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A posteriori error analysis of a momentum and thermal energy

conservative mixed-FEM for the Boussinesq equations. *

SERGIO CAUcCAO! RICARDO OYARZUAY AND SEGUNDO VILLA-FUENTESS

Abstract

In this paper we complement the study of a new mixed finite element scheme, allowing conser-
vation of momentum and thermal energy, for the Boussinesq model describing natural convection
and derive a reliable and efficient residual-based a posteriori error estimator for the corresponding
Galerkin scheme in two and three dimensions. More precisely, by extending standard techniques
commonly used on Hilbert spaces to the case of Banach spaces, such us local estimates, suitable
Helmholtz decompositions and the local approximation properties of the Clément and Raviart—
Thomas operators, we derive the aforementioned a posteriori error estimator on arbitrary (convex
or non-convex) polygonal and polyhedral regions. In turn, inverse inequalities, the localization
technique based on bubble functions, and known results from previous works, are employed to
prove the local efficiency of the proposed a posteriori error estimator. Finally, to illustrate the
performance of the adaptive algorithm based on the proposed a posteriori error indicator and to
corroborate the theoretical results, we provide some numerical examples.
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1 Introduction

The derivation of new finite element methods for the Boussinesq model describing natural convection,
in which the steady-state equations of momentum (Navier-Stokes) and thermal energy are coupled by
means of the so called Boussinesq approximation, has become a very active research area lately (see,
e.g. [3, 12, 15 16, 19, 18, 23] 32, B33, [34]). The above list includes Discontinuous Galerkin and stabilized
methods, mixed and augmented-mixed approaches and generalizations of the Boussinesq model with
temperature-dependent parameters.
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Now, in the recent paper [13] we have developed a new Banach spaces-based mixed finite element
method for the Boussinesq problem which allows, on the one hand, to conserve momentum and thermal
energy if the external forces belong to the velocity and temperature discrete spaces, respectively, and
on the other hand, to compute further variables of interest, such as the fluid vorticity, the fluid velocity
gradient, and the heat-flux, through a simple postprocess of the finite element solutions, in which no
numerical differentiation is applied, and hence no further sources of error arise. More precisely, we
introduce a modified pseudostress tensor depending on the pressure, and the diffusive and convective
terms of the Navier—Stokes equations for the fluid, and a vector unknown involving the temperature,
its gradient and the velocity, and derive a mixed variational formulation where the aforementioned
pseudostress tensor and vector unknown, together with the velocity and the temperature, are the main
unknowns of the system. In turn, the associated numerical scheme is defined by Raviart—Thomas
elements of order k for the pseudostress tensor and the vector unknown, and discontinuous piece-wise
polynomial elements of degree k for the velocity and temperature. With this choice of discrete spaces
the proposed Galerkin scheme becomes well posed and optimal convergent.

The aim of the present work is to complement the study started in [I3] by introducing a reliable and
efficient residual-based a posteriori error estimator for the associated mixed scheme. In this direction,
we mention that the first contribution dealing with adaptive algorithms for mixed formulations of
the Boussinesq problem is [24] where the authors introduced appropriate refinement rules to recover
the quasi-optimality of the method proposed in [23] under the presence of singular behaviors near
non-convex corner points. More recently, in the contributions [20, [17] the authors proposed reliable
and efficient a posteriori error estimators for augmented mixed-based formulations of the Boussinesq
equations. In [20] the error indicator is non-local due to the presence of the H'/2-norm of a residual
term involving the temperature on the boundary, whereas in [I7] the estimator turns to be fully—local
and fully—computable. However, in both cases the efficiency estimate cannot be localized due to the
presence of the convective term in some of the terms defining the error indicator. These works were
extended in [6] to the case of natural convection models with temperature-dependent viscosity. Finally,
for adaptive algorithms based on primal schemes we mention [3], 4] 29] [38].

Motivated by the discussion above, in this work we provide the a posteriori error analysis of the
mixed variational formulation introduced in [I3]. One of the principal advantages of our Banach space-
based approach is that our a posteriori error estimator, besides being fully—local and fully—computable,
is locally efficient, which improves the results obtained in [20, I7]. In turn, using the associated a
posteriori error indicator we propose an adaptive algorithm which is of low computational cost, and
allows to improve the accuracy, the stability and the robustness of our fully-mixed method when being
applied to problems in which the overall approximation quality can be deteriorated by the presence
of boundary layers, singularities, or complex geometries.

The rest of this work is organized as follows. In Section [3| we recall from [13] the model problem
and its continuous and discrete mixed variational formulations. Next in Section [4] we provide some
preliminary results to be employed next to derive and analyze our a posteriori error estimator. The
kernel of the present work is given by Section |5 where we develop the a posteriori error analysis. In
Section we employ the global continuous inf-sup condition, a suitable Helmholtz decomposition,
and the local approximation properties of the Clément and Raviart-Thomas operators, to derive a
reliable residual-based a posteriori error estimator. Then, in Section [5.2| inverse inequalities, and the
localization technique based on element-bubble and edge-bubble functions are utilized to prove the
efficiency of the estimator. Finally, numerical results confirming the reliability and efficiency of the a
posteriori error estimator, and showing the good performance of the associated adaptive algorithm,
are presented in Section [6]



2 Preliminary notations

Let us denote by Q C R?, d € {2, 3}, a given bounded domain with polyhedral boundary I'. Standard
notations will be adopted for Lebesgue spaces LP(£2), with p € [1, oo] and Sobolev spaces W P () with
r > 0, endowed with the norms || - [[1») and || - [lwrs (), respectively. Note that W?(Q) = LP(Q)
and if p = 2, we write H"(Q) in place of W ™2(Q), with the corresponding Lebesgue and Sobolev norms
denoted by | - [lo.o and || - ||rq, respectively. We also write | - |, q for the H"-seminorm. In addition,
H!/2(T") is the spaces of traces of functions of H'(Q) and H='/2(T") denotes its dual. With (-,-) we
denote the corresponding product of duality between HY/2(I') and H-Y/2(I'). By S and S we will
denote the corresponding vectorial and tensorial counterparts of the generic scalar functional space S.
In addition, we will denote by ||(u,v)|| := ||(u,v)||luxv = ||ullz + ||v||v the norm on the product space
UxV.

As usual I stands for the identity tensor in R%*¢, and |-| denotes the Euclidean norm in R¢. Also, for
any vector fields v = (v;)i=1,4 and w = (w;);=1,4 we set the gradient, divergence, and tensor product
operators, as

d
ov; ov;
Vv = ! , divv::Z—], and vOW = (v;w;)ij=1,d-
95 ) im1.4 ; T T
»J ) j:l
In addition, for any tensor fields 7 = (74;)i j=1,4 and ¢ = ({ij)ij=1,4, we let div T 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

d d
1
T = (Giig=ras ()= T, TiC= ) mG and Thi=7 - gL
i=1 1,j=1

For simplicity, in what follows we denote

(v,w)q == / vw, (v,w)q:= / v-w, (v,w)p:= /V -w and (7,Q)q = / T:¢.
Q Q r Q
We also recall the Hilbert space
H(div;Q) == {z € L*(Q) : divz € L*(Q)},
with norm ||z|3;, Q= HZH(%Q + ||div zHg’Q, and introduce the tensor version of H(div;(2) given by
H(div; Q) := {7 € L*(Q): divr € L*(Q)},

whose norm will be denoted by || - ||aiv;o. Finally, given p > d2+7d27 in what follows we will also employ
the non-standard Banach space H(div,, {2) defined by

H(divy; Q) == {r € L*(Q) : divT € LP(Q)},
endowed with the norm

. 1/
I laiviio = (I3 0+ ldiv Tl )

3 The model problem and its momentum and thermal energy con-
servative formulation

In this section we recall from [I3] the steady-state natural convection model, its variational formulation,
the associated Galerkin scheme, and the main results concerning the corresponding solvability analysis.



3.1 The steady-state natural convection model

The stationary Boussinesq problem is a system of equations where the incompressible Navier—Stokes
equation:
—vAu+ (Vu)u+Vp—0g=0 in O, divu=0 in €,

(3.1)
u=0 on I, (p,1)q=0,
is coupled with the convection-diffusion equation:
—kAO+u-VO=0 in Q 6O=0p on I'p, «kVO-n=0 on Iy. (3.2)

Here € is a bounded domain in RY, d € {2, 3}, with polyhedral boundary T'. The unknowns are the
velocity u, the pressure p and the temperature 6 of the fluid occupying the region €2, and the given
data are the fluid viscosity v > 0, the thermal conductivity x > 0, the external force per unit mass
g € L2(Q), and the boundary temperature 6p € H'/?(I'p).

Now, in order to derive our approach (see [I3, Section 2| for details), we begin by introducing the
tensor and vector variables

c:=vVu—(u®u)—pl and p:=xkVH —0u in Q,

and utilize the incompressibility condition div u = tr (Vu) = 0 in Q to rewrite the systems (3.1)) and
(3.2)), respectively as the following equivalent first-order set of equations (see [10] and [20] for details):

1 1

—olt+-(ueu)?=Vu in Q, dive+f0g=0 in Q,

v v

. (3.3)

p:—atr(a+u®u) in Q u=0 on I (tr(c+u®u),l)g=0,
and
klp+k9u=V0 in Q divp=0 in

(3.4)

f=0p on I'p, p-n=0 on Iy.
Notice that the third equation in (3.3]) has allowed us to eliminate the pressure p from the system
and provides a formula for its approximation through a post-processing procedure, whereas the last
equation takes care of the requirement that (p, 1) = 0.

3.2 The continuous weak formulation and its well posedness

In this section, we recall from [I3], Section 2] the weak formulation of the problem given by (3.3)—(3.4]).
To that end, we define the spaces

X = H(divy3;Q), M:=LYQ),

H:= {nGH(div4/3;Q): n-n=0 on FN}» Q:=LY(9),

and
Xo = {T € H(divy3;Q):  (tr(1),1)a = 0}’

and observe that the following decomposition holds:

X=Xy & Po(Q)I,



where Py() is the space of constant polynomials on §.

The derivation of the weak formulation proposed in [13] for the problem given by f relies on
the previous orthogonal decomposition. In fact, it can be proved that the uniqueness condition given by
the last equation in allows us to only look for the Xy—component of the tensor o (cf. [10, Lemma
3.1]). Therefore, the variational formulation of (3.3)~(3.4) reads: Find (o, u, p,6) € Xo x M x H x Q,

such that:
ag(o,7) + bp(7,u) + cr(w;u,7) = 0 V1 e X,

be(o,v) +de(0,v) = 0 Vv eM,
(3.5)
ar(p,n) +br(n,0) + cx(w;0,m) = Fr(n) VneH,

br(p,) = 0 Vi e Q,

where, the bounded forms ar : X XX 5> Rop : XXM > Recg - MXMXX > R, dr: QxM —
Riar - HxH—->R,b - Hx Q— R, and ¢ : M x Q x H — R are defined as:

ag(o,T) == %(O’d,Td)Q, be(T,v) := (v,divT)q,
1
cr(wiu, 1) = ;((W & u)d,T)Q, dr(0,v) :=(0g,V)q, (3.6)
ar(p,m) == (p,m)a, br(n,¥) = (¥, divn)a,
cr(w;0,m) =k (0w, m)q,
and the functional Fr € H':
Fr(n) :=(n-n,0p)r,. (3.7)

This problem is analyzed throughout [13, Section 3], and the well-posedness comes as a result of a
fixed-point strategy. In particular, we recall from [I3] the following inf-sup conditions: Given u € M

A
such that [ju|m < > with A := min{v ~r, Ky}, there holds

b b .
ap @) el D) pC) bamn ] ey e e exox M, (39)
(1,v)€XoxM (7, )]l 2
(7,v)#0
and
b b .
sup |aT(§777) + br(n, ) + br(s, ¢) + er(u; 90,77)‘ > T (s, ) V(s,0) e HxQ, (3.9)
(n.4)eHXQ [(n, )]l 2
(n,¥)#0
with

o Cmin{l,yﬂp} K 32
I vBe +1 K2B2+4kBr+2
where C, fr and Bt are positive constants independent of the physical parameters. In particular, Og

and fr are the constants related with the inf-sup conditions of the bilinear forms br and by, respectively
(cf. [10, Lemma 3.4] and [13, Lemma 3.1]).

In turn, the following result taken from [I3] establishes the well-posedness of ([3.5)).

and 1= (3.10)



Theorem 3.1 Let define A := min {I/’)/F, /in} and assume that
16 Cr
AYF VT

where C is the bounding constant of Fr, and v¢ and yr are the constants defined in (3.10). Then,
the coupled problem (3.5) has a unique solution (o, u,p,0) € Xg x M x H x Q. Moreover, there hold

4CF 2CF
(e, u)]| < ——llglloellfpllijzr, and [|(p,0) < —l0plli/2,rp- (3.11)
VEVT YT

Igllo.ellfpll1/2,rp <1,

Proof. See [13, Theorem 3.2] for details. O
We now provide the converse of the derivation of (3.5)).

Theorem 3.2 Let (o,u,p,0) € Xgx M xH x Q be the unique solution of the variational formulation
1 1

B5). Then, —ot+ =(u@u)! = Vu in Q, u € H(Q), dive + g =0 in Q, u =0 on I,
v v

K lp+r0u=V0inQ, 0 cH(Q),divp=0inQ, 0§ =0p onTp and p-n=0 onI'y.

Proof. First, it is clear that the identities dive +0g = 0 in  and div p = 0 in 2 follow from the

second and fourth equations of ([3.5]), respectively. The derivation of the rest of the identities follows

from the first and third equations of (3.5)), considering suitable test functions and integrating by parts
backwardly. We omit further details. U

3.3 The discrete coupled system and its well-posedness

Let us begin by considering {7}, }1>0 a family of regular triangulations of  made by triangles 7' (when
d = 2) or tetrahedra (when d = 3) of diameter hy and define the meshsize h := max {hy : T € Tp}.
Given an integer [ > 0 and a subset S of RY, we denote by P;(S) the space of polynomials of total
degree at most [ defined on S. Hence, for each integer k > 0 and for each T € T}, we define the local
Raviart-Thomas space of order k as (see, for instance [§]):

RT,(T) := [Pi(T)]* @ Py(T)x,

where x := (21,...,24)" is a generic vector of R% and lgk(T) is the space of polynomials of total degree
equal to k defined on T'. In this way, we define the finite element subspaces:

X, = {Thex: ctrulr € RTH(T) Ve e R VTeTh},

My = {v,eM: wu|r € [Pp(T))* VT €T}, (3.12)

H), — {nheH: mlr € RTL(T) VTen},
Qn:={on€Q: oplr €Pr(T) VT €Tp}.

Then defining the subspace X, o := X, N Xy, the Galerkin scheme associated to problem ([3.5) reads:
Find (op, un, pp,,0n) € Xpo x My, x Hy, x Qp, such that:

ag(oh, Th) + bp(Th, up) + ce(up;up, 1) = 0 V7 €Xpno

bp(O‘h, Vh) + dF(Gh,vh =0 Vv, € My,

)
(3.13)
at(pp,ny) + br(ny, On) + cr(up; Op,my,) = Fr(ng,) Vn, € Hy
)

br(pp,Yn) = 0 Vo € Qn,

6



where the forms ag, bg, cr, dg, ar, by, cr and the functional Fr are defined in (3.6) and (3.7)), respectively.

The following results, taken from [I3l Theorem 4.1 and Theorem 5.2], provides the well-posedness
of (3.13]) and the corresponding theorical rate of convergence.

Theorgm 3.3 Assume that there exists a convexr domain B such that Q C B and 'y € 0B. Let
define A := min {1/%, /i%} and assume that

16 Cr
— lIglloellfplli2r, <1,
>\’YF7T

where CF is the bounding constant of Fr, and Y and A1 are the discrete version of yr and ~yr respectively

(cf- (3:10)), given by

. 1 = 2
V= C'M and Ar = —= s = , (3.14)
vBr +1 K2 B2 + 4K PBr + 2

where C' is a positive constant independent of the physical parameters, and Bp and BT are the constants
related with the discrete inf-sup conditions of the bilinear forms by and by, respectively. Then, the
coupled problem (3.13) has a unique solution (op,up, pp,,0n) € Xp o x My, x Hy, x Q. Moreover, there

hold
2 C F

4CFp
l(on un)ll < =—- En Igllollfpllyjzry, and [[(pp: 00l < ——lI0bll1/2,rp- (3.15)

Theorem 3.4 Assume that there exists a convex domain B such that Q C B and I'y € 0B. Let
define A := min {V’}/F, /{%} and assume further that

16 Cp

AYF T
where Cp is the bounding constant of Fr, and vg,yr and Ag, 31 given in (3.10) and (3.14]), respectively.
Let (o,u,p,0) € Xox MxHxQ and (oy,up, py, 0n) € Xp0x My, x Hy, x Qp, be the unique solutions of
the continuous and discrete problems (3.5) and (3.13)), respectively. Assume further that & € H'T1(Q),
dive € WHLAB3(Q), u € WIHA(Q), p € HHL(Q), divp € WHIA3(Q) and § € WHLA(Q), for
0 <1 < k. Then there exists Crqte > 0, independent of h, but depending on the domain, v, k, ||g|l0.Q,
and the datum Op, such that

—_

Igllo. 0plli/2rp < 5

[\]

l(esw) = (on, un)|[ + [, 0) = (pr, 1)l < Crate h’“{HGHm,n + |ldive|wisiassq)

+ lullwrnagy + lollisna + 1V pllwiesaaa) + I8l b

4 Preliminaries for the a posteriori error analysis

We start by introducing a few useful notations for describing local information on elements and edges
or faces depending on wether d = 2 or d = 3, respectively. Let &, be the set of edges or faces of Ty,
whose corresponding diameters are denoted by he, and define

En(QY) ::{eESh: eCQ} and & (T —{eeé’h: eQI‘}.
For each T' € Ty, we let &, 1 be the set of edges or faces of T', and denote
Er(Q) ={eCoT : ec&(Q)} and &) ={eCoT : ec&(M) ).



We also define the unit normal vector n. on each edge or face by
n. == (n1,...,nq9)" Vec&.
Hence, when d = 2 we can define the tangential vector s, by
se := (—n2,n1)" Ve€&,.

However, when no confusion arises, we will simply write n and s instead of n. and s., respectively.

The usual jump operator [-] across internal edges or faces are defined for piecewise continuous
matrix, vector, or scalar-valued functions ¢, by

[<] = €lp)l. = @l )], with e = aTy naT.,

where T and T_ are the elements of 75, having e as a common edge or face. Finally, for sufficiently

smooth scalar ¢, vector v := (v1,...,v4)", and tensor fields T := (7;;)1<i j<a, We let
_(_ 9 Oyt _
Curl(@b) = (7871;2’ 87:131> y fOI‘d—2,
curl (71) Cford=2,
— —— , ford=2,
curl (v) = ¢ Or1 Oz curl(7) = curl (11)
V xv ; ford =3, curl(12) | , for d =3,
curl (73)
TS , ford=2,
v-s , ford=2,
Y. (v) = and v (1) = T1Xn
vxn , ford=3, B To X 1M , for d =3,
T3 X 1N

where T; is the i-th row of 7 and the derivatives involved are taken in the distributional sense.

Let us now recall the main properties of the Raviart-Thomas interpolator (see e.g. [22]) and the
Clément operator (see e.g. [14]) onto the space of continuous piecewise linear functions. Given p > 1,
let us define the space

Z, .= {TEH(divp;Q): T|T€W1’p(T), VTGE}a

and let
I Z, — X, := {reH(div;Q): 7|r e RTW(T), VT €Ty},

be the Raviart-Thomas interpolation operator, which is well defined in Z, (see e.g. [22), Section 1.2.7])
and is characterized by the identities

(Hﬁ(v‘) ‘0, &)= (7-n,§). VE€Pi(e), Vedge or face e of Tp, (4.1)

and
(I (r), ¥)r = (1, )y Vi € Pea (DL VT €T, (if k> 1) .

Notice that, since II¥(7) - n. € Px(e), from (4.1)) we have that

HZ(T) "Ne = PS(T ‘ng),



where, for 1 < r < oo, P¥: L"(e) — Pi(e) is the operator satisfying

/(Pf(u) — )z, =0 Vz € Pile),

e

Notice that for r = 2, P* coincides with the usual orthogonal projection. In addition, it is well known
(see, e.g., [22, Lemma 1.41]) that the following identity holds

div (TI§ (7)) = Pi(divr) V7 € Zy,
where, given 1 <r < oo, PF: L"(Q) = My, := {v € L3(Q) :  v|p € Pi(T) VT € T} is the operator

satisfying
/(P;]f(v) — U)Zh =0 Vzp € My.
Q

. . . . . k
The following lemma establishes the local approximation properties of 1I7.

Lemma 4.1 Letp > 1. Then, there exists ¢c; > 0, independent of h, such that for each T € W'TLP(T)
with 0 <1 <k, and for each 0 < m <1+ 1, there holds

1+2
k
|7 =TI (7) lwme (1) < 1—rg | TIwtsro (),
Pr
where pr is the diameter of the largest sphere contained in T'. Moreover, there exists ca > 0, inde-
pendent of h, such that for each 7 € WYP(T), with div T € WHYP(T) and 0 <1 < k, and for each
0<m<Il+1, there holds
I+1

T
m
T

|div 7 — div (HZ(T))|W7VL,I)(T) < 9 |div Tlweeip ()
Proof. See [10, Lemma 4.1] for details. O

The following lemma extends the estimate of the normal component of the interpolation error,
originally given for Hilbert spaces (see, for instance |26, Lemma 3.18]), to the L case.

Lemma 4.2 Letp>1,T €Ty and e € E, 7. Then, there exists C > 0, independent of h, such that
I7 0 — 1) nllage € CREYPlrlwisgy V7 € WH(T), (4.2)

Proof. See [9, Lemma 4.2] for details. O

Now, we consider the space Hj = {v, € C(Q) : Uh‘T € Pi(T) VT € T,} and denote by
I : HY(Q) — H,ll the Clément interpolation operator. The local approximation properties of this
operator are established in the following lemma (see [14]):

Lemma 4.3 There exist constants c1, ca > 0, independent of h, such that for all v € H(Q) there
holds

v — Invllor < crhrvlyaqy YT €T,

and
HU - [hUHO,e < e h;/z Hv”l,A(e) Ve € ghv

where A(T') and A(e) are the unions of all elements intersecting T and e, respectively.



In what follows, we denote by Hi : Zyp — X}, the tensor version of Hlfl, which is defined row-wise by
HZ and by I, : HY(Q) — H}L the corresponding vectorial version of I}, which is defined componentwise
by I},

We end this section by establishing a suitable Helmholtz decomposition for
H:= {n € H(divy/3;92): m-mn=0 on FN}.

Lemma 4.4 Assume that there exists a conver domain B such that Q@ C B and I'ny C 0B, and let
p > 1. Then, for each n € H there exist

a) £ € WHP(Q) and w € Hll“N (Q) such that n = € + curlw when d = 2,

b) & € W'P(Q) and w € Hf, () such that n = € + curlw when d = 3,
where H%N(Q) = {w eEH(Q): w=0 on FN}. In addition, we have that

[€llwrr) + llwllie < Che lnllav,:e  and  [[€llwie@) + IWllie < Che l|nlldiv,:0: (4.3)

for d =2 and d = 3, respectively, where Cpe is a positive constant independent of all the foregoing
variables.

Proof. In what follows we prove the result for the two-dimensional case. The three-dimensional case
can be treated similarly by extending [25, Theorem 3.1] to the L case.

We proceed as in the proof of [7, Lemma 3.9]. In fact, given n € H, we let z € W'P(B) be the
unique weak solution of the boundary value problem:
divn in Q
Az = 1
1B\ Q|

o, Vz-n=0 on 0B, /z-().
/divn in B\ Q Q
Q

Since, B is a convex domain, it is well known that z € W*P(B) (see [35, Theorem 1.1]) and

2l wer ) < clldivnllLe ),
where ¢ > 0 is independent of z. We let £ = (Vz)|o € W'P(Q2), and observe that divé = Az = divy
in Q, & -n=0on 0B (which certainly yields € -n = 0 on I'y) and

1€llwrr) < clldivallie ). (4.4)

On the other hand, let € := n — . Clearly, € is a divergence-free vector in 2, and owing to the
continuous embedding WP (Q) into L2(£2) (see, for instance, [22, Theorem B.46]) and (4.4)) we have
that € € L?(Q2) and

lelloe < € (Inlloe + I€lwir) < €lnlla,e-

In this way, as a consequense of [28, Chapter I, Theorem 3.1], given € € L?(2) satisfying dive = 0 in
Q), and Q connected, there exists w € H!(Q2), such that € = curlw in ), that is,

n—&=curlw in Q. (4.5)

10



In turn, noting that 0 = (n—&)-n = (curlw)-n = Vw-s on I'y, we deduce that w is constant on I'y, and
therefore w can be chosen so that w € H%N (€2), which proves the Helmholtz decomposition for d = 2. In
turn, the equivalence between ||w||; o and |w|; o, which is result of the generalized Poincaré inequality
(see, for instance, [22, Theorem B.63]), together with , and the continuous embedding from
WLP(Q) into L2(Q), yield

[wllie < clwlia = clleurlwllon < c(lnllog + I€lwir@) < clnlav,o- (4.6)
Then, it is clear that (4.4]) and (4.6) imply (4.3 and conclude the proof. O

5 A posteriori error analysis

In this section we derive a reliable and efficient residual-based a posteriori error estimator for the

Galerkin scheme ([3.13]).

In what follows we assume that the hypothesis of Theorems and hold, and let (o, u, p,0) €
XoxMxHx Q and (o, up, py, ) € Xpo x My, x Hy, X Qp, be the unique solutions of the continuous
and discrete problems (3.5) and (3.13)), respectively. Then, our global a posteriori error estimator is
defined by:

1/2 3/4
:{ Z @%} + { Z (||0hg+le0'hHL4/3(T + HdlvthL4/3 )} ) (51)

TeTh TeTh

where, for each T' € T}, the local error indicator is defined as follows:

_ 1 2 1 2
0% == ny || Vuy, — ~ (o + (wy @ up))?| 4+ hd||curl ( (oh+ (up ® up)) >
v 0,7 0,1
1 A a\ |’
+ “(op + (up ® + + (u, @
Z H (V( n+ (un @ up)) >H . Z ( on+ (up ®@up)) > Ny
ecép, ) ecly, )
2-d/2 1 ? 2
+hy / Vo, — E(ph + Opuy,) + hT curl ( (pp, + Hhuh)) + Z hé/Q 10D — QhHi4(6)
0.1 0T eeg, p(Tp)
1 2 1 2
+ Z H (H(Ph + 9hllh)>ﬂ + > he|v. (H(Ph + Opup) — V9D> Ny

eegh T 076 eegh’T(FD)

(5.2)

The main goal of the present section is to establish, under suitable assumptions, the existence
of positive constants C and Ccsy, independent of the meshsizes and the continuous and discrete
solutions, such that

Cors© + hot. < [[(o.u) = (@4 w)| + [(p,6) = (o1 04)| < Cra® + hote,  (53)

where h.o.t. is a generic expression denoting one or several terms of higher order. The upper and
lower bounds in (5.3)), which are known as the reliability and efficiency of ©, are derived below in

Sections [5.1] and respectively.
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5.1 Reliability of the a posteriori error estimator

The main result of this section is stated in the following theorem.

Theorgm 5.1 Assume that there exists a conver domain B such that Q@ C B and I'y € 0B. Let
define \ := min {I/’/')/\F, /i’yT} and assume further that

16 Cr

1
= lIglloa 16plli/2r, < (5.4)
AVF T /3o 2

where Cr is the bounding constant of Fr, and vr,yr and g,y are given in and (| -, respec-
tively. Then, there exist Crep > 0, independent of h, such that

[(e;u) = (an, wn)ll + (P, 0) — (pp, On)l| < Crer ©. (5.5)
We begin the derivation of (5.5) with the next preliminary lemma.

Lemma 5.1 Assume that there exists a convex domain B such that Q C B and I'n C 0B. Assume
further that the datum 0p satisfies . Finally let (o, u, p,0) € XoxMxHxQ and (o, un, py,0n) €
Xpo X My, x Hy, X Qp, be the unique solutions of problems and , respectively. Then, there
exists a constant C' > 0, independent of h, such that

Re(T,Vv Rr(n,
||<a,u>—<oh,uh>||+||<p,e>—<ph,9h>||gc( sp TV Rl w>|> (5.6)
(m,v)eXoxM ||(T’V)|| (m)eHXQ ||(777 )H
(T,v)#0 (n,¥)#0

where R : Xg X M — R and Rr: H x Q — R are the residual functionals given by
Re(T,v) = —ag(op, ) — bp(T,up) — bp(op,v) — cp(up;up, 7) — dp(0p, v)
for all (T,v) € Xg x M, and
Rr(n, ) = Fr(n) — ar(pp,m) — br(n, 0n) — br(pp, ¥) — cr(un; On,m)

for all (m,v) €e H x Q.

Proof. First, using the inf-sup condition (3.8 for the error ({,z) = (6 — o, u —uy), adding and sub-
stracting cg(up; up, 7)+dr (0, v), and using the first and second equations of (3.5) and the continuity
of the forms cr and dr given by (see [I3], Section 3])

1
ler(wiv, )| < —wlmllvinlirllc,  |de(0,v)] < llgloellfllalvim,

we deduce that

R de(0 — 0 —up;
ﬁ”(d’—ah,u—uh)ﬂ < sup [Re(7, V)| + sup | ( hy V)| + sup |ce(u — up;up, 7)|
2 rvexoxm TV vem  lIviim reXo 7 Ilx

(T,v)#0 v#0 T#0
< [Re(7,v)| 1 B
< sup TexB] ~ llunflnv o = apln
(1,v)eXoxM
i
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Then, observing that the estimate (5.4]) implies

8Cr 1
_— 0 < -, .
S gloa bl aro < 6.7)

and since ||up|lm < ||(oh,up)]], from (5.7)) and the first estimate in (3.15]), we obtain

o —opu-uw)] < sp LETY
1 o VI
(7.v)#0

+ llgllolld = Onlla- (5-8)

Similarly, from the inf-sup condition (3.9)), with (s,¢) = (p — pp,0 — ), the third and fourth
equations of (3.5)), adding and substracting cr(up; 0, m), and using the continuity of er given by (see
[13, Section 3])

1
lex(wi v, m)| < —[lwlhnalléllqlimlle,

we deduce that

Rr(n, ¢ cr(u — up; Oy,
o prb—o)] < sup IO, bl 1)
meaxq MmO pen Inll=
(m,9)7#0 n#0 (5.9)
[Re(n, 9)] 1 B
< sup 10nllq [[a — ap|[m-
macaxq IO s

(m)#0

Next, since |lu —up||m < ||(o — O'h,u up)|| and [|04]|q < ||(pp,0r)]|, combining (5.8) and (5.9)), and
using the second inequality in , it is not difficult to see that there exist p081tlve constants 1, Ca,
independent of h, such that

R R
H(p—ph,Q—Qh)Hg Cc1 sup m‘i‘CQ sup | T(n) )|
(T,v)EXoxM (7, V)l (ny)eHXQ ||(77, V)|
(T,v)#0 (n,¥)#0
1GC’F
L~ 10— Onllq
which combined with (5.4) implies
- Re(T, A Rr(n,
lo—prb—t) <& sp TETVN L5 gy [Rato) (5.10)
(rv)exoxm (T V)l (mrerxq o)
(T.v)#0 (n,1)70

with ¢1,¢ > 0, independent of h. In turn, from (5.8)), (5.10)) and estimate ||0—04|q < ||(p—pn, 0 —604)|
we easily deduce that

lo—omu—w) <8 sp =@V o Gy R vl (5.11)
(T,v)EXoxM (T, V)l (n)EHXQ [(n, )N
(7,v)#0 (nh)#0
with ¢3,¢4 > 0, independent of h. In this way, estimate (5.6)) follows from (/5.10) and (5.11)). O

Now, according to the definition of the forms ag, b, cr, dg, ar, bg and cr (c.f. (3.6)), we find that,
for any (7,v) € Xg x M and (n,v) € H x Q, there holds

RF(T, V) = RF,]_(T) + RFQ(V) and RT(’I’[, 1/)) = RT,l(TI) + RT,Q (¢)
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where

1 . 1
Rea(T) = —;(a%,’rd)g — (up,divr)q — > ((uh ® uh)d,'r>Q , (5.12)
Rr2(v) = —(0hg, V) — (v,divoy)q, (5.13)
1 . 1
Rri(n) =(n-n,0p)r, — E(pha na — (On, divn)a — - (Onun,m)q (5.14)

and
Rrp(¥) = — (¥, div py)a. (5.15)
Hence, the supremum in (5.6 can be bounded in terms of Rg 1, Rr 2, Rr,1 and Rr2 as follows

(o, w) = (o wn) |+ 10, 0) = (o1, 00)]| < O IRl + [ Realine + Rl + Rl

In this way, we have transformed ([5.6) into an estimate involving global inf-sup conditions on X,
M, H and Q, separately.

Throughout the rest of this section, we provide suitable upper bounds for R 1, Rr 2, Rr,1 and Rr 2.
We begin by establishing the corresponding estimates for Rg 2 and Rr o (cf. (5.13)) and (5.15)) ), which
follow from a straightforward application of the Holder inequality.

Lemma 5.2 There holds
3/4 3/4
. 4/3 4/3
IRe 2l < { > Hehg+dwah\Lé/3(T)} and [Reallgy < { S Jldiv puE, T)} - (5.16)
TeT, TeT
Note that from (5.16)) and the inequality a? + b” < 217P(a + b)P, for all a,b > 0 and 0 < p < 1, we
have that there exists C7 > 0 such that
3/4
. 4/3 . 4/3
[Re sl + [Rezllgr < cl{ S (I6ns + divenl| 2 ) + HdwphuLﬁ/g(T))} .
TeT

In turn, after a slight modification of the proof of [9, Lemma 5.6] is it not dificult to see that the
following estimate for Rg 1 (cf. (5.12))) holds.

Lemma 5.3 There exists Co > 0, independent of h, such that

1/2
[Reallx, < 02{ > 9%T} :

TeT
where
2-d/2 1 2 1 2
Oir == hy Vu, — ~(o) + (up @)Y + k% ||curl <(0'h + (up ® uh))d>
v 0,17 v 0,7
1 2 2
+ Z H (V(crh + (up ® uh))d>ﬂ + Z < o+ (u, ® uh))d)
ecly, 0,e e€ép, 0,e

Our next goal is to bound the remaining term ||Rr1|m. To do that we need to introduce the
following two technical results.
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Lemma 5.4 There exists C3 > 0, independent of h, such that for each & € WH4/3(Q) there holds
1/2

[Re1(€ —T5(E)| < Cs< Y 05700 [€llwranq, (5.17)
TeT,
where
2

_ 1
CEPE hiy V2|, E(ph + Opup) + Z he!? |6 — 6h||i4(e) - (5.18)

0T cegy p(I'p)

Proof. We recall from the definition of Ry (cf. (5.14)) that
Ras(€ ~TIE(E) = (€~ TEE)m, 00)ry — - (o1 €~ TIHE)),

- (eh, div (& — Hﬁ(ﬁ)))Q - % (9huh, £ — H'Z(E)) :

Then, similarly to [9] Lemma 5.3], applying a local integration by parts to the third term above, using
([4.1) and the fact that 6p € L2(I'p), we obtain

Rri(€—T0(6) = > (veh L+ ), (€ - Hﬁ(&))) + Y (e-mf©mon-0,) .
TET, T eegy(p) ‘

In turn, using the Holder and Cauchy-Schwarz inequalities, the interpolation property (4.2)) with
p =4/3, and the fact that there exists a positive constant C' > 0 independent of the mesh, such that

Ir — I ()llor < Chy " rlwiasgy Y€ WHA(T),
whose proof follows from Lemma and [10, Remark 4.2], we deduce that

1 _
[Rea€ ~T@) < D | Vo~ (o + )| Chr " [Elwransry

TET;, 0,7
+ Z 10D = Onllrae Chy'* [€lwrass(r,ys
eegh(FD)

with T, being the element containg e. Next, by using the Cauchy-Schwarz and subadditivity inequal-
ities and the fact that we are considering regular meshes, we obtain

2 3/4
|Rei(€ — 115 (€)| < C ( S hg ) ( > Il )
0,7 TET;,

TeT
1/2 3/4
4/3
+( Sk ueD—ehu@@) ( SR ) |

ec&,(Ip) e€&r(T'p)

which clearly implies (5.17) and completes the proof. O

- (Rou+ o) |

1
Vo, — E(ph + Hhuh)

Lemma 5.5 Assume that fp € HY(I'p) and let

2 2

03, = h + Y he
0,1 eGSmT(Q)
2

1
curl (ﬁ(Ph + 9huh)>

0,e
(5.19)

+ ) he

eEgh,T(FD)

1
Vs <,€(Ph + Opuy) — v9D>

0,e
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a) Let w € H%N(Q) and d = 2. Then, there exists Cy > 0, independent of h, such that
1/2

|’RT,1 (curl (w — Ihw)) ‘ < Cy Z @§7T
TeTH

(5.20)

b) Let w € HII“N (Q) and d = 3. Then, there exists Cy > 0, independent of h, such that

1/2

R (curl (w — Iw)) | < Cy Z @§7T
TeTh

Proof. In what follows we prove the result for the two-dimensional case since for the three dimensional
case follows analogously.

We proceed as in [J, Lemma 5.5]. In fact, given w € H'(f), we first notice from the definition of
Rr,1 in (5.14) that there holds

1
Rr(curl (w — Ihw)) = (curl (w — Ipw) - n,0p)r, — - (pp, + Opuy, curl (w — Ihw))g -

Recalling that fp € HY(I'p), now we apply the following integration by parts on the boundary I'p
given by (see, for instance, [2I, Lemma 3.5, eq. (3.34)])

(curl (w — Iyw) - n,0p)r, = (Vbp - s, w — [hw)r, = (7,(VOp), w — [hw)r,,

which together with a local integration by parts, the fact that w|ry = Ihw|ry = 0 and noting that
7(Vép) € L2(I'p), allow us to deduce that

Ry (curl (w — Lw)) = — > <Cuﬂ (i(ﬂh + ehuh)> W — Ihw>T

TET
1
o 5 ([ (o) o)
€& () e
1
+ Z (7* <H(Ph + Opup) — V9D> ;W= Ihw> :
e€&r(I'p) e

Hence, applying Cauchy-Schwarz inequality and the approximation properties of the Clément inter-

polant (cf. Lemma [4.3), we obtain
5 N\ 1/2 1/2
) (it
0,7 TET,

5 N\ 1/2 1/2
) ( Z ||w’iA(e)>
O.e e€EL(Q)
5 \ 1/2 1/2
) ( > ’wH%,A(e)>
Ose e€&h(I'p)

‘RTl (curl (w — Ihw))|

e

TeT

| /\

curl ( (p, + Ghuh)>

(i om)]

< (pn + Opup) — V9D>

(5,
(5
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Therefore, as a direct consequence of the previous estimate and the fact that the number of triangles
of the macro-elements A(T') and A(e) are uniformly bounded, we get (5.20)) concluding the proof. O

The following lemma establishes the estimate for Rt 1.

Lemma 5.6 There exists C5 > 0, independent of h, such that

1/2
[Rrallx, < 05{ Z(eg,T+@?2>,T)} ;

TeT,

with O2 7 and O3 1 defined as in (5.18)) and (5.19)) respectively.

Proof. For simplicity, we prove the result for the two-dimensional case. The three dimensional case
follows analogously.

Let n € H. It follows from Lemma that there exist £ € Wh*/3(Q) and w € H%N (Q), such that
n = &€ + curlw and

[€llwrass) + lwlle < Crellnlla- (5.21)
Notice from the Galerkin scheme (3.13)) that Rt 1(n;,) = 0 for all ;, € Hy,. Hence,
Rri(m) =Rra(n—my) Vny, € Hy.

In particular, for n;, defined as
my, = I75€ + curl (Thw),

whence
Rr1(n) = Re1(€ — IFE) + Rea(curl (w — Iw)).

Hence, the proof follows from Lemmas and and estimate (5.21)). O

We end this section by observing that the reliability estimate (5.5)) is a direct consequence of
Lemmas and

5.2 Efficiency of the a posteriori error estimator
The main result of this section is stated as follows.
Theorem 5.2 There exists Cepr > 0, independent of h, such that
Cors© < (00) = (Fnwn)ll + (9, 6) — (o1, 00)] + hio.t, (5.22)
where h.o.t. stands for one or several terms of higher order.

We remark in advance that the proof of (5.22)) makes frequent use of the identities provided by
Theorem [3.2l We begin with the estimates for the zero order terms appearing in the definition of ¢

(cf. 52).

Lemma 5.7 For all T € Ty, there holds

10ng + diVUh”L4/3(T) < [lo— Uthiv4/3?T + lglloo 0 — 9h||L4(T)

and
||dinh||L4/3(T) < ||P*ph||diV4/3;T'
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Proof. It suffices to recall, as established in Theorem that dive +0g =0 and div p=01in Q. OJ

In order to derive the upper bounds for the remaining terms defining the global a posteriori error
estimator © (cf. (5.1))), we use results from [L1], inverse inequalities, and the localization technique
based on element-bubble and edge-bubble functions. To this end, we now introduce further notations
and preliminary results. Given T' € Tj, and e € &, 7, we let ¢7 and ¢. be the usual element-bubble
and edge-bubble functions, respectively (see [37] for details). In particular ¢ satisfies ¢ € P3(T),
suppopr € T, ¢p = 0 on 9T, and 0 < ¢ < 1 in T. Similarly, ¢c|r € Po(T), supp e C we =
W{T"eTh:e€&r}, de =00n 0T \ e and 0 < ¢p <1 in w.. We also recall from [36] that, given
k € NU {0}, there exists an extension operator L : C(e) — C(w.) that satisfies L(p) € Py(T") and
L(p)le = pVp € Pr(e). A corresponding vector version of L, that is the componentwise application
of L, is denoted by L. Additional properties of ¢, ¢ and L are collected in the following lemma.

Lemma 5.8 Given k € NU {0}, there exist positive constants c1, ca, c3 and c4, depending only on k
and the shape regularity of the triangulations (minimum angle condition), such that, for each triangle
T and e € &, there hold

1/2
lorall2r < llaldr < ey all3r Vg € P(T), (5.23)

16eLP)Fe < IPl3e < eallde?pllEe ¥ € Prle)

and

cahe?plloe < 6 Lp)llor < caht*[plloe  Vp € Pi(e).

Proof. See Lemma 1.3 in [36]. O

In addition, given k € NU{0}, T € T, and e € &, in what follows we will make use of the following
inverse inequalities (see [22, Lemma 1.138]): There exist ¢, co > 0, independent of the meshsize, such
that

ollwrassiy < ethy T ollor Vo e Pu(T), (5.24)

[0l < c2 B DA vl Vv € Ple). (5.25)

Finally, we recall a discrete trace inequality, which establishes the existence of a positive constant c,
depending only on the shape regularity of the triangulations, such that for each 7' € 7;, and e € &, 1,
there holds

llige < e(heolgr +helvliz) Yo eH(T). (5.26)

For the proof of inequality (5.26)) we refer to Theorem 3.10 in [I].

The corresponding bounds for the remaining terms defining ©1 1 are stated in the following lemmas.
Lemma 5.9 There exists C1 > 0, independent of h, such that

_ 1
h;ﬂ d/4 Vuy, — ;(O'h + (uh X uh))d

0,T

< C {(1 + h;—d/4)|’u — up|lpa(r) + th—d/4H0' — O'hHQT} VYT €Ty,

Proof. See Lemma 5.10 in [9]. O
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Lemma 5.10 There exist Cy > 0, C5 > 0 and Cy > 0, independent of h, such that

hr < CQ{Hu_uh||L4(T) + HG—UhHo,T}

curl <i(0'h + (up, ® uh))d)

[N

for all e € E,(Q), and

0,7

for all T € Ty,

pl/2

0,we }

< Cy{llu = wnllgs +llo = o

0,e

h1/2

7. <i(0'h + (up ® uh))d>

< Ci{llu=wnlscr + llo = onllor. |
0,e

for all e € E(T), where T, is the element to which the boundary edge or boundary face e belongs.

Proof. 1t follow from Lemma 5.12 in [9] with up =0 on I'. O

Now, we aim to provide upper bounds for the terms defining 9 7.
Lemma 5.11 There exists Cs > 0, independent of h, such that

_ 1
hy || V6, — Py + Opup)

0.1 (5.27)

< Cs {(1 +hy )6~ Onllacr) + h%rfd/leP —prllos+ hy ¥ u — uhHL4(T)}7

for all T € Ty.

1
Proof. We proceed as in [9, Lemma 5.10]. In fact, given T' € T},, we define xp := VO, — —(p;, + 6pup)
K

1
(p+ 6u) in Q (cf. Theorem

in T. Then, applying (5.23)) to || x7|lo,7, recalling the identity VO = —
K

, integrating by parts and using that ¢ = 0 on 97T, we deduce

1/2
Ixrl2r < lor*xol2

= (div(6rxr),0 — 00)p + - (91X, (0= p1) + (00— ).
Next, using the Holder and Cauchy—Schwarz inequalities, the estimates and , we obtain
HXTH(%,T < ‘¢TXT’W1,4/3(T)H9 - HhHL‘L(T) + % H¢TXT”0,T lp—pp +6u— ehuhHo,T
< Chg P losrll0 = 0ullair) + - xrllor (12— oallyr + 100 — Gral ).

which implies

14d/4

_ 1
Ixzllor < Chy 10 — Onllvacr +- (HP—PhHQT—F Heu—ehuhHQT)- (5.28)

19



In turn, adding and subtracting fuy, (it also works with d,u), using the Cauchy—Schwarz inequality
and the fact that [|0]| 1) and [[up|[p4(q) are bounded by data and constants, all of them independent
of h (cf. (3.11)) and (3.15)), we deduce that

[ — ahuhHO,T = [|0(u—up) + (0 - Hh)uhHO,T
< 0llLa o = wnllpary + lanllwa@)ll0 = Onlluacr) (5.29)
< C (Il = willgscry + 16 = nllae) )

with C' > 0 independent of h. Finally, replacing back (5.29) into (5.28)) we derive (5.27)) and conclude
the proof. O

Lemma 5.12 Suppose that 0p is piecewise polinomial. Then, there exists Co > 0, independent of h,
such that

—d/4 —d/4
B4 100 =0nlsce) < Co{ (1+hy ) I0=0nlscry+hr “ llp—pil

or+hy lu—unlLsir } (530
for all e € &, 7(I'p).

Proof. We proceed as in [0, Lemma 5.11]. In fact, given e € &,(I'p) an edge or face of an element
depending on whether d = 2 or d = 3, respectively. From (/5.25)), it follows that

10D — OnllLaey < ChE=D4|10p — Ohllo.e- (5.31)
Hence, from ((5.31)) and (5.26]), we deduce that
100 = Olluaey < € {AED406 = Oullor + BE=D/40 — ulr.r} (5.32)

Next, we focus on estimating the right-hand side of (5.32). To that end, we use first the Cauchy-
Schwarz inequality and the fact that for regular triangulations |T'| & h%, to deduce that there exists
¢ > 0, independent of h, such that

16 — Onllor < chy 110 — Onllacr)- (5.33)

1

In turn, using the identity VO = —(p 4 6u) in  (cf. Theorem D and some algebraic computations,
K

we deduce that

K K

1 1 1
0 —Onlrr = H (p—pp) + 2(911 — Opup) + —(pp, + Opup) — VO,
0T

1 1
< - (HP — PplloT + H9u — QhuhH(]’T) + HV@h - (py, + Onuyp)

0,T
which together with (5.28) and (5.29)), yields,
—14d/4
0= Onlir < €L+ )0 = Onllagry + o = pullor + = wnlar) - (5.34)

Therefore, (5.30) follows from estimates (5.32)), (5.33)) and (5.34)), and the fact that h, < hy. O
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Lemma 5.13 There exist C7 > 0 and Cg > 0, independent of h, such that

hr

1
curl (n(ph + Ghuh)>

< Cr{llu =il + llo = pullor + 10 = ullsery | (5:35)
0,7

for all T € Ty, and

b (Lo o )]

for all e € E,().
Additionally, if Op is piecewise polynomial, there exists Cy > 0, independent of h, such that

/2 < Cs Il = wnllggen) + 10 = pulloss. + 10 = Onllacuy | (5.36)

0,e

h1/2

1
Y (H(Ph + Opup) — V9D>

< Co{llu = willuscry + o = pullor. + 10 = Oulliscry } (5:37)
0,e

for all e € &,(T"), where T, is the element to which the boundary edge or boundary face e belongs.

Proof. For the two-dimensional case, the derivation of the first two inequalities, follows as in [I7],
Lemma 3.11], that is, it suffices to use Lemmas 6.1 and 6.2 in [I1]. Indeed, from there we have that
for each piecewise polynomial n,, in 7;, and for each n € L?(2) with curl (n) = 0 in , there exists
C > 0, independent of h, satisfying

her|leurl (my)llo.r < Clm —myllor and ke[ Ty (m)lo.e < C [l — o,

1 1

Thus, taking n := —(p + 6u) = V60 and n;, := —(p;, + 0ruy), and using the estimate (5.29) we can
K

obtain ((5.35)) and (5.36). In turn, these same arguments combined with [2I, Lemma 3.26] allows us to

deduce the inequality (5.37)). Further details are omitted.

On the other hand, the proof for the three-dimensional case follows from a slight modification of
the proofs of Lemmas 4.9, 4.10, and 4.13 in [27]. O

We remark that, for simplicity, the derivation of (5.30) in Lemma and (5.37)) in Lemma
has required 0p to be piecewise polynomial. However, if 0p is sufficiently smooth, and proceeding
similarly as in [I2] Section 6.2], higher order terms given by the errors arising from suitable polynomial
approximations would appear in (5.30) and (5.37)), which explains the eventual h.o.t in ((5.22)).

We end this section by remarking that the efficiency of © (cf. (5.22))) in Theorem is now a

straightforward consequence of Lemmas and In turn, we emphasize that the resulting
positive constant denoted by C,ys is independent of h.

6 Numerical results

This section serves to illustrate the performance and accuracy of the proposed mixed finite element
scheme along with the reliability and efficiency properties of the a posteriori error estimator ©
(cf. ) derived in Section |5l In what follows, we refer to the corresponding sets of finite elements
subspaces generated by £ = 0 and k = 1, as simply RTy — Pg — RTy — Py and RT; — P; — RT; — P,
respectively. Our implementation is based on a FreeFem++ code [30]. Regarding the implementation
of the Newton iterative method associated to (3.13) (see [I3), Section 6] for details), the iterations are
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terminated once the relative error of the entire coefficient vectors between two consecutive iterates,
say coeff™ and coeff !, is sufficiently small, i.e.,

|coeff™ ! — coeff™||,2

Hcoeﬁ'erl || o2

< tol,

where || - ||;2 is the standard ¢2-norm in R", with N denoting the total number of degrees of freedom
defining the finite element subspaces X;, My, Hj, and Q) stated in Section [.3] and tol is a fixed
tolerance chosen as tol = 1E — 06. As usual, the individual errors are denoted by:

e(o) = |lo —oullx, e(u):=|u—-uwm, e):=p—>prloe
e(p) == llp—pplla, () :=0—0hllq,

where the pressure p is approximate through the post-processing formula (cf. [I3] eq. (5.16)]):

Ph = —% (tr (o) +tr(u, @up) — \(12](“ (up, @ up), 1)9) :
We stress here that we are able to recover other variables of physical interest such as the stress tensor,
the vorticity, the velocity gradient and the heat-flux vector by a post-processing procedure (see [13]
Section 5.3] for details). However, for the sake of simplicity, in the numerical essays below we will
focus only on the formula suggested for the pressure field. Then, the global error and the effectivity
index associated to the global estimator © are denoted, respectively, by

—,

e(t) :==e(o) +e(u) +e(p) +e(f) and eff(@) := ﬂ.

©

Moreover, using the fact that ¢ N=1/¢ < h < C N~/  the experimental rate of convergence of any of
the above quantities will be computed as

g loslee)/¢(o)

r(o) == log(N/N') for each © € {a’, u, p,0,p, E} )

where NV and N’ denote the total degrees of freedom associated to two consecutive triangulations with
errors e(¢) and €'(o).

The examples to be considered in this section are described next. In all of them, for the sake of
simplicity, we consider the thermal conductivity x = 1 and the viscosity of the fluid v = 1. In addition,
the condition of zero-average pressure (translated in terms of the trace of o) is imposed through a
real Lagrange multiplier.

Example 1 is used to corroborate the reliability and efficiency of the a posteriori error estimator ©,
whereas Examples 2 and 3 are utilized to illustrate the behavior of the associated adaptive algorithm
in 2D and 3D domains, respectively, which applies the following procedure from [37]:

(1) Start with a coarse mesh Tp.
(2) Solve the Newton iterative method associated to (3.13) for the current mesh 7y.

(3) Compute the local indicator Or for each T € Th, where

éT = Or+ ||9hg+diV0'h||L4/3(T) + ||divph||L4/3(T)’ (cf. (5-2))
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(4) Check the stopping criterion and decide whether to finish or go to next step.

(5) Generate an adapted mesh through a variable metric/Delaunay automatic meshing algorithm
(see [31], Section 9.1.9]).

(6) Define resulting mesh as current mesh 7, and go to step (2).

At this point we mention that, should non-zero source terms appear in the right-hand side of the
second equations of (3.3) and ({3.4)), say f, and fe, respectively, some terms in the a posteriori error
estimator must be modified. More precisely, the quantities

1Org + diVO’hHL4/3(T) and ||div thL4/3(T)
must be replaced by
16hg + divey, — fallpassy  and  [|div py, — fellLas ),

whose estimation from below and above follows in a straightforward manner.

Example 1: Accuracy assessment with a smooth solution

In our first example, we concentrate on the accuracy of the mixed method . The domain is the
square 2 = (0,1) x (0,1), the boundary I = I'p U Ty, with 'y = [0,1] x {1} and I'p = T'\ I'n. We
consider the external force g = (0, —1)*, and the terms on the right-hand side are adjusted so that a
manufactured solution of f is given by the smooth functions

. 2?(x — 1)%sin(y) o -
ulw,y) = <2w(x )2z —1) gos(y)> . Pl@yy) = cos(rz)e™

and O(z,y) := %sin(mc) cos? (g(y + 1))

Tables [6.1] and [6.2] show the convergence history for a sequence of quasi-uniform mesh refinements,
including the average number of Newton iterations. The results illustrate that the optimal rates of
convergence O(h) and O(h?) provided by Theorem are attained for £ = 0,1. In addition, we also
compute the global a posteriori error indicator © (cf. ), and measure its reliability and efficiency
with the effectivity index. Notice that the estimator remain always bounded.

Example 2: Adaptivity in a 2D L-shape domain

Our second example is aimed at testing the features of adaptive mesh refinement after the a posteriori
error estimator © (cf. (5.1))). We consider a L-shape contraction domain Q := (—1,1)?\ (0,1)?, the
boundary I' = Tp U T, with I'y = [-1,0] x {1} and T'p = I'\ I'n. The external force is chosen as
g = (0,—1)*, and the terms on the right-hand side are adjusted so that the exact solution is given by
the functions

[ —cos(mz) sin(my) - 1—z
ulw,y) = ( sin(mx) cos(my) ) » (@ y) = (z — 0.02)2 + (y — 0.02)2 —Po
1
and O(z,y):= ERNE
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where py € R is a constant chosen in such a way (p, 1)q = 0. Notice that the pressure and temperature
exhibit high gradients near the origin and the line y = —1.1, respectively.

Tables along with Figure summarizes the convergence history of the method applied to a
sequence of quasi-uniformly and adaptively refined triangulation of the domain. Suboptimal rates are
observed in the first case, whereas adaptive refinement according to the a posteriori error indicator ©
yield optimal convergence and stable effectivity indexes. Notice how the adaptive algorithms improves
the efficiency of the method by delivering quality solutions at a lower computational cost, to the point
that it is possible to get a better one (in terms of e(t)) with approximately only the 1.8% of the degrees
of freedom of the last quasi-uniform mesh for the mixed scheme in both cases k = 0 and £k = 1. In
addition, and similarly to [10, Remark 4.6], we observe that our Galerkin scheme satisfies
the properties 0,g + divey, = P¥(f,) and div p, = PF(fe.) in Q, where PF is the L2(Q)-orthogonal
projection onto discontinuous piecewise polynomials of degree k and PZ is its vectorial version. In this
way, using the fact that neither £, nor f live in My, and Qp, (cf. ), respectively, we illustrate the
conservation of momentum and thermal energy in an approximate sense by computing the ¢*°-norm
for Fy := 08 + divoy, — PF(f,) and Te := div p, — PF(fe), with k = 0,1. As expected, these values
are close to zero.

On the other hand, approximate solutions builded using the RT; — P; — RT; — Py scheme with
811,911 degree of freedom (33,717 triangles), via the indicator ©, are shown in Figure In parti-
cular, we observe that computed pressure and temperature exhibit high gradients near the contraction
region and at the bottom boundary of the L-shape domain, respectively. In turn, examples of some
adapted meshes generates using © for £k = 0 and & = 1 are collected in Figure We can observe
a clear clustering of elements around the vertex (0,0) and the line y = —1.1, which illustrate again
how the method is able to identify the regions in which the accuracy of the numerical approximation
is deteriorated.

Example 3: Adaptivity in a 3D L-shape domain

Finally, in our third example we turn to the testing of the scheme and the adaptive algorithm in a
three-dimensional scenario. More precisely, we consider the 3D L-shape domain Q := (—0.5,0.5) x
(0,0.5) x (—=0.5,0.5) \ (0,0.5)3, the boundary I' = I'p U I'y, with I'y = {—0.5} x [0,0.5] x [-0.5,0.5]
and I'p = I'\ I'y. We consider the external force g = (0,0, —1)%, and the terms on the right-hand side
are adjusted so that the exact solution is given by the functions

sin(mx) cos(my) cos(mz)
u(z,y,z) = | —2cos(mz)sin(ry) cos(nz) |, plx,y,z) = (
cos(mx) cos(my) sin(mz)

10z
x — 0.005)2 + (y — 0.005)2

— Do

and 0(z,y, z) := cos(wy) sin(n(z + 2)),

where pg € R is a constant chosen in such a way (p,1)q = 0. Notice that the pressure exhibit high
gradients near the contraction region of the 3D L-shape domain. The latter is illustrated in Figure
where the initial mesh and the last two adapted meshes according to the indicator © for k£ = 0 show
a clear clustering of elements in the contraction region as we expected. Moreover, in Figure we
compare the exact magnitude of the velocity, the temperature field and the pressure field with their
approximate counterparts after four mesh adaptive refinement steps. There we can observe that the
approximate solution captures satisfactorily the behavior of the exact solution.
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N| efo) [rle)] e [r) | ep) [rl) ] O | @O
294 | 6.55e+00 — 1.17e-01 — 6.02e-01 — 6.58e-02 —
1173 | 3.12e+00 | 1.071 | 4.44e-02 | 1.402 | 2.99¢-01 | 1.011 | 3.58e-02 | 0.879
4701 | 1.50e+00 | 1.058 | 1.67e-02 | 1.411 | 1.42e-01 | 1.073 | 1.59e-02 | 1.167
18312 | 7.75e-01 | 0.970 | 7.76e-03 | 1.124 | 7.01e-02 | 1.038 | 7.86e-03 | 1.040
72729 | 3.82e-01 | 1.025 | 3.92e-03 | 0.990 | 3.53e-02 | 0.993 | 4.02e-03 | 0.971
293163 | 1.91e-01 | 0.996 | 1.88e-03 | 1.053 | 1.74e-02 | 1.015 | 1.97e-03 | 1.023
e(p) ‘ r(p) ‘ e(’E) ‘ r(?) H S ‘ eff(®) H iter
1.61e+00 — 7.34e+00 — 1.25e+01 | 0.586 4
6.83e-01 | 1.237 | 3.50e+00 | 1.069 || 6.51e+00 | 0.538 4
2.97e-01 | 1.202 | 1.67e+00 | 1.065 || 3.37e4+00 | 0.500 4
1.50e-01 | 1.003 | 8.61e-01 | 0.978 || 1.78e+00 | 0.483 4
7.09e-02 | 1.088 | 4.26e-01 | 1.021 8.99e-01 | 0.474 4
3.52e-02 | 1.006 | 2.12e-01 | 0.999 4.61e-01 0.461 4

Table 6.1: EXAMPLE 1: RTy — Py — RTy — Py scheme with quasi-uniform refinement.

10° 10°
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——Ch ~=Ch’
10° 104 N 10° 108 104 N 10° 108
Figure 6.1: EXAMPLE 2: Log-log plot of e(t) vs. N for quasi-uniform/adaptative refinements for

k=0 and k =1 (left and right plots, respectively).
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Figure 6.2: EXAMPLE 2: Four snapshots of adapted meshes according to the indicator © for k = 0
and k =1 (top and bottom plots, respectively).
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N[ ea) [r@)] ew [r)]| elp [rlp) [ e@®) [0
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Table 6.3: EXAMPLE 2: RTy — Py — RTy — Py scheme with quasi-uniform refinement.
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Table 6.4: EXAMPLE 2: RT; — P; — RT; — Py scheme with quasi-uniform refinement.
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Table 6.5: EXAMPLE 2: RTy — Py — RTy — Py scheme with adaptive refinement via O.
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Figure 6.5: EXAMPLE 3: Exact (top plots) and approximate (bottom plots) magnitude of the velocity,
temperature field, and pressure field.
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