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A unified approach to handle convection terms in Finite
Volumes and Mimetic Discretization Methods for elliptic
problems
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Abstract We study the numerical approximation to the solution of the steady convection-diffusion
equation. The diffusion term is discretized by using the Hybrid Mimetic Method (HMM), which is
the unified formulation for the Hybrid Finite Volume Method, the Mixed Finite Volume Method and
the Mimetic Finite Difference Method recently proposed in [33]. In such a setting, we discuss several
techniques to discretize the convection term, which are mainly adapted from the literature of Finite
Volume or Finite Element schemes. For this family of schemes, we provide a full proof of convergence
under very general regularity conditions of the solution field, and derive an error estimate when the scalar
solution is in H2()). Finally, we compare the performance of these schemes on a set of test cases selected
from the literature in order to document the accuracy of the numerical approximation in both diffusion
and convection-dominated regimes. Moreover, we numerically investigate the behavior of these methods
in the approximation of solutions with boundary layers or internal regions with strong gradients.

1 Introduction

Many physical models of fluid flows involve partial differential equations (PDEs) with both convection and
diffusion terms such as the Navier-Stokes equations, flows in porous media, etc. Analytical solutions are
not normally available for real applications and numerical approximations must be devised in some way.
To this purpose, efficient numerical schemes based on Finite and Mixed Finite Element and 2-points Finite
Volumes have been developed for the numerical treatment of the diffusive part of the equation. In such a
framework, a great amount of work has been done to investigate the connections between the lowest-order
Raviart-Thomas Mixed Finite Element (RTy — Py) methods and various cell-centered Finite Volume and
Finite Difference numerical formulations on meshes of simplexes and quadrilaterals/hexahedrons. The
relationship between the Mixed Finite Element method and cell-centered Finite Difference on rectangular
meshes was first established in [45], and further developed in subsequent papers, see for example [3].
Basically, it can be shown that applying appropriate quadrature rules to the numerical formulation in
the RTp space on rectangles, the vector variable (the velocity) is eliminated thus reducing the method
to a positive definite cell-centered Finite Difference method for the scalar variable (the pressure). Using
this approach, classical cell-centered Finite Difference methods on rectangular meshes are easily retrieved
based on a 9-points stencil for full tensor coefficients and a 5-points stencil for scalar (diagonal) tensor.
Similar results are also obtainable on regular hexahedron meshes. These developments leaded to the
formulation of enhanced cell-centered Finite Differences, cf. [3], that can handle general shape elements
(triangles, quadrilaterals and hexahedra) and are suitable to full tensor coefficients. A similar relationship
exists betwen the RTy — P scheme and the 2-point Finite Volume formulation on triangular meshes using
triangle circumcenters. This relationships was originally established by [6] for two-dimensional diffusion
problems with scalar coefficients. This approach has been further developed by [49], which investigates
the case of a full diffusion tensor in two and three dimensions on meshes of simplexes.

Nonetheless, practical situations, such as those encountered in petroleum engineering, require compu-
tational grids that are not structured or simple enough to make use of the methods mentioned above.
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Thus, alternative and more sophisticated techniques have been developed in the last decade to approx-
imate the solution to diffusive equations on general grids. In this framework, we mention, for instance,
the Discontinuous Galerkin Method, [5,44] and references therein, the Multi-Point Flux Approximation
[1,2, 48], the Mimetic Finite Difference Method, [8,11-14,18,20-23,37,40,41] and references therein, the
Hybrid Finite Volume Method [36], and the Mixed Finite Volume Method [25,31,32]. Strict correlations
also exist among these numerical approximations and with respect to the lowest order Mixed Finite El-
ement Method, and it is not surprising that sometimes the lowest-order schemes may belong to more
than one of these families of methods. For example, the first-order Discontinuous Galerkin scheme can
be easily re-interpreted as a Finite Volume method. The lowest-order Raviart-Thomas scheme on grids
of simplexes (triangles in 2-D, tetrahedrons in 3-D) is a member of the family of MFD methods, cf. [23].
Note, however, that on meshes of quadrilaterals and hexaedrons no connection has been established yet
between the MFD method in mixed form and the Mixed Finite Element method. Again, we mention [47]
that outlined the relationship existing between the Multi-Point Flux Approximation and the Mixed Finite
Element Method.

A remarkable fact has been recently discovered in [33]: after some generalization a unified formulation
exists for three of the methods cited above, i.e., the Hybrid Finite Volume method, the Mixed Finite
Volume method and the Mimetic Finite Difference method. Consequently, these three methods are
members of the same family of discretization techniques. Following [33], we will refer to such a family of
numerical methods by the wording Hybrid Mimetic Mized methods, or by the abbreviation HMM.

Since the HMM method is at the juncture of two different frameworks, namely the Mimetic/Finite
Element and the Finite Volume ones, the convective term can be naturally discretized using quite differ-
ent techniques depending on the adopted point of view on the scheme. There are, indeed, two possible
approches: either the diffusive flux is approximated and, then, some form of centered or upwind approx-
imation of the convection term is considered in the discretization of the divergence equation, or the total
flux, which includes both diffusive and convective terms, is approximated, which leads to a centered-type
approximation of the convection terms. The first approach is, perhaps, more popular in the Finite Differ-
ence and Finite Volume practitioner community, cf. [26, 32], while the second approach seems to be more
popular in the Finite Element practitioner community. Nevertheless, it is worth mentioning that both
approaches have been considered in the framework of Mixed Finite Element methods, see [29, 30, 39].

In the Mimetic Finite Difference setting, a numerical discretization of the full diffusion and convection
flux has been proposed by [24]. A proper reformulation of the mimetic scheme as a conforming method,
using the finite dimensional subspace of H(div,Q) given by the lifting of the degrees of freedom of the
vector variable, makes it possible to perform the convergence analysis in a very similar way to that
presented in [30].

From this overview, we can conclude that several numerical discretizations of the convection-diffusion
equations that may fit in the HMM setting have been proposed in the literature. However, no systematic
study has been carried out so far on the possible ways, and related advantages and drawbacks, in which a
convective term can be treated numerically by using the more general HMM formulation. It is our main
goal in this work to perform such an investigation in order to assess the behavior of such methods both
theoretically and numerically.

The plan of the paper is as follows. In Section 2, we recall the principles of the HMM schemes for
the pure diffusion equation, and we discuss how to discretize the convection term, using some centered,
upwind or exponential fitting-like choice in accordance with a 2-point Finite Volume flux formula (or,
from the point of view of Finite Elements, see [28,38]). We also show that the numerical approximation
proposed in [24], possibly with a stabilization term, is an HMM method, to which the theoretical analysis
of the present paper apply. In Section 3 we provide full proofs of convergence under very general regularity
conditions when the mesh size tends to zero and derive error estimates in suitable mesh-dependent norms
when the scalar solution is in H2(£2). Section 4 is devoted to present and discuss how various instances
of the HMM discretizations perform when applied to a set of standard test cases for the convection-
diffusion equations including the approximation of solutions with boundary and internal layers. Finally,
conclusions are given in Section 5.



2 The HMM formulation for convection-diffusion problems

2.1 The mathematical model
Let us consider the steady convection diffusion equation:
—div(AVp) + div(Vp) = f in €2, (2.1)
p=gP” on 0N (2.2)
under the hypotheses:
(H1) Q is a bounded, open, polygonal subset of R? with d > 1;
(H2) A: Q — M4(R) is a bounded, measurable, symmetric and uniformly elliptic tensor;
(H3) f € L*(Q);
(H4) V € C1(Q)? is such that div(V) > 0.
Moreover, let us introduce the diffusive flux and the total flux:
F=—AVp and F=F+Vp. (2.3)

For simplicity, we will restrict the presentation of the methods and the theoretical analysis to the case
of homogeneous Dirichlet boundary condition by setting g” = 0 in (2.2) and we will consider the non-
homogeneous case in the numerical experiments of Section 4.

Under Assumptions (H1)-(H4), the existence and uniqueness of a weak solution in H}(Q) to (2.1)-(2.2)
with ¢g” = 0 is completely standard since the bilinear form associated with this problem is continuous
and coercive.

Remark 2.1 The C! regularity assumption on'V in (H4) can be weakened for the convergence study (see
Section 3.1.3). We assume the smoothness of the convection field in order to simplify a little bit some
(already lenghty) technical arguments, and also to prove error estimates.

2.2 Mesh notation and regularity
Let us begin with the definition of an admissible discretization of €2 and the related notation.

Definition 2.2 [Admissible discretization] An admissible discretization of ) is given by the triplet
Drn = (2, En, Pr), where the mesh size h will be defined in the following and where:

e Oy is a finite family of non-empty open polygonal disjoint subsets E' of §1, the cells of the mesh,
such that Q = Ugeq, I;

o &, is a finite family of non-empty open disjoint subsets e of Q, the faces of the mesh, such that for
all e € &, there exists an affine hyperplane A of R% and a cell E € Qy, such that e C (E\E) N A.
We also assume that:

- for all E € Qy, there exists a subset OF of &, such that E\E = Uecop€;
- for all e € &, either we have that e C 9Q or we have that e C ENE’ for some pair of elements
E E € Qp, with E #+ E';

e Py, is a family of points of Q indexed by E, i.e., Pn, = (xg)geq,, and such that each mesh cell E
18 star-shaped with respect to .

Remark 2.3 When all the mesh cells are convex shaped, a convenient choice for the points (xg)geq,, S
given, for instance, by the centers of gravity of the cells.
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Figure 1: Mesh notations.

The d-dimensional measure of each cell F is denoted by |E| and the cell size by hg. As usual, the mesh
size is given by h = supgcq, he. For notation’s consistency, e[ and h. denote the (d — 1)-dimensional
measure of face e and the face diameter. For each face e € &, T, denotes the barycenter of e and n¢,
its normal direction pointing out of E. Moreover, to each face e we associate the unit normal vector n¢,
whose orientation is arbitrarily chosen when e is an internal face, and assumed pointing out of {2 when e is
a boundary face. We denote the set of the internal faces by & int, i.e., Enint = {€ € &, for e ¢ 00}, and
the set of the boundary faces by Ep ext, i.€., Enext = {€ € & for e C 9N}, We will find it convenient to
denote the two cells that share an internal face e by F and E’, and, where required, to fix the orientation
of e so that n% - n® = 1. Finally, we introduce the following geometric quantities that will be useful in
the definition of the numerical convection flux in subsection 2.4.1:

di,. = distance between g and the hyperplane containing e,

and

Q- {dE,e +dgs,. for any internal face e € & int,
L=

dp.c for any boundary face e € £ ext-

Figure 1 illustrates some of these notations.
The proof of convergence for h — 0 that we present in Section 3 requires the following very mild
geometrical assumptions on the meshes of Dj,.

(G1) Every mesh cell E is star-shaped with respect to the corresponding point xg.

(G2) For any internal face e € & int, let us introduce M, = {E, E’}, i.e., the cells on the opposite side
of e; then, the quantity

dE E
max —£  max , max Card(OF) |,
e€Ehint » (B, ENEM. dpr ¢ EEQn, e€0E dp . EE

regul(Dy) = max (
which expresses the mesh regularity, is uniformly bounded from above for h — 0.
In the mimetic framework it is often used a similar condition, that we state as follows.

(ME) [Star-shaped elements| There exists a positive number 7* such that each element FE is star-shaped
with respect to all the points of a ball of radius 7*hg centered at zpg.



Stronger conditions on the mesh regularity are required to derive an error estimate for the HMM approx-
imations to the exact solution and flux. We formulate these mesh regularity conditions for d = 3; the
restriction to other dimensions is straightforward.

(HG)[Shape—regularity] There exist two positive real numbers Ny and pg independent of A such that
every mesh 2, of the sequence admits a sub-partition into tetrahedrons Sy such that:

(HG1) the decomposition of every polyhedron E € €2}, denoted by Sp|p is formed by at most N
tetrahedrons, and each vertex of 2, is a vertex of Sy;

(HG2) every tetrahedron of Sy, is shape-regular in the sense that the ratio between rp, the radius
of its inscribed sphere, and hr, its diameter, is bounded from below by ps; formally, we have
that -

VI'eSp, : — > ps>0.
hr

From the above assumptions several properties of the mesh, which are useful in the error analysis of the
mimetic formulation, can be derived. For the sake of the reader’s convenience, we list them below for
future reference in the paper.

(M1) There exist two positive integers Ng and N, that are independent of h, E € Q, and e € &, and
such that every element E has Card(0F) < N faces, and every face e has Card(0e) < N, edges.

(M2) For any mesh element E € Qp,, the quantities |E|, |e| for e € JF, and |I| for each edge [ € Oe
properly scale with respect to hg; in particular, there exists a positive constant a* such that

a*hy ' <lel,  a*hgp<he, a*h%7 <.
(M3) There exists a constant C*# independent of hx and such that [20]:

> 168y < C*% (05 100 + he 6l30 (s) ) (2.4)
ecOE

for any function ¢ € H'(E). We will refer to (2.4) as the Agmon inequality.

(M4) For any function ¢ € H?(E), there exists a linear polynomial L£1(q) interpolating ¢ and a constant
C, independent of hg, such that [17]:

lg — L1(@) |22y +hEld — L1(0)| i1 () < Chldl 2 () (2.5)

2.3 Discretization of the diffusion term

To approximate (2.1)-(2.2), we introduce the space of the discrete scalar fields Qp, and the space of the
discrete flur fields X;. The discrete scalars ¢ € @y are defined by taking one degree of freedom per
cell denoted by ¢g, i.e., ¢ = (¢r)peq,. Therefore, the space @y can be identified with the space of

the piecewise constant polynomials defined on ;. Similarly, the discrete flurzes are defined by taking

one degree of freedom per face per element denoted by Ff, ie., F = (Fg);eeii, which represents the

normal flux across the face e along the direction n%,. We require that every flux F' € X, satisfies the fluzx
conservation property at any internal face:

Ve € Epine e COEUIE « Fg+ F =0, (2.6)

so that the elements of X, only possess one degree-of-freedom per face, and the sign of Ff depends
on the orientation of the face e with respect to E. The restriction of F' to cell E € €} is denoted by
Fr = (F§)ccor and represents the collection of the normal fluxes along the directions n§, for e € JF.
The set of these vector fields forms the linear space Xg. Throughout the paper we will also make use of



the symbol X n to denote the linear space of the discontinuous fluzes, i.e., of the vectors having the same

form F = (F§ )%egf but that do not satisfy condition (2.6). Note that X » is a linear sub-space of Xj,.

The next ingredient of the HMM formulation is the discrete divergence operator divy, : X n — Qp, which
is defined as

VG € Xn, VEE€Q, :  (diva(G Z le|GS,. (2.7)
eEBE

To any sufficiently regular vector field G' and scalar field ¢, we associate the interpolated fields GI € X,
and ¢! € @, that are given by

1
Ve e &« (Gh)° /G n® and VE €Qy : (qI)E:—/q. (2.8)
el Bl JE

Remark 2.4 The definition of the discrete divergence operator in (2.7) is consistent with the Gauss
divergence theorem for the interpolations of (2.8), so that the following commutation property holds

(div(@))" = divi(GT). (2.9)

We endow Qp, with the usual L?(Q) scalar product for piecewise constant functions, i.e., [, ']Qh =

[-,-] 2. On the other hand, X}, and )A(h are equipped with the scalar product

[F,Glg, = > [Fe,Gxlg, (2.10)
EeQy,
that assembles the locally defined scalar products [-,-]5. The local scalar products ([,-]) satisfy the

coercivity and consistency assumptions:

(S1) there exist two positive constants o, and o* independent of the mesh size h such that for every
mesh cell £
0.|E| > (G%)* <[G,Gly <o*|E| Y (G%) VG € X, ;

ecOE ecOFE

(S2) for every element E, we have that

[(AeVeh)', G], = —[divia(G).q LZ(E) + 3 6 /

ecOFE

for all G € X}, and all linear polynomials ¢!, and where Ag is the cell average of A.

Remark 2.5 Ag is, actually, an approximation of A|g, the restriction of the diffusion tensor A to cell
E. To prove the convergence of the numerical solution in subsection 3.1, we only require that the diffusion
tensor A satisfy the regularity assumption (H2), while we need a stronger reqularity condition to derive the
error estimates of subsection 3.2. In this latter case, we will find it convenient to assume (H2) and also
that A be locally Lipschitz continuous on Qy, i.e., for all E € Qp, the components of Al are Lipschitz
continuous functions on E. Consequently, Ag can be any constant approximation of A|g such that the
estimate

max sup |(Ag)i; — Aij(z)] = O (h)

i,j= 1dzEE

holds.

The construction of a family of scalar products satisfying the above assumptions when =g is the center
of gravity of E can be found in [22]. Moreover, in this case it has been proved in [33] that (S1)-(S2) lead
necessarily to the following form:

V(FE,GE) e Xg : [FE,GE]E = |E|AEVE(FE) VE(GE) +TE(GE)TBETE(FE) (211)



where

1
vi(Fg) = —EA; > lelFp(ze — zp) (2.12)
e€OFE

is a constant approximation of Vp on cell E, Tg(Fg) = (Tg,e(F°))ccor is given by
TE,e(FE) :FE—FAEVE(FE)-I’leE, (213)

and Bg is a symmetric positive definite matrix of size Card(OF). More precisely, it turns out that the
matrix By satisfies the following coercivity condition, which is directly related to (S1).

(C) There exists a positive constant «, which is independent of the mesh size, such that for all E € €,
and Gp € Xp there holds that:

1
a Z leldp,e(Tp,e(Gp))? < Tp(Ge) " BpTe(GE) < — Z leldp.e(TE,.(Gr))>.
ecOE @ ecOE

If zp is not the barycenter of E, the same construction (2.11)-(2.13) still holds provided that (S2) be
modified by introducing a suitable integration weight, see [33].

The HMM discretization to problem (2.1)-(2.2) with V' = 0, which provides us the desired approxima-
tion of the diffusion operator, takes the form:

find (pn, Fr) € Qn x X}, such that:
VG € Xy, - [Fh, G])?h = [divh(G),ph]Qh (2.14)

Vg€ Qn : [divi(Fr), dlg, = [f-dlg, - (2.15)

pn € Qp, and Fj, € X, are the approximations to p! and F, the interpolations of the exact scalar solution
p and its flux ' = —AVp.

The HMM method can be easily hybridized through the introduction of H (&), the space of face
values qg, = (qe)ece, € RE4EN) with ¢, = 0 for e € Enext and imposing explicitly the flux conservation
property (2.6). The discrete variational form (2.14)-(2.15) with [-, -] ; satisfying (2.11)-(2.13) is equivalent
to:

ﬁnd (pthh;pgh) S Qh X )/Eh X H(Sh) SUCh that

VE €Oy, VGp € X [Fp,Gelg =Y lelG%(pe — pe), (2.16)
e€cOFE
VE € Qp : > JelFy :/ 1 (2.17)
ecOFE B
Ve € Epint, : Fg + F5 =0, (2.18)

where E, E’ € Q, are the two elements such that e C dE NIE’ for every e € & int. Under suitable as-
sumptions on the regularity of the exact solution p, the additional unknowns pg, = (pe)ecs, approximate
the face average of the exact solution over each mesh face. We will formalize this concept through the
introduction of p’/ € H(&), the face interpolation of p, in Section 3.2, see equation (3.43).

2.4 Discretization of the convective term

As discussed in the introduction, two different strategies can be considered for the numerical treatment
of the convection term in the HMM discretization of an elliptic problem. In the first strategy, which
is reviewed in subsection 2.4.1, we introduce some form of centered or upwind approximation of the
convection term in the discretization of the divergence equation provided by the HMM method, cf. [26, 32].



In the second strategy, which is reviewed in subsection 2.4.2; the total flux, which includes both diffusive
and convective terms, is approximated, thus leading to a centered-type approximation of the convection
terms, cf. [24]. Both approaches have been considered for the Mixed Finite Element method in [29, 30, 39].
It turns out that in the new framework of HMM methods a unified formulation is possible, which is the
topic of subsection 2.4.3. We end this section with a discussion on an alternative hybridized form of the
numerical convection terms, cf. subsection 2.4.4.

In the rest of this section, we assume that the velocity field V' is a continuous function with continuous
derivative, i.e., V € C'(Q)%. The cell restriction of its interpolation in X}, is given by the set of real
numbers (VE)ecor € X such that

1
Ve € OF : VE:H/V-H%. (2.19)
€ e

2.4.1 FV-based discretizations

Several discretization schemes for the convection term are available in the Finite Volume literature, e.g.,
the second-order centered scheme, the first-order upwind scheme, the #-scheme, the Scharfetter-Gummel
scheme, etc. In these methods, the convection flux of the exact solution field p is approximated through
the numerical convection flux of the discrete scalar field p, € @Qp; this numerical convection flux is given

by the collection of real numbers F.(py) = (Fc(ph)eE)Eth ccop Such that

1
VE € Qy,, Ve € OF : el /Vp~n% ~ (F.(pn))%- (2.20)

We list below the schemes that we will explicitly consider in the section of numerical experiments. We
let £’ be the cell on the other side of e if e € & iy, and assume for notation’s simplicity that pg = 0 if
e c 5h,ext-

e The second-order centered scheme is given by the approximation

1 e e epE +pEl
g/eVP'nE ~ (Fe(pn))p = VET'

e The first-order upwind scheme is given by the approximation
1 _
[ Veen ~ F)s = V) e = (Vi) pe
with s* = max(=+s,0).
e The 0-scheme is given by the approximation
1 _
el /Vp - ~ (Fe(pn)% = (VE) T (1= 0)pe + 0per) — (V)™ ((1 - 0)per + Opp)
= (1=20)((Ve) e — (V) "pEr) + OV (0E + PEY)

with 0 € [0,1/2]; this choice is clearly intermediate between the centered and the upwind schemes.

e The Scharfetter-Gummel scheme [46] is given by the approximation
1 e e 1 € €
el Vp-ngp ~ (Fe(pr)e = 7 (Asg(deVE)pE — Asg(—deVE)PE) | (2.21)

with

Agg(s) = ~1. (2.22)

e s —1



Note that the first three approaches above can be found also in the Finite Element literature, see for
instance [28,38]. As pointed out in [26], the Scharfetter-Gummel scheme in [46] was written for an
isotropic homogeneous material, i.e., A = I. In the original formulation, diffusion and convection terms
were simultaneously treated to define the numerical flux. Removing the diffusive part in the numerical
flux formulation allows us to obtain the formulas (2.21)-(2.22). This definition of a pure convective flux
through the simple elimination of the diffusive part is somewhat basic in the general case A # I, especially
if some eigenvalues of A are small. Although the above definition of Ay, ensures the L2-stability of the
scheme, it can give quite bad solutions in convection-dominated cases. This fact can be understood if
one comes back to the 2-points Finite Volume scheme for —eAp + div(Vp) = f: choice (2.22) ensures
the maximum principle of the scheme only if € > 1, while the maximum principle is lost numerically
if ¢ < 1. When applying the Scharfetter-Gummel method to compute the numerical convective flux, a
better choice is provided by locally scaling Ags in accordance with the smallest eigenvalue of A. If e is
the face between E and E’ and ). is the smallest eigenvalue of Ap and Ag/, we use

Asg.Ae(s) = min(l, Ac) Ay <m) (2.23)

instead of A (s) in (2.21). In this way, the numerical flux automatically and locally adjusts the upwinding
of the convection term depending on its strength with respect to the diffusive term without perturbing
the consistency property of Ag,. Note that Ac — 0 implies that AcAgg (s/ )\e) — sT. Therefore, if the
local diffusion is very small, this implementation of the Scharfetter-Gummel method allows the flux to
adjust to upwinding automatically, thus bringing enough numerical diffusion to ensure a better stability.

Once an FV-based discretization of the convective term has been chosen, the divergence of the convection
term in (2.1), i.e., div(Vp), is approximated on E by

<mwmgzﬁ§]amm&=mwwmw
ecOF

and the HMM approximation to the model problem (2.1)-(2.2) then reads:
find (pn, Fr) € Qpn x X}, such that

VG € X [Fh, Gz, = [diva(G), prlg, - (2.24)

Vg eQn : [diva (Fy + Fe(pn)) dlg, = [/ d] g, - (2.25)

2.4.2 MFD-based discretizations

From the theoretical standpoint, Mimetic Finite Differences have only very recently approached problems
different than the pure diffusion one (see for instance [7,9,10]). To our knowledge, the only paper
considering development and error analysis of convection-diffusion equations directly in the framework
of MFD is found in [24]. In this subsection, we briefly review the formulation and the major convergence
results of the method considered in that paper, and we show how it can be reformulated as an HMM
method.

Let H(div, Q) be the space of vector fields all of whose components are square integrable functions and
that have square integrable divergence. Formally,

H(div,Q) = {v € (L*(2))" such that div(v) € L*(Q)}

is a Hilbert space when equipped with the scalar product

Vol = [ veuct [ divi)div(w)
Q Q



and the corresponding norm

||V||%1(div,9) = ||V||2L2(Q) + ||diV(V)||%2(Q)-

In [24], it is considered a numerical approximation to the mized variational formulation of problem (2.1)-

(2.2), which reads as [19]:
find (F,p) € H(div, Q) x L*(Q) such that

Vv € H(div,Q) : [Aflﬁ,v] L [p,div(v)] . — [A"'Vp, V] ;2=0 (2.26)

Vg € L2(Q) : [div(ﬁ), q} fodlye (2.27)

L2 [
where F is the total vector flux defined in (2.3).
To discretize the convection term, we transform the corresponding variational term as follows:
¥v € H(div,Q) : [A'Vp,v],,~ > / AG'Vp-v = VGeXy: Y pe[V,G],,
BeQ, P EeQ,

where the components of the interpolated velocity field VI € X}, i.e., (V)4 for all E € Q, and e € OF,
are given by (2.19), and the local scalar products are required to satisfy Assumptions (S1)-(S2). The
mimetic variational formulation presented in [24] reads as:

find (ﬁ’h,ph) € Xpn x Qp, such that

VG e Xy, - [ﬁh,G}g — [ph,divh(G)]Qh — Z DE [VI, G]E =0, (2.28)
h EeQy
VQ € Qh : {divh(ﬁh% q:| on = [fla q} Qn” (229>

The convergence analysis of this scheme is carried out in [24] under assumptions on the grid regularity
that are substantially equivalent to (HG)-(ME). When the scalar solution p is in H?(f2), the analysis
provides the following error estimate

10 — Flllg, + lon = p'llon < Chlplaz o) (2.30)

where [|-|| ¢, and ||-[lq, are the norms induced by the inner products of the spaces X}, and Qp,, respectively.
It is worth mentioning that the approximation of the scalar variable is superconvergent when calculation
is performed on a wide set of meshes. Superconvergence was also theoretically proved under some stronger
assumptions on the regularity of the domain shape, the source term, and the velocity field.

Despite convergence is proved for h — 0, this scheme is expected to become unstable when the model
problem is dominated by convection. This fact usually manifests through spurious effects like numerical
undershoots, overshoots, or oscillations that may appear in the approximate solution. To improve stabil-
ity, we modify the divergence equation by introducing a stabilization term that depends on the solution’s
jumps at mesh faces. We use the symbols E and E’ to denote the two distinct cells that share face e
when e is internal, and assume the orientation of e such that n% -n® = 1. Let us now introduce the jump
of the discrete scalar field ¢;, € @, which is given by:

—qp for e € & int,
[n]e = {427 9° it (2.31)
qE for e € Ep oxt-
Equation (2.29) is substituted by
VQ S Qh : [dlvh(ﬁh) + Jh(ph)7Q:|Q = [flaq}Qh ) (232)
h
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where the stabilization term Jy(py) is given by:

1
Tl = 375 6626E|e|! (V1) 5! [enle (2:33)

and « is a non-negative parameter that can be tuned to control the amount of numerical dissipation of
the scheme.

This approach formally differs from the method introduced in the previous subsection by using FV-
based discretizations in that the convection term is numerically treated as part of the mimetic flux
equation. However, it is possible to “extract” an explicit form of the numerical convection flux from the
scheme given by equations (2.28) and (2.32) to reformulate it as an HMM method. To this purpose, we
define the collection of numbers Fj, = (F'g)geq,, ccor by

Fg =Fg —pp(V')S. (2.34)

Equation (2.28) shows that Fj, satisfies (2.14), and therefore plays the role of a purely diffusive flux.
Moreover, noticing that the stabilization term Jj(pp) is locally written as a balance of fluxes, i.e., a
discrete divergence, allows us to identify the convective flux as

(Fe(pn))E = PE(VI)Z + % ’(VI)Z‘ (pE — pE') (2.35)

(we let ppr = 0 if e is a boundary edge) so that (2.32) is simply given by divy, (Fh + Fc(ph)) = f1. The
stabilized MFD scheme (2.28) and (2.32) can, therefore, be written as:

find pr, € Qp and Fy, € )A(h such that

VG e Xy, : [Fh, Gz, = [diva(G), phlg, ; (2.36)
Vg € Qp : [divh (Fh + Fc(ph>) ] [ } , (2.37)
Ve € Eping - (Fh + (Fc(Ph))i; + (Fn + (Fe(p )) =0. (2.38)

Note that the diffusive flux F, and the convective flux F.(py) are not conservative in the sense of (2.6)
when considered separately, and, therefore, belong to the linear space Xj,. However, their sum, i.e.,
Fp + F.(pn), is conservative since it belongs to X}, in view of equation (2.38).

2.4.3 Unified setting

A unified formulation exists for the numerical discretization of the convection term. This formulation
includes the FV-based discretizations, as was noted in [26], and the MFD-based discretization (2.36)-
(2.38). This fact makes it possible to simplify the software implementation and carry out a unified
theoretical analysis.

Let us consider two functions A, B : R — R and choose the numerical convection flux as the collection
of real numbers

Fo(pn) = (Fe(0n)%) peq, ccor (2.39)
such that 1
VE € Qp, Ve € OF : ( (ph)) d (A(deVE)pE + B(deV§>pE/). (240)

€

Since in the MFD discretization of the convection term these flux components are not conservative, the
diffusive flux components cannot be conservative either and conservation must be imposed on the total
flux. The generic HMM approximation to the model problem (2.1)-(2.2) is thus written as:

11



find pp, € Qn and Fy, € )A(h such that

VG e Xy, - [FhaG])?h = [divh(G),ph]Qh R (2.41)
Vg€ Qp : [divi(Fn + Fe(pn)), dlg, = [ff,q}Qh , (2.42)
Ve € Epint (Fn + (Fe(pn))'y + (Fr + (Fe(pn)), = 0. (2.43)

The schemes presented in the previous subsections can all be included in this general setting, with the
following choices of A and B:

o Centered scheme: A(s) = Ace(s) := 5 and B(s) = —Ace(—$) = 5.

e Upwind scheme: A(s) = Aup(s) := st and B(s) = —Aup(—s) = —s~.
o O-scheme: A(s) = Ag(s) = (1 —20)Aup(s) +20Ac(s) and B(s) = —Ag(—s).

o Scharfetter-Gummel scheme: A(s) = Ag(s) defined by (2.22) and B(s) = —Asg(—s); the locally
scaled Scharfetter-Gummel scheme is obtained by using Ag . defined by (2.23) instead of Agg.

o Stabilized MFD scheme: A(s) = s+ §|s| and B(s) = —§|s|.

The first four choices in (2.40) lead to a conservative definition of the numerical convection flux, whereas
the last one does not. However, in all the cases mentioned above, total conservation is ensured by (2.43).
We notice that all these choices of A and B satisfy the following properties:

(AB1) A: R — R and B: R — R are Lipschitz-continuous functions and A(0) = B(0) = 0;
(AB2) A(s) + B(s) = s for any real number s;
(AB3) one of the two following alternatives holds:

(AB3-s) A(s) + B(—s) =0 and A(s) — B(s) > 0 for any real number s;

(AB3-w) the function s — A(s) + B(—s) is odd and there exists C' > 0 such that A(s) — B(s) >
—C|s| for any real number s.

We refer to (AB3-s) as the strong (AB3) condition, and to (AB3-w) as the weak (AB3) condition. As-
sumption (AB3-s) is satisfied by all the FV-based discretizations listed above whereas the MFD-based
discretization satisfies (AB3-w). In fact, condition A(s) + B(—s) = 0 in (AB3-s) is the one ensuring the
conservation of the numerical convection flux (2.40). On the other hand, the numerical convection flux
extracted from the MFD-based formulation satisfies (AB3-w) and, hence, is not conservative. We will see
in Section 3 that Assumptions (AB1)-(AB3) are enough to carry out the theoretical analysis of the scheme
in (2.39)-(2.43), with slightly different results depending on which alternative in (AB3) is satisfied.

Remark 2.6 It is worth noting that equation (2.42) can be rewritten in a Finite Volume form as the
following cell-based flux balance equation:

VEEQ: Y. |e|(Fg+ (Fc(ph));) :/Ef. (2.44)

ecOE

Remark 2.7 We could also choose, in (2.40), different functions A = A® and B = B¢ for each edge e,
provided that all these functions satisfy (AB1)-(AB3) and that their Lipschitz constants remains uniformly
bounded as the mesh size tends to 0. This setting would allow the scheme to make a finer tuning of the
numerical diffusion due to upwinding, thus better adapting the scheme behavior to the location inside the
domain or the local geometry of the mesh.
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2.4.4 An alternative hybrid discretization of the convection term

An alternative discretization of the convection term is possible by using the hybridized value p. in (2.40)
instead of pgs, an idea introduced in [4]. In such a case, we define the numerical convection flux of the
discrete scalar field described by (pp, pe,) € Qn x H(ER) as the collection of real numbers:

Fee, (ph’pgh) = ((Fc,t‘:h (ph’pgh))eE)Eth,eeaE (2'45)
such that 1
VE €Qp, Ve € OF : (Fog, (pn,pe,))s = T (A(d.VE)pE + B(dVE)pe) - (2.46)

The substantial difference with the preceding choice (2.40) is that no property on A and B ensure that
the fluxes Fi g, (pn,pg,) are conservative (and they are not in general). However, this will not bring
any additional difficulty in the theoretical study provided that the following weaker form of (AB3) is
considered:

(AB3h) one of the following strong or weak alternatives holds:
(AB3h-s) A(s) — B(s) > 0 for any real number s,
(AB3h-w) there exists C' > 0 such that A(s) — B(s) > —C/s| for any real number s.
The hybrid HMM formulation can then be written as:
find (pn, Fr,pe,) € Qn x X x H(E) such that

VE € Qp, VG € Xi - [FE,GE]E: Z le|G%(pE — pe), (2.47)
ecOE
VE € Q) S Vel (P + (Fes, tonope ) = [ 1. (2.48)
ecOE E
Ve € Epint : (Fn + (Fee, (phvpsh))z + (Fh + (Fee, (ph,psh)); =0, (2.49)

where the local scalar products used in (2.47) satisfy (S1)-(S2), and, thus, may be given in the form (2.11)-
(2.13).

Remark 2.8 An important advantage of discretizing the convective fluzes by using (2.45)-(2.46) instead
of (2.39)-(2.40) is that the unknowns pp, and F}, in the resulting numerical formulation (2.47)-(2.49) can
be eliminated by static condensation, i.e., through a local Gaussian elimination (this classical technique
is not directly applicable to (2.39)-(2.40)). This procedure, which is common for hybrid-Mized Finite
Elements, provides a reduced linear system in the face unknowns pg,. Moreover, when the discretization
of the convection term increases significantly the numerical diffusion, as for example in the case of the
upwind scheme, the hybrid version of the HMM method is likely to be less diffusive than that provided
by (2.39)-(2.40).

3 Theoretical study

In the present section we develop the theoretical analysis for the class of methods that we wish to
investigate in this work. In subsection 3.1, we prove the convergence of the numerical approximations to
the exact solution and its gradient. The analysis is based on a compactness argument, which is common
in the Finite Volume literature, under the weaker assumptions of mesh regularity (G1)-(G2) (see also
Definition 2.2). In subsection 3.2, we prove an O (h) convergence rate for the numerical approximation
of both scalar solution and flux. The analysis is on a stability and consistency argument, which are in
the MFD (and FEM) literature, under the stronger mesh regularity Assumptions (HG) and (ME).
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Let us introduce the mesh-dependent norms for the spaces Xj, and @Q;,. Let Dy, be an admissible mesh
in accordance with Definition 2.2 that satisfies (G1)-(G2) or, alternatively, (HG)-(ME). The scalar product

in X}, induces the norm:

IGI% =[G.Cl;, V@€ X, (3.1)
and its local counterpart

IGI% = [Gr, Gl ¥Gg € Xp. 52)

The elements of Q);, can be identified with the Qj-piecewise constant functions and the scalar product
in Qy, is, in fact, the L?-scalar product for such functions. Therefore, it is quite natural to consider the
L? norm. However, we will also find it useful to carry out the analysis by using the discrete Hg-like norm

o\ 1/2
lgnli o, = ( SN Jeld.e <|qu7qu|> ) Yan € Qn, (3.3)

E€Q), ecOE

where E’ is the cell on the other side of e € OE N &y and, to ease notation, we take qgr = 0 if
e € OE N Ep,ext. We will also need a discrete H' norm on Qy, x H(&p):

I(an. aen )10 = (Z >

EcQp ecOFE

1/2
(&
- |qE—qe|2> Wanae,) € Qux HE). (34

It is easy to see that this norm is stronger than (3.3). More precisely, if 6 > regul(Dy,) there exists a
constant C' only dependent on @ such that, for all (g, qs,) € Qn x H(Ep), there holds that

lgnlyp. < Cl(gn: gen)l1.on - (3.5)

In the following developments, we will number all constants whose value may be zero depending on which
alternative is considered in (AB3), i.e., the strong (AB3-s) or the weak (AB3-w) condition. We will also use
the symbol < to indicate an upper bound that holds up to a positive multiplicative constant independent
of h. However, we will trace explicitly the constants where required by the proofs or that may be zero
depending on the choice of Assumption (AB3).

Lemma 3.1 Assume that (H1)-(H3) hold. Let Dy be an admissible discretization of Q such that 6 >
regul(Dy); let F.(q) be the convective fluz of ¢ € Qp, given by (2.39)-(2.40) for the vector field V € C*(Q)?
with A and B satisfying Assumptions (AB1)-(AB3). Then, there exists a non-negative constant Cy > 0
that only depends on 0,V, A, B such that

V(q,qe,) € Qn x H(Ey) -

3 [P Y B @)kl ) + Cuhla.0)lE o, e, (36)

FEeQy ecOF
and where Cy = 0 if (AB3-s) holds.

Proof of Lemma 3.1 By gathering the sum by faces we transform the term involving F.(¢) in the
right-hand side of (3.6) as follows:

DY lel(Fe@)ilar —ae) = Y lel (Fe(@)%(am — ¢o) + (Fe(@) % (a2 — ge))

EcQy, e€OE ecén
= Y [el(Fe@)i(am — ar)
e€éy
+ > lel (Fela)s + (Fa(0)) %) (a7 — de). (3.7)
e€ly
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To handle the first term in the right-hand side of (3.7), we note that using (2.40) and writing, thanks to
(AB2),

1 1
A(deVE6) = §(d€VEe + A(deVEG) - B(deVEen and B(dGVE6) = i(deVEe + B(deVES) - A(deVE))a (38)

we have i i
(Fe(@)g = QVE(QE +qrr) + g(A(deVE) — B(d.Vg))(qe — q/).-
Therefore, we infer that
1
D lel(Fel@)ilae —am) = 5 lelVis(as +ap)(ae — qm)
e€&y eESh
e
w3 3 Y@y - B —ar. 69
eegh
Then, let us observe that
Yo lellar —am)* < DY Y lellar — 40)* S hl(a,4e.)i p, e, (3.10)
e€ly EcQy ecOF

By using (AB3), the conservation of (Vg)peq, ccom, the fact that > _,ple|VE = / div(V), and in-
E
equality (3.10) we obtain the following estimate:

> lel(Fe(a)5(am — am) > 5 Z lelVE(ar — az) = Co Y lel(ap — apr)”

e€ly eegh el

1 €
3 Z e Z le|VE _Csh"(qaqsh)”im,gh

EcQy, ecOE

1 :

Y

Y

where Cy and C5 only depend on 6,V, A, B, and Cy = C3 = 0 if (AB3-s) holds.

From (2.40) and since Vj; = —V,, we have
1
(Fe()e + (Fe())r = 7 ([A(de Vi) + B(=deVi)] ap + [B(de Vi) + A(=deVE)] apr) -

If (AB3-s) holds, this quantity is equal to zero (this is the conservation of the convective flux), and if
(AB3-w) holds we have, thanks to (AB1),

(Fla)s + (Fe@)i] = 7 (A VE) + B(-.VE)) (4 — am)] < Cal Ve lap — g

€

for some Cy4 only dependent on A and B. Writing |¢r — qr'| < |gg — ¢e| + |¢e — qr/| and using again
inequality (3.10) allows us to estimate the last term of (3.7) as follows:

> lel (( + (Fe(@)5) (a —q0)| < Cs D> > lellar — ¢0)® < Cshl(a,48,) 3 p, 6, (3-12)

ecéy EcQy, ecOFE

where C5 only depends on V; A, B and there holds that C5 = 0 if (AB3-s) holds.
The proof terminates by gathering inequalities (3.11) and (3.12) into (3.7).

15



3.1 Convergence of the method
3.1.1 Preliminary results

Proposition 3.2 below is the key point in the study of scheme (2.39)-(2.43), since it gives the inequality
leading to the basic a priori estimates of the solution error. To state this proposition, we first notice
that, thanks to (2.41), we can introduce the set of face values pg, € H(Ep) such that (2.47) holds even
if F}, is not conservative. To this purpose, we simply define p. through |e|(pg — pe) = [Fr,Ge(E,€)|g
where Gg(E,e). = 1 and Gg(E,e). =0 for e # €’. Then, taking the vector G € X, that vanishes on all
mesh faces except e and is such that G5, =1 and G%, = —1 in (2.41) allows us to show that p. does not
depend on the choice of the cell E such that e € OF. This definition also ensures that p. = 0 whenever
ec 5h,ext-

Proposition 3.2 Assume that (H1)-(H3) hold. Let Dy, be an admissible discretization of € such that
0 > regul(Dp); let F.(q) be the convective flur of ¢ € Qn given by (2.39)-(2.40) for the vector field

V e CY(Q)? with A and B satisfying Assumptions (AB1)-(AB3). Then, for all solution (pp, Fy) to the
HMM scheme (2.41)-(2.43),

1 .
Z [FEa FE]E + 5/ le(V)p}QL < / fph + Clh"(phapgh)"%,'Dh,Sh (313)
E€Q, Q Q

where Cy, which is the same constant of Lemma 3.1, is non-negative, only depends on 0,V, A, B, and is
zero when (AB3-s) holds.

Proof of Proposition 3.2 Let us take ¢ = pp, in (2.42), use the flux conservation (2.43) and property
(2.47) of face values to obtain:

/prh

> Y lel(FE + Fpn)i e

Ee€Qp ecOE

= 30X lel(FE+ (o)) (o — o)
EeQy, ecOE

= > [FeFelp+ Y Y lel(Felpn)s (v — pe). (3.14)
EeQy E€Q, ecOE

The proposition follows by applying Lemma 3.1 with ¢ = p;, and ¢¢, = pg,. B

Corollary 3.3 Under the assumptions of Proposition 3.2, if V' satisfies (H4) then, for all (ppn, Fr) solu-
tion to the scheme (2.41)-(2.43) we have

[(on,pe) i p,.e S IFlL2(@lnl L2 () + Cihl(on, pe,) i p, e, (3.15)

where Cy, which is the same constant of Lemma 3.1 and Proposition 3.2, is non-negative, only depends
on 0,V, A B, and is zero when (AB3-s) holds.

In particular, for all h small enough (or any h if (AB3-s) holds), the scheme (2.41)-(2.43) has a unique
solution.

Proof of Corollary 3.3 We apply Proposition 3.2 and use (H4) and the form (2.11)-(2.13) of the
local scalar products ([-,]z)peq, to write, thanks to (C),

Y IEIve(FR)P +a Y Y leldp. | Tre(Fe)l® S/lfph+01h||(ph,psh)||f,ph,gh- (3.16)
e

EecQy, EcQp ecOFE

From (2.47) and (2.11)-(2.13) we have

lel(pe — pe) = |E|AevE(FE) - vE(GE(e) + Te(Ge(e) "BeTr(Fr), (3.17)
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where Gg(e) € X is equal to 1 on the face e and 0 on the other faces. But ve(Gg(e)) = — i Ag' le](Ze

S 1E
vg), and thus, by the bound on regul(Dy,), [ve(Gr(e))| S % and, for all ¢’ € OB, |Tg o (Gr(e))] S
‘GE(e)e/ + le‘liﬁ’e . In particular, by using the Cauchy-Schwarz inequality and (C), since ) ., 5p l€'|dp,er =
d|E],

1/2 1/2
Te(Gr(e) BeTe(Fr)| S < > Jeldp.e | T (Grle))l ) < > Jeldp,e |TE,e'(FE)|2>

e'cOF e'€edF

|e|2d2 1/2 1/2
5<|e|dE,e+ |E|E> <Zle’ldE,e/|TE,ef(FE>|2> .

e'€0F

Plugged into (3.17), this estimate and |E| |ve(Gr(e))| < lelde.e lead to

p 2 1/2 1/2
|pE _pe| 5 dE,e |VE(FE)| + ( |zv|e |g|e> < Z |e/|dE7e/ |TE7e/(FE)|2> .

e'€0F

We then obtain, from (3.16),

> Z ppel’ S D0 D leldp. Ve (Fp)’

EeQy, eeaE Be EeQ) ecOE
|e|dE,€ ’ 2
+ 2 (1) (X e T (Fr)
Ee€Q), ecOFE e’ €0F

< / Fon+ Cohll(omspen) 2, 2,
Q

and the proof of (3.15) is completed.

Existence and uniqueness of the numerical solution readily follows from (3.15). In fact, when the
right-hand side f vanishes, this inequality implies that the mesh-dependent norm |(pn, pe, )1, ., 18
zero, and, thus, that (pp,ps, ) are zero at least for a sufficiently small mesh size h. In such a case, the
numerical flux F}, is also zero by (2.47). B

Remark 3.4 (Estimates for the hybrid discretization of the convection) For the hybrid discretization in
(2.45)-(2.49) with A and B satisfying (AB1)-(AB2) and (AB3h) there holds a similar result as that given
in Proposition 3.2 and Corollary 3.3. However, the proof is simpler. In fact, by using (3.8) we have that

Z Z le|(Fe.e,(¢:48,))E(aE — ¢c) = %Z Z le|VE(ar + ge) (g — ge)

EcQ) ecOFE EEQh e€cOFE

13 3 Y Mg - Bavees -0

EGQh ecOE de

The right-hand side of this equation is similar to the right-hand side of (3.9) with q. instead of qp
and, reasoning as in the proof of Lemma 3.1, can be bounded from below by the the right-hand side of
(3.11). The resulting estimate is then used in (3.14) with Fi g, (pn,ps,) instead of F(py) in order to
prove Proposition 3.2.

We conclude this preliminary subsection by reporting two technical lemmas that we will use in the
analysis of the next subsection. The first lemma is a direct consequence of [36, Lemmas 5.2,5.3] and, for
this reason, is given without proof.
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Lemma 3.5 (Discrete Sobolev inequalities) Let Dy, be an admissible discretization of S in the sense of
Definition 2.2 with 0 > 0 and such that 0 < ;:—/’e <07t forall e € Epjnt. Let r = d2_—d2 if d > 2 and
r < 400 if d = 2. Then, there exists a real posiﬁve constant C that only depends on 2, 6 and r such

that, for all qn € Qn, |anlzr) < Clanli,p, -
Let v, (Fp) denote the piecewise-constant function equal to vg(Fg) on E € ), as defined in (2.12).

Lemma 3.6 (Discrete Rellich theorem) Let A : Q — My(R) be a diffusion tensor satisfying hypothe-
sis (H2); let (Dr)n—o be a family of admissible discretization of Q) in the sense of Definition 2.2 with mesh
size h tending to 0 and satisfying the reqularity Assumptions (G1)-(G2); let (pn,pe,) € Qn x H(Ep) be a
numerical scalar field such that |(pn, pe, )|1,p,.c, Temains bounded as h — 0; let Fy, = (F§)Eeq, , ccor
be a collection of numbers that satisfy equation (2.47) for the assigned (pn,ps,) and with the local scalar
products defined accordingly to (2.11)-(2.13).

Then, there ezists a scalar field p € H} () such that, up to a subsequence as h — 0,

(1) pn — p in L"(Q) for all r < dQ—fQ,'

(ii) vi(Fn) — Vp weakly in L?(Q).

Proof of Lemma 3.6 Using [36, Lemma 5.6], Lemma 3.5, Vitali’s theorem and the fact that the
quantity |(ph,pe,)|1,D,.¢, is uniformly bounded ensures that (ps)n—o is relatively compact in L"(€2) for

all r < 24 After defining the discrete gradient V(pn,pe,) : @ — R by

~ 1
VE €Qn, Ve € E : V(pn,pe,)(z) = 3 Z le|(pe — pE)n%,
ecOF

we see from the bound on |(pn, pe,)|1,p,.c, that §(ph,pgh) remains bounded in L?(Q)%. The technique
used to prove [36, Lemma 5.7] ensures that if p, — p in L?(Q) (up to a subsequence), then, p belongs

to HL(Q) and V(pp, pe,) is weakly convergent to Vp in L2(Q)<.

The lemma is therefore true since
the argument discussed in [33, Remark 2.7] implies that V(pn,pe,) = vi(Fn) if (pn,pe,, Fr) are linked

through (2.11)-(2.13) and (2.47). ®

3.1.2 Convergence without regularity assumption

Let us consider the HMM method on (D)0, a family of meshes that are admissible according to
Definition 2.2, with mesh size h tending to 0 and all of which satisfy the regularity conditions (G1)-(G2).
We also assume that all the local scalar products in the scheme formulation are defined by (2.11)-(2.13)
through a set of symmetric and positive definite matrices (Bg)gcq, that verifies the coercivity condition
(C). Moreover, the numerical convection flux F(ps) in (2.42) is built by using (2.39)-(2.40) through some
instance of the functions A and B that satisfy (AB1)-(AB3). Finally, we recall that v (F,) : Q — R
is the piecewise-constant function equal to vg(Fg) on E for all E € Q. The convergence result of this
sub-section is stated in the following theorem.

Theorem 3.7 Let p € H}(2) be the weak solution to (2.1)-(2.2) under Assumptions (H1)-(H4), and
(pn, Fpn) the numerical solution to problem (2.41)-(2.43) built along the guidelines summarized above.
Then, for h — 0 there holds that:

(i) pn = p in L™(Q) for all r < dQ—fIQ;
(i) vi(Fp) — Vp in L2(2)%.

Proof of Theorem 3.7
The proof of Theorem 3.7 is based on compactness tools developed for Mixed Finite Volume or Hybrid
Finite Volume for the pure diffusion equation [31,36] and on techniques from the classical Finite Volume
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schemes [26,35] to handle the numerical convection term. We report the full proof for the sake of
completeness since none of these methods has ever been formulated in the new HMM framework.

Step 1: compactness of the approximate solutions.

Using Corollary 3.3 we have [(pn,pe, I3 p, e, < Iflc2lpnliz) (at least for h small enough if
(AB3-s) does not hold). In view of Lemma 3.5 and inequality (3.5), we obtain an upper bound on
|(pn, pe, )10y, .6,- Then, the result of Lemma 3.6 implies the existence of a function p € H}(Q) such
that, up to a subsequence, p, — p in L"(2) for all r < dQ—_dQ and vy, (F),) — Vp weakly in L%(Q)%.

Step 2: the limit function p is the weak solution to (2.1)-(2.2). Since the exact solution is unique, this
step allows us to prove the convergence to p of the whole sequence of discrete solutions pj for h — 0. We
take p € C°(Q), define pp, € Qp by pp = p(zg) on E € Qp, and plug ¢ = ¢p, in (2.42). Since Fy, + Fe(pp)
is conservative, we obtain:

/Q fon=3" 3 lelFg(plon) — o(z.)

E€Qy ecOFE
- 1 € €
+ 2 Y lellplan) - o(@) - (AVEPE + BAVE)ps)
E€Qy, ecOE ¢
= 3 > lelFiles 2 Velws) + > D lelFERE ()
EeQy ecOF E€Qy ecOFE
P 1 € €
+ 3 Y lellelwn) - e@) - (AWVE) + B.VE) )pe
E€Qy, ecOE ¢
1 .
+ Y Y lellp(@r) = (7e) 7 BdeVE) (prr — pr)
EcQy, e€OE ¢
=Ti+To+ T3+ Ty (3.18)

where the residual term R} () in Ty is such that |R} ()| < dp.ch|V¢]c.
By (2.12) we have that

Ti= Y |Eeve(Fe) Velze) = [ Ava(Bh)- (Vi
EEQy, Q

where (V) = Vo(zg) on E € . The regularity of ¢ together with the weak convergence of vy, (F},)
implies that

T, — / AVp-Vo ash—0. (3.19)
Q

From (2.13) we have |Fg| < |Te.o(Fr)| + |ve(Fg)| and, since ||ph||L2(Q) and |(pn,pe,)|1,D,.c, are
bounded, inequality (3.16) implies that

1/2 1/2
S Jelden |yl < (z 5 |e|dEye) (z 5 |e|dE,e|Fg|2) <1

EeQy ecOF EeQy, ecOFE EeQ), ecOF

(recall that Y _,p leldp,c = d|E]). Therefore, we obtain that

Tl ShIVPplee =0 ash—0. (3.20)
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Assumption (AB2) makes it possible to show that

Ts= Y pe Y lel(e@n) — (E)V5

EeQy, ecOFE

= Z pee(TE) Z le|Vig — Z PE Z lelo(Ze) Vi

EcQy, e€cOFE EeQy, e€cOFE
=/phsohdiV(V)— > pe Y /wV-n%Jr > pe Y, [(p—0(@)V -nf
Q EEQ, ecdE”® E€Q,  ecdE”®

= [ endiv(v) = [ pudiv(eV)+ 3 pe 3 [ (o= el@)V - n.

EeQy, ecdE Y€

The regularity of ¢ and the convergence of pj, ensure that, as h — 0, the first two terms in this right-hand
side tend to [, pediv(V) and [, pdiv(eV). As for the last term, using the fact that [ (¢ — @(Z.))V - ng
vanishes for boundary faces (p has a compact support) and is conservative for interior faces (i.e. changing
E in F’, the cell on the other side of e, only changes the sign), we find

oY [o-e@)V nk| = | 3 e -p) [(o-ela)V ng

EeQy, e€cOE "Y€ EcQy, e€cOFE €
ShVele D Y lellpe —pel.
FEeQy) ecOF

But Cauchy-Schwarz inequality and the bound on |(pn,pe, )|1,p,.€, gives

> > Jellpe = pel < (@12)Y2[(ph pe )iy en S 1, (3.21)
EcQy, ecOFE

and Y peq, PE Y ecor J, (¢ — ©(Te))V - ng thus tends to 0 with h. We deduce that

T3 — / pediv(V) — / pdiv(pV) = —/ Vp-Ve ash—0. (3.22)
Q Q Q

To handle T4, we start noting that Assumption (AB1) implies that + |B(d.Vj)| < 1. Thus, writing
PE’ — PE = PE' — Pe + Pe — Pr and using (3.21), we obtain:

Tl ShIVelee Y D lel(Iper — pel + [pe — pil)
E€Qy ecOF

< 2h|V@| oo Z Z le| lpE — pe] =0 as h — 0. (3.23)
E€Qy ecOFE

Eventually, the convergence properties (3.19), (3.20), (3.22) and (3.23) allows us to get the limit of (3.18)
for h — 0 and show that p is the weak solution to (2.1)-(2.2).

Step 3: strong convergence of the gradient. Estimate (3.13) and Relation (2.11) imply that

1 .
/QAVh(Fh) v (Fr) + §/Qd1V(V)Pi < /prh + Ch|(pn,pe,) 3 p, ¢, -

Taking the upper limit of this inequality, recalling that | (pn, pe, )|1,D,.5, stays bounded and noting that
pp, is strongly convergent to p in L?(€2) and that p is the weak solution to (2.1)-(2.2) lead to

1 1
limsup/Avh(Fh)-vh(Fh)—i——/div(V)p2 S/fp:/AVp-Vp—i——/div(V)pQ,
Q 2 Ja Q Q 2 Jo

h—0
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from which we deduce that

1imsup/ Avip(Fp) - vi(Fr) < / AVp - Vp. (3.24)
h—0 JQ Q

Since w — ([, Aw - w)'/2 is a norm in L?(2)¢ equivalent to the usual norm, equation (3.24) proves that
the weak convergence vy, (Fj,) — Vp in L?(Q)? is, in fact, strong. m

Remark 3.8 Adjusting these same arguments makes it possible to prove a similar convergence result for
the hybrid HMM formulation (2.47)-(2.49), which is based on the numerical convection fluz (2.45)-(2.46)
instead of (2.39)-(2.40).

3.1.3 About the regularity assumption on V'

Oftentimes, the velocity field V' is not given but comes from the resolution of another problem (see e.g.
[25]). In this case, it is not obvious that it satisfies the regularity assumption V € C'(Q)?: we can
in general ensure that V' € H(div, ), but not more. How does this impact the preceding convergence
study?

We first of all have to be able to define the fluxes V5 of the velocity; this is in general quite straight-
forward, either using (2.19) and the fact that V' belongs to H(div, ), or even more directly by looking
at the discretization of the equation providing V' (this discretization usually also provides the fluxes of
the velocity, as in [25]). The minimal requirement on these fluxes is their conservativity

Ve € Eninty t VE+VE =0

(where E, E’ € Qy, are the two elements such that e C OENJIE’ for every e € &, int) and their compatibility
with the coercitivity assumption div(V') > 0:

VEE€Q,,: > |elVE>0
ecdE

(usually, > .5 le|VE plays the role of an approximation of [}, div(V')). Under these two requirements
and the strong version of Assumption (AB3) (i.e. (AB3s)), it is then easy to see that the a priori estimates
still hold (see Lemma 3.1, Proposition 3.2 and Corollary 3.3).

As for the convergence (Theorem 3.7), we have to check if T3 and T4 behave well. For T3 we need that
VE€Qu,: Y lelVs= / div(V)
e€cOFE E

(or at least that Y- ., p |e|V approximates [}, div(V) as the size of the mesh tends to 0), which is usually
the case from the definition of V using (2.19) or an expression of these fluxes coming from the resolution
of another elliptic equation, and that, for any smooth function ¢ with compact support, denoting by
Py, : 2 — R the function defined by

VE€Qp, Vo € E : u(x) = Y o(Zc)lelVE,
e€OFE

the function ®;, weakly converges in L?(Q2), as h — 0, div(oV). Since, for any W € H(div, (), defining
Wg = ‘—é J.W -n% (in the usual weak sense), we have

WEP < Ch™ W[ () + Ch™ 2| |div(W)|[Z: () (3.25)

(this is the usual Agmon scaling of trace estimates), the estimates we provide in the proof of Theorem 3.7
on the last part of Tg indicate that ®j behaves as needed if V5 comes from 2.19 with V' € H(div, Q); if
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these velocity fluxes come from the approximation of another elliptic equation, then the expected behavior
of @, is usually a straightforward consequence of the properties of the scheme used on this other equation
(see e.g. [25]).

For T4, we require that

SN Jeldp. V[ (3.26)

EcQp e€OFE

remains bounded as the size of the mesh tends to 0. When V comes from the approximation of an
elliptic equation (i.e. V§ is the “Fg” of this other equation), then this estimate is usually a basic one (for
HMM methods, for example, it is a direct consequence of (S1) or (C)); if V£ is constructed from (2.19)
with V' € H(div, ), then (3.25) shows that (3.26) also remains bounded independently of the mesh size.

In other words, although the preceding study has been made, for the sake of simplicity, with regular
velocity fields, it is easy to adapt to more realistic fields, and the convergence result still hold for these
fields.

3.2 Error estimates

In the theoretical developments of this section we assume that (HG) and (ME) hold.
Now, we consider the bilinear form

B(Gh7Qhaq5h;G;7,7Q;uq:€h) [Ghth Z Z |€| Gh )
EeQ), e€OFE
+ [diva(Gh + Fe(gqn)), = > > 1el(Gh + Fulan)) . (3.27)
EcQy, ecOFE

for all couple of triplets (G, qn,qs,) and (G}, q;,,qg, ) in X, x Qn x H(E). Problem (2.41)-(2.43) can
be reformulated as

Find (Fy, ph,pe,) € X, x Qn x H(EL) such that:
B(Fu,pn, pe,; Ghy n, qe,) = [fIth]Qh V(Ghyanrge,) € Xn x Qp x H(Ep). (3.28)
In order to prove the convergence result, we need the following stability lemma.

Lemma 3.9 Assume (AB1)-(AB3) with either h small enough if (AB3-w) holds or any h if (AB3-s) holds.
For any triple (Gh, qn, qe,) € Xh x Qn x H(E) there exists a triple (G, q;,, qg, ) € Xh X Qp X H(ER) with

IGLl %, + lanlo, + 1(gh: g, ) phe, <1 (3.29)
for which there holds that:

B(Gh, an: 4e,; Gy ho d,) 2 IGrll g, + lanlion + 1(an: ge,)l1,04.6, - (3.30)

Proof of Lemma 3.9.
A straightforward calculation shows that

B(Gh7Qh7q5h;Gh7QhaqSh) ”Gh"2 + Z Z |€ quqe) (331)
EeQ) ecOF

Since div(V') > 0, applying Lemma 3.1 yields the inequality
B(Gha qh,4gy,; Gh7 qh, Qé‘h) > ”Gh "}h - Clh”(Qh, qgh)"ip,“gh . (332)

The non negative real constant C7, which is provided by Lemma 3.1, is zero if Assumption (AB3-s) holds.
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Let us consider the non-conservative vector field éh S )A(h given by

VE € Oy, Ve € 0E : (Gh)5 = qed’i‘“f.
E.e

)

Since (M2) implies that |E| < |e|dg,., we have that

N E ~
1Gul%, = S IGelE <ot Y Z 1B (a8 — ¢e)” < Clan.ae) B p, ,. (3.33)

EcQy EcQy, ecOFE Ee

where C > 0 is independent of h and only depends on the constant o* of Assumption (S1) and on the
mesh regularity constants of (M2). We infer, from the Cauchy-Schwarz inequality and Young’s inequality,
that

. . C 1
(61 Ga] _ | < 1Gulg, IGulg, < SIGnIE, + 3 1(an a5) B p,
X5 2 h 2

By using the definitions (3.27) and (3.4) we obtain that

B(Gh,gh,qgh;@h70,0) |:Gh7Gh:| Z Z |€| Gh (JE 7QS)
E€Q), ecOE
= {Ghaéh} + Z Z el QE*qe)
E€Q), c€OE dp,e
C 1
> —SGul%, + 51an a6 o, g, (3:34)

In the following development, it is natural to use the H'-like norm for the elements of Q;, given by:
- 2
lanln = lelhs* ([an]e)?, (3.35)

ecly,

where [gp]c is the jump of ¢ at edge e defined accordingly to (2.31). Assumptions (HG)-(ME) implies
that mesh-dependent norm | - |15 in (3.35) is uniformly equivalent to norm | - |1,p, in (3.3), i.e., there
exists two positive constants v, and v* independent of the mesh size h such that there holds:

Vel -l <1+ lun <v¥) - lim, (3.36)

for every instance of the admissible mesh family (D). As in [11], let us consider the conservative vector
field G, € X, given by

VE € Qp, Ve € oF : (é?h)%;:: héﬁl(qE/‘A'qE).

Since (M2) implies that |E| < |e|h., we have that

s~
IGul%, = D 1Gelz<o™ Y > B (a5 —ar)” < Clanli s, (3.37)

EeQy, E€Qy ecOFE

where C' is independent of h and only depends on ¢* and the mesh regularity constants of (M2). We
then apply the Cauchy-Schwarz inequality and Young’s inequality to obtain:

~ ~ C 1, ~ C 1
\[Gh,ch} 2| <165 1G5, < S1GHIE, + SIGnI%, < 16T, + 5lanli s
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By using the definition of Gj, and norm definition (3.4) we obtain that

SN el @nilar—a) = X lel((Gsar + Gar ) + 3 1el((Gn + (G5 )ae

FEeQ), ecOF ecéy ecéy,
_ 2
== > lelh: (g — am)” = —lanl} -
ecly,

Therefore, we have that
~ ~ 2 6’ 2 1 2
B(Ghs s 5,3 G 0,0) = |Gy G| +lanllt = =5 1Gal%, + Slanli s (3.38)
h

Let G}, = 0G), + G, + G, for some value of 6, q, = qn and gg, = gg,. From (3.32), (3.34) and (3.38)
there holds:

B(Gha dh, qgh;G;w q;w qlgh)
- HB(Gha qh, 4,5 Gha dh, qgh) + B(Gha qh, 4,5 Gha Oa 0) + B(Gha qh, 4, Gha 0) O)

c C 1 1
> (e e 5) Gl + 5okt + (5 - 0CH) lanae) o, (3.3

Now, we take 6 = (14 C + C)/2 and we obtain the inequality
1Gnl%, + lanlin + 1(an: a2 b, 6, S B(Ghsans g, Ghis i 08, ), (3.40)

which holds for h small enough under Assumption (AB3-w), and for any h under Assumption (AB3-s)
because Cy = 0 in this case. Using inequalities (3.33) and (3.37) allows us to obtain:

1Gilg, + lai i + 165 a6, o6, < 01Glg, + (1+VC)lanlvn
+ (14 VE) l(an @z, 0 (3.41)

Lemma’s inequalities (3.29)-(3.30) follow from (3.40)-(3.41) by rescaling the three discrete fields G}, ¢,
and gg, by the positive factor max (9, 1+ \/5, 1+ \/5) (”Gh”)?h + lgnl,n + [ (gn, qgh)||17ph,gh). [ |
The following technical lemma provides us with an estimate for the interpolation of a vector field which
is locally in (H'(E))“.
Lemma 3.10 Let G € (H(E))¢ and G! the interpolated field (2.8). Then, we have that
IG e S |Gli2p) + helGlr (k) (3.42)

Proof of Lemma 3.10 Using the stability condition of Assumption (S1), the Agmon inequality from
(M3), and the scaling |E|/|e| < hg, which is a consequence of (M2), it readily follows that

IGHIE S 1B D (GRS IELDY . lel M G700 S hE(hilllGlliz(m + hElGl?m(E))
ecOFE ecOFE

S "G”2L2(E) + h2E|G|§{1(E)7
from which the lemma’s statement immediately follows. B

We can now prove the main result of this sub-section that is stated in the following theorem. This
theorem provides a bound on the approximation error that is defined by comparing the numerical solution
(Ph, Fn,pe,) € Qn X Xp x H(Ey) with the interpolations p! and F' of the exact solution and flux given
by (2.8) and by the interpolated field p’ = {(p”)¢}*€%» € H(Ey) given by

1
Vec & : (p!)e = el /p. (3.43)
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Theorem 3.11 Let p be the solution of the continuous problem (2.1)-(2.2) under Assumptions (HI1)-(H4)
with A locally Lipschitz continuous on Qy, c.f. Remark 2.5, and F given by (2.3). Let (Fy,pp) be the
solution of problem (2.41)-(2.42) under Assumptions (HG)-(ME) and (AB1)-(AB3) with either h small
enough if (AB3-w) holds or any h if (AB3-s) holds. Then, there holds that:

15, = FMlig, + Ipn = 0" l1,0, + 1o = 0" e, — 27)l1000 S PlPla2(0) - (3.44)

Proof of Theorem 3.11. Let us consider the triplet of error fields (Fh — FL pn —plpe, — p‘]) €
Xp X Qp x H(ER). Due to Lemma 3.9 there exist a triplet (G, gn, s, ) € Xn X Qp x H(EL) with

IGull %, + lanlip, + lge,l1my6 <1 (3.45)
such that
1Ew = Filig, + lpn = 2o, + 10w = 0,06, = ") 1,2, 60
S B(Fy = Flopn —p'pe, — 73 Ghan, ge,)- (3.46)
By using equations (3.28) a straightforward calculation gives:
B(E, — FLpn —plpe, — 075Gy qnyqe,) = T1 + To + T3 (3.47)

where

T, = [plvdivh(Gh)}Qh - [FIaGh})?h - Z Z |e|(pJ)e eEv

EeQ) ecOF

Ty = [fIMIh]Qh — [divn(FT) erth(Fc(pI))th]Qh ;

To= 5 5 Jel(F! + F.(0))5a..

EcQy, e€cOE

For convenience, we will separately bound T; and T, 4+ T3. To this purpose, let us first introduce the
discontinuous §,-piecewise linear function p!, which is such that p!|x is the L? orthogonal projection of
p on the linear polynomials defined on E € Q. Let us start by noting that |p — p'|r2(g) < |p— ¢*|r2(p)
for any linear polynomial ¢! defined in E; hence, taking ¢' = L£;(p), the linear interpolation of p on
E provided by (M4), allows us to use the estimate for the interpolation error. Moreover, adding and
subtracting £ (p), applying the triangular inequality, using (M4) and a standard inverse inequality yields:

p—p'mm) < p— L10) | m (m) + 1L1(0) — M (m) S helplmzm) + R L1 (p) — P2y (3.48)

The second term in the last inequality of (3.48) is developed by adding and subtracting p, applying the
triangular inequality and the estimate for the interpolation error of (M4):

1£1(p) — P L2y < 1L1(p) — Plr2ce) + Ip — P L2e) S PElplm2ce)- (3.49)
Substituting (3.49) in (3.48) yields the final inequality:
Ip—p'l2) + help — Pl 8y S PEIPIH2(B)- (3.50)

We recall that, for convenience, we may identify the elements of @, with the piecewise constant
functions whose restriction to each cell E is the degree-of-freedom of that cell. Therefore, it is possible
to reformulate the first term of Ty as an L?-scalar product, so that [p’, divy (Gh)]Qh = [p,divy(Gh)] -

Then, we split Ty in four sub-terms by recalling that F' = —AVp, adding and subtracting (AxVp)! and
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(ApVp')!, using the local consistency assumption (S2), and noting that |e[(p”)® = [ p. We have the
following developments:

Ty =[p—p"diva(Gn)] . + [p',diva(Gh)] . — [F1.Ghl ¢ — Y > G5 /

EcQy ecOF
=Ti1+ [Pladth(Gh)] + [(AVD)!, Z Z G /
EeQ), eeOF
=Tia+ [phdiva(Gn)] . + Y [(AeVD)',Ghl,
EeQy,
+ Y [(A=AR)Vp) -y > a5 /
EeQy, E€Qy e€cOE
=Ti1+ Z ( diva(Gh),p'] . rxm) T [(ApVp! )I,Gh]E) + Z [(AV(p—p")',Ghl
EGQ}L EEQh
+ ) [(A=AR)VD) Ghl,— > ZG@/
EeQy, Ee€Qp ecOE
=Tia+ Y Zae/p o+ Y [(AsV(p—pY) + 3 (A - Ap)VP) Gl
EeQy ecOF EEQh EeQy,

=Ti1+Tio4+Tiz+Tia.

To estimate Ty 1, let us first note that the definition of divy, the scalings h%, < |E| < h% and |e| < h
from (M2) and Assumption (S1) imply that

ldivi (G2 = 1B ([@iva(@n) p* € o 3 1eP(G5)? S A2 ICuI - (3.51)

| | ecOFE

Thus, using the Cauchy-Schwarz inequality for each scalar product in X g, error estimate (3.50), inequality
(3.51), the Cauchy-Schwarz inequality again, and finally noting that (3.45) implies that |Gp[| 5, < 1 yield

TS Y =P leamldvi(Glzm S Y (Wbl ) (b5 1GHE)

EeQy, EcQy,

1/2 1/2
Sh ( Z |P|§{2(E)> < Z |||Gh|||129> S hiplaz ) - (3.52)

EeQy EeQy

The second term is bounded using a scaling argument and inequality (3.45). We obtain that:

Ti2 Shlple@lGrllz, < Plplaz) - (3.53)

To get an upper bound for T; 3, we use the Cauchy-Schwarz inequality for the local scalar product in
X g, the result of Lemma 3.10, an upper bound on Ag that easily follows from the upper bound of A in
(H2), again the Cauchy-Schwarz inequality, the estimate of the interpolation error given by (3.50),which
follows from (M4), and the fact that [|Gp[| g, <1 due to inequality (3.45). We obtain the following chain
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of inequalities:

Tis= Y [(AsV(p—p") Gil,

EeQy,
<> IAeVE—p) e I1GE
EEQh
S Y (1Y =) iae) + helApY (o = p)lm ) ) IGhle
EeQy,
S > (p=p'lmm + halplazm) 1Gk e
EEQh
1/2 1/2
< (32 bt ) (3 1euth)
By, EcQy,
1/2
< <Z h2E|p|§12(E)> IG5,
B,
S hlplaz(a)- (3.54)
Using Cauchy-Schwarz inequality and inequality (3.42) we get
Tia S Y, 1A= Ae)Vp) & IGhlle
EEQh
1/2
< (20 A = 2p)VD) |3)
E€Q,
1/2
Z I(A—Ag) vP”L?(E)"‘h I(A — AE)Vlel(E)) : (3.55)
B9y,

Due to the definition of Ax and since the restriction A|g belongs to W1>°(E) for all E € §2,, we obtain
that
IA = Ag|p=E) +helA = Aplwicm) She VE€Q, .

Combining the above bound with (3.55) easily yields
Tia S hlpla2co) - (3.56)
Combining (3.52), (3.53), (3.54), and (3.56) yields the following upper bound of Ty
T1 S hlplaz o) - (3.57)

To get an upper bound for Ty + T3 we note that using the commuting property of the divergence
operator (2.9), c.f. also Remark 2.4, the flux definition given in (2.3), and the model’s equation (2.1)
allows us to write:

divy, (FT) = (div(F))! = fI — (div(Vp))". (3.58)
Equation (3.58) makes it possible to reformulate Ty as follows:
To = [(div(Vp)" — diva(Fe(p")),an] o, - (3.59)

As before, we identify the elements of @), with the space of Qp-piecewise constant functions, and the
scalar product in @, with the L? scalar product. Then, we split Ty into two sub-terms by applying the
divergence theorem to each cell’s contribution and adding and subtracting the term Vgp:

Ty = Z ZQE/V ng — Vg)p + Z ZQE/ VEp — )) ) To1+Tap . (3.60)

EeQ), ecOFE € EcQ), e€OF
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Noting that V5 + V{5, = 0 and n% +n$, = 0 for any e € &, ing, and using definition (2.31) for the jump
of gy, i.e., [qn]e, allows us to reformulate To 1 as follows

Tar= Y [ [(vong = Vi)

ecéy ¢

where E = E(e) is the unique cell to the boundary of which e belongs and such that n%, - n® = 1. Due
to the definition of V&, on each edge e the quantity (V - n$, — V) is orthogonal to constants. Therefore
we can write

Tor = S [anle / (V-0 — VE)(p - P.) (3.61)

ecéy ¢

where P, is the average of p on e. Applying the Holder inequality to each face’s term, the interpolation
estimates for the face’s velocity, the Cauchy-Schwarz inequality, and the equivalence between norms |- |15,
and | - |1,p, give:

Ton S ) |lgnel he” |(V-nf — VE) D —Pe)lz2(e)
e€y,

a2 3 B
S he® lanlel REIVIwr~@lp = Pel2e)
e€y,

< Wl ( 3 02l ) (X Bl - 7le)

ecé&y, ec&p
5 9 1/2
S Wiwrolanlio, (D2 BIVPIE ) (3.62)
e€ly,

where in the last line we also used a standard approximation result. Now, the Agmon inequality for Vp,
c.f. (M3) with ¢ = Vp, and the fact that for e C 9FE N IE’ there holds that h, < max(hg, hg/) imply

that
S RIVBla S Y D hEIVPIa S Y b (hE Pl e+ helplie )-
e€&y Ee€Qp e€OE EeQy

The bound for Ty ; readily follows recalling (3.45)

To1 S W2 Iplm @) + 1P lpliz) S W2 1plae o) (3.63)

where we included the data factor |V]y 1.0 (q) in the inequality’s constant. As a byproduct we observe
here that, looking at (3.63) and at the estimate (3.68), it becomes clear that the error coming from the
approximation of the datum V is a higher order term.

Now, let us search for an upper bound for T, 2+ T3. First, note that, since VI and F! are conservative

fields,
> QG/VEP_ qe(VE6‘+VE6‘/)/p:0 and Y D fel(F)5g. =0

E€Qy, ecOE € ec&y € E€Qy, ecOE
and thus

Toz+Ts= > Y (a5 —a /(Vgp ~ (F0")5,). (3.64)
E€Q), e€OE ¢
Moreover, Assumption (A2) implies that V& = d—le (A(d.VE) 4+ B(d:Vg)) and therefore, by using defini-
tion (2.40) and the triangle inequality, a straightforward calculation gives:
A(d. V) |?
de

B(dVE)|?

i (3.65)

Ve~ (05 < |00 09

+o- )

L2(e) L2(e)
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From (A1) and the definition of V5 it easily follows that max (|A(d:.VE)|,|B(deVE)|) < de. Then, by
using the Agmon inequality of (M3) and the standard first-order interpolation estimate for cell averages,
i.c., Ip— (p)plia(s) S hulplm (), we have that

A(d.VE) |2

[t )y 412

< _ I 22
L2(e) ™ lp—(0)elL (e)

Shi'lp - (pI)E||2L2(E) + help — (pI)Eﬁ{l(E)
< helplin gy - (3.66)

A similar inequality can be derived by repeating the same argument for the second term in the right hand
side of (3.65) when e € &, ing, and noting that the second term is zero if e is a boundary face. Finally,
we obtain:

e 2
HVEep B (Fc(pl))E‘ L2(e) <

h|p|%11(EUE’) :

Therefore, by using a Holder inequality on the faces and an [? Cauchy-Schwarz inequality, from (3.64)
we obtain

1 1 1 1/2
Too+ T3 S h2 Z lae — gel le]? |p|H1(EUE’) SE ||Qh||1,Dh,€h( Z h€|p|§11(EUE’)) : (3.67)
ec&y ec&p

Recalling (3.45) yields
T2+ T3 S hlpla o) - (3.68)

Combining (3.63) and (3.68) we have the bound for Ty + T, and considering also (3.46), (3.47) and (3.57)
we conclude the proof. B
From Theorem 3.11 we get immediately two corollaries that we state without proof.

Corollary 3.12 Under the same hypotheses of Theorem 3.11 it holds

15, — Frlig, <kl . (3.69)

where the total fluzes are defined through FI = —(AVp + Vp)I and l?; = F}, + F.(pn).
Corollary 3.13 Under the same hypotheses of Theorem 3.11 (and applying Lemma 3.5) it holds
Ip" = prlir@) S PIPlE20)

whererzf—féifd>2and7’<+oo if d=2.

Remark 3.14 Repeating the same arguments makes it possible to prove a similar error estimate for the

hybrid HMM formulation (2.47)-(2.49), which is based on the numerical convection flur (2.45)-(2.46).

Remark 3.15 It must be noted that the proofs in this paper are not uniform with respect to the Peclet
number, i.e., the estimates degenerate when the convection becomes dominant. On the other hand, uniform
estimates cannot be derived under the general framework considered here, since it comprehends also
methods which are not stable in the limit. Nevertheless, the general approach used here can be followed in
order to develop uniform error estimates for certain methods. For example, we believe that an uniform
error bound can be developed for the upwind scheme starting from a uniform version of the stability results
in Proposition 3.2 and Corollary 3.3. A deeper theoretical investigation of the convection dominated case
will be the objective of future communications.
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Figure 2: The base mesh and its first refinement of mesh family M1; the mesh construction parameter n
is initially taken equal to 10 and doubled at each refinement step. Details about the mesh characteristics
are given in Table 1.

4 Numerical experiments

In this section we present a number of examples of problem (2.1)-(2.2), whose solutions are computed
over uniform and non-uniform meshes. The performance of these discretization methods is investigated
by evaluating the rate of convergence when the meshes are refined and the shock-capturing capability
when strong layers develop in the convection-dominated regime.

To this purpose, we consider the sequence of meshes of mesh family M1 on © =]0,1[x]0, 1[. These
meshes are built by remapping the position (£,7) of the nodes of an n x n uniform grid of quadrilaterals
into final positions (x,y) through

x =&+ (1/10) sin(27¢) sin(27n), (4.1)
y =n+ (1/10) sin(27) sin(27n). (4.2)

Then, we split each quadrilateral-shaped cell into two triangles, which gives the primal mesh, and then
we connect the barycenters of adjacent triangular cells by a straight segment. We complete the mesh
construction at the domain boundary OS2 by connecting the barycenters of triangular cells close to 952 to
the midpoints of boundary edges and these latter to the boundary vertices of the primal mesh. For this
mesh family, the base mesh of the refinement process is obtained by setting n = 10; refined meshes are
generated by doubling this parameter and repeating the construction procedure. The plots of Figure 2
illustrate the base mesh and the first refined mesh of M1. Details about the mesh characteristics are
reported in Table 1.

The numerical implementation is partially based on P2MESH [15], a C++ public domain library
designed to manage data structures of unstructured meshes in the implementation of solvers of partial
differential equations. For convenience, we will use the labels listed below to refer to the different instances
of the HMM family of schemes considered in our numerical experiments. In each one of these schemes
the diffusion term is discretized along the lines described in subsection 2.3 while the numerical treatment
of the convection term differs as specified in the item’s description:

e HMM-Cnt, two-point centered flux formula;
e HMM-Upw, two-point upwind flux formula;
e HMM-SG, two-point Scharfetter-Gummel formula with local adjustment (2.23);

e HMM-(no stabilization), central mimetic method without any form of stabilization;

HMM-Jmp, central mimetic method with jump stabilization (2.32);

30



Table 1: Mesh parameters of the mesh sequence M1; r is the refinement level (0 refers to the base mesh),
Ng is the number of cells, N, is the number of mesh edges, Ny is the number of mesh vertices.

Ng N. Ny h
121 400 280 | 9.4771072
441 1400 960 | 4.8431072
1681 5200 3520 | 2.445102
6561 20000 13440 | 1.2251072
25921 78400 52480 | 6.1301073
103041 310400 207360 | 3.0661073

T W N~ O

4.1 Accuracy

In this test case, the forcing term f in (2.1) and the boundary condition function g” in (2.2) are set
accordingly to the exact solution

plan) = (5= 5) (12 -2 w

and V = (2,3)". We assume that the diffusion tensor A is given by the identity matrix scaled by the
positive real factor v. By taking v = 10~4 the problem is strongly convection-dominated and the solution
is characterized by an exponential boundary layer near top and right sides of €.

We are mainly interested in showing that the shock-capturing capability does not deteriorate too much
the convergence behavior where the solution is enough smooth, i.e. away from the boundaries where
the layer develops. As pointed out in [16,27,42,43] (to which we also refer the reader interested in the
comparison with performance of the mixed-hybrid Finite Element and different kind of Finite Volume
schemes on this test case), the errors due to the approximation of the solution gradient in the narrow strip
around the boundary where the layer develops are so large that including them in the error measurements
would prevent to see any convergence at all.  For this reason, we restrict the error measurement to the
sub-domain [0,0.95] x [0,0.95]. Convergence rates are measured by the relative errors

FI_ ol
o W -mle, o _IF-Filg,

- < _ (4.4)
" "l " | FT

Iz,

where, in the second error definition, we use the total fluxes FI and th are defined in Corollary 3.12.
Practically speaking, the quantity £g, is a measure of the approximation error of cell averages and is
calculated by using a mesh-dependent L2-like norm. On its turn, error £x, compares the edge-based flux

FT with the numerical flux Fh through the mesh-dependent norm induced in X by the mimetic scalar
product.

In Figure 3 we present the log-log plots of the errors £g, (on the left) and €x, (on the right) versus the
characteristic mesh size h. Herein, we compare the convergence behavior of the various implementation
of the HMM schemes considered in this paper. The actual order of accuracy shown by these methods is
reflected by the slopes of the experimental error curves, and can be approximately evaluated by compari-
son with the “theoretical” slopes represented in the bottom-left corner of each plot, c.f., also the caption’s
comment. These plots document the optimal convergence behavior of all the numerical approximations
in the diffusive regime, c.f., the top side plots. When the problem becomes convection-dominated, i.e.,
for the smallest value of the diffusion coefficient, convergence is still provided for both scalar and flux
unknowns by all methods except HMM-(no stabilization).

When we use HMM-SG, HMM-Cnt, and HMM-(no stabilization) in the diffusive regime, a superconver-
gence effect is visible for the approximation of the scalar and the flux variable. The numerical approx-
imation of the scalar unknown is second-order accurate, while we have O (h3/ 2) for the flux variable.
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Instead, both HMM-Upw and HMM-Jmp provides a first-order accurate approximation for both p and F.
It is also worth noting that the error curves of HMM-SG and HMM-Cnt almost coincide. Moreover, the
errors from HMM-(no stabilization) are a little bit smaller than those obtained by the centered schemes
of Finite Volume type. Instead, in this test case scheme HMM-Upw gives better results than HMM-Jmp.
In the convection-dominated case, i.e., for v = 10~*, the central approximation HMM-(no stabiliza-
tion) is not at all convergent on the meshes considered by M1; instead, HMM-Cnt is convergent, but
the numerical solution (not shown in the paper) is affected by large amplitude oscillations that almost
completely destroy the solution’s profile. This fact is consistent with the error curves displayed in Fig-
ure 3. The numerical approximation of the scalar and flux variable provided by the methods HMM-Upw
and HMM-SG is linearly convergent, while the one provided by HMM-Jmp seems to converge at a rate
proportional to O (hl/ 2), even if this last effect might be due to an insufficient mesh resolution.

Remark 4.1 As noticed at the end of Section 2.4.1, in the convection-dominated regime the A function
given by (2.23) is numerically nearly indistinguishable from the upwind functions Aup. Figures 3 and 4
confirm this. On the other hand, in the diffusion regime, the modified Scharfetter-Gummel scheme has
better convergence properties than the upwind scheme. This behavior is a very interesting characteristic
of the choice (2.23) when the convection term is discretized by (2.40): it automatically adjusts to either
provide a good order of convergence in the diffusive regime, or enough numerical diffusion to stabilize the
calculation in the convection-dominated regime. Note that if one takes A and B satisfying (AB1)-(AB2)
and (AB3-s) and such that A(s) ~ s as s — 400, A(s) has a finite limit as s — —oo and A(s) is regular
around s = 0, then a scheme using such functions modified in the same way as (2.23) is expected to show
the same kind of behavior (this has been numerically tested on several choices of such functions). Note
also that this approach does not hold for the upwind scheme since Ayp(s) is not regular at s = 0.

4.2 Shock-capturing behavior

Shock-capturing behavior is investigated by solving (2.1)-(2.2) in the convection-dominated regime. The
exact solution may be characterized by boundary layers of exponential and parabolic types and is ap-
proximated on the sequence of meshes of M1. The numerical solution is plotted at mesh vertices. Vertex
values are obtained by interpolating the approximate cell averages provided by the scheme.

4.2.1 Exponential boundary layers

We experimentally investigate how these methods approximate a solution with an exponential boundary
layer, which forms on those sides of the domain boundary where V' points outward. To this purpose, we
solve problem (2.1)-(2.2) with the same data of the accuracy benchmark test in the convection-dominated
regime, i.e., for v = 1074

In Figure 4, we compare the numerical solutions produced by the following implementations: HMM-SG,
HMM-Upw, HMM-(no stabilization) and HMM-Jmp.

In plots (a)—(b) the non-oscillatory solution produced by schemes HMM-Upw and HMM-SG is displayed.
Instead, from plot (c¢) it is evident that when calculation is performed using the HMM-(no stabilization)
without any stabilization the numerical solution suffers of severe oscillations. These oscillations disappear
when we introduce a stabilizing term in the divergence equation, which is based on the solution’s jump
at mesh edges. However, a great numerical diffusion is introduced by this form of upwinding and the
resolution of the boundary layer is poor and generally worst than that obtained through the other HMM
implementations.

4.2.2 Exponential and parabolic boundary layers

On Q =]0, 1[x]0, 1], we numerically solve (2.1)-(2.2) with Dirichlet boundary condition

p(z50):(171‘)35 p(x,l): (17:6)27 p(Ovy):L p(lvy):()a
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and V = (1,0)T in the convection-dominated regime for v = 10~%. The solution has an exponential
boundary layer at the side x = 1 and two parabolic boundary layers at y = 0 and y = 1. Figure 5 shows
the numerical results obtained from calculations using HMM-SG, HMM-Upw, HMM-(no stabilization), and
HMM-Jmp. The behavior is similar to the behavior documented in the previous subsection for the case
of the single exponential layer.

4.3 Strongly anisotropic heterogeneous and convection-dominated case

In this third example we consider the test case proposed in [34], where problem (2.1)-(2.2) is solved
for a strongly anisotropic and heterogeneous diffusion tensor and a rotating convection field. A zero-th
order term proportional to p is also present in the model’s equations; its discretization is straightforward
(see e.g. [24]). The domain  =]0, 1]x]0,1[ is split into four subdomains £y =]0,2/3[x]0,2/3[, Q2 =
10,2/3[x]2/3,1], Q2 =]2/3,1[x]2/3,1], Q4 =]2/3,1[x]0,2/3[. The diffusion tensor is diagonal in each
sub-domain and is characterized by a very small value along one principal direction:

1076 0 .
A:( 0 1) in 27 and Qg3

and

A(é 10076 ) in Q9 and Q4.

Note that the directions along which diffusion is small are interchanged for adjacent subdomains. Con-
vection is given by the clockwise rotating solenoidal field V (z,y) = 40(x(2y —1)(z—1), —y(2z—1)(y—1))
and the right-hand side is a gaussian bump positioned at distance 0.35 of the domain center, f(z,y) =
1072 exp(—(r — 0.35)%/0.005) with r* = (z — 0.5)% + (y — 0.5)%. This problem is convection-dominated,
thus requiring some sort of upwinding in the numerical treatment of the convection term. Moreover, the
exact solution is continuous, but internal layers form near the interfaces that separate the subdomains
due to the small diffusion value in the switching directions. The strong solution gradients cannot be
resolved by the attainable grid sizes and the numerical approximations are expected to be discontinuous
at the internal interfaces.

In the test cases presented in the previous subsections there was no significant difference between the
numerical approximations provided by the cell-based version of the upwind scheme HMM-Upw, c.f. (2.41)-
(2.42), and its edge-based version, c.f. (2.47)-(2.49). This is no longer the case herein, as illustrated in
Figure 6. The calculations, which use the two alternative versions of the HMM-Upw scheme, are performed
on a grid obtained by a 30 x 30 periodic reproduction of the pattern reported in Figure 6-(a). Since the
exact solution of this problem is unknown, a reference solution is calculated, for comparison’s sake, on
a very fine cartesian grid. The reference solution is displayed in Figure 6-(b). The numerical solution
provided by the cell-based upwind scheme is shown in Figure 6-(c) and is clearly affected by spurious
oscillations. Instead, this undesirable effect is almost completely absent in the numerical solution provided
by the edge-based upwind scheme, which is shown in Figure 6-(d).

It is also worth mentioning the behavior of these two different implementations of the HMM-Upw scheme
as far as minimum and maximum principles are concerned. To this purpose, we recall that the numerical
solutions obtained by first-order upwind two-point Finite Volume schemes in convection-dominated prob-
lems are characterized by numerical properties like positivity, monotonicity, etc. A thorough inspection
of our numerical results reveals that both cell-based and edge-based schemes respects the minimum value,
which is zero for the reference solution, and provides 6.6 x 104 and 6.9 x 10™%, respectively, for the max-
imum value against a reference value of approximately 6.7 x 10~*. Nonetheless, we noticed a minimum
value of approximately —1.1 x 10~°, which corresponds to a numerical undershoot of around 1.6%, when
we applied the cell-based scheme on a different mesh given by splitting every other rectangular cell of a
120 x 60 regular partition of £ in two sub-triangles. On this latter mesh the edge-based upwind scheme
was still seen to respect the zero minimum value. We do not show the other solution plots for these latter
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calculations because their behaviors are very similar to those of the solutions shown in Figure 6. From
these qualitative comparisons we deduce that the edge-based upwind scheme may be more stable and
accurate than the cell-based upwind scheme. We also remark that the edge-based upwind scheme has the
advantage of being fully hybridizable, thus leading to a linear system in the edge unknowns through local
variable eliminations like, for example, in the static condensation of Mixed Finite Elements. For these
reasons, the edge-based upwind scheme may be preferable when dealing with stiff problems on coarse
meshes.

Remark 4.2 As a final comment we observe that, in all the developed tests, the schemes HMM-(no
stabilization) and HMM-Jmp, which satisfy only (AB3-w), do not show particular pathologies for coarse
meshes. Therefore, at least on the basis of the presented tests, the h-small-enough condition appearing in
Theorem 3.11 does not seem to pose a true limitation in practice.

5 Conclusions

We presented a new family of methods for the numerical approximation to the solution of the steady
convection-diffusion equation. These methods, which are referred to as Hybrid Mimetic Mixed methods
(HMM), are based on a unified formulation for the Hybrid Finite Volume method, the Mixed Finite
Volume method and the Mimetic Finite Difference method, and differ mainly in the approximation of the
convection term. In particular, we considered centered, upwind, weighted and locally scaled Scharfetter-
Gummel type discretizations, for which we provided a full proof of convergence under very general
regularity conditions of the solution field, and derived an error estimate when the scalar solution is in
H?(Q).

In the last part of the paper, we numerically compared the performance of these schemes on a set of
test cases selected from the literature in both diffusion and convection-dominated regimes. As expected,
the methods, including a centered-type discretization of the convective term, showed a better behavior
in the test cases dominated by diffusion, exhibiting a superconvergence in the approximation of both
scalar and vector variables. On the other hand, such schemes showed a strong loss of convergence rate
in the convection dominated tests, while on that same tests the methods with upwinding or stabilization
exhibited a better behavior. Finally, we showed a test with strong anisotropy and jumps in the coefficients.
The results seem to suggest that the hybridized formulation gives more stable results for this kind of
problems.

34



10

10

10

10

relative QQj,-norm error

10

Cell averages

L ) B B

T

[T

N

Liviin

T

ol il

relative X;-norm error

|

Liviw o

0.01 0.001

h

Edge fluxes

7

T

T

Liviw o

ol

|

0.01
h

0.001

Diffusive regime: V = (2,3)7, v = 1; slopes are h? and h on the left plot,
h3/2, h, h'/? on the right plot.

10°

10"

relative QQj-norm error

10

10°

Symbols:

Figure 3: Test case 1: error curves for the numerical approximation of an exact solution that is smooth
in the diffusive regime (top) and shows an exponential boundary layer on right and top sides of the
computational domain in the convection-dominated regime (bottom). Approximation errors are measured
on the reduced domain [0, 0.95] x [0,0.95], i.e. away from the critical region where the layer may develop.
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Figure 4: Shock-capturing test case: the exact solution has an exponential boundary layer on right and
top sides of the computational domain. Calculations are performed on the second mesh of mesh family
M1 by taking constant velocity field V = (2,3)” and v = 10~%. Numerical solution is displayed at mesh
vertices through linear interpolation. Severe oscillations are visible in plot (¢) when we use scheme HMM-
(no stabilization), i.e, the central mimetic discretization without any stabilization (note the different scale
along 7). This phenomenon disappears in plot (d) when jump stabilization is turned on using scheme

HMM-Jmp.
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Figure 5: Shock-capturing test case: the exact solution has an exponential boundary layer on the right
side and two parabolic layers on top and bottom side of the computational domain. Calculations are
performed on the second mesh of mesh family M1 by taking the constant velocity field V = (1,0)7
and v = 10~%. Numerical solution is displayed at mesh vertices through linear interpolation. Severe
oscillations are visible in plot (¢) when we use scheme HMM-(no stabilization), i.e, the central mimetic
discretization without any stabilization (note the different scale along Z). This phenomenon disappears

in plot (d) when jump stabilization is turned on using scheme HMM-Jmp.
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(a) Grid pattern

(b) Exact solution

(c) cell-based upwind HMM-Upw (d) edge-based upwind HMM-Upw

Figure 6: Strongly anisotropic heterogeneous and convection-dominated test case: on a coarse mesh, the
cell-based upwinding of the convection provokes spurious oscillations, which are completely absent in the
edge-based upwinding discretization.
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