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Convective instability and electric potential oscillation

in a water—oil-water system
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Abstract

A convective instability is observed in an aqueous solution of surfactant which attaches to a nitrobenzene
layer. Small convective rolls at first occur on the wall of the cell and their scales grow to the cell size. The rolls
consist of flows rising along the wall and descending at the center of the cell. The convective roll structure
begins to oscillate with growth and changes to a transient turbulence. After the transient turbulence the flow
structure goes back to the initial convective roll. This cycle’s period is about 2 to 10 minutes and continues for
about 1 hour. Simultancous measurements of the electrical potential and the light intensity of shadowgraph
reveals that the burst of the potential oscillation previously reported occurs when the transition to turbulence
takes place. The convective flow is supposed to facilitate accumulation of surfactant on the interface.

Keywords: Water—oil interface; Potential oscillation; Convective instability; Marangoni instability

1. Introduction

Oscillatory behavior at the interface between
two immiscible fluids has been studied from both
a hydrodynamic and an electrochemical point of
view; the observed phenomena are concerned
with the direct conversion of chemical energy into
mechanical cnergy. The oscillatory behavior is
two-fold; one is the oscillatory deformation of the
interface accompanied by fluid motion and the
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other is the oscillation of the electric potential
difference across the interface.

The deformation of the interface is supposed
to be driven by a spatial gradient of the interfa-
cial tension, which is caused by fluctuations of
temperature and/or chemical concentrations on
the interface. This is known as the so-called
Marangoni effect and some experimental and
many theoretical studies have been reported. Kai
et al, [1,2] experimentally observed various types
of the interfacial deformations—rotating solitary
wave, periodic and non-periodic oscillation, mul-
tiple wave trains and intermittent behaviour—
using an aqueous solution of surfactant {trimeth-
ylstearylammonium chloride) and nitrobenzene
containing iodide. The linear stability of systems
subject to the Marangoni effect has been dis-
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cussed in many theoretical approaches [3,4] since
the first study by Sternling and Scriven [5]. More-
over, a mechanism of the morphology of interfa-
cial deformation was also theoretically studied
[6]. In those theoretical studies, it was assumed
that secondary flows in the form of convective
rolls occur near the interface and take up an
important role in the interfacial deformation. The
flow near the interface, however, has not clearly
been observed except in a few reports [7].

On the other hand, the oscillation of electric
potential across the interface has extensively been
studied by Yoshikawa and co-workers [8,9]. They
composed a water—oil-water system in a U-
shaped tube with an aqueous mixture of surfac-
tant and alcohol in one arm, nitrobenzene con-
taining 2,2'-bipyridine on the bottom and an
aqueous solution of NaCl in another arm. They
measured the difference of electric potential be-
tween the two aqueous phases. They observed a
periodic burst type of oscillations of the electric
potential and of the interfacial tension in agree-
ment with each other. The period and the ampli-
tude of the oscillatory burst of potential were of
the order of 10 minutes and 10 mV, respectively,
Suzuki et al. reported the occurrence of a short
period potential oscillation which was superposed
on the above long period potential oscillation
[10]. Furthermore, Yoshikawa et al. reported that
the wave form and the frequency of the potential
oscillation depended on the kind of the compo-
nents (surfactant, alcohol and other chemical ad-
ditives) and their concentrations [8]. An extension
of the duration of the potential oscillation was
tried by Sha et al. [11]. They obtained a stable
potential oscillation that continued for 120 hours
by using a thin membrane micropore pipette hav-
ing a very small interface (~ 2 um ¢) instead of
a U-shaped tube and reported the period was
proportional to the interfacial area. Moreover,
they found by means of simultaneous electric
measurements and microscopic observation that
the potential change was synchronous with an
expansion and a shrinkage of the lipid aggregate
on the interface and a burst of droplets generated
from it in succession [12].

It was supposed the oscillation was caused by
an iteration of the following physical processes.
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At first, surfactant and alcohol molecules in an
aqueous phase move toward the interface and
gradually accumulate near the interface. When
each concentration of surfactant and alcohol at-
tains a critical value, both are abruptly trans-
ferred to the oil phase and form inverted micelles
in a cooperative manner. The resultant abrupt
decrease of surfactant at the interface generates
the burst of potential. The mechanism of succes-
sive accumulation of surfactant and alcohol
molecules near the interface has not yet been
fully accounted for. The hydrodynamic motion
based on the Marangoni effect seems to take up
an important role in the transfer of those sub-
stances. Thus we have attempted in this study to
observe flows near the water-oil interface by a
flow visualization method. Moreover, we have
carried out simultaneously observations of the
hydrodynamic motion near the interface and
measurements of the potential difference across
the interface. As a result, a convective flow was
found to occur near the interface which leads to a
transient turbulence accompanied with the elec-
tric potential burst.

2. Materials and methods
2.1 Experimental system

The shadowgraph system used for the flow
visualization is shown in Fig. 1. The pattern of
the flow was observed by casting a beam of light
on the sample in the cell. Owing to a gradient in
the refractive index depending on the concentra-
tion of chemicals—not on a temperature gradient
—the light passing through the sample is de-
flected by a small angle and causes a shadow-
graph image. The shadowgraph patterns was
rear-projected either on a paper screen which
was used for taking photographs or on a photodi-
ode for recording the tcmporal change of light
intensity at one point in the shadowgraph pattern
corresponding to the flow structure. The photodi-
ode was placed at about 3 mm above the inter-
face image, because the change of the shadow-
graph pattern occurrcd mainly near the interface.
The amplified voltage of the photodiode output
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Fig. 1. Experimental system for flow visualization. The screen

and camera are used for taking pictures. The photodiode is

used for recording the temporal changes of the light intensity
at one point in the convective laver.

was measured with a digital voltmeter and the
time series of its data was stored in a computer.

Figure 2 shows the experimental system for
simultaneous measurements of both the light in-
tensity and the potential difference; the light
intensity was measured with the above mentioned
system and the potential difference picked up
through salt bridges with Ag/AgCl clectrodes
was amplified and stored in a computer. This
setup is the samc as that used in our previous
report [10].

2.2 Cells and sample
Two types of Pyrex cells were used; one was of

a standard type (10 X 10 X 45 mm?) and the other
was a U-shaped cell.
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Fig. 2. Experimental system for simultaneous measurement of
the light intensity and the potential.

Computer
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The standard cell was mainly used for flow
visualization. In this case, nitrobenzene (1 ml)
was placed in the bottom of the cell, and an
aqueous mixture (3 ml) of sodium oleate (0.4
mM) and 1-propanol (20%) was poured on the
nitrobenzene layer.

The U-shaped cell was used for simultaneous
measurements of the point light intensity and the
potential difference between the two aqueous
phases. In this cell, a water-oil-watcr interface
system was composed as follows; nitrobenzene (3
ml) was placed in the bottom of the cell, and an
aqueous solution of surfactant (sodium oleate; 0.4
mM) and 1-propanol (20%) was put in one arm
of the U-shaped cell and an aqueous solution of
NaCl (0.5 M) was put in the other.

The concentration of sodium oleate and 1-pro-
panol in the surfactant solution were set in the
range where the periodic burst of potential ap-
peared [10].

3. Results
3.1 Flow patterns

A time series of the shadowgraph patterns of
the sample in the standard cell is shown in Fig. 3.
The two vertical black lines in Fig. 3 are the
shadows of the cell walls. The curved dark zone is
the interface between the aqueous phase and the
oil phase. The interface has a convex meniscus,
so that the incident beam on the interface is
scattered and the meniscus part is dark. The
bright part under the dark meniscus zone is the
oil phase and the whole part above the meniscus
is the aqueous phase. A pair of bright and dark
lines in the middle of the aqueous phase is con-
sidered to be due¢ to a steep gradient of the
concentration of aggregation products of surfac-
tant and nitrobenzene. A small amount of ni-
trobenzene is considered to diffuse into the sur-
factant phase as the interface reaction proceeds.
Results of a spectrochemical analysis in the ultra-
violet region also revealed that the concentration
of nitrobenzene in the layer between the dark
meniscus and the pair of bright and dark lines
was higher than that in the aqueous phase above
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Fig. 3. Shadowgraph patterns. Each picture was taken at an interval of 30 s. The two vertical black lines are shadows of the cell

walls. The curved dark zone is the interface forming a meniscus between an aqueous phase and an oil phase. The part under the

dark meniscus zone corresponds to the oil phase and the whole part above the meniscus corresponds to the aqueous phase. A pair

of bright and dark lines in the middle of the aqueous phase is considered to be due to a steep gradient of the concentration of
aggregation products of surfactant and nitrobenzene.
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Fig. 4. Temporal variation of the period of the flow structure
change, which is determined by occurrence of transient turbu-
lence. The interval of transient turbulence increases with
time.

the bright line. This layer was found to increase
in thickness as time proceeds and a convective
flow was observed in it. Thus we call this layer a
convective layer.

The pictures in Fig. 3 which were taken at 30-s
intervals, show one cycle of the periodic instabil-
ity. Firstly, no structure was seen in the convec-
tive layer and the bright line on the upper bound-
ary of the convective layer was clear (Fig. 3a).
Secondly, small convection rolls occurred on the
wall near the interface (Fig. 3b) and grew to
distinct convective rolls (Fig. 3c-f). The structure
of the rolls was torus-like; the flow rose along the
walls and descended at the center of the cell. In
the mature roll state (Fig. 3f), a pulsation of the
strong down-flow occurred as if it was attracted
by the oil phase and the roll size strongly fluctu-
ated. Finally the torus structure broke down and
evolved into transient turbulence, in which it was
observed that some aqueous solution flew into
the oil phase through the interface (Fig. 3g).
After the transient turbulence, the flow returned
to its initial quiet state (Fig. 3h). The above cycle
took about 3.5 min. The flow structure change is
repeated and its period is gradually increasing as
shown in Fig. 4.

3.2 Light intensity

Fig. 5 shows a temporal variation of the light
intensity measured with the photodiode. The light
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intensity depends on the distribution of the re-
fractive index in the sample.

For example, a sequence of the light intensity
from 1000 to 1250s in Fig. 5 exhibits one cycle of
the flow pattern change. At the initial stage of
the cycle, a convective roll flow is formed and the
distribution of the refractive index is spatially
ordered, so that the bright part appears at an
edge of roll. The rise in the light intensity reflects
this ordering process. Fluctuations generated in
the latter half of the cycle represents the fact that
the size of the roll pulsated and its edge swayed
in the beam. In this range, the velocity of the roll
flow increased considerably, so that the fluctua-
tion seems to be a precursor of the turbulence.
The transient turbulence at the end of the cycle
brought about an abrupt decrease of the light
intensity due to a scattering of the incident light.
Each cycle of the light intensity change in Fig. §
corresponds to a visualized flow structure change
shown in Fig. 3.

3.3 Light intensity and potential difference

Figure 6 shows temporal variations of both the
light intensity and the potential difference in the
U-shaped cell.

The profile of the light intensity in the U-
shaped cell is similar to that in the standard cell;
the light intensity globally rises, fluctuations are

Light intensity (V)

600 800 1000 1200 1400 1600 1800
t (s)
Fig. 5. Temporal variation of the light intensity, The abscissa ¢
expresses the time after composing the water—oil system.
Each cycle consists of a rise of light intensity, an oscillation
and an abrupt decrease, which correspond to a growth of
convective rolls, its pulsative motion and a transition to the
transient turbulence, respectively.
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Fig. 6. Temporal variations of the light intensity and the
potential difference. The left ordinate is the light intensity
and the right ordinate is the potential difference. The sharp
descend of the light intensity coincides with the burst of the
electric potential.

observed in the latter half of the period and an
abrupt decrease occurs at the end of the period.
The electric potential difference between the two
aqueous phases has peaks when the light intensity
sharply decreases. No change in the potential
difference occurs before the potential peak ap-
pears, though the light intensity vibrates during
the period from 750 to 830 s, which corresponds
to the oscillatory fluctuation of the roll size. The
light intensity reflects only a local structure of the
flow passed through by the beam, but the electric
potential is a macroscopic quantity which is aver-
aged over a wide space range. The burst of the
potential difference, therefore, occurred only at a
drastic change such as a transition from the con-
vective flow to turbulence.

4. Discussion

The occurrence of the cyclic changes in the
convective flow structure was found in the water-
oil interface system composcd of the aqueous
solution of surfactant and nitrobenzene. It was
found that the peak of the long period potential
oscillation previously reported coincided with the
time of the periodic transitions to the turbulence
in the convective layer.

The convective flow is supposed to be gener-
ated by the Marangoni effect which is driven by
the following process. An adsorption and a mi-
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croscopic aggregation of surfactant and alcohol
molecules on the interface generates the fluctua-
tion of the interfacial tension, which causes a
macroscopic convective flow. In our system shown
in Fig. 3, the convective flow transfers surfactant
and alcohol molecules from the bulk to the inter-
face and gives rise to an enhancement of their
concentrations in the central part of the inter-
face. The concentration enhancement promotes
the convective flow, hence the process forms a
positive feedback route. When the concentrations
of surfactant and alcohol at the interface exceed
some threshold, the molecules rapidly aggregate
by plunging into the oil phase; this is accompa-
nied by a burst in electric potential and induces a
transient turbulence in the convective layer. After
the rapid aggregation has exhausted the free
molecules at the interface, the convective flow
due to the Marangoni effect ceases for a while.
Thus the process is composed of an accumulation
stage and a rapid exhaustion stage; the present
result manifests that the accumulation process is
strongly coupled with the convective flow in a
synergetic way.

In the present study, the short period oscilla-
tion reported in the previous paper [10] has not
been observed and the duration of the periodic
bursts of potential (the long period oscillation)
was very short compared with that in the previous
report. This is supposed to be due to the differ-
ence in the system size; amounts of the surfactant
solution and nitrobenzene were § and ;-3 of
those in the previous study, respectively, but the
area of the interface was smaller only by 10%.
Thus, the chemical substances exhausted rapidly
and the short period oscillation whose life time
was much shorter than that of the long period
oscillation is considered to have remained unob-
served. The duration, therefore, decreased and
the burst interval was not stable.

Our results suggest that flow subject to the
Marangoni effect plays an important role in the
accumulation of surfactant molecules at the inter-
face, and therefore in the occurrence of the elec-
tric potential oscillation. As such, the phe-
nomenon can be considered to be the result of a
strong coupling effect of a diffusion-reaction
process and hydrodynamic instability.
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