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1. Introduction

Polar fluids are fluids consisting of randomly oriented molecules whose fluid el-
ements undergo translational and rotational movements (Roja et al. [15]). The
fluid has micro-structure belonging to a class of fluids with asymmetrical stress
tensor (Kim [12], Kim and Fedorov [13], Bakr [4]). The behaviour of fluid with
suspended particles cannot be explained accurately using the newtonian fluid
flow theory but is better explained using the non-newtonian fluid flow theory
which embraces polar fluids, hence the recent growing interest in the theory of
micro-polar fluids. Physically, micro-polar fluids represents fluid consisting of
randomly oriented particles suspended in a viscous medium such as polymer
fluids, fluid suspension, human and animal blood, and colloidal fluids (Roja
[15], Bakr [4]). The theory of micro-polar fluids was proposed and developed
by Eringen [9]. Ahmadi [1] discussed the self-similar solution of incompress-
ible micro-polar boundary layer flow over a semi-infinite plate. Soudalgeker
and Takhar [17] on the other hand analysed the flow and heat transfer past
a continuously moving plate in a micro-polar fluid and Kim [12] investigated
the unsteady MHD convection flow of polar fluid past a vertical moving porous
plate in a porous medium. The transient mixed radiative convection flow of a
micro-polar fluid past a moving semi-infinite vertical porous plate was studied
by Kim and Fedorov [13]. Roja et al. [15] presented a convection-radiation
interaction on unsteady MHD flow of a micro-polar fluid over a vertical moving
porous plate embedded in a porous medium with heat source and soret effects.

The effect of heat generation or absorption has received a lot of attention
due to its importance in fluids undergoing exothermic and endothermic chemical
reaction. Hady et al. [10] studied an MHD free convection heat and mass
transfer flow past an inclined surface with heat generation. Sharma et al. [16]
investigated the effect of magnetic field and heat absorption on unsteady free
convection and heat transfer flow in a micro-polar fluid past a semi-infinite
moving plate with viscous dissipation. On the other hand Santer Reddy et al.
[14] studied the radiation effects on MHD mixed convection flow of a micro-
polar fluid past a semi-infinite plate in a porous medium with heat generation.

The effect of chemical reaction and radiation absorption on the unsteady
MHD free convection Newtonian flow past a semi-infinite permeable moving
plate with heat source and suction was investigated by Ibrahim et al. [11].
Deka et al. [8] studied the effect of chemical reaction on an unsteady flow past
an infinite vertical plate with constant heat and mass transfer. Chamkha [7]
investigated the MHD flow of a uniformly stretched vertical permeable surface
in the presence of heat generation/absorption and a chemical reaction. Roja
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et al. [15] studied the effect of chemical reaction and thermal radiation on
hydromagnetic free convection heat and mass transfer for a micro-polar fluid
past a semi-infinite vertical moving porous plate in the presence of thermal
diffusion and heat generation.

In the present work we consider the case of unsteady MHD convection
flow of micro-polar fluid past an inclined moving porous medium with varying
suction velocity in the presence of a transverse magnetic field, heat generation,
radiation absorption and chemical reaction. The study of flow over an inclined
plate was studied by a considerable number of researchers. Investigation into
the effects of varying suction and thermophoresis on steady MHD flow over a
semi-infinite permeable inclined plate in the presence of radiation was done by
Alam et al. [2]. In the subsequent year Alam et al. [3] investigated 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. Uddin [18] did an analysis on steady convective flow of micro-polar
fluids along an inclined flat plate with variable electric conductivity and uniform
surface heat flux. Buzuzi et al. [5] performed analysis on the effects of various
parameters on an MHD flow over an inclined plate using some novel numerical
methods. Most recently Buzuzi and Buzuzi [6] conducted a study on unsteady
MHD flow past a vertical inclined plate in a porous medium with variable plate
temperature with suction in a slip flow regime using perturbation analysis.
The problem of unsteady MHD flow of heat generating micro-polar fluid over
an inclined surface coupled with heat generation and chemical reaction has
received little attention, hence motivation for the current study.

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

2. Mathematical analysis

We consider a two dimensional unsteady flow of a laminar, viscous, incompress-
ible electrically conducting and heat generating /absorbing fluid past a moving
inclined permeable plate subjected to a transverse magnetic field in the pres-
ence of pressure gradient, radiation absorption and a chemical reaction. Let
the z*—axis be directed along the porous plate and the y*—axis be normal to
the plate. The concentration of of species far from the plate is infinitesimally
small and so the Soret and Dufour effects are ignored. The assumption that
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the porous plate is semi-infinite means that the flow variables are functions of
y* and t* only. A homogenous first order chemical reaction between the fluid
and the species concentration is assumed. Then the magnetohydrodynamic un-
steady convective boundary layer equations of mass, momentum, energy and
concentration read

ov*

- 1)
8u*+v*8u* _ 1o +(V+V)@
ot* oy* p Ox* " Oyr2
+ g6(T — Too)cosy +  gBn(C* — Cx) costh — V];i
2 *
- aio v +2”’”g:*’ @)
. [ Ow* L Ow™ 0?w*
pJ <8t* +v 8y*> = YWa (3)
or  ,oT 0*T )
ot +v ay* ZQW + Qi(C" = Cx) — Q2T — Tws), (4)
oC™ oC* 0%C*
* — D _ * *
o 5y K0T = Cx) (5)

where u* and v* are the components of dimensional velocities along the z* and
y* directions respectively, p is the fluid density, and v the kinematic viscosity,
v, the kinematic rotational viscosity, 5; the coefficient of thermal expansion of
fluid, and 5,, is the coefficient of concentration expansion, k* the permeability
of the porous medium, o is the electrical conductivity of the fluid, B, is the
magnetic induction, w* is the component of the angular velocity vector normal
to the zy—plane, « is the effective fluid thermal diffusivity, 1 is plate angle of
inclination, J* the micro-inertia density, « the spin gradient viscosity, 7" is the
temperature of the fluid in the boundary layer, C* is the concentration of fluid
in the boundary layer, )7 is the coefficient of proportionality of the absorption
of radiation, g is gravitational acceleration, k7 is the chemical reaction param-
eter, D is the coefficient of molecular diffusivity, ()2 is the dimensional heat
absorption coefficient.

The porous plate is assumed to move with constant velocity w,, directed
upwards in the xz* direction. It is also assumed that the velocities v* and v*,
temperature 7', and concentration C* vary exponentially with time. Given

the above assumptions, the appropriate boundary conditions for the velocity,
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microrotation, temperature and concentration fields are

ut =y, T" = Ty+e(Ty — Too)e"*t*, C*=Cy+e€e(Cy — Coo)e"*t*,

ow* 0%u* N
o~ “opr =0 ©)

uwt = UL =Up(1+ee™ ), T —= Ty, C = Cu, w* =0
as y* — oo, (7)

where C, and T}, are wall dimensional concentration and temperature respec-
tively. C and T are the free stream dimensional concentration and tem-
perature respectively and U, 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:

Vi =V, (1 + eAe"*t*) : 8)

where Vj is the scale of function velocity and A and e are small such that
€ << 1 and €A << 1. Outside the boundary layer, equation 2 gives

_ldp* AU, n v
pdx*  dt* k*

UL + %BgU;. (9)

We introduce the following dimensionless quantities:
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where P, is the Prandtl number, GG,, is the mass Grashof number, G is the
thermal Grashof number, S, is the Schmidt number, A is the coefficient of gyro-
viscosity ratio, M is the magnetic field parameter and )i is the absorption of
radiation parameter, ki is the chemical reaction parameter, ()2 is the heat
source parameter, 3 is the dimensional viscosity ratio and p is the viscosity
of fluid. In view of equations (8)-(9) the non-dimensional form the governing
equations (1)-(5) read:

% —(1+ eAe”t)g—Z = aalt” + (1 +5)giy§ + (Gr0 + Gpo) cos ¢
+ N(Uoo—u)—i—QBg—z, (11)
%‘; a4 GAem)g—Z _ %?;7‘;’, (12)
g -1+ eAe”t)g—Z = P%giyz + Q16 — Q20, (13)
% —(1+ eAe”t)g—Z5 = %giyf — k19, (14)

and the the associated boundary conditions (7) is given by the following dimen-
sionless form:

2
g_w:—%, 0=1+e™, ¢=1+ec™ at y=0,
Y v (15)

U = Up,

u=Usp = 14+e™, 60—0, w—0 ¢—0, as y— oo.

3. Analytical method of solution

The basic governing equations (11)-(14) 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,
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angular velocity, temperature and concentration as

u(y,t) = ug(y) + ee™ui(y) + O(e?) + ...,

w=wo(y) + ee™wi(y) + O(e?) + ...,
(16)
0(y,t) = Oo(y) + ee™01(y) + O(e*) + ...,

Py, t) = do(y) + ee™p1(y) + O(*) + ...

Substituting (16) in (11)-(14), and equating the harmonic and non-harmonic
terms ignoring terms of O(€?) gives the following equations for (ug, wo, 0y, ¢o)
and (Ul, W17 017 ¢1)7

(1 + B)ug + uf, — Nug = —Grby cosp — Gy cos

—N — 2wy, (17)
W+ =0, (15)
0o + Pr0y — PrQ260 = —P,Q160, (19)
0 + Sedy — k1Sco = 0, (20)
subject to the boundary conditions
up = up, wo=-uy, =1, ¢o=1 on y=0,
up=1, wg—0, 6y —0, ¢9 —0 as y— oo, (21)
and
(1+B)u] +uy —(N+n)uy = —(N+n)— Au
—(Grhr + Gpor)costy — 2Bwi, (22)
wi + 1wy — niwy = —Anw, (23)
01 + POy — Po(Q2 + )by = —Pr Ay — PQidy, (24)
1+ Sy — (k1 +n)Sed) = ASedy, (25)

subject to the boundary conditions

u =0, wi=-u], =1, ¢1=1 on y=0,

up =1, wy —0, 6 =0, gf)l—}O as Yy — o9, (26)



740 George Buzuzi et al

where the prime denotes ordinary differentiation with respect to y.
The solution of the equations (17)-(20) and (22)-(25) subject to the bound-
ary conditions (21) and (26) are:

up = Ee " + a1e7 Y 4 bre Y 4 cre Y 4 die Y 4 freT™ 41, (27)

Uy = l5€7h9y + doeftly + d2€7t2y + d3€7h3y + d4€7h1y + d5€7h5y

+ dre MY 4 dge™™ 41, (28)

wo = be™™, (29)

wy = lpe MY — ke, (30)

0o = (1 — kq)e 1Y + ke 1Y, (31)

01 = Fse 2Y + Ese Y 4 Ege "3V 4 Bre v, (32)
go = e "3, (33)

1= (1 — k*)e Y 4 kre oy, (34)

where,
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An?b

+ Eig—h3
(1= B)h? — hy +28h% — (N +n)

(35)

x<(1+6)h1—1—N+n>.

hy

By considering (16) the final form of the velocity, microrotation, tempera-
ture and concentration distributions in the boundary layer are:

u(y,t) = Ee "™ 4+ aje ™Y 4 bre Y 4 cre Y 4 dye oY

+fie”™ + 1+ ee™ <l5e_h9y + doe™ MY + dye ™Y

+d3€_h3y + d4€_h1y + d5€_h5y + d7€_h7y + d8€_ny + 1) 5 (36)

0(y,t) = (1 — ko)e Y + kae "3Y 4 ee™ (Ege ™Y + Eze ¥

+Ege s 4 E7e*h5y> : (37)
w(y,t) = be™ ™ + e (loe_hly - kme_"y> ; (38)
oy, t) = e 3y 4 e ((1 — k*)e_h5y + k*e_h3y) . (39)

The skin friction coefficient C'y, the Sherwood number Sh, Nusselt number Nu
and the couple stress coefficient C,,, at the wall of the plate are defied as follows:

Cy = —[Ehy + art1 + bita + crhs + dihs + fin + ee™ (Isho

+doty + dota + dyhy +3 hs + dgn + dshs + d7h7)), (40)
Sh  0¢ nt
Te 8y ‘y,() hg + €e [h5( k ) + k h3] , ( )

N 00
R—Z — 8—y|y:0 = t1(1 — ko) + hka + ee™ (Esto + Esty + h3Ee + hsEx), (42)

Crn= <1+§> W' (0) = <1+§> [—bn—i—eem (AZ”Z —l0h1>] , (43)

where Re is the local Reynolds number.
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4. Results and discussion

In the current study we have analyzed MHD convective flow of micro-polar
heat generating/absorbing fluid over a vertical semi infinite moving permeable
plate embedded in a porous medium subjected to transverse magnetic field in
the presence of radiation absorption and chemical reaction. Final results are
computed for various physical parameters which are presented graphically in
Figures 1 - 17 and also in tabular form shown in Tables 1 - 6. In plotting Figures
1 - 17 the following flow conditions were fixed unless specified, 8 = 0.2, n =
1, tzl, ]{}1:0., MIQ, A:05, Q1:2, ngl, 620.1, GT:
2, Gp=1 P =1, u,=05, S.=04.

The effect of various parameters on the velocity profile are depicted in Fig-
ures 1 - 7. In particular Figure 1 shows the effect of viscosity ratio on velocity
forn=1, t=1, k1 =05, M =0, A=0, Q1 =0, Q2=0, ¢=0, Gpr=
2, Gp=0, P.=1, u, =0, S.=0.4. The parameter values have been
chosen so as to match those by Kim [12] whose graphs match perfectly. It is
observed that the velocity profile increases with increasing viscosity ratio 5. It
is also noticed that when 5 > 0.5 the velocity profile for polar fluid is lower
than that of the Newtonian fluid (5 = 0) and the relationship is reversed for
8 <0.5.

The velocity profile against coordinate y for a combination of different values
of the thermal Grashof number G and mass Grashof number G,, is depicted
in Figure 2. It is noticed that an increase in Gp or G,, leads to an increase
in the velocity distribution. If both G and G, increase then the increase in
the velocity distribution is magnified accordingly. Similarly if Gp or G,, are
negative the velocity distribution decreases. The decrease is more pronounced
if both Gy and G, are negative. Figure 3 shows that the velocity rises as
the absorption of radiation parameter ()1 increases. On the other hand Figure
4 shows that the velocity profile decreases as the heat source parameter Qo
increases. It is portrayed from Figure 5 that the velocity profile increases as
the chemical reaction parameter k; increases. It is also observed from Figure 6
that as the Schmidt number S, increases, the velocity profile increases near the
plate and decreases as you move further away from the plate. The observation is
reversed for S, > 1.1. The plate angle of inclination % to the vertical direction on
the velocity is depicted in Figure 7. It is observed that the velocity is decreased
by increasing the angle of inclination. Increasing 1 has the effect of decreasing
the buoyancy force since it is multiplied by cos ) and so the velocity decreases.
The maximum buoyancy force occurs for ¢p = 0 when the plate is vertical and
there is no buoyancy effect for ¢» = 7/2 when the plate is horizontal.
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Figures 8 - 11 display profiles of angular velocity for varying parameter
values with u, = 0. As Figure 8 portrays, an increase in either G or G, results
in a fall in the angular velocity. The decrease is more pronounced if Gr and G,
are both positive. Similarly if either Gr or G, are negative the angular velocity
profile increases. The increase is enhanced if Gr and G,, are both negative.
As shown in Figure 9 the angular velocity profile for newtonian fluid (8 = 0)
is lower than that of micropolar fluid for g > 0.7. When 8 < 0.7 the angular
velocity profile is higher for newtonian fluid compared with micropolar fluid.
The critical value for 8 for which w changes sign is dependent on the value of
the magnetic parameter M. For parameter values in Figure 9 the critical value
is = 0.7. Figure 10 shows how the critical values of § changes as the value of
M changes. It is shown that the critical 5 values increases as the value of M
increases. Figure 11 shows that the angle of inclination has an increasing effect
on angular velocity profiles.

Figures 12 - 14 display the temperature profiles across the boundary layer
for fixed 8 =02, n=1, t=1, k =0, M =2, A=05 Q) =
2, Q=1 ,e=01, Gr=2, G, =1, P.=1, u,=0.5, S.=04, while
ki1, Q2 and S, vary. It is noticed that the temperature falls with increasing
chemical reaction parameter k1, heat generation /absorption parameter Q2 and
Schmidt number S..

The variation of concentration profiles for different values of the Schmidt
number S., chemical reaction parameter ki and suction A is depicted in Figures
15 - 17.The effect of increasing the Schmidt number S, and chemical reaction
parameter k; is to decrease the concentration profile across the boundary layer.
It is seen that as the suction parameter A increases the concentration also
increase

The effects of magnetic parameter M, heat generation/absorption parame-
ter (Qo, suction parameter A, absorption of radiation parameter ()1, inclination
angle 1 and chemical reaction parameter k; on the skin friction Cy, Nusselt
number Nu, Couple wall stress C,, and Sherwood number Sh is depicted in
Tables 1 - 6. From Table 1 it is observed that the increase in the magnetic pa-
rameter has no effect on both the Nusselt number and the Sherwood number.
However the skin friction decreases as the magnetic parameter increases. The
Couple wall stress decreases as the magnetic parameter increases for M < 6
and increases as M increases for M > 6. From Table 2 it is noticed that as
the heat generation/absorption parameter increases the skin friction and the
Couple wall stress decreases. It is also observed that the Nusselt number in-
creases with increasing heat generation parameter while the Sherwood number
remain unchanged as the heat generation/absorption parameter changes. From
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Figure 1: Velocity profile for different values of 3
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velocity

Figure

velocity

Figure 4: Velocity profile for different values of Qo

Tables 3 and 4 it is shown that as A or ()1 increases there is an increase in
the skin friction and Nusselt number. It is also observed that the Couple wall
stress increases with increasing suction parameter and decreases with increasing
absorption of radiation parameter. The Sherwood number remains unchanged
with variation of A or J1. The effect of the chemical reaction parameter on
the skin friction, Nusselt number, Couple wall stress and Sherwood number is
displayed in Table 5. It is noticed that as k; increases there is a decrease in both
the skin friction and the Nusselt number while an increase is observed in the
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25 =

velocity

velocity

Figure 6: Velocity profile for different values of S,

Sherwood number. The Couple wall stress is unchanged with the variation of
k1. The effect of inclination angle on the skin friction, Nusselt number, Couple
wall stress and Sherwood number is depicted in Table 6. It is observed that the
inclination angle has a decreasing effect on the skin friction friction and Couple
wall stress. However varying the plate inclination angle has no effect on the
Nusselt number and Sherwood number.
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velocity

Figure 7: Velocity profile for different values of ¢

angular velocity

Figure 8: Angular velocity profile for different values of Gt and G,,

5. Concluding remarks

In this paper we studied on the effects of heat generation, radiation of absorption,
chemical reaction, viscosity, magnetism, plate inclination angle and suction on the
unsteady MHD convective flow of micro-polar fluid past a porous medium. The gov-
erning equations were transformed into a system of nonlinear differential equations
using perturbation analysis. From the numerical study we deduce the following.

1. Velocity increases with increase in the thermal Grashof number, mass Grashof
number, absorption of radiation parameter, viscosity ratio, chemical reaction
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Table 1: Effect of M on skin friction, Nusselt number, Couple wall
stress and Sherwood number

M Cy Cpn  NuRe ' ShRe™!
0.0 322899 93.4927 1.0636  0.4641
2.0 16.1673 55.5201  1.0636  0.4641
5.0 12.2484 49.5012  1.0636  0.4641
6.0 11.7418 49.5204  1.0636  0.4641
10 10.8541 52.3838  1.0636  0.4641
15 10.6588 58.2806 1.0636  0.4641

parameter and Schmidt number near the plate.

[\

. Velocity decreases with increase in the heat generation parameter, inclination
angle and Schmidt number further away from the plate.

w

. Angular velocity increases with increase in the inclination angle.

W

. Angular velocity decreases with increase in the viscosity ratio, thermal Grashof
number and mass Grashof number.

5. Temperature falls with increase in the chemical reaction parameter, heat gener-
ation parameter and Schmidt number.

6. Concentration decreases with increase in either the chemical reaction parameter
or Schmidt number.

angular velocity

Figure 9: Angular velocity profile for different values of /3
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Figure 11: Angular velocity profile for different values of 1

7. Skin friction increases with increase in either the suction parameter or radiation
of absorption parameter. On the other hand skin friction decreases with increase
in the chemical reaction parameter, magnetic parameter, inclination angle and
heat generation parameter.

8. The Nusselt number increases with increase in the suction parameter, radiation
of absorption parameter and heat generation parameter. The Nusselt number
decreases with an increase in the chemical reaction parameter.

9. Sherwood number increases with increase in the chemical reaction parameter
and remain unchanged as A, 1 and Q2 vary.
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temperature
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Figure 13: Temperature profile for different values of Qo

10. Couple wall stress increases with increase in the suction parameter and magnetic
parameter M > 6 and decreases with increase in the heat generation parameter
and magnetic parameter M < 6.

Most of the above findings confirms previously published work. The findings which
stand out in the present study are that C'; decreases as ki increases and C), remain
unchanged as k; increases. Nwu and Cj increases as ()1 increases while Sh remain
unchanged. Also the Couple stress increases for magnetic parameter M > 6 and
decreases otherwise. Furthermore the inclination angle has the effect of decreasing the
velocity profiles and increasing the micro-rotation profiles.
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