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Abstract

This paper presents a finite volume discretization of two-phase Darcy flows in discrete fracture networks
taking into account the mass exchange between the matrix and the fracture. We consider the asymptotic
model for which the fractures are represented as interfaces of codimension one immersed in the matrix
domain, leading to the so called hybrid dimensional Darcy flow model. The pressures at the interfaces
between the matrix and the fracture network are continuous corresponding to a ratio between the normal
permeability of the fracture and the width of the fracture assumed to be large compared with the ratio
between the permeability of the matrix and the size of the domain. The discretization is an extension of
the Vertex Approximate Gradient (VAG) scheme to the case of hybrid dimensional Darcy flow models.
Compared with Control Volume Finite Element (CVFE) approaches, the VAG scheme has the advantage
to avoid the mixing of the fracture and matrix rocktypes at the interfaces between the matrix and the
fractures, while keeping the low cost of a nodal discretization on unstructured meshes. The convergence
of the scheme is proved under the assumption that the relative permeabilities are bounded from below
by a strictly positive constant. This assumption is needed in the convergence proof in order to take into
account discontinuous capillary pressures in particular at the matrix fracture interfaces. The efficiency of
our approach compared with CVFE discretizations is shown on two numerical examples of fracture networks
in 2D and 3D.

Introduction

This article deals with the discretization of two-phase Darcy flows in fractured porous media for which the
fractures are modelized as interfaces of codimension one. In this framework, the d — 1 dimensional flow in
the fractures is coupled with the d dimensional flow in the matrix leading to the so called, hybrid dimensional
Darcy flow model. We focus on the particular case where the pressure is continuous at the interfaces between
the fractures and the matrix domain. This type of hybrid dimensional Darcy flow model has been introduced
in [1] for single phase Darcy flows and in [27], [26], [19] for two-phase Darcy flows. It corresponds physically to
pervious fractures for which the ratio of the transversal permeability of the fracture to the width of the fracture
is large compared with the ratio of the permeability of the matrix to the size of the domain. Note that it does
not cover the case of fractures acting as barriers for which the pressure is discontinuous at the matrix fracture
interfaces (see [18], [24], [3] for discontinuous pressure models).

In the framework of two-phase Darcy flows in fractured porous media, high contrasts of capillary pressures are
expected in particular between the matrix and the fractures. Hence, it is crucial to take into account in the
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model formulation the saturation jumps at the matrix fracture interfaces. We refer to [11], [8], [9] for math-
ematical formulations taking into account discontinuous capillary pressures. In the present work, we employ
the phase pressures formulation (see e.g. [17]) which is an ideal framework to capture the saturation jump
condition at the interface between different rocktypes without introducing any additional unknowns at these
interfaces.

The discretization of the hybrid dimensional Darcy flow model with continuous pressures has been the object
of several works. In [22] a cell-centred Finite Volume scheme using a Two Point Flux Approximation (TPFA) is
proposed assuming the orthogonality of the mesh and isotropic permeability fields. Cell-centred Finite Volume
schemes can be extended to general meshes and anisotropic permeability fields using MultiPoint Flux Ap-
proximations (MPFA) following the ideas introduced in [29] for discontinuous pressure models. Nevertheless,
MPFA schemes can lack robustness on distorted meshes and large anisotropies due to the non symmetry of
the discretization. They are also very expensive compared with nodal discretizations on tetrahedral meshes.
In [1], a Mixed Finite Element (MFE) method is proposed for single Darcy flows. It is extended to two-phase
flows in [19] in an IMPES framework using a Mixed Hybrid Finite Element (MHFE) discretization for the
pressure equation and a Discontinuous Galerkin discretization of the saturation equation. These approaches
are adapted to general meshes and anisotropy but require as many degrees of freedom as faces. Control Volume
Finite Element Methods (CVFE) [27], [26] have the advantage to use only nodal unknowns leading to much
fewer degrees of freedom than MPFA and MHFE schemes on tetrahedral meshes. On the other hand, at the
matrix fracture interfaces, the control volumes have the drawback to be shared between the matrix and the
fractures. It results that a strong refinement of the mesh is needed at these interfaces in the case of large
contrasts between the permeabilities of the matrix and of the fractures.

In this article we extend the Vertex Approximate Gradient (VAG) scheme to the framework of hybrid di-
mensional two-phase Darcy flows. The VAG scheme has been introduced for the discretization of multiphase
Darcy flows in [14] for immiscible flows and in [15] for compositional models. The VAG scheme basically uses
nodal unknowns like the CVFE method but it also keep the cell-centred unknowns, which are eliminated at
the linear algebra level without any fill-in. Compared with CVFE methods, it has the advantage to provide a
large flexibility in the choice of the control volumes in order to avoid mixing rocks with highly contrasted ab-
solute permeabilities in a single control volume. In [17] it is further adapted to take into account discontinuous
capillary pressures using a phase pressures formulation in order to capture the saturation jumps at different
rocktype interfaces. It is this latter approach that is extended, in this article, to the case of hybrid dimensional
two-phase Darcy flows in fractured porous media.

The first convergence result for a finite volume discretization of single media two-phase Darcy flow models has
been obtained for cell-centred TPFA schemes on admissible meshes in [25] and [12]. In [12] the convergence is
obtained for the usual phase pressures and saturations formulation using a phase by phase upwinding of the
mobilities. In [25] the convergence is obtained for the global pressure formulation introduced in [10] (see also
[4]). This latter convergence result has been recently extended in [6] to the case of the VAG discretization.
The convergence is shown to hold whatever the choice of the volumes at the nodal unknowns. In the case of
two-phase Darcy flows with discontinuous capillary pressure, the convergence of a TPFA type discretization is
obtained in [7]. The extension to general meshes is done in [17] assuming the non degeneracy of the relative
permeabilities in the framework of gradient scheme discretizations introduced in [13].

To our knowledge, there is not yet a proof of convergence for hybrid dimensional two-phase Darcy flows. In
this paper, we propose to extend the results obtained in [17] in the particular case of the VAG scheme to the
hybrid dimensional Darcy flow model.

The outline of the article is the following. In section 1, the hybrid dimensional model is introduced and its
discretization using the VAG scheme is described in section 2. The convergence of the scheme is obtained in
section 3 assuming the non degeneracy of the relative permeabilities and whatever the choice of the volumes at
the nodal unknowns. The numerical tests presented in section 4 exhibit the efficiency of our approach in both



2D and 3D cases. In particular, for large contrasts of permeability between the matrix and the fractures, it is
shown that the VAG scheme provides a much more accurate solution than CVFE approaches for a similar cost.

1 Hybrid dimensional Two-Phase Darcy Flow Model in Fractured
Porous Media

1.1 Hybrid Dimensional Model in Fractured Porous Media

Let Q denote a bounded domain of R%, d = 2,3 assumed to be polyhedral for d = 3 and polygonal for d = 2.
To fix ideas the dimension will be fixed to d = 3 when it needs to be specified, for instance in the naming of
the geometrical objects or for the space discretization in the next section. The adaptations to the case d = 2
are straightforward.

Let us consider the asymptotic model introduced in [1] where fractures are represented as interfaces of codi-
mension 1. We denote by
r=Jr

i€l
the network of fractures I'; C €2, for i € I, where each I'; is assumed to be a polygonal face included in a plane
denoted by P; and such that ¥; g = I'; N 0N has a vanishing d — 1 measure. We denote by Iy the subset of all
i € I such that the d — 2 measure of ¥; o is non vanishing. Let us also set ¢ = |J %0, and define the trace
operators

i€l
Y0 : Hl (Fz) — L2(Ei’0),

for all i € Iy. Given two fractures I'; and I';, with i # j, it is assumed that their intersection ; ; = T; NT'; has
a vanishing d — 1 measure. Then, we define I3 as the subset of all (i, j) € I x I such that the d — 2 measure of
>;,j is non vanishing.

On the fracture network I', let us define the function space
L*(T) = {v = (vi)ier,v; € L*(Ty),i € I},

1/2
endowed with the norm |[v|[z2(r) = (Ziel H’Ui”[}(ri)) . We will denote by dr(x) the d — 1 dimensional

Lebesgue measure on I'. To define the space of functions on I" with no jumps at the intersection between two
fractures, let us introduce the following trace operators

Yig o HY (i) = L (D4 ),
for each (i, ) € IZ. We deduce the following function space on the fracture network I':
HY(T) = {v = (vi)ier, v € H'(T3),i € I,yi v = 7,05, (i, §) € I},

endowed with the norm [|v| g1y = > ,c; |lvillar(r,). Its subspace with vanishing traces on ¥¢ is denoted by
H{, (T) such that
H%;O(F) = {’U = (vi)iel S Hl(F),’%,O’UIL' =0 forall : € Io}

To relate functions on the domain € to functions on I'; we also need to define the following trace operator
v : HY(Q) — L*(T) such that (yv); = vv,i € I,
where ; is for each ¢ € I the usual trace operator

vt HY(Q) — LA(T,).



The next ingredients of the hybrid dimensional model are the gradient operators both on 2 and on I'. On 2
it is the usual gradient operator from H'(Q) to L?*(Q)¢ denoted by V. On the fracture network T it is the
tangential gradient denoted by V, from H'(T') to L(T')4~! and such that

VTU = (vnvi)iEIa

where, for each i € I, the tangential gradient V,, is defined from H'(T;) to L?(T';)4~! by fixing a reference
Cartesian coordinate system of the plane P; containing I';.

We can now define the hybrid dimensional function spaces that will be used in the variational formulation of
the two-phase Darcy flow model in the next subsection:

V ={ve HY(Q), yv € H'(T)}, and its subspace V' = {v € H}(Q), yv € HéO(I‘)}
From Poincaré inequality on H} () and the continuity of the trace operator 7, we deduce the following result.

Proposition 1.1 There exists Cp > 0 such that for all v € V° one has
[vllz2(0) + vl L2y < CpIIVY|L2(0)a.

Thus, the space V' is endowed with the following norm
) ) 1/2
lelly = (IVeliZz@ye + 177033y ) -

1.2 Two-Phase Darcy Flows in Phase Pressures Formulation

In the framework of two-phase Darcy flows in fractured porous media high contrasts of capillary pressures
are expected in particular at the interfaces between the matrix and the fractures. Hence, it is crucial to take
into account in the model formulation the saturation jumps at these interfaces (see for example [8], [9] for
the mathematical formulations of two-phase Darcy flows with discontinuous capillary pressures). Our choice
focuses on the phase pressures formulation (see e.g. [17]) which is extended to the case of hybrid dimensional
two-phase Darcy flows in a variational formulation framework. The main advantage of this formulation is to
choose as primary unknowns the phase pressures which can be assumed to be continuous at the interfaces be-
tween different rocktypes while the jump of the saturation is captured using the inverse of the capillary pressure
monotone graph for each rocktype. An alternative choice using a global pressure approach is presented in [21].
Let u? (resp. u') denote the wetting (resp. non wetting) phase pressure , p = u' — u? the capillary pressure,
and piy; € V the initial capillary pressure. For the sake of simplicity in the convergence analysis, homogeneous
Dirichlet boundary conditions are assumed for ! and u? at the boundary 0%, as well as at Xy for yu' and
yu?. The gravity is also not taken into account in the model to simplify the analysis. The extension of the
convergence proof to the case with gravity and with non homogeneous Dirichlet boundary conditions can be
done easily following the same ideas as in [17].

Let us denote by S}, (x, p) (resp. S} (x,p)) the inverses of the monotone graph extension of the capillary pressure

curves in the matrix domain (2 (resp. in the fracture network I'), and let us set S2, = 1—S} (resp. S]% =1- S})

In the matrix domain €2 (resp. in the fracture network I'), let us denote by k7, (x,Sy,) (resp. k§(x,S¥)),
a = 1,2, the phase mobilities, by ¢,,(x) (resp. ¢7(x)) the porosity, and by A,,(x) (resp. Ay(x)) the perme-
ability tensor. We also denote by d¢(x),x € I' the width of the fractures, and by dry(x) the weighted Lebesgue
d — 1 dimensional measure on I' defined by dry(x) = dy(x)d7(x).



The hybrid dimensional phase pressures weak formulation amounts to find u!,u? € L?(0,T; V?) satisfying the
following variational equalities for a = 1,2, and for all ¢ € C°([0, T[x):

/ / —m (X) S (X, 0)0rp(X, 1) + Koy, (X, Sy (X, D)) A (X) VU (%, 1) - Vio(x, t))dxdt
/ / 0 (x)57 (x, 1) 0o, ey ()t
/ 6,87 9 V90 (1) - ¥ )y () (1)
fQTcﬁm(X) Sin (%, pini ) (X, O)dxdt+/F¢f(X)S?(X,7pini)sO(XaO)de(X)dt
T
/thfl(x t)o(x, t)dxdt—/o /Fh?(x, t)vp(x, t)drs(x)dt = 0,

¥

where the function hy, (resp. h$), o = 1,2 stands for the source term in the matrix domain © (resp. in the
fracture network I').

As in [17], the following assumptions are made on the data:

(H1) ¢, is a measurable function from Q to R with ¢,,,(X) € [Pmin, Pmax], Pmax = Pmin > 0. ¢y is a
measurable function from I' to R with ¢¢(X) € [@min, Pmax]. df is a measurable function from I' to R
Wlth df (X) S [dminv dmax]v dmax > dmin > 0

(H2) A,, is a measurable function from €2 to My(R) (where M, (R) denotes the set of r x r matrices with real
coefficients) such that for a.e. x € Q, A,,(x) is symmetric and the set of its eigenvalues is included in
[Amin; Amax] With 0 < Amin < Amax. Ay is a measurable function from I' to Mg4_1(R) such that for a.e.

x € I', Aj(x) is symmetric and the set of its eigenvalues is included in [Amin, Amax]-

(H3) S;,(x,p) € [0,1] for all (x,p) € @ x R with S}, (x,p) = S}, ;(p) for ae. x € Q; and all p € R, where
Sk j is a non decreasing Lipschitz continuous function with constant Lg and (£2;);e.,, is a finite family
e, Q= Q. Si(x,p) €[0,1] for all (x,p) €T xR
with S f( p) =S} +,(p) forae. x € T; and all p € R, where S} ; is a non decreasing Lipschitz continuous
function Wlth constant Lg and (Y;) ez, is a finite famlly of disjoint connected polygonal open sets such

that | =T.

of disjoint connected polyhedral open sets such that | J

jEJy

(H4) k%(xa S) (resp k% ( )) € [kminvkmax} for (Xa S) €O x [0 1] (resp' (X7 8) el'x [071])7 kmax = Kkmin > 0
and k2 (-, s) (resp k“( ;8)) measurable, k7, (x,-) (resp. k§(x,-)) continuous, o € {1,2}.

)
(H5) pini € V, b, € L2(Q x (0,7)), b € LA(T x (0, 7)), o € {1,2}.

Assumptions (H1-H5) are quite general, except for Ky, > 0 of hypothesis H4. This assumption is needed in
the mathematical part of this paper. Remark that it is not needed in the implementation of the numerical
scheme and will be dropped in the numerical section. The influence of this parameter has already been studied
numerically in [17]. The hypothesis (H3) that the functions S}, (x, p) and S’} (x,p) are defined by given functions
in a partition of the domain is classical and the index j corresponds to the so called geological rocktypes.

2 Vertex Approximate Gradient Discretization
In the spirit of [13], we consider generalised polyhedral meshes of 2. Let M be the set of cells that are disjoint

open polyhedral subsets of Q such that |Jy ¢ K = Q. For all K € M, xx denotes the so-called “centre” of
the cell K under the assumption that K is star-shaped with respect to xx. We then denote by Fx the set of



interfaces of non zero d — 1 dimensional measure among the interior faces KNL, L €M, and the boundary
interface K N 9N, which possibly splits in several boundary faces. Let us denote by

F=J Fx
KeMm

the set of all faces of the mesh. Remark that the faces are not assumed to be planar, hence the term “generalised
polyhedral mesh”. For o € F, let &, be the set of interfaces of non zero d — 2 dimensional measure among the
interfaces @ Na’, o’ € F/ Then, we denote by

e=J&
oeF

the set of all edges of the mesh. Let V, be the set of all vertices of o located at the boundary of o. For each
K € M we define Vg = V,, and we also denote by

v=[J v«

KeMm

oceEFK

the set of all vertices of the mesh. It is then assumed that for each face o € F, there exists a so-called “centre”
of the face x, € ¢ such that x, = Zseva Bo,s Xs, With Zsevo Bos =1, and B, > 0 for all s € V,;; moreover
the face o is assumed to match with the union of the triangles T, . defined by the face centre x, and each edge
e€é&,.

The mesh is also supposed to be conforming w.r.t. the fracture network I' in the sense that for all i € I there
exist the subsets JFr,of F such that T; = UUGJ‘—ri . We will denote by Fr the set of fracture faces |J,c; Fr,-

This geometrical discretization of  and I' is denoted in the following by D.

The VAG discretization has been introduced in [13] for diffusive problems on heterogeneous anisotropic media.
Its extension to the hybrid dimensional Darcy model is based on the following vector space of degrees of freedom:

Xp ={vk,vs,0o ER, K € M;s €V, 0 € Fr},
and its subspace with homogeneous Dirichlet boundary conditions on 0€2:
XY ={ve Xp|vs=0fors € Vey}
where Vezr = VNI denotes the set of boundary vertices, and Vs = V\ 99 denotes the set of interior vertices.

A finite element discretization of V' is built using a tetrahedral sub-mesh of M and a second order interpolation
at the face centres x,, o € F \ Fr defined by the operator I, : Xp — R such that

Ia(v) = Z ﬁa,sv&

SEV,

The tetrahedral sub-mesh is defined by 7 = {Tk s, € € E,0 € Fi, K € M} where Tk , . is the tetrahedron
joining the cell centre xx to the triangle T, . (see Figure 1 for examples of such tetrahedra).



Figure 1: Degrees of freedom of the VAG scheme: cell unknowns vk, vy, fracture face unknown v,, and node
unknowns vs, s, , Us, , Us,, Vs, Lhe fracture faces of Fr are in bold. The value of v, is obtained by interpolation
of the node unknowns v, , vs,, Vs, , Vs, 0f the face o’ € F \ Fr while v, is kept as an unknown for o € Fr.

For a given v € Xp, we define the function wyv € V as the continuous piecewise affine function on each
tetrahedron of T such that mrv(xk) = vk, T7v(8) = Vs, TTV(Xe) = Ve, and T7v(Xer) = I,/ (v) for all K € M,
s€V, o€ Fr, and ¢’ € F\ Fr. We define the conforming approximation of the space V by

Vi = {m—v,v S XD} cVv
and its subspace with homogeneous Dirichlet boundary conditions on 9€2:
V2= {rrv,v€ XD} =VrnVo

The nodal basis of this finite element discretization will be denoted by ng, ns, 7o, for K € M, s €V, o € Fr.
Discrete gradient operators are obtained from this finite element discretization of V', defining, for the matrix
domain, the operator

Vop, : Xp — L*(Q)? such that Vp, v = Vo,

and, for the fracture network, the operator
Vp,: Xp— LQ(F)d_1 such that Vp,v =V ymrv.

In addition to the conforming finite element discretization, the VAG discretization uses two non conforming
piecewise constant reconstructions of functions from Xp into respectively L?(2) and L?(T") based on a partition
of the cells and of the fracture faces. These partitions are respectively denoted, for all K € M, by

K = wg | ( U wK,s) U ( U wK,a)a

sEVKNVint ceFxNFr

and, for all o € Fr, by

o = Y U ( U EK,S)'

SE€EVsMVint
Then, the function reconstruction operators are defined by
vg forall x € wg, K € M,

T, V(x) = ¢ vs forall x € wgs, s €V NVip, K € M,
Ve forall x ewg,, 0 € FxNFr, K € M,



and
for all x € ¥,, o € Fr,

Vg
mp,v(x) = { vs forallx € X,q, s €V, NVipt, 0 € Fp.

It is important to notice that in the particular case when the space discretization is conforming with respect
to the sets (;)jes,.,(I'j)jes, and when the source term hy, (resp. h§) is a cellwise (resp. facewise) constant
function, the implementation of the VAG scheme does not require to build these partitions. In that case, it is
sufficient to define the matrix volume fractions

“ S, dx
ks = K,s K,o
Sy dx S dx

constrained to satisfy ax s > 0, ax, > 0, and Zsevxﬂvm ars+ Zaeﬂmﬁ ak.s <1, as well as the fracture
volume fractions
fEa,s de (X)
aO’ S

T pdr(x)
constrained to satisfy a,,s > 0, and Esevamvm 055 < 1. The convergence of the VAG scheme will be shown to
hold whatever the choice of these partitions or volume fractions. As will be detailed in the numerical section,
this flexibility is a crucial asset, compared with usual CVFE approaches, in order to improve the accuracy of
the scheme for highly heterogeneous test cases.

,SEVKﬂVimg,KEM,OtKJ: ,oeFxkNFr,K e M,

,$ €V N Vipe,0 € JFr,

Let pr denote the insphere diameter of a given tetrahedron 7', hy its diameter, and hy = maxpeT hy. We will
assume in the convergence analysis that the family of tetrahedral submeshes 7 is shape regular and that the
number of vertices of each cell K is uniformly bounded. Hence let us set

hr
01 = max p and Yy = max Card(Vk).

We state without proof two results that can be readily adapted from [6] noticing that the shape regularity of
T implies the shape regularity of the triangular submesh of " defined by 7 NT.

Lemma 2.1 There exist Cy,Cy > 0 depending only on yaq and 01 such that for all u € Xp
7D, ulliz) < Cillmrullie)  and  mpulliar) < Collymrullrzr). (2)
Lemma 2.2 There exists Cs > 0 depending only on ya and 07 such that, for all u € Xp,
7D, u — TrullLz ) + lmp,u — ym7ullL2r) < Cs hrllmrullv. (3)

For any smooth function ¢ € C°°(Q), let us introduce the finite element interpolation operator

Pro(x) = > oxx)nx(x)+ Y oxs)ns(x) + D @(xXo)n0(x).

KeM seV o€Fr
We have the following classical finite element approximation result:

Proposition 2.1 For all ¢ € C®(Q), then there exists Cy > 0 depending only on ¢, Y, and 01 such that

le = Prolly < Cshr.

The VAG scheme has been introduced for the discretization of multiphase immiscible Darcy flows in [14] and
in [15] for compositional models. Its convergence has been proved for two-phase flows using a global pressure
formulation in [6]. In [17] it has been adapted to take into account discontinuous capillary pressures using a
phase pressures formulation and the convergence proof is done in the general framework of gradient schemes.



We extend here this approach to the case of hybrid dimensional two-phase Darcy flows.

For N € N*, let us consider the time discretization t° = 0 < t! < --- < t"7 1 < t"... < ¢tV = T of the time
interval [0, 7). We denote the time steps by At™ = ¢" —¢"~! for allm = 1,--- , N while At stands for the whole
sequence (At")neq1,... N} -

Let us denote by u®™ € X3« = 1,2 the discrete phase pressures, and by p" = ul"™ —u?" the discrete capillary

pressure at time ¢" for all n = 1,---, N. Given an approximation p® € Xp of the initial capillary pressure
Pini, the VAG discretization of the two-phase Darcy flow model in phase pressures formulation (1) looks for
u® = (u"‘*” € X%) , a = 1,2, such that for a = 1,2, and for all v € X one has

n=1,-,

anl

/ ¢m Dm o Drm TD,,V dx + / k%’:AmVDmua,n . V’Dmv dx
9 g
Soz,n _ Sa,n 1
+/¢fu Ude /kin AfVp,u®™ - Vp,v dry(x) (4)
r

Atn
1 tVL
SN /tnil (/Q S mp,, v dx—l—/rh?ﬂ'pfv de(x))dt,

Spi. (%) = S5 (%, 7p,,p" (%)), Sp}'(x) = SF(x, 7p,p" (x))

m

where

and
kp (x) = ki (x, Sp (%)), kp,'(x) = k§(x, Sp)" (%))

3 Convergence Analysis

3.1 A priori estimates

Using the phase pressures as test functions in the discrete variational formulation (4), we deduce the following
a priori estimate.

Lemma 3.1 Assuming that hypotheses (H1 —H5) hold, let u®, a = 1,2, be a solution to (4), then, there exists
Cs > 0 depending only on the data and on vy and 01 such that

N
Y D At|rrutt < Cs. ()
ae{1,2} n=1

Let us introduce the following notations. For all v € Xp we define the terms

n—1 San_ an 1
ocn D
/(bm m Tp,, v dX, ADf /gbf ! Dy mp,v dry(X), (6)
B () = /Q K An Vi, u™ - Vo v dx,  BYu) = /F K3 AV, u™ - Vv dry(x), (M)
Cp" (v) = A /tn 1/h 7p,, v dxdt, Cp,'(v) = A /tn 1/hf7Tva drg(x)dt. (8)



In order to prove Lemma 3.1, we first derive some estimates of the accumulation, gradient and right hand side
terms of in the following propositions.

Firstly, the following estimate of the accumulation terms is a straightforward adaptation from Lemma 3.1 of
[17].

Proposition 3.1 Let u®, a = 1,2, be a solution of (4), then
N
n AN an (bmaxLS
Z Z Z A" AR (u™") = _T(HWDmPO”%P(Q) +dmax||7TDfP0||i2(r))~
n=1ae{l1,2} j=m,f
Secondly, thanks to the assumptions (H2) and (H4) the following estimate readily holds for the gradient terms.

Proposition 3.2 Let u®, a = 1,2, be a solution of (4), then

N N
Z Z AtnB%’jn(ua’n) > Kmin Amin Z A" (HVDmua’n||2LQQ)d + dminHVDfua’n“QL%F)da)a
n=1j=m,f n=1

for all o € {1,2}.
Thirdly, we have the following estimate for the right hand side.

Proposition 3.3 Let u®, o = 1,2, be a solution of (4), then there exists C > 0 depending only on dmax, Cp,
Ym and 01 such that

5\ 1/2
%)

N 12, N
>3 Ay @) < C (I IRy + dmaxlb 3 exory ) (D0 At llmTun
n=1

n=1j=m,f
for all oo € {1,2}.

Proof: Applying Cauchy-Schwardz inequality and Lemma 2.1 we have

N N 1/2
ZAt”C%’:(u“’”) < lhmllz2@xo,1)) (Z Alﬁ"||7fljmuo“n||2L2(Q)>
n=1 ":1N 1/2
< Cillhllzz@x(0,1)) <Z AthWTua’"HQLQ(Q)) :
n=1

Similarly,

N N 1/2
Y ACE W) < dmaxl B2 rx 0.1 (Z At”||wpfua=”%z<r)>
n=1

n=1

N 1/2
< Codmax||hf || L2(rx0,7)) (ZN"HWTUQ’n%%r)) -

n=1

Applying Cauchy-Schwardz inequality again we obtain the following estimate

N 1/2
> 2 ArCE () < max(Ch, Cy) (”h%”%%ﬂx(mT))+dmaxuh?”i%rx(o,T)))

n=1j=m,f

ad n a,n |2 a,n||2 1/2
(32 At (lrru 32 + dmaxlymrul3ae) ) )
n=1
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The proof is completed using Proposition 1.1. [J

Proof of Lemma 3.1: To complete the proof of Lemma 3.1, it follows from (4) that

N
SO0 Y Ar(Ag @) + By () - O () ) =0,

n=1ae{1,2} j=m,f

so that in view of Propositions 3.1, 3.2 and 3.3 there exists C' > 0 depending only on the data and on v, and

01 such that
1/2

N N
D DY LS Aol R N N VIV S

ae{1,2} n=1 ae{1,2} n=1

The estimate (5) is then obtained using Young’s inequality. [J

Lemma 3.2 Assuming that hypotheses (H1 — H5) hold, there exists at least one solution to the problem (4).

m

Proof: Let us consider the functions S%? = S} + (1 — 6) and Sjlc’g =05} + (1 - 0) instead of S}, and S} as
well as the functions S%% = 1 — SL.¢ and S;’G =1- S}’e instead of S2, and SJ%. The problem corresponding to
6 = 0 reads : For each o € {1,2} and for each n € {1,... N} find u®" € X satisfying

/ kL (x,1)A,,Vp, ut™ - Vp, vdx + / k}(x, DA;Vp,u'™ - Vp,v dry(x)
Q r

R
_ M/t _(/Q hlv dx+/rh}7rpfv de(x))dt Yo e X9,

/ kfn(x,O)AmVDmuz’" . mev dx + / kj%(x, O)AfVDfu2,n . VDfU de(X)
Q T

I
= M L </Q hfnv dx + /F h?fﬂ—va de(X))dt Yv € X%
tn—

In view of Lemma 2.1 and the assumptions on the data one deduces from Lax-Milgram theorem the existence
and uniqueness of the solution to (9). We remark that the estimate (5) holds for all § € [0,1]. Therefore the
existence of a solution for all § € [0, 1] can be deduced from a classical topological degree argument. [

3.2 Estimates on the time and space translates

Proposition 3.4 Let T >0, N € N and (t"),eqo,...n} € R such that 0 = 0 <ty <...<tV =T. Let v be a
piecewise constant mapping from [0,T] to some space X (endowed with a semi-norm |- ||x ) such that v(0) = v°
and v(t) =v" for all t € ("1, t"]. Then,

T—1 N
/ ot +7) —v()|lx STZHv"—v”_lHX V1 € [0,T].
0

n=1

Proof: For all ¢t € [0,T] we set
na(t) = 0 if ¢t=0,
AT n if te (tnot,tal,

11



so that
nat(t+7)

T—71 T—71
/ lo(t +7) — v(t)| xdt g/ S et — ot
0 0

k=na¢ (t)+1
We conclude the proof by applying Lemma 6.1 of [2]. O
Let us set Xp a; = (Xp)V, and for all v = (v"),,—1.... ;v € Xp a; let us define
7p,, atv(X,t) = mp, v"(x) for all (x,t) € Q x ("1, "],
T, atv(X,t) = mp,v"(x) for all (x,t) € T x (t" 1, t"],
7 av(x, ) = Tro™(x) for all (x,t) € Q x ("1 ¢"].
We also define the functions S5 A4(x,t) = S¥(x,7p,, acp(x,1)) and S5 A4(x,t) = S¥(x, 7D, atp(x,1)).

Lemma 3.3 Assuming that hypotheses (H1 — H5) hold, let u®, o = 1,2, be a solution to (4), then there exists
C > 0 only depending on the data, on yar and 01 such that for all T > 0 one has

Z 15D, a¢(+7) — S%m,At”QL?(Qx(O,T)) + 15D, a¢(s -+ 7) = S%f,At||2L2(rx(o,T)) < CVT,
ae{l,2}

where we have set Sp 7y(%,t) = Sp a(x,1) =0 for all t > T.

Proof: Let us denote by U the space L2(2) x L?(T") equipped with the scalar product (u,v)y = fQ Om U VU dX+
Jp @rugvpdrs(x). For all u = (um,uy) € U we also define the dual semi-norm [juf -1 p by

[ul o= sp \TEutiTD

1)6X,0D,117£0 ||7TTUHV

Setting Sy" = (S%’;LL,SO‘ ™) € U, and using the assumptions (Hy), (Hy), (Hy), (Hs) on the data, we deduce
from (4) that there exists C' > 0 depending only on the data and on vy and 67 such that

1

(5" = S5" ", (wp, v, w0, ))u| < C(Ilrru v+ / (Dl @+l ()t ) [rrolly

At"
for all v € X2 Therefore, one obtains the estimate

a,M a,nN— a,n 1 tn
155" = 5" l-1o < O (lmru" v + 557 / (WP )llz2(0) + g (1) 22yt )
tn—l

At"

Multiplying by At", summing over n € {1,..., N}, and using Lemma 3.1, there exists C' > 0 depending only
on the data and on yxq and 67 such that

N
Do ISE" = 55" Hloip < C. (10)

n=1

Next setting p = u' —u® and Sp'A, = (5B, a¢» 5B, a) € L*(U x (0,T)) we have

T
/O 15% ault+7) — S ay(8)l|rdt
T

a a 1/2 1/2
LS/O 1S5 ac(t+7) = 85 AN p Imr.am(t + 7) — 77 acp(t) |1/ dt

VIs [T VL
< YT [ st a4 7) - SB a0l o+ VT [
0

|7 aep(t + ) — 77, Aep(t) || v dt.
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In view of Proposition 3.4, the estimates (10), Lemma 3.1, and the assumption (H,), there exists C' > 0
depending only on the data and on v, and €7 such that

\/E

Ze [ 158t +7) 88 a0l 1t < OV
and
T
/ |77, ae0(t + 7) — T Acp(t)|[vdt < C,
0

which implies that
T
| 188t +7) = S3a®llvde < OV
0

with C' > 0 depending only on the data and on v, and 67. One concludes the proof using 0 < S

m?

s3<1.0

Lemma 3.4 It is assumed that hypotheses (H1 — H5) hold. Let (D), At(™), cn be a sequence of space-time
discretizations such that there exist two positive constants 6 and v satisfying O7rm) < 0, Yymy < 7y for all
m € N and such that ho-my — 0 as m — oco. Let > (m) - go and S% a = 1,2, be such that

DI At(m) D™ Atm)’
(4) holds for all m € N.
1. Let £ € RY, then

lim sup Z ||SD(m> At<m>( +&0) - ng) At(m)||L2(]Rd><(O,T)) =0,
[€]—0 meN ac{L,2} m

where S¢ is extended by 0 on (Rd \ﬁ) x (0,T).

D(m)A( )

2. For alli € I let 7(P;) denote the vector subspace tangent to P; and let & € T7(P;), then

lim sup Z ||SD(m) At“ﬂ)( +¢&, ) - Sg(m) At(m) ||L2(7’i><(07T)) =0,
[€]—=0 meN ac{1,2} fii

where S¢ DU Arom) denotes the restriction of S

DU At to T';, extended by 0 on (731- \E) x (0,7).

Proof: For each i € I and for all £ € 7(P;) let us define the set I‘f ={xeli,x+£{eli} Since0<5p, <1
there exists a positive C' depending only on the geometry of I'; and on T such that

2 2
HSD(M) At(m)( + 5’ ) - Sg;t'p,mm) HLQ(I‘ix(O,T)) < C‘€| + ”SgﬁfT’At(m) ( + 5, ) - Sg(fﬁ)vAt(m) ||L2(Ff><(07T))'

Denoting by WD;,,?,)’At(m)p(m) the restriction of wp;m))m(m)p(m) to I';, one deduces from Lemma 2.2 and Lemma
3.1 that ’

||S%§$)7At(m) (+&-)— Sgﬁ’m(m) L2 (r¢ x (0,1y)

S LS”W,DJ(:T:'),At(m)p(m)(. —+ 67 ) —_ ﬂ"D}T:'),At(m)p(m) ||L2(F§X(O,T))

< LSH’yﬂTT(m) At<m>p ( +&,0) — ’inT(nl)’At(mp(m)||L2(FI§X(O7T)) +2LsCs3v/Cshym).
Therefore, using Lemma 5.2 in the Appendix and Lemma B.2 of [16], we deduce that

glgg) sup 1550 agem &7 = Spom pyom l2@ix @y =0 Vi€l

One proves the first statement of the lemma using similar arguments. [
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3.3 Convergence

In view of Lemma 3.3 and Lemma 3.4, the Kolmogorov-Fréchet theorem allows to establish the following relative
compactness result for the saturation.

Lemma 3.5 It is assumed that hypotheses (H1 — H5) hold. Let (D), At(m))meN be a sequence of space-time
discretizations such that there exist two positive constants 6 and ~y satisfying Oy < 0, Ypmy < 7y for all

m € N and such that hT(m),maXAt(m) — 0 as m — co. Let u®»(™ S« and S, ,a=1,2, be
DI Atm) D™ At(m)

s.t (4) holds for all m € N. Then, for each a = 1,2 one has the following result.

1. The sequence (S

D(m)At(m))meN is relatively compact in L*(Q x (0,T)).

2. For each i € I the sequence (S

D}’?,Aﬁm))meN is relatively compact in L*(T; x (0,T)).

The limit of the saturation can be identified thanks to the following result.

Lemma 3.6 It is assumed that hypotheses (H1 — H5) hold. Let (D), At(™),cn be a sequence of space-time
discretizations such that there exist two positive constants 6 and v satisfying Oy < 0, Ypmy < 7y for all
m € N and such that hym), max At™ — 0 as m — oo. Let u® (™), Sg a=1,2, be

2
s.t (4) holds for all m € N. Then, there exists a function pair (U%)aeq1,2) € (LQ(O,T; VU)) such that up to a

subsequence

WT(m,)’At(wn)uOL’(m) —a* in L*(Q x (0,T)) and ’yﬂ'Tmm’At(m)uo"(m) — ~a® in L*(T' x (0,T))

1 2

as m — 0o; moreover setting p =u — u”, one has

— S

gSTI"),At(mJ m('aﬁ) in LQ(Q X (OvT)) and S

D}m'>,At(m) - S?(/Yﬁ) in L2(F X (OaT))

as m — Q.

Proof: The existence of the weak limit (7”),eq1,2) follows from Lemma 3.1 and Lemma 5.1. In order to prove
the second statement we remark that it follows from Lemma 2.2 that Try(m) At(m)u“ and TTp(m) At(m)u‘”‘ also
S P

converge weakly to u® in L2(2 x (0,T)) and to ya* in L*(T x (0,T))) respectively. From Lemma 3.5, there
exist four functions 5%, € L*(Q2 x (0,T)) and 5¢ € L*(I' x (0,T)), = 1,2, with 5}, +5,, = 1, 5} + 57 = 1, such

m
that, up to a subsequence, S¢ converges strongly to 5% in L?(Q x (0,7)), and S’g

D) Ap(m) (m) Ap(m)

m f
strongly to 5§ in L?(T x (0,T)). Then, one can conclude the proof using the Minty trick stated in Lemma 3.6
of [17] to show that 3%, = S%(.,u" — u?) and 3¢ = S]?‘(.,v(ﬂl —u%)). O

converges

Theorem 3.1 It is assumed that hypotheses (H1 — H5) hold. Let (D™, At(™), cn be a sequence of space-
time discretizations such that there exist two positive constants 6 and vy satisfying 07wy < 0, Yoy <y for all

m € N and such that hyom, max,, At 5 0 as m — oo. Let u® ™), Sg%n),m(m) and Sg}m),Aﬂm)’ a=1,2,

be s.t (4) holds for all m € N. It is also assumed that WD(,,,QpO’(m) converges strongly to p™ in L*(Q)), and that
7rD<m)p0’(m) converges strongly to yp™ in L?(T'). Then there exists a weak solution (u',u?) to the problem (1)
i

such that for each phase o € {1,2}
WT(m)At(m)uo"(m) —a% in L*(Q x (0,T)) and 77rT(m)7At<m>uo‘7(m) — 4a® in L*(T' x (0,T))

up to a subsequence.
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Proof: For all o € {1,2} we denote by u® a weak limit of WT(m)’At(m)u‘l’(m), whose existence is stated by
Lemma 3.6. We show below that (u',u?) satisfies the variational formulation (1). In order to simplify the
notation we drop the index (m).

Let ¢ be an arbitrary function from C°(Q x [0,7)) and w(t) the projection of (.,t) to X% defined by
¥, (t) = ¥(x,,t) for all v € MUV U Fp. Taking v = ¢ (t""1) in (4) for all n € {1,..., N} and summing over
n € {1,...,N} we obtain that

Z S A (AT @) + B () = Z 3 Arem @)

n=1j=m,f n=1j=m,f

for each phase a € {1,2}.

Accumulation terms. Let us consider the term Zi:;l At"AZ™ (1p(t"~1)). Applying the chain rule we obtain
that

N
D ATAR () Z / / b SOy, Y(t) dxdt — / bm S 7, »(t0) dx.
n=1 A

Thanks to the strong convergence of the function S A, given by Lemma 3.6, to the regularity of 9, and to
the convergence of mp_p°, one deduces that

ZAt”A“” " 1)) = — / / GmS% (., D)0 dxdt — / SmS% (-, pini )Y (x,0) dxdt.

Similarly we obtain that

ZAt"A%f(lb(t” DI / /¢>fo AP dryp(x df—/qbfsf AP )V (%, 0) dry(x)dt.

n=1

Diffusion terms. From Lemma 5.1 in the Appendix, Proposition 2.1, Lemma 3.6 and hypothesis (Hy), we
deduce that

N T
S arBg @) - [ [ kx SaCP)ALYE: T dx
— 0o Ja
and
N
ZAtnt’f" Pt ) —>/ /kf x, S5 (D) AV - Vot dri(x).
1

Source terms. From Lemma 2.2 and Proposition 2.1, we deduce that

N
oA e () Z / / he wp, (") dxdt — / / RS W dxdt
n=1 A

and

N
o ArCE (") Z/t 1/hf7rpf (") dryp(x dt—)/ /hfw; dry(x)dt.
n=1
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4 Numerical experiments

The implementation of the VAG scheme is based on a flux formulation with upwinding of the mobilities rather
than the discrete variational formulation (4) in order to improve the stability of the solution on coarse meshes
for convective dominant regimes. For a given u € Xp, the definition of the fluxes follows the same ideas as in
[15], [6]. The matrix fluxes connect the cell K € M to its vertices or fracture faces v € Ex = Vg U (Fr N Fk):

Fro( / A (X)Vrru(x) - Vi, (x)dx = Z aﬁ(/’y(u[( — Uy )
V' EEK
with a”K/’y f = AMx)Vn,(x) - Vn,r(x)dx. The fracture fluxes connect the face o € Fr to its vertices s € V,:

Fya(u) = — / AV ymru(x) - Voyns()drp(x) = 3 a3y (s — us)

s'€V,
with a , = [ Ap(x)Vryms(x) - Voyns (x)drs (x).

Given cellwise constant rocktypes in the matrix and facewise constant rocktypes in the fracture network, let
us define for « = 1,2

S%:S%(XK,]?K), KeM, S}X{’VZS%(XK7PV)7 KeM,vezZg,
and
S;IZS?(XGWpO’) 0'6]:1“7 S?SZS?(XUapS)aoefF)SEVO"

Let us set ¢ = [1 dm(x)dx and ¢o = [ ¢r(x)d7s(x). Given p € X, the VAG upwind scheme looks for
ul™ e X9, u?" € X%, n=1,---, N, such that for all @ = 1,2 and for all v € X2 one has:

S Y (S5 ST Y K e S ) P (7))

KeM ueEgmvmt VEEK
K a,n a,n—1 «
Y Y (mera(SiD = SR = K (ks S ) Fiea (™)) v,
KeM VEQSEKOVim (11)
Y (AR Y ana(S9 =S5 Y k(%o S5y Fs (4™ ) s
ocEeFr SEVNVint s€EV,

Y Y (LS S5 — K (o S ) Fons () 1 = 0,

o€ Fr s€VoMVint

with the upwinding

Sivup = St 1 Fre (u®™) >0, Sy = SEM i Fyg(u®™) > 0,
S = SE A Fre, (um) <0, SO = Sam i B, o(u®™) < 0.

In the following numerical experiments, the volume fractions ok, , a,s are chosen to avoid the mixing of the
fracture and matrix rocktypes. They are such that ax, = 0 if v € Zg belongs to the fracture network T,
i, = Wiy otherwise, and such that o, s = wy for s € V,.

To illustrate the importance of non mixing rocktypes with large permeability contrasts, this choice denoted
by VAG-1 will be compared with a second choice denoted by VAG-2 for which we simply set ax , = w,, and
g5 = wy for all v € Eg,s € V,. In order to roughly balance the volumes, the parameters w,, and wy are set
in the following tests to wy, = 0.15 in 2D and 0.05 in 3D, and to wy = 0.25 in 2D and 0.1 in 3D.

The nonlinear systems obtained at each time step are solved by a Newton Raphson algorithm. The time
stepping is defined by an initial time step, a maximum time step and the following rule: if the Newton solver
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does not converge after 20 iterations, the time step is chopped by a factor 2 and recomputed. The time step
is increased by a factor 1.2 after each successful time step until it reaches again the maximum time step. The
stopping criteria are fixed to 10~7 for the GMRes solver and to 10~ for the Newton solver. A CPR-AMG right
preconditioner [23], [28] is used in the GMRes iterative solver. Let us also stress that, using the two equations
in each cell, the cell unknowns are eliminated from the discrete linearized system at each Newton iteration
without any fill-in, reducing the Jacobian system to nodal and fracture face unknowns only. Note that the
above discretization is readily extended to take into account gravity using the fluxes

Fro(u®) = Frp(u®) + p%gFrp(2),  Fos(u®) = Fos(u®) + p%gFos(2),

where g is the gravitational constant, p® is the density of the phase o, and z = (ZK, KeM,z,,0 € Fr,zs,8 €

V). The upwinding of the mobilities is defined with respect to these new fluxes.

4.1 Oil migration in a basin with a random network of fractures

We consider the migration of oil in the 2D cross section = (0,L) x (0, H) of a basin with H = L = 100
m. The basin comprises a random network of 927 fractures exhibited in Figure 2. The permeability of the
matrix A, = A\,Id and the permeability of the fractures Ay = A¢Id are highly contrasted with A, = 107
m?, Ay = 1071% m?. The width of the fractures is fixed to dy = 0.01 m and their porosity to ¢; = 0.3. The
porosity of the matrix is set to ¢, = 0.1.

The inverses of the capillary pressure monotone graph in the matrix (j = m) and in the fractures (j = f) are
exhibited in Figure 2 and defined by the Corey law

Sl( ) = 0 if p <O, (12)
TV a2 )a—e™) itp>o0,

%

with the rocktype b,, = 5 10 Pa, s%’m = 0.2, 87];,m = 0 in the matrix and the rocktype by = 102 Pa,
s? F= 8714, ¢ =0 in the fractures. The mobilities are defined for j =m and j = f by the following Corey law

0 if 5 <0,
1 p =
k;‘l(x’ Sa) _ e . if % > 1, (13)
G° elge,
n
11 2_ 2
for phase a = 1 (oil), and phase a = 2 (water) where §* = ;——r—=4—, and §2 = ;——=4— are the reduced
i ST j i org

saturations, and p' = 0.005 Pa.s and 2 = 0.001 Pa.s are the viscosities of the phases.

The densities of phases are fixed to p! = 700 Kg/m? for the oil phase and p? = 1000 Kg/m? for the water
phase.

Phase 1 is injected at the bottom boundary (25,75) x {0} with imposed pressures u?(x) = 8.1 10° + p*gH Pa,
ul(x) = u?(x) + (S})_1(0.999999) corresponding to an input phase 1 saturation s! = 0.999999 in the fractures.
At the top boundary, the phase pressures are fixed to u?(x) = 8 10° and u'(x) = u?(x). The remaining
boundaries of the basin are assumed to be impervious. The boundaries of the fracture network not located at
the top boundary of the basin nor at the bottom boundary (25,75) x {0} are also assumed impervious.

At initial time the porous media is saturated with phase 2 with a hydrostatic pressure u? ,(x) = 8 10° +
p2g(H — y), and a phase 1 pressure defined by ul ;(x) = u2, ,(x).

The mesh is a n, X n, topologically Cartesian quadrangular grid obtained by a uniform refinement of a given
randomly disturbed 30 x 30 Cartesian grid (see figure 2). The simulation is fixed to 75 days with an initial
time step of 0.01 day and a maximum time step of 0.1 day. All the runs for this test case are performed on a
laptop equipped with a dual core 3GHz.
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Figure 3 exhibits the discrete oil saturation at final time obtained with n, = 480, the choice VAG-1 of the
volume fractions ok ., as s, and a non uniform refinement of the mesh at the matrix fracture interfaces down
to 2 cm. We have checked numerically the convergence of this solution which will be our reference solution.
The Figures 4, 5 compare the convergence of the oil saturation on the family of uniformly refined meshes with
n, = 60,120,240, 480, for the two choices of the volume fractions. It is clear that the choice VAG-1 which
avoids to mix matrix and fracture volumes provides a much better convergence. It is explained in Figure 6
exhibiting that the choice VAG-2 of the volume distribution yields a too large volume of oil in the matrix and
a too small volume of oil in the fractures due to the enlarged volumes at the matrix fracture interfaces. This is
a clear advantage of the VAG scheme compared with usual CVFE approaches which cannot avoid the mixing
of fracture and matrix volumes due to the use of a dual mesh and the absence of cell unknowns.

The numerical behavior of the simulations for both choices of the distribution of the volumes and for the family
of meshes is exhibited in Table 4.1 showing the number of successful time steps, the number of time step
chops, the number of Newton iterations by successful time steps, the number of GMRes iterations by Newton
iteration, the CPU time in seconds, and the maximum CFL number. This maximum CFL number is the one
obtained for the oil saturation Buckley Leverett equation (without the capillary diffusion) discretized by an
upwind monotone scheme and an Euler explicit time integration, and using the total Darcy velocity and the
buoyancy forces of the simulation.

In both cases a rather good scalability is obtained both in terms of nonlinear and linear solvers although very
large CFL numbers are observed in the fracture network. The results are slightly better for VAG-2 due to the
larger volumes at the matrix fracture interfaces as can be checked on the comparison of the maximum CFL
numbers.

Peml

Matrix
Fractures =———

0.8

0.6

Soil

0.4

0 20000 40000 60000 80000 100000
Pe (Pa)

Figure 2: Network of 927 fractures and mesh obtained for n, = 60. Inverses of the extended monotone graphs
of the capillary pressures S} in the matrix, and S}c in the fractures.
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Figure 3: Discrete oil saturation at final time obtained for n, = 480 with refinement at the matrix fracture
interfaces and the choice VAG-1 of the volumes.
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Figure 4: Discrete oil saturation at final time obtained for the family of uniformly refined meshes n, =
60, 120, 240, 480, and the choice VAG-1 of the volumes.
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Figure 5: Discrete oil saturation at final time obtained for the family of uniformly refined meshes n, =
60, 120, 240, 480, and the choice VAG-2 of the volumes.
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Figure 6: Volume of oil in the fracture and in the matrix function of time for n, = 60, 120, 240,480, and for
the two choices VAG-1 and VAG-2 of the distribution of the volumes.

Volumes Ny NAt NChop NNewton NGMRes CPU (S) CFL
VAG-1 60 | 759 0 2.62 8.08 164 210
VAG-1 | 120 | 759 0 2.90 8.84 535 420
VAG-1 240 | 777 14 3.94 9.44 2480 840
VAG-1 | 480 | 889 69 5.79 9.85 15062 1675
VAG-2 60 | 759 0 2.08 6.26 126 6.4
VAG-2 | 120 | 759 0 2.48 6.81 441 27
VAG-2 | 240 | 759 0 3.16 7.83 1868 106
VAG-2 | 480 | 788 21 4.98 8.53 11074 384

Figure 7: For each choice VAG-1 and VAG-2 of the volume distribution and each mesh size n, =
60,120,240, 480: number Na; of successful time steps, number Ncpop of time step chops, number Nyewton
of Newton iterations per successful time step, number Ngasgres of GMRes iterations by Newton iteration, CPU
time in seconds, maximum CFL number.

4.2 3D network of fractures

This test case considers the migration of oil in a 3D basin © = (0,L) x (0,L) x (0, H) with H = L = 100
m. Figure 8 exhibits the test case geometry where the fractures in the cube are represented by parallelograms
and are intersected with the top and the bottom of the basin. The family of tetrahedral meshes is generated
using TetGen [30] in order to be refined at the neighbourhood of the fracture network. Figure 8 shows the
coarsest mesh 4,5, = 1, and Table 9 defines for each mesh the number Nb ;s of cells, the number Nb,,,qes of
nodes, the number Nbg,q.r of fracture faces, the number of d.o.f. Card(V U M U Fr) of the scheme (with two
unknowns per d.o.f.), and the number of d.o.f. Card(V,Vp U Fr) of the linear system (with two unknowns
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per d.o.f.) after elimination without fill-in of the cells and Dirichlet nodes, where Vp is the set of Dirichlet
nodes at the boundary of 2. It also specifies for each mesh the cubic root of the mean volume of all cells at
the matrix fracture interface, denoted by p;, and defined by

1/3

1
o= (G e mcnrzoy . > VKN (14)

KeM | KND#£)

Figure 8: Geometry of the basin, fracture network, and coarsest three-dimensional Delaunay mesh i,,csp = 1.

Imesh Nbeeis Nbpodes | Nbpracr 0i scheme d.o.f. | linear system d.o.f.

1 47 670 8 348 1678 2.42 57 696 9 278

2 124 245 20 525 3735 1.63 148 505 23 187
3 253 945 41 043 6 655 1.23 301 643 46 283
4 452 401 72 320 10 364 | 0.98 535 085 80 965
5 837 487 132 778 16 497 | 0.78 986 762 147 148
6 1 589 556 | 250 685 26 728 | 0.62 1 866 969 274 763
7 3 076 262 | 483 786 42 966 | 0.48 3 603 014 523 453

Figure 9: For each mesh: number Nb..;;s of mesh cells, number Nb,,,4es of nodes, number Nbg,.q.r of fracture
faces, scheme and linear system number of d.o.f. (with 2 unknowns per d.o.f), cubic root of the average cell
volume at the matrix fracture interface ;.

We suppose again a high contrast between the permeability of the matrix A,, = A, Id and the permeability
of the fractures Ay = A\;Id with A\, = 10717 m?, Ay = 107! m2 The porosities, the phase densities, the
mobilities and the capillary pressures are the same than in the previous test case. The initial and boundary
conditions are also the same except that the oil phase is injected at the full bottom side of the domain. The
simulation is run over a period of 10 years with an initial time step of 0.2 days, and a maximum time step fixed
to 5 days, except on mesh 7 for which a smaller maximum time step of 2.5 days is used. All the numerical tests
have been performed on the Cicada Cluster located at the University Nice Sophia-Antipolis and which includes
1152 nodes equipped with two eight-core Intel(R) E5-2670 processors. Figure 10 exhibits the oil saturation
obtained on the coarsest mesh i,,.sp, = 1 at final simulation time. We observe that the oil phase injected at the
bottom side in the domain initially saturated with water, quickly rises by gravity along the faults and slowly
penetrate in the matrix.
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Figure 10: Discrete solution obtained by the VAG-1 scheme with the first mesh i,,.s, = 1 at final simulation
time: oil saturation in the fracture network and in the matrix using the lower threshold in the matrix equal to
0.001.

Figure 11 compares the convergence of the oil saturation on the family of refined meshes for the two choices of
the volume fractions VAG-1 and VAG-2. It is clear, as in the 2D test case, for such high ratio of the fracture
and matrix permeabilities, that VAG-1 provides a much better convergence than VAG-2 since it does not mix
porous volumes from the matrix and the fracture network. It illustrates again the advantage of the VAG scheme
compared with CVFE discretizations which cannot avoid such mixing of porous volumes. Table 4.2 presents
the numerical behavior of the simulations for both choices of the distribution of the volumes and for the family
of meshes. The results obtained demonstrate the good robustness and scalability of the proposed numerical
scheme both in terms of Newton convergence, linear solver convergence and CPU time.

Volume of oil in the matrix Volume of oil in the fracturcs
140 — - - - - : : - : 35

120 |

100

80 F

60 F

0il Volume (m3)
0il Volume (m3)

40

2 F
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Figure 11: Volumes of oil in the fracture and in the matrix function of time for the family of meshes i,,esn =

1,..,7, and for both choices VAG-1 and VAG-2 of the volume distribution.
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Volumes | tmesn | Nac NC’hop Nyewton | Namres | CPU (5)
VAG-1 1 384 6 2.20 10.05 588
VAG-1 2 391 8 2.54 11.47 2 046
VAG-1 3 390 10 3.08 15.11 5 898
VAG-1 4 403 17 3.57 15.03 13 435
VAG-1 5 415 21 4.02 15.93 31 806
VAG-1 6 437 27 4.66 17.77 77 915
VAG-1 7 784 30 3.37 16.75 209 485
VAG-2 1 373 0 1.87 6.94 482
VAG-2 2 373 0 2.11 8.58 1629
VAG-2 3 373 0 2.42 13.05 4 452
VAG-2 4 373 0 2.62 12.78 9 224
VAG-2 5 375 1 3.02 14.56 21 645
VAG-2 6 380 4 3.75 17.44 55 343
VAG-2 7 747 13 2.92 16.55 172 946

Figure 12: For each choice VAG-1 and VAG-2 of the volume distribution and for each mesh i,,c5n = 1,..,7:
number Na; of successful time steps, number N¢p,p of time step chops, number Ny eqyton of Newton iterations
per successful time step, number Ngsgres of GMRes iterations by Newton iteration, CPU time in seconds.

5 Conclusion

This paper has introduced the VAG discretization of hybrid dimensional two-phase Darcy flows modelling
discrete fracture networks with mass exchange between the matrix and the fractures. Our discretization takes
into account general polyhedral meshes, general discrete fracture networks, the anisotropy of the matrix and
of the fracture permeability fields, and discontinuous rocktypes.

Compared with CVFE approaches, the numerical tests clearly exhibit that the VAG scheme has the advantage
to avoid the mixing of the fracture and matrix rocktypes at the interfaces between the matrix and the fractures,
while keeping the low cost of a nodal discretization on unstructured meshes.

The convergence of the scheme to a weak solution of the model has been proved for arbitrary choices of the
volumes at the nodal unknowns assuming the non degeneracy of the relative permeabilities and a network of
planar fractures. To our knowledge, this is the first convergence result for this type of hybrid dimensional
two-phase Darcy flow model, and it also provides an existence result for such models.

Appendix

This appendix presents two technical lemmas used in the convergence proof. The following lemma states the
weak compactness of bounded sequences in L2(0,T;V?).

Lemma 5.1 Let (v(™),,en be a sequence of functions in L*(0,T;V°) such that [[v™|| 120 1,vy < C for some
positive C. Then, there exists v € L*(0,T;V°) such that up to the same subsequence

o™ v in L2(Q % (0,T)) and o™ — v in L*(T x (0,T));

moreover

Vo™ ~ Yy in L2(Q % (0,T7))% and VAu™ — Vv in L*(T x (0,T))%".

Proof: First, let us recall that the normal trace operator vy, : Haiv (Q) — H~'/2(9Q) is surjective. Indeed, for
any | € H=/2(99) we consider the unique weak solution u € H*(Q) of —Au+u =0 on Q with Vu-n =1 on
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99 defined by (u,v) g, (@) = (I,700V) g-1/2(50), 1172 (00 for all v € H'(Q), where ypq is the trace operator from
H(Q) to H'/2(09). Hence the function G := Vu is in Hg;,(Q) and satisfies 7,G = 1.

Next, from the Poincaré inequality and the continuity of the trace operators ~;, the sequence v("™) is bounded
in L2(0,7; H'(€)) and the sequences v\™ = ;0™ are bounded in L2(0,T; H(I';)) for all i € I. Hence, it is
classical to show that there exist v € L*(0,T; Hj(Q)) and v; € L*(0,T; Hy, (I';)) such that up to the same

subsequence:
v g in L2(Q x (0,7)),
Vo™ —~ Vo in L2(Q x (0,T))4,
o™ =, in L2(T x (0,7)),
Vo™ — Vo, in L2(T; x (0,T))4 2,
for all i € I, with Hy, (T;) = {v; € H'(;)|vi0v: = 0}. It remains to show that v € L*(0,T;V°) with
(yv); = v;. Let us first show that v,v = v;. We extend the fracture I'; in the direction of the plane P; in

order to reach J§2 and to decompose the domain §2 into two subdomains, say €2; and Q,,. Now let us introduce
r; € L?(T';) and a function [ € L?(9£2;) which is defined by

I = r; on Fi,
“ 1 0 otherwise.

Thus, since | € L?(99;) C H~1/2(99;) and, thanks to the surjectivity of the normal trace operator recalled
above, there exists q; € Hgiyv(2;) such that q; - n; = I. Then, passing to the limit in the equality

/ / ai(30) - Vo™ 3, 1) 4 o) (o, v () ) (1)t = /OT /F O™ (e t)dr(x)

/ / Y(vi(x,t) — yv(x,t))dr(x)dt =0,

for all r; € L*(T;) and ¢ € L*(0,T), hence v; = v;v. Next, we will prove that ~; jv; = v;v; for all (i,j) € I3.
Let us introduce r; ; = —r;; € L*(%; ;) and the function I; and [; defined by

o= T on X ;,
! 0 ondl\X

yields

VR
and

l' - Tj,i on Ei,j7

7 0 on 8Fj\2i,j.

Thus, thanks again to the surjectivity of the normal trace operator, there exist q; € Hga;y(I';) and q; € Hai(T5)
such that q; -n; = [; and q; - n; = [;. Then, passing to the limit in the equality

T T
/O (1) /F Vvlm) Qi + vgm) div(q,) dr(x)dt +/O ga(t)/ Vu](m) qj + Uj(,m) div(q;) dr(x)dt = 0,

we obtain that
/ / TZ,] Vz,jvi(xa t) - ’Yj,ivj (X, t))dl(X)dt = 07

for all 7, ; € L3(%; ), ¢ € LQ(O,T) which implies that v; ju; = 7; v, and hence that v € L*(0,T;V?). O

The following Lemma states an estimate on the space translates for bounded sequences in L2(0,T; H}(Q)) or
in L2(0,T; H(T,)).
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Lemma 5.2 Let d € N*, t > 0 and let T be an open polyhedral (d = 3) or polygonal (d = 2) domain in RY.
Let (u(™),,en be a sequence of functions from L*(0,T; H{(Y)) such that ||u™ || 20,711y < C for some
positive C. Then, extending the functions u(™ by 0 on (R4\ T) x (0,T), one has

sup [ul™ (-, -+ &) = ™72 garo.0y) = 0 as €] = 0.

Proof : It is sufficient to notice that for all ¢ € C< (R% x (0,7)) one has

(- + &) — @llL2@ix o)) = [ENIVOll(L2@ix 1))

Therefore the result is deduced form the density of the set C< (R x (0,T)) in L2(0,T; H*(R)) and from the
fact that (™ € L?(0,T; H'(RY)). O
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