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Abstract The double-diffusive natural convection past a vertical plate embedded in a
fluid-saturated porous medium is considered in the boundary-layer and Boussinesq approxi-
mations. It is assumed that the Soret–Dufour cross-diffusion effects are significant. The heat
and mass fluxes on the plate are prescribed as functions of the surface coordinate x . The
general similarity reduction of the problem for power-law and exponential variation of the
wall fluxes is given. In the case of thermosolutal symmetry, when the similar temperature
and concentration fields become coincident, exact analytical as well as numerical solutions
are reported and discussed in some detail. For the flows without thermosolutal symmetry,
the final similarity equations have been solved numerically, by paying attention to the influ-
ence of the Soret and Dufour numbers on the departure from thermosolutal symmetry. The
reported results focus on the wall temperatures and concentrations, whose reciprocals are
Nusselt and Sherwood numbers, respectively.

Keywords Natural convection · Vertical surface · Double diffusion · Prescribed fluxes ·
Self-similarity · Thermosolutal symmetry · Cross-diffusion effects · Porous media

1 Introduction

Thermal diffusion, also called thermodiffusion or Soret effect, corresponds to species differ-
entiation developing in an initial homogeneous mixture subjected to a temperature gradient
(Soret 1980). The heat flux induced by a concentration gradient is called Dufour or diffu-
sion-thermo effect. These effects are considered as second order phenomena, on the basis
that they are of smaller order of magnitude than the effects described by Fourier’s and Fick’s
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laws, but there are situations when they become significant. For instance, Eckert and Drake
(1972) presented several cases of Dufour effect.

There is an obvious interest in including Dufour and Soret effects in the analysis of con-
vective processes in both clear fluids and porous media. Restricting our considerations to
porous media, let us refer further to the textbook by Nield and Bejan (2006) where some
basic information are given on pages 42–44. According to the references quoted there,

• In most liquid mixtures, the Dufour effect is inoperative, but that this may not be the
case in gases (Platten and Legros 1984). This fact was confirmed also by Mojtabi and
Charrier-Mojtabi (2000), who found that in liquids the Dufour coefficient is an order of
magnitude smaller than the Soret effect.

• A not encouraging conclusion was drawn by these later authors, Mojtabi and Charrier-
Mojtabi (2000), in the sense that for saturated porous media, the phenomenon of cross-
diffusion is complicated due to the interaction between the fluid and the porous matrix.
This is the reason why accurate values of these coefficients are not (yet) available.

• In Chap. 9, “Double-diffusive convection”, the Soret effect is discussed in relation with
the flow stability (pp. 374–376), in an extension of double-diffusive generalization of
the Horton–Rogers–Lapwood problem. The formula (9.32) includes the Soret number
in an analytic expression of the critical Rayleigh number, but no numerical values are
given for this coefficient. Other references are given in that chapter, in relation with Soret
and Dufour effects for porous layers and cavities. Note that this topic is currently under
investigation, see for instance the very recent article by Gaikwad et al. (2009).

A very useful reference on thermodiffusion in porous media is that by Saghir et al. (2005),
where it is presented an extensive literature review on the measurement techniques of the
Soret coefficient and on the numerical works done in this area. The literature review shows
that there are various techniques to measure the thermal diffusion coefficient, but one has
to control strictly the experiments, in order to avoid the possible associated effect of ther-
mal convection, “which is very difficult in ground conditions”. Consequently, they present
a numerical procedure, developed to simulate this process. This procedure is demonstrated
for polar and hydrocarbon mixtures, in cavities. In the final section of the chapter devoted
to conclusions, the authors state: “Due to the difficulty in measuring thermal diffusion and
mass diffusion coefficients accurately, it is hoped that numerical models could provide reli-
able results and thus reduce the burden of costly experiments”. One remarks to this end that
no information is given concerning the Dufour effect.

Another direction to deal with these effects is to use the theory of thermodynamics of
irreversible processes, as in Li et al. (2008) who considered a strongly endothermic chemi-
cal reaction system in a porous medium formed by spherical carbonate pellets in a reactor.
However, orders of magnitude are given for these coefficients, in dimensional form, without
physical justification and results are reported taking these coefficients as equal. For other
references along this direction, the interested reader may also consult those ones presented
by Saghir et al. (2005), reviewed above. In conclusion, it seems that various authors give
more importance to the Soret effect in internal geometries, but for sake of space, we will skip
here this discussion, because our interest in the present context is toward external heat and
mass transfer convection driven by the Dufour and Soret effects.

Since the article by Anghel et al. (2000), an analytical progress in external convection
with cross-diffusion (Dufour and Soret) effects was realized, by imposing certain rational
values of these dimensionless coefficients. Lacking experimental data, it was a fair way to
explore further this area of research. In an article by Postelnicu (2004), devoted to Dufour and
Soret effects in free convection boundary-layer over a vertical isothermal surface embedded
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in a porous medium, it was shown that these effects, coupled eventually with a magnetic
field, appreciably influence the flow behavior. Partha et al. (2006) looked for the effect of
double dispersion, Dufour and Soret effects in free convection heat and mass transfer in
a non-Darcy electrically conducting fluid saturating a porous medium. In a related article,
Lakshmi Narayana and Murthy (2007) studied the Soret and Dufour effects in a doubly
stratified Darcy porous medium. Later on, Lakshmi Narayana and Murthy (2008) analyzed
Soret and Dufour effects on free convection heat and mass transfer from a horizontal flat
plate in a Darcy porous medium, and obtained similarity solutions in the case of constant
wall temperature and concentration. More effects, besides Dufour and Soret, such as thermal
dispersion and temperature-dependent viscosity have been introduced by Afify (2007a,b) in
the analysis of non-Darcy MHD free convection past a vertical isothermal surface embedded
in a porous medium.

Another contribution to the theme of Dufour and Soret effects in porous media can be
found in the article by Tsai and Huang (2009a), where a Hiemenz flow through a porous
medium is analyzed, by combining also various other effects, such as variable viscosity, heat
source, radiation, and chemical reaction. The same authors studied in Tsai and Huang (2009b)
the Dufour and Soret effects in a natural convection flow along a vertical plate configuration
in a porous medium by prescribing the wall heat flux and the wall concentration.

Dufour and Soret effects in other external geometries have been also reported very recently:
cone, by Cheng (2009), corrugated vertical surface, by Rathish Kumar and Krishna Murthy
(2010). In these articles, constant wall temperature and concentration boundary conditions
have been imposed. In a very recent article, Postelnicu (2010) dealt with Dufour and Soret
effects on flow at a two-dimensional stagnation point in a fluid-saturated porous medium with
suction/injection. Similarity solutions were obtained in that article, and besides the numerical
solutions, asymptotic analytical solutions have been presented for the large suction rates.

The objective of the present article is to study simultaneous heat and mass transfer with
cross-diffusion effects, by natural convection from a vertical surface embedded in a fluid-
saturated Darcian porous medium, subject to prescribed heat and mass wall heat fluxes. We
will adopt a systematic approach in searching for similarity solutions, aiming to find all the
possible situations of this kind. We mention to this end that, aside from the present con-
text, Johnson and Cheng (1978) presented a comprehensive listing of similarity solutions for
free convection boundary-layers adjacent to flat plates in porous media, but without double
diffusion with Dufour–Soret effects.

2 Basic Equations and Problem Formulation

We consider the double-diffusive natural convection past a vertical plate embedded in a
porous medium saturated by an incompressible Newtonian fluid. The boundary-layer and
the Boussinesq approximations are adopted and it is assumed that the Soret–Dufour cross-
diffusion effects are significant. The x-coordinate is measured along the surface and the
y-coordinate normal to it. The temperature of the ambient medium is T∞ = constant and
the wall heat flux is prescribed, qw (x). The flow contains a species A, which is slightly
soluble in the fluid B, the wall mass flux of the species A being also prescribed, qm (x). The
concentration of A in B far away from the plate is C∞. Further assumptions adopted in the
following analysis are (i) the flow is laminar, steady, and two-dimensional, (ii) the porous
medium is isotropic and homogeneous, (iii) the properties of the fluid and porous medium
are constant except for the density variation required by the Boussinesq approximation,
(iv) the fluid and the porous medium are in local thermodynamic equilibrium. Under these
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conditions, the governing equations describing the conservation of mass and momentum can
be written as follows

∂u

∂x
+ ∂v

∂y
= 0 (1)

u = gK

υ
[βT (T − T∞)+ βC (C − C∞)] (2)

In a general form, the energy and concentration equations are expressed as

(ρc)m
(ρc)f

∂T

∂t
+ V · ∇T = ∇ · (DT∇T + DTC∇C) , (3a)

ϕ
∂C

∂t
+ V · ∇C = ∇ · (DC∇C + DCT∇T ) . (4a)

(see Nield and Bejan 2006), where ϕ is the porosity of the medium, DT = km/ (ρc)f is the
thermal diffusivity, DC ≡ Dm is the mass diffusivity, while DTC/DT and DCT/DC may
be considered as Dufour and Soret coefficients (numbers) of the porous medium. In recent
years, basically in all articles dealing with this subject, the previous equations for the case of
steady flows were used in the form

u
∂T

∂x
+ v

∂T

∂y
= αm

∂2T

∂y2 + Dm

Cs

kT

Cp

∂2C

∂y2 (3b)

u
∂C

∂x
+ v

∂C

∂y
= Dm

∂2C

∂y2 + DmkT

Tm

∂2T

∂y2 (4b)

where αm is the thermal diffusivity. Cp and Cs are the specific heat at constant pressure and
concentration susceptibility and kT is the thermal diffusion ratio. It seems that this form orig-
inates from an article by Kafoussias and Williams (1995), where Dufour and Soret effects
have been considered in a free convection boundary-layer past a vertical plate in a viscous
fluid.

The boundary conditions assumed in the present study are

v = 0, −k
∂T

∂y
= qw (x) , −Dm

∂C

∂y
= qm (x) on y = 0, (5)

T → T∞, C → C∞ as y → ∞
where qw (x) and qm (x) denote the prescribed heat and mass flux distributions along the
wall, respectively. The main goal of the article is (i) to give the similarity reduction of the
boundary value problem when the prescribed fluxes are power-law or exponential functions
of the plate coordinate x , and (ii) to discuss the cases of thermosolutal symmetry (when the
similar temperature and concentration fields become coincident) in some detail.

3 Self-Similar Flows

3.1 General Similarity Transformations

Introducing the stream function ψ by the usual definition u = ∂ψ/∂y, v = −∂ψ/∂x , the
dimensionless coordinates X = x/ l, Y = y/ l where l is a reference length, as well as the
similarity transformations
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ψ = αm A (X) f (η) , η = B (X) Y, (6)

T = T∞ + G (X) θ (η) , C = C∞ + H (X) φ (η) (7)

the velocity field becomes

u = u0 A (X) B (X) f ′ (η) , (8)

v = −u0

[
Ȧ (X) f (η)+ A (X) Ḃ (X)

B (X)
η f ′ (η)

]

In the above equations, u0 = αm/ l is a reference velocity, A and B some, yet unknown,
dimensionless functions of X, θ , and φ stand for the dimensionless temperature and con-
centration fields, respectively. The primes denote differentiation with respect to similarity
independent variable η and the dot with respect to X . The dimensional functions G (X) and
H (X), that have dimensions as [G] = [T ] , [H ] = [C], are related to the (unknown) tem-
perature and concentration distributions T (x, 0) ≡ Tw (x) and C (x, 0) ≡ Cw (x) by the
relationships

Tw (x) = T∞ + G (X) θ0, Cw (x) = C∞ + H (X) φ0 (9)

where θ0 = θ (0) and φ0 = φ (0).
Bearing in mind Eqs. 7 and 8, the wall conditions (5) result in

f (0) = 0, (10)

qw (x) = −k

l
G (X) B (X) θ ′ (0) ,

qm (x) = − Dm

l
H (X) B (X) φ′ (0)

Imposing

θ ′ (0) = −1, φ′ (0) = −1 (11)

one obtains for the functions B,G, and H , the relationships

G (X) = l

k

qw (x)

B (X)
, H (X) = l

Dm

qm (x)

B (X)
(12)

Equations 7 and the asymptotic condition (5) require

θ (∞) = 0, φ (∞) = 0 (13)

Under the transformations (6) and (7) and on account of Eqs. 12, Eq. 2 becomes

f ′ = gβT Kl

υαm

G

AB

(
θ + βC k

βT Dm

qm (x)

qw (x)
φ

)
(14)

This equation shows that the similarity reduction of Eq. 2 is only possible when the fluxes
qw (x) and qm (x) are of the form

qw (x) = wq (X) and qm (x) = mq (X) (15)

wherew and m are some dimensional constants and q (X) some positive definite dimension-
less function of X . At the same time, it is necessary that the factor in front of the bracket
expression (14) becomes a constant. Without any restriction of generality, one may require

gKl

υ αm

βTG

AB
= 1 (16)
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Thus, Eq. 14 becomes

f ′ = θ + Nφ (17)

and implies

f (η) =
η∫

0

(θ + Nφ) dη (18)

Similarly, Eq. 3b goes over in

θ ′′ + A

B

(
Ȧ

A
f θ ′ − Ġ

G
f ′θ

)
+ D f φ

′′ = 0 (19)

and Eq. 4b in

1

Le
φ′′ + A

B

(
Ȧ

A
f φ′ − Ḣ

H
f ′φ

)
+ Srθ

′′ = 0 (20)

The dimensionless numbers occurring in the above equations were defined as

N = βC km

βT Dmw
, Le = αm

Dm
, D f = k kT m

Cs Cpαmw
, Sr = D2

m kTw

k Tm αm m
(21)

It is worth noticing here that the sign of the buoyancy ratio N , Dufour and Soret numbers
D f and Sr depend on the directions of the prescribed wall fluxes, i.e. on sgn (w) and sgn (m)
so that

sgn (N ) = sgn
(
D f

) = sgn (Sr ) = sgn (mw) (22)

To be specific, we assume hereafter in this article that the heat flux is always directed from
the wall to the fluid, i.e. w > 0. In this case, the signs of N , D f , and Sr coincide with the
sgn (m) of the mass flux qm.

Equations 12, 15, and 16 give

G = wl

k

q

B
, H = ml

Dm

q

B
, A = q

B2 (23)

where the reference length has been chosen as

l =
√

αmυ k

gβTwK
(24)

In this way

u = u0
q

B
f ′ (η) , η = B (X) Y, (25)

v = −u0
q

B2

[(
q̇

q
− 2

Ḃ

B

)
f (η)+ Ḃ

B
η f ′ (η)

]
,

T = T∞ + wl

k

q

B
θ (η) , C = C∞ + ml

Dm

q

B
φ (η)
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and Eqs. 19 and 20 become

θ ′′ + q

B3

[(
q̇

q
− 2

Ḃ

B

)
f θ ′ −

(
q̇

q
− Ḃ

B

)
f ′θ

]
+ D f φ

′′ = 0 (26)

1

Le
φ′′ + q

B3

[(
q̇

q
− 2

Ḃ

B

)
f φ′ −

(
q̇

q
− Ḃ

B

)
f ′φ

]
+ Srθ

′′ = 0 (27)

The basic Eqs. 17, 26, and 27 are subjected to the boundary conditions specified under
Eqs. 10, 11, and 13, i.e.

f (0) = 0, θ ′ (0) = −1, φ′ (0) = −1, (28)

θ (∞) = 0, φ (∞) = 0

3.2 Power-Law Variation of the Wall Fluxes: q = X p

When the prescribed wall fluxes are of power-law functions of the wall coordinate X , Eqs. 26
and 27 can be reduced to ordinary differential equations only when B is a power-law function
of X , too. In other words, the power-law similarity case of the present problem corresponds
to

q = X p, B = B0 Xb (29)

where p, b, and B0 are some dimensionless constants. In this case, Eqs. 26 and 27 yield

θ ′′ + B−3
0 X p−3b−1 [

(p − 2b) f θ ′ − (p − b) f ′θ
] + D f φ

′′ = 0 (30)

1

Le
φ′′ + B−3

0 X p−3b−1 [
(p − 2b) f φ′ − (p − b) f ′φ

] + Srθ
′′ = 0 (31)

One sees that in this case the similarity reduction becomes possible only when b is related
to p by the equation

b = p − 1

3
(32)

Choosing B0 = 3−1/3, Eqs. 30 and 31 go over in

θ ′′ + (p + 2) f θ ′ − (2p + 1) f ′θ + D f φ
′′ = 0 (33)

1

Le
φ′′ + (p + 2) f φ′ − (2p + 1) f ′φ + Srθ

′′ = 0 (34)

The velocity, temperature, and concentration fields are given in this case by the relation-
ships

u = 31/3u0 X
2p+1

3 f ′ (η) , η = B (X) Y, B (X) = 3−1/3 X
p−1

3 , (35)

v = −3−1/3u0 X
p−1

3
[
(p + 2) f (η)+ (p − 1) η f ′ (η)

]
,

T = T∞ + 31/3wl

k
X

2p+1
3 θ (η) , C = C∞ + 31/3 ml

Dm
X

2p+1
3 φ (η) ,

f ′ (η) = θ (η)+ Nφ (η)

3.3 Exponential Variation of the Wall Fluxes: q = ea X

Assuming that the prescribed wall fluxes are exponential functions of the coordinate X ,

q = ea X (36)
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where a is a positive dimensionless parameter, Eqs. 26 and 27 can be reduced to ordinary
differential equations only when B is also an exponential form, namely

B = B0ea X/3 (37)

Indeed, choosing in this case B0 = 3−1/3, Eqs. 26 and 27 become

θ ′′ + f θ ′ − 2 f ′θ + D f φ
′′ = 0 (38)

1

Le
φ′′ + f φ′ − 2 f ′φ + Srθ

′′ = 0 (39)

The velocity, temperature, and concentration fields are given in this case by the relation-
ships

u = 31/3u0e2aX/3 f ′ (η) , η = 3−1/3ea X/3Y, (40)

v = −3−1/3u0aea X/3 [
f (η)+ η f ′ (η)

]
7T = T∞ + 31/3wl

k
e2a X/3θ (η) , C = C∞ + 31/3 ml

Dm
e2a X/3φ (η) ,

f ′ (η) = θ (η)+ Nφ (η)

4 Flows with Thermosolutal Symmetry: φ (η) = θ (η)

4.1 Basic Requirements and Governing Equations

The present model admits a remarkable special case in which the dimensionless temperature
and concentration fields θ and φ become coincident. In this case, Eq. 17 gives

θ = φ = f ′

1 + N
(41)

and Eqs. 26 and 27 imply that solutions with the thermosolutal symmetry, θ = φ, are only
possible when

� ≡ 1 + D f −
(

Sr + 1

Le

)
= 0 and N �= −1 (42)

When Eqs. 41 and 42 are satisfied, the dimensionless stream function f (η) is obtained
as solution of the boundary value problem

(
1 + D f

)
f ′′′ + q

B3

[(
q̇

q
− 2

Ḃ

B

)
f f ′′ −

(
q̇

q
− Ḃ

B

)
f ′2

]
= 0 (43)

f (0) = 0, f ′′ (0) = − (1 + N ) , f ′ (∞) = 0 (44)

after the similarity reduction of Eq. 43 in the power-law and exponential cases has been
performed. In the former case (described in Sect. 3.2), Eq. 43 reduces to the equation

(
1 + D f

)
f ′′′ + (p + 2) f f ′′ − (2p + 1) f ′2 = 0 (45)

and in the exponential case (described in Sect. 3.3) to
(
1 + D f

)
f ′′′ + f f ′′ − 2 f ′2 = 0 (46)
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4.2 Exact Solutions for Linear Wall Fluxes, p = 1

The boundary value problem (45), (44) admits for p = 1, the exact analytical solution

f (η) =
[
(1 + N )

(
1 + D f

)2

9

]1/3 (
1 − exp

[
−

(
1 + D f

3 + 3N

)−1/3

η

])
(47)

and using (41),

θ (η) = φ (η) = f ′ (η)
1 + N

=
(

1 + D f

3 + 3N

)1/3

exp

[
−

(
1 + D f

3 + 3N

)−1/3

η

]
(48)

Thus, the wall values of θ, φ, and f ′ are obtained as

θ0 = φ0 = f ′ (0)
1 + N

=
(

1 + D f

3 + 3N

)1/3

=
[

1 + Sr Le

3 (1 + N ) Le

]1/3

(49)

The asymptotic conditions and Eq. 42 require in this case that

sgn (1 + N ) = sgn
(
1 + D f

) = sgn

(
1

Le
+ Sr

)
(50)

4.3 Exact Solutions for Inverse Linear Wall Fluxes, p = −1

Equation 45 reduces for p = −1 to(
1 + D f

)
f ′′′ + f f ′′ + f ′2 = 0 (51)

and after two successive integrations leads to the equations(
1 + D f

)
f ′′ + f f ′ = C1 (52)

(
1 + D f

)
f ′ + 1

2
f 2 = C1η + C2 (53)

where C1 and C2 are constants of integration. Bearing in mind the wall conditions (44), one
easily obtains

C1 = − (1 + N )
(
1 + D f

)
, C2 = (

1 + D f
)

f ′ (0) (54)

Furthermore, the asymptotic condition (44) implies

C1 = lim
η→∞

(
f f ′) = 1

2
lim
η→∞

(
f 2

η

)
(55)

These equations have two important consequences. Firstly, they imply that the problem
admits real solutions only when C1 > 0 which, on account of Eqs. (54) and (42) requires

sgn (1 + N ) = −sgn
(
1 + D f

) = −sgn

(
1

Le
+ Sr

)
(56)

The second consequence of Eqs. 55 is the algebraic asymptotic behavior of f and f ′,
namely

f ∼ ±√
2C1 η, f ′ ∼ ±

√
C1

2 η
as η → ∞ (57)
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The corresponding solution of the Riccati equation (53) can be given in terms of the Airy
function Ai (z) as

f (η) = [
4

(
1 + D f

)
C1

]1/3 Ai ′ (z)
Ai (z)

(58)

where

z =
[

C1

2
(
1 + D f

)2

]1/3

η + z0 (59)

and Ai ′ (z) is the derivative of Ai (z)with respect to z (for the properties of the Airy functions,
see e.g. Abramowitz and Stegun 1972, Chap. 10.4). The constant z0 is determined from the
boundary condition f (0) = 0 as the first zero of Ai ′ (z) which is z0 = −1.018792971. In
this way

θ (η) = φ (η) = f ′ (η)
1 + N

= 1

1 + N

[
f ′ (0)+ C1

1 + D f
η − 1

2
(
1 + D f

) f 2

]
(60)

where f ′ (0) is given by

f ′ (0) = z0

(
2C2

1

1 + D f

)1/3

(61)

Thus, the wall values of θ and φ are obtained as

θ0 = φ0 = z0

[
2

(
1 + D f

)
1 + N

]1/3

= |z0|
∣∣∣∣∣
2

(
1 + D f

)
1 + N

∣∣∣∣∣
1/3

(62)

In this way,

θ (η) = φ (η) = θ0 − η +
(

2
(
1 + D f

)2

C1

)1/3 [
Ai ′ (z)
Ai (z)

]2

(63)

Bearing in mind Eq. 62 and z0 = −1.018792971, we further obtain

θ0 = φ0 = 1.28359871

∣∣∣∣1 + D f

1 + N

∣∣∣∣
1/3

(64)

where, in addition to Eq. 56, also Eq. 42 holds.

4.4 Exact Solutions for Inverse Quadratic Wall Fluxes, p = −2

According to Eqs. 35, for the velocity, temperature, and concentration fields of the symmetric
thermosolutal flows depend only on the first derivative of the similar stream function f ′ (η).
The corresponding boundary value problem (45), (44) admits for f ′ (η) the exact solution

f ′ (η) = −2
(
1 + D f

) [
η −

(
4 + 4D f

1 + N

)1/3
]−2

(65)
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The non-singularity condition in this case is sgn (1 + N ) = −sgn
(
1 + D f

)
which in

turn coincides with Eq. 56. Thus, the temperature and concentration fields are obtained as

θ (η) = φ (η) = 2

∣∣∣∣1 + D f

1 + N

∣∣∣∣
[∣∣∣∣4 + 4D f

1 + N

∣∣∣∣
1/3

+ η

]−2

(66)

The asymptotic decay is algebraic also in this case, θ (η) → 0 as 1/η2 when η → ∞, but
much faster than in the inverse linear case discussed in Sect. 4.3. Nevertheless, the surface
temperature and concentration

θ0 = φ0 = 2−1/3
∣∣∣∣1 + D f

1 + N

∣∣∣∣
1/3

(67)

differ from the values given by Eq. 64 by a constant factor only.

4.5 Scaling Transformations

Changing from the variables (η, f ) to the new ones (ξ, F) by the scaling transformations

f (η) = (
1 + D f

) ∣∣∣∣ 1 + N

1 + D f

∣∣∣∣
1/3

F (ξ) , η =
∣∣∣∣1 + D f

1 + N

∣∣∣∣
1/3

ξ (68)

the Dufour number can be removed from the governing Eqs. 45 and 46 which reduce to

...

F + (p + 2) F F̈ − (2p + 1) Ḟ2 = 0 (69)
...

F +F F̈ − 2Ḟ2 = 0 (70)

where the dots denote differentiations with respect to ξ . The boundary conditions (44) become

F (0) = 0, F̈ (0) = −s, Ḟ (∞) = 0 (71)

where

s = sgn
(
1 + D f

)
sgn (1 + N ) (72)

Similarly, one obtains

f ′ (η) = (
1 + D f

) ∣∣∣∣ 1 + N

1 + D f

∣∣∣∣
2/3

Ḟ (ξ) , ξ =
∣∣∣∣ 1 + N

1 + D f

∣∣∣∣
1/3

η (73)

θ (η) = φ (η) = s

∣∣∣∣1 + D f

1 + N

∣∣∣∣
1/3

Ḟ (ξ) (74)

θ0 = φ0 = s

∣∣∣∣1 + D f

1 + N

∣∣∣∣
1/3

Ḟ (0) (75)

The advantage of the above scaling transformations is that after the values of p and s are
specified, the “missing initial value” Ḟ (0) does not depend on the parameters N and D f at
all. Thus, the numerical solutions for Ḟ (ξ) of the problems (69), (71) and (70), (71) yield
all the quantities of interest via Eqs. 73–75 explicitly.
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5 Discussion

The velocity, temperature, and concentration solutions of the boundary value problem
(1–5) considered in the present investigation are given in the case of power-law and expo-
nential similarity by Eqs. 35 and 40, respectively. Bearing in mind that the surface fluxes
qw (x) = wq (X) and qm (x) = mq (X) are prescribed, the quantities of the main engineer-
ing interest are the surface temperature and concentrations distributions T (x, 0) ≡ Tw (x)
and C (x, 0) ≡ Cw (x), respectively. These quantities are obtained from the wall values
θ0 = θ (0) and φ0 = φ (0) of respective self-similar temperature and concentration solutions
θ (η) and φ (η). In order to reduce the parametric complexity of the analysis, we still assume
that the heat flux is always positive (w > 0) so that the general relationship (22) for the signs
of the basic transport parameters reduces to

sgn (N ) = sgn
(
D f

) = sgn (Sr ) = sgn (m) (76)

The main goal of the present section is a detailed discussion of the basic temperature and
concentration characteristics of the flows with thermosolutal symmetry, θ (η) = φ (η) =
f ′ (η) / (1 + N ), for which the additional restrictions (42) hold. We mention that the value
N = −1, excluded by Eqs. 42, corresponds to the physical situation in which the thermal
and solutal buoyancy forces compensate each other. Since in the present model the buoyancy
is the only driving force of the flow, the value N = −1 is associated with the (trivial) static
equilibrium state of the system. This is the reason why the value N = −1 has been excluded.
It is also worth noticing here that the vanishing value of the buoyancy ratio N corresponds to
the physical situation in which the solutal buoyancy is negligible with respect to the thermal
one (|m| << |w|).
5.1 The Exactly Solvable Cases p = 1, p = −1, and p = −2

For linear wall fluxes (p = 1), the surface values of the self-similar temperature and con-
centration fields are given by Eq. 49 which require that the transport coefficients satisfy,
in addition to Eqs. 68 the restrictions (50). Taking into account these circumstances in
Fig. 1a, the values θ0 = φ0 have been plotted as functions of N for three selected val-
ues of the Dufour number. In Fig. 1b, based on Eq. 42, the corresponding variation ranges
of the Soret number as function of the Lewis number are shown. The dot on the green
curve of Fig. 1b corresponds to the situation in which both of the cross-diffusion effects
can be neglected, D f = Sr = 0. In this case, the unity value Le = 1 of the Lewis num-
ber is required. The other points of the green curves of Fig. 1 describe the flows with a
negligible Dufour number (negligible diffusion-thermo effect) compared to Soret number
(thermodiffusion effect). The dots on the red and blue curves of Fig. 1b correspond to
the opposite situation, Sr = 0, D f �= 0. The other points of the red and blue curves of
Fig. 1b illustrate the contribution of the cross-diffusion effects compared to the point on the
green curve corresponding to D f = Sr = 0. The temperature and concentration profiles
θ (η) = φ (η) associated with the parameter values of Fig. 1, according to Eq. 48, are simple
exponential functions decaying from the corresponding surface values (49) toward zero as
η → ∞.

In contrast to these exponentially decaying profiles, the Airy function profiles correspond-
ing to the inverse linear wall fluxes (p = −1) shown in Fig. 2a, are algebraically decaying
functions. Specifically, in the latter case θ, φ, and f ′ → 0 as η−1/2 when η → ∞. This
very slow algebraic decay is the reason why in the case p = −1 the numerical approach, in
contrast to the analytical one, encounters serious convergence problems for large values of
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Fig. 1 a Plots of the wall temperature θ0 (and concentration φ0) for symmetric thermosolutal flows (� = 0)
and linear wall fluxes (p = 1) as functions of the buoyancy ratio N for the indicated values of the Dufour
number. b Plots of the Soret number Sr as a function of the Lewis number Le for symmetric thermosolutal
flows (� = 0) with linear wall fluxes (p = 1) for the values of the Dufour number considered in Fig. 2a. The
dots correspond to the values Le = 1/

(
1 + D f

)
where in the respective Eq. (42) Sr = 0

η. In Fig. 2b, based on Eqs. 42 and 56, the variation ranges of the Soret number as function
of the Lewis number are shown for the values of the Dufour number considered in Fig. 2a.
In the case of inverse quadratic fluxes p = −2, the qualitative features of the solution are
similar to those corresponding to p = −1. The physical interpretation of the dots and and
curves seen in Fig. 2b is similar to that described in connection with Fig. 1b.

5.2 Wall Fluxes with: p ≥ 0

In the case of constant (p = 0) and power-law heat and mass fluxes with p > 0, it is conve-
nient to conduct the discussion of the symmetric thermosolutal flows (� = 0) on the basis
of the rescaled boundary value problem (69), (71), and (72). In this context, the quantity of
the main computational interest (for specified values of p and s) is the corresponding “initial
value” Ḟ (0; p). This quantity can easily be determined with the aid of the shooting method.
The values of Ḟ (0; p) determined in this way for s = +1 and some selected values of p ≥ 0
have been collected in Table 1 and represented in Fig. 3 as functions of p.
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Fig. 2 a Airy function profiles of the dimensionless temperature and concentration profiles of the symmetric
thermosolutal flows with inverse linear wall fluxes (p = −1) for the buoyancy ratio N = −2 and the indi-
cated values of the Dufour number. b Plots of the Soret number Sr as a function of the Lewis number Le for
symmetric thermosolutal flows with inverse linear wall fluxes (p = −1) for the values of the Dufour number
considered in Fig. 2a. The dots correspond to the values Le = 1/

(
1 + D f

)
where in the respective Eq. 42

Sr = 0

Table 1 The values of Ḟ (0; p) in the case of symmetric thermosolutal flows (� = 0) for s = +1 and the
indicated values of the power-law exponent p

p 0 0.5 1 2 3 5 6.5 8 10

Ḟ (0; p) 0.8987 0.7706 0.6934 0.5997 0.5422 0.4712 0.4365 0.4102 0.3832

In Fig. 4, the wall temperature θ0 and concentration φ0 for symmetric thermosolutal flows
and constant wall fluxes have been plotted along the buoyancy ratio N for the indicated val-
ues of the Dufour number. Another plot describing the thermosolutal symmetry is shown in
Fig. 5 for N = 1 and three different values of the Dufour number. Wall temperature and con-
centration reduce when the power-law index p increases, while the Dufour effect produces
smaller Nusselt numbers (1/θ0) or Sherwood numbers (1/φ0).

5.3 Comparison of the Symmetric and Non-Symmetric Flows

In this subsection, we are interested to gain some insight on what happens when the heat and
mass transfer process deviates from symmetric to non-symmetric thermo-solutal conditions.

123



Double-Diffusive Natural Convection Flows 163

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

(
)

0
F

;p
⋅

p

1

0

s ,= +
Δ =

Fig. 3 The values of Ḟ (0; p) collected in Table 1 and plotted as function of p

Fig. 4 Wall temperature θ0 (and wall concentration φ0) variation with N , when p = 0, for three different
values of the Dufour number

Due to the large number of parameters involved in the problem, we concentrate on two com-
binations of D f and Sr characterized by the mutual prevalence between them, by keeping
N = 1, in the case of constant wall heat and mass fluxes. The reported results, discussed in
some detail, focus on the wall temperatures and concentrations, whose reciprocal values are
of the Nusselt and Sherwood numbers, respectively

The curves plotted in Figs. 6 and 7 are obtained by numerically solving Eqs. 33–34 subject
to (28). The intersection points of the curves θ0 and φ0 are marked by circles and correspond
to the flows with thermosolutal symmetry (� = 0). On the other hand, for � = 0, it is pos-
sible to compute θ0 = φ0 by solving the rescaled boundary value problem (69), (71), (72),
and using then (75). This is of course not only an alternative, but also of help in guessing the
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Fig. 5 Wall temperature θ0 (and wall concentration φ0) variation with p ≥ 0 for N = 1, and three different
values of the Dufour number

Fig. 6 Plots of the wall temperature θ0 (solid lines) and� (dash dot) versus Lewis number, for constant wall
fluxes (p = 0), and buoyancy ratio N = 1. The circles correspond to the symmetric case, � = 0

missing slopes for the more complex problem (33–34) and (28). The variation of� with the
Lewis number was also included in both figures.
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Fig. 7 Plots of the wall concentration φ0 (solid lines) and � (dash dot) versus Lewis number, for constant
wall fluxes (p = 0), and buoyancy ratio N = 1. The circles correspond to the symmetric case, � = 0

An overall inspection of these figures shows an opposite behavior of the wall temperature
and concentration with Lewis number: when Le increases (i.e. when heat diffusion becomes
prevalent over mass diffusion), θ0 slightly increases, while the decrease of φ0 is more pro-
nounced. The smooth transition through the state of thermosolutal symmetry is clearly seen
in both Figs. 6 and 7.

It is not surprisingly to notice the stronger impact of the combination (D f > Sr ) on the
wall temperature, in comparison with the case D f < Sr . Nusselt number decreases in the
transition (D f < Sr ), (D f = Sr = 0), (D f > Sr ), at fixed values of the other parameters
(N and Le).

For the wall concentration, the departure from thermosolutal symmetry is significant
when D f < Sr . One remarks the increase of the Sherwood number in the transition (D f <

Sr ), (D f = Sr = 0), (D f > Sr ). It is somehow expectable to get a stronger influence of
a larger Soret number on the mass transfer, on physical and also on mathematical reasons.
Incidentally, the values of φ0 are very close to each other in the cases (D f = 0.6, Sr = 0.1)
and (D f = 0, Sr = 0).

6 Conclusions

The double-diffusive natural convection past a vertical plate embedded in a fluid-saturated
porous medium was considered in the boundary-layer and Boussinesq approximation, assum-
ing that the Soret–Dufour cross-diffusion effects are significant. The heat and mass fluxes
on the plate were prescribed as functions of the surface streamwise coordinate. Once the
general similarity reduction of the problem was obtained for both power-law and exponential
variation of the wall fluxes, we decided to go into details for the former case. The basic
remark in this regard is the resemblance of Eqs. 33–34 and 38–39 in the general case and of
(45) and (46) in the case of thermosolutal symmetry. Although extensive computations have
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been also performed for the exponential case, we do not present here numerical results for
this case, for sake of space saving, since they are qualitatively similar to those obtained for
power-law variations of the heat and mass fluxes.

Our main interest was directed on the self-similar flows with thermosolutal symmetry,
when the similar temperature and concentration fields become coincident. In these cases,
exact analytical solutions were obtained in the following cases of heat and mass power-law
fluxes: linear (p = 1), inverse linear (p = −1), and inverse quadratic (p = −2). In contrast
to exponentially decaying profiles obtained in the linear case, we found for p = −1 and
p = −2 an algebraically decaying behavior of the solution. Moreover, for power-law heat
and mass fluxes, we have been able to find appropriate scaling transformations allowing the
reduction of the boundary value problems to such ones no more dependent on the physical
(dimensionless) parameters. This considerably reduces the efforts of computation.

For flows without thermosolutal symmetry, a numerical approach has been used for both
cases of power-law and exponential variation of the heat and mass fluxes. The analysis of the
influence of departure from thermosolutal symmetry due to the Soret and Dufour effects was
performed specifically when p = 0, and revealed that Nusselt number is more affected than
Sherwood number in the cases with (D f > Sr ), while the situation reverses when (D f < Sr ).
Although these results have been obtained for constant wall fluxes (easier to be implemented
in practical applications), the trends will be the same for any p > 0.

References

Abramowitz, M., Stegun, I.A.: Handbook of Mathematical Functions. Dover, New York (1972)
Afify, A.: Effects of temperature-dependent viscosity with Soret and Dufour numbers on non-Darcy MHD

free convective heat and mass transfer past a vertical surface embedded in a porous medium. Transp.
Porous Media 66, 391–401 (2007a)

Afify, A.: Effects of thermal-diffusion and diffusion-thermo on non-Darcy MHD free convective heat and
mass transfer past a vertical isothermal surface embedded in a porous medium with thermal dispersion
and temperature-dependent viscosity. Appl. Math. Model. 31, 1621–1634 (2007b)

Anghel, M., Takhar, H.S., Pop, I.: Dufour and Soret effects on free convection boundary-layer over a vertical
surface embedded in a porous medium. Studia Universitatis Babes-Bolyai Mathematica XLV 11(22),
11–22 (2000)

Benano-Melly, L.B., Caltagirone, J.P., Faissat, B., Montel, F., Costeseque, P.: Modelling Soret coefficient
measurement experiments in porous media considering thermal and solutal convection. Int. J. Heat Mass
Transf. 44, 1285–1297 (2001)

Chamkha, A.J., Ben-Nakhi, A.: MHD mixed convection–radiation interaction along a permeable surface
immersed in a porous medium in the presence of Soret and Dufour’s effects. Heat Mass Transf. 44,
845–856 (2008)

Cheng, C.-Y.: Soret and Dufour effects on natural convection heat and mass transfer from a vertical cone in a
porous medium. Int. Commun. Heat Mass Transf. 36, 1020–1024 (2009)

Eckert, E.R.G., Drake, R.M.: Analysis of heat and mass transfer. McGraw-Hill, New York (1972)
Gaikwad, S.N., Malashetty, M.S., Rama Prasad, K.L.: Linear and non-linear double diffusive convection

in a fluid-saturated anisotropic porous layer with cross-diffusion effects. Transp. Porous Media 80,
537–560 (2009)

Johnson, C.H., Cheng, P.: Possible similarity solutions for free convection boundary-layers adjacent to flat
plates in porous media. Int. J. Heat Mass Transf. 21, 709–718 (1978)

Kafoussias, N.G., Williams, E.W.: Thermal-diffusion and diffusion-thermo effects on mixed free-forced con-
vective and mass transfer boundary layer flow with temperature dependent viscosity. Int. J. Eng. Sci.
33,1369–1384 (1995)

Lakshmi Narayana, P.A., Murthy, P.V.S.N.: Soret and Dufour effects in a doubly stratified Darcy porous
medium. J. Porous Media 10, 613–624 (2007)

Lakshmi Narayana, P.A., Murthy, P.V.S.N.: Soret and Dufour effects on free convection heat and mass
transfer from a horizontal flat plate in a Darcy porous medium. J. Heat Transf. Trans. ASME 130,
104504–11045045 (2008)

123



Double-Diffusive Natural Convection Flows 167

Li, M., Tia, Y., Zhai, Y.: Soret and Dufour effects in strongly endothermic chemical reaction system of porous
media. Trans. Nonferrous Met. Soc. China 16, 1200–1204 (2008)

Mojtabi, A., Charrier-Mojtabi, M.C. : Double-diffusive convection in porous media. In: Vafai, K. (ed.)
Handbook of Porous Media, pp. 559–603. Marcel Dekker, New York (2000)

Nield, D.A., Bejan, A.: Convection in Porous Media, 3rd edn. Springer, New York (2006)
Partha, M.K., Murth, P.V.S.N., Raja Sekhar, G.P.: Soret and Dufour effects in a non-Darcy porous medium.

J. Heat Transf. Trans. ASME 128, 605–610 (2006)
Platten, J.K., Legros, J.C.: Convection in liquids. Springer, New York (1984)
Postelnicu, A.: Influence of a magnetic field on heat and mass transfer by natural convection from ver-

tical surfaces in porous media considering Soret and Dufour effects. Int. J. Heat Mass Transf. 47,
1467–1472 (2004)

Postelnicu, A.: Influence of chemical reaction on heat and mass transfer by natural convection from vertical
surfaces in porous media considering Soret and Dufour effects. Heat Mass Transf. 43, 595–602 (2007)

Postelnicu, A.: Heat and mass transfer by natural convection at a stagnation point in a porous medium
considering Soret and Dufour effects. Heat Mass Transf. 46, 831–840 (2010)

Rathish Kumar, B.V., Krishna Murthy, S.V.S.S.N.V.G.: Soret and Dufour effects on double-diffusive free
convection from a corrugated vertical surface in a non-Darcy porous medium. Transp. Porous Media
(2010). doi:10.1007/s11242-010-9549-0 (online)

Saghir, M.Z., Jiang, C.G., Chacia, M., Yan, Y., Khawaja, M., Pan, S.: Thermodiffusion in porous media. In:
Ingham, D., Pop , I. (eds.) Transport Phenomena in Porous Media III, Chap. 9, Pergamon, Oxford (2005)

Soret, C.: Influence de la temperature sur la distribution des sels dans leurs solutions. C.R. Acad. Sci.
Paris 91, 289–291 (1880)

Tsai, R., Huang, J.S.: Heat and mass transfer for Soret and Dufour’s effects on Hiemenz flow through porous
medium onto a stretching surface. Int. J. Heat Mass Transf. 52, 2399–2406 (2009a)

Tsai, R., Huang, J.S.: Numerical study of Soret and Dufour effects on heat and mass transfer from natural
convection flow over a vertical porous medium with variable wall heat fluxes. Comp. Mat. Sci. 47, 23–30
(2009b)

123

http://dx.doi.org/10.1007/s11242-010-9549-0

	Double-Diffusive Natural Convection Flows with Thermosolutal Symmetry in Porous Media in the Presence of the Soret--Dufour Effects
	Abstract
	1 Introduction
	2 Basic Equations and Problem Formulation
	3 Self-Similar Flows
	3.1 General Similarity Transformations
	3.2 Power-Law Variation of the Wall Fluxes: q=Xp
	3.3 Exponential Variation of the Wall Fluxes: q=eaX

	4 Flows with Thermosolutal Symmetry: φ( η)=θ( η)
	4.1 Basic Requirements and Governing Equations
	4.2 Exact Solutions for Linear Wall Fluxes, p=1
	4.3 Exact Solutions for Inverse Linear Wall Fluxes, p=-1
	4.4 Exact Solutions for Inverse Quadratic Wall Fluxes, p=-2
	4.5 Scaling Transformations

	5 Discussion
	5.1 The Exactly Solvable Cases p=1, p=-1, and p=-2
	5.2 Wall Fluxes with: p geq 0
	5.3 Comparison of the Symmetric and Non-Symmetric Flows

	6 Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


