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MHD rotating heat and mass transfer free convective flow past an

exponentially accelerated isothermal plate with fluctuating mass

diffusion
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Abstract

In this paper, we have considered the problem of rotating, magnetohydrodynamic heat and mass
transfer by free convective flow past an exponentially accelerated isothermal vertical plate in the
presence of variable mass diffusion. While the temperature of the plate is constant, the concentration
at the plate is considered to be a linear function with respect to time t. The plate is assumed to
be exponentially accelerated with a prescribed velocity against the gravitational field. The governing
equations are solved by using Laplace transform technique and the effect of various physical parameters
on the flow quantities are studied through graphs and the results are discussed. With the aid of the
velocity, temperature and concentration fields the expressions for skin friction, rate of heat transfer
in the form of Nusselt number and rate of mass transfer in the form of Sherwood number are derived
and the results are discussed with the help of tables.

Keywords : MHD; rotation;heat and mass transfer; exponentially accelerated plate; Nomenclature:
A, á, a constants; cp specific heat at constant pressure; g acceleration due to gravity; Gm Grashof
number of mass transfer; Gr Grashof number of heat transfer; Pr Prandtl number; Sc Schmidt
number; t dimensionless time; T temperature; t́ time; u dimensionless velocity; ú velocity of the
fluid; u0 velocity of the plate; x dimensionless coordinate in the fluid direction; x́ coordinate in the
fluid direction; y dimensionless perpendicular coordinate; ý coordinate perpendicular to the plate;
Greek Symbols: α thermal conductivity; β volumetric coefficient of thermal expansion; µ dynamic
viscosity; υ kinematic viscosity; κ thermal conductivity; θ dimensionless temperature; ϕ dimensionless
concentration; ρ fluid density; η similarity variable; Subscripts and Special Functions: w wall;
∞ free stream; erf error function; erfc complimentary error function
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1 Introduction

M
agnetohydrodynamic free convective flows
along with the effects of heat and mass

transfer have considerable applications in geo-
physics, metallurgy and engineering and science
such as MHD pumps, MHD generators, magnetic
suppression of molten semi conducting materials,
MHD couples and bearings and magnetic con-
trol of molten iron flow in steel industry etc.
An exact solution of flow past an exponentially
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accelerated infinite vertical plate and tempera-
ture with variable mass diffusion was found by
Asogwa et al. [1]. Biswal et al [2] have consid-
ered hydrodynamic free convection flow of a ro-
tating visco-elastic fluid past an isothermal verti-
cal porous plate with mass transfer. In his study
Chamkha [3, 4] has investigated hydromagnetic
combined heat and mass transfer by natural con-
vection from a permeable surface embedded in
a fluid saturated porous medium past a semi-
infinite vertical permeable moving plate with heat
absorption. Chamkha et al. [5] studied radiation
effects on free convection flow past a semi infi-
nite vertical plate with mass transfer. Flow past
an accelerated horizontal plate in a rotating fluid
was studied by Deka et al. [6]. The Combined ef-
fects of Joule heating and chemical reaction on
unsteady magnetohydrodynamic mixed convec-
tion of a viscous dissipating fluid over a vertical
plate in porous media with thermal radiation was
studied by Dulal and Babulal [7]. Kim [8] investi-
gated an unsteady MHD convective heat transfer
past a semi-infinite vertical porous moving plate
with variable suction. Muthucumaraswamy et al.
[9]. considered the heat transfer effects on flow
past an exponentially accelerated vertical plate
with variable temperature. Narasimha Charyulu
and Sunder Ram [10] investigated MHD unsteady
flow of a second order fluid through porous region
bounded by rotating Infinite plate. Prasada Rao
and Krishna [11] considered rotating convective
fluid flows with Hall current effects. Rajput and
Kumar [12] recently studied rotation and radi-
ation effects on MHD flow past an impulsively
started vertical plate with variable temperature.
In their study Raju and Varma [13] have consid-
ered an unsteady MHD free convection oscillatory
couette flow through a porous medium with pe-
riodic wall temperature. Raptis and Singh [14]
have analyzed MHD free convection flow past an
accelerated vertical plate. Ravikumar et al. [15]
studied heat and mass transfer effects on MHD
flow of viscous fluid through non-homogeneous
porous medium in the presence of temperature
dependent heat source. Sathappan and Muthu-
cumaraswamy [16] found Radiation effects on ex-
ponentially accelerated vertical plate with uni-
form mass diffusion. An exact solution was found
by using the Laplace transform technique. Fee-
Convection flow past an exponentially accelerated
vertical plate was considered by Singh and Kumar

[17]. Singh and Singh [18] found transient MHD
free convection in a rotating system. Singh et al.
[19] have considered convective flow past an ac-
celerated porous plate in rotating system in the
presence of magnetic field. Free convection effects
on the flow past an accelerated vertical plate have
been investigated by Soundalgekar and Gupta
[20]. Yaqing et al. [21] investigated MHD flow
and heat transfer of a generalized Burgers fluid
due to an exponential accelerating plate with the
effect of radiation. Ahmed and Chamkha [22] in-
vestigated on MHD flow along a vertical porous
wall in the presence of induced magnetic field
along with the effects of radiation and chemical
reaction. Singh et al. [23] considered the effect of
volumetric heat generation/ absorption on mixed
convection stagnation point flow on an isothermal
vertical plate in porous media. Vahidi et al. [24]
used the Laplace transform decomposition algo-
rithm for solving nonlinear differential equations.
Effects of chemical reaction and pressure work on
free convection over a stretching cone embedded
in a porous medium was considered by Chamkha
et al. [25]. Steady mixed convection flow of wa-
ter at 4 oc along a non-isothermal vertical moving
plate with transverse magnetic field, was inves-
tigated by Sharma et al. [26]. Recently Ravi
et al. [27] investigated transient free convective
flow of a micropolar fluid between two vertical
walls. In this paper, we have considered Magne-
tohydrodynamic rotating heat and mass transfer
free convective flow past an exponentially acceler-
ated isothermal vertical plate with variable mass
diffusion. An exact solution in the closed form is
found by using Laplace transform Technique.

2 Problem Formulation

Consider unsteady flow of a viscous, incom-
pressible and electrically-conducting fluid past
an exponentially accelerated vertical plate when
the fluid and the plate rotate as a rigid body
with a uniform angular velocity about the y-axis
in the presence of transversely applied uniform
magnetic field of strength B0 Initially, the
temperature of the plate and the concentration
near the plate are assumed to be T∞ and C∞
respectively. At t>0, the plate is assumed to
be exponentially accelerated in the vertical
direction with a prescribed velocity against the
gravitational field. At the same time the plate
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temperature is raised to Tw and the concentra-
tion near the plate raised linearly with time t.
The x-axis is taken along the plate in the vertical
direction and y-axis is perpendicular to it. Since
length of the plate is infinite all the physical
quantities are functions of yand tonly. It is
assumed that as the magnetic Reynolds number
is very small, the induced magnetic field is ne-
glected and Hall Effect is also neglected. Under
the above assumptions, the equations governing
the unsteady flow of Magnetohydrodynamic
rotating heat and mass transfer free convective
flow past an exponentially accelerated isothermal
vertical plate with variable mass diffusion, using
the usual Boussinesqs approximation, are given
below.

∂u
∂t − 2Ω =

gβT (T − T∞) + gβc(C − C∞) + µ
∂2u

∂y2 − σB2
0u

ρ
(2.1)

∂v

∂t
+ 2Ωu = µ

∂2u

∂y2 − σB2
0v

ρ
(2.2)

ρCp
∂T

∂t
= k

∂2T

∂y2 (2.3)

∂C

∂t
= D

∂2C

∂y2 (2.4)

with the following initial and boundary condi-
tions:

u = 0, T
′
= T

′
∞, C

′
= C

′
∞∀ y ≤ 0 (2.5a)

for t > 0, u
′
= u0exp(

u20t
′

v
), T

′
= T

′
w (2.5b)

, C
′
= C

′
∞ + (C

′
w − C

′
∞)At

′
at y = 0

for, t > 0, u −→ 0, (2.5c)

T
′ −→ T

′
∞, C −→ C

′
∞as y −→ ∞

where

A =
u20
v

Upon introducing the following dimensionless
quantities:

u =
u

′

u0
, t =

T
′
u

′2
0

v
, y =

y
′
u

′
0

v
,

θ =
T

′ − T
′
∞

T ′
w − T ′

∞
′ , C =

C
′ − C

′
∞

C ′
w − C ′̂∞

, v =
v
′

u0

Gr =
gβT v(Tw − T∞)

u30
, Gm =

gβcv(Cw − C∞)

u30
,

pr =
µcp
k

, Sc =
v

D

Ω =
Ωv

u20
, a =

av

u20
,M2 =

σB2
0v

ρu20
(2.6)

and using them in equations (2.1) - (2.4), the gov-
erining equations in the dimensionless form are as
follows:

∂u

∂t
− 2Ωv =

∂2u

∂y2
+Grθ +GmC −M2u (2.7)

∂v

∂t
+ 2Ωu =

∂2v

∂y2
−M2v (2.8)

∂θ

∂t
=

1

pr

∂2θ

∂y2
(2.9)

∂C

∂t
=

1

Sc

∂2C

∂y2
(2.10)

the corresponding dimensionless boundary condi-
tions are

For t ≤ 0, u = 0, θ = 0, C = 0 ∀ y (2.11a)

For t > 0, u = exp(at), θ = 1, C = t at y = 0
(2.11b)

For t > 0, u −→ 0, θ −→ 0, C −→ 0 as y −→ ∞
(2.11c)

It should be noted that all the physical variables
are reported in the Nomenclature section.

3 Solution of the problem

To solve equations (2.7) and (2.8), a complex ve-
locity potential function is introduced as and now
combing these two equations, we obtain

∂q

∂t
=

∂2q

∂y2
−Grθ −GmC −M1q (3.12)

(where M1 = M2 + 2iΩ)

Using Laplace transform on both sides of the
equations (2.9) to (2.10) and (3.12), we get

d2C

dy2
− SCSC = 0 (3.13)

d2θ

dy2
− prsθ = 0 (3.14)
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d2q

dy2
− (M1 + s)q = −Grθ −GmC (3.15)

The relevant boundary conditions are

u =
1

s− a
, θ =

1

s
, C =

1

s2
at y = 0 (3.16a)

u −→ 0, θ −→ 0, C −→ 0 as y −→ ∞ (3.16b)

Solving the equations (3.13) to (3.15) along with
the boundary conditions (16a) and (16b), the
following solutions are obtained:

Case (i):for Sc ̸=1, Pr ̸=1:

q =
eat

2

[
e−y

√
a+M1erfc

(
η −

√
a+M1t

)
+

ey
√
α+M1erfc

(
η +

√
(a+M1) t

)
+

1

2

[
e−y

√
M1erfc

(
η −

√
M1t

)
+

ey
√
M1erfc

(
η +

√
M1t

)
+

eα1t

2

[
e−y

√
M1erfc

(
η −

√
(α1 +M1) t

)
+

ey
√
α1+M1efrc

(
η +

√
(α1 +M1) t

)
+

eα3t

2

[
e−y

√
α3+M1erfc

(
η −

√
(α3 +M1) t

)
+

ey
√
α3+M1efrc

(
η +

√
(α3 +M1) t

)
+

(
t

2
− y

4
√
M1

)
e−y

√
M1efrc

(
η −

√
M1t

)
+(

t

2
+

y

4
√
M1

)
ey

√
M1erfc

(
η +

√
M1t

)
+ t(

1 + 2η2Pr
)[

efrc

(
η
√
Pr − y

√
Pr√
πt

exp
(
−η2Pr

))]
+

efrc
(
η
√
Pr
)

+
eα1t

2

[
e−y

√
Prα1erfc

(
η
√
Pr −

√
α1t
)
+

ey
√
Prα1efrc

(
η
√
Pr +

√
α1t
)

+ t
[(
1 + 2η2Sc

)
erfc

(
η
√
Sc−

y
√
Sc√
πt

exp
(
−η2Sc

)
+

eα3t

2

[
e−y

√
Scα3erfc

(
η
√
Sc−

√
α3t
)
+

ey
√
Scα3erfc

(
η
√
SC +

√
α3t
)

(3.17)

C = t
(
1 + 2η2Sc

)
[
erfc

(
η
√

Sc − 2η

√
Sc

π
exp

(
−η2Sc

))]
(3.18)

θ = erfc
(
η
√
Pr
)

(3.19)

Case (ii): For Sc=1 and Pr=1

q =
eat

2
e−y

√
a+M1

[
erfc

(
η −

√
(a+M1) t

)]
+

eat

2
e−y

√
a+M1

[
ey

√
α+M1erfc

(
η +

√
(a+M1) t

)]
− Gr

2M1

[
e−y

√
M1erfc

(
η −

√
M1t

)]
− Gr

2M1

[
ey

√
M1erfc

(
η +

√
M1t

)]
−

Gm

M1

[(
t

2
− y

4
√
M1

)
e−y

√
M1erfc

(
η −

√
M1t

)]
−

Gm

M1

[(
t

2
+

y

4
√
M1

)
ey

√
M1erfc

(
η +

√
M1t

)]
+

Gm

M1
erfc (η)+

Gm

M1
t

[(
1 + 2η2

)
erfc (η)− 2η

√
1

π
exp

(
−η2

)]
(3.20)

θ = erfc (η) (3.21)

C = t

[(
1 + 2η2

)
erfc (η)− 2η

√
1√
π
exp (−η2)

]
(3.22)

where

α2 =
Gm

Sc− 1
, α3 =

M1

Sc− 1
,

α4 =
Gm

(Sc− 1)α2
3

, η =
y

2
√
t

α1 =
M1

Sc− 1
, erf (z) =

2√
π

∫ 1

0
exp

(
−z2

)
dz,

erfc (z) =
2√
π

∫ ∞

t
exp

(
−z2

)
dz

Skin Friction: The coefficient of skin friction at
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the plate surface is calculated as

τx + iτy = −
(
∂q

∂y

)
y=0

= exp (at)
[√

a+M1erf
(√

(a+M1) t
)]

+ exp (at)

[
2√
π
cosh

(√
(a+M1) t

)]
− (α1 + α4)

[√
M1erf (M1t)

]
− (α1 + α4)

[
2√
π
cosh

(√
M1t

)]
− −2α4√

π

− α3α4t

(
2√
π
+

√
Sc

πt

)
− α2exp (α1t)

(
[√

α1 +M1erf
(√

(α1 +M1) t
)]

−[
2√
π
cosh

(√
(α1 +M1) t

)]
)

− α4exp (α3t)

(
[√

α3 +M1erf
(√

(α3 +M1) t
)]

[
+

2√
π
cosh

(√
(α3 +M1) t

)]
)

− α3α4t

2

[
2− t

√
M1t

]
+

α3α4t

2

[
1

2
√
M1

erf
(√

M1t
)]

+

α3α4t

2

[
2t√
π
cosh

(√
M1t

)]
− α1t

[
2√
π
+

√
Pr

πt

]
− α2exp (α1t)

[√
α1pref

(√
α1Pr

)]
−

α2exp (α1t)

[
2√
π
cosh

(√
α1t
)]

− α4exp (α3t)
[√

α3Scerf
(√

α3Sc
)]

−

α4exp (α3t)

[
2√
π
cosh

(√
α3t
)]

(3.23)

Nusselt Number:
The rate of heat transfer in the form of Nusselt
number is derived as

Nu = −
(
∂θ

∂y

)
y=0

=
−2√
π

(3.24)

Sherwood Number: The rate of mass transfer
in the form of Sherwood number is derived as

Sh = −
(
∂c

∂y

)
y=0

= t

[
−2√
π
−
√

Sc

πt

]
(3.25)
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Figure 1: Effect of time t on primary veloc-
ity u and secondary velocity v

4 Results and Discussion

Numerical evaluation of the equations which are
solved analytically in the previous section is per-
formed and a representative set of results for ve-
locity, temperature, concentration, skin friction,
Nusselt number and the Sherwood number are
considered and the effects of various physical pa-
rameters on flow quantities are studied though
graphs. The value of Pr is chosen as 0.71 and 7.0,
which corresponds to air and water respectively.
The values of Schmidt number are chosen to rep-
resent the presence of species by hydrogen (0.22),
water vapour (0.60), ammonia (0.78), Ethyl ben-
zene (2.01) and carbon dioxide (0.96), [see Ref.
[8]]. The other parameters such as time t, mag-
netic parameter M, rotation parameter and the
acceleration parameter a, are chosen arbitrarily.
In the present study the boundary condition for
y −→ ∞ is replaced by where ymax is a suffi-
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Figure 2: Effect of magnetic parameter M
on primary velocity u and secondary velocity
v

ciently large value of y where the velocity profile
approches the relevant free stream velocity asym-
potically. A span wise step distance △y of 0.01 is
used with ymax = 7. In order to assess the accu-
racy of our method, we have compared our results
with accepted data sets for the velocity and skin
friction profiles for an exponentially accelerated
vertical plate corresponding to the case computed
by Muthucumarswamy et al. [9]. The results
of this comparison are found to be in very good
agreement in the absence of magnetic parameter
M and rotation parameter Ω and Schmidt num-
ber Sc.
The primary and secondary velocity profiles are
displayed in Figs. 1 - 5. Figure 1 depicts the ef-
fect of t on primary velocity and as well as the
secondary velocity. It is observed that an in-
crease in the values of t results the increase in
the primary velocity. More over it is observed
that velocity near the rotating and accelerating
plate is observed to be maximum and gradually
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Figure 3: Effect of a on primary velocity u
and secondary velocity v

it reaches the free stream velocity along the mo-
mentum boundary layer. Whereas it shows re-
verse effect in the case of secondary velocity.

Velocity profiles are plotted in Fig. 2 for dif-
ferent values of magnetic parameter M, from this
figure, it is noticed that the existence of the mag-
netic field is to decrease the primary velocity
across the boundary layer, since the application
of the transverse magnetic field results a resist-
ing force termed as Lorentz force, which is very
similar to drag force, that resists the fluid flow
along the boundary layer that results in reducing
the fluid velocity. But it has a different action
on the other side in the case of the secondary
velocity. Effects of acceleration parameter a is
studied through Fig. 3 on both the velocities pri-
mary and as well as secondary. An increase in a
results the increasing primary velocity, where as
the secondary velocity decreases with an increase
in a. In Fig. 5, velocity profiles are displayed
with the variations in Sc From this figure it is ob-
served that primary velocity decreases with the
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increasing values of Sc where as it shows reverse
effect in the case of secondary velocity. In Fig. 6,
concentration profiles are displayed with the vari-
ations in Schmidt number Sc The concentration
of the boundary layer decreases till it attains the
minimum value of zero at the end of the boundary
layer. As expected, the mass transfer decreases as
the Schmidt number Scncreases, this is due to fact
that the effect of Schmidt number decreases the
concentration boundary layer slowly for higher
values of Sc Figure 7 depicts the plot of tempera-
ture profiles for various values of Prandtl number
Pr From this figure it is seen that an increase in
the values of Prandtl number leads to a decrease
in the temperature distribution, because this is
due to fact that the thermal boundary layer de-
creases with the increasing values of the Prandtl
number Pr
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Figure 5: Effect of Sc on primary velocity
u and secondary velocity v

5 Conclusion

We have considered the problem of rotating, mag-
netohydrodynamic heat and mass transfer by free
convective flow past an exponentially accelerated
isothermal vertical plate in the presence of vari-
able mass diffusion. While the temperature of the
plate is constant, the concentration at the plate is
considered to be a linear function with respect to
time t. The plate is assumed to be exponentially
accelerated with a prescribed velocity against the
gravitational field. The governing equations are
solved by using Laplace transform technique and
the effect of various physical parameters on the
flow quantities are studied through graphs. In
this analysis the following conclusions are made.

1 Primary velocity increases with an increase in t
and a, whereas it decreases with an increase
in M, Sc but reverse effect is noticed in the
case of secondary velocity.

2 Temperature is observed to decrease with an
increase in Prandtl mumber.
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Figure 6: Effect of Scn concentration ϕ
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Figure 7: Effect of Prn Temperature θ

3 Concentration is also observed to decrease with
an increase in Schmidt number.
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