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Abstract: The objective of the present study is to investigate the unsteady
MHD free convective flow and heat transfer past an inclined plate with cosi-
nusoidally flactuating temperature with suction in a boundary layer slip flow
regime. The non-linear coupled partial differential equations are solved by
pertubation technique about a small pertubation parameter ǫ. By employing
the perturbation approach the solutions are obtained for velocity, temperature,
skin friction and Nusselt number in terms of parameters like Prandtl number
(Pr), magnetic parameter (M), plate inclination angle (α), thermal Grashof
number(GT ), suction parameter (A) and rarefaction parameter (kp) and are
discussed through graphical and tabular representations. It is noted that the
effect of the rarefaction parameter, inclination angle and Prandtl number is
to decrease the skin friction. It is also noted that the velocity decreases with
increasing inclination angle.
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1. Introduction

The study of Magneto hydrodynamic free convective flow and heat transfer in
a porous medium has applications in engineering. Convective flows play a very
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crucial role in chemical engineering, aerospace technology, turbo machinery,
cooling of nuclear reactors and MHD power generators. In addition Magneto
hydrodynamics also play an important role in agriculture and petroleum indus-
tries.

The study of magneto hydrodynamics has attracted a large number of sci-
entists due to its wide range of applications. Extensive research work on MHD
convective flow past a vertical plate has been studied by Chamkha and Aly [6],
Sahoo et al. [15], Das et al. [11], Das et al. [7], Das et al. [8], Aldoss et al. [3],
Deka and Das [10], Ibrahim et al. [12]. Das et al. [9] analyzed hydromagnetic
flow past a vertical porous plate with suction and heat source.

When the fluid particles adjacent to a plate surface do not move with the
same velocity of the surface but instead slips with a tangential velocity then
the flow is said to be a “slip flow”. Slip flows occurs in many practical scenarios
and its effect cannot be ignored. The study of the effect of slip flow has been
investigated by many authors, who include among others (Sharma [16], Sahin
[14], Sharma, Chaudhary and Jha [17] and Pal Talukdar [13]). Pal Talukdar
[13] investigated perturbation analysis of unsteady magnetohydrodynamic con-
vective heat and mass transfer in a boundary layer slip flow past a vertical
permeable plate with thermal radiation and chemical reaction.

The present study differs from that of Das et al. [9] in that heat source is
ignored, plate is inclined and boundary layer is slip flow. It also differs from Pal
Talukdar [13] in that the effect of thermal diffusion, heat source and chemical
reaction has been ignored. In the current study the fluid flow passes over an
inclined plate with cosinusoidally varying plate temperature. The study of
MHD free convective flow over an inclined plate was investigated by a number
of authors. Alam et al. [1] investigated the effects of variable suction and
thermophoresis on steady MHD combined free-forced convective heat and mass
transfer flow over a semi-infinite permeable inclined plate in the presence of
radiation. In the subsequent year Alam et al. [2] studied the transient MHD
free convective heat and mass transfer flow with thermophoresis past a radiate
inclined permeable plate in the presence of temperature dependent viscosity.
Later Uddin [18] analyzed steady convective flow of micro-polar fluids along an
inclined flat plate with variable electric conductivity and uniform surface heat
flux. Lately Buzuzi et al. [4] investigated the effects of various parameters on
an MHD flow over an inclined plate using fitted numerical methods.

The rest of the paper is organized as follows. In Section 2 we present
the model formulation. Section 3 is concerned with the method of solution.
Section 4 deals with the results and their discussion. Finally, Section 5 presents
concluding remarks.
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2. Mathematical analysis

We consider a two dimensional unsteady flow of a laminar, viscous, incompress-
ible electrically conducting fluid past an inclined permeable plate subjected to
a transverse magnetic field. Let the x∗−axis be directed along the porous plate
and the y∗−axis be normal to the plate. Then the magnetohydrodynamic un-
steady convective boundary layer equations of mass, momentum and energy
read

∂v∗

∂y∗
= 0, (1)

∂u∗

∂t∗
+ v∗

∂u∗

∂y∗
= ν

∂2u∗

∂y∗2
− σBo

2

ρ∗
u∗ + gBT (T

∗ − T ∗
∞) cosα, (2)

∂T

∂t∗
+ v∗

∂T

∂y∗
=

κ

ρCp

∂2T

∂y∗2
, (3)

where u∗ and v∗ are the components of dimensional velocities along the x∗ and
y∗ directions respectively, ρ is the fluid density, and ν the kinematic viscosity,
σ is the electrical conductivity of the fluid, Bo is the magnetic induction, α is
plate angle of inclination, T is the temperature of the fluid in the boundary
layer, g is gravitational acceleration.

It is assumed that the temperature T fluctuates cosinusoidally with time.
Given the above assumptions, the appropriate boundary conditions for the ve-
locity and temperature are

u∗ = L∗∂u
∗

∂y∗
, T ∗ = Tw + ǫ(Tw − T∞) cosn∗t∗, on y∗ = 0,

u∗ → U∗
∞ = U0(1 + ǫen

∗t∗), T → T∞, as y∗ → ∞, (4)

where Tw are wall dimensional temperature. T∞ are the free stream dimensional
temperature and Uo and n∗ are the scale of free stream velocity and a scalar
constant respectively. From the continuity equation (1) it is deduced that the
suction velocity is a function of time only and therefore we assume that it takes
the following form:

V ∗ = −V0(1 + ǫAen
∗t∗) (5)

where V0 is the scale of function velocity and A and ǫ are small such that
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ǫ << 1 and ǫA << 1. We introduce the following dimensionless quantities:
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(6)

where Pr is the Prandtl number, GT is the thermal Grashof number, M is the
magnetic field parameter and µ is the viscosity of fluid. In view of equations
(5)-(6) the non-dimensional form the governing equations (1)-(3) read:

∂u

∂t
− (1 + ǫAent)

∂u

∂y
=
∂2u

∂y2
+GTT cosψ −Mu, (7)

∂T

∂t
− (1 + ǫAent)

∂T

∂y
=

1

Pr

∂2T

∂y2
, (8)

and the associated boundary conditions (4) is given by the following dimen-
sionless form:

u = kp
∂u
∂y
, T = 1 + ǫ cosnt at y = 0,

u = 1 + ǫent, T → 0 as y → ∞.

(9)

3. Analytical method of solution

The basic governing equations (7)-(8) are pde’s that cannot be solved in closed
form. In order to solve them analytically we reduce the system of pde’s to a
system of ode’s in dimensionless form by representing the linear velocity, and
temperature as

u(y, t) = u0(y) + ǫentu1(y) +O(ǫ2) + . . . ,

T (y, t) = T0(y) + ǫentT1(y) +O(ǫ2) + . . . .
(10)

Substituting (10) in (7)-(8), and equating the harmonic and non-harmonic
terms ignoring terms of O(ǫ2) gives the following equations for u0, T0 and
u1, T1,

u′′0 + u′0 −Mu0 = −GTT cosα, (11)
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T ′′
0 + PrT

′
0 = 0, (12)

subject to the boundary conditions

u0 = kpu
′
0, T0 = 1, on y = 0,

u0 = 1, T0 → 0, as y → ∞, (13)

and

u′′1 + u′1 − (n +M)u1 = −GTT1 cosα−Au′0, (14)

T ′′
1 + PrT

′
1 − nPrT1 = −APrT

′
0, (15)

subject to the boundary conditions

u1 = kpu
′
1, T1 = 1 on y = 0,

u1 = 1, T1 → 0 as y → ∞, (16)

where the prime denotes ordinary differentiation with respect to y.

The solution of the equations (11)-(12) and (14)-(15) subject to the bound-
ary conditions (13) and (16) are:

u0 = a3e
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−Pry, (17)
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By considering (10) the final form of the velocity and temperature distri-
butions in the boundary layer are:

u(y, t) = a3e
−k1y + a5e

−Pry + ǫent
(

a9e
−k5y + a11e

−k3y (21)

+a12e
−Pry + a13e

−k1y
)

,

T (y, t) = e−Pry + ǫent
(

(1− a8)e
−k3y + a8e

−Pry
)

. (22)

The skin friction coefficient Cf and the Nusselt number Nu at the wall of the
plate are defined as follows:

Cf = −[a3k1 + a5Pr + ǫent (a9k5 + a11k3 + a12Pr + a13k1)], (23)

Nu

Re
=
∂θ

∂y
|y=0 = −[Pr + ǫent ((1− a8)k3 + a8Pr)], (24)

where Re is the local Reynold’s number.

4. Results and Discussion

In the current study we have investigated unsteady MHD convective flow and
heat transfer past an inclined plate in a porous medium with cosinusoidal flac-
tuating temperature with suction in a slip flow regime. Computed results of the
study are presented graphically in Figures 1 - 9 and in tabular form in Tables 1
- 4. The following flow conditions were fixed in constructing tables and plotting
figures unless specified, ǫ = 0.2, nt = π

2 , GT = 1,M = 1; Pr = 1, α =
0, Kp = 0.1, A = 0.5, t = 1.

The effect of GT , M, α, n and kp on velocity are shown in Figures 1
- 6, respectively. Figure 1 shows the thermal Grashof number has the effect
of increasing the velocity profile. Figure 2 displays the effect of the magnetic
parameter on the velocity profile. It is observed that close to the wall the
magnetic parameter enhances the velocity profile. However for y ≥ 1 the effect
is reversed and the presence of magnetic field tend to retard fluid flow.

The effect of plate inclination angle to the velocity profile is depicted in
Figure 3. It is observed that the fluid velocity is maximum when the plate is
vertical (α = 0) and least when plate is horizontal (α = π/2). In other words
the plate inclination angle α has the effect of decreasing the buoyancy force. It
is maximum when the plate is vertical and is reduced to zero when the plate
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Figure 1: Velocity profile for different values of the thermal Grashof
number GT
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Figure 2: Velocity profile for varying magnetic parameter M

is horizontal. Figure 4 shows the effect of varying angular frequency n, on the
velocity profile. It is noticed that increasing angular frequency enhances the
velocity profile. The effect of suction on velocity is depicted in Figure 5. It is
observed that suction enhances velocity for y < 1 and is reversed for y ≥ 1. The
effect of rarefaction parameter kp on the velocity profile is illustrated in Figure
6. It is noticed that the rarefaction parameter has the effect of increasing the
velocity profile.
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Figure 3: Velocity profile for varying angle of inclination α
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Figure 4: Velocity profile for varying angular frequency n

The effect of Pr, n and A on the temperature profiles is depicted in Figures
7 - 9, respectively. Figure 7 shows that the temperature profile across the
boundary layer for different values of the Prandtl number Pr. It is observed that
that increasing the Prandtl number has the effect of decreasing the temperature
of the flow field. In Figure 8 we analyze the effect of angular frequency n on the
temperature of the flow field. it is shown that the angular frequency enhances
the temperature of the flow field. Figure 9 illustrates the effect of varying the
suction parameter A on the temperature of the flow field. The observation is
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Figure 5: Velocity profile for varying suction parameter A
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Figure 6: Velocity profile for varying rarefaction parameter kp

that increasing the suction parameter reduces the temperature of the flow field.

The effects of magnetic parameter M , angular frequency n and suction
parameter A, rarefaction parameter kp, Prandtl number Pr and inclination
angle α on the skin friction Cf and heat flux Nu is depicted in Tables 1 - 4.
From Table 1 it is observed that the increase in the rarefaction parameter kp
has the effect of decreasing the skin friction has no effect on both the Nusselt
number. The skin friction increases as the magnetic parameter increases. From
Table 2 it is noticed that as the Prandtl number increases the skin friction
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Figure 7: Temperature profile for varying Prandtl numbers Pr
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Figure 8: Temperature profile for varying angular frequency n

decreases. It is also observed that the skin friction increases as the angular
frequency increases. From Table 3 it is shown that as the inclination angle
α has a decreasing effect on the skin friction. It is also noticed that suction
has enhancing effect on the skin friction. Table 4 illustrates that the Prandtl
number has an increasing effect on the heat flux. It is also observed that the
heat flux is enhanced by the angular frequency.
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Figure 9: Temperature profile for varying suction parameter A

Table 1: Variation in the value of the skin friction at the wall against
kp for different values of M

kp M = 0.1 M = 0.5 M = 1

0.0 36.0482 37.0154 38.2754
0.1 28.5370 29.0279 29.7097
0.3 20.1138 20.2394 20.4829
0.5 15.5148 15.5179 15.6113

5. Concluding remarks

In this paper investigations were carried out on the effects of thermal Grashof number,
magnetic parameter, plate inclination angle and suction on the unsteady MHD convec-
tive flow and heat transfer past an inclined plate in a porous medium with co-sinusoidal
fluctuating temperature with suction in a slip flow regime. The governing equations
were transformed into a system of nonlinear differential equations by a perturbation
technique. The following conclusions are drawn from the present numerical study:

1. Velocity increases with increase in the suction parameter and magnetic parameter
for y < 1. Furthermore velocity increases with increase in the thermal Grashof
number, angular frequency and rarefaction parameter.

2. Velocity decreases with increase in the suction parameter and the magnetic pa-
rameter for y ≥ 1. Velocity also decreases with increasing the inclination angle.
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Table 2: Variation in the value of the skin friction at the wall against
Pr for different values of n

Pr n = 1 n = 2 n = 3

0.71 2.0120 3.2336 6.6046
1 1.9156 3.1171 6.4404
3 1.6744 2.8216 6.0173
7 1.5736 2.6950 5.8292

Table 3: Variation in the value of the skin friction at the wall against
α for different values of A

α A = 0.1 A = 0.5 A = 1

0.0 2.4034 2.4510 2.5105
π/6 2.3376 2.3868 2.4482
π/3 2.1580 2.2112 2.2778
π/2 1.9126 1.9714 2.0450

3. Temperature increases with increasing angular frequency.

4. Temperature falls with increase in the Prandtl number and suction parameter.

5. Skin friction increases with increase in the magnetic parameter, angular fre-
quency and suction. On the other hand skin friction decreases with increase
in the magnetic parameter, Prandtl number, inclination angle and rarefaction
parameter.

6. The Nusselt number increases with increase in the Prandtl number and the
angular frequency.

Most of the above findings agrees with previous findings except for the following:

(i) Magnetic parameter enhances velocity near the wall.

(ii) Suction enhances velocity near the wall.

(iii) Magnetic parameter enhances the skin friction.
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Table 4: Variation in the value of the heat fluxNu at the wall against
Pr for different values of n

Pr n = 1 n = 2 n = 3

0.71 -1.5080 -3.3052 -8.7150
1 -2.0477 -4.3251 -11.1227
2 -3.8833 -7.6956 -18.8491
7 -12.9768 -23.9425 -54.8449
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