
131 138
Journal of Air Force Institute of Technology, Vol. 7, No. 1, pp. 131-138, 2008

131

Effect of Radiation on Natural Convection over an Isothermal Vertical 

Permeable Flat Plate in Porous Media 

Kuo-Ann Yih 

Department of Aircraft Engineering, Air Force Institute of Technology 

Abstract

In this paper laminar boundary layer solutions are numerically presented for 
the effect of radiation on free convection about an isothermal vertical permeable 
flat plate embedded in a saturated porous medium. These partial differential 
equations are transformed into the nonsimilar equations and then are solved by an 
implicit finite-difference method (Keller box method). Numerical results for the 
dimensionless temperature profiles and the local Nusselt number are presented for 
the blowing/suction parameter , the radiation-conduction parameter dR , and the 
surface temperature parameter H. The local Nusselt number increases (decreases) 
for the effect of suction (blowing). As the radiation-conduction parameter dR  and 
the surface temperature parameter H increase, the local Nusselt number also 
increases.
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1. Introduction 

The convective heat transfer in a 
saturated porous medium has a number of 
important applications in geothermal and 
geophysical engineering. These include 
nuclear reactor cooling system, extraction 
of geothermal energy, thermal insulation 
of buildings, filtration processes and 
disposal of underground nuclear wastes. 

In the aspect of free convection with 
impermeable wall, natural convection 
about a vertical flat plate embedded in a 
porous medium with application to heat 
transfer from a dike was studied by Cheng 
and Minkowycz [1] by similarity solution. 
Na and Pop [2] presented the free 
convection flow past a non-isothermal 
vertical flat plate embedded in a saturated 
porous medium using the Box-method. 
Gorla and Zinalabedini [3] investigated 
free convection from a vertical plate with 
nonuniform surface temperature and 
embedded in a saturated porous medium. 
Free convection in a saturated porous 
medium adjacent to a non-isothermal 
vertical impermeable wall was presented 
by Seetharamu and Dutta [4].  Nakayama 
and Hossain [5] studied the free 
convection in a saturated porous medium 
beyond the similarity solution. 

In the aspect of free convection with 
permeable wall, the influence of lateral 
mass flux on free convection boundary 
layers in a saturated porous medium was 
studied by Cheng [6]. The similarity 
solution is possible only when the 
variations of the wall temperature and the 
transpiration rate are proportional to 
power-law of x measured from the leading 
edge. Magyari and Keller [7] presented the 

exact analytical solutions for free 
convection boundary layers on a heated 
vertical plate with lateral mass flux 
embedded in a saturated porous medium. 
From the practical point of view, however, 
the uniform mass flux may be easily 
realized. Merkin [8], Minkowycz and 
Cheng [9] investigated the effect of 
uniform surface mass flux on a vertical flat 
plate with uniform wall temperature by 
series method and local non-similarity 
solution, respectively. Bakier et al. [10] 
studied the nonsimilar solutions for free 
convection from a vertical plate in porous 
media. Previous researches [1-10], 
however, have only concentrated upon the 
problem with no radiation effect. 

As the difference between the surface 
temperature and the ambient temperature is 
large, it may cause the radiation effect to 
become important. The problem of 
radiation effect on convection flow has 
many important applications such as space 
technology and processes involving high 
temperatures such as the geothermal 
engineering, the sensible heat storage bed, 
the nuclear reactor cooling system and the 
underground nuclear wastes disposal. 

In the aspect of convection-radiation 
in porous media, Hossain and Pop [11] 
first studied the radiation effect on free 
convection flow along an inclined surface 
placed in porous media. Then, Raptis [12] 
investigated the radiation and free 
convection flow through a porous medium 
bounded by a vertical infinite porous plate. 
Yih [13] studied the radiation effect on 
free convection over an impermeable 
vertical cylinder embedded in porous 
media. Thermal radiation effects on power-
law fluid over a horizontal plate embedded 
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in a porous medium was presented by 
Mohammadein and El-Amin [14]. Hossain 
and Pop [15] investigated the radiation 
effects on free convection over a vertical 
flat plate embedded in a porous medium 
with high porosity. In above researches 
[11-15], the Rosseland diffusion 
approximation is employed. This 
approximation leads to a considerable 
simplification in the expression for radiant 
flux.  

In the present analysis, we extend the 
previous work of Minkowycz and Cheng 
[9] to investigate the effect of radiation on 
the heat transfer characteristics in free 
convection over an isothermal vertical 
permeable flat plate embedded in porous 
media by using the implicit finite 
difference method together with Keller box 
elimination technique. 

2. Analysis 

Consider the problem of the radiation 
effect on free convection boundary-layer 
flow of optically dense viscous 
incompressible fluids over an isothermal 
vertical permeable flat plate embedded in a 
saturated porous medium. The wall 
temperature of the vertical flat plate wT  is 
higher than the ambient temperature T .
The x coordinate is measured along the flat 
plate from the leading edge and the y 
coordinate is measured normal to the flat 
plate. The gravitational acceleration g is 
acting downward along the flat plate, 
opposite to the x-direction. The surface 
blowing/suction velocity wV  is also 
uniform. The variations of fluid properties 
are limited to density variation that affects 
the buoyancy force term only. The viscous 
dissipation effect is neglected for the low 

velocity.  The radiative heat flux in the x-
direction is negligible in comparison with 
that in y-direction. 

The governing equations for the 
problem under consideration with the 
boundary layer, Boussinesq and Rosseland 
diffusion approximations and the Darcy 
law can be written as 
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The boundary conditions are defined as 
follows: 

,TT,Vv:0y ww        (4) 
,TT,0u:y        (5) 

where u and v are the Darcian velocities in 
the x and y directions, respectively.  is 
the thermal expansion coefficient of the 
fluid. K is the permeability of the porous 
medium.  is the kinematic viscosity of 
the fluid. T is the temperature of the fluid 
and the porous medium which are in local 
thermal equilibrium.  is the equivalent 
thermal diffusivity.  is the Stefan-
Boltzmann constant. ra  is the Rosseland 
mean extinction coefficient. s  is the 
scattering coefficient.  is the density of 
the fluid. pC  is the specific heat at 
constant pressure. The term 

)]a(3/[T16 sr
3  can be considered as the 

radiative conductivity .
We now define a stream function 

such that 
y/u   and  x/v .   (6) 

The continuity Eq. (1) is then 
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automatically satisfied. Invoking the 
following dimensionless variables: 
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and substituting Eq. (7) into Eqs. (1)-(5), 
we obtain the following transformed 
governing equations 
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The boundary conditions are defined as 
follows: 

    ,1,f:0    (10) 
.0:            (11) 

In the above equations, the primes denote 
the differentiation with respect to .
Equation (8) is obtained by integrating Eq. 
(2) once with the help of Eq. (5). xRa  is 
the modified local Rayleigh number for the 
flow through the porous medium.  is the 
blowing/suction parameter. For the case of 
blowing, wV  > 0 and hence  > 0. On the 
other hand, for the case of suction, wV  < 0 
and hence  < 0. )]a(k/[T4R sr

3
d  is 

the radiation-conduction parameter. 
T/TH w  is the surface temperature 

parameter.  
In terms of the new variables, the 

velocity components are given by 
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The heat flux wq  at the surface of the 
vertical plate is 
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For practical applications, it is usually the 
local Nusselt number that is of interest. 
This can be expressed as 
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where h denotes the local heat transfer 
coefficient and k represents the thermal 
conductivity. Substituting Eqs. (7b) and 
(14) into Eq. (15), we obtain 
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It may be noticed that for the case of 
0Rd , Eqs. (8)-(9) are reduced to those of 

Minkowycz and Cheng [9] where a 
nonsimilar solution was obtained 
previously. 

3. Numerical method 

The above governing Eqs. (8)-(9) and 
the boundary conditions (10)-(11) are 
nonlinear partial differential equations 
depending on the blowing/suction 
parameter , the radiation-conduction 
parameter dR , and the surface temperature 
parameter H. The present analysis 
integrates the system of Eqs. (8)-(9) by the 
implicit finite difference approximation 
together with the modified Keller box 
method of Cebeci and Bradshaw [16]. The 
computations were carried out on a 
personal computer with  = 0.05 
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(uniform grid), the first step size 1  = 
0.01, the variable grid parameter is chosen 
1.01. The value of  = 100 was found to 
be sufficiently accurate for 310 . The 
requirement that the variation of the 
temperature distribution is less than 510
between any two successive iterations is 
employed as the criterion of convergence. 

4. Results and discussion 

In order to verify the accuracy of the 
present method, we have compared our 
results with those of Minkowycz and 
Cheng [9]. Table 1 shows the values of 

)0,(  for various values of  with dR  = 
0. The comparison in the above case is 
found to be in good agreement. 

Table 1. Comparison of values of )0,(
for various values of  with dR  = 0. 

Minkowycz and 
Cheng [9] 

Present
results 

2 2.002 2.0015 
1 1.068 1.0725 

0 0.4438 0.4437 
1 0.1423 0.1416 
2 0.0335 0.0333 

Numerical results are presented 
graphically for the blowing/suction 
parameter  ranging from 2  to 2, the 
radiation-conduction parameter dR  ranging 
from 0 to 10, and the surface temperature 
parameter H ranging from 1.1 to 3.0. 

Figure 1 shows the dimensionless 
temperature profiles for various values of 

 with dR  = 10, H = 1.1. The effect of 
suction decreases the thermal boundary 
layer. Whereas, for the case of blowing 
increases the thermal boundary layer. 

Figure 2 illustrates the dimensionless 
temperature profiles for various values of 
H with 1, dR  = 1. It is observed that 

the dimensionless temperature profiles 
increase due to the increase in the surface 
temperature parameter H. As the value of 
H increases radiation absorption in the 
boundary layer increases, causing the 
dimensionless temperature profiles become 
large 

The dimensionless temperature 
profiles for various values of dR  with  = 
2, H = 1.5 is displayed in Fig. 3. 
Increasing the radiation-conduction 
parameter dR  enhances the dimensionless 
temperature profiles. This is because in the 
presence of radiation the temperature is 
large. Moreover, when dR  and H are 
changed, the dimensionless temperature 
profiles tend to behave in a similar pattern 
(see Figs. 2-3). The dimensionless 
temperature profiles decrease 
monotonically from the surface to the 
ambient, as shown in Figs. 1-3. 

Fig. 1. Dimensionless temperature profiles 
for various values of 

1.1H,10Rd
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Fig. 2. Dimensionless temperature profiles 
for various values of H 

Fig. 3. Dimensionless temperature profiles 
for various values of dR

Table 2 shows the local Nusselt 
number for various values of the 
blowing/suction parameter  with dR  = 
10, H = 1.1. The local Nusselt number is 
increasing for the effect of suction, i.e. 
< 0. The opposite is true for the effect of 
blowing. This is because that suction 
(blowing) case decreases (increases) the 
thermal boundary layer (Fig. 1). Table 3 
illustrates the local Nusselt number for 
various values of the surface temperature 
parameter H with 1 , dR  = 1. 
Increasing the surface temperature 

parameter H enhances the local Nusselt 
number. The local Nusselt number for 
various values of radiation-conduction 
parameter dR  with  = 2, H = 1.5 is 
shown in Table 4. It is seen that the value 
of the local Nusselt number increases with 
increasing the value of dR . In the pure 
convection heat transfer, the local Nusselt 
number is only proportional to the 
dimensionless surface temperature gradient 

)0,( . For the case of large H and dR
(radiation effect becomes pronounced), 
although the )0,(  is low as shown in 
Figs. 2-3, the local Nusselt number is still 
large. This is because the local Nusselt 
number is found to be more sensitive to H 
and dR  than )0,( , as revealed in Eq. 
(16).

Table 2. Local Nusselt number for various 
values of  with dR  = 10, H = 1.1. 

2/1
xx Ra/Nu  

2 2.9019
1 2.3378

0 1.8549 
1 1.4518 
2 1.1143 

Table 3. Local Nusselt number for various 
values of H with 1, dR  = 1. 

H 2/1
xx Ra/Nu  

3.0 2.5285 
2.5 2.1103 
2.0 1.7457 
1.5 1.4501 
1.1 1.2761 

Table 4. Local Nusselt number for various 
values of dR  with  = 2, H = 1.5. 

dR 2/1
xx Ra/Nu  

10 1.8692 
5 1.1628 
1 0.3341 

0.5 0.1883 
0.1 0.0627 

1R,1 d

5.1H,2

1.0R
1R
10R

d

d
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5. Conclusions 

The radiation effect on the free 
convection flow of an optically dense 
viscous fluid adjacent to an isothermal 
vertical permeable flat plate embedded in a 
saturated porous medium with Rosseland 
diffusion approximation is numerically 
investigated. The transformed nonsimilar 
conservation equations are obtained and 
solved by the Keller box method. 
Numerical results are given for the 
dimensionless temperature profiles and the 
local Nusselt number for various values of 
the blowing/suction parameter , the 
radiation-conduction parameter dR , and 
the surface temperature parameter H. It is 
apparent that decreasing the 
blowing/suction parameter  (for the case 
of suction) and increasing the radiation-
conduction parameter dR  and the surface 
temperature parameter H will enhance the 
local Nusselt number. 
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