PHYSICAL REVIEW FLUIDS 10, 123501 (2025)

Effect of permeability heterogeneity on reactive convective dissolution
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The impact of permeability heterogeneity on reactive buoyancy-driven convective dis-
solution is analyzed numerically in the case of a bimolecular A + B — C reaction across
varying Rayleigh numbers. The convective dynamics is compared in homogeneous, hor-
izontally stratified, vertically stratified, and log-normally distributed permeability fields.
Key variables, such as the total amount of product, mixing length, front position and width,
reaction and scalar dissipation rates, and dissolution fluxes, are strongly influenced by
the type of permeability heterogeneity. Vertically stratified and log-normally distributed
permeability fields lead to larger values for all variables compared to homogeneous fields.
Horizontally stratified fields act as an obstacle to convective flow, resulting in slower
front progression, thicker fingers, wider reaction fronts, and the lowest dissolution fluxes
among all cases. When the reaction stabilizes convection, flow stagnation occurs near
the extremum of the nonmonotonic density profile, even in vertically stratified systems,
highlighting the complex interaction between reactions and dissolution-driven convec-
tion. In log-normally distributed fields, the flow behavior depends on the permeability
structure: smaller horizontal correlation lengths cause fingers to spread more horizontally,
while larger horizontal correlation lengths promote more vertical movement with shorter
wavelengths. Overall, a shorter horizontal correlation length relative to the vertical one
leads to an increase in the value of all aforementioned variables and thus to a more
efficient mixing. These findings reveal how heterogeneity affects convective dynamics
by influencing the reaction front, dissolution rates, mixing behavior, and mass transport
efficiency, emphasizing the intricate role of permeability structure in reactive convective
processes.

DOI: 10.1103/jpmc-tcfd

I. INTRODUCTION

Reactive convective mixing, in which both convection and chemical reactions simultaneously
influence the transport and mixing of species within a fluid, plays a fundamental role in many
environmental and industrial processes. A key application in which such a mixing is important is
the convective dissolution of CO, in saline aquifers, an important process for carbon capture and
storage [1]. Convective dissolution occurs when COy, injected in deep storage sites, dissolves in the
reservoir brine. As CO; increases the fluid’s density, it creates an upper denser layer that destabilizes
because of a Rayleigh-Taylor instability. This induces convective fingers sinking downward [2—4].
This instability helps reduce the risk of CO, leakage, increasing the flux of CO, toward the host
phase and enhancing the long-term stability of storage. Understanding how chemical reactions and
heterogeneities of the porous matrix interact with these convective flows is essential for accurately
modeling the long-term behavior of CO, in underground reservoirs.
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Heterogeneity in geological media, such as variations in permeability and porosity, substantially
alters the dynamics of convective dissolution. Real-world CO, reservoirs are far from uniform
[1], and previous works on nonreactive systems showed that heterogeneity can either accelerate or
decelerate convection, depending on the spatial variability of permeability [5,6]. For instance, high-
permeability regions tend to initiate convection more quickly, while in vertically stratified media,
convection may either be delayed or enhanced depending on the interaction between permeability
variations and perturbations [7]. Heterogeneities also affect the spatial distribution of CO,, leading
to different flow regimes, such as fingering and channeling, which are governed by factors like
correlation length and anisotropy [8,9]. Moreover, heterogeneity increases competition between
convective fingers, which can reduce the efficiency of dissolution by diminishing the interfacial
mixing length [10]. It has also been shown both experimentally and numerically that heterogeneities
in Hele-Shaw cells’ aperture amplify the characteristics of the instability, such as the amplitude and
the growth rate [11]. Similar effects on the growth rate were observed for granular media [12].
Convection has also been investigated in a layered porous medium, focusing on how variations in
permeability affect the development of convective patterns [13].

In parallel, chemical reactions can also significantly alter convective dynamics by modifying the
fluid’s density [14]. For convective dissolution, chemical reactions can either accelerate or delay
convection depending on whether the reaction products are denser or less dense than the reactants
[15-25]. Differential diffusivities of the species involved in the reactions can dramatically alter
the convection patterns [24,25], and dissolution fluxes can be strongly enhanced by reactions [19].
Density profiles can be classified in reactive convective dissolution systems based on the relative
solutal density contributions of the reaction product and reactants and the initial concentration ratio
of the reactants [18,26]. By varying these parameters, four distinct convective regimes have been
identified, establishing a predictive parameter space that links reaction-driven density changes to
the onset and nature of convective instabilities.

The combined effects of heterogeneity and chemical reactions on reactive convective mixing re-
main, however, largely unexplored [22]. In this context, we investigate here the impact of combined
heterogeneities and chemical reactions on convective density-driven dissolution. Specifically, we
examine how variations by reactions in density profiles, both monotonic and nonmonotonic, influ-
ence the convective instability in heterogeneous porous media. Heterogeneity is introduced through
simulations involving both horizontally and vertically stratified porous media, as well as more
complex log-normally distributed permeability fields with varying correlation length, anisotropy
ratio, and variance. This approach enables us to model more realistic geological conditions, offering
insights crucial for understanding CO, sequestration in natural reservoirs and advancing the field of
reactive convective mixing.

The manuscript is organized as follows: Section II introduces the model studied, while Sec. III
presents the simulation results and discussions. Section IV concludes with a summary of key
findings and suggestions for future research.

II. METHODOLOGY

We study convective dissolution of species A in a host phase containing a species B in the
presence of a bimolecular reaction A + B — C in the case of homogeneous and heterogeneous
porous media.

A. Governing equations

Assuming fluid incompressibility, the dimensionless governing equations of fluid flow, solute
transport, and reaction in a porous medium are [19]

V.q=0, (1)

d
% 4 q - Vea = Ve — caca, )
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aCB

T +q - Vep = 83 V2ep — cacs, 3)
dc
8—f +q- Vee = 8c¢Viee + cacs, )

where ¢; and D; are the dimensionless concentration and diffusion coefficient of species i (i =
A,B,C), 6 = %ﬁ, oc = g—i, and q is the dimensionless Darcy’s velocity

q=—k(Vp— pe,), @)

with k the porous medium permeability, p the pressure, p the fluid density, and e, a unit vector in
the direction of gravity.

The above set of equations is obtained by scaling concentration by the solubility cag of species
A and taking the characteristic time, length, and velocity as 7. = ¢/kcao, €c = /Dat., and g, =
¢L./t., respectively, where ¢ is porosity and « the kinetic constant of the reaction.

The dimensional fluid density is assumed to be a linear function of the dimensional species
concentration &

P = po(l + aala + apls + aclc), (6)
with pg the density of the solvent and o; = ﬁ g—f the solutal expansion coefficient of species i. The

dimensionless density is defined as
P — po
p =
Pc

where p. = ¢uDa/(gk L. ) is the density scale, u is the fluid viscosity, g is the gravity acceleration,
k. is the geometric mean of the permeability field, and

= Raca + Rpcp + Recce, (N

R = aiCAOpngcgc’ (8)
duDn
are the species Rayleigh numbers. They quantify the contribution of the species i to the dimension-
less density. The sign of R; indicates whether a species increases (R; > 0) or decreases (R; < 0) the
density of the solution [18].

Equations (1)—(4) are solved in a rectangular domain of width L = 3072 and height H = 2048
in which the species A dissolves from above and reacts with B to produce C. We impose periodic
boundary conditions on the left and right boundaries and no-flow boundary conditions on the rest
of the boundaries. The concentration of species A is prescribed at the top boundary i.e., we take

q0,z,t)=q(L,z,t); q-n=0 atz=0,H,; 9)
¢i(0,z,t) =ci(L,z,t), 1i=A,B,C; (10)
Vei-n=0 atz=0,H, i=B,C; (11)

ca(x,0,1)=1. (12)

Initially, the domain is filled with species B, and the concentration of species A is perturbed at
the top boundary to trigger the instability. Thus,

_J14+e€tx) ifz=0

calx,z,0) = {O otherwise’ (13)
cp(x,z,0) =B, (14)
cc(x,z,0) =0, (15)
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TABLE I. Values assigned to the species Rayleigh numbers and g for the different cases.

Case B R4 Rp Re
R1 least unstable reactive 1 1 1 0
R2 most unstable reactive 1 1 1 2
R3 unstable due to reaction 1 —1 1 2

where 8 = % is the ratio between the initial concentration By of species B and the solubility Ay of

A in the host phase, £ (x) is a random uniformly distributed variable between 0 and 1, and € = 1073
is the amplitude of the perturbation.

Taking §g = 8¢ = 1, in order to avoid double-diffusive instabilities [24], and under the above
boundary and initial conditions, cc = B — ¢, obtained by adding (3) and (4). We can then rewrite
density (7) as

0 = Raca + (Rg — Rc)cg + BRe, (16)

which shows that the density profile depends on R, (Rg — Rc), and B [16,18,26]. We consider
the reactive cases summarized in Table I. We choose two cases in which the nonreactive system is
already genuinely unstable because R4 > 0 i.e., species A increases the density upon dissolution
of A (cases R1 and R2). In the case R1, A and B are consumed by the reaction and replaced by
a less dense C. This triggers a nonmonotonic profile with a minimum stabilizing convection [16].
In the case R2, all species increase density and the system becomes more unstable as the reaction
consumes species A and B to replace them by a denser C [16]. This triggers the instability earlier
compared to the other cases, thus resulting in strong convection [19]. We add a third case, R3, for
which R4 < 0, such that the nonreactive system is stable, but convection can be triggered if the
reaction builds up a nonmonotonic density profile [21,25]. The case R3 is initially stable, but the
density profile becomes unstable as the reaction progresses and cc increases locally.

B. Heterogeneity

We consider log-normally distributed permeability fields with a variance of log-permeability
alig « = 1, 2, 3. Three different spatial permeability structures are considered: horizontally stratified,
vertically stratified, and multi-Gaussian random fields with a Gaussian autocorrelation function.

For the horizontally stratified case, the vertical correlation length A, is set to 2/3 of the mixing
length (i.e., the distance between the tip and rear of the fingers [27]) observed in the homogeneous
R1 case at the onset of finger merging. For the vertically stratified case, the horizontal correlation
length A, is taken as the dominant wavelength of the R1 homogeneous case. Multiples of the base
correlation length were also simulated for the R2 case and GI%g x = 1. In the multi-Gaussian case, A,
is chosen as a multiple of the correlation length at which resonance in mixing length growth occurs
in the vertically stratified R1 case [28]. The vertical correlation length A, is then varied to explore
the effect of anisotropy. The values of A, and A, used are summarized in Table II, and examples of
the generated permeability fields with a variance O’l%)g « = 1 are shown in Fig. 1.

Each heterogeneous simulation is repeated 10 times with different white noise realizations to
reduce variability and ensure statistical robustness. Results are averaged across the runs.

C. Numerical implementation

Simulations were performed by adding chemical reactions to the variable-density flow and trans-
port solver rhoDarcyFoam belonging to the open-source computational framework SECUReFoam
[29], based on the finite-volume library OpenFOAM [30].

To guarantee adequate numerical resolution, we used a discretization such that the smallest
correlation length was at least 5 times the grid size. In this way, every feature of the permeability
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TABLE II. Horizontal and vertical correlation lengths of the log-
permeability fields used for the horizontally stratified, vertically stratified,
and multi-Gaussian permeability structures.

Horizontally stratified
Vertically stratified

Ay = 005 A, = 25,50, 100
Ay = 50, 100, 200; 1, = oo
A=A, =125
Ay =2, = 100
Multi-Gaussian Ay = 6A =750

10A, = A, =750

61, = A, =750

Ay = 104, =750

field was resolved by multiple grid cells. Second, to ensure our results are statistically representative,
we chose a domain size at least 10 times larger than the largest correlation length. This prevents
our results from being specific to a particular random sample and ensures they reflect the overall
behavior of the heterogeneous medium.

III. RESULTS AND DISCUSSION

Let us analyze how heterogeneity affects buoyancy-driven reactive convective dissolution for the
considered horizontally stratified, vertically stratified, and multi-Gaussian cases with and without
reactions. Specifically, we analyze how the combined effect of heterogeneities and reaction impacts
the convective fingering patterns, the mixing length and dissolution fluxes, the amount of reaction
product, and the properties of the reaction front.

For the stratified media, the sensitivity to the correlation length was estimated using the R2 case
and Ulf)g x = 1. For all the observables, the effect was weaker than that of changing O'l%)g «- Therefore,
we focus here on the effect of the strength of the heterogeneity on the A, = 100; A, = oo and
Ay = 00; A, = 50 cases. For completeness, plots of the different observables for varying A, and
A, for the stratified media are included in the Supplemental Material [31].

A. Density patterns

Figures 2 and 3 show the fingering patterns obtained for the vertically stratified (A, = 100) and
horizontally stratified (A, = 50) media, respectively. In the homogeneous medium (Fig. 2, top),

Horizontally stratified Vertically stratified Ax=hz= 125

Ak = 100, =750

A = 6z = 750

102

101

100
IOLX =kz =750 6Mx = Az =750 Ax =2Az =100

10-1

102

FIG. 1. Different realizations of the log-permeability fields for the horizontally stratified (A, = 50), verti-
cally stratified (A, = 100), and multi-Gaussian permeability structures with variable correlation lengths A, and
A.. All realizations have o2, = 1.
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R2

FIG. 2. Density patterns for the homogeneous case at time ¢+ = 8000 and the vertically stratified perme-
ability (A, = 100) with different variances at r = 4000 for R1, R2, and R3 cases. Results are not shown at the
same time because of the different velocities of the fingers. Fingers in the homogeneous case are smoother
with rounded tips, whereas vertically stratified ones are thinner, elongated, and with sharp tips. In R1, the
nonmonotonic density profile with a minimum stabilizes convection, and the front looks like stuck. In contrast,
in the more unstable R2 and R3 cases, the fingers reach the bottom of the domain faster. Increasing alf,g  makes
the fingers reach the bottom of the domain even earlier.

the fingers appear smoother with rounded tips compared to those in the heterogeneous media. The
fingers in the vertically stratified case are more elongated, thinner, and exhibit sharper tips. They
tend to align with regions of high permeability, as observed by Ghorbani et al. [7]. In contrast, the
fingers in the horizontally stratified cases (Fig. 3) appear thicker, primarily because they tend to
spread laterally, as the horizontal stratification acts as a barrier to their vertical movement.

In the case R1, convection is confined in an upper layer, even for the heterogeneous cases,
because of a minimum in the density profile, as depicted in the nonmonotonic density profile shown
in Fig. 4. This behavior aligns with the linear stability analysis [16] and nonlinear simulations [19],
which demonstrated that when a nonmonotonic density profile with a minimum develops over time,
reactions tend to stabilize convection. Case R2 corresponds to reactive systems with monotonic
density profiles, where convection is accelerated because the reaction product C is significantly
denser than reactant B. Fingers progress the fastest. This case is considered the most realistic
scenario for CO, sequestration because of the combined influence of all species contributing to
an increase in the density profile, particularly if species C has the highest density ratio, Rc =2
(see Table I). In the case R3, one observes that the fingers move faster than R1 but slower than R2
because the species A contributes negatively to the density profile. Furthermore, one notices from
the density profiles (Fig. 4) that in the case R1, all density profiles stabilize around p = 1 whereas
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FIG. 3. Density patterns for the horizontally stratified permeability (A, = 50) with different variances at
t = 8000 for the R1, R2, and R3 cases. Fingers are thick and spread laterally. Merging is more pronounced in
R2 and R3 cases when o*lig « 1s increased. Fingers advance more slowly in R1 as alf)g . 1s increased.

in cases R2 and R3, the densities spread out more and do not cluster around a single value of p
because of stronger buoyancy and chemical reaction effects.

A visual inspection of the fingers for the different reactive cases in the horizontally stratified case
(see Fig. 3) shows that the merging of the fingers happens earlier when the variance is increased and
that the fingers look more distorted than in the homogeneous case. Similarly, the transition to the
convective regime tends to happen much earlier in the vertically stratified cases when the variance
is increased (see Fig. 2).

We also observe, as in Hewitt [13], that increasing the variance of horizontally stratified perme-
ability has a similar effect to increasing the impedance, leading to earlier suppression of vertical

Horizontally Stratified Vertically Stratified
0.0 _‘_‘I_El\ 0.0 0.0 R3 _ 07— R1 0.0 R2_ 0.0 R3
0.2 ) 0.2 0.2 Y| 02 02
‘710g ki
047 e 0 0.4 0.4 0.4 0.4
z
— 1
06] —omem. 2 0.6 0.6 0.6 06
_____ 3
08 08 08 08 08
1.0 1.0 1.0 1.0 - 1.0
0.0 05 1.0 0 0 1 2 0
4 P P

FIG. 4. Density profiles of the reactive homogeneous and stratified cases (A, = 50 for horizontally stratified
and A, = 100 for the vertically stratified) at # = 6000. R1 shows a nonmonotonic density profile, whereas R2
and R3 feature a monotonic decreasing density.
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@) Ay = A, =125

(b) 107, = A, = 750

KOOGOCIOIGUU I IOUAY

(0) Ay = 10A, = 750

FIG. 5. Log-normally distributed permeability cases density at ¢ = 4000 for different correlation lengths
and for alig « = 1. The rest of the cases are shown in Fig. S3 in the Supplemental Material [31]. When A, <
A (c), fingers exhibit a shape similar to the horizontally stratified ones, whereas when A, > A, (b), fingers
resemble the vertically stratified ones. The isotropic case (a) exhibits fingers that resemble roots or small
channels. As previously observed for the stratified cases, increasing alf,g « accelerates convection.

convective flow. This suppression promotes the formation of localized convective cells, which
develop within higher-permeability zones enclosed by low-permeability barriers, as shown in Fig. 3.

In multi-Gaussian fields (Fig. 5 and Fig. S3 in the Supplemental Material [31]), the fingers
predominantly propagate laterally when the anisotropy ratio A,/A, > 1 [Fig. 5(c) and Fig. S3(¢c)],
similarly to the horizontally stratified cases. Their vertical advancement is impeded by the high-
permeability regions. Additionally, the large anisotropy ratio case [Fig. S3(c)] shows faster finger
merging, a more advanced density front, and a smaller number of fingers than in the small
anisotropy ratio case [Fig. 5(c)]. Conversely, when A, /X, < 1 [Fig. 5(b) and Fig. S3(b)], the fingers
progress more easily in the vertical direction and are thinner, similar to the vertically stratified
case. The velocity at which the density front advances is proportional to the anisotropy ratio, case
6), = A, = 750 [Fig. S3(b)] being faster than case 10A, = A, = 750 [Fig. 5(b)].

Furthermore, increasing alf) , makes the front advance more slowly for the A,/A, > 1 cases,
because of the barrier effect of the low-permeability zones, and faster for the A,/A, < 1 as the
vertical structures induce stronger channeling.

B. Mixing length

The mixing length, which characterizes the nonlinear dynamics of the fingers, is defined as the
distance between the tip and the rear of the fingers [27]. In practice, it is computed here as the
vertical distance over which |p — Rgf] > 1073.

The mixing length for the homogeneous and stratified cases is shown in Fig. 6. Before the onset
of the instability, while diffusion is the main transport mechanism, the mixing length evolves as /7
(the time resolution of the simulations is not enough to show this regime in the vertically stratified
media). The onset of the instability makes the mixing length grow faster until a linear growth
(~t) is observed in the so-called nonlinear regime [32]. The variance of the log-permeability
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Vertically Stratified
10°
Lmix/ H
107!
1000 2000 3000 4000 5000 6000 7000 8000
t
Horizontally Stratified
10° :
Lmix/ H
101 i — RI1
0 ....... Oiz(vgk:() (712(Jgk72 — R2
- Ulzogkzl - UlzongS — R3
0 5000 10000 15000 20000 25000
t

FIG. 6. Mixing length for the homogeneous and all stratified cases. Vertically stratified cases present
steeper slopes, and their mixing lengths increase proportionally to the variance. Horizontally stratified cases
display the opposite trend; their mixing lengths decrease with the variance. Notably, in all cases, the diffu-
sive regime is only captured in the least unstable case R1. The shaded area shows the variability between
realizations.

field has opposite effects depending on the stratification. The mixing length increases with ol%)g X
in the vertically stratified cases but decreases in horizontally stratified ones. The case R2, which
corresponds to the realistic case of CO, sequestration, takes the highest values compared to the
cases R3 and R1. Moreover, it can be observed that the mixing length for vertically stratified cases
reaches the bottom of the domain sooner than the horizontally stratified ones, in which mixing
length growth is slowed down by low-permeability layers.

Figure 7 compares the mixing length of the different multi-Gaussian cases. As in the stratified
cases, only the R1 case presents a transition from the diffusive to the nonlinear regime. In contrast,
cases R2 and R3 do not show evidence of a diffusive regime. This absence is due to a faster
transition to the nonlinear regime, which is not captured by the time resolution of the simulations,
and to the fact that R2 and R3 cases are more unstable than R1. Similar to the perfectly stratified
cases, when A, /A, < 1, the mixing length grows faster than when A, /A, > 1. Although the growth
speed decreases sooner for longer A, because of the barrier effect of low-permeability areas.
Notably, the isotropic case presents a longer mixing length than the high anisotropy ratio case.
All considered multi-Gaussian cases reach the bottom earlier than the homogeneous one, except
the A, = 10A, = 750 case (purple color lines in Fig. 7), which confirms the controlling role of the
vertical correlation length over the evolution of fingers’ length. The effect of olf)g ¢ 18 also similar
to that in stratified media, with small anisotropy ratio cases having a mixing length proportional to
af)g «» and the opposite behavior is observed for large anisotropy ratio cases.
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» = 10A; =750
10t N — 10Ay = A, =750
""" Tiogk = 2
] — Ax=A;=125
. ‘7lzogk =3 —— Homogeneous

2000 4000 6000 8000 10000 12000 14000
t

10° 10°

Limix/H Limix/H
— 2,=1 Ax = 10, = 750 1 Ax = 10A, = 750
o

I 2, T 10A= =750 101 , 10 = A =750
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_____ ‘leogk =3 — Homogeneous -0 ‘7lzogk =3 — Homogeneous

2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000
t t

FIG. 7. Mixing lengths vs. time for the homogeneous and three multi-Gaussian heterogeneous cases for
all alf)g - The rest of the cases are shown in Fig. S5 in the Supplemental Material [31]. R1 cases show little
sensitivity to changes in crl%g «» unlike R2 and R3. In R2 and R3 cases, the mixing lengths of the cases with
Ay < A increase with variance, whereas they decrease when A, > X.. The shaded area shows the variability
between realizations.

C. Reaction and mixing

In this section, we characterize the reaction zone dynamics by analyzing the reaction rate and
front position, the amount of product, and the relation between the reaction rate and the mixing
between the reactants.

1. Reaction front
‘We define the reaction rate as
r(x,z,t) = calx, z,t)ep(x, 2, 1), (17

and the reaction front as the region where r(x, z,¢) > 0 (see Figs. 8 and 9). We characterize the
reaction front by the position of its center of mass zy and width wy, defined using the first and
second moments as [33]

(= "D (18)
EACE mO(x,t)’

m2(x, t) ml(x,1)\>

wrlt) = mO(x, t) B (mo(x,t)> ’ (19)
where
. H .
m!(x,t) = / Zr(x, z, t)dz, (20)
0

is the moment of order j and the bar (*) indicates averaging over the x direction.
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o - -
o -

Horizontally stratified|

FIG. 8. Reaction rate at # = 8000 for the homogeneous and horizontally stratified media and r = 4000 for
the vertically stratified media. All heterogeneous cases have alig « = 1. R2 cases front has the fastest speed,
particularly in the vertically stratified case. The contours of the fingers are the hot spots of the reaction. The
front is mostly located at the top of the cell for R2 and R3, however, it moves faster for R1.

Figure 10 shows the temporal evolution of the position of the reaction front for the homogeneous
and stratified cases. Unlike the mixing length, fronts corresponding to vertically stratified media do
not advance faster than the ones in horizontally stratified media in all cases. Only for the case R1
does the front advance faster. In the R2 and R3 cases, the homogeneous and horizontally stratified
media behave in a similar manner, with a fast advance followed by a rebound after the onset of

R[ R2
LA
[
10/1L"A75()-
o -
‘

FIG. 9. Reaction rate of some of the log-normally distributed cases with different correlation lengths at
t = 4000 with Ulf)g « = 1. Cases with A, < A, have thinner, longer fingers, whereas cases with A, > X, have
thicker, laterally extended fingers. The hot spots of the reaction are mainly located at the top.

Ax=104,=750
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FIG. 10. Reaction front position versus time for the homogeneous and all stratified cases. The R1 front
advances more rapidly than in the R2 and R3 cases and gets steeper with a larger variance. However, in R2 and
R3, fronts are compact and chemically active regions are located at the top of the cell (see Fig. 8). Vertically
stratified reaction fronts propagate faster than their homogeneous counterparts for R1 but slower for R2 and
R3; the opposite trend is observed for the horizontally stratified cases. Besides, increasing alf)g . tends to make
the front position narrower for vertically stratified cases R2 and R3 (unlike R1), whereas the opposite trend is
observed for the horizontally stratified ones. The shaded area shows the variability between realizations.

convection. The oscillations in the position of the front are larger for the horizontally stratified
case because of the effect of the alternate high and low permeability layers. R1 cases present
fewer fluctuations because the reaction product does not contribute to density, and the front stops
advancing at some point when the minimum in density stabilizes the system. Vertically stratified
reaction fronts propagate faster than their homogeneous counterparts for R1 but slower for R2
and R3; the opposite trend is observed for the horizontally stratified cases. In the multi-Gaussian
cases (Fig. 11), the front advances deeper than in the homogeneous case. Moreover, scenarios
with A, /A, < 1 exhibit greater spatial extension than those with an anisotropy ratio greater than 1,
with the isotropic case lying between them. Additionally, cases R2 and R3 show more pronounced
fluctuations compared to R1, due to their increased instability.

The effect of Uli ¢ on the front position and width varies depending on the stratification.
Vertically stratified reaction fronts propagate faster than their homogeneous counterparts for R1
but slower for R2 and R3, whereas the opposite trend is observed for the horizontally stratified
cases. The same behavior is observed for the multi-Gaussian cases with the largest and smallest
anisotropy ratios.

As for the front width (Figs. 12 and 13), R2 cases have the widest front for all cases, being
wider in the horizontally stratified ones than in vertically stratified ones (which are even less wide
than the homogeneous R2 front), because of the lateral spreading of the fingers. The front width
decreases with O’l%) « for both R2 stratified cases. However, no clear tendency is observed for R1
and R3 in the horizontally stratified cases. In multi-Gaussian fields (see Figs. 11 and 13), the
relationship between alf)g « and front dynamics also reverses as the anisotropy ratio changes. In cases
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FIG. 11. Reaction front position versus time for the homogeneous and three multi-Gaussian cases (the
rest of the cases are given in the Supplemental Material). The front position follows the same trend observed
for previous parameter values. Cases with A, < A, have a faster front proportionally to the variance, whereas
the opposite trend is observed for cases where A, > A,. Furthermore, the isotropic case behaves in the same
way as cases A, < A,. In contrast to R1, the reaction fronts in R2 and R3 advance more slowly than their
homogeneous counterparts. The shaded area shows the variability between realizations. Plots for the other
simulated correlation lengths can be found in Fig. S7 in the Supplemental Material [31].

with A, /A, < 1 (purple in Figs. 13 and 11), the front width and position increase proportionally
to the variance, unlike when A,/A, > 1 (orange in Figs. 13 and 11), where the opposite trend is
observed.

Vertically stratified
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FIG. 12. Reaction front width versus time for the homogeneous and all stratified cases. Horizontally
stratified cases possess wider R2 reaction fronts than vertically stratified ones, which in turn are narrower
than the homogeneous R2 front. Furthermore, the front width decreases with olig « for both cases. Nonetheless,
no clear tendency is observed for R1 and R3. The shaded area shows the variability between realizations.
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FIG. 13. Reaction front width versus time for the homogeneous and three multi-Gaussian cases (the rest
of the cases are given in the Supplemental Material). As previously noted for the other considered parameters,
the front width also increases with alf)g . for cases with A, < A, and decreases proportionally to Ulf)g  for A, >
A,. Furthermore, the isotropic case behaves in the same way as cases A, < A,. R2 cases present the widest
fronts. The shaded area shows the variability between realizations. Here, the shaded regions represent the
range between the minimum and maximum values across realizations. Plots for the other simulated correlation
lengths can be found in Fig. S9 in the Supplemental Material [31].

2. Reaction rate and mass of product

To further understand the effect of heterogeneity on the reaction dynamics, we examine the
evolution of the total reaction rate (r(¢)) and the total amount of the reaction product mc(¢) defined
as

(r(t)) :/r(x,z,t)dQ, 21
Q

me(t) = / ce(x, 2, 1)dS2. (22)
Q

The total amount of product C (Figs. 14 and 15) follows the same tendency as the mixing length.
The vertically stratified cases always present the steepest and fastest mc, particularly for the case
R2, for which the highest quantity of C is produced. This is consistent with the previous observation
of R2 cases having the widest reaction fronts. For the multi-Gaussian cases, the media with the
largest A, produce the lowest mc, in agreement with the observed low reaction rate. The strength
of the heterogeneity has the same effect as in the front width, when stratification is vertical, mc is
proportional to af)g . and it is inversely proportional to ali  When the stratification is horizontal.
In the multi-Gaussian cases (Fig. 15), the effect is visible for the highest and lowest anisotropy
ratios considered (A, = 10X, = 750 and 101, = A, = 750, respectively), while the rest of the cases
present intermediate behaviors.

The reaction rate (Figs. 16 and 17) reaches larger values in the vertically stratified cases than in
the horizontally stratified and homogeneous ones, R2 being the most reactive one. Contrary to what
is observed for the mixing length and front dynamics, the reaction rate is proportional to a]f) .- For
the multi-Gaussian cases, (r(t)) depends on X, and the anisotropy ratio of the permeability field.
When A, is large, the barrier effect of the low permeability areas reduces the reaction rate with only
a minor influence from the anisotropy ratio. When A, is small, the reaction rate increases, but also
presents an earlier shutdown regime as the fingers reach the bottom of the domain quickly. The
dependency on alig « 1s not as clear as in the stratified cases, as the behavior of (r(¢)) presents more
oscillations. However, at early times, it follows the same scaling as the stratified media, especially
for the cases with the highest and lowest anisotropy ratios.

The evolution of the reaction rate is closely related to the mixing of the system. Mixing in the
reactive system can be quantified by the scalar dissipation rate x of the conservative component
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FIG. 14. Mass of the reaction product for the homogeneous and stratified cases. The mass of product
behaves as the mixing length (Fig. 6). mc is proportional to cr,f)g « in the vertically stratified cases and
inversely proportional to a]f,g « in the horizontally stratified ones. The shaded area shows the variability between
realizations.

ca+c = ca + cc. (See Supplemental Material [31] for the derivation and plots). The scalar dis-
sipation rates over the domain as a function of time (Figs. S14 and S15) exhibit a pattern almost
identical to that of the reaction rate (see Figs. 16 and 17). Notably, the vertically stratified cases show
the highest scalar dissipation and reaction rates, consistent with the rapid progression of the front
position, mixing length, and mc. In contrast, the horizontally stratified cases exhibit the lowest yx as
explained before. Overall, except for these horizontally stratified cases, which act as a barrier to flow,
imposed heterogeneity enhances both reaction rates and scalar dissipation rates. Among all cases,
R2 consistently exhibits the highest values for both quantities, followed by R3 and then R1. This
ranking, previously observed for mixing lengths and mc, underscores the crucial role of bimolecular
reactions in driving instability, on par with the impact of heterogeneity. Moreover, increasing crl%,g X
decreases (r) and x in the horizontally stratified cases, whereas the opposite behavior is observed
for the vertically stratified cases. As for the multi-Gaussian cases (Fig. 17 and Fig. S16 in the
Supplemental Material [31]), the same tendency is observed as for mc and the mixing length,
depending on whether the anisotropy ratio is greater than or less than 1.

IV. DISCUSSION AND CONCLUSIONS

We numerically investigated the impact of heterogeneity on reactive buoyancy-driven convective
dissolution for the bimolecular reaction A + B — C, across various Rayleigh numbers. Our study
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FIG. 15. Mass product versus time for the homogeneous and three multi-Gaussian heterogeneous cases
(the rest of the multi-Gaussian plots are shown in the Supplemental Material). The figures present the same
trend as in Fig. 7. The shaded area, only visible for the case A, = A, = 125, shows the variability between
realizations.

explores homogeneous, horizontally stratified, vertically stratified, and multi-Gaussian permeability
fields. Our results show that key variables, including the total amount of product, mixing length,
front position and width, reaction rate, and scalar dissipation rate, are strongly influenced by
heterogeneity. All these quantities reach larger values in vertically stratified and multi-Gaussian
distributed permeability fields compared to homogeneous cases, which in turn sometimes exceed
those in horizontally stratified fields.

The combined effect of heterogeneity and of the density stratification is responsible for the
behavior of the different observables. In vertically stratified media, the alignment of the more
permeable paths with gravity enhances mixing and finger growth, which in turn favors the chemical
reaction. For all density cases, all observables grow as crf)g . increases with the exception of the
reaction front velocity and width in the cases R2 and R3 (at very early times), which decrease
with increasing ol%)g « (Figs. 10 and 12). In these two cases, the reaction product contributes to the
density of the fluid; therefore, the reaction increases the instability. As fingering becomes stronger,
that is, alf)gk grows, the reaction product is carried away from the top boundary where most of
the reaction happens. As a result, the reaction in sinking fingers gets weaker as the heterogeneity
strength increases, and the growth of the reaction front velocity and width slows down.

In horizontally stratified media, all observables decrease when alf)g « increases for all cases. That
is caused by the barrier effect of low-permeable layers, that slow down the fingers, promote finger
merging, and hinder mixing and reaction. The exception is again the reaction front velocity and
width, which are proportional to a]f)g . for R2 and R3. R2 and R3 have less compact reaction fronts;
therefore, they are more sensitive to high permeability layers, that make the front advance faster and
get wider as alig , increases.
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FIG. 16. Reaction rate versus time for the homogeneous and all stratified cases. Vertically stratified reaction
rates increase with variance, whereas the horizontally stratified ones present the opposite behavior. R2 cases

are the most chemically active cases, followed by R3, then R1. The shaded area shows the variability between
realizations.
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FIG. 17. Reaction rate versus time for the homogeneous and the rest of the multi-Gaussian heterogeneous
cases. The reaction rate increases with alf,g . for cases with A, < A, and decreases proportionally to alf,gk for
Ay > A,. Furthermore, the isotropic case exhibits similar behavior to cases with A, < A, and presents values that
are close to the case A, = 24, = 100. Additionally, for R2 and R3, the trends are reversed once the simulation
reaches the time where the fingers attain the bottom boundary; beyond this point, the results no longer represent
meaningful physical behavior. The shaded area shows the variability between realizations.
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The multi-Gaussian cases present a more intricate behavior. In most of the cases, no clear
dependence on o, is observed. Instead, the dynamics is dictated by the anisotropy ratio A,/A..
When A, /XA, > 1, resembling horizontal stratification, fingers propagate laterally with limited ver-
tical progression. Conversely, when A, /A, < 1, mimicking vertical stratification, fingers advance
more efficiently in the vertical direction with reduced wavelengths. Additionally, finger merging is
more pronounced in cases with low anisotropy ratios. Moreover, the reaction rate and the amount
of product grow as the anisotropy ratio decreases, indicating more efficient mixing. As A, /A, grows
with large A,, reaction rate, the amount of product, and the rest of the variables tend to behave as in
the horizontally stratified media. In the opposite case (small A, /A, and A,), the behavior resembles
that of the vertically stratified media.

In conclusion, the intensity and structure of heterogeneity control how flow, mixing, and reaction
scale with olf)g - Moreover, the reaction affects density, which in turn alters buoyancy-driven
convective flow, leading to opposing trends across stratified and multi-Gaussian fields.

These findings have direct implications for CO, sequestration, where selecting an optimal aquifer
is crucial to minimizing leakage risks. Future work could extend this analysis to real porous media,
such as those characterized via microtomography, and to other chemical reaction types as those
inducing the dissolution of the porous medium [34] or in situ precipitation [23,35], to further refine
our understanding of heterogeneity-driven convective processes.
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