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Abstract:

The interaction of free convection with thermal radiation of a viscous incompressible unsteady MHD
flow past a moving vertical cylinder with heat and mass transfer in a porous medium s analyzed. The
fluid is a gray, absorbing-emitting but non-scattering medium and the Rosseland approximation is
used to describe the radiative heat flux in the energy equation. The governing equations are solved by
using an implicit finite-difference scheme of Crank-Nicolson type. The effects of various physical
parameters such as thermal Grashof number, mass Grashof number, magnetic parameter, radiation
parameter and Schmidt number on the velocity, temperature, concentration, local aswell as average
skin-friction, Nusselt number and Sherwood number for various parameters are computed and
represented graphically. It is found that at small values of radiation parameter, the velocity and
temperature of the fluid increases sharply near the cylinder as the time increases. Also, an increasein
the magnetic field leads to a decrease in the velocity and a rise in the temperature. As the
permeability parameter increases, it is seen that the flow accelerates. This model finds applicationsin

geophysics and engineering.

Keywords. Heat and Mass transfer, MHD, Porous medium, Radiation, Finite-difference Scheme, Vertical
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NOMENCLATURE
B, Magnetic induction Sc Schmidt number
cp  specific heat at constant pressure Shy  dimensionless local Sherwood
C’ dimensional species concentration number
C dimepsionlless. species.c.oncentration Sh  dimensionless average
D Species diffusion coefficient sh d b
g acceleration due to gravity , ) erwog num er
Gr  thermal Grashof number t dimensional time
Gc  solutal Grashof number t dimensionless time
k thermal conductivity T temperature
Ke mean absorption coefficient Uo velocity of the cylinder
K the porous medium permeability u,vV  velocity componentsin X, r

coefficient directions respectively
M magnetic parameter uv dimensionless velocity
N radiation parameter components in X, R directions
Nuyx dimensionless local Nusselt number respectively
Nu dimensionless average Nusselt Xy coordlnate_s along and n(_)rmal
number to the (_:yllnder, resp_ectlvely
Pr Prandtl number X, R dimensionless coordinates
h . . . along and normal to the cylinder

R dimensionless radial co-ordinate .

A respectively
g radiation heat flux
r,  radius of the cylinder Greek symbols
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o thermal diffusivity
B volumetric coefficient of T average skin-friction
thermal expansion -
* . - Ty dimensionless local skin- friction
i) volumetric coefficient of X
expansion with concentration T dimensionless average skin-
7] dynamic viscosity friction
v kinematic viscosity
P density of the fluid, Subscripts
c electrical conductivity w conditions on the wall
0 free stream conditions
Oy Stefan-Boltzmann constant
7’ Local skin-friction

1. Introduction

The study of unsteady boundary layer flow over a moving vertical cylinder has important geophysical and
engineering applications. For example, as a result of volcanic activities or tectonic movements, magmatic
intrusion may occur at shallow depths in the earth crust. The intrusive magma may take the form of a cylindrical
shape. An experimental and analytical study is reported by Evan et al. (1968) for transient natural convection in
a vertical cylinder. Velusamy and Grag (1992), given a numerical solution for the transient natural convection
over a heat generating vertical cylinder.

The interaction of heat and mass transfer with magnetic field has attracted the interest of many researches in
view of its applications in MHD generators, plasma studies, nuclear reactors, geophysics and astrophysics.
Michiyoshi et al. (1976) considered natural convection heat transfer from a horizontal cylinder to mercury under
a magnetic field. Shanker and Kishan (1997) presented the effect of mass transfer on the MHD flow past an
impulsively started infinite vertical plate. Ganesan and Rani (2000) studied the effect of MHD on unsteady free
convection flow past a vertical cylinder with heat and mass transfer. Magnetic field effect on a moving vertical
cylinder with constant heat flux was given by Ganesan and Loganathan (2003).

In the context of space technology and in processes involving high temperatures, the effects of radiation are of
vital importance in the study of geological formations, in the exploration and thermal recovery of oil, and in the
assessment of aquifiers, geothermal reservoirs and underground nuclear waste storage sites. Here intrusive
magma may be taken as an isothermal vertical cylinder with impulsive motion subject to radiative flux. The
study of the flow along a vertical or horizontal cylinder is important in the field of geothermal power generation
and drilling operations. Hossain et. al. (1999) studied Radiation-conduction interaction on mixed convection
from a horizontal circular cylinder. Radiation and mass transfer effects on flow of an incompressible viscous
fluid past a moving vertical cylinder was studied by Ganesan and Loganathan (2002). Mosa (1979) studied
radiative heat transfer in horizontal magneto hydrodynamic channel flow with buoyancy effects and an axial
temperature gradient. Radiation and mass transfer effects on two-dimensional flow past an impulsively started
isothermal vertical plate were studied by Ramachandra Prasad et al. (2007).

In astrophysical regimes, the presence of planetary debris, cosmic dust etc. creates a suspended porous medium
saturated with plasma fluids. Combined buoyancy-generated heat and mass transfer, due to temperature and
concentration variations, in fluid-saturated porous media, has several important applications in a variety of
engineering processes including heat exchanger devices, petroleum reservoirs, chemical catalytic reactors, solar
energy porous water collector systems, ceremic materials(1992). Comprehensive
reviews of the much of the work communicated in porous media thermal/species convection have been
presented by Nield and Bejan (2006), Vafai (2005) and Ingham and Pop (2002). Yih (1999) studied the radiation
effect on natural convection over a vertical cylinder embedded in porous media. More recently Nasser S.
Elgazery and Hassan (2007) studied thermal radiation effect on magnetohydrodynamic (MHD) unsteady mixed-
convection flow over a moving vertical cylinder with constant heat flux through a porous medium in the
presence of transversal uniform magnetic field.

However, the interaction of radiation with mass transfer of an electrically conducting fluid past a vertical
cylinder in a porous medium has received a little attention. Hence, the object of the present paper is to analyze
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the radiation and mass transfer effects on MHD free convection flow of a viscous incompressible fluid past a
verical cylinder in the presence of porous medium. The governing boundary layer equations along with the
initial and boundary conditions are first cast into a dimensionless form and the resulting system of equations
then solved by an implicit finite difference scheme.

2. Mathematical Analysis

A two-dimensional unsteady hydromagnetic flow of an incompressible viscous radiating fluid past an
impulsively started semi-infinite vertical cylinder of radius I, in a porous medium is considered.

Uo

Figure.1 Physical model of the problem

Here the X-axis is taken along the axis of cylinder in the vertical direction and the radial coordinate I is taken
normal to the cylinder. This is shown in the figure.1. Initially, the fluid and the cylinder are of same temperature

T/ and the concentrationC’ . At a timet’ >0, the cylinder starts moving in the vertical direction with

velocity U, . At a later time, the surface of cylinder is raised to a uniform temperature T, and concentration C,,

and are maintained constantly thereafter. A uniform magnetic field is applied in the transverse direction to the
cylinder. The fluid is assumed to be slightly conducting, and hence the magnetic Reynolds number is much less
than unity and the induced magnetic field is negligible in comparison with the transverse applied magnetic field.
The viscous dissipation is also assumed to be neglected in the energy equation due to slow motion of the

cylinder. It is assumed that the concentration C' of the diffusing species in the binary mixture is very less in the

comparison to the other chemical species, which are present, and hence the Soret and Dufour effects are
negligible. All the physical properties are assumed to be constant except for the density in the buoyancy term.
Then, under these assumptions and the Boussinesq’s approximation, the flow is governed by the following
system of equations:

Continuity equation
o(ru) N o(rv) 0

1
0X or M

Momentum equation
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ou ou _ou vo( ou) oB: v
— +U—+V—=gB (T'-T/)+gB' (C'-C.)+——|r Su-—u 2
ot ox or 95 ( DA ) rar( arJ yo K’ @
Energy equation
oT' oT' oT' «a 8( 8T'j 1 10
+u +V =—— -—=—(rq,) ©)
ot’ oX or ror or pc, ror
Mass diffusion equation
oC’ oC’ 8C’ D@ 8C'
FU—V—= — “)
ot’ oX or ror ar
The initial and boundary conditions are:
t'<0: u=0, v=0, T'=T), C'=C/ forall x>0andr>0
t'>0: u=u,, v=0, T'=T,, C'=C,| a r=r,
u=0, T'=T/, C'=C., a x=0 (5)
u—>0,T ->T,, C—>C, as I >

We now assume Rosseland approximation (Brewster [13]), which leads to the radiative heat flux q, is
given by
4o oT"

—_ — 6
%= oy ®)

It should be noted that by using the Rosseland approximation, the present analysis is limited to optically thick
fluids. If temperature differences within the flow are sufficiently small, then Equation (6) can be linearized by

expanding T'* into the Taylor series about T, which after neglecting higher order terms takes the form

T =41°T' 31" )

In view of Equations (6) and (7), Equation (3) reduces to

oT'  oT' oT' a o oT') 160, T°106( oT
~+U +V =——|r— |+——=|r—

ot O0X or ror or 3k,oC, ror or

In order to write the governing equations and the boundary conditions in dimensionless form, the following non-
dimensional quantities are introduced.

®)

! r2 T(_-I-y
X = XVZ, RZL, t:t—zv, U :i, V:ﬂ,GrZ gﬂ 0 ( w w),
Uy I Iy Uy v VU,
*rz C!_ 4 T!3 2.2 T’_T/
Gc=g’8°(w ),N: Tslw Mm=Z20 1_ T ©)
VuO kek pV 'I'W_-rOQ
:ﬂi Pr:i, ZL, K=£2
C.—C - 5 .

Equations (1), (2), (8) and (4) are reduced to the following non-dimensional form

d(RU)  A(RV) _

10
o0X OoR o
v Ua—U+Va—U_GrT+GcC+—i Ra—U —(M +ijU (1)
ot oX OR ROR\ OR K
8T Uﬂ Vﬂzi(1+ﬂNJii(Rﬂj (12)
ot oX oR Pr 3 JROR\ OR
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oC oC oC 110 oC
—+U—+V—=———"-| R— (13)
ot o0X R & ROR\ OR
The corresponding initial and boundary conditions are
t<0: U=0, V=0, T=0,C=0
t>0:U=1,Vv=0, T=1 C=1 aa R=1
Uu=0, T=0,C=0 a X=0 (14)

U->0,T->0C—>0 as R—ow
Knowing the velocity, temperature and concentration fields, it is interesting to study the local and average skin-
friction, Nusselt number and Sherwood numbers are defined as follows.
Local and average skin-friction in non-dimensional form are given by

S A i (15)
“ pul \O0R)
1
—— (199 ax (16)
\OR )
Local and average Nusselt number in non-dimensional form are given by
Nu, = —X(ﬂj a7
R ) sy
1
NG = - (ﬂj dx (18)
0 aR R=1
Local and average Sherwood number in non-dimensional form are given by
Sy = —X(gj (19)
OR )y
1
S = —J’(£) dX (20)
s VOR o,

3. Numerical Technique

In order to solve the unsteady, non-linear coupled Equations (10) to (13) under the conditions (14), an implicit
finite difference scheme of Crank-Nicolson type has been employed. The region of integration is considered as a

rectangle with sides X, (=1) and R, (=14), where R__ corresponds to R = o, which lies very well

outside the momentum, energy and concentration boundary layers. The maximum of R was chosen as 14 after
some preliminary investigations, so that the last two of the boundary conditions (14) are satisfied within the
tolerance limit 10°°,

The finite difference equations corresponding to Equations (10) to (13) are as follows:

i-1,j ij-1
4AX 2AR
Vinj+l
=
1+(j-1)AR

[Ui'jjﬂ —UT +U0 =00 U U U _Uiil,j—lj N [Vi,nj+1 “ViT+ V] _Vi,nj—l:'

(1)

[U " -U In}El +U U ir,]j—l]

i,j+1 ij+l

pr-un] . b oo eun -u
4AR

')
At b 2AX

+Vi]
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i, j+1

[Ti,anrl'FTi,nj]_FG [Cn+l+cn ] [ In]+11_2u n+1 Un]+1+U n+l —2U +U|nj+1] .

=Gr
2 2(AR)
Un+l _Un+l +Un Un
[ ij+1 i,j-1 ij+1 ij 1] Y +i [U.nfrl+U.n.]£ 22)
41+ (] —1)ARJAR K
I-Ti,Tl IJ +Un [Tnﬂ_TlnIlJ +Tn Ti?l,]] [ |nj++11 Tml +-|-Inj+1 Tl,nj—l]
At 2AX AAR
n+l n+l n+l n n
i(l-l-iNj[le_l_ZT +T|]+1+T|]1 +T|J+1] [Tlnj++11_-|—n+11+-|—l j+1 TlnJ 1] (23)
Pri” 3 2(AR) 4Pr[1+ (j -1)AR]JAR
[C -Gl o [t -cr ven —cy ] e -+ aly -
At " 2AX " 4AR
_1fery—ecn e +CrL -2c), +c|”,+l] e -cmt +cr,-cn o
S Z(AR) 41+ (j —DAR]JAR

Here, the subscript i - designates the grid point along the X - direction, | - along the R - direction and the
superscript n along the t - direction. An appropriate mesh size considered for the calculation is AX = 0.05,

AR =0.25, and time step At =0.01. During any one-time step, the coefficients UI ; and VI”I appearing in

the difference equations are treated as constants. The values of U, vV, T and C are known at all grid points at
t = 0 from the initial conditions. The computations of U,V, T and C at time level (n+1) using the known
values at previous time level (n) are calculated as follows.

The finite difference Equation (24) at every internal nodal point on a particular i - level constitute a tri-
diagonal system of equations. Such a system of equations is solved by Thomas algorithm as described in
Carnahan et al. [1969]. Thus, the values of C are found at every nodal point on a particular iat (n+1)" time
level. Similarly, the values of T are calculated from the Equation (23). Using the values of C and T at (n+1)"
time level in the Equation (22), the values of U at (n+1)" time level are found in a similar manner. Thus the
values of C, T and U are known on a particular i- level. The values of V are calculated explicitly using the
Equation (21) at every nodal point on a particular i - level at (n+1)" time level. This process is repeated for
various i - levels. Thus, the values of C,T,U and V are known at all grid points in the rectangular region at
(n+1)" time level.

Computations are carried out till the steady state is reached. The steady state solution is assumed to have been
reached, when the absolute difference between the values of U as well as temperature T and concentration C at
two consecutive time steps are less than 107 at all grid points. The derivatives involved in the Equations (15) to
(20) are evaluated using five-point approximation formula and the integrals are evaluated using Newton-Cotes
closed integration formula. The truncation error in the finite-difference approximation is

O(At2 + AR? +AX) and it tends to zero asAX, AR, At — 0. Hence the scheme is compatible. The

finite-difference scheme is unconditionally stable as explained by Ganesan and Rani (2000). Stability and
compatibility ensures convergence.

4, Results and Discussion

In order to get a physical insight into the problem, a representative set of numerical results in shown graphically
in Figs. 2-10, to illustrate the influence of physical quantities such as radiation parameter N, thermal Grashof
number Gr, mass Grashof number Gc, magnetic field parameter M , permeability coefficient K and Schmidt
number Sc on velocity, temperature and concentration. All computations are carried out for Pr = 0.71(i.e., for
air) and the corresponding values of Sc are chosen such that they represent water vapor (0.6) and carbon dioxide
(0.94).

Radiation and mass transfer effects on MHD free convection flow past a moving vertical cylinder in a porous medium 6
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Present solution
4+ Ganesanand
Loganadhan (2002)

Gr=40 t=5.74 11
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v

08
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0.0
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Fig. 2: Comparison of velocity profiles at X=1.0 Fig.2(a): Transient velocity profiles at X=1.0 for

different Gr, Gc and M

In order to ascertain the accuracy of the numerical results, the present study is compared with the previous
study. The velocity profiles for Gr=2.0, 4.0, Pr = 0.71, N= 2.0, , K=0.0, M =0.0, Sc=0.6, Gr=Gm, X = 1.0 are
compared with the available solution of Ganesan and Loganathan (2002) Fig.2. It is observed that the present
results are in good agreement with that of Ganesan and Loganathan (2002).

The transient velocity profiles for different values of Gr, Gc, and M at a particular time ~ t=0.75 are shown in
Fig.2(a). The thermal Grashof number signifies the relative effect of the thermal buoyancy (due to density
differences) force to the viscous hydrodynamic force in the boundary layer flow. The positive values of Gr
correspond to cooling of the cylinder surface by natural convection. Heat is therefore conducted away from the
vertical cylinder into the fluid which increases temperature and thereby enhances the buoyancy force. It is
observed that the transient velocity accelerates due to enhancement in the thermal buoyancy force, i.e., free
convection effects. The solutal Grashof number Gc defines the ratio of the species buoyancy force to the viscous
hydrodynamic force. It is noticed that the transient velocity increases considerbly with a rise in the species
buoyancy force. In both the cases it is interesting to note that as Gr or Gc increases, there is rapid rise in the
velocity near the surface of vertical cylinder and then descends smoothly to the free stream velocity. As
expected, the transient velocity decreases with an increase in the magnetic parameter M. It is because that the
application of transverse magnetic field will result a resistive type force (Lorentz force) similar to drag force
which tends to resist the fluid flow and thus reducing its velocity. Also, the boundary layer thickness decreases
with an increase in the magnetic parameter.

14 18
N S E 16 4 R Gr Ge M N Sc t
121 i A 2020 10 20 06 060 I
20 06 101 144 m 2020 10 20 06 §22% 1
14 50 06 10 I 1] 4020 10 20 06 075 II
1 20 094 10 I - I 1040 10 20 06 S11° IV
08 - 20 06 20 IV 14 vin 2020 20 50 06 068 V
u u 5050 a0 s S
0s ] 2020 20 50 06 866 VI
061 - VI 2020 10 20 094 030 VI
06 4 T 2020 10 20 094 763 VIII
041 04 d v * Steady state
t=0.75 :
0.2 4 024 pr=071 \Lﬂx
0 : ; ; . 0 ‘ ' ' ‘ '
1 2 3 s 5 6 7 ! : : 5 : 6 !
R
Fig.2(b): Transient velocity profiles at X=1.0 for Fig.2(c): Velocity profiles at X=1.0 for different Gr,
different N, Sc and K Gc, M, N and Sc

In Fig.2 (b) the transient velocity profiles for different values of N, Sc and K at a particular time t= 0.75 are
shown. The radiation parameter N (i.e., Stark number) defines the relative contribution of conduction heat

Radiation and mass transfer effects on MHD free convection flow past a moving vertical cylinder in a porous medium 7



S Suneetha & N. Bhaskar Reddy / Journal of Naval Architecture and Marine Engineering 7(2010)1-10

transfer to thermal radiation transfer. An increase in N corresponds to an increase in the relative contribution of
conduction heat transfer to thermal radiation heat transfer. It can be seen that as N increases from N=2 to N=5
considerable reduction is observed in the velocity. The Schmidt number Sc signifies the relative effectiveness of
momentum and mass transport by diffusion in the velocity and concentration (species) boundary layers. It is
observed that as the Schmidt number increases the velocity decreases. The permeability co-efficient stimulates
the effect of bulk matrix impedance due to porous medium fibers. A rise in the permeability coefficient
enhances the velocity of the fluid.

In Fig.2(c), the transient and steady state velocity profiles are presented for different values Gr, Ge, M, N and Sc.
The steady state velocity increases with an increase in Gr or Gc. It can be seen that an increase in the thermal or
species buoyancy force, reduces the time to reach the steady state. The steady state velocity decreases with an
increase in M or N or Sc. The time taken to reach the steady state velocity increases as M or N increases.

o 4 ——M=1D N=20 5:=06 1=0.60 0o e M=10 N=2.0 5c=05 t=0.60

- - 5 ap* Gr=0Cc=20

MN=20 5c=06t=820 - Sieady state como-M=10 N=2.0 Sc=0.6 t=8.20%
— — — {

N=20 Sc=106 t=065 3 —a—M=2.0 N=2.0 Sc=0.6 t=0.65

N=208c=06 t=864" & e M=20 N=2.0 Sc=0.6 t=8.64"

- - - 0.6 4
MN=508c=0.6 t=050 —a—M=10 N=50 Sc=06 t=0.350

EER N=50Sc=06 t=3598% © 059 ea M=1.0 N=50 Sc=06 1=898"
04 4 N=20 8c=054 t=040 0.4 4 —e—M=10 N=2.0 5c=0.54 t=0.40
0.3 4 N=20 8c=094 t=720% 0.3 A " e e M=10 N=20 =054 t=7.20%
0.z 4 Gr=0Cc=210 0217
* Steady state 014 Br=071
0.1 4 Fr=10.71 - iy
0 . . } v ‘ ‘ !
1 2 3 4 5 6 7
1 2 3 R 4 5 é 7 B B B }} o B o B
Fig.3: Temperature profiles at X=1.0 for different M, N Fig. 4: Concentration profiles at X=1.0 for different
and Sc M, N and Sc

The transient and steady state temperature profiles are presented for different values M, N and Sc in Fig.3. It is
observed that, as N decreases from 5.0 to 2.0, the temperature increases markedly throughout the length of the
cylinder. As a result the thermal boundary layer thickness is decreasing due to a rise in N values. It is noticed
that the temperature decreases with an increase in M while it increases with an increase in Sc. The time required
to reach the steady state temperature increases with an increase in M or N and it decreases with an increase in
.

In Fig.4, the transient and steady state concentration profiles are presented for different values of M, N and Sc. It
is found that the concentration decreases as the radiation parameter N or the Schmidt number Sc increases,
while it increases with an increase in M. The time required to reach the steady state concentration increases with
an increase in M or N and it decreases with an increase in Sc.

25

2.5

0.5 4

Fig. 5: Local skin friction Fig. 6: Average skin friction
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Fig. 9: Local Sherwood number

t

Fig. 10: Average Sherwood number

Steady-state local skin-friction (7,) values against the axial coordinate X are plotted in Fig.5. The local shear

stress 7, increases with an increase in Sc ,while it decreases with an increase in Gr or Gc or M. The average

skin-friction (7 ) values are shown in Fig. 6. It is found that the average skin-friction increases with an increase
in Sc, while it decreases with an increase in Gr or Gc or M, throughout the transient period. It is also observed
that the average skin-friction increases as the radiation interaction parameter N increases. The local Nusselt
number (NUy ) is shown in Fig.7. The local heat transfer rate decreases with an increase in Sc, while it

increases with an increase in Gr or Gc or M. Also it is found that as the radiation parameter N increases, the

local Nusselt number increases. The average Nusselt number (NU) values are shown in Fig.8. It is observed
that the average Nusselt number increases with an increase in Gr or Gc or N. The local Sherwood number Shy,

is plotted in Fig.9. It is noticed that Sh, increases with an increase in Sc, where as it decreases with an increase

in Gr or Gc or N. The average Sherwood number (§’l) values are shown in Fig.10. It can be seen that the
average Sherwood number increases with an increase in Gr or Gc or Sc, while it decreases with an increase in
M.

5. Conclusion

A numerical study has been carried out to study the radiation and mass transfer effects on MHD flow of an
incompressible viscous fluid past a moving vertical cylinder in a porous medium. The fluid is gray, absorbing-
emitting but non-scattering medium and the Rosseland approximation is used to describe the radiative heat flux
in the energy equation. A family of governing partial differential equations are solved by an implicit finite
difference scheme of Crank-Nicolson type, which is stable and convergent. The results are obtained for different
values of radiation parameter N, thermal Grashof number Gr, solutal Grashof number Gc, magnetic field
parameter M, and Schmidt number Sc. Conclusions of this study are as follows:

Radiation and mass transfer effects on MHD free convection flow past a moving vertical cylinder in a porous medium 9
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1. The time required for velocity to reach the steady-state increases as radiation parameter N increases.

2. As small values of the radiation parameter N, the velocity and temperature of fluid increases sharply
near the cylinder as the time t increases, which is totally absent in the absence of radiation effects.

The transient velocity increases with the increase in the permeability co- efficient K.

4. The skin-friction decreases with an increase M and increases with the increasing value of radiation
parameter N and Schmidt number Sc.

5. The average Nusselt number increases with the increasing value of the radiation parameter.

6. The average Sherwood number increases as Gr or Gc and Sc increases.
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