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Abstract 

This investigation intends to analyze the influence of nanoparticles morphology on the magnetic 

flux dependent thermophysical properties and magnetohydrodynamic free convection heat transfer 

performance of water-based magnesium ferrite ferrofluid under various volume fractions. The 

thermophysical parameters of the ferrofluid suspended with cube shaped particles are examined at 

25 oC using KD2 pro thermal analyser, Ostwald viscometer and specific gravity bottle under 

magnetic flux. The free convection heat transfer is obtained using heat pipes assisted cubical 

enclosure. Without the influence of magnetic flux, the thermal conductivity of the ferrofluid was 

improved by a maximum of 12.75% at a volume fraction of 0.15%. At the same time, the maximum 

viscosity and density were raised by 32.92% and 6.11% at a volume fraction of 0.20% in 

comparison with water. Under the influence of 350 Gauss, thermal conductivity, and viscosity of 

ferrofluid enhanced by 21.81% and 37.41% while the density decreased by 4.91%. It was revealed 

that the addition of cube-shaped magnesium ferrite particles in ferrofluid improved the thermo-

physical properties. The optimum concentration for maximum heat transfer is reduced to 0.025% 

with the use of cube shaped particles compared to other types of nanoparticles reported in previous 

studies.  
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Introduction  

 Recent studies found that the effectiveness of free convection heat transfer in various heat 

transfer systems can be improved by using passive approaches. Nanofluids (NFs) are blends of 

conventional coolants and nanoscale particles (NPs)[1]. The application of this NF is one of the 

passive techniques for natural convection heat transfer enhancement[2–6]. The thermal and 

physical properties of NFs are an intriguing topic to be researched to identify their usage in heat 

transfer systems. Carbon nanotubes, multi-walled carbon nanotubes, metal NPs, metal oxide NPs, 

gold NPs, etc. are the conventional NPs used for the augmentation of heat transfer properties of 

traditional cooling fluids[7]. The results of numerous studies conducted to analyze the thermal and 

physical properties of NFs conclude that these parameters are enhanced to a higher percentage 

than that of the base fluid (BF), and these studies also concluded that there are many influential 

parameters such as type of NPs, the quantity of NPs in the BF, and NF temperature, which will 

alter the thermal and physical features of NFs. Additionally, some studies reported that the 

structure of the NPs influences the thermal and physical characteristics of the resulting NF[8].  

 Xie et al.[9] analysed the influence of Silicon Carbide NPs structure on thermal conductivity 

of aqueous Silicon Carbide NF. This study reported that thermal conductivity of aqueous Silicon 

Carbide NF with cylindrical shape NPs is enhanced by 22.9% and this enhancement is more than 

the same NF with spherical type NPs (15.8% enhancement) at a volume fraction (VF) of 4%. The 

findings also reported that improved thermal conductivity of NF with cylindrical NPs can be 

related to their higher aspect ratio than spherical NPs. Singh et al.[10] analyzed the effects of 

various structures of Silicon carbide NPs on the thermal conductivity of aqueous Silicon Carbide 

NF. The results of this study reported that NF with platelet NPs has the highest progress in thermal 

conductivity related to other structures. Timofeeva et al.[11] examined the thermal and physical 
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characteristics of aqueous Al2O3 NF containing different structures of NPs. This study reported 

that the highest thermal conductivity was found for NF consisting of cylindrical NPs and minimum 

viscosity was found for NF consisting of spherical NPs. Jeong et al.[12] found that aqueous Zinc 

Oxide NF with rectangular-structure NPs exhibited maximum thermal conductivity and viscosity 

than those with spherical ones at 5% VF.  Yu et al.[13] examined the thermal conductivity of 

Carbon NF comprising various morphologies of Carbon NPs and liquid Paraffin as BF. The 

findings of this study indicated that maximum thermal conductivity enhancement and viscosity 

rise were exhibited by NF with Graphene nanoplatelets. Fang et al.[14] examined the thermal 

conductivity augmentation of Silver: EG NF through the use of NPs with different shapes such as 

sphere, flake, and wire. The results indicated that NF with nanowires enhanced the thermal 

conductivity by 15.6% with respect to BF. Meanwhile, Silver NF with sphere and flake-shaped 

NPs enhanced by around 5% in comparison with BF. They found that with the impact of the high 

aspect ratio of nanowires the viscosity of the NF significantly elevated.  

Kim et al.[15] examined thermal properties of aqueous Bohemite: Al2O3 NF having NPs 

with dissimilar morphology such as brick, blade, and platelets. And this study reported that thermal 

conductivity of NF with brick shaped NPs at VF 7% enhanced maximum by 28% compared to 

water. At the same instant NF with blade and platelet, NPs exhibited thermal conductivity 

improvement of 16% and 23% respectively compared to water. Maheshwary et al.[16] assessed 

the significance of NPs morphology on thermophysical properties of aqueous Titanium Oxide NF 

prepared by cylindrical, spherical, and cube shaped NPs. The outcome of this study reported that 

Titanium Oxide NF with cylindrical morphology exhibited maximum thermal conductivity 

compared to NF with spherical and cube shaped NPs. And the minimum increase in viscosity of 

the Titanium Oxide NF was observed for NF with spherical morphology. Zhang et al.[17]  analysed 
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the thermal conductivity of aqueous Silver NF suspended with nanowires and sphere-shaped silver 

NPs. The NF with silver nanowires exhibited the highest thermal conductivity improvement of 

13.42% related to NF with sphere-shaped silver NPs at 0.46% VF. From this kind of study, it can 

be concluded that the NF with different shapes of the same NPs exhibit different viscosity and 

thermal conductivity. These findings also reported that NF with high aspect ratio NPs has a higher 

viscosity and thermal conductivity than NF with low aspect ratio NPs. These kinds of studies 

discusses the effect of NPs shape on the thermophysical properties of NF, followed by this it is 

important to study the influence of NPs shape on natural convection heat transfer characteristics 

of NF as well. Paul et al.[18] investigated free convection heat transfer using ionic liquid-based 

Al2O3 NF consisting of different shapes (whisker and sphere) at different weight percentages 

ranging from 0.5wt% to 2.5wt% in a rectangular enclosure.  The results concluded that the free 

convection heat transfer coefficient of nano-enhanced ionic liquid was decreased concerning that 

of the BF. And more deterioration was observed for NF with spherical NPs compared to NF with 

whisker shape NPs. Alkanhal et al.[19] studied the magnetohydrodynamic free convection in a 

wavy shaped cavity using aqueous Alumina NF with different shapes of NPs (cylindrical, 

spherical, brick, and platelet).  The results concluded that NFs with platelet shape showed more 

natural convection heat transfer enhancement than NFs with cylindrical, spherical, and brick shape 

NPs. Dogonchi et al.[20] investigated the effect of different structures of Copper oxide NPs 

(platelet, spherical and cylindrical) on the free convection heat transfer performance of Copper 

Oxide filled partially heated rhombus cavity and achieved maximum heat transfer by using NF 

with platelet-shaped NPs. Rahimi et al.[21] studied the effects of the shape of NPs on the heat 

transfer efficiency of a multi-channel cavity containing Copper Oxide–water NF. This study 

concluded that the most effective heat transfer was obtained for NF with platelet-shaped NPs. 
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Gholinia et al.[22] analyzed the impact of dissimilar shapes of Copper Oxide NPs on the heat 

transfer enhancement of Copper Oxide/EG: H2O NF in an enclosure. This study concluded that 

the NF with cylindrical NPs exhibited the maximum heat transfer enhancement related to NF with 

the tetrahedron and spherical shaped NPs.  

From the review, it is understood that the experimental studies analysing the effect of 

morphology on thermo-physical properties and natural convection heat transfer characteristics of 

ferrofluid (FF) under the influence of magnetic flux is very limited. Therefore, the study of 

magnetic flux-dependent thermophysical properties of FF with different shapes of magnesium 

ferrite (MgFe2O4) NPs is essential. The goal of this work is to study and compare the thermal and 

physical properties of MgFe2O4 FF with cube shaped NPs in the presence of the magnetic flux to 

those of disk shaped NPs. Furthermore, this study also aims to compare the magnetohydrodynamic 

natural convection heat transfer characteristics of FF with cube and disk shaped NPs. 

Materials and Methods 

Nanoparticles synthesis and preparation of ferrofluid 

 Cube shape MgFe2O4 Nps were synthesised by hydrothermal method[23–25]. By using a 

magnetic stirrer Fe (NO₃)₃(H₂O)₉ and Mg(NO3)2ꞏ6 H2O were combined in DIW. Following this 

stirring, 4 gm of surfactant (SDS) was suspended in the mixture. After this, the prepared solution 

was mixed with the blend of Ethyl acetate and Triethylamine. The prepared solution was heated 

in an oven at 150°C over 18 hours in a hydrothermal autoclave. The precipitate obtained was 

rinsed, filtered and dehydrated for 3 hours in a vacuum at 70 oC. After this procedure, NPs were 

collected when the sample dried. The SEM and TEM images of the MgFe2O4 NPs as shown in 

Figure.1(a) and (b) indicates particles are cubical with an average particle dimension of 149.95 

nm. The magnetic properties of cube-shaped NPs were examined by vibrating sample 
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magnetometry analysis, and the analysis results represented in Figure.1(c) specifies that 

synthesized NPs are ferromagnetic particles with saturation magnetization of 19.973 emu/gram, 

the coercivity of 387.93 Oe, and retentivity of 5.989 emu/gram. By using the Hielscher UP400S 

probe sonicator, the synthesized NPs were suspended in DIW to get stabilized MgFe2O4 FF.  

Thermophysical property analysis of magnesium ferrite ferrofluid 

 Thermal conductivity of MgFe2O4 FF was tested by KD2 Pro thermal analyzer (Figure.2(a)). 

The glass tube occupied with FF was placed between two electromagnets, and when linked to the 

DC power system, these electromagnets generated magnetic flux.  As shown in Figure.2(b), an 

Ostwald viscometer was used to assess the viscosity of MgFe2O4 FF with and without the impact 

of magnetic flux at 25oC. And this viscometer was positioned in the middle of two electromagnets 

to apply the magnetic flux. The density of MgFe2O4 FF was determined using a specific gravity 

bottle [17]. 

Magnetohydrodynamic natural convection studies 

 The experimental testing facility used for natural convection heat transfer study under 

magnetic flux is shown in Figure 2(c). The experimental setup contains of a cubical cavity 

(length=width=height=100 mm) with a heat pipe attached on two sides, a data logger and 

computer, a constant temperature bath, pressure measurement, and flow monitoring devices. The 

two sides of the cavity are covered with two flat heat pipes and all other sides including the bottom 

are covered with Teflon. Two copper heat pipes are placed at a distance of 100 mm and the other 

sides of the enclosure are covered with Teflon. One of the heat pipes is cooled using a constant 

temperature bath (cold) and another heat pipe is attached with a heater to maintain a higher 

temperature. There are 5 thermocouples are positioned in the fluid from the hot side towards the 

cold side to measure the fluid's temperature distribution. There are 5 thermocouples each is welded 
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on both heat transfer surfaces of heat pipes (hot and cold sides) to measure the temperature. Two 

thermocouples are used to measure the inlet and outlet of cooling water supplied to the cold side 

heat pipe's condenser. Finally, the entire cavity arrangement is covered with the glass wool 4 cm 

thick and kept inside the box filled with polyurethane foam. After that, the cubical cavity was filled 

with 1000 ml of MgFe2O4 FF. The heat is supplied to the heat pipe to maintain a temperature 

difference between the cavity of 10, 15, 20, and 25 oC respectively, while the low temperature is 

maintained on the other side of the cavity by supplying cooling water to the condenser. 

Temperatures at all the proposed points are monitored and recorded for about 40 mins once the 

system reached a steady state. 

Solution methodology 

To find out the heat transfer performance of the cavity filled with MgFe2O4 FF having cube shaped 

NPs in terms of its average heat transfer coefficient (havg) and average Nusselt number (Nu), the following 

equations are utilized. 

Q୧୬ ൌ V ∗ I           (1) 

Q୭୳୲ ൌ m୵ ∗ C୮ሺ୵ሻ ∗ T୵        (2) 

h୦୭୲ ൌ  
୕౟౤

୅ሺ୘౞ି୘౜ሻ
         (3) 

hୡ୭୪ୢ ൌ  
୕౥౫౪

୅ሺ୘౜ି୘ౙሻ
                   (4) 

hୟ୴୥ ൌ
୦౞౥౪ା୦ౙ౥ౢౚ

ଶ
         (5) 

Nuୟ୴୥ ൌ
୦౗౬ౝ∗୐ౙ

୩౭౜
          (6) 

Ra ൌ
୥ஒ౭౜ሾ୘౞ି୘ౙሿ஡౭౜

మሺେ౦౭౜ሻሺ୐ౙ
యሻ

ሺµ౭౜ሻሺ୩౭౜ሻ
        (7) 
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Uncertainty Analysis 

Eqn. (8) is used to determine the uncertainty in thermal and physical properties of MgFe2O4 

FF. The estimated uncertainty for thermal conductivity, viscosity and density is presented in Table 

1. 

 Uncertainty ൌ ට∑ ሺሺ୶୧ିଡ଼ሻమ

୬ሺ୬ିଵሻ
୬
ଵ                 (8) 

Eqs. (11) to (15) utilised to determine the uncertainty in heat input to the cavity, heat output from 

the cavity, heat transfer coefficient at the hot and cold side of the cavity and average Nu. and the 

estimated uncertainties were 3.24% (Heat input), 8.75% (Heat output), 4.83% (hhot), 8.62% (hcold) 

and 6.18% (Nuavg). 

Q୧୬ ൌ   ටቀ୚౟౤

୚౟౤
ቁ

ଶ
൅ ቀ୍౟౤

୍౟౤
ቁ

ଶ
        (9) 

Q୭୳୲ ൌ ඨቀ୕౥౫౪

୫౭
m୵ቁ

ଶ
൅ ൬

୕౥౫౪

େ౦౭
C୮౭

൰
ଶ

൅ ቀ୕౥౫౪

୘౭
T୵ቁ

ଶ
    (10) 

h୦୭୲ ൌ  ටቀ ୦౞

୕౟౤
Q୧୬ቁ

ଶ
൅ ቀ୦౞

୅
Aቁ

ଶ
൅ ቀ୦౞

୘౞
T୦୭୲ቁ

ଶ
൅ ቀ୦౞

୘౜
T୤୪୳୧ୢቁ

ଶ
  (11) 

hୡ୭୪ୢ ൌ  ටቀ ୦ౙ

୕౥౫౪
Q୭୳୲ቁ

ଶ
൅ ቀ୦ౙ

୅
Aቁ

ଶ
൅ ቀ ୡ

୘౜
T୤୪୳୧ୢቁ

ଶ
൅ ቀ୦ౙ

୘ౙ
Tୡ୭୪ୢቁ

ଶ
  (12) 

Nu ൌ  ටቀ୒୳

୦
hୟ୴୥ቁ

ଶ
൅ ቀ୒୳

୐
Lቁ

ଶ
൅ ቀ୒୳

୩౤౜
k୬୤ቁ

ଶ
     (13) 

Result and discussions 

Morphology effect of MgFe2O4 nanoparticles on thermophysical properties 

Figure 3(a) illustrates the variation of thermal conductivity of MgFe2O4 FF having cube shaped 

NPs at 0 and 350 Gauss magnetic flux. At 0 Gauss the thermal conductivity of FF with cube 

particles increases as the VF raises from 0.01% to 0.15%. Thermal conductivity of BF at 25oC is 

measured as 0.596 W/mK and it is increased by 6.04% at 0.01% VF.  By augmenting the VF to 
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0.15%, thermal conductivity again enhanced to 12.75% concerning that of BF. Whereas by rising 

the VF from 0.15% to 0.20%, the thermal conductivity of FF was reduced by 1.19%, but it is higher 

than that of BF by 11.40 %. Prior studies have been undertaken to determine the thermal 

conductivity of disk shaped MgFe2O4 NPs, it showed a maximum thermal conductivity 

augmentation of 10.06 % at a VF of 0.20 % to BF [23] and it is lower than that of the same FF 

with cube structure NPs. The thermal conductivity of FF improves with increasing magnetic flux 

strength from 0 to 350 Gauss. And maximum improvement of 21.82% was noticed by the 

application of magnetic flux 350 Gauss for FF with cube shaped NPs at a VF of 0.15%. It was 

pointed out that magnetic flux influenced thermal conductivity of MgFe2O4 FF having cube shaped 

NPs is greater than those of disk shape NPs (13.92% at 0.20% and 350 Gauss). The viscosity of 

MgFe2O4 FF with cube structure NPs at various VFs and comparison of results with those of FF 

having disk NPs are represented in Figure 3(b). From this analysis, it is clear that the viscosity of 

FF consisting of cube shaped NPs is more dominant than the same FF with disk shaped NPs. The 

viscosity of BF deionized water is enhanced with the addition of MgFe2O4 NPs. The results 

indicated that the viscosity of FF augmented more at the highest VFs. The maximum viscosity 

improvement of 32.92% is observed for a 0.20% VF of the FF having cube shaped NPs. It is noted 

that the viscosity of MgFe2O4 FF with disk shaped NPs increased by 25.51% at a VF of 0.20%[23]. 

This shows that FF with cube shaped NPs possesses higher viscosity than a fluid with disk shaped 

NPs at the same experimental condition. At 350 Gauss magnetic flux, the viscosity of FF with the 

cube and disk shaped NPs are augmented. The viscosity of FF (0.20%) with cube shaped NPs 

improved from 32.92% to 37.41% and for FF with disk shaped NP it enhanced from 25.51% to 

28.31% at 350 Gauss. Variation in the density of FF with cube and disk shaped NPs with and 

without the application of magnetic flux is represented in Figure 3(c). The density of FF with the 
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addition of cube shaped NPs raised from 0.75% to 6.11% for the respective VFs from 0.01% to 

0.20%. In the absence of magnetic flux, FF with cube shaped NPs at VF 0.20% exhibits more 

percentage of enhancement (6.11%) than FF with disk shaped NPs (5.33%). By the application of 

magnetic flux 350 Gauss, the density of FF with cube and disk shaped NPs reduced, and the 

maximum percentage of reduction is observed at VF 0.20% of FF.  

 In the absence of applied magnetic flux, when cube shaped magnetic NPs with a high aspect 

ratio are suspended in the BF, the brownian motion of dispersed particles inside the BF increases. 

As a result, the interaction between the NPs and fluid molecules improves, thus thermal energy 

transaction between the particles and fluid raises. As a result, the thermal conductivity of FF 

increases. By raising the cube shape NPs concentration in the BF, the brownian motion of NPs in 

the BF also increases and results in high thermal conductivity [26] However, the higher 

concentration of particles in the BF leads to the agglomeration of NPs in the BF and it deteriorates 

the brownian motion of particles at higher concentration and results in the reduction of thermal 

conductivity of FF. This may be the reason for diminishing of thermal conductivity of FF having 

cube shaped particles at 0.20% VF. At the same time, the viscosity and density of the FF having 

cube shaped particles increases with respect to the rise in VF due to the high agglomeration of 

NPs. Due to the high aspect ratio of cube shaped NPs compared to disk shaped NPs the chain-like 

aggregation of cube shape particles are higher than disk shape particles in the BF [27]. This results 

in the enhanced thermophysical properties for FF having cube shaped particles. With the influence 

of magnetic flux, the cube shaped NPs will align in the chain-like form in the BF in a direction 

parallel to the direction of magnetic flux and this leads to the formation of large chain-like clusters 

of NPs. This chain-like formation of magnetic NPs act as a heat transfer path, thus thermal 

conductivity of the FF increases along with viscosity augmentation [28].  
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Morphology effect on magnetohydrodynamic natural convection of ferrofluid 

The effect of morphology on the free convection heat transfer performance of MgFe2O4 FF 

in the cubical cavity is analyzed by determining the havg and Nu of the FF filled cavity. Here the 

havg is calculated as the average of the heat transfer coefficient at hot and cold side of the cavity. 

Figure 4(a) shows the variation of the havg of the cavity with an increase in wall temperature 

difference between the hot and cold side of the cavity for different working fluids filled in the 

cavity without the application of magnetic flux. The havg of the cavity filled with FF consisting of 

cube shaped NPs at various VFs 0.01%, 0.025% and 0.05% is higher than that of BF. And more 

improvement in havg (27.20%) is observed at VF 0.025% of FF with cube shaped particles at wall 

temperature difference 25oC compared to that of the BF. However, with the increasing VF of FF 

from 0.025% to 0.05%, the havg of the cavity was reduced to 11.99%. Furthermore, the havg of the 

cavity filled with FF consisting of disk shaped NPs showed an optimum VF for a higher havg as 

0.05% by an enhancement of 23.50%. At this instant FF having cube shaped NPs indicated a higher 

havg at a lower VF (0.025%) compared to FF with disk shaped (0.05%) NPs. Figure 4(b) shows the 

effect of magnetic flux on the havg of the magnetic fluid-filled cavity. With the application of 

magnetic flux ranging from 0 to 350 Gauss, the havg of the cavity filled with FF consisting cube 

shaped particles at VF 0.025% was enhanced from 27.20% to 37.95% at a wall temperature 

difference of 25oC compared to BF. At the same experimental condition, the havg of the cavity filled 

with FF consisting of disk shaped NPs shows an enhancement of 36.01% at VF 0.05% and 

magnetic flux 350 Gauss. 

 Figure 5(a) shows the influence of varying Rayleigh number (Ra) on the Nu of the FF -filled 

cavity in the absence of magnetic flux. The Nu of the FF -filled cavity is raised by increasing the 

Ra for all VFs of FF with cube shaped NPs. The maximum Nu obtained at 0.025% VF of FF 

consisting of cube shaped NPs at Ra 8.74  109 (34.84% higher than BF water). The increase in 
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VF from 0.025% to 0.05% of FF consisting of cube shaped NPs reduced the Nu by 7.92%. It is 

also observed that FF filled cavity with cube shape NPs at 0.025% exhibited more Nu (1.09% 

higher) than FF with disk shape NPs at VF 0.05%. Figure 5(b) shows the comparison of Nu of FF 

consisting cube and disk shaped NPs filled cavity in the presence of magnetic flux 350 Gauss. At 

350 Gauss magnetic flux Nu inside the cavity field with FF with disk shaped NPs at VF, 0.05% 

enhanced by 41.76% compared to that of the BF. At the same instance, the Nu for a cavity filled 

with FF consisting of cube shaped NPs was enhanced by 44.57% compared to the BF. This result 

shows that FF with cube shaped NPs exhibits more natural convection heat transfer enhancement 

than disk shaped NPs. The aspect ratio of cube-shaped NPs is higher than that of disk-shaped NPs, 

this greatly enhances the natural convection heat transfer performance of MgFe2O4 FF with cube 

shaped particles. Table 2 presents the natural convection heat transfer performance of various NFs 

in different type of enclosures. And these results reported that optimum VF for enhanced natural 

convection heat transfer performance was obtained at certain VF s in the range of 0.05% to 0.10%. 

At the same time this study confirms that better heat transfer performance of FF can be obtained 

at lower VF s such 0.025% by the use of low density MgFe2O4 FF having cube shaped NPs. Thus, 

this study suggests that the application of low density FF with high aspect ratio NPs could improve 

the natural convection heat transfer performance at lower VFs. 

Conclusion  

 The effect of MgFe2O4 NPs morphology on the magnetic flux dependent thermophysical 

properties of FF at temperature 25oC is measured and the natural convection heat transfer is also 

measured using a heat pipe assisted cavity. The conclusions arrived from this experimental 

analysis 
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 In the absence of magnetic flux, thermal conductivity of MgFe2O4 FF having cube shaped 

particles enhanced by 12.75% at a VF of 0.15%. At the same time, the maximum viscosity 

and density were raised by 32.92% and 6.11% at a VF of 0.20% in comparison with water. 

 Thermal conductivity of MgFe2O4 FF containing cube structure NPs at a VF of 0.15 % was 

increased from 12.75 to 21.82 % when 350 Gauss magnetic flux was applied. By comparing 

these results to those obtained with FF containing disk-shaped NPs, it is revealed that 

MgFe2O4 magnetic fluid containing cube-shaped NPs has better thermal conductivity.  

 The viscosity of FF containing cube and disk shaped NPs increased while the density 

decreased when subjected to magnetic flux 

 FF having cube shaped NPs indicated a higher havg of 27.20% at a lower VF of 0.025% 

compared to FF with disk shaped NPs (23.50% enhancement at a VF of 0.05%). 
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Nomenclature 
 
 
 A   Area of the cavity, m2 

BF  Base fluid 

Cp  Specific heat, J/kg oC 

g   Acceleration due to gravity, m2/s FF  Ferrofluid 

 h   Heat transfer coefficient, W/ m2 oC 

 I  Current, A 

Lc  Characteristic length of cavity, m 

m   Mass flow rate, kg/ second 

MgFe2O4 Magnesium Ferrite 

NF  Nanofluid 

NPs  Nanoparticles 

Nu  Nusselt number 

Pr  Prandtl number 

Q  Heat transfer, W 

Ra   Rayleigh number 

SDS  Sodium Dodecyl Sulfate 

T  Temperature, oC 

V  Voltage, v 

VF  Volume fraction 

Greek Symbols 

  density (kg/m3) 

  difference 
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µ  dynamic viscosity (Cp) 

   partial derivative 

   thermal expansion coefficient, 1/K 

k   thermal conductivity, W/m oC 

Φ  volume fraction (%) 

Subscripts 

avg   average 

bf  base fluid 

cold  cold side  

hc  hot and cold side 

hot  hot side  

in  input 

nf  nanofluid 

np  nanoparticles 

out   output 

w   water 

wf   working fluid 

 

References 

[1] S. U. S. Choi, “Enhancing thermal conductivity of fluids with nanoparticles,” American 
Society of Mechanical Engineers, Fluids Engineering Division (Publication) FED, vol. 231, 
no. January 1995, pp. 99–105, 1995. 

[2] A. Brusly Solomon, M. Sharifpur, T. Ottermann, C. Grobler, M. Joubert, and J. P. Meyer, 
“Natural convection enhancement in a porous cavity with Al2O3-Ethylene glycol/water 
nanofluids,” International Journal of Heat and Mass Transfer, vol. 108, pp. 1324–1334, 
2017, doi: 10.1016/j.ijheatmasstransfer.2017.01.009. 



17 
 

[3] M. Sharifpur, A. B. Solomon, T. Linda, and J. P. Meyer, “Optimum concentration of nano 
fluids for heat transfer enhancement under cavity flow natural convection with TiO2 – 
Water,” vol. 98, no. October, pp. 297–303, 2018, doi: 
10.1016/j.icheatmasstransfer.2018.09.010. 

[4] S. O. Giwa, M. Sharifpur, and J. P. Meyer, “Experimental investigation into heat transfer 
performance of water-based magnetic hybrid nanofluids in a rectangular cavity exposed to 
magnetic excitation,” International Communications in Heat and Mass Transfer, vol. 116, 
p. 104698, 2020, doi: 10.1016/j.icheatmasstransfer.2020.104698. 

[5] M. Ali, O. Zeitoun, S. Almotairi, and H. Al-Ansary, “The effect of alumina-water nanofluid 
on natural convection heat transfer inside vertical circular enclosures heated from above,” 
Heat Transfer Engineering, vol. 34, no. 15, pp. 1289–1299, Dec. 2013, doi: 
10.1080/01457632.2013.793115. 

[6] T. Zhang, D. Che, Y. Zhu, H. Shi, and D. Chen, “Effects of Magnetic Field and Inclination 
on Natural Convection in a Cavity Filled with Nanofluids by a Double Multiple-Relaxation-
Time Thermal Lattice Boltzmann Method,” Heat Transfer Engineering, vol. 41, no. 3, pp. 
252–270, Feb. 2020, doi: 10.1080/01457632.2018.1528057. 

[7] N. Sezer, M. A. Atieh, and M. Koç, “A comprehensive review on synthesis, stability, 
thermophysical properties, and characterization of nanofluids,” Powder Technology, vol. 
344, pp. 404–431, 2019, doi: 10.1016/j.powtec.2018.12.016. 

[8] I. Zahmatkesh et al., “Effect of nanoparticle shape on the performance of thermal systems 
utilizing nanofluids: A critical review,” Journal of Molecular Liquids, vol. 321, p. 114430, 
2021, doi: 10.1016/j.molliq.2020.114430. 

[9] H. Xie, J. Wang, T. Xi, and Y. Liu, “Thermal Conductivity of Suspensions Containing 
Nanosized SiC Particles,” International Journal of Thermophysics, vol. 23, no. 2, pp. 571–
580, 2002, doi: 10.1023/A:1015121805842. 

[10] D. Singh et al., “An investigation of silicon carbide-water nanofluid for heat transfer 
applications,” Journal of Applied Physics, vol. 105, no. 6, 2009, doi: 10.1063/1.3082094. 

[11] E. V. Timofeeva, J. L. Routbort, and D. Singh, “Particle shape effects on thermophysical 
properties of alumina nanofluids,” Journal of Applied Physics, vol. 106, no. 1, 2009, doi: 
10.1063/1.3155999. 

[12] J. Jeong, C. Li, Y. Kwon, J. Lee, S. H. Kim, and R. Yun, “Particle shape effect on the 
viscosity and thermal conductivity of ZnO nanofluids,” International Journal of 
Refrigeration, vol. 36, no. 8, pp. 2233–2241, 2013, doi: 10.1016/j.ijrefrig.2013.07.024. 

[13] Z. T. Yu et al., “Increased thermal conductivity of liquid paraffin-based suspensions in the 
presence of carbon nano-additives of various sizes and shapes,” Carbon, vol. 53, pp. 277–
285, 2013, doi: 10.1016/j.carbon.2012.10.059. 



18 
 

[14] X. Fang et al., “Thermal conductivity enhancement of ethylene glycol-based suspensions 
in the presence of silver nanoparticles of various shapes,” Journal of Heat Transfer, vol. 
136, no. 3, pp. 1–8, 2014, doi: 10.1115/1.4025663. 

[15] H. J. Kim, S. H. Lee, J. H. Lee, and S. P. Jang, “Effect of particle shape on suspension 
stability and thermal conductivities of water-based bohemite alumina nanofluids,” Energy, 
vol. 90, pp. 1290–1297, 2015, doi: 10.1016/j.energy.2015.06.084. 

[16] P. B. Maheshwary, C. C. Handa, and K. R. Nemade, “A comprehensive study of effect of 
concentration, particle size and particle shape on thermal conductivity of titania/water based 
nanofluid,” Applied Thermal Engineering, vol. 119, pp. 79–88, 2017, doi: 
10.1016/j.applthermaleng.2017.03.054. 

[17] L. Zhang, W. Yu, D. Zhu, H. Xie, and G. Huang, “Enhanced Thermal Conductivity for 
Nanofluids Containing Silver Nanowires with Different Shapes,” Journal of 
Nanomaterials, vol. 2017, 2017, doi: 10.1155/2017/5802016. 

[18] T. C. Paul, A. K. M. M. Morshed, E. B. Fox, and J. A. Khan, “Experimental investigation 
of natural convection heat transfer of Al2O3 Nanoparticle Enhanced Ionic Liquids 
(NEILs),” International Journal of Heat and Mass Transfer, vol. 83, pp. 753–761, 2015, 
doi: 10.1016/j.ijheatmasstransfer.2014.12.067. 

[19] T. A. Alkanhal et al., “Thermal management of MHD nanofluid within the porous medium 
enclosed in a wavy shaped cavity with square obstacle in the presence of radiation heat 
source,” International Journal of Heat and Mass Transfer, vol. 139, pp. 87–94, 2019, doi: 
10.1016/j.ijheatmasstransfer.2019.05.006. 

[20] A. S. Dogonchi, M. Waqas, and D. D. Ganji, “Shape effects of Copper-Oxide (CuO) 
nanoparticles to determine the heat transfer filled in a partially heated rhombus enclosure: 
CVFEM approach,” International Communications in Heat and Mass Transfer, vol. 107, 
no. June, pp. 14–23, 2019, doi: 10.1016/j.icheatmasstransfer.2019.05.014. 

[21] A. Rahimi, P. Azarikhah, A. Kasaeipoor, E. Hasani Malekshah, and L. Kolsi, “Lattice 
Boltzmann simulation of free convection’s hydrothermal aspects in a finned/multi-pipe 
cavity filled with CuO-water nanofluid,” International Journal of Numerical Methods for 
Heat and Fluid Flow, vol. 29, no. 3, pp. 1058–1078, 2019, doi: 10.1108/HFF-07-2018-
0349. 

[22] M. Gholinia, S. A. H. Kiaeian Moosavi, S. Gholinia, and D. D. Ganji, “Numerical 
simulation of nanoparticle shape and thermal ray on a CuO/C2H6O2–H2O hybrid base 
nanofluid inside a porous enclosure using Darcy’s law,” Heat Transfer - Asian Research, 
vol. 48, no. 7, pp. 3278–3294, 2019, doi: 10.1002/htj.21541. 

[23] K. Ajith, A. S. Pillai, I. V. M. V. Enoch, and A. B. Solomon, “Effect of magnetic field on 
the thermophysical properties of low-density ferrofluid with disk-shaped MgFe2O4 
nanoparticles,” Colloids and Surfaces A: Physicochemical and Engineering Aspects, no. 
December, p. 126083, 2020, doi: 10.1016/j.colsurfa.2020.126083. 



19 
 

[24] K. Ajith, A. S. Pillai, I. V. Muthu Vijayan Enoch, M. Sharifpur, A. B. Solomon, and J. P. 
Meyer, “Effect of the non-electrically conductive spindle on the viscosity measurements of 
nanofluids subjected to the magnetic field,” Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, vol. 628, 2021, doi: 10.1016/j.colsurfa.2021.127252. 

[25] K. Ajith, I. V. M. Enoch, A. B. Solomon, and A. S. Pillai, “Characterization of magnesium 
ferrite nanofluids for heat transfer Applications,” in Materials Today: Proceedings, Jan. 
2020, vol. 27, pp. 107–110. doi: 10.1016/j.matpr.2019.09.014. 

[26] W. Yu, H. Xie, L. Chen, and Y. Li, “Enhancement of thermal conductivity of kerosene-
based Fe3O4 nanofluids prepared via phase-transfer method,” vol. 355, pp. 109–113, 2010, 
doi: 10.1016/j.colsurfa.2009.11.044. 

[27] H. L. Fu and L. Gao, “Theory for anisotropic thermal conductivity of magnetic nanofluids,” 
Physics Letters, Section A: General, Atomic and Solid State Physics, vol. 375, no. 41, pp. 
3588–3592, Sep. 2011, doi: 10.1016/j.physleta.2011.08.026. 

[28] J. Philip, P. D. Shima, and B. Raj, “Enhancement of thermal conductivity in magnetite based 
nanofluid due to chainlike structures,” Applied Physics Letters, vol. 91, no. 20, pp. 2005–
2008, 2007, doi: 10.1063/1.2812699. 

[29] I. D. Garbadeen, M. Sharifpur, J. M. Slabber, and J. P. Meyer, “Experimental study on 
natural convection of MWCNT-water nano fluids in a square enclosure,” International 
Communications in Heat and Mass Transfer, vol. 88, pp. 1–8, 2017, doi: 
10.1016/j.icheatmasstransfer.2017.07.019. 

[30] H. Ghodsinezhad, M. Sharifpur, and J. P. Meyer, “Experimental investigation on cavity 
flow natural convection of Al2O3–water nanofluids,” International Communications in Heat 
and Mass Transfer, vol. 76, pp. 316–324, 2016, doi: 
10.1016/j.icheatmasstransfer.2016.06.005. 

[31] S. O. Giwa, M. Sharifpur, and J. P. Meyer, “Experimental study of thermo-convection 
performance of hybrid nanofluids of Al2 O3 -MWCNT / water in a differentially heated 
square cavity,” International Journal of Heat and Mass Transfer, pp. 119072, 2019, doi: 
10.1016/j.ijheatmasstransfer.2019.119072. 

[32] Y. Hu, Y. He, C. Qi, B. Jiang, and H. I. Schlaberg, “Experimental and numerical study of 
natural convection in a square enclosure filled with nanofluid,” International Journal of 
Heat and Mass Transfer, vol. 78, pp. 380–392, 2014, doi: 
10.1016/j.ijheatmasstransfer.2014.07.001. 

[33] S. U. Ilyas, R. Pendyala, and M. Narahari, “An experimental study on the natural convection 
heat transfer in rectangular enclosure using functionalized alumina-thermal oil-based 
nanofluids,” Applied Thermal Engineering, 2017, doi: 
10.1016/j.applthermaleng.2017.08.088. 

[34] J. C. Joubert, M. Sharifpur, A. B. Solomon, and J. P. Meyer, “Enhancement in heat transfer 
of a ferrofluid in a differentially heated square cavity through the use of permanent 



20 
 

magnets,” Journal of Magnetism and Magnetic Materials, vol. 443, pp. 149–158, 2017, doi: 
10.1016/j.jmmm.2017.07.062. 

[35] L. Shi, Y. He, Y. Hu, and X. Wang, “Controllable natural convection in a rectangular 
enclosure filled with Fe3O4 @ CNT nanofluids,” International Journal of Heat and Mass 
Transfer, vol. 140, pp. 399–409, 2019, doi: 10.1016/j.ijheatmasstransfer.2019.05.104. 

[36] S. O. Giwa, M. Sharifpur, and J. P. Meyer, “Effects of uniform magnetic induction on heat 
transfer performance of aqueous hybrid ferro fluid in a rectangular cavity,” vol. 170, no. 
January, 2020, doi: 10.1016/j.applthermaleng.2020.115004. 

[37] S. O. Giwa, M. Sharifpur, and J. P. Meyer, “Experimental investigation into heat transfer 
performance of water-based magnetic hybrid nanofluids in a rectangular cavity exposed to 
magnetic excitation,” International Communications in Heat and Mass Transfer, vol. 116, 
p. 104698, 2020, doi: 10.1016/j.icheatmasstransfer.2020.104698. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 
 

Table 1Uncertainty in measurement of thermophysical properties  
Thermophysical properties Average Uncertainty 

Thermal conductivity 0.0755%
Viscosity 2.64% 
Density 1.98%
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Table 2 Natural convection heat transfer enhancement of various nanofluid at different volume 
fractions 
Authors Type of nanofluid Nanoparticl

es Shape  
Optimu
m 
Volume 
fraction 

Percentage of 
Improvement  

Brusly Solomon 
et al. [2] 

Al2O3 + Ethylene 
glycol 

Spherical 0.05% 10%  

Sharifpur et 
al.[3] 

TiO2 + Water Spherical 0.05% 8.2%  

Garbadeen et 
al.[29] 

MWCNT + Water Cylindrical 
Nanotubes

0.10% 45%  

Ghodsinezhad 
et al.[30] 

Al2O3 + Water Spherical 0.10% 15%  

Giwa et al.[31] Al2O3: MWCNT 
(60:40 wt%) + Water

Spherical & 
Cylindrical

0.10% 20.5%  

Hu et al.[32] Al2O3 + Water Not specified 1wt% 7%  
Ilyas et al.[33] Al2O3 + Thermal oil Not specified 0.5wt% 2.72%  
Joubert et 
al.[34] 

Fe2O3 + Water Spherical 0.10% 5.63%  

Lei et al.[35] Fe3O4: CNT + Water Not specified 2:1 15% 
Giwa et al.[36] Fe2O3:Al2O3 + Water Spherical 0.10% 10.81% 
Giwa et al.[37] Fe2O3: MWCNT + 

Water 
Spherical & 
Tubular

0.05% 11.21% 
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Figure 1 Particle characterization using a) SEM; b) TEM and  c) magnetic hysteresis of Cube shape magnesium ferrite 
nanoparticles 
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Figure 2 Experimental setup for a) Thermal conductivity; b) Viscosity; c) Magnetohydrodynamic natural convection analysis of 
magnesium ferrite ferrofluid with cube shape nanoparticles 

a)  

b)  
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Figure 3 Effect of particle morphology on a) Thermal conductivity; b) Viscosity; and c) Density of magnesium ferrite ferrofluid 
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Figure 4 Effect of surface morphology on average heat transfer coefficient of ferrofluid in the  a) absence; and b) presence of 
magnetic field 
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Figure 5 Effect of surface morphology on variation of Nusselt number in the a) absence; b) presence of magnetic field 
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