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Abstract

We analyze the influence of capillary pressure on the seismic response of a
saline aquifer, where CO5 has been stored in the Utsira Sand at the Sleipner
field. For this purpose, we present a novel methodology integrating numerical
simulation of CO,-brine flow and seismic wave propagation, using a geological
model that includes mudstone layers and natural apertures. The simultaneous
flow of CO5 and brine in an aquifer is modeled by the differential equations
that describe the two-phase fluid flow in porous media. The multiphase flow
functions are determined from well-log data, using the relation between resis-
tivity index, relative permeabilities and capillary pressure. Seismic monitoring
is performed with a wave equation that includes attenuation and dispersion
effects due to mesoscopic scale heterogeneities in the petrophysical and fluid
properties. The fluid simulator properly models the CO5 injection and upward
migration, obtaining accumulations below the mudstone layers as injection pro-
ceeds. Moreover, we are able to identify the time-lapse distribution of COq

from the synthetic seismograms, which show the typical pushdown effect due
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to the spatial distribution of COs. Finally, a sensitivity analysis is performed
by modifying the capillary pressure threshold in order to evaluate its effect over
the CO2 plume and the corresponding synthetic seismogram.

Keywords: COgy Sequestration, Multiphase Flow Functions, Fluid Flow

Simulation, Seismic Monitoring

1. Introduction

The first industrial CO2 injection project began in 1996 at the Sleipner gas
field in Norway [1]. In this project, COs separated from natural gas is being
injected in the Utsira Sand, a high permeable sandstone, with several mudstone
layers that limit the vertical migration of the CO2 [2]-[3]. Numerical modeling
of COs injection and storage is an important tool to analyze the effectiveness of
this procedure in reducing the amount of greenhouse gases in the atmosphere
[2].

We introduce a methodology to simulate the COs injection and storage in
saline aquifers, combined with a petrophysical model of the Utsira Sand in order
to compare our results against actual data obtained from an undergoing CO,
storage project. The petrophysical model is based on initial porosity and clay
content and considers the variation of rock properties with pore pressure and
saturation [4]. Therefore, these properties are time dependent due to the COq
injection, but they change at a much slower rate than pressure and saturations.
As a consequence, we have two time scales, and we use a larger time step
to update petrophysical properties than to run the flow simulator. The time
increment for updating was chosen empirically, as the maximum time step at
which the saturation distributions remain unchanged (30 days).

The initial porosity is assumed to have a fractal spatial distribution [5] and
the permeability is assumed to be anisotropic, obtained from first principles as
a function of porosity and grain sizes.

Several authors have conducted extensive analysis in order to determine

the topographic, stratigraphic and petrophysical characterizations of the Utsira
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Sand based on well-log, 2D and 3D-seismic data, as well as time-lapse seismic
imaging of the COg plume[6]-[7]-[8]. Our model for the Utsira Sand takes into
account these findings, which makes it closer to the actual properties.

This geological model can simulate embedded mudstone layers of very low
permeability. Brine and CO4 relative permeabilities and capillary pressure are
determined from well-log data, using the relation between resistivity index, rel-
ative permeabilities and capillary pressure [9].

The Black-Oil formulation for two-phase flow in porous media [10] is used
to simulate the CO5 - brine flow. The numerical solution is obtained with the
public-domain software BOAST [11], which solves the differential equations by
finite differences with the IMPES algorithm (IMplicit Pressure Explicit Satu-
ration) [10]. The basic idea of IMPES is to obtain a single pressure equation
combining the flow equations. Once pressure is implicitly computed for the
new time, saturation is then updated explicitly. After applying the fluid flow
model to obtain the distribution for CO4 saturation and pressure within the
saline aquifer, we use this information as an input to our own wave propagation
simulator in order to obtain the corresponding synthetic seismograms.

The wave propagation is based on an isotropic viscoelastic model that con-
siders dispersion and attenuation effects. The complex P- and S-wave moduli
are determined using the Zener model to represent the viscoelastic behavior of
the material in the brine saturated mudstone layers [12]. Outside the mud-
stone layers, we use White’s theory [13] to model P-wave attenuation based on
a model of porous layers alternately saturated with brine and COs. S-wave at-
tenuation is also taken into account by making the shear modulus complex and
frequency dependent using another relaxation mechanism related to the P-wave
attenuation model [14].

Summarizing, in this paper we present a new approach that combines fluid
flow and wave propagation simulation for CO5 storage inside a saline aquifer.
The results of the flow simulator applied to the petrophysical (poro-viscoelastic)
model, allows us to calculate the phase velocities and attenuation coefficients

of the P- and S-waves. The wave propagation model needs these velocities and



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

coefficients to obtain the corresponding seismic images.
Also, we use this approach to evaluate the effect of the capillary pressure on

the propagation of the CO3 plume and its corresponding synthetic seismograms.

2. Model Description

In this work we present a new approach that consists in a chained set of
models that produce the storage site seismic images that approximate the real
ones, based on real data. First, we obtain the distribution of CO3 and brine sat-
urations and pressures in an aquifer by applying a fluid flow simulator. Then, we
feed that information to the petrophysical model which yields updated porosity,
permeabilities, dry-rock bulk and shear moduli and computed values of veloc-
ity and attenuation of wave propagation in this media. Finally, we take those
parameters and run our own wave propagation simulator to obtain the seismic

response.

2.1. COy Injection Model

Our first step is to model the simultaneous flow of CO5 and brine in an
aquifer. This is achieved by solving the differential equations that describe
the two-phase fluid flow in porous media [10]. These equations, obtained by

combining the mass conservation equations with Darcy’s empirical law, are

kr Rskrb q
V- 9 (Vpy — pggVz) + Voy — ppgV + - 1
(@(Bgng( Py = PggVz) 5o (Vo = pog Z))) P (1)
S, RS,
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N ot ’
Sh
) ¢7}
krp qb [ By
N _ Do = Db 2
V- (g (V0= prgV2)) + g = (2)

where g, b denote CO4 and brine phases, respectively and the unknowns are the
fluid pressures pg and saturations Sg (8 = b, g). Also pg is the density, pgc is

the density at standard conditions, gg the injection mass rate per unit volume,
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krs the relative permeability, ng the viscosity, ¢ the porosity, k the absolute
permeability tensor, g the gravity constant and z the depth. Finally, R,, B,
and By are the PVT parameters, which are the COs solubility in brine, CO4
formation volume factor and brine formation factor respectively.

These equations were obtained assuming that the CO5 component may dis-
solve in the brine phase, but the brine is not allowed to vaporize into the COq
phase.

Two algebraic equations relating the saturations and pressures complete the

system:
Sb+Sg =1, pg_pb:PC(Sb)v (3)

where Po(Sy) is the capillary pressure function.
Appendix A describes how these differential equations are obtained and

solved.

2.1.1. Multiphase flow functions

Two types of multiphase flow functions appear on the system of equations
(Eq. 1, Eq. 2 and Eq. 3): relative permeability and capillary pressure, where
both are function of saturation. In order to obtain these parameters for COq
and brine, we compute the resistivity index from actual well-log data and then
apply a procedure that correlates all three variables [9].

The resistivity index (RI(S)) is computed from the conductivity measure-

ments as

RI(Sy) = S (4)

where (1) is the conductivity at full brine saturated rock obtained from well-
log data and o(Sp) is the conductivity at saturation Sy, which is determined as

follows [15]:
o(Sy) = (1—9)o) +o(1 = Sp)o) + ¢Shay, (5)
where 04,0, and o, are the brine, CO, and grain conductivities, respectively.

Moreover, v is a free parameter assumed equal to 0.5 according to the CRIM

model [16].
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Once the resistivity index is calculated, the relative permeability curves can

be obtained as functions of brine saturations as

kv (Sp) = ]?I(EngZ)’ (6)
Frg(Sh) = (1= A(SH)) 1 = Rro(Sp)], (7)

with
A = 222, (®)

being S, the residual brine saturation.
To obtain the capillary pressure function (P.(Sp)) it is necessary to adjust

the brine relative permeability curve with a free parameter n,

2+n>

A(S) =A(Sb)< n

RI(Sy)

Krb(Sy) = (9)

Then, P.(S,) can be represented using a potencial model as follows.

P.p(Sy) = A(Sp) "™, (10)
with
P.p(Sy) = PjD(Sb)7 (11)

where P,.p is the dimensionless capillary pressure and P.. is the entry or thresh-
old pressure, that is to say, the pressure at which the COs phase is sufficiently
connected to allow flow. This parameter was used to perform the capillary

pressure sensitivity analysis presented in this work.

2.2. Petrophysical model

This section describes the procedure used to determine the petrophysical
and fluid flow parameters needed in the CO; injection and seismic simulations.
Firstly, it is used to calculate the aquifer properties update during COs injection.
Secondly, it allows us to calculate the phase velocities and quality factors for the

P- and S-waves, which are necessary to run the wave propagation simulation.
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The porosity pressure dependence is based on the following relationship be-

tween porosity and average pore pressure p(t) = Sppy(t) + Sgpg(t),

299 06) — par) = g0 — 61 +<z>51n“;f?,

Ksolia (12)
where ¢. is a critical porosity, ¢ is the initial porosity at hydrostatic pore
pressure py and K.;;4 is the bulk modulus of the solid grains composing the dry
porous matrix [4]. The rock is assumed to have two components: quartz (bulk
modulus of 40 GPa) and clay (bulk modulus of 15 GPa). K4 is computed as
the arithmetic average of the Hashin Shtrikman upper and lower bounds.

The relationship among horizontal permeability x,, porosity and clay con-

tent C'is [4],

1 45(1 - ¢(t))? ((1 -0y 02)’ (13)

@) o0 r TR
where R, and R, are the average radii of the sand and clay grains. As absolute
permeability is anisotropic, we assume the following relationship between the
horizontal and vertical permeability &, [4],

ke(t) 11— (1—-0.3a)sin7Sy
K2 (t) a(l —0.5sin7Sy)

(14)

being a the permeability-anisotropy parameter.
The dry-rock bulk modulus, Kg, is computed using the Krief equation [17]
as follows.

Kary (1) = Kootia(1 = 6(t)) /0740, (15)

where A is a dimensionless parameter which depends on the pore shape and
Poisson ratio of the matrix. This parameter is a pore compliance coefficient and
takes a value of about 2 for spherical pores. Assuming a relation Kgpy/Gary =

Ksotia/Gsolia, we obtain the dry-rock shear modulus G, as
Gary(t) = Gyoria(l — ¢(1))/ =70, (16)

where G4 is the solid shear modulus. Using the moduli Keopia, Kdry, Gary,

the porosity ¢ and permeabilities k., k., as well as the fluids bulk moduli and
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viscosities (computed using the Peng-Robinson model [18] for CO3), we deter-
mine the complex and frequency (w) dependent Lamé coefficients Ag(w), u(w)
as follows. In the brine saturated mudstone layers, these coefficients are ob-
tained by using a Zener model [12]. Outside the mudstone layers, we con-
sider P-wave attenuation due to wave induced fluid flow at mesoscopic scale
using a model of porous layers alternately saturated with brine and CO4 [13].
This approach yields a complex and frequency dependent P-wave modulus
E(w) = Ag(w) + 2u(w) for the formation.

Both, Zener and White models, require the knowledge of the bulk modulus
Koriq and density pgo1iq of the grains, the bulk and shear modulus K4, and
Gary as well as the porosity ¢ and permeabilities x,, x, of the matrix. They
also need the fluid bulk modulus and viscosity.

The phase velocities v(w) and quality factors Q(w) are defined by the rela-

tions
or(w) = {Re < ! )} T Qw2 Rl pg g
Vet (W) Im(vet (w)?)
where v.¢(w) are the complex and frequency dependent compressional velocities
defined as
vep(w \/7 \/7 (18)
being p the bulk density defined as p = (1 — ¢)psoria + PP fiuid, With psoriq and

Priuia the solid and fluid densities respectively, Priuid = Svpy + Sgpg-

2.3. Wave propagation model

Wave propagation simulation is performed with our own model, which con-
siders the effects of both wave dispersion and velocity attenuation. One of the
main phenomena occurring in rocks, in particular partially saturated with COs,
is the mesoscopic-loss effect [13]-[12]. This caused by heterogeneities in the fluid
and solid phases greater than the pore size but much smaller than the dom-
inant wavelengths. The mesoscopic loss causes wave attenuation and velocity

dispersion of the compressional and shear waves. Since the mesoscopic scale
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is typically on the order of centimeters, any finite-element or finite-difference
numerical procedure based on Biot’s equations is impractical. To overcome this
difficulty, we use an alternative approach, based on an equivalent viscoelastic
medium that includes these mesoscopic-scale attenuation and dispersion effects.

The equation of motion in a 2D isotropic viscoelastic domain €2 with bound-

ary I' = 9 can be stated in the space-frequency (x,w) domain as

~w?pu—V-ou) = f(z,w), Q (19)

—o(u)v =iwDu, T, (20)

where u = (ug, u,) is the displacement vector and o(u) is the stress tensor.

Eq. (20) is a first-order absorbing boundary condition [19], where

v o Vep(w) 0 Vi —Ua
D= P )
-y 0 Ves (W) Ve U

with v = (v1, ) the unit outward normal on T

The stress tensor is defined in the space-frequency domain by
oik(u) = Ag(w)V - udjr + 2pu(w)e ik (u), €, (21)

where €, (u) denotes the strain tensor, d;; is the Kroenecker delta, and Ag(w)
and p(w) the complex and frequency dependent Lamé coefficients defined in
Section 2.2.

Appendix B describes the method used to solve the wave propagation model.

3. Numerical examples

This section presents a series of numerical examples performed with the
model described in Section 2. First, we build the aquifer model based on the
Utsira Sand. Then, we run the CO5 injection simulation for several time spans to
obtain the resulting CO4 spatial distribution. Finally, we apply our wave prop-
agation model to simulate seismic monitoring and to obtain the corresponding
seismic images. We also run this series of analysis for different values of entry

capillary pressure in order to evaluate its effect over the CO5 storage procedure.
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8.1. Aquifer model

We consider a 3D model of the Utsira Sand ranging 1,200 m on the x-
direction, 10,000 m on the y-direction, and 400 m on the vertical z-direction.
The aquifer top is considered to be at a depth of 770 m (b.s.1.) [20] . The sim-
ulation is performed using a mesh with equally spaced blocks in each direction,
considering 300 cells on the z-direction, 11 on the y-direction and 400 on the
z-direction. Since the properties on the y-direction are constant, it is fair to say
that the model is actually 2.5D.

We consider the aquifer at hydrostatic pressure py = ppgz, with p, = 1040
kg/m? the density of brine, g the gravity constant and z the depth (in m b.s.1.).
For the temperature profile we assume T = 31.7z 4 3.4, with 7" in °C [21].

The initial porosity ¢ (at hydrostatic pore pressure) for the Utsira sandstone
is assumed to have a fractal spatial distribution, based on the so-called von
Karman self-similar correlation functions [5], using a mean value of 36.7% [3]-
[2]. Horizontal and vertical permeabilities are determined by using Eq. 13 and
Eq. 14, considering an anisotropy parameter ¢ = 0.1 and a fixed clay content
C =6 % [22]. The minimum, average and maximum initial porosities obtained
are 35.5%, 36.7% and 38.3%. The associated vertical permeabilities are 0.1
D, 0.12 D and 0.145 D. The spatial vertical permeability distribution at initial
conditions is shown in Figure 1. It can be observed that, within the formation,
there are several mudstone layers (low permeability and porosity) which act as
barriers to the vertical motion of the CO5. The mudstone layers topography
is considered in order to represent the actual internal structure of Utsira Sand
[6]. In this regard, we have taken a picture of seismic data [8] and have picked
the main reflections to produce a line drawing. We later have generated a
geological model and produced synthetic data with plain-wave simulation. We
have adjusted the model taking into account that the first internal mudstone
layer is 6.5m thick and the rest are 1m thick [7]. Since the model is generated
from real data, we do not claim that it is perfect, but representative of the real
topography. Nevertheless, these layers are not completely sealed, having low and

constant porosity and vertical permeability values of 24% and 0.033 D [6]-[8].

10
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Besides, each of them has an opening allowing the upward migration of COs.
These openings are not strictly aligned, and distributed in order to help match
observations from the seismic images [8]. The overburden and underburden of
the Utsira Sand are assigned constant porosity and permeability values of 32%

and 0.02 D.
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Figure 1: Initial vertical permeability map

Figure 2b shows the relative permeability and dimensionless capillary pres-
sure curves that have been obtained from the conductivity log from well 15/9-13
of the Utsira Sand shown in Figure 2a, by taking into account the relationships
with the resistivity index, as described in section 2.1.1. In particular, this cap-
illary pressure curve has been obtained using P.. = 10 kPa based on previous

studies of COs-brine systems [23].

3.2. COy Injection

We apply the BOAST simulator to model 7 years of COs injection in the
Utsira Sand. The simulation is performed at a constant flow rate of one million
tons per year at the injection point which is located at the bottom of the for-
mation: x = 600 m, y = 5,000 m, z = 1,082 m. To satisfy the CFL stability
condition due to IMPES formulation [24], a constant time step of 0.08 days is

11
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(a) Conductivity log (b) Multiphase flow functions

Figure 2: Relative permeabilities and dimensionless capillary pressure from Utsira conduc-

tivity log (well 15/9-13)

used. Recall that the petrophysical properties of the formation are time depen-
dent due to the CO5 injection and consequent increase in pore pressure, but
they change at a much slower rate than pressure and saturation. As a conse-
quence, we have two time scales, and we use a much larger time step to update
petrophysical properties than to run the flow simulator. A thorough analysis
has been conducted to validate that the optimum time to update the petrophys-
ical properties would be 30 days. In this analysis, we run several simulations by
gradually reducing the time step of properties update. Big differences can be
observed among time steps of 1 year, 6 months and 1 month. But running the

model with an update time step shorter that 30 days yield negligible differences.

12
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Therefore a time step of 30 days is considered adequate.

Figure 3 shows the CO5 saturation maps after 3, 5 and 7 years of injection.
These maps are vertical cross sections at the injection point. CO2 accumulations
below the mudstone layers that spread laterally can be observed. As injection
proceeds, the injected fluid migrates upwards through the aquifer, since its den-
sity is lower than that of the brine. Due to the presence of mudstone layers
apertures, this migration generates ”chimneys” because the CO4 follows a pre-
ferred path through these openings. However, a smaller portion of it moves
through the mudstone layers themselves. The openings distribution can be in-
ferred from the shape of the chimney, which strongly depends on the position
of those openings. As stated before, this distribution has been determined from
seismic images [8]. The vertical fluid flow observed is controlled by the vertical
permeability. COs plume reaches greater heights within the aquifer and starts
to spread laterally when it reaches the top. As can be seen in Figure 3a, after
3 years of injection the plume has already reached the top of the formation.
Similar results were also achieved by other authors applying different models
[25]-]26].

We also evaluate the behavior of the different properties that affect the
fluid flow within the aquifer. Both the porosity and the horizontal permeability
do not suffer significant variations, because they depend only on pore pressure
(Eq.12 and Eq.13). However, the vertical permeability is assumed as saturation-
dependent according to the petrophysical model (Eq.14), based on qualitative
observations in rocks saturated with water and gas. In this model at full brine
saturation, k, > k,. As water saturation is reduced, and the larger pores drained
first, k. becomes less than k,. In fact, with COs saturation around 0.5, the
vertical permeability can become 1.7 times the horizontal permeability. At the
other end, i.e. full CO5 saturation, k, > k, again. In the equations of two-phase
flow in porous media (Eq.1 and Eq.2), two different permeabilities are used: the
absolute permeability tensor, that contemplates the solid matrix permeabilities
in each direction, and the relative permeabilities, that take into account the

interactions between rock and fluids and depend only on fluid saturation. Eq.

13
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14 allows for relative permeability anisotropy, because the relationship between

vertical and horizontal absolute permeabilities is function of saturation. This is

why vertical permeability, besides saturation, is the most affected property as

COs injection evolves, as we can see in Figure 4.
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Figure 4: Vertical permeability maps

3.3. Seismic monitoring

In this section, we analyze the capability of seismic monitoring to identify
zones of COy accumulation and migration. With this purpose, saturation and
pressure maps obtained by the fluid model and the corresponding updated rock
properties (as described in section 2.2) are used as input data to compute syn-

thetic seismograms. The iterative procedure described in Eq. (B.1) and Eq.

15
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(B.2) (Appendix B) is used to compute the time Fourier transforms of the dis-
placement vector for 200 equally spaced temporal frequencies in the interval
(0,200) Hz. The seismic source used is a spatially localized plane wave of dom-
inant frequency 60 Hz at z = 772 m. A line of receivers is located at the same
depth to record the Fourier transforms of the vertical displacements. Then, a
discrete inverse Fourier transform is performed to compute the synthetic seis-
mograms [19].

Figure 5 displays the spatial distribution of the P- and S-wave phase veloc-
ities (v, and vg maps) and the corresponding migrated synthetic seismogram
before injection, where the mudstone layers are clearly identified. On the other
hand, Figure 6 shows the v, map, vs map and the seismogram associated with
the CO9 saturation distribution obtained after 3 years of injection (Figure 3a).
The reduction in the P-wave velocities due to COs accumulation is clearly ob-
served. This synthetic seismic section (as well as all others) may be migrated
to eliminate the diffractions.

The waves generated by the source are reflected and transmitted due to
the COy accumulations. The reflected waves suffer a delay when traveling in
zones of COs accumulation between mudstone layers. Therefore the reflections
observed in the seismograms show the COs distribution and accumulation.

Figure 7 presents a comparison between the seismograms obtained after 3, 5
and 7 years of simulation. It is also clear that for different simulation times we
get distinct saturation distributions (3), which result in different seismograms.
As COs injection develops, it spreads both laterally and vartically. Even though
the absolute horizontal permeability is in general greater than the vertical one,
the difference in densities for the brine and CO4 gives the latter a much greater
upward mobility. Seismic analysis can clearly detect the evolution of the COq
plume along time.

Finally, Figure 8 compares the migrated synthetic seismogram obtained after
5 years of injection (Figure 8a) with a real seismic image (Figure 8b) obtained
from [3]. It can be observed that the pushdown effect that appears in real

seismograms due to COy accumulations is also observed on the synthetic one.
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Figure 5: Seismic monitoring before injection

Also, the delay between the real and synthetic one is comparable. This allows
us to conclude that it is possible to correlate the real saturation distribution
and that obtained through the injection model.

Although the saturation map around the chimney section allows to accu-

rately reproduce the pushdown effect, it is also observable in Figures 9 and 10
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Figure 6: Seismic monitoring after 3 years of injection

that the lateral spread does not match the actual seismic images exactly. This
is likely due to the discretization size in the y-direction, which has been selected
to control the computational cost. Recall that the main objective of this work

is not to study the plume behavior in 3D.
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Figure 7: Time evolution of migrated synthetic seismograms

8.4. Capillary pressure sensitivity analysis

The results shown in previous sections consider an unique capillary pressure
curve, characterized by an entry capillary pressure value of P, = 10 KPa. In
this section, a sensitivity analysis is conducted for this parameter to determine
its influence over the COy plume evolution and the corresponding seismograms.

Several entry capillary pressure values are considered, ranging from 0.01 kPa

19



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

(a) Migrated synthetic seismogram after 5 years  (b) Real cross-correlogram after 5 years [3]

Figure 8: Comparison between numerical results and Utsira actual data

to 200 kPa. To evaluate the plume evolution, we analyze the maximum height
that CO5 reaches within the aquifer. In order to do this, we keep track of the
maximum plume length through all the time steps. This is easily computed by
sweeping all the horizontal x-cells for every height z and checking whether the
COg saturation is higher than 0.01 (indicating COq presence). This progression
is shown in Figure 11 for entry capillary pressure values of 10, 50, 100 and
200 kPa. Simulated cases with P,. values lower than 10 kPa show slightly
differences with the P, = 10 kPa case. It can be observed that, as capillary
pressure increases, the plume upward migration velocity decreases. This COq
plume velocity decrease is clearly demonstrated by the reduction of the slopes
of the different curves in Figure 11 as higher values of entry capillary pressure
are used.

We also seek to evaluate the capability of the seismic analysis to identify the
capillary pressure effect over the COs distribution within the aquifer. For this
matter we use the saturation maps obtained from the COs-brine flow model
after 3 years of injection for each capillary pressure curve (e.g. Figure 3a for

P.. = 10 kPa). With this information we obtain the seismic images shown in
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(a) Migrated synthetic seismogram

(b) Real seismic image [27]

Figure 9: Comparison between numerical results and Utsira actual data after 5 years of

injection

Figure 12. From these images, it is clearly observed that the seismic analysis
allows to identify the P,.. influence over the plume velocity. The presence of CO4
is identified due to the velocity attenuation and the corresponding push down
effect. As we can see in Figure 12, the seismic images show the presence of CO,
in different zones depending on the entry capillary pressure value. As capillary
pressure increases, the plume reaches lower heights in the aquifer. That is to

say, the variation of capillary pressure has a great impact on the seismic images.
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(b) Actual time-lapse seismic image [27]

Figure 10: Comparison between numerical results and Utsira actual data after 14 years of

injection

4. Conclusions

We present a methodology integrating numerical simulation of COs-brine
flow and seismic wave propagation, combined with a petrophysical model of
the formation, to study and monitor CO5 storage inside a saline aquifer. We
apply this methodology to analyze the influence of capillary pressure during this

process.
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Figure 11: COg2 Plume height evolution for different entry capillary pressures

The flow simulator considers the CO4 solubility in brine through a simplified
thermodynamic model, with CO5 properties determined by the Peng-Robinson
equations. The petrophysical model is based on fractal porosity and considers
the variation of properties with pore pressure and fluid saturation. The wave
equation takes into account wave velocity changes and attenuation effects due
to the presence of mesoscopic scale heterogeneities caused by patches of COs.

The proposed methodology has been applied to the Utsira Sand, which con-
tains several thin low-permeability mudstone layers, which are not completely
impermeable, allowing the upward migration of CO3. The mechanism used
to obtain the multiphase flow functions from well logs allows us to derive the
properties that represent the fluid behavior through the Utsira Sand. The fluid-
flow simulator, considering the petrophysical properties updating, yields realistic
CO4 accumulations below the mudstone layers. Besides the reflections observed
in the seismograms show the progressive increase in COy accumulations. In

particular, the pushdown effect is clearly observed.
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Figure 12: Entry capillary pressure effect over the migrated synthetic seismograms

As can be deduced from numerical examples, capillary forces affect the mi-
gration and diffusion of the COs plume; higher values of these forces cause
a slower COy upward migration and lateral spreading of accumulation zones
below mudstone layers. Higher entry capillary pressure values somehow slow
down the advance of the CO5 plume within the aquifer. This makes it very

important to have a correct estimation of this parameter before running the
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simulations, because an improper value could generate wrong estimations of the
CO;, distribution within the aquifer.

Summarizing, the described methodology constitutes an important tool to
monitor the migration of the COy plume, to analyze storage integrity and to

make long term predictions based on storage site actual data.
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Appendix A. Black-0il formulation of two phase flow in porous media

The simultaneous flow of brine and COg is described by the well-known
Black-Oil formulation [10]. In this approach, brine is identified with oil and
CO4 with gas assuming supercritical properties. Therefore, the CO5 component
may dissolve in the brine phase but the brine is not allowed to vaporize into
the CO5 phase. The Black-Oil formulation uses, as a simplified thermodynamic
model, the PVT data defined as

e R,: COs solubility in brine
e B,: CO, formation volume factor
e By: brine formation volume factor

The conversion of compositional data from equations of state into the Black-

Oil PVT data is based on an algorithm developed by [28],

° R — ﬁbscxg
ﬁgSC(l — Xg)
SC
e B, = pbi’
po(1 — wy)
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where ﬁfc and ﬁfc are the brine and CO5 molar densities at standard condi-
tions, respectively and x, and w, are the CO2 mole and mass fraction in the
brine phase.

Then, the mass conservation equation for each component can be expressed

oo (5 + %)

ot

as

1 R
-V (ngg + Fbyb) +qy = for CO45 component,(A.1)
Sh
9le2t
-V (iv ) +q = & for brine component (A.2)
Bbib ot ’

where g, b denote CO2 and brine phases respectively, ¢ is the porosity, v the
phase velocity, Sg the saturation and gg the injection mass rate per unit volume,
with 8 =10, g.

The phase velocities can be expressed by Darcy’s empirical law as

k

v, = —E—2(Vpg — pggV2), (A.3)
Ng
k'rb

vy = —EE(V% — ppgVz), (A.4)

where pg are the fluid pressures, ng the viscosity, k,g the relative permeability,

k the absolute permeability tensor, g the gravity constant and z the depth.
Finally, combining the mass conservation equations (Eq. A.1) and Eq. (A.2)

with Darcy’s law (Eq. A.3) and Eq. (A.4) we obtain the following two differen-

tial equations

(Vpy — pbsz))) + p%%
g

(R

krg Rskrb
V- (E(Bgng (Vpg — pggVz) + Borte

5 ) (A.5)
S
=
krp . I |: By
\% (ﬁanb (Voo pbgvz)) + pgc = ot (A.6)
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The unknowns for the Black-Oil model are the fluid pressures pg and saturations
Sg.
Two algebraic equations relating the saturations and pressures complete the

system:
Sp+8g =1, Pg — Pb = Pc(Sh), (A.7)

where Po(Sy) is the capillary pressure function.

The numerical solution of the system is obtained with the public-domain
software BOAST [11]. BOAST solves the differential equations using IMPES
(IMplicit Pressure Explicit Saturation), a finite-difference technique [10]. Finite
differences is the standard in commercial reservoir simulators, and the improved
versions use both structured and unstructured grids with local refinements to
accurately represent reservoir geometry. The basic idea of IMPES is to obtain a
single pressure equation by a combination of the flow equations. Once pressure
is implicitly computed, saturation is updated explicitly. We briefly describe
IMPES for these particular system (Eq. A.5, Eq. A.6 and Eq. A.7). The
first step is to obtain the pressure equation, combining flow equations: Eq. A.5
multiplied by B, and Eq. A.6 multiplied by (B, — RsB,) are added. In this

way, the right side of the resulting equation is:

Sg RsSb Sb
g ot + (By — Rng)iat .

Using the chain rule to expand the time derivatives and after some compu-

tations and rearrangements,

1 do ( 1 dB > ( 1 dB, B dRS>
e ) P ]
¢[¢ dpy, 7\ By dpy "\ Bydp, By dpy

where all the time derivatives with respect to the saturation disappear.

o
ot’

Defining the following,
d¢

1
e Formation compressibility: ¢y = Ed—
Pb
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1 dB
e CO; compressibility: ¢, = fB—d—g,
g APy

1 dB B, dR,
e Brine compressibility: ¢, = —gﬁ + Fg dy
b APy b aPp

e Total compressibility: ¢; = ¢y + Sycy + Spes,

the right side of the resulting pressure equation is simply expressed as,

Opy
ocy E .

Finally, replacing pg by pp+Pc(Ss) in the left side of the combined equation,

the following pressure equation in p; is obtained,

By [V : (ﬁ(;m (Vpy — pggV D) + Rsilj;b(vpb — gV D) + Bk” VPc))]

g'lg Bymy, g'lg
krb
+(By — RsBy) [V ~ (ﬁianb (Vpy — PbQVD))}
g v Opy
B,—— By — RsB,)—&~ = —_. AR
+ gpgc +( b S g)pbsc d)Ct 6t ( )

In the BOAST simulator, Eq. (A.6) and Eq. (A.8) are discretized using a
block centered grid. The system is linearized by evaluating the pressure and
saturation dependent functions (PVT parameters, viscosities, relative perme-
abilities and capillary pressure) in the pressure and saturation values of the
previous time step. The pressure equation is solved implicitly, applying a Block
Successive Over Relaxation method (BSOR) to compute the linear system solu-
tion. The saturation equation is solved explicitly, therefore stability restrictions

are considered to select the time step [24].

Appendix B. The iterative domain decomposition algorithm

In order to solve the diferential system (Eq. 19 and Eq. 20) we apply
an iterative finite-element domain descomposition procedure, formulated in the
space-frequency domain. To define a global finite-element method we use the
nonconforming finite-element space described below, based on rectangular ele-

ments first presented in [29]. For h > 0, let T, be a quasiregular partition of
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Q such that Q = Uleﬁj with Q; being rectangles of diameter bounded by h.
Set I'; = 092N IQ; and I'j, = I'y; = 05 N O, we denote by &; and &, the
centroids of I'; and I, respectively.

We consider a nonconforming finite element space constructed using the

following reference rectangular element:

~ ~ 1 1 3 5 5
:_112 _ B 2 2.4y _ 2 2 4
RolLaf su®) = spndgsgo- 3 (@ Ja-02-3h).

~

The four degrees of freedom associated with Sa(R) are the values at the mid
points of the faces of ﬁ, i.e., the values at the nodal points a3 = (—1,0),a2 =
(0,—1),a3 = (1,0) and ag = (0,1). For example the basis function ¢ (z,y) =
31— 32— 2((a® = 32") — (y* — 3y*)) is such that ¢1(a1) = 1 and ¢y(a;) =
0,7 =2,3,4.

A useful property of applying nonconforming elements for wave propagation
phenomena is that it almost halves the number of points per wavelength neces-
sary to reach a given accuracy as compared with the standard bilinear elements
[30].

Set N C’Jh = 52(€;) and define a nonconforming finite-element space in the

following manner

NCh:{U|Uj5 =vlo,e NCIj=1,....J; v;j(&r) = k(&) V{J}k}}-

The global nonconforming Galerkin procedure is defined as follows: find

a" € [NC")? such that

—(p?T@",0) + D (0pq (@), epg () + i ((DT", 0)) = (f,9), ¢ € [INCM?,

pq
Here (f,g) = [, fgdQ and (f,g) = [ fgdl denote the complex [L?(Q)]" and
[L2(T)]V inner products. Also, ((,-)) denotes the approximation of (-,-) on the
boundary faces by the midpoint quadrature rule.

Instead of solving the global problem, we will use the parallelizable domain
decomposition iterative hybridized procedure defined in [19]. This approach is

a requirement when dealing with large 2D (or 3D) problems.
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One of the main advantages of using nonconforming elements to solve wave

propagation phenomena in parallel architectures is that the amount of informa-

tion exchanged among processors in a domain decomposition iterative procedure

is considerable reduced as compared to the case when conforming elements are

used. Besides, it is possible to obtain an estimate on the speed of convergence

of the iterative domain decomposition procedure as a function of the mesh size

h.

To define the iterative procedure, we introduce a set Al of Lagrange multi-

pliers Ay associated with the stress values —7(u;)v;x(€;1):

M= N N, = Gy € [Ro(T)])? = (AR}

ered to be distinct.

Then, given an initial guess (u )\Jk ,)\ ) € [NC']’?]2

X [A;‘Lk] 2

compute( an )\h ”) € [NC}J? x [A%,]? as the solution of the equations

(pwu ) —|—Z7'pq
+2(( JM>>

h, h,n—1
)‘jlkn = _)‘kjn + Zﬁyk[

It can be shown that

(fyk)

"), €pa(p)); +iw <<Da?’nv <P>>F

=(f.9);, ¢e€NCI?

Ah " 1(§7k)]

[ah,n - ﬂh]Q —0in [LQ(Q)]2 when n — oo,

on ij.

J

Here Py(T';%) are constant functions on I'j;. Note that A;?k and AZj are consid-

x [AR1%,

so that in the limit the global nonconforming Galerkin approximation is obtained

19].

Appendix C. List of Symbols

a: permeability-anisotropy parameter

A: dimensionless parameter

By: brine formation volume factor
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527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

Bg: CO, formation volume factor
cp: brine compressibility

cy: formation compressibility

cg: CO2 compressibility

¢t total compressibility

C' clay content

E(w): frequency dependent P-wave modulus

g: gravity constant

krg: B phase relative permeability
Kgry: dry-rock bulk modulus
Koriq: solid grains bulk modulus
n: fitting parameter

p: average pore pressure

ps: [ phase pressure

pm: hydrostatic pressure

P (Sp): capillary pressure function

P.p: dimensionless capillary pressure

P..: entry capillary pressure

gs: B phase injection mass rate per unit volume

Q(w): quality factor

R.: average radii of the clay grains

R,: average radii of the sand grains

Rs: COg4 solubility in brine
RI(Sp): resistivity index

Sg: B phase saturation

Srb: residual brine saturation
T: temperature

u: displacement vector

v(w): Darcy phase velocity
vet(w): compressional velocity

~: free parameter
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563

564

565

566

567

568

569

570

571

572

0;1: Kroenecker delta

€k (u): strain tensor

ng: B phase viscosity

ny: fluid viscosity

k: absolute permeability

Kg: horizontal permeability

K. vertical permeability

A(w): frequency dependent Lamé coefficient
Ggry: dry-rock shear modulus

Gsoliq: solid grains shear modulus

w(w): frequency dependent Lamé coefficient
pg: B phase density

Psolid: solid density

Pfiuis: fluid density

p: bulk density

o(1): conductivity at full brine saturated rock

o(Sp): conductivity at saturation Sj
op: brine conductivity

04: CO2 conductivity

04: grain conductivity

¢: porosity

¢c: critical porosity

¢o: initial porosity
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