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Plume and Finger Regimes Driven by an Exothermic Interfacial Reaction
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We study the pattern formation in a chemical two-layer system, placed in a Hele-Shaw cell. The
upper layer is an organic solvent in which a carboxylic acid is dissolved. The lower layer consists
of water containing an inorganic base. We report on a novel instability type which is driven by an
exothermic neutralization reaction in vicinity to the interface. This instability combines plume and
finger regimes and gives rise to a self-sustained dynamics. [S0031-9007(99)09292-3]

PACS numbers: 47.20.—k, 47.54.+r, 82.40.Ck

Studies of convection in fluids, such as Rayleigh-Bénardayer (water and base) and an upper organic layer (isobutyl
[1] or Bénard-Marangoni convection [2], have strongly alcohol and carboxylic acid). The viscosity of the organic
influenced our understanding of pattern formation and tursolvent is 4 times higher than that of water. Since water
bulence. Inthese systems energy is supplied by an externahd isobutyl alcohol have a certain solubility (12%at
temperature difference applied across a given length scal@5 °C) saturated solutions were prepared before filling.
However, this situation is not representative for a variety ofSaturation was to prevent interfacial turbulence arising
systems occurring in nature. Here, the dynamics is drivefrom counterdiffusion of the solvents into each other.
by internal sources of energy and the selected length scal&hile the concentration of the bagein the water was
is a part of the solution of the problem. The study offixed to cy = 1 mol/Il, different concentrationsgy,, of
such systems is interesting both from a fundamental poirthe acids, K, have been used 4, = 0.04 to 0.08 g/l or
of view and with respect to potential applications of ba-equivalently0.5 to 2 mol/I).
sic research. Promising candidates are systems involving Filling was done by means of syringes. To achieve a
chemical reactions. Consumption of educts and the releas@&reful pouring of the organic layer onto the agueous one
of reaction enthalpy provide sources of solutal and therwe used stainless-steel bows with a thickness of 0.08 cm
mal gradients. Hydrodynamic instabilities, driven by theseand of a length. ~ X (cf. Fig. 1). The bow was placed
gradients, can drastically alter the chemical reaction rate1.5 cm above the lower layer. It was slowly pulled out

There is an increasing interest in the interaction betweewhen filling of the organics began. By injecting the fluid
travelingchemical frontsproduced by an autocatalytic re- past the bow, a quasihomogeneous growth of the upper
action, and convective flows [3—5]. One focus of thoselayer was achieved, while most of the momentum of the
works is on the onset of buoyancy driven convection. Hy-{luid was buffered by the bow. Visualization of the pat-
drodynamic instabilities due to a reaction at a physicatern was done by means of a shadowgraph technique.
interface were the subject of several theoretical studies
[6,7]. The latter provide a detailed analysis of the the cou-

pling between chemical reaction and Marangoni convec- A
. . . . . Isobutyl alcohol

tion, driven by concentration gradients along the interface. - 0987 a/ci £
The acceleration of interfacial reactions by convection was (plo- 987.g/cm ) N
first observed experimentally in [8]. The pattern formation + carboxylic acid 3
at liquid-gas interfaces driven by photochemical reactions m
was studied in [9]. However, concerning the interplay be- aqueous solution of N
tween anonisothermateaction at diquid-liquid interface sodium hydroxide

and convection, we are not aware of any further experi-
mental work. In the present paper we demonstrate that
a rather simple interfacial neutralization reaction can de-
velop an unexpected coupling of different hydrodynamic

instabilities. Among these are boundary layer and double ‘L d=0.1¢cm
diffusive finger instabilities.

The experiments were performed in a two-layer system,
placed in a Hele-Shaw cell (Fig. 1). The gap width was X = 13.5 cm ‘r
d = 0.1 cm. In the majority of the experiments the Hele- -t -

Shaw cells were operated in the vertical position. The tWofg|G. 1. The two-layer system in the Hele-Shaw cell. The
layer system inside the cell consisted of a lower aqueougiven densities refer to the saturated phases.

(p =1.016 g/ cth
p20 g/em )
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The basic reaction is the neutralization of a carboxylicfingers in the lower layer. The onset of the fingers starts
acid by a base, sodium hydroxide, close to the interfacesarlier the longer the acid chain length is. The duration
A precondition of this reaction is the dissociation of bothof this second regime is of the order of 1 hour. In its

species, i.e., course the upper layer plume regime becomes increasingly
. CH Ca- disordered till it fades away.
HA + HbLO= A" + H;O" with K, = - , In the final regime (Fig. 2c) the system displays an array
HA

of regularily spacedingers In the fingers the warmer
(1) fluid, rich in acid/acetate ions, moves downwards [13]. In
CBH*COH- between the fingers the colder fluid, which should have
- a higher hydroxide concentration, moves in the opposite
) direction towards the interface. This is a double diffusive
instability arising from the different diffusivities of heat
K, and K, are the dissociation constants. While sodiumand mass (cf. e.g., [14]). Since heat diffuses 100 times
hydroxide as a strong base has a high the K, values  faster than the acid, the convective motion is driven by the

of the weak organic acids are small (Table I). This meangiorizontal concentration differences between the rising and
that only a small amount; ~ 1%, of the acid dissociates. falling fluid columns.

B + H,0= BH" + OH™ with K, =
cp

The dissoc_iatio_n degree decreases with decreasin{\’g. Next we analyze the upper-layer motions by studying

If a hydronium ion, formed by (1), encounters a Ofbn  the advancing of the plumes with time (Fig. 3). This

neutralization takes place, i.e., is done by tracing the head positions of the plumes in
H:0* + OH™ = 2H,0. 3) the digitized shadowgraph images and averaging over the

plume ensemble. Usually approximately ten plumes are
where the equilibrium prefers the product. The releasedfken into account. We find that the plume velocity de-
reaction enthalpy amounts thH ~ —57 kJ/mol. Be-  Creases with increasing (_:haln length. The error bars repre-
cause of the lowk, values, the sodium and the acetateS€Nt the standard deviation of the ensemble.
ions (in case of acetic acid) remain dissociated: i.e., no salt L€t Us now study the characteristic horizontal scale of
is formed. We use carboxylic acids with different chain € finger structure in the lower layer. To determine the
lengths whose properties are given in Table I. The denWave number we apply one-dimensional Fourier transfor-
sities of the solutionsp; (i = 1,2), are a function of the mation to lines parallel to the interface (512 pixels) and av-
solute concentration (acid and base) and vary according fg/29€ oVver lines at different distances from interface. The
i = pio + Bicna, Wherecny is given in g'cm?. Com-  corresponding power spectra are shownin Fig. 4. Atequal
parison with Table | shows that both densities increas&olar concentrations, all three systems display nearly
with increasing acid concentration. Note that sodium hy_the_same+wave nurPlbeks After Az = 90 min we find
droxide is insoluble in the organic solvent. k= (3.9 = 0.3) mm~. We could not detect a signifi-
The system displays three basic regimes. The initiaf@nt dependence on the gap width (0.5, 1.0, and 2.0 mm)
one (Fig. 2a) is dominated by risingumesin the upper of the Hele-Shaw cell. The correspondmg vertical f!nger
organic layer. The plumes are emitted from an unstabl€X€nsion amounts fo = (12 = 4) mm.  increases with
boundary layer above the interface. We assume that theydvancing time which is accompanied by a decrease of the
consist of a warmer fluid with lower acid concentration, dominant ﬂrsger wave number. Whether this decrease fol-
The intensity of the plume regime is most distinct in the!OWs theh™* dependence, as known from thermohaline
formic-acid system and decreases with increasing chaif®nvection [14], is currently under study. ,
length. The duration is of the order of minutes. To develop ideas about the drlvmg mechanisms sev-
The intermediate regime (Fig. 2b) is characterized byfr! tests have been undertaken. First, we operate the
plumes in the upper layer and by an irregular formation o11—_|e|e—ShaW cell in a horizontal instead o_f a ver'qcal posi-
tion to understand whether buoyancy or interfacial tension
TABLE L Rel ¢ material ios of the diffusi " gradients are responsible for the pattern formation. We
DLE 1. Relevant material properties of the difiusing aclds. fing that the pattern formation is nearly completely sup-
p, B1, and B, stand for density (a20 °C [10]), average solutal . :
volume expansion coefficient of isobutyl alcohol, and Water,pressed' Thus, the major part of the released potential
respectively p; = pio + Bicua) [11]. K, is the dissociation €nergy emerges from buoyancy. We cannot completely
constant [12]. exclude the influence of interfacial tension. Especially
Formic acid _ Acetic acid _Propionic acid in the acetic-acid system rather intensive motions exist
H-COOH CH-COOH GHs-COOH in close vicinity to the interface. They seem to provide
an additional propulsion of the global motions driven by

Bl 8'222 8'%3 8'322 In a second step we omit the base in the lower layer.
2 . . . . . .
X, (mol/l) 177 % 10 175 % 10-5 134 X 10- The characteristic feature of this pure mass transfer case

is an inverted plume regime in the lower layer (Fig. 5).
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FIG. 2. The three regimes. (a) Rising plumes; (b) plumes and irregular fingers; (c) nearly regular fingers. The diffusing acids
are formic acid (a) and propionic acid [(b)—(c)]. The regimes are present in all three acid systems.

The phenomenology in the upper layer, however, depends the form of inverted plumes sets in. This is similar to
on the diffusing acid. The acetic- and the propionic-the instability due to evaporative cooling of an initially
acid systems show a diffusing interface (cf. Fig. 5). Itisothermal layer [15] or due to viscous Rayleigh-Taylor
moves slowly away from the interface whereby its contoursnstability at vanishing interfacial tension [16]. Convec-
become increasingly modulated. In contrast to that, théive motions in the lower layer cause a higher acid flux
formic-acid system displays a plume regime which re-through the interface. Consequently, the acid concentra-
sembles that of Fig. 2a. If we compare the advancing ofion gradient across the upper b.l. increases. The control
this plume ensemble with and without reaction we find arparameter determining the stability of this b.l. is the solutal
acceleration of the plume ensemble in the first case. Thufayleigh number, Ra defined as Ra= (81g6°Acwa)/
the rising of the plumes is both a solutal and a thermab D, based on the upper b.l. thickne8s (g, », and D
effect. To support this idea we have placed the Helestand for gravitional acceleration, viscosity, and mass dif-
Shaw cells into a larger transparent box fed with a watefusion coefficient.) If the critical value Ra~ 10° is ex-
flow of reduced temperaturel' (= 14.5°C) to allow a ceeded the b.l. becomes unstable. This is in close analogy
faster removal of heat through the walls of the cell. Hereto the instability of a thermal b.l. on a heated plate [17].
we find a slowing down of the plume rising by at least Let us now consider the system with chemical reaction.
20%. Although the temperature reduction also influence#s soon as acid enters the aqueous phase it instantaneously
solubility and viscosity, this observation gives a hint thatdissociates to a small part according to (1). If now;#H
a large part of the released potential energy is provided bion encounters a OH ion a neutralization reaction (3)
thermal buoyancy. takes place. Thisis known to be one of the fastest solution
The engine of the dynamics described above is the difreactions since both ions do not undergo conventional
fusion of the acid from the upper into the lower layer. diffusion [18]. Thus, the neutralization rate is controlled
Since bothB; and B, are greater than zero (Table I) un- by the diffusion of acidnto water.
stable density stratifications are developed at both sides The exothermicity of the reaction (3), given kyH,
of the interface. Let us first discuss the simpler case ofirastically modifies the phenomenolgy of the mass-transfer
pure mass transfer without reaction (Fig. 5). In the lower
layer, the heavier concentration boundary layer, henceforth

abbreviated by b.l., is intrinsically unstable. Convection l k=3.9 mm*
i 3000 - ~—— propionic acid
1 | #— H-COOH P(k)
204 | : — CHyCOOH I _____ /E 2000
4 | - — C,HgCOOH E ..... -
1000 |
0
0 15
T T T T J k (mm_l)
0 10 20 ‘o) 30 40 FIG. 4. One-dimensional power spectra of the fingegs (=

1 mol/l). Note that the basic modes have the sameFor the
FIG. 3. Advancing of the plume ensemble with time for the sake of clarity we omit the acetic-acid system whose curve lays
three diffusing acidsdza = 0.08 g/l). between that of formic and propionic acids.
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tions. Thus, the understanding of the hydrodynamics

offers a possibility to control this reaction type. Further-

more, the discussed class of systems can serve as a model
o for studies of self-sustained dynamics.
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FIG. 5. Pattern formation during pure mass transfer of acetic
acid (no reactiongy, = 1 mol/I).
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