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Abstract-This study examines the influence of species interdiffusion, Soret and Dufour effects on the 
natural convection heat and mass transfer in a cavity due to combined temperature and concentration 
gradients. Results from numerical computations indicate that species interdiffusion reduces the overall 
heat transfer, but increases the mass transfer through the cavity for hA/h, < 1 and reduces the mass 
transfer for hA/hs > 1. Furthermore, contributions to the total mass flux through the cavity due to Soret 
diffusion can be as much as lo-15%. Similarly, energy transfer due to Dufour effects can be appreciable 

compared to heat conduction. 

INTRODUCTION 

THE CONSERVATION equations which describe the 
transport of energy and mass in fluid systems are 
well developed [14]. The energy flux includes 
contributions due to a temperature gradient (Fourier 
heat conduction), concentration gradient (Dufour 
diffusion) and a term which accounts for the energy 
transport as a result of each species having different 
enthalpies (species interdiffusion). The mass flux con- 
sists of terms due to a concentration gradient (Fickian 
diffusion), temperature gradient (Soret diffusion), 
pressure gradient (pressure diffusion) and a term 
which accounts for external forces affecting each spec- 
ies by a different magnitude. 

The Soret mass flux and Dufour energy flux become 
significant when the thermal diffusion factor and the 
temperature and concentration gradients are large. 
The thermal diffusion factor increases as the ratio of 
molecular weights and ratio of the diameters of the 
molecules increases. Furthermore, the thermal 
diffusion factor depends on the molecular force inter- 
action between like and unlike molecules [3]. If the 
molecular weight (mass) difference between species A 
and B is large and positive, the thermal diffusion 
factor is positive for all compositions. Hence, the 
heavier molecules (species A) migrate to the cold 
region. If the molecular weights are equal, then the 
larger diameter molecules concentrate in the colder 
region [3]. Species interdiffusion becomes appreciable 
as the difference between the specific heats of species 
A and B becomes large. 

Typically, the energy transport is described 
adequately by Fourier diffusion and the mass trans- 
port by Fickian diffusion alone. Otherwise, several 
investigators [5-81 have shown both analytically and 
experimentally that both Soret and Dufour effects 

can be important contributions to the total mass and 
energy transfer, respectively. More recently, Rosner 
[9] has stressed that Soret diffusion is significant in 
several important engineering applications. Similarly, 
Atimtay and Gill [lo] have shown Soret and Dufour 
diffusion to be appreciable for convection on a rotat- 
ing disc. An error as high as 30% for the wall mass 
flux is introduced when the Soret effect is not 
accounted for. Of particular interest, crystal growth 
from the vapor is sometimes carried out under con- 
ditions conducive to appreciable species interdiffusion 
and Soret and Dufour effects. As greater demands 
are made for tighter control of industrial processes, 
species interdiffusion and second-order effects such 
as Soret and Dufour diffusion must be considered. 
Because of the limited number of studies avail- 
able, the knowledge concerning the influence of these 
effects on the heat and mass transfer and fluid flow is 
incomplete. 

ANALYSIS 

Model equations 

The system under consideration is described in a 
companion paper [ 111. The governing conservation 
equations are identical except for the energy and spec- 
ies equations which are discussed below. By con- 
sidering the thermodynamics of irreversible processes, 
it can be shown that the energy and mass fluxes are 
dependent on both concentration and temperature 
gradients [2]. Accounting for species interdiffusion 
and Soret and Dufour effects, the heat and species 
fluxes [3,4] are, respectively 

q = -kVT+u.,RT &j*+@,&+h&) (1) 
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NOMENCLATURE 

LIN 
specific heat at constant pressure of 
binary mixture 
specific heat ratio, cJc,,, 

Tcl(TFi - Tc) 
%/(%I -+I 
(1 -w~)/(o~,-wc) 
binary mass diffusion coefficient 
binary mass diffusion coe~c~ent ratio. 

~Ai3/~*~~1- 
Grashof number, @-,-( T, - T&F/v,” 
cnthalpy or heat transfer convection 
coefficient 
mass transfer convection coefficient 
test cavity height 
mass flux vector 
dimensionless mass flux vector, 

jHIM4w, - wc) 
average mass flux 
mass flux due to diffusion (relative to the 
mixture velocity) 
mass flux due to Soret effects 
thermal conductivity of binary mixture 
thermal conductivity ratio, k/k, 

constant in energy equation, 
A.Co,c,,,AT/(h, - hc) 
test cavity length 
Lewis number, c~,!fl~~~ 
molecular weight 
molecular weight ratio, MA/MH 
buoyancy parameter, 

(PC--PfiYMMTl4 - T,,?I 
N usselt number 
average Nusselt number 
Nusselt number including Dufour effects 
Nusselt number including species 
interdiffusion 
Prandtl number, ~,/a, 
heat flux 
heat flux vector 
dimensionless heat flux, yHiic,AT 
average heat flux 
advected energy flux 
energy flux due to diffusion 
energy flux due to Dufour effect 
energy flux due to species interdiffusion 
universal gas constant 
Rayleigh number, Gr Pr 

Schmidt number, v,.i!I,,,, 
Sherwood number 

.?h average Sherwood number 
SI? -+ Sherwood number including Soret effect 
T temperature 
AT temperature difference across the cavity, 

TM - Tc 
II. M dimensionless velocity in the <-direction 

(C’j U,) and [-direction ( Wl U,), 
respectively 

ri, reference velocity, (v/H) W’ ’ 
f, z Cartesian coordinate directed aiong the 

length and height of the test cell, 
respectively. 

Greek symbols 
thermal diffusivity, li/pc[, 
thermal diffusion factor 
solutai coefficient of volumetric 
expansion 
thermal coeficient of volumetric 
expansion 
d~mensioniess z(z/U) and .u(s;H) 
dircytion, respectively 
dimensionless temperature, 

(T-- Tc)I(T,, - T,) 
dimensionless enthalpy, 

(h-$.)/(&-h,) 
dynamic viscosity of binary mixture 
dynamic viscosity ratio, pjpu, 
kinematic viscosity of binary mixture, 

PiI’ 
density of binary mixture 
density ratio. p/pr 
normatized mass fraction, 
(UjR - WC)i(CU~~ -utc) 
mass fraction 

wH, wc. mass fraction of species A at the hot 
wall and at the cold wall, respectively 

Au, concentration difference across the 
cavity. wit -or. 

Subscripts 
A species A 
B species B 
c cold wall 
H ilOt Wdli 

r reference value, evaluated at ( TH + T,.)j2 
and (~0~ + ttjc)jZ 

W wall 
Y i in the i-direction 

5 in the c-direction. 
i 

j, = -PnnRIVOA+rdOA(I-WA)Vln Tl (2) terms on the right-hand side of equation (1) are the 
contributions to the energy flux due to a concentration 

where cld is the thermal diffusion factor (dimen- gradient (Dufour effect) and to the interdiffusion of 
sionless). The flux of species B in equation (1) can be species (energy transfer because the species have 
eliminated because j, = -j,. The second and third different enthalpies). The second term on the right- 



Natural convection due to horizontal temperature and concentration gradients-2. 3123 

hand side of equation (2) is the mass flux due to a due to diffusion is counterbalanced by that due to 
temperature gradient (Soret effect). Using equations Soret effects (equation (2)). Since the walls are adia- 
(1) and (2) the dimensionless conservation equations batic, the temperature gradient is zero (equation (6)) 

and the concentration boundary condition becomes for energy and species are, respectively : 

energy 

& (P*uz) + ; (P*wz) 

=&&(E+;)+:~+$] 

K 3 

[ I 

R -___ - 
Sc,/(Gr) X MAMBc,, 

b&w+ CT)1 

+ 
hA-hB J 

cpr ( TH - Tc) 1 11: Ar 

species A 

$(p*u$)+ &*3) 

a+ 
ai=0 at[=Oandl 

Further details can be found elsewhere [ 121. 
The enthalpy at the wall is constant, because the 

temperature and concentration at the wall are con- 
stant (x = 0 and L) 

r(O, 0 = 1, z(A*, i) = 0. (5) 

At z = 0 and H, no energy is transferred (adiabatic 
wall), and the energy transfer due to diffusion is equal 
to that due to Dufour and species interdiffusion effects 
(equation (1)). Since the mass flux is zero at the imper- 
meable top and bottom wall, the boundary condition 
on enthalpy is 

al 
z=O at[=Oandl. (6) 

Concentrations of species A are specified at the hot 
and cold walls 

&O,i) = 1, &A,,0 = 0. (7) 

Impermeable walls at z = 0 and H specify no mass 
transfer at the boundaries. Therefore, mass transfer 

The velocity boundary conditions in terms of dimen- 
sionless variables are 

w(O, i) = WV,, 5) = u(5,O) = w(L 0) 

= u(S, 1) = w(5, 1) = 0. (9) 

At the endwalls where heat and mass are transported, 
the boundary conditions are 

40,i) = & /,&,.‘,2 JA&=O (10) 

4%> 0 = & p* sclGr,,z JAcL+ (11) 
WV 

(3) where JA includes Soret diffusion (equation (2)) and 
is not known a priori. 

Dimensionless transport parameters 
In addition to the transport parameters defined in 

the companion paper [l 11, the following parameters 
are defined. If the Dufour effect is considered, the 
energy flux at the wall is increased if the thermal 
diffusion factor and Q,, are positive. With the Dufour 
effect accounted for, the Nusselt number becomes 

No+ = k* hH-hC az 
cp TH -Tc at wall 

+PrGr”-5p*u 
h.4 

c,,(T, - Tc) 

or Nu+ = (Qd+ Q,+Qn,) where QDu is the dimen- 
sionless energy flux due to the Dufour effect. If species 
interdiffusion is considered (and the Dufour effect is 
neglected), the energy transfer at the wall becomes 

k* h, -hC 81 Nu*= ______ 
cp TH - TC X wa,, 

+ Pr Gr0.5 p*u 
h, 

c,,(T, - Tc) 

or Nu* = (Qd+ Qa+ Qi) where Q, is the dimensionless 
energy flux due to species interdiffusion. Species inter- 
diffusion occurs at the hot and cold walls even though 
the mass flux of species B is zero (nB = 0), because JB 
is nonzero ( pB U, = nB = wr, (nB + nA) + JB or JB = 
-oBnA). With the Soret effect accounted for, the 
Sherwood number is defined as 
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or Sh’ = ( Jd + Js) where Js is the dimensionless mass 
flux due to the Soret effect. The dimensionless mass 
flux Jd is equivalent to Sh, and is used to clarify the 
distinction between Sh and S/z+. 

RESULTS AND DISCUSSION 

Injluence of species interd$iision 
Interdiffusion accounts for energy transfer because 

the species have different enthalpies. Therefore, spec- 
ies interdiffusion becomes more significant as the 
difference in enthalpies of the species or the diffusive 
mass flux increases. To investigate the effect of species 
interdiffusion on the heat and mass tansfer, the spec- 
ific heat of species B was varied only. The remaining 
parameters are Gr= 1x10’, Pr = Se = 1.0, 
N* = - 1.209, M* = 5, Aw, = 0.3, w<. = 0.0. 
AT = 37.7 K, TC = 283.15 K and rd = 0 (Soret and 
Dufour effects are neglected). Note, since AoA = 0.3 
and oc = 0, the mixture is largely composed of species 
B and some of the following trends are particular to 
this situation. The average values of the mass flux, 

Nusselt number, advective energy flux, diffusive 
energy flux, energy flux due to species interdiffusion 
and the Sherwood number at the hot and cold walls 
are given in Table 1 (nt and wnt denote simulations 

which account for and which neglect species intcr- 
diffusion, respectively). To reiterate, the advection in 
and out of the cavity refers to the enthalpy of species 
A only (not the mixture enthalpy, since species B is 
noncondensable). This distinction becomes significant 
as cpA/cP, differs from unity (species interdiffusion 
exhibits the same trend). The thcrmophysical prop- 
erties of species A are represented by those of ethanol 
and of species B by nitrogen except for the specific 
heat which is varied for each case [ 13 171 (for both nt 
and wnt: case 1, nitrogen, c’,,~ = 1041 J kg ’ K : 
case 2. argon. c,,~ = 521 J kg- ’ K ’ ; case 3; arbitrarily 

chosen to be half of cPR for helium, cJiH = 2597 J kg ’ 
K ’ : case 4. helium, c,,,~ = 5193 J kg~ ’ K ‘). 

Case Int is the same as case lwnt except species 
interdiffusion is accounted for in the model equations. 
Since h,,/h, is approximately one. the heat and mass 

transfer changes little as expected. Consider the onc- 
dimensional transport situation which examines 
diffusion and species interdiffusion energy transfer 
only 

i k 81 -II- cl_x 
? +(h, --hR).IAx = 0. (15) 

c,, (‘X 

Integration of this equation with respect to x yields 

k i;h _ = constant-(h,, -h,)J,, 
i‘” c?.u 

(16) 

or 

Qd.nt = Qmt - Q,.nt (17) 

where the constant of integration is the diffusive 

Table 1. Summary of the average mass flux, Nusselt number, energy Aux due 
to advection, diffusion and species interdiffusion and Sherwood number at the 
hot and cold walls for natural convection in binary gases (nt denotes cases 
where species interdiffusion is accounted for and wnt where species inter- 
diffusion is neglected in the analysis : case I, /~,,‘/t,~ = I .08, case 2, h,ih,, = 2.16 : 

case 3. /I,/!+, = 0.44 : case 4, h,:h,, = 0.22) 

Case 

lwnt 5.61 
lnt 5.53 

2wnt 5.52 
2nt 3.42 

3wnt 5.59 
3nt 6.22 

4wnt 5.59 
4nt 6.42 

lwnt 5.53 
lnt 5.51 

2wnt 5.58 
2nt 3.42 

3wnt 5.61 
3nt 6.24 

4wnt 5.61 
4nt 6.43 

p*u x IO2 ivu* a 
Hot wall 

18.58 15.12 
18.73 14.91 

25.06 24.48 
16.96 15.19 

12.56 6.94 
9.00 7.72 

10.07 3.65 
4.02 4.19 

Cold wall 
18.57 12.42 
I X.76 12.38 

25.14 20.58 
16.85 12.62 

13.02 5.80 
9.48 6.45 

10.63 3.05 
4.63 3.50 

P, a s7l 

3.46 4.14 
3.01 0.8 1 4.08 

0.58 4.07 
-. 3.94 5.12 2.53 

5.62 4.13 
8.30 -7.03 4.59 

6.42 4.13 
10.39 - 10.56 4.74 

6.15 5.83 
6.10 0.27 5.81 

4.57 5.88 
-2.22 6.45 3.61 

1.21 5.92 
12.29 -9.27 6.57 

7.57 5.91 
14.61 _ 13.54 6.78 
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energy flux without accounting for species inter- 
diffusion. For case lnt, Qd,wnt and Q1,, are both posi- 
tive which results in Qd,nt < Qd,wat. This trend is evi- 
dent in Table 1 where Qd for case Int is smaller than 
Qd for case lwnt (Qd decreased less at the cold wall 
where the interdiffusion contribution is smaller). 

Some general trends are noted from Table 1. When 
species interdiffusion is not included (cases denoted 
by wnt), changing cPe results in an appreciable vari- 
ation of z and d only (i.e. enthalpy or temperature 
field is affected). Advection at the wall is enhanced as 
cPs is reduced (Fig. 1), because the enthalpy of the 
fluid leaving the cavity is greater compared to the 
mixture enthalpy (or specific heat). Furthermore, & 
is decreased as cPe is reduced (Fig. 2). 

When the effect of species interdiffusion is 
accounted for in the analysis (cases denoted by nt), .- - 
Qar Qd and sh (Figs. f-3, respectively) are changed 
appreciably with variations of cPB (i.e. enthalpy and 
concentration fields are affected). Since the tem- 
perature field is significantly altered when species 
interdiffusion is accounted for, the variation in 
thermophysical properties is also changed which 
affects both the velocity and con~ntration fields 
(Figs. 4-7). If c,, is reduced, % is decreased. Similar 
trends for Qd for cases without species interdiffusion 
are noted for cases with species interdiffusion. 
However, the variation of Qa owing to decreasing cPB 
with interdiffusion included is quite different from 
that when inter~ffusion is not included (Fig. 2). The 
advected energy increases only slightly when cPs is 
decreased because of the offsetting effects of a decreas- 
ing c,, and decreasing mass flux (concentration gradi- 
ent at the wall is decreased). The variation of Q, ~ 
directly affects Nu* which results in Nu* decreasing 
when cPB is decreased. These results must be viewed 
with prudence due to the limited number of cases 
presented. 

Effect of decreasing hg. If cPB is decreased (case 
2wnt), the variation in c,“is increased, and the mixture 

25- 0&j wnt 

20- 
CT& wnt 

15- %H 

& 

lo- 

5- 

Ob 2.5 

b/ho 

FIG. 1. Variation of the average energy flux due to advection 
with hA/hB. 

'61 

‘“F 2.5 

hdh, 

FIG. 2. Variation of the average energy flux due to diffusion 
with h~]h~, 

enthalpy decreases (compared to case Iwnt). This 
decreases the diffusive energy flux and slightly 
increases the advective flux at the hot and cold walls. 
The larger variation in c,* results in a greater difference 
between the diffusive energy flux at the hot and cold 
wall for case 2wnt as compared to case 1 wnt. For case 
2nt, the species interdiffusion opposes the diffusive 
energy transfer. The advective contributions to the 
energy balance are smaller (circulation is weaker, Fig. 
4(b)), resulting in an enthalpy field in~uenced more 
by diffusion effects (Fig. 5(b)). If the enthalpy field is 
due to diffusion only, the enthalpy isolines would be 
approximately linear and parallel to the hot and cold 
walls. The enthalpy field affects the velocity field (Fig. 
4(b)) which, in turn, influences the concentration dis- 
tribution (Fig. 6(b)) in the cavity. The velocity, 
enthalpy and concentration fields are intimately 
coupled through the thermophysical properties and 
buoyancy term. From Table 1, Qd,,,“, and Q1,nt are 
positive, but Q1,,,t > Qd,,“, resulting in Q,,,, < 0. 

8 

6 

1----, 

Sr;, wnt 

0 0.5 1.0 1.5 2.0 2.5 

Whs 

FIG. 3. Variation of the average Sherwood number with 
&Al&. 
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FIG. 4. Streamlines for natural convection in binary gases with species interdiffusion accounted for : (a) 
hA/hs = 1.08 (case lnt), (b) h,,/h, = 2.16 (case 2nt), (c) h,/h, = 0.44 (case 3nt) and (d) hA/hB = 0.22 (case 

4nt). 

Again, the diffusive energy flux (case 2nt) decreased 
further at the cold wall than at the hot wall (as 
compared to case 2wnt), since the interdiffusion tlux 
at the cold wall is greater. 

Because the enthalpy of species A (entering and 
leaving the cavity) is greater than the enthalpy of 
species B, the energy content of the fluid entering and 
leaving the cavity is much greater than the mixture 
enthalpy of the binary fluid. Correspondingly, the 
temperature of the fluid near the hot wall is greater 
than the hot wall temperature (Fig. 7(b)). Similarly, 
the temperature of the fluid adjacent to the cold wall 
is less than the cold wall temperature. Hence, the 
diffusive energy flux is in the negative [-direction (out 
at the hot wall and in at the cold wall), but the total 
energy transfer across the cavity is positive from the 
hot to the cold wall. The distribution of the Nusselt 
number, energy flux due to advection, diffusion and 
species interdiffusion and Sherwood number are given 
in Fig. 8. 

Efict of increasing h,. If c,,~ is increased (cases 

3wnt and 4wnt), the variation of c,* is reversed 
(c,,~ > c,r,). This increases and decreases the diffusive 
energy flux at the hot and cold wall, respectively, 
resulting in a smaller difference between QdH and Qdc. 
The magnitude of the diffusive energy flux increased 
(as compared to case lwnt) since the mixture enthalpy 
increased. Also, because the mixture enthalpy 
increased, the advective flux at the hot and cold walls 
is decreased. When species interdiffusion is accounted 
for (cases 3nt and 4nt), the diffusive energy tlux is 
increased because Qd.wnt is positive and Q,,nt is 
negative. Hence, Qd,nt > Qd,wnt. The convection in the 

cavity increases due to the altered density field (buoy- 
ancy force) since the range of the thermophysical 
properties is unchanged. This increases the con- 
centration gradients at the hot and cold walls and 
correspondingly the mass flux at the vertical walls. In 
turn, this increases the advective flux at the walls. 
Overall, the total energy flux is decreased because 
the diffusion energy and species interdiffusion oppose 
each other. The variation of the Nusselt number, 
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FIG. 5. Isolines of the mixture enthalpy for natural convection in binary gases with interdiffusion accounted 
for: (a) hA/hs = 1.08 (case Int), (b) h,/h, = 2.16 (case 2nt), (c) h,/h, = 0.44 (case 3nt) and (d) hA/h, = 0.22 

(case 4nt). 

energy fluxes due to advection, diffusion and species 
interdiffusion and the Sherwood number for case 3nt 
are given in Fig. 9. 

Soret and Dufour effects 
Since the Soret and Dufour effects are diffusive 

processes, the Grashof number was decreased to 
1 x lo3 to reduce the influence of natural convection 
(decrease the advective flux relative to the diffusive 
flux). Furthermore, the Soret effect is small when the 
mass fraction of either component is small or when 
C, is large (AT is small). The base case for inves- 
tigating Soret and Dufour effects is given by case lsd 
(where sd denotes that Soret and Dufour effects are 
considered) in Table 2. The thermophysical properties 
of species A and B are represented by those of ethanol 
and nitrogen, respectively [ 13-171. 

From a review of the literature [3, 18, 191, the absol- 
ute value of the thermal diffusion factor (a,J ranges 
approximately between 0 and 1 for gases. The thermal 
diffusion factor varies with temperature and con- 
centration, but is taken as a constant. The variation 

with temperature would be small over the temperature 
difference considered, and the variation with con- 
centration is small (the significance of the variation of 
composition for the Soret mass flux is apparent from 
the term oAwg). Also, no experimental data are avail- 
able for these binary systems, and the accuracy of the 
first-order predictions is not sufficiently reliable to 
justify the effort. The variable thermophysical prop- 
erty formulation is retained. Again, the advected 
energy at the hot and cold walls pertains to the 
enthalpy of species A only since species B is non- 
condensable. 

In general, for the range of parameters investigated, 
Soret and Dufour effects have little influence on the 
velocity, enthalpy, concentration and temperature 
fields in the core of the cavity. If the Soret and Dufour 
effects are constant throughout the cavity, the 
enthalpy and concentration fields would not be 
altered. Mathematically, from equation (4) for exam- 
ple, if the Soret mass flux is constant, the derivative 
of a constant is zero and the differential equation is 
unchanged from the formulation where Soret mass 
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4 4 
FIG. 6. Isolines of the concentration for natural convection in binary gases with interdiffusion accounted 
for: (a) h,,/h, = 1.08 (case Int), (b) hA/hB = 2.16 (case 2nt), (c) hA/hB = 0.44 (case 3nt) and (d) h,/h, = 0.22 

(case 4nt). 

diffusion is not considered. Furthermore, the Soret 
and Dufour effects are greatest where the mass and 
temperature gradients are largest (i.e. at the hot and 
cold walls). Therefore, few plots of the streamlines or 
enthalpy, concentration and temperature isolines are 
presented. 

Separafe and combined influence of the &ret and 
Dufour ejgects. The base case lsd is for c(~ = 0. The 
streamlines and isolines of enthalpy, concentration and 
temperature are shown in Fig. 10 to illustrate the 
variation of these dependent variables. Note that a 
larger fraction of the flow in the cavity is from the hot 
to the cold wall, and, correspondingly the recir- 
culation cell is smaller. This is due to the weaker 
natural convection circulation (Gr = 1 x 103) in the 
cavity. If natural convection is absent (N* = 0), the 
mass ilow is from the hot to the cold wall with no 
r~ir~ulation. For N* = 0, the streamlines would be 
approximately parallel to the horizontal connecting 
walls of the cavity, but not straight lines due to the 
no slip velocity boundary condition at the horizontal 
walls. If the Soret effect is accounted for (case Zsd), 
the mass flux at the walls is increased (Tables 3 and 

4). The Soret mass flux is approximately the same at 
both walls, and therefore is a smaller fraction of the 
total mass flux at the cold wall because Jdc > JI1n. 
Since the mass flux is increased, the blowing and suc- 
tion effects on the boundary layer at the hot and cold 
walls are increased. Hence, the diffusive energy flux 
decreases and increases slightly at the hot and cold 
walls, respectively. Similarly, accounting for the Duf- 
our effect (case 3sd) increases the energy flux at the 
walls. Inclusion of both phenomena results in approxi- 
mately the combined effect of each separately. 

Eficts of the ~her~aZ d~~~sio~~~cror. If the thermal 
diffusion factor is negative, the Soret and Dufour 
effects oppose the mass and energy flux due to 
diffusion, respectively. In case 5sd, c(~ = - 1. Since the 
mass flux decreases, the diffusive energy flux increases 
at the hot and cold wall, respectively, due to the 
reduced suction and blowing (as compared to case 
1 sd). Reducing ad to 0.5, decreases the Soret mass and 
Dufour energy fluxes to approximately half the value 
of J, and Q,, for case 4sd (cld = 1). Correspondingly, 
the advective energy and mass fluxes increased only 
half as much as case 4sd over the base case. Since the 
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FIG. 7. Isotherms for natural convection in binary gases with interdiffusion accounted for: (a) hA/hB = 1.08 
(case lnt), (b) h,Jh, = 2.16 (case 2nt), (c) ha/hs = 0.44 (case 3nt) and (d) hA/hs = 0.22 (case 4nt). 

Soret and Dufour effedts influence only slightly the 
concentration and temperature fields, this linear vari- 
ation in Js and QoU is expected. 

Results for an incre~ed Grashof number. Increasing 
the Grashof number increases the mass and enthalpy 
gradients at the hot and cold walls. Correspondingly, 
the Soret mass and Dufour energy flux are increased 
but remain about the same fraction of the total mass 
and energy flux, respectively (case 7sd, Gr = 1 x 10“). 
Cases gsd and 9sd are for the same parameters 
(Gr = 1 x 10’) but a, = 0 and 1, respectively. Com- 
parison of the results for these cases shows the Dufour 
energy and Soret mass fluxes are again about the same 
fraction of the total energy and mass flux, respectively, 
as for case 4sd. Therefore, these fluxes should be 
accounted for in the conservation equations (if an 
accurate value of the thermal diffusion factor can be 
determined) to obtain the total energy and mass flux 
at the walls even at higher Grashof numbers. In par- 
ticular, the Soret mass flux should be accounted for 
in the conservation equations if the mass flux at the 
walls is significant enough to affect the velocity, tem- 

perature and concentration gradients at the hot and 
cold walls. 

Intuence of the Prandtl and Schmidt numbers. In 
case 1Osd the Prandtl number is reduced to 0.4. This 
reduces the advection as illustrated math~ati~lly by 
equation (12). Decreasing the Prandtl number also 
reduces the Dufour energy flux. Physically, as the 
Prandtl number decreases, the velocity boundary layer 
becomes thinner with respect to the thermal boundary 
layer. Hence, thermal transport processes which 
depend on the mass flux are reduced (Q, and Q,). 
The diffusion becomes a more significant fraction of 
the total energy transport as the Prandtl number is 
reduced. The temperature gradient is increased and 
decreased at the hot and cold wall, respectively, as can 
be observed from the increase in .Ts and Qd (over case 
4sd) at the hot wall and decrease in Js and Qd at the 
cold wall. 

Decreasing the Schmidt number increases the mass 
flux at the hot and cold walls. This increases the advec- 
tive contribution and the Dufour energy flux. Also, 
since the suction at the cold wall and blowing at the 
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FIG. 8. Distribution of the Nusselt number, energy flux FIG. 9. Distribution of the Nusselt number, energy Rux due to 
due to advection, diffusion and species interdiffusion and advection, diffusion and species interdiffusion and Sherwood 
Sherwood number at the hot wall (a) and cold wall (b) for number at the hot wall (a) and cold wall (b) for h,/hs = 0.44 

h4/hH = 2.16 (case 2nt). (case 3nt). 

hot wall are increased the enthalpy gradient is reduced because the solutal buoyancy force becomes more 
and increased at the hot and cold wall, respectively significant than the thermal buoyancy force. This 
(Tables 3 and 4). Correspondingly, the Soret flux is increases the convection in the cavity resulting in 
decreased and increased at the hot and cold walls, larger concentration and temperature gradients at the 
respectively. The reduced Schmidt number results in walls. Hence, the advective, diffusive and Dufour 

a concentration field influenced more by diffusion. energy fluxes and diffusive mass flux increase. In par- 

Hence with a reduction in the Schmidt number, the ticular, the Soret mass flux decreases because the 

diffusive mass flux is increased and decreases at the smaller temperature difference across the cavity 

hot and cold wall, respectively. reduces the temperature gradient, 

Effects of the temperature and concentration dlfler- 
ence across the cavity. Case 12sd is for the same 
concentration difference across the cavity but the 
cold wall concentration of species A is zero. Cor- 
respondingly, the buoyancy parameter is reduced and 
C,,,, is increased which reduces the wall mass flux. The 
particular result of interest is that the Soret mass flux 
at the cold wall vanishes. As stated earlier, the Soret 
mass flux is greatest when the mass fraction of either 
species is neither large nor small. 

CONCLUSIONS 

If the temperature difference across the cavity is 
decreased, the buoyancy parameter is increased, 

From the results presented, species interdiffusion 
can significantly affect the natural convection heat 
and mass transfer and fluid flow due to combined 
temperature and concentration gradients in a cavity. 
The overall dimensionless heat transfer rate (Nu*) is 
decreased for all values of h,/hB when species inter- 
diffusion is accounted for in the analysis. However, 
the mass flux is decreased as cpR is decreased. Alter- 
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Table 2. Range of parameters examined in the numerical study which accounted for Soret 
and Dufour effects 

Case Gr Pr SC N* ad Soret Dufour 

lsd” 

2sd 
3sd 
4sd 

Ssd 
6sd 

7sd 
8sd 
9sd 

IOsd 
flsd 

12sdb 
13sd 

I x lo3 

1x104 
lx lo* 
1 x lo5 

1.0 

0.4 

1.0 

0.4 

-0.864 0 

1.0 yes no 
1.0 no yes 
1.0 yes yes 

-1.0 yes yes 
0.5 yes yes 

1.0 yes yes 
0 
1.0 yes yes 

1.0 yes yes 
1.0 yes yes 

-0.514 1.0 yes yes 
-2.577 1.0 Yes yes 

‘M* = 5, MB= 20, Aw, = 0.3, oc = 0.2, C,, = 2.67, C, =0.67, T, = 283.15 K, 
AT = 56.6 K, Cr = 5. 
6 0, c,, 3.33, c, 0. ccc = = = 
‘AT = 28.3 K, Cr = 10.0. 

FIG. 10. Streamlines (a), isolines of the enthalpy (b), isolines of the concentration (c) and isotherms (d) 
for case 4sd (ad = I, Gr = 1 x 103, Pr = SC = 1, N* = -0.864, M* = 5, ALIT = 0.3, wc = 0.2, C, = 2.67, 

AT = 56.6 K and Cr = 5). 
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Table 3. Summary of the average mass flux, Nusselt number, energy Aux due to advection, ditrusion 
and Dufour effects, Sherwood number and mass flux due to diffusion and Soret effects at the hot 

Wdl 
__~... ..~_._.. .-.. __ __.. 

Cm! p*u x 102 .&r + 
- 

Isd I.67 3.66 
2x1 1.88 3.97 
3sd 1.67 3.82 
4sd 1.87 4.15 

5sd I .45 3.19 
hsd 1.74 3.84 

7Sd 1.13 7.95 

8Sd 0.58 15.04 
9sd 0.74 16.42 

1 Dsd 1.87 2.24 
4 lsd 4.37 8.29 

I 2sd I.27 3.31 
13sd 2.27 x.31 

iA Pd QI,. 
_ 

2.94 0.72 
3.30 0.67 
2.94 0.71 0. IX 
3.29 0.66 0.20 

2.55 0.79 -0.15 
3.07 0.68 0.09 

6.29 1.28 if.38 
I I .P9 3.05 
13.02 2.62 0.78 

1.31 0.X5 0.08 
7.10 0.13 0.46 

2.4x 0.67 0. I6 
7.f0 0.83 Cf.44 

“.. ~.. 

.~ _~ 
- -8’ Sb J,< .J\ 

(1.88 0.88 
0.99 0.88 0. I I 
0.88 il.88 
0.99 0.88 0. i 1 

0.76 0.89 -,o. 14 
0.92 0.86 0.06 

t .%I 1.68 0.72 
3.59 3.59 
3.92 3.48 0.45 

0.99 0.84 0 IS 
0.94 0.92 0.02 

0.94 0.83 0.09 
I.20 1.11 O.ilX 

Table 4. Summary of the average mass liux, Nusselt number, energy flux due to advection, diffusion 
and Hufour effects, Sherwood number and mass Rux due to ~~i~Tus~~~ and Soret effects at the cold wall 

Case p’uxlo” NII+ (2, ___... 
Isd i 355 3.66 2.22 
2sd 1.84 3.93 3.48 
3sd I.65 3.80 _ 2.27 
4sd 1.84 4.1 I 2.48 

5sd I.41 3.25 I .97 
6sd 1.76 3.89 2.37 

7sd l.IS 8.Ifl 4.88 
Xsd 0.68 t5.12 9.17 
VSd 0.73 1 h.37 0.88 

IOsd 1.84 2.27 0.99 
1ISd 4.45 8.31 5.99 

I2sd 1.28 3.37 1.91 
13sd 2.24 8.27 6.1 1 

__. “... ._._ _ 

nativeIy, Soret and Dufour effects do not appreciably 

influence the velocity, temperature and concentration 
fields, but rather only tend to increase the mass and 
energy flux (if ctd is positive) due to the added con- 
tribut~ons. However, if the mass fktx at the wall is 
appreciable, inclusion of the Soret contribution is 
important since the blowing and suction effect 
decreases (at the hot wall) and increases (at the cold 
wall) the veIocity, temperature and concentration 
gradients, respectively. 
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CONVECTION NATURELLE DUE A DES GRADIENTS HORIZONTAUX DE 
TEMPE~TURE ET DE CONCENTRATION-2. I~~RDIFFUSION DES 

ESPECES, EFFETS SORET ET DUFOUR 

R&sum&--On examine I’influence de l’interdiffusion des espices, des effets Soret et Dufour sur la convection 
naturelle de chaleur et de masse dans une cavitC sous l’action combinee des gradients de chaleur et de 
masse. Les rksultats de calculs numeriques indiquent que l’interdiffusion des espties r&duit le transfert 
global de chaleur mais accroft le transfert de masse $ travers la caviti: pour hA/h, < 1 et rbduit le transfert 
de masse pour hJh, > 1. Les contributions de la diffusion Soret au transfert total de masse peut atteindre 
IO B 15%. De faGon semblable, le transfert d’knergie dii 1 l’effet Dufour peut &tre appr&ciable compari 2 

la conduction thermique. 

NATtSRLICHE KONVEKTION AUFGRUND HORIZONTALER TEMPERATUR- UND 
KONZENTRATIONSUNTERSCHIERE-2. STOFFDIFFUSION, SORET- UND 

DUFOUR-EFFEKTE 

Zusammenfassong-In der vorliegenden Arbeit wird der EinfIul3 von Stoffdiffusion, Soret- und Dufour- 
Effekten auf den Wlrme- und Stofftransport durch nati.irliche Konvektion aufgnmd von Konzentrations- 
und Temperaturunterschieden in einem Hohlraum untersucht. Numerische Berechnungen zeigen, dal3 die 
Stoffdiffusion den WLrmetransport beeintrlchtigt, den Stofftransport durch den Hohlraum jedoch fiir 
hA/hs < 1 erhiiht und fiir hA/hB z 1 verringert, Die Soret-Diffusi& triigt zum gesamten Stoktransport 
durch den Hohlraum mit 10-l 5% bei. In lhnlicher Weise kann der Enertietransnort durch Dufour-Effekte 

im Vergleich zur W~~eleit~g erheblich Gin. 

ECTECTBEHHM KOHBEKUBB, BbIISBAHHu TOPR3OHTAJIbHbIMkI TPAAM[EHTAMB 
TEMIIEPATYPbI kf KOH~EHTPALQiH-2. B3AEIMHA)I AH@@Y3kfR BEUECTBA, 

3@@EKTbI COP3 H ,l@O@YPA 

blOT8lWi--~CCJIe~~eTCX BJIHHiXi~ lW%iMHOii AH++y3HH BeIAeCTBK, a TaKXe 3#+XTOB COP3 A 

&Ot$!$?a Ha eC'TeCTBeHHOKOHBeKTBLI~ TeIKIO- W MaCCOlIepeHOC B IiOJIOCT&f,LlbI3FWHbdi C0BMeCTHbU.f 

BnHxfilieM rpanHeHTosTeMnepaTyphl H KoHuefrrpw.Pe3ynbTarbl wcnenwxpacreToe noKa3bIBawT, 

9~0 r43ayIman rul@$y3un neuw4xna yhseHbruaeT cyhfhxapHb&i TennonepeHoc,~o ysenxweaeT hfaccone- 

pe~oc repes nonocrb npuh&,c 11icmiycaeTero IIPH hJhB> l.Hame~oTa~~xce, STO SICJI~~~~- 

3nn cop3 B 06IuHii Maccosblii IIOTOK Yepe3 nonoczb MOXST AocrnraTb 10-15%. AH~XO~HVHE.IM 
06pa3oMnepeiioc 3Hep~o6y~oB~e~~~aMH~~~~o~~6bITbCOA3Mep~cTenironpo- 

BOLWXTbIO. 


