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Abstract

The effect of radiation on a steady two-dimensi@ymeto-hydrodynamic mixed
convection flow from a vertical plate embedded saturated porous media with
melting is analyzed.The non-linear partial diffetiah equations, governing the
flow field under consideration, have been transtedmby a similarity
transformation into a system of non-linear ordinatifferential equations and
then solved numerically by applying Nachtsheim-swigshooting iteration
technique together with sixth order Runge-Kuttaegnation schemes. Resulting
non-dimensional velocity and temperature profiles then presented graphically
for different values of the parameters of phys@atl engineering interest. It is
observed that the nusselt number decreases witkase in melting parameter,
while it increases with increase in radiation pareter.

Keywords: Liquid phase, Mixed convection, Magnetic effectdiR@ons
effect, Melting effect and porous medium.
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1 I ntroduction

Convective heat transfers with thermal radiatiom\aary important in the process
involving high temperature such as gas turbineslean power plant and thermal
energy storage etc. in light of these various apgitbns, Hossain and Takhar [1]
studied the effect of thermal radiation using Rtz diffusion approximation on
mixed convection along a vertical plate with unifofree stream velocity and
surface temperature. Furthermore Hossain et aB][&udied the thermalradiation
of a grey fluid which is emitting and absorbing iedihn in a non-scattering
medium. Olanrewaju et al. [4] studied the radiatiol viscous dissipation effects
on the laminar boundary layer about a flat-plateainuniform stream fluid
(Blassius flow) and about a moving plate in a quees ambient fluid (Sakiadis
flow) both under convective boundary condition. &dmand Rahman [5]
investigated the thermal radiation interaction wittsteady MHD boundary layer
flow past a continuous moving vertical porous platenerse in a porous medium
with time dependent suction and temperature, iasqumce of magnetic field with
radiation. In analyzing the problem they considddaacy-Forchheimer’'s model
and the corresponding momentum and energy equatiwwhsh they solved
numerically, for cooling and heating of the platg &mploying Nachtsheim-
Swigert iteration technique along with the sixtliler Runge Kutta integration
scheme. From the numerical computations, the gkitidn coefficient (viscous
drag) and the rate of heat transfer (Nusselt numesre sorted out and they
concluded that, the suction stabilizes the boundaygr growth and also the
velocity profiles increases, while the temperatprefiles decreases with an
increase of the free convection currents. An amaklgsstudy the MHD flow of an
electrically conducting, incompressible, viscousdlpast a semi-infinite vertical
plate with mass transfer, under the action of trarsely applied magnetic field
was carried out by Palani and Srikanth [6]. Thesuased that, the heat due to
viscous dissipation and the induce magnetic fiekdreegligible. An implicit finite
difference schemes of Crank-Nicolson type was usedsolve the non-
dimensional governing equations which are unstetwly;dimensional coupled
non-linear partial differential equations. Theirsultis show that, the transient
velocity, temperature and concentration profildgedch maximum values before
decreasing slightly to their respective steadyestalues. They also observed that
the contribution of mass diffusion to the buoyamasce increases the maximum
velocity significantly and local shear stress geticed by the increasing value of
magnetic field parameter.

Convective heat transfer in porous media in thesgaree of melting effect has
received some attention in recent years. This stieoms the fact that this topic
has significant direct application in permafrostlimg, frozen ground thawing,
casting and bending processes as well as phasgeciagtal. Kazmierczak et al.
[7] examined the velocity, temperature and Nussethber in the melting region
from a flat plate in the presence of steady natcoalvection. Bakier [8] studied
the melting effect on mixed convection from a \a&ati plate of arbitrary
temperature both aiding and opposing flow in adfls@turated porous medium. It
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was observed that, the melting phenomenon decrdaséscal Nusselt number at
solid-liquid interface. Mixed convection in meltinjom a vertical plate of
uniform temperature in a saturatedporous mediunbbaa extensively studied by
Gorla et al. [9]. In their results, it was obsertibdt, the melting process decreases
the local Nusselt number at solid-liquid interfad@ashtoush [10] analyzed the
magnetic and buoyancy effects on melting from dicadr plate by considering
Forchheimer's extension. Cheng and Lin [11] studieelting effect on mixed
convective heat transfer with aiding and opposixigraal flow from the vertical
plate in a liquid saturated porous medium by ustegge-Kutta-Gill method and
Newton’s iteration for similarity solutions. Effeof melting and thermo-diffusion
on natural convection heat and mass transfer innraNewtonian fluid saturated
non-Darcy porous medium was studied by Kairi andthu[12]. It was observed
that the velocity, temperature and concentratiafilps as well as the heat and
mass transfer coefficients are significantly akeitty the melting phenomena and
thermal-diffusion in the medium. Prasad and Herhaldl3] studied non-Darcy
mixed convection with thermal dispersion-radiatiora saturated porous medium
using Forchheimer extension for the flow equatiomssteady state. It was
observed that, the Nusselt number decreases witease in melting parameter
and increases in the combined effect of thermaped@on and radiation.
Recently, Prasad et al. [14] analyzed the problémmiged convection along a
vertical plate in a non Newtonian fluid saturat@sh+Darcy porous medium in the
presence of melting, thermal dispersion-radiatioih@at absorbing or generation
effects for aiding and opposing external flows.

Of interest, among the reviewed articles in thigkms Toshtash [10], in which
the combined effect of magnetic and buoyancy imités is considered on
melting from a vertical plate. However, severalidhi of interest exist with
radiating properties for which results in [10] aiet applicable. The present article
therefore is aimed at addressing the limitation exténds its results to fluids with
radiating properties.

2 M athematical For mulation

A steady two dimension MHD mixed convection lamibaundary layer flow of
viscous incompressible and electrically conductilugd along a vertical plate
under the influence of thermal radiation is congdelt is assumed that this plate
constitutes the interface between the liquid antid sphases during melting
process inside the porous matrix. The plate is tamiad at constant melting
temperature J, of the materials occupying the porous matrix. Tigaid phase
temperature J, and the temperature of the solid far from theeriisice is T.
Figure 1 shows the flow model and coordinate sysfEme fluid is considered to
be grey, absorbing/emitting radiation and Rosselapgroximation is used to
describe the radioactive heat flux in the energyaéiqn. The radioactive heat flux
in the x- direction is considered negligible in qmarison to the y-direction, also
the fluid is considered to be electrically condngtso that the induced magnetic
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field is negligible. Hence, only the applied magndield By plays a role which
gives rise to magnetic forces.

Taking into account the thermal radiation term ire tenergy equation, the
governing equation for steady laminar non-Darcywvfland heat transfer in a
porous medium can be written as follows [10]:

ou av -0
X ay (1)

14980 2F\/_ -KgB aT
yol% v ay v oy (2)

O, 0T - k o7 L OBu” 1 0q,
ox dy pC, oy ,OCp £C, 0y

)
The boundary conditions are:
y=Q T=T, k——p{L+C( ~T)v
(4)
— y T_)Tool U—»Uoo
Y=o 5)

where u and v are the velocity component alongrammchal to the flow direction,
F is the inertia coefficient, K is the permealilitk is the liquid thermal
conductivity, p is the liquid density,o is the electric conductivityy is the

kinematic viscosity,Sis the thermal expansion coefficient, g is the bre¢ion
due to gravity, T is temperature of fluid instthe thermal boundary layeg , is

the liquid specific heatg, is the radioactive heat flux in the y —directidd,, is a
constant free stream velocity, L is the plate langhd C, is the specific heat
capacity of the solid phase.

Using the Rosseland approximation for radiationdoroptically thick boundary
layer (i.e., intensive absorption) [15-19], theiation flux is simplified as
o =40 T

' 3k’ oy

(6)
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whereg” and k' are Stefan-Boltzmann and the Rosseland mean alosorp
coefficient, respectively. Following Chamkha [20]ewassume that the

temperature differences within the flow such as thatermT* can be expressed
as a linear function of temperature. Hence, expand@i' in a Taylor series about
T, (the fluid temperature in the free stream) and eet@gig higher-order terms we
get

T* =417 -31) 7

In view of Egs. (6) and (7), Eq (3) reduces to

0T = 0T _ oBiu? 160°T. |0°T
U—+V— = +| a+ 3
ox 0oy pC, 30C k" ) oy

(8)

Wherea =< is the thermal diffusivity.
0

From the above equation it is seen that the efféctdiation is to enhance the
thermal diffusivity.

*

If we takeR=

= as the radiation parameter, (8) becomes

©0

0T  OT _oBlu®  a 0°T
u +Vv = +——
ox 9y pC, k,oy ©)
3R
3R+4

energy equation, Eq. (9), without radiation influes can be obtained from the
above equation, see Tashtoush [10Ras 00(ie., k - l)

Whereko = It worth citing here that the classical solutitor the

By introducing the following similarity variables

—_ T _Tm
Too _Tm (10)

n= Pei’f% w=aPet(n), 6n)

Where Pe is the peclet number, substituting equdti®) into equation (2) and
(9), we obtain the following transformed governetgations:



Effect of Radiation on MHD Mixed... 47

1+ Ha? + 21 ’)f"+E€ =0
Re

(11)
2
Re6"+[ 3R jiefeu( 3R jHa ECtre_g
3R+4) 2 3R+4) Da
(12)
The boundary conditions are
n=06=0, f(0)+2M@8(0)=0
I7—>00,5:l, f'=1 (13)
— Cp(Too _Tm) . . UwX.
Where M =—————— is the melting parameteRe= is the Reynolds
1+Cs(Tm _TS) V
number, N\ =ReF+/Dais the inertia parameteiGr = Kgh, (T°°2_Tm)x is the
v
2
Grashof number,Ec:u—O is the Eckert numbé}azﬁzis the Darcy
C,(T, -T.) X

2

oB: .
number andHa = 9 is the Hartman number.
yol%

The quantity% in equation (11) is a measure ofréiative importance of free
€

and force convection and is the controlling paramttr the present problem.

The heat transfer rate along the surface of the @la 5 pe computed from the
Fourier heat conduction law.

q. = kaT
w T TR 14
ay y=0 ( )

The heat transfer results can be represented byota¢ Nusselt number Nu,

_hx_ g,x
which is defined as\! =" =@ 1y (15)

m

Where h denotes the local heat transfer coefficeerd k represent the liquid
phase thermal conductivity. Substituting equatib®) @nd (14) into equation (15)

and noticing thaf'= = Tmwe obtain
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Nu _ /. 3R+4
W_Q(O)( 3R j (16)

3 Numerical Methods

The dimensionless equations (11)-(12) together thighboundary condition (13)
are solved numerically by means of sixth order Rukgtta methods coupled
with shooting technique. The solution thus obtaimednatched with the given

values off (9 andé(O)_ In addition, the boundary conditior{/ = is

approximated by’7max:4 which is found sufficiently larfgr the velocity and
temperature to approach the relevant free streapepties.

Table 1: Values of #(0) and f(0) for A=0Ec=0Da= 01, R= 0,Re=10 for
different values of mixed convection and meltinggoaeters

Tashtoush Present
(2005) work
M GrRe  ¢(0) £(0) 6(0) £(0)
0.4 0.0 0.4571 -0.3657 0.4570 -0.3656
1.4 0.6278 -0.5023 0.6278 -0.5022
20 1.6866 -1.3493 1.6866 -1.3493
2.0 0.0 0.2743 -1.097 0.2743 -1.097
1.4 0.3807 -1.5231 0.3808 -1.5232
3.0 0.4747 -1.8988 0.4747 -1.8988
8.0 0.6902 -2.7607 0.6902 -2.7607
10.0 0.7587 -3.0290 0.7593 -3.0375
20.0 1.0382 -4.1529 1.0382 -4.1529

Table2: Values of (0) and f(0) for
N=05EcQ1Da=Q1, R=2Q Ha=10andRe=10C for different values of mixed
convection and melting parameters

Gr/Re M £(0) 6(0)

0.1 0.0 0 1.5895
0.2 - 0.56263 1.406¢
0.4 - 1.0139 1.267:
0.€ - 1.3895 1.157¢
0.6 -1.7110 1.069:
1.c - 1.9924 0.996:

1.0 0.0 0 1.6123
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0.2 - 0.5819 1.454;

0.4 - 1.06550 1.331¢

0.€ -1.4798 1.233:

0.8 -1.8429 1.151¢

1.C - 2.1669 1.083¢
Gr

Table3: Values of@(0) for — =01 A=05 Ec=01, Da=Ql, Ha=10 and Re=10for

Re
different values of mixed convection and meltinggpaeters

M R &(0)

0.0 0.0 0.2500
0.2 0.892:
0.4 1.234¢
0.€ 1.446:
0.€ 1.589¢
1.C 1.771(

2.0 0.0 0.2500
0.2 0.628:
0.4 0.7147
0.€ 0.745¢
0.€ 0.760¢
1.0 0.7740

4 Result and Discussion

Numerical computations are carried out for a raofj@alues of the buoyancy
parameter Gr/Re, melting parameter M, radiationapater R, dimensionless
inertia parameterA and Hartman number Ha on the dimensionless stream
function f andd' at the plate and the results are presented ite3dh3. In order
to test the accuracy of our results, we have coetpaur results with those of
Toushtash [10] without the radiation effect. Theamied values are found to be in
excellent agreement, as presented in Table 1. Noaheresults are presented
graphically for the mixed convection ranging fromd @ 10.0, melting parameter
ranging from 0.0 to 2.0, magnetic field rangingnfr®.0 to 2.0, dimensionless
inertia parameteA ranging from 0 to 1.0 and radiation parameter iragdrom
0.0 to 2.0. The effects of thermal radiation pareméR) on the velocity profile
and temperature distribution are plotted in figu2eend 3. It is evident from these
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figures that, the presence of thermal radiatioedfthe activity of the fluid or
liquid velocity inversely. This can be seen cledrym the velocity curves which
decreases as radiation parameter R increases wigiteasing the values of
radiation parameter leads to an increase in ligeihperature distributions,
respectively. Figures 4 and 5 depict the effecimited convection parameter
(Gr/Re) in velocity and temperature distributiospectively. It is observed that
increases in the values of Gr/Re have a tendenaytease the buoyancy effect
due to temperature differences and this leads dease in slip velocity on the
plate. However, the thermal boundary layer thickngscreases with increase in
Gr/Re and it results to increase in the fluid terapee as shown in Figure 5.

Figures 6 and 7 present the influence of meltingupater (M) on velocity and
temperature profiles respectively. It is obviousatthncreasing the melting
parameter causes higher acceleration to the flawd Wwhich in turn, increases its
motion and causes decrease in temperature. Thestablished by respective
increases in the boundary layer thickness of vgl@sid temperature.

The effect of flow inertiaA) on the velocity profiles is shown in figure 8.cin
be seen that aA increases the velocity of the slip on the platere@ses, this
decrease in slip velocity is observed to causearease in the thermal boundary
layer thickness which consequently lead to a deer@athe temperature as shown
in figure 9.

Figures 10 and 11 depict the effect of magneticapater (Ha) on the

dimensionless velocity and temperature distribyti@spectively. It can be seen
that application of magnetic field normal to thevil of an electrically conducting

fluid gives rise to a resistive force that actsthe direction opposite to that of
flow. Thus, thermal boundary layer thickness isndigantly increased. These
behaviors are depicted in the respective decreagelacity as well as an increase
in the temperature as the magnetic parameter Hansased.

Figure 12 shows the local Nusselt number varyinth whe radiation parameter
and the different melting parameter. Increasingulleies of radiation parameter
led to increase in average heat transfer ratepwtn in the absent of Radiation
parameter that is R=0, the heat transfer coefficgrconstant with increase in
melting parameter while increase in melting paramktd to decrease in average
heat transfer rate. This is physically true sincedftemperature decreases with
growing M and the temperature gradient on the platzeases with it.
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Figures

R=0,0.5,1.0,1.5,2.0

Figure 2: Dimensionless Velocity profiles for different raticam parameters with
Gr/Re =1, Re=1.0n=0.5, Ec=0.1, Da=0.1, M=0.2 and Ha=1.0
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0.8 1

0.6 1

0.4
R=0,0.5,1.0,15, 2.0

Figure 3: Dimensionless temperature profiles for differemtiaéion parameters
with Gr/Re =1, Re=1.0x=0.5, Ec=0.1, Da=0.1, M=0.2 and Ha=1.0

Gr. 024810
Re

Figure 4: Dimensionless Velocity profiles for different Gr/lRarameters with
R=2,Re=1.0A=0.1, Ec=0.1, Da=0.1, M=1.0 and Ha=0
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0.8+

0.6

8 Gr. 024810
o] Re

e J S

Figure 5: Dimensionless temperature profiles for differentR&rparameters with
R=2, Re=1.0A=0.1, Ec=0.1, Da=0.1, M=1.0 and Ha=0

M=0, 0.5, 1.0, 1.5, 2.0

Figure 6: Dimensionless Velocity profiles for different Melg parameters with
R=2, Gr/Re =3, Re=1.4=0.5, Ec=0.1, Da=0.1, M=0.2 and Ha=0.5
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0.84

M=0,05,1.0,15, 2.0
0.6

044

Figure 7: Dimensionless temperature profiles for differentitivig parameters
with R=2.0 Gr/Re =3, Re=1.0,=0.5, Ec=0.1, Da=0.1, M=0.2 and Ha=0.5

A=0,0.2,0.4,0.6,0.8,1.0

Figure 8: Dimensionless Velocity profiles for different inrparameters with
R=2.0, Gr/Re =3, Re=1.0, Ec=0.1, Da=0.1, M=0.5 dad0.5
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0.8 4

0.6 1

0.4 A=0,0.2,0.4,0.6,0.8,1.0

Figure 9: Dimensionless temperature profiles for differemrtra parameters with
R=2.0, Gr/Re =3, Re=1.0, Ec=0.1, Da=0.1, M=0.5 dad0.5

I

Ha=0,0.5,1.0, 15,2
1.8

1.6

1.4

Figure 10: Dimensionless Velocity profiles for different Madiveparameters
with R=2.0 Gr/Re =3, Re=1.0, Ec=0.01, Da=0.1 andNj=
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0.8 1

0.6 -
8 _ Ha=0, 0.5, 1.0, 1.5, 2.0

0.4

= ba

Figure 11: Dimensionless Temperature profiles for differentgvetic parameters
with R=2.0, Gr/Re =3, Re=1.0, Ec=0.01, Da=0.1 arDNd

1.2

Nu
0.8 | Pe®5 R=0, 1.0, 2.0

0.6

0.4

Figure 12: Nusselt number variation with melting parameterdidierent
radiation parameter
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5 Conclusion

In this study, effect of radiation on MHD mixed e@ction flow from a vertical
plate embedded in a saturated porous media wittingas analyzed. The heat
transfer coefficients were obtained for variousueal of flow influencing
parameters. It is noted that the velocity and teatpee profiles as well as the
heat transfer coefficients are significantly afézttoy the radiation parameter in
the medium. The major conclusion is that the heamnsfer coefficients are
reduced with increasing melting parameter and grewtis increasing radiation
parameter as shown in figure 12 and Table 3. Theltseobtained in the present
work have been validated by works in existing &teare and an excellent
agreement is found.

Nomenclature

B, Magnetic flux density [T]
C, Liquid specific heat capacity [J/kg K]

C, Solid specific heat capacity [J/kg K]
K

Da Darcy number,—
X

A Inertia parametdReF+/ Da

f Dimensionless stream function

G, Grashof num erKgﬂT (T°"2_Tm)x
v

h Heat transfer coefficient [W/K]

oBZK
Ha Hartman number
yol%

2

Ec Eckert Numbe|¢
C,(T. -T,)

K Permeability of porous media fin

k Thermal conductivity [W/m K]
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L Plate length [m]

C, (T, -T,)
1+C5(Tm _TS)

M Melting parameter

Nu Nusselt numbei%x

q,, Heat flux [W/nf]

Re Reynolds numbeM
vV

T Temperature [K]

T, Melting Temperature [K]

T, Solid temperature [K]

T, Liquid temperature [K]

0 Radiation heat flux

u,, External flow velocity [m/s]

U,V Velocity in x and y direction [m/s]

x,y Coordinate axes along and perpendicular to piaje [

R radiation parameter

Greeks
a Thermal diffusivity [nf/s]

[ Coefficient of kinematic viscosity [ffs]
n Dimensionless similarity variable
o Liquid density [kg/ni]

v Kinematic viscosity [rfYs]

A.A. Mohammed
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o Electrical conductivity of fluid [mho fj

6 Dimensionless Temperatur%—T_l[”

)
00

m

¢ Dimensionless stream function s
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