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Available online 4 March 2021 From the many techniques and tools used for such a task, the compositional simulation

" = model is important for miscible displacement and problems with complex phase behavior.
eyworas: . . In this model, the fluid flow in porous media is described by a set of conservation
Compositional reservoir simulation . . . . . . N

AIM equations. The solution of these problems involves spatial and time discretization schemes
IMPEC and approaches for handling the coupling of fluid flow and phase behavior. As a
Fully implicit consequence, several solution algorithms arise from combining different selection of
Stability analysis primary variables and equations, phase behavior decoupling techniques, and spatial/time

discretization, which define the computational performance of these algorithms. In
this work, a new Adaptive Implicit Method (AIM) is proposed by combining a global
intensive variables Fully Implicit (FI) formulation and an IMPEC (IMplicit Pressure, Explicit
Compositions) approach. In this approach, gridblocks are dynamically selected as FI or
IMPEC based on a stability analysis algorithm. The fully implicit part considers pressure,
water saturation, and overall compositions as primary variables and the IMPEC approach
considers pressure and total number of moles for each component as primary variables.
A new stability analysis algorithm is proposed and used for up to four-phases, but it is
general enough to be used for any number of phases. The eigenvalues of the amplification
matrix are used for the stability analysis and are computed using the Power’s iteration
method. The new approach is implemented in the in-house simulator called UTCOMPRS.
The AIM formulation is compared to the fully implicit and IMPEC versions. We observed
considerable improvement in the computational performance of UTCOMPRS with the new
AIM when compared to the pure FI and IMPEC formulations.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Predicting the fluid flow in porous media is important in the oil industry for forecasting the oil and gas production,
allowing field optimization and uncertainty assessment. Reservoir simulators are one of the tools used to achieve such a
goal and efforts have been devoted to improve the computational performance of these tools for different problems along
the last few decades, which has allowed the use of more accurate models and better assessment of field opportunities. One
of the ways for improving the performance of reservoir simulators is through the use of more efficient solution algorithms
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for the coupling the fluid flow and phase behavior. Fully implicit (FI) algorithms have earned distinct attention in the
literature due to its stability, which allows the construction more robust and fast simulators for practical oil reservoir
problems. Furthermore, efforts have been concentrated in combining FI and explicit approaches, once it was realized that FI
approaches do not need to be used in the whole reservoir domain. An approach that can dynamically select and use different
implicitness is known as an Adaptive Implicit Method (AIM), and can result in a further speed-up of the solution. Adaptive
implicit approaches are particularly successful in the compositional reservoir simulation, where several components may be
used to characterize the hydrocarbon phases.

Since Fussel and Fussel [1], many formulations for the compositional reservoir simulation using Equation of State (EOS)
and rigorous flash calculation have been proposed. IMplicit Pressure and Explicit Compositions (IMPEC) approaches, also
known as IMplicit Pressure and Explicit Saturations (IMPES) and IMplicit Pressure and Explicit Mass (IMPEM), were used
specially in research and in-house simulators since it is easier to include new physics in such formulations, and many au-
thors have proposed different approaches by using different primary variables, pressure equation, and decoupling techniques
[1-5]. In the IMPEC approach, only pressure is solved implicitly, resulting in a smaller Jacobian, while all other important
unknowns are solved explicitly (i.e. saturations, mole concentrations, mass concentrations). Due to such explicitness, this ap-
proach will have its time-step size limited by numerical stability. Similarly, many FI approaches [6-9] and AIM [10,11] were
proposed in the literature. From the FI approaches presented in the literature, one should highlight the natural variables
formulation from Coats [7] and the global variables approach from Collins et al. [11]. In the natural variables, pressure, sat-
urations, and some of the phase compositions are selected as primary variables. Such approach does not naturally decouple
the flow equations from the phase equilibrium relations (fugacity equality), requiring a Gaussian elimination. On the other
hand, when using the global variables approach from Collins et al. [11], the conservation equations are naturally decoupled,
but an extra primary variable needs to be solved since it is based on an extensive variable set unlike the natural variables
approach that is based on an intensive variable set. Recently, such drawback in the global variables FI approach was im-
proved by transforming the original extensive variable set in an intensive one, which resulted in a good improvement of
the global formulation [8]. The authors named the new formulation as PZS that stands after its primary variables (pressure,
global molar fraction, and water saturation). This approach is one of the foundations of the work proposed here.

Thomas and Thurnau [12] observed that the stability issues of the IMPEC approach are concentrated in some specific
areas of the reservoir, such as saturation front and regions around the producing and injecting wells. Based on this obser-
vation, Thomas and Thurnau [12] presented the first adaptive implicit method for the black-oil model. The authors used a
matrix reduction to obtain the final form of the system of equations to be solved. The mathematical basis was presented
in Thomas and Thurnau [13]. Despite of being the first method named as AIM in the petroleum industry, this method is
not like the AIM commonly used in the literature, where the FI and the IMPEC formulations are combined. The first legiti-
mate adaptive implicit approach is attributed to Forsyth and Sammon [14], who effectively combined implicit and explicit
approaches without forcing elements of the Jacobian matrix to be null. The criteria for selecting gridblocks as FI or IMPEC
are normally based on threshold values or stability analysis. Implicitness based on stability analysis can reduce unneces-
sary implicitness degree, since it provides a better way to select gridblocks based on the physics of the problem to be
solved. Many authors have proposed and used different stability criteria for black-oil and compositional reservoir simulation
[11,15-23]. However, to the best of our knowledge, there is no such development of adaptive implicit approaches for more
than three phases. De Loubens et al. [24] presented a stability analysis for the case where phase mobilities are function of
the velocities, such as in polymer flooding. The criterion was developed for a 1D single phase, non-Newtonian or non-Darcy
flow, and it was implemented into an adaptive implicit simulator. Different algorithms are also available in the literature
such as the adaptive multilevel space-time-stepping scheme (ADM-LTS) proposed by Carciopolo et al. [25], which makes use
of a local time step approach to obtain better resolution in time. On this regard, the AIM does not provide any improvement
in the time discretization resolution and is dependent on the order of approximation of both IMPEC and FI approaches
involved (first order). However, the authors applied this approach for a simplified problem without mass transfer between
the phases.

In this work, a new adaptive implicit method is proposed, implemented, and tested. The new AIM combines the PZS FI
approach from Fernandes et al. [8] and the IMPEC version of the AIM from Collins et al. [11]. The original AIM version from
Collins et al. [11] is also implemented and tested. The switching criterion for explicit saturations proposed by Coats [16]
and originally designed for three phases is extended to any number of phases. Herein, the criterion has been tested to up
to four-phases (water/oil/gas/second liquid hydrocarbon). The spectral radius of the amplification matrix is obtained using
the Power’s method [26]. The new scheme is implemented and tested in the University of Texas Compositional Reservoir
Simulator (UTCOMPRS), a modified version of the UTCOMP simulator, originally developed by Chang [27].

2. Governing equations

In this paper, the compositional multiphase fluid flow in porous media is considered. The whole domain is assumed to
be isothermal with no flow boundaries. No mass transfer between the aqueous phase and any of the hydrocarbon phases
is considered. Local thermodynamic equilibrium is considered. Finally, the phase velocities are evaluated with the modified
Darcy’s law. Taking into account the above assumptions, the mole balance, for each hydrocarbon component, is obtained as
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where N is the total moles of component k, £; is the molar density of phase j, V} is the bulk volume, x;; is the molar
fraction of component k in phase j, g is the source/sink term of component k due to the producing/injecting well, S; is

the saturation of phase j, ¢ is the porosity, and ij is the dispersion tensor of component i in phase j, np is the number of
phases, nc is the number of hydrocarbon components, and ii; is the velocity vector of phase j computed with the modified
Darcy’s law as

- kri= - - .
uj:—ﬁk.(vpj—pjgvn), i=1,...,np, (3)
J

where K is the absolute permeability tensor, k;; is the relative permeability of phase j, and w; is the viscosity of phase j,
pj is the mass density of phase j, g is the gravity acceleration, D is the depth, and P; is the pressure of phase j computed
as

Pj=P+Pcjo, j=1,....np, *

where P is the oil pressure and Py, is the capillary pressure of phase j with respect to the reference phase (oil), which is
calculated using the Leverett J-function.

In this text, the subscript w stands for the water component or phase, and will be used interchangeably along with the
subscripts 1, for aqueous phase, and n. + 1 for the water component. Similarly, subscripts 2 and o stands for oil phase,
3 and g for gas phase, and 4 and [ stand for the second oleic phase.

The volume constraint is also necessary and is written as

1 &

nj
=S4 5
¢ V%Ej& (5)

j=1

where n; is the number of moles of phase j.
The porosity is computed as

¢ =¢°(1+ Cp(P — Pry)), (6)

where P is a reference pressure, ¢V is the reference porosity, and C f is the rock compressibility.

The dispersion tensor is computed as the sum of the molecular diffusion and the mechanical dispersion as described in
Bear [28] and Lake [29]. Dispersivities can be constant or a function of the gradient of the phase viscosities according to the
model originally developed by Young [30].

The cubic EOS from Peng-Robinson [31] is used to accurately compute the densities and phase equilibrium of the hydro-
carbon phases. An additional option for correcting the density of liquids using the volume shift parameter is also available.
The phase behavior is computed in two stages: phase stability and flash calculation. First, the phase stability is performed
to determine the number of hydrocarbon phases present in each gridblock. Two phase stability test algorithms are imple-
mented in the UTCOMPRS simulator: the stationary point location method [32] and the Gibbs free energy minimization
algorithm [33,34]. Finally, the flash calculation is performed for properly computing the phase compositions and phase mole
fractions. In UTCOMPRS, the Accelerated Successive Substitution (ACSS) method [35] and a modified version of the Gibbs
free energy minimization method [33] are combined in order to improve the flash calculation performance.

3. Approximate equations

In this work, we combine the fully implicit formulation proposed by Fernandes et al. [8] with the IMPEC formulation
from Collins et al. [11]. The finite volume method is used to obtain the approximate equations for Cartesian grids. The time
integral of the right-hand side of these equations is approximated at a time-level n + 6, where 0 <6 < 1. Such approach,
allows the user to switch among fully implicit and explicit variables. Integrating Eqs. (1) and (2) in time and for the control-
volume of Fig. 1 and writing the result in a residual form yields
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Fig. 1. Cartesian control-volume. (a) Three-dimensional view; (b) x-y plane.
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where Fy;j; is the advective mole flux of component k in phase j through the interface I, Ji;, is the dispersive mole flux of
component k in phase j through the interface [, and the superscript N denotes that this is a residue of the material balance

equation. The advective mole fluxes, in each interface of an internal gridblock, are written as
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(9)
(10)
(11)
(12)
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N

where T; is the transmissibility of the interface I, and 6 can be chosen as either 0 or 1, depending on whether the gridblock

is selected as FI or IMPEC, respectively.
The dispersive mole fluxes are computed as

X0 0 YO 0
n+1 n-+0 £n+6 cn+6 n+6 kj, E kj.p n+6 kj,Ne — “kj,Se
T =AYy,AZ LS 2(A, 7)), ——————+ (A :
Jk],e p P(¢ f;] j )e|: ( Xx’k])eAXp+AXE ( Xy’kj)eAYp+0.5(AYN+AYS)
n-+6 n-+6
(a0 Xkj,Fe — *kj.Be
xkile A7, +0.5(AZF + AZp) |’

A~ o 8
n+1 n+0 gn+60 cn+-60 n+6 K], K],P n+6 KJ,Nw J,ow
=AY, AZ STY S 2 ) A .

]k],w p P(¢ ‘S_] j )W[ ( xx,kj)w AXp-i-AXW ( xy,k])w AYp+0.5(AYN+AY5)
n+6 n-+6
+( n+9.) Xki, Fw — Xkj, Bw
X2kIWAZ, +0.5(AZF + AZg) |

xn+9 _ Xn+9 xn+6 _ xn+9
n+1 n+6 =n+6 cn+6 n+6 kj.N kj.p n+o kj,En kj,Wn
T =AX,AZ VS 2(A ) A :

jk],n p P(¢ S] j )n|: ( yy,k])n Ayp + AYy +( xy,k])n Axp +0.5(AXE -I-AXW)
n-+6 n-+6
+( n+g_) Xki Fn — Xkj,Bn
y2kiln Az, +0.5(AZF + AZp) |’

(14)



B.R.B. Fernandes, F. Marcondes and K. Sepehrnoori Journal of Computational Physics 435 (2021) 110263

n+6 n+6 n+6 n+6

X . — X X — X :
n+1 n+6 £n+6 cn+6 n+6 kj,S kj,p n+o kj,Es kj,Ws
T =AXp,AZ st 2(A ) ——— 4 (AT
Jk],s p p(¢ é:] j )s|: ( yy.k])s AYp—FAYS ( Xy,k])s AXp+O.5(AXE+AXW)
K10t (17)
+( n+9') kj,Fs kj,Bs
y2ki’s AZ, +0.5(AZF + AZp) |
";&? - XZ‘WLG X?*gf - X?*\(jvf
n+1 n+0 gn+6 cn+6 n+6 k], J,P n+6 k], K],
T =AXpAY o sh 20A077)  ————= + (AT,
]k],f p p(d) 'i:] j )f|: ( ZZ,k])f AZp+AZF ( XZ,k])f AXp +05(AXE+AXW)
Y10 o (18)
+( n+(9') kj,Nf kj,Sf
Y2kl AY, +0.5(AYN + AYs) |’
X?fg - X i xszgb - XZ*ﬁu,
n+1 n+0 n+60 cn+60 n+6 K], K], D n+o6 Js ),
T =AX,AY st 2(A77), ————=— + (A,
]k],b p P(d) ‘i:_, j )b|: ( Zz,kj)b AZp—FAZB ( xz,k])b AXp+0.5(AXE+AXW) 1
Xn+(7‘ _Xn+0 (19)
+ (ArH_QA) kj,Nb kj,Sb
yzki’b AY, +0.5(AYN + AYs) |

Notice that the pressure in Eqs. (8) through (13) are always approximated at the next time-level (implicit). Thus, the
formulation is reduced to IMPEC when 6 = 0. Also, it is important to notice that the value of theta 6 changes for every
gridblock. Therefore, if the value of 6 is 0 for gridblock p and 1 for gridblock E, the fluxes across interface e will have
properties from gridblock p evaluated explicitly and properties from gridblock E evaluated implicitly.

The dispersion tensor components are approximated using the approach presented in Chang [27]. Also, advective and
dispersive fluxes across interfaces at the reservoir boundaries are null.

No matter if a gridblock is set as IMPEC or fully implicit, the volume constraint equation is always treated as using a
fully implicit formulation. The volume constraint equation, written in a residual form is given as

np nrf+l
P _ J,P n+1
Ry = nit — Vbp®p - (20)
i1 80

Details on the computation of mole rates for the wells can be found on Fernandes [36] and Chang [27].
4. The adaptive implicit formulation

The (PZS) formulation of Fernandes et al. [8] consists of the formulation proposed by Collins et al. [11] with a change in
the primary variable set from {P, N;} to {P, Z;, N1, Sy}, where Nt is the total number of moles, Z; refers to n. — 1 overall
compositions, and S,, is the water saturation. In this approach, a Gauss elimination is performed to eliminate Nt from
the linear system, where N7 is obtained after solving for the PZS primary variable set {P, Z;, S\, }. Therefore, the change of
variables presented by Fernandes et al. [8] needs to be performed for the FI gridblocks. For the IMPEC gridblocks, it is also
performed a gaussian elimination to reduce the unknowns just to the gridblock pressure. Also, the primary variables set for
the FI and the IMPEC formulations are different. For the FI gridblocks, the primary variables are {P, Z;, Sy}, while for the
IMPEC gridblocks the primary variables are {P, N;}.

The Newton Raphson method is used considering the pressure and total number moles as primary variables, following
the approach from Collins et al. [11]:

=n+1 N o
T Axt =t (21)
where A?c,’}“ are the changes in the primary variables at iteration k, F,’;’“ are the residues of the volume balance and

= n+1
material balance equations at iteration k, and J is the Jacobian matrix at iteration k. For a 1D problem, Eq. (21) is
illustrated using a blocked Jacobian, blocked unknowns vector, and blocked residues vector as given below:

Jip  J1E AX1 R1

Jow  Jap J2.E AX> Ry
. . : = = | (22)

INg—1w  INg-1,p  INp-1.E AXNg-1 Rng-1

Ingw  INg.P AXNg Ry,

where, using Collins et al. [11], formulation we have
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Fig. 2. 1D grid illustrations.
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Fig. 3. Illustration of the Jacobian obtained using the Collins et al. [11] formulation for a 1D grid with four grid-blocks and three hydrocarbon components

plus water.
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The variable change is then applied only to the fully implicit blocks. The Jacobian for Collins et al. [11] formulation
considering a 1D discretization with three hydrocarbon components plus water (Fig. 2) is shown in Fig. 3. In this example,
two gridblocks are treated as FI and two are treated as IMPEC.
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p Z, Z, NyS, P Ny N, N;Jjy Ny, P N N, N; N, P Z, Z, N S,
RP |+ + + |+  +
RY |+ + + +  +|X
RY + 0+ o+ o+ o+ | X
RY |+ + + + +|X
RN |+ + + + +/|x
RP X X X X X
RY |+ + |+ + X X X
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RN |+ +  + + | X X | X
RP X | X | X | X X
RY X X | X + o+ o+ +
RY X X X + o+ o+ +
RY X X X + o+ o+ +
R} X X X |+ |+ + +
RP + 0+ o+ o+ 4+
RY X + o+ o+ o+
RY X + 0+ o+ o+ 4+
RY X + 0+ o+ o+ 4+
RY X + 0+ + o+ 4

Fig. 4. Illustration of the Jacobian obtained using the Collins et al. [11] formulation after the variable exchange from Fernandes et al. [8].

The variable change, proposed in Fernandes et al. [8], is applied to the Jacobian in Fig. 3 and results in the matrix
presented in Fig. 4. The variable change is applied only to fully implicit blocks, changing the variable set from {P, Ny} to

{P, Zy, Nt}. The new variable set is obtained by changing the derivatives with the following expressions:

<8RP> (8RP> +(aRP> sy [S 3¢_+¢3$w]
e =\ o5 Y wVb|Sw 5 - |’
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— = 1 s - ,
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(30)

aRy aRy
=NT<(—> —( ) ) i=1,...,nc—1;j=1,...,nc+1,
P,Zy#Zi,NT,Sw aNi P,Ny#Ni,Nyw 8N”c P,Ni#Nn.,Nw

(31)

(32)

(33)

The variable set change presented in Eqgs. (26) through (33) are used for all Jacobian blocks that refer to a fully implicit
block and results in a Jacobian with the form of the one presented in Fig. 4. In this figure, the values that are modified
by the variable change are illustrated with a ‘4. Notice that only the main diagonal block of FI blocks will have non-zero
derivatives with respect to the total number of moles (N7). Both advection and dispersive fluxes are not a function of

extensive variables which is why the derivatives of residues with respect to Nt of the off-diagonal blocks are zero.

A Gauss elimination is then used to have only the derivative of pressure equation with respect to Nt non-zero on the
main diagonal block for the fully implicit gridblocks. The resulting Jacobian structure is illustrated in Fig. 5, and the modified

values are now illustrated with ‘+’.
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p Z, Z, Ny S, P N, N, N3JjJ; N,z P Ny N, N; N, P Z; Z, Ny S,
RF |+ +  + + +
RV |+ +  + + | X
RY |+ +  + + | X
RY |+ + | + + | X
RN |+ + | + + | X
RP X X X X X
RY |+ + | + + X X X
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RY |+ +  + + | X X X
RN |+ + | + + | X X | X
RP X X X X X
RY X X | X + o+ 4+ +
RY X X X + o+ +
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Ry X X X|+ |+ + +
RP o+ o+ o+ o+
RY X + o+ o+ +
RY X + o+ o+ +
RY X + 4+ o+ +
vax X + o+ o+ +

Fig. 5. Illustration of the Jacobian obtained using the Collins et al. [11] after the variable exchange from Fernandes et al. [8] and elimination of the total
number of moles.

P Z, Z, Sy P Ny Ny Ny Ny P N, Ny Ny Ny P Z, Z, S,
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RY |+ + + +|X
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RY X X X o+ o+ 4+
RY X X X o+ o+ 4+
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Rl X X X+ + + +
RY X ++ o+ o+
RY X + o+ o+ o+
RY X + o+ o+ 4
RN X + 0+ o+ 4+

Fig. 6. Illustration of the reduced Jacobian after changing the FI set into an intensive set.

Due to the Jacobian’s new structure, one can separate the pressure equation and solve for pressure, overall compositions,
and water saturation for FI gridblocks and pressure and component moles for IMPEC gridblocks (Fig. 6). After solving these,
the total number of moles for the FI gridblocks can be calculated with the pressure equation residues.

Further simplification of the linear system can be achieved if another Gauss elimination is carried on the main diagonal
block of IMPEC gridblocks. The idea now is to eliminate the dependence of the pressure equation for IMPEC gridblocks with
respect to the number of moles, thus making these blocks lower triangular (Fig. 7). The values of the Jacobian modified
with this elimination are illustrated in Fig. 7 with a .

After the above elimination, one can solve for pressure in IMPEC gridblocks first, and then use that result to calculate the
number of moles (Fig. 8). Therefore, after solving the primary unknowns, {P, Z;, Sy} for FI and {P} for IMPEC gridblocks,
one can use this solution to calculate the secondary unknowns, {N7} for FI and {N;} for the IMPEC gridblocks.

Following the ideas of Coats [16], two switching criteria are considered. First, the use of explicit saturations is tested with
a stability analysis. Second, the use of explicit compositions for each gridblock is tested using the von Neumann stability
analysis. The concept of Courant number (CFL) is used in order to describe the switching criterion for explicit composition
which is given by
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Fig. 7. llustration of the reduced Jacobian after eliminating the number of moles dependence from the pressure equation into the IMPEC blocks.
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Fig. 8. lllustration of the final reduced Jacobian.

At
CFL=F—-. (34)
éVp
For the explicit compositions, we use the same criterion as presented by Coats [16], as this approach is valid regardless
of the number of phases present in the gridblock. In such a case, one value of F could be obtained for each component
flowing, but only the highest value matters for the stability. Therefore, the value of F is computed as presented below:

"0 X

F:max(w>’ (35)
kAL, SixiEj

where Q; is the total volumetric flow rate of phase j flowing out of a gridblock. For simplification purposes, the water

component was not included in Eq. (35).

With the approach from Coats [16], using the explicit composition and explicit saturation criteria, two distinct CFL num-
bers are computed for each gridblock. If both of these CFL numbers are less than or equal to a specified number, normally
the unity, the gridblock is set as IMPEC; otherwise, the gridblock is set as fully implicit. However, here the switching crite-
rion for the explicit saturations case is obtained straight from the spectral radius of the error amplification matrix as will
be presented next. A gridblock can only be considered IMPEC if both switching criteria are satisfied.

For all cases presented in the result section, the linear systems were solved by a GMRES method [37] with restart option

and the left ILU(1) preconditioner customized for variable linear system structures implemented in the PETSc 3.12 version
[38].

5. New generalized stability analysis for explicit saturations

In order to obtain the switching criteria for our adaptive implicit scheme, we use the von Neumann stability method. The
first step is to write the equations for the saturations considering them explicitly. In this work, we use the Buckley-Leverett
equations for the saturations. The 1D Buckley-Leverett equation for phase [ is written as
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At . (Sﬁl - 5?:’) =dii-1/2 —4dL,i+1/2»
where
Qi-1/2 = _k,ur::_xi Tiq)p (P! — Pyl
and
qriv1/2 = —klj::jj Ti+1/2(P?j:]1 P?H
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— Py (D= Di)+ Pl = Pl ),

= i1 Pist = D)+ Py —Pg)-

One can write the saturation error for phase [ in gridblock i as

€1i=SLi— S/

where S* is the saturation of phase | obtained from the exact solution.
If we use Eq. (36) for the exact and approximate solutions, and subtract them, we obtain:

(Sl*,}rm - S V) =di-12 — 4 12— QL4+172 i1 0

AVpicnt1 AVpi
At (51,1' - 57,1') T A
Therefore,
AV i
Atp] (Sﬁ] — &) =Aui-12 = dic1 2 — Q12 F Qi -

The exact rates can be approximated in terms of the approximated rates using Taylor series as

0q1,i-1/2
i1 = dLi- 1/2+2785n (S5t
i1
J#r
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np
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where in the above equation k denotes i, i + 1, or i — 1, and the potential differences are computed as

n+1 n+1
pril — p!

ADpir12 =P

and

- yﬁr—ql/z(DH»]

—Di) + Py iq — Pepge

10

(36)

(37)

(38)

(41)

(46)
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n+1
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AcI)l,i—l/Z = P?j; - PU-H - Vl 1/2(Di71 - Di) + P?l,ifl - Prcll,i- (49)
Substituting the above results into Eq. (41), we obtain
np np np np
AVpi i1 qui-1/2 0q1i-1/2 0q1,i+1/2 0q1i+1/2
(e —el) =D s it D Ehi T D menEhit — D —pen Ehie (50)
At —~ 9S" . as". —~ 9S". ‘ aS".
]=] ]l 1 ]=1 J,1 ]=l J*l+l ]=] It
Jj#r J#r Jj#r Jj#r
Hence,
AVpi et on (3(111 1/2) o Oqui-1/2  9qui+1/2 i 3QI z+1/2 "
— (g} —¢ly) = + : e+ .. (51)
l 1,1) Z Ji=1 Z i Z Ji+1
At ! e 8571 1 357,1 BS?J ]z+1
J#r J#r 1#
Equation (51) can be rewritten as
+1
glnz _811 ch.ljl 1 Zbl]]1+2aljjl+l’ (52)
J#r ng J#r
where
At 0q1it1/2
=~ ae (53)
pi j.i+1
At (0quiv12  0qui-12
by =Av ( ast.  ast. ) (54)
pi jii Jj.i
and
At 0
= q1i— 1/2 (55)
AVp; 85
Letr=np, h=I and g =j:
np—1 np—1 np—1
sg’l” —&h ;= Z Chg€y i1 — Z brg€ly i + Z Uhg€giry, M=1,...,np—1 (56)
g=1 g=1
We assume the error function as a periodic function of the form:
no=afeh h=1,...,np -1, (57)
with
SnJ‘rl
= h=1,..np—1 (58)
&h,i
Substituting Eq. (57) into Eq. (56), we obtain
. np—1 np—1 np—1
)»Zﬂeiiﬂh An By _ Z Chg A”e(’ DiBg _ Z bhg k" 1iBg + Z Uhg Ane(l-H)zﬁg h=1,...,n, —1, (59)
g=1 g=1 g=1
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. np—1 np—1 np—1
)»Zﬂeiiﬂh )»” By _ Z Chg A” —zﬁgeuﬂg _ Z bhg )Ln iiBg + Z (hg A” lﬁgeuﬁg h=1,...,np — 1. (60)
g=1 g=1 g=1
Hence,
\ p—1 \
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g=1
with
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S — 1, forh=g
=10, forh#g.

Therefore, writing Eq. (61) in terms of the error again we obtain
np—1
1 ; o
ng = Z (ahgelﬁg + (Shg - bhg —+ Chge lﬂg)gg,i’ h= 1,...
g=1

Jnp —1.

Applying the trigonometric identities to the exponentials in Eq. (63), we obtain

np—1

egj] = Z (ang(cos(Bg) +isin(Bg)) + Sng — bng + chg(cos(Bg) —isin(By)))eg;, h=1,...

g=1
The error equations can then be written in a matrix form as:
gl =Tél,
where T is the amplification matrix, written as

1—dn —dq2
—d> 1—dxp

—d1(n,-1)

T= ~ -y

—dn,—11 —d@m,—1)2 1—dm,-1)m,-1)

The coefficients of the amplification matrix are given by

drs = —(ars + Crs) €OS(Bs) + brs — (ars — Crs)isin(Bs), r=1,...,np—1;s=1,...,np — 1.

Jnp —1.

For a two-phase flow, the maximum eigenvalue is obtained when the following conditions are satisfied:

cos(Bs) = —1,

and

sin(Bs) = 0.
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(62)

(63)

(64)

(65)

(67)

(68)

(69)

Following the same assumption as Coats [16], we assume that Eqgs. (68) and (69) hold for any multiphase case. Therefore,

Eq. (67) can be rewritten as

drs=0rs+bs+crs, r=1,...,np—1;5=1,...,np — 1.

The coefficients, for a 1D fluid flow are computed as

n
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Fig. 9. Absolute permeability fields (mD) for Case 1. (a) X and Y directions and (b) Z direction. (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)

Equation (72) can be generalized, following a similar approach to Coats [16], obtaining

Nfaces
doe = — At Tm |:<akrr1r,m _ 8k?r,m>A<D K <8P?r,i + 8P?r,M>]
rs — r,m )
AVpi i Hrm L\ 0S5, 955y TN OSE  9Sey (73)
r=1,....,np—1;s=1,...,np — 1.

In Eq. (73), nfees denotes the total number of interfaces of each gridblock. The eigenvalues for the amplification matrix
can be computed as

det(T — ) =0. (74)

The switching criterion is based on the computation of the spectral radius for the matrix T. The spectral radius is
computed as

0 =max|i|. (75)
1

The spectral radius for the amplification matrix is computed using the Power’s iteration. If the spectral radius is lower
than 1, than the block is selected as IMPEC, otherwise the block is selected as FI.

6. Results and discussion

Four case studies are presented for testing and validating the adaptive implicit method developed and implemented
in this work. The first two cases involve gas injection, while the last two cases consider a CO; flooding. The first case
investigates the effects of dispersion on the numerical performance of the formulations presented in this work. Only three
phases are considered for this case. The second case considers gas flooding in a heterogeneous reservoir with complex
geometry discretized using inactive cells. For this case, we compare the performance of the new AIM presented in this work
with the AIM from Collins et al. [11] and the FI counterparts. The goal is to compare the performance of these approaches
for complex reservoirs. The third case study considers a CO, flooding in an areal heterogeneous reservoir with the flow
of four phases. Finally, the fourth case extends the third case to a three-dimensional reservoir with complex geometry.
The two first cases consider three phase flow and can safely use the switching criteria from Coats [16] for the adaptive
implicit approaches. As for the last two cases, we use the switching criteria developed in this work for the adaptive implicit
approaches. The results are compared in terms of the production rates, time-step profile, property fields, CPU time, and
Newton iterations. The Collins et al. formulation [11] using the FI and AIM versions is compared with the PZS-FI [8] and the
PZS-AIM version developed in this work.

A gas/solvent flood is presented in Case 1. Physical dispersion is considered but molecular diffusion is set to zero, as
it would be negligible when compared to the physical dispersion. Two wells are completed with one injector operating
at constant surface flow rate and one producer operating at constant bottom hole pressure. The reservoir pressure allows
for the formation of free gas initially in the reservoir. The formation is discretized with a 160 x 160 x 10 grid (256,000
gridblocks). The heterogeneous permeability field in X and Y directions is presented in Fig. 9a and the permeability field in
Z direction is presented in Fig. 9b.

The reservoir data is presented in Table 1. The relative permeability model is based on the Stone II [39], which the
parameters are shown in Table 2. The simulation is run for up to 1,000 days (about 0.822 PVI). Six components are used
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Table 1
Reservoir data for Case 1.

Journal of Computational Physics 435 (2021) 110263

Simulation parameters

Value

Reservoir data

Grid

Number of wells

Length, width, and thickness

Porosity

Initial water saturation

Initial pressure

Formation temperature

Tortuosity

Longitudinal dispersivity (W/O/G)

Transversal dispersivity (W/O/G)

Gas injection rate

Producer’s bottom hole pressure

Reservoir’s initial composition (Cy, C3, Cg, C10, C15, and Cyp)
Injection fluid composition (Cy, C3, Cg, C10, C15, and Cyp)

160 x 160 x 10 (256,000 active)
2 (1 injector / 1 producer)

170.69 m, 170.69 m, and 30.48 m
0.35

0.3

10.34 MPa

34426 K

1.0

474 m, 474 m, and 4.74 m
0.474 m, 0.474 m, and 0.474 m
28,316 m3/d

8.96 MPa

0.5, 0.03, 0.07, 0.2, 0.15, and 0.05
0.77, 0.2, 0.01, 0.01, 0.005, and 0.005

Run data
Simulation time (days) 1,000
Simulation time (pore volumes) 0.822
Table 2
Relative permeability data for Case 1.
Property Value
Model Stone II
End point relative permeabilities (krw, kro, krg) 0.4, 0.9, and 0.9
Exponents (ew, €ow, €og, €g) 3.0, 2.0, 2.0, and 2.0
Residual saturations (Swr, Sowr, Sogr, Sgr) 0.3, 0.1, 0.1, and 0.0
Table 3
Pseudo-component data for Case 1.
Component Pc (psi) Tc (°R) Ve (ft3/Ib-mol) M,y (Ib/Ib-mol) %)
C 667.8 343.0 1.6 16.0 0.013
Cs 616.3 665.7 3.2 441 0.152
Cs 436.9 9134 5.9 86.2 0.301
Cio 304.0 1,111.8 101 142.3 0.488
Cis 200.0 1,270.0 16.7 206.0 0.650
Cao 162.0 1,380.0 215 282.0 0.850
Binary interaction coefficients
C1/Cis 0.05
C1/Co 0.05
G/Cis5 0.005
C3/Co 0.005

and the properties of each component are given in Table 3, which are based on the model presented by Killough and
Kossack [40].

For this case, results without the dispersion model are presented first, because it is intended to see the effects of the
dispersion in the computational performance of the formulations.

Oil and gas production rates, considering no physical dispersion, are compared in Fig. 10. From this figure, it can be
observed that, as expected, similar results are obtained for all the approaches tested. The small difference in the production
curves is a result of numerical dispersion, caused by the larger time-step size used by the FI and AIM approaches. The
time-step profiles presented in Fig. 11 show how larger the time-step for the FI/AIM approaches can be when compared to
that of the IMPEC approach. It is important to mention that the AIM is able to maintain the time-step size as large as the
one of the FI approaches. A maximum time-step size of 20 days was used for the FI and AIM approaches.

The gas saturation field at 1,000 days of simulation is presented in Fig. 12. From this figure, it can be observed a similar
trend between the fields obtained with all the different approaches. This confirms that all different approaches provided
similar physical solution.

The implicitness field at 1,000 days of simulation for the two AIM are presented in Fig. 13. From this figure, it can be
observed that more than half of the gridblocks in the reservoir are implicit at this time. It should also be noted that most
of the implicit blocks are in the upper part of the reservoir, which are rich in gas phase. Such behavior is expected since
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Fig. 10. Comparison of the production rates for Case 1 without dispersion. (a) Oil and (b) gas.
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Fig. 11. Comparison of the time-step profile for Case 1 without dispersion.

Table 4

CPU time and numerical performance for Case 1 without dispersion.
Formulation Normalized CPU Solver CPU time Total number of Total number of Total number of

time (%) time-steps Newton iterations solver iterations

IMPEC 72.33 3.72 40,779 - 634,239
COLLINS-FI 1.64 79.22 67 82 7,715
PZS-FI 1.0 (0.72 h) 65.71 67 82 7,723
COLLINS-AIM 2.20 80.45 68 106 10,240
PZS-AIM 1.85 75.34 68 106 10,460

the gas injected will preferentially flow through the upper part due to its lighter density and the higher gas mobility in the
region. Therefore, the higher implicitness is actually following the regions where the velocities are higher.

The normalized CPU time and other numerical results for each approach are presented in Table 4. The approach with
the best computational performance for this case was the FI version of PZS, followed by the FI version from Collins with an
overhead of 64%. Between the two AIM approaches, the PZS-AIM was the fastest, with an overhead of 85% when compared
to its FI counter-part. However, the IMPEC approach was considerably slower. The fact that the AIM approaches were slower
than their FI counterparts for this case can be explained by the high implicitness degree in this case. For the AIM, since the
linear system’s structure is constantly changing, the ILU preconditioner’s fill-in structure has to be recalculated frequently,
unlike the FI which requires only one computation of the fill-in structure. Another factor causing overhead is the switching
criteria calculation and the more complex code framework.

In Fig. 14, we compare the implicitness fraction and cumulative CPU time profiles for different sizes of the maximum
time-step for the PZS-FI and PZS-AIM. Three different sizes of the maximum time-step sizes were used: 1, 5, and 20 days.
One can observe that as the implicitness reduces, the AIM CPU time reduces and, at some point, becomes more advanta-
geous than the FI. For this case study, it would appear that the implicitness fraction should be less than 0.45 in order for
the AIM be more efficient than the FI. This condition is only met when the maximum time-step size is 1 day. Additionally,
in Fig. 14d, two sudden increases in the CPU time for the AIM can be observed. These jumps are caused by two time-step
cuts, caused by fail in convergence.

Next, the results considering dispersion are presented. Herein, not much difference was observed in the physical results
considering dispersion. The production rates for the IMPEC approach with and without dispersion are presented in Fig. 15.
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Fig. 12. Comparison of the gas saturation field at 1,000 days for Case 1 without dispersion. (a) IMPEC; (b) COLLINS-FI; (c) PZS-FI; (d) COLLINS-AIM; and
(e) PZS-AIM.

In this figure, a zoom was performed for a better observation of the effects of dispersion in the production curves. Although
not many changes are observed for the rates, the effects on the numerical performance of simulation are considerable, as it
will be shown later.

A comparison of the oil and gas production rates with dispersion is presented in Fig. 16, where it can be observed similar
production curves obtained with all the formulations.

The time-step profile is presented in Fig. 17, where it can be observed that the implicit approaches still kept a simi-
lar time-step to the case without dispersion, while the IMPEC formulation reduced the time-step size (to obtain a stable
solution) considerably. This reduction in the time-step size for the IMPEC approach significantly reduced its performance.

The gas saturation field at 1,000 days of simulation is presented in Fig. 18. From this figure, it can be observed a good
agreement between the fields obtained with all approaches. Once again, this result is expected as the different approaches
are not supposed to change the physical solution.
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Fig. 13. Comparison of the implicitness field at 1,000 days for Case 1 without dispersion. (a) COLLINS-AIM and (b) PZS-AIM.
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Fig. 14. Comparison of the implicitness fraction and cumulative CPU time for different time-step sizes for Case 1 without dispersion for the PZS-FI and
PZS-AIM. (a) Comparison of implicitness fraction for the PZS-AIM; (b) CPU time for 1 day; (c) CPU time for 5 days; and (d) CPU time for 20 days.

The implicitness fields for the two AIM approaches at 1,000 days of simulation for are presented in Fig. 19. It can be
observed that the implicitness fronts are quite similar to the ones presented in Fig. 13.

The normalized CPU time and other numerical results for each approach are presented in Table 5. From this table, it can
be observed that FI and AIM approaches had a computational performance similar to the case without dispersion. However,
the IMPEC approach was significantly slower than the case without dispersion. The AIM approaches required more Newton
iterations, which may be a cause to the worse performance when compared the FI approaches.

Case 2 considers a gas flood in an irregular reservoir modeled with inactive cells. Forty-nine wells are considered with 25
gas injecting wells at constant rate and 24 producer wells controlled with constant bottom hole pressure. The permeability
field in X and Y directions is presented in Fig. 20a and in Z direction is presented in Fig. 20b. The porosity field is shown
in Fig. 21a. The reservoir’s relative roof depth is presented in Fig. 21b.
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Fig. 15. Comparison of the production rates for IMPEC with and without dispersion for Case 1. (a) Oil and (b) gas.
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Fig. 17. Time-step profile for Case 1 with dispersion.

Table 5

CPU time and numerical performance for Case 1 with dispersion.
Formulation Normalized CPU Solver CPU time Total number of Total number of Total number of

time (%) time-steps Newton iterations solver iterations

IMPEC 200.30 1.84 200,008 - 1,160,728
COLLINS-FI 1.63 78.70 67 142 13,642
PZS-FI 1.0 (1.26 h) 65.85 67 145 13,909
COLLINS-AIM 215 80.73 69 190 18,959
PZS-AIM 1.67 75.57 68 184 18,336
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Fig. 18. Gas saturation field at 1,000 days for Case 1 with dispersion. (a) IMPEC; (b) COLLINS-FI; (c) PZS-FI; (d) COLLINS-AIM; and (e) PZS-AIM.

The reservoir data are presented in Table 6. The relative permeability model used for this case is the Stone II [39]. Data
for the relative permeabilities used in this case are presented in Table 7. The simulation is run up to 2,190 days (about 1.477
PVI). Three hydrocarbon components are considered and the properties for each component are given in Table 8.

The benchmark does not consider the IMPEC approach.

A comparison of the oil and gas production rates is presented in Fig. 22. From this figure, it can be observed a match of
the production rates for the different approaches.

The time-step profile is presented in Fig. 23. From this figure, it can be observed some oscillatory behavior in the time-
step profile. However, in average, the PZS-AIM seems to present a higher time-step size than the COLLINS-AIM.

The gas saturation field at 2,000 days of simulation is presented in Fig. 24. From this figure, it can be observed that the
gas fields are very similar for all approaches.
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Fig. 19. Comparison of the implicitness field at 1,000 days for Case 1 with dispersion. (a) COLLINS-AIM and (b) PZS-AIM.
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Fig. 20. Absolute permeability fields (mD) for Case 2. (a) X and Y directions and (b) Z direction.
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Fig. 21. Porosity field and depth for Case 2. (a) Porosity and (b) depth.

The implicitness field at 2,000 days for the two AIM approaches are presented in Fig. 25. Despite many implicit blocks
are seen in this figure, it should be mentioned that less implicitness is observed in the lower parts of the reservoir, as the
gas will flow mainly through the shallower parts of the reservoir.

The normalized CPU time and other numerical results for the approaches tested are presented in Table 9. It can be
observed that the best performance was obtained by the AIM-PZS. The COLLINS-AIM was the second-best approach with a
17% overhead. The PZS-FI presented an overhead of 25%.

The third case study considers a 2D reservoir with heterogeneous permeabilities in the X and Y directions. The per-
meability field is presented in Fig. 26. Two wells are completed: one injector operating at constant bottom hole pressure
and one producer operating at constant bottom hole pressure. The reservoir is discretized with a 20 x 40 x 1 grid. This is a
synthetic case based on the case presented by Okuno [41] using the Bob Slaughter Block (BSB) West Texas oil [42].
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Table 6
Reservoir data for Case 2.

Journal of Computational Physics 435 (2021) 110263

Simulation parameters

Value

Reservoir data

Grid

Number of Wells

Length, width, and thickness

Initial water saturation

Initial pressure

Formation temperature

Gas injection rate

Producer’s bottom hole pressure

Reservoir’s initial composition (Cy, C3, and Cyo)
Injection fluid composition (Cq, C3, and Cyg)

Run data
Simulation time (days)
Simulation time (pore volumes)

200 x 400 x 25 (465,816 active)
49 (25 injectors | 24 producers)
1,219.2 m, 2,438.4 m, and 45.72 m
017

20.68 MPa

303.15 K

86,366 m>/d

20.68 MPa

0.1, 0.19, and 0.8

0.95, 0.05, and 0.0

2,190
1.477

Table 7
Relative permeability data for Case 2.

Property

Value

Model

End point relative permeabilities (krw, kro, krg)

Exponents (ew, €ow, €og, €g)
Residual saturations (Swr, Sowr, Sogr, Sgr

Stone 11
0.9, 1.0, and 1.0
1.0, 1.7, 2.1, and 3.5

) 0.2, 0.1, 0.2, and 0.0

Table 8
Pseudo-component data for Case 2.
Component P, (psi) Tc (°R) V¢ (ft3/Ib-mol) M, (Ib/Ib-mol) Q
C1 667.4 343.4 1.6 16.0 0.008
c3 615.9 666.0 33 441 0.152
C10 367.7 11201 8.4 134 0.443
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Fig. 22. Comparison of the production rates for Case 2. (a) Oil and (b) gas.

Table 9

CPU Time and numerical performance for Case 2.
Formulation Normalized CPU Solver CPU time Total number of Total number of Total number of

time (%) time-steps Newton iterations solver iterations

Collins-FI 1.55 68.73 581 4,831 150,230
PZS-FI 125 59.60 610 4,732 150,898
Collins-AIM 117 54.20 602 5,017 167,340
PZS-AIM 1.0 (12 h) 45.08 609 4,942 161,584
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Fig. 24. Comparison of the gas saturation field at 2,000 days for Case 2. (a) COLLINS-FI; (b) PZS-FI; (c) COLLINS-AIM; and (d) PZS-AIM.
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Fig. 25. Implicitness degree at 2,000 days for Case 2. (a) COLLINS-AIM and (b) PZS-AIM.
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Fig. 26. Absolute permeability field in X and Y directions (mD) for Case 3.

Table 10
Reservoir data for Case 3.
Property Value
Length, width, and thickness 152.4 m, 304. 8 m, and 6.096 m
Porosity 0.25
Initial water saturation 0.35
Initial pressure 7.58 MPa
Formation temperature 313.71 K
Injector’s bottom hole pressure 8.62 MPa
Producer’s bottom hole pressure 7.58 MPa
Reservoir’s initial composition (CO2, Cq, C2—3, C4—6, C7—15, C16—27, and Cagy) 0.0337, 0.0861, 0.1503, 0.1671, 0.3304, 0.1611, and 0.0713
Injection fluid composition (CO; and C;) 0.95 and 0.05
Table 11
Relative permeability data for Case 3.
Property Value
Model Corey
End point relative permeabilities (krw, kro, Krg, Kr1) 0.21, 0.7, 0.35 and 0.35
Exponents (ew, €ow, €og, €g, €lw, €ig) 15, 2.5, 2.5, 2.5, 2.5 and 2.5
Residual saturations (Swr, Sowr, Sogr» Sgr» Stwr Sigr) 0.25, 0.2, 0.2, 0.05, 0.2 and 0.2
Table 12
Pseudo-component data for the BSB oil [42].
Component P. (MPa) Tc (K) Ve (m3/mol) My, (g/mol) Q
COy 738 304.2 9.43 x 1073 44.0 0.225
C 4.60 190.6 9.93 x 107 16.0 0.008
Cy3 4.50 3442 1.81 x 107 37.2 0.1305
Ca_ 3.40 463.2 3.06 x 1074 69.5 0.2404
C7-15 217 605.7 5.99 x 1074 141.0 0.6177
Ci6-27 1.65 751.0 1.13 x 1073 281.0 0.9566
Cas+ 1.64 942.5 2.09 x 1073 519.6 1.2683

The reservoir data is presented in Table 10. The relative permeability data for the Corey model [43] are presented in
Table 11. Additionally, no dispersion was considered for this case study. The simulation is run for up to 6,000 days (about
3.085 PVI). The properties for each component for the BSB west Texas oil [42] are presented in Table 12.

A comparison of the oil and gas production rates is presented in Fig. 27. From this figure, we can see that there is a good
agreement of the production curves obtained with the FI and AIM approaches. There is some deviation from the IMPEC
results since its solution uses a much smaller time-step size, which yields a more accurate result in time.
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Fig. 27. Comparison of the production rates for Case 3. (a) Oil and (b) gas.
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Fig. 28. Comparison of the time-step profile for Case 3.

Table 13

Computational and numerical performance results for Case 3.
Formulation Normalized CPU Solver CPU time Total number of Total number of Total number of

time (%) time-steps Newton iterations solver iterations

IMPEC 5.20 135 8,748 - 149,003
Collins-FI 1.0 (67 s) 30.98 289 1,042 19,889
PZS-Fl 1.01 25.87 296 1,110 20,905
Collins-AIM 124 35.36 302 1,118 21,521
PZS-AIM 1.21 29.74 305 1,202 23,172

The time-step profile is presented in Fig. 28. From this figure, we can clearly observe that the FI and AIM approaches
used similar time-step profiles. Again, the time-step size for the IMPEC was much smaller than the other aforementioned
approaches.

Fig. 29 presents the gas saturation field at 3,000 days of simulation for all formulations tested. It can be observed that
a very good agreement of the saturation field is obtained for all the approaches tested. Similar behavior is obtained for
the second liquid saturation (Fig. 30) and the water saturation (Fig. 31). Fig. 32 presents the implicitness map for the AIM
approaches. Once again, IMPEC cells are marked as zero, while FI gridblocks are marked as one. It can be observed that the
implicitness degree covers the whole front.

The cumulative number of Newton iterations, solver iterations, time-steps, and the CPU time are presented in Table 13.
Among the formulations tested, the IMPEC approach was slower than any of the AIM and FI approaches. It is interesting to
notice, for this case study, that all the AIM approaches are slower than the FI approaches. This happens because the AIM
approaches had a high implicitness degree. Such behavior is not desirable for the AIM approach not only because the AIM
framework has a computational time overhead due to the switching of gridblocks between explicit and implicit, but the ILU
preconditioner structure needs to be recalculated every time a change in the implicitness pattern happens.

Case 4 considers a 3D irregular reservoir with heterogeneous permeabilities and porosity. Thirteen wells are completed
with six injectors operating at constant bottom hole pressure and seven producers operating at constant bottom hole pres-
sure. The reservoir is discretized with a 200 x 200 x 10 Cartesian grid with the irregular shape described with inactive cells
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Fig. 29. Comparison of the gas saturation field at 3,000 days for Case 3. (a) IMPEC; (b) COLLINS-FI; (c) PZS-FI; (d) COLLINS-AIM; and (e) PZS-AIM.

Table 14
Reservoir data for Case 4.
Simulation parameters Value
Reservoir data
Grid 200 x 200 x 10 (99,816 active)
Number of wells 13 (6 injector | 7 producer)
Length, width, and thickness 1,219.2 m, 1,219.2 ft, and 60.69 ft
Initial water saturation 0.25
Longitudinal dispersivity 474 m
Transversal dispersivity 4.74 m
Initial pressure 7.58 MPa
Formation temperature 313.7 °F
Injector’s bottom hole pressure 8.62 MPa
Producer’s bottom hole pressure 7.58 MPa
Reservoir’s initial composition (CO3, C1, C2—3, C4—6, C7-15, C16—27, and Cag+) 0.0337, 0.0861, 0.1503, 0.1671, 0.3304, 0.1611, and 0.0713
Injection fluid composition (Cy, C3, and Cyp) 0.95 and 0.05
Run data
Simulation time (days) 2,000
Simulation time (pore volumes) 0.222

(Fig. 33). The BSB west Texas oil [42] is used for this case as well. The permeability field is presented in Fig. 34, while the
porosity field is shown in Fig. 35.

The reservoir data considering the physical dispersion is presented in Table 14. The relative permeability curves are based
on the Corey model [43] and the parameters used are the same used for Case 3. Similarly, the BSB west Texas oil data given
in Table 15 for Case 3 is used. The simulation is performed for up to 2,000 days (about 0.222 PVI).

The IMPEC approach is not presented here since it was unable to complete the simulation. A comparison of the oil and
gas production rates is presented in Fig. 36. From this figure, we can see that there is a good agreement of the production
curves obtained with the approaches tested.
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Fig. 30. Comparison of the second liquid saturation field at 3,000 days for Case 3. (a) IMPEC; (b) COLLINS-FI; (c) PZS-FI; (d) COLLINS-AIM; and (e) PZS-AIM.

Table 15

Computational and numerical performance results for Case 4.
Formulation Normalized CPU Solver CPU time Total number of Total number of Total number of

time (%) time-steps Newton iterations solver iterations

IMPEC Fail - - - -
Collins-FI 1.88 2818 924 1,927 26,638
PZS-Fl 1.24 29.49 461 1,550 25,806
Collins-AIM 1.46 2.84 931 1,871 31,191
PZS-AIM 1.00 (5.0 h) 3.66 511 1,557 31,110

The time-step profile is presented in Fig. 37. From this figure, we can observe that all approaches were able to reach the
maximum time-step at certain period, and the run had several time-step cuts.

The gas saturation field and second liquid saturation field at 2,000 days for the different approaches is presented in
Figs. 38 and 39, respectively. It can be observed a good agreement of the fields from these figures.

The implicitness degree for each of the approaches with the new switching criteria is presented in Fig. 40.

Table 15 presents the numerical performance of the formulations used in this case. From this table, one can observe that
the AIM approaches had a better performance than their corresponding FI approaches. The best approach was the PZS-AIM,
followed by the PZS-FI with an overhead of 24%.

7. Conclusions

In this work, a new adaptive implicit formulation and switching criterion for compositional reservoir simulation up to
four-phases (three hydrocarbon components plus water) were proposed. The new AIM formulation combined a fully implicit
approach based on intensive global variables and the IMPEC approach from Collins et al. [11]. The new switching criterion is
an extension of a well stablished stability method originally proposed for up to three-phase systems that has been adjusted
to any number of phases. A procedure is presented with the algorithm for performing the proper reduction of variables
involved in both IMPEC and FI approaches that compose the new formulation. The new formulation has been applied to
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Fig. 31. Comparison of the water saturation field at 3,000 days for Case 3. (a) IMPEC; (b) COLLINS-FI; (c) PZS-FI; (d) COLLINS-AIM; and (e) PZS-AIM.
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Fig. 32. Comparison of the implicitness map at 3,000 days for Case 3. (a) Collins-AIM and (b) PZS-AIM.

highly complex and heterogeneous reservoirs that strongly impact the numerical performance of the available numerical
approaches.

The new formulation was tested and compared with its FI and IMPEC counterparts, and with another AIM. Herein,
the case studies presented show that the new AIM is faster than the other AIM proposed by Collins et al. [11]. Also, it
was observed that the AIM approaches were superior than the FI approaches when large reservoirs are considered. The
new approach was also successful in simulating reservoirs with irregular geometries through the use of the inactive cells
approach.

We can conclude that the formulation presented here is a powerful approach to speed up reservoir simulators consid-
ering the fluid flow of a large number of phases. Although the overall performance of the AIM approach depends of the
reservoir parameters and fluid behavior, the current AIM approach had a superior performance in terms of CPU time for
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Fig. 33. Depth relative to the reservoir top (ft) for Case 4.

100.0 131.6 1732 228.0 300.0 10.0 13.2 173

40000 40000
(a) (b)
Fig. 34. Absolute permeability fields (mD) for Case 4. (a) X and Y directions and (b) Z direction.
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Fig. 36. Comparison of the production rates for Case 4. (a) Oil and (b) gas.
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Fig. 38. Comparison of the CO, overall concentration field at 2,000 days for Case 4. (a) Collins-FI; (b) PZS-FI; (c) Collins-AIM; and (d) PZS-AIM.

case studies 2 and 4, that had several injecting and producing wells, while case studies 1 and 3 had just one injecting
and one producing well. It is important to stress that reservoirs with several wells present several saturation fronts, which
demonstrate that the new switching criterion proposed was strong enough to detect the instability regions and switch the
gridblocks from IMPEC to FI when the CFL was large and turn them back to IMPEC when the CFL was small.
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Fig. 40. Comparison of the implicitness field at 2,000 days for Case 4. (a) Collins-AIM and (b) PZS-AIM.
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