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Abstract

This paper presents a new mathematical representation of multiphase thermodynamic equilibrium using so-called repartition
coefficients. Combined with a global mass formulation of multiphase Darcy flow in porous media, it allows the derivation
of a computationally efficient family of time schemes. The model accounts for the mass conservation of an arbitrary number
of components flowing through an arbitrary number of phases, coupled with thermodynamic equilibrium and pore volume
conservation. By separating the thermodynamic equilibrium part from the flow part through the repartition coefficients,
the formulation removes the need for any specific handling of phase appearance and disappearance within the flow solver.
Any “black box” thermodynamic equilibrium solver can then be used to compute the repartition coefficients, from EOS
based solvers to tabulated representation of the thermodynamic equilibrium, each specific choice of thermodynamic solver
leading to a new scheme. Three numerical experiments, from a simple beam to a real case, illustrate the good behavior of

the approach.
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1 Introduction

Porous media flows play a major role in many crucial indus-
trial application, from nuclear waste storage to oil and gas
production. The interest in such problems is even renewed
by environmental concerns such as long term energy or car-
bon dioxide storage [7]. To ensure operational and econo-
mic security, more and more complex chemical interactions
must be considered requiring to simulate complex composi-
tional multiphase flows. In particular, modeling thermody-
namic equilibrium of such fluids is becoming mandatory in
contexts such as C O; sequestration where gas dissolution
in water is essential to understand and predict the behavior
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of CO; injection. Another major example is the study of
biogenic C H4 which represents around 20% of global re-
sources of conventional gas and that is a great interest for oil
and gas companies due to the fact that this gas is generated
at shallow depths. The classical approach involves a strong
coupling between costly flash calculations [11] and the flow
solver which has to deal with phase appearance and dis-
appearance. Those phase changes have in general a strong
negative impact on computational time and even worse on
the flow solver robustness [19].

Probably the most commonly encountered formulation of
the coupling between Darcy flow and thermodynamic equi-
librium models is the celebrated Coats’ formulation [3], that
uses the so-called “natural-variables” as unknowns (pres-
sure, saturations, phase mole-fractions). This formulation
maintains two sets of active and inactive unknowns and
equations, with only the active ones appearing in the non-
linear system. When one phase disappears during a time
step or non-linear iteration, the corresponding saturation and
phase mole-fractions variables are removed. Conversely,
when one phase appears, the corresponding variables are
added to the active set. This process is often referred to as
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“active set” or “variable substitution” method, and is the key
ingredient of Coats’ formulation. However, it generates dis-
continuities in the non-linear objective function, leading to
well documented difficulties (see [1, 12, 20] when attempt-
ing to use Newton-Raphson algorithm to solve it. As it is
a subject of strong economic importance, many attempts
can be found in the literature to improve the management
of phase appearance and disappearance through modified
thermodynamic formulations. By no means will we try to
be exhaustive here, we thus refer the reader to the recent
paper of Voskov and Tchelepi [19], where a comprehensive
comparison of models of the literature was performed. Let
us nevertheless mention in particular the very interesting
fugacity formulation of Lauser et al. [10], that was not con-
sidered in Voskov and Tchelepi [19]. To solve their fugacity
based formulation they handle the phase appearance and
disappearance through complementarity conditions rather
than the usual variable switch, allowing to use a fixed
set of variables. Regardless of the chosen formulation, let
us also mention the very interesting operator based lin-
earization (OBL) technique of [18], used to circumvent
the difficulty of solving the complex non-linear flow prob-
lem. Its principle is to replace the non-linear operators and
functions appearing in the numerical scheme by a multi-
linear interpolation in unknown space, thus reducing the
effective non-linearity of the problem to be solved through
Newton-Raphson’s method. It was first applied to flow with
thermodynamic equilibrium in [9, 18] and later extended
to both thermodynamic and chemical equilibrium in [8],
using what we call here a global mole formulation. Notice
that the OBL approach could be applied to the scheme we
present here, potentially further improving computational
efficiency.

We introduce a new mathematical representation of
thermodynamic equilibrium using so-called repartition
coefficients. Combined with a global mass formulation
of multiphase Darcy flow in porous media, it allows the
derivation of a computationally efficient time scheme. The
model accounts for the mass conservation of an arbitrary
number of components flowing through an arbitrary number
of phases, coupled with thermodynamic equilibrium and
pore volume conservation. The approach naturally covers
phase appearance and disappearance without impacting
the structure of the flow solver, by keeping the same set
of unknowns and equations whatever the thermodynamic
phase state is.

The paper is organized as follows. In a first section, we
recall the basics of thermodynamic equilibrium modeling,
and explain through the two most encountered models
in reservoir simulation how we can reformulate them as
an abstract function. Section 3 introduces the repartition
coefficients that allows a new mathematical description
of this thermodynamic equilibrium function. Section 4
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presents a global mass formulation of compositional
multiphase Darcy flows that naturally accounts for phase
appearance and disappearance. Section 5 presents a family
of schemes that uses time explicit repartition coefficients
to enhance robustness and computational efficiency and
that is in our opinion the main contribution of the present
work. Section 6 is devoted to numerical exploration of the
proposed approach, showing 3 illustration cases with increa-
sing complexity.

2 General representation of thermodynamic
equilibrium and repartition coefficients

In this section, we first explain how most of the usual ther-
modynamic equilibrium models can be gathered under a
unified abstract vision of thermodynamics. The idea in itself
is relatively classical, as it basically consists in formalizing
the fact that thermodynamics can be considered as a “black
box” solver with fixed inputs and outputs. The identifica-
tion of a very general family of inputs and outputs is the true
contribution of this section. As obvious as it may seem, by
hiding the details of each particular model this vision of the-
modynamics forces to reinvent the way to couple thermo-
dynamics and flow, in the sense that we cannot rely on the
particular properties of any model and we have to use only
what is shared by all the usual models.

2.1 Notations

A chemical component is defined by its chemical compo-
sition, while a chemical species is defined by its chemi-
cal composition and the phase under which it exists. For
instance, the component C O, can be present in both the
aqueous and the gaseous phases, while aqueous C O, and
gaseous C O3 are two different species. For a mixture with
Npp phases labeled from 0 to Np, — 1, and N¢opmp compo-
nents labeled from 0 to N¢omp — 1, corresponding t0 Nypee
species labeled from 0O to Ngpec — 1 and defined as couples
(i, ), we denote:

T the temperature of the system
e P, the pressure of phase o, P;, = (Pa)ofainh,l
being the vector of phase pressures
® P is a reference pressure, equal to the pressure of a
reference phase (water in our numerical experiments)
S, the saturation (or porous volume fraction) of phase «
P« the mass density of phase o
o the viscosity of phase o
6, the total molar fraction of «
nq the mole number of phase o per unit volume
nY the mole number of species (i, a) per unit volume
x{ the molar fraction of species (i, &) in phase o
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wy the chemical potential of species (i, &) in phase a
n; the total mole number of component i per unit
volume

z; the total molar fraction of component i

Oy the total mass fraction of phase o

my, the mass of phase « per unit volume

m{ the mass of species (i, a) per unit volume

X? the mass fraction of species (i, @) in phase o

n? the mass repartition coefficient of component i in
phase o

S the fugacity of of species (i, &) in phase o

ki the equilibrium coefficient of component i in phase
a, defined as the inverse of the fugacity coefficient ¢;"
87 the presence index of component i in phase o

Z; the total mass fraction of component i

m; the mass of component i per unit volume

M,,; the molar mass of component i

M,,,, the molar mass of phase «

V the Darcy velocity of phase o

P, the critical pressure of component i

T¢, the critical temperature of component i

w; the acentric factor of component i

@ the porosity

A the permeability tensor

R the perfect gas constant

We use mole numbers and masses per unit volume as we
always describe the thermodynamic equilibrium inside a
fixed volume. This allows to get rid of the volume dependen-
cy and thus avoids using a factor V everywhere in order
to ease the reading. As a consequence we will often speak
of mass and mole number instead of mass per unit volume
and mole number per unit volume with a slight abuse of
language. Notice that this has no consequences on the re-
sults themselves provided all the involved quantities remain
coherent (i.e. all absolute or all per unit volume).

We define the presence index 87 of a component i in
phase o by setting 67 = 1 if species (i, ) exists and 0
otherwise. The molar mass M,,, of each component i is
assumed to be a constant depending only on the chemical
composition, thus all species (i, «) share the same molar
mass M,,,. Of course, we assume that each component i
exists at least in one phase « under the form of the species
(i, o), in order that:

Npp—1
Z 8¢ >1 forall0 <i < Neomp — 1,

a=0
and thus each phase is represented by at least one species:

1vc't)m;7_1
Z §>1 forall0 <o <N, — 1.
i=0

With a slight abuse of notations this allows to speak for
instance of a species (i, @) that does not truly exist, by
setting xlf" = Xf‘ =0, nf‘ = mf‘ =0 if8f‘ =0.

2.2 Some remarks on thermodynamic equilibrium

Denote N¢, the number of non-existing (or absent) phases,
i.e. phases o for which 6, = 0, and thus N,, — NZh the
number of actually existing phases, i.e. phases « for which
6 > 0. Denote A, the set of the N;h absent phases and
Ppn the set of the Ny, — N;h existing phases. Roughly
speaking, finding the thermodynamic equilibrium always
involve solving for each couple of phases («, 8) € szah (i.e.
both phases are truly present in the system):

u¢ = pf forall0 < i < Negmp — 1 with 8¢ =87 =1, (1)
where u? is the chemical potential of species (i, ).
However the chemical potential, despite the fact that it is
the suitable quantity for describing the equilibrium state of a
system, is not the ideal quantity in practice as it depends on
some integration constant (that is only partially constant as it
may depend on pressure, temperature and even composition,
depending on the reference state). With only equilibrium
reactions, fortunately the chemical potential can be replaced
by fugacities or related quantities, that are fully determined
and much easier to manipulate in practice.

To recall the definition of fugacity and the aforemen-
tioned related quantities, let us denote /L:’*(Pref, T) the
chemical potential of the component i alone in perfect gas
state, at pressure P..r and temperature 7. By definition,
fugacity f of species (i, @) is given by:

o
ue = 18 (Prop, T) + RTln( i ) ,
Pref

where R is the perfect gas constant. From Gibbs theorem,
a perfect gas mixture being an ideal solution, the chemical
potential w?(Prer, T, x) of component i at pressure Pr.r
and temperature 7 in a perfect gas mixture of molar
composition x = (xa)OSOlSNph—l is given by, if x¢ =
(x)o<i< Neomp—1 is the composition of phase o:

M;(Pref, T, xa) = /L,'.’*(Prefa T)+ RT In (x,q) ,

and thus:

o
MflZI‘L;(PrefaTaxa)-i_RTln(xaf‘l ‘)~
i Pres

The fugacity coefficient ¢ is then naturally defined as:

R

P =y
X;' Pref

@ Springer



1066

Comput Geosci (2021) 25:1063-1082

For practical reasons, we introduce the equilibrium coeffi-
cient k" defined as the inverse of the fugacity coefficient
o .
¥, ie.
ka — i — xl‘_)t Pr ef
e
l l

Notice that Eq. 1 implies the equality of fugacities f* and

fiﬂ , which gives in terms of fugacity coefficients:

orxf = ¢l'xl,

and then rewrites:

The more usual equilibrium constant (sometimes also called
partition coefficient) k?ﬂ is then defined as:

bk of 1

i

Kot b
This equilibrium constant is the most frequently encoun-
tered quantity in the literature to describe the equilibrium
between only two phases. However, as we consider more
general situations here and in particular the three-phase
flow case where N,;, = 3, it seems much easier to use
either the k}'’s or the ¢{’s, to keep some symmetry in the
thermodynamic description.

Relation (1) is in fact one of the optimality conditions
corresponding to the minimization of the Gibbs free energy

N('amp_l Nph_l

i=0 a=0

This minimization problem can be considered as the most
general description of thermodynamic equilibrium. The
other optimality conditions correspond to the constraints
under which the minimization is performed, the most impor-
tant being that the quantity of each component remains
invariant and that relation (1) is only valid for phases whose
total fraction is strictly positive (which also means phases
with a physically admissible composition). The treatment
of those constraints is the origin of the major difficulties
arising in solving the thermodynamic equilibrium problem
and many of its combinatorial aspects. Model specializa-
tion basically consists in choosing a particular form for
the chemical potentials uf, or equivalently for the fugac-
ity, fugacity coefficient or equilibrium coefficients. Because
of the inherent difficulty of solving the Gibbs energy mini-
mization problem, specialized solvers associated with each
particular model have been developed, taking advantage of
model specificity to accelerate calculations.

The inputs of those minimization problems are those
corresponding to the definition of the constraints and the
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thermodynamic state parameters used in the considered
model. In general, most chemical potential models require
Py and T, while the constraints (in particular the
conservation of mass or matter) require at least the total
fractions of each component, either in moles (denoted
Zeomp = (z,')osiwamp_l) or in mass (denoted Zcppp =
(Zl-)ofistmp_l) defined by:

n; m;
i=—" and zi= T
Ncomp -1 Nzram,p -1
2 2 m

=0 j=0

or directly the mole numbers (12;)0<i <N,,,—1 Or the masses
(mi)o<i< Neomp—1- The expected outputs are the phase molar
fractions at equilibrium 06‘2 and the molar composition
of each phase at equilibrium x°?. For the reader’s better
understanding, the two families of models that are mostly
encountered in the literature for hydrocarbon phases
equilibrium are recalled.

Equation of state models Equation of state (EOS) based
models are the most classical and probably the most used
models in the industry to describe hydrocarbon phases.
The most common equations of state for hydrocarbon
phases are the cubic EOS of Redlich-Kwong [14], Soave-
Redlich-Kwong [15] and Peng-Robinson [13], but more
advanced models can be encountered, especially when
water vaporization or specific component dissolution must
be accurately modeled (e.g. the Sgreide and Whitson EOS
[16]. For each phase «, we assume that we are given
an equation of state relating the thermodynamic state
parameters (Pr.r, T, V,), where V) denotes the molar
volume of phase «, and the phase composition x* =
(x")0<i <N.omp—1- Generally speaking, it involves a relation
of the form:

Eoz(Prefa T, Z4,x%) =0,

where the compressibility factor Z, of phase « is defined
by:
Prer Vi

Z, =
@ RT

From the solution of this equation, one deduces many

properties of phase « and in particular its fugacity and
fugacity coefficient, given by:
/”Za “lp
0 P ref ref

f‘a,EOS
In| —t—— =ln¢7’E0S=
X; Pref
Z 8§ axa

/ Pref 1 Ncomp
+
0 Pref

dPref . 2
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Solving the equation of state formally means that we
are able to compute pointwise the compressibility factor
Zy as a function of (P.r,T,x*), and thus at least
implicitly we define through this equation and Eq. 2 a
law for the equilibrium coefficients klf”’E oS (Pref, T, x%) (or
equivalently the fugacity coefficients).

Thus, in the case of EOS models, the thermodynamic
equilibrium problem can be reformulated as finding the sets
A ph and Ppy, and the associated composition vector x and
phase fraction vector 6,5 = (0y)o<a< Npi—1 such that for
all (o, B) € 7312,,1 and all 0 < i < Nomp — 1 such that

—_sB_1.
8 =0 =1:

o B
A A

KOEOS (Prop, T, x0)  kPEOS(PLyr, T, xB)

that minimizes the Gibbs free energy and satisfies the
conservation of matter:

= Y Ou8x. 3)

a€Ppp

Then, if one denotes A;qh, P;Z, 0;‘2 and x¢¢ the optimal
solution, it is clear that it only depends on the vector z¢opp
and the thermodynamic state parameters (Pr.r, T) (and
of the model specific constant parameters involved in the
definition of the EOS, such as acentric factors, mixing rules,

etc...). Thus, denoting
I;V;l = (Prefa Ppha T, Z(;()mp),

it seems clear that solving this optimization problem
implicitly defines functions

0;4,1 (Z}) and x°(Z7)),

which are thus the outputs of our EOS model.

EOS based ther-

kS modynamic equi- o (Zi3)
librium solver (L)

As a by-product, this also defines the laws of equilibrium
coefficients taken at their equilibrium value, i.e.:

KU T = K EOS (Prog, T, x4 (Zp)), .

and thus we can consider if needed that the functions
k>“Y(Z7) are also the outputs of our EOS based model.
To conclude this paragraph on EOS-based models, let us

mention that it iS common practice to use a sin-
gle pressure P..r for all phases in the thermodynamic
equilibrium calculations as we have done here (it is
generally taken equal to the pressure of one of the
phases, common choices are the aqueous phase or the
oil phase). The full pressure vector of the flow cal-
culations and which takes into accounts capillary pres-
sures is used mostly for equilibrium calculations when
one wants to fully couple thermodynamics and geome-
chanics. This is most probably due to the fact that many
capillary pressure models commonly used are phenomeno-
logical models optimized for modeling the flow but not so
well-suited for thermodynamic equilibrium calculations.

Equilibrium constants based models Those models are
much simpler than equation of state models from which
they are in fact often derived. The simplification relies in
the fact that they directly assume that we know the values
taken by the equilibrium coefficients when the equilibrium
is indeed reached, under the form of functions k;x’eq. Notice
that those functions are different from the functions kf"EOS
defining the equilibrium coefficients themselves in EOS
models, as they correspond to the value taken by these equi-
librium coefficients when the equilibrium is indeed reached
(4). In particular, they do not depend on intermediate vari-
ables such as phase compositions. The most common model
simply considers them as functions of (P,.s, T). In particu-
lar, this is the case of classical liquid-vapor (LV) equilibrium
models for hydrocarbon phases, which are described in
an even more compact way by directly using the equilib-
rium constants k?ﬂ *“4 Tn the literature, the most commonly
encountered correlations are analytic or tabulated laws
providing kiL V¢4 a5 a function of either (Pref, T) or
(In Py, T-1 [6, 17]. Those models are fully justified
in situations where the mixture total composition varies
slowly over time and space, the dependency of the equilib-
rium coefficients (or fugacity coefficients) being in general
relatively small, at least for the most usual hydrocarbon
phases. For reservoir simulation and in particular produc-
tion simulation where the composition of the fluids in place
is well-known, such models are particularly well-suited.
Similarly to the case of EOS models, the thermodynamic
equilibrium problem can be reformulated as finding the sets
App and Ppj, and the associated composition vector x and
phase fraction vector 0,5 = (Bu)o<a< Npi—1 such that for

all (o, B) € P}%h and all 0 < i < Nomp — 1 such that
s =8 = 1:

x¥ xP

1 1
= , )
k@) ke

that minimizes the Gibbs free energy and satisfies the
conservation of matter (3), which again implicitly defines
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functions O;Qh (Z7},) and x¢4(Z7}), if one denotes Ajﬁw 73;%,

9", and x° the optimal solution.

Rachford-Rice equi-
librium coefficients
based thermodynamic
equilibrium solver

Opn(Zth)

@ (Z3},)

Im

This is nothing but a generalized Rachford-Rice problem,
extended to more than two phases. As they are part of
the model, if needed the functions k?’eq (Z}},) can again be
considered as outputs of the equilibrium coefficient based
model.

2.3 Thermodynamic equilibrium as state laws

From the general perspective, and as the two above families
of models emphasize, it seems legitimate to consider the
thermodynamic equilibrium calculation as a “black box”
solver of the form:

I Thermodynamic 0.5 ()
th Aibri
equilibrium solver z (T

If such a “black box™ solver corresponds to a physically
acceptable model of thermodynamic equilibrium, the output
functions 0‘;‘2 and x“? must satisfy some simple properties.

Indeed, the functions §' must obviously satisfy:

Npn—1

> =1,
a=0

and

04(Z") >0 forall 0 <o <Ny — L

In the same way, the functions x°? must satisfy for any
phase «

N, comp — 1

> ox@y) =1

i=0

Thermodynamic equilibria are usually defined in terms of
molar quantities. However from the Darcy-flow perspective,
it is more natural to express mass balance rather than molar
amounts balance, thus it is interesting to convert those molar
state functions into mass state functions (see Appendix A

@ Springer

for details). This immediately provides the equivalent mass
“black box” solver:

Thermodynamic
equilibrium solver

6;5.(Zih

i
XT3

where the mass input is given by
I% = (Pref, Pphv T, Zcomp)-

In the case where one prefers to directly use masses instead
of mass fractions, which is what we favor in practice,
denoting:

Iy, = (Pref, Pph’ T, mcomp)v

we can equivalently see such a mass thermodynamic
equilibrium as the alternative “black box” solver:

Thermodynamic
equilibrium solver

myj (Zen)

XU ZLep,)

Zin

the Z¢omp being directly computable from the m2 ., by (the
total mass being assumed to always be non-zero):

m;
N, comp ™ 1

> mj
j=0

As in the molar case, the output functions satisfy the
constraints:

Zi(Zn) =

NPh71 Ncump—1
Y md@m= ) mi. (©)
a=0 i=0
and
me! (Zip) =0 forall 0<a < Np,—1. @)

The functions X°? must still satisfy for any phase «

N(‘omp -1

> XN = 1. ®)

i=0

3 Repartition coefficients

Many thermodynamic models underlying the above abstract
thermodynamic state functions require solving costly non-
linear problems. To completely avoid any solver call when
coupling thermodynamics with flow, it is tempting to look
for correlations to directly compute 6, and x*. However,
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contrary to equilibrium coefficients, for which one can
check that they generally evolve slowly with composition,
this cannot hold for fractions, in particular for phase
fractions. Indeed, even in the simplest case of one phase
with only one component, we have 6, = z;, and it is clear
that when considering equilibrium the dependency in z; will
still be very strong as well as more non-linear. If one wants
to use tables to represent this kind of correlation, very fine
tabulations in terms of composition would be required to
keep reasonable precision on the thermodynamic behavior.

This reasoning is the basis from which the idea of re-
partition coefficients was born, even if those coefficients
will ultimately have a much more general meaning, com-
pletely disconnected of the practical way chosen to compute
them. The idea is to try to extract the major part of the com-
position dependency of the thermodynamic state functions,
which can ultimately ease the derivation of precise enough
correlations.

We define the mass repartition coefficient 5y of
component i in phase o by setting:

mi = nim. ®

1
From this definition, we deduce:

N(tompfl Ncomp*l

o= Y m= 3o am
i=0 i=0

Dividing by the total mass, we obtain:

N(‘om]) -1

Oy = Z n?Zi-
i=0

In the same way, as soon as ®, > 0, we get:

o

mi _ n'Zio  niZi

Ncump -1

> 157
=0

o
_ n; m;
Nzramp_l

Y nim;
=0

3

' My Oy

with the two previous formulae being still valid when the
mass of phase « is zero. Finally notice that:

m; = ZSZ“mf‘ = Z(Slqn?mi,
o o
and thus

> oy =1 (10)

o

It should be clear that starting from any model of thermo-
dynamic equilibrium (EOS, etc...) one can always define
the corresponding equilibrium repartition coefficients

law by setting forany 0 < o < Npy —landany 0 <i <
Neomp — 1:

XN Tiyme (Zn)
ifm; >0
STy = " 11
n, (L) = P (11)
_t otherwise.
Non—1
a8

Conversely, given an equilibrium repartition coefficient law
n.“/(Z), we define the corresponding thermodynamic
equilibrium state law by setting 0 < o < Np, — 1:

Ncomp—l

m(T) =Y 0 Zmymi,
—

and forany 0 <a < Np, —landany O <i < Neomp — 1,
if mg (Typ) > 0

o,eq
n; " (Lin)m
Nromp—l

> 0T @um;

j=0

X{E(T ) =

and otherwise:

o

8¢
XETp) = —

Provided that Eq. 10 is satisfied, it is immediate to check
that Eqgs. 6, 7 and 8 will automatically also be satisfied,
leading to an admissible thermodynamic model. If needed,
the same can be done in terms of moles, defining the molar
repartition coefficient ;"™ of component i in phase o by
setting:

o o,m

and we get exactly the same relations as in the case of mass
quantities:

NC01711771 NCOI}II)71
a,m a,m
ng = Z n; N and 6y = Z n Zi
i=0 i=0
and if 6, > O:
o a,m a,m a,m
LT n; Zi n; Zi n; R
X, = — = = = .
! Ny 9()[ Zvcomp_1 Nz:omp_l
am,_ a,m
nj <j njy nj
=0 =0
along with

dosm =1

o

@ Springer



1070

Comput Geosci (2021) 25:1063-1082

4 A global mass formulation
for compositional multiphase Darcy flow
in porous media

4.1 Reference species equations

The molar balance of each chemical species (i, ) is given
by:

an¥% x%

8—; +div (’;‘; ! Va> = Q% + R/, (12)
My

where:

e V, is the Darcy velocity of phase «, given by:

kry
Vo =—A— (VPy + page;), (13)

o

where A is the permeability tensor, kr, the relative
permeability of phase «, g is the gravity acceleration,
the axis e, being directed upwards (we recall that p, is
the viscosity of phase « and p, is the density of phase
o).
Q7 is the source term for species (i, &)

e R is the reaction rate corresponding to the
thermodynamic equilibrium for species (i, «)

Those equations are complemented by the saturation closure

relation:

Npn—1

Y Su=1,

a=0

and a pressure equation for each phase

Py = ref + Pcy, (14)
where Py.r is the reference pressure, equal in general to
the pressure of one of the liquid phases (here we use the
water phase but the oil phase is another classical choice),
and Pcy is the capillary pressure law for phase «, describing
the pressure difference between phase « and the reference
phase (thus if the reference phase is denoted a,.f, we have
by definition Pc,,,, = 0). Of course the system is finally
complemented by a thermodynamic equilibrium model, as
described in Section 2.

4.2 Component equations

As the components are conserved quantities for ther-
modynamic equilibrium, it is natural to rewrite the full
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conservation system in terms of those components only.
Summing the species equations on all phases, we obtain:

Nyp—1
ani x

on?
ot = ot

ph 1 ph 1

Npn—1
- IZ div (p"‘lvo,> Z 0 + Z R,

As the total mole number of components remains unchan-
ged by the equilibrium reactions, we have by construction:

Npn—1

3 R =0
a=0

The overall system can thus be rewritten V 0 < i <
N, comp — L:

Npn—1 o o
n; PoX;
E_O S T div ( m’ Va> — Q% =0. (15)

We denote Q7" the molar source of component i defined by:

ph_l

ZQ

and

Lo
Mma

Pm,oa = s

the molar density of phase «. With those notations, we
naturally obtain for 0 < i < Negmp — 1:

3 Npn—1
ni .
a—; + ago div (pm,ax{Va)

or. (16)

Notice that:

o o o
X My i My, mj — x¢
= = —L = X¢,
Mma naMmo( My
thus we get

o

PaX; ,Oaxlqu,« _ PaXft
My, My My, — My,

’

and thus multiplying (16) by M,,,,
equation of component i:

we get the mass balance

8}’]1' ]vph_1

a—t’ + > div (puXPVa) = Qi a17)
a=0
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where we have denoted
Qi = Qin My,

the mass source term for component .
4.3 A global mass formulation

The key idea of the global mass formulation is to combine
the mass balance equation of the components with the abs-
tract functional rewriting of the thermodynamic equilibrium
introduced in Section 2. In other words, we consider that
the thermodynamic equilibrium model is given as a function
with inputs

T = (Pref, Ppha T, mcamp)y

and outputs:

o
(X,')Ogistm,,fl,OgagN,,hfl and (ma)OSanghfb

Thus, we assume that we have at our disposal the following
functions, V0 <i < Neomp —1andVO0 <a < Np, — 1:

Lin — X?'eq (Zin)
” (18)
I —> mg' (Lip).
Then, we have to rewrite the flow model in such a way that
the thermodynamic equilibrium only appears through the
above functions. To this end, it suffices to remark that for
any phase «, if @ denotes the porosity, then:

My = po P Sy,

and thus the global mass formulation for Darcy flow in
porous media is given by:

N ph—

am;

Ty Z div (0 X"“UZin) Vo) = O, (19)
Pa® Sy = mg (Zsp), (20)
Npp—1

Z Sy =1, (1)
a=0
Py =P+ Pcy YO<a<N,-1, (22)

with V, is the Darcy velocity of phase o:
kry

Vo=—-A— (VPy + page;),
Ha

and of course the usual laws providing the densities,
viscosities, relative permeabilities and capillary pressures of
each phase, along with the source terms.

The functions (18) are assumed to be given by a thermo-
dynamic module, and can take in practice almost any form.
Without any impact on the global mass formulation, they

could be computed through Gibbs energy minimization,
equation of state models, Rachford-Rice simplified models,
or given explicitly as analytic functions, tabulated functions,
response surfaces, etc...

One of the major advantages of this so-called global mass
formulation compared with the classical Coats formulation
[3] is that the equation system is independent of the appear-
ance/disappearance of phases, that are simply handled by
the values of the mg! functions. The disappearance of a
phase o indeed simply corresponds to the fact that mg’ takes
the value zero. Thus, the set of equations is always the same,
whatever the thermodynamic context.

5 A robust and efficient time scheme
for coupling thermodynamics
and Darcy flows

5.1 Time semi-discrete global mass formulation

We assume that the time interval [T, T'] is subdivided into
N7 — 1 > 0 sub-intervals [#,, t,+1], with:

To=th<th <--- <l <--<tny2<In-—1=T.

Our time scheme is based on the classical Euler implicit
scheme, except for the way we evaluate the functions m;%
and X°?. More precisely, we consider, denoting: At" =
1 — Int

it —

At"

Nph
n Z div (IO,H_[XOt eq(I:lh’I:L}j-l)VZ-H) — Q;H-l’

(23)
where we have denoted
1 kr”“ 1 1
Vil = —A—2 <VP"+ + ot gez) ;
oy

prtlositl = mea(zr,, 0, (24)
Npp—1

> osptt =1, (25)
a=0

Pyt =PI 4 P VO <a < Npp— 1. (26)

The slight abuse of notation on m'j; and X is intended
to suggest that we evaluate the thermodynamic functions
m;(i and X with a mixing of the explicit Z}, and implicit

r ! thermodynamic inputs. Correctly choosing which
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part of Z;, is explicit or implicit depends on which
thermodynamic solver underlines the functions miﬁl and
X“4, and is the key ingredient to obtain robust and efficient
schemes. An essential condition is that:

Nph_l Ncomp_l

§ : eq n+1y _ § : n+1
(Ith’Ith )= m;-

a=0 i=0

Indeed, all the semi-implicit choices satisfying the above
constraint will lead to schemes preserving the expected
physical bounds by construction (this is a direct conse-
quence of the positivity of the mg’ functions). Completely
defining a scheme now consists in explaining how we define
and evaluate the functions miﬁl and X“?. Using the reparti-
tion coefficients based formulation, we will see that one can
derive an original familiy of schemes which remain robust
and efficient independently of the chosen thermodynamic
equilibrium model (EOS, equilibrium coefficients, etc...).

Once the functions m';, and X are properly defined,
the numerical scheme consists in solving Egs. 23 to 26 for
the pressure unknowns

(PLEL (PETDo<asny—1),

the saturation unknowns

1
(Sut )0<a<Npy—1s

and the component mass unknowns:

+1
(M} )0<i <Neomp—1

i.e. Neomp + 2Npp + 1 unknowns (the full set being
denoted Y), corresponding to the N¢yy,p, mass balance
equations (23) , the N, (24) phase conservation equations,
the saturation closure equation (25) and the N, capillary
pressure equations (26). We of course assume that densities,
relative permeabilities, capillary pressures and source terms
are given through functions pd®, krde’, pcdet and Q94!
of the problem unknowns Y, and can correspond to any
usual model (for instance Brooks and Corey models for
the relative permeabilities and capillary pressures, mixing
laws for the phase densities, Peaceman’s well model for the
source term, etc...).

We are now going to detail the different schemes we have
obtained considering different options for computing the
thermodynamic functions m‘} and X“¢. Some will require
tabulations as functions of (P, T, Zcomp), and to this
end we will consider two kinds of interpolations: type [
consists in a fully linear interpolation in all variables, while
type 11 is a linear interpolation in (Py.r, T) and piecewise
constant in Z,mp. This second kind of interpolation leads
to substantial computational and memory savings, at the
expense of a decreased precision. On Table 1, we display a
summary of the tested schemes.
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Table 1 Definition of the tested schemes

Tabulated data Method for n°¢ (Z7,)

S1 None

S§2  K®(ZI},), type I
S3  K°(ZI},), type I1
S4 (I}, type I
85 (L}, type I1

EOSonZ},

Rachford-Rice on K/ (Z}),) and Z7,,,,
Rachford-Rice on K¢/ (Z},) and Z?,
Interpolation

comp

Interpolation

5.2 Repartition coefficients based time semi-explicit
scheme

This family of schemes is in our opinion the main contribut-
ion of the present work, as it leads to robust and efficient
numerical schemes in practice. The key idea is very simple:
we use explicit repartition coefficients and implicit compo-
nent masses, and reconstruct the phase masses and composi-
tions using formulae of Section 3. In other words, we define
forany 0 <a < Np, — 1:

Nmmp

med (T Iy = Z nf‘ ATy mi @7)
and forany 0 <o < Np, —landany 0 <i < Neopmp — 1:

t_x,eq (Inh)mn-H

X @ o (28)

N(omp

Z nj‘ Eq(l' h)mn+1

The above formula defines in fact a family of schemes:
given the values Z",, one still has to choose a thermody-
namic model like the ones described in Section 2 to fully
define the way the repartition coefficients are computed in
practice. Notice however that as we use only the explicit
thermodynamic input for the n7’s, then the only non zero
derivatives with respect to Y"1 of the functions m;'ﬁz and
X¢? defined through Eqs. 27 and 28 come from the depen-
dency in m’! *1 of the above formulae Egs. 27 and 28 and not
from the thermodynamic solver, from which only values are
requested. Thus, it can truly be used as a black box solver.
We consider here several ways to compute the explicit val-
ues of the repartition coefficients. At first, we consider
a solver based on EOS based thermodynamic equilibrium
sub-problems:

EOS based
7, thermodynamic nesEOS
equilibrium solver

Scheme S1 : (27)-(28) with 1! (Z") = n**2%(n,),
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where 7°¢°£ 95 denotes the repartition coefficients obtained
by applying Eq. 11 to the solution of the EOS based thermo-
dynamic equilibrium problem. Scheme S1 requires solving
an EOS based sub-problem each time the repartition coef-
ficients ;" are evaluated. However, as they are evaluated
for the explicit input Z7,, this can be done once per time
step of the flow, and not at each iteration of the flow
non-linear solver. Using those pre-computed values for the
repartition coefficients, one then uses the analytic relations
(27)—(28) to evaluate the functions m;(i and X°¢? during the
flow non-linear solver iterations, without any further call
to a thermodynamic solver. No tabulated data is needed for
this scheme, however the usual properties of components
(molar mass, critical temperature, critical pressure, acen-
tric factor, etc...) are required for computing the associated
EOS. We do not elaborate any further on the algorithm
used in practice to solve the EOS based sub-problem, as
we use a classical accelerated successive substitution [11].
Since it is EOS-based, scheme S1 should be considered
here as the most complete and accurate version of the use
of repartition coefficients, and in our numerical experi-
ments we will consider it as our reference scheme. The
next four schemes we introduce now are in fact attempts
to speed up the online evaluation of the repartition coef-
ficients, regarding the expensive call to the EOS solver of
S1. To derive them we gradually simplify and in principle
accelerate the handling of the thermodynamic sub-problems
underlying the evaluation of the explicit repartition
coefficients n?’eq.

The next two schemes replace the EOS based thermody-
namic sub-problem by an equilibrium coefficient based one,
with tabulated equilibrium coefficients

Equilibrium

eq,RR,I
In coefficient based n
ph thermodynamic or
eq,RR,II
equilibrium solver n
where 5°?RRI and y°¢-RRII denote the repartition

coefficients obtained by applying (11) to the solution of
the equilibrium coefficient based thermodynamic model
with tabulated equilibrium coefficients of type I or I1.
The explicit values K?’eq’I(Pr”ef, T", Z"

comp
K?’eq’”(Pr”ef, T", Zzomp) for type 11 of the equilibrium
coefficients are used in the formally identical mass
counterpart of Eq. 5 (see Appendix A), while the explicit
fractions Z¢,,,, computed from m¢,, , are used in the

mass counterpart of Eq. 3 (again, see Appendix A).
Scheme S2 uses tabulated equilibrium coefficients of

type 1

) for type I or

Scheme 82 : (27)-(28) with 1Y (Z7,) = n»** 1 (),

i

while scheme $3 uses tabulated equilibrium coefficients of
type 11

Scheme S3 : (27)-(28) with Y (Z7,) = n@ &1 (Tn).

In the same way as scheme S1, schemes S2 and S$3 require
solving a thermodynamic equilibrium sub-problem each
time the repartition coefficients n;"*/ are evaluated. Again,
as they are only evaluated on the explicit input Z7, this can
be done once per time step and the stored values are finally
used during the non-linear flow solver iterations to compute
the functions m'j, and X7 through Eqs. 27-28. The next
two schemes directly use tabulated repartition coefficients,
of type I (denoted n?’Tab’I) for scheme S4

Scheme S4 : (27)-(28) with

» ,Tab,I
77:'1 elj(I;lh) — 77('1 a ( n

n ogn
i ref’T Z

comp)’

and of type /1 (denoted n?’Tab’”) for scheme S5
Scheme S5 : (27)-(28) with

) ,Tab,11
nel @y = T e

i ref? Tn’Zn

comp)'

As the functions n?’eq are tabulated for schemes S5 and S1,
no call to a thermodynamic solver occurs during the flow
simulation.

As our numerical experiments on those five schemes con-
firm, the underlying black box thermodynamic equilibrium
model has no major impact on the behavior of the flow non-
linear solver. Indeed, at each time step, the repartition of the
components among phases is fixed. Thus, phase appearance
and disappearance is in some sense fixed at the beginning of
the time step (at least from the flow solver perspective). If
the global mass formulation underlying our schemes might
be surprising for readers more familiar with Coats’ formu-
lation, the idea underlying it is not particularly new in the
literature. First traces of such a formulation date back to
1983 [4, 21], and its molar counterpart is used for instance
in [9, 18]. The true originality of our formulation relies in
fact on one hand on the way we have chosen to represent the
thermodynamic equilibrium through repartition coefficients
and on the other hand on the fact that we use Eq. 20 to define
the saturations. Indeed classical global formulations, using
molar as well as mass unknowns, that can be found in the
classical literature directly impose the saturations by trans-
forming Egs. 20 into laws S fixing the saturations, or by
an equivalent process. We have of course experimented with
this classical version for the definition of the saturations,
and unsurprisingly we have recovered the results of Voskov
and Tchelepi [19], that is the non convergence of the New-
ton solver as soon as the petrophysical model becomes quite
complex. This is the reason why, even if both versions are
formally identical, we have chosen to keep the saturations as
unknowns in the system and not defined them as laws. This
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has indeed a tremendous impact on the non-linear solver
behavior, and is the key to achieve robustness for the global
mass formulation. This can be easily explained by the fact
that the saturations variations control the relative perme-
ability and capillary pressure variations for most common
petrophysical models, thus they consequently control the
main non-linearities of Darcy flux. Keeping the saturations
as unknowns and controlling them with the usual relaxation
strategies allows to control the flux variations throughout
the non-linear solver iterations and thus greatly improves
the convergence properties of the overall method.

6 Numerical exploration

In the following, we consider thermodynamic systems with
three phases, the aqueous phase (or water phase), the
liquid hydrocarbon phase (or oil phase) and the gaseous
hydrocarbon phase (or gas phase). We also assume that
Peng-Robinson’s EOS is a suitable model for each phase.
In all the considered test cases, the source term is given by
classical Peaceman’s wells.

When tabulated values for either K or 9°? are required
by a scheme, they are of course generated in a preprocessing
step by solving the EOS model on a wide range of inputs
(Pref, T, Zcomp). We use a regular grid that ranges from
0.0 to 1.0 for the Z ypp, from 274.15 Kto 625.15 K for
the temperature and from 1.0 MPa to 161.0 MPa for the
reference pressure, with 11 points in each Z; direction, 8
for the temperature and 33 for the reference pressure. As we
keep only the cells of the underlying Cartesian tabulation
mesh that intersect the hyperplane ), Z; = 1, with 4
components this gives tables with 640 992 entries for type
I and 229 944 for type 11, while with 5 components this
leads to 3 003 792 entries for type I and 758 208 for type
I1. If one discards the tabulated data loading time that
will be negligible on test cases of industrial interest, we
naturally expect scheme S1 to be the most computationally
expensive as it requires solving the EOS sub-problem once
per time step, while schemes S2 and S3 only require to solve
the simpler Rachford-Rice non-linear sub-problem once
per time step. Finally, schemes S4 and S5 do not require
any non-linear solver call to compute the thermodynamic
equilibrium functions and are thus expected to be the most
computationally efficient ones. However, we will see that
this is only true if the test case is large enough.

After choosing one or the other of the above time discre-
tizations, it is necessary to correctly define a space discre-
tization. As the goal of the present paper is to describe a new
way to write the coupling between thermodynamics and
flow and the corresponding time scheme, we have chosen
to limit ourselves to the TPFA finite volume scheme [5],
that is only valid on permeability tensor orthogonal meshes.
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To ease the numerical experiments, we thus consider only
diagonal and isotropic permeability tensors, thus the mesh
only need to be orthogonal in the classical sense and we
can resort to Cartesian meshes. Remark that this is by no
means a restriction of the presented approach, our new
time schemes could be combined with any advanced space
scheme for diffusion-convection operators, without any
major difference. However as we mainly aim at exploring
the ability of the new scheme to efficiently cope with ther-
modynamic complexities such as phase appearance/disap-
pearance and species exchanges between phases, we felt
that we could limit ourselves to such a simplified mesh
setting without loosing generality. For both the reader’s
convenience and the sake of completeness, we recall in
Appendix B the details of the TPFA space discretization of
our global mass formulation.

6.1 Beam test case

Initial state The first illustration case is a simple beam with
a 1D behavior. It measures 100 meter-long with 20 cells and
30 meter-depth with 3 cells. This system mimics a sandstone
reservoir whose porosity is 0.33 and permeability 10~ m?,
covered with a shale layer that plays the role of a cap-rock,
whose porosity is 0.4 and permeability 10~ m?. This beam
is buried 800 meter-depth. The thermal regime is defined
through a simple geothermal gradient of 0.025 K/m with
a surface temperature of 291.15 K (18 °C), moreover at
initial state the system is at hydrostatic pressure. Boundary
conditions are no flow for lateral and top boundaries and
hydrostatic pressure for the bottom.

The relative permeabilities of the system are defined with
the following relation:

Rkr
Sy — Skr
kra(Sa) = <—) .
Sr]:({ax - Sr];lrin

The capillary pressures of the system are defined with the
following relation:

Se — SEe \"
Pcy(Sy) = Pco + APc | ————— 2 )
Srfl)gx - SnI;zCn

The different parameters (SZ’M, Skr and ny, for relative
permeabilities and Pc,, APc, S,f:fn, S,’,jgx and np. for
capillary pressures) for both facies and the three phases can
be found on Table 2. Notice that we use a primary drainage
capillary pressure curve, typical of basin modeling, to assess
the behavior of the scheme with such a stiff datum. Please
note that, water phase being in our case the reference phase,
Pcy =0.

An injection well is located at the left of the beam and
a production well is located at the right of the beam. The
geometry, mesh and wells positions can be seen on Fig. 1.
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Table2 Parameters for petrophysical laws. W, O, G stand respectively
for water phase, oil phase and gas phase

Sandstone Shale

W 0] G w o) G
skr 0.2 0.02 002 02 0.02 0.2
Skr 098 08 0.8 098 08 0.8
Nkr 2 2 2 2 2 2
Pc, (MPa) / 0 0 / 5 6
APc(MPa) / 4 4 / 30 30
She / 0 0 / 0 0
Ske. / 0.8 0.8 / 0.8 0.8
npe / 10 10 / 10 10

Both wellheads reach the surface. The initial state is defined
through hydrostatic equilibration and a water-oil contact
located 826 m depth. All the thermodynamic properties of
the components are described on Table 3. In this system, the
component H> O is only allowed to go in the water phase,
and all the other components are allowed to go in both gas
and oil phases.

Dynamic state From the beginning and during the whole
simulation (300 days), the injection well injects a gas
constituted of 100% of C Hy at a pressure of 10.05 bar, the
production well producing all fluids arriving at the right of
the beam.

On Fig. 2, the three fluid saturations are plotted as a
function of time for scheme S1. From the beginning of the
simulation to 75 days, the well produces water and oil, the
oil fraction decreases while the water fraction increases. At
75 days, a gas phase appears and is then produced leading
to a drop of oil saturation. At the end of the simulation, the
three fluids are produced together. This result will be the
reference in order to compare the other schemes.

Figure 3 shows the importance of the interpolation
model: in all the cases, a smoothing of the results can

Injection well Production well

Water-Oil contact

-800

-830

B Shale

Bl Sandstone

Fig. 1 First illustration case geometry, mesh and wells positions

Table 3 Thermodynamic properties of the 4 components

T, [K] P, [MPa] w; My, [g/mol]
H,O 647.096 22.064 0.344 18
CHy 190.56 4.6 0.0111 16.04
C2-Cs 353.6 4.432 0.139 41.9
Co+ 823 1.8 0.55 300

be observed when type I is used, avoiding the presence
of the small peaks that appear for type I/ interpolation,
which decreases the accuracy of the results. Moreover,
scheme S5, for which type II interpolation is used for
representing n°?(Z},), shows bigger peaks than scheme S3
where this is the K/(Z},) which are tabulated. This is
consistent with the fact that K*/(Z7,) are less dependent
on the composition than »°?(Z}, ). Nevertheless, for all the
schemes, the same global trend is observed.

Figure 4 shows the evolution of computational time for
the simple beam test, taking scheme S1 as the reference. It is
important to notice that due to the very small computational
time, the comparison might be biased: in fact, the loading
of the tabulated data, in particular in the case of type [/
the interpolation, is not negligible regarding the effective
computational time for such a small test case. This is most
probably the reason why scheme S1 is the most efficient one
on this small test case, despite the fact that the four other
schemes were introduced as attempts to improve the compu-
tational efficiency. Comparing types / and /] interpolation,
for scheme S2 and S3 we obtain the expected result, in

T T T T T

—— Water saturation S1 |
Oil saturation S1
—— Gas saturation S1

0.6 -

0.5

0.4

0.3

Saturation [-]

0.2

0.1

! | ! !
0 50 100 150 200 250 300

Time [days]

Fig. 2 Fluid saturations in the production well for scheme S1 as a
function of time
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Fig. 3 Oil saturation as a function of time in the production well. In
dashed black, for scheme S1; in blue, schemes using type / interpola-
tion (schemes S2 and S4); in red, schemes using type II interpolation

the sense that scheme S3 which uses the cheaper type 1
interpolation is faster that scheme S2 that uses type I which
is a full interpolation in all the variables. However, we do
not retrieve this result for schemes S4 and S5, as scheme S4
is faster than scheme S5. This is counter-intuitive as type
I consists in a full interpolation in all the variables, and
probably reveals the impact of the oscillations observed on
Fig. 3 on the computational time. Illustrating the impact of

Speed up factor
o o o
[y [e2) oo

e
)

& &’ 2 3 &
(%) (%] (%] Q Qo
Q@@ $$ Q@G Q@& Q@s
o5 &5 & o5 o

Fig. 4 Speed up factor for the 5 schemes compared to scheme S1: a
value below 1 means a longer run, a value higher than 1 means a speed

up
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300

(schemes S3 and S5). In all the situations, the schemes using type /
interpolation give smoother results than the schemes using type 1/
interpolation

the interpolation quality on the behavior of the solution is in
fact the main interest of this very simple test case.

6.2 Synthetic trap test case

Initial state The second illustration case is a system with
a truly 2D behavior. It is 300-meter long and 200-meter
deep with 20 cells in each direction. The top of the model
is buried at 800 m depth. It is constituted of the 2 same
facies as the previous illustration case to mimic two traps: a
sandstone reservoir whose porosity is 0.33 and permeability
107" m? with a shale layer whose porosity is 0.4 and
permeability 10~!4 m?, but this time with a more complex
geometry that mimics two anticlinals. The petrophysical
properties of both facies can be found on Table 2. Figure 5
illustrates the geometry of the system showing the location
of both facies. Both wellheads reach the surface.

An injection well is located at the top of deepest anticli-
nal (in the first sandstone layer) and it injects pure methane.
A production well is located at the top of the shallowest
anticlinal (in the first sandstone layer) and produces all flu-
ids arriving. Their positions are shown on Fig. 5. The ther-
mal regime is the same as for the previous illustration case.
The initial state is defined through hydrostatic equilibration
and a water-oil contact located at 916 m depth. The same
composition is considered (see Table 3).

Dynamic state From the beginning and during the whole
simulation (600 days), the injection well injects a gas
constituted of 100% of CHs with a pressure of 10.05
bar, the production well producing all kind of fluids that
arrive in the shallowest trap. The gas saturations at the
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Injection well

Production well

-800 +

-1000

I Shale

- - - Water-Oil contact

B Sandstone

Fig.5 Second illustratrion case geometry, mesh and wells positions

end of the simulation for all schemes are represented on
Fig. 6. All the results remain quite close to each other. In
particular schemes S4 and S5, that uses tabulated repartition
coefficients, remain accurate despite the fact tabulations are
coarse. The study of computational times (Fig. 7) shows
that this time schemes $3 and S4 do provide a speed up

Scheme S2 Scheme S3

Scheme S4

Scheme S1

Scheme S5

0.0e+00
—

02 03 04 6.0e-01

|

Fig. 6 Gas saturations ar the end of the simulation for the second
illustration case

e
o0

Speed up factor
o
o

o
=~

0.2

& & 2 & &
(%] (%] (%] (%] (%)
§ s s &g &
& ol & & &

Fig. 7 Speed up factor for the 5 schemes compared to scheme S1: a
value below 1 means a longer run, a value higher than 1 means a speed

up

regarding scheme S1, however schemes S2 and S5 still take
more time than scheme S1. Comparing type / and type
11 interpolation, we obtain the same as for the previous
illustration case : type I/ is indeed faster when it is used
for tabulating equilibrium coefficients, but not when it is
directly used for tabulating repartition coefficients.

6.3 SPE10 test case

Initial state The last illustration case is based on the upper
layer of SPE model 2 which consists of part of a Brent
sequence. This model is widely used in literature and the
reader can easily find a description of this case [2, 19].
The mesh is similar to the model provided by SPE but it is
coarsened with a factor 2 in both directions, giving 110 x
30 cells. The upscaling of porosities is an arithmetic mean
and the upscaling of permeabilities is a geometric mean.
The thickness of the layer is 70 m, such as in Voskov and
Tchelepi [19]. Five wells are located on the model: one
injection well at (255 m, 255 m) and one production well
in each corner. On Table 4, we display the petrophysical
parameters used for this test case, while Fig. 8 shows the
permeability distribution and the location of the five wells.

Dynamic state From the beginning and during the whole
simulation (400 days), the injection well injects 40 vol% of
water and 60 vol% of gaseous C O, with an imposed bottom
hole pressure of 68.948 MPa. The production wells produce
all fluids that arrive. The water-oil contact is located at the
reservoir bottom, i.e. 3778.8064 m. The same PVT as in
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Table 4 Parameters for petrophysical laws. W, O, G stand respectively
for water phase, oil phase and gas phase

SPE10
w 0] G
skr 0.2 0.02 0.02
skr 0.98 0.8 0.8
Nk 2 2 2
Pc, (MPa) / 0 0
APc (MPa) / 4 4
ske / 0.02 0.02
She. / 0.8 0.8
npc / 4 4

previous cases (see Table 3) is considered with the addition
of C O0,. Thermodynamic properties of C O, are:

° T., =3042K,

o Py, =7.383MPa,
® wco, = 0.2236,

°

My, =44.01 g/mol.

At the beginning of the simulation, the model is homoge-
neously filled with 34 vol% of oil and 66 vol% of water.
On Fig. 9, the gas saturations for all schemes at the end
of the simulation are shown. We can see that around the
injection well, where gas and water are injected, the gas
saturation highly increases, consequently water and oil sat-
urations decrease. The gas never reaches the production
wells, so they produce only water and oil. With the excep-
tion of scheme S5, the same behavior is observed for all

schemes (see Fig. 9), with some differences near the gas
saturation front reflecting the fact that repartition coeffi-
cients of scheme S1, the most precise ones, are approxi-
mated for all other schemes. Scheme S5 however shows
relatively large differences. In particular, the oil region of
the other schemes is here replaced by a mixture of oil and
gas phases. Comparing it to scheme S4, which only differs
by the quality of the interpolation confirms that the use of
both a coarse tabulation and a coarse interpolation is the
source of the problem.

Looking at computational times on Fig. 10, on this larger
test case we clearly see that tabulated repartition coefficients
of schemes S4 and S5 provide a clear speed up compared to
online calls to the EOS solver of S1 or the Rachford-Rice
solver of S2 and S3 for computing them. Scheme S3 again
provides a speed up, while scheme S2 still fail to achieve
this, which reveals that S2 is definitively not a good option.
However, the results of Fig. 9, strongly emphasize that some
care should be taken when choosing the table’s refinement,
as here we have some noticeable difference between sche-
mes S4-S5 and scheme S1, contrary to our previous tests.
Nevertheless, refining the tables or using more advanced
way to represent the repartition coefficients (for instance
response surfaces or neural networks) undoubtedly allows to
recover precise results while maintaining the computational
speed up.

6.4 Concluding remarks on numerical experiments
To conclude this numerical exploration, let us mention that

a comprehensive performance study of the proposed app-
roach would require a comparison with a state-of-the-art

Fig.8 Top view of the third
illustration case permeability
distribution with a log scale and
the wells positions: 4 production
wells are located at the corner of
the model and 1 injection well is

located at the center 350
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Fig.9 Gas saturations ar the
end of the simulation for the
SPEI10 test case

Scheme S2

Scheme S1

0.0e+00
—

Scheme S3

Scheme S5

02 0.3 04

6.0e-01
—

solver using Coats’ formulation. Such a solver being quite
complex to implement and optimize, contrary to our app-
roach that is much simpler in this regard, we would have
to resort to available advanced reservoir simulators. Those
software being in general also highly optimized, for such a

Speed up factor

& & 2 2 &
§ § § § §
(%) () (%) (%) ()
& & & & &

Fig. 10 Speed up factor for the 5 schemes compared to scheme S1: a
value below 1 means a longer run, a value higher than 1 means a speed up

comparison to be fair we need to implement our new scheme
with as much optimization ideally within one of those soft-
ware, rather than using the basic prototype code used here to
perform our numerical experiments. Otherwise, most of the
performance differences could arguably be considered as
a consequence of differences in implementation, program-
ming language, etc... We felt that the available results as
well as their simpler formulation will be enough to moti-
vate an implementation of the new repartition coefficients
based scheme in an existing reservoir simulator, and this is
the reason why we have chosen to postpone such a perfor-
mance comparison to once this implementation will have
been carried on. With any chance, a comparison with alter-
native formulations such as the fugacity formulation of
Lauser et al. [10] could then also be performed. Neverthe-
less, if one chooses to use the repartition coefficient based
semi-explicit time scheme, combined with some kind of fast
interpolation for the »°?-", we expect a considerable speed
up when compared to the usual Coats’ formulation involv-
ing numerous on the fly EOS solver calls and complex phase
appearance/disappearance handling.

7 Conclusion

After observing that generic thermodynamic equilibrium
models admit a reformulation leading to a global mass
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formulation of their coupling with Darcy flow, we have
introduced the notion of repartition coefficients. They allow
the derivation of a new and efficient numerical scheme
whose thermodynamic precision seems to only depend on
the precision of the repartition coefficients themselves. Nu-
merical experiments illustrate the robustness of the app-
roach, as well as the potential speed up of using coarse rep-
resentations of the repartition coefficients rather than online
calls to EOS solvers. Future works concern the extension of
the repartition coefficients and associated numerical scheme
to the more challenging case of reactive equilibrium, as well
as a rigorous numerical analysis of the method. Replacing
the very basic tabulations used in the present paper to speed
up computations by more advanced representations of the
repartition coefficients such as response surfaces or neural
networks is also the subject of active research.

Appendix A: Thermodynamic conversions

By definition, one has

o _ o
m; = n; My,
Then
o o
o ml _ Xi
n; = =my ,
M, M,

and consequently

Nz?amp 1 mot Nwmp 1
ng= ), o= Z
Jj=0 " j=0
o ni
and thus xj* = -L becomes
o
o
Xi
xf = M,
-1

In the same way, starting from
o _ o _ o
m; = n; My,; = ngx; My,

we obtain

Neom p— -1 wmp

Z anJZ Z XM’”J’

m
and thus X7 = --= becomes
o
o
xi M,
a __ i mi
Xi - NL‘()ITl 1
P

Z mej

@ Springer

Thus for the molar masses of phases, depending whether we
have molar fractions or mass fractions at our disposal, we
can use either:

Ncump_l
o
My, = Z xX; My, ,
i=0
or
N«:ompfl
o
> X
M i= !
Mo — Ncomp_l Xa{ - Ncnmp 1 ’
Wy = W
j=0 M’”/’ j=0
Neomp—1 1, ¢
as ) ;o X =

In the same way, for phases we have, if m;, denotes the
total mass and #n;,; the total mole number of the system

Npn—1 Npu—1
Niot = Z ng and myy = Z My,
= a=0
— o o — Mg
and ny = 4; — and Vo = i
[
Oy
M, O M,
Oy = Do and Oy = ——— "
Npr—1 Npr—1
Op
> > OpMu,
p=0 M B=0

For the total fractions of components,

Ncomp—1 Ncomp—l

Ntot = Z n; and Mot = Z m;j,
j=0 j=0

. — T L= Mty
and m; = n; M, lead for z; = o et Z; = - tO:
Zi
M,,. ziMy,.
Zi=——M  apd Zj = — M
AN('omp_1 Z . Ncump_l
J .
M., . Z Zj M’"j
j=0 mj j=0

finally, the mass equilibrium coefficients are defined
through:

xe  x?
Ky kF



Comput Geosci (2021) 25:1063-1082

1081

Indeed, as:

X X¢

i i

Mml- Mm,-
! Nzamp 1

~.

[«
\E
~
Il
o
ael]
=
5
E
:

we deduce that we can convert from molar to mass by setting
(their is no uniqueness as only the coefficient ratios play a
role in the above identity):

k&

o i
Ki - Ncomp_l )
M,

>

Jj=0 i

Notice that by construction:

x¥ X7

kY K}

)

which means that mass equilibrium is formally identical to
molar equilibrium.

Appendix B: Full discretization using TPFA
finite volumes

Meshes and notations We assume that the computational
domain £2 is an open polygonal subset of R?, d = 2 or 3,
such that

Nlayer -1

2= U @
i=0

where the sets (SZ,-)OS,-SN,@”_l are also open polygonal
subsets of R?, in which the geological properties are
assumed to evolve continuously (in general, they correspond
to geological layers). We recall the usual notations
describing a mesh M = (7, F) of §2. T is a finite family
of connected open disjoint polygonal subsets of £2 (the cells
of the mesh), such that 2 = Ug7K. Forany K € T,
we denote by | K| the measure of |K| and by 0K = K\ K
the boundary of K. F is a finite family of disjoint subsets
of hyperplanes of R? included in £2 (the faces of the mesh)
such that, for all ¢ € F, its measure is denoted |o|. For
any K € T, there exists a subset Fx of F such that
0K = Ugcr,0. Then, for any o € F, we denote by
To ={K € T | 0 € Fg}. Next, for all K € T and all
o € Fk, we denote by ng , the unit normal vector to o

where 2, N2; =0ifi # j,

outward to K. The set of boundary faces is denoted F,;,
while interior faces are denoted F;,;. We complement the
mesh by a family of points P = ((xK)KeT, (xg)ae}-w)
indexed by the cells and boundary faces such that xx € K
forany K € 7 and x, € o and any 0 € F,y,. If
To = {K, L}, we assume that xg # x..If 0 € Fg, we
denote dg » the distance between xx and o. Finally, we
assume that forany 0 < i < Njgyer — 1, there exists F; C F

such that:
2= J .
oeF;

thus the mesh is assumed adapted to the geological
discontinuities.

To any continuous variable p(x,t), we associate a
family of discrete variables ( p”K) KeT,0<n<Ny such that
P 1is in principle an approximation of p(xg,t,). As
we consider the TPFA finite volume approximation, to
ensure this approximation property we assume that the mesh
is (Ax)ge7- orthogonal, with (Ag)gc7 is the discrete
permeability tensor. More precisely, there exists a family of
straight lines (D )qcFy > With Dk  orthogonal to o with
respect to the scalar product induced by A;(l, such that

— ForanyK €T, ﬂgefk Dko =Xk
— Forany o € Fjy with 7o = {K,L}, Dg s No =
DroeNo #9

— Forany o € Foyy with To = {K}, Dk.o No # 0.

TPFA Finite volume scheme for porous media flow For
simplicity, we assume that the boundary conditions are
homogeneous Neumann boundary conditions everywhere,
ie. no flow can leave the computational domain. In
this case, the discrete mass balance equations of each
component 0 < i < N¢ypp — 1 become, for any K € T and
any0 <n < Nr — 1:
n+1 n

ntl — Mk

o1k = 1K=

ph_1

+1,n+1
+ Y Y Jelerht X e (29)
oceFgNFiny a=0

where we have denoted:

n+1
Vn+1 — )‘K U)"L o kl" n+1
oa,K,o )‘-KUdLG+)"LGdKG Mn+] P,K, 0o’
with

Ak, o = AgkRK 5 - RK o,

and
n+1 n+1 n+l n+1
APKU_PaK PayL +/Oa,KLg(ZK_ZL),
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and also

n+1

1 1
Po kL = —(/On+ n+ )

The upwind relative permeabilities are given by:

kro (Sp) if Al >0

kritl =
kro (SO if Al < 0.

a,0
In the same way, the upwind mass fractions are defined by:

eqa n+1 . n+1
k- Lopg) Ak, =0

Xot .eq.n, n+1
eq o n+1 . n+1
Tine L) Ak <0,

1,0

as are p/it! and p/t!. Finally Q”Jrl is given by the usual
Peaceman’s well source term. The discretization of the
remaining equations is immediate. We have, for all K € T

pal xS =m (T, 1 T, (30)
ph_l

Z Sﬂ+1 — 1 (31)
Pl =Pl + PO YVO<a <Ny — 1 (32)
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