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This paper focuses on the study of the effects of radiation and chemical reaction on unsteady magnetohydrodynamic free
convection flow of a dissipative fluid past an impulsively started infinite vertical plate in the presence of Newtonian
heating and uniform mass diffusion. The dimensionless governing equations are unsteady, coupled, and nonlinear par-
tial differential equations. An analytical method fails to give a closed-form solution. Hence, the implicit finite difference
scheme of the Crank-Nicolson method is employed. The influence of the magnetic field parameter, radiation parameter,
and chemical reaction parameter on the velocity field and skin friction for both air (Pr = 0.71) and water (Pr = 7) are
extensively discussed with the help of graphs.

KEY WORDS: free convection, magnetohydrodynamic flow, thermal radiation, viscous dissipation, chem-
ical reaction, Newtonian heating, Crank-Nicolson method

1. INTRODUCTION

Hydromagnetic flows and heat transfer have become more
important in recent years because of their varied applica-
tions in agricultural engineering and petroleum industries.
Recently, considerable attention has also been focused on
new applications of magnetohydrodynamics (MHD) and
heat transfer such as metallurgical processing. Melt refin-
ing involves magnetic field applications to control exces-
sive heat transfer rate. Other applications of MHD heat
transfer include MHD generators, plasma propulsion in
astronautics, nuclear reactor thermal dynamics, ionized
geothermal energy systems, etc. An excellent summary of
applications can be found in Huges and Yong (1966). Sa-
cheti et al. (1994) obtained an exact solution for unsteady

MHD free convection flow on an impulsively started ver-
tical plate with constant heat flux. Shankar and Kishan
(1997) discussed the effect of mass transfer on the MHD
flow past an impulsively started infinite vertical plate with
variable temperature or constant heat flux. The viscous
dissipation heat in the natural convective flow is important
when the flow field is of extreme size or at low tempera-
ture or in high gravitational field. Such effects are also
important in geophysical flows and also in certain indus-
trial operations and are usually characterized by the Eck-
ert number. A number of authors have considered viscous
heating effects on Newtonian flows. Mahajan and Gebhart
(1989) reported the influence of viscous heating dissipa-
tion effects in natural convective flows, showing that the
heat transfer rates are reduced by an increase in the dissi-
pation parameter.
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NOMENCLATURE

B0 external magnetic field t dimensionless time
C dimensionless concentration T ′ temperature (K)
C ′ species concentration in the fluid (kg m−3) t′ dimensional time (s)
C ′

∞ species concentration in the fluid T ′
∞ ambient temperature

far away from the plate u′ velocity of the fluid in thex′ direction (m s−1)
C ′

w species concentration near the plate u0 velocity of the plate
Cp specific heat at constant pressure (J kg−1 K−1) x′ Cartesian coordinate along the plate (m)
D mass diffusivity (m2 s−1) y′ Cartesian coordinate normal to the plate (m)
E Eckert number β∗ volumetric coefficient of expansion with
Grm mass Grashof number concentration (m3 K−1)
Gr thermal Grashof number β volumetric coefficient of thermal
g′x acceleration due to gravity (m s−2) expansion (K−1)
h heat transfer coefficient (W m−2 K−1) µ coefficient of viscosity (kg m−1 s−1)
K chemical reaction parameter ν kinematic viscosity (m2 s−1)
κ thermal conductivity of the fluid (W m−1 K−1) ρ density of the fluid (kg m−3)
M magnetic field parameter τ dimensionless skin friction
Nu Nusselt number θ dimensionless temperature
Pr Prandtl number
qr radiative flux (W m−2) Subscripts
R radiation parameter w conditions on the wall
Sc Schmidt number ∞ free-stream conditions

Radiative heat and mass transfer play an important
role in manufacturing industries for the design of reliable
equipment. Nuclear power plants, gas turbines, and var-
ious propulsion devices for aircraft, missiles, satellites,
and space vehicles are examples of such engineering ap-
plications. If the temperature of the surrounding fluid is
rather high, radiation effects play an important role and
this situation does exist in space technology. England and
Emery (1969) have studied the thermal radiation effects of
an optically thin gray gas bounded by a stationary vertical
plate. Soundalgekar and Takhar (1993) have considered
radiative free convective flow of an optically thin gray
gas past a semi-infinite vertical plate. Radiation effects
on mixed convection along an isothermal vertical plate
were studied by Hossain and Takhar (1996). Raptis and
Perdikis (1999) studied the effects of thermal radiation
and free convection flow past a moving vertical plate and
the governing equations were solved analytically. Dass et
al. (1996) analyzed radiation effects on flow past an im-
pulsively started infinite isothermal vertical plate and the
governing equations were solved by the Laplace trans-

form technique. Muthucumaraswamy and Janakiraman
(2006) studied MHD and radiation effects on a moving
isothermal vertical plate with variable mass diffusion. Ra-
jesh and Vijaya kumar varma (2009) studied radiation and
mass transfer effects on MHD free convection flow past
an exponentially accelerated vertical plate with variable
temperature. Recently, Rajesh and Vijaya kumar varma
(2010) analyzed radiation effects on MHD flow through
a porous medium with variable temperature or variable
mass diffusion.

The study of heat and mass transfer problems with
chemical reaction is of great practical importance to en-
gineers and scientists because of its almost universal oc-
currence in many branches of science and engineering.
A few representative fields of interest in which combined
heat and mass transfer along with chemical reaction play
an important role are found in chemical process industries
such as food processing and polymer production. Cham-
bre and Young (1958) analyzed a first-order chemical re-
action in the neighborhood of a horizontal plate. Das et
al. (1994) studied the effect of a homogeneous first-order
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chemical reaction on the flow past an impulsively started
infinite vertical plate with uniform heat flux and mass
transfer. Again, mass transfer effects on a moving isother-
mal vertical plate in the presence of chemical reaction was
studied by Das et al. (1999). Their dimensionless govern-
ing equations were solved by the usual Laplace transform
technique. Recently, Muthucumaraswamy (2010) studied
chemical reaction effects on a vertical oscillating plate
with variable temperature.

In all the studies cited above, the flow is driven ei-
ther by a prescribed surface temperature or by a pre-
scribed surface heat flux. Here, a relatively different driv-
ing mechanism for unsteady free convection along a ver-
tical surface is considered where it is assumed that the
flow is also set up by Newtonian heating from the surface.
Heat transfer characteristics are dependent on the thermal
boundary conditions. In general, there are four common
heating processes specifying the wall-to-ambient tem-
perature distributions, namely, prescribed wall tempera-
ture distributions (power law wall temperature distribu-
tion along the surface has been usually used); prescribed
surface heat flux distributions; and conjugate conditions,
where heat is supplied through a bounding surface of fi-
nite thickness and finite heat capacity. The interface tem-
perature is not known a priori but depends on the intrin-
sic properties of the system, namely, the thermal conduc-
tivities of the fluid and solid. Finally there is Newtonian
heating, where the heat transfer rate from the bounding
surface with a finite heat capacity is proportional to the
local surface temperature and is usually termed conjugate
convective flow. This last configuration occurs in many
important engineering devices, for example,

1. In heat exchangers where the conduction in a solid
tube wall is greatly influenced by the convection in
the fluid flowing over it

2. For conjugate heat transfer around fins where the
conduction within the fin and the convection in the
fluid surrounding it must be simultaneously analyzed
in order to obtain vital design information

3. In convective flows set up when the bounding sur-
faces absorbs heat by solar radiation

Therefore, we conclude that the conventional assump-
tion of no interaction of conduction-convection coupled
effects is not always realistic, and it must be considered
when evaluating the conjugate heat transfer processes in
many practical engineering applications.

Merkin (1994) was the first to consider a somewhat
different but practically relevant driving mechanism for

the natural convection boundary layer flow near a ver-
tical surface in which it was assumed that the flow was
set up by Newtonian heating from the bounding surface,
i.e., the heat transfer from the surface was taken to be
proportional to the local surface temperature. The situa-
tion with Newtonian heating arises in what are usually
termed conjugate convective flows, where the heat is sup-
plied to the convecting fluid through a bounding surface
with a finite heat capacity. Lesnic et al. (1999, 2000) con-
sidered free convection boundary layer flow along verti-
cal and horizontal surfaces in a porous medium generated
by Newtonian heating. The steady free convection bound-
ary layer along a semiinfinite plate, slightly inclined to
the horizontal and embedded in a porous medium with
the flow generated by Newtonian heating was investigated
by Lesnic et al. (2004). Chaudhary and Jain (2007) pre-
sented an exact solution for the unsteady free convection
boundary layer flow of an incompressible fluid past an in-
finite vertical plate with the flow generated by Newtonian
heating and the impulsive motion of the plate. An exact
solution of the unsteady free convection flow of a vis-
cous incompressible, optically thin, radiating fluid past an
impulsively started vertical porous plate with Newtonian
heating was investigated by Mebine and Adigio (2009).
A numerical solution to steady mixed convection bound-
ary layer flow over a horizontal circular cylinder with
Newtonian heating was presented by Salleh et al. (2010).
Steady laminar boundary layer flow and heat transfer over
a stretching sheet with Newtonian heating was also con-
sidered by Salleh et al. (2010). A mathematical model
for forced convection boundary layer flow over a circular
cylinder with Newtonian heating in a uniform stream was
presented by Salleh et al. (2011). The influence of thermal
radiation on unsteady free convection flow past a moving
vertical plate with Newtonian heating was investigated by
Narahari and Ishak (2011), Rajesh (2012) analyzed the ef-
fects of mass transfer on flow past an impulsively started
infinite vertical plate with Newtonian heating and chemi-
cal reaction. Recently, Narahari and Dutta (2012) studied
the effects of thermal radiation and mass transfer on un-
steady natural convection flow of an optically dense vis-
cous incompressible fluid near a vertical plate with New-
tonian heating.

In this work, we study the effects of radiation and
chemical reaction on the unsteady free convection flow of
a viscous incompressible fluid past an impulsively started
infinite vertical plate under the influence of a uniform
transverse magnetic field and in the presence of New-
tonian heating, viscous dissipation, and uniform mass
diffusion. The fluid considered here is a gray, absorb-
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ing/emitting radiation, but non-scattering medium. The
dimensionless governing equations are solved by using an
implicit finite difference method of the Crank-Nicolson
type. The study finds applications in high-temperature
materials processing.

2. FORMULATION OF THE PROBLEM

The unsteady laminar boundary layer 2D free convection
flow of a viscous incompressible fluid past an impulsively
started infinite vertical plate with Newtonian heating and
mass diffusion, taking into account the effect of viscous
dissipation, is considered numerically. A unidirectional
radiative fluxqr is applied transverse to the plate, i.e.,
radiation in thex′ direction is considered negligible as
compared to they′ direction. A transverse magnetic field
of uniform strengthB0 is assumed to be applied normal to
the plate. The induced magnetic field is neglected because
the magnetic Reynolds number of the flow is taken to be
very small. The flow is assumed to be in thex′ direction,
which is taken along the plate in the vertically upward
direction, and they′-axis is taken normal to the plate. Ini-
tially, for time t′ ≤ 0, the plate and fluid are at the same
temperatureT ′

∞ in a stationary condition with concentra-
tion levelC ′

∞ at all points. At timet′ > 0, the plate is
given an impulsive motion in the vertically upward di-
rection against the gravitational field with a characteristic
velocityu0. It is assumed that the heat transfer rate from
the surface is proportional to the local surface tempera-
tureT ′, which is usually termed the conjugate convective
flow, as it was proposed by Chaudhary and Jain (2007),
and the level of concentration near the plate is raised to
C ′

w. It is also assumed that there exists a homogeneous
first-order chemical reaction between the fluid and species
concentration. All the fluid properties are considered con-
stant except the influence of the density variations with
temperature and concentration. Since the plate is infinite
in extent, all the physical variables are independent ofx,
except possibly the pressure. Applying the Boussinesq ap-
proximation, the unsteady flow is governed by the follow-
ing equations:

∂v′

∂y′
= 0 (1)

ρ

(
∂u′

∂t′
+v′

∂u′

∂y′

)
= −∂p′

∂x′ −ρg′x+νρ
∂2u′

∂y′2
−σB2

0u
′ (2)

∂T ′

∂t′
+v′

∂T ′

∂y′
=

κ

ρcp

∂2T ′

∂y′2
+

ν

cp

(
∂u′

∂y′

)2

− 1

ρcp

∂qr
∂y′

(3)

∂C ′

∂t′
+ v′

∂C ′

∂y′
= D

∂2C ′

∂y′2
−Kr (C

′ − C ′
∞) (4)

The initial and boundary conditions are given by

t′ ≤ 0, u′ = 0, T ′ = T ′
∞, C ′ = C ′

∞ for all y′

t′ > 0, u′ = u0,
∂T ′

∂y′
=

−h

κ
T ′, C ′ = C ′

w

at y′ = 0

u′ = 0, T ′ → T ′
∞, C ′ → C ′

∞ as y′ → ∞

(5)

For the free stream, Eq. (2) becomes

0 = −∂p′

∂x′ − ρ∞g′x (6)

On eliminating∂p′/∂x′ between Eqs. (2) and (6), we get

ρ

(
∂u′

∂t′
+v′

∂u′

∂y′

)
=g′x (ρ∞−ρ)+νρ

∂2u′

∂y′2
−σB2

0u
′ (7)

The state equation is

g′x(ρ∞ − ρ)=g′xρβ (T ′−T ′
∞)+g′xρβ

∗ (C ′ − C ′
∞) (8)

whereβ is the coefficient of thermal expansion andβ∗ is
the coefficient of concentration expansion.

The local radiant flux for the case of an optically thin
gray fluid is expressed by

∂qr
∂y′

= −4a∗σ
(
T ′4

∞ − T ′4
)

(9)

It is assumed that the temperature differences within the
flow are sufficiently small thatT ′4 may be expressed as a
linear function of the temperature. This is accomplished
by expandingT ′4 in a Taylor series aboutT ′

∞ and neglect-
ing the higher-order terms, thus

T ′4 ∼= 4T ′3
∞T ′ − 3T ′4

∞ (10)

Equations (9) and (10) take the form

∂qr
∂y′

= −16a∗σT ′3
∞ (T ′

∞ − T ′) (11)

Equation (1) gives

v′ = −v0(v0 > 0) (12)

wherev0 is the constant suction velocity and the negative
sign indicates that it is toward the plate.

On substituting Eqs. (8), (11), and (12) in Eqs. (3), (4),
and (7), we take

∂u′

∂t′
− v0

∂u′

∂y′
= g′xβ (T ′ − T ′

∞) + g′xβ
∗ (C ′ − C ′

∞)

+ v
∂2u′

∂y′2
− σB2

0

ρ
u′ (13)
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∂T ′

∂t′
− v0

∂T ′

∂y′
=

κ

ρcρ

∂2T ′

∂y′2
+

v

cp

(
∂u′

∂y′

)2

+
16a∗σT ′3

∞ (T ′
∞ − T ′)

ρcp
(14)

∂C ′

∂t′
− v0

∂C ′

∂y′
= D

∂2C ′

∂y′2
−Kr (C

′ − C ′
∞) (15)

In the absence of constant suction velocity (for the case
of a nonporous plate), we obtain the following equations:

∂u′

∂t′
= g′xβ (T ′ − T ′

∞) + g′xβ
∗ (C ′ − C ′

∞)

+ v
∂2u′

∂y′2
− σB2

0

ρ
u′ (16)

∂T ′

∂t′
=

κ

ρcρ

∂2T ′

∂y′2
+

v

cp

(
∂u′

∂y′

)2

+
16a∗σT ′3

∞ (T ′
∞ − T ′)

ρcp
(17)

∂C ′

∂t′
= D

∂2C ′

∂y′2
−Kr (C

′ − C ′
∞) (18)

On introducing the following nondimensional quantities:

u =
u′

u0
, t =

t′u2
0

ν
, y=

y′u0

ν
=

y′

Lref
, Pr=

µCp

κ
,

Gr=
g′xβνT

′
∞

u3
0

, θ=
T ′−T ′

∞

T ′∞
, R=

16a∗ν2σT ′3
∞

κu2
0

,

Grm =
g′xβ

∗ν (C ′
w − C ′

∞)

u3
0

, C =
C ′ − C ′

∞

C ′
w − C ′∞

E=
u2
0

CpT ′∞
, M=

σB2
0ν

ρu2
0

, K=
Krν

u2
0

, Sc=
ν

D

(19)

into Eqs. (16)–(18), one obtains the following dimension-
less equations:

∂u

∂t
= Grθ+ GrmC +

∂2u

∂y2
−Mu (20)

∂θ

∂t
=

1

Pr

∂2θ

∂y2
+ E

(
∂u

∂y

)2

− R

Pr
θ (21)

∂C

∂t
=

1

Sc
∂2C

∂y2
−KC (22)

According to the above nondimensionalization process,
the characteristic velocityu0 can be defined asu0 =
hν/κ.

The dimensionless initial and boundary conditions
given by Eq. (5) now become

t ≤ 0 : u = 0, θ = 0, C = 0 for all y

t > 0 : u = 1,
∂θ

∂y
= − (1 + θ) ,

C = 1 at y = 0

u = 0, θ → 0, C → 0 as y → ∞

(23)

It should be noted that all the physical parameters are de-
fined in the Nomenclature.

3. SOLUTION OF THE PROBLEM

The set of differential Eqs. (20)–(22) are coupled nonlin-
ear partial differential equations and are solved by using
the initial and boundary conditions of Eq. (23). However,
exact or approximate solutions are not possible for this set
of equations. Hence, we solve these equations by an im-
plicit finite difference method of the Crank-Nicolson type
for a numerical solution.

The equivalent finite difference scheme for Eqs. (20)–
(22) is as follows:[

ui,j+1 − ui,j

∆t

]
=

1

2

[
ui−1,j+1 − 2ui,j+1 + ui+1,j+1

(∆y)
2

+
ui−1,j − 2ui,j + ui+1,j

(∆y)
2

]
+

Gr
2

[θi,j+1 + θi,j ]

+
Grm
2

[Ci,j+1 + Ci,j ]−
M

2
[ui,j+1 + ui,j ] (24)

[
θi,j+1−θi,j

∆t

]
=

1

2Pr

[
θi−1,j+1−2θi,j+1+θi+1,j+1

(∆y)
2

+
θi−1,j − 2θi,j + θi+1,j

(∆y)
2

]
+ E

[
ui+1,j − ui,j

∆y

]2
− R

2Pr
[θi,j+1 + θi,j ] (25)

[
Ci,j+1 − Ci,j

∆t

]
=

1

2Sc


(
Ci−1,j+1 − 2Ci,j+1

+Ci+1,j+1

)
(∆y)

2

+
Ci−1,j−2Ci,j+Ci+1,j

(∆y)
2

]
−K

2
[Ci,j+1 + Ci,j ] (26)
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Here, the subscripti corresponds toy, and j corre-
sponds tot. Also ∆t = tj+1 − tj and∆y = yi+1 − yi.
The complete solution of the discrete Eqs. (24)–(26) pro-
ceeds as follows:

1. Knowing the values ofC, θ, andu at a timet = j,
calculateC andθ at timet = j + 1 using Eqs. (25)
and (26) and solving the tridiagonal linear system of
equations.

2. Knowingθ andC at timest = j andt = j + 1 andu at
time t = j, we solve Eq. (24) (via tridiagonal matrix
inversion) to obtain u at timet = j + 1.

We can repeat steps 1 and 2 to proceed fromt = 0 to the
desired time value. The implicit Crank-Nicolson method
is a second-order method

[
0
(
∆t2

)]
in time and has no

restrictions on space and time steps∆y and∆t, i.e., the
method is unconditionally stable (Potter, 1973). The finite
differences scheme used involves the values of the func-
tion at the six grid points. A linear combination of the
“future” points is equal to another linear combination of
the “present” points. To find the future values of the func-
tion, one must solve a system of linear equations whose
matrix has a tridiagonal form. The computations were car-
ried out for Pr = 0.71 (air), 7 (water); E = 0.001;t = 0.2;
0.4, 0.6; Sc = 0.22, 0.60, 0.78, 0.96; Gr = –5, 5; Grm = –2,
2; M = 0, 3, 5;K = 0, 3, 5;R = 0, 2, 5; and∆y = 0.1,
∆t = 0.02 and the procedure was repeated untily = 5.
In order to check the accuracy of numerical results, the
present study (whenM = R = E = 0) is compared to the
available theoretical solution of Rajesh (2012) in Fig. 1
and they are found to be in good agreement.

The skin friction, Nusselt number, and the Sherwood
number are important physical parameters for this type of
boundary layer flow.

3.1 Skin Friction

We now calculate from the velocity field the skin friction.
It is given in nondimensional form as

τ =
τ′

ρu2
0

=
−µ (∂u′/∂y′)y′=0

ρu2
0

= − du

dy

∣∣∣∣
y=0

(27)

Numerical values ofτ (skin friction) are calculated by ap-
plying a fourth-order forward difference Newton formula
(these are shown later in Figs. 12–17).

(a)

(b)

FIG. 1: (a) Finite difference grid and(b) comparison of
velocity profiles

3.2 Nusselt Number

From the temperature field, we can also determine the
nondimensional heat transfer coefficient or Nusselt num-
ber (Nu) as

Nu =
hLref

κ
=

[
−κ

(
∂T ′

∂y′

)
y′=0

/
(T ′ − T ′

∞)

](
ν

u0

)
κ

=
1

θ (0, t)
+ 1 (28)
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3.3 Sherwood Number

Like Nu in the case of heat transfer coefficient, a nondi-
mensional mass transfer coefficient known as the Sher-
wood number (Sh) is defined as

Sh=
hmass Lref

D
=

−D

(
∂C ′

∂y′

)
y′=0

(C ′
w − C ′

∞)

(
ν

u0

)
D

= − dC

dy

∣∣∣∣
y=0

(29)

4. RESULTS AND DISCUSSION

The numerical values of the velocity and skin friction are
computed for different physical parameters such as mag-
netic field parameter (M ), radiation parameter (R), chem-
ical reaction parameter (K), and Prandtl number (Pr) in
cases of cooling (Gr> 0, Grm > 0) and heating (Gr< 0,
Grm < 0) of the surface. The heating and cooling take
place by setting up a free convection current due to tem-
perature and concentration gradient. The purpose of the
calculations given here is to study the effects of the pa-
rametersM , R, K, and Pr on the nature of the flow and
transport. The values of the Prandtl number are chosen as
Pr = 0.71 (air) and Pr = 7 (water).

The velocity profiles in the boundary layer are plot-
ted in Figs. 2 and 3 for different values ofM and Pr in
cases of cooling and heating of the surface, respectively.

FIG. 2: Velocity profiles when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,R = 5, t = 0.4

FIG. 3: Velocity profiles when Sc = 0.6, Gr =−5,
Grm = −2, E = 0.001,K = 3,R = 5, t = 0.4

From Figs. 2 and 3, it is observed that the velocityu de-
creases with an increase inM for both air (Pr = 0.71) and
water (Pr = 7) in the cases of both cooling and heating
of the surface. This is because the application of a trans-
verse magnetic field will result in a resistive type of force
(Lorentz force) similar to drag force, which tends to resist
the flow, thus reducing its velocity. Therefore, an increase
in M leads to a decrease in the momentum boundary layer
thickness for both air (Pr = 0.71) and water (Pr = 7) in the
cases of both cooling and heating of the surface. It is also
found that when Sc = 0.6, E = 0.001,K = 3,R = 5,t = 0.4,
andy = 0.4, the momentum boundary layer thickness de-
creases by 25.56 and 36.88% for air and by 26.07 and
37.53% for water in the case of cooling of the plate. Also
it decreases by 29.45 and 41.93% for air and by 27.44 and
39.31% for water in the case of heating of the plate when
M increases from 0 to 3 and 5, respectively.

The velocity profiles in the boundary layer are pre-
sented in Figs. 4 and 5 for different values ofR and Pr in
cases of cooling and heating of the surface, respectively.
From the figures, it is found that the velocityu decreases
with an increase inR for air (Pr = 0.71) in the case of
cooling of the surface. This result may be explained by
the fact that an increase in the radiation parameter means
the rate of radiative heat transferred to the fluid decreases,
and consequently the fluid velocity decreases along with
the temperature. Thus, an increase in the value ofR leads
to a decrease in the momentum boundary layer thickness.
But the reverse effect is observed for air (Pr = 0.71) in the
case of heating of the surface. As expected, the effect of
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FIG. 4: Velocity profiles when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,M = 3, t = 0.6

FIG. 5: Velocity profiles when Sc = 0.6, Gr =−5,
Grm = −2, E = 0.001,K = 3,M = 3, t = 0.6

R on the velocity is negligible for water in cases of both
cooling and heating of the surface. From the calculated
values of the velocity, it is found that when Sc = 0.6, E =
0.001,K = 3,M = 3, t = 0.6, andy = 0.4, the momentum
boundary layer thickness of the air decreases by 29.22 and
43.85% in the case of cooling of the plate, whereas it in-
creases by 101.63 and 152.52% in the case of heating of
the plate asR increases from 0 to 2 and 5, respectively.

Figures 6 and 7 represent the velocity profiles in the
boundary layer due to the variations inK and Pr in cases
of cooling and heating of the surface, respectively. From
the figures, it is noticed that the velocityu decreases with

FIG. 6: Velocity profiles when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,R = 5,M = 3, t = 0.4

FIG. 7: Velocity profiles when Sc = 0.6, Gr =−5,
Grm = −2, E = 0.001,R = 5,M = 3, t = 0.4

an increase inK (chemical reaction parameter) for both
air (Pr = 0.71) and water (Pr = 7) in the case of cooling
of the surface. But the opposite phenomenon is observed
for both air (Pr = 0.71) and water (Pr = 7) in the case of
heating of the surface. From the calculated values of the
velocity, it is found that at Sc = 0.6, E = 0.001,M = 3,
R = 5,t = 0.4, andy = 0.4, the momentum boundary layer
thickness decreases by 3.82 and 5.61% for air and by 4.48
and 6.59% for water in the case of cooling of the plate,
whereas it increases by 13.40 and 19.68% for air and by
8.78 and 12.87% for water in the case of heating of the
plate whenK increases from 0 to 3 and 5, respectively.
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The velocity profiles in the boundary layer are plotted
in Figs. 8 and 9 for different values oft and Pr in cases
of cooling and heating of the surface, respectively. From
Fig. 8, it is observed that the velocity of both air and water
accelerate in the upward direction with increasing time in
the case of cooling of the surface. This is due to the in-
creasing buoyancy effects in the vertical direction as time
progresses. From Fig. 9, in the case of heating, it is noted
that the velocity of air decreases with an increase in time.
But it is interesting to note that as time advances, the ve-

FIG. 8: Velocity profiles when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,R = 5,M = 3

FIG. 9: Velocity profiles when Sc = 0.6, Gr =−5,
Grm = −2, E = 0.001,K = 3,R = 5,M = 3

locity of water increases initially and then starts decreas-
ing.

The temperature profiles are plotted in Fig. 10 for dif-
ferent values ofR and Pr. From the figure, it is observed
that an increase in the radiation parameter decreases the
temperature of air (Pr = 0.71). Therefore, increases in the
value ofR lead to a decrease in the thermal boundary
layer thicknesses. The reason for this is that radiation pro-
vides an additional means to diffuse energy. Like the ve-
locity case, the effect ofR on the temperature is negligible
for water. From the calculated values of the temperature
variable it is found that at Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,M = 3, t = 0.2, andy = 0.4, the thermal
boundary layer of the air decreases by 26.64 and 51.97%
whenR (radiation parameter) increases from 0 to 2 and
5, respectively.

The concentration profiles for different values ofK
and Sc are presented in Fig. 11. It is observed that the
concentration decreases with an increase inK for both
hydrogen (Sc = 0.22) and water vapor (Sc = 0.6). There-
fore, an increase in the value ofK leads to a decrease in
the concentration boundary layer thicknesses. It should be
mentioned that the studied case is for a destructive chem-
ical reactionK. From the calculated values of the con-
centration, it is found that at Pr = 0.71, Gr = 5, Grm = 2,
E = 0.001,R = 5, M = 3, t = 0.2, andy = 0.4, the con-
centration boundary layer decreases by 10.69 and 16.56%
for hydrogen (Sc = 0.22), and also it decreases by 15.91
and 24.35% for water vapor (Sc = 0.6) whenK increases
from 0 to 3 and 5, respectively.

FIG. 10: Temperature profiles when Sc = 0.6, Gr = 5,
Grm = 2, E = 0.001,K = 3,M = 3, t = 0.2
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FIG. 11: Concentration profiles when Pr = 0.71, Gr = 5,
Grm = 2, E = 0.001,R = 5,M = 3, t = 0.2

Figures 12–17 depict skin friction against timet for
different values of parameters. From Figs. 12 and 13, it
is noted that the skin friction increases with an increase
in the values ofM for both air (Pr = 0.71) and water (Pr
= 7) in the cases of both cooling and heating of the sur-
face. Therefore, an increase inM leads to an increase in
the shear stress for both air (Pr = 0.71) and water (Pr =
7) in the cases of both cooling and heating of the surface.
This is due to the fact that an increase inM leads to a
decrease in the momentum boundary layer thickness and

FIG. 12: Skin friction when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,R = 5

FIG. 13: Skin friction when Sc = 0.6, Gr =−5, Grm =
−2, E = 0.001,K = 3,R = 5

FIG. 14: Skin friction when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,M = 3

hence an increase the skin friction. From Figs. 14 and 15,
it is found that the skin friction increases with an increase
in the value ofR for air (Pr = 0.71) for the case of cool-
ing of the surface. Hence, an increase inR leads to an
increase in the shear stress for air (Pr = 0.71) for the case
of cooling of the surface. The reverse effect is found for
the case of heating of the surface. But when the fluid is
water (Pr = 7), a negligible effect ofR on the skin friction
is found for the cases of both cooling and heating of the
surface. From the calculated values, it is also found that
at Sc = 0.6, E = 0.001,K = 3,M = 3, andt = 0.4, the skin
friction of the air increases by 81.34 and 137.86% in the
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FIG. 15: Skin friction when Sc = 0.6, Gr =−5, Grm =
−2, E = 0.001,K = 3,M = 3

FIG. 16: Skin friction when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,R = 5,M = 3

case of cooling of the plate, whereas it decreases by 18.93
and 32.09% in the case of heating of the plate whenR in-
creases from 0 to 2 and 5, respectively. From Figs. 16 and
17, it is observed that the skin friction increases with an
increase in the value ofK for both air (Pr = 0.71) and wa-
ter (Pr = 7) for the case of cooling of the surface. Hence,
an increase inK leads to an increase in the shear stress
for both air (Pr = 0.71) and water (Pr = 7) for the case of
cooling of the surface. But the reverse effect is observed
for the case of heating of the surface. From the calculated
values, it is found that at Sc = 0.6, E = 0.001,M = 3,

FIG. 17: Skin friction when Sc = 0.6, Gr =−5,
Grm = −2, E = 0.001,R = 5,M = 3

R = 5, andt = 0.4, the skin friction increases by 26.81
and 39.72% for air and by 9.24 and 12.89% for water in
the case of cooling of the plate, whereas it decreases by
2.67 and 3.96% for air and by 3.29 and 4.88% for water
in the case of heating of the plate whenK increases from
0 to 3 and 5, respectively.

The rate of heat transfer or Nusselt number is presented
againstt for various values ofR and Pr in Fig. 18. It
is found that the Nusselt number increases with an in-
crease in the value ofR for both air (Pr = 0.71) and water
(Pr = 7). As expected, the Nusselt number increases as Pr

FIG. 18: Nusselt number when Sc = 0.6, Gr = 5, Grm = 2,
E = 0.001,K = 3,M = 3
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increases. On the other hand, it is observed that the Nus-
selt number decays as time progresses. Figure 19 presents
the rate of mass transfer or the Sherwood number against
t for various values ofK, and two different values of the
Schmidt number (Sc = 0.78 and Sc = 0.96). It is observed
that the Sherwood number increases with an increase in
the value ofK for both Sc = 0.78 and Sc = 0.96. Also,
it is observed that increasing the value of Sc produces in-
creases in the Sherwood number. On the other hand, it
is observed that the Sherwood number decreases as time
increases.

5. CONCLUSIONS

The effects of radiation and chemical reaction on the un-
steady MHD free convection flow of a dissipative fluid
past an impulsively started infinite vertical plate in the
presence of Newtonian heating and uniform mass dif-
fusion was considered. The nondimensional governing
equations were solved with the help of an implicit finite
difference scheme of the Crank-Nicolson method. The
conclusions of the study are as follows:

1. The velocity decreased and the skin friction in-
creased for both air and water with increases in the
magnetic field parameter for the cases of both cool-
ing and heating of the surface.

2. When the radiation parameter increased, the velocity
of air decreased for the case of cooling and increased
in the case of heating of the surface. But the skin fric-

FIG. 19: Sherwood number when Pr = 0.71, Gr = 5,
Grm = 2, E = 0.001,R = 5,M = 3

tion increased for the case of cooling and decreased
in the case of heating of the surface.

3. The velocity for both air and water decreased for the
case of cooling and increased for the case of heating
of the surface due to increases in the chemical reac-
tion parameter. But the reverse effect of the chemical
reaction parameter was found for the skin friction.

4. An increase in the radiation parameter decreased the
temperature of air and increased the Nusselt number.

5. The concentration decreased and the Sherwood
number increased with an increase in the chemical
reaction parameter.
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