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Abstract

Compatible Discrete Operator schemes preserve basic properties of the continuous model at the
discrete level. They combine discrete differential operators that discretize exactly topological laws
and discrete Hodge operators that approximate constitutive relations. We devise and analyze two
families of such schemes for the Stokes equations in curl formulation, with the pressure degrees of
freedom located at either mesh vertices or cells. The schemes ensure local mass and momentum
conservation. We prove discrete stability by establishing novel discrete Poincaré inequalities. Using
commutators related to the consistency error, we derive error estimates with first-order convergence
rates for smooth solutions. We analyze two strategies for discretizing the external load, so as to
deliver tight error estimates when the external load has a large curl-free or divergence-free part.
Finally, numerical results are presented on three-dimensional polyhedral meshes.

1 Introduction

Compatible Discrete Operator (CDO) schemes belong to the broad class of compatible or mimetic
schemes, which preserve basic properties of the continuous model at the discrete level; see [3],[4, [9], [14] 16,
18, 122], 30 35, [38], 142}, [44] and references therein. Following the seminal ideas of [43] and [I2], the degrees
of freedom (DoFs) are defined using de Rham maps, and their localization results from the physical
nature of the fields. Moreover, a distinction is operated between topological laws (that are discretized
exactly) and constitutive relations (that are approximated). CDO schemes are formulated using discrete
differential operators for the topological laws and discrete Hodge operators for the constitutive relations.
The discrete differential operators produce a cochain complex and they commute with the de Rham
maps. The discrete Hodge operator is the key operator in the CDO framework. The design of this
operator is not unique, and each design leads to a specific scheme [see 4T}, 3T, [TT]. CDO schemes involve
two meshes: a primal mesh (the only one seen by the end-user) and a dual mesh. The discrete Hodge
operator links DoFs defined on the primal mesh to DoFs defined on the dual mesh. Moreover, discrete
adjunction properties hold for discrete differential operators on the primal and dual mesh. In [I1], CDO
schemes have been analyzed for elliptic problems on polyhedral meshes.

The Stokes equations model flows of incompressible and viscous fluids where the advective inertial
forces are negligible with respect to the viscous forces. In this paper, we focus on the stationary Stokes
equations posed on an open, bounded and connected domain ) C R? with boundary 9Q and outward
normal 4. Our starting point is to formulate the viscous stresses in the momentum balance using the
curl operator. This way, all the terms in the Stokes equations can be interpreted using scalar-valued
differential forms. We analyze two formulations. The first one, hereafter called 2-field curl formulation,



takes the form

(1)

curl(curl(u)) + grad(p) = f, in Q,
div(u) =0, in £,

where u is the velocity, p the pressure, and f the external load. Introducing the vorticity w := curlu,
the second formulation, hereafter called 3-field curl formulation (also called Velocity-Vorticity-Pressure
formulation in the literature), takes the form

7&4’%1‘1(@) :Qv in Qa
curl(w) + grad(p) = f, in Q, (2)
div(w) =0, in Q.

Essential and natural boundary conditions (BCs) can be considered for both formulations. The first set
of BCs enforces the value of the normal component of the velocity u - vy and that of the tangential
components of the vorticity w x vy at the boundary. These BCs are natural for and essential
for . As the pressure is then determined up to an additive constant, the additional requirement of p
having zero mean-value is typically added. The second set of BCs enforces the value of the tangential
components of the velocity u x v5q and the value of the pressure at the boundary. These BCs are
essential for and natural for . Curl formulations of the Stokes equations have been considered,
e.g., by [37] and [25] 26] for the 3-field curl formulation and by [I3] for the 2-field curl formulation.

In the present work, we devise and analyze CDO schemes for the Stokes problem in the curl formula-
tions and . Since the pressure plays the role of a potential, its DoFs are located at primal or dual
mesh vertices. The former case hinges on leading to vertex-based pressure schemes, while the latter
hinges on leading to cell-based pressure schemes (since primal cells are in one-to-one correspondence
with dual mesh vertices). Both CDO schemes involve two discrete Hodge operators, one linking the
velocity (seen as a circulation) to the mass flux and the other linking the vorticity to the viscous stress.
The present CDO schemes feature several interesting properties. They can be deployed on polyhedral
meshes, and the discrete solution satisfies local mass and momentum conservation. Another benefit
from the CDO framework is to deliver two possible discretizations of the external load. This issue is
quite important in practice so as to obtain tight error estimates when the external load has a large
curl-free or a large divergence-free part (see [34] for a related work on classical Finite Element (FE)
schemes and loads with a large curl-free part). In CDO schemes, both situations can be handled by
simply choosing a discretization of the external load on primal or dual mesh entities, without using
explicitly any Hodge-Helmholtz decomposition of the external load.

The present CDO schemes are, to our knowledge, new on polyhedral meshes, and so is the idea
of considering two possible discretizations of the external load. On specific meshes, previous schemes
can be recovered from the present CDO schemes. On simplicial meshes and using Whitney forms to
build the discrete Hodge operator, the present vertex-based (resp., cell-based) pressure schemes yield
the recent FE scheme by [1] (resp., by [37] and [25] 26]). On Delaunay—Voronoi meshes where diagonal
discrete Hodge operators can be used, the present CDO schemes are closely related to the recent MAC
schemes by [27] on triangular meshes; see also [39]. Furthermore, the present cell-based pressure schemes
share the same algebraic structure (same discrete differential operators, but different discrete Hodge
operators) as the recent Mimetic Spectral Element method on general quadrilateral /hexahedral meshes
analyzed by [32]; see also [8]. We also mention the Discrete Duality Finite Volume (DDFV) scheme on
general 2D meshes by [21], which also hinges on the 3-field formulation .

The numerical analysis of the present CDO schemes entails some novelties. The most salient one are
new Poincaré inequalities for the discrete gradient and curl operators. Similar inequalities have been
derived by [4] in a conforming setting where the discrete functions belong to the functional spaces where
the continuous Poincaré inequalities hold, e.g., H!(Q2) and H (curl; ). The difference is that the present
inequalities are stated on the spaces of DoFs (and not on discrete functions) and, more importantly, that
the orthogonality is stated using a discrete Hodge operator; even if this operator is devised from local
reconstruction functions, the latter need not be conforming. Once these discrete Poincaré inequalities
are established, the stability analysis proceeds along fairly classical lines [15] [26], which are adapted here



to the CDO framework. Furthermore, we prove a priori error estimates with first-order convergence
rates for smooth solutions. In the first step of the proof, extending ideas from [I2], [3T] to the Stokes
equations, we bound the error by the consistency error, the latter being expressed as a commutator
involving the two discrete Hodge operators for the Stokes equations. In the second step, we proceed as
in [I1] to estimate the consistency error using polynomial approximation in Sobolev spaces. Another
novel feature of the convergence analysis is to introduce two possible discretizations of the external load
since they lead to substantially different error bounds.

The more classical formulation of the Stokes equations uses the vector Laplacian of the velocity in
the momentum balance. Various schemes were proposed to discretize this formulation on polygonal or
polyhedral meshes, including Mixed Finite Volumes by [24], Mimetic Finite Differences (MFD) by [5 [6]
and [7], DDFV by [33], an extension of the Crouzeix—Raviart finite element by [23], and a scheme on
triangular meshes based on Finite Element Exterior Calculus (FEEC) by [29]. Discretizing the vector
Laplacian with CDO schemes is the subject of ongoing work.

This paper is organized as follows. In Section [2] we briefly recall the CDO framework. Then, we
present and analyze vertex- and cell-based pressure CDO schemes for the Stokes equations in Sections [3]
and (4] respectively. Finally, we present numerical results in Section [p| For simplicity, we often assume
in what follows that €2 is simply connected and that its boundary 92 is connected. Whenever needed,
we refer to this assumption as (Hg).

2 The CDO Framework

2.1 Meshes and degrees of freedom

The discretization of the domain  C R3 relies on a primal mesh M = {V,E, F, C}, where V collects
primal vertices (or O-cells) generically denoted v, E primal edges (or 1-cells) e, F primal faces (or 2-cells)
f, and C primal cells (or 3-cells) ¢. The primal mesh has the structure of a cellular complex, in the
sense that the boundary of a k-cell in M, 1 < k < 3, can be decomposed into (k — 1)-cells belonging to
M [I7]. The spaces of DoFs are denoted V, €, F,C and are defined as the codomains of de Rham maps
acting as follows:

Vv eV, (Rp(p)y:=pv), Ve € E, (Re(w))e:= / U~ Te, (3a)

e

C

VEEF, (Re(9)) ::/ggf, Ve, (Re(s))e ::/s, (3b)
f

where 7, is a unit tangent vector to the edge e and v, is a unit normal vector to the face f. The
orientation of 7, and that of v; is arbitrary, but fixed once and for all (more precisely, the orientation of
f is fixed and determines the orientation of v;). The definitions are in agreement with the underlying
physical nature of fields: a scalar potential field is discretized at vertices, a circulation at edges, a flux
at faces, and a density at cells. The domain of the de Rham maps can be specified using Sobolev spaces.
Fixing a real number p € [1, o] and taking sj > % for all 0 < k < 2, one possibility is to require that
p € WooP(Q), u € WP(Q)3, ¢ € W52P(Q)3, and s € LP(Q); it is also possible to use (broken) Sobolev
spaces [36], [45]. B
In addition to the primal mesh, we introduce a dual mesh M := {V E F C}, where V collects dual
vertices generically denoted ¥, E dual edges €, F dual faces f, and C dual cells & There are several
ways to build a dual mesh, for instance using Voronoi diagrams or a barycentric subdivision [see [T1].
The precise way M is built is not needed at this stage. We only require that there is a one-to-one
correspondence between primal vertices and dual cells, primal edges and dual faces, primal faces and
dual edges, and primal cells and dual vertices. As a result, #V = #C, #E = #F, #F = #E and
#C #V, where #X denotes the cardinality of the set X. To stress this one-to-one pairing, we denote
v(c) € V the dual vertex related to the primal cell ¢ € C, &(f) € E the dual edge related to the primal



face f € F, f(e) € F the dual face related to the primal edge e € E, and &(v) € C the dual cell related
to the primal vertex v € V. The de Rham maps on the dual mesh act similarly to , with codomains
denoted 17,5 , F , C. The orientation of the unit vector Tap) 18 determined by v; for all f € F and that
of V) by 7. for all e € E. This means that we operate a transfer of orientation from the primal mesh
to the dual mesh. Figure [T]illustrates primal and dual mesh entities. Contrary to the primal mesh, the
dual mesh is not a cellular complex because some part of the boundary of a k-cell, 1 < k < 3, in M is
not in M if this cell touches the boundary 9€2. For instance, for a primal vertex v € 92, only 0¢(v) N Q2
consists of dual faces in ﬁ; similarly, for a primal edge e C 052, only 8f(e) N Q consists of dual edges in
E, and so on.

o 5 S
¥(c V(C3) o ——t— - V(C.
R ) T:'f(c) (ca) 3(f) T (cp)

L‘!

Figure 1: Examples of primal and dual mesh entities; note that in general dual edges are not straight
segments (but consist of two straight segments) and dual faces are not planar (but consist of a finite
number of triangles).

The analysis of CDO schemes requires some regularity assumptions on the underlying meshes. A
rather general way to assert the regularity of polyhedral meshes is the following assumption, which we
denote (Hyp) in what follows: There exists a matching simplicial submesh that is shape-regular in the
usual sense and that is a common refinement of both primal and dual meshes with each primal and
dual cell containing a uniformly bounded number of subsimplices. Moreover, we assume for simplicity
that primal faces are planar.

2.2 Discrete differential operators

The discrete differential operators on the primal mesh
GRAD : V — €&, CURL: & — F, DIV:F —C_, (4a)

act such that, for all p = (py)vev € V, u = (Ue)eck € € and ¢ = (¢y)tecr € F,

GRAD(D)le == 3 tvePv:  CURL(W)fs:= > tefle,  DIV(@)c = ir.copy, (4b)

vEV, ecEy feF.

where V, := {v € V|v C de} with ¢, . = 1 if 7, points towards v, ¢y . = —1 otherwise; Ef := {e € E|e C
Of} with tey = 1 if 7, shares the same orientation as that induced by v; on 0f, tef = —1 otherwise;
and F. := {f € F|f C Oc} with ¢t = 1 if v; points outward c, tfc = —1 otherwise. Algebraically, the
discrete differential operators are represented by an incidence matrix (with entries in {0,+1}). This
reflects the topological or metric-free nature of these operators, which is a feature shared by many
mimetic schemes; see e.g. [12] [18] 44} 9 22| [30, 40]. The discrete differential operators commute with



the de Rham maps,
Re(grad) = GRAD(Ry), Rpr(curl) = CURL(Rg), Re(div) = DIV(Rx), (5)
they produce a cochain complex,
CURL(GRAD) = 0%, DIV(CURL) = 0c, (6)
and, under assumption (Hgq), they generate an exact sequence,
Im GRAD = Ker CURL, Im CURL = KerDIV, (7)

where Im is the range of an operator and Ker the kernel.
The discrete differential operators on the dual mesh

GRAD:V &,  CURL:E—F, DIV:F—=C, (8)

are defined similarly to . NFor insténce, GRAD(p)|s := Zoevé ty,sPy for all p = (pg)oeg €V, and so
on. Notice that the sets Vs, Ef, and Fz do not contain geometric entities located at the boundary 9€2;

for instance, if the dual edge & is associated with a primal face f C 0f), then the set Vg contains only
one dual vertex (the extremity of € located in ). The discrete differential operators on the dual mesh
commute with the de Rham maps on all interior dual mesh entities,

Rz(grad)|s = GRAD(Ry;)[s, Rz(curl)| = CURL(Rz)ls, R3(div)[z = DIV(R3)[e, 9)
for all &, f, and ¢ which do not intersect the boundary 0€2. Moreover, these operators produce a cochain
complex,

—_—~ —~—

CURL(GRAD) = 0%, DIV(CURL) = 05. (10)

and, under assumption (Hg), they generate an exact sequence,

Im GRAD = Ker Eﬁ?{T_, Im CURL = Ker DIV. (11)

The last important property is an adjunction between discrete differential operators on the primal and
dual meshes. We define global duality products as follows:

H:p7 S]] ve = Z pVSE(V)a H:uv ¢]] eF = Z ue¢f(e)7 (12&)
vev ecE

H:SU p]] cy = Z SCp\?(C)7 H:¢7 u]] Fe = Z ¢fu6(f)7 (12b)
ceC feF

for all (p,s) € VxC and (u,¢) € ExF in (12a) and for all (s,p) € CxV and (¢,u) € FxE in (12D).
Then, the following identities hold:

¥(p,¢) € VxF,  [GRAD(p). 9], = —[p.DIV(¢)] . (13a)
V(u.w) € ExE,  [CURL(w),v] - = [u,CURL(V)] s, (13b)
Y(¢,p) € FxV,  [DIV(9),p].; = —[¢, GRAD(P)] ;- (13¢)

Algebraically, the matrix representing a discrete differential operator on the dual mesh is the transpose
of that of the corresponding operator on the primal mesh.



2.3 Discrete Hodge operators

In the CDO framework, the crucial point is the design of the discrete Hodge operator. This operator is
related to the discretization of a constitutive relation, and in contrast to discrete differential operators,
its design is not uniquely defined. The discrete Hodge operator maps DoFs attached to primal mesh
entities to DoFs attached to the corresponding dual mesh entities in one-to-one pairing, and is alge-
braically represented by a (square) symmetric positive definite (SPD) matrix. A generic discrete Hodge
operator is denoted H;‘;’ with x5 € {v¢, e7, 7¢,cv} and where « refers to the material property involved
in the constitutive relation. The set of primal (resp., dual) mesh entities associated with X (resp., ﬁ)
is denoted X (resp., 3?)

In the context of the Stokes equations, the two most salient discrete Hodge operators are Hg} and
Hgg, so that we focus on the case where x3 € {e7, r£}. These operators are assembled from local
discrete Hodge operators attached to primal cells. Let ¢ € C. We introduce the local subsets

X ={x € X|x C dc}, Y. = {§(x) = §(x) Nc, x € X} (14)

In particular, we need the local subsets E. := {e € E|e C dc} and F,, := {f.(c) := f(e)Nc|e € B}, and
Fo:={f e F|f C Oc} and E. := {&.(f) :=é(f)Nc|f € F.}. The local de Rham maps Ry, mapping onto
the space of local primal DoFs X are defined as in , while the local de Rham maps R3~; mapping onto

the space of local dual DoFs Y. are defined by restricting the domain of integration to c; for instance,

R = [ wtaw  Re@ho= [ o v (15)
Fc(e)

éC (f)

where 75 5 (resp., 4 () is consistently oriented by vy (resp., 7). Then, the assembly of ng’ can be
written as ~ B
HEY = 3 PR HI P (10
ceC
where Py o : X — AL is the (full-rank) map from global to local spaces of DoFs, P% .. the adjoint map,

and ngcic X — )70 the local discrete Hodge operator attached to the primal cell c. Observe that
HXY is algebraically represented by a (large) sparse SPD matrix of order #X = #Y, while H3*”° is
algebraically represented by a (small) dense SPD matrix of order #X. = #Y..

The local discrete Hodge operators Hyc>* must fulfil, for all ¢ € C, two key properties: stability and
Po-consistency; see [I1]. To state these properties, we introduce some notation. Similarly to , we
define local duality products as [[a, b]] Xy, = Y xex, &by () for all (a,b) € A:x).. We introduce the
local mesh-dependent norm

2
Aax
vac X,  falBa = 3 Ibe (M) , (17)

xEXc

where py . denotes a subvolume of ¢ attached to the primal mesh entity x. There are several possible
definitions for these subvolumes; an example is presented in Figure [2| for vertices, edges, and faces using
a barycentric subdivision of an hexahedral cell. Observe that owing to mesh regularity, see (Hyp), the
measure of py . is uniformly equivalent to h2, where h. denotes the diameter of c. Then, the stability

and Pg-consistency properties of the local discrete Hodge operators assert that, for all ¢ € C,
(A1) [Stability] There exists 1, > 0 such that

Vae X, nallallix, < [aHEV@)], 5 <na'lali A, (18)

(A2) [Py-consistency] The local commuting operator |, x.5.|(®) := HEeYe . Rx. (o) — Rs;. (ve) satisfies
o, x5, |(C) = 0 for all C constant in c.



Figure 2: Hexahedral mesh cell c. Left: Example for p, .; Middle: Example for p, ; Right: Example
for ps .

These two properties share the same spirit as those introduced for MFD schemes by [14}[16]. One way
to design local discrete Hodge operators matching these two properties is to define them as local mass
matrices built from reconstruction functions satisfying suitable properties inspired from the Discrete
Geometric Approach of [19]; see [11].

2.4 Discrete functional analysis

We introduce global mesh-dependent norms by summing cellwise the local mesh-dependent norms de-

fined by (17), i.e., |||a|||§X = Y cccllPx.(a)ll3 .. Summing cellwise (A1) and using (16), we infer
that

VaeX,  nalal}x < llalls x = [a, HYY (@)] 5 < 0gtllall v (19)

Whenever the context is unambiguous, we write [|a||, instead of ||af|q,x-

The following two discrete Poincaré inequalities are important tools for the analysis of CDO schemes
applied to the Stokes equations. We postpone their proof to Appendix [A] The discrete Hodge operator
HY¢ in Lemma is diagonal with entries equal to |¢(v)|, while 1 € V has entries equal to 1. The
discrete Hodge operator H%” in Lemma [2.2 only needs to satisfy the stability property (Al).

Lemma 2.1 (Discrete Poincaré-Wirtinger inequality). Assume (Hyp). Then, there exists CY” (in-
dependent of the mesh size, but dependent on mesh regularity) such that, for all p € V wverifying
[[p, H}’C(l)]] v = 0, the following inequality holds:

2.v < Ci”[GRAD(p)

Ip 2. (20)

Lemma 2.2 (Discrete Poincaré inequality for the curl). Assume (Hy) and (Hg). Let Hg} satisfy (Al).
Then, there exists CiV (independent of the mesh size, but dependent on mesh reqularity and the stability

constant 1o such that, for allu € £ such that |u, Hg}(v)]] .z =0 for all v € Ker CURL, the following
inequality holds:
lullze < GV [[CURL(w)[l2, 7. (21)

2.5 Bound on consistency error

In CDO schemes, the discrete errors are bounded only by the consistency error introduced by the lack
of commuting property of the discrete Hodge operators with the de Rham maps; see [12], [31], [20], and
[11]. Recalling (A2), the global commuting operators are defined as follows:

o, x3](0) i= HYY - Ry (9) — Rgs(are). (22)

We define the discrete norm such that \||b|||i_1 5= [(Hgg’)’l(b),b] 5 forallb e Y. Whenever the

context is unambiguous, we write ||b||,-1 instead of ol 5



In what follows, we abbreviate A < B the inequality A < ¢B with positive constant ¢ whose value
can change at each occurrence and is independent of any mesh size (but can depend on the mesh
regularity and the stability constants of the discrete Hodge operators). Let H!(C) denote the broken
Sobolev space H' on the primal mesh. Let hy := maxcec h. denote the maximal mesh size. We now
derive a first-order estimate on the consistency error for smooth enough vector fields.

Lemma 2.3 (Error bound for smooth fields). Assume (Hm). Let b € HY(C)3 be such that curl(b) €
LAY(Q)3. Let HX¥ satisfy (A1) and (A2) with x5 = ¢7 or rz. Then, the following inequality holds:
o w510, 5 < ks (188 oy + leurlbls gy ) (23)

Proof. We preliminarily observe that the smoothness assumption on b entails that this vector field is
in the domain of the de Rham maps Rg, Rz, Ry and Rx; see in particular [36]. We only prove for
xy = ¢F, the proof for x3 = ¢ being similar. The proof follows the same lines as [I1, Theorem 3.3].
Using the algebraic result of |20, Theorem 9] yields |||«, £7](b) |Hif1 z < > ecc(Te)? where (Tp)? :=
o e 1O, 5 with [bl2, 5 = [(H7)~ (b), b]
(A2), the triangle inequality, and (Hyy), we infer that

(Te)? = e, e (0= B)? | = She ) |Tel> +ha' ) | o
« 7FC
ecE. ecE

for all b € F.. Then, owing to (Al),

EcFe

where T ) := f; © (b—B) 5 (o) Te == J.(b—B)-7,, and B is the piecewise constant approximation of b
on the primal mesh. Using mesh regularity and approximation results, we finally obtain that |T§ ., 12 <

hf”b”%{l(c)s and |T,|? < he <||b||%11(c)3 + "%ﬂb”%%cw)? see [2, Lemma 4.7] applied with p = 4. O

3 Vertex-Based Pressure Schemes

3.1 Discrete systems

In vertex-based pressure schemes, the starting formulation is the 2-field curl formulation . Although
the mass density p and the viscosity p are constant, we rewrite ([1)) using these material properties so
as to identify where a discrete Hodge operator should be used. We obtain

curl(pcurl(u)) + pgrad(p®) = pf*,  in €, 24)
div(pu) =0, in Q,
where we have introduced the pressure potential p* := p~'p and the external load density f‘ =p! [
We focus on natural BCs for , which are given by

pU- Voo =, pw X Voo =wi,  on 0L, (25)

with data ub® and wP¢; for essential BCs, see Remark In what follows, we also consider the mass
flux ¢ := pu, the vorticity w = curl(u), and the auxiliary field w* := pw to which we loosely refer as
viscous stress circulation. With these quantities, can be rewritten as curl(w*) + pgrad(p*) = pf*
and div(¢) =0 in Q. - B

In vertex-based pressure schemes, the two unknowns are the pressure potential p* and the velocity
u. The DoFs of the pressure potential, denoted p*, are located at primal vertices. The DoFs of the
velocity, denoted u, are located at primal edges. The velocity field is therefore seen as a circulation.
The vorticity DoFs, which are located at primal faces, are directly obtained from the velocity DoFs by
setting w := CURL(u). The translational invariance of the discrete pressure potential is fixed by the
condition

[p*. HY@)] - =0, (26)



where HY¢ and 1 are defined before Lemma so that can be rewritten as ) |¢(v)|p} = 0,
which is the discrete counterpart of the zero mean-value condition on the pressure.

There are two discrete Hodge operators, one related to the mass density p and the other to_the
viscosity p. The discrete Hodge operator H5” allows us to define the discrete mass flux ¢ := H5” (u)

located at dual faces (compare with ¢ = pu), and the discrete Hodge operator Hﬁg the discrete viscous

stress circulation w* := Hﬁg(w) located at dual edges (compare with w* := uw). Both discrete Hodge
operators are assumed to satisfy the stability and Pg-consistency properties (A1) and (A2). In what
follows, we consider the following discrete norms:

lall? := [u,H" (w)] 5, I8lI7-+ == [(H;") "' (#), ¢] .5 (27a)
lwlf = [w, Hi(@)] 2 B l5-0 = [(H) 7 Hw") w'] 2 (27b)
forallueé, ¢ € F ,we F, and w* € E. Owing to the Cauchy—Schwarz inequality, we infer that
[w,],z <lul Il [w,0] ;< ol lw - (28)
We introduce the following operators:
A& F, B:&—C, B":V — F,
(29)

A .= CURL-HZ®.CURL, B:=-DIV-HY",  B":=H:" -GRAD.

The operators B and B” are indeed adjoint and A'P is selfadjoint, owing to the selfadjointness of Hz}

and Hﬁg and the discrete adjunctions of GRAD and DIV and of CURL and aJ\R/L
The vertex-based pressure scheme with homogeneous natural BCs is: Find (p*,u) € V11 x &, with
Vii:={0¢cV; [6,H(1)] oz = 0}, such that

(5 D)6 -C%") )

The right-hand side S*®(p, f*) € F discretizes the external load pf*. Two expressions are considered in

the analysis, respectively termed discrete primal and dual load and defined as follows:

Sy (0, f )iy = (HY7 “Re(fNlieyr  S& (0, f )iey = RE(0f ieyy Ve €E. (31)
A sufficient condition for the discrete primal and dual load to be well-defined is to fix a real number
p € [1,00] and to require that f is in the Sobolev space W*P(Q)? with s > % and s > %, respectively.
For simplicity, we consider the Hilbertian setting and require that f* € H*(Q)? with s > 1 and s > %,
respectively. Furthermore, non-homogeneous natural BCs can be easily incorporated by modifying the
right-hand side of accordingly. We observe that in , mass balance holds in each dual cell and
momentum balance at each dual face. Specifically,

Tf(e) + gf(e) = SVb (pvi*”f(e)? Ve € E7 (32&)
Z e @i =0, VeV, (32b)
?e’};e(v)

with the discrete shear stress 7 := aJ\_RT_(w*) € F, the discrete pressure gradient g := H;} -GRAD(p) €

F, and recalling the discrete mass flux ¢ = Ho 7 (u) € F. All the relations involved in are
summarized in Figure [3]

Remark 3.1 (Essential BCs). Essential BCs for are u X vy = ub® and p* = pP¢ on 9Q. Such
BCs can be enforced strongly by removing the corresponding DoFs from the discrete spaces or weakly
by a (consistent) penalty method using the full spaces of DoFs. The analysis of vertex-based pressure
schemes with essential BCs is left for future work; the main point consists of either deriving suitable
discrete Poincaré inequalities on smaller spaces of DoFs if strong enforcement is considered or analyzing
the consistency and penalty terms if weak enforcement is considered.



P €V I—GRAD—>|u€ E——CURL—> | w € F

P I
< <
C |<—oiv ¢ EF|l«<— CURL—w* €& |-
Mass balance Momentum balance

Figure 3: Tonti diagram of the vertex-based pressure scheme for the Stokes equations.

3.2 Stability and well-posedness

Owing to (A1) and recalling (L9), the norms ||-|l2,¢ and ||-||, are uniformly equivalent on £ (with respect
to the mesh size); the same holds for the norms ||-||2,7 and ||-||, on F. We equip the space V with the
norm |[|-[|2,y from Lemma [2.1] (obtained by summing cellwise the local norms for vertices).

Lemma 3.1 (Coercivity). Assume (Hy) and (Hq). Then, there exists na > 0 (independent of the
mesh size) such that, for all u € Ker B, the following inequality holds:
[w, A% ()] 5 = nallull}. (33)

EF —

Proof. Let us verify that u € Ker B implies that [u, Hf);(v)]g} = 0 for all v € Ker CURL. Owing
to (Hgq) and (7), there is @ € V such that v = GRAD(0). As a result,

[w,HZ (V)] .z = [w,B"(0)],.; = [6.B(w)] ;. =0.
Applying Lemma and the stability property , we infer that
5.6 < (CV)?[ICURL(w)[I5 = < (C57)*n,, HICURL(u)],
whence we infer with na = 7,7,(Cs") 72 since [CURL(w)||2 = [u, A®(u)] 5 O

eF’

nollull} < fful

Lemma 3.2 (Discrete inf-sup condition). Assume (Hy). Then, there exists Sg > 0 (independent of
the mesh size) such that
[[0’ B(u):ﬂ ve

ot SR o, v, = o

Proof. For all 8 € V1, set u := GRAD(6). Then, [6, B(u)]vE = [u, BT(O)]S} = Jlull? and owing to

Lemma and (Al), we infer that [|0]2,y < Céo)n;1/2\||u|\|p. This yields the inf-sup condition with

B =5 (C") 7. =
A classical consequence of Lemmata and is the following [I5]:

Corollary 3.3 (Well-posedness). Assume (Hyr) and (Hg). Then, the discrete system is well-
posed.

3.3 Error analysis for discrete dual load

Let w, p* solve the 2-field curl formulation and recall that w = curl(u). Let u, p* solve the discrete
system and recall that w = CURL(u). We define the following discrete errors:

op* :=Ry(p*) = p*, du:=Rg(u) —u, dw:=Rr(w)—w. (35)

Recall the global commuting operators |p, e7|(e) = Hff “Re(e) — Rx(pe) and [u, #£](e) = Hﬁg .
Rr(e) — Rg(/n). For simplicity, we assume that there are no quadrature errors when evaluating the
external load.
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Theorem 3.4 (Error bounds with discrete dual load). Let u, p* solve of the 2-field curl formulation
with homogeneous natural BCs. Let u, p* solve the discrete system with the discrete dual load
St(p, [*) with f* € H¥(Q), s > L. Assume (Hy) and (Hg). Then, the following error bounds hold:

IGRAD(6p")ll, < lILp, 71 (grad(p®))ll,-1 (36a)
6wl < ILp, e71(grad(p))llo-+ + L, #ET (@)1 (36D)
I6ull, < e, e71(grad(p®))ll -+ + I, 7EN (@)1 + Lo, eZ1 (@)l -1 (36¢)
Moreover, if u,w, grad(p*) € [H*(C)]* and f* € [L*(Q)]?, the following error bounds hold:
IGRAD(8p)l, S s lzxad (") s o (37a)
0wl < b (lgrad(P) iz oy + lwlim ez + 1£ lzagys) » (37Db)
Ioull, < i (lgrad(™) s oy + @iz ope + 1 za@ye + lulim o) - (37¢)

Proof. (1) We first derive the error equations. Applying Rx to the momentum and Ry to the mass
balance equation in yields

—_—~—

CURL(Rz(pw)) + R=(pgrad(p*)) = SP(p, f*),
DIV(Rx(pu)) = 05

owing to the commuting property @D on the interior dual mesh entities and the homogeneous BCs
on the dual mesh entities touching the boundary 92. Subtracting from the corresponding equation
in and introducing the global commuting operators leads to

CURL - H7* (6w) + HS" - GRAD(8p*) = CURL(|p1, #8](w)) + Lp, 7] (grad(p*)), (382)
DIV - Hi7 () = DIV(|p, =7 (w)), (38D)

since Rg(grad(p*)) = GRAD(Ry(p*)).
(2) Bound on the pressure gradient. We take the duality product of (38al) with GRAD(dp*). Since
[GRAD(8p*), CURL(x)] .z = [CURL(GRAD(dp*)),x] ; = Oforallx € £, we infer that IGRAD(dp*)]|2

[GRAD(6p*), | p, 7] (grad(p*))] 5+ Whence (36a) follows from the Cauchy—Schwarz inequality [23).
(3) Bound on the vorticity. We use the discrete Hodge decomposition

LH
& =TmGRAD & (Ker CURL)*", (39)
where (Ker CURL)™ := {u € & [u, H;}(V)]g

composition & = Im GRAD 55 (Im GRAD)*" and Im GRAD = Ker CURL owing to (Hg) and (7). Us-
ing (39), we set du = GRAD(86) + du, with 60 € V and du, € (Ker CURL)J-H. Observe that
CURL(&UL) = CURL(0u) = dw and that |[du.|, < ||[6w], owing to Lemma [2.2| and the stability of
H‘”r and H” We take the duality product of - with du, . Since [[(Sul, H” GRAD(ép* )]] =0,
We infer that

z = 0,Vv € Ker CURL}, which results from the de-

lowlff, = [dew, i, #e1@)] 5 + [du, Lo, e#](grad(p™)] .- (40)
The estimate results from Cauchy—Schwarz inequalities and ||du |, < [|dw],-
(4) Bound on the velocity. Since |||5u|\|2 = ||du_ \||f) + H|GRAD(60)|||2p and |[duyf, < 0w, it re-
mains to estimate ||GRAD(40)||,. We take the duality product of with 86. Since [u_, Hf)f:' .
GRAD(&G)] ~ =0, we infer that

IGRAD(60)|% = [GRAD(86), H” (6u)] = = [GRAD(36), |p, 5] (u)]

and the Cauchy-Schwarz inequality (28) yields |[GRAD(860), < [|lp, e7](u)]|,-1

(5) Finally, the error bounds for smooth solutions result from Lemma observing in particular that
curl(w) € [L4(Q)]? since curl(w) = f* — grad(p*), f* € [L*(Q)])3, and grad(p*) € [H1(C)]?, and that
curl(u) € [L4(2)]? since w = curl(u) € [H1(C)]3. O

eF’
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3.4 Error analysis for discrete primal load

Theorem 3.5 (Error bounds with discrete primal load). Let u, p* solve of the 2-field curl formula-
tion with homogeneous natural BCs. Let u, p* solve the discrete system with the discrete
primal load SY*(p, f*) with f* € H*(Q)3, s > 1. Assume (Hy) and (Hg). Then, the following error
bounds hold:

IGRAD(0p")ll, < [ILp, 7] (curl(w®))[l -+, (41a)
6wl < Wlps e71(curl(w™)llp-r + L #EH (@)l (41b)
loull, < Lo, e (curl(w D+ + e #EN @)l + Wos e7 1@l (41c)

Moreover, if u,w, curl(w*) € [H'(C)]® and curl(f*) € [L*(Q)]?, the following error bounds hold:

IGRAD(6p*)[l, < hae (eurl(w*) | (cyjs + leurd f*pacays) » (42a)
6wl S har (leurk(w*) i oy + lewrl f*ipaye + lwlim cye) » (42b)
I6ull, < ha (lewrl(w*) iz cys + leurl f*pays + lwlm oy + lulm ) - (42c)

Proof. Since SY°(p, f*) = Sy (p, [*) + |p, «71(f*), the main difference with the proof of Theorem is
that the error equation (38al) is to be replaced by

CURL - HZ® - CURL(8u) + H5” - GRAD(8p*) = CURL(|1, #5](w)) — Lp, 7] (curl(w")).

The rest of the proof follows along similar lines, and is skipped for brevity. O

Remark 3.2 (Comparison with Theorem . When the divergence-free part of the external load (i.e.,
curl(w*)) is expected to dominate over the curl-free part (i.e., grad(p*)), using a discrete dual load
is more appropriate since the error bounds do not depend on curl(w*). Alternatively, when the curl-
free part is expected to dominate over the divergence-free part, using a discrete primal load is more
appropriate since the error bounds do not depend on grad(p*).

4 Cell-Based Pressure Schemes

4.1 Discrete systems

Cell-based pressure schemes rely on the 3-field curl formulation . Introducing the mass density p
and the viscosity p leads to

—p 7wt + curl(pTlp) =0, in Q,
p~ ' eurl(w*) 4+ grad(p*) = f*,  inQ, (43)
div() =0,  inQ,

recalling that ¢ = pu, w = curl(u), w* = pw, and p* = p~'p. We focus on natural BCs for , which
are given by

U X Vg = QECa P = pbc’ on 01, (44)

with data uP¢ and p°. A discussion similar to that in Remark can be made regarding essential BCs.

In cell-based pressure schemes, the DoFs of the pressure potential, denoted p*, are located at dual

mesh vertices (in one-to-one pairing with primal mesh cells). The DoFs of the mass flux, denoted ¢,

are located at primal faces, while the DoFs of the viscous stress circulation, denoted w*, are located
at primal edges. There are two discrete Hodge operators, one related to the (reciprocal of) the mass

density p and the other to the (reciprocal of) the viscosity p. The discrete Hodge operator H; £, links

the discrete velocity and mass flux in the form u = Hlf,gl (¢) € £ (compare with u = p~'¢), while the

12



discrete Hodge operator HZ%1 links the discrete vorticity to the discrete viscous stress circulation in

~1w*). Both discrete Hodge operators are assumed

to satisfy the stability and Py-consistency properties (A1) and (A2). In what follows, we consider the
following discrete norms:

the form w = Hfffl(w*) eF (compare with w = p

Iol? 1 = [&.H%(D)] =, J[ul?

flw* I -1 := [w* HZZ (w")]

Y(u),u] s (45a)
Hw), w] e (45b)

[(H7E)~
co llwll? = [(HZ)~

forall p € F,ue g, w'e & and w e F. Note that these norms differ from those defined in for
vertex-based pressure schemes. Owing to the Cauchy—Schwarz inequality, we infer that

[o.u],: <ol llullp, o w] ;< lw - el (46)

We introduce the following operators:

AP & F, C:E—E, C": F— F, D:F—C, D':V—E, “n
A® = —HF,, C:=H’%, -CURL, C'":=CURL-H’%,, D:=-DIV, D":=GRAD.

The operators C (resp. D) and C" (resp. D) are adjoint owing to the adjunction property and the
selfadjointness of Hg £,; moreover, A® is selfadjoint and negative definite.

The cell-based pressure scheme with homogeneous natural BCs is: Find (p*, ¢, w*) € VxFxE
such that

A CT' 0 w* 0
C 0 D"||o |=1[S®0p[f)]- (48)
0 D 0 p* Oc

The right-hand side S®(p, f*) € & discretizes the external load f*. Two expressions are considered in

the analysis, respectively termed discrete primal and dual load and defined as follows:
S (0, /) aqry = (Hﬁfl ' Rf(ﬂf)) ey SP(0 [ ey = Re(f ey,  VEEF. (49)

A sufficient condition for the discrete primal and dual load to be well-defined is to require that f* €
H*(Q)? with s > % and s > 1, respectively. Furthermore, non-homogeneous natural BCs can be easily
incorporated by modifying the right-hand side of accordingly. We observe that in (48], mass

balance holds in each primal cell and momentum balance at each dual edge; moreover, w = CURL(u)
holds. Specifically,

Tam) + 8oty = S0, f)ery,  VEEF, (50a)
D et =0, Ve e C, (50D)
feF.

with the discrete shear stress 7 := H,f_gl - CURL(w™) € & and the discrete pressure gradient g :=
C-/}l‘?\A/D(p) € €. All the relations involved in are summarized in Figure

4.2 Stability and well-posedness

Owing to (A1) and recalling (19), the norms |-|2,¢ and ||-]|,-: are uniformly equivalent on & (with
respect to the mesh size); the same holds for the norms ||-[|2,7 and [|-]|,-1+ on F. We equip V with the

norm [pf? 5 = ¥cclel(po)? and € with the norm gl ;= Yoce Srer, [prl (58)? where p is

13



Mass balance

lw* € E——CURL—>{p € F DIV > C

HeZ, H7E,
w € F |<— CURL ue &« GRAD—p eV
Vorticity definition Momentum balance

Figure 4: Tonti diagram of the cell-based pressure scheme for the Stokes equations.

illustrated in Figure [2l Under assumption (Hy), the following discrete Poincaré inequality is proved
n [I1]: There exists C” such that, for all p € V,

Ipll, 5 < C:”IGRAD(p) (51)

Iz

Lemma 4.1 (Discrete inf-sup conditions). Assume (Hy) and (Hg). Then, there exist Sc > 0 and
Bp > 0 (independent of the mesh size) such that

D(v), ~ ,C ~
inf sup 7[[ v) pﬂ &Y > Bp, inf sup —[[¢ (w)]] ZE > Bc.
pevver [Pl 5lvil— ¢eKerD yeg [|@]] -1 1]l -

Proof. To prove the inf-sup condition on D, let p € V and set v := (H;El)_l(a_?\A/D(p)). Then,

veF, [Dv).p] ;= IVl and [GRAD()|l, 7 S IVl owing to mesh regularity and (A1); hence,

Ipll, 5 < lvll,-+ owing to the discrete Poincaré inequality (BI). To prove the inf-sup condition on

C, let ¢ € KerD. Owing to the exact sequence property , there is ¥ € &£ s.t. ¢ :~CURL(¢);
moreover, we can take 1» € (Ker CURL)H the orthogonality being with respect to Hzﬂ. Then,

[o,C®)] = \||¢H|2_1 and ||Y)2.6 < |@ll2.7 owing to Lemma The norm equivalences on £ and F
conclude the proof. O

A classical consequence of Lemma and the fact that A® is selfadjoint and negative definite is
the following |26, Theorem 1]:

Corollary 4.2 (Well-posedness). Assume (Hyi) and (Hq). Then, the discrete system is well-
posed.

4.3 Error analysis for discrete dual load

Let (p*, ¢,w*) solve the 3-field curl formulation . Let (p*, ¢, w™) solve the discrete system . We
define the following discrete errors:

op" =Ry(p") —P", 09 :=Rr(¢) — ¢, dw":=Re(w")—w" (52)

Recall the global commuting operators |[p~*, =z|(e) := H;izl “Rr(e) —Rx(p~'e) and [pu~", e7][(o) :=

H‘fj:rl ‘Re(e)—R f(,uflo). For simplicity, we assume that there are no quadrature errors when evaluating
the external load.

Theorem 4.3 (Error bounds with discrete dual load). Let (p*,¢,w*) solve the 3-field curl formu-
lation with homogeneous natural BCs. Let (p*, ¢, w™*) solve the discrete system with the

14



discrete dual load S (p, f*) with f* € H*(Q)3, s > 1. Assume (Hy) and (Hg). Then, the following
error bounds hold:

IGRAD(8p)ll, < [ILp~", #&] (curlw) (53a)
I8l S Wl &1 (curlw ), + L, o3 (@)l (53b)
18¢ll,+ S Lo~ #&](curlw)l, + Ly 51 @l + 1o, 7211, (53¢)

Moreover, if w*, curl(w*), ¢ € [H*(C)]® and curl(f*) € [L*(Q)]3, the following error bounds hold:

IGRAD(6p") I, < haa (lewnd(w*) |z s + lewrl(f7) iz ays) » (54a)
[0 -1 < hae (lewrl(w) |z oy + leurl(f ) ne@ye + lo” I cye) | (54b)
160ll,-1 < P (lewed(w*) iz ey + lewd(f*) ipaoys + lw™ i + 18l cpe) - (54e)

Proof. (1) We first derive the error equations. Applylng R}~_ to the vorticity definition, R to the
momentum balance, and R¢ to the mass balance in (43)) yields

~Rx(u'w’) + CURL(Rz(p '9)) = 05,
Rx(p™" curl(w")) + GRAD(R5(p")) = S (p, /),

DIV(Rx(¢)) = Oc,

owing to the commuting property @D on the interior dual mesh entities and the homogeneous BCs
on the dual mesh entities touching the boundary 0Q2. Subtracting from the corresponding equation
in and introducing the global commuting operators leads to

—H:Z, (8w") + CURL - HZZ, (6¢) = — |, e¥](w") + CURL- [, »2](9), (55a)
7%, - CURL(6w*) + GRAD(dp*) = [p~", #&] (curlw®), (55b)
DIV(d¢) = 0Oc. (55¢)

(2) Bound on the pressure gradient. We take the duality product of (55b)) with ( Hffl) L. G/R\ATD(ép*).
Proceeding as in Step (2) of the proof of Theorem [3.4] yields (5

(3) Bound on the viscous stress circulation. We use the discrete Hodge decomposition (39)) based on the
discrete Hodge operator H‘”fl We set dw* = GRAD(06) +dw?, with §0 € V and dw* € (Ker CURL)*H.

We take the duality product of ( - ) with GRAD(6). Observing that [GRAD(86), CURL( ).z =0
for all x € & and [GRAD(36), H7, (6w*)]_» = [IGRAD(30)[|% ., we infer that |GRAD(36),+ <

[PRSES
I, e7](w*)|lx. Then, we take the duality product 0fw1th CURL(dw™). This yields || CURL(dw™)
ILp~", el (curlw*)||,. Since CURL(dw™*) = CURL(&wL) and dw?* € (Ker CURL)*H we infer from

Lemma [2.2] that

o <

0wl S L™ ] (curlw™)],.

Finally, since [Jdw*[|?_, |HGRAD(6(9)H|2,1 + [low |I2 -1, we infer

(4) Bound on the mass flux. Owing to , (Ha), and @, there is (51,b € € s.t. d¢p = CURL(dv), and
we can take d1p € (Ker CURL)M. We take the duality product of (55al) with dv. For the two terms on
the left-hand side, we obtain [§), Hfil(ﬁw*)] oz S o]l [l 6w |||u 1 and [[89p, CURL- Hffl(éd))]]

Icu RL(6'¢)H|/2), 1. Using Lemma Cauchy-Schwarz inequalities, and the previous error bounds leads
to (53d)).

(5) Finally, the error bounds for smooth solutions result from Lemma O
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4.4 Error analysis for discrete primal load

Theorem 4.4 (Error bounds with discrete primal load). Let (p*, ¢,w*) solve the 3-field curl formula-

tion with homogeneous natural BCs. Let (p*, ¢, w™) solve the discrete system with the discrete

primal load S (p, f*) with f* € H*(Q)?, s > 5. Assume (Hy) and (Hgq). Then, the following error
bounds hold:

IGRAD(6p")l, < lILp™". =% (pgrad(p*)]l,. (56a)

ol <l L/fl, 7 W(Pgra V20)] PRl IV (Rl e (56b)

6@l S UL~ =21 (pgrad(@ )l + e, 71wl + I~ 71 (@)l (56¢)

Moreover, if w*, ¢, grad(p*) € [H'(C)]® and f* € [L*(Q)]?, the following error bounds hold:

|GRAD(6p" Mo < P o grad(p™) iz (o2 (57a)
6wl < ha (I grad (") iz oy + 1w lim o + 1 liza@ye) » (57b)
160ll,-1 < hae (lograd(p*) s oy + Il cys + 1 Nways + 12lm e ) - (57c)

Proof. Since S (p, f*) =S (p, f*)+ o', #2](pf"), the main difference with the proof of Theorem
is that the error equation (55b|) is to be replaced by

H7Z - CURL(6w™) + GRAD(dp™) = —[p~*, &[(pgrad(p”)).
The rest of the proof follows along similar lines, and is skipped for brevity. O

Remark 4.1 (Comparison with Theorem . When the divergence-free part of the external load (i.e.,
curl(w*)) is expected to dominate over the curl-free part (i.e., grad(p*)), using a discrete primal load is
more appropriate since the error bounds do not depend on curl(w*). Alternatively, when the curl-free
part is expected to dominate over the divergence-free part, using a discrete dual load is more appropriate
since the error bounds do not depend on grad(p*).

5 Numerical Results

We investigate numerically the vertex-based pressure schemes of Section [3]in the case of natural and
essential BCs, and for both primal and dual discretizations of the external load. We consider the
four combinations: natural (Nat.) BCs & S¥°(p, f*), essential (Ess.) BCs & Sy°(p, f*), Nat. BCs &
S¥P(p, f7),and Ess. BCs & S¥P(p, /7). The two discrete Hodge operators H5” and H7® are built using the
reconstruction functions from the Discrete Geometric Approach by [19]. The resulting discrete Hodge
operators satisfy the stability and Po-consistency properties (A1) and (A2); see [I1]. The strategy for
solving the linear system . 30 takes advantage of the CDO framework, which allows us to solve only two
SAP/D systems, since it is possible to operate an exact splitting between pressure and velocity. Applying

DIV to the momentum equation yields the following SPD system for the pressure:
TV F £\ VIV vb *
DIV - HZ7 - GRAD(p*) = DIV - S*(p, f7), (58)

of size #V which is independent of u. Then, the velocity u is solved by an augmented Lagrangian
approach yielding the following SPD system of size #E, where the right-hand side takes into account
the pressure computed in :

(A® +AB" - B)(u) = S"(p, /*) — B"(p*). (59)
Applying DIV to this system readily shows that the discrete velocity exactly satisfies both momentum

and mass balance in . Numerical experiments indicate that a suitable value for the Lagrange
multiplier A is the reciprocal of maxecg|pe| With pe := Ucec, Pe,c; see Figure
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We consider the system on the unit cube Q = [0, 1]3 with mass density and viscosity set to 1.
The exact pressure and velocity are

Lsin(2mz) cos(2my) cos(272)

p(x,y, z) = sin(2nz) sin(2my) sin(272), u(x,y,z) = |3 cos(2mz)sin(27y) cos(27z) | . (60)
— cos(2mx) cos(2my) sin(27z)

The external load f* and the BCs are determined from . Two sequences of three-dimensional
polyhedral meshes of the FVCA6 benchmark [see 28] are tested. The first mesh sequence, labeled PrG,
contains prismatic meshes with polygonal basis, and the second sequence, labeled CB, checkerboard
meshes, the latter being a classical example of so-called non-matching meshes. Each mesh family
consists of successive uniform refinements of an initial mesh. Examples are shown in Figure [5| and
quantitative information on the meshes is provided in Table
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Figure 5: Two examples of prismatic meshes with polygonal basis (left) and of checkerboard meshes
(right).

Sequence Mesh #V #E #F #C
coarsest 3 080 7 200 5 331 1210
finest 144 320 354 000 276 921 67 240
coarsest 625 1 536 1 200 288
finest 254 977 700 416 592 896 147 456

PrG

CB

Table 1: Cardinality of the mesh entity sets for the coarsest and finest meshes of the PrG and CB mesh
sequences

To study the convergence rate of the CDO schemes, we report the following errors:

IR -pl o IRe(mmd() - GRAD()I,
Bl ol P T T R rnd ), (61)
o Rew-ul, o [Re(owly) - CURL@),
Brp(w) = Sper, o Bl ] P—

The discrete norms ||-||, and ||-[|, are defined in , while [Jaf|? := [a, Hfg(a)]va = H|a|||§’v, for all
a € V, with HY® defined above Lemma The convergence rate R between mesh ¢ and mesh (i — 1)
within a sequence is defined as

log (Er(¢)/Er(i — 1))

log (#X()/#X(i — 1))’

where #X is equal to #V for the pressure, #E for the pressure gradient and the velocity, and #F for
the vorticity. For the four combinations of BCs and load discretizations, the various errors are plotted
in Figure [6] as the meshes are refined, and the observed convergence rates on the finest meshes are

= -3
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reported in Table[2l The results on the pressure gradient, vorticity, and velocity are in accordance with
the theoretical results derived in Section 3] In some cases, some super-convergent behavior is observed.

The pressure error appears to converge at second-order for most of the cases considered herein.
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Figure 6: Errors for the two mesh sequences and the four combinations of BCs and load discretization

Finally, we illustrate the practical advantage of the primal and dual load discretizations. We consider
the vector potential ¥ = curl(u) and the scalar potential © = p with u and p defined in , and we
take for the external load pf* := x, curl(¥) + x, grad(©), with real numbers x, and x,, so that pf*
has a large curl-free part when Xp > 1 and a large divergence-free part when x, > 1. We observe from
Figure [7] left, that the discrete pressure error is not affected by the large divergence-free part of the
load when choosing a dual discretization. Similarly, we observe from Figure [7} right, that the discrete
velocity error is not affected by the large curl-free part of the load when choosing a primal discretization.
These numerical results are in agreement with the theoretical results derived in Theorems [3.4] and [3.5
We stress that the Hodge—Helmholtz decomposition of the external load is not used explicitly in the
scheme.
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Ern,(p) Erup(g) Ernp(u) Eryu(w)
Svb 1.7 1.7 1.8 1.7
Nat. BCs =P
PrG A ° Sy 2.1 1.9 1.8 1.7
. Svb 2.1 1.9 2.0 1.9
Bes. BCs gl 94 2.0 2.0 1.9
Y . ) . .
vb
e
B ¢ . ) . .
v 1. 1.1 1. 1.
Ess. BOs §5b 23 1.1 1 8 08
Y . ) ) .

Table 2: Convergence rates between the two finest meshes of each sequence
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Figure 7: Effect of a primal (blue solid lines) and dual (red dashed lines) discretization of the external
load on the sequence of PrG meshes when one considers a large divergence-free part (left) or a large
curl-free part (right). Left: Error on the pressure for y, € {1 (circle),10? (diamond), 10* (square)} and
Xp = 1; Right: Error on the velocity for x,, = 1 and x, € {1 (circle), 10? (diamond), 10* (square)}.
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6 Conclusions

In this work, we have analyzed CDO schemes for the Stokes equations on three-dimensional polyhedral
meshes. The distinction between primal and dual meshes enabled us to devise vertex-based and cell-
based pressure schemes. Vertex-based pressure schemes lead to an algebraic system of size (#V + #E)
with two unknowns, the pressure located at primal vertices and the velocity at primal edges. Cell-based
pressure schemes lead to a system of size (#E + #F + #C) with three unknowns, the pressure located
at primal cells, the mass flux at primal faces, and the viscous stress circulation at primal edges. For
both schemes, two discrete Hodge operators, related to the mass density and the viscosity, are used;
as for elliptic problems, these operators must satisfy a stability and a Pg-consistency property. Both
schemes conserve mass and momentum, the vertex-based ones at dual cells and dual faces, respectively,
and the cell-based ones at primal cells and dual edges, respectively. Additionally, both schemes can be
deployed with two possible load discretizations, so as to handle a large curl-free or divergence-free part
of the load.

Various tracks are worth pursuing in future work. The first one is a comparative study of the
vertex- and cell-based pressure schemes. Numerical results on elliptic problems [I0] show that the
computational efficiency of the vertex-based scheme and of the hybridized cell-based scheme is similar,
the former leading to a somewhat smaller linear system but with a larger stencil. For elliptic problems,
one advantage of the hybrid cell-based schemes is to deliver an exact mass balance on the primal cells
(and not the dual ones). For the Stokes equations, a further step in the study of the cell-based pressure
scheme is the use of hybridization techniques. Finally, other research tracks include the treatment of
essential (and more general) BCs and more general topologies for the domain €.

A Proof of discrete Poincaré inequalities

The proof of the discrete Poincaré inequalities hinges on the existence of conforming reconstruction op-
erators L™ 0V — HY(Q), L™ 2 € — H(cwrl; Q), and L™ : F — H(div; Q) with right inverse prop-
erties RyL$™ = Idy, ReLeo™ = Idg, commuting properties grad(L$e™) = L& (GRAD), curl(Le™) =
Lg_fmf(CURL), and stability properties C3||p[l2,y < L™ (P) | L2, [LE™ (w)]L2(0)e < C§|Hu|||2,g, and
LS ()| L2(yz < Cg_-||\¢||2f. One possibility is to use the construction of [I7] hinging on local con-
strained minimization problems using Withney finite elements on the simplicial submesh of each mesh
cell. Note that the resulting reconstruction operators are (piecewise) polynomial-valued.

Proof of the discrete Poincaré—Wirtinger inequality. Let p € V be such that [p, H‘l’g(l)] »s = 0. Set
z = L (p) — (LS9 (p))o € HY(S2) where (-)q denotes the mean-value in 2. Owing to the continuous
Poincaré-Wirtinger inequality, [2].2) < Cp'glgrad 2] 2(qys. Moreover, owing to the properties of
Lsent and L™ we infer that

lerad | 2(0)s = [grad(L5™ ()2 (s = ILE™ (GRAD(P))|2(0)s < CEIGRAD(P)2.e,

so that [z]z2(q) < C’l()?g)C’g IGRAD(p)||2,e. Furthermore, since p — Ry(2) = (L™ (p))al, we infer that

g,v = [pv H\ljg(p)]] ve — [[p7 H‘ljg(p - RV(Z))] ve + [[p7 H\l)ERV(z)] ve = [[p, H‘IJERV(Z)]] ve?

Il

sothat [pllsy < IRw(2)ly. Finally, since [Ry(2)ll2y < (C5) L™ (Ry ()] z2(ey and L™ (Ry (2)) =
z (observe in particular that Ry(1) = 1 and L (1) = 1), we infer with Cf” = Cy% CL(CL)~t O
Proof of the discrete Poincaré inequality for the curl. Let u € £ be such that [u7 Hi}(v)]g; = 0 for
all v € Ker CURL. There is z € H(curl;Q) such that curl(z) = curl(L™(u)) and div(z) = 0 in
Qand z- vy, = 0. For all v € Ker(curl), there is ¥ € H'(Q2) s.t. v = grad(d) owing to (Hg),
so that [,z v = [,div(2)Y + [,o(2 - vpq)? = 0. Owing to the continuous Poincaré inequality for
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the curl, |z|z2()p < C]S;ZHCLI'](g)HLQ(Q)S. Moreover, owing to [2, Prop. 3.7], there is s > 3 such
that | 2] gs ) < CHSCIS;Z lcurl(2)|z2(q)s. This bound implies that z is in the domain of the Nédélec
finite element interpolation operator on the simplicial submesh, so that, using mesh regularity, the
proof of Prop. 4.6 in the above reference, and the fact that curl(z) is polynomial-valued, we infer that

IRe(2)]l2,e < CNC'HSCF(,?Z”curl(g) |z2(qys. Furthermore, we observe that

[u,H ()] 2 = [wHE (u— Re(2))] 5 + [u, HF (Re(2))] 5 = [w. HE (Re(2))] .5,

since

CURL(u — Re(2)) = CURL(Re (L™ (u) — 2)) = R (curl(LE™ (w) — 2)) = 0.

Hence, |uf|le < ||Re(2)]la, and owing to (A1), we infer that

Nallullz.e < [Re(2)ll2.e < OxCrre Cflg leurl(LE™ (1)) | L2z
whence we infer with CfV = n;1OnClys Cf(,lng’g- observing that curl(z) = curl(L<™ (u)) = L™ (CURL(u))
and using the stability of Lj{-mf. O
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