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Abstract-The effect of buoyancy ratio on the flow structure is investigated numerically for a binary 
mixture gas in a rectangular enclosure subject to opposing horizontal thermal and compositional buoy- 
ancies. The following conditions were considered : Ru, = lo’, Pr = 1, Le = 2 and N = O&2.0 for A = 2. 
The numerical solution predicts that oscillatory double-diffusive convection with the secondary cell flow 
structure occurs for a certain range of buoyancy ratio. The key mechanism for oscillatory flow is that the 
unstably stratified region of species shifts from the central part of the enclosure to the upper and lower 
parts, and visce versa in a time-periodic sense, due to the interaction of heat and mass transfer with different 
diffusivities near the vertical walls. Bifurcation structures of the oscillatory flow in the present system are 

discussed. 0 1998 Elsevier Science Ltd. All rights reserved. 

INTRODUCTION 

Natural convection due to spatial variations of fluid 
density is of fundamental importance in many natural 
and industrial problems. Recently, there has been 
increased interest in the role that double-diffusive 
natural convection plays in physical and chemical 
vapor transport processes [l-3] and crystal-growth 
techniques such as semi-conductors and alloys [4-81. 

In a number of the experimental and numerical 
studies, it has been found that oscillatory flow is 
caused by the interaction between thermal and com- 
positional processes under a certain range of buoy- 
ancy ratio. The buoyancy ratio is defined as the ratio 
of compositional buoyancy force to thermal buoyancy 
force. Kamotani el al. [9] and Jiang et al. [lo] inves- 
tigated experiment,ally natural convection in shallow 
enclosures filled with electrolytic solutions for high 
Lewis numbers, due to combined horizontal thermal 
and solutal gradients. For different buoyancy ratios, 
multilayer, secondary cell and mixed flow structures 
were observed. Significant fluctuations in velocity, 
temperature and concentration can be observed in the 
secondary cell flow. Chang and Lin [ll] examined 
numerically thermo-solutal opposing convection in a 
salt-water solution at high thermal Rayleigh numbers 
and found that the flow follows a quasi-periodic route 
to chaos under certain conditions. Bergman and Hyun 
[ 121 studied numerically double-diffusive convection 
in liquid metals with low Prandtl numbers, and their 

* Correspondence to : Prof. T. Nishimura, Yamaguchi 
University, Department of Mechanical Engineering, Ube 
755, Japan. 

predictions at relatively large Rayleigh number and 
buoyancy ratio indicates a highly oscillatory behavior. 
Weaver and Viskanta [13] also examined exper- 
imentally natural convection in binary gases with low 
Lewis number for both aiding and opposing flows and 
showed that the flow is unsteady for opposing case, 
which was not predicted numerically. 

Tsitverblit [14] studied numerically natural con- 
vection concerning the lateral heating of a vertical 
rectangular enclosure containing a stably stratified 
salt solution and indicated that certain intervals of the 
buoyancy ratio posses multiple steady flows at high 
solutal Rayleigh numbers. In a similar system, 
Kamakura and Ozoe [ 151 predicted numerically 
double periodic oscillation at high thermal Rayleigh 
number. 

Although oscillatory flows are observed in several 
systems, their mechanism has been poorly understood. 
The present study examined numerically the detailed 
characteristics of the oscillatory double-diffusive con- 
vection in a rectangular enclosure filled with a binary 
mixture gas for Prandtl and Schmidt numbers of the 
order of unity, submitted to constant temperature and 
concentration differences imposed across the vertical 
walls. The analysis deals with the particular situation 
where the thermal and compositional buoyancy forces 
are opposite. Steady flows have been presented for 
binary mixture gases [16, 171, but oscillatory flows 
have not been predicted numerically as mentioned 
above, and the oscillatory characteristics have been 
unknown. Computations with the unsteady Galerkin 
finite element method were carried out for the Prandtl 
number Pr = 1, the Lewis number Le = 2, the aspect 
ratio A = 2, the thermal Rayleigh number Ra, = lo5 
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NOMENCLATURE 

enclosure aspect ratio = H/W 
species concentration 
low concentration 
high concentration 
dimensionless 
concentration = (c- cI)/(ch-c,) -0.5 
species diffusivity 
gravitational acceleration 
heat transfer coefficient 
enclosure height 
mass transfer coefficient 
Lewis number = cc/D 
buoyancy 
ratio = ,$(ch - cJ/lWh - Tc) 

overall Nusselt number = h W/A 
Prandtl number = v/cl 
thermal Rayleigh 
number = g&( Th - TJ W3/av 
overall Sherwood number = k W/D 
time 
period of oscillation 
temperature 
cold wall temperature 
hot wall temperature 
horizontal velocity 
dimensionless horizontal 
velocity = u W/a 
vertical velocity 
dimensionless vertical velocity = u W/a 
enclosure width 

;Tr 
horizontal coordinate 
dimensionless horizontal 
coordinate = x/W 

Y vertical coordinate 
Y dimensionless vertical 

coordinate = y/W. 

Greek symbols 
thermal diffusivity 
compositional expansion coefficient 
thermal expansion coefficient 
thickness of compositional boundary 
layer 
dimensionless vorticity 
dimensionless temperature = 
(T- T,)/(T,- T,) -0.5 
thermal conductivity 
kinematic viscosity 
dimensionless density = N x C - 6 
dimensionless time = at/ W2 
dimensionless period of 
oscillation = ato/ W2 
phase difference between maximum 
values in thermal and compositional 
recirculations 
dimensionless streamfunction 

lnna, strength of thermal recirculation 
]Y]min strength of compositional 

recirculation. 

and different buoyancy ratios in the range N = O.& 
2.0, and we presented bifurcation structures of oscil- 

and concentration differences are imposed across the 
vertical walls, where the thermal buoyancy force 

latory flow as a function of buoyancy ratio. retards the compositional buoyancy force, i.e., oppos- 
ing flow. The top and bottom of the enclosure are 

MATHEMATICAL MODEL AND NUMERICAL considered to be adiabatic and impermeable to mass 
SOLUTION transfer. The fluid in the enclosure is a binary mixture 

The physical system consists of a rectangular gas consisting of a phase changeable component and 

enclosure as shown in Fig. 1. Uniform temperature an inert component. One of the vertical surfaces of 
the enclosure is the source, where the material (phase 
changeable component) diffuses from the surface 
towards the bulk fluid of binary mixture. The other 

r-l I 
vertical surface is the sink, where the material diffuses 

Y from the bulk fluid towards the surface. Mathematical 
models for this system has been given in the literature, 

5-l - Tc e.g., crystal growth by physical vapor deposition [2] 
and transport of water vapor and air [ 161. There have 

1 
c, --•+ CI H been many factors on the boundary conditions to be 

9 
considered, e.g., interfacial velocities at the vertical 
surfaces corresponding to the interfaces of two phases, 
depending on the concentration difference between 
the vertical surfaces and the concentration gradient at 
respective surface and thus double-diffusive con- 

Fig. 1. Physical model. vection of binary mixture gas systems is very com- 



plicated. In the pmsent study, the following assump- analysis [ 191. The characteristics of the algorithm used 
tions are given, because we initially understand the here are summarized as follows : (1) Linear triangular 
fundamental nature of oscillatory double-diffusive elements are used for spatial discretization. (2) The 
convection, apart from the practical concerns. Crank-Nicolson scheme is used for discretization of 

We consider a system with a small concentration the time derivative terms, but convective terms are 
difference between. the vertical surfaces because the treated explicitly in time and while other terms remain 
interfacial velocities have negligible influence on the implicit. This finite element method has predicted well 
transport processes according to Ramganathan and self-sustained oscillatory flow in grooved channels for 
Viskanta [ 181. The fluid is considered incompressible forced convection [20] and also has been employed 
and Newtonian in behavior with negligible viscous for several unsteady heat and fluid flow problems, e.g., 
dissipation. Thermophysical properties are assumed Kamakura and Ozoe [ 151. 
to be independent., and also the Boussinesq approxi- The accuracy of the numerical scheme has been 
mation is utilized. !goret and Dufour effects are neglec- established by comparison with reference solutions 
ted, like the other Istudies. concerning the classical thermal convection problem 

The governing equations that describe double- of air in a rectangular enclosure. For A = 2, 21 x 31 
diffusive convection are expressed in terms of stream- and 31 x 41 uniform grid systems were used. Overall 
function, vorticity, temperature and concentration, in Nusselt number of the present solution agrees well 
dimensionless fomi as follows : within 2% discrepancy with other solutions reported 

av au 
by several investigators. 

(=z-ar= _v2y In the present study, the buoyancy ratio is varied 
for the rectangular enclosure of A = 2 while other 

x ,+U~+V~=Ra,Pr(-~+Nf3+PrV’i parameters are held constant (Pr = 1, Ra= = lo5 and 
Le = 2). The selection of Pr = 1 and Le = 2 was due 
to the consideration of gas system. The Rayleigh num- 

(2) ber of lo5 belongs to the convection regime at N = 1, 
according to the analysis of Gobin and Bennacer [2 11. 

ae ae z+uE+v~y=v2e At N = 1, the fluid motion occurs above a critical 
Rayleigh number in this system when the Lewis num- 
ber is not unity and the predicted critical value in the 

(4) present numerical scheme agreed well with the result 
of Gobin and Bennacer under the conditions of A = 1, 

Dimensionless parameters Pr, Ru,, Le and Nare given Pr = 1 and Le = 2. 

as follows : In particular, we consider two courses of increasing 
and decreasing buoyancy ratio to examine nonlinear 

Pr = v/u Ra, = g/lT(Th - T,) W3/va effects in this system, since the previous numerical 

Le = a/D .N= ~c(Ch-C,)//lT(Th-Tc) (5) 
studies for water-salt solutions [ 11,221 provided only 
fragmentary information on the buoyancy ratio effect 

The boundary conditions that solve the stated prob- under the horizontal temperature and concentration 
lem are gradients. In the course of increasing buoyancy ratio, 

we first obtained the steady solution at N = 0.0. This 
At Y = 0 (horizontal top wall) solution was employed as the initial guess for solution 

a2y ae 
U=V=Y=O, i-3, Fy=O, $0 

of the subsequent case of buoyancy ratio, say N = 0.1. 
The latter solution was then used to initiate the com- 
putation of the next solution. However, in the tran- 

At Y = H/W (horizontal bottom wall) sitional flow regime, a smaller increment of 
AN = 0.001 was employed to determine some critical 

a2y ae U=V=Y=O, (=----& ay 
ac 

-_=() -_=o 
values of buoyancy ratio within 0.001 accuracy. In the 

’ ay course of decreasing buoyancy ratio, we started from 
the steady solution at N = 2.0. Then the similar pro- 

At X = 0 (vertical left wall) cedure proceeded continuously, backwards, down to 

U=V=Y=O, i= -$, e=o.s, c=o.5 
N = 0.0. 

The predictions reported here have required 
approximately 8 months of CPU time on Sony News 

At X = 1 (vertical right wall) workstation (NWS-50000). The selection of A = 2 
was motivated by the preliminary computations that 

u= v=Y=o, (=--g, e= -0.5, cc -0.5 
were performed for three different aspect ratios 
A = 0.5, 1, 2, and where we found that oscillatory 
flow occurs only for A = 2 under Pr = 1, Ra, = lo5 

Computations were performed using the Galerkin and Le = 2. The results for A = 0.5 and 1 have been 
finite element method which is familiar to numerical described in the references [23,24]. Also the accuracy 

Oscillatory double-diffusive convection in a rectangular enclosure 1603 
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test for this problem was performed by comparison 
of finite element and spectral solutions as shown in 
the Appendix, and the computation was carried out 
on 31 x 41 nodal points. Time steps of the order of 
10e5 were used. 

RESULTS AND DISCUSSION 

Steadyjlow 
The vorticity transport eqn (2) suggests that for 

N < 1, the flow is primarily dominated by the thermal 
buoyancy force and for N > 1, the compositional 
buoyancy force rather than the thermal buoyancy 
force dominates the flow. In the present case, the inter- 
action between thermal and compositional buoyancy 
forces is found to be small, except for the buoyancy 
ratio near unity where the fluid motion is maintained 
at a steady state. 

Figure 2 shows the results for N = 0.8 and 1.3 for 
reference. At N = 0.8, the flow is dominated by the 
thermal buoyancy force, indicating a large clockwise- 

c 
b0 

rotating recirculation (the so-called thermal recir- 
culation). Unlike pure thermal convection, the iso- 
therms are not horizontally uniform in the core region 
far from the vertical walls, which is affected by the 
vertical velocity profile. The concentration contours 
are furthermore distorted in the core. This is due to 
the species diffusivity being half the thermal diffu- 
sivity. The density contours indicate a stable strati- 
fication in the vertical direction except near the top 
and bottom walls. The density is given by 
p* = N x C-0, where the solid and dotted lines 
denote negative and positive values, respectively. It 
should be noted that density and temperature profiles 
are not horizontally uniform in the core region. 

At N = 1.3, the flow is dominated by the com- 
positional buoyancy force, indicating a counter clock- 
wise-rotating recirculation in the core (the co-called 
compositional recirculation), although a pair of ther- 
mal recirculations exists near the corners of the enclos- 
ure. The temperature and concentration contours are 
parallel to each other within the core, and thus the 

- negative value 
__.-_ positive value 

N=0.8 Thermal-dominated flow 

N=l-3 Compositional-dominated flow 

Fig. 2. Steady solutions at iV = 0.8 and 1.3. 
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density is horizontally uniform and stably stratified in 
the vertical direction, different from the results for 
thermal-dominated flow. These profiles are similar to 
those for A = 0.5 and 1.0 [23, 241. 

OscillatoryJlow 
We found that periodic oscillatory flow appears in 

a certain range of buoyancy ratio. Figure 3 shows time 
profiles of the strength of thermal recirculation for 
several buoyancy ratios in the course of increasing 
buoyancy ratio. A measure of the recirculation 
strength is given (as the absolute maximum value of 
the streamfunction of thermal recirculation. The oscil- 
lations are periodic and the period is about 0.05, 
regardless of buoyancy ratio. 

Figure 4 shows representative time profiles of the 
strength of thermal and compositional recirculations 
at N = 1, where the global thermal buoyancy force 
equals the compositional buoyancy force. The 
maximum value of thermal recirculation is about five 
times the compositional recirculation, and there is 
about l/4 period delay between the maximum recir- 

F N-U.925 

culation values. For other buoyancy ratios, similar 
behaviors are observed. Figure 5 shows the tempera- 
ture, concentration and streamline contours at four 
moments during a period of oscillation shown in Fig. 
4. At time moment (a), the thermal recirculation 
reaches its minimum. Two regions of unstable and 
stable species stratification are located in the central 
part and in the upper and lower regions of the enclos- 
ure, respectively. At the time moment (b), the com- 
positional recirculation attains its minimum. The 
unstable species stratification in the central part 
tends to diminish with the growth of the thermal 
recirculation. At time moment (c), the thermal recir- 
culation is at its maximum and the region of stable 
species stratification dominates the central part, con- 
trasting with case (a). At time moment (d), when the 
compositional recirculation reaches its maximum, the 
stable species stratification in the central part is seen to 
diminish with a decrease in the thermal recirculation. 
After a period of oscillation, the thermal and com- 
positional recirculations have the same values as those 
before a period of oscillation, to complete the cycle. 

Thermal recirculation 

3or N-l.1 

Fig. 3. Time profiles of thermal recirculation for different buoyancy ratios. 
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Thermal recirculation 

0.075 0.15 0.225 

-t 
Fig. 4. Time profiles of thermal and compositional recirculations at N = 1.0. 

Thus the global oscillatory flow evidences a periodic 
exchange between stable and unstable states in species 
stratification, due to the interaction between thermal 
and compositional recirculations. In the central part 
of the enclosure, increasing and decreasing thermal 
recirculation leads to this exchange, while the com- 
positional recirculation plays an important role in the 
exchange at the upper and lower parts. 

We discuss next the mechanism of oscillatory flow. 
To assist our understanding on the oscillatory motion 
in this system, the previous studies on double-diffusive 
convection for aqueous solutions with high Lewis and 
Prandtl numbers are briefly reviewed. Depending on 
the buoyancy ratio, multilayer, secondary cell and 
mixed flow structures were identified experimentally 
and numerically [ 10, 111. In particular, the numerical 
study by Chang and Lin [ 111 predicted that three flow 
regimes experience different amplitudes and fre- 
quencies for oscillatory flow at a high thermal 
Rayleigh number. It was suggested that the oscillatory 
flows result from the complex interactions between 
the wall boundary layer instability, internal wave 
instability and thermosolutal instability. On the other 
hand, in the present study, there are several features 
different from the results for liquid systems mentioned 
above. The oscillatory flow keeps only the secondary 
cell flow structure and the period of oscillation or the 
frequency is almost constant, regardless of buoyancy 
ratio. These differences may be primarily due to small 
thermal Rayleigh and Lewis numbers. It is expected 
that the oscillation mechanism in the present system 
belongs to one of the three instabilities suggested by 
Chang and Lin. The wall boundary instability is not 
likely to occur as suggested by the isotherms and iso- 
concentration lines in Fig. 5, because of small thermal 
Rayleigh number and small buoyancy ratio. The pre- 
diction of internal wave instability is difficult due to 
the interaction between heat and mass transfer. If 
thermal convection is only considered, the internal 

Froude number is 0.687 in the present system, fol- 
lowing Paolucci and Chenoweth [25] and thus the 
internal wave does not appear. However, it is beyond 
our current capability to confirm that the cause of 
oscillation is not the internal wave in the presence of 
heat and mass transfer. While, focusing on the flow 
near the vertical walls in Fig. 5, we notice that oppos- 
ing thermal and compositional buoyancies meet at a 
neutral balance point at respective wall, i.e., stag- 
nation point, which is one of the characteristics for 
the secondary cell flow structure [ 111. Thus we believe 
that the thermosolutal instability is more dominant in 
the present system, rather than other instabilities. 

Here we consider the phase difference between time 
variations in thermal and compositional recirculations 
shown in Fig. 4. Figure 6 shows the model of oscil- 
latory flow in the present system. Oscillation leads to 
a periodic exchange between stable and unstable states 
in species stratification. The hatched zone denotes the 
region of unstable stratification and the other zone is 
stable one. It is thought that there are three different 
processes such as excitation, relaxation and inhibition 
of thermal recirculation as a result of the ther- 
mosolutal instability and that the excitation in thermal 
recirculation leads to the decrease of compositional 
recirculation and a stable species stratification in the 
central part of the enclosure, while the inhibition leads 
to the increase of compositional recirculation and an 
unstable one. We assume sinusoidal profiles of ther- 
mal and compositional recirculations with a l/4 per- 
iod delay as shown in Fig. 6, which is slightly different 
from the real case shown in Fig. 4. 

During a-b in the figure, an unstable species strati- 
fication in the central part of the enclosure is reduced, 
and therefore the thermal recirculation is increased 
and the compositional recirculation is decreased. Dur- 
ing b-c, the system evolutes towards the subsequent 
decrease of thermal recirculation, and therefore the 
compositional recirculation is increased whereas the 



Oscillatory double-diffusive convection in a rectangular enclosure 

(b 

1607 

STREWUKTION 
‘1.7488 -.ZW679 

TEWEMTLffE 

Fig. 5. Temperature, concentration and streamline contours during a period of oscillation at N = 1.0. 

State I (a) State II(c) 

Fig. 6. Model of oscillation. 

growth rate of thermal recirculation is reduced. Dur- culation is decreased and the decreasing rate of ther- 
ing c-d, the unstable species stratification at the upper ma1 recirculation is reduced. That is, the excitation 
and lower parts is reduced, therefore the com- process of thermal recirculation is during a-b, the 
positional recirculation is increased and the thermal inhibition process is during c-d, and the relaxation 
recirculation is decreased. During d-a, the system process is during b-c and d-a. If there is a l/2 period 
makes ready for the following increase of thermal delay between the thermal and the compositional 
recirculation, and therefore the compositional recir- recirculations, we cannot explain the periodic oscil- 
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lation using the three different processes because the 
relaxation process is not realized. Thus it is deduced 
that a periodic oscillation requires about l/4 period 
delay between the thermal and compositional recircu- 
lations in the present system. 

The reason for a periodic exchange between stable 
and unstable states in species stratification in the core 
region is due to the change in density near the vertical 
walls as a result of the thermosolutal instability as 
mentioned above. Figure 7 shows the density contours 
corresponding to Fig. 5. Higher density fluid is ejected 
from the hot wall at the location of 2/3 the enclosure 
height, and lower density fluid is ejected from the cold 
wall at the location of l/3 the height, where there are 
stagnation points as shown in the streamlines of Fig. 
5. The density stratification in the core changes period- 
ically, which is significantly different from the density 
contours in thermal and compositional-dominated 
steady flows shown in Fig. 2. Higher and lower density 
fluids are generated from the compositional boundary 
layers along the vertical walls and this diffusion pro- 
cess has a high compositional resistance in the species 
transport processes, i.e., a limiting rate. Thus it 
appears that the period of oscillation due to the ther- 
mosolutal instability, t,, is comparable to the time scale 
of species diffusing through the compositional bound- 
ary layer thickness, 6:/D. As a result, the dimen- 
sionless period of oscillation z0 is represented by 
(Bz/ W’)Le, which is independent of buoyancy ratio 
as indicated by the numerical results. So, we estimate 
the boundary layer thickness 6, from the dimen- 
sionless period of oscillation. The predicted value of 
6, is denoted by the dotted line in Fig. 5 and it sat- 
isfactorily corresponds to the dense zone of con- 
centration contours. 

buoyancy ratio. Dual solutions exist due to highly 
nonlinear nature of the system to characterize the 
bifurcations, we analyzed the time profile in the two 
courses of changing buoyancy ratio, i.e., increasing 
and decreasing buoyancy ratio. The bifurcation dia- 
gram is shown in Fig. 9 as a function of buoyancy 
ratio. The ordinate denotes the strength of thermal 
and compositional recirculations. In the figure, the 
oscillatory state is indicated by pairs of open circles, 
which represent the maximum and minimum values 
of each recirculation during a period of oscillation, 
while the steady state is shown by a single closed circle. 
We focus on the behavior of thermal recirculation, 
because the result of compositional recirculation 
shows the same trend. 

Figure 8 shows time profiles of overall Nusselt and 
Sherwood numbers. The time variations are similar 
between them, but there is a small phase lag. The 
maxima in Nusselt and Sherwood numbers occur 
between the maximum thermal and compositional 
recirculation points shown in Fig. 4. 

Bifurcation structure 

The bifurcation points are denoted by Bl, B2 and 
B3. The system shifts from the steady thermal-domi- 
nated flow to the oscillatory flow at Bl (N = 0.9). This 
bifurcation gives no hysteresis, with the oscillation 
amplitude growing continuously from an infinitely 
small value. On the other hand, the bifurcation at B2 
(N = 1.044) exhibits hysteresis (the hatched zone in 
the figure). That is, the system passes from the oscil- 
latory flow to the steady compositional-dominated 
flow at B3 (N = 1.122) while it bifurcates from the 
compositional-dominated flow to the oscillatory flow 
at B2. The oscillation tends to start or terminate dis- 
continuously. Comparison of thermal and com- 
positional recirculations reveals that oscillatory flow 
occurs in the thermal-dominated flows. Figure 10 
shows a bifurcation diagram of the overall Sherwood 
numbers for reference. The trend is the same as the 
result of Fig. 9. In the course of increasing buoyancy 
ratio, the Sherwood number decreases up to bifur- 
cation point B3 and then increases. However, in the 
reverse course the Sherwood number decreases up to 
B2, and increases. 

The system under investigation bifurcates among 
steady and oscillatory states at some critical values of 

Thus oscillatory flows are classified into two regions 
with and without hysteresis, respectively. In the pre- 
vious studies [2 1,221 we discovered hysteresis for two 
different steady flows for A = 0.5 and 1 under the 
same flow conditions, and oscillatory and steady flows 
for A = 2, for a given buoyancy ratio. 

The observed bifurcation structure of double- 

(cl (d) 

- megolive mlUe 
_---. pdsitive due 

Fig. 7. Density contours during a period of oscillation at N = 1.0. 
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Fig. 8. Time profiles of Nusselt and Sherwood numbers at N = 1 .O. 
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Fig. 9. Bifurcation diagrams of thermal and compositional recirculations. 

diffusive convection has not been reported previously. 
However, a similar bifurcation was found exper- 
imentally for the chemical oscillation by Mori and 
Hanazaki [26] who examined the pH value of the 
reaction mixture in the Fe(CN)i--H202-H2S04 sys- 
tem in a continmus flow stirred reactor. In this 
system, the pH value of the reaction mixture shows 
periodic oscillations in a certain range of residence 
time of reactants, e.g., flow rate. Although the present 
physical system is quite different from the chemical 
system, the qualitative mechanism of oscillation may 
be similar. This is the subject of future work. 

CONCLUSIONS 

We studied numerically oscillatory double-diffusive 
convection in a rectangular enclosure filled with 
binary gas, due to horizontal opposing temperature 
and concentration gradients imposed across the ver- 
tical walls. In particular, the effect of buoyancy ratio 

was considered under the conditions of RaT = 105, 
Pr = 1 and Le = 2. The following conclusive remarks 
have been drawn : 

(1) 

(2) 

(3) 

Oscillatory flow occurs in a limited range of buoy- 
ancy ratio, i.e., N = 0.9 to 1.122, including the 
thermal-dominated flow regime with the sec- 
ondary cell flow structure and is caused by a per- 
iodic exchange between stable and unstable states 
in species stratification, due to the interaction 
between thermal and compositional recir- 
culations. 
The mechanism of oscillatory flow is believed to 
be the thermosolutal instability, and the periodic 
oscillation is explained by the three processes of 
excitation, relaxation and inhibition of the ther- 
mal recirculation. The period of oscillation is 
comparable to the time scale of the compositional 
boundary layer at the vertical wall. 
Hysteresis of steady and oscillatory states is ident- 
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Fig. 10. Bifurcation diagram of Sherwood number. 

ified in a certain range of buoyancy ratio, i.e., solidification of a binary system, ht. J. Heat Muss Truns- 

N = 1.044 to 1.122. 
fer, 1994,37, 1455-1464. 

9. Kamotani, Y., Wang, L. W., Ostrach, S. and Rang, H. 

In the future, we explore the Lewis and Rayleigh 
number effects in this system. 

1. 

2. 

3. 

4. 

5. 

6. 
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APPENDIX 

We compared the present finite element solutions with 
spectral solutions to ‘confirm the numerical accuracy. Spec- 
tral solutions are obtained by a Chebyshev collocation tech- 
nique [27], whose advantage over finite difference and finite 
element methods is characterized by the rapid decay of 
approximation errors as the spectral resolution is increased. 

For example, we show the case of an oscillatory flow for 
N = 1. In Fig. Al, spectral and finite element results are 
compared in terms of concentration contours at time 
moments (a) and (d) of Fig. 5 (thin line for spectral solution 
with 40 x 80 points and a notched line for finite element 

FEM. Finite element method 
SM: Spectral method 

Fig. Al. Comparison between finite element method and 
spectral method for concentration contours. 

output with 31 x 41 points). The good agreement confirms 
the numerical accuracy of both methods. Table Al compares 
some relevant results as produced by the two numerical 
schemes : period of oscillation ; streamfunction extrema, 
lYm,l and [‘I’,,[, which indicate the strength of thermal and 
compositional recirculations. The agreement is satisfactory 
for all physical quantities, which conlirms that the present 
finite element solutions for 31 x41 nodal points provides 
accurate results. 

Table Al. Comparison between the two numerical methods 
forN= 1 

Finite element method Spectral method 
(31 x 41 points) (40 x 80 points) 

0.0497 0.0494 

Max I’P,,,l 26.1 26.8 
Min ly,,,l 12.9 12.7 
Max lY’,i,l 5.76 5.52 
Min I’P,.I 0.351 0.333 


