
International Journal of Heat and Mass Transfer 48 (2005) 4926–4941

www.elsevier.com/locate/ijhmt
The structure of a double-diffusive interface
in a laterally heated enclosure

J. Tanny a, R. Dviri b, A. Svizher b, J. Cohen b,*

a Institute of Soil, Water and Environmental Sciences, Agricultural Research Organization, Volcani Center, P.O. Box 6,

Bet Dagan 50250, Israel
b Faculty of Aerospace Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel

Received 26 April 2004; received in revised form 26 January 2005
Available online 15 August 2005
Abstract

Experiments are carried out to investigate the structure of a double diffusive interface separating two layers in a lat-
erally heated enclosure. Due to the differential heating of the enclosure sidewalls, a circulating flow is induced in each
layer such that the interface is simultaneously exposed to a velocity shear and double diffusive convection. The main
goal of this work is to study the structure of the interface and some of its instability characteristics. The experiments
are carried out in a box with inner length, width and height dimensions of 100 · 100 · 92 mm. The velocity field at the
vicinity of the interface is measured by a PIV system. Vertical concentration and temperature profiles are measured
using a micro-scale conductivity/temperature instrument and the flow is visualized using the schlieren technique. Anal-
ysis of mean horizontal velocity profiles, obtained at different times during the experiment, illustrates the increasing tilt
of the interface with time. Spectral analyses of velocity perturbations under unstable and stable conditions confirm the
existence of the coherent vortices observed by the schlieren technique. The vortices above and below the interface are
associated with different dominant frequencies due to the asymmetric character of the flow. Measurements show that
the vortices are generated outside the region of the stabilizing concentration profile by a mechanism, which is essentially
thermal and similar to Rayleigh–Bénard instability with weak shear.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The interface separating two layers of a solute-strat-
ified fluid in a laterally heated enclosure is one of the
fundamental double-diffusive systems. The interest in
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this system stemmed mainly from the fact that this inter-
face is a basic element of more complicated double-
diffusive multi-layered systems. For example, when a
continuous stable solute gradient is subjected to a lateral
temperature gradient (e.g., [1]) an array of convective
layers separated 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 [2],
ed.
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Nomenclature

Ar = H/L aspect ratio of the enclosure [–]
DC concentration difference between the two

layers [wt.%]
f disturbance frequency [Hz]
g acceleration due to gravity [mm/s2]
H height of the fluid [mm]
L width of the enclosure [mm]
Ra = gaDTL3/mj Rayleigh number [–]

Rabot ¼ gaDT botd
3
bot

mj local Rayleigh number of the layer
with positive density gradient below the
interface [–]

Rq = bDC/aDT buoyancy ratio [–]
Rql ¼ bDC

aDT i
local buoyancy ratio [–]

St = fdm/Um Strouhal number [–]
t time [min]
DT lateral temperature difference [�C]
DTbot vertical temperature difference across the

layer of positive density gradient below the
interface [�C]

DTi vertical temperature difference across the
interface [�C]

u instantaneous horizontal velocity [mm/s]
U mean horizontal velocity [mm/s]
Umax maximum horizontal mean velocity (positive

value) [mm/s]
Umin minimum horizontal mean velocity (nega-

tive value) [mm/s]
Um the largest absolute value between Umax and

Umin [mm/s]
v instantaneous vertical velocity [mm/s]
V mean vertical velocity [mm/s]
Xd dimensional horizontal distance [mm]

Y Yd � Yvi [mm]
Yd dimensional vertical distance [mm]
YT Yd � Yti [mm]
Yti vertical location of temperature interface

[mm]
Yvi vertical location of velocity interface [mm]
Yvm vertical location in the outer region where

U = 0.5Um [mm]
Yvmax vertical location of maximum velocity [mm]
Yvmin vertical location of minimum velocity [mm]

Greek symbols

a coefficient of thermal expansion [1/�C]
b coefficient of solutal contraction [1/wt.%]
dbot = (dT)bot � (dC)bot the thickness of the layer

with positive density gradient below the
interface [mm]

dC the thickness of the inner concentration gra-
dient layer [mm]

dT the thickness of the inner temperature gradi-
ent layer [mm]

(dC)bot the thickness of the inner concentration gra-
dient layer below the center of the interface
[mm]

(dT)bot the thickness of the inner temperature gradi-
ent layer below the center of the interface
[mm]

dm jYvm � Yvij [mm]
d05 total interface thickness [mm]
j coefficient of heat diffusivity [mm2/s]
m kinematic viscosity [mm2/s]
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Tanny and Tsinober [3,4], Schladow et al. [5] and Kra-
nenborg and Dijkstra [6]. While the above studies
mainly considered the two-dimensional nature of the
problem, Chan et al. [7] have recently explored three-
dimensional effects in convection layers generated by lat-
eral heating of a linear solute profile.

Evidently, the merging process is controlled by the
conditions at the interface separating the layers. Conse-
quently, several research works were focused on the
behavior of a single salinity interface in a laterally
heated fluid. Bergman and Ungan [8] studied experimen-
tally the behavior of a two-layer system destabilized by
lateral heating and cooling in a box. They pointed out
that the interface is simultaneously exposed to shear
instability due to the co-rotating circulation in each
layer, and to double-diffusive instability due to the stabi-
lizing and destabilizing vertical solute and temperature
gradients, respectively. Using the liquid-crystal flow
visualization technique, they observed waves, which
might have been induced by shear instability at the inter-
face, and a central vortex, just before the system was
completely mixed. Using the shadowgraph technique
Kamakura and Ozoe [9] 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 experiments by Bergman and Ungan [8], the inter-
face was observed to migrate upwards with time.

Nishimura et al. [10] studied the above phenomenon
in three enclosures of different sizes, but of fixed aspect
ratio (height/width) of Ar = 1.25 and depth of 170 mm.
Using laser-induced fluorescence and particle paths visu-
alization techniques, they were able to observe vortices
within the interface and its tilting before the complete
mixing of the system. They also reported the mixing time
of the system in terms of the different physical parame-
ters that govern the flow. The mixing time increased with
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the initial concentration difference between the two lay-
ers and decreased with increasing the lateral temperature
gradient. In a later study, Nishimura et al. [11] used li-
quid-crystal particles and the Rhodamine B dye to study
the flow structure at the interface. They observed travel-
ing plumes that ascend and descend from above and be-
low the interface into the mixed layers. The plumes
exhibited a three-dimensional flow structure. Measure-
ment showed that the spacing (in the span-wise direc-
tion) and frequency of the plumes decrease and
increase, respectively, nearly linearly with the lateral
temperature difference. Nishimura et al. [12] also studied
the solute transfer across the interface using a conductiv-
ity–temperature sensor especially developed for that
study. The Sherwood number (the non-dimensional
mass transfer coefficient) was found to increase with
the lateral Ra number and to decrease with the buoy-
ancy ratio.

Tanny and Yakubov [13] carried out an experimental
study in which the stability of the flow adjacent to the
interface was examined and the associated mixing time
of the two-layer system was measured. Their study re-
vealed that the interfacial flow can be stable or unstable
and the stability criterion was determined experimen-
tally in terms of the governing parameters of the prob-
lem. Using the schlieren flow visualization technique,
they showed that under unstable conditions the flow
was characterized by the existence of vortices, moving
along the interface above and below it (see Fig. 3 below).
On the other hand, under stable conditions no vortices
were observed.

All the above studies considered the case in which the
two layers were of equal depth. Recently, Tanny and
Yakubov [14] studied the effect of variable layer-depth
ratio on the time until complete mixing of the system
is reached. They found strong effect of the initial layer-
depth ratio on the mixing time.

From the above review it appears that in the existing
literature various mechanisms are suggested for the
instability and mixing processes of the two-layer strati-
fied fluid. These mechanisms include: vortices within or
outside the interface; waves or plumes at the interface;
interface migration and penetration of wall boundary
layers (as was observed by Tanny and Yakubov [13],
see their Fig. 6). The experimental stability analysis by
Tanny and Yakubov [13] clearly indicated that the
appearance of vortices above and below the inter-
face considerably shortened the mixing time of the
system by enhancing the solute transport across the
interface.

Still, the mechanism that dominates the onset of
interfacial instability and the consequent appearance of
vortices, plumes or waves was not identified. As yet, it
is not known whether it is the velocity shear across the
interface, the velocity shear above and below it (as
would be implied by the observations of vortices or
plumes moving above and below the interface [12–14]),
the opposing temperature and concentration gradients
across the interface which are conducive to thermal or
double diffusive convection, or some combination of
all these mechanisms. As a first step to elucidate this is-
sue and to enable a future stability analysis of the inter-
face, we report in this paper on detailed measurements
of the structure of the flow, namely, we present the
velocity field and the temperature and concentration
profiles at and around the interface. Also presented are
some characteristics of the flow stability derived from
spectral analysis of the velocity field and a series of tem-
perature and concentration profiles measured under a
variety of physical conditions. A possible instability
mechanism is finally discussed.
2. Experimental set-up and procedures

The experiments were carried out in a box (see Fig. 1)
with inner length, width and height dimensions of 100,
100 and 92 mm, respectively. Two sidewalls of the box
were made of stainless steel and were provided with pas-
sages through which water from two constant-tempera-
ture baths could circulate. The two other sidewalls were
made of optical glass to facilitate schlieren flow visuali-
zation and PIV measurements. The metal sidewalls and
the top and base of the box were insulated using Styro-
foam plates. The optical glass sidewalls were insulated
by transparent thermal insulation units, each consisting
of air-filled, optical glass box. The temperature of each
sidewall was measured by 5 miniature thermocouples
type T, inserted into holes from the backside of the
metal wall.

The flow was visualized using a schlieren system
(Fig. 1b) consisting of two spherical mirrors, 15.24 cm
in diameter and 152.4 cm in focal length, a white light
source and a knife-edge. The system was set up such that
the parallel beam was passed horizontally through the
optical windows of the tank. The output of the schlieren
system was imaged by a video camera and recorded by a
VCR for later reviewing.

Vertical concentration and temperature profiles were
measured by a micro-scale conductivity/temperature
instrument (MSCI, Precision Measurement Engineering,
CA, USA). The sensor was traversed vertically through
the stratified fluid (Fig. 1a) using a traversing system.
Readings at a sampling rate of 100 Hz were done at each
station over a period of 10.24 s. Data were always re-
corded 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 50 mm from the cool and warm sidewalls. The MSCI
was calibrated before each experiment against an aque-
ous solution of the maximum concentration and against



Fig. 1. Schematic views of the experimental apparatus. (a) Side view of the box with the temperature/concentration (MSCI) sensor. C1

and C2, represent the different concentrations of the two layers. (b) Top view of the box and the schlieren visualization system. (c) Side
and top views of the box illustrating the PIV system.
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two different temperatures covering the expected tem-
perature range of the experiment. The output voltage
of the sensor was translated to concentration using the
local measured temperature and the relations for aque-
ous NaCl solutions given by Head [15].

Velocity field measurements were carried out using
the PIV (Particle Image Velocimetry) technique. A laser
light sheet was passed through the transparent bottom
of the box illuminating the vertical mid-plane, normal
to the heated and cooled sidewalls (Fig. 1c). For that
purpose a thin slit was made in the bottom insulating
Styrofoam plate. The light sheet was produced by
deflecting a shuttered Argon-ion laser beam on a rotat-
ing polygon mirror (whose speed was computer con-
trolled) so that it would trace a rectilinear sweep,
1.5 mm thick, over the region of interest. The illumi-
nated plane was imaged from the side on a double
frame cross-correlation CCD camera. Each pair of
high-intensity sweeps exposed two individual frames,
which were subsequently processed with a cross-correla-
tion algorithm to produce vector maps of the flow field.
The actual field of view of the PIV system was a rectan-
gle of approximately 22 mm height and 16 mm width.
Each sample set consisted of 200 images taken during
a total sampling time of 200 s (1 Hz sampling rate).
The PIV experiments utilized 10–20 lm silver-coated
hollow glass spheres, which on average are slightly hea-
vier than pure water and have a density that increases
with particle diameter. An estimate of the error induced
on the PIV measurements by the variation of the refrac-
tive index inside the interface is briefly discussed in
Appendix A.

The two-layer stratified system was established by
initially preparing two aqueous salt (NaCl) solutions
of the prescribed concentrations in two separate beakers
and seeding each of them with the glass spheres. Parti-
cles with density different from that of the corresponding
solution were either settled down or floated up and even-
tually removed from the beakers.

The tank was first filled with the lower layer of aque-
ous solution of the higher concentration. Then, the
upper layer of the lower concentration was poured care-
fully on the lower one (using a wooden float). The two
layers had the same depth of 46 mm. After filling the
tank, the system was allowed to rest for about 5 min
before the start of the experiment.



4930 J. Tanny et al. / International Journal of Heat and Mass Transfer 48 (2005) 4926–4941
In most experiments, the prescribed wall tempera-
tures were set in advance in the two circulation baths.
To start an experiment, the lateral temperature differ-
ence was applied almost instantaneously by opening
valves that allow the bath fluid to circulate into the pas-
sages of the sidewalls. Apart from an initial short tran-
sient period of about 3 min, the temperature difference
was almost constant throughout the experiment. The
temperature of each sidewall was found to be uniform
within ±0.25 �C. In part of the experiments the temper-
ature difference between the sidewalls of the enclosure
was increased stepwise with time, from 3 �C up to
24 �C, by adjusting the temperatures of the circulating
baths. After each temperature adjustment the flow was
allowed to reach quasi-equilibrium during a period of
about 15 min and at each quasi-equilibrium state, tem-
perature and concentration profiles were measured using
the MSCI.

Due to technical constrains, it was impossible to
simultaneously measure the velocity field with the PIV
system and the concentration and temperature profiles
with the MSCI sensor. Therefore some experiments were
conducted twice, once using the MSCI along with schlie-
ren flow visualization and once using the PIV. Earlier
experience [13,14] proves that very good repeatability
is obtained with this apparatus under similar controlling
parameters, namely, the sidewalls temperatures and the
solute concentrations of the two layers.
3. Results and discussion

3.1. Non-dimensional parameters

Before describing the experimental results, we intro-
duce the main non-dimensional parameters associated
with the flow under study. The lateral temperature dif-
ference, DT, between the enclosure�s sidewalls is repre-
sented by the thermal Rayleigh number:

Ra ¼ gaDTL3

mj
; ð1Þ

where g is the acceleration due to gravity, a is the coef-
ficient of thermal expansion, L is the box length (dis-
tance between warm and cool side walls, see Fig. 1a), m
is the kinematic viscosity and j is the coefficient of ther-
mal diffusion. The ratio between the stabilizing effect of
solute concentration difference and the destabilizing ef-
fect of the lateral temperature difference is represented
by the overall buoyancy ratio:

Rq ¼
bDC
aDT

; ð2Þ

where b is the coefficient of solutal contraction and
DC = C2 � C1 (see Fig. 1a) is the concentration differ-
ence between the two layers. A local buoyancy ratio
across the interface is defined as:

Rql ¼
bDC
aDT i

; ð3Þ

where DTi is the local vertical destabilizing temperature
difference across the interface.

The geometry of the problem is governed by the as-
pect ratio of the box, Ar = H/L, where H is the depth
of the fluid. The present experiments were carried out
with two layers of equal thickness (46 mm each) such
that H = 92 mm and Ar = 0.92.

The dimensional frequency of the velocity distur-
bance, f, is represented in a non-dimensional form by
the Strouhal number:

St ¼ f dm
Um

; ð4Þ

where dm is the vertical distance between Yvi, the center
of the velocity interface, and Yvm, the vertical location in
the outer region where U = 0.5Um. (A more detailed def-
inition of Yvi and Yvm is given in Section 3.2.1). Um is
defined as the maximum absolute value of the mean hor-
izontal velocity, either above or below the interface.

The physical properties of the fluid were estimated at
the mean temperature and concentration in the system,
using the data given in Ruddick and Shirtcliffe [16]
and Weast [17].

3.2. The velocity field

3.2.1. The mean velocity profile

Fig. 2a shows the vertical profile of mean horizontal
velocity as measured by the PIV system in an experiment
with initial DC = 0.08%, DT = 2.04 �C, which corre-
spond to Ra = 4.12 · 107 and Rq = 1.04. These condi-
tions correspond to stable interfacial flow [13] and
indeed no vortices are observed by the schlieren tech-
nique in this experiment. The profile shows counter flow
with strong shear across the interface in between two
opposite local maxima (inner region). The velocity de-
cays to zero further away from it (outer region). Positive
mean velocity is associated with flow from the cool to
the warm sidewall. We define the velocity interface loca-
tion (Yvi) as the point of zero velocity, obtained by fit-
ting a linear curve (solid straight line in Fig. 2a) to the
measured points within a suitable interval. The end
points of this interval correspond to the positions where
the local velocity U = 0.5(Umax + Umin) ± 0.15(Umax �
Umin), where Umax and Umin are respectively, the
maximum and minimum values of the velocity profile.
Note that the level of Yvi almost coincides with the ver-
tical center of the PIV image, Yd = 0. The maximum
(minimum) velocity is obtained by fitting a parabola (so-
lid curved lines in Fig. 2a) to the experimental data
points, surrounding the measured maximum (minimum)



Fig. 2. (a) The vertical profile of mean horizontal velocity at the interfacial region at t = 15 min. The structure of the interface is shown
at (b) t = 15 and (c) t = 72 min after the start of the experiment. (b) and (c) show the location of the interface (squares), locations of
velocity maxima above (circles) and below (triangles) the interface, half of the distance between the locations of velocity maxima
(broken line), the locations at the outer parts where the velocity equals half of its maximum or minimum (plus and cross symbols,
respectively) and half of the distance between the two latter locations (solid line).
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velocity above (below) the interface. The corresponding
locations where the velocity attains its maximum and
minimum values on each side of the interface, respec-
tively, (Yvmax,Yvmin) separate the inner and outer re-
gions of the velocity interface.

Fig. 2b and c (for t = 15 and 72 min, respectively,
where t is the time elapsed from the start of the experi-
ment) illustrate graphically the interface structure of
two flow fields measured in consecutive times in the
above experiment. The horizontal (Xd) and vertical
(Yd) axes represent the field of view of the CCD camera,
where Xd = Yd = 0 is the center of the PIV image which
corresponds to the center of the box mid cross section.
In each figure we observe the location of the interface
(Yvi, square symbols), the locations of the velocity max-
ima above (Yvmax, circles) and below (Yvmin, triangles)
the interface, the distance between the locations of veloc-
ity maxima (Yvmax � Yvmin, broken line), the locations at
the outer parts away from the interface, obtained by
linear interpolation, where the velocity equals half of
its maximum or minimum (Yvmax05, Yvmin05, the plus
and cross symbols above and below the interface,
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respectively) and the distance between the two latter
locations (d05, solid line). The distance Yvmax � Yvmin

represents the inner layer thickness, whereas the total
interface thickness is associated with d05.

In Fig. 2b, taken at a relatively early stage of the
experiment, the interface is slightly tilted. The inner
layer thickness (broken line) is about 9.5 mm whereas
the total interface thickness (solid line) is about 16 mm.
Note that for illustrative purposes half of the total inter-
face thickness (d05/2) and half of the inner layer thickness
((Yvmax � Yvmin)/2) are presented in Fig. 2b and c.
Fig. 2c, taken at a later stage of the same experiment,
illustrates the sharp tilt (inclination of about 12�) of the
interface (square symbols). In spite of this sharp tilt,
the total interface thickness and the inner layer thickness
are nearly uniform along the horizontal. The interface
becomes thinner with time, with Yvmax � Yvmin � 7 mm
and d05 � 11 mm.

3.2.2. Spectral analysis

Spectral analysis is carried out of the instantaneous
velocity profiles, measured in an experiment with
DC = 0.56%, DT = 22.52 �C, which correspond to
Ra = 4.46 · 108 and Rq = 0.66. These conditions corre-
spond to unstable interfacial flow [13] and vortices are
observed by the schlieren technique in this experiment.

The present schlieren images (see an example in
Fig. 3), as well as the photographs of Tanny and Yak-
ubov [13] show that the vortices move above and below
the interface, in a direction associated with the convec-
tive circulation in each layer, i.e., the vortices above
the interface move from the cool to the warm sidewall
and those below it from the warm side wall to the cool
one. However, the vortices are not generated immedi-
ately at the cool or warm sidewall but at some distance
from it. Fig. 3 shows that at their generation the vortices
are relatively small but while moving along the interface,
they gradually grow in size until they hit the opposite
cool/warm sidewall.
Fig. 3. A schlieren image of the vortices at the interface. Experimenta
the interface move towards the warm sidewall while the vortices below
vortices is caused by the circulating flow within each layer.
Thus at the interface and along the horizontal direc-
tion, a region may be found where vortices exist below
the interface but not above it (e.g., near the cool side-
wall, Fig. 3), and vice versa. This raises the possibility
that the instability associated with one side of the inter-
face only weakly depends on that of the other side. On
the other hand, away from the sidewalls, at the middle
of the box, Fig. 3 suggests that vortices exist simulta-
neously on both sides of the interface. To check this
possibility, spectral analysis of the time dependent
velocity field measured across the interface near the cool
sidewall as well as at the middle of the box, is carried
out.

Fig. 4a shows the vertical profiles of mean horizontal
(U, squares) and vertical (V, circles) velocities, measured
across the interface near the cool sidewall. Both mean
velocities are normalized by Um. The normalized depth,
Y/dm (vertical axis) is measured above or below the cen-
ter of the velocity interface, Yvi where Y = Yd � Yvi. The
associated averaged power spectra obtained from a set
of instantaneous velocity measurements, above and be-
low the interface, are shown in Fig. 4b and c, respec-
tively, as a function of the Strouhal number, St. The
solid and dash lines are the normalized power spectra
of the vertical (v) and horizontal (u) velocity compo-
nents, respectively. The averaged power spectra are
calculated by averaging the local spectra over all mea-
surements positions above or below the velocity inter-
face location (Yvi). The maximum power obtained
from the u and v spectra is used to normalize both.

A significant difference between the shape of the hor-
izontal mean velocity profile above and below the inter-
face is observed (Fig. 4a). This profile corresponds to the
region near the cool sidewall. The flow above the inter-
face has just arrived from the cool sidewall and consists
of flow without vortices, characterized by a relatively
narrow ‘‘nose’’. On the other hand, the flow below the
interface arrives from the opposite warm sidewall and
is already developed, consisting of vortices which make
l conditions are: Ra = 4.46 · 108, Rq = 0.66. The vortices above
the interface move towards the cool sidewall. The motion of the



Fig. 4. (a) Vertical profiles of the mean horizontal (squares) and vertical (circles) velocities (normalized by the maximum absolute
value of the horizontal mean velocity) for Ra = 4.46 · 108, Rq = 0.66, t = 72 min, near the cool sidewall. (b) Normalized average power
spectrum of the horizontal (dashed line) and vertical (solid line) velocity perturbations above the interface as a function of the St

number. (c) Normalized average power spectrum of the horizontal (dashed line) and vertical (solid line) velocity perturbations below
the interface as a function of the St number. Um = 1.38 mm/s; dm = 6.06 mm.
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the velocity ‘‘nose’’ much thicker than that above the
interface, due to the enhanced mixing.

The above observations are reflected by the power
spectra corresponding to the regions above (Fig. 4b)
and below (Fig. 4c) the interface. While the spectra
above the interface are almost uniform, the spectra be-
low the interface show significant amplification of en-
ergy over a wide band of St (0.2–1.3, corresponding to
the frequency range 0.05–0.3 Hz) with a distinct peak
at about St = 0.57 (f = 0.13 Hz). Although the magni-
Fig. 5. (a) Vertical profiles of the mean horizontal (squares) and ve
value of the horizontal mean velocity) for DC = 0.08%, DT = 2.04
Normalized average power spectrum of the horizontal (dashed line) an
as a function of the St number. (c) Normalized average power spectrum
perturbations below the interface as a function of the St number. Um
tude of the mean vertical velocity is much lower than
that of the mean horizontal component, their associated
power spectra shapes (below the interface) are very sim-
ilar and their magnitudes are about the same, indicating
the existence of coherent vortices in this region.

To further illustrate the correlation between the
observation of vortices by the schlieren technique
and the power spectrum, the latter is also calculated
for an experiment conducted under stable condi-
tions (DC = 0.08%, DT = 2.04 �C, which correspond to
rtical (circles) velocities (normalized by the maximum absolute
�C, which correspond to Ra = 4.12 · 107 and Rq = 1.04. (b)
d vertical (solid line) velocity perturbations above the interface
of the horizontal (dashed line) and vertical (solid line) velocity
= 0.66 mm/s; dm = 8.35 mm.
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Ra = 4.12 · 107 and Rq = 1.04 and the mean flow shown
in Fig. 2a) where no vortices were observed both above
and below the interface. Fig. 5, which follows the same
structure of Fig. 4, shows the mean velocity profiles
(5a), and the normalized power spectra above (5b) and
below (5c) the interface. While in the case where vortices
exist (see the spectrum of v, Fig. 4c) the ratio between
peak to noise is about 17, in Fig. 5b, without vortices,
this ratio is only about 3. Thus the spectra plots are in
accordance with the schlieren images, which do not
show vortices under these stable conditions.
Fig. 6. (a) Vertical profiles of the mean horizontal (squares) and ver
horizontal mean velocity) in an experiment with Ra = 4.46 · 108 and
from the warm sidewall. (b) Power spectrum of v above the interface
dm = 6.55 mm.

Fig. 7. Same as Fig. 6 but for profiles measured 48.14 mm fr
Figs. 6–8 follow the same structure as that of Figs. 4
and 5, except for the fact that only the power spectra of
the vertical velocity are presented. These results are ob-
tained from PIV data acquired at the same experiment
as Fig. 4 but at the middle of the box, approximately
in between the cool and warm sidewalls. Figs. 6–8 show
results at distances of 43.33 mm, 48.14 mm and
56.14 mm, respectively, from the warm sidewall (recall
that the center of the PIV image coincides with the
enclosure�s horizontal center, 50 mm from each
sidewall).
tical (circles) velocities (normalized by the maximum measured
Rq = 0.66, at t = 18 min. The profiles are measured 43.33 mm
. (c) Power spectrum of v below the interface. Um = 1.34 mm/s;

om the warm sidewall. Um = 1.37 mm/s; dm = 6.18 mm.



Fig. 8. Same as Fig. 6 but for profiles measured 56.14 mm from the warm sidewall. Um = 1.42 mm/s; dm = 6.43 mm.
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The series of the three figures shows that the domi-
nant frequency above the interface is about 0.11 Hz
(St = 0.54, 0.5 and 0.5 in Figs. 6–8 respectively) whereas
below the interface it is about 0.15 Hz (St = 0.73, 0.68
and 0.68 in Figs. 6–8 respectively). It is clear that in
the region, which is slightly closer to the warm sidewall,
the energy peak above the interface (6b) is larger than
that below it (6c). At the intermediate region the two
peaks, above (7b) and below (7c) the interface, have
about the same value and in the region slightly closer
to the cool sidewall the spectrum peak below the inter-
face (8c) is significantly larger than that above it (8b).
Fig. 9. (a) Vertical profiles of the mean horizontal (squares) and ver
horizontal mean velocity) in an experiment with Ra = 4.46 · 108, Rq =
warm sidewall. Frames (b) and (c) are vertical distributions of the norm
of f = 0.15 Hz (St = 0.68). Um = 1.37 mm/s; dm = 6.18 mm.
It should be noted that the frequency of 0.15 Hz has also
considerable amount of energy above the interface
(Fig. 7b). These results support the schlieren observation
(Fig. 3) that the vortices grow as they travel towards the
warm (cool) sidewall above (below) the interface.

The vertical distributions of the normalized power of
u and v at the dominant frequencies of 0.15 Hz and
0.11 Hz (corresponding to St numbers of 0.68 and 0.5
respectively) are shown respectively in Figs. 9 and 10.
Each figure consists of three parts: the vertical profiles
of the normalized mean horizontal (U, squares) and
vertical (V, circles) velocities are shown in (a) and the
tical (circles) velocities (normalized by the maximum measured
0.66, t = 18 min. The profiles are measured 48.14 mm from the
alized power of u and v, respectively, at the dominant frequency



Fig. 10. Same as Fig. 9, with power spectra calculated at f = 0.11 Hz (St = 0.5). Um = 1.37 mm/s; dm = 6.18 mm.
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normalized powers of u and v are shown respectively in
(b) and (c). It can be seen that the shape of the power
distributions associated with one of the frequencies is al-
most a mirror image of the other: the power of the lower
frequency (0.11 Hz, Fig. 10) is dominant above the inter-
face whereas the power of the higher frequency (0.15 Hz,
Fig. 9) prevails below the interface. The primary and
secondary peaks of the u perturbation are located within
the inner and outer regions of the velocity interface,
respectively. The vertical positions of the peaks of the
Fig. 11. The structure of the interface. (a) Vertical profiles of the mean
by the maximum measured horizontal mean velocity) in an experi
symbols are measured values and open symbols are values corrected fo
(b) and concentration (c) for similar conditions as (a). Temperatu
maximum differences across the interface.
v perturbation correspond approximately to the minima
of the u perturbation as well as to the maximum and
minimum of the mean horizontal velocity.

3.3. Concentration and temperature profiles

In Fig. 11 we illustrate the structure of the flow
through an example of velocities, concentration and
temperature profiles measured under conditions of
Ra = 4.46 · 108 and Rq = 0.66 (unstable interfacial flow
horizontal (circles) and vertical (squares) velocities (normalized
ment with Ra = 4.46 · 108, Rq = 0.66, t = 18 min. Black-filled
r optical distortion. Vertical profiles of normalized temperature
re and concentration are normalized by their corresponding
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with vortices). The vertical axis in each figure (a–c) is
Y = Yd � Yvi. (Note that the vertical center of the con-
centration interface is slightly shifted). Black-filled sym-
bols are measured values and open symbols are values
corrected for optical distortion (for more details see
Appendix A).

It can be seen that the thickness of the inner velocity
layer (Fig. 11a) is approximately equal to that of the in-
ner temperature layer (Fig. 11b), and both are about
twice that of the inner concentration layer (Fig. 11c).
Outside the inner stabilizing concentration layer but
within the inner velocity and temperature layers,
(approximately within the ranges �3 < Y < �1.5 and
1.5 < Y < 3) the concentration on each side of the inter-
face is almost uniform, whereas the temperature has a
destabilizing effect which may induce instability phe-
nomena at these regions. On the other hand, at the outer
velocity regions, due to the inflection points in the outer
parts of the horizontal velocity profile (at about
Y = ±7 mm), the velocity profile may have a destabiliz-
ing effect. However, in these outer regions on both sides
of the interface, the temperature increases monotoni-
cally with height and consequently stabilizes the flow.
These observations support the schlieren visualization
of the formation of vortices adjacent to the interface
on each side of it (Fig. 3).

The above observation suggests that regions of posi-
tive density gradient (hydrostatic instability), caused by
the combination of a uniform concentration profile
and a negative temperature gradient are associated with
the onset of vortices above and below the interface.
Fig. 12. Vertical concentration and temperature profiles under two diff
conditions (no vortices). (b) DC = 0.72%, DTi = 4.61 �C, unstable
hydrostatically unstable regions with a positive vertical density gradie
Fig. 12 shows two pairs of profiles from an experiment
in which the horizontal temperature difference was
adjusted stepwise with time (see Section 2). Here, the
vertical axis is YT = Yd � Yti where Yti is the center of
the temperature interface determined in a similar way
as Yvi. For each pair of profiles, analytical functions
were fitted to the temperature and concentration data
points and the vertical density gradient was calculated
by

1

q0

dq
dy

¼ �a
dT
dy

þ b
dC
dy

.

In the profiles of Fig. 12 the points where the density
gradient is positive are marked by black-filled symbols.
The profiles in Fig. 12a, measured when the interfacial
flow was stable (no vortices), show a relatively thin
region (�1 mm) of positive density gradient below the
interface. On the other hand, in Fig. 12b, which corre-
sponds to a case of unstable interfacial flow (vortices),
the region of positive density gradient below the inter-
face is considerably thicker (�2.5 mm). This suggests
that a relatively thick region of positive density gradient
is necessary for the onset of interfacial instability. Such a
situation can be realized when the stabilizing concentra-
tion gradient layer is much thinner than the destabilizing
temperature layer, i.e., when the ratio between the thick-
nesses of these two layers, dC/dT is relatively small. The
thickness dT is the vertical distance between the two lo-
cal temperature maxima adjacent to the interface and
the thickness dC is the vertical distance between the
edges of the concentration gradient layer.
erent physical conditions. (a) DC = 1.08%, DTi = 1.95 �C, stable
conditions (with vortices). The black-filled symbols represent
nt.



Fig. 13. The thickness ratio between the concentration and
temperature gradient layers, dC/dT, as a function of the local
buoyancy ratio, Rql. (h) no vortices (stable); (·) faint vortices
(transition); (�) vortices (unstable). The black-filled square and
circle symbols correspond to the profiles of Fig. 12a and b,
respectively.

Fig. 14. The thickness ratio between the concentration and
temperature gradient layers with positive density gradient
below the interface, (dC/dT)bot as a function of the local
Rayleigh number, Rabot. (h) no vortices (stable); (·) faint
vortices (transition); (�) vortices (unstable).
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The ratio between the thicknesses of the concentra-
tion and temperature layers, dC/dT is plotted in Fig. 13
as a function of the local buoyancy ratio, Rql, defined
on the basis of the vertical temperature difference mea-
sured across the interface in each profile (DTi) and the
corresponding instantaneous concentration difference
between the two layers. In this experiment successively
decreasing values of Rql were realized by the stepwise in-
crease with time of the horizontal temperature difference
(see Section 2) while allowing the concentration step to
decrease by solute diffusion through the interface. Thus,
higher values of Rql represent more stable conditions.

The data points in Fig. 13 show two distinct regimes
with a sharp transition between them, at Rql � 7.5. At
relatively high values of Rql, the ratio dC/dT is high
(>0.5) whereas at lower values of Rql, dC/dT is much
smaller (<0.325). It is recalled that high values of dC/
dT are associated with relatively thin layers of positive
density gradient resulting in a stable interfacial flow; in-
deed, for Rql > 8.5 no vortices were observed at the
interface by the schlieren technique (square symbols in
Fig. 13). On the other hand, small dC/dT corresponds
to less stable conditions and the observations showed
that for Rql < 7 the interfacial flow was characterized
by vortices (circle symbols in Fig. 13). The transition
from stable to unstable interfacial flow, at 7 < Rql <
8.5, was characterized in most cases by faint vortices
above and below the interface (· symbols in Fig. 13).
The black-filled square and circle symbols correspond
to the profiles of Fig. 12a and b respectively.

It is also noticed in Fig. 13 that in all cases, Rql > 1,
hence the whole interface is hydrostatically stable. This,
however, does not preclude the existence of thinner sub-
regions, above and below the interface, where hydro-
static instability prevails and leads to the onset of
vortices. (For Rql < 1, the entire interface would have
become unstable leading to its breakup and complete
mixing of the two layers).

The above findings suggest that the interfacial flow be-
comes unstable through amechanism, which is essentially
thermal and similar to Rayleigh–Bénard convection
(with a weak velocity shear). As the layer with the positive
density gradient becomes thicker, the value of a local
Rayleigh number increases, the flow may become unsta-
ble, and transverse, two-dimensional vortices can emerge.
This hypothesis is verified by considering in more detail
the concentration and temperature profiles just below
the interface. (Due to asymmetry, the layer of positive
density gradient above the interface is considerably thin-
ner than that below the interface resulting in much more
scattered results (not shown) in this region). Fig. 14 pre-
sents the ratio between the concentration and tempera-
ture interface thicknesses for the region below the
interface as a function of a local Rayleigh number, Rabot,
defined over the layer with unstable density gradient as:

Rabot ¼
gaDT botd

3
bot

mj
;

where DTbot is the vertical temperature difference across
the layer of positive density gradient below the interface
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and dbot = (dT)bot � (dC)bot is the thickness of this layer.
For example, with reference to Fig. 12, DTbot and dbot
are, respectively, the temperature difference across, and
the thickness of the layer below the interface which is
marked with black-filled symbols. Since, at this region,
the concentration is uniform with height, its contribu-
tion to the density gradient is negligible and only the
thermal Rayleigh number is considered.

Fig. 14 presents a strong correlation between the sta-
bility of the interfacial flow and the value of the local
Rayleigh number, Rabot. Low values of Rabot (<170)
are associated with high values of (dC/dT)bot which cor-
respond to a stable flow (no vortices, square symbols).
On the other hand, high values of Rabot (>280) are asso-
ciated with low values of (dC/dT)bot which correspond to
unstable flow (vortices, circle symbols). The transition
regime, represented in most cases by faint vortices (·
symbols), corresponds to intermediate values of Rabot.

The hydrostatically unstable layers in which the vorti-
ces appear deviate from the fluid layers related to the
classical Rayleigh–Bénard problem in two effects: they
are subjected to a weak shear flow and they posses a
non-linear vertical temperature profile. Thus, it is of
interest to consider how these two effects influence the
flow patterns at the onset of instability and the critical
Rayleigh number. The stability of Couette and Poiseuille
shear flows in plane channels heated from below was
studied respectively by [18,19]. The results of these anal-
yses show that for low Reynolds numbers the instability
is thermal in origin. For an infinite horizontal domain,
and low Reynolds numbers, longitudinal rolls with axes
parallel to the direction of the mean flow are preferred.
However, for Poiseuille flow in a finite domain, Luijkx
et al. [20] proved experimentally that the critical Rayleigh
number corresponding to finite transverse rolls (with
axes perpendicular to the direction of the mean flow)
must be smaller than the one corresponding to longitudi-
nal rolls. Luijkx et al. [20] concluded that if the shear is
small enough, rolls are aligned parallel to the shorter side
of the channel and when the shear exceeds some critical
value convection occurs in the form of longitudinal rolls.
It is worth noting that in much larger Reynolds numbers
(ffi5400 for Poiseuille flow) the instability leads to two-
dimensional Tollmien–Schlichting waves. The Reynolds
number of the unstable layers in the present experiments
is estimated to be of order 1, which supports qualitatively
the proposed thermal instability mechanism and the
observed onset of transverse vortices.

The analyses by [18,19] also showed that the shear
stabilizes the flow, i.e., the critical Rayleigh number
with shear is larger than its corresponding value in a
quiescent fluid layer. However, due to the extremely
small value of the Reynolds number in our case this ef-
fect is expected to be negligible (of the order of 1%
[21]). On the other hand, for the Rayleigh–Bénard
problem without shear but with a non-uniform temper-
ature gradient, it was shown [22] that the critical Ray-
leigh number may be reduced relative to its value for a
linear temperature profile. Moreover, Palm [23] has
shown that spatial variations in viscosity, which may
result from the temperature gradient, reduce the critical
Rayleigh number as compared to the case of constant
fluid properties. These results may explain the present
rough estimate of the critical local Rayleigh number
(Rabot � 280), which is smaller than 657.5, the value
corresponding to a quiescent fluid layer with a linear
temperature profile, constant fluid properties and
stress-free surfaces.

In summary, it is shown that the governing mecha-
nism for the instability of the interfacial flow is
essentially thermal and similar to Rayleigh–Bénard con-
vection (with a weak shear flow). The double diffusive
instability mechanism does not seem to play an impor-
tant role since it occurs only where the density is stably
stratified, which is not realized in the hydrostatically
unstable regions, above and below the interface, where
vortices appear.
4. Concluding remarks

An experimental study was carried out on the struc-
ture of the interface in a two-layer stratified system in a
laterally heated enclosure. Velocity field as well as tem-
perature and concentration profiles measurements were
carried out and the flow was visualized using the schlie-
ren technique. The following conclusions can be drawn
from this experimental study:

• The major instability mechanism causing the appear-
ance of transverse vortices above and below the inter-
face is essentially thermal and similar to Rayleigh–
Bénard convection with weak shear. The onset of this
type of instability is associated with relatively small
values of the ratio between the thicknesses of the con-
centration and temperature interfacial layers. The
double-diffusive and shear driven instability mecha-
nisms do not seem to play an important role.

• The interface is tilted with respect to the horizontal
direction whereas its thickness remains approxi-
mately constant. With time, the slope of the interface
increases while its thickness decreases.

• The instability phenomena above and below the
interface seem to be independent, probably due to
the central stabilizing sharp concentration gradient.
The mean horizontal velocity profile is not fully sym-
metric about the interface, and the asymmetry
increases as the cool or warm sidewall is approached.
Consequently, the stability characteristics are differ-
ent above and below the interface as illustrated by
the associated different power and frequency (St
number) of the dominant disturbances.
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Appendix A

Estimation is given for the errors induced on the PIV
measurements by the spatial variation of the refractive
index. Recently, Elsinga et al. [24] estimated the particle
position error and the velocity error caused by the gra-
dient and the second derivative of the refractive index,
respectively. In our case the horizontal variations of
the refractive index are much smaller than those in the
vertical direction (see for example the variation in the
grey level in Fig. 3) and thus the refractive index is as-
sumed to be a function of the vertical coordinate only.
Accordingly, the simplified expressions for the system-
atic errors in the vertical position and the vertical veloc-
ity implemented here for water are respectively:

ey ¼
1

2

W 2

n0

dn
dY

;

and

ev ¼
1

2

W 2

n0

d2n

dY 2
.

Hence, Ycorrected = Ymeasured + ey and Vcorrected =
Vmeasured/(1 � ev). In the above expressions W =
50 mm is the distance between the PIV measurement
plane and the glass window of the box (the light path
through the refractive index field in the Z direction), and
n0 = 1.3333 is the refractive index of pure water at 20 �C.

To illustrate the effect of the above systematic errors
on the PIV measurements, we present in Fig. 11a both
measured (uncorrected, black-filled symbols) and cor-
rected (open symbols) velocity profiles. The refractive in-
dex variation as a function of the vertical coordinate was
calculated from the measured temperature and concen-
tration profiles (see Fig. 11b and c) using the empirical
formula given by [16]:

n ¼ n0 � 9.184ð10Þ�5ðT � 20Þ � 1.833ð10Þ�6ðT � 20Þ2

þ 1.27ð10Þ�8ðT � 20Þ3 þ 0.1748ðC=100Þ

� 2.09ð10Þ�3ðC=100Þ2 þ 6.9ð10Þ�2ðC=100Þ3

� 9ð10Þ�5ðT � 20ÞðC=100Þ0.5;

where T is the temperature in degrees Celsius and C is
the concentration in weight percents.

Fig. 11 shows that the optical distortion is relatively
small and mainly manifested within the region of the con-
centration gradient layer. Since the unstable regions
(where vortices are generated) are outside this layer, the
effect of the systematic error on our analyses is negligible.
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