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Convective instability of an acidity front in Hele-Shaw cells
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Density fingering arising in the acid-catalyzed chlorite-tetrathionate reaction is investigated experimentally
in Hele-Shaw cells of various thickness. Upward propagating chemical fronts are stable for all gapwidths
examined. The initial evolution of the downward propagating planar fronts resulting in a cellular structure has
been characterized by dispersion curves and it is found that the convectively unstable regime increases as the
gapwidth increases. From the dispersion curves, the change in the characteristics of the most unstable mode
and in the marginal wave number, separating the stable and unstable modes, is determined quantitatively.
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[. INTRODUCTION the front[12]. For the fluid flow in thin layers of solution,
Darcy’s law applicable in porous media or the more elabo-
Convection may play a major role in spatiotemporal pat-rate Navier-Stokes equation is considered generally. Huang
tern formation in addition to diffusiofil]. The fluid motion ~and Edward$11] have applied the latter to describe the hy-
affects the velocity and the shape of chemical fronts via thélrodynamics along with a thin-front approximation of a typi-
orientation of the reaction vessel and the change in the der§al autocatalytic system. The results of this model have been
sity of the solution in the course of the autocatalytic reactioncompared with experimental daf8,10] and proved to be
[2—4]. The density may vary because of the compositionagood starting points for refining theoretical considerations
change and—for exothermic reactions—the thermal exparl-13]- In a different approach, De Wit and co-workéi,14
sion of the solution. The latter has generally smaller contrihave used Darcy’s law for fluid flow and included the full
bution, since experiments are carried out in narrow vessels dggaction term in the governing equations to allow a continu-
various geometry providing sufficient heat removal to theous change of density between the reactant and product mix-
surroundings. Initially the effect of convection on autocata-ture for both the iodate-arsenous acid and the chlorite-
lytic reactions in aqueous solutions has been studied in thitetrathionate reactions.
tubes with addressing the variation of front velocity and vi- ~ The numerical works have shown that the pattern forma-
sually describing the shape of the reaction front as a result dfon is significantly affected by the gapwidth of the Hele-
one or two convection rolls forming in the reaction vesselShaw cell[11,12,14, which hasn't been studied experimen-
[3,5]. In a Hele-Shaw cel[6], consisting of a thin layer of tally in detail. Our aim is to determine experimentally how
solution between two p|anar walls with a small gapw|dth, thethe dispersion relation characterizing the stability of planar
system is effectively two-dimensional allowing a potential- fronts of the chlorite-tetrathionate reaction depends upon the
flow model for fluid dynamics. Experiments carried out in Systematic variation of the gapwidth of the Hele-Shaw cell.
Hele-Shaw cell§7-10], therefore, provide essential data to
theories studying the interaction between the hydrodynamic Il. EXPERIMENT
flow and a propagating chemical front. In the iodate-arsenous
acid reaction, for example, the arising cellular patterns hav%IS
a distinct wave number with a well-defined amplit@g in
accordance with the dispersion relation determined exper
mentally by Bakmann and Mller [9]. Previously we have
investigated quantitatively the effect of orientation on the
evolution of cellular patterns at a constant change in densit
for acid-catalyzed fronts of the chlorite-tetrathionate reactio . ;
walls was replaced with an aluminum plate of the same

[10]. We have shown that the high-frequency modes are Sta’}hickness. Planar fronts were initiated either electrochemi-

bilized by diffusion in the buoyantly unstable orientation andC lly by applying a 3 V potential difference between a pair of
the surface tension at the interface between the reactant arhél . e
thin Pt-wire electrodef).25 mm in diameterfor 2—3 s or by

product solutions plays no role in the pattern formation. lacing a thin paper containing the product solution on top of
The theoretical studies describing the influence of convech 9 pap 9 P P

Reagent-grade chemicalSigma, Aldrich, Reanalwere

ed throughout the work, except for sodium chlo(id¢d-

rich, tech), which was recrystallized, as described previously

I['15]. The solution with composition in Table | was mixed

and injected into a Hele-Shaw cell of 16 M2 cm area

and 0.40-1.04 mm gapwidth with Plexiglas walls at tem-
erature 25:1°C. In some experiments one of the Plexiglas

tion on autocatalytic fronts either consider the chemical re—the cell.

action as an infinitesimally narrow zone separating two so- TABLE I. Composition of reactant solution.

lutions of different density[11] or use the full balance

equations for the important components—to incorporate [K,S,06]/M 0.005

chemistry—yielding a continuous variation of density across [NaCIO,]/M 0.020
[NaOHJ/M 0.001
[Congo red/mM 0.574
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TABLE II. Increase in temperatur@verageA T, and the maxi-
mumAT,,) for various gapwidths. £
£
a/mm AT,/K AT, /K >
0.40 0.28 0.53
0.51 0.34 0.54 X (mm)
0.59 0.33 0.52
0.71 0.51 0.78 z
0.81 0.67 0.87 £
0.91 0.68 0.95 >
1.04 0.73 0.94

X (mm)

The traveling fronts were monitored through an appropri- FIG. 1. Images of fronts propagating downwards far
ate cutoff filter—to enhance contrast between reacted andg0.81 mm att=54 s(top) and fora=0.40 mm att=184 s(bot-
fresh solutions—by a monochrome change-coupled devict®m). Darker regions represent the denser product solution and
(CCD) camera connected to an MVdelta imaging card.lighter the reactant.

Frames of 768576 pixels were digitized in 0.6-3 s inter-
vals and processed by applying standard imaging procedures.
To determine dispersion curves for various gapwidths, a Under our experimental conditions the product solution is
one-dimensional Fourier transformation using the FFTPACKdenser than the reactant one; therefore, downward propagat-

software library from NETLIB repository has been applieding planar fronts lose stability, leading to cellular structures
with a Hann window for proper resolution of the spectra.shown in Fig. 1. In the opposite orientation, however, fronts
From the initial linear regime of the time evolution of the propagating upwards are stable as illustrated by the disper-
Fourier amplitudes, the growth rates are calculated for eachion curves of Fig. 2, since for every wave number the initial
modes as the slopes of the straight lines of the logarithm operturbations decay in time. The downward propagating
the amplitudes vs time curves. The results of at least sifronts at the same time exhibit positive growth rates for a
experiments have been averaged for each dispersion curviinite regime of wave numbers indicating that the random
The most unstable mode has been determined as the maxieise within the initially planar front is amplified by convec-
mum of the parabola fitted to the middle section of the distion. The patterns evolve simultaneousigee Fig. 3—
persion curve containing the largest growth rates. The masimilar to diffusion-driven lateral instabilities of reaction-
ginal wave numbers separating the unstable modes from thdiffusion systemg16}—with an average wavelength of 3.5
stable one have been obtained from the wave numbers closem increasing to 5 mm on decreasing the gapwidth and with
to zero growth rate by fitting a straight line to the four near-an amplitude decreasing drastically, as shown in Fig. 1.
est points. The dispersion curves obtained using the differenvhile the upward propagating front settles at the propaga-
initiation methods were identical within the experimental er-tion velocity of the pure reaction-diffusion front, in the buoy-
ror; therefore, the electrochemical initiation was usedantly unstable orientation not only fingers appear but also the
throughout our work because of its technical simplicity. velocity of propagation increases as the arising convection
The density change due to isothermal composition changenhances the mixing of the reacting species. The initial
was measured adpc=3.8x10 “g/cnt previously [10]. growth of fingers monotonously slows down as the gapwidth
The thermally induced density change was calculated frondlecreases although the characteristic wavelength only starts
the temperature profiles obtained in a separate set of expeti increase at a smaller gapwidth of 0.6 mm.
ments. A thin thermocouple was placed in the solution and
the temperature was measured and found to show a sudden 012
rise at the front—in the range of 0.5—1.0 K with increasing I
gapwidth but considerably less than the adiabatic 2.4 K 0.08
[10]—followed by a significantly slower drop with rates in- -
creasing on decreasing the gapwidth. In cells with an alumi- _~o0.04
num wall on one side the temperature rise was 0.14 K for the '@
thickest cell. The change in temperature was characterized S 0.00
both with the maximum of the temperature profilesTy(,)

Ill. RESULTS AND DISCUSSION

and with the average temperature rigeT() calculated for -0.04
the product solution within the convectional length sdakee
Table Il). The density change due to the thermal expansion 00— L

was approximated in dilute solutions from that of water as k (mm™)

—2.57x10 * g/(cn? K)AT. The observed temperature pro-

files were in accordance with the exothermicity of the chlo- FIG. 2. Dispersion curves for downward propagatirig)(and
rite oxidation of tetrathionatglQ]. upward propagating®) fronts with a=1.04 mm gapwidth.
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FIG. 3. Evolution of fingers for an initially planar front propa- 8 % 3 {
gating downwards witla=0.81 mm andAt=4 s. i § 1
~ 1.6} -
From the initial regime of the temporal evolution of the g $
fingers(e.g., from data corresponding to front profiles up to "E1 Al |
35 s in Fig. 3, the dispersion curves have been determined =
for various gapwidths, as illustrated in Fig. 4. The observed
average wavelength always lies in the vicinity of the mode 12k .
with the highest growth rate confirming that the initial pat- PR R NP R SR B B
tern is governed by the most unstable mode. The range of 04 05 06 07 08 09 10

instability appears unchanged and hence the marginal wave a (mm)

number is constant down to a gapwidth of 0.6 mm and then |G, 5. The growth rate and the wave number of the most un-
decreases on further decreasing the gapwidth. There is n@aple mode as a function of the gapwidth of the Hele-Shaw cell.
significant change or trend within the experimental error in
the ratio ofkg/k,,=2.04=0.04, similar to that in the study

of orientation dependencglO]. We have determined the

characteristics of the most unstable mode as a function

gapwidth shown in Fig. 5, which indicates that Darcy’s law
may be applicable below 0.6 mm. In the iodate-arsenous acig,]
reaction[9] similar limit has been observed, since the chang
in density and the size of the initial fingers have the sam
magnitude for both reactioni9]. In thicker Hele-Shaw cells,

the wave number of the most unstable mode becomes alm
constant 1.7 mm 1) in accordance with the visually ob-
served characteristic wavelength. The growth rate of th
most unstable mode, however, exhibits a continuous increa
in the entire range of gapwidth studied although with consid

erably smaller rate above=0.9 mm, which is the general
ehavior when the fluid flow is described by the Navier-
tokes equatioh9,11].

In these experiments the walls of Hele-Shaw cells were
ade of Plexiglas, which may act as an insulator in the short
Sime scale of the experiments, therefore the contribution of
%mall rise in temperature to the overall change in density
may not be neglected even though the gaps utilized are rela-
Oﬁ\yely thin. Separate experiments have therefore been carried
out where one of the walls is replaced by a conducting alu-
$inum wall that enhances the heat removal, resulting in a
Emaller temperature increase and hence a larger net density
increase. The dispersion curves of Fig. 6 obtained for the
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FIG. 4. Dispersion curves fea=0.40 mm (¢ ), a=0.59 mm FIG. 6. Dispersion curves for Hele-Shaw cells with Plexiglas
(A) mm, anda=1.04 mm ). The solid lines correspond to the walls (O) and for cells with Plexiglas and aluminum wall&I}
fitted parabolas with zero origin to determine the fastest growingwith a=1.04 mm. The solid lines correspond to the fitted parabolas
mode. with zero origin to determine the fastest growing mode.
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thickest cell @=1.04 mm) demonstrate the significance of nature of fluid motion changes but also the effectiveness of
the thermal contribution to the density change. The region othe heat removal of the system. For an exothermic reaction
instability increases when the aluminum wall is used, resultthe latter results in an increasing temperature rise at the front,
ing in a 27% higher growth rate and a 14% larger wavewhich decreases the overall density change via the thermal
number for the most unstable mode. Experiments with thinexpansion of the solution. We believe that in this range the
ner cells show that the region described by Darcy’s law maysonsideration of the temperature change, i.e., the inclusion of
increase up to 0.7 mm at the concentrations listed in Table énergy balance, is necessary in modeling equations for ob-
as a result of the smaller rise in temperature. The temperatukgining quantitative agreement with experimental observa-
dependence of the viscosity of the solvent water predicts §ons. For qualitative description, the total density change
small decrease in ViSCOSity across the chemical front, WthhSr]OL”d contain the solutal and thermal Component approxi_

in principal, could destabilize planar fronf&7]. Its contri-  mated from the average temperature built up in the wake of
bution to the instability is, however, negligible with respectihe front.

to that of the net density change; therefore, viscous fingering
plays no role in this system.
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