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Abstract

An experimental study was carried out to investigate the mixing process of a two-layer stratified fluid in a
laterally heated enclosure. Due to the lateral heating of the enclosure, a circulating flow is induced in each layer
such that the interface separating the layers is simultaneously exposed to destabilizing shear and double diffusive
convection. The main goal of this work is to investigate the role of the interfacial instabilities in the mixing process
of the two-layer system. The experiments were carried out in a box with inner dimensions of 10 x 10 x 10 cm. Two
sidewalls of the box were made of stainless steel and served as heat exchangers, and the two other sidewalls were
made of optical glass to facilitate flow visualization. The criterion for the onset of interfacial instabilities and the
mixing time of the system were studied experimentally. The results show that when the flow adjacent to the interface
is unstable, it is characterized by intense vortices and the mixing time is relatively short. On the other hand, when
the interfacial flow is stable, no vortices exist at the interface and the mixing time is much longer. © 1999 Elsevier

Science Ltd. All rights reserved.

1. Introduction

Double-diffusive convection phenomena can arise in
fluids due to the presence of gradients of two proper-
ties, with different molecular diffusivity, which make
opposite contributions to the density distribution
within the fluid. For a comprehensive review of
double-diffusive convection see Turner [1,2], Huppert
and Turner [3] and Turner [4].

One of the fundamental double-diffusive systems is a
two-layer solute-stratified fluid in a laterally heated
enclosure. The interest in this system stems mainly
from the fact that the interface separating the layers is
a basic element of more complicated double diffusive
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multi-layered systems. For example, when a continuous
stable solute gradient is subjected to a lateral tempera-
ture gradient [5] an array of convective layers separ-
ated by density interfaces is formed. Under certain
conditions the layers undergo a sequence of merging
events in each of which two adjacent layers merge into
one thicker layer. Merging processes in such a system
were studied by, e.g., Wirtz and Reddy [6], Tanny and
Tsinober [7,8], Schladow, Thomas and Koseff [9] and
Kranenborg and Dijkstra [10].

Evidently, the merging process is controlled by the
conditions at the interface separating the layers.
Consequently, several research works were focused on
the behavior of a single salinity interface in a laterally
heated fluid. Bergman and Ungan [11] studied exper-
imentally the behavior of a two-layer system destabil-
ized by lateral heating and cooling in a box. They have
identified several stages in the evolution of the system
towards complete mixing. Initially, the two nearly uni-
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Greek symbols

o coefficient of thermal expansion

p coefficient of solutal contraction

K coefficient of heat diffusivity
kinematic viscosity

T non-dimensional time

Subscripts

c critical

m mixing

1 top layer

2 bottom layer

Nomenclature

A, H/L—aspect ratio of the enclosure
AC initial concentration difference between the two layers
D coeflicient of solute diffusivity

g acceleration due to gravity

H height of the fluid

L width of the enclosure

Ra gaATL? Jvk — Rayleigh number
R, PAC/aAT — buoyancy ratio

t dimensional time

AT lateral temperature difference

form layers are thermally driven and behave somewhat
independently. As salt is transferred across the inter-
face, the stabilizing effect of the salinity difference is
decreased and complicated flow structure is observed
at the interface. In the final stage the stabilizing sal-
inity gradient becomes small, which allows the thermal
boundary layers at the heated and cooled side walls to
penetrate the interface and mix the whole system.
Bergman and Ungan [11] pointed out that the interface
is simultaneously exposed to shear instability due to
the circulation in each layer, and to double-diffusive
instability due to the stabilizing and destabilizing verti-
cal solute and temperature gradients, respectively.
Using the liquid-crystal flow visualization technique,
they observed waves which may be induced by shear
instability at the interface, and a central vortex, just
before the system was completely mixed.
Quantitatively, Bergman and Ungan [11] measured
the mixing time associated with layer merging and cor-
related the time-averaged interfacial salt transport with
the non-dimensional parameters governing the prob-
lem. In particular, they have shown that for a given
buoyancy ratio (defined as the ratio between the
stabilizing density step due to salinity and the lateral
destabilizing density difference due to temperature), the
non-dimensional mixing time decreases as the lateral
thermal Rayleigh number is increased. For a given
thermal Rayleigh number, the mixing time increases

with the buoyancy ratio. The time-averaged interfacial
salt transport was found to increase with the thermal
Rayleigh number.

Recently, Hyun and Bergman [12] reported a nu-
merical simulation of the above phenomenon. The
results indicated two mechanisms that lead to the
destruction of the salinity interface. At low lateral ther-
mal Rayleigh numbers thermal convection erodes
saline water from the interface and folds it into the
convective layer. At higher Rayleigh numbers, salt
plumes are torn from the interface, carried by the ther-
mal convection and then, reinforced by the thermal
buoyancy, they bombard the interface. The mixing
time estimated on the basis of the simulation was in
approximate agreement with that measured in exper-
iments performed by Hyun and Bergman [12].

Using the shadowgraph technique Kamakura and
Ozoe [13] were able to observe the appearance of
waves at the interface, followed by rapid mixing of the
two layers. In their experiments, as well as in the ex-
periments by Bergman and Ungan [11], the interface
was observed to migrate upwards with time.
Kamakura and Ozoe [14] suggested that the observed
upward migration of the interface is due to the vari-
ation of fluid properties with temperature; a numerical
simulation they performed for a fluid with tempera-
ture-dependent properties supported this conjecture.

From the above review it appears that in the existing
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Fig. 1. A schematic view of the experimental apparatus.

literature various mechanisms were suggested for the
mixing process of the two-layer stratified fluid. These
mechanisms include waves or plumes at the interface,
interface migration and penetration of wall boundary
layers. However, the effect of interfacial instabilities on
the mixing process was not addressed. The aim of the
present work is to investigate the criterion for the
onset of instabilities at the interface, and to study their
role in the mixing process. We first illustrate the quali-
tative effect of these instabilities on the mixing process
by discussing two experiments, under different physical
conditions. Then we present the criterion for the onset
of the interfacial vortices and the mixing time of the
system.

2. Experimental set-up and procedures

The experimental apparatus is shown in Fig. 1. In
the following, the numbers in parentheses, indicate the
item number in Fig. 1. The experiments were carried
out in a box with inner dimensions of 10 x 10 x 10 cm.
Two side walls (1) of the box were made of stainless
steel and were provided with passages (2) through
which water from two constant-temperature baths (4)

could circulate. The two other side walls were made of
optical glass to facilitate schlieren flow visualization.
The metal side walls and the top and base of the box
were insulated using Styrofoam plates. The optical
glass side walls were insulated by transparent thermal
insulation units (3), each consisting of air-filled, optical
glass box. The temperature of each side wall was
measured by five miniature thermocouples (11) type T,
inserted into holes from the back side of the metal
wall. The output of the thermocouples was recorded
and linearized every 2 min during the experiment,
using a data acquisition system (12) consisting of an
A/D card, a multiplexer and a 486 PC.

The flow was visualized using a Schlieren system
consisting of two spherical mirrors (6), 15.24 cm in di-
ameter and 152.4 cm in focal length, a white light
source (5) and a knife edge (7). The system was set up
such that the circular parallel beam was passed hori-
zontally through the tank. The output of the schlieren
system was imaged by a CCD camera (8), and was dis-
played on a monitor (10) and also recorded by a time-
lapse VCR (9) for later reviewing.

In a few experiments, vertical concentration and
temperature profiles were measured by a micro-scale
conductivity/temperature instrument (MSCI, Precision
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Fig. 2. A Schlieren view of the stable interface in experiment A. A similar view was obtained during earlier stages of this exper-
iment. The interface is slightly inclined due to the lateral temperature difference.

Measurement Engineering, CA, USA). The sensor was
traversed vertically through the stratified fluid at a
constant speed of 0.025 cm/s, measuring the conduc-
tivity and temperature each 0.125 cm. This resulted in
64 data points over 8 cm out of the total fluid depth of
9.2 cm. Data were always recorded while the probe
was traversed downwards, with the sensor ahead of the
probe holder, to minimize any disturbance at the
measured region. The measurements were done at the
center of the box, i.e., at a distance of 5 cm from the
cool or warm side-walls. The MSCI was calibrated
before each experiment against aqueous solutions of
five different concentrations and two different tempera-
tures. The output voltage of the sensor was translated
to concentration using the local measured temperature
and the relations for aqueous NaCl solution given by
Head [15].

The two-layer stratified system was established by
initially filling the tank with a lower layer of aqueous
salt (NaCl) solution of the higher concentration. Then,
an upper layer of fresh water was poured carefully
(using a wooden float). The two layers had the same
depth of 4.6 cm. After filling the tank, the system was
allowed to rest for about 5 min before the start of the
experiment.

The lateral prescribed temperature difference was
applied almost instantaneously by raising and lowering
the temperatures of the side walls, and was kept con-
stant throughout the experiment. The temperature of
each side wall was found to be uniform within +0.5°C.
Each experiment continued until the two-layer strati-
fied fluid was mixed through the ‘catastrophe’ stage
(see Section 3.2).

3. Results and discussion
3.1. Governing parameters

Before describing the experimental results, we intro-
duce the non-dimensional parameters that govern the
flow under study. The lateral temperature difference,
AT, is represented by the thermal Rayleigh number:

_goA TL?
T vk

Ra , (1)
where g is the acceleration due to gravity, o is the coef-
ficient of thermal expansion, L is the box width (dis-
tance between warm and cool side walls, see Fig. 1), v
is the kinematic viscosity and «k is the coefficient of
thermal diffusion. The ratio between the stabilizing
effect of solute concentration and the destabilizing
effect of the temperature gradient is represented by the
overall buoyancy ratio:

R, = ﬁA—C 2

oAT
where f is the coefficient of solutal expansion and
AC = C, — C; (see Fig. 1) is the initial concentration
difference between the two layers.

The geometry of the problem is governed by the
aspect ratio of the box, A, = H/L, where H is the
height of the fluid. The present experiments were car-
ried out with two layers of equal thickness (4.6 cm
each) such that H=9.2 cm and 4, = 0.92.

The physical properties of the fluid were estimated
at the mean temperature and concentration in the sys-
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Fig. 3. A Schlieren view of the field of salt-fingers at the ‘catastrophe’ stage at the end of experiment A.

tem, using the data given in Ruddick and Shirtcliffe
[16], Weast [17] and Batchelor [18].

3.2. Qualitative observations

To illustrate the role of the instability phenomena in
the mixing process, we present characteristic flow pat-
terns observed during two experiments with the same
concentration difference, AC=0.2%wt, but with differ-
ent lateral temperature differences, AT=2°C and 10°C
(hereafter denoted as experiments A and B, respect-
ively). The corresponding values of the non-dimen-

20 mum

sional parameters for these experiments are: Raa =3.96
x 107, R,2=2.71 and Rag=1.75 x 10%, R,3=0.59.

In experiment A, a slow circulating flow within each
layer could be observed by the schlieren technique.
The interface region was stable and only after 16 h a
very faint disturbance could be sometimes observed
moving along the interface. A photograph illustrating
the interface approximately at this time (17 h) is
shown in Fig. 2. The interface is observed to be stable
since the disturbance was so faint that it could not be
reproduced on the hardcopy. After about 19 h, rows
of faint disturbances could be sometimes observed,

Exp. B; t=6 min |

Fig. 4. The vortices at the interface in experiment B. The vortices above the interface move to the right, towards the warm sidewall
while the vortices below the interface move towards the left sidewall. The motion of the vortices is caused by the circulating flow

within each layer.
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Fig. 5. Vortices at the interface in a later stage of experiment B. In this experiment, the interfacial vortices persisted throughout the

experiment.

and the two layers were mixed, through a ‘catastrophe’
stage, after about 22 h. The ‘catastrophe’ stage was
characterized by the breakdown of the interface near
the warm sidewall, followed by a relatively rapid
downwards migration of the interface. Along with the
interface migration, salt fingers gradually filled the
box, as shown in Fig. 3.

In experiment B, on the other hand, instability in
the form of well organized, intense vortices was
observed about 6 min after the start of heating and
cooling (see Fig. 4). The vortices were moving along

20 ram

the interface and persisted throughout the experiment
as shown in Fig. 5 at 120 min. In experiment B, the
lateral temperature difference was larger than that in
experiment A. The increased temperature difference
simultaneously affects the two instability mechanisms
operating in the system. First, it intensifies the circulat-
ing flow within each layer, thus increasing the velocity
gradients across the interface and across each layer.
The increased vertical gradients of the horizontal vel-
ocity can drive interfacial shear instability. The second
effect of the lateral temperature difference is to increase

Warm
Sle
Vall

Fig. 6. The onset of the final ‘catastrophe’ stage in experiment B. The vortices disappeared from the lower part of the interface and

salt-fingers start to fill the upper layer.
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Fig. 7. The field of salt-fingers as observed by the Schlieren technique after the interface migrated downwards at the end of exper-
iment B. A remnant of the interface can be observed at the lower part of the picture.

the vertical temperature gradient across the interface.
The interfacial layer is exposed to vertical stabilizing
and destabilizing concentration and temperature gradi-
ents respectively. When the latter becomes large
enough, double diffusive instability can occur. The
interfacial vortices observed in Figs. 4 and 5 are gener-
ated by these shear and double diffusive instability
mechanisms. The motion of the vortices above and
below the interface in opposite directions is caused by
the circulating flow in each layer.

The ‘catastrophe’ in experiment B started at about
145 min. At this stage, fluid from the bottom layer
penetrated through the interface, near the warm side-
wall, into the upper layer, as shown in Fig. 6. This
event had two significant effects on the flow field: (i)
the circulation in the bottom layer almost ceased and
hence, the vortices at the lower side of the interface
disappeared; (ii) the fluid penetrating from the bottom
layer, which is saltier, but warmer and hence lighter
than the top-layer fluid, reached the top of the upper
layer. This situation was conducive to the formation of
salt-fingers in the right side of the upper layer, as
observed in Fig. 6. The ‘catastrophe’ in experiment B
almost completed at +=163 min, when the interface
migrated downwards, the two layers mixed, and salt
fingers filled the whole box, in a similar way as in ex-
periment A. The field of salt fingers at the end of ex-
periment B is shown in Fig. 7.

3.3. Concentration and temperature profiles

In order to illustrate the structure of the flow, we
show a few examples of concentration and temperature

profiles measured in an experiment in which no vor-
tices existed at the interfacial region. The physical con-
ditions of this experiment were: Ra=291 x 108,
R,=6.55. The initial concentrations of the top and
bottom layers were 0 and 4%wt, respectively. The tem-
peratures of the cool and warm sidewalls were 9.7 and
28.6°C, respectively, and were kept constant during the
experiment which lasted 37 h.

Fig. 8a—c shows vertical concentration (left) and
temperature (right) profiles at =892, 1199 and
1495 min, respectively. It is observed that the concen-
tration is uniform within each layer, indicating on the
efficient mixing of the circulating flow in each of the
layers. The concentration difference decreases with
time due to upward transport of salt across the
double-diffusive interface. The temperature is essen-
tially linear in each layer, reflecting the natural convec-
tion circulating flow in each layer. Both temperature
and concentration profiles suggest that at this stage of
the experiment the interface migrated upwards.
However, the final ‘catastrophe’ stage was associated
with a downwards migration of the interface, as
observed in experiment A above.

3.4. The criterion for the onset of the interfacial vortices

Due to the upwards salt transport, the concentration
difference across the interface, and hence R,, decreases
with time, as was observed in Fig. 8. Thus, every ex-
periment which starts without vortices (like experiment
A above) can eventually reach unstable conditions,
and vortices may appear at a later stage during the ex-
periment. Indeed, this was the situation in part of the
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Fig. 8. Examples of vertical concentration (left) and temperature (right) profiles of the two layer stratified fluid. Experimental con-
ditions are: AC=4%wt, AT=18.9°C, Ra=2.91 x 108, R,=6.55. (a) t=892 min; (b) =1199 min; (c) 7= 1495 min.

experiments performed in this study. In the following,
however, we distinguish between stable and unstable
experiments, according to the initial conditions in the
experiment and therefore, the buoyancy ratio, R,, is
estimated using the initial value of AC.

The observations described in Section 3.2. suggest
that the appearance of vortices at the start of the ex-
periment depends on the values of the governing par-
ameters. We performed a series of 27 experiments with
various conditions to study this phenomenon. The
results are presented in Fig. 9 where, for each exper-
iment, the value of Ra is plotted as a function of the
initial value of R,. The experiments can be classified
into two major categories: unstable experiments with
vortices (marked x) and stable experiments without
vortices (marked o). In few experiments, denoted as
transition (marked +), only very faint vortices
appeared at the interface for short periods of time
during the experiment. One experiment was performed

with a very small R,=0.27 (highly unstable, marked *)
and was characterized by a very rapid overturning of
the interface without the appearance of vortices.

As suggested above, the appearance of vortices at
the interface is an instability phenomenon. The cri-
terion of this instability can be deduced by identifying
the boundary between stable (1o vortices) and unstable
(vortices) experiments. The solid line in Fig. 9, indicat-
ing this boundary, has a slope of 1.28, suggesting that
the criterion is:

Ra. = 10°% x R}*®. (3)
It is observed in Fig. 9 that for a given buoyancy
ratio, R,, the interfacial flow can be stable or unstable,
depending only on the value of Ra. This observation
implies on the role of the shear instability mode, since

the lateral AT (ocRa) induces the circulating flow in
each layer. On the other hand, it is observed that for a
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Fig. 9. The lateral Rayleigh number, Ra, as a function of the initial
boundary between stable (below) and unstable (above) experiments.

given Ra, the interfacial vortices disappear as R, is
increased. Hence, AC has a stabilizing effect on the
flow adjacent to the interface.

The present results can be compared with the results
of Bergman and Ungan [11] for a box of width
L=10 cm, and an aspect ratio A4, =1 (their exper-
iments D, E, F and M). It should be recalled that our
experiments were performed with a slightly different
aspect ratio 4,=0.92. The results of Bergman and
Ungan [11] are represented in Fig. 9 by the triangle
symbols (V). Their data points are located near and
above the solid line of Fig. 9, in the regions of tran-
sition and unstable experiments. This suggests that the
waves that they observed near the interface correspond
to the vortices observed in our experiments by the
Schlieren technique.

3.5. The mixing time of the two-layer system

An important characteristic of the two-layer system
is its lifetime, or, the time until mixing of the two
layers is completed. In this work we defined the mixing
time as the time elapsed from the start of the lateral
heating until the whole fluid was filled with salt fingers
(Fig. 3). The mixing time, #,, was normalized with a
characteristic time scale, L>/D, where D is the coef-
icient of solute diffusivity and L is the enclosure width.

buoyancy ratio, R,. The solid line represents the approximate

The time scale is chosen with the coefficient of solute
diffusivity (and not the heat diffusivity) since mixing of
the two layers is associated with the approach of AC
to zero [11].

The results of the mixing time are presented in Fig.
10, for 25 experiments out of the 27 performed in this
work. It is observed in Fig. 10 that the mixing time for
the stable (no vortices—marked ‘0’) experiments is, in
general, larger than that for the unstable (vortices—
marked ‘x’) experiments. This finding can be explained
by the enhanced transport of heat and solute across
the interface due to the vortices in the unstable exper-
iments. It is in agreement with the result by Bergman
and Ungan [11] that for a given R,, the mixing time
decreases as Ra is increased.

Straight lines were fitted to the data points in Fig.
10 using the least squares method. The solid line, fitted
to the results of the unstable experiments, has a slope
of 1.3. The dashed line, fitted to the results of the
stable experiments, has a slope of 0.72. Thus, the non-

P>

dimensional mixing time, 71, =D - t,,,/L2 can be
expressed as:

T =0.0025 x R}’ S
for the unstable experiments, and

T = 0.0055 x R)"? )
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Fig. 10. The non-dimensional mixing time as a function of the initial buoyancy ratio, R,. The dashed line is fitted to the results of
the stable experiments while the solid line to the results of the unstable experiments.

for the stable experiments. The accuracy of the mixing
time measurement was estimated as +2 min. For the
unstable experiments this can change the slope of the
curve by no more than +0.8%. For the stable exper-
iments, the maximal possible change of the curve slope
is +£0.3%.

The difference between the slopes of the two curves
in Fig. 10 suggests that the transport process across a
stable interface is essentially different from the trans-
port process across an unstable interface. In both cases
however, the mixing time increases with the buoyancy
ratio R,. If AC is increased or AT is decreased (i.e., R,
is increased), the intensity of convection in the system
is decreased. Consequently, the rate of salt transport
across the interface is reduced and the two-layer sys-
tem has a longer lifetime.

The mixing time obtained in our experiments can be
compared with that measured by Bergman and Ungan
[11] (see Section 3.4). Their results are represented on
Fig. 10 by the triangle symbols (V). It is observed that
their non-dimensional mixing time is in approximate
agreement with the mixing time of the unstable exper-
iments (solid line of Fig. 10) of our study. This sup-
ports the observation of Fig. 9, that their experiments
were associated with instabilities at the interface
region.

4. Concluding remarks

An experimental study was carried out on the mix-
ing of a two-layer stratified system in a laterally heated
enclosure. The following conclusions can be drawn
from the results of the experiments.

e The appearance of vortices at the interface separ-
ating the layers is an instability phenomenon.

e The critical Rayleigh number for the onset of inter-
facial instabilities increases with the buoyancy ratio
of the system.

e For a given R, the non-dimensional mixing time for
stable experiments is larger than that for unstable ex-
periments.

e For both stable and unstable conditions, the non-
dimensional mixing time increases with the buoy-
ancy ratio of the system.
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