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Abstract-When a layer of cold fresh water is resting on top of hot salty water with a sharp interface 
between them, the system as a whole may be unstable, even though the differences of density /?AS due to 
salinity are far greater than those due to temperature aAT. Convective motions are produced in both 
layers by the transfer of heat, and at the same time salt is transported across the interface. Measure- 
ments are presented here of the rates of transport in such a two-layer system in which the temperature 
difference is maintained by heating continuously from below. 

Both the heat transfer and the ratio of the rates of turbulent transport of salt and heat have been 
found to depend systematically on the density ratio fiAS/aAT, at least over the small range of heat 
fluxes used in these experiments. This is in agreement with the result of a simple dimensional analysis, 
and suggests that the form of the functions should have a wider application. The measurements also 
indicate that over a wide range of density differences the potential energy change of the top layer due 

to the lifting of salt is a constant fraction of that released by the transfer of heat. 
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NOMENCLATURE 

a factor in the heat flux 
equation, which depends on 
temperature; 
a numerical constant with 
the experimental value 
w 0.085; 
non-dimensional functions; 
flux of salt through the inter- 
face ; 
non-dimensional salt flux 
(equivalent to a Nusselt num- 
ber for salt) ; 
acceleration due to gravity; 
layer depth; 
flux of heat through the 
interface ; 
molecular diffusivities for 
salt and heat; 
effective turbulent transfer 
coefficients for salt and heat; 
the Nusselt number, or non- 
dimensional heat flux; 

AT h3, Rayleigh number. 

Greek symbols 

a, 

aAT, 

BAS, 

,BFS 
aH' 

AP, 

As, 

AT, 

coefficient of volume ex- 
pansion due to unit tempera- 
ture change ; 
the proportional density 
change produced by unit 
salinity change; 
density difference due to the 
temperature difference be- 
tween layers ; 
density difference due to the 
salinity difference between 
layers ; 
the ratio of the potential 
energy change in the top 
layer due to lifting of salt, 
to that due to the transfer of 
heat; 
net density difference be- 
tween layers; 
salinity difference between 
layers ; 
temperature difference be- 
tween the centres of the 
layers, by symmetry equal 
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K, 
v, 

to that between two rigid 
walls bounding each layer ; 
thermometric conductivity; 
kinematic viscosity. 

INTRODUCTION 

THE STRATIFICATION of an initially smooth, 
stable distribution of salinity caused by heating 
from below has been described elsewhere [I]. The 
heating of the bottom of a column stabilized 
with salt produces convection locally, but the 
penetration is limited by the salt, because it 
diffuses more slowly than heat. The combined 
effect of heat and salt is to produce a series of 
turbulent layers which are well mixed in both 
salinity and temperature, but separated by sharp 
interfaces from their neighbors. A photograph of 
a typical experiment is shown in Fig. 1. In 
experiments of this kind it is observed that the 
lowest two layers will after a time merge, so that 
the thickness of the bottom layer is increasing in 
steps. This implies that the densities of these 
merging layers are coming closer together, and 
that there is a transfer of salt as well as heat 
across the interface, at a rate which is much 
greater than molecular diffusion can account for. 
This is also made obvious by the behavior of 
dye injected into the lowest layer, some of which 
is quickly transferred into the successive layers 
above. 

There are many questions raised by these 
seemingly simple experiments. Eventually one 
might hope to understand how the layer depth 
depends on the salinity gradient and on the rate 
of heating, and to evaluate the importance of the 
mechanism for vertical transports in the ocean. 
The first step, however, seems to be to learn 
something about the transfer processes at singk 
density interface, such as that shown in Fig. 2, 
and this is the problem with which we will be 
concerned here. How are the relative rates of 
transport of heat and salt affected by the stability 
of the interface, and the fact that the fluid is in 
turbulent convective motion on both sides of it? 
The level of turbulence at such an interface can 
of course depend both on the convective motions 
produced by local temperature contrasts, and on 
convective (or mechanical) turbulence produced 
elsewhere in the layer. Ideally we should study 
one of a number of identical layers, having fluid 

interfaces above and below and maintained in a 
steady state by heating and supplying salt below 
and cooling and removing salt above at the same 
rates. This is not simple to do, and in this explora- 
tory investigation it was not attempted, since it 
was convenient to use the change of properties in 
the upper layer as a measure of the fluxes. 

At large rates of heating and small layer 
depths, it is apparent that the convective ele- 
ments formed at the bottom have a dominant 
effect on the mixing at the interface above. In the 
experiments to be reported here, we have re- 
stricted ourselves to deep layers and low rates of 
heating in the hope that the motion near the 
interface will be governed mostly by the tempera- 
ture and salinity contrasts across it. This idea 
receives support from the observation that under 
these circumstances the position of this boundary 
moves very slowly or not at all before it breaks 
down completely. Thus the rate of transport of 
matter is the same in both directions, and this is 
likely to be so only if the level of turbulence on 
the two sides is nearly the same, and dominated 
by the properties of the interface itself. The real 
test of the validity of this assumption will be our 
ability to explain the experimental data in terms 
of the properties of the interface alone, and it 
does seem to be justified by the results reported 
in this paper. 

DESCRIPTION OF THE EXPERIMENTS 

The experimental procedure used was the 
following. Two layers of common salt solution, 
each 12 cm thick, were set up in a cylindrical 
perspex tank 30 cm in diameter. The interface 
was made as sharp as possible by stirring me- 
chanically from both sides or by inserting a 
thin sheet while filling, and the initial density 
difference was varied from less than one part per 
thousand (0.001 g/cm3) up to about 10 per cent 
(0.1 g/cm3). The bottom of the tank consisted of 
a metal plate, and this rested on an electrically 
heated pad to provide uniform heating over the 
whole area of the bottom. Except for the pur- 
poses of photography, the side walls of the tank 
were insulated with a thick plastic foam jacket 
to reduce heat losses, and the top water surface 
was also covered with a rigid, insulating lid. The 
general arrangement of the apparatus is shown 
in Fig. 3. 



FIG. 1. Showing the many layers formed when a tank containing a linear 
salt distribution is heated from below. 

H.M. i/u&q p. 7601 



FIG. 2. The two-layer system studied in the experiments reported in this paper. 
The lower, more saline Iayer has been coloured with fluorescent dye. 



THE COUPLED TURBULENT TRANSPORTS OF SALT AND HEAT 761 

ND RECORDER 

1 

SUPPORT MOVABLE 
VERTICALLY USING 
RACK AND PINION 

STYROFOAM LID 
\ II 

STYROFOAM 

INSULATING CONDUCTIVITY PROBE 

HEATING PAD’ 

FIG. 3. A schematic diagram of the experimental arrangement. 

Initially there was no temperature difference 
between the layers, and therefore no source of 
energy to drive any motion. The necessary 
temperature contrast was produced by heating 
gently from the bottom. First the lower layer 
began to convect, and then the upper as heat was 
transferred through the interface. At this stage 
some further mechanical mixing was often 
necessary, before convection of the upper layer 
was established. A third, intermediate layer can 
form in the thin stable region between the deep 
layers, and this can inhibit the transfer of heat. 
All the experiments reported here were begun 
with sharp interfaces and a strictly two-layer 
system, although with large density differences 
an intermediate region builds up later as salt is 
spread out by the convective motions. 

In order to calculate the transfers of heat and 
salt across the interface, the raw data required 
are the temperatures and salinities of the two 
layers as a function of time. These were measured 
using a combined thermistor and conductivity 
probe, with the inputs fed into bridge circuits 
and the output displayed on an X-Y recorder 

which plots temperature against conductivity. 
The probe was calibrated directly against 
temperature and salinity, using standard solu- 
tions of known concentration. In exploratory 
runs, the probe was traversed across each layer 
and the variations of temperature and salinity 
recorded. These were found to be small within 
each layer, and of the same order as the fluctua- 
tions, so for most of the measurements the probe 
was alternated between the centres of the two 
layers and the measurements taken there. Typic- 
ally, successive pairs of measurements were 5-l 5 
min apart, with an averaging time of about 4 min 
at each position. 

During the course of a run, the temperatures 
of both layers increased continuously while the 
salinities changed in opposite directions because 
the total amount of salt in the system remained 
constant. Since the salt used was weighed, the 
whole of the information about salt diffusion 
could be obtained from measurements of the 
increase in salinity in the top layer alone. The 
salinity of the lower layer was used only as a 
check, and at the later stages of an experiment 
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(especially at the smallest density differences) the 
probe was left in the upper layer, to avoid distur- 
bance of the interface. The temperature of the 
bottom layer was at these times read directly 
with a bulb thermometer. 

THEORETICAL CONSIDERATIONS 

The interpretation of measurements made in 
this way, and indeed the best method of presen- 
tation, depend on the mechanism of the transfer 
process, which we do not know in advance. In 
this section we shall anticipate some of the 
experimental results, and discuss several theo- 
retical ideasonwhich we have based adimensional 
argument. This will make it easier to appreciate 
the choice of parameters and the implications of 
the data presented in the following section. 

Since the convective motions in the two layers 
are being driven by the temperature difference 
across the interface, a useful question to ask 
first is: how is the heat transport changed by the 
nature of the interface, compared with, say, the 
corresponding flux between two solid planes 
across which the same temperature difference is 
maintained ? More specifically, let us suppose 
that a thin rigid sheet of a perfect conductor is 
inserted at the interface. This prevents wave- 
like motions and the diffusion of salt, but is 
kept at the same temperature as before (the 
mean temperature of the layers). 

The turbulent heat flux into the deep layer on 
either side of such a plane will be described by 

Nu = cRa”. (1) 

This is the appropriate form at large Rayleigh 
number since it implies that the layer depth does 
not enter explicitly into the determination of 
heat flux. The constant c has been obtained ex- 
perimentally by several workers: the best value 
appears to be 0.085 (Chandrasekhar [2]), though 
slightly higher values have been suggested. 
(See, for example, the discussion by Herring 131.) 
Using the definitions of Nu and Ra, we can 
write (1) as 

where 
H = A(h7-)Q” (2) 

is a factor which is calculable for any measured 
conditions of temperature and salinity. 

When the interface is able to move and salt is 
being transferred, the Nusselt number must 
again be a function of the Rayleigh number 
based on the temperature difference. It will now, 
however, also depend on the diffusion coefficient 
for salt, and on the density difference, or to be 
more specific, on the relative contributions CAT 
and PAS of temperature and salinity differences 
to the density (where a and /3 are the “coefficients 
of expansion” due to unit temperature and 
salinity changes). Dimensional arguments sug- 
gest that 

NU = ,f’( Ra, /iUS,‘aAT, ksiky). 

If we choose the Ra dependence so that the heat 
transfer is again independent of depth, and omit 
the ratio of molecular diffusivities since this 
remains nearly constant in all the experiments 
reported here, then a more explicit equation can 
be written : 

(4) 

Here 
fi@AS/aAT) 

is a function which must be determined experi- 
mentally; as we shall see, this form does receive 
good support from our measurements. 

Now let us consider the flux of salt. It is the 
unstable temperature distribution which is 
driving the whole motion, and therefore is 
ultimately responsible for mixing salt across the 
interface. It therefore seems reasonable to look 
again for a dependence of the (non-dimensional) 
salt flux on the Rayleigh number formed from 
the temperature difference, and on the stability 
properties of the interface. Using the same 
arguments as led to (4), the dimensionless salt 
flux will be of the form 

(5) 

This special functional form is again chosen to 
eliminate the explicit dependence on h. Taking 
the ratio of (4) and (5) we see that 

(6) 

The left-hand side of (6) may be written as the 
ratio Ks/KT of turbulent transfer coefficients 
KS for salt and KT for heat across the interfacial 
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layer. The function,fs in (6) is a measure of the 
deviations of this ratio from the molecular value 
kslklr. Again, the experiments will give support 
to this kind of relation between KsIKT and the 
density ratio. 

THE MEASUREMENTS OF HEAT AND SALT FLUX 

The experimental results will now be presented, 
within the framework of the ideas discussed 
above. 

The basic measurements of temperature and 
salinity were used as follows. The fluxes of heat 
and salt Hand FS were deduced from the changes 
in temperature and salinity of the upper layer 
over a convenient interval of time (which was 
varied according to the density difference). The 
differences AT and AS between the layers were 
averaged over this interval, and the contribu- 
tions of each to density, aAT and PAS, were 
found from tables, taking into account of 
course the variations of CC and p with temperature 

and salinity. Experiments begun with a small 
salinity difference between the layers were 
usually followed until the layers overturned and 
mixed completely, and several measurements 
over a range of density differences were obtained 
during the same run. With larger salinities, it 
was found convenient to cover a small range 
each time, and to start again rather than letting 
the mean temperature build up to high values. 
Because of the limitations discussed in the first 
section, the rates of heating from the bottom 
which could conveniently be used were rather 
restricted and covered a range of only a factor 
of 3. The Rayleigh number in our experiments 
was of order 10s. 

The heat flux measurements are presented in 
Fig. 4 as a function of the density ratio. The 
values obtained directly have been compared 
with the “solid wall” values calculated according 
to (2) and (3) for the same temperature difference. 
(The effect of temperature on the molecular 

RATIO OF CONTRIBUTIONS TO DENSITY s 

FIG. 4. The measured heat flux across the interface between the two liquid layers, compared with the 
value calculated for solid planes. This ratio has been plotted against the stability parameter /3AS/aAT, 
the ratio of the contributions of salt and heat to the density difference. In this and the following figures, 
different symbols have been used for experiments with different heating rates: 

0 1.1 cal/cm2/min; l l-7 cal/cm2/min; + 2.4cal/cm”/min; X 3.3 cal/cm2/min. 
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properties in A has been taken into account, but 
not the smaller changes due to salinity). The 
estimated error of individual measurements, 
based on the accuracy of temperature and salinity 
determinations, is about 30 per cent at the 
smaller values of pAS/ccAT and rather better 
at the higher end. In spite of this large scatter 
the measurements are still useful because of the 
1OO:l variation over the range measured. The 
data are consistent with a relation of the form 
(4), but detailed discussion will be deferred till 
the next section. 

Figure 5 shows the corresponding plot of the 
ratio of the transfer coefficients for salt and heat 
KsIKT against pAS/aAT. Again the data seem to 
be organized according to the suggested relation 
(6) with little dependence on the heating rate. 

In Fig. 6 the ratio ,BAS/aAT has been plotted 
against the net density difference between the 
layers, in order to show that there is a strong 
correlation between these two quantities (with 
perhaps more systematic dependence on the 
rate of heating than is apparent in Fig. 4 and 5). 
This is a rather surprising result which is unlikely 
to remain generally valid over a large range of 
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heating rates, or in experiments in which the 
temperature difference rather than the heat flux 
is specified. It does mean, however, that for the 
limited range of heat fluxes used in these 
experiments, Figs. 4 and 5 could equally well be 
plotted against Ap instead of the density ratio. 

Another quantity which will be required in the 
following discussion is the ratio 

KS /3AS/Ky aAT = PF,y/aH, 

which may be interpreted as the ratio of the po- 
tential energy change of the top layer due to the 
lifting of salt, to that due to the transfer of heat 
over the same interval of time. This is shown in 
Fig. 7 as a function of /?AS/aAT. 

DISCUSSION 

The good organization of the experimental 
data has given support to the dimensional 
arguments outlined above, and leads to the 
conclusions that both the heat flux and the 
relative rates of transfer of salt and heat, 
through a stable interface heated from below, 
depend systematically on the stability of the 
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FIG. 5. The ratio of the turbulent transfer coefficients for salt and heat, plotted as a function of the 
stability parameter /3As/aAT. 
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interface expressed as the ratio of the contri- 
butions of salt and heat to the density difference. 
A closer examination of the experimentally de- 
termined functionsfl andf3 will now allow us to 
say more about the mechanism of the transfer 
processes taking place at the salinity-temperature 
interface. The detailed explanation of all features 
of the experimental curves remains, of course, 
a major theoretical problem. 

Figure 4 shows that at small stabilities the heat 
flux is greater than it is over a solid plane with 
the same temperature contrast. This must be an 
effect of the wavy, breaking interface which 
brings elements with greater temperature con- 
trasts into contact and increases the surface area. 
The values are greatest (and most scattered) just 
when the interface is about to break down com- 
pletely. They fall to the “solid plane” value when 
the temperature difference compensates for 
about half the density difference due to salt, 
corresponding in our experiments to a net 
density difference of about one part per thousand. 
At higher density ratios the heat flux is below the 
value appropriate to a solid surface, so that the 
lifting of salt by the thermally driven motion is 
definitely inhibiting the transfer of heat. 

The ratio of the transfer coefficients in Fig. 5 
shows a similar decrease with increasing density 
ratio (or density difference). At small stabilities 
Ks/KT approaches unity, suggesting that heat 
and salt are being transported by the same 
turbulent eddies. At larger, but still small, values 
of @LY/aAT the ratio Ks/KT falls rapidly. This 
behavior is understandable qualitatively if we 
consider what happens to an individual turbulent 
element or wave at the interface. This can transfer 
heat by conduction, while little salt is transferred 
until breaking of the wave occurs, followed by 
intimate molecular mixing. The tendency to 
break will decrease as the stability increases, and 
the relative rate of transfer of salt will thus be 
reduced in the way which has been observed. 
Similar arguments are familiar in the context of 
stable shear flows, where the rate of transfer of 
heat or salt is reduced relative to momentum as 
the stability increases [4]. In that case momentum 
can be transported by pressure forces, while 
heat or salt diffusion depends on detailed 
mixing. The present experiments again raise the 
question of the possible influence of molecular 

diffusivities on turbulent transports, as suggested 
by Batchelor and Townsend [5]. 

For still larger values of /3AS/czAT the rate of 
decrease of Ks/KT with increasing stability 
becomes much slower. At the highest stabilities 
studied, the ratio Ks/KT approaches the 
molecular ratio ks/kT, which at the temperature 
appropriate to this run is about 1.5 x lo--“. In 
these latter experiments an intermediate layer of 
depth about Q cm was built up, in which the 
motion was still disordered but very much 
damped. At even greater stabilities it seems likely 
that turbulence would be suppressed completely 
in this intermediate layer and the transfers 
effected by molecular diffusion alone, but the 
present experiments do not rule out the possi- 
bility that some kind of weak turbulent motion is 
always present under these circumstances. 

Finally let us consider Fig. 7, which contains 
the most striking and clear cut result of these 
experiments. The ratio ,tlF~/aH at first falls 
rapidly as the stability is increased. At 

/LLYIaAT = 2 

it becomes constant, within the accuracy of our 
experiments, for all greater stabilities, with a 
mean value /?Fs/aH = 0.15. The theoretical 
implications of this result have not yet been 
fully explored, but it has a definite physical 
meaning: at all stabilities large enough for the 
salt flux to be reducing the heat flux, a constant 
fraction of the potential energy released by the 
temperature field is used to lift the salt. This 
suggests that there must be some &f-limiting 
mechanism controlling the coupled diffusion of 
salt and heat which can operate over a large 
range of density differences, nearly 100: 1 in our 
experiments. 
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R&sum&--Lorsqu’une couche d’eau deuce froide se trouve au-dessus d’eau salee chaude avec une 
inrerface mince entre elles, le systeme dans son ensemble peut etre instable, mime si les differences de 
densit PAS dues a la salinite sont beaucoup plus grandes que celles dues a la temperature ahT. Les 
mouvemen~ de convection sont produits dans les deux couches par le transport de chaleur, et en 
meme temps le se1 est transport& a travers l’interface. On presente ici les mesures des vitesses de 
transport dans un tel systeme a deux couches dans lequel la difference de temperature est maintenue 
en chauffant continuellement par en-dessous. 

On a trouve qu’a la fois le transport de chaleur et le rapport des vitesses de transport turbulent de 
se1 et de chaleur dependent systematiquement du rapport de densites j?AS/uAT, au moins dans la 
faible gamme de flux de chaleur employee dans ces exp&iences. Ceci est en accord avec le resultat 
dune analyse dime~io~e~e simple, et suggere que la forme des fonctions auraient une application 
plus large. Les mesures indiquent aussi que dans une gamme large de differences de densites, le rapport 
du changement d’energie potentielle de la couche superieure due a l’ascension du se1 est une fraction 

constante de celle lib&e par le transport de chaleur. 

Zusammenfasung-Liegt eine Schicht frisches kaites Wasser iiber heissem Salzwasser mit einer 
scharfen Trennlinie dazwischen, so kann das System als Ganzes instabil sein, such wenn die Dichte- 
unte~chiede @Ahs wegen des Salzgehaltes weitaus grosser sind als die durch die Temperatur aAThervor- 
gerufenen. In beiden Schichten werden durch den W~~etr~sport Konvektiv~wegungen 
hervorgerufen und gleichzeitig wird Salz iiber die Trennlinie transportiert. Fiir die Transport- 
geschwindigkeiten in einem solchen Zweischichtensystem, wo die Temperaturdifferenz durch 
kontinuierliche Beheizung von unten aufrechterhalten wird, werden hier Messungen angefiihrt. Es 
ergab sich, dass sowohl der Warmeiibergang wie such das Verhaltnis der turbulenten Transport- 
geschwindigkieten von Salz und W&me systematisch von dem Dichteverhaltnis fiAS/aAT abh&ngen, 
zumindest fur den kleinen Bereich der W~mestromdichten, die bei diesen Versuchen angewandt 
wurden. 

Dies steht in ~~re~sti~ung mit dem Ergebnis einer einfachen Dimensionsanalyse und legt 
nahe, dass die Form der Funktionen eine erweiterte Anwendbarkeit haben kiinnte. Die Messungen 
zeigen such, dass das Verhlltnis der potentiellen Energielnderung der oberen Schicht, die vom em- 
porsteigenden Salz hervorgerufen wird, tiber einen weiten Bereich von Dichtedifferenzen ein konstanter 

Bruchteil des vom Warmetibergang ausgeliisten Verhaltnisses ist. 

A~oTa~~~-~or~a enon ~0~0~~0~ meme& BOW Haxo~~Tc~ Ha KoBepxKo~T~ ropnseft 
ConeHoZt BOPO;I M MezKgy HElH CylQeCTByeT peanafi l'IOBepXHOCTb paaRena, CllcTeMa 33 uenoB 
MOmeT 6bITb HeCTa6nJIbHOn, Aa?iZe eCJIH pa3HOCTb nnOTHOCTet PAS n3-aa COneHOCTn HaMHOl'O 
IlpeBbIIIIaeT p$i%lHoCTb IIJfOTHOCTe~, B03HHKaIOILIyKO Gnaronapcr pa8HOCTM TeMlIepaTyp aAT. 
B pe3yJIbTaTe lIepeHOCa TeIlJIa B03HMKaIOT KOHBeHTHBHbIe ~BLlHteHElR B 060~1~ CJIORX II B TO 
Hcespe~~npo~cxo~~~nepenocconEisepe3nosepx~iocTbpa3~e~a.n[pe~c~asneKar~3lnrepeKa~ 

cKopocTei nepeKoca B TaKMX ~agxcno~anx cmresfax, B KOTOpbIX pa3HOCTb TeMIIepaTyp 

~0~~ep~~BaeTc~ He~pep~BH~~ ~0AorpeBoM cmay. 

Ha~~eHo,~~o KaK~epeHocTe~~a,TaK II 0THo~eK~e cKopocTe~ Typ6y~eKTHoro nepewoca 

COJIH EI Term CMCTeMaTHqeCHLl 3aBIlCFIT OT OTHOIIieHZWX IIjrOTHOCTe& ,6i%dT, II0 HpafiHem 

Mepe B He6OJIbILIOM ,?(IfaIIa3OHe TeILlIOBbIX IIOTOKOB, HCIIOJIb30BaHHbIX B AaHHbIX OlIbITaX. 

3TEI pe3yJIbTaTN CONIaCyIOTCH C AaHHbIMEl IIpOCTOrO aHaJIli3a p%MepHoCTeZt II HOIIyCKaIOT, 

YTO @opMa amx @YHKJ@ mena 6bt 6oJree maponoe npnnrenewne. HaMepenmr Tau)Ke no- 
Ka3aJIK,4TO B 6OJibIUOM ~ElaIIa3OHepa3HOCTLIIIJIOTHOCTe~OTHOIUeHMe HBMeHeHE1RnOTeHl.ViaJI- 

bHO% 3Iieprm BepxHefo CSlOR 6naroAapn IlO~'E&My COJIEI RBXReTCR IlOCTORHHOt AOJIett 

azieprm nepezioca Tenna. 


