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In this article, we analyse an augmented mixed finite element method for the steady Navier—Stokes equa-
tions. More precisely, we extend the recent results from Camaiio et al.. (2017, Analysis of an augmented
mixed-FEM for the Navier-Stokes problem. Math. Comput., 86, 589-615) to the case of mixed no-slip
and traction boundary conditions in different parts of the boundary, and introduce and analyse a new
pseudostress—velocity-augmented mixed formulation for the fluid flow problem. The well-posedness anal-
ysis is carried out by combining the classical BabuSka—Brezzi theory and Banach’s fixed-point theorem.
A proper adaptation of the arguments exploited in the continuous analysis allows us to state suitable
hypotheses on the finite element subspaces ensuring that the associated Galerkin scheme is well defined.
For instance, Raviart-Thomas elements of order k > 0 and continuous piecewise polynomials of degree
k + 1 for the nonlinear pseudostress tensor and velocity, respectively, yield optimal convergence rates.
In addition, we derive a reliable and efficient residual-based a posteriori error estimator for the proposed
discretization. The proof of reliability hinges on the global inf—sup condition and the local approximation
properties of the Clément interpolant, whereas the efficiency of the estimator follows from inverse inequal-
ities and localization via edge—bubble functions. A set of numerical results exemplifies the performance of
the augmented method with mixed boundary conditions. The tests also confirm the reliability and efficiency
of the estimator, and show the performance of the associated adaptive algorithm.

Keywords: Navier—Stokes; mixed finite element method; augmented formulation; mixed boundary
conditions; Raviart-Thomas elements; a posteriori error analysis.
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1. Introduction

This article is concerned with the numerical study of the Navier—Stokes problem with Dirichlet and
traction boundary conditions in different parts of the boundary. Our focus will be on an augmented mixed
pseudostress-based formulation of this problem.

An important body of recent literature deals with numerical techniques to numerically solve the
Navier—Stokes equations. A rich variety of methods is available, having different features being tested for
many fundamental cases and industrial applications. Among these methods, we give special attention to
numerical schemes based on dual-mixed formulations, which have gained considerable attention (already
over the last few decades) mainly due to the fact that, on the one hand, they allow to unify the analysis
for Newtonian and non-Newtonian flows, and on the other hand, they permit to approximate additional
variables of interest as a simple post-processing from the primal unknowns (see, for instance, Farhloul
et al., 2009; Cai & Zhang, 2012; Howell & Walkington, 2013; Camaio et al., 2016, 2017 and the
references therein). For example, dual-mixed methods based on stresses or pseudostress tensors have
proven remarkable success, especially in coupled problems such as Stokes—Darcy, Navier—Stokes/Darcy
and Boussinesq systems (see, for instance, Gatica ef al., 2011a, 2012; Colmenares et al., 2016; Caucao
etal., 2017).

Regarding Navier—Stokes equations, Cai & Zhang (2012) introduced and analysed a conforming
dual-mixed method where the pseudostress, the velocity and the pressure are the main unknowns of the
system (see also Cai et al., 2010). Their formulation accommodates the use of Raviart-Thomas elements
for the pseudostress, yielding approximations with accuracy O(h**'="/®) (n = 2,3) in the L*—norm.
More recently, Camafio et al. (2017) proposed a new pseudostress-based mixed method for the pure
Dirichlet Navier—Stokes problem. Such a method involves a pseudostress tensor depending nonlinearly
on the velocity through the convective term, whereas pressure is eliminated via the incompressibility
constraint and can be later recovered as a post-process of the pseudostress tensor. The formulation from
Camaiio ef al. (2017) results in Raviart—-Thomas approximations of pseudostresses exhibiting optimal
convergence. Up to the authors’ knowledge, that is the first Raviart-Thomas-based mixed method for
Navier—Stokes providing optimal convergence for all the unknowns, and the key feature behind this opti-
mality is the incorporation of residual terms arising from the constitutive and equilibrium equations. This
(so-called augmentation) procedure allows to circumvent inf—sup conditions and consequently relaxing
the hypotheses on the discrete subspaces. Further details on augmented approaches can be found in,
e.g., Brezzi & Fortin (1991), Franca & Hughes (1988) and Gatica (2006) (see also Farhloul er al., 2009;
Howell & Walkington, 2013).

The purpose of this work is to extend the results in Camaio et al. (2017) to the case of mixed boundary
conditions, particularly useful, when modelling free surface flow or requiring outflow/artificial boundaries
(see, e.g., Bruneau & Fabrie, 1996; Bansch, 2001, 2014; Dong & Shen, 2015). In this regard, the only
contribution addressing dual-mixed formulations and mixed boundary conditions for Navier—Stokes is
Farhloul et al. (2008). The authors study a strain—velocity—vorticity—pressure formulation, and use the
discrete elements developed in Farhloul & Fortin (1997) (designed for Stokes and elasticity problems),
to obtain a quasi-optimal mixed method.

Here, and similarly to Camafo et al. (2017), the main unknowns are the velocity and a pseudostress
tensor relating the strain tensor with the convective term. The pressure is eliminated using the fluid
incompressibility and can be recovered as a post-process of the pseudostress. Moreover, because of the
convective term, the velocity is sought in H', which requires augmentation via Galerkin terms arising
from the constitutive and equilibrium equations. In contrast with the analysis for the pure Dirichlet
case in Camano et al. (2017), here the mixed boundary conditions imply that the resulting augmented
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1454 J. CAMANO ET AL.

variational problem is written as a saddle-point system. Therefore, we can employ the classical Babuska—
Brezzi theory and Banach’s fixed-point theorem to prove existence and uniqueness of solution to both the
continuous and discrete problems. In addition, for generic finite-dimensional spaces, we derive a suitable
Céa’s estimate; and choosing, for instance, Raviart-Thomas elements of degree k for the pseudostress
tensor, and continuous piecewise polynomial elements of degree k + 1 for the velocity, provides optimal
rates of convergence. This is one of the principal advantages of our method. We highlight that, differently
from previous results related with dual-mixed formulations for elliptic problems dealing with strain
tensors and Neumann-type boundary conditions (see, for instance, Gatica, 2006; Camano et al., 2015), in
this article we do not introduce the vorticity (or rotation in the case of the elasticity problem) nor vectorial
or scalar Lagrange multipliers on the boundary as further unknowns to derive our formulation, avoiding
hence the introduction of costly unknowns to the system.

Additionally to the continuous and discrete analyses of this article, and to guarantee optimal conver-
gence even under the eventual presence of boundary layers and singularities, we derive a reliable and
efficient, residual-based a posteriori error estimator for our method. For the proof of reliability, instead
of using a classical Helmholtz decomposition (see its application in similar contexts in, e.g., Camafio
et al., 2015; Gatica et al., 2016), here we use the global inf—sup condition, integration by parts and the
approximation properties of the Clément interpolator. This approach yields a reduction in the number of
terms composing the error indicator, it makes the analysis simpler, and it unifies the analysis for the two-
and three-dimensional cases. The proof of efficiency of the estimator consists of a localization method
based on edge-bubble (or face-bubble functions) and inverse inequalities.

The rest of this article is organized as follows. In Section 2, we introduce the model problem and rewrite
the equations in terms of the pseudostress tensor and the velocity. In Section 3, we derive the augmented
variational formulation, and prove its well-posedness by means of a fixed-point strategy and the classical
Babuska—Brezzi theory. In Section 4, we define the Galerkin scheme and derive suitable hypotheses on the
finite element subspaces, ensuring that the discrete scheme becomes well-posed and the corresponding
Céa’s estimate holds. We also describe a specific choice of finite element subspaces, namely Raviart—
Thomas of order k and continuous piecewise polynomials of degree k + 1 and derive the corresponding
theoretical rate of convergence. In Section 5, we introduce the a posteriori error estimator and prove its
reliability and efficiency. Finally, several numerical examples employing the spaces introduced in Section
4, illustrating the accuracy of the method and showing the good performance of the associated adaptive
algorithm are reported in Section 6.

We conclude this section by recalling some definitions and fixing useful notations. Given the vector
fields v = (v;)i=1,, and w = (w;);=1 ., With n € {2, 3}, we set the gradient, divergence and tensor product
operators by

av; "9y
Vvi=|— , divv:= — and VW :i= (vw)icin.
<axj>i,;_1,n ; 0x; ® i,

Furthermore, for any tensor fields S := (S;;);j=1,, and R := (R;));j=1,, we define the transpose, the trace,
the tensor inner product and the deviatoric tensor, respectively, by

n n 1
S = (Sijetw (S =) Si S:R:=) S;R; and S§%:=8- ()L,

i=1 ij=1
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where I is the identity matrix in R**". When no confusion arises, | - | will denote the Euclidean norm in
R" or R"*". Additionally, we will utilize standard simplified terminology for Sobolev spaces and norms.
In particular, if O is a domain, I” is an open or closed Lipschitz curve (respectively, surface in R?®) and
r € R, we define

H'(0) .= [H'(O)]", H(O):=[HO)]"" and H(I'):=[H )]

and adopt the usual convention of writing L?(0), L2(©) and L2(I") instead of H’(©), H°(Q) and H°(I"),
respectively. The corresponding norms are denoted by || - ||,.o for H(O), H"(O) and H' (O), and || - ||,.r
for H"(I") and H"(I"). We also write | - |, » for the H"-seminorm. In addition, we recall that

H(div;0) := {w e L*(0): divw € L*(O)}

is a standard Hilbert space (see, e.g., Girault & Raviart, 1986; Brezzi & Fortin, 1991), and the space of
matrix-valued functions whose rows belong to H(div ; O) will be denoted by H(div ; O). The norms of
H(div; O) and H(div ; O) are denoted by || - [|laiv.0 and || - |laiv.0» respectively. Note also that H(div ; O)
can be characterized as the space of matrix-valued functions S such that ¢'S € H(div ; O) for any constant
column vector c. In addition, it is easy to see that there holds

H(div; O) = Hy(div; O) & Po(O)1, (1.1

where
Hy(div; O) := {SeH(div;O): /trS:O}, (1.2)
(@]

and Py(O) is the space of constant polynomials on O. More precisely, each S € H(div; O) can be
decomposed uniquely as:

1
S=S) +cl, with Sy € Hy(div;O) and c¢ := —/ trS € R. (1.3)
n|0] Jo

Such a decomposition will be exploited in the subsequent analysis of weak formulations.

Furthermore, given an integer k > 0 and a set M C R", P,(M) denotes the space of polynomials on
M of degree < k. In addition, we set P, (M) := [P, (M)]" and Py (M) := [P, (M)]"". Finally, throughout
the rest of the article, we employ 0 to denote a generic null vector (including the null functional and
operator), and use C and ¢, with or without subscripts, bars, tildes or hats, to denote generic constants
independent of the discretization, which may take different values at different places.

2. The model problem

Let £2 € R" be a bounded domain, n € {2, 3}, with Lipschitz-boundary I". The boundary of this domain
is divided into two portions Iy and Iy, such that IpUTy =T and |Ip| > 0 on which different types
of boundary conditions will be imposed. We consider the flow of an incompressible fluid with constant
viscosity, where the Cauchy stress of the fluid o can be written as

o :=2ve(u) — pl, 2.1
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1456 J. CAMANO ET AL.

with u denoting the velocity field, v the viscosity, p the pressure and e(u) the strain rate
1
e(u) := E(Vu + (Vu)").

The set of governing equations consists on the incompressible steady-state Navier—Stokes problem with
constant viscosity and mixed boundary conditions, given by

(u-V)u —dive =f in £, divau =0 in £,
2.2)
u=0 on I}, on=¢g on Iy,

where f and g are given data living in spaces to be specified next, and n is the outward unit vector normal
to the boundary I'y.

We proceed analogously as in Camaiio ef al. (2017) and introduce the nonlinear-pseudostress tensor

T:=0 —-—u®u =2ve(u) —pl —u®u, 2.3)

which assembles the Cauchy stress tensor ¢ with the convective term u ® u. Note that this tensor

represents the flux associated to the momentum density. Then, using the incompressibility condition
divu = tr (e(u)) = 0 in £2, we can easily obtain the identities (Camaiio et al., 2017, Section 2.1)

p:—%(tr(T)+tr(u®u)) in £ and —divT=f in £. 2.4
In particular, using the first identity above we can eliminate the pressure from (2.3) to obtain
T¢=2ve(u)— W@uw? in £. (2.5)
In turn, noticing that e(u) = Vu — w(u), with
o) = %(Vu — (Vu)"), (2.6)
we have that (2.5) becomes
TP =2vVu — 2vw@) — @®u? in Q. 2.7
It is then readily seen that (2.2) can be rewritten in terms of T and u as follows

T = 2vVu — 2vw(un) — @W®u? in £, —divT =f in £,

(2.8)
T=T in 2, u=0 on Ip and Tn + (W®un=g on Iy.

Similar to Camanfo et al. (2017), in what follows, we make use of (2.8) to derive our variational
formulation.

ReEMARK 2.1 Itis well known that when considering mixed boundary conditions, the constitutive equation
(2.1) must be written in terms of the strain rate e(u) (see Farhloul ez al., 2008), and therefore integration
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by parts cannot be performed straightforwardly. A common remedy is to introduce a further unknown to
the system, say y = %(Vu — (Vu)"), and utilize the decomposition e(u) = Vu + y (see, for instance,
Arnold et al., 1984a; Gatica, 2006; Farhloul et al., 2008). However, here we take advantage of the fact
that u is sought in H!, and we keep T and u as the only unknowns of the problem, avoiding the necessity
of further unknowns in the system (which would result in an increased computational cost).

3. Continuous problem

In this section, we introduce our augmented mixed variational formulation and address its solvability. We
begin by defining the variational problem.

3.1 The augmented mixed variational problem

We now turn to the derivation of the weak formulation of (2.8). We start by multiplying the first equation
of (2.8) by a suitable test function S € H(div ; £2), and then integrating by parts, employing the Dirichlet
boundary condition u = 0 on I, and using the identities

1
T:S=T%:8% and (w(u),S)e = E(curl (), as(S)) e, 3.1
with
2 in R,
curl (v) := 0x  x
[ A (L L G T A G TR B )
8X2 8X3 8X3 8x1 8x1 8X2
and

So1 — Sz in R?,

as(S) := {
(S32 — 823,813 — 831,821 — S12) in R},

we readily obtain
(T%,8% ¢ + 2 v(u,div ), + v(curl (),as(S))e + (@@ u)*,8)e —2v (Sn,u),, = 0, (3.2)

Above, the symbol (-, -) , represents the duality paring of Hgol/ *(I'y) and H(l)éz(FN) with respect to the

L2(I") inner product, where
H(Iy) = {v|FN ve H;D(.Q)} and Hy(Iy) = [HL(T)1,
with

H}D(Q) = {V e H'(R) : Vi, = 0}.
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1458 J. CAMANO ET AL.

In what follows, the norms of H(l,(/)z(FN) and Hgol/ 2(I“N) are denoted by || - [l1/200.y and || - |=1/2,00.r »
respectively. In particular, we observe that if E, : H'/2(Iy) — L?(I") is the extension operator defined by

’w 0nFN7

Ey(¥) = { 0 onl, Yy e H(Iy)

then the space H(])(/)Z(FN) can be defined equivalently as

H (Iy) = {y € H2 (1) : Eo(y) € H(I)
endowed with the norm || ¥ 11,200,y = IEo(¥)|l1/2,r» Where

&l jor == inf{||v||1,9 . ve H' () such thatv|, = §}.

From the latter, it can be readily seen that

IVIl2000y = IVIli2r < lIVILe YV E HIFD(Q). (3.3)

On the other hand, since we are interested in deriving an augmented formulation as the one in Camafio
etal. (2017), we now multiply the second equation of (2.8) by v € H}D (£2), and differently from Camafio
et al. (2017), we integrate by parts and utilize the boundary condition Tn + (u ® u)n = g on Iy, to
deduce
(T.VV)e — (8V)n, + (@®wn,v), = (. Ve,

which, because of the symmetry of T can be rewritten as

(T.eWM)e + (@@wWn,v). = EV)g + (8 V)n.

However, using the fact that e(v) = Vv — w(v), we can rewrite the first term of the latter as (T, Vv), —
(T, @(v)) and then integrating by parts the term (T, Vv),, we get

—divT,v)o + (Tn,v)p, — %(as(T),curl Me + (w-nu-v), = Ev)e + (gV)r,. (G4
Above we have used the identity

(@@wW)n, V) = (W-nu-v) . 3.5)

Finally, to ensure the well-posedness of the resulting variational formulation, we proceed similarly

as in Camaio et al. (2017) and incorporate the following redundant terms arising from the constitutive

and equilibrium equations

k1 (div T 4 f,div S), = 0, 3.6)
i (T — 2ve) + @@uw,ev)), =0, 3.7
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for all S € H(div;£2) and v € H'FD(.Q), respectively, where x| and k, are positive parameters to be
specified later.
According to the foregoing reasoning, defining the global space

X := H(div; £2) x H}D(Q),
endowed with the norm
IS Wk = ISlgy o + IIVITg ¥YSv) €X,
the forms

A((T,u), (S,v)) :=(T%, 8% + ki (div T,div S)e + 2v(u,div S)p — 2v(divT,v)
+ v(curl (), as(8))e — v(as(T),curl (v)) — 2v(Sm,u), + 2v (Tn,v)p,
+2vi; (e(u),e(V)g — k2 (T4 e(V),,

Co((T,u), (S,v)) :=(@®@W),8)e + 2v (Ww-nu-v), — ik (W@wW),e(v)),,

3.8)
for all (T,u), (S,v) € Xandw € HIFD (£2) and the functional
F@S,v) :=2v{E,v)o — (£, divS)p + 2v(g, V), Y(S,v) € X, 3.9

multiplying (3.4) by 2v and summing up the equations (3.2), (3.4), (3.6) and (3.7), we arrive at our
variational problem: Given f € L2(£2) and g € Hy,/*(I'y), find (T, u) € X, such that

A((T,u),(S,v)) + Cu((T,w),(S,v)) =FS,v)  V(S,v) € X (3.10)

3.2 Analysis of the continuous problem

In what follows, we prove the existence and uniqueness of solution of problem (3.10) by means of a
fixed-point strategy and the classical Babuska—Brezzi theory. We begin by introducing the associated
fixed-point operator.

3.2.1 Fixed-point strategy. In view of the fixed-point strategy to be used in the proof of solvability
for problem (3.10), let us consider (1.1) and decompose the fluid nonlinear-pseudostress as

T=T) + nl with Ty € Ho(div;$2) and u € R. (3.11)

By doing that, (3.4) becomes

. 1
(@i To, V) g+ (Tom, ¥}y -0 -0, 1)y = 2 (as(To), curl (V) +{u-mow-v)py = (. V)a+ (8. V).
and equation (3.2) is rewritten as

(T5. SN +2v(u,div S)e + v(curl (), as(S))e + (W ®@w)?,S)p — 2v(Sn,u)p, =0,
7 {w-m 1), =0,
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1460 J.CAMANO ET AL.

for all (S,n) € Hy(div; £2) x R. Consequently, problem (3.10) can be rewritten equivalently as: Find
((Tg,u), ) € Xy x R, such that

A((To,w), (S,v)) + Cyu((To,w), (S, V) + B(S,v),u) = F(S,v), ‘1
B((Ty, u), 1) = 0, 12
for all ((S,v),n) € Xy x R, where
X, := Hp(div; £2) x HIFD(.Q),
and B is the bilinear form defined as
B(S,v),n) =2vn{v-n 1), V(S v),neXxR. (3.13)

To be more precise, since (1.1) is an orthogonal decomposition, ((To,u), ) € Xy x R is a solution to
(3.12), if and only if, (T,u) = (T + ul,u) € X x R is a solution to (3.10).
Let us now introduce the bounded set

1 2/|Fx, lIx;
K= 3veH,(2): |vlie = —, (3.14)
QA
and the mapping
J: K=K, w— JWw=nu, (3.15)

with u being the second component of ((Ty, w), u) € Xy x R, solution to the linearized version of problem
(3.12):

A((To,w), (S,v)) + Cy((To,u),(S,v)) + B((S,v),u) = F(S,v),

(3.16)
B((T09u)’ ’7) = 0»

for all ((S, v), r)) € Xy x R. Itis easy to see that ((Ty,u), 1) € X, x Ris a solution to (3.12), if and only

if, J (u) = u. This step, together with the equivalence between (3.10) and (3.12), implies the following

relations:

Jw) =u & ((To,u),un) € Xy x R satisfies (3.12) < (Ty + nl,u) € X satisfies (3.10). (3.17)

In this way, in establishing the well-posedness of (3.10), or equivalently (3.12), it suffices to prove that
J has a unique fixed point. Before proceeding with the solvability analysis, we first state the stability of
the involved forms and the well-definiteness of the fixed-point operator 7.

3.2.2  Stability results and well-definiteness of J. In this section, we establish adequate stability prop-
erties and verify the well-definiteness of 7. Since this operator is defined through a saddle-point problem,
we proceed differently than in Camaio ef al. (2017) and apply the Babuska—Brezzi theory.
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In the sequel, we make use of the following well-known estimates:

ClSli5e < IS°15, + I1divSI5, V'S € Ho(div; £2), (3.18)

CkllVliig < leMlse < VT, YveH'(2), (3.19)

with C,; and Cx only depending on £2 (for (3.18), we refer to Lemma 3.1 in Arnold et al. (1984b) or
Chapter IV in Brezzi & Fortin (1991), whereas for (3.19) we refer to Girault & Raviart (1986)).

Let us start the discussion by deriving the continuity of the forms involved. First, employing the

right-hand side of (3.19), the continuity of the normal trace and simple computations, it can be deduced
that

IA((T, w, S, )| < GITWIxIE,VIx ¥ (T,w, S,v) €X, (3.20)

with Cy := 4max{1, x,2v, 2vk,, k,}. In turn, employing the continuity of the embeddingi, : HY*(I") —
L*(I") and the continuity of the trace operator y, : H!'(£2) — L2(I'), it can be easily proved that

s
Kw-n,u,v) o | < [lirl7lvolliwliiellallyr [VI2,r

This inequality, together with (3.19) and the continuity of the embedding i : H'(£2) — L*(£2), implies
that

|Cw((T,w), (S, )| < Celwliell(T,wlx[(S.v)|x. (321
with Cc := [[il*(1 4+ «3)"/* + 2 v[lir |* [l 7oll. Let us now observe also that F|x, € X{ and
IFlx, llx; < (4 v+ kD) Pl lloe + 2v1Igll-1/200.r - (3.22)

We continue the discussion by establishing the ellipticity of the form A on X.

LEMMA 3.1 Assume that k; > 0 and O < «x, < 4v. Then, there exists oy > 0, such that
A(S,v),(S,v) = aallS.WIx V(S V) € X,. (3.23)

Proof. From the definition of A (cf. (3.8)), we have

A(S,V), (S, V) = IS%l5o + ki lldivSI[5 o + 2 ivlle(W) 5 — K2(S%, e(V)) g
Then, we proceed analogously to the proof of Lemma 3.1 in Camafio et al. (2017) and apply inequalities
(3.18) and (3.19) to obtain (3.23), with ay := %min [ min{1, x1}, k1, k» (4v — KZ)CK}. [l
Finally, we establish the inf—sup condition of the bilinear form B.
LEMMA 3.2 There exists 8 > 0, such that

sup B((S,v),n)

> Blnl  VYneR. (3.24)
swex\oy 1S, v)lIx

Downl oaded from https://academ c. oup. conmli maj na/articl e-abstract/38/3/ 1452/ 4082917

by guest

on 17 July 2018



1462 J. CAMANO ET AL.

FiG. 1. Choice of vq for the (left) two- and (right) three-dimensional cases.

Proof. Letv, € H‘FD (£2) be a fixed element such that (v - m, 1) 5, # 0. Hence, given € R, it follows
that

B((S,v),n) . [B((0,vo).n)] _(v-nl)
swexp\r 1SWIx = 110, vo)llx Ivolli,e

nl,

2v (vo n,l )
Ivollie *
Note that there is a very simple way of defining such an element vj. In fact, for the two-dimensional

case, if x; and x, are two points on I" such that the line [x;,x,] € Iy, then we let x,, be the midpoint
of [x1,x,] and x; be a point on I', or in the interior of §2, in such a way two triangles 7 and T, can be
constructed (see the left panel in Fig. 1). Then, we letv € HIFN(.Q) be such that v|y, € P(T;) fori = 1,2,
v(x,) =1,v(x;) =0fori =1,2,3and v(x) =0, forall x € 02— {T, UT,}, and define vy = vn, where n
is the normal vector on [x;,x,] (see Gatica ef al., 2011a, Lemma 3.6 for a similar approach). Similarly,
for the three-dimensional case, given xy, x,, x5 three points on Iy defining a triangle with barycentric x,,
(see the right-hand side of Fig. 1) and x, a point in the interior of £2, or on an opposite piece of boundary,
chosen in such a way below x, can be formed three tetrahedra T, T, and T5. Then we let v € leN (£2)
be such that v|;, € Pi(T;) fori = 1,2,3, v(x,,)) = 1, v(x;)) = O fori = 1,2,3,4 and v(x) = 0 for all
x € 2 — {T, UT, U T} and define v, = vn, where n is the normal vector on 7, U T, U T5. O

which implies the result with § =

We are now in position of establishing the well-definiteness of operator 7.

LEmMMA 3.3 Assume that x; > 0 and 0 < k, < 4v. Assume further that the body and traction forces f
and g satisfy

2
o
@+ ) flloe +2vigl-1p00r < — (3.25)
4Cc

with as and Cc being the constants in (3.23) and (3.21), respectively. Then, given w € K, there exists a
unique u € K, such that 7(w) = u.
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Proof. Let w € K. Notice first that, because of (3.22), (3.25) and the definition of K, it readily follows
that

(69N
w < —, 3.26
” ||1J7 =9 (jC ( )

In turn, from (3.21) and (3.23), there holds
A((S,v), (S8, v) + Cy((S.v), (S, v) = A((S, V), (S, V) — |Cw((S. V), (S, V)],

. (3.27)
> (o = Celwlie)ISWIE  ¥(S.v) €X,

which, together with (3.26), implies
o
A(S.V).(8.V) + Cu((Sv).(8.7) = TUE ;. (8.v) € X, (3.28)

that is, the bilinear form A(-, -) + Cy (-, -) is elliptic on X,. Therefore, since the bilinear form B satisfies
(3.24), we can apply the classical BabuSka—Brezzi theory to deduce that there exists a unique ((Ty, w), 1) €
Xy x R satisfying (3.16). Moreover, since B((Ty, u), u) = 0, from the first equation of (3.16) and from
(3.28) we easily obtain that

%A I(To, wllx < A((To, w), (To, w)) + Cy((To, w), (To, w)) = F(Ty, u),

which implies that

2
lallie < [1(To,wllx = —IFlx, llx; (3.29)
(&7N
and hence u € K. O

3.2.3 The main result. The main result of this section states the unique solvability and stability
estimates for problem (3.10).

THEOREM 3.4 Letf € L2(£2) and g € Hy,*(I'y), such that

2

o
@ + )P lloge + 2viigl-1200r, < ﬁ- (3.30)

Assume that x; > 0 and 0 < k, < 4v. Then, there exists a unique (T,u) € X solution to (3.10). In
addition, the solution (T, u) satisfies the estimate

1 1 C
[(T,u)|lx < 2(— + n'?12]'2 (— + —A>> (@* + kD) '21Iflo.e + 2vligl-1 200, ). (3.31)
(07N .3 ,BOlA

Proof. First, let us observe that assumption (3.30) ensures that Lemma 3.3 holds true (see assumption
(3.25)). To prove the well-posedness of (3.10), in what follows, we make use of the classical Banach’s
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fixed-point theorem and prove equivalently that the mapping 7 has a unique fixed point in K. To do that
we letz;, z, andu;, u, € K, such thatu;, = J(z;) and u, = 7 (z,). From the definition of .7, it follows
that

A((Ti 1), (8, %)) + C,((Ti,w), (S,v)) + B((S,v), i) =F(S,v) ¥ (S,v) € X,
(3.32)
B((Ti,u;),n)=0 vneR,

fori = 1,2, where T; € Hy(div; $2) and u; € R are the elements that together with u; constitute the
unique solution of (3.16) with z;. Then, by subtracting equations (3.32) with i = 1, 2, choosing the test
function ((S, V), r;) = ((Tl —T,u—wy), uy —Mz) € Xy xR, applying the ellipticity of A(-,-) + C,, (-, -)
on X (cf. (3.28)), the continuity of C,,_,, (cf. (3.21)) and the fact that ||(T},u;)[lx < £||F|XO||X6 (cf.
(3.29)), we proceed similarly as in the proof of Theorem 3.4 in Camafio et al. (2017) to obtain

4Cc||Flx, lIx
2

: lzi — z2]|10-

(3.33)

2Cc¢
o, — wllie < (T = Tr,u; —w)|x < — (T, w)xllz) — z2]l1.0 <

(07N oy

Hence, employing (3.22) and assumption (3.30), from (3.33) we readily obtain that 7 is a contraction
mapping. In this way, by applying the Banach’s fixed-point theorem, we obtain that there exists a unique
u € K such that 7 (u) = u, or equivalently, there exists a unique (T, u) € X solution to (3.10).

Now, to deduce estimate (3.31), we consider the decomposition T = Ty 4+ ul and recall that
((To,w), ) € X, x R is the unique solution of (3.12) (see (3.17)). Then, we first utilize the fact that
A(-, ) + Cy(, ) is elliptic on X, and proceed analogously as in the proof of Lemma 3.3 (see (3.29)), to
obtain

2
1(To, wlx = —I[IFlx,lIx;- (3.34)
(27

Moreover, using (3.22) and (3.30) from (3.34), we also obtain

(O7N
u < [[(To,w)lx < —. 3.35
lallie < I(To )le_2CC (3.35)
In turn, utilizing the inf—sup condition (3.24), the first equation of (3.12) and the continuity of F, A and
C,, we get

B((S,v), 1)
I R T
. F(S,v) — A((To,u), S, v)) — Cy((To, w), S, v)) (3.36)
<s,v>eX€\w} IS, v)lIx
<

IFlxyllx; + Call(To.wllx + Cellulliell(To, wllx,

which combined with (3.34) and (3.35) yields

1+ =+

| < 1 2Cs  2Ccllulli e
- oA (07N

2 Ca
IFlx, llx; = B 1+ o 1F1x, l1x; - (3.37)
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Therefore, recalling that ||I||§i”2 = (n,1)e = n|$2|, from (3.34) and (3.37), we easily see that

1 1 C
(T, wx < [[(To,wlx + I(xL,0)[Ix < 2 (— + n'?122'? (— + —A)) IF1x, lIx; »
oA B Bay

which, together with (3.22), implies (3.31). O

4. The Galerkin scheme

Most results in this section are simply inherited (or can be readily deduced) from their continuous
counterpart. Details will be therefore omitted whenever appropriate.

4.1 Discrete problem

We start by introducing the generic finite-dimensional subspaces

H,(div; 2) € H(div; 2), H, ,(2) € H} (£2). 4.1
Then defining
Hy, :={S) € HWdiv; 2) : ¢'S, € H,(div;£2) VeeR'} € H(div; 2),
H, ), = [H},(2)]" € H}, (2), 4.2)

Xh = Hh X H111,D g X,
our Galerkin scheme reads: Find (T, u;) € X}, such that
A((Th, w,), (Sp, Vh)) + Cu,, ((Th, w,), (Sp, Vh)) = F(Su,vi) Y (Su, Vi) € Xp, 4.3)

with A, C and F defined in (3.8) and (3.9).

In the subsequent sections, we prove that under suitable assumptions on the finite-dimensional spaces
H, (div; £2) and H,'1 p(£2), problem (4.3) is well-posed. Our approach basically consists of adapting to the
present discrete case the arguments employed in the analysis of the continuous problem, mainly those
from the proofs of Lemmas 3.1, 3.2 and 3.3 and Theorem 3.4.

We begin the derivation of the aforementioned assumptions by observing that to perform the decom-
position (1.1), we need to eliminate multiples of the identity matrix from H,,. This request is certainly
satisfied if we assume that:

(H.0)  Py(2) C Hy(div:2).

In particular, it follows that I € H, for all /, and hence, there holds the decomposition:
Hh = Hh,O (S5) Po(g) I with Hh,O = Hh N Ho(diV ) .Q), (44)

and, analogously to the continuous case, problem (4.3) can be rewritten equivalently as: Find
((Tho,wp), is) € Xpo x R, such that

A((Th,o,llh), (Sh,Vh)) + Cuh ((Th,o,llh), (Sh,Vh)) + B((Sh,Vh),th) = F (S, Vi),

4.5
B((Th0,w), 174) =0, *)
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for all ((Sy, Vi), nn) € Xio x R, where
X0 = Hyp X H111,D’

and B is the bilinear form defined in (3.13).
Next, following the same arguments utilized in the proof of Lemma 3.2, we deduce that B satisfies
the discrete version of (3.24), namely,

B((Sp, vi), m)

> Blml  Ym €R, (4.6)
SpvmeXpo\0r 1 (Sas Vi) llx

with B > 0, independent of the discretization parameter A, if and only if, there holds:
(H.1) There exists ¥, € H‘FD(.Q), such that
VoeH,, Yh>0 and (%-n1). #0. 4.7

In fact, utilizing (H.1), it is clear that

B((Sy, vi), m) _ B0, Vo), n1)
sup > S
(Spvi)eXp0\M0} I1(Sns vi) llx IVoll1.2

= Blnl,

with B = ﬁzg”nl;) independent of A.

We now adapt the fixed-point strategy from the continuous case to prove the well-posedness of (4.3).

4.2 Fixed-point strategy and well-posedness analysis

We begin by observing that, since H, and H,ILD are subspaces of H(div ; £2) and le,) (£2), respectively,
the estimates (3.20), (3.21) and (3.22) are inherited, as well as the ellipticity of A on X, .
Analogously to the continuous case, let us introduce the finite-dimensional bounded set

2||Flx, , lIx:
. 1. 013, 0
K,:={vieH,, : il < —— .
QA

where oy > 0 is the constant satisfying (3.23), and define the discrete version of 7 (cf. (3.15)):
I Ky = Ky, W, = Ji(wy) = wy, (4.8)
withu, € H}LD being the second component of ((T,,w,), n) € X0 x R, solution to

A((Th0.wp), (S Vi) + Cu, ((Thosws), (Sis Vi) + B((Sh, vi), n) = F(Sy, Vi),

“4.9)
B((Tho,us), 1) =0,

for all ((Sh, Vi), n,,) € X0 x R. Similar to the continuous case, the following equivalences hold:

J) =u, & (Tho,wp), uy) € XpoxRsatisfies (4.5) < (Tyo+unl,u,) € X, satisfies (4.3). (4.10)
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LEmMMA 4.1 Assume that (H.0) and (H.1) hold and that k; > 0 and 0 < «, < 4v. Assume further that
the external forces f and g satisfy

2
Op

@’ + K12)1/2||f||0,9 +2vligll-i200y =< 1C (4.11)
C

with «s and C¢ being the constants in (3.23) and (3.21), respectively. Then, given w;, € K,,, there exists
a unique u,, € K, such that 7(w,) = u,.

Proof. Similar to the proof of Lemma 3.3, it is easy to see that, under hypothesis (4.11), for all w, € K,,,
the bilinear form A(:,-) + Ci, (-, -) is elliptic on X, that is,

A((Sn, Vi), Sp, Vi) + Cy, ((Siy Vi), Sy, Vi) > (%AH(Sh,Vh)Hg( 4.12)

for all (S;,v,) € X 0. Then, recalling that B satisfies (4.6), the result is a direct consequence of the
classical Babuska—Brezzi theory. g

We are now in a position of establishing the well-posedness of problem (4.3).

THEOREM 4.2 Assume that (H.0) and (H.1) hold and that x; > 0 and 0 < k, < 4v. Assume further that
the external forces f and g satisfy

2
A

Y 413
= 4Ce “.13)

@ + )2t lloe + 2viigll-1/2.00.ry

with o and C¢ being the constants in (3.23) and (3.21), respectively. Then, there exists aunique (Tj, u;,) €
X, solution to (4.3). In addition, the solution (T}, u,) satisfies the estimate

1 1 C
[(Th,wp)lx < 2 <— + n'?|R2|'? <—~ + ~—A>> (@ + 6D Nfloe + 2vIgl-1200.ry ) (4.14)
oA B Boaa

Proof. According to (4.10), it is clear that for proving the existence and uniqueness of solution of problem
(4.3), it suffices to prove that 7, possesses a unique fixed point in K,,. To do that, we proceed analogously
to the proof of Theorem 3.4, that is, we make use of hypothesis (4.13) to deduce that J), is a contraction
mapping in K, and apply the well-known Banach’s fixed-point theorem to complete the result. Since
that the deduction is straightforward, we omit further details. In turn, by applying the ellipticity of
A(,-) + Gy, (), with w;, = w,, the inf-sup condition (4.6) and proceeding exactly as in the proof
Theorem 3.4, we can obtain

2 2 Ca
lupllie < 1(Tho,up)llx < al|F|xh,0||x;,‘O and |l < 3 (1 + a) IFlx,0llx; > (4.15)

which together with the fact that

IFlx,0llx < @02+ D)2l lloe + 2V lIgl-1/200.r (4.16)

h0 —

yield (4.14). O
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4.3 Céa’s estimate

THEOREM 4.3 Assume that hypotheses of Theorem 4.2 hold. Let (T,u) € X and (T,,u;,) € X}, be the
unique solutions of the continuous and discrete problems (3.10) and (4.3). Then, there exists C., > 0,
independent of A, such that

[(T,u) = (T, w)llx < Ceee _ inf _ I(T,w) = (Sp, Vi) lIx- (4.17)
(Sp.vip)eXy

Proof. Let, J7RS R, T() S Ho(div 5 Q) and Mp € R, Th,O (S Hh,O’ suchthatT = TO +,LLI and Th = Th,()"l_ﬂhl,
respectively, and define

¢ = (To,u) € Xo, ¢, = (Tho,w) €Xp0, €=0¢—¢, and e, =pu — w,.

According to (4.4), in what follows, we equivalently prove that there exists C > 0, independent of 4,
such that

lleglix + leul < C{lig — ¥yllx + I — ml} VY, € Xpo, Vi € R (4.18)
To do that we let,
Ker,(B) :={¢¥, := (S, vn) € Xs0: B, n) =0 Vi, e R},
and recall that the following identity holds

inf ¢ — P, lx <Cll¢ — ¥,Ix V¥, € Xy, (4.19)

¥ eKer;, (B)

with C > 0 independent of / (Gatica, 2014, estimate (2.89)).
First, given arbitrary ¢, := (S;,, ¥,,) € Ker,(B) and ), € R, let us decompose e, and e,, into

eg =&, +x, with &, :=¢_7/A,h’ Xo ::'&h_¢h’

) R R (4.20)
Cu = EH. + Xu with Eu =M= Nhs Xp = N — M-

In turn, recalling that (¢, ) € Xy x R and (¢, u,) € X0 x R are solutions of (3.12) and (4.5),
respectively (cf. (3.17), (4.10)), by subtracting the first equations of (3.12) and (4.5), we readily get

Aeg.¥)) + [Cu(@.9)) = Co, (64 ¥,)]| + BWye,) =0 VY, = (Sivi) €Xpp, (42D
which, after straightforward manipulations, yields

Aley, ¥)) + Cy,(ep, V) + Cu (0. ¥,) +BW,,e) =0 Vi, = (S, vi) € Xipo. (4.22)
In particular, taking ¥, = x4 € Ker,(B) in (4.22) and using (4.20), it follows that

A(X¢,X¢) + Cuh(X¢’X¢) = _A(§¢’X¢) - Cu—uh(¢,X¢) - Cuh(§¢,X¢)a
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and then, using the ellipticity of A(:,-) + Cy,(,-) on X, (cf. (4.12)), and employing the continuity
of A and Cy, with w = u — u,,, and w = u,, (cf. (3.20) and (3.21)) and the fact that [[u — u,||, o <
I€4lx + Il X4 lx, We obtain

o
7A||X¢||x < (CA + Cellupllie + CC||¢||X>||§¢||X + Celldlxllxgllx

which, together with (3.34) and (4.15), implies

OA 2CC 2CC
(5 - CellFix lx; ) Ixglx = (CA o Pl + 2=l llxg ) 16glx- +23)

The latter, along with assumption (4.13), estimates (3.22), (4.16) and the triangle inequality, implies that
there exists C; > 0, independent of A, such that

legllx < lE4llx + Ixgllx < Cillg4lx. (4.24)
On the other hand, using the inf—sup condition (4.6) and (4.22), it is easy to see that

,3~|X | < sup B('ﬁh, X/l,) _ sup _A(e¢7 Wh) - Cuh(edh wh) - Cufuh(¢v "ﬁh) _B("ﬁh’gﬂ)
e ¢hEXh,O\{0} ||¢h”x l/lhEXh’()\(O} ||Wh|lx ’

which combined with the continuity of A, B and C,,, with w = u;, and w = u — u,, and estimates (3.34),
(4.15) and (4.24) yield

Ixul = CLllEgllx + 1€,1}
which clearly implies
lewl < CofllEgllx + 15,13 (4.25)

Therefore, from (4.19), (4.24), (4.25) and the fact that 1},, € Ker,(B) and 7, € R are arbitrary, we easily
obtain (4.18) and conclude the proof. O

We conclude this section by observing that, provided the solution (T, u;,) € X}, of problem (4.3), we
can approximate the pressure p and the shear stress o by using the following post-processing formulas:

1
pPn = —;(tl’ (Th) —+tr (uh ® llh)) and o, = T;, +u, Quy,. (426)
The following corollary establishes the approximation result for this post-processing procedure.

COROLLARY 4.4 Assume that the hypotheses of Theorem 4.2 hold true. Let (T,u) € X and (T, u;,) € X,
be the unique solutions of the continuous and discrete problems (3.10) and (4.3), respectively. Let p, and
o, be given by (4.26). Then there exists C > 0, independent of 4, such that

lp —pulloe + llo —aulloe < C inf_ |(T.u) — (Spvi)llx- (4.27)
Sp.vp)eX,
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Proof. Using estimates (3.35), (4.15) and the fact that H' is continuously embedded into L*, it is not
difficult to see that
lu®@u—w Quloe < |(u—-w)®uloe + [, ® (u—u)loe
< C{lm—w)llielulie + [@—u)lielul.ec} (4.28)

< Cllm—u)ll.p
Then, the result follows from (4.17), (4.28) and equations (2.3), (2.4) and (4.26). O

4.4 A particular choice of discrete spaces

Let 7, be a regular family of triangulations of the polyhedral region £2 by triangles K in R? or tetrahedra
in R? of diameter Ay such that 2 = U{K : K € 7} and define h := max{hx : K € 7,}. For each integer
k > 0 and for each K € 7,,, we define the local Raviart-Thomas space of order k (see, for instance, Brezzi
& Fortin, 1991):

RT(K) := P (K) & P (KX,
where x := (xi,...,x,)" is a generic vector of R". Then, we specify the discrete spaces in (4.1) by:

H,(div:2):={s = (s1,...,s,) € Hdiv;2): s|x € RT,(K), VK eT,},

_ (4.29)
H,,(2):={veC(2): vlx € Ppi(K), YK€T, and v|p, =0}

Itis not difficult to see that these spaces satisfy hypotheses (H.0) and (H.1) (see Section 4.1). In particular,
(H.1) is easy to verify if the sequence of subspaces is nested or if we are able to find a coarser space
where (H.1) holds. Then, ¥, can be constructed exactly as explained at the end of the proof of Lemma
3.2. In turn, it is well known that these subspaces satisfy the following approximation properties (see,
e.g., Ciarlet, 1978; Gatica, 2014):

For each r > 0 and for each s = (sy,...,s,) € H'(£2), with divs € H"(£2), there exists
s, € H,(div; £2), such that

Is — sullaiv.0 < CR™™ D L |is|l, o + [|divs]l,.e}. (4.30)
For each r > 0 and for each v € H*!(22) N HIFD (£2), there exists v, € H; ;,(£2) such that

v =il < CR™ 4 v]l, 4 0. 4.31)

The theoretical rate of convergence for (4.3) with spaces as in (4.29) is stated in the following result.

THEOREM 4.5 LetX, = H, x H,i p defined in terms of the spaces (4.29). Let (T, u) € X and (T, u;) € X,
be the unique solutions of the continuous and discrete problems (3.10) and (4.3), respectively. In addition
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TABLE 1 Local degrees of freedom for the lowest order
method (k = 0)

Bernardi-Raugel MINI-element RT, — P,
Local Dof 10 11 12

to the hypotheses of Theorem 4.2, let us assume that T € H'(£2), divT € H'(£2), and u € H*'(£2), for
some r > 0. Then, there exists C > 0, independent of £, such that

(T, ) = (T, up)llx < Craeh™ " H{ITI, 0 + 1div Tl + lull410}- (4.32)

Proof. The result is a straightforward application of Theorem 4.3 and properties (4.30) and (4.31). [
We now provide the rate of convergence for the post-processing introduced in (4.26).

COROLLARY 4.6 There exists C > 0, independent of 4, such that
Ip = pilloe + 16 = 0ullog+ < T4 |T g 4+ |diVTl0 + [ull e} @433)
Proof. The result is a direct application of Theorem 4.5 and Corollary 4.4. g

REMARK 4.7 In Table 1, we compare the local degrees of freedom (Dof) of our method, considering
k = 0 and n = 2, with the corresponding local Dof of the velocity—pressure formulation discretized by
the Bernardi—Raugel element and the MINI-element (see Chapter III in Girault & Raviart, 1986). We
observe there that, although our formulation possesses considerably more unknowns (six unknowns
in two-dimension) than the velocity—pressure formulation (three unknowns in two dimensions), the
computational cost is not considerably increased.

5. A posteriori error analysis

For each K € 7, we let £(K) be the set of edges (faces) of K and we denote by &, the set of all edges
(faces) of 7, subdivided as follows:

E = E(R2) U EUp)UEUy),

where £,(2) == {e €&, : eC R}, EUp) =1{ecé& :eCIptand §(Ty) = {e€ &, : e C
I'y }. In what follows, &, stands for the diameter of a given edge (face) ¢ € &,. Also, we fix a unit normal
vector n, to the edge (face) e (its particular orientation is not relevant). However, when no confusion
arises, we will simply write n instead of n,.

Now, let (T, u) € Xand (T, u,) € X, be the unique solutions of the continuous and discrete problems
(3.10) and (4.3), respectively. Then, we introduce the global a posteriori error estimator

172

o=1{Yerl . 5.1)

KeT,
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defined locally (for each K € 7;,) as

O = If +div T2, + T —2ve) + W, @u) 2+ > A llg—Ton— (w, @ upnll,.
ecE(K)NER(Ty)

(5.2)

5.1 Reliability of the a posteriori error estimator

The main result of this section is stated as follows.

THEOREM 5.1 Let (T,u) € X and (T),u;,) € X, be the unique solutions of the continuous and discrete
problems (3.10) and (4.3), respectively. Assume that g € L?(I}y) and that

C 1 1 G\
412 2y1/2 ¢ 2 B ~ _9lob i)z = N_A 53
@+ k) ko +2vIgh-1200my < icc \ax +n/782| F; + Bax (.3)

with Cg; o1, being the positive constant in (5.6) below. Then, there exists Cy.; > 0, independent of &, such
that

(T —Thru—w)|x < Cra®. 54
We begin the derivation of (5.4) by observing that, since (A + C,)(, -) is elliptic on X, and B satisfies

the inf—sup condition (3.24), then the following global inf-sup condition holds (Ern & Guermond, 2004,
Proposition 2.36)

(A + Co)(R,2), (5,7)) + B(R, 2), 1) + B(S, V), 1)
C O. R’ + A’ S 9
(IR Dx+ D = P 1.V lx + 1]

for all ((R,z),1) € Xy x R, with

2
Coron = erp : (5.5)
(@a+B8+Cc+Ca) 1+ B+ Cc+ Cy)
which according to (1.1), implies
(A+Cy)((R,2),(S,v))
CoonlR,2)[x <  sup V(R,2) € X. (5.6)
(S.v)eX\(0) 1S, v)lIx

REMARK 5.2 Recalling that C, = 4max{1,k;,2v,2vks, K2}, Cc = |ilI2(1 4+ «H'? + 2vlir*lyolls
/3 . 2v<v0»n,1)

 vollie
small v we observe that s & V2, Cc &~ 1 + v, B ~ v, C, can be seen as a constant independent of v,

and then

and oy = %min { min{1, x1}, k1, k» (4v — Kz)CK}, taking k; = k, = 2v, for sufficiently

1)4

WM+v+DA+v)

Cglob ~
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Therefore, since C,e1 & C;fob, the reliability of the estimator ® might be affected if v is close to O (see
(5.11) below).

On the other hand, thanks to (3.10) and additional algebraic manipulations, we easily find that
(A+Co)((T=T),u—uy), (S,v)) = F(S,v) —(A+Cy)) (Ty, wp), (S, V) +Cy—u (T, wy), (S, v)). (5.7)
In addition, we recall from (3.21) that

|Cu,—u((Thwp), (S, V)| < Celluy, — e [[(Th w) Ix (S, v) Ix,

which, thanks to (4.14) and (5.3), and the fact that ||u, —u||, o < [|[(T — T),u —u,)||x, yields

Cglob

|Cuyp—a (T, wp), (S, V)| < — 1T =Thu- w,)[Ix[1(S, v) [Ix-

Thus, taking (R,z) = (T — T),u — u;,) in (5.6) and using (5.7) and the previous inequality, we arrive at

Cs1o RES, v
S92 (T Ty u — wlx LAz

(5.8)

swex\o) 1S,V Ix”
where R : X — R is the residual functional defined by
RS, v) :=FES,v) — (A+ Gy )(Ty,my), (S,v))  V(S,v) € Xl

More precisely, according to (2.6), (3.1), (3.5) and (4.3) and the definitions of A, B, C,, and F (cf. (3.8)
and (3.9)), we find that for any (S, v) € X, there holds

R(S,v) = Ri(S) + Ra(v), 5.9)
where
Ri(S) := —k; (F+div T, divS)e — (T} +2ve(w,) + (0, ®uy)?, S) o — 2v(uy, divS) e +2v(Sn, wy) .,

and

Ra(v) :=2v(f +divT,, v)o + k2 (Tf — 2ve(w,) + (u, @ uy), e(V))e

(5.10)
+2v(Tp, @(V))e + 2v (g — Tin — (w, @ uyn, v) .
Hence, the supremum in (5.8) can be bounded in terms of R and R,, which yields
Caron T-T < IR R (5.11)
T”( —Trhu—w)lx = IRillua@iv:ey + | 2||HIFD(_Q)/- .

Throughout the rest of this section we provide suitable upper bounds for each one of the terms on the
right-hand side of (5.11). We begin with the upper bound of R,.
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LEMMA 5.3 There holds

. 12
IR llm@iv.ey < {K12||f + div Th||é,9 + T, — 2ve,) + (0, ® uh)dllé,g} !

12 (5.12)
={ > KklIf+divT 5, + 1T} — 2ve(w,) + (w, @ w5,

KeT,

Proof. Similarly, as in Gatica et al. (2016, Section 3.3), we integrate by parts (div S, u;,), and utilize the
fact that e(u;,) = Vu, — w(u,) to observe that R can be rewritten as follows:

Rl (S) = —Ki (f + div Th, div S)Q — (Tz — 2v e(uh) + (uh ® llh)d, S)g (513)
Then (5.12) follows straightforwardly from (5.13) and the Cauchy—Schwarz inequality. d

To derive the estimate for R,, we need to introduce the well-known Clément operator I, : H'(£2) —
Y, ={v e c() : vk € P1(K), YK € 7,}, which approximate optimally nonsmooth functions by
continuous piecewise linear functions. Of this operator, we will only use the following approximation
properties (see Clément, 1975 for details): there exist constants ¢, ¢, > 0, independent of 4, such that
forallv e H'(2),

v —"Iwvllox < cihellviliaxy VK €7, (5.14)
v —Iyvlloe < Ch;/2||V||1,A(e) Vee&, (5.15)
where
AK):=UK' €T,: KNK#@ and A(e):=UK €7,: K Ne#0}.
The following lemma provides the upper bound for R,.
LEMMA 5.4 There exists C > 0, independent of 4, such that

172

IRolly o = € 20 ot . (5.16)

KeT),

where, for each K € 7j:

Op 1= W |f +div T} ¢ + 1T —2ve) + W @u) 5+ Y hellg—Tin— (w, @ )|,

ecE(K)NE(Iy)

Proof. Givenv € leD (£2), we set v, = I,(v) € H},,D, with I, being the vector version of I;,, which is

defined componentwise by /,, and observe from (4.3) with S, = 0 and the fact that % (as(T,), curl (%)) g =
(Th, @(V1)) 2, that

2v(g — T)m — (u, @ uy)n, ‘A’h)FN = 20 +divT,, V))o — 2v(T),0(V)))e

— iy (T —2ve(w,) + (u, @ u,)?, e(Vy))e.
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Then, combining the latter with the definition of R, (cf. (5.10)), and using the fact that (T, ®(z))o =
(T, w(z)) and (— 2v e(uy) + (0, @uy)?, @(z)) o = 0 for any z, we observe that R, (v) can be expressed
as follows:

Ro(v) =2v(E +divT,,v—¥)o + k2 (T} — 2ve(w,) + (W, ®uw,)*,e(v—"¥,))e

+20(T} = 2ve(wy) + (wy ® w)®, @(V = Vi) +2v (g — Tym — (W, @ upn, v — V) . .

5.17)
Therefore, noticing that the boundedness of I, (Ern & Guermond, 2004, Lemma 1.127, p. 69) implies
le(v—Villoe < Clvlie and [l@(V —V)loe < Clvlia,

using the Cauchy—Schwarz inequality, estimates (5.14) and (5.15) (for the first and last terms in (5.17)),
the fact that the numbers of triangles (tetrahedra) in A(K) and A(e) are bounded and recalling that
g € L?>(I'y), from (5.17), we obtain (5.16), which concludes the proof. O

We finally observe that reliability (cf. (5.4)) is a direct consequence of Lemmas 5.3 and 5.4.

5.2 Efficiency of the a posteriori error estimator

THEOREM 5.5 Let (T,u) € X and (T,,u) € X, be the unique solutions of the continuous and discrete
problems (3.10) and (4.3), respectively, and assume that g is piecewise polynomial. Then, there exists
C.¢s > 0, independent of A, such that

Cees® < (T —Tj,u —uy)|x. (5.18)

To prove Theorem 5.5, in what follows, we make extensive use of the original system of equations
(2.8), which is recovered from the augmented continuous formulation (3.10) by choosing suitable test
functions and integrating by parts backwardly the corresponding equations. We begin with the estimates
of the zero-order terms appearing in the definition of O (cf. (5.2)).

LEMMA 5.6 There hold
If +divTillox < IT—Tillavx VK €7,

and

D IT] = 2ve(uy) + W @ u)?l5x < Cr {IT = Thllgy o + 0 —will} o},

KeTy,

where C, > 0 is independent of A.

Proof. For the first term, it suffices to recall that div T = —f in £2, whereas for the second one we use
the relation T¢ — 2ve(u) + (u® u)? = 01in £2, the Cauchy—Schwarz inequality and estimates (3.19)
and (4.28). O
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To derive the estimate for the third term appearing in ® (cf. (5.2)), in what follows, we make use of
an inverse inequality and the localization technique based on edge-bubble or face-bubble functions. To
this end, we now introduce further notations and preliminary results. Given K € 7, and e € £(K), we
let ¢, be the usual edge-bubble or face-bubble function (Verfiirth, 1996), which satisfies ¢.|x € P»(K),
suppd, € w, ;= U{K' € T, : e € EK)}, ¢ = 0ondK \eand 0 < ¢, < 1 in w,. We also recall
from Verfurth (1994) that, given k € N U {0}, there exists an extension operator L : C(e) — C(K)
satisfying L(p) € Py(K) and L(p)|. = p Vp € Pi(e). A corresponding vector version of L, that is the
componentwise application of L, is denoted by L. Additional properties of ¢, and L are collected in the
following lemma.

LEMMA 5.7 Given k € NU{0}, there exist positive constant ¢; and c,, depending only on k and the shape
regularity of the triangulations (minimum angle condition), such that for each K € 7, and e € £(K),
there hold

lqlig. < cill¢.%qlls, Vg € Ple), (5.19)
IpL(@ gk < 192 L@ 5« < c2heliglly, Vg € Pile). (5.20)
Proof. See Lemma 1.3 in Verfuirth (1994). O

The aforementioned inverse estimate to be utilized next is established now. For its proof, we refer the
reader to Ciarlet (1978, Theorem 3.2.6).

LemmA 5.8 Let k, [, m € N U {0} such that [ < m. Then, there exists ¢ > 0, depending only on &, [ m
and the shape regularity of the triangulations, such that for each K € 7, there holds

glng < chy"lqlix ¥ q € Pu(K). (5.21)
Now, we provide the final estimate.

LEMMA 5.9 Assume that g is piecewise polynomial. Then, there exists C, > 0, independent of %, such
that

> hlg =T — wunls, <C{ > IT=Tl e +hlu—wligt. (522

ecE(Iy) ecE(Iy)
for all e € &,(I'y), where K, is the triangle of 7, having e as an edge.

Proof. Given e € E(Iy), we let K, be the element of 7, having e as an edge or face, and define
v,:=¢g — T)n — (u, ®u;,)n on e. Then, we proceed similar to the proof of Gatica ef al. (2011b, Lemma
3.16), that is, we apply (5.19), recall that ¢, = 0 on 9K, \ e, extend ¢, L(v,) by zero in £2 \ K, so that the
resulting function belongs to H'(£2), use that g = Tn + (u ® w)n on I, integrate by parts in £2 and
make use of (5.20) and (5.21) to arrive at

IVelloe < Ch* {hz' T = Tyllok, + ldiv (T = Ti)llok, } + Cll(@ @ wn — (w, @ wnllo,,  (5.23)
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which implies

e Vel < C{IT = Thllgy &, + be (@ ® wn — (0, ® w,)n|ig,}. (5.24)
In turn, using estimates (3.3), (3.35) and (4.15) and the fact that H'/2(I") is continuously embedded into
L*(I"), and proceeding similarly as in (4.28), we easily obtain that

> le@wn - @un|f, = [(@@wn — (w, @u)n|j, < Cllu—wu},.

ecE(Ty)
From this estimate, (5.24) and the fact that 4, < h, we obtain (5.22), which concludes the proof. O

We conclude by observing that the efficiency of @ follows straightforwardly from Lemmas 5.6 and 5.9.

6. Numerical results

The subsequent examples serve to test the performance of the proposed scheme, to confirm the conver-
gence rates anticipated by Theorem 4.5 and to illustrate the efficiency and reliability of the a posteriori
error estimators.

Test 1. In the first example, we consider n = 2 and manufacture the following exact solutions to (2.8)
with mixed boundary conditions, defined on the rectangular domain §2 = (0,3/2) x (0, 1)

_ (2@ =D -D2y—1) N 1.5% B
u_(2y2(y—1)2x(x—1)(2x—1)>’ P—x3—y4—7+§’ T =2ve(w) —u®u—plL.

These functions satisfy the analized regularity and are employed to set up the external load f, and the
nonhomogeneous boundary traction g defined on the right wall of the rectangle, which constitutes I'y.
Notice that the exact displacements vanish on ', (conformed by the bottom, top, and left edges of the
domain). The fluid viscosity is taken as v = 1 and the augmentation constants are setas k; = k, = 2v = 2.
Following the structure of the linearization used to establish the solvability of both continuous and discrete
problems, here we employ a fixed-point algorithm, and at each Picard iteration, the linear systems are
solved with the multifrontal direct solver MUMPS. We proceed to study the accuracy of the finite element
schemes of order k € {0, 1} by solving the discrete problem on a sequence of successively refined
triangulations of £2 and computing errors for stress and velocity in their natural norms. The error history
is collected in Table 2, which indicates that the method converges optimally to the exact solutions.
Accordingly, we observe effectivity indexes (defined in (6.1), below) that approach very closely the
optimal value 1. The fixed-point iterates are terminated when the residual attains a fixed tolerance of
le—9, and the table shows that a maximum of five iterations are required. For reference, we also include
in Fig. 2 the flow patterns obtained with the lowest order method on a structured mesh with 50438
elements.

We also investigate the robustness of the formulation with respect to the viscosity value. From the
structure of the closed form solutions, we observe that both velocity and pressure do not depend on
v. So we repeat the convergence study above concentrating on the accuracy of the stress approxi-
mation and the number of fixed-point iterations when we refine the mesh and when we decrease the
viscosity. In Table 3, we observe that smaller viscosities produce a deterioration of the convergence
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TABLE 2 Test 1A: Errors, convergence rates and effectivity index associated to the a posteriori error
indicator and Picard iteration count for the RT, — P approximation of the Navier—Stokes equations
in mixed form. The error history for the post-processed pressure (projected onto the space of discontinuous
P> elements) is also displayed

Dof h e(T) rate e(u) rate e(p) rate eff(@) Iter
k=0
70  0.7071  1.8092 — 0.2599 — 0.4709 — 0.9736 4
126 05017 13970 0.7534  0.2258 0.4108 0.3515  0.8519 1.0000 5
330  0.2931 0.8680 0.8854 0.1546  0.7040  0.2069  0.9861 1.0207 5
1026  0.1601 0.4868 0.9569 0.0899 0.8970 0.1153  0.9673 1.0540 5
3570  0.0840 0.2577 0.9857 0.0479  0.9741 0.0608  0.9902 1.0573 5
13266  0.0430 0.1325 0.9956 0.0246  0.9957  0.0311 1.0015 1.0676 5
51090 0.0218 0.0671 0.9986 0.0124  0.9996  0.0157 1.0021 1.0677 5
200466  0.0109  0.0338  0.9995  0.0062 1.0000  0.0079 1.0012 1.0700 5
k=1
210  0.7071  0.5802 — 0.1341 — 0.0786 — 0.9579

394 05017 03287 1.6555 0.0780  1.5796  0.0476 1.4608 0.9611
1078  0.2931 0.1236  1.8195  0.0308 1.7273  0.0185 1.7541 0.9676
3454  0.1601  0.0384 19348  0.0098 1.8819  0.0058 1.9043 0.9987

12238  0.0840 0.0107 1.9756  0.0028 1.9441  0.0016  1.9424 1.0107
45934 0.0430 0.0028  1.9900 0.0007 19718  0.0004  1.9620 1.0228
177838  0.0218  0.0007  1.9955  0.0002 1.9856  0.0001 1.9774 1.0308
699694  0.0109  0.0001  1.9979  0.0001 1.9926 3.0e-5 1.9876 1.0402

D L L L e e e D

(both in terms of error decay of the stress approximation and iteration count), especially for coarser
meshes.

Test 2. For our second numerical example, we perform the classical test of flow over a backward-facing
step. The problem set up consists of a channel of a dimensional length 5 and height 1, expanding abruptly
to a height of 2. Channels shorter than usual can be easily studied since outflow conditions can be readily
incorporated with the present formulation. Recirculating flows are expected just after the step, whose
shape and size depend on the Reynolds number (in this case, Re = DU /v = 200, where v = 0.01 is the
kinematic viscosity, D = 2 is twice the inlet height and U = 1/2 is the mean inlet velocity). A parabolic
inflow velocity profile is imposed on the left part of the domain u = (2x,(1 — x;),0)7, a zero stress
condition is set on the right end of the channel (corresponding to consider g = 0) and no-slip velocities
are set on the remainder of d§2. After constructing a coarse unstructured triangular mesh, the problem
is solved using the proposed mixed finite element scheme, the local a posteriori error estimator (5.2) is
computed, and elements are marked for refinement according to the classical maximal error strategy. Then
a new mesh is generated and the adaptive process is repeated seven times. Numerical results obtained
on the finest level are portrayed in the first three rows of Fig. 3. Well-resolved profiles are obtained for
stresses and the velocity components with streamlines show the presence of the expected reattaching
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TABLE 3 Test IB: accuracy of the stress approximation and iteration
count produced with a lowest order method, for different viscosity values

Dof e(T) rate eff(d) Iter
v=0.1
70 1.3048 — 1.1975 6
126 0.9550 0.9095 1.2383 7
330 0.5630 0.9829 1.2075 7
1026 0.3082 0.9968 1.1564 7
3570 0.1617 0.9996 1.1286 6
13266 0.0829 1.0001 1.1183 7
51090 0.0419 1.0001 1.1150 7
200466 0.0223 1.0000 1.0536 7
v =0.01
70 4.9397 — 1.1637 11
126 4.5050 0.1394 1.4477 11
330 3.8334 0.4758 1.3101 12
1026 0.6837 2.8530 1.6875 10
3570 0.1624 2.2279 1.9585 11
13266 0.0814 1.0326 1.7924 11
51090 0.0410 1.0076 1.3378 11
200466 0.0230 1.0021 1.1391 11
v = 0.001
70 11.704 — 1.2354 15
126 7.9093 0.4422 1.0702 17
330 5.1204 0.7083 1.0017 15
1026 1.0865 0.6041 1.2241 16
3570 0.6933 0.7980 1.8104 16
13266 0.1320 1.3775 1.8634 16
51090 0.0749 0.9607 0.8227 17
200466 0.0482 0.7691 0.9253 17

flow behaviour. The last row of the figure depicts adaptively refined meshes at intermediate steps of the
algorithm. They indicate a clear clustering of elements near the re-entrant corner of the domain, as well
as near the zones of high velocity gradients and stress concentration. Notice that the magnitude of 7',
dominates all other individual fields, which results in the fact that this quantity also dictates where the
mesh refinement is applied. For this example, we used a Newton method with a fixed tolerance of le-7
and the linear systems were solved with the UMFPACK solver.

Test 3. Next we turn to the testing of the scheme and the adaptive algorithm in a three-dimensional scenario.
We want to compute errors produced by our mixed method, satisfying precisely the analysed boundary
conditions, but considering a nonconvex domain. We take a computational domain defined as 2 =

Downl oaded from https://academ c. oup. conmli maj na/articl e-abstract/38/3/ 1452/ 4082917
by guest
on 17 July 2018



1480 J. CAMANO ET AL.

-2.05 -1.1 2.30

e —

on -0.053 o} on

U

T -3.45 -1.4 0 2.05 T -1.08 -0.58 0 0.58 1.23
11,h R 12,1 i’

FIG. 2. Test 1A: approximate numerical solutions computed with the lowest order method. Velocity components, post-processed
pressure and total stress components.
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FIG. 3. Test 2: Approximate numerical solutions of the backward-facing step benchmark computed with a method of order k = 1.
Total stress components (top panels), velocity components and streamlines and post-processed pressure (middle row), and three
snapshots of meshes after one, three and five adaptive refinement steps according to the a posteriori error estimator (bottom).

(0, 1)3\ [0.5, 1]* and we manufacture the following exact solutions of the Navier—Stokes equations (2.8)

sin®(7rx;) sin(wx,) sin(27x3)
u= sin(7x;) sin’ (7 x,) sin(27x3) ,
—[sin(27xy) sin(7rx,) + sin(wx;) sin(27x,)] sin® (77x3)

2,2
l—xi—x}—x3

(1—055)2+(ch—055)2+()¢3—055)2

T=2ve(u) —u®u—
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TABLE 4 Test 3: errors, convergence rates, effectivity indexes and fixed-point steps to converge for the
RT, — P, approximation of the Navier—Stokes equations in mixed form under uniform nonnested (top
rows) and adaptive (bottom rows) refinement according to the proposed a posteriori error estimator

Dof h e(T) rate e(u) rate e(p) rate eff(0) Iter
Uniform, nonnested refinement
402 0.7071 161.4696 — 4.5341 — 161.5333 — 0.9548 3
2655 0.3536 148.2176  0.0907 3.2936 0.3387 148.2542 0.0909  0.8627 5
8400 0.2357 130.4515 0.2217 2.5345 04549 130.4762 0.2218  0.8820 5
19275 0.1768 128.6967 0.1092 2.0552 0.5047 128.7125 0.1090 0.8237 6
36918 0.1414 121.6633 0.2903 1.7212 0.5458 121.6754 0.2903  0.9037 5
62967 0.1179 110.4270 0.3630 1.4844 0.5544 110.4370 0.3630 0.8644 5
146835 0.0884 93.9559 0.4198 1.1782 0.5399 93.9633 0.4198 0.9734 6
Adaptive refinement

402 0.7071 161.4696 — 4.5341 — 161.5333 — 0.9548 3
1575 0.6270 106.6375 0.8559 2.0084 0.8805 106.7010 0.8557  0.9638 5
9000 0.3138 87.0510 09215 1.0573 0.9493 87.0769 0.9211 0.9863 5
40629 0.2789 60.8049 0.9397 0.8174 0.9531 60.8231 0.9396  0.9878 5
130518  0.2608 40.8514 0.9936 0.5849 0.9346 40.8761  0.9932  0.9904 5
413919  0.2500 17.1690 1.0186 0.3311 1.0598 17.2243  1.0149  0.9857 5

which may appear contrived, but their specific form obeys to satisfaction of homogeneous Dirichlet
conditions for the velocity on I (the sides lying on the unit cube (0, 1)*), and which we also employ
to specify the forcing term and the nonhomogeneous normal stress condition on Iy (the remainder of
the boundary). Notice that the singularity of the stress near the re-entrant quadrant at (0.55, 0.55,0.55)
anticipates that the convergence will be affected if uniform refinement is applied. We define the total
error and the effectivity index associated to the a posteriori error estimator as

e :={le(MP +[e@]’}'” and eff(®) :=eb, 6.1)

respectively. The viscosity is taken as v = 1 and two runs of the error analysis are performed: one with
uniform mesh refinement (however, we do not apply a nested refinement, as we only consider partitions
with 2m points on a given edge, on each refinement step m = 1,...), and one under adaptive mesh
refinement based on a distribution of the local error indicators so that the marked elements represent a
70% of the total error. Table 4 shows the obtained error history, indicating sub-optimal convergence rates
and oscillating effectivity indexes for the constantly refined meshes, while both the expected optimal
convergence and the steady effectivity indexes are restored under adaptive refinement.

We present in Fig. 4 examples of approximate solutions along with snapshots of a few adaptive meshes
generated following the a posteriori error estimator. Elements are concentrated near the origin and on
regions of high stress, and even with rather coarse meshes, the produced stress and velocity profiles are
well resolved.

Downl oaded from https://academ c. oup. conmli maj na/articl e-abstract/38/3/ 1452/ 4082917

by guest

on 17 July 2018



1482 J. CAMANO ET AL.

304.47
E225.6
£146.7

67.79

=11.10

e

U3 p

T,

FIG. 4. Test 3: Approximate numerical solutions computed with a method of order k = 0. Total stress magnitude, velocity stream-

lines and post-processed pressure (top panels), velocity components (middle row) and three snapshots of meshes after one, three
and five adaptive refinement steps according to the a posteriori error estimator (bottom).
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