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Abstract. Non conventional hydrocarbon reservoirs are characterized yvéng low permeability
and porosity. To allow oil and gas production, the reservoir has to beifed using different techniques,
like fluid injection at high pressures from a well drilled in the formation (fiagk The final goal
is to create a fracture network that combines existing natural fracturestivdthew generated ones.
The changes in permeability and porosity in the saturated porous media dweftadking procedure
will induce changes in the seismic response. The objective of this work iauhmrical modeling
of multiphase flow and seismic wave propagation in unconventional reservbhe multiphase flow
through porous media is described by the well-known Black-Oil formulatidnich uses as a simplified
thermodynamic model, the PVT data: formation volumen factors and gas solubilityaimdowvater. The
numerical solution is obtained using an IMPES (IMplicit Pressure Explidiirf&&on) finite difference
technique. The propagation of waves in fluid-saturated porous mediadsilied using a viscoelastic
model that takes into account the dispersion and attenuation effects degtedence of heterogeneities
in the fluid and solid phase properties. This model is numerically solved agpaniniterative finite
element domain decomposition procedure. As an example, we analyze aatigigisgrvoir. The results
of the simulations show the capability of the seismic techniques to detect thegeeaddractures.
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1 INTRODUCTION

The process of hydraulic fracturing consists in injectingd$ at high pressure into a reser-
voir in order to produce fractures or to connect existingiratfractures thus creating a pathway
by which the hydrocarbons can flow to the wellboRiahi and Damjanga013. This tech-
nigue allows to enhance the fluid flow from the formation to wwlbore and consequently
the oil or gas production. When it comes to unconventionatriesrs (tight or shale), this
technique turns out to be indispensable for the well to becproductive Nagel et al. 2013.

Numerical modeling of water injection, fracture genenatemd seismic monitoring are im-
portant tools to understand the hydraulic fracturing pssand to determine its characteristics
and the main variables to consider. To perform this task gntgpa reliable geological model
of the shale formation is important, which simulates thengetwy and petroelastical proper-
ties. The model applied in this work assumes a shaly sanchdepeon the clay content. The
permeability is assumed to be anisotropic and is obtairad first principles as a function of
porosity and grain sizes. Besides, the model takes into atte variation of properties with
pore pressure and fluid saturatid@afcione et aJ.2006.

Rigorous modeling of hydraulic fracturing can be seeiangen(2011), based on Biot’s
equation and a finite element representation of the fragiassure; and also iPék and Chan
2008, where a fully coupled thermal hydro-mechanical modelagaloped. In this work we
select a simplified approach to simulate fluid injection aratture generation: we apply the
well known Black-Oil formulation to simulate the simultaneoflow of water and gas in our
unconventional reservoiAgiz and Settaril985 Fanchj 1997). The simulator is run through
different stages: as reservoir pressure increases anddasedimit value, petrophysical prop-
erties are updated and a new run begins. The fluid pressutlesaturations computed by the
fluid simulator are used to obtain the properties of the galsveater at in-situ conditions and
the petrophysical properties of the formati@eafcione 2007).

The changes in permeability and porosity due to the frackirgedure and the presence
of injected fluids will change the seismic responSerfa et aJ.2011). Our wave propagation
simulator is based on a viscoelastic model that considegedsion and attenuation effects.
In regions with partial gas saturation, following White'stry (White et al, 1975, we con-
sider P-wave attenuation due to wave-induced fluid flow atos@spic scales using a model
of porous layers alternately saturated with water and gasitékative finite element domain
decomposition procedure is applied to solve the diffeatifjuations$antos et al2008.

This work presents the simulations of water injection, tinee generation and time-lapse
seismograms in an unconventional gas reservoir with lownpability and porosity. The pro-
posed methodology allows us to simulate a hydraulic fracéund its detection through seismic
monitoring.

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

The simultaneous flow of water and gas in porous media is itbestby the well-known
Black-Oil formulation applied to two-phase, two componeumidiflow (Aziz and Settari1985.
In this way, gas component may dissolve in the water phas@éuiater is not allowed to vapor-
ize into the gas phase. The differential equations, obtHtyecombining the mass conservation
equations with Darcy’s empirical law, are
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whereg, w denote water and gas phases, respectively. The unknowttsef@iack-Oil model
are the fluid pressures; and saturationss (8 = w, g). Also pg is density,gz injection mass
rate per unit volumek, s relative permeability anggs viscosity. Finally¢ is porosity andk is
the absolute permeability tensor in 2D,
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Two algebraic equations relating the saturations and pres€omplete the system:

Sw+Sg:17 pg_pw:PC(Sw)y (4)

whereF. is the capillary pressure.

The Black-Oil formulation uses as a simplified thermodynamaziel, the PVT data defined
as

e R,: gas solubility in water;
e B,: gas formation volume factor;

e B,: water formation volume factor;

The conversion of compositional data from equations oéstab the Black-Oil PVT data is
performed applying an algorithm developedHigssanzadeh et 2008,
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where,p3¢ andp; are the water and gas molar densities at standard conditfahg, and
w, are the gas mole and mass fraction in the water phase.

The numerical solution was obtained employing the publiodim software BOASTRanch]

1997. BOAST solves the differential equations using IMPES (IMiplPressure Explicit Satu-
ration), a finite difference techniquéZiz and Settari1985. Finite differences is the standard
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in commercial reservoir simulators, and the improved wasiuse both structured and unstruc-
tured grids with local refinements to accurately represesgnvoir geometry. The basic idea of
IMPES is to obtain a single pressure equation by a combimatiche flow equations. Once
pressure is implicitly computed for the new time, saturai® updated explicitly. We briefly
describe IMPES for these particular systeth ( 2), (4). The first step is to obtain the pres-
sure equation, combining flow equations: Ed@) wltiplied by B, and Eq.R) multiplied by
(B, — RsB,) are added. In this way, the right side of the resulting equas:

S, RS, S
ols (B_g+ 5 ) ares
B, - +(By— RB))——5—

Using the chain rule to expand the time derivatives and aftere computations and rear-
rangements, the right side becomes:

1 do 1 dB, 1 dB, B, dR,
45%”9( B, nin) v (Bt B
where all time derivatives of saturation disappear.
Defining the following aproximate compressibilities,

Opw
ot’

d
e Formation compressibilityc; = _d_(b
Pw
1 dB
Gas compressibilityc, = ———~,
) P / B, dpy,
. . 1 dB, :
e Brine compressibilityz,, = _ 1 dBu + By ARt

e Total compressibilityr;, = ¢y + Sycg + SuCus
the right side is simply expressed as,

3w
¢Ct p

Finally, replacing, by p,, + Pc(S,,) in the Ieft side of the combined equation, the following
pressure equation in, is obtained,

Bg[v«m(;n;m TS =~ OL RS rlD)]
[ ( pwgVD)ﬂ (5)
+ng§0 (Bo — R.B, )pSC = ¢ tagt”““

In BOAST simulator, systen2j , (5) is discretized using a block centered grid. The sys-
tem is linearized evaluating the pressure and saturatiperakent funcions (PVT parameters,
viscosities, relative permeabilities and capillary ptes} in the pressure and saturation values

Copyright © 2013 Asociacion Argentina de Mecanica Computacional http://www.amcaonline.org.ar



Mecéanica Computacional Vol XXXII, pags. 1259-1270 (2013) 1263

of the previous time step. The pressure equation is solvediaithy, applying a Block Suc-
cessive Over Relaxation method (BSOR) to compute the lineggrsysolution. The saturation
equation is solved explicitly, therefore stability restions are considered to select the time step
(Savioli and Bidner2009.

3 AVISCOELASTIC MODEL FOR WAVE PROPAGATION

The propagation of waves in a fluid-saturated porous mediagsribed using a viscoelastic
model that takes into account the dispersion and attenuafiects due to the presence of
heterogeneities in the fluid and solid phase propertiesqsoepic-scale heterogeneities).

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

_w2pu -V U(u) = f(l'aw)a Q (6)

—o(u)v = wDu, 0L, )
whereu = (u,,u,) is the displacement vector. Heges the bulk density and7j 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> = Ag(W)v : Uéjk + 2,u(w)€jk.(u), Q, (8)

wheree j, (u) denotes the strain tensor afigl is the Kroenecker delta.
The coefficientu in (8) is the shear modulus of the dry matrix, while the Lamé coieffitis
Mg = Kg — pin 2D. K¢ is the Gassmann’s undrained bulk modulus, computed asvigillo

Ko =K, + o’K,,

1 Kom
a=1——
K.’
1
a—¢ ¢
Kav: e
{ 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

These viscoelastic model assumes an effective singleephsd. Therefore, the effective
fluid density, viscosity and bulk modulus are obtained usivegproperties of the gas and brine
weighted by the corresponding saturations computed by th&Tlow simulator. Following
White et al.(1979, we consider P-wave attenuation due to wave induced fluvd #iomeso-
scopic scale using a model of porous layers alternatelyaatl with water and gas respec-
tively. At this step, the spatial saturation distributiangputed by BOAST is used to determine
the phase velocities and attenuation coeficients of P andv@safeom White’s model. This
approach yields a complex and frequency dependent P-waslalos¥ (w) = A\g(w) + 2u(w)
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for the formation. Recall that in a viscoelastic solid, thagd velocity and quality fact@p(w)
are defined by the relations

_ A _ Re(ug,(w)’)
wr=[re(m)] e =R ©)
wherevc,(w) is the complex and frequency dependent compressionalityetiefined as
vep(w) = @ (10)
p

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

The approximate solution o6} with the boundary condition) is obtained using an itera-
tive finite element domain decomposition proced8ar{tos et al2008.

4 UNCONVENTIONAL GASRESERVOIR MODEL

We consider a 2D unconventional gas reservoiz(fn thickness an@d00m length located
at2500m depth, which is modeled withian x 1m cell grid. The formation rock is a shaly sand
with very high clay content’ = 90% and low initial porosityp, = 0.2. The other petrophysical
properties are obtained from initial porosity and clay emtusing the model described in the
next seccion Carcione et al.200§. The reservoir is considered isothermal with initial gas
saturation 0f90%. The initial pressurey is computed using equilibrium conditions. Gas
properties (viscosity, density and bulk modulus) are ai@difrom the Peng-Robinson equations
as a function of temperature and pore presgure

5 SIMULATION OF WATER INJECTION AND FRACTURE PROPAGATION

To allow gas production, the reservoir is fractured injggtivater at a constant flow rate of
0.11m3/s. The injection point is locatet35m beneath the formation top and centered inithe
direction.

Water injection is modeled applying the BOAST Simulator. hdery to simulate fracture
propagation, we apply a criterion based on a "breakdown pre§swvhich is computed from
the horizontal stresses and the tensile stress of the EBcnomides and Hill1994. The
criterion is defined as follows: once pore pressulEcomes greater than breakdown pressure
on a certain grid cell, this cell is "fractured”, i.e. the cdkyccontent is strongly reduced.
When this happens, we update the cell porosity applying th@fimg equation that relates this
property with pore pressur€arcione et aJ.2006),

(1 B ¢c)
Ks

t
(00) = ) = 60— 6(0) + 610 20 )
whereg.. is a critical porosity ands’, the bulk modulus of the solid grain, which is the arithmetic
average of the Hashin-Shtrikman upper and lower bounds.
Once porosity is computed, the other petrophysical pragsedre also updated using the

pressures and saturations values obtained by BOAST. Haalzpermeabilityx, is computed
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as (Carcione et a).20009,
1 45(1—9(®)* ((1-C@)* | Ct)?
o (e ) 42

considering average radii of sanf?,( = 50m) and clay R, = 1.5um) particles. Besides,
vertical permeability is obtained from horizontal permiégband water saturation as,

te(t) 1 —(1—0.3a)sinmS,(t)
k.(t)  a(l —0.5sinmwS,(t))
using an anisotropy factar= 0.1.

Summarizing, these model use a two-time step procedurbeBreakdown pressure verifi-
cation and the resulting petrophysical properties updateiformed eachil’ = 600s; 2) during
each time periodT’', pressure and saturations distributions are computed bySCG#mulator
using constant petrophysical properties and a time incnéfite= 5s.

Figurel, 2 and3 show the horizontal permeability.{), pore pressurep] and water satura-
tion (S,,) maps obtained after 5 hours of water injection using thequlare described above.
These pictures allow us to see the fractured zone and algwréissure and water distribution.
These local properties and fluid changes will be use to détedracture using seismic moni-
toring.

(13)

0 125 250 375 500
0 1800
1600
50 1400
1200
1000
100
800
600
150
400
200
200 0

Figure 1: Horizontal permeability map after fracking Da)

6 TIME-LAPSE SEISMIC MONITORING

To analyze the capability of seismic monitoring to identifgctured zones, we use the
BOAST results to determine the geophysical properties rietdein the seismic model. Poros-
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Figure 2: Pore pressure map after frackingfa)
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Figure 3: Water saturation map after fracking
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ity, horizontal permeability and vertical permeabilityearpdated as described in the previous
section, using pressure and saturation distributions cteddy BOAST. Besides, the bulk and
shear moduli of the dry matrix are computed using the Krietielpthat depends on porosity
(Carcione et a).2006. Then the media is excited with a line of punctual sources@lthe
surface with central frequen® H > and highest frequencB80H z. The distance between each
source isl2m. The viscoelastic wave equation is solved 200 frequencies, and the time his-
tories were obtained using an approximate inverse Fouaastorm. Figurd, displays P-wave
phase velocity, after the fracking procedure showing the influence of frecipermeability
and water saturation in the velocity increment. Time hiseomeasured near the surface are
shown in Figureb before (left) and after (right) fracking, respectively. eTteflection in Figure
5 (right) is due to the presence of the fracture in the fornmatio

Finally, Figure6 shows snapshots of vertical component of the solid phaseeht30, 70,
90 and110ms after fracking. At70ms (Figure 6b) the waves generated by the line source are
arriving at the fracture. A90ms (Figure 6¢) andl 10ms (Figure 6d) the waves reflected and
transmitted from the fracture are clearly observed.
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Figure 4: P-wave phase velocity map after fracking

7 CONCLUSIONS

In this work, a numerical approach is used to simulate frachropagation: we apply a
black oil simulator to model fluid injection and a "breakdownegsure" criterion to determine
the cells to be fractured. The petrophysical propertiesaaittired cells are updated assuming an
abrupt descent of clay content and using the model descofp&hrcione. Applying a seismic
wave propagation simulator, the changes in the sesmic mespiue to permeability, porosity
and fluid saturation variation after the fracking procedaire clearly observed. The seismic
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Figure 5: Traces of the vertical component of the velocitiple(left) and after (right) fracking
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Figure 6: Snapshots of vertical component of the solid pkekeity at different times
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model includes attenuation and dispersion effects due smsw®pic scale heterogeneities using
White’s theory. The numerical examples show the effectigered combining multiphase flow
simulators in porous media with seismic monitoring to dethe presence of fractures in an
unconventional gas reservoir with low permeability andosdy.
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