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Abstract. Carbon Dioxide (C@) sequestration into geologic formations is a means of mitigating green-
house effect. In this work we present numerical simulation technigues telmond monitor C@ seques-
tration. For that purpose we integrate numerical simulators of-Q@e flow and seismic wave propa-
gation (time-lapse seismics). The simultaneous flow of brine angdi€@odeled applying the Black-Oil
formulation for two phase flow in porous media, which uses the Pressluen€é-Temperature (PVT)
behavior as a simplified thermodynamic model. Seismic wave propagation useslater based on a
space-frequency domain formulation of the viscoelastic wave equatidhisiformulation, the complex
and frequency dependent coefficients represent the attenuatiotisgpeaision effect suffered by seis-
mic waves travelling in fluid-saturated heterogeneous porous formatidms.sfatial discretization is
achieved employing a nonconforming finite element space to represernsiecdment vector. Numer-
ical examples of C@injection and time-lapse seismics in the Utsira formation at the Sleipner field are
analyzed, including the presence of shale seals and fractures. guits ref the simulations show the
capability of the proposed methodology to monitor the spatial distribution of&t@r injection.
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1 INTRODUCTION

Fossil-fuel combustion generates carbon dioxide {C@hich is mainly discharged into
the atmosphere, increasing its temperature (greenhotes)ef To minimize this effect, an
interesting alternative is to inject Ganto a target geologic formation, such as aging oil fields,
ocean water, reservoirs and saline aquiféxgq et al, 2008. Among these options, saline
aquifers have the advantage of their large volume and tbeinmon occurrence in nature. The
injection is performed at depths typically greater than@.00where pressure and temperature
are above the critical point for GQ31.6C, 7.38 MPa).

The CQ injection operation at the Sleipner gas field in the North Seperated by Sta-
toil and the Sleipner partners, is the world first industsizle CQ injection project designed
specifically as a greenhouse gas mitigation measure. iojestarted in 1996 and is planned to
continue for about twenty years, at a rate of about one mitbmnes per yeai(ts et al, 2008-
(Chadwick et al.2005. CO, separated from natural gas produced at Sleipner is cuyriesithg
injected into the Utsira Sand, a saline aquifer some 26000ikmarea.

Up to now, very little is known about the effectiveness of {Xbrage over long periods of
time. Therefore, numerical modeling of G@jection and seismic monitoring is an important
tool to understand the long term behavior of L£é&dter injection and to test the effectiveness
of CO, sequestration. Recent papegaftos et al.2008, (Carcione and Picotti200§ suc-
cessfully apply seismic modeling for monitoring the spa@imporal distribution of CQusing
synthetic generated GQaturation fields.

In this work we integrate numerical simulators of £rine flow and seismic wave propa-
gation. The simultaneous flow of brine and £&i®modeled applying the Black-Oil formulation
for two phase flow in porous media, which uses the PVT data asg@iSed thermodynamic
model.

Seismic monitoring is modeled using an isotropic viscaelasodel to represent the propa-
gation of waves in the subsurface. The complex plane-wastesh@ar modulus are determined
taking into account the heterogeneities in the fluid anddsphiases and using a continuous
superposition of Zener model to represent the viscoelasti@vior of the materialL{u et al,
1976.

Numerical examples of COnjection and time-lapse seismics are analyzed to showetha-c
bility of the proposed methodology to identify the horizalrdnd vertical saturation distribution
of CO2.

The final objective is to test that underground storage id@aaad verifiable technology in
the long term.

2 THEBLACK-OIL FORMULATION OF TWO-PHASE FLOW IN POROUSMEDIA

The simultaneous flow of brine and G@ porous media is described by the well-known
Black-Oil formulation applied to two-phase, two componeumidfiflow (Aziz and Settari1985.
We represent the brine (subind&xby the oil phase and the G@subindexC'O2) by the gas
phase. In this way, COcomponent may dissolve in the brine phase but the brine iallwated
to vaporize into the CQphase. The differential equations are obtained by comditiia mass
conservation equations with Darcy’s empirical law.

The mass conservation equations are:

Copyright © 2011 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecanica Computacional Vol XXX, pags. 2877-2890 (2011) 2879

e For the CQ component,

0 [¢ (pco2Sco2 + Cco2p Py Sb)

— V- (pco2 Vco2 + Coozp po Up) + ooz = T ;@

e For the brine component,

0 [¢(Cb,b Pb Sb)}
=V - (Cop pp 0p) + @5 = 5 , (2)

wherep is density,o is Darcy velocity,S' is saturationg mass rate of injection per unit vol-
ume andp is porosity.Cco2, Cyp are the mass fractions of G@nd brine in the brine phase,

respectively. In the Black-Oil formulation these fracti@re computed using a simplified ther-
modynamic model (PVT data), as

Rs pco2 Bcoa

Ceooop = By (3)
e,
Py
= 4
Coo Byypy @)

R,, Boo2 and B, are PVT data, defined as

° Rs — ‘/dCOQ

CO, solubility in brine;

VbSC’ !
VT@S
e Boos = VCSOCQ, CO, formation volume factor;
CcO2
Vs Ve . .
o B, = ( dcoﬁ/; ) , brine formation volume factor;
b

whereV/g,, Ve andV 5, are the volume of CQ brine and dissolved COn brine at reser-
voir condltlons and/z35,, V,°¢ andVi$,, are the vqume of CQ brine and dissolved CQOn

brine at standard conditions, respectively. Alsgf, andp2S,, are the CQ and brine densities
at standard conditions.

The empirical Darcy's Law gives the momentum balance fofflids,

. k,
boos = —k—22 (Vpco2 — pco29V D), (5)
Hco2
. k,
Op = —EM—:(Vpb — gV D), (6)

wherepcos, py are the fluid pressures akds the absolute permeability. Also, fér= C 02, b,
the funcionst, 3 andyz are the relative permeability and viscosity of thghase, respectively.

Replacing 8)-(6) in (1)-(2) and dividing byp2%, and p;, the following nonlinear system
of partial differential equation is obtained,
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krcoz Rk qco2
V-(k(——(V - VD) + Vo, — ppgVD))) + 7
(k( Beon ucoz( Pcoz2 — pco29 ) B, Mb< Po — Pvg ) p§%2 (7)
Sco2  RsSp
ol (Gt )]
ot ’
S,

Vo (k2 (Vpy— gV D) + L = a[qﬁj 8)

_Bb,ub Py — Py prC - ot :

Two algebraic equations relating the saturations and presscomplete the system:

Sy + Scoz = 1, pco2 — Py = Po(Sh), 9)

whereF, is the capillary pressure.

The unknowns for the Black-Oil model are the fluid pressukes, p, and the saturations
Sco2, S, for the CQ and brine phases.

R, and B, can be expressed in terms of the equilibrium propertiesrddgrom an equation
of state Hassanzadeh et a2008-(Spycher and Prues2005:

ﬁbSCXCOQ
* Ry = —¢
pCOQ(l - XCOQ)
sc
o B, = Po

pu(1 — weo2)

wherep;© andp2S, are the brine and COmolar density at standard conditions; apgh. and
wcoz are the CQ mole fraction and the COmass fraction in the brine phase. This conver-
sion from compositional data from equations of state inwltack-oil PVT data is performed
applying an algorithm developed by Hassanzadeh ¢iat$anzadeh et a200§.

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 techniqusggvioli and Bidner2009.

3 AVISCOELASTIC MODEL FOR WAVE PROPAGATION

The propagation of waves in porous media is described usinggaivalent viscoelastic
model that takes into account the dispersion and attenuafiiects due to the presence of
heterogeneities in the fluid and solid phase properties.

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

—w?pu—V-o(u) = f(z,w), Q (20)
—o(u)v = iwDu, 09, (11)
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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

ajk(u) = )\G(w)V : uéjk + 2N(w)€jk(u), Q, (12)

wheree j; (u) denotes the strain tensor afigl is the Kroenecker delta.

The coefficientV in (12) is the shear modulus of the dry matrix, while the Lamé coeffic
IS \g = Kg — %M in 3D and)\g = Kg — pin 2D. K¢ is the Gassmann’s undrained bulk
modulus, computed as follows:

Ko =K, + a’K,,

1 Kom
a=1——
K.’
1
a—¢ ¢
Kav: w
{ K +Kf]

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

To introduce viscoelasticity we use tlerrespondence principiated by M. Biot Biot,
1962 1956, i.e. we replace the real poroelastic coefficients in thestitutive relations by
complex frequency dependent poroviscoelastic modulsfyatig the same relations as in the
elastic case, with some necessary thermodynamic restrictiln this work we use the linear
viscoelastic model presented iny et al, 1976 to make the undrained bulk modulég; and
the shear modulud’ complex and frequency dependent. Thus, we take
= KG' R N(W) == N . 9

Ry (w) = iTke (W) Ry(w) —iTy(w)
wherew = 27 f: angular frequency anfl (¥, N are the relaxed Gassmann’s and shear modu-
lus.

The functionsR;, andT;, [ = K., N, associated with a continuous spectrum of relaxation
times, characterize the viscoelastic behaviour and asndiy (Liu et al, 1976

Kg(CU)

(13)

1 1+ Wy 2 Lw(Ty —Tyy)
Rl(w) =1—-— nl 2T2’ y E(W):_Atan 1%.
Q) +twily TQ, +w?Ty T

The model parameter@l, Ty, andT;, are taken such that the quality fact@ps(w) = 7}/ R,
are approximately equal 1, in the range of frequencies where the equations are solugdhw
makes this model convenient for geophysical applications.

The approximate solution ofLQ) with the boundary conditionsl{) is obtained using a
finite element procedure employing a uniform partitibh of the computational domaif into
square subdomair®,,,m = 1,--- , M of side lengthh. To approximate each component of
the solid displacement vector we employed the nonconfagrfiimte 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 drdida et al, 2002.
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4 THEITERATIVE DOMAIN DECOMPOSITION ALGORITHM
4.1 Weak Formulation

We proceed to formulate the variational form for viscoetastaves: Findi € [H'(Q)]" such
that

— (0T 9) + D (7 (@), £g(9)) + i (AT, @)y = (F,0), 0 € [HHQY

rq

Here(f,g9) = [, fgdx and(f,5) = [, fgdl denote the complek*(Q)]™ and [L*(T")}"
inner products. AlsoH'(£2) denotes the usual Sobolev space of functiong?ff2) with first
derivatives inL?(2).

4.2 Finite Element Method

The nonconforming finite element space used in this papefirgadescribed inpouglas, Jr. et a|.
1999. Forh > 0, let 7, be a quasiregular partition 6f such that) = U7_,Q; with Q; being
N-rectangles of diameter bounded bySetl'; = 092 N 0€2; andl';, = I'y; = 0€2; N 0L, we
denote by, and¢;,, the centroids of'; andI'j;, respectively.

We consider a nonconforming finite element space consttustimg the following reference
rectangular element

Rol-11?  S(B) — Spar{ii%x—g((wQ—gw“)—(yQ—gy )),

1 1 3 5 5
-4z 2 2 9.4y _ 2 2 4 _
1 vty <(fv 3fv) (y 3Y ))}

The four degrees of freedom associated \/@Hhﬁ) are the values at the mid points of the faces
of R, i.e., the values at the nodal points= (—1,0), a, = (0, —1), az = (1,0) andas = (0, 1).
For example the basis function (z,y) = 1 — 12 — 2 ((2? — 22) — (y* — 2y")) is such that
wl(al) =1 and¢1((1j) = 07.] - 27374'

One of the main advantages of using nonconforming elemergslve wave propagation
phenomena is that the amount of information exchanged ampi@uogssors in a domain decom-
position iterative procedure is considerable reduced agpaoed to the case when conforming
elements are employed. Another property of the nonconfugreiements is that it is possible to
obtain an estimate on the speed of convergence of the ieiddimain decomposition procedure
as a function of the mesh size h.

SetNC’]h = Sn(©2;), N = 2,3 and define a nonconforming finite element space in the
following manner

1
2

NCh:{v\vj: =0 |g,€ NCJ}-‘,j:L...,J; v (&k) = ve(&k), V{j,k}}.

The global nonconforming Galerkin procedure is defined Bevis: findu" € [NC"]? such
that

—(p? T, 0) + Y (1 (@), £ () + iw ((AT", ) = (f.0), @ € [NC"].

pq
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Next, we will define a discrete domain decomposition iteetybridized procedure. For
this purpose, we introduce a new 9¢t of Lagrange muItipIiersk?k associated with the stress
ValueS—T(aj)l/jk(fjk):

AP = (N N'py, = My € [Po(T)] = [A%IYY.

~h,0

Then, given an initial guegsi’®, A"

g gk

AZ;.O) € [NCHNx[ALIN < [AL N, computs{ﬁ?’”,)\?,;”) €
[NCIN x [Al,]" as the solution of the equations

J

(T ) 3 (@), 2y (9)); + i (AT )
rq

> <<)‘;an 90>>F_ = (. ¢)s,
k ik
N B () — T ()],

It can be shown that

o€ [NCY, (14)

A = onT . (15)

~
h,n

[u" —a")? = 0in [L*(Q)]*> when n — oo,

so that in the limit the global nonconforming Galerkin appneation is obtainedHa et al,
2002.

5 NUMERICAL EXPERIMENTS
5.1

To test the proposed methodology, we consider an idealizedhgtrical and physical do-
main consisting of 5 regions as shown in FigdreThe upper 100 m is regiof};, a sand of
permeability 60 mD and porosity 0.322, is a sealed shale 2 m thick, the top of the Usira
formation. Region$); and(2; are the Utsira formation, of permeability 1000 mD and pdyosi
0.37. We assume th&, is a fractured shale seal layer within the Utsira sand.

We consider wave propagation in these poroelastic mediume.nfaterial properties of the

|dealized model of the Utsira formation

system are given in Table Carcione et al.2009

Utsira Solid Matrix| Grain bulk modulus, K, | 40 GPa
Frame bulk modulusfk,, | 1.37 GPa
shear modulus /N 0.82 GPa
Grain density, p, 2600 kg/mi

Shale Solid Matrix | Grain bulk modulus,K; | 20 GPa
Frame bulk modulusk,, | 7 GPa
shear modulus /N 6 GPa
Grain density, p, 2600 kg/m

Water bulk modulus, K 2.64 GPa
density, p; 1040 kg/m
viscosity, 7 3 cP

Gas bulk modulus, K, 25 MPa
density, p» 505 kg/m
viscosity, 7 0.15 cP
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Figure 1: Idealized model of the Utsira formation. The iti@c point is located at x= 400 m, z= 1060 m

Table 1. Material properties of the system

It is convenient first to approximate the saturated poroudinme () by a viscoelastic solid
and use the concept of complex velocity as follows. Recall itha viscoelastic solid, the
quality factorQ(w) is defined by the relation

Re(v?)
Q(W) = I—];J
m(vy)

whereu, is the complex compressional velocity given by

vp(w) = \/EEIJ (16)

In (16) p, is the average bulk density ov@randE = E(w) = |Ele is the complex plane wave
modulus associated with the domdinas defined by WhiteWhite et al, 1975. The quality
factor is related to the loss andgléy the formula

Q' (w) = tand.

The source functiorfis a compressional point source located inside the regior @00
m, z= 710 m. The iterative procedure was used to find the timei€otransforms of the
displacement vectors of the solid and fluid phases for 10@lggspaced temporal frequencies
in the interval(0, 60Hz).
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5.2 Injection Modeling

CQO, is injected at a constant flow rate of 5000 SCF/d. The injectioimt is located at
the bottom of the Utsira formation: x=400 m, z=1060 m. Resattscomputed applying the
BOAST simulator. The evolution of CGsaturation distribution is illustrated in FiguPewvhich
shows CQ saturation after six months , two years, 7 years and 27 ydd£©g injection. It
can be observed that there is a £&zcumulation below the sealed layey. But this seal has
a fracture, so, as time increases, part of the injected flugglates through it. Therefore, two
regions of CQ accumulation can be observed: one benéatland the other beneath the top
of the Usira formation. In the BOAST simulator a seal is easalyresented by assigning zero
permeability values to the corresponding gridblocks. €fwe, to add a fracture, we simply
replace zero permeability by a positive value (in this cas&X in those gridblocks where the
fracture is located.

0 100 20 300 40 500 60 700 800 0 10 20 300 40 500 60 700 80
700 0.7 70 0.8
750 s 750 0.7
800 800 0.6
0.5

850 850 0.5
0.4

90 %0 0.4
0.3

950 %0 0.3
0.2

1000 1000 0.2

1050 0.1 1050 0.1

1100 0 1100 0

0 100 20 300 40 500 60 700 80 0 10 20 300 40 500 60 700 800
700 0.8 70 0.8
750 0.7 750 0.7
il ——— 800 0.6
850 0.5 850 0.5
90 0.4 90 0.4
950 ~— %0 0.3

1000 0.2 1000 0.2

1050 01 1050 0.1

1100 NN 1 1100 0

Figure 2: CQ saturation distribution after 6 months, 2,7 and 27 years@f @jection

Figure 3 displays the distribution of P-wave phase velocity afterearg of CQ injection
and Figured the vertical profile of the P-wave phase velocity correspragtb x= 200 m. The
velocity changes due to the presence of the seals anch€&imulation are clearly observed.
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Figure 3: P-wave phase velocity after 7 years of,@@ection
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Figure 4: Vertical profile of the P-wave phase velocity aftgrears of CQ injection

521 Seismic Monitoring

The objective of this section is to analyze the capabilitg@smic monitoring to identify
zones of CQ accumulation. With this purpose, the media is excited wiploiat source located
at x=400 m, z=710m.

Figure5 displays the vertical component of the solid phase velogitgr 2 years of CQ
injection. At 70 ms the wave front generated by the compoesgipoint source is arriving at
the top of Utsira. At 150 ms the waves generated by the pounicecare generated, reflected
and transmitted due to the G@ccumulation below the top of Utsira; besides, the wavetfron
is arriving at the thin shale layer at z = 940 m. In the same wa200 ms, the reflected and
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transmitted waves from the G@ccumulation below the thin shale layer are observed.

Time histories measured near the surface are shown in Fur®: before CQ injection
(6); after 2 years of CQinjection (7 ), after 7 years of C@injection @) and after 27 years of
CGO;, injection @). The upper reflection in all figures is due to the direct wawing from the
point source. In Fig3.and8 two other reflections appear: the lower is generated by the CO
accumulations below the thin shale layer at depth z = 940 nte Nt this reflection is located
between 300 and 800 m if following the extension of C@accumulation for 2 years, shown
in 2. The third reflection (the upper one) is due to the accunaraielow the top of Utsira. In
Fig.9 there are 5 reflections, the upper one corresponding to teetdvave and the others to
the top and bottom of the CXaccumulation below the shale layer at depth z=940 m and below
the top of Utsira.

0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

0. 0006 0.0004

0.0003
0.0004

0.0002
0.0002

0.0001
0 0

-0.0001
-0.0002

-0.0002
-0.0004

-0.0003
-0.0006 -0.0004

Figure 5: Vertical component of the solid phase velocity@tI50 and 200 ms after 2 years of €i@jection
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Figure 6: Time histories measured near the surface beforeilg€xtion

FigurelOdisplays traces of particle velocity of the solid phaserdft& and 27 years of CO
injection. The strong arrival at about 180 ms and 240 ms spoed to the reflections due to
the CQ accumulation beneath the top of Utsira and beneath theufietseal, respectively.

6 CONCLUSIONS

In this work we integrate numerical simulators of &lxine flow and seismic wave prop-
agation to model and monitor GGQtorage in saline aquifers. Numerical examples show the
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Figure 7: Time histories measured near the surface aftea@yd CQ injection
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Figure 8: Time histories measured near the surface afteadyd CQ injection

effectiveness of this metodology to detect the spatio-tmaddistribution of CQ. Therefore,
it constitutes an important tool to monitor the migratior aispersal of the COplume and to
analyze storage integrity, providing early warning shauig leakage occurs.

In this work we analyzed phase velocity changes due the pecesef heterogenoeus GO
accumulations. Future work involves the analysis of atiion effects due to the presence of
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Figure 9: Time histories measured near the surface aftee@isyf CQ injection
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Figure 10: Traces of particle velocity of the solid phase

mesoscopic heterogeneities in the fluid and rock properties
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