.661 0.664 0961 1.027 1.084 988.5505 1000.183 1011.816

Uncertainty analysis
The uncertainty in the experimental measurement of Qin, Qout, hhot, Ncotd, and Nuayg were calculated by

using Egs. (10) to (14) and the same are presented in Table 3.

5= () (L’ (10)
5Qque = (ZQT‘“‘M:SmW)Z + (Z(é_pvf escpw)2 + (f}f—;‘::smw)z (11)
hnor = J(225Qun) +(2254)" + (226T00) + (22 5Tnuia) (12)
Bheota = (-2 6Q0u) + (2254 + (2 6Tnuia) + (22 6Tecta) (13)
SNu = J (?—h“Shavg)Z + (22 6L)2 + (%“f 6knf)2 (14)

13



Table 2 Uncertainty in various estimations

Parameters Average Uncertainty
Heat input (Qin) 3.35%
Heat output (Qour 8.20%
Heat transfer coefficient at hot sidewall (hn) 5.07%
Heat transfer coefficient at cold sidewall(hc) 9.15%
Nusselt number (Nu) 5.76%

Results and Discussion

Validation of the Results

The experimental Nuayg is validated against the theoretical Nuayg determined using Berkovsky and
Polevikov model as shown in Eq. 9 and the results are presented in Figure 6. It is found that the
experimental and theoretical Nuayg are linearly increasing with increasing Ra and following an identical

trend.
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Fig. 6 Validation of the results with Berkovsky and Polevikov model (B. Berkovsky).

Hot side heat transfer coefficient of the cavity
The effect of the changing volume fraction of MgFe,O4 FF on the hnet at different ATk is calculated

using Eq.3 and shown in Figure 7(a). By using the MgFe,O4 FF as a working fluid, hnet of the cavity is
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enhanced in relation to that of water and it improved with the rise of AThc from 10 to 25 °C. The hpot of
the cavity at volume fraction 0.01%, 0.05%, and 0.10% is greater than that of the water, and maximum
enhancement of 48.13% was observed at ATh = 25 °C with 0.05% volume fraction. Though the hne is
increased till the FF volume percent of 0.05, the same is inferior to 6% when the volume fraction is
increased to 0.10%. It is known that the hne of the cavity depends on factors such as hot sidewall
temperature, working fluid temperature, and the thermophysical properties of the working fluid. If the
working fluid possesses high thermal conductivity, more amount of heat will be transferred from the
hot sidewall to the working fluid. By increasing the ATh from 10 to 25 °C, the temperature of the hot
sidewall increases from 22 to 55 °C. Due to this higher temperature of the hot sidewall, the Brownian
motion of nanoparticles is higher, consequently, its thermal conductivity increases compared to water.
Further, the thickness of the thermal boundary layer also reduces due to the enhanced Brownian motion
of nanoparticles, which augments the transfer of heat from the hot sidewall to MgFe,O4 FF, thus
enhancing the hnot (Mojumder et al. 2015; Vanaki et al. 2016; Sha et al. 2017). Simultaneously, the
viscosity and density of the FF near the hot sidewall reduces. Subsequently, FF adjacent to the hot
sidewall becomes low dense and gradually goes up along the hot sidewall, and this low dense fluid

travels to the cold side region of the cavity in a clockwise direction.
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Fig. 7 Effect of volume fraction on a) hot side heat transfer coefficient of the cavity without Magnetic field at different AThc;
and b) working fluid temperature inside the cavity

Table 4 represents the improvement in thermophysical properties of MgFe,O4 FF at different
volume fractions compared to that of water at a temperature 25 °C. It is noted that the thermal
conductivity of FF is enhanced greater at volume fraction 0.05% compared to the FF volume fraction
0f 0.01% and base fluid. At the same time, there is no significant enhancement in thermal conductivity
of FF for 0.10% compared to the 0.05% volume fraction of MgFe;O4. On the other hand, the viscosity

and density of 0.10% volume fraction are higher than that of volume fraction 0.05% and 0.01%. As a
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result, the ratio of coefficient enhancement between viscosity and thermal conductivity is more at a
volume fraction of 0.10% and it indicates that the effect of viscosity is dominant than the effect of
thermal conductivity at the volume fraction of 0.1%. Therefore, the heat transfer from the hot sidewall
to FF at volume fraction 0.10% is lower than the same of 0.05%, consequently, the temperature of FF
at volume fraction 0.10% is lower than the same at 0.05% as shown in Figure 7(b). At volume fraction
0.10%, the agglomeration of the magnetic nanoparticle is high compared to lower volume fractions. As
a response, the particle's Brownian motion within the fluid decreases, and the effect of thermal
conductivity enhancement drops behind the influence of the fluid's increased viscosity and density.
Figure 8(a) shows the enhancement in hnet due to the influence of MF for 0.05% volume fraction of FF
at different ATnc. The increase in the MF from 0 to 350 Gauss improved the hno and it is enhanced by
15.95% compared to the same FF without MF application at AThc= 25 °C. The application of MF on
the FF filled cubical cavity generates magnetic force through the FF and these magnetic forces in the
fluid will raise the temperature of fluid leading to the enhancement of buoyant force inside the cavity.
By applying the MF 350 Gauss, the temperature of the FF at 0.05% volume fraction improved over the
same FF without MF as shown in Figure 8(b). This improvement in temperature is due to the effect of
enhanced thermal conductivity of FF at 350 Gauss (around 10.72% improvement compared to base
fluid), thus heat will transfer more from the hot sidewall to fluid. This reduces the density of the fluid
and leads to the enhancement of buoyant force inside the cavity leading to the heat transfer

enhancement.

Table 3 Percentage of enhancement in Thermo-physical properties of MgFe2Oa ferrofluid without magnetic field application

Volume fraction of Thermal Viscosity Density Ratio between coefficient of
MgFe204 ferrofluid conductivity enhancement enhancement enhancement of viscosity and
enhancement thermal conductivity
0.01% 1.84% 3.48% 0.64% 1.89
0.05% 6.87% 11.68% 1.72% 1.70
0.10% 7.53% 18.54% 3.10% 2.45
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variation inside the cavity at AThe=25°C for a volume fraction of 0.05%

Cold side heat transfer coefficient of the cavity

Though there is an enhancement in hne with the application of MF, a deterioration is noticed for the
heoia at the cold side. Figure 9(a) presents the heoiq for various volume fractions of FF with different AT
and indicates that the heolg is lower than the cavity with deionized water due to its comparatively low
viscosity and density at lower temperatures. The maximum percentage of deterioration of 9.59%

occurred at a volume fraction of 0.10% in comparison with that of water. The heoid of the cavity filled
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with water shows 355.984 W/m? C at ATy = 10 °C. By increasing the ATnc from 10 to 25 °C, it enhanced
to 730.034 W/m? °C due to the improved buoyancy effect. By using the MgFe,O;4 FF inside the cavity
the heoid of cavity reduced to 338.095 W/m? C, 324.583 W/m? °C, and 321.339 W/m? °C for volume
fractions 0.01%, 0.05%, and 0.10% respectively at ATnc = 10 °C. At this ATnc, the cold sidewall of the
cavity is kept at a lower temperature (12 °C). Owing to this lower temperature at the cold sidewall
compared to the hot side wall (55 °C), the FF near the cold sidewall experience higher density and
viscosity, which results in the decrease of the buoyancy effect near the cold sidewall, which results in
low heat transfer from the FF to the cold sidewall. It is also pointed out that the increase in AThc from
10 to 25 °C enhances the heoig cavity filled with MgFe,O4 FF due to the reduction in viscosity and density
of the fluid near the cold sidewall. At AThe = 25 °C, the heog improved to 646.84, 617.01, and 613.041
W/m?°C for volume fractions 0.01%, 0.05%, and 0.10% respectively. The heoid of the cavity filled with
MgFe,04 FF by the MF influence at different ATh. and volume fraction 0.05% is presented in Figure
9(b). The application of the MF consistently reduced the heog of the cavity filled with MgFe>O4 FF at
all AThe. At AThe = 10°C and volume fraction 0.05% the heoig is 324.583 W/m? °C without the application
of MF and it is reduced to 304.67 W/m? °C at 350 Gauss MF. This reduction in heols may be due to the
development of a thermal boundary layer near the cold sidewall in the presence of the MF. By increasing

the AT from 10 to 25 °C at 350 Gauss MF, the heoid is improved from 304.67 to 579.53 W/m?C.
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Average heat transfer coefficient of the cavity

The average heat transfer coefficient of cavity hayg with FF is higher than the cavity with water since
the effect of hnee dominates over the heog of the cavity, as presented in Figure 10. The highest
improvement of 23.51% is observed in FF filled cavity for a volume fraction of 0.05% compared to the

water-filled cavity at AThe= 25 °C (enhanced from 942.88 to 1164.53 W/m? C). This enhancement in
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the hayg at volume fraction 0.05% is higher than the results obtained by Giwa et al.(2020b, c) for
Fe»03:A1,03/ water hybrid NF (11.92% for 0.10% volume fraction) and Fe;O3: MWCNT/water hybrid
FF (11.59% enhancement for 0.05% volume fraction). Further, the surge in the MF from 0 to 350 Gauss
enhanced the hayg at all AThe. The highest improvement of 10.11% in the hayg observed for the FF at a
volume fraction of 0.05%, 350 Gauss, and 25°C compared to that of the same volume fraction of FF

without MF application (enhanced from 1164.53 to 1282.362 W/m*°C).
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Relation for Nu and Ra of the cavity

Figure 11(a) describes the change in Nuayg with respect to the variation in the Ra for FF-filled cavity in
the absence of MF. The Ra for the water-filled cavity was in the range of 2.20x10° to 8.30x10° for the
AThe in the range of 10 to 25 °C. Increasing the wall temperature often raises the Ra due to the reduction
of viscous force and the rise of the buoyancy force leading to fluid motion in the cavity which in turn
increases the Nuay. The dispersal of MgFe;O4 nanoparticles in the water was noted as the cause for
lowering of the Ra at all ATy in relation to base fluid with a comparative rise in the NUayg at all volume
fractions. This analysis shows that the NUayg inside the cavity is improving with the rise in ATk and it
indicates that temperature rise improves the buoyancy force of working fluid inside the cavity. The
cavity filled with MgFe,O4 FF at volume fraction 0.05% exhibited a higher Nuay of 182.5 at Ra = 7.29x
10° and ATne= 25°C compared to that of base fluid (enhanced by 33.37%). The observed Nuay at this
temperature is comparatively higher than the obtained values of Brusly Solomon et al. (2017a) for
ALOs/EG NF at 0.05% volume fraction and Joubert et al.(2017) for Fe3O4/Water FF. Nuayg obtained for
various NFs filled in the rectangular cavity (Reza et al. 2011; Hu et al. 2014; Giwa et al. 2020b) is
compared with the present study and it showed a huge enhancement in NUayg owing to the enhancement
in buoyancy in the cavity due to its lower viscosity and density.

The influence of the MF application on the FF-filled cubical cavity charged at this optimum
volume fraction is represented in Figure 11(b). By the influence of MF from 0 to 350 Gauss, the NUayg
of the FF charged cavity at volume fraction 0.05% is enhanced from 182.5 to 194.003 (6.28%
enhancement) at 25 °C. This results in the augmentation of the Nuay in the presence of MF and is
comparable with the results obtained by Giwa et al. (2020c) for 0.05% volume fraction of Fe;Os:
MWCNT/water hybrid FF in the presence of MF strength 219.5 Gauss (5.02% enhancement). And
slightly higher than the results obtained by Joubert et al.(2017) for 0.10% volume fraction of
Fe;Os/water FF in the presence of MF strength 700 Gauss (2.81% enhancement). The Nuayg reported
for Fe;O4 FF by Joubert et al.(2017) and Dixit and Pattamatta (2020) at higher MF 700 Gauss and 3000
Gauss are lower than that of the present study as shown in Figure 11(b). Table 5 presents the

improvement in NC heat transfer in different cavities used by different NF. From this analysis, it can
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be concluded that MgFe,O4 FF exhibits more improvement in heat transfer compared to that of other

NF except for MWCNT: Water NF.

Table 4 Natural convection heat transfer improvement in different cavity with various NF

Authors Type of nanofluid Geometry of Heat transfer enhancement
cavity

Brusly Solomon et Al,O; + Ethylene glycol Square 10% enhancement at volume fraction 0.05%

al. (2017a)

Sharifpur et TiO, + Water Square 8.2% enhancement at volume fraction 0.05%

al.(2018)

Garbadeen et MWCNT + Water Square 45% enhancement at volume fraction 0.10%

al.(2017)

Ghodsinezhad et Al O3+ Water Rectangular 15% enhancement at volume fraction 0.10%

al.(2016)

Giwa et al.(2019) AlLO;:MWCNT(60:40 Square 20.5% enhancement at volume fraction 0.10%

wt%) + Water

Hu et al.(2014) Al O3 + Water Square 7% enhancement at 1wt%

Ilyas et al.(2017) Al,03+ Thermal oil Rectangular 2.72% enhancement at 0.5wt%

Joubert et al.(2017)  Fe203 + Water Square 5.63% enhancement at volume fraction 0.10%.
Further enhancement of 2.81% at 700 Gauss MF

Lei et al.(2019) Fe;04:CNT + Water Rectangular 15% enhancement in at 2:1 mass fraction. Further
enhanced from 15% to 24% with the application of
MF 400 Gauss

Giwa et al.(2020b) Fe,03:AlL,O3 + Water Rectangular 10.81% enhancement at volume fraction 0.10%.
Further improved by 4.91% at MF 219.5 Gauss

Giwa et al.(2020c) Fe;0;:MWCNT + Water  Rectangular 11.21% enhancement at volume fraction 0.05%.
Again, enhanced by 5.02% at MF 219.5 Gauss

Present Study MgFe204 + Water Cubical cavity 33.37% enhancement at volume fraction 0.05%. Again,

enhanced by 6.28% at MF 350 Gauss
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Proposed correlation for Nusselt number

To predict the Nuayg inside the FF-filled cubical cavity in the nonattendance and attendance of MF, new
correlations are derived as functions of volume fraction of FF, Ra, and applied MF as shown in Egs.
(15) and (16). Figures 12(a) and (b) present the validation of the predicted NUayg with the experimental
NUavg without and with MF influence.

Nu = 0.009247[1 + $]°02984[Ra]*4373 ; R2=0.92 (15)
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This proposed correlation may accurately predict the experimental Nusselt number with a margin of
error -8.81 % and 7.48% with mean absolute deviation of 0.82 %.

M 10160954
]| - R2=0.94 (16)

max

Nu = 0.007822[1 + §]°7476°[Ra]*438429 [ 1 +

The margin of deviation between experimental and predicted Nusselt number lies between -10.53% and

11.30% with mean absolute deviation of 0.17%.
Conclusion

Natural convection heat transfer performance of disk-shaped MgFe»O, ferrofluid charged cubical cavity
at different volume fractions was experimentally analyzed in the attendance of magnetic field ranging
from 0 to 350 Gauss. The buoyancy effect in the cavity was developed by maintaining different wall
temperature differences between the two vertical sidewalls of the cavity. From the results, significant
improvements in haygy and Nuag were observed for all volume fractions of MgFe,O4 ferrofluid in
comparison with base fluid without the application of magnetic field on the ferrofluid charged cavity.
The 0.05% volume fraction of MgFe,O4 ferrofluid shows the finest heat transfer performance with an
enhancement of 23.51% to the hayg and 33.37% to the Nuayg when compared to the base fluid at AT =
25°C. By applying the magnetic field in the range of 0 to 350 Gauss, the heat transfer properties of
ferrofluid were enhanced. By inducing 350 Gauss MF on ferrofluid charged cavity, the hayg was
enhanced from 23.51% to 36.003% and NUayg enhanced from 33.38% to 41.76% at volume fraction
0.05% and ATk = 25 °C. Based on the previous experimental studies related to the natural convection
using various types of ferrofluid, the present study concludes that the use of disk-shaped MgFe,O4

ferrofluid exhibits more heat transfer performance than other ferrofluids.
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Nomenclature

MgFe 04 Magnesium Ferrite

NF Nanofluid

FF Ferrofluid

MF Magnetic Field

H,O Water

SDS Sodium Dodecyl Sulfate

T Temperature, °C

Q Heat transfer, W

\Y Voltage, v

I Current, A

m Mass flow rate, kg/ second
Cp Specific heat, J/kg °C

h heat transfer coefficient, W/ m?°C
A Area of the cavity, m’

Nu Nusselt number

Lc characteristic length of cavity, m
Ra Rayleigh number

Pr Prandtl number

L Length, m

W Width, m

H Height, m

g Acceleration due to gravity, m?%/s
Greek Symbols

k thermal conductivity, W/m °C
n dynamic viscosity (Cp)

p density (kg/m?)

B thermal expansion coefficient, 1/K
() volume fraction (%)

A difference

0 partial derivative

Subscripts

nf nanofluid
bf base fluid

wf working fluid
w water
np nanoparticles

in input

out output

avg Average

hot hot side

cold cold side

he hot and cold side
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