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An analysis is presented to investigate the Soret and Dufour effects on mixed convection heat and mass transfer along
a semi-infinite vertical plate embedded in a non-Darcy porous medium saturated with couple stress fluid with flux dis-
tributions. The governing nonlinear partial differential equations are transformed into a system of ordinary differential
equations using similarity transformations and then solved numerically. Profiles of dimensionless velocity, tempera-
ture, and concentration are shown graphically for various values of Dufour number, Soret number, and couple stress
parameter. Nusselt number and Sherwood numbers are calculated and presented in table form.

KEY WORDS: mixed convection, couple stress fluid, Soret and Dufour effects, non-Darcy porous medium,
heat and mass fluxes

1. INTRODUCTION Forchheimer’'s extension of Darcy’s law. A detailed re-
view of convective heat transfer in Darcy and non-Darcy
A situation where both the forced and free convection gferous medium can be found in the book by Nield and
fects are of comparable order is called mixed or combinBéjan (2006). Jayanthi and Kumari (2007) studied the
convection. The analysis of a mixed convection boundagffect of variable viscosity on non-Darcy free or mixed
layer flow along a vertical plate embedded in fluid satonvection flow on a vertical surface in a non-Newtonian
urated porous media has received considerable theorfdtid saturated porous medium. Kairi and Murthy (2011)
cal and practical interest. The phenomenon of mixed cdrave investigated the viscous dissipation effect on natural
vection occurs in many technical and industrial problemessnvection heat and mass transfer from a vertical cone
such as electronic devices cooled by fans, nuclear reactor& non-Newtonian fluid saturated non-Darcy porous
cooled during an emergency shutdown, a heat exchangedium. Recently Jaber (2012) analyzed the transient
placed in a low-velocity environment, solar collectordlHD mixed double diffusive convection along a vertical
and so on. Several authors have studied the problenplte embedded in a non-Darcy porous medium with suc-
mixed convection about different surface geometries. Ttien or injection. Most recently, non-Darcy mixed convec-
analysis of convective transport in a porous medium wition from a horizontal plate embedded in nanofluid satu-
the inclusion of non-Darcian effects has also been a matted porous media have been considered by Rosca et al.
ter of study in recent years. The inertia effect is expectézD12).
to be important at a higher flow rate and it can be ac- When heat and mass transfer occur simultaneously in
counted for through the addition of a velocity squaresd moving fluid, the relations between the fluxes and the
term in the momentum equation, which is known as thligiving potentials are of a more intricate nature. It has
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94 Srinivasacharya & Kaladhar

been observed that an energy flux can be generatedthettraditional Newtonian fluid theory cannot precisely
only by temperature gradients but also by concentratidascribe the characteristics of the real fluids. Consider-
gradients. The energy flux caused by a concentration galte progress has been made in the study of heat and
dient is termed the diffusion-thermo (Dufour) effect. Omass transfer in magneto-hydrodynamic flow of non-
the other hand, mass fluxes can also be created by templemwtonian fluids due to its application in many devices,
ature gradients and this embodies the thermal-diffusisach as the MHD power generator, aerodynamics heating,
(Soret) effect. In most of the studies related to heat aakkctrostatic precipitation, and Hall accelerator, etc. Dif-
mass transfer process, Soret and Dufour effects are fegent models have been proposed to explain the behav-
glected on the basis that they are of a smaller orderiof of non-Newtonian fluids. Among these, couple stress
magnitude than the effects described by Fourier’s afidids introduced by Stokes (1966) have distinct features,
Fick’s laws. But these effects are considered as secoadeh as the presence of couple stresses, body couples, and
order phenomena and may become significant in areamsymmetric stress tensor. The main feature of couple
such as hydrology, petrology, geosciences, etc. The Sategsses is to introduce a size-dependent effect. Classical
effect, for instance, has been utilized for isotope sepacantinuum mechanics neglects the size effect of material
tion and in mixture between gases with very light molecparticles within the continua. This is consistent with ig-
lar weight (H;, He) and of medium molecular weight{§N noring the rotational interaction among particles, which
air). The Dufour effect was found to be of an order aksults in symmetry of the force-stress tensor. However, in
considerable magnitude such that it cannot be neglecsedne important cases such as fluid flow with suspended
as observed by Eckeret and Drake (1972). Dursunkagyticles, this cannot be true and a size-dependent couple-
and Worek (1992) studied diffusion-thermo and thermaltress theory is needed. The spin field due to microrota-
diffusion effects in transient and steady natural convectitian of freely suspended particles sets up an antisymetric
from a vertical surface, whereas Kafoussias and Williaragess, known as couple stress, and thus forming couple
(1995) presented the same effects on mixed convectbteess fluid. These fluids are capable of describing vari-
and mass transfer steady laminar boundary layer flows types of lubricants, blood, suspension fluids, etc. The
over a vertical flat plate with temperature-dependent vistudy of couple stress fluids has applications in a number
cosity. Postelnicu (2004) studied numerically the inflwf processes that occur in industry such as the extrusion
ence of a magnetic field on heat and mass transfer dfypolymer fluids, solidification of liquid crystals, cooling
natural convection from vertical surfaces in porous mef metallic plate in a bath, and colloidal solutions, etc.
dia considering Soret and Dufour effects. Alam and RaBtokes (1966) discussed the hydromagnetic steady flow
man (2006) have investigated the Dufour and Soret ef-a fluid with couple stress effects. An excellent treatise
fects on mixed convection flow past a vertical porous flah couple stress (polar) fluid dynamics was reported by
plate with variable suction. Both free and forced corstokes (1985). Lin and Hung (2007) studied the combined
vection boundary layer flows with Soret and Dufour e&ffects of couple stresses and fluid inertia on the squeeze-
fects have been addressed by Abreu et al. (2006). Tiw@ characteristics between a long cylinder and an infi-
effect of Soret and Dufour parameters on free convatte plate. Jian et al. (2010) examined nonlinear dynamic
tion heat and mass transfers from a vertical surfaceanalysis of a hybrid squeeze-film damper mounted rigid
a doubly stratified Darcian porous medium has been retor lubricated with couple stress fluid and active control.
ported by Narayana and Murthy (2007). Later Narayaivakumara (2010) presented the onset of convection in
and Sibanda (2010) extended their contribution to a wasycouple stress fluid-saturated porous medium with the ef-
surface in Darcy porous media. Recently Cheng (2012agts of nonuniform temperature gradients. Alyagout and
presented the Soret and Dufour effects on free convectiisharkawy (2011) investigated the optimal film shape for
heat and mass transfer from an arbitrarily inclined plat@o-dimensional slider bearings lubricated with couple
in a porous medium with constant wall temperature asttess fluids. Hassan and Mohammed (2011) presented
concentration. Later, Cheng (2012b) extended this stutlg effect of couple stresses on a pulsatile MHD bivis-
to mixed convection flow from a vertical wedge. cosity fluid flow with heat and mass transfer through a
With the growing importance of non-Newtonian flunon-Darcy porous medium between two permeable paral-
ids in modern technology and industries, investigatiofed plates. Islam et al. (2011) discussed the steady incom-
on such fluids are desirable. In recent years, the styshessible flow of a couple stress fluid in a porous medium.
of convection heat and mass transfer in non-Newtoniktahinder Singh and Pardeep Kumar (2011) studied the
fluids has received much attention and this is becausagneto and rotatory thermosolutal convection in cou-
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ple Stl’ESS f|u|d in pOI’OUS medium_ Ga|kWad and Ran ...... (T TTTrTrTrTrrresssseassasrarasrrs s
Prasad (2011) presented double diffusive convection ==-===f-=="--" Thanalbl cvwmievrinsmivonsns
a porous medium saturated with couple stress fluid “=----fj-=="""*" ]" = J'_> """""""""
the presence of Soret effect analytically. Recently, Srir*** " f= === s« =of o Momenumbl oo

L . |
Concentration b.1 f |

vasacharya and Kaladhar (2012) studied the mixed c¢
vection flow of couple stress fluid between parallel vert
cal plates with Hall and ion-slip effects using the homc’
topy analysis method. However, study on mixed conve
tion in couple stress fluids in non-Darcy porous mediu -
along a vertical flat plate is not available, to the author
knowledge. Therefore, in the present paper we investig:
the effects of Soret and Dufour coefficients on the mixe
convection flow in a non-Darcy porous medium using tr
Stokes (1966) couple stress model.

The objective of this paper is to investigate the Dufot. . ............ I -k f ..........................
and Soret effects on steady combined free-forcedconv..............} .L. | ...........................
tive and mass transfer flow past a semi-infinite vertic................. e RS SR e e el

flat plate in couple stress fluid. The Keller-box method _ _

(Cebeci and Bradshaw, 1988) is employed to solve the FIG. 1: Physical model and coordinate system
nonlinear problem. The effects of couple stress fluid pa-

rameter, and Soret and Dufour numbers are examined and or or 2T DKy 0°C

are displayed through graphs. ug—+ Yoy~ a7 T CsCr 07 )
oC  8C  _0°C DKy 0°T

2. MATHEMATICAL FORMULATION u——+v_—=D——+ v (4)
ox Oy oy T, Oy

Consider a two-dimensional mixed convective heat amdereu, v are the velocity components in theandy
mass transfer along a semi-infinite vertical plate embetirections respectively is the coefficient of viscosity,
ded in a free stream of couple stress fluid with velocityis the acceleration due to gravity,is the densityp is
Uso, temperaturd’,,, and concentrations,,.. Choose the the Forchheimer constari, is the permeabilitys is the
coordinate system such that thexis is along the vertical porosity, 37 is the coefficient of thermal expansiof¢
plate and the axis normal to the plate. The plate is mainis the coefficient of solutal expansion, is the thermal
tained at uniform and constant heat and mass flyyes diffusivity, D is the mass diffusivityC'r is the specific
andm,,, respectively. In addition, the Soret and Dufoureat capacityC's is the concentration susceptibility,,,
effects are considered (Kafoussias and Williams, 1998)the mean fluid temperatur&;r is the thermal diffusion
The flow configuration and the coordinates system awdio andn); is the couple stress fluid parameter. The third
shown in Fig. 1. and fifth terms on the right-hand side of Eq. (2) stand for
Using Boussinesq and boundary layer approximatiorigg first-order (Darcy) resistance and second-order porous
the governing equations for the couple stress fluid drertia resistance, respectively, the second term indicates

given by the couple stress effect, and the fourth term indicates the
ou  Ov buoyancy force. The last terms on the right-hand side of
B + Ay =0 1) the energy Eg. (3) and concentration Eq. (4) signify the

Dufour (diffusion-thermo) effect and the Soret (thermal-
diffusion) effect, respectively.

o[ du duy _ E@ The boundary conditions are
€2 (uax Uay> e Oy? +pg[[5T (T = Two)
84u u=0, v=0 82:_& 8702_%
+BC(C—COC)]—H1—4+L(1LOO—U) ’ T Oy k> Oy D’
ay Kp
+ o (ud — ) 2)
Kp ve=u, at y=0 and y—oo  (5b)
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U= U, I =T, C=Cyx asy— oo (5¢) group used in the study of the flow of fluids in porous

o . nedia. The termC in (7) gives the effect of couple
where the boundary condition (5b) imply that angular V(g:resses. Hence, @&, increases, the effect of couple

locity of the fluid particle on the boundary is equal to ans—tresses increases
gular velocity of the boundary (i.e., Cugl= 0). .
Introducing the following similarity transformations, c rligundary conditions (5) in terms f, 0, and¢ be-

Y
n=2Re” u=uxf(m), f=0, f'=0, f"=0, ¢ =-1,
¢’ = 0

1 [usVv —1 atn= (10a)
v=—5y/— f0) =nf(n)]
T_T =0, f7"=0, 6=0, ¢ =0 as n — oo (10b)
_ 1 T topd/2
o) = (qw/k)xRe}” ’ If D¢ = 0 andS; = 0, the problem reduces to mixed con-
C—C. ) vection heat and mass transfer on a semi-infinite vertical
é(n) = WRG}/ (6) plate with uniform heat and mass fluxes in a couple stress

fluid without Soret and Dufour effects. In the limit, as
in Egs. (1)—(4), we get the following nonlinear system d@f, = 0, the governing Egs. (1)—(4) reduce to the corre-

differential equations: sponding equations for a mixed convection heat and mass
1 1 transfer in a viscous fluid.
S "+ gs0 + god + (1—f") The heat and mass transfers from the plate are given
I3 2¢e2 DaRe, by
F's
+ 5 (1= f?) = Caf =0 (7) o ac
Da quw = — a. y  4m = D | (ll)
Lo o Leeqr " (®) 9y ] y=0 9 Jy—o
—0" + =[f0' — f'0]+ Dsp" =0 8
Pr 2[f 7o) d The nondimensional local Nusselt number ,Nu=
VIR SR "_ (rqw)/[k (Tw — Ts)] and local Sherwood number
s O FAIESOT=0 Q) g T N D (Cl — Ci)] are given by
where primes denote differentiation with respect to NU 1 Sh, 1
n, Sc = v/D is the Schmidt number; it relates the — = , = (12)
. : Rel/2 0(0)" Re/?  $(0)
relative thickness of the hydrodynamic layer and mass 2 T

transfer boundary layer. Pr= v/« is the Prandtl

number, which relates the thermal and momentudn RESULTS AND DISCUSSION
e i oA fou Eq, (1) ogethr i he enery and concen:-
of the Elelative im ort;smcey between the momenturﬁmon Egs. (8) and (9) constitute a system of nonlinear
flux by advection a$1d by diffusion in the same dire nonhomogeneous differential equations for which closed-
tion )S/ — DKo (T y_T )]/ T (Cyy — Coo)] Form solutions cannot be obtained. Hence the govern-
is t-he rSo:et numeerVS > [D\I/< m(C w C ";]/ ing Egs. (7)—(9) are solved numerically using the Keller-

Wt - T W — Lo . .. .
WCsCp (T —Ta)] is the Dufour number, box implicit method (Cebeci and Bradshaw, 1988). The

Gr, = [gBr (T — Too) 2]/ is the local temperaturemethOd has the following four main steps:

Grashof number,Gc, = [9Bc (Cw — Cx)#®]/v? (i) Reduce the system of Egs. (7)—(9) to a first-order
is the local mass Grashof numbér, = n;/ur’Re, system;

is the local couple stress parametgs, = Gr,R€ is . ] ] . ]

the temperature buoyancy parametgs, = Gc,/R€ (ii) Write the difference equations using central differ-
is the mass buoyancy parametdis = b/x is the ences,

Forchheimer number, which can be applied to all typ
of porous materials, as long as the permeability and
non-Darcy coefficient can be determined experimentally,
or empirically when no experimental data are availablév) Use the block-tridiagonal-elimination technique to
Da = Kp/z? is the Darcy number and is a dimensionless ~ solve the linear system.

) Linearize the resulting algebraic equations by New-
ton’s method and write them in matrix-vector form;

Journal of Porous Media



Soret and Dufour Effects on Mixed Convection Flow

This method has been proven to be adequate &
give accurate results for boundary layer equations. In t
present study, the boundary conditionsicait co are re-
placed by a sufficiently large value gfwhere the veloc-
ity approaches 1 and temperature and concentration .
proach zero. In order to see the effects of step &lxg)
we ran the code for our model with three different ste
sizes agAn) =0.001,(An) =0.01, and An) = 0.05 and
in each case we found very good agreement between th
on different profiles. After some trials we imposed a may
imal value ofn at oo of 6 and a grid size ofy as 0.01. In
order to verify the accuracy of the present method, tt
results are compared with those cases reported by |
and Lin (1987), as shown in Table 1 and the compa
isons are found to be in a very good agreement. Therefa
prompted by this success, we used the developed codi
study the problem considered in this paper.

In order to study the effects of couple stress fluid p
rameterC,, non-Darcy parameter Fs, Soret numBgr
and Dufour numbeb; explicitly, computations were car-
ried out for the cases of Pr = 0.71 (air), Sc = 0.22 (h
drogen at 25C and 1 atm pressure), = 1.0, g. = 0.1,
¢ =0.3, and Da = 1.0. The values of Soret num®eand
Dufour numberD; are chosen in such a way that thei
product is constant according to their definition provide
that the mean temperatutg, is kept constant (Kafous-
sias and Williams, 1995). These values are used throu
out the computations, unless otherwise indicated.

Figure 2 displays the nondimensional velocity for dii6
ferent values of Soret numb8r and Dufour numbeby
with C, = 1.0 and Fs = 0.5. It can be observed fror
this figure that the velocity of the fluid increases with th
increase of Dufour number (or decrease of Soret nu
ber). The dimensionless temperature for different valu
of Soret numbesS, and Dufour numbeD; with Cy =
1.0 and Fs = 0.5 is shown in Fig. 3. It is clear that th
temperature of the fluid decreases with the decrease
Dufour number (or increase of Soret number). Figure

97

1.2

0.8 4
0.6 4
0.4+

0.2 4

0.0

——D0.03,5=2.0
----D=0.3,5=0.2
------ D=0.75,5=0.08
————— D=2.0,5=0.03

F1G. 2: Velocity profile for different values oby, S, at
Cyx=10,Fs=05

3.0
——D=2.00,5=0.03
----D=1.00,8=0.06
2.5+ ' r
------ D=0.40,5=0.15

FIG. 3: Temperature profile for different valuesof, S,

TABLE 1: Values of Ny/Rey? for various values of
Prandtl number withC,, =0, S, =0, Dy =0, gs =0,
g.=0and Sc~ 0

atCy=1.0,Fs=0.5

Pr Lin and Lin (1987) Present(Nu,)
0.01 0.0775587 0.0775588
0.1 0.200655 0.200657
1.0 0.458971 0.458973
10.0 0.997888 0.997910

100.0 2.15196 2.152223

Volume 17, Number 2, 2014

demonstrates the dimensionless concentration for differ-
ent values of Soret numb#gy and Dufour numbeb; with
Cx=1.0and Fs = 0.5. It is seen that the concentration of
the fluid increases with decrease of Dufour number (or
increase of Soret number).

The dimensionless velocity component for different
values of Forchheimer number Fs with = 2.0, D¢ =
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4.0

——$§,=2.00,0,=0.03
3.5
I\ ----5=1.00,0,0.06

3.0 \\ """ $=0.40,0=0.15

2.5

20
¢

15

1.0

0.5

0.0

FIG. 4: Concentration profile for different values b;, FIG. 6: Temperature profile for different values of Fs at
SratCy=1.0,Fs=0.5 C,=1.0,5,=2.0,Df =0.03

0.03, andC, = 1.0, is depicted in Fig. 5. It shows the efthat the porous medium is offering more resistance to the
fects of Forchheimer (inertial porous) number on the vBuid flow. This results in reduction of the velocity pro-
locity. In the absence of Forchheimer number (i.e., whéfe. The dimensionless temperature for different values
Fs = 0), the present investigation reduces to a mixed c@f-Forchheimer number Fs fé. = 2.0, D = 0.03, and
vection heat and mass transfer in a couple stress flGid = 1.0, is displayed in Fig. 7. An increase in Forch-
saturated porous medium with Soret and Dufour effecigimer number Fs increases temperature values, since as
It is observed from Fig. 6 that velocity of the fluid dethe fluid is decelerated, energy is dissipated as heat and
creases with increase in the value of the non-Darcy [s@rves to increase temperatures. As such the temperature
rameter Fs. The increase in non-Darcy parameter impliggninimized for the lowest value of Fs and maximized

45
1.0 B — — Fs=0.1
T T T 40K ----Fs=0.3
APt i AR LA Fs=0.7
08 AP 3.5 Soo e Fs=10
7 T
r 1 R
v Fs=0.1 3.0 N
,l '/'/ ----Fs=0.3 1 \'\.\__.\
06 A Fs=0.7 25 N
.. NN
f A Fs=1.0 S
-t b 20 NN
/,'." | \‘\"".-
0.4 i1 O
ul 1.5 O
] R
.. I
! N
4 1.0 K
0.2 4 a2 ] .
0.5 - “‘\_\
0.0 T T T T T T T 0.0 : ; T | .
0 1 2 3 4 5 6 0 1 2 3 4 5 6
n

FIG. 5. Velocity profile for different values of Fs atFIG. 7: Concentration profile for different values of Fs at
Cy=1.0,S,=2.0,D¢ =0.03 Cy=1.0,S,=2.0,D¢ =0.03
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99

for the highest value of Fs as shown in Fig. 6. Figure ~

demonstrates the dimensionless concentration for diffi 20 .

ent values of Forchheimer number with = 2.0, D; =
0.03, and”, = 1.0. Itis clear that the concentration of tht
fluid increases with the increase of Forchheimer numb ;|
The increase in non-Darcy parameter reduces the int
sity of the flow and increases the thermal and concent
tion boundary layer thickness. 0
In Figs. 8-10, the effects of the couple stress pararn
terC at a givenz location on the dimensionless velocity
temperature, and concentration profiles are presented
fixed values ofS, = 2.0,D; = 0.03 and Fs = 0.5. A§'
increases, it can be observed from Fig. 8 that the ma
mum velocity decreases in amplitude and the location

1.0 S

0.5

0.0

the maximum velocity moves far away from the wall. Thi ™~ §

happens because of the rotational field of the velocity ge
erated in couple stress fluid. Itis clear from Fig. 9 that the

temperature increases with the increase of couple streg. 9: Temperature profile for different values 6f; at

fluid parameteC,. It can be seen from Fig. 10 that thds = 0.5,D¢ = 0.03,5, = 2.0

concentration of the fluid increases with the increase of
couple stress fluid parametét, . 40

The variations ofL /6(0), 1/¢(0) which are propor-

tional to the rate of heat and mass transfers are showr 357"

Table 2 for different values of the couple stress paranr
ter with fixed Forchheimer, Soret, and Dufour number |
From this table, it is observed that the value of the he ;5 |
transfer rate and the mass transfer rate decreases witl¢

increase inCy. The heat and mass transfer is lower i 2.0+
the couple stress fluid compared to that of the Newtoni.
fluid. Hence, the presence of couple stresses in the flu

£

FIG. 8: Velocity profile for different values of”, at
Fs=0.5D¢=0.03,5,=2.0

Volume 17, Number 2, 2014

FIG. 10: Concentration profile for different values 6f,
atFs=0.5D¢ =0.03,5, =2.0

decreases the heat transfer coefficient and the mass trans-
fer coefficient, which may be beneficial in flow, temper-
ature, and concentration control of polymer processing.
Also, it can be observed from this table that, for fixed val-
ues ofCy, S;, andDy, the heat and mass transfer coeffi-
cients are increasing with the increasing values of Forch-
heimer number Fs. Therefore, the inertial effects in cou-
ple stress fluid saturated non-Darcy porous medium in-
crease the heat and mass transfer coefficients. Finally, the
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