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Abstract

In this paper we analyze an augmented mixed finite element method for the Navier-Stokes
equations. More precisely, we extend the recent results from [Camaifo et al., Mathematics of
Computation, to appear. DOI: 10.1090/mcom/3124] to the case of mixed (Dirichlet and trac-
tion) boundary conditions in different parts of the boundary, and introduce and analyze a new
pseudostress-velocity augmented mixed formulation for the fluid flow problem. The well-posedness
analysis is carried out by means of a fixed-point strategy where the classical Babuska-Brezzi theory
and the Banach’s fixed-point Theorem are employed. Next, adapting to the discrete case the argu-
ments of the continuous analysis, we are able to establish suitable hypotheses on the finite element
subspaces ensuring that the associated Galerkin scheme becomes well-defined. Namely, a feasible
choice of subspaces is given by Raviart-Thomas elements of order £ > 0 and continuous piece-
wise polynomials of degree k 4 1 for the nonlinear pseudo-stress tensor and velocity, respectively,
yielding optimal convergence rates. In addition, we derive a reliable and efficient residual-based
a posteriori error estimator for our method. The proof of reliability exploits the global inf-sup
condition and the local approximation properties of the Clément interpolant. On the other hand,
the efficiency of the estimator follows from a combination of inverse inequalities and localization
via edge-bubble functions. A set of numerical results is provided to exemplify the performance of
the augmented method with mixed boundary conditions, to confirm the aforementioned properties
of the a posteriori error estimator, and to show the behaviour of the associated adaptive algorithm.

Key words: Navier-Stokes, mixed finite element method, augmented formulation, mixed boundary
conditions, Raviart-Thomas elements, a posteriori error analysis.

Mathematics Subject Classifications (1991): 65N15, 656N30, 76D05, 76M10.

1 Introduction

This paper 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
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mixed pseudostress-based formulation of this problem.

There exists an abundant recent literature dealing with numerical techniques to approximate the
solution of the Navier-Stokes problem, presenting a rich variety of methods with different features
and, in general, being tested for many fundamental problems and industrial applications. Among this
diversity of strategies, methods based on dual-mixed formulations have gained considerable attention
during the last few decades 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 addi-
tional variables of interest as a simple post-processing from the primal unknowns (see for instance
[9, 10, 7, 21, 26, 27, 34] and the references therein). Particularly, the study of dual-mixed methods
based on the introduction of stress or pseudostress tensors has proven remarkable success in key ap-
plication problems, such as Stokes-Darcy, Navier-Stokes/Darcy, and Boussinesq coupled systems (see,
for instance [11, 14, 28, 30]).

In the context of the Navier-Stokes equations, in [7] (see also [6]) the authors introduced and
analyzed a conforming dual-mixed method where the pseudostress, the velocity and the pressure are
the main unknowns of the system. Their formulation allows the utilization of Raviart-Thomas elements
for the pseudostress tensor, yielding quasi-optimal approximations with accuracy O(hk+1_”/ 6) (n =
2,3) in the L3—norm. More recently (cf. [9]) a new pseudostress-based mixed method has been
introduced for the Navier-Stokes problem with Dirichlet boundary conditions. Such a method involves
a new pseudostress tensor depending nonlinearly on the velocity through the respective convective
term, whereas pressure is eliminated via the incompressibility condition, and can be recovered as a
simple postprocess of the pseudostress tensor. The formulation from [9] results in Raviart-Thomas
approximations of pseudostresses exhibiting optimal convergence. Actually, and up to the authors’
knowledge, that is the first Raviart-Thomas-based mixed method for Navier-Stokes providing optimal
convergence for all the unknowns. The key feature behind this optimality is the introduction of residual
terms arising from the constitutive and equilibrium equations. This procedure of augmentation with
residual terms allows to circumvent the necessity of proving inf-sup conditions, and as a result, to relax
the hypotheses on the corresponding discrete subspaces. For more information on this procedure, we
refer the reader to [5, 19, 23, 24] (see also other related approaches in [34, 21]).

The purpose of the present work is to continue the study of pseudostress-based mixed methods for
the incompressible Navier-Stokes equation by extending the work [9] to the case of mixed boundary
conditions, particularly, when dealing with free surface flows or outflow/artificial boundaries (see
e.g. [2, 3,4, 15]). In this direction, in the literature the only contribution dealing with dual-mixed
formulations and mixed boundary conditions for the Navier-Stokes problem is [20], where the authors
study a strain-velocity-vorticity-pressure formulation for the fluid flow problem. Utilizing the discrete
elements developed in [18] for the Stokes and elasticity problems, the authors provide a quasi-optimal
convergent mixed finite element method.

Here we study a new augmented mixed formulation for the Navier-Stokes equation with mixed
boundary conditions. Similarly to [9], we introduce a pseudostress tensor relating the strain tensor
with the convective term as an auxiliary unknown, which together to the velocity (in H'), constitute
the main unknowns of the system. The pressure is eliminated using the fluid incompressibility, and
can be recovered as a simple postprocess of the pseudostress tensor. Moreover, due to the presence
of the convective term in the system, the velocity is kept in H!, which leads to the incorporation
of Galerkin type terms arising from the constitutive and equilibrium equations. Then, the resulting
augmented variational problem is written equivalently as a saddle-point problem, and utilizing the
classical Babuska-Brezzi theory and the Banach’s fixed point theorem, we prove existence and unique-
ness of solution of the continuous and discrete problems. In addition, by considering any pair of



suitable subspaces for the pseudostress tensor and the fluid velocity we derive the corresponding Céa’s
estimate. In particular, the combination of Raviart-Thomas elements of degree k for the pseudostress
tensor, and continuous piecewise polynomial elements of degree k+ 1 for the velocity, provides optimal
rate of convergence, which is one of the principal advantages of our method. We highlight that, dif-
ferently from previous results related with dual-mixed formulations for elliptic problems dealing with
strain tensors and Neumann-type boundary conditions (see for instance [8, 23]), in this paper 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 paper, and in order to guarantee optimal
convergence 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 Helmholtz decomposition (see its application in similar contexts in e.g. [8, 31]), here
we make use of the global inf-sup condition, integration by parts, and the approximation properties
of the Clément interpolator. The above reduces the number of terms composing the error indicator,
makes the analysis simpler, and unifies the analysis for the 2D and 3D cases. In addition, for the proof
of efficiency we employ the localization technique based on edge-bubble or face-bubble functions and
inverse inequalities.

The rest of this paper 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 end this section by recalling some definitions and fixing useful notations. Given the vector fields
V = (Vj)i=1,n and W = (w;)i=1,, with n € {2,3}, we set the gradient, divergence, and tensor product
operators, by

Ov; "L Ov;
Vv = ( vl) , divv:= Z &, and vV ®W = (v;w;)i j=1n-
Ox; ij=1n = Ox;

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

n n
1
St = (Sji)ije1m, tr(S):= Z Sii, S:R:= Z SijRij, and §%:=8 - —tr(S)L,
=1 2,j=1
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
R3), and r € R, we define

H'(0) := [H"(0)]", H'(0):=H"(O)]"*", and H'(I'):=[H"(T)]",



and adopt the usual convention of writing L2(0),L2(O), and L?(T") instead of H°(O), H%(O), and
H(T"), respectively. The corresponding norms are denoted by || - |0 for H"(O), H"(O) and H" (0),
and | - ||, for H"(I') and H"(I"). We also write | - |, 0 for the H"-seminorm. In addition, we recall
that
H(div;0) := {w e L*(0): divw € L*(0)},

is a standard Hilbert space (see, e.g. [5, 32]), 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 || - ||giv,0 and || - ||aiv,0, respectively. Note also that H(div;O) can be characterized as
the space of matrix valued functions S such that ¢!'S € H(div; Q) for any constant column vector c.
In addition, it is easy to see that there holds:

H(div;O) = Hy(div;0) & Py (O)I1, (1.1)
where

Hy(div; 0) :— {s € H(div; 0) /OtrS:()} (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 =Sp+cl, with Sy € Hy(div;0O) 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 £ > 0 and a set M C R", P,(M) denotes the space of polynomials
on M of degree < k. In addition, we set Py(M) := [Pp(M)]™ and Px(M) := [Px(M)]"*". Finally,
throughout the rest of the paper, 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 Q € R™ be a bounded domain, n € {2,3}, with Lipschitz-boundary I". The boundary of this
domain is divided into two portions I'p and I'y, such that Tp UT'y = I' and [T'p| > 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,

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

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 Q, diva =0 in Q,
(2.1)

u=0 on Ip, on =g on [y,

where f and g are given data living in spaces to be specified next.



We proceed analogously as in [9] and introduce the nonlinear-pseudostress tensor
T:=0 —u®u=2ve(u) — pl — u®u, (2.2)

which assembles the Cauchy stress tensor o with the convective term u®u. Note that this tensor rep-
resents the flux associated to the momentum density. Then, we realize that from the incompressibility
condition divu = tr (e(u)) = 0 in 2, there hold

diviu®u)=(u-V)u in Q and tr(T)=-np—tr(u®u) in Q. (2.3)
Notice that the first equation above yields a momentum equation written in conservative form
—divT =f in £,

whereas the second one allows us to write the pressure in terms of the nonlinear tensor and the velocity
as

1
p=——(r(T)+tr(u®u)) in Q. (2.4)
n
This relation permits us to eliminate the pressure from (2.2), yielding
T!=2ve(u) — (u®u)? in Q. (2.5)

In turn, noticing that e(u) = Vu — w(u), with
w(u) = %(Vu— (Vu)), (2.6)
we have that (2.5) becomes
T!=2vVu - 2vw(u) — (ueu)? in Q. (2.7)
It is then readily seen that (2.1) can be rewritten in terms of T and u as follows
T4 = 2vVu — 2vw(u) — (u@uw)? in Q, —divT =f in Q,
T=T in Q u=0 on I'p and Tn+ (u®un=g on [y. 25

Similarly to [9], in what follows we make use of (2.8) to derive our variational formulation.

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'p, and using the identities

T¢:S=T9:8% and (w(u),S)q = %(curl (u),as(S))q, (3.1)



with

curl (v) :=
Vxvim (f’vs_f’w Qv _ Ovs 3@2_3%> n R,
and
So1 — S12 in R?
(S32 — S23, 813 — S31,521 — S12)  in R,
we readily obtain
(T4, 80 + 2v(u,div S)g + v(curl (u),as(S))o + ((u®@u)?,S)q — 2v (Sn, W =0, (3.2)

Above, the symbol (-, ). = represents the duality paring of Haol/ 2(F ~) and Héé2(F ~) with respect to

the L2(T") inner product, where
Hy'(Tw) = {VIey + v € HE, ()} and Hyg*(Ty) = [Hyp(Tv)]

with
Hi, (

D

Q):={ve H'Y(Q) : v[r, = 0}.

In what follows, the norms of H(l)(/]Q(FN) and Haol/z (') are denoted by || -[[1/2,00,ry and |- [|=1/2,00,0
respectively. In particular, we observe that if Fy : HY/2(I'y) — L?(I") is the extension operator defined
by

¥ onln,

EO(’lib) = { 0 on PD; vd) € H1/2(FN)7

then, the space Hééz(F ~) can be defined equivalently as

Hy'(Cy) = {% € HY/2(Tw) : Bow) € H'/*(D)}
endowed with the norm [|9([1/2 00,0y = [ Eo(¥)l1/2,r, where
[€]l1 2,0 := inf {[[v[1,0: v € H'(Q) such that v|p = &} .
From the latter, it can be readily seen that
IVll1/2000x = IVll2r < IVlha Vv eHp, (Q). (3.3)

On the other hand, since we are interested in deriving an augmented formulation as the one in [9],
we now multiply the second equation of (2.8) by v € H%D (), integrate by parts and utilize and the
boundary condition Tn + (u ® u)n = g on I'y, to deduce

(T,VV)Q - <g7V>FN + <(u® ll)Il,V>1_,N = (f; V)Q
which owing to the symmetry of T can be rewritten as

(T,e(v))e + (u@un,v). = (f,v)o + (g Viry



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

. 1
—(divT,v)g + (Tn,v)r, — §(as(T),curl (V))a + (u-nu-v)p = (f,v)o + (g Viry . (3.4)
Above we have used the identity

(W@ w)n,v)p, = (w-nu-vj

(3.5)

N

Finally, in order to ensure the well-posedness of the resulting variational formulation, we proceed
similarly as in [9], and incorporate the following redundant terms arising from the constitutive and
equilibrium equations

k1 (div T + f,div S), = 0, (3.6)

ko (T — 2ve(u) + (u® u)d,e(v))Q =0, (3.7)

for all S € H(div;Q) and v € H%D (Q), respectively, where k1 and ko are positive parameters to be
specified later.

According to the foregoing reasoning, defining the global space
X := H(div; Q) x Hf_ (),
endowed with the norm
IS,k = ISllaiv o + IVIie Y(S,v)eX,
the forms

A((T,u),(S,v)) = (T4 S%q + ki(div T,div S)o + 2v(u,div S)o — 2v(divT,v)
+ v(curl (u),as(S))q — v(as(T),curl (v))
—2v(Sn,u)p + 2v(Tn,v)p (3.8)
+2v kg (e(u),e(v))y — K2 (T“‘,e(v))Q ,

CW((T,u), (S,v)) = ((u®w)d,S)Q +2v(w-n,u- V>FN — Ko ((u®w)d,e(v))Q ,
for all (T,u), (S,v) € X and w € Hf,_ (), and the functional
F(S,v) = 2v(f,v)q — ki(f,div S)q + 2v(g,v)r, VY(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 € L?(Q) and g € H(;Ol/ 2 (T'w), find (T,u) € X, such that

A((T,u),(S,v)) + Cu((T,u),(S,v)) = F(S,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=Ty + pl with Ty € Ho(div;Q) and p € R. (3.11)
By doing that, (3.4) becomes
—(divTo,v)o + (Ton,v)p, +p(v-n,Lp

5 (as(To), curl (W)a + fumu Vi, = (F.v)e + (g v)r,,
and equation (3.2) is rewritten as
(T§, SN0 + 2v(u,div S)g + v(curl (u),as(S))o + (u®uw)?,S)o — 2v(Sn,u)r, =0,
Ui (u-n,l)FN =0,

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

A((To,u),(S,V)) + Cu((To,u),(S,v)) + B((S,v),,u) = F(S,v),

(3.12)
B((To,u),n) = 0,
for all ((S,v),n) € Xo x R, where
Xy := Ho(div; Q) x Hf (),
and B is the bilinear form defined as
B((S,v),n) = 2vn{v-n,L)p Y((S,v),n) € XxR. (3.13)

To be more precise, since (1.1) is an orthogonal decomposition, ((To,u), ) € X x R is a solution to
(3.12), if and only if, (T,u) = (To + pl,u) € X x R is a solution to (3.10).

Let us now introduce the bounded set

2||F /
K:= {v € H%D(Q) Cve < H‘X()’XO}, (3.14)
aA
and the mapping
J:K—->K, w—Jw)=u, (3.15)

with u being the second component of ((To,u),n) € Xp x R, solution to the linearized version of
problem (3.12):

A((To,u),(S,v)) + CW((To,u),(S,v)) + B((S,v),u) = F(S,v),
B((T07u)777) = 0,

for all ((S,v),n) € Xo x R. It is easy to see that ((To,u),u) € Xo x R is a solution to (3.12), if
and only if, J(u) = u. This step, together with the equivalence between (3.10) and (3.12), imply the
following relations:

Ju)=u & ((To,u),u) € Xy x R satisfies (3.12) < (To+ pl,u) € X satisfies (3.10). (3.17)

(3.16)

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 the sequel we make use of the following well known estimates:
CallSl3a < IS%30 + divS|3o VS € Ho(div; ), (3.18)

Crilvliia < lle™)lfa < Crallviifo Vv e HY(Q), (3.19)

with Cy, Ck, and Ck, only depending on 2 (for (3.18) we refer to Lemma 3.1 in [1] or Chapter IV in
[5], whereas for (3.19) we refer to [32]).

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 there exists C'a > 0, depending only on v, k1, k2 and Cf,, such that

[A((T,u),(S,v))| < Cal(T,wlx[I(S,v)lx, V(T,u),(S,v)eX. (3.20)

In turn, employing the continuity of the embedding ir : HY/2(I') — L*(T'), as well as i : HY(Q) —
L4(Q2), and the continuity of the trace operator vo : H*(Q2) — L2(I'), it can be easily proved that there
exists Cc > 0, depending only on |[ir||, ||il|, |70l k2, Ck, and v, such that

|CW((Ta u)a (va))| < CCHWHLQH(Ta u)”XH(va)Hxv (3'21)

for all (T,u),(S,v) € X and w € H%D(Q). In fact, from the continuity of i, ir, 9, and the fact that
HZHL4(FN) = HZHL4(F) and HZHL2(FN) = HZHL2(F)> for all z € H%D (Q), we obtain

[Cw ((T,w), (8, v)) | < [IIP(1 + #3Ck,) 2 wlLoll (T, w)x (S, v)]x

+ 2v|[wllo.rllullpary [VIiwar),

I§1*(1 + #3CH,) 2 IwllLall (T, w) xS, v)]Ix

IN

+2v|fic[? ol wliellullyzrlvii2r,

which implies the result with Cc := [[i[|?(1 + k3Ck,) Y% 4 2v||ir||?||7o]|-

Let us now observe also that F|x, € X{, and
IFlx,llx < (4% + 592 Elloe + 2v llgll-1/2.00ry- (3.22)

In deed, using estimate (3.3) and the Cauchy-Schwarz inequality, we readily obtain

[F(S,v)l < 2v[flloallviie + mlflloeldivS|oa +2v|gll-1/200y VI2r

3.23
< (@2 + K2 Elo0 + 20 1 zo0ry ) 1S V)lx (329

for all (S,v) € Xy, which implies (3.22). We continue the discussion by establishing the ellipticity of
the form A on Xj.

Lemma 3.1 Assume that k1 > 0 and 0 < kg < 4v. Then there exists aa > 0, such that

A((S,v),(S,v)) > aall(S,v)||% V(S,u) € Xp. (3.24)



Proof. From the definition of A (cf. (3.8)), inequalities (3.18) and (3.19), we have

A((S.V).(8.v)) = 83 + raldiv S| o+ 2mave(v) Zq - ra(S% e(¥)a
1 . K2
> 5180+ malldivSifa -+ (2eaw — 2 el
. K1 4. K2
> B min{1, KI}HSH%,Q + 3||d1v SH(Q),Q + ?(4V — £2)Ck, HVH%,Q

1
> 5 min { min{1, k1 }, K1, K2 (4v — /<52)C'K1}H(S,V)H%<7

1
which implies the result with ap := 5 min { min{1, k1 }, k1, K2 (4v — K2)Ck, } O

Finally, we establish the inf-sup condition of the bilinear form B.

Lemma 3.2 There exists B > 0, such that

sup B((S,v),n)

> Bln vn € R. 3.95
o L TER = P (3.25)

Proof. Let vo € Hi () be a fixed element such that (vo - n,1)p 7 0. Hence, given 7 € R, it follows

that
sup B((S7V),77) > ’B((O,Vo),??)‘ _ 2v <VO n, 1) ’n’
sviexo\foy 1S v)x —  [1(0,vo)llx [voll1,0 ’
which implies the result with g = Zvivon,l)
Ivolli,e

Note that there is a very simple way of defining such an element vq. In fact, for the two dimensional
case, if 1 and xy are two points on I' such that the line [z, z9] C 'y, then we let x,, be the midpoint
of [x1, z2] and x3 be a point on I', or in the interior of €2, in such a way two triangles 77 and T, can be
constructed (see the left panel in Figure 3.1). Then, we let v € H%N (©) be such that v|r, € Pi(T;), for
i=1,2,v(xy) =1, v(x;) =0fori=1,2,3, and v(x) = 0 for all x € Q—{T1 UT>}, and define vy = vn,
where n is the normal vector on [z1, z2] (see [28, Lemma 3.6] for a similar approach). Similarly, for
the three dimensional case, given x1, z2, x3 three points on I'y defining a triangle with barycentric
Zm (see the right-hand side of Figure 3.1) and x4 a point in the interior of {2, or on an opposite piece
of boundary, chosen in such a way below x4 can be formed three tetrahedra 77, 15, T5. Then we
let v € H%N(Q) be such that v|r, € Pi(T;), for i = 1,2,3, v(zy) = 1, v(x;) = 0 for i = 1,2,3,4,
and v(z) = 0 for all x € Q — {71 UT» U T3}, and define vy = vn, where n is the normal vector on
Ty UTy UTs. O

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

Lemma 3.3 Assume that k1 > 0 and 0 < ko < 4v. Assume further that the external forces f and g

satisfy

o’

(4% + ’f%)lmufHO,ﬂ +2vlgll—1/2,00ry < ﬁ (3.26)

with aa and Cg being the constants in (3.24) and (3.21), respectively. Then, given w € K, there
exists a unique u € K, such that J(w) = u.

Proof. Let w € K. Notice first that, owing to (3.22), (3.26) and the definition of K, it readily follows
that

(w10 < (3.27)

oA
2Cc’
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T3

Figure 3.1: Choice of vq for the two (left) and three (right) dimensional cases.

In turn, from (3.21) and (3.24), there holds
A((S,v), (S,V)) + CW((S,V), (S,V)) > A((S,v), (S,v)) - |CW((S,V), (S,v))|,

\ (3.28)
(aa = Collwlha) ISV ¥(S,v) € Xo.

Y

which together to (3.27), implies
QA
A((S,v),(S,v)) + Cw((S,v),(S,v)) > 7H(S,v)||§( (S,v) € X, (3.29)

that is, the bilinear form A(:,-) + Cw(-,-) is elliptic on Xy. Therefore, since the bilinear form B
satisfies (3.25), we can apply the classical Babuska-Brezzi theory to deduce that there exists a unique
((To,u), u) € Xo x R satisfying (3.16). Moreover, since B((Ty,u), ) = 0, from the first equation of
(3.16) and from (3.29) we easily obtain that

S(To, )k < A((To,w), (To,w)) + Cu ((To, ), (To, w)) = F(To, w),

which implies that

2
[ullro < [[(To, u)fx < allleonga (3.30)

and hence u € K. 0

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 Let f € L2(Q) and g € Haol/Q(FN), such that

2

«
4% + &)l log + 2v gl 120005 < T“;- (3.31)

Assume that k1 > 0 and 0 < kg < 4v. Then, there exists a unique (T,u) € X solution to (3.10). In
addition, the solution (T,u) satisfies the estimate

1 Ca

1 1/2(01/2 2 L 2\1/2
<2(— S N . (3.
Il < 2 (o 0l (5 + 52 ) ) (@2 + ) 2 lon + el aery) - (32)
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Proof. First, let us observe that assumption (3.31) ensures that Lemma 3.3 holds true (see assumption
(3.26)). To prove the well-posedness of (3.10), in what follows we make use of the classical Banach’s
fixed point Theorem and prove equivalently that the mapping J has a unique fixed point in K. To
do that we let z1, z9 and uj, up € K, such that u; = J(z1) and uy = J(z2). From the definition of
J it follows that

A((T;,w),(S,v)) + Cg,((T5,w),(S,v)) + B((S,v), i) = F(S,v) V(S,v) e Xy, 5.3

3.33
B((Tlaul)an) =0 V77 € Ra

for i = 1,2, where T; € Hy(div;) and p; € R are the elements that together to u; constitute the
unique solution of (3.16) with z;. Then, by subtracting equations (3.33) with ¢ = 1,2, choosing the

test function ((S, V), 17) = ((T1 —To,u; —ug), u — ,ug) € Xp xR, and adding and subtracting suitable
terms, we arrive at

A<(T1 — Ty, u; —ug), (T1 — Ta,uy — 112)) + C,, ((Tl —To,u; —uy), (T — Ty, u; — 112))

= —Cy—z, ((le up), (T1 — T2, u; — 112))7
(3.34)
which together to the ellipticity of A(-,-) + Cg,(-,-) on Xg (cf. (3.29)), the continuity of Cg,_z, (cf.
(3.21)), and the fact that ||(T1,u1)|lx < QAHF‘X()HX’ (cf. (3.30)), imply

2C¢ 4Cc||F|x,llx
Hul —112H1,Q§ H(II_I%U-I_U-Z)HXS7H<117‘11)HX”Z1 , _—O OH
o 2
A 7

(3.35)
Hence, employing (3.22) and assumption (3.31), from (3.35) we readily obtain that J 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 J(u) = u, or equivalently, there exists a unique (T, u) € X solution to (3.10).
Now, to deduce estimate (3.32) we consider the decomposition T = Ty + pl and recall that
((To,u), ) € Xg x R is the unique solution of (3.12) (see (3.17)). Then, we first utilize the fact
that A(-,-) + Cul(, ) is elliptic on Xy, and proceed analogously as in the proof of Lemma 3.3 (see
(3.30)), to obtain

2
1(To, w)llx < —[|F[x,llx;- (3.36)
aA
Moreover, using (3.22), (3.31) from (3.36) we also obtain
QA
< (T . 3.37
laflne < 1I(To, wllx < 57~ (3.37)

In turn, utilizing the inf-sup condition (3.25), the first equation of (3.12), and the continuity of F, A
and Cy, we get

gl < sp  BUSY)
svexo\foy (S, v)[Ix
o F( )V) A((To,ll),(S,V)) _Cu((T07u)7(S7v)) (338)
= sup
(S,v)€Xo\{0} 1(S,v)lx

< IFlxollxy + Call(To, w)[[x + Cellull1,all(To, w)lx ,
which combined with (3.36) and (3.37) yields

1 2Ca 2Cc¢||ull1,0 2 Ca
1 J F s <=1 ZAVF . .
o < 5 (1 S 2O Y g < 2 (14 CA ) B 39

Q
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Therefore, recalling that ||I|3;, o = (n,1)o = n|Q|, from (3.36) and (3.39) we easily see that

1 1 C
T < (T LO)x < 2(— 22 (= 4 ZA ) ) IF ,
(T, u)[|x < [[(To,u)llx + [[(#1,0)]x < (aA + n/2|Q 5 + Ban 1F %,

which together to (3.22) implies (3.32). O

4 The Galerkin scheme

In this section we introduce the discrete version of (3.10) and define assumptions on the associated
finite dimensional spaces ensuring well-posedness. We anticipate that most results here can be deduced
directly, or are simply inherited, from their continuous counterpart, in which case we omit further
details. We will also derive a Céa estimate and suggest adequate choices of finite element spaces.

4.1 Discrete problem
We start by introducing the generic finite dimensional subspaces
Hy(div; Q) C H(div;Q),  Hj, p(9) C Hp (). (4.1)
Then defining
Hy := {Sp € H(div;Q) : ¢'S; € Hy(div;Q) Ve eR"} C H(div;Q),
H) = [H) ,(Q)]" € HE (Q), (4.2)
Xp = Hj x H}LD CcX,
our Galerkin scheme reads: Find (T}, up) € X, such that
A((Th,up), (Sh,vh)) + Cu, ((Th,up), (S, vh)) = F(Sh, va) Y (Sh,vn) € Xy, (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
Hy,(div; Q) and H} (), 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, in order to perform
the decomposition (1.1) we need to eliminate multiples of the identity matrix from Hp,. This request
is certainly satisfied if we assume that:

In particular, it follows that I € Hj, for all h, and hence there holds the decomposition:
Hy = Hh,O S, P()(Q) I with Hh,O = Hy N Hg(dlv ; Q), (44)

and, analogously to the continuous case, problem (4.3) can be rewritten equivalently as: Find
((Th,OJ Uh)7,l,Lh) S Xh’o X R, such that

A((Th,o,uh),(Sh,vh)) + Cuh((Th,O)uh);(Shth» + B((Sh,vh),,uh) = F(Sh,vh),

B((Th,0,un),7n) _ o, (4.5)

13



for all ((Sn,vh),nn) € Xpo X R, where
Xp,o = Hpo x Hj p.

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 (3.25), namely,

sup B((Sh,vh), 1)

> Bl Vnn € R, 4.6
SnvieXno\oy  |[(Snsvi)llx 7 (4.6)

with 3 > 0, independent of the discretization parameter h, if and only if, there holds:

(H.1) There exists v € HILD(Q), such that
VoeH,p VA>0 and (Yo n, 1) #0. (4.7)
In fact, utilizing (H.1), it is clear that

sup B((Shv Vh), nh)
(Sh,vh)EXp 0\{0} H (Sh7 Vh)HX

B((Ov ‘A’O)a 77h)
Voll1,0

>

= B,

with 3 = {von,1) independent of h.

[voll1,0

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 Hj, and H}L p are subspaces of H(div ;) and H%D (), respectively,
the estimates (3.20), (3.21) and (3.23) are inherited, as well as the ellipticity of A on Xj .

Analogously to the continuous case, let us introduce the finite dimensional bounded set

2”F|Xh0HX’
Kh = {Vh € H}IZ,D . ||Vh”17Q S TMJ y

where aa > 0 is the constant satisfying (3.24), and define the discrete version of J (cf. (3.15)):
I K = Kp, wp = Tp(wi) = up, (4.8)

with uy, € H}L p being the second component of ((Tp, 0, up), un) € Xp 0 x R, solution to

A((Th o,uh), (Sh,Vh)) + th ((T}ho,uh), (Sh,Vh)) =+ B((Shavh)aﬂh) = F(Sh,vh),

B((Th0,un),nn) = 0, (49)

for all ( (Sh,vn) ,nh) € Xj,0 X R. Similarly to the continuous case, the following equivalences hold:
(

J(up) =up < ((Tho,up), pn) € Xpo x Rsatisfies (4.5) < (Tho + ppl, up) € X, satisfies (4.3).
(4.10)

14



Lemma 4.1 Assume that (H.0) and (H.1) hold and that k1 > 0 and 0 < ko < 4v. Assume further
that the external forces £ and g satisfy

2
YA

4.11

(42 + 502 f oo + 2vlgll—1 2000y <

with aa and Cgc being the constants in (3.24) and (3.21), respectively. Then, given wy, € Ky, there
exists a unique uy € Ky, such that J(wp) = uy,.

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

A((Sh,vh), (Shsvh)) + Cw, ((Sh, Va), (Sh,va)) > a7A||(Shth)”%(a (4.12)

for all (Sp,vi) € Xp0. Then, recalling that B satisfies (4.6), the result is a direct consequence of the
classical Babuska-Brezzi theory. O

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

Theorem 4.2 Assume that (H.0) and (H.1) hold and that K1 > 0 and 0 < ke < 4v. Assume further
that the external forces £ and g satisfy

2
YA

(40" 4 )72 € =,

lo.o + 2v(|gll—1/2,00ry < (4.13)

with ap and Cc being the constants in (3.24) and (3.21), respectively. Then, there exists a unique
(Th,up) € Xy, solution to (4.3). In addition, the solution (Ty,uy) satisfies the estimate

1 1 C
1(Thun)llx < 2 (a 1 2|2 ( L Ca
A

=+ 2 ) (14 ) 2 o + 2l )

(4.14)

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 Jj, posses 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 7,
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(:,-) + Cw,(+,+), with wj, = uy, the inf-sup condition (4.6), and proceeding exactly
as in the proof Theorem 3.4, we can obtain

fandio < ICTho ol < 2Pl and ol < 5 (14 S8 1Pl o (415)
which together to the fact that

HF‘Xh,oHX’M < @2+ k)2 tlloq + 2v lgll=1/2,00,0 x> (4.16)

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 (Tp,uy) € Xy,
be the unique solutions of the continuous and discrete problems (3.10) and (4.3). Then, there exists
Ceeqa > 0, independent of h, such that

[(T,u) = (Th,up)llx < Ceea _ inf  [[(T,u) = (Sp, va)|x- (4.17)
(Shivh)EXp

Proof. Let, p € R, Top € Hp(div;Q) and up € R, T € Hpp, such that T = Ty + pl and
Ty, = T + ppl, respectively, and define

¢ = (To,u) € X, ¢, = (Tho,up) € Xpp,

co=¢— ¢, and ou=p— .
According to (4.4), in what follows we equivalently prove that there exists C' > 0, independent of h,
such that

leglix +leul < C{ll¢ = ullx + 1w —mal}  Vepy, € Xpo, Vi €R. (4.18)
To do that we let,
Kerp(B) := {4}, := (S, vi) € Xpo : B, nn) =0 Vi € R},

and recall that the following identity holds

ot - <Cllé - Y4y, € Xn, 4.19
1/)h€Kerh(B)||¢ Yrllx <Cllo — dyllx ¥y h,0 ( )

with C' > 0 independent of h (see [25, estimate (2.89)]).

First, given arbitrary ¢, := (Sp, V) € Ker,(B) and 7, € R, let us decompose ey and e, into

ep=Ep+ Xy With &4 =0 — 1, X4 =1, — b,

) X X (4.20)
ep =&, +xu With & :=p—"7n,  Xu: =170 — Hn-

In turn, recalling that (¢, ) € Xo x R and (¢, un) € Xpo 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

Ales, ¥p) + [Cul(d, Y1) — Cuy (b1, ¥n)] + B(p.eu) =0 Vb, = (Sp,vi) € X, (4.21)
which, after straightforward manipulations, yields
A(eg, ¥y) + Cuyleg, ¥p) + Cuu, (@, %) + By, e) =0 Vb, = (S, vi) € Xpo.  (4.22)
In particular, taking 1, = x4 € Kery(B) in (4.22), and using (4.20), it follows that

A(XpsXp) T Cu,(Xgpr X)) = —A€p:Xp) — Cu—uy, (@, Xp) = Cu, (g Xo)5

and then, using the ellipticity of A(-,-) + Cuh(.7 -) on X0 (cf. (4.12)), and employing the continuity
of A and Csy, with w = u—uy, and w = uy, (cf. (3.20) and (3.21)), and the fact that |ju —upl/1,0 <
€4llx + IXpllx, we obtain

QA

Flixslx < (Ca + Cellmlia + Colldlx) leslx + Celllxlxglix.
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which together to (3.36) and (4.15), imply

2C¢c QCC

QA
(7 —CCHF|X0||X’) Ixollx < (CA + 7|IF|xho||x;L0 + ||F|Xo|x/> [€pllx-  (4.23)

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

legllx < [[€gllx + Ixgllx < Cill€ellx- (4.24)
On the other hand, using the inf-sup condition (4.6) and (4.22), it is easy to see that
) B ’l,b » X
5|Xu| < sup M
wneXno\{0}  [¥nllx

= sup _A(e¢a'¢h) - Cuh(eti)v'lnbh) - Cu—uh(¢7¢h) _B('ltbhvfu)
¥ €Xn,0\{0} [KAPS

which combined with the continuity of A, B and Cy, with w = up and w = u — uy, and estimates
(3.36), (4.15) and (4.24), yield
IXul < C{l[€glIx + [€ul}

which clearly implies

lenl < Cofll€pllx + [€ul}- (4.25)
Therefore, from (4.19), (4.24), (4.25) and the fact that ¢, € Kery(B) and A, € R are arbitrary we
easily obtain (4.18) and conclude the proof. O

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

1
ph = _E(tr (Th) +tr(up,®up)) and o = T+ up @ up. (4.26)

The following corollary establishes the approximation result for this post-processing procedure.

Corollary 4.4 Assume that the hypotheses of Theorem /.2 hold true. Let (T,u) € X and (Tp,up) €
Xy, be the unique solutions of the continuous andAdiscrete problems (3.10) and (4.3), respectively. Let
pr and oy, be given by (4.26). Then there exists C > 0, independent of h, such that

Ip = prlloq + llo —onlog < € inf _ [[(T,u) — (S, va)|x. (4.27)
(Sh,vr)eEXp

Proof. Using estimates (3.37), (4.15) and the fact that H! is continuously embedded into L%, it is not
difficult to see that

lu@u—u, @uplloo < [I(u—up) @ulloo+ lup @ (u—up)log
< C{f(u—up) (u—uy) (4.28)
< Cli(u—w)lh,o0-
Then, the result follows from (4.17), (4.28), and equations (2.2), (2.4) and (4.26). O

17



4.4 A particular choice of discrete spaces

Let 7;, be a regular family of triangulations of the polyhedral region Q by triangles K in R? or
tetrahedra in R? of diameter hy such that Q = U{K : K € T} and define h := max{hg : K € Tp}.
For each integer k > 0 and for each K € T, we define the local Raviart-Thomas space of order k (see,
for instance [5]):

RTy(K) := Py(K) & Pp(K)x,

t

where x := (z1,...,2,)" is a generic vector of R™. Then, we specify the discrete spaces in (4.1) by:

H;(div;Q) := {s=(s1,...,5,) € H(div;Q): s|xg € RTy(K), VK €T},
) (4.29)
H}MD(Q) = {velCQ): vk € Pey1(K), VKeT, and vlp, =0}.

It is 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, v 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. [12], [25], [33]):

For each r > 0 and for each s = (s1,...,s,) € H"(Q2), with divs € H"(Q2), there exists s}, €
Hj,(div ;Q), such that

Is = sullai,0 < CR™ Y {s]l,.0 + | divs|lo} (4.30)
For each r > 0 and for each v € H™*1(Q) N H%D(Q) there exists vy, € H}LD(Q) such that

v —vnllre < CHPREFH o] 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 Let X, = Hy, x H}, ;, defined in terms of the spaces (4.29). Let (T,u) € X and
(Th,upn) € Xp be the unique solutions of the continuous and discrete problems (3.10) and (4.3),
respectively. In addition to the hypotheses of Theorem /.2, let us assume that T € H"(Q2), divT €
H"(Q), and u € Ht1(Q), for some r > 0. Then, there exists Crqze > 0, independent of h, such that

(T w) = (Thywp)llx < Crareh™ | T)lp0 + [|div T

[ro + [lull1,0} (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 h, such that

Ip=pnllog + llo = onlog+ < Chmnts BT o + [divTl0 + Julro)f.  (4.33)

Proof. The result is a direct application of Theorem 4.5 and Corollary 4.4. U
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5 A posteriori error analysis

In this section we derive a reliable and efficient residual-based a posteriori error estimate for the
Galerkin scheme (4.3), considering the discrete spaces introduced in Section 4.1 and for n = 2 (n = 3).
For each K € T, we let £(K) be the set of edges (faces) of K and we denote by &, the set of all edges
(faces) of Ty, subdivided as follows:

&, = 5h(Q) U gh(FD) Ugh(FN),

where E,(Q) == {e€ &, : e CQ}, E(p) :={e€ & : eCTp}and E(Ty) = {e€ &, : e C
'y }. In what follows, h. stands for the diameter of a given edge (face) e € &,. 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) € X and (Th,uy) € 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

1/2

0 =4 > O% : (5.1)

KeTh
defined locally (for each K € Tj) as
O% = |f+divTy§ ;¢ + ITh — 2ve(un) + (wp @ wp)?[5 x

5.2
+ > he |lg — Thn — (u, @ up)nlfj, . (5:2)

e€E(K)NEL(TN)
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 (Th,up) € Xj, be the unique solutions of the continuous and
discrete problems (3.10) and (4.3), respectively. Assume that g € L2(T'y) and that

Coiob (1 1 Ca !
42 + K2 1/2) ¢ + 2v _ < =& <+n1/291/2 <~+~)> 5.3
(42 ) o+ 20l jmonry < G (Rl (54 A (5:3)

with Cg10b being the positive constant in (5.5) below. Then, there exists a constant Cre1 > 0, indepen-
dent of h, such that

(T = Th,u—up)lx < Crar®. (5.4)

We begin the derivation of (5.4) by observing that, since (A 4+ Cy)(-,-) is elliptic on Xy and B
satisfies the inf-sup condition (3.25), then there exists C' > 0, independent of h, such that following
global inf-sup condition holds (see [16, Proposition 2.36])

(A + CU)((Rv Z)a (Sv V)) + B((Ra Z)a 77) + B((S7 V)v )‘)

C([(R,2)||x +|A]) < sup ,
(IR, 2)llx + 2] ((S.v).m)€(Xo xR)\{0} (S, v)llx + |n]
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for all ((R,z), ) € Xo x R, which according to (1.1) is equivalent to

A+CyH((R,2z), (S,
CanlR2)lx < swp )(R,2), (S, )
(S.v)eX\{0} (S, v)lIx

V(R,z) € X, (5.5)

with Cglob > 0.

On the other hand, thanks to (3.10) and minor algebraic manipulations, we easily find that
(A + Cu)((T — Th,u— uh)? (87 V)) = F(S7 V) - (A + Cuh)((Th7 uh)v (Sv V))

+ Cuhfu((Tha uh)v (Sa V)) .

(5.6)

In addition, we recall from (3.21) that

|Cuy—u((Th; un), (S, v))| < Collun — ullL ol (Th, un)[[x[I(S, v)lIx ,
which thanks to (4.14) and (5.3), and the fact that |jup, —ul[1,0 < [|(T — Th,u — uy)|/x, yields

Ce1o
o a(Ths ), (8, v) < “E2 (T = Ty u — ) xS, v) x..

Thus, taking (R,z) = (T — Tp,u—uy) in (5.5) and using (5.6) and the previous inequality, we arrive
at

C'glob

S
ZElb T u—w)|x < sup IR(S, V)|

2 svex\foy 18, v)lx’
where R : X — R is the residual functional defined by

(5.7)

R(S,v) := F(S,v) — (A + Cyu,) (T, wp), (S,v)) ¥ (S,v) € X.

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

R(S,v) = Ri(S) + Ra(v), (5.8)
where
R1(S) := —k1 (f +div Ty, divS)g — (TS + 2vw(uy) + (u, @ up)?, S)g
—2v (up,divS)q + 2v (Sn,up)p

and
Ro(v) = 2v(f+divTh,v)g + k2 (TS — 2ve(us) + (up @ up)? e(v))a
(5.9)
+2v (Th,w(v))a + 2v (g — Tpn — (0 @ up)n, v)p -

Hence, the supremum in (5.7) can be bounded in terms of R; and Ro, which yields

Cglob

5 (T =Thu—w)llx < [Rilla@iv:oy + IRellug oy (5.10)

Throughout the rest of this section we provide suitable upper bounds for each one of the terms on
the right hand side of (5.10). We begin with the upper bound of R;.

Lemma 5.2 There holds

IR1llaivioy < s1llf +divTalloe + 1 Th — 2ve(un) + (wn @ up)?og - (5.11)
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Proof. Similarly as in [31, Section 3.3], we integrate by parts (div S, up)q and utilize the fact that
e(uy) = Vuy, — w(uy), to observe that Ry can be rewritten as follows:

R1(S) = —k1 (f+divTy,divS)g — (TS — 2ve(uy) + (u, ®up)?, S)q. (5.12)

Then (5.11) follows straightforwardly from (5.12) and the Cauchy-Schwarz inequality. O

To derive the estimate for Ry we need to introduce the well-known Clément operator I, : H!(2) —

Yy, ={velCQ): v|lg € PA(K),VK € T}, which approximate optimally non-smooth functions by
continuous piecewise linear functions. Of this operator, we will only use the following approximation
properties (see [13] for details): There exist constants c1, ¢ > 0, independent of h, such that for all
v € HY(Q) there hold

[v—Invllo,x < crhillvliam) YK €T, (5.13)

and
v = Invlloe < chl*|vlliae Ve € &, (5.14)

where
AK)=U{K e€T,: KNK#0} and Ale):=U{K' €T,: K'ne#0}.
The following lemma provides the upper bound for Ra.

Lemma 5.3 There exists C > 0, independent of h, such that
1/2

HR2HH11D(Q)’ <C Z Ok ; (5.15)
KeTy,

where, for each K € Tp:
O% = hilf +divThl} i + 1T — 2ve(uws) + (wn ® up)*|} ¢

+ > he lg = Ton — (up @ up)nlfj, .
665(K)ﬁgh(FN)

Proof. Given v € Hf (), we set v;, = I;(v) € H}I’D, with I being the vector version of Ij,
which is defined componentwise by I, and observe from (4.3) with S; = 0 and the fact that
%(as(Th),curl (Vn))a = (Th,w(Vp))a, that

2v(g — Tpn — (uh®uh)n,\7h)FN = 20 (f+divTy,vp)a — 2v (Th,w(Vp))a

— ko (TS — 2ve(uy) + (up, @ up)?, e(Vy))a.

Then, combining the latter with the definition of R (cf. (5.9)), and using the fact that (T}, w(z))q =
(T, w(z))o and (—2ve(us) + (up ® up)?, w(z))g = 0 for any z, we observe that Ro(v) can be
expressed as follows:

Ro(v) = 2v(f+divT,,v—vy)a + k2 (TS — 2ve(uy) + (up ®up)?),e(v —Vp)a
+2v (T$ — 2ve(uy) + (up @up)?), w(v —Vvp))o (5.16)
+2v (g — Tpn — (W, @up)n, v —Vp)p
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Therefore, noticing that the boundedness of Ij, (cf. [16, Lemma 1.127, pag. 69]) implies
le(v = Vi)lloo < Cllvle and [w(v —Vi)loa < Clv]ie,

using the Cauchy-Schwarz inequality, estimates (5.13) and (5.14) (for the first and last terms in (5.16)),
the fact that the numbers of triangles (tetrahedra) in A(K') and A(e) are bounded, and recalling that
g € L2(I'y), from (5.16) we obtain (5.15), which concludes the proof. O

We finally observe that reliability (cf. (5.4)) is a direct consequence of Lemmas 5.2 and 5.3.

5.2 Efficiency of the a posteriori error estimator

Theorem 5.4 Let (T,u) € X and (Th,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
Cets > 0, independent of h, such that

Ceff@ S H(T—Th,u—uh)HX. (5.17)

To prove Theorem 5.4, 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 ©x (cf. (5.2)).

Lemma 5.5 There hold
If +div Thllo.x < || T — Thllaiv,xk YK €Ty

and
1T — 2ve(us) + (up @ up)lo,0 < CL{|IT — Thllaiv,x + lu—upll10}-

where C1 > 0 is independent of h.

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)? = 0 in Q, the Cauchy-Schwarz inequality, and estimates (3.19)
and (4.28). O

In order 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 € Ty,
and e € £(K), we let ¢, be the usual edge-bubble or face-bubble function (see [36]), which satisfies
bel € Po(K), supp e Cwe :=U{K' € Tp:e€ E(K")}, ¢pe =00n 0K \ e and 0 < ¢ <1 in w.. We
also recall from [37] that, given k¥ € N U {0}, there exists an extension operator L : C(e) — C(K)
satisfying L(p) € Px(K) and L(p)|e = p Vp € Py(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 5.6 Given k € N U {0}, there exist positive constant c1 and ca, depending only on k and
the shape regularity of the triangulations (minimum angle condition), such that for each K € Ty, and
e € E(K), there hold

lallge < cillge?allge Va € Pile) (5.18)

and
lpeL()I} k¢ < llot/*L(a)|1F x < c2hellallf. V€ Pule). (5.19)
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Proof. See Lemma 1.3 in [37]. O

The aforementioned inverse estimate to be utilized next is established now. For its proof we refer
the reader to [12, Theorem 3.2.6].

Lemma 5.7 Let k, [, m € NU{0} such that I < m. Then, there exists ¢ > 0, depending only on k, |
m and the shape reqularity of the triangulations, such that for each K € Ty, there holds

(lmic < by aliwe,  Va € Pu(K). (5.20)
Now, we provide the final estimate.

Lemma 5.8 Assume that g is piecewise polynomial. Then, there exists Cy > 0, independent of h,
such that

he lg = Trpn — (@ up)n|f, < Co {IT = Thldiw &, +hlu—wslio}, (5.21)

for all e € &,(T' N ), where K, is the triangle of Ty, having e as an edge.

Proof. Given e € E(I'y), we let K. be the element of 7, having e as an edge or face, and define
Ve :=g — Tpn — (u, ® up)n on e. Then, we proceed similarly to the proof of [29, Lemma 3.16],
that is, we apply (5.18), recall that ¢. = 0 on 9K, \ e, extend ¢ L(ve) by zero in Q \ K, so that the
resulting function belongs to H!(Q), use that g = Tn + (u® u)n on I'y, integrate by parts in €,
and make use of (5.19) and (5.20), to arrive at

IVello.e < Ch? {hp! T — Tallo,x. + |div (T — T4)llox. } (5.2
+Cll(u®u)n — (uy @ up)n|loe,
which implies

he || Ve“(2)7e <C { |T — Th”?ﬂiv K. T he [[(u®@u)n — (up ® uh)an,e} . (5.23)

In turn, using estimates (3.3), (3.37), (4.15) and the fact that H'/?(T) is continuously embedded into
L4(T"), and proceeding similarly as in (4.28), we easily obtain that

[(w@uwn — (u, ® up)nljoe < [[(u@w)n - (w, @up)nfory < Cllu—upfLe.

From this estimate and (5.23) we obtain (5.21), which concludes the proof. O

We conclude by observing that the efficiency of © follows straightforwardly from Lemmas 5.5 and 5.8.

6 Numerical results

The subsequent examples serve to test the performance of the proposed scheme, to confirm the con-
vergence 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),
defined on the rectangular domain £ = (0,3/2) x (0,1)

_ (—2962(96— 1)2y(y — i)(Zy— 1)>7 bty 154 1

= T=2 - —plL.
2y2(y — 1)2x(x -1 4 5’ Ve(u) uu-—p



Dof h e(T) rate e(u) rate e(p) rate Tter

k=0

70 0.7071 1.8092 -  0.2599 -~ 04709 -
126 0.5017 1.3970 0.7534 0.2258 0.4108 0.3515 0.8519
330 0.2931 0.8680 0.8854 0.1546 0.7040 0.2069 0.9861
1026 0.1601 0.4868 0.9569 0.0899 0.8970 0.1153 0.9673
3570 0.0840 0.2577 0.9857 0.0479 0.9741 0.0608 0.9902

13266 0.0430 0.1325 0.9956 0.0246 0.9957 0.0311 1.0015

51090 0.0218 0.0671 0.9986 0.0124 0.9996 0.0157 1.0021

200466 0.0109 0.0338 0.9995 0.0062 1.0000 0.0079 1.0012

k=1
210 0.7071 0.5802 —  0.1341 —  0.0786 -
304 0.5017 0.3287 1.6555 0.0780 1.5796 0.0476 1.4608
1078 0.2931 0.1236 1.8195 0.0308 1.7273 0.0185 1.7541
3454 0.1601 0.0384 1.9348 0.0098 1.8819 0.0058 1.9043

12238 0.0840 0.0107 1.9756 0.0028 1.9441 0.0016 1.9424

45934 0.0430 0.0028 1.9900 0.0007 1.9718 0.0004 1.9620

177838 0.0218 0.0007 1.9955 0.0002 1.9856 0.0001 1.9774

699694 0.0109 0.0001 1.9979 0.0001 1.9926 3.0e-5 1.9876

Ot Ot Ot Ot O Ot U i~

Ot Ot Ot Ot Ot Ot Ot Ut

Table 6.1: Test 1: errors, convergence rates, and Picard iteration count for the RTy — Pxi1 ap-
proximation of the Navier-Stokes equations in mixed form. The error history for the post-processed
pressure (projected to the space of discontinuous Py elements) is also displayed.

These functions satisfy the analyzed regularity and are employed to set up the external load f and the
nonhomogeneous boundary traction g. The fluid viscosity is taken as v = 1 and the augmentation
constants are set as kK1 = kg = 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 6.1, which indicates that the
method converges optimally to the exact solutions. The fixed point iterates are terminated when the
residual attains a fixed tolerance of 1e-9, and the table shows that a maximum of five iterations are
required. For reference, we also include in Figure 6.1 the flow patterns obtained with the lowest order
method on a structured mesh with 50438 elements.

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 adimensional 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 = (2z2(1 — 22),0)T, 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 9. After constructing a coarse
unstructured triangular mesh, the problem is solved using the proposed mixed finite element scheme,
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Figure 6.1: Test 1: approximate numerical solutions computed with the lowest order method. Velocity
components, post-processed pressure, and total stress components.

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 in the finest level are portrayed in the first
three rows of Figure 6.2. Well-resolved profiles are obtained for stresses and the velocity components
with streamlines show the presence of the expected reattaching 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 reentrant corner of the domain, as well as near the zones of high
velocity gradients and stress concentration. For this example we used a Newton method with a fixed
tolerance of 1e-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 3D scenario. The
computational domain is defined as Q = (0,1)3\ [0.5,1]> and we consider the following exact solutions
of the Navier-Stokes equations (2.8)

sin? (71 ) sin(7as) sin(2mx3)
u= sin(ma) sin?(729) sin(27z3) ,
—[sin(27zy) sin(7x2) + sin(rx1) sin(27mw2)] sin?(r3)

2 2 2

(z1 — 0.55)% + (22 — 0.55)2 + (x3 — 0.55)2"

T =2ve(u) —u®u—

which satisfy homogeneous Dirichlet conditions for the velocity on I'p (the sides lying on the unit
cube (0, 1)), and which we also employ to specify the forcing term and the non-homogeneous normal
stress condition on I'y (the remainder of the boundary). Notice that the singularity of the stress near
the reentrant 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 := {[e(T)]*+ [e(u)]2}1/2, and eff(f) := e =1, respectively. Two runs of the error
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Figure 6.2: Test 2: approximate numerical solutions of the backward-facing step benchmark, computed
with a method of order & = 1. Total stress components (top panels), velocity components and
streamlines and post-processed pressure (middle rows), and three snapshots of meshes after one,
three, and five adaptive refinement steps according to the a posteriori error estimator (bottom).

analysis are performed: one with uniform mesh refinement and one under adaptive mesh refinement
based on the equi-distribution of the local error indicators. Table 6.2 shows the obtained error history,
indicating sub-optimal convergence rates and oscillating effectivity indexes for the uniformly refined
meshes, while both the expected optimal convergence and the steady effectivity indexes are restored
under adaptive refinement. We present in Figure 6.3, 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.
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