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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. T
upper layer is an organic solvent in which a carboxylic acid is dissolved. The lower layer cons
of water containing an inorganic base. We report on a novel instability type which is driven by
exothermic neutralization reaction in vicinity to the interface. This instability combines plume a
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
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Studies of convection in fluids, such as Rayleigh-Béna
[1] or Bénard-Marangoni convection [2], have strongl
influenced our understanding of pattern formation and tu
bulence. In these systems energy is supplied by an exte
temperature difference applied across a given length sc
However, this situation is not representative for a variety
systems occurring in nature. Here, the dynamics is driv
by internal sources of energy and the selected length sc
is a part of the solution of the problem. The study o
such systems is interesting both from a fundamental po
of view and with respect to potential applications of ba
sic research. Promising candidates are systems involv
chemical reactions. Consumption of educts and the rele
of reaction enthalpy provide sources of solutal and the
mal gradients. Hydrodynamic instabilities, driven by thes
gradients, can drastically alter the chemical reaction rat

There is an increasing interest in the interaction betwe
travelingchemical fronts,produced by an autocatalytic re
action, and convective flows [3–5]. One focus of thos
works is on the onset of buoyancy driven convection. H
drodynamic instabilities due to a reaction at a physic
interface were the subject of several theoretical studie
[6,7]. The latter provide a detailed analysis of the the co
pling between chemical reaction and Marangoni conve
tion, driven by concentration gradients along the interfac
The acceleration of interfacial reactions by convection w
first observed experimentally in [8]. The pattern formatio
at liquid-gas interfaces driven by photochemical reactio
was studied in [9]. However, concerning the interplay b
tween anonisothermalreaction at aliquid-liquid interface
and convection, we are not aware of any further expe
mental work. In the present paper we demonstrate t
a rather simple interfacial neutralization reaction can d
velop an unexpected coupling of different hydrodynam
instabilities. Among these are boundary layer and doub
diffusive finger instabilities.

The experiments were performed in a two-layer syste
placed in a Hele-Shaw cell (Fig. 1). The gap width wa
d ­ 0.1 cm. In the majority of the experiments the Hele
Shaw cells were operated in the vertical position. The tw
layer system inside the cell consisted of a lower aqueo
0031-9007y99y82(22)y4436(4)$15.00
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layer (water and base) and an upper organic layer (isobu
alcohol and carboxylic acid). The viscosity of the organ
solvent is 4 times higher than that of water. Since wa
and isobutyl alcohol have a certain solubility (12% atT ­
25 ±C) saturated solutions were prepared before fillin
Saturation was to prevent interfacial turbulence arisi
from counterdiffusion of the solvents into each othe
While the concentration of the baseB in the water was
fixed to cB ­ 1 molyl, different concentrations,cHA, of
the acids, HA, have been used (cHA ­ 0.04 to 0.08 gyl or
equivalently0.5 to 2 molyl).

Filling was done by means of syringes. To achieve
careful pouring of the organic layer onto the aqueous o
we used stainless-steel bows with a thickness of 0.08
and of a lengthL , X (cf. Fig. 1). The bow was placed
1.5 cm above the lower layer. It was slowly pulled ou
when filling of the organics began. By injecting the flui
past the bow, a quasihomogeneous growth of the up
layer was achieved, while most of the momentum of t
fluid was buffered by the bow. Visualization of the pa
tern was done by means of a shadowgraph technique.
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FIG. 1. The two-layer system in the Hele-Shaw cell. Th
given densities refer to the saturated phases.
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The basic reaction is the neutralization of a carboxyl
acid by a base, sodium hydroxide, close to the interfac
A precondition of this reaction is the dissociation of bot
species, i.e.,

HA 1 H2O % A2 1 H3O1 with Ka ­
cH1 cA2

cHA
,

(1)

B 1 H2O % BH1 1 OH2 with Kb ­
cBH1 cOH2

cB
.

(2)

Ka andKb are the dissociation constants. While sodium
hydroxide as a strong base has a highKb, the Ka values
of the weak organic acids are small (Table I). This mea
that only a small amount,g ø 1%, of the acid dissociates.
The dissociation degreeg decreases with decreasingKa.
If a hydronium ion, formed by (1), encounters a OH2-ion
neutralization takes place, i.e.,

H3O1 1 OH2 % 2H2O , (3)

where the equilibrium prefers the product. The releas
reaction enthalpy amounts toDH ø 257 kJymol. Be-
cause of the lowKa values, the sodium and the acetat
ions (in case of acetic acid) remain dissociated; i.e., no s
is formed. We use carboxylic acids with different chai
lengths whose properties are given in Table I. The de
sities of the solutions,ri (i ­ 1, 2), are a function of the
solute concentration (acid and base) and vary according
ri ­ ri0 1 bicHA, wherecHA is given in gycm3. Com-
parison with Table I shows that both densities increa
with increasing acid concentration. Note that sodium h
droxide is insoluble in the organic solvent.

The system displays three basic regimes. The init
one (Fig. 2a) is dominated by risingplumesin the upper
organic layer. The plumes are emitted from an unstab
boundary layer above the interface. We assume that th
consist of a warmer fluid with lower acid concentration
The intensity of the plume regime is most distinct in th
formic-acid system and decreases with increasing cha
length. The duration is of the order of minutes.

The intermediate regime (Fig. 2b) is characterized b
plumes in the upper layer and by an irregular formation

TABLE I. Relevant material properties of the diffusing acids
r, b̄1, andb̄2 stand for density (at20 ±C [10]), average solutal
volume expansion coefficient of isobutyl alcohol, and wate
respectively (ri ­ ri0 1 b̄icHA) [11]. Ka is the dissociation
constant [12].

Formic acid Acetic acid Propionic acid
H-COOH CH3-COOH C2H5-COOH

r sgycm3d 1.2204 1.0491 0.9934
b̄1 0.258 0.220 0.179
b̄2 0.233 0.103 0.083
Ka smolyld 1.77 3 1024 1.75 3 1025 1.34 3 1025
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fingers in the lower layer. The onset of the fingers sta
earlier the longer the acid chain length is. The durati
of this second regime is of the order of 1 hour. In i
course the upper layer plume regime becomes increasin
disordered till it fades away.

In the final regime (Fig. 2c) the system displays an arr
of regularily spacedfingers. In the fingers the warmer
fluid, rich in acid/acetate ions, moves downwards [13].
between the fingers the colder fluid, which should ha
a higher hydroxide concentration, moves in the oppos
direction towards the interface. This is a double diffusiv
instability arising from the different diffusivities of hea
and mass (cf. e.g., [14]). Since heat diffuses 100 tim
faster than the acid, the convective motion is driven by t
horizontal concentration differences between the rising a
falling fluid columns.

Next we analyze the upper-layer motions by studyin
the advancing of the plumes with time (Fig. 3). Th
is done by tracing the head positions of the plumes
the digitized shadowgraph images and averaging over
plume ensemble. Usually approximately ten plumes a
taken into account. We find that the plume velocity d
creases with increasing chain length. The error bars rep
sent the standard deviation of the ensemble.

Let us now study the characteristic horizontal scale
the finger structure in the lower layer. To determine th
wave number we apply one-dimensional Fourier transf
mation to lines parallel to the interface (512 pixels) and a
erage over lines at different distances from interface. T
corresponding power spectra are shown in Fig. 4. At eq
molar concentrations, all three systems display nea
the same wave numbersk. After Dt ­ 90 min we find
k ­ s3.9 6 0.3d mm21. We could not detect a signifi-
cant dependence on the gap width (0.5, 1.0, and 2.0 m
of the Hele-Shaw cell. The corresponding vertical fing
extension amounts toh ­ s12 6 4d mm. h increases with
advancing time which is accompanied by a decrease of
dominant finger wave number. Whether this decrease f
lows theh21y4 dependence, as known from thermohalin
convection [14], is currently under study.

To develop ideas about the driving mechanisms se
eral tests have been undertaken. First, we operate
Hele-Shaw cell in a horizontal instead of a vertical pos
tion to understand whether buoyancy or interfacial tensi
gradients are responsible for the pattern formation. W
find that the pattern formation is nearly completely su
pressed. Thus, the major part of the released poten
energy emerges from buoyancy. We cannot complet
exclude the influence of interfacial tension. Especia
in the acetic-acid system rather intensive motions ex
in close vicinity to the interface. They seem to provid
an additional propulsion of the global motions driven b
buoyancy.

In a second step we omit the base in the lower lay
The characteristic feature of this pure mass transfer c
is an inverted plume regime in the lower layer (Fig. 5
4437
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g acids
FIG. 2. The three regimes. (a) Rising plumes; (b) plumes and irregular fingers; (c) nearly regular fingers. The diffusin
are formic acid (a) and propionic acid [(b)–(c)]. The regimes are present in all three acid systems.
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The phenomenology in the upper layer, however, depen
on the diffusing acid. The acetic- and the propionic
acid systems show a diffusing interface (cf. Fig. 5).
moves slowly away from the interface whereby its contou
become increasingly modulated. In contrast to that, t
formic-acid system displays a plume regime which re
sembles that of Fig. 2a. If we compare the advancing
this plume ensemble with and without reaction we find a
acceleration of the plume ensemble in the first case. Th
the rising of the plumes is both a solutal and a therm
effect. To support this idea we have placed the Hel
Shaw cells into a larger transparent box fed with a wat
flow of reduced temperature (T ­ 14.5 ±C) to allow a
faster removal of heat through the walls of the cell. Her
we find a slowing down of the plume rising by at leas
20%. Although the temperature reduction also influenc
solubility and viscosity, this observation gives a hint tha
a large part of the released potential energy is provided
thermal buoyancy.

The engine of the dynamics described above is the d
fusion of the acid from the upper into the lower layer
Since bothb1 andb2 are greater than zero (Table I) un
stable density stratifications are developed at both sid
of the interface. Let us first discuss the simpler case
pure mass transfer without reaction (Fig. 5). In the lowe
layer, the heavier concentration boundary layer, hencefo
abbreviated by b.l., is intrinsically unstable. Convectio
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FIG. 3. Advancing of the plume ensemble with time for th
three diffusing acids (cHA ­ 0.08 gyl).
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in the form of inverted plumes sets in. This is similar t
the instability due to evaporative cooling of an initially
isothermal layer [15] or due to viscous Rayleigh-Taylo
instability at vanishing interfacial tension [16]. Convec
tive motions in the lower layer cause a higher acid flu
through the interface. Consequently, the acid concent
tion gradient across the upper b.l. increases. The con
parameter determining the stability of this b.l. is the solut
Rayleigh number, Ras, defined as Ras ­ sb1gd3DcHAdy
nD, based on the upper b.l. thicknessd. (g, n, and D
stand for gravitional acceleration, viscosity, and mass d
fusion coefficient.) If the critical value Ras , 103 is ex-
ceeded the b.l. becomes unstable. This is in close anal
to the instability of a thermal b.l. on a heated plate [17].

Let us now consider the system with chemical reactio
As soon as acid enters the aqueous phase it instantaneo
dissociates to a small part according to (1). If now a H3O1

ion encounters a OH2 ion a neutralization reaction (3)
takes place. This is known to be one of the fastest solut
reactions since both ions do not undergo convention
diffusion [18]. Thus, the neutralization rate is controlle
by the diffusion of acidinto water.

The exothermicity of the reaction (3), given byDH,
drastically modifies the phenomenolgy of the mass-trans

0 5 10 15
0

1000

2000

3000

P(k)

formic acid

propionic acid

k=3.9 mm-1

k (mm-1)

FIG. 4. One-dimensional power spectra of the fingers (cHA ­
1 molyl). Note that the basic modes have the samek. For the
sake of clarity we omit the acetic-acid system whose curve la
between that of formic and propionic acids.
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FIG. 5. Pattern formation during pure mass transfer of ace
acid (no reaction,cHA ­ 1 molyl).

case: The diffusive interface (acetic-acid/propionic-ac
systems) in theupper layer becomes unstable to ejec
plumes. Solutal plumes in the formic-acid system mov
faster due to additional thermal buoyancy. The reason
the different velocities of the plume ensembles (Fig. 3
must be sought in the differentKa values of the acids.
The higher the dissociation degree the higher the availa
thermal buoyancy.

However, the most surprising consequence of the chem
cal reaction is the crossover from the regime of inverte
plumes to the finger regime in thelower layer. The con-
dition for finger formation readssb2≠cHAy≠zdyjar0≠Ty
≠zj . Dyk (cf. e.g., [14]). k anda denote thermal diffu-
sivity and thermal expansion. Let us briefly show that it
simple for the system to fulfill this condition: The typica
time for onset of instability istc , 10 s. For the acid gra-
dient below the interface the approximate relationDcHAy
dc ­ 1021 mol cm24 holds, where DcHA , 1 mol l21

and the concentration b.l. thickness,dc, is dc ,
p

Dtc.
According to Fick’s diffusion law, we find for the acid flux
into water DnHAyDt ­ DADcHAydc , 1026 mol s21

(interfacial areaA , 1 cm2, D , 1025 cm2ys). Thus,
the production rate of H3O1 ions in the concentration b.l.
is DcH3O1 yDt ­ gDnHAysDtAdcd , 1026 mol cm23 s21.
By multiplying this with DHysrcpd (cp —heat capacity)
we obtain a temperature gradientDTydth , 21 Kycm
after time tc; the thermal b.l. thickness isdth ,

p
ktc.

(Note that heat conduction through the walls was n
glected.) Inserting these values into the left-hand side
the finger condition we obtain102 while Dyk , 1022.
Thus, the conditions provided by this exothermic interfac
reaction are strongly conducive to finger formation.

We expect that numerous interfacial reactions are a
companied by the formation of fingers and plumes. Sin
both instabilities lead to an efficient mixing they can
strongly accelerate diffusion-controlled interfacial reac
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tions. Thus, the understanding of the hydrodynami
offers a possibility to control this reaction type. Furthe
more, the discussed class of systems can serve as a m
for studies of self-sustained dynamics.
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