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Abstract: In this paper, we investigate the combined influence of Heat source, Soret and Dufour effects on
transient convective heat and mass transfer flow of a micro polar fluid through porous medium past
permeable stretching sheet in slip flow regime with constant heat and mass flux. The non linear coupled
equations governing the flow heat and mass transfer flow have been solved by Employing Galerkin finite
element technique with quadratic approximation polynomials. The velocity, microrotation, temperature and
concentration have been discussed for governing parameters. The skin friction, the rate of heat and mass
transfer have evaluated numerically for different parametric variations.
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1. INTRODUCTION

The boundary layer flow, heat and mass transfer in a quiescent Newtonian and non-Newtonian fluid
driven by a continuous stretching sheet are of significance in a number of industrial engineering
processes such as drawing of a polymer sheet or filaments extruded continuously from a die , the
cooling of a metallic plate in a bath, the aerodynamic extrusion of plastic sheets, the continuous
casting, rolling, annealing and thinning of copper wires, the wires are fiber coating etc .The final
product of desired characteristics depends on the rate of cooling in the process and the process of
stretching. Mohammadi and Nourazar [30] studied on the insertion of a thin gas layer in micro
cylindrical coquette flows involving power-law liquids. The analytical solution for two-phase flow
between two rotating cylinders filled with power-law liquid and a micro layer of gas has been
investigated by Mohammadi et al [31]. The dynamics of the boundary layer flow over a stretching
surface originated from the pioneering work of carne [11]. Later on, various aspects of the problem
have been investigated such as Gupta and Gopta [21], chen and char [10], Datta et al [13], extended
the work of Crane [11] by including the effect of heat and mass transfer analysis under different
physical situations.

Micropolar fluids are fluids with microstructure and asymmetrical stress tensor. Physically, they
represent fluids consisting of randomly oriented particles suspended in a viscous medium. These types
of fluids are used in analyzing liquid crystals, animal blood, fluid flowing in brain, exotic lubricants,
the flow of colloidal suspensions, etc. The theory of micro polar fluids is first proposed by Eringen
[18&19]. In this theory the local effects arising from the microstructure and the intrinsic motion of the
fluid elements are taken into account. The comprehensive literature on micro polar fluids, thermo
micropolar fluids and their applications in engineering and technology was presented by Ariman et al
[4&5], Prathap kumar et al. [34]. Kelson and Desseaux [25] studied the effect of surface conditions on
the micro polar flow driven by a porous stretching sheet. Srinivasacharya et al [39] analyzed the
unsteady flow of micro polar fluid between two parallel porous plates. Bhargava et al [6] investigated
by using a finite element method the flow of a mixed convection micropolar fluid driven by a porous
stretching sheet with uniform suction.
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Gorla and Nakamura [20] discussed the combined convection from a rotating cone to micro polar
fluids with an arbitrary variation of surface temperature. Anwar Beg and Takhar et al. [3] examined
the buoyancy effects in a forced flow in the three dimensional non-steady motion of an
incompressible, micropolar fluid in the vicinity of the forward stagnation point of a blunt nosed body.
Ibrahim et al. [22] discussed the case of mixed convection flow of a micro polar fluid past a semi-
finite, steadily moving porous plate with varying suction velocity normal to the plate in the presence
of thermal radiation and viscous dissipation. DmaeshRebhi et al. [12] have investigated natural
convection heat and mass transfer adjacent to a continuously moving vertical porous infinite plate for
incompressible, micropolar fluid in the presence of heat generation or absorption effects and a first-
order chemical reaction. Ali and Magyari [2] have studied the unsteady fluid and heat flow by a
submerged stretching surface while its steady motion is slowed down gradually. Mukhopadhyay [33]
extended it by assuming the viscosity and thermal diffusivity are linear functions of temperature and
studied unsteady mixed convection boundary layer flow of an incompressible viscous liquid through
porous medium along a permeable surface, and the thermal radiation effect on heat transfer was also
considered.

Mohamood and Nadeem et al. [29] have been analyzed the heat transfer analysis of water-based
nanofluid over an exponentially stretching sheet. The nanofluid flow over an unsteady stretching
surface in the presence of thermal radiation was examined by Das et al. [14]. The fluid flow past over
a stretching sheet has been studied by many authors. Yacos et al [45] have been investigated melting
heat transfer in boundary layer stagnation point flow towards a stretching/shrinking sheet in
micropolar fluid. The mixed convection flow of a micro polar fluid from an unsteady stretching
surface with viscous dissipation has been proposed by El-Aziz [1]. Mahmood et al. [29] analyzed the
non-orthogonal stagnation point flow of a micro polar second-grade fluid toward a
stretching/shrinking sheet in a porous medium with suction was observed by Rosali et al. [37]. Heat
and Mass transfer on MHD flow of a viscoelastic fluid through porous medium over a shrinking sheet
was investigated by Bhukta et al [7]. Mahmood and Waheed [28] have been proposed the MHD flow
and heat transfer of a micro polar fluid over a stretching surface with heat generation (absorption) and
slip velocity. The boundary layer flow of hyperbolic tangent fluid over a vertical exponentially
stretching cylinder was studied by Ishak and Nazar et al. [23].

As many industrially and environmentally relevant fluids are not pure, it is been suggested that more
attention should be paid to convective phenomena which can occur in mixtures, but are not in
common liquids such as air or water. Applications involving liquid mixtures include the costing of
alloys, ground water pollutant migration and separation operations. In all of these situations, multi
component liquids can undergo natural convection driven by buoyancy force resulting from
simultaneous temperature and species gradients. In the case of binary mixtures, the species gradients
can be established by the applied boundary conditions such as species rejection associated with alloys
costing, or can be induced by transport mechanism such as Soret (thermo) diffusion. In the case of
Soret diffusion, species gradients are established in an otherwise uniform concentration mixture in
accordance with on sager reciprocal relationship. Thermal-diffusion known as the Soret effect takes
place and as a result a mass fraction distribution is established in the liquid layer. The sense of
migration of the molecular species is determined by the sign of Soret coefficient. Soret and Dufour
effects are very significant in both Newtonian and non-Newtonian fluids when density differences
exist in flow regime. The thermo-diffusion (Soret) effect is corresponds to species differentiation
developing in an initial homogeneous mixture submitted to a thermal gradient and the diffusion-
thermo (Dufour) effect corresponds to the heat flux produced by a concentration gradient. Usually, in
heat and mass transfer problems the variation of density with temperature and concentration give rise
to a combined buoyancy force under natural convection and hence the temperature and concentration
will influence the diffusion and energy of the species. Many papers are found in literature on Soret
and Dufour effects on different geometries. Dulal Pal et al.[15] has studied MHD non-Darcian mixed
convection heat and mass transfer over a non-linear stretching sheet with Soret and Dufour effects and
chemical reaction. MHD mixed convection flow with Soret and Dufour effects past a vertical plate
embedded in porous medium was studied by Makinde [27]. Reddy et al. [36] has presented finite
element solution to the heat and mass transfer flow past a cylindrical annulus with Soret and Dufour
effects. Recently, Chamkha et al. [9] has studied the influence of Soret and Dufour effects on
unsteady heat and mass transfer flow over a rotating vertical cone and they suggested that temperature
and concentration fields are more influenced with the values of Soret and Dufour parameter.
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Wang [44] was first studied the unsteady boundary layer flow of a liquid film over a stretching sheet.
Later, Elbashbeshy and Bazid [17] have presented the heat transfer over an unsteady stretching
surface. Tsai et.al [42] has discussed flow and heat transfer characteristics over an unsteady stretching
surface by taking heat source into the account. Ishak et al [23] analyzed the effect of prescribed wall
temperature on heat transfer flow over an unsteady stretching permeable surface. Ishak [24] has
presented unsteady MHD flow and heat transfer behavior over a stretching plate. Dulal pal [15] has
described the analysis of flow and heat transfer over an unsteady stretching surface with non-uniform
heat source/sink and thermal radiation. Dulal pal et al. [16] have presented MHD non-Darcian mixed
convection heat and mass transfer over a non-linear stretching sheet with Soret—Dufour effects, heat
source/sink and chemical reaction.

2. FORMULATION OF THE PROBLEM

We analyse two-dimensional transient unsteady viscous electrically conducting heat and mass transfer
of micropolar fluid flow through porous medium over a stretching sheet in the presence of
suction/injection, Soret and Dufour effects in slip flow regime. The coordinate system is such that x-
axis is taken along the stretching surface in the direction of the motion with the slot at origin and the
y-axis is perpendicular to the surface of the sheet as shown schematically in Fig.1. A uniform
transverse magnetic field (Bo) is applied along the y-axis. The stretching surface and the fluid are
maintained same temperature and concentration initially, instantaneously they raised to a temperature
Tw (>T.) and concentration C, (>C.) which remain unchanged. Under the above stated physical
situations, the governing boundary-layer and Darcy-Boussinesq’s approximations, the basic equations
are given by:
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Fig. 1.Flow configuration and coordinate system.
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The associated boundary conditions on the vertical surface are defined as follows

U=U,=axv=-v,, d__Go€__m, ,@'=0 at y=0

ay kf'ay Dm
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U—>0T->T,C—>C, ,&=0 at y—>o (6)

The boundary condition ® = 0 at y = 0 in Eq. (6), represents the case of concentrated particle flows in
which the microelements close to the wall are not able to rotate, due to the no slip condition in the
above equations x and y represents coordinate axis along the continuous surface in the direction of
motion and perpendicular to it, u and v are the velocity components along x and y directions,

. fav .
respectively. The term  V, =— ?VO represents the mass transfer at the surface with V,, <0 for

suction and V,, > 0 for injection.

The following similarity transformations are introduced to simplify the mathematical analysis of the
problem

[ a [ X
= e P e Y= (1 @ o=\ ct)3 "a()

ToT 4 bx C=C.+ dx 0= T-T, a _Cc-c, a (7)
(L—ct)? * T (L-ct)?’ (qw) \v—ct)’ (M \v(L—ct)
Dm
Using equation (7), the governing equations (2) — (5) are transformed into the following form
A+ A f"+ ff”—(f’)z—A(f’+%77f”)+Alg’+G(¢9+N¢)—(M2+D’1)f’=0
(8)
29"+ fg’—gf’—§(39+ng’)+ ALB(2g+ f")=0
9)
0" +Pr(fo - f’0)—Pr§(49+n9’)—Ec(f”)z+Du¢”—9:0
(10)
¢"—Sc(fpo— '9) —Sci;(4¢+r7¢') +5cSr6" =0
(11)
The corresponding transformed boundary conditions are
"1 fofwg=090_ 19 __4,_ -
f —l,f—fW,g—O,a’7 1'677 Lw=0 atyp=0 (12)
f'=0, g=0,0=0,¢=0asny—>x
Where

99, (e

Alzﬁcoupling parameter,G = (Grashof number)
MU

kf Xa5/2
pAk.m,
N = (m)(Buoyancy parameter), A= —(unsteadlness parameter)
C
D'= V- )(Inverse Darcy parameter), Pr = ﬂk ? (Prandtl paraameter)

ka ‘

Sc = DL (Schmidt parameter), Sr = % (Soret parameter)

2
Du = ﬁ (Dufour parameter), Ec = ax (Ec ker tNumber)
C.C bv C.,b
M = M(Magnetlc parameter), A, = l M
pa vj' aj
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The major physical quantities of interest in this problem are the local skin friction coefficient (Cx),
couple stress coefficient (Cs), local Nusselt number (Nuy) and the local Sherwood number (Shy) are
defined, respectively, by

_20+ADTO) o _vau i@ \ _ 1
v2 1

1
c , - _
'* R”2 o * T RE (9(0)

) Sh )

1L
" Ry 40)

ex

3. METHOD OF SOLUTION

The set of ordinary differential equations (8) — (11) are highly non-linear, and therefore cannot be
solved analytically. The Finite-element method [29, 30, 31, and 32] has been employed to solve these
non-linear equations. The procedure of Finite element method is as follows.

o Finite-element discretization

o Generation of the element equations
e Assembly of element equations

¢ Imposition of boundary conditions
o Solution of assembled equations

The very important aspect in this numerical procedure is to select an approximate finite value of .
So, in order to estimate the relevant value, the solution process has been started with an initial value
and then the equations (8) — (11) are solved together with boundary conditions (12). We have updated
the value and the solution process is continued until the results are not affected with further values.
The choice of velocity, micro-rotation, temperature and concentration has confirmed that all the
numerical solutions approach to the asymptotic values at the free stream conditions.

For the solution of system of non-linear ordinary differential equation (8) — (11) together with
boundary conditions (12), first we assume that

of .

4 (12)
The equations (8) to (11) then reduces to

A+ AD "+ i = ()" - A +%77]')+A19'+G(9+ Ng)-(M*+D™)j=0

(13)
Ag"+ fg' - gf’—§(3g+ng’)+ ALB(2g+ )=0

(14)
0" +Pr(fO - j0)—Pr%\(46’+779')—Ec(j’)2 +Dug’—Q0=0

(15)
¢" —Sc(f g0 — j¢)—Sc§(4¢+ry¢’)+ScSr9”=0

(16)
The boundary conditions take the form
i=1f=fwg=039-_192_ 14 ,-0

dn dn

j=0,g=0,6=0,4=0 asp > (17)

¢ Variational formulation
The variational form associated with Egs. (20) to (24) over a typical linear element (7,,7,.,) is given
by

i % o (18)
[ W@ A"+ (1) = A+ 3 )+ ALg'+ (0 Ng) ~(M* + D) )y =0

E (19)
[ w(ag"+ fg'~of '-?(39 +19")+ AB(2g + |))dy =0 20
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J';:E”w4(9”+ Pr(fo' — je)—Pr§(49+n9’)— Ec(j")? + Dug” —Q@)dn =0 (21)

J W =SC(19'~ 1) -S04 1)+ SeSr ") =0 )

Where w;, Wy, Ws, Wy, Ws are arbitrary test functions and may be viewed as the variations in f, j, 9,0
and ¢ respectively.

e Finite- element formulation

The finite-element model may be obtained from above equations by substituting finite-element
approximations of the form

f :Z fwy d=2 0w 9=220,.0=23.0,.6=> dv,
=1 =1 j=1 j=1
With w 1=Wo=W3=W,=Ws5 = {//J (i:]., 2, 3)
Where y/; are the shape functions for a typical element (77.,m.,,) and are defined as

e _ (e +10, = 27) (77 —11) W = ey + 17, = 27) (1 = 7p1)

7% )
! (Tea—1.)° : (Tea—1.)°
M — _
W= (@ m)(nﬁl2 1) O <n<n.)
(e —11e)

The finite element model of the equations thus formed is given by

[KUIIKPIKEIRAIKET [ 167 [ 7
[KZl][KZZ][KZS][K24][K25] _] T2
[K31][K32][K33][K34][K35] g — T3
[K41][K42][K43][K44][K45] 0 z_4
_[K51][K52][K53][K54][K55]_ _¢_ _2'5_

where,[K™] and [z™](m, n=1,2,3,4,5) are defined as
u [ OW j 12 et 13 14 15
Ki] = _[77& 4] TUdni Ku = _J.,]E l//|l//Jd77’ Ki] = Klj = Klj =0

21 24 ey 25 e
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Jes1 i 6 f e+l
K =~ ) [ D Vg (M2 4 D) [ yrgdy +
% 0n on e

et oy et oy = (Tea oy
05A[ " vy, PR 05A[ vy, on 1= A2 o 41-

— (e oy,
Al
e 617

— [ e — [len
Ki® = Mg, [ v di - MG, [ vy dy
Kt =0,K =0

s 0y, OV, .
KB = 2" Y gy (2MB +1.5A4 W
y=-a 5 5y U~ (2AB15 D v dn+

st 6!// et al//
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Where f- i fyi, 1= i N

i=0 i=0
4. RESULTS AND DISCUSSION

Comprehensive numerical computations were conducted for different values of the parameters and
results are illustrated graphically as well as in tabular form. Selected computations are presented in
Figs (2a—6d). The correctness of the current numerical method is checked with the results obtained by
Mohanty et al. [32] and is shown in Table 1. Thus, it is seen from Table 1 that the numerical results
are in close agreement with those published previously.

Figures (2a-2d) depicts the effect of Eckert number (Ec) on velocity, micro-rotation, temperature and
concentration profiles in the boundary layer regime. It is seen from fig 2a that the thickness of
momentum boundary layer is rised as the values of (Ec) increases. Furthermore, the micro-rotation
profiles are elevated with the higher values of (Ec). The thickness of thermal and solutal boundary
layer is boosted in the flow region as the values of Eckert number (Ec) rises. Higher the dissipative
energy smaller the skin friction, Couple stress, Nusselt number and larger the Sherwood number, at
the wall n=0.

Figs.3a-3d shows the effect of heat sources on the velocity, micro-rotation, temperature and
concentration. It is found that an increase in the strength of the heat generating/absorbing source
enhances the velocity and temperature in the flow region.The micro-rotation and concentration
enhances with increase in Q>0 and reduces with Q<0. This is due to the fact that heat energy is
generated in the momentum boundary layer ,thermal boundary layer, the solutal boundary layer while
for Q<0, heat energy is absorbed in the solutal boundary layer. The skin friction , the couple stress and
Nusselt number enhances with increae in the strength of the heat generating/absorbing sources.The
Sherwood number reduces on the wall with increasing the strength of the heat generating source and
enhances with heat absorbing source.

The impact of Soret and Dufour effect (Sr&Du) on velocity, microrotation, temperature and
concentration profiles is portrayed in Figs. (4a-4d). It is noticed that the velocity profiles ,the
concentratrion distributions elevates, the micro-rotation and temperature deteriorates with the rising
values of (Sr)(or decreasing values of Du) in the boundary layer regime. This is because of the fact
that the diffusive species with higher values of Soret parameter (Sr) (or lower the values of Du) has
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the tendency of increasing concentration profiles. Thus, it is concluded from Figs. (4a-4d) that the
temperature and concentration distributions are more influenced with the values of Soret and Dufour
parameters. Increasing Sr (or decreasing Du) leads to a decay in skin friction, couple stress and
Sherwood number and depreciation in Nusselt number at the wall n=0.

Figs.5a-5d represent the effect of micropolar parameter (L) on the wvelocity, micro-rotation,
temperature and concentration. It is found that the velocity enhances, the micro-rotation, temperature
and concentration reduces with increase in A in the flow region. An increase in A enhances the skin
friction, Nusselt and Sherwood number, reduces the couple stress, Nusselt Number on the wall n=0.
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Fig2a. variation of f “with Ec Fig2b. Variation of wwith Ec
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Sr=2,Du=0.03,Q=2, 1=0.5,B=0.5 Sr=2,Du=0.03,Q=2, 1=0.5,B=0.5

Fig.6a-6d exhibits the effect of micropolar parameter B on the velocity, micro-rotation, temperature
and concentration. It is found that an increase in B reduces the velocity and enhances the micro-
rotation, temperature and concentration in the flow region. This is due to the fact that an increase in B
reduces the thickness of momentum boundary layer while the thickness of the micro-rotation, thermal
and solutal boundary layers increases with B. An increase in B enhances the skin friction, couple
stress and Nusselt number. The Sherwood number reduces with B<1 and enhances with higher B>1.5
at the wall n=0.
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Fig3c. Variation of Owith Q
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Tablel. Comparison of local Skin-friction, Nusselt number and Sherwood number with the existing results, in
the absence of heat sources (Q=0), Soret and Dufour effects (Sr=Du=0)

Parameter C: Nuy Shy
G | N Pr Sc | M| D- | Ec | Mohanty Present Mohanty | Present | Mohanty | Present
1 et al.[32] Study etal.[32] | Study | etal.[32] Study
00]00]|0.72|0.00 | O | 100 | 0.00 | -0.81861 | -0.81873 | 0.85604 | 0.85619 | 0.16666 | 0.16671
0.1]00]|0.72|0.00 | O | 100 | 0.00 | -0.78025 | -0.78019 | 0.86514 | 0.86526 | 0.42252 | 0.42263
01]00]|072|022| 0 | 100 | 0.00 | -0.78025 | -0.78019 | 0.86514 | 0.86526 | 0.42252 | 0.42263
01]00|072|022| 1| 100 | 0.00 | -1.11781 | -1.11776 | 0.78477 | 0.78482 | 0.37866 | 0.37872
01(00|072|022| 1| 05]|001]|-159782 | -1.59773 | 0.68391 | 0.68386 | 0.33393 | 0.33385
01(00|072|022| 1100 |0.01]|-1.11775 | -1.11766 | 0.77999 | 0.77981 | 0.37867 | 0.37874
01(10|072|022| 1|05 |001]|-159777 | -1.59782 | 0.67651 | 0.67646 | 0.33394 | 0.33398
0.1(10| 700|022 | 1| 100 | 0.01 | -1.09307 | -1.09311 | 3.02046 | 3.02052 | 0.38361 | 0.38370
05(10|072|022| 1| 100 | 0.01 | -0.93986 | -0.93991 | 0.82922 | 0.82931 | 0.40495 | 0.40486
01(10|072|022| 1| 100 | 0.01 | -1.06792 | -1.06798 | 0.79858 | 0.79863 | 0.38891 | 0.38896
05(10(072|022| 1| 05 |001]|-1.44651 | -1.44667 | 0.72576 | 0.72569 | 0.35583 | 0.35591
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Table2. Comparison of local Skin-friction, Nusselt number and Sherwood number with the existing results, in
the absence of heat sources (Q=0), Soret and Dufour effects (Sr=Du=0)

Parameter 7(0) Cw(0) Nu(0) Sh(0)

2 -0.979147 0.0455463 1.06666 0.770065

4 -1.02755 0.047124 1.42043 0.732582

Q -2 -0.775547 0.0387242 0.551197 0.906626
-4 -0.880622 0.0457494 0.566214 1.03191

0.01 -0.979147 0.0455463 1.06666 0.770065

0.03 -0.967 0.0451747 0.999868 0.78168
Ec 0.05 -0.956602 0.0448576 0.949123 0.791804
0.07 -0.946348 0.0445456 0.903996 0.801953

0.6/0.1 -1.03106 0.0471214 1.08367 0.890039

1.0/0.06 -0.97463 0.0454298 1.0356 0.776299

Sr/Du 1.5/0.04 -0.911263 0.0435312 0.999865 0.674061
2/0.03 -0.851198 0.0417389 0.966268 0.600614

0.5 -1.12766 0.049303 0.912272 0.956378

1.0 -1.12713 0.036299 0.912279 0.956386

A 15 -1.12722 0.029086 0.912283 0.956334
2.0 -1.12734 0.020854 0.912296 0.956394

0.5 -0.951471 0.0461968 1.07486 0.737849

1.0 -0.994247 0.0700635 1.37362 0.70184

B 15 -1.19418 0.203025 1.46634 0.89907
2.0 -0.215192 0.108431 2.04338 1.57911

5. CONCLUSIONS

The combined influence of Thermo—diffusion and Diffusion—thermo effect on unsteady MHD
boundary layer flow, heat and mass transfer characteristics of viscous micropolar fluid over a
stretching sheet by taking suction/injection into the account is studied numerically in this paper. The
important findings of this study are summarized as follows:

Increase in Soret effect (or deceasing Dufour effect) enhances the velocity, concentration profiles,
whereas, depreciates the micro-rotation, temperature profiles.

The temperature of the fluid rises with increasing values of Eckert number (Ec) and is because of the
reality that presence of viscous dissipation produces more heat due to drag between fluid particles.

The micro-rotation and concentration enhances with increase in Q>0 and reduces with Q<0.This is
due to the fact that heat energy is generated in the momentum boundary layer ,thermal boundary
layer, the solutal boundary layer while for Q<0, heat energy is absorbed in the solutal boundary layer.
The skin friction, the couple stress and Nusselt number enhances with increase in the strength of the
heat generating/absorbing sources. The Sherwood number reduces on the wall with increasing the
strength of the heat generating source and enhances with heat absorbing source.

The velocity enhances, the micro-rotation, temperature and concentration reduces with increase in A
in the flow region. An increase in A enhances the skin friction, Nusselt and Sherwood number,
reduces the couple stress, Nusselt Number on the wall n=0.

An increase in B reduces the velocity and enhances the micro-rotation, temperature and concentration
in the flow region. An increase in B enhances the skin friction, couple stress and Nusselt number .The
Sherwood number reduces with B<1 and enhances with higher B>1.5 at the wall n=0.
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