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Abstract:

An analysis has been carried out to study the effect of heat source and chemical reaction on MHD flow
past a vertical plate subject to a constant motion with variable temperature and concentration. The
governing equations are solved by the Laplace transformation technique. The effects of various flow
parameters on the flow dynamics are discussed. Findings of the present study reveal that the velocity
of the fluid reduces due to the dominating effect of kinematic viscosity over molecular diffusivity in
case of heavier species. Presence of heat source reduces the velocity of the flow. Presence of chemical
reaction parameter decreases the concentration distribution.
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NOMENCLATURE

X,y coordinate axes Gm  mass Grashof number

y dimensional coordinate K dimensional porosity parameter

u* dimensional velocity Pr Prandtl number

u nondimensional velocity Gr thermal Grashof number

t time variable Sc Schmidt number

T dimensional temperature Ko dimensional porosity parameter

Tw temperature at the plate Co specific heat at constant pressure

T ambient temperature Qo dimensional heat source parameter

c* dimensional concentration Greek symbols

C nondimensionl concentration @ nondimensional heat source parameter
Cw concentration at the plate P fluid density

C. ambient concentration L kinematics viscosity

Bo external magnetic field o Stefan-Boltzmann constant

k thermal conductivity of the fluid 0 nondimensional temperature

g acceleration due to gravity B volumetric coefficient of thermal expansion
D mass diffusion coefficient B volumetric coefficient of concentration
M magnetic field parameter H coefficient of viscosity
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1. Introduction

The study of MHD flow with heat and mass transfer plays an important role in chemical, mechanical and
biological sciences. Some important applications are cooling of nuclear reactors, liquid metals fluid, power
generation system and aero dynamics. Chamkha (2004) has studied unsteady MHD convective heat and mass
transfer past a semi-infinite vertical permeable moving plate with heat absorption. Muthukumarswamy and
Janakiraman (2006) have studied radiation effects on MHD flow moving through an isothermal vertical plate
with variable mass diffusion. Again, Muthukumarswamy et al. (2008) have analyzed mass transfer effects on
exponentially accelerated isothermal vertical plate. Prasad et al. (2007) have discussed radiation and mass
transfer effects on two-dimensional flow past an impulsively started infinite vertical plate. Das et al. (2008)
analyze the three dimensional coquette flow of a viscous incompressible electrically conducting fluid between
two infinite horizontal parallel porous flat plates in presence of a transverse magnetic field. Seth and Ansari
(2010) have studied the MHD natural convection flow past an impulsively moving vertical plate with ramped
wall temperature in the presence of thermal diffusion with heat absorption. Rajput and Kumar (2011) have
analyzed the MHD flow past an impulsively started vertical plate with variable temperature and mass diffusion.

A chemical reaction is said to be of first order if its reaction rate is directly proportional to the concentration
itself (1988). The effect of a chemical reaction on a moving isothermal vertical surface with suction has been
studied by Muthucumarswamy (2002). Continuing this endeavor on the study of a chemical reaction,
Kandasamy et al. (2005) considered the chemical reaction and thermal stratification effects over a vertically
stretching surface. A viscous flow over a non-linearly stretching sheet in the presence of chemical reaction and
magnetic field has been studied by Raptis et al. (2006). Mahmoud (2007) has discussed the chemical reaction
effect on a mixed convection flow of heat and mass transfer along a semi-infinite vertical plate. Al-Qdat and
Al-Azab (2007) studied the influence of a chemical reaction on transient MHD free convection flow over a
moving vertical plate. Mahapatra et al. (2010) have studied the effects of chemical reaction on free convection
flow through a porous medium bounded by a vertical surface. Recently, Kar et al. (2014) have analyzed the heat
and mass transfer effects on a dissipative and radiative visco-elastic MHD flow over a stretching porous sheet.

In the present study we have extended the work of Rajput and Kumar (2011) by incorporating heat source and
chemical reaction. The analysis of the results obtained reveals that the flow field is influenced by the heat source
and chemical reaction parameters. It is hoped that these results will not only provide useful information for
application, but also will serve as a complement to the previous study.

2. Mathematical Formulation

In our study we have considered the flow of unsteady viscous incompressible and electrically conducting fluid.
The x - axis is taken along the plate in the upward direction and y -axis is perpendicular to it. A transverse
magnetic field By, of uniform strength is applied normal to the plate. The viscous dissipation, Julian dissipation
and induced magnetic field have been neglected in the present model. Initially, the fluid and plate are at the
same temperature T,, and concentration C,, in the stationary condition. At time t > 0, temperature of the plate is
raised to T, and the concentration level near the plate is raised linearly with respect to time. Under these
assumptions and taking into account the Boussinesq and the boundary layer approximations, the system of
momentum, energy and concentration equations are

ou _ 2%u  oBgu

oy _ _ 3(C — (1)
= Uayz +gp(T -T,)+9gB(C-C,)
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There is no convective acceleration term in the governing equations and hence the present flow model is related
to slow motion and is valid for low Reynolds number less than 1. Therefore, viscosity force dominates over the
inertia force. Dropping the convective terms in governing equations definitely reduces the equations linear but
that is not the sole objective. Even if non-linear terms are there, the problem can be solved by applying Laplace
Transform by quasi linearization technique. The method suggests that in the first iteration the nonlinear terms
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are neglected. The linear equation is solved under Laplace Transform. Then the solution so obtained is to be
substituted in the whole equation consisting of the non-linear part. The process is repeated till the sequence of
solution attains a fixed value.
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Fig. 1: Flow Geometry
The following boundary conditions have been assumed:
t<0:u=0T=T,,C=C_forally
_ ugt ugt
t>0:u=u,,T=T,+(T, —Tm)T,C =C, +(CW—COO)T aty=0 4)
u—>0T->T,,C—>C_ asy—>»
3. Method of Solution
Introducing the following non dimensional quantities
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The corresponding initial and boundary conditions are

t<0:u=0,6=0,C=0forall y=0

t>0:u=10=t,C=taty=0 8
u—>0680—->0C—>0ay—>w

Z;—E—(S+M)U=—G—;e‘/my —G—Te‘ selsrie )y ©)
S S

%0 =

e Pr(s+¢)d =0 (10)
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o°C
— —Sc(s+K )C 0 (11)
oy’

The corresponding boundary conditions are

{u_llse =1/s?,C =1/s* at y=0
t>0: (12)

0T—>0,0>0C—>0 a y—>w»

The solutions of Equations (9), (10) and (11) subject to the boundary conditions (12) are given by
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Nusselt number

The expression for the rate of heat transfer in terms of Nusselt number (Nu) is given by

Nuz_%l_o:;ﬁ{l erfc(\/¢_t)}+t Pr¢+t{ %eﬂ—\/ﬁerfc(\/qﬁ_t)},

Sherwood number

The expressions for the rate of mass transfer in terms of Sherwood number (Sh) is given by

Shz—%l{_o_;\/i{l erfc(\/_)}th KCSc+t{ S—(t:e‘Kct—./KCScerfc(\/K_ct)},

T

Skin-friction
The expressions for skin-friction( 7 ) which are measures shear stress at the plate is given by
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a3, B1, ap and B, are defined as:
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4. Results and Discussion

Discussion has been carried out to study the effect of heat source and chemical reaction on MHD flow past a
vertical plate subject to a constant motion with variable temperature and concentration.

4.1 Effect of flow parameters on velocity profile

In order to get a physical insight into the problem, a representative set of results is shown graphically. Effects of
the pertinent parameters are discussed below analyzing the graphs and tables.

4.1.1 Effect of Prandtl number on velocity profile

Fig. 2 shows the effect of Prandtl number (Pr) on velocity profile. In this figure we have taken M=0.5,
Gr=Gm=2, Sc=2, K.=¢@ =t=1. As Pr increases, the velocity of the fluid decreases in the entire flow domain.
Prandtl number is ratio of the kinematic viscosity to the thermal diffusivity of the fluid and it measures the
relative importance of heat conduction and viscosity of the fluid. For less viscous fluids (Pr < 1), the kinematic
viscosity is dominated by the thermal diffusivity of the fluid. For highly viscous fluids(Pr > 1), the kinematic
viscosity dominates the thermal diffusivity of the fluid. As a result of which a multilayer character exhibits in

the fluid flow.
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Fig. 2: Effect of Pr on velocity profile Fig. 3: Effect of M on velocity profile

4.1.2 Effect of magnetic parameter on velocity profile

Fig. 3 depicts the effect of magnetic parameter (M) on velocity profile. In this figure we have taken Pr=0.71,
Gr=Gm=2, Sc=2, K= ¢ =t=1. As M increases the velocity of the fluid decreases, which shows that the magnetic
parameter has a retarding effect on the velocity field.

4.1.3 Effect of thermal Grashof number on velocity profile

Fig. 4 shows the effect of thermal Grashof number (Gr) on velocity profile. In this figure we have taken
Pr=0.71, M=0.5, Gm=2, Sc=2, K.=¢ =t=1. Thermal Grashof number characterizes the free convection of the

flow. The velocity of the fluid increases with the increase in Gr. Hence, the thermal Grashof number has an
accelerating effect on the velocity profile.

4.1.4 Effect of mass Grashof number on velocity profile
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Figs.5 shows the effect of mass Grashof number (Gm) on velocity profile. In this figure we have taken
Pr=0.71, M=0.5, Gr=2, Sc=2, K=¢ =t=1. It is observed that buoyancy effect due to solutal concentration

enhances the velocity of the fluid within the range 0 < y <1.3, and then the reverse effect occurs.
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Fig. 4: Effect of Gr on velocity profile Fig. 5: Effect of Gm on velocity profile

4.1.5 Effect of Schmidt number on velocity profile

Fig. 6 shows the effect of Schmidt number (Sc) on velocity profile. In this figure we have taken Pr=0.71,
M=0.5, Gr=Gm=2, K.=¢ =t=1. It is observed that for the heavier species, that is, with increasing Sc, the

velocity of the fluid decreases. The values of Sc are chosen such that they represent Helium (Sc=0.3), water
vapor (Sc=0.6), ammonia (Sc=0.78), carbon dioxide (Sc=0.94) and ethyl benzene (Sc=2.0). Schmidt number is
the ratio of kinematic viscosity to molecular diffusivity. So, for heavier species (Sc > 1), the kinematic viscosity

dominates the molecular diffusivity as a result of which the velocity of the fluid decreases.
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Fig. 6: Effect of Sc on velocity profile Fig. 7: Effect of K, on velocity profile

4.1.6 Effect of chemical reaction parameter on velocity profile

Fig. 7 shows the effect of chemical reaction parameter (K.) on velocity profile. In this figure we have taken
Pr=0.71, M=0.5, Gr=Gm=2, Sc=2, ¢ =t=1. It is observed that in case of destructive reaction (K. > 0), the

velocity of the flow field decreases with an increase in the chemical reaction parameter. But in case of
generative reaction (K. < 0), the velocity of the flow field increases with a decrease in the chemical reaction
parameter.

4.1.7 Effect of heat source parameter on velocity profile
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Fig. 8 shows the effect of heat source parameter (¢) on the velocity profile. In this figure we have taken

Pr=0.71, M=0.5, Gr=Gm=2, Sc=2, K=t=1. It is interesting to note that increase in heat source parameter
decreases the velocity of the flow. In presence of thermal sink (heat absorption) the velocity of the flow also
reduces. This may happen due to the presence of chemical reaction parameter.

4.1.8 Effect of time parameter on velocity profile

Fig. 9 shows the effect of time parameter (t) on the velocity field. In this figure we have taken Pr=0.71, M=0.5,
Gr=Gm=2, Sc=2, K= ¢ =1. It is marked that as time increases the velocity of the fluid also increases. It is also

marked from the two upper curves of the time parameter graph that for less time the velocity of the fluid near
the plate has a moderate rise and then falls slowly.
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Fig. 8: Effect of ¢ on velocity profile Fig. 9: Effect of t on velocity profile

4.2 Effect of flow parameters on temperature profile

Fig. 10 shows the effect of Prandtl number (Pr) and heat source parameter (¢ ) on the temperature field. From

the figure it is clear that as Pr increases, the temperature of the flow field decreases. For less viscous fluids
(small value of Pr), the kinematic viscosity is dominated by the thermal diffusivity of the fluid. For highly
viscous fluids (large value of Pr), the thermal diffusivity is dominated by the kinematic viscosity of the fluid. As
a result of which a multilayer character exhibits in the temperature field. Again, from the two bottom curves of
the graph it is observed that for highly viscous fluids the presence of heat source parameter diminishes the
temperature of the fluid. But the reverse effect is observed in case of less viscous fluid.

1 : : : : : : : : : 1
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0.4 M 0.4 ¢
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0.1 + 01k
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Fig. 10: Effect of Pr and ¢ on temperature profile Fig. 11: Effect of Sc and K, on concentration
profile

4.3 Effect of flow parameters on concentration profile
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Fig. 11 depicts the effect of Schmidt number (Sc) and chemical reaction parameter(K.) on concentration
distribution. We know that Schmidt number characterizes the fluid flows in which there are simultaneous
momentum and mass diffusion convection processes. It is observed that the increase in Schmidt number
decreases the concentration distribution at all points of the flow domain. This shows that heavier diffusing
species have a greater retarding effect on the concentration distribution of the flow field. It is also observed that
an increase in chemical reaction parameter decreases the concentration distribution.

4.4 Effect of flow parameters on skin friction

Table 1 presents the values of skin friction for different flow parameters. It is the friction between the fluid and
the surface of the solid moving through it. Skin friction characterizes the frictional drag at the solid surface. It is
marked that the skin friction increases with an increase in Pr, M, Gr, K. and t whereas decreases with an increase

inGm, Scand ¢ .

Table 1: The skin friction (7 )

Pr M Gr Gm Sc K. ¢ t T
05 0.5 0.5 0.5 0.6 0.5 0.5 0.5 -1.7319
0.71 0.5 0.5 0.5 0.6 0.5 0.5 0.5 0.3903
0.5 1.0 0.5 0.5 0.6 0.5 0.5 0.5 -1.2672
05 0.5 1.0 0.5 0.6 0.5 0.5 0.5 0.3599
05 0.5 0.5 1.0 0.6 0.5 0.5 0.5 -4.5659
0.5 0.5 0.5 0.5 0.78 0.5 0.5 0.5 -4.6922
0.5 0.5 0.5 0.5 0.6 1.0 0.5 0.5 1.7350
0.5 0.5 0.5 0.5 0.6 0.5 15 0.5 -3.9529
05 0.5 0.5 0.5 0.6 0.5 0.5 1.0 -1.6269

4.5 Effect of flow parameters on Nusselt number

Table 2 presents the values of Nusselt number for different flow parameters. In heat transfer at the surface
within the fluid, the Nusselt number(Nu) is the ratio of convective to conductive heat transfer across the

boundary. It is observed that the Nusselt number increases with an increase in Pr, ¢ and t.

Table 2: The Nusselt number (Nu) Table 3: The Sherwood number (Sh)
or y . Nu Sc Ke t Sh
0.50 05 05 0.5491 03 05 05 0.4253
0.71 0.5 05 0.6543 0.6 05 05 0.6015
0.71 05 1.0 1.0053
7.0 05 1.0 | 3.1566 0.6 05 10 | 09241
7.0 1.0 10 | 3.8936 2.0 05 05 | 1.098

4.6 Effect of flow parameters on Sherwood number

Table 3 presents the values of Sherwood number for different flow parameters. In mass transfer at the surface
within the fluid, the Sherwood number(Sh) is the ratio of convective to diffusive mass transfer across the
boundary. It is to note that all the entries of Sherwood number are positive. It is observed that the Sherwood
number increases with an increase in Sc, K. and t.

5. Conclusion

A theoretical study on MHD flow past a vertical plate with variable temperature in the presence of heat source
and chemical reaction has been studied. The concluding remarks are as follows:
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e Anincrease in both Prandtl number and magnetic parameter decreases the velocity of the flow field.

e Both thermal Grashof number and solutal Grashof number have an accelerating effect on the velocity
profile.

e In case of heavier species, due to the dominance behavior of kinematic viscosity over molecular
diffusivity, the velocity of the fluid decreases.

e In case of generative reaction, as the chemical reaction parameter decreases, the velocity of the flow
also decreases.

e Anincrease in Prandtl number decreases the temperature of the flow field.

e The heavier diffusing species have a greater retarding effect on the concentration distribution of the
flow field.
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