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Résumé

Pour un probleme elliptique bidimensionnel, nous proposons de formuler la
méthode des volumes finis avec des éléments finis mixtes de Petrov-Galerkin qui
s’appuient sur la construction d’une base duale de Raviart-Thomas.

Abstract

For an elliptic problem with two space dimensions, we propose to formu-
late the finite volume method with the help of Petrov-Galerkin mixed finite ele-
mentsthat are based on the building of a dual Raviart-Thomas basis.
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1) Introduction.

e Let Q be a bidimensional bounded convex domain in IR? with a polygonal
boundary 0€2. We consider the homogeneous Dirichlet problem for the Laplace
operator in the domain 2 :

(1.1) —Au = f in

(1.2) u =0 on the boundary 02 of €.

We suppose that the datum f belongs to the space L?(),
(13)  fer®),

where this Hilbert space is classically defined according to

,
L2(Q) = {v : Q%]R,/ lv|? da <oo}
Q

(1.4) S (u7 U) = /UUdIL‘, VU,U ELQ(Q).
Q
w2 = (u, ), Yu € L2(Q).

We introduce the momentum p defined by
(1.5) p = Vu.

Taking the divergence of both terms arising in equation (1.5), taking into account
the relation (1.1) and the hypothesis (1.3), we observe that the divergence of
momentum p belongs to the space L2?(2). For this reason, we introduce the
vectorial Sobolev space H (div, ) :

H(div, Q) = {qe L*(Q) x L*(Q), divg € L*(Q) }

| q”i{(div,ﬂ) B /Q“q‘z + ‘divq‘Q}dx’ Vq € H(div, Q)

(1.6)

and we suppose in the following that the momentum p satisfies the condition
(1.7) p € H(div, Q).

e The variational formulation of the problem (1.1) (1.2) with the help of the
pair & = (u, p) is obtained by testing the definition (1.5) against a vector valued
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function ¢ and integrating by parts. With the help of the boundary condition, it
comes :
(1.8) (p, q) + (u, divg) = 0, Vq € H(div, Q).
Independently, the relations (1.1) and (1.5) are integrated on the domain ) after
multiplying by a scalar valued function v € L?(€)). We obtain :
(1.9) (divp, v) + (f,v) = 0, Vo e L*(9Q).
The “mixed” variational formulation is obtained by introducing the product space
V' defined as
(1.10) {V = LQ(ZQ) X H(dizv, Q), , o
I(w, p) I3, = lully + el + Idivelg
the following bilinear form (e, o) defined on V' x V :

(111)  A((w, p), (v, 9)) = (p, @) + (u, divg) + (divp, v)
and the linear form o(e) defined on V according to :
Then the Dirichlet problem (1.1)(1.2) takes the form :
EeV
1.13
(1.13) {7(570 =<o,(>, V(eV.

Due to classical inf-sup conditions introduced by Babuska [BaT71], the problem
(1.13) admits a unique solution £ € V.

e We introduce a mesh 7T that is a bidimensional cellular complex (see e.g.
Godbillon [Go71]) composed in our case by triangular elements K (K € &),
straight edges a (a € A_) and ponctual nodes S (S € S.). We conside also
classical finite dimensional spaces L?r(Q) and H_(div, ©) that approximate the

spaces L?(Q2) and H(div, ) respectively. A scalar valued function v € LZ-(9)
is constant in each triangle K of the mesh :

(1.14) L?_(Q) ={v:Q—R,VK € Er, vk €R,Vz € K, v(z) = vk }.
A vector valued function function ¢ € H_(div, §2) is a linear combination of

Raviart-Thomas [RT77] basis functions ¢, of lower degree, defined in the forth-
coming section.

o Letac AT be an internal edge of the mesh, we denote by S and N the two
vertices that compose its boundary Oda (see Figure 1) :

(1.15)  O0a = {S,N}
and by K and L the two elements that compose its co-boundary 0
(1.16) 0% = {K, L}
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in such a way that the normal direction n, is oriented from K towards L and
that the pair of vectors (n,, S_1\>T) is direct, as shown on Figure 1. We denote by
W (respectively by E) the third vertex of the triangle K (respectively of the
triangle L) :

(117) K = (S,N,W), L = (N,S,E).
N
E
Q)
W
S

Figure 1. Co-boundary (K, L) of the edge a = (S, N).

The vector valued Raviart-Thomas [RT77] basis function ¢, is defined by the
relations

1
— K
( | . 2|K|(x W), T €
1.18) q(x) = 1
— —E L
2|L‘(x ), x €
0 elsewhere.

When the edge a is on the boundary 02, we suppose that the normal n points
towards the exterior of the domain, so the element L is absent. We have in all
cases the H(div, Q) conformity :

(1.19) ¢, € H(div, Q)

and the degrees of freedom are the fluxes of vector field ¢, for all the edges of the
mesh (see [RT77]) :

(1.20) /bapaona dy = da,p , Va, b € AT'

A vector valued function ¢ € H_(div, ) is a linear combination of the basis
functions ¢, :

(1.21) ¢ = Z Gatpa € H(div, Q) =<y, bEA>.
acA
-

e The mixed finite element method consists in choosing as discrete linear space
the following product :
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(1.22) Vo = L2(Q) x Hp(div, Q)

and proposes to replace the letter V' by V- inside the variational formulation
(1.13) :

(1.23) { ST, 5 <o, (>, Ve eV,
or in other terms

U, € LQT(Q) , Py € H (div, Q)

(1.24) (pr,q) + (up,divg) = 0, Vq € H,(div, Q)

(divpr,v) + (f,v) =0, Vv eLz_(Q).

The numerical analysis of the relations between the continuous problem (1.13) and
the discrete problem (1.23) as the mesh 7T is more and more refined is classical
[RT77]. The above method is popular in the context of petroleum and nuclear
industries but suffers from the fact that the associated linear system is quite dif-
ficult to solve from a practical point of view. The introduction of supplementary
Lagrange multipliers by Brezzi, Douglas and Marini [BDMS85] allows a simplifica-
tion of these algebraic aspects, their interpretation by Croisille in the context of
box schemes [Cr2k] gives a good mathematical foundation of a popular numerical
method and the possibility to reduce the size of the linear system has also been
explored by Younes, Mose, Ackerer and Chavent [YMAC97].

e From a theoretical and practical point of view, the resolution of the system
(1.24) can be conducted as follows. We introduce the mass-matrix M, ; associ-
ated with the Raviart-Thomas vector valued functions :

(1.25) Ma,b = (goa, gob) , a, b € ‘AT
Then the first equation of (1.24) determines the momentum
(126) pr = > pr,%a

aE.A

as a function of the mean values Uy pe for K € 57.

(1.27) Prg = — Z Z U pe / div ¢y dz .
K

bE.A KGS

The representation (1.27) suffers at our opinion form a major defect : due to the
fact that the matrix M ~! is full, the discrete gradient p+ is a global function of
the mean values U pe and this property contradicts the mathematical foundations
of the derivation operator to be linear and local. An a posteriori correction of
this defect has been proposed by Baranger, Maitre and Oudin [BMO96] and with

an appropriate numerical integration of the mass matrix M, it is possible to lump
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it and the discrete gradient in the direction n, of the edge a is represented by a
formula of the type :

U T Uk
pTa/ - ha

(1.28) —

with the notations of Figure 1. The substitution of the relation (1.28) inside
the second equation of the formulation (1.24) conducts to a variant of the so-
called finite volume method. In an analogous manner, the family of finite volume
schemes proposed by Herbin [He95] supposes a priori that the discrete gradient in
the normal direction admits a representation of the form (1.28). Nevertheless, the
engineer intuition is not correctly satisfied by a scheme such that (1.28). The finite
difference “Z- "X must be a priori to be a good (strong ?) approximation of
the gradient p; = Vu, in the direction KT whereas the coefficient Pra is an

approximation of fa Vuen dr in the normal direction (see again the Figure
1). When the mesh T is composed by general triangles, this approximation is
not completely satisfactory at our opinion and contains a real limitation of these
variants of the finite volume method.

e We recall here that the finite volume method for the approximation of the dif-
fusion operators has been first proposed from empirical considerations. Following
e.g. Noh [No64] and Patankar [Pa80], the idea is to represent the normal interface
gradient fa Vu.en dr as a function of neighbouring values. Given an edge
a, a vicinity V(a) is first determined in order to represent the normal gradient

Pro = Ja Vuren dr with a “derivation formula” of the type

(1.29) /Vu,ron dr = Z Yo Yrg -
a KeV(a)

Then the conservation equation
(1.30) divp + f =0
is integrated inside each cell K € £ is order to determine an equation for the

mean values u_, for all K € ET. The difficulties of such approches have been

presented by Kershaw [Ke81] and a variant of such scheme has been first analysed
by Coudiere, Vila and Villedieu [CVV99]. The key remark that we have done with
F. Arnoux (see [Du89]), also observed by Faille, Gallouét and Herbin [FGH91] is
that the representation (1.29) must be exact for linear functions u . We took this
remark as a starting point for our tridimensional finite volume scheme proposed
in [Du92]. It is also an essential hypothesis for the result proposed by Coudiere,
Vila and Villedieu.

e In this contribution, we propose to discretize the variational problem (1.13)
with the Petrov-Galerkin mixed finite element method, first introduced by Thomas
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and Trujillo [TT99]. In the way, we have proposed in [Du2k], the idea is to construct
a discrete functional space H_ (div, Q) generated by vectorial functions ¢, a €
A, that are conforming in the space H(div, (2)

(1.31) > € H(div, Q)
and to represent exactly the dual basis of the family {¢;, b € A} with the L?
scalar product :

(1.32) (@g,wg) = Oa,b » Va, b € A_.
(1.33)  H(div, Q) =<y, beA. > C H(div, ).
Then the mixed Petrov-Galerkin mixed finite element method consists just in re-
placing the space H_(div, 2) by the dual space H_ (div, {2) for test functions
in the first equation of discrete formulation (1.24). We obtain by doing this the
so-called Petrov-Galerkin finite volume scheme :
U, € LQT(Q) , pp € H (div, Q) )
(1.34) (pr,q) + (up,divg) = 0, Vg € H_(div, Q)
(divpr,v) + (f,v) = 0, Vv eLg_(Q).
We introduce a compact form of the previous mixed Petrov-Galerkin formulation
with the help of the product space V; defined by

* .
(1.35) VX = L2(Q) x H(div, Q).
Then the formulation (1.34) admits the form :

&r €V
(1.36) {v(éT,C):<0,C>, V¢ eVE.

By doing this choice, it is easy to check that the scheme (1.34) is in fact a finite
volume scheme for the Laplace operator. The key point is to construct the so-called
dual Raviart-Thomas basis functions ¢} in order to guaranty Babuska’s
[BaT71] inf-sup stability property.

e The plan of the article is the following : we derive in the second part sufficient
conditions in order to guaranty the final stability of the finite element scheme.
Then we propose a particular family of dual Raviart-Thomas functions and propose
by doing this a two-parameter family of finite volumes schemes.

2) Stability analysis

e We suppose in the following that the mesh 7T is a bidimensional cellular
complex composed by triangles as proposed in the first section. Following the
work of Ciarlet and Raviart [CR72], for any element K € &, we denote by hy,
the diameter of the triangle K and by p,. the diameter of the inscripted ball
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inside K. We suppose that the mesh 7 belongs to a family U, of meshes that
satisfies the following definition.

Definition 1. Family of regular meshes
Let 6 be a strictly positive parameter. The family ¢/, of meshes is defined by the
condition

h
21) TeU, «— VKe& 6 £ <9.

Pk
We suppose also that the dual space H; (div, ©) constructed by the conditions
(1.31), (1.32), (1.33) satisfies the following hypothesis.

Hypothesis 1.  Interpolation operator H_(div, Q) — H_ (div Q).
We suppose that the mesh 7 belongs to the famlly U, of Deﬁn1t10n 1 and that

the dual basis ¥ is constructed in such a way that there exists a linear map-
ping H (div Q) 5 q — Ilg € H_ (div, Q) and strictly positive constants
A, B, D FE that only depends on the parameter f such that we have the following
estlmatlons

(22) Alql? < (¢,Tq), Vqe€H.(div, Q)

(23) g, < Blally, Vqe€H(div,Q)

(24) | divllgl[, < D |divg], , Vq € H (div, )
(2.5) (divg,divllg) > FE | divq||§ : Vq € H (div, Q).
Proposition 1. Divergence lifting of scalar fields

Let 0 be a strictly positive parameter. We suppose that the dual Raviart-Thomas
basis satisfies the Hypothesis 1. Then there exists some strictly positive constant
F' that only depends on the parameter 6 such that for any mesh 7 that belongs
to the family U,, and for any scalar field u eonstant in each element K € 8

(u € L?r(Q)) there exists some vector field ¢ € H (d1v Q) such that
26) Nallyu o < F llull,

(27) (uw.divg) > Jul? .

Proof of Proposition 1.

o Let uc L?_(Q) be a discrete scalar function supposed to be constant in each

triangle K of the mesh 7. Let ¢ € Hj(Q) be the variational solution of the
Poisson problem

(2.8) Ay = u inQ, Y =0 on 0f.
Since ) is convex, the solution v of the problem (2.8) belongs to the space H?()
and there exists some constant GG > 0 that only depends on €2 such that
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29) [vll, < Gllull -

e Then the field Vi) belongs to the space H'(2) x H'(Q). It is in consequence
possible to interpolate this field in a continuous way (see e.g. Roberts and Thomas
[RT91]) in the space H(div, 2) with the help of the fluxes on the edges :

oY :
(2.10) p, = g I d, p = Z Pa Pa € HT(dw, Q)
aEAT

and there exists a constant L > 0 that only depends on the parameter 6 such
that

@11) 2l < L llully -

e We observe that we have exactly

(2.12) divp = u in 2.

On one hand, the two fields divp and u are constant in each element K of the
mesh 7. On the other hand, we have :

/divpdx:/ pond'y:/ —d’y:/Awdx:/udx
K 0K 0K K

and the relation (2.12) is a consequence of the above property for the mean values.
e Let IIp be defined according to the Hypothesis 1, and

1
2.13 = —1IIp.
(213) ¢ = FIp
We have as a consequence of (2.5) and (2.12) :

. 1 . . . 2 2
(u,divg) = & (divp, divilp) = [ divp [[§ = [lull
that establishes (2.7). Moreover, we have due to (2.3), (2.4) and (2.11) :

1 B BL
lally = = 1Mol < 2 0ply < 2 ul,
: 1 : D D

ldivall, = 5 |l divipll, < 2 [divpl, = 3 lull -
Then due to the definition (1.6), the two above inequalities establish the estimate
(2.6) with F = £ v/ B2L?+ D? and the Proposition is proven. n

Proposition 2. Discrete stability

Let 6 be a strictly positive parameter. We suppose that the dual Raviart-Thomas
basis satisfies the Hypothesis 1. Then we have the following discrete stability for
the Petrov-Galerkin mixed formulation (1.36) :

(2.14) { 38> 0, VT € U,, V€ € V. suchthat [[E], = 1,
' dn e VX, [Inll, < 1and (& n) > 8.
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with 7y(e, o) defined at the relation (1.11) and S chosen such that

(2.15) \/1—B+2D5 B2 > (1+F<1+ BZQA>)\/E.

Proof of Proposition 2.
e Weset &= (u,p) satisfying the hypothesis (2.14) :
(2.16) €02 = Nul2 + el + Idivp [} =

Then at last one of these terms is not too small and due to the three terms that
arise in relation (1.11), the proof is divided into three parts.

e If the following condition
(217) | divp |, = B,
is satisfied, we set

lep *
218) v = ————, q = 0, ¢ = (v,q) € V.
S (o) € V-

Then [ dive ||[,=1 and || ¢ [,< 1. Moreover (¢, ¢) = (divp,v) =
= || divp ||, > B by hypothesis (2.17) and the relation (2.14) is satisfied in this
particular case.

e Under the following conditions

. B+ 2D
(219) | divply < B and |pll, > /= VB,
we set

1
(220) v =0, q =

IT
B+D 7’
The following inequalities are a direct consequence of (2.3) and (2.4) :

¢ = (v,q) € V.

Iplly and [divgl, <

lqll, < | divp |,

B+ D
so we deduce :
B? + D?

2
< = '7
|| q H H(div,Q) — (B +D)2
because B> 0, D>0. Then [ (|, < 1 and we have also
& Q) = (P, q) + (u, divg) + (din, v)

B+ D

ldivplly < 1

A 2
> —
> =S w0l - 5o 6l
> m((B+2D)B—Dﬁ) because || u |, < 1
> f and the property is established in this case.
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e If the two previous conditions (2.17) and (2.19) are in defect, i.e. if we have

. B +2D
(2.21)  |ldivplly < B and |pl, < VB

B+ 2D
B2 8> 0

due to the hypothesis (2.15). From the Proposition 1, there exists some vector field

then [lullf = 1—[lplly = [[divp s > 1-

g € Hp(div, Q) satisfying HZ]VHH(diV’Q) < Flul, and (u,divg) >
2
fuly - Weset
1 *
(222) v =0, ¢= 54, (= (vqg eV,

then
1

” C ”V - f H §||H(div7g)
due to the hypothesis (2.14) relative to || £ [|;, . Moreover, we have

(& ¢) = (p, @) + (u, divg) + (divp, v)

< fufly <1

1 1 .
= 7 a9 + £ (udivg

1 B+ 2D )
> (22 VB ully + ul?)

Vv

Fuly (5 1oty =y 2522 V)
> ﬂ(%(l—kF(l—l— BT42A)>\/—_ BT42D\/B>
> VB (5B +VP)

> f and the property is satisfied for this last case.
The Proposition 2 is established. L]
Theorem 1. Error estimate

Let © be a two-dimensional open convex domain of IR? with a polygonal bound-
ary, u € H?(Q2) be the solution of the problem (1.1)(1.2) considered under varia-
tional formulation and p = Vu be the associated momentum. Let 6 be a strictly
positive parameter, U, a family of meshes 7" and V;f defined in (1.35) and asso-
ciated with a choice of a dual Raviart-Thomas basis that satisfies the Hypothesis
1. Let £ = (ur, p-) € V- be the solution of the discrete problem (1.34). Then
there exists some constant C' > 0 that only depends on the parameter 6 such
that
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(2'23) ” U — U Ho + H D—Py HH(div,Q) < C hT H f Ho :
Proof of Theorem 1.

e On one hand, it is sufficient to apply the general approximation Theorem
established by Babuska’s for continuous (respectively discrete) variational mixed
systems (1.13) (respectively (1.36)) i.e. to verify that the bilinear form ~y(e, o)
defined in (1.11) is continuous on the Hilbert space V = L?(Q2) x H(div, Q),
which is clear. It is also necessary to verify the so-called discrete inf-sup condition
(2.14), that has been established at the Proposition 2. Last but not least, it is
necessary to satisfy the following infinity condition :

(2.24) VneVr, n#0 = sup y(§ 1) = +oo.

cev.,

e The infinity condition (2.24) is established as follows. Let ( = (v, q) € V; be
a “test vector” different from zero. If there exists some mesh element K & 57. such
that [, divgdz # 0, then we consider & = (u, p) chosen according to u = A%
and p = 0. We suppose that the field u € LQT is null for all the elements of the

mesh 7 except for the particular element K where we suppose u K= f sziv qdx.
Then we have (&, ¢) = (p, ¢)+(u, divg) + (divp, v) = A (fK diqux) , which
tends to infinity as A tends to infinity. If [  divgdz = 0 for all mesh elements
K e ET and if the field ¢ is not null, we can write it on the form ¢ = IIp with
p € HT(diV, ) because the mapping II is clearly bijective due to the property
(2.2). Weset p=Ap and u=0. Then v(§,¢) = (p,q) = A(p,q) > AA |
q ||(2) due to the hypothesis (2.2) ; the infinity property (2.24) is established in this
second particular case because q # 0. If ¢ =0, then v is not null due to the left
hand side of (2.24). Following the proof of Proposition 1, we introduce the vector
field p € H(div, ) satisfying the relations (2.11) and (2.12) : divp=wv and

| p HH(div,Q)S L vl,. Weset p=2Ap, u=0 and £ = (u, p). Then

v(€¢) = A(divp,v) = A [[v |2 tends to infinity when A tends to infinity, and
the infinity condition (2.24) is established.

e The conclusion of the Babuska’s Theorem [BaT71] assures the existence of some
constant C' > 0 that only depends on 6 such that the error between the solution
of the continuous problem (1.13) and the discrete problem (1.23) is majorated by
the interpolation error :

H U— U, ”0 + ”p_pT HH(div,Q) <

(2.25) < C’( inf JJu—v], + inf lp—qll. . )
T \er? T qeH (div, Q) e

Then following classical interpolation results for scalar [CR72] and vectorial [RT77]
fields, we deduce from (2.25) :
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||u—uT Ho + Hp_pT HH(div,Q) < C (hT HU||1 +h7' HP||1)
< C hplluly, < C h|fl
and the Theorem 1 is proven. ]

3) Towards a first Petrov-Galerkin finite volume scheme

e We propose in this section to formulate some ideas in order to construct a dual
Raviart-Thomas basis ¢* where a is an internal edge of the mesh 7 (a € A )

Following (1.15) and (1. 16) we denote by a = (S, N) this edge, by O the mlddle
of SN and by K, L the two triangles that compose the co-boundary. The normal
ng is supposed to be oriented from the element K towards the element L and
there exists two vertices W and E such that the relation (1.17) holds (see the
Figure 1). We consider the four edges (N, W), (W, S), (S, E) and (E, N) that
compose the boundary of the union K UL. We define four new triangles M, P, Q
and R and four new vertices A, B, C and D in the mesh 7 by the relations

9B, N) = (L, M), M =(N,E, A)
. o°(N, W) = (K, P) , P =(W,N,B)
G194 5o W, 8} =(K.Q) . Q=S W,CJ
0°(S,E) =(L,R) |, R = (E, S, D)

as illustrated on the Figure 2.

Figure 2 : support V(S, N) of the dual Raviart-Thomas basis function apgN.
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Hypothesis 2. A simple choice for dual Raviart Thomas basis func-
tions

We suppose first that the Raviart Thomas dual basis goz, (b e AT) satisfies the

H(div) conformity property (1.31) and the orthogonality (1.32). Moreover, we
suppose that for each internal edge a = (S, N), the support of the dual Raviart-
Thomas basis function gpgN is included in a vicinity V(a) = V(S, N) composed

by the six triangles K, L, M, P, Q and R introduced previously (see the Figure
2) :

VS,N) c KULUMUPUQUR,
(3.2) Supp(go;N) C V(S,N).

We suppose also that the divergence field divy? is constant in each triangle
of the mesh :

: * 2
(3.3) dive! € LT(Q)’ Va € A

Figure 3 : Notations and orientations.

Theorem 2. Necessary condition for a dual Raviart-Thomas basis.
Let gpgN be a dual Raviart Thomas basis function satisfying the Hypothesis 2.

We introduce the following fluxes accross the internal edges SN, EN, NW, WS
and SE respectively :



DUAL RAVIART-THOMAS MIXED FINITE ELEMENTS

2

— *
n = ‘/SN Pan ® SN dv,

3.4 { « / ©r _en. . dvy, BE/ OX _en d,
(3:4) gy ON BN Nw  SNORW

75/ Pan ® Mws 47 55/ Prn * Ngp 47 -
\ WS SN WS SE SN SE

Then we have the necessary conditions :

(35) 7KL + oM + BKP + 7KQ + 6LR = [SX| ng,

(3.6) { aTMe WA+5@ @jtv@_?s%”é? ?)%jLOT%)

e The finite volume approach is then obained with a six point scheme for the
mean gradient in the normal direction in the manner of (1.29) thanks to the first
equation of the mixed variational formulation (1.24) :

IR A A e O
+a(uy —up) + Bup —uy) + 7 (ug — Uy ) + 6 (ug —ug).

We remark that the constraints (3.5) express that the relation (3.7) is exact if the
field u is an affine function.

Begin
Figure 4 : Notations for an arbitrary edge BE.

e We precise some notations that we will use in the next pages. Let (B, E)
be an edge of the mesh (see e.g. the Figure 4), and (L, R) its co-boundary. If
the edge is directed from B towards E, the axis s has its origin at vertex B
and the normal pg 18 oriented from L to R in such a way that the pair of
vectors @ is direct. If € = [ @ engy ds is the flux of the function

o* accross the edge (B, E), we will denote by &, , &, &,, and &, the following
momenta :
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51 - / 90*. nBE 5d57 gl — / SO*. nBE (BE — 8) dS,
BE BE

52 = / 90*. nBE 52 ds ) 52 = / QD*. nBE (BE — 8)2 ds.
BE BE

The proof of Theorem 2 needs a certain number of technical lemmae and prelimi-
nary propositions.

(3.8)

Lemma 1. Radius of giration
Let M = (N, E, A) be a triangle of the mesh 7 and M its associated center of
gravity (see the Figure 4). We will denote by p,  the radius of giration :

1
(3.9 p, = \/ = (AN? + NE? + EA?)

Then we have

1
(3.10) 1] /M | = N[> dz = p2 + NM?.

Ay
A h E
oM
: — X
-p N q

Figure 5 : About the radius of giration.

Proof of Lemma 1.

We have on one hand :

1
| M| = §h(p+q),

h y

g2
/ \:U—N\z dx:/ dy/h
M 0 —p
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1
= 1] (0 —patdd) + 5 1?)
and on the other hand :

% (AN2 + NE? + EA?) + NM? =

R4+ +(p+ 7] + = [(p—q)® + 4h7]

NNl

36[

36 (6p* + 6¢° — 6pg + 18h%)

1
= g(p2 +¢* —pg+3h%).
So the relation (3.10) is established. |

Proposition 3. First relations between momenta
The Hypothesis 2 implies the following relations inside the triangle M = (N, E, A) :

—T\/i.moz, &1:—Wi.@a

(3.11) { _ (.2 2 ~ (2 2
a, = (p;, + EM")a, a, = (p,, + NM")

2

and the analogous ones obtained from the Figure 3 in the triangles P = (W, N, B),
Q=(S,W,C) and R=(E, S, D) :

L _ w WV,
(3.12) { g , N f B = NW2
By = (p, + NP*) [, B, (pp+WP )8,
Ws _ W8
71 =W ’WS 71 :_Sﬁ’ﬂ 7
(313) 2 2 ~ 2 2
T = (y +WQ )y, 7, = (p, +5Q7)7,
- _S_Rﬁja 5, :—ﬁi.% 5,
(3:14) 5 (,oR+SR2)5, 52:(p;+ER2)5.

Proof of Proposition 3.

e We write the orthogonality (1.32) between the two edges a = (S, N) and the
edge b= (A, N) (see the Figure 3). Inside the triangle M = (N, E, A), we have

—_

= 5737 @=B) = 7377 Vlle =P
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0 = ‘/QQOSNQQOANdx = /MQOSNogpANd:L‘
1
= —/ (dlvapSN)

4 |
_ B2
= —(div gpSN / I |lx —E|* dx

1 *
- _|/ (¢r o) |z —E[2 dy

1 «
— _E2 d _ * o _E2 d
4|M\<|M| /M = " de /EN(SOSN nNE> E | 3>

1 2 2
_ m(a(pM+EM)—oz2>

and the third relation of (3.11) is proven.

1
2 * 2
‘ |z —E|* dz + -/a (gpSN.n) 170 |z — E|* dvy

e We write now the orthogonality (1.32) between the two edges a = (S, N) and
b= (E, A) inside the triangle M = (N, E, A). When we exchange the roles of the
two vertices N and E in the previous relations, we obtain the same result, excepts
that «, has to be replaced by a,. So the fourth relation of (3.11) is established.

e We have from the relation (3.8) : a, NE*a — 2NE o, + a,. Then

~ (EM? — NM? + NE?)  EN.(EM + NM + EXN)
T gy 2NE ¢ 2NE “
=

and the first relation of (3.11) is established. As previously, the exchange of the
vertices N and E induces the change of o, into «a,; that establishes the second
relation of (3.11).

e The relations (3.12), (3.13) and (3.14) are obtained by circular permutation,
following the rules that are natural when viewing the Figure 3 :

a — [ >y —>6, E—N—W —S, N—W —S—E
and M — P — Q — R. O

Lemma 2. A mean value of the dual Raviart-Thomas basis function
Let M = (N, E, A) be a triangle of the mesh T associated to the edge a = (S, N)
as in Figure 3 and gpgN a dual Raviart-Thomas basis function satisfying the

Hypothesis 2. Then for each constant vector &, we have :

(3.15) g./M ph dr = (Eengy) (MEeng ) a.
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Proof of Lemma 2.
We have :

f./M oy do = /MV(go(x—M)) Py do
—/M Eo(x —M) divap;N dr + / (@;N.n)fo(:c—l\/[) dy

oM

= —(diV@;N) /M Eo(x —M) dx + / (gpgN.(—nEN))go(x—M) dry

NE

=0 + /EN(gogNo(—nEN))ﬁo[x—E—i—E—M} d~

— _/EN(gpgN.nEN)fo[sg + WJ’] dry

ENY EN
= b (EN + MEa ) B [(E—M )EN —E]
= —£e {(hﬁonEN) nEN] o
and the relation (3.15) is established. n
Lemma 3. A simple relation between two triangles

Let L = (S,E,N) and M = (N, E, A) be the two triangles of the mesh T
associated to the edge a = (S, N) as in Figure 3. Let @EN be the dual Raviart-

Thomas basis function satisfying the Hypothesis 2. Then we have :
1
(3.16) 2|M| / @SN dr = m(S_l\>1onE1\I)(ENionEN)oz

Proof of Lemma 3.

We denote by h the height of the triangle NEA and by h* the height of ENS
chosen such that |M|= 3 hNE and |L|= 1 h*NE. We have from the Lemma
2

1 *
ST Jy A o |/ (N = NR) ey do
1
— mw./ SO;N de = ——— (ﬂonEN)(monEN)a
— —h m.n o = h* mon

h NE h* NE

= STV.n (monEN)a

2 IL\
and the relation (3.16) is proven. ]
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Proposition 4. Second relation between momenta
The Hypothesis 2 inside the triangles L = (S, E, N) and M = (N, E, A) implies
the following relatlon

{ +61W3.S_[3+STE’+ST\>I )

(3.17) n, =

We have also :

{ (02 + NL2)p + és? (NS + NE + N&) o +

(3.18) 1, = + = 1@) (NS + ND + NB) 6
(b2 +NK2)n — —S@ (NB + NW + NS) 8

(8:19) 71, = { -~ —NC.(NW+NC+1@
(02 +SK%)n — —@ (SN + SB + SW) 8

(3.20) 772:{ ——1@ ST\I+STV+S%)7

Proof of Proposition 4.

e We write the orthogonality (1.32) between the two edges a = (S, N) and the
edge b= (E, N) (see the Figure 3). We have

1 1
—8) = —— —SJ?) inside L= (E, N, S
[ e = g e e L=E .9
(A - inside M = (N, E, A).
2\M\( ) inside (N, E, A)
Then
0 = /QapgNoapENdx = /Lap;NoapENdx -+ /M gpgNongNdx
1 . 9 1 N
= 1177 [ V=8P + g [ e e e
1 - 1 x
:_m(dwgpSN)(L)o/ lz—S|> dz + m‘/aL(QOSNOTZ) |z —S|* dy
2|M|/ SOSN A—x)dx

= — x—S|° dz +
4|L\< Z] , 7=l

1 ) B
+4|L‘(5 +SEa+25_ﬁ =

+— ST)Ton (m.nEN)a

2| L]

EN % + o, —n2)+
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and we have, thanks to the relations (3.10), (3.11) and (3.14) :
—(6 + a = n) (P2 +SL?) + (02 +SR*) & + SE’a +

821) , = (gﬁﬁﬁ)@miﬁﬁ

EN

+ 2 S_l\Ton m.n

e The « coefficient in the rlght hand side of the relation (3.21) is equal to :

—%(SE2+EN2+N82) SL? + SE? + 2 (SEeEM—(SEen,, ) (EMen_)) +

) + (0, + EM?) o +

+ oo (BA® + AN? 4 NE?) 4 EME 4 2(STI-nEN)(EWf-nEN)
_ %(@us@).(ﬁ_s@)+(m+1@).(ﬁ—1@>) ~ SL?+ (SE+EM)?
_ %Sﬁ.(ﬂﬂ*ﬁﬂﬁﬂ@) + (SM +SL). (SM — SL)

= %ﬁ.(]ﬁ+@+m+1@) + (2ST+LM).IM

. %Sﬁ.(ﬁﬂ*ﬁﬂ@ﬂﬁ) + <§(S@+STT)+%S?>°(§SX)
_ %sﬁ.(ﬁ+ﬁ+ﬂ+1@+8(8@+ﬁ)+4ﬁ)

_ 3_163?.(]ﬁ+8?+@+1@+8?+1@+88@+88_1\7+45?)
:éﬁqﬁ+ﬁ+ﬁ)

in coherence with the right hand side of the relation (3.17).

e In a similar way, the coefficient of 6 in the right hand side of the relation
(3.21) is equal to :

_%(SE2+EN2+N82) + %(DE2+ESQ+SDQ) + (SE +ST)«(SK - ST)

_ %((Dﬁ+ET\T)4Dﬁ—ET\T)+(Sﬁﬂ@).(sﬁ—l@)) +
+ 5 (5B + 258 + %)« (; 3D
_ %W.(W+E_1\>I+S_I)>+S_1\>I+4S_]3+SSTE’+4ST\T)
- %ﬁ.(ﬁ+sﬁ+ﬁ+S?I+Sﬁ+8?\l+483+88@+48?\1)
_ éﬁ.(sﬁjLsﬁjusT\l)
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as proposed in the right hand side of the relation (3.17). Then the relation (3.17)
is a direct consequence of (3.21).

e The proof of the relation (3.18) is obtained from the previous relation (3.17)
with the following changes : E<+—E, n+—n, A«—D N+—S, M <+— R,
a +— 0 and n, <— 7, . In a similar way, the relations (3.19) and (3.20) are
a straightforward consequence of the relations (3.17) and (3.18) with a vision of
the Figure 3 “from the top to the bottom”, id est with the following changes :
E+— W, N+—~S, D+—B,A+—~C,L+—~ K, M+— (@, R+— P,
n<+— —n,a+— 7,0 < [ and 7, <— -7, . So the proposition is established.
H

Proposition 5. Two expressions for the first order momentum
Under the Hypothesis 2 and the notatlonsﬁproposed at the Figure 3, we have :

(3.22) n, = (@n+ma+ﬁ5)
(323) n, = (S?n—ﬁﬁ—@y).;\;

Proof of Proposition 5 .

e We deduce from (3.8), (3.17) and (3.18) :
L
2NS

= _2;13 ((SL2 — NL? + SN%) 7 + %sﬁ.(s_ﬁﬂs?w_ﬁ) a +

n élﬁ.(sﬁJrS@JrST\I)& - éﬁ-(m“@“ﬁ)a
- 11W)>.(1@+1W3+1@)5)
_ %([STJFW (ST, — NT.) + SN?] p
+ ES?.(S_EJFS_AHST\)HST\)HET\)HW)O&
n 11@.(8@+S@+ST\I+ST\I+W+EW)6)
_ (5% @+m+sﬁ)n+§sﬁ.s_1\m+§1ﬁ.s_1\m)

2NS

= N—S(STn + Iﬁa + ﬁ5)o8ﬁ

and the relation (3.22) is established.

771 772_772+SN277)
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e The proof of the relation (3.23) is analogous. It is a consequence of the
relations (3.8), (3.19) and (3.20) :

——

(SK2 NK2+SN2)n+%S@.(1@+1¥+VW)5+

+ 61@.(1@+\W+(ﬁ)7 + %S@.(@HWH@WJF

+éN(§.(NW+N(§+1@)7)

_ %([ST%HW (SK — NK) + SN?] 7 +
+ES_B>.(1@+@+VW+1@+W+1@)B+
+lm.(N_§+VW+C?+W+W+1@M)

= g (SNeER+NK +8%) n + 28BN 5 + ZNC.NS )

2NS

= (K — KP 5 — KG7)e5R

The relation (3.23) is established and the Proposition 5 is proven. n

771 _772+SN277)

1
2NS

Lemma 4. Two usefull integrals
Let K =(S,N, W) and L = (N, S, E) be the two triangles of the mesh T that
compose the co-boundary of the edge a = (S, N) as in Figure 3. Let @EN be the

a Raviart-Thomas basis function satisfying the Hypothesis 2. Then we have :

(3.24) QLL‘/LgpgNo(E—x)dx = NLS(STn + IMa + ﬁ&)onSN
L e (W—2x)dr = %S(Wn—@ﬁ—mfy).n&\]

3.25 — x
B2 STK i Po

Proof of Lemma 4.

e  We establish the relation (3.24) by integrating by parts and using the relations
(3.10), (3.11) and (3.14) :
1

1
— Y o(BE—z)dz = ——— * e ~E}Hd

_ 1 : * 2 1 * 2
= 4—L‘(d1V¢SN)(L)/L lx —E|* doz — 17 aL(gOSNoTL) |z —E|* dy
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1 5"‘04— / 2
= lx —E|* dz
4|L\ | L]

{5 + a, —(7724—2@ 771+ESQ77)])

SN

_ 1 2 2 2 2 2 2
- m(((SJra—n)(pL + EL%) — (p, + ER")d — (p,, + EM") o+

+ (P2 +SLY)n + —ﬁ ﬁ+ﬁ+ﬁ)a+%ﬁ.(ﬁ+ﬁ+ﬁ)5
+2<E@W>(sﬁn+ma+m).ﬁ ,)

_ %([ EL2+SL2+2(E_§ ST\I) (ST STI)JrESz]nﬂL

L SN SN

[Si(smm (SE — EX) + (3K + AN)« (S¥ — AR)) + EL? — EM? +
C LSt st s 4o (. ) () o -

SN

[Si(l@JrSTS (NS — SD) + (EN + DE)« (EN — D)) + EL? — ER? +

+61ﬁ.(sﬁ+sﬁ+sﬁ> +2(@.§) (ﬁS—N

~)]4)

_ [(STJFET).(ST—ET)+ES2+2]ﬁ.ST—2(Eﬁ.nSN)(ST.nSN)] n+

L|

i~
| -

+ _%QO(S@—FE—FW—FW) + (BT + EM) (EL, — EM) +
+ %sﬁ.(sﬁwﬁwﬁ) + 2ES.IM — 2(ﬁ.nSN)(m.nSN)] at
" [%m.mmﬂmm + (EL+ER)(EL - ER)+

¢ LN 5B 4 5R) + B8 TH - 2(Feny) (Heny) | 5)

4

_ ([@ ST+ B4 5B 250) + 2B engy) (Lngy) | 1+
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+ [%sﬁ.(s@+ﬁ+s@+s_1\7+ﬁ+s_l\)f+6(sﬁ+sﬁ+s_l\7))
+m.(ﬁ+l\ﬁ+2ﬁ) + 2(ﬁ°nSN)(m°nSN)] ot
n [31_61@.(1@+Iﬁ+1@+8@+]ﬁ+8@+6(@+5@+m))

+ﬁo(ﬁ+ﬁ+2ﬁ) + Q(ﬁonSN)(ﬁonSN) ] 5)

‘<[ ﬁ.n (ST.nSN)}n+

[ 2S@+S?+2S_1\)I)+%Sﬁ.(ﬁﬂ\ﬁwz(s@.nw)(L_M.nSN)} a

+ [—1@. (2SE+SN+8D) + %ﬁ.(ﬁﬁﬁ) +2(SEeng,) (TReng,)] 5)
— T S@o?l [(ST.nSN)n + (monSN)a + (ﬁonSN)é]
= %{ Sﬁon )n + mon a + (ﬁ.nSN) 5]

that establishes the relation (3.24).

e The relation (3.25) is a consequence of the previous relation (3.24) with the
following modifications : E<+— W , N+— S, D+—B,A+— C,L<+— K,
M+—Q,R+—=P,n+— —n,a+—=7,0«—f and ng < —ngy - ]

;

@I)—‘

Proof of Theorem 2.

o We first eliminate the variable 7, between the relations (3.22) and (3.23) ;
we obtain

(3.26) (ﬁn + IMa + I@B - mfy - ﬁé).ST\T =

e We write secondly the orthonormality relation (1.32) between the vector func-
tion ¢g and its dual ¢g , with the help of (3.24) and (3.25) :

1 = (5> Psn) = /Ks@;N-goSN dz + /LsogN-soSN dz

1
— d T — ¥ o(E — d
2\K|/*OSN T gy ), P e (el de

:Ni(sﬁ+ﬁn+ma+@6+@7+ﬁ5)
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— NLS((ST—I—W—H@)n—I—ma+@5+m7+ﬁ5)’nSN
— Nis(ﬁn+ma+@6+mv+ﬁ5).nm

The relation (3.5) is a direct consequence of the above expression and of the
previous relation (3.26).

e Thirdly, we eliminate the variable 7, between the relations (3.17) and (3.20).
The coefficient of the variable 7 is equal to

(pf 4+ SL?) — (p& + SK?) = % ((EN? + ES®) — (NW? + SW?)) + SL* — SK”

i6 ((EN +NW)e(BX + WK) + (ES + SW)e(BS + WS) ) + (ST + SR)e(ST.+ KS)
= LB (B NW 4 S+ 5W) + %W-<%(W+ﬁ+ﬁ+ﬁ)>

36

_ %ﬁ.(lﬁ+W+S@+S_\7\>7+SS_1\T+4STE’+4S_V\7)
_ TZI@.(I@+S@+1@+STV>+S@+S—W>7+SS_D>I+4S@+4S_V\>7)
- lﬁ. SN + SE + SW).

We deduce from (3.17), (3.20) and the previous calculus :

KT, S?\HS@JFSTVnJrIWT (SE+SX +SN)a + KD ST\HS@JrSWf
+I@ ST\HSTVJFSﬁerﬁ S?)+S@+ST\I

and taking into consideration the relation (3.26)

KL« (SE+SW)7n + LM (SE+ SK) a +@ @+SW
+I@.(SW/+S®)7+I§.(83+S@

We eliminate the variable 7_between the previous relation and the relation (3.5)
after multiplying it by — ﬁ + S_\7\>7) We get :

LM (SE + SK — SF — S_W/ + KP+(SB+SW - SE - SW)3+
+@.(SW/+S®—S@—SW%)7+Lﬁ.(sﬁ+s@—s@—ﬁ7)5:
— —|NS| ngy « (SE + SW)

1d est

IMeWA o + KPeEB B + KQeECy + LReWD 6§ =

— —3 |NS| ngy « (ST + SK)

and the relation (3.6) is a direct consequence of the above relation. The Theorem
2 is established. ]
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4) Perspectives

e We have proposed to formulate the finite volume method for the Poisson
equation in two space dimensions with the help of Petrov-Galerkin mixed finite
elements. The unknown is constant in each triangle and the momentum is dis-
cretized with the Raviart-Thomas vectorial finite elements of lower degree. The
conservation law is integrated in each triangle and our stencil for the discrete gra-
dient operator is composed by six triangles in the vicinity of each edge of the mesh.
The question of the determination of such a scheme conducts to a two-parameter
family for a possible choice of a so-called “dual Raviart-Thomas basis function”
for the finite volume scheme. We have also developed a sufficient hypothesis to
prove the stability and the optimal convergence of the associated finite volume
scheme. The next step of this research is to construct explicitly an interpolation
vector valued function in the particular case where 2 = IR? in order to determine
free coefficients and to establish the stability property.

e We thank Jean-Pierre Croisille for his kind invitation to first present [Du99] the
results contained in this article and for regular helpfull discussions that convinced
us of the complexity of mathematical links between the present formulation of the
finite volume method and his analysis [Cr2k] of the box scheme.
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