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Abstract  The interplay between chemistry and interfacial-tension-driven hydrodynamic instabilities has been 
studied experimentally. The system on hand consists of two immiscible liquids separated along an initially plane 
interface at which an interfacial reaction takes place to produce in situ a surfactant. It is identified that the dynamics 
of the system depends on the orientation of the Hele-Shaw cell with respect to the vector of gravity. If the Hele-Shaw 
cell is placed vertically, Marangoni cells with vigorous convection develop in both phases along a nearly planar in-
terface. However, if the Hele-Shaw cell is tilted off the gravity, the instabilities in the system are characterized by 
the large scale interfacial deformation with a spatio-temporal periodicity together with the chemo-Marangoni convec-
tion. The focus is on the exploration of the transition from the cellular mode to the large scale interfacial deformation. 
Keywords  interfacial reaction, in situ produced surfactant, Marangoni convection, interfacial deformation 

1  INTRODUCTION 
The coupling between chemical reaction and hy-

drodynamics at interface has attracted increasing in-
terests during the past decades both from the chemical 
engineering and from nonlinear physics and chemistry. 
This interest arises both from the large impact of reac-
tion on mass transfer rate and also from the fact that 
the coupling of chemical kinetics with other transport 
processes, which often produces patterns of amazing 
beauty and is far from being fully understood. The 
fluid properties such as density, viscosity, or surface 
tension usually vary when composition or temperature 
change are induced by the chemical reaction. These 
chemically-induced changes of fluid properties in the 
bulk or at the interface may result in hydrodynamic 
instabilities, which exhibit a large variety of convec-
tive patterns, such as regular convective structures in 
the form of fingers, rolls or cells, interfacial waves 
and interfacial turbulence. 

Although numerous studies on liquid-gas systems 
were devoted to the effect of interfacial turbulence on 
the adsorption rate[1—4], our focus is entirely on liq-
uid-liquid systems in this work. Experimental evi-
dence in liquid-liquid systems of interfacial convec-
tion exhibiting interfacial turbulence has been reported 
in the literature of reaction of different types. They 
can be found in liquid-liquid extraction[5,6], hydro-
metallurgical extraction of metal ions[7—10], in the 
photochemical reactions[11] etc. Surface deformation 
plays a crucial role in the nonlinear behaviour of con-
vective patterns, which is responsible for a wide range 
of interfacial waves. Nakache et al.[12] presented 
such a kind of deformation of interface between 
aqueous solution of cetyltrimethylmmonium chloride 
and an oil layer containing picric acid, in which a sur-
factant is dissolved in the aqueous phase and the in-
terfacial tension is changed by the reaction at the in-
terface. This results in pronounced dynamic interfacial 
deformation, e.g. several waves rotating along the 

container wall. Since that, it has been attracting a lot 
of attention and led to more experimental observation. 
von Gottberg et al.[13] employed the similar system 
as above and the physical motion was observed in and 
normal to the planar interface, with periodically con-
tracting and twitching cell-like structures at the inter-
face. Kai et al.[14,15] studied this kind of instability 
in a cylindrical and annular glass container. The im-
miscible liquids are water containing a surfactant and 
nitrobenzene containing iodine. Depending on the 
concentration and aspect ratio of the containers they 
report on the transition between different types of 
nonlinear wave. 

In addition, there are also a number of references 
reporting the pattern with a high degree of ordering in 
immiscible liquid-liquid systems with chemical reac-
tion either in the interfacial region or in the bulk phase. 
Fernandez and Homsy[16] reported the viscous fin-
gering in a radial Hele-Shaw cell and compared the 
finger pattern in reactive and non-reactive systems and 
put forward that Marangoni stresses are present in 
reactive systems. Linde and co-workers[17] investi-
gated the pattern formation during an association reac-
tion between monomers and dimers. In square cavities 
the plane was found to be divided into 2n sub-squares 
in which compression-dilatation motions take place as 
a consequence of Marangoni instability. Moreover, 
Eckert and Grahn[18] re-examined the systems 
adopted by Sherwood and Wei with respect to the pat-
tern formation in a Hele-Shaw cell. The resulting 
self-sustained dynamics and pattern formation in the 
form of plumes and fingers were suggested to be 
driven by the coupling between different hydrody-
namic instabilities. When NaOH is replaced by an-
other complex base tetrymethylammoniumhydroxide, 
the system displays a regularly organized cellular 
structures forming in the aqueous phase and slowly 
penetrating into the bulk. It is proposed that the cellu-
lar convection is originated from the lateral difference 
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in buoyancy[19]. If such system is put in a horizontal 
Hele-Shaw cell, this sort of structure completely van-
ishes in favor of a planar reaction front[20]. 

In the present paper a chemical system displaying 
different sorts of Marangoni instabilities depending on 
the tilting angle of the Hele-Shaw cell is reported. Our 
aim is to describe how the change in the effective 
gravity affects the convective instabilities and espe-
cially focus on the particular role of Marangoni insta-
bilities in chemo-convective patterns. 

2  EXPERIMENTAL SECTION 
2.1  Chemical system 

The system to be studied is a quasi-two-dimensional 
configuration of two immiscible liquid phases in con-
tact along a plane interface. n-Hexane (density ρ＝
0.659g·ml－1, kinematic viscosity ν＝0.5×10－6 m2·s－1), 
into which myristoyl chloride was dissolved, acts as 
the organic phase. Potassium hydroxide was dissolved 
in the water to form the aqueous phase. Myristoyl 
chloride (henceforth abbreviated to MyCl, purity＞99%) 
was purchased from Fluka while all other chemicals 
were purchased with the highest purity from Acro-
sOrganics. The reaction takes place immediately after 
contact of both phases. It comprises two main steps. 
First, the relatively slow base catalyzed hydrolysis of 
MyCl to myristic acid and second, the neutralization 
of the latter by KOH to form the soap, potassium 
myristate (P-My). Both the intermediate and the final 
products are surface-active species, which reduce the 
interfacial tension. The measurements of the interfa-
cial tension change with the concentration, i.e. the 
surface activity, have shown that P-My is the stronger 
surfactant compared with myristic acid. The depend-
ence of the equilibrium surface tension, σ, of P-My in 
0.5mol·L－1 KOH aqueous solution on P-My concen-
tration was determined by means of the Wilhelmy 
plate method using a KSV Sigma 700 tensiometer and 
the curve is plotted in Fig. 1. The surface tension de-
creases continuously as the concentration increases up 
to about 0.001mol·L－1. Then it stays approximately 
constant at 31.7mN·m－1 independently of any further 
increase in concentration. Thus, the critical micelle 
concentration (CMC) is achieved at approximately   
1—2mmol·L－1 of P-My. In the experiments the initial 
concentrations of MyCl, CM0, and KOH, CB0, vary 
between 0.1mol·L－1and 0.5mol·L－1 and are, in the 
rule, significantly above the CMC for P-My. 

 
Figure 1  Measurement of the equilibrium surface tension 

of 0.5mol·L－1 KOH aqueous solution exposed to air as a 
function of P-My concentration 

2.2  Experimental setup 
All experiments are performed in a Hele-Shaw cell 

(abbreviated to HS cell). It consists of two transparent 
borosilicate glasses of optical quality with a narrow gap 
(b＝0.5mm) spaced by Teflon foil, in which the liq-
uid-liquid system is placed. Thus formed fluid cham-
ber is 120mm high and 60mm wide. The glass plates 
are mounted on viton gaskets in aluminium frames 
screwed together. The teflon foil mentioned above acts 
not only as the spacer but also seal between the glass 
plates. A principal sketch of the system is shown in 
Fig.2. The cell is filled by means of syringes through 
bores in the glass plates. First, the aqueous phase, then 
followed by the organic phase, as schematically illus-
trated in Fig.2. It guarantees a liquid-liquid contact 
without noticeable shear flow within 1—2 seconds. 
For the details we refer to Refs.[20] and [21].  

 
Figure 2  Principal sketch of the experimental system 
[The solid lines in the organic phase refer to the meniscus 

positions at different time (t1, t2) during the filling] 

The convective patterns are visualized by a 
high-resolution shadowgraph system (TSO, Pulsnitz, 
Germany) with a CCD camera (Dalsa 2M30-SA, 
1600×1200 pixel, frame rate of 10fps), which is 
mounted on an optical bench. As normal, experiments 
are conducted in a vertical HS cell (α→ 0), i.e. gravity 
vector acts parallel to the plates. The angle depend-
ence is determined by carrying out experiments with 
the optical bench tilted by an angle, α, relative to the 
vertical line (see Fig.3). 

 
Figure 3  Scheme of the experimental setup 

The velocity fields are obtained using digital par-
ticle image velocimeter (PIV). Polystyrene particles 
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(density 1.02g·ml－1, diameter 9.9μm), which turned 
out to be suitable for being chemically inert, are added 
into the aqueous phase. The illumination is either in 
the front (vertical HS cell) or from below (horizontal 
HS cell) by means of a standard slide projector. To 
reduce the heat input, two heat adsorption filters are 
employed. The particle motion is recorded by a CMOS 
camera (NOBLE-Kamerawerke, 256×512 pixel) with 
a frame rate of 50 fps. It is switched to a zoom 
macro-scope, allowing for different size of object field.  

3  RESULTS AND DISCUSSION 
The most striking feature of this system is a mode 

transition, i.e. depending on the tilting angle of the HS 
cell, different sorts of Marangoni instabilities occur. 

3.1  Chemo-Marangoni cells (α→ 0) 
If the Hele-Shaw cell is placed in a vertical posi-

tion (g in the direction of － z), a pattern of 
chemo-Marangoni cells is observed aligned along the 
interface. These roll cells grow very fast. Within two 
minutes the number of the cells is reduced during the 
reaction to three or two larger roll cells. A characteris-
tic feature of these cells is the vigorous dynamics 
emanating from the stagnation points which oscillate 
in both vertical and horizontal direction. It seems that 
the reaction takes place preferably at these points. As-
sociated with the “wave” is the production of some 
small-scale Marangoni cells (first order), which are 
advected into the center of the already existing second 
order cells. Fig.4 displays the shadowgraph pictures 
which represent the evolution of chemo-Marangoni 
cells in a vertical Hele-Shaw cell. 

These phenomena are observable from 15 to 
60min depending on CM0 and CB0. In the shadowgraph 
pictures (see Fig.4) roll cells can only be seen in the 
aqueous phase due to the precipitation and emulsion 
in the organic phase, but in fact they exist on both 
phases, which can be revealed by PIV method. Fig.5 
presents the characteristic velocity field obtained from 
PIV. It can be easily detected that the cells appear on 
both phases in pair. A series of PIV experiments is 
conducted in order to determine the velocity scale, 
which leads to the result that the characteristic veloc-

ity in this system is in the range of 0.5—3mm·s－1 de-
pending on the absolute initial concentrations. With 
higher concentrations, velocity is larger and accompa-
nied with the faster growth of the roll cells. 

3.2  Large scale interfacial deformation (α→90°) 
If the same reaction system is studied when the 

Hele-Shaw cell is placed in a horizontal position, i.e. 
Hele-Shaw cell oriented perpendicular to the vector of 
gravitational acceleration, large scale interfacial de-
formations, periodic in space and time, coupled with 
Marangoni convection, are observed. 

Immediately after the start of the reaction, typical, 
nice Marangoni cells can be clearly seen in the aqueous 
phase accompanied by the small-amplitude (0.5mm) 
deformations with short wavelength [see Fig.6(a)]. 

 
Figure 5  Typical velocity field showing chemo-Marangoni cells in a vertical Hele-Shaw cell for CM0＝0.2mol·L－1 and 

CB0＝0.15mol·L－1 at t＝60s 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4  Evolution of chemo-Marangoni cell pattern 
in a vertical Hele-Shaw cell for CM0＝0.4mol·L－1 and 

CB0＝0.2mol·L－1 at time (a) t＝50s; (b) t＝75s; 
(c) t＝100s; (d) t＝170s after the start of the reaction 
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With the growing time, the wavelength increases in 
parallel with the larger amplitude. For example, in 
Fig.6(b), after 35s of the start of the reaction, the wave-
length increases around 3 times while the amplitude of 
the deformations reaches 2mm. However, these two 
stages continue only for short time (40s), then the 
system crosses over to a time-periodic interfacial de-
formation in form of a few “noses” (the regular de-
formation is named here after nose), which eject from 
the organic phase toward the aqueous one, see Fig.6(c). 

 
(a) 

 
(b) 

 
(c) 

Figure 6  Interfacial deformations in a horizontal 
Hele-Shaw cell for CM0＝0.2mol·L－1 and CB0＝0.1mol·L－1 

at time (a) t＝4s; (b) t＝35s; (c) t＝165s after the 
start of the reaction 

(Lower phase corresponds to the aqueous 
phase while the upper layer organic phase) 

Now we focus our discussion on the periodicity 
of the interfacial deformation. As a whole, the inter-
face deforms advancing into the aqueous phase and 
then recedes. External Marangoni convection in the 
aqueous phase becomes distinct and further promotes 
the nose receding [see Fig.6(b)]. The flow inside the 
Marangoni cells directs towards the interface at the 
cell margins, i.e. at the nose formation places, and 
away from the interface in the cell center, which is 
illustrated in Fig.7. 

 
Figure 7  Nose receding promoted by the external 

Marangoni convection and the flow inside 
Marangoni cells is shown with the arrow 

In Fig.8(a) we analyze the deformation of the in-
terface, characterized by the distance H between the 

interface and the nose tip as a function of time for the 
case CM0＝0.3mol·L－1 and CB0＝0.1mol·L－1, and the 
corresponding velocity v, dH/dt is plotted in Fig.8(b). 
Based on the figures, it can be clearly found that the 
interfacial deformation happens periodically with the 
lifetime 4s while the maximum deformation reaches 
9mm. Moreover, the nose advances with the velocity 
16mm·s－1, then it goes back with a much smaller ve-
locity 7mm·s－1. Finally it enters into a slower recov-
ery process to prepare for the next sudden burst. This 
process is similar to a spring accumulating the energy 
and releasing suddenly. Compared with the character-
istic Marangoni velocity (1mm·s－1), nose advance-
ment velocity is approximately. 10 times faster. How-
ever, the lifetime of the nose, intensity and nose ve-
locity depend on the gap width and absolute initial 
concentrations. Basically with the increase of the gap 
width, the deformation magnitude decreases while the 
frequency increases. And the advancement velocity 
decreases, becoming comparable with the receding one. 

 
(a) 

 
(b) 

Figure 8  Deformation of the interface (a) and 
corresponding velocity (b) as a function of time for 

CM0＝0.3mol·L－1 and CB0＝0.1mol·L－1 

3.3  Roll cells+interfacial deformations ( 0＜α＜90°) 
If we tilt the Hele-Shaw cell with a definite angle 

(0＜α＜90°) toward the horizontal position, the pat-
tern will lead to a combination of interfacial deforma-
tion and roll cells. Fig.9 displays such kind of instabil-
ity with the help of the tracer particles for two differ-
ent tilting angles. In the pictures, the white in the or-
ganic phase represents the precipitation of the product 
due to its lower solubility. In Fig.10 the corresponding 
velocity fields are given, in which only the velocity in 
the aqueous phase are drawn while z＝0 refers to the 
original interface position. 

If we compare the two cases: the tilting angle   
α＝15°and α＝75°, it can be detected that with the 
increase of the tilting angle α, i.e. gravity influence is 
reduced, the roll cells become weaker while the de-
formation of the stagnation points normal to the inter-
faces are intensified. The deformation for the case α＝
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15° is around 0.5mm, and the typical roll cell structure 
can be clearly seen [Fig.10(a)]. However, for the case 
α＝ 75° [Fig.10(b)], the roll cells become much 
weaker than in the former case while the deformation 
of the interface approaches 1.5mm, which becomes 
the dominant instability. 

3.4  Discussion 
Through the chemical reaction an in situ surfac-

tant (here potassium myristate) is produced. It is ad-
sorbed at the interface, leading to a reduction of the 
interfacial tension. The main phenomena which the 
surfactant undergoes are: adsorption-desorption proc-
ess and partition of the surfactant since the P-My is 
soluble in both phases. And there is a strong interac-
tion with the hydrodynamics. 

The difference between vertical and horizontal 
position of a Hele-Shaw cell may be qualitatively 
discussed. In the vertical position, due to the interfa-
cial tension gradient caused by the in situ produced 
surfactant, Marangoni convection is initiated. Mean-
while, buoyancy arising from the unstable density 
stratification reinforces such vigorous Marangoni 
convection. There is a competition between convec-
tion and adsorption preventing larger interfacial de-
formation. As a result, the oscillations normal to the 
interface present of much smaller amplitude. 

In the horizontal position, the relative influence 
of gravity is reduced. The surfactant has enough time 

to get adsorbed at the interface leading to the drastic 
reduction of interfacial tension. Thus the force balance 
at the triple junction, F＝σos－σws－σcosθ (see Fig.11) 
is disturbed resulting in the change of contact angle θ 
at the glass plates and the creation of shear stress both 
parallel and perpendicular to the HS-plates. Here σos 
and σws are the interfacial energies at the organic-solid 
and aqueous-solid interfaces, σ is the interfacial ten-
sion between organic and aqueous phases. By virtue of 
the shear stress parallel to the plates, a strong internal 
circulation inside the organic phase (at the low-σ-place) 
develops which pushes the organic phase into the aque-
ous one, giving rise to the nose spreading phenomenon. 
Then owing to the large increase in surface area and 
partial surfactant desorption, which causes the increase 
of the interfacial tension in vicinity of nose tip, the nose 
growth is stopped. In parallel, since the shear stress is 
reduced, the transport of fresh chemicals is interrupted, 

   
(a)                               (b) 

Figure 9  Combination of interfacial deformation and cellular mode with tracer particles in a Hele-Shaw cell with 
the tilting angle (a) α＝15°; (b) α＝75° 

(lower layer refers to the aqueous phase while upper layer organic phase) 

 
(a) 

 
(b) 

Figure 10  Corresponding velocity field for the above two cases 
(z＝0 refers to the original interface position) 

 
Figure 11  Forces at the triple junction from the 

side view of y direction 
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which is followed by the fact that not enough surfactants 
are produced to sustain the gradient of interfacial ten-
sion. Therefore, the driving forces break down and the 
nose receding sets in. Nose relaxation is further pro-
moted by the external Marangoni convection (see 
Fig.7) via the normal stress balance. In addition, the 
desorption of the surfactant is also assisted by such 
convection. After that it will take some time for the 
diffusion of the reactants to build up the necessary 
critical gradients to start a new further cycle. 

4  CONCLUSIONS 
The object of study was an immiscible liquid-liquid 

system placed in a Hele-Shaw cell, in which an inter-
facial reaction takes place leading to an in situ produc-
tion of surface active substances. Depending on the tilt 
angle of the Hele-Shaw cell, different kinds of Ma-
rangoni instabilities occur. 

If the Hele-Shaw cell is oriented in a vertical po-
sition, a pattern of chemo-Marangoni cells is observed 
with the typical velocity (1mm·s－1). A characteristic 
feature of these cells is the vigorous oscillation of 
their stagnation points in both vertical and horizontal 
directions. However, oscillation normal to the inter-
face is of much smaller amplitude than that in hori-
zontal Hele-Shaw cell position.  

By tilting the Hele-Shaw cell toward a horizontal 
position the cellular mode becomes weaker while the 
oscillation of the stagnation points normal to the in-
terface is intensified. With the increase of the tilting 
angle, the deformation of the interface becomes more 
dominant instability.  

Finally in a horizontal Hele-Shaw cell, the chemi-
cal system can be characterized by several remarkable 
features, such as spontaneous large scale interfacial 
deformation with a spatio-temporal periodicity and 
vivid chemo-Marangoni convection. The local decrease 
of interfacial tension changes the contact angle at the 
solid plates resulting in the force imbalance at the con-
tact line. In addition, it also creates a shear stress paral-
lel and perpendicular to the plates, which together with 
the force imbalance causes the spreading phenomena. 
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NOMENCLATURE 
C molar concentration, mol·L－1 
g gravity acceleration, m·s－2 
H interface deformation, mm 
t time, s 
v velocity, mm·s－1 
α tilting angle, (°) 
ν kinematic viscosity, m2·s－1 
ρ density, kg·m－3 
σ interfacial tension, mN·m－1 

Subscripts 
B base species (KOH) 
M myristoyl chloride 
o organic phase 
s solid (glass) 
w aqueous phase 

0 initial state 
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