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Abstract 

The effect of heat transfer in Magneto hydrodynamics (MHD) in free convection flow of 

ferrofluids along horizontal flat plate is studied. For this purpose, magnetite Ferro particles 

(Fe3O4) are considered and water (H2O) as the base fluid. In addition to these non-magnetic 

nanoparticles (Al2O3) were also used. Thecomparison between magnetite (Fe2O4) and non-

magnetic (Al2O3) nanoparticles were conducted. The governing non-linear partial differential 

equations (PDE) were transformed into non-linear ordinary differential equations (ODE) using 

similarity transformation. The analytical solution were obtained for velocity and temperature 

gradient and solved with bvp4c MATLAB. The graphically results were plotted to show the 

behaviour of velocity and temperature of ferrofluids affected by parameters. It was observed that 

the temperature and velocity of ferrofluids depends upon viscosity and thermal conductivity 

together with magnetic field. The effect of rate of heat transfer, skin friction, Groshoff number and 

magnetic field parameters were also studied.  
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1. Introduction 

Magneto Hydrodynamics (MHD) is the branch of continuum mechanics having study of magnetic 

properties and behavior of electrically conducting fluids. Many natural phenomenon and 

engineering problems are based upon the concept of MHD. The idea of MHD is that magnetic 

field induces current in conductive moving fluid, which creates forces on the fluid. The set of 

equations which describes the MHD are combination of Navier-Strokes equations of fluid 

dynamics and Maxwell’s equations of electromagnetism. MHD has large applications in field of 

solar physics, plasma physics, biological flows etc.Heat transfer has huge applications in many 

manufacturing processes such as nuclear reactors, fuel cells, hybrid-powered engines, biomedical 

and pharmaceutical processes and pasteurization of food. In all above processes the heat transfer 

takes place through some heat transfer devices such as heat exchangers, evaporators, condenser 

and heat sinks. 

 Ferrofluids (FF) are some special of class of magnetic fluids with base liquids. They are also 

termed as Magnetic Nanofluids, particle size ranges from 5 to 15nm. In the absence of magnetic 

field, Ferrofluids acts like a liquid. A ferrofluids is composed of basically three major components; 

magnetic nanoparticles, base liquid and surface-active agent (Surfactant). The particles in 

ferrofluids are covered with surfactant; each of these particles behaves like permanent magnets. 

The surfactant protects the magnetic particles from congregating and falling out of suspension. 

Ferrofluids termed as colloidal suspension of Magnetite (Fe3O4), Hematite (Fe2O3) and other 

compound containing Iron and base liquids (usually oils). Fluids with magnetic properties are 

composed of two types of magneto rheological fluids (MR fluids) and ferrofluids. The major 

differences between two types fluids are size of magnetic fluids, in MR fluids particles are micron-

sized while ferrofluids are comprised off nanoparticles. Due to smaller sized particles in ferrofluids 

are higher suspension stability and more suspension time. The composition of a typical ferrofluid 

is about 5% magnetic solids, 10% surfactant and 85% carrier, by volume. 

Principle of ferrofluids is that keeps the atmosphere suspended above the earth, preventing it from 

collapsing under gravitational pull, to keep the tiny magnetic particles suspended. In addition, 

finite size of particles plays an important role. Due to smaller sized particles in ferrofluids are 

higher suspension stability and more suspension time. Ferrofluids are used in medical imaging; 

contrast agents/tracers for diagnosis via MRI and MPI. Ferrofuids has great applications in 

designing and operation of machine elements.  Ferrofluids are used as liquid seals to keep dust out 

of computer hardrives. They can also be used in loudspeakers to help keep them cool.  The thermal 

conductivity of ferrofluid is of much importance for researchers due to significant enhancement as 

compared to nonmagnetic nanofluids. In literature review it is observed that most of ferrofluids 

synthesized with magnetite (Fe3O4) which was produced by copreciptation method has been 

studied. Abareshi and his coworkers synthesized ferrofluids by dispersing Fe3O4 nanoparticles in 

water (19). They observed an increase of 11.5% in the off‐state thermal conductivity as the particle 

loading increased to 3 vol% at 40°C.  
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This increase was noticed when the magnetic field was applied parallel to the heat flux. Philip et 

al. and Shima et al. (5) investigated the thermal conductivity of kerosene‐based ferrofluids 

synthesized with Fe3O4 nanoparticles. When the magnetic field was applied parallel to the heat 

flux, they discovered a substantial increase in the thermal conductivity. Heat transfer in ferrofluids 

using computational fluid dynamics techniques were studied by Jafari A & Sarmoma (3). The 

conceptual and experimental studies of ferrofluid flow and heat transfer are highly related to the 

magnetohydrodynamic (MHD) concept. Some more researchers initiate the works on MHD and 

hypothesized that if a magnetic field was constantly imposed to a conducting liquid, then the 

movement of the liquid induced the electromagnetic force and produced electric currents which in 

turn changed the state of motion of the liquid. Gul et al. (11) expanded that the polarization of 

magnetite (Fe3O4) in the magnetic field direction was very strong and it kept polarized even the 

magnetic field was abolished. The research of MHD rises from its enormous applications in 

petroleum industries, geophysical problem, and agricultural engineering. The interaction of 

electrically conducting liquid and magnetic field strongly affects industrial equipment like 

bearings, MHD generators and pumps. MHD concept also can be utilized in medical sector such 

as tumors elimination, gastric medications, wound treatment and sterilization of devices. The effect 

of magnetic field on the convection of nanofluid also has been investigated for various conditions 

and circumstances by using the Galerkin method. Mukhopadhyay (9) investigated MHD boundary 

layer flow with the presence of thermal stratification and concluded that the higher magnetic 

parameter suppressed the velocity field and subsequently enhanced the skin friction coefficient. 

Later on Nayan, Zakaria and their co-workers studied MHD flow of hybrid nanofluids over vertical 

plate in porous media. Khan WA& Khan ZH (5) studied MHD boundary layer flow of nanofluid 

past vertical plate. 

 According to above literature review it can be noticed that more studies were focused on free 

convection flows in nanofluids rather than ferrofluids. This study focused on heat transfer in free 

convection flows along flat plate in porous medium.  In this problem the comparison between 

nonmagnetic(Al2O3) nanoparticles and magnetic (Fe2O3) are also conducted. The study 

investigates MHD free convection of ferrofluids in vertical plate immersed in porous medium. The 

temperature also kept constant and maintained no slip condition. From study the effects of 

magnetic field, skin friction, dimensionless temperature, Grashof number, heat transfer and porous 

medium parameters are evaluated. 

2. Mathematical Formulation 

In the formulation of the problem, the water based ferrofluid (Fe2O3) considered for the study in 

free convection along flat plate immersed in porous media. The effect of radiation in free 

convection was also studied. The aligned magnetic field with an acute angle α, applied to fluid. It 

is expressed as function of distance from origin expressed as B(x) =  
x

B0   with B0 not equal to 

zero, B0 magnetic field strength an x is the coordinate along the plate. When magnetic field is 
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induced, ferroparticles get oriented along magnetic field lines. The surface of plate is maintained 

at constant wall temperature Tw and T∞ free stream temperature. 

Taking into consideration of above assumptions and based upon approximation of Boussinesq, the 

governing equations of momentum and energy are as follows:   
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    with boundary conditions 

            u(0, t) = 0,   T(0, t) = T0                                                                                                                     (3) 

           u(d, t) = 0,    T(d, t) = Tw                                                                                                                     (4) 

 where the subscript ff stands for ferrofluids. u = u (y, t) fluid velocity in x-direction, T= T(y, t) is 

the ferrofluid temperature, ρff is ferrofluid density, μff is dynamic viscosity of ferrofluid, σff is 

electrical conductivity of ferrofluid, q is radiative heat flux in x-direction, g is acceleration due to 

gravity, (ρcp)ff specific heat capacity at constant pressure, (ρβ)ff is thermal expansion of 

ferrofluid.  

With reference to [16, 17, 19] the relations of density, dynamic viscosity and thermal conductivity 

of ferrofluids with base fluid are as follows: 
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Where μf – dynamic viscosity of the base fluid, ϕ – solid volume fraction, ρf – density of base 

fluid, ρs – density of solid nanoparticles, (ρCp)nf – heat capacity of ferrofluid and kff – thermal 

conductivity of ferrofluid, Where kf & ks – thermal conductivities of the base fluid and 

ferropaticles. (ρCp)f & (ρCp)s are the specific heat parameters of base fluid and ferroparticles.  

Based on Makinde and Mhone [9], the radiative heat flux is as follows: 
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           And pressure gradient is given by
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  α0 mean radiation absorption, λ is constant and w1 is oscillation frequency.  

 

Introducing non-dimensional variables: 
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The system of equations (1) to (4) reduces to:  
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      T(0, t) = 0,   T(1, t) = 0,  t > 0                                                                                                       (11) 
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Here M, Re, N, Pe, and Gr denote magnetic parameter, Reynold's number, radiation parameter, 

Peclet number and thermal     Grashof number, respectively. Other arbitrary constants were used for 

clarity and simplification. 

 

3. Method of Solution 
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Equations (8) to (11) are not easy to solve, so use perturbation method which is quite suitable to 

solve these equations, the parameter ε is assumed to small such that 0 < ε < 1 

 

u(y, t) = u0(y) + εu1(y) eiwt                                                                                           (12) 

 

T(y, t) = T0(y) + εT1(y) eiwt                                                                                          (13) 

 

Using equations (12) and (13) into equations (8) to (11) converted into ordinary differential 

equations, after large calculations we get  
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Skin friction and Nusselt number are evaluated from equations (14) and (15) 
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According to Turkyilmazoglu [20], the relations in Eq (5) are restricted to ferroparticles with 

spherical shape. For ferooparticles of other shapes with different thermal conductivity and dynamic 

viscosity would be modified. 

Table1: Spherical & Cylindrical shaped ferropartices with dynamic viscosity & thermal 

conductivity: 

S.no Shape of 

ferroparticles 

 

Dynamic Viscosity Thermal Conductivity 
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2 Cylindrical 
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Table 2: Thermo physical properties of ferroparticles(Fe3O4 & Al2O3) and base fluid: 

Physical Properties Water Fe3O4 Al2O3 

 

ρ (kg / m3) 997.1 5180 3970 

 

cp (J/kgK) 4184 670 765 

 

k (W/mk) 0.613 9.7 40 

 

β x 10-5(K-1) 21 0.5 0.85 

 

  Results & Discussion: 

Figure 1: Velocity graph for N = 0.1, 0.9, 1.2, 1.4 when Gr = 0.1, φ = 0.04, Re = 1, Pe = 1, M = 

1, λ = 1, t = 5 and ω = 0.2.  

 

Figure2: Velocity graph for φ = 0.0, 0.02, 0.03, 0.04 when Gr = 0.1, N = 1, Re =1, Pe = 1, M = 

1, λ = 1, t = 5 and ω = 0.2. 
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Figures 3: Velocity graph for M = 0, 2, 4, 5 when Gr = 0.1, φ = 0.04, Re = 1, Pe = 1, N = 1, λ 

= 1, t = 5 and ω = 0.2.  

 

Figure 4: Comparison of ferrofluid (Fe3O4) velocity with nanofluid (Al2O3) velocity when 

Gr = 0.1, φ = 0.04, Re = 1, Pe = 1, M = 1, λ = 1, τ = 5 and ω = 0.2.  

 

Figure 5: Temperature graph for φ when N = 1.5 and t = 0.5. 

 

Figure 6: Comparison of ferrofluid (Fe3O4) temperature with nanofluid (Al2O3) 

temperature when φ = 0.04, N = 1.5 and τ = 0.5. 
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Conclusions: 

• From figure 1, it is noticed that the velocity of ferrofluid decreases with increase in the 

volume fraction of nanoparticles, because of increase in the viscosity. 

• There is effect of radiation parameter N on the velocity of ferrofluid, due to decrease in 

viscosity, velocity of ferrofluid increases. 

• Different values of magnetic parameter M for velocity profile were considered. An increase 

in magnetic parameter M led to decrease in velocity of ferrofluid. 

• Comparison of velocities when two different types of nanoparticles namely, magnetite 

(Fe3O4) and non-magnetic (Al2O3) were added to the conventional base fluid. It was found 

that the velocity of the Al2O3 nanofluid was greater than the velocity of the ferrofluid 

(Fe3O4 nanofluid) when the volume fraction was φ = 0.04. This shows that the viscosity 

and thermal conductivity of the ferrofluid was greater than the Al2O3 nanofluid. 
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