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An exothermic, autocatalytic chemical reaction can produce a lateral instability which can result in a rapidly
moving wave of chemical reactivity. The propagating wave is strongly influenced by thermocapillary effects.
At high Marangoni numbers the traveling wave has shown irregular patterning and spatiotemporal irregularity
that is aligned in the direction of wave propagation. At lower Marangoni numbers effective coupling occurs
between thermocapilary and thermogravitational Rayteigbnard type effects. This coupling has produced
powerful thermal plumes just behind the leading wave front as well as a series of concentric patterning that
represent “transient” Turing patterns. Observations of these effects had led to the conjecture that the wave
forms a series of convective tori as it propagates. In this paper recent experimental data are produced that
clearly show the dynamic formation of convective tori at the wave front.

Introduction pressure reactions on a single crydtand electrochemical
dissolution of nickef In all these cases, some global or nonlocal

proposed by Turing in 1952 when he suggested that spontaneougﬁectS t(_:aused pat_te”r n? to form.tr,]A typlcalhglopalleffec?s heat
symmetry-breaking bifurcations can occur from a homogeneousgener"’.1 .|on, especially rom e>$o e-rm|c ¢ .emlca reac |or.13.
state due to a coupling of nonlinear chemical kinetics and Addition of heat, especially in fluid and in gaseous environ-

diffusion2 Such diffusion-reaction systems can be represented MenNts, to a system capable of generating Turing patterns can
by the model either completely annihilate them or stabilize them. For example,

chemically driven convection generated by density gradients
du/dt = DV + F(u) (1) due to concentration variations of the Turing structures can

stabilize Turing patterns in roll structur&g-or fluid systems
whereu is the vector of state variablef) is the matrix of heated from below and with a freely deformable upper surface,
diffusion coefficients, andF(u) is the nonlinear function  the heat also introduces, apart from density gradients, extensive
representing chemical kinetics. A simple solution of a two- thermocapillary convectiotf.
variable model of eq 1 using Dirichlet boundary conditions gives Turing’s model, according to eq 1, does not include convec-
spatiotemporal patterning if the length scale of the fast-reacting yjon Wwith convection, the resulting chemical gradients may lead
activator, Diy/a] Y2 is shorter than that of the slow-reacting o mass density gradients that should annihilate any emerging
inhibitor, [Dz;/as] ', whereay anda are the pseudo-first-order Turing patterns. Convection plays an important role in chemical

growth rate constants. Patterns should develop with a chemical,,,5,/e propagation and should also determine the fate of Turing
wavenumberg, of patterns.

The first theory of the chemical basis of morphogenesis was

_1 _ 12 The first experimental evidence of Turing patterns was
Go = 7[2/D;; ~ 2y/Dy] (2) observed in a polyacrylamide gel which was designed to stop

It has been, however, very difficult to produce Turing patterns 111id rgotion ft:om co;\_/ecl:_tivgoilnstabifl_itie;sj?ruring plfltternsﬁkéave
according to eq 1. No experimental observations for Turing now been observed in liquids coniined to capiliary tuies.

patterns from chemical systems were observed until the chlo- In this manuscript, we examine patterning generated in
rite—iodide—malonic acid, CIMA, reaction reported by the ungelled solutions containing an exothermic autocatalytic,
Bordeaux group in 1999. bistable chemical reaction. Upon triggering of the reaction
Other chemical Systemsy however’ which do not necessari]y mixture USing the aUtOC&talySt, a chemical wave of reactivity is
obey the preconditions for Turing patterns; e.g. nonisothermal generated. The observed patterns are resident at the wave front
or with one of the reactants immobilize, = 0, have shown  and in the wake of the wave. Among some of the patterns
pattern formation. Among some examples of such systems aregenerated were concentric patterns which could be sustained

reactive gels surrounded by reactive flufdsatalytic rings$ low- for several minutes before being destroyed by subsequent
convective instabilitied? It was conjectured, then, that these

* Corresponding author. E-mail: arachsimoyi@michaelangelo.net. concentric patterns were generated by the formation of a series
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of convective tori. Using special indicators, we report in this show that for every 1 mol of HOCI formed in reactions-R2

manuscript on conclusive visual evidence that a convective torusR4, 2 mol is formed after each further oxidation. This is the
is formed which in turn forms the stripes that generate the basis for quadratic autocatalysis. We would expect a rapid
observed patterns. A brief explanation of the forces responsibleincrease in the rate of reaction with time, and this would include

for this coherence is also given.

Chemical Reaction Mechanism

The dynamics reported in this paper are derived from the
chlorite—thiourea and the chloritemethylthiourea reactions.
The kinetics and mechanism of this reaction have been
extensively studied*'> Chlorite oxidizes thiourea and substi-
tuted thioureas under acidic or neutral pH conditions to give

sulfate and ureas. The stoichiometry of the reaction in excess

oxidant can be generalized on the basis of thiourea as follows:

2ClO,” + SC(NH,), + H,0—
SO + OC(NH,), + 2H" + 2CI" (R1)

reaction R5 which forms chlorine dioxide. The reaction displays
typical clock reaction characteristics in which there is an initial
quiescent period followed by a rapid formation of chlorine
dioxide. The formation of chlorine dioxide is accompanied by
a very large release of heltThe heat generated is a very
important parameter in wave propagation. The heat generates
the convective instabilities that help fuel the propagation of the
wave.

In these remarkable sets of reactions, four separate events
happen very rapidly at the end of the induction period. We have
mentioned heat generation and chlorine dioxide formation above,
with the other two events being the rapid formation of sulfate
and an equally rapid formation of acid. All these four events
can be used to follow the wave propagation. While the sulfenic
and sulfinic acids are oxidized by CJQ HOCI, and CIQ, the

The reaction proceeds via consecutive 2-electron transfers fromgyfonic acid will accumulate until there is enough HOCI (by

the sulfur atom to the chlorine center such that the series of
thiourea oxides sulfenic, sulfinic, and sulfonic acids are formed
at successive transfers:

ClO,” + SC(NH,), + H" —
HOCI + (NH,)(NH)CSOH (R2)

ClO,” + (NH,)(NH)CSOH+ H" —
HOCI + (NH,)(NH)CSOH (R3)

ClO,” + (NH,)(NH)CSOH + H" —
HOCI + (NH,)(NH)CSOH (R4)

HOCI is a more powerful oxidizing agent and can perform the
oxidations (R2)-(R4) much more efficiently than CKD. With
excess chlorite in the reaction medium, the HOCI formed from
the reduction of chlorite reacts with excess €1@ give yellow
C|02216'l7

HOCI + 2Cl0,” + H" — 2ClO,(ag)+ CI” + H,0 (R5)

In the presence of reductant (thiourea and its oxidation
intermediates), the CkDformed in reaction R5 is quickly
reduced back to Cl&y, HOCI, and Ct. However, CIQ s inert
to the sulfonic acid (aminoiminomethanesulfonic acid as formed
in reaction R4) and would only react with it very slowly. Thus,
the appearance of chlorine dioxide is an indicator that all the
thiourea has been oxidized to its sulfonic acid.

This reaction is autocatalytic and bistable in a continuously
stirred tank reactor. The nonlinearity is generated by the positive
feedback loop derived from the autocatalysis. HOCI is the

the autocatalytic route) to cleave the-S bond and form sulfate:

HOCI + (NH,)(NH)CSOH + H,O0 —
SO + OC(NH,), + CI” + 3H" (R8)

Due to the autocatalytic nature of the production of HOCI,
concomitantly, there will be autocatalytic formation of 80
and H". The wave front is characterized by a reaction zone of
about 3 mm in width. Though all four events occur at about
the same time, the sequence is as follows: acid front followed
by sulfate, then chlorine dioxide, and finally heat.

Experimental Section

Materials. The following analytical grade reagents were used
without further purification: thiourea, methylthiourea, barium
chloride (Aldrich); perchloric acid 7972%, soluble starch,
methyl red, methyl orange (Fisher). Sodium chlorite is sold in
its technical grade form (about 80%). A single recrystalization
(ethanot-water mixture) brought the assay to 95%. The analysis
of sodium chlorite was performed iodometrically by adding
excess acidified iodide and titrating the liberated iodine against
standard thiosulfate with freshly prepared starch as indiéator.
Stock solutions of sodium chlorite were prepared fresh for each
set of experiments and stabilized with 0.001 M sodium
hydroxide?! if the experiments were going to be run in high-
acid environments. The sodium chlorite solutions were also
stored in dark winchester vessels wrapped in aluminum foil to
reduce decomposition by light.

Methods. The chlorite, thiourea, acid, and/or indicator were
thoroughly mixed before being poured into the reaction vessel.
Chlorite was added last by a rapid delivery pipet. The wave

autocatalytic species, and the reaction can be triggered bycould self-initiate, but the induction times for clocking were

addition of a small drop of HOCI solution (or chlorine water).
In terms of single-step mechanisms, HOCI autocatalysis can
be explained via the asymmetric intermediateGz181°

ClO,” + HOCl+ H" — CL,0, + H,0 (R6)
followed by
Cl,0, + 2H" + 2e” — 2HOCI (R7)

The reductant, represented by 2ean be any of the reducing
sulfur species in solution. Addition of reactions R6 and R7 will

stochastic. The time taken before clocking was very important
in determining wave dynamics especially velocity and shape.
For example, solutions that clocked early gave a faster-moving
wave front from the point in initial perturbation.

After solutions were thoroughly mixed, they were allowed
to settle until all physical ripples disappeared and were triggered
by the addition of a 0.05 mL micropipet drop of a solution
containing HOCI.

Image Analysis.Video Imaging experiments were useful for
studying the wave velocities, the structure of the propagating
wave front, and the spatiotemporal patterns. All experiments
were recorded using a PULNIX TMC 74 color camera attached
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to a Sony PVM-1334Q RGB monitor and a Panasonic AG- Surface, open

1960 professional video cassette recorder. The video cassette =Thermocapillary Effect
recorder and the RGB monitor were also interfaced to a Pentium
IIl computer via a PCVision Plus frame grabber model PFGPlus-
640-3-60 capable of storing a 640480 square pixels image. I
Image analysis was via Bioscan Optimas version 6.0 software. 4
The recorded experiments were played back on the video
cassette and the desired frames captured and stored as JPEG
files. The velocities were measured using the motion analysis
macro of the Bioscan software which uses Microsoft Excel 4.0
for the statistical analysis. Further processing of the acquired
images included noise and color filtering.

Reaction-diffusion &

REACTED, HOT (T))
(lighter)

UNREACTED, COLD (T,)
(heavier)

T

Buoyancy
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1

. . AT Temperature Profile Wave front
Reaction Energetics |
The chlorite-thiourea reaction is extremely exothermic, and
our rough measurements suggest an enthalpy chang#1§9
kJ mol L. Since enthalpy change is an extensive property, the T,

heat generated can be controlled by initial reagent concentra-Figure 1. Schematic diagram showing the forces involved in a traveling
tions. The exotic dynamics we report here are obtained within wave from an exothermic autocatalytic chemical reaction. The highest
a small range of initial concentrations that allow the thermo- temperature, as shown in the lower scale, is located in the bulk of the
gravitational and thermocapillary forces to couple sufficiently reacting solution. The width of reaction zone is approximately 3 mm.
enough to produce organizational coherence. Initial concentra-ﬁ]te?r'ﬁ]:)1 \::\Iltfgiigrfél'r%otrhceersmocaplIlary effects are dominant over the
tions used were such that [GIQo/[SC(NH)2lo = 2. A ratio g '

above 2 ensured the formation of chlorine dioxide and sulfate. TABLE 1: Effect of Temperature on Surface Tensior?

Batch experiments showed that, with the reagent concentrations

temp/K 10%/N m2

[CIO; Jo = 0.0004 M and [SC(NH;Jo = 0.0002 M, the emp o
increase in temperature of the reagent solutions was ap- Reactant Solution

. o . 298 72.58
proximately 3°C. Most of the data reported here were obtained _
for AT between 2.8 and 4%. The reactants are mostly organic 208 Product Solution o4
reagents (thiourea), and the products are inorganic (sulfate). Our 303 71.99
experimental data gave an isothermal density change of 308 71.50
2.7 x 1073 g cn 3. Products are thus heavier than the reactants 313 70.92

(at same temperature conditions).

Rayleigh—Benard Convection.Thermogravitational forces
of the Rayleigh-Benard-type can be assessed in isolation in a
tube which has a relatively small surface area exposed to the
atmosphere. One can easily make the prediction that if the wave
is ascending in a tube, then the wave front will be stable and a
planar front should emerge. The wild card is the temperature
change. Density will always decrease with increasing temper-
ature, and one has to assess whether the valiel dfetween
2.8 and 4.5°C is sufficient to offset the isothermal density
change and cause a flip-flop in the densities of the reacted and
unreacted solutions. However, with an ascending wave, any
approach to thermal equilibrium at the wave front will stabilize
the front. That is, any deformity in the wave front to induce
fingering into the unreacted region will result in a fast thermal
equilibrium in the fingering region with the result that the finger
will become heavier than the surrounding solution and fall back
into the reacted region. Only experimental work will determine
the shape of the wave front for descending waves (in a tube).
Again, thermal expansion needs to be coupled to the isothermal
density change for any meaningful structures to occur. A large
increase in one effect will result in poor coupling, giving rise
to structureless wave propagation.

300/0T = —9.5x 10° N mt K™%

and capillary rise method3.It was difficult to thermostat the
film for Du Nouy methods, and thus higher temperatures were
measured by the capillary rise method.

Marangoni Convection. Surface tension will always decrease
with temperature, and so the exothermicity of the reaction should
fuel a powerful force acting in concert with the wave propaga-
tion motion (see Figure 1 showing direction of reaction
diffusion forces as well as thermocapillary convection). The
interesting feature of our data is that, at 298 K, the reactant
solution’s surface tension is larger than the product solution’s.
This would mean that, even in the absence of a temperature
jump, there will still exist a strong surface tension effect in the
same direction as the reactioediffusion force. Buoyancy effects
will exist due to the elevated temperature of the reacted (and
reacting) solutions, and hence, one will observe the “sliding
over” effect of the hot reacted matter over the cold, unreacted
material. The incentive at the top to move faster is enhanced
by surface tension which does not exist in the bulk of the
solution. What follows in this manuscript is the interplay
between surface tension, fingering, and pluming which will give
the coherence that manifests itself, to us, as concentric patterning

I For waves propsgan?g in adPe,t” dish or 'Q an “”bofmr? and Turing-like structures. The only way a convective torus can
plane, we can make valid predictions as to the general shape Olyq ome( s if extensive fingering occurs, which, at some point,
the wave front based upon the forces we expect to be at play at; ;s into a plume to complete the torus.

the wave front and behind it. Figure 1 shows a schematic
diagram of a generic wave front. Since the solutions are open
to the atmosphere, apart from evaporative cooling, we expect
extensive thermocapillary convection. Table 1 gives the surface Tube experiments gave the first evidence that the autocatalytic
tension data which is relevant to our reaction solutions. These oxidation of an organic sulfur compound could deliver double-
were measured by a combination of the Du Nouy tensiometer diffusive convection. By adjustment of the initial concentrations

Results
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1 mm

1 mm

(c)

Figure 2. Extensive fingering observed in the chloritmethythiourea - i
reaction with 5% starch as indicator. The finger in (a), upon reaching
the bottom of the vessel, rises to become a plume ir-(@) Note
that, in (c) and (d), the plume rises in a region away from the path of
the finger due to availability of reagents. .

b
of chlorite and thiourea, an exothermic temperature increase ofFigure 3. (a) Observed wave profile in shallow layers. For agueous
between 2.8 and 43 could be maintained between the reacted environments depths between 1.1 and 3.3 mm generated such global
and unreacted reaction solutions. This temperature rangeflow. For pure hydrothermal waves, the flow curve shown above can
displayed the most fascinating dynamics. Outside of this range P& medeled according to the equation for hydrothermal waves:

. = h(h — 2/3), whereh is the normalized depth of the solution angdis
structureless wave propagation was observed. The appropriat he horizontal wave velocity. (b) Flow profile observed in deeper

ratios of chlorite and thiourea were rapidly mixed and poured sojytions. The bulk solution is unaffected by the wave motion above.
into the tube. Reagent solutions were first degassed with argonThe bottom layers are finally triggered by extensive fingering from
to remove oxygen. Uninitiated wave propagation always started the reacted solution above.
from the top. Wave fronts could be followed by the yellow
chlorine dioxide color. However, the color was too faint to be Buoyancy effects such as represented by fingering patterns
able to deliver sharply defined fronts and had to be enhancedand plumes, on their own, are insufficient to produce three-
by the use of indicators. The chemistry of the waves indicates dimensional patterning. There should exist a force in the
that the foremost front of the wave is defined by a sharp pH horizontal plane which can effectively couple with the vertical
change-’ Directly behind the pH front is rapid formation of  buoyancy forces. Petri dish experiments had shown the existence
sulfate and a chlorine dioxide wave followed behind the sulfate. of a very strong horizontal force which gave a lateral instability
The chlorine dioxide wave front was also slightly ahead of a which delivered a rapidly moving wave frofftShallow layers
heat front where, within a sma#t3 mm region, the tempera-  of depth less than 3.3 mm gave traveling waves that propagated
ture increased by 2.8 to 4% depending on initial condi-  while leaving a well-defined structure in their wakeThis was
tions. All four fronts were experimentally measured and evident through the use of barium chloride as an indicator. The
detected. Thermocouples were used to measure temperaturdeposition of barium sulfate in the wake of the wave mimicked
gradients. the hydrodynamic motion. Without barium chloride, the same
Descending waves propagated with structure, while ascendinghydrodynamic motion could be observed by the use of poly-
waves were planar. At isothermal conditions, the products Styrene beads which were observed under a microstoftee
(sulfate and other inorganic salts) are heavier than the reactantdasic flow structure was as that derived from pure hydrothermal
(organic sulfur compounds). However, the temperature increaseVaves without chemical reaction. The rapidly moving upper
of the products was just sufficient to alter the density of the layer of the sqlutlon was counterbalanced by a return flow at
products such that they temporarily became lighter than the the bottom (Figure 3&.
reactant (unreacted) solutions. Approach of thermal equilibrium ~ The spatiotemporal patterning generated in the wake of the
then reversed the situation. To illustrate this effect, a 5% starch Wave, however, was heavily dependent on the solution depth,
solution was used as the indicator. Starch solutions with the viscosity of the medium, the geometry of the vessel, and
mercuric iodide gave a deep blue complex with chlorine dioxide. the initial reagent concentrations.
Starch also significantly increased the viscosity of the medium  Solution Depth. The fascinating convective tori reported here
and reduced the mobility of the reactants. Front velocities were were derived from solutions of depths between 1.7 and 3.3 mm.
greatly reduced. While, in general, heat conduction is at leastIn a previous publication we reported that deep solutions
100x faster than diffusion, addition of starch accentuated this delivered incoherent and very transient patterning in which the
effect to the point that any defect along the wave front was traveling wave only involved the top part of the solution with
quickly magnified by a combination of heat conduction and the deeper layers unaffected (Figure ZbJhe lower layers were
diffusion. Any finger of reacted material extending into the later triggered by extensive fingering. Deeper solutions had
unreacted region will quickly lose heat and become heavier, Stronger buoyancy forces which annihilated any emerging
thus producing extensive salt fingerityThe pictures shown  patterns. Shallow or thin layers, on the other hand, had negligible
in Figure 2 show such fingering patterns for a descending wave. buoyancy forces along the perpendicutaaxis, resulting in a
If we continue to follow this finger, as the series in Figure 2 structureless wave propagation. The-1373 mm depth had the
shows, upon reaching the bottom of the vessel, the finger correct coupling of buoyancy and thermocapillary forces,
becomes a plume and rises. The mechanism involved in such aesulting in coherent patterning.
process is explained later in this manuscript. Without a plume,  Viscosity of the Medium. Starch, being a very complex
a convective torus cannot be formed by a finger alone. molecule, greatly increases the viscosity of the reaction medium.
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Figure 4. Type of concentric patterning observed as the wave
propagates outward from the point of an initial perturbation. Four
circular bands of precipitation, separated by regions of null precipitation,
can be seen. [CID], = 0.00225 M, and [SC(NbJz]o = 0.0113 M.

The higher viscosity reduces the wave propagation velocity as
well hydrodynamic turbulence. Much more extensive fingering
is observed with starch than without (Figure 2). In a Petri dish,

Martincigh and Simoyi

~.———3 wave propagation

A

Figure 5. Schematic diagram showing the formation of thermal plumes
behind the wave front. This happens with slower moving wave fronts
where there is no clear separation between convective rolls. (a)
represents fingering, (b) represents back flow, and (c) represents a
plume.

concentric precipitation patterns can survive for periods up to
3 min before being destroyed by the hydrodynamic motion in
the wake of the wave. The general pattern of wave propagation
consists of a rapidly accelerating wave before it attains a constant
high velocity. This is the region (with the accelerating wave)
where there is adequate coupling between buoyancy and
thermocapillary forces. A previous study established that lateral
velocities were directly proportional to the surface tension

starch produces beautiful three-dimensional patterns which wedradient® This gradient is set up by temperature, concentrations,

showed in a previous publicatidhWithout starch, the patterns
are less complex.

Geometry of the VesselSpatiotemporal patterning is gener-
ally determined by the shape of the reaction vessel. Free patter
formation is possible in an unbound-y plane which could
not be generated in a Petri dish. Spatiotemporal patterning
observed in a Petri dish generally mimicked the cylindrical
geometry of the vessét.We assumed an unboume-y plane
for waves initiated from the center of a vessel of dimensions of
at least 10 cm square.

Reagent ConcentrationsA complete reaction, in which the
sulfur center of the thiourea is completely oxidized to sulfate,
requires a 2:1 ratio of chlorite to thiour@ahus, at least this

ratio was maintained for all reactions. A ratio greater than 2

delivered extraneous heat from the pure oxyhalogen reaction®"

R2. This CIQ /HOCI reaction withR> 2 also trailed the wave
front quite considerably, thereby delivering a much wider
heating zone. Concentrations in the range of°1d delivered
slow, structureless waves with homogeneous Bg$@€cipita-
tion and no spatiotemporal patterning in the wake of the
wave?26.27High concentrations of T M and higher delivered
very rapidly propagating waves with precipitation patterning
aligned in the direction of wave propagation. Concentrations
of about 10* M were suitable for the generation of the observed
Turing-like patterns.

Enthalpy is an extensive property, and so higher concentra-

and composition. The temperature effect is dominant, and as
with all autocatalytic reactions, the rapid increase (sigmoidal)
in reaction rate concomitantly increases the heat generation

ry\/hich, as in a domino effect, will increase the surface tension

gradient and subsequently the lateral velo&ftyThermal
runaway is only avoided by the diffusion of reactants into the
reaction zone, which finally results in a constant wave velocity.
In the region where the wave attains a constant velocity we
observed well-defined (thermal) plumes just behind the leading
wave front. Their generation and origin have been adequately
explained elsewhefand seem to involve overlapping convec-
tive tori. Figure 5 is a schematic sketch of what happens in the
situation of overlapping convective tori. There will be no clear
separation between successive convective rolls. Forces labeled
a, b, and c in the figure indicate respectively fingering, back
flow, and pluming. Slower wave propagation velocities can give
rise to the situation shown in Figure 5. Faster wave propagation
will produce spatially separated convective rolls. These non-
overlapping convective tori can give the observed bands of
Turing-like structure at the onset of wave propagation.

Visual Evidence for a Convective Torus.The best way to
study hydrodynamic motion in the region of concentric pre-
cipitation patterns is to study a two-dimensional projection of
the x—z plane of Figure 4. An approximation of such a
projection can be effected by the use of a long, narrow
rectangular trough in which the reaction will be observed. The

tions gave out more heat which generated a higher Marangonitypical vessels used were 300 mm long by 10 mm deep with

effect?® Since the thermocapillary effects act only in the
horizontal direction, higher Marangoni numbers deliver greater
lateral velocities. Buoyancy forces (in tlzedirection) at this
time scale do not couple well with the Marangoni effect and
are negligible in shallow solution layers.

Observation of Turing-like Structures. The theme of this

widths varying between 3 and 5 mm. The vessels were made
of plexiglass to avoid spurious wave initiations as had been
observed with quartz vesséfs.After pouring the reactant
solution into the vessel to the desired depth, the wave was
initiated from the side by addition of a 0.05 mL drop of dilute
HOCI. The wave propagation was then followed from the side

manuscript is the observation of a convective torus. These wereand from the top by a CCD camera interfaced to a computer.

evident from the observation of bands of alternating null and
full precipitation of BaSQ as the wave propagates from the
position of an initial perturbation (Figure 4). Our first initial
dubbing of this banding as arising from successive formations
of convective tori was a mere conjecture with no proof. In
general, without gelling to avoid hydrodynamic instabilities, it
is difficult to generate coherent patterning in aqueous solutions.
Convective instabilities actively work to destroy any coherence

With methyl orange indicator, the acidic wave front could be
followed.

The initial data which led us to the conclusion that the
chemical system was generating repeating structures on a length
scale came from the observation of what we called the “saw-
tooth effect”?® These were observed in deep solutions in which
fingering never reached the bottom of the solution for each
convective roll. The flow structure is shown in Figure 3b. Thus,

generated by the reacting solution. Remarkably, the observedin deeper solutions, the wave propagated with a periodic pattern
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null precipitation region

reacted
solution
solution surface
///~\\ 700N
unreacted / N / \\
solution f finger | d
‘\ plume /
Figure 6. Saw-tooth effect. This is the shape of the wave in a long N e
narrow rectangular and deep vessel. Each periodic variation represents < = N U W W W W

a convective roll. The bottom of the wave is under constant back flow,
and the wave front oscillates between the solid and dashed lines.  Figure 8. In comparison with Figure 5, faster-moving waves can
produce separated convective rolls of the nature shown. Shown are

two adjacent convective tori with a plume and a finger existing side-
by-side; depriving the region between them of chemical reactivity. All
convective tori spin in a clockwise direction. This is the situation
- obtaining in Figure 4.
_ : by only reactior-diffusion and thermal convection forces. The

red regions not only represent higher acid concentrations but
also higher temperatureAT ~ 2.8—4.5°C). The thin skin loses

(@) (b) heat to the bulk solution faster than it can generate it (this
happens the further it moves away from the bulk reacted region

which is denoted by the red color). Since the reaction possesses
: a positive isothermal density change, this makes the tip of the
leading front heavier than the bulk unreacted region as thermal
equilibrium sets in. This results in fingering, and the leading
front starts to sink as shown in Figure 7b,c. As the finger sinks
|

into the unreacted region, it meets the resident back flow which
sweeps the finger backward, toward the bulk reacted region
) (@ (Figure 7d). This continues in Figure 7e until a region of
unreacted solution is trapped between a forward flow at the top
and a back flow at the bottom, completing a torus (Figure 7f).

|
| If viewed from the top, the area surrounding the unreacted
region will appear lighter, while the surrounding areas will be
darker.
Figure 8 shows a schematic diagram of the appearance of
. ' | the concentric rolls. Studies using a microscope and polystyrene

beads had shown that each band of null precipitation contains
(@) ) both a finger and a plume, thus leaving a region of unreacted
Figure 7. Visual evidence for the formation of a convective torus. material W'th no barium SUIf‘?‘te,formatlon (nor _aC'd fom,]atlon
Methyl orange was used as the indicator. The rapid formation of the When using methyl orange indicator). From Figure 5, it now
wave at the surface is fueled by the Marangoni effect. Movement of becomes easy to understand the formation of thermal plumes:
the leading wave front down into the bulk unreacted solution is due to if the leading convective roll is not that far ahead of the trailing
standard thermogravitational effects The bending of the wave front rg|| (as the wave propagation velocity decreases), the plume of

backward to form a convective roll is due to the back flow resident at ; ; o i
lower depths and necessary for mass balance. The solution depth useé:e leading roll Wlll_emerge through the trailing roll, giving a
ermal plume behind the wave front.

here of 5 mm is much larger than that used for experiments shown in
Figure 4. The deeper solution used exaggerates the fingering effects.
For shallower solutions, pluming can commence at (e). Discussion

that resembled the teeth of a saw (Figure 6). The lengths of Pattern formation has mainly been confined to isothermal
these repeating structures and their periods were determined bysystems. Nonisothermal systems studied so far involve buoyancy-
the initial reagent concentrations. The teeth of the saw are driven Rayleigh-Benard convectioA? However, the work of
inclined away from the wave propagation direction denoting Smith®! and Nield? has shown that surface tension can be a
that they are under the effect of a constant back flow. Each very powerful propagating force capable of producing periodic
saw-tooth demarcates the edge of a convective roll. The structures and standing waves. Spatiotemporal structures of
formation of a convective roll could best be observed in hydrothermal waves have already been observed for fluids
shallower layers where there is adequate coupling between thesubjected to lateral heatirf§ When the temperature exceeds a
buoyancy and thermocapillary forces. The series of Figures certain critical value, hydrothermal waves traveling downstream
7a—e summarize our observations. In these experiments, thecan be observed. Without convection, the chemical systems
depth of the solution was larger than the one that gave the studied in this manuscript would not show a lateral instability.
complete convective rolls. These deeper solutions magnified theAt least cubic autocatalysis is necessary for a lateral instability,
fingering effect for a better visual effect. Figure 7a shows the while the chlorite-thiourea and related reactions only display
development of a third convective torus (the first two have quadratic autocatalysfé.There are a number of forces respon-
already been formed; the separation between the first and thesible for the observed pattern formation in these reaction
second is clearly evident). Surface tension gradients pull the systems: diffusion; convection; advection; reaction. The propa-
thin top skin forward with the bulk solution progressing forward gation velocities observed for these chemical systems are about
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100x faster than those observed for isothermal reaetion number has a temperature-independent value of 0.40 for the

diffusion systems such that pure reactiatffusion forces can same vessel and same conditi§hslumerical analysis of the

be neglected at these time scales. strongly convective thermocapillary flows have shown that a
Effect of Convection. Chemical waves generated in an finite temperature gradient remains over the entire free surface,

exothermic or endothermic reaction produce density inhomo- leading to a global flow structure. This means that, for the same

geneities in the reaction medium. temperature gradient, the Marangoni effect is 2.5 times larger
than the thermogravitational-based Rayleigh effects. We expect,
p =T, c) 3 theoretically, a strong dominance of thermocapillary effects over

) ) ) ) thermogravitational effects, and this was also observed experi-
wherep is the density of solutionT is the absolute temperature, mentally in a previous publication from our laboratori is

andc; represents the species concentrati_on. The density will thus, o easy to investigate our pseudo-two-dimensional thermocap-
vary depending upon the extent of reaction and the temperat“re1'|Iary-buoyancy flows. Theoretical work by Bergman and

The densityy, can then be derived froth Ramadhyarif also concluded that thermocapillary convection

p=po(l— (T — Ty + ZBi(c — ¢ (4) Z(S)rlai:zit’e;in such cavity problems in the limit of fixBgd and
where From Fingering to a Plume. The formation of a finger is
not based solely on the rapid heat exchange of the fingering
o= —(1p)opldT = (Lp)opldc, (5) region with the unreacted solution, thus rendering it heavier.

One of the most important driving forces is the availability of
with subscripts “0” denoting initial conditions. The first term reagents below it. Figures 3, 4, 6, and 7 show that there is a
in eq 4 represents the temperature dependence of density, angéesident back flow at the bottom of the solution to compensate
the second term, the concentration dependence. These two termfpr the flow at the surface which is fueled by thermocapillary
deliver opposite effects, which give rise to the observed convection. So, as the finger proceeds down the solution, it is
multicomponent convection (fingering regime). At isothermal swept back wards, toward the unreacted (and reacting) solution.
conditions, the first term vanishes, leaving only the second term On reaching the bottom of the vessel, however, the reacting
which gives, in this reaction system,> po. This inequality  solution, which is already under a constant flow backward, has
will dictate the effect of buoyancy at thermal equilibrium. no choice but to curl upward behind the finger. Availability of
However, for both reactants and prOdUCtS, the buoyancy faCtOfSreagentS, again’ give it Only the choice to go upward_ Due to
can be estimated by the Grashof num¥er: the positive isothermal density changes observed with these
chemical systems, plumes will travel upward at a speed slower
Gr = —(3p/0T)gATdpicv = agATd v (6) than the finger travels downward. Careful examination of Figure

Hered is the depth of the solution, is the thermal diffusivity, 5 shows that, for thermal plumes, the path is into the reacting

andv is the kinematic viscosity. Our experiments evaluaipt (and reacted) h_Ot region behind it. So, the ve_locity of such
0T = —0.4 kg nT® K1 such that whefT > To, the first term plumes upward is much faster than what one might observe in

in eq 4 will pull the value ofp to lighter values. Wittd raised Figure 2.

to the third power, buoyancy factors will be much more _

pronounced in deeper fluid solutions. Hence the observed Conclusion

extensive fingering is observed in tube experiments. . . .
Marangoni Convection. Table 1 shows the experimentally The majority of the theoretical work that predicts the type of

determined surface tension values for the chleritéourea  1OWS and coherence reported in this manuscript relate to
reaction. At isothermal conditions, the product solution has a Nonreacting media where the geometry of the cavity is fixed.

slightly lower surface tension than the reactant solution. Thus, 1€ Benare-Marangoni instability with lateral heating, as
both reactior-diffusion and thermocapillary convection actin  €l€gantly presented by Villiers and Platten, also involves a pure
the same direction with respect to wave propagation. fluid.4° The involvement of chemical kinetics and a constantly

moving boundary as presented by our traveling wave would

o=0,—t(T—Ty @) have been supposed to render an already complex problem
intractable. However, the dominance of the Marangoni effect
with o = to surface tention and = (60/0T)pc in shallow layers allows for the study of the system by utilizing
Surface tension, in general, decreases with temperature, andnly the thermocapillary convection and ignoring the reaction
our reaction solutions gave = —9.5 x 105 N m™1 KL diffusion propagative forces. Theoretically, the absence of a
Thermocapillary forces can be estimated from the Marangoni reflection symmetry and the location of a driving force at the
number,Ma:3’ free surface increases the complexity of the Ber&ldrangoni
instability. However, theoretical work shows that when the free
Ma = —zATl/pvi surface is undeformable, stationary convection develops with a

Herel is the length of the free surface. AlthougiT changes finite average wavelengtft. The conyectwe tori obsgryed n
over a reaction zone of about 3 mm, a reasonable Marangoni®!" system appear to represent stationary waves arising from a

number can be calculated from our experimental data. The BondSYStem With a freely deformable upper layer. Very few studies
number of hydrothermal waves have been performed in rectangular

vessels; most studies are in cylindrical geomeftleBy as-
B, = RaMa (8) suming a sharp temperature gradient at the wave front as well
as an unbound horizontal plane, our chemical system can be
where Ra (Rayleigh number)= Grv/x is a better measure of reduced to the Villiers and Platten model. When it is reduced
the relative strengths of the forces responsible for the formation to this form, one can thus justify the observation of convective
of the convective torus. In general, we calculate that the Bond rolls.
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