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Artificial compressibility methods for the incompressible
Navier—Stokes equations using lowest-order face-based schemes on
polytopal meshes

Riccardo Milani® Jérome Bonelle* Alexandre Ern'

Abstract

We investigate artificial compressibility (AC) techniques for the time discretization of the
incompressible Navier—Stokes equations. The space discretization is based on a lowest-order
face-based scheme supporting polytopal meshes, namely discrete velocities are attached to
the mesh faces and cells, whereas discrete pressures are attached to the mesh cells. This
face-based scheme can be embedded into the framework of hybrid mixed mimetic schemes
and gradient schemes, and has close links to the lowest-order version of hybrid high-order
methods devised for the steady incompressible Navier—Stokes equations. The AC time-
stepping uncouples at each time step the velocity update from the pressure update. The
performances of this approach are compared against those of the more traditional monolithic
approach which maintains the velocity-pressure coupling at each time step. We consider both
first-order and second-order time schemes and either an implicit or an explicit treatment of
the nonlinear convection term. We investigate numerically the CFL stability restriction
resulting from an explicit treatment, both on Cartesian and polytopal meshes. Finally,
numerical tests on large 3D polytopal meshes highlight the efficiency of the AC approach
and the benefits of using second-order schemes whenever accurate discrete solutions are to
be attained.

Keywords: incompressible Navier—Stokes, artificial compressibility, polytopal meshes,
lowest-order hybrid schemes

MSC (2010): 65M12, 65M22, 76D05, 76M10

1 Introduction

The goal of this work is to study the accuracy and efficiency of artificial compressibility tech-
niques for the time discretization of the incompressible Navier—Stokes equations. These equa-
tions are encountered in a wide range of industrial applications, ranging from aeronautics to
the simulations of flows in micro-fractures, to cite two salient examples. In this work, the space
discretization is realized by means of lowest-order face-based schemes supporting classical (sim-
plicial or Cartesian) as well as general (polytopal) meshes. The support of polytopal meshes is
motivated by the applications, especially in the industrial context. Indeed, such meshes often
alleviate substantially the burden of mesh generation resulting from the complexity of the ge-
ometry (as, e.g., the shape of industrial equipments) and/or the heterogeneity of the physical
properties (requiring local mesh refinements producing hanging nodes).
The unsteady incompressible Navier—Stokes equations read as follows:
ou

— —vAu+(u-Vu+Vp=f,

ot in Q x (0,7), (1)

2'2207

*EDF R&D, 6 Quai Watier, 78400 Chatou, France
fCERMICS, Ecole des Ponts, 77455 Marne-la-Vallée 2, France, and Inria, 2 rue Simone Iff, 75589 Paris, France



together with suitable boundary and initial conditions on the velocity. Here, Q C R%, d = 2,3,
is an open, polytopal, bounded, Lipschitz domain and 7" > 0 denotes the observation time. The
unknowns are the velocity u and the pressure p (by convention, vector-valued quantities are
underlined). The problem data are the viscosity v > 0, the mass density is normalized to unity,
and the body force is denoted by f. For simplicity, we consider smooth solutions to (1), and we
enforce Dirichlet boundary conditions over the whole boundary 92 at all times. Recall that the
first equation in (1) expresses the momentum balance in the flow, and the second equation the
mass conservation.

Let us briefly describe the time-marching schemes considered in this work without introduc-
ing any space discretization yet. These schemes are either of monolithic form, thereby requiring
to solve a saddle point problem at each time step, or they uncouple the velocity and the pressure
at each time step by means of an artificial compressibility technique. Let At > 0 be the time
step (taken to be constant for simplicity) and let (u",p™) denote the approximate solution at
the discrete time node t" := nAt for all n > 1. The monolithic approach is the traditional
time-marching scheme for the incompressible Navier—Stokes equations and it reads as follows:
For all n > 1, given "~ ! from the initial condition or the previous time node, find (u", p") by
solving the saddle point problem in €2,

u — unfl
——— VAU + (W -V )"+ V"

At - -
V.-u"

"= 1",
0.

(2)

The monolithic approach is well-known and is considered here as the reference time-stepping
scheme. The only approximation introduced in (2) with respect to (1) is the discretization of
the velocity time-derivative (here, by means of the implicit Euler scheme to fix the ideas). In
contrast, the artificial compressibility (AC) approach introduces an additional approximation
at each time step in that the velocity is first updated and the pressure is then corrected. In its
first-order form, the scheme reads as follows: For all n > 1, given (™!, p"~1) from the initial
condition or the previous time node, find (u",p™) by solving a parabolic-like problem on the
velocity and then updating the pressure:

Qn _ un—l

= VAU YY) (W Yt = -Vt (3a)

where 1 > 0 is a user-defined adimensional parameter. The AC method was introduced in
the late sixties [23, 56] in the Western literature, although the seminal ideas can be traced
independently in the Russian literature as well [57, 49, 58]. For a recent analysis of the method,
the reader is referred to [45]. Notice the appearance of the additional grad-div term in (3a),
whereas (3b) shows that the time discrete velocity field u" is no longer divergence-free. Notice
also that an approximation to the initial pressure is needed. Furthermore, we observe that
higher-order versions of the AC scheme are available; see [45, 44].

The computational study performed in this work considers both the monolithic and the AC
approaches, either in the above form which is first-order accurate in time, or in second-order
form (as described below). Moreover, we examine either the implicit treatment of the convection
term (as above) leading to a nonlinear problem to be solved at each time step, or a (semi-)explicit
treatment leading to a linear problem to be solved at each time step. The natural choice when
using the AC scheme is to resort to an explicit treatment since the goal is to reduce as much
as possible the computational cost per time step. However, for completeness, we also consider
the implicit treatment of the convection term for the first-order AC schemes, but not for the
second-order ones. Indeed, in this latter case, there are two nonlinear problems to be solved at
each time step, which is deemed to be too expensive.



Concerning the space discretization, we focus on schemes supporting polytopal meshes. Nu-
merous possibilities are available from the literature. Concerning high-order schemes, we men-
tion (without being exhaustive) discontinuous Galerkin (dG) methods [7, 24, 46], hybridizable
dG (HDG) methods [25, 53, 47, 50], hybrid high-order (HHO) methods [1, 29, 30, 17], weak
Galerkin (WG) methods [52], virtual element methods (VEM) [9, 10, 42], and nonconforming
VEM [20]. As efficient as the above high-order methods can be, it is often preferred in an
industrial context to use lowest-order schemes owing to their relative ease of implementation
and the prominence of legacy codes based on these techniques. Moreover, since the maximal
order of accuracy in time considered here is two, it is reasonable to focus on lowest-order space
discretization schemes. Examples of such schemes for the (Navier—)Stokes equations include
discrete duality finite volume (DDFV) schemes [26, 48, 18, 43], mixed finite volume (MFV)
schemes [32], mimetic finite difference (MFD) schemes [8], compatible discrete operator (CDO)
schemes [15, 12], and gradient schemes [40, 34, 37]. Unifying frameworks bridging a large class of
lowest-order schemes exist, such as the hybrid mixed mimetic (HMM) framework from [35] and
the setting of gradient schemes [35]. In this work, we focus more specifically on CDO schemes.
This is a mild restriction, and we expect that most of our conclusions can be carried out to other
lowest-order schemes owing to the above-mentioned unifying frameworks. Among the various
CDO schemes, we focus on face-based CDO (CDO-Fb) schemes in which the degrees of freedom
(DoFs) for the velocity are vector-valued and attached to the mesh faces and cells, whereas the
pressure DoFs are scalar-valued and attached to the mesh cells only. We refer the reader to [14]
for the analysis of vertex-based and cell-based CDO schemes for elliptic PDEs and to [21, 22]
for edge-based CDO schemes applied to circulations (i.e., differential forms of order one). The
CDO schemes devised in [15] are different since they introduce the vorticity as an additional
unknown. As discussed in [12, Sect. 8.3], CDO-Fb schemes are derived for cell-based schemes
by a hybridization procedure of the flux unknown considered in cell-based schemes. CDO-Fb
schemes can be bridged to lowest-order HHO, HFV, HMM, and gradient schemes, and have
been evaluated numerically to approximate the steady incompressible Navier—Stokes equations
in [16].

This paper is organized as follows. The CDO-Fb scheme for the space discretization is
presented in Section 2. The fully discrete schemes are introduced in Section 3 using either
the monolithic or the AC approaches and either an implicit or an explicit treatment of the
convective term. Numerical results are discussed in Section 4 on two- and three-dimensional
test cases. Finally, conclusions are drawn in Section 5.

2 Space discretization by the CDO-Fb scheme

In this section, we recall the CDO-Fb scheme for the space discretization of the steady incom-
pressible Navier—Stokes equations introduced in [16]. In weak form, and considering homoge-
neous Dirichlet conditions for simplicity (and fixing the pressure mean value to zero), one seeks
(u,p) € HY(Q) x LE(Q) (standard notation for Lebesgue and Sobolev spaces is employed) such
that

{Va(u, v) +t(wu,v) + b(v,p) =), Vv e HyQ), @

b(u,q) =0, Vg € L§(Q),

with the bilinear and trilinear forms

a(u,v) = Qly:ly, b(v,p) = —/Q(Z-Q)P, t(w;u, v) = /Q (w¥)u)v, (5)

and the linear form I(v) = [, f-v.
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Figure 1: Mesh, notation and DoFs. Left: Example of a polyhedral cell with a hanging node.
Center: The barycenter z. of the cell ¢ and a face f € F. with its barycenter, x¢, its normal ng,
and its sub-pyramid p¢.. Right: Full set of velocity and pressure DoFs for the considered cell
(dashed arrows are used for velocity DoFs on hidden faces).

2.1 Mesh entities and degrees of freedom

The mesh discretizing 2 is a finite collection C := {c} of nonempty, disjoint, open, polytopal
subsets of R?, usually referred to as cells. The mesh faces are assumed to be planar and are
gathered in the set F := {f} which can be subdivided in the two disjoint sets F* := {f |f C 9Q}
collecting the mesh boundary faces and F? := F\F? collecting the mesh interfaces. One associates
with each mesh face f a normal vector n; such that if f € F®, n; points outward Q and, if f € F?,
the direction is chosen arbitrarily and fixed once and for all. For a generic mesh entity z = ¢
or z = f, x, denotes its barycenter, |z| its measure and h, = maxy, z ez |z, — 25| its diameter.
Moreover, h := max.cc h, is called the size of the mesh. We consider the shape-regularity setting
of [28] for polytopal mesh families, and we additionally require that every mesh entity z = c or
z = f is star-shaped with respect to its barycenter z,. The faces composing the boundary of a
cell ¢ € C are collected in the set F. := {f € F|f C dc}. For each face f € F, a unit normal
vector pointing outward c is denoted by ng, = +n¢, depending on the orientation chosen for n;.
We are going to make use of a subdivision of the cell ¢ as P = {p¢c}rer., where the subsets
pec are the nonempty, disjoint subpyramids (or subtriangles if d = 2) obtained by considering
the cell barycenter z. as apex, and a face f € F as basis.

For a generic mesh entity z = ¢ or z = f, P4(z) (resp., P?(z) and P(z)) is composed of the
restriction to z of the scalar-valued (resp., R%valued and R%*?-valued) polynomials of degree at
most g. Moreover, for a collection Z of mesh entities, P4(Z), P?(Z), and PY(Z) refer to piecewise-
polynomial functions; for instance, P*(F.) = Xicp, PL(f). Notice also that for z = c or z = f,
PO(z) = R.

In the CDO-Fb framework, the velocity is hybrid, meaning that it has cell- and face-based
DoFs. Hence, the global velocity space is

Uy, = X PO(f) x X Pc). (6)

feF ceC

A generic element of Uy, is denoted by 7, = ((vg)ters (ve)cec). Notice that the velocity DoFs at

the interfaces are uniquely defined. Moreover, the velocity DoFs associated with a generic cell
¢ € C are denoted by

Te = ((vr)rere ve) € Ue = X EO(f) x P(c). (7)
feF,

S



The pressure has only cell-based DoFs, so that the global pressure space is

Pn= X P:>pn:= (pc)cec ) P = PO(C) . (8)
ceC

In order to account for the velocity boundary conditions and the constraint on the pressure
average, we consider the subspaces

ZZh,O = {0, € Uy, | vy = 0 Vf € F*}, Phyx = {pn € Pu| Y lc|pe = 0}. 9)
ceC
Finally, for z = c or z = f, 7, (resp., m,) denotes the L?-orthogonal projection onto P%(z)

(resp., P°(z)). The L?-orthogonal projection onto Py is defined cellwise so that m™(q) =
(me(qlc))eec for all ¢ € L'(€2), whereas the projection onto the hybrid discrete space Uy, is
defined such that 7}, (v) = ((z;(v]r))er, (7c(v))cec) for all v € H*(Q), s > 1. Similarly, for the
local hybrid space U, we set 7,(v) == ((z¢(v]t))rer,, To(v)) for all v € H3(c).

2.2 Discrete diffusion-like bilinear form

Consider a cell ¢ € C and the velocity DoFs Qc associated with c. We define locally in the mesh
cell ¢ a velocity gradient reconstruction operator, G _: U, — PO(B.), i.e., for all B, € U, G ()
is a piecewise constant tensor-valued field on the subpyramids collected in B.. In the context
of CDO schemes, this type of operator was introduced in [12]; see also [13]. It is composed of a
consistent part, gg, plus a stabilization part, gi, so that

G, (@) = G(T,) + G3(T,) , (10)

where gg (3.) € P°(c) C PO(B.) and G (T.) € P(B.) are defined as follows:

Z |f‘ ®nf(:7

rf "
G @)= O (v — ) — OB (s — 2)) ©mge,  VE € Fe.
‘pf c|
The positive stabilization parameter 0 is user-defined (with the only requirement of being pos-
itive): choosing 6 = 1 recovers the generalized Crouzeix—Raviart scheme from [31], whereas
0 := - leads to the HFV scheme from [38].

Vd
The global version of the gradient reconstruction operator, G, : Uy — X P (‘}30)

defined cellwise so that, for any 7, € U}, and any ¢ € C, we have G (vh)\c =G (). With the

above operators in hand, the discrete diffusion-like bilinear form ay, : Z/Ih X L{h — R is defined as
follows:

@B = [ Gy @) G, @) = G,(2). (12)

ceC c

The above-defined gradient reconstruction operators enjoy several important properties.
First, QC is consistent for affine functions, meaning that

G (F(v) =Yv, VueP(c). (13)

(More precisely, we have gg (Te(v)) = Yo and G*(%.(v)) = 0.) Moreover, the consistent and
stabilization parts of the reconstructed gradient are L*(c)-orthogonal,

[e@) c@) =0, Vel (14)

5



Finally, and most importantly, the following stability and boundedness properties hold true:
There is § > 0 such that for all c € C and all ¥. € U,

~ ~ 2
0lTellic < 116, (@)

Héz( <5 leccha (15)

with the discrete H!-like seminorm defined on I, such that ||3,||? o = Yter, ha ] lup—ve|?. The
lower bound (15) is the main reason for introducing the Stablhzatlon part of the reconstructed
gradient. Notice that |7}/ h = 2eeC |Tc/13 . defines a norm on th’o

2.3 Discrete velocity-pressure coupling

The discrete velocity-pressure coupling hinges on a discrete divergence operator Dy, : Qh — P
that is defined cellwise. For all ¢ € C, the local discrete divergence operator D.: U, — P, is
such that for all v, € U,

De(@,) = tr (G(B,)) = zrfr g (16)

fEF

The global operator is then defined by setting Dy,(0y,)|e= De(@,) for all Ty, € U, and all ¢ € C.
Notice that Dy, (?y,) € Pp for all vy, € Qh,0~

With the above divergence operator in hand, the discrete bilinear form by, : Qh xPp, — R
handling the velocity-pressure coupling is defined as follows:

b (Tn, qn) /Dh Tp)gn = — Y [c| De(@ (17)
ceC
The same discrete bilinear form is found in HMM schemes [34, 33] and the lowest-order HHO
scheme [1, 29]. A crucial property is the following discrete inf-sup condition: There is 5 > 0,
only depending on the mesh shape-regularity, such that

b (3
inf  sup 1B (@, an)| h(yh’AQh” >0, (18)

WmEP s 5 €l ||Qh”h 1Tnll 1

where [Ty, , is defined above whereas lqnlly = HQhH%Q(Q) = Yecc el g for all g, € Py.

Another important property of the discrete divergence operator is its commuting property with

the L2-orthogonal projection in the sense that D (7 (v)) = m(¥ - v) for all ¢ € C and all

v e H(c).

2.4 Discrete convection operator

Let us finally devise a discrete CDO-Fb counterpart of the trilinear form ¢ defined in (5). To
this purpose, we define the discrete trilinear form ¢, : L{h X Z/{h X Uh — R such that

tn (W Uy, Ty) = D te(We; Ue, Te) + D te(wr; ug, vy) (19)
ceC feFrb
with 1
tC(@c;@caﬁc) = 5 Z ‘f’ (wf : ﬂfc)(gf _Qc) ' (Qf +QC)7
feF, (20)
te(wys ug, v) = [f] (wr - nee) " ug - vy,
where (2)~ = %(|z| — z) denotes the negative part of any real number z € R. The trilinear

form t; is related to the weak enforcement of inflow boundary conditions and vanishes whenever



at least one of the arguments is in th- The discrete trilinear form ¢, is inspired from the
lowest-order HHO method for scalar advection-diffusion equations introduced in [27]; see also
[17, Remark 9] for the Navier—Stokes equations.

The first important property of the discrete trilinear form ¢ is its positivity and skew-
symmetry. Indeed, assume that w; € Qh is discretely divergence-free, i.e., Do(w.) = 0 for all
¢ € C. Then, one readily verifies that

tn (@p; Ty, Ty) >0, Va, €Uy, . (21)

Moreover, if additionally the normal component of @y, vanishes at the boundary, namely w;-n; =
0 for all f € F®, then ty,(@y,; -, -) is skew-symmetric, i.e.

th(@y; T, Ty) =0, VO, €Uy, - (22)

Property (21) is crucial in the context of the Navier—Stokes equations since it is instrumental
to establish the dissipativity of the discrete problem. Notice also that (22) is reminiscent of
the so-called Temam’s trick on the discrete trilinear form. A further relevant property of the
discrete trilinear form ¢, is its limit-conformity. This notion is described, e.g., in [37], and is
verified for the above CDO-Fb setting in [51, Remark 2.50]; see also [30, Prop. 6].

Remark 1 (Upwinding). An upwinding stabilization can be considered by adding to (19) the
discrete trilinear form ¢} (@y,; Uy, 0p,) = 5 e > ey fl we - nge| (g —u) - (vs—12.). This option
is not considered further in the present work.

3 Time discretization by monolithic and artificial compressibil-
ity schemes

We present in this section the fully discrete problems obtained by using either a monolithic or
an AC scheme for the time discretization and by considering either an implicit or an explicit
treatment of the convection operator. Moreover, we consider both first-order and second-order
time schemes.

For a hybrid velocity field 0y, :== ((vf)rer, (Ve)eec) € Qh, we denote its cell-based components

by ve = (v.)cec. Then, to discretize the time-derivative of the velocity, we only use the cell-
based components and consider the mass bilinear form such that

m(uc,ve) = Y | uc (23)

ceC
We also use the cell-based components to discretize the source term and we set ["(vc) =
>ocec Jo /v for all n > 1. For any hybrid velocity field v}, € Uy, o, we define its discrete kinetic
energy as

N 1
Ekin,h (0n) = ) HQCHE2(Q) Z lc| ‘UC‘Q (24)
CGC

3.1 First-order schemes
3.1.1 Monolithic scheme

Let us first consider an implicit treatment of the convection term which is dealt with by means
of a Picard algorithm. Then, the first-order monolithic time-stepplng scheme reads as follows.
For all m = 1,..., N, iterate on k£ > 1 until convergence: Find ( ,ph ) € Up o X Ppx such
that

1 n,k -1 ~n,k—1, ~nk ol
K t b ="
At (UC —Uc U ) + Vah(uh » V) ) + h(uh uh , V) ) + h(vh7ph ) (QC) ) (25)

bh(@ﬁ’ th) = 0.



for all 7, € U h,0 and all gn € Pp . Here, @ﬁfl denotes the solution given by the Picard algorithm
at the time step n — 1. The time-stepping is initialized with the initial condition 7 = 7, (ug)-
Moreover, at each time step, the Picard iterations have to be initialized: a suitable choice is to

take the solution at the previous time step, i.e. ﬂrhl’o = gy~ !. Taking 0y, = @ﬁ’k in (25) and
using simple arithmetic manipulations together Wlth th (U k=1, LUy k, Uy’ k) = 0 owing to (22), we

obtain the following discrete kinetic energy balance:
~ o ~ ~ . 2
Exin(@y ™) — i (@) + Enn (@ — T + vALC, @) 20y = A (") . (26)

Notice that the third and fourth terms on the left-hand side are non-negative, i.e., they only
contribute to energy dissipation. Notice also that (26) remains valid as k — oo.

With an explicit treatment of the convection term, the first-order monolithic time-stepping
scheme reads as follows: For all n =1,..., N, find (uy,p}) € Qh,o X Ph,x such that

1 o~ ~ 1
Al —ug T ve) + ven(@h, oy) + b, ph) = Muc) — (@ m D)

bh(@ﬁa Qh) =0 )

(27)

for all ), € Zjlh o and all g, € Py .. Unfortunately, a dissipative discrete kinetic energy balance
cannot be derived for (27) because the term ¢, (@~ '; @y~ !, 4f) cannot be given an a priori sign.
Thus, the scheme (27) is subject to a first-order CFL restriction on the time step for its stability.

This condition will be investigated numerically in Section 4.

3.1.2 AC scheme

Let us first consider an implicit treatment of the convection term. As in the monolithic approach,
we consider Picard iterations to deal with the resulting nonlinearity. Then, the first-order AC
time-stepping scheme reads as follows. For alln =1,..., N, iterate on k > 1 until convergence:
Find gﬁk € th such that for all 7, € Qh,m

1 k ko~ kA .
A m(ud” — ul o) + vian (@, By) + ndu(@y ", By)) + ta(@

= I"(ve) — bu(@y, oY), (28)

and then set
: k=1 .k
pp* = p Tt —unDy (@), (29)

recalling that n > 0 is a user-defined parameter (choices are discussed in Section 4). In (28), we
introduced the discrete div-div bilinear form such that

(@, 0y) / Dy, (4, ) Dy (2y,) Z le| De (@ V) . (30)
ceC

Notice that in (28)-(29), we took advantage of the Picard iterations to update progressively the
pressure. Letting & — oo, we observe that the velocity and pressure updates stemming from
the monolithic and the AC schemes are the same. Differently from the monolithic coupling, the
initialization of the Picard iteration requires to specify the velocity and the pressure, which are
here taken from the previous time step or the initial condition.

With an explicit treatment of the convection term, the first-order AC scheme reads as follows:
Foralln=1,...,N, find (u,p}) € Qh,o X P« such that for all vy, € Qh,o,

1 - . .
gl — ug L ue) + v(an (@, o) + ndu (@, o))

=1"(ve) — bu(@p, PP — th @ Hap 1, 5y) . (31)



and then set

ph=pi " — vnDi(ap) . (32)
As for the monolithic scheme, the explicit AC scheme is subject to a first-order CFL restriction
on the time step for its stability. This condition will be investigated numerically in Section 4.

Remark 2 (Initial pressure). As is classical with the AC technique, an initial pressure needs to
be specified. In all the numerical experiments reported in this work, the initial pressure is indeed
known. If this were not the case, a possibility proposed in [45] (see also [36, Remarks 74.4 and
75.7]) is to recover the initial pressure by solving the following steady problem:

Ap’ =V f°,
(33)

0 0
37]; 0= (fo — (—vAu® + (u° -Z)uo)) loanaa -

Obviously, the initial pressure is zero is the fluid is initially at rest and the source term is
divergence-free and has a zero normal component on the boundary.

3.2 Second-order schemes
3.2.1 Monolithic scheme

One standard technique is to use a second-order backward differentiation formula (BDF2) to
devise second-order time-stepping schemes within the monolithic approach. In general, BDF2
is employed for every time step n > 2, and an implicit Euler step can still be considered for
n = 1. With an implicit treatment of the convection term by means of a Picard algorithm, the
second-order monolithic scheme reads as follows. For all n = 2,..., N, iterate on k > 1 until
convergence: Find (@ﬁk,pﬁk) € Uy o X P, such that
7k - - ~ 7k -
TAtm(?&é —dud "+ ud % ) + van(@y ", D))
7 7k71.’\ 7k . . 7k —

+ th(ﬂg agﬁ agh) + bh(ﬂh,pﬁ ) - ln(ﬂC) )

bh(@ﬁ7k7 Qh) = Oa

for all Ty, € th and all g, € Pp . Recall that @ﬁ_l (resp. @ﬁ_2) denotes the solution given
by the Picard algorithm at the time step n — 1 (resp. n — 2). The initialization of the iterative
procedure is done with an approximation of the solution, for instance @ﬁ_l (as for the first-order
scheme), or by using the second-order extrapolation formula (2@ﬁ71 — @ﬁﬁ). Finally, for the
BDF?2 time discretization, it is possible to derive by means of classical algebraic manipulations
(detailed, e.g., in [36, Lemma 68.1] for the heat equation) a time-discrete kinetic energy balance
with dissipation, in the same spirit as in (26).

With an explicit treatment of the convection term, the second-order monolithic scheme reads
as follows: For all n =2,..., N, find (ay,pp) € th X P« solving

1
2At

(34)

m(3ug — 4ul™" +ul 2, ve) + van(@y, Oy) + bn(Dy, P}
= "(vg) — (2t (@53, — (@A 0)) (35)
bh(@ﬁ7 Qh) = 07

for all vy, € Qh,o and all ¢, € Py «. Notice that a second-order extrapolation formula is used for
the convective term on the right-hand side; here, we applied the extrapolation formula to the
operator, but it is also possible to consider applying the extrapolation formula to the discrete
velocity and then form the convection operator. Finally, as for the first-order time discretization,
a dissipative kinetic energy balance is not available with an explicit treatment of the convection
term, and a CFL restriction on the time step is required for stability.



3.2.2 AC scheme

It has been shown in [45] that arbitrary order in time can be achieved by combining the AC
method with a bootstrap technique. In order to obtain the k-th order, k linear systems similar
to (3) have to be solved. An alternative technique to reach arbitrary order in time, which is also
discussed in [45], is based on a defect correction procedure, leading to a similar computational
cost. To avoid the proliferation of variants, we focus only on the bootstrap technique.

As motivated in the introduction, we only consider an explicit treatment of the convec-
tion term. The second-order AC time-stepping scheme reads as follows: For all n > 1, find
(@ 1y 7)) € Un o X Phy such that for all Ty, € Uy, o,

1 _ n o~ o~
(et ¢ — uichve) + v(an(@y, 0y) + ndn (@7, 8,))
At : (36a)
= 1"(ve) = bu(@n, PY ) — (@5 8 D)
Pin = pﬂl —vnDyp(@ty), OpYy = pin— P?,ﬂl . (36b)
Then, for all n > 2, find (@3, p3y) € Uy, X Ph such that for all T, € Uy, o,
1 o~ o~
o mBus e — dub 4 ub P ve) + v(an(@3y, Bn) + ndn (@, 0y))
N, : : : ! : (36¢)
=1"(vc) = bu(n, Py + 0pT ) — (2 (@535 a5y, 0y) — tn(@5, %5 05,2, Bn))
Pop = pg,ﬁl +6p1n — vnDu(Us ) , (36d)
with the following initialization choice: @%711 = @ih, @87}1 = @(1)7}1 = 7Y for the velocity and

1.1
P3p = Py for the pressure.

4 Numerical results

In this section, we present numerical results to assess the performances of the AC method
together with the CDO-Fb discretization. We first consider the 2D Taylor—Green vortex test
case with the goal to verify the convergence rates in time for the first- and second-order time-
stepping schemes and both treatments of the convection term. We also use this test case to study
the CFL restriction on the time step in the case of an explicit treatment of the convection term.
Then, we consider a modified 3D Taylor—Green vortex to compare all of the above strategies
in terms of efficiency, that is, we compare the reached error thresholds on the velocity and
the pressure with the needed CPU time. All the results are computed with the CDO module
available in the open-source, single-phase CFD solver Code_Saturne [3]. For the 2D test cases,
the linear systems are solved with a sparse direct solver available in the MUMPS [2] library. For
the 3D test cases, iterative solvers are considered and further discussed in Section 4.2.

4.1 2D Taylor—Green vortex

The Taylor-Green vortex [55] is a well-known 2D test case usually considered to evaluate the
performances of an unsteady Navier—Stokes solver. In fact, it constitutes an analytic solution of
the 2D Navier—Stokes given by

— cos(z) sin(y)

urgy(z,y) = exp(—2vt) l sin(z) cos(y) ] :

prav(z,y) = %exp(—4vt)(cos(2x) + cos(2y)) .
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The computational domain is © := [0, 27]2, whereas the observation time 7' depends on the
numerical experiment. The viscosity v is uniform but different values are considered in order to
modify the Reynolds number Re. Since the reference length and velocity for this test case can
be set to L :=1 and U = 1, we obtain Re = % Cartesian and polygonal meshes are considered.

4.1.1 Convergence results

The convergence in time is first verified for all the schemes presented in Section 3. Let v(t,x)
(resp. q(t, z)) be the analytical velocity (resp. pressure), and {U} }p=1,.. N € [Qh’O]N (resp. {qf' tn=1,..N €
[Ph,*]N ) its space-time discretization. The following space-time error norms are used:

N
70 (v) = {8} Inllfe 22y :ZAtHih(y(t ;) = BprllE = ZNZ o] |me (u(t", ) — B2 ?
= ceC
=~ ~n ~n 2
I1Zh (@) — {88}l = Z ALY Y fprel |G (@e(0(t™, ) = T o | (38)
n=1 ceCfeF,
) N
I (q) = {ai bl g2y = D Atllmn(g(t",-) — aitllE = Z ALY el (mo(q(t", ) — ¢)?
n=1 ceC

These errors are then normalized by the value obtained for the corresponding norm of the exact
solution.

Figure 2 shows the results for first- (top row) and second-order time-stepping schemes (bot-
tom row) on a Cartesian mesh composed of 5122 cells. The Reynolds number is first set to
Re =1 (i.e., we take v = 1), and the AC parameter is set to n = 10. We consider both the
implicit and the explicit treatments of the convection term, and observe that in the present
setting, no instability is observed for the considered values of the time step. This favorable
situation is attributed to the moderate value of the Reynolds number, and we will see below (see
Section 4.1.2) that a CFL stability restriction needs to be enforced for larger Reynolds numbers.
The results presented in Figure 2 show that the monolithic and AC approaches lead to very
similar errors, both for the velocity and the pressure. The convection treatment has an effect
only on the pressure error (right column): the implicit treatment (squares) is more accurate than
the explicit one (circles). Indeed, due to the peculiar construction of the Taylor-Green vortex
for which the pressure gradient and the convection term balance out, a good approximation of
the convection term leads also to an accurate approximation of the pressure.

Additional computations with higher Reynolds numbers are performed to study the depen-
dence of the results delivered by the AC method on the parameter 7. The results are reported
in Table 1. As expected, the predictions of the AC method get closer to those of the monolithic
approach when larger values of n are used. However, using larger values also leads to higher
computational costs because it affects the conditioning of the linear system through the pres-
ence of the grad-div term. The results altogether indicate that an appropriate choice is to set
n = 10Re. Indeed, this choice leads to a satisfactory trade-off between the accuracy and the
conditioning of the linear systems.

4.1.2 CFL conditions with explicit convection

We investigate numerically the stability of the monolithic and AC approaches when an explicit
treatment of the convection term is used. For these tests, we consider (i) three Reynolds numbers,
Re € {200,500, 700}, (ii) an observation time T such that T' Re = 10%, (iii) n = 10 Re whenever
the AC method is considered. We flag a computation as having diverged if, for some n > 1, we
have

Ekinn (@) > 1.1 Einn (@) = 1.1 Exinn (Fn (up)) (39)

11
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Figure 2: 2D Taylor—Green vortex. Convergence results for the space-time velocity and pressure
errors. Re = 1, T = 1.2. Top: first-order schemes; bottom: second-order schemes. Cartesian

mesh composed of 5122 cells.

Table 1: 2D Taylor—Green vortex. Space-time velocity and pressure errors. Explicit convection.
AC method with n € {Re, 10Re, 100Re}. The errors obtained with the monolithic approach are
given in parenthesis as reference. First group of columns: Re ~ 33, Cartesian mesh composed
of 1282 cells, T = 40, At = % = (0.625. Second group of columns: Re = 100, Cartesian mesh
composed of 5122 cells, T = 120, At = % = 1.875.

Re ~ 33 Re = 100
Ul ‘ Re 10Re 100Re ' (MONO) ‘ Re 10Re 100Re ' (MONO)
02(L?) velocity | 1.05e—2 1.4le—3 1.24e—3 (1.24e—3) | 2.91e—2 3.92e—3 1.38¢—3 = (1.14e-3)
2(HY) velocity | 1.26e—2 1.04e—2 1.03e—2 ' (1.03e—2) | 2.0le—2 8.25e—3 7.83¢—3 ' (7.80e—3)
02(L?) pressure | 2.8le—2 1.19¢e—2 1.03e—2 j (1.00e—2) | 6.02e—2 1.69e—2 1.25e—2 j (1.19¢—-2)
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Figure 3: 2D polygonal mesh used for CFL study.

where the definition of the discrete kinetic energy &inn(-) is given in (24). Notice that the
solution (37) goes exponentially towards 0 with respect to time. Thus, a failure to satisfy (39)
is a symptom of stability issues. We denote by At the critical time-step, that is, the largest At
ensuring that the computation does not diverge. We seek a resolution of 1%, meaning that the
gap between Ats and the smallest At leading to divergence is less than 1% of Ats. Whenever
At > Atg, we define the divergence time, Ty, as the smallest ¢" for which (39) is satisfied.

Two meshes have been considered, a Cartesian mesh and a polygonal mesh (illustrated in
Fig. 3), which have, respectively, 16,384 and 15,129 cells. In Fig. 4, we plot the divergence
time, Ty, for different time-step values. We observe that the divergence time sharply increases
as the time step is decreased towards the critical value. This confirms that using an observation
time such that T Re = 10? is reasonable to flag stable/unstable computations. Figure 5 shows
the critical time-step values for the various time-stepping schemes and the two meshes. For
each case, a dependence of the critical time-step on the inverse of the Reynolds number is
observed. For convenience, the results are also reported in Tables 2 and 3 for the Cartesian
and the polygonal meshes, respectively, including a quantitative comparison between the first-
and the second-order schemes. Generally speaking, the AC method turns out to be as stable
as the monolithic scheme, and no significant differences on the critical time-step are observed.
Moreover, the first-order schemes are more stable than the second-order ones, and allow one
to choose time-step values more than two times larger than those possible with second-order
schemes. Finally, the use of a polygonal mesh only marginally affects the value of the critical
time-step.

4.2 3D modified Taylor—Green vortex

We consider the 3D modified Taylor-Green vortex solution of [19, Benchmark case 2.2] and
adapt it so that it is a solution to the Navier—Stokes equations. In particular, we make the
solution time-dependent by considering a sinusoidal amplitude. The exact solution reads as

13
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Figure 4: 2D Taylor—Green vortex. Monolithic approach and explicit convection. Divergence

time Ty (scaled by Re), for different choices of At (scaled by Re). Left: Cartesian mesh composed
of 16,384 cells. Right: polygonal mesh composed of 15,129 cells.
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Figure 5: 2D Taylor—-Green vortex. Critical time-step for stability, Aty (up to 1% resolution),
as a function of the Reynolds number, Re, for several time-stepping schemes. Left: Cartesian
mesh composed of 16,384 cells. Right: polygonal mesh composed of 15,129 cells.

of 16,384 cells.

Table 2: 2D Taylor—Green vortex. Critical time-step for stability, Ats, as a function of the
Reynolds number, Re. Comparison of first- and second-order schemes. Cartesian mesh composed

Monolithic AC(n = 10Re)

Re 15t 2nd 2152 1st 2nd 2152
200 | 2.98e—2 1.15e—2 2.60 | 2.98e—2 1.14e—2 2.61
500 | 1.03e—2 4.16e—3 2.48 | 1.04de—2 4.16e—3 2.51
700 | 7.27e—3 2.97e—3 2.45
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Table 3: 2D Taylor—Green vortex. Critical time-step for stability, Ats, as a function of the
Reynolds number, Re. Comparison of first- and second-order schemes. Polygonal mesh com-
posed of 15,129 cells.

Monolithic AC(n = 10Re)

Re 15t 2nd 15¢ 1st 2nd 21:1
200 | 2.71e—2 1.23e—2 2.21 | 2.71le—2 1.23e—2 2.21
500 | 1.06e—2 4.55e—3 2.33 | 1.06e—2 4.55¢—3 2.33

700 | 7.07e—3 3.00e—3 2.36 | 7.10e—3 3.00e—3 2.37

\
N
N

)
=

Figure 6: Coarsest mesh of the PrG sequence of [41] composed of prisms with polygonal basis.

follows:

u(@,y,2) = a(t)u'(z,y,2),
p(Z': Y, Z) = O‘<t)p/($a Y, Z) )
a(t) == sin(8xt),

—2cos(2mz) sin(27y) sin(272) (40)
u(w,y,2) = sin(27x) cos(2my) sin(27z) |
sin(27x) sin(27y) cos(27z)
p(z,y,2) = — 67sin(27x) sin(27ry) sin(27z) ,
and the resulting source term is such that
flx,y,2) = at)f'(z,y,z) + 8w cos(8wt)u (x,y, 2)+
a2() —2sin(4nz)(cos(4my) + cos(4drz) — 2)
- sin(47y)(cos(4rz) — 2cos(4mz) + 1) (41)
sin(4rz)(cos(4dmx) — 2 cos(4my) + 1)
f(x,y,2) = [~367% cos(2mx) sin(27y) sin(272), 0, 0] .
The domain is the unit cube © := (0,1)? and the viscosity is v := 1. Hence, since it is again
reasonable to set L = 1 and U := 1 for the reference length and velocity, respectively, we
obtain a Reynolds number of Re = 1. The observation time is set to 7" := 2 and the considered

time-step values are At € {%, g—4, WTS’ 2%} The convection term is always treated explicitly.

A quite refined mesh composed of prisms with polygonal bases is considered. Namely, the mesh
obtained from the PrG sequence proposed in the benchmark [41] by gluing six of the finest
meshes side by side and then rescaling the resulting mesh to the desired dimension (an example
is shown in Fig. 6). The resulting mesh has more than 14M cells and leads to a final coupled
system of more than 170M DoFs (after static condensation).

Only iterative solvers are considered in this 3D test case. In particular, the linear systems
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Figure 7: 3D modified Taylor-Green vortex. Convergence results for the space-time velocity
and pressure errors. Re = 1.

obtained with the AC method are solved by means of a Jacobi-preconditioned Conjugate Gra-
dient (CG) solver. In order to deal with the saddle point systems obtained with the monolithic
approach, an iterative Golub-Kahan Bidiagonalization (GKB) [4, 5] procedure without augmen-
tation is chosen; the internal solver is a Conjugate Gradient with a K-cycle Algebraic Multigrdid
preconditioner [54]. All these solvers are natively available in Code_Saturne. The computations
have been run on the GAIA cluster of EDF! on up to 700 cores. Two values of the AC parameter
have been considered: n = 10Re and n = 50Re.

Fig. 7 reports the convergence results for the normalized space-time velocity and pressure
errors as defined in (38). These results corroborate the optimal convergence in time for both
first- and second-order schemes. A slight decrease of the convergence rate for the velocity ¢2(H!)-
error is observed for the finest At and the second-order schemes, which indicates that the space
discretization error tends to become dominant. Moreover, we remark that the higher the value
of n, the more accurate the results obtained with the AC method. Actually, for n = 50Re, the
errors are essentially superimposed to those obtained with the monolithic approach.

Our aim is now to compare the computational efficiency of the monolithic and AC methods
by studying the achieved velocity and pressure errors as a function of the computational cost
(defined as the product between the elapsed time and the number of computing cores). As
a preliminary step, computations are run in order to find reasonably optimized values for the
tolerances of the iterative solvers. The results for the first-order AC and monolithic approaches
are, respectively, gathered in Tables 4 and 5. A tolerance of 10~* appears to be a reasonable
choice for the CG iterative solver in the AC context, for both considered values of 1. In order
to anticipate the greater accuracy of second-order schemes, the tolerance is decreased to 107°
for the second-order AC time-stepping scheme. Similarly, for the monolithic approach, the
tolerances for the GKB and CG iterative solvers are both set to 10~* and 10~?, respectively, for
the first- and second-order time-stepping schemes.

We can now proceed to the assessment of the computational efficiency of the various schemes
with the tolerances prescribed as above. The performances of the three strategies (monolithic,
AC(n = 10), and AC(n = 50)), for both first- and second-order schemes, are compared in
Fig. 8. The AC method turns out to be more efficient: having fixed the order in time for
the three compared methods, the AC(n = 10) and AC(n = 50) methods can achieve a given
error threshold (y-axis) in less computation time (z-axis) than the monolithic method. The
performance of AC depends on the parameter 7: the higher 7, the more numerical effort (hence,

1943 of the TOP500 list of November 2020
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Table 4: 3D modified Taylor-Green vortex. Space-time errors for different tolerances of the
CG linear solver. First-order AC time-stepping scheme, At = 1T78' The adopted tolerances for
further calculations are circled.

«(CG) | AL u CHYu (L) p
n =10

le—2 | 6.58e—2 6.76e—4 3.17e—3
le—4]| | 5.20e—2 4.91e—4 3.00e—3
le—6 | 5.20e—2 4.91e—4 3.00e—3
n =50

le—2 | 3.83e—2 4.22e—4 1.49e—3
le—4]| | 3.00e—2 2.92e—4 1.27e—3
le—6 | 3.00e—2 2.92e—4 1.27e—3

Table 5: 3D modified Taylor—Green vortex. Space-time errors for different tolerances of the GKB
and CG linear solvers. First-order monolithic time-stepping scheme, At = 1TTS' The adopted
tolerances for further calculations are circled.

e(GKB) €(CG) | (LA uw PHYu 2L p
le—2 | 4.27e—2 8.3le—4 2.80e—3

le—2 le—4 | 2.84e—2 3.2le—4 1.28e—3
le—6 | 2.83e—2 3.20e—4 1.28e—3

le—4] | 2.86e—2 2.80e—4 1.13e—3

le—4
€ le—6 2.87e—2 2.80e—4 1.13e—3
le—6 le—4 2.86e—2 2.80e—4 1.13e—3
le—6 2.87e—2 2.80e—4 1.13e—3
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Figure 8: 3D modified Taylor-Green vortex. Comparison of computational efficiency for the
various first- and second-order schemes. Legend: see Fig. 7

17



Table 6: 3D modified Taylor-Green vortex. Comparison of accuracy and performance for the

various first- and second-order schemes. Time step set to At = %

(Y] le, @@, .
Solver First Second Ratio 21% First Second Ratio 21%
Monolithic | 2.86e—2 7.84e—3 3.6 2.80e—4 9.96e—5 2.8
AC(10) 5.20e—2 1.14e—2 4.6 4.91le—4 1.28e—4 3.8
AC(50) 3.00e—2 7.93¢—3 3.8 2.92e—4 1.00e—4 2.9
[En(®)lle2,c Elapsed x cores 3]
Solver First Second Ratio 2% First Second Ratio 2175;
Monolithic | 1.13e—3 4.89e—4 2.3 2.00e+7 3.0le+T7 0.7
AC(10) 3.00e—3 8.51e—4 3.5 3.91e+6 8.39¢+6 0.5
AC(50) 1.27e—3 5.17e—4 2.4 7.73e+6 1.7le+7 0.5

computational time) is required, and altogether the choice 7 = 10 turns out to be more effective
than the choice n = 50. When considering the second-order schemes, the difference between the
AC and monolithic approaches is somewhat mitigated. One explanation is that the bootstrap
procedure employed in the second-order AC requires two linear system resolutions per time step,
whereas only one is needed with the BDF2 and monolithic coupling. Finally, the results show
an advantage of the second-order schemes over the first-order ones, especially when accurate
calculations are considered. A comparison at the fixed time-step At = % (corresponding to
the finest time step before the space discretization errors tend to become influential, see the
discussion of Fig. 7) is presented in Table 6. Focusing first on the bottom right part of the table
related to the computational times, one can compare the performances of monolithic and AC
methods, with the latter being consistently two times faster than the former, while still providing
satisfactory errors. Moreover, the errors obtained with second-order schemes are more than two
times smaller than those obtained with first-order schemes, while the computation time are less
than two times larger.

5 Conclusions

We have extended the CDO-Fb schemes to the unsteady incompressible Navier—Stokes problem
and investigated the accuracy and efficiency of the artificial compressibility (AC) technique
for the time discretization using either a first-order time-stepping scheme or a second-order
one. The assessment of the AC technique is made by means of systematic comparisons with the
standard monolithic approach, using either a first-order or a second-order version. First, optimal
convergence rates in time have been recovered for all the time-stepping schemes in various norms
for the velocity and the pressure. Moreover, the stability of the time-stepping schemes when the
nonlinear convection term is treated explicitly has been investigated on Cartesian and polygonal
meshes, showing in both cases a linear dependency on the reciprocal of the Reynolds number,
with only a slightly tighter restriction when using polygonal meshes. Finally, an assessment of
the performance of all the schemes has been carried out using large 3D polytopal meshes. The
AC method proved to be an efficient alternative to the classical monolithic approach: it ensures
accuracy levels close to those obtained with the monolithic approach while using only half of
the computational time. Moreover, a comparison between first- and second-order time-stepping
schemes indicates an advantage for the latter: second-order schemes provide errors as much as
four times smaller than those obtained with first-order schemes, while taking only up to twice
the computation time.

As an outlook, the improvement of the preconditioning for large linear systems arising from

18



the AC technique is paramount to achieve scalable and higher efficiency since the presence of the
V V- term prevents the usual preconditioners such as algebraic multigrid techniques to perform
well. The construction of a specific preconditioner adapted from the seminal work in [6] along
with the more recent ones in [11] and [39] will be the subject of further investigations.

Acknowledgments

The PhD fellowship of R. Milani was partially supported by EDF R&D and ANRT.

References

1]

8]

[9]

[10]

[11]

[12]

J. AcHILI, S. BovavaL, AND D. A. D1 PIETRO, Hybridization of mized high-order methods
on general meshes and application to the Stokes equations, Comput. Methods Appl. Math.,
15 (2015), pp. 111-134.

P. R. AMEsTOY, I. S. DUFF, J.-Y. L’EXCELLENT, AND J. KOSTER, A fully asynchronous

multifrontal solver using distributed dynamic scheduling, STAM J. Matrix Anal. Appl., 23
(2001), pp. 15-41.

F. ARCHAMBEAU, N. MECHITOUA, AND M. SAKi1z, Code Saturne: A Finite Volume Code
for Turbulent flows - Industrial Applications, Int. J. Finite Vol., 1 (2004).

M. ARIOLI, Generalized Golub—Kahan bidiagonalizationand stopping criteria, SIAM J. Ma-
trix Anal. Appl., 34 (2013), pp. 571-592.

M. ArioLi, C. KRUSE, R. ULRICH, AND N. TARDIEU, An iterative generalized Golub-
Kahan algorithm for problems in structural mechanics, Tech. Rep. August, 2018.

D. N. ArnoLD, R. S. FALK, AND R. WINTHER, Preconditioning in H(div) and applica-
tions, Math. Comp., 66 (1997), pp. 957-984.

F. Bassi AND S. REBAY, A high-order accurate discontinuous finite element method for

the numerical solution of the compressible Navier—Stokes equations, J. Comput. Phys., 131
(1997), pp. 267-279.

L. BEIRAO DA VEIGA, V. GYRyA, K. LIPNIKOV, AND G. MANZINI, Mimetic Finite Dif-
ference method for the Stokes problem on polygonal meshes, J. Comput. Phys., 228 (2009),
pp. 7215-7232.

L. BEIRAO DA VEIGA, C. LOVADINA, AND G. VAcCCA, Divergence free Virtual Elements
for the Stokes problem on polygonal meshes, ESAIM Math. Model. Numer. Anal., 51 (2017),
pp- 509-535.

—, Virtual Elements for the Navier-Stokes problem on polygonal meshes, STAM J. Numer.
Anal., 56 (2018), pp. 1210-1242.

M. BeNzi, M. A. OLSHANSKII, AND Z. WANG, Modified augmented Lagrangian precon-
ditioners for the incompressible Navier—Stokes equations, Int. J. Numer. Meth. Fluids, 66
(2011), pp. 486-508.

J. BONELLE, Compatible Discrete Operator schemes on polyhedral meshes for elliptic and
Stokes equations, PhD thesis, Université Paris-Est, 2014.

19



[13]

[14]

[15]

[16]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

J. BONELLE, D. A. D1 PIETRO, AND A. ERN, Low-order reconstruction operators on
polyhedral meshes: application to compatible discrete operator schemes, Comput. Aided

Geom. Des., 35 (2015), pp. 27-41.

J. BONELLE AND A. ERN, Analysis of Compatible Discrete Operator schemes for elliptic
problems on polyhedral meshes, ESAIM Math. Model. Numer. Anal., 48 (2014), pp. 553-581.

—, Analysis of Compatible Discrete Operator schemes for the Stokes equations on poly-
hedral meshes, IMA J. Numer. Anal., 35 (2015), pp. 1672-1697.

J. BONELLE, A. ERN, AND R. MILANI, Compatible Discrete Operator schemes for the
steady incompressible Stokes and Navier—Stokes equations, in Finite Vol. Complex Appl.
IX; Methods Theor. Aspects, R. Klofkorn, E. Keilegavlen, F. A. Radu, and J. Fuhrmann,
eds., vol. 323 of Springer Proc. Math. Stat., Bergen, 2020, Springer International Publishing,
pp. 93-101.

L. Borti, D. A. D1 PiETRO, AND J. DRONIOU, A Hybrid High-Order method for the
incompressible Navier—Stokes equations based on Temam’s device, J. Comput. Phys., 376
(2019), pp. 786-816.

F. BoYER, S. KRELL, AND F. NABET, Inf-Sup stability of the discrete duality finite volume
method for the 2D Stokes problem, Math. Comput., 84 (2015), pp. 2705-2742.

C. CANCES AND P. OMNES, eds., Finite Volumes for Complex Applications VIII - Methods
and Theoretical Aspects, vol. 199 of Springer Proc. Math. Stat., Lille, France, 6 2017,
Springer International Publishing.

A. CANGIANI, V. GYRYA, AND G. MANZINI, The nonconforming Virtual Element Method
for the Stokes equations, STAM J. Numer. Anal., 54 (2016), pp. 3411-3435.

P. CANTIN, Approzimation of scalar and vector transport problems on polyhedral meshes,
PhD thesis, Université Paris-Est, 2016.

P. CANTIN AND A. ERN, An edge-based scheme on polyhedral meshes for vector advection-
reaction equations, ESAIM Math. Model. Numer. Anal., 51 (2017), pp. 1561-1581.

A. J. CHORIN, Numerical Solution of the Navier—Stokes Equations, Math. Comput., 22
(1968), pp. 745-762.

B. CockBURN, G. KANSCHAT, D. ScHOTZAU, AND C. SCHWAB, Local discontinuous
Galerkin methods for the Stokes system, SIAM J. Numer. Anal., 40 (2002), pp. 319-343.

B. CockBURN, N. C. NGUYEN, AND J. PERAIRE, A Comparison of HDG Methods for
Stokes Flow, J. Sci. Comput., 45 (2010), pp. 215-237.

S. DELCOURTE, Développement de méthodes de volumes finis pour la mécanique des fluides,
PhD thesis, Université Paul Sabatier, 2007.

D. A. D1 PiETRO, J. DRONIOU, AND A. ERN, A discontinuous-skeletal method for
advection-diffusion-reaction on general meshes, SITAM J. Numer. Anal., 53 (2015), pp. 2135
2157.

D. A. D1 PIETRO AND A. ERN, A Hybrid High-Order locking-free method for linear elas-
ticity on general meshes, Comput. Methods Appl. Mech. Eng., 283 (2015), pp. 1-21.

20



[29]

[30]

[31]

32]

33]

[34]

[35]

[36]

[37]

[42]

[43]

[44]

D. A. D1 PieTRO, A. ERN, A. LINKE, AND F. SCHIEWECK, A discontinuous skeletal
method for the viscosity-dependent Stokes problem, Comput. Methods Appl. Mech. Eng.,
306 (2016), pp. 175-195.

D. A. D1 PIETRO AND S. KRELL, A Hybrid High-Order method for the steady incompress-
ible Navier—Stokes problem, J. Sci. Comput., 74 (2018), pp. 1677-1705.

D. A. D1 PIETRO AND S. LEMAIRE, An extension of the Crouzeix-Raviart space to general
meshes with application to quasi-incompressible linear elasticity and Stokes flow, Math.
Comput., 84 (2015), pp. 1-31.

J. DrRONIOU AND R. EYMARD, Study of the mized finite volume method for Stokes and
Navier-Stokes equations, Numer. Methods Partial Differ. Equ., 25 (2009), pp. 137-171.

—, Benchmark: Two hybrid mimetic mized schemes for the lid-driven cavity, in Finite
Vol. Complex Appl. VIII; Methods Theor. Aspects, vol. 199 of Springer Proc. Math. Stat.,
Lille, 2017, Springer International Publishing, pp. 107-124.

J. DRONIOU, R. EYMARD, AND P. FERON, Gradient Schemes for Stokes problem, IMA J.
Numer. Anal., 36 (2015), pp. 1636-1669.

J. DrRONIOU, R. EYMARD, T. GALLOUET, AND R. HERBIN, Gradient schemes: a generic
framework for the discretisation of linear, nonlinear and nonlocal elliptic and parabolic
equations, Math. Model. Methods Appl. Sci., 23 (2013), pp. 2395-2432.

A. ErRN AND J.-L. GUERMOND, Finite Elements III, vol. 74 of Texts in Applied Mathe-
matics, Springer International Publishing, 2021.

R. EYmMARD, P. FERON, AND C. GUICHARD, Family of convergent numerical schemes for
the incompressible Navier—Stokes equations, Math. Comput. Simul., 144 (2018), pp. 196—
218.

R. EYyMARD, T. GALLOUET, AND R. HERBIN, Discretisation of heterogeneous and an-

isotropic diffusion problems on general nonconforming meshes. SUSHI: a scheme using
stabilisation and hybrid interfaces, IMA J. Numer. Anal., 30 (2010), pp. 1009-1043.

P. E. FARRELL, L. MITCHELL, AND F. WECHSUNG, An Augmented Lagrangian precon-
ditioner for the 3D stationary incompressible Navier—Stokes equations at high Reynolds
number, STAM J. Sci. Comput., 41 (2019), pp. 3037-3096.

P. FERON, Gradient Schemes for some elliptic and parabolic, linear and non-linear prob-
lems, PhD thesis, université Paris-Est, 2016.

J. ForT, J. FURST, J. HALAMA, R. HERBIN, AND F. HUBERT, eds., Finite Volumes for
Complex Applications VI - Problems € Perspectives, vol. 4 of Springer Proc. Math. Stat.,
Prague, Czech Republic, 6 2011, Springer Science & Business Media.

G. N. Garica, M. MUNAR, AND F. A. SEQUEIRA, A mized Virtual Element Method for
the Navier—Stokes equations, Math. Model. Methods Appl. Sci., 28 (2018), pp. 2863—2904.

T. GouDON, S. KRELL, AND G. LIssONI, DDF'V method for Navier—Stokes problem with
outflow boundary conditions, Numer. Math., 142 (2019), pp. 55-102.

J.-L. GUERMOND AND P. MINEV, High-order adaptive time stepping for the incompressible
Navier-Stokes equations, STAM J. Sci. Comput., 41 (2019), pp. A7T70-A788.

21



[45]

[46]

[47]

[48]

[49]

[50]

[51]

[58]

J.-L. GUERMOND AND P. D. MINEV, High-order time stepping for the incompressible
Navier—Stokes equations, STAM J. Sci. Comput., 37 (2015), pp. A2656—-A2681.

P. HANSBO AND M. G. LARSON, Discontinuous Galerkin methods for incompressible and
nearly incompressible elasticity by Nitsche’s method, Comput. Methods Appl. Mech. Engrg.,
191 (2002), pp. 1895-1908.

Y. JEON, E.-J. PARK, AND D. SHEEN, A hybridized finite element method for the Stokes
problem, Computers and Mathematics with Applications, 68 (2014), pp. 2222-2232.

S. KRELL AND G. MANZINI, The Discrete Duality Finite Volume method for Stokes equa-
tions on three-dimensional polyhedral meshes, STAM J. Numer. Anal., 50 (2012), pp. 808—
837.

O. A. LADYZHENSKAYA, The mathematical theory of viscous incompressible flow, vol. 2,
Gordon and Breach, New York, NY, 1969.

C. LEHRENFELD AND J. SCHOBERL, High order exactly divergence-free hybrid discontinuous
Galerkin methods for unsteady incompressible flows, Comput. Methods Appl. Mech. Engrg.,
307 (2016), pp. 339-361.

R. MILANI, Compatible Discrete Operator schemes for the unsteady incompressible Navier—
Stokes equations, PhD thesis, Université Paris-Est, 2020.

L. Mu, X. WANG, AND X. YE, A modified weak Galerkin finite element method for the
Stokes equations, J. Comput. Phys., 275 (2015), pp. 79-90.

N. C. NGUYEN, J. PERAIRE, AND B. COCKBURN, An implicit high-order hybridizable
discontinuous Galerkin method for the incompressible Navier—Stokes equations, J. Comput.
Phys., 230 (2011), pp. 1147-1170.

Y. NOTAY AND P. S. VASSILEVSKI, Recursive Krylov-based multigrid cycles, Numer. Linear
Algebra Appl., 15 (2008), pp. 473-487.

G. I. TAYLOR AND A. E. GREEN, Mechanism of the production of small eddies from large
ones, Proc. R. Soc. Lond. A, 158 (1937), pp. 499-521.

R. TEMAM, Sur I’Approrimation de la Solution des FEquations de Navier—Stokes par la
Méthode des Pas Fractionnaires (I), Arch. Ration. Mech. Anlysis, 32 (1969), pp. 135-153.

N. VioapiMirRovA, B. KuzNETsOvV, AND N. N. YANENKO, Numerical calculation of the
symmetrical flow of viscous incompressible liquid around a plate, Some Problems in Com-
putational and Applied Mathematics, Nauka, (1966).

N. N. YANENKO, The method of fractional steps, Springer-Verlag, New York, NY, 1971.

22



	Introduction
	Space discretization by the CDO-Fb scheme
	Mesh entities and degrees of freedom
	Discrete diffusion-like bilinear form
	Discrete velocity-pressure coupling
	Discrete convection operator

	Time discretization by monolithic and artificial compressibility schemes
	First-order schemes
	Monolithic scheme
	AC scheme

	Second-order schemes
	Monolithic scheme
	AC scheme


	Numerical results
	2D Taylor–Green vortex
	Convergence results
	CFL conditions with explicit convection

	3D modified Taylor–Green vortex

	Conclusions

