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Interfacial hydrodynamic instabilities driven by cross-diffusion in reverse
microemulsions
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When two microemulsions are put in contact in the gravity field along a horizontal contact line, cross-diffusion
can trigger the transport of one species in presence of a gradient in concentration of another species. We show
here theoretically that such cross-diffusion effects can induce buoyancy-driven convective instabilities at the
interface between two solutions of different compositions even when initially the less dense solution lies on
top of the denser one. Two different sources of convective modes are identified depending whether positive
or negative cross-diffusion is involved. We evidence the two predicted cross-diffusion driven instabilities
experimentally using a two-layer stratification of Aerosol-OT (AOT) water-in-oil microemulsions solutions

with different water or AOT composition.

PACS numbers: Valid PACS appear here

Keywords: Water-in-oil reverse microemulsions, Buoyancy driven instabilities, Diffusion-Convection Systems,

Cross-diffusion, Multi-components systems

Aerosol-OT (AOT) microemulsions have been 4«
well studied in the context of reaction-diffusion

patterns in particular when the reactants of the

oscillatory Belousov-Zhabotinsly reaction are dis- 4
solved in it. Recently, such microemulsions have
also proved to be good model systems to study, +
in absence of any reaction, convective instabili- «
ties driven in the gravity field by cross-diffusion 4
effects when gradients in a salt concentration trig- s
gers co-flow of water and AOT. Here we show =
that even in a simpler three components water- =
AQOT-octane system, cross-diffusion can trigger s
buoyancy-driven motions when a gradient of ei- s
ther water or AOT is imposed to an initially s
statically stable stratification of two different mi- s
croemulsions. This paves the way to future un- s
derstanding of cross-diffusion driven hydrody- s
namic instabilities and to studies of more complex
reaction-diffusion-convection patterns where con- e
vective effects could be induced by gradients in e
concentration inherent to reaction-diffusion pat- s

terns. 63
64
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I. INTRODUCTION

New dynamical properties arising from the interplay of
dissipative physico-chemical systems with dispersed me-
dia and soft matter are being studied since many years.
The dynamics of the well known Belousov-Zhabotinsky
(BZ)'? chemical oscillator, in particular, has been stud-
ied with many self-assembled matrices® and structured
media* including gels and hydrogels®®, micelles? !4,
polymers'®1® and lipid vesicles and aggregates'® 24,
Particularly important from the pattern formation view-
point, the AOT water-in-oil reverse microemulsions
(ME), are probably the most thoroughly studied system
in combination with the BZ reaction. Microemulsions
can be defined as optically clear, thermodynamically sta-
ble and isotropic liquid mixtures of an organic component
(more commonly termed oil), water and surfactant (see
the sketch in Figure la for the structure). In particu-
lar, in a reverse ME the hydrophilic BZ reagents can be
solubilized in water AOT-coated nano-droplets to create
a great amount of coupled nano-oscillators. Early works
dealt with the temporal behavior of the BZ reaction when
dissolved in the ME?>26, When the Brandeis group ev-
idenced for the first time Turing structures and other
exotic patterns in ME loaded with reactants of the BZ
system in a spatially extended reactor?”3°, the system
attracted much more interest. The Brandeis group found
that transport phenomena played a key role in the gen-
eration of the large amount of patterns observed in ME.
Specifically, microemulsions induce two different diffu-
sion modes for the BZ intermediates: slow diffusion for
the hydrophilic activator, which can only move together
with the droplets, and fast diffusion of the hydrophobic
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inhibitor, free to move alone into the oil phase with ais
diffusion coefficient two orders of magnitude larger thaniss
that of the activator. In order to generalize the modellings
of the related pattern formation, cross-diffusion terms,s
i.e. the phenomenon by which a flux of a given speciesis
entrains the diffusive transport of another species®!, wereis
introduced in reaction-diffusion equations. In their semi-140
nal paper3?, Vanag and Epstein introduce cross-diffusionis
phenomena in reaction-diffusion models, an aspect gen-is
erally neglected in chemo-physical systems. In this con-is
text, the Brandeis group developed a new method tous
exploit the Taylor dispersion technique (TDT, see sec-us
tion IB), in order to measure the diffusion matrix upus
to a 5-component microemulsion systems (HyO + AOTuw
+ 2 BZ reagents in octane as the oil phase)3?3° andus
study the effect of cross-diffusion on the onset of Turinguo
instabilities3®. 150
Besides these breakthroughs in reaction-diffusion (RD):s:
systems, I.R. Epstein has also pioneered the studies ofis
reaction-diffusion-convection (RDC) patterns in autocat-iss
alytic systems when convection develops around travelingiss
fronts in solutions because of density gradients due to theiss
exothermicity of the reaction and/or volume changes be-1ss
tween reactants and products.36-39, 157
With the idea that RD patterns and convective effectsiss
should be able to interact in microemulsions to give riseso
to a wealth of possible new RDC patterns and instabil-ieo
ities, we recently?? started investigating hydrodynamicie
convective patterns triggered by cross-diffusion in mi-ie
croemulsions in the absence of any reaction. The objec-ies
tive is twofold: first, the ME system is a perfect model

system to explore new convective modes related to the

introduction of cross-diffusion effects in the analysis ofies
hydrodynamic instabilities of miscible two-layer systems.

Even though some early works have started addressing,es
this problem in polymers*"#2, cross-diffusion driven con-,
vective instabilities in absence of any reaction are still,;
poorly understood. The second objective is to under-,q
stand which convective modes can be observed in mi-,4
croemulsions before starting to add the complexity of RD;,
patterning to construct new RDC patterns. In this con-,,,
text, we first studied*® fingered convective motions de-,,
veloping at the interface between two identical AOT-ME,,,
in a gravitational field, when the lower denser solution,,,
contains a simple water-soluble molecule (NaBrOgs) free,,
to diffuse towards the upper less dense layer and gen-,.
erate by cross diffusion a positive co-flux of both water,,,
and AOT. In detail, when NaBrOj3 diffused from the bot-,,
tom to the upper layer, it dragged along both Ho,O and

AOT molecules thus generating a non-monotonic den-17
sity distribution around the contact line, destabilizingso
convectively an initially stable system. By means of as
diffusion model, we explained the dependence of the hy-1e
drodynamic patterns upon [NaBrO;] cross-diffusion andzss
we opened a new path to study the coupling between

pattern formation due to RD and RDC interactions in*
microemulsions systems. 19

R . . . 18
In this paper, we show that cross-diffusion drives con-
187

4

6

vective instabilities in an initial statically stable stratifi-
cation between two microemulsions (without any added
salt) in a Hele-Shaw cell by just imposing a gradient in
water or AOT concentration. By using the TDT we char-
acterise the diffusion matrix of the Water/AOT mixture
and show how ME represent a convenient model to study
cross-diffusion-driven convection. On the basis of Fick’s
equations including cross-diffusion coefficients, we pre-
dict two different possible convective instability scenar-
ios based on the sign of the cross-diffusion terms. We
use these results to devise experiments where the species
free to diffuse from one layer to the other present ei-
ther positive or negative cross-diffusion coefficients. We
demonstrate experimentally the difference in convective
patterns for the two predicted instability scenarios and
compare the properties of the obtained convective pat-
terns.

The paper is structured as follows, in section I A we
briefly sketch transport properties of a microemulsion
system. In section I B the main features of the Taylor dis-
persion method are described. The experimental meth-
ods and setup are presented in section II while results
are discussed in section III. In particular, in section III A
the diffusion matrices of the Water/AOT systems investi-
gated are characterised. In sections IIIB 1 and III B 2 we
introduce a theoretical approach to cross-diffusion-driven
convection and, by analyzing the shape of the density
profiles, we characterize two classes of instability scenar-
ios that are next demonstrated experimentally in section
III C. Finally, conclusions are drawn in section IV.

A. Transport processes in microemulsions

Sodium bis(2-ethylhexyl) sulfosuccinate, usually re-
ferred to as Aerosol-OT, or simply AOT, is able to fea-
ture stable reverse microemulsions in a simple three-
component system for a broad range of compositions.
The geometry of the dispersed domains may range
from spherical or elongated droplets to lamellar phases,
through interconnected channels of various length and
local topology. The exact shape of the water and oil
pseudophases depends upon a number of factors, such
as chemical nature and concentration of the microemul-
sion components, temperature and pressure. However,
at fixed temperature and pressure, the structural prop-
erties of AOT reverse microemulsions can be basically
described by two parameters®”:

e the water to AOT molar concentration ratio w
= [H,0]/[AOT] which, in the case of droplets,
gives an estimation of the water core radius, ex-
pressed in nanometers, according to the relation°
Ry~ 0.17w.

e the volume fraction of the dispersed phase ¢4 =
#n,0 + ¢aor which can be used as an indicator
of the interactions among water domains. In fact,
higher values of ¢, result in clusters formation and
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eventually in the onset of a continuous aqueousso
phase (percolation threshold3%43 ¢4 ~ 0.5 — 0.6 ). 20

41

In a ternary system like ME (H,O (Species 1) / AOT
(Species 2) 4+ Octane as the solvent), the diffusion ma-
trix consists of 4 elements: 2 diagonal main diffusion
coefficients (D11 and Das), which account for the mo-
tion of water and AOT in octane respectively, according,,,
to their own concentration gradient and 2 off diagonal
cross-diffusion coefficients (D12 and Day), related to the
motion of water generated by a gradient of AOT and
vice versa. Diffusion is therefore described by a set of
two equations and four diffusion coefficients as

— D12V
D22 VCQ

243

244

J1=-Di1VQC,
Jo = =Dy VC —

(1)245
(2)246

247
where J; is the flux of the i species and C; and Cy are,,

the concentrations of H,O and AOT, respectively. o0
The cross-diffusion coefficients were found to be neces-,,
sary to describe in details ME systems, in particular a
flux of AOT generates a large co-flux of water (D15 pos-
itive), while the flux of H,O generates a counter-flux of
AOT (Da; negative)*446. The presence of solutes in ME
also generates large cross—dlffusmn effects, which where
measured up to a 5 components systern33 35, Exduded
volume effects, are the most important mechanisms in” s
generating cross diffusion in ME, because the motion of ror
AQOT or H,O changes the size of the droplets’ water core_
mﬂuencmg the actual concentration of the two species. -
Further mechanisms related with the size of the water

droplets are, however, at play>*%°. .

259
B. The Taylor dispersion technique 0

261

262

The Taylor dispersion technique (TDT)*"0 is a,,
fast and reliable method for measuring the diffu-
sion coeflicients of solutes in one- or multi-component
solutions33 35455152 The TDT is based on the diffusive
spreading of a drop of solution injected into a laminarly
flowing stream of the same mixture but with slightly dif-
ferent concentrations. A small volume of the perturbing, _
solution is injected into the flowing eluent at the entrance,
of a long capillary tube having a radius Ry. As it moves
along the tube at a constant speed ug (cm/s), the injected
sample is deformed by the flow and by radial diffusion. If
the flow has a parabolic velocity profile, the drop spreads
out into a shape that can be fitted by a combination of n
Gaussian functions for an (n + 1)-component system (n
solutes + 1 solvent). The eluted peak is monitored by a
suitable detector, chosen according to the composition of**®
the analyzed samples. The diffusion coefficients are cal-
culated from the parameters of the Gaussian functions®®
that fit the eluted peak.

Taylor demonstrated that if the elution process is slowarwo
enough, the radial variation of the sample concentrationzn
is small relative to the axial variation and the concen-2r
tration profile of the i-th species (¢;) in a n-componentors

system can be described with a one-dimensional equation
(¢; is averaged over the cross section of the tube) taking
the form3347

oc; " 8%c;
ot > P (3)
i=1

=
]:

where Fj; are called dispersion coeflicients. They have
the same units as the molecular diffusion coefficients D;;

(cm? s71) and are related to them through the relation
R2u? "
Fij = —2C% _det(Mp;;)(—1)0+) 4

det(D) is the determinant of the n x n diffusion matrix
D and det(Mp;;) is the determinant of the minor asso-
ciated with element D;; of D.

The Fj; can be obtained from the experimentally found
parameters characterizing the Gaussian fit to eluted
peaks: P; cqp, K;, and o; through the following equation

n n n

1

ly E 0P exp = E cjo E K;F;;
i=1 =1 =1

where lg (cm) is the length of the capillary occupied by
the sample injected at the initial time (I;' = 7R3/Vp,
Vo is the injected volume), P; .., are the pre-exponential
parts of the Gaussian, o; are the dispersions of the Gaus-
sian functions which are equal to the eigenvalues of the
dispersion matrix F, ¢;q is the difference between the con-
centration of component ¢ in the injected sample and in
the carrier stream, K; is the instrumental sensitivity with
respect to that component (typically linear in the con-
centration). The experimentally measurable quantities
P czp, K;, and o; can be found by fitting all the exper-
imental peak curves v(t) (generated with injections of
different compositions) according to

%(t—tof]

40'it

(5)

Z z ,exp [ (6)
V4 47ral

where ug is the mean velocity of the carrier stream and g
is the retention time. The coeflicients K; can be found by
analyzing different experiments involving injections with
only one ¢;o # 0 as

71(2 Pj,epri)/Cio i=1..n (7)
j=1

Il. EXPERIMENTAL SETUPS
A. Taylor Dispersion setup

In all experiments a 15 m silica glass dispersion capil-
lary (inner radius Ry = (0.016 £ 0.002) c¢m) was placed
between the injector and the cell of the differential flow-
through thermostated refractive index detector, RID
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Figure 1. (a) Sketch of the experimental configuration used*
for the Hele-Shaw experiments. (b) Scheme of the HPLC32
apparatus adapted for the Taylor dispersion measurements. 32
327
328
329

330

(Agilent G1362A). The RID measures the difference be-3
tween the refractive index of the eluent which is present33
in a reference cell and the refractive index of the flowing33
solution containing the sample, which passes through asss
measuring cell. The refractive index is, in fact, depen-sss
dent on the composition of the system and, for dilutess
solutions, it is a linear combination of the refractive in-ss
dex of each component weighted by its concentration. s
In order to eliminate small bubbles from the solutions,sss
an inline ion exchange resin based de-gasser (Agilentsso
G1322A) was placed between the eluent reservoir andsa
the pump. 342
The tubing was coiled in a 30 cm diameter helix and im-ss
mersed in a thermostated water-bath (Julabo ME-16G),s
kept at 25 °C. The eluent flow was kept steady and con-
stant at 0.015 mL/min by using an isocratic pump (Agi-
lent G1310B). A 2 pL sample loop was used for samples345
injection. The detector was connected to a personal com-
puter for data acquisition.

Solutions were prepared by using bidistilled water, AOT?*
(Aldrich) was of analytical grade and used as received.
Octane (Sigma) was further purified by mixing with con-s
centrated sulfuric acid for seven days. 8
Samples were injected every 60 min to avoid the overlap-s.o
ping of the peaks. Experimental peaks generated withsso
different injections were simultaneously fitted, by usingss
the Levenberg-Marquardt algorithm®3, to equation (6).ss
In order to correct the instrumental drift, a baseline ofsss
the form (a + bt) was previously subtracted from thess
recorded signals with the help of a suitable software. 355

B. Hele-Shaw cell

The experimental reactor used to study convective
dynamics at the interface between two MEs of different
compositions consists of a vertically oriented Hele-Shaw
cell, composed of two borosilicate glasses separated by
a spacer of 0.10 mm (Figure 1(a))’*. Two different
water-in-oil (W/O) reverse microemulsions were filled in
the reactor through the inlet ports positioned at the top
and the bottom of the cell (“In” arrows in Fig. 1(a)).
The excess of the solutions is pumped out through the
cell’s outlets (“Out” arrows in Fig. 1(a)) until a flat
interface between the two liquids is obtained. Each of
the two microemulsions having different composition
initially occupies half of the reactor height. The top
and bottom solutions are prepared at room temperature
(~ 21°C) by means of distilled water and of a 1.5 M
AOT in octane stock solution, conveniently diluted until
the desired ¢4 (0.16 — 0.20) is reached. The top and
bottom microemulsions are prepared at slightly different
droplet size (w = 8 — 14), with the bottom solution
always denser than the top one. Different w ratios are
obtained by varying the amount of H,O (AOT) while
keeping the amount of AOT (H,O) constant.

The dynamics of the interface is tracked by using
the Schlieren technique?®>®, which allows to observe
the gradients in the refractive index between both
microemulsions, due to their density differences and,
therefore, monitor the convective motions in solutions
without the presence of dyes.

The solutal expansion coefficient of each i-component (i

= H,0, AOT) was determined according to a; = plT,aag.

where pg is the density of the solvent (octane) and C;
the molar concentration of the i-th species. In order
to measure these coefficients the volume of both the
solvent and of one of the components was fixed, while
the concentration of the other was gradually increased.
The densities were measured by using an Anton Paar
densimeter and it was found that the solutal expansion
coefficients were 0.0051 M~! for H,O and 0.154 M~ for
AOT.

I1l. RESULTS
A. Diffusion matrices

In order to characterize the diffusion matrix of the mi-
croemulsions used for the Hele-Shaw experiments, three
systems below the percolation limit were investigated;
namely, microemulsions with the smallest and the largest
value for the concentration ratio, w, and the volume frac-
tion, ¢g, (8.15 ; 0.165) and (14 ; 0.2), respectively and
one composition in the middle of the interval, (11.84 ;
0.18). Several experiments were performed by injecting
samples with an excess of one (H,O or AOT) or two
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components. All Taylor dispersion peaks obtained were
then simultaneously fitted using eq. (6) with ¢ = 1,2 to
extract the experimental parameters (P; ezp, 0;). As an
example, figure 2 shows the peaks obtained by injecting
samples with an excess of only AOT (A) or only H,O
(M) into a carrier stream of microemulsion with w = 14
and ¢g = 0.2. The sensitivity coefficients K; were found
by introducing the fitted parameters in eq. (7). By using
eq. (5), we find the dispersion coefficients F;; and finally,
by using eq. (4) we transform F;; to diffusion coefficients
D;;. The complete procedure to fine-tune the diffusion
matrix values is reported elsewhere33.

Table I. Ternary Diffusion Coefficients (in 1076 cm?/s) for the
H,O (i=1)/AOT (i=2)/Octane systems at different w and ¢g.

w g D11 D12 Do Doo

8.15 0.165 0.8+0.1 3.6+£1.0 —0.0015 4 0.0020 1.10 £ 0.01
—0.010 £ 0.002 1.30+0.04
—0.005 £ 0.004 0.96 +0.01

11.84 0.18 0.60+£0.04 7.8 +£2.0
14 02 03+01 1.1£0.2

Table I reports the diffusion matrices of the investigated
systems, which span the whole range of the microemul-
sions composition used for the Hele-Shaw cell experi-
ments. Since both w and ¢4 have been varied simul-
taneously, it is difficult to find a clear trend for the de-
pendence of D;; upon the system composition. However,
for the purpose of this work, we were more interested®
in finding the nature and the order of magnitude of the®
cross-diffusion coefficients to be used in simulations (see**
section ITI B). The results reported in Table I fit well withaos
literature data determined for other compositions of thess
microemulsions®3 354445 in particular we find that thesor
motion of AOT generates large co-fluxes of water (Djgs
large and positive) and the motion of water generatessos
small counter-fluxes of AOT (Dy; small and negative)o
for all the parameters range explored in the Hele-Shawsu

experiments. a12
413

414
B. Theoretical approach 415

416

1. Cross-Diffusion Model

The possible convective instabilities which take place
at the horizontal interface between two microemulsionsasr
in a vertical Hele-Shaw cell (see Figure 1a)), can be in-ss
terpreted by studying the corresponding temporal evolu-4w
tion of one-dimensional density profiles along the verticalao
axis Z, where the gravitational acceleration g is orientedaa
downwards. The density profiles give qualitative infor-ax
mation about the instabilities to be expected, as theiras
morphology shows whether and where local regions ofa
denser fluid overlying less dense zones may develop alongas
the gravitational axis. 226
Consider a spatial domain of length Lz where a solu-ar

5
6x10°
)
'3
©
C
=
0
1000 1200 1400 1600 1800 2000 2200 2400 2600
Time (s)
Figure 2. Taylor dispersion peaks for the system

H,0/AOT /octane. (A) Experimental peak for a sample con-
taining an excess of AOT, A[AOT] = 0.1 M, A[H,0] =0 M.
(M) Experimental peak for a sample containing an excess of
H,0, A[AOT] =0 M, A[H,0] = 2 M. The composition of the
eluent is [H,O] = 4.38 M, [AOT] = 0.31 M and [octane] =
5.14 M (w = 14 and ¢4 = 0.2), T = 25 °C. Solid lines are the
best fit obtained with sum of two Gaussian curves with P1 eap
=1.4x 10" RIU. x cm, Ps ezp = 1.7 x 107 R.I.U. x cm (A)
and Pieqp = —2 x 10° R.LU. x cm, P2 ezp = —7 x 10° RILU.
x cm (H). For both peaks, o1 = 6 cm?/s, g2 = 12 cm?/s,
K; = —2.85 x 10° R.1.U./M and K> = 1.07 x 10® R.1.U./M.

tion T of density p?, containing the solute 1 (H,0) with
the initial concentration C{ and the solute 2 (AOT)
with concentration CQT, o is placed on top of the solution
B, with concentration CP, = C{,, CF, > C (or vice
versa, depending on the type of cross-diffusion we are in-
terested in). The density p? is always larger than p? in
order to start from a stable configuration with regard to
a Rayleigh-Taylor instability®®. Upon contact, the two
miscible solutions, initially separated along the horizon-
tal interface z = Lz/2, start mixing by diffusion. The
diffusion of each species is affected by concentration gra-
dients in the other one and hence the spatio-temporal
dynamics of the system obeys a set of fickian equations

including the cross-diffusive terms of the diffusion matrix
D:

0,Cy = D11V?Cy + D15V?Cy
90;Cy = D31 V2Cy + D3y V2(Ch

(8)
9)

Although main (D;;) and cross-diffusion coefficients (D;;,
1 # j) depend on the chemical composition of the system
(see Table I), as a first approximation, we consider them
here as constant3®40,

We solve egs (8)-(9) with a constant concentration of
either water or AOT and a jump in the concentration
of the other specie centered around z = Lyz/2. No-flux
boundary conditions are imposed at the borders of the
spatial domain. We obtain numerically the concentra-
tion profiles Ci(x,t) and Cy(z,t) which are next used to
reconstruct the related density profiles according to the
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state equation:
,0(01, 02) = ,DT (1 + 041(01 — Cljjo) =+ 042(02 — 027:0))(10)

This expansion relies on the assumption that con-
centrations slightly change with respect to the initial
composition of the reference top solution with density
p? and we can then admit a linear dependence of the
global density p upon the solute concentration. In eq.
(10), oy = ;%Ta%pi is the solutal expansion coefficient of
the i—th species.

2. Density profiles analysis

The double-layer initial condition represents a key
specificity of the cross-diffusion problem under study.
Depending upon the starting concentration profile of the
two species, we can “select” a specific cross-diffusion path
and, in turn, the related convective dynamics. For in-
stance, when a concentration jump is initially imposed
to AOT at constant water content, this induces a dif-
fusive motion in the initially homogeneous distribution
of H,O via the cross-diffusion term D;s, while the other
cross-diffusion term (Ds;) plays a negligible influence.
In particular, species 2 (AOT) generates a co-flux of the
species 1 (water) since D1q is positive. Vice versa, when
the initial concentration jump is imposed on water at
constant AOT, cross-diffusion effects, triggered by the
propagation of water towards the upper layer, influence
the evolution of AOT as controlled by Ds;. In this case
the diffusion of H,O generates a counter-flux of AOT.
These mechanisms are shown in Fig.3. Both panels
(a) and (b) describe in the first two graphs the spatio-
temporal evolution of the species concentration starting
from one of the two initial configurations under analysis;_
the third graph displays the resulting density proﬁles.481
The concentration profiles are obtained by solving in one
spatial dimension (Z) the diffusion equations with the .
characteristic diffusion matrix of the ME (see sec. IILA):

2

485

D= (%‘%1 Ig) x 107 %cm? 571, (11)sss
487

488
while the density distribution is found according to eq.sso
(10), using the solutal expansion coefficients measuredaso
experimentally (see sec. II): ap,o = 0.0051 M~ andu
asor = 0.154 M~!. Fig.3.a illustrates how the diffusionas
of species 1, featuring an initial concentration jump, gen-sos
erates a counter-flux of species 2 ruled by the negativesos
cross-diffusivity Da; = —0.01x107% cm? s~1. In the con-ass
centration profile Cy(Z,t) this induces a local depletionass
area in the upper layer and a symmetric accumulationas
of species 2 just below the initial interface Lz/2. Byas
contrast, when the initial concentration jump is imposedas
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Figure 3. Spatio-temporal evolution of the concentration pro-
files C1(Z,t), C2(Z,t) and of the density excess (p — p” (2)).
In each graph we show with black lines the initial distribu-
tion of the variables, while red and blue profiles depict the
spatial concentration and density at intermediate and long
times, respectively. a) NCC mechanism due to the negative
cross-diffusion term (D21) and induced by means of a con-
centration jump in the species 1 (water). b) PCC scenario
with positive cross-diffusion (Di2) triggered by the upwards
diffusion of the species 2 (AOT).

to the AOT (species 2) (Fig.3.b), its diffusion from the
bottom to the upper layer promotes a co-flux of the wa-
ter (species 1), quantified by the positive cross-diffusivity
D5 =7.8x107% cm? s7!. As a result, the concentration
profile C1(Z,t) develops a non-monotonic shape with a
local maximum and a minimum symmetrically located
above and below the initial interface, respectively. We
clearly observe an inversion in the morphology of the non-
monotonic density profiles depending whether the initial
jump is imposed on species 1 (water) or species 2 (AOT),
as this activates different cross-diffusion terms with op-
posite sign.

Non-monotonic density profiles will develop because of
cross-diffusion effects provided a sufficient influence of the
non-monotonic concentration to the global density. In
the first case (Fig.3.a), though the small negative cross-
diffusion D,y drives the formation of concentration ex-
trema of small amplitude in C3(Z,t), the AOT has a
large weight (aao7) to the density and we can identify a
minimum and a maximum above and below the interface,
respectively. This profile is reminiscent of typical density
profiles characterizing Diffusive Layer Convection (DLC)
scenarios®®%” and we can expect that, starting from an
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initial constant AOT concentration and a jump in H,O,ss
convective modes will grow in the upper and the lower
layer, without deforming the initial contact line between
the two stratified solutions. We will refer to this scenario
as Negative Cross-diffusion-driven Convection (NCC).
Analogous considerations can be drawn for the opposite
initial configuration shown in Fig.3.b. Here the cross-
diffusion term responsible for the non-monotonic evolu-
tion of C1(Z,t), Dya, is positive and large. This means
that Cy(Z,t) can develop concentration extrema but,
since H,O presents a small relative contribution to the
system density, the smoothing of the initial AOT gradi-
ent must be waited to observe the influence of H,O in the
density evolution. Fig.3.b (third panel), allows to appre-
ciate how, starting from an initial condition in which the
density increases downwards the gravitational axis, the
density profile changes in time into a monotonically de-
creasing profile. In real experiments this results in a fin-
gered deformation of the initial interface and hereunder
we refer to this scenario as Positive Cross-diffusion-driven
Convection (PCC).

C. Hele-Shaw results

In order to confirm the theoretical predictions, we per-""
formed experiments in a Hele-Shaw cell by stmtifying557
two microemulsions with different initial concentrations
of water and AOT. In all experiments, we start from an
initial statically stable stratification, i.e. the microemul-
sion located in the bottom is denser than the one on
the top. We explore two different scenarios to analyze
the negative (NCC) and positive (PCC) cross-diffusive-
driven instabilities. In the negative cross-diffusive case
(Fig.3.a) the AOT concentration is initially constant ev-
erywhere while the microemulsion on the top has less
water than that placed below, as depicted in Figure 4(a).
When the difference in water concentration is relatively
small (A[Hy0]yp¢00m 10p < 075 M) we do not observe
any buoyant instability. This can be understood as a
limitation of our experimental device in discerning small
gradients in the refractive index. However, for larger gra-sss
dients (0.75 M < A[Hy0]},pt00m t0p < 1.75 M) the ini-ss
tially stable configuration becomes unstable after 5 — 6se0
minutes exhibiting convective vortices at symmetric dis-se
tances above and below the unperturbed interface (seess
Figures 4(b) — (d), features that compare favorably withsss
the classification given in sec. IIIB for the same ini-se
tial configuration (NCC scenario). We recover the typi-ses
cal nonlinear dynamics of DLC modes where convectivesss
vortices develop at symmetric distances around an un-se
perturbed interface®6>7 .| We track the evolution of thess
mixing zone, defined as the distance between the mostss
upwards and downwards tip of the fingers. Figure 5swo
demonstrates that the larger the initial jump in watersn
concentration the slower the mixing of the microemul-s
sions. This is expected as the cross-diffusion effects havess
then to overcome a larger stabilizing density jump to pro-sw

mote convection.

Concentration
a) AOT

>
>

Water

Figure 4. Experimental negative cross-diffusive instabil-
ity. a) Sketch of the experimental initial conditions re-
quired to achieve negative cross-diffusion. b)-d) Three snap-
shots showing the evolution of the DL.C mode obtained with
AH,0p 0 tt0metop = 1-15 M taken at t = 0, 700 and 1200 s.
ME, w = 8.15, ¢pg = 0.16; MEg w = 12.2, ¢g = 0.185. Frame
sizes (b) — (d) = 11.45 mm x 8.9 mm

8 | | | ‘
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Figure 5. Temporal evolution of mixing length for different
values of the initial water concentration jump.

In order to analyze the positive cross-diffusive (PCC)
driven convective instability, we start with a jump on the
AOT surfactant concentration between both microemul-
sions at a homogeneous amount of water, as sketched
in Figure 6(a). By imposing a surfactant jump in the
range 0.02M < AOTy, 4 o top < 0.06 M, the initial con-
tact line deforms into equally separated fingers that grow
vertically with time at the interface (Figures 6(b) — (d)).
These structures are successfully predicted by the analy-
sis of the density profile obtained from the cross-diffusion
model in analogous conditions (PCC scenario) and can
be better perceived by performing spatio-temporal plots
along the horizontal and vertical axis (Figure 7). Hori-
zontally, along the initial contact line between both mi-
croemulsions (dashed line in Figure 7(a)), we observe
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how convective fingers (vertically oriented white stripes
in Figure 7(c)) have a characteristic hydrodynamic wave-
length. This feature, defined as the average distance
between consecutive convective fingers, has been calcu-
lated before being altered due to the appearance of lateral
flows in the system. Analysis at different density jumps
between both microemulsions show that the larger the
initial jump in AOT concentration the smaller the wave-
length as reported in Figure 7(d). The vertical space-
time plot (Figure 7(b)) accounts for the induction pe-
riod, defined as the interval of time that convective fin-
gers require to develop. This characteristic time is short-
ened as the initial jump in AOT concentration is reduced
(Figure 7(e)). Furthermore, Figure 7(b) gives us infor-
mation about the asymmetric growth rate of convective
fingers (90 pm/min for ascending fingers in contrast to
75 pm/min for the descending ones).

Concentration

>

a) Water

ual

AOT

Figure 6. Experimental positive cross-diffusive instability. a)eos
Sketch of the experimental initial concentration of a jump ofy,
AOT between both microemulsions while the water concen-
tration is constant. (b) — (d) Three snapshots taken at t =_
0, 700 and 1250 s displaying the evolution of double diffusive

modes obtained with AAOT i\ iop = 0.06 M. ME} w =
11.95, ¢g = 0.19; ME, w = 9.8, ¢g = 0.2. Frame sizes (b) —
(d) = 11.45 mm x 8.9 mm. o2

613

614

615

616

IV. CONCLUDING DISCUSSION o1
618

To conclude, through a combined experimental andes
theoretical study, we have demonstrated that ME areexs
a simple and ideal model system where different convec-e»
tive instabilities driven by 2-component cross-diffusiones
can be induced. Thanks to the TDT method we havess
first characterized the AOT-H,O diffusion matrix of thess
microemulsion solutions for the concentrations used ines
the HS cell convective experiments. These measurementsezr
show that the diffusion matrix consists of a positive D16
and a negative Doy cross-diffusion term and that theres

Time
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Figure 7. Analysis of positive cross-diffusive driven instability.
(a) Initial frame (1.45 mm x 8.9 mm) displaying the horizon-
tal contact line between two microemulsions carried out at ¢4
= 0.18 and AAOT,, i, ;y.t0p = 0-06M. (b) Spatio-temporal dy-
namics obtained along the vertical red dotted line v showing
the deformation of the contact line along the gravitational
axis. Frame size = 8.9 mm x 2000 s. (c) Spatio-temporal
plot constructed along the horizontal line h demonstrating
the emergence of fingers at different locations of the interface
and their temporal evolution. Frame size = 11.45 mm Xx 2000
s. Variation of wavelength (d) and induction time (e) for dif-
ferent initial jumps in the AOT concentration between the
bottom and top microemulsions. A solid line was drawn in
(d) and (e) to help the reader following the data trend.

is a suitable concentration range where H,O and AOT
can be varied without changing dramatically the actual
values of the diffusion coefficients. With this informa-
tion and knowing the solutal expansion coeflicients of
the two species, we could theoretically predict two possi-
ble cross-diffusion driven convective scenarios, depend-
ing upon which species features the initial concentra-
tion jump in the starting statically stable stratification.
When the initial concentration jump is imposed on the
water concentration, DLC-type convective patterns grow
driven by the negative cross-diffusivity Dy (NCC). On
the contrary DD-type of instabilities can develop in time
in presence of an initial concentration jump introduced
in AOT when the cross-diffusion dynamics is controlled
by the positive D12 (PCC).

The positive and negative cross-diffusion-driven convec-
tive scenarios have been described on the basis of one-
dimensional density profiles directly constructed using
experimental data. By studying the spatial dependence
of these density profiles we can also interpret some fea-
tures obtained from the analysis of experimental data.
For instance, in our simulations we find that the time
needed to form the monotonically decreasing profile in



630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

Cross-diffusion driven convective instabilities

0.003— — —— — — 666
E .
0.0025F ]
0.002F = 1

[ 4 667
0.0015F ]

[ " ] 668

0.001F ] 669

[ ] 670

[ . ] 671

pooos——t v 11 o2

0.34 0.36 0.38 0.4 o0

A [AOT] o4

675
676

Figure 8. Dependence upon A[AOT] of the maximal densitys7”
jump (Ap) between the top and the bottom layer in the mono-°7®

tonically decreasing profile developing in the PCC scenario. *°
680

681

682
the PCC (featuring a denser fluid over a less densesss
medium, like the blue profile in Fig.3.b (third panel))“’4
is independent of the initial concentration jump 1mposed
to the AOT. By contrast, the related density jump, Ap,687
which measures the maxunal density difference betweensss

the top and the bottom layer as max({%{;((m} Vt),5%
690

slightly increases with A[AOT] (see Fig.8). Consider-,
ing the experimental error, these features are substan-es
tially recovered in the characterization of the experimentsess
shown in Fig.7.d and Fig.7.e. Here, we cannot recognise®
any significant trend in the onset time of the instabil-:z
ity (the average value is almost constant) while, the de-g;,
creasing drifting of the pattern wavelength with A[AOT]ess
can be ascribed to the increasing magnitude of Ap. The699
larger this initial density jump, the more intense the re-’

sulting convective dynamics and, in turn, the shorter the

characteristic wavelengths to be expected 703
Our results can be generalised to any multi-componentos
system showing either positive or negative cross-diffusion’
terms in the diffusion matrix D. Similar results have’®
been found for polymer-sugar systems?! and polymer-,,
polyelectrolytes systems®®, both showing positive cross-re
diffusion terms due to an excluded volume mechanism.7o
Microemulsions allowed us to investigate, for the ﬁrst711
time, the effect of negative cross-diffusion on the de-' s
velopment of hydrodynamic instabilities and we found,,
that the sign of the cross-diffusion coeflicients is impor-us
tant to select the type of instability. These results also7s
show that microemulsions will be a suitable experimental™
model to investigate the coupling among reaction—drivenzz
and diffusion-driven hydrodynamic instabilities. 720
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