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Double Diffusive Natural Convection in
Power-Law Fluid Saturated Porous
Medium with Soret and Dufour Effects

The effects of double diffusive natural convectieat and mass transfer along a vertical
plate embedded in a power-law fluid saturated Qguorous medium in the presence of
Soret and Dufour effects are studied. The govermagial differential equations are
transformed into ordinary differential equationsngs similarity transformations and then
solved numerically. A parametric study of the ptgisparameters involved in the problem
is conducted and a representative set of numerezallts is illustrated graphically.
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Introduction

The study of flow, heat and mass transfer abouuraht
convection of non-Newtonian fluids in porous metias gained
much attention from the researchers because ehigineering and
industrial applications. These applications includesign of
chemical processing equipment, formation and disperof fog,
distributions of temperature and moisture over adiural fields
and groves of fruit trees and damage of crops dueeezing and
pollution of the environment, etc. Several investigs have
extended the convection of heat and mass transfbigms to fluids
exhibiting non-Newtonian rheology. Different moddiave been
proposed to explain the behavior of non-Newtoniaid$. Among
these, the power law model gained importance. Aighcathis model
is merely an empirical relationship between thesstrand velocity
gradients, it has been successfully applied to Mewtonian fluids
experimentally. Free convection from a horizoniaé Iheat source
in a power-law fluid-saturated porous medium wasdigd by
Nakayama (1993). The study of free convection iorgary layer
flows of power law fluids past a vertical flat patwith
suction/injection was done by Sahu and Mathur (L99hey
observed that the suction/injection has significaffect on the
velocity and temperature fields. Free convectiomath@nd mass
transfer of non-Newtonian power law fluids with Igiestress from a
vertical flat plate in a saturated porous media staslied by Rami
and Arun (2000). They concluded that the velod#yperature, and
concentration profiles as well as the local heat arass transfer
rates are significantly affected by the fluid rhegy in addition to
the buoyancy ratio and the Lewis number of thedfldihe flow of
natural convection heat and mass transfer of nomtdtéan power
law fluids with yield stress in porous media fromvertical plate
with variable wall heat and mass fluxes was comsitldy Cheng
(2006). He observed that the existence of threshmiessure
gradient in the power law fluids tends to decreasefluid velocity
and the local Nusselt and Sherwood numbers. Alsanerease in
the power law exponent increased the local Nusselt Sherwood
numbers. Free convection heat transfer from aoadrfiat plate
embedded in a thermally stratified non-Newtoniaudflsaturated
non-Darcy porous medium is analyzed by Kairi andtikiy1(2009).

Pantokratoras and Magyari (2010) considered thadgtéorced
convection flow of a power-law fluid over a horizah plate
embedded in a saturated Darcy-Brinkman porous medilhey
found that far away from the leading edge, the cigfoboundary
layer always approaches an asymptotic state witntically
vanishing transverse component. Abdel-Gaied and @d11)
presented a numerical analysis of the free cormeatoupled heat
and mass transfer for non-Newtonian power-law fuigith the
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yield stress flowing over a two-dimensional or grinetric body
of an arbitrary shape in a fluid-saturated porousdiom. Their
results showed that the existence and the increafsethe
dimensionless rheological parameter in the powser-lauids
increase the thermal and concentration boundasmr ltycknesses,
in the opposite of the increasing power-law exponEarther, the
heat and mass transfer rates are strongly depeodehe high yield
stress parameters.

Double-diffusive convection is referred to buoyamtiven
flows induced by combined temperature and conceotra
gradients. The study of double-diffusive naturahection in fluid-
saturated porous media has been motivated by e wange of
applications in many engineering fields such agerative cooling
of high temperature systems, underground dispo$ahutlear
wastes, spread of pollutants, drying processedanonant transport
in saturated soils and crystal growth from liquisthpe.Hyun and
Lee (1990) made a numerical study of double-diffasionvection
in a rectangular cavity with combined horizontainperature and
concentration gradients. They imposed the boundangditions at
the vertical side walls in such a way that the redrand solutal
buoyancy effects are counteracting, resulting in @wposing
gradient flow configuration. Numerical study of dderdiffusive
natural convection in a porous cavity using the dpaBrinkman
formulation was done by Goyeau et al. (1996). Tblegerved that
the strong influence of the Darcy number on heatdfer is more
complex than in thermal convection, and then theabier of the
thermosolutal flow in porous media is differentrfrache behavior
already assessed for fluids. Mamou et al. (199& twarried out
analytical and numerical study of double diffusa@vection in a
vertical enclosure. In his analytical study, helegopa scale analysis
to the two extreme cases of heat-transfer and tnassfer-driven
flows and then an analytical solution, based on ghgallel flow
approximation, is reported for tall enclosures. @h¢2010) studied
the double diffusive natural convection near anlined wavy
surface in a fluid saturated porous medium with stamt wall
temperature and concentration. Using a coordinatestormation
the complex wavy surface was transformed to a smeatface, and
the obtained boundary layer equations are solvetthéygubic spine
collocation method.

When heat and mass transfer occur simultaneoustynioving
fluid, the relations between the fluxes and theidg potentials are
of a more intricate nature. It has been observatdah energy flux
can be generated not only by temperature gradidntsalso by
concentration gradients. The energy flux caused lepncentration
gradient is termed the diffusion-thermo (Dufourfeef. On the
other hand, mass fluxes can also be created byeratype gradients
and this embodies the thermal-diffusion (Soretpetff In most of
the studies related to heat and mass transfer ggp&oret and
Dufour effects are neglected on the basis that #reyof a smaller
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order of magnitude than the effects described bwriEds and
Fick’'s laws. But these effects are considered arsk order
phenomena and may become significant in areasasiblydrology,
petrology, geosciences, etc. The Soret effectinfgtance, has been
utilized for isotope separation and in mixture bedw gases of very
light molecular weight and of medium molecular weig The
importance of these effects in convective transjortlear fluids
has been reported in the book by Eckert and Drak@/2).
Dursunkaya and Worek (1992) studied diffusion-therrand
thermal-diffusion effects in transient and steadyunal convection
from a vertical surface. Kafoussias and William893) presented
the same effects on mixed convective and mass férasseady
laminar boundary layer flow over a vertical flatam with
temperature dependent viscosity. They concluded tigpredict
more accurate results the variable viscosity eféext the thermal-
diffusion and diffusion thermo effects have to leken into
consideration in the fluid, heat and mass tranfiéev. Postelnicu
(2004) has analyzed the simultaneous heat and tressfer by
natural convection from a vertical flat plate emted in an
electrically conducting fluid saturated porous nuediusing the
Darcy Boussinesq model in the presence of DufodrSoret effects
and made a remark that as magnetic parameter gasethickness
of the hydrodynamic/thermal/concentration boundatgyer
increases. Both free and forced convection bounttygr flows
with Soret and Dufour have been addressed by Aerel. (2006).
The effect of Soret and Dufour parameters on fi@evection heat
and mass transfers from a vertical surface in ablgostratified
Darcian porous medium has been reported by Lakdtemayana
and Murthy (2007). Mahdy (2010) presented a norikgirhoundary
layer analysis to study the flow, heat and masssfe
characteristics of non-Darcian mixed convection a&f non-
Newtonian power law fluid from a vertical isotheimplate
embedded in a homogeneous porous medium with teetedf
Soret and Dufour and in the presence of eithemsarfnjection or
suction. It was observed by him that increasehi@nSoret number
tended to increase the local heat transfer ratéevefdcreasing the
mass transfer rate. Tai and Char (2010) numericstilglied the
combined laminar free convection flow with thermadtliation and
mass transfer of non-Newtonian power-law fluidsngl@ vertical
plate within a porous medium in the presence ofSand Dufour
effects. They concluded from their study that whmoth heat
diffusion and mass diffusion combine to drive th@nf the local
Nusselt number increases with an increase in theptaw index n
and the Soret number or a decrease in the radipicameter and
the Dufour number.

From the literature survey, it seems that the grobbf Double-
diffusive natural convection heat and mass trarfsfen vertical plate
in Darcy porous media saturated in power-law flwith Soret and
Dufour effects has not been investigated so fansThis work aims to
study the effects of Soret and Dufour on Doubléidife natural
convection in a power-law fluid embedded in a Dggoyous medium
with variable surface temperature and concentration

Nomenclature

= dimensional constant

= dimensional constant
concentration

specific heat at constant pressure
concentration susceptibility

= Dufour number

= mass diffusivity in porous medium
= gravitational acceleration

= Darcy permeability

= thermal diffusion ratio
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Le = Lewis number (diffusivity ratio)
N = Buoyancy parameter
n = power-law index

Nu, =local Nusselt number

Sh, =local Sherwood number

S = Soret number

T  =temperature

T, =ambienttemperature

T, = mean fluid temperature

T, =wall temperature

u,v = Darcian velocity component in x and y dtieas
X,y = coordinates along and normal to the plate
Greeks

om = thermal diffusivity in porous medium

Bc = coefficient of concentration expansion

By = coefficient of thermal expansion

= dimensionless concentration
= stream function

Superscript
‘ = differentiation with respect tp

n = similarity variable

6  =dimensionless temperature
M =Vviscosity

p  =density

D

v

Formulation of the Problem

Consider the natural convection heat and massfeaakbng a
vertical plate in a non-Newtonian power-law fluiatgrated Darcy
porous medium. Choose the coordinate system swathxthxis is
along the vertical plate and y-axis normal to thetep The plate is
maintained at variable surface temperature and esdnation,
Tw(X), and C,(x), respectively. The temperature and concentnatio
of the ambient medium are,Tand G, respectively. Assume that
the fluid and the porous medium have constant glaygiroperties
except for the density variation required by theuBginesq
approximation. The flow is steady, laminar, two dimsional. The
porous medium is isotropic and homogeneous. Thd fnd the
porous medium are in local thermodynamical equilitor In
addition, the Soret and Dufour effects are takéo aonsideration.
Under these conditions, the governing equationrid#ag the
fluid flow can be written as follows:

X oo @
ox ody
o= 29 (5 (1 1)+ e (C -Co) @
21 Dk 92
WLy Log 0T 2w 07C (3)
X oy dy CSCp 0y2
D,k
J9C . E:Da_z m T 97T 4)
ox oy ay Tm 5y2

where u and v are the Darcian velocity componelasgax and y
directions, T is the temperature, C is the conedotr, k is the
thermal diffusion ratiop is the viscosity,o is the densityK is the
permeability, g is the acceleration due to graty,is the coefficient
of thermal expansioffi¢ is the coefficient of concentration expansion,
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o, is the thermal diffusivity, R is the mass diffusivity of the porous . Le( , )
medium, G is the specific heat capacity; @ the concentration ¢= ? nf'g-2 f¢j'3sr o (10)
susceptibility, T, is the mean fluid temperature amd the power-law
index. Whenn = 1, Eq. (2) represents a Newtonian fluid. Therefore,
deviation of n from a unity indicates the degreedefiation from “where primes denote differentiation with respeaf &done.
Newtonian behavior. For n < 1, the fluid is shiémnning and for n >
1, the fluid is shear thickening. _ Dka (TW ~Ts) is the Soret number (11a)
Yy T~ )
o m(Cw ™ Co
T}(
n kT (C
Concentration b.1 = is the Dufour number, (11b)
z =l a,C pcs(T
o T
s, Bc(C,, -Cy)
. g C—IS the buoyancy ratio, (11c)
Br (T,
an, . .
Le = —"is the Lewis number. (11d)
m
Making use of dimensional analysis, we get
........... Lo 1on
Figure 1. Physical model and coordinate system. PEgK S a" P EgK L.
Az|— T m and B=| — (12)
n
The boundary conditions are a ,uam
v=0,T=T(x), C=Cx)aty=0 (58)  The boundary conditions (5) in termsfp®, and @ become
u-0T-5T,,C>C, as y - o (5b) f(0) =0, 40) =1, ¢0) =1 (13a)
where the subscripts w andindicate the conditions at the walland () =0, &«) =0, g«)=0 (13b)

at the outer edge of the boundary layer respegtivel
In view of the continuity equation (1), we introduthe stream
functiony by

_%
ay

w
ox

©)

u

Substituting Eq. (6) in Egs. (2)-(4) and then udimg following
similarity transformations

n=8yx 3 g=ax?31()
0()) = ——= T, (x)-T, = Ex"'3
(/7) Ty =Ty, wx) = )
_ T~ _ — n/3
w(ﬂ)——cw(x)_coo . Cy(x)-C, = Fx

we get the following nonlinear system of differahtiequations.
Here A, B, E, and F are constants.

() =6+Np (®)

9”:§(nf’9—2f9’)—Df¢' ©9)
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The parameters of engineering interest for the eres
problem are the Nusselt and Sherwood numbers, wdrietgiven
by the expressions

Nu, _

BXZIS

SW (14)

-8 (0) and

=-¢(0)

Numerical Procedure

The flow Eq. (8) coupled with the energy and comicion Egs.
(9) and (10) constitute a set of nonlinear non-hgemeous
differential equation for which closed-form solutiocannot be
obtained. Hence the problem has been solved nuafigriosing
shooting technique along with fourth order Runget&integration.
The basic idea of shooting method for solving baumdvalue
problem is to try to find appropriate initial cotidn for which the
computed solution “hit the target” so that the bdany conditions at
other points are satisfied. Furthermore, the higirdier non-linear
differential equations are converted into simultarse linear
differential equations of first order and they &rgher transformed
into initial valued problem applying the shooting etimod,
incorporating fourth order Runge-Kutta method. Therative
solution procedure was carried out until the eirothe solution
became less than a predefined tolerance level.

The non-linear differential equations (8)-(10) acaverted into
the following system of linear differential equat®of first order by
defining new dependent variables §,6, &, @ ¢}:
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i:flyﬁzglyﬂzqgl’ )

dry drn dn

ot _oeng

dn n(f 1)n—1 >

d¢t _nfle-2f6'-D; Le(nflp-2fgh) s
dg 1-S.D; Le ’ (1°)

1

dg _ Le (nf'p-2f6") —S,%

dn dn J
The boundary conditions in termsfof*,6, &, g ¢ are
£(0) = 0,6(0) = 1,¢(0) = 1, f(x0) = 0,8(x0) = 0, Goo) =0 (16)

Here,n atw is taken agaxand chosen large enough so that the

solution shows little further change fptarger thanynayx

As the initial values for!, & and ¢ are not specified in the
boundary conditions (16), assume some valueg'(@y, 6(0) and
#(0). Then Egs. (15) are integrated using the 4th dRierge-Kutta
method fromy = 0 to # = 5max OVEr successive stepd;. The
accuracy of the assumed initial valug®), 6'(0) and ¢(0) is then
checked by comparing the calculated valueg(6, 6(0) and ¢(0)
atn = ymax With their given value aj = nnaxin (16). If a difference
exists, another set of initial values f0), :0) and ¢#(0) must be
assumed and the process is repeated. This pracesatinued until
the agreement between the calculated and the givedition at; =
Nmax1S Within the specified degree of accuracy.

In the present study;may has been suitably chosen at each time 1 My

such that the velocity, temperature and concebfraprofiles
approach zero at the outer edge of the boundagy.laye effect of
Soret and Dufour numbers and power law index pat@mes
studied on the heat and mass transfer rates fore seaected
combinations of parameter values.

Results and Discussion

To validate the accuracy of the present numericakme, a
comparison of the heat and mass transfer coefti€ifor the case
of Newtonian fluid flow (n = 1) in the absence obr8t and
Dufour parameters is made with the previously mh#d results
of Yih (1999). The comparison is listed in Tableadd found in
excellent agreement.

—9(0) and —qé(O) for various

Table 1. Comparison of values of
values of N and Le.
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constant according to their definition provided tthithe mean

temperaturd,, is kept constant.

n=0.5, N=1

$=0.3&D=0.2
§=0.4 & D=0.15

- 8=058&D=0.12
-~ 8206 & D=0.1

0.6 4

04|

0.2+

0.5 1.0

Le

Figure 2. Variation of non-dimensional heat transfe

varying S ; and Dy for shear thinning fluids.

3.0

r coefficient with Le for

Nu 1.2 i
1.0 -
0.8

0.6

n=1.0, N=1

———$=03&Dz0.2
————— $=0.4&D=0.15
f
}

$=0.5&D=0.12
-~~~ §=0.6 & D=0.1

T
0.5 1.0

Le

0.0

Figure 3. Variation of non-dimensional heat transfe

varying S ; and Dy for Newtonian fluids.

2.0

r coefficient with  Le for

Yih (1999) Present results with

N Le with A =1/3 S=0,D;=0andn=1

-6(0) | -¢(0) | -6(0) -9(0)
1 1 0.958: 0.958: 0.958: 0.958:
1 10 0.8053 3.3394 0.8053 3.3394
1 | 100 0.7233 10.8298 0.7233 10.8298
4 1 1.5153 1.5153 1.5153 1.5153
4 10 1.0668 5.0070 1.0668 5.007(¢
4 |10C | 0.812¢ 16.012 0.812¢ 16.012

5] n=1.5, N=1
——5=03&D=0.2
2o W™y | S=0.4 & D=0.15
1 Sr=0.5 & D'=O_12
1.8 4 e - §=0.6 & D=0.1
16 Mg
1.4
Nu
12 T U
1.0 i §
08| LW .
0.6 -
T T T
0.0 0.5 1.0 15 20
Le

In order to study the effects of Soret numBeDufour number
Ds and power law index explicitly, computations weeeried out by
taking the buoyancy ratid as1. The values of Soret numb®rand

Dufour numberD; are chosen in such a way that their product igg
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Figure 4. Variation of non-dimensional heat transfe
varying S ; and D; for shear thickening fluids.

The non-dimensional heat transfer c
ainst Lewis numbet_¢) for different valu

r coefficient with  Le for

oefficieNty is plotted
es of Soret numbe&)
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Dufour number Dy) in Figs. 2-4 withN = 1 for three different cases of Soret and Dufour numbers. It is noticed thatéasing power law
n=0.5n=1and n = 1.5 of power law index.sltobserved that index increases the mass transfer coefficiens itbteresting to note
increasing the Lewis number Le decreases NussaibaufNu,) for  that both the Nusselt numbed,) and Sherwood numbe$i}) for
all values of power-law index n. It is clear thatiieasing the Soret Newtonian fluids are more than that of shé&anning fluids and
number (decreasing of Dufour number) decrease$é¢hae transfer less than shear thickening fluids.

coefficient. This is because either a decrease ancentration

difference or an increase in temperature differefezls to an 3.0 — e

increase in the value of the Dufour parameter. ldedecreasing the 520 3 s‘( D02
=0. '= ) /_T»’;-",

Dufour parameteD; decreaseblu,. o s:=o. 48D=015 -

Figures 5-7 depict the variation of mass transfeefficient
(Sherwood numbersh) with Lewis number I(e) for different
values of Soret number, Dufour number, power-ladeinandN =
1. It is observed from these figures that increadiegis number
increases the Sherwood number for all values ofgpdew index. 1.5
Also, increasing the Soret number (decreasing do@unumber)
increasesSh,. The Dufour effect enhances the mass fluxes and
lowers the heat fluxes. Therefore, decreasipgalue increases the
mass transfer coefficient.

1.0

0.5

n=0.5, N=1 0 . . .

50 —5=03&D=02 . 0.0 05 1.0 15 20

————— §=0.4 & D=0.15 Le

2.5 - 8=058&D=0.12 Figure 7. Variation of non-dimensional mass transfe r coefficient with Le
for varying S  and D+ for shear thickening fluids.

r

-~ $=0.6 & D,=0.1

f

2.0
o] 20 N=1, Le=1
———$=038D=0.2
K L N $=0.4 & D=0.15
........ $=0.5&D=0.12
el ~-- 8,206 & D=0.1

0.5

c D T T T T T
0.0 05 10 15 20 25 30 Nu

Le 1.2

Figure 5. Variation of non-dimensional mass transfe r coefficient with Le
for varying S ; and D¢ for shear thinning fluids.

n=1, N=1 0.8
254 ——8=0.38D=02 : 0.0 05 10 15 20
————— §=04&D=0.15 i
204 | ' grfgg : gfg:‘m Figure 8. Variation of non-dimensional heat transfe  r coefficient with n for

varying Sy and Dsfor N =1, Le = 1.

f P

sh . N=1, Le=1
——8=038&D=0.2

LRk < §=048&D=0.15
'8 $=05&D=0.12 A
o -~ 8=0.6 & D=0.1 ;

0.5

0.0 g . r Sh

0.0 05 1.0 15 20
Le

Figure 6. Variation of non-dimensional mass transfe  r coefficient with Le
for varying S  and D¢ for Newtonian fluids.

The effect of power-law index on Nusselt number different
values of Soret and Dufour numbers is displayedrign 8. It is 0.0 0.5 10 15 20
observed that the heat transfer coefficient in@gagith increasing n
the value of the power-law index (n). Figure 9 dasimtes the Figure 9. Variation of non-dimensional mass transfe  r coefficient with n for
effect of power law index on Sherwood number fdfedent values varyingS andD;forN=1,Le=1.

1.0 T T T
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Conclusions

In this paper, natural convection heat and massfea along a
vertical plate embedded in a power-law fluid saeoteDarcy porous
medium in presence of the Soret and Dufour effées been
considered. The plate is maintained at variabléasartemperature
and concentration,T,(x), and C,(x), respectively. It can be
concluded from the present analysis that increaghmy Soret
number (or decreasing the Dufour number) decretteNusselt
number, but increases the Sherwood number for stinéaming,
Newtonian and shear thickening fluids.
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