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ABSTRACT

Here the chemical reaction effect on mixed convective heat and mass transfer flow under the influence of an inclined
magnetic field of a viscous, electrically conducting fluid through a porous medium in a vertical, electrically conducting
fluid through a porous medium in a vertical wavy channel with heat sources is examined. The equations governing the
flow, heat and mass transfer are solved by employing perturbation technique with aspect ratio & is perturbation
parameter. The velocity, temperature distributions are investigated for different values of governing parameters and
the rate of heat and mass transfer are numerically evaluated.

Keywords: Unsteady convective flow, Hall Effect, Heat and mass transfer, Radiation Effect, chemical reaction, porous
medium, travelling thermal waves and vertical wavy channel.

1. INTRODUCTION

Combined heat and Mass transfer problems with chemical reaction are of importance in many processes and have,
therefore, received a considerable amount of attention in recent years. In processes such as drying, evaporation at the
surface of a water body, energy transfer in a wet cooling tower and the flow in a desert cooler, heat and mass transfer
occur simultaneously. Possible applications of this type of flow can be found in many industries. For example, in the
power industry, among the methods of generating electric power is one in which electrical energy is extracted directly
from a moving conducting fluid.

We are particularly interested in cases in which diffusion and chemical reaction occur at roughly the same speed. When
diffusion is much faster than chemical reaction, then only chemical factors influence the chemical reaction rate; when
diffusion is not much faster than reaction, the diffusion and kinetics interact to produce very different effects. The study
of heat generation or absorption effects in moving fluids is important in view of several physical problems, such as
fluids undergoing exothermic or endothermic chemical reaction. Due to the fast growth of electronic technology,
effective cooling of electronic equipment has become warranted and cooling of electronic equipment ranges from
individual transistors to main frame computers and from energy suppliers to telephone switch boards and thermal
diffusion effect has been utilized for isotopes separation in the mixture between gases with very light molecular weight
(hydrogen and helium ) and medium molecular weight.

Muthucumaraswamy and Ganesan [5] studied effect of the chemical reaction and injection on flow characteristics in an
insteady upward motion of an unsteady upward motion of an isothermal plate. Raptis and Perdikis [6] studied the
unsteady free convection flow of water near C in the laminar boundary layer over a vertical moving porous plate.

The flows through a porous media under gravitational fields that are driven by gradients of fluid density caused by
temperature gradient. Many studies, including most of the earlier work, have dealt with systems heated from below.
Some attention has also been given to investigations of free convection in porous media introduced by a temperature
gradient normal to the gravitational field. Raptis [7] has investigated unsteady free convective flow through a porous
medium.
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Convection fluid flows generated by traveling thermal waves have also received attention due to applications in
physical problems. The linearised analysis of these flows has shown that a traveling thermal wave can generate a mean
shear flow within a layer of fluid, and the induced mean flow is proportional to the square of the amplitude of the wave.
From a physical point of view, the motion induced by traveling thermal waves is quite interesting as a purely fluid-
dynamical problem and can be used as a possible explanation for the observed four-day retrograde zonal motion of the
upper atmosphere of Venus. Also, the heat transfer results will have a definite bearing on the design of oil-or gas —fired
boilers.

Heat generation in a porous media due to the presence of temperature dependent heat sources has number of
applications related to the development of energy resources. It is also important in engineering processes pertaining to
flows in which a fluid supports an exothermic chemical or nuclear reaction. Proposal of disposing the radioactive waste
material burying in the ground or in deep ocean sediment is another problem where heat generation in porous medium
occurs. Radiative mixed convective mass transfer flow past an is o thermal porous plate in the presence of thermal
diffusion and heat generation was studied by Annupama et al, [1]. The effect of chemical reaction on the unsteady
convctive heat and mass transfee flow of a viscous fluid in a vertical wavy channel with oscillatory flux and heat
sources is recently examined by Devika et al., [8]

In all these investigations, the effects of Hall currents are not considered. However, in a partially ionized gas, there
occurs a Hall current when the strength of the impressed magnetic field is very strong. These Hall effects play a
significant role in determining the flow features. Alam et. al., [2] have studied unsteady free convective heat and mass
transfer flow in a rotating system with Hall currents, viscous dissipation and Joule heating. Taking Hall effects in to
account Krishan et. al., [3, 4] have investigated Hall effects on the unsteady hydromagnetic boundary layer flow.
Recently Seth et. al., [10] have investigated the effects of Hall currents on heat transfer in a rotating MHD channel flow
in arbitrary conducting walls. Sarkar et. al., [9] have analyzed the effects of mass transfer and rotation and flow past a
porous plate in a porous medium with variable suction in slip flow region.

In this paper we investigate the effect of chemical reaction on mixed convective heat and mass transfer flow of a
viscous, electrically conducting fluid through a porous medium in a vertical wavy channel under the influence of an
inclined magnetic field with heat sources. The equations governing the flow, heat and mass transfer are solved by
employing perturbation technique with aspect ratio & as perturbation parameter. The velocity, temperature and
concentration distributions are investigated for different values of governing parameters. The rate of heat and mass
transfer are numerically evaluated for different variations of the governing parameters.
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Configuration of the Problem

2. FORMULATION AND SOLUTION OF THE PROBLEM

We consider the unsteady flow of an incompressible, viscous, electrically conducting fluid confined in a vertical
channel bounded by two wavy walls under the influence of an inclined magnetic field of intensity H, lying in the plane
(x-z). The magnetic field is inclined at an angle «; to the axial direction and hence its components are

(0, H,Sin(e,), H,Cos(a,)) . In view of the traveling thermal wave imposed on the wall X = +Lf (mz) the velocity field
has components (u, 0, w). The magnetic field in the presence of fluid flow induces the current (J_,0, J,). We choose a

rectangular Cartesian co-ordinate system o(X, y, z) with z-axis in the vertical direction and the walls at x = £Lf (mz).

When the strength of the magnetic field is very large we include the Hall current so that the generalized Ohm’s law is
modified to

J_+a)ez'eJ_XI-_| =o(E+ yeqXI-T) 1)
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where Q is the velocity vector. H is the magnetic field intensity vector. E is the electric field, J is the current density

vector, @, is the cyclotron frequency, 7,

is the electron collision time,o is the fluid conductivity and s, is the

magnetic permeability. Neglecting the electron pressure gradient, ion-slip and thermo-electric effects and assuming the

electric field E=0, equation (1) reduces
J,-mH_,J,Sin(a,) = —ou,H,wSin(e, )
J,+mH J Sin(a,) =ou HuSin(a,)
where m= @, 7, is the Hall parameter.

On solving equations (2) & (3) we obtain
_ opHSin(a)
© 1+ m’H;Sin’ (o)

(mH,Sin(e,) —w)

_ ouH,Sin(a,)
©1+m’ HZSin’ (o)

(u+mH_ wSin(e,))

where u, w are the velocity components along x and z directions respectively,

The Momentum equations are,

du  du  ou  op o’u o
—U—FW—=——+ —+—
ot OX oz OX ox® oz

+u +wW =— > ;
OX oz

oW oW oW @Jr azw+azw
ot X 0z oz

]+ u,(=H,J3,Sin(e,))

J+ye(HOJXSin(al))

Substituting J, and J, from equations (4) & (5) in equations (6) & (7) we obtain

2 2 2Qin2
6u+ (’5u+W@u:_a_pJr ou ouy ayeHOSw_] ()
1+m?HZSin® ()

— tU—+W— +
ot OX 0z OX H ox*  0z?

(u+mH,wSin(e,)) - p9

Uu—m+w—— + s
ot OX 0z 0z OX 0z

The energy equation is

oT  oT o7 o°T o7
C,|—+u—+w— |=k, | —5+— [+Q(T,-T
P "(at ox 62) f(ax2 622) QT ~T)

The diffusion equation is

oc oC oC 0°C 0°C
—+U—+wW— |=D, | —+— |-k/(C-C
(6t X azj 1f£8x2 azzj X o)

The equation of state is
p=po==BT-T,)-(C-Cy))
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where T, C are the temperature and concentration in the fluid. ks is the thermal conductivity, Cp is the specific heat
constant pressure, 3 is the coefficient of thermal expansion, £°is the volumetric coefficient of expansion with mass

fraction coefficient, Dyis the molecular diffusivity, Q is the strength of the heat source, ki is the cross diffusivity, k; is
the chemical reaction coefficient.

The flow is maintained by a constant volume flux for which a characteristic velocity is defined as
=— J. wdz (13)
L 5
The boundary conditions are
u=0, w=0 T=T;, C=C; on X = —Lf (mz) (14)
w=0, w=0, T=T,+ ((T1-T,) Sin (mz+nt), C=C, on X = —Lf (mz) (15)

Eliminating the pressure from equations (8) & (9) and introducing the Stokes Stream function y as
0 0
LA (16)

u=-— ,
0z OX

the equations (8), (9), (11) in terms of y are

2 2 2 _ _ 232042
y) 2y A7) v oY) _ o, o80T T)  n OC=C) [ oulheSin‘la) oo )
ot oz OX ox 01 OX OX 1+m°H; Sin“(a,)
or 61/ oT oy oT 0T 82T
C ————|=Kk +Q(T -T 18
o "[at X oz oz 6xj f(ax2 o )T T (9
T ol L) p[TC.0C) oc 9
o xar oz ox ox> oz’
On introducing the following non-dimensional variables
T-T c-C
(X,2)=(x,mz/L),y' =2 §=—_"2 C'= 2
qL T, -T, C,-C,
the equation of momentum and energy in the non-dimensional form are
]
2
v“w—vaZwG(ae N§j 5R(5 (Vi) + 8‘” oVy) oy oVy) (20)
R\ oz 0z OX ox oz
2 2
5P(5‘39 8"”%—5—'/’%) 99,5229 uo (21)
ot oOx 0z 0z oX OX oz
2 2
53{ o« 8_!//@_8_1//@] (af+5ZaEJ—KC 22)
ot oOx 0z 0z oX OX oz
V? :iz+ 5° iz
OX oz
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Py AT, L .
where G = — (Grashof Number) o=mL (Aspect ratio)
14
2 212 20in2
M? = w (Hartman Number) M/} = m
14 1+m
C
R= % (Reynolds Number) P= sl (Prandtl Number)
v K
QL v .
=——————  (Heat Source Parameter) Sc=— (Schmidt Number)
K,(T,-T,) D,
k,L?
’B FG=C) (Buoyancy ratio) k=-1 (Chemical reaction parameter)
AT -T,) D,
The corresponding boundary conditions are
yQ)-y(-1)=1
W _0,Y _00-1,c=1 atx=-1(2)
0z OX
oy oy
=0,—/—=0,0=Sin(z+yt), C=0 at x=+1(2) (23)
oz OX
3. ANALYSIS OF THE FLOW
On introducing the transformation
X
=— 24
= B (24)

The equations (20)-(22) reduce to

F4W_(M12f2)F2W+(G;3j(% aacj (é‘Rf)[ _(FZW)j+[6_Wa(F2W) _a_l//a(le//)] (25)
Z

oz oz 0n on oz
2 2
(6Pt 522, 0w 00 _0v 001 [0\ 5242001 (2120 (26)
ot 677 0z 07 On 677 oz’
(osch)| 512 %€ QW € oy o€ [0°C | 5202 0CH_ (ypnye @7)
ot om oz oz on 677 oz’

Assuming the aspect ratio & to be small we take the asymptotic solutions as

w (X 2,t) =y, (%, 2,1) + Sy, (X, Z.,t) + 87w, (X, Z,t) +.......
0(x,2,t) = 0,(X, 2,t) + 66,(X, Z,t) + 5°60,(X, Z,1) + cvvvvevve. (28)
C(x,2,t) =C, (X, Z,t) + 5C,(X, Z,t) + 6°C, (X, Z,t) + ...

Substituting (28) in equations (25)-(27) and equating the like powers of & the equations and the respective boundary
conditions to the zeroth order are

00,
on’®

0 _(af?)6, =0 (29)
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azc

_(kf?)C, =0 (30)
4 3
CAZRPWY )a v _ (Gf (86’0+N8C0] o
on R 0z 0z
with
wo(+D) -y, (-1 =1
%:o, %"f}:o, 6,=1 C,=1at n=-1 (32)
n Z
oy, oy, i
E=O, E=0, 9025|n(2+]/t), CO =0 at 77:+l
and to the first order are
2
T (af?)g, = (PRT)| Wo 2% Vo 0% 33)
on on 0 0L On
2
OC ko), (Sch)[aWO Co _¥q acoJ (34)
on’® ou oz 0z 0n
4 3 3
o'y _ (M2 )8 y, __(Gf (891+N8Cj (Rf) 81//081//30 oy, Oy, (@)
877 R 0z 0z 0z 0z 0onor?
with
v, (+1) -y, (-1) =0
Wy _o Vi_g 9-0,C=0at n=-1 (36)
on oz
Wi_o Vg g-0,C=0 at n=+1
on oz

4. SOLUTIONS OF THE PROBLEM

0, = 0.5a(x* —=1) +0.5Sin(z + yt)(L+ x) + 0.5(1 - x)

c, - O.S(Ch(ﬂlx) _ sh(ﬂlx)]+ 2 (Ch(ﬂlx) _1]
Ch(s)  sh() Ch(4)

w, =a,Cosh(M,X) + a,,Sinh(M,X) + a,, X + a,, + @, (X) ¢,(X) =—a,x +a,x* —a x°

6 = ass(xz - +ay, (x°=x)+ 838(X4 1) +ay (X°—x)+ a40(x6 -1
+(a,; +Xa,;)(Ch(M,x) —Ch(M,) +a,,(Sh(M,x) — xSh(M,))
+a,,(xSh(M,x) —Sh(M,))
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C =3, (1—MJ+ a,, [X—m]+ a, (xz ——Ch(ﬁlx)]

Ch(s,) Sh(#,) Ch(5)
+a | X’ _3 A9 j +a, (x" _ChiAx) ] +a,, [Ch(Mlx) - Ch(Ml)—Ch(ﬂlx)J
sh(#,) Ch(5) Ch(4)

a Sh(Mlx)—sli)MJ +as4[XCh('VHX)—Ch(Ml)—Sh(ﬂlx)]

- Sh(ﬂl) Sh(ﬂl)
) sh(@x)—smﬁa%@?}m[Ch(ﬁzx)“:h‘ﬂz)%j
i, Ch(ﬂsx)—Ch(ﬂz)%}@(XSh(ﬂlX)_Sh(ﬂl)%j
o XZSh(ﬁlx)—Sh(ﬂl)%}be(XSSh(ﬂlx)‘Sh(ﬁ”%j
+bu[xCh(ﬁlx)—Ch(ﬁl)%}t’u(xzcmﬁlx)_Ch(ﬁ )

3 Sh(4)
+Q3(xcmﬁg)—CMﬂJ?%6a;j

v, =d,Cosh(M,x) +d,Sinh(M,x) +d, X+ d; + ¢, (x)

B, (X) = by X + b X% + b, X2 + b X* + b X* + b X° + b, X7 + (b, X +
+b,,x* +b,.x*)Cosh(M,x) + (b,;X + b, X* + 1, x*)Sinh (M, x)
+b;5Cosh(f5,x) + by Sinh(/, x)

5. NUSSELT NUMBER and SHERWOOD NUMBER

The rate of heat transfer (Nusselt Number) on the walls has been calculated using the formula

1 06 t 1
Nu=— - (2%) . where 6, =05[ @dx, (Nu),_, =—— by, + b
0. —0,) ax e b {_ (Nt = Singza ) % T %)
1
(Nu),_, :(em—_l)(bzs +0by;), 0, =bys + Dby,

The rate of mass transfer (Sherwood Number) on the walls has been calculated using the formula

Sh—;(§) where C —05j.CdX (Sh) —i(b1 +0ohby)

(Cm _ CW) OX x=%1 m ' ’ x=+1 Cm 8 6
(Sh),_, = ﬁ(b19 +0b;), C,=b,+5b, wherea,a,...,a0,b1,b;...079 are constants given in the
appendix
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6. RESULTS AND DISCUSSION OF THE NUMERICAL RESULTS

In this analysis we investigate the effect of Hall Currents and radiation on mixed convective heat and mass transfer
flow of a viscous, electrically conducting fluid in a vertical wavy channel with traveling thermal wave imposed on the
wall in the presence of heat generating source tender an inclined magnetic field.

1. Figl represents W with graph of number G. It is found that W exhibits a reversal flow for G<0 and the reflow of
reversal flow enlarges with increase in G<0. The magnitude of W experiences an enhancement with |G| with
maximum increase occurring at n=0. The variation of W with M and m shows that higher the Lorentz force smaller
|[W]| in the flow region. An increase in the Hall parameter m leads to an enhancement in W (fig.2). The variation of
W with heat source parameter o shows that higher the strength of the heat source larger the axial velocity in the
entire flow region (fig.3). The effect of surface geometry () on W is shown in fig.4. It is found that higher the
dilation of the channel walls larger W in the flow region. Fig.5 represents W with chemical reaction parameter K.
It is found that W exhibits a reversal flow for k=3.5 and |W| enhances with increase in K.

2. The secondary velocity (u) which arises due to the waviness of the boundary. Fig.6 represents u with G. It is found
that the secondary velocity is towards the boundary for G>0 and is towards the mid region for G<O |u| enhances
with increase in |G|. With maximum attained at n=-0.4. The variation of u with M and m shows that higher the
Lorentz force smaller |u| in the flow region. An increase in the hall parameter m leads to a depreciation u (fig.7).
From figs. 8 & 9 we find that |u| enhances with increase in o and . Thus higher the dilation of the channel walls
larger |u| in the flow region. When the molecular buoyancy force dominates over the thermal buoyancy force |u|
depreciates irrespective of the directions of the buoyancy forces.

3. The non-dimensional temperature(6)is shown for different variations of G, M, m, a  and k Fig.10 represents the
temperature with Grashof number G. We follow the convention that the non-dimensional temperature is positive or
negative according as the actual temperature is greater /lesser than the equilibrium temperature. It is found that the
actual temperature enhances with increase in G>0 and reduces with G<0. The variation of 6 with M shows that
higher the Lorentz force smaller the actual temperature in the left half and larger in the right half of the
channel(fig.11).An increase in the Hall parameter m<1.5 leads to an enhancement in the actual temperature in the
left half and reduces in the right half while for higher m>2.5 it depreciates in the entire flow region(fig.12). An
increase in the heat source parameter o leads to an enhancement in the actual temperature in the entire flow
region(fig.14).The influence of surface geometry on 6 is shown in fig.15.1t is observed that higher the dilation of
the channel walls larger the actual temperature and for higher dilation we notice a depreciation in the left half and
an enhancement in the right half of the channel. With respect to the chemical reaction parameter k<1.5 we find that
the actual temperature reduces in the left half and enhances in the right half and for higher k>2.5 we find a
depreciation in the entire flow region (fig.13).

4. The concentration distribution(C) is shown for different variations of the parameters.Fig.16 represents C with G .It
is found that the actual concentration enhances with G>0 and for G<0, it enhances in the left half and reduces in
the right half of the channel. Higher the Lorentz force smaller C in the left half and larger in the right half and for
higher Lorentz force larger in the left half and smaller in the right half of the channel(18).An increase in the Hall
parameter m reduces the concentration in the left half and enhances in the right half(fig.17). An increase in the
chemical reaction parameter k results in a depreciation in the actual concentration in the entire flow region (fig.19).
With respect to awe notice a depreciation in C in the left half and enhances in the right half(fig.21). The variation
of C with B shows that higher the dilation of the channel walls smaller the actual concentration in the left half and
larger in the right half (fig.22).

The rate of heat transfer(Nusselt Number) at n=21 is shown in tables.1-2 for different variations of k, o, R, B.It is
found that the rate of heat transfer at n=+1 enhances with G>0 and reduces with G<0 while at n=-1, |Nu| reduces with
G>0 and enhances with G<0. |Nu| enhances with increase in the strength of the heat source. With reference to the
chemical reaction parameter k we find an enhancement in, |Nu| with increase in k<1.5 and depreciates with higher
k>2.5 at both the walls. Higer the dilation of the channel walls larger.

The rate of mass transfer (Sherwood Number) at the boundaries n=+1 is shown in tables.3-4 for different variations of
the governing parameters. It is found that the rate of mass transfer at n=+1 reduces with G>0 and enhances with
G<0.At n=-1,|Sh| reduces with ,|G|. With respect to o we find that the rate of mass transfer at n=1,reduces with a<4
and for higher =6, |Sh| enhances in the heating case and reduces in the cooling case .At n=-1, |Sh| reduces in the
heating case and enhances in the cooling case with a<4 and for higher a>6.we notice an enhancement in ,|Sh| for all G.
Higher the dilation of the channel walls larger ,|Sh| at both the walls. With respect t to chemical reaction parameter k
we find that, |Sh| reduces at both the walls with increase in k<1.5 and for higher k>2.5.
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Table.1
Nu at n=1
G/Nu | 11 11 v Vv VI Vil VIl 1X
10° 0.2192 | 0.5058 | 0.2123 | 0.2846 | -1.2343 | 0.1948 | 0.1833 | 0.6902 | 0.6613
3x10° | 1.0275 | 1.1842 | 0.9057 | 1.4719 | 1.4921 | 1.0226 | 1.0201 | 1.4652 | 1.3799
-10° | 2.4351 | 2.5129 | 2.2647 | 3.8145 | 4.8666 | 2.4416 | 2.4451 | 2.7707 | 2.8066
-3x10° | 1.7416 | 1.8869 | 1.6274 | 2.6388 | 3.1701 | 1.7427 | 1.7433 | 2.1518 | 2.1864
K 0.5 15 2.5 5 5 5 5 5 0.5
o 2 2 2 4 6 2 2 2 2
R 35 35 35 35 35 70 140 35 35
B 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.7
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Table.2
Nu at n=-1
G/Nu | 11 11 v V VI VII VI IX
10° 2.4666 | 2.5323 | 2.2616 | 3.0076 | 3.2264 | 2.2422 | 2.1767 | 2.6909 | 2.9577
3x10° | 2.2825 | 2.2923 | 1.9722 | 2.9264 | 3.1772 | 2.1171 | 1.9598 | 2.4517 | 2.7757
-10° 1.8793 | 2.0674 | 1.7203 | 2.7013 | 3.0019 | 1.8578 | 1.1809 | 1.9519 | 2.5463
-3x10°% | 2.0845 | 2.1945 | 1.9155 | 2.8171 | 3.0968 | 2.0439 | 1.5812 | 2.2076 | 2.6926
K 0.5 15 2.5 5 5 5 5 5 0.5
o 2 2 2 4 6 2 2 2 2
R 35 35 35 35 35 70 140 35 35
B 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.7
Table.3
Shatn=1
G/Nu | 1 11 I\ \ VI VIl VIl VIII
10° -47.0606 | -2.9588 | -52.9188 | 1.9103 | 3.4594 | 1.0077 | 4.8078 | 5.6377 | -6.2429
3x10° | -2.6361 | -1.1695 | -2.8695 | -1.1042 | 1.2612 | -1.8293 | 1.7833 | -1.8714 | -3.0899
-10° -0.3688 -.2951 -2.4151 | -0.2961 | 0.0973 | -0.1123 | 0.0724 | -0.2592 | -0.5181
-3x10° 2.5767 -1.1795 3.4624 45624 7.6119 3.2274 3.9146 1.4888 4.5067
K 0.5 1.5 2.5 5 5 5 5 5 0.5
o8 2 2 2 4 6 2 2 2 2
R 35 35 35 35 35 70 140 35 35
B 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.3 0.7
Table.4
Shatn=-1
G/Nu | 1 11 v \ VI VIl VIl VI
10° 16.5867 | 1.1007 | 2.9988 | 11.8474 | 20.6407 | 21.8051 | 10.1993 | 10.0625 | -1.9378
3x10° | -2.0187 | -0.5031 | 2.1831 | -1.4296 | 15.9831 | -34.3717 | 10.8651 | -1.1058 | -2.7752
-10° 3.7976 -1.3504 | 5.0405 6.3924 13.7712 4.6014 5.2474 1.9355 8.3006
-3x10° | 25767 | -1.1795 | 3.4624 | 45624 | 7.6119 3.2274 3.9146 1.4888 | 4.5067
K 0.5 15 2.5 5 5 5 5 5 0.5
o 2 2 2 4 6 2 2 2 2
R 35 35 35 35 35 70 140 35 35
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