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Abstract: The article aimed to analytically investigate the thermophysical behaviors of a 

ferrofluid in a vertical rectangle with the variation of intensity of the magnetic field, viscosity 

of the ferrofluid and boundary conditions. The governing equations of the ferrofluid include 

the continuity, momentum and energy equations for describing the thermal-fluidic 

behaviors of the ferrofluid and the Maxwell equation and magnetization equation are also 

added to consider rotating effect of the nano-sized particles. The flow behavior and heat 

transfer characteristics of the ferrofluid with the intensity of the magnetic field, viscosities 

of the ferrofluid and boundary conditions were analyzed through isotherms, velocity 

profiles and both mean and local Nusselt numbers. As a result, the isotherms of the 

ferrofluid in the vertical rectangle increased with the increase of the magnetic volume 

fractions and magnetic field intensities. In addition, the mean Nusselt numbers increased 

with the increase of magnetite volume fractions at all magnetic field intensities because of 

the combined effects of both heat conduction by magnetite and the magnetic volume force. 
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1. Introduction 

With increasing international concerns about saving energy and environmental regulations, new 

functional fluids have been widely considered and developed in various industries. Recently, many studies 

on the enhancement of cooling performance for electronics with high heat flux are conducted by many 

researchers due to the high integration and compactification of electronics.  

Ferrofluids are very promising working fluids for high efficiency thermal systems. Numerous 

scientific articles on the thermo-physical characteristics of the ferrofluids in the cavities as basic and 

fundamental research topics have been published in the open literature for a long time. A ferrofluid is a 

kind of nanofluid and it has been researched as a novel cooling material to facilitate better heat transfer 

for better energy savings and longer lifetime of electronics with high heat fluxes [1–7]. The basic and 

applicable characteristics of ferrofluids as working fluids have also been studied and discussed in the 

open literature for a long time. Sheikholeslami et al. [8] studied the effects of natural convection heat 

transfer in a cold outer circular enclosure containing a hot inner elliptic circular cylinder. They used a 

Cu-water nanofluid as the working fluid in the enclosure. They reported that Nusselt number increases 

with an increase of nanoparticle volume fraction, Rayleigh numbers and inclination angle. The heat 

transfer enhancement of the nanofluid also decreased with an increase of Rayleigh number. Akbar et al. 

investigated the interaction of copper nanoparticles with the base fluid water in an asymmetric channel 

under an induced magnetic field. They showed the mutual relations between various parameters using 

graphs [9]. Ellahi investigated the magneto-hydrodynamic flow of a non-Newtonian nanofluid in a 

pipe. The author discussed the effects of various physical parameters on velocity, temperature and 

nano concentration through a graphical approach [10]. Kim et al. studied the local and mean Nusselt 

numbers of a magnetic fluid (MF) in thin channels with variations of the inclination angles and aspect 

ratio. They reported the mean Nusselt numbers of the magnetic fluid in the thin channel was increased 

with the increase of the inclination angles and also increased with the increased of the aspect ratio [11]. 

Lee and Seo reported numerical results of some natural convection characteristics such as flow 

velocity and an isotherm of the temperature-sensitive ferrofluid in a square cavity with variations of 

the Rayleigh number. As a result, they reported that the heat and flow characteristics of the ferrofluids 

within the tested cavity were found to depend on both magnetic intensity and magnetic volume 

fractions of magnetite [12]. Wang et al. considered the natural convection characteristics in a porous 

medium enclosure under a magnetic field. They explained the heat and flow characteristics in a porous 

enclosure due to the effects of the inclination angle, Darcy number, and magnetic force parameter [13]. 

Extensive studies have been conducted on the thermo-physical characteristics of ferrofluids in the 

various channels and cavities. However, concise and precise studies in the open literature on ferrofluids as 

working fluids in a vertical rectangular channel for heat exchangers of thermal systems are very few. 

Therefore, this study analyzed the flow behaviors and heat transfer characteristics of a ferrofluid as a 

working fluid in a vertical rectangle for the purpose of application in heat exchangers for thermal 

systems by varying the viscosity of the ferrofluid, the magnetic field intensity and boundary conditions 
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at all walls. In addition, the mean and local Nusselt numbers were calculated with these boundary 

conditions and the magnetic field intensities. 

2. Numerical Method 

In order to analyze the flow behaviors and heat transfer characteristics of the ferrofluid, the physical 

model and numerical analysis condition are derived. Figure 1 shows the physical model of the vertical 

rectangle filled with the nano-sized ferrofluid. The temperature of the bottom (T1) wall was basically 

maintained at 340 K and the temperatures of the left (T2), right (T4) and top (T3) walls were maintained 

at 300 K. The temperatures of the right (T4) and left (T2) walls were varied to 290 K, 300 K and 310 K. 

Magnetic field intensities ranged from 0 to 3000 A/m with an interval of 1000 A/m and were applied 

uniformly along the y-direction at the bottom wall. Velocities at the initial conditions were assumed to 

be 0 in both the x- and y-directions, and all walls were under no-slip boundary conditions. Table 1 

shows the numerical conditions. 

(a) (b) 

Figure 1. The physical model for ferrofluid in the vertical rectangle: (a) Rectangle; (b) Mesh. 

Table 1. Numerical conditions. 

Properties Conditions 

Magnetic field intensities (A/m) 0, 1000, 2000, 3000 (Normal) 
Temperature of the left wall, T2, T4 (K) 270, 280, 290, 300 (Normal), 310, 320 

Temperature of the left wall, T1 (K) 340 (Normal) 
Temperature of the left wall, T3 (K) 300 (Normal) 
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The viscosities at 300 K of the ferrofluids used in the physical model were 0 (water) 0.854, 1.9, 2.95 

and 4.0 mPa·s. The volume fractions of magnetite were 0 (water), 1.5, 3.0 and 4.5%. The Rayleigh 

number was fixed at 105 as suggested by Hollands et al. [14]. The thermodynamic properties of the 

ferrofluids used in this study were based on the data supplied by the manufacturing company [15]. Table 2 

lists the thermodynamic properties of the ferrofluids used in this study.  

Table 2. Thermo-dynamic properties of the used ferrofluids. 

Properties Water FF1 FF2 FF3 

Volume fraction of magnetite (%) 0 1.5 3.0 4.5 
Nominal particle diameter (nm) - 10 10 10 

Density at 298 K (kg/m3) 946.9 1044 1142 1240 
Viscosity at 300 K (mPa·s) 0.854 1.9 2.95 4.0 

Saturation magnetization (mT) - 9.2 18.3 27.5 
Prandtl number 6.1 13.2 20.3 27.4 

Mesh size of the vertical rectangle used 20 × 20 grids and numerical analysis was performed until 

the temperature difference between the initial state and final state was 10−5 K during 0.5 s. The elapsed 

time was t = 20,000 s. The conservation equations for mass, momentum and energy were used to 

analyze the heat and flow characteristics of the ferrofluid in the vertical rectangle. In addition, the 

magnetization and Maxwell equations are used to predict the ferrofluid behaviors with consideration of 

the rotating effect of the nano-sized magnetic particles [16]. In addition, the governing equations were 

solved with several physical assumptions as well as the well-known Boussinesq approximation [17]. 

The local Nusselt number on the near heated wall (T1) was defined as an Equation (7) and the mean 

Nusselt number was calculated as an Equation (8), based on the research results of Seo and Lee [18]: 
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3. Results and Discussion 

The numerical model for investigation on the thermophysical characteristics of the ferrofluid in a 

vertical rectangle in this study was developed based on the existing model suggested by Lee and Seo et 

al. and the developed model was sufficiently validated with their data and other numerical models 

explained in their articles [11,12]. Also, all data predicted by the present model showed good 

agreement within 5% of the existing models and thus we confirmed that the present model is valid. 

3.1. Thermal-Flow Characteristics 

Generally, the flow characteristics of the working fluid in the closed system are discussed with 

isotherms and velocity profiles. Figure 2 shows the isotherms of the ferrofluid with various magnetite 

volume fractions in the vertical rectangle. In order to compare the flow characteristics between the 

water and the ferrofluid in the vertical rectangle, isotherms were considered with the variation of the 

volume fractions from 1.5% to 4.5% under H = 0 A/m, T1 = 340 K and T3 = 300 K.  

Figure 3 shows the isotherms of the ferrofluid in the vertical rectangle with various intensities of  

the magnetic field at the magnetite volume fraction of 1.5%, T1 = 340 K and T3 = 300 K. The thermal 

diffusion of the ferrofluid in the vertical rectangle was enhanced with the rise of the magnetic field 

intensities. This is because the magnetic volume force for the y-direction increased with the rise of the 

magnetic field intensities at the bottom wall of the rectangle [19].  

 

 

V.F. = 0%  V.F. = 1.5%  V.F. = 3.0%  V.F. = 4.5%  V.F. = 0%  V.F. = 1.5%  V.F. = 3.0%  V.F. = 4.5% 

(a) (b) 

Figure 2. Comparisons of the isotherms with various magnetite volume fractions of ferrofluids 

at H = 0 A/m. (a) 20,000 s; (b) 4000 s. 

In addition, the isotherms of the ferrofluids in the vertical rectangle were enhanced with the increase 

of the viscosities of the ferrofluids under given magnetic fields. The height of the core column in the 
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isotherm for ferrofluid with the volume fraction of 4.0% at H = 2000 A/m is less than that with the 

volume fraction of 1.5% due to the faster cooling with the cold walls by increasing the heat transfer 

velocity to opposite direction of the bottom wall. The reason is that the effect of magnetic field intensity on 

the ferrofluid was increased with the rise of the volume fraction of the ferrofluids. 

  

H = 0 H = 1000 H = 2000 H = 3000 H = 0 H = 1000 H = 2000 H = 3000 

(a) (b) 

 

H = 0 H = 1000 H = 2000 H = 3000 H = 0 H = 1000 H = 2000 H = 3000 

(c) (d) 

Figure 3. Isotherms of ferrofluid with various intensities of magnetic field at the magnetite 

volume fractions of 1.5%, 3.0% and 4.5%. (a) Volume fraction (1.5%) at 20,000 s; (b) 

Volume fraction (3.0%) at 20,000 s; (c) Volume fraction (4.5%) at 20,000 s; (d) Volume 

fraction (3.0%) at 4000 s. 

As shown in Figure 3d at the same elapsed time of 4000 s, the magnetic volume force was increased 

with the intensities of the magnetic field [20]. From the results of Figures 2 and 3, the isotherms of the 
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ferrofluid in the vertical rectangle increased with the increase of the magnetic volume fractions and 

magnetic field intensities. In addition, the natural convection heat transfer of the ferrofluid in the 

vertical rectangle was increased. 

3.2. Nusselt Numbers and Heat Transfer Characteristics 

The local and mean Nusselt numbers of the ferrofluid in the vertical rectangle were considered  

with variations of the magnetic volume fractions and magnetic field intensities. Figure 4 shows the 

variation of mean Nusselt numbers of the ferrofluid in the vertical rectangle with the magnetite volume 

fractions. The mean Nusselt number of the ferrofluid with the volume fraction of 4.5% at H = 0 A/m is 

0.08% larger than that with the volume fraction of 1.5%. Also the mean Nusselt number of the 

ferrofluid with the volume fraction of 4.5% at H = 3000 A/m is 15.84% larger than that with the 

volume fraction of 1.5% because the magnetic volume force of the ferrofluid increased with the 

increase of the ferrofluid volume fractions [21]. The cooling area at the isotherms of the ferrofluid in 

the vertical rectangle increased with the increase of the magnetic volume fractions and magnetic field 

intensities due to increasing of the cooling speed with increased magnetic volume force [22]. Namely, 

the ferrofluid with more magnetite content yields a higher heat transfer. However, when the ferrofluid 

used as the working fluid in the thermal devices such as a micro-heat exchanger, a channel and an 

enclosed cavity, the manufacturing costs of the ferrofluid get more expensive with increasing amount of 

magnetite. Therefore, in order to practically use the ferrofluid in thermal devices with a lower 

manufacturing cost, a larger magnetic field intensity at lower magnetic volume fraction of the ferrrofluid is 

necessary to have the same heat transfer performance with the higher magnetic volume fractions. In 

addition, these results could contribute as a basic research result applicable to heat exchangers like solar 

thermal collectors in real industries.  

 

Figure 4. Mean Nusselt numbers of the ferrofluid in the vertical rectangle with the 

magnetite volume fractions. 

As a result, the mean Nusselt numbers increased with the increase of magnetite volume fractions at 

all magnetic field intensities because of the combined effects of both heat conduction by magnetite and 

the magnetic volume force [23]. In addition, at H = 1000, 2000 and 3000 A/m, the mean Nusselt 

numbers at the magnetite volume fraction of 4.5% increased by 0.98%, 3.19% and 16.85%, 
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respectively, compared with the water reduced convective heat transfer rate. Also, the mean Nusselt 

numbers at the bottom wall show higher values than those at the top wall because of the larger 

temperature difference with the faster velocity profiles and isotherms as shown in Figure 5d where the 

isotherms of the ferrofluid in the vertical rectangle with various temperatures of the left wall at H = 0 

A/m and magnetite volume fraction of 3.0% are seen. 
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Figure 5. Cont. 

 

T = 270 K T = 280 K T = 290 K T = 300 K T = 310 K T=320 K T=330 K 

(d) 

Figure 5. Both local and mean Nusselt numbers and isotherms of ferrofluid in the vertical 

rectangle with various temperatures of the left wall at H = 0 A/m and magnetite volume 

fraction of 3.0%. (a) Local Nu at bottom wall; (b) Local Nu at top wall; (c) Mean Nu at top 

and bottom walls; (d) Isotherms. 

4. Conclusions 

This study investigated numerically the thermophysical behaviors of a nanosized ferrofluid in a 

vertical rectangle with the variation of intensity of the magnetic field, viscosity of the ferrofluid and 

boundary conditions. The variation of the flow behavior and heat transfer characteristics of the 

ferrofluid were analyzed through isotherms, velocity profiles and both mean and local Nusselt numbers 

with the intensity of the magnetic field, viscosities of the ferrofluid and boundary conditions. As results, 

the flow and heat transfer characteristics of the ferrofluid in the vertical rectangle were affected by the 

intensities of the magnetic field and the boundary conditions at all walls. The cooling area in the isotherms 

of the ferrofluid in the vertical rectangle increased with the increase of the magnetic volume fractions 

and magnetic field intensities due to the increased cooling speed with increased magnetic volume 

force. The mean Nusselt numbers were increased with the rise of the magnetic field intensities and the 

rise of viscosities of the ferrofluids due to the increased magnetic volume force of the ferrofluids. The 

mean Nusselt numbers also increased with the increase of magnetite volume fractions at all magnetic 

field intensities because of the combined effects of both heat conduction by magnetite and the magnetic 

volume force. In addition, the mean Nusselt numbers of the ferrofluid in the vertical rectangle at both the 

top and bottom walls decreased with the left wall being heated from 270 K to 330 K because the local 

Nusselt numbers at top and bottom walls decreased with left wall heating due to the reduced temperature 

between the left wall and bottom wall with the reduced convective heat transfer rate. 
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