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Abstract: This work is devoted to investigate the influences of thermal radiation and thermal

diffusion on hydromagnetic free convection heat and mass transfer flow of a micropolar fluid with

constant wall heat and mass transfer in a porous medium bounded by a semi-infinite porous plate

in a rotating frame of reference. The dimensionless governing equations for this investigation are

solved analytically using small perturbation approximation. With the help of graphs, the effects

of the various important parameters entering into the problem on the velocity, microrotation,

temperature and concentration fields within the boundary layer are separately discussed. Finally

the effects of the pertinent parameters on the skin friction coefficient, couple stress coefficient,

Nusselt number and Sherwood number at the wall are presented numerically in tabular form. In

addition, the results obtained show that these parameters have significant influence on the flow,

heat and mass transfer.
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1. Introduction

Modeling and analysis of the dynamics of micropolar fluids has been the field of very active

research for the last few decades as this class of fluids represents, mathematically , many industri-

ally importants fluids such as paints, body fluids, polymers, colloidal fluids, suspension fluids etc.

These fluids are defined as fluids consisting of randomly oriented molecules whose fluid elements

undergo translational as well as rotational motions. The theory of micropolar fluids was developed

by Eringen [14] and excellent reviews about the applications of micropolar fluids have been written
1



2

by Airman et al. [1,2]. In addition due to its practical application to boundary layer control and

thermal protection in high energy flow by means of wall velocity and mass transfer, considerable

attention has been paid to the thermal boundary layer flows over moving boundaries [5]. The

oscillatory boundary layer flow with constant heat source in the case of MHD free convection

currents and mass transfer has been considered by Rahman and Sattar [27]. A comprehensive

review of the subject and applications of micropolar fluid mechanics was given by Khonsari and

Brewe [21], Kim and Lee [22], Chamkha et al. [6] and Bachok et al. [4].

Radiative heat transfer flow is very important in manufacturing industries for design of reli-

able equipment, nuclear plants, gas turbines and various propulsion devices or aircraft, missiles,

satelites and space vehicles. Based on these applications, Cogley et al.[10] showed that in the

optically thin limit, the fluid does not absorb its own emitted radiation but the fluid does absorb

radiation emitted by the boundaries. Due to its practical applications, the thermal radiation

problem has attracted several researchers [11, 12, 15-19, 23, 28-32] for last three decades and

is extensively studied to understand the same. In all these studies, boundary layer equations is

considered and the boundary conditions are prescribed at the sheet and on the fluid at infinity.

Rotating flows of MHD non-Newtonian fluids have many applications in meteorology, geophysics,

turbo machinery and many other fields. Such flows in the presence of a magnetic field are signifi-

cant because of their geophysical and astrophysicalimportance. Moreover the present model have

applications in biomedical, engineering, for instance in the dialysis of blood in artificial kidney,

blood flow in the capillaries, flow in blood oxygenation. Engineering applications include the de-

sign of filters, the porous pipe design, in transpiration cooling. Bakr [3] presented an analysis on

MHD free convection and mass transfer adjacent to moving vertical plate for micropolar fluid in

a rotating frame of reference in presence of heat generation /absorption and a chemical reaction.

Das [13] studied the effect of chemical reaction and thermal radiation on heat and mass transfer

flow of MHD micropolar fluid in a rotating frame of reference. Ishak [20] discussed thermal bound-

ary layer flow over a stretching sheet in a micropolar fluid with radiation effect. The influence of

thermal radiation on hydromagnetic Darcy-Forchheimer mixed convection flow was presented by

Pal and Mondal [26]. Recently, Mukhopadhyay et al. [24] considered forced convection flow and

heat transfer over a porous plate in a Darcy-Forchheimer porous medium in presence of radiation.

When heat and mass transfer occur simultaneously in a moving fluid, the relationship between

the fluxes and the driving potential are important. The energy flux is generated not only by

temperature gradients but by the composition gradient as well. The energy flux caused by a

composition flux is provided by the thermal radiation effect. The mass fluxes can also be created
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by the composition gradient and this is the Soret or the thermal diffusion effect.Dufour effect

referred to heat flux produced by a concentration gradient. Cheng [7] examined the Soret and

Dufour effects on free convection boundary layer flow over a vertical cylinder in a porous medium

with constant wall temperature and concentration. Cheng [8] studied the Soret and Dufour effects

on natural convection boundary layer flow over a vertical cone in a porous medium with constant

wall heat and mass fluxes. Olajuwon [25] examined convection heat and mass transfer in a hy-

dromagnetic flow of a second grade fluid past a semi-infinite stretching sheet in the presence of

thermal radiation and thermal diffusion. Cheng [9] examined the Soret and Dufour effects on free

convection boundary layers of non-Newtonian power law fluids with yields stress in porous media

over a vertical plate with variable wall heat and mass fluxes.

Motivated by the previous works and possible applications, this paper studies the effect of ther-

mal radiation and thermal diffusion on unsteady MHD free convection heat and mass transfer flow

of a micropolar fluid past a vertical porous plate in a rotating frame of reference with constant

wall heat and mass fluxes. It is assumed that the plate is embedded in a uniform porous medium

and oscillates in time with a constant frequency in the presence of a transverse magnetic field.

The dimensionless governing equations for this investigation are solved analytically using small

perturbation approximation. Numerical results are reported for various values of the pertinent

parameters of interest. The organization of the paper is given as follows. The section 2 deals with

the mathematical formulation of the problems. Section 3 contains the closed form solutions of

velocity, temperature, concentration etc. Numerical results and discussion are presented in section

4. The conclusions have been summarized in section 5.

2. Mathematical Formulation of the problem

Consider a laminar unsteady boundary layer flow of an incompressible electrically conduct-

ing micropolar fluid past a semi-infinite vertical permeable moving plate embedded in a uniform

porous medium and subjected to a constant magnetic field in the presence of thermal and concen-

tration buoyancy effects with thermal radiation and thermal diffusion. We consider a Cartesian

coordinate system (x, y, z) as is shown in Fig.1. The flow is assumed to be in the x direction,

which is taken along the plate , and z-axis is normal to the plate. We assume that the plate has

an oscillatory movement on time t and frequency n with the velocity u(0, t), which is given by

u(0, t) = Ur[1 + εcos(nt)], where Ur is the uniform reference velocity and ε is the small constant

quantity(ε � 1). We consider that initially (t < 0) the fluid as well as the plate are at rest but

for t ≥ 0 the whole system is rotate with a constant frame Ω in a micropolar fluid about z-axis.

A uniform external magnetic field B0 is taken to be acting along the z-axis. It is assumed that



4

there is no applied voltage which implies the absence of an electric field. The fluid is asumed to

be gray, absorbing-emitting but not scattering medium. The radiation heat flux in x-direction is

considered negligible in comparison that the z-direction. It is assumed that the plate is infinite

in extent and hence all physical quantities do not depend on x and y but depend only on z and

time t, that is ∂u
∂x = ∂u

∂y = ∂v
∂x = ∂v

∂y = 0,etc. The surface of the plate is held at a constant heat

flux qw while the porous medium temperature sufficiently far from the surface is T∞. The mass

flux of a certain constituent in the solution that saturated the porous medium is held at mw near

the surface while the concentration of this constituent in the solution that saturated the porous

medium sufficiently far from the surface is maintained at C∞.

Under the foregoing assumptions and using the model proposed by Bakr [3], the governing

equations that describe the physical situation can be written as

∂w

∂z
= 0, (1)

∂u

∂t
+ w

∂u

∂z
− 2Ωv = (ν + νr)

∂2u

∂z2
+ gβT (T − T∞) + gβC(C − C∞)− νu

k
− σB2

0u

ρ
− νr

∂ω̄2

∂z
, (2)

∂v

∂t
+ w

∂v

∂z
+ 2Ωu = (ν + νr)

∂2v

∂z2
− νv

k
− σB2

0v

ρ
+ νr

∂ω̄1

∂z
, (3)

∂ω̄1

∂t
+ w

∂ω̄1

∂z
=

Λ

ρj

∂2ω̄1

∂z2
, (4)

∂ω̄2

∂t
+ w

∂ω̄2

∂z
=

Λ

ρj

∂2ω̄2

∂z2
, (5)

∂T

∂t
+ w

∂T

∂z
=

κ

ρCp

∂2T

∂z2
− 1

ρCp

∂qr
∂z

, (6)

∂C

∂t
+ w

∂C

∂z
= Dm

∂2C

∂z2
+
DmKt

Tm

∂2T

∂z2
(7)

where u, v and w are velocity components along x, y and z-axis respectively, ω̄1 and ω̄2 are

microrotation components along x and y-axis respectively. βT and βC are the coefficients of

thermal expansion and concentration expansion, ρ is the density of the fluid, ν is the kinematic

viscosity, νr is the kinematic micro-rotation viscosity, Cp is the specific heat at constant pressure

p, κ is the thermal conductivity of the medium, Λ is the spin gradient velocity, j is the micro-

inertia density, g is the acceleration due to gravity, k is the permeability of porous medium, T

is the temperature of the fluid in the boundary layer, C is the concentration of the solute, Dm

is the molecular diffusivity, Kt is the thermal diffusion ratio and Tm is the mean fluid temperature.

The appropriate initial and boundary conditions for the problem are given by

u = v = 0, ω̄1 = ω̄2 = 0, T = T∞, C = C∞ for t ≤ 0, (8)
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u = Ur[1 + ε
2 (eint + e−int)], v = 0, ω̄1 = − 1

2
∂v
∂z , ω̄2 = 1

2
∂u
∂z ,

−κ(∂T∂z )z=0 = qw,−Dm(∂C∂z )z=0 = mw at z = 0

and

u = v = 0, ω̄1 = ω̄2 = 0, T = T∞, C = C∞ as z →∞


for t > 0 (9)

It should be mentioned that the form of the oscillatory plate velocity u(0, t), assumed in the

boundary conditions (9), is based on the suggestion proposed by Ganapathy[15].

The continuity equation (1) gives

w = −w0 (10)

where the w0 represents the normal velocity at the plate which is positive for suction and negative

for blowing. Following the Rosseland approximation with the radiative heat flux qr is modeled as,

qr = −4σ∗

3k∗
∂T 4

∂z
(11)

where σ∗ is the Stefan-Boltzmann constant and k∗ is the mean absorption coefficient. Assuming

that the differences in temperature within the flow are such that T 4 can be expressed as a linear

combination of the temperature, we expand T 4 in Taylor’s series about T∞ and neglecting higher

order terms, we get

T 4 = 4T 3
∞T − 3T 4

∞ (12)

Thus we have
∂qr
∂z

= −16T 3
∞σ
∗

3k∗
∂2T

∂z2
(13)

We introduce the following dimensionless variables :

u′ = u
Ur
, v′ = v

Ur
, z′ = zUr

ν , t′ =
tU2
r

ν , n′ = nν
U2
r
, ω̄′1 = ω̄1ν

U2
r
,

ω̄′2 = ω̄2ν
U2
r
, θ = κ(T−T∞)

qw
, φ = Dm(C−C∞)

mw

 (14)

Then substituting Eqs(14)into Eqs(1)-(7)yields the following dimensionless equations (dropping

primes):
∂u

∂t
− S ∂u

∂z
−Rv = (1 + ∆)

∂2u

∂z2
+Grθ +Gmφ− (M2 +

1

K
)u−∆

∂ω̄2

∂z
, (15)

∂v

∂t
− S ∂v

∂z
+Ru = (1 + ∆)

∂2v

∂z2
− (M2 +

1

K
)v + ∆

∂ω̄1

∂z
, (16)

∂ω̄1

∂t
− S ∂ω̄1

∂z
= λ

∂2ω̄1

∂z2
, (17)

∂ω̄2

∂t
− S ∂ω̄2

∂z
= λ

∂2ω̄2

∂z2
, (18)

∂θ

∂t
− S ∂θ

∂z
=

1

Pr
(1 +

4F

3
)
∂2θ

∂z2
, (19)

∂φ

∂t
− S ∂φ

∂z
=

1

Sc

∂2φ

∂z2
+
Sr

Sc

∂2θ

∂z2
(20)

where R = 2Ων
U2
r

is the rotational parameter, M = B0

Ur

√σν
ρ is the magnetic field parameter

, Pr =
µρCp
κ is the Prandtl number, Sc = ν

Dm
is the Schmidt number, Gr = νgβT qw

κU3
r

is the
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Grashof number, Gm = νgβCmw
DmU3

r
is the modified Grashof number, F =

4T 3
∞σ
∗

κk∗ is the heat radiation

parameter, S = w0

Ur
is the suction parameter, K =

kU2
r

ν2 is the permeability of the porous medium,

Sr = DmKt
mw

qw
κ is the Soret parameter, λ = ∧

µj is the dimensionless material parameter, ∆ = νr
ν is

the viscosity ratio.

The corresponding boundary conditions can be written in the dimensionless form as:

u = v = 0, ω̄1 = ω̄2 = 0, θ = 0, φ = 0 for t ≤ 0, (21)

u = 1 + ε
2 (eint + e−int)], v = 0, ω̄1 = − 1

2
∂v
∂z , ω̄2 = 1

2
∂u
∂z ,

θ′ = −1, φ′ = −1 at z = 0

and

u = v = 0, ω̄1 = ω̄2 = 0, θ = 0, φ = 0 as z →∞


for t > 0 (22)

Now, in order to obtain the desired solutions of Eqs. (15)-(20), we assume that the fluid velocity

and angular velocity in the complex form as

V = u+ iv, ω = ω̄1 + iω̄2

and get

∂V

∂t
− S ∂V

∂z
+ iRV = (1 + ∆)

∂2V

∂z2
− (M2 +

1

K
)V +Grθ +Gmφ+ i∆

∂ω

∂z
, (23)

∂ω

∂t
− S ∂ω

∂z
= λ

∂2ω

∂z2
, (24)

∂θ

∂t
− S ∂θ

∂z
=

1

Pr
(1 +

4F

3
)
∂2θ

∂z2
, (25)

∂φ

∂t
− S ∂φ

∂z
=

1

Sc

∂2φ

∂z2
+
Sr

Sc

∂2θ

∂z2
(26)

The associated boundary conditions (21)and (22) are written as follows:

V = 0, ω = 0, θ = 0, φ = 0 for t ≤ 0, (27)

V = 1 + ε
2 (eint + e−int)], v = 0, ω = i

2
∂V
∂z , θ

′ = −1, φ′ = −1 at z = 0

and

V = 0, ω = 0, θ = 0, φ = 0 as z →∞

 for t > 0 (28)
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3. Analytical Solutions

To solve the system of partial differential equations (23)-(26) in the neighbourhood of the plate

under the above boundary conditions (27),(28), we express V , ω, θ and φ as [Ganapathy [15]]

V (z, t) = V0 +
ε

2
[eintV1(z) + e−intV2(z)], (29)

ω(z, t) = ω0 +
ε

2
[eintω1(z) + e−intω2(z)], (30)

θ(z, t) = θ0 +
ε

2
[eintθ1(z) + e−intθ2(z)], (31)

φ(z, t) = φ0 +
ε

2
[eintφ1(z) + e−intφ2(z)], (32)

for ε� 1. Then substituting Eqs (29)-(32) into the Eqs (23)-(28) and equating the coefficients of

the same harmonic and non-harmonic terms, neglecting the higher order terms of o(ε2), we obtain

the following set of ordinary differential equations :

(1 + ∆)V ′′0 + SV ′0 − a1V0 +Grθ0 +Gmφ0 + i∆ω′0 = 0, (33)

λω′′0 + Sω′0 = 0, (34)

(3 + 4F )θ′′0 + 3SPrθ′0 = 0, (35)

φ′′0 + SScφ′0 + Srθ′′0 = 0, (36)

(1 + ∆)V ′′1 + SV ′1 − a2V1 +Grθ1 +Gmφ1 + i∆ω′1 = 0, (37)

λω′′1 + Sω′1 − inω1 = 0, (38)

(3 + 4F )θ′′1 + 3SPrθ′1 − 3inPrθ1 = 0, (39)

φ′′1 + SScφ′1 − inScφ1 + Srθ
′′
1 = 0, (40)

(1 + ∆)V ′′2 + SV ′2 − a3V2 +Grθ2 +Gmφ2 + i∆ω′2 = 0, (41)



8

λω′′2 + Sω′2 + inω2 = 0, (42)

(3 + 4F )θ′′2 + 3SPrθ′2 + 3inPrθ2 = 0, (43)

φ′′2 + SScφ′2 + inScφ2 + Srθ
′′
2 = 0, (44)

where the primes denote differentiation w.r.t z and a1 = iR+M2 + 1
K , a2 = i(R+n)+M2 + 1

K

and a3 = i(R−n)+M2+ 1
K . In addition, the corresponding boundary conditions can be written as

V0 = V1 = V2 = 1, ω0 = i
2V
′
0 , ω1 = i

2V
′
1 , ω2 = i

2V
′
2 ,

θ′0 = −1, θ1 = θ2 = 0, φ′0 = −1, φ1 = φ2 = 0 at z = 0
(45)

and

V0 = V1 = V2 = 0, ω0 = ω1 = ω2 = 0, θ0 = θ1 = θ2 = 0,

φ0 = φ1 = φ2 = 0 as z →∞
(46)

Solving Eqs (33)-(44) under the boundary conditions (45),(46)we obtain the expression for trans-

lational velocity, microrotation, temperature and concentration as

V = A1e
−m1z +A2e

−m2z +A3e
−m3z +A4e

−Szλ + ε
2

{
(A5e

−m4z +A6e
−m5z)eint

+(A7e
−m6z +A8e

−m7z)e−int
} (47)

ω = B1e
−Szλ +

ε

2

{
B2e

(int−m4z) +B3e
−(int+m6z)

}
(48)

θ =
1

m2
e−m2z (49)

φ =
1

m1
e−m1z +

Sr

m1(m2 − SSc)
(m2e

−m1z −m1e
−m2z) (50)

where the constants mi (i=1 to 7), Aj (j=1 to 8)and Bk (k=1 to 3) are given in Appendix

The physical quantities of engineering interest are skin-friction coefficient, couple stress coeffi-

cient, Nusselt number and Sherwood number.



9

The local skin friction coefficient Cf is given by

Cf = τw|z=0

ρU2
r

=
{

1 + ∆(1 + i
2 )
}
V ′(0)

= −
{

1 + ∆(1 + i
2 )
}

[A1m1 +A2m2 +A3m3 + SA4

λ + ε
2

{
(A5m4 +A6m5)eint

+(A7m6 +A8m7)e−int
}

]

(51)

The couple stress coefficient at the wall Cw is given by

Cw = ∂ω1

∂z |z=0 +i∂ω2

∂z |z=0

= −
{
SB1

λ + ε
2 (m4B2e

int +m6B3e
−int} (52)

The local Nusselt number Nu is given by

Nu = − x ∂T∂z |z=0

κ(Tw−T∞) = Rex/θ(0) (53)

where Rex = Urx
ν is the local Reynolds number.

Thus

Nu
Rex

= 1/θ(0) (54)

Similarly the local Sherwood number Sh is given by

Sh = − x ∂C∂z |z=0

Dm(Cw−c∞) = Rex/φ(0) (55)

Thus

Sh
Rex

= 1/φ(0) (56)

4. Verification of the results

In the absence of the thermal diffusion, it should be noted that the present results is exactly

coincide with the results reported by Das [13] without chemical reaction whose results are in

agreement with the previous results obtained by Bakr [3]. In order to ascertain the accuracy of

our computed results, the present study is compared with the available exact solution in the lit-

erature. The velocity profiles for various values of the magnetic field parameter M in the absence

of porous medium, thermal diffusion and thermal radiation is shown in Fig.2. It is observed that

the results agree very well with that of Bakr [3]
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5. Numerical Results and Discussion

In order to have an insight into the effects of the parameters on the MHD free convection heat

and mass transfer flow of an incompressible micropolar fluid along a semi-infinite vertical per-

meable moving plate embeded in a porous medium in a rotating frame of reference with thermal

radiation and thermal diffusion, the numerical results have been presented graphically in Figs.3-

17 and in Table 1 for several sets of values of the pertinent parameters such as Soret parameter

Sr, thermal radiation parameter F , suction parameter S, viscosity ratio parameter ∆, rotational

parameter R. In the simulation the default values of the parameters are considered as n = 10,

nt = π/2, Pr = 0.71, Sc = 0.16, Gm = 5, Gr = 10, ε = 0.01, M = 0.5, K = 5 while ∆, S, R, F

and Sr are varied over a range, which are listed in the figures legends.

5.1.Effect of Soret parameter Sr.

Figs. 3-5 illustrate the variation of the translational velocity, microrotation and concentration

distribution across the boundary layer for various values of the Soret parameter Sr. Fig. 3 shows

that the translational velocity of the fluid flow increases with increase in the Soret parameter Sr

across the boundary layer and is maximum near at z = 2. Thus the effect of increasing values

of the Soret parameter Sr is to increase the momentum boundary layer thickness. Fig.4 displays

that microrotation increases as Sr increases across the boundary layer and is maximum at the

wall. Fig. 5 shows the variation of concentration distribution across the boundary layer for dif-

ferent values of Sr. It is observed from this figure that the concentration of the fluid increases

with increase in the Soret parameter Sr. Also it is found from Table 1 that local skin friction

coefficient Cf and couple stress coefficient −Cw both increase with an increasing of Sr whereas

Sherwood number decreases as Sr increases.

5.2.Effect of the thermal radiation parameter F .

Figs. 6 and 7 show the translational velocity V and microrotation distribution ω across the

boundary layer for different values of the thermal radiation parameter F . It is observed that both

V and ω increases with the increase in the thermal radiation parameter F and as a result, the

momentum boundary layer thickness increases. The magnitude of V and ω are maximum near the

boundary layer region. Typical variations of the temperature proflies along z are shown in Fig.8

for various values of the thermal radiation parameter F . The results show that as an increasing of

the thermal radiation parameter the temperature profiles increases and hence,there would be an

increase of thermal boundary layer thickness. It is seen from Fig.9 that an increase in the thermal

radiation parameter F tends to increase the concentration distribution of the fluid and effect is
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maximum near the middle portion of the boundary layer region. Table 1 depicts the effects of F

on the skin friction coefficient Cf and couple stress coefficient −Cw. It is observed that the skin

friction coefficient and couple stress coefficient both increases as F increases. On the otherhand

Nusselt number decreases with the increase of F. These results are in good agreement with the

results obtained by Das [13]

5.3.Effect of the suction parameter S.

The influence of the suction parameter S on the translational velocity and microrotation dis-

tribution across the boundary layer are shown in Figs. 10 and 11. The results indicate that with

increase in the parameter S, both the velocity and microrotation profiles decreases within the

boundary region.Thus the effect of increasing values of the suction parameter S is to decrease

the momentum boundary layer thickness. From Fig.12, it is appear that the temperature profiles

decreases as S increases. That is, the thickness of the thermal boundary layer is reduce for higher

values of the suction parameter S. The effect of suction parameter S on the concentration profiles

is presented in fig.13. It can easily be seen from fig.13 that the concentration of the fluid decreases

as the boundary layer coordinate z increases for a fixed value of S. For a non-zero fixed value of

z, concentration distribution across the boundary layer decreases with the increasing values of S.

In Table 1, the effects of the suction parameter S on the skin friction coefficient Cf and couple

stress coefficient −Cw are presented. It is observed that the skin friction coefficient and couple

stress coefficient both decrease as S increases but effect is opposite for both Nusselt number and

Sherwood number.

5.4.Effect of viscosity ratio parameter ∆.

In Figs. 14 and 15 the effect of ∆ on the translational velocity and microrotation for a sta-

tionary porous plate are shown. It is observed that both V and ω decreases with the increase in

viscosity ratio parameter ∆. The magnitude of V and ω are maximum near the boundary layer

region. Table 1 depicts the effects of ∆ on the skin friction coefficient Cf , couple stress coefficient

−Cw. It is seen that as ∆ increases, the skin friction coefficient increases. It should be noted that

the present results are in excellent agreement with the results reported by Bakr [3] and Das [13].

5.5.Effect of the rotational parameter R.



12

The translational velocity and microrotation profiles against z for different values of R are dis-

played in Figs.16 and 17 respectively. It is observed that an increasing in R leads to decreasing in

the values of translational velocity and so decrease the momentum boundary layer thickness. But

the effect is reverse for microrotation distribution. From Table 1 we show that as an increasing

of the rotation parameter the skin friction coefficient decreases where as couple stress coefficient

increases. These results are in good agreement with the results obtained by Bakr [3] and Das [13].

6. Conclusions

In this work, we have theoretically studied the effect of thermal radiation and thermal diffusion

on unsteady MHD free convection heat and mass transfer flow of an incompressible, micropolar

fluid along a semi-infinite vertical porous moving plate embedded in a uniform porous medium

with constant wall heat and mass fluxes in presence of a rotating frame of reference. The method

of solution can be applied for small perturbation technique. The numerical results are discussed

through graphs and tables for different values of material parameters entering into the problem.

In addition, the results obtained showed that these parameters have significant influence on the

flow, heat and mass transfer. The main findings can be summarized as:

(i)The translational velocity distribution across the boundary layer are decreased with an increas-

ing values of Sr and F while they show opposite trends with an increasing values of S, R and ∆.

(ii)The magnitude of microrotation decreases with an increasing of ∆ ,R and S. Hence the mo-

mentum boundary layer thicnness is reduced. But the effect are reverse for Sr and F .

(iii)The temperature profile decreases with an increasing values of S whereas the effect is oppo-

site for F . Thus the thermal boundary layer thicnness increases for higher values of the thermal

radiation parameter F

(iv) For an increasing value of S, the concentration decreases but effect is reverse for F and Sr.

It is hoped that the results obtained will not only provide useful information for applications

but also serve as a complement to the previous studies.

Appendix

m1 =
SSc+

√{(SSc)2+4αSc}
2 , m2 =

3SPr+
√{(3SPr)2+12Q(3+4F )}

2(3+4F ) , m3 =
S+
√{S2+4a1(1+∆)}

2(1+∆) ,

m4 =
S+
√{S2+4inλ}

2λ ,

m5 =
S+
√{S2+4a2(1+∆)}

2(1+∆) , m6 =
S+
√{S2−4inλ}

2λ , m7 =
S+
√{S2+4a3(1+∆)}

2(1+∆) ,
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A1 = − Gm
(1+∆)m2

1−Sm1−a1

{
1
m1

+ m2Sr
m1(m2−SSc)

}
, A2 = 1

(1+∆)m2
2−Sm2−a1

{
GmSr
m2−SSc −

Gr
m2

}
,

A3 = 1−A1 −A2 −A4, A4 = ∆Sλ{A1(m1−m3)+A2(m2−m3)+m3}
(2+∆)S2−2λ(S2+a1λ)+∆Sm3λ

,

A5 = − ∆m4m5

(2+∆)m2
4−2(Sm4+a2)+∆m4m5

, A6 = 1−A5, A7 = − ∆m6m7

(2+∆)m2
6−2(Sm6+a3)+∆m6m7

,

A8 = 1−A7, B1 =
i{A1(m3−m1)+A2(m3−m2)−m3}{(1+∆)S2−λS2−a1λ2}

(2+∆)S2−2λ(S2+a1λ)+∆Sm3λ
,

B2 =
im5{(1+∆)m2

4−Sm4−a2}
(2+∆)m2

4−2(Sm4+a2)+∆m4m5
, B3 =

im7{(1+∆)m2
6−Sm6−a3}

(2+∆)m2
6−2(Sm6+a3)+∆m6m7

Acknowledgement The authors wish to express their cordial thanks to reviewers for

valuable suggestions and comments to improve the presentation of this article.

References

1. T.Ariman, M.A.Turk and N.D.Sylvester, Microcontinuum fluid mechanics -a review, Int. Jour. Engg. Sci.,

11(1973), 905-930.

2. T.Ariman, M.A.Turk and N.D.Sylvester, Applications of microcontinuum fluid mechanics-a review, Int. Jour.

Eng.Sci., 12(1974), 273-293.

3. A.A.Bakr, Effects of chemical reaction on MHD free convection and mass transfer flow of a micropolar fluid

with oscillatory plate velocity and constant heat source in a rotating frame of reference, Commun. Nonlinear

Sci. Numer. Simul., 16(2011), 698-710.

4. N.Bachok, A.Ishak and R.Nazar, Flow and heat transfer over an unsteady stretching sheet in a micropolar

fluid, Meccanica, 46(2011), 935-942.

5. R.Bhargava and H.S.Takhar, Numerical study of heat transfer characteristics of the micropolar boundary layer

near a stagnation point on a moving wall, Int. Jour. Eng. Sci., 38(2000), 383-394.

6. A.Chamkha, R.A.Mohamed and S.E.Ahmed, Unsteady MHD natural convection from a heated vertical porous

plate in a micropolar fluid with Joule heating, chemical reaction and thermal radiaton, Meccanica, 46(2011),

399-411.

7. C.Y.Cheng, Soret and Dufour effects on free convection boundary layer flow over a vertical cylinder in a

saturated porous medium, Int. Commu. Heat Mass Transfer, 37(2010), 796-800.

8. C.Y.Cheng, Soret and Dufour effects on natural convection boundary layer flow over a vertical cone in a porous

medium with constant wall heat and mass fluxes, Int. Commu. Heat Mass Transfer, 38(2011), 44-48.

9. C.Y.Cheng, Soret and Dufour effects on free convection boundary layers of non-Newtonian power law fluids

with yield stress in porous media over a vertical plate with variable wall heat and mass fluxes, Int. Commu.

Heat Mass Transfer, 38(2011), 615-619.

10. A.C.Cogley, W.E.Vincenty and S.E.Gilles, Differential approximation for radiation in a non-gray gas near

equilibrium, AIAA Jour., 6(1968), 551-553.

11. K.Das and S.Jana, Heat and mass transfer effects on unsteady MHD free convection flow near a moving vertical

plate in porous medium, Bull. Soc. Math. Banja Luka., 17(2010), 15-32.



14

12. K.Das, Effects of heat and mass transfer on MHD free convection flow near a moving vertical plate of a radiating

and chemically reacting fluid, Jour. Siberian Federal Univ. Maths. and Phys., 4(2011), 18-31.

13. K.Das, Effect of chemical reaction and thermal radiation on heat and mass transfer flow of MHD micropolar

fluid in a rotating frame of reference, Int. Jour. Heat Mass Transfer, 54(2011), 3505-3513.

14. A.C.Eringen, Theory of micropolar fluids. Jour. Math. Mech., 16(1964), 1-18.

15. R.Ganapathy, A note on oscillatory Couette flow in a rotating system, ASME Jour. Appl. Mech., 61(1994),

208-209.

16. Md.Z.Haque, Md.Z.Alam, M.Ferdows and A.Postelnicu, Micropolar fluid behaviors on steady MHD free con-

vection flow and mass transfer with constant heat and mass fluxes, joule heating and viscous dissipation, Jour.

King Saud Univ Engg Sci., 24(2012), 71-84

17. M.A.Hossain and H.S.Takhar, Radiation effect on mixed convection along a vertical plate with uniform surface

temperature, Heat Mass Transfer, 31(1996), 243-248.

18. F.S.Ibrahim, A.M.Elaiw and A.A.Bakr, Influence of viscous dissipation and radiation on unsteady MHD mixed

convection flow of micropolar fluids, Appl. Math. Inf. Sci., 2(2008), 143-162.

19. F.S.Ibrahim, A.M.Elaiw and A.A.Bakr, Effect of the chemical reaction and radiation absorption on unsteady

MHD mixed convection flow past a semi-infinite vertical permeable moving plate with heat source and suction,

Commun. Nonlinear Sci. Numer. Simul., 13(2008), 1056-1066.

20. A.Ishak, Thermal boundary layer flow over a stretching sheet in a micropolar fluid with radiation effect,

Meccanica, 45(2010), 367-373.

21. M.M.Khonsari and D.E.Brewe, Effects of viscous dissipation on the lubrication characteristics of micropolar

fluids, Acta Mech., 105(1994), 57-68.

22. Y.J.Kim and J.C.Lee, Analytical studies on MHD oscillatory flow of a micropolar fluid over a vertical porous

plate, Surf Coat Technol., 171(2003), 187-193.

23. O.D.Makinde, Free convection flow with thermal radiation and mass transfer past a moving vertical porous

plate, Int. Commu. Heat Mass Transfer, 32(2005), 1411-1419.

24. S.Mukhopadhyay, P.R. De, K.Bhattacharyya and G.C.Layek, (2011) Forced convection flow and heat transfer

over a porous plate in a Darcy-Forchheimer porous medium in presence of radiation, Meccanica, 47(2012),

153-161.

25. B.I.Olajuwon, Convection heat and mass transfer in a hydromagnetic flow of a second grade fluid in the presence

of thermal radiation and thermal diffusion, Int. Commu. heat Mass Transfer, 38(2011), 377-382.

26. Pal, D. and Mondal, H., The influence of thermal radiation on hydromagnetic Darcy-Forchheimer mixed con-

vection flow past a stretching sheet embedded in a porous medium, Meccanica, 46(2011), 739-753.

27. M.M.Rahman and M.A.Sattar, MHD free convection and mass transfer flow with oscillatory plate velocity and

constant heat source in a rotating frame of reference, Dhaka Univ. Jour. Sci., 47(1999), 63-73.

28. M.M.Rahman and M.A.Sattar, Transient convective flow of micropolar fluid past a continuously moving vertical

porous plate in the presence of radiation, Int. Jour. Appl. Mechs. Engg., 12(2007), 497-513.

29. M.M.Rahman, Convective flows of micropolar fluids from radiate isothermal porous surfaces with viscous

dissipation and joule heating, Commun. Nonlinear Sci. Numer. Simul., 14(2009), 3018-3030.

30. A.Raptis, Radiation and free convection flow through a porous medium. Int. Comm. Heat Mass Transfer.

25(1998), 289-295.

31. Md. A.Sattar and Md. K.Hamid, Unsteady free-convection interaction with thermal radiation in a boundary

layer flow past a vertical porous plate, Jour. Math. Phys. Sci., 30(1996), 25-37.



15

Figure 1. Physical model and coordinate system of the problem

32. K.ajravelu, Flow and heat transfer in a saturated porous medium, ZAMM., 74(1994), 605-614.
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Figure 2. Velocity profile in the absence of porous medium, thermal radiation

and thermal diffusion.
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Figure 3. Velocity profiles for various values of Sr with S = 1, R = 0.2, F = 0.5,

∆ = 0.1.
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Figure 4. Microrotation profiles for various values of Sr with S = 1, R = 0.2,

F = 0.5, ∆ = 0.1.
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Figure 5. Concentration profiles for various values of Sr with S = 1, F = 0.5.
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Figure 6. Velocity profiles for various values of F with S = 1, R = 0.2, Sr = 0.5,

∆ = 0.1.
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Figure 7. Microrotation profiles for various values of F with S = 1, R = 0.2,

Sr = 0.5, ∆ = 0.1.
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Figure 8. Temperature profiles for various values of F with Sr = 0.5, S = 1.
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Figure 9. Concentration profiles for various values of F with S = 1, Sr = 0.5.
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Figure 10. Velocity profiles for various values of S with F = 0.5, R = 0.2,

Sr = 0.5, ∆ = 0.1.
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Figure 11. Microrotation profiles for various values of S with F = 0.5, R = 0.2,

Sr = 0.5, ∆ = 0.1
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Figure 12. Temperature profiles for various values of S with Sr = 0.5, F = 0.5.
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Figure 13. Concentration profiles for various values of S with Sr = 0.5, F = 0.5.
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Figure 14. Velocity profiles for various values of ∆ with F = 0.5, R = 0.2,

Sr = 0.5, S = 1.
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Figure 15. Microrotation profiles for various values of ∆ with F = 0.5, R = 0.2,

Sr = 0.5, S = 1.



30

Figure 16. Velocity profiles for various values of R with F = 0.5, ∆ = 0.1,

Sr = 0.5, S = 1.
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Figure 17. Microrotation profiles for various values of R with F = 0.5, ∆ = 0.1,

Sr = 0.5, S = 1.
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Table 1. Effects of various parameters on Cf ,−Cw, Nu/Rux and Sh/Rex with

K = 0.5, M = 0.5, Sc = 0.16, Pr = 0.71.

∆ Sr S R F Cf −Cw Nu/Rux Sh/Rex

0.2 0.5 2.5 0.2 0.5 35.2976

0.4 37.3078

0.8 39.5714

0.2 1.0 2.5 0.2 0.5 47.8220 9.92424 0.2000

1.5 60.3464 11.7689 0.1600

2.0 72.8708 13.6140 0.1333

0.2 0.5 4.0 0.2 0.5 15.8370 2.73432 1.7040 0.4267

5.0 8.65130 1.52070 2.1300 0.5333

6.0 3.76030 0.92140 2.55697 0.6400

0.2 0.5 2.5 0.5 0.5 32.7305 18.9424

0.8 28.5296 27.1696

1.0 25.4312 30.9988

0.2 0.5 2.5 0.2 1.0 42.0402 13.0688 0.7607

1.5 49.8658 20.1260 0.5917

2.0 58.5811 29.2640 0.4841


