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Abstract-The double-diffusive free convective flow from a vertical surface has been studied numerically. 
The mass, momentum, energy and species conservation equations have been solved by a finite-difference 
method using an explicit scheme. Boundary layer and Boussinesq approximations have been incorporated. 
The velocity, temperature and concentration profiles indicate complex interaction between temperature 
and con~n~atjon driven buoyancy flows. The effects of Schmidt number and buoyancy ratio on the 
temperature profile have been discussed. The role of temperature stratification in the ambient has been 

highlighted. 

INTRODUCTION 

F%E cow~cnws flows occur in many engineering 

and natural systems. Free convective flows driven by 
temperature or concentration differences have been 
studied extensively. When both temperature and con- 
centration differences occur simultaneously the free 
convective gow can become quite complex. Gebhart 
and Pera [l] have provided an excellent overview of 
this field and have indicated the importance of these 
flows in engineering systems and in nature. Gebhart 
and Pera [l] obtained a similarity solution for free 
convective flow from a vertical surface on account of 
buoyancy created by both temperature and con- 
centration differences. ~o~endorf and Gebhart [Z] 
have presented a similarity solution for double-diffus- 
ive free convection in the axisymmetric case. The simi- 
larity solutions have a serious limitation since they 
can be obtained for specific boundary conditions only. 
Yang et al. f3] have shown that the similarity solution 
is not possible for natural convection from an iso- 
thermal vertical plate to a stable thermally stratified 
ambient. A finite-difference solution of the double- 
diffusive free convection problem can handle more 
complex cases. In this paper we present some pre- 
liminary results of a numerical study of double-diffus- 
ive free convective gows from a vertical surface. Our 
primary aim will be to highlight the complex inter- 
action between concentration and temperature pro- 
files. 

BASIC EQUATIONS 

The governing mass, momentum, energy and spec- 
ies conservation equations for free convective flows 
driven by temperature and concentration differences 
have been presented by Gebhart [4]. With use of Bous- 
sinesq, boundary layer and dilute solution approxi- 
mations the equations become 

C?+aV=O 
ax a~ 

p+,~+,E=,!k 
ay ay2* 

When c, is greater than c, and if #I* is Positive, 
the ~n~ntration driven buoyancy will aid thermal 
buoyancy (if t,,, is greater than t*). 

The above equations can be made dimensionless 
using the following definitions : 

U= (vg/T?&o)‘i3y v= (vg/?fIt*)“3 
T= t--t,, 

d, &c--c, 
kv -Lo G--c, 

B = 8*k!-GD) 
B(L - L&o) ’ 

z* = --$ (@At,) 2/3 

where 

Allt, = t, - t,,*. 

The dimensionless equations become 
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NOMENCLATURE 

buoyancy ratio, fl*(cw-cZ.)/p(tw- t,,,,) 
concentration of diffusion species 
concentration difference ratio, 

(c-c,)/(c,-c,) 
diffusion coefficient 
acceleration due to gravity 
Prandtl number 
stratification parameter, 

(llA.t,)(dt,,~\ldX) 
Schmidt number 

temperature 
temperature excess ratio, 

(t - L.,)/(L- L.0) 
velocity components 
space coordinates 

X. Y non-dimensional space coordinates. 

Greek symbols 

; 

thermal diffusivity 

volumetric coefficient of thermal 
expansion, - (1 lp)(&)i?t). _,, 

B* volumetric coefficient of expansion with 
concentration. (l/~)(dp/?c),,!, 

v kinematic viscosity 
t lime 
t* non-dimensional time. 

Subscripts 
W surface 
m location at large distance from the 

surface. 

(7) 
RESULTS AND DISCUSSION 

We will discuss, at first, the case with no ambient 
thermal stratification. Negative values of B indicate 

(8) the conditions under which the two buoyancy driving 
forces aid each other, while positive values indicate 

where the case when they oppose each other. 

The initial and boundary conditions are 

z*=O: U= V=C=O forallXand Y 

r*>O: Y=O,U=V=O,T=l-SX,C=l 

Y+cqiJ=T=C=O. (9) 

Equations (5)-(8) along with initial and boundary 
conditions (9) have been solved by the finite-difference 
method using an explicit scheme. The centre difference 
scheme was used for all diffusive terms and upwind 
differencing was employed for convective terms. The 
numerical integration was carried out till the steady 
state was reached. The steady state was assumed to 
have been reached when the percentage change in the 
dependent variables was less than one (relative error 
criteria). In addition, it was checked that the unsteady 
terms in the above equations were less than 1% of 
the biggest terms in those equations (residual error 
criteria). Grid spacing was varied to see that the final 
results obtained had negligible dependence on the grid 
size. The finite difference equations were marched to 
steady state at all Y at a specific value of X starting 
from X = 0 to 100. In the explicit scheme the time 
step chosen is governed by stability, see, e.g. Roache 
[5]. The time step chosen was between 0.1 and 0.5 
depending upon the values of SC and Pr. The CPU 
time taken for a typical case was 30 s on a DEC-1090. 

The effect of Schmidt number on the velocity profile 
is shown in Fig. 1. A comparison with Gebhart and 
Pera [1] shows good agreement. We find that for a 
negative buoyancy ratio, an increase in Schmidt num- 
ber causes a decrease in U velocity while for a positive 
buoyancy ratio an opposite trend is indicated. This 
interesting phenomena can be explained as follows. 
From Fig. 2, we observe that as Schmidt number 
increases the thickness of the concentration boundary 
layer decreases. This causes the flow driven by the 
concentration gradient to be confined closer to the 
wall. Hence in the case of aiding flow the maximum 
velocity decreases and the location of the maximum 
moves closer to the wall. In the case of opposing flow 
the maximum velocity increases and the location of 
maxima moves away from the wall. The effect of 
Schmidt number on the temperature profile is high- 
lighted in Fig. 3. In the case of aiding flow we find 
that the increase in Schmidt number causes an increase 
in thermal boundary layer thickness while opposing 
flow shows the opposite trend. In the case of aiding 
flow the increase in Schmidt number causes a decrease 
in velocity and hence diffusion dominates over con- 
vection thus causing an increase in the thermal bound- 
ary layer thickness. This effect is not seen in the con- 
centration boundary layer (Fig. 2) because the large 
variation in Schmidt number is more influential than 
the change in velocity. If the Prandtl number had been 
varied for a fixed Schmidt number the concentration 
profile would have been similar to the temperature 
profile in Fig. 3 while the temperature profile would 
have been similar to the concentration profile in Fig. 
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FIG. 1. Velocity profiles at X = 100 for Pr = 0.7 for various values of Schmidt number, SC. 

FIG. 2. Concentration profiles at X = 100 for Pr = 0.7 for various values of Schmidt number, SC. 
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FIG. 3. Temperature profiles at X = 100 for Pr = 0.7 for various values of Schmidt number, SC. 
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FIG. 4. Velocity profiles for aiding flow at X = 100 for 
Pr = SC = 0.7 and 7.0, for various values of the stratification 

parameter, S. 

2. Thus the roles of temperature and concentration 
profiles would have been reversed. 

The effect of the presence of thermal stratification 
in the ambient is shown in Figs. 4-6 for aiding flow. 
The velocity profile in Fig. 4 shows that increasing the 
stratification decreases the U velocity. This is obvious 
since ambient thermal stratification decelerates the 
buoyancy driven flows. The decrease in U velocity 
causes the diffusion to dominate over convection. 
Hence the concentration boundary layer thickens as 
the stratification parameter increases as shown in Fig. 

FIG. 5. 

5. In Fig. 4, we see the occurrence of flow reversal at 
high ambient stratification. This is because a rising 
hot fluid cools and can find itself in an environment 
with higher temperature and hence sinks downwards. 
The presence of high thermal stratification can cause 
a negative non-dimensional temperature. This is 
because the fluid near the wall can have temperatures 
below the ambient at the same X location. Note that 
the dip in the temperature profile is higher in the case 
of Pr = SC = 7.0 than in the case of Pr = SC = 0.7. 
This is because, the fluid with Pr = 7.0 has a lower 
thermal diffusivity than that of the fluid with Pr = 0.7. 
Hence, the fluid with Pr = 7.0 will tend to exchange 
less heat with surrounding fluid by diffusion. Hence 
the cold fluid coming from below will tend to retain 
its low temperature. Such complex shapes of the tem- 
perature profile can cause serious errors if an integral 
method with a simple profile is used. 

CONCLUSIONS 

The above numerical study has highlighted the 
complex interaction between Schmidt number, buoy- 
ancy ratio and stratification parameter in double- 
diffusive free convective flows. The next step in the 
present numerical study will be to include high con- 
centration levels and ambient concentration strati- 
fication. In such a case the boundary layer approxi- 
mations will fail and we need to use more complex 
numerical schemes. Free convection flows with com- 
bined concentration and thermal stratification are 
encountered in solar ponds during heat extraction. In 
interpreting the numerical solutions for such complex 
flows the physical insight gained in this numerical 
study will be extremely useful. 

- R-~sc=o.7 

---- Pr-Sc=7.0 

Concentration profiles for aiding flow at X = 10’0 for Pr = SC = 0.7 and 7.0, for various 
the stratification parameter, S. 

values of 
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FIG. 6. Temperature profiles for aiding flow at X = 100 for Pr = SC = 0.7 and 7.0, for various values of 
the stratification parameter, S. 
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ETUDE NUMERIQUE DE LA CONVECTION NATURELLE DOUBLEMENT DIFFUSIVE 
A PARTIR DUNE SURFACE VERTICALE 

R&m&On etudie numeriquement I’&coulement de convection naturelle doublement diffusive a partir 
d’une surface verticale. Les equations de conservation de la masse, de la quantiti de mouvement, de 
l’energie et des espdces ont Bti resolues par une methode aux differences finies utilisant un schema explicite. 
Les approximations de la couche limite et de Boussinesq ont et& utilisbs. Les proflls de vitesse, de 
temperature et de concentration montrent une interaction complexe entre temperature et concentration. 
Les effets du nombre de Schmidt et du rapport de flottement sur le protil de temperature sont discutes. On 

met en luminere le role de la stratification de temperature. 

NUMERISCHE UNTERSUCHUNG DER FREIEN KONVEKTION DURCH SIMULTANE 
TRANSPORTVORGANGE AN EINER SENKRECHTEN WAND 

Zusammenfassnn-Die freie Konvektionsstriimung durch zwei simultane Transportvorgange an einer 
senkrechten Fhiche wurde numerisch untersucht. Die Gleichungen fiir die Erhaltung von Masse, Impuls, 
Energie und Stoff wurden mit dem expliziten Differenzenverfahren gel&t. Grenzschicht- und Boussinesq- 
Approximation wurden angewendet. Geschwindigkeits-, Temperatur- und Konzentrationsproflle deuten 
auf komplexe gegenseitige Beeintlussung zwischen den Auftriebsstromungen auf Grund von Temperatur- 
und Konzentrationsunterschieden hin. Der EintluB der Schmidt-Zahl und des Verhaltnisses der Auf- 
triebskrafte auf den Temperaturverlauf wird diskutiert. Der EinfluB einer Temperaturschichtung in der 

Umgebung wird dargestellt. 
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‘JHCJIEHHOE MCCJIEflOBAHME COBMECTHOR TEl-IJIOBOfi ki KOH~EHTPAIJkiOHHOfi 
CBOEOaHOti KOHBEK~kiki BPJWi3I-i BEPTIlKknbHOfl IIOBEPXHOCTH 

hliOTWlS--%CJEHIiO HCCIlCLlOB~aCb COBMCCTHWI Te~OBaSIBKOH~CHTpaLIUOHHalICB060AHaRKOHBCK- 
IWll B6JIH3H BepTEiKslJlbHOii IlOBepXHOCTti. KOHWHO-pa3HOCTHbIM MeTOAOM C HCllO,Ib30BaHHCM SIBHOG 

CXCMbI PCUICHbI ypaBHCH&iR COXpaHeHHK MaCCbl,KOJUi'ieCTBa ABWiCKeH&iR,3HeprWi H KOMllOHCHTa. BCIIO- 

JIb30B&THCb npw6nsxewn IIOrpSi&iYHOrO CJlOIl U ~)'CCHH'CCKa. ~pO@iJIH CKOPOCTII, TeMIIepaTypbl YI 

KOHUCHTpaUHH ,'Ka3bIBalOT Ha CJIOXWOC B3aHMO&kTBEE MCxAy TCWlOBOii ES KOHUeHTpa~OHHOi% KOH- 

BCK~C~.~6c~~~~CTCKB~~~HHC~H~~3HOHHO~O~~C~~~M~AT~~COOTHO~CHBIMCX~H~3MOB KOHBCK- 

wiH Ha pacnpeneneme Temeparypbr. OmeqeHa ponb TehmepaTyptiofi crpam@ira~u B 0Kpymaxouefi 
cpene. 


