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Abstract

In this paper, we introduce and analyze a high-order, fully-mixed finite element method for the free
convection of n-dimensional fluids, n € {2,3}, with temperature-dependent viscosity and thermal
conductivity. The mathematical model is given by the coupling of the equations of continuity,
momentum (Navier-Stokes) and energy by means of the Boussinesq approximation, as well as mixed
thermal boundary conditions and a Dirichlet condition on the velocity. Because of the dependence
on the temperature of the fluid properties, several additional variables are defined, thus resulting in
an augmented formulation that seeks the rate of strain, pseudostress and vorticity tensors, velocity,
temperature gradient and pseudoheat vectors, and temperature of the fluid. Using a fixed-point
approach, smallness-of-data assumptions and a slight higher-regularity assumption for the exact
solution provide the necessary well-posedness results at both continuous and discrete levels. In
addition, and as a result of the augmentation, no discrete inf-sup conditions are needed for the
well-posedness of the Galerkin scheme, which provides freedom of choice with respect to the finite
element spaces. In particular, we suggest a combination based on Raviart-Thomas, Lagrange
and discontinuous elements for which we derive optimal a priori error estimates. Finally, several
numerical examples illustrating the performance of the method and confirming the theoretical rates
of convergence are reported.
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1 Introduction

Free convective flows can be found in a wide amount of settings throughout nature and industry, for
instance, in mantle convection, stratified oceanic flows and the cooling of electronic devices, to name
a few. Many of these processes can be modeled by coupling the equations of continuity, momentum
(Navier-Stokes) and energy using the Boussinesq approximation, which (in this context) assumes the
density of the fluid to be constant in all terms of the equations, except in the buoyancy term of the
momentum equation, where a linear dependence is considered. Nevertheless, other properties may
also vary with temperature, as is the case of, for example, viscosity and thermal conductivity in
oils and nanofluids, which poses a significant effect on the fluid flow. In this regard, several finite
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element methods to approximate the solution to this and related problems, both with constant and
temperature-dependent properties have been proposed (see [2, 3, 4, 5, 6, 8, 11, 12, 13, 20, 21, 24, 25, 26]
and the references therein).

In particular, the authors in [20, 21] propose finite element methods based on primal formulations
of the Boussinesq system. The first one deals with the problem in its primitive variables, while
the second one introduces the normal heat flux through the boundary as an additional variable to
achieve conformity of the scheme. Nonetheless, both methods are proved to be optimally convergent
whenever the exact solution is smooth enough, and the data and the W' *-norm of the velocity
and temperature are small enough. More recently in [2], while the authors still consider a primal
formulation of the energy equation with a space-dependent thermal conductivity, they also consider
a mixed formulation of the momentum and continuity equations but with a temperature-dependent
viscosity in a pseudostress-velocity-vorticity formulation. Hence, using fixed-point strategies from
[5, 11], and using Raviart-Thomas elements to approximate the pseudostress, Lagrange elements for
the velocity and temperature, and discontinuous elements for the vorticity and normal heat flux, they
are able to construct an optimally-convergent method whenever the exact solution is smooth enough,
and the data is sufficiently small. However, the presence of a variable viscosity leads to restrict the
analysis to the two-dimensional case, as it becomes necessary to use Sobolev embeddings into smaller
LP spaces. To overcome this drawback, recent work [4] has shown that, by defining the rate of strain
tensor as a new variable (in addition to the pseudostress, velocity and vorticity), the analysis is now
valid for two and three-dimensional domains.

The purpose of this work is to extend the analysis and results of [4] by deriving now an augmented
fully-mixed finite element method for the Boussinesq problem, but considering this time both the
viscosity and the thermal conductivity of the fluid as temperature-dependent functions, and mixed
thermal boundary conditions. To this end, we consider again the mixed formulation of the Navier-
Stokes equations in [4], to then, using this same approach, construct a mixed formulation for the energy
equation. More precisely, we consider the temperature gradient and pseudoheat vector as additional
variables, which together with the temperature, rate of strain, pseudostress, velocity and vorticity
comprise the unknowns of the problem. At this point, we remark that the main difference with respect
to [12] is the consideration in this work of temperature-dependent parameters, which also becomes
the cause of defining the rate of strain and temperature gradient in addition to the variables defined
in the aforementioned work (recall from [2] that the vorticity appears in this formulation because of
the consideration of a more physical version of the Cauchy stress tensor). That being said, part of our
analysis follows basically the same uncoupling and fixed-point strategies from [2, 4, 5, 11, 12], reason
why we do not provide all details but make the proper references when it corresponds. At a continuous
level, we prove that the uncoupled problems are well-posed thanks to the Lax-Milgram theorem, and
then we prove that the fixed-point operator admits a unique fixed point by means of the Banach
fixed-point theorem, whenever the data is sufficiently small and assuming that the exact solution has
a slightly higher regularity than the one the well-posedness results provide. Then, following these
same steps, we provide a well-posedness result for the Galerkin scheme where one of the key features
of this work can be appreciated: there is no need to impose inf-sup conditions on the discrete analysis,
which gives us the freedom to choose any combination of finite element subspaces. In particular, we
approximate the pseudostress and pseudoheat variables using Raviart-Thomas elements of order k,
the velocity and temperature using Lagrange elements of order k + 1, and the rate of strain, vorticity
and temperature gradient using just discontinuous piecewise polynomials of degree < k. When the
data are sufficiently small, optimal a priori error estimates can be derived thanks to the Strang lemma,
and these are later verified with numerical examples in two and three-dimensional domains.

Finally, we consider worthwhile to mention other features of this fully-mixed method. First, as
Dirichlet conditions appear naturally in mixed formulations, it is not necessary to define boundary
unknowns to achieve conformity in the scheme (see the Lagrange multiplier defined in [2, 4]), thus



unifying the analysis of the uncoupled problems and simplifying the computational implementation of
this method. Also, as not only the velocity and temperature of the fluid are part of the solution but
also their gradients, many other physical variables of interest can be computed as a simple post-process
without requiring numerical differentiations that could deteriorate the good quality of the results.

1.1 Outline

The rest of this work is organized as follows. First, we end this section by introducing some notation
that will be used throughout the paper. Then, in Section 2, we set the Boussinesq problem with
temperature-dependent viscosity and thermal conductivity functions, and introduce the new variables
that will allow us to construct a fully-mixed formulation. Next, in Section 3, we uncouple the problem
using a fixed-point argument. The uncoupled problems are then analyzed by means of the Lax-
Milgram theorem, and existence of a unique fixed point is proved by fulfilling the hypotheses of the
Banach fixed-point theorem. Later, in Section 4 these techniques are used to prove the well-posedness
of the corresponding Galerkin scheme, but this time using the Brouwer fixed-point theorem, and then
we make a specific choice of finite element subspaces. Finally, in Section 5 we derive some a priori
error estimates using Strang’s lemmas, to then in Section 6 illustrate the good performance of this
augmented fully-mixed finite element method and confirm the theoretical rates of convergence through
several numerical examples in two and three dimensions.

1.2 Preliminaries

Let us denote by Q C R", n € {2,3}, a given bounded domain with polyhedral boundary T', and
denote by v the outward unit normal vector on I'. Standard notation will be adopted for Lebesgue
spaces LP(Q2) and Sobolev spaces W%2(Q) =: H*(Q) with norm ||- |50 and seminorm |-[ . In
particular, H'/2(T") is the space of traces of functions in H'(2). 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=1,..n and w = (w;)i=1,... n, we set the gradient,
divergence and tensor product operators, as

ov; "L Ov;
Vv = . , divv:= Z —L  and vew:= (viw;)ij=1,...n-
9/ j=1 — Oz; o

J=1..n 7j=1
In addition, for any tensor fields 7 = (7;;)i j=1,...n and ¢ = ((ij)i,j=1,....n, We let div 7 be the divergence
operator div acting along the rows of 7, and define the transpose, the trace, the tensor inner product,
and the deviatoric tensor, respectively, as

n

n
1
7%= (Tji)ij=1,..n, tr(T):= Zm, T:(:= Z 7ij Gij, and Tdi=T — ﬁtr(T)H’
i=1 ij=1

where I stands for the identity tensor in R := R™*". Furthermore, we recall that
H(div; Q) := {T e L2(Q) : divT e L(Q) }
equipped with the usual norm
(s ”?iiv;Q =T ”(2),9 + [ div T ||(2),Q=

is a standard Hilbert space in the realm of mixed problems. Finally, in what follows, | - | denotes
the Euclidean norm in R := R"™. 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 Model Problem

In this section, we first introduce the Boussinesq problem with its original unknowns, to then define
suitable new variables that will later allow us to construct a fully-mixed formulation.

2.1 The original formulation

Let us consider the flow of a non-isothermal, incompressible, Newtonian fluid with varying viscosity
and thermal conductivity within a region €2. Then, under the Boussinesq approximation, the problem
reads: Find a velocity u, a pressure p and a temperature ¢ such that

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

—div (k(¢)Ve) +u-Ve = f° inQ, (2.1c)

u=0 onl, (2.1d)

¢=¢p onlp, (2.1e)

kE(p)Vep-r=0  onTp, (2.1f)

where the boundary T of  is split as I' = I'p UT'y, —g € L*°(Q) is an external force per unit
mass (e.g. gravity force, centrifugal force, Coriolis force), f* € L2(Q2) and f® € L?(Q) are source
terms, pp € H/? (T'p) is a prescribed temperature and pu, k : R — R™ are the temperature-dependent
viscosity and thermal conductivity functions, respectively, which are assumed to be bounded above
and below by positive constants, that is, there exist pus > 1 > 0 and k3 > k1 > 0 such that

wr < p(t) <pe and ky <k(t) <ks, VteR. (2.2)

We also assume that p and k are Lipschitz continuous functions, that is, there exist L, Ly > 0 such
that
\pu(s) —p(t)] < Lyls—t| and |k(s) —k(t)| < Li|s—t| Vs,teR. (2.3)

Notice that the difference in (2.1) with respect to the previous work [2] relies on the introduction of a
temperature-dependent thermal conductivity, the introduction of mixed boundary conditions for the
energy equation, and the presence of source terms, which albeit used in the numerical examples of
[2, Section 6], they were not considered in the theoretical results, and therefore, we include them for
clarity purposes.

2.2 Introduction of new variables

Let us first consider the spaces
L2(Q) := {s cL2(Q): s=s° and tr(s)=0 } (2.4)

L2e(@) = {n €L%(Q): n+n* =0}, (2.5)

and, in a similar way to [4], define the following variables, known respectively as the rate of strain,
pseudostress and vorticity tensors:

t:=e(u), o:=p(pe(u) —u®u-—-7pl, v:=w(u), (2.6)



where e(u) and w(u) are respectively the symmetric and skew-symmetric parts of the velocity gradient
tensor Vu. Then, the momentum and continuity equations (2.1a) and (2.1b) can be rewritten as:

—Vu+t+~y=0 inQ, (2.7a)
pet —(ueu)d —a®=0 inQ, (2.7b)
—dive — g =f" in Q, (2.7c)
u=0 onTl, (2.7d)
/ tr(c +u®u) =0. 2.7e)
Q

Notice that the continuity equation is implicitly present in (2.7b), and it suggests us that rate of
strain tensor t must be sought in L2 (Q), whereas (2.7a) suggests the vorticity tensor to be sought
in L2, (). Consequently, to characterize these tensors in the two-dimensional case, we only need to
know two of the four components of the rate of strain tensor, and only one component of the vorticity

tensor (similar simplifications hold for the three-dimensional case).

Next, in order to construct a mixed formulation for the energy equation, we follow the approach
taken in [9, 12] and define

P = k(p)Ve —pu, (2.8)
which from now on will be called “pseudoheat”. In addition, analogously to the mixed formulation
for the momentum equation, we consider the temperature gradient as another new variable

¢:=Vep. (2.9)

Therefore, the energy equation (2.1c¢) can be rewritten in these terms as

—Ve+¢=0 inQ, (2.10a)
E(p){ —pu—p=0 in{, (2.10b)
—divp=f® inQ, (2.10¢)

p=¢p onlp, (2.10d)

p-v=0 only, (2.10e)

where the Neumann condition (2.1f) has been converted to (2.10e) thanks to the no-slip condition
u=0onT.

In this way, the Boussinesq problem (2.1) can now be seen as the set of equations (2.7) and (2.10).
Then, a mixed formulation of each one of them can be constructed upon integration by parts of (2.7a)
and (2.10a) when multiplied by proper test functions, which is the purpose of the next section.

3 The continuous problem

We now turn to the construction and analysis of a fully-mixed formulation for the Boussinesq problem
introduced in the previous section.

3.1 An augmented fully-mixed formulation

First, we recall from [4] the equations corresponding to the mixed formulation of the momentum
equation:

/t:rd—i-/’Y:‘r—i-/u-diVT:O V 7 € Hy(div; ©2), (3.1)
Q Q Q
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peit:s— [ (u@u)d:s— [ 08:s=0 Vsecl2 (Q), (3.2)
fyers |, /

—/v-diva—/a:n:/gog‘v—i-/fm-v V (v,n) € L3(Q) x L2..(Q), (3.3)
Q Q Q Q
where

Ho(div; Q) = {T € H(div; Q) : /Qtr(‘r) =0 } .

Then, to obtain a mixed formulation for the energy equation, we multiply (2.10a) by a test function
q € Hx(div; Q), where

Hx (div; Q) := {qGH(diV;Q) : q-vr=0on FN}, (3.4)

and integrate by parts. Using the boundary condition (2.10d), we get
/C-q+/sodivq=<q-v,<pp>pD V q € Hx(div; Q), (3.5)
Q Q

where (-, )1, stands for the duality pairing between H~'/2(T'p) and HY/2(I'p). Next, we only multiply
(2.10b) and (2.10c) by proper test functions:

/Qk’(SO)C'X—/QSOU'X—/QP'X:O vV x € L*(Q), (3.6)

and

—/wdivp—/few V¢ € L2(Q). (3.7)
Q Q

Notice that, due to the second term in both (3.2) and (3.6), we require the velocity and temperature
to have (weak) bounded derivatives as shown in the following inequalities, which can be obtained by
using the Hélder inequality and the continuous injections i : HY(Q) — L*(Q) and i: HY(Q) — L*(Q)
(cf. [1, Theorem 4.12], [22, Theorem 1.3.4]):

/Q(U®W)d:s

[
Q

where ¢1(Q2) and c2(2) are positive constants that depend solely on ||i|| and ||i]|. Therefore, at a first
glance, the fully-mixed formulation for the Boussinesq problem (2.1) is composed by equations (3.1)-
(3.3) and (3.5)-(3.7). Nevertheless, to properly analyze the problem, and to achieve conformity of the
scheme, we augment it with redundant Galerkin-type terms that arise from the modelling equations,
namely

< ca(@)fluly ol w

hallsllog ¥YuweH(Q),seL*Q); (3.8)

<e@lellolulielxloo ¥eeH(Q), ueH(Q), x € L*(Q), (3.9)

m/g{ad—i—(u@)u)d—u(cp)t} - VT e Hy(diviQ),  (3.10)
”2/9 {diva + gog} divr = —@/Qfm ~divr VT € Hy(div; Q), (3.11)

Hg/ﬂ {e(u) - t} Le(v) =0 Vv e HY(Q), (3.12)

i [ {r—wiw} =0 Vaeliu(®, (313



for the momentum and continuity equations, and

/<a5/ {p—i—gou—k(«p)(} -q=0 V q € Hx(div; ), (3.14)
Q
/‘%‘/ divp divg = —n6/ fedivg V qe€ Hy(div; ), (3.15)
Q Q
m/ {w—g}-wzo V4 € HY(Q), (3.16)
Q
Iig/ W/}:K;S/ ©p ¥ vy € HY(Q), (3.17)
I'p T'p
for the energy equations, where x5, j € {1,...,8}, are positive constants to be specified later on. Here,

equations (3.10)-(3.13) are extracted directly from [4], whereas (3.14)-(3.17) are constructed using the
same principles. In this way, denoting by

H:=12.(Q) x Ho(div; Q) x H{(Q) x L2 .. (Q), Q:=L*(Q) x Hx(div; Q) x H}(Q),

E:: (t70-7u”y)7 g:: (S7T7V’n)7 z:: (C7p7(10)’ i:: (X7q7¢)7
the augmented fully-mixed formulation for this Boussinesq problem is: Find (t,{) € # x Q such that

A (t,8) +By(t,s) = F,(s) + Fu(s) VseH, (3.18a)
Cy(¢,x) +Du(¢,x) = Gp(x) + Ge(x) VX €Q, (3.18b)

where, given (w, ¢) € H'(Q) x H(Q), the forms Ay, Bw, Cy, Dy and the functionals F, Fn, Gp,
G, are defined as:

Au(€5)i= [ o fs—mrt) 4 [ o {rt < me)} - [ 0% {5 mr)

+/u-div7-+/'7:7'/v~diva'/n:am/w(u):n
Q Q Q Q Q

(3.19)
+ﬁ2/9div0'-div7'+n3/ge(u) :e(v)+/<c4/ﬂ’y:n,
By (£,5) = — / wew): {s— riril, (3.20)
Q
for all t,s € H;
Cy(¢,x) = /ka)c {x — rsa} +/QC {a—mVy} - /ﬂp‘ {x — rsa}
—|—/Qg0 divq—/ﬂw din+/<c6/Qdivp divq—i—m/ﬂch-Vzﬂ—i—/ig/rD(p ¥, (3.21)
Dy (¢, x) == —/ ew - {x — K59}, (3.22)
Q
for all ¢, x € Q;
Fy(s) := /QQSg {v = kodivr}, (3.23)
Fu(s) := / - {v — kodiv T}, (3.24)
Q

7



for all s € H;

Gp(x) = (a-v,¢p)p, + KJS/F ©p b, (3.25)
GolX) = /Q 7 {1 — rediva), (3.26)

for all x € Q.

Before we continue, let us have a brief look at what the energy equation (2.1¢) would have looked like
if we had considered instead a heat-temperature mixed formulation. Indeed, if we define p := k(¢)Vy
in €, (2.1c) can be rewritten as

1

—p—Ve=0 inQ, —divp+u-Veo=f° inQ
k()

¢=¢p onlp, p-v=0 only.

Then, multiplying the first equation by a test function q € Q; and integrating by parts, and multi-
plying the second one by a test function ¥ € Qg (with Q; and Q2 suitable spaces to be determined),
a mixed formulation for this part of the problem reads: Find (p, ) € Q1 x Q2 such that p-v =0 on
T N and

/ ! p q+/ divg=(q-v,¢p)
: @ dalv = V,©D )
o k(v) Q Tp

_/qudivﬁ:/gfw—/ﬂwu-w

for all q € Q1 such that q-v =0 on 'y, and for all ¥ € Qo. Thus, if we augment this formulation
using the same strategy as in (3.14)-(3.17), in particular (3.15) becomes

7%6/divf)divq:—%/fedivq+E6/(u-Vg0)divq YV q€Q,
Q Q Q

where kg > 0. In this way, if we consider divq € L%(Q), the last term in the previous equation is
not well-defined, and therefore we need higher regularity in the test functions and more demanding
spaces for the unknowns, e.g. divq € L4(Q2) or ¢ € WH4(€). Since these changes require a substantial
modification of the approach we have taken for this problem, we have left this treatment for a future
work.

In the upcoming sections, we analyze the problem (3.18) using fixed-point strategies from [2, 4, 5,
12]. More precisely, in Section 3.2 we rewrite (3.18) as a fixed-point problem, to then in Sections 3.3
and 3.4 establish sufficient conditions for existence and uniqueness of this fixed point.

3.2 The fixed-point approach

First, let us define H := H'(Q) x H!(2) and consider the operator M : H — H defined as

—

M(w, ¢) = (Ml(w,qb),MQ(w, ¢),M3(w,¢),M4(w7¢)> — (3.27)

where t € H is the solution to the mixed formulation of the momentum equation, that is: Find t € H
such that

Ay(t,S) + By(t,s) = Fy(s) + Fu(s) VsecH. (3.28)
Then, consider the operator E : H — Q defined as
E(W7 ¢) = (El(wv¢)aE2(W7¢)7E3(W7¢)> = 67 (329)

8



where ¢ € Q is now the solution to the mixed formulation of the energy equation, that is: Find ¢ € Q
such that
Cy(¢,x) + Dw(C, x) = Gp(X) + Ge(x) ¥V x € Q. (3.30)

Consequently, we can define the operator T : H — H as
T(w, ) i= (Ms(w, 6), Es(Ms(w, 6),0) ). (3.31)
and look at (3.18) as the fixed-point problem: Find (u,¢) € H such that
T(u,p) = (u,p). (3.32)

Therefore, we first focus on proving that T is well-defined and then we use the Banach fixed-point
theorem to show that this operator has a unique fixed point.

3.3 Well-definitiness of the fixed-point operator

As usual, we consider

—

IE = {It W0+ 17 Wva + I vITa+Iin

379}1/2 Ve,
and s
1l={I¢ha+laliva+lvlia}~ ¥veQ

We begin by stating the well-posedness result corresponding to the mixed formulation of the momen-
tum equation, equivalently, to the well-definitiness of the operator M.

Lemma 3.1. Assume that for 61 € <0, %), 92,03 € (0,2) we choose

2010
K1 € (0, H1 1> , kg€ (0, OO)7
K2

K3 € (0, 209 <M1 — H;;f)) and Kq4 € <0,2(53K§0 <1 — 5;) /{3) .

where kg s a positive constant depending solely on ). Then, there exists r1 > 0 such that for each
r € (0,71), and for each (w,¢) € H satisfying || w ||, o < r, the problem (3.28) has a unique solution
t := M(w, ¢) € H. Moreover, there exists a constant Cpg > 0, independent of (w,$), such that there
holds

IM(w,6) | = || €[] < Cm{llg locall lloo + I £ o }- (3.33)

Proof. Notice that an analogous result has been proved in [4, Lemma 2.3] for the case where a non-
homogeneous velocity boundary condition is imposed, however, since we want to find u € H}(Q),
augmenting Galerkin-type boundary terms are not needed, thus modifying the forms and the way
ellipticity is proved. Nevertheless, the other properties asked by the Lax-Milgram theorem (see, e.g.,
[15, Theorem 1.1]) can be easily extracted from this result, that is, given (w,¢) € H, Ay + By, is
a bilinear form and there exists a positive constant denoted by || Ay + By ||, independent of (w, ¢),
such that

(A +Bw)(t,s)| < [|[Ay + By ||| t]|||s]] VtseH. (3.34)



We begin by analysing the ellipticity of the bilinear form A,. From (3.19), we have for any seH
that

Ay(s,s) = / w(g)s:s — /41/ p(p)s : ¢ — /13/ s:e(v)— m/ w(v):n
Q Q Q Q
2 .
+ | TG + Rl divT 5o + Ralle(v) g + mallmlloq

Then, using the bounds for the viscosity and the Cauchy-Schwarz and Young inequalities, we obtain
for any 61,082,093 > 0 and any s € H that

- - 9 K12 K201 K3 K302 2
Ay(s,s) > mllsllg o — TH sloq— 5 | ¢ HO,Q - ﬁ“ sllogo — T” e(v) [[o.0
16453

2 2
——1In ”OQ + "élH 4 HOQ + Kol div T HOQ + ksl e(v) HO,Q + Kallm HO,Q

Ky 2
- EH w(v) ”o,ﬂ

Kifl2 K3 201 a2 o 12
> (1 - —25)” sl (1= 220 ) 722+ mall divr

#ra (1= 3 ) e o~ g Mo+ (1= 5 ) 1B

In this case, the norm of e(v) can be bounded by using the classical Korn inequality (cf. [19, Theorem
10.1)):

2
le(v)
whereas the norm of 7 can be constructed thanks to the inequality (cf. [7, Proposition 3.1} or [15,
Lemma 2.3]):

> ko(Q)| v |§7Q Vv e H{(Q), (3.35)

+Hdivr g > s Tlgg VT € Ho(div;Q), (3.36)

I 150

where kg and c3 are positive constants depending solely on §2. Thus, defining the following constants:

Kift2 K3 . p201\ K2 92
= — _ — = 1 _ — —_— = ]_ —_ —
a1 1251 251 252, a9 mln{ < D) ), 2}, Qs H3< 2),

. K9 KR4 53
4 = min {a203(ﬂ), ?} , Q5= Qzkg — 205" g 1= K4 <1 - 2) )

we deduce the existence of a positive constant () := min{aq, a4, as, ag}, independent of (w, ¢),
such that
Ay5,5) > a@)5]* VSen (3.37)

The rest of the proof is identical to [4, Lemma 2.3], but we recall it for completion purposes. Thus,
the foregoing inequality, the definition of By, (cf. (3.20)) and the inequality (3.8) give place to

(As+Bw)E.5) > (al2) — @)1 +8) 2wl o) [S]° vSen,

and then, we easily see that

(As +Bw)E9) > D52 vien (3.38)

provided that

()

— - zal@l+k D2 w0
that is

a(Q)
| w Hl,ﬂ < 201 (Q)(1 + )1/2

=iy, (3.39)
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thus proving ellipticity for A4 + By, under the requirement (3.39). On the other hand, it is not hard
to see that Fi, + Fy is a linear functional, and that there holds

|(Fs+ Fa)(s)] < (1+ H%)”Q(H gllall ¢

00+ £ um) S| vsSen. (3.40)

Therefore, by the Lax-Milgram theorem, there exists a unique t € # solution to (3.28), and the

. . . . L 2(14k3)1/2
continuous dependence result (3.33) is satisfied with Cyp = O t

Next, and prior to establish an analogous result for the mixed formulation of the energy equation, we
recall the following Poincaré-type inequality that will help us to prove the ellipticity of the underlying
bilinear form.

Lemma 3.2. There exists c4(2) > 0 such that
Wi+ 1910, = ca@lvlig V¢ eH(Q). (3.41)
Proof. See [18, Theorem 5.11.2]. O

Lemma 3.3. Assume that for 64 € (O, %), d5 € (0,2) we choose

2
ks € {0, ik , ke, kg € (0,00) and k7€ (0,205 | k1 — fiska )
k2 204

Then, there exists T2 > 0 such that for each r € (0,72) and for each (w, ¢) € H satisfying || w[|; o <,

the problem (3.30) has a unique solution € := E(w, ¢) € Q. Moreover, there exists a constant Cg > 0,
independent of (w, @), such that there holds

1B, 0) 1= €1l < Co{llen o, + 1172 log) (3.42)

Proof. Let (w,¢) € H. It is clear from (3.21) and (3.22) that C,; and D,, are bilinear forms, and
their bounded character can be seen using the upper bound of the thermal conductivity function, the
Cauchy-Schwarz inequality and the trace inequality with boundedness constant ¢y(€2), that is, for the
first one

Co(C )] < ka1 4+ 63) 2 C lloall x|+ (L + 8D 2l ool X |
+ (1462 plloal X+ 1 lloal divally + 11 dive ool 2 llo.o
+ kg divp HOQH divg HO,Q + K7l @ |1Q’ (G ’1,9 + “800(9)2" ¥ HlQ” (G ||1,Qv

thus obtaining the existence of a positive constant C¢c > 0 such that
[Co(Cx)| < Ccl[ S]] x |- (3.43)
For Dy, in addition to the above, we use (3.9) to get
IDw (C, )] < ea( (1 +82) 2wl ol @ 1ol X I (3.44)

Hence, from the previous two equations, there exists a positive constant denoted by || Cg + Dy ||
independent of (w, ¢) such that

(Co+DW)(EX)| < | Co+Du | €[l X || ¥EX € Q. (3.45)

11



Next, to prove that Cy + Dy, is elliptic, we first prove that Cg, has this property. Indeed, for any
X € Q, we obtain from (3.21) that

C¢(>2,>2)=/Qk(qb)x-x—Iis/gk(qb)x-q—m/gx-vw
s llalZq + sl diva o + srl 6 2o + sl 2,

Then, using the bounds for the thermal conductivity function, the Cauchy-Schwarz and Young in-
equalities, we get for any d4, 05 > 0 that

- - 9 Kska H5k254 K7 2 “755
Col% ) 2 hill xR~ T2 x B - 2™ g~ o

1l

2 2
+ r5llallpq + kel diva Ho,Q + K7l 7/’ |o,Q + sl llor

H5k‘2 K7 k254
= (- Hmw(l—)||q||og+n6||dwquog

+"67(1—55>|1/)|1Q

Hence, applying Lemma 3.2 and defining the constants

k ) ko6 . 0
ﬁlzzkl—%—%, ﬁg::mm{ <1—224>,/<a6} and Bg:zmln{/ﬁW(l—;),ﬂg},

there exists £(€2) := min{/, B2, c4(2) 43} such that

Co(X.X) = B X%, (3.46)

which, together with (3.22) and the inequality (3.9), allows us to write

(Co+Dw)(XoX) = (B(Q) = ea()(1+ 622wl 0 ) | X

Therefore, we easily see that

(Co +Dw)(%:%X) > =2 %> ¥XeQ, (3.47)

provided that
> oo (Q)(1+ 132w g,

that is 5@
<
”W Hl,Q = 202(9)(1 + HE)I/Q
thus proving ellipticity for Cy4 + Dy, under the requirement (3.48). Finally, it is clear from (3.25) and
(3.26) that for any x € H there holds

=: 1y, (3.48)

Go(] < I allawal € lhy2r, +#sl enllor, 14 lor,

and
Ge(X)] < (14 &3)Y2|| f°

and then, using the continuous injection from H'/2(I'p) into L?*(I'p) with constant C1/2(T'p), and
the trace inequality in H!(Q) with constant cg(£2), we conclude the existence of a positive constant
Cg = min{1 + rgco(2)Cy /2, (1 + K2)Y/2} such that

x|,

—

(Gp+ G < Ca{llen liyary + 1 £ loa I X]| ¥ X € Q. (3.49)
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Since Gp + Ge is also linear, existence and uniqueness of a solution to the problem (3.30) is just a
consequence of the Lax-Milgram theorem. Moreover, the continuous dependence result (3.42) holds

with Cg := % O]

As a consequence of the previous two lemmas, the operator T is well-defined in the closed ball of
center 0 and radius r, with » € (0, min{r;,72}). More precisely, we have the following result.

Lemma 3.4. Given r € (0,79) with ro := min{ri,r2}, r1 as in (3.39) and ra as in (3.48), let

W, = {(w,¢) e H:[|(w,0) | <7}, (3:50)

Assume that the stabilization parameters k;, j € {1,...,8}, are taken as in Lemmas 3.1 and 3.3, and
that there holds

{7l 8 e+ 1%l } <72 (3.51)

with Cnv > 0 as in (3.33). Then T : W, — H is well-defined and there holds

I T(w, 9) Il < O {rllglloc + I £ llog | + Cu{llen lijar, + 1/ loa }- (3.52)

Proof. Let (w,¢) € W,. Since T(w,¢) = <M3(w, (Z)),Eg(Mg(w,qﬁ),qﬁ)), the norm of the first

component T is bounded above by the right-hand side of (3.33), whereas the norm second one is
bounded above by the right-hand side of (3.42), provided (3.51) holds. Therefore, T is well-defined
and (3.52) trivially holds. O

For computational purposes, a particular choice of stabilization parameters has to be made. Hence,
we first consider the middle points of the intervals for 01, d2, d3, d4, 05, K1, K3, K4, K5 and K7; to then
choose ks, kg and kg so g, B2 and (3 can be respectively as large as possible. This results in the
following set of values:

_ M _Mm

k1= —5, k2= 3,
25 125

M H1 . ]{71 kl kl kl
R3 = ?

Ky = Ko—, Ks=-=, K= —5, K7=—, Kg= —.
’ 0 4 5 k%? 6 nga 7 97 8 A

Notice that kg, the constant that appears in the Korn inequality (3.35), takes the value % when

0 c R

3.4 Solvability analysis of the fixed-point problem

In this section, we pursue to comply with the hypotheses of the Banach fixed-point theorem to ensure
existence and uniqueness of a fixed point. First, we notice from (3.52) that T maps the ball W, into
itself whenever the data satisfy

On{rlglaon + 100}t +Co{llenllyar, + 17 loa} <7 (3.53)

Therefore, it only remains to prove that T is a Lipschitz-continuous and contracting mapping. As in
[2, 4, 5, 9], this analysis will require a further-regularity assumption on the solution of both uncoupled
problems. Hence, in what follows we assume that f* € H*(Q2) and ¢p € HY/?*¢(T'p) for some ¢ € (0, 1)
when n = 2, or ¢ € [%, 1) when n = 3, and that for each (z,p) € H, with ||z HlQ <7, r > 0 given,
there hold, on the one hand, that (s, 7,v,n) := M(z, p) € L2,.(Q) N H(Q) x Ho(div; Q) N H(Q) x
H{ T (Q) x L2, () NHE(Q) and (following (3.33))

skew

Isloa+ 17 lea+1vluea +Inlle < Cum{lgleal oo+ 1.0}, (3.54)
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and on the other hand, that (x,q,v) := E(z, p) € L2(Q) N H*(Q) x Hy(div; Q) N H(Q) x H*#(Q)
and (following (3.42))

1 oo+ laloo+ 19 len < Co {100 lhjarery + 172 log - (3.55)

Here, éM(r) and éE(r) are positive constants independent of z but depending on the upper bound
r of its H'-norm. A difference with respect to other works, namely [2, 4], is that the presence in
this case of a homogeneous boundary condition for the momentum equation leads us to ask for more
regularity to the source term, which for this uncoupled problem, becomes f® + pg, hence the reason
why not only we consider the H®-norm of f™ in (3.54) but also the H*-norm of p, though since we
are already assuming that p € H!(£2), we have used a continuous injection from H!(£2) into H?(2)
to transform this H®-norm into the H'-norm that appears. That being said, we now proceed to the
main results of this section. First, we recall from [4] a preliminary result for M, to then prove the
Lipschitz-continuity of this operator.

Lemma 3.5. Let r € (0,70) with ro given as in Lemma 3.4. Then, there exists a positive constant
Cwm, independent of r, such that

[ M(w1, ¢1) — M(wa, ¢2) || < éM{H My (w1, 1) o oll 1 = 2 /e (o

(3.56)
My (w1,61) ol w1 = w2llyo + I8 laogll 61— G2llo0 )
for all (w1, ¢1), (W2, ¢2) € H such that || w1 ||y g, w2, q <7
Proof. See [4, Lemma 2.6]. O

We stress here that Lemma 3.5 makes use precisely of the regularity assumption (3.54) and the
fact, that under the specified range of e, H'(£2) is continuously embedded in L/¢(Q), for n € {2,3}.

Lemma 3.6. Let r € (0,79), with ro given as in Lemma 3.4. Then, there exists Lyg > 0 such that
IM(w1, 61) = M(ws, 62) | < Laa{ 18 e + | £ } | (w1, 01) = (w2, 62) (357)

for all (w1, 1), (Wa, p2) € W,.

Proof. Let (w1,¢1), (W2,¢2) € W,. Considering that HY(Q) — L"/=(Q) with constant C., that

HI*E(Q) — HY(Q) with constant C., and that the solution to the problem defining M verifies the
further-regularity assumption (3.54), the following can be inferred from (3.56):

[ M(w1, ¢1) — M(wsz, ¢2) ||
< Cn{Cm()(C2 +C)2 (Pl gl + 1 llo) + I lloci P (w1, 61) = (w2, 00) |
Then, defining the constants
C = Cm(r)(C2+ CHY2, Cy=1+Cir,
the result (3.57) holds with Ly := éM max {61, 62} O

In a similar way, we obtain the following result for the operator E.
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Lemma 3.7. Let r € (0,79) with ro given as in Lemma 3.4. Then, there exists Lg > 0, such that

| E(wi,61) = B(w,62) | < Lu{ll @b 1 joery + 17 loo fl (Wii61) = (wa,62) [, (358)

for all (w1, ¢1), (W2, ¢2) € W,

Proof. Let (w1, ¢1), (Wa,¢2) € H such that ||w1 |, o, | W2l q < 7, and let { = (¢ pj95) =
E(wj,¢;), j € {1,2}, be the corresponding solutions of (3.30). Then, since for any x € Q there holds

Cy, (€1, X) + Dw, (C1,X) = Gp(x) + Ge(X),
it follows that
Cy, (€1 = €2,X) + Dwy (€1 = €2, X) = Cy,(C1,X) + Dy (€1, X) — Gp(X) — Ge(X) (3.59)
= Cp,(€1,X) — Cp, (€1, X) + Dw, (€1, X) = Dw, (C1,X) 4

for any x € Q. In this way, using the ellipticity of the bilinear form Cgy, + Dy, (cf. (3.47)), we see
that

Q) > o 5 S o o
B(Q)H C1— G2 H2 < (Cyy +Dywy) (€1 — €2,61 — €2)
= (Cgy, — C4,)(C1,81 — C2) + Dwy—w, (€1, 81— C2)

(3.60)
= / {k(¢2) - k(¢1)}€1 ' {(Cl —G2) — rs5(P1 — pQ)}
Q
+ /Qcp1(W1 — W) - {(Cl —¢2) — k5(P1 — p2)} :
The last term in the previous inequality can be easily split using (3.9), that is
‘/Q‘PI(Wl—V‘Q)'{(Cl—CQ)_’%(pl—PQ)}‘ (3.61)

< @+l erll gl wi—wa gl €1 = C2 |,

whereas for the first term we use the Holder inequality to show that

/Q {k(62) = k(o) }&r - {(&1 = ¢2) = ms(pr P2>}’
Lk/g ‘(¢2 - ¢1)C1 {(Cl —¢2) — rs(P1 — pQ)H (3.62)
< L1+ 632 (62 — 61)C1 o0l €1 — C2 |

< Li(1 4 £3)"2) 2 = b1 [lp20(0 [l €1 2wy || €1 = 2

IN

with p,q € [1,00) such that % + % = 1. Having in mind the further-regularity assumption (3.55), we
recall that H(f2) is continuously embedded into L??(£2) whenever

2
1 if n =2,
2p = €
0 ifn=23
3—2¢ ’
and hence, there exists C. > 0 such that
1€ ller ) S Cell €l o V€ €HY(Q). (3.63)
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In this way,

i)
|
—_
MmN

and (3.62) now yields

/Q [k(62) —k(o0) }1 - {(G1 — ¢2) — ms(p1 — )}

< CeLip(1 4 83) 21 G o ll 61 = @2 e[| 1 = Ca ||
Since {1 = Eq(w1,¢1) and ¢1 = E3(w1, ¢1), putting together (3.61) and (3.64) into (3.60), we find

c A 2(1+k2)1/2
that there exists Cp := =55 — max{C: Ly, c2(2) } such that

| E(wi, 1) — E(wz, ¢2) ||

(3.64)

_ (3.65)
< CE{H E1(w1,01) . oll 1 — @2 lineq) + 1 Es(wi, 1) [; ol w1 — w2 Hm} ;

for any (w1, ¢1), (W2, ¢2) € H such that || w [ o,[[w2|l; o < 7. Then, considering the same injec-
tions as in the proof of Lemma 3.6 and the further-regularity assumption (3.55), we see that for any
(Wla ¢1)7 (W27 ¢2) € WT7

| E(wr, ¢1) — E(w2, ¢2) ||

£,Q2

o~ o~ (3.66)
< CuCa(r)(C2 + O (1100 Iy jarery + 11/ o) | (w1, 61) = (w2, 62) .
thus obtaining (3.58) with Lg := aEéE(r)(éf + 652)1/2. O
Consequently, the proof of Lipschitz-continuity for T : W, — H becomes straightforward.
Lemma 3.8. Let r € (0,79) with ro given as in Lemma 3.4. Assume that
On{rlglla+ £ ll0a) <7 (3.67)
with Cnv > 0 as in (3.42). Then, T : W, — H is Lipschitz-continuous and there holds
| T(wi,¢1) — T(wa, ¢2) | < Ll (W1, ¢1) — (wa, @2) |V (W1, 1), (W2, d2) € Wi, (3.68)
where
Ly = (Im(lgllco+ 12 1eg) + 1) (Lu(l 00 ljseary + 15 loa) +1) = 1. (3.69

Proof. Let (w1, ¢1), (Wa, ¢2) € W,.. Then, according to the definition of T,

| T(w1,¢1) — T(wz,¢2) ||
< [[Ms(w1, ¢1) — Ms(wa, ¢2) || + [ Es(Ms (w1, ¢1), ¢1) — E3(Ms(wa, ¢2),¢2)[| . (3.70)

The bound for the first term comes directly from (3.57), whereas for the second one, we first use
the Lipschitz-continuity of E (notice that the assumption (3.67) is necessary to be able to use this
property, i.e., (3.58)) and then the Lipschitz-continuity of M, that is

| E3(M3(w1, ¢1), ¢1) — Es(M3s(wa, ¢2), ¢2) ||

< Le(llep hjorer, + 1 72 log) || (Ma(wi,61),¢1) — (Ms(wa, ¢2), 62) ||

< Le(l¢n lyorery + 117 log) (In(lg ]l + 1) + 1) | (Wi, 61) = (wa, 62) I

O
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Summarizing, Lemma 3.4 ensures us that T : H — H is well defined in the closed ball W,,
and maps the ball into itself whenever the data satisfy the condition (3.53). Then, this operator is
Lipschitz-continuous according to the foregoing Lemma, and it becomes a contracting map whenever
Lt < 1. Putting together all these results, we get the main result of this section.

Theorem 3.9. Let r € (0,79) with ro as in Lemma 3.4, and let W, be the closed ball in H with center
(0,0) and radius r (cf. (3.50)). Assume that the stabilization parameters kj, j € {1,...,8}, are taken
as in Lemmas 3.1 and 3.3, and that the data g, f®, f° and vp satisfy

{7l gllca+ 1100} +Co{len lyor, + 11/ loa} <7 (3.71a)
Iv(ll gl + 1 £ 10) < V21, (3.71b)
(0 ljssery + 1% log) < V2—1, (3.71¢)

with Cnm, Cg, Lv and Lg respectively as in Lemmas 3.1, 3.3, 3.6 and 3.7. Then, there exists a unique
(t,6) € H x Q, with (u,9) € W,., solution to the fully-mized formulation (3.18) of the Boussinesq
problem (2.1). Moreover, there holds,

1€ < Om{rliglan + 1000} (3.72)

and

121l < Ce{lenlhnr, + 11 £ loa}- (3.73)

Proof. Notice that (3.71a) ensures that both (3.51) and (3.53) hold, so that T : W, — W, is indeed
well-defined. In addition, (3.71b) and (3.71c) imply that T is a contracting map (that is, Lt < 1).
Therefore, the result is just a consequence of the Banach fixed-point theorem applied to the operator
T in W,.. O

4 The Galerkin Scheme

We advocate in this section to present the Galerkin scheme for the continuous problem (3.18), whose
well-posedness will be proved using the same steps and methods as in the previous section.

4.1 Preliminaries

Let us consider 7;, a regular triangulation of  made by triangles T when n = 2 (or tetrahedra when
n = 3) of diameter hp an define the meshsize h := max{hy : T € T, }. Then, consider arbitrary finite-
dimensional subspaces Hf C L7 (Q), HY C Hy(div;Q), H} C H}(Q), H) C L%,(€), Hi c L3(),
HP C Hy(div;Q), HY ¢ H'(Q) and denote by

Hy, = HE x HY x HY x HY, Q) := HS x HP x HY,
th = (th, O, Un, Y1), Shi= (S, Tho Vi 1), Chi= (G Phs P1)s Xn 7= (Xhs Qs Un)-

Hence, according to the continuous formulation (3.18), the Galerkin scheme reads: Find (t,,C) €
H;, x Qp, such that

Fy, (8h) + Fu(sy) Y sy € Hp, (4.1a)
Gp(xn) + Ge(xn) Y Xn € O, (4.1b)

Ay, (th,81) + Bu, (tr, 1)
C%oh (Eha )2}1) + Duh (Eha ih)
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where the forms A,,, By,, Cg, and Dy, , and the functionals F,,, Fn, Gp and G are defined by
(3.19)-(3.26).

We will see that it is possible to establish sufficient conditions for well-posedness of (4.1) in the same
form they were established for the continuous problem (3.18). To this end, we now split the discrete
formulation into the two corresponding mixed formulations. In fact, we first set H := H}! x H} and
consider the operator My, : H, — H;, defined for any (wy, ¢p) € Hy, by

My, (W, ) = <M1,h(wh7¢h)>M2,h(Wh7¢h)7M3,h(Wha ¢h)7M4,h<Whv¢h)> =t (4.2)
where tj, € H}, is the solution to the problem: Find t), € H;, such that
Ay, (th,Sh) + By, (th,8n) = Fy, (sh) + Fu(Sn) YV sp € Hy,. (4.3)
In turn, we let E; : Hy, — Qp, be the operator defined for any (wy, ¢p) € Hy, by
Ey(wh, ¢n) = <El,h(wha¢h)7E2,h(Wha¢h)aE3,h(Wha ¢h)) = Cp, (4.4)
where ), € Qy, is the solution to the problem: Find ¢, € Qp, such that
Cy, (Ch,Xn) + Dw, (Cn, xn) = Gp(xn) + Go(xn) ¥V X € Qn- (4.5)
Therefore, by introducing the operator T}, : H;, — Hj, as

Th(wp, ¢p) = (M3,h (Wh &n), Es pn (Ms p(wh, ¢n), ¢h)> : (4.6)

we can rewrite (4.1) as the fixed-point problem: Find (uy, ¢5) € Hj such that

Th(un, pn) = (an, on)- (4.7)

In this case, existence of a fixed point for this problem will be proved by means of the Brouwer
fixed-point theorem, which we recall next.

Theorem 4.1 (Brouwer). Let W be a compact and conver subset of a finite-dimensional Banach
space, and let T : W — W be a continuous mapping. Then, T has at least one fixzed-point.

Proof. See [10, Theorem 9.9-2]. O

4.2 Solvability analysis

We first study under which conditions T}, is well-defined by looking at the well-posedness of the
uncoupled problems (4.3) and (4.5). It is easy to realize that the analysis comes in a straightforward
way from the one realized in Lemmas 3.1, 3.3 and 3.4, thus obtaining the following discrete versions
for these results.

Lemma 4.2. Assume that for 61 € (0, %), 92,63 € (0,2) we choose

20160
K1 € (0, ud] 1), k2 € (0,00),
K2

k3 € (0,209 /Ll—,ﬁ'LLQ and k4 € [ 0,203K0 1—@ k3|,
261 2
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where kg is the constant in the Korn inequality (3.35). Then, for eachr € (0,r1), with r1 as in (3.39),
the problem (4.3) has a unique solution ty := My, (wp, ¢n) € Hy for each (wy,én) € Hy, such that
| W || o < 7. Moreover, there holds

I Ma(wns 6n) | = [ € ]| < Cn{ll g ol 0

with Oy > 0 as in (3.33).

oo+ loo} (4.8)

Proof. Tt follows from a direct application of the Lax-Milgram theorem to (4.3) in the same way it
was applied in Lemma 3.1. ]

Lemma 4.3. Assume that for 64 € (0, %), d5 € (0,2) we choose

204k L
ks € {0, s , Ke,kg € (0,00) and k7€ (0,205 | k1 — Rok2 ]
k2 264

Then, for each v € (0,73) with ro as in (3.48), the problem (4.5) has a unique solution Cj :=
Epn(Wn, ¢n) € Qn for each (wp, ¢p) € Hy, such that || wy ||, o < 7. Moreover, there holds

1 En(wn, én) | = [[Snll < Cu{llen o, + 11 £ oo} (4.9)
with Cg > 0 as in (3.42).

Proof. Tt also follows from an application of the Lax-Milgram theorem to (4.5) in the same way it was
applied in Lemma 3.3. 0

Analogously to the continuous case, the previous two lemmas provide the well-definitiness of the
operator T},.

Lemma 4.4. Given r € (0,79) with ro := min{ri,r2}, r1 as in (3.39) and r2 as in (3.48), let

Wi i={ (Wi én) € Hy || (wi n) | < 7. (4.10)

Assume that the stabilization parameters kj, j € {1,...,8}, are taken as in Lemmas 4.2 and 4.3 and
that the data satisfy (3.51). Then Ty, : Wp,, — Hy, is well-defined and there holds

| Tatwn, én) | < Cne{rllg oo + 1 loa } + Ca{ll¢n lijor, + 11 o} (411)

Moreover, T}y, maps the ball Wy, ,. into itself whenever (3.53) holds.
Proof. Tt comes straightforwardly from Lemmas 4.2 and 4.3. We omit further details. O

We now turn to prove the continuity of T}. Notice that we are no longer able to use the further-
regularity assumptions (3.54) and (3.55), and therefore, we will only obtain results that are analogous
to (3.56) and (3.65) in terms of L* norms. Indeed, although their bounds are not known, they are
finite since the solution of the Galerkin scheme will be formed by piecewise polynomial functions.

Lemma 4.5. Let r € (0,79) with ro as in Lemma 4.4. Then, there exists a positive constant Cnp,
independent of r, such that

| M (wih, 64) = M (w67 || < Onaf | M w (W 08) ey | 9 = 03 |y
M (w60 [ o wh = Wi o 18 lcoll 0 = 2l (412)

for all (wy,¢4), (W3, ¢7) € Hy, such that || wj, HLQ’

W} HlQ s
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Proof. It comes from [4, Lemma, 2.6], but employing an L*-L*-L? argument, instead of the L2P-1.24-1.2
argument taken in [4, Eq. (2.52)]. O

Lemma 4.6. Let r € (0,r9) with ro as in Lemma 4.4. Then, there exists a positive constant Cg such
that

| Ea(wh, 6h) — En(wio )|
v o 1 2 L X , (4.13)
< CE{HELh(Wh’gbh) HL4(Q)H¢h_¢hHL4(Q) + HE3,/‘L(Wh’¢h) HLQHWh_WhHLQ}’

for all (w,ll,é,ll), (w,%,qﬁ%) € H;, such that H W}L HLQ’ W}2L HlQ <r.

Proof. As in the previous Lemma, the proof is based on the one for its continuous counterpart Lemma
3.7, but just taking p = ¢ = 2 in (3.62). O
Consequently, we have the following result for the operator T},.

Lemma 4.7. Given r € (0,rg) with ro as in Lemma 4.4, let Wy, be the closed ball in Hj, with center
(0,0) and radius r (cf. (4.10)), and assume that (3.67) holds. Then, Tp, : Wy, — Hy, is continuous
and there ewists a constant Ct, > 0 such that

| Thiwh, 6}) — Tr(wi, é3) ||

< cn{u B (M o0k, 08, 68) [ + (14 [ B (M (v, 900, 03) [, o)
(4.14)

)

X (H Ml,h(wflu (b}z) H]L4(Q) + H MB,h(wflw ¢}L) HLQ + ” g Hoo,Q) } H (Wflw (ZS}L) - (w%w (ﬁ%)

fO?" all (wllw ¢}11>7 (W}217 Qﬁ%) € Wh,T-
Proof. Let (w},é1), (w2, ¢2) € Wp,,.. From the definition of T}, (cf. (4.6)) we see that
| Th(Whs dh) — Ta(Wis @h) || < || Ma (Wi, é3) — M (Wi, 03) ||,

+ [ Ba n (Ms p (Wi, 1), 61,) — Esn(Man(wh, 7). 67) ||

and since (3.67) holds, || Msn(w}, ¢}) Hl o < 7 and we can use (4.13) to bound the second term in
the previous inequality. In this way we get

| Th(wh, o) — Ta(wi, 67) || < CuCi|| Evn(Msn(wh, o1, é5) HL4(Q)H S — i HlQ
+ <1 + 6EH E3,h (M3,h<wflw ¢flL)7 ¢}L) HLQ> H M3,h<wflu ¢flL) - M3,h(w%1,7 ¢%L) HLQ7 (415>

where C; is the boundedness constant of the continuous injection of H'(2) into L*(Q2). Then, we can
use the analogous result for My, (cf. (4.12)) and, after some algebraic work, we arrive to (4.14) with

CTh = max{él,ég}, 61 = 61\/[ max{l,éE} max{l, Cz}, 62 = CZéE
0

Having proved that T, is continuous and that it maps the closed and convex set Wy, ,. into itself
whenever (3.53) holds, existence of at least one fixed point is ensured by the Brouwer fixed-point

theorem, equivalently, existence of at least one solution for (4.1); a result that is summarized in the
following statement.
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Theorem 4.8. Let r € (0,79) with 9 as in Lemma 4.4, and let Wy, be the closed ball of center
(0,0) and radius v (cf. (4.10)). Assume the stabilization parameters kj, j € {1,...,8}, are taken as
in Lemmas 4.2 and 4.3 and that the data satisfy (3.53). Then, the Galerkin scheme (4.1) has at least
one solution (ty,Cn) € Hp x Qp with (ay,, o) € Wi, . Moreover, there hold

I8 ]l < On{rlig g + 1000} (4.16)

and
1€hll < Co{lenlhnr, +11 £ log (4.17)

with Cyv and Cg as in Lemmas 4.2 and 4.3, respectively.

4.3 Specific finite element subspaces

An interesting point to realize in this fully-mixed approach with respect to the finite-dimensional
subspaces is that we have not imposed any kind of inf-sup conditions as in [2, 4], or any other
requirement than being finite-dimensional, which give us the chance to freely choose these subspaces.
That being said, given an integer k > 0, for each T € T, we define the local Raviart-Thomas space of
order k as

RT(T) :=Px(T) + Px(T)x,

where according to the terminology described in Section 1, Py (T) := [Px(T')]" and x is a generic

vector in R® = R. Similarly C(Q) := [C(2)]” denotes the space of continuous functions in Q. Thus,
we approximate the rate of strain, the vorticity and temperature gradient by discontinuous piecewise
polynomial tensors of degree < k, the pseudostress and pseudoheat by Raviart-Thomas elements of
order k, and the velocity and temperature by Lagrange elements of order k, that is

Ht = {sh € L2.(Q) : sy, € Py(T), VTeTh}, (4.18)
HY .= {Th € Ho(div; Q) : ¢*ry|, € RTy(T), Vc€R, T € E}, (4.19)

u. {vh € C(Q) : vh|y € Pt (T), VT € Th} A HL(Q), (4.20)
H) = {nh € L2eu() : ma| € P(T), VT € n}, (4.21)
5 - {Xh € L2(Q) : xu|p € PR(T), VT € n} (4.22)
HP = {qh € Hn(div; Q) : qu|, € RTR(T), ¥V T € n}, (4.23)
HY = {wh € C(Q) : |y € P (T), VT € n}. (4.24)

According to [7, 15], their corresponding approximation properties are:

(AP!) there exists C' > 0, independent of h, such that for each s € (0,k + 1], and for each t €
H*(Q) N1L2,(9), there holds
dist (t,H}) < Ch®||t]],q, (4.25)

(APY) there exists C' > 0, independent of h, such that for each s € (0,k + 1], and for each o €
H?(Q) N Hp(div; Q) with dive € H*(Q2), there holds

dist (o, H7) < Ch* {7 ||, + || diver |, o } (4.26)

21



(AP}) there exists C' > 0, independent of h, such that for each s € (0,k + 1], and for each u €
H*1(Q) N HY(Q), there holds

dist (w, H}) < Ch*[u 1 0 (4.27)

(AP}) there exists C' > 0, independent of h, such that for each s € (0,k + 1], and for each v €
H*(2) N L2, (), there holds

skew

dist (v, H)) < Ch*[l vl 0 (4.28)

(AP}CL) there exists C' > 0, independent of h, such that for each s € (0, k+ 1], and for each ¢ € H*(Q2),
there holds
dist (¢, H) < CR*[1¢ 0 (4.29)

(APE) there exists C' > 0, independent of h, such that for each s € (0,k + 1], and for each p €
H?*(Q) N Hy(div; Q) with divp € H*(§2), there holds,

dist (p, HE) < Ch* {[|p |, + I dive 0} (4.30)

(APY) there exists C > 0, independent of i, such that for each s € (0, k+1], and for each ¢ € H¥™1(0),
there holds
dist (¢, HY) < Ch*|l ¢ [l,41.0- (4.31)

5 A priori error analysis

Let (t,{) € H x Q with (u,¢) € Wy, (ro as in Lemma 3.4) and (ty,,Cn) € Hp x Qp with (un, ¢p) €
Wi, », be the solutions to the continuous and discrete problems (3.18) and (4.1), respectively, that is

A, (t,8) + By(t,s) = F(s) + Fu(s) VscEH, (5.1a)
Ay, (th,51) + Buy, (En,51) = F,, (S) + Fu(s) Vs, € Ha, (5.1b)
and
Cy(¢,x) +Du(¢,x) = Gp(x) + Ge(x) VYV x€Q, (5.2a)
Cy,. (Cn,Xn) + D, ($hy Xn) = Gp(X) + Ge(X) ¥V X1 € Q. (5.2b)

In addition, we denote as usual

— -

dist (E, ’Hh) = ﬂigyf{ H t—sp,
Sp h

, dist (¢, Qp) == _inf ||[{—xu |

Similar to [2, Lemma 5.3] and [4, Lemma 4.2], we will apply the Strang Lemma to the pair of
equations (5.1) and (5.2) separately, to then join the resulting estimates to derive a proper Céa
estimate. We begin by recalling from [23] and [4] this Lemma and the result regarding the first pair
of equations, respectively.

Lemma 5.1 (Strang). Let V be a Hilbert space, F € V', and A : V x V. — R be a bounded and
V-elliptic bilinear form. In addition, let {V},}nr~0 be a sequence of finite-dimensional subspaces of V,
and for each h > 0, consider a bounded bilinear form Ay, : Vi, x Vi, = R and a functional F}, € V).
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Assume that the family {Ap}n~o is uniformly elliptic in V}, that is, there exists a constant o > 0,
independent of h, such that

Ap(vpyvp) > @llog |l Yo, € Vi, YA > 0.
In turn, let w € V and up € V3, such that
A(u,v) =F(v) YveV and Ap(up,vn) = F(vp) Y oy € V.
Then, for each h > 0, there holds

|F'(wp) — F(wp)

| u—wuplly <Csrq sup

wr€VR | wn HV
wp, 70
A(vp, wy) — Ap(vp, w
+ inf |[[|lu—wplly + sup [A(on, wn) = An(vh, wn) , (5.3)
vp €V wpEVh || Wh ||V
v 70 wp#0
where Cs = a ' max{1,| A}
Proof. See [23, Theorem 11.1]. O

Lemma 5.2. Let ) := (Q) max{1l, || Ay, + By ||}, where Q(Q) is the ellipticity constant of A, + By

(cf. (3.38)) and || Ay, + By || is its norm, which is mdependent of (u,¢) (cf. (3.34)). Then, there
holds

£l < o%{(l 2] A+ Buy ) dist (£ Hp) + er(Q)(1+ 192wy gllu = wn | g

+ (LuCCel+ k) g+ (1 + )2 g ) Hw—mm}- (5.4)

Proof. See [4, Lemma 4.2]. O

Lemma 5.3. Let CF = 5(9) max{l, ||Cy, + Dy ||}, where ( ) is the ellipticity constant of C,+Dy

(c¢f. (3.47)) and || C, + Dy || is its norm, which is mdependent of (u,) (cf. (3.45)). Then, there
holds

|-l < OET{(l +2] Cy+ Du ) dist (8, Q1) + 2()(1+ 522 0 |y gl = wn
+cha@<1+n§>1/2ucHa,gnso—sohnl,g}- (5.5)

Proof. 1t is clear from (3.42) that C, + Dy and C,, + Dy, are bounded bilinear forms (both with
constant || C, + Dy ||, w.l.o.g. since it is independent of (u,¢)) and uniformly elliptic with constant

@. Also, Gp + Ge is a bounded linear functional in both H and Hj. Therefore, a straightforward
application of Lemma 5.1 to the pair (5.2) leads us to

H E-¢, H < Cngigg HE_ g, H + sup |(Cyp + Du)(&ns Xn) — (Cy;, + Du, ) (€, Xn) (5.6)

10 %0, x|
En#0 Xr7#0
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where CE. = % max{l, ||Cy, + Dy ||}. In what follows we make use of the boundedness constants

C. and CN'E, which correspond, respectively, to the continuous embedding of H#(Q) in L2P(Q) (cf.
(3.63)) and HY(Q) in L"#(Q) (cf. proof of Lemma 3.6). Then, adding and subtracting suitable
terms, using the boundedness of the bilinear forms, and the same bounding technique as in (3.62), the
numerator of the last term in (5.6) can be treated as follows:

(Cy + Du)(€h, Xn) — (Cy, + Dy ) (Eny X))
< ‘(Cso + DU)(gh - 6’ ih) + (Cso - Csoh)(za )Zh) + (Du - Duh)(a ih)
- (Cgoh + Duh)(gh - 5) ih)‘

<2y + Dull C= &l % |+ | (o) = k) )< - {xn = mon}

(5.7)
- /Q@(u —uy) {Xh - H5Olh}
< 2| Cy +Du || € = & ||| Xn || + Le(1+ 13)2CCe) < Nl 0 = en gl Xn |
+ (1 +12) el ol w—an Iy ol Xn |l
which back into (5.6) gives (5.5), concluding this way the proof. O
As a result of the previous two lemmas, we have a preliminary estimate for the error:
| (£.8) = (€. Cn) || < Cudist (£, Hp) + Codist ($,Qn) + {03@|| ull e
+ [t 0+ Csllgllan + CoCell@lliyea+ Crli€ IIE,Q} | (£,C) — (&, Ch) || (5.8)

where
Cri=C¥(1+2(| Ay +Byl), Co:=CE(1+2|Cyp+Dyl), Cs:=C8her(Q)(1+ Kk3)1/?
Cyi=CML,C.C.(1+ kD2 C5 = CYR(+ K32, Co = CErea()(1 + r2)Y2,
Cq := CErLL,C.C.(1 + k)2,

all being positive constants independent of the discretization parameters. Thus, we first bound
the terms ||ul|;, o and [[t]  using the further-regularity assumption (3.54), and then we bound
[ @ ll14eq and [| ([, o in a similar way using (3.55), whence denoting by

Cy = (036'5 + 04)5'M(7»)7 Cy := (Cﬁés + 07)513(7') and Cp := max{Cysr + Cs,Cs,Cy},
inequality (5.8) becomes

| (£,8) — (£, Cn) || < Cudist (€,Hp,) + Cadist (¢, Q)

+Co(ll8 oo + 1 I+ 1190 Iy jpiciry + 111 o) || €:8) = @G0 (59
thus leading us to the main result of this section.
Theorem 5.4. Assume that the data satisfy
1
Co(ll8 e+ 11l + 10D lijoery + 117 o) < 3 (5.10)

Then, there exists a constant C > 0 depending only on parameters, data, and other constants, all of
them independent of h, such that the following Céa estimate holds

| (£.) = (€, Cn) || < C{dist (€, ) + dist (C, gh)}. (5.11)
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Proof. Thanks to (5.10), the estimate can be directly obtained from (5.9), thus arriving to C :=
QmaX{Cl,Cg}. ]

Consequently, when using the finite element subspaces (4.18)-(4.24), the following can be established
regarding the rates of convergence of the method.

Lemma 5.5. In addition to the hypotheses of Theorems 3.9, 4.8 and 5.4, assume that there exists
s > 0 such that t € H(Q), o € H¥(Q), dive € H*(Q), u € H(Q), v € H*(Q), ¢ € H¥(Q),
p € H%(Q), divp € H*(Q) and ¢ € HTY(Q), and that the finite element subspaces are defined by
(4.18)-(4.24). Then, there exists a constant C > 0, independent of h, such that

| €0 = @.Cn || < crmmtsrritfg|

soatllollsgtldive|,q+lulliig

v lo+ I¢lg+IPlo+ ldvelg+lelae) (512

Proof. 1t follows from the Céa estimate (5.11) and the approximation properties (4.25)-(4.31). O

6 Numerical Results

We now present two examples that will illustrate the performance of the augmented fully-mixed
finite element method (4.1) with the subspaces indicated in (4.18)-(4.24) on a set of quasiuniform
triangulations. The computational implementation is based on a FreeFem++ code (cf. [17]) and
the iterative method comes straightforward from the uncoupling strategy presented in Section 4.1.
Then, as a stopping criteria, we finish the algorithm when the relative error between two consecutive
iterations of the complete coefficient vector measured in the discrete £2 norm is sufficiently small, this
is,

H coeff ™! — coeff™ HEQ

| coeft™ ||z

< tol,

where tol is a specified tolerance.

Let us first define the error per variable

et):=lt—tulloq, elo):=lo—-0onlawa e):=lu-ulig e :=I[p=prloq

e(y) = Ilv—m Ho,Qa e(Q) ==11¢—¢n Ho,m e(p):==|p—pn Hdiv;ga e(p) =l — ¢n Hl,ﬂa
as well as their corresponding rates of convergence

. log(e(x)/€'(x))

T(*) T log(h/h’) \V/*G {t’aauvpa’YvCapa@}a

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

6.1 Example 1: Two-dimensional smooth exact solution

In our first example, we consider 2 = (—1,1)? and viscosity, thermal conductivity and body force
given by
pu(p) = exp(=0.25¢), k(p) =exp(0.25¢), g=(0,1)".

Dirichlet boundary conditions will be imposed on I'p := '}, UT% where I'}, := [-1,1] x {—1} and
I'2 :=[-1,1] x {1}, whereas Neumann boundary conditions will be imposed on the remainder of the
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border, that is, 'y := I'\I'p. In this way, we consider boundary data ¢p and source terms f™ and f*¢
such that the exact solution to the Boussinesq problem is given by u(z,y) = (u1(z,y), u2(z,y))* with

ui(w,y) := 2ysin(rz) sin(my) (z* — 1) + 7sin(rx) cos(ry)(z? — 1)(y* — 1),
us(z,y) := —2xsin(rz) sin(ry)(y? — 1) — 7 cos(nz) sin(my) (z? — 1)(y* — 1),

and
plz,y) =% — 2%, o(z,y) := —0.6944 y* + 1.6944 4>,

Concerning the stabilization parameters, these are taken as pointed out at the end of Section 3.3, with
Ko = % and the bounds for the viscosity and thermal conductivity functions are estimated in

g1 =05, pp=125 Kk =0.75 ko =1.3.

In Figure 6.1 we display part of the solution obtained with fully-mixed finite element method using
a first order approximation and 1,409,884 DOF'. Notice that not only we are able to recover the original
unknowns but also to compute further variables of physical interest. In turn, Tables 6.1 and 6.2 show
the convergence history for a sequence of quasi-uniform mesh refinements, thus confirming the rates
of convergence predicted by Lemma 5.5, that is, when using first and second order finite elements,
and considering that the exact solution is smooth enough, whence the method converges with orders
O(h) and O(h?), respectively.

6.2 Example 2: Three-dimensional smooth exact solution

In our second example, we consider = (0,1)% and viscosity, thermal conductivity and body force
given by

(@) =2.0—-050% - 0501  k(p)=—-05+2.0u(p), g=(0,01)*
With respect to boundary conditions, we impose Dirichlet conditions on [0,1]? x {0} =: I'p and
Neumann conditions on the rest of the boundary, that is, I'y := I'\I'p. Then, we consider boundary
data pp and source terms f™ and f° such that the exact solution to the Boussinesq problem is given
by u(z,y,z) = (u1(z,y, 2), u2(2, y, 2), uz(x,y, 2))* with

ui(z,y,2) == 8z%yz(x — 1)*(y — ) (z — 1)(y — 2)
us(a,y, 2) == —8wy’z(z — )(y — 1)*(z — 1)(z — 2)
uz(,y,2) = 8ayz(x — 1)(y — 1)(z = 1)*(x —y)
and
o(x,y, 2) == sin(rz)?sin(7y)?(z — 1)2,  p(z,y,2) = (z — 0.5)%sin(y + 2).
Concerning the stabilization parameters, we take them again as in Section 3.3, but this time with

ko = 1. In tun, the bounds for the viscosity and thermal conductivity are estimated in

p1 =10, po=20, k=15 ky=35.

Part of the solution is shown in Figure 6.2, and a convergence history for a set of quasi-uniform
mesh refinements is shown in Table 6.3, thus showing also that, having the problem a smooth exact
solution, this fully-mixed finite element method converges optimally with order O(h) (when using a
first order element).
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Finite Element: H;L - HY - Hy - HZ - H,CL - HE - H‘,f with £ =0

DOF | e(t) | e(@) | e | ) | e | «Q) | ed) | &)
1,816 4.5307 | 15.6976 | 7.7257 | 2.3619 | 14.3622 | 0.4298 | 1.5650 | 0.3698
6,972 2.1933 | 7.9406 | 3.3074 | 1.0874 | 8.8796 | 0.2124 | 0.7864 | 0.1758
27,052 1.0947 | 3.9421 | 1.6088 | 0.5396 | 6.0695 | 0.1022 | 0.3809 | 0.0831
107,142 | 0.5331 | 2.0064 | 0.8011 | 0.2678 | 2.5649 | 0.0517 | 0.1962 | 0.0426

431,398 | 0.2581 | 0.9882 | 0.3925 | 0.1216 | 1.5602 | 0.0259 | 0.0970 | 0.0211

1,707,922 | 0.1271 | 0.4937 | 0.1947 | 0.0613 | 0.7027 | 0.0127 | 0.0482 | 0.0105

ol | ) [ | ) | ) | Q) | ) | (@)
0.4129 - - - - - - - -
0.1940 0.9605 | 0.9023 | 1.1233 | 1.0270 | 0.6366 | 0.9331 | 0.9111 | 0.9845
0.0995 1.0402 | 1.0482 | 1.0788 | 1.0490 | 0.5695 | 1.0951 | 1.0851 | 1.1221
0.0527 1.1333 | 1.0638 | 1.0982 | 1.1032 | 1.3567 | 1.0736 | 1.0453 | 1.0521
0.0311 1.3744 | 1.3419 | 1.3519 | 1.4961 | 0.9419 | 1.3087 | 1.3350 | 1.3342
0.0150 0.9729 | 0.9535 | 0.9635 | 0.9411 | 1.0960 | 0.9778 | 0.9600 | 0.9503

Table 6.1: Convergence history for Example 1, with a uniform mesh refinement and a first order
approximation. Here, the simulation with 1,816 DOF took 10 fixed-point iterations, while the rest of
them took 9 iterations to achieve a tolerance of tol = 1075.

Finite Element: Ht - HY - HY - H) - HS - H? - HY with k = 1

|

DOF e(t) | e(o) | e(m) | e(p) | e(v) | e@) | eP) | ely)
5,812 | 0.9568 | 3.0676 | 1.3170 | 0.6622 | 2.2406 | 0.0690 | 0.2052 | 0.0434
22,564 | 0.2193 | 0.7735 | 0.3002 | 0.1932 | 0.6699 | 0.0154 | 0.0467 | 0.0098
88,036 | 0.0554 | 0.1939 | 0.0750 | 0.0472 | 0.2187 | 0.0038 | 0.0118 | 0.0023
349,660 | 0.0140 | 0.0494 | 0.0192 | 0.0119 | 0.0494 | 0.0010 | 0.0031 | 0.0006
1,409,884 | 0.0035 | 0.0121 | 0.0047 | 0.0029 | 0.0152 | 0.0002 | 0.0008 | 0.0001
h r(¢) | r(o) | r(a) | r(p) | r(v) | 7€) | r(p) | r(p)
0.4129 - - - - - - - -
0.1940 | 1.9507 | 1.8241 | 1.9580 | 1.6310 | 1.5987 | 1.9811 | 1.9595 | 1.9687
0.0995 | 2.0591 | 2.0712 | 2.0759 | 2.1084 | 1.6752 | 2.1123 | 2.0631 | 2.1848
0.0527 | 2.1678 | 2.1538 | 2.1490 | 2.1666 | 2.3443 | 2.0727 | 2.1265 | 2.1000
0.0311 | 2.6452 | 2.6677 | 2.6506 | 2.6598 | 2.2355 | 2.6761 | 2.6587 | 2.6447

Table 6.2: Convergence history for Example 1, with a uniform mesh refinement and a second order

approximation. Here, all the simulations took 9 fixed-point iterations to achieve a tolerance of tol =
1078,
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