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Abstract

We propose a formulation based on discontinuous Galerkin methods on polygo-
nal/polyhedral grids for the simulation of flows in fractured porous media. We adopt a
model for single-phase flows where the fracture is modelled as a (d — 1) - dimensional
interface in a d - dimensional bulk domain and the flow is governed by the Darcy’s law
in both the bulk and the fracture. The two problems are then coupled through phys-
ically consistent conditions. We focus on the numerical approximation of the coupled
bulk-fracture problem, discretizing the bulk problem in mixed form and the fracture
problem in primal form. We present an priori h- and p-version error estimate in a
suitable (mesh-dependent) energy norm and numerical tests assessing it.

1 Introduction

The problem of modelling the flow in a fractured porous medium is fundamental in many
energy or environmental engineering applications such as tracing oil migration, isolation
of radioactive waste, groundwater contamination, etc. Many Geophysical and Engineering
applications, are characterized by a strong complexity of the physical domain, possibly in-
volving thousands of fault/fractures, heterogeneous media, and complex topographies. For
example, a fractured oil reservoir can be cut by several thousands of fractures, which often
intersect, create small angles or are nearly coincident. For this reason, in realistic cases,
the construction of a computational grid aligned with the fractures is still a major issue.
Indeed, whenever classical Finite-Element-based approaches are employed to discretize the
underlying differential model, the process of mesh generation can be the bottleneck of the
whole simulation, as classical finite elements only support computational grids composed
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by tetrahedral/hexahedral/prismatic elements. To overcome this limitation, in the last
decade a wide strand of literature focused on the design of numerical methods that support
computational meshes composed of general polygonal and polyhedral (polytopic, for short)
elements. Within this framework, we focus our attention on developing a numerical approx-
imation of the coupled bulk-fracture model based on polytopic Discountinuous Galerkin
(PolyDG) methods. In particular, the intrinsic “discontinuous" nature of DG methods al-
lows very general polytopic elements because of the freedom in representing the underlying
(local) polynomial space. Indeed the degrees of freedom are not “attached" to any geometric
quantity (vertexes, edges, etcc), so that mesh elements with edges/faces that may be in
arbitrary number and whose measure may be arbitrarily small compared to the diameter of
the corresponding element are naturally supported with a solid theoretical background. This
approach is then very well suited to tame the geometrical complexity featured by most of
applications in the computational geoscience field. Moreover, since the interface conditions
between the bulk and fracture problem can be naturally formulated using jump and average
operators, the coupling of the two problems can be naturally embedded in the variational
formulation. In particular, we discretize the problem in the bulk in mixed form employing
the local DG (LDG) method of [5] and the problem in the fracture in primal form using
the Symmetric Interior Penalty discontinuous Galerkin method [9, 2|, both in their gener-
alization to polytopic grids. This is an extension of the work [1], where a primal-primal
discretization is considered.

2 Mathematical model

For simplicity, we consider the case of a porous medium cut by a single, non immersed
fracture. The porous matrix is represented by the domain Q C R?, d = 2, 3, which we assume
to be open, bounded, convex and polygonal/polyhedral. Following the strategy of [6], we
suppose that the fracture may be described by the (d — 1)-dimensional C* manifold (with
no curvature) I' € R%~!, d = 2,3. This approach is justified by the fact that the thickness
of the fracture domain is typically some orders of magnitude smaller than the size of the
domain. The fracture separates 2 into two connected disjoint subdomains, Q\I' = Q; Uy
with Q1 NQ = (). We decompose the boundary of  into two disjoint subsets 9Qp and 9Qy,
i.e., 00 = 00p U N, with 0Qp NIy = 0. Moreover, OI' = T'N 9N, OI' = 'p U dl'y.
Finally, we denote by n;, ¢ = 1,2 the unit normal vector to I' pointing outwards from €;
and, for a (regular enough) scalar-valued function ¢ and a (regular enough) vector-valued
function v, we define the classical jump and average operators across the fracture I' as

{q} = %(fh + q2) [q] = qin1 + gony, "
V) =i +v) [V] = v1 - 01+ v - na,

where the subscript ¢ = 1, 2 denotes the restriction to the subdomain 2;.

We now introduce the governing equations for the model. We suppose that the flow
is governed by Darcy’s law both in the bulk and along the fracture, where we formulate
a reduced version of the law in the tangential direction. We formulate the problem in the
bulk in mixed form and the problem in the fracture in primal form. The model is then
closed by interface conditions that couple the two problems along their interface. Given



the source terms f € L*(Q) and fr € L*(I") and the boundary data gp € HY?(0p) and
gr € H'/2(9T), the coupled bulk-fracture model reads as follows:

u; = v;Vp; in Q;,
=V.u;, = f; in €,
P=9p on dp,
u-n=20 on 0Ny,
—V; - WirV.pr) = fr — [u] inT, (2)
pr = gr on dl'p,
(vtVepr) -T=0 on 'y,
—{u} = Brlpl onT,
( —[u] = ar({p} — pr) onT.

In the bulk equations, v = v(z) € R4 is the bulk permeability tensor, which we assume to
be symmetric, positive definite, uniformly bounded from below and above and with entries
that are bounded, piecewise continuous real-valued functions. In the fracture equations,
fr > 0 denotes the fracture thickness, 7 is the vector in the tangent plane of I' normal to
OI' and the symbols V, and V- denote the tangential gradient and divergence operators,
respectively. Moreover, we assume that the fracture permeability tensor v, has a block-
v 0
0 vp
components and that v[. € R 4=1) is a positive definite, uniformly bounded tensor (it
reduces to a positive number for d = 2). We also assume that v satisfies the same regularity
assumptions as those satisfied by the bulk permeability v. In the coupling conditions, the

constants Or and ar are defined as fr = L oand ar = with np = %. In the
I

2
2nr nr(26-1)°
definition of ap, the closure parameter £ > 1/2 is related to the pressure profile across the

fracture aperture. We refer to 6] for a rigorous derivation of the model.

diagonal structure of the form vr = ] , when written in its normal and tangential

(d-1)x(

3 Numerical formulation based on PolyDG methods

We now introduce the DG-discretization of problem (2), based on the Local Discontinuous
Galerkin method (LDG) [5] for the bulk problem and on the Symmetric Interior Penalty
method (SIPDG) |2, 9] for the fracture problem, both in their generalization to polytopic
grids [4]. The LDG method is a particular DG method that can be included in the class of
mixed finite element methods. However, the variable uy can be locally solved in terms of py,
and then eliminated from the equations, giving rise to a primal formulation where py, is the
only unknown. In what follows, we present the formulation of the bulk problem in a mixed
setting. However, we remark that, it is possible to recast in a primal setting, in order to
perform the analysis in the framework of |3, 7].

For the problem in the bulk, we consider a family of meshes 7; made of disjoint open
polygonal /polyhedral elements. No limitation on either the number of faces of each polygon
E € T, or on the relative size of the faces compared to the diameter of the element is
imposed. We consider meshes 7, that are aligned with the fracture I', so that any element
E € T, cannot be cut by I' and it belongs exactly to one of the two disjoint subdomains
Qq or Q9. This implies that each mesh 7, induces a subdivision of the fracture I' into
faces, which we denote by I'y. It follows that, if we define the set F; of all the faces of



the elements in Ty, we can write Fp = .7-"}1; U ]:}? U 'y, where ]-}’LB is the set of faces lying
on the boundary of the domain 9Q and F is the set of interior faces not belonging to the
fracture. In addition, we write FP = ]-",? U ]:’le , where FhD and ]_-}le are the boundary faces
contained in 0Qp and Oy, respectively (we assume the decomposition to be matching
with the partition of 02 into 0Qp and 0Qy). We denote by &, the set of all the edges of
the elements in I'j, and we write, accordingly to the previous notation, &y = 5157h U Sg o
with Sligh = Eli?h U EI{Vh. For each element E € T, we denote by |E| its measure, by hpg its
diameter and we set h = maxge7;, hp. Given an element E € Ty, for any face F' C OF, with
F € Fy,, we define ng as the unit normal vector on F' that points outward of E. Analogous
definitions may be also set up on the fracture. Finally, on a face F', we can then define for
(regular enough) scalar and vector-valued functions v and 7 the standard jump and average
operators similarly to (1), if F € Fj, \ FP and as [¢] = gnr and {v} = v, if F € FP.

Regarding the functional setting, we will employ the following notation. For an open,
bounded domain D C R?, d = 2,3, we will denote by H*(D) the standard Sobolev space of
order s, for a real number s > 0. Given a decomposition of the domain into elements 7, we
will denote by H*(Ty) the standard broken Sobolev space, equipped with the broken norm
|- ||s,7, - Furthermore, we will denote by P (D) the space of polynomials of total degree less
than or equal to kK > 1 on D. The symbol < (and 2) will signify that the inequalities hold
up to multiplicative constants which are independent of the discretization parameters, but
might depend on the physical parameters.

For simplicity, we will suppose that the permeability tensors v and vp are piecewise
constant on mesh elements. Moreover, we set g = |\/v|g|3 and U} = |\/frv]|r|3, where
| - |2 denotes the lo-norm.

The DG discrete problem will be set in the following spaces:

Qb ={qe L*(Q): qlg € Py (F)VE € T},
W) = {ve[Ll?(Q)]¢: v|g € [Pr,(E)?VE € T},
Qh = {ar € L*(T) : qr|r € Py, (F) VF € T};}.
The DG discretization of the bulk-fracture problem (2) reads ad follows:
Find ((pn,un),p),) € Q% x Wb x Q' such that
My(up, v) + By(pn, v) = Fy(v) Vv e W),
—By(q,un) + Sp(pn,q) + Zi(ph, ¢, pr.n) = Gu(q) Vg € Qb (3)

Ar(pr.n. ar) + Zz(pn, pron. ar) = Lr(qr) Yar € QJ,,



where the bilinear forms are defined as

My (ap,v) —/ vluy, v,
Th

By(pn. v / Von v+ / Ipal - ({v} — B[¥]) + / prv g,

h

Sp(Phy q) = /f} DUF[[ph]] -[al,

(AN

Ty (phs g pron) = /F Brlpn] - [a] + / ar({pn} — pra){a}.

'y

Fb(V):/ gpVv - np,

/fCH-/ oFrgnq,
Th

Ar(prn, qr) = / vilrVaopr - Voqr +/ ( —{vilrVeprnt - lar] — {vrlrVear} - [pral
1_‘h

gl
<[ oFlomal )

Fh 8 T'h
T hYET

Zo(ph, prh, qr) = / ar(pr,, — {pn})ar,
T'n
Lr(gr) = [ frar —/ (Wi Vrqr - T — oL qr)gr.
I'n L

Here, we have introduced the vector-valued function b € [L%°(F})]?, which is constant
on each face, and the bulk penalty function o : Fp, \ Ty, — R, defined facewise as

MaxXpe({E+ E-} Df? ifx cFeFl, F=0EtNOE™,
o(x) = 0o (4)

vk ifxC FeFP, F=0EnoQ,

with o9 > 0 independent of kg, |E| and |F|. The fracture penalty function o' : &r ) — RT
is defined analogously.

4 Well-posedness and error estimates
We introduce the following energy norm on the discrete space Qz X Ql}:

1/2
PLall} 1o+ ) 2Varllgr, Hlo 2Tl e, e,

+ 182 1al R r, + et 2 (Ha} — a)lr, (5)

Definition 4.1. A mesh 7}, is said to be polytopic-regular if, for any E € Tj, there exists
a set of non-overlapping (not necessarily shape-regular) d-dimensional simplices {S%}!'%

contained in F, such that F = 8Eﬂ§}'§, for any face FF C OF, and hg < dll}i%',

(g, ar)[||* = [[v"/2Vq|]3 7. +|]o

izl,...,nE,



with the hidden constant independent of the discretization parameters, the number of faces
of the element ng, and the face measure.

We remark that this definition does not give any restriction on the number of faces
per element, nor on their measure relative to the diameter of the element the face belongs
to. If we assume that 7, and T'j, are polytopic-regular meshes, we can state the following
well-posedness result, which is a direct consequence of Lax-Milgram’s Lemma.

Proposition 4.1. Let the penalization parameters o for the problem in the bulk and in
the fracture be defined as in (4). Then, the fully-coupled discrete problem (3) is well-posed
provided that oo r s chosen big enough.

Next, we state an a-priori error estimate for the discrete problem (3). All the theory
behind the error analysis of PolyDG-methods is based on the extension of standard hp-
approximation bounds on simplices to arbitrary polytopic elements [4]. To do so, some
technical assumptions and definitions are required. Here we summarize the fundamental
ones. For each subdomain €;, i = 1,2, we denote by &; the classical continuous extension
operator & : H*();) — H*(RY), for s € Ny. Similarly, we denote by & the continuous
extension operator & : H*(T') — H*(R9!), for s € Ng. We then make the following
regularity assumptions for the exact solution (p,u,pr) of problem (2):

Assumption 4.2. Let Ty = {Tg} be a covering of Q) related to the polytopic mesh Ty, i.e.
a set of shape-reqular d-dimensional simplices Ty, such that for each E € Ty, there exists a
Tg € Ty such that E C Tg. We assume that the exact solution p is such that p € H?(Ty) and
[vVp] =0 on Fl. Moreover, for every E € Ty, if E C §, it holds &pi|r, € H"®(Tg), with
rg > 14+d/2 and Tp € Ty with E C Tg. Similarly, let Fu = {Tp} be a simplex covering
of T. We assume that the exact solution pr is such that pr € H*(T'},) and [¢rviVpr] =0
on EL,. Moreover, for every F € T'y, it holds &pr|r, € H'F (TR), with rp > 1+ (d —1)/2
and Ty € Fy with F C Tp.

We can now state the main convergence result.

Theorem 4.3. Let Ty = {Tg} and Fy = {Tr} denote the associated coverings of Q and I,
respectively, consisting of shape-reqular simplezes. Let (p, u,pr) be the solution of problem
(2) and ((pn, un),prpn) € Q% x WP x QF be its approzimation obtained with the method (3)
with the penalization parameters given by (4) and oo sufficiently large. Moreover, suppose
that the exact solution (p, u,pr) satisfies the reqularity Assumption 4.2. Then, the following
error bounds hold:

hQ(SEfl) h2(sF71)
11, pr) = Prspen)lIP S D S5 CellEpllirsimy + D —smr—y CrllErprllire @)
EeT, VE Fely, kF
) 2(sgp—1) ) 2(sp—1) )
lw—wnll57 S %GEngHHTE(TE) + ) QF(TF,U Grllérpr|lire ()
EeT, VE Fel'y "

where the &p is to be interpreted as &p1 when E C Q1 or as &po when E C Qo. Here,
sp =min(kg + 1,7g) and sp = min(kr + 1,7r) and the constants Gg and Gg are defined



as:

_ ~1 ~1 92,1 ~1
GE:VE‘+hEkE FICnaa};{\FUF—I-(OéF—f-ﬁF)hEkE +(1+B)VEhE kEFénae}E}’i\Fo-F

+ (1 + B)p%2h: k% ma =
( )WWihg EFCaEX\FUF

Gr = Uplr + hpky! max o, + arhbkp? + (Uplr)?hp kr max o, ' + (0plr)*hptkE max o, !
eCOF eCOF eCOF

5 Numerical experiments

We present a two-dimensional numerical experiment, implemented in MATLAB®, with the
aim of validating the obtained theoretical convergence results. We employ polygonal Voronoi
meshes conforming to the fracture generated with [8]. We take Q = (0, 1)? cut by the fracture
I'={(z,y) € Q: x+y=1}, and choose as exact solutions in the bulk and in the fracture

_ferty in O, ="t in B 2nr

p= 61+y+%6 in Qo, U= —e®tY in Qo, pF_e+ﬁ67

which satisfy the model problem (2) for £ =1, fr = 0.001 and v = vr = I. In order to test
the h-convergence properties of our method, we split the error in the two contributions given
by the bulk and fracture errors. All the plots in Figure 1 show the computed errors as a
function of the inverse of the mesh size (loglog scale), together with the expected convergence
rates. Each plot consists of four lines: every line shows the behaviour of the computed error
for a different polynomial degree in the bulk (we consider k = 1,2,3,4). For the fracture
problem we always choose kr = 2. The theoretical convergence rates are clearly achieved.
For the fracture error we observe a loss of accuracy for k = 4, probably due to the particular
test case and round of errors. An extensive numerical study is under investigation and will
be the subject of future research.
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Figure 1: Example 1: Computed errors as a function of 1/h (loglog scale) and expected
convergence rates for bulk polynomial degree k = 1,2,3,4 and fracture polynomial degree
kr = 2.
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