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Abstract

In this paper we propose and analyze a new conservative mixed finite element method for
the Navier-Stokes problem posed in non-standard Banach spaces. Our approach is based on
the introduction of a pseudostress tensor relating the velocity gradient with the convective
term, leading to a mixed formulation where the aforementioned pseudostress tensor and the
velocity are the main unknowns of the system. Then the associated Galerkin scheme can
be defined by employing Raviart—Thomas elements of degree k for the pseudostress tensor
and discontinuous piecewise polynomial elements of degree k for the velocity. With this
choice of spaces, the equilibrium equation is exactly satisfied if the external force belongs
to the velocity discrete space, thus the method is conservative, which constitutes one of the
main feature of our approach. For both, the continuous and discrete problems, the Banach—
Necas—Babuska and Banach’s fixed point theorems are employed to prove unique solvability.
We also provide the convergence analysis and particularly prove that the error decay with
optimal rate of convergence. Further variables of interest, such as the fluid pressure, the fluid
vorticity and the fluid velocity gradient, can be easily approximated as a simple postprocess
of the finite element solutions with the same rate of convergence. Finally, several numerical
results illustrating the performance of the method are provided.
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1 Introduction

The Navier—Stokes (NS) problem is one of the most challenging problems in different areas of
mathematics and particularly the numerical analysis community has been working for decades
in the devising of accurate and efficient numerical methods to approximate the solution of NS,
all of them with pros and cons. Probably, the most commonly used methods by engineers to
approximate the solution of this important problem are those based on conforming discretiza-
tions of the classical velocity-pressure formulation, mainly because they are relatively cheap and
easy of implementing. Actually, in most of the softwares designed to solve partial differential
equations, such as Freefem++ and Fenics, the classical families of finite elements for the Stokes
problem are already available (see [22] for a detailed study of these classical families). However,
it is well-known that, in general for flow problems, conforming H'-discretizations lead to non-
conservative methods, as it is the case of conforming velocity-pressure discretizations of NS. In
order to circumvent this lack of conservativity, many researchers have turned to other type of
discretizations, such as Finite Volumes and Discontinuous Galerkin methods, among others (see
for instance [8, 9, 26, 27, 29], and the references therein).

One of the classical approaches to obtain conservative methods for flow problems is the
discretization by means of mixed finite element methods. In fact, since the equilibrium equation
is discretized at the same time with the constitutive equation, by construction, they are naturally
conservative. This is the case, for instance, of pseudostress-based mixed methods for the Stokes
equations (see e.g. [2], [15], [19], [20], and the references therein). In fact, by introducing
a presudsotress tensor o, relating the gradient of the velocity with the pressure, the Stokes
equations can be rewritten as a first—order system of equations, where the equilibrium equation
has the form —div o = f, with f being the datum, thus leading to a conservative scheme. There
are other two advantages to utilize mixed methods, particularly for fluid-flow problems. On the
one hand, they have a natural applicability to non-Newtonian flows. Indeed, since in this case
the constitutive equation is nonlinear, the stress cannot be eliminated, and hence it becomes
an unavoidable unknown in the corresponding solvability analysis. Actually, they allow for a
unified analysis for linear and nonlinear flows (see e.g. [12, 18, 21, 24]). On the other hand,
further variables of interest can be approximated without loosing any accuracy (see e.g. [6]).

In recent years, the study of dual-mixed formulations for fluid-flow problems has been also
extended to the Navier-Stokes equations. In particular, Farhloul et al. in [13] and [14] extended
the analysis of dual-mixed formulations for the Stokes equations to the Navier—Stokes problem.
They introduce the strain tensor (in [13]) and the velocity gradient tensor (in [14]) as the main
unknowns of the systems and derive quasi-optimal numerical methods for the fluid flow problem.
In turn, in [5] (see also [3] and [4]), Cai et al. extended the analysis of pseudostress-based mixed
methods for the Stokes problem to the Navier—Stokes equations. They introduce and analyse a
conforming Hdiv method for a pseudostress-based mixed formulation of accuracy O(th_n/ 6)
in the L? norm, with & > 0 being the polynomial degree and n = 2,3. Later on, in [25],
Howell and Walkington, introduced a new dual-mixed finite element method for the Navier—
Stokes problem, considering the velocity gradient (in L?), the velocity (in L?) and a modified
pseudostress (or stress) tensor (in Hdiv) linking the gradient of the velocity and the pressure
with the convective term, as the main unknowns of the system. Since the analysis hinges on non-
standard inf-sup conditions, in [25] the authors propose new families of finite elements obtained
by enriching well-known families of finite elements designed for the elasticity problem, such as
the Arnold-Falk—Winther and PEERS elements. With these spaces it can be proved optimal



convergence with a computational cost relatively high. Finally, in [6] it has been introduced a
new augmented-mixed finite element method for NS where, similarly to [25], it is introduced
a non-standard pseudostress tensor relating the gradient of the velocity with the convective
term in such a way this pseudostress (in Hdiv) together to the velocity in H' are the only
unknowns of the system and the pressure, as well as other variables of interest, can be recovered
by employing a simple post-processing procedure. In [6], well-posedness of the continuous and
discrete problems, as well as optimal convergence, are obtained owing to the incorporation of
Galerkin least-squares type terms in the formulation, which prevents, as it is also the case of
the aforementioned works [5] and [13], the obtaining of a conservative method.

According to the above discussion, and with the idea of contributing with new methods to
approximate the solution of NS, in this paper we introduce and analyze a new H div-conforming
finite element method for the stationary Navier—Stokes problem with constant viscosity, which
up to the author’s knowledge, is the first conservative conforming method for NS. Our approach
consists in rewriting the corresponding system of equations in terms of the pseudostress tensor
previously utilized in [6], say o, in such a way after eliminating the fluid pressure from the
system, a first-order set of equations can be derived. One of the advantages of employing this
procedure is that the equilibrium equation can be written in the form —dive = f, as for the
Stokes equations, allowing us to derive our conservative scheme. Differently from [6], instead
of considering the velocity in H', and consequently enriching the formulation with Galerkin
least-squares type terms, we introduce non-standard Banach space for both unknowns, the
pseudostress o and the velocity u, in such a way well-posedness of the continuous problem can
be proved by means of the Banach—Necas—Babuska theorem, a fixed—point strategy and a small
data assumption. For the associated Galerkin scheme we employ Raviart—Thomas elements of
degree k > 0 to approximate o and discontinuous piecewise polynomials of degree k for u and
apply the same arguments utilized for the continuous problem to prove unique solvability. In
turn, we derive the corresponding Cea’s estimate and prove optimal convergence of our method,
which is confirmed with the respective numerical tests below.

The rest of this paper is organized as follows. In Section 2 we present the main aspects of
the continuous problem. We reformulate the fluid flow problem as an equivalent first-order set
of equations and derive our mixed variational formulation. In Section 3 we introduce the fixed—
point strategy and apply, firstly, the classical Banach—Nec¢as—Babuska theorem, and secondly,
the Banach’s fixed—point theorems, to prove that the associated fixed—point operator is well
defined and that the continuous problem is uniquely solvable, respectively. Next, in Section 4
we introduce and analyze the associated Galerkin scheme by mimicking the theory developed
for the continuous problem. In addition, we establish the corresponding Cea’s estimate and
prove optimal convergence of the method. Finally, several numerical results illustrating the
good performance of the method, are reported in Section 5.

2 The model problem and its conservative mixed formulation

2.1 Preliminaries

Let us denote by 2 C R™, n € {2,3} a given bounded domain with polyhedral boundary T,
and denote by n the outward unit normal vector on I'. Standard notations will be adopted for
Lebesgue spaces LP(2), with p € [1, 00] and Sobolev spaces W P () with r > 0, endowed with
the norms || - [|p() and || - [[wre(q), respectively. Note that W %P(€) = LP(Q) and if p = 2, we



write H"(2) in place of W ™2(Q2), with the corresponding Lebesgue and Sobolev norms denoted
by ||-llo.c and ||-||-.q, respectively. We also write |-|,.q for the H-seminorm. In addition, H'/2(I")
is the spaces of traces of functions of H'(Q) and H~/2(I") denotes its dual. With (-, -) we denote
the corresponding product of duality between H'/?(I') and H~'/2(I"). By S and S we will denote
the corresponding vectorial and tensorial counterparts of the generic scalar functional space S.
In turn, for any vector fields v = (v;)i=1,, and w = (w;)i=1,, we set the gradient, divergence
and tensor product operators, as

Ov; 0
Vv = < Y ) , divv:= E 8ZJ and VO W = (0;w))ij=1n-
i,j=1,n J

In addition, for any tensor fields 7 = (Tij)i,jzlm and ¢ = (Cij)ij=1,n, we let div 7 be the
divergence operator div acting along the rows of 7, and define the transpose, the trace, the
tensor inner product, and the deviatoric tensor, respectively, as

1
7' = (Tij)ij=1m, ZTw TiC= Z i, and 7= - R (L @21

i,j=1

where I is the identity tensor in R™*". For simplicity, in what follows we denote

(v, )0 ::/va, (v, W)o ::/Qv~w, (v, W)r ::/Fu-v and  (r,0)a ::/Qr:c.

Furthermore, we recall that the Hilbert space
H(div;Q) := {r e L*(Q): divr € L*(Q)},

equipped with the usual norm |73, ¢, = H7'||0’Q + HdiVTHaQ is standard in the realm of mixed
problems. However, in the sequel we will make use of the tensor version of H(div; 2), namely

H(div;Q) = {r € L*(Q): div T e L*Q)},

2
whose norm will be denoted || - ||giv 0. In turn, given p > 7712, in what follows we will also
n

employ the non-standard Banach space H(div, ;£2) defined by
H(div,;Q) := {T € L*(Q) : div T € L?(Q)}, (2.2)

endowed with the norm

) . ) 1/2
I llaivy 0 = (17130 + Idiv TIZa) -
Finally, for any scalar function v, we define the sign function sgn, given by

1 if v>0,
sen(v) =13 1 i <o

It is quite clear that for a given v, there holds vsgn(v) = |v|. For a vector function v = (v;)i=1,n,
we extend the sign function as follows: sgn(v); = sgn(v;) and observe that sgn(v) - v =
|vi| + |va| + ... + |vp|, hence

[v] <sgn(v) v < /n|v|. (2.3)
Note also that, for all v € R™ we have the property [sgn(v)| = /n. Above, |- | denotes the
absolute value or the Euclidian norm in R"



2.2 The steady-state Navier—Stokes problem

Let Q@ C R n € {2,3} be a bounded domain with Lipschitz boundary I" and let v > 0, u
and p be the viscosity, the velocity and the pressure, respectively, of a viscous fluid occupying
the region €2, whose movement is described by the incompressible steady-state Navier—Stokes
equations with Dirichlet boundary condition:

—vAu+(u-V)ju+Vp = f in Q,

diva = 0 in €,
(2.4)
u = up on I,
(p,1)g = 0.

Above, f represents an external force acting on €2 and up is the prescribed velocity on T,
satisfying the compatibility condition:
(uD - n, 1)1’* = 0.

As we already mentioned before, we are interested in deriving a conservative mixed method
to approximate the solution of (2.4). To that end, we proceed analogously as in [6] and write
(2.4) as an equivalent first-order set of equations by introducing the “nonlinear-pseudostress”
tensor

oc=vVu—pl —u®u in Q. (2.5)
Notice that from the incompressibility condition divu = tr (Vu) = 0 in Q, there hold
diviu®u)=(u-V)u in Q and tr(c)=-np—tr(u®u) in Q. (2.6)

In particular, the second equation in (2.6) allows us to write the pressure p in terms of the tensor
o and the velocity u as
p= —%(tr (o) +tr(uou) i Q (2.7)
which in turn, together to (2.5), leads us to the equation
ocl=vVu- (uouw? in Q.

On the other hand, from (2.5), and the first equations of (2.4) and (2.6), we easily get the
equilibrium equation
—dive =f in Q
which, as we will see later, will allow us to derive our conservative method.
Finally, from (2.7) we observe that the condition (p,1)q = 0, ensuring the uniqueness of
solution of problem (2.4), is equivalent to

(tr(o) +tr(u®mu),1), = 0.
According to the above, we rewrite equations (2.4) equivalently as follows
ocl=vVu— (ueuw? in Q —dive =f in Q,

(2.8)
u=up on I, (tr(0),1)o = —(tr (u®u),1)q,

where the unknowns of the system are the tensor o and the velocity u. The pressure p can be
easily computed as a postprocess of the solution by using (2.7).

In the sequel we employ the set of equations (2.8) to derive our conservative mixed formu-
lation.



2.3 Derivation of the conservative mixed variational formulation

Here, we derive our conservative mixed problem and define the forms and functionals involved.
First, multiplying the first equation of (2.8) by a tensor 7, living in a suitable space, say X,
which will be described next, integrating by parts, utilizing the Dirichlet boundary condition

u=up on I', and the identity o : 7 = 0% : 7%, we obtain

1 1
—(e%, 7)o+ (div 7, u)o + ~(u®u,7%)g = (rn,up), VreX
v v
In addition, the equilibrium equation div o = —f is imposed weakly as follows
(dive,v)g=—(f,v)q, VveM,

where M is a suitable space which will be also described next. Then, at first, we have arrived
to the following weak problem: Find (o, u) € X x M, such that (tr (6),1)qo = —(tr (u®u), 1)q,
and:

L a4 . 1 d
Il d Il _
V(a’ 7 + (div T,u)q + V(u@u,T o (Tn,up), (2.9)

(div o,v)qg = —(f,v)q,

for all (7,v) € X x M.

Now we turn to specify the spaces X and M. To that end we notice first that the term
1o, 79)q is clearly well defined if o, 7 € L?(Q2). However, if 7 € L%() the term (u® u,7%)g
forces the velocity u, and consequently the test function v, to live in L*(Q). Moreover, the latter
implies that terms (div o,v)q and (div 7,u)q are well defined if div o and div T belong to
L*/3(Q). According to the above, and to the definition (2.2), we deduce that the equations of
(2.9) make sense if we choose the spaces X and M as follows:

X :=H(divy/3;Q) and M:=LYQ).

Remark 2.1 We observe that the spaces X and M chosen above for the variational problem
(2.16) are consistent with the spaces of the classical velocity-pressure approach for the Navier-
Stokes equations: Given £ € L*(Q) and up € HY2(T), find (u,p) € H'(Q) x LZ(Q) such that
u‘[‘ = up and
v(Vu,Vv)q + (Vu)u,v)g — (p,divv)g = (f,v)q,
(2.10)
(Q7 div u)Q =0,
for all (v,q) € H{(Q) x L3(Q). In fact, if (u,p) € HY(Q) x LE(Q) is the solution of (2.10), then
clearly u € L4(Q) and
o=vVu—-pl—u®u € L*Q). (2.11)

In turn, from to the first equation of (2.10) we have that
(vVu—pl,Vv)g = —((Vu)u — f,v), Vv e[CQ)]",

which in the distributional sense means that vAu — Vp = (Vu)u — £ in Q. Hence, since u
belongs to L*(R), it follows that (Vu)u is in LY3(Q), which implies that

dive = vAu— (Vu)u — Vp € LY3(Q), (2.12)

In this way, from (2.11) and (2.12) we find that the definition of the space H(divy,3;) for the
unknown o is coherent with the classical velocity—pressure formulation of problem (2.4).



According to the above, defining the forms a : X x X - R, b : X xM — R and c¢ :
MxMxX—=Ras

1
a(o,T) = ;(O’d,Td)Q and b(r,v):= (div 7,v)q, (2.13)

1
c(w;v,T) = ;(W ®v,7%)q, (2.14)
and the functionals F' € H(div,/3;Q)" and G € L4(Q) as
F(t) := (tn,up) and G(v) = —(f,v)q, (2.15)

which according to Lemma 3.5 below are well defined if the data f and up belong to L*/3() and
H'/2(I"), respectively, problem (2.9) now reads: Find (o, u) € X x M, such that (tr (¢),1)q =
—(tr(u®u), 1)q, and

a(o,7) + b(r,u) + c(uyu,7) = F(r) VreX
(2.16)
b(o,v) = G(v) VYveM.

We end this section by mentioning that, from now on, and for the sake of simplicity, the
norms for the spaces X, M and for the product space X x M, will be denoted, respectively by

[ O [ VR S (GO I I P R 8

3 Analysis of the continuous problem

In this section we combine the classical Banach—Nec¢as—Babuska and Banach fixed—point theo-
rems to prove the well-posedness of (2.16) under a suitable smallness assumption on the data.
We begin by introducing the corresponding fixed-point operator.

3.1 The fixed—point operator

Before introducing the associated fixed—point operator, let us first recall that the bilinear form
a(-,-) (cf. (2.13)) is defined in terms of the deviatoric part of the corresponding tensors, and
then, an eventual ellipticity of a, which as we will see later is needed to prove the well-definiteness
of the associated fixed-point operator, is not feasible in the space X. Therefore, to overcome this
drawback we proceed similarly as in [6] and introduce an equivalent version of problem (2.16).
To that end, let us define the space

Xo:={T € H(div4/3 Q) ¢ (tr(7),1)q =0},
and observe that the following decomposition holds:
X=Xo & P(Q)],

ie. Py(Q)Lis a topological supplement for X, where Py(€2) is the space of constant polynomials
on ). More precisely, each 7 € X can be decomposed uniquely as:

T =719 +cl, with 79 € Xy and c:

1
= — 1 R. Nl
n|m(tr T,1)q € (3.1)



Now, assume that (o,u) € X x M be a solution of (2.16) and define the tensor
1
o9 =0+ m(tr (u®u), 1)l (3.2)
It is clear that
oo € Xg if and only if (tr(o)+tr(u®u),1l)q =0.
Then, owing to (3.2) and (3.1), and after simple computations it is not difficult to see that
(o0, u) is a solution to problem: Find (o9, u) € Xy x M, such that

a(oo,7) +b(T,u) + c(wu,7) = F(7),
(3.3)
b(op,v) = G(v),
for all (1,v) € Xg x M. Actually, it can be readily seen that problems (2.16) and (3.3) are
equivalent. This is established in the following lemma. We omit the proof since it is straight-
forward.

Lemma 3.1 If (o,u) is a solution of (2.16), then

1
(op,u) = <a’—|— m(tr (u®u), 1)l u> (3.4)
is a solution of (3.3). Conversely, if (oo, 1) is a solution of (3.3), then (o, u) = (ao—ﬁ(tr (u®

u), 1)ol,u) is a solution of (2.16).

Let us now define the fixed-point operator. To do that, let us introduce the bounded set

2
K := {v eEM : |[v|m < S (CFHuD||1/2,F + HfHL4/3(Q)) } ; (3.5)

with v and CF being the positive constant defined below in (3.29) and (3.24), respectively. Then,
we define our fixed-point operator as

J: K=K, w—Jw) =u, (3.6)

where, given w € K, u is the second component of the solution of the linearized version of
problem (3.3): Find (o, u) € Xy x M, such that

a(UaT) + b(T7u) + C(W; uaT) = F(T) V1 e X,

(3.7)
b(o,v) = G(v) VveM.
According to the above, we have the following relations
Ju)=u < ((og,u)) € Xg x M satisfies (3.3)
(3.8)

& (o9 — ﬁ(tr (u®u),1)ol,u) € X x M satisfies (2.16).

In this way, in establishing the well-posedness of (2.16), or equivalently (3.3), it suffices to prove
that J has a unique fixed-point. Before proceeding with the solvability analysis, we first state
the stability of the forms and functionals involved and the well-definiteness of the fixed-point
operator J.



3.2 Well-definiteness of J

According to the definition of J (cf. (3.6)), it is clear that to proving that operator J is well-
defined it suffices to prove that problem (3.7) is well-posed. To do that we first verify the stability
properties of the forms and functionals involved. We begin by establishing the continuity of the
forms a, b and ¢, which can be easily deduced from the Holder inequality

. 1 1
/Q’f9| < fllee@llglla)y, VfeLP(Q), Vge L), with » + P L. (3.9)

Indeed, using inequality (3.9), we readily deduce that

1
la(o, T)| < ;HO’”XuTHX Vo, T €X, (3.10)
b(T,v)| < |ITlxllvlm V7TeXVveM, (3.11)
and 1
lc(w; v, )| < ;HWHMHVHM”THX VreX,Vw,ve M. (3.12)

Now we recall the next two classical estimates that will be employed in the upcoming results:

1,0 < CP”LU|17Q Yw € Htl)(Q) (3.13)

lw
and
[wllir@) < Csapllwlie Ywe HY(Q), forr>1ifn=2o0rr¢c(l,6]ifn=3, (3.14)

with Cp > 0 and Cg,, > 0 depending only on [©2]. (3.13) can be deduced from [28, Theorem
1.3.3] whereas (3.14) can be found in [28, Theorem 1.3.3]. In turn, after a slight modification of
the proof of [17, Lemma 2.3] it is not difficult to see that the following result holds.

Lemma 3.2 There exists Cq > 0, such that
CallmIa < I171Bq + Idiv T2sq V7 € Xo. (3.15)

Proof. Given T € Xp, and denoting by z the unique element in {w € H}(Q) : divw =
0 in Q}+ such that

divz=tr(7) and |z|i,0<C|tr(7T)]ogn, (3.16)
using (3.9), (3.14) with p =r =4 and ¢ = 4/3, (3.16) and following the same steps employed in
the proof of [17, Lemma 2.3], it can be readily seen that

i (30 < nCllzl 0 {1aiv T2y + 17130}
which together to the definition of 7¢ (cf. (2.1)) implies the result. O
We now let V be the kernel of b, that is
Vi={reXg:b(r,v)=0,VveM} ={r€Xy: (divT,v)q=0,Vv e M}.
It is clear that V can be characterized as follows
V={reXp: divr=0inQ}.

The following lemma establishes the ellipticity of a on V, whose proof is a direct consequence
of (3.15).



Lemma 3.3 There holds,
a(r,7) > ot} VreV, (3.17)

with o == Cy/v.
Now we provide the corresponding inf-sup condition of the bilinear form b
Lemma 3.4 There holds,

b(t,v)
sup
0#£71€X) HTHX

>Blvim Vv e M, (3.18)
with
B = (n+nCpC3,) /2.

Proof. We proceed similarly to the proof of [7, Lemma 2.1]. In fact, given v € M, we let
h(v) := |v|®*sgn(v) and observe that

()", 1)a = (Jv|*lsgn(v)[*?, 1)a = n*(Iv[*, 1) < +oo, (3.19)

which implies that h(v) € L*3(Q). Then, defining ¥+ = —Vz + n!lm(div z, 1)1 € L*(Q), with
z € H}(Q) being the unique solution of the variational problem

(Vz,Vw)g = (h(v),w)g VwecHL)Q), (3.20)
it readily follows that

divi =h(v) e LY3(Q),  (tr(F),1)q =0, (3.21)
and, consequently, 7 € Xy. Moreover, from (3.19) we have

div Flla/aga) = MOy = Vv (3.22)
On the other hand, from (3.20) with w = z, (3.22) and the Holder inequality (3.9), we obtain

2l = (V2,V2)a = (h(v),2)0 < [hV)llgos @zl = Valviddlzl,
which together to (3.14) with r = 4 and (3.13), implies
Izl 10 < VCupCrlviir-

From the latter, it readily follows that

il

1 ' 1/2
00 = {zﬁ,ﬂ - m(dwz, 1)5} < zll0 < VaCsuCr|IvIRi;

which combined with (3.22), yields
17l < B~ IV (3.23)
with 8 := (n +nC%0%,,)""/2. In this way, from (2.3), (3.21), and (3.23), it follows that

b(r,v) _ b(7.v) _ ,(v.h(v))o _ (IvP’sgn(v),v)o

sup > o > =p > Bllvlims,
o£rex, |ITx 17 1lx IvIRa [N
which concludes the proof. O

Finally, we establish the continuity of the functionals F' and G.
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Lemma 3.5 There hold:
[F ()] = [(tn,up)| < CrllupllzrlTix (3.24)
and
GV = |(F, v)al < [Ifllpas@lviim, (3.25)
where Cr is a positive constant depending on Cgeop (cf. (3.14)).

Proof. The proof of (3.25) is straightforward. Now, for (3.24) let us first recall that given
T € H(div;Q), the normal trace 7n is defined as the functional in H~/2(I") given by (see e.g.
[17, Section 1.3.4])

(tn, &) = (1, VA5 (€))a + (35 1(€),div T)q V€& HY(I), (3.26)

where 7, ' : HY/2(T') — [H}(Q)]* is the right inverse of the well known trace operator 7o :
H'(Q) — HY2(T). Then, since 7, '(£) € H(Q), owing to the Sobolev embedding H!(Q) C
L4(9), the last term in (3.26) is still well defined if div 7 € L*3(Q). This implies that 7n €
H-'/2() for all T H(divy/3;€2), and then F (cf. (2.15)) is well defined. Moreover, using
(3.14) it readily follows that there exists Cr > 0, such that

(0, &) < CrlTlxl€ljor, V7 €H(divys:Q), V€€ HYA(I),
which implies (3.24). O
Let us now define the bilinear form A : (X x M) x (X x M) — R given by
A((o,u),(T,v)) :=a(o,7) + b(T,u) + b(o,v). (3.27)

Owing to (3.10) and (3.11), it is clear that A is bounded. Moreover, from (3.17), (3.18) and [11,
Proposition 2.36] it is not difficult to see that the following inf-sup condition holds:

vy AlC2).(rv)
T (o]

(G2l V(¢ 2) € Xox M, (3.28)

with
Cypmin{l, v}

T )WE+ 1) (3:29)
Now, we are in position of establishing the well-definiteness of 7.
Theorem 3.6 Assume that
5 (Crllullyar + flgamie)) < 1 (3.30)
Then, given w € K, there exists a unique u € K such that J(w) = u.
Proof. Given w € K, we begin by defining the bilinear form:
Aw((o,u),(1,v)) = A((o,u),(T,v)) + c(w;u, 1), (3.31)

11



where A and c are the forms defined in (3.27) and (2.14) respectively, that is
Ay ((o,u),(T,v)) =a(o, )+ b(T,u) + b(o,v) + c(w;u, 7).

Then, evidently problem (3.7) can be rewritten equivalently as: Find (o,u) € Xy x M, such
that
Ay ((o,u),(T,v)) = F(T)+G(v) V(r,v) € Xp x M. (3.32)

Therefore, to prove the well-definiteness of 7, in the sequel we equivalently prove that problem
(3.32) is well-posed by means of the Banach-Necas-Babuska theorem (see, for instance [11,
Theorem 2.6]).

First, given (¢,z), (7,v) € Xg x M with (7,v) # 0, from (3.12) we observe that

wp AwlC2).(rv) AW, ()| fe(wiz 7))
T S [ | N [ o] 1G9l

- [A((G 2), (7, V)]

- @&

which together to (3.28) and the fact that (7, V) is arbitrary, implies

sup AW((C7Z)7(T7V))
0#(7,v)eXoxM H(T’V)H

1
= S lIwliml (€, 2)]

> (7= S Iwlha) 16,21, (3.39)

Hence, from the definition of set K (cf. (3.5)), and assumption (3.30), we easily get

2

1
SIwlhe < 2= (Crlluplher + Ifllys) < (3.34)

|2

and then, combining (3.33) and (3.34), we obtain

vy Awl(G2) (V)
0#(T,v)eXgxM H (T, V) ||

> 21¢.2) V(G 2) € Xo x M. (3.35)
On the other hand, for a given (¢, z) € Xy x M, we observe that

sip Aw((rv)(Cz) > sp  2elT):(62)
(rv)E¥o XM oxtrvcxoxm (T V)]

LAY +ewivig)
0#(T,v)eXoxM ”(T?V)H 7

which together to (3.12) implies

A((r,v),(¢.2))
AW ) ’ ) -
(T,V)S;;g)XM ((T V) (C Z)> = O#(T,\Sll)lGPXOXM H(Tav)H

1
Ll @36)
Therefore, using the fact that A(-,-) is symmetric, from (3.28) and (3.36) we obtain

sup  Aw((7,v),(¢,2)) = 7[(¢2)] - %HWIIMII(QZ)I!’

(T,v)eXoxM

12



which combined with (3.34), yields

sip Au((7,v),(¢2) 2 2I¢.2)| >0 V(Gz) €Xox M, (Gz)£0.  (3.37)
(m,v)eXoxM

In this way, from (3.35) and (3.37) we obtain that Ay (-, -) satisfies the hypotheses of the Banach—
Necas—Babuska theorem (cf. [11, Theorem 2.6]), which allows us to conclude the existence of a

unique (o, u) € Xp x M solution to (3.7), or equivalently, the existence of a unique u € M such
that J(w) = u. Finally, from (3.35) with ({,z) = (o, u) and (3.32) we readily obtain that

2
e < oWl < = (Crlunler + [Fls)

which implies that u belongs to K and concludes the proof. O

3.3 Well-posedness of the continuous problem

Here we provide the main result of this section, namely, the existence and uniqueness of solution
of problem (2.16). This result is established in the following theorem.

Theorem 3.7 Let f € L*3(Q) and up € HY2(T) such that

4
2 (CFHUDHl/z,F + Hf||L4/3(Q)) < 1 (3.38)

Then, there exists a unique (o,u) € X x M solution to (2.16). In addition, there exists C > 0
such that

lulne + Nl < € (o + Wl ) - (3.39)

Proof. As mentioned before, and according to the relations given in (3.8), to proving the well-
posedness of (2.16) we equivalently prove that J possess a unique fixed-point in K by means of
the classical Banach’s fixed point theorem. Consequently, in what follows we prove that J is a
contraction mapping.

We start by noticing that assumption (3.38) ensures (see Theorem 3.6) that 7 is well-defined.
Now, let wi, wa, ui, ug € K, be such that u; = J(w;) and up = J(wg). From the definition
of J and (3.32), it follows that there exist unique o1, 02 € Xg, such that for all (7,v) € Xo x M,
there hold

Ay, ((o1,u1),(7,v)) = F(1)+ G(v), and Ay,((o2,u2),(T,Vv)) = F(1)+ G(v).

Then, subtracting both equations, adding and subtracting suitable terms, and recalling the
definition of Ay, in (3.31), we easily arrive at

Awl((o'l —0o2,U] — 112), (T,V)) = —C(Wl — WQ;UQ,T) V(T,V) € Xg x M.
Therefore, recalling that wy € K, from the latter identity and from (3.35) and (3.12), we obtain

sup AW1<(0'1 — 02,1 —UQ),(T,V))

0+#(T,v)eXgxM H(T,V)H
—c(wy — wpsup, T)

IN

Ly — wa|lm
2

= sup
0#(T,v)EXo xM H (1,v) ”

IN

1
;||W1 — wal||m|luzfjm,
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which together to the fact that us € K, implies
4
o = sl < 5 (Crlluplierzay + [fls) w1 = walla

The latter and assumption (3.38) readily imply that J is a contraction mapping.

Now, to derive the estimate (3.39), let u € K be the unique fixed-point of 7 and let o9 € Xg
be such that (o, u) € Xg x M is the unique solution of (3.3). According to the definition of K,
evidently u satisfies

2
lule < = (Crllapllyar + Il (3.40)

In turn, by applying (3.35) to Ay with (¢,z) = (070, u), recalling again the definition of A, in
(3.31), and using the fact that (o, u) satisfies (3.3), we obtain

2 Ay((og,u), (T,v 2 F(r)+G(v
ool <Noowl <2 wp  AullOoWhlmV) 2, FO )
Y 0#£(T,v)eXoxM H(Ta V)” Y 0#(T,v)EXoxM ||(T> V)”
thus 5
ool < 2 (Crllulipeq + Iflkum)- (3.41)
. : 1 1 9
In this way, since o = o — W(tr (u®@u), 1)l = o¢ — WHUHOQ (see Lemma 3.1) from
n n ’
(3.40) and (3.41) we readily obtain the result. O

4 Galerkin scheme

In this section we introduce the Galerkin scheme associated to problem (2.16) and study its
solvability and convergence. We mention in advance that, as we shall see in the forthcoming
subsections, the well-posedness analysis follows straightforwardly by adapting the results derived
for the continuous problem to the discrete case, reason why most of the details are omitted.

4.1 The discrete problem

Let 75, be a regular family of triangulations of the polyhedral region Q by triangles T in R? or
tetrahedra in R? of diameter A7 such that Q = U{T : T € T} and define h := max{hr : T € Tp,}.
Now, given an integer [ > 0 and a subset S of R", we denote by P;(S) the space of polynomials
of total degree at most [ defined on S. Hence, for each integer £ > 0 and for each T € T}, we
define the local Raviart-Thomas space of order k as (see, for instance [1]):

RT;(T) := [Po(T)]" ® Py(T)x,

where x := (z1,...,2,)" is a generic vector of R” and ﬁk(T) is the space of polynomials of total
degree equal to k defined on T'. In this way, defining the finite element subspaces:

K= {rneX: cmilr RTY(T) VeeR" VTeT,} C X

M, = {Vh eM : Vh‘K € [Pk<T)]n, VT € 771} C M,
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the Galerkin scheme associated to problem (2.16) reads: Find (o, up) € X x My, such that
(tr (o), ) = —(tr (up ® up), 1), and
a(op, mh) + b(th,up) + clupsup, ) = F(rp) V7, eXy,
(4.1)
b(o‘h,Vh) = G(Vh) \V/Vh S Mh,

where the forms a, b and c, as well as the functionals F' and G are defined in (2.13), (2.14) and
(2.15). In turn, analogously to the continuous case, we observe that

Xy = Xh,O D P()(Q)H with Xh,O = Xp N Xy,
and introduce the problem: Find (o, 0,u) € X0 x My, such that

a(op0,7h) + b(Th,un) + c(upsup, ) = F(rn) Vi € Xpp, w3
4.2
b(ahp,vh) = G(Vh) Vvh S Mh,
which is equivalent to (4.1) in the sense of the following lemma, whose proof is straightforward.

Lemma 4.1 If (o}, uy) is a solution of (4.1), then

(Oh0,up) = <0h + n‘lm(tl" (up, @ uy), 1)el, uh> (4.3)

is a solution of (4.2). Conversely, if (ono,up) is a solution of (4.2), then (op,up) = (oh0 —

ﬁ(tr (up, ® up), Dol uy) is a solution of (4.1).

4.2 Analysis of the discrete problem

Analogously to the analysis developed in Section 3, to prove the well-posedness of problem
(4.1), we introduce a fixed-point operator associated to a linearized version of problem (4.2)
and equivalently prove that this operator possess a unique fixed-point by means of the Banach
fixed-point theorem. To that end we need to introduce some previous results.

4.2.1 Preliminary results

2n
Given p > ——, let us define the space
n—+ 2

Z, = {r € H(div;; Q) : 7|r € W'P(T), VT €T},

and let
I} : Z, — Xy, := {r € H(div; Q) : 7|r € RTW(T), VT € Tn},

be the Raviart-Thomas interpolator operator, which is well defined in Z, (see e.g. [11, Section
1.2.7]) and is characterized by the identities

/(HE(T) V)= /(T -v)€ V & € Pi(e), V edge or face e of Ty,
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and

[ o= [rv veelna@r vTeT (k2 ).
T T
In addition, it is well known (see e.g. [11, Lemma 1.41]) that the following identity holds
div([If (7)) = PF(divr) V7€ Zp, (4.4)
where PF : L3(Q) — M), == {v € L2(Q) : v|r € P(T) VT € Ty} is the usual orthogonal
projection, which satisfies the following error estimate (see [11, Proposition 1.135, Section 1.6.3]):
For each 0 <t < k+ 1 and for each w € W (2), with 1 <7 < oo, there holds
lw = Pf (w) |0y < Chlwlwer(o)- (4.5)

. . . . . k
The following lemma establishes the local approximation properties of II7 .

Lemma 4.2 Let r >

Then, there exists Cy > 0, independent of h, such that for each

n+
7€ WHLT(T) with 0 < 1 < k, and for each 0 < m <1+ 1, there holds
. 142
|T — Hh(T)|Wm,T(T) S Cl#|7"wl+l,r(/f). (46)
T

Moreover, there exists Cy > 0, independent of h, such that for each T € WLT(T), with
divrt € WZ‘H”’(T) and 0 <1 <k, and for each 0 <m <[+ 1, there holds

+1
|div 7 — div (H’fL(T))\Wm,r(T) < Cng—m]div Tl (1) (4.7)

T
Proof. Employing the LP-version of the Deny-Lions Lemma provided in [11, Lemma B.67] and
the local estimates given in [11, Lemma 1.101], one can proceed analogously as in [17, Section

n2 estimates (4.6) and (4.7) hold. We omit further details.

3.4.4] and prove that for any r >
U

n

Owing to the regularity of the mesh and from estimates (4.6) and (4.7), it is not difficult see
that the following global estimate holds

I — T(7)

0,0 + [|div 7 — div (115 (7)) || e () < chl+1{|T]Hl+1(Q) + |div T|Wl+1,p(ﬂ)}, (4.8)

for all 0 <1 < k+1, and for all 7 € H'*1(Q) with divr € WHP(Q).

In the sequel, it will be employed a tensor version of Hﬁ, say Hﬁ : Zy — Xp, which is defined
row—wise by Hﬁ, and a vector version of P,’f , say P¥ defined element-wise by P,lf. Obviously,
both Hfb and Pfl also satisfy the properties described above

Remark 4.3 Notice that from the regularity of the mesh and from (4.6) withm =0 and m = 1,
one can easily obtain, respectively, that

1+2
I7 = T (7) [y < 01;—T|T|Wz+1,7-(T) < Cihi Tl ()
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and

+2
| — T (1) [y < C2pT7|T\WZ+M(T) < Coblp|rlwisrr iy,
which combined yield
I7 — I (7) [ wr () < CRYTlwisin )y V7 € WHLT(Q). (4.9)

The latter will be employed next in the proof of Lemma 4.4.

4.2.2 The discrete fixed-point operator and its well-definiteness

Let us define the set
2
Ki = {veMu s vl < 2 (Crllunlhar + Iflonm) |

with 4 > 0 being the constant defined in (4.21) below. Then, the discrete fixed-point operator
is defined as
I Kp = Kpy wp = Tn(wn) = up,

where, given wy, € Kp,, uy, is the second component of the solution of problem: Find (o, u) €
Xh,(] X Mh7

a(op, ) + b(Th,up) + c(wpsup, ) = F(1h), V7, e X "
blon,va) = G(va), Yvie M. (110
Analogously to the continuous case, we also have the following equivalences
Jh(up) =up & ((Oho,up)) € Xpp o x My, satisfies (4.2) )
A1

& (oho — ﬁ(tr (up, ® up), al,uy) € X, x My, satisfies (4.1),

from which we deduce that to proving the well-posedness of problem (4.1), or equivalently (4.2),
it suffices to prove that [J, has a unique fixed-point in K. Before doing that, and similarly
to the analysis of the continuous problem, first we focus on providing the main ingredients to
proving that operator [Jj is well-defined. We begin by observing that, since div X C My, the
discrete kernel of b, which is defined by

Vi ={1h€Xpo: b(ry,vy) =0,Vvy, €My},
can be characterized as follows
Vi ={mh €Xpo: divT,=0inQ}.
Therefore, from (3.15) we readily obtain that the bilinear form a is elliptic on Vj, that is
a(tn,mh) > al|Thll% V1 € Vp, (4.12)

with o defined as in (3.17).
Now we establish the discrete version of Lemma 3.4.
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Lemma 4.4 There exists 3 > 0, such that

b
sup (Th,Vh)

> BHVhHM Vv, € My, (4.13)
Oyé‘rhGXh,o HThHX

Proof. In what follows we proceed similarly to the proof of [7, Lemma 3.3] and employ the
arguments utilized in the proof of [17, Section 4.2] to prove the inf-sup condition (4.13). In fact,
given vy, € My, we set
[ sgn(vp)|vp]® in Q,
g(vh) = { 0 in  B\Q,
where B C R™ is an open and bounded convex set containing Q. Then, since g(vy) € LY/ 3(Q),

a well known result on regularity of elliptic problems (see e.g. [16]) implies that there exists a

unique weak solution z € W>4/3(B) N Wé’4/ 3(B) of the boundary value problem

—Az=g(vy) in B and z=0 on 0B,
which satisfies
Izl w2750y < CligWm)lirssy = CllIvaP luas@) = Clivalin, (4.14)
with C' > 0. Hence, we set 7 = —Vz|q € W-%/3(Q), and observe from (4.14) that
|1 {lwr.ar30) < Clivalia, (4.15)
which together to the continuity of the embedding from W'4/3(Q) into L?(£2), implies

1#llo.c. < Cllvalla- (4.16)

1
Then, we define 7, = IT§ (+) — o] (tr (I} (7)), 1)9 I € X}, and observe from (4.4), that
n

div 7, = PF(div #) = PF(sgn(vy)|vu[®). (4.17)

In turn, utilizing the triangle inequality, the continuity of the embedding from W4/3(Q) into
L2(Q), and the estimate (4.16), we obtain

#alog < |17 = o (1 (). D= 7 e oy (7)1 .
|7 - mbr) - le (tr (7~ m#) 1), 1 e @]
<[#-m@) , + #loo
< H'i' - Hﬁ(’f-)HWIAB(Q) + CQHVhHi/[y
which together with (4.9) with » =4/3 and [ = 0, and (4.15), imply
I#nlloe < Cllvalir (4.18)
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Hence, using the fact that P¥ is a continuous operator, from (4.17) and (4.18), we easily obtain

N A . ~ 1/2 ~
1#4llx = {I7all 0 + 1div (7150 } 2 < ellvali, (4.19)

with ¢ > 0 independent of h.
Therefore, from (2.3), (4.17) and (4.19), we obtain

bTh,Vh bf'h,vh 1 Vh?’sgnvh,vhg 1 Vh4 1
wp DY) L D) L (vifsgatvi) vida | il 1
meXno  IThlx ITalle — ¢ [Vhllg ¢llvallng €
‘T}ﬁée
. o~ 1
which concludes the proof with g = —. O
¢

To conclude the derivation of the main tools to proving the well-definiteness of 7}, analo-
gously to the continuous case, from (4.12), (4.13) and [11, Theorem 2.34] we finally deduce that
the bilinear form A defined in (3.27) satisfies the discrete inf-sup condition

A((Uh’ uh)v (Tha Vh))

sup >Al(on,wp)ll V(on,up) € Xpo x My,  (4.20)
0#(Th,Vh)EXp 0 XMy, H(Tha Vh)H
with R .
in{1
5= CaPmin{l vB} (4.21)
2(Cq+ 1) (vB+1)
Now, we are in position of establishing the well-definiteness of 7
Theorem 4.5 Assume that
4
3 (Crlluplhar + L)) < 1 (4.22)

Then, given wy, € Ky, there exists a unique uy, € Ky, such that Jp(wp) = up,.

Proof. Given wj, € K}, we proceed analogously to the proof of Theorem 3.6 and utilize (3.12),
(4.20) and (4.22) to deduce that Ay, (cf. (3.31)) satisfies the discrete inf-sup condition

sup Aw, (h, un), (Th; V1))

7y
= Sll(en, up)l- (4.23)
0£(T1,vh)EXp 0 XMy, | (Th: Vi)l 2

Therefore, owing to the fact that for finite dimensional linear problems, surjectivity and injec-
tivity are equivalent, from (4.23) and the Banach-Necas-Babuska theorem we obtain that there
exists a unique (o, up) € Xp0 x My, satisfying

Ay, (o, up), (Th,v)) = F(Th) + G(vh), YV (Th,vh) € Xpo X My,

or equivalently (4.10), with u, € K}, which concludes the proof. O

19



4.2.3 Well-posedness of the discrete problem
The following theorem establishes the well-posedness of the Galerkin scheme (4.1).

Theorem 4.6 Let f € L¥3(Q) and up € HY/?(T) such that

4
2 (Crlaplljor + IElLaagy) < 1. (4.24)

Then, there exists a unique (op,up) € Xp X My, solution to (4.1). In addition, there exists
C > 0, independent of h, such that

lunlive +lloalx < € (Junlhjzr + IElgose))

Proof. Employing (4.11), (4.20) and (4.24), the proof follows repeating exactly the same steps
developed in the proof of Theorem 3.7. We omit further details. O

Remark 4.7 We end this section by emphasizing that from the second equation of (4.1) we
have that
((diVO’h—f),Vh)QIO Vv, € My,

which implies that div oy, = P’fL(f) and consequently, if £ € My, then our method exactly con-
serves the discrete equilibrium equation, thus the method is conservative.

4.3 Cea’s estimate and rate of convergence

In this section we aim to provide the convergence of the Galerkin scheme (4.1) and derive the
corresponding rate of convergence. We begin by deriving the corresponding Cea’s estimate of
the equivalent Galerkin scheme (4.2).

Theorem 4.8 Assume that

4 1
= < Z )
s (CFHUDH1/2,F + HfHL4/3(Q)> <35 (4.25)

with vy and 7 being the positive constants in (3.29) and (4.21), respectively. Let (og,u) € Xgx M
and (op,up) € Xp 0 x My, be the unique solutions of problems (3.3) and (4.2), respectively. Then,
there exists CO > 0, independent of h, such that

cea

inf (o — Th,u—vp)|. (4.26)

(g0 — ono,u—w)|| < Co
(Th,VR)EXR 0 XM,

cea

Proof. In order to simplify the subsequent analysis, we define e5, := 09 —0,0 and e, := u—uy,
and for any ({y,,2p) € Xp0 x My, we write

sy = &0y T Xoo = (00— Cp) +(Ch = Tnp),  €u=E&y+ Xy = (u—12p)+ (zp —up). (4.27)

Recalling the definition of the bilinear form A in (3.27), from (3.3) and (4.2) we have that
the following identities hold

A((oo,u),(T,Vv)) +c(u;u,7) = F(T) + G(v) V(r,v) e Xy xM
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and
A((oho,un), (Th, Vi) +c(upsup, Th) = F(Th) + G(ve)  Y(Th, Vi) € Xpo X My,
from which we deduce the Galerkin orthogonality property
A((eqq, ), (Th, Vi) + [e(wu, 7y) — c(upsup, 7)) = 0 YV (75, vi) € Xpo x My, (4.28)
Then, using the decompositions (4.27), the definition of A, in (3.31), and the identity
c(u;u, ) = c(u —up;u, 1) + c(up;u, T4h),
from (4.28) we obtain that for all (74, vy) € Xp, 0 X My, there holds
Au, (Xogr Xu) (Thy Vi) = —A((Eog &u)s (Thy Vi) — c(€usu, T)
—c(Xu;u, Th) — c(up; €y, Th),
which together to the definition of A in (3.27), implies
Av, (Xoos Xu)s (Ths Vi) = —a(sy, Th) — b(&sy, Vi) — B(Th, &y)

—c(Xu; w0, Th) — c(up;&ys Th),

(4.29)

for all (7,vh) € Xp0 X My. Then, since u, € Ky, we apply the discrete inf-sup condition
(4.23) at the left hand side of (4.29), the continuity properties of a, b and ¢ (cf. (3.10)-(3.12)),
at the right hand side of (4.29), to obtain

2 ((1+v)
ol + alle <2 (45

1 1
Jeaullc-+ {1+ S unlef Fulba + 2 alballa ).

from which

2<(1+y)

2 1
ol + (1= e ) Dl < 2 (852l {1 5 ot lalha )

Hence, using the fact that u € K and u;, € K, from assumption (4.25) and the latter inequality,
we obtain

Xy 1+ IXullv < C (€5l + [1€ulln) (4.30)

with C' > 0 independent of h. In this way, from (4.27), (4.30) and the triangle inequality we
obtain

1(€os €u)ll < 1(Xog Xu)ll + 1(€ag, Eu)l < (1 4+ CO)[(€oy €l

which combined to the fact that ({;,,vy) € Xp0 x My, is arbitrary, concludes the proof. O
The following result establishes the corresponding estimate for o, € Xj, given by the identity
(4.3).

Corollary 4.9 Let (op0,u;) € Xpo x M be the unique solution of (4.2), and let o), € Xy,
given by the identity (4.3), be such that (op,up) € Xp, X M is the unique solution of (4.1).
Assume that (4.25) holds. Then, there exists C' > 0, independent of h, such that

o—o <C inf oo — Tp,u—vy)l, 4.31
lo—oule < nt - T (4.3)

where (ag,u) € Xg X M is the unique solution of (3.3) and o € X is given by the identity (3.4).
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Proof. Using the identities (3.4) and (4.3), it is not difficult to see that

o —onllx < HUO_Uh,OHX + |(tr(u®@u—u,®@uy),1)ql. (4.32)

1
: T
In turn, adding and subtracting u; and employing suitable algebraic manipulations we obtain
(tr(w@u—w, @uwy), Dol = [(([uf® —uwpl*), Dal < ([ullog + lunlloe)lu—wlog
< 1Q([[allne + lanflve) o = wpflar,
which together to (4.32) and the fact that u € K and uy, € Ky, yields
lo —onlx < lloo—onollx + Cllu —up|[m,

with C' > 0, independent of h. In this way, from the latter inequality and estimate (4.26) we
easily obtain (4.31) which concludes the proof. O

Remark 4.10 From Theorem 4.8 and Corollary 4.9 it can be readily seen that the following
Cea’s estimate for problem (4.1) holds: There exists Ceeq > 0, independent of h, such that

o—o,,u—u < C inf oo — T, u— vyl
(o~ oru—w)] € Cuw inf oo == vi)]

Now we are in position of establishing the rates of convergence associated to the Galerkin
schemes (4.1) and (4.2).

Theorem 4.11 Let (o9, u) € Xg x M and (oh,0,up) € Xp 0 x My, be the unique solutions of the
continuous and discrete problems (3.3) and (4.2), respectively, with £ and up satisfying (4.25).

Assume further that og € HH(Q), div oy € WITLA3(Q) and u € WHA(Q), for0 <1 < k+1.
Then there exists Crqte > 0, independent of h, such that

(o0 — Oho,0— u)|l < Cgatehl+l {‘UO‘HHJ(Q) + |div Uo’wl+1,4/3 + ’u’wz+1,4(9)} .

In addition, if (o,u) € X x M and (oh,up) € X, x My, are the unique solutions of problems
(2.16) and (4.1), then there holds

||(0' — Op, 0 — uh)|| < CmtehlJrl {’0'0|Hl+1(ﬂ) + ‘diV 0’0|Wz+1,4/3 + \u|Wz+1,4(Q)} s
with Crate > 0, independent of h.

Proof. The result is a straightforward application of Theorem 4.8, Corollary 4.9 and estimates
(4.5) and (4.8). O
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Table 4.1: Local degrees of freedom for the lowest-order method (k = 0).
‘ RTy - F, ‘ Bernardi-Raugel ‘ MINI-element
local Dof | 8 | 10 | 11

Remark 4.12 In Table 4.1 we compare the local degrees of freedom (Dof) of our method, con-
sidering k = 0 and n = 2, with the corresponding local Dof of the velocity-pressure formulation
discretized by the Bernardi-Raugel element and the MINI-element (see Chapter III in [22]). We
observe there that, although our formulation possesses considerably more unknowns (6 unknowns
in 2D) than the velocity-pressure formulation (3 unknowns in 2D), the computational cost is not
increased.

4.4 Computing further variables of interest

In this section we introduce suitable approximations for further variables of interest, such that
the pressure p, the vorticity w := (Vu — Vu?!), the stress & := v(Vu + (Vu)!) — pll and the
velocity gradient G = Vu, all of them written in terms of the solution of the discrete problem
(4.1). In fact, observing that at the continuous level there hold

d

1
p=-——(tr(o)+treu), &=0c'+@ou)'+o +ucun,
n

1 1
G=-(c+uoud) and w=-—(c—0'),

v 2v

provided the discrete solution (o, up) € X x My, of problem (4.1), we propose the following
approximations for the aforementioned variables:

1 -
pn = ——(tr(on) +tr(w,®w)), 64 =0} + (W @u)’+ o), +u, @ uy,
" . . (4.33)
G = ;(U‘é + (wew)?) and w, = 5(%*”2)-

The following result establishes the corresponding approximation result for this post-processing
procedure.

Corollary 4.13 Let (o9, u) € XoxM and (op,0,up) € X0 X My, be the unique solutions of the
continuous and discrete problems (3.3) and (4.2), respectively, with f and up satisfying (4.25).
Assume further that oy € H*H1(Q), diveg € WHA3(Q) and u € WHA(Q), for 0 <1 < k+1.
Finally, let pp, a1, Gy and wy, given by (4.33). Then there exists C > 0, independent of h,

such that . B
Ip = prlloo + 6 = &rlloe + |G — Gulloo + llw —whllon

< éhl-‘rl {|00‘Hl+1(9) + |diV 0'0’W1+1,4/3 + |u]Wz+1,4(Q)}

Proof. Similarly as in the proof of Corollary 4.9, from Hélder inequality, and recalling that
u € K and uy, € Ky, it is not difficult to see that

lu®@u—u, ®ullon < Cllu—u|wm, (4.34)

with C' > 0, independent of h. Then, using (4.34), the result follows from Theorem 4.11 and
Corollary 4.9. We omit further details. O
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5 Numerical results

In this section we report two numerical examples that will show the performance of our finite
element scheme. Before proceeding with the description of our examples we first point out that,
since the condition (tr (o), 1)q = —(tr (uy ® up),1)q in problem (4.1) is not computationally
implementable, at least in a simple way, we recall that (4.1) and (4.2) are equivalent (see Lemma
4.1) and consequently we perform the following numerical tests by solving problem (4.2), where
the condition (tr (op,0),1)o = 0 is imposed through a penalization strategy.

Our implementation is based on a FreeFem++ code (see [23]), in conjunction with the direct
linear solver UMFPACK (see [10]). We apply a Newton’s method with a fixed tolerance tol=
1E-6 and the iterations are terminated once the relative error of the entire coefficient vectors
between two consecutive iterates is sufficiently small, i.e.,

|coeff™ ! — coeff™|
T < tol,
|coeff™ ™|
where | - | is the standard euclidean norm R¥, with N denoting the total number of degrees of
freedom defining the finite element subspaces X; and Mj,. For each example shown below we
simply take (0'270, u)) = (0,0) as initial guess.
We now introduce some additional notations. The individual errors are denoted by:

e(00) = [loo —anolx, e(u) := [lu—upllm, e(p) = [p—prloa,

e(w) = [[w—willon, e(Vu) = |[Vu—-Gyloa, (@) :=|6—anlon-

where pp, wp, Gp, and & are the variables computed through the post-processing formulas
(4.33).

In addition, we let (o), r(u), 7(p), r(w), r(Vu), and (&) be the experimental rates of
convergence given by

o) o /o) loglew/e) o los(e(n)/€/(p)

o log(h/h) T ey " T (i)
 log(e(w)/e'(w))  log(e(Vu)/e/(Vu))  log(e(5)/¢'(5))

@l = gy TYY T T gy O T T gty

where h and h' denote two consecutive meshsizes with errors e and e’.

The first example focusses on the performance of our method as a function of the viscosity
v, by considering the analytical solution (u, p) obtained by Kovasznay in [30]. For the domain
Q= (—1/2,3/2) x (0,2) and for a given v, this solution is given by

1 — e cos(2mz2)
u(zy,z2) = )
2 e 1 sin(2m,)
1 211 —
p(xl)xQ) :_56 +p7

where
—872

vl 4241602
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Number of iterations

v h =0.1905 | h =0.0978 | h =0.0517 | h =0.0316 | h = 0.0156
1 4 4 4 4 3
0.1 - ) ) ) 5
0.01 - - - 6 6

Table 5.1: EXAMPLE 1: Convergence behavior of the Newton’s method with respect to the
parameter v.

and the constant p is such that pr = 0.

In Table 5.1 we show the behaviour of the Newton’s method as a function of the viscosity
number, considering different meshsizes. We consider the finite element spaces introduced in
Section 4 with £ = 0. Here we observe that the smaller the parameter v the higher the number
of iterations. Notice is quite moderate on each case. Blank spaces means that the iterative
method takes more that 100 iterations. With v = 1073, the Newton iteration does not converge
anymore, probably because the stationary solution is not stable in this case. Next, in Table 5.2,
we summarise the convergence history for a sequence of quasi-uniform triangulations, of two
finite element families corresponding to RTy — Py and RT; — P; and considering the viscosity
v = 1. We see there that the rate of convergence provided by Theorem 4.11 and Corollary 4.13
is attained by the unknowns and all the post-processed variables, that is, O(h) for the first case,
and O(h?) for the second one. In addition, the (**-norm of div o0 in each mesh is close to 0
which shows that this method is conservative.

In our second example we perform a classical lid—driven cavity test modelling the steady
flow of an immiscible fluid in a box. The domain is given by the unit square Q = (0,1)? and we
consider an structured mesh with meshsize h = 0.0164. The data are given as in [27, Section
3.2], that is, a null body force f = 0 and the prescribed velocity boundary

(10x1,0)? for 0<x1 <01, x9=,1
(1,0) for 0.1 S I S 0.9, Tro = 1,
up (w1, x2) =
((10 — 1021),0)* for 09<mz <1, x9=1,
( ,O) for (371,332) S F\{(azl, 1) 0< 2 < 1}.

In Figure 5.1 we display the velocity streamlines for v = 1 (left) and v = 0.0025 (right) where
we can see that, as expected, and similarly to the results obtained in [27], the main vortex moves
1

toward the center of the cavity for increasing Reynolds numbers Re = ~.
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Figure 5.1: Example 2: Velocity streamlines for Re = 1 (left) and Re = 400 (right) with
h =0.0164.
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