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Abstract

In this article, the effects of thermal radiation and absorption of radiation on MHD oscillatory flow of an
optically conducting thin fluid in an asymmetric wavy channel filled with porous medium are studied. Based on
some simplifying assumptions, an analytical solution of the governing equations for fully developed flow is
obtained in closed form. The influence of various flow parameters on concentration, temperature and velocity
distributions are analyzed and illustrated graphically. The expressions for skin friction, the rate of heat and mass
transfer coefficients at the channel walls are derived, discussed numerically for different physical parameters
and exhibited in tabular form. This study is carried out as oscillatory flows in a porous medium have a wide
range of applications in Science and Technology and also convection in a channel in the presence of thermal
radiation has its importance in many practical applications. The purpose of this research is to obtain a better
understanding of the flow instabilities and heat transfer in wavy passages so that design guidelines may be
developed.
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INTRODUCTION free convection radiation through a porous medium
Oscillatory flows of viscous fluids over and through a with a vertical infinite surface that absorbs the fluid
porous medium has a wide variety of applications in with a constant velocity. Makinde and Mhone (2005)
the field of agricultural sciences, chemical have investigated the effect of magnetic field and
engineering and petroleum technology. The thermal radiation on the oscillatory flow in a channel
prediction of heat transfer from irregular surfaces is a filled with porous medium.

topic of fundamental importance for some heat

transfer devices, such as, flat plate solar collectors, Vajravelu (1989) studied the combined free and
flat plate condensers in refrigerators, double-wall forced convection in hydrodynamic flows in a
thermal insulation, underground cable systems, vertical wavy channel with traveling thermal waves.
electric machinery, cooling system of micro- Patidar and Purohit (1998) have studied the free
electronic devices, natural circulation in the convection flow of a viscous incompressible fluid in
atmosphere, the molten core of the Earth, etc. porous medium between two long vertical wavy

Convection in a channel in the presence of thermal walls. Srinivas and Muthuraj (2010) studied the
radiation continues to receive considerable attention MHD flow with slip effects and temperature-
because of its importance in many practical dependent heat source in a vertical wavy porous
applications like a furnace, combustion chamber, space.
cooling tower, rocket engine, and solar collector.
Radiative heat transfer studies are important to Sparrow and Cess (1970) and Howell (2000)
analyze high temperature regimes. described the essentials of radiative heat transfer.
Sanyal and Adhikari (2006) have studied the effects
Soundalgekar (1973) studied free convection effects of radiation on MHD fluid flow in vertical channel.
on the oscillatory flow past on infinite vertical porous Grosan and Pop (2007) analyzed the effects of
plate. Gholizadeh (1990) has investigated the MHD thermal radiation on the steady fully developed
oscillatory flow past a vertical porous plate through mixed convection flow in a vertical channel such that
porous medium in the presence of thermal and mass the walls of the channels are subjected to uniform but
diffusion with constant heat source. El- Hakiem different wall temperatures using the Rosseland
(2000) studied the unsteady MHD oscillatory flow on approximation model which leads to ordinary
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differential equations for an optically dense viscous
incompressible fluid that flows through the channel.
Rushi Kumar and Sivaraj (2011) have analyzed the
steady MHD mixed convective boundary layer slip
flow in an irregular channel with the influence of
thermal radiation, Dufour effect and chemical
reaction. Manjulatha et al. (2013) investigated the
radiation and chemical reaction effects on the
unsteady MHD oscillatory flow in a channel filled
with saturated porous medium in an aligned magnetic
field.

Kinyanjui et al. (2001) solved the problem of MHD
free convective heat and mass transfer of a heat
generating fluid past an impulsively started infinite
vertical porous plate with Hall current and radiation
absorption by using a finite difference scheme. Ogulu
(2005) studied the influence of radiation absorption
on the unsteady free convection and mass transfer
flow of a polar fluid in the presence of uniform
magnetic field. The effect of chemical reaction and
radiation absorption on free convection flow through
porous medium with variable suction in the presence
of uniform magnetic field was investigated by
Sudheer Babu and Satyanarayana (2009). The effect
of thermal radiation, chemical reaction and radiation
absorption on the unsteady convective heat and mass
transfer flow of a viscous, electrically conducting
fluid through a porous medium in a vertical channel
whose walls are maintained at oscillatory temperature
and concentration have been studied by Arundhati
and Prasad (2013).

In this article, the effects of thermal radiation and
absorption of radiation on the MHD oscillatory flow
of an optically conducting thin fluid in an asymmetric
wavy channel filled with porous medium with non-
uniform wall temperatures and concentrations have
been analyzed. The governing equations are solved
and the velocity, temperature, concentration, skin
friction, the rate of heat and mass transfer are
discussed for different variations of the governing
parameters.

Formulation of the Problem

Here, in this article, the flow of a conducting
optically thin fluid in an asymmetric wavy channel
has been considered. The walls of the channel are
given by

H =d +a cos(%)
A (M

H,=-d,-b cos(z—;[x + ) ()

where @y and bjare the amplitudes of the wavy
A is the wave length, d; + d; is the width
of the channel and g is the phase difference which

varies in the range 0 = @ = @ in which ¢¢ = 0
corresponds to symmetric channel with waves out of

walls,
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phase and @ = = corresponds to the waves in phase.
Further @4, bl, dl, d: @ satisfy  the
following condition:

and

al +b] +2ab,cosp < (d, +d,)’

3)

I

Figl. Physical model

Figure 1 shows the physical model of the problem.
The X--axis is chosen along the walls of channel and
V-axis is taken normal to the walls. A uniform

magnetic field Iy is applied in the transverse
direction to the flow.The walls of the channel are

maintained ~ at  concentrations £y, and

temperaturesTy, Ty respectively. It is assumed that
the magnetic Reynolds number is very small and
hence the induced magnetic field is negligible.
Viscous resistance term is taken into account with
constant permeability of the porous medium. Under
these assumptions, the governing equations can be
written in a Cartesian frame of reference as follows:

av_ 1P dw v aBw
ov_1& 0wV AT TyghC-C) TR (@)

P paC+V@; P L)+gf(CC) »

oT K 0T 1 @

e ——1h0c-0)

o pc, " pc,dy

oC o°C

=D S —KrC-GC) ©)

ot oy
together with the boundary conditions
w=0,T=T,C=C, on y=H,
w=0,T=T1,,C=C, on y=H, (7
Where (@ is the fluid density, g is gravity due to
acceleration, 0, is theelectrical
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conductivity, By [= 128 HE,) is the electromagnetic

induction, [ ; is the magnetic permeability, Hy is the

intensity of magnetic field, Cyp is the specific heat at

constant pressure, 1'is the kinematic coefficient of

viscosity, @ is the mean radiation absorption
coefficient, f is the volumetric coefficient of
expansion for heat transfer, £* is the volumetric
coefficient of expansion for mass transfer, K is the
porous medium permeability coefficient, K is the
thermal conductivity and W is the axial velocity.

Here, the fluid is optically thin with a relatively low
density. The radiative heat flux given by Ogulu and
Bestman (1993) is

0

L= 40’ (1,-T) ®

dy

Introducing the following non-dimensional quantities

ToXFY LW, tp_dp , T-T,  C-C . o Bd

T T T o e, T v

G LD o PCCH U, wd \ KTT)
A [U K K A(G-C)
vt S 4 4

boundary walls in non-d1mens1ona1 form become

h =1+acos(2rx)
h, =—d —bcos(2rx + @)

10)
Where a,b, d and ¢ satisfy the relation

a’+b*+2abcosp < (1+d)’
(11)

where a and b are amplitude ratio, d is the mean half
width of the channel and ¢2 is the phase difference.

Equations (4) — (6) and corresponding boundary
conditions (7) reduce to

ow G Ow

Re— =—"—+— (S’ +M*)w+GrO+Gm¢
o  x o
(12)
2
e@:ae N’6+A¢
dt
(13)
2
Re%:i%—KlRw (14)
dt Sc Oy
with the boundary conditions
w=0,0=1,¢=1 on y=h,
w=0,0=0,¢=0 on y=h,. (15)

where Gr is the Grashof number for heat transfer, Gm
is the Grashof number for mass transfer, Sc is the
Schmidt number, Re is the Reynolds number, Pe is
the Peclet number, M is the magnetic parameter, N is
the radiation parameter, K is the chemical reaction
parameter and A=Ra Re Pe. Here Ra is the
absorption of radiation parameter.

SOLUTION OF THE PROBLEM
For purely an oscillatory flow, we take the pressure

op

ox

constant and ¢ is the frequency of oscillations. Due
to the selected form of pressure gradient, we assume

gradient of the form =1e” where Ais

that the  solution  for W(y, t) , H(y, t) and
¢(y,t) be in the form:

w(y,t)=w, e, 0(y,1)=0, "

#(y,0)=¢, " (16)

Substituting equation (16) into equations (12), (13)
and (14), we get

2

d M;O —n’w, =—A-Gr,—Gmg, (17

dy

d’o

dy20 +m’0, =— Ad, (18)
d

d‘f ~I’¢, = (19)
with the corresponding boundary conditions
w,=0,6,=L ¢ =1 on y=h,
w,=0,6,=0,4,=0 on y=h,. (20)

where
n=S2+M>+iRew,m=~N* —iPew and
[=/ScRe(K, +iw)

Solving the equations (17), (18) and (19) using the
boundary conditions (20), we obtain

_| sinh(Gr=1)) |
| sinh (I(h, — h,))

1)

sinh (/(h, — h,)) + 4, cos(my) + 4, Sin(my)} P (22)

G { Ay cos(my) + A sin(my)} + 4, +4 cosh(ny) + 4 sinh(ny) (23)

w= _{G%sinh(l(w@»}_ {Gmsinh(l(w@»} e

sinh(/(4 —1,)) sinh(/(h, —h,))
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where
A Gr
A=—=.0n=—5—7,
m +n
Gm
Gml :ﬁ,A =RaRePe,
I"—n
P _(A-Dsin(mhy) _(1-4)cos(mh) 4
Y Pam® T sin(m(h k) T sin(m(h —hy)) T 1P-n?

A =4 +Gr[ A, cos(mh) + A sin(mh )| - Gr A, —Gm,
Ag = A +Gn[ A, cos(mh,) + A4, sin(mh,)],

_ Agsinh(nh,)— A sinh(nh) | A cosh(nh)— 4 cosh(nh,) T
sinh(n(h, - h,)) sinh(n(h, —h,)) :
he skin friction across the channel’s wall is given by

7 2R

T= [a—w} 24)
ay y=h,y=h,
Substituting (23) into equation (24), we obtain
n{ A sinh(oihy )+ 4 cosh(h)| +mGir { 4 cos(rmhy) — A sin(m)| v
(G4, +Gin)l coshl(h =) e
sinh({(4 —h,))
(25)
n{ A sinb(nhy)+ A4, cosh(rly )} +mGir | 4 cos(mhy) — A, sin(m)} (26)
= UG 4,+Gn) ¢
sinh(/(% ~h))
The rate of heat transfer across the channel’s wall is given
by
Nu= [— %} (27)
ay y=h,y=h,

Substituting (22) into equation (27), we obtain

w} (28)

Nu,, = [m{AZ sin(mh,) — A, cos(miy, )} Snb(iCh )

N, {m{Azsin(mhz)—AwOS(W%)} —’A‘}éﬂ

sinh(((4 —h,))

(29)

The rate of mass transfer across the channel’s wall is
given by

o[
ay y=h,,y=h,

Substituting (21) into equation (30), we obtain

Sh_, - [zcosh(z(@ —h)) }em

sinh(/(h,— )
S {1—}
"™ | sinh(I(h, —h,))

RESULTS AND DISCUSSION

In order to get the physical insight into the problem,
the numerical values of the concentration field ,the
temperature field, the velocity field, the Sherwood

(30)

G

(32)

5

b
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number, the Nusselt number and the skin-friction are
computed for different values of the system
parameters such as Schmidt number(Sc), Peclet
number(Pe), Reynolds number (Re), absorption of
radiation parameter (Ra),thermal Grashof number
(Gr), solutal Grashof number(Gm), porous medium
shape factor parameter (S), radiation parameter (N),
magnetic parameter (M), chemical reaction parameter
(K;), geometric parameter’s like amplitude ratio’s (a
and b), mean half width of the channel (d) and Phase

angle (wt). The results are reported in terms of
graphs from 2 tol7 and tables from 1to 4. Throughout
the computations, we employ the arbitrary values for
Sc=0.66, Pe=1, Re=1, Gr=5 Gm=5,8=1 N=
LM=1K=1,w=1¢=14 =000, x=05a
=0.2,b=1.2 d=2and ¢¢ = Qunless and otherwise
mentioned.

From Figure 2, it is observed that an increase in the
Schmidt number leads to a decrease of concentration
within the walls. The effect of chemical reaction
parameter on the species concentration profiles for
generative chemical reaction is shown in figure 3. It
is noticed that there is a marked effect of increasing
the value of the chemical reaction parameter which
decreases the concentration of species in the
boundary layer. The effects of radiation parameter on
the temperature field are displayed in figures 4 and 5
for two different values of phase difference

when @=0and @ = 7 /2 . It is clear that as the
radiation parameter increases, the temperature
increases and also the temperature increases with

increasing phase difference ¢2. Figures 6-8 represent
the temperature distribution against the variation of
Reynolds number, Peclet number and absorption of
radiation parameter respectively. It is observed that
an increase in Reynolds number or Peclet number or
absorption of radiation parameter increases the
temperature of the fluid.

Figures 9-12 illustrate the influence of magnetic
parameter, porous medium shape factor parameter,
thermal Grashof number and solutal Grashof number,
respectively, on the velocity field. We observed that
with the increasing values of magnetic parameter or
porous medium shape factor parameter, the velocity
decreases whereas it increases with an increase of
thermal and solutal Grashof numbers.

The influence of geometric parameters such as
amplitude ratios (a and b), mean half width of the
channel (d) and Phase angle (@t) on velocity field
is presented in figures 13-17 for the wavy channel

when @ = /4 or /2 . From figures 13 and 14,
it is observed that the velocity decreases with an
increase in amplitude ratio parameter (a) when

g = /2 while the it increases with an increase of
amplitude ratio parameter (b) when ¢¢ = /4. It can
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be seen from figure 15 that increasing mean half
width parameter decreases the velocity of the fluid
for ¢¢ = /2. The varying values of phase angle
parameter in increasing order decrease the velocity as
indicated in figure 16 and it is evident that increasing
phase angle parameter suppresses the fluid velocity
significantly and becomes parabolic in nature. From
figure 17, it is observed that the velocity increases for

the phase angle wit= D,E,ﬂfl and then it

decreases for et = 7T, 37/ 2. Further, there is a back

flow for wit= 1,3m/2 as is seen from the
figures16 and 17.

It is noted from table 1 that the Sherwood number
increases for increasing Schmidt number at the wall y
= h, but the effect is just reverse at the wall y = h.
It is also noticed that the Sherwood number increases
with increasing Ky { K; << 0) whereas it decreases
with increasing K; (K; = () at the wall y = hy
while it decreases with increasingK; (K, < 0

and K; = 0) at the wall y =h,. It is evident from
Table 2 that the Nusselt number increases with
increasing radiation parameter or Reynolds number
or Peclet number or absorption of radiation parameter
at the wall y = hy

reversed at the wall y =H.5. From Table 3, it is found
that the shear stress decreases with an increase in
thermal Grashof number or mean half width of the
channel (d) while an opposite behavior exhibits with
magnetic parameter or porous medium shape factor

whereas the phenomenon is

parameter at both the walls y = h; and y = h,.
Increasing solutal Grashof number or amplitude ratio
parameter (a) suppresses the skin friction at the wall

y = hy but it enhances at the wall y = H,. The
magnitude of skin friction decreases with an increase

of phase angle for cwt = 0,7 /6 but this trend is
reversed for ewt = /3, /2 at both the walls y =
hy andy=h;
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CONCLUSIONS

Based on the above results, the following conclusions
have been made:

% The mass concentration decreases with
increasing Schmidt number or chemical reaction
parameter.

s The temperature of the fluid increases with
increasing radiation parameter or Peclet number
or absorption of radiation parameter or Reynolds
number.

s The velocity increases with an increase of

thermal and solutal Grashof numbers but it

decreases with increasing porous medium shape
factor parameter or magnetic parameter. An
increase of amplitude ratio (a) or mean width of
the channel (d) decreases the velocity whereas it
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increases due to an increase in the value of
amplitude ratio (b).

« The magnitude of the Sherwood number
increases for an increase in Schmidt number at

the wall y =f; and depreciates at the wall y
= h:.

+» The Nusselt number increases when there is an
increase in the radiation parameter or Peclet
number or absorption of radiation parameter or

Reynolds number at the wall y = fiy while it

decreases at the wall y = F,.

+«» The skin friction enhances at both the walls with
increasing magnetic parameter or porous
medium shape factor parameter while an
opposite trend is noticed for an increase of
thermal Grashof number or mean width of the
channel (d).

% The shear stress decreases at the wall y =k, but

increases at the wall y = R, with increasing
solutal Grashof number or amplitude ratio (a).
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