
ht. 1. HCOI Mass Tran&r. Vol. 33. No. 5, pp. 869475. 1990 0017-9310/9053.00+0.al 
Printed in Great Britain @J 1990 Perpmoa PM pk 

Confined natural convection due to lateral heating 
in a stably stratified solution 

J. LEE,? M. T. HYUNS and Y. S. RANG? 

t Department of Mechanical Engineering, Yonsei University, Seoul 120-749, Korea 
$ Department of Engine Technology, Cheju University, Cheju-do 690-121, Korea 

(Receiued 28 February 1989 and injinalform 19 July 1989) 

Abstract-Experimental investigations have been conducted to study steady natural convection of a stably 
stratified salt-water solution due to lateral heating in a rectangular enclosure of aspect ratio 3.0. Depending 
on the buoyancy ratio, N, which represents the relative magnitude of solutal stratification to thermal 
buoyancy, four distinct flow regimes are observed-unicell flow regime for N < 10, simultaneously formed 
layer Bow regime for 10 < N < 40, successively formed layer flow regime for 40 d N < S5 and stagnant 
flow regime for N 2 55. Formation and growth of the layered flow structure is visually observed and 

described, with the corresponding temperature and concentration distributions in each layer. 

1. INTRODUCTION 

THERM~~~LLJTAL convection has been receiving much 
attention over the past two decades due to its relation 
to many transport processes in nature and technology 
such as atmospheric flows, drying processes, liquid 
gas storage and materials processing. Recently with 
the need for ever more perfect crystals from the high 
technology industries, much attention is being given 
to the role of natural convection in crystal growth 
systems because the transport processes in the fluid 
phase during the growth of a crystal has a profound 
influence on the structure and quality of the solid 
phase. 

It was pointed out that various modes of convec- 
tion are possible depending on how both gradients 
are oriented relative to each other as well as to the 
body force [l, 4. Most of the earlier works on 
thermosolutal convection have been given to the 
unbounded regions in which both gradients are par- 
allel to the body force. direction, in order to explain 
some unusual oceanographic phenomena such as salt 
fingers and salt fountains in deep sea or ocean. Turner 
[3] has summarized much of the previous works. 
Recent research has been carried out on natural con- 
vection in confined stratified fluids either with 
imposed lateral temperature gradients [4-l or with 
heating from below [8, 91, and recently a few works 
(lO-121 have been carried out on the confined natural 
convection with the combined horizontal temperature 
and concentration gradients which has an important 
bearing on the crystal growth system. 

In this work, we are interested in examining-the 
various flow regimes appearing in conlined stratified 
fluids due to lateral heating. This problem has been 
receiving attention since the initiation of research on 
the mechanism of layered structures both in tem- 
perature and salinity in many parts of the world’s 
oceans. Stem and Turner [ 131 carried out experiments 

with salt and sugar solutions and found that layers of 
constant density may be formed successively due to 
the salt-tingering process. Another mechanism in the 
establishment of the layering phenomena is the occur- 
rence of layered flow patterns in density stratified 
fluids due to the lateral temperature gradient. Thorpe 
er al. [4] observed experimentally that cells are formed 
successively from the top and bottom boundaries in 
the stratified brine solution due to the heating of ver- 
tical boundaries and explained from the linear stab- 
ility analysis that the horizontal gradients of salinity 
and temperature may be responsible for that as noted 
by Stem [14]. Chen ef al. [5l and Wirtz et al. [6] also 
verified the existence of layered flow structures in their 
experiment and indicated two mechanisms of layered 
tlow formation in terms of Rayleigh number based on 
the length scale which is the potential rise of a heated 
element of fluid in an initial density gradient. At the 
subcritical Raylcigh number the layers begin to appear 
from the horizontal boundaries and develop suc- 
cessively inward towards the mid-region. After 
sufficient time, however, the cells decrease in number 
and in some cases only two wellestablished cells 
remain, each near the top and bottom boundaries. At 
supercritical Rayleigh number, on the other hand, 
the cells occur simultaneously along the heated walls, 
grow laterally to reach the opposite wall and ulti- 
mately produce the layered flow system. The fully 
established layered flow pattern is stable and persists 
for a long time. 

Earlier works mentioned above are mainly con- 
cerned with the mechanism of the layered flow struc- 
ture, and thus, their experiments are restrictive. In 
other words, the layered flow structures are not the 
whole picture of this problem, and there may occur 
different flow patterns not observed in the earlier 
works. In addition, the above results arc not strictly 
steady-state observations because the initially 
imposed stratification changes due to the cellular fluid 
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NOMENCLATURE 

aspect ratio, H/L 
concentration difference [wt%] 
diffusivity of salt [m’s_‘] 
acceleration due to gravity [m sW2] 
height of the enclosure [m] 
width of the enclosure [m] 
Lewis number, a/D 
buoyancy ratio, bAC/flAT 
Prandtl number, v/a 
solutal Rayleigh number, g$ACH’/va 
thermal Rayleigh number, g/?ATH’/va 

SC Schmidt number, v/D 
AT temperature difference [“c] 
x horizontal coordinate [m] 

Y vertical coordinate [ml. 

Greek symbols 

;;I 

thermal diffusivity [m2 s- ‘1 
thermal expansion coefficient [‘C-‘1 

B solutal expansion coefficient [wt%-‘1 
V kinematic viscosity [m’s_‘]. 

motion. Thus, in the present work experimental inves- enclosure and supporting reservoirs. The test section 
tigations are made to study the steady natural con- is a horizontally placed rectangular enclosure 120 mm 
vection of a stratified salt-water solution due to lateral high, 40 mm wide and 100 mm deep. Two opposite 
heating in a rectangular enclosure of aspect ratio 3.0. vertical wails (120 mm x 100 mm) are made of alumi- 
The primary objective is to obtain the steady global num plates and kept at different but constant tem- 
flow patterns in detail that will possibly appear in the peratures by circulating water adjusted to the exper- 
enclosure with the corresponding temperature and imental conditions from the two constant temperature 
concentration gradients under various parametric baths. Five thermocouples are installed on the surface 
conditions. It was possible to obtain the steady-state of each isothermal wall in order to check the tem- 
result by replacing the top and bottom boundaries perature of the vertical boundaries. The horizontal 
by membranes with salt-water reservoirs which are walls consist of membranes with supporting reser- 
maintained at constant, but different concentrations voirs, which are worked out to impose the constant 
corresponding to the imposed initial stratification. concentration condition at both top and bottom walls 
This means that the horizontal boundary condition is using the osmosis process across the membrane. The 
changed to constant concentration conditions instead membrane adopted in the present test is 250 PM type 
of zero mass flux adopted by earlier works. It proves made by Enka (Germany). The whole set-up except 
that the parameter, the buoyancy ratio, which is the the end walls is made of 10 mm thick acryl plate 

ratio of solution stratification to thermal buoyancy, and is enclosed by Styrofoam of 30 mm thickness to 

is very useful in describing the various flow regimes minimize the heat loss from the system to the sur- 

observed. roundings. 

2. EXPERIMENTS 

A schematic diagram of the experimental set-up is 
given in Fig. 1. The apparatus consists of a rectangular 

Pure water and a salt solution are used as the work- 
ing fluids. The salt-water solution is previously strati- 
fied in the enclosure by Oster’s method [lq. Pure 
water is supplied into the top supporting reservoir 
whereas a salt-water solution is poured into the bot- 
tom supporting reservoir according to the imposed 
initial salt stratification in the enclosure. The fluid in 
the enclosure is kept still for about 3 h so that the 
concentration profile may smooth out by diffusion 
and a linear salinity distribution is clearly obtained. 
After the linear salinity profile is established in the test 
section, the experiment is started by allowing heated 
water at a predetermined temperature to circulate 
through the passages in one of the aluminum plates 
while the other is maintained at that of the 5uid in the 
tank. In this experiment, the hot wall is on the right- 
hand side of the enclosure. It takes 4-5 h to reach the 
steady state, and since then the flow pattern did not 
change within 24 h. The temperature and con- 
centration profiles are obtained at about this time. 
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Fro. 1. Schematic diagram of the experimental set-up. 

The temperature distributions in the enclosure are 
measured using a continuously traversing probe made 
by a copper-constantan thermocouple at the mid- 
section of the test section. The outputs of all thermo- 
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couples are recorded on a data logger and multi- 
pen recorder. In order to determine the concentra- 
tion profiles, an electroconductivity probe was coa- 
strutted using platinum wire, because the point 
electroconductivity probe is generally chosen as the 
method of measuring salt concentration at points in 
a confined enclosure [16]. We found, however, that 
the calibration changes due to the increasing probe 
resistance during the measurement. Both gain and 
reference, thus, had to be adjusted between cali- 
brations in order to make the second calibration 
meaningful. Therefore, the sample extraction method 
was used here and for this purpose holes of 1 mm 
diameter at intervals of 5 mm in the vertical direction 
are made in the middle of the back wall. Through the 
hole a minute amount of solution is extracted by fine 
needles of 0.3 mm i.d. and its refractive indices are 
read through a refractometer (Atago, Abbe-Refrac- 
tometer). This procedure is repeated at a point and 
each refractive index is averaged. The deviation from 
the average values is within 25%. As the needle is 
inserted slowly and normal to the flow direction, the 
disturbance of the flow field due to solution extraction 
is negligible. Flow patterns in the enclosure are exam- 
ined by visualizing them with dye injection through 
the hole in the back wall using camera and video 
systems. 

The experiments cover the range of Pr = 4.5-6.4, 
SC = 454640, Ru, = 9.2 x lo’-1.0 x 10’ (AT = 2.5- 
15.7”C), Rus = 4.2 x lo’-1.4 x. 10” (AC = 5-15 wt%) 
and N = 7.1-98.1. All fluid properties [17] are evalu- 
ated at the average value of both the temperature and 
concentration of each end wall. 

3. RESULTS AND DISCUSSION 

Flow visualization shows four types of global flow 
patterns in the enclosure according to the interaction 
of given salt stratification and lateral heating. In terms 
of buoyancy ratio, N, which represents the rela- 
tive magnitude of salt stratification to lateral heat- 
ing, there appears a unicell flow regime for N < 10, 
a simultaneously formed layer flow regime for 
10 Q N < 40, a successively formed layer flow regime 
for 40 Q N < 55 and a stagnant flow regime for 
N > 55. Figure 2 shows the typical formation of these 
flow structures with time and the corresponding tem- 
perature and concentration profiles are shown in Figs. 
3-6. 

When the thermal buoyancy due to lateral heating is 
very weak compared to the given solutal stratification 
(N 2 55), there appears no motion at all from the 
beginning in the enclosure due to the strong solutal 
stratification (stagnant flow regime). In this flow 
regime, as shown in Fig. 3, the initial concentration 
distribution remains almost unchanged and the tem- 
perature variation is strictly linear in the horizontal 
direction indicating that heat transfer is by conduction 
only. 

When lateral heating becomes effective (40 6 N < 

55), rolls begin to appear from the top and bottom 
boundaries. They grow laterally and develop suc- 
cessively inward with time (Fig. 2(a), successively 
formed layer flow regime). But the final layer devel- 
opment is restricted near the top and bottom regions 
because layers merge into one another in the mid- 
region, and in the meantime they disappear. Thus 
there exists no layered flow structure in the mid-region 
and the fluid remains almost stagnant there. It is seen 
from Fig. 4 that in each layer the temperature profile is 
weakly stratified while in the mid-region, it is unstably 
stratified. The concentration in each layer is nearly 
uniform except near the top and bottom walls and in 
the mid-region, it is stably stratified. 

When lateral heating is more effective compared to 
the salt stratification (10 Q N c 40), rolls form sim- 
ultaneously all along the heated wall, grow laterally 
with time and ultimately produce the layered flow 
structure (Fig. 2(b), simultaneously formed layer flow 
regime) as observed by Chen ef al. [5]. After the layers 
are established in the enclosure, some adjustment 
occurs between layers by merging of the layers and 
finally the layer size is rather increased while the num- 
ber is decreased. Since the layer merging occurs more 
quickly as the buoyancy ratio decreases, the length 
scale suggested by Chen ef al. [5] is mear)ingful at the 
stage of the initial formation of cells and for a rela- 
tively larger buoyancy ratio (N > 30). The number 
of layers appearing in the enclosure depends on the 
relative magnitude of both gradients. For the same 
solutal stratification more layers appear in the enclos- 
ure for the smaller temperature differences. In each 
test, the buoyancy flow is counterclockwise since the 
hot wall is on the right-hand side of the enclosure. 
The interface of each layer slightly slopes downward 
as it approaches the cold wall because the density 
increases due to the cooling effect of the end wall. In 
this flow regime, the temperature variation in each 
layer is large in the vertical direction and the con- 
centration is nearly equal as shown in Fig. 5. The 
temperature varies smoothly at the interface of each 
layer while the concentration changes rapidly at the 
interface of fast moving layers as shown in Figs. 4 and 
5. This phenomenon is largely due to the difference of 
the diffusivities of heat and salt (Le u 100). Heat with 
larger diffusivity diffuses at the interface fast enough 
to make the temperature variation smooth even in the 
case of fast moving layers, but the salt with much 
lower diffusivity cannot diffuse so rapidly as to have 
the smooth concentration variations at the interface 
when the layered fluid moves fast. 

When the thermal buoyancy due to lateral heating 
is dominant (N < lo), the flow is initially formed as 
a layered structure, but as time goes on the layers 
merge and finally thermally-driven unicellular fluid 
motion sustains (Fig. 2(c), unicell flow regime). As 
shown in Fig. 6, the temperature distribution in this 
case is very similar to those of pure thermal convection 
[ 18, 191 and the initially imposed linear concentration 
profile becomes uniform due to convective mixing. 
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FIG. 2. Formation of various fiow structures with time: (a) successively formed layer Bow for 
Rar = 9.20 x 10’ and N = 50.1; (b) simultaneously formed layer flow for ROT = 2.49 x 10’ and N = 18.2; 

(c) unicell flow for RaT = 4.61 x 10’ and N = 9.9. 

Each flow regime is represented in terms of thermal 
and solutal Rayleigh numbers (Fig. 7(a)) and buoy- 
ancy ratio (Fig. 7(b)), though the demarcation in the 
figure is not strictly applicable with confidence due to 
lack of sufficient experimental data. From the figure, 
it can be seen that for a given solutal Bayleigh number 
the flow pattern changes from region I to region IV 
with an increasing thermal Rayleigh number, and 
there is a certain range of the buoyancy ratio over 
which each flow regime exists. Flow regimes I and 
IV are not observed in Chen et al.% experiment [5], 
because they are concerned only on a layered flow 
structure. But, considering that their experimental 

ranges (35 c N < 110) lie in the right portion of Fig. 
7(b), it could be expected that if the experiments are 
extended to much higher thermal Bayleigh number 
(i.e. much lower buoyancy ratio), there would appear 
a unicell flow regime due to the strong thermal buoy- 
ancy. We notice that there occurs no motion in the 
present experiment for N 2 55 while layered flow 
structures are observed up to N = 110 in their exper- 
iment. The main reason is supposed to be the differ- 
ence of the top and bottom boundary conditions. In 
Chen et d’s experiment [S], the initial strattication 
is apt to change due to the fluid motion and once 
changed it does not give the same retardation effect 
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FIG. 3. Vertical temperature a&concentration protIles at 
x/L = l/2 for stagnant flow regime: I& = 1.43x I@, 

N = 58.9. 

on the %uid motion as it has in the beginning, while 
in the present experiment, the salt stratification is 
being kept constant in effect on the fluid motion 
throughout the experiment by the imposed horizontal 
boundary conditions. The osmosis process may 
seem to be influenced by the fluid flow near the 
top and bottom boundaries. But, considering that the 
osmosis process is very fast in the salt-water solution 
by the very high osmotic pressure and that the flow is 
even slower at the boundaries, the effect does not seem 
to be appreciable. 

4. CONCLUSlONS 

Naturai convection of a stratified salt-water solu- 
tion due to lateral heating in a rectangular enclosure 
of aspect ratio 3.0, is experimentally investigated. 
Visual observation shows four distinct flow regimes 
depending on the buoyancy ratio, N, which represents 
the relative magnitude of solutal stratification to ther- 
mal buoyancy due to lateral heating. They am the 

t 

FIG. 4. Vertical temperature and cbkntration pro&s at 
x/L = i/2 for s&vely formed layer flow regime: 

Rpr =i 9.20 x lo’, N - SO. 1. 
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I%. 5. Vertical temperature and concentration profiles at 
x/L = l/2 for simultaneously formed layer flow regime: 

hr = 1.42 x 108. N = 32.9. 

unicell %ow regime for N < IO, the simultaneously 
formed layer flow regime for 10 Q N < 40, the suc- 
cessively formed layer flow regime for 40 Q N < 55 
and the stagnant flow regime for N 2 55. 

In the unicell flow regime, the temperature is stably 
stratified similar to that of pure thermal convection 
and the concentration dist~butio~ are uniform. In 
the stagnant flow regime, the temperature varies 
strictly in the horizontal direction while the initially 
given salt stratification remains almost unchanged. 
In the simultaneously formed layer flow regime the 
temperature in each layer varies much in the vertical 
direction while the concentration remains nearly 
equal. Both pro%les are similar in the successively 
formed layer except the mid-region where the tem- 
perature pro& is unstably stratified and the con- 
centration is stably stratified. Due to the large differ- 
ence of diffusivity, the temperature varies smoothly at 
the interface of each layer, but the concentration 
varies rapidly at the interface separating the fast 
moving layer while it varies smoothly at the interface 
of the slowly moving layer. 

Fko. 6. Vertical temperature and concentration pro&s at 
x/L = i/2 for u&elf flow regime : I?+ = 7.08 x lo@. N = 7.2. 
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FIO. 7. Flow regimes depending on: (a) thermal and solutal Rayleigh numbers; (b) buoyancy ratio. 
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CONVECTION NATURELLE CONFINEE DUE AU CHAUFFAGE LATERAL DANS 
UNE SOLUTION STRATIFIEE STABLE 

R&sun&-On conduit des experiences pour ttudier la convection naturehe, dans une solution strati& 
stable sel-eau, induite par un chauffage lateral dans une enceinte rectangulaire de rapport de forme 3,O. 
Selon le rapport de flottement N qui repr&ente l’importance relative de la stratification solutale et 
du flottement thermique, quatre regimes distincts d’ecoulement sont observes: regime d’ecoulement 
uniallulaire pour N c 10, regime i couche limite simultan&e pour 10 d N < 40, regime d%coulement I 
couche successivement form6e pour 40 < N < 55 et regime stagnant pour N b 55. La formation et la 
croissana de la structure de I’Ccoulement P couche limite sont observ&es et d&i&, avec 1s distributions 

correspondantes de temperature et de concentration dans chaque couche. 

BEGRENZTE NATURLICHE KONVEKTION AUFGRUND SEITLICHER 
ERWARMUNG IN EINER STABIL GESCHICHTETEN L&SUNG 

Zusammenfassung--In einem rechtwinkligen Betilter mit dem Seitenverh~ltnis 3,0 wurde die stationlre 
natiirliche Konvektion aufgrund seitlicher Enviirmung einer stabil geschiihteten Salxwasserliisung experi- 
mentell untersucht. AbhiIngig vom Auftriebsverhiiltnis N, das die Relation xwischen Schichtung und 
therm&hem AuRrieb beschreibt. werden vier verschiedene Str6mungsformen beobachtet : einxeilige Strb 
mung (Wr N < IO), gleichxeitiges Einsetxen der Schichtenstriimung (fir IO C N < 40). allmiihliches Ein- 
setxen der Schichtensttimung (fiir 40 d N < 55) und Stillstand (fur N 3 55). Die Bildung und das Wachst- 
urn der geschichteten Striimung wird visueil beobachtet und durch die entsprechenden Temperatur- und 

Konzentrationsverteilungen in jeder Schicht beschrieben. 

ECIECfBEHHAII KOHBEKI&DI B 3AMKHYTOM 06bEME, BbI3BAHHAfI BOKOBbIM 
HAI-PEBOM YCTO#+H4BO CTPAT’H@HDiPOBAHHOFO PACI-BOPA 


