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Abstract Reactive-inﬁltration instability plays an important role in many geophysical problems yet
theoretical models have rarely been validated experimentally. We study the dissolution of an analog
fracture in a simple microﬂuidic setup, with a gypsum block inserted in between two polycarbonate plates.
By changing the ﬂow rate and the distance between the plates, we are able to scan a relatively wide range
of Péclet and Damkhöhler numbers, characterizing the relative magnitude of advection, diﬀusion, and
reaction in the system. We quantify the characteristic initial wavelengths of the perturbed fronts during
the onset of instability. The results agree well with theoretical predictions based on linear stability analysis,
thus experimentally validating current reactive-inﬁltration instability theory and opening new opportunities
for experimental assessment of mineral reactivity.
1. Introduction
Petroleum engineers were ﬁrst to notice that the dissolution around the acidized well is often nonuniform and
the ﬂow becomes spontaneously localized in pronounced channels, which they have called “wormholes”
[Rowan, 1959]. They have learned how to use them to their advantage—wormholes transport ﬂow in an
eﬀective manner while not requiring a lot of reactant for their creation; hence, they provide an eﬃcient way
of increasing the permeability of the rock. It soon turned out that these instabilities are not only relevant to
the acidized wellbores, but they can take place in almost any system in which the surface reaction is coupled
with the ﬂuid ﬂow, hence the name reactive-inﬁltration instability coined by Chadam et al. [Chadam et al.,
1986; Ortoleva et al., 1987; Steefel and Lasaga, 1990]. The instability is caused by a positive feedback between
the reaction and ﬂuid ﬂow: a faster reaction locally leads to a permeability increase, which speeds up the
local ﬂow allowing the reactant to penetrate deeper inside the matrix. The range of length scales spanned
by these phenomena is impressive—from the centimeter scale redox front ﬁngering in siltstones [Ortoleva,
1994] and skarn [Ciobanu and Cook, 2004] to kilometer-long scalloping of a dolomitization front advancing
into limestone [Merino, 2011] or of uranium rolls [Dahlkamp, 2009]. The associated range of timescales is
also huge—whereas fast-reacting systems, like acidized limestone cores [Hoefner and Fogler, 1988] or plaster
[Daccord, 1987; Daccord and Lenormand, 1987], or salt ﬂushed with water in a Hele-Shaw cell [Kelemen et al.,
1995; Golﬁer et al., 2002], show ﬁngering on the scale of minutes, the geological structures evolve much more
slowly, over hundreds of thousands of years. Moreover, the reactive-inﬁltration instability is not limited to the
groundwater ﬂowing through porous rocks, but as ﬁrst shown by Aharonov et al. [1995] is also relevant to the
magma ﬂows, which also become focused in high-porosity channels, which can be observed in igneous rocks
in forms of permeable dunite (olivine rock) conduits embedded in the less permeable matrix [Spiegelman
et al., 2001]. The formation of dunite ﬁngers during reaction between olivine-saturated liquid and harzburgite
has also been experimentally demonstrated on a centimeter scale by Daines and Kohlstedt [1994] and Pec et al.
[2015]. In recent years, the relevance of these problems to the CO2 sequestration have increased the interest
in the subject [Luquot and Gouze, 2009; Ellis et al., 2011; Elkhoury et al., 2013; Hao et al., 2013; Deng et al., 2013;
Carroll et al., 2013; Smith et al., 2013; Elkhoury et al., 2015; Fu et al., 2015; Menke et al., 2015; García Ríos, 2015;
Hidalgo et al., 2015]. Finally, reactive-inﬁltration instability is also a key factor in cave formation processes
[Groves and Howard, 1994; Hanna and Rajaram, 1998; Szymczak and Ladd, 2011; Cabeza et al., 2015].
The theoretical basis of the reactive-inﬁltration instability is now relatively well understood, with the linear
stability analysis carried out both for the dissolving porous medium [Chadam et al., 1986; Ortoleva et al., 1987;
Sherwood, 1987; Hinch and Bhatt, 1990; Szymczak and Ladd, 2014] and for fractures [Szymczak and Ladd, 2012].
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Figure 1. (left) The experimental setup. The chip is a sandwich of three layers. The top, polycarbonate plate has a
network of microﬂuidic channels that deliver a uniform ﬂow of the liquid into the inlet reservoirs and an outlet network
of channels. The bottom plate is ﬂat apart from a shallow rectangular indentation ﬁlled with gypsum. The surface of the
plaster is perfectly ﬂat and leveled with the surface of the plastic. A thin foil is inserted in between the two plastic layers
to control the spacing. (right) A photograph of the experimental setup.

Still, the experimental studies invariably focus on the later stages of the dissolution process, dominated by
the competition between the fully grown wormholes [Daccord, 1987; Hoefner and Fogler, 1988; Golﬁer et al.,
2002; Detwiler et al., 2003; Polak et al., 2004; Luquot and Gouze, 2009; Noiriel et al., 2013; Luquot et al., 2014;
Ott and Oedai, 2015]. In contrast, experimental observation of the onset of the instability has always been
an issue because of a variety of reasons. First, the dissolving medium should be suﬃciently uniform so that
the presence of heterogeneities would not aﬀect the initial ﬂow distribution too much, thus preventing the
observation of the spontaneous development of the instability [Kalia and Balakotaiah, 2009; Upadhyay et al.,
2015]. Second, the experimental setup should allow the observation of relatively small perturbations of the
dissolution front. Third, the experiment should be performed in a well controlled and reproducible manner.
All of the above factors are eﬀectively tackled by the use of microﬂuidic techniques.
In this letter, we present a simple microﬂuidic setup allowing for the direct observation of the onset of the
reactive-inﬁltration instability and development of wormholes from an initially planar reaction front. We have
designed an analog fracture which consists of a gypsum block inserted in between two polycarbonate plates
and dissolved by water. This setup corresponds to a classical case of reactive inﬁltration, analogous to the
processes taking place in reservoir stimulation or karst formation, although in our case only one side of the
fracture is dissolving. The main advantage of our setup is the full control of the key parameters that inﬂuence
the dissolution patterns along with a direct visual observation of the morphological evolution in real time.

2. Experimental Setup
In order to observe experimentally the onset of the reactive-inﬁltration instability, we have designed the
experimental setup shown in Figure 1. It consists of two disks of 6.5 cm diameter and 1 cm thickness made of
Makroclear®; polycarbonate. The bottom plate contains a rectangular indentation (3.3 cm × 3.8 cm × 0.5 mm)
engraved using the MSG4025 CNC micro milling machine. This indentation serves as a cast for the plaster
(Plaster of Paris, Blik Modelarski Alabastrowy) which is used as a soluble material in our system. The top plate
contains a hierarchical system of inlet and outlet channels which are connected to large inlet/outlet reservoirs (4.5 cm × 5 mm × 2 mm). Such a design helps in keeping the uniform pressure along the width of the
plaster. In order to keep the plates at a ﬁxed distance, we insert between them a spacer made of the ultrathin
PET-based double-coated tape of a thickness of either h0 = 100 μm (ORABOND 1394TM from ORAFOL GmbH),
h0 = 70 μm (ORABOND 1398) or h0 = 210 μm (ORABOND 1397TM).
The cast was prepared with a 60% ratio (w/w) of water to plaster. This yields an average porosity of the block
of 𝜙 = 50% (measured porosity to water) and a permeability of 45 mD (measured by injection of isopropanol).
A special care during the preparation has been put on the saturation of the medium with water in chemical
equilibrium with the gypsum. Before the injection the chip is placed in vacuum within a beaker of saturated
water in order to remove any air bubbles which might have remained in the pore space. Sealing is ﬁnally
ensured with a silicone joint on the sides of the system.
After sealing, we connected the syringe pump (Harvard Apparatus PHD2000) to the chip to inject pure water.
The applied ﬂow rate ranged from 0.25 mL/h to 1 mL/h. We recorded the experiment with a UI 1550LE-C-HQ
CCD camera (IOS, Germany), acquiring photographic images of the system every 100 s. In order to ensure
homogeneous intensity of light over the system, we used a circular ﬂuorescent illuminator.
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Table 1. Values of the Parameters Relevant to the Experiments
Experiment
Parameter

1

2

3

Symbol

Initial aperture (μm)

h0

Fracture width

L

Fracture length

–

Flow rate (mL/h)

q0 L

4

5

6

7

70

70

100

Value
100

70

210

100

Precision

3.3 cm
3.8 cm
0.25

0.36

0.5

1

1μm
0.01 cm
0.01 cm

1

Diﬀusion coeﬃcient

D

10−5 cm2 /s

Reaction kinetic constant

k

4.67 ⋅ 10−4 cm/s

0.5

0.5

0.01 mL/h
1⋅10−7 cm2 /s
0.07⋅10−4 cm/s
Can be larger depending
on the impurity content

Ca2+ saturation concentration

csat

15 mol/m3

0.1 mol/m3

Gypsum molar volume

𝜐

74.440 cm3 /mol

1.10−3 cm−3 /mol

Gypsum porosity

𝜙

50%

5%

Sherwood number

Sh

5

–

We ran seven diﬀerent experiments on this setup whose characteristics are reported in Table 1. Additionally,
experiments 1 and 2 (aperture 100 μm, ﬂow rate 0.25 mL/h, aperture 70 μm, ﬂow rate 0.36 mL/h) have been
run twice while experiment 7 (aperture 100μm and ﬂow rate 0.5 mL/h) has been run 4 times in order to obtain
an estimation of the repeatability.

3. Theoretical Model
The hydraulic resistance of the thin slot between the plastic roof and the plaster ﬂoor is signiﬁcantly smaller
than the resistance of the porous plaster itself. Hence, only a negligible fraction of the ﬂow is directed into
the plaster matrix. Since almost the entire ﬂow is focused in the aperture space, the gypsum block is being
dissolved from the top and the system can thus be looked upon as an analog of a fracture.
We chose Plaster of Paris as a soluble material because of the ease of handling and due to the relatively simple
chemistry associated with its dissolution:
CaSO4 ⋅ 2H2 O −→ Ca2+ + SO2−
+ 2H2 O,
4
the kinetics of which is, to a good approximation, linear in the concentration of the calcium ions at the mineral
surface, cw [Colombani and Bert, 2007]
R(cw ) = k(csat − cw )

(1)

with the intrinsic kinetic constant k and the saturation concentration csat . As we are considering the very early
stages of the dissolution, the variation of the fracture aperture is relatively small. Consequently, we can model
the system as quasi-two-dimensional [Oron and Berkowitz, 1998]. Moreover, considering also the low Reynolds
number associated, we can approximate the ﬂow in the slot space by the Reynolds equation for the local
h
volume ﬂux (per unit width), q(x, y) = ∫0 v(x, y, z)dz:
q=−

h3
𝛁p,
12𝜇

𝛁 ⋅ q = 0,

(2)

where 𝜇 is the ﬂuid viscosity. The transport of solute can be described in terms of ﬂow-averaged concentrah
1
∫0 v(x, y, z)c(x, y, z)dz (the symbols used here are summarized in Table 1) [Hanna and
tion ﬁeld, c̃ (x, y) = q(x,y)
Rajaram, 1998; Detwiler and Rajaram, 2007; Szymczak and Ladd, 2013]:
𝛁 ⋅ (q̃c − Dh𝛁̃c) = R

(3)

where D is the diﬀusion coeﬃcient. To express the reactive current, R, in terms of average concentration, let
us note that R needs to be balanced by the diﬀusive ﬂux at the surface,
R = Rdiﬀ = −D(∇c)w ⋅ n
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where n is the vector normal to the surface. The diﬀusive current can be expressed in terms of the geometrydependent Sherwood number [Bird et al., 2001]
Sh = −

2hRdiﬀ
D(cw − c̃ )

(5)

The Sherwood number itself depends on kh∕D, but the variation is relatively small [Gupta and Balakotaiah,
2001], bounded by two asymptotic limits; high reaction rates (transport limit) and low reaction rates
(reaction limit). For our geometry (slot space with one dissolving wall) these limits correspond to Sh = 4.861
and Sh = 5.385, respectively [Ebadian and Dong, 1998]. In the theoretical calculations we approximate Sh by a
constant value Sh = 5 (Table 1). Next, using (5) we express Rdiﬀ in terms of (cw − c̃ ) and equate it to R calculated
based on (1). This leads to
(
)
2kh
1
c̃ +
cw =
csat
(6)
2kh
DSh
1+
DSh

so that ﬁnally
(
)
R(̃c) = keﬀ csat − c̃

(7)

where
keﬀ (h) =

k
1 + 2kh∕DSh

(8)

is an eﬀective reaction rate which accounts for the diﬀusive slowdown of a reaction as the aperture increases.
Finally, we have an equation for the aperture increase due to the dissolution of the porous matrix,
1−𝜙
𝜕t h = keﬀ (csat − c̃ ),
𝜐

(9)

where 𝜐 denotes the molar volume of gypsum and 𝜙 —its porosity. Note that, since csat 𝜐 ≪ 1, the characteristic timescale of the aperture evolution, h0 ∕kcsat 𝜐 is much longer than the timescale of ion concentration
relaxation (h0 ∕k). The slow dissolution of the surface allows the time dependence in (3) to be neglected.
Equations (2)–(9) clearly show the reason for the unstable nature of dissolution: any local increase of h will lead
to the increased ﬂow and faster dissolution, enhancing the phenomenon. Two diﬀerent parameters control
the behavior of the system: the Péclet number
Pe =

q
,
D

(10)

which characterizes the relative magnitude and diﬀusive transport, and the eﬀective Damköhler number
Daeﬀ =

keﬀ (h0 )h0
,
q

(11)

relating the eﬀective surface reaction rate, equation (8), to the rate of convective transport. Note that because
in the experiment one can independently control both the ﬂow rate (q) and the initial aperture (h0 ), a full scan
of the Pe/Daeﬀ phase space is, in principle, possible. However, the domain where the initial instability can be
observed is rather narrow, since it needs a sharp dissolution front and thus a relatively low ﬂow rate (low Pe
and high Daeﬀ ).
The initial instability wavelength can be estimated theoretically by means of linear stability analysis of onedimensional (planar) solutions of equations (2)–(9). The details of the derivation can be found in Szymczak
and Ladd [2011, 2012]. The result of such an analysis is the dispersion curve, which gives the growth rate of the
sinusoidal modes, which a front perturbation can be decomposed into. The position of the maximum of the
dispersion curve corresponds to the fastest-growing mode, i.e., the one which is most likely to be observed
in the experiment. Theoretical wavelengths corresponding to the experiments are presented in Table 2.
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Table 2. The Characteristic Initial Instability Wavelength of the Dissolution Fronta
Theoretical Wavelength

Measured Wavelength

Experiment

Péclet

Eﬀective Damköhler

(mm)

Rescaled by h0

(mm)

Diﬀerence

1-a

2.058

0.191

3.50

35

3.47

2.5%

3.17

9.4%

4.40

8.6%

1-b
2-a

2.963

0.0975

4.05

57.8

2-b

4.26

5.1%

6.95

8.5%

3

4.115

0.171

7.60

36.2

4

8.213

0.0478

11.0

110

11.9

10.9%

5

8.213

0.0351

10.1

144

10.15

0.5%

6

4.116

0.0794

5.31

75.8

5.12

3.6%

7-a

4.116

0.0955

5.80

58

6.28

7.6%

7-b

6.42

10.6%

7-c

6.13

6%

7-d

6.07

4.6%

a Comparison between the experimental and the theoretical results.

4. Results and Discussion
Figure 2a presents several images taken at diﬀerent points in time during the experiment 1. As observed,
an initially planar front becomes unstable and breaks up in small protrusions. Initially, these perturbations
are nearly sinusoidal, but soon the nonlinear eﬀects in their dynamics become important—the protrusions
transform into ﬁngers, which then screen each other oﬀ, competing for the ﬂow.
The analysis of the photographic images can be supplemented by the proﬁlometry measurements of the chips
using Bruker contour GT-K0 proﬁlometer with 5X objective. This is an invasive method which requires to
stop the experiment, open the Hele-Shaw cell, and dry the chip. Further evolution of the pattern after the
proﬁlometry measurement is then impossible. However, the comparison of the proﬁlometry results with the
photographic images of the system is important for the proper interpretation of the latter. The proﬁlometry
image (cf. Figure 2b) clearly shows the totally dissolved part of the chip on the right (marked in yellow) and
the ﬂat, undissolved portion of the chip on the left. The partially dissolved part in between the two captures
the beginning of the instability with gouges appearing on the initially ﬂat front. The corresponding photo,
taken just before the dismantling of the setup for proﬁlometry measurement is shown in Figure 2c. Here the
totally dissolved part is black, whereas partially dissolved regions show up as light grey.
Since the results obtained with the linear stability analysis correspond to the very initial stage of the spontaneous front breakup, it is necessary to measure the instability wavelength as early as possible. To this end,
we extracted the shape of the dissolution front from the photographic images and applied a Fast Fourier
Transform (FFT) algorithm to this data in order to decompose the signal into the sinusoidal modes. The position of the maximum of the spectrum corresponds to the fastest-growing mode, which the theory is able
to predict. Because of the ﬁnite width of the system, the spectrum is deﬁned at the discrete wave numbers
only. In order to interpolate the spectrum between the discrete points, we used the zero-padding technique.
Additionally, in order to limit the boundary eﬀects and reduce frequency leakage, we applied a classical
Blackman window which presents a good compromise between the width of the central peak and an attenuation of the side lobes [Brigham, 1988]. An example of the Fourier spectrum obtained with this technique
is presented in Figure 3 (top). The highest peak corresponds to the dominant wavelength of the instability.
The other two peaks are, respectively, twice the dominant wavelength and a wavelength associated with
the size of the system. The latter appears due to the boundary eﬀects. The appearance of the former, on
the other hand, has its origin in a screening process between the ﬁngers, as a result of which approximately
half of them become arrested in their growth, whereas the other half continues to grow [Huang et al., 1997;
Budek et al., 2015].
Table 2 summarizes the results for the measurement of the characteristic instability wavelength. The comparison between the experimental measurements and the theoretical predictions presents a very good
agreement, well within the error bars. Still, there are some uncertainties regarding the data shown in Table 1,
OSSELIN ET AL.
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Figure 2. (a) Advancement of the dissolution front and the onset of the instability for experiment 1-a. The successive
times correspond to 4.3, 6.2, 8.3, and 10.8 days. (b) Image from the proﬁlometry measurement performed on
experiment 7-a plaster chip after 2 days of injection. (c) The photographic image corresponding to Figure 2b.

which impose error bars on our theoretical estimate. First of all, there is an uncertainty associated with the estimate of the gypsum dissolution rate, which can vary depending on, for example, impurity content [Jamtveit
and Meakin, 1999]. We have taken the value of k = 4.67 ⋅ 10−4 cm/s for the gypsum dissolution rate constant
[Colombani, 2008] as the one corresponding to an average over all crystallographic orientations of gypsum,
which should most faithfully represent the properties of our sample. Second, there are uncertainties regarding
the initial aperture, the width of the system, and the ﬂow rate, leading to the uncertainty on the Péclet and
Damköhler numbers of 5% and 10%, respectively. A strong indicator of the correctness of the method is the
repeatability—diﬀerent runs of the experiments provide similar results.
Figure 3 (bottom) shows the theoretically calculated dominant instability wavelength (normalized by the initial aperture) in the Pe/Daeﬀ domain, with crosses marking the positions corresponding to the experimental
conditions. It is worth noting that in the region of this domain which can be eﬀectively probed by our setup
(i.e., Pe > 1) the normalized wavelength 𝜆∕h0 is controlled almost completely by Daeﬀ —the larger the eﬀective Damköhler number, the smaller the dominant wavelength is. The inﬂuence of the Péclet number gets
larger toward smaller Pe, but this region of the domain is unfortunately unreachable in the experiments, as it
would require very long experimental runs and very thin (less than 50 μm) double-coated tape. On the other
hand, at large Péclet numbers, the penetration length of the reactant becomes comparable with the size of the
system. As a result, the sample then dissolves uniformly [Hoefner and Fogler, 1988; Golﬁer et al., 2002] and the
OSSELIN ET AL.
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Figure 3. (top) Spectral analysis of the dissolution front for experiment 1-a. The position of the highest peak agrees
well with the theoretical prediction. Other peaks correspond to the nonlinear couplings between the modes, boundary
eﬀects, roughness of the system, artifacts of the windowing, or are harmonics of the main wavelength. (bottom) The
instability wavelength (normalized by the aperture), 𝜆∕h0 , as a function of the Péclet (Pe) and eﬀective Damköhler
(Daeﬀ ) number. the positions corresponding to the experimental conditions are marked by crosses. The white region
in the top left part of the plot is unreachable (as it would require a negative kinetic constant k).

development of the instability cannot be observed. The above factors limit the region of the domain where
the wavelength can be eﬀectively measured.

5. Conclusions
The theory of instabilities and ﬁngering induced by reactive ﬂow in porous media has been intensively
developed and the associated physics is well understood. However, it was diﬃcult up to now to provide experimental evidence of the onset of the instability because of the inherent issues associated with experiments
with natural rocks.
The experimental setup described here allows for a direct observation of the ﬁrst stages of the instability. We
ﬁnd a very good agreement between the experimental results and the theoretical wavelength of the initial
instability calculated performing the linear stability analysis. Interestingly, this experiment can also be used
to measure the intrinsic reaction rate of minerals. Indeed, by replacing gypsum with any compacted mineral
powder and running a dissolution experiment, one can extract the initial instability wavelength and actually
measure the associated eﬀective Damköhler number. As the reaction rate is typically diﬃcult to extract
[Colombani, 2008; Raines and Dewers, 1997] because of the couplings of chemical reaction and transport
of products, our technique could provide an interesting alternative method for the determination of this
quantity.
OSSELIN ET AL.
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Finally, let us note that one of the reasons why the theory based on the quasi-2-D approximation
(equations (2)–(8)) works so well is that the instability development and wavelength selection takes place
early on, when the aperture is nearly constant, h ≈ h0 . In the later stages of the dissolution, however, as the
aperture becomes nonuniform, 3-D eﬀects begin to play a role. In particular, we have found that the quasi-2-D
approximation tends to underestimate the slope of the dissolution proﬁle, dh/dx , at its upstream part by about
10–20%.
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