STABILIZED FINITE ELEMENT APPROXIMATIONS FOR A GENERALIZED
BOUSSINESQ PROBLEM: A POSTERIORI ERROR ANALYSIS.
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ABSTRACT. The purpose of this work is the design and analysis of a posteriori error estimators for
low-order stabilized finite element approximations of a generalized Boussinesq problem. We consider
standard stabilization procedures over conforming finite element spaces and a nonconforming one that
delivers a divergence-free discrete velocity field. The analysis, that is valid for two and three-dimensional
domains, relies on a smallness assumption on the solution and is based on a technique that involves
the Ritz projection of the residuals. The devised a posteriori error estimators are proven to be globally
reliable and locally efficient. Three dimensional numerical experiments reveal a competitive performance
of adaptive procedures driven by the designed a posteriori error estimators.

1. INTRODUCTION

In this work we will be interested in the design and analysis of a posteriori error estimators for a
steady—state generalized Boussinesq problem [39] [42] which is a particular instance of an incompressible
nonisothermal fluid flow model: it corresponds to a nonlinear system of partial differential equations
(PDEs) that couples the stationary incompressible Navier—Stokes equations for the fluid variables (velocity
and pressure) with a convection—diffusion equation for the temperature variable; the fluid viscosity and
the thermal conductivity depend on the temperature of the fluid. To make matters precise, let €2 be an
open and bounded domain of R? (d € {2,3}) with Lipchitz boundary 952 and g, f, and h be given data.
We shall be concerned with the following problem: Find (u,p,t) such that

—div(e(t)Vu)+u-Vu+Vp—gt = f inQ,
dive = 0 in €,
—div(k(t)Vt) +u-Vt = h inQ, (1)
u = 0 onl,
t = 0 onl,

where u denotes the fluid velocity, p the pressure, and ¢ the temperature. The data of the problem is
such that f,g € L*(Q) and h € L*(Q2). The functions ¢ and & denote the fluid viscosity and the thermal
conductivity, respectively; additional regularity requirements on ¢ and x will be imposed in Section Bl
A rather incomplete list of problems where the model (Il) appears includes fume cupboard ventilation,
heat exchangers, coolingof electronic equipments, cooling of nuclear reactors, climate predictions, oceanic
flows, and many others.

To the best of our knowledge, the first work that propose and study solution techniques for the classical
Boussinesq problem, which correspond to the special case of () where ¢ and v are positive constants,
is [13]. In this work, the authors obtain existence and, under a smallness assumption on the data, local
uniqueness results. In addition, the authors propose a family of finite element solution techniques based
on stable Stokes elements for the fluid variables and Lagrange elements for the temperature variable:
the well-posedness of such discrete systems is obtained and rates of convergence are derived. Later,
the authors of [24] propose a mixed formulation of the classical Boussinesq problem on two-dimensional
polygonal domains: they study regularities properties of the solution and propose and analyze a mixed
formulation where the gradients of the velocity and the temperature are introduced as new unknowns;
quasi—optimal error estimates are provided. For further extensions and developments, we refer the reader
to [4l, 14, [16] (I8, 19, 22| 28] and references therein.

A step in the analysis of the continuous problem (), where the coefficients € and  are temperature-
dependent, has been achieved in [30]. In this work, the authors study, under certain conditions on
the temperature dependency of the viscosity and thermal conductivity, the existence and regularity of
solutions of (dl) using a spectral Galerkin method combined with fixed point arguments; see also [35]. On
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the basis of these results, the authors of [36] propose a conforming finite element method, prove its well-
posedness [36, Proposition 3.1] and derive error estimates [36, Theorem 3.1] under a smallness assumption
on the problem data. Later, an alternative approach is proposed in [33]: divergence-conforming Brezzi—
Douglas—Marini (BDM) elements of order k for the approximation of the velocity, discontinuous elements
of order k — 1 for the pressure, and continuous elements of order k for the temperature. The resulting
mixed finite element method has the distinct property that it yields exactly divergence-free velocity
approximations. The authors derive optimal error estimates for problems with small and sufficiently
smooth solutions [33, Section 5]. For further extensions and developments, we refer the reader to |5} [6]
7, [9] 34] [37] and references therein.

In an attempt to design and analyze an efficient solution technique for problem (dI), specially on a
three dimensional scenario, we will consider the so-called adaptive finite element methods (AFEMs).
AFEMs are iterative methods that improve the quality of the finite element approximation to a PDE
while striving to keep an optimal distribution of computational resources measured in terms of degrees of
freedom. An essential ingredient of an AFEM is an a posteriori error estimator: a computable quantity
that depends on the discrete solution and data, and provides information about the local quality of
the approximate solution. Therefore, it can be used for adaptive mesh refinement and coarsening, error
control and equidistribution of the computational effort. The a posteriori error analysis for standard finite
element approximations of linear second-order elliptic boundary value problems has a solid foundation
[41]. In contrast, the a posteriori error analysis of finite element discretizations of problem (II) has been
much less explored. When ¢ and & are constants and d € {2, 3}, the author of [4] propose and analyze, on
the basis of the theory developed in [41], an a posteriori error estimator. He proved that the estimator is
global reliable and locally efficient [4, Theorem 4.1]. We also mention the reference [43]. More recently,
the authors of [20, 2], based on augmented fully-mixed formulations, present error estimators that are
globally reliable and globally efficient; see [20, Theorems 3.1 and 3.13] and [2I) Theorem 3.1). When
d = 2 and only the fluid viscocity ¢ is temperature dependent, an a posteriori error analysis has been
recently performed in [8], where the authors prove that the devised error estimator is globally reliable [8|
Theorem 3.1] and globally efficient [8, Theorem 3.13].

To the best of our knowledge, the a posteriori error analysis for problem (I), where d € {2, 3} and both
the fluid viscosity and the thermal conductivity depend on the temperature of the fluid, has not been
considered before. This is the main contribution of our work. Since the numerical resolution of problem
([ is a dauting task, based on [5], we approximate the solution to ([{l) with low-order conforming stabilized
finite element schemes. To derive the global reliability of the proposed a posteriori error estimators we
invoke the ideas developed in [2] and prove that the total error is bounded by the energy norm of the Ritz
projection of the residuals; see Theorem 29 In Theorems [ and Bl and under particular elections of the
stabilization terms, we prove that the designed error estimators are globally reliable. The local efficiency
of our error estimators follow standard arguments [41]. We also include an a posteriori error analysis for
a particular nonconforming scheme with a post-processed final solution which has the advantage of being
solenoidal.

The outline of this paper is as follows. In Section [2] we introduce some terminology used throughout
this work. In Section 3 we introduce the generalized Boussinesq problem that we will study: we review the
main properties of the forms involved in the formulation and a result about existence of solutions. We also
derive a uniqueness result under a smallness assumption on the continuous variables and data. In Section
[ we introduce stabilization procedures over conforming finite element spaces and a nonconforming one
that delivers a divergence-free discrete velocity field. The core of our work is Section 5] where, in section
[B.1l we provide an estimate for the total error in terms of the energy norm of the Ritz projection of the
residuals which we utilize, in Section [5.2] to derive reliability estimates for the devised a posteriori error
estimators. Efficiency estimates for such estimators are derived in Section 5.4l Finally, in section [6 we
present a series of numerical examples in three dimensions that illustrate the theory.

2. NOTATION AND PRELIMINARIES

Let us set notation and describe the setting we shall operate with. Throughout this work d € {2, 3}
and Q € R? is an open and bounded polytopal domain with Lipschitz boundary I' := 99Q.

We shall use standard notation for Lebesgue and Sobolev spaces, norms, and inner products. For
an open and bounded domain O C R? (d = 2,3), r > 0, and p € [1,00], LP(O) denotes the space
of p-integrable functions over O and W™P(O) the usual Sobolev space. We denote by | - ||z»(0) and
Il - llwrr (o) the classical norms on LP(O) and W"P(0O), respectively. When r = 2, W"P(0) is the Hilbert
space H"(O), for which we denote by | - || g~y its norm and by |- |gr(o) its seminorm. We use bold
letters to denote the vector-valued counterparts of the aforementioned spaces and an extra underaccent
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for their matrix-valued counterparts. We denote by X () the space of functions that belong to H(O)
and are solenoid; H(div,©) stands for the space of functions that belongs to L*(O) whose divergence
belongs to L?(O).

We now proceed to define notation associated with the discretization of the domain. Let 7 = {K}
be a shape-regular partition of Q into simplicial elements K in the sense of Ciarlet [17].

For a fixed partition 7, let F denote the set of all element edges(2D)/faces(3D), F; C F denote the
set of interior edges(2D)/faces(3D), and V index the set {@,} of all the vertices in the mesh.

For an element K € .7, let
P, (K) denotes the space of polynomials on K of total degree at most n;
Fy C F denotes the set containing the individual edges(2D)/faces(3D) of K;
| K| denotes the area(2D)/volume(3D) of K;
hx denote the diameter of K;
nf denotes the unit exterior normal to the edge(2D)/face(3D) v € F;
Y|k denotes the restriction of v to the element K.

For an edge(2D) /face(3D) v € F, let

e || denotes the length(2D)/area(3D) of the edge(2D)/face(3D) ~;

e h. denotes the diameter of the edge(2D)/face(3D) v;

e O ={KeT :yeFk};

e v, denotes the restriction of v to the edge(2D)/face(3D) ~;

e ., denotes the lowest order Raviart-Thomas basis function satisfying, for all v € F; N Fk, that
pyf@) = £ (@ - @,). dive, £ Ve =l [l <OH (@)

where @, correspond to the vertex opposite to the edge(2D)/face(3D) v and I is the identity
matrix. The signs £ are chosen by fixing a normal vector for every v € Fj, as depicted in Figure
[ and C > 0 is independent of any mesh size; we also notice that Py Ty = 0 for all v, v e Fk
with v #£ +/.

o [¢]y, on vy = Fg+ NFk-, denotes the jump of the function ¢, which is defined by fixing a normal
vector for every v € Fj, based on Figure[l] as

[[¢ﬂ'y = ¢K+ - ¢K*' (3)

K+ K-

% N

FIGURE 1. For v = Fx+ NFk-, by fixing a normal vector n, pointing from KT to K,
the lowest order Raviart—Thomas basis function and inter element jumps are defined.

For n € V, we let )\, denote the continuous, piecewise linear basis function associated to the vertex
x,,, characterized by the conditions A, € P1(K) for all K € .7 and A\, (x,,) = 0,,, for all m € V, where
0, denotes the Kronecker symbol.

We introduce the broken Sobolev space

HY (7)={¢:¢x e H(K)VK € T}
and the finite element spaces
V(7):={veC@): v P (K)VKeT}nNH;Q),
Q(7) = {g € L§(Q) : qx €EPy(K)V K € T}.
For K € .7 and nonnegative integers ¢, we denote by II K¢ the L?(K)-orthogonal projection operator
onto P,(K). This operator is defined as
(v =TIk (v),w)p2x) =0 YV w € Py(K).
The vector countepart will be denoted by Iy ,.



4 A. ALLENDES, C. NARANJO, AND E. OTAROLA

Throughout the manuscript we will frequently make use of the following inequalities. First, a Poincaré
inequality, that is valid for v € HZ(£2), and second, a standard Sobolev embedding estimate, that holds
for w € HY(Q) and p € [1,00) for d = 2 and p € [1,6] for d = 3:

[vll22() < Cralvlm () [wll o) < Cpallwll mray: (4)

their obvious extensions being considered for vector-valued functions. In the latter case and for simplicity,
we maintain the same notation for the involved constants with the convention that for the analysis that
follows we will choose the one with maximum value.

Finally, in the manuscript we shall use C' to denote a positive constant that is independent of the size
of the elements in the mesh and whose value may change whenever it is written in two different places.

3. MODEL PROBLEM

We consider the following generalized Boussinesq problem: Find (u,p, t) such that

u7
—div(e(t)Vu)+u-Vu+Vp—gt = f inQ,
dive = 0 in (),
—div(k(t)Vt) + u - Vit h in Q, (5)
u = 0 onl,
t = 0 onl,

where u denotes the fluid velocity, p the pressure, and ¢ the temperature. The data of the problem is
such that f,g € L*(Q) and h € L?(Q). The functions ¢ and & denote the fluid viscosity and the thermal
conductivity, respectively. We assume that ¢ and & strictly positive and uniformly bounded:

0<e <e(t)<ey, 0<ry <k(t)<hy ae inQ VieHY(Q). (6)
In addition, we assume that € and x are Lipschitz: there exist constants €ip > 0 and Kyip >0 such that
le(ty) —e(ta)] S epplts —tal,  [K(t)) = K(ta)| < Kyylty — o], ae. in Q, Vit € H(Q). (7)

Remark (nonhomogeneous Dirichlet boundary conditions). To simplify the presentation of the material, in
this work we will only consider homogeneous Dirichlet boundary conditions. The case of nonhomogenous
Dirichlet boundary conditions for the continuous problem, as it is customary, can be treated by a change
of variable which leads to modifications in the right-hand sides of (Hl); see [13, B0]. We also mention
that, from the discrete point of view, in [34] the authors consider a nonhomogeneous Dirichlet boundary
condition for the temperature variable which is weakly imposed in the overall weak system; the latter
being optimally approximated by standard conforming finite element spaces.

The weak formulation of (&) reads as follows: Find (u,p,t) € Hy(2) x L3(Q) x HJ(Q) such that

A(t;u,v) + C(u;u,v) — B(v,p) — D(t,v) = F(v) Vove H(l)(Q),
B(u,q) = 0 Y q e L(9), (8)
A (tt,w) +C(ust,w) = H(w) Vwe HHQ).

The involved forms in (§) are defined as

Alr;v, w) = /Q e(r)Vu : Vw, C(r;v,w) ::/

(r-Vov) -w, B(v,q):= / gdivv,
Q

Q 9)
D(r,v) := /Qrg ‘v, A (rv,w) = /Q k(r)Vuv - Vw, €(r;v,w) = / (r- Vo)w.

Q

In addition,
F(v) ::/Qf~v, H(w) ::/Qhw. (10)

The existence of solutions for problem (§)) follows from [30, Theorem 2.1]: If 9 is Lipschitz, the
functions ¢ and & are continuous, f,g € L*(R), and h € L?(Q), then there exists a weak solution for
problem (§)). Stricly speaking [30, Theorem 2.1] only shows the existence of a weak solution for (&) when
f =0and h = 0. However, from a slight modification of the argumentes presented in [30], we can
conclude the existence of weak solutions when f # 0 and h # 0.
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3.1. Stability properties. This section is devoted to list a series of continuity, coercivity, and inf-sup
properties of the forms defined in ([@). First, in view of (@), we immediately conclude the coercivity of
the bilinear forms A and 7. In fact,

81|'U|%11(Q) < A(r;v,v), “1|U|%11(Q) < d(rv,v) (11)

for all v € H}(2), v € H{(Q) and r € H'(Q). Second, invoking (B)), again, which guarantees that ¢ and
K are bounded, we conclude that

|A(r; v, w)| < e2lv|gy o) [wlar ), [ (r;0,w)| < Kalv|g Q) lwla @) (12)

for all v,w € H{(Q), v,w € HH(Q), and 7 € H*(Q). Third, an application of the Sobolev embedding
LA(Q) — H*(Q) combined with the Holder’s inequality yield

Clr;v,w) < Cp alrl g o) Vg o)Wl ), Criv,w) < Cp ol g q)lvla @)Wl g o) (13)
for all 7, v, w € Hy(RQ) and v, w € H}(Q). The constant Cp q is defined as
Cp.q = Cia(l+Chg). (14)

Fourth, invoking the Lipschitz property that € and x satisfy and utilizing Holder’s inequality combined
with the Sobolev embedding L®(Q) < H!(2) we arrive at

Aty v, w) = Aty v, w)| < €3, Calty — tol g (o) IV L3y (Wl e ()
(15)
| (t1;0,w) — & (tg; v, w)| < KypCalty — Lol g VOl L3y [0 g1 ()

for all v € W2 (Q), w € H}(Q), v e Wy ?(Q), w € H}(Q), and t1,t, € H'(Q). Here, €q = Cs.a(1 +
C%q)2. Fifth, for s € X(Q), v € H}(Q) and v € H}(R), we have that

C(s;v,v) =0, € (s;v,v) = 0. (16)
Sixth, for g,v € H'(R2) and r € H'(Q), we have that

D(r,v) < Cpallgll2 o) Irla @10 g o)- (17)
Finally, the bilinear form B satisfies the inf-sup condition [23] 26]
B(v,q
sp PO gy W€ L), (15)

veH{(2)\{0} |v|H1(Q)

3.2. A uniqueness result. In what follows we derive an uniqueness result for problem (&)). To accom-
plish this task, we rewrite (8) as the following restricted problem [26]: Find (u,t) € X (2) x H}(2) such
that

(19)

{ A(t;w,v) + C(u;u,v) — D(t,v) = F(v) VoveX(Q),
A (ttw) +C(ust,w) = Hw) Vwe HIH D).

A unique pressure p € L3(£2) can be obtained in view of de Rham’s Theorem [23] Theorem B.73].

We now present a uniqueness result that follows standard arguments. When compared with [33]
Theorem 2.3], our result improves upon regularity: it demands (u,t) € W3(Q) x W3(Q). Similarly, it
requires a smallness assumption on the continuous variables; the latter being crucial in order to perform
an a posteriori error analysis; see Theorem

Theorem 1 (uniqueness). Let (u,t) € [X(Q)NW'3(Q)] x [H}(Q)NW'3(Q)] be a solution to (), and

assume that

€ K
a Ju |t } < M :=mi L ! . (20
- X{||g”L2(Q) o o - { 2Cp o (R +e3p)€0 + Cp o } .
where £ € {2,3}. Then, problem (8) admits a unique solution.

Proof. Let us assume that there exist two solutions (u, t) and (u*, t*) of ([9) that satisfy ([20). Subtracting
the corresponding variational formulations we arrive at

[A(t; u,v) — At v, v)] + [C(u;w,v) — C(u™;u*,v)| - Dt —t",v) =0 VwveX(Q), (21)

and that
[ (t;t;w) — o (55, w)] + [€(w; t,w) — C(u*;t",w)] =0 YV we Hy(Q). (22)
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Since A, C, &/, and € are linear in the second and third argument, we can thus write the following
expressions:

A(t;u,v) — At u™,v) = At u — u”,v) + [A(t; u*,v) — A" u™, v)],
C(u;u,v) — Clu";u*,v) =Clu;u —u*,v) + C(u — u*;u*,v),
(Lt w) — o (5517, w) = A (Et — 5 w) + [ (47, w) — (17, w)],
C(u;t,w) — € (u;t* w) =C(u;t —t*,w) + €(u —u*;t",w).

Set v =u —u* € X () in @I)) and invoke (1)) and (I6]) to conclude that

gqlu— u*ﬁ{l(ﬂ) <|AGu  u—u") - A v, u—u) |+ [Clu —uuu—u')| + [DE -t u—u")

< e CaM|t — | g1 [u — w1 ) + Cp o Mlu — w3 o) + Cp o Mt — £ g1 ) [t — u*| g1 g

where we have also used ([[3)), (@3], (1), and the smallness assumption (20). This immediately implies
that

Similarly, set w =t — t* in ([22). Notice that, since u € X (Q), € (u;t — t*,t — t*) = 0. Then,

Kqlt — t*|§p(m < | (Gt 6 —t7) — A ({0 — )|+ [E(uw — w5t e — 7))
< RiipCoM |t — [} gy + Cp o M|u — u| g gy [t — ] 1,
which immediately yields
— OD7QM|'U/ — u*|H1(Q) + (fil — K’lin:QM) |t — t*|H1(Q) S 0 (24)
Adding 23) and (24)), we conclude that
(e, —2Cp M) |u — U g o)+ (51 = ((Fpip + €13p)€0 + Cp o) M) |t — | (o) < 0.

The result then follows from the use of assumption (20). This concludes the proof. O
Remark (regularity of u and t). In what follows we will assume that solutions to problem (Bl are such
that (u,t) € W*(Q) x W3(Q). We mention that, when the simplified case ¢ = 1 and x = 1 takes
place, a proof of such a regularity result can be obtained upon invoking the results of [32]. In fact, based

on [27, Section 7.3.3] and [38, Chapter II, Section 1.3], let us consider the homogeneous problem for the
incompressible Stokes system with Dirichlet boundary conditions:

—Ap+ V=7, inQ,

divep = 0, in Q,

p=0, on 0,
and define the associated Green operator as GpT = . The authors of [32] have proved that, if Q is a
bounded and Lipschitz domain, then the Green operator Gp is bounded from W ™'*(Q) into WP (Q)
forp e 2n/(n+1) —¢,2n/(n—1) +¢€) and € = €(Q) > 0. With this result at hand, and invoking a

similar argument based on the regularity results of [29, Theorem 0.5] (see also [29, [31]), the fact that
(u,t) € WH3(Q) x Wh3(Q) thus follows.

4. STABILIZED FINITE ELEMENT DISCRETIZATIONS

To approximate the solution of problem (8] we will consider the following two stabilized finite element
approximations.

4.1. A conforming low order method (SFEM1). First, we introduce the following low-order stabi-
lized finite element approximation: Find (u,,p,,t5) € V() x Q(7) x V(F) such that

Altziug,v7) +Cugiug,vy) —Bvs,psy) +SF(U97;L’9) -Gty vy) = Flvg)
Bluz,qz)+ ) —”/[[py]]w[[wﬂw =0 (25)
yEFTI 12 v
atzity,wy)+c(ugzity,wy) +Sp(tywy) = Hwg),

for all (vy,q5,wy) € V() x Q(T) x V(). In 20), Sp(-,-) and Sy (-,-) denote linear stabilization
terms associated to the fluid and temperature equations, respectively. We will assume that Sy and S,
are such that a unique solution to problem (23] exists.

An a priori error analysis for a slight variation of the scheme (28] has been recently performed in [5].
We also mention [34], where the authors investigate an scheme for (Bl based on stable Stokes elements
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for the fluid variables and Lagrange elements for the temperature variable; no stabilization terms are
considered.

4.2. A nonconforming low order divergence-free solution (SFEM2). The second solution tech-
nique is based on (28). In fact, when the solution to the discrete problem (23]) is computed, we consider,
as a final solution, the triple (£(uz,ps),p7,tz), where £L(uz,pz) is defined as follows:

h
£(u,97p,9) =ug + Z Tgﬂp,ﬁ]]»y%ow (26)
YEFT

where ., denotes the Raviart-Thomas basis function defined in (2l); notice that the discrete variables

Ps and t, are not modified. The main advantage of this postprocessing step is that the final velocity
approximation is solenoidal [5, Theorem 1]. This is,

div&(us,py) =0 in Q. (27)

In practice this could be of interest since, as the numerical experiments of [5, Section 6] reveal, the triple
(&(us,p5),ps,t5) seems to be a more accurate solution than (u,,p,,t ).

5. A POSTERIORI ERROR ANALYSIS

In this section we analyze a posterior error estimates for the finite element scheme (25) that approx-
imates the solution to (§). To begin with such an analysis, we first define the velocity error e,,, the

pressure error e, and the temperature error e, as follows:

€, =U—Ugy, €,:=p—DPg, € :=t—tlg. (28)
5.1. Reliability analysis: a Ritz projection of the errors. To construct an a posteriori error esti-
mator that provides an upper bound for the error, in energy-type norms, we will consider, on the basis
of the ideas developed in [2], a Ritz projection of the residuals. To be precise, such a Ritz projection
(®,9, ) is defined as the solution to the following problem: Find (®,4),¢) € H(Q) x LE(Q) x HI(Q)
such that

/V‘I’:Vv+/1/)q+/Vga~Vw: [A(t;u,v) — At 3wz, v)] + [C(u;u,v) — C(Ug; U, v)]
Q Q Q

= B(v,ey) = Dley,v) + Bley, q) + [/ (1, w) = A (tzit 7, w)] + [€(ust, w) = C(ugitz,w)], (29)

for all v € H}(Q), ¢ € LE(Q), and w € H(Q). The existence and uniqueness of (®,1),¢) follows from
the continuity properties of the forms A, B, C, D, &/, and € and the Lax—Milgram Theorem.

We now prove that the sum of the energy norms of the velocity, pressure, and temperature errors can
be bounded in terms of the the energy norm of the Ritz projection.

Theorem 2 (upper bound for the error). If € satisfies

’ilinQ”VtHLS(Q) + KlipCQ”vetH[ﬁ(Q) + CD,Q|eu|H1(Q) < &

Elin:QHvu||L3(Q) + Elin:QHveu||L3(Q) + OD,QHQHL2(Q) < g (30)
Cp.oleulpig) + Cpaltlgio) + Coaltlyg < 2,
and
. €1k

0 _— 31
<§<mln{n1,€1+3ﬂl}, (31)
then, there exists a positive constant C' that does not depend neither on (®,p, ) nor (u,p,t) such that
lewli o) + ez + ledn ) < C (180301 + 1413200 + el ) - (32)

Proof. We divide the proof in several steps.
Step 1. We begin by exploiting the fact that A, B, &/, and € are linear in the second and third
component to write (29]) as follows:

V& :Vv+ | g+ | Vo -Vw
Q Q Q

[(te v

{(A(t; u,v) — A(t 7;u,v

~—

) = (A(tiey,v) — At 7€y, v))} ]
| +B(ey,q) — B(v,e,) — D(e;,v)

w)) = (& (e, w) — A (t 75 e,,w))} ]
I

o (33

)+
+ [C(u )—Cl(e,;€e,,v)+Cle,;u,v
+ [ (t; e, w) + {( (t:t,w) — A (t 73 t,
+ w) = w)

[€(u;e,,w) — € (e, e, w) +EC(e,;t,w

~—~ ~—
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Step 2. Set (v,q,w) = (0,0,¢,) and invoke (), (IZ), and ([I3)) to conclude that
’<01|€t|12r{1(9) < “zip¢ﬂ|€t|§11(ﬂ)||Vt||L3(Q) + ﬁlip€Q|€t|12Hl(Q)||V€t||L3(Q) + CD,Q|et|§11(Q)|eu|H1(Q)
+ Cp.aleul g ltla @led mr @) + 1elm @ ledm o)
= led o) {“zin:QHVtHLs(Q) + fip€all Vel s o) + CD,Q|eu|H1(Q)}
+led o) {CD,Q|t|H1(Q)|eu|H1(Q) + |SD|H1(Q)} :

Notice that we have also used () which guarantees that € (u;es, e;) = 0. Since ¢ is such that ([B0) holds,
we arrive at

(k1 = &) ledl ) < Cpaltlm @ lewl ) + 19lm o) (34)

Notice that, since £ satisfies B1)), k1 — & > 0.
Step 3. Set (v, q,w) = (v,0,0), with v € H}(Q), in @9). This yields

B(v,e,) = —/QV<I> :Vo+ At u,v) — Alt 50 5,v) + C(us;u,v) — C(ug; ugy,v) — D(e, v).

Invoking the inf-sup condition (I8) and utilizing that the right-hand side of (29) can be equivalently
written as the right-hand side of (B3]), we can thus conclude that

[B(v,e,)|
Blle,llzz2) < sup ——— S @) +ealeul i) T 20D olul g o) leulm ()
veH(Q)\{0} |U|H[1)(Q)
+Cpaleultr o) +ledm @ {5zip¢sl||vu||L3(Q) + ap€allVeyll s ) + CD,Q||9||L2(Q)} - (35)

By using B0), it then follows that

Bllepll2) < 1®le o) + lewlm (o) {52 +2Cp qolulgr o) + CD,Q|€u|H1(Q)} + ledd g )€
We thus invoke ([B4) and conclude that

Bllepll2@) < 1®lg o) + leulmr(q) {52 +2Cp olulgr o) + OD,Q|eu|H1(Q)}
+ &5y = 7 {Cp altln oy eul oy + ¥l } - (36)

Step 4. Set (v,q,w) = (e,,—e,,0) in [@3) and invoke similar arguments to the ones used in the
previous step to conclude that

€1|eu|%—11(£2)
< |‘I’|H1(Q)|eu|H1(Q) + 5zip¢ﬂ|€t|H1(Q)||VU||L3(Q)|6u|H1(Q) + 5zip¢ﬂ|€t|H1(Q)||V6u||L3(Q)|6u|H1(Q)
+ Cpaleultr + Cpalewlt o) vl ) + Cp.allgllnzoledm ol eulm @) + 19 2@ lepl 2@
< |eu|%—11(ﬂ) {CD,Q|eu|H1(Q) + CD,Q|U|H1(Q)} 1P g1 ()l €ul ()
+led g o)lewl o) {5zip¢ﬂ||vu||L3(Q) +ap€allVeyllps) + CD,Q||9||L2(Q)} 19l 2y llepll L2
< 2ley [ ) + 1@l o) €ulm @) + Eled i )€l m @) + 191 2oy llepll 20y,
where, to obtain the last inequality, we have used [B0). We thus utilize the estimates for |e,] (o and

||ep||L2(Q) obtained in (34]) and (B8], respectively to conclude that

€1 |eu|%-1'1(ﬂ)

& 1
< leultr o) {25 + HCD,QMHl(Q) + EH¢HL2(Q)|(I>|H1(Q)
3

1 £
_Ss - d _Ss
+ PRy ﬁ||7/}||L2(Q)|90|H1(Q) + |eu|H1(Q){| | o) + Py _§|80|H1(Q)

1 £
+ E||1/)||L2(Q) [—FJ — Cpalt|g () + €2+ 20p olul g o) + CD,Q|eu|H1(Q)} }
1

§
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We invoke (B0), which guarantees that C’D)Q|t|H1(Q) < 2¢ and that CD)Q|u|H1(Q) + CD)Q|eu|H1(Q) <2
to conclude that

€

2¢2 1 1
e1leqltn (g < lewltn(o) {25 + 5} + E”"/JHLQ(Q)|(I>|H1(Q) + BK—_”"/JHLQ(Q)ls‘)'Hl(Q)

52
Ry =&
2 ;= Sfilé Invoke the basic estimate ab < (6/2)a® + (1/26)1)2 to conclude that

§ 2
+lewl (o) {|‘I’|H1 @t ¢ |<P|H1 T3 ||¢||L2 ) ey +4€

Denote

6
(51 -0 — 5) |eu|fql(ﬂ) <C (|(I>|3-11(Q) + |90|%{1(Q) + H¢||%2(Q)> ) (37)

with a constant C' that does not depend neither on (®,p, 1) nor (u,p,t). Notice that, in view of (&I,
we have

1

1) 3
5:51—55:K1_§(€1(51—§)—3§“1)>0

g, —0—
We can finally conclude that

leulFri) <C (|(I)|%—11(Q) + |olin ) + ”"/JH%Q(Q)) :
Step 5. The desired estimate ([32)) follows from the previous estimate combined with (34]) and B8). O

Remark (global reliability and local efficiency estimates). In [2], the authors prove, for the Stokes and
Ossen equations, that the energy norm of the error is equivalent to the energy norm of the Ritz projection
of the residuals. On the basis of such a result, a posteriori error estimates were derived: global reliability
and local efficiency estimates. In our case, we will only consider the upper bound ([B2) for the error. From
this bound a reliability analysis can be obtained; see Theorems Bl [ and Bl In section 5.4l we will derive
local efficiency estimates on the basis of standard bubble functions arguments.

5.2. Reliability analysis: a residual-type error estimation. In Theorem 2l we proved that the total
error is bounded by the energy norm of the Ritz projection of the residuals. In this section we focus on
bounding each term appearing in the right-hand side of ([32]). We proceed on the basis of three steps.

Step 1: Set (v,q,w) = (v,0,0) in 29). Let us denote by Z5 the Clément-type interpolation operator
of [40, equation 3.3]. Utilizing (§) and an integration by parts formula we conclude, for v € H(f), that

/V@:VU— /RK’U—Ig — = Z/ (v—Zs()) | -Sp(ugs,Zs(v)), (38)
Q2 KeT vef
where
J, = [(e(ts)Vugy —psI)-n,].

The term J_ is defined as follows: for v € Fj N Fy, with K # K’ and K, K' € 7,

=[(ets)Vuy —psl) n,y] = (e(t5) |k VUuzx — P71 n,IY( + )k Vug g — P 1) - n,lf )
Define

Z P s V% p = hi ||RKHL2 )y T Z hil| Ty HL2 (40)
KeZ YEFKNF,

We invoke [40, Lemma 3.3] and the fact that [, V& : Vo is coercive on H}(Q) to conclude that
2
S T
@[3 ) <C | 08 + sup Splty 17 (v))
veEM@\{0}  |YlE1(q)
Step 2: Set (v,q,w) = (0,%,0) in ([29). This yields

”"/JH%Q(Q) = Blew,¥) = —B(ug,¢) < |V~ “ﬁ||L2(Q)H¢||L2(Q)a

upon using the definition of the bilinear form B, the fact that w € X(Q), and the Cauchy—Schwarz
inequality. The previous inequality immediately yields

191720y SNV -uzlliz g

(41)
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Step 3: Set (v,q,w) = (0,0, w) in (29)). Following similar arguments to the ones developed in Step 1,
we arrive at that the following error-type equation, which holds for all w € H}(Q),

/chp.vwz > /RK(w—Iy(w))—% S| Lw=Zsw) | - Sr(ts Iz (w), (42)

Keo K YEF T
where
(43)
J, = [6(ts)Vts n,].
The jump term J, is defined as the one presented in (39).
Define
07 = Z e rs Vier = h%(”RKH%Q(K) + Z hK”Jv”%z(y)' (44)
Ke7 YEFKNF,
Applying the same arguments that lead to ([@3]) we conclude that
2
Sr(ts, T
o3 ) < C | 95 + sup Srlty,I7(w)) (45)
H'(Q) T ) |w|
weHg(2)\{0} H'(Q)

Define the a posteriori error estimator ¥ as
2 2
0= > O,
Keo
where the error indicator ¥k is defined by

e = W (IRl a0y + 1R iy ) + IV - wr ey

+ > b (I l3e) + 1,035 ) - (46)
’YG]“KQ}—I

With this definition at hand, we present the following global reliability result.

Theorem 3 (global reliability). Let (u,p,t) be the solution to [8) and (u,,p4,t5) its finite element
approzimation giwen as the solution to 28). If (BQ) holds then, there exist a positive constant C' such
that

leulFr) + lepll iz + ledtn o)

2 2
Sr(tsy, T

wp  SeltzTrw)

<C 02 + sup SF(U97I9(U))
B weHHQN0}  [Wg(q)

+
veHL(Q)\{0} |’U|H1(Q)

(47)

Proof. The desired result follows from combining the estimates obtained in Steps 1, 2, and 3, together
with the result of Theorem O

5.3. Elections for stabilized terms: a final upper bound. In this section, we consider some partic-
ular elections of stabilization terms Sy and S, and estimate the so-called consistency errors that appear
in the right-hand side of the a posteriori error estimate ([T thereby obtaining a final upper bound for
the error in terms of computable quantities.

For the fluid flow, we consider a grad-div type of stabilization term, that was first introduced, for a
Stokes problem, in [25]:

SF(’ULQ,’LUQ):TZ}LK/V"U?V"UJ?, ’Uy,’UJgEV(y)
Keo K
The positive parameter 7 is the so-called stabilization constant. We stress that the election Sp = 0 is
also valid.
Second, for for the temperature equation, we can consider the following election [I5]:

Sr(vgiws) =7 3 0 [[Vos nllVug n ), vruwg € V().
YEF; v

where 7 > 0 corresponds to a stabilization constant. We mention that the election S = 0 is valid as
well.
With these ingredients at hand, we are ready to state and prove the following result.
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Theorem 4 (final global reliability). Let (u,p,t) be the solution to @) and (u,,p,,t ) its finite element
approzimation given as the solution to 25). If BQ) holds, then there exists a positive constant C' such
that

leulEro) + lepllie +lelin ) < O,
where the error estimator n is defined as
=) 0,
Keog

with the local indicators i being defined as
k=1 (IRic W) + 1 Rxllai) ) + L+ 2R3NV - w32

+ Y i (I3 + (7% 2 ) - (48)
YEFKNF;

Proof. In view of the result of Theorem [ it suffices to control the consistency terms Sp and Sp. We
begin by controlling the term Sp. In fact, we have that

Z ThK/I<V-u9V-Ig(v)

1/2
S A ,
sup F(“y y(’l’)) = sup Kes <C TQh%(HVUKH%Z K )
|v] v > (K)
vEH () H'(Q) vEH (Q) H'(Q) KeT
v#0 v#0

where we have used the local stability of the interpolation operator Z5 [40, Lemma 3.3], the finite
overlapping property of stars, and a Cauchy—Schwarz inequality.

We now bound the consistency term related with the temperature equation. Let v € Fx N Fi with
K # K’ and K, K' € . We begin with the following basic estimate, which holds for wgs € V(7):

IVwg - n 72y SC Y g IVwa 7k

KeQ,
Consequently,
Sr(t,,T
sup (g, L (w))
weHL()\{0} |w|H1(Q)
1/2 1/2
1 -
< sup . Z T2h47|\[[Vt9 : nyﬂH%%y) Z [[VZ7(w) 'nyﬂ|‘%2(7)
weHs(O\{0} W (0) \ JeF, VEF1
1/2 1/2
1 -
<C sup . Z PNVt - n 22 Z Z IVZ g ()72
weH\{0} 1WIH1(Q) \ jcF, ~EF KEQ,

We now invoke the finite overlapping property of stars to conclude that

1/2
St 5, T
oA el [ S S|\ R [
weny@\[0} Wi =
This concludes the proof. O

We now focus in providing a posteriori error estimates for when the SFEM2 technique is used. In
order to present the following result and, since, in this case, the velocity field is a nonconforming function,
we introduce the notation:

€o:=U— E(uyg,pg), |’U|%_I1(g) = Z |’U|%-II(K) (49)
Keo

We present the following a posteriori error estimate.

Theorem 5 (final global reliability). Let (u,p,t) be the solution to problem &) and (£(uy,p5), P t5)
its nonconforming finite element approximation which enriches the velocity field as described in [26). If
@B0) holds then, there exists a positive constant C' such that

|62|§11(9) +lleplZ2 + lelin @) < CO%,
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where the error estimator © is defined as

0%:= > %,

KeT
with the local indicators Ok being defined as

0% =k (I Ricl3ei0) + 1 Bic 32y ) + (1 + 2R3 IV - w3 i)

+ Z hx (HJ’Y||2L2(7) + (L4 7hie) 19,122, + I\[[py]]lli2(7)) - (50)
YEFKNF;

Proof. In view of [B, Theorem 4], that is still valid in our framework (see also [I2] Lemma 3.9]), we have
that

h
|62|§ql(9) <cC |eu|ill(ﬂ) + Z T;H[[pﬂ]]HQN(y)
YEF;

The desired estimate thus follows from invoking the result of Theorem [4] O

5.4. Local efficiency analysis. We now proceed to investigate the local efficiency properties of the
devised a posteriori error estimators on the basis of standard bubble function arguments [3| [4T]. Before
proceeding with such analysis, we introduce the following notation: For an edge, triangle or tetrahedron
G, let V(G) be the set of vertices of G. With this notation at hand, we introduce element and edge
bubble functions as follows. Let K € 7 and v € F;. We define

B = (d+ 1" I MNx» By :=d* J[ M\x with Keq,. (51)
veEV(K) veV(y)

The following estimates will be frequently used in what follows: If v, € V/(.7), then [3, 41]

CllvglFax) < /KﬂKU?? SClvalliezy:  1BrvzllLzix) + hklBrvarlm k) < Cllvgllzk).  (52)
and

Cllvg|Fa(y < /7570,29 < Cllvzlizzy, hl_(%”ﬂ'yvﬂ”L%K) + h%{WWﬂHl(X) < Cllvglipzey, (53)
where K € €. We consider the natural extensions of (52) and (B3)) for the vector-value case.

Theorem 6 (local efficiency). Let (u,p,t) be the solution to problem (&) and (w,,po,ts) its finite
element approzimation given as the solution to (28). If (B0) holds, then the local error indicator 1y,
defined in [@8), satisfies, for every K € T,

B<C Y X (leulooen +leplaen + e + 1 (loscuo lEagry + loscaelags) )-
YyEFK K'EQ,Y

Proof. We examine each of the contributions of nx separately. We proceed in three steps:

Step 1: For K € 7, we define the following residuals and oscillation terms:
R, = Oy, (f) +div(e(ts)Vug ) —ugVug = Vpg o + Tk i(gt 7 i),
oscy = f—Ilg,(f)+9ty —Tki(gt 7 k)

Since (u, p, t) solves (8, the definition of the forms A, B, C, and D combined with an integration by parts
formula allow us to conclude the following error equation, which holds for any v € H, (1) (Q):

Z /KRKU— Z Jv=[Alt;u,v) - Alt 75 u 5, v)]

Keo ~yeFr VY

(54)

+ [C(U, u, ’U) - C(“‘ﬂ? Uz, ’U)] - B('U, ep) - D(etv ’U) - Z OSCi V. (55)
Keg 'K
We recall that J, is defined as in ([39). With this error equation at hand we now proceed to control the
contributions of nx. We begin with Ry. Let K € 7. In view of (89) and (54), a simple application of
the triangle inequality reveals that

[Rllpe(x) < ||RK||L2(K) +lloscxll g2 (- (56)
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It thus suffices to bound RK To accomplish this task, we set v = BKRK as test function in (BZ)). This
yields

1Rl < [ A 0, By Ri) = Alt 737, B B | + [Clus . By Rye) = Cluzsuz, By R)
+ |BBrRics ) + Dlers By Ric) + (05¢sc, B i) ey | = 1+ T+ 1L (57)

We proceed to estimate the terms on the right-hand side of the previous expression. We begin with the
control of I. In fact, rewriting the difference in I as in (29), we arrive at

A s BreRic) + [(Altw, B Bic) = Alt 731w, By Ric)) — (Alt; €4 B Ric) = Alt 7 e, Bic )|
< C [lewlar o) + ledlan ey (1V0l o) + 19l g )| 185 Bl o

<C (leu|H1(K) + ”et”Hl(K)) h;(1|‘ﬁKRK||L2(K)u

where we have used local version of the estimates (I2) and ([IH), an assumption from (B0), and an
inverse inequality. Second, applying similar arguments, we estimate the terms related with the nonlinear
convective derivatives. In fact, we have that

1= |C(u; e, B Ric) — Cley; ey, B Ric) + Cley; uw, B Ry )|
< C [lll ey el aey + lewll e aey (1€ulrrs ) + 1elars a0y )| 185 B s )
< Ollewll g ) (1 + i) 1B Ricll 2 (xc)-
Finally, we control the term III on the basis of (20):

I

< C (llepll gy + gz lleelos o+ ) 185 el ozt ey + l0sxcll i 1B Bl

<C (||%HL2(K) + ”etHHl(K)> (1+ h;(l)HﬂKRKHLZ(K) + ||OSCKHL2(K)”6KRK||L2(K)'

Gathering the previous results and utilizing (52]), we conclude that

Bl Rl sy < C (U4 130) (llewlErs oy + lepll3aioy + ledlae) ) + Pkllosexc 3y ), (58)

In view of (56), h? HRK||L2(K) can also be controlled with the right-hand side of (G8]).

If v € Fpe N Fy with K # K’ and K, K’ € 7, we set in (53)) v = 3, J.,, which is supported in €.
Similar arguments to the ones that we have previously used combined with (&3] allow us to conclude that

Bl 320y < | D2 (141 (llewlidrr o) + llepliEae) + lleeldn e ) + Ak llosel3age | - (59)
KGQW

Step 2: We now proceed to bound the term |V - u,|[12(x). In fact, using that u € X(Q), we
immediately arrive at the estimate

IV - ws e = IV - eullzei < dleal s -
Step 3: For K € .7, we define the following residual and oscillation terms:

Ry = Tga(h) +div(s(t7)VEg) ik — gk Vi
oscg = h—Ig1(h).

With this definiton at hand, we invoke the definitions of Rx and J,, given in (@3], the definitions of
the forms o and €, given in (@), and an integration by parts formula to conclude the following error
equation, which holds for w € H}(Q):

Z/RKM_Z/JM_ (t;t,w) — A (tgity,w)

KeZ yeEFT

(60)

+C(ut,w) —C(ug;ty,w Z / oscpw. (61)

Keo

Set w = KRK as a test function in (GI)). We apply similar arguments to the ones developed in Step 1
to conclude that
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"Q{(tvtaﬂKRK) - M(t97t95ﬂKRK)
< C (lednqaey + el ey (1980 sy + 1V eell agaer ) ) 185 il ey < Clleellans ey 1B B ey
and that
Cf(u’ tv U}) - Cg(uﬁa t?a w)

< O (leelmr ey (el gy ey + lewllers ey ) + i lewllens ey ) 185 Bl

< C (ledls ey + lewllrnaey ) 18ic Bl s ey
Combining the derived bounds with (G2 and (&3)), we conclude that

h%(”RKH%?(K)SC (14 h%) ||et||§11 +||eu||H1K + hj ||OSCK||L2 K) )
(K)

hi|R, |72,y < C Z ((1 + h) (”etHHl(K) + ||eu||H1(K)> + hK||OSCK||L2(K)) :
Keq,

Gathering all of our previous finding we conclude the desired estimate. O
We conclude with the following result.

Theorem 7 (local efficiency). Let (u,p,t) be the solution to [8) and (£(u5,p4),po,t5) its noncon-
forming finite element approximation which enriches the velocity field as described in @8). If p € H* ()
and (BQ) holds, then the error indicator O, given as in (B0), satisfies, for every K € 7, that

0k <C Z Z (1+h%) <|eu||§-11(K’) +lleplFaaery + e ren

YEFK I{’EQ,Y
+ hier (|ep|%{1(K’) + ||OSCK’||2L2(Kf) + HOSCK/||2L2(K/)> )

Proof. Since p € H*(Q2), we have, for v € F;, that [p] = 0. Consequently, h || [[pgﬂHLg(,y K||[[epﬂ|\L2(,y).
Since h, < Chy, due to the mesh regularity, we apply a scaled trace inequality to arrive at

Pl llecy = hrclleplliZaey <C 3 (lleplia + Hkleylinge ) -
Keq,

The result then follows from using the previous bound combined with the results of Theorem O

6. NUMERICAL EXAMPLES

In this section we conduct a series of numerical examples that illustrate the performance of the a
posteriori error estimators that we have desgined and analyzed in previous sections. All the numerical
experiments have been carried out with the help of a code that we implemented using C++. All matrices
have been assembled exactly. The right hand sides and approximation errors are computed by a quad-
rature formula which is exact for polynomials of degree 14. The global linear systems were solved using
the multifrontal massively parallel sparse direct solver (MUMPS) [10, [I1]. The graphical representations
of the obtained finite element solutions were performed with the help of ParaView [I].

For when the solution technique SFEM1 is considered, we measure experimental rates of convergence
for the error in the energy-type norms:

1€, D)% = I€l71 () + 101l72()> 1€ 8O = 1€ DT + leclFr (-

When the scheme SFEM2 is considered, we employ the following broken norms for measuring experi-
mental rates of convergence:

1€ D)%) = €171 7y T 10l72i)>  NIE 2% = 1€ D5 7 + leli )

where | - |g1(7) is defined in (IZQI) We denote by NDOF the total number of degrees of freedom, which
is given by
NDOF = #(V (7)) + #(Q(7)) + #(V(T)).
We solve the discrete system (25]) on the basis of the fix—point strategy presented in [5, Section 6]. We
thus calculate the local error indicators ng, for when we consider the SFEM1 scheme, or the local error
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indicators O i for when the SFEM2 scheme is considered, in order to drive an adaptive mesh refinement
procedure, and the global error estimator 7 (0), in order to assess the accuracy of the approximation.
The following refinement criterion was used: Mark an element K for refinement if

2. >0.5 2, (% >05 eZ.). 62
mc 2 0.5 max i (O) > Iax %) (62)

The adaptive loop generates a sequence of adaptive meshes on which experimental rates of convergence
were computed.

To measure the aforementioned experimental rates of convergence for the error, we construct exact
solutions for problem (8] that are based on the following functions:

wi(z,y,2) = curl [(zy(1 — z)(1 — y)z(1 — z))Qel} ,
e—(1=2)/e _ o—1/e 2
us(z,y, z) = curl lxy(l —z)(1 —vy) (z - TR=TE > 631 ;
pl(Ia Y, Z) = TYz — 1/85 p?(xvya Z) = $y2(1 - I)(l - y)(l - Z) - 1/2167

f(@,y,2) = 2yl —2)(1 = y)(1 = 2), ta(2,y,2) = oyz(1 —2)(1 - y)(1 - 2) arctan (w _n0'5) |

where e; = [1 0 0], and e3 = [0 0 1].

As is customary in a posteriori error analysis, in order to measure the efficiency of the involved adaptive
algorithm, with respect to the error norm, we consider the following effectivity indices:

n S}

— 1 efp=—
(€, €5, )l (€w, €p el &
Finally, we mention that in all of our numerical examples we have chosen, as stabilization parameters,
T=7=1

ef1 =

6.1. The Stokes equation coupled with a convection—diffusion equation. We first consider a
simplified version of (@) that correspond to a system of PDEs that couples the homogeneous problem for
the incompressible Stokes system with a convection-diffusion equation. To be precise, we consider the
following system of PDEs

—cAu+Vp—gt = f inQ,

divu = 0 inQ,
—kAt4+uw-Vt = h inQ, (63)

u = 0 onl,

t = 0 onl,

with € and k being positive constants. On the basis of similar arguments to the ones developed in Section
[F1l and in particular in Theorem B2l the following estimate can be derived:

1 1
elewlt ) + EH%HQN(Q) + ke < C (5|‘I’|§11(Q) + g||1/f|\%2(9) + /f|80|12r{1(9)) : (64)

The a posteriori error analysis that we have performed can be adapted to this simplified case. In fact,
when the SFEM1 scheme is considered, the following a posteriori error estimator can be designed

2 _ 2 2 _ 9 2 2 _ 2 2 _ 2
w” = E Wi, W = Wp g W7 K, Wp = E WE K wp = E WT K-
KeT KeT KeT

The error indicators wp - and wp 1 are given by

h? 1 hi
Wh e = ?KHRKH%P(K) +2 (L+ 723 ) IV - u9||2L2(K) + Z ?HJ%K”i?(V)v
~YEFKNFr
2 h%{ 2 hk =p3 2
W g = THRKHLz(K) + Z e (1+7hy) Iy, k172 ()

YyEFKNFI

with obvious modifications for the terms Ry and J, x. We recall that 7 and 7 denote stabilization
parameters. For the SFEM2 solution technique, we design the following error estimator and error
indicators to drive adaptive procedures:

=2 ._ =2 =2 _ =2 +:2 =2 ._ =2 =2 ._ =2
== =K SK TSR K T ST K> =F = SR K =7 = =T,K

Keo Keo Keo
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with

=2 h%{ 1 2,2 2 1 2 2

SRK T ||RK||L2 ) T2 (L+720%) IV - ug[F2) + Z hx EHJ%K”LQ(V) +elllpzllzze) )
~YEFKNFr

=2 h%{ hx <13 2

ST KT ||RKHL2 ) T Z P (1 +ThK) ”J'y,K”L?(’y)'

yEFKkNFr

The marking criteria ([62]) is used to drive the underlying adaptive procedure.
Finally, we mention that the norms used to measure experimental rates of convergence for the error
need to be suitable modified. In fact,

(& D)% = elél3; SD+IWMMD (€. &, I = 1€, D)1 5 + K163 )
for when the SFEM1 method is chosen, and

1€ D)2y = Wl ) + 21013y, NE D, 0)IZ = 1€ D)% ) + K161

for when the SFEM2 solution is considered.

To measure the efficiency of the involved adaptive algorithm we introduce the following effectivity
indices
w ~ =

gfl T2 E— efo = ——————
l(ew eps eI’ l(ew, ey el 7

Example 1: We let Q = (0,1)3, ¢ = 1073, k = 1073, and g = (0,0,1)”. The forcing terms f and
h are such that the exact solution to (8] reads

u(z,y,2) =uz(z,y,2),  pl,y) =p2(z,y,2)  Hx,y) =ta(2,y,2).

Example 2: We let Q = (0,1), e =1,k =1, f =0, and h = 0. We explore the performance of the
devised a posteriori error estimators in a setting that goes beyond the presented theory: the so-called
differentially heated cavity flow problem. To be precise, we consider problem (G3]), but with the boundary
conditions as stated in Figure Bl We also set

g=(0,0,Ra)",

where Ra corresponds to the Rayleigh’s number. The latter is associated with the heat transfer inside
the fluid; a low value for Ra implies that the conduction transfer is dominant, while a high value of Ra
(Ra > 1000) implies that the convection transfer is dominant. In this specific example we set Ra = 10°.
In Figure 2] we present the results obtained for Example 1: experimental rates of convergence for
error and error estimators, their individual contributions, and the effectivity index ef,. We also present
graphic representations of the involved discrete functions and slices of the final mesh which contains
1025888 elements and 182633 vertices. Similar results are presented, for Example 2, in Figure [4

6.2. The generalized Boussinesq problem.
Example 3: We let Q = (0,1)3, e(t) = e~ t, k(t) = €', and g = (0,0,1)7. The terms f and h are
such that

U((E,y,Z):Ul(.’IJ,y,Z), p(:C,y,Z)Zpl(UC,y,Z), t((E,y,Z):tl((E,y,Z)-

In order to present numerical results, we define the following a posteriori error estimators

N = Z 77FKa 77FK = hi HRKHL2(K)+(1+T2h2 IV - uﬂ”p ) Z hillJ 5 ||L2 ()

Keo YEFKNF,
n% = Z 77T K> 77TK = hi ||RKHL2 y T Z hix (1 +%h§() ”J'YH%Q(’Y)’
KeTg YEFKNF,

and

Z@KFa @2F,K1:77%,K+ Z hKH[[py]]”%%ﬂv

Keg YEFKNF,;

2 .2
E 6TF= GT,K =K
KeZ
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FIGURE 2. Example 1 (SFEMZ2 scheme) (a), (b), (¢) and (d): Experimental rates of
convergence for errors, error estimators, individual contributions, and the effectivity
index efy. (e): Discrete pressure for fixed and different values of z. (h): Discrete
temperature for fixed and different values of z. (f) and (i): Streamlines of the velocity
field w, and £(u 4,p ), respectively, combined with its magnitude value. (g) and (j):
Slices of the final mesh, that contains 1025888 elements and 182633 vertices, at different
fixed values of x and z, respectively.

Notice that the error estimators 1 and © defined by (@S] and (50, respectively are such that, n? = n%+n%
and ©% = 0% + O2..

Example 4: In this example, we explore the performance of the devised a posteriori error estima-
tors in a setting that goes beyond the presented theory: we consider problem (Bl together with the same
parameters and boundary conditions as in Example 2.

In Figure [6] we present the results obtained for Example 3: experimental rates of convergence for the
error and error estimators, effectivity indices ef; and efs, and graphic representations of the involved
finite element solutions. Similar results are presented for Example 4 in Figure
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(0,0,1) (1,1,0)
0.1, 1) (0,1,0)
(1,0,1) (1,0,0)
(0,1,0) (0,1,1)
(1,0,0)
(1,0,1)
(1,1,0) (0,0,1)

FI1GURE 3. Boundary conditions for Example 2 and Example 4, where we have considered
g = (0,0, Ra)T with Ra = 10°.

00 025 05 07 1.0 00 025 05 075 10

Z Axis

(©) (d)

FIGURE 4. Example 2 (SFEM2 scheme). (a): Experimental rates of convergence for
the error estimator = and its individual contributions Zr and Zr. (b): The final mesh:
1454531 elements and 263798 vertices. (c) and (d): Streamlines of the velocity field u .
and £(u 4, p ), respectively, combined with a representation of the discrete temperature.

6.3. Conlusions. From the presented numerical examples several general conclusions can be drawn:

e We observe optimal experimental rates of convergence for all the total errors, error estimators,
and individual contributions.

e The devised error estimators accurately identify boundary and interior layers and direct most of
the refinement to these regions.

e In all the numerical experiments that involve an exact solution, the effectivity indices remain
bounded. More precisely, when the solution technique start to properly resolve the involved
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FIGURE 5. Example 3. (a), (b), (c¢) and (d): Experimental rates of convergence for errors
and error estimators, individual contributions, and effectivity indices. (e): Streamlines
of the velocity us combined with its magnitude value when the SFEMI1 is used; the
involved mesh contains 200345 elements and 37857 vertices. (f) and (g): Discrete ap-
proximations of the pressure and temperature, respectively, for fixed values of x when
the SFEM1 is used. (h): Streamlines of the velocity £(u 4, p ) combined with its mag-
nitude value when the SFEM2 is used; the involved mesh contains 138243 elements and
26353 vertices. (i) and (j): Discrete approximations of the pressure and temperature,
respectively, for fixed values of z when the SFEM?2 is used.

layers, we observe, from Figures P and [l that efs ~ 4.9556 and ef; ~ 9.1582 and ef, ~
10.2633, respectively. These numerical results provide evidence of a competitive performance of
the adaptive procedures that are driven by the devised error estimators.
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FIGURE 6. Example 4: (a) and (b): Experimental rates of convergence for error esti-
mators and individual contributions. (c): A slice of the streamlines at y = 0.5 over the
obtained final mesh when the SFEMT1 is used. The mesh contains 895987 elements and
171243 vertices. (f) An analogous representation when the SFEM2 scheme is employed.
The final mesh contains 1009395 elements and 194304 vertices. (d) and (e): Streamlines
of the velocity field u, and £(u ,,p ), respectively, combined with a representation of
the discrete temperature for the SFEM1 scheme. (g) and (h) Analogous representations
for the SFEM2 scheme.

From Figure [ it can be observed that ef; > ef;. Notice, in addition, that |[[(eq,ep, e/)|] 5 <
Il(w, ep, es)|ll. The following insight could explain why the SFEM1 scheme is slightly less efficient
than the SFEM2 scheme: notice that the error estimator @, defined in (B0l), when compared
with ng, defined in (4])), present an extra pressure jump term. Notice, in addition, that both
estimators bound the total error.

In Examples 2 and 4, we consider particular scenarios that go beyond the presented theory. In
spite of this fact, optimal experimental rates of convergence are observed.
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