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Multiphase gravity currents with dissolution
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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
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where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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:
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where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
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1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
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where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm being the correspondent mass fraction.
To take into account the presence of the second current that inhibits
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ε is defined as follows:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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.
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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
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where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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),
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1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
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where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm being the correspondent mass fraction.
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The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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
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where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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
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f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as
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where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:
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ε else,
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The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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
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where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m
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We define the buoyancy velocity ratio δ =W∗
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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
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where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,
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The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
@t∗ − ϕ

γ
@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)

ϕ
@h∗m
@t∗ − ϕ

γ
@

@x∗ �W∗
m(1 − f m)h∗m @h∗m

@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
@t
− @

@x
�(1 − f )h@h

@x
− δ f hm @hm

@x
� = −ε0, (19)

@hm
@t
− @

@x
�δ(1 − f m)hm @hm

@x
− f mh

@h
@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
@t∗ − ϕ

γ
@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)

ϕ
@h∗m
@t∗ − ϕ

γ
@

@x∗ �W∗
m(1 − f m)h∗m @h∗m

@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
@t
− @

@x
�(1 − f )h@h

@x
− δ f hm @hm

@x
� = −ε0, (19)

@hm
@t
− @

@x
�δ(1 − f m)hm @hm

@x
− f mh

@h
@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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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 exten-
sion 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 �w].
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 vol-
ume 2L∗0 ×H∗ of CO2 [black fluid in Fig. 3(a), density ρc and viscos-
ity �c] 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 equa-
tions). 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 ver-
tical directions, respectively. We also consider the domain two-
dimensional and characterized by a small aspect ratio (H∗ � L∗).
In this configuration, we consider the fluids as three distinct regions

FIG. 3. Sketch of the flow configuration. (a) Initial condition: CO2 (black fluid,
ρc , �c) is injected and is initially surrounded by brine (yellow fluid, ρw , �w ). (b)
Buoyant current is defined by the layer height, h∗(x∗, t∗), and current nose,
x∗n (t∗), i.e., the maximum horizontal extension of the CO2 current. At the inter-
face between CO2 and brine, CO2 dissolves and a downward flux (q∗m) generates
a third current of heavy fluid (CO2 + brine, red fluid, ρm, �m). (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∗).

of uniform density and viscosity and the Darcy equation (2) applies
to each phase i,

u∗i = �u∗iw∗i � =
1
�i
K�−∇p∗i + ρig�, (5)

where i stands for c (CO2 phase), w (brine phase), and m (CO2+ brine phase). Since H∗ � L∗, the vertical velocity component w∗i
is negligible with respect to the horizontal one, u∗i , and the z com-
ponent 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∗) + ρcg(H∗ − h∗ − z∗), (6)

p∗w(x∗, z∗, t∗) = p∗0 (x∗, t∗) + ρwg(H∗ − h∗ − z∗), (7)

p∗m(x∗, z∗, t∗) = p∗0 (x∗, t∗) + ρwgh∗m + ρmg(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 con-
servation of mass in the currents of CO2 and CO2 + brine mixture,
respectively,

ϕ
@h∗
@t∗ = − @

@x∗ ��
H∗

h∗m+h∗w u
∗
c dz� − q∗m, (11)

ϕ
@h∗m
@t∗ = − @

@x∗
�������

h∗m
0

u∗m dz
������ +

q∗m
Xv

, (12)

where we introduced the volume of CO2 dissolved in brine per unit
of CO2-brine interface and time, q∗m [m3�(m2s)]. We also used the
volume fraction of CO2 in the CO2 + brine mixture, Xv = ρmXm�ρc,
Xm 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, consid-
erably increasing the time required to achieve a complete dissolu-
tion. 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 disso-
lution 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 compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
@t∗ − ϕ

γ
@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)

ϕ
@h∗m
@t∗ − ϕ

γ
@

@x∗ �W∗
m(1 − f m)h∗m @h∗m

@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
@t
− @

@x
�(1 − f )h@h

@x
− δ f hm @hm

@x
� = −ε0, (19)

@hm
@t
− @

@x
�δ(1 − f m)hm @hm

@x
− f mh

@h
@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
@t∗ − ϕ

γ
@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)

ϕ
@h∗m
@t∗ − ϕ

γ
@

@x∗ �W∗
m(1 − f m)h∗m @h∗m

@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
@t
− @

@x
�(1 − f )h@h

@x
− δ f hm @hm

@x
� = −ε0, (19)

@hm
@t
− @

@x
�δ(1 − f m)hm @hm

@x
− f mh

@h
@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
@t∗ − ϕ

γ
@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)

ϕ
@h∗m
@t∗ − ϕ

γ
@

@x∗ �W∗
m(1 − f m)h∗m @h∗m

@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
@t
− @

@x
�(1 − f )h@h

@x
− δ f hm @hm

@x
� = −ε0, (19)

@hm
@t
− @

@x
�δ(1 − f m)hm @hm

@x
− f mh

@h
@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
@t∗ − ϕ

γ
@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)
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@

@x∗ �W∗
m(1 − f m)h∗m @h∗m

@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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:
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@h
@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
@h∗
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@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)
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@x∗ −W∗ f mh∗ @h
∗

@x∗ � = q∗m
Xv

, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
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� = −ε0, (19)
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@x
� = ε0

Xv
, (20)

where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Equations (11) and (12), which control the evolution of the
currents, can be solved by taking the horizontal velocity compo-
nents from Eq. (5). The pressure gradients are computed from
Eqs. (6)–(8), in which p∗0 (x∗, t∗) is obtained from volume conser-
vation (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

ϕ
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@

@x∗ �W∗(1 − f )h∗ @h∗
@x∗ −W∗

m f h∗m @h∗m
@x∗ � = −q∗m, (13)
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@x∗ −W∗ f mh∗ @h
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@x∗ � = q∗m
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, (14)

where W∗ = (ρw − ρc)gkv�ϕ�c is the CO2 buoyancy velocity, W∗
m= (ρm − ρw)gkv�ϕ�c 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

f = Mh∗�H∗
(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (15)

f m = Mmh∗m�H∗(M − 1)h∗�H∗ + (Mm − 1)h∗m�H∗ + 1 , (16)

where M = �w��c and Mm = �w��m stand for the mobility ratio of
the buoyant and dense current, respectively.

1. Dimensionless equations
Equations (13) and (14) fully describe the evolution of the cur-

rents 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 ref-
erence time scale T∗ = (L∗0 )2�(W∗H∗). As a result, dimensionless
variables are obtained as

h = h∗
H∗ , hm = h∗m

H∗ , (17)

x = x∗
L∗0 �√γ

, t = t∗
(L∗0 )2�(W∗H∗) . (18)

We define the buoyancy velocity ratio δ =W∗
m�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
@t
− @

@x
�(1 − f )h@h

@x
− δ f hm @hm

@x
� = −ε0, (19)
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where we introduced the volume fraction of CO2 in the CO2 + brine
mixture, Xv = ρmXm�ρc, Xm 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:

ε0(x) =
�������
0 if h(x) = 0 or h(x) + hm(x) = 1
ε else,

(21)

with

ε = q∗m
ϕW∗ � L

∗
0

H∗ �
2

. (22)

The parameter ε will be defined in detail in each specific configura-
tion 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 sen-

sitive 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 Fluid properties Dissolution properties

No. γ � L M Mm δ Xv Ra ε

S1 1 ∞ 50–140 1 1 0.02 0.02 2.4 × 103 10−5
S2 1/8-1 ∞ 140 1 1 0.02 0.02 2.4 × 103 10−5γ−1/2
S3 1 5 × 10−3–5 × 105 140 1 1 0.02 0.02 2.4 × 103 ε(�) [Fig. 4(a)]
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Dimensionless equations

50 4. Modelling convection regimes from onset to shutdown

C = 1 , w = 0

z
/
R
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x/Ra

z

x

@C/@z = 0 , w = 0

Figure 4.1 – Sketch of the computational domain with explicit indication of the
boundary conditions (Eqs. (4.7)-(4.8)) employed. The contour map of the solute
concentration C at a given time instant t is also shown to provide a flow visualization
of the dynamics for the present physical configuration (injection of CO2 from the
upper boundary).

@u

@x
+

@w

@z
= 0, (4.5)
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with P = p + z(⇢⇤
s
/�⇢⇤ � 1) the reduced pressure. Boundary conditions

for the governing equations are as follows: the top wall is an impermeable
boundary characterized by a fixed solute concentration (mimicking the pres-
ence of a saturated solution near the top boundary), whereas the bottom
boundary is an impermeable boundary for both fluid and solute (i.e. no-
flux boundary). Periodicity is applied at the side boundaries (along x). In
dimensionless form, these boundary conditions become:

w = 0 , C = 1 for z = 0 , (4.7)

w = 0 ,
@C

@z
= 0 for z = �Ra . (4.8)

A sketch of the computational domain together with the indication of the
boundary conditions and a contour map of the concentration C at a given
time instant is shown in Fig. 4.1.

The main parameter of the simulation is the Rayleigh-Darcy number,
which is the ratio of di↵usive to convective time scales, defined as

Ra =
gH⇤kv�⇢⇤

µ�D
, (4.9)

where H⇤ represents the domain height. With the proposed scalings, Ra ap-
pears only in the boundary conditions (but not in the governing equations)
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being p⇤ and ⇢⇤ the pressure and the local density respectively.
Neglecting the e↵ects of dispersion, solute is redistributed by advection

and di↵usion. If we define the solute di↵usivity D, the solute concentration
C⇤ evolves in time (t⇤) according to
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We consider the fluid density as the only physical property that depends on
concentration through the equation of state
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being ⇢⇤
s
the density of the heavy fluid and C⇤

s
the corresponding concen-

tration, i.e. the concentration of CO2 into the CO2+brine layer, and �⇢
the density di↵erence between the satured brine and the pure brine.

6.2.1 Dimensionless equations

A relevant reference velocity scale for this flow is the free-fall buoyancy
velocity, which is the vertical velocity of a rising light-fluid parcel surrounded
by heavy fluid, W ⇤ = gk�⇢⇤/µ. We adopt as length scale H⇤, even though
is not the unique reference length possible. In order to compare the evolution
of domains with di↵erent sizes, i.e. di↵erent H⇤, sometimes results useful to
define an alternative length scale (see Chap. 4) that will be also discussed
in Sec. 6.3.3. Finally, variables are made dimensionless as in Chap. 3, with
the exception of the concentration

x =
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W ⇤ (6.5)
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s

, t =
t⇤

�H⇤/W ⇤ . (6.6)

Note that the absence of the superscript ⇤ is used to represent dimensionless
variables. According to Eq. (6.5), the physical domain width L⇤ becomes
dimensionless as L = L⇤/H⇤ and this quantity represents the domain aspect
ratio. In other words, the dimensionless extensions of the domain are H = 1
and L in vertical and horizontal directions respectively.

Using the above scalings, the dimensionless velocity of the solute is de-
scribed by the equations:
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� C, (6.7)
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with P = p+z(⇢⇤
s
/�⇢⇤�1) the reduced pressure, whereas the concentration

is governed by the following equation:
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where appears the main parameter of the simulation, the final (or global)
Rayleigh-Darcy number, defined as

Ra0 =
g�⇢⇤kH⇤

µ�D
, (6.10)

which expresses an inverse di↵usivity (De Paoli et al., 2016) or a dimension-
less layer thickness (De Paoli et al., 2017).

Another key parameters is the mixing length h⇤. It represents the dis-
tance between the rear and the tip of the fingers, the peculiar structures
that dominate the convective phenomena in porous media flows. Few strate-
gies have been adopted in literature to define this parameter, based on local
(De Wit, 2004) (i.e. threshold value) or global (Cabot and Cook, 2006) (i.e.
integral quantities) properties. According to De Wit (2004), we choose to
identify the mixing zone, whose dimensionless extension is h, as the portion
of the domain where " < C(z, t) < 1 � ", with " = 10�2 and being C(z, t)
the horizontally-averaged concentration profile, defined as:

C(z, t) =
1

L

Z
L

0

C(x, z, t)dx . (6.11)

We wish to remark that it is useful to define an instantaneous (also called
e↵ective or current) Rayleigh-Darcy number, Ra, defined on the mixing
length h⇤ rather than on the domain height H⇤, which will be extensively
discussed in Sec. 6.3.

Boundary conditions for the governing equations are as follows: both top
and bottom boundaries are impermeable for both fluid and solute (i.e. no-
flux boundary). In dimensionless form, these boundary conditions become:

w = 0 ,
@C

@z
= 0 for z = 0, 1 . (6.12)

Periodicity is applied at the side boundaries (along x).
A sketch of the computational domain, together with a contour map of

the concentration field at a given time instant t̃ and the indication of the
boundary conditions, is shown in Fig. 6.1a). In Fig.6.1b), the boundary
conditions and the interpretation of the mixing length have been reported.
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Figure 4.1 – Sketch of the computational domain with explicit indication of the
boundary conditions (Eqs. (4.7)-(4.8)) employed. The contour map of the solute
concentration C at a given time instant t is also shown to provide a flow visualization
of the dynamics for the present physical configuration (injection of CO2 from the
upper boundary).
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with P = p + z(⇢⇤
s
/�⇢⇤ � 1) the reduced pressure. Boundary conditions

for the governing equations are as follows: the top wall is an impermeable
boundary characterized by a fixed solute concentration (mimicking the pres-
ence of a saturated solution near the top boundary), whereas the bottom
boundary is an impermeable boundary for both fluid and solute (i.e. no-
flux boundary). Periodicity is applied at the side boundaries (along x). In
dimensionless form, these boundary conditions become:

w = 0 , C = 1 for z = 0 , (4.7)

w = 0 ,
@C

@z
= 0 for z = �Ra . (4.8)

A sketch of the computational domain together with the indication of the
boundary conditions and a contour map of the concentration C at a given
time instant is shown in Fig. 4.1.

The main parameter of the simulation is the Rayleigh-Darcy number,
which is the ratio of di↵usive to convective time scales, defined as

Ra =
gH⇤kv�⇢⇤

µ�D
, (4.9)

where H⇤ represents the domain height. With the proposed scalings, Ra ap-
pears only in the boundary conditions (but not in the governing equations)

Darcy numerical simulations
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Within this framework, the solution of Eq. (4.6) yields:

C(z, t) = 1 + erf
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◆
, (4.12)

with the dimensionless solute flux being
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, (4.13)

where L is dimensionless domain width. The corresponding amount of solute
dissolved in time, G(t), is given by the integral of the solute flux F (t),

G(t) =

Z
t

0

F (⌧)d⌧ =
2
p
t

p
⇡
. (4.14)

The profiles of F (t) and G(t) obtained from the present computations are
shown in the two panels of Fig. 4.3 for Ra = 2⇥ 104 and di↵erent values of
� (symbols in Fig. 4.3). The dashed line in Fig. 4.3 indicates the analytical
prediction given by Eq. (4.13). We first consider Fig. 4.3a. For t < 103, we
observe that the behaviour of F (t) is independent of � and follows nicely the
theoretical predictions. Later in time, at t = ton (onset time of convection),
convection is triggered and the profile of F (t) departs from the theoretical
prediction of a pure di↵usive flow. In literature, there are di↵erent expres-
sions to find the value of ton as a function of � (Green and Ennis-King,
2014), essentially because ton depends on the initial conditions prescribed
in the simulations. To predict the value of ton, we follow the expression of
Cheng et al. (2012):

ton = 47.9�0.79 . (4.15)

In the present cases, we obtain ton = 47.9 (� = 1), ton = 38 (� = 3/4) and
ton = 27 (� = 1/2). The departure of F (t) from the purely di↵usive profile
for t > ton is barely visible at the beginning. Well beyond ton, at time
t = td, di↵usion is balanced by convection and the dissolution flux reaches a
minimum. We further remark here that there is a large di↵erence between
ton and td (td is on average two orders of magnitude larger than ton). The
decrease of � (i.e. the increase of the horizontal permeability) reduces the
value of td (and also of ton), indicating that convection is triggered early
when � < 1. In particular, we found td ' 2.2⇥ 103 (� = 1), td ' 1.6⇥ 103

(� = 3/4) and td ' 1.1 ⇥ 103 (� = 1/2). Just after td, the dissolution
flux increases sharply. For this reason td is sometimes taken as a practical
measure of the onset time of convection. From a phenomenological point of
view, after td viscous fingers become visible and start transporting e�ciently
dense solute away from the boundary, so to increase the dissolution flux.
Fingers are at first characterized by negligible lateral movements (see also
the regular and parallel footprint of fingers during the flux growth regime
in Fig. 4.2). Later, fingers increase their length and strength and start

7

Convective dissolution process

De Paoli, Zonta and Soldati, Phys. Fluids (2016)
De Paoli, Zonta and Soldati, Phys. Fluids (2017)

See also Slim, J. Fluid Mech. (2014)
Hewitt, Neufeld & Lister, J. Fluid Mech. (2013)

Examples of model extension: 
effect of anisotropy of the medium
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Convection in anisotropic media

benedek / Getty Images Rhododendrites/Wikimedia Commons/CC BY 4.0

Sedimentary rocks: Rocks formed by stratificationExamples of model extension: 
effect of anisotropy of the medium Assumptions: 

1. Homogeneous porous medium
2. Anisotropic porous medium

• Principal directions of the permeability tensor 
aligned with the reference frame

x

z
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Heat flux and dissolution rate
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FIG. 2. Time behaviour of the solute dissolution for
Ra= 2⇥ 104 and � = 1. Main panel (panel (b)): disso-
lution flux F(t) as a function of time. Solid line refers
to the present numerical simulation. Dashed lines indi-
cate analytical predictions found in the literature for the
diffusion regime (t < 103, Eq. (13)); the constant flux
regime (2⇥ 104 < t < 2⇥ 105, Eq. (17)); and the shut-
down regime (2⇥ 105 < t < 3⇥ 106, Eq. (19)). The formu-
lation of these theoretical predictions is explicitly given
in the text (Sec. III). Note that the extent of the differ-
ent flow regimes is also explicitly indicated. Side panels
(panels (a) and (c)): time behaviour of the concentration
field measured along an horizontal slice (x) located close
to the top wall (z = 20 for panel (a), z = 50 for panel
(c)) measured for different time windows during the tran-
sient evolution (panel (a) refers to 2⇥ 102  t  4⇥ 104,
whereas panel c refers to 4 ⇥ 105  t  15 ⇥ 105).

Within this framework, the solution of Eq. (6) yields

C(z, t) = 1 + erf
✓ zp

4t

◆
, (12)

with the dimensionless solute flux being

F(t) =
1
L

⌅ L

0

@C
@z

����z=0
dx =

1p
⇡t

, (13)

where L is the dimensionless domain width. The correspond-
ing amount of solute dissolved in time, G(t), is given by the
integral of the solute flux F(t),

G(t) =
⌅ t

0
F(⌧)d⌧ =

2
p

tp
⇡

. (14)

The profiles of F(t) and G(t) obtained from the present compu-
tations are shown in the two panels of Fig. 3 for Ra = 2 ⇥ 104

and different values of � (symbols in Fig. 3). The dashed line

in Fig. 3 indicates the analytical prediction given by Eq. (13).
We first consider Fig. 3(a). For t < 103, we observe that the
behaviour of F(t) is independent of � and follows nicely the
theoretical predictions. Later in time, at t = ton (onset time of
convection), convection is triggered and the profile of F(t)
departs from the theoretical prediction of a pure diffusive flow.
In the literature, there are different expressions to find the value
of ton as a function of �,16 essentially because ton depends on
the initial conditions prescribed in the simulations. To predict
the value of ton, we follow the expression of Cheng et al.,15

ton = 47.9�0.79. (15)

In the present cases, we obtain ton = 47.9 (� = 1), ton = 38
(� = 3/4), and ton = 27 (� = 1/2). The departure of F(t) from
the purely diffusive profile for t > ton is barely visible at the
beginning. Well beyond ton, at time t = td , diffusion is balanced
by convection and the dissolution flux reaches a minimum. We

See also Slim, J. Fluid Mech., 2014
Hewitt et al, J. Fluid Mech., 2013,
De Paoli et al., Phys. Fluids, 2016, 2017
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Ra= 2⇥ 104 and � = 1. Main panel (panel (b)): disso-
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down regime (2⇥ 105 < t < 3⇥ 106, Eq. (19)). The formu-
lation of these theoretical predictions is explicitly given
in the text (Sec. III). Note that the extent of the differ-
ent flow regimes is also explicitly indicated. Side panels
(panels (a) and (c)): time behaviour of the concentration
field measured along an horizontal slice (x) located close
to the top wall (z = 20 for panel (a), z = 50 for panel
(c)) measured for different time windows during the tran-
sient evolution (panel (a) refers to 2⇥ 102  t  4⇥ 104,
whereas panel c refers to 4 ⇥ 105  t  15 ⇥ 105).
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where L is the dimensionless domain width. The correspond-
ing amount of solute dissolved in time, G(t), is given by the
integral of the solute flux F(t),
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The profiles of F(t) and G(t) obtained from the present compu-
tations are shown in the two panels of Fig. 3 for Ra = 2 ⇥ 104

and different values of � (symbols in Fig. 3). The dashed line

in Fig. 3 indicates the analytical prediction given by Eq. (13).
We first consider Fig. 3(a). For t < 103, we observe that the
behaviour of F(t) is independent of � and follows nicely the
theoretical predictions. Later in time, at t = ton (onset time of
convection), convection is triggered and the profile of F(t)
departs from the theoretical prediction of a pure diffusive flow.
In the literature, there are different expressions to find the value
of ton as a function of �,16 essentially because ton depends on
the initial conditions prescribed in the simulations. To predict
the value of ton, we follow the expression of Cheng et al.,15

ton = 47.9�0.79. (15)

In the present cases, we obtain ton = 47.9 (� = 1), ton = 38
(� = 3/4), and ton = 27 (� = 1/2). The departure of F(t) from
the purely diffusive profile for t > ton is barely visible at the
beginning. Well beyond ton, at time t = td , diffusion is balanced
by convection and the dissolution flux reaches a minimum. We

Convection-dominated

026601-5 De Paoli, Zonta, and Soldati Phys. Fluids 29, 026601 (2017)

FIG. 3. (a) Solute dissolution flux F(t) vs time t in the early stages of the
simulations, plotted for Ra= 2⇥ 104 and � = 1/2, 3/4, and 1. The dashed
line represents the dissolution flux computed as in Eq. (13). (b) Total solute
dissolved from t = 0 for the different permeability ratios considered (solid
lines) and from the theory (Eq. (14)). We report the same simulations presented
in (a), and the lower the permeability ratio, the sooner the flux deviates from
diffusion.

further remark here that there is a large difference between ton
and td (td is on average two orders of magnitude larger than
ton). The decrease of � (i.e., the increase of the horizontal per-
meability) reduces the value of td (and also of ton), indicating
that convection is triggered early when � < 1. In particular,
we found td ' 2.2 ⇥ 103 (� = 1), td ' 1.6 ⇥ 103 (� = 3/4),
and td ' 1.1⇥ 103 (� = 1/2). Just after td , the dissolution flux
increases sharply. For this reason, td is sometimes taken as
a practical measure of the onset time of convection. From
a phenomenological point of view, after td fingers become
visible and start transporting efficiently dense solute away
from the boundary, so to increase the dissolution flux. Fin-
gers are at first characterized by negligible lateral movements
(see also the regular, and parallel, footprint of fingers during
the flux growth regime in Fig. 2). Later, fingers increase their
length and strength and start modifying the entire velocity field.
This causes fingers to come closer and eventually merge with
the neighbours (as also shown by the evolution of the finger
roots during the merging regime in Fig. 2(a)) to create larger
plumes. The merging process decreases the number of plumes
and increases the boundary layer thickness, hence reduc-
ing the dissolution flux (decrease of F(t) for t > 0.2⇥ 104 in
Fig. 3). By looking at the behaviour of G(t) in Fig. 3(b), one
important observation can be made. After the initial transient
where G(t) follows the pure diffusional profile (regardless of
the value of �), we note that solute dissolution appears more
efficient for decreasing �. At t = 104, the amount of solute
dissolved for � = 1/2 can be up to 20% larger compared to
� = 1.

B. The convection-dominated stage

After the initial diffusive dynamics, the flow enters a
convection dominated stage called constant flux regime.9,25,26

During this regime, primary plumes already generated in the
previous stages of the flow rapidly grow. At the same time, the
diffusive boundary layer between adjacent plumes becomes
unstable and continuously produces new protoplumes. The
newly formed protoplumes are driven laterally by the back-
ground flow and coalesce with primary plumes. During this
stage, the average flux of solute fluctuates around a mean
constant value (Fig. 4). For isotropic conditions (� = 1), we

FIG. 4. Constant flux regime. Dimensionless solute flux F(t) for three
different permeability ratios (1/2, 3/4, and 1) at fixed Rayleigh number
(Ra = 2 ⇥ 104). In the constant flux regime, the simulations (solid lines) are
in good agreement with the predictions of Green and Ennis-King16 (dashed
lines).

recover the value F(t) = 1.7 ⇥ 10�2 proposed by Pau et al.,12

Slim,9 and Hesse,27 among others. The dimensional solute flux
can be expressed as10,16

F⇤(t⇤) = 0.017
p

khkv
C⇤s�⇢

⇤g
µ

(16)

or, in dimensionless form,

F(t) = 0.017��1/2. (17)

The theoretical predictions given by Eq. (17) are shown
by the dashed lines (– –) in Fig. 4. We note a fair agree-
ment between numerical results (symbols) and theoretical
predictions (dashed lines), which demonstrates for the first
time that the scaling law proposed in the literature16 for
lower values of Ra (103  Ra  9⇥ 103) can be extended up to
Ra= 2⇥ 104, as shown by the present results. Note that,
although the time at which the constant flux regime starts
does depend on the initial conditions of the flow, the aver-
age value of the dissolution rate F(t) in the constant flux
regime does not.9 This indicates also that the constant flux
regime and the final shutdown regime are universal stages
in which the effects of different initial conditions are only
chaotic fluctuations around the average behaviour. There-
fore, the corresponding parametrization (presented in this sec-
tion and in Sec. III C) is universal and does not depend on
the specific initial conditions. We wish to remark here that
this dynamics does not change substantially in 3D domains.
The main difference between 2D and 3D results is that the
time fluctuation of F(t) around its average value is large
for 2D rather than for 3D cases.12 This was also observed
by Hewitt et al.,28 using different boundary conditions (i.e.,
Dirichlet type boundary conditions at both top and bottom
boundaries).

C. The shutdown stage

Once the plumes reach the bottom boundary, the domain
starts filling up with dense solute and the flow enters the
last stage of its dynamics, usually called the shutdown stage.
Despite its practical importance, the shutdown stage in non-
isotropic porous media has never been explicitly computed,
with the only available predictions8 being based on extrapo-
lations from different flow configurations (different bound-
ary conditions at the bottom wall). In the present paper,

Isotropic

Anisotropic
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FIG. 3. (a) Solute dissolution flux F(t) vs time t in the early stages of the
simulations, plotted for Ra= 2⇥ 104 and � = 1/2, 3/4, and 1. The dashed
line represents the dissolution flux computed as in Eq. (13). (b) Total solute
dissolved from t = 0 for the different permeability ratios considered (solid
lines) and from the theory (Eq. (14)). We report the same simulations presented
in (a), and the lower the permeability ratio, the sooner the flux deviates from
diffusion.

further remark here that there is a large difference between ton
and td (td is on average two orders of magnitude larger than
ton). The decrease of � (i.e., the increase of the horizontal per-
meability) reduces the value of td (and also of ton), indicating
that convection is triggered early when � < 1. In particular,
we found td ' 2.2 ⇥ 103 (� = 1), td ' 1.6 ⇥ 103 (� = 3/4),
and td ' 1.1⇥ 103 (� = 1/2). Just after td , the dissolution flux
increases sharply. For this reason, td is sometimes taken as
a practical measure of the onset time of convection. From
a phenomenological point of view, after td fingers become
visible and start transporting efficiently dense solute away
from the boundary, so to increase the dissolution flux. Fin-
gers are at first characterized by negligible lateral movements
(see also the regular, and parallel, footprint of fingers during
the flux growth regime in Fig. 2). Later, fingers increase their
length and strength and start modifying the entire velocity field.
This causes fingers to come closer and eventually merge with
the neighbours (as also shown by the evolution of the finger
roots during the merging regime in Fig. 2(a)) to create larger
plumes. The merging process decreases the number of plumes
and increases the boundary layer thickness, hence reduc-
ing the dissolution flux (decrease of F(t) for t > 0.2⇥ 104 in
Fig. 3). By looking at the behaviour of G(t) in Fig. 3(b), one
important observation can be made. After the initial transient
where G(t) follows the pure diffusional profile (regardless of
the value of �), we note that solute dissolution appears more
efficient for decreasing �. At t = 104, the amount of solute
dissolved for � = 1/2 can be up to 20% larger compared to
� = 1.

B. The convection-dominated stage

After the initial diffusive dynamics, the flow enters a
convection dominated stage called constant flux regime.9,25,26

During this regime, primary plumes already generated in the
previous stages of the flow rapidly grow. At the same time, the
diffusive boundary layer between adjacent plumes becomes
unstable and continuously produces new protoplumes. The
newly formed protoplumes are driven laterally by the back-
ground flow and coalesce with primary plumes. During this
stage, the average flux of solute fluctuates around a mean
constant value (Fig. 4). For isotropic conditions (� = 1), we

FIG. 4. Constant flux regime. Dimensionless solute flux F(t) for three
different permeability ratios (1/2, 3/4, and 1) at fixed Rayleigh number
(Ra = 2 ⇥ 104). In the constant flux regime, the simulations (solid lines) are
in good agreement with the predictions of Green and Ennis-King16 (dashed
lines).

recover the value F(t) = 1.7 ⇥ 10�2 proposed by Pau et al.,12

Slim,9 and Hesse,27 among others. The dimensional solute flux
can be expressed as10,16

F⇤(t⇤) = 0.017
p

khkv
C⇤s�⇢

⇤g
µ

(16)

or, in dimensionless form,

F(t) = 0.017��1/2. (17)

The theoretical predictions given by Eq. (17) are shown
by the dashed lines (– –) in Fig. 4. We note a fair agree-
ment between numerical results (symbols) and theoretical
predictions (dashed lines), which demonstrates for the first
time that the scaling law proposed in the literature16 for
lower values of Ra (103  Ra  9⇥ 103) can be extended up to
Ra= 2⇥ 104, as shown by the present results. Note that,
although the time at which the constant flux regime starts
does depend on the initial conditions of the flow, the aver-
age value of the dissolution rate F(t) in the constant flux
regime does not.9 This indicates also that the constant flux
regime and the final shutdown regime are universal stages
in which the effects of different initial conditions are only
chaotic fluctuations around the average behaviour. There-
fore, the corresponding parametrization (presented in this sec-
tion and in Sec. III C) is universal and does not depend on
the specific initial conditions. We wish to remark here that
this dynamics does not change substantially in 3D domains.
The main difference between 2D and 3D results is that the
time fluctuation of F(t) around its average value is large
for 2D rather than for 3D cases.12 This was also observed
by Hewitt et al.,28 using different boundary conditions (i.e.,
Dirichlet type boundary conditions at both top and bottom
boundaries).

C. The shutdown stage

Once the plumes reach the bottom boundary, the domain
starts filling up with dense solute and the flow enters the
last stage of its dynamics, usually called the shutdown stage.
Despite its practical importance, the shutdown stage in non-
isotropic porous media has never been explicitly computed,
with the only available predictions8 being based on extrapo-
lations from different flow configurations (different bound-
ary conditions at the bottom wall). In the present paper,

Strong influence of # on flux
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FIG. 3. (a) Solute dissolution flux F(t) vs time t in the early stages of the
simulations, plotted for Ra= 2⇥ 104 and � = 1/2, 3/4, and 1. The dashed
line represents the dissolution flux computed as in Eq. (13). (b) Total solute
dissolved from t = 0 for the different permeability ratios considered (solid
lines) and from the theory (Eq. (14)). We report the same simulations presented
in (a), and the lower the permeability ratio, the sooner the flux deviates from
diffusion.

further remark here that there is a large difference between ton
and td (td is on average two orders of magnitude larger than
ton). The decrease of � (i.e., the increase of the horizontal per-
meability) reduces the value of td (and also of ton), indicating
that convection is triggered early when � < 1. In particular,
we found td ' 2.2 ⇥ 103 (� = 1), td ' 1.6 ⇥ 103 (� = 3/4),
and td ' 1.1⇥ 103 (� = 1/2). Just after td , the dissolution flux
increases sharply. For this reason, td is sometimes taken as
a practical measure of the onset time of convection. From
a phenomenological point of view, after td fingers become
visible and start transporting efficiently dense solute away
from the boundary, so to increase the dissolution flux. Fin-
gers are at first characterized by negligible lateral movements
(see also the regular, and parallel, footprint of fingers during
the flux growth regime in Fig. 2). Later, fingers increase their
length and strength and start modifying the entire velocity field.
This causes fingers to come closer and eventually merge with
the neighbours (as also shown by the evolution of the finger
roots during the merging regime in Fig. 2(a)) to create larger
plumes. The merging process decreases the number of plumes
and increases the boundary layer thickness, hence reduc-
ing the dissolution flux (decrease of F(t) for t > 0.2⇥ 104 in
Fig. 3). By looking at the behaviour of G(t) in Fig. 3(b), one
important observation can be made. After the initial transient
where G(t) follows the pure diffusional profile (regardless of
the value of �), we note that solute dissolution appears more
efficient for decreasing �. At t = 104, the amount of solute
dissolved for � = 1/2 can be up to 20% larger compared to
� = 1.

B. The convection-dominated stage

After the initial diffusive dynamics, the flow enters a
convection dominated stage called constant flux regime.9,25,26

During this regime, primary plumes already generated in the
previous stages of the flow rapidly grow. At the same time, the
diffusive boundary layer between adjacent plumes becomes
unstable and continuously produces new protoplumes. The
newly formed protoplumes are driven laterally by the back-
ground flow and coalesce with primary plumes. During this
stage, the average flux of solute fluctuates around a mean
constant value (Fig. 4). For isotropic conditions (� = 1), we

FIG. 4. Constant flux regime. Dimensionless solute flux F(t) for three
different permeability ratios (1/2, 3/4, and 1) at fixed Rayleigh number
(Ra = 2 ⇥ 104). In the constant flux regime, the simulations (solid lines) are
in good agreement with the predictions of Green and Ennis-King16 (dashed
lines).

recover the value F(t) = 1.7 ⇥ 10�2 proposed by Pau et al.,12

Slim,9 and Hesse,27 among others. The dimensional solute flux
can be expressed as10,16

F⇤(t⇤) = 0.017
p

khkv
C⇤s�⇢

⇤g
µ

(16)

or, in dimensionless form,

F(t) = 0.017��1/2. (17)

The theoretical predictions given by Eq. (17) are shown
by the dashed lines (– –) in Fig. 4. We note a fair agree-
ment between numerical results (symbols) and theoretical
predictions (dashed lines), which demonstrates for the first
time that the scaling law proposed in the literature16 for
lower values of Ra (103  Ra  9⇥ 103) can be extended up to
Ra= 2⇥ 104, as shown by the present results. Note that,
although the time at which the constant flux regime starts
does depend on the initial conditions of the flow, the aver-
age value of the dissolution rate F(t) in the constant flux
regime does not.9 This indicates also that the constant flux
regime and the final shutdown regime are universal stages
in which the effects of different initial conditions are only
chaotic fluctuations around the average behaviour. There-
fore, the corresponding parametrization (presented in this sec-
tion and in Sec. III C) is universal and does not depend on
the specific initial conditions. We wish to remark here that
this dynamics does not change substantially in 3D domains.
The main difference between 2D and 3D results is that the
time fluctuation of F(t) around its average value is large
for 2D rather than for 3D cases.12 This was also observed
by Hewitt et al.,28 using different boundary conditions (i.e.,
Dirichlet type boundary conditions at both top and bottom
boundaries).

C. The shutdown stage

Once the plumes reach the bottom boundary, the domain
starts filling up with dense solute and the flow enters the
last stage of its dynamics, usually called the shutdown stage.
Despite its practical importance, the shutdown stage in non-
isotropic porous media has never been explicitly computed,
with the only available predictions8 being based on extrapo-
lations from different flow configurations (different bound-
ary conditions at the bottom wall). In the present paper,

qm
* ≡

isotropic medium
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current, which has been determined from a preliminary numeri-
cal 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 influ-
ence 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 exten-
sion (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

FIG. 5. Evolution of the current nose (xn) of a buoyant CO2 plume. The domain
width L varies within the interval Lmin ≤ L ≤ L∞, with Lmin = 1�Xv (blue) and
L∞ = 140 (green). The values of L corresponding to the curves shown are explic-
itly indicated in color bars. The early stage of the dissolution process (a) is indepen-
dent 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 evo-
lution predicted by the one-current model without dissolution [Eq. (30), solid line]
and with dissolution [Eq. (29), dashed line] is also shown.

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 classi-
fication provides a graphical interpretation of the extension of the
CO2 current along the upper horizontal impermeable layer of the
reservoir.

C. Influence of anisotropy (S2)
We consider now the effect of porous medium anisotropy on

the evolution of the currents. These results are particularly impor-
tant 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 (�→∞). The volume
of CO2 injected is L∗0H∗�√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, there-
fore, 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

FIG. 6. Evolution of the current nose of a buoyant CO2 plume (xn). The perme-
ability 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 one-
current 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.

33, 016602-9Phys. Fluids 33, 016602 (2021); doi: 10.1063/5.0031632 
© Author(s) 2021

Physics of Fluids ARTICLE scitation.org/journal/phf

previous studies in the instance of isotropic domains in absence
of dispersion.6,44,45 We consider a rectangular domain of exten-
sion 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 �w].
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 vol-
ume 2L∗0 ×H∗ of CO2 [black fluid in Fig. 3(a), density ρc and viscos-
ity �c] 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 equa-
tions). 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 ver-
tical directions, respectively. We also consider the domain two-
dimensional and characterized by a small aspect ratio (H∗ � L∗).
In this configuration, we consider the fluids as three distinct regions

FIG. 3. Sketch of the flow configuration. (a) Initial condition: CO2 (black fluid,
ρc , �c) is injected and is initially surrounded by brine (yellow fluid, ρw , �w ). (b)
Buoyant current is defined by the layer height, h∗(x∗, t∗), and current nose,
x∗n (t∗), i.e., the maximum horizontal extension of the CO2 current. At the inter-
face between CO2 and brine, CO2 dissolves and a downward flux (q∗m) generates
a third current of heavy fluid (CO2 + brine, red fluid, ρm, �m). (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∗).

of uniform density and viscosity and the Darcy equation (2) applies
to each phase i,

u∗i = �u∗iw∗i � =
1
�i
K�−∇p∗i + ρig�, (5)

where i stands for c (CO2 phase), w (brine phase), and m (CO2+ brine phase). Since H∗ � L∗, the vertical velocity component w∗i
is negligible with respect to the horizontal one, u∗i , and the z com-
ponent 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∗) + ρcg(H∗ − h∗ − z∗), (6)

p∗w(x∗, z∗, t∗) = p∗0 (x∗, t∗) + ρwg(H∗ − h∗ − z∗), (7)

p∗m(x∗, z∗, t∗) = p∗0 (x∗, t∗) + ρwgh∗m + ρmg(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 con-
servation of mass in the currents of CO2 and CO2 + brine mixture,
respectively,

ϕ
@h∗
@t∗ = − @

@x∗ ��
H∗

h∗m+h∗w u
∗
c dz� − q∗m, (11)

ϕ
@h∗m
@t∗ = − @

@x∗
�������

h∗m
0

u∗m dz
������ +

q∗m
Xv

, (12)

where we introduced the volume of CO2 dissolved in brine per unit
of CO2-brine interface and time, q∗m [m3�(m2s)]. We also used the
volume fraction of CO2 in the CO2 + brine mixture, Xv = ρmXm�ρc,
Xm 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, consid-
erably increasing the time required to achieve a complete dissolu-
tion. 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 disso-
lution 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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(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, con-
siderably slowing down the dissolution process and making buoy-
ancy 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 cur-
rent of CO2 to expand until the CO2-brine interfacial area is suf-
ficiently 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 − ε
18
(9t)4�3�3�2 . (32)

We wish to remark here the implications of the dimensionless set
of variables used for the results presented. In all simulations con-
sidered, 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, cor-
responding 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 disper-

sion by varying the dimensionless dissolution rate (ε) as a function

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 correspond-
ing to the curves shown are explicitly indicated in the color bar.

of �, 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 �. The
flow dynamics is briefly recalled here. When � ≥ 1, convection dom-
inates 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 � 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 � = 5 × 10−2) with respect to
the value in the absence of dispersion (�→∞). If the effect of dis-
persion is further increased (� < 5 × 10−2), the flow changes com-
pletely. 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 < � < 5 × 105. The results are presented in terms of vol-
ume of CO2 dissolved. We report the evolution of V in Fig. 8 for
some representative values of �, 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 �, and the flow evolves following the
one-current model prediction, shown as dashed lines in Fig. 8(a)
[obtained assuming ε = ε(�) in Eq. (32)]. The self-similar behav-
ior exhibited in the early stage is even more apparent when time is
rescaled by [ε(�)�ε(�→∞)]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(�)�ε(�→∞)]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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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 permeabil-
ity, 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 char-
acterized 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 cur-
rent is not sufficiently developed in the vertical direction to inhibit
dissolution. The time tσ 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 sin-
uous paths, which makes the transported solute (CO2 in this case)
to spread further. This effect is defined as dispersion and is quanti-
fied here with � (the relative importance of molecular diffusion to
transverse dispersion). Dispersion influences considerably the dis-
solution rate of CO2 in brine, and we included this effect in the
large-scale model defining the dissolution rate as a function of �.
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 tσ required to dissolve a fixed portion σ of solute is shown

FIG. 10. Effect of anisotropy γ on tσ , i.e., the time required to dissolve a fraction
σ of the initial volume of CO2 injected. Left axis: dimensionless value of tσ . Right
axis: dimensional value of t∗σ . The effect of anisotropy is considerable, e.g., t∗20%
in isotropic (γ = 1) reservoirs (≈ 4 years) is doubled with respect to domains with
anisotropy ratio γ = 1�8 (≈ 2 years).

FIG. 11. Effect of transverse dispersion (�) on the time tσ , i.e., the time required to
dissolve a fraction σ of the initial volume of CO2 injected. For formations with low
dispersion (� > 105), tσ 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 (� < 10−2), the dissolution is more
efficient than in the absence of dispersion. For intermediate values of dispersion
(10−2 < � < 101), the dissolution rate can drop to 50% of the case with �→∞,
and tσ increases considerably.

as a function of � in Fig. 11. When � > 10, the effect of disper-
sion 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 � < 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 dis-
persion (�→∞). As a result, tσ is lower than in the absence of
dispersion, corresponding to a beneficial effect for the storage pro-
cess. In contrast, for intermediate values of � (i.e., 10−2 < � < 101),
the transition from columnar to fan flowmakes the dissolution drop
up to 50% of the case with �→∞. In this case, the influence of dis-
persion on the storage of CO2 is negative, e.g., t20% can increase from
4 years (no dispersion) to 6 years (� = 5 × 10−2). To conclude, the
early stage of the migration process, analyzed here in terms of tσ , 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. How-
ever, this model represents a key tool to quantify the large-scale and
long-term dynamics of gravity currents, which can hardly be pre-
dicted by accurate numerical simulations at the Darcy scale. A fur-
ther advantage of the presented approach consists of the possibility
of accounting for different flow features, such as anisotropy and dis-
persion. The configuration considered consists of a simplified model
of a geological formation, which may be characterized by the pres-
ence of inclined boundaries,56,57 heterogeneities,25,28,29 rock dissolu-
tion,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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