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Experimental Insights Into the Interplay Between
Buoyancy, Convection, and Dissolution Reaction
A. W. A. Ahoulou1 , A.‐J. Tinet1 , C. Oltéan1 , and F. Golfier1

1Université de Lorraine, CNRS, GeoRessources, Nancy, France

Abstract Predicting the instabilities that occur during the chemical reaction between a percolating fluid
and a soluble rock leading to the development of macroscopic channels called wormholes is a key for
understanding many geological processes. Their shape and their spatial distribution depend on two
dimensionless numbers, namely Damköhler (Da) and Péclet (Pe) numbers. Although the dissolution
phenomenon has been extensively studied both in the context of acid stimulation of oil wells in carbonate
rocks and carbon capture and storage, few works have focused on the influence of the physical properties
of fluids on wormhole patterns. Consequently, through interpretation of images acquired during the
injection of pure water into a 2‐D reconstituted salt massif and considering different configurations of
injection, we illustrate the buoyancy effects on wormhole formation. Contrarily to observation in fractures,
experimental results suggest that dissolution regimes can still be described by the classical dimensionless
numbers Da and Pe. As for the regime diagram, it remains practically unchanged for strong Péclet and weak
Damköhler and undergoes a slowdown of the propagation of the dissolution front when the number of
Richardson's increases. Analysis of morphological descriptors such as area, interface, and tortuosity shows
that density contrast has an influence on intermediate‐ to high‐Richardson dissolution regimes that may
be explained by the existence of buoyancy effects.

1. Introduction

Since the end of the 1990s, marked by experimental works carried out by Daccord (1987) or Hoefner and
Fogler (1988), numerous experimental and numerical studies were performed in order to understand the
behavior of a dissolution front in porous matrix (Golfier et al., 2002; Soulaine et al., 2017; Szymczak &
Ladd, 2004, 2011). Considered as one fundamental mechanism in geological systems, for example, formation
of the karst aquifers (Campana & Fidelibus, 2015; Johnson, 2008; Raines & Dewers, 1997), the chemical
dissolution operates also in many geoengineering applications such as petroleum engineering
(Izgec et al., 2010; Schechter & Gidley, 1969), CO2 sequestration (Emami‐Meybodi et al., 2015), solution
mining cavities (Guo et al., 2016; Johnson, 2005; Luo et al., 2012), or hydrogeological systems (Mayer
et al., 2002). Indeed, when a fluid phase flows into a porous rock containing soluble minerals (e.g., carbo-
nate or halite grains) not in equilibrium with the solution, it generally dissolves some of the porous matrix
creating different types of dissolution patterns. Snippe et al. (2020) suppose that, at large length scale, for a
given volume of dissolved calcite obtained by injecting a specified water flow rate and under CO2‐saturated
conditions, there are three potential idealized patterns around the injection well: compact, wormholing,
and uniform. A fourth possible pattern is derived from the work of Menke et al. (2018) the channeling,
defined as “the erosion of preexisting preferential flow paths.” These patterns are similar to those experi-
mentally obtained at the core scale using limestone core samples and HCl injection (Fredd &
Fogler, 1998b; Hoefner & Fogler, 1988). Moreover, according to Bazin (2000), Fredd and Fogler (1998a),
and Fredd and Miller (2000), these dissolution patterns are the result of a strong interplay between reaction,
diffusion, and advection. Using a numerical model developed at Darcy‐scale, Golfier et al. (2002) group
these mechanisms and these patterns using two dimensionless numbers that are Péclet and Damköhler
numbers. The first one is defined as the ratio between the advection and diffusion while the second one
generally compares the strength of fluid/solid interface reaction rate to that of molecular diffusion. If
Péclet number is very low, involving low advection, the reactive fluid is quickly consumed in the vicinity
of the injection surface leading to a compact dissolution pattern. On the other hand, if Péclet number is
high enough, the acid solution practically passes through the whole porous medium without being comple-
tely consumed leading to the development of a uniform dissolution pattern. Between these two extreme
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cases, the variation of Péclet/Damköhler numbers leads to the appearance and the development of high
conductive channels known as wormholes. Taking into account their spatial morphology, they can be clas-
sified in conical, dominant, and ramified wormholes. Nevertheless, the development of wormholes causes
the alteration of the solid matrix and leads to an increase in local permeability and therefore, to an increase
in mass transfer. For this reason, in last years, several experimental techniques including injection molding
(Fredd & Fogler, 1998b), direct monitoring in 2‐D flow cells (Golfier et al., 2002; Oltéan et al., 2013), neu-
tron radiography and X‐ray tomography (Gray et al., 2018; Menke et al., 2015) have been developed in order
to better characterize the alteration of the rock pore structure. A review of these techniques can be found in
the work of Luquot et al. (2016). The main goal of these studies was to establish some correlations between
the permeability and porosity, essential parameters in continuum‐scale models (Kang et al., 2007). In the
same way, the dissolution process is also impacted by mineralogical heterogeneity of rocks (Liang
et al., 2015; Liu et al., 2017). It seems that in this case, proposing relationships for hydrological properties
is a real challenge (Min et al., 2016).

Reactions between the “injected acidic solutions,” the solid matrix and/or the fluid saturating the porous
matrix can also change the physical properties (density, dynamic viscosity, and diffusivity) of the fluids
involved. The dissolution of CO2 in brine is one of themost common examples, and it has received particular
scientific attention in the last years (see the recent review of Emami‐Meybodi et al. (2015). In fact, the
trapped CO2 in the upper part of the saline aquifer dissolves in the underlying brine creating a layer denser
than the original brine. Under the action of both gravity and density contrast this layer may become gravi-
tationally unstable leading to the apparition and the development of convective cells, labeled the convective
regime. Moreover, according to Slim et al. (2013), the temporal evolution of the CO2 dissolution into an idea-
lized system may be described via six regimes (diffusive, linear‐growth, flux‐growth, merging, reinitiation,
and convective shutdown). The convective mixing can also create an acidic solution that reacts with the solid
matrix altering the porosity and the permeability fields of the rock. For a fast chemical dissolution reaction,
Hidalgo et al. (2013) show that the dissolution pattern does not exactly follow the propagation of concentra-
tion fingers. This phenomenon is particularly localized in the regions characterized by a maximal fluid mix-
ing that corresponds to the flow stagnation points. A similar result, that is, initiation of dissolution in regions
of locally highmixing, was obtained by Fu et al. (2015) who studied the dissolution patterns over time result-
ing from the dissolution of a carbonate rock. Numerical results indicate that these high mixing zones where
dissolution occurs also appear far from the concentration front because of the onset of convective cells near
the upper boundary.

Taking into account all these comments and discussions, one question remains: What is the impact of the
change in the physical properties of the fluids involved on dissolution regimes and more specifically on
the regimes mentioned at the beginning of this paragraph? In other words, what is the impact of the buoy-
ancy effects on the dissolution patterns when the carbonate rock is represented by a halite deposit? To our
knowledge, works dealing with the effects of density driven on dissolution for a single phase flow are limited.
Some studies explored this phenomenon, though considering vertical and/or horizontal fractures
(Chaudhuri et al., 2009; Dijk et al., 2002; Luo et al., 2012; Oltéan et al., 2013). They show that, under buoy-
ancy effect, the dissolution patterns depend, in addition to Pe and Da numbers, on the spatial orientation of
the fracture relative to the gravity direction, expressed through the Rayleigh, Bond or Richardson numbers.
For instance, using a diffusion interface model (DIM) applied to a channel constituted by two parallel salt
blocks, Luo et al. (2012) show that the solid‐liquid dissolution process strongly depends of Péclet and
Rayleigh number. Similarly, using an experimental and numerical study, Oltéan et al. (2013) have con-
structed a 3‐D behavior diagram by highlighting the existence of four dissolution patterns: kinetics, convec-
tion, mixed‐convection, and buoyancy‐dominated dissolution. Other studies, such as Snippe et al.'s (2017),
used the buoyancy effects as the main hypothesis to explain some experimental observations from the work
of Ott and Oedai (2015). Indeed, in the two‐phase CO2‐brine injection experiments carried out by the authors
mentioned above, dissolution occurs preferentially in the lower part of the horizontally arranged rock sam-
ple. According to Snippe et al. (2017) who used numerical simulations, this configuration can only be
assigned to gravity effects.

In this paper, we propose to assess the influence of buoyancy on dissolution patterns via an experimental
laboratory study. This study is carried out using a Hele‐Shaw cell type in which the space between the plates
is filled with a salt granular medium. The dissolution patterns are analyzed by interpreting the images based

10.1029/2020JB020854Journal of Geophysical Research: Solid Earth

AHOULOU ET AL. 2 of 18



on the spatial and temporal evolutions of the dissolved zone obtained by the injection of the pure water.
Discussions and conclusions focus on the impact of density contrast on dissolution regimes and the worm-
hole morphology.

2. Materials and Methods
2.1. Material

The material used in our experiments is constituted by a mixture of 90% salt grains (NaCl) and 10% of gyp-
sum plaster (CaSO4, ½ H2O) to enforce its cohesion. Both materials are crushed and screened to a particle
size of 80 to 125 μm±1% before mixing. Direct shear test is carried out to determine the shear strength para-
meters of this two‐component material, that is, the cohesive strength c (Pa) and the internal angle of friction
φ (°). Under fully drained conditions, values of c = 42 kPa and φ = 32° were measured. Within the range of
injection flow rates of interest, a straightforward estimate of the maximal shear stress value reached in the
wormhole suggests that mechanical effects can be discarded. Even if evidences of erosion by rolling and slid-
ing of grains at the wormhole walls have been observed at the highest injection velocities, these ones are
assumed to be negligible relative to dissolution mechanisms.

Salt and gypsum have similar reaction rate constants (2.4 × 10−6 m/s for salt and 4.5 to 9 × 10−6 m/s for
gypsum) (Colombani, 2008; Dutka et al., 2020; Weisbrod et al., 2012) even if addition of surfactant in com-
mercial plaster may significantly reduce the reaction rate value. However, the solubility of salt and plaster is
significantly different (358.5 g/L for salt and 2.5 g/L for gypsum) and may lead to a differentiated dissolution
for both materials at low velocity.

2.2. Experimental Setup and Protocol

The experimental device is presented in Figure 1. It consists in a set of parallel transparent glass plates of size
(10 cm × 22 cm) and thickness 1 cm, encased in an aluminum frame. This system ensures the rigidity of the
cell as well as allows both horizontal and vertical placement of the device. The two glass plates are separated
by a distance of e = 0.05 cm with separators of width 2 cm and laterally sealed with silicone. Therefore, the
useful volume of the cell is of 27 cm3. Top and bottom tanks are added to allow in and outflow in the appa-
ratus. The tanks are filled with glass beads and a geotextile is added to ensure homogeneous fluid injection
across the width of the cell.

The test protocol consists in the following:

• Filling of the cell with dry material up to a porosity of around 43%, leading to a permeability of around
5 × 10−12 to 1.5 × 10−11 m2, as estimated using both Hazen empirical formula and Kozeny–Carman equa-
tion. The wormhole permeability is limited by the spacing between plates and it is about 2.1 × 10−8 m2 as
obtained from the cubic law (e2/12). We note that, in order to assure a certain reproducibility of the cell
filling, the salt grains were packed uniformly from the upper part of the cell and the porous medium thus
obtained was compacted using a vibrating table.

• Saturation with water oversaturated with salt (at solubility 358.5 g/L) is performed vertically, from bottom
to top, through application of a gradually increasing water head.

• Injection of undersaturated water with a given salt concentration and at a given constant flow rate using
a syringe pump. In vertical configuration, injection is performed from bottom to top to ensure density‐
driven contrast.

The dissolution front wasmonitored using a digital camera allowing an image size of 4,614 × 3,744 pixels and
with backlighting so as to improve the image quality (Figure 1). The rate of data acquisition (i.e., number of
images/minute) is adapted to the flow rate imposed. It varies between 40 and 1,200 images for each test.
A calibration of the images is carried out for each test leading to an average resolution value of 1 pixel/68 μm.

2.3. Image Treatment

Image acquired during dissolution tests are processed in order to allow for morphological qualitative and
quantitative comparison. This processingwas performed using the software ImageJ and aims at transforming
the raw data into segmented images with two phases (dissolved and nondissolved), eventually three
(dissolved, partially dissolved, and nondissolved). To this end, the raw data for a given test is cropped in order
to remove nonrelevant sections such as reservoirs or lateral edges of the cell. The images are then filtered
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using a median filter with 10 pixels radius so as to limit noise appearing during acquisition. After
transformation of the colored images to gray scale, the image prior to injection is subtracted. Such an
operation allows removing artifacts that are generated either by the filling process, such as layering, or by
image acquisition, such a vertical gradient of the gray levels, as seen in Figure 2. Finally, images are
segmented using a threshold‐based method. When only two phases (dissolved and nondissolved) are
considered, the threshold value is the same for all tests. For the sake of clarity and illustrations, recolored
images will be used hereafter for contrast enhancement and to help visualize porosity gradients.

2.4. Dimensionless Quantities

As described in section 1, dimensionless numbers are often used to compare the influence of different phe-
nomena. In the following, the local Péclet, Dämkohler, and Richardson numbers, defined in (Equation 1)
will be used.

Pe ¼ UL
D
; Da ¼ α L

U
; Ri ¼ L Δρ g

ρ0U
2 ¼ Ub

U

� �2

(1)

with L (m) the characteristic length represented by the square root of the initial permeability, U (m s−1)
the pore velocity, D (m2 s−1) the molecular diffusion, α the effective dissolution rate or mass transfer coef-
ficient (s−1), g (m s−2) the gravitational acceleration, Δρ = ρ − ρ0 (kg m

−3) the maximum density variation
and ρ0 (kg m

−3) the reference fluid density (pure water in the present case). As shown in (Equation 1), the
Richardson number compares the buoyancy velocity Ub to the pore velocity. The latter is computed by
dividing the injection rate by the pore cross‐sectional area (in the present case 18 cm2 multiplied by the
porosity). It should be noted that the dimensionless quantities were computed considering the medium
initial conditions and therefore do not take into consideration the properties evolution as the dissolution
advances.

Figure 1. (a) Hele‐Shaw type cell; (b) experimental setup illustrated in vertical configuration.
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2.5. Morphological Descriptors

To analyze the dissolution patterns several morphological descriptors are used (dissolved area and peri-
meter, front velocity, as well as tortuosity). Their calculation is performed using ImageJ and ImageJ plug‐
in MorphoLibJ (Lehmann & Legland, 2012). Thus, the dissolved area is computed straightforwardly as the
amount of pixels in the dissolved phase. The interface between dissolved and nondissolved phases, or peri-
meter, is computed using the Cauchy‐Crofton algorithm (Lehmann & Legland, 2012). The front of the dis-
solved area corresponds to the position of the dissolved phase pixel located the farthest from the injection
face. It is tracked on a set of 10 to 20 images between the beginning of dissolution and the breakthrough.
In order to perform tortuosity and ramification angles calculations, the dominant wormhole, when existing,
is selected on the image at breakthrough. The tortuosity corresponds to the ratio of shortest length between
the injection and the outlet faces through the dissolved phase to the length of the image. The former is
computed by generating the skeleton of the dominant wormhole and by measuring the shortest length of
the skeleton segments required to join the injection and outlet faces.

3. Results and Discussions

Dissolution is studied in both horizontal and vertical configurations under several different injected flow
rates ranging from 0.1 to 500 ml/hr (0.1, 1, 2, 5, 10, 13, 40, 100, and 500 ml/hr). We have considered an
injected solution of pure water so as to maximize the effect of density contrast. In order to assess the replic-
ability of the results, each experiment is repeated (an extra repetition is performed for 1 ml/hr). However,
considering that the dissolution is triggered by local heterogeneity of the porous medium and that the

Figure 2. Image treatment (processing and binarization) (top row). On the bottom row is an illustration of recoloring of
grayscale image used to visually enhance contrasting.
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phenomena studied are instable, there is a natural variability of the results due to the porous medium
construction. As a consequence, two sets of experiments cannot be directly superimposed. Reproducibility
will therefore be particularly taken into account with regard to the dissolution patterns, and the
significance of a parameter comparison between different test configurations will be made with
consideration of the variability between the minimum and maximum values of said parameter for a given
test condition.

A summary of the experiments is provided in Table 1. As specified in section 2.4, the Péclet, Damköhler, and
Richardson numbers are calculated locally, considering the pore velocity based on the injected flow rateQinj,
cross section (0.9 cm2), and porosity ε, the characteristic length is the square root of the permeability K, the
molecular diffusion of 10−9 m s−2, the relative variation of density (Δρ/ρ0 = 0.2) corresponding to the varia-
tion between pure water and oversaturated brine and the gravity acceleration of 9.8 m2 s−1. Measurement of
the effective dissolution rate remains quite complex due to the competition between reaction kinetics and
mass transfer limitations (Dutka et al., 2020), especially considering the mixed nature of our medium.
Since the Péclet numbers are relatively low, the dissolution rate is considered constant and taken equal to
10 s−1 using correlations provided in Appendix B of Golfier et al. (2002). The permeability is computed using

Kozeny–Carman equation (K m2½ � ¼ ε3D50
2

180 1 − εð Þ2; Bear, 1972) with D50 chosen as 100 μm.

The set of morphological parameters used to describe the dissolution patterns are summarized in Table 2.

The dissolved area and perimeter are provided at breakthrough when available during the experiment dura-
tion. The front velocity (or tip velocity) and the “compacity” (ratio of dissolved area to parameter) are
obtained through a linear regression along the experiment duration, with the regression coefficient R2 being
provided in Table 2. Overall, all regression coefficients remain high leading to good confidence in the choice
of linear approximation and therefore in the obtained velocity and compacity values.

The evolution of the volume of injected water to reach breakthrough normalized by the cell pore volume
(or PVBT) versus injected flow rate (Figure 3) is an essential step in the interpretation of acid injection in
laboratory and/or numerical experiments (Chen et al., 2018; Cohen et al., 2008; Golfier et al., 2002;
Panga et al., 2005).

Table 1
Experimental Case Studies Properties

Name Qinj (ml hr−1) ε (‐) K (× 10−11 m2) Pe Da Ri

Horizontal configuration

BH0.1 0.1 0.40 0.99 0.0024 41 —
BH1 1 0.44 ± 0.02 1.60 ± 0.29 0.03 ± 0.0012 5.74 ± 0.71

BH2 2 0.42 ± 0.0 1.2 ± 0.0 0.0514 ± 0.0 2.38 ± 0.0 —
BH5 5 0.44 ± 0.04 1.53 ± 0.62 0.135 ± 0.015 1.11 ± 0.3 —
BH10 10 0.435 ± 0.015 1.35 ± 0.25 0.27 ± 0.01 0.54 ± 0.06 —
BH13 13 0.40 ± 0.0 0.99 ± 0.0 0.32 ± 0.0 0.31 ± 0.0 —
BH40 40 0.375 ± 0.015 0.76 ± 0.13 0.90 ± 0.04 0.0835 ± 0.0105 —
BH100 100 0.43 ± 0.01 1.35 ± 0.15 2.65 ± 0.05 0.0515 ± 0.0035 —
BH500 500 0.46 1.9 14 0.013

Vertical configuration

BV0.1 0.1 0.42 ± 0.03 1.345 ± 0.355 0.0026 ± 0.0002 49 ± 11 1.3 ± 0.4 x 107

BV1 1 0.43 ± 0.03 1.45 ± 0.45 0.0275 ± 0.0035 5.26 ± 1.16 1.45 ± 0.45 x 105

BV2 2 0.41 ± 0 1.1 ± 0 0.0499 ± 0 2.2029 ± 0 2.87 ± 0 x 104

BV5 5 0.44 ± 0.03 1.6 ± 0.5 0.135 ± 0.015 1.63 ± 0.25 6.55 ± 1.75 x 103

BV10 10 0.435 ± 0.015 1.45 ± 0.25 0.27 ± 0.01 0.54 ± 0.06 1.5 ± 0.2 x 103

BV13 13 0.405 ± 0.035 1.1 ± 0.4 0.32 ± 0.03 0.34 ± 0.09 6.8 ± 2.4 x 102

BV40 40 0.40 ± 0.01 0.995 ± 0.105 0.97 ± 0.03 0.102 ± 0.008 65.02 ± 6.75

BV100 100 0.43 ± 0.01 1.35 ± 0.15 2.65 ± 0.05 0.0515 ± 0.0035 14 ± 1

BV500 500 0.41 1.1 12 0.0088 0.46
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As shown in Figure 3, the PVBT for both configurations demonstrates classic behavior with the same opti-
mal value, that is, around 10 ml/hr. However, it should be noted that, to the left of the minimum, the PVBT

for the vertical configuration is located above the PVBT for the horizontal
configuration (Figure 3), while to its right this trend is seemingly reversed
and attenuated. In other words, the density contrast effects are mostly sig-
nificant for the PVBT at low injection rates, that is, high Richardson num-
bers. This behavior seems to be contradictory to our a priori expectations.
Indeed, given the high values of Richardson number (Table 2) and assum-
ing a 1‐D behavior, we would have thought that the buoyancy effect, that
acts as an upward force as the forced convection, would “accelerate” the
dissolution in the vertical direction resulting in a downward shift of the
vertical configuration PVBT curve prior to the minimum. In order to bet-
ter understand this unexpected result, we will investigate further the
influence of cell orientation, and therefore buoyancy, on the dissolution
patterns and dynamics and discuss the cause of the shift of PVBT using
morphological descriptors as well as direct observations. This discussion
will be organized according to the three different sections on the PVBT
curve. At low Richardson (Ri < 100, i.e., Qinj ≥ 40 ml/hr in the present
experiment) where the PVBT increases with injected flow rate
(Figure 3), at intermediate Richardson (102 < Ri < 104, i.e., Qinj around
10 ml/hr) when the PVBT is close to optimum and finally, at high
Richardson (Ri > 5�104, i.e., Qinj ≤ 2 ml/hr) where the PVBT under hori-
zontal configuration is above the PVBT under vertical configuration.

3.1. Low Richardson

In Figures 4, 5, and 6 are presented the dissolution patterns at break-
through for a given experiment at flow rates of 500, 100, and 40 ml/hr,

Table 2
Morphological Properties

Name Front velocity (cm s−1) R2 (velocity) Dissolved area S (BT) (cm2) Dissolved perimeter P (BT) (cm) Average S/P (cm) R2 (S/P)

Horizontal configuration

BH0.1 1.0 × 10−5 0.967 ‐ ‐ 0.29 0.910

BH1 2.0 ± 1 × 10−4 0.950 ± 0.036 ‐ ‐ 0.44 ± 0.05 0.956 ± 0.033

BH2 4.5 ± 0.5 × 10−4 0.985 ± 0.006 ‐ ‐ 0.41 ± 0.12 0.808 ± 0.078

BH5 2.65 ± 0.33 × 10−3 0.985 ± 0.014 25.23 ± 6.07 289.74 ± 14.7 0.088 ± 0.018 0.991 ± 0.004

BH10 7.6 ± 0.3 × 10−3 0.995 ± 0.003 31.4 ± 0.5 384 ± 85 0.08 ± 0.02 0.9965 ± 0.0005

BH13 6.55 ± 0.45 × 10−3 0.935 ± 0.042 22.3 ± 1.66 328 ± 26 0.065 ± 0.015 0.996 ± 0.002

BH40 2.35 ± 0.05 × 10−2 0.9941 ± 0.0001 21.61 ± 0.41 281.5 ± 58.5 0.08 ± 0.02 0.998 ± 0

BH100 5.65 ± 0.45 × 10−2 0.964 ± 0.022 29.7 ± 3.8 195 ± 15 0.17 ± 0.01 0.9875 ± 0.0065

BH500 2.4 × 10−1 0.928 34.7 114 0.31 0.945

Vertical configuration

BV0.1 9.5 ± 0.5 × 10−6 0.989 ± 0.004 ‐ ‐ 0.19 ± 0.05 0.9625 ± 0.0315

BV1 1.35 ± 0.65 × 10−4 0.974 ± 0.044 ‐ ‐ 0.16 ± 0.12 0.987 ± 0.007

BV2 3.0 ± 0 × 10−4 0.973 ± 0.005 ‐ ‐ 0.095 ± 0.005 0.9535 ± 0.0205

BV5 2.4 ± 0 × 10−3 0.994 ± 0.001 20.84 ± 0.46 330.5 ± 12.5 0.06 ± 0 0.9865 ± 0.0085

BV10 9.6 ± 0.14 × 10−3 0.995 ± 0.004 21.55 ± 2.85 220 ± 19 0.095 ± 0.005 0.993 ± 0.005

BV13 9.55 ± 0.45 × 10−3 0.987 ± 0.002 21.49 ± 0.66 253.36 ± 13.83 0.07 ± 0 0.9455 ± 0.0285

BV40 2.75 ± 0.15 × 10−2 0.9905 ± 0.0045 19.245 ± 3.615 257.24 ± 28.65 0.06 ± 0.01 0.903 ± 0.089

BV100 6.05 ± 0.35 × 10−2 0.9795 ± 0.0045 27.65 ± 0.05 163 ± 4 0.185 ± 0.015 0.960 ± 0.036

BV500 2.3 × 10−1 0.723 33.6 170 0.17 0.875

Note. R2 is the regression coefficient. Lack of value means that the breakthrough (BT) was not reached during the duration of the experiment.

Figure 3. Mean pore volume at breakthrough (PVBT) curve for both
configurations.
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respectively (Richardson below 100 for the latter and below unity for 500 ml/hr flow rate), for both
horizontal and vertical configurations. On the right side of these figures, a zoomed view of the dissolution
process along dimensionless time t* (volume of injected water at a given time normalized by the cell
volume) is shown.

Figure 4. Dissolution pattern for the flow rate 500 ml/hr in horizontal (BH500) (top) and vertical (BV500) (bottom)
(Ri = 4.6 × 10−1) configurations. (left) Grayscale image at breakthrough, the red line represents the interface
between dissolved area and nondissolved area as obtained from the segmentation. Blue rectangle locates the zoomed
area. (right) Recolored zoomed images of dissolution at different times relative to the initial image.

Figure 5. Dissolution pattern for the flow rate 100 ml/hr in horizontal (BH100) (top) and vertical (BV100) (bottom)
(Ri = 1.3 × 101) configurations. (left) Grayscale image at breakthrough, the red line represents the interface between
dissolved area and nondissolved area as obtained from the segmentation. Blue rectangle locates the zoomed area. (right)
Recolored zoomed images of dissolution at different times relative to the initial image.
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For all these flow rates, a principal wormhole develops in the medium presenting at its end a transition zone
between the dissolved and nondissolved area (blue sky area, Figures 4 to 6) indicating the existence of a por-
osity gradient. At 40 and 100 ml/hr flow rate (Figures 4 and 5), this principal wormhole presents some sec-
ondary branches of short lengths exhibiting the same property than the principal wormhole, that is,
transition zone between the dissolved and nondissolved area. Due to these specificities (presence of second-
ary branches and porosity gradient) and by analogy with Fredd and Fogler (1998b), Fredd and Miller (2000),
and Golfier et al. (2002), we can consider that the pattern is transitioning toward the ramified regime.
However, given the relatively small extent of the transition zone, the pattern may still be related to the domi-
nant regime and, therefore, it will be hereafter called “dominant/transition.” The analysis of quantitative
data shows that the experimental results for all configurations remain very similar. Indeed, as the PVBT
curves in horizontal and vertical configurations tend to converge toward one another, the front velocities
are also rather similar with generally a mean velocity slightly higher for the vertical configuration compared
to the horizontal configuration (maximum 15%). This observation is not valid for the highest flow rate where
the two front velocities are rather identical. Concerning the mean dissolved areas at breakthrough, we can
consider that the results show good reproducibility. Indeed, with one exception concerning the vertical
configuration for Qinj = 40 ml/hr, the variability in these surface values between the replicas is less than
10%. For the 100 ml/hr flow rate, the similarity between the vertical configuration and the horizontal
configuration is also maintained for the perimeters at breakthrough and for the average surface
area‐perimeter ratio. On the other hand, for the flow rate of 40 ml/hr, the variability of this descriptor
between replicates can reach differences close to 50% although the dissolved areas are relatively identical
(e.g., horizontal configuration). This difference is certainly due to the length and width of the wormholes
that, in the one experiment, are longer and less wide than in the other experiment (not represented in this
paper). It means that the slightest variation of the permeability/porosity of the porous medium leads to
change of the wormhole morphology. A similar observation was derived for the flow rate of 500 ml/hr.
Although the dissolved areas are practically the same, the perimeter of the dissolved phase in the vertical con-
figuration is significantly higher than the one for the horizontal configuration. Actually, observation of the
raw image (Figure 4) shows that, at the bottom of the cell, the dissolution is spread wider under vertical con-
figuration, with smaller wormholes. This observation is also noted for two other flow rates, but less

Figure 6. Dissolution pattern for the flow rate 40 ml/hr in horizontal (BH40) (top) and vertical (BV40) (bottom)
(Ri = 7.1 × 101) configurations. (left) Grayscale image at breakthrough, the red line represents the interface between
dissolved area and nondissolved area as obtained from the segmentation. Blue rectangle locates the zoomed area. (right)
Recolored zoomed images of dissolution at different times relative to the initial image.
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significantly. Such an observation suggests that at the beginning of the dissolution, there is more competition
between different wormholes in the vertical configuration than in the horizontal configuration. Therefore, at
the injection face, buoyancy may have an impact on the amount of wormholes initiated; however, as soon as
the main wormholes develops the differences between the horizontal and vertical configuration become
negligible. In other words, the influence of density contrast is quickly canceled out by forced convection,
as illustrated by the low Richardson's number, as soon as preferential flow paths develop.

3.2. Intermediate Richardson

Between 5 and 20ml/hr, the optimal value of the PVBT curve is reached for both horizontal and vertical con-
figuration around 10 ml/hr (Figure 3). The dissolution pattern is clearly a “dominant regime,” following the
classification of Fredd and Miller (2000), Golfier et al. (2002), and Hoefner and Fogler (1988). We will call it
“dominant/optimal regime.” In our case, this regime is characterized by the development of a mean worm-
hole from which starts the formation of many branches of different lengths (Figure 7). In the vertical config-
uration the interface between dissolved and nondissolved zone is relatively sharp while in the horizontal
configuration a transition zone is yet observed, represented by a partially dissolved zone enveloping the
branches, highlighting the existence of a porosity gradient. On top of that, in the vertical configuration,
the dominant wormhole presents a larger tortuosity (about 1.10 for vertical configuration and compared
to 1.04 for horizontal configuration) and a lower thickness (average diameter along the wormhole of 0.42
to 0.64 cm for BV10 compared to 0.82 to 0.91 cm for BH10). Moreover, the branches are more developed,
longer, and more numerous in the vertical case (Figure 7).

If our attention is focused on the configurations obtained for Qinj = 5 ml/hr, the observations and comments
mentioned above cannot be made similarly (Figure 8). First, the tortuosity values for the dominant finger in
both configurations are practically the same (1.01 to 1.05). Second, the partially dissolved zone around the
branches and therefore the porosity gradient exists for both configurations. Moreover, if we analyze the area
close to the injection surface, we observe for the vertical configuration the apparition of small “wormholes”
characterized by a strongly irregular interface between dissolved and nondissolved areas. As this peculiarity
was not captured for the horizontal configuration, it is certainly due to the density contrast.

Figure 7. Dissolution pattern for the flow rate 10 ml/hr in horizontal (BH10) (top) and vertical (BV10) (bottom)
(Ri = 1.3 × 103) configurations. (left) Grayscale image at breakthrough, the red line represents the interface between
dissolved area and nondissolved area as obtained from the segmentation. Blue rectangle locates the zoomed area. (right)
Recolored zoomed images of dissolution at different times relative to the initial image.
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Concerning the front velocity, for Qinj ≥ 10 ml/hr it keeps the same characteristic as that observed for low
Richardson numbers, that is, it is higher in the vertical configuration. For some experiments, the difference
between vertical and horizontal configurations can be relatively high (e.g., 46%) even if the porosities are the
same (e.g., BH10 and BV10). On the other hand, forQinj = 5 ml/hr, the mean velocity ratio is inversed (mean
velocity vertical configuration/horizontal configuration ≈ 0.85). By taking into account these two particula-
rities, that is, (i) the apparition of the irregular interface between dissolved and nondissolved areas and (ii)
the reversal of the mean velocity ratio, it seems to us quite relevant to consider that the transition zone cor-
responding to the influence of the density contrast is located between Qinj = 5 ml/hr and Qinj = 10 ml/hr,
that is, 103 < Ri < 104.

In regard to the other morphological parameters and taking into account the observations on velocity, we
first analyze the experiments with Qinj = 10 ml/hr and Qinj = 13 ml/hr. Both the surface and perimeter at
breakthrough presents the same variation with that mentioned for low Richardson numbers, that is, smaller
for vertical configurations (e.g., for BV10 compared to BH10 by 24% and 20%, respectively). However, the
ratio of surface to perimeter remains practically identical between vertical and horizontal configuration.
Moreover, one of the BV10 experiments, that has a higher porosity, demonstrates lower velocity, surface,
and perimeter at breakthrough compared to another BV10 experiment. The lower velocity may be related
to the higher porosity as, since the flow rate is identical, the pore velocity induced by this flow rate is inver-
sely related to the porosity. Considering that the porosity of BH10 and BV10 are very similar, this previous
explanation cannot be used to support the significant difference in front velocity between the two configura-
tions. These differences may be related to structural changes in the porous medium after saturation.
Similarly, it should be noted that, for these configurations, the repeatability of the experiments in term of
perimeter at breakthrough is difficult to insure. Indeed, if the values of the surfaces show differences of less
than 20%, for perimeters the differences can reach 50%.

For Qinj = 5 ml/hr, if the dissolved surfaces at breakthrough are practically identical for both configurations
(less than 3%) the perimeters are smaller for horizontal configuration (Table 2). In others words, in the same
manner as the dissolution front velocity, we observe some shift in trend. Moreover, this result is in agree-
ment with our comments related to the experimental observations concerning the appearance, for vertical
configuration and in the area close to the injection section, of small “wormholes” characterized by a

Figure 8. Dissolution pattern for the flow rate 5 ml/hr in horizontal (BH5) (top) and vertical (BV5) (bottom)
(Ri = 8.3 × 103) configurations. (left) Grayscale image at breakthrough, the red line represents the interface between
dissolved area and nondissolved area as obtained from the segmentation. Blue rectangle locates the zoomed area. (right)
Recolored zoomed images of dissolution at different times relative to the initial image.
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strongly irregular interface between dissolved and nondissolved areas. As alreadymentioned, this roughness
can only be due to the appearance and development of hydrodynamic instabilities generated by the density
contrast. In our opinion, the interval between Qinj = 5 and Qinj = 10 ml/hr, corresponds to a transition zone
marked by the influence of hydrodynamic instabilities on the instabilities generated by dissolution. This
hypothesis is also supported by the PVBT analysis (Figure 3) which suggests, via the intersection of
the curves at Qinj = 5 ml/hr, that the range from which density contrast plays an essential role on the
dissolution regimes is around Qinj = 5 ml/hr. We will investigate in more detail the onset of the
instabilities and of the solutal convection induced by dissolution in the following section.

3.3. High Richardson

At a flow rate of 1 and 2 ml/hr the dissolution pattern corresponds to the “conical regime.” It is characterized
by a wide base close to the injection cross section, larger for 1 ml/hr than 2 ml/hr (Figure 9).

As shown in Figure 9, at 1 ml/hr, two distinct dissolution zones may be observed. Unlike in the “dominant/
transition regime” where the transition from the wormhole to the porous media is rather smooth, the inter-
faces between the different zones are sharp. The inner wormhole is completely transparent, similarly to the
wormholes observed under the other regimes, and thus corresponds to a total dissolution of the porous med-
ium. The second one, which completely surrounds the inner wormhole, corresponds to a partially dissolved
zone. Similar behavior has already been mentioned during the analysis of the dissolution pattern at inter-
mediate Richardson (Qinj = 10 ml/hr—horizontal configuration and Qinj = 5 ml/hr for both configurations).
This halo is also observed, albeit much less developed and mostly under horizontal conditions, at flow rate
0.1 ml/hr (Figure 10). It should be noted that, as the injection rate decreases, this envelope thickens laterally
with respect to the inner vortex for the vertical configuration, while for the horizontal configuration it devel-
ops mostly at the end of the inner vortex (e.g., Qinj = 1 ml/hr, Figure 9). As a consequence, the surface of the
halo becomes larger under vertical configuration (57 to 63 cm2) compared to horizontal one (40 to 52 cm2) at
the envelope breakthrough. The time‐averaged envelope tip velocity as well as ratio between surface and
perimeter are very close under horizontal and vertical configurations (between 4 and 5 μm/s for tip

Figure 9. Dissolution pattern for the flow rate 1 ml/hr in horizontal (BH1) (top) and vertical (BV1) (bottom)
(Ri = 1.0 × 105) configurations. (left) Grayscale image at the final time of the experiment, the red (green) line
represents the interface between dissolved area and partially‐dissolved area (partially dissolved and nondissolved areas)
as obtained from the segmentation. Blue rectangle locates the zoomed area. (right) Recolored zoomed images of
dissolution at different time relative to the initial image.
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velocity and 0.04 cm for compacity) demonstrating an overall similar shape of this partially dissolved area.
However, it should be mentioned that some variability in the envelope tip velocity data was observed. Thus,
for the vertical configuration, the differences in the envelope tip velocity between the three experiments
carried out with Qinj = 1 ml/hr, can reach even 100%. For the horizontal configuration, the difference is
about 25%. Since the porous medium between the horizontal and vertical configurations have practically
the same porosity and permeability characteristics (Table 2), it is possible that these differences are
induced by the density contrast via the unstable development of the completely dissolved zone.

As the apparition and the development of this envelope occurs under both configuration and it was not
observed in experiments using pure salt (Golfier et al., 2002) or pure plaster (Daccord, 1987), the main
hypothesis to explain such observation is that it is linked with the mixed nature of the porous media
(salt and plaster) and the subsequent differences in solubility.

Considering now the inner wormhole, we observe that, for the considered flow rates (0.1, 1, and 2 ml/h), the
fluid–solid interface demonstrates clear discrepancy between the horizontal and vertical configuration
(Figures 9 and 10). Indeed, in the former, the interface remains smooth while in the latter, it hasmore rough-
ness. This observation is further supported by comparing the surface to perimeter ratio. If attention is paid to
the dynamics of the dissolved surface we observe that, for a given surface, the perimeter is about 2.0 times
larger (or more for the Qinj = 2 ml/hr) in vertical configuration. In the conical regime, the time‐averaged
front velocity is seemingly lower in vertical configuration in average. However, similarly to the envelope,
there is a strong variability with tip velocity ranges mostly overlapping between horizontal and vertical con-
figurations at Qinj = 1 ml/hr. Variability is much smaller for Qinj = 2 ml/hr, yet the differences in velocity
front can reach 50%. This trend is in agreement with that already observed for Qinj = 5 ml/hr where the dif-
ference in velocity front is about 20%. As the flow rate injected decreases, the difference between the veloci-
ties of the horizontal/vertical dissolution front increases (Table 2). In fact, in horizontal configuration, the
dissolution occurs mostly forward to the tip, in the direction of the flow. Under vertical configuration, how-
ever, the dissolution develops both forward to the tip and on the wormhole lateral sides leading to the
observed roughness. Under the flow rate of 0.1 ml/hr, the dissolution is widely spread over the whole cross
section of the cell, corresponding to the “compact regime” (Figure 10).

Figure 10. Dissolution pattern for the flow rate 0.1 ml/hr in horizontal (BH0.1) (top) and vertical (BV0.1_2) (bottom)
(Ri = 1.7 × 107) configurations. (left) Grayscale image at final time of the experiment, the red line represents the
interface between dissolved area and non‐dissolved area as obtained from the segmentation. Blue rectangle locates the
zoomed area. (right) Recolored zoomed images of dissolution at different time relative to the initial image.
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These comments are fully consistent with the evolution of the PVBT (Figure 3) where the vertical configura-
tion (low mean front velocity) is found above the horizontal configuration. However, the more the injected
flow rate decreases, the more the values of certain parameters used in our analysis vary. This variation could
lead us to a certain reserve concerning the reproducibility of the experiments. Indeed, if we take into account
the experiments carried out for Qinj = 1 ml/hr we observe that the PVBT values for the vertical configuration
vary between 3.46 to 9.58 with a standard deviation about 3.1, while for the horizontal configuration the
same values vary between 2.28 and 8.5 with a standard deviation of about 4.4. If for the vertical configuration
this difference could be attributed to instabilities induced by both dissolution and density contrast resulting
in nonreproducible configurations, for the horizontal configuration this difference could only be attributed
to instabilities induced by the dissolution. This result signifies that at low injection rates the slightest local
variation in permeability and/or porosity can lead to a large variation in breakthrough time although the dis-
solution regime remains unchanged. An experiment in vertical configuration could thus have a break-
through time greater than an experiment in horizontal configuration. This high variability is specific to
the conical regime. At higher flow rate, the system is dominated by convection and therefore the flow will
tend to focus in one unique wormhole. At very low flow rate, the dissolution front is driven by diffusion
which kills the instabilities induced by dissolution and is more stable. The 1 ml/hr corresponds to an inter-
mediate case where neither convection nor diffusion prevails and permeability heterogeneities drive disso-
lution. As a consequence, multiple wormholes can develop significantly, hence causing a large error bar
(mostly relating to how many wormholes were developed).

A similar observation than for the conical regime concerning the fluid‐solid interface roughness can bemade
(Figure 10), albeit with the vertical configurations surface to perimeter ratios being significantly smaller than
the horizontal one (Table 2). Despite the variability of the compacity parameter, there is a clear discrepancy
between horizontal and vertical values with no overlapping of the range of values.

In order to further investigate the roughness, let us focus our attention on the one of the injected flow rate
discussed above, that is, Qinj = 1 ml/hr via the evolution of the estimated perimeter at the geometrical inter-
face between the dissolved zone and the partially dissolved zone and the dissolved surface with dimension-
less time (Figure 11). As shown in Figure 11, left, it results that for a given quantity of pure water injected,
and therefore for a given time, the dissolved surface (i.e., the dissolved mass) shows two distinct “trends”
regardless of considered configuration. Thus, the experiments noted by BH1_2 are grouped together with
BV1_2 and BV1_3 while BH1_1 presents values close to BV1_1 (BH = horizontal configuration,
BV = vertical configuration, _1 = the index of the experiment). As for BH1_3, it covers both “trends.” At
the beginning of the experiment, its dynamics rather follows that of the first grouping, while at the end of
the experiment it is relatively close to the second one. This difference in behavior is certainly due to what
can be called an “experimental artifact” translated by the appearance, close to the lateral edge of the cell,
of an additional wormhole (Figure 12). This observation is also present on the PVBT curve, with BV1_3,

Figure 11. Evolution of interface between dissolved and nondissolved area (or perimeter) (left) and dissolved area (right)
against dimensionless time at 1 ml/hr for both configurations.
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BH1_2, and BV1_2 being the higher values and BH1, BV1, and BH1_3 the lower values. On the other hand,
the geometrical interface area (or perimeter – Figure 11, right), which can be assimilated to a reactive
interface, demonstrate a clear separation between vertical and horizontal configurations with the former
being clearly greater that the latter. This difference reinforces our experimental observation concerning
the development of roughness in the vertical configuration. Besides, it should be noted that the variability
is significantly lower for the perimeter than for the dissolved surface.

Considering the development of interface roughness as a clear discrepancy between vertical and horizontal
configuration, it is very likely the consequence of buoyancy‐driven instabilities. Indeed, the high Richardson
number of the conical and compact regimes (105–107) suggests that, in vertical configuration, the free con-
vection becomes preponderant and this behavior can be assimilated with the one described for supercritical
CO2 storage in brine aquifers (Babaei & Islam, 2018; Fu et al., 2015; Sainz‐Garcia et al., 2017) for which the
formation of convective cells was found numerically. In essence, since the injection velocity is very low, our
configuration is reminiscent of the Rayleigh‐Benard‐Darcy type problem. Classically, a critical solutal

Rayleigh number Rac ¼ Δρ gl3

μ D
with μ the fluid dynamic viscosity (Pa s) and l a characteristic length (m),

is used to identify the onset of convection instability, but this value may vary significantly depending on
boundary conditions and geometry. Since our boundary conditions are potentially time variable, it is not
fully equivalent to the classical Rayleigh‐Bénard problem and it is more appealing to make a parallel with
the behavior of a salt block immersed in water investigated by Philippi et al. (2019) in which an estimate
of Rac between 600 and 1,300 (due to the uncertainty on the boundary layer thickness l) is found. Based
on this study also, the dissolved flux should tend toward a constant value which can be related to the experi-
mental Rayleigh number Ra via the following relationship:

F ¼ Rað Þ−1=3Cm
D g Δρeff

μ

� �1=3

In the vertical configuration, a quasi‐steady dissolved flux is also observed (see Figure 11) which supports
the comparison with the study of Philippi et al. (2019). Using a similar approach with that proposed by

Figure 12. Dissolution pattern for (left) BH1 (without lateral wormhole) and (right) BH1_2 (with lateral wormhole).

Figure 13. Conceptual description of the interface roughness generation.
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Slim et al. (2013), the dissolution mass flux per unit area (defined in our case by A = e × (l − 2 × f )) for
each experiment can be determined as F = (dM/dt)/A, where M is the dissolved mass estimated through
the dissolved areas. We obtain dissolved fluxes which vary between 6.0 × 10−5 kg/m2 s for Qinj = 0.1 ml/hr
and 3.0 × 10−4 kg/m2 s for Qinj = 2 ml/hr. For these dissolved fluxes, Ra values are relatively large (>104),
in any case, much higher than the critical value proposed by Philippi et al. (2019) corresponding to the
onset of instabilities. If we extend this analysis for the higher flow rates, the experimental values of
Rayleigh number fall below Rac for flow rates between 5 and 10 ml/hr which is consistent with our pre-
vious observations.

Therefore, we may suppose that the injected fluid causes the appearance and development of gravitational
instabilities resulting in concentration finger‐like structures of different amplitudes that migrate upward.
In the compact regime, where the dissolution is spread over the whole width of the domain, these convective
cells transport the high‐concentration solution, that is, salt‐saturated water, toward the injection surface
and, conversely, the injected fresh water toward the dissolution front. As a result, a mixing zone develops
with perturbations in concentration located at the dissolved/undissolved zone interface. These concentra-
tion instabilities drive the observed surface roughness as illustrated conceptually in (Figure 13). And the
higher Ra is, the higher is the surface roughness. In the conical regime, a similar phenomenon could be envi-
sioned, though localized in the inner wormhole and causing the increased roughness and lateral extension.

4. Conclusions

In the present work, experimental results of the dissolution of a salt plaster material considering two config-
urations (vertical and horizontal) and multiple flow rates were discussed with the aim to evaluate the impact
of density driven flow on dissolution patterns. The following results were obtained:

i. In contrast to the changes generated by the density contrast in the dissolution patterns of a vertical frac-
ture (Oltéan et al., 2013), the overall dissolution regimes were preserved independently of the cell orien-
tation and no other regime was obtained. These regimes may be summarized in a diagram following the
work of Golfier et al. (2002) (Figure 14b).

ii. Although the PVBT curves show a classic behavior with an optimal value closed to the dominant/opti-
mal regime, they are not superimposed especially for the low flow rates. Therefore, the PVBT for the ver-
tical configuration is seemingly shifted upward compared to the horizontal configuration suggesting
that, for high Richardson numbers, the forward velocity of the dissolution front is slowed down by
the density contrast (Figure 14a). This unexpected behavior was explained by using the morphological
parameters of the dissolved zone (surface, perimeter, roughness, and tortuosity) derived from a careful
interpretation of the experimental images. Therefore, in the compact and conical regimes, the buoyancy
effects interpreted through the apparition and the development of the convective cells and/or chaotic
mixture lead to an increase in the roughness at the interface between dissolved/undissolved or

Figure 14. Impact of buoyancy (black arrows) on the PVBT curves (a) and on the transition between dissolution patterns
as illustrated on the regime diagram (b). Data points and images correspond to the results in vertical configuration.
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dissolved/partially dissolved zones (Figure 14a). Note that, for intermediate and low Richardson
numbers, both PVBT curves are converging toward one another which means that from the domi-
nant/optimal pattern the influence of the density contrast is negligible (Figure 14b).

On top of these remarks, another phenomenonwas observed in link with the nature of themedium used; the
salt‐plaster mixture likely causes the apparition of two different dissolution zones (one partial and one total)
especially developed in the conical regime. The hypothesis used to explain such an observation has been
linked to the differences in solubility between plaster and salt.

In order to further precise the regimes' transitions as well as to evaluate our proposed physical explanation, a
numerical study would be necessary. Numerical study allows the testing of a wide range of parameters and/
or couplings not always easily available experimentally. However, it should be noted that simulating
instability propagation under high reaction rate and buoyancy coupling remains complex and is a highly
challenging goal for future works.

Data Availability Statement

The data presented in this manuscript are provided through Figshare (https://figshare.com/projects/Experi
mental_insights_into_the_interplay_between_buoyancy_convection_and_dissolution_reaction/76041).
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