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We experimentally demonstrate that a precipitation reaction at the miscible interface between two
reactive solutions can trigger a hydrodynamic instability due to the buildup of a locally adverse mobility
gradient related to a decrease in permeability. The precipitate results from an A + B — C type of reaction
when a solution containing one of the reactants is injected into a solution of the other reactant in a porous
medium or a Hele-Shaw cell. Fingerlike precipitation patterns are observed upon displacement, the
properties of which depend on whether A displaces B or vice versa. A mathematical modeling of the
underlying mobility profile confirms that the instability originates from a local decrease in mobility driven
by the localized precipitation. Nonlinear simulations of the related reaction-diffusion-convection model
reproduce the properties of the instability observed experimentally. In particular, the simulations suggest
that differences in diffusivity between A and B may contribute to the asymmetric characteristics of the
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fingering precipitation patterns.

DOI: 10.1103/PhysRevLett.113.024502

Chemical reactions are able to influence and even more
strikingly induce hydrodynamic fingering instabilities of a
frontal interface when a high mobility fluid displaces a less
mobile one in a porous medium. This occurs in viscous
fingering if a less viscous fluid displaces a more viscous one
[1]. Fingering can also result from a change in permeability
in a porous medium as in reactive dissolution instabilities
[2-10]. In these cases, the invading fluid contains chemicals
which dissolve the solid matrix of the porous medium,
leading to a related increase in porosity behind the reaction
front. As a result, the resistance to flow decreases in these
higher mobility reactive zones, which favors further dis-
solution, giving, thus, a positive feedback leading to
instability. Dispersion of reactants is the stabilizing factor
counteracting the growth of fluid channels in order to
provide a fingered pattern with a given characteristic wave-
length [2,5,7,10]. The reverse case of precipitation is not
expected to destabilize an interface as the related decrease
in permeability and, hence, in mobility behind the front is
expected to block the flow rather than destabilize it. There is,
however, increased interest to understand the effect of
precipitation reactions during flow displacements in porous
media in the context of CO, sequestration techniques
[11-14]. Mineralization by which CO, injected in a porous
medium could undergo precipitation reactions (to yield
carbonates, for instance [13-16]) is indeed promising in
view of a permanent safe storage of CO, in geological strata.
Understanding the conditions in which precipitations can
affect the stability of the spreading CO, plumes [12] is, thus,
particularly important.
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In this context, we demonstrate experimentally and
explain theoretically how a precipitation reaction localized
at the interface between two reactive solutions can trigger
fingering patterns in a porous medium or in a Hele-Shaw
cell. We develop a reaction-diffusion-convection (RDC)
model coupling the evolution equation of the velocity field
to a simple A + B — C reaction where A and B are solutes
contained in the injected and displaced fluid while C is a
precipitate. The mobility of the fluid inside the porous
medium is modeled to decrease with the concentration of
the precipitate. We show that the local production of the
solid phase C in the reactive zone decreases locally the
permeability and, hence, the mobility. A fingering insta-
bility develops in the region where a negative gradient
of mobility is encountered along the direction of the flow.
This precipitation mechanism of instability is asymmetric
as the characteristics of the pattern depend on whether A is
injected into B or vice versa. We explain that differences
in the diffusion coefficients of the reactants can contribute
to this asymmetry. We discuss the analogy of this local
precipitation-induced fingering with classical viscous fin-
gering and other reactive fingering instabilities.

The experimental setup is a horizontal Hele-Shaw cell
which consists in two parallel glass plates separated by a
thin gap [17,18]. The cell is initially filled with a solution of
B. Attime t = 0, a miscible solution of A is injected radially
from a hole located in the center of the cell at a constant flow
rate. The reverse case (B injected into A) is also performed.
In the absence of reaction, both solutions of A and B have the
same viscosity as that of water and similar densities so that
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no hydrodynamic instability is observed, and the miscible
interface expands as a circle. We investigate here how a
simple A + B — C type of chemical reaction for which the
product C is a solid precipitate can induce an instability of
this interface. We use the following precipitation reaction:

Fe’* + K,[Fe(CN)] — 3K+ + KFe[Fe(CN)¢]. (1)

The product KFe[Fe(CN)4] is a blue precipitate as seen
in Figs. 1(c)-1(f). Another A + B — C reaction with no
precipitate is studied in parallel as the reference case with
no permeability change,

Fe3* + SCN~ — [Fe(SCN)J**, (2)

where [Fe(SCN)]** is a red ion in solution in the solvent
[Figs. 1(a) and 1(b)]. Both reactions are very fast and can be
treated as instantaneous. The dynamics in the reactive zone
and the possible fingering pattern are followed by the color
change induced by the reaction, all reactants being colorless.
These reactions are the same as in our previous study of the
effects of a precipitation reaction on viscous fingering when
the solution of A is less viscous than the displaced solution
of B [18]. The difference is that both reactants’ solutions
have here the same viscosity, so the instability can only be
induced by the reaction.

Figure 1 shows the results of four different types of
reactive displacement experiments for reaction (1) with
precipitation and reaction (2) with no precipitation. For
both reactions, we consider situations where the Fe3*
solution is either the displacing (case a) or the displaced
(case f3) solution, respectively. In the absence of precipitate

Without precipitation With precipitation With precipitation

displaced)

FIG. 1 (color online). Reactive displacement patterns without
(a),(b) and with (c)—(f) precipitation at = 840 s in a Hele-Shaw
cell of gap @ =02 mm and with a flow rate Q = 6.47x
1071 m3/s. The reactant concentration is either 0.03 M (c),(d)
or 0.06 M (a),(b),(e),(f). a, f stand for the Fe3* solution displacing
and being displaced, respectively. Scale bars are 10 mm long.
Inserts show a microscopic picture of the front taken by a digital
microscope (FS1400, Nakaden, Japan) with 1 mm long scale bars
and arrows indicating a typical size of the precipitation crystal.

[Figs. 1(a) and 1(b)], no fingering is observed, and the red
product area expands radially in the course of time without
fingered deformation for both cases @ and . On the contrary,
in the presence of a precipitate, a fingering pattern is
observed 1in all cases, 1.e., for different concentrations tested
and whether Fe’* is injected [Figs. 1(c) and 1(e)] or
displaced [Figs. 1(d) and 1(f)]. Microscopic pictures
(inserts in Fig. 1) show that the product is a solution in
the absence of precipitation and that, in the case of
precipitation, the size of the solid crystals is much smaller
than the typical size of the fingering pattern. This indicates
that the fingering instability in Figs. 1(e) and 1(f) is not
related to a dendritic growth of the solid phase but that the
precipitation reaction is the motor of the hydrodynamic
instability.

An analysis of Figs. 1(c)-1(f) shows that fingering is
more concentrated and spreads over a broader area at larger
concentrations and that the pattern is quite different in
cases a and f3. If Fe** is the displacing solution (case ), the
blue precipitate is present in the whole zone behind
the displacement front and, as seen in the movie of the
Supplemental Material [19], this solid phase remains
immobile once deposited. On the other hand, in case f,
where Fe* is the displaced solution, the blue precipitate is
located mainly within the reaction zone, and the fingered
precipitate perimeter expands radially during the displace-
ment (see the movie in the Supplemental Material [19]).

The fingering induced here by precipitation features
an asymmetry, i.e., different characteristics whether A is
injected into B or vice versa. This asymmetry does not
exist in the stable case without precipitation, as expected
[Figs. 1(a) and 1(b)]. Such asymmetries in reaction-induced
fingering have already been reported in viscous fingering
instabilities of reactive interfaces [20,21]. Simulations have
shown that, in miscible systems, the asymmetry can be
caused by a difference in diffusivity between the two
reactants [21]. Here, the product is a solid, so the situation
is different. We note, however, that the molecular weight of
Fe’* and that of K,[Fe(CN),] is 56 and 368, respectively.
Thus, we can consider that the lighter ferric ion has a larger
diffusion coefficient.

To clarify the mechanism at the origin of the hydro-
dynamic instability induced by the local precipitation
reaction and test whether differences in diffusivity are
important in the present dynamics, we next turn to a RDC
model of the problem. We consider a simple A + B — C
reaction where A and B are the reactants in miscible liquid
solutions in equal initial concentration a, and same con-
stant viscosity p, while C is a solid product formed in the
reaction zone upon displacement of one reactant solution
by the other one. We analyze a two-dimensional flow in a
porous medium described by Darcy’s law (3) where k(c) is
the permeability, which is a decreasing function of the
concentration c¢ of the precipitate. We assume, indeed, that
the precipitate, by its presence in the pores of the porous
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matrix or between the plates of a Hele-Shaw cell, decreases
the volume of the void space and, thus, decreases the
permeability. Experimental data on the x(c¢) dependence are
very challenging to obtain [22]. Hence, by analogy with
modeling of rock dissolution [5] and of miscible viscous
fingering in which the viscosity is taken to vary exponen-
tially with the concentration of the viscosity controlling
solute [1,21,23-26], the functional dependence of the
permeability x on c is taken as a simple exponential decay,
i.e., k =kpexp[-2R.(c/ay)], such that if ¢ = 0, the dimen-
sionless permeability equals x,. We introduce the value of
the permeability when ¢ = a,/2 as «j,. The key parameter
of the problem is then R, = In(xy/k;), i.e., the mobility
ratio comparing the mobility My = ky/u in the absence
of precipitation with the mobility M, = «k;,/u when
¢ = ay/2, i.e., when all the precipitate is formed. Thus,
as R, increases, the effects of the precipitation become
larger. Larger reactant concentrations a; correspond to a
larger amount of precipitate ¢ and hence to smaller x; or
equivalently to larger R,. Note that similar results can be
obtained with other «(c) functions [5], provided «x
decreases here with c. The nondimensional equations,
where permeability, pressure, diffusivity, and concentration
are scaled by «q, uD./xy, D., and a, respectively, are

Vi =0, vp:-wlc)u, (3)

E;_ft‘ +uVA = 6,V*A - D,AB, (4)
%_’f +uVB = §5V2B — D,AB, (5)
%_f +uVC = V2C + D,AB, (6)

k = exp(—2R,C), (7)

where D, = kayD,./U? is the Damkohler number, (A, B,
() are the dimensionless concentrations of species A, B,
and C, and 643 = Dy p/Dc are the ratios of diffusion
coefficients [24,26]. Here, k is the Kinetic constant of the
reaction, and U the rectilinear injection speed.

In classical viscous fingering and rock dissolution
problems, the instability arises because a more mobile
fluid displaces a less mobile one in a porous medium, i.e.,
because the mobility M = «x/u decreases in the direction
of the flow x. In the present situation, the viscosity y is
constant, and the mobility decreases as « decreases due to
precipitation. Fingering, thus, cannot develop in a precipi-
tation front but may appear locally in regions where
OM/0x < 0. This occurs thanks to the nonmonotonic
character of the mobility profile [20,21,24-27] developing
if precipitation occurs only locally in the reactive zone
between the two solutions.
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FIG. 2 (color online). Concentration and mobility profiles for
D,=1.In (a) 64 =20 and 63 = 5, while in (b) i, =5 and
63 - 20

Figure 2 depicts the dimensionless concentration profiles
of the various chemical species and of the mobility profile
reconstructed using Eq. (7) on the basis of the product
concentration profile. The horizontal axis is the dimension-
less self-similar variable = x/+/4t, where t is the dimen-
sionless time. We see that the mobility is constant and equal
to 0 in the region of pure reactant A and B liquid solutions,
while it is decreasing locally in the reactive zone where the
precipitate C is produced. Fingering, thus, arises because
locally, at the back of the reaction zone, the reactant solution
A displaces the solid product zone of lower mobility.
By analogy to what is observed in the case of reactive
miscible viscous fingering with production of nonmono-
tonic viscosity profiles [26,27], the fingers extend toward the
invading fluid (Fig. 1) upon the buildup of a local minimum
in mobility due here to a minimum in permeability. The
amplitude of the minimum in mobility increases when R,
increases (Fig. 2), which is achieved experimentally when
the concentration a of the reactant solutions is increased.
This is, again, coherent with the fact that more product is
obtained at larger concentrations as seen in experiments
(Fig. 1). The model, thus, shows that fingering can be
triggered by a precipitation reaction thanks to a local
decrease in permeability and, hence, of mobility along
the direction of the flow.

To understand whether differences in diffusion coeffi-
cients can be the reason for the difference observed in the
pattern depending on whether A displaces B or vice versa,
we compare in Fig. 2 the mobility profiles for two cases,
i.e., when 6, = 20 and 6z = 5 with the case 6, = 5 and
0p = 20. The former and latter cases correspond to cases «
and f in the experiment, respectively. The precipitate C is
logically considered as the species which diffuses the
slowest. A corresponds to the fastest ferric ions and B to
K, [Fe(CN)] in case a, and the reverse in case f. If the
initial concentration and the diffusion coefficients of the
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FIG. 3. Numerical nonlinear dynamics at ¢t = 800, D, = 1.

In case a 6, =20 and 6z =5, while in case f 6, =5 and
0p = 20. The injection is from left to right. Panels (a)—(f) of size
1020 x 1024 refer to the same conditions as in Fig. 1.

two reactants are the same, the concentration profiles are
symmetric with regard to n =0 [21,28]. When the dif-
fusivity of the reactant initially included in the displacing
solution is larger [case a, Fig. 2(a)], the negative mobility
gradient is slightly different than in the reverse case where
the faster diffusing reactant is in the displaced solution
[case B, Fig. 2(b)]. To check the effect of this asymmetry
even further, let us now turn to nonlinear simulations.

The governing equations (3)—(7) are numerically inte-
grated by the pseudospectral method developed by Tan and
Homsy [23] with periodic boundary conditions and an
initial condition similar to those used in studies of reactive
viscous fingering [21,26]. Figure 3 shows the numerical
dynamics in four different cases depending on the diffu-
sivity ratio and R, by displaying the product concentration
field on a gray scale. First, the fingering instability is
obtained in all cases involving precipitation with fingers
extending backwards. The system remains stable when
R, = 0, which confirms that double diffusive instabilities
[29-31] are not operational in our precipitation case, as the
A and B reactant solutions have here the same viscosity and
density. A comparison between the upper and lower rows
shows the effect of changing the ratio of diffusivity of the
reactants with larger diffusivity initially in the displacing
and displaced solutions, respectively, i.e., to cases a and /.
We can qualitatively find that the product is more evenly
distributed in case «, while it is more concentrated
at the right forward invading front of the fingered zone
in case f independent of R,. Moreover, the comparison
between the left and right columns for R, # 0 shows that
fingering is more pronounced at a given time when R, is
larger. These results are in good agreement with the
experimental ones.

From the nonlinear simulations, one can compute one-
dimensional concentration profiles of the product C result-
ing from an average of the 2D field over the y direction
(Fig. 4). This result is averaged over five runs with different
initial noise. As shown in Fig. 4, the product is more
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FIG. 4. Averaged concentration of the product over the y
direction, when R, =2, t =800, D, = 1. In case a, 4, =20
and 6z = 5, while in case 3, 54 = 5 and 63 = 20. Here, x = 0 is
the initial location of the interface between the displacing and
displaced fluids, and the flow is directed toward positive x.

concentrated at the fingertips in case f. This result is
consistent with the experimental results, and, hence, non-
linear simulations show that the asymmetric properties
observed in the experiments can be explained in terms of an
asymmetry of diffusivity. This is probably not enough to
explain the full dynamics, and additional effects should be
taken into account in future studies like possible mechani-
cal or non-Newtonian effects or local changes in viscosity
(especially in case f where the solid is advected by the flow
and there is, thus, locally a suspension of particles that most
probably affects the viscosity). Nevertheless, the present
model already shows that a change of mobility due to a
localized decrease of permeability triggered by a reaction
is able to trigger fingering and that the related RDC model
correctly reproduces all features of the instability.

In conclusion, we have experimentally and theoretically
studied hydrodynamic fingering triggered by a chemical
precipitation reaction in the miscible contact zone between
two liquid solutions of reactants in a porous medium or
Hele-Shaw cell. We showed that fingering is due to a local
decrease in mobility related to the reduction of the
permeability due to the presence of the precipitate. The
fingered pattern is asymmetric, i.e., different depending on
whether A displaces B or vice versa, which could be due to
differences in diffusivity between A and B. The experi-
ments and nonlinear simulations of a RDC model give
results in good agreement. We emphasize that the
modeling of this precipitation-induced fingering is analo-
gous to that of reactive viscous fingering [20,21,24-27] and
dissolution-driven fingering [2—10] with nonmonotonic
profiles. The present study paves the way to future detailed
analysis of the influence of precipitation reactions on the
stability of displacement processes in porous media. It
explains, for instance, why local precipitation of carbonates
[13,14], among others, might destabilize the flow during
CO, injection processes at the heart of sequestration
techniques.
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