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Abstract. Capture and storage of Carbon dioxide in aquifers and reservoirgisfahe solutions to
mitigate the greenhouse effect. Geophysical methods can be used to manitmration and migration
of the gas in the underground. To perform this task properly, a suit@g®gjcal model is important,
which simulates the geometry and petro-elastical properties of the differemations. In this work we
integrate numerical simulators of G@rine flow and seismic wave propagation to model and monitor
CO, storage in saline aquifers. We also build a petrophysical model of a shadg®ne based on poros-
ity and clay content and considering the variation of properties with passpre and fluid saturation.
The pressure map before the injection of {d®assumed to be hydrostatic for which a reference poros-
ity map is defined. The permeability is assumed to be anisotropic and is obtaimedirfst principles
as a function of porosity and grain sizes. The density is the usual arithrvetiagee of the sandy and
shaly components. The numerical simulator of the,@@ne flow is based on the Black-Oil formula-
tion for two phase flow in porous media, which uses the Pressure-Volemgdrature (PVT) behavior
as a simplified thermodynamic model. The propagation of waves in porous meltiadsbed using a
viscoelastic model that takes into account the dispersion and attenuagotseftie to the presence of
heterogeneities in the fluid and solid phase properties. We introduce tladattenuation following
White’s model of porous layers alternately saturated with brine angl SQvave attenuation is consid-
ered with a mechanism related to the P-wave one. Numerical examples,ahjg&ion and time-lapse
seismics in the Utsira formation at the Sleipner field are analyzed. The Utsination is represented
using the new petrophysical model that allows a realistic inclusion of shalg aed fractures. The re-
sults of the simulations show the capability of the proposed methodology to moretarignation and
dispersal of the C®plume and to make long term predictions.
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1 INTRODUCTION

Geologic storage of COconsists in injecting the gas into a geologic formation gitde
typically greater than 1000 m, where it is present at suigr@r conditions Arts et al, 2008.
Saline aquifers are suitable as storage sites due to thgé \@lume and their common occur-
rence in nature.

In the Sleipner gas field (North Sea), the first industriales€0, injection project is being
developed Chadwick et al. 2005. CO, separated from natural gas produced at Sleipner is
currently being injected into the Utsira Sand, a saline fagsiome 26000 kiin area.

Numerical modeling of CQinjection and seismic monitoring are important tools to emd
stand the behavior of CQafter its injection and to make long term predictions. Tofquen
this task properly, a reliable geological model is impottavhich simulates the geometry and
petroelastical properties of the different formations.sTinodel assumes a shaly sand, which
represents the Utsira Sand or shale formation, dependitigeoriay content. The permeability
is assumed to be anisotropic and is obtained from first piesias a function of porosity and
grain sizes.We generate the geological model from thalmpbrosity (at hydrostatic pore pres-
sure) and clay content. The simultaneous flow of brine ang i€@odeled with the Black-Oil
formulation for two-phase flow in porous medidzjz and Settari1985. After injection, the
CO, migrates upwards, accumulating below thin shale (mudjtiawyers. These layers allow
the vertical CQ migration to the top because they are not fully sealing. Thiel foressures
and saturations computed by the fluid simulator are usedttrothe properties of the CGat
in-situ conditions and the petro-physical properties eflthsira Sand. These are obtained with
White mesoscopic modeCarcione 2007).

Wave propagation is based on a viscoelastic model thatderssilispersion and attenuation
effects. In regions with partial CGaturation, following White’s theoryw{hite et al, 1975, we
consider P-wave attenuation due to wave-induced fluid flawestoscopic scales using a model
of porous layers alternately saturated with brine and,.CThe results of the flow simulator
allow us to determine the phase velocities and attenuatefficients of P and S waves at each
computational cell using White’s model.

The numerical examples present simulations of, @@ection and time-lapse seismograms
in the Utsira Sand aquifer at Sleipner field. We build a pédtysical model of the Utsira for-
mation based on porosity and clay content and taking intowtcthe variation of properties
with pore pressure and GGaturation. This model is able to simulate embedded mudston
layers of very low permeability that accumulate {6t also allow its migration. The proposed
methodology is able to identify the spatio-temporal dmttion of CQ after its injection. At-
tenuation and dispersion effects are clearly observedarsiiapshots and the recorded traces.
This methodology allowed us to identify the horizontal amdltical saturation distribution of
CGO, over long periods of time.

2 PETROPHYSICAL MODEL OF THE UTSIRA FORMATION

The petrophysical model assumes a shaly sand and is gehéatethe initial porosityp,
(at hydrostatic pore pressupg) and clay content’.
The pressure dependence of properties is based on theifujloglationship between poros-
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ity and pore pressurng

(1 B ch)
K
whereg, is a critical porosity.

The bulk modulus of the dry matrix is estimated from the puesslependent porosity using
the Krief equationCarcione et a).2000),

(p—pH)—¢o—¢+¢cln%, 1)

Ko = Ky (1 — @)/ 179), 2)

where the bulk modulus of the solid graifs is the arithmetic average of the Hashin-Shtrikman
upper and lower bounds. The rock is formed with quartz (buidatus of 40 GPa) and clay
(bulk modulus of 15 GPa).

We assume the grain to be a Poisson medium, then the shealusofithe solid grains is
ps = 3K/5 and we set

Hm = #3(1 - ¢)A/(1_¢)' (3)
The black-oil simulator needs the compressibility, defined byZimmerman et al(1986,
which is given by
11 1+¢
= g(m %) @

As permeability is anisotropic, we consider horizontalnpeability x,, and vertical perme-
ability .. Carcione et al(2000 derived a model depending on porosity and clay content,
assuming that a shaly sandstone is composed of a sandy @adkix shaly matrix with partial
permeabilities

_ Rg" R:¢"
" 4501 - 9)2(1-0) 45(1 — 9)2C
whereR, and R, denote the average radii of sand and clay particles, rasplsct

Therefore, the average permeability of the shaly sandsitomgy the horizontal direction is
given by

and k.=

()

1 1-C C
=== (6)

K. Kq Ke

Following Carcione et al(2003 , we assume

ke 1 —(1—0.3a)sin7S,
k.  a(l —0.5sin7S,)

wherea is a permeability-anisotropy parameter ahgdis the brine saturation.

Note that forS,, = 0 or 1, k, = ak,. Itis k, > k. at full water saturation, due to pore cross
sections which are larger in thedirection.

As water saturation is reduced, and the larger pores drdirstda saturation is reached at
which k, = k.. Then, as saturation is further reduced, < «.. At the other end (full gas
saturation), we have agai) > k..

(7)
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3 THE BLACK-OIL FORMULATION OF TWO-PHASE FLOW IN POROUS MEDIA

The simultaneous flow of brine and G@ porous media is described by the well-known
Black-Oil formulation applied to two-phase, two componeuidiflow (Aziz and Settari1989.
In this way, CQ component may dissolve in the brine phase but the brine islimved to
vaporize into the C®phase. The differential equations, obtained by combirniegmass con-
servation equations with Darcy’s empirical law, are

krco2 Rk qco2
V. (6(———(V — VD) + \V4 VD)) + 8
_( 300277002( Pco2 — pPco29 ) Bomy ( Po — Pvg ))) pg%Q ( )
Scoz  RsSh
oo (Z22+ 1))
N ot ’
Sh

Ert Qb a[(ﬁgb}

V(& By (Vpb prgV D) + P (9)

Subscripts6 = b, CO2 denote brine and CQOphases, respectively. The unknowns for the
Black-Oil model are the fluid pressures and saturationss. Also pg is density,qz mass
rate of injection per unit volume, and the funcidng andr; are the relative permeability and
viscosities, respectively. Finallyis the absolute permeability tensor ands porosity.

The Black-Oil formulation uses as a simplified thermodynamadel, the PVT dat&, and
Bg defined as

R, = Vicon CO, solubility in brine;
¢ s = V5 y ’
e Boos = VSC 92 'CQ, formation volume factor;
c0O2
Vigs, + Vires) .
e B, = ( dCO‘Q/;LC 0*) , brine formation volume factor;
b

with Vg, Vy/e® and V53, the volume of CQ, brine and dissolved CQn brine at reservoir
conditions; and/55,, V,°¢ andV{,, are the volume of C@Q brine and dissolved CQOn brine
at standard conditions, respectively. Alsg¢ and p2%, are the CQ and brine densities at
standard conditions.

R, and B, can be expressed in terms of the equilibrium propertiesrddgrom an equation
of state:

_ ﬁfCXcoz
* Ry = —¢
P02 (1 — xco2)

S
e B — P
pu(1 — weo2)
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The conversion from compositional data from equationsatksnto the Black-Oil PVT data is
performed applying an algorithm developedigssanzadeh et §2008 which uses the brine
and CQ molar density at standard conditions; and the,@®@le and mass fraction in the brine
phase.

Two algebraic equations relating the saturations and pres€omplete the system:

Sy + Scoz = 1, peo2 — vy = Po(Sy), (10)

whereF. is the capillary pressure.

The numerical solution was obtained employing the publimdim software BOASTRanchj
1997. BOAST solves the differential equations using IMPES (IMiplPressure Explicit Satu-
ration), a semi-implicit finite difference techniquéziz and Settari1985.

4 AVISCOELASTIC MODEL FOR WAVE PROPAGATION

The propagation of waves in fluid-saturated porous medi@ssrnibed using an equivalent
viscoelastic model that takes into account the dispersidrestenuation effects due to the pres-
ence of heterogeneities in the fluid and solid phase pragserti

The equation of motion in a 2D isotropic viscoelastic dom@iwith boundaryof2 can be
stated in the space-frequency domain as

—w?pu—V-o(u) = f(z,w), Q (11)
—o(u)v = iwDu, 01, (12)

whereu = (u,, u,) is the displacement vector. Hesés the bulk density andL@) is a first-order
absorbing boundary condition using the positive definitéra, which definition is given in
(Ha et al, 2002.

The stress tenser(u) is defined in the space-frequency domain by

O'jk(u) = )\G(w)V : uéjk -+ 2N(w)€jk(u), Q, (13)

wheree j, (u) denotes the strain tensor afig is the Kroenecker delta.

The coefficientV in (13) is the shear modulus of the dry matrix, while the Lamé coieffic
s \g = Kg — %M in 3D and)\s = Kg — pin 2D. K¢ is the Gassmann’s undrained bulk
modulus, computed as follows:

KG = Km + CYQKav

=1 Km

o= K.’

P Lt '
K, K;

where
e K. bulk modulus of the dry matrix
e K. bulk modulus of the solid grains

e K;: bulk modulus of the saturant fluid

Copyright © 2012 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



3392 G.B. SAVIOLI, J.E. SANTOS, J.M. CARCIONE, D. GEI

Following (White et al, 1975, we consider P-wave attenuation due to wave induced fluid
flow at mesoscopic scale using a model of porous layers alegnsaturated with brine and
CO, respectively. This approach yields a complex and frequelependent P-wave modulus
E(w) = lambdag(w) + 2N (w) for the formation. Recall that in a viscoelastic solid, thegh
velocity and quality facto€)(w) are defined by the relations

) = [Re (- )] Q) = Ralw)) (14)

vep(w) - Im(vey(w)?)

wherevc,(w) is the complex and frequency dependent compressionalityetiefined as

_ Ew)
vep(w) = ) (15)

S-wave attenuation is also taken into account making tharsmedulus complex an fre-
guency dependent using another relaxation mechanisnedeiathe P-wave mechanism
(Carcione et a).2012.

The approximate solution ofL{) with the boundary conditionslp) is obtained using an
iterative finite element domain decomposition proceduieafproximate each component of
the solid displacement vector we employed the nonconfagrfimte element space defined in
(Douglas, Jr. et al1999), since it generates less numerical dispersion than theatd bilinear
elements Zyserman et al.2003. It can be demonstrated that the error associated with this
numerical procedure measured in the energy norm is of ér¢ida et al, 2002, whereh is the
size of the computational mesh.

5 MODEL OF THE UTSIRA FORMATION AND CO , INJECTION.

We consider a 2D model of the Sleipner field constructed uamgnitial porosity at hy-
drostatic pressure and the clay content of the formatiore mbdel hasl00 m thickness (top
at 700 m and bottoml 100 m b.s.l.). Within the formation, there are several mudstayers
which act as barriers to the vertical motion of the 4hd can be observed in Figute The
viscosity, density and bulk modulus of G@ere obtained from the Peng-Robinson equations
as a function of temperature and pore pressdessanzadeh et a2008.

CGO;, is injected at a constant flow rate of one millon tons per y&dre injection point is
located at the bottom of the Utsira formation:= 600 m, z = 1060 m. Figure2 shows the
saturation field after 2 years (left) and 4 years (right) of,G@ection, computed using the
BOAST flow simulator.

Figure 3 displays the spatial distribution of P-wave phase velogjtyleft) and attenuation
coefficientl000/Q,, (rigth) at 75 Hz after 2 years of GGnjection. It can be observed a decrease
in P- wave velocity in zones of CQaccumulation and a corresponding increase in attenuation.

6 TIME-LAPSE SEISMIC MONITORING

To analyze the capability of seismic monitoring to identifynes of C@ accumulation, the
media is excited with a compressional point source located-a 600 m, z = 710 m before
and after 2 and 4 years of G@jection. Time histories measured near the surface angrsho
Figures4 before (left) and after 2 years (right) of G@hjection. Figureb shows time histories
after 2 (left) and 4 (right) years of COnjection, respectively.
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Figure 1: Porosity map
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The upper reflection in Figure$ and5 is due to the direct wave coming from the point
source. The lower reflection in Figurdgright) and5 is due to the C@accumulations below
the deepest mudstone layer.

Figure5 (right) shows another reflection due to the upper accunaatvhich appears in
the right side. Finally, Figuré displays the traces measured at x= 750 m, z = 710 m shown in
Figure4 .

7 CONCLUSIONS

In this work we integrate numerical simulators of &kxine flow and seismic wave prop-
agation to model and monitor GQtorage in saline aquifers. We also build a petrophysical
model of a shaly sandstone based on porosity and clay cantertonsidering the variation of
properties with pore pressure and fluid saturation. Nurakegamples show the effectiveness
of this metodology to detect the spatio-temporal distidoubf CO,. Therefore, it constitutes
an important tool to monitor the migration and dispersalha& €G plume and to make long
term predictions.
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Figure 2: CQ saturation distribution after 2 years (left) and 4 yearsmgédtion. The injection point is located at
Xx=600 m, z= 1060 m
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Figure 3: P-wave phase velocity (left) and attenuation coefficien000,/Q,, (right) after 2 years of C®injection
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Figure 6: Traces of particle velocity of the solid phase befind after 2 years of GQnjection.
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