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ABSTRACT

Storage of carbon dioxide (CO2 ) in saline aquifers is a promising tool to stabilize the anthropogenic CO2 emissions. At the reservoir conditions, injected CO2 is buoyant with respect to the ambient fluid (brine) and spreads as a current laterally and toward the top cap rock of
the aquifer, with the potential risk of a leakage into the upper aquifer layers. However, CO2 is partially soluble in brine and the resulting
mixture (CO2 + brine) is denser than both starting fluids. This heavy mixture makes the configuration unstable, producing a convective flow
that enhances the dissolution of CO2 . Motivated by this geophysical problem, we analyze the influence of the porous medium properties on
the evolution of a buoyant current that is weakly soluble with the ambient fluid. A time-dependent large-scale model [C. W. MacMinn et al.,
“Spreading and convective dissolution of carbon dioxide in vertically confined, horizontal aquifers,” Water Resour. Res. 48, W11516 (2012)]
is used to analyze the evolution of the flow. In this work, we include additional physical effects to this model, and we investigate the role of
horizontal confinement, anisotropy, and dispersion of the porous layer in the dynamics of the fluid injected. The effect of anisotropy and
dispersion is accounted by changing the dissolution rate of CO2 in brine, which is obtained from experiments and Darcy simulations and
represents a parameter for the model. Our results reveal that while the confinement has a remarkable effect on the long-term dynamics, i.e.,
on the lifetime of the current, anisotropic permeability and dispersion of the medium influence mainly the short-term behavior of the flow.
Finally, we outline possible implications for the CO2 sequestration process.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0031632

I. INTRODUCTION
The global energy consumption has roughly doubled since
1970,1 and most of the energy currently produced comes from the
combustion of fossil fuels. As a result, the emissions of carbon
dioxide (CO2 ) increased dramatically in the last decades, with a
consequent rise in the average temperature of the atmosphere. One
possible solution to this global problem is represented by the carbon
capture and storage (CCS) process. CCS consists of three phases: carbon dioxide produced from localized sources (e.g., power or industrial plants) is captured, pressurized to reach a liquid state, and
finally injected in underground geological formations.2,3 It is estimated that CCS can operate at least 100 years to stabilize the CO2
emissions as a unique storage technology.4 However, the process of
CO2 storage is made complex by the interaction of CO2 with the
ambient fluid and rocks, and it is currently subject of active investigations.5 In this work, we analyze the influence of the reservoir
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properties on the evolution of the CO2 current. We used an existing
large-scale model6,7 to study the dynamics of CO2 after injection,
and we include additional physical effects to investigate the role of
horizontal confinement, anisotropy, and dispersion of the porous
layer in the dynamics of the fluid injected.
We consider the process of carbon sequestration in saline
aquifers, i.e., geological formations located 1–3 km beneath the earth
surface.8 The formation, sketched in Fig. 1, consists of a porous
region bounded by two horizontal low-permeability layers. The horizontal extension of the formation (order of kilometers) is usually
much larger than the distance between the impermeable layers (tens
of meters). This configuration is typical of a layered site, e.g., the
Sleipner Formation in the North Sea.9 The aquifer, consisting of
rock grains of different size (porous matrix), is initially saturated
with ambient fluid [brine, yellow layer in Fig. 1(a)], i.e., highly
salted water. When liquid-like CO2 [black fluid in Fig. 1(a), density ≈ 500 kg/m3 ] is injected in the aquifer, it is lighter than brine
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(density ≈ 1000 kg/m3 ), and therefore, it migrates to occupy the
upper portion of the porous layer. This effect is particularly undesired because in case of fractures of the top impermeable layer, CO2
may eventually return to the atmosphere. On the other hand, during
the process of migration from the injection point to the upper portion of the layer, CO2 and brine interact along the interface between
the two fluids and a mixture of CO2 and brine forms [CO2 + brine,
red fluid in Fig. 1(a), density ≈ 1030 kg/m3 ]. This fluid, which is
heavier than both CO2 and brine, deposits at the bottom of the
formation, making CO2 stable and safely stored. This mechanism,
defined as solubility trapping, prevents CO2 from leaking in case
of fractures in the impermeable upper layer. The scenario described
above is far from the assumptions behind the classical model of gravity current (immiscible fluids, absence of dispersion, and unconfined
domain). This system should be considered as a current of buoyant
fluid (CO2 ) partially soluble in the ambient fluid (brine). Moreover,
the current of the denser mixture (CO2 + brine) that forms sinks, stabilizing the fluid to trap, but also interacts with the buoyant current,
reducing the dissolution of the buoyant fluid.
Recent works6,7 investigated the post-injection evolution of carbon dioxide currents, trying to predict the time taken to dissolve
the amount of CO2 injected in brine, i.e., evaluating the efficiency
of the solubility trapping mechanism. We will use the models developed in these works and include additional physics to investigate the
effects of the porous media properties on the evolution of the currents. The fluid mechanics of the mixing process can be split in three
parts according to the scale of the flow structures involved, consisting of (i) large scale, (ii) Darcy scale, and (iii) pore scale. Each scale
presents different flow dynamics, with different characteristic length
and time scales, but all scales are closely connected to each other. The
large-scale dynamics [Fig. 1(a)] is controlled by convection since the
dominant driving force consists of the buoyancy induced by the density contrast between CO2 and brine. At the interface between the
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currents of CO2 and brine [Darcy scale, Fig. 1(b)], in turn, the process is controlled by diffusion and mixing. CO2 dissolves in brine,
and a layer of CO2 -rich mixture forms at the interface between the
two fluids. When this layer is sufficiently thick, it becomes unstable
and finger-like structures form10 and control the subsequent evolution of the interfacial flow, ruling also the mixing of CO2 in brine.
The presence of these convective structures promotes the mixing
of the two fluids, but the dissolution process may also be locally
inhibited where the domain is saturated with CO2 . The dissolution
dynamics influences the large-scale flow due to the change in the
volume of the CO2 layer and because of the interaction of the CO2
current with the current of CO2 + brine. Finally, at the pore-scale
[Fig. 1(c)], the fluid flows through the rock grains following sinuous
paths. If, as in this case, a solute (CO2 ) is transported by the fluid, the
tortuous fluid trajectory will produce additional spreading of solute.
This mechanism, labeled dispersion, influences directly the dissolution dynamics of the flow at the Darcy scale and therefore also the
dynamics at the larger scales. The behavior of this multiscale mixing process is hard to study, also due to the large computational cost
required to resolve all the scales of the flow. Therefore, the problem is tackled separately at different levels to account for the effects
of buoyancy (large-scale), dissolution (Darcy scale), and dispersion
(pore-scale).
In this work, we consider the trapping mechanism of CO2
induced by convective mixing and we investigate the role of the
domain properties in the evolution of the flow. First, we will analyze
the effect of the domain size, in particular of the lateral confinement,
on the lifetime of the current. Indeed, geological formations cannot
be considered as horizontal unconfined layers due to the orientation and shape of the impermeable layers. Then, we will consider the
effect of anisotropy of the medium. Although the rock structure is
usually considered as an isotropic porous matrix, formations identified as possible sequestration sites may be of sedimentary origin,

FIG. 1. Evolution of a carbon dioxide current: post-injection scenario. (a) Large-scale dynamics. Interaction of the injected carbon dioxide (black) and brine (yellow). After
injection, carbon dioxide tends to spread and occupy the upper portion of the domain. (b) Darcy-scale dynamics. During the spreading process, dissolution of CO2 in brine
takes place and a mixture heavier than brine (red) forms. This dissolution mechanism makes the interface between the two fluids to be unstable, and finger-like structures
form. (c) Pore-scale dynamics. The reservoir is made of small grains of different size, which produce additional spreading of CO2 , eventually influencing the dissolution
mechanism.
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i.e., obtained as the deposition of subsequent layers.11,12 As a result
of this formation process, the properties of the porous matrix in the
horizontal and vertical direction may differ, which makes the formation behavior anisotropic. Finally, the effect of dispersion will be
analyzed: the presence of the rock grains produces a modification of
the local CO2 concentration gradients, and this effect will influence
the dissolution rate. We will use a large-scale model6,7 developed in
the context of isotropic and horizontally unconfined layers in the
absence of dispersion, and we will include additional physical effects
to investigate the role of the domain with the anisotropy and dispersion of the porous domain in the lifetime of a CO2 current. We
describe the evolution and dynamics of the currents in Sec. II. Problem formulation and governing equations are presented in Sec. III.
Finally, results and possible implications for carbon sequestration
are presented in Secs. IV and V, respectively.
II. DYNAMICS OF GRAVITY CURRENTS
We discuss here the process of mixing and dissolution at three
different flow scales, which are closely interconnected. The flow at
these scales, namely, large scale (Sec. II A), Darcy scale (Sec. II B),
and pore scale (Sec. II C), is controlled by buoyancy, solutal convection, and solute dispersion, respectively.
A. Large-scale dynamics and the effect of buoyancy
We consider a rectangular, porous domain confined by two
horizontal and impermeable layers. The system is represented in
Fig. 2. The domain is initially saturated with brine (yellow fluid), and
a volume of CO2 is injected (black fluid) in the center of the layer.
Due to symmetry, we only consider the right portion of the domain
[Fig. 2(a)]. The flow is initially driven by buoyancy, which is induced
by the large density contrast (≈ 500 kg/m3 ) between CO2 and brine.
This makes the CO2 to form a current that migrates to occupy the
upper portion of the layer [Fig. 2(b)].
The migration process is characterized by the dissolution of
CO2 at the interface between the layer of CO2 and pure brine, where
a heavier solution of CO2 + brine forms. The interface is therefore unstable, and small convective instabilities, labeled fingers, form
[Figs. 2(c)–2(e)]. Fingers promote the dissolution of CO2 in brine,
which is a highly desirable effect since it contributes to the permanent trapping of CO2 . The presence of these structures has two
main effects on the flow: the volume of the CO2 current diminishes
and a second current of heavy mixture (CO2 + brine, red fluid in
Fig. 2) forms. This CO2 + brine current, defined by the portion of
the domain characterized by the high concentration of CO2 [region
delimited by red lines in Figs. 2(c)–2(g)], also has a strong influence on the dissolution process: when the interfacial region between
the two currents is saturated with CO2 , dissolution is considerably
slowed down. This phenomenon, also labeled shutdown of convection,10,13,14 has been studied in detail via numerical simulations and
will be further discussed in Sec. II B.
The impact of domain saturation is remarkable, in particular on
the lifetime of the CO2 current.6 The dissolution rate will considerably reduce, and the mixing process may almost arrest. In this stage,
the current of CO2 will continue to spread and the dynamics will be
again mainly controlled by buoyancy. Finally, for sufficiently long
times, the volume of CO2 initially injected will completely dissolve
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FIG. 2. Process of carbon dioxide spreading and dissolution in geological formations. Time-dependent CO2 concentration distribution is shown. Time advances
from (a) to (h). Concentration fields obtained via numerical simulations (numerical
details are available in Refs.15 and 16). Boundaries of the CO2 + brine current
are also shown [red lines in (c)–(g)]. After contact of the two currents, dissolution
can only take place along the interface between CO2 and pure brine [blue lines in
(f) and (g)].

[Fig. 2(h)]. The time taken to achieve this condition is extremely
important since it can be used to quantify the efficiency of the trapping mechanism in the specific configuration of the reservoir considered. We wish to remark here that the domain width can influence
the evolution of both the CO2 and the CO2 + brine currents. Indeed,
when the current of a heavy mixture reaches the domain boundaries
(x∗ = L∗ ) and cannot grow further horizontally, it grows vertically
and the portion of the interface effective for dissolution [blue line in
Figs. 2(f)–2(g)] reduces further.
This system has been modeled by MacMinn et al.6 in the
instance of unconfined and isotropic geological formations, in the
absence of dispersion. They observed that the growth of the heavy
fluid current can considerably slow down this dissolution mechanism, reducing the efficiency of the solubility trapping. In this work,
we will use the same model to include additional physical effects, and
we will analyze the effect of porous medium properties on the evolution of the CO2 current. The dynamics at the interface of the two
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currents, where the dissolution takes place, is described in Sec. II B.
We will include the effect of domain anisotropy and solute dispersion modeling the solute dissolution rate at the interface of the
currents.
B. Darcy-scale and interfacial dynamics
One of the key parameters influencing the evolution of the twocurrent system is represented by the CO2 dissolution rate at the
interface of the CO2 and brine currents. As discussed above, dissolution is promoted by the action of finger-like structures, which
considerably increase the rate of mixing with respect to the case of a
flat interface.17 On the other hand, the non-linear dynamics of these
structures, which interact, split, and merge in a complex fashion,
makes predictions hard to obtain.18 The mixing process at the interface of the two currents is usually studied in rectangular domains
[Fig. 1(b)], where the concentration of the CO2 + brine mixture
is assumed constant along the top boundary, whereas the no-flux
boundary condition is applied along the bottom wall. This configuration has been analyzed in detail in a number of numerical10,13,19,20
and experimental works,18,19,21–24 and accurate scaling laws for the
dissolution rate of CO2 in brine have been derived for isotropic
and homogeneous,13,15 anisotropic14,25–27 and heterogeneous25,28,29
porous media. We refer to Ref. 30 for a comprehensive review on
the topic. In the following, we briefly recall the governing equations
and the main features of the dissolution dynamics.
The process of convective dissolution may be investigated at
an intermediate length scale, comprised between the characteristic
length scale of the domain (the domain height, H ∗ ) and the porescale (the average pore diameter, d∗ ). At this level, the flow in each
phase i is considered incompressible, and continuity applies,
∇ ⋅ u∗i = 0.

(1)

Moreover, momentum transport is controlled by the Darcy law, in
which the Darcy velocity of the phase (u∗i ) is proportional to the
local pressure (p∗ ) gradient, as follows:
u∗i =

1
K(−∇p∗i + ρi g),
μi

(2)

where μb is the viscosity of the phase considered, K is the
permeability tensor, ρi is the local fluid density, and g is acceleration due to gravity. We use here the symbol ∗ to refer to
dimensional variables. In this frame, the Oberbeck–Boussinesq
approximation applies.31 The solute concentration (C∗ ) is governed
by the advection–dispersion equation,
ϕ

∂C∗
+ u∗i ⋅ ∇C∗ = ϕ∇ ⋅ [D(u∗i ) ⋅ ∇C∗ ] ,
∂t ∗

(3)

where ϕ is the porosity and the dispersion tensor, D(u∗ ), accounts
for the effect of solute dispersion induced by the presence of the
obstacles (rock grains) of the porous matrix. Dispersion has remarkable effects on the onset32,33 and the subsequent development of
convection,34 as well as on the dissolution rate.24,35 However, to provide an expression for the dispersion tensor D(u∗ ), accurate porescale analyses of convective flows should be performed, which will
be discussed in Sec. II C.
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C. Pore-scale dynamics and the effect of dispersion
As the fluid flows through the porous matrix, the fluid particles
continually change direction due to the presence of the rock grains,
leading to a random-walk-type process in which individual particles
gradually spread and cause mixing of solute.36 This phenomenon,
defined as (mechanical) dispersion, may be interpreted as follows.
We consider a patch of dyed fluid spreading out as it moves in a uniform downward flow through a bead pack. The dye spreads over a
considerable region in the flow direction, and this effect, defined as
longitudinal dispersion, is measured via the longitudinal dispersivity coefficient, αl . The presence of the grains will also induce a lateral
spreading, i.e., in the direction perpendicular to the flow, which is
quantified by the transverse dispersivity coefficient, αt . The relative
importance of these two contributions is defined by the dispersivity
ratio, r = αl /αt , normally r ≫ 1 for geological applications, in which
longitudinal dispersion dominates. However, the presence of transverse dispersion produces a modification of the flow structure35 and
of the dissolution mechanisms,23 and therefore, it should be taken
into account to define the dissolution rate.
Dispersion has been identified23,24,37,38 as possible responsible
of the discrepancy in the numerical and experimental measurements
of the dissolution rate, and therefore, it represents a very active topic
of research. Since dispersion is due to nonuniformities of the flow at
the level of the grains, pore-scale simulations and experiments have
been used to investigate the phenomenon, in an attempt to derive
dispersion models to include in simulations at the Darcy scale. A
variety of approaches have been proposed to model the effect of
solute dispersion. Sardina et al.39 performed direct numerical simulations to investigate the flow through an array of spheres and developed a model to include the effect of dispersion as a drag term in the
Navier–Stokes equations. Experimental40 and numerical41 measurements in natural convection in porous media have shown that the
flow structure and the dissolution rate are determined by the ratio
of the thermal length scale (boundary layer thickness) to the porous
length scale (average grain size). In addition, Gasow et al.38 demonstrated, with the aid of pore-scale numerical simulations, that the
pore size should be used as the characteristic length when the dispersion term is modeled. The boundary layer thickness is set by the pore
size, and the porosity also has a strong influence on the dissolution
rate. The same conclusions are supported by the numerical work of
Liu et al.,42 where the pore size is still identified as an important factor to determine the dissolution rate. Feixiong, Kuznetsov, and Jin43
used pore-scale simulations to investigate the effect of momentum
dispersion. They proposed a model based on the effective fluid viscosity, and they have shown that this approach is valid for a wide
range of porosity values.
In this work, we include the effect of dispersion modeling the
dissolution rate at the Darcy scale. We adopted the model proposed
by Wen, Chang, and Hesse,35 which is based on both experimental observations24 and numerical simulations.35 Further details are
provided in Sec. III B.
III. METHODOLOGY
A. Derivation of the large-scale model
In this section, we present the system configuration and we
derive the large-scale model, which has already been used in
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previous studies in the instance of isotropic domains in absence
of dispersion.6,44,45 We consider a rectangular domain of extension 2L∗ and H ∗ in the horizontal (x∗ ) and vertical (z∗ ) directions,
respectively (the superscript ∗ is used here to refer to dimensional
variables). This two-dimensional configuration is motivated by the
injection scenario consisting of a linear array of wells. The system
is sketched in Fig. 3, and due to symmetry, only the right part of
the domain (x∗ ≥ 0) is considered. Initially, the domain is saturated
with brine [yellow fluid in Fig. 3(a), density ρw and viscosity μw ].
We assume that the system is homogeneous and characterized by
uniform porosity (ϕ) and anisotropic permeability (kv and kh in the
vertical and horizontal directions, respectively). At time t ∗ = 0, a volume 2L∗0 × H ∗ of CO2 [black fluid in Fig. 3(a), density ρc and viscosity μc ] is injected in the central portion of the domain, characterized
by −L∗0 ≤ x∗ ≤ L∗0 and 0 ≤ z∗ ≤ H ∗ [Fig. 3(a)].
We briefly derive here the one-dimensional large-scale model
adopted (see Refs. 46 and 47 for a detailed derivation of the equations). We assume that the domain is homogeneous, with constant
porosity ϕ and with the permeability field uniform and anisotropic,
i.e., the permeability tensor introduced in Eq. (2) is defined as
K=[

kh
0

0
],
kv

(4)

with kh and kv permeability values in the horizontal and vertical directions, respectively. We also consider the domain twodimensional and characterized by a small aspect ratio (H ∗ ≪ L∗ ).
In this configuration, we consider the fluids as three distinct regions

scitation.org/journal/phf

of uniform density and viscosity and the Darcy equation (2) applies
to each phase i,
1
u∗
u∗i = [ i∗ ] = K(−∇p∗i + ρi g),
μi
wi

(5)

where i stands for c (CO2 phase), w (brine phase), and m (CO2
+ brine phase). Since H ∗ ≪ L∗ , the vertical velocity component wi∗
is negligible with respect to the horizontal one, u∗i , and the z component of Eq. (5) suggests that the pressure p∗i (x∗ , z∗ , t ∗ ) in each
phase is hydrostatic. When expressed as a function of the pressure
at the interface between the currents of CO2 and brine, p∗0 (x, t), the
pressure in each fluid phase reads
p∗c (x∗ , z∗ , t ∗ ) = p∗0 (x∗ , t ∗ ) + ρc g(H ∗ − h∗ − z∗ ),

(6)

p∗w (x∗ , z∗ , t ∗ ) = p∗0 (x∗ , t ∗ ) + ρw g(H ∗ − h∗ − z∗ ),

(7)

p∗m (x∗ , z∗ , t ∗ ) = p∗0 (x∗ , t ∗ ) + ρw gh∗m + ρm g(h∗m − z∗ ),

(8)

with h∗i being the thickness of the currents, as indicated in Fig. 3. For
all locations x∗ , the height of the fluid layer is obtained as the sum of
the thicknesses of each fluid phase,
h∗c (x∗ , t ∗ ) + h∗w (x∗ , t ∗ ) + h∗m (x∗ , t ∗ ) = H ∗ .

(9)

Moreover, since the flow is assumed to be incompressible, volume
conservation is guaranteed along the domain,
h∗m

∫

0

u∗m dz + ∫

h∗m +h∗w

h∗m

u∗b dz + ∫

H∗

h∗m +h∗w

u∗c dz = 0.

(10)

On the other hand, one can write the local equation for the conservation of mass in the currents of CO2 and CO2 + brine mixture,
respectively,
ϕ

H
∂h∗
∂
= − ∗ [∫
u∗c dz] − q∗m ,
∂t ∗
∂x
h∗m +h∗w

(11)

ϕ

⎤
⎡
∗
q∗
∂ ⎢ hm ∗ ⎥
∂h∗m
um dz⎥
+ m,
= − ∗⎢
∫
⎥
⎢
∗
∂t
∂x ⎢ 0
⎥ Xv
⎦
⎣

(12)

∗

FIG. 3. Sketch of the flow configuration. (a) Initial condition: CO2 (black fluid,
ρc , μc ) is injected and is initially surrounded by brine (yellow fluid, ρw , μw ). (b)
Buoyant current is defined by the layer height, h∗ (x ∗ , t ∗ ), and current nose,
xn∗ (t ∗ ), i.e., the maximum horizontal extension of the CO2 current. At the interface between CO2 and brine, CO2 dissolves and a downward flux (q∗m ) generates
a third current of heavy fluid (CO2 + brine, red fluid, ρm , μm ). (c) When the currents
of CO2 -rich mixture and brine are in contact, dissolution is inhibited (red interface).
The dissolution process continues along the portion of the interface between CO2
and brine (blue interface). CO2 -rich current is described by its height, h∗m (x ∗ , t ∗ ).
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where we introduced the volume of CO2 dissolved in brine per unit
of CO2 -brine interface and time, q∗m [m3 /(m2 s)]. We also used the
volume fraction of CO2 in the CO2 + brine mixture, X v = ρm X m /ρc ,
X m being the correspondent mass fraction. As described in Sec. II,
the role of the current of the CO2 + brine mixture is crucial since
it can dramatically inhibit the dissolution of CO2 in brine, considerably increasing the time required to achieve a complete dissolution. To account for the interaction of the current of heavy fluid
with the current of buoyant fluid, the dissolution rate q∗m is defined
locally so that there is no dissolution along the interface in which
the currents of CO2 and CO2 + brine are in contact, i.e., when
h∗ (x) + h∗m (x) = H ∗ [red interface in Fig. 3(c)], whereas the dissolution can take place with rate q∗m where the currents of brine and
CO2 are in contact [blue interface in Fig. 3(c)].
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity components from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗ , t ∗ ) is obtained from volume conservation (10). Finally, h∗w is expressed as a function of h∗m and h∗c using
Eq. (9), and Eqs. (11) and (12) reduce to the form

We define the buoyancy velocity ratio δ = Wm∗ /W ∗ , i.e., the
ratio between the buoyancy velocities computed with respect to
mixture–brine and brine–CO2 . With this set of variables, the
two-current system is controlled by the following dimensionless
equations:

∗
∗
∂h∗ ϕ ∂
∗
∗ ∂h
∗
∗ ∂hm
[W
(1
−
f
)h
−
W
f
h
] = −q∗m , (13)
ϕ ∗ −
m
m
∂t
γ ∂x∗
∂x∗
∂x∗

∂h∗ ϕ ∂
∂h∗
∂h∗
q∗
ϕ ∗m −
[Wm∗ (1 − f m )h∗m m
− W ∗ f m h∗ ∗ ] = m , (14)
∗
∗
∂t
γ ∂x
∂x
∂x
Xv
where W ∗ = (ρw − ρc )gkv /ϕμc is the CO2 buoyancy velocity, Wm∗
= (ρm − ρw )gkv /ϕμc is the mixture buoyancy velocity, γ = kv /kh is
the permeability ratio, and g is the acceleration due to gravity. We
finally define the functions f and f m , employed in Eqs. (13) and (14),
as
Mh∗ /H ∗
,
(15)
f =
(M − 1)h∗ /H ∗ + (Mm − 1)h∗m /H ∗ + 1
fm =
(M

Mm h∗m /H ∗
− 1)h∗ /H ∗ + (Mm − 1)h∗m /H ∗

+1

,

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the currents of CO2 and CO2 + brine, in the presence of dissolution. To
make the equations dimensionless, we rescale variable as follows. A
natural reference scale for the current’s thickness is the layer height,
H ∗ . For the horizontal coordinate, we set as reference length scale
√
L0 / γ, i.e., the initial width of the CO2 current corrected by the
effect of the anisotropy ratio, γ = kv /kh . Finally, we choose as reference time scale T ∗ = (L∗0 )2 /(W ∗ H ∗ ). As a result, dimensionless
variables are obtained as
h=

x=

h∗
,
H∗

x∗
√ ,
L∗0 / γ

t=

hm =

h∗m
,
H∗

(17)

t∗
.
(L∗0 )2 /(W ∗ H ∗ )

∂h
∂
∂h
∂hm
−
[(1 − f )h
− δ f hm
] = −ε0 ,
∂t ∂x
∂x
∂x

(19)

∂hm
∂
∂hm
∂h
ε0
−
[δ(1 − f m )hm
− f mh ] =
,
∂t
∂x
∂x
∂x
Xv

(20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, X v = ρm X m /ρc , X m being the correspondent mass fraction.
To take into account the presence of the second current that inhibits
the dissolution along the CO2 + brine interface, the dissolution rate
ε is defined as follows:
⎧
⎪
⎪0
ε0 (x) = ⎨
⎪
⎪
⎩ε

(18)

if h(x) = 0 or h(x) + hm (x) = 1

(21)

else,

with

L∗
q∗m
( 0∗ ) .
∗
ϕW H
2

ε=

(16)

where M = μw /μc and M m = μw /μm stand for the mobility ratio of
the buoyant and dense current, respectively.

scitation.org/journal/phf

(22)

The parameter ε will be defined in detail in each specific configuration considered. Definition (21) suggests that dissolution is inhibited
when the light fluid is absent [i.e., h(x) = 0] or the two currents
touch [h(x) + hm (x) = 1].
In the following, we define the parameters used for the porous
medium, fluids, and dissolution rate.
B. Physical and dimensionless parameters
The two-current model described by Eqs. (19) and (20) is sensitive to the domain properties and to the fluid properties. We study
three different injection scenarios consisting of variable domain size,
permeability ratio, and transverse dispersion. The set of parameters
used is summarized in Table I for all simulations considered and is
obtained as follows.
1. Domain properties
We consider an aquifer in the Frio C Formation (Texas, US).48
This formation is characterized by a layer thickness H ∗ = 7 m,
porosity ϕ = 0.3, and permeability kv = 2 × 10−12 m2 . We consider
the initial horizontal extension of the volume of CO2 injected L∗0

TABLE I. Summary of dimensionless parameters used for the simulations. Effects of domain size (S1), anisotropy of the medium (S2), and dispersion (S3) are studied. Physical
parameters are reported in Sec. III B.

Domain properties
No.
S1
S2
S3

Δ

γ
1
1/8-1
1

∞
∞
5 × 10−3 –5 × 105
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Fluid properties
L
50–140
140
140

M
1
1
1

Mm
1
1
1

δ
0.02
0.02
0.02

Dissolution properties
Xv
0.02
0.02
0.02

Ra

ε
3

2.4 × 10
2.4 × 103
2.4 × 103

10−5
10−5 γ−1/2
ε(Δ) [Fig. 4(a)]
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= 14 m. A further parameter to be taken into account is the domain
extension in the horizontal direction, L∗ . Indeed, porous layers can
hardly be considered as infinitely extended in the horizontal direction but should rather be modeled as finite-width regions. This is due
to the irregular shape of the impermeable layers that divide adjacent regions of the reservoir. For instance, the morphology of the
Sleipner Site in the North Sea has been studied in detail via seismic images.49–51 These measurements indicate that the layer shape
is irregular, with nearly horizontal layers bounded by inclined walls.
We decide to model this effect by adding a lateral confinement
to the geometry considered. We considered a wide range of horizontal domain size, L∗ . The correspondent dimensionless extension L, normalized with L∗0 , is indicated in Table I for all cases
considered. In Appendix A, we report a list of parameters relative to geological formations identified as possible sequestration
sites.
2. Fluid properties
The viscosity and density of CO2 and brine are obtained from
Ref. 52. These parameters are sensitive to temperature and pressure
and vary with the depth of the reservoir. Further details are provided in Appendix A. CO2 density and viscosity are assumed to be
ρc = 700 kg/m3 and μc = 6 × 10−5 Pa s, respectively, whereas brine
density and viscosity are ρw = 945 kg/m3 and μc = 2 × 10−4 Pa s.53
We assume that the viscosity of the mixture does not change significantly with respect to brine6 (μm = μw ) and the density difference existing between brine and CO2 + brine mixture is53 ρm − ρw
= 10.45 kg/m3 . Moreover, a mass fraction of fluid mixture dissolved
in brine X m = 0.01 is considered,6 and the corresponding volume
fraction is X v ≈ 0.02. According to the above-mentioned properties, we obtain velocity ratio δ ≈ 0.02 and mobility values M m = 1
and M ≈ 3. The large value of M (that might be even larger, up to
10 times, see Appendix A) can be responsible for the formation of
very elongated CO2 plumes, which might change considerably the
dynamics of the current with respect to the cases M < 1.54 For simplicity, in the present work, we assume M = M m = 1, which gives
f = h and f m = hm .
3. Dissolution parameters
The estimated dissolution rate, q∗m [m3 /m2 s], is the volume
of CO2 dissolved per unit of CO2 –brine interface area and time.
It depends on the porous medium properties, fluid properties,
and flow conditions, and a precise estimate is hard to obtain.
As discussed in Sec. II B, a series of studies investigated the
role of these properties in the flux of CO2 dissolved in different
flow configurations and porous medium properties. These studies considered the effect of convection via two-dimensional simulations and experiments, usually in rectangular geometries, and
provide measurements of the amount (mass) of saturated CO2
+ brine solution mixed in brine per unit of mixture–brine interfacial
area and time.10,23,53 For instance, for homogeneous and isotropic
porous media, the dissolution rate of a CO2 -saturated solution
in brine is ℱ ∗ ,
∗

∗

∗

ℱ = ℱ Wm Csat ,

(23)

with ℱ being the dimensionless dissolution rate. While measurements in two-dimensional simulations10,13,14,53 suggest that
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ℱ = 0.017, experiments19,23 show that ℱ could be up to ten times
higher, and in this work, we assume ℱ = 0.14. Since the concentration of CO2 in brine is up to 3 wt. % at the reservoir conditions,8
∗
we have that Csat
≈ 29 kg/m3 . With the set of parameters considered,
∗
we obtain ℱ ≈ 1.4 × 10−5 kg/m2 s, corresponding to q∗m = ℱ ∗ Xv /ρm
≈ 2 × 10−10 m3 /m2 s. Finally, from Eq. (22), we obtain the dimensionless dissolution rate ε ≈ 10−5 . We set this value of ε as reference
for an isotropic medium in the absence of dispersion, and we analyze
the effect of anisotropy and dispersion as follows.
a. Effect of anisotropy. We take into account the effect of the
anisotropy ratio of the porous medium γ = kv /kh , i.e., the ratio of
vertical (kv ) to horizontal (kh ) permeability. In anisotropic media,
the resistance experienced by the fluid to flow in the horizontal
and vertical directions is different. This is the case of sedimentary
formations, in which the reservoir is obtained as a result of the
deposition of subsequent layers, giving different properties (e.g., permeability) in different directions. For cases of practical interest, it is
observed11 that γ can be as small as 0.1.12 Green and Ennis-King25
have shown that in two-dimensional domains at low and intermediate Rayleigh numbers, the dissolution rate of an anisotropic porous
medium, ε(γ), can be defined as a function of the dissolution rate in
an isotropic porous medium having the same vertical permeability,
ε(γ = 1), as follows:

ε(γ) = ε(γ = 1)γ−1/2 ,

(24)

with 1/20 ≤ γ ≤ 1. It was later shown that Eq. (24) is still valid at high
Rayleigh numbers14 (up to Ra = 2 × 104 ) and in three-dimensional
domains.27 In this work, we will analyze the effect of anisotropy by
changing the parameter γ and correspondingly the dissolution rate ε
according to Eq. (24).
b. Effect of dispersion. The effect of dispersion plays an important role in the dissolution dynamics.32,33 This effect has been quantified systemically with the aid of Darcy simulations,35 and it was
shown that the dissolution rate is the result of the combined action
of convection, diffusion, and dispersion. The relative role of convection and diffusion is accounted by the Rayleigh–Darcy number Ra,

Ra =

Wm∗ H
,
D

(25)

with molecular diffusion coefficient D ≈ 10−9 m2 /s.33 The effect of
dispersion is quantified24 by the ratio of molecular and transverse
dispersion coefficients, Δ = D/Dt , where the transverse dispersion
coefficient, Dt = W m αt , depends on the transverse dispersivity, αt
(see Sec. II C). When Δ ≪ 1, transverse dispersion dominates, and
when Δ ≫ 1, molecular diffusion dominates.
Wen, Chang, and Hesse35 analyzed an isotropic system at Ra
= 2 × 104 and dispersivity ratio r = 10, i.e., within the same range
of parameters considered in this study (Ra = 24 × 103 and r = 10).
They computed the dissolution rate of the system for a wide range
of Δ. In particular, we show in Fig. 4(a) the normalized dissolution rate ε(Δ)/ε(Δ → ∞) (solid line), i.e., the dissolution rate for
a given Δ, ε(Δ), divided by the dissolution rate in the absence of
dispersion, ε(Δ → ∞). The non-monotonic behavior of the dissolution rate obtained from Ref. 35 is explained by analyzing the
structure of the flow. When convection dominates over dispersion
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∂
∂hm
∂h
ε0
∂hm
−
[δ(1 − hm )hm
− hhm ] =
.
∂t
∂x
∂x
∂x
Xv

(27)

We solve numerically Eqs. (26) and (27), with symmetry boundary
conditions at x = 0. Discretization in space and time integration consist of the fourth-order finite difference scheme and second order
explicit method, respectively, which have been implemented in an
in-house FORTRAN solver. Grid spacing is uniform and equal to
Δx = 1/10, and the time step is constant and equal to Δt = 0.01.
The post-processing of the data produced has been carried out in
MATLAB.
A. Self-similar solution for the one-current model

FIG. 4. (a) Dimensionless dissolution rate normalized by the value in the absence
of dispersion, ε(Δ → ∞). We assume ε(Δ → ∞) = 10−5 (dashed line), which
is attained asymptotically. The trend is obtained from direct numerical simulations,35 assuming Ra = 2 × 104 and r = 10. For Δ ≪ 1, dispersion makes the
plumes to expand in the horizontal direction (fan flow), whereas for Δ ≫ 1, plumes
grow vertically in a symmetric fashion (columnar flow). Bullets are used for later
discussion. Concentration distribution for a porous domain with high dispersion
[Δ ≈ 10−2 , panel (b)] and low dispersion [Δ ≈ 5 × 105 , panel (c)] is also shown
(adapted from Ref. 35).

The set of Eqs. (19) and (20) describes the evolution of the flow,
which is analyzed here in terms of nose, xn (t), of the CO2 current.
The non-linear character of this system makes analytical solutions
hard to obtain. However, predictions on the evolution of the current
height, h(t), can be made in the case of one-current (hm = 0) and
unconfined domains, i.e., when h∗ ≪ H ∗ ( f = 0). Pritchard, Woods,
and Hogg55 found that Eq. (19) has an exact similarity solution,
which reads
h(x, t) =

t −1/3 2/3 x2
3
(9 − 2/3 ) − εt ,
6
t
4

where x ≤ xn (t). Therefore, one can find that the evolution of the
current nose, defined as the value of x in which h(x, t) = 0, is
xn (t) = (9t)1/3

(Δ ≥ 1), the width of the plumes is independent of the distance
from the CO2 -brine interface, i.e., the plumes grow vertically in a
columnar-like flow [Fig. 4(c)]. In contrast, when the effect of dispersion is increased, the solute tends to spread also horizontally,
making the plumes to widen as the distance from the interface is
increased [fan flow, Fig. 4(b)]. In fan flow conditions, the convective
flux reduces considerably with respect to the value in the absence
of dispersion [ε(Δ)/ε(Δ → ∞) ≈ 0.5 for Δ = 5 × 10−2 ]. If dispersion
is further increased (Δ < 5 × 10−2 ), the small scales of the flow cannot be sustained anymore: the structure of the flow at the interface changes and the boundary layer thickens. As a result, the flow
becomes gradually more stable and steady, and the dissolution rate
increases.
In this work, we consider that the dimensionless dissolution
rate ε depends on Δ as prescribed by Wen, Chang, and Hesse35
and shown in Fig. 4(a). We assume that in the absence of dispersion, the dissolution rate corresponds to that considered in isotropic
domains, ε(Δ → ∞) = 10−5 .
IV. RESULTS
As a result of the set of parameters considered in Sec. III
(M = M m = 1), the governing equations (19) and (20) reduce to the
following form:
∂h
∂
∂h
∂hm
−
[(1 − h)h
− δhhm
] = −ε0 ,
∂t ∂x
∂x
∂x
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(26)

(28)

√
ε
1 − (9t)4/3 .
18

(29)

In the absence of dissolution (ε = 0), the current evolves as
xn (t) = (9t)1/3 .

(30)

Equations (28) and (29) well describe the evolution of the CO2 current also in the two-current model, provided that the current of
heavy mixture and the CO2 current are not in contact. We will refer
to these solutions for the analysis of the early-stage evolution of the
system.
We performed three sets of simulations, labeled S1, S2, and S3,
in which we analyze the effect of domain size (Sec. IV B), anisotropy
of the medium (Sec. IV C), and dispersion (Sec. IV D), respectively.
A summary of the parameters used in the simulations is reported in
Table I.
B. Influence of domain width (S1)
We considered an isotropic porous layer (γ = 1), in the absence
of dispersion (Δ → ∞), with a dimensionless dissolution rate ε
= 10−5 , and we analyze the effect of the domain width (L) on the evolution of the flow. The domain width has an influence on both the
CO2 and CO2 + brine currents. However, the current of the heavy
mixture is more influenced by the domain width since it is typically
more extended in space. The minimum domain width considered is
defined as Lmin = 1/X v , i.e., corresponding to the minimum width
required to achieve a complete dissolution of the initial volume of
CO2 injected. The maximum value of the domain width considered, L∞ , is given by the maximum extension of the CO2 + brine
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current, which has been determined from a preliminary numerical simulation. For clarity, the behavior is shown in Fig. 5 only in
correspondence with few of the values of L considered.
Initially [Fig. 5(a)], the current nose xn (t) follows the evolution
predicted by the one-current model [Eq. (29), dashed line], and the
evolution is independent of the domain size. At t ≈ 4 × 103 , the influence of the second current on the process of dissolution becomes
significant. The interfacial area along which dissolution can take
place is reduced. As a result, buoyancy controls the evolution of the
CO2 current, which spreads further horizontally along the top cap
rock of the reservoir, and xn grows consequently.
At t = 3.5 × 104 , the current achieves the maximum extension (xn ≈ 28) and only afterward the domain width influences the
dynamics of the currents. The late-stage evolution [Fig. 5(b)] is
indeed very sensitive to variations of L. For low values of domain
width, the horizontal growth of the heavy current is hindered. As a
result, the current of the CO2 + brine mixture will grow in height,
and the portion of the interfacial area between CO2 and brine will
further reduce, slowing down considerably the dissolution process.
However, the evolution of the current nose will be always confined
between the two gray regions of the (x, t) space, bounded by the
extreme curves Lmin and L∞ : the brine-rich region is characterized

by the absence of the CO2 current, while the CO2 -rich region marks
the portion of the (x, t) space occupied by the current. This classification provides a graphical interpretation of the extension of the
CO2 current along the upper horizontal impermeable layer of the
reservoir.

FIG. 5. Evolution of the current nose (x n ) of a buoyant CO2 plume. The domain
width L varies within the interval Lmin ≤ L ≤ L∞ , with Lmin = 1/X v (blue) and
L∞ = 140 (green). The values of L corresponding to the curves shown are explicitly indicated in color bars. The early stage of the dissolution process (a) is independent of the domain size, whereas the long-term dynamics (b) is strongly influenced
by the domain width. Note that the evolution of the systems with L = L∞ and
L = 85 is nearly the same, and the two curves are not distinguishable. The evolution predicted by the one-current model without dissolution [Eq. (30), solid line]
and with dissolution [Eq. (29), dashed line] is also shown.

FIG. 6. Evolution of the current nose of a buoyant CO2 plume (x n ). The permeability ratio γ varies between γmin = 1/8 (black) and γmax = 1 (yellow). The values
of γ corresponding to the curves shown are explicitly indicated in the color bar.
The early stage of the dissolution process is influenced by the permeability ratio,
whereas the final stage is independent of γ. The evolution predicted by the onecurrent model with dissolution rate ε(γ) [Eq. (29), dashed line] is shown for the
minimum and maximum values of anisotropy ratio considered. The evolution of
the current in the absence of dissolution [ε = 0, solid gray line, Eq. (30)] is also
reported.
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C. Influence of anisotropy (S2)
We consider now the effect of porous medium anisotropy on
the evolution of the currents. These results are particularly important because of the lack of experimental data in anisotropic porous
media, where only models and numerical simulations are used to
study the evolution of the flow. In particular, we analyze a domain
of width L = 140 in the absence of dispersion (Δ → ∞). The volume
√
of CO2 injected is L∗0 H ∗ / γ, which gives a unitary dimensionless
volume. We choose this configuration to have dimensionless results
that can be compared with cases S1 and S3. The dissolution rate
accounts for the permeability variation in the horizontal direction,
i.e., ε = ε(γ), as discussed in Sec. III B.
The time-dependent evolution of the CO2 current nose (xn ) is
shown in Fig. 6. The permeability ratio varies between γmin = 1/8
(black, strongly anisotropic) and γmax = 1 (yellow, isotropic). For
clarity, xn (t) is shown in Fig. 6 only for few values of γ. We observe
that the influence of anisotropy is remarkable in the initial phase
of the dissolution process, where the growth of the current nose is
well described by the one-current model with dissolution rate ε(γ)
[Eq. (29), dashed lines]. It is worth noting that the final stage of the
mixing process is not influenced by the domain anisotropy, and no
relevant change in the lifetime is observed. This observation can be
explained in terms of dynamics of the currents.
Initially, the current of CO2 is controlled by buoyancy, which
makes the current to spread along the top boundary and, therefore, xn increases. Afterward, since the interfacial area between
the currents of CO2 and brine increases, dissolution dominates
over buoyancy: the current nose is observed to reach a maximum
(buoyancy is exactly balanced by dissolution) and then decreases

33, 016602-9

Physics of Fluids

ARTICLE

(dissolution overcomes buoyancy). The evolution of the currents
is strongly conditioned by the dissolution rate ε, which increases
with the anisotropy of the system (i.e., when γ decreases). As a
result, xn (t) grows faster in isotropic media compared to anisotropic
media since the dissolution rate is lower and the effect of dissolution
becomes dominant later. Afterward, the reduction in the current
nose is arrested by the presence of the current of the heavy mixture,
which diminishes the interfacial area between CO2 and brine, considerably slowing down the dissolution process and making buoyancy again dominant. This dynamics brings to the new growth of
xn , a phase characterized by a tiny CO2 -brine interfacial area: the
evolution of the currents is purely controlled by buoyancy and the
dissolution rate plays no role. Buoyancy continues to make the current of CO2 to expand until the CO2 -brine interfacial area is sufficiently large to make dissolution dominant over buoyancy again.
Hereinafter (t > 4 × 104 ), the reduction in the remaining volume of
CO2 is not balanced by the buoyant expansion of the current, and the
nose reduces monotonically until the current dissolves completely.
We conclude that the late stage dynamics of the currents are not
influenced by the anisotropy of the medium. However, the changes
observed in the early stage may bear important implications for the
CO2 storage process.
To investigate more in detail the effect of anisotropy on the
short-term evolution of the current, we consider the volume of CO2
dissolved per unit depth, V(t), defined as
V(t) = 1 − ∫

xn (t)

0

h(x, t) dx.

(31)

Therefore, we have that V(t = 0) = 0 and V(t → ∞) = 1.
Equation (31) can also be used to compute the volume of
solute dissolved in the absence of interactions between the currents
of CO2 and CO2 + brine (one-current model with dissolution), i.e.,
integration of Eq. (31) with expressions (28) and (29) gives
V(t) = 1 − [1 −

3/2
ε
(9t)4/3 ] .
18

(32)

We wish to remark here the implications of the dimensionless set
of variables used for the results presented. In all simulations considered, the initial dimensionless CO2 volume is unitary. However,
while the vertical domain size is made dimensionless with respect
to H ∗ , the initial horizontal width of the CO2 current is scaled
√
with L∗0 / γ. As a result, although the dimensionless volume of CO2
injected is always 1, it corresponds to different physical volumes,
which depend on the permeability ratio. The evolution predicted
by the one-current model for the two extreme cases (γmin = 1/8 and
γmax = 1) is reported in Fig. 7. Low values of permeability ratio, corresponding to the high value of the dissolution rate ε(γ), produce
a favorable dissolution scenario: when γ = γmin , the time required
to dissolve 30% of the volume of CO2 initially injected is much
smaller (about 50%) with respect to the isotropic case (γ = γmax ).
In other terms, the short-term dissolution efficiency is higher when
the medium is anisotropic. On the other hand, the influence of γ is
negligible for the long-term dissolution dynamics.
D. Influence of dispersion (S3)
As discussed in Sec. III B, we investigate the effect of dispersion by varying the dimensionless dissolution rate (ε) as a function
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FIG. 7. Dimensionless volume of CO2 per unit depth dissolved for the range of
permeability ratio considered, γmin ≤ γ ≤ γmax , with γmin = 1/8 (black) and γmax
= 1 (yellow). The one-current model predictions in correspondence with ε(γmin )
and ε(γmax ) [Eq. (32), dashed lines] are also shown. The values of γ corresponding to the curves shown are explicitly indicated in the color bar.

of Δ, which measures the relative importance of molecular diffusion
to transverse dispersion. We show in Fig. 4(a) that the dissolution
parameter varies in a non-monotonic way with respect to Δ. The
flow dynamics is briefly recalled here. When Δ ≥ 1, convection dominates over dispersion, and the width of the plumes is independent
of the distance from the CO2 -brine interface, i.e., the plumes grow
vertically in a columnar-like flow. In contrast, when Δ reduces, i.e.,
the effect of transverse dispersion is increased, the solute spreads
in perpendicular direction with respect to the main flow direction,
and the flow structure evolves toward a fan flow. The convective
flux reduces considerably (≈ 50% for Δ = 5 × 10−2 ) with respect to
the value in the absence of dispersion (Δ → ∞). If the effect of dispersion is further increased (Δ < 5 × 10−2 ), the flow changes completely. Small interfacial plumes do not form anymore, the thickness
of the boundary layer increases and the flow becomes steady, with a
corresponding increase in the dissolution rate.
To analyze the effect of dispersion, we considered isotropic
domains with constant width, L = 140. We performed simulations
for 5 × 10−3 < Δ < 5 × 105 . The results are presented in terms of volume of CO2 dissolved. We report the evolution of V in Fig. 8 for
some representative values of Δ, indicated with bullets in Fig. 4(a).
The volume dissolved is computed as in Eq. (31) and only the early
stage dynamics is shown (t ≤ 104 ) in Fig. 8(a) since for t > 4 × 103 ,
the difference among the different dispersion coefficients considered
is negligible. Initially, the dynamics is very sensitive to the value of
dissolution, and therefore of Δ, and the flow evolves following the
one-current model prediction, shown as dashed lines in Fig. 8(a)
[obtained assuming ε = ε(Δ) in Eq. (32)]. The self-similar behavior exhibited in the early stage is even more apparent when time is
rescaled by [ε(Δ)/ε(Δ → ∞)]3/4 [Fig. 8(b)]. In this stage, the flow
consists of two currents not in contact. Dissolution can take place
along the entire interface of the buoyant current, and the rate at
which CO2 dissolves is roughly steady (nearly constant slope of the
curves).
After the initial phase in which the current of CO2 is purely
controlled by buoyancy and dissolution, the effect of the second
current comes into play. When t × [ε(Δ)/ε(Δ → ∞)]3/4 ≈ 1700, the
rate at which the CO2 dissolves reduces. The slope of the curves in
Fig. 8(b) changes, and this marks the time at which the current of the
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FIG. 8. (a) Dimensionless volume of CO2 per unit depth dissolved in time for the
range of Δ considered. The one-current model predictions in correspondence with
each ε(Δ) [Eq. (32), dashed lines] are also shown. (b) When time is rescaled with
ε(Δ)/ε(Δ → ∞), the profiles exhibit a self-similar evolution in the initial phase of
the migration process. The dashed line represents Eq. (32) with ε(Δ → ∞). The
values of ε(Δ) and Δ corresponding to the simulations shown, explicitly reported
in the color bar, are also indicated with bullets in Fig. 4(a).

heavy mixture touches the current of CO2 . As a result, dissolution
is inhibited along the interfacial area between the currents of CO2
and CO2 + brine mixture. Buoyancy becomes again dominant over
dissolution, and the current of CO2 spreads further horizontally.
For t > 104 (not shown), the behavior is the same for all Δ considered: dissolution can still take place along the small portion of the
interface of buoyant current in contact with brine, and the complete
dissolution is achieved at t ≈ 2.5 × 105 (for all Δ considered).
We conclude that the effect of transverse dispersion, similar
to that observed for anisotropy, may bear implications for the initial phase of the dissolution process. In particular, the lifetime and
maximum spread of the current are not influenced by dispersion.
However, the early stage of the migration process, analyzed here in
terms of volume of CO2 dissolved in time, is sensitive to the transverse dispersion and may influence in a positive or negative manner
the short-term efficiency of the storage process. If Δ < 10−2 , the dissolution rate is higher than in the absence of dispersion (Δ → ∞),
and the time required to dissolve a fixed amount of solute reduces
with respect to the case with no transverse dispersion. In contrast,
when 10−2 < Δ < 101 , the dissolution rate can drop to 50% of the case
with Δ → ∞ [see Fig. 4(a)], influencing negatively the dissolution
(and safe storage) of CO2 .
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context of carbon sequestration. We considered the effect of three
different physical properties, namely, domain width (L), anisotropy
of the medium (γ, defined as the ratio of vertical-to-horizontal permeability), and dispersion of the porous matrix, quantified with
Δ (the relative importance of molecular diffusion to transverse
dispersion).
We considered the case study of the Frio C Formation (Texas,
US), characterized by vertical permeability kv = 2.5 × 10−12 m2 ,
porosity ϕ = 0.3, and layer height H ∗ = 7 m. Other well-studied
aquifers (e.g., the Sleipner Site, North Sea) have similar properties,
and the results presented here can be extended to those cases as well.
However, the situation can potentially be very different when the
permeability is changed (see Table II): large values of permeability
(e.g., the Alberta Basin, Canada) correspond to favorable scenarios,
in which the dissolution process is more efficient, since the vertical
solute flux is proportional to the buoyancy velocity. In contrast, the
safety of the storage process in sites characterized by lower values of
permeability (e.g., the Bravo S1 Dome, NM, US) is lower.
First, we analyzed the influence of domain size. We consider
domains of different widths from the minimum size required to
achieve a complete dissolution of the volume of CO2 injected to
an infinite domain width. This analysis is motivated by the fact
that reservoirs identified as possible sequestration sites can hardly
be considered as flat and infinitely extended layers, e.g., due to the
presence of inclined walls or irregularities of the layer shape. We
found that the horizontal confinement of the reservoir blocks the
horizontal growth of the heavy current, making it grow vertically. As
a result, the CO2 -brine interfacial area reduces further with respect
to unconfined domains, promoting the horizontal expansion of the
buoyant current. We observe (Fig. 9) that for widths L∗ ≥ 1 km, the
lifetime of the current (i.e., the time required to dissolve 99% of the
∗
volume of CO2 initially injected), tend
, does not vary (≈ 900 years),
whereas it may considerably increase when the domain size in lowered. We conclude that the efficiency of the trapping mechanism is
remarkably reduced when the horizontal extension of the layer is

V. DISCUSSION AND CONCLUSIONS
We analyze the evolution of a migrating current of CO2 in
saline aquifers in the frame of carbon sequestration processes. After
injection, CO2 is buoyant and tends to spread below the upper
cap rock, increasing the risk of escaping to reach the upper layers
of the aquifer. However, the mixture that forms from the dissolution of CO2 in brine is denser than both CO2 and brine and sinks
down, making the storage process effective. The evolution of this
system is made complicated by the interaction of the buoyant current of CO2 and the current of CO2 + brine. In this work, we used a
large-scale model to investigate the effect of reservoir properties on
the evolution of the currents. In particular, the contribution of this
work consists of including additional physical effects to the model
proposed by MacMinn et al.6 and also evaluating the results in the
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FIG. 9. Current lifetime in correspondence with different domain widths. Left and
bottom axes: dimensionless lifetime, t end , and domain width, L. Top and right
∗
axes: dimensional lifetime, tend
, and domain width, L∗ . The minimum domain
size required to achieve a complete dissolution of the volume of CO2 injected
(Lmin = 51, corresponding to L∗min ≈ 700 m) is indicated by the vertical dashed
line. The lifetime of the current obtained for L ≥ L∞ = 140, corresponding to
L∗ ≥ L∗∞ ≈ 2 km, is represented by the horizontal dashed line.
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lower than 1 km. These results also show that accurate numerical
simulations at the Darcy scale in such large domains are beyond the
current computational resources, and large-scale models should be
used.
We analyze then the effect of the anisotropy of the medium,
characterized here by the ratio of vertical-to-horizontal permeability, γ = kv /kh . In particular, we consider a domain with constant
width and vary the horizontal permeability, maintaining the vertical
permeability constant. In this way, we can compare systems characterized by different media but the same vertical driving force, i.e.,
the same buoyancy velocity. The horizontal component (kh ) is set
to be kh ≥ kv , which gives 0 ≤ γ ≤ 1. As a result, the more the media
are anisotropic (i.e., the smaller the γ), the lower the hydrodynamic
horizontal flow resistance is. Due to continuity, this will produce
an increase in the vertical flow velocity and the dissolution rate.
We included the effect of anisotropy modeling the dissolution rate,
which is defined as a function of γ. We observed that the long-term
effect of anisotropy is negligible, i.e., the lifetime of the current is not
influenced by γ. However, anisotropy may produce beneficial effects
on the short-term dissolution dynamics, when the buoyant current
is only controlled by buoyancy and dissolution, and the heavy current is not sufficiently developed in the vertical direction to inhibit
dissolution. The time t σ taken to dissolve a fraction σ of the initial
volume of CO2 injected is very sensitive to the anisotropy ratio. For
instance, the time required to dissolve 20% of the initial volume of
CO2 injected (Fig. 10) is of about 4 years for isotropic porous media
(γ = 1), whereas it drops to 2 years in anisotropic porous media with
γ = 1/8.
When a fluid flows through a porous medium, it follows sinuous paths, which makes the transported solute (CO2 in this case)
to spread further. This effect is defined as dispersion and is quantified here with Δ (the relative importance of molecular diffusion to
transverse dispersion). Dispersion influences considerably the dissolution rate of CO2 in brine, and we included this effect in the
large-scale model defining the dissolution rate as a function of Δ.
To this aim, we used the results of accurate Darcy simulations35 that
clearly linked the dissolution rate to the structure of the flow. The
time t σ required to dissolve a fixed portion σ of solute is shown

FIG. 10. Effect of anisotropy γ on t σ , i.e., the time required to dissolve a fraction
σ of the initial volume of CO2 injected. Left axis: dimensionless value of t σ . Right
∗
axis: dimensional value of tσ∗ . The effect of anisotropy is considerable, e.g., t20%
in isotropic (γ = 1) reservoirs (≈ 4 years) is doubled with respect to domains with
anisotropy ratio γ = 1/8 (≈ 2 years).
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FIG. 11. Effect of transverse dispersion (Δ) on the time t σ , i.e., the time required to
dissolve a fraction σ of the initial volume of CO2 injected. For formations with low
dispersion (Δ > 105 ), t σ tends asymptotically to the value measured in isotropic
domains in the absence of dispersion (see Fig. 10, γ = 1), represented here by
dashed lines. In domain with high dispersion (Δ < 10−2 ), the dissolution is more
efficient than in the absence of dispersion. For intermediate values of dispersion
(10−2 < Δ < 101 ), the dissolution rate can drop to 50% of the case with Δ → ∞,
and t σ increases considerably.

as a function of Δ in Fig. 11. When Δ > 10, the effect of dispersion is overcome by convection. The flow structure is columnar,
and the dissolution rate tends asymptotically to the value obtained
for isotropic reservoirs in the absence of dispersion (dashed lines
in Fig. 11). When Δ < 10−2 , dispersion dominates over molecular
diffusion, the small-scale structures are smoothed, and the flow is
steady. Dispersion produces lateral spreading of the plumes (fan
flow), and the dissolution rate is higher than in the absence of dispersion (Δ → ∞). As a result, t σ is lower than in the absence of
dispersion, corresponding to a beneficial effect for the storage process. In contrast, for intermediate values of Δ (i.e., 10−2 < Δ < 101 ),
the transition from columnar to fan flow makes the dissolution drop
up to 50% of the case with Δ → ∞. In this case, the influence of dispersion on the storage of CO2 is negative, e.g., t 20% can increase from
4 years (no dispersion) to 6 years (Δ = 5 × 10−2 ). To conclude, the
early stage of the migration process, analyzed here in terms of t σ , is
sensitive to the transverse dispersion and may influence in a positive
or negative manner the short-term efficiency of the storage process.
The effect of transverse dispersion, similar to that observed for the
anisotropy, influences the dynamics before the contact of the heavy
current with the buoyant current, and it has no remarkable effect
on the lifetime and maximum spread (maximum of the current
nose).
The results reported in this work are relative to the set of
parameters used, and the behavior may significantly change with a
different combination of porous media and fluid properties. However, this model represents a key tool to quantify the large-scale and
long-term dynamics of gravity currents, which can hardly be predicted by accurate numerical simulations at the Darcy scale. A further advantage of the presented approach consists of the possibility
of accounting for different flow features, such as anisotropy and dispersion. The configuration considered consists of a simplified model
of a geological formation, which may be characterized by the presence of inclined boundaries,56,57 heterogeneities,25,28,29 rock dissolution,58,59 and chemical reactions.60,61 If properly parametrized (e.g.,
in terms of dissolution rate), these effects can also be included in the
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TABLE II. Porous properties (permeability k, porosity ϕ, and layer thickness H∗ ) of geological formations identified as
possible sequestration sites.

Reference
63
63
63
63
63
12
48
48
64
33
48
33
65

Site name

Location

k (10−12 m2 )

ϕ

H (M)

Alberta Basin S1
Alberta Basin S4
Alberta Basin S11
Alberta Basin S21
Alberta Basin S24
Nagaoka
In Salah
Frio C Formation
Bravo S1
Bravo S2
Sleipner S1
Sleipner S2
Sleipner S8

Western Canada
Western Canada
Western Canada
Western Canada
Western Canada
Japan
Algeria
Texas
New Mexico
New Mexico
North Sea
North Sea
North Sea

14.0
16.0
32
66
135
0.0069
0.01
2
0.002
0.987
2
2
4

0.06
0.07
0.12
0.22
0.09
0.23
0.15
0.30
0.14
0.37
0.35
0.09
0.03

10
10
13
40
60
12
20
7
130
25
20
50
≥5

TABLE III. Fluid properties (density, ρ, and viscosity, μ) estimated at the injection depth for the fluids considered (CO2 ,
c; brine, w; and CO2 + brine mixture, m). We assumed that the viscosity of brine and CO2 + brine mixture matches.

Reference

μc (mPa s)

65
52
33
53

0.03–0.05
0.02–0.06

μw (mPa s)
0.20–1.58
0.52–1.32
0.59

present model. Motivated by the injection scenario consisting of a
linear array of wells, we considered a two-dimensional planar flow.
The three-dimensional character of the flow may become important at later times as plumes migrate sufficiently far from the injection point. However, the present model can be adapted, with minor
modifications, to three-dimensional axisymmetric geometries, more
representative of isolated injection wells.
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ρc (kg/m3 )

ρw (kg/m3 )

420–610
266–733

1020
945–1230
994

Δρm (kg/m3 )

2.4–8.8
10.5

indicate permeability (k), porosity (ϕ), and layer thickness (H ∗ ). The
parameters vary over a wide range also within the same site when
different layers are considered.
In Table III, we report the fluid properties (density ρ and viscosity μ) for different formation types (e.g., “deep” or “shallow” and
“cold” or “warm”52 ). In this case, the fluid properties vary over a
wide range of values. The depth at which the formations are located
plays a key role in the determination of the thermophysical properties of the fluids; therefore, it is not possible to provide a unique set of
parameters representative of all geological formations. Correlations
to compute the properties of CO2 –brine mixtures as a function of
pressure and temperature were provided by Hassanzadeh et al.62
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