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Abstract

Convective dissolution in saline aquifers is expected to positively impact subsurface storage of carbon
dioxide (CO;) by accelerating its dissolution rate into reservoir brines. By largely focusing on the disso-
lution flux, previous studies lack a systematic evaluation of the mixing process following CO, emplace-
ment, including a quantitative analysis at conditions representative of subsurface traps (Rayleigh number,
Ra < 1000). Here, we investigate solutal convection numerically in a two-dimensional uniform porous
medium in the regime Ra = 100 — 10000. The macroscopic evolution of the convective process is charac-
terized by means of fundamental macroscopic measures of mixing that use the local spatial structure of the
solute concentration field. It is shown that the intensity of segregation closely mimics the evolution of the
in-situ convective pattern arising from the stretching and merging of downwelling plumes. The spreading
length and the dilution index both confirm that the mixing process accelerates over time (¢) with a power
law scaling (o< t%) that transitions from diffusive (a = 0.5) to super-diffusive mixing (o > 1) irrespective
of Ra. This transition time scales T, o< Ra~2 and is used as a measure of the onset time of convection. The
dilution index indicates that the time needed to reach close-to-complete mixing reduces linearly with Ra.
On the contrary, the non-dimensional mass flux, expressed in terms of the Sherwood number, Sh, reveals a

natural logarithmic scaling for Ra < 2500.
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I. INTRODUCTION

Solutal convection in porous media is important in groundwater systems because it shortens
the time scale for solute transport compared to diffusion alone [1]. The process is triggered by
the local density increase in an ambient fluid following the dissolution of solute. The convection
that ensues is thus density- rather than pressure-driven and is characterized by lobe-shaped in-
stabilities (or fingers) that migrate downward [2]. The dissolution of carbon dioxide (CO;) into
brine (approximately 3 wt% at depths larger than 800 m [3]) leads to a similar phenomenon and
is regarded as a key trapping mechanism in the context of geologic CO; storage (GCS) in deep
saline aquifers [4]. Due to its lower density compared to the resident brine in the aquifer, the
injected CO, will pool beneath stratigraphic barriers [5], and upon dissolution generate a solution
that is denser than fresh brine [6]. This gravitational instability leads to the initiation of a density-
driven convective process that features multi-scale finger-like structures. The convective mixing
that ensues on the reservoir scale accelerates the dissolution of CO; [7] and could form eventually
a stable stratification in the aquifer, thereby reducing the chances of leakage [8]. The mass flux
from solutal convection in saline aquifers is expected to be small over a timescale < 10000 years
[9, 10], because the vertical permeability of reservoir rocks is generally low (2 — 10 times smaller
than the horizontal permeability even when the system is homogenous [11]) and the density in-
crease resulting from CO; dissolution into brine is small (0.1 — 1%, depending on pressure and
temperature [12]). A key observation is that under such conditions the system may not attain a
regime of constant dissolution flux [9]. Despite solutal convection in the context of GCS has been
addressed extensively [13], the fundamental behaviour of the system in the more relevant situation
of unsteady flux remains largely unexplored.

The balance of density-driven and diffusive mass transport is commonly used to determine the

occurrence of solutal convection in a given aquifer, as expressed by Ra, the Rayleigh number [4]:

Ra = ——Em&X02°7 o Ra. (1)

where g, is the acceleration due to gravity, Apmax 1S the maximum density difference between
saturated and unsaturated brine, k is the average permeability, H is the thickness of the aquifer,
W is the viscosity of the ambient fluid, ¢ is the average porosity and D is the effective diffusion
coefficient of CO; in brine (combination of the bulk diffusion coefficient and tortuosity effects).

As indicated by the right-hand side of Eq. 1, convective instability occurs when Ra exceeds a
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critical value. For a homogenous and two-dimensional porous medium, it has been shown [14] that
Ra. = 4m? ~ 40, whereas the Rayleigh number needs to be Ra > 55 to observe an enhancement in
the mass transfer through convection [9]. For large values of Ra (> 2000), the dissolution process
undergoes a constant flux regime, after an initial period of flux growth [15]. It has been shown
that in such cases the dissolution flux represents an important measure to evaluate the convective
process [13, 16] and to derive useful empirical relations for upscaling purposes [17]. Estimates of
Ra for 45 saline aquifers worldwide indicate that solutal convection is in fact possible (Ra > Ra,
for the majority of aquifers in Figure 1), albeit Ra is often well below 1000 or even of the same
order of magnitude as Ra. (see inset of Figure 1). The analysis of these aquifers based solely
on the dissolution flux becomes more difficult because the dissolution process does not reach a
stabilised state. In these cases, other measures may prove to be more suited to the analysis of
the convective process, particularly those that quantify mixing directly from the CO, distribution

pattern in the porous medium.

Through the evaluation of the total dissolved mass and the dissolution flux, the analysis of so-
lutal convection in the context of GCS has convincingly shown that this process is subject to a
sequence of temporal regimes, the appearance of which depends on Ra [9, 15]. Yet, solutal con-
vection is a complex process that is founded on the synergy between the mechanisms of spreading
and mixing. As originally described in Kitanidis [21], the former refers to the stretching and de-
formation of the solute plume, owing to spatial fluctuations of the fluid velocity. On the contrary,
mixing (or dilution) is associated with a diffusive process and thus refers to the process that in-
creases the volume occupied by the plume. While spreading and mixing are strongly coupled,
they also act over distinct time scales, giving rise to complex distributions of solute concentration
in the medium [22]. It follows that solutal convection should be better evaluated in relation to
the local spatial structure of the concentration field and its evolution [23-25]. In relation to GCS,
initial efforts in this direction are found [16, 26, 27], where measures such as the scalar dissipation
rate, dispersion width and global variance have been considered. These initial studies indicate that
these measures of spreading and mixing provide a useful means to characterize solutal convection
as well as a rigorous framework to identify scaling relations for Ra. We aim to build on these
findings to carry out a systematic investigation where these metrics are evaluated and compared in

the context of GCS with a specific focus on the regime Ra < 2500.

In this study, we analyse solutal convection in the CO;-brine system for Ra = 100 — 10000

by means of numerical simulationss. Despite reservoirs are mainly heterogeneous and anisotropic
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FIG. 1. Histogram of 45 aquifers worldwide according to their expected Rayleigh number, data gathered
from Nazari Moghaddam et al. [18] (10 reservoirs in the Alberta Basin, Canada), Hosa et al. [19] (6 in the
United States, one each in Japan, Germany, Algeria, Norway, Australia), Lindeberg and Wessel-Berg [4]
(4 in the North Sea) and Szulczewski et al. [20] (20 in the United States). The Rayleigh numbers used for
the plot are calculated according to the data provided in the references. In some cases, parameters such as
the diffusion coefficient, the fluid viscosity or the change in density were estimated. The red dashed line
in the inset indicates the critical Rayleigh number Ra.. The properties of the aquifers used are listed in the

supporting information in Table S2

[28-31], a uniform and isotropic porous medium is chosen, so as to exclude effects of heterogene-
ity or anisotropy on the results of the flow and mixing dynamics, and to provide a benchmark for
future studies. The study is performed with a two-dimensional system to extend previous anal-
yses reported in the literature that discusses the dissolution flux in detail but lacks a systematic
evaluation of the macroscopic mixing behaviour. We examine the emerging dissolution behaviour
that includes the iso-contour lines, the intensity of segregation, the spreading length and the dilu-
tion index. We analyse the temporal evolution of these measures and derive scaling relationships

against Ra.



II. METHODOLOGY

We consider the situation depicted in Figure 2 and study numerically the transport process
within a porous medium below a migrating CO, plume in a saline aquifer, with properties sum-
marized in Table I. Even though the dissolution dynamics in a porous medium are inherently
three-dimensional [32, 33], the studies of Pau et al. [17] and Meng and Jiang [34] show that
changes in integral measures, i.e., the onset time and the constant dissolution flux, are modest
when comparing three- and two-dimensional simulations (Ra ~ 9000 and Ra = 2155, respec-
tively). Therefore, this study addresses the problem by considering two-dimensional simulations
to achieve a very high spatial resolution, while keeping computational costs to a reasonable level.
The two-dimensional porous medium has uniform porosity ¢, and permeability &, and is initially
saturated with the ambient fluid. The diffusive length scale .Z is a measure for the thickness of
the boundary layer at the time of instability. To ensure that the onset of convection is independent
of the vertical extent of the reservoir, we choose H = 400 m, so that H/.% > 1 for all Ra. Its
width, W, was varied between 300 m and 800 m to account for the dependency of the critical
wavelength A; on Ra [35-37] and to ensure that W is larger than A, [38, 39]. To vary Ra, the per-
meability was adapted for each simulation (five cases, see Table I). As done in previous studies,
e.g. Riaz et al. [40] or Hassanzadeh ef al. [36], we apply an open and stationary upper boundary
of constant dissolved CO; concentration, cyax (reservoir conditions: temperature 320 K, pressure
100 bar, 2x 10° ppm salinity). This configuration assumes that CO, and brine are in local equilib-
rium within the so-called capillary transition zone, a two-phase region between the supercritical
CO; plume and the bulk brine that forms by natural imbibition [41]. At first, a diffusive boundary
layer of CO;-rich fluid builds up and convection ensues when perturbations at the upper boundary
intensify owing to a sufficient accumulation of denser fluid. We further assume here that the low
relative permeability to brine in the capillary transition zone prevents the brine to flow upwards

outside of the domain.

A. Governing Equations

The phenomenon of single-phase density-driven convection is described by partial differential
equations presented here in dimensional form (quantities defined in the nomenclature section).

Mass conservation is expressed by Eq. 2, whereby the fluid velocity vector, u, is computed using
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FIG. 2. Simplified schematic of a saline aquifer with CO; injection. Numerical simulations of transport are
carried out in a two-dimensional domain below the CO,/brine interface of height H and width W. Initial

and boundary conditions are indicated in the figure. Sketch not drawn to scale.

Darcy’s law (Eq. 3), in the presence of gravitational forces. Eq. 4 is the advection-diffusion equa-
tion that describes solute transport in the domain in terms of the dissolved concentration, ¢(x, ).
As described in the SI (supporting information, Text S1), a linear relationship between the mix-
ture density, pso1(X,7), and the dissolved CO, concentration is assumed (Eq. 5), as this has been
found to be valid for a broad range of temperatures, pressures and salinities. The viscosity, (, is
assumed to be constant and independent of the CO, concentration (SI Text S1). We note that the
commonly adopted Boussinesq simplification (e.g., Hassanzadeh er al. [36], Riaz et al. [40]) is
not implemented and density gradients are therefore fully accounted for to remove any constraint
on the plume evolution and the associated finger pattern. The basic assumptions associated with

Eqgs. 2-5 are listed in Text S2 (SI).

0
(PEPSOI +V. (psolu) =0 (2)
k
u=— (Vp+pug) 3)
0
(PEc-I—V-(—(])DVc—I—uc):O 4



TABLE I. Parameters for the numerical simulation study. Values of permeability, k, and domain width, W,
are changing with Ra, while all other parameters are kept constant. In this table, the characteristic length
scale is the diffusive length scale £ = ¢ D /(kApmaxg)- The critical wavelength is calculated according to

Xu et al. [38] with A = 96.23¢ Dt/ (kAPmaxg)

Cases

Parameters Ra (-) k (m?) W (m) Z (m) Ac (m)
H (m) 400 100 9.17x 10716 800 4.00 385.0
APmax (kgm™) 10 250 2.29x10° 700 1.60 154.0

o (-) 0.18 1000 9.17x10°1 600 0.40 38.5

D (m?s™) 2x107 2500 2.29x10°14 440 0.16 15.4

u (Pas) 103 10000 9.17x 101 300 0.04 3.9

Cmax (Mole m™) 1033

< +po = ApmaxL + Po (5)

Cmax max

Psol = (pmax - pO)

B. Initial and Boundary Conditions

The governing equations are closed with appropriate initial and boundary conditions, as de-

picted in Figure 2. At time ¢ = O the bulk consists of pure brine and the fluid is motionless

c=0, u=0. (6)

A no-flow boundary condition is imposed at each boundary

—n- (psolu) =0. (7)

A no-flux boundary condition is also applied to lateral and bottom boundaries

—n-(—¢DVc+uc) =0. (8)

At the top boundary (z = 0), a constant concentration is defined (¢ = cmax), meaning that solute

enters in the domain by diffusion.



C. Numerical Scheme and Solution Procedure

The numerical simulations were performed using the finite element method in COMSOL
Multiphysics® (version 5.3a). To this end, two physics interfaces have been used concomitantly,
namely “Porous Media and Subsurface Flow” (from “Fluid Flow” interface) and “Transport of
Diluted Species in Porous Media” (from “Chemical Species Transport” interface). The numerical
method of the time-dependent solver is the implicit BDF solver that uses backward differentiation
formulas with a variable order of accuracy between 2 and 1. Similar to previous studies [36, 39],
we exploited the propagation of numerical noise to seed a density instability in the diffusive
boundary layer. A grid with triangular mesh elements was used in this study, with grid element
size that increases gradually along the z-direction towards the centre of the domain. The grid
spacing at the top boundary is chosen to be much smaller than the critical wavelength A for all Ra
(see Table I and SI Table S1). The simulations are solved with an adaptive time-stepping scheme
and the time step is not fixed from the user but controlled by the physics. The simulations were
conducted between 30 min and 24 h (depending on the Rayleigh number) and stopped when the
dissolution flux has dropped sufficiently low in the shutdown regime. The machine used was a
Microsoft Windows Server with Intel® Xeon® processors (28 cores and 56 local processors). A
grid sensitivity study was performed on the dissolution flux and results were found to be largely
independent of the applied mesh (for grid details, see SI Text S3 and Table S1). Additionally, the

dissolution flux results were validated against results from the literature (see Section IV).

III. CHARACTERIZATION OF THE DISSOLUTION AND MIXING PROCESS

As anticipated in Section I, a rigorous analysis of the mass transfer process in the two-
dimensional domain requires a distinction between the concepts of spreading and mixing [21].
While the former enhances concentration contrasts, the latter tends to homogenize (i.e., “dilute”)
the concentration field [22]. During solutal convection, these two mechanisms are necessarily
coupled, because the advective process that drives spreading can only exist if mixing occurs. This
is in contrast with a situation, where e.g. advection is driven by an external pressure gradient.
The independent quantification of spreading and mixing during solutal convection can shed light
on the natural interplay between these two processes. To this end, we define in the following the

concepts of spreading length and dilution index, in addition to other fundamental measures of
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mixing, such as the intensity of segregation, and the commonly adopted dissolution flux.

A. Dissolution Flux

In two-dimensional form, the dissolution flux, F(7), is expressed as moles of solute that dissolve

into the ambient fluid per unit time and unit area of the open interface:

Fy=—2 | etxnrany. ©)

where A, = A ¢ and W are the void space and width of the domain, respectively,  is the time. We
follow the approach described in Slim [15] and Emami-Meybodi et al. [13] to scale the dissolution
flux by % ¢max, where Z = ¢D/.Z is a characteristic diffusive velocity scale. Using £ = H as
the characteristic length scale yields:

H
" D

with dimensionless time, T = Dt /H?. Further scaling of J(7) by Ra removes any dependence

J(1)

F(1) (10)

of the dissolution flux on diffusivity:

P
J(T) B kApmaxngmaxF<t) (1)

with dimensionless time T = Ra*T.

B. Iso-Contour Line

The extent of interfacial area that is generated during the mixing of two fluids can be used
to quantify the degree of mixing [42]. As shown qualitatively in Figure 3 for the case of two-
dimensional solutal convection, we have chosen to define the mixing interface as the iso-contour
line of the concentration ¢/cmax = 0.1 (Figure 3a). The length of this iso-contour line, L, is
computed as a function of time and compared to its counterpart for pure diffusion, Lgig = W

(Figure 3b).

C. Intensity of Segregation

Originally proposed by Danckwerts [43], the intensity of segregation, I, uses the spatial vari-

ation of the concentration to quantify mixing and is nowadays widely used in the analysis of
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FIG. 3. Qualitative comparison of the concentration iso-contour line L (¢/cmax = 0.1, green colour) com-
puted for a mixing process driven by a) solutal convection and b) pure diffusion (Ra < Ra.). The images
are sections near the top boundary from the simulation results of a) Ra = 10000 and b) a simulation without

gravity term in Darcy’s law.

industrial processes [44]. We adopt here the formulation given by Le Borgne et al. [24]:

C lelat)) — {e(x,1)?
) = ) (e — ((x0))) (12

where the angled brackets denote the average in space. Therefore, I € [0, 1], with 0 and 1 refer-
ring to a state characterized by complete mixing and segregation, respectively. We note that the
numerator in Eq. 12 represents the concentration variance and has been previously used by others

to quantify the macroscopic evolution of convective mixing [26, 27].

D. Spreading Length

The spreading length, o, is used to quantify the spatial extent of the solute plume by computing
the average length of the concentration field in the mean direction of flow [26]. We adopt here a

formulation similar to the one by Jiménez-Martinez et al. [45]:

W Ly

62(1‘) - Mo (1)

H
/O (2— zeom(1))26(2,1)dz (13)

where L is the system depth (in the two-dimensional case it is Ly = 1 m to be consistent with
units), My (f) represents the total amount of solute, z is the vertical coordinate, zcom(?) is the
vertical position of the centre of mass and ¢(z,7) is the transverse-averaged concentration at each
vertical position z. We note that 6> — H? /12 as time approaches infinity and the system reaches

uniform concentration, i.e. ¢ = My /(HW Ls) and zeom = H /2.
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E. Dilution Index

The degree of mixing is quantified by means of the dilution index, which is an entropy-based

measure introduced by Kitanidis [21]:

E(t) =exp [—/Ap(x,t) Inp(x,1)dA (14)
o ce(xt)
p(x,1) = Toc(x,1)dA (15)

where p(x,t) is thus a normalised concentration, E € [0, Enax] and Enax = HW Lg (with Ly = 1 m)
represents the theoretically maximum value of E. We note that the dilution index differs from the
intensity of segregation, because it accounts for the expansion of the solute plume (in addition to

quantifying the degree of concentration homogeneity as in /).

F. Numerical Evaluation of Mixing Measures

All metrics, with the exception of the spreading length, were calculated numerically in the
post-processing tool of the software. The 2D contour data for the iso-contour lines was evalu-
ated and summarized using line integration. In the implementation of E, concentrations of zero
or with slightly negative values are replaced with a very small number (¢ = 1x1071% mole m™)
to avoid undefined contributions to Eq. 14. To compute the spreading length, the concentration
values were first mapped on a structured mesh with quadrilateral elements and exported from
COMSOL Multiphysics® into the MATLAB® environment (version R2020b). Additional to the
convective results, data for all metrics obtained from the numerical solution of a purely diffusive

one-dimensional problem in a homogeneous porous system is included in the analysis.

IV. DISSOLUTION FLUX AND VALIDATION

We present first our results in terms of the dissolution flux as a means of validation against
previous studies. To this end, we consider the work by Slim [15], who reports a comprehensive
set of numerical simulations for Ra = 100 — 50000. The difference between our (finite elements)
and their numerical scheme (spectral method) provides further support to the comparison. In Fig-
ure 4, the dimensionless dissolution flux, f, is plotted as a function of the dimensionless time,

7, for simulations conducted at Ra = 100, 250, 1000, 2500, 10000. The curves obtained in this
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FIG. 4. Dimensionless dissolution flux J as a function of the dimensionless time 7. Elements of comparison
against the results by Slim [15] are shown by the horizontal and vertical lines, including the onset time
(Tstim, vertical solid line), flux of the first and second maximum (JAsnm, horizontal solid lines), value of the
constant flux regime (f = 0.017, horizontal dash-dotted line), end of the constant flux regime (?peel = 16Ra,

vertical dotted lines).

study reproduce by and large those reported in the benchmark study (Figure 9 in Slim [15]). Each
simulation undergoes an initial “incubation” period, where the dissolution process is dominated
by molecular diffusion across the interface. Irrespective of Ra, the dissolution flux closely follows
the pure diffusion case (dashed line, details provided in Section III F) and decays proportionally to
7703, We define the onset time of convection as the point when J reaches a minimum and starts
to grow. Our estimates of the onset time of convection appear at later times than the single value
reported in Slim [15] (vertical solid line), where random concentrations were used to initially per-
turb the domain. Although the onset time of convection shows a sensitivity towards the origin and
structure of perturbations and can vary by one order of magnitude [13], the long-term behaviour
of the solute mixing is largely unaffected by discrepancies in the onset time [17].

As convection ensues, the flux starts growing significantly. With the exception of the simulation

carried out at Ra = 100, all curves outline a similar pattern, characterized by two distinct maxima
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located around T =4 x 10 and T = 1 x 10%, respectively. The values of the flux at these locations
compare well with those obtained in Slim [15] and are denoted by the solid horizontal lines in
Figure 4 (average relative difference of 7 % and 2 % for the first and second maximum, respec-
tively). While for Ra < 1000 the system comes to a standstill after the first or second maximum,
a period of constant flux is observed for Ra > 2500, in which the flux oscillates around a constant
value (f = 0.018 for Ra = 10000 and J = 0.017 for Ra = 2500). These values agree well with
J=0.017 reported in [15] (horizontal dot-dashed line) and with the observation that for high Ra
the constant dissolution flux should be independent of Ra [16]. According to Slim [15], the start
of the shutdown period (the “peel-off time”) is expected to be %\peel = 16Ra (vertical dotted lines),

which agrees well with our observations on the time when the flux starts to reduce significantly.

V. RESULTS

As an example of general validity, Figure 5a-d show snapshots of the concentration field at four
distinct times (T = 1.97 x 10%, 3.82 x 10°, 4.56 x 10*, 8.87 x 10*) for the simulation conducted
at Ra = 10000. We observe the pattern reported in previous studies, where the system evolves
from the formation of many small fingers (panel b, with approx. 60 fingers of 5 m width each)
to a situation dominated by fewer separated fingers (approx. 6) that extend over the whole length
of the domain (panel d). The reason for this behaviour lies in the merging with neighbouring
fingers owing to transverse mixing. To better understand the characteristic stretching of individual
fingers, we look at the characteristic fluid velocity field that is generated around an individual
lobe, as represented in Figure Se-h. We follow the path lines of 24 massless particles released
in the flow field (panel e) at distinct initial distances from the top boundary. The red-coloured
particles, initially located right underneath the diffusive boundary, are pulled in by the flow in
the neck of the solute plume. They are accelerated to higher velocities towards the core of the
plume (panel f), eventually reaching its head (panels g, h). The black particles outline a similar
pattern, albeit following the outer edge of the solute plume. On the contrary, particles that are
initially located below the solute plume (yellow and green) are swept around (panel f) and carried
away from solute-free fluid that experiences negative buoyancy (panels g, h). The macroscopic
result of this complex dynamic behaviour is that the lobe-shaped finger first elongates vertically
(panels f, g) and subsequently stretches (panel h). This advective process generates a solute plume

of non-uniform concentration, whereby its neck and tip feature higher solute concentration than
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FIG. 5. Snapshots of the concentration distribution during solutal convection at Ra = 10000. Panels a-d
provide a view over a width of 300 m at four distinct times, namely T = 1.97 x 103, 3.82 x 103, 4.56 x 10*,
8.87 x 10*. Panels e-h focus on a single solute plume near the top boundary layer at T = 5.95 x 10°,
6.70 x 103, 7.37 x 103, 8.55 x 103, respectively (times are between onset time and time of maximum flux).
In panel e the black arrows indicate the Darcy’s velocity field, whereas the trajectories of 24 massless
particles are followed in panels f-h (particles are colour-coded to represent increasing distance from the

upper boundary, as shown in panel e).

its base. The plume is also surrounded by a low concentration shell that is stripped away but
continuously rebuilt through molecular diffusion. The latter is unable to suppress concentration
contrasts between fingers and solute-free fluid over the time scale of advection. This leads to a
situation where the elongation-stretching behaviour of the plumes promoted by the differences in

fluid density might slow down with time but is not completely held up.
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A. Iso-Contour Line and Intensity of Segregation

The characteristic growth of the lobe-shaped structures during convective mixing is quantified
in Figure 6a in terms of the evolution of the iso-contour line at each Ra. In the plot, the length of
the iso-contour line, L, is normalised by its value during pure diffusion, Lgis (corresponding to the
width of the domain, W). As expected and irrespective of Ra, L/Lg = 1 before the convective
process ensues (time indicated by the colour-coded vertical dotted lines). Soon after that and for
Ra > 100, the iso-contour lines grow markedly at a rate L /L o< Tl>, Notably, in each case the
growth is interrupted temporarily at L/Lgi¢ ~ 2, corresponding to the point where the dissolution
flux reduces after the first maximum, as observed in Figure 4. This “stagnation” is representative
of the lateral spreading and the resulting merging of neighbouring fingers, as opposed to significant
longitudinal movement. The fact that similar values of L/Lg;s are reached, further implies that at
high Ra the fingers have traversed a shorter distance compared to those at lower values of Ra. As
the dissolution flux increases towards the second maximum (see Figure 4), the iso-contour lines
resume their growth as a result of the stretching of the larger fingers, following again the power law
behaviour L/Lgig; o< T!. In this regime, small fingers that originate at the top of the domain play
only a subordinate role towards the growth of L/Lg;r, because they are quickly swept into existing
larger ones [15]. A second slowdown in the growth of L/Lgi is observed by the time the system
reaches the constant flux regime (Ra = 2500 and Ra = 10000, time indicated by the filled arrows,
colour-coded). L/Lgig continues to grow, albeit in a fluctuating manner, as a result of plumes that
decelerate, but regain in speed when new plumes merge into them [15]. Once the large plumes
hit the bottom boundary of the domain, the system saturates with solute and the iso-contour lines
reduces to zero. We note that for Ra = 100, L/Lggs ~ 1 over the whole duration of the simulation,
despite plume-like structures are formed (see also SI Figure S3). However, these are much larger
and billow through the domain, in contrast to the structures observed at high values of Ra, which
are narrower and well defined (see also SI Figure S2). A key difference is that at Ra = 100 the
plumes are formed at very late times, when the domain already starts to fully saturate with the

solute.

We show in Figure 6b the evolution of the intensity of segregation, plotted here as 1 —1I to facili-
tate the comparison against L/Lg;sr. The similarity between the two plots is striking and the growth
of 1 —1 closely follows the behaviour described above. We note that the humps (after the first lo-

cal dissolution flux maxima, Ra = 1000,2500, 10000) in the two sets of curves precisely match.
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FIG. 6. (a) Iso-contour line L/Lgs and (b) modified intensity of segregation 1 — I as a function of the
dimensionless time 7. The time for the onset of convection is marked by the vertical dotted lines and the
start of the constant flux regime for Ra =2 500 and Ra = 10000 by the filled arrows (all colour-coded). Since
the initial concentration distribution is not strongly bimodal, the modified intensity of segregation starts with

approximately 1 — I = 0.4 — 0.45 and stays in that range during the diffusive regime while L/Lgigr = 1.

These humps mark the start of vigorous merging of the fingers with neighbouring fingers. The
resulting drop in the iso-contour lines is an indication that this merging reduces temporarily the ef-
fectiveness of diffusive mass transport in the transverse direction. Additionally, high-concentrated
solute continues to enter from the top boundary (see SI Figure S2), which increases the overall
segregation (and reduces 1 — 7). Upon generation of new small plumes at the top boundary, the
overall solute segregation sinks and the increases in 1 — 7 resumes. Further, both mixing mea-
sures indicate a reduced growth in the constant flux regime, as compared to the early times. This
demonstrates that the intensity of segregation is very sensitive to the mixing patterns that form
during convection and to their temporal evolution. This unique sensitivity is also reflected in the
behaviour at Ra = 100, where we do now observe a slight, yet measurable deviation from the dif-
fusion case (black dashed curve), confirming a slight degree of convective overturn in the domain
(see also SI Figure S3). During the shutdown regime, we observe a reduction in 1 — 7 when the

1so-contour suddenly drops due to a pooling of the solute in the lower part of the system. However,
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it continues to grow towards unity, reflecting the slow approach to uniform concentration.

B. Spreading Length and Dilution Index

The temporal evolution of the spreading length, o (normalised by the domain height, H) and
of the dilution index, E (normalised by the domain volume, En,x = HW L) are plotted as a func-
tion of the dimensionless time, 7, in Figure 7a and b, respectively. Again, results are shown for
simulations carried out for Ra = 100 — 10000. The two plots are remarkably similar, whereby the
temporal evolution of 6/H (or E/Enax) for Ra > 250 can be described by a power law (o< %)
with the order of scaling changing in the sequence: & = 0.5, & > 1 and o = 0. For Ra = 100, the
behaviour of both mixing measures retraces the curve associated with pure diffusion (dashed line,
o = 0.5 followed by a smooth transition to a = 0). Irrespective of Ra, 6 /H reaches a final value
of 0.3~ 1/ V12 (in agreement with the theoretical limits discussed in Section III) as soon as the
first finger hits the bottom boundary. On the contrary, the dilution of the solute in the system still

continues and E /Ep,x converges slowly towards a value of unity.
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FIG. 7. (a) Spreading length o normalized by the height H and (b) dilution index E normalised by the
domain’s volume Ep,x = WHL; plotted as function of the dimensionless time 7. The start of the constant
flux regime for Ra = 2500 and Ra = 10000 is marked by the filled arrows (colour-coded).

Anomalous diffusion [46] is referred to as a transport process with a root mean square dis-
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placement, \/W , that deviates from the power law scaling \/@ o 03 By analogy, we can
interpret the two initial growth regimes outlined by the spreading length in Figure 7a as diffusive
(t93) and super-diffusive (7 1.5) There is a clear transition from one regime to the other, indicating
that the spreading length is very well suited to identify the time when convective mixing prevails
over diffusion. For Ra = 10000, an additional transition to ballistic transport (&x = 1) is observed,
which coincides with the onset of the constant flux regime (start time indicated by the filled arrow
in the plot), where merging dominates over longitudinal migration. It is worth pointing out that the
exact same regimes (diffusive, super-diffusive and, for Ra = 10000, ballistic) appear at the same
times in the curves computed for the dilution index in Figure 7b. This demonstrates that spreading
and mixing during solutal convection are uniquely bound and their evolution is dictated by the
longitudinal finger-induced stretching to a very similar rate. In other words, for solutal convection
in a uniform domain, these two mixing measures provide equivalent, rather than complementary

information to the analysis of mass transfer.

VI. DISCUSSION

Potential CO, storage reservoirs are characterized by a number of dimensional and petrophys-
ical parameters, which are lumped into the Rayleigh number for the purposes of dimensional
analysis. Previous studies have shown that the latter is a useful parameter to develop correlations
in terms of achievable dissolution rates for a given CO, trap. However, as anticipated in Section I,
traps with low Ra (< 1000) are very likely and caution should be used when using Ra-scaling
relationships that assume the attainment of a constant dissolution flux regime. We have shown in
Section V that measures other than the dissolution flux can be used to characterize the temporal
evolution of the dissolution process. In particular, the spreading length and the dilution index both
show a well-behaved pattern, demonstrating a clear transition from diffusive (i.e., a “worst-case
scenario”) to super-diffusive mass transfer, where convection significantly accelerates the mixing
process. A practical result is that this transition can be unequivocally identified from the graph-
ical representation of E(7)/Emax (or o(7)/H) by the intersection of the two scaling regimes —
see Figure 7. We plot in Figure 8 the onset time of the super-diffusive regime obtained by this
approach as a function of Ra alongside estimates of the onset time of convection extracted from
the evolution of the dissolution flux (see Section IV). The three data sets consistently indicate

that 7o, = nRa 2 (n is a constant). The pre-factor varies from n ~ 2000 (calculated based on the
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minimum dissolution flux and in agreement with previous studies [17, 36, 47]) to n ~ 3200 when
E(7)/Emax or 6(t)/H are used. We conclude that for Ra > 250 the transition from diffusive to
super-diffusive mixing behaviour happens after the dissolution flux starts to grow. In practical
terms, for a trap with Ra = 1000 (and the reservoir properties given in Table I), the onset time
of convection is expected at approximately 5000 years while the onset time of the super-diffusive
regime of E(7)/Emax (or 6(7)/H) appears after approximately 8000 years. We proceed in the
following with the derivation of Ra-scaling relations for the dissolution flux and the dilution index

obtained from the numerical simulations and apply them to a practical example.
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FIG. 8. Dimensionless onset time of convection, T,,, as a function of Ra, defined as the time at which
J departs from the diffusive curve and reaches its minimum (black coded) and as the time E(7)/Emax (or
o(7)/H) transitions from the diffusive to the super-diffusive scaling in Figure 7 (red and blue coded). The
solid lines are power law functions fitted to the three data sets (all R* > 0.99) and apply for the investigated
Rayleigh numbers range between Ra = 100 — 10000 (black) and Ra =250 — 10000 (red, blue). The dashed
vertical lines marks the Rayleigh number Ra = 55 below which convective enhancement in the mass transfer

is not to expect.
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A. Sherwood Number Scaling

Studies that use the dissolution flux to quantify the degree of mixing during solutal convec-
tion often present the data in dimensionless form by using the Sherwood number, Sh. The latter

represents the ratio of the convective mass transfer to the rate of diffusive mass transport:

J
Sh = .
Jaitr

(16)

Because Sh is time-dependent (see SI Figure S4), the identification of a correlation with Ra is not
straightforward. We use here the maximum value of the Sherwood number, Shn,x, of each data
set and plot it in Figure 9 as a function of Ra. The simulation data outline two distinct correlations
(solid and dashed lines in the plot). For Ra > 2500, a power law scaling (Sh = nRa%) is obtained
with coefficients n = 0.023 and o = 0.69 and a coefficient of determination, R2 = 0.97. In the
literature, a power law scaling for the Sherwood number at high Ra is reported, albeit the order of
scaling, o, varies among the studies. In particular, some authors report a linear scaling (o = 1,
including simulations, e.g., Slim [15] and Hidalgo et al. [16], and experiments, e.g., Liyanage et
al. [48]), while others observe sub-linear scaling (¢ < 1, including simulations, e.g., Farajzadeh
et al. [49] and Neufeld er al. [50], and experiments, e.g., Backhaus et al. [51] and Tsai et al.
[52]). Previous studies have convincingly shown that the use of fluid pairs with non-monotonic
density-concentration curves leads to nonlinear scaling [16, 53] of the dissolution flux with Ra.
We agree with this conclusion, but add that the use of different approaches to determine the flux
(and, thus a representative value of Sh) may also be at the origin of this apparent discrepancy in
the order of scaling. Nevertheless, our simulations cover only a narrow range of “high” Ra and do
not necessarily rule out the appearance of the linear scaling, Sh o< Ra, as indicated in Figure 9 by
forcing a linear fit to the data (dashed-dotted line)

Our main focus is on the results obtained at Ra < 2500, since the majority of saline aquifers
worldwide are found in this range and no scaling has previously been reported in the context of
GCS, to the best of the authors’ knowledge. We show here that the data fits to a natural logarithmic
function of the form Sh = alnx + b with a = 0.994 and b = —2.783 (R? = 0.93). The observed
values are thus substantially larger than those that would be predicted by extrapolating the power
law behaviour discussed above to low Ra. The interesting observation is that the logarithmic
behaviour outlined by our simulations at Ra < 2500 followed by a power law scaling can also be
recognised in results reported for the convective mixing process driven by thermal effects in the

equivalent Ra regime and quantified in terms of the Nusselt number, Nu [54, 55]. The quantitative
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FIG. 9. Shnax as function of Ra, with the addition of Ra. = 55 at Shy,x = 1. An additional simulation
was performed at Ra = 5500 to support the derivation of a Sherwood number scaling in that range. The
solid line is a natural logarithmic function fitted to data obtained at Ra < 2500, while the dashed and the

dashed-dotted lines are power law functions that describe the data obtained at Ra > 2500.

agreement between our values and those reported in these studies further indicates that the heat

and mass transfer analogy is fulfilled.

B. Scaling of the Mixing Measures

In the following, we derive Ra-scaling relations for the dilution index presented in Section V B.
To this end, we consider the situation of close-to-complete mixing (E = 0.9 Epax) and compute the
ratio of the times needed to reach this state through diffusive and convective mixing, Tgif/ Tcony-
The obtained result is shown in Figure 10. The data is best fitted with a power law with the order
of scaling near one (R?> > 0.99), implying that the time needed to achieve nearly complete mixing

reduces proportionally to the increase of Ra. In particular, the following relation is found:

T .
diff = 0.015Ra"%° (17)
Teonv | E=0.9Emax
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Two additional cases are considered in Figure 10, namely E = 0.5E,x and E = 0.1Ey:

T .

diff — 0.006Ra"° (18a)
Tconv E=0.5Emax

T .

diff — 0.001Ra". (18b)
Teonv | E=0.1Emax

Again, a linear scaling with Ra is found, indicating that the analysis of the mixing time based on
the dilution index resembles the one of a purely diffusive Fickian system. A greater diffusion co-
efficient leads to a faster expansion of the mixing zone and the mixing time scales proportionally
with the process-dependent variable (i.e., the diffusion coefficient). Here, the same concept ap-
plies when considering Tgiff/ Teony VS. Ra. Remarkably, while diffusion appears macroscopically as
well-behaved, with the concentration at each point changing monotonically with time, the pattern
of convective mixing is largely chaotic and subject to various time-dependent regimes. Neverthe-
less, the same process can be parameterised in terms of useful macroscopic variables, such as the
dilution index and the Rayleigh number, which can thus be used for upscaling purposes.
Difficulties arise in the evaluation of the lifetime of sequestration projects that are injecting
or planning to inject CO; in reservoirs. Only limited techniques are available for the assessment
of the long-term potential of solubility trapping [9]. The present results are based on a two-
dimensional model and many assumptions. However, the application of the derived scaling laws
can provide estimates of the onset time of convection and the time scale for achieving substantial
mixing in the aquifer — parameters that can guide the selection of suitable sites for GCS [36].
As practical example, we apply the derived scaling laws to two existing reservoirs and assume
homogenous porous formations. We choose one site with a low Rayleigh number (Ra = 364)
from the Alberta Basin in Canada [56] and a site with a higher Rayleigh number (Ra = 6223)
from the Black Warrior River aquifer in the USA [20]. Relevant parameters and references are
given in Table II and the caption. Since for both Ra > 55, it is to expect that convection will
eventually overcome diffusion and govern the dissolution process. Based on the scaling reported
in this study, it is estimated that the transition from a diffusion- to a convection-dominated mass
transfer process will take place after ~9 years and ~30 years for the Alberta Basin and the Black
Warrior River aquifer, respectively. Results also show that the dissolution flux will never be larger
than ~ 3 — 10 times the flux observed in a scenario where mass transfer is due to diffusion only.
The distribution of CO, in the aquifer is accelerated to a higher extent for the Black Warrior
reservoir due to a higher Rayleigh number, with the CO;-rich plume occupying approximately

50 % of the available aquifer volume after 800 years, as compared to the 30000 years needed
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TABLE II. Parameters for two potential storage sites [18, 20, 56]. The Rayleigh number of the Black

Warrier River site was calculated with the diffusion coefficient that was estimated with Cadogan et al. [57].

Parameters Alberta Basin site Black Warrior River site
H (m) 10 200
D (m?sT) 5x107 2x107
Ra (-) 364 6223

for the purely diffusive scenario. For the reservoir in the Alberta Basin, these numbers are much
lower (due to the low aquifer height) and are estimated to be 14 and 30 years, respectively. In
other words, a normalised dilution index of E/Ep,x = 0.5 is reached in ~1/40 (Black Warrior
aquifer) and half of the time (Alberta Basin) needed if only diffusion would contribute to the mass
transfer. Further, results demonstrate that after ~20 years for the Alberta Basin and ~1 500 years
for the Black Warrior River reservoir, CO, has dissolved in 90 % of the pores (E/Emax = 0.9).
This additionally exemplifies the need, especially for reservoirs with large net aquifer thickness

and slow convection, of a safe and leak-free storage of CO; in the underground.
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FIG. 10. Ra-scaling of the dilution index. Symbols refer to the ratio of the times needed to reach a given
state of mixing (E = x Epax with x = 0.9, 0.5, 0.1) through diffusion and convection, Tgiff/ Teony. The solid

lines are power law functions fitted to the data (equations given in the manuscript text).
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VII. CONCLUDING REMARKS

Numerical simulations are performed to quantify systematically the mixing dynamics during
density-driven solutal convection in homogeneous porous media with application to CO; storage.
A two-dimensional formulation is applied, and the Rayleigh number is varied between Ra = 100
and Ra = 10000. We examine the dissolution process by analysing macroscopic measures of
mixing, including iso-contour lines, the intensity of segregation, the spreading length, the dilution
index and the dissolution flux. Results of the latter are successfully validated against data from a

benchmark study [15].

We show that the generation of lobe-shaped fingers drives the mixing process: their elongation
and stretching produce a largely non-uniform distribution of solute within the dissolved plume,
which in turns intensifies horizontal diffusive mass transfer. The intensity of segregation is very
sensitive to this mixing pattern since its temporal evolution closely resembles the one of the iso-
contour line. The temporal behaviour of the spreading length can be described by a power law
scaling (o< t%). The acceleration of the mixing process unveils a clear transition of the power
law exponent from diffusive (& = 0.5) to super-diffusive mixing (&« > 1). This transition time

scales o« Ra 2.

We find the same scaling exponents in the temporal evolution of the dilution
index and infer that spreading length and dilution index of solutal convection are analogous when
evaluated for a uniform domain. The Sherwood number is used to compare convective to diffusive
mass transport and reveals a distinct scaling behaviour for low (Ra < 2500) and high (Ra > 2500)
Rayleigh numbers. The former regime follows a logarithmic function that resembles the behaviour
observed in the classical thermal convection problem for the corresponding regime in terms of the
Nusselt number. We derive scaling relationships for the dilution index as a function of Ra and
observe that the time needed to achieve nearly complete mixing reduces proportionally to the

increase of Ra. We apply the scalings to two representative geologic traps to obtain guideline

figures for the dissolution times over the lifetime of a GCS project.

The novel mixing relationships and Ra-scalings support studies on geochemical reactions be-
tween dissolved CO, and rock minerals in GCS applications. Knowledge of the spreading of CO»,
going beyond spatially averaged concentrations, is needed to understand the coupling of the geo-
chemical reactions and convective mixing and to accurately predict reaction rates [58]. Further,
the spreading of dissolved CO, will be affected by the presence of highly heterogeneous domains

[59-61]. Studies investigating the dissolution process in systems characterized by distinct degrees
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of heterogeneity and anisotropy will benefit from the comparison with results obtained for the

homogeneous and isotropic porous medium investigated in the present work.

SUPPLEMENTARY MATERIAL

See supplementary material for additional simulation results as well as additional information
on the numerical approach and simulations, including (Text S1, Figure S1) the adopted mixture
density-concentration correlation; (Text S2) modelling assumptions; (Text S3, Table S1) mesh
independence study; (Figure S2; Figure S3) snapshots of concentration distribution; (Figure S4)

Sherwood number plot; (Table S2) details of the reservoir sites used for Figure 1.
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