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Abstract

In this paper we have studied the effect of free convection on the heat transfer and flow through
variable porous medium which is bounded by two vertical parallel porous plates. In this study it is
assume that free stream velocity oscillates with time about a constant mean. Periodic temperature
is considered in the moving plate. Effect of different parameters on mean flow velocity, Transient
velocity, Concentration profile and transient temperature studied in detail.
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1. Introduction

Density of the fluid changes according to temperature variation. Flow of fluids depends on the
density of the fluid. In real life we can see that high density fluids flow slowly in comparison
to low density fluids. Between two vertical parallel plates, free convective flow through a porous
medium was studied by Singh [1]. Raptis [2] studied the problem related to unsteady flow through
a porous medium. Constant suction and variable temperature considered in this study. Raptis and
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Peridikis [3] considered oscillatory type flow through a highly porous medium in presence of free
convection. Nield [4] studied convection in a porous medium with inclined temperature gradient.
Heat transfer response of laminar free convection boundary layer along vertical heated plate to
surface temperature oscillation studied by Kelleher and yang [5]. Martynenko et al [6] studied the
laminar free convection from a vertical plate. Sharma et al. [7] studied the unsteady free convection
oscillatory coquette flow through a porous medium with periodic wall temperature, they also studied
the effect of different parameters in detail. Ostrach [8] studied laminar natural convection flow
and heat transfer of fluid, effect of presence and absence of heat source also studied. During the
whole study ball temperature is considered constant. Free convection from a vertical plate in porous
medium, subjected to a sudden change in surface temperature studied by Harris et al [9]. In this
paper analytical solution investigated for the temperature and velocity in small time interval and
numerical solution for boundary layer equations also obtained. Transient free convection flow past an
infinite vertical plate with periodic temperature variation studied by Das et al [10]. Soundalgkar [11]
studied viscous dissipation effects on unsteady free convective flow past an infinite vertical porous
plate with constant suction. Temperature of the plates oscillates with small amplitude; it is assumed
in this work.

In this study we have studied the effect of Concentration profile, permeability and convection
on the velocity of oscillatory coquette flow through a highly porous medium , when moving plate is
oscillating with free-stream velocity and wall temperature fluctuating with time.

2. Formulation of the problem

Unsteady coutte flow of a viscous incompressible fluid which is flow through a variable medium and
bounded between two infinite vertical porous plates is considered in the study. One plate is quickly
moved from rest position with a free stream velocity that oscillates with time about a constant
mean. It is assumed that the permeability and temperature of moving plate fluctuates with time.
We consider x*-axis along the moving vertical plate in the vertical upward direction and y*-axis is
taken normal to this plate. The other stationary vertical plate is assumed to be situated at y* = b
at temperature Ts∗ . We consider the free-stream velocity as follows:

U∗(t∗) = U0(1 + εeiω
∗t∗) (2.1)

Where U0 is the mean constant free-stream velocity, ω∗ is the frequency of oscillations and t∗ is
the time. The equations governing the problem are as follows

Momentum equation

ρ
∂u∗

∂t∗
= − ∂P

∂x∗
+ µ

∂2u∗

∂y∗2
− gρ∗ − u∗µ

k∗
(2.2)

Energy equation
∂T ∗

∂t∗
= α

∂2T ∗

∂y∗2
(2.3)

Mass flux equation (concentration equation)

∂C∗

∂t∗
= D

∂2C∗

∂y∗2
(2.4)

Boundary conditions are

y∗ = 0 : u∗ = U0(1 + εeiω
∗t∗), T ∗ = T ∗

n + ε(T ∗
n − T ∗

s )eiω
∗t∗ , C∗ = C∗

n

y∗ = b : u∗ = 0 , T ∗ = T ∗
n , C

∗ = C∗
s

}
(2.5)
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where u∗ = velocity, U∗ = free stream velocity, ρ = density, µ = viscosity, P = pressure, g =
gravity, k∗ = permeability parameter, α = thermal diffusivity, T ∗ = temperature of fluid in the
boundary layer, T ∗

n = temperature of the moving plate, T ∗
s = temperature of stationary plate,

C∗
s = Concentration at stationary plate, C∗ = Concentration of fluid in boundary layer, C∗

n =
Concentration of moving plate. Star (∗) indicates dimensional quantity.

Equation (2.2), for the free stream, is reduced to

ρ
∂U∗

∂t∗
= − ∂P

∂x∗
− gρ∗s −

U∗µ

k∗
. (2.6)

From (2.2) and (2.6) we get

ρ
∂u∗

∂t∗
= ρ

∂U∗

∂t∗
+ µ

∂2u∗

∂y∗2
+ g(ρ∗s − ρ∗)−

(u− U∗)µ

k∗
.

Above equation reduced to

ρ
∂u∗

∂t∗
= ρ

∂U∗

∂t∗
+ µ

∂2u∗

∂y∗2
+ gβρ∗(T ∗ − T ∗

s ) + gβ•ρ∗(C∗ − C∗
s )− (1 + εeiω

∗t∗)(u∗ − U∗)µ

k∗0
. (2.7)

Using the constitutive equation

g(ρ∗s − ρ∗) = gβρ∗(T ∗ − T ∗
s ) + gβ•ρ ∗ (C∗ − C∗

s )

and k∗ =
k∗0

(1+εeiω∗t∗ )
,

where β = volumetric coefficient of thermal expansion, β• = volumetric coefficient of Chemical
expansion, ρ∗s = density of fluid with temperature T ∗

s and ρ∗ = density of fluid with temperature T ∗.
Introducing the following non-dimensional quantities

y = y∗/b, u = u∗/U0, U = U∗/U0, t = ω∗t∗, ω = ω∗b2/ν, θ =
T ∗ − T ∗

s

T ∗
n − T ∗

s

, C =
T ∗ − T ∗

s

T ∗
n − T ∗

s

,

Gc(modified Grassoff number)= gβ•b2(C∗n−C∗s )
ν0U0

, Gr(Grassoff number)= gβb2(T ∗n−T ∗s )
νU0

, K = K∗
0/b

2, ν =
µ/ρ∗, Pr (Prandtl number)= ν/α, Sc (Schmidt number)= v/D.

Equations (2.7), (2.3) and 2.4) become as follows in dimensionless form:

ω
∂u

∂t
= ω

∂U

∂t
+
∂2u

∂y2
+Grθ +GcC − (1 + εeit)(u− U)

k
(2.8)

ωPr
∂θ

∂t
=
∂2θ

∂y2
(2.9)

ωSc
∂C

∂t
=
∂2C

∂y2
. (2.10)

Corresponding boundary conditions are as follows:

y = 0 : u = 1 + εeit, θ = 1 + εeit, C = 1 + εeit,

y = 1 : u = 0, θ = 0, C = 0.
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3. Solution of the problem

Amplitude of the free stream velocity and temperature variation ε(<< 1) are very small, now
assume the solution is of the following form:

u(y, t) = u0(y) + εu1(y)eit,
θ(y, t) = θ0(y) + εθ1(y)eit,
C(y, t) = C0(y) + εC1(y)eit

 (3.1)

and free stream velocity is
U = 1 + εeit.

Substituting equation (3.1) and free-stream velocity in equation (2.8), (2.9), (2.10), we get

u
′′

0 −
u0
k

= −Grθ0 −GcC0 −
1

k
(3.2)

θ
′′

0 = 0 (3.3)

u
′′

1 − (iω +
1

k
)u1 = −Grθ1 −GcC1 − iω −

2

k
+
u0
k

(3.4)

θ
′′

1 − iωPrθ1 = 0 (3.5)

C
′′

0 = 0 (3.6)

C
′′

1 − iωScC1 = 0 (3.7)

and the corresponding boundary conditions are

y = 0 : u0 = 1, u1 = 1, θ0 = 1, θ1 = 1, C0 = 1, C1 = 1
y = 1 : u0 = 0, u1 = 0, θ0 = 0, θ1 = 0, C0 = 0, C1 = 0

}
(3.8)

Solving these equations under the corresponding boundary conditions, we get

θ0(y) = 1− y (3.9)

C0(y) = 1− y (3.10)

θ1(y) = Aeλ(1+i)y +Be−λ(1+i)y (3.11)

C1(y) = A1e
λ1(1+i)y +B1e

−λ1(1+i)y (3.12)

u0 = A2e
a1y +B2e

−a1y +Grk(1− y) +Gck(1− y) + 1 (3.13)

u1 = A3e
(a2+ia3)y +B3e

−(a2+ia3)y − AA4e
λ(1+i)y −BA4e

−λ(1+i)y − A1A5e
λ1(1+i)y

−B1A5e
−λ1(1+i)y + A2S1e

a1y +B2S1e
−a1y − (1− y)S2 − (1− y)S3 + 1 (3.14)

where

λ =

√
ωPr

2
; λ1 =

√
ωSc

2
; A = − e−λ(1+i)

eλ(1+i) − e−λ(1+i)
; B =

e−λ(1+i)

eλ(1+i) − e−λ(1+i)
;

a1 =
1√
k

; a2 =
1√
2

[
√

(ω2 +
1

k2
) +

1

k
]1/2; a3 =

1√
2

[
√

(ω2 +
1

k2
)− 1

k
]1/2;
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A1 = − e−λ1(1+i)

eλ1(1+i) − e−λ1(1+i)
; B1 =

eλ1(1+i)

eλ1(1+i) − e−λ1(1+i)
;A2 = −1−Grke−a1 −Gcke−a1

ea1 − e−a1
;

B2 =
1−Grkea1 −Gckea1

ea1 − e−a1
; A4 =

Gr

λ2(1 + i)2 − (iω + 1
k
)
;

A5 =
Gc

λ21(1 + i)2 − (iω + 1
k
)
; S1 =

i

ωk
; S2 =

Gr

iω + 1
k

; S3 =
Gc

iω + 1
k

;

A3 =
AA4[e

−(a2+ia3) − eλ(1+i)] +BA4[e
−(a2+ia3) − e−λ(1+i)] +B1A5[e

−(a2+ia3) − e−λ1(1+i)]
e−(a2+ia3) − e(a2+ia3)

+
A1A5[e

−(a2+ia3) − eλ1(1+i)] + A2S1[e
a1 − e−(a2+ia3)] +B2S1[e

−a1 − e−(a2+ia3)]

e−(a2+ia3) − e(a2+ia3)

+
(S2 + S3)e

−(a2+ia3) + 1

e−(a2+ia3) − e(a2+ia3)

B3 = −AA4[e
(a2+ia3) − eλ(1+i)] +BA4[e

(a2+ia3) − e−λ(1+i)] +B1A5[e
(a2+ia3) − e−λ1(1+i)]

e−(a2+ia3) − e(a2+ia3)

+
A1A5[e

(a2+ia3) − eλ1(1+i)] + A2S1[e
a1 − e(a2+ia3)] +B2S1[e

−a1 − e(a2+ia3)] + (S2 + S3)e
(a2+ia3) + 1

e−(a2+ia3) − e(a2+ia3)
.

4. Result and discussion

In this study we have studied the effect of Concentration profile, permeability and convection on the
velocity, when moving plate is oscillating with free-stream velocity and wall temperature fluctuating
with time. We obtain following results. Results calculated for different values of Pr, Gr, Gc, ω and
k. Two particular values of Pr considered in this study that is pr = 0.71 for air and pr = 7.0 for
water at 20oC. The values of Gr, Gc, ω , and K are selected arbitrarily.

Mean flow Mean flow velocity of the fluid is represented by equation (3.13). Effect of perme-
ability on mean flow velocity is presented in figure 1 and 2. In Figure 1 and 2 mean flow velocity u0
is taken on y-axis. Figure 1 is drawn for fixed values of Pr = 0.71 (air) and ω = 5. Upper two curves
shows the effect of variability of permeability parameter k. We observe that as value of permeability
parameter increases, velocity decrease. This happened due to porous material, since porous material
resists the flow of fluid. In lower two curves effect of variability of Gr is shown for fix values of Gc,
K and Sc. Here we observe that as value of Gr increases velocity also increases. From figure 1 and
2 we observe that both figures are approximately same. Thus we conclude that mean flow velocity
profile is approximately same for Pr = 0.71 (air) and Pr = 7.0 (water) while we change the value of
Gr, Gc, K and Sc.

The transient velocity is given by equation (3.14). This velocity component is presented in figure
3. From this figure we conclude that when we increase value of Gc and Gr initially transient velocity
increases up to cross points. After these cross points transient velocity decreases. Physical meaning
of this figure is, when we flow a fluid from parallel oscillatory plates initially transient velocity
increases until the fluid particles spread on whole plate. When fluid cover whole plate transient
velocity decreases due to oppose by concentrated fluid contact in plates. We describe flow of fluid
with the help of figure 4. In this figure layer 1 of concentrated fluid which is in contact with plate
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Figure 1: Effect of permeability on mean flow velocity for air

Figure 2: Effect of permeability on mean flow velocity for water
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Figure 3: Effect of Gc and Gr on transient velocity profile

Figure 4: Flow of the fluid
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makes obstacle in flow of Layar 2. Thus we conclude that due to concentration profile, transient
velocity of the fluid decreases rapidly.

In figure 5 we see that trasient velocity decreases as increase permeability parameter k and
decreasing frequency of oscillation ω. Naturally we see that porosity of medium makes obstacle in
flow of fluid.

Figure 5: Effect on transient velocity of different parameters

Figure 6 illustrates the effect of Sc and ω on concentration profile C1 when Pr = 0.71, Gr = 2, Gc
= 2 and k = 5. It is observed that concentration profile C1 is a decreasing as value of y increasing.
From curve 1,2 and 3 we see that when we increase value of Sc, concentration profile decreases. From
curve 4 it is clear that when we increase value of ω (frequency of oscillations) concentration profile
C1 decreases rapidly.

The transient temperature is given by equation 3.11. This transient temperature is presented in
figure 7. It is observed that from curve 1 and 2 transient temperature profile decreases slowly as
we increase value of Pr and ω. From curve 1 and 3 it is observed that when we increase value of
Pr transient temperature profile decreases rapidly. We use software- Matlab10 for calculations and
figures.

5. Conclusion

Behaviour of mean flow velocity is similar for air and water. We observe that as value of permeability
parameter k increases, mean flow velocity decrease. Transient velocity decreases as increase perme-
ability parameter k and decreasing frequency of oscillation ω. This shows that the porous material
resists the flow of fluid. Concentration profile decreases as value of Sc and ω increases. Transient
temperature decreases from air to water with increasing frequency of oscillation.
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Figure 6: Effect of Sc and ω on concentration profile when other parameters fixed

Figure 7: Effect on transient temperature of different parameters
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