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Abstract. This work presents and analyzes a new residual local projection stabilized finite
element method (RELP) for the nonlinear incompressible Navier—Stokes equations. Stokes prob-
lems defined elementwise drive the construction of the residual-based terms which make the present
method stable for the finite element pairs P1/P;, [ = 0,1. Numerical upwinding is incorporated
through an extra control on the advective derivative and on the residual of the divergence equa-
tion. Well-posedness of the discrete problem as well as optimal error estimates in natural norms are
proved under standard assumptions. Next, a divergence-free velocity field is provided by a simple
postprocessing of the computed velocity and pressure using the lowest order Raviart-Thomas basis
functions. This updated velocity is proved to converge optimally to the exact solution. Numerics
assess the theoretical results and validate the RELP method.
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1. Introduction. The numerical solution of the incompressible Navier—Stokes
equations by standard finite element methods demands the selection of inf-sup stable
pairs of interpolation spaces for the velocity and the pressure [17]. This condition
prevents the most desirable choices of spaces to be adopted, such as the simplest and
lowest equal order elements [12]. Also, numerical methods should include upwinding
strategies to avoid spurious oscillations when the exact solution develops boundary
layers [20], behavior that appears for high Reynolds numbers flows.

In the quest to bypass these issues, a branch of new stabilized finite element meth-
ods, called local projection stabilized (LPS) methods, have been recently introduced
for mixed problems (see [4, 11]). Like classical stabilized methods, the main idea
lies in the addition of extra terms to the Galerkin method but with the difference
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that they are no longer dependent on residuals but rather are constructed using the
fluctuation between the variables (or their derivatives) and their projection onto a
given finite dimensional space. (See [15] for an interesting overview.) LPS methods
have been extended to the Oseen model in [6, 7], although their capacity to handle
singularly perturbed models still deserves more investigation [18].

Also recently, a relationship between enriching polynomial spaces with the so-
lution of local problems and LPS methods has been established (see [14, 1]). The
resulting methods, called residual local projection (RELP) stabilized methods, rein-
troduced residuals as the main ingredient in their construction but now they are
included through fluctuation operators. Thereby, some of the standard LPS extra
terms can be seen as a consequence of an enriching space procedure. Next, a new
RELP method [2] has been proposed for the Oseen equation and validated for advec-
tion dominated flows. Also, a simplified version of the method, specially suited for
lower order methods, was presented in [3]. Well-posedness and optimal error estimates
were obtained for both methods, which were extensively validated through singularly
perturbed benchmarks.

In this work, we extend the RELP method to the nonlinear incompressible Navier—
Stokes equations. We seek the method bearing in mind a certain set of desired char-
acteristics, including the following:

e Be stable and achieve optimal convergent in natural norms for Py /P;, 1 = 0, 1;
e Bring balanced numerical diffusion;
e Be easily postprocessed such as the discrete solution is divergence-free.

To address these requirements, the method is developed within the framework
proposed in [1] in which boundary value problems account for residuals at the ele-
ment level, which ultimately are responsible for stabilizing the Galerkin method. In
particular, we choose to set up a Stokes model element wisely. This accounts for diffu-
sive processes that dominate flows at small scales and might be modeled through the
residuals at large scales. Now, since no analytical solution is available for this local
problem, a two-level numerical strategy is needed to implement the method which
makes the approach more involved. In view of making the present method attractive
for practitioners, we project the residual onto the space of piecewise constant func-
tions before solving the local problem. This simplification makes the local problem
analytically solvable and provides an alternative RELP method that does not under-
mine the convergence of the method. In the process, a way to construct an exactly
divergence-free velocity field is also set up.

The stability and convergence analysis of the RELP method is based on the fixed
point theory presented in [8, 17] and used in [24] to analyze the SDFEM method
originally proposed in [13] in the case where diffusion dominates and in [10] for a
pressure-stabilized finite element method. Here, we extend that idea and prove that
the original RELP method is well-posed and achieve optimal convergence in natural
norms. Due to the particular structure of the method, the proof requests the construc-
tion of a new stabilized finite element method for the Stokes equation, related to the
one given in [1], which is also analyzed. Finally, we establish that the postprocessed
divergence-free velocity field is also optimally convergent.

The paper is outlined as follows. We end this section with some notation and
definitions to be used throughout this manuscript. The next section is devoted to
the presentation of the RELP methods. Section 3 includes a well-posedness result
and error estimates and the postprocessing to get a divergence-free velocity field.
Numerical validations are in section 4, and some conclusions are drawn in section 5.
Finally, in Appendix A we investigate numerical aspects of a new stabilized method
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for the Stokes model, and in Appendix B we give a detailed prove of the uniqueness
of solution for the RELP method.

1.1. Notation and preliminaries. Let O C R? be a polygonal open domain.
The steady incompressible Navier—Stokes equations consist of finding the velocity and
pressure (u,p) as the solution of

(1.1) —vAu + (Vu)u + V= f, Viu=0 in €,
u= 0 on 09,

where v € R* is the fluid viscosity and f € L2(Q)2. Adopting standard nota-
tion for Sobolev spaces, the weak form associated to (1.1) reads, Find (u,p) €
V x Q:=H(Q)? x L3(Q) such that

(1.2) v (Vu, Vo) + (Vu)u,v) — (5, V- v) + (¢, V-u) = (f,v) Y(v,q) €V xQ,

where (-,-) stands for the L?()-inner product, where we use the same notation for
vector, or tensor, valued functions.

We remark that the continuous problem (1.2) has at least one solution, which is
unique in the small data case. (See Theorem 2.4 in [17] for the details.)

Let D be an open subset of Q. We denote by || - ||m,p the norm in H™(D) and
by || - [lm,q,p the norm in W™ 9(D) with m > 0 and 1 < ¢ < co. We denote, as
usual, H~1(Q2) the dual space of H}(Q) equipped with the dual norm || - |_1,o and
the duality product (-,-), and H°(Q2) = L?(2) and W%4(Q) = L%(Q). Also, we define
the norm || - ||, in V' x @, by

1/2
(v, )l == {lv[i o+ llal§.o}

and the norm || - || (v xg) in (V x Q)’, the dual space of V' x Q, by

(1.3) I Dllvxqy:= sup {(v,w)+(q,r)}.
() lI<1

Let {Tr}r>0 be a family of regular triangulations of 2, built up using triangles K
with boundary 0K and characteristic length hg := diam(K) and h := max{hk : K €
Tr}. The set of internal edges F of the triangulation is denoted &, with hp = |F|.
We denote by n the normal outward vector on 9K; also, [v] stands for the jump
of v across F. In addition, for K € 7, and F € &, we define the neighborhoods
wg ={K' € Tp : KKNK # 0} and wp = {K € T, : FNK # 0}. Finally, we
denote by IIg, where S C R2, the orthogonal projection onto the constant space, i.e.,
IIs(q) = (q"é‘)s, and by H™(Tn), m > 1, we denote the space of functions whose
restriction to K € Tj belongs to H™(K).

Associated to the triangulation 7, the discrete space for the velocity V', is the
usual space of vector valued continuous piecewise linear functions with zero trace
on 02. To approximate the pressure we use @y, the space of piecewise polynomial
functions of degree [, (I = 0,1) with zero mean value on Q. If [ = 1, the space of
pressures may contain continuous or discontinuous functions. Analogous to (1.3) we
introduce the following norm in the dual of the discrete space:

(1'4) H(U, q)H(VhXQh)’ = sSup {<’U, wh> + (quh)} .
l(wn,ra) I<1
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In what follows, we will employ the differential of a mapping F': VxQ — V x Q@
with respect to (u,q) at (v,q) € V x Q denoted by D, ,F(v,q) € L(V x Q), where
L(V x @) represents the space of linear mappings acting on elements of V' x @) with
values in V' x @ and equipped with the usual norm || - [| £y x@)-

Finally, in the forthcoming analysis we will use the following classical result.

LEMMA 1.1. For all v,w € V and q € ), we have

(¢,V -v)
sup ——
veV |1’|17Q

(1.5) (Vu)w,v) < alufiolw|ielv|ie,

> B llallo,e:

where o and B are positive constants depending only on Q. Moreover, for all u,v,w €
V', it holds that

(Vu)w,v) = —((Vv)w,u) — (V- w,u - v),
(1.6) (Vv)w,v) = —%(V-w,v-'v).

Proof. See [17] and [22]. O

2. The residual local projection method. The finite element method that
we analyze in this work reads, Find (up,pr) € Vi X Qy, such that

v(Vup, Vop,) + (Vup)up, vp) — (Pn, V- vr) +(Gn, V - up)

(2.1) + 30 | S (- F — Awn + (Tun)un + V5n), pE (Von)un + Van)
KeTn

+ 25 (@ V), xn(@ V- on)

+ Z 78 ([v Onun + pn 0], [V Onvn + Gun]) p = (f,vn)
Feé&y

for all (vn,qn) € Vi, x Qn, where xp, := I — Ik is the fluctuation operator.
Here, for a function v € L*(K)?, (uX(v),pX (v)) stands for the solution of the
local Stokes problem

(2.2) —vAuK () + VpE(v)=v, V. uf(w)=0 inK,

€

uf(v) =0 ondK.

€

Also, the stabilization parameters are given by

1 J 1
« = an =
K max {1, Pex } K Peg )’
maxq 1, ——
24
where
PGK = 7|uh|KhK with |uh|K = 7””}1' 0,K
' 18v ' |K|1/2
and
hr .
Ty lf |uh|F—0,
= 1 1

— 1+ 1 — exp(Pe otherwise.
2up|lr  |up|F (1 — exp(Per)) ( Pep( p( F)))
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Here

PGF =

h
7|uh|F F with |un|F
v

h;/ 2

In general (2.1) requests a two-level discretization since problem (2.2) cannot be
exactly solved. On the other hand, a closer inspection of problem (2.2) reveals that
some terms in (2.1) can indeed be exactly computed, thus simplifying the implemen-
tation. In particular, we realize that for all ¢ € H!(K) it holds that

(2.3) uf(Vg) = 0 and pX(Vg) = xn(q).

As for the remaining terms, we replace pX (— f+(Vup )usn+ Vi) by p& (g (— f
(Vup)up + Vpp)) and pX((Vor)un + Var) by pE (U g ((Vop)us + Var)) in (2.1) to
get the following simplified method: Find (up,ppn) € Vi, X Qp such that

(Vuh, V'vh) ((Vuh)uh, ’Uh) — (ﬁh, V- ’Uh) + (Qh, V- uh)
+ > 2 (b (M (—F + (Vun)us + Vin)). pE (L (Ton)un + Van)))

KeTy,

+ Z (Xn(x V-up),xn(x V- -vp)) k
KeTy,

+ Z 75 ([ Onun + Prn], [V Onvs + g n])p = (f, 1) -
Feé&y

Finally, noting that every constant is a gradient, we apply (2.3) to derive the final
form of the simplified RELP method: Find (wn,pr) € Vi, X Qp such that

V(Vuh, V’Uh) ((Vuh)uh, vh) — (f)h, V- ’Uh) + (Qh, V- uh)

+ Z Vuh)HKuh +ph) Xh(.’B . (Vvh)HKuh + qh))K
KeTy,

+ Z (xn(@ V- un), xn(x V- vp)) g
KeTy,

+ Z 7r ([v Onun + pp 0], [V Onvn + qnn]) g
Feé&y

24)  =(fon)+ Y & (Xh(fB g ), xn(@ - (Vop)Tgu, + Qh))
v K
KeTy,
Remark 1.

e Both methods (2.1) and (2.4) can be seen as the Galerkin method enhanced
with stabilizing terms. These terms can be split as the sum of two local pres-
sures coming from the solution of local Stokes problems (with the residual on
the right-hand side), plus a fluctuation term mimicking a grad-div stabilizing
term, plus a jump term aiming at stabilizing the discontinuities of the pres-
sure. In case the interpolation space for the pressure is continuous, this jump
term becomes superfluous and can be omitted.

e The method (2.4) is the one we will implement since it is not a two-level
method. The next section deals with the error analysis for the original RELP
method (2.1), as the analysis can be extended, with minor differences, to the
simplified RELP method (2.4). The reason to analyze method (2.1) is its
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generality, which opens the door to different solution strategies for the local
problem (2.2), and it can be seen as the first steps toward the analysis of
general two-level finite element methods for the Navier—Stokes equations. The
two-level approach is a particularly attractive option when solutions involve
multiple scales as occurring in porous media or turbulent flows, for instance,
as the alternative of using a very fine mesh becomes prohibitive.

e The design of the stabilization parameters ax, v, and 7p has been motivated
by the enrichment of the finite element space presented in [2], where analogous
choices were shown to be the ones providing the best results for the Oseen
equation. In fact, the RELP method appeared to be very competitive when
compared to more classical stabilized methods, which motivates its use for
the nonlinear Navier—Stokes equations.

e The methods (2.1) and (2.4) remain unchanged in the three-dimensional set-
ting and in case higher order finite element spaces are used.

3. Error analysis. We consider a scaled form of (1.1) by setting p = v p, f =
v f,and A = v~! and rewrite (1.1) as

(3.1) —Auy + AX(Vur)uy + Vpa= f, Veur=0 in €,
uy =0 onoN.
The standard weak formulation of problem (3.1) is given by the following: Find
(ux,pr) € V x Q such that
(3.2)
(Vuy, Vo) + A (Vur)ux,v) — (pr, V-v) + (¢, V-uy) = (f,v) V(v,q) €V xQ.

We assume in this work that problem (3.2) admits at least one solution, which
is unique provided A is sufficiently small. Also, (3.2) can be written in the operator
form as

(33) F(Aa u)\ap)\) = (u)\ap)\) + TG()\a ’u’)\ap)\) = 07
where G(\,uy,py) € V' x Q is given by
(GA ux, pa), (v,9)) = A (Vur)ux, v) = (f,v)  V(v,q9) €V xQ,

and T : V' x Q — V x Q denotes the Stokes operator, which associates for each
(w,r) € V' x Q the unique solution (u,p) € V x Q of

(Vu,Vv) - (p,V'U) + (q,V-u) = <w7'v> + (Tvq)

for all (v,q) € V x Q.
The stabilized method for problem (3.1) reads as follows: Find (upx,pnr) €
Vi X Qp such that for all (vp,qn) € Vi, X Qn,

(Vupx, Vor) + X ((Vura)unx,vn) — (0rxs Voo vn) + (qn, V- un,y)
+ Z ar (PX(=Aup x + AM(Vun ) un s + Vora), pE (AMVog)upx + Van)) «

KeTy
+ Z VYK (/\Xh(ﬁcv . uh,,\),)\Xh(mV . vh))K
KeTy
+ Y 7 ([Onunx + pranl, [Onvn + g nl)
Feé&y
= (.fa vh) + Z £77¢ (pf(f)apf(A(vvh)uh,)\ + th))K )

(34) KeTy
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where 7 = Z£ and pX solves the Stokes local problem (2.2). Multiplying (3.4) by

v, and substituting pp, = v, f =v f, and ¢, = v qp, we recover the RELP method
(2.1) for the original, unscaled Navier—Stokes equations.

3.1. Technical preliminaries. We first state the following local trace theorem
[23].

LEMMA 3.1. There exists a constant C' > 0, independent of h, such that for all
ve HY(K)

113 ok < C{hz' [10II5 k + i 0] k-

The following inverse estimates are satisfied for V), and Q. (For a proof see,
e.g., [12].)

LEMMA 3.2. There exists a constant C' > 0, independent of h, such that for all
v, € Vi and all g, € Qp, there holds

(3.5) [vnllooc < Chi |onllox,
(3.6) Iarlllo.r < Chp?lanllows
(3.7) hi [vnli,x < Cllvallo,x -

The properties of the orthogonal projection IIx onto the constant space are sum-
marized in the following result.
LEMMA 3.3. There exists a constant C > 0, independent of h, such that

(38) HU_HK'UHO,K < Chg |’U|17K VUEHl(K),
(3.9) Ikvllox < llvfox Vo€ LX(K),
(3.10) ITMxv]oox < Chitllvflox Vo€ L*(K).

Proof. For estimates (3.8) and (3.9), see [12]. Finally, (3.10) follows from (3.5)
and (3.9). O

We introduce the Lagrange interpolation operator Zp, : V. N H%(Q)? — V}, and
the operator J, : Q@ — Qp for the velocity and pressure, respectively, where Jj
is a modified Clément operator for continuous pressures (I = 1) or the orthogonal
projection onto @, for discontinuous pressures. These interpolation operators satisfy

(see ]9, 12])

(3.11) v — Tpvlm e < Ch ™ vlax Yo € HX(K)?,

(3.12) Twolix < Clvlex Vo € BA(K)?,

(3.13) lv = Thollir < ChYL* olow, Vo € H(wp)?,

(3.14) lv —Zpoll1,rx < Cllvl1rK Yov € VV“(K)2 Vr € (2, 00],
(3.15) v = Zhvllco,x < Cllvfloox Yo € COK)?,

(3.16) lg — Tndlix < Chic" ldljwe Vg€ H (wi),

(3.17) lg = Tnallor < Ch P laljwe  Va € HY (wp),

where 0 <m<2and 0<i<1,1<j<[+1,and C > 0 is independent of h.

Before heading to well-posedness results, we give the following technical result,
whose proof can be found in [1].
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LEMMA 3.4. Let v € L%(K)? and let (uk (v), pX(v)) be the solution of problem
(2.2). Then, there exists C' > 0, independent of hy, such that

(3.18) [l (v)1,x < Ahi [|v]|o,x,
(3.19) IpE (v)]|o,x < Chi ||v]o,x-

Moreover, there exists a constant C' > 0, independent of h, such that for all
q € P1(K) there holds

(3.20) Chi |Vallo.x < Ipe(Va)llo.x < hi | Vallo.x-

3.2. Existence and uniqueness of a discrete solution. We start defining
the operator P : V;, — Qp, by

> ak (PE(VPn).pX(Van) c + > 7 ([P(un)n], [ann]) .

KeTy, Fe&y,
=—(gn, V-un) — > ax (pEMVun)un — £),p5 (Van)) .
KeTy
(3.21) = > 7 ([Onun], [gnm]) g
Fegy,

for all up, € Vy, g € Qp. The operator P is well defined thanks to the Lax—Milgram
theorem with respect to the norm

1/2
llgnll« = { > axllpE (Van)l§x + > %F|[[qhﬂ||(2),p} -

KeTh Feé&p
Also, we define the mapping N : V), — V', by
(3.22)  (N(up),vn)
= (Vup, Vo) + A(Vup)up,vn) — (P(up),V-vn) — (f,vn)
+ ) v (@ V- un), (@ V- on)) ¢

KeTh

+ Y ak (pE (M(Vun)up — f + VP(un)), pE (A(Vor)un))
KeTn

+ Y 7 ([Onun + Plun)n, [Onva])
Fe&y

for all wp, v, € V.

The following result provides a characterization of the solution of (3.4) in terms
of the mappings P and N.

LEMMA 3.5. The pair (unx,prr) € Vi X Qp is a solution of problem (3.4) if
and only if N(upx) =0 and ppx = Plup,y).

Proof. It N'(up, ) = 0 and pp, » = P(up,r), then adding (3.21) and (3.22) we see
that (wp ., pr,a) € Vi x Q) is a solution of problem (3.4). Moreover, let (wp x,pn,2) €
Vi x Qp, be a solution of (3.4). If vy, = 0 in (3.4), then

> ak (05 (Vona), pE(Van)) o + Z 7r ([pnan]; [ann]) p = —(qn, V - un,»)
KeTy, Feg&y

= ak (K (—F + MVun)un ). pK(Van)) o — D 77 ([Onunn], [ann])

KeTy Fe&p
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and hence, since P is well defined, p x» = P(up,»). Finally, if ¢, = 0 in (3.4), we have
N(up, ) = 0 and the result follows. O

We are now in position to prove the existence and uniqueness of the solution of
(3.4). }

THEOREM 3.6. There is a positive constant C, which is independent of h and A,
such that problem (3.4) admits at least one solution (wp x,pp.) provided

1/2
(3.23) DY {||f||2_1,9+ > axlpf(f)lﬁ,x} <C,

KeTn

where 0 < k < 1. Moreover, the solution of problem (3.4) is unique provided X is
sufficiently small.

Proof. Let R > 0 and u;, € V', with |up|1,0 = R be arbitrary and for abbreviation
let

1/2
x;:{ > OzK|p§(/\(Vuh)Uh+P(Uh))||g7l<} ;

KeTy,

1/2
{ F ||[[3nuh,A+7’(uh)nﬂ|(2J,F} ;
Feé&y
1/2
={|f| 2ot Y axlpk( )||§7K} :
Keﬂl
1/2
(3.24) :{ > AklMxn(@ V- w3 K} -
KeTn
Taking g, = P(up, (3.21) gives

—(P(un), V-un) = > ax (pE A(Vun)un + VP(un) = £),p5 (VP(un))) 1
KeTy

+ Y Fr([Onun + Pun)n], [P(un)n])r.

Feé&y,
Then, using Cauchy—Schwarz’s inequality and (1.6) we have
(N (wn), un)
= |unl] o + M(Vur)un, up) — (f, un)
+ ) ak (pE A (Vun)un + VP(un) — £), pEK (A(Vun)un + VP(un)))

KeTy,
+ > M@V - un)llg e+ D 7o l[Onwn + Plun)n]ll3 -
KeTy, Fe&y,

> R* + M(Vup)un, up) — || fll-1elun|io + 22
= > ak (P pE A Vun)un + VP (un))) o +w” + 3
KeTy,
1 A

1 1
(325) Z §R2+§x2+y2+w2—522—§(V-uh,uh-uh).
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Now, if we use the definition of the method with a test function given by (0, Jp, (un-
up,)), the Cauchy—Schwarz inequality, Lemma 3.4, (3.21), the fact that ax < 1, (3.16),
and the mesh regularity we get

|(V - up, up - up)|
<V - up, up - up, — Tp(un - up))| + (V- wn, Tn(un - up))|

<V20unlia |wn - wn — Jn(wn - up)lloq

+ 1Y) arEAVun)un + VP(ur) = £),pE (VTn(un - uwn)))k
KeTy,
+ 1> 7 [[Onwn + P(un)nllo,r 1170 (wn - wn)llo,
Feé&y,
1/2
< CR{ Z hf{|uh-uh|iK} + Z ozK||p§()\(Vuh)uh
KeTy, KeTy

+ VP(un) = f)llox 1P (VTn(wn - wi))llo,x
+ > 70 [[0nun + Plun)nlllo.r |70 (wn - wn)]o, <

Fegy

1/2
< CR{ > h%duh'uhﬁ,x} +C > akllpE(M(Vun)un

KeTy, KeTn
+ VP (un)) o, x hrc|Tn(un - un)l1,x

+C > arlpE()llos bl Tn(wn - wn)|1x

KeTy,
+ Y 70 [[Onun + Plun) (un - un)]|lo,r
Feé&y,
1/2
< CR{ Z h? % |un - uh|1 K} x{ Z othi|uh-uh|in}
KeTy, KeTy,
1/2

+C{ > axlpk(f } { > axhilun 'uh|iw1{}

KeTy, KeTy,

1/2 1/2
+{ Z 77| [Onun +7’(uh)nﬂ|(2),F} { Z 7P| [Tn (un 'uh)HHaF}
Fegy Feé&y

1/2
< C{R+$+y+z}{ > hiclun - wnl? g+ > 7l T (un 'uh)—uh'uh]]HaF} :

KeTy Fe&y
(3.26)

But, in [2, Lemma 2], it is proved that

1 h
TF = —TF SCV—F =Chp,
A v
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and then, applying (3.17) and the mesh regularity, we arrive at

1/2
[(V-up,up -up)| <C{R+z+y+ 2z} { Z h%duh -uhﬁK} .
KeTy,

_z2
Moreover, using the local inverse inequality [|vp|loo,x < Chy®||Unllo,q,x for all 1 <
g < oo (cf. [12]) and the Sobolev embedding theorem we obtain

lun - unlix = |V(un - un)llox = 2| V(un)unlox < Cluni i [[unlloo,x
_2 _2 _2
< Chp luplk [[unllgx < Chy® lunl, i |unllgo < Chy? lunli k [unlo,

then from (3.25) and (3.26), denoting xk = %, we arrive at

1 1 1 A
(N (up),up) > §R2 + o2 Fw+y? — =222 = S(V o up,up - up)

2 27 2
1 1 1
> SR 4 ot p w4y - 52

1/2

)‘ —2K

~Co{R+a+y+z} { > ony? |uh|iK} lun 1.0
KeTy,

1 1 1
> §R2+§x2+w2+y2 - §z2—Ch1’”/\{R+x+y+z}R2
1 1 1
> §R2 + 5;102 +w? +y* — §z2 — Ch' "AR? — Ch' "Ma +y + 2} R?
1 1 1
> §R2+§x2+w2+y2— §z2
1 1 1 3
_mplesyp3 _ L o2 Lo Lo 9 000k 2pa
Ch™ ™ "AR 57 5Y 5% 20 h MR
> %RQ +w? + %yQ — 22— Ch'™"AR3 — gCQhZ(l‘”)/\QR‘*.

Let us define R:= m for an integer M > 6. It is clear that M satisfies

1 1 3

Now, select C' = 775 in (3.23) and observe that the assumption (3.23) leads to

2QMCAR Rz <1,

and we conclude from the definition of R above that z < %. Gathering previous
inequalities together, it holds that
1 1 3
(N(Uh),Uh) Z <§ — M — m) R2 —22+ _y2+w2
>l g ly2+w2
— 4 2
1

Z§y2+w2>0.
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Hence, Brouwer’s fixed point theorem implies that there is a uj, € Vi, with |upl1,0 <
R and N (up) = 0. The uniqueness of solution follows from Banach’s fixed point
theorem using the arguments presented in [17] for standard finite elements. (See
Appendix B for details.) O

Remark 2.

e It is worth mentioning that the condition (3.23) can be avoided if the term
((Vup)up,vy) in the RELP method is replaced by its antisymmetric counter-
part [((Vup)un, va) — (Vog)un, up)]. In fact, if R is set larger than v/2 z,
then (3.25) becomes positive as the last term in (3.25) is absent. Also, the
error estimate given in the next section remains valid for such a case.

e Observe that the properties of pX used to prove Theorem 3.6 were linearity
and the stability result given in Lemma 3.4. Thereby, the exact same proof
applies to the simplified method (2.4) by replacing pX by pX oIk and using
the stability of IIx given in (3.9).

e For the three-dimensional case, the same argument used in Theorem 3.6 can
be applied, but in this case the Sobolev embedding theorem only ensures
lunllg.o < Cluplio for 1 < g < 6, and then x must be supposed to be
smaller than % Also, the proof of uniqueness detailed in Appendix B holds
in the three-dimensional setting with minor changes.

e Theorem 3.6 is also valid for the case in which the method is applied with ele-
ments of higher order. The only modification needed in the proof is to change
the definition of x in (3.24) to x:={) ket ax|pX(—Aun + X(Vun)us +

Pun))l§ s}/
3.3. A priori error analysis. We place the method in the case that well-

posedness is ensured, i.e., at the diffusion dominated regime. To this end, we suppose

that axg = yx = 1 on every element. On each edge we take 7p = % since, in the diffu-

sion dominated case, both expressions are equivalent. (For details see Lemma 2 in [2].)
Then, method (3.4) simplifies to the following: Find (unx,pr.x) € Vi X Qp such that
(Vun,x, Vor) + A (Vurx)unx, v0) — (0ra, V-vn) + (qn, V- up )

— > (PE(F + Auny — A (Vana) wnx — Vi),
K€7—h

pE(Van + X (Vor) un )k

+ Z Axn(® V- up ), AXn(®V -vp))
K€7—h

hp
+ F%;h 1 ([Onunx + puan], [Onvn + qun])

(3.27) = (f.vn) Y(Vn,qn) € Vi X Q.

Next, we denote by T}, : V' x Q — V1, x Qy, the discrete Stokes operator, which
associates with each (w,r) € V' x Q the unique solution (us,pn) € Vi, x Qp, of

(Vup, Vo) — (pn, V- vn) + (qn, V - up) + Z (PE (V). pE(Van)) .
K€7—h

h
+ Axp(®2 V- up), \Xxp(®2 V- o))k + Z 1—; ([Onun + pan], [Onvr + gun]) g
Fegy

= <w7vh> + (7‘, (Ih)
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for all (vp, qn) € Vi XQp. This discrete Stokes operator, to the best of our knowledge,
does not coincide with any stabilized method available in the literature, although it
might be seen as a variation of the PPS method (cf. [11]) if the pressure space is the
continuous piecewise linear functions or the RELP method (cf. [1]) if the pressure
is discontinuous. Adapting the analysis presented in [5, 1] we obtain the following
result. (See Appendix A for a sketch of the analysis.)

LEMMA 3.7. There exist constants C,C" > 0, independent of h and X\, such that
the following holds:

(T = Ti)(w, 0)| < Ch(1+AR)* [wloe Vw e L2(9),
ITh(w, )l < C" (1 +X0)* [(w, )| (v xq@ny ¥(w,a) € (V x Q).

To write the discrete method as a fixed point equation we also introduce the
mapping G : A x H2(Tp)? x HY(Thn) — Vi, x Qp by Gr(), z,t) = (wp, 1), where

(wn,vn) + (rnyqn) = —(f = M(V2)z,00) = > (PK(F = A (V2)2),p5 (Van))
KeTy

= > (E(F+ Az A(Vz)z — Vi), pK (A (Vun)z))
KeTy,

for all (vp,qn) € Vi, X Qp.
Using these operators, problem (3.27) can be written in a form analogous to (3.3):

(3.28) Frn(\ unx, pro) = (Whn, Phor) + ThGR(A, wha, proy) = 0.

The next result states some properties of Fj, and its derivatives and will be funda-
mental for the error analysis carried out below. The first one proves that the differen-
tial operator Dy, pFp (A, Zpuy, Jnpy) is an isomorphism under appropriate conditions
on h and .

LEMMA 3.8. Assume that on a given compact interval A C R a regular branch
A = (ux,pa) of solutions of problem (3.3) exists and that (uy,py) belongs to the space
H?()? x HY(Q). Therefore, there exists a constant hg > 0 such that for all h < hy,
the mapping Dy pFn(A, Zhux, Tnpa) s an isomorphism on Vi, X Qp,.

Proof. We start noting that since 7' is a linear and continuous operator, and using
(1.5) and (3.11), we arrive at

[ Dup F' (N wx, p2) — Do p F (N, T, Tnpa)ll 2(v < @)

= 5 IT((DupGur.ps) = DGO Ty, Jopa) o a) )
v,9)||S

<C I Su)Im [[(Du,pG (A wx, pA) = D pG (N, Zpun, Tupr))[v, gl (v x )
v,g)[I<1

<CX sup sup  ((Vux)v + (Vo)uy — (VIpur)v — (Vo)Ihuy, w)
Iw, )<t l(w.a)ll<1

=CX\ sup sup  ((V(ux —Zpuy))v + (Vo) (ur — Zruy), w)
ll(w,)I<T (v, ) lI<1

<CM sup sup  2ux — Thunliolvhelwhe
l(w <1 fI(v,)lI<1
<CMhL,

where L:=supycp max{[|fllo.a, |urll2,0.[Pall1,0}. Then, since the set of isomor-
phisms on V' x @ is open, there exists ho > 0 such that Dy ,F' (X, Zpux, Jppy) is
an isomorphism on V' x @ for all h < hs.
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Next, we define the mapping A; :=1 + T D, ,G(\, Zpuy, Jnpy), which belongs
to L(V x Q) but also to L(V, X Q). Then, we use Lemma 3.7, Holder’s inequality,
(3.14), (3.15), and the inclusions H?(Q) < L>°(Q2) and H(Q) — L*(2), to obtain

| A1 = Dy p F(N, Tnux, Tnpa) |l 2(v x Q)

= sup (T = T)DupGX, Inux, Tnpa)[v, |
lwali<t

<C(1+Mh)*Ah  sup sup  ((VZpur)v + (Vv)Ipuy, w)

llwllo,e<1 [I(v,g)lI<1

<C@A+A)*Ah sup  sup  {[VIhualoasllvlosclwloo
lwllo.a<t fiw.a)ll<1

+ IVvllo.llZnusl oo, llwllo.a}

<C@A+A)*Ah sup  sup {[Vuslloacllvloselwlos
lwllo.a<t fiw.a)ll<1

+ [[ualloo .2l Vollo,allwloo}
<C(1+Mh)*\h  sup

llwllo,o<1 [I(v.g)lI<1

<C(1+M)*ARL,

and then there exists h; < hgy such that for all A < hy the mapping A; is an isomor-
phism in V' x Q. Also, since A; also maps V', x Qp onto itself and is injective, it is
also an isomorphism on V', X Q.

Finally, using Lemma 3.7, it holds that

| A1 = D p Fr (A, Znux, Tnpa) | covixon)
= sup || Th(DupGr(A, Ihux, Tupr) — DupG (N, Znux, Tnpa)) [V, an]||

ll(vn,gn)ll<1

S C(l +)\h)2 sup H(Du,th(/\,IhuA,jhpA)
ll(vn.an)lI<1

— Doy G(N, Znux, Tnpa)) [0n, anlll (v, x @)

<C(1+Ah)? sup sup
ICwn )< Ni(on,an)lI<1

{ Z (PE(F — MVIhur)Tnus — VIupa), pE (AMVws)vn))
KeTn

— Z pe V'vh Ihuy + /\(VIhuA)'vh + th) Pe (/\(th)IhuA))K
KeTy,

— Z pe V'vh Thuy + /\(VIhuA)vh) (Vth))K}
KeTy,

=C (14 \h)? sup sup {I+ II + IIT}.
ll(wr,tn) IS l(vn,gn) <1

Now, using (3.5), (3.11), (3.12), and the embedding H?(Q2) < L*(£2), we obtain
[(Vux)ux — (VIpuy)
< [(V(ux = Zoua))uallo,x + [[(VZawua) (wr — Zoua)llo.x
< ua oo, [ux — Znun|t,x + [[VIhur] oo,k [|ux — Tnuxllo,x
< walloo 0Chicurllz, i + Chi [V Tnwallo, i w2, 5
(3.29) < Chi L||luall2,x,
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and then, using (3.16), we get

| = f + MVIhur)Znuy + VIupallo x
= [[Aux = A((Vur)ux = (VZpur)Zoua) — Vipx — Tnpa)llo,x
< [Auallo,x + CAhg Lljual2,x + Clipalliwx
(3.30) < C{(1 + A L)[|uallz, i + [[Pall1ws b

Item I is addressed using Lemma 3.4, (3.30) and (3.5), and Poincaré’s inequality
as follows:

1= )" (PX(f — M(VZhua)Zpux — VIupa), pE (M(Vwn)vn))
KeTy

<C Y NN = MVThun)Tnus — VIupallo.x | (Vwn)vnllo.x
KeTy,

<C > Mg L(1+ X L)|[Vwn o, hicl[vn oo,

KeTy,

SCARL(1+ARL) > [Vwnllox|vn]
KeTy,

(3.31) < CARL(+ AR L)|(wn, ta)[ll(vn, gn)ll-

0,K

Also, again using Lemma 3.4, the embedding of H2(Q) < L*° (), (3.7), (3.14), (3.15),
and the continuous embedding H'(Q) < L*(Q), item II is bounded as

M= >" (pEAVor)Tour + AMVTur)vn + Van), pf (A(Vwn)Thuy))

KeTy,

<CX DY {AIpE(Von)Znus + (VIaua)vy)|
KeTy,

0,K

+lpe (Van)llo,x Hipe (Vwn)Znws) o, x

<CA Z {Ahk(||(Vop)Trurllo,x + |(VZhux)vs|
KeTn

0,K)

+ hiIVanllo, x x| (Vwn ) T ||o,

<CAh Z Ak l[Vonlo, x| Zhua oo,k + Ak | VInwsllo,4, x| Vnl0,4,5
KeTn

+ hxl|Vanllo,x } || Vwn|

0,51 Zrntr]| co, K

< CARL{ABIVoillo.cllu .o + AR Varlloaalvnlosn + lanlos | IVwalos

S CARL{14+ A0 L} [(vn, qn)ll H(wn, tr)ll,
(3.32)
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and item III is bounded as

Il = — Z (pf()\(vvh)zh’u,)\ + /\(VIhU)\)’vh),pf(vth))K
KeTy

<CXh Z ([IVvRllo,x 1 Znwnl oo,k + [[VIZnwallo.a i [|vnllo.a,x ) hrc | ViEnlo,x
KeTy,

< CARAvilrollurllco.0 + [[Zhusllraellvnlosel [[tnllo.o

(3.33) < CARL[(vn, qn)ll (wn, t)]-
Therefore, from (3.31), (3.32), and (3.33) it follows that
(3.34)  ||A1 — DupFin(N\ Znun, Tnpx) |l c(vixon) < CARL (14 Ah)? (1+ AR L),

and the result follows for some hy < hy using analogous arguments. a

Along with the previous lemma, the next result states further properties of the
mapping F} and its derivative.

LEMMA 3.9. Assume the hypotheses of Lemma 3.8 hold. Therefore, there exists
a constant C', which does not depend on h or X\, such that

(3.35)  [IFu(A\ Znus, Tapa)l < Ch{AL*(1+ Ah)? (1 4+ h+ AR*L) + L} .

Furthermore, for each p > 0 and for all (v, qn) € Vi X Qp such that (v, qp)
belongs to the ball centered at (Zpux, Jnpy) with radius p, there exists a constant
C > 0, independent of h and A but depending on p, such that

| Dap Fr (N Znwun, Tnpa) — DupFrn(N, On, qn)ll2(vi,xon)
(3.36) SCAX{(1+ AR A+ A+ AL)} 1(Zhux — vn, Tupa — an)l -

Proof. We first note that Fj, (A, ux, px) = 0, and then using the linearity of T}, we
obtain

IFn (N, Zrux, Tupa) || = |1 Fn(X, Zowx, Tupr) — Fa(XA wx, pa)|l

IN

I(Zhus — wx, Tapr — 22 + 1Th(Gr (N, wx, D) — Gr(A, Zhus, Tnpr))|l

(3.37) = Si+ S

To estimate S; we use (3.11) and (3.16) and easily obtain

(3.38) Sy <ChL.
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Next, using the continuity of T}, (cf. Lemma 3.7) and the dual norm (1.4), it holds
that

So = | Th(Gr(X, ux, pa) — Gu(A, Znux, Tnpr)) ||

<C(14Ah)? » su[;”l (Gr(Nux,pxn) — G\, Zhux, Tupar)s (Vn, qn))
Vh,qn) <1

<C(1+Ah)? sup
ll(vn.qn)lI<1

{)‘((VUA)UA — (VIhux)Thux, vi)o

=) (PE(f + Aux — MVur)ux — Vpa), pK (A(Von)un))
KeTy

— Z pe —f + X(VZhupn)Zruy + VIwpy), pe (/\(vvh)IhUA))K
KeTn

- Z PE NV IThur)Ihuy — (VU,\)u,\),pf(th))K}
K€7—h

<C@A+Ah)?  sup {4+ 11410 + IV}.
l(wn,an)lI<1

As for the first term, using (3.29) and the Cauchy—Schwarz and Poincaré inequal-
ities, we have

= /\((VI}I’U/)\)I}I’U,A — (VU)\)U)\, 'Uh)Q
< AM(VZhur)Zruy — (Vur)us oo [|[vnloo
(3.39) < CARL? (v, qn)ll-

Since (uy, pa) is the solution of problem (3.1), then II = 0. We are left with bound-
ing ITT and IV, for which we use Lemma 3.4, (3.15) and the continuous embedding
H2(Q) < L>=(Q), and (3.30) as follows:

I = — Z (pE (= f + M(VThur)Ihuy + thp,\),pf(/\(vvh)zhux));(

KeTy,

<C 3" Ak =+ MVZhun)Thus + VIupallo.x [l (Von)
K€7—h

<C Y AEA(+ARL)
KeTy,

(3.40) < CAR*L* {1+ Ah L} [(vn, qn)ll.
As for item IV, we further use (3.29) and (3.7) to get

IV = Z (pf(/\(VIhu,\)IhuA — )\(VU)\)’U,)\),pf(th))K

K€7—h
<0 3 Mg 1(VThun)Thus — (Vuy) e (Van)lo,x
KeTy
<C Y ALhi|uallzx hil|Vanllo.x
KeTn
(3.41) < CAR? L2 (v, qn)-

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/25/19 to 130.159.82.88. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal s/ojsa.php

686 ARAYA, BARRENECHEA, POZA, AND VALENTIN

Gathering (3.39)—(3.41), we get
(3.42) Sy < CARL* (14 AR)? (1 + h + AR2L)

and thus, using (3.37) and the bounds given in (3.38) and (3.42), we establish (3.35).

Estimate (3.36) is addressed next. Let (up,pn), (Vn, qn), (Wh,h) € Vi X Qp with
l(wpn, )|l = 1. From the stability of the discrete Stokes operator in Lemma 3.7 we
get

I Dewp En (N, 0ny qn) (Wh, 7h) — Do p B (N Znwx, Tnpa) (wh, 7)) ||
= | Th(DupGr (N, Vs n) (Wh, 7h) — D pGr (A, T, Tnpa) (W, 7n)) ||
<C(14+Ah)?  sup  (DupGu(Xvn, an)(wh, )

l(zr,sp)lI<1
— Dy pGr(N, Zpux, Tnpa)(Wh,7h), (20, 51))
<C(1+Ah)?  sup

ll(zn,sn)ll<1

{ — ()\(VI}I’U,A)’UJ}I + )\(th)Ihu,\, Zh) + (/\(V'vh)wh + )\(th)vh, Zh)

+ Z (PE(F — M(VInux)Tnus — VIupa), pE (M(Vzn)wn))
KeTy,

=Y (PK(F = A(Von)vn — Van), pK (A (Vzn)w))
KeTn

- Z (pE (MVIThun)wp, + AM(Vwy)Tyuy + Vrh),pf(/\(Vzh)IhuA))K
KeTn

+ 3 (PE N Vvn)wn + MVwn)vn + Vra), pE (M(Vzr)vn))
KeTy,

— Z pe VIhuA)wh—l—)\(th)Ihu)\) f(VSh))K
KeTy,

+ Z pe A(Vop)wyp, + A(Vwp)vp),p (vsh))K}
KeTh

—C1+AR)?  sup {V+VI+VH+VIH+IX+X}.

ll(zn,sn)ll<1

We bound item V by using (1.5) as follows:

V= —)\ ((V(Ih’u,)\ — vh))'wh + (th)(IhU)\ — 'Uh), Zh)
< 2aX|Zpux — vil1,0|weliolzrl0

(3.43) < 20 AM[[(Znux = vn, Tnpx = au)ll I(wn, ra) | 1 (zn; 50l

and for item VI we use the Cauchy—Schwarz inequality, Lemma 3.4, (3.5), and (3.7)
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to obtain
VI=— > (pK(V(Tups — @), pE A (Vzn)wh))
KeTy,
<C\ Z hic |V (Tnpr — an)llo,x hi ||V zullo,x [[wn || oo, x
KeTy,
<CX DY 1Twpx — anllo.x|znl1.kllwnllo.x
KeTy,
(3.44) S CA(Zhux — v, Tnpx — an) 1 (zh, su)ll 1 (wn, ma) -

Following analogous steps, and using Poincaré’s inequality, we can establish the fol-
lowing estimates for items VII-X:

VII=— > AX(VIhun)Tnus — (Vou)ow), pX (A(Vzn)wn))
KeTy,

<ON Y B N(VIhua)Tnus — (Vor)vnlloxll(Vzn)whllo s
K€7—h

<ON Y hi|(VIhua)Tnus — (Vo)
K€7—h

< C’/\2{ Z hi||(VZhun)(Zpus — vp)lo,x
KeTy,

+ Z hi||(V(Zrux —'Uh))'vh|O,K}|Zh|l,§2|'wh|1,ﬂ
KeTy,

< m?{ > bkl VIhuallo g Zhts — vn ok
KeTy,

+ Z hi|V(Znuy —’Uh)|0,K||’Uh||oo,K}|Zh|1,n|wh|1,ﬂ
KeTy,

1/2 1/2
<CN < > ||VIhUA|37K> ( > 1 Zhus - ”h||(2),K>

KeTy, KeTy,

1/2 1/2
+ < > |Thus — vhﬁ,x) < > ||vh|3,z<> |znl1,0lwnli0
K€7—h K€7—h

< ON {lluallz.0 + |valr.0} 1 (Znux — va, Topx — @)l H(wn, o)l (25, s0)ll

(3.45) < ONAL + p} [(Znwx — vn, Tnpx — gl I (wn, ) |z s
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and
VI = — Z A (PE((V(Zhun = va))wh + (Vwn) (Zaus — 1)), 08 (A(Vzr)Zhun))
KeTy,
< C’/\2 Z h%”(V(IhUA - vh))wh + (th)(IhU)\ - ’Uh)| O)K”(VZ}L)I}L’U,)\”QK
KeTy,
<O\ Z {|Zhux — vn|1,kx ||lwnllo,x + [wa |1,k || Zhwx
KeTn

= vnllo,x }Hznl1 x| Znuallo, x
< CNL|(Znux — vn, Tnpx — an)ll 1 (wn, )| | (25, s0)l,
(3.46)

and
IX=— Z A (PE (Von)wp + (Vwn)vs + V), pE (M(Vzp) (Tnus — vr))) 4
KeTy

<CN D W |(Vow)ws + (Vws)on + Vrallo.x [|(Vzn) (Zawa — vn)llox
KeTy,

<CN > {lvnlxllwnllox + [walykl[onllox
KeTy

+ 17allo,x Hznl, k| Zhux — vh|
< C Nl |(Tnus — vn, Tnpa — an)ll [(wn, ) | (24, sn)l
(347) < CXN{L+ p} |(Tnur — vi, Tapx — an)ll I(wn, o)l | (0 sl

0,K

and

X == > APE(V(Zhur = vi)wn + (Vwn)(Znux — v1)), pE (Vsn))
KeTy,
<CA D hi [(V(Tnu — vi)wn + (Vws)(Znwx — vn)llo.x b [|Vsallo.x
KeTy,
<C A (|Zhur — val1,o |willoo + lwi el Znus — villo.e) sk oo
(3.48) <CM[(Znux — va, Tupr — au) I 1 (zhs su)l l (wh, ma)l -

Finally, gathering (3.43)—(3.48) the estimate (3.36) follows. O

We are now ready to prove the existence and uniqueness of a local branch of
discrete solutions and to present the main error estimate.

THEOREM 3.10. Assume the hypotheses of Lemma 3.8 hold. Therefore, there
is a positive constant ho(A) such that for all h with 0 < h < hg a unique branch
A = (wpn,pra) of solutions of problem (3.4) exists in a neighborhood of (wx,py).
Moreover, the following estimate holds:

1/2

sup {lurx —unalio+ Ipr —panalga} ™ < Ch,
€

where C = C(L,A) > 0 does not depend on h.
Proof. From Lemma 3.8 we have that D, ,F} (A, Zpux, Jppy) is an isomorphism
of Vi, x @y, onto itself for each A € A, provided that h supyc, A is sufficiently small.
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In addition, from (3.36) (cf. Lemma 3.9) we obtain that

I En (X, vhy qn) — Fo( A, wh, th) — DupFr(N Znux, Topr)[(Vh, gn) — (wh, ta)]||
< CNL)pll(vn, qn) — (wa, th)]l

for all (vp,qpn), (wh,tn) € B(Zrux, Tnpa);p). The two above facts constitute the
hypothesis of Theorem IV.3.6 in [17]. Hence, supposing that h is small enough such
as

40N, L) [{Dup Fr (N Tnwn, Tnpa)} Nz v, xany s Tnus, Tupa)l < 1

and applying (3.35) (cf. Lemma 3.9) and Theorem IV.3.6 in [17] we conclude that
problem (3.28) has a unique solution (up x,pn.x) € B((Znux, Tnpr);p), where p is
given by

p =2 {DupFrn(X Znux, Tupx)} leovisan 1FaX Znus, Tupa)|| < C(L,A)h,

and the result follows using (3.11), (3.16), and the triangular inequality. O

Remark 3. Tt is worth noticing at this point that the same results hold for the
simplified RELP method (2.4), since the operator pX o Ilx satisfies the exact same
properties as pX. In particular, Lemma 3.4 is valid for the former, and then all the
above proofs can be easily adapted to treat the simplified method.

We finish this section by briefly addressing the issue of how to recover a divergence-
free velocity field. We suppose that the finite element space for the pressure consists
of discontinuous functions and modify the approach from [1, 2] slightly by defining in
each K € Ty,

(3.49) Une, ) = Z Trllp([Onun\ + pran]) - ner,
FCOKNQ

where pp = £ 2"1—2 (x —xp), with p the opposite node to the edge F', stands for the
lowest order Raviart-Thomas basis function. Using (3.49), we build the nonconform-
ing velocity field @y, ) :=up x» + Upe,n Which is pointwise divergence-free and shares
the same convergence properties as up . This is stated in the following result.

LEMMA 3.11. Let us suppose that the discrete space for the pressure consists of
discontinuous functions. If up x is the solution of (3.4) and wnc  is given by (3.49),
then the velocity field @y x :=up,\ + Unc, satisfies

V-tapy=0 i each K € Tp,.

Moreover, under the hypothesis of Theorem 3.10, there exists a constant C = C(L, A) >
0, independent of h, such that

1/2
sup{ Z |u>\—ﬂh,>\|iK} < Ch.

AEA KeTy

Proof. The proof of the first part is a slight variation of Lemma 3.8 in [1],
and hence we omit it. The error estimate reduces to prove a bound on |[tne |1,k
which, after using the fact that 7 < Chp (see [2]), follows the same steps as in [1],
Lemma 3.9. d
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F1G. 4.1. Convergence history of ||[p—prllo,o (top left), |lu—up|o, (top right), and |lu—up|i o
(bottom). Here v = 1.

4. Numerical validations. This section is devoted to testing the new RELP
method (2.4) having as discrete spaces the pairs P?/Py and P?/P; (with continuous
pressures). In what follows, we first validate theoretical convergence rates through
a benchmark with an analytical solution. Next, we address more involved problems
representing a fluid flow around a circular cylinder and the standard lid-driven cavity
problem in the high Reynolds number setting, which constitute a more challenging
assessment of the present method.

4.1. A study of convergence. The domain is set to be the unit square 2 =
(0,1) x (0,1). We choose v = 1 and v = 1072, and f is such as the exact solution
w(z,y) = (u1(z,y), u2(z,y)) and p(x,y) of the Navier—Stokes equations is given by

ui(z,y) = e sin(y), wa(z,y) :=e" cos(y), plx,y):= —% e 4+ %(62 —-1).

We remark that the velocity is a harmonic function and then the RELP method is
fully consistent for the element P?/P;. In Figures 4.1-4.2 we provide the convergence
history using the norms ||p — prllo.q, || — urllo.q, and |u — up|1,q, where (up,pp) is
the solution of (2.4).

We observe that the numerical orders show a perfect agreement with the the-
oretical ones, plus a second order convergence for the pressure for the P?/P; case.
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FiG. 4.2. Convergence history of ||[p—pnllo,q (top left), |lu—up|o,o (top right), and |lu—up|1,0
(bottom). Here v = 1072,

TABLE 4.1
Error in the divergence, maxgeT;, |V- U k|, for P1/Po.

h 0.25 0.125 0.0625 0.03125 0.015625
v=1 8 x 10715 49%x 107 | 24x10713 | 1.4x 10712 | 5.7 x 10712
r=10"2 || 9.1x10712 | 26 x 10711 | 24 x 10~ 11 8 x 10~ 11 2.6 x 10~13

Next, for the element P?/Py we update the solution wuj, with (3.49) and produce the
divergence-free velocity field @, = up 4+ w,.. The results are given in Table 4.1 as-
suming different values for v. The procedure preserves the optimality of the error as
pointed out in Figure 4.3, in agreement with the theory.

4.2. The circular cylinder problem. The setting of the problem is given in
[21, 25] with the inflow velocity field set as (1.2 y (0.41—y)/0.41%,0)” and the viscosity
v = 1073. We assess the accuracy of the RELP method through its capacity to
correctly approximate some quantities of interest such as the drag (Cp), the difference
of pressure (Ap) measured at two points on the cylinder, and the maximum length
of the vortices behind the cylinder (L,). These quantities are compared to the ones
obtained from others numerical schemes in Table 4.2, where the results show that the
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FiG. 4.3. Conwvergence history of [ZKETh lu —up — uncﬁ K]1/2 for the updated velocity ty,

with the element P2 /Py. Here v =1 (left) and v = 1072 (right).

TABLE 4.2
Assessment of the RELP method.

[ [ Cp [Ap ] Lr
Schéfer and Turek [21] 5.58 | 0.1175 | 0.085
Medic and Mohammadi [19] || 5.65 | 0.121 0.082
RELP ]P’% x Py 5.54 | 0.1171 | 0.083
RELP P? x Pg 5.46 | 0.1149 | 0.084

FIG. 4.4. Streamlines around the cylinder with P2 x Pg (left) and P? x Py (right).

present method provides very competitive results. Figure 4.4 depicts the streamlines
of the flow around the cylinder using the P? x Py and P? x P; elements.

4.3. The lid-driven cavity flow. Next, a challenging test involving a high
Reynolds number flow is addressed. More precisely, we attempt to solve the lid-

driven cavity problem with f = 0 and v = ﬁ and consider a structured mesh of
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F1c. 4.5. Streamlines of the solution for P? x Py (left) and P? x Py (right) schemes. The
Reynolds number is 5000.

TABLE 4.3
Primary vortex center position.

Re || Ghia, Ghia, and Shin [16] | NSIKE [19] | RELP P2/P, | RELP P2/P;
5000 z=05117 z =053 z = 0.5285 z = 0.5298
y = 0.5352 y =053 y = 0.521 y = 0.5370

around 65,000 elements. We depict in Figure 4.5 the streamlines obtained using both
pairs of interpolation spaces. We can see that the method provides a well-balanced
dose of numerical diffusion as the secondary vortices are recovered. Also, the precision
of the RELP method is validated comparing the numerical solutions provided by the
present method with previously available reference solutions. We can see in Table 4.3
that such results are in accordance even if this example lies outside the theory.

5. Conclusion. New RELP methods made stable the simplest and lowest equal
order pairs of interpolation spaces for the fully nonlinear Navier—Stokes equations. In
the process of proving well-posedness and optimal convergence in the natural norms,
a new stabilized method for the Stokes model was also introduced and analyzed. In
addition, a simplified version of the RELP method was presented. This simplified
method shares the same desired properties of the original method, avoids the use of
two level approaches, and is computationally competitive. Next, this method was
combined with a simple postprocessing procedure to produce a locally conservative
solution which is optimally convergent in the discontinuous pressure case. As such,
the methods in this work may be seen as an appealing alternative to simulate complex
flows using the cheapest and simplest elements in a precise way while respecting the
divergence-free constraint exactly.

Appendix A. The discrete Stokes operator. The discrete Stokes operator
includes a formally new stabilized finite element method, given by the following: Find
(upn,pn) € Vi, X Qp such that

(A1) B((un,pn), (vn,qn)) = (w,vp) + (r,qn)
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for all (vn, qn) € Vi X Qp, where (w,7) € V' x Q is given, and B(.,.) reads as follows:

B((uh,pn), (Wn,qn)) :== (Vug, Vop) — (pr, V- vi) + (qn, V - up)
+ Y (K (Vpn). K (Van))

KeTy,
+ Axn(® V- un), \xn (2 V - vp)) K
hr
(A.2) + F;} T ([Onun + prn], [Onvi + ann]) p -

The next result establishes the existence and unicity of solution for (A.1).
LEMMA A.1. The mapping Ty, is well defined.
Proof. Defining the mesh-dependent norm

1(on, an)llh = [onlf o + D lIxn(an)l
KeTh

hp
+ > 15 10nvn+ aun] [
Fegy,

(2J,K+H)‘Xh(m V- ”h)”ak

and using (2.3) it is easy to realize that for all (vy,qr) € Vi X Qp

(A.3) B((vn,qn), (vn,qn)) = [|(vn, an) 17,

and thus the problem (A.1) is well-posed and the operator T}, is well defined. ad
LEMMA A.2. The operator Ty, is continuous. More precisely, there exists C > 0,
independent of h and \ such that

ITh(w, ) < € (14 A0)* [[(w, )l (v, <@y

for all (w,r) € (V x Q).
Proof. The proof follows standard arguments, but we present it here for com-
pleteness. Let (wp,pn) = Th(w,r). From (A.3) we see that

| (wn, pr) |7 = B((wn, pn), (wn, pn)) = (w,up) + (r,pn)
(A.4) < |wllv: lunlia + I7llq: lIpllo.q -

To bound the L?(Q)-norm of py, let z € Hy(2)? be such that

(A.5) Bllpnlloelzlie < (pr, V- 2),
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and let z; be the Clément interpolate of z. Then, integrating by parts, using that
(up,pn) is the solution of (A.1), (3.16), and (3.17) we arrive at

Bllpnlloalzlie < 0, V- (2 = 2z4)) + (pr, V - 21)
= - Z (Vph, 2z — zn)k + Z ([pnn], z — zn)F + (Vun, Vzp)
KeTy, Feé&y,
+ > (@Y - un), Wa (@Y - 20)) K
KeTy,
h
+ > 35 ([Onun + pan], [Onzal)r — (w, z1)
Feé&y
<C > bkl Vpnllo.klzliwe +C > i *Tpandllo.pl2 ),
KeTy, Fe&y

+ |unl1,0lzn1,0 + [[lwllvy [26]10
+C > Alxa(@V - wn)llo.xMxn (@Y - 2n)lo.x
KeTy,

(A6) ) b Onun + pumd o | [z

0,F -

Next, using the generalized Poincaré’s inequality and the fact that |z|1 x < Chg and
(3.16) we obtain

[Ixn () 0,5

(A7) Xk (2V - 21 |K|[1/2

IV - zhllo.x < Chi |||

0K = 1wk

and then (3.6), (3.7), (A.6), and the mesh regularity lead to

Bllpnllo.olzla < C{ Y bl Venlia + Y hellpan]ls p

KeTn Fe&y

1/2
+ [ (wns o) lI7, + II’wI%wh}

1/2
{|z|%,g+ 5 A2h%<||zliwk}

KeTh

1/2
(A.8) < C {llunpu)l + lwldy } (14 A0 [2l10,

and dividing by |z|1,o we arrive at

1/2
(A.9) Iprllo.c < € (14 AR) {liCun, pa)lF + Ilwlly, }

Then, using (A.9) in (A.4), and ab < a® + 1 b? with a, b € R, we arrive at

I un o)l < € (ol + (1+ A0 rl3,)
(A.10) <A+ (]}, +1Irll%, ),
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and then replacing this in (A.9) it holds that
Ipnllo.e < C (1 +AR)? (Jwllvy + lIrllg;)-

)1/2

Finally, the proof ends remarking that ||(wn,pp)l| < (||(wn,pn)||7 + ||th37Q and

using [|wllvy + [I7llg; < Cl(w,r)l[(v,xq,y- O
LEMMA A.3. There exists a constant C' > 0, independent of h and A such that
for all w € L?(Q)? it holds that

(A.11) (T = Th)(w,0)| < C (1 +A0)*h ||Jwllo -

Proof. Let (u,p) = T(w,0) and (wp, pr) = Tr(w,0). The proof reduces to prove
the error estimates

(A.12) [(w—wn,p—pn)lln < C A+ Ah)h([ull2.a+ [|plle),
(A.13) 1P = prlloe < C(L+Ah)?h(|lullz0 + |p|

1,0)

and then applying classical regularity results for the Stokes problem (cf. [17]). To prove
(A.12) we split the error into interpolation error (n*,nP) := (u — Zp(u),p — Jn(p))
and discrete error (e}, e}) := (Zn(w) — wp, Jn(p) — pr). Then, using the stability and
approximation properties of xy,, the fact that w is solenoidal, (3.11)—(3.17), and the
mesh regularity we obtain

1) h = I Fa+ D Ixanm)Gx + IXxa@V - 1*)13 «
KeTy

hr
+ 3 5 oan™ +wnll -
Feé&y,

A2 [xn ()13 x
<SOR? |ul3 o +IIn"l5 e+ Y~ IV - Zn(w)l§ «

KeTy, |K|
+ O Z h’% (|’u’|§,u)F + |p|%,wp)
Feé&y
< CR([ul3 o+ pl3a) +C > MLV - 0|3 &
KeTy,
(A.14) < CR((1+Nh?) |ul3q + Ipliq) -

Next, using arguments very close to the analysis from [1] we can prove that

(A.15) |

(e, et)ln < C(1+ Ah)h(|ul2,0 + |pl1,0),

and then (A.12) follows using the triangle inequality. To prove (A.13) we use the
continuous inf-sup condition and the definition of the method. We omit further details
and refer to [1] for an analysis that can be easily adapted to the present case. O

Appendix B. Uniqueness of the discrete solution. We start assuming that
A is small enough so that (3.4) reduces to (3.27). Let (upx,pnr) € Vi X Qp be a
solution of (3.27), and observe that from (3.28), (wp,x,pr,x) corresponds to a fixed
point of the operator —T;Gj. The proof then reduces to prove that the operator
—T3 G}, is a strict contraction in B := {(vp,qn) € Vi X Qn = |[(vn,qn)| < 1} and
then use Banach’s fixed point theorem.
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Let (uwp,pn), (vn,qn) € B. Using Lemma 3.7 and the definition of operators T}
and G}, it holds that

IThGr(N, wn, pr) — ThGR(N, VR, qn)l
- |||Th(Gh(A7uh7ph) - Gh()\a Vh, Qh))m
< C(1+ Ah)? sup  (Gr(N un,pr) — Gh(N, vn, qn), (wh, th))

ll(wn,tn)lI<1

< C(1+Ah)? sup

ll(wn,tn)lI<1
{)\((Vuh)uh — (V'vh)vh, wh)

=Y (E(F = M(Vun)un — Vpr), pE (MVwn)un))
KeTy

= > (PE(=F + MVvn)vn + Var), pE AN Vwr)on))
KeTh

_ Z pE (AN (Vop)v, — (vuh)uh)apf(Vth))K}

KeTn

< CO(1+ Ah)? sup

l(wn,tr)lI<1
{)‘((vuh)uh — (Vop)vp, wp)

= > (PE(F = MVun)un — Vi), pE (M(Vwi) (un — v1))) 5
KeTy

=Y (PE(M(Vun)un — (Vor)vn) = V(e = gn)), pE (M(Vwa)vn))
KeTy

_ Z pe V'vh vh — (Vuh)uh),pf(vth))l(}

KeTn

(B.1) =C(1+AR)?  sup {I+11+111+1V}.

ll(wn,tn)lI<1
Regarding item I above, we use (1.5) and the definition of the norm || - || to get

I = /\((Vuh)uh — (V'vh)vh, wh)
= AM(V(up —vn))up — (Vor)(vn — up), wp)
< ar|up —vplelun|io|wi|io + [vslLelur — vilio|lwilia)

(B.2) < aM[[(wn, pr) — (vn, qn)llll (wn, t)]-

To bound item II, we employ (3.5), (3.7), (3.19), the Holder and Cauchy—Schwarz
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inequalities, and the definition of the norm || - || as follows:

I=— > (pK(f = MVun)un — Vpr), pEK (N(Vwy) (ur, —v4)))

KeTy,
<C Z ARG F = M(Vur)un — Vopllo,x | (Vws) (un — vi)|lo,x
KeTy,
0,5 + AlIVunlorllwn oo,k
KeTy,
KeTy,

<COA {hl\fl\o,n + Ml (s o) |I* + |||(uh,ph)|||} (e, pr) = (On, gn )l (wn, t)|
(B.3) < CM Al fllo.o + A+ 1} [[(wn; pr) = (v, gn) [l (wn, ta)]-

The terms III and IV are bounded using arguments similar to the ones used for II,
thus giving

I =— > (pK(=M(Vun)un — (Vor)vn) = V(pn — qn)), pE (A(Vwn)vn)))
KeTy,

<COX Y BEIM(Vun)un — (Vor)vn) + Von — an)llo.x |vn o,k 1wl 1k
KeTn

< CAN AU (wn, pr)ll + 1 (vn, gn)ll) + 1} I (vn, gn)l
I (wn, pr) — (On, qn)ll(wn, )]
(B.4) < COX{2X + 1} [(un, pr) — (Vn, qr) [l (wh, ta)]

and
IV =— 3" (pE(\Vor)vn — M(Vun)un), pk (Vtn))
KeTh
(B.5) < CAl(un, pr) — (vn, gn)lll (wn, t)l-

Collecting the bounds (B.2), (B.3), (B.4), and (B.5), inequality (B.1) becomes
17w Gr(A, wh,pr) — ThGr(A, vn, an)||
< CM4 43X+ bl fllo,} (1 + M) [[(wn, pr) — (v, qn)|

and thus the result follows under the assumption that A is such that CA{4 4+ 3\ +
(1+Ah)?
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