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Abstract-We have investigated the mixing phenomena in a stratified two-layer fluid sFstem where a layer of flesh 
water is iifitially put on top of salty water. V~'nen this stabilized system by a salt gradient is heated from below, it 
becomes unstable by an Ol~set of convection in the lower layer due to the thermal buoyancy effect. Thereafter the heat 
and salt is ready to diffuse into the upper layer through the adjacent diffusive interface. To examine qttantitatively the 
merging process of the two layers as the destabilizing temperattu-e gradient gets more dolmnant, we have measured 
many profiles of  tempemtm-e and salinity in both layers by using accurate micro-scale measurement probes. Each ran of 
experiment ,a4th several diflbrent initial concenlrations of salt is followed until there appears a sudden overttuniig into a 
perfect mixing state. The order of thermal Rayleigh number has been kept as order of 107 around which we have ob- 
served unifolrn ternpel~-e and salt profiles in the upper layer without any, extemal mixing force. Since the employed 
measuring probes shows good reproducibility" and vet 3 , fast response time to the variations of the temperature and salt 
concentmtioi1, the inixing phenomena with the double-diffusive convection has been pursued easily. 

Key words: MLxing Phenomena, Heat and Salt: Transports, Diffusive Interface, Micro-scale, M ~ e m e n t  F~'obes, Inter*ace 
Stability 

INTRODUCTION 

Donble-diffixsive convective motions can take place in a stably 
straified fluid under gravity with a thin density- interface when one 
of the two colnponents, ust~ally heat and solute contributing to the 
density distribution, is disturbed There are two kinds of interfhce, 
that is, diffiasive or finger, depending on whether the destabilizing 
component has the greater oi" lesser diffusivity. In the diffusive re- 
gime, the greater diffusive component, the heat if comparing with 
the solute, makes an unstable buoyancy flux across the interface 
and drives convection in the stmlJfied layers. If  the destabilizing 
conlponent has the lesser diffitsivity, there will appear lol~g narrow 
convection cells like fingers and the interface is called a finger in- 
terface [Turner, 1973]. 

Recently, double-diffusive convection has atta~cted much atten- 
tion in several areas of science and engineering because it exhibits 
many systematic explanaticns for various natal,1 aspects involving 
heat and mass transfers, we  find easily the large-scale applications 
of this convection in the design and operation of solar pond and 
liquefied natural gas (LNG) storage tank. In the solar pond an in- 
sulating liquid layer is put on a salt,gradient water which is prone 
to convection by absorbing solar energy,. The operation problem 
comes from the instability cccuiing from the nonmifonn salt gradi- 
ent caused by the donble-diffitsive convection between the adja- 
cent layers [Chen et al., 1984]. Vie can also see the problems arising 
from double-diffusive convection in trdge LNG storage tanks. These 
proble*ns have been investigated by Sarsten [1972], Gemleles [1976], 
and Kim et al. [1994] etc. since 1971 when the LNG storage tank 
at the La Spezia LNG receiving terminal in Italy" gave rise to a dis- 
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aster of venting a lot of combustible gas into air. Because the LNG 
storage tanks are usually receiving LN-G with different composi- 
tion according to the sources, there may exist temporary stratified 
LNG layers which will reach an equilibrium in density, by the dif- 
fusive convection mode. The equilibrium state means a sudden mix- 
ing of LNG, that is, an abrupt overturning of LNG which gener- 
ates a great deal of boil-off na~ral gas from the free stwface at the 
top layer, Besides these applications we have many other practical 
research fields using the double-diffusive behavior such as in deter- 
mining ~nspor t  coefficients in multicomponent fluids [Caldwell, 
1973], observing the mixing processes through the rapid transport 
of  salt and heat in oceanography [Veronis, 1965], and deciding the 
donble-diffiasive effects on the volcanism and magnetic ca3~stalliza- 
tion &u-ing the folrnation of the Earth's clapt [Tuner et al., 1981]. 

Here in our laboratory expeliment we have prepared an artifi- 
cially stratified fluid which is composed of a fresh water layer, a 
thin stable density interface and a salty" layer fron-t the top. Under 
an isothermal condition it remains linearly stable. Hc~vever, to un- 
derstand and trace the behmdor of heat and solute Iransports tt~ough 
the double-diffusive convective motion we have heated the bottom 
wall with a constant hot temperatLu'e. As the salty layer gels wam~er 
it succumbs to convection due to the buoyancy and the convection 
is cmfmed only in the layer by the stable interface. The diffitsivity 
of heat is well I m o ~  to be much greater than that of salt. Thus the 
unstable heat ene~'gy will move continuously into the fresh water 
zone across the ditSasive interface and ~kat. causes another convec- 
tive motion in the heat accepter layer. The coiJ~ections in both layers 
separated 15. a density it~fface are keeping tmtil they reach an equi- 
librium, that is, the i~efface is broken and two layers are m~xed. 
The changes of temperatt~e and concenlxaticn in each layer have 
been measured by accuracy-proved probes MSCTI (MicroScale 
Conductivity and Temperatures Insttamlent) which was devised by 
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Head [1983]. Turner [1965] performed an experiment similar to 
ours, but he applied a&titional mect~fical ms in tile upper layer 
to obtain instantly uniform distributions of temperature and con- 
centration while the diffusive mansl:~S advanced, which might be 
useful to calculate file ct~ges of potential energy and stabilittr How- 
ever, if there is any other e-~emal mNing force added to heat and 
mass b-ansfer system, its effect tla~S to be taken into account [Crap- 
per, 1975]. To avoid the discrepancy from this incorrect situation 
and ensure the calculations for non-dimensional flux ratio of heat 
and salt as long as file double-diffusive convection proceeds, we 
have used the thermal Rayleigh nt~nber at the large value of about 
1 I) 7 to 1 I-f throughout the e-r where the temperature and 
concentration are nearly consta~y distributed in the upper layer 
[Cho et al., 1999]. 

]Zl file sb-atified fluid tile Nusselt numbers for heat Nut and sa- 
liuity Nu~. have the relationships with the density ratio R,~ and the 
Rayleigh numbers for heat Rar and salinity Ra~ respectively, as sug- 
gestedby Tm~ler [1965]: 

Nu~=f,(Rp)Ral~ 3 - Fr (1) 
k~ATAf 

and 

13 Fs 
Nu: =s - k & S / h  (2) 

Here Nut Fr/{krAT/hl and N ~  ~/(~AS/tll where Fr and F~ are 
the heat and salt fluxes, kr and k~. are the molecular diffusivities for 
heat and salt, AT and AS stand for telnperatta-e and salinity differ- 
ences between the lower and upper layers, respectively, and h is the 
layer thickness. R~=[3AS/tzAT, where 0~ and [3 are thermal and solutal 
expansion coefficients. Tile definitions of Rat and R~ are (gtzATi13 )/ 
(v~:r) and (g[3ASh s )/(v~.), respectively. Here g is the gravity, ~;r and 
K~. are the thermal and salt diffusivities. The fimctions f~ and f_, will 
be constant and zero, respectively, if the interface is replaced by 
the sheet of a perfect thermal conduetoE At last. from ( 1 ) and (2) 
we can get tile following equation for tile ratio of the potential en- 
ergy changes due to the transfers of heat and salt across the inter- 
face according to the stability R~, 

[~Fs =f3(R~). (3) 
ctFr 

In addition, the ratio of the turbulent ~ansport coefficients for salt 
K s . and for heat K s can be given by 

~ =f~(R~), ~4) 

where Ks=FjAS and Kr=Fr/AT. From the measured data of the 
tempera~ie and salinity variations in the sttatified fluid as the lower 
layer is heated below, we will get tile functions of f~ and f~ to de- 
scribe the quantitative relation for the salt and heat tmusports by 
the double-ditfusive convection and discuss the differences fi~m the 
results obtained in tile previous expemnent done by Turner [1965]. 

Tile following sections are composed of exT~elilnelItal procedure, 
results and conclusions. In tile section of expelmlental procedure 
we have explained tile nletil~ds for tile prepm-ation of tile s~-a6fied 
fluid with a density interface and the measurement and data collec- 
tion for tile temperature and saliuity. Tile section of results shows 

El t 

5 4 

Fig. 1. The  layout of  the experimental  arrangement.  
1. Tank 4. Data loggcr 
2. Traversing machine 5. Computer 
3. MSCTI 

the temperature, concentration and density variations with ttme or 
layer depti~ which are used for finding file relationstfip between 
the dimensionless flux ratio and the stability. And finally we have 
got several conclusions on tile b-aces of file proposed double-dif- 
fusive convective behavior. 

E X P E R I M E N T A L  P R O C E D U R E  

The schematic mar~ement for our experimental apparatus is 
shown m Fig. 1. Tile expelmleIgs were perfonned in a cylindrical 
Pyrex tank appro:dmately 30 cm in diameter and 30 cm high, whose 
base was designed to be heated by an electrical heatitg elmlent with 
a controller. The side and top walls of the tank were kept in in- 
sulation, but in our preliminary experiments to check the mifrom 
tenlperature and salinity disbibutions to file layer clel:th as file heat- 
ing of the bottom proceeded we used a tank uninsulated in the side 
wall for convenience sake. The stratified fluid with an about 12-cm 
depth was set up by putting a 6- to 8-cm thick layer of fresh (dis- 
tilled) water in the tank and then carefully pouring saline solution, 
whidl had been prel:ared wiffl a !alown amount of salt, into file tank 
bottom. The heating was then switched on and the temperature of 
the healing pad was kept as a constant temperature ~ the two 
layers were merged. As tile lower layer starts to convect, it gradu- 
ally entrains the upper layer. Hence the inteithce becomes more sharp 
and its 1ccation nloves a little upward due to file volume expansion 
as the bottom-wall temperature goes up. We emily see the e~teut 
of turbulence in the lower layer is slightly greater than that of the 
upper layer. Tile order of tilennal Rayleigh number tla~S been kept 
throughout this experiment as order of 107 around which we have 
observed homogeneous temperature and salinity in the upper layer. 
The initial salinity difference in concentration units which are grams 
of salt per 100 g of solution was varied 0.27 to 0.7%. 

In order to calculate tile fluxes of heat and salt across file dif- 
fusive intelthce, we need the measured temperatures and salinities 
of each layer as functions of time. For these measurements we em- 
ployed MSCTI sensors which had been proved in very good ac- 
curacy and reproducibility by Head [1983]. Tiffs nlicro-scale insbn- 
nlent is composed of two parts, that is, one is a fast tmlperature sen- 
sor and file other is a fast elecb-~le conductivity sensor. Tile fast 
conductivity sensor which is consisted of four sphered-plafinurn 
electrodes provides two analog voltage out_puts, ti~at is, one repre- 
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sents the linearly t:r value to the solution conductivity and 
the other is for the compensation for the nonlinearity occuring firm 
the t e m p ~  variation. These sensors were positioned at the mid- 
poir~ of  each layer when the measurements gave representative val- 
ues or they were traversed through the layers flit was necessary to 
measure the values o f  the temp~dRu~e and concer~ion with depth. 
And the sensors were connected to a Fluke data-acquisition unit 
(2625A model) to tranffonn the continuous eleclric voltage changes 
into the instant values oftemperemre and salinity at the probe tips. 
These signals finally tmnmaitted to a computer to collect the data 

over a 1-second interval. The measurement values were averaged 
over 2 minutes to calculate the relations in (3) and (4). Since the 
density was dependant on the temperature md salinity, we pre- 
pared calibration curves fi~n the given values of density at some 
specific temperatures and salt concentrations. The other physical 
properties were taken at the average temperature and concentration 
within the experimental ranges Preliminary r162 w~e also 
conducted to know whether the midpoint values were representa- 
tive in our experiments. In the following section we show the cal- 
culatedresults as well as experimentally measm~d values. 
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Fig. 3. Conceati'afion profiles with the layer depth. 0.4% saline sol- 
mion w ~  irdfiall~ added to a f r e ~  water. The side wall  of 

w a s  urdnmll~ed. The Fwst lh~e represents a preffle m 
t=10 ndn. m~d the l ime lapse between two successive lines 
is 10 rain. 

P,_E SUETS 

To exmnine the mking phenomena &ough the double-diffu- 
sive convection across the diffusive interface, we have to measure 
the correct values oftemperaure and salinity in both layers with 
time. In aweak stage of  convection the temperature and salt con- 
centration profiles are dependent on the layer thickness as well as 
time, where the calculation of heat and salt flttxes may be di_fi~cult 
and incorrect. Thus to acquire the homogeneous temperature and 
salinity in each layer, frst of all we need to control the rate of ther- 
mal penetration into the fluid enough to make avigorous convec- 
tian in the upper layer. In our experiments the large value of ther- 
mal Rayleigh number, i.e., around 107-10 s, sufficed this condition. 
As aprelimin~ experiment confinning the uniformity in each layer 

we measured the temperaawe and concentration according to the 
layer depth with time as in Fig. 2 and Fig. 3. Here we prepared a 
slr~ified fluid by putting afiesh water layer on top of  0.4% salty 
layer in a tank whose side wall was not insulated in order to trace 
the position level of the measuring elements by eyes Thus there 
was some heat loss through the side wall of  the tank. Here we kept 
the bottom temperalure of the electric heating pad at a constant value 
of 180 ~ and the initial fluid t e m p e ~ r e  at 19 ~ However, the 
object of this experiment is a preteg to check the homogeneity at 
the specified range o f  Rayleigh number and the obtained results 
matter little to our main analysis, for example, as in Fig. 5 and Fig. 
6, because the order of magnitudes in the temperatore and salinity 
differences was almost commensurate to gnrantee the required high 

:Z 

8 

,g 

r~ 2~ 22 

, g 

t 

, '  i 

Fig, 2. Tempa-a~re  profiles with the layer depth. 0.4% saltae s~l- 
ulion w ~  initially added to a fresh water. The side wall  of 
tunR was  unmmlated. The Fwst lhle represents a p r ~ l e  at 
t = 1 0 m m ,  and the time lapse between two successive lines 
is 10 min.  
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Fig. 4. Density profiles with the layer depth. 0A% saline sotation 
v ~  i i ~ a l l y  added to a fresh wata'.  The side wall  of tank 
w m  urdnsulated. The In'st fine repre~rgs  a prolae at t=10  
irdn and t h e / h u e  lapse between two successive lhtes is 10 
rain. 
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Fig. 5. Temperature variations with lime. 0.4% saline solution was 
initially added to a fresh water. The side wall  of t ankwas  
insulated. 
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Coneenh'afion variations w l h  lime. 0.4% saline solution 
was initially added to a fresh water. The side wall  of  tank 
was  insulated. 

Rayleigh number. The measuring elements traveled at appro:dmately 
0.5 cln/sec and it took about 25 sec to produce each nieasured pro- 
Ne across the whole layer depth. In Fig. 2 and Fig. 3 we plotted 
the data every 10 minutes with the layer depttl The temperature of 
the amaosphere was 10 ~ Hence the tempem0are of the fluid sur- 
face was always a little lower than that of the bulk fluid as shown 
in Fig. 2. At 10 minutes after the bottoni wall was starting to be 
heated, the temperature of the lower layer was up to 23 ~ while 

the one of the upper layer was almost kept at the initial value. We 
could see the linear temperature gradient which was steep at the 
early stage ofheatiug time inthe intermediate layer and this became 
gentle just before two layers merged. In Fig. 3 the initially meas- 
ured value of the concen1iation was shown to be lower than in the 
salt solution which was prepared in another vessel as 0.4% in con- 
cent~-ation to add to the fresh wNer for the sb-atification. The reason 
was that in injectiug the salty solution into the bottom of the flesh 
water there between the two layers was born an interface which 
had a certain niagnitude in depth and intemiediate value of con- 
cenWation, that is, the lower layer was diluted in the course of sWati- 
fie&layer generatioi1 After about 50 minutes the two layers were 

getting into a perfect mfxing stage with the differences of tempera- 
ture and concenb-ation fading away. As time advances froln file be- 
ginning the convection becomes more active and it can also be seen 
the thicl, mess of the d i t ~ i v e  interface gets smaller. This is for the 
entmitmient of the fluid particles in each layer as the natural con- 
vection gets vigorous. From the temperature distributions through- 
out the syslean we see the telnpel-atule differences between two layers 
are about 4 ~ at 10 min, 5 ~ at 20 rain, 4 ~ at 30 and 40 min, and 
0 ~ at the final time. The big tempem0are differences around the 
niid-tilne are a~ibuted to the density interface which acts as a teni- 
porary tmrrier to the heat ~ansfer into the upper layer by the ther- 
mal convection. That is, within the lower layer the heat will con- 
tinuonsly accumulate so far as the heat influx into it is larger than 
the outp~ As soon as the temperature difference alrives at the max- 
imum value, even though there is no convecting transfers fioln lower 
to upper layers, the major role of heat exchange between the layers 
will be played by the heat conduction until the system reaches an 
equilikaium state. Hence the teanperature gaps gets snialka after the 
ultimate value and then disappears. From both graphs we can see 
die teniperature arid concentl-ation were t~lifonnly distlibuted at 
each time and thus the measurement only at the midpoint of each 
layer would be enough to give the representative values. In this case 
the order of RaT was about 107, which would be seen in the later 
calculation. The calculated density profile by using Fig. 2 and Fig. 3 
is shown in Fig. 4. 

From now on we have traced the mixing phenomena of the sb-ati- 
fled fluid as the heat and salt diffuse across the density interface by 
measuring the t e n l p e l - c $ o . l r e  and concem-atic~i in each layer which t~as 
equal mass by using MSCTI. The measuring probes were mounted 
in the middle of each layer. Except the very early stage of the heat- 
mg lime (at about few niinutes I the values of the temperature were 
good representative as presented by Cho et al. [1999]. In Fig. 5 and 
Fig. 6, the temperature and salt concentration are plotted every 30 
sec, respectively. The experimental conditions were a little differ- 

ent from the case of the preliminary experiment Here we employed 
an insulated tank arid so as to get the same order of teniperature 
differences to meet the specified range of the Rayleigh number. The 
heating temperature of the electric pad was set 16(I ~ The initial 
fluid teniperature was 20 ~ We can see the temperature gradient 
in the lower layer is more steep than that of the upper layer until 
1,2(x) sec after which two slopes are increased ahnost l~-allel to 
each other until the two layers are mixed. In Fig. 6 we see the upper 
layer gets heavier in salt while the lower layer becomes dilute as 
time moves forward. At about 3,250 sec the two layers are at last 
on the verge of turnover when the fluctuations of the tempem0are 
and salinity in the upper layer are more severe than in the lower 
layer�9 Even though we a rned  offthe heating system as soon as the 
layers were m~xed, the temperature of the mfxed bulk rose due to 
die renmant heat but the conceim-ation was seen the exactly aver- 
aged value of 0.2%. Here we have to note the concentration of the 
lower layer at the initial stage is measured smaller than that in the 
few minutes later as seen in Fig. 6. From this fact we believe that 
the lower layer was stabilized by the salt. i.e., when we added the 
1_).4% solution into the bottom of fresh-water layer~ however care- 
fially and quickly it might be done, the layer would be slightly diluted 
with the fresh water and thus there existed a salt gradient made line- 
@ with the lightea next to the intelface and the heavier around the 
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trek bottom. Therefore the probe located at lie mi~oint of  lie layer 
is not well representative at this stage, but those few values do not 
affect the calculation of salt flux becanse at this stage the diffusion 
of salt across the density interface willbe very small Fig. 7 shows 
the density profiles in both layers with lime. Even after they merged. 
the density goes down due to the temperature effect 

In Fig. 8 lie Rayleigh number for heat Ra  r is plotted against lie 
density ratio 1% in several concen|rations such as 0.27, 0.4, 0.55 
and 0.~,o to check lie magnitude of R% which lies between 10L 
10 g where we found the evenly distributed profiles o f t e m p ~  
and salinn~y in each layer such as in Fig. 2 and Fig. 3. As the strati- 
fied fluid becomes more stable i.e., 1% gets bigger, the Rat decreases 
since the t e m p e ~ r e  difference between the layers gets smaller at 
a f~xed (~fference of salinity. At agiven stability lie Rat shows higher 
value as the coneen~tion gets thicker beeause the temp~dure dif- 
ference has to be higher to keep the same level of stability. As the 
stratified fluid gets unstable, i e ,  as R~ gets smaller, all the Ray- 
leigh numbers for different salinn'y linearly increase until they meet 
a critical value and then they go down to some ex'tant. These phe- 
nomena can be explained by lie transient data of lie t e m p e ~ r e  
shown in Fig. 2. In the log-log coordinates we have got the linear 

[,i 

I,, ;' ,.[ 
2 

~'~ r 
( 

I .~ 'il t~,  + 
t',: " -' "~ I,~ ~ I ~  ~ 

�9 [ '~ ~ ' ~i~ ~" '~' . , ,  
I , L 2 ,  ' ~1~ ~ "~. ,~ 

F ~ ,  or 

( , , ,  - , - , ,  , [ , , ,  l , - ,  ' F  ' "  , r , ,  , q  - ,  , -  . . . .  ~:, , - ,  : , , ,  : ,  - - , 1  - - ,  , - , - ,  - , ,  - , ,  1 , , , ,  : - , ,  ,1 . . . . . . .  - - -  

,) ~]7 . . .  

~. 0~" 

9,$5" ,. 
~r ~;~ ~ :.,. 

. . . . . . . . . . . . . . . . . . . . . .  

4' 

Ik. 
? r o ] '7 

Fig,  9. The  potent ia l  energy  ral io  vs,  the  interface  stability,  

relations between 1% and Rat according to the saline ooncenlration 
in the regime of high stability. 

We have calculated the nondimensional flux ratio to character- 
ize lie mixing process through the double-diffusive convection. This 
remit cm be related to lie stability according to (3). Fig. 9 shows 
the tltrx ratio against [he density ratio, wh~e we know the buoy- 
ancy flux ratio has some constant value, around 0.2, in the stabi- 

l ized zone where lie heat flux is many times greater than the salt 
flux, and it appears to ~woach 1 as 1% goes to 1. For the low level 
of stability, i.e., around t~-~2, lie variation of lie ratio is very rapidly 
increasing and l ie salt flux begins to be commensurate to lie heat 
flux. This means lie fluid is to turnover in a few minutes with the 
interface slightly fluctuated [Cho ct aL, 1999] and lius the Irans- 
ports of  heat and salt fixma lie lower layer to the upper one is not 
simply attributed to the pure double-diffusive convection. Finally 
we calculated l ie ratio of  lie turbulent transport coeitidents with 
the dens@ ratio and l ie results are plotted in Fig. 10. During l ie 
double diffusion through the interface lie bulk fluid of  each layer 
undergoes a turbulent convection by which there exists the differ- 
ence of potential energy between the two layers. Therefore we need 
the ratio of  the tmaspott coeifidents versus the stability as in (4) to 

-3;~T ' , 

'3,55% 
.') -Yh ' ,  

' I 5 ,' ,  ' ~ . . . . . . . . . .  ~ . . . . . . . . .  ~ . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . .  r . . . . . . . . . . . .  - :  . . . . . . .  T . . . . . . . . . . .  ' r  ....................... 

Fig.  10. The ratio r tm-bulmt  Wansport c o d l i d m t s  vs.  the inter- 
face stability. 
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characterize the mi:dng phenomena through the density interface. 
In file stability regime for R,~>3 we found file turbulent coefficient 
of heat is about 30 times greater than that of salt_ When it is about 
to merge, the ratio becomes 1, that is, the heat and salt have the same 
tt-ansfemng velocities by file m~xing of file lower and upp~- layers. 

CONCLUSIONS 

We have examined the mi:dng phenomena in a stratified two- 
layer fluid system wh~-e a layer of saline water is set underneath a 
layer of salty water. As this stabilized system by a salt gradient is 
heated from below, it becomes unstable by an onset of convection 
in the lower layer due to the thermal buoyancy effect. Thereafter 
the heat and salt is ready to diffuse into the upper layer throtgh the 
adjacent diffusive interface. To characteiize file double-diff~ion 
process in the two layers as the destabilizing temperature gradient 
gets more dominar~ we have measured many profiles of  tempera- 
tta-e and salitfity in boti1 layers by using tile micro-scale measuring 
probes, i.e., MSCTI. Each run of exp~rnen t  with several different 
itfitial conce~m-ations of salt is followed until there appears a sud- 
den overturning into a perfect mi:dng state. The order of thermal 
Rayleigh number has been kept as order of 10 v around which we 
have observed t a i f cml  tenlperature and salt F~-ofiles in tile upper 
layer withont any external mfxing force such as stirring and agitat- 
ing. We can Irace the temperature and salinity very fast with space 
and ~ne,  and file measured data show very good reliability in com- 
Farison with the imown properties in the process of calibratiorr When 
file ff~rface is stable (R,F31, tile potential energy change is aJmost 
constant as 0.2. Bnt when it is unstable (R,~<31, t l ~  gces to 1 rapidly. 
The stable zone is called as "constant regime' and considered to be 
dominated by file pure double<liffusive convection mechm~m. A t  
this regime, salt and heat are transferred by the ditS~sion and con- 
duction, respectively. The other zone called as "variable regime" has 
very vigorous convection that the density interface undulates and 
then ruptures. Thus heat and salt are transported simultaneously by 
file moving fluid elem~lts. At  file constant regime, Ks/Kr, file ratio 
of turbulent transport coefficients is almost constant as 0.03. This 
means that heat is transported about 30 times faster than the salt 
when tile interface is stable. At  tile variable regime, file coefficient 
ratio goes to 1. This means that heat and salt are transported at the 
same trine by file fluid elements due to strong convecfio~x Tt~-ough- 
out this study, the results from MSCTI are very reliable because it 
produces very accurate data. And  we have performed our e-,-peri- 
merits without any artificial mixing appm-a~ used m other previ- 
ous exp~-nents  to guarantee the homogeneous temperature and 
salinity profiles. Therefore our analysis would be better to explain 
the naturally occuring double-diff~ive convection systems than 
any other existings. 
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NOMENCLATURE 

f, : nondimensional  fimctions (i 1 ,2 ,  3, 4 ) 

Fs : salt  flux across a diffusive interface [gr cm -~' sec -~] 
Fr  : real heat flux across a diffusive interface [cal ~ l  ~ sec 1] 
g : acceleration due to gravity [cm sec e] 
h : layer depth [cm] 
Ks : ka -bu l en t t r ans f e r coe f f i c i en t fo r sa l t [ cmsec  ~] 
ks : molecular  diflusivity for salt [cm e sec 1] 
Kr : turbulent ti-ansfer coefficient for heat [cal cm -~' sec -* ~ -*] 
k r : molecular  diflusivity for heat  [ g r c m  sec 3 ~ 1] 
Nus : Nussel t  number  for salt [=F3aka-*kS -*] 
N u t  : Nussel t  number  for heat [ Frh k r~kT ~] 
R,, : interface stability [=[3AS/coAT] 
R ~  : Ray le ighnumber  for salt [=g[3ASh3/vl,:a] 
Rat  : Ray le ighnumber  for heat [=g0tATh~/vK T] 
AT : temperature difference between two layers [~ 
AS : salinity difference between two layers [gr ~ l  3] 

Greek Letters 
0~ : thermal expansion coefficient [~ 1] 
[3 : solute expansion coefficient [cm ~ g r  1] 
~cs : solute diffusivity [cm 2 sec -*] 
1,: r : thermal diffusivity [cm -~ s e c  ~] 
v : kinematic viscosi ty [cm 2 sec -~] 
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