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Discretisation of heterogeneous and anisotropic diffusion problems

on general nonconforming meshes

SUSHI: a scheme using stabilisation and hybrid interfaces '

R. Eymard?, T. Gallouét® and R. Herbin*

Abstract: A symmetric discretisation scheme for heterogeneous anisotropic diffusion problems on general
meshes is developed and studied. The unknowns of this scheme are the values at the centre of the control
volumes and at some internal interfaces which may for instance be chosen at the diffusion tensor discontinuities.
The scheme is therefore completely cell-centred if no edge unknown is kept. It is shown to be accurate on several
numerical examples. Convergence of the approximate solution to the continuous solution is proved for general
(possibly discontinuous) tensors, general (possibly nonconforming) meshes, and with no regularity assumption
on the solution. An error estimate is then deduced under suitable regularity assumptions on the solution.

Keywords : Heterogeneous anisotropic diffusion, nonconforming grids, finite volume schemes

1 Introduction

Anisotropic heterogeneous diffusion problems arise in a wide range of scientific fields such as hy-
drogeology, oil reservoir simulation, plasma physics, semiconductor modelling, biology, etc.. When
implementing numerical methods for this kind of problem, one needs to find an approximation of w,
weak solution to the following equation:

—div(A(x)Vu) = f in Q, (1)

with boundary condition

u =0 on 09, (2)
where we denote by 9 = Q \ © the boundary of the domain €, under the following assumptions:

Q is an open bounded connected polyhedral subset of R%, d € N\ {0}, (3)

A is a measurable function from Q to My(R), (4)

where we denote by Mgy(R) the set of d x d matrices, such that for a.e. = € Q, A(z) is symmetric, and
such that the set of its eigenvalues is included in [A, A], with A and A € R satisfying 0 < A < A, and

fe Q). (5)
Under these hypotheses, the weak solution of (1)—(2) is the unique function u satisfying:
u € Hy(Q),
/ A(x)Vu(x) - Vo(z)dx = / f(x)v(x)dx Vv € HY(Q). (6)
Q Q
Usual discretisation schemes for Problem (6) include finite difference, finite element or finite volume
methods. Finite volume methods are actually very popular in oilreservoir engineering, a probable

reason being that complex coupled physical phenomena may be discretised on the same grids. The
well-known five-point scheme on rectangles (see e.g. [29]) and four-point scheme on triangles [23] are
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not easily adapted to heterogeneous anisotropic diffusion operators [24]. A scheme with an enlarged
stencil, which handles anisotropy on meshes satisfying an orthogonality property, was proposed and
analysed in [18]. Another problem that has to be faced in several fields of applications (such as
hydrogeology and oil reservoir engineering) is the fact that the discretisation meshes are imposed
by engineering and computing considerations; therefore, we have to deal with distorted and possibly
nonconforming meshes.

A huge literature exists in the engineering setting, so we shall not try to be exhaustive. Let us
nevertheless mention the finite volume schemes using the well-known multipoint flux approximation
[1, 2, 3]. These schemes involve the reconstruction of the gradient in order to evaluate the fluxes, which
is also the case in [13, 28]. Among other approaches let us cite [22], which uses a parametrisation
technique. However, even though these schemes perform well in a number of cases, their convergence
analysis often seems to remain out of reach, except under additional geometrical conditions [13].
More recently, finite volume schemes using interface values have been studied. In [19] we presented
a “hybrid finite volume” (HVF) scheme for any space dimension, which involves edge unknowns in
addition to the usual cell unknowns, and in [15], a “mixed finite volume” scheme (MFV) was proposed,
which involves the fluxes and the values as unknowns. This is also the case for the mimetic finite
difference (MFD) schemes [9, 10], which were introduced previously; in spite of their name, mimetic
schemes are very much in the finite volume spirit, since they rely on both a flux balance equation and
on the local conservativity of the numerical fluxes, that are probably the two “pillars” of the finite
volume philosophy; but then, finite volume schemes are also often called finite difference schemes in
the engineering literature because of the finite difference approximation of the fluxes. In fact, a recent
benchmark [25] provided sufficient information to suspect that the methods HFV, MFV and MFD
indeed coincide at the algebraic level and establishing this is the aim of ongoing work [16]. Let us
mention that the Raviart-Thomas mixed finite element method, which also involves edge unknowns,
was generalised to handle distorted hexahedral meshes [27]. These schemes require the fluxes or edge
unknowns as additional values (or as sole values after hybridisation), and they may be more expensive
than cell-centred schemes, especially in the 3D case.

In the two-dimensional case, we also mention [6], which discusses a scheme based on vertex reconstruc-
tions, and the family of double mesh schemes [26, 14, 7]. The generalisation of this type of scheme to
3D is the subject of ongoing work.

The scheme that we present here is designed on very general polygonal, possibly non-convex and
nonconforming meshes, with the following two priorities in mind:

e For cost reasons and data structure issues, we wish to obtain a symmetric scheme which is as
close as possible to a cell-centred scheme, that is to a scheme involving one unknown per control
volume (or grid cell).

e For accuracy reasons, we require the local conservativity of the numerical flux to hold at the
interfaces between highly heterogeneous media.

In [21], we introduced a cell-centred scheme for the approximation of the Laplace operator on noncon-
forming grids in the framework of the incompressible Navier-Stokes equations [21] and which may be
viewed as a low order nonconforming Galerkin approximation. The scheme (called “SUCCES” in [4])
was also implemented for anisotropic and heterogeneous problems on general meshes, and was shown
to be highly competitive for oil reservoir simulation in comparison with other well-known schemes
such as the multiple point flux approximation schemes. It is cheaper than the above mentioned hybrid
type schemes (HVF, MFV and MFD) because it is based on cell unknowns only. However, it is not
as accurate as the hybrid schemes for strongly heterogeneous problems, very likely because of the
weaker approximation of the normal fluxes at the heterogeneous interfaces. In the present work, we
construct a discretisation scheme (SUSHI) for any kind of polyhedral mesh, which incorporates the
best properties of the cell-centred (SUCCES) and hybrid (HFV) schemes: unknowns on the edges are



only introduced when needed, for instance when there is strong medium heterogeneity at these edges.
If the set of edge unknowns is empty, then SUSHI reduces to the above mentioned cell-centred scheme;
if unknowns are associated to all internal edges, then SUSHI is the hybrid scheme HFV.

The outline of this paper is as follows. In Section 2, we present the guidelines which led us in the
construction of convergent schemes on general nonconforming meshes. The practical properties of
the resulting schemes are shown through numerical examples in Section 3. Then the mathematical
analysis of convergence and error estimation are performed in Section 4. This analysis is based on
some discrete functional analytic tools, such as discrete Sobolev inequalities, which are provided in
Section 5. Conclusions and perspectives are discussed in Section 6.

2 Fundamentals for a class of nonconforming schemes
Let us first present the desired properties which have led us to the design of the schemes under study:

(P1) The schemes must apply on any type of grid: conforming or nonconforming, 2D and 3D (or more,
see for instance the frameworks of kinetic formulations or financial mathematics), consisting of
control volumes which are only assumed to be polyhedral (the boundary of each control volume
is a finite union of subsets of hyperplanes).

(P2) The matrices of the linear systems generated are expected to be sparse, symmetric and positive
definite.

(P3) We wish to be able to prove the convergence of the family of discrete solutions to the solution
of the continuous problem as the mesh size tends to 0, and of the family of associate gradients
to the gradient of the solution, with no regularity assumption on the solution of the continuous
problem, and to derive error estimates when the analytic solution is regular enough.

In order to describe the schemes we now introduce some notations for the space discretisation.

Definition 2.1 (Space discretisation) Let Q be a polyhedral open bounded connected subset of R?,
with d € N\ {0}, and 00 = Q\ Q its boundary. A discretisation of 2, denoted by D, is defined as the
triplet D = (M, E,P), where:

1. M is a finite family of nonempty connected open disjoint subsets of Q (the “control volumes”)
such that Q = Ugep K. For any K € M, let 0K = K \ K be the boundary of K; let |[K| > 0
denote the measure of K and let hi denote the diameter of K.

2. & is a finite family of disjoint subsets of Q (the “edges” of the mesh), such that, for all o € &,
o is a nonempty open subset of a hyperplane of R, whose (d — 1)-dimensional measure |o| is
strictly positive. We also assume that, for all K € M, there exists a subset Ex of € such that
OK = Uyeg, 0. For any o € €, we denote by M, ={K € M,o € Ex}. We then assume that,
for all o € &, either M, has exactly one element and then o C 98 (the set of these interfaces,
called boundary interfaces, is denoted by Eext) or M, has exactly two elements (the set of these
interfaces, called interior interfaces, is denoted by & ). For all o € €, we denote by x, the
barycentre of o. For all K € M and o € £k, we denote by ny , the unit vector normal to o
outward to K.

3. P is a family of points of Q indexed by M, denoted by P = (T )kem, such that for all K € M,
xx € K and K is assumed to be x i -star-shaped, which means that for all x € K, the inclusion
K, x] C K holds. Denoting by dk , the Euclidean distance between xi and the hyperplane
including o, one assumes that di o > 0. We then denote by Dy , the cone with vertex i and
basis o.



Remark 2.1 The above definition applies to a large variety of meshes. Note that no hypothesis is
made on the convexity of the control volumes; in fact, generalised hexahedra, i.e. with faces which may
be composed of several planar sub-faces may be used. Often encountered in subsurface flow simulations,
such hexahedra may have up to 12 faces (resp. 24 faces) if each non planar face is composed of two
triangles (resp. four triangles), but only 6 neighbouring control volumes.

2.1 From a “hybrid” finite volume scheme. ..

The idea of the “hybrid” schemes (among them one may include the mixed finite elements, the mixed
finite volume or the mimetic finite difference schemes) is to find an approximation to the solution of
(1)—(2) by setting up a system of discrete equations for a family of values ((ux)rxem, (Us)seg) in the
control volumes and on the interfaces. The number of unknowns is therefore card(M) + card(E).
Following the idea of the finite volume framework, Equation (1) is integrated over each control volume
K € M, which formally gives (assuming sufficient regularity on w and A) the following balance
equation on the control volume K:

EZ(—ﬁM@vwmwmww@):Af@mm

o€€K

The flux — [ A(z)Vu(z)-nk ,dy(x) is approximated by a function Fi (u) of the values ((ug)xenm,
(us)oce) at the “centres” and at the interfaces of the control volumes (in all practical cases, Fi ,(u)
only depends on ug and all (uy)sreg, ). A discrete equation corresponding to (1) is then:

z:&AM:Athw VK € M. (7

oeli

The values u, on the interfaces are then introduced so as to allow for a consistent approximation of the
normal fluxes in the case of an anisotropic operator and a general, possibly nonconforming mesh. We
thus have card(€) supplementary unknowns, and need card(£) equations to ensure that the problem
is well posed. For the boundary faces or edges, these equations are obtained by writing the discrete
counterpart of the boundary condition (2):

Uy =0 Vo € Enx. (8)

Following the finite volume ideas, we may write the continuity of the discrete flux for all interior edges,
that is to say:
Fk o(u) + Fp o(u) =0, for o € &y such that M, = {K, L}. 9)

We now have card(M) + card(&in) unknowns and equations.

Remark 2.2 In the case A(x) = N ax)Id, on meshes satisfying an orthogonality condition as men-
tioned in the introduction of this paper (this condition states the orthogonality between the line join-
ing the centres of two neighbouring control volumes with their common interface, see [17, Defini-
tion 9.1 p. 762]), a consistent numerical flux is obtained using the two-point formula Fi ,(u) =
Ai|o|(ukg — ue)/dK s, where N is the average value for A in K. Then, writing (9) for all o € Eing
such that M, = {K, L}, we obtain u, as a linear combination of ug and ur,. Plugging this expression
into (7), we get a scheme with card(M) equations and card(M) unknowns (see [17, Section 11.1 pp.
815-820] for more details). In the case of a rectangular (resp. triangular) mesh, this is the well-known
five points (resp. four points) scheme with harmonic averages of the diffusion.

With a proper choice of the expression Fk ,(u), which we shall introduce below, this scheme, first
introduced in [19], is quite efficient for the simulation of fluid flow in heterogeneous media (where
harmonic averages for A are preferred to arithmetic averages [5]) and may be shown to converge. This



scheme does have one drawback: since the number of unknowns is the sum of the number of control
volumes and of interior interfaces, the resulting scheme is quite expensive (although it is sometimes
possible to algebraically eliminate the values at the control volumes, as in the mixed hybrid finite
element method, see [8, pp. 178-181}).

Remark 2.3 Note that in the case of regular conforming simplices (triangles in 2D, tetrahedra in
3D), there is an algebraic possibility to express the unknowns (uys)ses as local affine combinations of
the values (uk ) kem and therefore to eliminate them [31]. The idea is to remark that the linear system
constituted by the equations (7) for all K € Mg, where Mg is the set of all simplices sharing the same
interior vertex S, and (9) for all the interior edges such that M, C Mg, presents as many equations
as unknowns uy, for o € UxemEx . Indeed, the number of edges in UxemEx such that My ¢ Mg
is equal to the number of control volumes in Mg. Unfortunately, there is at this time no general result
on the invertibility or the symmetry of the matrix of this system, and this method does not apply to
other types of meshes than simplicial meshes.

In order to reduce the computational cost of the scheme, we developed in [21] an idea which is in fact
close to the finite element philosophy since we express the finite volume scheme in a weak form; to
this end, let us first define the sets Xp and Xp ¢ where the discrete unknowns lie, that is to say:

Xp ={v=((vk)kem, (Vs)ocs), vk € R,v, € R}, (10)
Xpo = {v € Xp such that v, =0 Vo € Eext }- (11)

Multiplying, for any v € Xp g, Equation (7) by the value vk of v on the control volume K and
summing over K € M leads to:

Yok Y Fro(w) =) UK/Kf(a:)da:.

KeM o€EK KeM

Using (9), we get the following discrete weak formulation:

Find u € Xp o such that:

(u,v)p = Z UK/ f(z)de, for all v e Xpy, (12)
KeM K
with

(,v)p = Y > Fro(u)(vk —v5). (13)

KeMoelk

Note that choosing v € Xpg such that vg = 1, v, = 0 for any L € M,L # K and v, = 0 for
any o € & yields (7). Similarly, choosing v € Xp g such that vg = 0 for any K € M, and v, = 1
and v; = 0 for any 7 € £,7 # o leads to (9). Therefore the hybrid finite volume scheme (7)—(9) is
equivalent to the discrete weak formulation (12).

2.2 ...to a nonconforming finite element scheme. ..

We may then choose to use the weak discrete form (13) as an approximation of the bilinear form
a(-,-), but with a space of dimension smaller than that of Xp . This can be achieved by expressing
the value of u on any interior interface o € &t as a consistent barycentric combination of the values

Uy = Z ﬂqu, (14)

KeM

UK



where (35

) kea is a family of real numbers, with 35 £ 0 only for some control volumes K close to

int

S
o, and such that
Z ﬁf =1and z, = Z ﬁ§$K Vo € Eint. (15)

KeM KeM

This ensures that if ¢ is a regular function, then ps = 3~ xc v BEp(xr) is a consistent approximation
of p(x,) for o € &ys. We recall that the values uy,0 € Eoxt are set to 0 in order to respect the
boundary conditions (2). Hence the new scheme reads:

Find u € Xp g such that u, = Z ﬁqu Vo € Einy, and
KeM

(u,vyp = Z ’UK/ f(x)dzx, for allv e Xpg with v, = Z vk Vo € Ein.
Kem 7K KeM

(16)

This method has been shown in [21] to be efficient in the case of a problem where A = Id (for the
approximation of the viscous terms in the Navier-Stokes problem). With an appropriate choice for the
expression of the numerical flux, it also yields conservativity in a certain sense (more on this below),
but no longer to the classical (in the finite volume framework) equation (9): indeed, since the degrees
of freedom on the edges are no longer present, one may not use v, = 1 to recover (9). Note also
that taking vg = 1 does not yield (7). This scheme has been implemented for the discretisation of
the diffusive term in the incompressible Navier Stokes equations on general two- or three-dimensional
grids, and gives excellent results [11, 12]. Unfortunately, because of poor approximation of the local
flux at strongly heterogeneous interfaces, this approach is not sufficient to provide accurate results
for some types of flows in heterogeneous media, as we shall show in Section 3. This is especially true
when using coarse meshes, as is often the case in industrial problems.

2.3 ...to an optimal compromise?

Therefore we now propose a scheme which has the advantage of both techniques: we shall use equation
(13) and keep the unknowns u, on the edges which require them, for instance those where the matrix A
is discontinuous: hence (9) will hold for all edges associated to these unknowns; for all other interfaces,
we shall impose the values of u using (14), and therefore eliminate these unknowns. Let us decompose
the set &y of interfaces into two nonintersecting subsets, that is: &n = BUH, H = &t \ B. The
interface unknowns associated with B will be computed by using the barycentric formula (14).

Remark 2.4 Note that, although the accuracy of the scheme is increased in practice when the points
where the matriz A is discontinuous are located within the set |, 4 0, such a property is not needed
in the mathematical study of the scheme.

Let us introduce the space Xp 5 C Xp o defined by:
Xp = {v € Xp such that v, = 0 for all o € E and v, satisfying (14) for all o € B}. (17)

The composite scheme which we consider in this work reads:

{ Find u € Xp s such that: (18)

(U, V)F = 3 gem VK [ flx)de, for all ve Xpg.

We therefore obtain a symmetric scheme with card(M) + card(H) equations and unknowns. It is
thus less expensive while it remains accurate (for the choice of numerical flux given below) even in the
case of strong heterogeneity (see section 3).



Note that with the present scheme, (9) holds for all ¢ € H, but not generally for any o € B. However,
fluxes between pairs of control volumes can nevertheless be identified. Indeed, we may write

woyp= > | > Frox—ve)+ > Y. Frow)pEox—vi) |,

KeM \oeExnNH oceEgNB LeM

and therefore:

(u,v)p = Z Z Fg o(u)(vg — vo) +% Z Fr r(u)(vg —vr),

KeMoeExkNH (K,L)eND

where

Np={(K,L)e M?>, 30 € Eg NB,BE #£0or o € £, N B, BE £ 0},

and
Frp(w)= > Frowpl— > Fro(usk.
ccENB oe&rL,NB
Note that, if (K,L) € Np, then (L,K) € Np and Fg 1(u) = —Fp, g(u); furthermore, F 1(u) # 0
implies (K, L) € Np, and the scheme’s stencil is determined by the set {L € M such that (K, L) €
Np}. Then, taking vg = 1 and all other degrees of freedom of v € Xp 53 equal to 0, (18) yields

Z Fi o(u) + Z FK,L(U)Z/Kf(a:)da:,

ceExNMH LeM
(K,L)eNp

which shows the “finite volume philosophy” of the scheme.

Remark 2.5 (Other boundary conditions) In the case of Neumann or Robin boundary condi-
tions, the discrete space Xp p is modified to include the unknowns associated to the corresponding
edges, and the resulting discrete weak formulation is then straightforward.

Remark 2.6 (Extension of the scheme) For consistency reasons, it is preferable that the coeffi-
cients BX associated with ¢ € B be nonzero for points xx that lie in the same “reqularity zone” of
the solution as x, (that is with a zone with no diffusion tensor discontinuity). This is not always
easy: indeed, in the tilted barrier example described in Section 3.3 below, the barrier contains only one
layer of grid cells, so that, for an internal interface of this layer, it is difficult to use points xy, that
are located in the same diffusion reqularity zone with respect to xi. There is, however, no additional
difficulty to replace (14) in the definition of (17) by

Uy = Z ﬁqu + Z Bg/ua/ Vo € B, (19)
KeM o'eH
Z BE + Z 87 =1 and z, = Z Rz + Z B 2y Vo € B. (20)
KeM o'eH KeM o'eH

This trick solves the consistency issue without switching the edge to the hybrid set 'H, while all the
mathematical properties shown below still hold.



2.4 Construction of the fluxes using a discrete gradient

For the definition of the schemes to be complete, there now remains to explain how we find a convenient
expression for F ,(u) with respect to the discrete unknowns. An idea that has been used in several
of the schemes referred to in the Introduction is to look for a consistent expression of the flux by using
adequate linear combinations of the unknowns; however, referring to the beginning of Section 2, such
a reconstruction does not in general lead to the desired properties (P2) (symmetric definite positive
matrices) and (P3) (convergence). Our idea here is different: it is based on the identification of the
numerical fluxes F ,(u) through the mesh-dependent bilinear form (-, ) defined in (13), using the
expression of a discrete gradient. Indeed let us assume that, for all u € Xp, we have constructed a

discrete gradient Vpu, we then seek a family (Fi »(u)) xeam such that
oelK

(u,v)p = Z Z Fk o(u)(vk — vg) / Vopu(x (x)Vpu(x)dx Yu,v € Xp. (21)
KeMoelk

Remark 2.7 (On the construction of the discrete fluxes) Note that it is always possible to de-
duce an expression for Fi ,(u) satisfying (21), under the sufficient condition that, for all K € M and
a.e. ¢ € K, Vpu(x) is expressed as a linear combination of (uy — ur)segy , the coefficients of which
are measurable bounded functions of x. This property is ensured in the construction of Vpu(x) given
below.

We prove in Section 4 below that the desired properties (P2) and (P3) hold if the discrete gradient
satisfies the following properties:

1. (Weak compactness) For a sequence of space discretisations of € with mesh size tending to 0, if
the sequence of associated grid functions is bounded in some sense, then their discrete gradient
converges at least weakly in L2(Q)? to the gradient of an element of H}(9Q);

2. (Consistency) If ¢ is a regular function from Q to R, the discrete gradient of the piece-wise
function defined by taking the value p(xx) on each control volume K and ¢(x,) on each edge
o is a consistent approximation of the gradient of ¢.

Let us first define:
Viu = > lol(ue —ux)nx, VK € M,Vu € Xp, (22)

o€EK

\K!

where ng , is the outward to K normal unit vector, |K| and |o| are the usual measures (volumes,
areas, or lengths) of K and o. The consistency of formula (22) stems from the following geometrical
relation:

> lolnko(rs —wk) = |K[Id VK € M, (23)

oeli

where (z, — zx)! is the transpose of x, — T)x € ]Rd, and Id is the d x d identity matrix. Indeed,
for any linear function defined on Q by ¥(x) = G - ¢ with G € R?, assuming that u, = 9(x,) and
urg = Y(xr), we get uy — ug = (o — i )'G = (T, — T )' V1), hence (22) leads to Vgu = Vap.
Since the coefficient of ug in (22) is in fact equal to zero, a re-construction of the discrete gradient
Vpu solely based on (22) cannot lead to a definite discrete bilinear form in the general case. Hence,
we now introduce a stabilised gradient:

Vikot=Vgu+ Rgoung g, (24)
with va
d

RK,UUZ d (UU—UK—VKU'(CCU—CCK))7 (25)
K,o



(recall that d is the space dimension and dg , is the Euclidean distance between xx and o). We may
then define Vpu as the piece-wise constant function equal to Vi su a.e. in the cone Dk , with vertex
x i and basis o:

Vopu(x) = Vi ou for a.e. © € Di . (26)

Note that, from the definition (25), thanks to (23) and to the definition (22), we get that

dK o
> ’U’dK’ Rrounge,=0 VK e M. (27)
oeli

We prove in Lemmata 4.2 and 4.3 below that the discrete gradient defined by (22)-(26) indeed satisfies
the above stated weak compactness and consistency properties. In order to identify the numerical
fluxes Fx »(u) through Relation (21), we put the discrete gradient in the form

!

Viou= Y (ug —ur)y™,

o'efk
with iy
o d o .
unK,a + ( — Unk,a (xo — ch)> ng, ifo=do
oo’ _ |K| dK,U |K| 28
Yy - |O'/| d ( )
/ .
—MNE e — =0 | NKs  (Te — Tr)NEK otherwise .
’K‘ ) dK70—‘K" ‘ 3 ( g ) 0
Thus,

/QVpu(:c) - A(z)Vpu(x)de = Z Z Z A% (uy — ug ) (vor — VK Vu,v € Xp, (29)

KEMO’ESK U’ESK
with,
A7 = Z Y77 Agony® O and Ao = / A(z)de. (30)

o€k D on

Then we get that the local matrices (A% /)O.O./egK are symmetric and positive, and the identification
of the numerical fluxes using (21) leads to the expression:

Fro(u)= > A% (uk — ug). (31)

o/ €€k

Remark 2.8 (Link with the MFD method) The above technique yields an explicit construction
of a particular MFD method. Indeed, if one chooses xx as the centre of mass of K, the matriz Ag
defined by (30) is an adequate choice for the matrix W g which is a parameter in the general formulation
of the family of MFD methods as proposed in [10]. The advantages of the specific matriz A are that:

e on particular meshes, taking a natural choice for xx (for instance the circumcenter for a tri-
angular mesh in the case of a 2D isotropic problem), it degenerates to a diagonal matriz (see
Lemma 2.1 below);

e it is linked to an explicit formulation of a consistent gradient, which is used to define the discrete
bilinear form (29).

Note however that the SUSHI scheme defined by (18) is not the MFD method of [9, 10]; the main
reason s that according to the choice B, the SUSHI scheme may be either a completely cell-centred
scheme, or a partly or fully hybrid scheme, while the MFD method is a pure hybrid scheme. Note



also that in SUSHI, one may take any point in cell K for x, while the MFD schemes [9, 10] are
constructed with the centre of mass (however, this choice might be generalised).

Note that the procedure which we describe in Section 2.2 to write a cell-centred scheme could be applied
to any mimetic scheme (or low order mized finite element scheme) to yield a centred scheme. However,
further investigations are needed to determine under what conditions the present convergence analysis
extends to mimetic schemes, and conversely, whether the mimetic analysis applies to the SUSHI scheme
(ongoing work, [16]).

The fluxes defined by (22)-(31) satisfy certain properties which are detailed in Lemma 4.4, and which
allow us to prove the convergence of the scheme, as is shown in Theorem 4.1. Note that it seems difficult
to deduce such properties from fluxes obtained by using natural expansions of regular functions. Note
also that both Lemma 4.4 and Theorem 4.1 hold for general heterogeneous, anisotropic and possibly
discontinuous fields A, for which the solution u of (6) is not in general more regular than u € HZ ().
In the case where A and u are regular enough, the local flux consistency satisfied by (31) is used
in order to obtain an error estimate, see Theorem 4.2. The coefficient v/d may be replaced by any
positive real number without any change in the proof of convergence; in fact, for certain problems it
can be interesting to use another coefficient, as described in [20] for the so called “SUSHI-P” scheme
(P for parametric, meaning that the user may choose the stabilisation coefficient as well as the set of
edges B). The choice V/d is however natural in the sense that with this value, if B = ), the scheme
boils down in two dimensions to the well-known harmonic averaging five points scheme on rectangles
and a four-point scheme on triangles; more generally, in any space dimension, even if B # () and taking
the most natural value for u, if o € B, the resulting flux is a two-point flux on meshes that satisfy
the “superadmissibility condition” (32), not necessarily with a harmonic averaging of A in the case
o € B; this is proven in the next lemma. Note that this superadmissibility condition is also satisfied
by rectangular parallelepipeds in three dimensions but unfortunately not by tetrahedra.

Lemma 2.1 (Superadmissible mesh and two-point flux) Let D = (M, E,P) be a discretisation
of Q in the sense of Definition 2.1, satisfying the following superadmissibility condition:

Lo —TK

NKo = VK e M, Yo € Ek. (32)

dK,o

Let us furthermore assume that A(x) = A(x)Id, where X is a piece-wise constant function from Q to
R, which is equal to a constant N\ in each K € M; then, the inner product defined by (21)-(25) reads:

(U, v) p = Z AK Z o] (ug — uy) (VK — Vo).

Kem  oery Vo
Moreover, choosing thanks to (32), €, = (dxesxr + dr oK )/(dK,o + dre) for o € Ein with M, =
{K,L} in (15), the scheme (18) is the following two-point flux scheme:

S P, = /K f(a) da, (33)

KeM
ARAL(dK o +d1 o) |o| .
F o - : - ginﬂ s o= }'{7L7 34
K, Mcdr o + Ardk o dK’UerL?U(uK up) if o € Em NH, My ={K,L}, (34)

dK’UAK—"_dL’UAL |0|

Fro, = ug —ur,) ifo € EmNB, My, ={K, L}, 35

K, o 1o dK,o"‘dL,o( K —ur) ifo ¢ {K, L} (35)

FK,U = >\Kd|0| UK Z'fo- € EextmgKa (36)
K,o
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PROOF. Let us compute (u,v) under the assumptions of Lemma 2.1. From (21) and thanks to (27)
we get:

(u,v)p = Z )\K/ Vpu(x) - Vpu(x)de

KeM

|U|dKU

= > k[ IE|Vku Vio+ > Ri ot Ry v

KeM c€fK

Now from the definition (22) and thanks to the assumption (32), the discrete gradient given by (22)
may be written as follows:

1
VKt = — Z o] (Vo — V) (s — TK) VK € M, Yv € Xp,
‘K’ o€€K dK’U

From (23), we get

d o d
Z loldx. (a:(, —TK) vd (e — zx)" = |K|Id.
i K

Therefore, we get that

dK o
Z ‘U‘dK, Rg ou Ry sv = Z d|;|o (g — ug)(vy —vg) — |K|Vgu- Vi,

€€k o€k
which in turn yields that
o
(u,v)p = Z AK Z d| | (ug —ur) (Ve — VK).
KeM o€lk Ko

lo]

Hence the matrix Agx only contains the terms Io on the diagonal, and the flux F ,(u) is given by

o]

FKJ(U) :)\K (U,K—ug).

dK,O’
Then the scheme (18) can be written as a classical cell-centred finite volume scheme, with two-point
fluxes F 1(u) = —Fk,1(u) for any o € &y, with M, = {K, L}. Indeed, in the case o ¢ B, the above
expression of F »(u) allows us to get the following expression of u, from (9):

AR

dK UK + uL

AK )\L
dK,cr dL,O'

Uy =

This yields the harmonic averaging two-point flux

AK AL

A5 dL o
Fre,r(u) = |o| "= (ug —ur).

dK o dL,o

In the case o € B, the two-point barycentric formula u, = (dxcur + dr suk)/(dK s + dr,») together
with (18) leads to the resulting two-point flux

dK J)\K + dL J)\L ’U’
dK,a + dL,a dK,O’ + dL,U

Fr r(u) = (ug —ur).

11



3 Numerical results

We present some numerical results obtained with various choices of B in the scheme (18), (13) with
the flux (31), which we synthesise here for the sake of clarity:

Find u € Xp g (that is (ux)kem, (Us)ocr), such that:

Z Z Frgo(u)(vg —v5) = Z vK/ f(x)dx, forallv e Xpap,

KeMoeey Kem 'K (37)
with Fico(u) = Y A% (v —ug) VK € M,Vo € Ek.

o' €€k

where the matrices A%?" are defined by (30)-(28). In the following, we shall use the choices B = )
(HEFV), B = &yt or B the set of edges which are located on the diffusion tensor discontinuity interfaces;
this latter choice is reported as SUSHI-NP (for non parametric) in [20], in contrast with SUSHI-P (for
parametric) where the choice of the set B may be different, along with the value of the stabilisation
coefficient in (25).

3.1 Implementation

Let us first describe an implementation aspects of the scheme. The unknowns, 7.e. the values ug,
for K € M and the values u,, 0 € &n N'H, are ordered as (u;)i=1,...n. The N x N matrix and the
N x 1 right-hand-side of the linear system resulting from (18) are computed thanks to a loop over
the control volumes K € M and to an inner loop on each edge 0 € £x. Let us detail the matrix
computation loop.

1. All stored matrix coefficients are initially set to 0.

2. The expression Ff ,(u) is written in the form Fr,(u) =3 ., v a(I?Jui, where the nonzero
coefficients (a%)o)izl,___7 ~ are only locally computed (they are not stored for all K and o). These
coefficients are obtained after the elimination of all (us)segnp in (31):

Fro(u)= Y A% (uk—us)+ Y. AR D Bh(ux —ur).

o' eExMH o'eExNB LeM

3. The line of the matrix corresponding to the unknown wug is incremented at the column j with
the coefficient a%) o
4. If 0 € B with v = Y 1 c 4 BLuy, for any v € Xp,5, the line of the matrix corresponding to each

L € M such that 3% # 0 is incremented at the column j with the coefficient —Bﬁa%)

70—‘
5. If o € &g N'H, the line of the matrix corresponding to the edge o is incremented at the column

j with the coefficient —ag)a.

This procedure is identical in the cases B = () (HFV), B # () and B = &;t. However, in the case where
B =0 (HFV), one may eliminate the unknowns uy with respect to the unknowns u,, as in the hybrid
implementation of the mixed finite element method.

3.2 Order of convergence

We consider here the numerical resolution of Equation (1) supplemented by the homogeneous Dirichlet
boundary condition (2); the right-hand side is chosen so as to obtain an exact solution to the problem

12



and easily compute the error between the exact and approximate solutions. We consider Problem
(1)-(2) with a constant matrix A:
1.5 .5
A_< .5 1.5)’ (38)

and choose f : 2 — R such that the exact solution to Problem (1)—(2) is @ defined by u(x,y) =
162(1 — x)y(1 — y) for any (x,y) € Q. Note that in this case, the composite scheme is in fact the
cell-centred scheme, there are no edge-unknowns.

Let us first consider conforming meshes, such as the triangular meshes which are depicted on Figure
1, and uniform square meshes.

Figure 1: Regular conforming coarse and fine triangular grids

For both B = () (pure hybrid scheme: HFV) and B = & (cell-centred scheme), the order of conver-
gence is close to 2 for the unknown w and 1 for its gradient. Of course, the hybrid scheme is almost
three times more costly in terms of number of unknowns than the cell-centred scheme for a given
precision. However, the number of nonzero terms in the matrix is, again for a given precision on
the approximate solution, larger for the cell-centred scheme than for the hybrid scheme. Hence the
number of unknowns is probably not a sufficient criterion for assessing the cost of the scheme.
Results were also obtained in the case of uniform square or rectangular meshes. They show a better
rate of convergence of the gradient (order 2 in the case of H = &,y and 1.5 in the case B = &t ), even
though the rate of convergence of the approximate solution remains unchanged and close to 2.

We then use a rectangular nonconforming mesh, obtained by cutting vertically the domain into two
parts and using a rectangular grid of 3n x 2n (resp. 5n x 2n) on the first (resp. second side), where
n is the number of the mesh, n =1,...,7. Again, the order of convergence which we obtain is 2 for u
and around 1.8 for the gradient. We give in Table 1 below the errors obtained in the discrete L? norm
for v and Vu for a nonconforming mesh and (in terms of number of unknowns) and for the rectangular
4 x 6 and 4 x 10 conforming rectangular meshes, for both the hybrid and cell-centred schemes. We
show in Figure 2 the solutions for the corresponding grids (which look much the same for the two
schemes).

Further detailed results on several problems and conforming, nonconforming and distorted meshes
may be found in [20].

3.3 The case of a highly heterogeneous tilted barrier

We now turn to the heterogeneous case. The domain © =]0,1[x]0,1[ is composed of 3 sub-domains,
which are depicted in Figure 3: Q1 = {(z,y) € Q;¢1(x,y) < 0}, with ¢1(z,y) =y — d(z — .5) — .475,
Qo = {(:Uay) € Q Qpl(x>y) > 0,@2($,y) < 0}’ with @2($,y) = Qpl(x>y) —0.05, Q3 = {(Zﬂ,y) €
Q; oa(xz,y) > 0}, and 6 = 0.2 is the slope of the drain (see Figure 3). Dirichlet boundary conditions are
imposed by setting the boundary values to those of the analytical solution given by u(z,y) = —¢1(z,y)
on O UQ3 and u(z,y) = —¢1(z,9)/1072 on Q.

13



NU NM e(u) e(Vu)
n |[B=0 B=&yw |B=0 B=&w| B=0 B=&yw | B=0 B=&n

C1 130 48 874 488 1.28E-01 1.20E-01 | 1.64E-02 3.57E-02
NC | 182 64 1334 724 1.03E-01 9.43E-02 | 1.66E-02 3.69E-02
C2 222 80 1542 864 7.61E-02 7.09E-02 | 9.18E-03 2.44E-02

Table 1: Error for the nonconforming rectangular mesh, pure hybrid scheme (B = ) and centred (B = Einy)
schemes. For both schemes NU is the number of unknowns in the resulting linear system, NM is the number of
nonzero terms in the matrix, e(u) is the discrete L? norm of the error of the solution and €(Vu) is the discrete
L? norm of the error in the gradient. C1 and C2 are the two conforming meshes represented on the left and
the right in Figure 2, and NC is the nonconforming one represented in the middle.

Figure 2: The approximate solution for conforming and nonconforming meshes. Left: conforming
8 x 6 mesh, centre: nonconforming 4 x 6,4 x 10 mesh, right: conforming 10 x 10.

The permeability tensor A is heterogeneous and isotropic, given by A(x) = A(x)Id, with A(x) = 1 for
a.e. © € Q1 UQ3 and A(x) = 1072 for a.e. x € Qy. Note that the isolines of the exact solution are
parallel to the boundaries of the sub-domain, and that the tangential component of the gradient is
0. We use the meshes depicted in Figure 3. Mesh 3 (containing 10 x 25 control volumes) is obtained
from Mesh 1 by the addition of two layers of very thin control volumes around each of the two lines
of discontinuity of A: because of the very low thickness of these layers, equal to 1/10000, the picture
representing Mesh 3 is not different from that of Mesh 1.
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Figure 3: Domain and meshes used for the tilted barrier test: mesh 1 (10 x 21 centre), mesh 2 (10 x 100
right)

We get the following results for the approximations of the four fluxes at the boundary.
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nb. unknowns | matrix size | = = r=1|y= y=1
analytical -0.2 0.2 1. -1.
mesh 1 210 2424 —1.17 | 1.17 | 3.51 | —3.51
B=~&n  mesh?2 1000 11904 —0.237 | 0.237 | 1.104 | —1.104
mesh 3 250 2904 —0.208 | 0.208 | 1.02 | —1.02
mesh 1 239 2583 —0.2 0.2 1. —1.
SUSHI-NP mesh 2 1020 12036 —0.2 0.2 1. —1.
HEV mesh 1 599 4311 —0.2 0.2 1. —1.
mesh 2 2890 21138 —0.2 0.2 1. —1.

Note that the values of the numerical solution given by the pure hybrid (HFV) and composite (SUSHI-
NP) schemes are equal to those of the analytical solution (this holds under the only condition that
the interfaces located on the lines ¢;(z,y) = 0, i = 1,2, are not included in B, and that, for all o € 15,
all K € M with 85X # 0 are included in the same sub-domain €2;). Note that Mesh 3, which leads
to acceptable results for the computation of the fluxes, is not well suited for such a coupled problem,
because of too small control volume measures. Hence SUSHI on Mesh 1 appears to be the most
suitable method for this problem.

A satisfying natural choice (SUSHI-NP in the above results) is thus to match H with the discontinuities
of A. Tt is sometimes interesting to choose another set 5. This is for instance the case for the numerical
locking problem for which the choice B = () is best even though the diffusion tensor is homogeneous
[20].

It is also sometimes interesting to replace the stabilisation coefficient v/d in (25) by some other coef-
ficient o > 0. This is the case for instance for very distorted meshes or singular problems, in order
to maintain the positivity of the unknown. The coefficient « is taken to be greater than v/d. The
approximate solution remains positive, but the L? norm of the error is generally larger. We refer to
[20] for such experiments.

4 Convergence of the scheme

Let us first introduce some notations related to the mesh. Let D = (M, &, P) be a discretisation of
in the sense of Definition 2.1. The size of the discretisation D is defined by:

hp = sup{hg, K € M},

and the regularity of the mesh by:

dy hi
Op = max max 7. max . (39)
0€Em. K,.LEMy df, o KeEMolk di o

For a given set B C &y and for a given family (85) e satisfying property (15), we introduce a
0ELint
measure of the resulting regularity by

L 2
0p s = max <91), max 2remlbzll@r — @] ) ) (40)

KeMoeExnB h3.

Remark 4.1 Note that, for any mesh, it is easy to choose the family (B5) xepm so that Op s remains
TELint
small. It suffices to express x, as the barycentre of d + 1 points xy, (which is always possible), for L

sufficiently close to K, so that &y, — x, is close to hy when X # 0. Note also that in fact, it would
be sufficient to have b}, with n > 1 instead of h%( in (40) thus allowing the use of farther points.
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Remark that, thanks to the assumption that K is xx-star-shaped, the following property holds:

> loldko=d|K| VK eM. (41)

o€EK

The space Xp defined in (10) is equipped with the following semi-norm:

ag
voe Xp, o= > Y id (vo — vK)?, (42)

d
KeMoelk Ko

which is a norm on the spaces Xp o and Xp g respectively defined by (11) and (17).

Let Hp(2) € L%(Q) be the set of piece-wise constant functions on the control volumes of the mesh
M. We then denote, for all v € Hap(2) and for all o € &y with M, = {K, L}, D,v = |vg —v| and
de = dg o+ dr o, and for all o € Eey with M, = {K}, we denote D,v = |vk| and dy = dg .. We
then define the following norm:

Yo € Hu (), || = > > Jold Dov 2—Z|J|M (43)
M ) 1,.2,M = K,o dg —-066 da .

KeMoelyk

(Note that this norm is also defined by (74) in Lemma 5.2, setting p = 2).

For all v € Xp, we denote by IIpv € Hp(€2) the piece-wise function from €2 to R defined by
IMpv(x) = vg for ae. © € K, for all K € M. Using the Cauchy-Schwarz inequality, we have for all
o € &t with M, = {K, L},

(vk —v5)%  (vy —vp)?

(v —vr)?
< + Yv € Xp,
da dkﬂa de' P

which leads to the relation
Mol fom <0k Voe Xpy. (44)

For all ¢ € C(Q,R), we denote by Ppyp the element of Xp defined by ((¢(xk))kem, (0(Ts))oecs)s
by Pp gy the element v € Xp p such that vg = ¢(xk) for all K € M, v, = 0 for all 0 € Eext,
Vo = Y e BEp(zr) for all o € B and v, = ¢(x,) for all 0 € H.

We denote by Prp € Haq(2) the function such that Pyp(x) = ¢(xk) for ae. @ € K, for all K € M
(we then have Py = Iy Ppy = I\ Pp o).

The following lemma provides an equivalence property between the L?-norm of the discrete gradient,
defined by (22)-(26) and the norm | - |x.

Lemma 4.1 Let D be a discretisation of  in the sense of Definition 2.1, and let 6 > O0p be given
(where Op is defined by (39)). Then there exists C1 > 0 and C2 > 0 only depending on 6 and d such
that:

Cl |u|X < HvDuHLQ(Q) < CQ |u|X Yu € XD, (45)

where Vp is defined by (22)-(26).

PrOOF. By definition,

lowdkﬂa
HV'DUH%Q(Q)UI = Z Z — Vi oul?.
KeMoelk

Therefore, using property (27),

’U’dK,O
IVoulBage = 3 (IKIVxal + 3 795 () (16)
KeM o€EK
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Let us now notice that the following inequality holds:

(a —b)? > a? = \b*  Va,beR, VA > —1. (47)

14+ A

We apply this inequality to (RKK,-u)2 for some A > 0 and obtain

(R u)2 > Ad <u" _ uK>2 — M|V u|2 <M>2 (48)
Ko =13 U dky K ko '

This leads to

oldk & A ug —ugc\?
5 (i 2 25 X ol (M) < K] AT

oefi o€k

Choosing A = dsz, we get that

A
IVoulltzoya = 1+—>\|u|§(’

which shows the left inequality of (45).
Let us now prove the right inequality. On one hand, using the definition (22) of Vgu and (41), the
Cauchy—Schwarz inequality leads to
Tl < 0 3 VT, i S ol = 3 AT, — g2 (49)
K] dic.o 7T K] £ die,

o€EK ’ o€EK o€EK ?

On the other hand, by definition (25), and thanks to the definition of the regularity of the mesh (39),
we have

(Ri.ou)? < 2d [ (22502 4 |V u2| 22— 2K 2 ) < 2d ( (R2—2K)2 4 92|y euf? ) . (50)
dK,a dK,a dK,O’
From (46), (49) and (50), we conclude that the right inequality of (45) holds. [J

We may now state a weak compactness result for the discrete gradient.

Lemma 4.2 (Weak discrete H' compactness) Let F be a family of discretisations in the sense
of Definition 2.1 such that there exists 0 > 0 with 0 > 0p for all D € F. Let (up)per be a family of
functions, such that:

o up € Xpy for all D € F,
e there exists C' > 0 with |up|x < C for all D € F,

e there exists u € L*(Q) with hlimo [TIarup — w20y = 0.
’D—)

Then, u € HE(Q) and Vpup weakly converge in L*>(Q)? to Vu as hp — 0, where the operator Vp is
defined by (22)-(26).

ProoOF.  Let us prolong Ilyqup and Vpup by 0 outside of 2. Thanks to Lemma 4.1, up to a
subsequence, there exists some function G € L*(R%)? such that Vpup weakly converges in L2(R%)4
to G as hp — 0. Let us show that G = Vu. Let ¥ € C°(R%)? be given. Let us consider the term
TP defined by

TP = » Vpup(x) - P(x)de.
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We get that TP = TP + T?,D7 with
19 = 3 3 lollug —winicy . with by = i [ la
KeMoelyk

and

Z ZRKUunKU / ¢

KeMoelk

We compare T2 with TP defined by

Z Z ’U’ _UK NKo- Vo,

KeMoelk
with .
¥ =10 [ B
We get that
o
@ -1 < Y Y o u? X loldwoln — ol
KeM UGEK Ko KeMo€eEx

which leads to lim (T — TP) = 0.

hp—0
Since

1P == 3 3 lolumscy by = = [ Taup(@)divi(a)ia

KeMoelk
we get that hlimo TP = f]Rd u(x)divep(x)dex. Let us now turn to the study of T;? . Noting again that
D*)
(27) holds, we have:
= X R [ b))
KeM o€y Ko

Since 1 is a regular function, there exists Cy, only depending on %) such that | [ Dy, (W(@) —pr)dx| <

dK o
Cyhp——F— loldx. . From (50) and the Cauchy-Schwarz inequality, we thus get:
lim TP = 0.
hp—0

This proves that the function G € L?(R%)? is a.e. equal to Vu in R% Since v = 0 outside of €,
we get that u € H{(Q), and the uniqueness of the limit implies that the whole family Vpup weakly
converges in L?(R%)? to Vu as hp — 0.

O

Note that the proof that u € H} () also results from (44), which allows us to apply Lemma 5.7 of
the Appendix in the particular case p = 2. Let us also remark that several discrete gradients could
be chosen, which satisfy the weak compactness property (see for instance the proof of Lemma 5.7).
However, we emphasise that the choice of the specific gradient (22) also stems from coercivity and
consistency issues. Let us now state the discrete gradient consistency property.

Lemma 4.3 (Discrete gradient consistency) Let D be a discretisation of £ in the sense of Defi-
nition 2.1, and let § > Op be given. Then, for any function ¢ € C%(Q), there exists C3 only depending
on d, 0 and ¢ such that:

IVoPpe — V| (Lo ()2 < C3 hp, (51)

where Vp is defined by (22)-(26).
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PROOF. From definitions (26) and (24) we get
\VioPpp —Vo(xk)| < |VkPpp — Ve(xk)| + |RioPpeyl.
From (22), we have, for any K € M,

1
VkPpy = & Z lol(p(x0) — p(TK))NK o
o€l
1
= T}ET jg: ’U’(Vmp(ml()' OBU __au()_+-h%(pK:0)7lK:07
o€l

where |pg | < C, with C, only depending on ¢. Thanks to (23) and to the regularity of the mesh,
we get

1

VicPoe = Velex)| < 7 > lolhilprol < b d C,b.
oefi

From this last inequality, using Definition 25, we get

Vd
|Rk.oPpy| = dr lo(xs) — p(xr) — VK Ppy - (5 — xK)|

Vd

dro ( YpKo+hE d Cy0)

Vdi(hgC, + hidC,0),

IN

IN

which concludes the proof. [J

We now give the abstract properties of the discrete fluxes, which are necessary to prove the convergence
of the general scheme (18), (13), and then prove that the fluxes that we constructed in Section 2.4
indeed satisfy these properties.

Definition 4.1 (Continuous, coercive, consistent and symmetric families of fluxes)

Let F be a family of discretisations in the sense of definition 2.1. For D = (M,E,P) € F, K € M and

o € &, we denote by FE _ a linear mapping from Xp to R, and we denote by ® = ((FE ) xeam)DerF-
’ ’ O'eg

We consider the bilinear form defined by

(woyp= > > FR,(w(vk —v,)  V(uv) € Xp. (52)

KeMoelk

The family of numerical fluxes ® is said to be continuous if there exists M > 0 such that
(u,v)p < M|u|x|v|x V(u,v) € X3, VD = (M,E,P) € F. (53)
The family of numerical fluxes ® is said to be coercive if there exists a > 0 such that
alulk < (u,u)p Vue Xp VD = (M,E,P) € F. (54)

The family of numerical fluzes ® is said to be consistent (with Problem (1)—(2)) if for any family
(up)perF satisfying:

e up € Xpy for all D € F,
e there exists C' > 0 with |up|x < C for all D € F,

e there exists u € L?(2) with hlimo [TTpmup — ull2y = 0 (recall that, from Lemma 5.7, we get
’D—)
that u € H}()),
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then
lim (up, Pog) = / A@)Vop(@) - Vu@)dz Yo € C(Q), (55)
Q

hp—

Finally the family of numerical fluzes ® is said to be symmetric if
(u,v)p = (v,u)p Y(u,v) € X3, VD = (M,E,P) € F.

We now show that the family of fluxes defined by (28)-(31) satisfies the definition of a consistent,
coercive and symmetric family of fluxes. Recall that the SUSHI scheme (37) is studied numerically in
Section 3 with this choice for the family of fluxes.

Lemma 4.4 (Flux properties) Let F be a family of discretisations in the sense of Definition 2.1.
We assume that there exists 0 > 0 with

Op<6 VD= (M,E,P)EF, (56)

where Op is defined by (39). Let ® = ((FE,)kem)per be the family of fluzes defined by (28)-(31).
T oelk

Then, the family ® is a continuous, coercive, consistent and symmetric family of numerical fluxes in
the sense of Definition 4.1.

PROOF. Since the family of fluxes is defined by (28)-(31), it satisfies (21), and therefore we have:
(u,v)p = / Vpu(x) - A(x)Vpu(z)de Yu,v € Xp.
Q

Hence the property (u,v)p = (v,u)p holds. The continuity and coercivity of the family ® result from
Lemma 4.1 and the properties of A, which give: (u,v)r < M|Vpullr2)[Vp|12(0) and (u,u)r >
AHVDUH%Q(Q) for any u,v € Xp. The consistency results from the weak and strong convergence

properties in Lemmas 4.2 and 4.3, which give Vpup — Vu weakly in L?(Q2) and VpPpy — Ve in
L?(9) as the mesh size tends to 0. O

Theorem 4.1 (Convergence) Let F be a family of discretisations in the sense of Definition 2.1,
for any D € F, let B C Eny and (BE) keam satisfying (15). Assume that there exists 0 > 0 such that
&

g
O0CCint

Ops < 0, for all D € F, where Op s is defined by (40). Let ® = ((FE _)xeam)per be a continuous,
T oeg

€
coercive and symmetric and consistent family of numerical fluzes in the sense of Definition 4.1. Let
(up)per be the family of functions satisfying (18) for all D € F. Then I yqup converges in L?(Q2) to
the unique solution u of (6) as hp — 0. Moreover Vpup converges to Vu in L*(Q)% as hp — 0.

PROOF. Letting v = up in (18) and applying the Cauchy-Schwarz inequality yields

(up.upyr = | f(@)aun(@)de < |20 [Maruplz2(oy.
We apply the Sobolev inequality (77) with p = 2, which gives in this case
[IMpuplrz@) < Calllaullr2,m-
Using (44) and the consistency of the family ® of fluxes, we then have

alllmup |y < Cu |l fllr2(0)lunlx-

This leads to the inequality
Cy
lupll12,m < |up|x < F\lf\lm(m- (57)

20



Thanks to Lemma 5.7, we get the existence of u € H}(£2), and of a subfamily extracted from F, such
that [[IIypup — ul|r2(q) tends to 0 as hp — 0. For a given ¢ € C2°(12), let us take v = Pp gy in (18)
(recall that Pp gy € Xp ). We get

<uD=P’D,B<P>F:/Qf(CC)PM(p(:E)da:.

Let us remark that, thanks to the continuity of the family ® of fluxes, we have

C
(up, Ppsp — Ppp)r < M%Hf”LQ(Q) |Ppse — Ppylx.
Thanks to (15) and (40), we get the existence of Cy, only depending on ¢ (through its second order

partial derivatives) such that, for all K € M and all 0 € BN &,

| Y Bre(ar) — (o) < D B [er — 26]*Cp < 0p 5ChY (58)
LeM LeM
We can then deduce
lim |Pp gy — Ppylx =0. (59)
hp—0

Thanks to the F-extracted subfamily properties, we may apply the consistency hypothesis on the
family ® of fluxes, which gives

limo(uD,Pp@F = /QA(:B)V(,O(CC) - Vu(zx)dx.

hp—

Gathering the two results above leads to

limo(uD,vag@F = /QA(:B)V(,O(CC) - Vu(zx)de,

hp—

which concludes the proof of the following equality

/A(:c)Vap(a:)-Vu(:c)d:c = / f(x)p(x)de.
Q Q

Therefore, u is the unique solution of (6), and we get that the whole family (up)per converges to u
as hD — 0.

Let us now prove the second part of the theorem.
Let ¢ € C°(Q) be given (this function is devoted to approximate u in H{(€)). Thanks to the
Cauchy-Schwarz inequality, we have

/ \Vpup(z) — Vu(x)?de < 3 (TP + TP +T),
Q

with TP = [, [Vpup(x) — VpPpy(z)|*de, T = [, |VpPpe(x) — Ve(z)|*de, and Tr = [, |Ve(z) —
Vu(z)[?dz. Thanks to Lemma 4.3, we have limy,, .o T = 0.
Thanks to Lemma 4.1 and to the coercivity of the family of fluxes, there exists Cs such that

HV'DUH%Q(Q)d < Co*lk < Cs(v,v)p Ve Xp,
with C5 = %2 Taking v = up — Ppyp, we have

TP < Cs ({up,up)r — 2{up, Ppp)r + (Pp, Ppp)p).
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By Theorem 4.1 and thanks to and consistency of the family of fluxes, we get

lim (up, Ppp)p = / Vu(x x)Vo(x)de.

hp—0

The sequence |Ppp|x is bounded; using the regularity of ¢, the regularity hypotheses of the family of
discretisations, together with the consistency of the family of fluxes implies that

hm <PD<P7 Ppo)p = / Vo(x x)Vp(x)de.

Remarking that passing to the limit hp — 0 in (18) with v = up provides that (up,up)r converges
to [ Vu- AVudx, we get that

hm0<uD Ppy,up — PDQDF—/VU— ©)-AV(u— ¢ dar:<)\/ |Vu — Vo|?de,

hp—
which yields
limsup 72 < Cs X/ |Vu — Vo|*de.
hp—0 Q

From the above results, we obtain that there exists Cg, independent of D, such that
/ |Vpup(z) — Vu(z)|*de < Cy / |Vo(x) — Vu(z)|?dz + T7F,
Q Q

with (noting that ¢ is fixed) limy, o T2 = 0. Let £ > 0; we may choose ¢ such that [, [Vip(x) —
Vu(z)[?dz < ¢, and we may then choose hp small enough so that T < e. This completes the proof
that

lim / Voup(@) — Vu(a)de = 0 (60)

hp—0
in the case of a general continuous, coercive, consistent and symmetric family of fluxes. [
Let us write an error estimate in the particular case A = Id, assuming a regular exact solution to (6).

Theorem 4.2 (Error estimate, isotropic case) We consider the particular case A = 1d, and we
assume that the solution u € HL(Q) of (6) is in C%(Q). Let D = (M, &, P) be a discretisation in the
sense of Definition 2.1, let B C &t be given, let B = (85)yen.xem C R such that (15) holds, and let
8 > 0p g be given (see (40)). Let (Fk o)kem,oce be a family of linear mappings from Xp to R, such
that there exists o > 0 with

alv|k < (v, v)p Vv e Xp, (61)

defining (-,-)r by (52). We denote by

1/2

b= (X X % (eptrosn + [ V@ noir@) | (62)

KeMoelk

Then the solution up of (18) satisfies that there exists C7, only depends on o and on 6, such that
[Mymup — Purullpz) < Cr E(u), (63)
and satisfies that there exists Cg, only depending on o, 6 and u such that
IVoup — Vull2)e < Cs (E(u) + hp) . (64)

Moreover, in the particular case where (Fk o)kem,oce 15 defined by (28)-(31), there exists Cy, only
depending on «, 0 and u, such that
E(u) < Co hp. (65)
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Remark 4.2 (Extensions of the error estimate) Note also that the extension of Theorem 4.2 to
the case u € H?(Q) is possible for d = 2 or d = 3. However it would demand a rather longer and
more technical proof and is not expected to provide more information on the link between accuracy
and the reqularity of the mesh than the result presented here. In the case of the pure hybrid scheme
(HFV, B = 0), an error estimate could however be obtained by assuming u piece-wise to be HZ.
Such error estimates were also obtained for pure hybrid schemes of the mimetic type by using the
tools of the mized finite element theory (see e.g. [10]). If B # (), one must furthermore assume
that the barycentric formulae (14)-(15) or (19)-(20) are written with unknowns located in the same
reqularity zone, as explained in Remark 2.6. Nevertheless such error estimates are not possible for
general L™ diffusion operators, since in such a case the maximal reqularity of the continuous solution
18 Hol(Q) Then, by interpolation, one may get some error estimates if the continuous solution is in
HE(Q) N H*(Q) as in the classical finite element framework.

PRrROOF. Let v € Xp, since —Au = f, we get:
— Z vK/ Au(:c)d:c:/f(:c)HMv(a:)da:. (66)
Kem 7K @
Thanks to the following equality (recall that u € C?(Q2) and therefore Vu - nf , is defined on each

edge o)
— Z vK/KAu(a:)da:: — Z Z (vK—vg)/Vu(:c)-nKvgd’y(a:),

KeM KeMo€e€k

we get that
(Posu)r = [ f@Mue@e + 3 Y (FRoPosu) + [ Tule) nior(@) ) (o vo).
L KeMoe€k g
Taking v = Pp gu — up € Xp p in this latter equality and using (66) we get

(v,v)F = Z Z (F}(),J(PD,BU)JF/UVU(CC)'nK,ad’Y(CE)> (VK — Vo),

KeMoelk

which leads, using (61) and the Cauchy-Schwarz inequality, to
alvlx < E(u). (67)

Using (44) and the Sobolev inequality (77) with p = 2 provides the conclusion of (63). Let us now
prove (64). We have

HV’DUD - VUHLQ(Q)d < ”VDUD - V’DP’DJ)”LLHLQ(Q)d + HVDP’D,BU - VUHLQ(Q)d.

The bound of the first term in the above right-hand side is bounded thanks to Lemma 4.1 and (67).
The inequality ||VpPp gu— Vull 2@ < Chohp is obtained thanks to Lemma 4.3 and using a similar
inequality to (58), replacing ¢ by u.

Let us now turn to the proof of (65) in the particular case where the family of fluxes is defined by
(28)-(31). Indeed, we get in this case that, for all v € Xp,

. _‘UI’deo-/ O'/O'

FK7O'(U) = - Z (VKU +RK,0'/U nK,o’) d )

o' €€k
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with

o] Va ( o] ) L

MK+ — —MNKs (To —Tk) | NK, ifo=o0
o ) TR e U e (@ ) i

MnK - i\a\nK Ty — TR)NE 5 otherwise

|K| Nea dK7O—/ |K| Nea o Nea .

Using (23), we get that

/
d
S T e g
o'k

Since there exists C1; € Ry such that |Rg o Pp gu| < Ci1 hi, there exists some Cio € Ry with

‘FK,U(vagu) + / Vu(z) - ng ody(x)| < Ci2lo|hk.

This leads to the conclusion of (65). O

5 Discrete functional analysis

This section is devoted to some results of functional analysis that are useful for the proof of convergence
of numerical schemes when the approximate solution is piece-wise constant on the mesh. Although
some of the results presented here were already introduced in previous works of the authors, they
were mostly presented (even when not needed, see [17, Remark 9.13 p. 793]) in the framework of
“admissible” meshes, that is meshes with an orthogonality condition.

We recall that in the proof of the main convergence Theorem 4.1, we first obtain from the scheme
some estimates on the approximate solutions in the discrete H! norm. We now show how, from a
general discrete WP estimate (this generalisation to p # 2 is useful in the case of nonlinear problems)
we obtain a discrete L7 estimate for some ¢ > p (Lemma 5.3). We then obtain a certain compactness
result in L' (Lemma 5.5 and therefore in L? (Lemma 5.6), which in turn allows to show that the limit
of the approximate solution is in WO1 P(Q) (Lemma 5.7).

5.1 Discrete Sobolev embeddings
5.1.1 Discrete embedding of Wh! in L

The discrete Sobolev embedding of Wh! in L' requires less assumptions on the mesh than those
given in Definition 2.1. We therefore introduce a larger class of meshes in the following definition.

Definition 5.1 (Polyhedral partition of Q) Let d > 1 and let Q be an open bounded set in R?,
whose boundary is a finite union of part of hyperplanes. A polyhedral partition M of Q is a finite
partition of Q) such that each element K of this partition is measurable and has a boundary 0K that
is composed of a finite union of parts of hyperplanes (the facets of K) denoted by o: 0K = Uyecg, 0.
Let £ be the set of the facets of all the elements of M: € = UgemEx. If o € £ is a facet of this
partition, one denotes by |o| the (d — 1)—Lebesque measure of o. Let Hn(Q2) be the set of functions
from Q to R, constant on each element of M. Let u € Hy(Q2). If o € Eg NEL (that is o is a facet
such that o C K NL), one sets Dyu = |ug —ur|. If o € € is on the boundary of Q and K € M (that
is 0 = 0NNK), one sets Dou = |ug|. For u € Hp(S2), one sets

lulliim =D ol Do, (68)
oe€
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Lemma 5.1 Let d > 1 and let Q be an open bounded set of R, whose boundary is a finite union of
parts of hyperplanes. Let M be a polyhedral partition of Q0 in the sense of Definition 5.1. Then, with
the notations of Definition 5.1,

1 . d
HUHLl*(Q) S mHUHLLM Yu c HM(Q), with 1* = ﬁ (69)

ProoOF. Different proofs of this lemma are possible. A first proof consists in adapting to this discrete
setting the classical proof of the Sobolev embedding due to L. Nirenberg (actually, it gives 1/2 instead
of 1/(2v/d) in (69)): it is based on an induction on d. This proof is essentially given in [17, Lemma 9.5
page 790], with slightly less general hypotheses; in fact the so called orthogonality assumption is not
used in the proof of Lemma 9.5 of [17]. An easy adaptation of this proof leads to the present lemma
(with 1/2 instead of 1/(2v/d) in (69)).

The present proof makes direct use of L. Nirenberg’s result, namely:

1
lull s gty < o= llullwragey  Yu € WHHRY), (70)
2d

where [[ully11(Ra) = 2?21 [ Divll 1 (rey and Dju is the weak derivative (or derivative in the sense of
distributions) of u in the direction x; (with = (x1,...,24) € R?).

For u € LY(R?), one sets |jullpy = 2?21 | Diul|ar with, for i = 1,...,d, ||Diullpr = sup{ [ ug—idw,
¢ € CX(RY), [l oo (mty < 1}. The function u belongs to the space BV if u € LYR?) and ||ul| gy < oo.
We first remark that (70) is true with [[u| gy instead of [ullyy1,1(gay, and if u € BV instead of WHL(RY).

Indeed, to prove this result (which is classical), let p € C>°(R% Ry ) with [ pdx = 1. For n € N*,
define p, = np(n-). Let u € BV and u, = u % p, so that, with (70):

d
1
[l s @y < 55 > 1 Ditunl| 1 ray- (71)
i=1

Since uy, is regular, || Dijuy|[11 ey = | Diunllar, and, for ¢ € C>(R%), using Fubini’s theorem:

dy 0
/Rd Una—xidw = e u@xi (¢ * pp)de < HDiu”M”<P”Loo(Rd)-

This leads to ||Djun||f1rey < ||Diullar. Since up, — u a.e., as n — oo, at least for a sub-sequence,
Fatou’s lemma gives, from (71):

1
[ull pr* may < 5 llullsv  Vu € BV. (72)
2d

Let u € Haq(€2). One sets u = 0 outside 2 so that u € Ll(]Rd). One has [|ul|py = sup{fRd u divp da,
@ € CX(RYLRY), |||l poo may < 1}, with |||l oo ey = supi—y, _a @il oo (ray and @ = (g1, .., 0q). But,
for ¢ € C*(R4 R?) such that ||¢|| Leo(rdy < 1, an integration by parts on each element of M gives
(where n, is a normal vector to o and + is the (d — 1)—Lebesgue measure on o):

[ udive de =3~ Dou [ Jonoldr(a) < Vil
R4 o

oel

Then, one has ||u| gy < Vd|ul1.1.m and (72) leads to (69).
(]
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5.1.2 Discrete embedding of W'? in L?", 1 <p<d

We now prove a discrete Sobolev embedding for 1 < p < d and for meshes in the sense of Definition 2.1.

Lemma 5.2 Letd > 1, 1 < p < d and let Q be a polyhedral open bounded connected subset of R®. Let
D be a discretization on ) in the sense of Definition 2.1. Let n > 0 be such that n < di ,/drs < 1/n
for all o € €, where M, = {K,L}. Then, there exists C13, only depending on d, p and n such that

[ull o (@) < Crs llullipra  Vu e Hp(), (73)

where p* = % and

el = 3 3 |o|dKU(ﬂ) | (74)

KeMoelk U
with dy = .o+ dp0s if My = {K, L}, and dy = dyc.o, if My = {K}.

Proor. We follow here L. Nirenberg’s proof of the Sobolev embedding. Let a be such that al* = p*
(that is @« = p(d — 1)/(d — p) > 1). Let u € Hp(f2). Inequality (69) applied with |u|® instead of u
leads to:

=t
(/ uf? d:c) < lo|Dyul®.
oe€

For o € Ent, M, = {K, L}, one has D, |u|® < a(|ug | + |ur|* V) Dyu. For o € Eex, My = {K},
one has D,|u|® < a|uk|* tDyu. This yields:

(/ uf? da:) B <3 3 lolajux | Dyu, (75)

KeMoelk

For all o € £, one has 1 < 1~7‘,7>17d , int» ={K,L}, or if 0 € Eexs, My = {K}. Then,

Hoélder’s inequality applied to (75) yields, with ¢ = p/ (p—1):
1+ oD L
([ @) < ar LSS 3 loldicbun )l (76)

KeMoelyk

Since (o — 1)g = p*, one has:
>N loldiolugl|@ 9 :d/ jul”” da.
KeMoe€gk Q
Then, noticing that (d — 1)/d — 1/q = 1/p*, we deduce (73) follows from (76) with C13 = al——;qdl/q
only depending on d, p and n. U
5.1.3 Discrete embedding of W'? in L9, for some ¢ > p

Let 1 < p < o0, we now deduce from Lemma 5.3 the following lemma, which gives the discrete
embedding of WP in L9, for some q > p.

Lemma 5.3 Let d > 1, 1 < p < 0o and let Q be a polyhedral open bounded connected subset of RY.
Let D be a mesh of Q2 in the sense of Definition 2.1. Let n > 0 be such that n < dg ,/dr. < 1/n for
all 0 € €, where M, = {K,L}. Then, there exists ¢ > p only depending on p and there exists C14,
only depending on d, ), p and n such that

lullpa) < Crallullipm  Yu € Hp(Q), (77)

where |[ull} , v, is defined in (74).

26



PrOOF. If p =1, one takes ¢ = 1* and the result follows from Lemma 5.1 (in this case C14 does not
depend on 7). If 1 < p < d, one takes ¢ = p* applies Lemma 5.2.

If p > d, one chooses any g €|p, oo and p; < d such that pj = ¢ (this is possible since p} tends to
oo as p; tends to d). Lemma 5.2 gives, for some C13 only depending on p, d and 7, that ||ul|zq.q) <
Ciz ||ull1,p, m. But, using Hélder’s inequality, there exists Cs, only depending on d, p, €, such that
llwll1pr,m < Cis ||ullipm- Inequality (5.3) follows with Ciy = C13C15. O

5.2 Compactness results for bounded families in the discrete W norm
5.2.1 Compactness in L”

We prove in this section that bounded families in the discrete WP norms are relatively compact in
LP. We begin here also with the case p = 1, giving in this case a crucial inequality which holds for
general polyhedral partitions of €.

Lemma 5.4 Let d > 1 and let  be an open bounded set in R%, whose boundary is a finite union of
parts of hyperplanes. Let M be a polyhedral partition of 0 in the sense of Definition 5.1. Then, with
the notations of Definition 5.1,

lu(-+y) = ull ey < lyIVellulim Vo€ Hu(Q), Yy € RY, (78)
where u is defined on the whole space R?, taking u = 0 outside Q, and |h| is the Euclidean norm of
h € R

PROOF. One may prove this result in a similar way to that of [17, Lemma 9.3 p. 770] where an L?
estimate on the translations is proven. Indeed, the proof of Lemma 9.3 [17] holds in the case p = 1
considered here for a general partition, while for p > 1, it requires the orthogonality condition satisfied
by the admissible meshes of [17, Definition 9.1 p 762]. We give here a simpler proof dedicated to the
case p = 1, using the BV —space, as in Lemma 5.1.

Let u € C°(R?). For z,y € R?, one has:

1 1
(@ +y) — u(@)] = | /0 Vu(z + ty) - ydt| < [y /0 V(e + ty)|dz.

Integrating with respect to & and using Fubini’s Theorem gives the well-known result

d
lu(- +y) — ull 1 gey < |yl /Rd Vulde < |y| > || Diu 11 zay, (79)
i=1
where Vu = (Dyu,...,Dgu). By density of C2°(RY) in WH1(R?), Inequality (79) is also true for
u € WHL(RY).
We proceed now as in Lemma 5.1, using the same notations. Let u € BV and u,, = u x p,. Since
u, € WHYHR™), Inequality (79) gives, for all y € RY, |lu, (- + y) — Ul L1 (ray < |yl Z?Zl | Ditin || 11 (ay-

But, for i = 1,...,d, as in Lemma 5.1, || Djuy |11 (rey < [[Djufar. Then, since u, — u in LY (RY), as
n — oo, we obtain:
d
lu(- +y) = ull ey < |yl D IDullar = lyllullsy - Yu e BV, vy € RY. (80)
i=1

Let u € Hp(Q). One sets u = 0 outside © so that v € L'(R?); thanks to lemma 5.1, ||Julpy <
Vd||ul|11. and thus:

lu- +3y) =l gy < lyVdluliim vy eR”
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An easy consequence of Lemmas 5.1 and 5.4 is a compactness result in L' given in the following
lemma.

Lemma 5.5 Let d > 1 and let Q be an open bounded set in R?, such that its boundary 0K is a finite
union of parts of hyperplanes. Let F be a family of polyhedral partitions of Q in the sense of Definition
5.1. For M € F, let up € Hpq(Q) and assume that there exists C' € R such that for all M € F,
lumlliim < C. Then, the family (up) mer is relatively compact in LY(Q) and also in L' (R?) taking
up = 0 outside ).

PrROOF. By Lemma 5.1, the family (up)mer is bounded in LY (). Since ©Q is bounded, the
family (ua)mer is bounded in LY(Q) and also in L'(R?), taking uxq = 0 outside 2. Thanks to the
Kolmogorov compactness theorem, Lemma 5.4 gives that the family (uaq)mer is relatively compact
in LY(Q) and also in L'(R?) taking ux = 0 outside Q. O

Note that in fact, the above result also holds for general (non polyhedral) partitions of 2, for instance
in the case of curved boundaries. In the case p > 1, we need an additional hypothesis on the meshes
which we state in the following lemma.

Lemma 5.6 Let d > 1,1 < p < oo and Q be a polyhedral open bounded connected subset of R%. Let
F be a family of meshes of € in the sense of Definition 2.1. Let n > 0 be such that, for all D € F,
one has N < dk »/dr s < 1/n for all o € €, where M, = {K,L}. For D € F, let up € Hp(?) and

assume that there exists C € R such, for all D € F, ||up|ipm < C. Then, the family (up)per is
relatively compact in LP(Q)) and also in LP(R?) taking up = 0 outside .

PrROOF. Thanks to Lemma 5.3 and to the fact that Q is bounded, the family (up)per is bounded
in LY(Q) and also in L'(RY) taking up = 0 outside . Thanks once again to the fact that € is
bounded, the family (||up||1,1,m)per is bounded in R. Then, as in the previous lemma, the Kolmogorov
compactness theorem gives that the family (up)per is relatively compact in L'(Q2) and also in L*(R?)
taking up = 0 outside 2.

In order to conclude we use, once again, Lemma 5.3. It gives that the family (up)per is bounded in
L4(Q) for some ¢ > p. With the relative compactness in L!(£2), this leads to the fact that the family
(up)per is relatively compact in LP(Q) (and then also in LP(RY) taking up = 0 outside Q). OJ

5.2.2 Regularity of the limit

With the hypotheses of Lemma 5.6, assume that up — w in L? as size(D) — 0 (Lemma 5.6 gives that
this is possible, at least for subsequences of sequences of meshes with vanishing size). We prove below
that u € W, P ().

Lemma 5.7 Let d > 1, 1 < p < 0o and let Q be a polyhedral open bounded connected subset of RY.
Let (Dp)nen be a family of discretisations of ) in the sense of Definition 2.1. Let n > 0 be such
that, for any discretisation Dy, = (My, &y, Pp), one has n < dio/drs < 1/n for all o € €, where

My ={K,L}. ForneN, let u™ € Hp, (Q) and assume that there exists C € R such, for all n € N,
™1 pamt,, < C. Assume also that size(Dy,) — 0 as n — co. Then:

1. There exists a sub-sequence of (u'™),en, still denoted by (u™),en, and v € LP(Q) such that
u™ — u in LP(Q) as n — oo.
2. ue WyP(Q) and
—1
(1+ n)de

T (81)

IVull @y = I IVul [lzr@) <

(recall that |Vu| is the Euclidean norm of Vu).
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PROOF. The fact that there exists a subsequence of (u(”))neN, still denoted by (u(”))neN, and
u € LP(Q) such that «(™ — v in LP(Q) as n — oo is a consequence of the relative compactness of
(u™),en in LP given in Lemma 5.6. There only remains to prove that u € Wol’p(Q).

Letting u(™ = 0 and u = 0 outside €2, one also has u™ — u in LP(R%). Let us now construct an
approximate gradient, denoted by Vpnu("), bounded in LP(2), equal to 0 outside €2 and converging,
at least in the distributional sense, to Vu.

Step 1 Construction of Vpu, for u € Hp(Q), and its properties.
Let n € N and D = D,,. For this step, one sets u = u(" (not to be confused with the limit of the
sequence (u(™),cn). For o € &, one sets u, = 0 if ¢ is on the boundary of Q. Otherwise, one has
M, = {K,L} and we choose a value u, between ug and uy, (it is possible to choose, for instance,
Uy = %(uK + uy) but any other choice between ug and wuy, is possible). Then, one defines Vpu on
K € D in the following way:

~ 1

Vpu = m Z lo|nk (e — uK).

oeli

The function Vpu is constant on each K € M and, on K, using Holder’s inequality

P p—1
~ 1 1 Dyu\?
Voull < —— — < d d -7 .
Tout = gy | 32 omwobi o) = g 32 s ) 32 i (22)
Since >, ce,. [0]dk o = d|K]|, one deduces

~ dr—1 D-u\P
Voull < —— O'dKU<L> .
Voul < Ter 3 loldics (72
o€€K
This gives an LP- estimate on Vpu in (LP(Q))? (or in (LP(R%))%, setting Vpu = 0 outside ), in terms
of [[ul[1p. a1, namely
—1
(1+n)d>

IIVpulllze < [ll1,p,01: (82)

In order to prove, in the next step, the convergence of this approximate gradient, we now compute
the integral of this gradient against a test function. Let ¢ € O (R% R?), ¢ the mean value of ¢ on
K €D, and ¢, the mean value of ¢ on ¢. Then,

@ - podx = o\Us — - o\ o R y ) 33

VU pde > lolnko(us —ux)ex = > Y lolnko(—uk)ps + R(u,p),  (83)
KeDoelk KeDoelk

with

Rlu,0) = > > lolnke(ue — ux)(ox — @5).

KeDoclk

Then, there exists Cy, only depending on ¢, d, p, 2 and 7 such that |R(u, )| < Cysize(D)||ul|1,p,m-
Equation (83) can also be written as

y Vpu - pdx = KZED/K(—UK) div(e) dz + R(u,p) = — /Rd u div(e) dz + R(u, p). (84)

Step 2 Convergence of Vp, u(™ to Vu and proof of u € Wol’p(Q) .
We consider now the sequence (u(™),cn. Inequality (82) gives
p—1

(Lt a7

[1Vpu™)|| 1 < ™1, p,pa-

29



Then, the sequence (@Du("))neN is bounded in LP (Rd)d and we can assume, up to a subsequence, that

p—1
Vpu™ converges to some w weakly in LP(R%)4, as n — oo and || |w| ||» < %C.

Let p € C®(R%RY), Equation (84) gives

Vpu™ - pda = —/ u™ div(p) da + R(u™, ). (85)

Rd Rd

Thanks to [R(u(™, ¢)| < Cysize(Dy)||u™ |1 p.r,, one has R(ul, ) — 0, as n — oco. Since u(™ — u
in LP(RY) as n — oo, passing to the limit in (85) gives:

/ w - pde = —/ u div(p) de.
Rd Rd

Since ¢ is arbitrary in C°(R? RY), one deduces that Vu = w. Then u € WIP(R?) and |||Vul||zr <

p—1
%C. Finally, since u = 0 outside €, one has u € W, *(2). O

6 Conclusion and perspectives

A symmetric discretisation scheme was introduced for anisotropic heterogeneous problems on dis-
torted nonconforming meshes. Although this scheme stems from the finite volume analysis, which was
developed these past years, its formulation is actually derived from a discrete weak formulation; in
this respect it may be seen as a nonconforming finite element method. Tools of functional analysis
were obtained, which allow a mathematical analysis of the scheme; the convergence of the discrete
solution to the exact solution of the continuous problem is shown with no regularity assumption on
the solution (other than the natural assumption that it is in H}(€2)). Even though this convergence
result yields no rate of convergence, it is probably more interesting than error estimates which require
some assumptions on the diffusion tensor. Nevertheless, we show an order 1 estimate in the case of
the Laplace operator, which is readily adaptable to regular (say piece-wise C!) isotropic diffusion op-
erators. The numerical results presented here show the good performance of the scheme (in particular
order 2 is obtained for the convergence in the L? norm of the solution), and so do three dimensional
experiments which were performed in [12] for the incompressible Navier—Stokes equations on general
grids. Note that the convergence analysis which is performed here readily extends to the non-linear
setting of Leray-Lions operators. This will be the subject of a future paper.
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