N

N

Family of convergent numerical schemes for the
incompressible Navier-Stokes equations
Robert Eymard, Pierre Feron, Cindy Guichard

» To cite this version:

Robert Eymard, Pierre Feron, Cindy Guichard. Family of convergent numerical schemes for the incom-
pressible Navier-Stokes equations. Mathematics and Computers in Simulation, 2018, 144, pp.196-218.
10.1016/j.matcom.2017.08.003 . hal-01382924v2

HAL Id: hal-01382924
https://hal.science/hal-01382924v2
Submitted on 29 Aug 2017

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01382924v2
https://hal.archives-ouvertes.fr

Family of convergent numerical schemes
for the incompressible Navier-Stokes equations

Robert Eymard!, Pierre Feron?, Cindy Guichard3

Abstract

This paper presents the common mathematical features which are leading to convergence properties for
a family of numerical schemes applied to the discretisation of the steady and transient incompressible
Navier-Stokes equations with homogeneous Dirichlet’s boundary conditions. This family includes the
Taylor-Hood scheme, the MAC scheme, the Crouzeix-Raviart scheme generalised into the Hybrid Mixed
Mimetic scheme, which can be combined with a variety of discretisations for the nonlinear convection
term, each of them being more efficient than the others in particular situations. We provide tools for
analyzing all the combined methods, and proving their convergence to a weak solution of the problem.

Keywords: incompressible Navier-Stokes equations, Gradient Discretisation Method, convergence
analysis

1. Introduction

For the approximation of the incompressible Navier-Stokes equation, most of the numerical schemes are
nonlinear extensions of schemes applying to the linear incompressible Stokes equations. Three of them
are of particular importance.

1. The Taylor-Hood scheme [20] is the prototype of conforming finite element methods on general
simplicial grids. The convergence of this method (among more general conforming or nonconforming
methods) with the skew symmetric approximation of the convection term (detailed in the Appendix)
is proved for example in [21].

2. The Marker-And-Cell (MAC) scheme, introduced in [14], is one of the most popular methods in the
engineering framework [19, 22] for the approximation of the Navier-Stokes equations on structured
Cartesian grids. Its convergence properties, partly provided by the pioneering works [17, 18], are
detailed in [11].

3. The Crouzeix-Raviart scheme [3] is a non conforming scheme on general simplicial grids, whose
advantage is to provide fluxes and exact mass balances in the simplices. This scheme can be
extended to general polyhedral meshes, using the Hybrid Mixed Mimetic (HMM) methods that
include in particular the Mimetic Finite Difference schemes [1].

It is proved in [5] that all of them are gradient discretisation methods for which general properties of
discrete spaces and operators are allowing common convergence and error estimates properties, in the
case of the steady and transient incompressible Stokes equations. Turning to the Navier-Stokes problem,
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the variety of schemes is much wider, since there are many possibilities, in the framework of a given
scheme for the Stokes problem, to discretise the nonlinear convection term (see Section 4 for examples
of different approximations of the nonlinear term for the Crouzeix-Raviart scheme). Our purpose is to
extend to the Navier-Stokes problem the unification work done in [5]. We show in this paper that again
in this case, it is possible to exhibit common mathematical properties to all the schemes quote above,
combined with a variety of discretisations for the nonlinear convection term.

This paper is organised as follows. We focus in Section 2 on the steady Navier-Stokes problem. In
Section 2.1, we provide the continuous equations, whose weak form is directly inspiring the general
discrete formalism. We then turn in Section 2.2 to the discrete setting. In Section 2.3, we provide the
mathematical analysis of the convergence of the scheme. Section 3 is devoted to the transient case. We
present the continuous transient Navier-Stokes equations in Section 3.1. Section 3.2 is devoted to the
adaptation of the discrete tools, given in the steady case, to the transient equations. In Section 3.3, we
develop the mathematical analysis of the convergence for the gradient scheme in the transient case. In
Section 4, we illustrate the variety of possible discrete nonlinear convection terms within the framework of
the Crouzeix-Raviart scheme, and we show on numerical examples that none of them is always the most
precise, which confirms the interest of developing tools simultaneously applying to the various schemes.
Finally, some short conclusions are proposed in Section 5. We show in appendix that the properties,
required on the discretisation of the nonlinear convection term for providing convergence properties, are
satisfied in the case of the skew symmetric discrete convection term, whose advantage is to be generic,
in the sense that it can be considered for a wide range of discretisation methods used for the Stokes
problem.

2. Steady Navier-Stokes problem

2.1. The continuous equations
Let us first recall the strong sense of the Navier-Stokes problem:
nu—vAu+ (u-Vu+Vp = f—div(G) inQ
divi =0 in Q (1)
u =0 on 02,

where w represents the velocity field and p is the pressure, under the following assumptions

) is an open bounded Lipschitz domain of R? (d € {2,3}),
f e L*Q) and G € L*(Q)4, (2)
n>0, v>0.

In this paper, if F is a vector space, we denote by F the space F¢. Thus, L*(Q) = L*(Q)? and
H{(Q) = HY Q)4 L2(Q) is the space of functions in L?(Q) with a zero mean value over Q. Finally,
H 4, (Q) is the space of fields v € L*() such that div(v) € L?(Q). We then give the definition of a weak
solution to the steady Navier-Stokes problem (1).

Definition 2.1 (Weak solution to the steady Navier-Stokes problem). Under Hypotheses (2), (@,D)
is a weak solution to (1) if

e HYQ), pe I3(9),
n| u-vde+v | Vu:Vods+b(u,v)
Q Q
— ﬁdiv@dx:/(fﬁJrG:V@) dz, Vo € H(9Q), (3)
Q Q
/ qdivu dz = 0, Vg € L (),
Q



d ,
where, for all &€ = (& ;)ij=1,...a € R and x = (Xi,j)i,j=1,...a € R4, &1 x = >i=1GigXi,j is the
doubly contracted product on R¥*?¢, and

d
b(u, w) = b(u, u, w) with b(u,v,w) = Z /Q u;i(x) Opvj () wi(x) dz, Yu,v,w € H(K). (4)

ij=1

We recall that b is a trilinear continuous form on H (1)(9)3 and that the so-called “skew symmetry property”
holds [21, Ch.II, Lemma 1.2 and 1.3]

b(u,v,w) = =b(u, w,v), Yu € E(Q), Vo,w € Hé(Q),

where
E(Q) = {v e H}(Q);divo = 0 a.e. in Q}, (5)

leading to
b(u,v) = %(g(u,u,v) — b(u,v,u)), Yu € E(Q), Vv € HL(Q). (6)

The existence of a weak solution (@,p) to Problem (1) in the sense of Definition 2.1 follows from [21,
Ch.II, Theorem 1.2]. In the general framework of this paper, this solution is not unique ([21, Ch.II,
Theorem 1.2] gives the uniqueness of the weak solution (@, p) under the so-called “small data condition”
on v, f and G that is not assumed here). An explicit counter-example to this uniqueness is given in [21]
in [21] in the case of non-homogeneous boundary conditions in a semi-infinite domain.

2.2. The Gradient Discretisation Method

2.2.1. The numerical scheme

Let us first define the discrete spaces, operators and properties, upon which we prove in Lemma 2.12 that
the numerical scheme (10) has at least one solution.

Definition 2.2 (Gradient discretisation for the steady Navier-Stokes problem). A gradient dis-
cretisation D for the incompressible steady Navier-Stokes problem, with homogeneous Dirichlet boundary
conditions, is defined by D = (Xp o,1lp, Vb, Yp, Op, divp, bp), where:

Xp.o is a finite-dimensional vector space on R (we denote Xp, o = Xp o \ {0}).

Yp is a finite-dimensional vector space on R.

The linear mapping Ilp : Xp o — L? () is the reconstruction of the approzimate velocity field.
The linear mapping Vp : Xpo — L? () is the discrete gradient operator. It must be chosen such
that || - lp := IV - |z2(q)a is a norm on Xp o.

The linear mapping divp : Xp o — L*(Q) is the discrete divergence operator.

= =

o o

The linear mapping Op : Yp — L%(2) is the reconstruction of the approzimate pressure, and must
be chosen such that ||©p - || 2(q) is a norm on Yp. We then set Yp o = {q € Yp, |, Opgqdz = 0} (we
denote Y5 o = Ypo \ {0}). We assume that the quantity Bp defined by

. Jo ©pq(z) divpu(z)dz
fp = min max
€50 veXs,  [[vlpllOpallrz(q)

(7)

which is non negative by definition, is different from 0 (which means Gp > 0).
7. The mapping bp : X/%,o — R is the discrete convection term. It must be chosen such that

e bp is continuous,
o for allu e Xp o, bp(u,u) >0,



e the value Bp defined by
b
BD = sup 7| D(Qu’ U)| 5 (8)
wwexs, lulplvlo
s such that Bp < 400,

e bp(u,v) is linear with respect to v.

We then define Cp by

ITpvl| L2 (o) Idivpvllz2@) | 1
Cp = max ———~2 —_
vexi,  lvlp veXs,  vlp Bp

(9)

The above gradient discretisation leads to the following gradient scheme for the steady Navier-Stokes
problem, based on a discretisation of the weak formulation (3), in which the continuous spaces and
operators are replaced with discrete ones (in (3), we wrote the property “diva = 0” using test functions
to make clearer this parallel between the weak formulation and the gradient scheme). If D is a gradient
discretisation in the sense of Definition 2.2, the scheme is given by:

u€ Xpo, p € Ypo,

77/HDu-HDerV/VDU:VDvdx+bD(u,v)
Q Q

—/ Opp divpvdr = / (f -Ilpv+ G : Vpu)dzx, Yv € Xp g,
Q Q

/ Opgdivpudz =0, Vg € Yp .
Q

(10)

Remark 2.3 (Approximation of the Stokes problem). In the case b = 0, the choice bp = 0 done
in [5] allows to define a convenient scheme.

2.2.2. Required properties on discrete spaces and operators

We now turn to the properties of a sequence of gradient discretisations, which are sufficient for leading to
the convergence of the corresponding sequence of discrete solutions to (10), as stated by Theorem 2.14.
The coercivity of a sequence of gradient discretisations ensures that a discrete Poincaré inequality, a
control of the discrete divergence and a discrete Ladyzenskaja-Babuska-Brezzi (LBB) condition can be
established, all being uniform along the sequence of discretisations.

Definition 2.4 (Coercivity). Let D be a discretisation in the sense of Definition 2.2. A sequence
Dm)men of gradient discretisations is said to be coercive if there exist Cs > 0 such that Cp,, < Cg, for
all m € N, where Cp is defined by (9).

The consistency of a sequence of gradient discretisations states that any element of the continuous spaces
containing the velocity and the pressure can be interpolated as precisely as desired.

Definition 2.5 (Consistency). Let D be a gradient discretisation in the sense of Definition 2.2, and
let us define the interpolation operators Ip : Hé(Q) — Xpo and Ip : LE(Q) — Yp o by
Ipp = arg)r(nin (IMpv = @llz2(a) + IVpv — Vel r2(0ya + [|divpy — dive||2(g))
VEXD,0
: (11)

sz/J = argmin ||©pz — Y| 12(q)-
z€YDp o

Let Sp : HY(Q) — [0, +00), and Sp : L2(Q) — [0, +00) be defined by

Vo € Hy(Q), Sp(p) = lplpe — ¢llr2e) + Vb Inw — Vollp2a)e + |divo Ipe — dive| 2(a),



and

v € L3(Q),  Sp(y) = |OpIpt — ¥ L2(e)-

A sequence (Do) men of gradient discretisations is said to be consistent if, for all o € HS(Q), Sp,, ()
tends to 0 as m — oo and, for all ¢ € L(Q), Sp,, (¢) tends to 0 as m — oo.

The limit conformity of a sequence of gradient discretisations states that the discrete gradient and di-
vergence of bounded sequences whose reconstruction converges, converge to the continuous gradient and
divergence of the limit (this property is immediately satisfied by conforming approximations).

Definition 2.6 (Limit-conformity). Let D be a gradient discretisation in the sense of Definition 2.2
and let Wp : H 4iy (2) — [0, +00) be defined by

Vpv : o+ 1pv - di d
VQO € Hle(Q) , WD ((p) — max fﬂ ( ‘DU © @ DU 1V§0) X
vEXS [vllp

and let Wp : L2(Q) —» [0, +00) be defined by

R v GO d
VweLz(Q)’ WDWJ): max wi(Zz_l DU IVD’U) T

vEX; o [l

7

where we denote by Vg’j)v € L?(Q) the j-component of Vg)v € L*(Q) (recall that Vpv € L*(Q)? can be
written Vpv = (V(Dl)v, e, Véd)v)t).

A sequence (Dp,)men of gradient discretisations is said to be limit-conforming if, for all ¢ € H gy (Q),
Wh,, (¢) tends to 0 and for all ¢ € L?(Q), Wp(¢) tends to 0 as m — oo.

Remark 2.7 (Equivalent definitions for the limit-conformity property). In [5], the limit-conformity
is defined by Wp : Z(2) — [0, +00), with Z(Q) = {(p,¥) € L*(Q)¢ x L*(Q), divp — Vi € L*(Q)}, with

_ Jo (Vpv s o+ TIpw - (dive — Vi) — ypdivpo) dz
Ve, ) € Z(Q), Wplp.¥) = g “ o :

Noticing that, for (p,v) € Z(Q), we have § := ¢ — Y1y € H iy (Q), and writing
d ..
Vov : ¢+ Hpv - (dive — Vi) — ypdivpv = Vpv : ¢ + pv - divg + ¢ (Z Vg’l)v — diVDv> ,
i=1

we get Wp(p,0) < Wn(@) + Wo (). Reciprocally, for any ¢ € Haiv(Q), (9,0) € Z(Q) Wp(p) =
Wh(,0), and for any ¢ € L*(Q), (¥1a, ) € Z(2) and Wp(v) = Wp (14, 9). So the above definition of
limit-conformity is equivalent to the one in [5].

The compactness of a sequence of gradient discretisations states that any bounded sequence is relatively
compact in the sense that the reconstruction converges up to a subsequence.

Definition 2.8 (Compactness). Let D be a gradient discretisation in the sense of Definition 2.2. A
sequence (Dy)men of gradient discretisations is said to be compact if, for all sequence (Um)men € Xp,, 0
such that ||um||p,, is bounded, the sequence (Ilp, U )men is relatively compact in L* ().

m




It is shown in [5] that four schemes (the Taylor-Hood scheme, the MAC scheme, the Crouzeix-Raviart
scheme and the HMM extension of the Crouzeix-Raviart scheme) can be cast as gradient schemes for
the Stokes problem, such that, for regular sequences of discretisations, the corresponding discrete objects
(Xp,0,p, Vi, Yp, Op, divp) satisfy the coercivity property in the sense of Definition 2.4, the consistency
property in the sense of Definition 2.5 and the limit-conformity property in the sense of Definition 2.6 (see
Remark 2.7 for a discussion on different formulations). The proof that the compactness property holds
in these four cases results from the following arguments. Since the Taylor-Hood scheme is conforming,
the compactness property is a consequence of Rellich’s theorem. The compactness for the MAC scheme
is proved by [7, Lemma 9.3 p.770], for the Crouzeix-Raviart scheme, it is proved in [10, Theorem 3.3],
and for the HMM extension of the Crouzeix-Raviart scheme, it is stated by [6, Lemma 5.6].

Finally, the convection limit-conformity of a sequence of gradient discretisations states that the limit
of the discrete convection term computed on converging sequences under some sense is the continuous
convection term applied to the limit.

Definition 2.9 (Convection limit-conformity). A sequence (D.,)men of gradient discretisations in
the sense of Definition 2.2 is said to be convection limit-conforming if the sequence (Bp,, )men s bounded
(see (8)), and, for all sequence (Um,vm) € X5 o such that (|[um|p,, )men and (|[vm b, )men are bounded,

and such that there exists (@,7) € E(Q) x Hy() such that

e Ilp, u, — @ in L*(Q),

o Vp, Uy, — VT weakly in L*(2)?,
e Tlp, v, — T in L*(Q),
o Vb, Um — VU weakly in LQ(Q)d,

then

Tr}gnoo me (umv Um) = b(ﬂv 6)

where b is defined in (4) and bp is introduced in Definition 2.2.

We show in Appendix Appendix A that this convection limit conformity holds when using the classical
skew symmetric approximation for the trilinear term, based on the discrete tools for the Stokes problem
arising from the schemes studied in [5], all of them satisfying the property of p-coercivity (see Definition
Appendix A.1): this is a consequence of standard Sobolev inequalities for the Taylor-Hood scheme, of [7,
Lemma 9.5 p.790] for the MAC scheme, of [12, Lemma 9.3] for the Crouzeix-Raviart scheme and of [8,
Lemma 5.2] for the HMM scheme.

2.3. Convergence analysis
2.3.1. Estimates and existence of a discrete solution
Let us first establish some estimates on solutions of Scheme (10).

Lemma 2.10 (Estimate on the discrete velocity). Under Hypotheses (2), let D be a gradient dis-
cretisation in the sense of Definition 2.2. If (up,pp) is a solution to Scheme (10), then there exists
C1 > 0 only depending on Q, d, f, G and increasingly depending on Cp (defined by (9)) such that

nTpup|Zaq) + vlupllp < C (12)
Proof Putting v = up and ¢ = pp in (10), we get

17||HDuD||%2(Q) + V||UD||12) + bD(uD,uD) —/ @DpD divpup dz = / (f -Mpup + G : VDUD) dx.
N———— Q Q

>0

=0



Now using the Cauchy-Schwarz inequality in the previous equation, we obtain

77||HDUD||2L2(Q) +vllup|p < I1f Iz IMpun |l L20) + |Gl 20y llup llp-
Using |[Upup|/z2(q) < Cpllullp, we then conclude (12). OJ

Lemma 2.11 (Estimate on the discrete pressure). Under Hypotheses (2), let D be a gradient dis-
cretisation in the sense of Definition 2.2. If (up,pp) is a solution to Scheme (10), then there exists
Cy > 0 only depending on Q, d, f, G, n, v and increasingly depending on Bp + Cp (see (8)-(9)) such
that

1©ppp L2 () < Co. (13)

Proof Letting ¢ = p in Definition (7) of Sp leads to the existence of v € Xp o such that |[v|p = 1 and

BollOppllL2) < / Oppdivpv dz. Selecting v as test function in Scheme (10), we get
Q

Boll©ppllL2(a)
< '77/QHDUD -Ilpw dx—l—z//QVDuD : Vpu dz + bp (up, v) — /Q (f-Upv+G:Vpv) dz|.
Using the Cauchy-Schwarz inequality, we deduce:
Boll©ppollL2(e) < nCoplUpup|lzz(q) + viupllp + [bp (up, v)| + Cpll fll2(o) + |Gl L2(@)a-
Thanks to (8) in Definition 2.2, we get
|bo (up,v)| < Bp|lup |3
Estimate (12) allows to conclude (13). O

Lemma 2.12 (Existence of a discrete solution). Under Hypotheses (2), let D be an admissible dis-
cretisation in the sense of Definition 2.2. Then there exists at least one solution (up,pp) to Scheme

(10).

Proof We follow the proof of [9, Theorem 4.3] based on a topological degree argument. Let N (resp.
M) be the dimension of Xp o (resp. Yp,) and let (v("))i:17,,_,N (respectively (q(j))jzl,__ﬂM) be a basis
of Xp o (respectively Yp ). Let F : RN x RM x [0,1] — RY x RM be the mapping such that, for any

N M
(u = Zuzv(l)7p = Zp]qu)v)\) € XD,O X YD,O X [07 1}7 F(U,p7 >\) = (Fi(uap7 A))izl,...,N—&-M with:
i=1 =1

for all_i =1,...N
Fi(u,p,\) = n/ pu - Opo'® dx + u/ Vou : Vpo® dz + )\bD(u,v(i))
Q Q

~ [ Eop divpe® do = A [ (£+1po + 61 Vo) i,
Q Q

and for all j =1,.... M
Fiin(u,p,A) = / Opq¢divpu da.
Q

Thanks to the hypotheses on bp, the mapping F is continuous, and for a given (u, p) such that F;(u,p, \) =
0 for all i =1,..., N + M, estimates of Lemmas 2.10 and 2.11 hold independently of A € [0, 1], replacing
(bp, f,G) in Scheme (10) by (Abp, Af, AG). Since F'(u,p,0) is a linear function of (u,p), we deduce from
the invariance of the Brouwer topological degree by homotopy that there exists at least one solution
(up, pp) to the equation F(up,pp,1) = 0, which is exactly Scheme (10). O



2.3.2. Convergence result
The following lemma, used a few times in the course of the convergence proof of the gradient scheme,
provides a regularity result on the limit of bounded sequences of discrete solutions.

Lemma 2.13 (Regularity of the limit of bounded sequences). Let (D,)men be a sequence of gra-
dient discretisations which is coercive, limit-conforming and compact, and let for allm € N, u,, € Xp, o
be such that the sequence (||um||p,, )men is bounded. Then there exists w € Hg(2) and a subsequence of
(Dm)men, again denoted by (Dy)men, such that, as m — oo,

o Ilp u, — @ in L*(Q),
o Vb, Uy — VT weakly in L*(Q)%,
e divp, u,, — diva weakly in L?(52).

Moreover, if the sequence of gradient discretisations (D, )men is consistent and if

ms

vYmeN, Yo € Yp, o, / divp,, um®p,, pdx =0, (14)
Q

then divu = 0.

Proof Using the compactness of (D,,)men gives the existence of @ € L?(Q) such that, up to a subse-
quence, Ilp_u,, — @ in LQ(Q). From this subsequence, and using the fact that Vp,  un, and divp, um,
remain bounded (we use here the coercivity of (Dy,)men which provides a bound on ||divp,, tum || z2(0)),
we deduce that there exist ¢ € L*(Q)? and v € L?(Q2) such that, up to a subsequence indexed by & (m),
VD, (i) Uor(m) — ¢ weakly in L?(Q)¢ and divp, . Ue(m) — 7 Weakly in L*(92). We extend the definition
of all the previous functions by 0 outside Q. Let ¢ € C®(R%)%. From Definition 2.6 applied to the
restriction of ¢ to € and to its opposite, we have

|/]Rd (VDa(m)ud(m) o+ HD(r(‘rn)uU(m) 'diV(p) d.’1?| < WDa(m) (@|Q)||ua(m)”Da(m)'

Passing to the limit and using the limit-conformity of (Dy(m))men, we obtain

/ (C:p+u-divp) dz =0.

Rd

The last equality shows that ¢ = V@ on R? and therefore that @ € H'(R?). Since ¢ vanishes outside €,
we get that @ € H(S2). For any ¢ € L?(Q), we get that

d
| / VOV otm) = divD, . to(m)) 2 < Wo . () [tg(m) I, - (15)

—1

Passing to the limit and again using the limit-conformity of (D4 (m))men, we obtain

/ P(diva — ) de = 0.
Q

Letting 1) = divu — « proves that v = divu. The identification { = Vu and v = divu prove that we can
take o(m) = m.



Let us now turn to the last part of the lemma. We then assume the consistency of the sequence of
gradient discretisations and that (14) holds. Using the interpolation operator defined in Definition 2.5,
we get from (14) and (15) that, for any ¢ € L3(1),

| 6 i del = | [ (6= @, T, 0) divp, i die] < v, 1200916~ O, T, ¥l 20
Q Q

Letting m — oo, we obtain that / ydivi dz = 0 which implies, since divu € L2(Q), that divu = 0 a.e.
Q

in Q. O
Our main result for the steady Navier-Stokes problem is the following theorem.

Theorem 2.14 (Convergence of the scheme). Under Hypotheses (2), let (D,)men be a sequence of
gradient discretisations in the sense of Definition 2.2, which is consistent, limit-conforming, coercive,
compact and convection limit-conforming in the sense of Definitions 2.5, 2.6, 2.4, 2.8 and 2.9. Then for
any m € N, there exists at least one solution (up,, ,pp,,) to (10) with D = D,,. Moreover, as m — oo,

there exists a subsequence of (D )men again denoted (Dy)men and there exists (u,p), weak solution of
the incompressible steady Navier-Stokes problem (1) in the sense of Definition 2.1, such that

e Ilp up, converges to @ in L*(Q),
e Vb, up, converges to Va in L*(Q)4,
e Op, pp,, converges top in L*(Q).

Remark 2.15 (Convergence for the whole sequence). If the solution to (1) in the sense of Defini-
tion 2.1 is unique, then the convergence holds for the whole sequence and not only for a subsequence.

We may now prove the convergence theorem for the steady Navier-Stokes problem.

Proof of Theorem 2.14

Step 1: Extraction of a converging subsequence.

Estimate (12) allows us to apply Lemma 2.13 and to get the existence of @ € H(Q) with diva = 0 and,
up to a subsequence again indexed by m, Ip, up,, — @ in L*(Q), Vp, up,, — Vi weakly in L*(2)? and
divp,, up,, — 0 weakly in L?(Q2). Moreover, thanks to Estimate (13), up to a subsequence of the previous

one (again indexed by m), we get the existence of p € L3(Q2) such that ©p, pp, — P weakly in L?(Q).

Step 2: Proof that (@,p) is solution to (3).

Let w € H{(Q) be given. Thanks to the consistency hypothesis, we get that ||Ip, @|p, is bounded,
p, Ip, @ — @ in L*(Q), Vp,, Ip, @ — Vw in L*(Q)? and divp, Ip, W — divis in L*(Q). Thanks to
weak /strong convergence properties, the following holds:

m

lim n/ Ip,, up,, -p,, Ip,, wdx = 77/ u-wde,
Q Q

m— 00

lim 1// Vb, up,, : Vp, Ip, W dx = 1// Vu : Vw dz,
Q Q

m—r o0

lim Op,.pp,, divp, Ip, W dx = / pdivw dz,

lgll (f . HDmIme+ G: VDmIDmm) dx = / (f w4+ G V@) dz,
and, thanks to the the convection limit-conformity of (D, )men,

liin bp,, (up,,, Ip, W) = b(u,w).



Therefore, letting v = Ip, W as test function in Scheme (10) and passing to the limit, we find that (u,p)
is a solution to Problem (3).

Step 3: Proof of the strong convergence of Vp, up, ..

Taking v = up,, as test function in Scheme (10), passing to the supremum limit as m — oo, using the
convergence of Ilp, up, to @ in L*(R2) and the weak convergence of Vi, up, to Va in L*(Q)? and using
bp,, (up,, ,up, ) > 0, we get that:

. g/ (f-u+G:Va) dr.
Q

Tl o) + v limsup fup,,
Now choosing T = @ as test function in Problem (3), recalling that b(@, @) = 0, we find
Wl + IVl = [ (7-7+G: V) do
Combining the last two equations we get
lirinjélop lup, [13,. < IVaElZ2q)a-

Furthermore, owing to the weak convergence of Vb, up, to V@ in L*(Q)¢, we may write that
. 2 112
timint [up, [3,, > V732 0y

This implies that |[up,, [|p,, — ||V L2(q)e and concludes the proof.
Step 4: Proof of the strong convergence of the approximate pressure in L?(£).
We select vy, € Xp,, such that ||vp,||p,, =1 and

Bp,.110p,,. (Ip,.B — Pp,) || 12(00) < /Q Op,.(Ip,.p — pp,, )divp,, vmdz.
Letting v = v,, in the scheme, we get
77/QHDmqu p,, Um —‘rl//QVDmqu 2 Vb, Um +bp,, (up,, s Um) —/Q@Dmppm divp, vy = /Qf-HDmvm.
Combining the two above relations, we get
B1p,,Ip,.p — pp,) |l 12(62) < /Qf Ap,, vm +/Q@szr)mﬁ divp,, vm
— n/QHDmqu p,, v — I//Q Vo, up,, : Vb, Um — bp,, (up,, , Vm).
Thanks to the triangle inequality, we deduce
Bl5 — ©p,.,.lL2(2) < BOp,.Ip,.5 — Pllr2(e) + /Q J-Up,, vm + /Q Op,,Ip,,p divp,, vm
— 77/QHDWUDM p, v — I//Q Vb, up,, : Vb, Um —bp, (up.,,vm).

Since |[vm|lp,, = 1, Lemma 2.13 shows the existence of 7 € Hj(Q) and of a subsequence, again indexed
by m, such that TIp, v,, tends to ¥ in L*(Q) and such that Vp, v, weakly converges to V@ in L*(2)
and divp,, v, weakly converges to divv in L?(£2).

10



Using the (already proved) strong convergence properties for the velocity and the convection limit-
conformity of (D,)men, We may now pass to the limit m — oo, since all integrals involve weak/strong
convergence properties. We get

Blimsup [|[p — ©p,, pp,, | L2(0) S/f-i—i—/ﬁdiv@—n/ﬂ-ﬁ—u/Vﬂ:VE—b(ﬂ,ﬂ,@).
m—00 Q Q Q Q

It now suffices to use the fact that we already proved that (@, D) is a weak solution to the steady Navier-
Stokes equation (3). We then get that the right hand side of the previous inequality vanishes, which
shows the convergence in L?(Q) for this subsequence. Using a standard uniqueness argument, we deduce
that the whole subsequence built at step 1 converges in this sense. [

3. Transient Navier-Stokes problem

3.1. The continuous equations

Let us now give the strong sense of the transient problem that we consider in this paper.

ou—vAu+ (w-V)u+Vp = f—div(G) inQx(0,T)
diva =0 in Q% (0,T)

uw =0 on 90 x (0,7T) (16)
6(70) = Ujnj in €,
under the following assumptions:
) is an open bounded Lipschitz domain of R¢ (d € {2,3}),
T>0 v>0 (17)
feL*(Qx(0,T)) and G € L*(Q x (0,T))%
Uin; € LQ(Q)

We now give the sense for a weak solution to Problem (16).

Definition 3.1 (Weak solution to the transient Navier-Stokes problem). Under Hypotheses (17),
T is a weak solution to (16) if w € L*(0,T, E(Q)) N L*>*(0,T, L*()) and

/ / ) - Oyv(x,t) dxdt—/ /uml o(z,0) do
Q Q

+y/ T/Vux t): Vo(z,t) da:dt+/ b(u(-,t),0(-,t)) dt (18)

) o) + Gl ) Voe, 1)) dedr,
Vo € L2(0,T, E(Q)) N C(Q x (—o0,T)),

S—°

where E(Q) is defined by (5) and b is defined by (4).

We recall that a weak solution @ of (16) in the sense of Definition 3.1 satisfies d;w € L*?(0,T, E'(2)),

and the weak sense could be equivalently defined, introducing fOT@ﬂ - )dt instead of an integrate by
parts with respect to time.

11



3.2. The space-time Gradient Discretisation method

As in the steady case, we need to define a space-time gradient discretisation, which includes an adaptation
of Definition 2.2.

Definition 3.2 (Space-time gradient discretisation). A space-time gradient discretisation D for the
transient Navier-Stokes problem, with homogeneous Dirichlet boundary conditions, is defined by a family
D = (Xpo,1p, Vb, Yp, Op, divp, bp, (t™) o N, Jp) where:

o D* = (Xp,o,1p,Vp,Yp,Op,divp,bp) is a gradient discretisation in the sense of Definition 2.2,
o Jp:L? (Q) — Xp o is an interpolation operator;
o t0 =0<tW < .. <tN) =T is the finite sequence of discrete times.

We define Erta = (1) _4(n) foralln=20,...,.N —1 and kp = _nax, l(k"+%) and we set

HDv(nJrl) — HDU(n)
etz

Vn=0,...,N—1, Vo= (v")p=,. N € le)\fa_l ’5g+fv _

We extend the definition of the operators llp, Vp and dp to space-time functions by the following defini-
tion: if v = (V")p=0,..N € Xgarl, the functions Tlpv : Q x (0,T) — R, Ypv : Q x (0,T) — R4 and
Spv: Q2 x (0,T) — R4 qre defined by

Vn=0,...,N—1,Vte (™t forae z€Q,

1 19
Hpo(z,t) = Mpo ™t (), Vpo(z,t) = Vpo "t (z) and dpv(z,t) = g+2v(9:). (19)
A sequence of space-time gradient discretisations (D, )men is coercive (resp. limit-conforming and com-
pact) if its spatial component (D} )men is coercive (resp. limit-conforming and compact). We now need
to adapt the definition of consistency, with respect to the time step size and the interpolation of the
initial condition.

Definition 3.3 (Space-time consistency). A sequence (D.,)men of space-time gradient discretisa-
tions in the sense of Definition 3.2 is said to be consistent if

1. (Dg,)men s consistent in the sense of Definition 2.5,
2. for all p € L*(Q), p,, Jp, ¢ — ¢ in L*(Q),
3. kp,, = 0 as m — oo.

The following definition for the space-time convection limit-conformity is given in order to include, as
in the steady case, approximations for the convection term such as the skew symmetric one based on
the chosen discretisation for the Stokes problem (see Appendix Appendix B). Note that we do no
longer require that the sequence (Bp,, )men remains bounded, since this is only used in the steady case

for obtaining a uniform estimate on the pressure (we are not able to provide such an estimate in the
transient case).

Definition 3.4 (Space-time convection limit-conformity). A sequence (D.,)men of space-time gra-
dient discretisations in the sense of Definition 3.2 is said to be space-time convection limit-conforming if
for all sequence Uy, , vy, € (ng,gl)z such that (||Vp,, wm |l L2 (x (0,1))4)men and ([[Vb,, vm| L2 (@ x (0,7))4 ) men
are bounded, and such that there exists (u,v) € L*(0,T, E(Q)) x L*(0,T, H(Q)) such that

o Tlp, uy, — @ in L'(0,T, L*(Q)) and IMIp,, wml| Loe (0,7,12(q)) 18 bounded,

o Vb, Uy — VT weakly in L*(Q x (0,T))4,

12



o Ilp v, — T in L=(0,T, L*(Q)),
o Vb, Um — VT in L=(0,T, L*(Q)%),

then
Np—1

lim Z K2y, (utD pnt ) g = / b(a

m—r 00

Remark 3.5. If we replace Definition 3.4 by Definition 2.9, we cannot conclude to the convergence of the
scheme in the transient case. Indeed, the compactness properties obtained in the proof of Theorem 3.10
are that there exists © € L*(0,T, E(Q)) such that Tp, up,, — @ in L*(Q x (0,T)) and Vp, up, — Va
weakly in L*(Q x (0,T))*. This does not imply that, for a.e. t €]0,T[, Vp, up, (t) remains bounded in
L*(Q)?, nor that it converges weakly in L*(Q)? to V(t).

Let D be a space-time gradient discretisation in the sense of Definition (3.2). The implicit gradient scheme
for (16) is based on the following approximation of (18):

Uup = ('U/gn))n:o,“.’]\/'7 pp = (p]g"))n:h“’N such that ug)) = Jpuin; and, Yn =0, ..., N — 1:
Ul()n+1) €Xpyo, 101(3”+ Ve Yoo,

/ 5g+%uD podx + V/ Voul™™  Vpvdz + bp (u 1, v) _/ Oppy divpude
Q Q &

1 ¢(n+1) 1 $(n+1)
= -Ipvdxdt + / / G - Vpuvdzdt, Yv e Xp,
knts /tm) /Qf P Ents S Q P po

/ divpull TV Opqdz =0, Vg € Ypo.
Q

3.3. Convergence analysis
3.3.1. Estimates and existence of a discrete solution
We first establish some estimates on the discrete velocity.

Lemma 3.6 (Estimates on the discrete velocity). Under Hypotheses (17), let D be a space-time
gradient discretisation in the sense of Definition 3.2. If (up,pp) is a solution to Scheme (20), then for
alln=0,...,N

1 n
V||VDUDH%2(Q><(0¢(7L)))«1 + §HHDUé )H%P(Q) S

J

Therefore, there exists Cs > 0 only depending on 2, d, v, f, G and increasingly depending on Cp, such
that

()
1
/ f - Tpupdzdt +/ / G : Vpupdxdt + EHHDJDuini”i?(Q)- (21)
Q 0 Q

IMpun|[F e 0.7, £20)) + VIIVDuD 12225 (0.7)0 < C + [ Mp Iptini |72 (g (22)

Proof Putting v = k"“‘%uglﬂ)

/ (Mpuf™*™ ~ Mpuf”) - HDu("“)deru/ /|V ul" 2dadt =
Q
$(n+1) ¢(n+1)

/ /f pug ™™ d;vdt—i—/ /G:VDug‘“)dxdt.
t(n) t(n) Q

13

and g = (nﬂ) n (20), since bp (uy, (n+1), ("H)) =0, we get
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Using the inequality (a —b) - @ > £(|a|? — [b|?) (valid for any a,b € R?) on the first term, it comes:

(nt1)
1 2 2 t
,/ UHDUL()"“)’ - ‘HDU{? } dz + v / Vpul™ 2dadt <
2 Jo #(n) Q
§(n+1) f(n+1)
/ f- HDugLH)da:dt +/ G: VDung)dxdt.
() Q ) Q

We take n € {0,..., N} and sum the obtained equation over 0,...,n — 1. This gives (21). Estimate
(22) is a straightforward consequence of the definition of Cp and Young’s inequality applied to (21) with
m=N.O

We can then, in a similar way to the steady case, establish the existence of at least one solution to the
scheme.

Lemma 3.7 (Existence of a discrete solution). Under Hypotheses (17), let D be a space-time gra-
dient discretisation in the sense of Definition 3.2. Then there exists at least one solution (up,pp) to
Scheme (20).

Proof We remark that, for a given n = 0,..., N — 1, the existence of ugbﬂ) solution to (20) is identical

1
to the existence of a solution to Scheme (10) with n = pEre Therefore, the existence of at least one
3

solution follows from Lemma 2.12. OO

Definition 3.8 (Dual semi-norm). The semi-norm |- |« p is defined on L*(Q) by

|w|«p = sup {/ w(x) - Upv(z)dz, v € Ep such that ||v|p = 1} )
Q

where Ep = {v € Xp o, divpv = 0}.

Lemma 3.9 (Estimate on the dual semi-norm of the discrete time derivative). Under Hypothe-
ses (17), let (Dm)men be a sequence of space-time gradient discretisations in the sense of Definition 3.2,
let (up,pp) be a solution to Scheme (20). Then there exists Cy > 0 only depending on Q, d, T, v, f, G
and increasingly depending on Cp such that

T
/ |5D'UJD|*,Ddt < 04(1 + ||HDJDuini||L2(Q)). (23)
0

Proof Taking any v € Ep in Scheme (20) such that ||v||p =1, we have, for n =0,...,N — 1:

¢(n+1)

1 1
5n+2 NAIrodz < (n+1) /
/  2up - lpvdz < vlju o + I -

/(f IIpv + G : Vpv)dzdt.
Q

Using the Cauchy-Schwarz inequality on the last term, the definition of the coercivity and that of |- |« p,

we get
¢(n+1)

+1 1

|6S QUD|*,D < V||U(n+1)||D + m /( ) (CD||f('at)||L2(Q) + ||G('at)||L2(Q)d)dt'
t n

Multiplying by k"2 and summing over n gives the desired estimate, thanks to (22) and to the Cauchy-

Schwarz inequality. [

An estimate on the preceding semi-norm, which is a norm on the space B = {IIpv, v € Ep}, will allow

us to apply theorem Appendix C.1 given in Appendix.
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3.83.2. Convergence result
We can now state the convergence result for the transient Navier-Stokes problem.

Theorem 3.10 (Convergence of the scheme). Under hypotheses (17), let (Dp,)men be a sequence of
space-time gradient discretisations in the sense of Definition 3.2 which is space-time consistent, limit-
conforming, coercive, compact and space-time convection limit conforming in the sense of Definitions 3.3,
2.6, 2.5, 2.8 and 3.4. For any m € N, let (up,,,pp,,) be a solution to Scheme (20) with D = D,,,. Then
there exists a subsequence of (D )men again denoted (D, )men such that, as m — oo, IIp_up, converges
in L?(0,T, L*(Q)) toT, Vb, up,, weakly converges to Va in L?(0,T, L*(Q)?%), divp,, up,, weakly converges
to 0 in L?(0,T, L?(X2)), where U is a weak solution to the incompressible transient Navier-Stokes problem
in the sense of Definition 3.1.

Proof
Since the space-time consistency implies that T, Jp, tini — wini in L*(Q), we get that (||TIp,, Jp,, Uini llz2())men
is bounded and therefore that the estimates given by Lemmas 3.6 and 3.9 are independent on m € N.
Step 1: Application of Theorem Appendix C.1 and consequences.
In our setting, the space B of the theorem is L*(R2) and B,, = {lIp, v,v € Ep,, }. The norm | - ||x,, is
defined by

IIz|lx,, = min{||v||p,.,v € Xp,, 0 such that IIp_v = z},

and the norm || - ||y,, is the semi-norm |- |, p,, defined in Definition 3.8.

The compactness property in the sense of Definition 2.8 of the sequence of discretisations (D.,)men
and Estimate (22) give the existence of @ € L*(Q x (0,T)) and ¢ € L*(Q x (0,7))% such that, up
to a subsequence (still indexed by m), Ilp, up, — @ in L*(Q x (0,T)) and Vp, up, — ¢ weakly in
L?*(Q x (0,T))¢ and thus Assumption (h,) is satisfied.

Assumption (hg) of the theorem is a consequence of Definition 3.8. Indeed, let (zm)men such that
Uy, = argmin{||v||p,,,v € Xp,, 0 such that IIp v = z,,} satisfies that ||v,,||p,, remains bounded, that
Zm — v in B and that |z,,|«p,, — 0 as m — co. We have

/ Ip,, vm - Up,, vm dz < |2m|«D,, |Vm D, = 0 as m — oo,
Q

which shows that v = 0.

From estimates (22) and (23), we get that Assumptions (h3) and (h4) are satisfied. Therefore, we deduce
that there exists @ € L' (0, T, L*(Q2)) and a subsequence of (D, )men, denoted in the same way, such that
Mp,, up,, — @ in L*(0,T, L*(Q)) as m — oco.

Step 2: Proof that u € L2(0,T, B()).
Let p € C*(R4)? and ¢ € C2°(0,T) be given. We have, for all n = 0,...,N — 1, and all t € (¢t(™) ¢("+1),

| » (Y, w0 - o &(t) + Hp,, ul ™Y - divep £(t))da| < Wh,, (la) Et) VD, up,. || L2 (0ya-

Integrating the above inequality over ¢t € (t(”)7 t("+1)), summing on n = 0,..., N — 1 and using Estimate
(22), allows to follow the proof of Lemma 2.13, hence leading to @ € L*(0,T; H(2)) and diva = 0.

Step 3: Proof that @ is the solution to (18).

We use the density in L2(0,T; E(2)) of the space of finite sums of functions under the form &(t)w(x)
with £ € C°([0,7)) and W € E(R). Let £ € C([0,7)) and w € E(Q). As (w,0) is the solution
of the incompressible steady Stokes problem with f = nw and G = Vw (Problem (1) with b = 0,
see Remark 2.15), Scheme (10) provides for a given m € N an approximation wps € Xp, o such that
Jo ©p,,qdivp, wps = 0 for all ¢ € Yp,, o, IIp,, wps — W in L?*(Q) and Vb,,wps — VW in L2 (Q)4.
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We take vgjl) = £(t™)wps as test function in Scheme (20), we multiply by k(+2) and we sum the
resulting equation on n =0, ..., N — 1 to get T\ + T\"™ + T\™ 4+ 7™ = T{™ with

N—-1

Tl(m) = Z kn-&-%g(t(n))/ 5(n+%)qu () Tlp,, wps, (z)dz,
n=0 Q
N—-1 X
T2(m) = Z kn+5€(t("))/ VD,,Luénjl)(x) : Wb, wps (x)d,
n=0 Q
N-1 )
Ta(m) =- Z k"+§§(t("))/ @Dmp(ri:rl)(ac)diVmeDfn (z)dz,
n=0 Q
N-1 N-1
Tim) _ Z kn+§§(t(n))me (ug:&-l)’wan) _ Z kn+§me (u](jri;i-l),vg:-l))’
n=0 n=0

¢(n+1)

N-1
(m) _ (n)
T3 ;:O &(t )/t

/(f(x,t) Mp,, wps () + G(x,t) : Vpwps (x))dzdt.
) Q

First, we remark that T?Em) = 0 since fQ ©p,,qdivp,, wps =0 for all ¢ € Yp,, o. Using discrete integration

)
by parts and writing £(¢t("T1)) — £(¢t(") = tt(n)ﬂ &'(t)dt, we find

m m

T
Tlm) = —/ / & (tp,, up,, (x,t) - Mp, wps (x)dzdt — 5(0)/ HDmuj(DOi (z) -TIp,, wps (x)dz.
0o Ja Q

Recall that u(DOZL = Jp,, Uini, so that the space-time consistency (Definition 3.3) gives HDmu(O) — Ujpi 1N

m

L*(Q) as m — oo. Thus, by strong convergence in L*(Q) of IIp, wp: to ,

T
™ 5 _ /O /Q ¢ (tyu(z, t) - w(z) dadt — £(0) / Uini(7) - W(x) da.

Q

Using the regularity of & and the weak convergence of Vp, up,, to V@ in L*(Q x (0,T))?, it easily comes

T
T /O £(t) /Q Va(z, t) : Vio(z)dadt
and

T
7 /O £(t) /Q (f(2, 1) - W(x) + Gla, 1) : V(e))dzdt.

For the limit of T4(m)7 we remark that the sequences (Ilp, up,, )men, (Vb,,up,, )men, (Ip,,vp,, Jmen and
(Wb, vp,, Jmen satisty the required conditions for applying the space-time convection limit-conformity in
the sense of Definition 3.4. This gives that

T
lim T\™ = / b(w, &w) dt.
0

m—r o0
Finally, passing to the limit in Tl(m) + TQ(m) + T3(m) + Tim) = Tém) concludes the proof that u satisfies

(18).
U
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4. Numerical comparison of different approximations of the convection term for the steady
problem

The aim of this section is to exhibit the large influence of the choice for the approximation of the convection
term on the accuracy of the results, keeping the same scheme for the approximation of the Stokes problem.
We therefore select here the Crouzeix—Raviart scheme [3] for the approximation of the velocity and of
the pressure, whose advantage is to lead to accurate approximations for the Stokes problem on a large
variety of simplicial grids, available on many practical cases. We first recall, as in [5], how these spaces
and operators can be defined in this case. We consider a conforming simplicial mesh M of a bounded
polyhedral domain €2, that is a finite family of simplices (triangles if d = 2, tetrahedra if d = 3) such
that Q = Uxem K. For K € M we denote by |K| > 0 the measure of K. The set of the faces (in 3D) or
edges (in 2D) is denoted by £ = Eint U Eext, Where &yt is the set of faces (edges) included in Q, and Eext
is the set of faces (edges) included in 9. The (d — 1)-dimensional measure and the centre of gravity of
o € & are respectively denoted by |o| and Z,. For all K € M, we denote by Ex C £ the set of the d + 1
faces (edges) of K, and for all o € £, we denote by M, = {K e M : 0 € £k} (if M, C Ecxt, it contains
exactly one element, otherwise M, C &y and it contains exactly two elements). For all K € M and
o € £k, we denote by ng , the unit vector normal to o outward to K. For all K € M, we denote by xx
the center of gravity of K. The Crouzeix—Raviart gradient discretisation is defined as follows.

1. The space of the discrete velocities is Xp o = {v = (Vo )oce : Vo € R?, v, =0 for all 0 € Eexi }-

2. The space of the discrete pressures is Yp = {p = (px)kem : Px € R}.

3. The linear mapping IIp : Xp o — LQ(Q) is the nonconforming piecewise affine reconstruction of
each component of the velocity defined by

Vo € Xpo, Tpv = Y w000, (24)
oe&

where ¢, is the non-conforming P! basis function associated with the face o.
4. The linear mapping ©p : Yp — L?(€) is defined by: for p € Yp and K € M, ©pp = px on K.
5. The linear mapping Vp : Xp o — L? (Q)d is the piecewise constant “broken gradient”:

Vv e Xpo, VK € M, (VDU)‘K = (V(HDU))|K. (25)
6. The linear mapping divp : Xp o — L?(2) is defined by

Yv € XD,O; VK € M, (diVDv)|K = |%| Z |0|2}U NK o = (div(HDv))|K. (26)
o€k

7. Let us now review a few possible definitions for the discrete convection term, that are compared
below on numerical examples. For all the five following examples, the definition of bp(u,v) is
obtained through an expression bp(u,v) = Ep(u,u, v), where Bp happens to be a trilinear form.
As a consequence, all these expressions necessarily meet some of the properties requested by item
7 of Definition 2.2: continuity, existence of Bp < +o0 such that (8) holds, linearity with respect to
v. The property bp (u,u) > 0 is only satisfied by four or the following five examples.

The first example is the case of a centred approximation bp (u,v), computed from the face velocities:

Ilpv(zgr) + pv(x
o) =t ) = Y ol e e (pu(er) — Hpu(ee)) - 22 Hoees)
MOSTR LY
(Scheme 1)
This definition implies that
1
by (wu) = — Y 5 Mou(er)” 3" ofus - ng,o = 0. (27)

KeM o€k
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Remark 4.1. It is easy to define an upstream weighting version of the above scheme, letting

b5 (ww) = 3 Jol((ue nxo) TTpv(x) — (e - ngz) Tpo(zr)) - (Mpu(zr) — Hpu(e)).
MIETR LY

This upstream weighting version leads to the inequality bp (u,u) > 0, instead of (27).

The second example, which is mathematically analysed in details in this paper, is generic, and can
be considered in any gradient discretisation framework. In this scheme, bp is defined by:

bp (u,v) := bg)(u, v) = % (ED(u7u,v) — bp(u, v, u)) , (Scheme 2)

where bp : XS,O — L*(Q) is given, in the same way as the continuous trilinear form b defined by
(4), by
bp (u, v, w) Z / H( )uV(”)vH(J)w dz.
2,7=1

This example, which is the classical skew symmetric definition, naturally satisfies bp (u, u) = 0. The
fact that it only involves the discrete tools defined in the framework of the Stokes problem is useful,
and is standard in the case of the conforming finite element method, but also, for example, in the
framework of Discontinuous Galerkin methods [4]. It is studied in Appendix Appendix A.

The third example does not meet the mathematical framework of this paper, since it does not
satisfy bp(u,u) > 0. In this scheme, bp is defined by:
bp (u,v) := bg)(u, v) = ZD(u,u, v), (Scheme 3)

The next final examples are inspired by Scheme 1 above. These centered approximation are based
on the decomposition of any simplex in covolumes centered on the edges:

bp (u,v) == Z Z Z F(4 %) (u —Ur) - W (Schemes 4-5)
KeMoelk €€k

Denoting by S, - the interface between the covolumes centered on o and 7 (see Figure 1) and by
n, . the normal vector to this interface oriented from o to 7, Scheme 4 is defined by

Fo(,flT( )= /S Ipu(z) - n, -ds(z). (Scheme 4)

o, T

Scheme 5 is algebraically defined by

Z )(u) + |ofuo - ng o =0, (Scheme 5)

TEEK

(this property is also satisfied by Scheme 4) but a simple constraint of a null sum on oriented Fy, (u)
is substituted to Scheme 4 [16]. In both cases of Schemes 4 and 5, bp (u, u) = 0 holds.

Let us now compare the expressions given by Schemes 1-5, in addition with the Crouzeix-Raviart gradient
discretisation as specified above used in the Gradient Scheme (10). All these examples are run on the
case where d = 2 and Q = (0,1)2. The triangular meshes are issued from a benchmark on anisotropic
diffusion problem [15]. These triangle meshes show no symmetry which could artificially increase the
convergence rate. This family of meshes is built through the same pattern, whose size is divided by 2
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Figure 1: Co-volumes centred on faces.

Figure 2: The 3rd mesh of [15].
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h scheme 1 scheme 2 scheme 3 scheme 4 scheme 5
0.2500 || 0.565E+400 | 0.691E400 | 0.543E+00 | 0.602E+00 | 0.585E400
0.1250 || 0.159E+00 | 0.181E+400 | 0.155E+00 | 0.165E+00 | 0.164E+00
0.0625 || 0.412E-01 | 0.467E-01 | 0.409E-01 0.427E-01 | 0.426E-01
0.0312 || 0.104E-01 | 0.118E-01 | 0.104E-01 0.108E-01 | 0.108E-01

Table 1: Analytical case, L?(Q2) error of the velocity with respect to the mesh size

for generating the next one: the third mesh is shown on Figure 2. The first test case that we consider is
an analytical case, where the velocity is prescribed by u(z,y) = (9,®(z,y), —0,®(z,y))" with &(z,y) =
1000 (z(1 — 2)y(1 — y))27 and the pressure is given by p(x,y) = (x +y — 1)/1000. Table 1 shows the
convergence in the L?(2) norm of the velocity with respect to the mesh size. On this case, all the schemes
have a similar convergence rate (around 2 for the finest meshes).

The second test case that we consider is the Poiseuille flow with a Reynolds number equal to 1000. In
this case, Scheme 2 did not converge on the coarsest mesh. Again all orders are about 2, but we see on
Table 2 that the finest error is more than 10 times lower than the greatest one. It is obtained in this case
using Scheme 3, which is the one on which no convergence proof is available.

h scheme 1 scheme 2 scheme 3 scheme 4 scheme 5
0.2500 || 0.948E+01 - - 0.512E+402 | 0.476E+02
0.1250 || 0.281E401 - 0.184E401 | 0.140E+02 | 0.138E+402
0.0625 || 0.710E+400 | 0.715E+01 | 0.361E+00 | 0.413E+01 | 0.411E+01
0.0312 || 0.179E400 | 0.178E+01 | 0.868E-01 | 0.111E+401 | 0.111E+401

Table 2: Poiseuille flow, L? error of the velocity with respect to the mesh size

The final comparison test case is that of the lid driven cavity with the Reynolds number equal to 1000.
In Figure 3, we present the profile of the vertical velocity u(?) along the horizontal line y = .5. We
compare the above schemes with the results provided in the literature [13]. Let us observe that we could
not obtain any result with the generic choice Scheme 2, for which no convergence of the Newton-Raphson
iterations were observed. We observe that the most precise scheme is Scheme 5.

Let us now turn to the accuracy of Scheme 5 with respect to the mesh size. We see on Figure 4 that the
numerical convergence to the reference values is quite good using mesh 5 or mesh 6. In this case we did
not succeed to derive a numerical convergence order, although we tried to compute it on one hand from
the reference values and on the other hand from the values obtained by mesh 6.

These three test cases show that there is no scheme being the most precise in all cases. So this enhances
the interest of the generic framework of this paper.

5. Conclusion

This paper shows that the mathematical features leading to the convergence properties of a diversity of
numerical schemes are in fact the same ones:

1. The properties of the discrete objects used in the numerical scheme for getting the existence of a
stable solution can be summarized by the notion of gradient discretisation, which simultaneously
includes conforming schemes like the Taylor-Hood scheme and nonconforming ones such as the
Crouzeix-Raviart scheme and more surprisingly the finite volume MAC scheme.
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Figure 3: Lid driven cavity, vertical velocity profile along the line y = 0.5 using Mesh 4 and different schemes
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Figure 4: Lid driven cavity, vertical velocity profile along the line y = 0.5 using Scheme 5 and different meshes

2. The properties of these objects leading to the convergence properties (coercivity, consistency, limit-
conformity, compactness and convection limit-conformity) are generic: they are sufficient for proving
that the schemes are converging, and they hold for the large number of schemes based on a scheme
for the Stokes equation and a scheme for the convection term.

3. Considering the same scheme for the Stokes problem, there is no scheme for the convection term
which can be considered as the “best one”: the accuracy of each of them is depending on the test
case, and the use of a given scheme may also depend on relevant coupled physical phenomena.
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The continuation of this study will be to show how a larger number of schemes can be proved to enter
into this framework.

Appendix A. Convection limit-conformity of the skew symmetric example

In this appendix, we prove, under some general hypotheses on the sequence of gradient discretisations,
the convection limit-conformity of Scheme 2 in Section 4, that is the skew symmetric convection scheme,
which corresponds to the case where bp is defined by:

bp (u,v) = % (ED(u,u,v) —ZD(’U/7U7’U,)) , (A.1)

where bp : X3 o — R is given by

d
bp (u,v,w) = Z / Hg)uvgﬂ)vl'[g)w dz.
Q

i,j=1

As stated in the introduction of this paper, this proof holds for the Crouzeix-Raviart scheme as well as
for the other three cases studied in [5] (conforming Taylor-Hood scheme, MAC scheme, HMM scheme),
which all meet the p-coercivity property for p = 6 in the sense of the following definition.

Definition Appendix A.1 (p-coercivity). LetD be a discretisation in the sense of Definition 2.2. Let
p € [1,400) and let C[(,p) be defined by

IIpv
CF = e M2Vlir)
veXs,  |lvlp

+Cp. (A.2)

A sequence (Dp)men of gradient discretisations is said to be p-coercive if there exist Cs > 0 such that
Cg:i < Cg for all m € N.

Note that the p-coercivity implies the g-coercivity for any ¢ € [1, p].

Remark Appendix A.2. This section does not cover the case of the classical choice for the nonlinear
convection term of the MAC scheme. Note that the discrete Sobolev inequality [7, Lemma 3.5] yields p-
coercivity properties for the MAC Gradient Discretisation, and therefore that [11, Lemma 3.11] completes
the proof that the classical choice for the MAC scheme has the space convection limit-conformity property.

Let us now give the result obtained for a p-coercive sequence of gradient discretisations.

Lemma Appendix A.3 (Space convection limit-conformity). Let (D,,)men be a sequence of gra-
dient discretisations in the sense of Definition 2.2 which is p — coercive with p > 4 in the sense of Defini-
tion Appendiz A.1 and such that bp, is defined by (A.1). Then (Dy)men is convection limit-conforming
in the sense of Definition 2.9.

Proof First, by definition of bp, we remark that bp is continuous, is such that for all w € Xp o, bp (u,u) =0
and such that bp (u, v) is linear with respect to v. Moreover, we may write

bp (u, u, v) < |[Hpul|paq) |ullp Mool La(o)-

Thanks to the p-coercivity of the discretisation, we obtain

T 4
bp (u, 1, v) < (CHV)2[|ull 0]l
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Using the same idea for ED(u,v,u), we finally get the admissibility of bp in the sense of Definition 2.2,
using Bp < 2(0[(,4))2 (see (8)). Therefore the sequence (Bp,, )men is bounded. It remains to prove that,
for a sequence (U, U )men € X/%Wo with the properties given in Definition 2.9, bp, (4, vm) — b(@, D).
We remark that the strong convergence in L?(Q) of Ilp, u,, to @ and IIp, v,, to T combined with the
p-coercivity for p > 4, gives us the convergence in L4(Q) of Ilp, uy, — @ and Ilp v, — ©. Thus, for
the first term of the right hand-side of bp, the weak convergence in L*(2)? of Vp, v,, — V& suffices for
passing to the limit. Using the same reasoning for the second term of the right hand-side allows us to
write the following result:
1 ~ ~

lim bp,, (Um,vm) = 5(b(ﬂ, u,7) — b(w,v,w)) = b(w,v),
m— 00

recalling Property (6) since w € E(Q). O

Appendix B. Space-time convection limit-conformity of the skew symmetric example

Lemma Appendix B.1 (Space-time convection-conformity). Let (D, )men be a sequence of space-
time gradient discretisations in the sense of Definition 3.2 which is p— coercive in the sense of Definition
Appendix A.1 with p > 4 and such that bp,,, is defined by (A.1). Then (Dm)men 8 space-time convection
limit-conforming in the sense of Definition 3.4.

Proof We consider sequences (U, )men and (v,, )men satisfying the properties given in Definition 3.4. Let
us check that the four items which are assumed in Lemma Appendix B.2 are satisfied. Items 1 and 3 are as-
sumed on (H]g) U )men and (V]g )um)meN The fact that (Hg) Um )men is bounded in L2(0, T, LP(Q)) is a
consequence of the p-coercivity assumption thanks to the fact that VD, umll L2 (@ x (0,7))¢ is bounded. Sim-
ilarly, using the fact that ||Vp,, vl Lo (0,7,L2(0)) is bounded, we get a bound on ||ng)n Umll L= (0,7,L7(2))>
hence items 2 and 4 hold. Thus we can apply Lemma Appendix B.2, which leads to

T T _
lim me (Wi, Uy Vi) / b(u,w,v).
0

m—r o0 0

We check as well that the three items assumed in Lemma Appendix B.3 hold, which shows that

T _ T
lim bp,, (U, Uy Up) = / b(u,v, ).
Finally, the last two limits combined with Property (6), since @ € L?(0,T, E(R2)), conclude the space-time
convection limit-conformity. [
To complete the proof of Lemma Appendix B.1, we now state and prove two technical lemmas.

Lemma Appendix B.2. Let (un)nen, (Vn)nen and (wp)nen three sequences such that there exists p > 4
with

1. u, — u in LY(0,T; L*(Q)),

2. uy, is bounded in L?(0,T; LP(Q)) and in L>°(0,T; L?(2)),

3. v, — v weakly in L*(0,T; L*(2)),

4. wy, — w in L®(0,T; L*(Q)) and is bounded in L>(0,T; LP(£2)).

lim. /0 ! /Q i (2, )0 (2, £ (2, £) davdlt = /0 ! /Q w(w, )o(z, (e, t)dadt,
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Proof It suffices to remark that u,w,, tends to uw in L?(0,T; L*(Q2)). Indeed, we have

/0 ! /Q (2, ) (2, ) — u(a, tyw(w, 1)) 2dadt < 2(A, + By)

with

T
= Un (T — u\x 2'U) i 2$
Anf/o /Q< (1) — (e, 1)) w2, £)2dadt

and

B, :/OT/Qu(x,t)Q(wn(x,t)—w(x,t)fdxdt

Owing to the inequality

/OT/QU(ac,t)QW(x,t)dedtg/oT (/Q U(x,t)4dx)1/2 </Q W(x,t)4dx)1/2 dt

which leads to T
/0 / U, 0)W (2, £)2ddt < W2 0. rezs sy U112 07222

we get that A, — 0 and B,, — 0, since by L? — LY interpolation, u™ — u in L?(0,T; L*(Q)) and w™ — w
in L>(0,7T; L4(Q)). O

Lemma Appendix B.3. Let (tun)nen, (Vn)nen and (wy)nen three sequences such that there exists p > 4
with

1. u, — u and v, — v in L1(0,T; L?(2)),

2. u, and v, are bounded in L*(0,T; LP())) and in L°°(0,T; L?(2)),

3. wy, — w in L>=(0,T; L*(Q)).

then
T T
nhﬁngo/(] /Qun(x,t)vn(x,t)wn(x,t)dxdt = /0 /Qu(a:,t)v(x,t)w(x,t)dxdt.
Proof
/O ! /Q (3 )0 (2, )0 (2, 1) — (s )0, D)w(, £))dwdt = Ay + By + C
with
T
A, = /0 /Q(un(z,t) —u(z, b)), (x, t)wy,(z, t)dedt
B, = /0 /Qu(:v,t)(vn(x,t) —v(z, t)wy(z, t)dadt
and

T
C, = /0 /Q w(z, £)0(@, £) (wn (@, £) — w(x, £))dadt
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The conclusion follows from the fact that, by LP — L interpolation, u™ — w and v,, — v in L2(0,T; L*(2)),
and w™ — w in L®°(0,7T; L*(2)), and from the inequality

T
/ /Q U, OV (&, W (2, ) dadt < [W]| 1o 0,122 U] 22 0.2:56m V]| 22 (022560
0

Indeed,

T
/ / U (2, )V (2, W (2)|dadt < sup ( / W (a, t)2da) /2 ( / U, )2V (x, 1) 2da)/2dt,
o Ja [ Ja Q

te]o, T
SO

/ ' o v oW < s (] W ot | Y [ v tas [ v a

te]o, T Q

and therefore we have

/T |U(z, )V (z, )W (x)|dzdt
0o Ja

T
su x 2$1/2 T 41,1/2
<t€]0;>T[</QW< da) (/ ([ v tytan) dt)

which concludes the proof. [

1/2

(/OT(/Q V(x’t)4dx)1/2dt>l/2’

Appendix C. Discrete Aubin-Simon theorem

The following theorem is a discrete version of the Aubin-Simon theorem. It is proved in [2, Theorem 7.1].
Theorem Appendix C.1 (Discrete Aubin-Simon theorem). Let T > 0 and let B be a Banach
space. Let (By)en be a sequence of finite dimensional subspaces of B. For any ¢ € N, let Ny € N*,
1 =0 <t <. <t =T and KW =" — 40"V n =1, Ny Let {u{” n=0,...,N,} C B
and let uy € L*(0,T; By) be defined, for a given real family (aén))nzlym,gvz, by

ug(+,t) = (1 — aén))uénfl) + aén)uy) € By,

C.1
for a.e. te (tﬁnil),t;)), andn € {1,... Ng}. (G-1)

Let §pup be the “discrete time derivative”, defined by:

. 1 e n-1) (n

Opue(-,t) = (52 Dy = o (ug ) ué 1)) for a.e. t € (té U,té )),n e{1,...,Ns}.
¢

Let || - ||x, and || - ||y, be two norms on By. We denote by X, the space By endowed with the norm || - | x,

and by Y, the space By endowed with the norm || - ||ly,. We assume that

(h1) For any sequence (we)een such that wy € By and (||we|| x,)een is bounded, then, up to a subsequence,
there exists w € B such that wy — w in B as £ — +00.

(h2) For any sequence (wg)een such that wy € By, (||wellx,)een s bounded, there exists w € B such that
we — w in B and |Jwelly, = 0 as £ — +oo, then w = 0.

(h3) The family (aén))nzlw,]\ze’geN and the sequence (||ue| 11 (0,1;x,))een are bounded.

(h4) The sequence (||0¢wel|Lr(0,7:v,))een is bounded.

Then there exists u € L*(0,T; B) such that, up to a subsequence, ug — u in L*(0,T; B) as { — +00.
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