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In this study, we investigate the influence of viscous dissipation and radiation on the
problem of unsteady MHD mixed convection two-dimensional laminar flow of an in-
compressible electrically conducting micropolar fluid past a semi-infinite vertical mov-
ing porous plate embedded in a porous medium. By taking the radiative heat flux in the
differential form and imposing an oscillatory time-dependent perturbation, the coupled
nonlinear equations are solved for the temperature and velocity distributions. The ef-
fects of the material parameters on the temperature and velocity profiles are discussed
quantitatively. Especially, the effects of non-zero values of micro-gyration vector on
the velocity, angular velocity and temperature fields across the boundary layer are stud-
ied. Numerical evaluation of the analytical results is performed and some graphical
results for the velocity, angular velocity and temperature profiles within the boundary

layer have been illustrated.
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NOMENCLATURE

A —  Small positive parameter;
B —  Planck’s function;

Cp —  Specific heat capacity;
Ec —  Eckert number;

g —  gravitational acceleration;

Gr —  Grashof number (free-convection parameter);
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H! —  Constant transverse magnetic field;

K —  Dimensional porosity parameter;

k — thermal conductivity;

M? — Non-dimensional magnetic parameter;
Pr —  Prandtl number;

. — Radiative heat flux;

R? —  Radiation parameter;

t* — Dimensional time;

Tw —  Wall temperature;

Ty —  Free stream temperature;

u*,v*, w*~  Dimensional velocity components;

U, —  Mean velocity of U*(t*);

U —  Dimensional free stream velocity;

wh —  Dimensional suction velocity;

¥, y*,2* — Dimensional Cartesian coordinates;
Greek Symbols

a2 —  Absorption coefficient;

1) — Radiation absorption coefficient along the surface;
€ —  Small positive parameter;

X2 —  Darcy number;

A —  Frequency;

vy —  Spin gradient viscosity;

I —  Dynamic viscosity of the fluid;

v —  Kinematic viscosity;

P —  Fluid density;

0o —  Electrical conductivity;

w* — Dimensional free stream frequency of oscillation;
Subscripts

w —  Surface conditions;

o0 —  Conditions far a way form the surface.
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1 Introduction

Flow through porous medium past infinite vertical plate is common in nature and has
many applications in engineering and science. A number of workers have investigated such
flows and excellent literature on the properties and phenomenon may be found in literature (
[1]- [3]). For example, Soundalgekar [3] investigated the effects of free-convection currents
on the oscillatory type boundary layer flow past an infinite vertical plate with constant
suction where the plate temperature differs from the free stream temperature. Kim [4] has
considered the case of a semi-infinite moving porous plate in a porous medium with the
presence of pressure gradient and constant velocity in the flow direction when the magnetic
field is imposed transverse to the plate. He also considered the free stream to consist of a
mean velocity and temperature over which are superimposed an exponentially varying with
time.

On the other hand, heat transfer by simultaneous free or mixed convection and thermal
radiation in the case of a micropolar fluid has not received as much attention. This is
unfortunate because thermal radiation plays an important role in determining the overall
surface heat transfer in situations where convective heat transfer coefficients are small.
Such situations are common in space technology [5]. Raptis [6] studied numerically the
case of a steady two-dimensional flow of a micropolar fluid past a continuously moving
plate with a constant velocity in the presence of thermal radiation. Gorla and Tornabene [7]
investigated the effects of thermal radiation on mixed convection flow over a vertical plate
with nonuniform heat flux boundary conditions.

Micropolar fluids are fluids with microstructure belonging to a class of fluids with
asymmetrical stress tensor. Physically, they represent fluids consisting of randomly ori-
ented particles suspended in a viscous medium ( [8]- [11]). The micropolar fluid con-
sidered here is a gray, absorbing-emitting but non-scattering optically thick medium. The
problem of micropolar fluids past through a porous media has many applications, such as,
porous rocks, foams and foamed solids, aerogels, alloys, polymer blends and microemul-
sions. The simultaneous effects of a fluid inertia force and boundary viscous resistance
upon flow and heat transfer in a constant porosity porous medium were analyzed by Vafai
and Tien [12]. Raptis [13] studied boundary layer flow of a micropolar fluid through a
porous medium. Kim [14] has considered the case of a semi-infinite moving porous plate
with a constant velocity in the longitudinal direction when the magnetic field is imposed
transversely to the plate. Kim [15] has considered the effect of nonzero values of micro-
gyration vector on the semi-infinite moving porous plate with a constant velocity in the
longitudinal direction when the magnetic field is imposed transversely to the plate.

Most of the previous studies of the same problem neglected viscous dissipation and
radiation. In the present work we consider the case of mixed convection flow of a microp-

olar fluid past a semi-infinite, steadily moving porous plate with varying suction velocity
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normal to the plate in the presence of thermal radiation and viscous dissipation.
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Figure 1.1: The physical model and coordinate system of the problem.

2 Mathematical Analysis

The problem that we will study is the two-dimensional, unsteady, mixed convection

flow of a laminar, incompressible, micropolar fluid over a semi-infinite vertical porous

moving plate in the presence of a magnetic field. It is also assumed here that the hole size

of the porous plate is significantly larger than a characteristic microscopic length scale of

a micropolar fluid. The z* -axis is taken along the planar surface in the upward direction

and the z* axis is taken to be normal to the plate. At time ¢* = 0, the plate is maintained at

a temperature T,,, which is high enough to initiate radiative heat transfer. A constant mag-

netic field is maintained in the z* direction and the plate moves uniformly along the positive

z* direction with velocity Uy. Under Boussinesq approximation the flow is governed by

the following equations:

ou* n Lou*
ot " 9
or*
ot*

ow*
=0, 2.1
&u*  OU* pPo,H: v, ., .
—(”+”T)az*2+at* —( ; +K*)(u —U¥)
. ON*
+gﬁ(T - Too) + 2VTW7 (22)
ON*  _ON* 4 0°N
ot* tw dz* pj*W’ (2:3)
or* k O°T* ou*
= V) + (52, 2.4)

Yo T pep - 0z*2 o pep - 0z*
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82(]:* 2 % 3 or-
5.2 3a g« — 16aoTy, 9 0, (2.5)
the boundary conditions are
a *
U = Uy, N*:—ni, T =T, ZzF =0,
0z~ (2.6)
= U () = wi(14 e V), N* — 0, T* — T 2" — o0,

where the medium is optically thin with relativity low density and o < 1 the radiative heat

flux given by Eq. (2.5) in the spirit of Cogley et al. [16] becomes

0q;- 9

2 = 4a” (T — To). 2.7
0z* o ) 27

Since
* 9B
2
= — 2.
« /0 6)\0T*’ 2.8)

it is clear from Eq. (2.1) that the suction velocity at the plate surface is a function of time
only. Assuming that it takes the following exponential form

w* = —we(1 +cAe™ ), (2.9)

where A is a real positive constant, ¢ and €A are small and less than unity, and w, is a
scale of suction velocity which has non-zero positive constant. The second equation in
(2.6) is the boundary condition for microrotation variable N* that describes its relationship
with the surface stress. In this equation, the parameter n is a number between 0 and 1 that
relates the micro-gyration vector to the shear stress. The value n = 0 corresponds to the
case where the particle density is sufficiently large so that microelements close to the wall
are unable to rotate. The value n = 0.5 is indicative of weak concentrations, and when
n = 1 flows are believed to represent turbulent boundary layers in Rees and Bassom [17].
We shall use the dimensionless variables

u* w* v wyz* w3t U* uy
= — - — = N* =22 =9 U=-"— U, =-2
u U,’ v wo’ Ugw, ' * v’ v’ [
2 * * 2 2
. wg . T — T dvw 9 v U
= — * 9 = — = — = — E = 9%
Gr = V90T —To) o 40* (T, “T) pp B g2 /ﬂooff,
Uow2 pepkw? k pw2

(2.10)
where Pr is the Prandtl number , Gr is the Grashof number, Ec is the Eckert number, R is
the radiation parameter, M is the magnetic field parameter and 2 is the Darcy number.

Furthermore, the spin-gradient viscosity v which gives some relationship between the
coefficients of viscosity and micro-inertia, is defined as
k

k 1
7:(u+§)j*:uj*(1+§ﬂ); B = o (2.11)
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Here 3 denotes the dimensionless viscosity ratio in which k is the coefficient of gyro-
viscosity (or vortex viscosity). In view of Egs.(2.5)-(2.11), Egs. (2.2)-(2.4) become

10u ou 82u 10U
- 1 A Twt 1 M2 2 _
o (L eAc ) S = (14 ) S+ 100 — (M7 + X (= D)
+Gro + Qﬁ—, (2.12)
0z
10N ON 1 0?’N
- 1+ eAe™t — 2.13
40t -+ ) o7 0z n 022’ (2.13)
Pr oo piwt 5‘0 0? 9 3
where
- wi* 2
gl +8
The boundary conditions are
ou
u:Up,Hzl,Nz—nE on z=0,
u— (1+ee“), § — 0, N — 0, as 7z — o0. (2.15)

The mathematical statement of the problem is now complete and embodies the solution of
Eqgs.(2.12)-(2.14) subject to boundary conditions (2.15)

3 Method of Solution

In order to reduce the above system of partial differential equations to a system of
ordinary differential equations in dimensionless form, we may represent the linear velocity,

microrotation and temperature as

ulz,t) = uo(2) +ee™'ur (2) + O(e?),
N(z,t) = N,o(2) + ™ Ny (2) + O(e?), (3.1
0(2,t) = 0,(2) + 01 (2) + O(c?).

Substituting Eqgs.(3.1) into Eqs.(2.12-2.15), equating the harmonic and non-harmonic
terms, and neglecting the higher order of O(g?),and simplifying we obtains the follow-
ing pairs of equations u,, IN,, 8, and u1, N1, 61

(L4 B)ul +ul, — (M? + x*)u, = —(M? + x*) — Gro, — 26N, (3.2)

N! +nN! =0, (3.3)
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0" + Pr0, — R*0, = —PrEcu/?, (3.4)
subject to the boundary conditions

uo =Up, 6p =1, N, = —nul,, on z=0,
u, =1, g =0, N, =0, as z — 00, 3.5)

for O(1) equations, and

(1+B3)uf +u'1—(M2+x2+ZZw)u1 = —(M2+X2+%)—Gr91—2mv1—Au;, (3.6)
1 A Z(.L) !

Ny’ + 0Ny = ()nNy = —AN,, (3.7)

0" + Pro, — (R® + %Pr)@l — —PrAd, — 2PrEcud, 3.8)

where a prime denotes ordinary differentiation with respect to z. The corresponding bound-

ary conditions can be written as

up=0,0, =0, Ny =—nuj, on z=0,

u; =1, 6, =0, Ny =0, as z— 00, 3.9

for O(¢) equations.

To solve the nonlinear-coupled Eqs.(3.2-3.8) and (3.9), we further assume that the vis-
cous dissipation parameter (Eckert number Ec) is small, and therefore, advance an asymp-
totic expansion for the liner velocity, microrotation and temperature as follows:

Uo(2) = o1 (2) + Ecugy(2) + O(Ec?),

No(2) = No1(2) + EcNoa(2) + O(Ec?),

05(2) = 0o1(2) + Ecboz(2) + O(Ec?), (3.10)
u1(2) = u11(2) + Ecuia(2) + O(Ec?),
Ni(z) = N11(2) + EcNya(2) + O(Ec?),
01(2) = 611(2) + Echiz(2) + O(Ec?).

Substituting Egs.(3.10) into Egs.(3.2-3.9), we obtain the following sequence of approx-

imations:

(1+ B)upy + upy — (M? + X*)uer = —(M? + x%) = Gréo1 —28N,,,  (3.11)

N\ + N}, =0, (3.12)
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o + Pro,; — R*0,1 =0, (3.13)
(1+ B)uny + upy — (M? + Xx*)ugy = —Gréoy — 28N, (3.14)
Ngy +nNgg =0, (3.15)
0y + Pr,, — R*0,5 = —Pruj, (3.16)
subject to
U1 = Up, 001 = 1, Nol = 7nu;1, Up2 = 902 = O, NOQ = 771’[14)2, on z=20
Upl = Up2 = 901 = 902 = Nol = N02 = O’ as z — 00, (317)

for O(1) equations, and

; 7
(1+ B)ufy +uyy — (M2 +x + E)Ull = *(Mz +x2+ Iw) — Groy;

4
—203Ny; — Auy,, (3.18)
N// N/ E N _ AN/
11+ 0V — 7 M = — ANy, (3.19)
9" +P - 2 Zﬂ _ /
1+ Proy — (R°+ 4P7’)911— PrAb6;,, (3.20)

w
(1+ B)ufy +uly — (M? 4+ x* + Z)uu = —Grys — 26N], — Aul,,  (3.21)

W
Ny +nNiy = —1N1p = —ANGg, (3.22)
"4 Prol, — (R + %Pr)em = —PrA¢., — 2Pru,),, (3.23)
subject to
Uyl = 911 = 0, N11 = —nu’ll, U12 = 912 = 0, N12 = —nu’m, on z=0
uir = 1, uip = 011 = 612 = N1y = N2 =0, as z — o0, (3.24)

for O(Ec) equations.
Solving Egs.(3.11-3.16) under the boundary conditions (3.17) and Egs. (3.18-3.23)
under the boundary conditions (3.24) and substituting into Egs. (3.10) and (3.1) we obtain

the temperature, angular velocity and velocity profiles of the flow respectively as
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0(z,t)
_ efmlz+Ec[a6€72m22+a7672m1z +a867(m1+m2)z _’_a96727}z +C¥1067(m1+n)
+a1167(m2+7’l)z + awefmgz] +€6th{Oz23[67mlz o 67m5z] + Ec[a4867(m1+m2)z
+ agge”(M2tma)z (305

msz +a56e—(m1+n)z +a57€—(m2+n)z

—(mi1+ms)z —(mi1+mg)z mo+ms)z

+ayge + aspe + agre

—2myz —2maz

“+a3e + axge + asse”

+a586—2172 +a596—(m1+m9)z +a6oe—(m2+mg)z +a61e—(m5+n)z

+agge” (MM 4 e (MotME 4 g emm72))

u(z,t)
= l4+aje "™ +taue " + a5e_m2z+Ec[a136_2m2z+a14e_2m1z+oz15e_(ml+m2)z
+arge” ™ fagre 2 fagge M Lagge (M2 Lang Coe T dagge ™42
—|—sei“’t{1 + oge” ™% + aipse” M 4 aigge” M 4 aiore” P 4 ipgCze” M0
+azie” ™% + Eclagse™ ™% + agee” T2 4 qgreT M 4 ggeeT 227 (3.26)
—mg3z —(ma1+ms)

—maz —(m1+mg)z

4+ ape

—2nz

+agge + arpe + are

—(ma+ms)z —(ma+me)z —(mi+n)

“+arze + apge + arse + arge

+a77e—(mz+n) + arge” " + a796—(m1+m9)z + 04806_(W2+m9)z
+a81€*(m5+n)z +0[826*(m6+77)z +a836*(m9+77)2 +0684C467mgz +a8667m82}},

4ia3A _
e

N(z,t) = aze™ " + FEcagie™ " + ee™“{agge™ "% nz

4i0¢21A
—e

w

+Eclagse” ™% + 2} (3.27)

The physical quantities of interest are the wall shear stress 7, and the local surface heat
transfer rate q,,. These are defined by
ou* ON* 9 , ,
— | g = 1 —
az*]z =0 + [ 97 Jzr=0 = pUS[(1 + B)u’(0) — npu’(0)]
= pUZ[1 + B(1 — n)]/(0). (3.28)

Tw = pl(v + )

Therefore, the local friction factor C' is given by

27y
- pUZ

Cy = 2[(1+ B)u'(0) — npu’(0)].

The couple stress at the wall is defined from the definition of

ON* U3
My =775 lerm0 = VV;’ N'(0), (3.29)
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the local surface heat flux defined by

aT*

(where k is the effective thermal conductivity), together with the definition of the local
Nusselt number

T
Nu = — 31
u T, Tk (3.31)
one can write
Nu
— =00 3.32
o = —0/(0), (332)

where the constants are given in Appendix, Re = U,z /v.

4 Results and Discussion

The formulation of the problem that accounts for the effect of radiation field on the
flow and heat transfer of an incompressible micropolar fluid along a semi-infinite, moving
vertical porous plate was accomplished out in the preceding sections. This enables us
to carry out the numerical computations for the velocity, microrotation and temperature
fields for various values of the flow conditions and fluid properties. Figures 4.1-4.7 show
representative plots of the streamwise velocity and angular velocity as well as temperature
profiles for a micropolar fluid with the fixed conditions w = 2, A = 0.01, ¢ = 2, ¢ = 0.01,
and F = 0.01 while 8, Gr, x, M,n, Pr,Up and R are varied over a range, which are listed
in the figures legend.

Figure 4.1a shows the streamwise velocity distribution within the boundary layer. As
the material parameter /3 increases, we observe that the magnitude of the stream wise ve-
locity decreases and the inflection point for the velocity distribution moves further away
from the surface. The numerical results show that the velocity distribution is lower for a
Newtonian fluid § = 0 with the fixed flow and material parameters. Figure 4.1b presents
buoyancy-assisted results for angular velocity profile as a function of spanwise coordinate
z within the boundary layer. It can be shown that as the viscosity ratio increases the ampli-
tude of the angular velocity profiles decreases.

The velocity and angular velocity profiles against spanwise coordinate z for different
values of Grashof number G are described in Figures. 4.2a and 4.2b. It is observed that
an increase in G leads to arise in the values of velocity, but decreases due to angular
velocity. Here the positive value of Gr corresponds to a cooling of the surface by natural
convection. In addition, the curves show that the peak value of velocity increases rapidly
near the wall of the porous plate as Grashof number increases, and then decays to the free

stream velocity.
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Figure 4.1: Effects of (the micropolar parameter) on the velocity and angular velocity distribution for
R=2,n=05 M=2,Up=0.5,Gr =10, x = 2and Pr = 0.71.

Gr=-10, -5,-2,0,2,5,10

Figure 4.2: Effects of (Grashof number) on the velocity, and angular velocity distribution for R =
2,n=05 M=2Up=1,8=0.2,x =2and Pr =0.71.
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1=0,1,35

0 2 4 6 3 10 12
z

Figure 4.3: Effects of (x parameter) on velocity and angular velocity distribution forR = 2,n =
0.5,M =2,Up=0.5,8=0.2,Gr =10 and Pr = 0.71.

o =1, 0.50

— . . .

0.2

Figure 4.4: Effects of (n parameter) on velocity and angular velocity distribution forR = 2, M =
2,x =2,Up=0.5,8=0.5,Gr =10 and Pr = 0.71.
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Figure 4.3a shows the velocity profiles for different values of the Darcy number y.
Clearly as x increases the peak value of velocity tends to decrease. Figure 4.3b illustrates
variation of the angular velocity across the boundary layer for various values of the Darcy
number Y in the direction of fluid flow. The values of angular velocity on the porous plate
are increased as the permeability increases.

R=21.050

Figure 4.5: Effects of (R rotational parameter) on velocity and angular velocity distribution for Pr =
0.71,M =2,x=2,Up=10.5,8=0.2,Gr =10and n = 0.5.

For the case of a micropolar fluid 5 = 0.2, the profiles of streamwise velocity and
micro-rotation against the spanwise coordinate z for the variations of the parameter n in
the boundary condition for micro-gyration vector are shown in Figures 4.4a,4.4b. The
results show that increasing values of n-parameter results in an increasing velocity within
the boundary layer, which eventually approaches to the relevant free stream velocity at the

edge of boundary layer. However, the micro-rotation profiles decreases as the n-parameter
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increases.

For different values of the radiation parameter R, the velocity and temperature profiles
are plotted in Figures 4.5a,4.5b and 4.5¢. It is obvious that an increase in the radiation
parameter IR results in decreasing velocity and temperature within the boundary layer and
increasing the angular velocity, as well as a decreased thickness of the velocity, and tem-
perature boundary layers. This is because the large R-values correspond to an increased
dominance of conduction over radiation thereby decreasing buoyancy force (thus, vertical
velocity) and thickness of the thermal and momentum boundary layers.

Figure 4.6: Effects of (Pr prandtl number) on velocity and angular velocity distribution forR =
2,M =2,x=2,Up=0.5,4=0.2,Gr =10and n = 0.5.

Figure 4.6a shows the velocity profiles against spanwise coordinate z for different val-
ues of Prandtl number Pr. The numerical results show that the effect of increasing values

of Prandtl number results in a decreasing velocity. The results also reveal that the peak
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value of velocity decreases as Pr increases. For the case of a micropolar fluid 5 = 0.2,
the profiles of micro-rotation against the spanwise coordinate z for the variations of the
parameter Pr in the boundary condition for micro-gyration vector are shown in Figure
4.6b The results show that increasing values of Pr parameter results in a decreasing the
micro-rotation profiles.

Typical variations in the temperature profiles along the spanwise coordinate are shown
in Figure 4.6¢ for different values of the Prandtl number Pr. As expected, the numerical
results show that an increase in the Prandtl number results in a decrease of the thermal
boundary layer thickness and in general lower average temperature within the boundary
layer. The reason is that smaller values of Pr are equivalent to increasing the thermal
conductivity of the fluid, and therefore heat is able to diffuse away from the heated surface
more rapidly than for higher values of Pr. Hence in the case of smaller Prandtl numbers

the thermal boundary layer is thicker and the rate of heat transfer is reduced.

For different values of the magnetic field parameter M, the velocity and angular veloc-
ity profiles are plotted in Figure 4.7a, and 4.70. It is obvious that the effect of increasing
values of magnetic field parameter results in a decreasing velocity distribution across the
boundary layer. Furthermore, the results show that the values of angular velocity on the

porous plate are increased as M increases.

M=5 3 1L0

z

Figure 4.7: Effects of (magnetic parameter) on velocity and angular velocity distribution forR =
2,n=05,x=2,Up=0.5,8=0.2,Gr =10and Pr = 0.71.
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Concluding Remarks

In this paper, the flow of an unsteady MHD mixed-convection flow of micropolar fluid
past an infinite vertical plate with time-dependent suction under the simultaneous effects
of viscous dissipation and radiation is affected by the material parameters. The governing
boundary layer equations for the velocity, microrotation component and temperature have
been solved analytically. The resulting partial differential equations were transformed into
a set of ordinary differential equations using two-term series and solved in closed-form.
Numerical evaluations of the closed-form results were performed and some graphical re-
sults were obtained to illustrate the details of the flow and heat and mass transfer charac-
teristics and their dependence on some of the physical parameters. In addition, an increase
temperature profile is a function of an increase in viscous dissipation. Whereas an increase
in radiation and magnetic field parameters led to a decrease in the temperature profile on
cooling. Equally, cooling of the plate by convection currents with increases in the radia-
tion, magnetic field and Darcy parameters led to a decrease in the velocity profile. Finally,
increased cooling of the plate and viscous dissipation resulted in an increase in the velocity
profile.

mq :mgzé(PT‘f‘\/m)
s (L + V1 +4(M2 +x2))
ms =my = (Pr+ /Pr?+4N,)
me = mg = m(l ++/1+4N;)
mg =mig = 3(n +G\/ N2 + iwn)

—Gr

ar= (1+ B)ym% —my — M2 — X2

g = 201
(L+B)n* —n— M? —x2

oy — n((m1 — ma)oq + (1 — Up)ma)

1 —nas(n —ms)
ay = asagas = Up — (1 4+ g + aa)

—Pra2m3
g =
6 4m3% — 2Prmg — R?
B —Pra3m?
ar= 4m? — 2Prmy — R?
—2Prasaimims
R =
87 (m1+ma2)? — Pr(my +ms) — R?
—Pra?m2
g =
O 42 —2Prp — R?
—2Prajasmin
1o =

(m1+n)? = Pr(my +n) — R?
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azg = —2PrAmaag — 2Prasmiag,

Q39

= PTAOélgmg
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ay9 = APr(my + n)aro — 2Pragassnmy — 2Prajasrnma
ag1 = APr(ms + n)ai; — 2Prasagynms — 2Pragnmacsy
Quo = —2PrAagn — 2Proagoorn?

g4 = 72P7’0450430m2m9
45 = —2Pragmsnasg
Q46 — —2Pra31a4nm6 Qg7 = —2Pra30a4nmg
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B dss
Q51 = 5
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»3 m?2 — 2Prm; — Na o 4m3 — 2Prmsg — No
o _ d39
55 m3 — Prmgz — Ny
40
Q56 =

(m1 +1n)? — Pr(mi +n) — Ny
Q41

« =
"7 (ma +n)% — Pr(ma +1n) — N2
B 42
o8 = 4n? — 2Prn — No
a _ 43
59 (m1+m9—PT(m1+m9)—NQ
e — dqq
60 (mg + m9)2 —aPr(mg + mg) — Ny
45
« pry
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ags = —(oug + aug + - + 63)
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66 —

(1 —+ ﬁ)(ml + m2)2 — (m1 + mo — Nl
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Q22114
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o o —G’I“Oé48
e (14 8)(ms +m1)? — (ms +m1) — Ny
o o —G’I"Oéf)o
T (1 B)(ma 4 me)® — (m1 +mg) — Ny
o —GTOéE,l
™ (1 + B)(ms +m2)? — (m5 + ma) — Ny
—GUTas2
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™ (1 +5)(m6+m2)2 — (m6+m2) — Ny
o o 2Aa1777 — G’I“Oé58
T A1+ B2 —2n— Ny
g — Aalg(ml + n) — Grasg
(1+8)(m1 +n)? = (m1+n) — M
v — Aaig(ma + 1) — Grasy
T (1 B)(ma + n)? = (ma+m) — Ny
e — Aagooia1m + 8ifagin/w
e (1+8)n* —n—M
a o *GT’OL{,Q
™= (1 + ﬁ)(ml + ’I’I”Lg)2 - (m1 + mg) — Ny
a o —GT‘heo
80 (14 B)(ma +mg)? — (mg + mg) — Ny
a o 7G7’O&61
T+ B)(ms +0)2 — (ms + 1) — Ny
o _ —GTrags
7 (14 8)(me +n)2 — (mg +n) — Ny
. —Grhes
83 = (4 B)(mg + n) — (mg + 1) — Ny
2 mg
Qgq =

(14 B)ym2 —mg — N,

ags = {nfags(mr — mg) + age(m1 + ma —mg) + ag7(2mi — mg) + aes(2ma — mg)
+ago(ms — msg) + azo(my — mg) + az1(my +ms — mg)

+ara(my +me — mg) + azz(ms + ma — mg) + aza(me + ma — mg)
+ars(2n — mg) + azg(my +n —mg) + arr(ma +n — mg) + arg(n —msg)
+arg(my 4 mg — mg) + ago(ma + mg — mg) + agi(ms +n — msg)

+aga(me + n—mg) + ags(mg + 1 — msg)] — 4iAas; Jw}/[1—nags(mg—ms)].

References

[1] M. J. Lighthill, The response of laminar skin friction and heat transfer fluctuations in

the stream velocity, Proc. Royal Soc. London A 224 (1954), 1-23.
[2] T.J. Stuart, A solution of the Navier-Stokes and energy illustrating the response of

skin-friction and temperature of an infinite plate thermometer to fluctuations in the

stream velocity, Proc. Royal Soc. London A 231 (1955), 116-130.
[3] V. M. Soundalgekar, Free convection effects on the oscillatory flow past an infinite,

vertical, porous plate with constant suction, J. Proc. Roy. Soc. London A 333 (1973),
25-36.



162 F. S. Ibrahim et al.

[4] Y.J. Kim, Unsteady MHD convective heat transfer past a semi-infinite vertical porous
moving plate with variable suction, Int. J. Engng. Sci. 38 (2000), 833-845.

[5] V. M. Soundalgekar, Free convection effects on Stokes problem for a vertical plate,
ASME J. Heat Transf. 99 (1977), 499-501.

[6] A.Raptis, Flow of a micropolar fluid past a continuously moving plate by the presence
of radiation, Int. J. Heat Mass Transfer 41 (1998), 2865-2866.

[7] R. S. R. Gorla and R. Tornabene, Free convection from a vertical plate with nonuni-
form surface heat flux and embedded in a porous medium, Transp. Porous Media 3
(1988), 95-106.

[8] A. C. Eringen, Theory of micropolar fluids, J. Math. Mech. 16 (1964), 1-18.

[9] E. L. Aero, A. N. Bulygin and E. V. Kuvshinskii, Asymmetric hydromechanics, J.
Appl. Math. Mech. 29 (1965), 333-346.

[10] A. C. Eringen, Theory of thermomicrofluids, J. Math. Anal. Appl. 38 (1972), 480—
496.

[11] G. Lukaszewicz, Micropoalr fluids-theory and applications, Birkhéd user, Boston,
1999.

[12] I. K. Vafai and C. L. Tien, Boundary and inertia effects on flow and heat transfer in
porous media, Int. J. Heat Mass Transf., 24 (1981), 195-203.

[13] A. Raptis, Boundary layer flow of a micropolar fluid through porous medium, J.
Porous Media, 3 (2000), 95-97.

[14] Y. J. Kim, Unsteady MHD convection flow of polar fluids past a vertical moving
porous plate in a porous medium,/nt. J. Heat mass transf. 44 (2001), 2791-2799.

[15] Y. J. Kim and J.-C. Lee, Analytical studies on MHD oscillatory flow of a micropolar
fluid over a vertical porous plate, Surface and Coatings Technology 171 (2003), 187-
193.

[16] A. C. L. Cogley, W. G. Vincenti and E. S. Gilles, Differential approximation for ra-
diative heat transfer in a nonlinear equations-grey gas near equilibrium, Am. Inst.
Aeronaut. Astronaut. J. 6 (1968), 551-553.

[17] D. A. S. Rees and A. P. Bassom, The Blasius boundary-layer flow of a micropolar
fluid, Int. J. Engng. Sci. 34 (1996), 113-124.



