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Abstract

Magnetohydrodynamic (MHD) forced convection heat transfer from radiate surfaces in the presence of a
uniform transverse magnetic field, with conductive fluid suction or injection from a porous plate is considered.
A set of solutions to the non-linear equations is presented using the Keller box method. It is found that
increasing the magnetic influence number decreases both the velocity boundary layer thickness and the heat
transfer rates from the porous plate, also increasing the radiation-conduction parameter, Eckert numbers,
dimensionless temperature ratios, which heated the fluid, and decreases heat transfer rates. Different velocity
and temperature profiles, local coefficient of friction, and local Nusselt numbers for different dimensionless
groups are drawn.
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Introduction

The study of magnetohydrodynamic (MHD) viscous
flows is important to industrial, technological, and
geothermal applications, such as high-temperature
plasmas, cooling of nuclear reactors, liquid metal flu-
ids, MHD accelerators, and power generation sys-
tems. Sparrow and Cess (1961) studied the effect
of magnetic fields on natural convection heat trans-
fer. Romig (1964) studied the effect of electric and
magnetic fields on heat transfer to electrically con-
ducting fluids. Garandet et al. (1992) analyzed the
buoyancy-driven convection in a rectangular enclo-
sure with a transverse magnetic field. Takhar and
Ram (1994) studied the effect of magnetic fields
on both natural and forced convection heat trans-
fer problems. Hossain (1992) determined that vis-
cous and Joule heating effects on MHD-free convec-

tion flows with variable plate temperature varies lin-
early with a distance from a leading edge and in the
presence of a uniform transverse magnetic field; the
equations governing the flow were solved numerically
by applying the finite difference method along with
Newton’s linearization approximation. Jha (2001)
studied the natural convection in unsteady Couette
motion; in his work, the unsteady free convective
flow of an incompressible viscous fluid between 2 ver-
tical parallel plates, 1 of which is impulsively started,
is considered.

On the other hand, radiation heat transfer effects
from a porous wall on forced convection flow are very
important in space technology and high temperature
processes, and very little is known about the effects
of radiation on the boundary layer of a radiate-MHD
fluid past a body. The inclusion of radiation effects
in the energy equation leads to a highly nonlinear
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partial differential equation. The radiation effects on
free convection flow of a gas past a semi-infinite flat
plate was studied by Soundalgekar et al. (1960) using
the Cogley-Vincenti-Giles equilibrium model, Cog-
ley et al. (1968). Hossain and Takhar (1996) stud-
ied the effects of radiation of an optically dense vis-
cous incompressible fluid past a heated vertical plate
with uniform free stream velocity and surface tem-
perature. In this analysis, consideration had been
given to gray gases that emit and absorb, but do
not scatter thermal radiation; they note that the
Rosseland diffusion approximation provides one of
the most straightforward simplifications of the full
integro-partial differential equations. The effects of
radiation on the free convection heat transfer prob-
lem in the absence of a magnetic field and viscous dis-
sipation was studied by Hossain et al. (1999), where
only the suction boundary condition is treated. More
recently, Duwairi and Damseh (2004a, 2004b) stud-
ied the radiation-conduction interaction in free and
mixed convection fluid flow for a vertical flat plate
with the presence of a magnetic field effect.

In the present report, the specific problem se-
lected for study is the flow and heat transfer in an
electrically conducting fluid adjacent to an isother-
mal porous plate, with radiation heat transfer effects
accounted for. There is an interesting aspect involv-
ing MHD effects in forced convection boundary lay-
ers; induced magnetic forces modify the free stream
flow and this, in turn, affects the external pressure
gradient or the free stream velocity that is imposed
in the boundary layer. Thus, a complete boundary-
layer solution would involve a MHD solution for the
inviscid free stream. As a consequence, the forced
convection problem is more complicated than free
convection.

Mathematical Analysis

Consider the problem of MHD forced convection of
an electrically conducted fluid of constant thermal
properties at uniform temperature. A uniform mag-
netic field is applied in the vertical direction, normal
to the plane. The electromotive force generated by
a magnetic field is known to be proportional to its
speed of motion and the magnetic field strength. The
electric field intensity E is defined as:

∇×E = −∂B
∂t

(1)

The magnetic flux density (B) is expressed as:

B = µeH (2)

where H is the magnetic field strength, and µe is the
magnetic permeability. With generalized Ohm’s law,
the total current flow can be defined as:

J = σ (E + V ×B) (3)

where σ is the electrical conductivity. From the
above equations we get:

∂B
∂t

= ∇× (V ×B) + vm∇2B (4)

where vm = 1/(σµe).
The electromagnetic force to be included in the

momentum equation (Fm) is:

Fm = J×B = σ (V ×B)×B (5)

The analysis is carried out for the case of uniform
surface temperature (Tw), which is placed in a fluid
at temperature (T∞), with free stream velocity (u∞),
and a uniform magnetic field (B0) (independent of
x). The configuration is pictured schematically in
Figure 1.

The flow is steady, laminar, incompressible, and
2-dimensional. The fluid is assumed to be gray, emit-
ting and absorbing heat, but not scattering it. The
radiation is included in the governing equations by
using the Rosseland diffusion approximation. The x
coordinate is measured from the leading edge of the
plate, and the y coordinate is measured normal to
the plate. The corresponding velocities in the xand
y directions are u and v, respectively, and vwis the in-
jection or withdrawal velocity of the conductive fluid
from the porous wall. Using the boundary layer ap-
proximations, the governing equations can be writ-
ten as:

∂u

∂x
+
∂v

∂y
= 0 (6)

ρ

(
u
∂u

∂x
+ v

∂u

∂y

)
+ σB2

0 (u− U∞) = µ
∂2u

∂y2
(7)

ρcp

(
u∂T
∂x

+ v ∂T
∂y

)
− σB2

0u
2 = k

(
∂2T
∂y2

)
−

∂
∂y

(
− 16a

3αR
T 3 ∂T

∂y

)
+ µ

(
∂u
∂y

)2
(8)
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Figure 1. MHD-forced convection model from a radiate porous wall.

The governing equations include magnetic influence
terms in both the momentum and energy equations,
and the energy equation includes a viscous dissipa-
tion term. The radiation heat transfer fluxes for
an optically thick fluid are included in the energy
equation, as described by Ali et al. (1984). In the
above system of partial differential equations, a is the
Stefan-Boltzmann constant and αR is the Rosseland
mean absorption coefficient. The boundary condi-
tions can be written as:

x = 0, y〉0 : u = 0, T = T∞
y = 0, x〉0 : u = 0, v = ±vw, T = Tw
y →∞, x〉0 : u = u∞, T = T∞

(9)

The boundary condition (∂u/∂y)y→∞ = 0, regard-
ing the shear stress at the outer edge of the bound-
ary layer, is employed to determine the boundary
layer thickness. The minus sign velocity (−vw) cor-
responds to the suction or withdrawal of the conduc-
tive fluid from the porous wall, and the plus sign (vw)
corresponds to blowing or injection. In this paper,
both the conductive fluid suction or injection case
from the porous wall will be treated.

In the above system of equations, and in order to
satisfy the continuity equation, we define the stream
function as u = ∂ψ/∂y , and v = −∂ψ/∂x. The
following dimensionless variables are introduced in
the transformation:

η = y

√
u∞
υx

, ψ =
√
u∞υxf(η) , θ(η) =

T − T∞
Tw − T∞

(10)

Using Eq. (10) in the governing Eqs. (6-9), the
momentum and energy equations can be written as:

f ′′′ + (1/2)ff ′′ + N (1− f ′) = 0 (11)

1
Pr

[{
1 + 4

3Rd
(1 + (θw − 1)θ)3

}
θ′
]′

+ (1/2)fθ′

+ NEc (f ′)2 +Ec (f ′′)2 = 0
(12)

The corresponding boundary conditions can be
written as:

f ′(0) = 0, f(0) = ±M, θ(0) = 1
f ′(∞) = 1, θ(∞) = 0 , f ′′(∞) = 0 (13)

The corresponding dimensionless groups
that appeared in the governing equations are
N = σB2

0x
/
ρu∞, Ec = u2

∞
/
cp(Tw − T∞), Pr =

υ/α, θw = Tw/T∞Rd = kαR
/

4aT 3
∞, and M =

(2vw/u∞)Re1/2
x . The minus sign for M refers to

suction and the plus sign refers to the injection
through the porous wall. The primes denote partial
differentiations with respect to η.

In the above system of equations, the radi-
ation conduction parameter is absent from the
MHD-forced convection heat transfer problem when
1/Rd → 0. Some of the physical quantities of practi-
cal interest include the velocity component u and vin
the x- and y-directions, the wall shear stress, τw =
µ (∂y/∂y)y=0, and the surface heat flux, qw(x) =
−
{
k + (16a/3αR)T 3

}
(∂T /∂y)y=0 = h (Tw − T∞).

They are given by:

u = u∞f
′(η) (14)

v = −(u∞/2)Re−1/2
x {f(η) − η f ′(η)} (15)
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CfxRe
1/2
x = 2f ′′(0) (16)

NuxRe
−1/2
x = −

(
1 + (4/3Rd)θ3

w

)
θ′(ξ, 0) (17)

The governing nonlinear differential Eqs. (11-
12), with the relevant boundary condition Eq. (13),
have been solved numerically using the Keller box
method of Cebeci and Bradahow (1984); their nu-
merical scheme has several desirable features that
make it appropriate for solution of parabolic par-
tial differential equations. For the sake of brevity,
the detailed numerical method is not presented here.
A grid independence study was carried out to ex-
amine the effect of the step size η and the edge of
the boundary layer η∞ on the solution in order to
optimize them. The computations were carried out
using a non-uniform grid with the first step size ∆η
=0.005, and the variable grid parameter was chosen
to be 1.01. The value of η∞ = 30 was sufficiently
large for the velocity to reach the relevant stream
velocity.

Results and Discussion

In this study, the MHD-forced convection heat trans-
fer effects on a radiate porous wall are investigated.
Some important results for the MHD effects on the
forced convection heat transfer problem, which is dif-
ferent from the previous study by Takhar and Ram
(1994), are found.

It should be mentioned that the optically thick
approximation should be valid for relatively low val-
ues of the radiation-conduction parameter, Rd. Ac-
cording to Ali et al. (1984), some values of Rd
for different gases are: (1) Rd=10-30: carbon diox-
ide (100-650oF ) with corresponding Prandtl number
range 0.76-0.6; (2) Rd=30-200: ammonia vapor (120-
400oF ) with corresponding Prandtl number range
0.88-0.84; (3) Rd=30-200: water vapor (220-900oF )
with corresponding Prandtl number 1.

Figures 2 and 3 show that increasing the mag-
netic influence number, N = σB2

0x
/
ρu∞, decreases

the velocity boundary layer thickness due to mag-
netic field effects on the external flow field. Ad-
ditionally, the heat transfer rates from the porous
plate had been decreased for either suction or injec-
tion from the porous wall.
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Figure 2. Dimensionless velocity profile for different Nat
M = ±3, θw = 2,Pr = 1, Rd = 1, Ec = 0.01.
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Figure 3. Dimensionless temperature profile for differ-
ent Nat M = ±3, θw = 2,Pr = 1, Rd =
1, Ec = 0.01.

The radiation-conduction parameter, Rd =
kαR

/
4aT 3

∞, had no effects on the velocity bound-
ary layer for the MHD-forced convection heat trans-
fer problem under consideration. Figure 4 shows the
dimensionless temperature profiles for different val-
ues of the radiation-conduction parameter. Figure 5
shows that increasing the Eckert number increased
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Figure 4. Dimensionless temperature profile for differ-
ent Rd at M = ±3, θw = 2,Pr = 1, N =
1, Ec = 0.01.
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Figure 5. Dimensionless temperature profile for different
Ec at M = ±3, θw = 2,Pr = 1, N = 1, Rd = 1.

the conductive fluid temperature inside the bound-
ary layer and decreased the heat transfer rates form
the porous wall. Figure 6 shows the variation of the
coefficient of friction against the magnetic field pa-
rameter for both suction and injection cases, where
increasing this parameter increased sheer stresses
near the porous wall. Figure 7 shows that increas-
ing the temperature ratio, θw = Tw/T∞, also in-

creased the temperatures inside the boundary layer
for the suction and injection cases and consequently
decreased the heat transfer rates.

1 2 3 4 5 

0 . 00 

1 . 00 

2 . 00 

3 . 00 

4 . 00 

5 . 00 

su cti o n

in j e ct io n 

xxCf Re  

N  

Figure 6. Coefficient of friction against N at θw = 2,
Pr = 1, Ec = 0.01,M = ±3, Rd = 1.
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Figure 7. Dimensionless temperature profile for different
θw at M = ±3, Rd = 1,Pr = 1, N = 1, Ec =
0.01.

Figures 8 and 9 show the local Nusselt number
variations against magnetic field numbers for differ-
ent values of the radiation-conduction parameter and
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Eckert numbers, respectively. Increasing these pa-
rameters decreased the Nusselt numbers because of
excessive heating of the conducting fluid. Note that
the local Nusselt numbers are greater for the suction
case of the porous wall than that of the injection
case.
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Figure 8. Local Nusselt number against N for different
Rd at M = ±3, θw = 2,Pr = 1, Ec = 0.01.
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Figure 9. Local Nusselt number against N for different
Ec at M = ±3, θw = 2,Pr = 1, Rd = 1.

Conclusions

In this paper, the effect of the magnetic field on the
forced convection flow from a porous wall, where ra-
diation occurs, is studied. Increasing the radiation
parameter leads to decreased heat transfer rates for
both the conductive fluid suction and injection, while
increasing the magnetic field strength increased the
velocity inside the boundary layer and decreased the
heat transfer rates from the radiate porous wall. In-
cluding the viscous dissipation effects in the energy
equation was found to decrease the local Nusselt
numbers for both suction and injection cases. The
effect of the temperature ratio was found to increase
the temperature inside the boundary layer and de-
crease the heart transfer rate.

Nomenclature

N̄u average Nusselt numbers, h̄L/k
Nux local Nusselt number, hx/k
Rex local Reynolds number, u∞x/υ
T temperature
u∞ free stream velocity
u, v velocity components in x-and y-directions
a Stefan-Boltzmann constant
B0 magnetic field flux density, Wb/m2

Cf x local skin friction factor
cp specific heat capacity
E electric field intensity
Ec Eckert number, u2

∞
/
cp(Tw − T∞)

f dimensionless stream function
H magnetic field strength
k thermal conductivity
L length of the plate
M porous wall section or injection parameter,

(2vw/u∞)Re1/2
x

N magnetic influence number, σB2
0x
/
ρu∞

p pressure
Pr Prandtl number
qw(x) local surface heat flux
Rd radiation-conduction parameter, kαR

/
4aT 3

∞
T∞ free stream temperature
Tw wall temperature
vw porous wall suction or injection velocity
x, y axial and normal coordinates
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Greek symbols

α thermal diffusivity
αR Rosseland mean absorption coefficient
β coefficient of thermal expansion, −1/ρ (∂ρ/∂T )p
η pseudo-similarity variable
θ dimensionless temperature
θw ratio of surface temperature to the ambient tem-

perature, Tw/T∞

µ dynamic viscosity
υ kinematic viscosity
ρ fluid density
σ electrical conductivity
τw local wall shear stress
µe magnetic permeability
ψ dimensional stream function
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