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Abstract. In the present paper we examine the steady double-diffusive fraective
heat and mass transfer of a chemically-reacting micropolar fluid flowhngugh a
Darcian porous regime adjacent to a vertical stretching plane. Viscissgpation
effects are included in the energy equation. Assuming incompressiiiy-isotropic
fluid behaviour the transport equations are formulated in a two-dimesistoordinate
system(z, y) using boundary-layer theory. The influence of the bulk porous medium
retardation is modeled as a drag force term in the translational momentuiaiceg
Transformations render the conservation equations into dimensiomessifi terms

of a single independent variablg, transverse to the stretching surface. A simplified
first order homogenous reaction model is also used to simulate chewécdion in the
flow. Using the finite element method solutions are generated for the anglteity
field, translational velocity field, temperature and species transfer fielthe effects
of buoyancy, porous drag and chemical reaction rate are studieemiCél reaction

is shown to decelerate the flow and also micro-rotation values, in particaarthe
wall. Mass transfer is also decreased with increasing chemical reaatmnincreasing
Darcy number is shown to accelerate the flow. Applications of the studydedaoling

of electronic circuits, packed-bed chemical reactors and also thefieddrflows in
radioactive waste geo-repositories.

Keywords: micropolar, reactive flow, heat and mass transfer, porous meaiaerical,
buoyancy, viscous dissipation, finite elements.
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1 Introduction

Micropolar convection flows have been analyzed by many astfalowing the semi-
nal work of Eringen who introduced the micropolar fluid [1] aspecial case of the
micromorphic fluid [2]. Such fluids can accurately simulate tmicro-rotational ef-
fects observed in colloidal solutions, blood, dielectrigdk, plasmas, liquid crystals etc.
Micropolar convective flows find applications in the purifioa of crude oil, polymer
technologies, centrifugal separation processes, cotuimgr dynamics, chemical reaction
engineering, metallurgical drawing of filaments and solargy systems. Bhargava et
al. [3] studied the combined free and forced convection oi@apolar fluid past a stretch-
ing surface with applications in polymer processing. Chlankt al. [4] presented an
interesting study of the combined micropolar heat transfiel flow in a vertical channel.
Such studies were confined to purely fluid regimes. Porousartemvever constitute a
growing importance in many manufacturing and environmesystems. These include
grain storage systems, heat pipes, packed microspheiatingy distillation towers, ion
exchange columns, subterranean chemical waste migratidar, power absorbers etc.
Many studies of both Newtonian and non-Newtonian heat tearis porous media have
been presented. Kaviany [5] also provides an excellentnirerat of applications of con-
vection as well as conduction and radiative heat transfpoimus media. Recent studies
include those by Chamkha [6] who discussed the unsteady flam @stwald-deWaele
pseudoplastic fluid in a Darcian porous medium. More regeBelg et al. [7] studied the
influence of Rossby number and thermal stratification ontirgaconvection in a non-
Darcian porous medium. Micropolar flow and transport in peronedia has received
less attention despite important applications in emul§ilbation, polymer gel dynamics
in packed beds, petroleum and lubrication flows in porousvgafSeveral studies have
however been communicated both with and without heat teanafjanovic and Tutek [8]
examined the dynamics of a micropolar creeping flow throuBtaircian porous medium
using the homogenization method. The free convective baynidyer flow through a
Darcian porous medium was studied using a shooting methdtbtnammeadin et al. [9].
Elbarbary and Elgazery [10] considered the hydromagnetiwection in a porous regime
using the Chebyshev finite difference method also repodimghe influence of thermal
radiative flux and variable viscosity on the micro-rotatemd temperature profiles. An
excellent study of two-dimensional coupled magneto-cotive heat and mass transfer
in micropolar flow through a Darcian porous medium was comgaiad by Kim [11]
who also obtained solutions using the Keller-box implic#thod. Chamkha et al. [12]
studied the combined heat and mass transfer of a chemiealting micropolar fluid in
a porous medium. More recently Bharagava et al. [13] hawiesfuconvective heat and
mass transfer of a micropolar fluid in a Darcian porous squawity with heat source
effects using finite element and finite difference methodwest studies did not consider
the important effect of viscous mechanical dissipationcltSeffects can be important
in geophysical flows and also certain industrial operatamg are usually characterized
by the Eckert number. A number of authors have considerezbwss heating effects
on Newtonian convection flows. Rajasekaran and Palekardtiglied the influence of
Eckert number on rotating mixed convection using Merk’'seseexpansions. For the
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case of uniform wall temperature, increasing the Eckert memreduces heat transfer
rates. However for an equivalent viscous dissipation &ffeeating by uniform heat
flux produced larger Nusselt number compared with the umifesall temperature case.
Mahajan and Gebhart [15] reported on the influence of visbeasing dissipation effects
in natural convection flows, showing that heat transfersrate depressed by an increase
in the dissipation parameter. Bég et al. [16] studied theuémfte of vorticity diffusion
and viscous dissipation on thermoconvection flow in a norciaa porous medium. Koo
and Kleinstreuer [17] considered the influence of viscowihg on microtube and mi-
crochannel convection regimes. Haddad et al. [18] consilére influence of viscous
heating on entropy generation due to laminar incompresdiriced convection flow
through a parallel-plate microchannel configuration. Ehstudies of viscous heating
effects have been confined to Newtonian flows. The presemy stinsiders such an effect
in micropolar fluids. A limited number of studies have coesat viscous dissipation
effects in micropolar thermal convection. Soundalgekat &akhar [19] have provided
one of the earliest studies of viscous dissipation effeatsi@ropolar heat transfer past a
wedge. Arise in Ec from 0.01 to 0.02 was shown to induce a dsera the heat transfer
rate at the wedge surface. Mansour and Gorla [20] more rggergsented a boundary
layer solution for transient free micropolar convectiorattansfer with Joule thermo-
electric effects. Viscous dissipation was shown numdsidal decrease heat transfer
rates. An excellent analysis of micropolar stagnationrttarboundary layer flow on
a moving surface was presented by Bhargava and Takhar [2Hjoth non-dissipative
and dissipative cases.

In the present analysis we shall consider the viscous @issipand buoyancy effects
on micropolar chemically-reactive convective heat andstwassfer past a stretching sur-
face adjacent to a micropolar fluid-saturated porous medibach a study goes beyond
those already reported and constitutes an important additi the scientific literature on
environmental contamination, geophysical transport phena and also reactive non-
Newtonian thermofluid dynamics in the process industries.

2 Dynamics of thermo-micropolar fluids

In this study the thermo-micropolar non-Newtonian fluid ralbid implemented. Such a
fluid is a special sub-class of the much more complex micrpimorfluid. In thermo-
micropolar fluid mechanics, the classical continuum andntioglynamics laws are ex-
tended with additional equations which account for the eoration of micro-inertia
moments and the balance of first stress moments which areseodhe consideration of
micro-structure in a fluid. Hence new kinematic variablegdtjon tensor, microinertia
moment tensor), and concepts of body moments, stress meraadtmicrostress are
combined with classical continuum fluid dynamics theoryeho-micropolar fluids can
accurately simulate liquids consisting of randomly or&et particles suspended in a
viscous medium and offer an excellent framework to studyaaded geophysical and
environmental pollution flows. The governing equationstf@rmo-micropolar fluids in
terms of vector fields may be presented following Eringer} {21 Lukaszewicz [23], as

159



O. Anwar Bég, R. Bhargava, S. Rawat, H. S. Takhar, Tasweereg. B

follows:

conservation of mass:

0
8%‘) =—pVel; 1)

conservation of translational momentum:

% = =Vp+ eV XW = (4 R)VXV XV + (A 420+ r)VV eV +pfi; (2)

conservation of angular momentum (micro-rotation):

o
pj*a—? =KV XV = 26w =9V X V X w" + (o, + By + 7)V(V e w™) + pl; (3)

conservation of energy (heat):
OF
ot

dissipation function of mechanical energy per unit mass:

=-pVeV +p>—Veg; (4)

2
p® = A(V o V)2 + 2uDr : Dy —|—4n(§ x Z—g*)

)
+ oy (Vew*)? +9Vuw* : Vu* + 3,Vw* : (Vu*)T;
deformation tensor:
1
DT = E[Kij + Kji]7 (6)

where E is the specific internal energy, the heat flux,® is the viscous dissipation
function of mechanical energy per unit magsgdenotes the mass density of thermo-
micropolar fluid,V is translational velocity vectoty* is angular velocity (microrota-
tion or gyration) vector;j* is microinertia,p is the thermodynamic pressurg, is the
body force per unit mass vectar,is the body couple per unit mass vectar,s the
Newtonian dynamic viscosity). is the Eringen second order viscosity coefficiemt,
is the vortex (microrotation) viscosity coefficient, ang, 3, and~ are spin gradient
viscosity coefficients for thermo-micropolar fluids. In thpecial case where the fluid
has constant physical properties, no external body forciss &d for steady state flow,
the conservation equations can be greatly simplified. Aalthdly for the case where
k = a = =~ = 0 and with vanishing and f;, the gyration vector disappears and
equation (3) due to Eringen [22] vanishes. Equation (2) edsloices in this special case
to the classical Navier-Stokes equations. We also noteftinahe case of zero vortex
viscosity () only, the velocity vectol” and the micro-rotation vectar* are decoupled
and the global motion is unaffected by the micro-rotatiohsimplified version of these
equations is utilized in the mathematical transport modet@nted next.
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3 Mathematical model

We examine the laminar boundary layer heat and mass tramfséemicropolar chemi-
cally-reacting fluid against gravity past a vertical sthitig surface adjacent to a Darcian
micropolar-fluid-saturated porous medium. Concentratibepecies in the free stream
i.e. far away from the stretching surface, is assumed tofirétasimal (zero) and defined
asC,,. Temperature in the free stream is takerilgs. The z-axis is located parallel
to the vertical surface and theaxis normal to it. Constant micropolar fluid properties
are assumed throughout the medium i.e. density, massidifftisiscosity and chemical
reaction rate are fixed. In the general Navier-Stokes egpustithe Rayleigh expression
for viscous dissipation due to internal friction in the flyidr unit volume, takes the form:

oG -3) G -3) G- 5)
(G ) G ) @ a) ]

For boundary layer flows thg-direction velocity gradient i.e.

(7

(20) 5 20 01 00 90 90w ow o
Oy Ox’ 0z’ 0x’ Oy’ 9z’ Ox’ Oy’ 0Oz’

Therefore we only retain, following Schlichting [24] tl(l%)2 component in the general
three-dimensional viscous dissipation term. Chemicattrea of the micropolar fluid is
assumed to be homogenous and first order. The governingtdrsgjuations for the flow
regime, illustrated in Fig. 1, incorporating a linear Darcdrag can be shown to take the
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Fig. 1. Geometry of flow regime.
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following form, under these approximations and in consisyewith the Boussinesqg and
boundary-layer approximations:

conservation of mass:

ou Ov
%Jrafyfov (8)

conservation of linear momentum:
ou ou 82u ON

U— +V— = + k1—

ox " oy~ Vo2 — -t Bga(T = To) + 8°a(C = C)i - (9)

oy ky

conservation of angular momentum:

ON ON ~ 02N K ou
—_— —_— N+ — 10
“or T oy — pj* 0y? pj* [ + 8y} (10)
conservation of micro-inertia:
aj* 8]
; 11
“or T %y =0; (11)
conservation of energy:
oT oT O*T v /0u\2
—_— — 4+ — (=) 12
“or TV T Yo (ay) (12)

conservation of species diffusion:

oc  oC  _9*C
ugy tvg, = Dgm ~IC (13)

In equation (9) the porous matrix resistance at low Reynolatabers i.e. the Darcian
bulk impedance is defined by the teka—u The boundary conditions on the vertical
surface and far away from the surface (|n the free streampeatefined as follows:

W o

y—o00: u=0, T=T,, C=Csx, N—0, (15)

y=0: wu=U(x), v=0,T="T,, C=C=Cy, N——s[

wherer = £t denotes the apparent kinematic viscosity= = (k1 > 0) is the Eringen
micropolar coupling constant, s is the surface condltlowamter and varies from 0 to
1 andU(z) is the surface velocity of the stretching wall. In equati¢®)sthrough (13),

u andv are thezx-direction (streamwise) angkdirection (spanwise) fluid velocitieg,,
denotes gravitational acceleratigri,is micro-inertia per unit mass,is micropolar vortex
viscosity,~ is the micropolar spin gradient viscosity,designates species concentration
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in the boundary layer(, is the concentration at the free stredf), is concentration
at the wall,C,, is concentration at the wall (stretching surface)is the coefficient of
volume expansiori’ is temperaturelV is the angular velocity (micro-rotation),denotes
kinematic viscosityk, is permeability of the porous medium,is the thermal diffusivity,
D is the species diffusivity anfl' is the chemical reaction rate parameter. Subscripts
() and(). denote conditions at the wall and free stream respectiei14) the initial
boundary condition for micro-rotation physically correspls to thesanishing of the anti-
symmetric part of the stress tensand corresponds weakconcentrations of the micro-
elements of the thermo-micropolar fluid. The microelemeatticle) spin is equal to the
fluid vorticity at the boundary for fine particle suspensiolmsthis scenario therefore the
particles are able to sustain rotation in the vicinity of #teetching surface (near-field
regime). At the wall, the normal component of the transtaloselocity,v, is zero due to
the absence of transpiration effects i.e. there is no lateaas flux. The continuity (mass
conservation) equation is automatically satisfied by defjra stream function using the
Cauchy-Riemann equationg(z, y) such that:

oy

u = —ay, (16)
o

v = e a7

Proceeding with the analysis, we now define the followinggfarmations to reduce the
mathematical model into dimensionless form:

v = [vaU(@)]"* f(n), (18)
/
- (52" &
N = %U(l‘)g(n), (20)
U(z) = ax, (21)
A=—1L (22)
pi*v
qr= W@ 23)
RVIX
T— T
h= (24)
i~ @

wheren is dimensionless transverse (spanwise) coordinatis, dimensionless stream
function,g is dimensionless micro-rotation functidiis dimensionless temperature func-
tion, j is dimensionless concentration, and G* are micropolar material parameters
and a denotes a dimensional constant (> 0). Introducing these non-dimensional
transformations reduces the conservations equations &mw(x, y) coordinate system
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to an (n) coordinate system, with the continuity equation idenljcahtisfied by the
Cauchy-Riemann equations (16) and (17) leading to theviilig coupled set of non-
linear ordinary differential equations in terms of the fal@pendent variableg, g, h, j
and the new independent variable,

Conservation of momentum:

d’f dg | d*f df\? . 1 df
B, — — = Re.. ~Re,j— ———=0: (2

Gt B F = () GreRecht GmaRecj - st = 0: (26)

conservation of angular momentum:
2g A 2f df

A—= — 2 —_— — =0; 27
conservation of energy:

&2h a2

e T f—+PE(d2) —0; (28)
conservation of species:

&2j df

d2+5 f——SC|:XR€xj+jd:|—O, (29)
where Re, = UZ is the local Reynolds numbe6r, = “0flu=Txl js the local

Grashof number (buoyancy parameter for free thermo-carecioeat transfer)zm, =
v9al7[Cw—Cxl s the species Grashof (free convective mass transfer iieyancy) pa-

rameter,Da, = ’;—2 is the local Darcy numberzc = #Q_Tm) is the Eckert viscous
dissipation numberSc = 4 is the Schmidt numberd’r = Z is the Prandtl number,
X = 5—2 is dimensionless chemical reaction rate parameterand- ’“71 = Z s the
micropolar coupling parameter. The corresponding transfo boundary conditions for
the problem now become:

initial:
. _df IR o drf
n=0: f(0)=0, %( ) =1, h(0) =1, j(0) =1, g(0) = —S%(O)» (30)
end:
df .
1 — oo: d—n(OO) — 0, h(co) =0, j(o0) =0, g(c0) —0. (31)
The rate of heat transfer from the wall is given by:
oT 12
Gu ——mayJo——hﬁ“—T)(J 1(0), (32)

wherek; is the coefficient of thermal conductivity and a is the stigtg parameter. We
can further define the dimensionless wall shear stress alhdauple stress functions, but
these are omitted here for brevity.
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4 Numerical solution by the finite element method

The finite element method is used to generate accurate eeffisdlutions to the trans-
formed two-point boundary value problem viz equations @§P9) with corresponding
boundary conditions (30) and (31). Details of the methodaaedlable in Reddy [25] and
Bathe [26]. We introduce the substitution:

9 _
dn
whereA is the dimensionless velocity.

The equations (26) to (29) are therefore reduced to thesoilp, where()’ indicates
d/dn:

(33)

A"+ Big + fA"+ GryRe,h + GmyRe,j — A? — o4 0, (34)
Da, Re,
A
A" = 29+ A) —Ag+ fg' =0, (35)
B+ Prfh + PrEcA” =0, (36)
j" 4+ Scfj’ —ScReyxj=0. 37)
The corresponding boundary conditions are:
n=0:  f(0)=0, A(0) =1, h(0) =1, j(0) =1, g(0) = —sA'(0), (38)
n—oo: A—0,h—0, j—0, g—0. (39)

Convergence has been efficiently achieved by fixing infiny8a The whole domain is
discretized into a set of 70 line elements of equal widthhedement being two-noded.

4.1 Variational formulation

The variational form associated with equations (33)—(3&r @ typical two noded-linear
element(n., n.+1) is given by:

Ne+1

[ wrts = ayan o, (40)
Ne

Net1

/wg{A”+B1g’+fA'+erRewh+GmmRewj—AQ— A}dn:O, (41)

DagRe,

Ne

Ne+1

1 )\ ! /

/ws{kg ~ 29+ A) —Ag+ fg }anO, (42)
Ne

Net1

/ wy{h" + Pr fh' + Pr EcA’Q}dn =0, (43)

Ne
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MNe+1
/ ws (" + e ff — SeRepxj}dn =0, (44)

Ne

wherews, we, w3, wy andws are arbitrary test functions and may be viewed as the varia-
tionin f, A, h, j andg respectively.

4.2 Finite element formulation

The finite element method seeks an approximate solutioretdifferential equation over
each element. The polynomial approximation of the solut¥thin a two-noded element
is of the form:

2 2 2 2 2
=Y i, A=Y Ajiby, h=Y_hjb;, §=_ i, 9= g;¥;, (45)
j=1 j=1 j=1 j=1 j=1

wheref;, A;, h;, j; andg; are the values of the solution at tli¢h node of the element
andq); are the shape functions for a typical element 7..1) and are taken as:

e e -1 e 7 —Te
e M L

5 2 ) Tle S n S Ne+1- (46)
776+1 - ne ne+1 - ne

The coefficients;, A;, h;, j; andg; are determined such that the equation (40)—(44)
are satisfied in the weighted integral sense.

Takingw; = we = w3 = wy = wy = Y; (1 = 1, 2), the finite element model of the
equations thus formed is given by

K1) (K2) (K] (RN (KRS T [0
(K2 (K2 (k%) (k2] (K] ({4} ()
K [K®)[K®] (KM RS {0 ] = |7 @)
KM [K2) (K9] (R (RS GY] |0
KM (K] (K% [k (K9] | {g)] (0}

where[K™"] and [b™] (m,n = 1,2,3,4,5) are the matrices of ord& x 2 and2 x 1
respectively. We define some of the above matrices as fallows

MNe+1 MNe+1

diy,;

11 J 12 13 14 _ 15

KY = [0 K == [y, K=K =K =0, @9

Me Ne
21

K2 =0, (49)
MNe+1 Me+1

K? = Gr,Re, / itbydy, K2 = GmyRe, / ety (50)
MNe Ne
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MNe+1 dw
25 _ J
Kij - Bl ¢Zd7nd )
Ne
Ne4+1
K31 0 K32 A
i ) ij - G~ 77[]2
776
: dd)z dy;
K35 = )\ / I q
v dn dn
Me
Ne41

dwj
2 g
MNe+1
/w%m A{/mmwm
TMNe

/@%%M+ﬁ/%% (m+h/mw

7]6
Kfl =0,

K}? = PrEcA, / zpzdwl

dn dn

dw]d —|—P)7“E0142/’L/)Z

dips dw]
dn dn

e

e+ Net1
C s d A
K = - Y wjd T Prf / wizpldi?;dn,
ne

7}6
Ne+1

+ Prfy / ¢i¢2%d777
n

K4 — 45

i = IG5 =0,

KOl — K52 — K53 —
iy = Kij =K =0,

7]e+1dw dd} MNe+1 dw
KM = — L S*/ by —Ld
1) / dT] d’l7 77 + Cfl 1/} ,l;[}l d’r] T]
e Ne+1 dq/; MNe+1
+ Scfo / ¢i¢2d777jd77*SCR€mX / P dn,
55 MNe
sz - 07
dAN Ne+1 dg Ne+1
1 _ 2
b1 - 07 ) <’¢)l d77> ) (7/}2 )ne 9
dh\ Me+1 dj \ Me+1
4 e 5 _ _
w=—(vg,), b wm%’
where
f:Z zwzﬁ A:ZAzwz
=1 i=1
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Each element matrix is of the ord&0 x 10. Since the whole domain is divided into a
set of70 line elements, following assembly of all the element equrstiwe obtain a matrix
of order355 x 355. This system is non-linear and hence dealing with it is featéd by
a linearization procedure. The system is linearized byripoating the functiong and
A, which are assumed to be known. After this the linearizetesyss solved iteratively.
Applying the given boundary conditions only a systenBaé equations remains to be
solved. At the beginning of the first iteration the velocigmperature, concentration and
microrotation are taken to be zero and the system of equaismolved using a Gaussian
elimination method for the nodal velocity, temperatureyaantration and microrotation.
Thus the values at the first iteration are obtained. Thisgs®és repeated until the desired
accuracy 00.0005 is obtained.

5 Results and discussion

In the present study we have adopted the following defautirpater values for the finite
element computations&r, = 1.0, Gm, = 1.0, x = 1.0, Da, = 1.0, Re, = 1.0,
Pr =07, 8=0.1, B, =001, G*=1, A =1, s = 0.5 andEc = 0.02. These
values are used throughout the computations, unless otbelindicated.Comparisons
have also been made with the finite difference method (dedad not provided here for
brevity) and results are shown in Table 1. Excellent cotia@tas observed between both
methods for the special caseldf,, = 1.0, for dimensionless translational velocity profile
(4) and also for dimensionless micro-rotatigy) profile.

Table 1. Comparison table of finite difference and finite element composatio

s=0.5, Sc=0.1, Pr=0.7, Re; =1, Gry =1, Gm; =1,
By =001, G =1, A=1, Ec=0.02, y=1

A (Da =1.0) g (Da =1.0)

n FEM FDM FEM FDM

0 1 1 0.07887 0.07886
0.914286 0.743958 0.743956 0.114158 0.114157
1.94286 0.415178 0.415177 0.087409 0.087409
2.97143 0.217921 0.217920 0.048231 0.048231

4 0.115855 0.115855 0.025734 0.025734
5.02857 0.060083 0.060082 0.014358 0.014358
6.05714 0.027294 0.027292 0.007764 0.007763
7.08571 0.008198 0.008195 0.003153 0.003151

8 0 0 0 0

Fig. 2 illustrates the influence of thmicropolar coupling constant B; on the
velocity and micro-rotation (angular velocity) profiles. eWote thatB; = 0 implies
Newtonian flow and the vanishing of micropolarity. Equat{@6) for this case reduces
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to:

_ 1 d_
Re,Da, dn -

B1=0.1
02 4
B1=15

2
1L (Y o s omad 1 4

Fig. 2. (a) A versusn for various By values; (b)g versusn for various B; values.
s=05,8c=0.1 Pr=0.7 Re; =1,Da, =1,Gm; =1,Gr, = 1,G* =1,
A=1,Ec=0.02,x =1.

The micro-rotation equation (27) also disappears. For lalues ofB; i.e. 0.1, there
is weak micropolar vortex viscosity. We observe that tratshal velocity @) increases
markedly with B; values as the latter increase frd to 4.0 (strong vortex viscosity).
A peak velocity of1.3 occurs forB; = 4 at approximately; = 0.5 i.e. very close to
the wall. This trend is maintained untjl ~ 1.5 at which staged values are depressed
by an increase in micropolar coupling constant. For the nedes of the domain velocity
is increased marginally with a rise i8; values; all profiles converge asympotitically to
zero, far from the wall. Strongly micropolar fluid is thered@cceleratedn the near-wall
regime whereas it is decelerated in the far-field regime. ZKlg) indicates that magnitudes
of micro-rotation, g, are increased with higher values of the coupling paraméter
For lower values of3; we observe that micro-rotation is actually reversed. Theeki
magnitude ofy corresponds t@; = 0.1 and is approximately.1; the peak magnitude
for B; = 4.0 however i0.8 and occurs (as with all other profiles) at the wall ire= 0.
All micro-rotation profiles have non-zero value at the walllaatn ~ 1 they intersect
and decay smoothly to zero at the end of the regime. The giaghg. 2 corresponds
weakly buoyant Darcian flow with low viscous dissipatithe parameters having default
values, discussed earlier.

The influence of théeckert number i.e. viscous dissipation parametdrd) on
translational velocity, angular velocity and dimensi@sléemperature profiles is illus-
trated in Fig. 3.Ec expresses the relationship between the kinetic energyeifidtv and
the enthalpy [24]. It embodies the conversionkafetic energyinto internal energyby
work done against the viscous fluid stresses. Although thiarpeter is often used in
high-speed compressible flow, for example in rocket aerahos at very high altitude,
it has significance in high temperature incompressible flamisch are encountered in
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chemical engineering systems, radioactive waste rep@stonuclear engineering sys-
tems etc. Positive Eckert number implies cooling of the vaaldl therefore a transfer
of heat to the fluid. Convection is enhanced and we observemsistency with for
example Schlichting [24], Soundalgekar and Takhar [19]n&taur and Gorla [20] etc.
that the fluid is accelerated i.e. translational velocitinggeased in the micropolar fluid.
Temperatures are also boosted as shown in Fig. 3(b) sineenattenergy is increased.
Micro-rotation however igeducedby a rise inEc¢ values from0.02 through1,2,3 to

4, in the vicinity of the wall. Hence theninimumvalue of micro-rotation at the wall
corresponds tdc = 4, and this value i$).02 approximately. AsE'c values decrease,
dissipation effects fall and the micro-rotation consifiiemcreases over the near wall
regime,0 < n < 1.5 approximately. Aty = 1.5 all profiles converge and the reverse
effect is observed on micro-rotatiog, for the remainder of the domain. Hence for
1.5 < n < 8, we see that a rise ifvc induces a slight increase in tlgevalues. All
profiles descend smoothly to zero at the end of the ranganitbeifree stream.

Fig. 3. (a) A versusn for various Ec values; (b)h versusn for various Ec values;
g versusy for variousEc values.s = 0.5, Sc = 0.1, Pr = 0.7, Re, = 1, Da, = 1,
Gmg =1,Gr, =1,G"=1,A=1,B; =0.01, x = 1.

The effects of thérandtl number on velocity, temperature and micro-rotation pro-
files are depicted in Fig. 47r encapsulates the ratio of momentum diffusivity to thermal
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Fig. 4. (a) A versusy for various Pr values; (b)h versusn for various Pr values;
g versusPr for various Ec values. s = 0.5, S¢ = 0.1, Ec = 0.02, Re, = 1,
Da, =1,Gm,=1,Gr, =1,G*=1,\=1,B; =0.01, x = 1.

diffusivity. Larger Pr values imply a thinner thermal boundary layer thicknessrance
uniform temperature distributions across the boundargrlagtence the thermal boundary
layer will be much less in thickness than the hydrodynanméanglational velocity) bound-
ary layer. Pr = 1 implies that the thermal and velocity boundary layers apg@pimately
equal in extent [24]. Smaller Pr fluids have higher thermalduwtivities so that heat can
diffuse away from the vertical surface faster than for higRe fluids (thicker boundary
layers). Physically the lower values Bf correspond to liquid metald ~ 0.02, 0.05),

Pr = 0.7 is accurate for air or hydrogen att+ = 1 for water. The computations show
that translational velocityd, (Fig. 4(a)) is therefore reduced Bs rises from0.1, through
0.5,0.7t0 1.0,2.0 and10.0 since the fluid is increasingly viscous Bs rises. Hence the
micropolar fluid is decelerated with a rise #-. Fig. 4(b) indicates that a rise iRr
substantially reduces the temperaturgin the micropolar-fluid-saturated porous regime.
Our computations correlate well with the earlier study onmed micropolar heat and
mass transfer in porous media by Kim [11]. The profiles becormoeeasingly parabolic
as Pr increases above.1, for which the profile is approximately a linear decay. For
all cases) decays to zero as — oo, i.e. in the freestream. There is however a rapid
decay to zero for the maximuiir (= 10) where the temperature plummets to zero in
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the near-wall region. The influence &fr on micro-rotation,g, however is positivey
values increase both at and near the wall Pasincreases fromd.1 to 10. Maximum
micro-rotation is observed faPr = 10 and has a value @f.22. With lower values ofPr
(0.2,0.5,0.7,1) the profiles all rise from the wall t9 ~ 1; for Pr = 2,10 however they
descend from the wall. In all cases profiles decay smoothtgto as) — oo.

Fig. 5 illustrates the profiles of translational velocitydanicro-rotation versus for
variouslocal Darcy numbers Da,. This parameter simulates the effects of the bulk
matrix impedance due to the porous medium fibers. Fig. S(hgates that a rise ia,
(which implies a rise in permeability,,) enhances considerably the translational velocity
of the micropolar fluid (Fig. 5(a)). Hence the micropolar dlig accelerated with a rise
in Da,. With increasing permeability the porous matrix structbegomes less and less
prominent and in the limit of infinitéa, values, the porous medium vanishes. Equation
(26) shows that the Darcian body force is inversely propogl toDa,. Therefore higher
Da, values will reduce the porous bulk retarding force. Thesmerical computations
also indicate that the presence of a porous medium with losmneability (high solid
material presence) may be implemented successfully as laamisen for controlling flow
velocities in chemical engineering applications sincedowermeability media induce
a deceleration in transport. Micro-rotation values (Fifh)bhowever are substantially
decreased aBa, increases fron.1 (low permeability) through, 2,5 and to20 (high
permeability) for the near-wall regime; however fpr- 2 i.e. a quarter-distance along the
domain from the wall, increasing locala,, enhances the micro-rotation values. We may
infer that close to the wall, micro-rotation is inhibitedeevfor more permeable media as
the particles have difficulty in rotating due to the preseotthe wall; however further
from the wall, with a more permeable environment, the miotapspin is less inhibited
and microelements can rotate more freely, as demonstrgtétebslightly larger values
of g for Da, = 20 compared with loweDa, values for the regimé < n < 8.

Fig. 5. (a) A versusy for various Da, values; (b)g versusn for various Da,, values.
s=05,S¢c=01,Pr=07,Re, =1,Gms =1,Gr, =1,B1 =0.01G* =1,
A=1,Ec=0.02x=1.

Fig. 6 shows the influence &furface parameter, s, on the flow regime. Micro-
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rotation is seen to increase substantially over the range n < 1.5, ass increases
from 0 to 1.0. s = 0 implies that micro-rotation at the wall is prevented so timétro-
rotation vanishes at the wall for this case. Increasing semthe degree of intensity
of microelement rotation generating the peak angular wglat 0.16 for s = 1.0. At
approximatelyn = 1.5 all profiles merge and owing to the distance from the wall, the
surface parameteg, no longer exerts an effect on micro-rotation field. Therefall
profiles are superimposed and descend to zero smoothly frethstream.

Fig. 6. g versusn for variouss values. Sc = 0.1, Pr = 0.7, Re;, = 1, Da, = 1,
Gmgy =1,Gr, =1,B1 =0.01,G*=1,A=1,FEc=0.02,x = 1.

Fig. 7 shows the effect of th8chmidt number, S¢, on the dimensionless concen-
tration (;) and the gradient of the dimensionless concentratjon (We note thatSc
i.e. the Schmidt number, embodies the ratio of the momentuthe mass diffusivity.
Sc therefore quantifies the relative effectiveness of monmanéind mass transport by
diffusion in the hydrodynamic (velocity) and concentratispecies) boundary layers.
SmallerSc values can represent for example hydrogen gas as the spéttisig (Sc=
0.1 t0 0.2). Sc = 1.0 corresponds approximately to carbon dioxide diffusing iin a
Sc = 2.0 implies hydrocarbon diffusing in air, and higher values étrpleum derivatives
diffusing in fluids (e.g. ethylbenzene) as indicated by Geblet al. [27]. We have
presented the computations B = 0.7. In all profiles ofj versusn, for variousSc
values,Pr # Sc. The thermal and species diffusion regions are of diffeeaténts. As
Sc increases, Fig. 7(a) shows thatalues are strongly decreased, as larger valueg: of
correspond to a decrease in the chemical molecular diffysie. less diffusion therefore
takes place bynasstransport. The dimensionless concentration profiles ahgdrom
a maximum concentration df atn = 0 (the wall boundary condition) to zero in the
freestream. A very steep decay is witnessed iralues for highSc, and these profiles
descend quickly to zero before= 1. Species transfer is therefore considerably inhibited
only a short distance from the stretching surface for tghvalues §, 10), whereas for
lower Sc values (.1,0.5,1,2) a more gentle fall is observed;values generally reach
zero quite far from the wall in these latter cases. Dimerisgmconcentration gradient
(") is also seen in Fig. 7(b) to fall with a rise in Schmidt numberparticular in the
vicinity of the wall.
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Fig. 7. (a)j versusn for various Sc values; (b);’ versusn for various Sc values.
s =05 Pr=0.7 Re;, =1,Da, =1,Gm, =1,Gr, =1, B, =0.01, G* =1,
A=1,Ec=0.02,x = 1.

The influence ofocal Reynolds number Re,, on A andg is shown in Fig. 8. As
Re, increases, the flow momentum increases and as expecteditiséational velocity
(Fig. 8(a)) increases considerably. The flow however isBtircian as the Darcy model
is valid up toRe, ~ 10, as described by Bear [28]. The regime is still weakly budyan
with dissipation and chemical reaction present. At very Reynolds numbers, a sharp
decay from the wall value of unity (initial boundary condit) to very low values is
observed. FoRe, = 0.5,1,1.5 and2, the profiles descend more gradually to zero from
unity value at the wall. Micro-rotation profiles are seen &odepressed by an increase
in local Reynolds number. The peak valuegatherefore occurs foRe, = 0.1 (at the
wall), and the minimum value is-0.5 for Re, = 2, again at the wall. All they profiles
converge at approximately = 1.5 and after this micro-rotation is slightly increased by
larger Reynolds numbers. The distributions all decay to #egreafter.

1.4 -

Re, = 0.1
Re, = 0.5
o 0.45 - Re =1
L : _
Re, = 1.5 4 8
Re, =2
T | -0.5 -
0 4 8 = —>
n— n—
@ (b)

Fig. 8. (a) A versusny for various Re, values; (b)g versusn for various Re, values.
s=05,8¢=01Pr=0.7,Da, =1,Gm, =1,Gr, =1, B =0.01, G* =1,
A=1,Ec=0.02,x=1.
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The variation of translational velocity, temperature fiime, concentration function
and micro-rotation function with, for various values of thehemical reaction number
(x) are depicted in Fig. 9. An increase in tlyevalue induces a marked decrease in
the translational velocity (Fig. 9(a)A, throughout the entire regime. In all cases, the
profiles decay from unity at the vertical stretching surfagdl (n = 0), gradually to
zero at the freestream (— oo). Chemical reaction rate clearly decelerates the flow of
the micropolar fluid. We note that the parameter valuesHorG* and Ec¢ also imply
a weakly micropolar flow scenario with weak mechanical giagon effects. Chemical
reaction stifles diffusive transport and thereby retard@sfibw momentum. As a result
maximumtranslational velocity occurs for the case of zero chemieattion i.e.x = 0.
Fig. 9(b) shows that temperature function profiles he&alues are elevated with a rise in
chemical reaction parameter. The profiles are not as widelyedsed as for the trans-
lational velocity distributions; there is neverthelessistidct rise in temperatures, in
particular at the locatiom ~ 3. The present computations concur well with earlier
studies of free convection with chemical reaction, suchhase presented recently by
Afify [29]. Temperature profiles are seen to be minimized ia #ibsence of chemical

0.24

@ 0.12

; - %
(c)

Fig. 9. (a) A versusn for various x values; (b)h versusn for various x values;

(c) j versusn for various x values; (d)g versusn for variousx values. s = 0.5,

Sc=0.1,Pr=07,Re, =1,Da, =1,Gmsz =1,Gr, =1,B1 =0.01,G* =1,
A=1, Ec=0.02.
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reaction. The effect of on the dimensionless concentratighdistributions is illustrated
in Fig. 9(c), wherein it is clear that ag rises from0 to 1,5,10 and 50 the 5 values
are strongly reduced. Ag is increased the profiles become more monotonic in nature;
in particular the gradient of the profile becomes much stetgey values equal to or
greater thars compared with lower values of the chemical reaction paramé&hemical
reaction parameter therefore reduces magnitude of thengioess concentratior,
but increases the rate of change of species (mass) transfgidn, since highey values
imply a fasterrate of reaction. Fig. 9(d) shows that micro-rotatign {s noticeably
boosted at the wall with a rise in reaction parameter. Thisdris sustained up tp~ 1.8
after which micro-rotation is depressed by a risg irOur results agree generically with
those presented by Seddeek [30].

Finally the effects othermal and species Grashof numbei.e. Gr, andGm,
are shown in Figs. 10, 11, for the velocity, temperature geties transfer distributions.
Fig. 10(a) indicates that an increaseGin, from 1 through2, 3,5, to 10 strongly boosts
the translational velocity in particular over the zéne 7 < 2. There is a rapid rise in the
A value near the stretching surface (wall) especially forddsesGr, = 5 and10. Peak
velocity for Gr,, = 10 is aboutl.8 occuring aty ~ 0.5. At  ~ 2 there is a switch in the
effect of the thermal Grashof number by increasing friotm 10 is now seen to reduce the
translational velocity. The profiles generally descendatimy towards zero although the
rate of descent is greater corresponding to higher thermash®f numbersGr,, defines
the ratio of the thermal buoyancy force to the viscous hygnathic force and as expected
does accelerate the flow. Temperature distributiarersusy is plotted in Fig. 10(b) and
is seen to decrease with a rise in thermal Grashof numbesudt iehich agrees with
fundamental studies on free convection [24]. This decr&ag®st pronounced at~ 2.

Fig. 10. (a)A versusny for variousGr, values; (b)h versusy for variousGr, values.
s=0.5,S¢c=0.1, Pr =0.7, Re, = 1, Da, = 1,Gm, =1, B = 0.01,G* =1,
A=1,Ec=0.02,x=1.

The effects of thespecies Grashof numberon translational velocity, temperature
function, concentration function and micro-rotation aresented in Fig. 11. Translational
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Fig. 11. (a)A versus, for variousGm, values; (b)» versusy for variousGm,, values;

(c) j versusy for variousGm,, values; (d)y versusy for variousGm, values.s = 0.5,

Sc=0.1, Pr =07, Re, =1, Da, = 1,Gry, =1,B; =0.01,G" =1, A =1,
FEc=0.02,x = 1.

velocity, A, is observed to increase considerably with a ris@in, from 0.1 to 7. Hence
species Grashof number boosts velocity of the micropolat fhdicating that buoyancy
has an accelerating effect on the flow field. Temperaturandergoes a marked decrease
in value however with a rise in species Grashof number, astitited in Fig. 11(b). All
temperatures descend from unity at the wall to zero at thesfream. The depression
in temperatures is maximized by larger species Grashof etsrih the vicinityn ~ 2,
indicating a similar trend to the influence of the thermal sbigf number (Fig. 10(b)).
Dimensionless concentration, as depicted in Fig. 11(c), is also seen to be reduced
by increasing the species Grashof number. All profiles deragothly from unity at
the vertical stretching surface to zero@s— oo. Hence mass transfer buoyancy has
a regulatory effect on the species (dimensionless corateor) field and such a trend
can be exploited in chemical reactor design. With regardchtéerenmental contamination
flows, our results would indicate that buoyancy depressemtgnitudes of concentration
of contaminant in a porous regime e.g. geomaterial. Findley influence ofGm,

on micro-rotation profiles is shown in Fig. 11(d). The micatation componeny is
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considerably reduced with a rise @®m, values at the wall. FoGm, = 0.1 the peak
value at the wall i9).35; this decreases te-1.3 for Gm, = 7. Atn ~ 1, the trend
is reversed and we observe that mass Grashof nhumber nownaldydioosts the micro-
rotation values. For alim, values the profiles remain positive fgr> 2 and decay
gradually to zero at the freestream.

6 Conclusions

Numerical solutions have been presented for the two-diftorakchemically-reactive,
dissipative free convective heat and mass transfer in anmpeessible micropolar-fluid-
saturated Darcian porous medium adjacent to a verticachirg surface. The results
indicate that:

1. Increasing the micropolar coupling parameter (ratiohef vortex and Newtonian
viscosities) induce a rise in translational velocity nder wall and increases micro-
rotation magnitudes near the wall.

2. Increasing the Eckert number (viscous heating parajnietzeases both the trans-
lational velocity and temperature function throughout thgime; micro-rotation is
however decreased in the near-wall zone with a rise in Eckartber but increased
with Eckert number rising further from the vertical stratansurface.

3. Increasing the Prandtl number substantially decre&sesdnslational velocity and
the temperature function. Micro-rotation is however imsed at the wall with a rise
in Prandtl number but reduced further from the wall as we ag@gi the free stream.

4. Increasing local Darcy numbéba,, accelerates the flow i.e. increases translational
velocities. However micro-rotation at the wall is reduceithva rise in local Darcy
number. Further from the wall however a rise in local Darcynber (i.e. increasing
permeability of the porous medium) increases slightly thiei@s of micro-rotation.

5. Increasing the surface parameter substantially ineseascro-rotationg, particu-
larly at and near the wall.

6. Increasing Schmidt number generally decreases the satien; and also concen-
tration gradienty’, in particular near the wall.

7. Increasing the local Reynolds numbér,., strongly accelerates the flow i.e. in-
creases translational velocity; micro-rotation is howedecreased in particular at
and near the stretching surface.

8. Increasing chemical reaction parameter decelerateffotlig.e. decreases transla-
tional velocity, increases temperature, decreases ctiatien, and boosts the micro-
rotation at and in the vicinity of the wall.

9. Increasing thermal Grashof numbéfr,, boosts the translational velocity in the
near-wall regime and decreases temperature throughofitthesgime.
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10. Increasing the species Grashof numléér,,, substantially increases the transla-
tional velocity throughout the micropolar fluid-saturatémnain, depresses tempe-
rature function throughout the regime, decreases dimelesi® concentration and
also decreases micro-rotation values at the wall and ine¢ae-wall regime.

11. The parameter value variation in practical flows doesdiftr significantly from
those utilized in the graphs and as such our computationéd@ra good description
of the effects of the thermophysical parameters on the meass and momentum
transfer in the regime.
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