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Abstract:

The inte rac tion of fre e conv ection with the rmal radiationo fav isc ousincom pressible un steady MHD
flow past av ertical ¢ ylinder w ith v ariable s urfac e te mpe rature andc onc entration isa nalyzed. T he
fluid isa gray, ab sorbing-emittingbu t non -scatteringm edium andthe Rosseland ap proxim ationis
use d tode scribe the radiative heatfl ux inthe energy equa tion. T he gov erninge quations are solv ed
usi ng an im  plicit finite -diffe re nc e scheme ofC rank -Nicols onty pe. Num eric al re sults fo r the tran sie nt
veloc ity , the te mperature, the concentration, the local as wellas average skin-friction, the rate of he at
and masstransferare show n grap hically. It is obse rved tha t the presence of asw ell asincrease inthe
magne tic fieldle ads to de crease in the velocity field andr ise in the therm al boundary thickness. T he
num erical pre dic ations hav e beenc om paredw itht he existing inform ationinthe literature and good
agr eementisobtained.
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NOMENCLATURE sn . local Sherwood number

Bo Magnetic field strength 7 temperature

c " species concentration y  axial co—o_rdingte measured vertically
¢ dimensionless species concentration t:?nv]\éard direction

Gr thermal Grashof number !

y  dimensionless axial co-ordinate

Ge Mmodified Grashof number . . . :
U »y dimensionless velocity components in

g acceleration due to gravity

. . L directions respectivel
;  grid point along the y - direction X1R P y

j grid pomtIanng the p - dlrec_tlon Greek symbols
m  exponent in power law variation of a thermal diffusivity
wall temperature

. o f  volumetric coefficient of thermal
n  €xponent in power law variation of

wall concentration > expansion - .
., Magnetic parameter L volumetric coefficient of expansion
N radiation parameter with concentration

— A, grid size in time

Nu elzver::lge Nuslselt nubmber Ap grid size in radical direction
~u  local Nusselt number

. Ay grid size in axial direction
Pr  Prandtl number % Mmean absorption coefficient
g, Tadiative heat flux v kinematic viscosity

» dimensionless radial co-ordinate L density
-  radical co-ordinate

o Stefan-Boltzmann constant
radius of cylinder :
"o Schmidt Y b 7 local skin-friction
Sc  Schmidt number ' P
— T  average skin-friction
sp  average Sherwood number
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Subscripts o  free-stream condition
w condition on the wall

1. Introduction

Unsteady natural convection flow of a viscous incompressible fluid over a heated vertical cylinder is an
important problem relevant to many engineering applications. In the glass and polymer industries, hot filaments,
which are considered as vertical cylinders, are cooled as they pass through the surrounding environment. For
these types of non-linear problems, the exact solution is not possible. Sparrow and Gregg (1956) provided the
first approximate solution for the laminar buoyant flow of air bathing a vertical cylinder heated with a
prescribed surface temperature, by applying the similarity method and power series expansion. Lee et al. (1988)
investigated the problem of natural convection in laminar boundary layer flow along slender vertical cylinders
and needles for the power-law variation in wall temperature. Velusamy and Grag (1992) presented the
numerical solution for transient natural convection over heat generating vertical cylinders of various thermal
capacities and radii. The rate of propagation of the leading edge effect was given special consideration by them.

The effects of heat and mass transfer on the flow near vertical circular cylinder have been realized in many
engineering and physical problems such as transport processes industry, ocean circulations due to heat current
and difference in salinity etc. Combined buoyancy effects of thermal and mass diffusion along vertical cylinders
have been given scant attention in the literature. Experimental results of pure and simultaneous heat and mass
transfer by free convection along a vertical cylinder for Pr =0.71and sc =0.63 are given by Bottemanne
(1972). Rani (2003) studied the transient natural convection along a vertical cylinder with variable temperature
and mass diffusion, by employing an implicit finite-difference method of Crank-Nicolson type. Chen and Yuh
(1980) considered the effects of heat and mass transfer on natural convective flow along a vertical cylinder,
where the surface of the cylinder was either maintained at a uniform temperature/concentration or subjected to
uniform heat/mass flux. They concluded that the combined buoyancy force from thermal and species diffusion
provide larger Nusselt and Sherwood numbers for uniform surface heat/mass flux. Ganesan and Rani (1999)
analyzed the unsteady free convection on vertical cylinder with variable heat and mass flux.

Magnetohydrodynamic (MHD) flow and heat and mass transfer processes occur in many industrial applications
such as the geothermal system, aerodynamic processes, chemical catalytic reactors and processes, spreading of
chemical pollutants in plants. Ganesan and Rani (2003) analyzed the magnetic field effect on a moving vertical
cylinder with constant heat flux. Elbashbeshy (1997) studied heat and mass transfer along a vertical plate with
variable surface temperature and concentration in the presence of magnetic field. Agarwal et al. (1989)
considered the effect of MHD free convection and mass transfer flow past a vibrating infinite vertical circular
cylinder. Combined heat and mass transfer effects on moving vertical cylinder that of steady and unsteady flow
were investigated by Takhar et al. (2000), by using an implicit finite-difference scheme of Crank-Nicolson type.
A numerical solution for the transient natural convection flow over a vertical cylinder under the combined
buoyancy effect of heat and mass transfer was obtained by Ganesan and Rani (1998), by means of an implicit
finite-difference scheme.

Heat transfer by simultaneous radiation and convection has applications in numerous technological problems,
including combustion, glass production, furnace design, the design of high temperature gas cooled nuclear
reactors, nuclear reactor safety, fluidized bed heat exchanger, fire spreads, advanced energy conversion devices
such as open cycle coal and natural gas fired MHD, solar fans, solar collectors natural convection in cavities,
turbid water bodies, photo chemical reactors and many others when heat transfer radiation is of the same order
of magnitude as by convection, a separate calculation of radiation and their superposition without considering
the interaction between them can lead to significant errors in the results, because of the presence of the radiation
in the medium, which alters the temperature distribution within the fluid. Therefore, in such situation heat
transfer by convection and radiation should be solved for simultaneously. In this context, Abd EI-Naby et al.
(2003) considered the effects of the radiation on unsteady free convective flow past a semi-infinite vertical plate
with variable surface temperature using Crank-Nicolson finite difference method. RamachandrPrasad et al.
(2006) analyzed the radiation effects on an unsteady two-dimensional hydromagnetic free convective boundary
layer flow past a semi-infinite vertical plate with mass transfer in the presence of heat source/sink. The
combined radiation and free convection flow over a vertical cylinder was presented by Yih (1999). Radiation
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and mass transfer effects on flow of an incompressible viscous fluid past a moving vertical cylinder was studied
by Ganesan and Loganathan (2002).

However, the interaction of radiation and mass transfer in an electrically conducting fluid with variable surface
temperature and concentration has received a little attention. Hence, the object of this paper is to study the
radiation and mass transfer effects on MHD free convection flow of a viscous incompressible optically thick
fluid past a vertical cylinder with variable surface temperature and concentration. 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 are then solved by an implicit finite-difference scheme. The behaviour of the
velocity, temperature, concentration, skin-friction, Nusselt number and Sherwood number has been discussed
for variations in the governing thermophysical and hydrodynamical parameters.

2. Mathematical Analysis

An unsteady two-dimensional laminar free convective heat and mass transfer flow of a viscous incompressible
electrically conducting and radiating optically thick fluid past a semi-infinite vertical cylinder of radius

;o 1S considered. The , -axis is taken along the axis of the cylinder and the radial coordinate ,. is taken
normal to the cylinder. Initially, the fluid and the cylinder are at the same temperature 7. and the
concentration -/ . At time,”>0, the temperature and concentration of the cylinder are raised to

! ! !’ !

' =1+ (r =7 ' =cL+(c! —c.)x " respectively and are maintained constantly thereafter. A

uniform magnetic field is applied in the direction perpendicular 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 comparision with the applied magnetic field. It is further assumed that there is no applied
voltage, so that electric field is absent. It is also assumed that the radiative heat flux in the . -direction is
negligible as compared to that in the radial direction. The viscous dissipation is also assumed to be negligible in
the energy equation due to slow motion of the cylinder. Also, it is assumed that there is no chemical reaction
between the species and the fluid. The foreign mass present in the flow is assumed to be at low level and hence
Soret and Dufour effects are negligible. It is also assumed that all the fluid properties are constant except that of
the influence of the density variation with temperature and concentration in the body force term (Boussinesq’s
approximation). Then, under the above assumptions the governing boundary layer equations are

Continuity equation

30u) , )

1

o, o, ()
Momentum equation

au au au ' ' * ' ’ Vv a( auj UBOZ
—+,—+,—= 7o)+ - +—— == |- 2
5/ uax var gﬁ(T Too) gﬁ(C Coo) rar rar P u 2
Energy equation

or' or' or" a o op 1 10

T, tu . ty . :__(rij____(rq,) ®)
at ax ar r ar ar pcp r ar

Mass diffusion equation

8(1 +uaC +V6C =£i(raLj (4)
9/ "0y 9, 0\ O

The initial and boundary conditions are

[/ <0:,=0, ,=0, 7'=7), ¢'=c. forall ,>0and, >0
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! !

' . ' ' ' ' m r_ ., _
¢ >0:,=0, ,=0, 7 :Too+(Tw_Too)x e —cw+(cw _Coo)x at ¥ =ro
u:01 T':To:;1 C’:Co’O at x — Oand,,Z,,O (5)

’ 1 ’ !
w0 ">, ' e as p > O

By using the Rosseland approximation (Brewster (1992)), the radiative heat flux , is given by

40 07"
" "3 ®
3kc, Or

where o is the Stefan-Boltzmann constant and k.- the mean absorption coefficient. It should be noted that by
using the Rosseland approximation, the present analysis is limited to optically thick fluids. If the temperature
differences within the flow are sufficiently small, then Equation (6) can be linearized by expanding 7 "* into the
Taylor series about 7 , which after neglecting higher order terms takes the form

vt =4 =3 (7
In view of Equations (6) and (7), Equation (3) reduces to

' ' ' ' 16 3 ’
aT,+uaT +v8T Zgﬁ[rar}r O Te lﬁ(rﬁij
o Ox O r Oy Oy 3k(,pcp r Oy Oy

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

®)

X r _uro 1240) _ V¢ _ T To
X~ R—" U —7 V=" t—"2 T—77 r?
0 0 v v 0 T, Tw )
_<7302r02 _c' . _gﬂros(TW’_Ta;) gﬁ*mg(C‘: _Cz:o)
- y - , P r = 2 1Ge — '
4 C, Cw v 1%
S -z N = i
< p’ 4oy 7}
In view of the Equation (9), the Equations (1), (2), (8) and (4) reduce to the following non-dimensional form
0(ru) , Orr) _ (10)
0 x OR
oy oy oy 10 ( 6Uj
+ + = + +—— = |- 11
2, Uax V5R GrT1tGe C ~ O RaR MU (11)
O, Or 0 2y AYLA (o) W
8, 8X 8R Pr 3N R 8R aR
0 0 %) 11 0
C ty C C :__(R _Cj (13)
0, Ox Orp sc Op\ Og

The corresponding initial and boundary conditions are
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tSO:U:O) V:0, TZO)CZO foraIIXZO and RZO

t>0U=0'V=07 T=X””C=X" at R=1
v=0 7r=0=0 « y=0and p2>1
U—)O,T —0, C—)O s R X

Knowing the velocity, temperature and concentration fields, it is interesting to find the skin-friction, Nusselt

number and Sherwood numbers are defined as follows.

Local and average skin-frictions in non-dimensional form are

Local and average Nusselt numbers in non-dimensional form are

_ OR
Nu, =—X
Tr=1
_ ﬁTj
==
___I Or p=1
Nu dX
0 Ty=

Local and average Sherwood numbers in non-dimensional form are

(o)
aR =1

Cr=1

Shy =X

1
Sh =—I — T |ax
0

3. Numerical Technique

(14)

(15)

(16)

(17)

(18)

(19)

20)

In order to solve the unsteady, non-linear, coupled Equations (10) - (13) under the conditions (14), an implicit

finite difference scheme of Crank-Nicolson type has been employed.
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The finite difference equations corresponding to Equations (10) - (13) are as follows:

L2 AN AT 7 NS ST J i BNRSS F P & SN B [t s R O (A

i-l7 1.q0-1 +
AME 2ME
y a1
- (21)
1+ (] _1)AR
[ ﬂ+1 n ] [ )’l+1 ’1+l n n ] [ n+l n+1 n n ]
U, ~U., U,, “U~,TU,, "U 4, U, U, ATU 217U, 1
tu " ty"
Ay " 2Ay " 4Ap
[ n+1 + n ] [ l’l+l _I_ n ] [ n+ 2 n + + 2 n + ]
I c. tc)l Ww'a—¢cv! tu! +1 U, vl tu!
- Gr 2 Gm 2 + 2
(AR)
[ n+l — n+l _;’_ n _ n ]
Wit “U AU "U _M[U L+l Ly ] 22)
4[1+(J- -DAR AR 2 "
2+l n ntl ntl n n a+l atl n n
[T,.,j _Tl.,,.] [Ti,j T, "‘Tl.,, _Ti—l,j] [Ti,j+1 T, +Ti,j+1 _Tl.,j—1]
Ay " 2Ay " 4AR
)’l+1 H+1 )’l+1 n n n
:i 14 4 [T,.,,_l—ZT,.,j 7 +T,-,j—1_2T,.,j +TI.,,+1]
Prii 3y 2(Ag)?
[ Vl+l ﬂ+1 n n ]
T+ T, -1 + T,;«17 T~ 23)
4Pr[1+ (j _1)AR ]AR
’1+l n ’1+l n+1 n n H+1 n n
[/ —c! ] [c,.,, —cl, tc!, _Ci—l,j] [c, a—clatc!a _C,,j—l]
+y " T
Ay " 2Ay 4AR
n+l ’1+l n+1 n n n
1 [C,-,/—l —2¢! *clate! a2, +C,.,/.+1]
- 2
Sc 2(AR)
[ n+1 _ n+l + n _ n ]
C,a C,\,A7C,,,;s1~C, ;1 (24)

4sc[1+(; —DAR]AR

The region of integration is considered as a rectangle with sides x .. (=1) and g ... (=14), where

corresponds to = oo, which lies very well outside the momentum, energy and concentration boundary
6

R max
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layers. The maximum of » was chosen as 14 after some preliminary investigations, so that the last two of the
boundary conditions (14) are satisfied. Here, the subscript ; - designates the grid point along the X - direction,
j- along the » - direction and the superscript , along the , - direction. The appropriate mesh sizes considered
for the calculation are Ay =0.05, Ap =0.25, and time step A; = 0.01. During any one-time step, the
coefficients U[",j and V‘,", appearing in the difference equations are treated as constants. The values of

U V. T and ~ are known at all grid points at , = 0 from the initial conditions. The computations of
U V.T and . attime level (,+ ) using the known values at previous time level (,,) are calculated as follows.

The finite difference Equation (24) at every internal nodal point on a particular ; - 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 . are found at every nodal point on a particular ; at (,,+ )™ time level. Similarly,

the values of  are calculated from the Equation (23). Using the values of ~ and T at (,,+ )™ time level in the
Equation (22), the values of  at (,+ )™ time level are found in a similar manner. Thus the values of

CT and ;; are known on a particular ; - level. The values of ;- are calculated explicitly using the Equation
- - th o - - -
- . . -
(21) at every nodal point on a particular ; - level at (. {)" time level. This process is repeated for various ;
levels. Thus, the values of ~,7,; and - are known at all grid points in the rectangular region at (,,+ 1)‘htime

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 ;; as well as temperature ; and concentration
¢ at two consecutive time steps are less than 10 at all grid points.

After experimenting with few sets of mesh sizes, they have been fixed at the level Ay =0.05, Ap =0.25, and
the time step A, =0.01.In this case, spatial mesh sizes are reduced by 50% in one direction, and then in both
directions, and the results are compared .It is observed that, when the mesh size is reduced by 50% in y -

direction and p - direction, the results differ in the fourth decimal places. The computer takes more time to
compute, if the size of the time-step is small. Hence, the above mentioned sizes have been considered as
appropriate mesh sizes for calculation.

The local truncation error in the finite-difference approximation is (A,Z +Ag 2+ Ay ) and it tends to zero

asAy ,Ap and A, tend to zero. Hence the scheme is compatible. Stability and compatibility ensures
convergence (Richtmyer and Morton (1967)).

The derivatives involved in the Equations (15) - (20) are evaluated using five-point approximation formula and
the integrals are evaluated using Newton-Cotes closed integration formula.

4. Results and Discussion

In order to get a physical insight into the problem, a representative set of numerical results is shown graphically
in Figs. 1-12, to illustrate the influence of governing parameters viz., radiation parameter p; , thermal Grashof
number ¢, , solutal Grashof number ;.. , magnetic parameter 5, , Prandtl number Pr, Schmidt number . ,
exponent in the power law variation of the wall temperature ,,, , exponent in the power law variation of the wall
concentration ,, on the velocity, temperature and concentration, skin-friction, Nusselt number and Sherwood
number. Here the value of Pr is chosen as 0.71, which corresponds a air. The values of g, are chosen such that
they represent water vapour (0.6) and Ammonia (0.78).

In order to ascertain the accuracy of the numerical results, the present study is compared with the previous
study. The velocity profiles for ;. = 2.0, y =0.0,,, =0.0, Pr=0.7, y =1.0, g. =0.6 are compared with the
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available solution of Rani [5], in Fig.1. It is observed that the present results are in good agreement with that of
Rani [5].

0.5
0.45 - Present result
04 4 Gr=4.0 * Rani [3]
0.35
0.3
-0.25
0.2
0.15
0.1
0.05
0 :
1 2 3 4 R 5 6 7 8
Fig.1. Comparison of velocity profiles
0.7
v Gr Gc M Sc t
0.6 - I 20 20 20 06 0.60
1 Il 20 20 20 06 1.05%
0.5 - . 11 40 20 20 06 1.40*
\ IV 20 40 20 06 1.30*
0.4 - \=V| V 20 20 30 06 2.60*
»y VI 20 20 20 078 3.04*

> 0.3 1 X

Pr=0.71 m=n=1.0

0.2 7 N =2.0
* Steady state
0.1 4
O T T T T I
1 2 3 AR 5 6 7

Fig.2. Transient velocity profiles at X=1.0 for different Gr, Gc¢, M and Sc

The transient and steady state velocity profiles at X=1.0 for different values ;,. , . . s and g. are shownin
Fig. 2. 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. Here the positive values of 4,
correspond to cooling of the cylinder. As expected, it is noticed that an increase in ¢, leads to a rise in the
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values of velocity due to enhancement in the buoyancy force. The solutal Grashof number . defines the ratio
of the species buoyancy force to the viscous hydrodynamic force. It is found that the fluid velocity increases and
the peak value becomes more distinctive due to an increase in the concentration buoyancy force represented by

Ge (Fig. 2.) Also, the momentum boundary layer thickness increases with increasing values of , org,. . The
contribution of mass diffusion to the buoyancy force increases the maximum velocity significantly. The time

required to reach the steady state velocity increases as ;- or . increases. It is observed that an increase in the
magnetic field parameter leads to a decrease in the velocity field. It is because that the application of transverse
magnetic field will result in 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. The Schmidt number g. signifies the ratio of the momentum diffusivity to the mass
(species) diffusivity. It physically relates the relative thickness of the hydrodynamic boundary layer and mass-
transfer (concentration) boundary layer. It is noticed that as the Schmidt number increases the velocity
decreases. It is observed that the time required to reach the steady state velocity increases with an increase in

A Orse -
0.6
m n N t
0.5 I I 1.0 1.0 20 1.0
I 10 1.0 2.0
0.4 - 1.05*
I 20 1.0 2.0
D 0.3 1 1.50*
| Pr=0.71 Gr= Gc=2.0
0.2 - M=20 Sc=0.6
* Steady state
0.1
0 ‘ ‘ ‘ ‘ :
1 2 3 R 4 5 6 7

Fig.3. Transient velocity profiles at X=1.0 for different m, nand N

Fig. 3 depicts the transient and steady state velocity profiles for different values of radiation parameter 5, , ,,

and ,, . The radiation parameter 5 (i.e., Stark number) defines the relative contribution of conduction heat
transfer to thermal radiation transfer. It can be found that an increase in , leads to a decrease in the velocity
within the boundary layer as well as decreased thickness of the hydrodynamic boundary layer. It is also noticed
that the velocity decreases with an increase in ,, or , . The time required to reach the steady state velocity

increases as p; or ,, or , increases.

The transient and steady-state temperature profiles at X=1.0 for different values of ,, , , and ,; are shown in
Fig.4. It is found that as , increases from 2.0 to 5.0, the temperature decreases markedly throughout the length
of the cylinder. As a result the thermal boundary layer thickness decreases due to a rise in , values. Also, it is
noticed that the temperature decreases as ,, or ,, increases. The effect of ,, is more important on temperature
than ,,. It is also seen that the time taken to reach the steady state temperature increases with an increase in ,,
or, ory.

The concentration profiles for different values of ,, and , are shown in Fig.5. It is found that the
concentration decreases with an increase in ,,, or , . Here, the effect of ,, is more important than the effect of
m - The time required to reach the steady state concentration increases with an increase in ,, or , . The

Thermal radiation and mass transfer effects on MHD free convection flow.... 9
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transient and steady-state concentration profiles at X=1.0 for different values of »; and g. are shown in Fig.6.

1.2

| 10 10 20 060

17 1 10 10 20 1.05*
Il 20 10 20 165
0.8 | IV 10 20 20 1.60*
V 10 20 50 1.40*

Pr=0.71 Gr=Gc=2.0

M=20 Sc=0.6
i > 111
0.2 A » \, * Steady state

> v
&
0 T T T T

1 2 3 R 4 5 6 7

Fig.4. Transient temperature profiles at X=1.0 fordifferent m,nand N

1.2
m n t
1 - I 1.0 1.0 0.60
I 1.0 1.0 1.05*
I 2.0 1.0 1.60*
0.8 A IV 1.0 2.0 1.65*
o 0.6 1
I Pr=0.71 Gr=Gc=2.0
—>
0.4 1 > 111 M=N=20 Sc=06
02 - > 1V | * Steady state
0 I X |
1 2 3 R 4 5 6 7

Fig.5. Transient concentration profiles at X = 1.0 for different mand n
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1.2

1 A N Sc t

I 20 0.6 0.60
1 20 0.6 1.05*
0.8 A Il 50 0.6 1.50*
v 20 0.78 1.40*

O 0.6 A
04 o 111 Pr=0.71 Gr=Gc=2.0
> 11 M=20 m=n=10
0.2 7 >V

> | * Steady state
O T |\ T
1 2 3 R 4 5 6 7
Fig.6. Transient concentration profiles at X= 1.0 for different N and Sc

It is seen that the concentration increases with an increase in p; . As g. increases the mass transfer rate

increases. Hence, the concentration decreases as . increases. The time required to reach the steady state
concentration increases with an increase in g, or .

1.6
m n N Sc
14 11 10 10 20 06 I
I 20 10 20 06
12 1 m 10 20 20 06 |
IV 1.0 10 50 06
104V 10 10 20 0.78 \Y;
5 0.8 1 v
> 111
0.6 -
0.4 -
Pr=0.71 M=2.0
0.2 1 Gr=Gc=2.0
0.0 1 1 1 1 1
0.0 0.2 04 x 06 0.8 1.0 1.2

Fig.7. Local skin-friction.
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The effects of ,, , ,,, y and g. on the local skin-friction (7 ) are shown in Fig.7. It is observed that, the

local skin-friction decreases with an increase in ,, or p or g. , while it increases with an increase in ,, . Fig.8
displays the effects of ,,, , ,,, y and g. on the average skin-friction (7 ). The average skin-friction decreases
with an increase in ,, or p or g, , while it increases with an increase in ,, .

0.8
1,1, 1V, V, 1l
0.7 -
0.6 -
0.5 -
e 0.4
m n N Sc
0.3 1 | 1.0 10 20 06
0o I 20 10 20 06
- M 1.0 20 20 0.6
0g | Pr=071 M=20 IV 1.0 1.0 50 06
' Gr=06Gc=20 V 10 10 20 0.78
0 1 1 1 1 1
0 0.2 0.4 t 0.6 0.8 1 1.2
Fig.8. Average skin-friction
1.2
m n N Sc
1 | 1.0 1.0 20 06
I 20 1.0 20 06
Il 1.0 20 20 06
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Fig.9. Local Nusselt number
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The local Nusselt number ( p,, ) for different values of ,, , ,, , ; and g. are shown in Fig. 9. It is noticed
X

that, the local Nusselt number decreases with an increase in ,, or ,, org. , while it increases with an increase

in N -
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Fig.10. Average Nusselt number
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Fig.11. Local Sherwood number
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Fig.10 shows the effects of ,, , ,,, n and g. on the average Nusselt number ( 5, ). The average Nusselt
number decreases with an increase in ,, or , or g. , while it increases with an increase in p; . The effects of
m o no N and g. on the local and average Sherwood numbers are shown in Figs. 11 and 12 respectively. It is
seen that both the local and average Sherwood numbers increase with an increase in ,, or g. , while they
decrease with an increase in ,, or p .

2.4
1 Pr=071 M=2. m n N SC
2.2 PO MY 1 10 10 20 06
5 | ' 11 20 1.0 20 06
I 1.0 20 20 0.6
1.8 - IV 1.0 1.0 50 0.6
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1.6 -
' 5 \YAIIRRYIN]
1.4 -
1.2 -
1_
0.8
06 T T T T T

0 0.2 0.4 t 06 0.8 1 1.2
Fig.12. Average Sherwood number

5. Conclusions

A numerical study has been carried out to study the interaction of free convection with thermal radiation of a
viscous incompressible unsteady MHD flow past a vertical cylinder with variable surface temperature and
concentration 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 is solved by an implicit finite difference scheme of Crank-Nicolson type, which is stable and
convergent. The conclusions of this study are as follows:

1. The transient velocity increases with an increase in . or g, .

2. As the magnetic field parameter ,, increases, the transient velocity.

3. The time required for velocity to reach the steady-state increases as radiation parameter, ,; increases.
4. The concentration reduces with an increase in,, or , or ..

5. The skin-friction decreases with an increase ,, and increases with the increasing

Thermal radiation and mass transfer effects on MHD free convection flow.... 14
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