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STABILIZED DDFV SCHEMES FOR STOKES PROBLEM WITH VARIABLE
VISCOSITY ON GENERAL 2D MESHES

STELLA KRELL*

Abstract. “Discrete Duality Finite Volume” schemes (DDFV for short) on general meshes are studied here for
Stokes problems with variable viscosity with Dirichlet boundary conditions. The aim of this work is to analyze the
well-posedness of the scheme and its convergence properties. The DDFV method requires a staggered scheme, the
discrete unknowns, the components of the velocity and the pressure, are located on different nodes. The scheme is
stabilized using a finite volume analogue to Brezzi-Pitkéranta techniques. This scheme is proved to be well-posed on
general meshes and to be first order convergent in a discrete H'-norm and a discrete L2-norm for respectively the
velocity and the pressure. Finally numerical experiments confirm the theoretical prediction, in particular on locally
refined non conformal meshes.

Key words. Finite-volume methods, Stokes problem, DDFV methods, variable viscosity.

1. Introduction. This paper is devoted to the finite volume approximation of the 2D
steady Stokes model with variable viscosity:

—div (2n(z)Du) 4+ Vp f, inQ, (1.1
div(u) = 0, inQ, :

where u : Q — R? is the velocity, p : © — R is the pressure and Du = %(Vu + ‘Vu)
is the symmetric part of the gradient of u. We assume that the viscosity 7 may in fact ex-
plicitly depend on the space variable. Note that in physical models, the viscosity depends
on other characteristics of the flow like density, temperature, through the coupling with other
equations. Nevertheless, solving a problem like (1.1) is the first step needed towards the
approximation of more complex models.

Finite volume methods have been extensively study to solve problem (1.1) with constant
viscosity: —nAu + Vp = f. Hence, in this case, after integration of the equation on each
control volume, we only need to approximate the normal component of Vu on the interface
between two adjacent control volumes (see, for instance, [20, 21] for methods on admissible
and conformal meshes), whereas for variable viscosity, the presence of the symmetric part
of the gradient Du imposes to address the problem of the reconstruction of the full velocity
gradient on the whole domain, even for admissible and conformal meshes. We propose here
a staggered method: the discrete unknowns, the components of the velocity and the pressure,
are located on different nodes. The most celebrated staggered scheme is the MAC scheme
[23, 31] on cartesian grids. Actually, for a cartesian grid and constant viscosity, the scheme
we propose here is equivalent (except on the boundary) to two uncoupled MAC schemes
written on two different staggered meshes. Moreover, even in the case when the viscosity
is a constant, a possible outflow boundary condition of physical interest is to impose the
normal component of the stress tensor on the boundary. In that case, we also really need to
deal with the original formulation (1.1) of the problem which makes appear the total stress
tensor 2nDu — pld, where Id denotes the identity matrix. Hence, from a numerical point of
view we need a discretization of Du in order to deal with this problem. Although we will
only consider here the case of Dirichlet boundary conditions, we emphasize the fact that our
framework naturally allows to take into account those outflow boundary conditions.

Different methods of gradient reconstruction for cell-centered finite volume have been
proposed since the last ten years, one can refer to [3], [12], [17], [19] and [15, 25]. In all
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2 S. KRELL

cases, the crucial feature is that the summation-by-parts procedure permits to reconstruct the
whole two dimensional discrete gradient, starting from two point finite differences. Many
of them have been compared in the benchmark of the FVCAS conference [24], for scalar
diffusion problems.

We consider here the class of finite volume schemes called “Discrete Duality Finite
Volume” (DDFV for short). The DDFV schemes have been first introduced and studied in
[15, 25] to approximate the solution of the Laplace equation on a large class of 2D meshes
including non-conformal and distorted meshes, without “orthogonality” assumptions as for
classical finite volume methods. Those schemes require unknowns on both vertices and “cen-
ters” of control volumes. These two sets of unknowns allow to reconstitute two-dimensional
discrete gradient (defined on new geometric elements called diamonds) and discrete diver-
gence operators that are in duality in a discrete sense (see Theorem 3.1). The number of
unknowns doubles compared to usual cell-centered finite volume schemes, but the gradient
approximation becomes simple and quite efficient. The benchmark [24] brings out that the
DDFV method is a competitive first order method especially as far as the accuracy of the
gradient is concerned. The DDFV framework is thoroughly recalled in Section 3.

Since ten years, the DDFV strategy has then been applied for several linear and nonlin-
ear problems: linear anisotropic diffusion equations in [6, 15, 25, 26]; convection-diffusion
problems in [10]; div-curl problems in [14]; the nonlinear diffusion equations for Leray-Lions
operators in [2, 5]. We can also mention [11] where the DDFV method is adapted to solve
numerically a bi-domain problem arising in bio-mathematics.

Concerning the DDFV discretization of the Stokes problem we are interested in here, the
first results can be found in [13] where the author first considered the natural extension of the
DDFV scheme classically used for the Laplace problem, that is: velocity unknowns located
at both vertices and centers of control volumes and pressure unknowns at the diamond cells
(those cells where the discrete gradient operator is defined). Unfortunately, the corresponding
scheme is only proved to be well-posed for particular classes of meshes. Indeed, the well-
posedness result relies on a uniform discrete inf-sup condition, which is still an open problem
for general meshes.

To overcome this difficulty, we propose here to add to this scheme a stabilization term in
the mass conservation equation. This stabilization term is inspired by the well known Brezzi-
Pitkdranta method [8] in the finite element framework. This stabilization strategy have been
successfully used in the finite volume framework [20, 21], since it is easy to write and to
implement, while preserving a good accuracy. We prove that the stabilized DDFV scheme
is well-posed for 2D general meshes. Moreover, this stabilization term plays a key role in
proving error estimates. Indeed, the appropriate choice of the stabilization term enables to
prove a stability result (see Theorem 6.1) which is the first step towards the error estimates.
More precisely, we prove here a first order convergence for the velocity, for its gradient and
for the pressure in the L2-norm provided that the exact solution satisfies usual regularity
assumptions.

Note that, an alternative strategy has also been proposed in [13] to overcome the diffi-
culties of the analysis of the non-stabilized scheme. The author proposed to formulate the
Stokes problem in the vorticity-velocity-pressure form and then to approximate the velocity
on the diamond cells and the pressure on both vertices and centers of primal control volumes.
This approach uses the fact that Av is equal to Vdiv v — curl curl v, for any vector field v.
Thus, it seems that it can not be easily generalized to the case where the viscosity is variable.

Only the 2D case is on purpose in this article. 3D extensions of DDFV schemes have
been proposed in [11, 1], [27] and [9] for linear and nonlinear anisotropic diffusion equations,
see Remark 3.4, and the extension of the present work is proposed in [30].
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Outline. This paper is organized as follows. Section 2 is dedicated to introducing basic
notation. In Section 3, we recall the DDFV framework. In Section 4, we introduce the DDFV
stabilized scheme for the Stokes problem (2.1) and prove its well-posedness (see Theorem
4.1). In Section 5, we present the main results of discrete functional analysis necessary for
the theoretical study of the finite volume method. These results include properties of the
discrete strain rate tensor, in particular we prove a discrete Korn inequality (see Theorem
5.1). In Section 6, we study the stability properties of the approximate solution with respect
to the data (see Corollary 6.1). Then in Section 7, we prove error estimates provided that the
exact solution lies in (H?(£2))? x H'(Q2) (see Theorem 7.1). Finally, in Section 8, theoretical
error estimates are illustrated with numerical results. In the concluding Section 9, we discuss
the extension of our study to some fully practical variants of the finite volume scheme and to
even more general viscosity, for instance discontinuous viscosity, see [29].

2. Stokes model. We are concerned with the finite volume approximation of the Stokes
equations with variable viscosity: Find u :  — R? and p : QO — R such that:

div(—2n(z)Du+pld) = f, inQ,
div(u) = 0, inQ,

Q.1
g, on 0L, / p(z)dz = 0.
Q

u

For the sake of simplicity, we restrict the presentation to the case of Dirichlet boundary con-
ditions and regular right-hand sides. We assume that € is a bounded connected polygonal
domain in R?, f is a function in (L?(€2))?, the viscosity 7 is a function in L°°({2) and g is a
function in (H 2 (82))2 which verifies the compatibility condition:

/69 g(s)-nds = 0. (2.2)

The viscosity 77 : 2 — R in (2.1) is supposed to be Lipschitz continuous on the whole
domain 2 and bounded: there exists three constant numbers C,), C,, C;; > 0 such that

C, <n(x)<C,, forae.ze€q, (2.3)

~n =

and
In(z) —n(a")| < Cylz — 2’|, Vo2’ €. (24)

The well-posedness of the problem (2.1) is studied in [33, 7] for a constant viscosity.
Thanks to a Korn inequality, it can be generalize to variable viscosity. In order to study
convergence rates of our approximate solution, we need to assume regularity of the solution
(u, p) of the problem (2.1). If 2 is a convex polygon, g is equal to zero and the viscosity is
constant, then in [28, 33] the regularity of the solution is the following

uc (H*(Q))?andp € H(Q).

We denote by M., »(R) the set of real m x n matrices (we note M,,(R) when m = n). In
the sequel, || - ||2 stands for the natural L2-norm when we consider scalar valued and vector
valued functions and for the Frobenius norm when we consider matrix valued functions:

Iel% = (£:€), V&€ Ma(R),
ez = / le(@)%de, Ve € L2(Q, Ma(R)),
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where (§:8) = Y & &, = Trace('€), V&€ € Ma(R).
1<i,j<2
REMARK 2.1. The matrix norm || - || 7 satisfies the following property

<[lAllx, VA€ Ma(R).

[~
2 F

3. The DDFYV framework.

3.1. The meshes and notation.

The meshes. We recall here the main notation and definitions taken from [2]. A DDFV
mesh 7 is constituted by a primal mesh 9t U 99t and a dual mesh 9t* U 990t*. An example
for square locally refined primal mesh is on Figure 3.1.

K L | l——-é?———l———c[)———f

1
! | | |
x
o T o O Primal node d)_ - .q)_lc_ —_—_ - - —¢
—— Primal cells € /
1 | Iy 1
K — - Dual cell K£* I x* 1/ \ 1
[ 0 o B ®m Vertices @ on the boundary * I O II O \ |
X gk
O Interior vertices & - K | !
O O ’C ! Sl all®
I - ’?
o =t & » o S = I = I "
1 S d)
@) @) | | ?— .q)_ |
[ - - - B--9---B-0E-9-1

F1G. 3.1. The mesh T. (Left) The primal mesh 9T U O9N. (Right) The dual mesh Ot U OM*.

The primal mesh 27 is a set of disjoint open polygonal control volumes k£ C §2 such that
UK = Q. We denote by 99 the set of edges of the control volumes in 90 included in O,
which we consider as degenerate control volumes. To each control volume and degenerate
control volume k£ € 9t U 090, we associate a point x,.. For each degenerate control volume
K € 09, we choose the point z, equal to the midpoint of the control volume «. This family
of points is denoted by X = {z,, £ € MU oM }.

Let X* denote the set of the vertices of the primal control volumes in 21 that we split
into X* = X7, U X7, where X}, N0Q = 0 and X, C 0. With any point x» € X/,
(resp. zx~ € X,,), we associate the polygon x* € 9* (resp. £* € 9M*) whose vertices are
{zx € X, suchthatz» € X, £ € M} (resp. {zx~} U{zx € X, suchthatz,- €K, K €
(IMUIM)}) sorted with respect to the clockwise order of the corresponding control volumes,
This defines the set 0 U IM* of dual control volumes. In some particular cases, we can
have an overlap of dual cells, like it is shown Figure 3.2. To eliminate such cases, we made
Assumption 3.1.

Primal cells

m— Dual cell K£*

2. Dual cell c*

FIG. 3.2. An example where two dual cells K* and £* overlap: £* C K*.
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REMARK 3.1. Our definition of dual control volumes differs from the one proposed in
[13, 14] or [26]. In [14], they built k* by joining not only the barycenter x, associated
to the elements of the primal mesh of which x~ is a vertex but also the midpoint of the
edges of which x - is a vertex. This construction is usually called the barycentric dual mesh.
Barycentric dual cells never overlap.

For all control volumes k and £, we assume that dx N Jc is either empty or a common
vertex or an edge of the primal mesh denoted by o = «|£. We note by & the set of such edges.
We also note o* = k*|c* and £* for the corresponding dual definitions.

Given the primal and dual control volumes, we define the diamond cells D, .~ being the
quadrangles whose diagonals are a primal edge o = k|2 = (2, x.+) and a corresponding
dual edge 0* = k*|c* = (x,x.), (see Fig. 3.3). Note that the diamond cells are not
necessarily convex. If o € £ N 0N, the quadrangle D, . degenerate into a triangle (see
Fig. 3.3). The set of the diamond cells is denoted by ® and we have = DL€J®5.

Tyc* Trex
PR /\U -’ 7
- N —e— Diamond cell P
T . :
S _ \ i
- . q
AR \,\ m  Vertices TR ~
. ) ) \ o~
\, NN O  Primal node y T
\ S ! :
o “\ \\Qx —  Primaledge 0 = K|z S
N Rt Dual edge 0™ = K*|c* * i
: P - - g = o \
\ - RN
. -’ 9
Tpx Ter

FI1G. 3.3. The diamond cells. (Left) Interior diamond cell. (Right) Boundary diamond cell.

Notation. For any primal control volume £ € 9t U 990, we note
e m, its Lebesgue measure,
Ex the set of its edges (if £ € M), or the one-element set {x} if £ € M.
Dy ={D, 0o €D, 0 € &},
dy its diameter,
ox = B(xx,pc) NOQ C k for £ € IM, my, its length, the value p. is chosen
such that the inclusion is verified.
We will also use corresponding dual notation: mcx, Exx, Dicx, dycx, Tcx, prcx and Mgy -

Tyc*
o
‘/
‘/
. e
_____ Diamond cell © R dicx ¢
JJKQ"\ -~
W Vertices N7
O  Primal node //\
—  Primal edge 0 = x|z o* \‘\ dex ¢
*
— - Dualedge o™ = k*|c* N,
T

FI1G. 3.4. Notations in the diamond cells. (Left) Interior diamond cell. (Right) Boundary diamond cell.

For a diamond cell = D, - whose vertices are (xx, Ticx, T, .~ ) (Fig. 3.4), we note
e 1, the center of the diamond cell p: x, = o N o™,

m, the length of the primal edge o,

m,~ the length of the dual edge o™,

1i_, the unit vector normal to o oriented from x, to x ., also noted 1ip,



6 S. KRELL

n, .+ the unit vector normal to o* oriented from x« to x .+,

T, the unit vector parallel to o* oriented from z to z,

T o+ the unit vector parallel to o oriented from xx« to x -+,

ap the angle between Ty  and Ticx o,

di~ . (respectively d .« ) the length between z - (respectively z.+) and x .,
hp its diameter,

s its edges (for example s = [z, T+ ),

Epr = {s, s € Opand s ¢ 01} the set of interior edges of D,

S ={s€é&p, VDpecD}thesetofinterior edges of all diamond cells D € D,
m, the length of a diamond edge s,

isp the unit vector normal to s = p|p’ oriented from D to D/,

myp its measure, which is equal to

1
mp = §sin(aD)m(,ma*. (3.1)

In a diamond cell D € ©, we have two direct orthonormal basis: (T« .=, ) and
(Byxxcxs Trc,c). We denote by i° = (fip)pen € (R?)®. We distinguish the interior dia-
mond cells and the boundary diamond cells:

Dext = {D €D, DN IN # (1} and Dint = D\Dext-

ASSUMPTION 3.1. We assume that all the diamond cells D are convex.
Assumption 3.1 implies that the center z,, of the diamond cell D (resp. the node x,.» of
the dual cell k*) is inside D (resp. k*). We also have for all (k*, £*) € 9t* U 99* such that

o [e]
K* # c*, we have £* N £*= (). It is not the case if we do not assume 3.1 (see Figure 3.2).
REMARK 3.2. If Assumption 3.1 is not satisfied, for instance in Figure 3.5, we take the
barycentric dual mesh (defined in Remark 3.1). In that case, the center xp of the diamond
cell D, .~ is defined as the barycenter of the primal edge o.

/‘ ‘D non convex

FIG. 3.5. An example where the diamond cells D could be non convex.

Mesh regularity measurement. Let size(7) be the maximum of the diameters of the
diamond cells in ®. To measure how flat the diamond cells are, we note a.; the unique real
in ]0, 7] such that sin(a) := ;r)ni% | sin(ap)|. We introduce a positive number reg(7) that

€
quantifies the regularity of a given mesh and is useful to perform the convergence analysis of
finite volume schemes:

1 h d e
reg(T) := max (| ——— , N, N*, max max —, max —, max =
sin(ar) DED sefp My KW hp xrem=lom= hy,
K €D )cx (3.2)

max hD max d)c* max s
DED /Mp K eMUIM* /M= KEM /Mx )’
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where A/ and N'* are the maximum of edges of each primal cell and the maximum of edges
incident to any vertex. The number reg(7) should be uniformly bounded when size(7) — 0
for the convergence to hold.

For instance, this number reg(7) is involved in the following geometrical result: there
exists two constants C and Cy depending on reg(7) such that for any k£ € 9, k* € M* U
O9M* and D € D such that D Nk # P and D N k* # (), we have

Cime <mp < Comy, Cimge- <mp < Comyes.

3.2. Unknowns and discrete projections. The DDFV method for the Stokes problem
requires staggered unknowns. It associates to any primal cell £ € MU0 an unknown value
u, € R? for the velocity, to any dual cell k= € Dt U 991* an unknown value u,~ € R?
for the velocity and to any diamond cell o € ® an unknown value p” € R for the pressure.
These unknowns are collected in the families :

T
u” = ((urc);ce(mwagm)»(ufc*);c*e(sn*uaon*)) € (RQ) )
P° = ((1")peo) €R®.

We define now the discrete mean-value boundary data, for any vector function v lying in
(H'(9))?, denoted by P2¢* and defined as follows:

]P’f,?v(( ! /v(x)dx) ,( ! / v(x)dx) ), (3.3)
Mok Jox KeoOMm Moyx Joe K COM*

and the interior mean-value projection for any integrable vector function v on €2:

PYy = ((n}hc/lcv(x)dx)nem> Py = ((mi /K v(x)dx) mm*) . (B4

We finally gather these projections in the following notation:

Prv = (Pov,P2v.P22v),  Vve(H Q). (3.5)
We introduce the center-value projection:

PZv = ((v(zx))ce@muam), (V(Zx+)) creomeuom=)), Vv e (H*(Q))? (3.6)

We also define a mean-value projection on €2 over the diamond mesh D for any integrable

function q:
PPq = ((1/ q(m)dx) ) . (3.7
Mo Jp DED

We specify two discrete subsets of (RQ)T needed to take into account the Dirichlet
boundary conditions

Ey = {VTE (RQ)T S. t. vie=0, VK € 0 and v~ =0, Vk* € 893?*} ,
E, = {VTE (R?)7 5. t. vie = (P27g) ., VK € OM and vex = (P22g) -, VK € azm*} )
We define the projection B,,, , on the set E;:

mm,g: (RQ)T - Eg (38)
u? — ((uc)cem, (Pf,fg),ceam7 (W )i emm= (Pffg);c*eafm*)
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3.3. Discrete operators. In this subsection, we define the discrete operators which are
needed in order to write and analyse the DDFV scheme. We begin with the discrete gradient.
DEFINITION 3.1 (Discrete gradient). We define a consistent approximation of the gra-
dient operator of a vector field in (R2)T denoted by V® : u? ¢ (R2)T = (VPu7)pep €
(M2(R))®, as follows:
U+ — U

-
: @ Mg + —————— @ lgupex |,
sin(ap) My» m,

where Q represents the tensor product. It can also be written as follows, (see (3.1)):

1 , a
VPuT = 2m [ma(uﬁ — lhc) ® My + My (Upr — uic*) & nc*’c*} :
D

REMARK 3.3. We recall the discrete gradient operator for a scalar field in R” still
denoted by V® : u”7 € R” — (VPUT ) pen € (RQ)Q, which is defined as follows:

1
_ZmD

VPuT [(uy — u )M Aoxe + (Upr — Uper ) T prgex ] Vo € D.

REMARK 3.4. For two neighbour cells k and c sharing a face F', we can naturally define
two directions: the line xx . and one edge e C OF. The difference in the 3D approach comes
from the choice of the third complementary direction. In [1, 11] this third direction is given
by a different edge ¢’ C OF of the face F, restrictions on the primal mesh are needed. In
[27, 9], the third direction is given by xpx. where xr and x. are the barycenter of the face
F and the edge e C OF.

DEFINITION 3.2 (Discrete divergence). We define a consistent approximation of the
divergence operator applied to discrete tensor fields denoted by div™ : £° = (£P)pen €
(M2(R))® + divT€® € (R?), as follows:

1
divee® = — 3 m i, Vo €M, and dive® =0, Vi € O,

K oEIK
. e 1 .
div<e® = E My EP T g, Vir € M™,
e o*EOK*
R 1 . .
div<e® = § My EPT jugen + §  dee oEPT o |, VKT € O
s

D *EQK* D *EQK*mgezt

o,0 0,0

In order to write the DDFV scheme in a compact form, we will denote the discrete divergence
on the primal mesh and on the interior dual mesh as follows:
div™¢® = ((divee®) div™"e® = ((div<"¢?)

cem) crem-)

Thanks to the discrete gradient we can define a discrete strain rate tensor and a discrete
divergence of a vector field in (R?)”.
DEFINITION 3.3 (Discrete strain rate tensor). We define a discrete strain rate tensor of
a vector field in (RQ)T, denoted by: D® : u7 € (RQ)T — (DPu”)pep € (Ma(R))®, with
_ VPu? + (VPuT)
2

DPu” ,forallp € D.
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DEFINITION 3.4. We define a discrete divergence of a vector field in (RQ)T, denoted
by: div® : u” € (RQ)T — (divPuT)pen € R®, with divPu® = Trace(VPu7), for all
DED.

REMARK 3.5. Remark that divCu7 can be expressed in the following way:

1
divPu® = [m,(us — Ux) - B + Mgs (Upx — Ugen ) - Bprer]
2mop
and
G = — Y et g vuTe (R, (39)
mD 5 2 SD) M M

s=[ox,ac]€ED

The relation 3.9 is the discrete counterpart of/ div(u)(z)dz = / u(s) - dpds.
D &

D

3.4. Inner products and norms. First of all, we define trace operators on both (R?) 4
and (R%)®. Sety7 : u” € (R?)” = 77 (u7) = (7, (u”)),com € (R*)?™, as follows:

_ d;c*,z:(uic* + uz:) + dc*,z:(uz:* + uc)

, Yo e om.
2m

Yo (u™)

o

This trace operator enables to impose the Dirichlet boundary conditions in a weak way. The
second one is denoted by 4® : ¢® € (R*)® — (¢°)pen,,, € (R?)®e and is only a
restriction operator on ®.,;. Then, we define the four following inner products

[v¥,uT]r = % (Z MUy - Ve + Z Mycx Upe#- v,c*> , VuT,vTe(RQ)T,

reM K*EM*UIM*
(@° Voo = >, m.d"-v,, V¢© e (R vT € (R,
Dy ox EDeat
(°,¢%)0 = > mop®q”, p°,q¢° €R?,
DED

(€2 :0%)p = > mp(E”: ¢7), VE2,6° € (Ma(R))?,

DED

(recall that (¢ : €) = Trace(*£€)). We define the corresponding norms as follows
[u]|s = [u™,u”]Z,  vuT € (R%)",
1P°ll = (0°,p®)3,  ¥° €R®,
1
I€®l2 = (€7 : €2)5, V€ € (Ma2(R))®.

3.5. Discrete Stokes formula. In [2, 14, 15], the discrete gradient and discrete diver-
gence for a scalar-value function are linked by a discrete Stokes formula, which is the duality
property giving its name to the method. We want to generalize the discrete Stokes formula for
vector-valued functions. The discrete Stokes formula for vector-valued functions is deduced

from its scalar counterpart (given in [2]) by working component per component.
THEOREM 3.1 (Discrete Stokes formula). For all £® € (M5(R))®, u” € (R2)T:

I~ NS

[div7e® uT]7r = —(£° : VPuT)p + (2 (6°1°),77 (u7))sq.
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3.6. Preparation of the stabilization procedure. Finally, a second order discrete dif-
ference operator will be needed to define the stabilization term in the Stokes problem.

DEFINITION 3.5. We define a non consistent discrete approximation of the laplacian
Ap, denoted by A® : p® € R® — A®p® € R, and defined as follows:

1 h2 + hZ, /
APp® = — Z fip ¥ Ry (p” —p"), VpeD.

2
m
P s=p|p'€lp D

Note that we do not need a consistent approximation of the Laplace operator. In fact, a
consistent approximation based on a two-point flux formula would require the diamond mesh
to verify an orthogonality constraint as, for instance, in the case of admissible meshes [18],
which has no reason to hold here.

Related to this operator, we define a mesh dependent semi-norm | - |, over R® by:

p°h =Y. ()" —p7)?,  Wp° eR®. (3.10)
s=D|D'€S

The semi-norm |p|;, is the discrete counterpart of size(7)|Vp|s.
REMARK 3.6. We have, for any p® € R®, by reorganizing the summation over s € G,

—(hpA%p°,p%)o = Y _p° Y (hh +h3)(p" —p”)
DED se€p

ST (hE+n2)p" —p)?
s=Dp|D'€S
D (2

|-

=|p

The following Lemma is an inverse Sobolev lemma, that is a bound of the discrete semi-
norm | - |5, defined by (3.10), by the L2-norm || - ||5.

LEMMA 3.1. Let T be a mesh of S). There exists C' > 0 depending only on reg(T), such
that for any p® € R®, we have

P°n < Cllp° |2

Proof. Using the definition (3.10) of the discrete semi-norm | - |;, and the Young inequality,
we have

Pol <2 > (W2 +hE)(") + (D))
s=Dp|D'€S

Reordering the summation over the set of diamond cells, we get

1
IinSQZmD(pD)Q - Z (h% + h)

DED v s=D|D'€ED

We conclude, using the relation (3.2) and the fact that #(&,) < 4. O

4. DDFV schemes for the Stokes equation. We note 1, = / n(s)dus(s), for all

D
D € D, where up is a probability measure on D. This includes the case 7, = n(zp) or

1
Np = — | n(x)dz. Furthermore, we always have the following inequality

D Jp

Qngnp Sén, VDo eD.
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As claimed in introduction, we approximate the velocity on both vertices and centers of
primal control volumes and the pressure on the diamond cells. We integrate the momentum
conservation law of problem (2.1) on the primal mesh 97 and on the interior dual mesh
IM*. The mass conservation equation is directly approached on the diamond mesh using
the discrete operator div® and a stabilized term inspired by the well known Brezzi-Pitkéranta
scheme. We impose the Dirichlet boundary conditions on 09t and on 99t*. Finally, the
integral of the pressure is imposed to be equal to zero.

The scheme for the problem (2.1) reads as follows:

Find u? € E,; and p® € R® such that,

div™ (—27°D®u” +p°Id) = ™,
div™" (—27°D®u” + p®1d) = ™", 4.1)
div® (uT) — AR A®p® =0,

Z mDpD = 07

with A > 0 given, £ = P2 f and ™" = P"f, where the projection is defined by (3.4).

REMARK 4.1. At the continuous level, we have a compatibility condition (2.2). The
same relation still holds at the discrete level. Indeed, we have by using the discrete Stokes
formula Theorem 3.1

(div® (uT) — MEA®p®  1)p = (divPuT,1)p = (VPu” : Id)p
= (Y2 (H%),77 (u7))s0.

Using the scheme (4.1), we obtain the following condition

Z m07a(g7) . ﬁO’K« =0.

D, «E€EDeqgt

0,0

We deduce a link between the mass conservation equation and the Dirichlet boundary condi-
tion.

REMARK 4.2. In (4.1), we have added the discrete counterpart of fQ p(z)dz = 0, that

is g mpp” = 0 in order to ensure the uniqueness of the pressure.

DED
REMARK 4.3. Note that we impose the Dirichlet boundary conditions on O9*, so that

we do not integrate the momentum conservation law of problem (2.1) on O9*. An alternative
scheme would be for instance

Find u® € (RQ)T and p® € R® such that,

div” (—2n°D®u” + p®Id) = f7,
,71(111) — gam7
div® (uT) — AW A®p® =0,

Z mpp” = 0.

DED

Since even for g = 0 we are not sure that u”™ € K, the well-posedness and the stability of
this scheme is still an open problem (it is not known if Korn inequality holds in this case, see
Theorem 5.1).

THEOREM 4.1. Assume that 1 satisfies (2.3). For any mesh T as described in Section 3,
the finite volume scheme (4.1) with A > 0 admits a unique solution (0% ,p®) € (R2) T xR®.
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In order to prove the existence and uniqueness of the solution of (4.1), a discrete Korn
inequality is needed and proved in Section 5.1 (see Theorem 5.1).
Proof. Let N denote the cardinal of (]RQ)T x R®. Scheme (4.1) can be written with ¢® = 0
and o = 0 as
div™ (—27°D®u” +p°Id) = ™,
div™" (—=27°D®u” + p°Id) = ™",
VK € OM, ux = g,
Vicx € (993?*, U = rc*,
div® (uT) — AN A®p® = ¢°,

Z mpp” = a.

DED

This is a linear system: Av = b with a rectangle matrix A € My 41 n(R), v € RY and
b= (£, £ g7 ¢°,a) € RV*L Let X be the following set

X = (fm7 fm*>g77q®7 Oé)/ E RN+17 Z meD = Z ma’Ya(gT) : ﬁo’ic 9
DED Dy,o* EDeyt

with dim X = N. We have that (™, £f™" g7 0,0) belongs to X, see Remark 4.1. Simi-
larly, we can prove that ImA C X. If we prove that the kernel of the matrix A is zero, we
conclude that dim ImA = N and so ImA = X. Let us then study the kernel of the matrix A.
Let u” € Eg and p® € R® such that:

div™ (—27°D®u” + p®1d) = 0,
div™" (—2°D®u” + p®1d) = 0,
div® (u?) — AhAAPp® =0,

Z mpp” = 0.

DED
By definition of [-, -]7 and the fact that u” € Eq, we deduce that
[div™ (—27°D®u” + p®1d),u”[r = 0.

Using the discrete Stokes formula Theorem 3.1, noting that u? € Eg implies that y7 (u?) =
0, that D®u” is a symmetric tensor, and substituting divPu? = TraceV2u? = (Id :
V®u7), we obtain

[divT (-=27°D®u” + p°Id),u”]7 = (2p°D®u” : D®u”)  — (div°u”,p®)s.
Furthermore, the mass conservation equation and Remark 3.6 give:
—(div®u”, p®)p = —A(hH AP, p?)o = Ap°|3,

where |.|p, is the semi-norm introduced in (3.10). Using the discrete Korn inequality, c.f.
Theorem 5.1, and the bounds on 7 given in (2.3), we have:

[div™ (—2n°D®u” + p°1d),u”]r > C, [Vu” |13 + Ap° ;.
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We finally get
0> C, [Vou[3 + Mp® 3,
which implies that
IVouT[3=0 and [p°} =0.

Therefore, we have that V®uZ = 0 and ]933 is constant, which implies that there exists three
constants cg € R?, cy € R? and c3 € R such that :

VK e (MUIM, uc. = co,
Ve e (M UoM), wer = c1,
VpeD, pP = c3.
Since u? belongs to Ey we have cg = ¢; = 0. Consequently, we have u” = 0. Then, we
use the fact that p® verifies Z mpp” = 0sop® = 0. O
DED

5. Results on discrete operators. In this section, we present several results on the dis-
crete operators. In Section 5.1, we begin with the properties of the discrete strain rate tensor.
The main result is the proof of a discrete Korn inequality. In Sections 5.2-5.3, we review the
results of [2] and adapt them to the vector-valued setting. Then, in Sections 5.4-5.5, we focus
on the properties of mean-value projection operator.

5.1. Properties of discrete strain rate tensor. Korn inequality. We first have the
bound of the discrete strain rate tensor by the discrete gradient.
PROPOSITION 5.1. For all u® € (RQ)T, we get

D2 u |z < [V u .

Proof. Thanks to Remark 2.1 we have
ID2uT )5 = > mo[DPuT |3 < Y mo|VPuT|F = [VOuT 5.
DED DED
We introduce the following notation
Vu,veRz7 UAV = ujvy — Ugq.

From usual differential calculus, we know that for any smooth function u : ) — R2, we
have

div (t(Vu)> = div (div (u) Id) = V(div(u)).

The corresponding discrete property is proved in the following proposition.
PROPOSITION 5.2. For all u” € Eg, we have

div” ("(VPu7)) = div” (div® (u7)ld) .
Proof. On any diamond € D, the matrix (t(VDuT) - divDu"Id) is given by

(t(VDuT) — divDuTId) = <_<(VVD7;117€2)2 —((v;gggl)l) )
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Let © € 2t. We obtain

medive ((VPuT) - div®(@)id) = 37 m, ( VPuZ A, ) |

—VPu] AN«
DED K 1 i

Using the definition of the gradient for a scalar field defined in Remark 3.3 and the fact that
O, Ay »cx = sin(ayp ), we deduce
WU, cx — U c* WU, cx — Wg,c*

e Al =

D, T — _
V U; NNy = ~
sin(ap)m, m,

It implies that we have

medive (Y(V2u7) - div® (u7)1d) = 3 <“27’<* B ”“*) . 5.1)

UL, px — UL c*

DED
0 .
K NP
e N,
e 0
7 TK . Lorm /-
T - A
& 55 !
AR /
s VN /
’ \ N, B
’ VoSN | zesinD
7 \ N, '//L*
- ¥

FIG. 5.1. Trigonometrical path.

Recall that in each diamond cell D € D, the basis (T, ., =+ ) is supposed to be directly
oriented. It implies that for each diamond cell D € D the points z,» and x .+ are well defined
with this choice and for two distinguished diamond cells D and ', such that D N D/ # (), the
point x .+ of D coincides with the point z~ of D', (see Figure 5.1). Thus the right-hand side
of (5.1) is equal to zero. Hence for all x € 91, we conclude

dive (*(vPu7)) = div® (div®(uT)1a).
The same result holds for all x* € 2t*. First, we get

s [t DT DT _ VDug/\ﬁa*K*
My div ( (VPu™) —div® (u )Id) = Z My (VDUT/\TL*K* )

DED e
and
soxcx (LoD, T s DT _ U2,. — U2,k
My div ((V u”) — div’ (u )Id) = Z (u " ) (5.2)
1,c — Ul,c
DED e ’ ’

Thanks to the orientation, the right-hand side of (5.2) is equal to zero, it implies that

div®” (“(v°u7)) = div®" (aiv®(uT)d), Vi em
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The case where x* € 09t is slightly different, Definition 3.2 of the discrete divergence gives
M- div’e” (t (V2uT) — div® (uT)Id) = Z My (t(VDuT) — divDuTId> Ty pcn
DED e
+ Y deee (H(VPUT) - diVPUTIA) Foe
’DE@K* NDert
(5.3)

For the first sum on D € ®,~ of the right-hand side of (5.3), we can do the same as for
K € M*: thanks to (5.2), we have

> e (((9707) = divPuTId) e = > (Zf":iﬁ’“) (5.4)
DED DED K L

For the second sum of the right-hand side of (5.3), we can do the same as for k£ € 91: thanks
to (5.1), we have

t . — d;c*,z: U2, — U2, o+
E dys ¢ ( (VPu™) — deuTId) N = g L Zem ) (5.5)
m, UL, cx — UL,k :
DED jexNDegt DED jcxND eyt

Substituting (5.4) and (5.5) into (5.3), we get
Me-dive (1 (V2u7) — div® (u”)1d)
_ Z Uz,c ~ Uz Z A= o (U er — U2 oo .
D NN T e The,,, M e Tl

Thanks to the boundary condition u? € Eg, for all D € D« N Deyy, We have ug o+ =
U o+ = U1, 0+ = Up = = 0. It implies that

Z d}c*,c U2, e — U2, 2%\ _ 0
m Uy, cx — UL, k*

DED ;s ND et ’

FIG. 5.2. Trigonometrical path.

Using the notation of Figure 5.2, the sum over the diamond cells D € D« is equal to

2 : U2, — U2 _ [U2,cy — U2 2y
Ul — UL,z UL, o — UL,y

DED e
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3 T — — — —
Since u? ¢ Ky, we have ug », = ug 0, = U1, = u1,,, = 0. We deduce
2 : U2, — U2k 2 : dexr (U9 e — Ug o+
(u 7 ur + Uy w, =0
l,c — Ul,c m 1,c* — Wl,k*
DED o ’ ’ DED jcx ND et 7 ' ’

It concludes the proof. U
REMARK 5.1. We need u™ € Eq to prove div™" (" (VouT)) = div’®" (—div® (u7)Id),
Sfor all k* € OM*, otherwise we have to add boundary terms.
From Proposition 5.2, we deduce the following proposition.
PROPOSITION 5.3. For all u® € Ey, we have

(t (VouT) : v%f)@ = [[div® (uT)|2 > 0.

Proof. Using the Stokes formula Theorem 3.1, the fact that u” € E; and then Proposition
5.2, we have

("(vou) - V%T)@:—[[divf ("(v2u™) ), ulr=—[div™ (div® (u")ld), u] -

Using once more the Stokes formula Theorem 3.1 for u” € Eg and substituting divPu” =
TraceV®u? = (Id : V®u?), we obtain

((vou) - v%f)@ = (div® (uT)Id : V2uT)p = [|div® (uT)|% > 0.

We are now able to prove a discrete Korn inequality: .
THEOREM 5.1 (Discrete Korn inequality). For all u® € Eg, we have
IVouT]l2 < V2|D®u .
Proof. This is just a consequence of the following equality and of Proposition 5.3.
ID2u7 3 = SV + 3 ((V2uT) s VOuT)o.
O

5.2. Technical lemmas. Poincaré inequality. We will need two technical results and
the discrete Poincaré inequality whose proofs can be found in the literature. The first one is
[2, Lemma 3.4] (see also [17, Lemma 6.3]).

LEMMA 5.1. There exists a constant C' > 0 such that for any bounded polygonal set
P C R? with positive measure, any segment o C R? and any v € H*(R?), we have

—

diam(P,)?
m,mp

or = v < [ [ o(w) — ely)Pasdy < € | iwe@pas,
msmp Jo Jp P,
where vp denotes the mean value of v on P, v, the mean value of v on the segment o, and
7/7; is the convex hull of P U o.
The second one is the vector-valued version of the first Lemma 8.1 in the Appendix [16].
LEMMA 5.2. Let K be a non empty open polygonal convex set in R? such that, for
some o > 0, there exists a ball of radius adiam(K) contained in K. Let E be an affine
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hyperplane of R? and o be a non-empty open subset of E contained in 0K N E. Then there
exists a constant C' > 0, depending only on o, for any v € (H'(K))?:

1; /v(s)ds 7Cdlam /|\|VV |||fds+ /|v |ds.

Let us finally state the discrete version of the Poincaré inequality which is the vector-
valued version of [2, Lemma 3.3].

THEOREM 5.2 (Discrete Poincaré inequality). Let 7 be a mesh of ). There exists a
constant C' > 0, depending only on the diameter of 2 and veg(T ), such that for any u™ € Ey,
we have

2

a2 < CIVEuT .

5.3. Properties of the mean-value and center-value projection operators. In this
subsection, we give some lemmas on projection operators. We only prove results which
can not be deduced immediately from their scalar counterpart (given in [2]) by working com-
ponent per component.

The following properties of the center-value projection operator, defined by (3.6), are
used in the estimate of the consistency error of our finite volume scheme.

LEMMA 5.3. Let T be a mesh of ). There exists a constant C' > 0, depending only on
reg(T), such that for any function v in (H?())2, we have

IVv — V2P vz < Csize(T)[|V V| 1.

COROLLARY 5.1. Let T be a mesh of Q). There exists a constant C' > 0, depending only
on reg(T), such that for any function v in (H*(2))?, we have

IVoPEvlz < CIVV] 2.

COROLLARY 5.2. Let T be a mesh of Q). There exists a constant C' > 0, depending only
on reg(T), such that for any function v in (H*(Q))? which satisfies div v = 0, we have

[divoPZ Vs < Csize(T) V] 1.

Proof. Letv € (H?(2))? which satisfies div v = 0. Let » € D; using the fact that
div” (P2 v) = Trace(VPP2 v) and div v = Trace(Vv) = 0, we have

div?(PZv) = Trace(VPPZv — Vv(z)), Vaen.
Lemma 5.3 gives
div® (7 V)2 < [VPBZ v — Vvl < Csize(T) |Vl

O

We will need to evaluate the contribution in the error of the two different projections
PZv, mm,gP‘crv, defined by (3.6) and (3.8), where g = ~(v). Note that these two projec-
tions only differ on the boundary cells. For Lemma 5.4 it is crucial to have that P25, defined
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by (3.3), used the mean-value on o (resp. o~ ) with the point x, (resp. x«~) located at the
middle of the edge o, (resp. oc+).

LEMMA 5.4. Let T be a mesh of Q). There exists a constant C' > 0, depending only on
reg(7), such that for any function v in (H?(2))?, whose trace is denoted by g = ~y(v), we
have

IVPBZv — Vo, o PZ V]2 < Csize(T)|[v| g2

Next lemma gives the main properties of the mean-value projection, defined by (3.5), of
a H' functions.

LEMMA 5.5. Let T be a mesh of ). There exists C' > 0 depending only on reg(T), such
that:

IVoBL vl < CIVVIe, Vv e (H'(Q),
Iv —PLvlls < Csize(T)[Vvl2, Vv e (H' ()

We give below the main properties of the center-value projection, defined by (3.6).
LEMMA 5.6. Let T be a mesh of §). There exists C' > 0 depending only on reg(T), such
that:

[v = PZvll2 < Csize(T)[|Vvlm, Vv e (H* Q)
[V = P gPe vz < Csize(D)|VVlim,  Vve (H*(Q))?
where g = (V).
Proof. We only prove the second inequality. The definition of the projection ‘B,,, , implies

that 9B,,, , P2 v and IP7 v only differ on the boundary 90t and 99* whereas B,,, Pz v and
PZ v coincide on the boundary 99t and O91*. So we get

Iv = B PrvlE =5 3 [ v) —vloe)Pdr + 5 }:L/* 2) — v(ee)P

cem K KK EM*

2
—|— = / v(z)dz| dz.
K*€oM* m"K* T
We deduce that
IV = B gPe vl < v = PIVI3 + [lv - P75
Lemma 5.5 and the first inequality conclude the proof. O

5.4. Properties of mean-value projection operator on the diamond mesh. The error
estimates analysis of our scheme involves the estimate of the projection P7, on the diamond
mesh, defined by (3.7), of functions lying in H'($2). We give below a property of such a
projection onto the set of discrete functions in our framework.

LEMMA 5.7. Let T be a mesh of ). There exists C' > 0 depending only on reg(T), such
that for any function p in H'(Q), we have

Y. (Bhp—Php)?* < C|IVpls.

s=D|D’'€S
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Proof. Letp € H'(Q). We note for simplicity p? = P2 p for any » € D and p° =
1

— / p(y)dy, for any s € &. We add and subtract p® and use the Cauchy-Schwarz inequal-

m

5 Js

ity:

’ ’ 2
" -p)P<2 > ‘p” -l +2 Y - 66

s=D|D'€S s=D|D'€S s=D|D'€S

Lemma 5.1 applied on a diamond edge s and the diamond cell D, leads to

hS
p® —p*)P <C—2 / IVp(2)[*dz.
mgsMp D

h3
As —2— < C(reg(7)), (see the relation (3.2)), we obtain
MsMp

PP <C / Vp(2) . 5.7)

Substituting (5.7) into (5.6), we get
> o emrse X ([ meras [ vaepe).
s=p|D’'€S s=Dp|D'€S v !
A diamond cells has at most four neighbouring diamond cells, we deduce
oo™ - <4CZ/|Vp |dz—4C/|Vp )?dz.
s=Dp|D’'€S DED

O
PROPOSITION 5.4. For any mesh T on §), there exists a constant C > 0, depending only
on reg(T), such that for any function p in H'(Q), we have

IP2p — plla < Csize(T)||Vp2.

Proof. Let p € ®. We apply the Jensen inequality

/|IF’mp p(x |2dm<—//|p |dzda:

1
To get the upper bound, we add and subtract — / p(y)dy for s € £, and use the Cauchy-
Mg
Schwarz inequality: :

2

/ |]Pmp p | dz S 4 dz.

L / (p(2) — p(y))dy

Applying the Jensen inequality, we have

/qup Pz |dx<f//|p y)? dydz.

We apply Lemma 5.1 on a diamond edge s and a diamond cell

//|p z)|? dydgc<C /|Vp )|?dz.
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h
The relation (3.2) gives that — < C. Finally, we obtain
mg

/\Pmp p(x )\zdxgsize(T)ZC’/ \Vp(z)|2dz,

which concludes the proof. U

5.5. Properties of the discrete divergence on diamond cells. In order to prove the
stability of our finite volume scheme, we will need the following estimate.

PROPOSITION 5.5. Let T be a mesh of ). There exists C > 0 depending only onreg(T),
such that for any function v in (H'(Q))? and any p® € R®, we have

Z/ (div” —div(v))dz < C|p® ||V a1,
DED

where v¥ = P7 v is the mean-value projection of v, defined by (3.5), on the mesh T .
Proof. Using the equality (3.9) and the continuous Stokes formula, we have, for any » € D:

[ —avvenaz= ¥ me [ (V“;K*v(z)) Honde.

5:[$)C,$}C*]€5’D

1 "
We note R, (v) = — / (v,c—;v,c - v(z)) dz. First we multiply by p® and we sum
ms Je

over the diamond cells D € D.
Z / (div® —div(v(z)))dz = Z p’ Z msR;y (V) - Hgp.
DED DED s€Ep

Reordering the summation over s € G, we get

> / (div® —div(v(2)))dz = > meRE, (V) - Han(p® —p°).

DED s=D|D'€S

The Cauchy-Schwarz inequality and (3.10) imply that

[N

2
> [ —avtve) <Pl | Y e R0

pe® P s=p|p'€& T

In order to conclude, it remains to prove that

m?2 )
> Wl%v( vIP| <Clvlim,

s=D|D'€S

which is done in the following Lemma 5.8. U
LEMMA 5.8. Let T be a mesh of ). There exists C' > 0 depending only on reg(T), such
that for any function v in (H'(Q))?, we have

2
> g R < Clvig,

s=Dp|D'€S
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1 .
where v = P? v and R, (v) = —/ <VK+VK — V(Z)) dz.
Ms Jg 2
1 1
Proof. Letv € (H'(Q))?. We note v = (Zz) and the value v, 1= — /v(y)dy, for any
m

S
5 € 6. We prove the result for any component of v, and then for the function v. For ¢ = 1,
2. For instance, since s € &, we can write § = [, Z,c+] C K, we apply Lemma 5.1 on the
edge s and on the primal cell k:

'msmK | [ee o))dzda|

2 di =\)3
Thanks to the relation (3.2), we have ms( 1ar2n(/c))2
memy (h2 + h2,)

< C’ (diam (X /\VU )|?dz.

MsMc

< C. It implies that

2

m ) .
e bkl <o [ I eras
‘We deduce that
2 2
2 m i ) 2 mg il2
h2 h2 ‘Rdlv( )| < ]_L%Tshgvl |U)< - U5| h2 T h2 |U)<* — Vg
<C Vi (2)]2dz.
RUK*

Thus, we obtain fori =1, 2

> R 0P < C [ Vi)
h2 +h2 div\V = o .

s=D|D'€S
Summing over ¢ gives the result. O

6. Stability of the scheme. In this section, we prove the uniform stability of the DDFV
scheme thanks to the right stabilization term. The stabilization already plays a role to prove
the well-posedness of our scheme, in Section 4. In Theorem 6.1, the choice of the stabilization
term a la Brezzi-Pitkéranta is crucial, since we get Remark 3.6. Let us first introduce the
bilinear form associated to our DDFV scheme (4.1):

DEFINITION 6.1. We define the bilinear form associated to our DDFV scheme (4.1):

vV (uT,p°), @, 5°) € (R?)" x R?,
B(u™,p®;u”,p”) =[div7 (-27°D®u” + p®°1d),u” |7
+ (div® (uT) = AH AP, 70)s,
where the stabilization parameter X is a positive number.

THEOREM 6.1 (Stability of the scheme). Assume that 1) satisfies (2.3). Then there exists
C1 > 0 and Cy > 0, depending only on the diameter of ), )\, Qn’ C,, and reg(T), such that

for each pair (0 ,p®) € Ey x R® such that Z mpp” = 0, there exists uF € Eq and

DED
p° € R®:

Va2 + 5212 < C1 (IV2uT ll2 + 1P =) , (6.1)



22 S. KRELL

and
IV2uT|l5 + [Ip® 13 < C2B(a”,p®;u”,p?). 6.2)

Proof. Let (u”,p®) € Ey x R® such that Z mpp® = 0. The proof of this Theorem is
DPED
obtained by building explicitly (u?,p®) € Eq x R® such that the relations (6.1) and (6.2)
hold.
Step 1. We apply the discrete Stokes formula Theorem 3.1 to B Definition 6.1, remark
that v7 (u7) = 0 and that D®u7 is symmetric, we get

B(u”,p®;u”,p®) = (2°D?u” : D%u”)p — A(hHA%p%,p®)so.
Thanks to the inequality (2.3) and Remark 3.6, we obtain
B(u”,p®;u”,p?) > 2C [D®u” |3 + Alp® ;.
Finally we use the discrete Korn inequality Theorem 5.1 in order to get
B(u”,p®;u”,p®) > C, [V2u”[3 + Alp®[;. (6.3)

Note that the above estimate on the pressure is mesh dependent. Recall that the semi-norm
|.|5 is itself mesh dependent. That is why we could not bound uniformly the Z?-norm of the
pressure by the semi-norm |.|.

Step 2. We use the Necas Lemma (see [22, Corollary 2.4] or [4, Lemma III.1.17]): since

p° = Z pP1, € L*(Q) and its integral over 2 is zero, there exists a constant C' > 0

DED
depending only on €2, and v € (H2(2))? such that div(v) = —p® and

vl < Clp° |2 (6.4)

Let us choose vZ = P v the mean-value projection P7 v, defined by (3.5). In particular,
we have vZ € [Eg. Using Lemma 5.5, we obtain

IVovTllz < Clivlim < Cllp®|l2. (6.5)
The discrete Stokes formula Theorem 3.1 implies
B(u7,p®;v7,0) = 2(n°D%u” : VOv7) g — (p°,dive (v7))p.

Using the Cauchy-Schwarz inequality, adding and subtracting o [, pPdiv(v(z))dz, we
deduce

B(u”,p?;v7,0) = = CyID%uT o[Vl = D [ pPdiv(v(2))dz

pc® P

- Z p” (div? (vT) — div(v(z))) dz.

pe® P
Since we have div(v) = —p®, the inequality (6.5) and Proposition 5.1 give
B(u”,p®;v7,0) > = CIIV2u[l2[[p® |12 + [Ip° 13

- Z p” (divP (vT) — div(v(z))) dz.

pe® P
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Thanks to Proposition 5.5 and to estimate (6.4) we have

Y [ PP (div?(vT) —div(v(2))) dz < % all vl < Clp®[nllp® 2.

pco /P

We deduce that
B(u™,p®;v7,0) > [p°|3 — Clip® |20V u” |2 = C1p°[alp® 2.

Using Young’s inequality, we obtain the existence of three constants C, Cs, C5 > 0, depend-

ing only on 2, C,, and reg(7'), such that
B(u”,p®;v7,0) > Ci[[p®[I5 — CoVPuT |5 — Calp® ;. (6.6)

Step 3. By bilinearity of B, the inequalities (6.3) and (6.6) give for each positive number
£E>0:

B(u”,p®;uT+&vT,p®)>(C, — £Co) [VEuT[5 + ECulIp® |15 + (A = £€C3) [p® 7. (6.7)

Choosing a value of £ > 0 small enough (depending only on C,, U2, A and C3) to have all
the constant coefficients in front of the norms positive, this inequality (6.7) yields an estimate
of the form (6.2). As the relation (6.1) is clearly verified by the pair u” = u? + {v7 and
P = p®, this concludes the proof. O

REMARK 6.1. It is clear that the proof breaks down if we do not consider the stabiliza-
tion term (i.e. if A = 0).

An immediate consequence of this stability inequality is the continuous dependence of
the DDFV solution with respect to the data.

COROLLARY 6.1. Assume that n satisfies (2.3). There exists C > 0, depending only on
the diameter of 0, A, C,, 67, and reg(T), such that the couple (0™ ,p®) € Eo x R®, solution
of the scheme (4.1) with g = 0, satisfies:

IV a3 + [Ip° 13 < ClIETII5.

Proof. Let (u?,p®) € Ey x R® solution of the scheme (4.1). Thanks to Theorem 6.1, there
exists u” € Eg, p° € R?, such that

IV2aTllz + I ]l2 < C1 (IVu™ [z + [P l2) , (6.8)
and
IV2uT|I3 + [p° 15 < CoB(u™,p®;a”,p°).

By Definition 6.1 of B, we get B(u®,p®;u7,p°) = [f7,u”]r. Using the Cauchy-
Schwarz inequality and the discrete Poincaré inequality (Theorem 5.2), we get

IVou]3 + [Ip° 113 < Collf7 (287 |2 < CIET [ VETT o

Using (6.8) and Young inequality, the claim is proved. O

7. Error estimates. We now provide an error estimate in the case when the exact so-
lution of the problem (2.1) lies in the space (H2(£2))? x H'(Q) and the viscosity is smooth
enough. Our main result is the following

THEOREM 7.1. Assume that 1) satisfies (2.3) and (2.4). Assume that the solution (u, p)
of the problem (2.1) belongs to (H*(Q))? x H'(Q). Let (u%,p®) € (RQ)T x R® be the
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solution of the scheme (4.1). There exists a constant C' > 0 depending only on reg(7), A
Cy, C,, Cy, |lul| g2 and ||pl| 1, such that:

[lu—u7|2+ [Vu—V2uT|; < Csize(T),
and

Ip = p°|l2 < Csize(T).

As usual for the error analysis of finite volume methods, the consistency error which has
to be studied is the error on the numerical fluxes across each of the edges and dual edges in
the mesh. Therefore consistency errors are naturally defined on the diamond cells.

DEFINITION 7.1. We define the consistency errors on ® for any v € (H*(Q))? and for
anyp € H*(Q)

R%(2) = n(2)Dv(2) = 1D P, ()P v, forzep, DED,
Ry (z) = Php—p(2), forzep, DeED.

Recall that the edges o and o* are the diagonals of D = D, ,~. Let us introduce the following
consistency errors on the numerical fluxes, for i € {v,p}:

, . L[

Ric = —Ri. = - [ Ro(s)iteds
Ri. .. = -RL . = $)gurcxds,
R, = |R,| = R: I,

Ri. = [Ri..| = i3]

We note the L?-norm of the consistency error as follows, for i = v, p:

IRLIE= D molRLE IRLIE= D molRLI%

Dy ox €D D, o+ ED

7.1. First step proof of Theorem 7.1. Let e” ‘,Bm,g ~u—u” € Eg denote the
approximation error for the velocity solution field and €® = P2 p — p® € R® the approxi-
mation error for the pressure solution field. Recall that g = ~(u). Thanks to (4.1) and (2.1),
we have Vk € I

div®(—27°D®u” +p°Id) = £,
1
/dw 2(e)Du(e))de + —— [ Vpla)de = .
mi K

Therefore, we deduce
mediv®(—2n°D%e” + e1d) =m,div<(—2n° DR, gPau+ P2 pld)

+/div(277(x)Du(m))dx7/Vp(x)dx
K K
Using Definition 7.1, it becomes

mediv®(—2p°D%e” +e°1d) =2 Y m, Ry + > m,RE,

DED DED
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In the same way, we have V £~ € 9*

mes (dive" (—27°D%%T +€°1d)) =2 > m R .+ Y mRL.
DED jc* DED e

Finally, the couple (e7,e®) € Eq x R satisfies:

div” (—27°D%e” +¢€°Id) = R,
div™ (—=27°D%e” +€°Id) = Ry,
div®(eT) — AWAARe® = R, (7.1

ZmDeD = 0,

DED
where
2 o 1 )
Re= — m,RE, +— > m,RE,, VkemMm,
m ’ m ’
K DEDc K DED
2 u 1 , )
Re- = E My Rge o + E Mo+ Rpw ooy, VK€M
MMy ? Ty ’
DED e DED e

Rp = div® (P, gPTu) — MZAPDp, Ve D.

Remark that we have Z mpRp = 0. Theorem 6.1 implies that there exists €7 € Eg,

DED
€® € R?® and C > 0 such that :

IVEeTl2+ (€] < C (IVoeTll2 + [€®]2) , (7.2)
and
IV2eT[l5 + e®]3 < CB(e,e”;87,e?). (7.3)
Thanks to Definition 6.1 of B and to (7.1), we have B(e”,e®;e%,¢®) = [R”,e7]r +
(R®,e®)p. Wenote [ := [R”,e"]7 and T := (R®,e°)p.

Estimate of I. Using the fact that €« = 0 for any x* € 99" and the definition of I,
we have

1 u ~
I=3 Z Z m, (R +2RG ) - €c
KEMDED

1 ~
+5 > > m,(RE. .+ 2RE. ) e
K*EM*UOM™* DED e+

Reordering the summation over the set of diamond cells and using the fact that Rf, o =
—R., ,andR}. .. = — R}

o*,c*

for ¢ = u, p, we deduce
1 » a - -
I 25 Z mU(Ra,}C + 2Ra,)€) : (eK - eﬁ)

1 ~ ~
+5 > me(RE. o + 2R ) - (€n — Ecn).
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Using Definition 3.1 of the discrete gradient and the Cauchy-Schwarz inequality, we obtain

I=- Z : b (Rg,)c + 2R3,zc) . ((VDET)?K,L)

sin(ap)

_ SHZ’ZQDD) (RE. o + 2R ) - (VP& )T )
Do,a*

<[Ivoe ], [IRG ]2 + [IRG-[l2 + (RG]

C
sin(a;) 2l

Estimate of 7. First, Corollary 5.2 and Lemma 5.4 imply
[div® (B o BT W) 2 < Csize(T) [l 2.
Applying the Cauchy-Schwarz inequality to (div™® (B gPru), €°)p, we get
(div® (B gPT0),€°)p < Csize(T)||ul| g2 |[€° |2 (7.4)

Reordering the summation over s € & in the term Ty := —(AhE APPD p,e®) 5, we have as
in Remark 3.6

:—/\Zmpé@hQAD]P’ p=A Z (h2 4 h2,) (PP p PP p)(e® f_en).

DED s=Dp|D’' €S

The Cauchy-Schwarz inequality and (3.10) imply:

2 2
<A S0 (02 B2 (BEp — BLp)? S (W24 R2)E - )
s=D|D'€S s=D|D'€S
Bl
< size(TIAE® ], [ Y (PR p—Php)?

s=D|D'€S

Using Lemmas 3.1 and 5.7, we obtain
T1| < Csize(T)||e® 2] Vol (7.5)

Remark that 7' = (div™® (B,oPz 1), €°)p + T}, thanks to (7.4) and (7.5), we deduce

|T| < Csize(T)||€® |2 ([ullz> + [ Vp]l2) -
Estimate of B. To sum up, (7.3) becomes

c
sin(ar)
+ Csize(T) | €® |2 (lull = + [[Vpll2).-

IV2e I3 + 11e® 13 < ——— Ve[l [|IR|

2]

Finally, using (7.2), we deduce

V=T[5 + [€® 3 <C(IRZ 2 + [IRE-|l2 + [RE[l2 + [RE- l2) IV |2 + [|e®|2)
+ COsize(T) ([l = + | Vpll2) (IV2€T ll2 + [|e®|2).

It remains to estimate the consistency errors.
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7.2. Analysis of the consistency error.

7.2.1. Estimate of RY. The consistency error % can be split into four different con-

tributions Ry, R%’DV, RY* and R%’bd coming, respectively, from the errors due to the
approximation with respect to the space variable of the flux n(.)Dv(.), to the approximation
of the gradient, to the approximation of the viscosity and to the discretization of the boundary
data:

R%(2) = RY"(2) + Ry™Y + Ry + Ry™, (1.7)

where, for z € D,

RY"(2) ()Dv()—mi / n(@)Dv(a)dz,

— / — D”P7v)d,

Ry = <m IRCES %) Py
R%" =np(DPPIv — DPP,, ) PIV).

v,Dv
R@

In order to control R and RY., let us estimate separately the different terms in the right-hand
side of (7.7).

PROPOSITION 7.1 (Error due to the discrete gradient). Assume that n satisfies (2.3). For
any mesh T on ), there exists a constant C' > 0, depending only on reg(T) and C,, such
that for any function v in (H?(2))?2, we have

v,Dv .
I1Bs ™[l < Csize(T)[[Vy]|ar.
Proof. Using Jensen inequality and the inequality (2.3) we get

v,Dv 2 —2
IR < Y / — DPFTv))’ dz < T2 Dv — DBV
DED

Remark 2.1 implies that
IDv = DPPZv]l> < Vv = VEPTv ]2,

and then, applying Lemma 5.3, we get the result. (]

PROPOSITION 7.2 (Error due to the viscosity variation). Assume that n satisfies (2.4).
For any mesh T on (), there exists a constant C' > 0, depending only on reg(T ) and C,, such
that for any function v in (H?(Q))?, we have

RS ll2 < Csize(T)[ V| -

Proof. The Jensen inequality gives

v,z 1 D
1751 < 3 o ([ [ 10) = a0 doteri ) IDPTVIE-

DED

Thanks to (2.4) and Proposition 5.1 we have

IRFB<Y ( [ EEEREE >dx) IDPBTv]% < Csize(T)*[VOPT V2.

DED
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Finally, Corollary 5.1 gives the result. O

PROPOSITION 7.3 (Error due to the boundary data). Assume that n satisfies (2.3). For
any mesh T on ), there exists a constant C' > 0, depending only on reg(T) and C,, such
that for any function v in (H?(2))?, whose trace is denoted by g = ~(v), we have

IRS" |2 < Csize(T)||v| g2

Proof. Inequality (2.3) and Proposition 5.1 imply
v, =2
IRS" 5 < CLID® (PTV = B gPI V)5 < CIV® (PTV = B gPV) I3,

and finally, Lemma 5.4 gives the result. (]

PROPOSITION 7.4 (Error due to the approximate flux). Assume that n satisfies (2.3) and
(2.4). For any mesh T on , there exists a constant C' > 0, depending only on reg(T), C,,
and C,, such that for any function v in (H?(2))?, we have

1 v 1 v .
S o | RSO + o [ IS 9s]| < TV

M=
D, ,«ED 7

Proof. We apply the Jensen inequality
v 1
175" (s)lIF < 7/ lln(s)Dv (s) — n(z)Dv (@) ||Fdz.
Mo Jp

Thus, adding and subtracting 7(s)Dv (), Cauchy-Schwarz inequality implies

RS ()7
< m%) / n(s) —n(a) P IDV(@) 3z + / ()2 [Dv(5) — Dv(x)|2dx.

D
Inequalities (2.3) and (2.4) imply

v, 2 : 2 203] 2 26127 2
IR ()1 < size(T)P— 0 [ [Dv(a)lde+— 2 [ [Dv(s) - Dv(a)l 3o (79
mp Jp mMp Jp
We average the second integral on the right-hand side of (7.8) on ¢ and apply Lemma 5.1

1

mpm,

h3,

m,Mp

[ [ 1v(s) = Dv@)deds < 02 [ [wDv()Pay.

o D D

Note that we use here an extension of Lemma 5.1 to the matrix framework. Thanks to the
relation (3.2), it follows

1

> me
Mpm

D, ,+ED

o,

/ / IDv(s) — Dv(a)|2deds < Csize(T)2[VV|Z.

o

As a result, we obtain

1 v .
S e / IR (s))3ds < Csize(T)2 [ Vv |2

m
D, ,xED i
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We use the same computation for the similar term on the dual edge o*. O
Now, we can control RY and RY., as follows
COROLLARY 7.1. Assume that n satisfies (2.3) and (2.4). For any mesh T on §), there

exists a constant C' > 0, depending only onreg(T ), C,, and Cn’ such that for any function v
in (H*(Q))?, we have

[RZ ]2 + ||
Proof. Thanks to (7.7) and Cauchy-Schwarz inequality, we get

> mo[RYP <4 Z My —— /HIRV" (5)I5ds + 4IRSV 113

-2 < Csize(T)|| V]| g -

D, g« €D o* €D
+ 4|\|sz 3+ 4RG3
We conclude using Propositions 7.1, 7.2, 7.3 and 7.4. We proceed in the same way for the
estimate of RY.. (]
7.2.2. Estimate of R2. Now, we can control R? and RZ., as follows

o*
COROLLARY 7.2. For any mesh T on ), there exists a constant C > 0, depending only
on reg(T), such that for any function p in H'(Q), we have

IRG (|2 + [Ro- |2 < Csize(T)[|Vp||2-

Proof. We use Lemma 5.2 on a primal edge o and a half diamond cell D; such that
D, .« = D1 U Dy with Dy N Dy = o for RY (s)fi,x: fori =1,2

1 2
RI[P — ‘m/R%(s)ﬁ,,cds

Cho,

IN

= C
IV (RS (2)fox) I ds + +

o D; D; o

/_ (R ()i ) 2.

hp, 1
Thanks to the relation (3.2) we have Molto; < §size(T )? and < (C. Recall that

m, hp,m,

i

RY = PP, p — p, we deduce
> mp|REJ? < Csize(T)? Z / IVp(2)Pdz+C ) / P2 p — p(2)[*dz.
Dy ox €D DED
Finally, Proposition 5.4 gives
Y mo|REP < COsize(T)?|[Vplf3.
D, 5+ €D
We proceed in the same way for the estimate of RZ.. U

7.3. Concluding the proof of Theorem 7.1. We may now collect all the previous results
in order to conclude the proof of Theorem 7.1, that we started in Section 7.1.
Proof. Having denoted by e” =, gIP’;ru —u? and e® = P2p — p®, we have obtained
the following inequality (7.6)

IVEe 13 + €[5 <C(IRZ 2 + RS- ||2 + [IRE 2)(IVFe7 |2 +[e®2)
+ Csize(T) (ull g2 + [|Vpll2) (IVZe[l2 + [|e® 2).
Corollaries 7.1 and 7.2 imply
IV®eT ||y < Csize(T) and ||€®]|2 < Csize(T). (7.9)




30 S. KRELL

Estimate of ||u — u7 ||o. We have

”u - uT”Q < Hu - ;’Bm,g]P)ZUHQ + Hmm,gpz—u - uT||2'

Lemma 5.6 and the discrete Poincaré inequality (Theorem 5.2) imply
[u—u7 |}z < Csize(T)|Vull a1 + VP, gPTu— VOuT 2.

Finally, (7.9) gives the estimate of |[u — u® 2.
Estimate of |[Vu — V®u7 ||. We have

[Vu = V2u™|, <[[Vu - VOPZull, + [VOPTu - VOB, PTul,
VP P u — VEuT o

Finally, Lemmas 5.3, 5.4 and (7.9) imply the estimate of [|[Vu — VP u7||,.
Estimate of ||p — p*||o. We have

lp =212 < p = BRpllz + [PRp — |2
We conclude thanks to Proposition 5.4 and (7.9). O

8. Numerical results. We first want to emphasize that the implementation of DDFV
schemes only requires a TPFA mesh structure, that is an edge structure with references to the
two neighbouring cells and to its two vertices. In particular, we never need to construct the
dual mesh and the diamond mesh.

We show here some numerical results obtained on a rectangular domain  =]0, 1[2.
Error estimates are given on four different tests with a stabilization coefficient chosen to be
A=10"3

REMARK 8.1. Remark 6.1 brings out the theoretical role of \. Reference [13] proves that
if X is zero, the scheme is well-posed only for conformal triangle meshes with acute angles or
for non-conformal square meshes, otherwise for a mesh like in Figure 8.1(a) well-posedness
is open.

We present four test cases. For all of them, we give in the following the exact solution
and the original mesh. In order to illustrate error estimates, the family of meshes are obtained
by successive global refinement of the original mesh. In the first test, the exact solution is
the Green-Taylor vortex on a quadrangle and triangle mesh (see Figure 8.1(a)). In the second
one, the exact solution is a polynomial function on a non-conformal square mesh (see Figure
8.2(a)). The third and fourth tests are performed using a discontinuous viscosity function.

The exact solution (u, p) and the viscosity 7 being chosen, we define the source term f
and the boundary data g in such a way that (2.1) is satisfied. Since the pressure is smooth
in our example, we compare the approximate pressure to the center-value projection of the
exact pressure on £

IP)cgp = ((p(rp))ped) -

In Figures 8.1-8.4, we compare the L2-norm of the error obtained with the DDFV scheme,

P@ D vi)PT _ vi) T
for the pressure w, for the velocity gradient I Che = u» and for the
P2 pl|2 V2Pl
[PZu — u” |l

velocity respectively, as functions of the size of the mesh size(7) in a loga-

P2 a2
rithmic scale. The convergence rates shown on 8.1-8.4 are computed through a least square
linear approximation of the computed data.
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8.1. Test 1 (Green-Taylor vortex) - Constant viscosity. Let us consider the following
exact solution:

1 sin(2mz) cos(2my)

u(z,y) = p(z,y) = écos(lhrx) sin(4my),

— 3 cos(27x) sin(27y)

and the viscosity 7(z,y) = 1. The considered mesh is a quadrangle and triangle mesh (see
Figure 8.1(a)). For smooth solution and viscosity, as predicted in Theorem 7.1, we observe

L2-norm error for the pressure

10

Rate: 1.0168
107 16’2 X 16’1 10°
Mesh size
D, D
(a) Quadrangle and triangle mesh. (b) Mipﬂz
P& pll2
Hé—norm error for the velocity . L?-norm error for the velocity
107" 10
107
1072 Rate: 0.98498 107 Rate: 1.9643
10"
107 ‘ ‘ 10° ‘ ‘
10° 107 10 10° 10° 107 10" 10°
Mesh size Mesh size
© IVOPTu — V2 uT |l @ [PZu—uT];
c WPe = = M2
V2 PT |, P2 ull2

FIG. 8.1. Test 1, Green-Taylor vortex, on a quadrangle and triangle mesh.

a first order convergence for the L?-norm of the velocity gradient and of the pressure, which
seems to be optimal. We obtain a second order convergence for the L?-norm of the velocity.
This super-convergence of the L?-norm is classical for finite volume method, however its
proof still remains an open problem see [32].

For A = 0, we numerically observe the well-posedness and similar rates of convergence.

8.2. Test 2 (polynomial function) - Non constant viscosity. The exact solution on the
second test are the following polynomial functions:

1000z2(1—z)22y(1—y)(1—2y) ) 2
u(m,y)z ) ) p(l‘7y):x +y -5,
—1000y2(1—y)?2z(1—x)(1—2x) 3
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L2-norm error for the pressure

10

10 Rate: 1.9252
10°
107 10 10°
Mesh size
D, D
(a) Locally refined rectangular mesh. (b) Wpcp@iplh
P pll2
Hcl)—norm error for the velocity . L2-norm error for the velocity
100 10
10
-1
oy Rate: 1.8238
Rate: 1.3405 10
107 10°
107 10" 10° 10” 10™ 10°
Mesh size Mesh size
© [VOPZu—Vou”|; @ P2 u—u”]l;
IV2PT |, IPZ ull2

FIG. 8.2. Test 2, polynomial function, on a non conformal rectangular mesh.

and the viscosity n(z,y) = 2z + y + 1. We use the non conformal square mesh, arbitrar-
ily locally refined on the left bottom corner, as shown on Figure 8.2(a). For the velocity, its
gradient and the pressure, we numerically obtain convergence rates equal to 1.9, 1.3 and 2
respectively for the DDFV scheme. Note that the convergence rates obtained in this numer-
ical test are greater than the theoretical one given in Theorem 7.1. This is related to some
uniformity of the mesh away from the refinement area. Furthermore, let us emphasize that
the convergence rate is not sensitive to the presence of non conformal control volumes.

8.3. Test 3 - Discontinuous viscosity. The exact solution is the following:

—ry
u(z,y) = , z,y) = 2.5(x —y).
(z,9) sin(r(z — 0.5)) p(z,y) (z—y)

Here, we consider a discontinuous viscosity:

1 forz > 0.5

T,Y) =
n(z,y) 1074 else.

We use the triangle mesh, shown on Figure 8.3(a). With this viscosity, the assumptions of
Theorem 7.1 are not satisfied. Nevertheless, the numerical test shows that we have a first
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L2-norm error for the pressure

10

7
107 Rate: 1.1497
10°
107 10 10°
Mesh size
D, D
(a) Triangle mesh. (b) WP’cpgipHQ
P pll2
Htl)—norm error for the velocity . L2-norm error for the velocity
10
10
Rate: 0.89447
Rate: 1.8586
107
10° |
10°
107 10" 10° 10” 10™ 10°
Mesh size Mesh size
© [VOPZu—Vou”|; @ P2 u—uT||;
IV2PT |, IPZ ull2

FI1G. 8.3. Test 3, discontinuous viscosity on a triangle mesh.

order convergence for the velocity in H}-norm and for the pressure in L?-norm. It seems
to come from the fact that Du is equal to zero across the discontinuity line of the viscosity
{z = 0.5} so that the jump of viscosity does not affect the consistency properties of the
numerical fluxes at the interface. We will see in the next test case that it is not always the
case.

8.4. Test 4 - Discontinuous viscosity. Let us consider the following exact solution:

y? — 0.5y fory > 0.5
u(x’ y) — 104(y2 — 05y) else. , p(x’ y) = 2r — ]_7
0

and the discontinuous viscosity:

1 fory > 0.5

nw,y) =9
’ 107* else.

We use the non conformal quadrangle mesh, locally refined where the viscosity is discontin-
uous, shown on Figure 8.4(a). Once more here the assumptions on the viscosity of Theorem
7.1 are not satisfied and the symmetric part of the gradient Du is discontinuous across the
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L2-norm error for the pressure
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F1G. 8.4. Test 4, discontinuous viscosity on a non conformal quadrangle mesh.

interface {y = 0.5}. We observe that the scheme is still convergent even if we have lost the
first order convergence for the DDFV scheme, as expected.

In this test case, the discontinuities of the viscosity must be taken into account by the
scheme to overcome this consistency defect. We propose and analyse such a modification of
the present scheme in [29], following the strategy of [5].

9. Conclusion. In this article, we propose stabilized DDFV schemes with Dirichlet
boundary conditions for the Stokes problem with variable viscosity. The DDFV scheme
is proved to be well-posed and to be first order convergent in the L?-norm for the velocity
gradient, as well as for the velocity and for the pressure. These results are proved in the case
where the viscosity is smooth on the whole domain 2. When the viscosity is no more smooth,
we still numerically observe the convergence of the DDFV scheme. Nevertheless, the method
is no more first order convergent.

In practice, the viscosity may present discontinuities across some interfaces, in multi-
phase flows, for instance. Such a viscosity function is no more Lipschitz continuous on the
whole domain 2. For anisotropic scalar elliptic problems, in presence of discontinuities, a
suitable modification of the discrete gradient allows the authors of [5] to recover the first order
convergence. This approach can be adapted to the present framework for the Stokes interface
problem. We proved in [29] that the modified DDFV scheme presents a better consistency of
the fluxes near the places where discontinuities of the viscosity occur. Finally, the modified
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scheme is proved to be well-posed and first order convergent on 2D general meshes, even for
a discontinuous viscosity.
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