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A posteriori error analysis of a mixed-primal finite element method
for the Boussinesq problem with temperature-dependant viscosity™

JAVIER A. ALMONACID' GABRIEL N. GATICA} RICARDO OYARZUAS

Abstract

We have recently proposed a new finite element method for a more general Boussinesq model in 2D
given by the case in which the viscosity of the fluid depends on its temperature. Our approach is
based on a pseudostress-velocity-vorticity mixed formulation for the momentum equations, which
is suitably augmented with Galerkin-type terms, coupled with the usual primal formulation for
the energy equation, along with the introduction of the normal heat flux on the boundary as
a Lagrange multiplier taking care of the fact that the prescribed temperature there becomes an
essential condition. Then, fixed-point arguments using Banach and Brouwer theorems, in addition
to other classical tools from functional and numerical analysis, provide sufficient conditions ensuring
well-posedness of the resulting continuous and discrete sytems, together with the corresponding
error estimates and associated rates of convergence. In the present work we complement these
results with the derivation of a reliable and efficient residual-based a posteriori error estimator for
the aforementioned augmented mixed-primal finite element method. Duality techniques, Helmholtz
decompositions, and the approximation properties of the Raviart-Thomas and Clément interpolants
are applied to obtain a reliable global error indicator. In turn, standard tools including the usual
localization technique of bubble functions and inverse inequalities, and a regularity assumption
originally utilized in the previous well-posedness and a priori error analyses, are employed to prove
its efficiency. Finally, a reliable fully local and computable a posteriori error estimator induced by
the aforementioned one is deduced, and several numerical results illustrating its performance and
validating the expected behaviour of the associated adaptive algorithm are reported.

Key words: Boussinesq model, augmented mixed—primal formulation, a posteriori error analysis,
reliability, efficiency, adaptive algorithm.
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1 Introduction

A wide variety of natural convection flows can be modelled using the equations of conservation of
mass, momentum and energy, coupled by means of the Boussinesq approximation, in what we refer to
as the Boussinesq problem. In recent work [1], we have analyzed the problem considering a fluid with
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a temperature-dependent viscosity and a tensorial thermal conductivity, which leaded us to construct
an augmented mixed-primal finite element method that approximates the pseudostress tensor using
Raviart-Thomas elements of order k + 1, the velocity and temperature with Lagrange elements of
order k, and the vorticity tensor and normal heat flux on the boundary with discontinuous piecewise
polynomials of degree < k, thus obtaining optimal a priori bounds under smooth enough solutions.
However, it is expected from the literature (see, e.g., [20, 21]) that, in the presence of singularities or
high gradients, these rates of convergence will not be optimal, mainly because of the high degree of
mesh refinement needed to capture those zones. Therefore, it is highly advisable the utilization of an
a posteriori error estimator that measures the error in these particular areas, to then use an adaptive
algorithm that decreases the computational cost of computing the solution on a highly refined mesh.

In this regard, several error estimators have been proposed in the context of the Boussinesq problems
with constant viscosity and coupled problems in fluid mechanics with varying viscosity (see, e.g.,
[2, 6, 9, 12, 22]). On the one hand, the authors in [2] propose an a posteriori error estimator for a
coupled-flow transport problem based on a Stokes-type equation, in which the viscosity depends on
the gradient of the concentration, and a convection-diffusion equation with varying parameters. This
was later on extended in [3] to a sedimentation-consolidation system, in which the aforementioned
dependence for the viscosity of the fluid reduces just to the concentration itself instead of its gradient.
On the other hand, the authors in [9] and [10] construct a posteriori error estimators for mixed-primal
and fully-mixed formulations, respectively, of the Boussinesq problem with constant viscosity. All
these works utilize duality arguments and Helmholtz decompositions to prove the reliability of the
residual-based estimator, and inverse inequalities and localization arguments to obtain the efficiency
estimates.

According to the above, it is the purpose of this paper to develop a reliable and efficient residual-
based a posteriori error estimator (together with a fully-local version that can be used in an adaptive
procedure) for the Boussinesq problem with temperature-dependent viscosity in the pseudostress-
vorticity—based formulation from [1]. As a framework to begin the analysis, we consider the steps
given by the authors in [2] and [9], previously mentioned in the foregoing paragraph. More precisely,
inf-sup conditions coming from the well-posedness of the momentum and energy equations will give
us a first sight of the estimator, then, the reliability of the estimator is proved using properties of
the Raviart-Thomas and Clément interpolation operators, together with a Helmholtz decomposition
of the space the pseudostress belongs to. Then, some inverse inequalities from [16], a localization
technique based on bubble functions used in [9], and further-regularity assumptions on the solution to
the momentum equation that were already used in the analysis of [1] will serve to prove the efficiency
of the estimator. In addition, a fully local version is developed based on interpolation arguments and
several numerical tests are realized where it can be seen that this new estimator is not only reliable
(as proved theoretically) but also efficient, and it is capable to capture zones with high gradients and
nearby singularities. We remark in advance that the uncoupling of the equations of momentum and
energy allows us to reuse the results derived in [9] for the last one, which we will only cite, unless
substantial differences appear.

1.1 Outline

The remainder of this paper is organized as follows. We end this section with some notation used
throughout this work. Then, in Section 2, we recall the model problem from [1] and basic assumptions
on the provided data, along with well-posedness results of the continuous and discrete formulations.
Next, in Section 3, we introduce a residual-based a posteriori error estimator that is proved to be
reliable and efficient, though the presence of a non-local term makes it inadvisable for adaptivity
purposes. To remediate this, a fully-local version of the estimator is derived, to then, in Section 4,
present a series of numerical examples that show its good performance and its behaviour upon an



adaptive refinement technique.

1.2 Notation

Let us denote by Q C R? a given bounded domain with polyhedral boundary I', and denote by v the
outward unit normal vector on I'. Standard notation will be adopted for Lebesgue spaces LP(€2) and
Sobolev spaces W*2(Q2) =: H*(Q) with norm || - |50 and seminorm |- [, o. In particular, HY/2(I) is
the space of traces of functions in H'(Q) and H=/2(T") denotes its dual. By M and M we will denote
the corresponding vectorial and tensorial counterparts of the generic scalar functional space M, and
|| - ||, with no subscripts, will stand for the natural norm of either an element or an operator in any
product functional space. In turn, for any vector fields v = (v;)i=12 and w = (w;);=1,2, we set the
gradient, divergence and tensor product operators, as
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ov; v,

Vv = ( vl) , divv:= E ﬂ, and v @ W = (v;wj)i =12
ax] i,j=1,2 j=1 ax]

In addition, for any tensor fields 7 = (73;); j=1,2 and ¢ = ((jj)i j=1,2, 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
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7%= (Tji)ij=1,2, tr(7):= Zm, T7:(:= Z 7ijGij, and 74i=7— %tr(‘r)]l,
i=1 i,j=1
where I stands for the identity tensor in R := R?*2. Furthermore, we recall that
H(div; Q) := {7’ cL2(Q): divT e LQ(Q)},
equipped with the usual norm
17 & = 7 50 + Il div 7[5 g,

is a standard Hilbert space in the realm of mixed problems. Finally, in what follows, |- | denotes
the Euclidean norm in R := R2. Also, we employ 0 to denote a generic null vector and use C, with
or without subscripts, bars, tildes or hats, to mean generic positive constants independent of the
discretization parameters, which may take different values at different places.

2 The Boussinesq problem

We now recall the Boussinesq problem in the pseudostress-vorticity—based formulation considered in
[1], to then cite some key results about the augmented mixed-primal finite element method developed
in it.

2.1 The mathematical model

Let u, p and ¢ be the velocity, pressure and temperature, respectively, of a non-isothermal, in-
compressible, Newtonian fluid whose transversal section occupies the two-dimensional region €2 with



polygonal boundary I'. Then, neglecting the presence of source terms in the equilibrium equations,
the Boussinesq problem can be written as

—div (u(p)e(u)) + (Vu)u+ Vp —pg =0 in O, (2.1a)
divu=0 in Q, (2.1b)

—div (KVp) +u-Ve =0 in O, (2.1c)

u=up onl, (2.1d)

p=¢p onl, (2.1e)

where e(u) is the symmetric part of the velocity gradient tensor Vu, u denotes the viscosity of the
fluid (that may depend on its temperature ¢), K is the thermal conductivity tensor and —g is a body
force per unit mass. The reader may refer to [7] for further details concerning the theoretical aspects
of this fluid mechanics topic, as well as the derivation of the equations.

In what follows, we assume p : R — RT to be a bounded, Lipschitz continuous, and continuously
differentiable function, that is, 4 € C'(R) and there exist positive constants p1, pia, L,, such that

pr < p(t) < pzoand p(s) — p(t)] < Lufs —t] Vst e R. (2.2)

In addition, we suppose that K € L®(Q), g € L*(Q), up € HY%(I"), pp € HY?(I') and that up
verifies the compatibility condition

/FuD v =0. (2.3)

2.2 A pseudostress-vorticity—based formulation

Let o and ~ be the pseudostress and vorticity tensors, respectively defined as
o :=p(ple(u) —u®u—pl and ~:=w(u), (2.4)

where w(u) is the skew-symmetric part of the velocity gradient tensor Vu, that is, for any velocity v,

w(v) = ;{Vv - (Vv)t}.

Then, we denote by L. (Q) the space of skew-symmetric tensors with components in L?(), that is,

LZeel(©) == {m € L) s+ 77 = 0}

Hence, (2.1) can be rewritten as: Find (o, u,~, ) such that

Vu—~— ,u,(lgo) (u@u)d = ,u(lgp) ot in Q, (2.5a)
—dive — pg =0 in Q, (2.5b)
—div (KVp) +u-Ve =0 in Q, (2.5¢)
u=up on I, (2.5d)
©=¢p on I, (2.5e)
/ tr(c+u®u) =0, (2.5f)

Q

where the pressure p is postprocessed by means of the formula
1
p= —§tr<a +u®u>,

and its uniqueness is ensured with (2.5f), for it implies that p has zero mean-value in €.



2.3 The augmented mixed-primal formulation

The construction of a weak formulation for (2.5) relies on the orthogonal decomposition
H(div; Q) = Hy(div; Q) & RI,

where

Ho(div: ) = {c € H(div: Q) /Qtr(C) _ 0} ,

since it can be proved that the uniqueness condition (2.5f) allows us to only search for the Hy(div;)-
component of the pseudostress (cf. [1, Lemma 3.1]). In addition, the mixed formulation for the
momentum equation is augmented with Galerkin-type terms, thus allowing a proper analysis of the
weak problem, and ensuring also conformity in the scheme, since at a first glance the velocity lives
in H'(), whereas its test function lives in L(Q2). On the other hand, a primal formulation for the
energy equations leads us to define the Lagrange multiplier on I (known as the normal heat flux)

A= —KVy-veH V3D,

and to weakly impose the prescribed temperature on the boundary. Therefore, denoting &,7 €
Hp(div; Q) x HY(Q) x L2,..(Q) by

skew

o :=(o,un7y), T:=(T,v,n),

the augmented mixed-primal formulation reads: Find (&, (¢, \)) € Ho(div; Q) x HY(Q) x L2,,(Q) x
H'(Q) x H-Y2(I") such that

Ay(F,T) + Buy(d,7) = Fy(T) + Fp(7), (2.6a)

a(p,¥) + b1, A) = Fup(¥), (2.6b)

b(p,§) = G(S), (2.6¢)

for all (7, (¥, €)) € Hy(div; Q) x H'(Q) x L2, () xH(Q) xH~/2(I"), where given positive stabilization
parameters k;, i € {1,2,3,4} and a pair (w,¢) € H'(Q) x H'(Q), the bounded bilinear forms A,

By 4, a and b; and the functionals Fp, Fy, Fy 4 and G are defined as

Ay(e,T) = /Q ,u(lqb)a-d : {Td — me(v)} + /Q {u + kodiv 0'} ~div T + Ky /Qe(u) ce(v)
+/Q’y:7'—/ﬂv-div0'—/90':n—i-/ig/g{'y—w(u)} :n+/<c4/ru‘v, (2.7)
By, (&, 7) i= /Q M(1¢)(“ ow)t: {8 me(v) ). (2.8)
for all &,7 € Ho(div; Q) x HY(Q) x L2.(Q):
a(p,y) = /QKVW -V, (2.9)
for all ¢, € HY(Q);
b(1,€) == (&, ¢)r, (2.10)
for all (1, &) € HY(Q) x H~1/2(I);
Fp(T) = (tv,up)p + Ii4/FuD -V, (2.11)
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Fy(T) := /Qd)g : {v — kodiv T}, (2.12)

for all 7 € Hy(div; Q) x HY(Q) x L2,..(Q);
Fus) = = [ -V, (2.13)

for all v € H'(Q2); and
G(§) = (& ¢p)r (2.14)
for all £ € H-1/2(T).

This problem is analysed throughout [1, Section 3], and the well-posedness comes as a result of
the application of a decoupling technique and a fixed-point strategy. Hence, assuming that the mixed
formulation of the momentum equation has a slightly more regular solution, and the data is sufficiently
small, it is possible to prove that for certain positive values of k;, i € {1,2,3,4}, and for a suitable
choosen constant ro > 0, there exists a unique solution (&, (¢, A)) € Hp(div; Q) x HY(Q) x L2, . (92) x

skew

H'(Q) x H-V/2(T), with (u,p) € W := {(w, ¢) € H'(Q) x H'(Q) : || (w, ) || < r}, r € (0,r0) (cf. [1,
Theorem 3.11]) such that there hold

1611 < Cs {rllg e+ 14 lyjor + p o} (2.15)

and
I M Il < Cg {rllullyq+ e lhyor (2.16)

where Cs and Cg are positive constants.

2.4 The augmented mixed-primal finite element method

Let {Tn}n>0 be a family of regular triangulations of 2, each of them made of triangles T of diameter
hr and define the global mesh size h := maxye7;, hr. Given also k > 0, for each T" € T}, we let
Pi(T) be the space of polynomial functions on 7' of degree < k and denote by RTy(T") the tensor
version of the local Raviart-Thomas space of order k. In turn, we introduce the corresponding global
Raviart-Thomas space

RT4(T;) : {r cH(div:Q): 7l € RTHT) YT e Th}

Thus, we consider the following finite element spaces to approximate respectively the pseudostress,
velocity and vorticity variables:

7 = Hy(div; Q) N RTx(Ts), (2.17)
H) = {v, € C(Q): Wil €Pra(T), YT €T}, (2.18)
HY = {ny € L2eu(Q) : ma|, €PR(T), VT ET}, (2.19)

this is, finite element spaces of Raviart-Thomas of order k for o, Lagrange of order k + 1 for u, and
piecewise skew-symmetric polynomial tensors of degree < k for . On the other hand, the temperature
 is approximated using a Lagrange finite element space of order k + 1,

HY = {4 € C(Q): ¢u|, € Ba(T), VT €Ty}, (2.20)

and for the normal heat flux A, we let {fl,fg, . 7f7ﬂ} be an independent triangulation of I' (made
of straight segments), and define h := max;jc(y . ) [I'j|- Then, with the same integer & > 0 used in
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definitions (2.17), (2.18), (2.19), we approximate A by piecewise polynomials of degree < k over this
new mesh, that is

H) = {gﬁ €LAN): glp e Puly) Vie {1,...,m}}. (2.21)

In this way, the augmented mixed-primal finite element method reads: Find (&', (¢n, Aj;)) € HY x
H}! x H}) x Hj x H2 such that

Ay, (G Th) + Buy, o, (Gn, Th) = Fo, (Th) 4+ Fp(Th), (2.22a)
a(gOh, @Z)h) + b(wha )‘E) = Fllh#/’h (d)h)a (222b)
b(en, &) = G(&), (2.22¢)

for all (7, (vn,&5)) € HY x Hp x ]HIZ x Hy x H}%‘, where the forms A, , By, ., a, and b; and the
functionals Fi,, , F'p, Fu, , and G are defined by (2.7)-(2.14). A similar analysis to the one realized for
the proof of well-posedness of (2.6) leads to the existence of (&4, (¢n, ;) € Hff x H}! x H) x H x H%

solution to (2.22), with (up,¢n) € Wy, == {(wp, ¢5) € H x HY : || (w,¢) | < r} and r € (0,79) (cf.
[1, Theorem 4.8]). Moreover, there hold

161l < Cs {rllg oo+ Iup llyor + up lor ) (2.23)

and
| ens ) | < Cs {rlunllig + 1 ¢n lyjar} (2.24)

with Cg, ég being positive constants independent of i and h. We also mention that when using these
finite element spaces, optimal rates of convergence are achieved for all the discrete variables, including
the postprocessed pressure (cf. [1, Theorem 5.6] and the numerical examples therein).

3 A posteriori error analysis

This section constitutes the main contribution of the present work. Here, we develop a reliable and
efficient residual-based a posteriori error estimator for (2.6) and (2.22).

3.1 Preliminaries

We introduce next some notations that will be used throughout this section to describe local informa-
tion on elements and edges. First, let &, be the set of edges e € Ty, whose corresponding diameters
are denoted by he, and define

En(Q):={ec& e CQ}, &) :={ec&:eCTY,

and
gh(T) ::{eegh:egaT} vVTéeT,.

Thus, the usual jump operator [-] across an internal edge e € &,(2) is defined for piecewise continuous
matrix, vector, or scalar-valued functions ¢ as

[[C]] = C‘T+ - C‘T, )



where T_ and T, are the triangles of 7; sharing the edge e. In addition, if ¥ = (¢1,%2) and
¢ = (Gij)i<ij<2 are vector-valued and matrix-valued functions, respectively, we set the differential

operators
o1 oY [/ SERERZST!
Oxo 0xy Oxr1 O
curl = , curl =
0xo 0xy O0xy O

We also define the unit tangential vector s on each edge e € &, by s := (—va,v1)* where v = (11, 12)*
is the usual unit normal vector. That being said, let us introduce the global a posteriori error estimator

1/2
2
0:= Z 07 + b — ¢n 13/2,r ) (3.1)
TeT
where @7 is the local indicator defined for each T € Ty, by
07 := H e(up) — plen) " (wp ® wy, + o) H(),T + H on— o}, HO,T + | vn — w(un) Hg,T

2
+ || div oy + ¢ng H(ZJ’T + h%"H curl {7h + p1(pn) "L, @ uy, + ah)d} H

0,7
+h7 || div (KVen) — up - Ve [[f 1

_ 2
+ 0 he{ | [+ (on) ™ (un @ wp + an) 8] |, + [ [KVen - V] II?),e} (3.2)
eESh(T)ﬂé‘h(Q)

+ > {he
e€&n (T)NEL(T)

|+ KT 2+ up I3,

_ dup ||
{vn + u(en) l(uh @uy + o) s — d—SD

0,e

The residual character of each term defining @7 becomes clear by having a look at the strong problem
(2.5) and to the regularity of the continuous weak solution. We remark in advance that further
regularity will be assumed for up, so that the previous estimator is well-defined. In addition, since 6
is not fully local due to the last term in (3.1), we will show (see Section 3.4) that this estimator induces
another one that is is indeed fully computable, which will allow us to construct an adaptive refinement
algorithm. We also mention that, for the upcoming analysis, the further regularity assumption made
for the mixed formulation of the momentum equation will be considered here as well. Indeed, we
assume that for some ¢ € (0,1), up € HY/?*5(T"), and that for each (w,¢) € H'(Q) x H(Q) with
|| w ||1Q < r, r > 0 given, the unique solution to the mixed formulation of the momentum equation,

that is: Find ¢ := (¢, 2z, x) € Ho(div; Q) x HY(Q) x L2, (Q) such that

A¢(f, T) + BW7¢(§_”, T) = Fp(F) + F4(7) V7 € Ho(div; Q) x H'(Q) x L2..(Q),

also satisfies ¢ € Ho(div; Q) NH=(Q) x H*¢(Q) x L2

skew

(Q) NHE(Q2) and
1€l +lzlhimn + 110 < Fs@){I & loall 1o+ lup lypper + luplor}  (33)

with CN’S (r) being a positive constant independent of w but depending on the upper bound r of its
H'-norm.

3.2 Reliability

The main result of this section reads as follows.



Theorem 3.1. Let (&, (v, \)) and (Gp, (vn, A7) be solutions to (2.6) and (2.22), respectively. Then 0
is a reliable estimator, i.e., there exists a positive constant Cyel, depending on physical and stabilization
parameters, but independent of h and h, such that

H (6:> (QD, )‘)) - (&ha (Soha )\ﬁ)) H < Cra 0,

provided up € HY(T) and the data are small enough (cf. Lemma 3.4).

The proof of the foregoing theorem is separated into the following two subsections.

3.2.1 A first error estimate

Lemma 3.2. There exists C; > 0, independent of h, such that

|6 —anll < C_'1{H e(up) — p(pn) " (up @ up + o) Ho,g +ldiven + onglloq

2
+llup —wllor + || on = g [lg o + 170 — wur) oo + ?H o — o [|giv.o

1

(3.4)
Flun ol =l o+ (Igloa+ 1o la+TwlEo)lo = enlha+ IR0}
where R™ : Hy(div; Q) — R is the linear and bounded functional defined as
R*(t):=F,,(7,0,0) + Fp(7,0,0) — A, (61, (7,0,0)) — By, 4, (61, (7,0,0)), (3.5)
that is,
n . 1 a .
RY1)=—ke | opg-divr +(Tv,up)p— | ——o0o}:7— [ uy-divr
Q a H(en) Q
1
—@/divah-T—/‘yh:T—/(uh®uh)d:’r, (3.6)
Q Q a H(en)

for all T € Hy(div; ).

Proof. Since (u,p) € W, [1, Eq. (3.37)] shows that the bilinear form A, 4 By, is uniformly elliptic
in Ho(div; Q) x HY(Q) x L2,..(Q) with a constant a(2) > 0 depending on €, and hence the following
inf-sup condition holds

sup E >a(Q)||¢ (37)
FEH (diviQ) x H! (Q) x L2, () 7l
7#0
for all ¢ € Hy(div; Q) x HY(Q) x L2, ., (). In particular, taking ¢ = & — &, from (2.6a) we can write
for any 7 € Hog(div; Q) x HY(Q) x L2, . (Q)
(Ap + Buy)(d — T) = Fop)(T) + (A<Ph - Aw)(‘?m?) + (Buh,wh — Bu, ) (0, T)
+ (Buh#’ - BUM)(&’H 7_:) + FD(?) + Fy, (F) — Ay, (6717 7_:) — By, 0 (&hv 7_:)7
which back into (3.7) results in
a 7 & S(T) +P(v) + Q(n) + R (7
5|6~ | < sup DEPM LM IRD (5
FEHo(divi)x H! (Q)x L2, () |7
7#0



where the functionals S € [Ho(div; Q) x HY(Q) x L2, (Q)]", P € HY(Q)', Q € L2, (Q) are given by
S(F) = Lop—pp, (?) + (Asoh - As&)(&hﬂ F) + (Buh789h - Buh,¢)(&h’ 77) + (Buh,gp - Bu,tp)(&fw F)
P(V) = F‘Ph (0? v, 0) + FD(07 v, 0) - AAOh (&hv (07 v, O)) - Buh,goh (&ha (07 v, 0))7

Q(n) = st’h (07 Oa TI) + FD(07 Oa 77) - Asoh (&h7 (07 07 77)) - BU}MP}L (&ha (07 07 T’)) )

that is,

S@) = [ (o - one {v—radivr}+ [ MM gg 10 o))
{

W(uh ®@up)?: {Td - me(v)}, (3.9)

P(V):/Qﬁphg.Ver/puD'V*‘fﬁ/ﬂu(}M)U%39(")—/‘61/99(%):e(v)
-l-/Qv.diva'h—/<;4/Fuh.v_|_,£1/gu(<1’%)(uh®uh)d:e(v)7 (3.10)

Q(n) = /Q‘Th i - f’vs/ﬂ {’Yh, - w(llh,)} :m, (3.11)

and R™ is defined as in (3.6). We show next that S, P and Q are indeed bounded (their linear character
is clear). For P, a simple application of the Cauchy-Schwarz inequality and the trace theorem with
constant ¢y (€2) leads us to

P < maxtsn 1 saco( @) | eun) = piin) ™ (0 un + 00)
Hldive+ g oo+ lup —wilor bl vlie Vv e @) (3.12)

whereas for Q, we follow the ideas in [14] and decompose the discrete pseudostress tensor into its
symmetric and skew-symmetric part to construct a residual expression for this functional. Thus,

o) =5 [ {on—athin—rs [ —wilin Vel @),

which yields

1
el < max{ st {llon = o o + I~ @) loa e ¥ 1€ Lhnl@.  (13)

Finally, for S, we add and subtract o in the second term of the right-hand side of (3.9), and then we
use the Holder inequality and several continuous injections as in [1, Lemma 3.8] to obtain

) 2un(2 4 K22
S(®) < {<2+f~e%>1/2\|g||oo,ﬂ o= enlg+ 220 — oy
1
L2+ K)V2C.C c1(Q)(2 + 7)1/
L E RO el g+ D wy lyallu - ually g
Q@ H 2120 (3.14)
c1 2+ kK ; 9 .
# AL o gl i I 7L
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where ¢1(£2) > 0 is a constant arising from the inequality [1, Eq. 3.6] and the boundedness constant C
corresponds to H*(Q) — L2/ (1-9)(Q), C. to H'(Q) — L2/¢(Q), and C; to the injections H' () — L*(Q)
and H'(Q2) < L3(Q). Hence, there exists ¢y, c2,c3 > 0 such that

- 2
S@1 < {er(IEln+ 1o lla+ lonE o) o = on g

12 .
+ 02?!\ o —0hlgiva tesllunllgllu—up Hm}H 7, (3.15)
1

for all ¥ € Hy(div; Q) x HY(Q) x L2, (). Therefore, putting (3.15), together with (3.12) and (3.13),

back into (3.8), we get (3.4), concluding this way the proof. O

Regarding a preliminary bound for H (s A) = (ns A7) H, we cite the following result from [9], which
uses a similar technique to the foregoing Lemma, but now beginning from a global inf-sup condition
that comes as a consequence of the well-posedness of the primal formulation of the energy equation.

Lemma 3.3. There exists a positive constant Coy > 0 independent of h and h such that

H (907)‘) - ((Pha)‘ﬁ) H

<oz{uso||1,guu—uhr

vot Il @ = on o+ 1en — o lhor + I R® ||}, (3.16)

where R® : HY(Q) — R is the linear and bounded functional defined as

RE(W) i= Fuy 0 () — aln, ¥) = b4, A3),

that is,

Re(y) = —/Qwuthoh—/QKV«ph-vw—<Ag,¢>r, (3.17)
for all ¢ € HY(Q).
Proof. See [9, Lemma 3.3]. O

With the results from the previous two lemmas, we can now construct a first estimate for the total
error. Indeed, from (3.4) and (3.16) we have

(&, (9, 0) = (@, (2, M) || < Cul| e(n) = (o) ™ (un @ wp + ) ||
+ Cilldiven + englloq + Cillup —up [lop + Cil|ap — o, Ho,sz

— — M2 — —
+ Cillyn = w(un) floo + {Clluz +Cilgllwn+Cillollo
1

+(C1+ Co)|lup ||y o + C1llup |

2+ Coll |11,Q}H (&, (0. 2) = @n (om X)) |
FOIR )+ Gl RE |+ Collon — on o

Then, we use the continuous dependence results (2.15), (2.16) and (2.23) to bound the terms | ¢ ||, o
and || up [|; o, and the further regularity assumed for o in (3.3) to bound | o ||, o, by data. In this way,
defining

Co(g,up) :=Cs {7"H g HOOQ + [lup H1/2,F + [[up HO,F} )
Coc(g,up) :=Cs(r) {TH 8l + lup llyjoper + lup Ho,r} ;
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and
C(g,up, p) = C1l &[0 + C1Co.(g,up) + C1Co(g, up)®
+ (61 +Co + C_'QCgT)CO(37 up) + C_'2C§H ¥YD H1/2,F7
we get the following result.

Lemma 3.4. Assume that

N

_ 1 _
Cl'u—; <= and C(g,up,pp) <
pro 2

Then, there exists a constant C > 0 such that the total error satisfies

| (@, (2, A) = (&n, (on, A7) || < O{H e(uy) — u(en) " (wp @ up, + o) ||

+ || div o, + ¢ng Ho,ﬂ +[[up —up Ho,r + H on — oy, Ho,ﬂ

+wm—wmwm@+rww+unwuw¢D—wwun}-

Therefore, to complete the derivation of our residual-based estimator, we need to bound the norm of
the residual functionals related to the momentum and energy equations, i.e., R™ and R®, respectively.
Notice from the Galerkin scheme (2.22) that

RMm) =0 V7, €eHI, and R°(¢n) =0 V€ HYE,

whence the norms of R™ and R® can be calculated as

IRE = sup BUTTTH o d RS = sup TR (g
TE€HL(div;Q) ”THdiv;Q YEAL(Q) \WHLQ
740 40

with 73, and 1}, appropriately chosen in order to obtain local information on the error.

3.2.2 Estimating the norm of the residual functionals

We start by recalling some results associated to the main tools used throughout this section: the
approximation properties of the interpolation operators of Raviart-Thomas and Clément (see, e.g.,
[11, 13] for their definitions) and a Helmholtz decomposition of Hy(div; ().

Lemma 3.5. Given an integer k > 0, let IIF : HY(Q) — RTy(7s) be the usual Raviart-Thomas
interpolation operator. Then,

i) there exists C > 0 such that for each { € H™(Q2), with 1 <m < k + 1, there holds

|¢-m©

L SCREIClue YT ET, (3.19)

)

ii) there exists C > 0 such that for each ¢ € HY(Q) with div¢ € H™(Q), 0 < m < k + 1, there holds

H div(¢ — IE(¢) HOT < Chp|dive |,y YT ETh, (3.20)

)
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i) there exists C' > 0 such that for each ¢ € H'(Q) there holds
|cv—mhw | <OnlPichs Vee ), (3.21)

where T, is the element of T, having e as an edge.

Proof. See [5, Section I11.3.3], [13, Section 3.4.4]. O

Lemma 3.6. Let X, = {v, € C(Q): vh}T € P(T) VT €T}, and let I, : HY(Q) — X, be the
usual Clément interpolation operator. Then, there exists C' > 0 such that,

[v—=1Invllgr < Cholvlyaqy VT €T, (3.22)

and
” v—Ipv ||0,e < Ch;/2” v Hl,A(e) Vee€ &, (323)

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

Proof. See [8]. O

Lemma 3.7 (Helmholtz Decomposition). For each T € Hy(div;(), there exists z € H*(Q) and
¢ € HY(Q) such that

r=Vateulgin®Q and |zllg+lle <Ol g (3.24)
Proof. See [17, Lemma 3.7]. O

Therefore, owing to the previous decomposition, R™ can be rewritten as follows.

Lemma 3.8. Given T € Hy(div; ), let (z,¢) € H?(Q) x HY(Q) be the components of its associated
Helmholtz decomposition. Then, there holds

R™(1) = R1(Vz) + R3(curl ¢), (3.25)
where
RY(Vz) = /Q {e(wn) = ulon) " (un @ wp + )%} + V- /Q {n = wluw)}: vz
+ ((Vz)v,up — up )y — “2/9 {div on+ gohg} -div (Vz), (3.26)
and
Ry(eurl ¢) = — [ {an+nlon)wn @ w4 o)} s curl g+ ((eurl@vup)r. (320

Proof. Let 7 € Hyp(div; Q). According to the definition of R™ (cf. (3.6)) and considering the Helmholtz
decomposition of T we get

R*(T) = —Rg/ﬂ(phg -div (Vz) + ((Vz)v,up )p + ((curl ¢)v,up ) — /Q,u(goh)lcrg : Vz
- / w(en) tod: curl ¢ — / uy, - div (Vz) — /12/ div oy, - div (Vz)
Q Q Q
- / i : V2 — / Yh : curl p — / p(on) " (up @ up)? s Vz (3.28)
Q Q Q

- /gﬂ(%)l(wz ®up)? : curl g,
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Then, as recommended by [9], we use the identity

/Quh -div (Vz) + ((Vz)v,up )p = /QVuh :Vz = /Qe(uh) :Vz + / w(uyp) : Vaz,

Q

in the sixth term of the right-hand side of (3.28) to obtain

R™(r) = /Q {e(wn) = ulen) " (wn @ wy + )} £ Va - /Q {n = wu)} vz

—|—<(Vz)u,uD—uh>—/{2/

; {div o+ gohg} -div (Vz)

- /Q {% + p(en) " Hup @ uy + U'h)d} :curl ¢ + ((curl p)v,up ),
which corresponds to (3.25), thus concluding this way the proof. O

Hence, we can now bound || R™ || by bounding the norms of the just introduced functionals R} and
R5, and using the stability result for the Helmholtz decomposition. Additionally for the estimation
of || R™ ||, according to (3.18), we can pick 73, as

7% :=T11§(Vz) + curl (I,¢) + ¢, with ¢ € R such that /Qtr(‘r;?) =0, (3.29)

where I, denotes the Clément interpolation operator Ij acting component-wise. Notice that, from the
definition of R™ and the compatibility condition (2.3), there holds R"(cl) = 0, whence

Rt — %) = R3(Vz — I1}(Vz)) + RE(curl (¢ — I0)), (3.30)

and so the reason why the Helmholtz decomposition in Lemma 3.7 is introduced. For the first term
in (3.30), we have the following.

Lemma 3.9. There exists a positive constant Cs, independent of h, such that

|RE(Vz — 1T} (Vz))| < 03{ S hi{|e(un) — plen) ™ @ wy +on) o

TeTh
2 . 2
+ Z h%” Y — w(uh) HO,T + Z || divey + ¢ng ||0,T (3 31)
TET;, TET, '
1/2
2
£ tlun - wlE ) e

eeé'h(l“)

Proof. Let us consider each term in the definition of RY (cf. (3.26)) separately. Applying the Cauchy-
Schwarz inequality and the approximation property (3.19), we get

[ {etwn) = uton) o w+ 02} {2 - (7))

< Y Chrlle(un) — ulen) " (an @ up +04)* [|g 7l V2 |1 1
TeT,

Similarly,

/Q {'Yh - w(Uh)} : {VZ - HQ(VZ)}' < Z Chrl| vy — w(up) ||0,T| Vz |1,T'

TET,
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For the next term, we now consider the approximation property (3.20) to obtain
\ —ra [ {divon + g} - div(Va - szz))\ < 3" Clldivon + ong lloll div (V2) -
& TET,
and the bound for the remaining term can be obtained thanks to the approximation property (3.21),
'< (Vz)v — IF(Vz)v, up — >F' < Y chlPllup —w .| Va1,
ec&y(T)
Hence, by summing the last four inequalities, the result (3.31) comes as a consequence of the stability

of the Helmholtz decomposition (cf. (3.24)) and the fact that div (Vz) = div . O

On the other hand, the estimation for the second term in (3.30) requires an additional regularity
of the boundary data up.

Lemma 3.10. Assume that up € HY(I'). Then, there exists a constant Cy > 0 independent of h such
that

R (curl (¢ — Tu))| < Ca{ 3 W[ curl {m + uleon) " (w @ wp + o)} |2,

TET),
_ 2
+ Z he|| [{vn + 1(on) " (ap @ up + 04)%} 8] HO,@
eegh(Q)
1/2 3.32
—1 d dup ? ( )
+ he (on) " (up @up +0op)}s — ds 7 Il giv-q-
ec&p (D) O

Proof. We recall from [17, Lemma 3.8] the following integration-by-parts formula on the boundary,

(eat )y = ~( v ) VoxeH@),

Then, applying this to ¥ = ¢ — I,¢ and to a trace lifting x of up, plus a local integration by parts,
we have from (3.27) that

Ri(curl (¢ — Trg)) = — » { /Tcurl {7+ plon) " (wn @ wp + 03)} - (¢ —119)

TeT,

£ 3 [t uton e w o @~ L) f - (2.0 h¢>
eCoT vV €

Moreover, we make the differentiation between the integration over the edges in the interior and in

d
the boundary of the domain. Since we are assuming that % € L%(T), the following can be written,
s

R(curl (¢ — L)) = — > / curl {v5, + u(en) " (un @ up + )} - (¢ — L)

=

+ X [l et uen) o w+ onfhsl - (&~ Tug)
cEEn(Q)

+ Z /{{’Yh + pu(on) " Hup, @ uy, + op) s — d(;lSD} (¢ —T1,0).
ec&y(T)
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Hence, applying the Cauchy-Schwarz inequality to this expression, and the approximation properties
of the Clément interpolant (cf. (3.22) - (3.23)), we get

[R5 (curl (¢ — I,¢))| < > Chylcurl {~v, + p(on) " (up @ up, + 04)%} HQTH ? A

TeT
+ Z ChY|| H{vn + pulon) ™ (w, @ wy, + o)} ] HQEH ? 1,80
eegh(Q)
_ du
+ Y CRP | {n + plen) (un @ up + 04) %} s — TSD [K 2 (FWNEE
e€&n(I) O.e

thus obtaining the result (3.32) by considering the shape-regularity of the mesh and the stability of
the Helmholtz decomposition. d

Following the last two lemmas, the estimate for || R™ || becomes straightforward.

Lemma 3.11. Assume that up € HY(T'). Then, there exists C > 0 independent of h such that

n = _ 2
IR= <04 ST (W3 etun) — lon) ™ (wn wn+ 0n)® [0+ B3y — w(wn) 3
TeTh

+ divey, — eng 5. + b7 curl {y, + (o) ™" (w, @ up + )} H(Q),T>

+ > he| vn + pleon) ™ (un @ wp + 00) 8] |,
ec&L(Q)

1/2
) /

_ dup

1 d P

+ > he (H{’YMLM(%) (up, ® up, + op)%}s 1s
ccén(I)

2
+ H up —up HO,e)
0,e

Proof. We go back to our definition of | R™|| in (3.18), and considering the choice of 75, made in
(3.29), the result comes from (3.30) by adding the estimates in the previous two lemmas, i.e., (3.31)
and (3.32), and an application of the classical Cauchy-Schwarz inequality. O

The estimation of || R® || proceeds in a similar way. In fact, using the definition of this norm in
(3.18) and choosing vy, as ¥ = Iy, the approximation properties of I, (cf. Lemma 3.6) allow to
prove the result we cite next.

Lemma 3.12. There exists a positive constant C > 0 independent of h and h such that

IR <C{ > hilldiv(KVin) — us - Veor |[f 7

TeTh
1/2
2
+ 2 hel KV v+ D0 hell A+ KVn- v g,
€& (D) e ()
Proof. [9, Lemma 3.12]. O
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Therefore, it can be seen that the reliability of the estimator 8 introduced in (3.1) is a consequence
of Lemmas 3.4, 3.11 and 3.12. Notice that we have discarded the terms

_ 2
Wplle(un) = n(on) ™ (wn @ wp +03)* g e Bl Y0 — w(wn) [ 7

Idiven —eng iy and  hellup —uy |3,

since they are dominated by linear versions of them already present in Lemma 3.4.

3.3 Efficiency

This section will be focused in the proof of the following result.

Theorem 3.13. Let (&, (¢, A)) and (G, (pn, Aj)) be solutions to (2.6) and (2.22), respectively, and
suppose for simplicity that up and K are piecewise polynomials. In addition, assume that there exists
e € (0,1) such that up € HY?>T(T"), o € H*(Q), and the regularity hypothesis (3.3) holds. Fur-
thermore, suppose that the partition on I' inherited from Ty is quasi-uniform, and that each edge of
En(T) is contained in one of the elements of the independent partition of T’ defining H% Then 0 is an
efficient estimator, i.e., there exists a_positive constant Ces, depending on physical and stabilization
parameters, but independent of h and h, such that

Cerr 0 < [| (@, (¢, 1) = (G, (2, M) [|- (3.33)

We begin with an estimate that will be useful in the upcoming analysis.

Lemma 3.14. Assume the same hypotheses of Theorem 3.13. Then there exists C>0 depending on
the given data, but independent of h, such that

| ale) @ ut o) = o) (wn @ wn + 00)% |5 < Cll o, w,0) = (onwnon) % (334)

Proof. Adding and substracting the term u(py) " !'(u ® u + o) in the left-hand side of the previous
inequality, we have

(o) (e u+o)? — plen) ™ (wp @ w, + o) [|o g

2

(3.35)

QHM(quu—Fa)d

() uen) 0.2
2] o) (o~ @) + (e u - @] |[F -

For the first term in the right-hand side of (3.35), we follow the same steps realized while bounding
the norm of the operator S in (3.14) and use the Lipschitz continuity and boundedness of u, the
continuous injections of H'(Q) into L%/¢(Q), L*(Q2) and L¥(Q), of H*(Q) into L2/(1=9) and the further
regularity assumption in (3.3) to show that

nlon) —pule) oot o 2k Cwe | o
H wlohnlon) BEUFOT| = {H(‘Ph plu@u)lloq + Il (en =) Ho,ﬂ}

2

2L -

2 4 2 2

< Mf{c?u o—onlPalullnt C2@lo—nlale Hm}
1

2L2 4 ~ 2 2
=~ Gl + 2o 0} e enlia-
1
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Then, for the second one
[ ilen) ™ [(o = on)® + (@ u—u, @ w)] g

2 2 )
< sllo—onlpe+ —ll(a+u) @ u—un)lq

1 1
2 2 2C? 2 2
< =llo—on ”div;Q + —5-[[u+uy ||1,Q|| u-—u, ||1,Q

K1 1251

IN

2 20 ) )
S+ llut+w gl (e,0) = (on ) |*.
Hy M1

Hence, since [[ull; o, [[un ||l o and || o ||, o can be bounded by data using the estimates (2.15), (2.23)
and (3.3), respectively, the sum of the last two inequalities gives the proof of (3.34). O

Bounds like the one presented in the foregoing Lemma will appear frequently, and it also shows
us one of the issues that arise when proving the local efficiency of the estimator 8: any continuous
injection will have a boundedness constant that depends on the corresponding domain, in this case,
each element of the triangulation, hence, a partial solution would be to consider the error terms in
non-natural L” norms (i.e, different to the original norms that one should consider according to the
variational formulations). For this reason, we only focus in proving global efficiency estimates, as
indeed needed for Theorem 3.13. We first address those terms in the definition of @ (cf. (3.1)) that
are not multiplied by a triangle-dependent term.

Lemma 3.15. There exists 51, Cy > 0, both independent of h and E, such that

lep = @nlijor + up —un i op < Cill (W, ) = (un, on) |, (3.36)

and

_ 2 .
[ e(un) = plen) ™ (un @ wp + 04)? [[g o + I divon + org [
2 2 ~ — — 2
+ v —w(un) llog + || on — o [[g.q < Call (.0) = (Gnyon) 1™ (3.37)

Proof. The first inequality is a mere consequence of the trace theorem, as pp = cp|F and up = u|F.
On the other hand, for the first term in (3.37), using that e(u) — u(p) H(u®@u+0o)? =0 in Q, we see
that

| e(un) — mlen) ™ (wn @ w, + @) [
= || e(w, — u) + p(e) @@ u+ o) — pleon) " (wp @ wy + o) ||

<2[e(u, —u) H(Q],Q + 2| wlen) M (up @ up +03)* = p(p) H(u@u+ 0)? H(Qm (3.38)
<20u—w, g +2C| (0.0, 0) — (o, wn. on) |,
<Ol (a,u,0) = (o, un, 1) |1,

where the second inequality comes from an application of Lemma 3.14. Analogously, using that

divo + pg = 0 in 2, we have

. 2 . 2
| divon + g lloq = Ildiv (e —on) + (¢ — vn)g lloa

2 2 2
<2fo _Uthiv;Q "‘QHgHoo,QH@— Pr 10 (3.39)
< C|l(o,9) = (an,en) I*-
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For the third term, we use that v = w(u) in Q to obtain

2 2
[yn = w(un) [lo o = I (v —vn) —w(u—un) o

(3.40)
2 2 2
<2y =mllpot+2lu-unllio < Cll(u,v) = (un, ) I,

and for the last term in (3.37), since o is, by definition, a symmetric tensor (cf. (2.4)) (and so is its
Hy(div; 2)-component), we have

2 2
lon—af |20 =l (e =) — (0 o) |20 < Clo - o l3ma- (3.41)
Therefore, (3.37) follows after summing (3.38) - (3.41). O

Before moving on to the next terms, we recall from [16] the following result.

Lemma 3.16. Let ¢, € L2(Q) be a piecewise polynomial of degree k > 0 on each T € Tp,. In addition,
let ¢ € L2(Q) be such that curl¢ = 0 on each T € Ty,. Then, there exists C > 0, independent of h,
such that

leurl ¢ llor < ChZMIC = Chllor YT €Th. (3.42)

Moreover, if curl = 0 in €2, then there exists C' > 0, independent of h, such that
18T lloe < Ch2II¢ = Cullow, Ve € En(Q), (3.43)
where we 18 the union of the two elements of Ty, sharing the edge e.

Proof. See [16, Lemmas 4.9, 4.10]. O

Having in mind these inequalities, the following can be proved.
Lemma 3.17. There exists 6’3, independent of h and ﬁ, such that

S 0 curt {4 (o) s+ )} |2
TeT,

+ Y he|| [+ plen) " (up @ up + 04)%) 8] H?)e < s (&,0) — (Gn.on) |I*. (3.44)
e€&R(Q)

Additionally, if up is piecewise polynomial, there exists 64 > 0 such that

>

ecé (F)

_ dup || ~ .
(v + 1(on) H(up @ up + 04)%) s — T: < Cyl| (&, 9) — (Gn.on) |I”- (3.45)

0,e

Proof. Applying Lemma 3.16 with ¢, = vy, +u(¢n) " H(up,@up+0o4)% and ¢ = v+u(p) H(ueu+o)d =
Vu (whose curl vanishes both locally and globally), we obtain

lewrl { + alon) " (n @ wn + 02)} ||
< Chz?|[ (v =) + ) " (w@ u+ 0)* = pulon) (@ wp + 03)? g

- B _ 2
§ChTQ{QH'Y_')’hHS,T+2HN(9@) fueu+o)? - u(en) 1(Uh®“h+"h)d“0f}
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and

| + len) ™ (an @ wy + o) bs] |5,

_ _ _ 2
<or {2y =, + 2] wle) @ ut o) — ulon) " (wy @ wn + o) |f3, b

Thus, summing over all triangles and interior edges the last two inequalities, and then applying Lemma
3.14, we get (3.44). On the other hand, the proof of (3.45) begins with the same arguments as in [16,
Lemma 4.15]. Indeed, the following local result can be obtained replacing the discrete tensor ia’% by

v + plon) " (uy @ up + op,)? in the cited lemma,

hel| (v + p(en) " (an @ up + o4)) s — ——

0,e

< G{H (v =) + 1) Tu@u+ o) — ulen) H(uy @ uy + o) HﬁT
+ 2 || curl {5, + (o) H(up @ up + o)} ”§,Te}’

where T, is the triangle to which the boundary edge e belongs. Then, summing over all boundary
edges, using that h. < hr,, applying Lemma 3.14, and using (3.44), we arrive at

>

eGSh(F)

duD 2

ds

(v + pon) " (up @ up + op)?) s —
0,e

< (j{ | (v =) + () Hueu+ o) = u(en) ' (ap @ uy + op)? H?)Q

+ > Bl eurl { + u(on) " (un @ wy, + o4)} HEI}
TeT

< Cul| (&) — (Gnoon) II”-

O]

We recall that, should up not be piecewise polynomial, but smooth enough, we can approximate
this data by a Taylor polynomial approximation and the argument just applied would still be valid,
with the only difference that higher order terms would appear in the right-hand side of (3.33).

The efficiency bounds for the rest of the terms defining 6 was already considered in [9], where a
localization technique based on bubble functions and inverse inequalities is applied, whence we only
cite these results next.

Lemma 3.18. Assume that K is piecewise polynomial. Then, there erist C~'5, 56 > 0, independent of
h and h, such that

> Wzl div(KVen) —un- Ve 5 < Cs || (w,0) = (un, on) | (3.46)
TeT
and B
Y hel [KVen - vl < Coll (w,0) = (un, on) I (3.47)
6€£h(Q)
Proof. See [9, Lemma 3.18, Lemma 3.19]. O
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Lemma 3.19. Assume that K is piecewise polynomial, that the partition on I' inherited from Ty, is
quasi-uniform, and that each edge of &y(T') is_contained in one of the elements of the independent
partition of I' defining H%‘ Then, there exists C7 > 0, independent of h and h, such that

2

> he|| A + KV v H(Q)’e < Cr | (w0, 0) = (an, ons A5) || (3.48)
e€&r(T)
Proof. See [9, Lemma 3.20]. O

Therefore, the efficiency of the residual-based a posteriori error estimator € (cf. Theorem 3.13) is
now a consequence of Lemmas 3.15, 3.17, 3.18 and 3.19.

3.4 A fully local estimator

Although being 0 a reliable and efficient estimator, the non-local character of the term || op — ¢y, ||% /2.1
in its definition makes it inadvisable for computational purposes. Instead, we propose the following
fully-local a posteriori error estimator:

1/2
0:=¢ > 675 | (3.49)
TeT,
where
0% := || e(un) — pleon) " (wn @ wy + o) [|g 1 + | on — o |[5 o + 1190 — w(un) [} 7

. _ 2
+ldiv oy, + eng I 7 + b7 curl {vs + plen) ™ (wy @ wy, + o4)%} oz

+ 07 || div (KVen) — up - Ve [[§ 7

t Y n{llon+ et e w ol ], + RS0 o1 350)

ecEn(TINER(Q) 2
_ du
LY {he (o on) 0w, + ) — 22
ec&n (T)NEL(T) 0,e

2
+he|| A + KV v+ lup —un |5, + lep — on Hie} :

Notice that the difference with respect to € in (3.1) relies in the last term of (3.50). As in [2,
Theorem 4.3] (also in [9, Section 4]), we use interpolation arguments to prove that this estimator is
induced by the original one. Indeed, by assuming that ¢p € H'(T') and considering that H'/2(T) is
the interpolation space between L?(I") and H!(T") with index 1/2, then there exists ¢(I') > 0 such that

2
lep —enllijpr < cMllep —enllorllen —enllir

2 2
< cMlep —enllir = c@ > llep—enli.-
eegh(F)

(3.51)

Hence, the foregoing argument can be added to what has been developed in Section 3.2 to prove
the reliability of this fully-local a posteriori error estimator 6.
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4 Numerical Results

We now present several tests to verify the reliability and efficiency of the fully-local a posteriori error
estimator @, but considering instead the estimator 8 for the reasons discussed in the previous section.
Our implementation is based on a FreeFem++ code (cf. [18]), the augmented mixed-primal finite
element method [1], the Multifrontal Massively Parallel Solver MUMPS (cf. [4]) and the following
adaptive algorithm from [20]:

1. Start with a coarse mesh 7y,

2. Solve the discrete problem (2.22) for the current mesh 7p,

3. Compute 5T for each triangle T € Ty,

4. Check the stopping criteria and decide whether to finish or continue to the next step,

5. Generate an adapted mesh through a variable metric/Delaunay automatic meshing algorithm
(see [19, Section 9.1.9]),

6. Define the resulting mesh as 7Ty and go to step 2.

We also mention that, should non-zero source terms appear in the right-hand sides of (2.5b) and
(2.5¢) (let us say, f™ and f®), some terms in the a posteriori error estimator must be modified. More
precisely, the quantities

Idiv oy + englly, and | div(KVen) — up - Voo |37
must be replaced by

Idivey +ong + £ |5 7 and || div (KVn) — s - Von + 2137

As usual, we denote the total number of degrees of freedom by DOF, the number of fixed-point
iterations by IT, and the error per variable as follows:
e(@) =0 —0onlawge e :=lu-wmlqg, @) :=I[p—rnloo

e =lv=mloa  e@)=le—enllg €N :=[x=X o

Then, denoting the total error as

—,

e(t)

we define the experimental rate of convergence of the numerical method and the effectivity index
associated to the global estimator 0 respectively as

e(o) +e(u) +e(y) +e(p) +e(N),

o log(e(t)/¢(F)) gy . et)
r(t) == — log(DOF /DOF) and eff(0) := 5

where e and €’ denote errors computed on two consecutive meshes of degrees of freedom DOF and
DOF’.
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Figure 4.1: Computed solution (up,pn,ep) for the data given in Test 1. Results calculated with
746,064 DOF and a second-order approximation (RTy — Py — P, — P, — Py).

4.1 Test 1: Accuracy assessment with a smooth solution

For this test, we consider § := [—1,1]2, viscosity, thermal conductivity and body force as

p(p) = exp(—0.25¢), K=1I, g=(0,-1)°,

and boundary conditions and source terms such that the exact solution is given by

_( —cos(mz) sin(my) _ 2 2 _ 4 2
e y) = ( sin(rz) cos(my), )’ Plty) ==y el y) = 009K+ L0y

In addition, the Korn-like constant and the stabilization parameters are taken as

2 2 2
—1 _ M 1 KoM g
ko = 1, K1 = —, R = —, R3 = R

; 4 = ;
12 2 2412 2p2

(4.1)

the viscosity bounds are estimated in p; = 0.5, ua = 1.25, the initial solution for the fixed-point
algorithm is taken as (u, ) = (0,0.5) and the tolerance is set to 1075.

We show part of the solution obtained with the present augmented mixed-primal finite element
method in Figure 4.1, whereas in Table 4.1 we show the convergence history for a sequence of quasi-
uniform mesh refinements and two different orders of approximation. As expected, the rates of con-
vergence of the method when using the elements RTy - Py - Py - P - Py gnd RT;-Py-P-P-P
are O(h) and O(h?), respectively. In addition, the effectivity index eff(6) remains bounded in both
cases, thus verifying the reliability of 6 but also suggesting that this estimator is indeed efficient, as
already proved for 6.

4.2 Test 2: Adaptativity in a non-convex domain

Here we consider the L-shaped domain © := [—1,1]%\(0, 1)?; viscosity, thermal conductivity and body
force as

we) =¢*?, K=1, g=(0,1)%
and source terms and boundary conditions as in [15] such that the exact solution is given by
—(y = 0.1)((z — 0.1)2 + (y — 0.1)2) "/
u(w):< (v = 0.0)((x =0 + (y—0) " )

(@ —0.1)((z — 0.1)2 + (y — 0.1)2) " /*,

plz,y) = +po, @z, y) = exp (0.5z(x — 1)y(y — 1)),

r+ 1.1
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Finite Element: RTy - P - Py - P - Py

=,

DOF e(t) r(t) 0 eff(0) IT
971 5.6346 - 17.7228 0.3179 10
3,613 2.8609 1.0317 9.6265 0.2972 10
13,781 1.5198 0.9450 5.4870 0.2770 10
54,082 0.7335 1.0656 2.5630 0.2862 10
216,722 0.3807 0.9452 1.3817 0.2755 10
856,008 0.1909 1.0052 0.7082 0.2695 10
e(o) e(u) e(p) () e(y) )
3.5847 2.2294 0.6234 3.7115 0.3538 0.1667
1.7801 0.9826 0.2876 2.0038 0.1734 0.0727
0.8741 0.4811 0.1331 1.1431 0.0827 0.0287
0.4439 0.2406 0.0688 0.5302 0.0426 0.0113
0.2193 0.1193 0.0324 0.2866 0.0211 0.0035
0.1093 0.0586 0.0156 0.1447 0.0105 0.0014
Finite Element: RT; - Po - P, - P, - P;
DOF e(t) r(t) 0 eff(0) IT
3,186 0.6609 0.0000 2.4987 0.2645 10
12,150 0.1643 2.0797 0.6732 0.2441 10
46,950 0.0447 1.9247 0.2015 0.2220 10
185,520 0.0109 2.0520 0.0467 0.2341 10
746,064 0.0029 1.9298 0.0131 0.2181 10
e(o) e(u) e(p) e(v) e(p) e(A)
5.1261e-01 | 2.8435e-01 | 1.1166e-01 | 3.0237e-01 | 4.0869e-02 | 7.5810e-03
1.2079e-01 | 6.5058e-02 | 2.9820e-02 | 8.9829e-02 | 9.6965e-03 | 3.0753e-03
3.0702e-02 | 1.6024e-02 | 7.3302e-03 | 2.8216e-02 | 2.2736e-03 | 9.2860e-04
7.7563e-03 | 4.1221e-03 | 1.8236e-03 | 6.4630e-03 | 6.0121e-04 | 2.4973e-04
1.9075e-03 | 1.0045e-03 | 4.5206e-04 | 1.8610e-03 | 1.4896e-04 | 6.3515e-05

Table 4.1: Results for Test 1 with a quasi-uniform mesh refinement and two different orders of ap-

proximation.
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Figure 4.2: From left to right: initial mesh, second, fourth and seventh step of adaptive refinement
according to the residual-based a posteriori error estimator 8 and the data given in Test 2.

Velocity X Pseudostress YY Temperature
-0.991565 -0.60 -0.30 00 0.30 0.0 1.0005 -9.2940 -60 -40 -20 00 20 5.15611 077916 20 30 40 50 6.0 7.3431
! st —

 — —— | —
|‘

Figure 4.3: Part of the solution to Test 2 (u1, 022 and ¢, respectively the first component of the velocity,
fourth component of the pseudostress and temperature) at a seventh step of adaptive refinement
(203,779 DOF) with a first order approximation.

[

where pg is a constant such that p € L%(Q)7 that is, fQ p = 0. Then, the Korn-like constant and the
stabilization are taken as in (4.1), the viscosity bounds are estimated in p; = 0.5, po = 4.0, the initial
solution for the fixed-point algorithm is taken as (u, ) = (1,1) and the tolerance is set to 1075.

As observed from Tables 4.2 and 4.3, in both quasi-uniform and adaptive refinements, the effectivity
index remains bounded and the method converges with order O(h), yet the total error decreases
faster in the adaptive scenario, as clearly seen in Figure 4.4, thus lowering the computational cost of
computing the solution. In Figure 4.2 we show the resulting meshes at a second, fourth and seventh
step of adaptive refinement according to 8, whereas in Figure 4.3 we show part of the solution to the
Boussinesq problem at this last step.

4.3 Test 3: Recovering the optimal rate of convergence

To this end, we consider the pacman-shaped domain Q := {(z,y) : 22 +y% < 1}\(0,1)2. First, we take
the viscosity, thermal conductivity and body force as,

() = exp(—0.25¢) + 0.5, K=1I, g:=(—cos(f),—sin(h)),
then, the boundary conditions and source terms are set such that the exact solution is given by

(o) = (

1 0.5

_ COS(TTQS’) Sln(ﬂ-y) > , p(?“, 0) — _m + po, Sp(r’ 9) = m,

sin(mz) cos(my),

where r = /22 + y2, § = arctan(y/z) and py is a constant such that p € L3(£). Finally, the Korn-like
constant and the stabilization parameters are taken as in (4.1), the viscosity bounds are estimated in
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=,

DOF e(t) r(t) 0 eff(6) | IT
2,645 | 10.8871 - 18.7231 | 0.5815 | 10
9,964 | 6.1331 | 0.8654 | 12.0722 | 0.5080 | 10
38,814 | 3.4136 | 0.8618 | 8.1652 | 0.4181 | 10
153,824 | 1.8069 | 0.9240 | 4.7271 | 0.3823 | 10
613,601 | 0.9013 | 1.0055 | 2.3312 | 0.3866 | 10
2,440,292 | 0.4598 | 0.9752 | 1.2429 | 0.3699 | 10
e(o) e(u) e(p) e(v) ep) | e(N)
8.8244 | 3.5006 | 0.8805 | 3.8140 | 0.8066 | 3.6342
5.0580 | 1.1939 | 0.4782 | 2.6564 | 0.3470 | 1.8516
2.6700 | 0.4057 | 0.2598 | 1.8729 | 0.1778 | 0.9054
1.3629 | 0.1656 | 0.1299 | 1.0862 | 0.0862 | 0.4390
0.6885 | 0.0725 | 0.0639 | 0.5332 | 0.0442 | 0.2162
0.3411 | 0.0338 | 0.0309 | 0.2862 | 0.0224 | 0.1071

Table 4.2: Convergence history for Test 2 with a quasi-uniform refinement and a first order approxi-
mation (RTO - P1 - PO - P1 - Po)

=,

DOF e(t) r(t) 0 eff(9) | IT
2,645 |10.8871 | - 18.7231 | 0.5815 | 10
5572 | 4.8239 | 2.185 | 10.7499 | 0.4487 | 10
11,494 | 3.5713 | 0.8304 | 7.5754 | 0.4714 | 10
20,247 | 2.6265 | 1.0855 | 5.5349 | 0.4745 | 10
35,801 | 1.9149 | 1.1039 | 4.2131 [ 0.4545 | 10
63,390 | 1.4166 | 1.0598 | 3.2468 | 0.4363 | 10
113,980 | 1.0995 | 0.8637 | 2.4932 | 0.4410 | 10
203,779 | 0.8085 | 1.0586 | 1.8675 | 0.4329 [ 10
e(o) e(u) e(p) e(v) e(p) | e(N)
8.8244 | 3.5006 | 0.8805 | 3.8140 | 0.8066 | 3.6342
3.8523 | 0.6730 | 0.3861 | 2.4542 | 0.3514 | 1.3529
3.0184 | 0.4142 | 0.2882 | 1.6453 | 0.3186 | 0.8146
2.2401 | 0.2724 [ 0.2309 | 1.2099 | 0.2019 | 0.5490
1.5992 | 0.1807 | 0.1630 | 0.9350 | 0.1617 | 0.4200
1.1642 | 0.1303 | 0.1220 | 0.7316 | 0.1167 | 0.2926
0.9135 | 0.0902 | 0.0923 | 0.5592 | 0.0920 | 0.2127
0.6662 | 0.0643 | 0.0683 | 0.4203 | 0.0697 | 0.1553

Table 4.3: Convergence history for Test 2 with an adaptive refinement and a first order approximation
(RTy - Py - Py - P - Py).
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Figure 4.4: Log-log plot of the total error vs. degrees of freedom used with two different refinements
for Test 2.

Figure 4.5: From left to right: initial mesh, first, fourth and eighth step of adaptive refinement
according to the residual-based a posteriori error estimator @ and the data given in Test 3.

1 = 0.4, ps = 1.6, the initial solution for the fixed-point algorithm is taken as (u, ) = (0,1) and the
tolerance is also set to 1075.

In this case, we expect to see some loss in the rate of convergence of the method due to the non-
convexity of the domain, as well as from the peculiarities of the exact solution, namely the radial
singularity of p in the vicinity of the border, and the high gradient of ¢ at the origin. This is
effectively shown in in Table 4.4, where only a rate of convergence of 0.8 is achieved, however, this can
be improved by using an adaptive refinement algorithm that refines the mesh only where it is needed
(see Figure 4.5), thus recovering the first order approximation, as shown in Table 4.5 and Figure 4.7.
Notice also how the adaptive algorithm improves the efficiency of the method by delivering quality
solutions at a lower computational cost, to the point that it is possible to get the same one (in terms
of the total error) with only the 7.6% of the DOF of a quasi-uniform mesh. Part of the solution is
shown in Figure 4.6 after eight steps of adaptive refinement according to the indicator .
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