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a b s t r a c t

In this work we study the deflections of an impermeable caprock in the various flow regimes of the
plume evolution in the CO2 sequestration problem. The pressure distributions causing the deflections
are determined by three different ways: via CFD simulations, known analytical solutions and a novel
model based on mass conservation (plug flow model). We find that the different approaches for
calculating the deflections are in very good agreement exhibiting minor deviations near the well;
the overall deviations also grow slowly with time. We also find that the magnitude of deflections is
inversely proportional to the gravity number, that is, large deflections correspond to the low buoyancy
regime. These findings suggest that the deflections are mainly driven by the injected volume of CO2, a
fact which is naturally built in the proposed model, dictating a piecewise logarithmic pressure profile
which greatly facilitates analytical treatment of the deflection field calculations. This methodology can
be used for predicting deflections with relative ease that are useful for caprock uplift and integrity
considerations.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction

Industrial energy production from combustion of hydrocar-
ons has increased globally CO2 emissions in 2021 reaching their
ighest ever annual level. An observed 6% increase from 2020,
ollowing the Covid-19 pandemic, pushed emissions to 36.3 Gt,
ased on an estimate from IEA’s detailed region-by-region and
uel-by-fuel analysis.1 CO2 emissions increased by almost 2.1 Gt
rom 2020 levels, which means that the year 2021 was even
bove 2010, which was declared as the largest ever year-on-year
ncrease in energy-related CO2 emissions.1 Due to the effect of
reenhouse gases, such as the CO2, on global warming, mitigation
easures have to be intensified. As suggested by the International
nergy Association (IEA) and the Special Report of IPCC (2005),
O2 capture and storage (CCS) is a promising method for miti-
ating these emissions in order to combat the adverse climate
hanges.2 The CCS process essentially involves capturing CO2 at
he point of creation, converting it to a supercritical fluid, and
hen storing it by injection within suitably permeable geological
ormations. It is also worth noting that CO2 sequestration tech-
ology is in accordance with the Kyoto Protocol, and if successful
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can enable the continued use of hydrocarbons and coal fuels. The
target that was set in order to control global temperature below
the limit of 2 ◦C above pre-industrial average temperature until
2040, however, a quite difficult target to achieve. Such targets
require in general that CCS projects, to suppress globally CO2
emissions by as high as 13% by 2050.1–3

Deep geologic storage of hazardous and toxic fluids, by in-
jection into confined formations for isolation has always been
an option for environmental management.4 Saline aquifers have
proved to be very promising geologic formations for CO2 stor-
age. The hydromechanical contribution in the coupled process
involved in CO2 sequestration have received scientific attention
because the hydrodynamic trapping of CO2 is associated with the
pore space of storage rocks.5,6 The hydrodynamic processes of
injection leads to the development of an evolving plume within
the storage rock confined by a very low permeability cap/seal
rock. The advancing plume displaces the resident water (brine)
acting as immiscible fluids.7,8 The type of evolution/propagation
is controlled by the relative strength of the injection rates and
buoyancy effects, as well as the relative mobility of CO2 plume to
brine, during sequestration of CO2 under supercritical conditions.
This plume propagates as large volumes of CO2 are injected into
the aquifer over time, creating overpressure in the formation
and perturbs the stress field which extends both vertically and

9–13
2-induced uplift of cap rocks under different flow regimes in CO2 sequestration,
/j.gete.2023.100433.

laterally to the cap rock, possibly compromising its integrity.
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Nomenclature

Latin

a, b, c, d Piece-wise logarithmic fit coefficients
cr Compressibility of the rock
cw Compressibility of the brine
Gs Saline aquifer shear modulus
Gc , Caprock shear modulus
Go Semi-infinite overburden rock shear

modulus
h Uniform caprock thickness
J0 Zeroth order Bessel function of the first

kind
J1 First order Bessel function of the first

kind
k Permeability
l Mid-depth of the pressurized region
m Pressurized region of thickness
p Pressure field
p Hankel transform of the pressure field
pc Carbon dioxide region pressure field
pcw Two-phase region pressure field
pw Brine region pressure field
pDT Pressure field derived from the Dentz

and Tartakovsky (2009) solution
pNCB Pressure field derived from the Nord-

botten et al. (2005) solution
Q Volumetric injection rate
r Radial distance from wellbore
r ′ Self-similarity distance
r1 Matching radial distance of the piece-

wise logarithmic fit
r ′

DT Dimensionless plume outer radius,
Dentz and Tartakovsky solution

rs Plume propagation scale
rwell Wellbore radius
R Radius of influence
Ss Specific storage of the aquifer formation
w Vertical deflection field
x Dimensionless plume thickness

Greek

αs Is the Biot’s coefficient of the storage
formation

Γ Gravity number
λ Mobility ratio
µc Carbon dioxide viscosity
µw Brine viscosity
ν Poisson ratio
ξ Dimensionless radial wavenumber
ρc Carbon dioxide density
ρw Brine density
ϕ Porosity
Φ Material constant defined in Eq. (2)
Ω Material constant defined in Eq. (2)
2

Currently, there are several on-going CO2 storage projects at
various scales, e.g. pilot scale: Ketzin, Cranfield, Frio, demonstra-
tion scale: Decatur and large commercial scale: Sleipner, Shohvit,
Gorgon and In-Salah. The latter, the In-Salah injection site is a
deep saline project in Algeria.14 Stromatographically, the aquifer
is overlaid by an impermeable caprock which is necessary for
preventing CO2 from escaping in the atmosphere. It is then under-
stood that the cap uplift and/or integrity over time is a significant
issue.15,16

Seminal works on geomechanics of caprock deformation have
included the coupled multiphase flow-stress in the analysis. Ac-
cording to their analysis, surface uplift which was the result of the
pressure-induced expansion of the aquifer pushes the cap and in
turn the overburden rock.17,18 Other works, have examined this
mechanism into multilayered geologic formations considering
stress anisotropy and including both shear and tensile failure
mechanisms.19,20 Furthermore, the effect of very low but non-
zero permeability of the caprock was also examined in these
works.17,18 The resulting works have shown that under specific
circumstances, failure would be unlikely to breach upper layers
but capable for creating heave at the surface.21 Further research
on the geomechanical risks associated with large volumes of CO2
storage (10 Mt/yr) into the Paris Basin revealed that failure is
most probably to occur near the injection site where overpres-
sures are observed by both modeling and observations. Most
contributions focus on over-pressurization of the aquifer causing
the overlying cap/seal to act as a bending plate, generating hor-
izontal and vertical displacements in upper geologic formations
and (a fully hydrodynamic-mechanical) coupled processes can be
omitted as a first approximation.17–21

Hydro-mechanical coupling effects are quite complex due to
the nature of the multiphase fluid flow interaction with the
storage and cap/seal rocks.17,18 As such, any analytical and semi-
analytical approaches may become valuable tools in predicting
the deflections after considering the storage capacity of the reser-
voir over time for geomechanical integrity analysis.21 Such so-
lutions serve as a fast estimation tool because of their compu-
tational efficiency and ability to predict surface uplifts. There
are only a few contributions, regarding surface uplifts thereby
allowing room for clarification and improvement. Some works
have attempted to estimate the surface uplift at In Salah us-
ing simplified analytical solutions.22 However, the results has
shown a certain overestimation of the deflection, which was at-
tributed to the restrictive assumptions of this solution (i.e., single
layer, 1D solution and uniform cap/seal overpressure). Extensions
of these works have considered multi-layered rock formations
in order to determine uplift, however considering uniform and
constant pressure as the CO2 loading thereby ignoring the evo-
lution of pressure on the cap/seal as a consequence of the CO2
plume evolution over time.23 Extending previous contributions,
two semi-analytical solutions for the caprock deflection based
on the simplest analytical solutions for the plume propagation
have been proposed in.23 Choosing suitably the permeability of
the aquifer formation, they managed to predict the measured
uplifting over time in the In-Salah formation reasonably well.23

In this work, we utilize the geometry of the In-Salah deep
saline formation as a test case for mathematical modeling. CO2
sequestration is performed in a sandstone storage rock, that is
overlain by a 900 m thickness cap/seal rock that has very low
permeability and directly above the cap/seal a system of 900 m
thick overburden rock to reach the surface. We utilize the ana-
lytical solution of Ref. 21 as modified for non-uniform pressure
profile in Ref. 23 to estimate caprock deflection in different flow
regimes. The latter are quantified by the gravity number and
mobility ratio.9,11 The pressure field in each regime are obtained

by three different means: computational fluid dynamics (CFD)
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nalysis with Ansys-Fluent, analytical solutions applicable in the
espective regimes, a novel simplified model (‘plug flow’ model),
nd the obtained results are compared and analyzed in detail. The
FD pressure fields are approximated by piece-wise logarithmic
unctions to facilitate the application of the deflection formula of
efs. 21, 23 which involves the Hankel transform of the pressure
ield. The ‘plug flow’ model, which is by construction piece-wise
ogarithmic and it is based in mass conservation, allows for fairly
oncise formulas for the deflection field in space and time, which
implify the calculations and allows for a more direct theoretical
nalysis of the problem (under the given assumptions). We show
hat all three approaches lead to similar results in the different
low regimes, thereby suggesting that our model estimates sur-
ace uplift and cap/seal deflection caused by the CO2 arbitrary
ressurization.
This paper is organized as follows: In Section 2, we present

he mathematical modeling of the problem, discuss the existing
nalytical solutions and the novel plug flow model deriving the
eflections formulas in each case. In Section 3, we briefly present
he CFD model that was used to obtain the pressure distributions
ydro-dynamically in different flow regimes. Section 4 summa-
izes the comparisons between the different analytical solutions
nd the CFD results, while Section 5 discusses the findings of this
ork.

. Mathematical modeling

The theoretical basis for our caprock deflection calculations is
he thin plate theory of Ref. 21, as modified by Ref. 23, and certain
heories/models of the CO2 plume propagation within the aquifer.
ere, we also introduce a novel model for the plume propagation
hich encapsulates the main features of the pressure field that
ontribute significantly to the caprock deflection.

.1. Thin plate deflections

The geometry of the formation is shown in Fig. 1. An im-
ermeable caprock of uniform thickness h and uniform elastic
roperties Gc , ν (shear modulus and Poisson ratio) lies over a stor-
ge unit (saline aquifer) which is a semi-infinite porous medium
ith uniform hydraulic and elastic properties, characterized by
ermeability k, porosity ϕ, shear modulus Gs and Poisson ratio ν.
n top of the caprock lies a semi-infinite overburden rock with
roperties Go, ν. In the context of Refs. 21, 23 the injection of CO2
s modeled a creating a pressurized region of thickness m within
he saline aquifer, which deforms the formation of the aquifer and
n turn the caprock itself by contact stresses.

The main assumptions in our formulation can be summarized
s follows: (a) uniform radial geometry, (b) uniform material and
ydraulic parameters throughout the formations being studied,
c) the chemo- and thermo-influence is ignored in the modeling
nd only hydrodynamical effects are taken into consideration, (d)
he hydrodynamic processes are de-coupled from the material
esponse hence we introduce a radius of influence of the well and
inally (e) quasi-static evolution of the system.

The novelty of the present work lies with the handling of
he hydromechanical component of the problem, given the de-
oupled formulation we have adopted. The mechanical part is
xplained in much detail in Refs. 21, 23.
The result is a formula23 for the vertical deflection w, of the

aprock at an arbitrary distance r from the injection wellbore
enter:

(r) =
Ωm

2

∫
∞ ξ

3 p
(

ξ
)
e−

ξ l
h J0

(
ξ r
)
dξ (1)
h 0 1 + Φξ h h
3

Fig. 1. Schematic representation of the formation (not to scale).

where l is the mid-depth of the pressurized region, which we
shall take to be l = m/2 i.e. the injection zone lies just below the
cap, the material constants Ω and Φ are given by Ref. 23:

Ω =
αs(1 − 2ν)
Gs + Go

, Φ =
(3 − 4ν)Gc

24(1 − ν)2(Gs + Go)
(2)

here αs is the Biot’s coefficient of the storage formation (for
implicity we have taken the Poisson ratio as uniform across all
ayers), and p is the Hankel transform of the pressure p(r) profile
along the injection zone caused by CO2 injection:

p(ξ ) =

∫
∞

0
rJ0(ξ r)p(r)dr, p(r) =

∫
∞

0
ξ J0(ξ r)p(ξ )dξ (3)

J0 is the zeroth order Bessel function of the first kind. Finally, ξ is a
radial wavenumber. In Eq. (1), ξ is scaled by the caprock thickness
h to become dimensionless.

The pressure profile p(r) requires a theory/model for the
lume propagation in order to be determined. Such a theory has
een developed in the past9,10 and further discussed by Refs. 8,
1. In this context, one assumes two phases, the CO2 plume and
he brine. Both have constant density and viscosity (ρc and µc for
the plume and ρw and µw for the brine), which are separated by
a sharp-interface, while neglecting capillary effects. As discussed
in Refs. 7, 9, 11, under these assumptions and for a constant
volumetric injection rate Q, the parameter space of the problem
is described by two dimensionless numbers, the mobility ratio λ
and gravity (buoyancy) number Γ , defined by Refs. 7, 11, 15

=
µw

µc
, Γ =

2πm2(ρw − ρc)gk
µwQ

(4)

The mobility ratio λ, quantifies the mobility of CO2 relatively to
that of brine, and the gravity number Γ quantifies the effect
of buoyancy of the CO2. In particular, high Γ (Γ ≫ 1) which
occurs e.g. by relatively low injection rate Q, or relatively low
permeability k, implies a plume propagating primarily near the
top of the aquifer.

Analytical work regarding the evolution of the plume has been
presented in the past in Refs. 8–11 and more recently in Refs. 12,
14, 15, where in the latter references emphasis is placed on differ-
ent regimes in the parameter space, defined by the existence and
applicability of asymptotic self-similar solutions. In the present
work we shall mainly focus on low and high buoyancy regimes
(for moderate and high CO2 mobility). The low buoyancy regime
is described by the solution of Ref. 9 deduced from the sharp-
interface equation by neglecting buoyancy, and high buoyancy
regime is described by the approximate solution of Ref. 10 which
assumes that the sharp interface is essentially horizontal. Fur-
thermore, we shall introduce here a novel model, which we shall
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escribe as ‘plug flow’, in which the sharp-interface is vertical and
ts position is determined by CO2 mass conservation. The various
heories/models are formulated in the next section.

.2. Pressure field from plume propagation

First, we introduce the plume propagation scale rs(t) as:

s(t) =

√
Qt

πφm
(5)

which is the distance that the vertical interface will have reached
at time t. It is also the natural self-similar evolution scale.9,11

2.2.1. Low buoyancy solution
The low-buoyancy solution reads9:

x =
1

λ − 1

(√
λ

r ′
− 1

)
(6)

where x = (plume thickness)/m and r ′
= r/rs is the dimension-

less (self-similarity) distance. This solution holds in an interval
determined by the mobility ratio:
1

√
λ

≤ r ′
≤

√
λ (7)

In terms of these variables, the pressure-profile p(r) at the top
f the pressurized region obeys the equation15:

λx + (1 − x)]dp =
Qµw

2πkm

{
−

dr ′

r ′
+ Γ (1 − x)dx

}
(8)

Combining these two equations we find that the pressure
profile of the low-buoyancy solution of Nordbotten, Celia and
Bachu (NCB) reads9:

pNCB(r ′) =
Qµw

2πkm

{
−

Γ
√

λ

(λ − 1)2r ′
−

r ′

√
λ

−
Γ λ

(λ − 1)2
ln r ′

}
(9)

plus an integration constant (with respect to r ′).
In order to complete the derivation of the profile we need an

outer boundary condition for the pressure. We impose that the
pressure vanishes at the radius of influence R given by Ref. 23:

R(t) =

√
2.25kρwgt

µwSs
=

√
2.25kt

µwφ(cw + cr )
(10)

here Ss [length−1] is the specific storage of the saline aquifer
ormation, cr and cw [pressure−1] are the compressibilities of
he aquifer rock and brine, respectively. Then, the profile of the
ressure along the aquifer reads as follows:
rine region (w).

w(r) =
Qµw

2πkm
ln

R(t)
r

,
√

λ rs(t) ≤ r ≤ R(t) (11)

Two-phase region (cw).

pcw(r) = pNCB

(
r

rs(t)

)
− pNCB(

√
λ) + pw(

√
λ rs(t)),

rs(t)
√

λ
≤ r ≤

√
λ rs(t) (12)

CO2 region (c).

pc(r) =
Qµc

2πkm
ln

rs(t)

r
√

λ
+ pcw

(
rs(t)
√

λ

)
, rwell ≤ r ≤

rs(t)
√

λ
(13)

well is the wellbore radius. (Similar solutions for the pressure
istribution have been proposed by Ref. 24). The calculation of
he deflection profile in Eq. (1) requires first the calculation of the
4

Hankel transform of the pressure field given in Eq. (3). Utilizing
the following identities for the Bessel functions of the first kind

J ′0(x) = −J1(x), (xJ1(x))′ = xJ0(x) (14)

one finds (through integration by parts)∫
rJ0(ξ r)p(r)dr =

1
ξ
J1(ξ r)rp(r) +

1
ξ 2 J0(ξ r)rp

′(r)

−
1
ξ 2

∫
J0(ξ r)

d
dr

[
rp′(r)

]
dr (15)

(It should be noted that the last term vanishes identically for a
logarithmic profile.) Hence the Hankel transform of the pressure
field for the low buoyancy solution can be written as:

p(ξ ) =
[
ξ−1J1(ξ r)rpc(r) + ξ−2J0(ξ r)rp′

c(r)
]r=rs(t)/

√
λ

r=rwell

+
[
ξ−1J1(ξ r)rpcw(r) + ξ−2J0(ξ r)rp′

cw(r)
]r=rs(t)

√
λ

r=rs(t)/
√

λ

+
[
ξ−1J1(ξ r)rpw(r) + ξ−2J0(ξ r)rp′

w(r)
]r=R(t)
r=rs(t)

√
λ

−ξ−2
∫ rs(t)

√
λ

rs(t)/
√

λ

J0(ξ r)
d
dr

[
rp′

cw(r)
]
dr

(16)

here the prime denotes differentiation with respect to r. Substi-
tuting Eq. (16) into Eq. (1) one obtains the deflection profile (for
the desired times). The last term implies that double numerical
integration is required but it is much simpler and well behaved
than calculating directly via Eq. (3). Due to continuity of pressure
and the boundary condition at r = R(t), the terms proportional
to the J1 vanish except one:

p(ξ ) = −ξ−1J1(ξ rwell)rwellpc(rwell) +
[
ξ−2J0(ξ r)rp′

c(r)
]r=rs(t)/

√
λ

r=rwell

+
[
ξ−2J0(ξ r)rp′

cw(r)
]r=rs(t)

√
λ

r=rs(t)/
√

λ
+
[
ξ−2J0(ξ r)rp′

w(r)
]r=R(t)
r=rs(t)

√
λ

−ξ−2
∫ rs(t)

√
λ

rs(t)/
√

λ

J0(ξ r)
d
dr

[
rp′

cw(r)
]
dr

(17)

The explicit form of this result is too cumbersome and need
ot be quoted in detail. The time dependence of the scale rs and
adius of influence R, as well as of p, is left understood.

2.2.2. High buoyancy solution
The high buoyancy approximate solution of Dentz and Tar-

takovsky (DT)10 reads (in the variables defined above):

r ′
= r ′

DT e
−Γ x, r ′

DT : =

√

2Γ√
e2Γ − 1

eΓ , Γ =
λΓ

λ − 1
(18)

here r
′

DT is the dimensionless outer radius of the CO2 plume.
From Eq. (8) we find the pressure profile of the high buoyancy
solution which reads:

pDT (r ′) =
Qµw

2πkm

[
1
λ
ln
(

r ′

r ′

DT

)
+

2Γ λ

(λ − 1)2
ln
[
Γ λ + (λ − 1)2 ln

[
r ′

DT

r ′

]]]
(19)

Then, the profile of the pressure along the aquifer reads as
ollows.
rine region (w).

w(r) =
Qµw ln

R(t)
, r ′

DT rs(t) ≤ r ≤ R(t) (20)

2πkm r
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cw(r) = pDT

(
r

rs(t)

)
− pDT (r ′

DT ) + pw(r ′

DT rs(t)),

rwell ≤ r ≤ r ′

DT rs(t) (21)

There is no pure CO2 region for this solution, because in prac-
tice always holds that the trailing point of the plume is always
behind the well radius. For the Hankel transform we obtain:

p(ξ ) =
[
ξ−1J1(ξ r)rpcw(r) + ξ−2J0(ξ r)rp′

cw(r)
]r=rs(t)r ′DT
r=rwell

+
[
ξ−1J1(ξ r)rpw(r) + ξ−2J0(ξ r)rp′

w(r)
]r=R(t)
r=rs(t)r ′DT

−ξ−2
∫ rs(t)r ′DT

rwell

J0(ξ r)
d
dr

[
rp′

cw(r)
]
dr

(22)

Again, due to continuity of pressure and the boundary condi-
ion at r = R(t), the terms proportional to the J1 vanish except
ne, and hence we obtain:

p(ξ ) = −ξ−1J1(ξ rwell)rwellpcw(rwell)

+
[
ξ−2J0(ξ r)rp′

cw(r)
]r=rs(t)r ′DT
r=rwell

+
[
ξ−2J0(ξ r)rp′

w(r)
]r=R(t)
r=rs(t)r ′DT

−ξ−2
∫ rs(t)r ′DT

rwell

J0(ξ r)
d
dr

[
rp′

cw(r)
]
dr

(23)

s before, we shall not quote the cumbersome explicit result,
hile the time dependence of the scale rs, R, as well as of p, is

left understood.

2.2.3. ‘Plug flow’ model
We introduce here the plug flow model which is similar to

piston displacement and amounts to the simple approximation
that the plume advances with a vertical interface as fast as the
mass conservation allows. That is, when the injected volume is
Qt the interface has reached the distance r such that

Qt = φπr2m (24)

This distance is nothing but the scale rs(t) given in Eq. (5).
Hence, the pressure profile for this model reads as follows:
Brine region (w).

pw(r) =
Qµw

2πkm
ln

R(t)
r

, rs(t) ≤ r ≤ R(t) (25)

O2 region (c).

c(r) =
Qµc

2πkm
ln

rs(t)
r

+ pw(rs(t)), rwell ≤ r ≤ rs(t) (26)

For this piece-wise logarithmic profile the Hankel transform
can be calculated explicitly. Indeed, we have:

p(ξ ) = −ξ−1J1(ξ rwell)rwellpc(rwell)+

+
[
ξ−2J0(ξ r)rp′

c(r)
]r=rs(t)
r=rwell

+
[
ξ−2J0(ξ r)rp′

w(r)
]r=R(t)
r=rs(t)

(27)

rom which we obtain:

p(ξ ) = −
Q

2πkm

{
rwell

ξ
J1(ξ rwell)

[
µc ln

rs
rwell

+ µw ln
R
rs

]
+

+µc
J0(ξ rs) − J0(ξ rwell)

ξ 2 + µw

J0(ξR) − J0(ξ rs)
ξ 2

} (28)

As before, the time dependence of the scale rs, radius of
nfluence R and p, is left understood. Utilizing formula (1) we may
5

also write down explicitly the deflection field:

w(r) = −
ΩQ
2πk

∫
∞

0

1
1 + Φξ 3 e

−
ξ l
h J0

(
ξ r
h

)
×

×

{
rwell

h
J1

(
ξ rwell

h

)[
µc ln

rs
rwell

+ µw ln
R
rs

]
+

+
µc

ξ

[
J0

(
ξ rs
h

)
− J0

(
ξ rwell

h

)]
+

+
µw

ξ

[
J0

(
ξR
h

)
− J0

(
ξ rs
h

)]}
dξ

(29)

2.2.4. The fitted logarithmic model
Finally, we consider an entirely empirical model such that, at

specific time instants, the pressure profile is approximated by a
piece-wise logarithmic form:

p(r) = a − b ln r, rwell ≤ r ≤ r1

= c − d ln r, r1 ≤ r ≤ R
(30)

where the constants a, b, r1, c, d are determined by best fitting
he numerically determined pressure profile from CFD modeling.
hese constants are constrained by the continuity of the pressure
ield and the zero pressure boundary condition at the radius of
nfluence. Specifically, the constraints imply that

= d ln R , r1 = e
a−c
b−d (31)

Using Eq. (15), the Hankel transform of (30) explicitly reads:

p(ξ ) = −ξ−1J1(ξ rwell)rwell(a − b ln rwell)−

−bξ−2 [J0(ξ r1) − J0(ξ rwell)] − dξ−2 [J0(ξR) − J0(ξ r1)]

(32)

Then, using formula (1) we obtain the deflection field:

w(r) = −Ωm
∫

∞

0

1
1 + Φξ 3 e

−
ξ l
h J0

(
ξ r
h

)
×

×

{
J1

(
ξ rwell

h

)
rwell

h
(a − b ln rwell)+

+
b
ξ

[
J0

(
ξ r1
h

)
− J0

(
ξ rwell

h

)]
+

+
d
ξ

[
J0

(
ξR
h

)
− J0

(
ξ r1
h

)]}
dξ

(33)

3. CFD numerical model

The dynamics of CO2 plume propagating in the porous medium
and the associated pressure build-up were studied numerically
by means of computational fluid dynamics. The aim of the CFD
model is to obtain the pressure distribution in the storage for-
mation for the various flow regimes under investigation. The
numerical models were carried out in Ansys-Fluent, which is a
nonlinear CFD code that utilizes the volume of fluid (VOF) method
for multiphase flow analysis and the volume of fluids method
for the numerical solution.11,15,25 The created interface and its
movement is calculated numerically explicitly on a fixed cell grid
while the interface is tracked down by changes in the volume
of each fluid species (w: water/brine, c: CO2). Thus, the creation
of the sharp interface and its evolution is a natural outcome of
the numerical solution. Furthermore, VOF conserves exactly the
volume of the fluids in each cell and in case of an interface disrup-
tion it can reconnect as part of the computations. The interface
formation and propagation over time and the associated pressure
perturbation is very elegant for modeling the CO2 sequestration
problem.11,15,25
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Table 1
Model input data.15,23,28,29

Variable Value

Geometric properties

Caprock thickness, h [m] 900
Injection zone thickness, m [m] 30
Wellbore radius, rwell [m] 0.15

Rock formation properties

Storage Caprock Overburden
Shear modulus, G [GPa] 10 5 1
Poisson ratio, ν [–] 0.2 0.2 0.2
Rock permeability, k [m2] 2.0E−14 – –
Porosity, ϕ [–] 0.15 – –
Rock compressibility, cr [Pa−1] 4.5E−10 – –

Fluids properties

Brine density, ρw [kg/m3] 1045
Brine viscosity, µw [kg/s m] 2.54E−4
CO2 density, ρc [kg/m3] 479
Brine compressibility, cw [Pa−1] 3.5E−10
Mobility Moderate High
CO2 viscosity, µc [kg/s m] 4.23E−5 1.69E−5
Mobility ratio, λ [–] 6 15
Injection parameters

Buoyancy Low High
Injection flow rate, Q [m3/s] 1.24E−2 1.65E−4
Gravity number, Γ [–] 0.2 15

With the VOF method the volume fraction for each fluid phase
atisfies the mass and momentum conservation. The momentum
onservation includes a gravity term forcing the fluids to segre-
ate and a sink term to model fluid flow in the porous medium
storage unit) according to Darcy’s law. The generated pressure
s approximated with the pressure implicit with splitting of op-
rators (PISO) method which is used in nonlinear and unsteady
low problems like the CO2 sequestration. The storage formation
hat was considered to obtain numerically the pressure profiles,
as discretized to 5000 m × 30 m. The large ratio length over
hickness ensures vertical equilibrium and gravity segregation.8,26
eometrically, the model presents axial symmetry and injection
f CO2 is performed at the left boundary constituting the inlet

boundary condition. To simulate the impermeable rock layers
above and below the aquifer, wall boundary conditions were
considered where no flow conditions apply. Finally, at the right
side of the model, zero-gauge pressure is considered in order
to ensure flow towards the outer boundary (outlet boundary
condition). The mesh that was considered is quite fine around
the wellbore and in the vicinity of the caprock, in order to track
as accurate as possible the fine changes at the interface and
the associated pressure perturbation to resolve any numerical
instabilities arising around the interface, which in turn affects
the pressure changes in the various flow regimes of the problem
under study. The details of the grid cells, mesh dependency check
and convergence analysis can be found in Refs. 11, 27, see also
Appendix.

4. Results

In this section we present the comparative results of the
umerical (CFD) solution, existing plume propagation analytical
olutions and the proposed plug flow model in different flow
egimes. The petrophysical properties of the layered formation
nd injection parameters (flow rate, wellbore radius and injection
one thickness) used in the model are given in Table 1.
Specifically, the caprock is assumed to be impermeable with

00 m thickness, injection is performed along 30 m in the storage

ock, injection rate and the mobility of the fluids are chosen so

6

that to realize different flow regimes (low and high buoyancy for
moderate and high relative mobility of CO2). The semi-infinite
storage (aquifer) formation is taken to be harder than the caprock
overlaid by a semi-infinite softer layer (overburden). The input
data for the modeling are taken from Refs. 15, 23, 28, 29.

The CFD simulation were performed with a fixed radius of 5
km, that is, at that location the pressure vanishes (outlet bound-
ary condition). For the purposes of calculating the caprock de-
flection over time it is necessary to impose a moving boundary
condition, in which the pressure vanishes at the radius of influ-
ence R(t) given by Eq. (10). The effect of changing the boundary
ondition amounts to redefining the datum of the pressure field.
iven that the distance R(t) always arises within the pure brine
egion of the storage formation we may simply add a term which
ealizes the moving boundary condition, that is, we add in the
ressure profile for each time instance the following quantity:
Qµw

2πkm
ln

R(t)
r = 5 km

(34)

This is certainly an approximation of the actual moving bound-
ary problem, but it will become more than evident that is a fairly
accurate treatment of the problem.

In order to utilize the pressure profiles obtained from CFD
calculations for the caprock deflection computations (de-coupled
analysis) we performed a best fit of the profiles using a (continu-
ous) piecewise logarithmic function, thereby facilitating greatly
the numerical integration required. The piecewise logarithmic
function imitates the change of fluid phase region. Specifically,
as explained in Section 2.2.4 once the best fit parameters of the
logarithmic functions are determined, the deflection field can be
calculated by Eq. (33). It is important to mention that for the
purposes of this work we chose to work with the de-coupled
analysis as the first approach and the fully coupled CFD-FEA
multiphase flow–structure interaction is left for future work.

In the following subsections we present the comparative re-
sults from the CFD, analytical solutions for the low and high
buoyancy and the proposed plug flow model with respect to the
pressure and deflection profiles for various times.

4.1. Low buoyancy case

For the low buoyancy case (Γ ≪ 1) we considered moderate
and high relative mobility of the CO2 as quantified by the ratio

= 6, 15. Fig. 2 presents the comparison between the pressure
rofiles obtained with CFD and the best fit up to a 5 km distance.
he change of the pressure datum effected by the term given in
q. (34) is visible in the profiles. We have selected a range of
imes from very early to quite advanced evolution stage of the
O2 plume, choosing in a rather non uniform way the specific
ime instances. The CFD and the best fit pressure profiles are in a
airly good agreement between them, especially given that there
ill be used in the integration calculations which smooth-out
ifferences. It may be noted that the visible change of slope in
oth the CFD and best fit pressure profiles, especially late times,
s due to the different fluid phases.

Fig. 3a–b presents the comparison between the fitted pressure
rofiles and the those deriving from the low buoyancy analytical
olution of Nordbotten, Celia and Bachu (NCB) given by Eqs. (11)–
13) and the plug flow model pressure profiles given by Eqs.
25)–(26).

In these Figures, we choose a range of distances which covers
he largest radius of influence at late times. In Fig. 3c–d we zoom
n a radius of 5 km from the wellbore in order to emphasize
he finer differences of the pressure profiles. We observe that in
eneral an excellent agreement is obtained except for the late
imes. As shown in Fig. 3c–d, this difference is greater in short
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Fig. 2. Comparison of CFD and piecewise logarithmic function pressure profiles. (a) Low-buoyancy and moderate mobility. (b) Low-buoyancy and high mobility.
Fig. 3. Comparison of pressure profiles in the low-buoyancy solution (NCB) and the plug flow model (Γ = 0.2, λ = 6).
t
f
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istance from the well and at late times. The difference is smaller
or the low buoyancy (NCB) solution as compared to the proposed
lug model pressure profiles. The reason is that the (NCB) is an
symptotic analytical solution obtained under the sharp interface
pproximation, which is adequately valid in the CFD simulations,
hile the plug model is an approximation, built on the basis of
implicity. However, the plug flow model solution approximates
airly well the CFD profiles with an error at most 10% in the
icinity of the wellbore.
In Fig. 4a–b we show the comparisons of the caprock deflec-

ion fields deriving from the fitted pressure profiles and those
rom the low buoyancy solution (NCB), obtained by Eqs. (1) and
17), and the plug flow model deflection field, given by Eq. (29).
n Fig. 4c–d we also zoom in a radius of 5 km from the wellbore.
s expected from the pressure profiles comparisons of Fig. 3, we
bserve again that the deflections are in very good agreement
verall. A small difference (overestimation) arises in the vicin-
ty of the wellbore, which increases with time reaching 8% in
20 years time.
7

With regard to the magnitude of the pressure and the deflec-
ion, as quantified e.g. in the vicinity of the well, we observe that
or the given set of input data and in particular using permeability
= 2 × 10−14 m2 and Q = 0.0124 m3/s, that is, 513 ton/day, the

pressure reaches about 4 MPa and the deflections 5 mm in about
20 years time (or, equivalently 3.5 Mt CO2).

The pressure and deflection results for the high mobility (λ =

15) case are shown in Figs. 5 and 6 respectively. Fig. 5a–b shows
an overall excellent agreement between the CFD-fitted pressure
profiles and the NCB and the proposed plug model profiles. The
zoomed in curves in Fig. 5c–d show that the NCB solution is
an even better agreement with the fitted profiles that in the
case of moderate mobility while the plug flow model curves are
somewhat worse agreement, reaching a 15% discrepancy in the
late times. In Fig. 6a–b the deflections appear again to be in a
fairly good agreement except in a short distance from the well
(Fig. 6c–d) showing an increasing difference as the injection time
increases. An interesting characteristic of the deflection profiles
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ear the well is that both, the CFD-fitted and the NCB solution
urves become nearly constant and spreads in larger radial dis-
ances, while the plug flow deflections continue to increase. Also,
he relative discrepancy of the plug flow deflections are larger
han those of the NCB relatively to the ones derived with the CFD-
itted pressure profiles. We should also note that the magnitude
f the pressure and the deflection e.g. near the well are somewhat
maller compared to the moderate mobility case.

.2. High buoyancy case

The high buoyancy case (Γ ≫ 1) was also treated for moderate
nd high mobility of the CO2 (λ = 6, 15). In Fig. 7 we present the
ressure profiles obtained from the CFD and the corresponding
iecewise logarithmic best fit in 5 km radius. The change of
atum calculated by Eq. (34) was again employed. The range of
imes extends to about 130 years, as the flowrate in this case is
5 times smaller than the low buoyancy case. There is an overall
airly good agreement between the CFD and the best fit curves.
e observe that the greater difference arises in late times. An

xplanation for the observed discrepancies is the fact that for the
igh buoyancy case, the plume extends farther in the storage for-
ation and the sharp interface between the plume and the brine
ecomes nearly horizontal.11 This has the effect that the CFD
urves deviate from the assumed piecewise logarithmic functions,
hich naturally pertain to the vertical interface case. Additionally,
eviations for large times, already noted and discussed in the low
uoyancy case, are also present here.
The Fig. 8a–b shows CFD-fitted pressure profiles and the those

eriving from the high-buoyancy approximate analytical solution
f Dentz and Tartakovsky (DT), given by Eqs. (20), (21), and
he plug flow model pressure profiles given by Eqs. (25), (26).
ig. 8c–d show the 5 km radius (zoom-in) part of the profiles.
One may observe that over the comparison is excellent over

he first couple of decades of time between the DT and the CFD-
itted solution, while for larger times deviations become more
8

pparent. Those discrepancies may be attributed to the fact that
he DT solution is an approximate solution for high buoyancy
hich captures the behavior of the plume (interface) evolution
ithin reasonable error but not perfectly,11 with the differences
eing intensified long term. As a result, these are transferred in
he pressure profiles exerted on the caprock. Interestingly, the
lug flow model encapsulates quite well the pressure distribution
verall for the first couple of decades, deviating long term. How-
ver, as it can be seen in Fig. 8d, the plug flow derived pressure
rofiles underestimate the magnitude of pressure in the area near
he well.

Fig. 9a–b presents the comparisons of the caprock deflection
ields deriving from the CFD-fitted pressure profiles and those
alculated from the high buoyancy solution (DT), using Eqs. (1)
nd (23), and the plug flow model deflection field, given by
q. (29). Fig. 9c–d show the first 5 km of the pressure distribution
easured from the wellbore. Regarding the comparison of the
T deflection profiles to the ones derived from the CFD-fitted
ressure distributions, we observe an excellent agreement for the
irst couple of decades. However, as expected from our previous
bservation on the pressure profile comparisons, deviations are
isible for later times. The plug flow deflection profiles also
ompares rather excellently with the deflections from the CFD-
itted profiles for the first couple of decades, exhibiting somewhat
arger deviations for later times than the DT deflection profiles.

It is worth noting that the plug flow derived pressure distri-
utions and associated deflections are not expected to describe
o well the CFD results, because the plume interface in the high
uoyancy regime is qualitatively different from the vertical plug
low interface. These results show that especially the determined
eflections strongly depend on the injection scenario (aggressive
r not injection flow rate and the total time) than on the details
f the two phase-flow dynamics. As far as the magnitude of the
ressure and the deflection is concerned, as quantified in the area
ear the well, one may observe that for the given set of input
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Fig. 5. Comparison of pressure profiles in the low-buoyancy solution (NCB) and the plug flow model (Γ = 0.2, λ = 15).

Fig. 6. Comparison of deflection profiles in the low-buoyancy solution (NCB) and the plug flow model (Γ = 0.2, λ = 15).
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Fig. 7. Comparison of CFD and piecewise logarithmic function pressure profiles. (a) High-buoyancy and moderate mobility. (b) High-buoyancy and high mobility.
Fig. 8. Comparison of pressure profiles in the high-buoyancy solution (DT) and the plug flow model (Γ = 15, λ = 6).
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ata and in particular using permeability k = 2 × 10−14 m2 and
= 0.000165 m3/s, that is, 6.8 ton/day, the pressure reaches

bout 0.1 MPa and the deflections ∼0.1 mm in a few decades time
or equivalently, ∼0.2 Mt of CO2).

The Fig. 10a-d presents the CFD-fitted pressure profiles com-
ared to the (DT) solution ones and those from the plug flow
odel, while Fig. 11a-d shows the corresponding deflection fields.

t turns out that in the high mobility and high buoyancy case
Γ = 15, λ = 15) the pressure and deflection profiles are in
xcellent agreement even for late times for both the CFD-fitted
olution and the proposed plug flow model. As for as the DT
olution is concerned, these results can be expected on the basis
f the plume interface comparisons: The DT approximate solution
ollows the CFD derived interface with much greater accuracy
n the case of high mobility (λ = 15) than in the moderate
ne (λ = 6).11 What is surprising, is that the plug flow model
esults also captures the behavior of the pressure distributions
nd deflection profiles very well in the high mobility (λ = 15)
ase. These results further support the case of the proposed plug
low.
10
At this point, we would like to emphasize the relation between
he magnitude of deflections and the flow regime, especially
egarding the effect of the injection rate, using similarity consid-
rations. First, one may note that the gravity number Γ , given by
q. (4), is proportional to the ratio k/Q where k is the permeability
f the storage formation:

∝
k
Q

(35)

Also, from e.g. Eq. (29) we see that

∝
Q
k

(36)

That means that the deflections are inversely proportional to
the gravity number:

w ∝
1
Γ

(37)

We conclude that considerable large deflections are in general
expected in the low buoyancy regime. In particular, we may
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Fig. 10. Comparison of pressure profiles in the high-buoyancy solution (DT) and the plug flow model (Γ = 15, λ = 15).
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h

ote that changing the flow regime can be controlled by the
njection flow rate Q, as we did in this work utilizing the CFD
omputations of Refs. 11, 15, or entirely equivalently by changing
he permeability of the storage formation k which can be varied
ithin two orders of magnitude as it is done e.g. Refs. 17–19, 23.
 t

11
.3. Comparison of surface uplift of the In Salah CO2 project

As a benchmark for comparisons of the proposed solution, we
ave used the In Salah CO2 project. The project is in Algeria at
he Krechba gas field from which one million tonnes of CO is
2
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Fig. 11. Comparison of deflection profiles in the high-buoyancy solution (DT) and the plug flow model (Γ = 15, λ = 15).
roduced annually as a by-product from this gas field. Due to the
olume of CO2 produced, it has been decided to investigate the
O2 sequestration option as a convenient mitigation strategy by
liminating transportation costs. Stratigraphically, starting from
he surface to bottom, the formation has six layers. A 900 m
hick layer which represents the overburden composed from
andstone and mudstone rocks. Below that, a 750 m thick main
aprock exists composed from mudstone. The caprock extends
ven deeper with an additional 130 m thick lower caprock of
ilty shale and a 20 m thick layer of tight sandstone and siltstone
orming the sealing layer of the aquifer preventing CO2 from
scaping at the surface. The target aquifer formation has 20 m
hickness and is located 1800 m below the surface and sits on
op of a strong and old (Devonian) sandstone.30–33 In the present
odel, the stratigraphy is simplified to 900 m overburden layer
nd a uniform 900 m caprock (see Table 2).
The CO2 project begun early 2004, with three injectors named

B501, KB502 and KB503. Carbon dioxide is injected into the
atural gas producing zone which also serves as EOR. Shortly after
he project begun, InSAR satellite measurements, detected surface
plift over the area of the three injectors.34,35 The detected sur-
ace uplift is attributed to the overpressure that is created due to
he sequestration process dictating a hydro-mechanical deforma-
ion of the rock formations. For this reason, the measurements
f the In Salah project serve as a convenient viable benchmark
or calibrating hydro-mechanical computational and numerical
odels.17,18,36,37 Parameters and data used as benchmark for this
tudy are from the In Salah CO2 project borrowed from Refs. 9,
3, 30 and are showed in Table 2.
Fig. 12 shows the comparison between the measured surface

plift from In Salah KB501 well, the semi-analytical solutions for
he deflections of Ref. 23 based on the analytical solutions of
he plume evolution of Ref. 9 with low buoyancy and Ref. 10
ith high buoyancy (re-derived and discussed in Sections 2.2.1
nd 2.2.2 respectively), the numerical solution of Ref. 17 and the
roposed plug flow analytical solution.
12
Table 2
Model input data.9,23,30

Variable Value

Geometric properties

Caprock thickness, h [m] 900
Injection zone thickness, m [m] 20
Wellbore radius, rwell [m] 0.15

Rock formation properties

Storage Caprock Overburden
Young modulus, E [GPa] 10 20 5
Poisson ratio, ν [–] 0.2 0.15 0.3
Rock permeability, k [m2] 1.0E−14 – –
Porosity, ϕ [–] 0.1 – –
Rock compressibility, cr [Pa−1] 5.0E−09 – –

Hydraulic properties

Brine density, ρw [kg/m3] 1045
Brine viscosity, µw [kg/s m] 5.0E−4
CO2 density, ρc [kg/m3] 400
Brine compressibility, cw [Pa−1] 3.5E−10
CO2 viscosity, µc [kg/s m] 6.0E−5

Injection parameters

Injection flow rate, Q [kg/s] 8

We note that the proposed plug flow model is in good agree-
ment with the results obtained from the high and low buoyancy
solutions, exhibiting the same trend and quite similar magnitude
of the deflection deduced from those solutions. However, ow-
ing to the uncoupled nature of the semi-analytical formulations
(high/low buoyancy and plug flow), there appears an overall
disagreement with the deflection trend and magnitude exhibited
by the field data and the fully coupled numerical solution of
Ref. 17, which includes the effects of permeable caprock. The
apparent difference observed in the NCB and DT semi-analytical
solutions presented by Ref. 23 is attributed to the set of data used
for the viscosity, density and compressibilities of the brine and
rock used for the computations as showed in Table 2.
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Fig. 12. Comparison between measured surface uplift from In Salah (KB501)
well, (i) the proposed plug flow solution, (ii) the NCB solution, (iii) DT solution
and (iv) Rutqvist et al. (2010) numerical solution.

5. Conclusions

In this work we have studied the caprock deflections in the
low regimes (low and high buoyancy, for moderate and high
O2 mobility) in the CO2 sequestration problem. The effects of
uoyancy is quantified by the gravity number Γ (Γ ≪ 1 corre-
ponds to low buoyancy) and the CO2 mobility is quantified by
he mobility ratio λ, defined as viscosity of brine over viscosity
f CO2. The supercritical CO2 is stored through a single well in

a saline aquifer formation overlaid by an impermeable caprock
and an overburden layer. The pressure distributions necessary for
the deflection field calculations are obtained in three different
ways: through CFD simulations, using known analytical solutions
for low and high buoyancy regimes, and through a novel plume
propagation model, the plug flow model, based on mass con-
servation. The numerical (CFD) pressure distributions are fitted
by piece-wise logarithmic profiles. The deflections are calculated
utilizing the thin-plate theory of Refs. 21, 23. The necessary
Hankel transforms of the pressure field are analyzed in detail.

In the low buoyancy regime, we find that the pressure dis-
tributions and corresponding deflection profiles deduced from
the analytical solution of Ref. 9 as well as from the proposed
plug flow model are in overall excellent agreement with the
CFD-fitted pressure profiles and the corresponding deflections.
Relatively small deviations (an overestimation by less than 10%)
arise near the well. These differences appear to grow slowly with
time. Interestingly, the plug flow model in spite of its simplicity
performs comparably well with the pertinent analytical solution.
In fact, for the case of high mobility performs somewhat better.

In the high buoyancy regime, the pressure distributions and
corresponding deflections derived from the approximate ana-
lytical solution of Ref. 10 and the proposed plug flow model,
are shown to be in overall very good agreement with the CFD-
fitted pressure and deflection fields. Underestimations arise near
the wellbore area, which are stronger in the plug flow model.
These differences appear again to grow slowly with time. It is
worth noting that these deviations are less pronounced in the
high mobility case and especially as far as the deflections are
concerned. Same as in the low buoyancy case, the plug flow
model deflections are in an almost perfect agreement with the
deflections derived with the CFD-fitted pressure profiles in the
case of high mobility for all times considered.

These results suggest that the simplistic approach of the plug
flow model, which corresponds to a vertical interface separating
the brine and the CO2, manages to encapsulate the pressure
distributions and especially the associated deflection fields im-
pressively well, in both low and high buoyancy regimes. This
13
finding is even more remarkable in the case of high buoyancy
where the interface is nearly horizontal. Therefore, one may
safely conclude that the deflections are mainly driven by the
magnitude of the injected volume of CO2. This gives rise to the
proposed plug flow model, described by a pricewise logarithmic
profile, allowing for a much simpler and detailed analytical treat-
ment. Its usefulness is further justified by the fact that realistically
plausible injection rates in the order of Mt/yr render the flow
strongly low buoyancy which nearly corresponds to a plug flow.

It should be noted that the formulation adopted in this work
following the general assumptions of Ref. 23 does have certain
important limitations e.g. the model is not fully coupled and the
effect of caprock permeability are not included. For this reason,
there is a certain disagreement with the field measurements of
the deflections from KB501 and the numerical work of Ref. 17.

Concluding, with regard to the magnitude of deflections in the
various flow regimes, we find that larger deflections arise in the
low buoyancy regime. That can be put in a more general context
by noting that deflections are proportional to the flow rate and
inversely proportional of the permeability of the storage forma-
tion. That is, deflections are inversely proportional to the gravity
number Γ . While in the present work we used the flow rate to
ontrol the flow regime, one will reach the same conclusions by
arying the aquifer permeability.
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Appendix. Description of the CFD numerical model

The purpose of the CFD numerical model was to obtain the
over-pressure distribution in the representative set of Γ , λ (Ta-
ble 1), which are developed as a consequence of the CO2 seques-
tration process.

The considered domain was discretized to (5000 × 30) m
so as to ensure vertical equilibrium and the gravity segregation
assumption to hold. The wellbore location is at the left corner. The
wellbore radius is set to rw = 0.15 m. Given the large horizontal
imensions of the formation, the size of the wellbore radius
ecomes negligible, and its effects can be ignored. The model is
onstructed under axisymmetric conditions. The injection of the
O2 performed at the wellbore, constitutes the inlet boundary
ondition. To simulate the impermeable rock layers above and
elow the aquifer, no flow wall boundary conditions were consid-
red at these locations. Finally, the outlet boundary condition of
ero-gauge pressure was imposed in order to ensure flow towards
he outer boundary of the models. A sufficient fine mesh around
he wellbore and in the vicinity of the caprock was used, so that to
ffectively track the fine changes at the interface of the two fluids
nd to resolve numerical instabilities arising around the interface
hich results in pressure changes in the various flow regimes of
he problem.11,15,27
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Fig. A.1. CFD domain including the wellbore location, grid spacing and size. Color maps show the CO2 and brine phases in fractions of volume.
The results from the simulations are based on 48k grid cells.
he grid spacing in the radial direction starts with a spacing of
.96 m and increases geometrically by a factor of 1.0038. Totally,
here were 800 grid cells in that directions. The grid spacing in the
ertical direction starts with a spacing of 0.145 m at the cap and
ncreases geometrically with a factor of 1.0364. Totally, includes
0 grid cells in the vertical direction. Roughly 1/3 of the mesh is
sed near the cap in order to capture fine physical changes in the
nterface evolution and the associated pressure build-up.

The calculations were carried out in Ansys-Fluent, a nonlinear
FD code suit of programs. The usual 8-node tetrahedral cell
lements were used to model the fluid flow in the aquifer and
he interface evolution process. The computation of the fluid
iffusion in the porous domain and the interface evolution pro-
ess with the associated pressure build-up is performed by the
isplacement of the dense fluid by the less dense (CO2) in the
ells center.11,15,27 Fig. A.1 presents the details of the considered
omain with the wellbore location, grid spacing/size used in the
umerical modeling while the color map shows the two fluid
hases.
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