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ABSTRACT

This paper is focused on the study of chemical reaction on mixed convective heat and mass transfer flow
of a viscous electrically conducting fluid through a porous medium. The governing equations are solved
numerically by reducing the differential equations in to difference equations which are solved using
Gauss-Seidel Iteration method. The velocity, temperature and concentration distributions for different
parameters graphically.
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canisters filled with radioactive rays be buried in
I. INTRODUCTION the earth so as to isolate them from human
population and is of interest to determine the
surface temperature of these canisters. This
surface temperature strongly depends on the
buoyancy driven flow sustained by the heated
surface and the possible moment of ground water
past it. This phenomenon make idealized to the
study of convection flow in a porous medium
contained in a cylindrical annulus and extensively
has been made on these lines [14,15, 16].

Free convection in a vertical porous annulus has
been extensively studied by Prasad et al [16] both
theoretically and experimentally. Caltagirone [3]
has published a detailed theoretical study of free

The increasing cost of energy has lead
technologists to examine measures which could
considerably reduce the usage of the natural
source energy (fossil). In particular design
engineers require relationships between heat
transfer, geometry and boundary conditions which
can be utilized cost benefit analysis to determine
the amount of insulation that will yield the
maximum investment. Apart from this, the study
of flow and heat transfer in the annular region
between the concentric cylinders has applications
in nuclear waste disposal research. Itis known the
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convection in a horizontal porous annulus
including possible three dimensional and transient
effects. Similar studies for fluid filled annuli are
available in the literature [19]. Convection through
annular regions under steady state conditions has
also been discussed with the two cylindrical
surfaces kept at different temperatures [8]. This
work has been extended in temperature dependent
convection flow [5, 7, 8] as well as convection flows
through horizontal porous channel whose inner
surface is maintained at constant temperature,
while the other surface is maintained at
circumferentially varying sinusoidal temperature
[16,20,28].

Free convection flow and heat transfer in hydro
magnetic case is important in nuclear and space
technology [8, 12, 21, 24, 30, 31]. In particular
such convection flow in a vertical annulus region in
the presence of radial magnetic field has been
investigated by Sastry and Bhadram [22]. Nanda
and Purushotham [9] have analyzed the free
convection of a thermal conducting viscous
incompressible fluid induced by traveling thermal
waves on the circumference of a long vertical
circular cylindrical pipe. The solutions of the
velocity and temperature fields are obtained using
the long wave approximations. Ganapathi and
Purushotham [6] have studied the unsteady flow
induced by a traveling thermal wave imposed on
the circumference of a long vertical cylindrical
column of a fluid in a saturated porous medium.
The analysis is carried out following White head
[29], has made a study of the fluid flow and heat
transfer in a viscous incompressible fluid confined
in an annulus bounded by two rigid cylinders. The
flow is generated by periodic traveling waves
imposed on the outer cylinder and the inner
cylinder is maintained at constant temperature.

Chen and Yuh [4] have investigated the heat and
mass transfer characteristics of natural convection
flow along a vertical cylinder under the combined
buoyancy effects of thermal and species diffusion.
The analysis is restricted to processes in which the
diffusion-thermo and thermo-diffusion effects as
well as the inter facial velocities from species
diffusion are negligible. The surface of the cylinder
is either maintained at a uniform temperature and
concentration (or) subjected to uniform heat and
mass flux. The conservation equations of the
laminar boundary layer are solved in finite
difference method. Antonio [2] has investigated the
laminar flow, heat transfer in a vertical cylindrical
duct by taking in to account both viscous
dissipation and the effect of buoyancy. The

limiting case of fully developed natural convection
in porous annuli is solved analytically for steady
and transient cases by E.Shaarwari and AL-Nimr
[23] and AL-Nimr [1]. Philip [12] has obtained
analytical solution for the annular porous media
valid for low modified Reynolds number.

In this chapter we deal with the convective heat
and mass transfer flow of a viscous fluid through a
porous medium in an annular region between
concentric cylinder r = a, and r = b in presence of
heat generating sources. The outer cylinder r = b is
maintained at constant temperature flux and
concentration flux. By using Gauss - Seidel
Iteration procedure, the governing equations are
solved numerically. The effect of variation of
governing parameter on the flow heat and mass
transfer characteristic are discussed in detail.

Fig.1:Schematic Diagram

II. FORMULATION OF THE PROBLEM

We analyze the fully developed, steady laminar
free convective flow of a viscous, electrically
conducting fluid through a porous medium
confined in an annular region between two vertical
co-axial porous circular pipes in the presence of
heat generating sources.. We choose the cylindrical
polar coordinates system O (r, 0 , z) with the inner
and outer cylinders at r =a and r = b respectively.
The fluid is subjected to the influence of a radial
magnetic field (Ho / r). Pipes being sufficiently long,
all the physical quantities are independent of the
axial coordinate z. The fluid is chosen to be of
small conductivity so that the Magnetic Reynolds
number is much smaller than unity and hence the
induced magnetic field is negligible compared to
the applied radial field. Also the motion being
rotationally symmetric, the azimuthally velocity V
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is zero. The equation of motion governing the MHD
flow through the porous medium are
urt+u/r=0 1
peuur=—pr +p(Urrettr /r-u/r?)—(p/kju 2
PeUWr=—D+p(Wrrtwr /T)=(pn/Kw-pg-
(cquzazlrz)w 3
pC, (T )=k, (T, +T, /1) +Q(T,~T)+Q/(C -C,) 4
(€ ,)=D(C, +C,/r)-k,C =0 5

p-pe=—B(T-To)-p" (C-Co) 6
where (u ,w) are the velocity components along O (r
,z) directions respectively, p is the density of the
fluid, p is the pressure, T,C are the temperature
and concentration, p is the coefficient of viscosity,
C, is the specific heat at constant pressure, k is the
porous  permeability, o isthe electrically
conductivity, . is the magnetic permeability andp.,
T.,C. are density,temperature and concentration in
the equilibrium state. Where kr is the coefficient of
thermal conductivity,D; is the molecular

diffusivity, g°
mass fraction,k; is chemical reaction coefficient,

isthe volumetric expansion with

Q'is radiation absorption coefficientand Q is the
strength of the heat generating source (suffices r
and z indicate differentiation w.r.t.the variables ).
The boundary conditions are

w(a)=w(b)=0

1

dT
T(a) =Tiand (—),_, =Q
dr

2

dC
C@=Ciand (—),_, =Q 7
dr

The equation of continuity gives
ru=aua.=bus

S up=(a/b)ua 8
In the hydrostatic state, equation (2.3) gives

-Peg -Pe,z=0 9
where pe and pe are the density and pressure in the
static case and hence

-Pg-Pz=-(p-pe) g—Paz 10
where pq is the dynamic pressure
Also substituting (2.10) in (2.2) we find

op,

or

=f(r) 11

Using the relation (8) — (11) in (1) — (4) the equations
governing free convective heat transfer flow under
no pressure gradient are
Wert(l-aua/v)we/r+((Bg/Vv)(T-Te
)+ (B"g/Vv)(C-Ce) (o uHia’ Iv) (w/r2
J)-(v/kw=0
12

T, +@-au, [v)T Ir+(Q/k )T, -T)+(Q,/k,XC-C)=0

13
C,+{@-au, /v)C /r-k,C=0 14

n

Introducing the non-dimensional variables

(r',w',0)asr'=r/a ,w'=w(a/v),

T-T c-c,
- e c'=——2¢ 15
Ti_Te Ci_Ce

’

the equations (2.12) to (2.14) reduces to
Weet (1-2) (1 /r) we— (D21 + (M2 / r2)) w=-G(0+N

C) 16

6, +@Q-AP)0, Ir-—ad +QC =0 17
C,+@-2Sc)C,/r-yC=0 18
where

M = (cuj H;a2 Ipv)''? Hartmann number
G=(8¢g aS(Tl—Te)Z/VZ)Grashofnurnber)
A=au, /v Suction parameter
D, = (a’/k)
P=(uC,lk,)

Darcy parameter

Prandtl number

L
a = Q Heat Source parameter
k f
V .
S¢c = — Schmidt number
D o
Bk, :
N = Buoyancy ratio
pv
kja’ \ .
y = Chemical reaction parameter
l
'ACa *
= Dict Radiation absorption
k AT

parameter
The corresponding boundary conditions are
w=0,06=1, C=1lon r=1

do dC
W(S)=07 (_)rzs :Ql) (_),:S :Qz
dr dr

19

III. SOLUTION OF THE PROBLEM

The differential equations (2.16)-(2.18) have
been discussed numerically by reducing the
differential equations in to difference equations
which are solved using Gauss-Seidel Iteration
method. The differential equations involving 00,01,
wo and w; are reduced to the following difference
equations

h(1- AP) h(l-AP)
l-—0, , -(2+a)d, + 1+ —)0,,+QC, =0
2r, ' 2r, ' ‘
20
h(1- ASc) h(1- ASc)
@-———)C,,-2C, +(l+ —)C,,-7C, =0
2r. ’ ‘ 2r, ‘ ’

21
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h(l_i) 2 -1 2 2 h(l_/l)
1- W, =(2+h (D, +(Mr)w, + 1+ W
2r, ‘ 2r, '
=-Gh“(@ ,+NC,)
22

where h is the step length taken to be 0.05 together
with the following conditions
0,=1 0

=My

w, =0, w, =0

All the above difference equations are solved using
Gauss-Seidel iterative method to the fourth
decimal accuracy.

Shear Stress, Nusselt Number and Sherwood
Number
The shear stress on the pipe is given by

oW
)r:a,b

which in the non-dimensional form reduces to
t=t N’ lat)=(w,), .

The heat transfer through the pipe to the flow per
unit area of the pipe surface is given by

= (WO,r W Eewl,r)

r=1,s

oT
9=k (-
or
Which is in the non-dimensional form is

ga 060
Nu = (————) (—7"'
kK, (T,-T,) or

The mass transfer through the pipe to the flow per
unit area of the pipe surfacein the non-dimensional
form is

g,a oC

Sh=(——""2)=0() .,
D,(C,-C.) or

IV. RESULTS AND DISCUSSION

The mixed convective heat and mass transfer
flow of wviscous, electrically conducting fluid
through a porous medium in a circular annular
with outer cylinder maintained at constant heat
and mass flux with chemical reaction and radiation
is analyzed for different values of G, M, D-1, a, Sc,
Q, A and a.

The axial velocity (w) is shown in figs (1-8) for
different G, D-1, M, A, Sc, N,Q, a. The actual axial
velocity (w) is in the vertically downward direction
i.e. w < 0 is the actual flow and w > O represents a
reversal flow. (Fig 1) represents the variation of w
with G. Itis found that w > O for G < 0 and w < O for
G > 0. This shows that w exhibits a reversal flow for
G<0 and the region of reversal flow enlarges with
|G|. Also |w| experiences an enhancement with
increase in |G| (><0) with maximum occurring at r
=1.4. The variation of w with M and D-! shows
that lesser the permeability of the porous medium
or higher the Lorentz force smaller |w| in the flow

region (fig 2). From (fig 3) we find that the axial
velocity experiences a marginal increment in |w|
with increase in Sc. The variation of u with
chemical reaction parameter y shows that |w|
depreciates in the degeneration reaction and
enhances in the generating reaction (fig4). |w|
enhances with increase in the radiation absorption
parameter Q; (fig 5). The variation of u with heat
source parameter a shows that |w| depreciates
with increase in the strength of the heat generating
source (fig 6). When the molecular buoyancy force
dominates over the thermal buoyancy force the
axial velocity enhances when the buoyancy forces,
act in the same direction and for the force acting in
opposite directions |w| depreciates in the entire
flow region (fig7). An increasing in A leads to an
enhancement with increase in A (fig. 8)

The non-dimensional temperature (0) is shown in
figs (9-16) for different parameter values. We follow
the convention that the temperature is positive or
negative according as the actual temperature is
greater or lesser than the temperature on the inner
cylinder. (Fig 9) represents the variation of 6 with
G, fixing the other parameters. It is found that
actual temperature depreciates with G > 0 and
enhances with G < 0. From (fig 10) we find that the
actual temperature enhances with D-1< 2x102 and
depreciates with higher D-1> 3x102. Higher the
Lorentz force smaller the actual temperature in the
entire flow region. The variation of 8 with buoyancy
ratio N shows that when the molecular buoyancy
force dominates over the thermal buoyancy force,
the actual temperature depreciates when the
buoyancy forces act in the same direction and for
the forces acting in opposite directions it enhances
in the flow region (fig 11). From (fig 12) it is found
that the suction at the boundary enhances the
actual temperature. The variation of 6 with
Schmidt number Sc reveals that lesser the
molecular diffusivity larger the actual temperature
(fig13). An increase in the heat source parameter o
enhances the temperature in the entire flow region
(fig 14). In the degenerating reaction case the
actual temperature depreciates while it enhances
in the generating reaction (figl5). The variation of
Owith radiation absorption parameter Q; shows an
increasing tendency with increase in 6 everywhere
in the flow region (fig 16).

The non-dimensional concentration (C) is
shown in figs (17-24) for different G, M, D-1, A, Q,q,
Sc, vy and 6. We follow the convention that the
actual concentration is greater/lesser than the
concentration on the inner cylinder. (Fig 17)
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represents the variation of C with Grashof number
G. It is observed that the actual concentration
reduces with G > O and enhances with G < 0 with
maximum at r =1. The variation of C with D-1, Sc, A
and o shows that the actual concentration
experiences a depreciation with increase in D-1, Sc,
A and o. Also it enhances with increase in
Hartmann number (figs 18, 20-22). From (fig19) we
find that the actual concentration reduces with
increase N > O and enhances with N<O. The
variation of C with chemical reaction parameter y
shows that the actual concentration reduces in the
degenerating reaction and enhances in the
generating reaction (fig. 23). From (fig 24) we find
that an increase in the radiation absorption
parameter Q; results in a depreciation in the
concentration in the entire flow region.

The Shear stress (1) at the inner and outer
cylinders r = 1 & 2 are evaluated for different G, M,
D-1, a, A, N, Sc, y and Q and are shown in tables
(1-6). The stress at r = 1 enhances with increase in
G (><0) while at r =2 | 1| depreciates with G > 0 and
enhances with G < 0. The variation of 1 with M &
D-1 shows that lesser the permeability of the porous
medium or higher the Lorentz force, smaller |t| at
both the cylinders. An increase in the strength of
the heat source leads to a depreciation in the stress
atr = 1 & 2. The variation of t with A reveals that
the stress depreciates at r = 1 and enhances atr = 2
with increase in the suction parameteri (tables 1 &
2). From (tables 3 & 4) we find that when the
molecular buoyancy force dominates over the
thermal buoyancy force the stress at r = 1
enhances irrespective of the directions of the
buoyancy forces. At r = 2 the stress depreciates for
| G| = 103 and enhances with N for |G| = 3x103. An
increase in the radiation absorption parameter Q;
results in an enhancement in |t| at both the
cylinders (tables 5&6). The variation of t with Sc
shows that lesser the molecular diffusivity larger
|t| at r=1 while at r = 2 larger |t| and for further
lowering of the molecular diffusivity smaller |t].
The variation of t with A shows that the stress
depreciates in the degenerating chemical reaction
and enhances in the generating chemical reaction
(tables 3 & 4).An increase in the radiation
parameter Qiresults in an enhancement in the
magnitude of the stress at both the cylinders
(tables 5&6).

The Nusselt number (Nu) at r = 1 is shown
in (tables 7 & 8). The rate of heat transfer at the
inner cylinder enhances with G > 0 and depreciates
with G < 0. Lesser the permeability of the porous

medium or higher the Lorentz force, larger the rate
of heat transfer at r = 1. An increase in the suction
parameter A depreciates Nu for all G. When the
molecular buoyancy force dominates over the
thermal buoyancy force. The rate of heat transfer
depreciates when the buoyancy forces act in the
same directions and for the forces acting in
opposite directions it enhances in its magnitude for
all G. The variation of Nu with Sc shows that lesser
the molecular diffusivity, smaller Nu at r = 1. The
variation of Nu with chemical reaction parameter y
shows an increase in y< 0.5 enhances Nu for G>0
and depreciates it for G < 0 and for higher y> 1.3 we
notice an enhancement in Nu for all G. Also it
depreciates with increase in the radiation
absorption parameter Q;(table8).

The Sherwood number (Sh) is shown in (tables 9
& 10). The rate of mass transfer at the inner
cylinder r = 1 enhances in the heating case and
depreciates in the cooling case. An increase in M or
D-1 enhances |Sh| at r =1. Thus lesser the
permeability of the porous medium or higher the
Lorentz force, larger |Sh| atr = 1. An increase in
the suction parameter A reduces the rate of mass
transfer. The variation of Sh with heat source
parameter o reveals that the rate of mass transfer
reduces in heating case and enhances in the
cooling case when the molecular buoyancy force
dominates over the thermal buoyancy force.The
rate of mass transfer reduces for G>0 and
enhances for G<0 when the buoyancy forces act in
the same direction and for the forces acting in
apposite direction, it reduces at r = 1 for all G. Also
lesser the molecular diffusivity, smaller |Sh| for all
G. With respect to chemical reaction parameter y
we find that the rate of mass transfer experiences
an enhancement in the degenerating chemical
reaction and depreciates in the generating
reaction. Also it enhances with increase in the
radiation absorption parameter Qi(table.10).
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depreciation in the concentration in the entire
flow region.

» The stress at r = 1 enhances with increase in G
(><0) while at r =2 | 1| depreciates with G > O
and enhances with G < 0.

» An increase in the strength of the heat source
leads to a depreciation in the stress
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