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Study of the mixed finite volume method for Stokes and
Navier-Stokes equations

Jérome Droniou*, Robert Eymard®

23,/10,/2006

Abstract

We present finite volume schemes for Stokes and Navier-Stokes equations. These schemes are
based on the mixed finite volume introduced in [6], and can be applied on any type of grid
(without “orthogonality” assumptions as for classical finite volume methods) and in any space
dimension. We present numerical results on some irregular grids, and we prove, for both Stokes
and Navier-Stokes equations, the convergence of the scheme toward a solution of the continuous
problem.

Keywords. Mixed finite volume scheme, Stokes problem, Navier-Stokes problem, general grids,
numerical results.

1 Introduction

Finding an approximate solution of the Navier-Stokes equations can be done by a large range of
numerical methods: finite element methods, mostly used by the mathematician community (see
for example [10, 11, 12] and references therein), spectral methods and finite volume methods,
largely used by the engineering and physicists community (one can first refer to [15] for finite
volume methods on staggered grids, and for example to [2, 13, 8, 9] for colocated finite volume
schemes). One reason for this difference of practice is that an advantage of finite volume methods
on finite element ones lies on its easy physical interpretation and on simpler implementations.
However, on domains with complex shapes, it remains difficult to account for constraints pro-
vided by finite volume schemes on the meshes: the well-known Patankar scheme on staggered
grids can hardly be extended to unstructured meshes, and the implementation of colocated fi-
nite volume schemes is complex on general meshes, demanding a stabilization procedure for the
pressure.

These constraints on the grids are due to the simultaneous discretization of the viscous term in
the momentum balance equation and of the mass conservation equation. On the other hand,
a mixed finite volume scheme has recently been shown to be well suited for the resolution of
diffusion problems on any type of 2D or 3D grid, structured or not, admissible or not in the sense
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of finite element or classical finite volume methods. Hence one could expect that this scheme
would provide new gridding possibilities in the case of Stokes and Navier-Stokes equations. This
is the point that we intend to make in this paper. Let us first recall the continuous problems
that are to be approximated.

We first consider the Stokes problem and we therefore search for an approximation of 4 =
(71(1), .. ,ﬂ(d)) and p, weak solution to

—Au+Vp=f in Q,

divie =0 in €,

u=0 on 01, (1)
B() da =0,
Q
under the following assumptions:
Q2 is an open bounded connected polygonal subset of RY, d=2or 3, (2)
and
F=0W, L f D) e L@ (3)

Thanks to Lax-Milgram theorem, there exists a unique weak solution to (1) in the following
sense.

Definition 1.1 [Weak solution to the Stokes equation] Assume that (2) and (3) hold. A
weak solution to (1) is u such that

u € E(Q),
/ Va(z) : Vo(z)dr = / F@)-o@)de, Ve BQ), (4)
Q Q

where we define E(Q) = {¢ € HY (), div(e) = 0} and Va(z) : Vo(r) = Zglzl va(z) -
Vel (z).

We also consider the incompressible transient Navier-Stokes problem:
i+ (u-Vyu—Au+Vp=f in 0, T[x€,
diva =0 in 0, T[x€2,

=0 on |0, T[x 0%,

(0,-) = uo in

N

I

p(,z)dz =0 on |0,T7,
Q

under the assumption

f€ L]0, T[xQ)9, ug € L2(Q)4. (6)



Remark 1.1 [Renormalization] If we replace the first equation of (5) by Owu + (a - V)u —
uAu+Vp = f for some p > 0, then any solution (u(t,x),p(t,x)) of the system of equations thus
obtained is such that (w(t/u,x)/p, p(t/u,x)/u?) is a solution of (5), replacing uo(x) by uo(x)/u,
f(t,z) by f(t/m,x)/u? and T by uT. We can therefore let u = 1 in this paper without loss of
generality.

It is known [17, 3] that there exists a weak solution to (5) in the following sense (notice however
that we do not use, in the following, the existence of such a solution).

Definition 1.2 [Weak solution to the Navier-Stokes equation] Assume that (2) and (6)
hold. A weak solution to (5) is u € L*(0,T; HE(Q))? such that div(a) = 0 a.e. on ]0,T[xQ and,
for all o € C([0, T[xQ)¢ such that div(p) = 0,

— /OT/Q'H,(t, x) - Opp(t,x) dt dx+ /OT/Q [(a(t,z) - V)u(t,z)] - o(t,x) dt dx
+/OT/QVu(t,JJ) :V(t,z)dt de

T
= /Qu[)(az)‘cp(o,:z)dx—i—/o /Qf(tjar)-ap(t,z)dtdx. (7)

The principle of our scheme, described in Section 2, is the following. We simultaneously look
for approximations ug?, vy{) of u®, V@ in each control volume K and for approximation FVCEZ)
of [ V@ (z) - ny dy(z) at each edge o of the mesh, where n, is a unit vector normal to o.
The values ﬁél) must then satisfy the balance equation in each control volume, and consistency
relations are imposed on u&?, v&? and 150@. We present some numerical examples in Section 3,
which demonstrate the aptitude of the mixed finite volume scheme for providing accurate results
on meshes including refinements, vertices inside internal edges and general quadrangular control
volumes. In Sections 4 and 5, we study the mixed finite volume approximation respectively
for Stokes and Navier-Stokes equations: we show that this method leads to systems (linear in
the case of Stokes problem, non-linear in the case of Navier-Stokes problem) which, in general,
have at least one approximate solution u, v and F' (this solution is unique in the case of Stokes
problem), and we prove the convergence of these approximate solutions toward a solution of the
continuous equations. An appendix (Section 6) concludes the paper by giving various lemmas
useful for the analysis of the schemes.

2 The mixed finite volume schemes

2.1 Admissible discretization of 2

We present the notion of admissible discretization of the domain 2, which is necessary to give
the expression of the finite volume scheme.

Definition 2.1 [Admissible discretization] Let 2 be an open bounded polygonal subset of
R (d > 1), and 0Q = Q\ Q its boundary. An admissible discretization of Q is given by
D = (M,E,P), where:



e M is a finite family of non empty open polygonal disjoint subsets of Q (the “control vol-
umes”) such that Q = Ugepm K.

o & is a finite family of disjoint subsets of Q (the “edges” of the mesh), such that, for all
o € &, there exists an affine hyperplane E of R* and K € M with o C 0K N E and o
is a mon empty open subset of E. We assume that, for all K € M, there exists a subset
Ex of € such that 0K = Uycg, 0. We also assume that, for all o € £, either o C 02 or
o C KNL for some (K,L) € M2

e P is a family of points of Q indexed by M, denoted by P = (Xx)xem and such that, for
all K e M, xg € K.

Remark 2.1 Though the elements of Ex may not be the real edges of a control volume K (each
o € Ex may be only a part of a full edge, especially in the case of locally refined grids), we will
in the following call “edges of K7 the elements of Ex. Notice also that the control volumes can
be non-convex, so that two neighboring control volumes can share multiple edges.

Notations. The measure of a control volume K is denoted by m(K) and the (d—1)-dimensional
measure of an edge o by m(c). If o is a given edge, we sometime write it oI to indicate that
the control volumes on each side of o are K and L; if ¢ is a boundary edge, €19 indicates that
the control volume whose boundary contains ¢ is K. For all ¢ € £, x, is the barycenter of o.
The set of interior (resp. boundary) edges is denoted by Eint (resp. Eext), that is Einy = {0 € &;
o ¢ 90} (resp. Eoxt = {0 € & 0 C IN}). For all K € M, we denote by Nk the subset of
M of the neighboring control volumes (that is, the L such that K N L contains an edge of the
discretization), and we denote by Ex ext = Ex N Eext and Ex int = Ex N Eint-

We denote by Hp the set of functions w : 2 — R which are piecewise constant on each control
volume K € M, and we identify w € Hp with the family of its values (wx)gear on the control
volumes. Fp is the set of families of real numbers (Fr o) kem, ocey -

To study the convergence of the schemes, we need the following two quantities: the size of the
discretization

size(D) = sup{diam(K); K € M}
and the regularity of the discretization

: d
regul(D) = sup {max (cmCEK),Card(EK)> ; K e M}
PK

diam(K)
+Sup{dial’n([,)7 KEM, LENK}

where, for K € M, pg is the supremum of the real numbers r > 0 such that K is star-shaped
with respect to all the points in a ball of radius r. Notice in particular that, for all K € M,
diam(K)? < regul(D)pd < Mm([() (with wy the volume of the unit ball in R?); hence,

Wd

since Card(E) < regul(D) and m(o) < wy_idiam(K)?1if o € Ex, we have

wq_1regul(D)?

> m(o)diam(K) < m(K). (8)

w
o€fk d

Note also that regul(D) does not increase in a local refinement procedure, provided that this
refinement is built by layers.



2.2 A mixed finite volume scheme for Stokes problem

Let D be an admissible discretization of (2. Taking v > 0, the numerical scheme for the Stokes
problem is the following: find p € Hp and, for all i = 1,...,d, (u,v®) FO) € Hp x HY x Fp
which satisfies the following equations. The first relation states that v() is the gradient of u(?)
(we penalize with the fluxes of v(*) in order to estimate them later on):
(i) (i) diam(K) =@ diam(L) =@) _ @) _ ()
Vi (%0 —XK) V] '(XL—XU)JFVW I;,U—VWFLZ,U =up —ug,
VolIb e &, Vi=1,...,d, (9)
. diam (K ~/; 4
v&? (Xo — XK) + Vilam( )F[((l)o = —ug?, Vo190 ¢ Eoxt, Vi=1,...,d.
m(o)
We then introduce “complete fluxes”, which gather the fluxes of v(¥) and of the pressure (these
are the fluxes involved in the first P.D.E. of (1)), and we ask for them to be conservative:

FY) =F) —pgm(o)e® ng,, VKeM, Voe&k, Yi=1,...,d, (10)
Ff?,)aJrFﬁf,:o, VoIl e &, Vi=1,....d (11)

(e, ... e is the canonical basis of RY). The link between v and its fluxes F() is that the
latter allows to reconstruct the former (see Lemma 6.1):

m(EWvY = Y F (%o —xx), VKeM,Vi=1,..,d (12)

0
g€EK

The following equation translates the incompressibility condition, taking into account the pe-
nalization introduced in (9):

d d
m(K) > v @ vdiam(K) Y ST B e ng,=0, VK €M. (13)

=1 i=1 c€€K

We then write the balance of fluxes, that is to say the discrete counterpart of the integration of
the first P.D.E. in (1) on each control volume:

- Fz(f,)cr:/Kf(")(x)dx, VKeM,Vi=1,...,d, (14)

o€k

and we normalize the choice of the pressure:

Z m(K)pr = 0. (15)

KeM

Remark 2.2 [Square system] A close examination of the preceding scheme shows that it is
over-determined. Indeed, by (10) and (11) there is in fact only one unknown flux ﬁé’) for each
edge of the mesh (and each i = 1,...,d) — since the knowledge of FI(;) gives back ng using

70. b
pr and pr, — and (9) precisely provides one equation per edge (for eachi=1,...,d); (12) and
(i) (i)

(14) respectively give as many equations as there are unknowns V}é and vy, and (13) gives as



many equations as the unknowns px. With (15), we therefore have written one more equation
than we have unknowns.

However, these equations are not free: multiply each equation (9) by m(a)e(i) ‘DK 5, SUM on
i=1,...,d and on o € £. Gathering by control volumes, Lemma 6.1 gives

d d
Z m(K) Zv&? el 4 Z vdiam(K) Z Z ﬁl((i’)ae(i) ‘DK,
i=1

KeM KeM i=1 o€€k

d
= —Z Z ug?e(i) Z m(o)ng .

=1 KeM o€l

Since Y ce. m(0)nk s = 0 (thanks to Stokes’ formula), the right-hand side of this equation is
null, and (13) shows that the left-hand side is also null. Hence, equations (9) and (13) are linked
in a non-trivial fashion, and we can in fact suppress one of the equations in (13) (for example)
and get back a square system, equivalent to (9)—(15).

Remark 2.3 [Exact incompressibility] The equations (9) allow to define ne by

(4)

m(o) FKJ:uJ K, VKeM,Voelk, Vi=1,...,d

(and ugi) indeed only depends on o, not on K such that o € £k ). Multiplying these equa-
tions by m(o)e(z) ‘N s and summing on o € £k, we obtain, thanks to Lemma 6.1 and since

Zaeé‘K m(a)e(l) ‘N o = 0;

m(K)vg? e 4 ydiam(K) Z ﬁf(g?ge(i) ‘NE = Z um(o)e ng.q.

o€k o€k

If we define U, = (u((,l), e ,ugd)), summing the preceding equations on i = 1,...,d and using
(13) leads to

Z m(o)ty - ng s = 0.

o€k

The scheme we present is therefore indeed a finite volume method.

2.3 A mixed finite volume scheme for transient Navier-Stokes problem

Assume (2) and let 7 > 0. If D is an admissible discretization of €2 in the sense of Definition
2.1 and & > 0 is such that Ng = T'/& is a positive integer, we denote Hp 5 the families of real

1/2 . . . . .
numbers w = (w?(Jr / )KeM, n=0,.. .Ny—1, and we identify w € Hp 5 with the piecewise constant

function w : ] 0,7 [ xQ2 — R which is equal to wnK+1/2 on |ndt, (n+1)dt[x K (forn=0,...,Ng—1
and K € M). If w € Hp &, we denote w2 = (w?(Jrl/Q)KGM € Hp.

Defining Fp s = {(G”H/Q)n:o,...,N&q; Vn=0,...,Ng —1, GMt1/2 ¢ Fp}, the mixed finite
volume scheme for the transient Navier-Stokes problem is a natural generalization of the scheme
for the Stokes problem, using a Crank-Nicolson discretization of the time derivative (hence the
natural exponent n + 1/2, since this time discretization uses quantities at half time steps). We
search p € Hp 5 and, for all i =1,...,d, (u(i),v(i),ﬁ(i)) € Hpg X H%& x Fp,& such that, for
alln=0,...,Ng —1, ’



e v() plays the role of a gradient of u(®:

(VO (g = xi0) + (V)T (x —xg>+u‘h”(l()m<F<z>>?;”
ml(o
dlamL N A Am
oS FOY — @O - WO,
VoKl e &, Vi=1,...,d, (16)

) dlam i\n )\
(V(l))K“/2 - A(F( )) +1/2 _ = —(ul ))K“/2

XU_XK)+V m(O’) K,o

)

VoKl0 e &y, Vi=1,...,d,

the complete fluxes, involving the pressure, are conservative:

(FO)" = (FO)L " = pitPm(0)e®) - nic,, VK € M, Vo € €k,

17
Vi=1,...,d, (17
(PO (FOYE2 =0, WolI e &, Vi=1,....d, (18)
e v() can be reconstructed from its fluxes:
\n+1/2 ~(D)\n+1/2 .
m(K) (VO = S (PO —xi), YK e M, Vi=1..d, ()
celk
e the incompressibility condition holds:
d d
m(K) Z(v(i))}?—l/z e + vdiam(K Z Z n+1/2 ® ‘Nie =0, (20)
i=1 i=1 o€k
VK e M,
e the PDE is satisfied on the discrete level (1):
n+1 i n+1/2 n+1/2
() <u<>>K =R S oyt g, <<u< i dC D) )
c€e€
n—&j ¢ (21)
- > (F ””*;/2 & /f“ta:dtdx VKeM,Vi=1,...,d,
o€€K

where the values at full time steps and half time steps are linked in the following way:

(i)yn+1 (i)\n
( (z))n+1/2 (U )K 2‘|‘ (U )K7 VKEM, Vi:1,...,d, (22)

and where, as in Remark 2.3, we define @

U2 (Y2 @y 2) o 2y

d. K n L )\ TV
T2 sege) 4 p S Fapyni/z o @yneiz o oyn/?

m(o) Ko K o0 (23)
VK e M, Yo € &g, Vi=1,...,d,

'In the first sum on the edges, we let L be the neighboring control volume of K on the other side of o, if
0 € EK int, Or We let (u(”)zﬂ/2 =0, if 0 € Ex ext-
2This definition makes sense thanks to (16).



e the initial condition is discretized as:

; 1 i .
(u(l))(}(:m(K)/Kué)(x)dx, VKeM,Vi=1,...,d, (24)

e and the choice of the pressure is normalized:

> mE)pi M =0, (25)
KeM

It will be useful to notice that, thanks to (23), (20) and as in Remark 2.3, we have

> m(e)i M g, =0, VKeM,¥n=0,... Ny—1. (26)

o€€K

Remark 2.4 [Scheme for the steady problem] We could of course write a scheme for the
steady Navier-Stokes problem; this scheme would satisfy the same mathematical results as in
Section 5 (the study of the steady Navier-Stokes equations can be easily deduced from that of the
transient Navier-Stokes equations).

Remark 2.5 [Implicit discretization] All the mathematical results presented in this paper
hold for the 6-scheme, which consists in replacing (22) by (u("'))}l(ﬂ/2 = 0(uD) 4 (1-0) (uD)7,
with 0 € [1/2,1] (the implicit discretization is obtained for 0 = 1, the Crank-Nicolson discretiza-
tion being given by 6 = 1/2). The crucial point is that, in the course of the proof of Proposition
5.1, the new term (0 — %) Zgzl Zg;ol > kepm M(K) ((u(i))?{"'l — (u(i))’}()Q appearing in Ty is
non-negative for 6 € [1/2,1].

3 Numerical results

Since this paper is focused on the presentation of the scheme and on the proof of its convergence,
we have no room to develop here a thorough comparison between its results and the ones
of other schemes. We therefore limit the presentation of numerical results to the illustration
of the aptitude of the scheme for handling various types of grids, in the case of steady and
transient Navier-Stokes problems, while preserving good qualitative properties on the solution.
The resolution of equations (16)—(25) has been implemented in a prototype code written in
FORTRAN, and the resolution procedure at each time step is based on under-relaxed Newtonian
iterations coupling all the equations (after elimination of v thanks to (19)). The resulting
linear systems are solved by a direct method (Gaussian elimination) or an iterative method
(BICGSTAB solver with an ILU preconditioner, see for example [16]). The implementation of
the steady problem is identical to that of a time step of the transient problem, without the term
resulting from the time derivative, and the steady solution is therefore directly obtained (there
is no need to approximate this solution by a transient one).

3.1 Lid driven cavity

We first focus on the classical lid driven cavity example with Re = 1000. Figure 1 shows the
results obtained thanks to the scheme (16)—(25) (using a nonhomogeneous boundary condition



W]
LT ] ] ]

Figure 1: Lid driven cavity on unstructured and irregular grids: grids (top pictures), pressure
field (middle pictures) and streamlines (bottom pictures).

instead of the homogeneous one) on different grids which are not admissible for classical finite
element or finite volume schemes. The accuracy of these results on those coarse grids appear
to be acceptable. We also notice that the quality of the numerical streamlines is mainly linked
with the size of the control volumes (the streamlines are deformed in regions with large control
volumes, and good in regions with small control volumes), and not with the fact that different
regions are discretized with grids which are connected in a “non-admissible” way (in the sense of
finite element methods); such a situation can occur, for instance, during a refinement procedure.
We present in Figure 2 the effect of the value of the stabilization parameter v, in the case of
the lid driven cavity with Re = 1000 on a 30 x 30 square grid; these results show that, in
order to obtain a good approximate pressure field in this case, one must choose the stabilization
parameter not too small. We however want to emphasize that the choice of v has no perceptible
influence on the quality of the velocity: we have noticed that, on the same 30 x 30 grid, the results
for the streamlines and the velocity field with v in the range [1073,10~7] are indistinguishable
from the case v = 10~7 presented in Figure 3.



Figure 2: Lid driven cavity on a 30 x 30 square grid, pressure fields for: v = 1077 (left), 107°
(middle), v = 1073 (right).

Figure 3: Lid driven cavity on a 30 x 30 square grid for v = 10~": streamlines (left), horizontal
velocity (middle) and vertical velocity (right).
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3.2 Backward facing step

We then study the behaviour of the scheme in the case of the flow into a pipe whose di-
mensions vary discontinuously (the backward facing step problem, included in the domain
| —2,30[x]0,1.94], the step being at x = 0; see for example [1]). We let Re = 800 and we
use a quite coarse mesh, made of 5625 rectangles and triangles and deliberately chosen to be
non admissible in the sense of classical finite element or finite volume schemes (some edges are
cut in two, see Figure 4). The results we obtain show a good accuracy: the reattachment length
for the bottom vortex is obtained at z = 10.5, the detachment position for the top vortex is
obtained at z = 9.0 and its reattachment position is given by x = 17.5, which is in the order of
magnitude of the values supplied in the literature, up to 10% (see Figure 5). Let us also observe
that in this case, where we impose the pressure at the right vertical boundary, nearly no stabi-
lization is necessary: we let v = 1077 for this calculation and we obtain a good pressure field
(see Figure 6). Notice finally that, as in the lid driven cavity case, the quality of the numerical
results is not deteriorated in the region where the grid is not admissible (in the sense of classical
finite element or finite volume).

Figure 4: Backward facing step, mesh: in the full pipe (top), and zoom on a neighborhood of
the step (bottom).

3.3 Green-Taylor analytical example

Let p €]0,T[ be given, and let the pair of functions (u,p) be defined on |0, T[x€2, with 2 =
10,1[x]0, 1[ and T = 0.02, by

aD(t,x) = —i cos(2m (D) + 1) sin(2m () + 3)) exp(—8n?t)
a?(t,x) = %sin(Zw(x(l) + 1)) cos(@m(z® + 1)) exp(—8n2t)
plt,x) = =gz (cos(@m(z) + 1)) + cos(dn (2 + 7)) exp(—167°t).



Figure 5: Backward facing step, streamlines: full pipe (top) and zooms on the first (middle) and

second (bottom) vortices.

Figure 6: Backward facing step, pressure field.

Then (@,p) is the unique solution of the transient Navier-Stokes equations with f = 0, the
initial condition and nonhomogeneous boundary conditions being respectively given by (0, -)
and u(t, z) for all (¢t,x) €]0,T[x0 (a small time T" = 0.02 has been selected in order to take into
account the exponential decay of the solution: for larger times, the solution nearly vanishes).

We denote by (u,p) the velocity and pressure fields resulting from the time implicit version of
(16)—(25) (see Remark 2.5; the results given by the Crank-Nicolson scheme have led in this
case to lower convergence properties) with f = 0, the initial condition and the nonhomogeneous
boundary conditions satisfied by the continuous solution. The obtained results are given in table
1 (in which the regular grids and the time steps we used are precised), assuming p = 0.01 and
setting v = 1077 for all calculations. These results show that the convergence properties of the

[a® (T, )~ (T, )|l 2

[a®N(T,) —u® (Tl 2

1(T, ) —=p(T )l .2

grid o [@D T 2 @@ (T )] 2 (T 2
10x 10| 0.004 0.14 0.15 0.38
20 x 20 | 0.001 0.038 0.043 0.086
40 x 40 | 0.00025 0.011 0.012 0.023
80 x 80 | 0.0000625 0.0029 0.0035 0.0064

Table 1: Green-Taylor analytical example, relative errors of the different fields of unknowns at

time 7" = 0.02.

method are compatible with space order not far from 2 and time order not far from 1 for the
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velocity and the pressure, although we let v be constant.

3.4 Conservation of kinetics energy

It has been noticed that, in order to obtain a stable and dissipation-free numerical method,
one of the important behaviors of the scheme must be the conservation, at very high Reynolds
numbers and with null source term, of the kinetics energy (see [14]). Another way to say that
is that, for Reynolds number equal to 1 and small times (see the renormalization in Remark
1.1), the decay of kinetics energy should only come from the viscous term, not the convective
nonlinear one. Let us check the behavior of the mixed finite volume method on the kinetics
energy.

We consider (5) with © =]0,1[x]0,1[, T = 107", f = 0 and ug given by

u (@D, 2@ = 0 (2D, 2?)
u((f) (2, 2@y = 9T (2D, 22,
Tz 2@y =0.0001 x [zM(1 = 2M)z@) (1 - 22))]2.

Denoting again by u the solution obtained thanks to (16)—(25), we deﬁne the exact kinetics
energy by &£.(t) = 5 fQ (t,z)dz and the approximate one by &.(t) = 3 fQ (t,z)dx. The
exact kmetlcs energy follows the equation

E.(t) = £.(0) — t < /Q V() : V() dr + s(t)) v €0, T,

with e(t) — 0 as t — 0 (this relation states that the infinitesimal decay of &. only comes from
the viscous term). Let us check that this is approximately verified by the discrete solution, using
a mesh with 20 x 20 control volumes and a time step equal to & = 10*7 (hence T corresponds
to a hundred time steps) and letting v = 1077. We have £.(0) = 1323 x 10% ~ 3023.43 and
Jo Vuo(z) : Vug(z) dz = 33 x 10% ~ 3.27 x 10°, and the computation of the numerical solution
gives &:(0) ~ 3023.74 and E (T') ~ 3020.44; this shows a decrease rate [E.(0) — &E(T)]/T equal
to 3.3 x 10°, very close to the theoretical value 3.27 x 10°. This example shows that the mixed
finite volume scheme does not introduce any significant artificial energy decay: the only decay
comes from the diffusion term, and the discretization of the convective nonlinear term induces
no additional diffusion phenomenon (as we will prove during the analysis of the scheme — see

(37)).
4 Mathematical study of the scheme for Stokes problem

Here are the results we prove on the scheme for Stokes problem.

Theorem 4.1 [Existence of a unique solution to the scheme for Stokes problem]
Assume that (2) and (3) hold. Let D be an admissible discretization of ) in the sense of
Definition 2.1 and let v > 0. Then there exists a unique (p, (u(i),V(i),]}(i))izl’m,d) € Hp x
(Hp x H% x Fp)? solution to (9)—(15).

Theorem 4.2 [Convergence of the scheme for Stokes problem] Assume that (2) and (3)
hold. Let (Dy,)m>1 be a sequence of admissible discretizations of Q) in the sense of Definition 2.1,
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such that size(Dy,) — 0 as m — oo and (regul(Dy,))m>1 s bounded. Let X\ > 0 and a €]0,2],
and define vy, = Xsize(Dp,)*. Let (pm, (uﬁn),v%),Frgi))sz.,,, ) be the solution to (9)—(15) with
(1) (d)

D =Dy, and v = vy,. Let u be the unique solution to (4) and denote uy = (U ..., Uy ) and
Vi = (vfﬁ), e ,vﬁﬁ)).
Then, as m — 00, Uy, — U strongly in LI(Q)? for all ¢ < d%dQ (and weakly in L9(Q)3 if d = 3)

and vy, — YV strongly in L?(£2)?<4.

4.1 A priori estimates

As it is usual in finite volume schemes, the proof of convergence relies on a priori estimates on
the solution to the scheme.

Proposition 4.1 [A priori estimates on v and F] Assume that (2) and (3) hold. Let D be
an admissible discretization of ) in the sense of Definition 2.1 and 6 > regul(D). Let vg > 0
and assume that 0 < v < vy. If (p, (u(i),V(i),F(i))i:Lm’d) € Hp x (Hp X H% x Fp)? is a solution
to (9)—(15), then

di
Zuv |rLz<md+ZZ 3o rFKU|2<cn|fHL2

i=1 KeEMoelk

where Cy only depends on d, §2, 6 and vg.

PROOF OF PROPOSITION 4.1
Multiply (14) by ug? and sum on ¢ and on the control volumes K. Using the conservation
property (11), we can gather by edges to find

d
Z 3 F(z ) — +Z 3 F(z ):Z/Qf(i)(x)u()
=1

1=1 oKL g, 1=1 gK[0cgE ¢

(4)

Thanks to (9) and to the conservation of F' K.o» We deduce, gathering by control volumes,

% d (2
)SPIRTED PEUNSIENEES o gl gRtL PN )

i=1 KeM o€k = 1KEMU€5K
Z / £ (2)u () da. (27)
i=1 7%
From (10), (12) and Lemma 6.1, we have > o F (1)0( —XK) = m(K)vg? —m(K)pge® and

therefore, using (13),

d
ZZVK ZF() o — XK)

i=1 KeM o€l
d
= Zuvwnim)d— 3 m(K)pKZvﬁ?
i KeM i
= ZHV HLQ(Qd—F Z vdiam(K pKZ Z FKU ‘N (28)
KeM i=1 o€l

14



On the other hand, from (10),

>y YA f

i=1 KeEMo€efk

Z Z Z dlam ‘ Kig,Q Z Z Z I/dlam pKe(i) 'nK,aﬁ]((i?g' (29>

i=1 KeEMo€elk i=1 KeEMo€elk

Adding together (28) and (29), we notice that the terms involving F I((i)a and pg disappear and,
coming back to (27), we obtain

LIRS o S S A o A )

i=1 KeEMo€elk

Using Young’s inequality and Lemma 6.2, we have, for all € > 0,
0) ()9 Leo2 a2
[ FO@uO@) < IO + 5l

d1amK ~(i
< O ey + 2OV O B e Y0 3 2 D o

KeMoelk m(a)
; diam(K) | =)
< —uf< 2oy + =CallVOEapa +Car0 3 > v=Te5 Fieyl*
KeMoelyk

where Cs only depends on d, 2 and 6. The proof is concluded by taking ¢ = inf (ﬁ, 2,/0%2) and
injecting the result in (30). O

4.2 Proof of the theorems
Using the preceding estimates, we can now prove the existence of a unique solution to (9)—(15).

PROOF OF THEOREM 4.1

As explained in Remark 2.2, (9)—(15) can in fact be considered as a square system (as many
equations as there are unknowns). Since this system is linear, Proposition 4.1 shows that, if
the terms [ @ dz in the right-hand side of (9)—(15) are null then (V(i), ﬁ(i))izl,m’d are null,
which in turn imply (thanks to (9)) that (u();—; 4 is null. From (10) and (11), we deduce
pr = pr, for all neighboring control volumes K and L; since 2 is connected this means that p is
constant and, by (15), that it is null. Hence, the square system (9)—(15) is well-posed and has
a unique solution. [

Let us now show that the approximate solution converges to the weak solution of (1).

PRrROOF OF THEOREM 4.2

To simply the notations, we drop the index m in D,,, pm, uﬁf}, vﬁ,? and E%) As it is usual, since
the solution to (4) is unique, it is enough to prove the convergence of a subsequence of (u, V)
toward the solution of this problem.

15



Proposition 4.1 gives estimates on ((V(i), ﬁ("))izlw,d) which are uniform with respect to D, since
regul(D) and v = Asize(D)“ are bounded. We can therefore write, for all i =1,...,d,

> Y 2dlam FI(;?UP < C3v = Cysize(D)” (31)
KeMoelk

with C3 not depending on D. This last quantlty tends to 0 as size(D) — 0 and by Lemma 6.4
we deduce that there exists @ = (a(),...,a¥) € H}(Q)? such that, up to a subsequence as
size(D) — 0, u — 4 strongly in LI(Q)? for all ¢ < dfd (and weakly in L9(Q)? if d = 3) and
v — Vi weakly in L2(Q)?*.

Step 1: u belongs to E(1).

Let I' : © — R be the piecewise function equal to leam(K) Zz 1 degK KU el ‘ng,on K € M.
From Cauchy-Schwarz inequality, we have

Tl = Z Z Zudlam ) e . ng s

KeM |i=1 o€k

1/2 1/2
2d1am F) 2 ‘ :
< (L yotmE ) (505 S dme)
i=1 KeEMo€e€k i=1 KeEMo€e€fk
Hence, using (8) and (31), we have I' — 0 in L!(£2) as size(D) — 0. Since Z ).e 4T =0

on 2 (this is (13) divided by m(K)), we deduce from the weak convergence of V( ) to Va® that
div(a) = 2%, Va® - ) = 0 and thus that @ € E(Q).

Step 2: 4 satisfies (4).

By the density of {p € C®(Q)¢, div(e) = 0} in E(Q) (see [17]), it is sufficient to prove (4) for
¢ regular with compact support. Let ¢ be such a function; we multiply (14) by o® (xx) and
we sum on K and z"

S 3D D ST RUINEES 3 ol RV o

i=1 KeEMo€elk i=1 KeM

(z). By (11) and since gogz) = 0 for o € Ecxt, we have

Z Z lo?) = 30 (i, + FL)el) =0,
KeMoegy oKILeg,
Hence, (32) can be written, with gpg) equal to o (xx) on each mesh K,

DD I NI Z/% 7) da. (33)

i=1 KeMoeclk
m(o)ng , = 0 and div(p) =0,

Let (p

g

We have, since )

o€€K

Z > e Y m(o)e® ng (9 — ol (xk))
i=1 KeM 0€lK
ZPKZ/ZSO ) ng, dy(a ZPK/ div (e =0

KeMm ocEx” 9 KeM
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and therefore, from (33) and (10), we deduce

Zd: >3 F e o Z/ (2) fD(w (34)

i=1 KeEMo€elk

(@) .

Since x, is the gravity center of ¢ and gpo is the mean value on o of the regular function ¢,
we have cp() 0 (xg) = K) Ji Ve () dz - (%0 — xK) + R(z)a with ]R ol < Cpdiam(K )2
(Where C,, only depends on go). From (34), we deduce

/Vgp deﬁ[((z?U o — XK) Z/f x)dx +T7,

= 1 KGM o€k

where |T1] < C,, Z?:l dKeM Doty |fl((i?aldiam(K)2. Using then (12), this gives

d
Z/Qv(i) () - V' (z)dz = Z/ 7@ xz)dx + 1. (35)
=1

By weak convergence of v to Vu and regularity of ¢, the first two terms of this equality respec-
tively converge to [, V() : V() dz and [, f(x) - p(x) dz as size(D) — 0. Hence, it remains
to prove that 77 — 0 to conclude the proof that u satisfies (4).

The convergence of T is quite easy to establish thanks to Proposition 4.1. Indeed, from the
estimates in this proposition and using (8), we have

1/2
~ m(o)
nhl = diam (K
. ; Kg\/( anSK I/dlam(K)
1/2
size(D . e
< Z Z Z /\51ze (o)diam(K) < Cssize(D) 2

i=1 KeEMoelk

where Cy and C5 do not depend on D. Since a < 2, this last term tends to 0 as size(D) — 0,
which concludes the proof that u is the weak solution to the Stokes equation.

Step 3: it remains to prove that the convergence of v to Vu is strong.
In order to do so, we recall (30), which implies

d

d
DIV e <> /Q (@) (z) dz
=1 =1

By convergence of u to 4, and since @ is a solution to (4), we deduce

hms)up ZHV()HLQ(Qd <Z/f dx—Z/ (Vi (2)|? da.

size(D)—0 ;4

On the other hand, since v(9 — V(") weakly in L?(Q)¢,
Z/ |Vu |2 do — Z ||Vu(z |‘L2(Q)d < hmmf Z HV ||L2(Q
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and therefore Zle Hv(i)H%Z(Q)d — Z‘ij:l \\Vﬂ(i)H%Q(Q)d as size(D) — 0. Since the expression
(Zl nE HLQ(Q)d)l/Q is a Hilbert norm on L?(Q)%*?, the weak convergence of v to V@ and the
convergence of the norm of v toward the norm of Vu imply the strong convergence of v in

L2(Q)d><d_ O

5 Mathematical study of the scheme for Navier-Stokes problem
Here are the two results we prove on the scheme (16)—(25).

Theorem 5.1 [Existence of a solution to the scheme for Navier-Stokes problem] Let
T > 0 and assume that (2) and (6) hold. Let & > 0 such that Ng = T'/d& is an integer. Let D be
an admissible discretization of (2 in the sense of Definition 2.1 and let v > 0. Then there exists
at least one (p, (u®,v® FO),_, )€ Hpg x (Hpg ¥ H%ﬁt x Fp.g)? solution to (16)—(25).

Theorem 5.2 [Convergence of the scheme for Navier-Stokes problem] Let T' > 0 and
assume that (2) and (6) hold. Let 6, — 0 such that, for allm > 1, Ng, =T /0ty is an integer.
Let (Dp)m>1 be a sequence of admissible discretizations of ) in the sense of Definition 2.1,
such that size(Dy,) — 0 as m — oo and (regul(Dy,))m>1 s bounded. Let A > 0 and a €]0,2],

and define vy, = Asize(Dy,)*. Let (ppm, (uq(n),vﬁn), Fg))i:17_,_7d) be the solution to (16)—(25) with
Ot = Oty,, D =Dy, and v = vy,. Let uy = (u%), .. .,u,(ff)) and v, = (V%), e ,vﬁff)).

Then there exists a weak solution @ to (5) such that, up to a subsequence as m — 00, Uy, — U
strongly in L*(]0, T[xQ)¢ and v,, — Vi weakly in L?(]0, T[xQ)%<4,

Remark 5.1 In dimension d = 2, the solution u is unique and has enough reqularity to be
used as a test function in (7) (see [17]). Hence, in this case, the whole sequence of approximate
solutions converge toward the weak solution and we can mimic the method used in [6], [4] or the
proof of Theorem 4.2 to prove that the convergence of v is in fact strong in L?(]0, T[xQ)?*,

5.1 A priori estimates and existence of an approximate solution

We begin with a priori estimates, similar to the ones obtained for the scheme on the Stokes
problem.

Proposition 5.1 Let T > 0 and take ot > 0 such that Ng = T/ is a positive integer. Assume
that (2) and (6) hold. Let D be an admissible discretization of Q in the sense of Definition 2.1
and 0 > regul(D). Let 0 < v < wvy. If (p, (u(i),v(i),ﬁ(i))i:17._.7d) € Hp g x (Hp g x HY 4 x Fpg)?
is a solution to (16)—(25) then 7

ZH“Z HL<><>(0TL2 Q))+ZHV HLQ (10,T[x Q)4 <C6(HfHL2(0T[XQd‘*‘HUOHH(Q)d)
=1 =1

and

d —
> Z > dlam ’ F(i))}TUI/Q‘Q < Co (Il f1172q0,rixsya + 1ol F2(qya)

i=1 n=0 KeMoelk

where Cg only depends on d, 2, T, 0 and 1.

18



PROOF OF PROPOSITION 5.1
Multiply (21) by &(u(i))?jlp = 0t ,sumon K € M, i =1,....,d and n =
0,...,N —1 (with 1 < N < Ng). This gives Tp + T3 + Ty = T5 with

d
;zNi 5 w0 ([ ] ~ [])
=1 n=0 KeM

d N-1

(Y2 @yt N,

YaY Y me) /( i E oy,
i=1 n=0 KeMoelk 2

—1 d

Z&Z Z Z n+1/2 z))TIL{+l/2

n=0 i=1 KeMo€elk
N& ) )
Ts :/ /f(l)(t,x)u(’)(t, z)dtdx
0 Q

(in T3, recall that L denotes the neighboring control volume of K on the other side of o, if
o € Ekint, Or that (u(i))zﬂ/2 = 0if 0 € Ekext). We clearly have, denoting (u(i))N € Hp the

function equal to (u(?)¥ on K € M,

(U(i))?(+1+(u(i))?(
2

d
1 i i
=3 D N[ Z2g) = @)1 (36)
i=1
Gathering by edges and denoting o = &1L if ¢ € &y, or (u(i))zﬂ/2 =0if 0 = oK19 € Eyy, we

can write

yn+1/2 )\n+1/2

_ : Snt1/2 () + ()] ()\n+1/2 [ (i)yn+1/2
T3 = Z &Zm(a)ug ‘NK o 5 (') g (™),

= % i ot Z m(o)@ 2. ng o ([(u(i))r;{—l-l/ﬂ 2 [(u(i))zﬂ/z} 2) |

We now gather back by control volumes and we find, thanks to (26),

d N-1
33w S @RS me)a 2 e, <o (37)
i=1 n=0 KeM oceli

The term T} is handled exactly as in the Stokes equation (see the proof of Proposition 4.1) and
gives the transient equivalent of the left-hand side (30)

d

T, = Z &ZH n+1/2||L2 @+ Z &Z Z Z leam ‘ F(i))?;;mr
n=0 =1 KeMoelk
d

_ Zuv HMWWZ&ZZ Ol L IS

n=0 i=1 KeMoelk
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We also have the following bound, independent on V:

d
< IF D r2gorixa 4 220, r1x0) - (39)

We now gather (36), (37), (38) and (39) in T5 + T3 + T = T5; since this relation is valid for any
N =1,...,Ng and since H(U(i))OHLQ(Q) < HugL)HLQ(Q) (see (24)), we deduce that

d d
1 N (@))2

Ne 1 d dlam i) n+1/2

Py zz > v Fo |
n=0 =1 KeMoelk
d
1 i i
< lhuollZagy + Y IF D z2gorixa [l 2200 71x0)- (40)

=1

For all t €]0,T[, u)(t,-) is equal, for some n = 0,..., Ng — 1, to (u®)"*+1/2 = w
Hence, H“(i)H%w(o,T;L?(Q)) < SUPN_o....Ny H(u(i))NH%z(Q) and Young’s inequality (associated with
the fact that Hu(i)||%2(]0’T[XQ) < T||u(i)|]%w(07T;L2(Q))) concludes the proof. J

We can now prove the existence of at least one solution to the scheme for Navier-Stokes problem.

PrOOF OF THEOREM 5.1

Notice first that the a priori estimates of Proposition 5.1 still hold (with exactly the same
Cs) if we multiply the second term of (21) (the only non-linear term of the scheme) by some
B € [0,1]. Moreover, from the estimates on F and (17) and (18), we deduce some estimates
on p”+1/ 2 pZH/ % for neighboring control volumes K and L; therefore, using (25), we obtain
estimates on p not depending on /3 (these rough estimates however strongly depend on the mesh
and the time step).

By the same reasoning as in Remark 2.2, we can consider that the non-linear system (16)—(25)
is in fact square. The properties of the topological degree (see [5]) then imply that the degree
of the function defining this system is equal to the degree of the same function without the
non-linear term in (21). The resulting system is square and linear and the preceding estimates,
which imply that any solution to this system is bounded, show that it is invertible. Hence, the
linear function defining this system has a non-null topological degree, and so does the function
defining (16)—(25). This shows that there exists at least one solution to the scheme. [J

5.2 Translations estimates

In order to pass to the limit in the nonlinear term of the equation, we need to obtain enough com-
pactness on the approximate solution «(?, which demands some estimates on its translations in
time (the translation in space being estimated thanks to Lemma 6.3). To prove those estimates,
we introduce, for D an admissible discretization of {2 and v > 0, the space Lp, of the functions
a=(aW,...,a¥) € H for which there exists (v, F) = (G(i),ﬁ(i))izlw7d € (HY x Fp)? such
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~

that (4, v, F) satisfies (9) and (13). We call such (v, F) “compatible” with @ and we endow Lp,
with the norm

d d
~ . ~(i diam(
I, =i 319 e+ 3 3 3 w0
i=1 i=1 KeMo
(v, F) is compatible with ﬂ}

(notice that this infimum is in fact a minimum). Defining, for ¥ € H%, the norm

19112, —sup{ZZ K)oy %ueLo,y,HmuD,y:l},

i=1 KeM

we notice that, if u € Lp,,
[ 2agpe < Nl @l (41)

These tools will allow us to prove the following estimate.

Proposition 5.2 Let T > 0 and take ot > 0 such that Ng = T/t is a positive integer. Assume
that (2) and (6) hold. Let D be an admissible discretization of Q in the sense of Definition 2.1
and § > regul(D). Let 0 < v < vy. If (p, (u®, v, FO);_y  4) € Hp g x (Hp s x Hf 3 X Fp 5)*
is a solution to (16)—(25) then, for all T €]0,T],

T—T
/ [t + 7 ) — ult, |z dt < Cry/7
0

where C7 only depends on d, 2, T, 0 and 1.

PROOF OF PROPOSITION 5.2

In this proof, C; denote constants which only depend on d, 2, T', 6 and vy.

Step 1: we estimate the L, , norm of (u@)rtt — (y@)n,

Let u € Lp,, such that |[u]|.,, = 1, and take (v, F) compatible with @ such that

Z| N d+ZZ S dlam \KUP (42)

i=1 KEMo€e€k

~

Define 4, = (@(}), e ,aﬁ,d)) as in Remark 2.3 with (u, v, F) = (@,v, F) (which satisfy (9) and

(13)); we have > o m (o)t - ng, =0.
By (26), we have

i)\n+1/2 i)\n+1/2
Z m(a)ﬁ"ﬂﬂ-n;{(,((u())f( / —l—(u())L /)

2
o€k

u® n+1/2 (3)\n+1/2
_ mem:“/?-nK,a(( b ) (13)

2
o€k
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Substituting this in the second term of (21) and multiplying the resulting equation by &ﬁg? and

summing on K € M and ¢=1,...,d, we obtain Tg = =17 + Tg + Ty with
To=Y > mK) (@)t - (i) ay

d (@)\t+1/2 _ (o (i)\nt1/2 ‘
—n u u ~(7
T=63 Y S me)ar 2 ng, (( )L . (u') g >u§()

i=1 KeEMoe€k

TB—&Z Z Z n+1/2 )

i=1 KEMoEEK

(n+1)&
/ /f (t,z)u'” (x) dt dz.

i = (@) D))

Let us estimate 77. We have, denoting «

d
o, — &Z Z Z m(o) (60"“/2 _ ﬁ;+1/2> Nk ((u(i))z+1/2 (u (1))n+1/2) Ag?

i=1 KeMoefg

d
30 S me)i g () @Oy )

i=1 KeEMo€elk
= &T¢+ ot TL.

I

Using Hélder’s inequality with exponents 2, 4 and 4, we have

-n+1/2 -n+1/2

T = Z Z Z o)diam(K) : diam(KI;

l) n+1/2 (u(i))?{ﬂﬂ) ’a(z)
i=1 KeEMo€efk

L

1/2
d i1/ ant1/2)2\ Y
Uy — i

< Z Z Z o)diam(K) diam(K)?

i=1 KeMoefk

1/4
d /

(2 5, B mowmnton) (5 o)

i=1 KEM o€l
1/4

Z Z Z o)diam( )”dg? !

i=1 KEM o€l

The same way we estimate the discrete H'-norm in Lemma 6.2, it is easy to see from the

definition of AnH/ 2

Sy Y ks

i=1 KeEMoelk

gntl/2 _ pntl/2 2
Ug Up
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i=1 KEMo€elk

d
(Z g+ 3 Y 3 ) (f“>>?i/22) (49

and therefore, thanks to (8) and to the definition of regul(D),

1/2
77 < Gy (Z ) ”“”I!Lm)d+ZZ dov zdlam \(ﬁ(z’))%”j

i=1 KEMo€EEK

J 14 , 1/4
x (Z |r<u<”>”“/2|r‘z4(m> (Z I|ﬂ(”ll‘i4m>) -
=1

Using Lemma 6.2 for (u())"*1/2 and 4" with ¢ = 4, and recalling (42), we obtain

7] < Cu (Z ) "“/2|rm>d+ZZ > v 2dlam ‘(ﬁ@)}ﬁ/ﬂ).

i=1 KeEMoefk

For T7b, we write

d H\n+1/2 \n+1/2
LD e 1) [ 7| | R
=1 KeEMoefk
4 \ 1/4
< (Z Z m(o)diam(K) a’;ﬂﬂ) )
i=1 KeEMo€elk
1/2

, , 2
. ’(u(z))zﬂ/z B (u(z))?m‘
m(o)diam(K)

(R

diam(K)?

1/4
d
X E m(o dlam ‘
i=1 KEMo€EEK

and, thanks to the estimates on the discrete H'-norm and the L* norms in Lemma 6.2, T 7b is
estimated the same way as 7. This finally gives, since v < vy,

Ty < Oyt (Z vyHL/2) 2, Q)d+z S l/d1am ‘ F(z)y;;;/?‘ ) . (45)

i=1 KeEMo€elk

We now turn to Tg. Noting that ﬂg) = 0if 0 € Eext, we have Dy ZUE&K(F("))?{T;/QQEP =

ZO.K\Legint((F(i))?(—t_;/2 (F(l))”+1/2) 4% = 0 thanks to (18), and therefore, by (17),

Ty = &Z Z Z FO) n+1/2 >—a§?)

i=1 KeEMoelk
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d
- EY Y Y O - il

=1 KeMoelk

Z n+1/2 Z Zm ())e(i)‘nK,g.

KeM oc€€K i=1
(4)

Since >, e, m(0)ng s and 3 o m(a)ﬁg -1k, are null, we deduce, by definition of uy’,

Ty = &Z z Z n+1/2 A(z) —ug?)

i=1 KeEMo€efk
d

= Y > W ST (FOE Y x, — xk)

i=1 KeM o€l

A Y Y TR (FOEL,

i=1 KeEMoefk

SO T RIS o) o ot G

i=1 KeM i=1 KeEMo€elk
The choice (42) then implies
1/2

d
\Ts\<5tZH Oy i (30 30 30 v EOR ) o)

i=1 KEM o€k

We apply Lemma 6.2 to (ﬁ(i),V(i),ﬁ(i)) to estimate Ha(i)HLQ(Q) and, since v < vy, the equation
(42) gives
(n+1)d

|T9|<0122 / 1D ) 2. (47)

Gathering (45), (46) and (47) in Ty = —T7 + Ts + Ty, and since the resulting estimate is valid
for all w € Lp, with norm 1, we conclude, from Young’s inequality, that

(n+1)d
[Jur =], < 0132/ 17D,z Q>+013&ZH Oy, o
i=1
+0135t2 S Y dlam \F@ "“/2( + Cisdt. (48)
i=1 KeMoelk

Step 2: conclusion.
For all ¢ €]0, TY, u(t, ) belongs to Lp,, (since u®(t,-) = (u)"*+1/2 for some n = 0,..., Ng —1).
Hence, we can apply (41) and we have, by Young’s inequality,

T—1 1 T—1
[ ) —utt et < gz [ e —ue.o)

L*D,ydt
T—T

:

S [ e+ 7 e e, e (49)
0
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But, for all ¢ €]0, T, denoting n the integer such that t €]ndt, (n + 1)é[ (so that u®(t,-) =
(u)"*+1/2) e have by definition of the norm of Lp,,,

d
d1am < 2
Ju(t, ||LDU<Z|\ Oy, o+ 30 ST 3 ) \F<Z>>?§j/2)
KeMo

=1 5%
so that, by the estimates in Proposition 5.1,

Ng—1

T
| e, < Z&ZH Oy,
N& ! d1am 2
1500 3 ol oL 1T RS

= i=1 KeEMo€elk

and (49) is reduced to

T—1 1 T—T
[ e+ m =t ey @t < 5= [ e+ ) = ult g, + Oy (60)

For t €]0,T — [, let ng(t) and nq(t) be the integer parts of t/dt and (¢t + 7)/d& (these integers
t)—1
belong to {0, ..., Ny —1}). We have [[u(t+7,) —u(t, )1z, < Sntr Sun3/2 —unt12)
n+2 n+1 n+1 n n+2 n+1 n+1 n
By (22), unt3/2 —ynt1/2 = u hi ‘5“ o w +2+u — ut >4 4w +2_“ so that, using Fubini’s
theorem,

T—1
/ lJu(t +7,-) —u(t,)||Ls  dt
0 ,

__ni(t)—1 +2 _ on+ly| +1 _ *
_ /T PO e - g, i,
0 2 2
n=no(t)
Ng—2 HUnJrQ_UnJrlHL*D HunJrl_unHL% T—r
< > L4 & / x(n,t)dt
2 2 0
n=0

where x(n,t) =1 if ng(t) < n < ny(t) — 1, and 0 otherwise. We have x(n,t) = 1 if and only if
n>(t/dt) —1land n+1 < (t+7)/dt, i.e. t € [(n+1)d—7, (n+1)&[, so that fOT_T x(n,t)dt < 7.
By (48) and the estimates of Proposition 5.1, we obtain

T—7 d )
[ttt r =t sy, @t < Cur (Hfuu(o,T;Lz(m)d+Z||v<”||ig(m,mmd
d Na_l dlam
DI DI P ‘F( "“/2‘ 4T
i=1 n=0 KeMoelk

< Cirr

and the proof is concluded by using this estimate in (50). O
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5.3 Proof of the convergence

We now prove Theorem 5.2. To simplify the notations, we drop the index m and we study the
convergence of u = (uM,... u®) and v = (v®,... ,v(¥) as size(D) — 0 and & — 0 while
regul(D) remains bounded. B

Proposition 5.1 gives estimates, independent on D or &, on (u(i),v(i), F(i))i_l

—1....d- Recalling the
definition of Ny from Lemma 6.2, these estimates show that

geeey

d Ng—1 d Ng—1 di
Z Z &NQ(D, v, (F( ))n+1/2 Z Z 5t Z Z o dlam{ s ) 1am ‘(F(z))TIL(JrUl/Q‘ =0 (51)
i=1 n=0 i=1 n=0 KeMoefg

as size(D) — 0 (recall that v = Asize(D)® with « €]0,2[). In particular, applying Lemma 6.2
to ((u®)n+1/2 (v@Oyn+1/2 (F@)n+1/2) taking the square of the resulting estimate, multiplying
by 0 and summing on n = 0,..., Ng — 1, we see that u is bounded in L2(0,T; L(Q))¢ for all
q < +ooifd=2andall ¢ <6ifd=3. Since u is also bounded in L>(0,T; L*(2))? (Proposition
5.1), we deduce by interpolation that it is bounded in L?+¢(]0, T[x)? for some ¢ > 0.

By Cauchy-Schwarz inequality, (8) and (51), we have

d Ng—1

Z Z ot Z Z vdiam(K ’ ())K+¢71/2‘

i=1 n=0 KEMO’ES}(

d Ng—1 1/2

< o a Y 3 M EOES ) o wssi() — 0 (2

i=1 n=0 KeMoelk

(C1g does not depend on D or ). In particular, taking the estimate given by Lemma 6.3 applied
to ((u®)+1/2 (vO)nt1/2 (F@O)n+1/2) myltiplying it by & and summing on n =0,..., Ng — 1
and i =1,...,d, we see that [|u(-, + &) —ul|11 o, r(xre)2 — 0 as [{| — 0, independently on D or
0t (we have extended u in space by 0 outside €2). Proposition 5.2 gives a similar estimate on the
translations in time, which therefore proves that u is relatively compact in L. (]0, T[xQ)<. Since
it is bounded in L2+€(}O,T[><Q)d for some € > 0, u is also relatively compact in L?(]0, T[x)%.
Up to a subsequence, we can thus assume that v — @ strongly in L2(]0,T[xQ)? and that v
weakly converges in L2(]0, T[xQ)?<?. It is then easy to deduce from (51) that the weak limit of
v is V& and that @ € L2(0,T; H}(€2))? (this is similar to the result of Lemma 6.4; see the proof
of [6, Lemma 3.3] or the proof of [4, Lemma 7.4] for an example in a transient case).

Step 1: we prove that div(a) = 0.

Let T : |0, T[XQ — ]R be the piecewise constant function equal, on |ndt, (n + 1)d[x K, to
leij(mK()K ZZ 1 ZUGSK( )nfl/Qe(i) ‘ng . Thanks to (52), we have I' — 0 in L'(]0,T[xQ) as
size(D) — 0. Since ZZ v . el) 4 T =0 (this is (20) divided by m(K)), we deduce from the
weak convergence of v{’ ) toward Va® that div(a) = Z va® - el = 0.

Step 2: we prove that @ satisfies (7).

Let p € C°(]0, T[xQ)¢ such that div(p) = 0. We use (43) to transform the second term of
(21), multiply the resulting equation by &) (ndt,xx) and sum on i, K and n. This gives
Tyg + T + T2 = T13 with

Ty=3 > > m(K) (D)5 — @) ) o (et xc).
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d Nét—l ((u(z))7£+1/2 o (u(i))n+l/2

=3 ) &Y S we)a e, PR )

i=1 n=0 KeMoelk
Ng—1

W) ) 9 WIS

= i=1 KeEMoelk
d N& 1 (D)

Z )(t, x) dt dz @ (ndt, xx).

i=1 n=0 /nd
We now study the convergence of each of these terms as size(D) — 0 and d — 0.
Since ¢ = 0 on a neighborhood of ¢t = T', for § small enough we have
d Ng—1

1o €00 = 13 x10) = ot 1)
22 ) m o

=1 n=1 KeM

d
= > mE) (W)@ (0,xk).

i=1 KeM

By (24) and regularity of ¢, the second term of this right-hand side tends to — [, uo()-¢(0, ) dz
as size(D) — 0. Let II) : 10,7 [xQ — R and U® : ]0,T [ xQ — R be the piecewise functions
respectively equal to 2O ((n=-1)d, XK) 2O ndxs) 4 () on |ndt, (n + 1)3t[x K for all n =
0,...,Ng —1 and all K € M. Wehave

Tw_z/ /U“ (t, )T (¢ x)dtdx—/ﬂuo(:c)-@(O,x)d:v—l—C(D) (53)

where ((D) — 0 as size(D) — 0. The regularity of ¢ ensures that TI(*) — —9;p(*) uniformly on
10, T[xQ. The estimate (40) shows that U® is bounded in L>°(0,T’; L?(Q)) and therefore that,
up to a subsequence, it converges to some U weakly-* in this space. But, on 10,7 — &t[x€,
(22) states that u()(t,z) = vt (H&’@H](Z) (:2) and it is then not difficult to see that w(® must
also converge weakly-* in L>(0,T; L*(Q)) to U®@: hence, UM = @) and we can pass to the
limit in (53) to find

T — Z/ / (t, 2)9,0 (¢, z) dtdx—/uo(m’)wp(O,x) dx (54)

Q

as size(D) — 0 and & — 0.

Gathering T1; by edges, we have, for size(D) small enough (so that ¢ = 0 on the boundary
control volumes),

d Ng—1

oD@y me)ar e,

i=1 n=0 GKILcg,,

. ( ) (4)
X((u(z))z+1/2 (u (Z))n+1/2> (n&‘,XK)-QHO (ndt,xr)
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Let { be a D-adapted diamond partition of 2 according to Definition 6.1. We have

4 et () nét, xx ) + o (ndt
) o\ (ndt, x
SDIDIID TNl L
i=1 n=0 oKILeg .
Sn1/2, (0) (i)ynt+1/2 _ (. (i)\n+1/2
XU (<>o‘) <(U )L (U, )K >nK,0"

. ; i . . (%) (1) .
Denoting V408 u¢ and Vg) the functions respectively equal to £ (ndxx );‘p (n&’xL), Uy +1/2 ond

H?Egj) ((u(i))zﬂ/2 — (u(i))nK+1/2> ng o on |ndt, (n + 1)8[x <y, we see that

d T '
Tu = Z/ /\P(i)(t,w)uo(t,x) VI (¢, @) dt da. (55)
=170 JQ

We clearly have, by regularity of ¢, () — (@) uniformly on |0, T[x as size(D) — 0 and 6 — 0.
From the estimates of Proposition 5.1 and Lemma 6.2, we see that ZN& Lt | (u Z))"H/2Hip

remains bounded and Lemma 6.5 therefore shows that Véz) — Va') weakly in L2(]0, T[xQ)<.

It is not very difficult to see that u¢ — @ strongly in L2(]0, T[xQ)?; indeed, letting ""+1/ 2 =

(WY @)mrl/2),

we have

Ng—1

lue — ullL2go i) = Z o Z Z (Ako)

n=0 KeMoelk

gnrtl/2 _ pntl/2 2
Uy Ug

where Ak , = co{pk} U o) (pr being the point chosen to define ), see Definition 6.1). But
m(Ag ) < m(o)diam(K) so that, by (44) and the estimates in Proposition 5.1, the preceding
quantity is bounded by Cigsize(D)? (with Cig9 not depending on D or ), and tends to 0 as
size(D) — 0. Since u — @ strongly in L2(]0, T[xQ)9, so does u¢. We can thus pass to the limit
n (55) and we find

T — Z / / ) -Vl (¢, ) dt da (56)

as size(D) — 0 and & — 0.

To handle T2, we use the same technique as for the Stokes equation. Introducing (gog))" =
ﬁ N 0@ (ndt, z) dy(z) and using the fact that div(¢) = 0, we see (the same way we arrived
at (35)) that

Tia =, / / (Ve g(t,2)dtda + Tiy

where (Vo) g(-, z) = ch(l)(ndt,:c) on |ndt, (n + 1)dt[ and

Ng—1 d

Tha| < Cy Z Z Z Z |(F n+1/2|d1am(K)2

i=1 KEMo€efk
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Using Proposition 5.1, we can show (as we did for 77) that T14 — 0 and therefore, by weak
convergence of v(¥) to Vi) and uniform convergence of (Vp(®)s to V),

d 7
Ty — Z/ / va'(t,z) - Vol (¢, 2) dt de (57)
=170 JQ

as size(D) — 0 and & — 0.

The convergence Tj3 — fOT Jo f(t, ) - @(t, z) dt dz is obvious and we conclude, from T1g + 711 +
T2 = T13 and using (54), (56) and (57), that u satisfies (7).

6 Appendix

6.1 A key relation

The following lemma is a simple application of Stokes’ formula. Its proof can be found in [6] (in
the case of convex control volumes and convex edges, but the proof does not use these convexity
assumptions).

Lemma 6.1 Let K be a non empty open polygonal set in RY. For o € Ex (the edges of K, in
the sense given in Definition 2.1), we let X, be the center of gravity of o; we also denote ng 4
the unit normal to o outward to K. Then, for all vector e € R% and for all point xx € R%, we

have m(K)e =3 .. m(o)e ng (X, — Xk).

6.2 The discretization space

Assume (2) and let D be an admissible discretization of €2 in the sense of Definition 2.1. Let
v > 0. We give here some properties on the (u,v, F) € Hp x H% x Fp which satisfy

diam(K) ~ diam(K) ~
Vi - (Xo = XK) + VL (Xp —Xo) +v—7 " Fg o —v—7 " Fr s = uL —ug,
m(o) m(o)
VoKIL ¢ Eint (58)
di K) ~
Vi - (Xo — XK) + I/&()FK(7 = —ug, Vo K10 ¢ Eext-
m(o) ’

In order to state those properties, we need to introduce (and in fact estimate) the following
discrete H'-norm, defined for all v € Hp as

1/2

o

O'K|L€5int UKlaegext

Lemma 6.2 [Estimate on the discrete H! norm and Sobolev inequalities] Assume that
(2) holds. Let D be an admissible discretization of ) in the sense of Definition 2.1 and let
0 > regul(D). Then there exists Cao only depending on d, Q and 0 such that, for all v > 0 and

~ - . - 1/2
all (u,v, F) satisfying (58), denoting No(D,v, F) = (ZKEM P v? M%((T)K”FK,UF) , we
have B
lulli.p < Coo (|IV]] 2y + Na(D, v, F)) (60)
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and,forallq<d%d2:+oo ifd:Qandalqudg—_dQ:Gifd:&

ullzo@) < Caoa (1IV]|2(eye + Na(D,w, F)) (61)

PROOF OF LEMMA 6.2
The relations (58) show that

lullip < 4 ngjg ( di?ﬁ;{ﬁ dir;éf()m)(diam(K)leKF+diam(L)2\vL!2)

int

mio m(o diam(K)? ~ diam(L)? ~
! Z (dian(l(;() + diaril()L)> v < m(ﬁ)z) |FK,0\2 + nl(o(_)2)|FL,a

UK‘Legint

mio 2""
2D ouaé()fodiam(K)Q"’KP“ 2 Gam®)” o el

O'K‘aegext O'K‘aegext

The definition of regul(D) and its bound by 6 ensure that, if K and L are neighboring control
volumes, diam(K) < fdiam(L) (and vice-versa). Hence, gathering by control volumes,

fullfp < 4 Z lvi|* Z m(o)diam(K)(1+0) + 4 Z Z v

KeM o€k KeMoelk

(K)
OB

By (8), the proof of (60) is complete.

Let us prove (61) in the case d = 2. It is shown, in the proof of Lemma 9.5 in [7, p. 792] (using
no assumption on the discretization of 2), that, for all a > 1,

(e 'Q“dx> <a Y Y m@)uxl* ' Do
KeMoelk

Where D u=|ug —ur| if oKL ¢ & and Dyu = lug| if K19 ¢ &.. Holder’s inequality with
p=%>2andp = p then gives

3 =

(/Q\U(UC)P@@‘[:E)é < o 33 mo)diam(K)fug e

KeMoelk

|D0u‘pl
X Z Z o)diam(K )7diam(K)p’

KeMoelk

Since p(a — 1) = 2«, (8) shows that

(Alu(x)IQde>;gcgla (/Q ]u(x)]zadx>§21a S S m(o)diam( )Cm

KeMoelk

~l
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where Cy; only depends on d and 6. Since p’ < 2, we can apply Holder’s inequality with exponent
2/p’ to find, thanks again to (8),

7 o\’
U
[ullzza@y < Coma | Y. Y m(o)diam(K) 2 2 mlo)diam(K) F s
KeMoelk KeMoelk
02 = :

Wd—1 2
<
< oo (M) {35 i

KeMoe&k

Gathering the last sum by edges, we recognize the discrete H!'-norm ||ul|;p of u and (61) for
q = 2 > 2 is therefore a consequence of (60); the case 1 < ¢ < 2 is immediate from the case
q > 2 using Hoélder’s inequality.

To prove (61) in the case d = 3, we still use an inequality shown in the proof of Lemma 9.5 in

7, p. 792):

3/2
/yu Jode < (4 ) Y m(o)|ux|*Dou
KeMoelk
Using Cauchy-Schwarz inequality and (8), we deduce
" Do 3/4
)6 dz < / )6 d
/|u )|° dx ng( |u(x)|® dx KEE;/( gg: o)diam( )diam(K)2 ,
o€l
3/2

with Cyp only depending on d and 6. Since the last term (involving Dgu) is ||ul|{’p, (60)
concludes the proof of (61) for d = 3 and g = 6; the cases 1 < ¢ < 6 can be deduced from the
case ¢ = 6 thanks to Holder’s inequality.

Although the cases d = 1 and d > 4 are not useful to us, we can notice that the Sobolev injections
(61) are also valid for d = 1 (with ¢ = 4+00) and d > 4 (with ¢ < 2d 5); the proof is made by
induction on d (see [7, Lemma 9.5] for d = 2 and d = 3).00

The two following lemmas are similar to [6, Lemmas 3.2 and 3.3], the only differences being
that, in [6], the fluxes are not penalized the same way as in (58) and that we use the result of
Lemma 6.2 to improve the convergence of u,, in Lemma 6.4. We let the reader check that the
proofs of these lemmas are straightforward adaptations of the proofs in [6].

Lemma 6.3 [Equicontinuity of the translations] Assume that (2) holds. Let D be an
admissible discretization of Q0 in the sense of Definition 2.1 and let 6 > regul(D). Let v > 0.

Then there exists Cas only depending on d, Q and 0 such that, for all (u,v, 15) satisfying (58)
and all € € RY,

- +€) = ull gy < Cas (IVllzscaya + Ni(D,w, F)) Il (62)

where N1(D,v, F) = dKeM Docty Vdiam(K)]ﬁKJ] (and w has been extended by 0 outside ).
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Lemma 6.4 [Compactness property| Assume that (2) holds. Let (Dp,)m>1 be admissible
discretizations of 0 in the sense of Definition 2.1, such that size(D,,) — 0 as m — oo and
(regul(Dp,))m>1 is bounded. Let (Vm)m>1 be a sequence of nonnegative real numbers and, for all
m > 1, let (um,vm,ﬁm)mzl satisfy (58) with D = Dy, and v = vy,. Assume that the sequence
(Vim)m>1 1s bounded in L2(Q)¢ and that Ng(Dm,um,ﬁm) — 0 as m — oo (Ny has been defined
in Lemma 6.2).

Then there exists a subsequence of (Dy)m>1 (still denoted by (Dp)m>1) and 4 € HL(Q) such
that the corresponding sequence (Um)m>1 converges to u strongly in Li(QY) for all ¢ < % (and
weakly in L5(Q) if d = 3), and such that (Vin)m>1 converges to Vu weakly in L?(Q)2.

6.3 Tools for the convergence of the nonlinear term

To study the convergence of the nonlinear term in the scheme for Navier-Stokes problem, it is
convenient to introduce a partition of €2 adapted to the edges of the discretization, and to study
the convergence of some special functions defined on such partitions.

Definition 6.1 Assume that (2) holds and let D be an admissible discretization of Q0 in the
sense of Definition 2.1. An D-adapted diamond partition of 0 is any partition (up to sets of
null measure) < of Q defined in the following way: for all K € M, take px € K such that
K is star-shaped with respect to all the points in B(pr,pr) (¢) and define & = ($o)ocs as
Op = co({px} Uo)Uco({pr} Uo) if oKL € Ep and Oy = co({pr} U o) if o519 € Euyy (where
co(A) denotes the convex hull of a set A).

If w = (wy)gee is a given family of values and < is a D-adapted diamond partition of 2, the
diamond-adapted function defined by w is the piecewise function wy : 2 — R which is equal, on
each Oy, 10 Wy

Lemma 6.5 Let T' > 0 and assume that (2) holds. Let (Dp)m>1 be a sequence of admissible
discretizations of 0 in the sense of Definition 2.1 such that (regul(Dp,))m>1 is bounded and
size(Dy,) — 0 as m — oo. We assume that, for all m > 1 and all & such that Ny = T/& is
an integer, we have up, & € Hp,, & (see Section 2.3) such that Zgial )| ()" 12| 2 p,, Stays
bounded as m — oo and & — 0 (|| - ||1,p,, is given by (59) with D = Dy, ). 7

For each m > 1, we choose a Dy,-adapted diamond partition $.,. We let, forn € {0,..., Ng—1}
and t €lndt, (n + 1)ét[, (Vina)o(t,-) be the (vector-valued) diamond-adapted function defined by
the family of (vector) values

) ()i — () Prce i I €
m($o)

ml(o n .

20~ () i K0 € By

We also assume that u, & converges to some u weakly in L*(]0,T[x€2) as m — oo and & — 0.
Then (Vim.a)¢e converges to Va weakly in L*(]0, T[xQ)? as m — oo and & — 0.

PrRoOOF OF LEMMA 6.5

3Recall that px is the supremum of the real numbers 7 > 0 such that K is star-shaped with respect to all the
points in a ball of radius r; it is easy to see that this supremum is a maximum.
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To simplify the notations, we drop the indices m and &, and we study the convergence of Vi, as
size(D) — 0 and & — 0 while regul(D) stays bounded. Let us first show that V4, is bounded in
L%()0, T[xQ)%. By definition of V4, we have

Ng—1
Vol agorpay = Z 5> m( ))(uz+l/2_u7;(+1/2)nKﬂ
n=0 o€l o-
Ng—1 )
) up ™ = | (63)

(we have denoted o = = oKL if ¢ € &, and un+1/2 =0if o = oKI0 ¢ Eext). If di o is the
orthogonal distance between the px chosen to deﬁne $ and o € Ei (i.e. the distance between
px and the hyperplane containing o), we have m(co(px U o)) = m(o)dk,/d and therefore

m($y) = m(o)(di,e +dre)/d (with dp » = 0 if 0 = = oKI0 ¢ Eext); hence, nzgfg)) = ngidLg.
However, since K is star-shaped with respect to all the points in B(pg, px), it is possible to
show that di , > pi (see the proof of (69) in the second step of the proof of Lemma 6.6); since

regul(D) is bounded, we deduce that there exists C24 not depending on D or dt such that

m(a) < 024
m($,) — diam(K) + diam(L)

(where diam(L) = 0 if 0 = 0%19 € £) and, coming back to (63),

Ng—1

m(o) n+1/2  n+1/2)2
< — .
HV<>HL2( 0,T[xQ)d Coa nZ;) &(; diam(K) + diam(L) 'z v

As dlam(K)i Fam(L) < dlan}l(K) + diaél(L) for all control volumes K and L, we deduce that
HV<>HL2 Q0.T[xQ)d < Cay ZN& ! (5t\|u”+1/2\|ip and, by assumption, that Vi, is therefore bounded
in L2(]0, T[x ).

We now show that Vi, — Vu in the sense of the distributions on |0,7[x$) as size(D) — 0
and & — 0, which concludes the proof of the lemma. Let ¢ € C°(]0, T[xQ)? and (¢, -) be the
function equal to ﬁ [ @(t,z) dy(x) on $g; since ¢ is regular, we have ||¢ —19)||oc < Cossize(D)
with Cys only depending on ¢. Hence, Vi, being bounded in L2(]0, T[xQ)¢,

— 0 (64)

V<>tx t:cdtdx—/ /Votx P(t,x)dt dz

as size(D) — 0 and & — 0. On the other hand, gathering by control volumes,

/OT/QVO(t,x).w(t’ 2) dt dz

Ng—1

(n+1)dt
= > > - +1/QmKJ/ / (t, 2) dt d(x)

n=0 UK‘LGS nt

Ng—1
_ i Z n+1/2/ Z/ (t,z) - ng o dt dy(x)
n=0 KeM €€k
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Ng—1

(n+1)&
= — Z Z nH/Q/ /div(go)(t,:z)dtdx
nét K

n=0 KeM

_ /0 ' /Q u(t, 2)div() (¢, 7) dt da

which converges, by assumption on u, to — fo Jou(t, x)div(e)(t, z) dt dz. Together with (64),
this shows that Vi, — Vi in the sense of the distributions, and the proof is concluded. [

6.4 A technical result

The following lemma is the generalization of Lemma 6.3 in [6] to the case of non-convex control
volumes.

Lemma 6.6 Let o > 0 and d > 1. Assume that K is a polygonal open subset of R such that
K is star-shaped with respect to all the points in a ball of radius adiam(K). Let E be an affine
hyperplane of R and o be a non-empty open subset of E N OK. Then there exists Cag only
depending on d and o such that, for allv € H'(K),

(m(la)/av(x)d’y(x)—m(lm/Kv(m) dgc)2 < WAW”(%NZCZ%

PROOF OF LEMMA 6.6
In the special case d = 1, K is convex and the result is a consequence of Lemma 6.3 in [6]. In
the following, we therefore assume d > 2.

Step 1: a preliminary inequality.

Let v be a regular function and U, V, A be sets in R? of non-null Lebesgue measure such that, for
all z € U and all y € V, [z,y] C A. We prove in this step that there exists Co7 only depending
on d such that

L 1 2 Cyrdiam(A)*?
(Irm/[]v(x)dx—nm/vv(az)dx> < n(0)m (V) /A!V’U(x)|2da:. (65)

Since v is regular we can write, for allz € U and ally € V, v(z) —v(y) = fol Vo(te 4+ (1 —1t)y) -
(x —y)dt. As [z,y] C A, we have |x — y| < diam(A) and Jensen’s inequality thus implies

(m(lU)/Uu(x) dz— m(lv)/Vv(ﬂc)dw>2
dlam /// Vo(ta + (1 t)y)* dtdyde. (66)

Let y € V. Using the change of variable z € U — z = tx + (1 — t)y € A and Fubini’s theorem,

we find
1
/// |Vv(ta:+(1—t)y)\2dtdxdy§/\Vv(z)|2// t~4dt dy dz (67)
uJv.Jo A vV J1(zy)
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where I(z,y) ={t € [0,1] |z € U, toe+ (1 —t)y=z2}. f 2z € A,y € V and t € I(z,y), then
t(xr —y) = z —y for some x € U C A, and therefore diam(A)t > t|lx — y| = |z — y|. Hence
I(z,y) C [di‘j;a) , 1] and we deduce that

1 1 : A d—1
/ ddt < / = at < diam( 31_1 .
I(z,y) l=—y| d—1 |z—y|

diam(A)

Thus, for all z € A,

: d—1 : d—1
/ / 14 dtdy < diam(A) / 1 __dy= diam(A) / Cll_1 d&c.
v JI(zy) d—1 v |z =yl d—1 v €]

Since V' C A, for all z € A the set z — V is contained in B(0,diam(A)), which allows to write,
using polar coordinates,

_ diam(A)4-1 diam(4) 1 _ C .
/ / t~ddtdy < <)ng/ ﬁpd Ldp = y 281d1am(A)d
V JI(zy) 0

d—1 0 —

where Cog is the surface of the unit sphere in R?. Substituting this last inequality in (67) and
coming back to (66), we conclude the proof of (65).

Step 2: proof of the lemma.

Since the regular functions are dense in H'(K) (because K is star-shaped), it is sufficient to
prove the result for v € C1(K). Let p € K be such that K is star-shaped with respect to all
the points in B(p, adiam(K)).

Let A be the convex hull of p and o (notice that A C K). Under the assumption that K is
convex and that B(p,adiam(K)) C K, Lemma 6.2 in [6] states that

(ngg)/gv(:v) d’y(m)—m(lﬁ)/Av(x)dx>2 < W/Ayvu(x)ﬁdx (68)

with Ca9 only depending on d and «. In fact, in the proof of [6, Lemma 6.2], the convexity
assumption on K is only used to ensure that

dist(p, E) > adiam(K) , (69)

which is a consequence of the fact that B(p, adiam(K)) entirely lies on one side of Ej it is quite
easy to see that this property still holds if K is only star-shaped with respect to all the points
in B(p, adiam(K)).

Indeed, by translation we can assume that 0 is in the relative interior of . Since K is a polygonal
subset, by definition this implies that K is, on a neighborhood of 0, on one side of its edge o;
let n be the outer normal to K on o: we have then z-n < 0 for all z € K in a neighborhood of
0. Assume now that B(p,adiam(K)) has points on the two sides of F; this means in particular
that there exists y in this ball such that y - n > 0. Since K is star-shaped with respect to y we
have, for all z € K and all A €]0,1[, z(A\,z) =z + Ay —z) € K. If x is close to 0 (it is possible
to take such a z in K since 0 € ¢ C JK) and A is close to 0, we see that z(\,x) is close to 0;
moreover, z(A,z) -n= (1 —A)z-n+ Ay -n and, since y - n > 0, it is possible to choose = close
to 0 (so that x - n is also close to 0) and then A close to 0 such that z(\,z) - n > 0, which is a
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contradiction since z(A,x) is a point in K close to 0. Hence, B(p, adiam(K)) lies on only one
side of F, and (69) and (68) are therefore valid under our assumptions.

Using (65) with U = A\o C K, V = B(p,adiam(K)) and A = K (since K is star-shaped with
respect to V and U C K, we indeed have [z,y] € A for all z € U and all y € V), and since
U = A up to o which has a null d-dimensional Lebesgue measure, we have

2
(m(lﬂ) /A”(”“") da— m(B(p, aclliam(K ) /B(p,adlam " dx>

Cyrdiam (K )2 / )2
<
- m(A)m (B(p,adlam Vo)l dz. (70)

Using once more (65), with U = B(p, adiam(K)), V = K and A = K, we have

1 . ,
(m(B(p,adiam(K))) /13(p,adiam(K)) v(z)de — m(K)/KU(x) dx)
Cordiam (K )4+2
= m(B(pQ,;diam(K)))m(K)/K\VU(JU)!de. (71)

Gathering (68), (70) and (71), we get Csp only depending on d and « so that

<m(10) /U Hhe m(lK) /K () d:l:) 2

is 2 iam 2 iam 2
< Oy (d frf;’j) +dm(g) +dm(%) )/ Vo(z)2 de.

We have m(K) > m(A) = w, and (69) therefore concludes the proof. [
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