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Buoyancy-driven convection may switch between reactive states
in three-dimensional chemical waves
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Traveling waves in an extended reactor, whose width cannot be neglected, represent a three-dimensional (3D)
reaction-diffusion-convection system. We investigate the effects of buoyancy-driven convection in such a setting.
The 3D waves traveled through horizontal layers of the iodate—arsenous acid (IAA) reaction solution containing
excess of arsenous acid. The depth of the reaction solution was the examined parameter. An increase in the
intensity of buoyancy-driven flow caused an increase of the traveling wave velocities. Convection distorted the
front of the chemical waves. For layers deeper than 4 > 13 mm, heat release became smaller than heat production
causing the emergence of Rayleigh-Bénard convection cells. At the interface, a dependency of wave shape on
solution depth was observed. For & < 7 mm, the waves adopted a stable V-like shape, while for 4 > 13 mm a
parabolic shape dominated. For 7 < & < 13 mm, both shapes were realized with the same probability. Finally, an
intermittent switch between stoichiometric regimes is observed as an unexpected effect of the buoyancy-driven
convection. The switch is expressed by iodine enrichment in the product. Hence, the experiments demonstrate
that the buoyancy-driven convective flow can cause long-lived, but nevertheless transient, changes in the chemical

composition by inducing a local transition between different regimes of the IAA reaction.
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I. INTRODUCTION

During the last thirty years, hydrodynamic instabilities
have been investigated at traveling chemical waves [1-15].
In spatially homogeneous liquid systems, thin chemical waves
propagate due to coupling between an autocatalytic chemical
reaction, diffusion, and free convection. The chemical waves
play several roles in such systems. Not only the composition
but also the temperature of the reaction solutions, as well
as other physical parameters, can be changed during the
reaction. Under such conditions, density, surface tension, or
viscosity gradients may be formed across the wave front and
free convection may develop. [1-4,7,9-13,16,17]. When the
reactants and products are miscible solutions, the waves can be
regarded as a special kind of physical interface that prevents
mixing of the solutions by separating them from each other.
Such an interface is mobile, localized, and free of interfacial
tension.

An example of such a system is the iodate—arsenous acid
(IAA) reaction solution [1-4,10,13,15,16,18-25]. The IAA
reaction is composed of two steps [Egs. (1) and (2)] [1]; their
linear combination determines the net reaction stoichiometry
and composition of product solutions:

105 + 51" + 6H" — 31, + 3H,0 (1)

H3AsO3; + 1, + H,O — 217 + H3AsO4 +2H".  (2)

Depending on the stoichiometric ratio R
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(where [-] denotes concentration) of the reactants iodate (1053)
and arsenous acid (H3AsOs;) three different regimes with
respect to product composition are possible: i) stoichiometric
excess of arsenous acid (i.e., R > 3.0), where iodide (I7) is the
product and iodine (I) is an intermediate; ii) stoichiometric
excess of iodate (R < 2.5), where iodine is the product and
iodide is an intermediate; and, iii) when no component is
in stoichiometric excess (2.5 < R < 3.0), arsenous acid and
iodate are fully consumed and both iodide and iodine are the
products.

In the TIAA reaction, the reactants are denser than the
products [3]. Therefore, buoyancy-driven flow may develop
when dense reactants are stratified above lighter products.
The interaction between buoyancy-driven convection and
IAA reaction waves was studied for several arrangements.
Experiments performed in thin liquid layers placed in Petri
dishes [1,16] showed a dependency of the wave velocities
on the chosen reaction stoichiometry. Reaction waves were
found to i) propagate with a constant velocity for arsenous
acid excess, and ii) to accelerate for iodate excess [1,16].
Experiments carried out in capillary tubes reported that both
ascending and horizontally propagating waves were affected
by the gravity field [3]. This was also confirmed by numerical
studies based on reaction-diffusion-convection (RDC) models
[4,19,20]. Other experiments performed in thin Hele-Shaw
cells and corresponding RDC models studied Rayleigh-Taylor
instabilities of ascending IAA reaction waves. The originally
flat waves developed fingers that are accompanied by con-
vection rolls [13]. The fingers and their associated convection
rolls were shown to grow, split, and merge [10,13,18,21-24].
Recently, Bou Malham et al. [15] performed an experimental
and theoretical study, where IAA waves propagated hori-
zontally through reaction solutions placed in long, closed
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cells with a rectangular section. Tilted waves traveling with
a constant velocity were observed. The shapes of these waves
can be calculated using a parallel flow approximation when the
wave velocity is known [15]. Finally, numerical studies were
performed with a RDC model using IAA reaction kinetics,
where effects of either buoyancy-driven convection [4,14,25]
or Marangoni convection [26—28] on vertically oriented wave
fronts were examined. Under both conditions, originally
vertical wave fronts were tilted and propagated with constant
velocities. The velocities were higher than velocities of waves
propagating under pure reaction-diffusion (RD) conditions.

This paper reports on experimentally observed buoyancy-
driven instabilities of three-dimensional (3D) chemical waves.
The waves propagated through horizontal layers (4 mm < z <
20 mm) of the IAA reaction solution containing arsenous acid
in stoichiometric excess. The depth of the reaction solution was
the examined parameter. Double-diffusive convection is shown
to affect pattern formation, as does the depth of the solution
layer with respect to the wave velocity. A temporary switch
between stoichiometry regimes caused by the convection is
discussed.

II. EXPERIMENTS

Experiments were carried out with IAA reaction solutions
containing arsenous acid in stoichiometric excess. The net
reaction stoichiometry then reads

105 + 3H3As03 — 1™ 4 3H3As0;4. “)

Chemicals used for the experiments were provided by
both Sigma-Aldrich and Merck in the quality of analytical
standards. The reaction solutions were mixed from stock
solutions and their temperature held constantat 21 &+ 1 °C. The
fresh reaction mixtures contained 0.016M Naz;AsOs, 0.016M
H,S0y4, and 0.005M NalOs3, thus leading to a stoichiometric
ratio of R = 3.2. In order to visualize the reaction progress,
fresh starch solution (0.06% w/v) was added to the reaction
mixture. At the chosen conditions, solutions containing either
reactants or final products of the IAA reaction are colorless.
The dark blue color, which indicates the presence of iodine,
then shows the reaction loci.

The concentrations of reaction species were chosen the
same as those used in IAA experiments performed in Hele-
Shaw cells [13], in capillary tubes [2,3], and under the
influence of an electric current [29-31]. This provides the
opportunity to compare the experimental results with previ-
ously published results and to profit from measurements of the
physical properties (density, pH, conductivity) of the reaction
mixture. For 0.005M NalOs;, Pojman et al. [3] determined the
total density difference (Ap = —1.6 x 10™* g/cm?) caused
by the change of both composition and temperature. ForStova
et al. [30] measured the pH of reactants (pHieactans = 2.14
0.04) and products ( pHproquets = 1.92 £ 0.06). Although those
reaction solutions also contained agar, the pH values are
very similar to the ones found in the present experiments
(pHreactants = 2.11 £ 0.01, pHproquers = 1.92 £ 0.01).

The experimental setup is shown in Fig. 1. Channel
reactors with rectangular cross sections were made from
transparent plexiglass. A cold desk light source illuminated
the experiments from below. A mirror was placed above the
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FIG. 1. Experimental setup. (a) The reaction was conducted in
a plexiglass channel reactor illuminated from below. Lateral views
were directly recorded by the camera, while top views were recorded
as an image in a mirror inclined by 45°. (b) Sketch of a side view of the
reactor. Reactor size: L, =210 mm, L, = 15mm, and L, = 30 mm.

reactor and inclined by 45°, thus allowing for a simultaneous
recording of the lateral and top views using a single CCD
camera connected to a computer.

An appropriate volume of freshly prepared reaction solution
was placed into the reactor, where the solution formed a
liquid layer of depth h. The minimal depth A at which
the entire bottom of the reactor was always covered with
reaction solution was 4 mm. The maximal 2 was 20 mm.
Immediately after the filling, the autocatalytic reaction was
initiated chemically by using a pipet tip filled with 20 ul of
reaction products. The tip was carefully and slowly moved
toward the reaction solution, where the tip made contact with
the interface. The short and very gentle touch did not induce
any visible movement of the interface. Diffusion of products
from the filled tip into the fresh reactant solution is fast enough
to immediately start the autocatalytic reaction at the contact
location without any need to actively inject any volume of the
product solution. The reactor was then covered by a transparent
plexiglass lid. However, an air layer (at least 1 cm thick)
remained above the reaction solution [Fig. 1(b)]. Progress
of the experiment was recorded from the moment when the
reactor was filled with the reaction mixture. The temperature
in the reactor and in its environment was kept constant at
21 £ 1 °C by the laboratory air conditioning device.

III. RESULTS

In a channel reactor, the wave development consists of two
periods. During the first period, waves are formed. This initial
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FIG. 2. Definition of the parts of the traveling chemical wave.
(a) lateral view, (b) top view. The wave propagates from left to right.

period began with the start of the reaction wave propagation
from the edge of the reactor. The initial period, which lasted
approximately 200 s, ended when the wave reached the two
lateral walls of the reactor. During the second period, the waves
traveled through the reactor only in the direction of the x and
z axes. Any wave shown in Figs. 2-5 invaded the colorless
reactant solution from left to right.

The fully developed wave consists of several parts: a wave
front, a wave end, a wave tip, and a wave foot (see Fig. 2). The
wave front is defined as the right border between colorless
reactants and the dark reaction zone seen in the lateral and
top views. Accordingly, the left border of the dark reaction
zone determines the wave end. The wave tip and the wave foot
are located at the wave front and they are visible in lateral
projections only. The tip is the part of a wave front situated
close to the reaction-solution—air interface. The wave foot is the
lowest part of a wave front, which either propagated towards
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FIG. 3. Traveling wave at a shallow reaction layer of h =
4 mm. (a) Lateral views (200 x 4 mm?) at different times. The
reaction-solution—air interface and the reactor bottom are at top and
bottom of images, respectively. (b) Corresponding top views (200 x
15 mm?).
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FIG. 4. Traveling wave at a layer depth of 7 = 13 mm. At ¢t =
86 s, the wave was still in the first period of development. The other
images show wave development during the second period. (a) Lateral
views (200 x 13 mm?) at different times. The reaction-solution—air
interface and the reactor bottom are at the top and bottom of images,
respectively. (b) Corresponding top views (200 x 15 mm?).

the reactor bottom or was in contact with it. Finally, the wave
thickness is the distance between the wave front and the wave
end. The wave thickness was determined from the original,
nonprocessed images by color intensity analysis. The color
intensity was measured along several chosen lines parallel to
the reactor bottom or to the reactor side wall, respectively.
Figure 3 shows the development of a wave during an experi-
ment carried out for shallow reaction layers, where 7 = 4 mm.
During the initial period, the wave reached the reactor bottom
first and the reactor side walls a bit later. During the second
period, the wave maintained a constant shape. Seen from the
side, the wave front and wave end are both tilted. The wave
front is very well defined by a sharp color change, while the
end is more fuzzy. The wave thickness was measured at several
distances from the reactor bottom. The waves were 23 +
1 mm thick and the wave thickness was independent on the
place of the measurement. Seen from the top, both the wave
front and wave end assumed a V-shape. Again, the leading
wave front was very sharp, while the end was fuzzy. The wave
thickness measured from top views depended on the position
of the measurement. The wave is thicker at the side walls (16 &
1 mm) than at the center of the reactor (11 £ 1 mm).
None of these numbers correspond to the wave thickness
determined from lateral views, because both the lateral and
top views are not thin slices but rather 2D projections of the
3D reality. However, the wave thickness determined from a
lateral projection corresponded to the distance between the
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FIG. 5. Traveling wave in a deep reaction layer of 4 = 20 mm.
(a) Lateral views (200 x 20 mm?) at different times. The reaction-
solution—air interface and the reactor bottom are at the top and bottom
of images, respectively. Arrows indicate direction of flow in particular
places. (b) Corresponding top views (200 x 15 mm?).

farthest right position of the wave front and the farthest left
position of the wave end seen in top views.

The development of a wave propagating through a 13 mm
thick solution layer is depicted in Fig. 4. The formation of
a tilted wave front is seen from lateral views. The wave
front has the darkest color. The wave foot reaches the reactor
bottom after ~500 s. Once this happened, the entire wave
front propagated through the reactor, keeping a tilted shape.
In the wake of the wave front, formation of convection rolls
was observed. The rolls subsequently rose one after the other
from the wave foot [see Fig. 4(a)]. Color intensity analysis
shows that the solution returned to colorless only behind the
convection cells, indicating that the wave end occurred in the
wake of the convection rolls. Hence, the wave extended over
a range of ~10 cm. At the interface, the originally parabolic
shape of the wave front developed into a V shape, which was
maintained during the second period. The dark color behind the
wave front was not homogeneous, but several darker spots were
observed there. The positions of the darkest spots corresponded
to the loci of the ascending flow.

Figure 5 shows the development of a wave traveling
through a 20 mm deep reaction solution layer. The observed
patterns were similar to those found at # = 13 mm. On lateral
views, a tilted wave front and several convection cells can
be seen. Between 590 s and 790 s, the tilted wave front
becomes undulated due to formation of convection rolls. Three
convection cells developed fully. The fourth and the fifth
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FIG. 6. Dependency of the wave tip velocity on the depth & of
the solution layer.

convection cells started to grow but subsequently merged. Seen
from above, the wave front had an exclusively parabolic shape.
Again several dark and bright spots appeared behind the wave
front. At 840 s and later, the dark vertical spots in convection
cells cl, c2, and c3 (Fig. 5) corresponded to places where the
solution rose.

Finally, the tilted waves propagated through the reactor.
Their velocities were evaluated from the lateral projections as
the velocities of the wave tips (Fig. 6). The wave-tip velocity in-
creased with the depth % of the reaction solution. Ath = 4 mm,
the wave tip propagated with velocity v = 0.10 & 0.01 mm/s,
which was five times lower than the velocity obtained for a
layer depth of 7 = 20 mm (v = 0.5 £ 0.1 mm/s). The results
also show that not only the velocities but also their deviations
increase with the depth of the solution.

IV. DISCUSSION

For shallow layers of the IAA reaction solution, buoyancy
effects on waves were already studied experimentally [3]
and theoretically [4,25]. Pojman et al. [3] reported that IAA
reaction waves assume the shape of tilted thin lines. Tilted
waves were also predicted in theoretical studies, where the
deformation was explained by the onset of buoyancy-driven
convection. [4,25] Moreover, a velocity increase is predicted
for augmenting solution layer depths [25]. In our experiments,
the formation of tilted wave fronts and the velocity increase
were also observed. For deeper solution layers, a higher
scattering of wave velocities was obtained. This is most
probably related to onset, development, and intensity of the
buoyancy-driven flow. Therefore, experiments focused on flow
field visualization will be carried out.

Moreover, we observe a series of additional phenomena that
have so far not been reported for A A experiments performed in
thin layers [1,3,15,16] and have only recently been predicted,
in part, by the RDC models dealing with buoyancy-driven
convection [4,25]. These phenomena include formation of
multiple convection cells, undulation of tilted wave fronts,
the shape of wave fronts seen in top views, and local iodine
enrichment in the product solutions. These phenomena are
caused by the geometry and the resulting three-dimensional
convective flow fields.

The emergence of convection cells and the undulation of the
tilted waves reflect the onset of convection. However, 2D RDC
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FIG. 7. Sketch of density profiles for (a) isothermal and
(b) nonisothermal conditions.

model studies dealing with solutal density gradients predicted
the formation of only a single convection roll co-traveling
with the tilted wave [4,25]. Although those models did not
consider the exothermic character of the IAA reaction, the
heat production during the reaction can play an important
role. For the IAA system operated under excess of arsenous
acid (at R = 3.2), the standard reaction enthalpy is AH’ =
—334 kJ/mol [3]. The adiabatic temperature rise is then
~0.4 K. Moreover, the thermal and solutal components of the
density change are of comparable size and have the same sign,
indicating a cooperative effect on the total density change [3].
Although the temperature of the environment of the reactor
was kept constant on 21 + 1 °C, it is probable that in a
3D reactor the heat release becomes insufficient to keep a
constant temperature of the entire reaction solution. Heat will
then accumulate close to the reaction wave, causing local
temperature increases, which lead to local density decreases
[see Figs. 7(a) and 7(b)]. Consequently, two gradients of
density could be formed: one between the colder reactants and
the hotter products across the reaction wave, and the second
between hot products at the reaction zone and the cold prod-
ucts above them. When the difference in densities becomes
sufficiently large, Rayleigh-Bénard convection sets in. Hence,
the observed convection cells, which were generated in the
wake of the wave front, seem to be of Rayleigh-Bénard type.
Recently, Rongy et al. [14] reported about thermally induced
convection rolls in the chlorite-tetrathionate (CT) reaction
system. In contrast to the IAA reaction, the CT reaction is
strongly exothermic. When the CT reaction is operated under
isothermal conditions, the products of the CT reaction are
heavier than the reactants. Therefore, the reported dynamics
results from a competition between solutal and thermal effects.
By contrast, in the IAA reaction system, solutal and thermal
effects cooperate. Nevertheless, in the IAA system, tilted
waves propagating in an exothermic reaction system seem to
be under an effect of double-diffusive convection, leading to
the onset of Rayleigh-Bénard convection cells.

Although all wave fronts had shapes with positive curvature
during the initial period, as seen from the top views, two types
of front shapes were observed during the second period. One
of them was V shaped with negative curvature and the other
one was a parabolic shape with positive curvature. Figure 8
illustrates the relation between the shape and the solution layer
depth i. While shapes with negative curvature dominated in
shallow layers (h < 7 mm), waves with positive curvature
were predominant in deeper solution layers (k2 > 14 mm).
For 7mm < & < 14 mm, both types of wave shapes were
observed with the same frequency. Formation of single waves
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FIG. 8. Sketch of relation between the solution layer depth and
the shape of the wave front seen on top views. The wave propagates
from left to right.

with negative curvature is already known for the reaction-
diffusion media, where mass transport of some species in
one particular direction dominates [32]. Our experiments
have shown that a single wave with negative curvature can
also exist in a reaction-diffusion-convection medium. One
possible explanation for the observed behavior could be a
nonhomogeneous layer depth related to naturally formed
meniscus. As shown, the wave velocity increased with the
layer depth (Fig. 6). Therefore, the wave velocity might be
slightly higher very near the reactor side walls, because, due to
the meniscus, the solution layer is higher there. However, there
is no flow immediately adjacent to the side walls. Therefore,
the wave is more advanced at a small distance from the wall
before forming the V shape [Fig. 2(b)].

The wave thickness was found to increase with the solution
depth. For shallow solutions of a few millimeters depth,
iodine accumulation was not observed, as the solution in the
wake of the wave remained colorless. For 2 > 13 mm, iodine
accumulation in the area behind the leading edge of the wave
could already be observed, as seen from the intense color
of the solution. This is especially pronounced close to the
wave foot. The area remained dark for more than 10 min.
Under those conditions it was difficult to accurately estimate
the wave thickness because of iodine enrichment, formation
of the Rayleigh-Bénard convection cells, and the very fuzzy
wave end located behind the rolls. For # > 15 mm, the entire
wave front and the colorless product solution were not visible
simultaneously at the same image. It took several minutes until
the dark solution containing iodine became colorless.

The enrichment of iodine in the wake of the wave is
an unexpected effect. Since the reaction was operated at
stoichiometric excess of arsenous acid (i.e., at R = 3.2), the
product solution should not contain iodine and, therefore,
be colorless. This is indeed what happens in the long time
limit (i.e., when all hydrodynamic activity has come to a
standstill). However, at shorter time scales (i.e., during the
minutes following the passage of the reaction wave) a different
behavior is observed: In the wake of the reaction wave the dark
color of the product solution, which indicates the presence
of iodine, was observed for a significant time. This means
that the composition of the product solution was changed,
corresponding to a regime where the stoichiometric ratio R
assumes a value of 2.5 < R < 3.0, thus pointing to a temporary
switch in local stoichiometry.

An alteration of the net reaction stoichiometry was already
studied for the IAA reaction placed in a gel [29-31]. The
stoichiometry switch was controlled by an external electric
field imposed on the system. The electric current selectively
affected the transport of ionic species and thus caused local
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changes in the concentrations of the reacting species leading
to a net alteration of the reaction stoichiometry. For excess
of arsenous acid, the stoichiometric switch was observed for
imposed electric fields Egyich > 0.76 V/cm [29,30]. In our
experiments, the involved transport processes are diffusion
and buoyancy-driven convection. Experiments performed in
gels have shown that diffusion cannot cause the net reaction
stoichiometry switch [29-31]. Therefore, the buoyancy-driven
convection remains as the only source responsible for the
iodine enrichment in the product solution. One possible
scenario is the following: The convective flow transports small
volume elements of the reaction wave into areas in the wake
of the reaction. These volume elements are rich in the reaction
intermediate iodine. At a given position at the wake of the
reaction wave, this may eventually lead to a local accumulation
of iodine, such that locally the stoichiometric ratio R is
changed. Altered stoichiometries can only be maintained for
limited times, since asymptotically both the reaction and
the supply of reactants with the predetermined stoichiometry
(R = 3.2 in the present experiments) drive the system back to
normal stoichiometric conditions (i.e., an excess of arsenous
acid in our studies).

Interestingly, local and temporal alterations in stoichiom-
etry have already been reported to occur in ternary, reactive
media that follow nonlinear reaction Kinetics [33—-36]. Such
local changes in stoichiometry are at the origin of stirring
effects studied in continuous-flow stirred tank reactors, and
they even affect the critical concentrations where bifurcations
between dynamical states take place [33-36].

Finally, we wish to emphasize that the exact mechanism
explaining how the buoyancy-driven convection can change
local concentrations of reaction species still needs to be eluci-
dated in more detail and also tested in numerical simulations.
This opens up a field for both experimental and theoretical
research.

V. CONCLUSION

Effects of buoyancy were studied on 3D reaction waves,
which propagated through horizontal layers of the IAA reac-
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tion solution. Tilted wave fronts and an increase of the wave
velocity, which were reported for shallow layers earlier [3,25]
were also observed for layers up to 20 mm depth. Undulation of
the tilted leading edge of the wave and formation of convection
cells were observed and the possible Rayleigh-Bénard nature
of the convection cells was discussed. Our results together with
results obtained for the CT reaction [14] suggest that formation
of Rayleigh-Bénard convection cells is a common property
of exothermic autocatalytic reaction systems. Cooperation or
competition of solutal and thermal contributions to the total
density difference did not change the fact that the Rayleigh-
Bénard convection cells develop. The negative curvature of
the leading edge of the wave and the iodine enrichment due to
a temporary switch of the stoichiometric regime are notable
effects, which are caused by the three-dimensionality of the
studied RDC system.

The presented experimental results open up avenues of
research. Studies focused on i) a detailed analysis of the
relation between the layer depth and the observed patterns,
ii) temperature field, flow field, and concentration field
measurements, and iii) system geometry are currently under
way. The results reported here may also stimulate the extension
of the current RDC models, for example, implementation of
mass balances of the key reactive species such that they may
help to understand the switch between stoichiometric regimes
observed during the experiments.
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