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ABSTRACT

A numerical investigation is performed to study the effect of thermal radiation on magnetohydrodynamic (MHD) free
convection flow along a vertical flat plate in presence of variable thermal conductivity in this paper. The governing
equations of the flow and the boundary conditions are transformed into dimensionless form using appropriate similar-
ity transformations and then solved employing the implicit finite difference method with Keller-box scheme. Results for
the details of the velocity profiles, temperature distributions as well as the skin friction, the rate of heat transfer and
surface temperature distributions are shown graphically. Results reveal that the thermal radiation is more significant in
MHD natural convection flow during thermal conductivity effect is considered. To illustrate the accuracy of the present
results, the results for the local skin fraction and surface temperature distribution excluding the extension effects are
compared with results of Merkin and Pop designed for the fixed value of Prandtl number and a good agreement were

found.
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1. Introduction

The physica phenomenon of free convection flow is
driven by temperature difference. Using these considera-
tions, the temperature variation generates a density gra
dient which responsible for buoyancy forces. The buoy-
ancy effects are important in free convection flow of vis-
cous incompressible electrically conducting fluid. Many
practical applications of free convection flow exist, for
example in the heater and coolers of mechanical devices,
in chemical industries, in nuclear power plants, in the
formation of microstructures during the cooling of mol-
ten metal’s, in fluid flows around heat-dissipation fins,
and solar ponds etc. Moreover, MHD free convection
flow is used frequently in the field of stellar and plane-
tary magnetospheres, aeronautics, chemical engineering
and electronics. Furthermore, most of the engineering
processes are related with a high temperature, accordingly,
radiation heat transfer is significant to design the relevant
equipment of heat transfer process. In addition, radiation
effects on MHD free convection flow and heat transfer
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are important in the context of space technology. Con-
sidering it's important applications in engineering and
industrial fields, a number of theoretical and experimen-
tal work have been conducted extensively by many re-
searchers. Among them, Soundalgekar and Takhar [1]
studied the effect of radiation on MHD free convection
flow of a gas past a sami-infinite vertical plate using the
Cogley-vincenti-Giles equilibrium model (Cogley et al.
[2]). Hossain and Takhar [3] employed implicit finite dif-
ference methods to analyze the effect radiation on mixed
convection flow along a heated vertical flat plate with a
uniform free stream and a uniform surface temperature.
The effects of radiation and transverse magnetic field
near stretching sheet were investigated by Ghaly [4] in
the presence of a uniform free stream of constant vel ocity,
temperature and concentration to show that radiation have
significant influences on the velocity and temperature
profiles. Abd El-Naby er al. [5] studied the radiation ef-
fects on MHD unsteady free convection flow over a ver-
tical plate with variable surface temperature. Badruddin
et al. [6] explored the effect of radiation and viscous dis-
sipation on natural convection flow in a porous medium
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by imposing finite element method (FEM). Furthermore,
it is aso known that the physical property may change
significantly with temperature. To obtain better prediction
of the flow behavior, it is necessary to take into account
this variation of thermal conductivity of fluid. Mishra et
al. [7] employed aternating direction implicit scheme
and collapsed dimension method to investigate the effect
of temperature dependent thermal conductivity and ra
diation heat transfer on transient conduction for a 2-D
rectangular enclosure containing an absorbing, emitting
and scattering medium. Seddeek and Salama [8] applied
perturbation technique and shooting method to analyze
the effects of variable viscosity and thermal conductivity
on MHD unsteady two-dimensional laminar flow of a
viscous incompressible conducting fluid past a semi-
infinite vertical porous moving plate considering variable
suction. Sharma and Singh [9] obtained the anaytical
and numerical solutions of the effects of thermal conduc-
tivity on MHD steady free convection flow of a viscous
incompressible electrically conducting liquid aong an
inclined isothermal non-conducting porous plate in pres-
ence of viscous dissipation and Ohmic heating. The ef-
fects of thermal conductivity on unsteady MHD free
convective flow over an isotherma semi infinite vertical
plate were studied by Loganathan et al. [10] using im-
plicit finite-difference method of Crank-Nicholson type.

In this paper, the effects of radiation and variable ther-
mal conductivity on free convection flow for a vertical
flat plate in presence of transverse magnetic field are
studied. The detail derivation of the governing equations
for the flow and the parametric discussion depending on
the numerical results of the present simulations are pre-
sented in the following section.

2. Governing Equations of the Flow

We consider the conduction inside a vertical heated flat
plate and free convection flow of an incompressible, vis-
cous and electrically conducting fluid aong that vertical
flat plate of length / and width 4. The fluid properties are
assumed to be constant and the temperature 7, of the
outer surface of the plate is greater than ambient tem-
perature 7., and auniform magnetic field of strength H,
is imposed along the y -axis. Here the x -axis is taken
along the vertical flat plate in upward direction and aso
the y -axisis normal to that plate. The effects of radia-
tion from the heated plate and thermal conductivity varia-
tion within the two dimensional flow region are consid-
ered in this analysis. Moreover, thermal conductivity of
the fluid is assumed as k, =k_ {1+ au —Tw)} . The
flow configuration and the coordinates system are shown
in following Figure 1.

The governing equations of the flow under the Bous-
sinesq approximations can be expressed within the usual
boundary layer as follows:
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where F=I:Kﬂb(a?j di, K,, =K,(T,) isthe
b

mean absorption coefficient [5], ¢,; isthePlank’sfunc-
tion. The boundary conditions based on conduction are:

7=v=0,T,=T(%0),
o, k
f . — —
LS (T -T)ay=0%>0 4
ay bkf( S b) y X ()

u—>0T, 5T, ay—oe, x>0

Equations (1) to (3) are nonlinear dimensional partial
differential equations and these equations can be made
non-dimensional by using the following dimensionless
variables:

xzﬁ,yziGr“, uzu—lGr’ﬂz,

/ l 1%

Vi T, -T
vzv—lGr_lM, g=-—L—=, (5)

1% T,-T,

(T, -T.
Grz—gﬁ (é’ )
v
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Therefore, the dimensionless governing equations are:

du Ny, ©)
ox dy
2
ua—u+va—u+Mu=a—Z+6’, @)
ox  dy oy
06 06 1 0% 00
Z ol RALAPY
u8x+v8y Pr{( +79)8y2+y[8yj} (8)

—-Ra(6-1)
The corresponding boundary conditions are:
26

u=v=06-1=p— a y=0,x>0
dy ©9)

u—06—->0a y—>eo,x>0
oH}I?
Y7,

Here M = Gr™¥? is the magnetic parameter,

are ., -
Ra=——-20Gr is the radiation parameter,
v

y=7 (T,—-T.) is the thermal conductivity parameter,
uc,

;

p=(k, /k,)(b/1)Gr** is a conjugate conduction par
rameter The value of the conjugate conduction parame-
ter p depends on (b/!), (k,/k,) and Gr but each of
which depends on the types of considered fluid and the
solid. The steam function and similarity variable and the
dimensionless temperature are considered in the follow-
ing form to solve the governing equations:

w=x"(1+x)7 1 (x1),
7=y (1+x) 77, (10)

Pr= is the Prandtl number and

6 =" (1+x) " h(x,7)

Using the above transformations, we obtain the fol-
lowing dimensionless governing equations:

16+15x 6+ 5x

17+ 7= r7
20(1+x) 10(1+x) , (1)
M (L x) f7 b= x( Y f”alj
ox ox

ih”+l[—x jhh”+l(—x j(h’)2
Pr Pril+x Pril+x

16+15x 1 10
= h—Rax?®>(1+x)"°h (12
Yoo ey R W) (12
+Rax"® (1+ x)3/10 = x(f'%—h'al)
ox ox
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The boundary condition (9) become
f(x,0)=f"(x0)=0,
1 (x,0) = —(1+x)" +x¥* (1+x)" n(x,0) a y=0} (13)
f'(x,oo) - O,h(x,oo) -0 a y—eo.

In practical point of view, it is important to calculate
the values of the skin friction co-efficient in term of sur-
face shear stress and the rate of heat transfer in term of
the Nussetl number. These can be written in the dimen-
sionless form as:

-4
- road Nu=—2""L . (g

f ﬂV w k/ (7—;7 _ Tm ) w

where 7, = ,u(g—ﬁj is the shearing stress and
7=0

o7,
q,=-k (a ) isthe heat flux. Thus the local skin
Y

friction co-efficient and the local Nussetl number is ob-
tained using the new variable systems that is describes in
Equation (20) asfollows:

C,=x"°(1+x)*® ”(x,0) and

15
Nu, = —(1+x) ¥ h(x,0)

The numerical value of the surface temperature distri-
bution are obtained from the following relation

6(x,0) = x** (1+x) ** (x,0) (16)

We have discussed the velocity profiles and tempera-
ture distributions for various values of magnetic parame-
ter, radiation parameter, thermal conductivity variation
parameter and Prandtl humber in the present investiga
tion.

3. Method of Solution

The numerical solutions of this analysis are found by
using implicit finite difference method with Keller-box
[11] Scheme which is well documented by Cebeci and
Bradshaw [12].

4. Comparison of the Results

The comparison of the skin friction coefficients (Cfx)
and the surface temperature (6(x,0)) distribution be-
tween the present work and the work of Merin and Pop
[13] is presented in following Table 1. We observed in
this table, that the present analysis is an excellent agree-
ment with the published work.

5. Results and Discussion

The main objective of the present work is to analyze
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Table 1. Comparison of the present numerical results of the
skin friction (Cx) and surface temperature (6(x,0)) with
Prandtl number Pr = 1.00, and p = 1.00.

. Merin and Pop [13] Present work (2013)
¥ =¢ c, 6(x,0) c, 6(x,0)
0.7 0.430 0.651 0.424 0.651
0.8 0.530 0.686 0.529 0.687
0.9 0.635 0.715 0.635 0.716
10 0.745 0.741 0.744 0.741
11 0.859 0.762 0.860 0.763
12 0.972 0.781 0.975 0.781

MHD free convection flow in presence of thermal con-
ductivity variation with radiation effects. In this analysis,
the numerical solutions are calculated from the trans-
formed momentum and energy equations. The value of
conjugate conduction parameter p=1.0 is considered
for the simulation of the present problem and the values
of Prandtl number are considered 0.733, 0.930, 1.241 and
1.630 which corresponds to air, ammonia water and glyc-
erin, respectively. The detailed numerical solutions have
been obtained in terms of velocity, temperature, local skin
friction, heat transfer rate and surface temperature for a
wide range of values of the parameters as M = 0.10, 0.50,
0.70 and 1.00, Ra = 0.01, 0.03, 0.06 and 0.08, y = 0.01,
0.10, 0.15 and 0.20 and then presented graphically in
Figures2-11, respectively.

The numerical values of velocity and temperature are
obtained from the solution of the Equations (11) and (12)
with the boundary condition (13) for different values of
magnetic parameter M when Pr = 0.733, Ra = 0.01 and y
=0.01 and areillustrated in Figures 2(a) and (b), respec-
tively. Here we observed that the velocity decreases for
the increasing values of M. This is to be expected be-
cause, the magnetic field acting aong the horizonta di-
rection that introduces a retard force due to the interac-
tion between applied magnetic field and fluid flow which
acts against the fluid motion, as a result, the velocity of
the fluid decreases. But near the surface of the plate the
velocity increases and become maximum and then de-
crease and finally approaches to zero. Moreover, the ve-
locity profiles meet together after certain position of #
and cross the side. This is because, the gradient of de-
creasing of velocity decrease with the increasing value of
magnetic parameter. In Figure 2(b), the temperature within
the boundary layer increases with the increasing values
of magnetic parameter M due to the interaction of applied
magnetic field and fluid motion that tends to hest the
fluid. Furthermore, the temperature decreases monotoni-
caly with increasing of # for each value of M. Thus the
magnetic field works to retard the fluid motion but in-
crease the temperature within the thermal boundary layer
region.

The variation of velocity and temperature for distinct
values of the radiation parameter Ra together with an

Copyright © 2013 SciRes.
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Figure 2. (a) Variation of velocity and (b) Variation of tem-
peratureagainst y for varying of M with Ra = 0.01 y = 0.01,
and Pr=0.733.

individual certain value of Prandtl number, Pr, magnetic
parameter, M and thermal conductivity variation parame-
ter, y are presented in Figures 3(a) and (b), respectively.
It can be seen that both the velocity and the temperature
of the fluid increase within the velocity boundary layer
and the temperature boundary layer, respectively for the
increasing Ra due to the absorbsion of emitted heat from
the heated plate that caused by the radiation effect. The
trend is observed to shift upward and the peak velocity
increases gradually with the increasing values of Ra. As
the velocity and temperature of the fluid increases with
the increasing value of radiation parameter as shown in
Figures 3(b) and (b), the thickness of the velocity and
thermal boundary layer increase.

Figures 4(a) and (b) illustrate the effects of thermal
conductivity variation parameter on velocity and tem-
perature profiles associated with the certain value of M,
Ra and Pr. Both figures reflect that the velocity and the
temperature of the fluid increases with the increasing
value of y. The fact behind it’ s that the increasing value of
thermal conductivity increases the energy transfer ability.
It is aso seen that near the surface of the plate the veloc-
ity becomes maximum with increasing of y then after the
peak position start to decrease and finally approaches to
zero. On the other hand, the maximum values of tem-
perature are occurred on the surface of the plate for each
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Figure 3. (a) Variation of velocity and (b) Variation of tem-
peratureagainst # for varying of Ra with M = 0.50 y = 0.01,
and Pr=0.733.
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perature against i for varying of y with M = 0.50, Ra = 0.01
and Pr=0.733.
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value of y and then turn to decrease asymptotically and
finally approach to zero. These phenomenons are dem-
onstrated in Figures 4(a) and (b), respectively.

The effect of Pr on the velocity and temperature dis-
tributions is displayed in Figures 5(a) and (b), respec-
tively. From Figur e 5(a) observed that the velocity of the
fluid decrease as Pr increases. It is due to the fact that for
increasing Pr, density of the fluid increases which creates
a negative force to flow and then fluid does not move
freely. Furthermore, Figure 5(b) shows that the tem-
perature profiles for change in Pr from 0.733 to 1.630
and seen that the thermal boundary layer thickness de-
crease for increasing Pr, because of the increased Pr de-
crease the thermal diffusivity, which leads to the decrease
of the energy transfer ability.

Figures 6(a) and (b), respectively reveal that the skin
friction coefficient and the heat transfer rate for some
selected values of M with Pr = 0.733, Ra = 0.01, and
¥y =0.01. The increased value of M leads to decrease the
skin friction along the plate due to the fact the effect of
magnetic field parameter opposes the fluid flow. Increas-
ing fluid temperature for increasing M decrease the rate
of heat transfer from the plate to fluid. This is because,
the increased temperature reduces the temperature dif-
ference between the heated plate and fluid within the
boundary layer.

0.8
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06F ~ = ——----- Pr=0.930
S Pr=1.241

——————— Pr=1.630

Velocity
o
N
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00 L ‘ ‘ :
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E0s
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0.0 L ‘ ‘ L
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Figure 5. (a) Variation of velocity and (b) Variation of tem-
perature against x for varying of Pr with, M = 0.50, Ra =
0.01and y = 0.01.
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Figure 6. (a) Variation of skin friction and (b) Variation of
heat transfer against x for varying of M with Ra = 0.01, y =
0.01 and Pr=0.733.

Figures 7(a) and (b) plotted the numerical values of
the local skin friction coefficient (C;) and heat transfer rate
(Nu,) for different values of Ra associated with the dis-
tinct values of controlling parameter. As the radiation ef-
fect increases the fluid motion as well as temperature with-
in the boundary layer which are mentioned earlier in Fig-
ures 3(a) and (b), respectively. Accordingly, the correspon-
ding skin friction increases and heat transfer rate decreas-
eswith the increasing value of Ra aong the x direction.

The variation of skin friction and heat transfer rate for
the effect of conductivity variation parameter are depicted
in Figures 8(a) and (b), respectively. The increasing value
of y generates greater buoyancy force which therefore
increases the friction between the inner surface of the
vertical plate and moving fluid particles. Thus the skin
friction increases for the greater value of y that is demon-
strate in Figure 8(a). Moreover, an increase in the value
of y leads to increase the energy transfer ability within
the flow region, as a result, the heat transfers rate in-
creases with the increasing of y.

The effects of Prandtl number on the skin friction (Cyx)
and heat transfer rate (Nu,) against x for the fixed values
of M, Ra and y are shown respectively in Figures 9(a)
and (b). The increased values of Pr decrease both the
velocity and temperature of the fluid within the boundary
layer, consequently, the related skin friction on the plate
decreases but the heat transfer rate from heated plate to
fluid increases that has been exposed in Figures 9(a) and
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Figure 9. (a) Variation of skin friction and (b) Variation of
heat transfer against x for varying of Prwith M = 0.50, Ra =
0.01and y = 0.01.

(b). Moreover, for a particular value of Pr, the local skin
friction coefficient and heat transfer rate increase mono-
tonically along the x direction.

The influence of magnetic field parameter, radiation
parameter, conductivity variation parameter and Prandtl
number on the interfacial temperature are depicted in Fig-
ures 10 and 11, respectively. The overall temperature
profiles shift upward as well as the therma boundary
layer thickness increases with the increasing values of M,
Ra, and y observed in Figures 2(b), 3(b) and 4(b), re-
spectively. Consequently, the surface temperature increase
for enlarging values of M, Ra and y, respectively. On the
other hand, increasing Pr decreases the fluid temperature
which results interfacial temperature decreases that is
shown in Figure 11(b).

6. Conclusions

In the present analysis, we have studied numerically the
effects of radiation on MHD free convection flow under
the influence of thermal conductivity variation for a ver-
tical flat plate and the numerical solutions of the trans-
formed governing equations associated with the specified
boundary are obtained for different values of related
physical parameters including magnetic parameter, radia-
tion parameter, thermal conductivity variation parameter
and Prandtl number. The particular conclusions in this
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study can be listed as follows:

The velocity of the fluid within the boundary layer and
the skin friction at the interface increase for decreasing
values of magnetic parameter, M, Prandtl number, Pr and
increasing values of the radiation parameter, Ra and
thermal conductivity variation parameter, ».

The increasing value of M, Ra and y leads to increase
in the value of temperature within the thermal boundary
layer as well as the surface temperature on the plate and
the effect of M and Ra decrease heat transfer rate from
plate to fluid within the boundary layer but opposite re-
sults hold for increasing of y and Pr.
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T, : Temperature of the fluid
u, v:Veocity components

u, v. Dimensionless velocity components

X, y: Cartesian co-ordinates

x, y: Dimensionless Cartesian co-ordinate
f: Coefficient of thermal expansion

y: Thermal conductivity variation parameter
n: Dimensionless similarity variable

6: Dimensionless temperature

4, v: Dynamic and kinematic viscosities

p: Density of the fluid

o: Electrical conductivity
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