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Abstract: The objective of the present paper is to study the effects of chemical reaction on a three dimensional
MHD mass transfer flow past a vertical plate in presence of heat source. The governing non dimensional
equations relevant to the problem are solved by regular perturbation technique. Under certain assumptions, the
solutions for velocity field, temperature distribution and species concentration are obtained. The expressions for
skin-friction, Nusselt number and Sherwood number are performed. The influences of various parameters on the
velocity field, temperature field, concentration field, skin-friction, Nusselt number and Sherwood number are
studied graphically. The obtained results have shown that the chemical reaction effect has a great influence in
the study of flow and heat transfer process in the presence of magnetic field of some types of fluids considered.
Keywords: MHD, chemical reaction, mass transfer, perturbation.

I.  Introduction:

Combined heat and mass transfer in fluid finds applications in a variety of engineering processes such
as heat exchanger devices, petroleum reservoirs, chemical catalytic reactors and processes, geothermal and
geophysical engineering. Double diffusive flow is driven by buoyancy due to temperature and concentration
gradients.

The investigation of MHD convection problems have attracted the attention of a number of scholars
because of its wide application in meteorology, solar physics, cosmic fluid dynamics, astrophysics, geophysics
and in the motion of earth’s cone. From technological point of view, MHD convection flow problems are also
very significant in the fields of stellar and planetary magnetospheres, aeronautics, chemical engineering and
electronics. The application of MHD principles in medicines and biology are of paramount interest owing to
their significance in bio-medical engineering in general and in the treatment of various pathological states in
particular. The bio-medical engineering includes cardiac MRI, ECG etc. The problems of above phenomena of
MHD convection have been studied by many authors. Raptis and Soundalgekar [13], Ferraro and Plumpton [6],
Cramer and Pai [5], Sanyal and Bhattacharya [14], and Soundalgekar et al. [18] are some of them. Ahmed and
Sarma [1], singh et al. [17], and Choudhary and Chand [ 4] have investigated the effect of three dimensional
flow caused by the periodic motion perpendicular to the main flow when the difference between the wall
temperature and free stream temperature gives rise to buoyancy force in the direction of the free stream on heat
transfer characteristics.

In many transport processes in nature and in industrial applications, the heat and mass transfer with
variable viscosity is a consequence of buoyancy effects caused by the diffusion of heat and chemical species.
The study of such processes is useful for improving a number of chemical technologies such as polymer
production and food processing. In nature the presence of pure air or water is impossible, because some foreign
mass may be presented either naturally or mixed with air or water. The study of heat and mass transfer with
chemical reaction is of considerable importance in the chemical and hydrometallurgical industries. Chemical
reaction can be codified as either homogeneous or heterogeneous processes. A homogeneous reaction is one that
occurs uniformly through a given phase. In contrast, a heterogeneous reaction takes place in a restricted region
or within the boundary of a phase. A reaction is said to be first order, if the rate of reaction is directly
proportional to the concentration itself. Chemical reactions usually accompany a large amount of exothermic
and endothermic reactions. These characteristics can be easily seen in a lot of industrial processes such as the
polymer production, the manufacturing of ceramics or glassware, the food processing and so on. It has been
realized that it is not always permissible to neglect the convection effects in porous constructed chemical
reactors. Das et al. [19] considered the effects of first order chemical reaction on the flow past an impulsively
started infinite vertical plate with constant heat flux and mass transfer. Muthucumarswamy and Ganesan[9] and
Muthucumarswamy [10] studied first order homogeneous chemical reaction on the flow past infinite vertical
plate. In view of the importance of the chemical reaction effects, several authors have carried out their research
works to investigate the effects of it on some mass transfer flow problems. Some of them are — Poornima and
Reddy [11], Sharma et al. [15], Shivaiah and Rao[16], Ibrahim et al.[7], Rajeshwari et al. [12], Kandasamy et
al.[ 8] and Chamkha [3].
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The object of the present work is to investigate the chemical reaction effects on a three dimensional
MHD mass transfer flow past a vertical plate. This work is an extension of the problem studied by Ahmed and
Goswami [ 2].

Il.  Mathematical analysis:

A steady, three dimensional free and forced convection flow of an incompressible and electrically
conducting viscous fluid past a vertical porous plate in presence of chemical reaction is considered by making
the following assumptions.

(i) All the fluid properties except the density in the buoyancy force term are constant.

(if) A magnetic field of uniform strength By is applied transversely to the direction of the main flow.
(i) The magnetic Reynolds number is so small that the induced magnetic field can be neglected.
(iv) The viscous dissipation and magnetic dissipations of energy are negligible.

(v T >T and C_ >C
[0} e8] [0 0

Let us consider a co-ordinate system(i&,?) with X - axis vertically upwards along the plate, Y - axis
perpendicular to it directed into the fluid region and Z - axis along the width of the plate. Let § = it + jv + kw be
the fluid velocity at the point (i&,E) and B=B,j be the applied magnetic field. The suction velocity
distribution is taken as follows:

Z
W(Z) = -V, [1+ & cos ”T]

which consists of a basic steady distribution - V, with superimposed weak distribution -V ¢ cos”—l_z. Since the

plate is infinite in length in X - direction, therefore all the quantities except possibly the pressure are assumed to
be independent of X

With these assumptions and under usual boundary layer approximations, the governing equations of the
problem are:

Equation of continuity:
oV ow
- 1)

Momentum equations:

— — 2 2 2
_ou _ou - = — = = ol ocu oBO
—+W—=gpa(T-T. c-C Lo+t [+ —— (U 2
V8)7+Wﬁ g:B( oo)+g,3( OO)+U[W2+<ﬁ2J+ P ( u) 3
_ _ 2 2
_ VN _ OV 10p o0V 0V
V_+W_o=-—_—+v| —F5+—F 3
y a  pdy [ayz ﬁzj ®
W gW__1P,, 0w w| oBw (4)
&y e pa 52 a2 P
Energy equation:
_oT  _aT  k [8%T 4| Q - -
V—+W—= + Too—T 5
&y @ pchWZ 72 ,on("O ) ©)
Species concentration equation:
s o 25 28 27 527
C C _
vy Cow_p |FCOCH 0T 0T ~K(C-Cy) (6)
§y a M x2 52 "\ #2 &2
The relevant boundary conditions are:
At y=0: U=0V=V,W=0T=T,C=C, (7)
At y >0 T=U,V=-V,Ww=0T=T,C=C_,p=p, 8)
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To normalize the flow model, we introduce the following non-dimensional quantities:

y_ .z @ _ v w U T  C-C. _ D/(T,-T.)
y=prEpuEy ey ey Y eyt fTe e YT )
_ C 2
Gr= 7Lgﬂ(T2T ) 6m= "gﬂ(cz C) e Yy _ BV Re- Yot
v, v, k m LY v
P p.. Kov 6Ll)
P=——% P.=— 5 K=" ,Q=
Ay
AL AL
The non-dimensional forms of the equations (1) to (6) are:
oV ow
@+§:O ©)
v@+wa—”—er9+em¢+i a—2“+@ +M Re(U-u) (10)
o Re|ay2 a2
2, 2
ov ov 1 op o°v 0%V
VW =——5 — + (11)
o VaT Ry Re[ay 622J
2. A2
1
V@+W@:_767p ow w, ow -M Rew (12)
2, A2
00 00 1 |09 09| Q
— —= 13
Yoy "W T RePr[ay +622] Pr (13)
2, 2 2, 2
1 S
Vw0 L [P %) sridte dfe| o (14)
oy 0z ScRe ay2 az2 Re 8y2 822
With relevant boundary conditions:
y=0: u=0,v=—(l+scoszz),w=0,0=1¢=1 (15)
y—>w: u=U,v=-1Lw=0,0=0,¢4=0,p=p, (16)

Method of Solution:
Let us suppose the solutions of the equations from (9) to (14) be of the form:

u =uo(y)+8u1(y.2)+0(82)
v:vo(y)+gv1(y,z)+0(g2)
w:wo(y)+gwl(y,z)+0(52)
p=po(y)+ep1(y,2)+0(€2)
0=0,(y)+£6,(y.z +O(82)
d=do(y)+e(y.2) +o(52)
with P = P__ . we=0

Substituting these in equations (9) to (14) and by equating the coefficients of the similar terms and neglecting

&2 , we get the following zeroth-order and first-order equations.
Zeroth-order equations:

dv,
G =0 (17
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W _ g 46 L% e(u ) 18
VOTy— r 0+ m¢0+%dy72+ e( —UO ( )

do, 1 d%, Q
“dy ~ PrRe ay2 Pr°

(19)
2 2
dg, 1 d%, Sr d?,
"dy “ScRe g2 "Re g2 Ko (20)
First-order equations:
ov, ow,
yta? @y
oy, du, 1 82u1 82u1
Fy Do il - 22
v, o +V dy Gr91+Gm¢1+Re[@yz+a22 M Reu, (22)
2 2
oV, 1 op, 1]0% 0%,
V—=————+— + 23
° 5y Re2 oy Re[ayZ 622 (23)
aw, 1 op, 1 (02w %,
vo—lz——z—lJr— L+~ |-MRew, (24)
o  Re? 2 Re| 52 52
v, 9% _ 1 |0% 0% Q 25)
©9y tdy PrRe 2 ) Pt
o4 dg, 1 [d%4 &% | sr|o%e 8%
L OV I o oa|, _ 2
Yoy Ty TseRe| 2" 52 |TRe| o2 o2 TR (26)
with the boundary conditions:
y=0:u,=0,u,=0,v,=—1,v,=—coszz,w,=0,w,=0,6,=1,6,=0,4,=1,4,=0 @7)
y—oo,=U ,u,=0,v,=-1,v,=0,w,=0,w, =0,6,=0,6,=0,4,=0,¢,=0, p,=0

The solutions of the equations (17) to (20) under the boundary condition (27) are:
v, =-1

Hoze_ply
= (1-mg)e "+ ™
u, = Ase_ply + AGe_Azy + A7e_'A*‘y +U

Cross flow solution: We shall first consider the equations (21), (23) and (24) for vi(y, z), wi(y, z) and pi(y, z)
which are independent of the main flow component u;, temperature field 91 and concentration field ¢1 ,

We assume v; w; and p; as:
v, =—7V,, (y)coszz
w, =V, (y)sinzz
2
p,=Re’ p,,(y)coszz
On substitution of the above, the equation (21) is satisfied and the equations (23) and (24) reduce to the ordinary
differential equations as:

Re
v, +Revy, — ”2V11 = _; P (28)

"

V)1 +Rev), — (7* + M Re*)v, =—z Re p, (29)
The corresponding boundary conditions are:
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1,
y=0:v,=—,v;=0
T

y—>ow:v,=0,v,=0
Under these boundary conditions, the solutions of the equations (28) and (29) are

W rm A A
Hence the solutions for the velocity component v; w; and pressure p; are as follows.
v, = ﬁ[ﬁm e —A e‘%y]cos 7z
w, = —”(::éixo) (e —e ™™ [sinzz
P, = —ﬂiiﬁf&&) [ Ae™ = Ae™ [coszz

Solution for first order flow, concentration and temperature field: we now consider the equations (22), (25)
and (26).To reduce these partial differential equations into ordinary differential equations, we consider the

following assumptions for u;, @, and ¢,
u, =u, (y)coszz,
6,=6,(y)coszz, ¢ =¢,(y)cosxz

Substituting these expressions in equations (22),(25) and (26), we get the following ordinary differential
equations.

uj, +Reuy; —(7° + M Re? Ju,, =—7 Rev,u; —Gr Red,, —GmRe g, (30)
0/, +PrRed), —(z* +QRe) 6, =7 PrRev,6; (31)
' +ScRed, —(7° + KScRe? ) ¢y, = —7ScRev, ) — SrSc(8); — 7°6,) (32)

With boundary conditions:
y=0: u,=0,6,=0,¢,=0
y—>0:u,=06,=0¢,=0
The solution of the equations (30), (31) and (32) subject to the above boundary conditions are as follows:
011 — A6e7A13y + A14e_A22y + Aise_AZAV
do=Age Y L e P aem Y ey e gAY
u]_]_ — LoeanGy + Lle_'A&zy + LzefAsy + LsefAsy + L4e_A4y + LsefAZDy + L6e7A10y +
L7e’A3y + LgefAey
Hence the solutions for the velocity component u,, temperature &, and the concentration ¢, are as follows:

U = [Loe—Asey N Lie—Azzy N Lze_pisy N LSe_ASGy N L4e_A24y N L5e_A20y N LGe_Amy

+

]cos 7z

0, =[Ae ™ +A,e ™ + A ™ ]cosnz

L7e_A13y . LBe_AZGy

¢ = [Asze_AZfSy + A27e_A18y + Azse_Azoy i Azge_Azzy i A3oe_A24y i A319_A13y]COS 77
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Thus the complete solutions of the equations (9) to (14) are:

u= A5e_A'ly + Aﬁe_Azy + A7e_A4y +U + e[LOe_ASGy + Lle_A22y + LZe_AL8y + L3e_A36y
+Lge PoaY s e Po0Y 4 e M0Y 4 e~ ABY 11 e PosY (cos 2

v=-—1l+¢g

(Ag—lﬁm) [ Ao e PV _ A e_AlOchos 7z

w:g&[e_%y—e_p‘loy}sinﬁz
7(Ay—Ayp)

P=p,, +5M[ Ae~PoY - A e~ FioY } coszz
7 (Po—Ay)

g—e WY —Agy a3 —Posy

Jcos 7z

+&[Age + AL + Ajge
p :(1_%)E—A2y +A3e_A1y +g[A3zefA26y N A27e*'°18y +A28e7A20y +A29e_A22y +Agoe_A24y +A31e7A‘3y

]cos 7z

Skin-friction at the plate: The non-dimensional skin-friction at the plate in the direction of the free stream is
given by

5|
Lo 1(auj
PV Reldy ),
:——[u )+e&u;, (0)cos 7z |
=7, +&Q,COS7Z

where 7, = —éu[, (O)

1
= [AA+AA AR

1,
Ql = —%UM(O)

1
- R_e[LoAse + LA, + LA + LA + LAy + LeAgy + LA + LA+ LsAze]

The coefficient of rate of heat transfer: The heat flux from the plate to the fluid in terms of Nusselt number
Nu is given by

k (afj 1 (ae}
Nu = — =] =—— |
vC, (T,-T)\ 7 ), PrReldy )

= Nu, +¢Q, coszz

where NUO = —ﬁ 0(; (O)
_ A
PrRe

1 .
% —‘m%(o)

A+ A, + A
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The coefficient of rate of mass transfer: the mass transfer at the wall y = 0 in terms of Sherwood number Sh is

given by
e L (00
ScRel oy y0

Sc Re [¢0 )+ &¢l,(0)cos ﬂz]

=Sh, + ng coszz

where Sh, = ¢0 [A(A-1)-AA]

ScR

Q= Sc Re sore (0
[ Aze Asz A18A27 B AzoAzs B AzzAzg o A24A30 o A13A31]

Sc Re

I11.  Results And Discussion:

In order to get a physical insight of the problem, the numerical calculations are carried to illustrate the
influence of various physical parameters viz, chemical reaction parameter K, heat source parameter Q, Soret
number Sr, and magnetic parameter on the velocity, concentration, skin-friction and Sherwood number. The
effect of heat source parameter Q on temperature profile is also presented. Throughout the calculations, Pr
(Prandtl number) is considered to be equal 0.71 which corresponds to air. Since the water vapour is used as a
diffusing chemical species of common interest in air therefore the value of Sc (Schmidt number) is taken to be
0.60 (water vapour). The value of the Grashof number Gr for heat transfer has chosen as 10 (externally cooled
plate), The value of Grashof number Gm for mass transfer is considered to be 15, the free stream velocity U is
selected to be 1, the value of & (frequency of oscillation) is considered as 0.001 and the remaining parameters
are chosen arbitrarily. The variation of velocity profiles u against y for different values of chemical reaction
parameter K, heat source parameter Q, Soret number Sr, and Hartmann number M are depicted in figures 1-4
respectively. It is seen from these figures that the velocity quickly increases up to some thin layer of the liquid
adjacent to the plate and after this liquid layer the fluid velocity decreases asymptotically towards 1 as y — .

7T 6T
5 + 44
4_ 4
= = 3T
3 o=
9 1 27
1+ 1T
0 i ; ; : | 0 : | : | | |
0 2 4 B 8 10 0 1 2 3 4 5 6
Y Y

Fig.1l: Velocity versus v for different K when Gr=10, M=2, Fig.2: Velocity versus v for different () when Gr=10, M=2,
U=1,Gm=15 Re=03Pr=0.71,0~1 8c=0.6,5=0.3, £=0.001 U=1,Gm=13Fe=1Pr=071E=0.5,5=06,5=1, £=0.001
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u
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3
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Fig.3:Velocity wersus v for different Sr when Gr=10M=2  Fig.4: Velocity versus v for different M when Gr=10,
=1,Gm=13Fe=1, Pr=0.71.0=1 8c=06, £=0.001 KE=05,U=1 Gm=13FRe=03Pr=0.71, 8c=0.6, £=0.001 E=1,5r=05U=1

It is observed from figures 1,2 and 4 that chemical reaction parameter K, heat source parameter Q and
Hartmann number M lead the fluid motion to retard whereas the motion is accelerated due to the Soret number
Sr as seen from figure 3. The Soret number Sr defines the effect of temperature gradients inducing significant
mass diffusion effects. Hence mass diffusion leads to increase the fluid motion. The application of the transverse
magnetic field will result in a resistive type force (Lorentz force) similar to drag force which leads to resist the
fluid flows and thus reduces its velocity.

Figure 5 shows the effect of the heat source parameter Q on the temperature . It is observed from this
figure that with an increase in the heat source parameter, the temperature decreases within the boundary layer.

12 + 12 1
G=0512 k=125

1

0.8
0.6
7

0.4

0.2

0

Fig.5: Temperature distnbution agamst v for Gr=10_J=1 Fig.6:3pecies concentration versus y for different K whenGr=10
Gm=13 Fe=1 M=2 Pr=0.71 8c=0.6.58r=1, £=0.001. E=1 Gm=13FRe=0.3M=2Pr=0.71,0=13c=0.65=0.5, £=0.001,U=1
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12 T 2
Q=0.0.55 18 -Sr:2:3:4
1 16
0.8 1.4
1.2
£ 06 g 1
0.8
0.4 0.6
0.2 0.4
0.2
0 : : t : : 0 | : } i : :
0 0.5 1 1.5 2 25 0 1 2 3 4 5 G
y— » y "
Fig.T: Species concentration versus y for different Q Fig.§: Species concentration versus y for different Sr when
Gr=10,Gm=13 Re=1 M=2 Pr=0.71 E=1,8c=0.6.5=1, U=1,Gr=10.Gm=13 Fe=0.3 M=1Pr=0.71 E=1,8c=0.6,Q=53,
£=0.001 £=0.001

The concentration profiles for different values of the chemical reaction parameter, heat source
parameter and Soret number are presented in figures 6-8. Figure 6 exhibits that, as the chemical reaction
parameter K increases, the concentration decreases. Figures 7 and 8 show that the concentration increases with
the increase of heat source parameter Q and Soret number Sr.

Variation of Nusselt number Nu (rate of heat transfer) against Reynolds number Re for different values
of the heat source parameter Q is presented in figure 9. It is inferred from this figure that Nu increases with the
increasing values of Q whereas it decreases with increasing Re.

Figures 10, 11 and 12 demonstrate how the skin-friction7 is effected by the Reynolds number Re
under the influence of chemical reaction parameter K, heat source parameter Q and Soret number Sr. It is
noticed from these figures that an increase in the value of Re causes the magnitude of 7 to decrease. It is clear
from figures 10 and 11 that there is steady fall in the magnitude of 7 due to chemical reaction parameter and

the generating heat source whereas |r| increases with Soret number.

6 T Q=135 0 f f f t i
o5 1 15 2 25 3
5 21
4+ 4 T K=50
z 37
2" T
1.--
0 t } } } {

Fig.9: Musselt mumber against Be for different ) whenU=1 Fig.10: Skin friction against Fe for different K when U=l
Gr=10,Gm=13 M=2 Pr=0.71,8¢=0.6,5=0.5, £=0.001 Gr=10,Gm=135 M=20Pr=0.71,0=3,5=0.6 8=0.5, £ =0.001
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2 4+ 40 L Sr=3

Re ———» Re — »

Fig.11: Skin finction agamst Fe for different () when U=1 Fig.12: Skin fnction agamst Fe for different Sr when U=1
Gr=10.Gm=13 M=2 Pr=0.71,5c=0.6.5=0.3, € =0.001 E=30  Gr=10.Gm=15M=2 Pr=0.71.5c=0.6,0=1, € =0.001 K=1

The variations of Sherwood number (rate of mass transfer) Sh against Reynolds number Re for
different values of K,Q and Sr are displayed in figures 13, 14 and 15. It is observed from these figures that an
increase in the value of Re causes Sh to decrease. Figures13 and 15 show that |sh| increases with the increasing

values of K and Sr whereas figure 14 exhibits that |Sh| decreases with the increasing values of Q.

Sh
dn
Sh

7 K=40 K=50

Re — & Re —

Fig.13: Sherwood number agamnst Be for different K. U=1 Fig.14: Sherwood number agamst Re for different Q, U=1
Gr=10,Gm=15M=20Pr=0.71,0=3,5c=0.6,5=0.5 £ =0.001 Gr=10,Gm=15M=2_Pr=0.71 5c¢=0.6 5r=0.5, £ =0.001 k=1
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bad

Sh
= =
N — n RN LW e

=

Fig.15: Sherwood number against Be for different Sr when
Gr=10, Gm=13M=2 Pr=0.71,Q0=1,8c=0.6, £ =0 001E=1,TU=1

V. Conclusion:

From the results and discussions of the present study, the following conclusions can be drawn:

R/
0.0

The velocity as well as concentration of the fluid decreases with an increase in the chemical reaction
parameter.

The heat source effect leads the fluid motion to retard whereas this motion is accelerated due to the thermal
diffusion effect.

An increase in value of magnetic parameter leads to fall in the velocity which is consistent with the law of
physics.

Magnitude of skin friction decreases due to the application of generating heat source as well as chemical
reaction parameter.

Magnitude of Sherwood number increases due to the chemical reaction parameter and it falls due to the
generating heat source.

It is interesting to note that the velocity increases near the plate and then decreases smoothly away from the
plate in all the cases.

NOMENCLATURE:
(x,y,Z) is the coordinate system

(T, v,w) are the components of the fluid velocity g

(u
Vo
U
U
Bo
C

v,w) are the non dimensional components of the fluid velocity
is the mean suction velocity
is the free stream velocity

is the non dimensional free stream velocity
is the strength of applied magnetic force

is the species concentration

C s the species concentration in the free stream
0.0]

CW
CIO

D

m

D

T

is the species concentration at the plate
is the specific heat at constant pressure

is the co-efficient of chemical molecular diffusivity

is the co-efficient of chemical thermal diffusivity

g is the acceleration due to gravity

Gr

is the Grashof number for heat transfer

Gm is the Grashof number for mass transfer
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k is the thermal conductivity

L is the wave length of the periodic suction

M is the Hartmann number

K is the chemical reaction parameter

K is the non dimensional chemical reaction parameter
P is the pressure

P, is the pressure in the free stream
p is the non dimensional pressure

P, is the non dimensional pressure in the free stream

6 is the first order heat source

Q is the non dimensional first order heat source

Re is the Reynolds number
Sr is the Soret number

Pr is the Prandtl number
Sc is the Schmidt number

T isthe temperature in the boundary layer

'ITW is the temperature at the plate

T, is the fluid temperature in the free stream
Greek symbols:
P is the co-efficient of volume expansion for heat transfer

[ is the co-efficient of volume expansion for mass transfer

U is the kinematic viscosity
o is the electrical conductivity
L is the density of the fluid

& is asmall reference parameter

@ is the non dimensional temperature
@ is the non dimensional concentration
M is the coefficient of viscosity.
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