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Abstract

We present a general compositional formulation using multi-point flux mixed finite
element (MFMFE) method on general hexahedral grids. The mixed finite element
framework allows for local mass conservation, accurate flux approximation and a more
general treatment of boundary conditions. The multi-point flux inherent in MFMFE
scheme allows the usage of a full permeability tensor. The proposed formulation is an
extension of single and two-phase flow formulations presented by Wheeler and Yotov
(2006) with similar convergence properties. Further the formulation allows for black
oil, single-phase and multi-phase incompressible, slightly and fully compressible flow
models utilizing the same design for different fluid systems. An accurate treatment
of diffusive/dispersive fluxes owing to additional velocity degrees of freedom is also
presented. The applications areas of interest include gas flooding, CO4 sequestration,
contaminant removal and groundwater remediation.

Keywords. compositional flow; multi-point flux; mixed finite element; general hexa-
hedral grid

1 Introduction

Compositional flow modeling has been used for simulating COs sequestration, ground wa-
ter remediation and contaminant plume migration. In the oil and gas industry it is widely
used for evaluating gas flooding scenarios as a tertiary recovery process. The gas flooding
targets achieving either direct miscibility or multi-contact miscibility to counter adverse
mobilities to maximize recovery. A number of variants of the above process exist, based
upon economical considerations, such as gas slug injection along with a chase fluid or water
alternating gas (WAG). The modeling involves solving a system of non-linear equations,
invoking a local equilibrium assumption, including an equation of state. This combined
with partial differential equations representing mass conservation represent a differential
algebraic system which is known for its numerical difficulties. An extensive amount of liter-
ature is available which elaborate on different model formulations and solution algorithms
to address this problem.

Some of the earliest expositions in compositional flow modeling were carried out by
Roebuck et al. [1969] using a fully implicit solution scheme. Coats [1980] later presented
another implicit formulation where the transmissibility terms (relative permeabilities) were



treated implicitly during the construction of Jacobian matrix. A similar formulation with
explicit transmissibility terms (relative permeabilities) was presented in Young and Stephen-
son [1983]. These schemes were later categorized as primary variable switching (PVS) due
to change of primary variables associated with phase appearance and disappearance. Here
a phase is assumed to be present only if the phase saturations lie between 0 and 1. A local
criteria based upon saturation pressure test is employed to test the stability of single phase
grid-blocks. Lauser et al. [2011] pointed out some of the issues which may arise due to pri-
mary variable switching for near critical conditions. This was addressed by the latter using
non-linear complimentarily condition defined such that negativity of phase-compositions
imply that the phase is not present.

A sequential solution scheme was presented by Acs et al. [1985] and Chang [1990] for
solving compositional flow equations. An implicit pressure equation, with explicit treatment
of transmissibility terms, is formed using volume balance assuming pore volume is equal to
fluid volume. This is followed by an explicit concentration update. The approach was later
named implicit pressure explicit concentration scheme on the lines of the well known implicit
pressure explicit saturation (IMPES) scheme. Please note that the implicit or explicit
treatment implies Newton iteration or time lagging terms to construct an approximation
of the exact Jacobian. Watts [1986] also presented an extension of the IMPES scheme for
compositional flow following Acs et al. in the construction of a pressure equation based
upon a volume balance or constraint. Once the pressure equation is solved the total fluxes
are evaluated. A system of implicit saturation equations are then solved with implicit
saturations. This is followed by phase flux evaluation and then component transport.

So far the sequential solution approaches discussed above march forward in time as-
suming the pressure and saturation equations are decoupled. Sun and Firoozabadi [2009]
discuss a coupled IMPEC scheme where iterations are performed between implicit pressure
equation and explicit concentration updates, for a given time-step, until a desired tolerance
is achieved. The implicit pressure and saturation equations are discretized using mixed
finite element (MFE) and higher-order, discontinuous-Galerkin (DG), respectively. In this
work, we employ a similar iteratively coupled IMPEC solution scheme presented by Thomas
[2009] while using a multi-point flux mixed finite element (MFMFE) method and lowest or-
der DG for discretizing the pressure and saturation equations, respectively. This provides
accurate and locally mass conservative fluxes and eliminates grid orientation effects owing to
gradient in pressure. The MFMFE discretization also utilizes a full permeability tensor. We
also differ in the use of a logically rectangular grid with general hexahedral elements. These
elements lower the number of unknowns when compared to tetrahedral meshes. Further,
the general hexahedral elements capture complex reservoir geometries without requiring
substantial adjustment of associated petrophysical properties. This also allows for captur-
ing of non-planar fractures Singh et al. [2014] as a future prospect for compositional flow
modeling in fractured poroelastic reservoirs.

It is also imperative to discuss some of the restrictions placed on phase-behavior mod-
eling owing to a choice of solution algorithms discussed before. The Rachford-Rice (RR)
Rachford and Rice [1952] equations allows a better treatment of the non-linearities presented
by the phase behavior model. The constant-K flash represented by RR equations can be
easily reformulated as a constrained optimization problem Michelsen [1994]. The objective
function for this minimization problem is known to be convex and therefore robust solu-



tion schemes can be utilized Okuno et al. [2010]. However, the model formulations used in
Lauser et al. [2011], Coats [1980] cannot take advantage of this due to the restrictive choice
of primary unknowns. Further, for implicit solution schemes, phase appearance and disap-
pearance due to near critical fluid phase behavior poses significant problems. For primary
variable switching (PVS) schemes this might introduce oscillations due to frequent changes
in the rank of the Jacobian. Whereas, for complementarity condition based method the
Jacobian might become ill-conditioned or rank deficient. The IMPEC schemes circumvent
these issues at the cost of relatively expensive but robust phase-behavior calculations.

In the sections below, we begin by describing the compositional model formulation
along with boundary, initial and closure conditions. This is followed by a description of the
hydrocarbon phase behavior model based upon the local equilibrium assumption. Please
note that the aqueous phase is assumed to be slightly compressible. For the sake of brevity,
we skip directly to the fully discrete formulation where a weak formulation of the problem
is presented along with the associated finite element spaces and quadrature rules. We also
briefly discuss the linearization choices leading to the construction of the implicit pressure
equation. Finally, we present a number of numerical results comprising of verification and
benchmarking cases along with a comparison between TPFA (two-point flux approximation)
and MFMFE schemes. A synthetic field case where gas flooding is used as a tertiary recovery
process further demonstrates the model capabilities for complex cases.

2 Compositional Model Formulation

We begin by describing a continuum description of the compositional model. The general
mass balance equation can be written in the differential form (also referred to as the strong
form) and is given by Eqn. (1),
OWia
ot
Where, W, is the concentration of component ¢ in phase «, Fj, the flux of component
i in phase «, R;, the rate of generation/destruction of component i in phase a owing to
reactive changes and 7,i, the rate of increase/decrease component ¢ in phase o owing to

phase changes. The mass balance equation (1) can be expressed in an expanded form given
by,

+ V- Fiy, — Rio — Tmia = 0. (1)

0 afaSia
(egt“ + V- (pagiaua - EaDia -V (pa{ia)) = €qTia + Tmic- (2)

Here, €, it the volume occupied by phase «, p, the density of phase «a, &, the fraction
of component ¢ in phase o and D;, the dispersion tensor. Please note that the equations
outlined in this section can have either a mass or molar basis. For the purpose of simplicity,
a number of assumptions were made as stipulated below:

1. Rock-fluid interactions are neglected i.e., no sorption processes are considered.

2. Non-reactive flow.

Appying these assumptions to Eqn. (2), we obtain Eqn. (3).
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2.1 Component conservation equations

Summing eqn. (3) over the total number of phases (IN,) and noting that ) rmia = 0
results in eqn. (4).

(Z ¢Sapa£za> +V. Z pagzaua QbS D, v ,Oagla Z%a (4)

The phase fluxes (uqy) are given by Darcy’s law,

kra

o

Uy = —K (vPa - Pag) . (5)
Here, S, is the saturation of phase a (ratio of volume of phase « to pore volume), ¢ the
porosity (ratio of pore volume to bulk volume), g;, the rate of injection of component
i in phase « (mass/mole/volume basis), and u, the Darcy flux of phase a. Also let,

= >, PaSaia and ¢; = > Gio then the component conservation equations can be
written as,

0
a ((z)Nz) +V.-F, -V (Z $SaDiq (vpagia)> = dq;- (6)
We define component flux F; as,
=-K Z pafza Vpa pag) s (7a)
kra
Zpagza vpref pag) + Z pagialuivpca . (7b)
Ha aFref a

2.2 Boundary and initial conditions

For the sake of convenience of model description we assume no flow external boundary
condition everywhere. However, this is by no means restrictive and more general boundary
conditions can be also be treated.

Ug -n =0 on OQY (8)

The initial condition is as follows,
DPref = pO’ (ga)
N; = NY?. (9b)



2.3 Closure and constraints

The phase saturations S, are calculated as follows,
_(1-v)
So = — Z Ni, (10)

Where, v is the mole fraction of the hydrocarbon gas phase, and o, w and g represent the
hydrocarbon oil, water and hydrocarbon gas phases, respectively. A saturation constraint
exist on phase saturation given by,
> Sa=1. (11)
(63

The capillary pressure is a monotonic and continuous function of reference phase saturation
(Sref). The relative permeabilities are continuous functions of reference phase saturation
(Sref).- A more general table based capillary pressure and relative permeability curve de-
scription has also been implemented.

Pca = Pa — Pref (12)

Further, a slightly compressible and cubic equation of states are used for water and hydro-
carbon phases, respectively.

Pw = Pw,0€TP [Cw (pref + Pea — pref,O)] (13&)
pa= 2% atw (13Db)
ZQRT7

Here, p,, is the molar density of phase « including water. The porous rock matrix is assumed
to be compressible, with C,. as the rock compressibility, satisfying the following relationship,

= ¢o [1 + Cr(pref - pO)] . (14)

3 Hydrocarbon Phase Behavior Model

The phase behavior modeling for hydrocarbon phases is based upon a local equilibrium
assumption. The equilibrium component concentrations are then calculated point wise
given a pressure (prf), temperature (T) and overall mole fraction (z;). A normalization of
component concentrations IN; give overall component mole fractions z;.

N;
ZfV:CQ Ni

Z; =

(15)



Let, &, be the mole fraction of component i in phase o and v the normalized moles of gas
phase, then from mass balance we have,

Vgig + (1 - V)éio = Zi, (16&)

Ne
D Gio=1, (16b)
=2

Nc
D g =1. (16¢)
=2

The partitioning coefficient K} of a component i between hydrocarbon phases is given by,

Eig

KM =>4, (17)
gio
Rearranging the above equations we have,
Zj
o 18
§’LO 1 + (Klpar . 1)]/7 ( a‘)
KP,
- . 18b
The Rachford rice equation is given by,
N,
c Kpar N )Z
=0. 19
f Z 1+ Kpar —_ 1)V ( )

1=

At equilibrium, the fugacities of a component i are equal in all the phases given by the
iso-fugacity criteria (20).

g =1In(P;o) — In(Pig) — INKP* = 0. (20)

Where the fugacity of component i in phase « is given by,

ln(fbm) = —C,‘—F&(Za—l)—ln(Za—Ba)—

Bq

2v2B, " Ba

Aa 22 5]04 i Bi I Za
Ao B. )"

For a given pressure (P*), temperature (T) and composition (Z) equations (19) and(20) can
be linearized in terms of InK; and v.

Of OInK™™  Ofjov\ (SInKP™\ (R ”
dg/d0InKP* 9g/0v ov - \—Ry (22)

Eliminating dv from the linear system,

af af -1 ag par 8f ag —1
<8anPar v (ay> dln K par OnK"™ = —R; + 7 \ 3, Rs. (23)
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Since the system under consideration is highly non-linear with multiple solutions we must
either provide good initial guesses or constraint the system appropriately so as to get a
unique solution. The phase behavior model relies upon providing a good initial estimates
for In KP*" and consequently v based upon heuristics. The Wilson’s equation (24) is an
empirical correlation which provides initial guesses for K™s.

KPP = ie:cp [5.37(1 + wj) (1 — 1)] (24)

DPri Tri
Using these partitioning coefficients (K*) and the given composition (z;) equation (19)
is then solved to get an initial estimate for v. We use three different ways of determining
phase stability and consequently the compositions of unstable phases using iso-fugacity flash
calculations. The three methods differ either in the calculation of initial estimates of K}™'s
or the determination of phase stability (negative flash vs. tangent plane distance). However,
the primary unknowns and equations for the three methodologies are the same as presented
in this section.

For non-polar molecules (hydrocarbon) Peng-Robinson cubic equation (47) of state em-
pirically correlates pressure, temperature and molar volume. The values of Z,, are calculated
using this cubic equation of state, given in the appendix. For given pressure, temperature,
composition (7), partitioning coefficients (KP*) and vapor fraction (v), the cubic equation
of state provides three values of Z,. A unique solution is obtained by selecting the root
which has the minimum Gibb’s free energy given by,

gG = fia = pi + RTIn®;q, (25a)
Tila, TP
N,
S 0G
dG|a,T,p = 2 In TPdnl- = h(Zy). (25b)
i=2 vl T,

Where pf represents the reference state and is a different constant for each component.
Amongst the three roots of the cubic EOS, Z, corresponding to the minimum dG|, , p is
chosen. The cubic EOS, or alternatively Z,, is not a part of the Jacobian (Eqn. (225)7due
to the restriction placed by minimum Gibb’s free energy constraint. The algorithm for flash
iteration can be outlined as follows:

1. Calculate an initial estimate of K'™'s from Wilson’s correlation (24).

2. For a given P, T, Z and K™'s calculated above, solve the Rachford-Rice equation (19)
for v.

Calculate &, from (18).

Evaluate Z, using equation (47).

Evaluate residuals of fugacity equations (20), stop if convergence tolerance is achieved.
If tolerance is not achieved, solve (23) for new values of K's.

Stop if K™ is trivial i.e., K™ = 1.

® N> ook W

Return to 1.



4 Fully Discrete Formulation

We utilize a multi-point flux mixed finite element method to construct a fully discrete form
of the flow problem describe earlier. Multi-point flux mixed finite element methods have
been developed by Ingram et al. [2010], Wheeler and Yotov [2006] for general hexahedral
grids. Mixed finite element methods are preferred over other variational formulations due to
their local mass conservation and improved flux approximation properties. An appropriate
choice of mixed finite element spaces and degrees of freedom based upon the qudrature
rule for numerical integration (Wheeler et al. [2011b], Wheeler and Xue [2011]) allow flux
degrees of freedoms to be defined in terms of cell-centered gridblock pressures adajacent to
the vertex. A 9 and 27 point pressure stencil is formed for logically rectangular 2D and 3D
grids, respectively.

4.1 Finite element spaces

Here we present the appropriate finite elemen:u spaces utilized to formulate an MFMFE
scheme. An enhanced BDDF; MFE space on E ,with additional degrees of freedom, for a
general hexahedral element is defined on a reference unit cube Eqn.(28) by enhancing the
BDDF; space Eqn.(26). Let,
V ={ve H(div;Q) :v-n=00n o0V}, W = L*(Q)
BDDF|(E) =P(E)? + rocurl(0,0,292)" + ricurl(0,0, £5%)T + socurl(42,0,0)T
+ sycurl(§22,0,0)T + tocurl (0, 252,07 + tycurl (0, 4%2,0)7
=P(E) +ro(22,—92,0)T + 1225, =%, 0)F + 50(0, 25, —22) T+
51(0,29%, —2HT 4 to(—27,0,92)T + t1(—22,0,282)T
W(E) = Py(E) (27)
V*(E) =BDDF,(E) + rocurl(0,0,222)T + r3curl(0,0,2%92)T + socurl(29%,0,0)T
+ sgeurl(9%2,0,0)T + tacurl(0, 522, 0)7 + tzcurl (0, 4%2,0)7
=BDDF,(E) + 19(0, —2i2,0)T + r3(2%2, —2292,0)T + 52(0,0, —2279)T
+ 53(0, 292, —2292)T + t2(—292,0,0)T + t3(—2272,0,92%)

(26)

(28)

The mixed finite element spaces on a physical element is mapped from a reference using the
Piola and scalar transformations (29).

1
v 0:9=—DFgioFg'

=+
wHﬁ):w:woFb?l

(29)

where F'rp denotes mapping from F to E; DFg and Jg are the Jacobian and the determinant

of Fp, respectively. The discrete finite element spaces V}, and W}, on 7, are given by,
Vi={veV:vgeooeV(E)VEen), (30)
Wy ={weW :v|g+ ,wew(E),VE €},

where H(div; Q) = {v € (L*(Q))?: Vv € L}(Q)}.



4.2 Quadrature rule

For q, v € V}* the local (on element E) and global (on domain Q) quadrature rules are
given by Eqn.(32),(31) and Eqn.(33), respectively. Where, Eqns.(31) and (32) give the
symmetrical and non-symmetrical quadrature rules. The non-symmetrical quadrature rules

have been shown to have convergence properties for general hexahedra by Wheeler et al.
[2011a].

(K~0,0)qn = 7 3 Jp()(DFg ) () DFE () K (Fi(r))a(ri) o) (31)
=1
2d
(K~ 4,0)0. = 53 S Je(i)(DEG () DFE G, o) Ki'a(r) o) (32)
=1
(K™'q,0)g= ) (K 'q,v)qr (33)

Eery,

Here, #; is the vertex of the reference element E, 7, 7 is the center of mass of E, Ky is the
mean of K on E.

4.3 Weak formulation

We now consider the fully discrete variational formulation of the compositional flow model.
The variables are taken at the most recent time iterate level everywhere except whenever
explicitly indicated by index n. An iteratively coupled implicit pressure explicit concentra-
tion (IMPEC) approach is used to solve equations in pressure (pyef) and concentration (NN;)
variables. The pressure and concentration equations are discretized in time using backward
and forward Euler schemes, respectively. Figure 1 shows a flow chart of the iteratively
coupled IMPEC scheme used in this work. The corresponding iterate level is represented
by the index k. The discrete variational problem for reservoir pressure then reads: Given
Ni]fh € Wp, find ﬂk,jl € V;, and pfgg}l € Wy, such that,

1 _ 1
<A]~€K 11’1',7};‘_17Uh> - (pf;f_}pv'vh>E = _/ PrefUn - 10 — A]}
i,h Q.E BN i,h aFref
1 2
(T
Ai,h el
(34)

+1N]c

<¢l}jAt”h,wh> + <V . Filf’-li-l,wh>E — <V . Z {¢2+1S§’th,h v (pﬁ’hdfa’h)} 7wh>
E @ E
= (qf,h,wh> + (¢1]Z?awh>E'

(35)

k ok
gia,hga (%

k ¢k K k
Z pa,hfia,h)‘a,hvpca,hv Up,

E
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Here, k is used to represent iterate level for quantities which depend on both pressure and
concentrations such that pfggl and Nf. The discrete variational problem for the concen-
tration update is: Given pfgg}l e Wy, Flk,jl € V, and Nikh € Wy, find Nik;{l € Wj, such
that,

Gt NE+ i o

h 7

<At wh) + (V CF wh)E - (V > {¢’Z+15§,hDia,h -V (Pﬁ,hﬁfa,h)} ,wh>
E (e E

~ n n
= <q1k;h>wh) + <¢A‘7\ZZ 7wh>E .
(36)
Please note that a description of algebraic equations associated with the implicit pressure
(Eqn. (35)) and explicit concentration (Eqn. (36)) systems is omitted to avoid redun-
dancy. The reader is referred to earlier sections on compositional and phase behavior model

formulations for necessary relations.

——| TimesStep | Stop )

n=n+1

| Pressure Solve |<7

k=k+1

| Explicit Concentration Update |

Yes No

Figure 1: Iteratively coupled implicit pressure explicit concentration (IMPEC) scheme.

4.4 Treatment of diffusion/dispersion

The diffusion-dispersion tensor is the sum of molecular diffusion and hydrodynamic disper-
sion given by:

Di, = D' + DY, (37a)
D = Todm i, (37b)
DY = dy o uo| I+ (dio — dio) woul /|ug). (37¢)
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Here 7, is the tortuousity of phase o, dm ia; di,a, di,o are the molecular, longitudinal
and transverse dispersion coefficients, respectively. We define the diffusive/dispersive flux
as:

Jia = QSSaDiozpa -V (gia) ’ (38)

1
D._lJi,v> — (&0, V-0 :—/ iaUn * M. 39
<¢Pa5a i <ieo Th O.F (Gia 2 aEmasz5 " (39)

The diffusion-dispersion tensor is evaluated locally for each corner-point similar to the
permeability tensor. The molecular diffusion (Dgf’l) is evaluated using cell-centered values

of dp in. Further, the hydrodynamic dispersion tensor (D?O}:d) is calculated using the three
flux degrees of freedom associated with each corner-point.

4.5 Linearization

A Newton method is applied to form a linear system of equations followed by elimination
of component concentrations and fluxes resulting in a implicit pressure system. Once the
pressures are evaluated an explicit update of N. component concentrations is performed
(IMPEC). The three phase saturations are calculated using equations (10) independently.
Linearizing the above system of equations,

T
<A K 15Fi,ha'0h> — (0pret,h, V - vp) p = —Ra, (40)
i,h Q.E
+1,k
&y RSN, i 9
T : —0 V - O F; = —Ry;. 41
< At h B i At 8pref,h Preth 100 E ! ( o wh)E K ( )
The local mass matrix and right hand side for component i can be written as,
<Ai B 0 > 5‘;5 - <_R31~) )
BT C; D; 51{;; —Ry;)

We then eliminate d F; in favor of cell centered quantities dp,or and 6 IN;. The saturation
constraint, iso-fugacity criteria and RR equation can be linearized in terms of the unknowns
Pref; IN;, K™ and v using equations (15) and (18) as,

5pref+zz _Pe5in KW+Z fv=1-) So=-Rs,

(I)ia = ®;, (prefa 51’&) = @, (preﬂ Ziy Kipar) = ®;, (prefy N;, Kipar)’ (44)

olnd; 8ln<I) olnd; olnd; oln®d;
105 o 0 (SN 10 6l Kpar ’LO(S _ lgd o
apref et T 2 g Zaz e R <apref Pref
N (45)
6ln<I>Zg In®;y par dlnd;, olnK™ par
2 SNi + Z o Kparéz nKP Tl Kpardz nKP = —Rg;.
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The above equations can also be written in the matrix form as,

E F G H ‘i&f “R;
I J K L e | = | B (46)
0O N O P o "R,

We then construct the pressure equation by further eliminating 6 N and 6lnKP?'. Please
note that C contains contribution from f—if and D contains gpr > indirectly through N.
Eliminating 6 F, d N and 6ln KP?" from the above linear system of equations results in an
implicit pressure system. Note that the diffusion is handled explicitly for both the implicit
pressure solve and the concentration update. The values of phase compressibilities (Z,) are
evaluated explicitly given pressure P, temperature T and component concentrations IN;s.
The derivatives of Z, with respect to P and IN; are therefore set to zero in the Jacobian.
The Z, contribution is accounted for in the residual term. A more rigorous treatment would
be to expand the Jacobian in terms of Z, as well. However, the minimum Gibbs free energy

constraint (for a unique Z,) given by equation (25) is difficult to utilize.

5 Results

In this section, we present numerical experiments to verify and demonstrate the capabilities
of MFMFE discretization scheme for compositional flow modeling. We begin with a verifi-
cation case where a comparison is made between TPFA and MFMFE discretization schemes
for matching conditions. This is followed by another numerical experiment where we use
a checker-board pattern permeability field to demonstrate better fluid front resolution for
MFMFE scheme. Finally, we present a synthetic Frio field example where CHy is injected
to achieve multi-contact miscible flooding.

5.1 Verification and benchmarking

Here we present a comparison between TPFA and MFMFE discretizations with a diagonal
permeability tensor. A quarter five spot pattern with 3 components (Cy, Cg and Cgp) in
addition to the water component. Both the injection (bottom left corner) and production
(top right corner, Figure 2) wells are bottom hole pressure specified with a pressure spec-
ification of 1200 and 900 psi, respectively. The injection composition is kept constant at
100% C; with reservoir and grid block dimensions of 1000ft x 1000ft x 20ft and 20ft x
20ft x 20ft, respectively. The initial reservoir pressures and water saturations are 1000 psi
and 0.2, respectively. A homogeneous, isotropic and diagonal permeability tensor field of
50 mD was assumed with a homogeneous porosity field of 0.3. The temperature was kept
constant at 160 F. Figure 3 shows variation of component concentrations along the line
joining injector and producer for both TPFA and MFMFE discretizations. Please note that
since the concentration profiles show a very good match the curves are not visible.

5.2 Checker-board pattern test

This numerical experiment demonstrates the differences in saturation profiles between
MFMFE and TPFA discretization due to the use of a full permeability tensor. The reservoir

12



Figure 2: Oil saturation profile after 100 days using TPFA (left) and MFMFE (right)
discretizations.

and fluid property information is kept the same as in the previous example differing only
in permeability values. A checkerboard permeability field, as shown in figure 4 (left), is
taken with values of 1mD (blue) and 100mD (red) to exaggerate the effects. Additionally,
small off diagonal permeability values of 0.5mD were taken to construct a full permeability
tensor for the MFMFE scheme. Figure 4 also shows the gas saturation profiles for the two
discretization schemes after 500 days. It can be seen that the saturation profile on the
left has less jagged edges owing to the extended pressure stencil. The MFMFE scheme is
therefore able to better resolve pressure and saturations at the fluid front.

Figure 4: Permeability field (left) and gas saturation profiles after 500 days for MEMFE
(middle) and TPFA (right) discretizations.

5.3 Frio field test case

In this example, we present a synthetic field case using a section of Frio field geometry
information to demonstrate some of the model capabilities. Note that the general hexahedral
elements allows us to capture reservoir geometry accurately without requiring substantial
changes in the available petrophysical data. We consider six hydrocarbon components (Cj,

13
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Figure 3: Component concentrations along the injector-producer line after 100 days.

Cs, Cg, Cip, C15 and Cgp) in addition to water forming the fluid composition. The fluid
system can be at most three phases at given location, depending upon phase behavior
calculations, including water, oil and gas phases. The initial hydrocarbon composition in
the reservoir is taken to be 5% Cs, 40% Cg, 5% Cig, 10% C15 and 40% Cag with an initial
reservoir pressure of 2000 psi. Further, the water saturation (S5,) at time t = 0 is taken
to be 0.2. A total of 8 bottom hole pressure specified wells were considered comprising of
3 production and 5 injection wells. A permeability and porosity field with typical values
of 50 mD and 0.2, respectively is assumed. The injection composition was kept constant
at 100% C; during the entire simulation run spanning 1000 days. An isothermal reservoir
condition was assumed at a temperature of 160 F. A multi-contact miscible (MCM) flood

Cl 0.0753- 520
0.509 : "
0.4 £0.06
: 004
o2
E Eo.oz
1.84e-31- 0.0105-

Figure 5: Concentration profiles for lightest (C;) and heaviest (Cgp) components after 1000
days.
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is achieved at the given reservoir pressure and temperature conditions. Figure 5 shows
the concentration profiles for the lightest and heaviest hydrocarbon components after 1000
days. Further, figure 6 shows the gas and oil saturation profiles after 1000 days.
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Figure 6: Saturation profiles for gas (left) and oil (right) phases after 1000 days.

5.4 Brugge field CO, flooding

In this example, we use CO2 gas flooding(Peters et al. [2009], Chen et al. [2010]) as the ter-
tiary mechanism for recovering hydrocarbons. The distorted reservoir geometry is captured
using 9x48x 139 general hexahedral elements and then discretized using a MFMFE scheme.
A constant temperature of 160 F is specified assuming an isothermal reservoir condition.

The initial hydrocarbon composition is 40% (Cgs) and 60% (C2p) with an initial reservoir
pressure of 1500 psi.
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Figure 7: Brugge field geometry with well locations.

An injected gas composition of 100% COy is further specified. Fig. shows the Brugge
field geometry with 30 bottom-hole pressure specified wells with 10 injectors at 3000 psi and
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Figure 8: Water, oil and gas relative permeabilities.
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Figure 9: Capillary pressure curves.

20 producers at 1000 psi. The porous rock matrix is assumed to be water wet as reflected by
the relative permeability and capillary pressure curves in Figs. 8 and 9 ,respectively. Fig. 10
shows the oil and gas saturation profile after 1000 days whereas Fig. 11 shows the pressure
distribution and concentration profiles for light (CO3), intermediate (Cg) and heavy (Ca)
components. A multi-contact miscible flood is achieved with miscibility occurring at the
tail end of the injected gas front.
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Figure 10: Oil and gas saturation profiles after 1000 days.
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Figure 11: Pressure and concentration profiles after 1000 days.

6 Conclusions

We developed a compositional low model using MFMFE for spatial discretization. The use
of general hexahedral grid leads to fewer number unknowns when compared to tetrahedral
grids and therefore lower computational costs. Further the discretization scheme allows suf-
ficient flexibility in capturing complex reservoir geometries including non-planar interfaces.
The hexahedra is a plausible choice for mesh elements since reservoir petrophysical data is
usually available on similar elements. An MFMFE scheme therefore facilitates adaptation
with minimal changes to given information. Finally, the general compositional flow model
presented here encompasses single, multi-phase and black oil flow models. This presents
a future prospect for multi-model capabilities where different flow models can be used in
separate reservoir domains.
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8 Appendix
8.1 Peng-Robinson Cubic Equation of State
Z3 — (1= By)Z2 + (Aa — 3B2 — 2B,) Zo — (AaBoa — B2 — B2) =0 (47a)

Zo = Zo — Cyq (47Db)
Nc. N

Aa = Z Z gia&jaAz’j (470)
i—2 j=2
Ajj = (1= 0i5)(A; A7)0 (47d)

2 Pri?

T, (47e)

A= Q% [14+ mi(1 —T5%)]

Nc
B, = ZgiozBi (47f)
=2

Co= e 2 (T0)
Bi = b% (47h)
C; = ];;" (471)
Pri = ;:Z (47j)
T
Ty = T (47k)
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m; = 0.374640 + 1.54226w; — 0.26992w? if w; <0.49

48
= 0.379642 + 1.48502w; = 0.164423w? + 0.0166667  if w; >0.49 (48)

where,

d;j = Binary interaction parameters between component ‘i’ and ‘j’ (constant).

pei = Critical pressure of component ‘i’ (constant).

T.; = Critical temperature of component ‘i’ (constant).

w; = Accentric factor for component ‘i’ (constant, deviation of a molecule from being
spherical).

Cy = Volume shift parameter (constant).

o b = Constants corresponding to the equation of state.

Z, = Compressibility of phase ‘a/’.
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