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Modélisation Mathématique et Analyse Numérique

ON A STABILIZED COLOCATED FINITE VOLUME SCHEME FOR THE
STOKES PROBLEM

R. EymArD!, R. HERBIN? AND J.C. LATCHE?

Abstract. We present and analyse in this paper a novel colocated Finite Volume scheme for the
solution of the Stokes problem. It has been developed following two main ideas. On one hand, the dis-
cretization of the pressure gradient term is built as the discrete transposed of the velocity divergence
term, the latter being evaluated using a natural finite volume approximation; this leads to a non-
standard interpolation formula for the expression of the pressure on the edges of the control volumes.
On the other hand, the scheme is stabilized using a finite volume analogue to the Brezzi-Pitkaranta
technique. We prove that, under usual regularity assumptions for the solution (each component of the
velocity in H?(Q) and pressure in H'(Q)), the scheme is first order convergent in the usual finite volume
discrete H! norm and the L? norm for respectively the velocity and the pressure, provided, in particu-
lar, that the approximation of the mass balance fluxes is of second order. With the above-mentioned
interpolation formulae, this latter condition is satisfied only for particular meshings: acute angles trian-
gulations or rectangular structured discretizations in two dimensions, and rectangular parallelepipedic
structured discretizations in three dimensions. Numerical experiments confirm this analysis and show,
in addition, a second order convergence for the velocity in a discrete L? norm.

Résumé. Nous présentons et analysons dans cet article un nouveau schéma Volumes Finis collocalisé
pour la résolution du probleme de Stokes. Son développement a été mené en suivant deux idées
essentielles. D’une part, la discrétisation du terme de gradient de pression est construite comme la
transposée discréte du terme de divergence, ce dernier étant calculé par une approximation volumes
finis usuelle ; cela conduit & utiliser pour ’expression de la pression aux faces des éléments une formule
d’interpolation non-standard. En second lieu, nous mettons en ceuvre une technique de stabilisation
qui peut étre interprétée comme ’analogue en volumes finis de la stabilisation proposée par Brezzi et
Pitkéranta. Nous démontrons que, sous les hypotheéses de régularité usuelles (appartenance & H?(Q) de
chaque composante de la vitesse et appartenance a Hl(Q) de la pression), le schéma est d’ordre un en
norme H' discréte et en norme L? pour respectivement la vitesse et la pression, pourvu notamment que
I’approximation des flux associés au bilan de masse soit d’ordre deux. Avec les formules d’interpolation
précitées, cette derniere condition n’est vérifiée que pour des maillages particuliers: maillages réguliers
en quadrangles ou triangulations ne comportant que des angles aigus en dimension deux, maillages
réguliers en parallélépipedes en dimension trois. Les tests numériques confirment cette analyse et
mettent en évidence, en outre, une convergence d’ordre deux de la vitesse dans une norme L? discréte.
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1. INTRODUCTION

Finite volumes enjoy many favourable properties for the discretization of conservation equations: to cite only
a few examples, (computing time) efficiency, local conservativity and the possibility to hand-build, to some
extent, the discrete operators to recover properties of the continous problem like, for instance, the positivity
of the advection operator. In addition, the complexity raised by the design of actually high order schemes
for multidimensional problems with finite volumes discretizations, in particular compared to finite elements
methods, may often be of little concern in real-life applications, when the regularity which can be expected for
the solution is rather poor. These features make finite volume attractive for industrial problems, as encountered
for instance in nuclear safety, which is a part of the context of this study.

On the opposite, the difficulty to build stable pairs of dicretization for the velocity and pressure in incom-
pressible flow problems remains, to our opinion, a severe drawback of the method. In most applications, this
stability is obtained by using a staggered arrangement for the velocity and pressure unknowns: the celebrated
MAC scheme (see [8] for the pioneering work and [11,12] for an analysis). Although this discretization has
proved its low cost and reliability, it turns to be difficult to handle from a programming point of view: rather
intricate treatment of particular boundary conditions, as inner corners for instance, difficulty to deal with gen-
eral computational domains, to implement multilevel local refinement techniques, etc. .. For this reason, some
schemes making use of discretizations where the degrees of freedom for the velocity components and pressure are
seen as an approximation of the continous solution at the same location (or as an average of the continous solu-
tion over the same control volume) have been proposed in the last two decades [6,13-15]. These discretizations
are referred to as ”colocated” ones.

The purpose of this paper is to present and analyse a novel colocated scheme for the Stokes problem, which
has the following essential features. On one hand, the discretization of the pressure gradient term is designed
to be the discrete transposed of the velocity divergence term, the latter being evaluated using a natural finite
volume approximation. On the other hand, the scheme is stabilized using a finite volume analogue of the Brezzi-
Pitkdranta technique. We have chosen to restrict ourselves here to the linear case (i.e. the Stokes problem), for
the sake of readability, and to specific meshings for which an optimal order of convergence can be proven. An
extension of these results to Navier-Stokes equations and to general meshes can be found in [5].

The outline of the paper is as follows: we first present the scheme under consideration, then the next section
is devoted to establish consistency error estimates which will be used to prove the convergence result (section
(4)); finally, we show some numerical experiments which substantiate the theoretical analysis.

2. THE CONTINUOUS PROBLEM AND THE DISCRETE SCHEME

2.1. The Stokes problem

For the sake of simplicity, we restrict the presentation to homogeneous Dirichlet boundary conditions and
regular right-hand members. In the so-called strong or differential form, the problem under consideration reads:

—Au+Vp=f in Q
V-u=0 in €, (1)
u=20 on OS2

where (2 is a polygonal open bounded connected subset of R?, d = 2 or 3, Q) stands for its boundary, f is a
function of L2(Q)¢, u and p are respectively a vector valued (i.e. taking values in R?) and a scalar (i.e. taking
values in R) function defined over €.
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The weak solution of (1) (see e.g. [7]) (u,p) is the unique solution in H}(Q)¢ x L2() of:

/Vu W—/pv v—/f v, Yo € Hy(Q)?

/qV-uzO Vg € L2(Q) (2)
Q

fir=r
Q

2.2. Discretization and discrete functional spaces

2.2.1. Admissible discretizations

The finite volume discretizations of the polygonal domain 2 which are considered here consist in a finite
family M of disjoint non-empty convex subdomains K of Q (the ”control volumes”) such as:

- if d = 2, each control volume is either a rectangle either a triangle with internal angles strictly lower
than /2,

- if d = 3, each control volume is a rectangular parallelepiped,

- the discretization is conforming in the sense that two neighbouring control volumes share a complete
(d — 1)—dimensional side, which will be called hereafter an edge of the meshing.

To each control volume K, we associate the following point, noted xg: if d = 2, the intersection of the
perpendicular bisectors of each edge, if d = 3 the intersection of the lines issued from the barycenter of the edge
and orthogonal to the edge. Note that, when K is a simplex of R2, the fact that the interior angles are lower
than 7/2 impose that zx is always located inside the triangle K.

The set of edges is noted £. It can be split into the set of internal edges, i.e. separating two control volumes,
denoted &y, and the set of external ones denoted Eext. The set E(K) stands for the set of the edges of the
control volume K.

An internal edge separating two control volumes K and L is noted K|L. The segment [z g, 2] is orthogonal
to K|L and crosses K|L at Tg|L- We note dg | the distance between zx and xp and dg |p the distance
between zx and x|z

Remark 2.1. The class of admissible meshings is far smaller here than usually for elliptic problems (see [4]).
Additional constraints come from the need to suppose in the analysis that x|z, is located at the barycenter of
K|L, to obtain a second order approximation for the mass fluxes through K|L.

We will adopt hereafter the following conventions. The expression:

E F(o,K|L,K,L) or max F(o,K|L,K,L)
0€&int (0=K|L)
0€&int (0=K|L)

will stand for a summation or a maximum taken over the internal edges, the control volumes sharing the edge
o being denoted K and L. Similarly, the expression:

> F(o,K)  or max  F(o,K)
o€Eext (0EE(K)) 0€Eext (0EE(K))

will stand for a summation or a maximum taken over the external edges, the unique control volume to which
the edge o belongs being denoted K. Finally:

> F(o,K|L,K,L)

oc=K|L



4 TITLE WILL BE SET BY THE PUBLISHER

will stand, in a relation related to the control volume K, for a summation over the internal edges o of K, the
second control volume to which o belongs being denoted L.

We note hx the diameter of each control volume and A the maximum of the hg, for K € M. Here and
throughout the paper, m(K) and m(o) will stand for, respectively, the d-measure of the control volume K and
the (d — 1)-measure of the edge o. The regularity of the meshing is quantified by the following set of constants:

- m(o) m(o)
0€Em (0=K|L) do (hig +hp)4 2" cefen (c€E(K)) dK,,,h‘}QQ’
hi hi

max —, max —}
KeM, LeN(K) hy, ' KeM pg

regul(M) = {
3)

where pg is the diameter of the greatest ball included in K and N (K) stands for the set of neighbouring control
volumes of K.

Throughout the paper, the following notation:
B < F

reg

will mean that there exists a positive number ¢, (possibly) depending on Q2 and on the meshing only through
regul(M) and being a non-decreasing function of all the variables of regul(M), such that:

Fi<ch

2.2.2. Discrete functional spaces

Definition 2.2. Let M be a discretization as described in the preceding section. We denote by Hp () C L2(£2)
the space of functions which are piecewise constant on each control volume K € M. For all u € Hp(£2) and
for all K € M, we denote by ug the constant value of u in K. The space Hp () is equiped with the following
Euclidean structure. For (u,v) € (Hp(Q))?, we define the following inner product (corresponding to Dirichlet
boundary conditions):

[u,v]p = Z m(o) (up —ug)(vp —vg) + Z m(o) UK VK (4)

d
0€Ems (0=K|L) 0CEunt (oeE(K)) KO

Thanks to the discrete Poincaré inequality (7) given below, this scalar product defines a norm on Hp(Q):

1/2
ulli,p = [u,u]y (5)

Definition 2.3. We also define the following different inner product (corresponding to Neumann boundary
conditions), together with its associated seminorm:

<U,U>D = Z m(a) (UL — UK)(UL — UK) |u|1,D — <u, u>%)/2 (6)
0€Eint (0=K|L) 4

These definitions naturally extend to vector valued functions as follows. For u = (u(i))izl,_“’d c HD(Q)d and
v= ()21, 4 € Hp(Q)?, we define:

d d 1/2
[u, v]p = Z[u(i)vv(i)]p ull1.p = (Z[u(i),u(i)]o>

i=1
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Proposition 2.4. The following discrete Poincaré and Poincaré-Friedrich inequalities hold (see []]):

lul| 120y < diam(Q) Yu € Hp(Q)
llull z2(q) < diam(Q) |ul1,p Yu € Hp(Q) such that / u=0 (7)
Q
In addition, we define a mesh dependent seminorm | - |, over Hp(2) by:
Yu € Hp(Q), lu|? = Z md(a) (h2 4+ h%) (up — ug)?
0€Eme (0=K|L) *
The following inverse inequality holds:
Proposition 2.5. Let u be a function of Hp(). Then:
luln < |lullpz(o) (8)
reg

Proof. We have:

> md(g) (W +h3) (up —ug)® <2 Y md(o) (hic +h1) (uf, + ui)

0€Em: (0=K|L) 7 0€Em (0=K|L) 7

oY e Y g
KeM o=K|L ¢
. h m(a) hK
Owing to the fact that card(€(K)) is bounded and — and — are controlled by parameters

hi' dy (hx + hr)4—2 PK

23wk S P eng) < 3

KeM o=K|L ° T8
which concludes the proof. O

of regul(M), we get:

2.3. The Finite Volume Scheme

The finite volume scheme under consideration reads:

Find u € Hp(Q)? and p € Hp(Q) such that for each control volume K of the mesh:

e O EED DL C R ST e o R

o=K|L do o €E(K)NEors K. o—K|L (9)
E m(o) (dL dic Ny — A E (h3 +h2) m(o )(pL—pK) 0
dy d 7 dy
oc=K|L oc=K]|L

where ) is a positive parameter and n gy, stands for the normal to the edge K|L oriented from K to L. It is
easily seen that this system of equations is singular, the vector of unknowns corresponding to a zero velocity
and a constant pressure belonging to the kernel of the associated discrete operator. Consequently, we impose
to the solution to fulfill the following constraint:

Z m(K) prx =0

KeM
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As the functions of Hp(€2) are constant over each control volume, this relation is an exact reformulation of the

third relation of (2):
/ p=20 (10)
Q

While the expression of the velocity divergence term is built with a natural interpolation for the velocity on
the side o, the expression of the pressure gradient is not. In fact, the latter is specially constructed to ensure
that the discrete gradient is the transposed operator of the discrete divergence, i.e.:

On the discrete gradient expression

Yu € (Hp(Q)?, Vp e Hp(Q),

Z PK Z (dé’a u;<+% up) - Ng = — Z Uk - Z m(o)dé’g (pL — PK) Mo

KeM  o=K|L KeM o=K|L 7

This property seems in the analysis to be of cruscial importance for the stability of the scheme.

Another equivalent expression can be derived for the discrete gradient term. Indeed, using the fact that, for
each element K, Z m(o) ne =0, we get:

oc€E(K)
dr.» dr,o
> mlo) g’ (pL —pK) no =Y m(o) j’ (pL — PK) 1o
o=K|L 7 o=K|L 7
tpi | Y m@)ne+ Y. m(o)ng
o=K|L 0EE(K)NEext (11)
dL,a' d Neg
= 2 mo) (I (=G ) e+ Y (o) pe
o=K|L 0 €E(K)NEext
dr & dg .o
= > m(o)( c?g pL+ fli, pE) e+ Y, m(o) px ne
o=K|L 0 €E(K)NEext

This last expression can be seen as a rather natural discretization of the integral over the edge o of the quantity
p Ny, although with a less natural interpolation formula to estimate the pressure on each edge. Both formulations
will be used hereafter for the expression of the discrete gradient.

On the necessity of adding a stabilization term

Let us consider the particular case of a regular meshing of a square two-dimensional domain by square control
volumes. It is then easy to see that, without stabilization term, the considered scheme becomes the same as the
usual colocated finite volume scheme, which is known to be hardly usable. In particular, the pressure gradient
term reads, with the usual notations for the computational molecule:

1 hd*l Pw — PO
PN — Ps

Consequently, any checkerboard pressure field belongs to the kernel of the discrete operator.

On the stabilization term

In the particular case of an uniform meshing, the stabilization term is the discrete counterpart of —2Ah2Ap,
which explains that we consider that this stabilization falls into the Brezzi-Pitkdranta family [2]. However, it
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can be seen also as a sum of jump terms across each control volume edge, as classically used for stabilizing finite
element discretizations using a discontinuous approximation space for the pressure [9, 16].

3. A QUASI-INTERPOLATION OPERATOR AND CONSISTENCY ERROR BOUNDS

This section is devoted to state and prove the consistency error estimates useful for the analysis. It has been
written in order to make, as much as possible, a self-consistent presentation of the matter at hand. We thus
give a proof of the whole set of estimates of interest, even if some of them can be found in already published
literature (in particular [4]). These proofs are new, and rely on the Clement quasi-interpolation technique [3],
which presents two advantages: first, they allow some straightforward generalizations (for instance, dealing with
cases where the full regularity of the solution is not achieved); second, they make the presentation closer to the
literature of some related topics, as for instance a posteriori error estimates.

3.1. Two technical preliminary lemma

The two following lemmas will be useful in the rest of the paper. The first one is a trace lemma, which proof
for a simplex can be found in [17, section 3]. Applying a similar technic to parallelepipeds leads to the same
relation, with the space dimension d replaced by the (lower) constant (1 + v/5)/2.

Lemma 3.1. Let K be an admissible control volume as defined in section 2.2.1, hy its diameter and o one of
its edges. Let u be a function of H*(K). Then:

1/2
m(o)
lullzoy < (4 2020 ) (lullzzgo + hlulino)

For vectors functions of H'(K)?, applying this lemma to each component yields the following estimate:

1/2
Pl < (20 28O (luagr + o) (12)
Similarly, if u € H?(K), we have:
m(U) 1/2
[ul 1oy < <2d m(K)) (Jul o (x0) + hiclul m2(x)) (13)

The second lemma allows to bound the L°°(K) norm of a degree one polynomial by its L?(K) norm:

Lemma 3.2. Let Py be the space of linear polynomials and ¢ be an element of P1. Then there exists a constant

Coo,2 Such that:
1
19l oo (k) < Coo,2 m(K)1E @1l L2 (x)

Proof. To each type of control volume under consideration, we can associate a reference control volume: for
instance, for two-dimensional simplices, we can choose the triangle of vertices (0,0), (1,0) and (0, 1). The vector
space of degree one polynomials on the reference control volume is a finite dimensional space, on which the
L>*(K) and L?(K) norm are equivalent. The result then follows by a change of coordinate in the integral. [

In addition, we will repeatedly use hereafter the following inequality, which is an easy consequence of the
Cauchy-Schwarz inequality:

Yu € LZ(w) / u < m(w)1/2 ||uHL2(w) (14)

where w is (for the cases under consideration here) a polygonal (necessarily bounded) domain of R? or R4~1,
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3.2. Definition and properties of a quasi-interpolation operator

Definition 3.3. Let u be a function in L?(£2). For each control volume K € M, we define wy as the convex
hull of K Upenr(x) L. Let P1 be the space of linear polynomials and ¢ € P1 be defined by:

/ (u—ox) =0 VYeP,

Then we define IlIpu € Hp(Q) by (Ilpu)k = ¢x(xk), VK € M.
The following estimates hold:
Lemma 3.4. Let hy be the diameter of wi. If u is a function of H' (wg):
“u_¢K“L2(WK) < C%I,)i) BK |U|H1(WK)

lu = O lmi i) < ETT |ular i)

If u is a function of H?(wxk):

Hu - d)KHLQ(UJK) < C%I,)g B%{ |U|H2(wK)
[ — x|t (wr) < €12 Pr U2 ()

where the constants ¢, PP PP and ¢ in the above equations are independant from the function u and
0,1 €115 €0,2 1,2
the domain wg .

The existence of these constants is due, in particular, to the independance from the shape of a convex domain
of the constants in Jackson’s type inequalities, as stated in [18].

Remark 3.5. Let M be a meshing as described in section (2.2.1). Each control volume K is intersected by a
finite number of domains wy, L € M. This number is known to be bounded by a constant N, which can be
expressed as a non-decreasing function of the parameters in regul(M) (for simplicial discretizations, the influent
parameter to limit the number of simplices sharing a vertex is max (hi/pK), see [1, section 2]).

In addition, it is easy to see that: ~
VK e M, hg < hg
reg

The continuity of the projection operator Ilp from H () to Hp () is adressed in the following proposition:
Proposition 3.6. Let u be a function of H(Q). Then the following estimate holds:

Mpuli,p < |u|g o)
reg

If in addition u belongs to H(SY), then:

[Tpullip < |ulgi(a)
reg

The following result gives some insight in the way the projection of u approximates the function u itself.

Proposition 3.7. Let u be a function of H(Q). Then the following estimate holds:

||u — HDU”Lz(Q) r%g h |U|H1(Q) (15)

Let us now suppose that u belongs to H?(Q) N HE(Q). As a consequence, u is continuous and we can define
u € Hp(Q) by ux = u(zg), VK € M. Then we have:

Tou o < b lulseo 16)
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The proofs of both preceding propositions are given in appendix.

3.3. Consistency error bounds

In this section, we successively provide estimates for the consistency residuals associated to the diffusive term
(lemma 3.8), the pressure gradient term (lemma 3.9) and, finally, the velocity divergence term (lemma 3.10).

Lemma 3.8. Let u be a function of H?(Q) NHE(Q). For any side o of £, we note:

KI|L
if o € &, 0 =K|L: RAJ(‘L(’U,):% (ur, —ug) — Vu-n
K|L K|L

m(o) (—uK)—/aVu-n

if 0 € Eext, 0 € E(K) : Ra o (u) = pi
K,o

where uy, and ug are the values taken respectively in the control volumes K and L by the projection of u onto

Hp(Q) by the quasi-interpolation operator Ilp defined here above and n is the normal of the edge K|L oriented
from K to L. Then:

Z‘faegintv 0:K|L:
|RA k|2 (u)] < f(Coo2,C05:€13)
if 0 € Eext, 0 € E(K) :

[Rao(u)] < f(c03, €15

m(K|L)
dg| min[m(K),m(L)]

172 (E%( || Fr2 (w0 Jr}_l% [u| 72w ))

m(o) 72
) W b |U|H2(wK)

Proof. We begin with the case of an internal side. By definition of u;, and ug, the quantity Ra gz reads:

RAJ(\L(U) = %”LL) (or(zr) — dr(zK)) — /K|L Vu-n
— m;KIL) (¢or(zL) — dx(2K)) —/ YVu-n+ % (6r(21) — b (L)) (17)
K|L K|L K|L
Ty kL T kL

Using the fact that ¢k is a linear polynomial, the first term at the right hand side of the preceding relation
can be expressed as:

TR
T wi = m(K|L) Vor - — - Vu-n= V(u—¢x)-n
K|L K|L K|L

Making use of inequality (14), with w = K|L, applying inequality (13) to u — ¢ i and finally using lemma (3.4),
we obtain the following estimate:

Ty rin] < m(K|L)Y? |u— éx|mxin)

m(K|L)\ ">
< (2 (20 "SEE) T (= bl + huchu = o)
m(K|L)
< (2d)1/2 W (|U_¢K|H1(w;<) +hK|U_¢K‘H2(wK))
1/2 m(K|L) -

< (1 _|_03il»:’§) (2d) m(K)1/2 hk |u|H2(uJK)
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On the other hand, using lemma (3.2), the triangular inequality, the fact that L is included in both wy, and
wr, then finally lemma (3.4), the second term at the right hand member of equation (17) can be estimated as
follows:

m(K|L
Bosciel < 5D o sy
K|L
m(K|L)
< Coo,2 W l¢x — orllL2(r)
m(K|L)
< Coo,2 ey m(D)? (l6r —ullzzr) + llor — ullrz(z))

< Coo,2 ey m(D)? ([l¢x — ullL2wr) + 9L — ullL2(wy))

m(K|L) - .
< Coop2 Co,2 W (h%{ |U|H2(wK) —|—h2L |U|H2(wL))

The proof is then easily completed by collecting the bounds of Ty |7, and T5 g, and using the fact that dg |
is smaller than hg-.

On an external side o associated to the control volume K, we have:

Rao(u) = %

(*éf’K(mK))*/VU'”

El o

=D (grc(e0) = oncarc)) = [ Vuont T (“c(an)

dK,U K,o

3

Tl,o’ T2,o'

The first term T3 , can be estimated strictly as the term T4 of the relation (17). As the function w vanishes on
the boundary of the domain, the second one reads:

1 1
Tyo = i /U¢K R /a(@( —u)

Making use of inequality (14), lemma (3.1) and lemma (3.4), we get:

m(o 1/2
Dol < ™ o oo
K,o
1/2 m(o) _ _

m(o)

< (C%I,jg JFC?IE) d'’? Ay m(K)1/2 ]_1%(|U|H2(wx)

Once again, collecting the bounds for T4 , and 75, yields the result. O

Lemma 3.9. Let u be a function of HY(Q). For any side o of £, we define the following vector valued quantity:

d d
ifo € Ent, 0 =KIL: Rgraa k|1 (u) = m(K|L) {ﬂ up + —KIL UK:| nK|L —/ un
dy|r A1 K|L

if 0 € Eext, 0 €E(K) : Rgrad,o(w) = m(o) ug ne — / un

o
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where uy, and ux are the values taken respectively in the control volumes K and L by the projection of u onto
Hp(Q) by the quasi-interpolation operator Ilp defined here above and n is the normal of the edge K|L oriented
from K to L. Then:

if o €&y, o =K|L:
m(K]|L)
min(m(K), m(L))!/?

| Rerad k1L ()] < f(Coo2, €015 1Y)

if 0 € Eext, 0 € E(K) :

| Rerad,o (0)] < f(Coo2, €47, €TT)

[BK U] 51 () + hr |“|H1(wL)]

m(o)
1

W hk \U|H1(wK)

where | - | stands in the preceding relation for the euclidian norm in RY.

Proof. First of all, we remark that we can recast the case of an external edge into the formulation associated
to an internal one by defining a fictitious external control volume L, setting dy, x|, = 0 and giving to uz, any
finite value. So the major part of the proof addresses both cases.

Using the linearity of ¢, the quantity Rgraq, k|7 can be decomposed as follows:

d d
Rgrada x|z (v) =m(K|L) (%KM P (rK) + LKL ér(rr)) nk|L */ un

KI|L dy|1 K|L
d d
=m(K|L) ¢x( Cll(’KIL TK + ;’KlL rL) Ng|L —/ un
K|L K|L K|L
dr kL
+m(K|L) = (6r(es) - dx () nir
K|L
d d
Let ¢ be the point defined by z¢ = KKIL K+ “LKIL xr. We recall that xgp is defined as the midpoint

K|L K|L
of the edge K|L. We then have, as the midpoint integration rule is exact for the linear polynomial ¢ x:

Riyraa 12 (0) = m(K|L) (6 (26) — dxc (1)) ey + / (65 —w) n

K|L
T N——
e To kL
d
+m(K|L) = (r(an) = dx (L) nicio
K|L

T3 KL

Next step is to bound successively the three terms T g1, 1o x|z and T3 |r-

First, we have:
Ty kL = m(K|L) (¢px(zc) — dx (kL)) nkjL = m(K|L) (Vék - Tx|L ©G) nk|L
As the distance between x|, and x¢ is smaller than hi, by lemma (3.2), the following estimate holds:

m(K|L) -

: m(K|L) -
()72 T 10l o) S cooa(l+ €Y

|T17K\L| < m(K|L) BKW¢K| < Coo2 W hk \U|H1(W<)
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The term T5 g7, is estimated as follows, using sucessively inequality (14), lemma (3.1) and lemma (3.4):

To kil < m(K|L)Y? ¢k — ullL2(xp)

m(| 2 (¢ 2

a a m(K|L) 7
< (PP 4+ PP) Ji/2 e )1/2 hgc[u] f (g

) (lox — ull 2y + b 9K — ulm (k)

If the side under consideration is an external one, the term T3 gz, is zero (dp k| is zero). Otherwise, by
lemma (3.2) then (3.4), T x|z, is bounded by:

T kil < m(K|L) (oL — ¢ ll=(r)

m(K|L)

< Coo2 (L)1 lor — dxllrz(r)
m(K|L)

S o2 IR (Ioz = ullez(zy + 1ok — ullz2(ry)
m(K|L

< cona 2L (o1~ sy + o — o)
app M(K|L)

< Coo,2 001 W (iLL |U‘H1(wL) +hi |’U,|H1(wK))

Collecting the bounds of T k|1, T2 iz and T3 g, the proof is over. O

Lemma 3.10. Let u be a function of (H}(Q))¢ and K be a control volume of M. For each neighbour control
volume L of K, we note Raiy k|1 (u) the following quantity:

dr Kx|L dg KL
ur + ur) - nK|L — uU-n
dg|L dr|L K|L

where uy, and ug are the (vector) values taken respectively in the control volumes K and L by the projection of
each component of u onto Hp(Q) by the quasi-interpolation operator Ilp defined here above and the normal to
o, n, is oriented from K to L. Then:

Raiv, k1 (u) = m(K|L) (

m(K|L)

|Raiv, k1L (w)] < fcoo2, 0> CTT) m(K)i/2 (hic [ulm o) + he Julm ) (18)
and, if u belongs to (H2(Q))4:
a a m(U) 7 7
|Raiv, x12(u)] < f(Cooi2, €055 CT5) (K2 (W Tulbz (o) + B2 [ulme(o)) (19)

Proof. By definition of ux and wuy, we can note uxg = ¢x(xr) and ur, = ¢r(xy), where ¢ and ¢, are two
vector valued linear polynomials. With this notation, we have:

Raspl) = mUIL) (SFEE (o) + S8 o)) omp = [ e
KL KL (20)
+ m(K|L) KKlL (¢r(zr) — ¢r(2L)) " nE|L

dk|L
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[ d

d o
By linearity of ¢ and recognizing, becaus 5 K+ g = K|L, an

o a
one point integration rule valid up to degree one, we get for the first two terms of the preceding relation:

d d
Ty = m(K|L) dpe(2LKIE xK+LMxL)'nK\L_/ u.n:/ (u— oK) n
dr|L di|L K|L K|L

Inequality (14) then (12) yields:
Tl = <m(KIL)"?|u—¢xlr2xL)

m(K|L)
m(K)

m(K|L)1/2 <2d ) (Hu_(éKHLQ(K)+hK|u_¢K|H1(K))

m(K|L)
< (2d)"/? m(K)12 (Il = ¢ llL2(wr) + hiclu — dr| 1 (W)

By the approximation lemma (3.4) and because hx < hg:

ITh| < (9% Jrcapp) (Qd)l/2 M hi |U|H1(w;() ifue Hl(Q)d
()12 e
a a m(g) 7 .
Ty < (cos +c7%) (2d)'/? W h |l 2 () if u € H*(Q)*

The last part of the right hand member of equation (20) reads:

d
L (61 — ¢ (2r) “MK|L

Ty = m(K|L) o

By lemma (3.2), we have:
dx K|L m(K|L
3] = Im (K1) 5% (01, = 0 os) el < KD 01 = O ioec < o Tzl o = dncluscn

Because L is included in both wg and wy,, we get:

m(K
T < oo m((K)|1/)2 (llor —ullLzry + o — ull2(z))
m(K|L)
< Cooy2 m(K)i/2 (lor — ullr2(wr) + 19K — ullr2(wi))
and, by lemma (3.4):
aon M(K|L) - - .
ITo| < coo2 ot m((K)l/)g (hr [ulmr () + P ulm(wy)) if u € H'(Q)*
(22)
app M(K[L) - - .
ITo] < coo2 Cob ()12 (h% lulg2r) + Pk [t g2 (wr)) if u € H?(Q)?

Finally, both desired results follow by collecting the bounds (21) and (22).
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4. ERROR ANALYSIS

This section is aimed at the error analysis of the scheme under consideration. As usual in the analysis of
stabilized methods for saddle point problems, the first step is to prove the stability of the scheme; this is the
purpose of proposition 4.1. Then the error bound (theorem 4.3) follows by making use of consistency error
estimates.

Proposition 4.1 (Stability of the scheme). Let u, v and p, q be two elements of respectively Hp(Q)? and
Hp(Q). We note:

B(u,p;v,q) =
m(J) m(o) dL,a'
> vk | D - (w—u)+ > - (—uk) + m(o) (L — PK) 1o
do dK & dy
KeM o=K|L o €E(K)NEext ’ oc=K|L
dL,a dK,o m(U)
+ Z aK Z m(o) ( d. uK+—dU up) cng — A Z (h%(—FhQL) 4 (pL — PK)
KeM o=K|L oc=K|L

Then for each pair u € Hp(Q)? and p € Hp(RY), there exists i € Hp(Q)? and p € Hp(Q) such as:

el + 1Pl 220 Eg [ullip + llpllz2@) (23)
and:
lulli p + IPl72(0) reSg B(u,p;,p) (24)

Proof. Let u and p be given as in the proposition statement. The proof of this proposition is obtained by
building explicitely @ and p such as the relations (23) and (24) hold.

In a first step, we recall that the discrete gradient is chosen as the transposed of the divergence, i.e. such as:

dr.o dr.o di.o
Z“K' Z m(o) ; (L — pK) no + ZPK Z m(U)(g’ uk + g ur) -ne =0
KeM c=K|L a KeEM  o=K|L 7 7

Consequently, by a standard reordering of the summations, we have:

B(u,psu,p) = [lull?p + X |plj

In a second step, we make use of the following result (see e.g. [10]): as p € L2(Q) and integral of p over
is zero, there exists cq, > 0, which only depends on d and €, and v € H}(Q)? such that V - (v(z)) = —p(x) for
a.e. x €  and

[9|m1 () < car IPllL2(0) (25)

Let vx be the value taken on the control volume K by the projection onto Hp ()% of © by the operator Ilp

defined in the preceding section. We have:

B(u,p;lpv,0) = Z Ui - Z 7md(0) (ur — ux) + Z ~m(o) (—uge)

KeM o=K|L 7 e EE(K)NEext

£ e Y mio) T oy pic)

KeM oc=K|L
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The Cauchy-Schwarz inequality yields the following estimate for the first summation:

S| Y - w2 | = ol fulhe  (20)

d
KeM o=K|L cCE(K)NEexe O

Using the fact that the discrete gradient is by construction the transposed of the discrete divergence, we obtain
for the second term:

=2 k) m

KeM o=K|L KeM oc=K|L

dL,a _ dK,O' _
PK) ZPKZmU)(dU vt vL) N

Adding and substracting the integral over each element of the divergence of v yields:

dr.os _ dr,o _ _
ZPK/ - Y x| Y, m(cf)(;; Uk + ;(U UL)'nK|L*/UU'nK|L

KeM KeM o=K|L

T3 T4

The first term reads:

-Y [ v@= % [ k=l (27)

KeM KeM
Reordering the sums in the second one, we obtain:

n- ¥ (D e+ 1) o =) | ) Gy R 0
and using the Cauchy-Schwarz inequality:
1/2
Ty < |pln Z do ! (Rdiv,K\L(@))2

2 211/2
vetn merny O) (Wi + RV

By lemma (3.10), we then get:

1/2

ITy| < g(coo2, o151 0) PN

d, m(o) h% 2
Z m(K) h2 h2 | |H1(wK)+h2 h2 | |H1 wL))

c€&int(0=K]|L)

The quantity d, m(o) can be seen as the area of a volume (d = 3) or surface (d = 2) included in K U L.
Consequently, as max, hr /hr is one of the parameters of regul(M), we get:
€

d, m(o) <1
m(K) reg
By the same way:
72 72
<1, <
hK+hL reg hK+hL reg
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Finally, as a control volume is intersected by at most N, domains wr,, each control volume is counted only a
bounded number of times in the above summation, and we have:

T4 Eg Ipln 19| m () (28)

Finally, gathering the estimates (26),(27) and (28) yields:

B(u,p;11p0,0) = [Ipl720) = [7ll1p l[ullip — e plh 19lm1(@)

where c; is a non-decreasing function of the parameters of regul(M). As, by construction, [0 g1(q) < carllpll2(0)
and, by continuity of the projection operator Ilp from H!(Q)? onto Hp(2)?) (proposition 3.6), [|v]1.p <
reg

|0| g1 (02, this inequality equivalently reads:

B(u,p;Tpo,0) > ||pll72(q) — c2llpllz) lullio = c1 carlpln [pllL2@)

Using Youngs inequality, we obtain the existence of three constants cs, ¢4 and ¢5 depending on c¢q, and (once
again in a non-decreasing way) on the parameters in regul(M) such that:

B(u,p;11p0,0) > c3 [|pll72(q) — ca lulli o — s |pli

By linearity of B(-,-;-,-), we then have, for each positive constant &:

B(u,p;u+&Ilpt,p) > (1 —& ca) |lu

iotEcs plia + (A —€cs) Iplh

Choosing a value of £ small enough, this inequation yields an estimate of the form (24). As the relation (23) is
clearly verified by the pair (u+ £ IIp®, p), this concludes the proof.
O

An immediate consequence of this stability inequality is that the discrete problem is well posed:
Proposition 4.2. The discrete system (9), completed by the constraint (10), admits an unique solution (u,p).

Proof. Proposition (4.1) implies that the kernel of the operator associated to the system of linear equations (9)
is reduced to (0, 0). O

We are now in position to state the convergence result of the scheme:

Theorem 4.3. We assume that the weak solution (u,p) of the Stokes problem in the sense of (2) is such that
(u,p) € HF(Q)4 NH2(Q)? x HL(Q).
Let (u,p) € Hp(Q)4 x Hp (L) be the solution to (9). We note iip and pp the projection by the operator Ilp on
the discrete spaces of respectively @ and p and define e € Hp(Q)? and ¢ € Hp(Q) by e = u—tp and € = p— pp.
Then:
lellrp + el 2 (o) r§g h ([al20) + [Pl () (29)

In addition, let iip be the function of Hp(Q)? defined by ﬂg)h{ = a9 (zg), VK € M. Then:
lu—apll1,p + llellL2) < b (|9lm2(@) + [Pla(e) (30)
reg
Finally, we also have:

lu —@llL2) + lp — DllL2(0) Eg h (|t] g1 o) + [alg2Q) + [Pla @) (31)
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Proof. Substracting the same terms at the left and right hand member of the discrete momentum balance
equation, we get, for each control volume K of M:

> —md(j) (e —ex)+ > _mio) (—ex)+ Y. mlo) Lo (e —€x) n /f

d
o—K|L cCE(K)NEere O o=K|L o

+ Z md(g) (@pr — Upk) + Z mio) (—upK) + Z —m(o) Lo (PpL — PpK) M

d
o=K|L ¢ GEE(K)NEexs 07 o=K|L 7

The regularity of 4 and p assumed in the statement of the theorem allows to integrate the continuous partial
derivative equation (1) over each element K:

/BK—Vﬂ-n—F/aKﬁn:/Kf

Substracting this relation to the previous one and switching, for the pressure term in the right hand member
of the relation, to the equivalent formulation given by (11), we get, for each control volume K of M:

_mlo) (e, — ex) + _mlo) (—ex) + m(o) (dL"’ e + Ko €x) Ny =
> a

d d
o=K|L cEE(K)NEexe  BO o=K|L o o

d (upr — Upk) — Vu'n] + Z [m(a) (—tupk) — /GVU”} (T1,k)

G EE(K)NEury = KO

; [—m(a) <d§: por + gag PDK) N ‘*‘/ap”} + [_m(a) PDPK Mo +/Upn} (T2

c€E(K)NEext

Repeating the same process for the mass balance equation yields, once again for each control volume K of M:

> mlo) (di;” eK+dZ cm A S (W13 md(:)(eL—eK):
o=K|L oc=K|L
dr o« d _
> m(o) ( é Upk + g Upr) - No (T5,x)
o=K|L 7 7
+ A Z % +hi) (Ppr — Pok) (Th,x)
oc=K|L

We choose é € Hp(2)? and € € Hp(Q)? in such a way that the stability relations (23) and (24) are satisfied
with © = e and p = e. We then obtain:

llell? p + lle HLQ(Q) < Z exTik + Z exToxk + Z exls k + Z exly K
& KeM KeM KeM KeM

(TA) (Tgrad) (TdiV) (TC)
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Next step consists in bounding each of these terms. Reordering the summations, we get for Th:

EER P R AL - 2 )~ [ vl
= > (éx —ér) (md(g) (UDL—uDK)—/Vu-n)
o€ (a=K|L) o -

R (K))éK (ZL(U) (_“DK)_/UW'TO

0€Eexs (0EE Ko

The Cauchy-Schwarz inequality yields:

_ 1/2

m(o) . = \2 m(o)
|TA| < Z d. (éx —ér)" + Z e €%
| 0E€Eint (0=K|L) 0€Ext (0EE(K)) ’

Z md((;) (md(:) (upr — UpK) /UVﬂ'n)2

Lo EEint (o=K|L)
;12
deg m(a) _ _
+ Z (U) ( (UDK)/UVUQR)

0E€Eexs (0EE(K)) m K0

1/2

= ellup S map@r+ Y g @)

vt toekr) ™) rebun meey ™O)

Using lemma (3.8) and examining the functions of the geometrical features of the mesh appearing as coefficients
in the summations, we see that:

1/2

| TAl E h[léfl,p Z |0l 2 ey + 18 F2 0y ) + Z |/ F2 (0
& o€ it (0=K|L) 0CEuys (0€E(K))

And, finally, as by assumption the integral over each control volume is counted no more than a bounded number
of times (depending on N,, and the number of sides of the considered control volumes):

I Tal < R lleflyp |t]m2o (32)
reg

Following the same line, reordering the summations and using the Cauchy-Schwarz inequality yields for Tgraq:

1/2

~ do‘ _ dK,o‘ _
‘Tgrad| < ||e||1,D § N (Rgrad,K|L(p))2 + E N (]%grad,a(p))2
m(o) m(o)
0€&int (0=K|L) 0€Eext (0EE(K))

which leads, by lemma (3.9), to the following estimate for Tyraq:

|Tgraal Eg holellip [Plar () (33)
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By the same way, we obtain for Tgjy:

07 1/2
. 1 _
|Taiv| < [[€llz2) Z m(K) Z Raiv,x)2(%)
KeM o=K|L
and, by lemma (3.10):
Taiv| < h [|Ellz2(a) [ulm2(@) (34)
reg

Finally, reordering summations and using the Cauchy-Schwarz inequality, the following bound holds for T:
ITc] <2X I |€]n [Ppl1,p
Using proposition (3.6) and the inverse inequality (8), we finally obtain:
|7| rgg A D€l ) [PlE (o) (35)

The four terms Ta, Tgrad, Taiv and T are now bounded respectively by the estimates (32), (33), (34) and
(35), and we get:

[ulli o + P72 Eg b [llellp + ez [Juluz@) + 1Pla©)]

The first estimate of the theorem (29) then follows by Young’s inequality and using relation (23). The second
one is easily deduced from (29), using the triangular inequality and the second estimate of proposition (3.7).
The third one follows similarly from the triangular inequality, the first estimate of proposition (3.7) and the
discrete Poincaré inequality (7).

Il

Remark 4.4. In view of this proof (see in particular equation (34)), the second order estimate for the residual
associated to the divergence term seems to be necessary to obtain a first order convergence rate for the scheme.
This considerably reduces the generality of the possible meshings, as it imposes for the segment [z, z1] to
cross the edge K|L at its barycenter. For more general discretization where this condition is not satisfied, we
prove in [5] only an h'/2 error estimate.

5. NUMERICAL TESTS

The aim of this section is to check the validity of the theoretical analysis against a practical test case for
which an analytic solution can be exhibited. This solution is built as follows. We choose a streamfunction and
a geometrical domain such that homogeneous Dirichlet conditions holds:

i
oy
Oy
o

=1000 [z(1—2)y(1—y) > , Q=0,1[x]0,1[ , @

we pick an arbitrary pressure in L3(€2):

2
p =100 (x2+y2—§)

and the right hand member f is computed in order that the equations of the Stokes problem (1) are satisfied.

For all numerical tests presented here, we chose for the parameter A the value 10~2, which is within the range
of recommended values for the stabilization parameter of the Brezzi-Pitkaranta scheme.
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lelli,p

0-1? ||€HL2(Q)

| | ||e||L2(Q)
£ oo1t -
c C ]
2 - 1
S i i
o L i
0.001F =

0.01 0.1

mesh parameter h
FIGURE 1. Errors for the velocity and the pressure obtained with simplicial control volumes.

The velocity and pressure errors are defined respectively as:
eg? :ug? fﬁ(i)(xK) , e=prg —p(xk)
This pressure error definition is not the same as in the analysis. However, for a sufficiently regular pressure

field, both definitions are equivalent. Indeed, let p be the function of Hp defined by px = p(xk). Due to the
regularity of p, the discrete Poincaré-Friedrich inequality and proposition (3.7) yields:

ITlpp — pllz2) < [Mpp —plip < hipla2o)
reg reg

and, by the triangular inequality, estimate (30) yields:

lellzz() < llp = ppllrz() + [IHpp — pllL2(0) r%g b (Ipl (o) + Ipla2 ()

We first solve this problem using a family of acute angles triangulations. The obtained errors are reported
on picture 1. As foreseen by the theory, we observe a first order convergence for both the velocity in the || - ||1,p
norm and pressure in L? norm. In addition, a second order convergence is observed for the velocity in the
(discrete) L2 norm.

In a second step, we check the reliability of the scheme for structured irregular grids. To this purpose, we
build two meshings of the domain 2 generated by the same sequence of subdivision along each direction, defined
as follows: in the first one, all the control volumes are identical squares; in the second one, the size of the first,
third, ... (2i — 1)'" intervals is h while the size of the second, fourth, ... (2i)'" intervals is h/10.

Picture 2 and picture 3 show the evolution of the errors as a function of the grid parameter h for respectively
the first meshing and the second one. In both cases, results are better as can be expected from the theory: the
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||€HL2(Q)
i lellzz (o)
: lell1.p
E 0.01+
(@] L
c L
u‘) -
é L
3 L
0.001- .
0.01 0.1

mesh parameter h

FIGURE 2. Errors for the velocity and the pressure obtained with squared control volumes.

convergence rate is close to 7/4 for the velocity in || - ||1,p norm, and close to 3/2 for the pressure in L? norm.
In addition, as for simplicial triangulations, the velocity shows a second order convergence in L? norm. The
quality of the results seems to be only slighted affected by the irregularity of the second family of meshings:
compared to results obtained with squared control volumes, pressure and velocity errors are almost the same in
the L2 norm (the pressure approximation is even more accurate), and only twice less accurate for the velocity
in| -|1,p norm.

6. CONCLUSION

We have presented in this paper a colocated finite volume scheme for the Stokes problem. Its stability is
obtained by the addition to the continuity equation of a perturbation term which is a finite volume analogue of
the well-known Brezzi-Pitkéaranta stabilization term. For acute angles triangulations in 2D and for structured
meshings of quadrangular (in 2D) or parallelepipedic (in 3D) control volumes, we prove a first order convergence
in the natural finite volume discrete norms for both the velocity and the pressure. To the best of our knowledge,
this theoretical result is, for incompressible flow problems, the first of this type for colocated finite volume
schemes, or even (in 2D) for finite volume schemes based on general simplicial discretizations of the equations
in primitive variables. This analysis is confirmed by numerical experiments, which show, in addition, a second
order convergence for the velocity in the discrete L? norm. A discretization for Navier-Stokes equations following
the same ideas and dealing with general meshings can be found in [5].

In view of the popularity of cheap (low degree) approximations in fluid flow applications, the considered
scheme should deserve further work. In particular, a stable discretization should be derived for the more
realistic Stokes problem where the divergence of the stress tensor is used instead of the velocity Laplacian, to
allow to handle many practical applications involving a non-constant fluid viscosity.
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| | llell 2o
||€HL2(Q)
0.1; E ||€||1,D
£ I ]
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c L i
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5 0.01- .
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O'O%J.Dl 0.1

mesh parameter h

F1GURE 3. Errors for the velocity and the pressure obtained with rectangular control volumes.

APPENDIX A. PROOF OF PROPOSITION (3.6)

Proof. The proof of the first inequality of the proposition can be easily derived from the proof of the second
one. Consequently, we will only address the latter here.
By definition of the projection operator Ilp, the discrete norm of @ = IIpu reads:

N m(o) . X m(o) .
iy = Y O RO D 2
0€Em (0=K|L) ° 0C€Eunt (c€E(K)) KO

= > o (r(zr) — oK (2K))* + > m(o) o (vr)?

d
0€Ems (0=K|L) 0€Euxs (0€E(K)) 00

<2 > (o) (¢x(zL) — oK (wK))* +2 > ? (pr(rr) — oxc(21))?

d
0€Em (o=K|L) ¢ 0E€Emy (o=K|L) ¢

49 Z m(U

0CEuxs (0CE(K)) dx.o

QL
~—

3

S
q

(36)

~—

(brlor) — o +2 S gy

0E€Ee (0EE(K)) BT

To proceed, we must now bound each term at the right hand side of this relation. As ¢ g is a linear polynomial,
the first summation in the above relation reads:

n- Y ek -en@of = Y 0 (Vo ma)

o ds
0€&nt (0=K|L) o€t (0=K|L)

_ S mlo) do (Vox - ngr)?

€&t (0=K|L)



TITLE WILL BE SET BY THE PUBLISHER 23

The quantity m(o) d, can be seen as the measure of a domain included in K U L, and so is lower than the
measure of wg; we then get, by lemma (3.4):

< Z |0k Fr1 gy < (€T1)? Z 71 () (37)
0€&n (0=K]|L) 0€&in (0=K]|L)

Using lemma (3.2), the second summation in (36) can be estimated as follows:

= Y P o) - on@P < e Y %||¢L—¢K||%2<L>
o€ (o=K|L) 7 o€Em (0=K|L) 7

Then, because L is included in both wg and wy,, we get by lemma (3.4):

Ty <2(co2)? Z m()

2 2
E€int (0=K]|L) dUT(L) [||¢L B u||L2(L) + llox — u||L2(L)]
m(o)
S2ewa? X g (190~ ulh + 16k~ ulia)|

0€&iny (0=K]|L)

a, m((j) 7 7
< 2(Cooy2 011,)5)2 Z m [hZL |U|?11(wL) + h%{ |U|%(1(wk)}
0E€Em (o=K|L) 7

(38)

Using strictly the same arguments as for the bound of the term 73 (the only difference is to replace d, by
dk -, we obtain similarly for the third term in (36):

T3 < (D) > |31 () (39)
0E€Eext (0€E(K))

Finally, using the linearity of ¢x and the fact that u vanishes on 9, the fourth term in (36) reads:

e N iZeer= ¥ oot e

0E€Eext (0EE(K)) 0EEext (0EE(K))

By inequality (14), lemma (3.1) and lemma (3.4), we find that:

1
T Y e —uli,

0E€Ee (0€E(K)) KT

m(o) ’
<d Y e m(@) U0 = llzae + i [ =l o) (40)
0€Eext (0EE(K)) ’ ( ) 72
) N m(o) h
<d (Cf,)g -+ Clp’){))2 Z m'uliﬂ(wx)

0€Ext (0EE(K))

Elementary considerations show that the constants depending on the geometry in (38) and (40) are controlled

by quantitities which are non-decreasing functions of the parameters of the meshing gathered in regul(M).
Consequently, relations (37), (38), (39) and (40) yields:

= S U R R L S LD

2
|u‘H1(wK)
€ 6€Em (0=K|L) 0CEexs (0EE(K))
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As the integral over each element is accounted for in this summation a bounded number of times (depending

on N, and the number of sides of the considered control volumes), this completes the proof.
O

APPENDIX B. PROOF OF PROPOSITION (3.7)

Proof. Proof of relation (15)

Decomposing the L?(€2) norm on each element and applying the triangular inequality, we get:

lu =TpulZagy = D llu—=Tpulfagy = Y llu—éxex)liis,

KeM KeM
<2 ) lu—dxlFam) + lox — dx(@r) 2
Kem
T1 T2

By lemma (3.4), the first term is bounded by:
T1 < = dxll72(ue) < €0t P lulfn e

As ¢ is a linear polynomial, we have ¢ (v) — ¢px(zx) = Vo - Tx @, Vo € K. Then, by lemma (3.4), Ty is
bounded by:
7= [ (Vor 7w 2P <wie [ Vol < PP W lulm o
K K
These two bounds yield:

lu = Tpul2iq) < A? Z |ul i1 (i)
8 KeM
And consequently, by remark (3.5):

lu — HpulZaq) = h? Julm o)

Proof of relation (16)

By definition of the discrete H!(2) norm and using the fact that u vanishes on 9, we have:

Mou-alip= Y " (o) —uler) - (Gl - ulz)

0€Emy (o=K|L) 7
fY 2 ) - uen))?

0E€Em (0EE(K)) BT

<2 Y ™M (en) - dren) — (uler) — (i)

0€Em (0=K|L) ¢

2 5 2 o) — o)’

0c€&int (0=K|L)

Ty

T

v D ) — ) — () w2 S
TEEaxs (0€E(K)) 2l T€Eext (7€E(K))
Ts Ty

m(o)

(6x (20))?

dK,a
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To estimate the term T}, a possible technique is to decompose T} as follows:

2

(u(rr) —u(zk))

T Ty 2

T1: (¢K($L) (]5[((1‘[{ /Vu n

where n is the normal of the edge K|L oriented from K to L, and recognize the consistency residual associated
to the diffusion term for respectively IIpu and w. The first one is bounded by the lemma 3.8 in the present
paper and a bound for the second one can be found in [4, pp. 786-790]. However, for two dimensional problems,
T can be estimated quite simply, making use of the tools repeatedly employed in this paper. We restrict here
the exposition to this case and, to this purpose, we write 77 as:

2

zr 2 T
= |:V¢K'$K Tr —/ VU'”KL} = {/ V(¢x —u) - ngr

We note Dy, the simplex of edges [zk2r] and a segment of first point zx and last point located on a vertex
of K|L. Note that D is included in wx and, for the particular polygonal domains under consideration,
m(Dg ) = 1/4 m(K|L) dg|r. Inequalities (14) and (13) yields:

Th| < dgiz 10K — i e

m(K|L)

<2d dK\L m(D

2
B (|¢K — Ul (Dy, ) T diam(Dgr)[¢x — U\H?(DK|L)>

<8 (V5 +1)? hic |ulme(uy)

The term T can be estimated using successively lemma (3.2) and lemma (3.4) as follows:
Ta| <oz — dxlli(r)
< (Coo2)? %H% — ¢xl72 1)
< (e s (10 =l + o = ullfan)

<2 (Coo €73) m(ﬁi ¥z, + P lulFrzo,))

The term T3 is estimated using the same arguments as for T, and we get in particular for two-dimensional
problems:

T3] <8 (5 + 1)% hic Jul o)

Finally, using the linearity of ¢, the fact that x, is the barycenter of ¢ and the fact that « vanishes on 92,
the term T, reads:

7= e — L [/g(dm —u>]2

dKJ m(a) dK,o’
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By the inequality (14), lemma (3.1) and lemma (3.4), we find that:

1 2
Ty < dK70||¢K—U||L2(a)
m(o) 2
<d m [lox — ullrzx) + hie [dx — ulm ()]

m(o) hic

< (cos +cTE)%d m@@z(m

The proof is then completed by collecting the bounds, checking that the geometrical coefficients can be
bounded by non-decreasing functions of of the parameters gathered in regul(M) and using the remark (3.5). O

(1]
2]

(3]
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