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Abstract—The results of two quasi-steady experiments in layered, double-diffusive convection are presented
and interpreted in terms of a steady-state model. In the experiments heat and salt are transported
upward through two horizontal convecting layers of water which are separated by a thermocline. a
region of large temperature and concentration gradients. As the thermocline stability number . AC/8,AT
increases, the thermocline becomes thicker and the fluxes of heat and salt decrease. These two characteristics
of the thermohaline system are shown to be consistent with a conduction-convection model which views
the thermocline as a conduction region separating two convective boundary layers. That molecular
diffusion is the dominating transport process in the central portion of the thermocline is experimentally
verified. The thickness of the conducting region is found to vary with the imposed boundary conditions
in such a manner as to maintain conditions of near neutral stability across the boundary layers.

NOMENCLATURE
C, salt concentration per unit volume;
C,, specific heat capacity at constant pressure;
D, diffusivity;
F., salt flux;
Fy,  heat flux;
h, convective transport coefficient ;
K, thermal conductivity,
l, depth of a convecting layer;
L, diffusion thickness of a thermocline;
L, intercept thickness of a thermocline based
on the density profile;
T, temperature;

vertical position referred to the bottom of
the test section.

Greek symbols

Be, coefficient of fractional density change due
to a unit change in concentration;

B:. coeflicient of fractional density change due
to a unit change in temperature;

P, density.

Dimensionless parameters

. D,
Le, Lewis number, —;
DC
Nu;, Nusselt number,
actual heat flux Ful
conduction heat flux KAT
Sh;,  Sherwood number,
actual mass flux Fl
diffusion mass flux D.AC,’
Sy,  stability number, ﬁ ji?
Subscripts
¢, refers to concentration properties;
L’ refers to a convective boundary layer;
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L, refers to the diffusive region of the
thermocline;
t, refers to thermal properties;
T, refers to bulk-to-bulk parameters across the
thermocline.
INTRODUCTION

BuUOYANCY driven convection which depends on the
diffusion of two quantities with different molecular
diffusivities has been the subject of increasing attention
in recent years. Much of the past work and many of
the applications are reviewed by Turner [1,2]. Two
features of double-diffusive convection in horizontal
fluid layers which set it apart from ordinary natural
convection are that convection can take place even
though the density decreases in the upward direction
and that the convecting system is often layered (com-
posed of two or more well-mixed regions separated by
interfaces across which are large gradients in the con-
centration of the diffusing species). This paper deals
with an experimental study of thermohaline convection
in which heat and salt are transported upward through
horizontal layers in a tank of water. In the experiments
described the overall stability number Sy of the system
is greater than one; that is, the density of the fluid at
the bottom of the tank is greater than at the top.

The experiments of Turner [3] and Shirtcliffe [4]
are closely related to the present investigation. They
are similar to each other in that both are two-layer,
transient experiments. Turner added heat to the bottom
of a tank which contained two layers of stably stratified
water with different salinities, separated by a sharp
interface. He measured the changes of temperature
and concentration in the two layers with time and from
these changes inferred the heat and salt fluxes through
the interface. The stability number of this interface
decreased with time as the salt concentrations in the
two convecting layers equalized. In Shirtcliffe’s exper-
iment a layer of salt water was floated above a layer
of sugar water. He observed that the interface between



840 T. R. Ma~cint, R 1 LoEHRKE and R. D. HABERSTROH

the two layers thickened with time as the stability
number across the interface increased. From measured
concentration profiles through the interface he con-
cluded that the gradients were large enough to account
for the fluxes by molecular diffusion alone.

In both experiments the flux ratio

Beke
BeFuipCp
was correlated with the thermocline stability number.
Turner found that this ratio decreased with increasing
stability number at low stability number but remained
constant at a value of 0.15 for Syr > 2 in his heat—salt
system. Linden [5] has estimated that the region of
variable flux ratio in Turner’s experiments corresponds
to the region where turbulent entrainment across the
interface is important.

In Shirtcliffe’s sugar—salt experiment a constant value
of 0.6 was observed for this flux ratio over the range
1.1 < Syr < 3 where Fy and F, corresponded to the
fluxes of salt and sugar respectively. Shirtcliffe attri-
butes the difference between his measured values and
Turner’s to a Lewis-number dependence but no satis-
factory explanation has been offered for the constancy
of the flux ratio over a wide range of stability numbers
nor for the thickening of the interface.

Huppert [6] analyzed a series of interfaces and found
constancy of the flux ratio to be a necessary condition
for stability. He also found, from an analysis of
Turner’s single-interface data, that the other required
condition for stability, the form of the variation of heat
flux through the interface with stability number, was
satisfied. This observation led him to conclude that a
multi-layered system would be stable provided the in-
dividual interfacial stability numbers were greater than
two.

One of the original objectives of the present exper-
imental program was to study the stability of a multi-
layered system and the turbulent transport through the
entrapped convecting regions. Early results of this
study [7], particularly at high interface stability num-
bers, indicated the need for further study of a two-layer
system under steady or nearly steady boundary
conditions.

In this paper the results of several layered heat-salt
experiments are described. The first experiment was
performed in an apparatus in which both heat and
salt could be added to the bottom of a tank of salt
water and removed from the top. In the second set of
cxperiments, a smaller, closed test section was used.
Heat was continuously added to the bottom and
removed from the top, but the upper and lower
boundaries were impermeable to salt.

PERMEABLE BOUNDARY EXPERIMENT

The experimental apparatus for the main experiment
consists of a test-section and two conditioner systems
which supply hot, salty water at the bottom of the test
section and cool, fresh water at the top [7]. The test
section is an open-ended box formed by four square
walls 0.67m on each side. The walls are constructed

of Plexiglass 1.25-cm thick and insulated on the outside
by 7.5 cm of styrofoam. Pellon (a polyester felt) sheets
0.13 cm thick separate the test section at the top and
bottom from the two conditioning systems. The water
in the upper conditioning system is degassed to remove
the air and cooled before passing over the membrane
at the top of the test section. A manifold distributes
the flow evenly among 10 channels 5cm wide, 2.5¢m
high and 0.67m long. located directly above the upper
membrane. The water in adjacent channels flows in
opposing directions at low velocity. A second manifold
at the downstream end of the channels collects the
water which is then discarded to drain. The tempera-
ture rise of the water between the inlet and outlet
manifolds is negligible and the concentration difference
is also quite small (several hundred ppm). The hot,
salty water in the lower conditioning system is recir-
culated beneath the lower membrane in a similar
manner. Its temperature is maintained by heaters
located in the storage tank which is part of the lower
loop as well as by heaters located beneath the bottom
of the test section. Granulated salt may be added to
the storage tank to maintain the concentration in the
lower loop. This salt dissolves before the water reaches
the bottom of the test section. The counterflow arrange-
ment and the Pellon membranes minimize the momen-
tum transfer from the conditioner flows to the salt
water in the test section. No circulations resulting
from these supply systems were observed in the test
section.

A thermocouple-conductivity probe is used to obtain
temperature and concentration profiles through the
convecting fluid layers and intervening interface. In
Fig. | the "L”-shaped probe and its shadow are
pictured directly above the top of the interfacial or
thermocline region separating two convecting layers of
salt water. The thermocouple is constructed from
0.13mm copper and constantan wires which form a
bead 0.2mm in diameter. The thermocouple is refer-
enced to an ice bath at 0°C, and its output is amplified
using a Keithley microvoltmeter. The conductivity cell
is a 0.7-cm dia ring-and-tip configuration constructed
from 0.13mm platinum wire through which a 10kHz
AC current is passed [8.9]. The ring and tip of the
conductivity cell are platinized. The thermocouple
bead and the tip of the conductivity cell are separated
by 0.5cm in the same horizontal plane. An RMS
voltmeter is connected in parallel with the conductivity
cell;its output is inversely proportional to the electrical
conductivity of the saline solution at the probe tip.
Because the probe cannot be removed from the test
section during the course of the experiment, the cell
constants tends to drift and it is necessary to calibrate
the conductivity cell for each data run. This is done
by removing salt water samples from the well-mixed
regions of the test section and measuring the concen-
trations with a Beckmann bridge and calibrated dip
cell. Both the thermocouple and conductivity cell
outputs are recorded on two channels of a Hewlett—
Packard x-y plotter. The x-axis input to the plotter
is the output of a voltage divider which is mechanically
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FiG. 1. Shadowgraph picture of a thermocline. The thermocouple-conductivity probe and its
shadow are shown immediately above the top of a thermocline (indicated by the dark horizontal
line). The horizontal white line is the bottom of the thermocline.

coupled to the probe shaft thereby indicating the
vertical position of the probe tip within the test section.
The traverse assembly is mounted above and at the
center of the test section.

The maximum uncertainty in the temperature
measurement is +£0.17°C as limited by the amplifier.
The salt concentrations can be measured to within a
+4 parts per thousand (ppt) at high concentrations
and + 2 ppt at lower concentrations. The thermocouple
conductivity probe can be positioned within 0.7 mm
with good repeatability.

To begin the experiments the lower half of the test
section was filled with salt water and the upper half
with fresh water to form a sharp interface midway up
the tank. Hot salt water was supplied at the bottom
of the test section and cool, fresh water at the top. As
the experiment progressed a lower convecting layer
(layer A) and an upper convecting layer (layer B) were
formed separated by an interfacial region of large
temperature and salt gradients (the thermocline). The
test section was traversed with the thermocouple-
conductivity probe once each day during the 65-day
test period. Completion of a typical traverse could
require as much as 1.5h depending on the thickness
of the thermocline. During a traverse the probe was
stepped through the test section at increments of from
1.5 to 3mm. The size of these steps was determined
by the location of the probe tip and the thickness of
the thermocline, the smaller increment being used when
the thermocline was thin or the gradients large. The
probe was allowed to remain at each location until the
transients had subsided (approximately 1min), then

the signals from the thermocouple and the conductivity
cell were recorded for a period of 30s. The average
values over the sample period for temperature and
concentration at each location were later determined
and used in plotting the vertical profiles. After the
traverse was completed, salt water samples were re-
moved from the two convecting layers in order to
calibrate the conductivity cell. Conductivity readings
were then corrected for temperature and converted to
concentrations with Office of Saline Water property
data. Typical temperature, concentration and density
profiles (for the 21st day of the experiment) are shown
in Fig. 2. Density changes are chiefly dependent on
large changes in concentration. The small, destabilizing
effect of the temperature profile at the top of the
thermocline is not perceptible on this density scale.
The bulk temperature and concentration histories
for this experiment are shown in Fig. 3. The experiment
was quasi-steady in that salt lost from the lower con-
vecting layer was not, for the most part, replenished.
Heat, however, was continuously added and removed
from the test section and salt was continuously removed
at the upper boundary. Some perturbations to the
boundary conditions were provided through the addi-
tion of salt to the lower conditioner system three times
during the experiment and by changes in the power
supplied to the lower system twice over the 65-day
test period. Unscheduled changes in the boundary
conditions were unavoidable because of the duration
of the experiment. These uncontrolled influences were
of two types, first, power outages which resulted in loss
of circulating water flow and heat input, and. second,



842 T. R. MancINL R. [ LOEHRKE and R. D. HABERSTROH

|
3.0f F
s | L
x
[
5 L L
Q .
£
= 25¢ r
s i
.'a'
& L 1
2.0 S TR R N OO W W B WO Y 1 " W - i 1 ~ A 1 i
20 25 30 O 10 2030 40 50 60 1000 1020 1040
Temperature Salt Concentrotion Density
(Degrees C) (kg/m3) (kg/m3)

FiG. 2. Temperature. concentration and density profiles on the 21st day of
the experiment. The linear diffusion thickness L, and the intercept depth of
the thermocline L. are shown on the density profile.
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losses of hot water supply to the constant temperature
mixing valve which supplied the upper conditioner
system resulting tin a drop in the temperature of the
upper cooling water. The duration of thesc excursions
ranged between three and twelve hours. When the
power was lost the system would tend toward thermal
equilibrium; due to the low mass diffusivity, however,
very little effect could be seen in the concentrations.
A change in the temperature of the fresh water con-
ditioning system resulted in a readjustment of the
temperature level in the test section.

The changes in the temperature level on the 23rd
and 61st days were due to a change in the cooling
water temperature. The equilibration of the two tem-
peratures on the 46th day is the result of a power
outage. Following the salt addition on the third day.
the concentration difference between the lower system
and convecting layer A increased. The Pellon mem-
brane clearly inhibited convective mixing between these

two regions. The concentration of the lower system
reached a peak and then declined while the concen-
tration in layer A remained steady. On the 16th day
of the experiment the two concentrations, the lower
system and layer 4. equalized and continued to de-
crease gradually throughout the remainder of the
experiment diverging briefly when salt was added on
the 31st day. The interface between convecting layers
thickened initially forming a large region over which
the gradients of temperature and concentration were
nearly constant. Then, in response to the slowly
changing boundary conditions of temperature and con-
centration, the interface thinned slowly as the stability
of the system decreased. The growth and thinning of
the thermocline did not proceed at the same rates on
the top and bottom of the interface. In the latter stages
of the experiment the top was actually growing while
the bottom was being eroded at a faster rate; the
appearance was that of a thinning interface rising in
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the test section. This test was terminated when the
thermocline rose above the range of travel of the
temperature-conductivity probe. This “climbing
thermocline” phenomenon was also observed in an-
other apparatus with entirely different upper and lower
boundary conditions and different side-wall heat-loss
control. These experiments are described in the next
section.

Several methods were used to assess the properties
of the thermohaline system. Shadowgraph visualization
was achieved by illuminating the test section with a
small light source located about 4m away from and
on the same level as the thermocline. Variations in
the intensity of light which has passed through the
test section reveal regions where the second spatial
derivative of density is non-zero. Figure 1 is a shadow-
graph picture of a thermocline; the lower boundary is
indicated by the white horizontal line and the upper
boundary by the dark line. The “L”-shaped probe
and its shadow are located just above the upper
boundary layer. The diagonal lines are straight lines
on ascreen as viewed through the test section. Unsteady
convective motions in the two boundary layers were
clearly visible as moving, small-scale shadows some of
which are visible in Fig. 1. The three-dimensional
character of these motions was apparent when the light
source was moved below or above the thermocline
level. No motion could be detected in the central
portion of the thermocline or in the two well-mixed
regions. Dye injection into the system indicated the
existence of strong mixing motions within the convect-
ing layers and little or no motion at all within the
thermocline. The dye would disperse in a matter of
minutes when placed in a convecting layer. Upon
injection into the thermocline, however, the dye re-
mained almost stationary with only a very slow
horizontal drift. A distinct coloration persisted in the
thermocline for a period of days. In addition to the
visualizations, temperature—time histories were taken
at various positions within the thermocline and con-
vecting layers: an example of such a history is shown
in Fig. 4. Examination of Fig. 4 indicates that there
is much activity within the boundary layers and very
little in the thermocline region. While this was generally
true for all thermoclines, the thinner ones did exhibit
a low-frequency temperature oscillation which became
more pronounced as the thermocline became thinner.
In addition, the fluctuations within the boundary layers
were observed to be more vigorous for thin thermo-
clines than for thicker ones.

The visualizations, temperature-time histories at
various positions, and the linear profiles of temperature
and concentration within the thermocline indicate that
molecular diffusion is the dominating transport process
through the central region. A measure of the size of
this central region was made by estimating the distance
between the two points at which the smoothed mean
density profiles first deviated from an extrapolation of
the linear interior portion of the profile. The diffusion
length L defined in this manner and illustrated in
Fig. 2 is slightly smaller than the length L defined
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F1G. 4. Temperature vs time traces at several positions
within a thin thermocline. These data were recorded
sequentially. The mean temperatures are: convecting
layer A, 29.7°C; lower boundary layer 29.1°C: thermo-
cline 27.0°C; upper boundary layer 25.4°C: and con-
vecting layer B, 25.3°C.

as the distance between the points of intersection of
an extrapolation of the linear central portion of the
profile to the bulk values of density in the convecting
layers. L' corresponded closely for thick thermoclines
to the distance between the locations at the interior
of the thermocline where the shorter period tempera-
ture fluctuations were first detected.

The size of the thermocline as characterized by L
and L over the course of the experiment is shown in
Fig. 5 along with a history of the stability of the system
represented by the stability parameter

BACH
S_VT =

BATy
The thermocline thickness increased over the first 13
days of the experiment and decreased thereafter with
but two exceptions. On the 33rd and 49th days the
thermocline thickened as a result of salt addition and
a system shut-down, respectively. The stability number
shows the same general trend as the length. It dropped
off quickly after the start-up perturbation, and peaked
again on the 32nd and 48th days of the experiment.

The heat and salt fluxes for this experiment were
calculated from the temperature and concentration
gradients through the thermocline using the conduction
equations

dT
Fp=-K 4 (1)
and
dcC
Fe= _Dc"a;- (2)

K and D. are the thermal conductivity and mass
diffusivity, respectively, and dT/dz and dC/dz are the
vertical temperature and concentration gradients at
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Fii. 5. Thermocline diffusion and intercept thicknesses. and stability number
vs time.

the center of the thermocline as determined from pro-
files such as Fig. 2. The heat flux ranged from 50 to
300W/m? and the salt flux ranged from 0.004 to
0.016kg/m?-h over the course of this experiment. A
direct check of the applicability of equations (1) and (2)
to the central regton of the thermocline by independent
measurements of the fluxes could not be made because
of the open nature of the upper and lower test-section
boundaries in this experiment. For this reason a second
apparatus with closed upper and lower boundaries was
constructed and a series of two layer experiments was
performed. These experiments are described in the next
section.

CLOSED TEST SECTION EXPERIMENTS

The test section of the apparatus for the secondary
experiments is a 0.33m. cubic tank with 0.64cm
Plexiglass sidewalls and a 0.64 cm brass bottom. The
top plate conditioner system consists of 0.64 cm coiled
copper tubing immersed in the water at the top of the
test section. An aluminum sheet 0.5 mm thick is located
directly beneath the cooling coils to isolate them from
the water in the test section and to form a flat boundary
at the top similar to the one at the bottom. Water
from a constant-temperature mixing valve flows
through the copper tubes providing a fixed-temperature
boundary condition at the top. Two resistance heaters
stacked one above the other arc located below the
0.64 cm thick brass plate which forms the bottom of
the test section; the lower heater acts as a guard heater
to eliminate heat loss downward from the upper. main
heater. Two methods were used to account for sidewall
heat losses. During some of the experiments the test
section was surrounded by Scm of styrofoam insu-
lation. The sidewall losses were calibrated for effects
of the temperature difference between the water in the
test section and ambient air, and the depth of con-
vecting layer A. The second configuration used sidewall
guard heaters on the lower half of the test section to
eliminate sidewall losses.

The instrumentation and procedures used in these
experiments were identical to the ones used in the
permeable-boundary experiments. The test section was
initially layered with two concentrations of salt water
with the interface positioned midway up the tank. No
salt addition or removal occurred in these experiments.
In contrast to the permeable-boundary experiments, a
direct measurement of the power supplied to the
primary, lower plate heater could be related to the
upward flow of heat through the test section. This heat
flow could then be compared with that calculated
using the diffusion equation (1) and the temperature
gradient in the thermocline.

The calibration curve for the test section sidewall
heat losses has an uncertainty of +1W. Combined
with the +1.5%, accuracy of the input power measure-
ment, this suggests an overall uncertainty of +1.45W
in the heat flow (at 30 W) as based on the power
supplied to the primary heater.

Seven experiments were performed to test the
hypothesis that the transport through the central
portion of the thermocline is by molecular diffusion.
In experiments [ -4 the test section was insulated with
styrofoam only. Experiments 5-7 had guard heaters
located around the lower half of the test section.

The temperature and concentration histories of the
convecting layers and the thermocline position for
experiment 6 are shown in Fig. 6. The cooling water
temperature was lowered on days 8 and 11, and the
heater power was increased on the 9th and [1th days
of the experiment. The locations on the top and bottom
of the thermocline were determined using the intercept
method and the concentration profile, as in Fig. 2. As
the stability number decreased during the course of the
cxperiment the thermocline thinned and rose in the
test section.

A comparison of the measured power input with
the heat flow calculated from the temperature gradient
through the thermocline is shown in Fig. 7 for all seven
experiments. In the first four experiments the power
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F1G. 6. Temperature and concentration histories and thermocline
position for closed test section experiment 6.

supplied by the primary heater was corrected for side-
wall heat losses and the change in energy with time
of the lower convecting layer. For experiments 5-7
guard heaters were positioned on the lower half of the
test section sidewalls. Even for these runs some sidewall
corrections were required when unguarded areas were
exposed by the rising thermocline. Transient data at
start-up (during the first 2 or 3 days) and after changes
in the cooling water temperature and power level were
neglected. The largest discrepancies between the
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F1G. 7. Comparison of measured power input and

the heat flow through the thermocline found using

equation (1). Exp. 1 O, exp. 2 B, exp.3 A,exp. 4 @,
exp. 5 [, exp. 6 A, exp. 7 +.

measured heat flow and the gradient estimates are
associated with high fluxes through thin thermoclines.
Under these conditions the uncertainty in the tempera-
ture gradient estimates is large enough to account for
much of the difference.

DISCUSSION

The results of the closed test-section experiments
indicate that the hypothesis that molecular diffusion
dominates transport through the central region of the
thermocline is well justified. This appears to be so at
least over the range of stability numbers, 5 < Sy < 13,
and heat fluxes, 24 < Fy < 325 W/m?, covered in these
experiments. The data on the heat flow comparison
curve, Fig. 7, fall within the accuracy of the experimen-
tal measurements.

The thickness of this diffusion dominated region
increases with overall stability number. A plot of the
measured diffusion thickness as a function of stability
number is shown in Fig. 8 for all of our heat-salt
experiments. Also shown in this figure are the thick-
nesses estimated from Shirtcliffe’s [4] profile measure-
ments in a transient salt-sugar experiment. While the
trends are similar the stability number levels for equal
thicknesses are substantially different for the two
systems. To distinguish that part of the difference due
to the difference in the experimental procedures one
next examines the implications of these observations.

1t appears that at these high stability numbers the
system can be divided into three regions: a central
diffusive region of thickness L through which heat and
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salt are transported by the local gradients in tempera-
ture and concentration and two bounding convective
regions where turbulent mixing takes place. Transport
through the convecting regions should depend on the
temperature and concentration differences across the
boundary layers bordering the central difiusive layer.

With this model of the system structure the thick-
ness of the diffusion region can be related to the heat
flux and temperature and concentration differences.
Assuming steady state conditions in which the vertical
fluxes of heat and salt are constant and also assuming
that the fluid properties are constant. one writes

AT,
Fu =K 2 (3)
and
Fo— 2 4
=D 4
for the diffusive region and
K
F” = /Vl(l T A’I; (5)
and
L, De
F(‘ = bth AC[ (6)

for the convective boundary layers. The bulk-to-bulk
temperature and concentration differences may be
expressed in terms of the changes in temperature and
concentration across the diffusive interface and
boundary layers as

and
ACr = ACL+2AC, (8)

for symmetric boundary layers. These equations can be
combined along with the definition of stability number
to yield

KAT, S)' 1‘,'5)'1 —1
L="20 T )
Fu p—
!\/’[l[

The same relation obtains for assymetric boundary
layers providing that the ratio Sh,/Nu, is the same for
both.
Veronis [11] found from theoretical considerations
that
Shy

= (10
1\/1([ )

V(Le)
for turbulent layers.

In the present experiments temperatures and con-
centrations in the well mixed regions of the convecting
layers were accurately measured and consequently Syr
was easily obtained. On the other hand, Sy, which
depends on the small differences in temperature and
concentration across the boundary layers could not be
reliably estimated by use of the profiles through the
thermocline. Slight variations in the point of departure
from the constant gradient region within the thermo-
cline did not significantly alter the estimate of L but
did change the value of Sy, completely.

It is possible to determine Sy, indirectly from the
measured data since

Le

Syi= ——— 11
n Shi/Nu; (I

/LFCKJ
BFuD, |

With equation (10) for the ratio of Sherwood to
Nusselt number for the boundary layer this expression
reduces to

(12)

BiFuD,

Turner found in his experiments that for Syr > 2 the
quantity in the brackets was essentially constant at
0.15. Using his reported value of 67 for the Lewis
number in equation (12) gives 1.23 for the boundary-
layer stability number. For Shirtcliffe’s salt-sugar
experiments the constant value of 0.6 for the flux ratio
corresponds to a boundary-layer stability number of
one. In the present experiments within the range
75 < Le < 110 the flux ratio based on gradient measure-
ments varied between 0.10 and 0.25 even when data
in the transient initial period of each run and following
large perturbations to the overall temperature and
concentration differences are neglected. The mean value
of the boundary-layer stability number calculated from
these data using equation (12} is 1.58 with a standard
deviation of 0.45.

Figure 9 gives a comparison between the measured
diffusion length and the prediction of equation (9) based
on a constant value of 1.58 for the boundary-layer stab-
ility number, square root of the Lewis number for the
ratio of boundary-layer Sherwood to Nusselt numbers
and the measured values of heat flux, overall tempera-
ture difference and overall stability number for each
data point. The correlation over the range 4 < Syr < 14

Sy = V/(Le)V“FCKJ.
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permeable boundary experiment compared
with that calculated from equation (9) using
the value of Sy, calculated at each point.

for this data is fairly good, but much better agreement
between measured and calculated values is obtained
by using the measured boundary-layer stability number
for each data point as shown in Fig. 10. In general,
higher values for boundary-layer stability number (flux
ratio} are observed at higher overall stability numbers,
but the scatter in the data indicates that a simple
correlation between these two variables is not appro-
priate. The diffusion thicknesses predicted by equation
() for Shirtcliffe’s salt-sugar system with Sh/Nu; =
3 and Sy;=1 are larger than the measured values
shown in Fig. 8. The discrepancy increases steadily
with increasing overall stability number from about
309, at the lowest stability number to over an order
of magnitude at the highest. When the fluxes based
on the gradients of concentration (rather than on the
change in concentration in the convecting regions) are
used to define the boundary-layer stability number the
agreement between the measured and calculated
thicknesses generally improves but the calculated value
remains consistently greater. The boundary-layer
stability number based on the gradient measurements
increases steadily with increasing overall stability
number from 0.87 to 1.73.
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Clearly, the Lewis number effect indicated by the
steady-state view of the interface is sufficiently strong
to account for the observed stability number depen-
dence of the diffusion thickness shown in Fig. &
Quantitative differences between the thicknesses ob-
served and predicted on the basis of the steady state
model may be due to the transient nature of the
experiments, particularly the salt-sugar experiments.

The upward migration of the interface noted in all
of our experiments indicates some assymetry in the
system, although equation (9} holds for assymetric
boundary layers as long as Sh/Nu; is the same for
both boundary layers. Several experiments were run in
the closed test section apparatus with the temperature
of one of the convecting layers deliberately mis-
matches with the temperature of the surrounding wall
to see if convection currents associated with sidewall
heat transfer in either the upper or lower layer might
be responsible for the observed rise. No change in
direction of migration and no apparent change in rate
could be observed during these runs.

CONCLUSIONS

Two quasi-steady experiments in layered thermo-
haline convection show that the interface between two
well-mixed convecting layers broadens as the overall
stability number S.ACt/B, ATy increases. These exper-
iments further indicate that heat and salt transport
through the central region of the interface is by
molecular diffusion. These results are in qualitative
agreement with Shirteliffe’s [4] findings for a salt-sugar
system. For comparable interface thicknesses, however,
much higher values of stability number are observed
in the heat-salt experiments.

A model of the interface at high stability numbers
based on observations consists of a central quiescent
diffusion region surrounded by two convecting bound-
ary layers. The observations interpreted on the basis
of the steady-state implications of this model suggest
that the thickness of the diffusive layer adjusts to
maintain conditions of near neutral stability across the
boundary layer, Sy; = 1.

Sufficiently significant deviations {rom neutral
boundary-layer stability are obtained, however, te
indicate that this parameter is not constant in interfacial
boundary layers.
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CONVECTION NATURELLE DES SOLUTIONS THERMOSALINES STRATIFIEES

Résume — Les résultats de deux expéricnces quasi-stationnaires de convection double en présence de
diffusion dans un fluide stratifié sont présentés et interprétés a I'aide d’un modéle stationnaire. Dans les
cxperiences, 1a chaleur et le sel s'¢lévent, transportés au travers de deux couches de convection horizontales
d’ean séparées par une thermocline. région a gradients de température et de concentration élevés. Lorsque
le nombre B AC/B, AT caractéristique de la stabilité de la thermocline s’accroit, la thermocline s'épaissit
et les flux de chaleur et de sel diminuent. On montre que ces deux caractéres du systéme thermosalin
sont compatibles avec un modeéle de conduction et de convection qui considere la thermocline comme
une région de conduction séparant deux couches limites de convection. On vérifie par voie expérimentale
le fait que la diffusion moléculaire est le processus de transport dominant dans la région centrale de la
thermocline. On a trouvé que P'épaisscur de la région de conduction varie avec les conditions aux limites
imposées de telle maniére que les conditions approchées de stabilite neutre soient maintenues a travers
les couches limites.

NATURLICHE KONVEKTION IN EINEM GESCHICHTETEN
THERMOHALINEN SYSTEM

Zusammenfassung —Die Ergebnisse von quasi-stationdren Versuchen bei geschichteter doppeldiffuser
Konvektion werden wiedergegeben und interpretiert in Form eines stationiren Modells. In den
Versuchen wurde Wirme und Salz nach oben transportiert durch zwei waagerechte Konvektionsschichten
aus Wasser, die durch eine Thermokline getrennt waren einem Bereich groBer Temperatur- und
Konzentrationsgradienten. Mit Zunahme der fiir die Stabilitdt der Thermoklinen charakteristischen Zah!
B-AC/B.AT wird die Thermokline dicker, und der Wirmeflul und der Transport von Salz nimmt ab.
Diese beiden Charakteristika des thermohalinen Systems erweisen sich als konsistent mit einem Leitungs-
Konvektions-Modell. das die Thermokline als einen Leitungsbereich darstellt, der zwei konvektive
Grenzschichten trennt. Es ist experimentell nachgewiesen, daB die molekulare Diffusion den dominierenden
Transportproze3 im Mittelbereich der Thermoklinen darstellt, Die Dicke der leitenden Schicht ist
veréinderlich mit den aufgeprigten Randbedingungen in der Weise, daB die Voraussetzungen einer nahezu
neutralen Stabilitdt tiber die Grenzschichten hinweg erhalten bleibt.

CJIIOUCTAS TEPMOT'AJIMHHAS ECTECTBEHHAS KOHBEKLW A

AnmoTauus — IlpeacTasneHbl pe3ynbTathl ABYX KBa3HCTALIMOHAPHBIX 3KCHEPHMEHTOB MO CIIOHCTOM
KOHBEKLHH 6¥HAPHOM CMECH, KOTOPBIE AHANH3UPYIOTCA Ha OCHOBE CTauHoHapHO#t moaenu. B akcrepu-
MEHTaX TeIIO ¥ COJb NEPEHOCHIIMCHL KOHBEKIMEH BBEPX uepe3 /iBa TOPH3OHTANBHBIX C/IOS BONBL,
pasieneHHBIX TEPMOKIHHOM — obnacThio GONBHIAX TEMIEPATYPHBIX M KOHUCHTPALMOHHBIX Ipa-
nuentos. [1o Mepe Toro, kak kputepuil ycroitunsoct tepmokiuna Se AC/B: AT sospactaer, Tep-
MOKJIMH CTAHOBHTCA TOJILIE, M NIOTOKHM TEIUIA H CONIH yMeHbIualoTcs, T1oka3ano, YTO 3TH ABE Xapak-
TEPHCTHKH TEPMOTaIMHHON CHCTEMBI COT/IACYIOTCS C KOHAYKTHBHO-KOHBEKTHBHOM MOIENBIO, KOTOPAs
paccMaTpUBAET TEPMOKIIMH, Kak 00JacTh TEMIONPOBOAHOCTH, Pa3zNesIoyIO NBA KOHBEKTHBHBIX
NOTPaHUYHbIX C0f. DKCHEPHMEHTABHO NONTBEPKAACTCH, 4TO B HEHTPANLHON YACTH TEPMOKJIHHA
npeobnanaet nepeHoc 3a cuér monekyaspHoi nuddysnn. Haigeno, yto tonuuna obnactu Tenio-
OPOBORHOCTH H3IMEHACTCH C 3MEHCHAEM TPAHHYHEIX yCNoBHHE TakuM obpasom, 4ToBsl B norpanuy-
HBIX C0MX COXPaHUTEL YCIOBHSA, Onu3kue K HellTpanbHol yCTOHMHBOCTH.,



