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Detailed Observations of Convective Instability on an Interfacial Salty Layer

R. Abdeljabar', F. Onofri’ and M.J. Safi'

Abstract: This paper focuses on the mecha-
nisms of convective instability in a stable salty
gradient layer (i.e. an interfacial salty layer). This
layer is assumed to be initially confined between
two homogeneous liquid layers: a lower layer
composed of salty water of Swt% concentration
and an upper layer composed of distilled water.
The mechanisms underlying the interfacial salty
layer’s instability are depicted experimentally us-
ing a PIV technique and via measurements of con-
centration and temperature. It is found that in ad-
dition to the effect of double-diffusion across the
interfacial salty layer, different forms of Kelvin-
Helmbholtz instability occur at different locations:
i. At the edge of the interfacial salty layer adja-
cent to the upper layer;

ii. At the edge of the interfacial salty layer adja-
cent to the lower layer;

iii. Within the interfacial salty layer itself.

The first induces horizontal moving of the interfa-
cial layer liquid that is initially at rest. The second
acts by sweeping the lower edge of the interfa-
cial layer due to convective flows. In particular,
the kinetic energy of the convective flows at the
lower edge of the interfacial layer combine with
the effect of double diffusion (i.e. the salty gra-
dient layer become weaker) to generate a patch
of overturning flows. This phenomenon induces
the mixing of the stable interfacial layer by over-
turning flows that gradually erode the layer. The
third effect acts by tearing the interfacial layer un-
der the action exerted by convective vortices at the
adjacent boundaries.
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1 Introduction

The problem of stability in a double-diffusive
thermohaline system has received considerable
attention, most of which consists of analytical
and experimental studies on the stability of salty
gradient layers [e.g. Barenblatt et al. (1993);
Baines and Gill (1963); Bars and Davaille (2002);
Bergman et al. (1987); Huppert (1971); Harindra
(1987); Turner (1968); Veronis (1968); Walton
(1982); Wright and Loehr (1976); Zangrando and
Bertran (1985)]. Although, some well-established
theories are available [e.g. Baines and Mitsudera
(1994); Chandrasekhar (1961); Drazin (1981)],
the physics of the mechanisms that cause instabil-
ity by shear convective flows requires additional
investigation. This is in contrast to case of tur-
bulent instability where the physical causes have
been identified, see for instance [Balmforth et al.
(1998); Galmiche and Hunt (2002)].

Numerous mechanisms, which lead to instability
in thermosolutal systems, have been studied. The
double-diffusion transport phenomenon across in-
terfaces is one of them. Several experimental
and theoretical studies of double-diffusion in salty
stratified layers have been performed [e.g. Lin-
den and Shirtcliffe (1978); Turner (1973)]. The
entrainment and mixing of a salty gradient layer
heated from below has also been studied [e.g.
Hull and Mehta (1987); Khantha et al. (1977);
Linden (1975); Park et al. (1994); Poplowsky
et al. (1981); Turner (1991); Wyatt (1978)].
The study of the turbulent entrainment of inter-
facial layers in stratified fluids has been restricted
mainly to the determination of an average entrain-
ment rate expressed in terms of overall length, ve-
locity and density scales of the flow usually ex-
pressed in terms of a Richardson number (R;).
A flux Richardson number has also been used,
which depends on an overall Richardson number
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and a Peclet number (Ry = 7 = f(Rjo, P.)) or by
a series of power laws over limited range of R;
[e.g. Linden and Shirtcliffe (1978); Harindra et
al. (1985); Sulliva and John (1994)].

Most of the experiments in the previous stud-
ies have been performed under a constant heat-
flux boundary condition. Similarly, other exper-
iments under constant temperature heating have
been performed [Abdeljabar and Safi (2000)] in
which, similarly to the constant flux heating cases,
the same evolution of the stratification has been
observed. Recently, some experimental studies
[Abdeljabar and Safi (2001)] revealed that the in-
terfacial layer is sheared by vortices located near
the edges of the interfacial layer.

The interfacial layer between two homogeneous
liquid layers, which are flowing relative to each
other, is unstable, and the resulting growing
wave is well known as Kelvin-Helmholtz in-
stability [e.g. Chandrasekhar (1961)]. This
Kelvin-Helmholtz instability occurs when a crit-
ical Richardson number (R; = N?/(9%)? where
N? = —’;im(%—’;): N is Brunt frequency, and (3—?)
gradient of velocity) is reached [see. Chan-
drasekhar (1961) or Drazin (1989)]. The critical
Richardson number for which instability occurs
is equal to R; = 1/4; i.e. the Miles-Howard cri-
terion. Unfortunately, this criterion does not pro-
vide sufficient insights into the mechanics of the
instability process. Thus, the study of shear flows
in thermohaline systems can shed light on gener-
ative mechanisms of instability that have not yet
been fully understood.

The present paper reports the mechanisms of in-
stability within the interfacial layer (i.e. salty gra-
dient layer between two homogeneous layers) due
to convective flows. A 2D-PIV technique was uti-
lized throughout the stratification. The focus of
the present study is on the interfacial layer evo-
lution. Moreover, temperature and concentration
variations were measured in the adjacent homo-
geneous layers. Also, the velocity profiles of the
interfacial layer were investigated. The basic idea
behind PIV measurements is to visualize the in-
stability due to shear convective flows. All of
these measurements lead us to explain the mech-
anisms, which enhance the instability of the inter-
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facial layer and cause it’s mixing into the adjacent
homogeneous layers.

2 Experimental Study

2.1 Experimental Apparatus

The experiment was performed in a rectan-
gular Plexiglas tank with inner dimension of
100mmx40mmx50mm. The Plexiglas wall is
20mm thick. The bottom of the tank is a cop-
per plate of 10mm thickness from which heat
was supplied at constant temperature. Figure 1
presents a synopsis of the experimental apparatus.
More details on the experimental apparatus can be
found in [Abdeljabar and Onofri (2004)].

l" He-Ne Laser

2] pistilled water

a Light Sh f'1
ight Sheet of laser
[ mterface / €
&= Salty water
lFree Surface
Y {1{|n
Experimental tank —ppl\-*-,- Heater tank
A=
/ ﬁ-’fr ________ otk
Outlet water I L A
<+ 7 7 7 C—14—
< \\ 7 VAR Inlet hot water
V8% \ /
. WL /g
\\} 7
CCD Camera 2 \ ////
Computeur
CCD Camerl [(%4f [ s

SN

Figure 1: Sketch of the Experimental device

The temperature is measured by a set of constan-
tan thermocouples placed throughout the depth of
the tank. The head of each thermocouple is ap-
proximately Imm. The first one is at 2mm above
the copper plate and the others are at regular in-
tervals of 5Smm above the first one. Digital Abbe
refractomer with temperature compensation was
used to measure the salt concentration. Mea-
surements of the two homogeneous layers salin-
ity were done by subtraction of a little quantity at
regular intervals.
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2.2 Experimental Procedure

The experimental tank was filled by successively
introducing a solution of sodium chloride of 5
%wt concentration in water and then distilled wa-
ter. The resulting stratification is 20-mm distilled
water above a 20-mm salt-water layer, with the
two layers separated by an interfacial layer (i.e. a
gradient layer with 5 %wt/cm) of 10-mm thick-
ness (values measured by shadowgraph system
with accuracy of =1mm). The free surface is at
ambient temperature of 21°C, while the system is
heated from below with the bottom copper plate
held at a constant temperature of 60°C.

The visualizations of the flow patterns were made
by a classical 2D-PIV system. Two CCD cam-
eras (see Fig. 1) were simultaneously used, one
to visualize the overall flows throughout the strat-
ified layers in a frame approximately equal to the
half the tank’s length because the flow is symmet-
ric at the overall length of the experimental tank
(see Fig. 2). The second camera was used to vi-
sualize a fixed frame of 15mmXx12mm (see Fig.
2) aimed at the thickness of the interfacial layer.
This latest camera is used to depict out more de-
tails of convective flows across and nearby the in-
terfacial layer. The photography of particles im-
ages was provided by illumination in the form of
a plane with a thin vertical sheet of light produced
by passing a 20mW He-Ne laser beam through a
cylindrical lens. The liquids of the stratification
were seeded with standard PIV plastic spherical
particles.

Figure 2: The frame indicates the zoom in posi-
tion in interface

3 Results and discussion

The flow visualizations in the right half of the ex-
perimental tank presented in Fig. 3 reveals that
convective flows initiated in the lower layer (Fig.
3.a), and subsequently in the upper layer (Fig.
3.b) and no convection intrude into the interfacial
layer. For more details, vertical velocity profile
is plotted in Fig. 4; it reveals, also, that velocity
across the interfacial layer is insignificant. Thus,
the convection is restricted to the upper and lower
layer, only. The same observations were depicted
by other techniques as was cited by [Abdeljabar
and Safi (2001)]. In such a case the potential en-
ergy of a salt gradient layer is greater than instable
heating energy.

The visualizations (Fig. 3.b) reveal that convec-
tive flows have vortices patterns in the upper and
lower layer. Both in the upper and in the lower
layer, vortices are in contra-rotation, however, the
adjacent (i.e. face-to-ace) vortices in the upper
and lower layer are in co-rotation. Therefore, the
convective vortices in the upper and lower layer
induce sheared flow across the interface. Fig-
ure 5 illustrates the convective flows, which oc-
cur through the stratification. It is quite clear,
that interfacial layer is sheared periodically ow-
ing to these convective flows patterns in the upper
and lower homogeneous layers. Similarly, each
two adjacent vortices in upper and lower layers
induce a local shear flow at the edges of the in-
terfacial layer. They are in opposite directions
at the upper and lower edges of the interfacial
layer at any given location (Fig. 3). The flow re-
versal induces a shearing of the interfacial layer.
This implies that the interface is sheared in a pe-
riodic pattern along its edges. The length of each
sheared zone is equal to the horizontal length of
vortex that is laying on the interfacial layer edge
(i.e. the half length of the propagating wave lo-
cated at the edges of the interfacial layer). It may
be asserted, however, that the way and the rate of
instability for each local shear flow across the in-
terfacial layer are similar. Given that, they have
the same scales. It is noticeable that we restricted
the subsequent study to a local shear flow across
the interfacial layer. Hence, the evolution of the
instability of a local sheared flow across the in-
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Figure 3: The evolution of the velocity fields of
the stratification

terfacial layer was depicted by the second camera
aimed at the interface.

There is second phenomenon acting on stability
of the interfacial layer, which cannot be ignored,
namely that double-diffusion. One has to empha-
size the fact that double-diffusion involves of the
evolution of stability. Given that it is observed
that both phenomena lead to numerous mecha-
nisms of instability of the interfacial layer.

Basically, the instability is focused on the kind
and the rate of the local shear convective flows
within the interfacial layer. All convective flows
that occur through the interfacial layer during the
experimental study are illustrated in Fig. 6. Three
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Figure 5: Synoptic of the flow at the edges of the
interfacial layer

cases of flow are identified. In the following sec-
tions, the description of each case is explained.
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Figure 6: Sketch of the steps of the interface insta-
bility: i) Double-diffusion; ii) Kelvin Helmholtz
instability and iii) Kelvin Helmholtz instability

3.1 Case 1 (Fig. 6-i): zero-flow through the
interfacial layer

Figures 7.a-e show the field of the velocity of
convective flows through the interfacial layer and
its edges and the vertical velocity profile across
the interfacial layer. It is clear that the interfa-
cial layer stagnant for a time of 24min (Fig. 7.a).
Thus, the shear flow at the edges of the interface
can’t generate any internal flow across the inter-
facial layer. The disturbances (i.e. perturbation)
within the interfacial layer is due to the propa-
gating waves of convective flows at the edges of
interfacial layer are damped; each disturbance is
subject to a counter-acting force of gravity (i.e.
the potential energy of the stable salt gradient
layer or the interfacial layer).

While the interfacial layer is sheared by convec-
tive flows at its edges, double-diffusion decreases
the stability of the interfacial layer. The diffusion
of salt across the interfacial layer makes the po-
tential energy of the salt gradient layer (i.e. in-
terfacial layer) weaker. The salinity of the upper
layer increases, however, in the lower layer de-
creases. Even, the temperature at the lower layer
is large than those of the upper layer due two the
molecular diffusion of heat across the salty gradi-
ent layer. Then the buoyancy effect is more signif-
icant through the gradient layer. Simultaneously
with shearing convective flows, presumably the
edges of the interfacial layer should be smoothly
eroded, but at this stage the kinetic energy is un-
able to make erosion of the potential energy of in-
terfacial layer. Therefore, we come to the conclu-

sion that instability of the interfacial layer is en-
hanced by the effect of the double-diffusion phe-
nomenon, only. It is worthwhile to notify that the
intensity of the sheared flow is varying too, due
to the variation of the temperature and salt con-
centration in the upper and lower layer. These
variations will carry to an extreme after which the
kinetic energy of the convective flows can trigger
off the erosion of the interfacial layer. In such
complex process, for a time 24-min, the double-
diffusion across the interfacial layer enhances no-
tably the effect of sheared flows, which is why the
instability of the interfacial layer occurs dominant
in other form.

3.2 Case 2 (Fig. 6-ii): relative flow within the
interfacial layer

Subsequently at time t = 24min to t = 71min, the
horizontal flow at the upper edge of the interfa-
cial layer causes the liquid of the interfacial layer
(which are initially at rest) to begin moving from
its upper edge into the interior of the layer (Fig.
6.b-c). The main causes responsible for moving
the interfacial layer liquids are shear stress, not
buoyancy (i.e. convection). Further, Figs (7.b and
¢) show a slight jump in the profile of the velocity
at the boundary of the upper homogeneous layers
and the middle gradient layer. It has been reported
that this kind of flow can induce an instability of
the Kelvin-Helmholtz type [e.g. Chandrasekhar
(1961)]; when the wave number, K, is in the di-
rection of velocity vector and satisfy the follow-
ing condition:

R g(pz%zt_pszup)
K > kmin = P Poun(Unen U Usually, a patch

of vortices comes with this form of instability;
hence, in our experimental study only a relative
flow is observed. During the relative flow that acts
on the stratification, no mixing zone or overturn-
ing behaviour is observed at the upper edge of the
interfacial layer (Fig.7. b-c). Besides, a worth-
while observation is made between the interfa-
cial layer and the lower saltier layer; a relative
flow establishes across the interfacial layer and
the saltier lower layer. Figures 7.b-d, the profile
of velocity shows a flow in opposite directions;
and a zero flow is observed at the interface be-
tween saltier lower layer and the interfacial layer.
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This kind of flow leads to an instability type,
Kelvin-Helmholtz [e.g. Chandrasekhar (1961)],
and occurs when Rayleigh’s and Fjortoft’s cri-
terion are fulfilled [e.g. Baines and Mistudera
(1994)]. Thus, visualisations allow us to conclude
that a second form of Kelvin-Helmholtz instabil-
ity originates at the lower edge of the interfacial
layer also producing a patch of vortices. Figures
7-b and 7-c show overturning flow behaviour (i.e.
a local circulating region with closed streamlines)
at the lower edge of the interfacial layer. The vor-
tices in the lower homogeneous layer due to con-
vection are in counter-rotation, while the vortex
in the lower layer and the overturning flows are in
co-rotation. This is implies that the overturning
flows are induced by the viscosity effects associ-
ated with the convective flows. Thus, the over-
turning flows occur due to the horizontal propa-
gating waves of the convective flows. It was found
that a criterion for the stability is expressed in
terms of the Richardson number. The necessary
condition for stability is that the Richardson num-
ber is everywhere greater than (R; > 1/4). For
our experiment, the Richardson number at time
t=71min was computed from experimental data
(see Figs. 7-c, 9, 10). For such instability, the
experimental Richardson number is considered to
have the following form R; = £ 'AZ{? (where g: the
gravitational acceleration, Ap:m the density dif-
ference across the adjacent plan, 0: the thick-
ness of the adjacent plan, p,,: the average den-
sity across the adjacent plan and Au is the hor-
izontal velocity component difference at the ad-
jacent plan). At time t=71min, the experimental
results give a value of Richardson number equal
to R;=0.0053. This result and the experimental
observations demonstrate that the instability oc-
curred is of the Kelvin-Helmholtz type. This form
of instability acts mechanically on the stable in-
terfacial layer liquids. While the potential energy
of the interfacial layer becomes weaker due to
double-diffusion, the kinetic energy of the con-
vective flows of the lower layer combined with
the effect of double diffusion to progressively
erode the interfacial layer. The horizontal shear
flow erodes the lower edge of the interfacial layer
by sweeping and tearing off small fluid element.
These elements are stirred by the overturning (so-

called eddy) and transported by shear flow be-
tween two vortices. This phenomenon is depicted
in Figs 7-b and 7-c. As a result, we observe the
increase of the lower layer and the decrease of the
interfacial layer.

3.3 Case 3 (Fig. 6-iii): sheared flow across the
interfacial layer

At time t=91min, a sheared flows appears across
the interfacial layer as it is showed in Figure (6-
e). The boundary conditions of such flows can be
described by continuous variation of both density
and velocity. This is due to the dynamics of the
stratification, similar to the theory for the same
flow and conditions [e.g. Chandrasekhar (1961)].
It occurs when the Richardson number is less than
1/4. The experimental Richardson number is cal-
culated from R; = f)fg;f (where Ap: the den-
sity difference across the interfacial layer, d: the
thickness of the interface, p,,: the overage density
across the interface and Au is the horizontal veloc-
ity component difference at the edge of the inter-
face). At time t=93min, the experimental results
(Fig.10, 11 and 7.e) give a value of Richardson
number equal to R;=0.0186. This result and the
experimental observations again demonstrate that
the instability is of the Kelvin-Helmholtz type.
The signature of this kind of instability is recog-
nized by the patterns of the flow across the inter-
face. Figure (8) shows the evolution of the flow
patterns into the interfacial layer. The vortices ex-
tending into the interfacial layer in between two
opposing vortices in the upper and the lower layer
are in counter rotation, while, the opposing vor-
tices are in co-rotation. In such a case, the mech-
anism of instability is essentially kinematical. It
is described as follows. The motion of the vor-
tices at the interfaces is a pair of waves propagat-
ing in the opposite directions, each being affected
by the velocity field of the other. The velocity
fields of the interfacial vortices are the sum of the
velocity fields of each interfacial wave as if they
acted in isolation. Therefore, the interfacial flow
between two vortices accelerates due to the sum
of the two components of velocity for each two
vortices. Thus, the vortices extending into the in-
terfacial layer are stretched and squeezed. Fig-
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Figure 8: The streamlines of the flow within the interface and its edges (local observation). A close stream
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ures (8.c and 8.d), we can observe the effect of
the both phenomena; the vortices extending into
the interfacial layer have an elliptical shape, and
are subsequently torn the interfacial layer. The
observations (Fig. 7-e and 8-c-d) show a patch of
vortices that mixed fluid at the interfacial layer.
These vortices grow in time until the interfacial
layer splits and decays. This phenomenon was ob-
served by shadowgraph system [Abdeljabar and
Safi (2001)]. This form of Kelvin-Helmholtz in-
stability occurs when the destabilizing effect of
the shear flow within the interface region is large
and the potential energy of the gradient layer (i.e.
the interfacial layer) is too weak to overcome
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the destabilizing effect of the buoyancy gradient.
However, the first two forms of instability of the
Kelvin-Helmbholtz type act on the interfacial layer
leading to the third form of Kelvin-Helmholtz in-
stability to occur.

4 Summary

The present experimental study leads to conclude
that in addition to the phenomenon of double-
diffusion, the instability of the interfacial layer is
due to numerous variants of the Kelvin-Helmholtz
instabilities (Fig.8). The first occurs when the
convective flows in the upper layer cause the lig-
uid of the interfacial layer to flow.
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The second occurs when the adjacent surface be-
tween the interfacial layer and the upper edge of
the lower layer is sheared. These two mecha-
nisms act, in addition to the effect of the double-
diffusion across the interfacial layer, to erode the
interface shape (making it thinner).

The third form of Kelvin-Helmholtz instability
occurs when a velocity gradient appears across
the interfacial layer. The shear flow within the in-
terfacial layer induces destructive shearing of the
interfacial layer. This mechanism leads to consid-
erable homogenisation of the entire stratification.
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