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A VIRTUAL VOLUME METHOD FOR HETEROGENEOUS AND ANISOTROPIC
DIFFUSION-REACTION PROBLEMS ON GENERAL MESHES

JULIEN COATLEVEN

Abstract. Starting from the recently introduced virtual element method, we construct new diffusion
fluxes in two and three dimensions that give birth to symmetric, unconditionally coercive finite volume
like schemes for the discretization of heterogeneous and anisotropic diffusion-reaction problems on
general, possibly nonconforming meshes. Convergence of the approximate solutions is proved for general
tensors and meshes. Error estimates are derived under classical regularity assumptions. Numerical
results illustrate the performance of the scheme. The link with the original vertex approximate gradient
scheme is emphasized.
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1. INTRODUCTION

Finite volumes are very attractive methods in many scientific fields such as biology, plasma physics, hydro-
dynamics, oil reservoir simulation, etc. They allow to deal easily with the non linearities occurring in complex,
coupled physical models while preserving relevant physical properties such as local mass conservation. More-
over, they remain quite easy to implement, even in a high performance computing (HPC) context, with several
level of parallelization. However, the most basic, appreciated and widely used finite volume scheme, namely the
two-point flux approximation (TPFA) scheme, has limited abilities to cope with diffusion operators on distorted
meshes: to remain consistent, it requires a very strong orthogonality hypothesis on the mesh, even more difficult
to satisfy in presence of anisotropy and strong heterogeneities (see [19]). Consequently, the range of admissible
meshes is quite small, and too restrictive to tackle the more complex geometries industries are now considering
(for instance structurally complex subsurface models for oil and gas exploration).

Due to the economic importance of this issue, a huge literature exists on the extension to general meshes
of the classical TPFA finite volume method, thus we will not try to be exhaustive. For a recent review, we
refer the reader to [16]. Multi-point flux approximations (MPFA, see [1-3]) are the natural generalization of
the TPFA. They allow to construct consistent and cell-centered flux approximations on distorted meshes and
lead to compact stencils, but suffer from conditional coercivity (see [5,6]). More recently, new finite volume
methods using additional face unknowns (the hybrid finite volume scheme, see [17,20,21]) or vertex unknowns
(the vertex approximate gradient schemes (VAG, see [8,22-24]) have been introduced. They allow to obtain
both coercivity and consistency on quite general, possibly nonconforming meshes, for strongly heterogeneous
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and anisotropic tensors, and require only star-shaped cells (notice that for the hybrid scheme extensions to
a larger class of meshes with non-star shaped cells but still with planar faces exists, see [27]). The formerly
introduced mimetic finite differences (see [10-12,15]) can be unified, in their first order formulation, with hybrid
finite volumes in a generalized context (see [18]), giving birth to the class of Hybrid Mixed Methods (HMM).
These new finite volume schemes are, at some point, based on non conforming variational formulations of the
diffusion operators, in this sense closing the gap between finite volume methods and Galerkin approximations
like finite elements and discontinuous Galerkin methods (dG). From this observation, even if what we seek
are finite volume schemes, it is interesting to see to which extent modern Galerkin methods are able to cope
with generic meshes. Of course, we are not trying here to describe the corresponding tremendous literature,
but only to motivate our observations. The mimetic finite differences have recently been reformulated in the
very promising virtual element method (VEM) (see [7,14]), a Galerkin method that can cope with almost any
mesh, without even requiring star-shaped cells. The mimetic technology underlying the VEM seems to be the
one, among Galerkin approaches, that allows to handle the widest class of meshes in the simplest manner (dG
methods also give access to a wide class of meshes, but are much more involved). Consequently it appears as a
very interesting approach for overcoming the limitations of finite volume methods. However, as classical finite
elements, the VEM for diffusion problems does not ensure local mass conservation as a finite volume scheme
would, nor does it present an obvious diffusion flux-based formulation, which would simplify its extension to
some important non-linear flow problems.

The method we present here is nothing but an attempt to merge the clever ideas of the VEM /mimetic and
VAG approaches into the finite volume setting. We are going to construct finite volume diffusion fluxes using
the VEM technology with the modification that we keep the usually discarded cell unknown, and use ideas from
the VAG scheme to treat non-planar faces. Then, we approximate the reaction part following the stabilized
mimetic approach of [7]. We show that this stabilization leads to introducing ”reaction fluxes” between degrees
of freedom. Doing so, the mimetic technology provides access to its extremely wide range of admissible meshes,
with possibly very exotic, non necessarily star shaped cells. Meanwhile our modifications allow us to retrieve
the local mass conservation property, as well as a balanced flux-based formulation. Then, the method formally
possesses the same analytic form than classical finite volume methods, which means that its extension to more
complex problems, not discussed here, can follow well establish lines.

The paper will be organized as follows: in a first section, we describe basic notations and our diffusion-reaction
model problem. In a second section, we explain how to construct our new diffusion fluxes in dimension 2 and 3,
introducing at the same time the approximation spaces. Then, we will describe how the stabilized approximation
of the reaction term leads to introducing reaction fluxes. Then, in a third section, we establish convergence of
the method and provide the usual error estimates. In the last section, we present some numerical results in
dimension 2 and 3, that illustrate the good behavior of the scheme, even for very exotic meshes.

Notice that the method we present is formally very close to VAG schemes when reduced to their most basic
characteristics, 7.e. finite volume schemes that uses both cell and vertex unknowns. However our construction
of diffusion fluxes, particularly in dimension 3, is to our knowledge different from VAG constructions that has
appeared in the literature and provides access to a much wider range of admissible meshes, in particular those
with non star-shaped cells. The approximating space, related to VEM spaces, is also very different from those
appearing in usual finite volume methods and leads to a new interpretation which we consider as probably
as interesting as the method itself. Moreover the stabilization of the reaction part we introduce here is very
different from the one introduced in the context of approximating multiphase-flow in porous media with the
VAG scheme (see [8,23,24]). Here, our stabilization is incorporated in the fluxes, producing diffusion-reaction
fluxes, very different from usual VAG diffusion only fluxes.

Also notice that our work could be sum up by saying that we are constructing an enhanced VEM approxima-
tion by keeping the classically discarded cell unknown, useless for consistency, of the first order VEM method
and modifying the stabilization accordingly to recover local conservativity. With this point of view, the main
contributions of the present work is to show how to extend the schemes to cells with non-planar faces and also
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to show that keeping this additional unknown is the key to make the resulting scheme a finite volume one, thus
bringing the elegance and flexibility of the mimetic technology to the classical finite volume setting.

2. MODEL PROBLEM, NOTATIONS

As a model problem we consider a classical diffusion-reaction problem, set on an open bounded domain {2
subset of RY, d € N\ {0}, that reads:

—div (AVu) + Bu=f in £, (2.1)
We complement it with homogeneous Dirichlet boundary conditions, i.e.
u =0 on 042, (2.2)

where 02 = 2\ £2 is the boundary of the domain 2, assumed to be at least Lipschitz continuous. The weak
solution associated to (2.1)—(2.2) is the unique u € Hg(£2) such that:

/AVqu—i—ﬁuv:/ fv Yovin H}(9), (2.3)
Q Q

under the additional hypothesis that f € L?(§2), that 3 is a measurable function from §2 to R, with 3(z) > 0
for a.e. € 2, and that A is a measurable functions from {2 to M;(R), the set of d x d matrices, and is such
that for almost every (a.e.) © € 2, A(x) is symmetric, positive definite and there exists two strictly positive
real numbers \,, \* such that for a.e. & € 2 and for every & € R%:

A€ < A(m)€ - € < N [€ (2.4)

2.1. Description of the meshes

From now on, we assume that the domain 2 is a bounded generalized polyhedral (i.e. with potentially non
planar faces) subset of R%. To fix vocabulary, the mesh associated to {2 is described as follows:

Definition 2.1 (General nonconform_ing meshes). Let 2 be a generalized polyhedral, open bounded connected
subset of R4, d = 2 or 3, angiv 082 = 2\ 2 denotes its boundary. A mesh on {2, denoted by M, is defined as a
set M = (T,F,SF,V,V,E,E) where:

1. 7 is a finite family of connected open disjoint and generalized polygonal subsets of 2 (the cells of the mesh),
such that 2 = Uger K. For any K € 7, we denote by |K| the d-dimensional Lebesgue measure of |K|, and
we assume that |K| > 0. We denote by K = K \ K the boundary of K, by hy the diameter of K, and by
x i the barycenter of K.

2. F is a finite family of disjoint subsets of 2 (the faces of the mesh) such that, for all o € F, its d — 1
dimensional Lebesgue measure |o| is assumed to be strictly positive, and its diameter is denoted h,. We
assume that for any K € 7, there exists a subset Fx of F such that 0K = U,ecr, 0. Then, for any o € F,
we denote by 7, = {K € T | 0 € Fg} (the neighbors of o), and assume that either 7, has exactly one
element, and then o C 92 (the set of these faces, called boundary faces, is denoted Fey:), or 7, has exactly
two elements (the set of these faces, called interior faces, is denoted Fjyt). For all K € T and all 0 € F, we
denote by nx » the unit normal vector to o outward to K. For any ¢ € F, we denote by x, its barycenter.

3. V is a family of points (the vertices of the mesh) such that for any K € 7, and any subset Hx of Fg
with card(Hg) > d, then Nyem,, = 0 or Npem, = s, for some s € V. For all s € V, we denote F, the
set {o € F | s € o}, and 7, the set of cells {K € T | s € K}. For all K € 7, the set Vk stands for
{s € V| K € T}, while for all ¢ € F, the set V, stands for {s € V | o € Fs}. Conversely, Fs stands for the
set {o € F|s€V,}. For any s € V, the geometrical position of the vertex will be denoted .
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4. £ is a family of segments (the edges of the mesh) such that, for all e € £, its Lebesgue measure |e|, which
coincides with its diameter h,, is assumed to be strictly positive, and there exists exactly two vertices s 1, Se 2
of V such that e =]se 1, Se,2[- The subset {s¢ 1, Se.2} of V is denoted V.. In dimension 2, we have F = £ while
in dimension 3, for any o € F, there exists a subset &, of £ such that do = U.cg, € and we have £ = U, rE,.
For any ¢ € F and any e € &, in dimension 3, we denote n, . the unit normal vector to e outward to
0. For any e € £, we denote by x. its barycenter. By construction, we have V, = Uceg, V.. We denote
et ={€€E| 0 € Fepr with e € E,}, and Eipt = E\ Eeut

In dimension 3, we need to complement the definition of faces to handle non-planar faces that are composed of
several planar subfaces:

5. SF is a finite family of disjoint subsets of {2 (the subfaces of the mesh) such that, for all f € F, f is polygonal,
included in a hyperplane of R, and its Lebesgue measure |f| is assumed to be strictly positive. We assume
that for any o € F, there exist a subset SF, of SF such that 7 = Ufe‘g}-af, and that SF = UyczSF,. For
all K € T, for all 0 € Fi and all f € SF,, we denote by ng s the constant unit normal vector to f outward
to K, and SFx = User, SFs. For any f € SF, we denote by x its barycenter.

7. Eis a family of segments (the additional edges due to the subfaces) such that, for all e € £ , its Lebesgue
measure |e|, which coincides with its diameter h, is assumed to be strictly positive, and e ¢ £. For any
f € SF, there exists a subset S~f of £ and a subset &y of £ such that df = (Ufegfé) U (Uyeg,€). For any

f € SF and any e € E t, we denote ns . the unit normal vector to e outward to f while for any e € £ , we
denote by x. its barycenter.

6. Visa family of points (the additional vertices due to the subfaces) such that for any s € V, there exists o € F
and a subset E, of Urcsr, Sf such that Neck, =5 and s ¢ V. For any s € V the geometrical p051t10n of the
vertex will be denoted x;. For any e € 5 and there exists exactly two vertices s¢ 1, S¢,2 of VU YV such that
e —]se 1, Se,2[- The subset of {sc 1, se 2} included in V is denoted V., while the subset of {s., 1, Se 2} included
in V is denoted V.. For any f € SF, we denote Vy the set {seV|se f} and Vf the set {s €V |se f} For
any o € F, we denote Vag ¢ the subset of Vf such that any s € Vf belongs to do, and v, £ the subset of Vf
such that any s € Vf belongs to the interior of . We also denote Vao— =Uysesr, Vag .r and V = UsesF, Vg’f
Finally, for any s € V UV, we denote SF, the set {f € SF |s € V;UV;}.

In dimension 2, we simply have SF = F = €&, € =0and V = 0. In dimension 3, the last three sets describes
how any face is decomposed into one or more planar subfaces, the face itself not being necessarily planar. In
more classical definitions of general non conforming meshes, this decomposition is implicit and the elements of
SF are directly called faces. However, this considerably increase the number of vertices and edges, as one has
then to consider the sets VUV and £ U . As we will construct our degrees of freedom on vertices, we choose
to call faces the entire common boundary of any couple of cells, at the expense of a more involved construction
of the numerical method. Notice that in practice, the set V will very often be empty: in particular, in the case
where the cells all generalized hexahedrons (i.e. hexahedrons whose points have been moved such that some
faces are no longer planar), any face can be split into two triangular subfaces based on the existing points (see
Fig. 1).

Notice that we do not have assumed that any element is star-shaped, nor did we assume that faces are planar in
dimension 3: our definition is very permissive and corresponds to the most common practical situations: it covers
in particular mesh deformations obtained by moving their vertices, very common in industrial applications.

In the following, we denote h = max g e, hi. For any element O, we denote by Py (O) the space of polynomial
functions of degree at most k on O, and by My (O) the space of monomials of degree exactly k on O. Moreover,
we denote by 7, 0 the L? orthogonal projector on Py (O). We also denote Vu,v € H'({2)

A(A, B5u,v) = a(A;u,v) + r(Bu,v),  alA;u,v) = (AVU,VU)O,Q, and r(8;u,v) = (ﬁu,v)oﬂ
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FIGURE 1. Examples of splitting for a non planar face o: left: Voo =V, = = (), center: Voo # ()

V = (), right: Vao = (,V, # 0, plane circles are the vertices of o, empty circles are the
additional vertices defining subfaces.

and Yu,v € H'(K)
AR (A, Bru,v) = o (Au,0) + 15 (Bru,v),  a(Aju,v) = (AVU, Vo) o and 5 (85u,v) = (Bu,v)g g
where (+,-)o.0 denote the L?(0) scalar product for any open set O.

Definition 2.2. We say that a mesh M has optimal polynomial approximation properties if there exits Cpory >
0 such that for any K € 7 and any v € H*(K), there exists p € Pp(K), with s — 1 < k < s, such that

v = plam(x) < Cpoyhie ™v]ms ()  for 0 <m <
In what follows, we will assume that our mesh satisfies:

(A1) There exists a real number p > 0 and a matching simplicial submesh ST of M such that for any T' € ST,
phr < rp where rp is the inradius of T, and for any T' € 7 and any T' € S7 such that T' C K, phx < hrp.

Notice that assumption (Al) is not very restrictive: it simply requires that any cell of the mesh can itself be
meshed by simplices. Any generalized polygon with piecewise planar faces obviously satisfies this assumption. It
can be shown (see e.g. [9,26]) that these assumptions indeed imply optimal polynomial approximation properties.

3. A VIRTUAL VOLUME METHOD

Ultimately, we wish to describe any approximating function v in any dimension simply by the following
degrees of freedom:

e the mean value v = 7y x (v) of v over each cell K € T,
o the values v; = v(xs) of v at each vertex s € V.

The corresponding local set of dofs is denoted
X(K) = {o = (v, (0)sevye) € R x R0 |

3.1. Discrete spaces in dimension 2

Following the construction of virtual element methods of [7], we start by defining a projector 7y, : H(K) —
P (K) by:

o (o1 (A); mYv.q) = — / vdiv (mo x (A) V) + / ok (A) Ve -nox Vg € Py(K)
OK

(3.1)
IKI/ IKI/
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where ngg denotes the unit normal vector to JK outward to K. Denoting Ax = mo x(A), the expression
of a® (m}v,q) (since div(mo,x(A)Vq)) = div(AxVq) = 0 for any ¢ € P1(K)) can even be simplified for any
ve HYK) in

o (Arimfoa) = [ 0AkVaonox Vo€ Pi(K), (3.2)
K
or, equivalently
a® (Ag;myv,q) = Z (v—vr)AxVq-ngx VqePi(K). (3.3)
cEFK VY

Then, for any K € 7, we consider the space:
Bi(0K) = {v € C°(0K) | v, € P1(0), Yo C 0K} (3.4)

Obviously, B;(0K) is a space of dimension card(Fx) = card(Vk), as any continuous function on 0K which
is linear on each face (which coincides with edges in dimension 2) is uniquely determined by its values at the
vertices. With this space, we can consider the finite dimensional space V(K) defined as:

V(K) = {ve H(K) € B1(0K) and — div(AVv) € Py(K)} (3.5)

| V0o

Now, instead of considering the space V(K) described in [14], we follow the alternative approach of [7] and
consider the space _
W(K) = {w e V(K) | (w—mXw,q)o.x =0, Vg € Mi(K)} (3.6)

for which the projector 7y coincides with the classical L? orthogonal projector m x on P1(K) by construction.

Notice that we did not enforce (w — 7w, q)o x = 0 for the monomial of My (K), as is the case in [7]. This is due
to the fact that our additional cell dof takes automatically care of this constant part through the definition of
7y The key idea behind this space is the fact that the operator 7). can be directly computed from the degrees
of freedom for elements of W (K), which then leads to a straightforward approximation of the diffusion term.
The corresponding global space is:

W ={weH"|wyeW(K)} (3.7)

In the same way as in [7], we have:

Proposition 3.1. The degrees of freedom of X (K) are unisolvent for W(K).

Proof. The proof is identical to the proof given in [7] for W (K'). As we detail the proof in the more complex
case of dimension 3, we refer the reader to either [7] or Proposition 3.5 for more details. O

Still following the idea of the VEM, at this point we consider an approximation of the bilinear form af(-,-) for
functions in W (K) by combining a(-,-) and 7y and adding a stabilization term for the H' norm:

an(u,w) = 3 af(uv)  alf(u,0) = aF (A mu w0 + 55 (u— 7L ()0 — TRW)  ¥(u,v) € W(K)
KeT
(3.8)
The bilinear form s (-,-), added to ensure the coercivity of the resulting scheme, is given by
sMu0) =hi? Y Y Sk culzv(y)  V(uv) € W(K) (3.9)
SEVK §' eV

and Sk = (Sk ¢ )s.s ey, can be any symmetric positive definite matrix independent on h. As for any ¢ €

P (K), we have 7 (q) = g, the consistency property:

al (u,q) = o™ (Ag;u, q) Vu € HY(K), Yq € P1(K) (3.10)
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is obtained by construction. Notice that this stabilization says a priori nothing on the cell degree of freedom.
However, for any v € W(K), we get mo x(v) = mo k(7 (v)), so the a priori missing term is in fact zero on
W (K). Following [13,14], it is clear that the scaling h% * of the stabilization terms ensures that:

Lemma 3.2. There exists o, > 0 and o > 0, depending on p but independent on h, such that for any
(u,v) € W(K)?, we have
ar (u,v) < o*||Vullp2(x) ||V 22 () (3.11)

and for any u € W(K)
IVl By < af () (312

3.2. Diffusion fluxes in dimension 2

To obtain diffusion fluxes, we have to rewrite a little the bilinear form a on each cell K. Using again the fact
that the gradients my.v and Vq are constant over K, we can give an explicit expression for 7y for elements of
W(K). Indeed, we have:

/AKV’]TIV{UV(]: Z /(v—vK)AKVq~n3K.
K

c€FK VY

As Ay, Vv and Vq are constant over K, and A is invertible, we deduce that:

1
Vv = I Z (v —vK)NK o,

oc€FK VY

and finally, using the fact that v is linear on each edge/face o, we get:

oceFK seV
Denoting
o]
= —— MK, 3.13
gK,s Z 2|K|nK ( )
ceFsNFKk
we get
Vg = Z (vs —vK)gK,, and T = v + Z (vs —VK)GK.s (X —xK) (3.14)
SEVK s€Vk

Then, as V(u,v) € W(K)
AR (u,0) = [ KA Vg (w)mg (o) + 052 Y Y Speyy (ul@s) = mg(u) (@) (v(zy) — mx () ()
SEVK s eV
using the explicit formula for 7y, and expanding everything, we get, after a straightforward computation:
ap (wv) = Y Y AR (us —ux)(vy — k)
S€EVK ¢ eV
where ) ,
Aiés = |K|AKng 'gK,s/ + h?(72825 ’

S¥ = yITQS/ SKYK,s, (3.15)

YK,s = (y;(vs)s”EVK’ yf{,s = 5.@,3” — 9K (T — k)
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where d, . is the Kronecker symbol. The fluxes are then defined by setting

Fioo(w) = 5 A% (ux —uy) (3.16)

s’ eV

in order to finally obtain:

an(u,v) = Y Y Frs(u)(vk —vs) (3.17)

KeT seVg

Remark 3.3. In dimension 2, the flux Fix s we constructed are very close to those of the original VAG scheme
of [22], the difference being the stabilization term. Undoubtedly, proceeding along the same lines as [18], both
schemes could be unified at least formally in the same framework by allowing a matrix as stabilization parameter
in the VAG scheme. However, the derivation from mimetic techniques we propose here is different and appears
as very interesting in itself. In particular it allows an interpretation of the scheme as a variational approximation
using the space W(K') while allowing to handle more general meshes, in particular those with non star-shaped
cells.

3.3. Discrete spaces in dimension 3

In dimension 3, still following the ideas of [7,14], we have to introduce an intermediate approximation space
on planar faces before defining its counterpart on cells, if we wish to keep the same set of degrees of freedom.
Consequently, we start by defining a projector ’/TJY : HY(f) — P1(f) by setting:

(Vﬂ'fvv,Vq)Of:—/qu—I-/ vWVq-ngr Vg e Pi(f)
’ f of

1 - 1 (3.18)
— YU = — v
0] Jos T 10£1 Jog
Again, the above expression can be simplified into:
(V7Y vvg), , = /Bf vVq-mnop Vg € Pi(f). (3.19)

We start by considering the space X~/( f), defined by:

V(f)={ve H'(f) | v,, € B1(8f) and Av € Po(f)}.

Clearly, a reasoning similar to the proof of Proposition 3.1 shows that the elements of 17( f) are uniquely defined
by their their zero and first order moments on f and their values at the vertices of f, which means some vertices
of V, and some of the additional vertices of Vs, U )V,. However, we do not wish to add degrees of freedom
related to those additional vertices. To this aim, we define the following space, which still contains the traces of
elements of Py (K) for any K € 7,:

V(o)={ve H (o) |v, €V(f) ,Vf€SF,, andv,, € Bi(do)}.

On this space values at vertices of Ve do not add any degree of freedom: more precisely, for any s € ]730, there
exists e € &, and two real numbers Pe,s,se, and Pe,s,5ey such that s belongs to the interior of e, V. = {se,, Se, }

and for any u € V (o), we have:

U(Ts) = Pes,s., Ws,, ) + Pe,s,s., W(Ts,,)
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and
Ts = Pe,s,sc, Lse, + Pe,s,5cq Lse, Pe,s,se, + Pe,s,sc — 1

as u is linear on e. However, this is not the case for values associated with vertices of 170.. By analogy, and
inspired by [22], we associate to each element s of V, a set of real numbers (p, , /)¢y, such that at most d+ 1

of them are non zeros, and:
Ls = E pa,s,s/ws/ E po,s,s/ =1
s'ev, s’ €V,

Clearly, if 7, = {K, L} (respectively if 7, = {K}), we have for any v € Py (K U L) (respectively u € P1(K))

U(IBS) = Z po,s,s/u(a:s/)’

s’ €V,

s'e

Thus, this barycentric interpolation is exact for traces on o of first order polynomials. The corresponding
simplified trace space is thus defined as

V(o) =qveV(o)v(@) =Y py,v@s)VseVs . (3.20)
s €V,

As remarked when we described meshes, the sets 930 are very often empty, and the sets 170 even more often.
However we wished to allow complicated face decompositions, in particular to cover the case when one use
a classical meshing algorithm to generate subfaces, which may require those additional points in complex
situations.

Finally, our space on faces is defined as:

W(o) = {w e Vo) | /f(w - 7vaw)q =0Vq e My(f)UM;(f), Vf € SJ’-}} (3.21)

which imposes that each projector 7er coincides with the classical L? orthogonal projector w1 ¢ on Py(f).
Obviously, we have:

Lemma 3.4. Any element of W (o) is uniquely defined by its values at the vertices of o.

Proof. The proof is identical to the proof given in [7] for W (K). For any f € S7,, we define the operator
A(;,} : L2(f) :— H*'(k) by setting for any q € L?(f) Aa}q = w, where

—Aw=gq in f

w =20 on Jf. (3.22)

Then, we denote R : L?(f) — L?(f) the operator defined by Rq = Wl,f(Aa}(q)). Now, assume that the degrees
of freedom of u € W (o) and v € W(o) are identical. By construction, if u and v are equal at each s of V,, we
have u = v on Of for any f € SF, and thus by definition v — v satisfies (3.22) on each f for some ¢y € P1(f).
Then, as for u and v in W (o) and any f € 87, 7er (u) and WJY(’U) solely depend on their values at the vertices
of V,, we deduce that W]Y (u) = WJY(U) for any f € S7,. But by definition of W (o), this implies that for any
pePy (f)

(u—wv,p)o.f = (m,p(u—10),p)os = (xy (u) — 7y (v),p)o.s = 0.

Thus we have:

(Ray,qz)o,p = (m1,p(u —v),q5)o,s = (u—v,q5)o,f = (V(u—2),V(u—v))r2¢5) = 0.

which immediately implies © = v on any f € S7, and thus on o. O
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Now we are in position to construct an approximation space on cells that can handle non-planar faces. We start
by setting: B

V(K) = {v € HY(K) | v, € W(o) Vo € Fx and —div(AVwv) € ]P’l(K)} . (3.23)
The three dimensional operator 7y : H'(K) — P;(K) is defined by, after the simplification of the volumic
term we are used to now:

a (AK;’]TIV(U,(]) :/ vAgVq-nyi :/ (v—vr)AxVq-nox VqePi(K)
OK

) B} . oK (3.24)
w /K o= /K .
Then, the approximation space is naturally:
W(K)={ve I7(K) | (v— W,V(v,q)o’;{ =0, Vg e M(K)}, (3.25)
the associated global space is
W={veH"|v, e WK)VK €T} (3.26)

Proposition 3.5. The degrees of freedom of X(K) are unisolvent for W (K).

Proof. The proof is again identical to the proof given in [7] for W(K). We define the operator A, }( a4t
L?*(K) :— H*'(k) by setting for any q € L?(K) Ao_}(q = w, where

—div(AgVw) =¢q in K

(3.27)
w=0 on 0K.

Then, we denote R : L?(K) — L*(K) the operator defined by Rq = 7r1’K(AO_}(7A(q)). Now, assume that the
degrees of freedom of u € W(K) and v € W(K) are identical. Then u — v satisfies my g (u — v) = 0 and (3.27)
for some q € P (K). As for u and v in W(K), m)-(u) and 7y (v) solely depend on their values at the vertices
and their mean value, we deduce that m)-(u) = 7 (v). But by definition of W (K), this implies that for any

pE Pl(K)
(u—v,p)o,x = (T1,5 (u— ), p)o,x = (T (u) — T (v),p)o,x = 0.

By construction, we then have:
(Rq,q)o,x = (1, (v —v),q)o,x = (v —v,q)o,x = (AxV(u —v), V(u —v))r2(x) =0
which immediately implies u = v. O

We define our approximation of the diffusive part as

ap(u,v) = Z a¥ (u,v) af (u,v) = o (Age; T, mpv) + 85 (u — 3 (u), v — 3 (v), VY(u,v) € H(K)
KeT
(3.28)
where the bilinear form s%(-,-), added to ensure the coercivity of the resulting scheme, is again given by
sMu0) =hi? Y Y Sk culzdv(y)  V(uv) € W(K) (3.29)
SEVK ¢ eV

with S = (SK’S,S/) can be any symmetric positive definite matrix independent on h. For any ¢ € P;(K),

s,s €EVi
W[V( (¢) = q implies again by construction the consistency property:

al (u,q) = a® (Ag;u, q) Vu e HY(K), Vq € P1(K). (3.30)
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Exactly as in dimension 2, we have

Lemma 3.6. There exists o, > 0 and o > 0, depending on p but independent on h, such that for any
(u,v) € W(K)?, we have
ar (u,v) < ||Vl L2 ) |V L2 () (3.31)

and for any v € W(K)
a*HVuH%Q(K) < af (u,u). (3.32)

3.4. Diffusion fluxes in dimension 3

For any v € W(K), and any edge ¢ € Ex U Ex, we have v € Py (e), thus, as Zsevguﬁe Nes = 0:

Vs 1
v, = Z ?-l-?‘ Z (Vs — VK )Te,s - (T — ) H/ Z

SEV.UV. SEV.UV. SEV.UV,

Then, for any f € SFk, we easily get that:

Z Z 2\f| Vs — VK )Ny = Z Z %(vs—vx)nf,e

e€EFUEF sEV.UV, sEVUV} e€(E,UEF)N(ESUES)
and | |
e
il XX gogns ¥ X g
eGEfUEf SEV. UV SEVfUVf ee(EfUEf)ﬂ(ESUE )
Denoting
9fs = Z 2||i]|cnf£ and mys = Z ﬁ (3.33)
e€(E;UE)N(ESUES) e€(EFUEF)N(ESUES)
we get
FJYU = Z My Vs + Z —vK)gss (T —Tof) V’/TJYU = Z (vs —vK)Gy s (3.34)
SEVfUVf SEVfUVf SEV‘fU\A}f
where

1 le]
Tof = oo x = e
0011 Joy Z o]

€ .'Sf
As usual, we explicit the operator 7y for functions of W (K). Using our definition of W (K') and W (f), we get

that:
/ MoK = Z /’U—UKTLKf— Z /ﬂ'f —UK an
0K

feESFK fESFK
This leads to:

/]
Vrgv= ) > W(mf,s + 95 (@p —@op))(vs — vK)NK
FESFK SEVfU\N}f
Then, recall that for any s € 17f, if f € SF,, we have:

= § : po’,s,slvs' § : po’,s,s/ :1’

s €V, s €V,
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where we still denote p, ; v = p,. , v when s € Voo and s € e to simplify notations. Then:

i/
Ve Y | 2 s+ g (o= 20— v
feESFK SEVf

|f]
+ > K] (Mps+G5s (f —Tof))Pys s (Vg — VK)NE f
SE\N/f S/GVa’fES]:a

Denoting
Prs = (Myss+9gss (Tf —Tay)) (3.35)

Vv rewrites:

N N e VD VD MD S ST

SEVK FESFKNSF, SE€VK 0EFKNFs ESFs o Py

Introducing

f S U'SS
o= Y e > Y Z'pr” nic (3.36)

fESFKNSF, c€FKkNFs fESFs ¢ EV

we obtain:

Vagv= Y (vs —VK)gxs-

seEVK
Exactly as in dimension 2, we can equivalently rewrite:

T = v + Z —VK)gK.s (T — TK) Vrpw = Z (Vs — VK )Gk s (3.37)

s€EVK s€EVK

but with a more complicated formula for the gy .. As we have kept the same analytical form for our projectors,
we can immediately deduce from the results in dimension 2 that the bilinear form a(-,-) rewrites

v) = Z Z Fr s(u)(vg — vs), (3.38)

KeT seVg

with the fluxes given by
Frs(u) = > Ay (ux —uy), (3.39)
s’ €V

and the matrix Ag given by
AR = K| Akgk.o - 9. + 5SS
S;%S = yf(,sf SKyK,sa (340)

12 12

YK,s = (y;(aS)S”EVK7 y;(,s = 65,5" - gK,s . (335'1 - %K).

Remark 3.7. As announced before, in dimension 3 the derivation of our fluxes Fi ; is quite different from that
of the original 3d-VAG scheme of [22], as it is based on the projectors 7er and not on barycentric interpolators.
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However there remains an interesting link between the two constructions. To make it clearer, notice that we
can rewrite

|f1Bs, .
I9K,s = Z ‘Kf‘snK,f with 5f’5 =DPfs Tt Z Pt s Pos s
FESFKNSF, s'eVy,feSF,

The question is now whether the 3y are barycentric coefficients for the subface f or not, i.e. do they satisfy

Z ﬁf,sms =Xy and Z ﬁf,s =1 (341)

s€Vs,fESF, s€Vs, fESFs

We have:

Z mpy,s + Z mf,s/ po’,s/,s Ts =

s€Vo, [ESF o s eV, feESF,

le] le]
2. 2 gt 2 2. e

5€Vo, fESF o \ ec(E£5UEF)N(ESUES) s' €V, FESFo e€(E5UEF)N(E 1UE 1)

_ l¢] lel . _ lel . _
=2 > 57" T > 2 )2\8f\ws/ - Zg_) ot

$EV e (E5UEF)IN(EUES) s' €V e€(E5UEHN(E UE ec(E5U

Proceeding in the same way, we get:

Yo \gpe @izt Y gpe (@ zop)p,. |

s€Vs, fESF, s eV, feESF,
_ | el
= > o e (@ —@o)Ts + Y > 2 (xf —zof)Ty
SEVS ec(E,UEF)N(ESUES) s' €V e€(EFUEHN(E 1UE 1)

_ lel _ .
= > ‘f|nf,e~(wf Tof)Te = Tf — Tof

and thus the first part of (3.41) is satisfied. Then

Z mpg,s + Z mf,s/pa,s/,s = Z aiif =1

SEV,, fESF, s eV, fESF, e€(£5UEy)
and
le]
> 9o (@r—mop)+ Y. Gy (@p-mop)pe g ]| = D e (wy —xoy) =0
SEV,,fESF, s €V, fESF, e€(E5UES)

implies the second part. This means that our scheme could be considered as a very special VAG scheme with
carefully designed barycentric weights. However the converse is very unlikely: not any barycentric interpolation
formula allows a clear reinterpretation of the VAG scheme as a conforming variational approximation with well
identified local spaces on each cell. Thus, our 3d fluxes seem to constitute a very interesting subfamily that
allows a pleasant variational interpretation in W (K) of the scheme, and in the process gives access to the wide
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range of admissible meshes of the mimetic technology (a classical consistency analysis without this variational
framework would in particular be very difficult to conduct on non star-shaped cells). We insist on the fact that
our scheme provides a conforming approximation, which a generic barycentric formula in 3d cannot guarantee:
this is a direct consequence of the VEM approach we followed to design the method. As in dimension 2, our
scheme differs from the original VAG scheme through its stabilization part: a general framework following the
lines of [18] that allows a matrix as stabilization parameter could again be introduced to unify both approaches,
at least formally.

Finally, it is also clear that our construction is different from the alternative VAG construction described
in [8,23,24, 28], which uses a piecewise linear reconstruction based on finite elements and a splitting of each cell
into simplices, thus strongly requiring cells to be star-shaped.

3.5. Reaction term

We now turn to the approximation of the reaction term in (2.1). We define, V (u,v) € W (K):

rp(u,v) = Z i (u,v)  where  rE (u,v) = 75 (10,1 (8); 701 (1), M0, 5 (V) + 8& (4 — To, 1 (1), v — 70K (V)
o (3.42)

where

o) =t 55T B u(@)o(,) (3.43)

SEVK s’ eV

with Bg = (B}’ )s.s' cvye any symmetric positive matrix independent on h. Denoting Sk = mo,x (), we get for

any (u,v) € H'(K)%
ri (u,v) = (mo,x (B)70,k (), Mo (V)0 + B D D B (us — ur)(vy — vK).
SEVK s eV
After a straightforward computation, this leads to:
K (u,0) = |K|Bruxvx + Y FE (u)(vx — vs)
sEVK
where the "reaction fluxes” are defined by:

Fo(w) =hg > By (ux —u), (3.44)

s’ €V

Remark 3.8. The second term of (3.42), which gives birth to these surprising “reaction fluxes”, is not needed
to ensure convergence. However, as will be illustrated by numerical experiments, it greatly improves the behavior
of the scheme when the diffusion tensor is vanishing. In [8,23,24], a different approach is proposed to ensure
this additional robustness: an abstract volume decomposition of each cell K € 7 is introduced, by assuming
that one has a decomposition of the volume of K under the form:

K=Ky U K.
sEVK

On each of these volumes, one approximates the unknown by the associated dof value, the corresponding
approximation of the reaction term being thus given by:

Z 7o,k () (KKUKUK + Z Ks|usvs> .

KeT sEVK
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Doing so, we would give a volume to each vertex, but without modifying the fluxes between cell and vertices,
contrary to our scheme that gives no volume to vertices but modify the fluxes.

Proceeding as in [13,14], it is not difficult to establish that:

Lemma 3.9. There erists b, > 0 and b* > 0, depending on p but independent on h, such that for any (u,v) €
W(K)

it (u,0) < 7| ful L2 o] 22 (xc) (3.45)
and for any u € W(K) ) .
ballul| 725y < 7 (u, ). (3.46)
For any w € W(K) and any q € Po(K),
i (u,q) = (m0,x (B)u, Q)o,k- (3.47)

3.6. Finite volume formulation

Combining all the previous definitions, we approximate our model problem (2.1) by the discrete variational
formulation, with Wo = W N H}(£2):

Find u € Wy such that for all v € Wy
Ap(u,v) = ap(u,v) + rp(u,v) = Z / mo,ix (f)v. (3.48)
K

KeT

Using the flux formulation of each part, we get, denoting fx = mo x (f):

Yo D Frs(u) + F (w)(vr —vs) + Y |K|Bruxve = ) |K|fxvx.

KeT seVk KeT KeT

Taking one degree of freedom of v equal to one and all others equal to 0, and doing so for every dof, we obtain

K|Bruk + Y Frs(u) + Fi(u) = |K|fx VK €T

seEVK
> Fox(u)+ Flhe(u) =0 Vs € Vi (3.49)
KeT,
Us = 0 Vs e Vezt
where we have denoted
Fy ik (u) = —Fk s(u) = Z AL (uy —ug) Yu e W(K) (3.50)
s'eEVK
and ’
EfK(u) = —ng(u) = Z By (uy —uk) Yue€ W(K). (3.51)
s’ eV

In other words, our method shares the same analytical formulation than classical finite volume methods, with
some “real” volumes (those associated with cells) exchanging with some “virtual” ones (those associated with
vertices, as vertices are entities with no volume). We also recover the balance of the global diffusion-reaction
fluxes ensured by (3.50) and (3.51). This is due to the introduction of our additional cell degree of freedom, as
well as the careful choice of stabilization terms. Notice that we were able to obtain explicit expressions for each
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quantity involved in our scheme, which greatly simplifies its implementation: no local inversion, such as those
required for MPFA schemes, is necessary to compute the fluxes. Also notice that we can use static condensation
to drastically decrease the size of the linear system: the cell equations in (3.49) can be locally inverted, thus
reducing the linear system to the vertex unknowns only.

Let us mention that it seemed logical to call our new method a “virtual volume” method, as we obtain a
finite volume scheme derived from virtual element principles and its associated virtual basis, and because of the
formal exchange between real and virtual volumes.

4. CONVERGENCE ANALYSIS

In this section, we consider the convergence properties of our virtual volume method. The variational approach
we followed, based on the mimetic technology, will prove all its interest here: indeed, most of the work will be
greatly simplified, as we will be able to use directly classical approximation properties. This section follows
exactly the lines of [7,14] applied to our enhanced VEM space, as the VEM technology provides convergence in
a rather automatic way. Consequently, we claim no originality here: we only detail the convergence analysis for
the sake of completeness and the reader’s convenience.

A direct consequence of the optimal polynomial approximation properties of our mesh sequence is the following
approximation result for the operator my.-:

Lemma 4.1. Let d =2 or 3 and M a mesh that has optimal polynomial approximation properties. Then, for
any u € H*(K)
IVu = Vg ()l 2 (x) < Cpotyliru| 2 (i) (4.1)

Proof. By definition of m)(u) and as for any ¢ € P1(K), V) (q) = Vg, we get:
(Vu — Vry-(u), Vu — Vry(u))o.x = (Vu — Vay(u), Vu — Vq)o i

which leads to

90 = Vrf @)l < _int [V = Vallzago
and concludes the proof. O

Moreover, following Scott-Dupond theory, as a consequence of our regularity hypothesis (A1) on the mesh and
as Py (K) Cc W(K) it is not difficult to see that we have (see [7,9,14]):

Proposition 4.2. Let d = 2 or 3 and M be a mesh of (2, that satisfies (Al). There exists Cyw > 0 such that
for any v € H*(K) there exists w € W such that for any K € T

[|lv _'LUHLQ(K) + hilv _U)|H1(K) < th%(|v|H2(K).

4.1. Convergence theorems and error estimates

Convergence results are based on the following abstract result:

Proposition 4.3. Let d = 2 or 3, M be a mesh of 2 thatl satisfies (Al), and let u be the unique variational
solution of (2.1). Then, there exists C > 0 depending on p but independent on h such that the solution uy,
of (3.48) satisfies, for any ur € W, any ur1 piecewise in P1(K) for any K € T, and any ur o piecewise in
Po(K) for any K € T:

= unllm ) < C(||f = 7 0(f)|l20) + |lu—urlgi ) + [u = x| + | — urollL20) + |lu — url| 20

+ sup [|A — Ak ||pe i) |ulmi (@) + sup [|B —ﬁK|L<>c(K)|U|L2(n)> ; (4.2)
KeT KeT
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where AK = WO’K(A), 5[( = ’R'(),K(ﬁ) and:

\Uﬁh = Z HVUH%’Z(K)
KeT

and w7 o(f) = mo,x (f) in K, VK € T.

Proof. Let u be in H', u; in W, u, 1 be piecewise in P1(K) and u, o be piecewise in Py(K). Then, using the
stability of the diffusion and reaction part on each K, the hypothesis on A and 3, we deduce that there exist a
constant o > 0 and a constant 17 > 0, both independent on h, such that, setting §, = up — uy:

016wl 720y + lonlir (o) < A0, 0n) = Y ag (un,0) + 74 (un, 64) — aj; (ur, 1) — it (ur, 6n)
KeT

= > (f&:On)o i — an (ur, 8n) — 7t (ur, 64) (using (3.48))
KeT

= Z (fK,éh)QK—af(ul—uﬂ,h5h)—a{f(um1,5h)—rf(u1—uﬂ,o,5h)—rf(umo,5h) (adding tur 1 and fur o)
KeT

= Z (fr0n)o rc — ap (ur — tn 1,0n) — 11 (Ur — tr,0,6n) — a (Axc;tn1,6n) — 7% (r 0, 1)
KeT

(using (3.12),(3.32) and (3.46)). Then, adding +u two times, we get

0w [72(0) + aldnlFn o) < Z (fresn)o. 5 — ahy (wr = um1,65) — 7 (ur — tr 0,0n) — a® (Akc; tum1 — u, 65)
KeT

—a™ (Axc;u,6n) — 7% (Brc; uro — u, 61) — 1™ (Bic;u, 61,

which leads to, using (2.1)

lonll72(0) + alonl @) < Y (Mo (f) = f0n)g i — Ok (ur — tn.1,0n) — T£ (s = tr 0, 0n)
KeT

—a® (A uny —u,0p) — a® (A — Aju, 61) — 15 (Bics un,0 — w, 08) — 1 (B — B;u,0n).

Using the definition of a® and 7 and the continuity bounds on a}[f and r}[f , we easily obtain the existence of
some C > 0 independent on h such that:

l10nl17 20y + onlF 0y < C (1f = 7r0(Hll2c) + [ur = uralin + [u = uriun + [lur — wrollL2()

Hu = urollr2(2) + sup |[A =m0,k (A)|[ex)ul 1 (2) + sup [|6 - 7T0,K(ﬁ)|Lw(K)|U|L2(n)> .
KeT KeT
and the result follows using the triangle inequality and Poincaré’s inequality on (2. O

As the mesh has optimal polynomial approximation properties, assuming that f € H'(£2), 3 € W>°(£2) and
A € Whee (22, M3(R)), there exists Cy > 0, C3 > 0 and C > 0, all independent on h, such that for all K € 7,

I[f = mo.x(F)lle2xy < Crhi (I8 =m0,k (B)l|lL=~x) < Cshrx  |[A =m0,k (A)||p=x) < Cahk.
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Then, one immediately deduces:

Proposition 4.4. Letd = 2 or 3, and M be a mesh of (2, that satisfies (Al). Assume that the unique variational
solution u of (2.1) belongs to H?(R2), that f € HY(Q2), B € WH(Q2) and A € WH(2,M3(R)). Then, there
exists C > 0 depending on p but independent on h such that the solution uy of (3.48) satisfies

llu —unllr2(0) < Ch  and  ||Vu— va((uh)HLz(K) <Ch (4.3)

Using the usual duality argument, one could then establish error estimates in the L?(§2) norm assuming elliptic
regularity (see [7] for details):

Proposition 4.5. We say that an open set §2 has elliptic regularity if and only if for all g € L?(02), the unique
solution w € HY($2) of
—div (AVw) +pw =g in 2
satisfies
lwl[m2(0) < Cellgllz2 (o)
with Ce > 0 only depending on (2.
Assume that §2 has elliptic reqularity, and let d = 2 or 3, and M be a mesh of 2, that satisfies (Al). Assume

that f € HY($2), B € WH>(02), A € WH(£2,M3(R)). Then, there exists C > 0 depending on p but independent
on h such that the solution uy of (3.48) satisfies

llw = un| L2y < Ch?2 (4.4)

We see that having a variational formulation on the space Wy greatly simplifies the analysis. Also notice the
apparent paradox inherent to our method: in principle, as we are trying to match the finite volume philosophy,
one could expect that we perform an external approximation of the space Hi (£2), to incorporate cellwise constant
functions. However we used a discrete variational formulation on the space Wy, which is a subspace of HE(2),
thus the approximation is internal. The trick here is the VEM notion of consistency: being much weaker than
the classical finite element one, as we are only imposing local consistency when tested against polynomials, it
allows the stabilization part to not be an approximation of the diffusion matrix. Then well chosen stabilizations
that preserve the flux balanced formulation as well as the choice for the second member are the key to recover
local conservativity.

5. NUMERICAL EXPLORATION

Before describing our tests cases, let us precise the exact form of the stabilization terms we use in practice.
After some numerical experiments we set

[flAknk.s-nK.s
Skes =00y Y. : (5.1)
fESFKNSF, Z |f |
' ESFKNSF,

and By = VBKd, o, With v > 0 a real parameter allowing to control the diffusion added by the reaction fluxes
on coarse meshes. The idea behind the choice (5.1) is simply to match the variations of the diffusion tensor,
which roughly speaking makes the stability and coercivity constants much less dependent on the variations
of A. Clearly, other choices can lead to more or less precise results, depending on the test case, and the above
proposition is most certainly suboptimal. However, we felt that it gives sufficiently precise results to assess the
potential of the method. Then, let us mention that for simplicity, the L? convergence results that will be plotted

correspond to
¢ 3 1K () - ux)?,

KeT
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where u is the exact solution. For any function in H'T®, this constitutes an order 1 4+ a approximation of
the true L? error. For a function with such regularity, the best approximation error than could be hoped is of
order min(2, 2«), thus this approximation is sufficient to study convergence properties. Notice that the results
developed in this paper can be extended to more general boundary conditions in a very straightforward and very
usual manner: this explains why we will exhibit examples with in particular inhomogeneous Dirichlet boundary
conditions.

For each convergence test, we will compare our virtual volume method (VVM) to the original Hybrid scheme
(described for instance in [21]), to the original VAG scheme of [22] as well as the naturally stable variant VAGRT
based on a tetrahedral subdivision of cells of [28] (like the original hybrid scheme, it strongly requires cells to
be star-shaped). They serve as reference finite volume methods, as they share the properties of symmetry and
coercivity with the VVM. The VVM, VAG and VAGR schemes have exactly the same number of unknowns (one
per cell and vertex), while the Hybrid scheme has in general much more unknowns (one per cell and face). The
constant in the stabilization term is taken equal to d for the hybrid scheme, while it is taken equal to card(Vg)
in each cell for the VAG scheme. Numerical experiments on the series of test cases we are going to show have
proven these constants to be experimentally optimal. We also include the first order virtual element method in

the comparison to assess the effect of the additional cell value on the precision of the results, although this last
method does not offer a finite volume flux balanced formulation.

5.1. Numerical results in dimension 2

We begin our numerical exploration by considering the case of pure diffusion (5 = 0). To assess the behavior
of the method in presence of heterogeneity, we consider the three tests cases of [4,25]: the domain 2 =]0, 1[x]0, 1|

is subdivided into four areas, denoted D;, i = 1..4, and we use a sequence of meshes fitting this partition (see
Fig. 2).

For the first test case (named ConvTest1, see Fig. 3), we choose A‘Dl = A\ Id and A\n\pl = Aold. A solution
of —div(AVu) = 0 is then given by:

r®cos(a(d —w/3))  for 6 € [0,27/3]
Br cos(a(4n/3 —0)) for 0 € [2m/3, 27]

(5.2)

with o = (3/7) arctan /1 + 2/k and § = cos(an/3)/ cos(2an/3), and kK = A1/ 2 = 0.1. With the same tensor,
another solution, corresponding to the second test case (named ConvTest2, see Fig. 3), is given by

r*sin(a(0 —7/3))  for 6 € [0,27/3]

_ 5.3
Brsin(a(4n/3 — 0)) for 0 € [2m/3,27] (5:3)
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FIGURE 2. Domain subdivision and example of mesh.
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FIGURE 3. Isolines of solutions for ConvTest1, ConvTest2 and ConvTestS.
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F1GURE 4. Convergence curves for ConvTest! and ConvTest2.

with a = (3/7) arctan/1 + 2k and = 1/(2cos(an/3)), and kK = A1/ Aa.
In the case where A, = A, =MIdand A, =A), =AId, asolution with a stronger singularity at the
origin, corresponding to the third test case (named ConvTest3, see Fig. 3), satisfies u(r,0) = —u(r,6 — 7) and

. re co:.s(oz(e —7/3)) for 6 € [0,27/3] (5.4)
Bresin(a(bm/6 — 0)) for 6 € [27/3, 7]

with @ = (6/) arctan (1/y/1+ 2k) and 3 = cos(ar/3)/sin(an/6), and £ = A /A2 = 30.

In each case, the solution belongs to H'**~¢ for any € > 0. This means that the solutions of convTest1,
ConvTest2 and ConvTest3 have the respective approximate regularities H2-27, H'7 and H'?*, as o ~ 1.29
for ConvTestl, a = 0.79 for ConvTest2 and a ~ 0.24 for ConvTest3. From the results displayed in Figures 4
and 5, we deduce the approximate convergence orders of Table 1, which are in agreement with the optimal order
of min(2, 2a) which is 2 for the ConvTest1, 1.58 for ConvTest2 and 0.48 for ConvTest3. Notice that the three
methods have a very close convergence behavior on these test cases. Then, to assess the behavior of the method
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2dTilted mesh, ConvTest3
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FiGUure 5. Convergence curves for ConvTest3.

TABLE 1. Approximate orders of convergence for ConvTestl, ConvTest2 and ConvTest3.

ConvTest]  ConvTest?2  ConvTests

Hybrid 2.12 1.52 0.40
VAG 2.01 1.49 0.54
VAGRT 2.08 1.54 0.55
VEM 1.98 1.57 0.49
VVM 1.98 1.57 0.49

in presence of anisotropy and on distorted mesh, still on 2 =]0, 1[x]0, 1[, we consider

10
u(z,y) = sin(rz) sin(my) A= (0 e> (5.5)

with € = 1073, which will be named ConvTest/. We consider five types of mesh sequences. The first one
(2dDualDelaunay) is obtained by considering the dual meshes (the cell formed by joining the centers of the
cell of the primal mesh) of a sequence of Delaunay meshes, while the second one (2dVoronoi) is obtained by
considering the Voronoi meshes associated to the same sequence of Delaunay meshes. These two approaches
generate polygonal meshes with quite generic cells. The third sequence (2dKershawBoz) of meshes is a sequence
of Kershaw meshes of the unit square, while the fourth one (2dCheckerBoardBoz) is a sequence of checkerboard
meshes of the unit square. These two sequences have only quadrangular cells which are distorted for the sequence
2dKershawBox, while the sequence 2dCheckerBoardBox allows to test the behavior of the method in presence
of non conformities. The fifth sequence, named 2dTIE, illustrates how general meshes can be. From the results
displayed in Figures 9-11, we deduce the approximate order of convergence of Table 2 by performing a linear
regression only on the last points of the curves, to avoid the somewhat erratic behavior of some of the mesh
sequences when h is large and get significant results. In this case where the solution is smooth enough, the virtual
volume method reaches the optimal order 2 on any mesh sequence. The hybrid scheme (in the original version
of [21]) and the VAGRT scheme fail to converge on the 2dTIE mesh sequence, as cells are non star-shaped.
Of course, using the generic stabilizations terms of the HMM generalization (see [18]) of the Hybrid scheme,
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FI1GURE 6. Example of meshes for the 2dDualDelaunay and 2dVoronoi mesh sequences.
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F1GUrE 7. Example of meshes for the 2dKershawBoz and 2dCheckerBoardBoxr mesh sequences.
FiGURE 8. Example of meshes for the 2dTIE mesh sequence.
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TABLE 2. Approximate orders of convergence for ConvTest.

2dDualDelaunay  2dVoronoi  2dKershawBox  2dCheckerBoardBox  2dTIE
Hybrid 1.98 1.84 1.99 2.68 -
VAG 2.08 2.11 1.81 2.00 1.97
VAGRT 2.02 1.88 1.81 1.89 -
VEM 1.99 1.96 1.89 2.01 1.97
VVM 2.01 2.20 1.94 2.03 1.99
2dDualDelaunay mesh, ConvTest4 2dVoronoi mesh, ConvTest4
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F1cure 9. Convergence curves for ConvTests for the 2dDualDelaunay and 2dVoronoi mesh

sequences.

2dKershawBox mesh, ConvTest4

-2
X
l
-3 / %
oy /%/
= oy
& -5 v-'jf
f Hybrid —8—
VAG —v—
-6 VAGRT —4—
VEM —%—
VVM —e—
-7
-3 -25 -2 -15 -1 -05 0
log h

F1aURE 10. Convergence curves for ConvTest4 on the 2dKershawBox and 2dCheckerBoardBox

mesh sequences.
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2dTIE mesh, ConvTest4
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FIGURE 11. Convergence curves ConvTest on the 2dTIEMesh mesh sequence.
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FI1GURE 12. Extruded solutions for the reaction dominated case, v going from 0 on the left to 1
on the right in each figure, left: € = 1073, right: ¢ = 107°.

convergence is retrieved. The virtual volume method is clearly more precise on this very exotic case. Also notice
that the differences between the VEM and VVM in terms of precision are very small, implying that the VVM
should be preferred to the original first order VEM only for problems where conservativity matters (as the first
order VEM can be extended to handle non planar faces following the technique we introduced here).

Finally, we consider the reaction dominated problem, inspired by [7]

—eAu+pPu=1 in 2

u=20 on 0f2 (5.6)

where (2 is still the unit square, in order to study the behavior of the virtual volume method in the case of
vanishing diffusion tensors. The domain is subdivided as in Figure 2, and we set 5(x) = 0.4 for € Dy, and
B(x) = 1.0 otherwise. When € tends to zero, the solution tends to 2.5 for & € D; and 1.0 for & ¢ D;, and
presents a diffusive boundary layer. We fix the mesh, and we decrease € from 1073 to 10~'2, for v = 0.0, 0.01,
0.1 and 1.0. In the case where v = 0 we do not stabilize the reaction part and the "reaction fluxes” disappear.

Figures 12 and 13 show the qualitative behavior of the solution, for each value of . We display an extrusion in
the z axis of the solution according to the value at the vertices, to simplify the visualization of the differences
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FiGURE 13. Extruded solutions for the reaction dominated case, v going from 0 on the left to 1

on the right, for e = 10712,

F1GURE 14. Example of meshes for the 3dSweep and 3dBoxRandom mesh sequences.
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F1cUrE 15. Convergence curves for ConvTest5 for the 3dBoz and 3dCheckerBoard mesh sequences.
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between the four cases. When ¢ is small, the results are very similar, for any value of v. However, in the same
way that in [7], stabilizing the reaction part improves the behavior of the solution when e becomes smaller. Also
notice that the parameter ~ allows to control the size of the boundary layer.

5.2. Numerical results in dimension 3

We now perform a few experiments in dimension 3. To assess the behavior of the method in presence of
anisotropy and on distorted mesh, we consider

€00
u(z,y) = sin(mx) sin(7y) sin(rz) A=10€0 (5.7)
001.0

with € = 1072, We test this solution on a Cartesian mesh sequence of the unit cube (named 3dBoz) and a
checkerboard mesh sequence (8dCheckerBoardBoz), as well as the distorted mesh sequence 3dSweep displayed
in Figure 14. Meshes of this last sequence are obtained by mapping a polygonal mesh of the unit square in the
xy plane to a non planar surface. For the virtual volume method, the non planar faces are split by introducing a
point belonging to V, at the barycenter of the vertices of each face and generating triangular subfaces based on
this point and the edges of the face. From the results of Figures 15 and 16, we deduce the experimental orders
of convergence presented in Table 3. We see on these results that the virtual volume method reaches the optimal
order in these three test cases. Our numerical experiments indicate that there is probably room for improvement
in the construction of the stabilization term: we have used a very basic formula, in particular with respect to

TABLE 3. Approximate orders of convergence for ConvTest5.

8dBox  3dCheckerBoard  3dSweep

Hybrid 2.00 2.24 -
VAG 1.90 1.96 2.06
VAGRT 2.00 1.72 1.92
VEM 1.95 1.95 -
VVM 1.94 1.95 2.06

3dSweep mesh, ConvTestH
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FI1GURE 16. Convergence curves for ConvTest5 on the 3dSweep mesh sequence.
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3dBoxRandom mesh, ConvTesth
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F1GUure 17. Convergence curves for ConvTest5 on the 3dBoxRandom mesh sequences: com-
parison of diagonal and centered face splitting.

the diffusion tensor, and a more involved design could probably further improve precision. Finally, to study the
influence of the splitting of the faces on the solution, we consider a sequence of randomly perturbed Cartesian
meshes (3dBozRandom, see Fig. 14). On this sequence, we test two splitting strategies: the first one consist in
splitting along the diagonal of each non planar squared face, which consequently givesj?a = ]730. = () for any
o € F, while the second one is again based on the introduction of a point belonging to V, at the barycenter of
the vertices of each face, and a splitting into triangles using this point and the edges.

We clearly see in Figure 17 that this choice has very little influence on the resulting precision, thus one is
completely free to choose according to practical considerations: in this particular case, it is clearly simpler to
use the diagonal splitting, that evacuates the need to compute any interpolation. For generic faces, this means
that an automatically generated triangular submesh of each face can be used.

6. CONCLUSION

We presented a virtual volume method based on the ideas of the VEM /mimetic technologies, keeping the clas-
sically discarded cell unknown to recover local conservativity and allow a finite volume formulation. Convergence
results and error estimates were given in a general context. Numerical results in dimension 2 and 3 illustrate the
good behavior and robustness of the method, even on very exotic meshes. As the method can be formulated as
a finite volume method, one of its main interesting features is that its extension to more complex and general
problems can follow simple, well established lines. In particular, its application to important non-linear problems
such as multiphase flow in porous media is the subject of ongoing work.
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