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Abstract. We study two classical generalized MAC schemes on unstructured trian-
gular Delaunay meshes for the incompressible Stokes and Navier-Stokes equations and
prove their convergence for the first time. These generalizations use the duality between
Voronoi boxes and triangles of Delaunay meshes, in order to construct two staggered
discretization schemes. Both schemes are especially interesting in coupled flow prob-
lems, since compatible finite volume discretizations for coupled convection-diffusion
equations can be constructed which preserve discrete maximum principles. In the first
scheme, called tangential velocity scheme, the pressures are defined at the vertices of
the mesh, and the discrete velocities are tangential to the edges of the triangles. In the
second scheme, called normal velocity scheme, the pressures are defined in the triangles,
and the discrete velocities are normal to the edges of the triangles. For both schemes,
we prove the strong convergence in L? for the velocities and the discrete rotations of
the velocities for the Stokes and the Navier-Stokes problem. Further, for the normal
velocity scheme we also prove the strong convergence of the pressure in L?. Linear and
nonlinear numerical examples illustrate the theoretical predictions.

1. Introduction

We consider in this paper two different generalizations [2, 14, 17, 13, 20] of the classical MAC
scheme [15, 21] for the incompressible Stokes and Navier-Stokes equations in two space dimensions
and prove their convergence for the first time. In the Stokes problem, we look for the unique weak
solution (v,p) € Hg ()% x L?(2) of the system

(1.1) —Av+Vp=f T €,
(1.2) V.-v=0 T €,
(1.3) /pda::O

Q
(1.4) v=0 x € 05},

where f is assumed to be in L?(Q)2. In the nonlinear case, we investigate the Navier-Stokes equations
in the so-called rotation form, where we have to use the Bernoulli pressure P = p + %,02‘ Then, these
equations read

—Av%—(rotv)vL—i-VP:f x € (),
V-v=0 x €,
/Pdw:()
Q
v=0 x € 09,

where (v1, vg)J— is defined as (—wvg,v1). We assume that the following hypotheses are fulfilled:

Q) C R? is an polygonal bounded and connected domain without holes,
(1.5) with the boundary 02,

(1.6) f e L)%

Numerous discretization schemes have been developed in the recent past for the approximation of the
incompressible Stokes and Navier-Stokes equations. Among them, the classical MAC scheme [15, 21]
is one of the best-known. It is based on a staggered approach on structured grids, where the velocity
and the pressure control volumes are dual to each other and have square or rectangular shape. Since
the scheme is staggered, the pressure is not prone to instabilities. In this situation, convergence
proofs for the linear Stokes and the nonlinear Navier—Stokes problems (with small data assumption)
have been presented by Nicolaides and coauthors [20, 18, 19]. But in spite of its success, this
scheme has the main drawback that complex geometries cannot be well approximated by rectangular
grids. Therefore, several attempts have been made to generalize it for unstructured grids, see e.g.,
16, 2, 14, 17, 13, 20|. While the extension by Kanschat [16] is in the spirit of discontinuous
Galerkin methods, the extensions given in Refs. [2, 14, 17, 13, 20] are more in the spirit of finite
volume methods where the unstructured simplex grid possesses the Delaunay property. Then the dual
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Voronoi grid can be defined in a simple geometrical way (see Figure 1), and two different staggered
approaches are possible:

(1) in the first scheme, called the tangential velocity scheme, the velocity is approximated by its
tangential values along the edges of the triangles, whereas the pressures are approximated at
the vertices of the triangles;

(2) in the second scheme, called the normal velocity scheme, the velocity is approximated by its
normal values to the edges of the triangles, whereas the pressures are approximated at the
center of the triangles.

These generalized MAC schemes on Delaunay-Voronoi meshes are especially interesting for coupled
flow problems. For the tangential velocity scheme, the proposed discretization of V - u = 0 exactly
coincides with the discrete solenoidal condition allowing to prove a discrete maximum principle for
the Voronoi finite volume method for convective transport of a dissolved species in the velocity field
u [9, 10]. Hence it is particularly interesting to study the convergence of these schemes.

Let us notice that the convergence proofs for the MAC scheme have been given by Nicolaides and
his coauthors for the case of rectangular meshes and may not easily be extended to general triangular
meshes. Indeed, in the case of the tangential velocity scheme, a consistent discrete rotation operator
is obtained if the discrete velocity degrees of freedom are located at the midpoint of the triangle edges,
but a consistent divergence operator demands that the discrete velocity degrees of freedom are at the
midpoint of the Voronoi edges (see Figure 1, which shows that these two points are different in the
general case).

F1cURE 1. Triangular and Voronoi meshes, midpoints of triangle edges and Voronoi edges.

In the case of the normal velocity scheme, the points used for the definition of the discrete rota-
tion and divergence are exchanged in comparison to the tangential scheme. It results that for both
schemes, the discrete divergence and discrete rotation operators cannot be simultaneously consistent,
and standard convergence proofs based on error estimates fail. In order to overcome this difficulty,
we apply discrete Helmholtz decompositions which lead to the study of two nonconforming discrete
schemes for the biharmonic problem. The convergence of these schemes has been proven in two recent
papers [6, 7], yielding the convergence of the velocity / pressure schemes to the continuous weak
formulation of the Stokes problem.

The main results of the paper are the following: For both schemes, we show the strong convergence
in L? of some reconstructions of the velocities, and we prove the strong convergence of their discrete
rotation in L2. We only prove the convergence of the pressure (in L?) in the case of the normal velocity
scheme, which allows a simple discrete Necas lifting. After that, using a strong reconstruction of the
velocity, we prove the convergence of the corresponding schemes for the Navier-Stokes equation in the
Bernoulli pressure formulation. Finally, numerical results for both schemes are presented at the end
of the paper. Remark that they also show the numerical convergence of the pressure for the tangential
velocity scheme.

2. Definition of the schemes

DEFINITION 2.1 (Acute triangular mesh of €2). Under hypothesis (1.5), an acute triangular mesh
of the domain  is defined by M = (V,£,7), such that:
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(1) The set 7 is the finite set of disjoint triangles (considered as open subsets of R?) such that
UTGTT = . We denote by hj the largest diameter of all triangles. For all T € 7T, the
point @7, defined as the center of the circumcircle of T, is such that xp € T.

(2) The set V consists of the vertices of all the triangles. For all y € V, we denote by V,, the
Voronoi box around the vertex y € V, defined as V, = {x € Q, |z —y| < |z —y’| for all ¢y’ €
V.y' #y}

(3) The set & consists of all the edges of the triangles, and is such that, for all o € &, either o is
located on the boundary of £ (we denote by Enq the set of these boundary edges), or o is
common to two neighboring triangles (we denote by &y the set of these interior edges). We
then denote by @, the midpoint of o and by 6 the infimum of all quantities |x, — x7|/hr,
for all triangles T, and hp/hy+, for any pair of neighbouring triangles T and T".

REMARK 2.2. The acuteness assumption which is equivalent to the conditioon that the circum-
centers xp of all triangles T' € 7T are inside their triangles can be weakened. We are convinced that
it would be sufficient that the triangulation is boundary conforming Delaunay [25], which means that
it is Delaunay, and all triangle circumcenters are contained in the domain . In fact, we will use
such meshes for our numerical computations. For the sake of simplicity in the proofs, we restrict our
theoretical results to acute meshes.

For every edge o € £, we define a fixed orientation, which is given by an unit vector t, parallel
to o, and we define n, as the normal vector to o, obtained from ¢, by a rotation with angle /2 in
the counterclockwise sense (this rotation operator will be denoted as Pz, see Figure 2). We further
assume that the edges o € &g at the border of 2 build a counterclockwise path around 2. Then, for
any edge o € Epng, the exterior of € is located to the right of o.

v,

FIGURE 2. Notations for the mesh: Left: the Voronoi box associated to a vertex.
Right: Zoom into a diamond.

For every T € T, we denote by &r the set of edges of the triangle T, and we denote, for any
o € &r, by tr, the unit vector parallel to o oriented in the counterclockwise sense around 7', by nr
the unit vector normal to o and outward to 7', and by Dr, the cone with basis o and vertex x7.

For any o € &, let T and T” be the two neighboring triangles such that o is an edge of T' and
T'. We denote by o the segment (Voronoi face) [z, z7/], by ®,1. = 3(@r + @7/) the midpoint of
the Voronoi face o+, and by D, = D15 U Dy 5. For any o € &g, let T be the triangle such that o
is an edge of T. We then denote by o+ the segment [x7, z,] and by D, = Dr.

For any y € V, we denote by &, the set of all the edges which have y as a vertex, and we denote,
for any o € &, by ty, the unit vector parallel to o oriented from y to the other vertex of o and by
Ty, the unit vector normal to o and in the counterclockwise sense around y.



DEFINITION 2.3. By curl: H*(Q) — L?(Q)? and rot: H(Q)? — L?(£2) we denote the following two
differential operators

_ [ 98 1
curl{ = (—3355) VE e H (),
and
rot (Z) = 0;q — Oyp Vp,qEHl(Q).
Note that rot curl ¢ = —A¢ holds for all £ € H?(Q).

2.1. Tangential velocity scheme. Let us now define the tangential velocity scheme, where the
space of degrees of freedom for the velocities and the pressures will be respectively denoted by

(2.1) Xe =RE,

(2.2) Xy =R".

The degrees of freedom for the velocity represent the velocity components v - t, at the midpoint of the
edges o € £, which are oriented in the direction ¢,. The degrees of freedom for the pressure represent
the pressure at the vertices of the triangulation. The space

(2.3) Xe = {v e Xe,v, =0,V0 € Eext }

represents the degrees of freedom for the velocity, when homogeneous Dirichlet boundary conditions
are prescribed at the boundary edges.

Let us introduce the discrete differential operators which are needed for the tangential velocity
scheme

(2.4) rotyv = Z lo|vots - tro Yoe Xe, VT €T,
OGET

(2.5) divy v |V | > ot ot - tyo Yo e Xe, Vy €V,
0EEy

see Figure 2 for the notations used here. Then the scheme reads:

find (v,py) € X¢ x Xy such that

(2.6) Z |T| rotr v rotr w — Z |Vy|py divyw = Z 2w, f-todx, Yw € X¢
TeT yev oe€ Dy
(2.7) Z [Vylpy = 0,
yev
(2.8) divyv =0, Yy € V.
It is possible to write the above scheme, using functions defined on the spatial domain 2 by
(2.9) rotr v(x) = roty v Vv e Xg, VI'eT,forae xeT,
(2.10) leV v(x) = divyv Vv € Xg,Vy € V, for a.e. & €V,
(2.11) cw(x) = 2wots Yw € X¢g, Vo € &€, for a.e. x € Dy,
(2.12) Rvpy( ) =Dy Vp € Xy, Yy € V,for a.e. ¢ €V,

We can then rewrite (2.6)-(2.7)-(2.8) in the following way:
find (v, py) € X¢ x Xy such that

/Qrotq—v(a:) rot7 w(x)de
(2.13) —/QRVpV(m) divy w(x)dx :/Qf(a:) -R!w(az)d:c, Yw € Xg,
(2.14) /QRvpy(a:)d:c =0,

(2.15) divyv(x) =0 for a.e. € Q.
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Further, it is possible to write Problem (2.13)-(2.14)-(2.15) without using the pressure. We denote by
(2.16) V)l = {v e X¢,divpv =0}
We then notice that a solution of Problem (2.13)-(2.14)-(2.15) also satisfies

(2.17) v e Vg',/ rot7 v(z) rotr w(z)de = / f(x (x)dz, Yw e V.

Last, but not least we introduce a strong reconstruction operator Ry : Xg — L%(9)? which is defined
for all w € X¢ on every triangle T' € 7 by

- 1
(Rrv) = i X lolunte -t (o~ )"
oelr

This strong reconstruction operator reconstructs constant vector fields exactly, as can be seen by

applying Stokes’ theorem
/rotwdm— Zt 7g/w-t0d:1:
g

o€

to w = <21§> . Due to this fact, the reconstructed discrete velocities Ryv converge strongly in
2

L?(9)? to the continuous solution v of the incompressible (Navier-)Stokes problem above, see the
Rellich-like compactness statement in Lemma 3.5 for this.
u

2.2. Normal velocity scheme. Let us now define the normal velocity scheme. The discrete

pressure space is denoted by
X1 =R7.

It represents the pressures at the circumcenters of the elements. For the velocity space we use the
same notations Xg and Xg as in the tangential velocity scheme, since the discrete spaces in both
schemes are indeed equal. But the interpretation of the discrete velocity space is now a different one.
In the tangential velocity scheme the degrees of freedom for the velocities represent the tangential
velocity components at the midpoint of all the edges o € £. Instead, in the normal velocity scheme
the discrete velocities represent the corresponding normal components, now located at the midpoints
of all the Voronoi faces ot.

Then, the normal Velocity scheme reads as follows. We define

(2.18) roty v = Z ot [vemy - My, Vv € Xg, Yy €V,
[Vyl y| s

(2.19) divpv = Z lo|vems - N7y Yve Xeg, VI €T,
JEgT

see again Figure 2 for the notations, and write:

find (v,pr) € X¢ x X7 such that

(2.20) Z |Vy| roty vroty w — Z |T|pr divy w = Z Wy f - nydz, Yw € X¢
yev TeT oe€ Do
(2.21) > [Tlpr =0,
TeT
(2.22) divrv=0, VI' e 7.
It is again possible to write the above scheme, using functions defined on the spatial domain 2 by
(2.23) roty v(x) = roty v Vv € Xg, Vy € V,for a.e. T €V,
(2.24) divy v(x) = divpv Vv e Xe, VT € T ,for ae. x €T,
(2.25) Rew(x) = 2wy, Vw € Xg, Vo € &, for a.e. x € D,
(2.26) Rrpr(x) =pr Vp e X7, VI' € T ,for a.e. x € V.



We can then rewrite (2.20)-(2.21)-(2.22) in the following way:
find (v, pr) € Xg x X7 such that

/ roty v(x) roty w(x)de

Q

(2.27) —/ Rrpr(x)divy w(z)de = / f(x)  Riw(x)de, Yw € Xg,
Q Q

(2.28) / Rrpr(x)de =0,

Q

(2.29) divyv(z) =0 for a.e. x € .

It is again possible to write Problem (2.13)-(2.14)-(2.15) without using the pressure. We denote by

(2.30) Vi = {v e Xg,divrv =0}

We then notice that a solution of Problem (2.27)-(2.28)-(2.29) also satisfies

(2.31) vE VSJ‘,/ roty v(x) roty w(x)de = / f(x) - Riw(x)de, Yw € Vi
Q Q

Similar to the tangential velocity scheme, we introduce also a strong reconstruction operator Ry :
Xg — L*(Q)? for the normal velocity scheme which is defined for all w € X¢ at every interior node

y €V by
- 1
(va> lv, = Z |0t [weny - Nyo (X0 — T7T)
€&

1
[V, - |

Similar to the tangential velocity scheme, also this strong reconstruction operator reconstructs constant
vector fields exactly.

3. Mathematical analysis of the tangential velocity scheme

In order to write a discrete equivalent of the continuous Helmholtz decomposition, which will be
applied to scheme (2.6)-(2.7)-(2.8), we introduce the following additional notations.

FicURE 3. Tangential velocity scheme: notations for the discrete Helmholtz decomposition

For a given edge o € £ connecting the two vertices y,; and y, 5, the unit vector ¢, is directed
along the edge and points from the former vertex to the latter, see Figure 3. We denote, for an interior
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edge 0 by T, lefy and T, right the circumcenters of the triangles Ty 1oy and T, vignt adjacent to the edge
o, and we set ur, ., = 0 for a boundary edge o. Here, the definition of left and right is chosen
according to the orientation t, of the edge.

For a given triangle T € 7 and o € &7, 7, denotes the circumcenter of the triangle adjacent to
T through o, and ur, denotes the corresponding value of a function u.

Similarly, for a Voronoi box Vj, around y € V and an edge o € &, y, denotes the vertex at the
end of o opposite to y, and ¢, , the corresponding value of a function g.

We then define

U —ur, .
(3.1) curlll o = T"’le“| l|T"’“gh“ Yu € X7, Vo € &,
o
(3.2) Aru = |T| > ol | L| Yue X7, VT €T,
o€ér
|| o qyo,Q - Qyo,l
(3.3) grad) ¢ = ﬁ Vg € Xy, Yo €&,
o
q )
(3.4) yq—v > ot Vg e Xy, Vy € V.
JES

REMARK 3.1. The discrete operators gradﬂ q and curlﬂ u deliver approximations of the directional
gradient Vq-t, along the edge o, and the corresponding directional curl operator curlu-t, = Vu-n,.

We then have the following lemma.

LEMMA 3.2 (Helmholtz decomposition, tangential velocity scheme). Under hypothesis (1.5), let
M= (V,E,T) be a mesh of the domain Q in the sense of Definition 2.1. Then for all v € Xg, there
exists one and only one (u,q) € X7 x Xy such that

(3.5) vy = curll u + gradl ¢, Vo € &,
(36) > [Valay =0.
yey

We then denote v = Ul(v) and ¢ = QI (v). Moreover, if v e V”, we have ¢ = 0 and u € X7, where
we define

(3.7) Xro={ue Xr,ur=0, for alT € T with Er N Eppa # 0}.
PROOF. Let us first remark that, thanks to Euler’s relation, we have
#Y + #T = #E 4+ 1.

Since the linear system (3.5)-(3.6) contains #& + 1 equations, it suffices to prove the uniqueness of
(u, q) for proving at the same time the existence. We then remark that, plugging (3.5) into (2.4), the
terms in ¢ vanish, and we get

—Apu =rotpv, VI € T.

Setting v = 0, multiplying by u7 and summing on T € 7 leads to

o] o]
Z |0_J_‘ (uTa,left - uTa,right)2 + Z ‘O_J_| (uTa,left)2 = 07

0€Eint 0€Epnd
which shows that u = 0 (hence we recover the standard result of the uniqueness of the solution of
the discrete finite volume Laplace operator with homogeneous Dirichlet boundary condition on 7, as
given in [4]). This proves that u € X7 is uniquely defined. We then introduce (3.5) into (2.5), and
we observe that the terms in u vanish, leading to
Ayq = divyv, Yy € V.
Setting v = 0, multiplying by g, and Summing on y €V leads to

ot 2
Z |o-‘ qya‘,Q - qya‘,l) = O’

o€l

showing that ¢ takes a constant value for all y € V. Thanks to the condition (3.6), we get that
this constant value is zero (hence we recover the standard result of the uniqueness of the solution
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whose mean value is equal to zero, to the discrete finite volume Laplace operator with homogeneous
Neumann boundary condition on the finite volume mesh {V,,y € V}, see [4]). This proves that

q € Xy is uniquely defined. Taking v € VEH, we have divyv = 0, and therefore QH(U) = (. Since
Vg” C Xg, we have v, = 0 for all o € Epnq. Therefore, since

V. = uTa,left - uTU,right
g 9
ot

= 0, which proves that u € X7 . O

and up

yuigne = 0 for all o € Epng, we get ur,

Lleft
We now have the following property.
LEMMA 3.3 (Streamline potential formulation, tangential velocity scheme). Under hypothesis

(1.5), let M = (V,E,T) be a mesh of the domain Q in the sense of Definition 2.1. Then v € VEH is a
solution of (2.17) if and only if w = Ul (v), as defined by Lemma 3.2 is a solution to

(3.8) u € X7o,Vw € X1, /Q Aru(x)Arw(x)de = /ng f(x) Vew(zx)de,
where
(3.9) Aru(x) = Apu, for a.e. € € Vp VT € T,
w —wrp, .
(3.10) Vew(x) =2 T"’leﬁ‘ | T‘T’”ghtno, for a.e. ®x € D,,Vo € £, Yw € X¢.
o

As a consequence, there exists one and only one solution v € Vg|| to (2.17), defined by v = curl‘! u.

Proor. It suffices to take Curlg w as test function in (2.17).

Since divy curlgw = 0, and since n, = pzty, we get (3.8). Reciprocally, assuming that u is

solution to (3.8), we get, since Qll (w) = 0 for all elements of VgH7 that v = curl! u is solution to (2.17).

We then apply the discrete existence and uniqueness result for a discrete biharmonic problem given
in [6], which provides that Problem (3.8) with Definition (3.10) has one and only one solution. O

Let us now state two direct consequences of the results proven in [6].

LEMMA 3.4. Under hypothesis (1.5), let w € C°(Q)? be given with V-w = 0 (where we denote by
C°(Q) the set of infinitely differentiable functions with compact support in ) and let M = (V,E,7)
be a given discretization in the sense of Definition 2.1. Then there exists a quasi-interpolation operator

jﬂvt 1 0X(Q)? — VgH such that

(3.11) IRrZhw — wl| 2(q)2 < Cubir

(3.12) ]]rotTfLw —rot w||r2(q) < Cwho,

where Cyy only depends on w and on any 0 > 0 such that 0 < 0. Moreover, ”Rgf}l\/{w converges

weakly to w in L*()? as hyg — 0 under the condition 6 < 4.

PrOOF. We consider the discrete stream function v defined by Lemma 3.3 of [6] for f = rot w and

define (IJHMw)](, := curl, v. Equation (31) of [6] gives (3.12). Estimate (3.11) is obtained using the
result on the strong discrete reconstruction of the gradient of the discrete stream function, provided
in [5]. O

We prove weak compactness for discretely divergence-free velocities, with bounded discrete rota-
tion.

LEMMA 3.5. Under hypothesis (1.5), let us denote

(3.13) lonllys = Vllrotz, vall3 gy + lldivy, a2 -

We assume that (My,)nen s a sequence such that:

e M,, = (Vn,&n,7y) is a discretization in the sense of Definition 2.1,
o hy, tends to 0 as n tends to co and Opq, > 0 > 0,
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e for all n € N, there exists v, € Vgnn, such that there exists C' > 0, independent of n, with

[onllxe, = lIrotz, vallL2(@) < C-

Then there exists v € H&(Q)2 with V - v = 0 and a subsequence of (My)nen, again denoted by
(M) nen, such that

e rotT, v, — rotv weakly in L?(12),
. Rgnvn — v weakly in L*(Q)?,
e Rr,v, — v strongly in L?(Q)%.
PROOF. The proof of this lemma is obtained by using the discrete stream function given by Lemma
3.2, and then to apply Lemma 3.2 of [6], where the corresponding compactness properties for a discrete

biharmonic problem are proven. Note that the weak convergence of the Laplacian there corresponds
to the weak convergence of the rotation here, due to v = curl£ and rot curl § = —A&. (I

Now, we can state the convergence theorem.

THEOREM 3.6. Let M = (V,E,7) be a discretization in the sense of Definition 2.1, and let

f € L%(Q)2. Then there erists one and only one v € Vg|| such that (2.17) holds. Moreover, assuming
that haq tends to 0 while O > 0 for some 0 > 0, then v € HE(Q)? denoting the weak solution of
Problem (1.1)-(1.4) converges in the following sense

e rotr v — rotv in L(Q),
. R!v — v weakly in L?(Q)?,
o Ryv —> v strongly in L?(Q)2.

PROOF. Let us first write an a-priori estimate on the approximate solution. We let w = v in
(2.17). We get

(3.14) /Q (rot7 v)2dz = /Q f - Rlvda.

We now apply the Cauchy-Schwarz inequality to the right hand side of the above equation. Recalling
the definition (3.13), we get

Hv\@ < |1 fllr2@peIREv] (@2 < CullFllz (@210l -
This provides
ol < Cullf 2o

and shows that scheme (2.17) has one and only one solution, since it is equivalent to a square linear

system whose unknowns are the degrees of freedom in the vector space Vg”. Indeed, it suffices to take
f = 0. Then, the previous inequality shows that v = 0 holds. We now remark that the previous
inequality allows to apply Lemma 3.5. Therefore, taking a sequence of discretizations (M, )nen such
that h g, tends to 0 as n tends to co and Oy, > 6 > 0, we get the existence of a subsequence (denoted
by the same notation) and of v € HE(Q)? such that the conclusions of Lemma 3.5 hold.

Let w € C°(Q2)? be given with V - w = 0, and let us apply the quasi-interpolation operator

I}, w € Vy from Lemma 3.4 to (2.17). We get

/ roty, v, roty, an'wdm = / f- Rgnanwdm.
Q Q ‘

Thanks to Lemmas 3.4 and 3.5, we may pass to the limit n — oo in the above equation, since the
use of both lemmas provides standard weak/strong convergence in the left hand side, and the weak
convergence result of Lemma 3.4. We then get

/rotvrotwdx:/f-wd:c.
Q Q

According to a density theorem given by Temam [26], the smooth divergence-free functions functions
are dense in the set of all divergence-free H&(Q)2 functions, which proves that v is the unique weak
solution of Problem (1.1)-(1.4). A standard reasoning then shows that the entire sequence converges,
which leads to the convergence of the scheme. It now remains to prove the convergence of rot7 v to
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rotv in L%(Q). Passing to the limit in (2.17), with v = w = v, we get that the limit of HU"”?{” is
En

equal to [, f - vdz = |rot UH%Q @) This, in addition to the weak convergence result given by Lemma
3.5, proves the strong convergence of rots v. O

4. Mathematical analysis of the normal velocity scheme

Let us write the following discrete equivalent of Helmholtz decomposition, which will be applied
to scheme (2.20)-(2.21)-(2.22). Using the same notations as above, we define

(4.1) curlt u = — grad) u VYu € Xy, Vo € &,
(4.2) grad} ¢ = curll ¢ Vg e X7, Vo € €.

REMARK 4.1. Similar to the tangential velocity scheme, the discrete operators gradf; q and curl# U
deliver approximations of the directional gradient Vq - n,, and the corresponding directional curl
operator curlu - n, = —Vu - t,.

We then have the following lemma:

LEMMA 4.2 (Discrete Helmholtz decomposition, normal velocity scheme). Under hypothesis (1.5),
let M = (V,E,T) be a mesh of the domain S in the sense of Definition 2.1. Then for all v € Xg,
there exists one and only one (u,q) € Xy x X7 such that

(4.3) Vg = curlgL U+ gradi q, Yo € &,

(4.4) Z Z |o|uy = 0.

Uegbnd ’yEVa

We then denote u = U+(v) and ¢ = Q*+(v). Moreover, if v € VSJ-, g =0 and u € Xy, where we
define

(4.5) Xyo={u€ Xy,uy =0, for all y € Vyna # 0}.

PRrOOF. Following the same ideas as in Lemma 3.2, exchanging the roles of v and ¢, two Laplace
problems must be considered. The Laplace problem in ¢ happens to be a standard finite volume
discretization of a homogeneous Dirichlet problem (the unknowns are cell-centered). On the contrary,
the Laplace problem for u is a homogeneous Neumann problem, where the constant is fixed by condition
(4.4) instead of condition (3.6). In the case v € V-, we get that uy is constant on 2. Thanks to the
condition (4.4), we get that, for v € VSJ-, then the average value of u, on 0f2 is equal to zero. and
therefore this constant is equal to zero.

Note that Ayu is identical to the P-Laplacian, since [o+|/|o| = — [, &y, | - &, ,d@, the term of
the stiffness matrix issued from the use of the piecewise affine basis functions Ey, eq{lal to 1 at vertex

y and to 0 at all other vertices, see also [4, 12]. This will allow us for applying the results given in
[7]. O

We now have the following property.

LEMMA 4.3 (Formulation in streamline potential, normal velocity scheme). Under hypothesis
(1.5), let M = (V,E,T) be a mesh of the domain Q in the sense of Definition 2.1. Then v € VEL s a
solution of (2.31) if and only if u = U+(v), as defined by Lemma 4.2 is solution to

(4.6) u € Xy, Vw € Xy, /Q Ayu(x)Ayw(z)dx = /ng f(z) - Vew(z)de,
where
(4.7) Xy o :={u € Xy,uy = 0for ally € Vpna},
(4.8) Ayu(x) = Ayu, for a.e. x € Vy,Vy eV,
wyo' 2 - wy(r 1
(4.9) Vew(x) =2—= —~t,, for a.e. x € D, Vo € £, Yw € X¢.

o]

As a consequence, there exists one and only one solution v € Vg- to (2.31), defined by v = curlé U.
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PROOF. It suffices to take curlf w as test function in (2.31).
Since divy curl‘éw = 0, and since n, = pzty, we get (4.6). Reciprocally, assuming that u is

solution to (4.6), we get, since Q(w) = 0 for all elements of Vg, that v = curlg u is solution to (2.31).
We then apply the result given in [7], which provides that Problem (4.6) with Definition (4.9) has one
and only one solution. O

For the normal velocity scheme we can prove a discrete inf-sup stability, which we will formulate
as a discrete variant of divergence-stability. For that, we introduce the following discrete H'-norm for
vE Xg

(4.10) ‘U”XJ_ = \/||rotv UHLg(Q + HdiVT UH%Q(Q)?

and we apply the following technical lemma:

LEMMA 4.4. For a given triangle T, and a weakly differentiable function g € H*(T), we define for
every edge o of the triangle, its face average

g '—i x x
ir = 17 [ s(@)dr(a)

Then, we can estimate the difference of the face averages of two of its faces by

diam(T

— — 2

— <C

(901 gaz) > geom|0_ | ’02| / ‘

PRrROOF. We introduce the volume average
1 /
gr === [ g9(z)d(z)
Tl Jr

(gdl - gU'Q)Q <2 (gdl - gT)2 +2 (gzm - gT)2 .
Then, the estimate follows directly from the proof of lemma 9.4 in [4]. |

and estimate

LEMMA 4.5 (Discrete inf-sup stability of the normal velocity scheme). For a given discrete pressure
q € X7 with [ Rrq(z)de =0, we find a discrete velocity wy € Xg such that

(4.11) divy wg = g,
(4.12) lwgllx s < Cnllallz2 ()

hold. Here, Cn is independent of the mesh size and can be interpreted as the inverse of a discrete
inf-sup constant.

PROOF. The discrete pressure g is piecewise constant, has zero average and is square-integrable.
Therefore, we find a continuous Necas lifting w, € H}(2)? such that

V-w, =q
and .
Vw2 y2e2 < Zllgllr2 (o)

hold, where (3 is the continuous inf-sup constant of the domain 2. Now the average of w, on every
edge is defined, since w, € HE(Q)? has a well-defined trace in L?(0)? and we denote it by

N 1
= o / w,dy (@)

The discrete Necas lifting w, € X¢ on every edge o € € is then simply defined by

Wy, = Wy, * M.

o

We remark that for all boundary edges o € &g indeed wy, = 0 and w, € Xg hold. We then have the
property

. 1
divy wy = m/ Rrq(x)dx = qr
T
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due to the Gauss theorem for the continuous divergence, and we see that (4.11) holds for w,. We now
have to show (4.12) for w,. Using

qu\@(é = ||divr qu2L2(Q) + [[roty wq||%2(9) = HQH%Q(Q) + [|roty qu2L2(Q)

we see that we have to estimate the discrete rotation of wj.
First, we regard the discrete rotation around an interior point y € Vy. Therefore, we define a
(vector-valued) average of all the w,, around y by
_ . Zo—’egy |O-/|ﬂ)qcr/
Wy, =

Y Za’efy ‘O—/‘

Now we write the rotation around an interior point y as

roty wy = A y| Z ot [wg, Mo - Ny
o€y
1 L=
|V | Z ‘O- |w‘Ja Nyo — m Z ‘O- |wa " Nyo,
o€y Yl see,

since the rotation of the constant vector wy, is zero. This expression can further be transformed into

o o
Z Z 0’| (g, — Wg;) * yo

roty wy = ;
v 2 2 vee, 171\ 22
We now assume that the edges of the set &, are indexed by 1,2,...,|Ey| and that they are oriented in

a counterclockwise manner around y. Further, we assume that there are mappings oy (i) and oy(i+1)
which map the indices onto £y. Here, oy (i + 1) maps the index ¢ onto the edge which is the neighbor
edge of oy(i) in counterclockwise orientation. Now we apply the modulus to rot, w,, use a telescope
sum and a triangle inequality, in order to obtain

|Ey]
| vty wyl < 7 D i | 22 191D e, ) — oy )|
Vi P s egyr &
1€y
7 (Z |Ul|> Z ‘way () ﬂ’ay(i+1)‘
et

Here, |v| for v € R? is the Euclidean vector norm. For boundary nodes y € Vynq we obtain the same
estimate by a similar argument accounting for the zero boundary conditions of w, € H}(2)2. Now,
for all y € V we want to estimate the term

2 [1&y]
|Vl (roty wy)? < 7 <Z |C’l|) Z (W, (1) = We, (i41) |
=1

o€y

2

|€ ’ 2 |5y| 9

Yy 1 - -

< W Yoot D @y — oy
Y g€EE, i=1

where the index set {7} ;} denotes the triangles around the vertex y. Using Lemma 4.4 we arrive at

1€y
[Vyl(roty wq) Coeom,1|Ey] - Cgeom,2 Z / [Vwg(x | de.

Last but not least, we recognize that

3C, & |12
Iroty w3 2(q) < 3Cieom |Eyl*|Vwyl|3 2y < geom|Ey|

= THQH%Q(Q)

holds, because every triangle has three vertices and is therefore met three times in the summation
over all vertices. O

Let us now state that Problem (2.27)-(2.28)-(2.29) is well-posed.
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LEMMA 4.6 (Existence and uniqueness of the discrete solution to the normal velocity scheme).
Under hypothesis (1.5), let M = (V,E,7T) be a mesh of the domain § in the sense of Definition 2.1
and let 8 > 0 such that ¢ > 0. Then the following inequality holds
(4.13) IRpTIL2(02) < Cllf Il 22(00)2;
where C' only depends on 6 and Q). As a consequence, there exists one and only one (v,pr) solution
to Problem (2.27)-(2.28)-(2.29). Moreover, v is the solution of Problem (2.31).

PrOOF. We already noticed that any solution (v, pr) to Problem (2.27)-(2.28)-(2.29) is solution to
Problem (2.31). Applying Lemma 4.3, we get that v is unique. Since [, Rrpr(z)dz =0, let w, € X¢
be the discrete Necas lifting of the pressure from Lemma 4.5 satisfying

divy wg = q,
lwgllxz < Cnllallzz o)

where Cy only depends on 2. This leads to

]\RTPTH%2(Q) Z/rotyv(w)rotywq(cc)dcc+/ f(:c)-Réwq(a:)da:
Q Q

< 2CCNH_fHL2(Q)dHRTPTHLZ(Q)

Therefore we conclude (4.13). This inequality is then sufficient to prove the existence and uniqueness
of (v, pr), solution to Problem (2.27)-(2.28)-(2.29). O

Let us now state two direct consequences of results proven in [7].

LEMMA 4.7. Under hypothesis (1.5), let w € C°(Q)? with V-w = 0 be given and let M = (V,E,T)
be a given discretization in the sense of Definition 2.1. Then there exists a quasi-interpolation operator
Ii, 1 CX(Q)? — Vgh such that

||7A€VZA-/J\}1'LU — ’lUHLQ(Q)2 < Cwhm
[roty Zxw — rot w20y < Cwho,

where Cy, only depends on w and on any 0 > 0 such that 0 < 0. Moreover, Réf/ﬁ'w converges
weakly to w in L*(Q)? as hay — 0 under the condition 6 < 0.

PROOF. Similar to the tangential velocity scheme, it again suffices to consider the discrete stream
function defined by Lemma 3.3 of [6], for getting the second inequality, and to use the result on the
strong discrete reconstruction of the gradient of the discrete stream function, provided in [5]. |

We prove weak compactness for discretely divergence-free velocities, with bounded discrete rota-
tion.

LEMMA 4.8. Under hypothesis (1.5), let (My)nen be a sequence such that:

e M,, = (Vn,En,Ty) is a discretization in the sense of Definition 2.1,
® hy, tends to 0 asn tends to oo and O, > 0 > 0,
e for alln € N, there exists (v, pp) € VEJ; x X7, with [ Rz, ppdx = 0, such that there exists
C > 0, independent of n, with H'UnHXé_ = |lroty, vnllr2() < C and Rz, pnllr2() < C.
Then there exists (v,p) € H}(Q)?x LE(Q) with V-v = 0 and a subsequence of (My)nen, again denoted
by (My)nen, such that
e roty, v, — rotv weakly in L*(Q),
o R vn — v weakly in L*(Q)?,
Ry, vy, — v strongly in L2(Q)2,
o R, pn — p weakly in L?(Q).

PrOOF. Concerning the convergence of the discrete velocities, the proof of this lemma is obtained
by using the discrete stream function given by Lemma 4.2, and then to apply Lemma 3.2 of [6]. The
weak convergence of the pressure in the above sense is obvious. O

Before we state the convergence theorem, we introduce now another quasi-interpolation operator,
which is needed for the proof of the convergence of the pressure.
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LEMMA 4.9. Under hypothesis (1.5), let (My)nen be a sequence such that

o My, = (Vpn,En,Ty) is a discretization in the sense of Definition 2.1,

® hpy, tends to 0 as n tends to oo and O, > 60 > 0.
Then, we can construct a quasi-interpolation operator j/%/ln . HI(Q)? — Xgn, fulfilling, for any
w € HE(Q)?, that

e the weak reconstruction Réjf\;tn’w converges weakly in L*(Q)? to w,

e the strong reconstruction ﬁvj/ﬁn'w converges strongly in LQ(Q)2 to w,

o the discrete divergence of J}An'w converges strongly in L?(Q2) to V - w,

e the discrete rotation of j/%,lnw converges weakly in L*(Q) to rotw.

PROOF. The operator can be constructed by computing the following averages of the trace of w
(also denoted for simplicity by w) on the faces

<jf\;tnw>g = ki|/gw ‘nydy(x),

for all edges 0 € £. Obviously, we have the strong convergence of the divergence by the Gauss
theorem. [l

Eventually, we can show now the desired convergence of the scheme:

THEOREM 4.10. Under hypothesis (1.5), let (My)nen be a sequence such that
e M,, = (Vn,En,Ty) is a discretization in the sense of Definition 2.1,
® hpy, tends to 0 as n tends to co and Opq, > 6 > 0,

and let f € L*(Q)2. Then, for every n € N there exists one and only one (vn,py) € Vgt x X,
such that (2.20)-(2.21)-(2.22) hold. Moreover, assuming that haq tends to 0 while Opq > 6 for some
6 > 0, then, denoting by (v,p) € H}(Q)? x L3(Q) the weak solution of Problem (1.1)-(1.4), we have
convergence in the following sense

e roty, v, — rotw in L?(R),
o Rz vn — v weakly in L*(€)?,
o Ry, v, — v in L*(Q)2
e R1,pn — p in L*(Q).
PROOF. Let us first write an a-priori estimate on the approximate solution. We let w = v in
(2.31). We get

(4.14) / (roty, v,)2de = / f Rz, vpdz.
Q Q

We now apply the Cauchy-Schwarz inequality to the right hand side of the above equation. We get
1
an”i(én < 1 Fllz @2 IR, vall 2@ < CillFllzz@2lvlix, -
This provides
loallz < C1llF iz,

which shows that scheme (2.31), which leads to a square linear system whose unknowns are the degrees
of freedom in vector space Vg, , has one and only one solution. Indeed, it suffices to take f = 0; then
the previous inequality shows that v, = 0. We now remark that the previous inequality allows to
apply Lemma 4.8. Therefore, taking a sequence of discretizations (My,),en such that hpg, tends to
0 as n tends to oo and Opq, > 6 > 0, we get the existence of a subsequence (denoted by the same
notation) and of v € H}(2)? such that the conclusions of Lemma 4.8 hold.

Let w € C(2)? with V - w be given, and let us apply the above quasi-interpolation operator

f/%,lnw € V& in (2.20). We get

/ roty,, vp oty fj}lnwdaz = / f- Rénffjnwdw.
Q Q
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Thanks to Lemmas 4.7 and 4.8, we may pass to the limit n — oo in the above equation, since the use
of both lemmas provides standard weak/strong convergence in the left hand side. We then get

(4.15) /rotvrotwdaz:/f-wdaz.
Q Q

According to a density theorem given by Temam [26], the smooth divergence-free functions functions
are dense in the set of all divergence-free H}(Q)? functions, which proves that v is the unique weak
solution of Problem (1.1)-(1.4). A standard reasoning then shows that the entire sequence converges,
which leads to the convergence of the scheme. Let us now prove the convergence of roty, v, to rotv
in L2(€). Passing to the limit in (2.31), with v = w = v,, we get that the limit of an||§<gL is equal
to [ f - vdx = |rot UH%Q(Q). This, in addition to the weak convergence result given by Lemma 4.8,
proves the strong convergence of roty v,.

Turning now to the strong convergence of the reconstructed pressure, we first note that due to the
inequality (4.13) and Lemma 4.8 we have weak convergence of the discrete pressures Rz, p, in L?(f)
to some q € L3(9). In order to show that this pressure is indeed the solution of the continuous Stokes
problem, we first apply the above quasi-interpolation operator from Lemma 4.9 to any w € C°(Q)2.
Using the discrete test function J /J\;[nw, there holds according to (2.27):

/QRTnpn divy, j/%,,nwda: =
/thVn vy, TOtY),, J},ln’wda: - /Q f- Ré" J},lnwdac.
In the first term we get, thanks to weak/strong convergence,
TLILIIOlO ; Rz, pndivr, j/%/lnwdw = /qu -wdax,

using strong convergence property for divy, J /%/lnw. In the third term we get, thanks to weak conver-
gence,

lim /f~7€§njf\;[nwd:v:/f-wdaz.
Q Q

n—oo

Also in the second term we again get, using weak/strong convergence,

lim roty,, vp, Oty J}/lnwdm = / rot v rot wdax,

(recall that we only obtain a weak convergence property for roty,, J ﬁlnw, but we have previously
proved the strong convergence of roty, v,). Therefore, the pressure ¢ is indeed the pressure solution
p of the continuous Stokes equations.

Let us now show that Rz, p, also strongly converges in L2. To this aim, we use a sequence of
continuous Necas liftings g,, € H} (€)% such that V-q,, = p,, holds, and we define from these continuous
liftings the corresponding discrete Necas liftings w,, = J /%/ln q,,- For the continuous Necas liftings we
extract a subsequence such that we can use Rellich’s theorem, and we may pass to the limit n — oo
(thanks to the strong convergence result on rotz, v, and to the weak convergence of rotz, w, to rotq).
We then get

/rotvrot gdx — lim /(anpn)2d:c=/f-qdw-
Q n—oo [ Q

Since V - ¢ = p, we get, introducing q as test function that

lim (RTnp)Qdac:/dea:,

hence showing the strong convergence of the pressure in L?(€2). O
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5. The Navier-Stokes problem

In this section, all the considerations hold for both the tangential and the normal velocity scheme.
Therefore we introduce the following unifying notations: Let M = (V,&,7) be a discretization in the
sense of Definition 2.1. For the tangential velocity scheme, we write R¢ := RH R M= RT, rotpg =
rotr, Ve = E,IM = Ijll/t. In the case of the normal velocity scheme, we use Rg := RS,RM =
ﬁy,rotM :=roty, Vg := VEL,IM = I/%/t-

We now consider the Navier-Stokes problem, which can be formulated as: find v € HE(Q)? with
diveo = 0 and

/ rot v rot wdx + / rot v(vMw® — v@pM)de = / [ wde,
Q Q Q

(5.1) Vw € H}(Q)? with divw = 0.
We consider the following numerical scheme: find v € Vg such that

/ rot pq v rot A wdx + / rot pq v (R(I)URS\A)U} RE\A)URSM)w)dw
Q Q

(5.2) = / f-Rewdzx, Yw € Vg.
Q

We then have the following result.

THEOREM 5.1. Let (My,)nen be a sequence such that:

o My, = (Vpn,En,Ty) is a discretization in the sense of Definition 2.1,
® h, tends to 0 as n tends to oo and O, > 6 > 0.

Then, for all n € N, there exists at least one v, € Vg, such that (5.2) holds, and there exists
v € H}(Q)? and a subsequence of (My)nen, again denoted by (My)nen, such that

e v is a solution to (5.1),
e 10t A, vy — TOt v in L2(1),
® Re,vn — v weakly in L?(Q)?,
o R, vn — v in L2(Q)2.
PROOF. In order to show the existence of a discrete solution, we consider the function ¥ : Vg —
Vg, such that v = ¥(v) is the solution of

/rotMvrotM wd:v—i—/rotMﬂ(R(l) R( Jw — R( )UR(I) )da
Q Q

= / f - Rewdx, Yw € Vg.
Q

Indeed, we prove, setting w = v, since the term containing v vanishes, that
(5.3) [vllxe < Cillfllr2()2

Hence the function V¥ is uniquely defined, it is continuous, and maps a bounded ball into itself. Hence,
thanks to Brouwer’s theorem, it admits a fixed point, which proves that the scheme has at least
one solution. This solution satisfies the estimate (5.3), which allows to apply, as in the linear case,
the compactness Lemma 3.5. Hence, for w € C°(Q)? with V- w = 0, considering the provided
subsequence, we pass to the limit on the scheme setting w = 7 M, W € Ve. Remark that, at this time,
we only know that roty, v, converges weakly to rotv in L%(€2). Nevertheless, this is sufficient to
write that the term

/rotM Un (R(I) UnRSVB Ty, w — R(2) ’URSVZ Ty, w)da
Q
converges to

/ rot v(vMw® — @) de.
Q

Therefore we get that v is a solution to (5.1), and by setting w = v, that [, f - vdx = ||rot UH%Q(Q)
Setting w = v in the scheme, we get as in the linear case that the limit of ||UnH%(g is equal to

Jo f - vde = ||rot vH%Q(Q), which proves the strong convergence of rot, vy, to rotv in L(Q). O



17

6. Numerical results

6.1. Linear example. In order to investigate numerically the convergence rate that can be
achieved with the extended MAC scheme above, we compute an academic Stokes problem on two
sequences of meshes. We remark that we achieved the same experimental convergence rates for the
full nonlinear Navier-Stokes equations. The problem is posed on §2 = [0, 1], has homogeneous Dirichlet
boundary conditions and reads

¢ =a?(z - 1)’y - 1)%,
- < 2(z — 1)%2°(y — 1)y(2y — 1) )
—2(22 — 1) — Laly — )22
3 3 1
p=x"+y 3"
The force vector f is computed such that v and p fulfill the incompressible Stokes equations.

In the first sequence of meshes, every mesh is built up from small squares, where the side length
of such a square defines the mesh size. Every square in the mesh is split into two triangles. Then,
the mesh is not admissible in the strict sense of the above definition, since the circumcenters of
these two triangles coincide. But this does not pose any problem, since in this degenerated case, the
discrete method is equivalent to a method where the squares take over the role of triangles, and the
diagonals of the squares can be removed from the above considerations. Indeed, the measure of their
corresponding Voronoi faces are zero. At the same time, on these meshes, triangle edge midpoints
and Voronoi face midpoints coincide. This fact will result in superior convergence behavior on these
meshes in comparison to “purely” triangular meshes.

In Table 1 we show some information about the degrees of freedom in these square meshes. The last
two columns of this table show some quite interesting information. The penultimate column reveals
that the tangential velocity scheme is quite efficient in terms of degrees of freedom, since the ratio
between the number of degrees of freedom corresponding to discretely divergence-free velocities and
the total number of degrees of freedom is about 0.5. For the normal velocity scheme, the corresponding
ratio is only 0.20.

mesh size | |E]| V| |T| —t
3% 2945 1024 1922 0.484 | 0.210

6%1 12033 4096 7938 0.492 | 0.205

ﬁ 48641 16384 32258 0.496 | 0.203
- 195585 | 65536 | 130050 | 0.498 | 0.201
5% 784385 | 262144 | 522242 | 0.499 | 0.201
ﬁ 3141633 | 1048576 | 2093058 | 0.500 | 0.200

TABLE 1. Number of edges, vertices and triangles in different square meshes. The
penultimate column shows the ratio between discretely divergence-free degrees of free-
dom and the total number of degrees of freedom for the tangential velocity scheme.
The last column shows the ratio between discretely divergence-free degrees of freedom
and the total number of degrees of freedom for the normal velocity scheme.

The second sequence of meshes are made up of isotropic, unstructured boundary conforming
Delaunay meshes. They have been generated by the mesh generator TRIANGLE [24]. We remark,
that this approach does not guarantee that the triangulation is acute. In Table 2 we show some
information about the degrees of freedom in these triangle meshes. An approximate mesh size was
defined according to the largest triangle area that the mesh generator was allowed to generate within
a mesh. From Tables 1 and 2 we recognize that the degrees of freedom of corresponding meshes in the
two mesh families are quite similar, such that the definition of the mesh size for unstructured meshes
seems to be reasonable.

The two schemes are implemented within the framework of the software package PDELIB2 [8]. All
the discrete linear systems are solved with the direct solver PARDISO [22, 23].
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mesh size | | E]| V| |T| —
3% 3121 1084 2038 0.484 | 0.210

6i4 12326 4195 8132 0.492 0.205

ﬁ 48664 16393 32272 0.496 | 0.203
ﬁ 194879 65302 129578 | 0.498 | 0.201
5 779506 | 260519 | 518988 | 0.499 | 0.201
ﬁ 3114404 | 1039501 | 2074904 | 0.500 | 0.200

TABLE 2. Number of edges, vertices and triangles in different Delaunay meshes gener-
ated by the mesh generator TRIANGLE [24]. The penultimate column shows the ratio
between discretely divergence-free degrees of freedom and the total number of degrees
of freedom for the tangential velocity scheme. The last column shows the ratio be-
tween discretely divergence-free degrees of freedom and the total number of degrees of
freedom for the normal velocity scheme.

In Figures 4 and 5, for both schemes and series of meshes, we plot various measures of the error
between the discrete solution and a projection of the exact solution onto the grid. We used two
different projections for both schemes. For the tangential velocity scheme, we evaluate the tangential
velocities at the edge midpoints and assign them to the corresponding velocity degrees of freedom.
For the normal velocity scheme, we evaluate the normal velocities at the Voronoi face midpoints and
assign them to the corresponding velocity degrees of freedom, likewise.

0.001 0.01 " 7
N & _ -
A & = = -
0.0001 &~ 0001 p= L
A _-K a A
A _ - - & 0.0001
=  1e-05 o DA >, =
5 o -"4& = g
! A i u ) ] le-05 2
= 1eo0s [ " o) 1 = o)
= o) - - - = 16-06 oh™) — — |
- O squares, tangential O squares, tangential O
1le-07 A squares, normal | 1 1e-07 squares, normal | |
n triangles, tangential A & triangles, tangential A
ol triangles, normal A triangles, normal A
1le-08 L ‘ 1le-08 ‘
0.001 0.01 0.001 0.01
mesh width h mesh width h

FIGURE 4. Discrete L?-norm of the error between the projected exact solution and the
discrete solution. Left: velocity, right: pressure.

We start the discussion with the approximation of the velocity, see Fig. 4, left. We observe similar
behavior for the two discretization schemes proposed. On triangular meshes the convergence order is
approximately O(h). On square meshes, we gain an order of magnitude in the convergence rate in
comparison to the triangular meshes.

Also, concerning the approximation orders of the pressure, both schemes behave in a similar way,
including second order convergence on square meshes, see Fig. 4, right. We observe that on triangular
meshes, the convergence order drops to O(h%). At the same time, the accuracy of the normal velocity
scheme on triangular meshes is better by a factor of &~ 10 in comparison to the tangential velocity
scheme.

The discrete rotation is convergent for both schemes. This is confirmed by Fig. 5 (left), where we
observe the convergence of the difference between the discrete rotation of the discrete solution and the
discrete rotation of the projected exact solution. On square meshes, for the normal velocity scheme, the
L? norm of this difference exhibits O(h%)—convergence, while the convergence order of the tangential

velocity scheme is only O(h). On triangular meshes, both schemes exhibit O(h%) convergence with an
advantage for the normal velocity scheme concerning the constants.
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FIGURE 5. Discrete L?-norm of the discrete vector calculus operators applied to the
difference between the projected exact velocity and the velocity component of the
discrete solution. Left: rotational, right: divergence.

By construction, for both schemes, the discrete divergence of the velocity component of the discrete
solution is zero. Therefore, the error shown in Fig. 5 (right) coincides with the discrete divergence
of the projected exact velocity. On square meshes, for both schemes, the discrete divergence operator
is consistent, since midpoints of an edge coincide with midpoints of the orthogonal Voronoi faces.
Therefore, the discrete divergence converges on square meshes to zero with order O(h!'?) for the
tangential velocity scheme and O(h) for the normal velocity scheme. On the triangular meshes, edge
midpoints and Voronoi face midpoints do not coincide and the discrete divergence operator is not
consistent resulting in no convergence at all if it is applied to the projection of the velocity component
of the exact solution.

We note that the convergence behavior on the boundary conforming Delaunay meshes, which
are not acute, is consistent with the theoretical considerations which for technical reasons had been
constrained to acute triangulations.

6.2. Nonlinear driven cavity. Besides delivering experimental orders of convergence for some
academic flow problem, we want to show that the presented generalized MAC scheme can indeed solve
non-trivial nonlinear flow problems. The following results are produced by the tangential velocity
scheme.

6.2.1. Driven cavity in a square. First, we show results for a driven cavity problem in a square
[11] with © = [0, 1], inhomogeneous Dirichlet boundary conditions and a right hand side f = 0.
The inhomogeneous Dirichlet boundary conditions are given by v = (1,0)% for & € [0,1] x {1} and
v =0 for 9N\ [0,1] x {1}. This problem does not fit into our framework in the strict sense, since due
to the discontinuous Dirichlet boundary conditions, the solution of this driven cavity problem is not
contained in the Sobolev space H'()2.

We used an unstructured Delaunay triangulation generated by the mesh generator TRIANGLE
[24]. We emphasize that though the driven cavity problem can be simulated by the classical MAC
scheme, it would not be possible to use an unstructured grid for this. As a result, we confirm that the
generalized MAC scheme is indeed much more flexible than the classical one.

We solve the problem at the rather moderate Reynolds number 400 using a Picard iteration to
resolve the nonlinearity. On a mesh with 16,028 vertices we needed 69 iteration steps to reduce the
nonlinear residual to the size of the residual of the direct solver PARDISO [22, 23].

We recover the classical results for this problem [11], i.e., the flow is made up from three vortices,
a large central vortex, a smaller vortex in the right bottom corner, and finally an even smaller vortex
in the left bottom corner, see Figures 6 and 7.

For higher Reynolds numbers like 1,000, it was very difficult to solve the nonlinear system. This
problem is well-known for the rotational form of the Navier-Stokes equations, and may be attributed
to the complex structure of the Bernoulli pressure [1].

6.2.2. Driven cavity in an equilateral triangle. Our last numerical example, the driven cavity flow
in the equilateral triangle with corners (0,1)7, (1,1)7 (3,1 — @)T [3], demonstrates that the gen-
eralized MAC scheme allows to compute flows in geometries which cannot be handled well by the
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classical MAC scheme as they cannot be approximated exactly by rectangular elements. We use the
right hand side f = 0. At the top of the cavity, we prescribe the velocity v
of the boundary we assume no-slip boundary conditions v = 0. We solve the problem for the rather
moderate Reynolds number 100, [3]. On an unstructured Delaunay grid generated by TRIANGLE [24]
with 7,000 vertices, we needed 83 Picard iterations in order to reduce the size of the nonlinear residual
to that of the direct solver PARDISO [22, 23]. We recover the classical results for this problem [3].
We find three vortices, a large one in the upper part of the cavity, and two smaller ones in the bottom

part of the cavity, see Figures 8 and 9.
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FIGURE 6. Driven cavity in a square, Reynolds number 400. Left: the equal length
arrows show the interpolated velocity directions on a coarse raster. The three vortices
in the central part of the cavity, and in the right and left bottom corners are well
resolved. Right: The arrows show direction and modulus of interpolated velocities on

a coarse raster.
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FI1GURE 7. Driven cavity in a square, Reynolds number 400. The arrows show direction
and modulus of interpolated velocities at vertices of the mesh. Left: Zoom into the
vortex in the left bottom corner. Right: Zoom into the vortex in the right bottom

corner.
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FIGURE 8. Driven cavity in an equilateral triangle, Reynolds number 100. Left: The
equal length arrows show interpolated velocity directions on a coarse raster.The three
vortices in the triangular cavity are resolved. Right: The arrows show direction and
modulus of interpolated velocities on a coarse raster

FIGURE 9. Driven cavity in an equilateral triangle, Reynolds number 100. The arrows
show direction and modulus of interpolated velocities at vertices of the mesh. Left:
Zoom into the small vortex at the bottom of the cavity. Right: Zoom into the medium
size vortex below the dominant central vortex.
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