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Abstract

We introduce and analyze an augmented mixed finite element method for the Navier-Stokes-
Brinkman problem. We employ a technique previously applied to the stationary Navier-
Stokes equation, which consists of the introduction of a modified pseudostress tensor relat-
ing the gradient of the velocity and the pressure with the convective term, and propose a
pseudostress-velocity formulation for the model problem. Since the convective term forces
the velocity to live in a smaller space than usual, we augment the variational formulation with
suitable Galerkin type terms. The resulting augmented scheme is then written equivalently
as a fixed point equation, so that the well-known Banach fixed point theorem, combined
with the Lax-Milgram lemma, are applied to prove the unique solvability of the continuous
and discrete systems. We point out that no discrete inf-sup conditions are required for the
solvability analysis, and hence, in particular for the Galerkin scheme, arbitrary finite ele-
ment subspaces of the respective continuous spaces can be utilized. For instance, given an
integer k > 0, the Raviart-Thomas spaces of order k£ and continuous piecewise polynomials
of degree < k 4 1 constitute feasible choices of discrete spaces for the pseudostress and the
velocity, respectively, yielding optimal convergence. In addition, we derive a reliable and
efficient residual-based a posteriori error estimator for the augmented mixed method. The
proof of reliability makes use of a global inf-sup condition, a Helmholtz decomposition, and
local approximation properties of the Clément interpolant and Raviart-Thomas operator.
On the other hand, inverse inequalities, the localization technique based on element-bubble
and edge-bubble functions, approximation properties of the L2-orthogonal projector, and
known results from previous works, are the main tools for proving the efficiency of the esti-
mator. Finally, some numerical results illustrating the performance of the augmented mixed
method, confirming the theoretical rate of convergence and properties of the estimator, and
showing the behaviour of the associated adaptive algorithms, are reported.
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1 Introduction

The devising of appropriate numerical methods to simulate fluid flows in porous media has
gained considerably attention during the last decades due to its diverse applications in different
applied sciences, such as petroleum, agricultural, and biomedical engineering, to name a few.
This area of research is also of great importance in the designing and manufacturing of several
industrial pieces involving filtration (see e.g.[13, 37]). Depending on the phenomenon, different
mathematical models may be used to obtain accurate and suitable results. For instance, one
of the most studied approaches is the Stokes-Darcy model (or Navier-Stokes-Darcy model),
which consists of a coupled system of equations where the Stokes (or Navier-Stokes) and Darcy
equations, both set in disjoint domains, are coupled through a common interface by a mass
conservation condition, balance of normal forces, and the so called Beaver—Joseph—Safmann law
(see e.g. [16, 31]). The other widely accepted model in the community is the Brinkman equation
([3, 4]). This model, which is more suitable for mixture of materials, consists roughly speaking,
of a combination of the Stokes and Darcy equations in a common domain. In the literature can
be also found several generalizations of the aforementioned models, including nonlinear problems
such as the Forchheimer and the Navier-Stokes-Brinkman (NSB) models. Precisely, in this paper
we are interested in introducing a new pseudostress-based finite element method for the latter.
In the context of fluid flow problems, the idea of introducing a pseudostress tensor as a further
unknown allows, on the one hand, besides the original unknowns, to obtain direct approximations
of several variables of interest, and on the other hand, to unify the analysis for Newtonian and
non-Newtonian flows (see for instance [7, 5, 18, 26, 30, 36]). In particular, the method proposed
in [7], which has been already extended to the Navier-Stokes problem with variable viscosity
[6], to the Boussinesq problem [12], and to the Navier-Stokes/Darcy problem with variable
viscosity [11], is the first Raviart-Thomas-based mixed method for the Navier-Stokes problem
providing optimal convergence for all the unknowns (see e.g. [5, 18, 36] for previous results).
This optimal convergence is attained thanks to an augmentation procedure consisting in the
introduction of residual terms arising from the constitutive and equilibrium equations (see,
e.g., [20, 19, 21, 23] for more details on this procedure of augmentation). Now, specifically for
the Brinkman problem, the first contribution in proposing and analyzing a pseudostress-based
method is [26]. This work, which was later extended to the Brinkman problem with variable
viscosity in [27], provides an optimal convergent Raviart-Thomas-based method for the model
problem, where the pseudostress is the only unknown of the resulting formulation. The velocity,
along with the pressure, can be easily recovered through a simple post processing procedure.

Concerning our problem of interest, in [38] has been recently studied a primal finite element
method for a NSB model with nonselenoidal velocity and inhomogeneous Dirichlet boundary
condition. This non-Darcian model (see also [34]), which describes the behaviour of a fluid flow
with high velocity through complex geometries with relative large pores, has diverse applications
in the design of complex engineering systems, such as wind farms with closely placed turbines
and porous breakwaters, like rubble-mound breakwaters in ports and coastal areas. Considering
discontinuous parameters, due to the complexity of the phenomena’s geometry, in [38] it is
proved well-posedness of the continuous and discrete formulations, as well as the corresponding
optimal convergence, by means of a suitable smallness assumption on the data.

In this paper we attempt to contribute to the development of new numerical methods for
porous media flows problems, and propose and analyze an augmented mixed method for the
NSB model studied in [38] considering, for the sake of simplicity, constants parameters. More



precisely, we adopt the methodology developed in [7] and, by introducing an auxiliary unknown
relating the gradient of the velocity and the pressure with the convective term (pseudostress
tensor), and then eliminating the pressure from the system, we propose and analyze a con-
forming augmented pseudostress-velocity mixed method for the NSB model, providing optimal
convergence when considering Raviart-Thomas elements of order k > 0 for the pseudostress and
continuous piecewise polynomial elements of degree k + 1 for the velocity.

On the other hand, it is well known that in order to guarantee a good convergence behaviour
of most finite element solutions, specially under the eventual presence of boundary layers and
singularities, one usually needs to apply an adaptive algorithm based on a posteriori error
estimates. These are represented by global quantities © that are expressed in terms of local
indicators ©7 defined on each element T of a given triangulation 7. The estimator O is said to
be efficient (resp. reliable) if there exists Cog > 0 (resp. Cyel > 0), independent of the meshsizes,
such that

Cet® + h.o.t. < |lerror|| < Cy1© + h.o.t.,

where h.o.t. is a generic expression denoting one or several terms of higher order. According to
the above, and with the purpose of complementing our contribution, we apply the techniques
developed in [8, 9, 25, 32, 33] and derive a reliable and efficient residual-based a posteriori error
estimator for our augmented mixed method.

The rest of this work is organized as follows. In Section 2 we introduce the model problem
and derive the augmented mixed variational formulation. In Section 3 we analyze the well-
posedness of the continuous problem by means of a fixed-point argument. Next, in Section 4
we define the Galerkin scheme considering generic finite dimensional subspaces and provide its
unique solvability together with the corresponding Cea’s estimate. A specific choice of finite
element subspaces is introduced in Section 4.3. In Section 5 we employ a global continuous inf-
sup condition, a Helmholtz decomposition, the local approximation properties of the Clément
and Raviart-Thomas operators and derive a reliable and efficient residual-based a posteriori error
estimator. Finally, several numerical results, illustrating the performance of the proposed mixed
finite element method, confirming the reliability and efficiency of the a posteriori estimators,
and showing the good behaviour of the associated adaptive algorithms, are provided in Section
6.

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

Ov; "L Ov;
Vv = < UZ) , divv:= Z ﬂ, and VR W := (VW) j=1n-
%5 /)i j=1n = 9%

In addition, for any tensor field T := (7;)i j=1,n and ¢ := (Cij)ij=1,n, We let
divt = (diV (Tih cee 7Tin))1§i§n s

and define the transpose, the trace, the tensor inner product, and the deviatoric tensor, respec-
tively, as

n n
1
7't = (Tji)i,jzlm, tr (T) = ZTii, T: C = Z TijCij; and Td =T — gtr (T)I,
i=1 1,7=1



where I is the identity matrix in R™*". In what follows, when no confusion arises, |-| will denote
the Euclidean norm in R™ or R™*™. Moreover, given an integer k > 0 and a set S C R", P (5)
denotes the space of polynomial functions on S of degree < k. In addition, we set Py(S) :=
[P (S)]™ and Px(S) := [P (S)]™*".

In the sequel, 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 s € R, we define

HY(0) == [H(O)]", H(O) := [H*(O)]™ ", and HT):= [H*D)]".

However, when s = 0 we usually write L2(0),LL?(0), and L?(T") instead of H°(O), H°(O), and
H(T"), respectively. The corresponding norms are denoted by || - ||s.0 for H*(0), H*(O) and
H*(O), and || - ||s,;r for H*(I') and H*("). For s > 0, we write | - |s o for the H*-seminorm. In
addition, we recall that

H(div;0) :={w e L}(0): divw e L2(O)} )

is a standard Hilbert space in the realm of mixed problems (see, e.g. [2, 22]). The space of
matrix valued functions whose rows belong to H(div;O) will be denoted by H(div;O). Note
that if 7 € H(div ; ©), then div 7 € L?(0) and 7n € H~/2(90O), where n denotes the outward
unit vector normal to the boundary 0O. Note also that H(div ; Q) can be characterized as the
space of matrix valued functions 7 such that ¢!t € H(div;O) for any constant column vector
c. The norms of H(div; O) and H(div ; O) are denoted by || - ||dgiv;0 and || - ||aiv;0, respectively.
In addition, we have the following decomposition:

H(div;O) = Hy(div;0O) & Py (O)1, (1.1)
where
Ho(div;O) = {’T € H(div;0): / trr = O}. (1.2)
@

More precisely, each 7 € H(div ; O) can be decomposed uniquely as:

1
T =10+ cl, with 79 € Hp(div;0O) and c := / trr € R. (1.3)

n|0] Jo

For the sake of simplicity, in what follows we will use the notation

(u,v)q :—/qu, (u,v)q :—/Qu-v, (u,v)p :—/Fu-v and (o,7T)q Z—/QO'IT.

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 parameters, which may take
different values at different places.

2 Continuous problem

In this section we introduce the model problem, rewrite it as a first order set of equations, and
derive and analyze the corresponding weak formulation.



2.1 The model problem

Let © be a bounded and simply connected open polyhedral domain in R"™, n € {2,3} with
boundary I' := 002 and denote by n the unit outward normal on I'. In this work we are
interested in deriving and analyzing an augmented mixed formulation for the Navier-Stokes-
Brinkman problem consisting in finding a velocity vector field u, and a pressure scalar field p,
satisfying the set of partial differential equations:

au—vAu+(u-Vju+Vp = f in Q,
divu = g in €,
u = up on T, (2.1)

/pZO,
Q

where v > 0 is the dynamic fluid viscosity, o > 0 is the fluid viscosity divided by the permeability,
and f and g are given data representing external body forces and sources and/or sinks in €,
respectively. Notice that, according to the nonselenoidal condition divu = g, the data up and
g must satisfy the compatibility condition

<n’ uD>F - (ga 1)9 =0, (2'2)

where (-, ) stands for the duality pairing between H~'/(T") and H'/2(T") with respect to the
L?(T')-inner product.

In order to derive our weak formulation, we first rewrite (2.1) as an equivalent first-order set
of equations. To that end we introduce the pseudostress tensor

c:=vVu—-pl—-—u®u in Q, (2.3)
and observe that the nonselenoidal condition divu = tr (Vu) = g in 2, implies
div(u®@u)=(u-V)u+gu in Q@ and tr(o)=vg —np—tr(u®u) in Q. (24)

In particular, from the second equation in (2.4) we observe that the pressure p can be written
in terms of the velocity u and the tensor o, as

pi= —% (tr(o)+tr(u®u)—vg) in Q. (2.5)

Then, eliminating the pressure p from the system, and proceeding similarly as in [7], we observe
that (2.1) can be rewritten equivalently as the following first-order set of equations

vVu— (u@u)! - KgI = od in Q,
n
aou—gu—dive = f in Q, (2.6)
u = up on I,
(tr (o) +tr(u®@u),l)g = v(g,1)q.

Notice that the pressure p can be easily computed as a postprocess of the solution by using
(2.5). Notice also that further variables of interest, such as such the shear stress tensor & =



v(Vu+ (Vu)') — pL, the velocity gradient Vu and the vorticity w := 3 (Vu — (Vu)'), can be
easily computed, respectively, as follows

o = ad+(u®u)d+at+u®u+%gl,
1 v
Vu = 7( d+(u®u)d+fgl>, (2.7)
v n
1
w = ﬁ(a—a't).

2.2 The augmented mixed variational problem

In this section we proceed analogously to [7] and derive our weak formulation for (2.1). To do
that we first test the first equation of (2.1) with arbitrary 7 € H(div;{2) integrate by parts,
utilize the Dirichlet boundary condition u = up on I' and the identity o9 : 7 = o9 : 79, to
obtain

. v
(04, 7N)q + v (u,div 7)o + (U@ u,74)q = - (g,tr (7))o +v(Tn,up)p. (2.8)
In addition, differently from [7], with the purpose of avoiding the incorporation of new terms in
the resulting variational equation, instead of incorporating the equilibrium equation weakly, we

proceed similarly as in [26] and replace the identity
1
u=_— (gu+f +divo) (2.9)

in the second term of (2.8), to obtain, consequently, the variational problem: Find o € H(div ;2)
and u in a suitable space (to be specified below), such that (tr (o) +tr (u®@u),1)g = v (g,1)q,
and
(o’d,Td)Q + K(div o,divt)q + K(gu,div T)o + (U®u, Td)Q
Q@ !
(2.10)
v v
- _E(fv diVT)Q - g(g,tr (T))Q + v <T n, uD>F )
for all 7 € H(div; Q).
Notice that the term (u ® u, ‘rd)g in (2.10) requires the velocity u to live in a smaller space
than L2(Q2). In fact, by applying the Cauchy-Schwarz and Holder inequalities and then the
continuous injection i. of H'(2) into L*(2), we find that

0.0 < [licl*lulielwlialrlos

(0@ w,r%)a| < [lullps)llwLso) lir]

for all u,w € HY(Q) and r € L2(Q). According to this, we propose to look for the unknown
u € HY(Q). Notice also from (2.10) that the lack of a test function in the space where u
lives (now in H!(Q)), makes the well-posedness analysis of (2.10) non-viable. Then, in order
to be able to carry out the existence and uniqueness analysis of (2.10) we propose to enrich
our formulation with the following residual terms arising from the constitutive equation (first
equation of (2.6)) and the Dirichlet boundary condition:

v .
K1 (1/ Vu — (u@u)! - o, Vv)Q =K1 (g9,divv)q, (2.11)

k2 (u,v)p = k2 (Up, V)p, (2.12)



for all v € H!(Q), where s, k2 are positive parameters to be specified later. Therefore,
from (2.10), (2.11) and (2.12) we arrive at the variational problem: Find ¢ := (o,u) € X :=
H(div;Q) x HY(Q), such that (tr (o) +tr (u®u),1)q = v(g,1)q, and

A(Q:ﬂ) + CU(?? %) = F(%) v Q = (T,V) € X, (213)
where, the product space X is endowed with the norm
%1% = 1Tl ie + IVITe V¥ =(r,v)eX,

and given z € H(Q), the forms A : XxX — R, C, : Xx X — R, and the functional F : X — R
are defined as

A(p, ) = (o4, 74 + 2 (gu,divT)q + g (div o, div )
+v k1 (Vu,Vv)q — k1 (69, Vv)q + ke (1, V) (2.14)
C,

—

,Y) = (u® z,7)q — k1 (W®2)4, VVv)q,

for all = (o,u), ¥ = (7,v) in X, and

F($) = —= (f.divra— = (9.t (1) +v (rn,up)y
(2.15)
—i—%(g,divv)g + k2 (up,v)r, V¢ =(7r,v) € X

3 Analysis of the continuous problem

Before beginning with the well-posedness analysis of (2.13), let us assume for a moment that
(2.13) posses a solution ¢ := (o, u) € X. Then defining the tensor
o). —0

+ n|19| ((tr (u@ w), 1)q — v (g, 1)a) I, (3.1)

we observe that oy € Hy(div; (), if and only if,
(tr (o) +tr(u®@u),l)g =v(g,1a. (3.2)

Then, similarly to [7], after simple computations it can be proved that if (3.2) holds, then @, =
(00,u) € Xg := Hp(div;Q) x HY(Q) is a solution to the problem: Find @, = (00,u) € X,
such that

A($, ) + Culd,.¥) = F(3) Vo =(r,v)eXo (3.3)

Even more, problems (2.13) and (3.3) are equivalent. This result, which is similar to [7, Lemma
2.2], is established now.

Lemma 3.1 Problems (2.13) and (3.3) are equivalent in the following sense:

(i) If = (o, u) € X is a solution of (2.13) satisfying (3.2), then ¢, = (00, u), with o defined
by (3.1), is a solution of (3.3).

(1) If ¢, = (o0, ) is a solution of (3.3), and o is defined by the relation (3.1), then ¢ = (o, u),
is a solution of (2.13).



Proof. The proof follows straightforwardly by applying the same arguments utilized in the proof
of [7, Lemma 2.2]. We omit further details. O

As a consequence of the previous lemma, in what follows we focus on analyzing problem
(3.3). To that end we first review the stability properties of the forms and functional involved.

3.1 Stability

We start the analysis by establishing the continuity of the forms A, C,, and the functional F.
First, for the continuity of A we recall the following estimate, which is a direct consequence of
the well known generalized Poincaré inequality (see e.g. [14] or Chapter I in [22]),

Collvllf o < Pliq+ vlgr < Cpllvlia ¥ oveH (), (3-4)

with C), and C’p, only depending on €. Then, from (3.4), the Holder’s inequality, the continuous
injection i, of H'(Q) into L*(Q), and the fact that |[odlloq < [[oollon, it is not difficult to see
that

[A(¢, )| < Calolxvlx, (3.5)

for all ¢, ¥ € X with Cp = 2max{(1 + %) el £ ||gHL4(Q) , K1, C’p max{um,/ig}} > 0.
Next, for C, we apply the Cauchy—-Schwarz and Holder inequalities, and the continuous
injection i, of H'() into L*(Q), to easily obtain

Cald, ) < (1+1D)Y? |l [l I18lx
< 1+ D)V2[lic] 2l llullo 1 (3.6)
< Cc llzln I8lx .

for all z € H'(Q2), and for all ¢ = (o, u), ¥ = (7,v) € X, where Cc := (1 + r2)1/2 [|i||%.
Finally, for F we apply again Holder’s inequality, the trace inequality ||v||or < Crl|v]|1,0, the
continuity of the normal trace | (7n, up)p | < ||7|laiv;elluplli/2,r, and the fact that Hdivv||g,ﬂ <

nllv[2 g and [ir (7)]3.o < nll7[3 g, to obtain

v . v
F@)l < = lflloge ldivrlloq + — llgllog lltr (T)llo.e + 2 [T lawv:e luplli/zr

R1UV .
+ == llglloq lldivvllgq + r2Cr [upllorllviiLe.
< Cr(|[flloo + llglloo + [luplliar + llupllor)lvlx (3.7)

for all ¢ = (7,v) € X, with

14 14
CF - \/imax{a, ﬁ(l + H%),V, C]_":‘QQ} .

Let us now recall the following well known inequality. For its proof we refer to Lemma 3.1
in [1] or chapter IV in [2].

CallTlge < T30+ Idivr|3q ¥V 7 € Ho(div; Q) (3.8)

8



with Cy only depending on 2. Owing to the inequality above, and proceeding analogously to
[7, Lemma 3.1], it can be proved the ellipticity of A.

Lemma 3.2 Assume that 0 < k1 < 2v, ke > 0. Assume further that g € L*(Q2) and satisfies

Cyra K
2 < P2 mind Loy — . .
ol < e min {5 v — ) o (3.9)
Then there exists ap > 0, such that
A, ¥) > aalyllx Vo € X (3.10)

Proof. Given 1 := (7,v) € X, we utilize the continuous injection i, of H'(Q) into L*(), and
the Holder’s inequality, to obtain

1% . |2
A w) = I o0 + 2 (gv,div 7)o + = [div g+ v Vg = k1 (79, V¥)a + k2 [V
BRI — . v . 2
> 730 = (Vea T licl s IVlha) (Vo™ Idiv wlloq) + = lidiv 7

2 d
+v [vIGa — (7

2
0a) (k1 I9¥lloq) + 2 VI

d v . 2 K1 2 2
7150 + %0 ldiv Tlloq + 5 (2v = k1) [VVilgq +s2 [[Viior

Vo, 2 2
T % H1c||2 HQHUI(Q) 1% L,

which together to the estimates (3.4), (3.8) and assumption (3.9), implies (3.10) with

1
QA = §mll’l {Cdmin{L i}7ivcpmin{%(2y - H1)7H2}} .

3.2 Existence and uniqueness of solution

In this section we prove the well-posedness of problem (3.3) by means of a fixed-point strategy.
More precisely, in what follows we rewrite problem (3.3) as an equivalent fixed-point problem
and apply the Banach’s fixed point theorem to conclude the desired unique solvability.

We begin by introducing the bounded set

2Cy
K= {2 B s Jalhn < 27 (Iflon+ oo + luplor + uplar) . (310
and the mapping
J:K—=K, z—J(z)=u, (3.12)

where u € H'(Q) is the second component of @, = (o0, u) € Xy, satisfying
A(dy¥) + Cu(d). ¥) =F(¥) Ve X (3.13)

9



It is clear that ¢ € X is a solution to (3.3), if and only if, J(u) = u. Accordingly, to prove
the well- posedness of problem (2.13), it suffices prove that J has a unique fixed point in K.

Before continuing, we first need to verify that J is a well defined operator. This result is
established now under a sufficiently small data assumption.

Lemma 3.3 Assume that the assumptions of Lemma 3.2 hold. Assume further that
4Cc Cy
2ECZE (el + gl + plor + lapllyor) <1 (314
A

with Cc and Cg being the continuity constants of C and F, respectively (cf. (3.6) and (3.7)).
Then, given z € K, there exists a unique u € K such that J(z) = u.

Proof. Let z € K. We first notice that, owing to assumption (3.14), there holds

2CF

Izll1e < —= (Iflloa + lgllo + lupllor + [upll/zr) < T' (3.15)

In turn, from inequalities (3.6) and (3.10), we easily obtain

AR Y)+C(%¥) 2 AWY) — Gy ¥)l VY X,

, (3.16)
> (aa — Cclzlho)lvlx V¢ € Xo.
Then, combining (3.15) and (3.16), it readily follows that
a
A% %)+ Coltp, ) > - W% ¥ € Xo, (3.17)

which implies that the bilinear form A(-,-) + Cg4(-,-) is elliptic on Xy. Therefore, applying
Lax-Milgram lemma we obtain that there exists a unique ¢, = (o0, u) € X satisfying (3.13),
or equivalently, there exists a unique u € H'(Q), such that J(z) = u. In addition, from (3.7),
(3.13) and (3.17), it is easy to see that

SHglk < Al 6)) + Caldy &) = F(o,)
Cr (|

IN

) 9 lIx.

from which

2 O

lallne < lidyllx < == (I£llo.2 + llgllog + lapllor + lupliyzr) .

which implies that u belongs to K and concludes the proof. O

We are now in position of establishing the main result of this section, namely, the well-
posedness of problem (3.3).

Theorem 3.4 Let f € L2(Q), g € L*(Q) and up € HY3(T). Assume that hypotheses of Lemma,
3.2 hold. Assume further that
4Cc Cg

SZE (Wl + lon + lunllor + luplyor) <
A

(3.18)

l\.')\r—t

10



Then, there exists a unique 90 € X solution to (3.3). In addition, the solution 90 satisfies the
a priort estimate

2 Cp
[&,llx < e (Ifllo. + llgllo.e + lupllor + luplly/zr) - (3.19)

Proof. First, let us observe that assumption (3.18) clearly implies (3.14). Consequently, from
Lemma 3.3 it follows that operator 7 is well defined.

Now, since the solvability of problem (3.3) is equivalent to the existence and uniqueness of a
fixed point to J, to conclude the required solvability it suffices to prove that J is a contraction
mapping and apply the classical Banach’s fixed point theorem.

Let z1, z9, uj, uy € K, such that u; = J(z1) and uy = J(2z2), and let o , o2 € Hy(div; (),
such that ¢, = (o1, u1) € Xp and @, = (02, u2) € Xy satisfy

Ao, ) + Cp(9,¥) =F(y) VyeXy i=12 (3.20)
Notice that for i = 1,2, the bilinear forms A(-,-) + Cy,(-,-) are elliptic on Xy and the pairs
@, = (0, u;) satisfy the estimates

2CF

;e < === (I£llo + llgllo.e + llapllor + [lapli/zr) - (3.21)

In turn, from (3.20) we readily obtain

A}, — ¢,,%) + Cuy(¢,.9) — Coy(9,,9) = 0 ¥ 1 € X,

from which, after adding and subtracting suitable terms, and since 91 — 92 € Xy, we arrive at

A@l — 959, — 92) + Ca, @1 — 9,9, — 92) = —Coz (91’91 o 92)' (3.22)

Then, utilizing the ellipticity of A(:, )+ Cg,(+,-) (cf. (3.17)), the continuity of C (cf. (3.6)) and
the estimate (3.21), from (3.22) we get

2C,
6, = &,llx < <= e, Ix IS, - &,

< 255E (Moo + leloa + Implor + luplier) 16, - Gl (329
which together to assumption (3.18) implies that J is a contraction mapping. In this way,
applying the Banach’s fixed point theorem we straightforwardly obtain the existence unique
solvability of problem (2.13).

Finally, since u belongs to K, by applying the same steps at the end of the proof of Lemma
3.3 we can easily obtain that ?0 satisfies (3.19), which concludes the proof. O

We conclude this section by establishing the well-posedness of problem (2.13).

Corollary 3.5 Let f € L%(Q), g € L*(Q) and up € HY*(T). Assume that hypotheses of
Theorem 3.4 hold. Then, there exists a unique ¢ € X solution to (2.13). In addition, the
solution ¢ satisfies the a priori estimate

23/2 CF

2C
I¢lx < (Iflos + aplor + uplhar) + V2 (25 + vl ) lolos. (320
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Proof. Tt is clear that the existence and uniqueness of solution of problem (2.13) follows
straightforwardly from Lemma 3.1 and Theorem 3.4. Now for the estimate (3.24), let ¢ =

ﬁ (tr(u®u),1)g —v(g,1)a), and let ¢ = (g9 — cl,u) € X be the solution of (2.13), with

?0 = (09,u) € Xy being the solution of (3.3). After simple computations it is easy to see that

1
e < WIIUIIO,& + 10 lglloe and oo + clldiy 0 = looldy o +nllc,

and both combined imply
loo + cllldiv i < @, 1% + 2002|921 915 o-

The latter inequality and estimate (3.19) imply (3.24). O

4 The Galerkin scheme

In this section we introduce and analyze the Galerkin scheme associated to problem (3.3). We
notice in advance that most of the details are omitted since the analysis of the corresponding
discrete problem follows straightforwardly by adapting the fixed-point strategy introduced and
analyzed in Section 3.

4.1 Discrete problem
We start by considering the generic finite dimensional subspaces
H,(div;Q) C H(div;Q),  Hj(Q) € HY(Q), (4.1)
the discrete spaces
Hy, := {Th € H(div;Q) : c'rp € Hy(div;Q) Vce ]R”},
Hpo:= H,NHy(div;Q), (4.2)
H) = Q)
and the global discrete spaces
X, :=Hy, x H, and X :=Hyo x Hj,.

Hereafter, h stands for the size of a regular triangulation 7} of Q2 made up of triangles K (when
n = 2) or tetrahedra (when n = 3) of diameter hg, defined as h := max{hgx : K € Tp}. In
addition, in order to have meaningful subspace Hj, g, we need to be able to eliminate multiples
of the identity matrix from Hy. This request is certainly satisfied if we assume that:

[Po(2)]"*™ C Hy,. (4.3)

In this way, the Galerkin scheme of (3.3) reads: Find D, 0= (oh,0,up) € Xp, such that
A(@hp,gh) + C“h(éh,o’gh) = F(¢,) Vap, = (Th, Vi) € Xpyo. (4.4)

12



As for the continuous case, it is not difficult to see that problem (4.4) is equivalent to the
discrete version of (2.13): Find ¢, = (o4, us) € Xy, such that (tr (o) + tr(up ® up),1)o =
v (gv 1)97 and

A(Q,ﬂﬂh) + Cuh (thﬁh) = F(ih) vﬂh = (Th,Vh) € th (45>

through the relation:

1
op=0ho — m(tr (up, ®@up) —v(g,1)q,1)al. (4.6)

This result, which is analogous to Lemma 3.1, is established now.

Lemma 4.1 If ¢, = (oh,up) is a solution of (4.5), then Qho = (on0,up), with oo defined
through (4.6) is a solution of (4.4). Conversely, if ¢, , = (on0,un) is a solution of (4.4), then
@, = (on,up), with oy, given by the relation (4.6) is a solution of (4.5).

According to the latter result, after computing the solution of problem (4.4) one can easily
recover the solution of problem by using the formula (4.6).

4.2 Well-posedness of the discrete problem

In this section we address the solvability analysis of problem (4.4) by adapting the fixed-point
strategy introduced and analyzed in Section 3.2. We start by observing that the boundedness
of the forms A, C,, and the functional F, namely (3.5), (3.6) and (3.7), are clearly inherited
from the continuous case. In turn, the ellipticity of A on Xj, g, whose proof is almost verbatim
to that of the corresponding continuous estimate provided by Lemma 3.2, holds with the same
constant ap > 0.

Lemma 4.2 Assume that the assumptions of Lemma 3.2 hold. Then there exists ap > 0, such
that

A(gh’fh) 2 O‘AH%LH%( v ih € Xp0- (4.7)

Now, similarly to the continuous case, let us define the bounded finite dimensional set

2CF
Ky = {Zh €Hj, : [zalie < on (IIfllo.2 + llgllo.e + lupllo,r + HUDH1/2,F)}, (4.8)
and the mapping
T K = Ky, zp = Tin(zn) = uyp, (4.9)

where u;, € H,l1 is the second component of Qh 0= (oh,0,up) € Xp 0, satisfying

A(Qh,o’%h) + Czh (?h,O’gh) = F(Qh) v Q € Xh,o' (4'10)

As for the continuous case, it can be proved that 7, is well defined. The proof of this result is
analogous to that of its continuous counterpart given by Lemma 3.3.

13



Lemma 4.3 Assume that the assumptions of Lemma 3.2 hold. Assume further that

4Cc Cr
=== (Il + lglo + ullor + luplyzr) <1 (411)
A

with Cc and Cg being the continuity constants of C and F, respectively (cf. (3.6) and (3.7)).
Then, given z;, € Ky, there exists a unique uy, € Ky, such that Jp(zn) = uy,.

Proof. Given zj, € K}, it suffices to see that the following estimate holds
aA
A(ﬁhvgh) + Czh(ghagh) Z 7”%;1”%(’ v ih S Xh,O’ (412)

which implies that A(-,-) + C,, (-,-) is elliptic on X}, o, and repeat the steps of the proof of
Lemma 3.3. U

Let us now establish the well-posedness of problem (4.5).

Theorem 4.4 Let f € L2(Q), g € L*(Q) and up € HY3(T). Assume that hypotheses of Lemma
3.2 hold. Assume further that

4Cc Cr
“ar (Mllog + lglo +luplor + upl er) <

. (4.13)

N |

Then, there exists a unique Qh 0 € X0 solution to (3.3). In addition, the solution Qh 0 satisfies
the a priori estimate

2CF
Inollx = == (I£llog + llgllog + [lapllor + Tupllzr) - (4.14)

Proof. Analogously to the continuous case, it readily follows that Qh,o = (oh0,up) € Xppois a
solution to (4.4), if and only if, J,(up) = up. As a result, to prove the well-posedness of problem
(2.13), it suffices to repeat the arguments utilized in the proof of Theorem 3.4 and prove that
Jn has a unique fixed point in Kj; by means of the Banach fixed point theorem. In addition,
analogously to the continuous case, to derive the estimate (4.14) we simply notice that u;, € Ky,
and apply the same arguments employed at the end of the proof of Lemma 3.3. 0

Finally, we provide the well-posedness of problem (4.5). Its proof is analogous to the proof
of Corollary 3.5.

Corollary 4.5 Let f € L%(Q), g € LYQ) and up € HY?(T). Assume that hypotheses of
Theorem 3.4 hold. Then, there exists a unique Qh € Xy, solution to (4.5). In addition, the
solution ¢ satisfies the a priori estimate

23/2 ¢
I, Ix < ¥

(If

2C
oo+ lapllor + aplhjer) + V2 (58 4 uvla) laloa. (419
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4.3 A particular choice of discrete spaces

For each integer £ > 0 and for each K € 7T, we define the local Raviart-Thomas space of order

k (see, for instance [2]):
RT;(K) := [PR(K)]" + Pp(K)x,

where x := (1,...,2,)" is a generic vector of R™. Then, we specify the discrete spaces in (4.1)
by:
H,(div;Q) = {7 €H(div;Q): 7|x € RT(K), VK eT,},
) (4.16)
H) () := {veC(Q): vk € Pey1(K), VK EeT,}.
It is well known that these subspaces satisfy the following approximation properties (see, e.g.
(2], [14], [24)):

For each s > 0 and for each 7 € H*(Q?), with divr € H*(Q2), there exists 7, € Hy,, such
that .
Ir = Tullaiv.@ < ORI {170 + |[div o) (4.17)

For each s > 0 and for each v € H¥"1() there exists v, € H} (Q2) such that

lo = vallg < CAPPER o] o4y 0. (4.18)

4.4 A priori error analysis

In this section, we carry out the error analysis for our Galerkin scheme (4.4). We first deduce the
corresponding Céa estimate by considering the generic finite dimensional subspaces (4.2), and
then we apply it to derive the theoretical rates of convergence when using the specific discrete
spaces provided in Section 4.3. We begin with the Céa estimate. For its proof we proceed
similarly to the proof of [7, Theorem 4.6].

Theorem 4.6 Let f € L2(Q), g € LYQ) and up € HY*(T') and assume that hypotheses of
Theorem 5.4 hold. Let ¢ := (op,u) € X and Qh,o = (oh,0,up) € X}, be the unique solutions of
the continuous and discrete problems (3.3) and (4.4). Then, there exists Ceeq > 0, independent
of h, such that
by — &, % < Ceea inf I, — 9, Ix. (4.19)
’ P €Xno

—h €

Proof. For the sake of simplicity, in what follows we drop the subscript 0 from the global
solutions ¢ and ¢, .

Let ¢ = (00,u) € X and ¢, = (o4,0,us) € Xp be the unique solutions of problems (3.3)
and (4.4), respectively, and let e = P—¢, = (00—0on0,u—up). Given éh = (Th,Vn) € Xp 0,
let us decompose this error into

€p = £9+ Xop = (? - &h) + (éh - Qh) = (60— Th,u—vVp)+ (T — U'h,()a{’h —up). (4.20)
Then, from (2.13) and (4.5), it is not difficult to see that

Aleg: ¥,) + [Cu(@:¥),) = Cuy(@),,9,)] =0 V3, € Xy, (4.21)
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which, after a simple computation, implies

Aleg, ¥,) + [Cun(ep, ;) + Cu—u,(D9))] =0 Vb, € Xy,

or equivalently

A(Xd)vih) + Cllh(X?aﬂh) = _A(ﬁgvllnbh) - Cufflh(?7gh) - Cf/h*“h(??%;ﬂ

- Cuh (5?7 ﬁh)’

for all Qh € Xp,0- In particular, for % = X, from (4.12), and the continuity of A and C, we
obtain -

oA N
- IIxglx = Calléglx + Celllxlu—valia + Collunllielléslx
+Cc [Ion — unllno [ @llx

< (Ca+Ccllolx + Cellunlro)llégllx + Cellxglxl2lx-

Then, since ¢ satisfies (3.19) and uy, belongs to Kj, from the inequality above, we readily see

that WOl
A FLC
(1 5 (Ulos + loloo + uplor + Fapllar) ) Il
2 @
4CrCc

aaA

< (cA - (Il + llglog + upllor + |uDum,r)) €4lx.

which together to (3.18), implies

a 1
iglix < (Cat3) gl (4.22)

Therefore, from (4.20), (4.22) and the triangle inequality we obtain that there exists Ceeq > 0,
independent of h, such that

16 - &, lIx = leglx < Ixglx + I€lx < Coca l€gllx = Cecalld — b, 1x.

for all @h € X0, which concludes the proof. O
Now, we provide the rate of convergence of our Galerkin scheme with the specific finite

element subspaces introduced in Section 4.3.

Theorem 4.7 In addition to the hypotheses of Theorem 4.6, assume that oo € H*(Q2), divey €
H*(Q), and u € H*(Q), for some s > 0 and that the finite element subspaces Hy, o and H}
are defined using (4.16). Then there exists Crare > 0, independent of h, such that

¢y = @ 0lx < Craeh™™ 1 {log )0 + |div oollse + [ullst10} (4.23)

Proof. The result is a straightforward application of Theorem 4.6, and properties (4.17) and
(4.18). 0

We complete our a priori error analysis with the following result providing the rate of con-
vergence for the error || — o ||div.0, with o € H(div;2) and o}, € H}, defined by (3.1) and
(4.6), respectively.
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Corollary 4.8 Let ¢, := (00,u) € Xo and ¢, | = (op0,up) € Xy be the unique solutions
of the continuous and discrete problems (3.3) and (4.4), respectively. Assume that oo € H*(§2),
divoy € H*(Q), and u € H*"(Q), for some s > 0 and that the finite element subspaces Hy,
and H} are defined using (4.16). Let o € H(div;Q) and oy, € H), defined by (3.1) and (4.6),
respectively. Then there erists C > 0, independent of h, such that

lo = onllaivie < CR™MMH I {llog]s0 + [ldivaollse + [lullsie) (4.24)

Proof. Using the definition of o and o}, given by (3.1) and (4.6), respectively, the result is a
straightforward application of Theorem 4.7. g

Remark 4.9 Provided the solution (oh0,uy) € Xy of problem (4.4), and after simple com-
putations, it is not difficult to see that the pressure can be approximated through the following
formula

1 1
= (tr (oho) +tr(up,@up) —vg) + o) (tr (up, ® up) —vg,1)g in S (4.25)
Moreover, using the identities (2.5) and (3.1), and the estimate (4.23) it is easy to prove that
the following estimate holds

lp = palloge < CR™MH 1 {llog|s0 + ||div aollse + [lulls+10} (4.26)

with C' > 0 independent of h.

5 A residual-based a posteriori error estimate

In this section, we derive and analyze a reliable and efficient residual-based a posteriori error
estimate for our discrete problem (4.4), with the discrete spaces introduced in Section 4. We
restrict our analysis to the two-dimensional case since the extension to three dimensions should
be quite straightforward.

We begin by introducing some standard notations. For each K € Ty, we let £(K) be the
set of edges of K, and we denoted by &, the set of all edges of the triangulation 7;,. Then we
write &, := Ep(Q) U E(T), where E,(2) :={e € &, : e C O} and &,(T') :={e € &, : e CT'}.
In what follows, h. stands for the diameter of a given edge e. Also, for each edge e € &, we
fix a unit normal vector n, := (n1,n2)" to the edge e (its particular orientation is not relevant)
and let t. := (—n2,n1)* be the corresponding fixed and tangential vector along e. Then, given
T € L?(Q2), such that T|K € [O(K))**2, for each K € Ty, we let [T t.] be the tangential jump

— (7| 4en) } te, where K’ and K" are the triangles of
e e

Tr, having e as an edge. From now on, when no confusion arises, we will simply write n and
t instead of n. and t., respectively. Finally, for sufficiently smooth vector and tensor fields
v = (vy,v9)! and T := (Tij)2x2, respectively, we let:

across e of T, that is, [T t¢] := {(T’K/)

v Ou

Oz Oz Ora Ot Omy  Omar '
curlv := and rot 7 := — , — .

% 7% BZL‘l axg aﬂfl 8562

61’2 03:1
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Now, let ¢ := (0¢,u) € X and @, = (oh,0,up) € X}, be the unique solutions of the continuous
and discrete problems (2.13) and (4.5), respectively. Then, we introduce the global a posteriori

error estimator
1/2

0:=1{ ) O% (5.1)
KeTy,
where for each K € Tp:
2
©% = (1+h%) H%QHU%,O + (up, @ up)t — VVuhHO

)

2
+ [f + gup, +divoyo — auhHg’K + h%

+ D he

v
rot (5 gl + 0'%70 + (up ® uh)d>

2

0,K

[(391+02,0 + (up ®uh)d) t”

€& (K)NER(Q) 2 0
v 2
b (b Gt o) e [) 0 h fun - i)
€€ (K)NEn(T) ¢

with (-)" denoting the tangential derivative along I'. Note that the term u’, requires that
up € HY(T), while the terms

rot (g gl+ a5+ (w® uh)d) and H [(g g1+ oo+ (w, @ uh)d) : t} ’

HO,K 0,e

are well defined ifg‘K € HY(K),V K € Ty,.

5.1 Reliability of the a posteriori error estimator

In this section we prove the reliability of the a posteriori error estimator given by (5.1). This
result is established now whose proof will be addressed in several steps.

Theorem 5.1 Let f € L2(Q), g € L*(Q) and up € HY?(T). Assume that hypotheses of Lemma
3.2 hold. Assume further that

4Cc Cr 1
TECEE (el o+ gl + pllor + lhapllyor) < 5 (52)
A
Then, there exists Cre; > 0, independent of h, such that
loo — anollaivie + [[u— w10 < Crg © (5.3)

We begin by recalling from the proof of Lemma 3.3 that if z € K, then the bilinear form
A(-,-) + C,(+,) is elliptic on X with ellipticity constant <&, which certainly implies that

A 9 CZ b
O%Allﬁﬂgc < sup (¢ ¢\)|1_/fll € @,
%GXO\{O} Zlx

Vg € Xp.

In particular, taking z =u € K and ¢ = 90 - ¢
above, we obtain

ho = (60 — oho,u—1uy) € Xg in the estimate

R(T,v)+ B(T,v) } ’ (5.4)

2
loo - onou—up)llx < —  sup {
Texa

QA (r,v)eXo\{0}
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where R : Xg — R and B : Xg — R are the functional defined by
R(T7 V) = F(T7 V) - A(Qh’()? (T7 V)) - Cuh (?h70) (T’ V))

and
B(T, V) = _Cu—uh((gh@? (7-7 V))

Let us observe that from the continuity of C (cf. (3.6)), we can obtain the following upper
bound for B:

|B(T,v)| < Ccllu—uy

Lall@, oIxll(7, v)lx < Ccllg, - @, lIxlID), ollxlI(7;v)[Ix;

which together to (4.14) and assumption (5.2), implies

B(t,v) } aa aa
sup T (S ey — 9, Ilx = — (g0 — ono, u—w)llx.
(rv) € Xo\{0} { (T, v)lIx 4 "0 =ho 4
In this way, from the latter inequality and (5.4), we easily obtain
4 R(T,v
oo - onau-wlx < s {ETE (5.5)
aA (rv)exofoy LT V)[x

In turn, according to the definitions of the forms A, C, and the functional F (cf. (2.14)), we
find after a simple computation that for any (7,v) € Xy, there holds

R(T,v) :=Ri(T) + Ra(v)

where
Ri(T) = —g (f + gup +divoy,divr)g — (% gl+ 0'270 + (up ® uh)dﬂ')g +v (Tn,up)p
(5.6)
and
v
RQ(V) =K <§ gl+ 0'270 + (uh (%9 uh)d — v Vuy, VV)Q + K2 (uD — uh,V)p. (57)
In this way, the supremum (5.5) can be bounded in terms of Ry and Ro, which yields
4
(o0 — ono,u—up)llx < ax (IR rro aiv sy + 1R2llex )y }- (5.8)

As a consequence of the above, the derivation of the upper bound in (5.3) is completed by
providing suitable upper bounds for R; and Rs. We begin by establishing the corresponding
estimate for Ro.

Lemma 5.2 There exists C; > 0 independent of h, such that

14 2
Rellsmioy <13 3 ([5a1+ kot tnow) vy
KeT, 2 0,K

1/2
+ > lup -y, 3,6) }
ec&(K)NER(T)
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Proof. Let v € H'(Q). From the definition of Ry and the Cauchy-Schwarz inequality it readily
follows that

2
Ra(v)| < max{s1, Ko} (“ggl+0270+(uh®uh)d_quhH

)

: \"? 2 2 \1/2
Flp—wle ) (I9vEa -+ V)
which together to (3.4) clearly implies (5.9), with C; = C’;ﬂ max{ki, ke } > 0. O
Next, to derive the corresponding upper bound for R; we first notice that, after adding and
subtracting auy, in the first term of Ry (cf. (5.6)), this functional can be rewritten as

Ri(T) = Ri(T) + Ri(7), (5.10)

with y
R% (1) === +guy, —auy +divey o, divr)g
Q

and
R3(T) = (7% gl — 0-270 — (up ® uh)d, ’T>Q —v(divr,up)o+v (Tn,up)p.

In addition, we will require two well-known approximation operators: the Raviart-Thomas
interpolator (see e.g. [2, 24]) and the Clément operator onto the space of continuous piecewise
linear functions [15].

The Raviart-Thomas interpolation operator 11§ : H(Q) — Hy(div;Q) (cf. (4.16)), is given
by the conditions

Ifr € Hy(div;Q) and /HZT ‘n = /T ‘n VYV edgeeof T. (5.11)

As a consequence of (5.11), there holds
div (ITf7) = Py (div 1), (5.12)

where Py, is the L?(Q)-orthogonal projector onto the piecewise polynomials functions of degree
< k on Q. In what follows we will utilize a tensor version of II¥, say II} : H'(Q) — Hy,(2),
which is defined row-wise by HZ. The local approximation properties of Hﬁ (and hence of Hﬁ)
are stated as follows (see e.g. [2, 24] for details): there exist constants ¢1, ¢ > 0, independent
of h, such that for all 7 € H'(2) there hold

r—TIkr
| h

0.k < CGhi||Th K VK € Th,

and

70— nlloe < e2h? (|7l ¥ edgeeof T,
where K, is a triangle of 7 containing e on its boundary.

The Clément operator Ij, : H!(Q) — Y}, approximates optimally non-smooth functions by
continuous piecewise linear functions:

Y, ={veC): vlg € PL(K) YK €Ty}
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It is well known that I, satisfies the following approximation properties (see [15] for details):
there exist constants é3, ¢4 > 0, independent of h, such that for all v € H'(2) there hold

v —Invllox < Shr|vliaw)y VK € Th,

and
lo - Iolloe < échlolhae Ve €&,

where
AK) =U{K' €Tp: KnNK#0} and A(e) .= U{K' € T,: Kne#0}.

In what follows we will utilize a vector version of Ij,, say I, : H () — Y}, x Y}, which is defined
row-wise by Ij,.

We are now in position of establishing the corresponding estimate for R;.

Lemma 5.3 There exists Cs, independents of h, such that

1% 2
||R1||(H0(div;Q))’ < (9 { Z (h%( H§ gl+ 0'270 + (uh & uh)d _ Z/VuhHO X«
KeTy, ’

+[f+gu, +diveyy — OéuhHg,K

14 2
+ h? Hrot (— I+0d+ (u,®u d)”
K 29 h,0 (un, h) 0.K

+ Z he H[(ggl—kaﬁo—k(uh@uh)d) t”z
e€€(K)NER(R)

0,e

2

+ Z he (H(I;QI—FU%’O+(uh®uh)d>t—1/u'D 0

ecE(K)NEL(T)

1/2
+ ||uD—uhHae>)} (5.13)

Proof. Let T € Hy(div;Q). First, by applying [32, Lemma 3.3] we know that there exist
n € HY(Q) and ¢ € HY(Q) satisfying the following Helmholtz decomposition

T=mn+curlp in Q. (5.14)
Moreover, we know that this decomposition is stable, namely

Lo+ Hd)HLQ < CHT”div;Qa (5.15)

I

with C' > 0 independent of h.
Now, let 7, = II¥(n) + curl(I,(¢)) — cl € Hy g, with ¢ = ﬁ Jo tr (I (n) + curl(I,(¢))).
It is clear from the definition of R; and the compatibility condition (2.2), that

Ri(tp) =0 and Ryi(I)=0,
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which implies
Ri(T) = Ri( — 1) = Ri(n — I (n)) + Ri(n — () + Ri(curl(¢ — In(¢))).  (5.16)

In this way, to obtain the desired estimate it suffices to bound each term on the right hand side
of (5.16).

First, employing the Cauchy-Schwarz inequality and the continuity of I—Ilfl (see [24, Lemma
4.4]), we easily obtain

[Ri(n—1Gm)| < Clf+gw, +divenr —aulgllnlie

, 1/2 (5.17)
=C Z ]\f—i—guh+div0'h,0—auh]]07K 1.0
KeTy

In turn, proceeding analogously as in the proof of lemmas 5.3 and 5.4 in [29], that is, integrating
by parts locally and utilizing the local approximation properties of the Raviart-Thomas and
Clément operators, we can easily deduce that

2

)

14
(R (n — T} ()] < c{ > (h% |5 91+ 0t + (w0 w)d — v Vu
KeTn

1/2 (5.18)
+he [[up — uhHg,e> } Imll1.0:
and
2
IR3(curl(¢ — I ()| < C{ > (lﬁ( rot (ggl—i—a'%,o—i- (uh®uh)d>H
KeTy, 0.K )
+ > he (ggl +oho+(u,® uh)d) t —vulp
e€E(K)NER(T) Oe
) 1/2
v
> ne|[(Ger+ oo+ ) e]|| ) } I lls.c
e€€(K)NER(Q) “
(5.19)
In this way from the identities (5.14), (5.16) and the estimates (5.15), (5.17), (5.18) and (5.19),
it readily follows that (5.13) holds, which concludes the proof. O

We end this section by noticing that the reliability estimate (5.3) follows straightforwardly
from lemmas 5.2 and 5.3.

5.2 Efficiency of the a posteriori a error estimator

The main result of this section is stated next.
Theorem 5.4 There exists Cepp > 0, independent of h, such that
Cerr © <lloo —onollaivie + [[u—usll10 + ho.t. (5.20)

where h.o.t. stands, eventually, for terms of higher order.

22



In order to prove the efficiency of the a posteriori error estimator, in what follows we bound
each term defining © in terms of local or global errors. We remark in advance that most of the
results to be deduced in this section are derived by employing estimates already available in the
literature. In particular, in the sequel we adapt the results from [8, 9, 10, 32, 33| to prove the
efficiency of our estimator ©®. We begin with the following lemma providing the estimates for
the zero-order terms appearing in the definition of O.

Lemma 5.5 There exists C1 and Co, independents of h, such that:

14
H§ gT+ 0ol + (w, @ up)? — ”V“"Ho < (oo = onollo +u—unlh). (5.21)

If +gup+dive,g —aullox <Co (o0 — onollaivik + [[u—wnllix),  (5.22)
for all K € Ty,

Proof. Similarly to the proof of [33, Theorem 3.12] we first observe that
2
[up, ®up —u@ullg <2 {HuhH%‘l(Q) + HUH%4(Q)} = wp )
which together to the continuity of the injection i. : H'(Q) — L*(2), hypothesis (5.2), the fact
that u € K (cf. (3.11)) and u;, € Ky, (cf. (4.8)), and the definition of C¢ (cf. (3.6)), implies
2

2 . 4 o
lup @ up —u@ullg , < 2lliel* {lunli g + lulfao} lu—usiq < mllu—uh\\in- (5.23)

Then, the estimate (5.21) follows from (5.23), the triangle inequality and the first equation of
(2.6). In turn, the estimate (5.22) readily follows from the second equation of (2.6) and the
triangle inequality. O

Now, we provide the upper bound for the residual term involving the Dirichlet datum. Its
proof is a direct consequence of the well known trace inequality. We omit further details.

Lemma 5.6 There exists C3 > 0, independents of h, such that:

lup —uplloe < Czllu—upl1o Vee &) (5.24)

Finally, since the datum g € L*(£2) is not necessarily a polynomial function, for the remaining
terms we proceed analogously to [10] and apply the results from [8, 9].

Lemma 5.7 There exists C4 > 0, independents of h, such that:

12
hic [[rot (S 91+ ao+ (wouw)?)| < (loo = onollos + [ —uilho)+hot. (5.25)

)

for all K € Tp.

Proof. By using the first equation of (2.6) and estimate (5.23), the result follows similarly to
the proof of [10, Lemma 6.10]. We omit further details. O
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Lemma 5.8 There exists C5 > 0, independents of h, such that:

h1/2 H [(ggl—i- ol o+ (u, @ uh)d) t”

0,e
< Cs Z loo — onollos + [u—upll1o | +hot., Vee&(Q), (5.26)
KCuwe
where we := U{K' € T}, : e € E(K')}.

Proof. The proof follows from the first equation of (2.6), estimate (5.23), and a slight modifica-
tion of the proof of [10, Lemma 6.10]. We omit further details. O

Lemma 5.9 There exists Cg > 0, independents of h, such that:

14
he! H(§91+0%,o+(uh®uh)d)t—1/ub

0,e
<Cs (HO’O — o-h,OHO,Ke + Hll — uh||1,Q) +h.ot. Vee 5(1‘),
where K. is a generic triangle having e as an edge.

Proof. Again, the proof follows from the first equation of (2.6), estimate (5.23), and a slight
modification of the proof of [10, Lemma 6.10] (see also [30, Lemma 4.15]). We omit further
details. 0

We end this section by observing that the efficiency estimate (5.20) follows straightforwardly
from the Lemmas 5.5-5.9.

5.3 Three dimensional case

In what follows we briefly discuss about the a posteriori error estimator in the three dimensional
case. To that end we first introduce some notations.
Given v a sufficiently smooth vector field, we let

curl v := V x v,
and given a tensor field 7 = (7;;)3x3, we define

curl (111, 712, T13)
curlr := curl (721, T22, T23)
curl (731, 732, 733)

On the other hand, given K € Ty, we let £(K) be the set of its faces, and let &, be the set
of all the faces of the triangulation 7;. Then, we write &, = &,(Q) U &, (I'), where &,(Q2) :=
{lee€e &, e C Qf and E(T) := {e € & : e C T'}. The faces of the tetrahedrons of 7}, are
denoted by e and their corresponding diameters by h.. Also for each face e € &, we fix a unit
normal n, to e. In addition, if v is a sufficiently smooth vector field, and e € &E,(Q2), we let
[vxne]:= (v|gr — v|g») |e X ne, where K’ and K" are the elements of 7, having e as a common
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face. As in the previous section, from now on, when no confusion arises, we simple write n
instead of n.. In addition, 7 x n stands for the 3 x 3 tensor given by

(711,7'12,713) Xn
T XNn:.:= (7’21,7’22,7‘23) X n s

(731,732, 733) X 1
and set
[(711, 712, 713) x 0]
[[T X Il]] = [[(7—2177—22,7—23> X Il]]
[(731, 732, 733) x 0
Now, let (o9,u) € Xg and (0,0, up) € Xp 0 be the respective unique solutions of (3.3) and
(4.4) . Then we define the global a posteriori error estimator

1/2

6=y ey

KeTh

where for each K € Tp,:

~ v 2

©% = (1+h%k) H§91+02,0 + (up, @up)t — VVUhH

. 2 2 v d a\|I?

+ [f+gup +divong —auplg x + hi chrl (§QI+ oo+ (up @ uy) )H

+ D> he
ce&(K)NER(R)

+ > (e

e€E(K)NEL(T)
(14 he) Jup — w3, )

0,K
2

[(KQI—FO'?L’O + (up, ®uh)d) X n} ’

3 0,e

2

(%gl + 0'%70 + (up ® uh)d) xn—vVup xn

0,e

The reliability of this estimator can be proved essentially by using the same arguments employed
for the 2D case. In particular, analogously to the 2D case, here it is needed a stable Helmholtz
decomposition for H(div ;). This result is a direct consequence of the following lemma. For
its proof we refer the reader to [25, Theorem 3.1].

Lemma 5.10 For each v € H(div;Q) there exist z € H*(Q) and x € [H*(Q)]3, such that there
hold v.=Vz + curlx in Q, and

Izll2,0 + x|, < C||Vaiv:a
where C' is a positive constant independent of v.

Finally, to prove the efficiency of the 3D estimator it suffices to control the new terms since
the analysis of the rest of the terms is straightforward. The following lemma provides these
desired estimates, where, for the sake of simplicity, we assume that up and g are piecewise
polynomials.
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Lemma 5.11 There exist positive constants C;, i € {1,2,3}, independent of h, v, n and «,
such that
v
2) hic [eurl(g g1+ oty + (w@w)")| < Cloo—onolok + [u-wlhe) VK €
T, |

< Cy(loo—onollow. Hllu—uyll10) Ve €

0 (ot )

5}1(9);

c) There exists C3 > 0, independent of h, such that

< Cs(lloo—onollo,x. +lu—up1,0),

,€

hl/? H (ggl + U?L’O + (up ® uh)d) xn—vVup xn

where K. is the triangle of Ty, having e as an edge.

Proof. First, a) follows straightforwardly from [28, Lemma 4.9] and (5.23). Similarly, b) follows
from [28, Lemma 4.10] and (5.23). Finally, the proof of ¢) follows from (5.23) a slight modification
of the proof of [28, Lemma 4.13]. O

6 Numerical results

In this section we present two numerical examples, illustrating the performance of the mixed
finite element scheme (4.5), confirming the reliability and efficiency of the a posteriori error esti-
mator © derived in Section 5, and showing the behaviour of the associated adaptive algorithm.
Our implementation is based on a FreeFem++ code (see [35]), in conjunction with the direct
linear solver UMFPACK (see [17]).

In what follows, N stands for the total number of degrees of freedom defining X} ¢. Denoting
by (o,u) € Xg and (o0, u) € Xp, the respective solutions of (3.3) and (4.4), and by pj, the
post-processed discrete pressure given by (4.25), we define the individual errors as

e(oo) := |loo — onollaivie, e(u) :=lu—upll1,0, and e(p):=[|p — palloo-

In addition, denoting by e(oo,u) := {e(a0)? + (e(u))}"/? the total error, the effectivity index
with respect to © (cf. (5.1)) is given by

eff(0) :=e(o0,u)/0.
Furthermore, we define the experimental rates of convergence as

 log(e(00)/¢/(5))  log(e(u)/e/(w))

ro0) =gy T T T gy
 log(e(p)/</(p))  log(e(oo,u)/e/ (e, u))
SRy B A v

where h and b/ are two consecutive meshsizes with errors e and ¢/. However, when the adaptive
algorithm is applied (see details below), the expression log(h/h") appearing in the computation
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of the above rates is replaced by —%log(N /N'), where N and N’ denote the corresponding
degrees of freedom of each triangulation.

The examples to be considered in this section are described next. In all the cases the
nonlinear system is solved by applying a Newton method (stopped when the L?-norm of the
total residual attains the tolerance 1E-6). Example 1 is used to illustrate the performance of
the two dimensional mixed finite element scheme under a quasi-uniform refinement, and to test
the behaviour of the iterative method when ||g||;4(q) increases, whereas Example 2 is utilized
to assess the accuracy of the proposed scheme along with the properties of the adaptive error

estimator © defined in (5.1). For the later we apply the following adaptive procedure from [39]:
1) Start with a coarse mesh 7j,.

2) Solve the discrete problem (4.5) for the current mesh 7p,.

4

)
)
3) Compute Op for each triangle T' € Tp,.
) Check the stopping criterion and decide whether to finish or go to next step.
)

5) Use blue-green refinement on those T € T, whose indicator O satisfies

_

O > — max
T_2Te7’h

{@T:TE’EL}.

6) Define the resulting mesh as the current meshe 7, and go to step 2.

In Example 1 we choose the domain © := (0,1)2, the parameters v = 1, a = 1, (K1, k2) =
(v,1%/2) (according to the assumptions of Lemma 3.2), and take f, g and up so that the exact
solution is given by the smooth functions

7 et cos(maz) + € sin(mnn) + 24
u(xlaxQ) = ’
—m e cos(mw) — e sin(ras) + 252
1—e?
P(xl,:m) = ex1+x2 cos(?T:E1) — 71_27_’_1,

where A is a real parameter. It is not difficult to see that ||g||z1(q) = |A[, so that condition (3.9)
becomes

AP < ot
2[|ic[1?

In Table 6.1 below we summarize the convergence history obtained for this example, consid-
ering A = 10, a sequence of quasi-uniform triangulations and RTy — P; (table at the top) and
RT; — P (table at the bottom) approximations. We observe there that the rates of convergence
O(h) and O(h?) predicted by Theorem 4.7 (when s = 1 and s = 2, respectively) are attained in
both cases for all the unknowns. Next, in order to test the real influence of hypothesis (3.9) on
our method, in Table 6.2 we illustrate the behaviour of the iterative method for different values
of A. We observe there that when A = 500, for the first three meshes the iterative method takes
more than 200 iterations to converge, reason why this information is not reported in those cases.
This behaviour shows that the performance of the method is clearly influenced by hypothesis
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(3.9). However, it is also important to remark that for values of A not greater than 10, and for
those meshes where the iterative method converges, the number of iterations remains reasonably
bounded. Exact and computed solutions, considering the RTy — P; approximation, are shown
in Figure 6.1 for A = 10 and N = 6214575.

In our second example we assess the capability of our adaptive algorithm to capturing
the presence of high gradients and singularities of the solution. To that end we consider the
parameters v = o« = 1, (k1,k2) = (1,1/2), the domain as the non-convex L-shaped region
Q= (—1,1)2\[0,1]%, and take f, g and up so that the exact solution is given by the functions

—cos(mxy) sin(mwa) + %5

u(zy,z2) = )
cos(mwa) sin(mzy) + %
( ) 1-—- Tl
x1,T9) 1= -
PR E2) 210,01 — 21)2 + (0.01 — 22)2

where | € R is a constant chosen in such a way (p,1)q = 0. Notice that p has high gradients
around the origin and divu = 1. In Table 6.3 we present the convergence history of the method
(in its lowest-order configuration), considering firstly a quasi-uniform refinement (table at the
top) and secondly an adaptive refinement (table at the bottom). We observe there that the
errors of the adaptive procedure decrease faster than those obtained by the quasi-uniform one,
which is confirmed by the global experimental rates of convergence provided there. This fact
is also illustrated in Figure 6.2 where we display the total errors e(og,u) vs. the degrees of
freedom N for both refinements. As shown by the values of r(og,u), the adaptive method is
able to keep the quasi-optimal rate of convergence O(h) for the total error. Furthermore, the
effectivity indexes remain bounded from above and below, which confirms the reliability and
efficiency of ©. Intermediate meshes obtained with the adaptive refinements are displayed in
Figure 6.3. Note that the method is able to recognize the region with high gradients.
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RTy — P SCHEME WITH QUASI-UNIFORM REFINEMENT

N h e(go) | r(oo) || e(m) | r(u) | e(p) | r(p)
683 0.1901 || 19.3727 - 2.7597 - 3.3330 -
2539 | 0.1025 || 9.8414 | 1.0316 || 1.2952 | 1.1523 || 1.5895 | 1.1278
9883 | 0.0490 || 4.8180 | 1.0511 || 0.6137 | 1.0990 || 0.7609 | 1.0841

39059 | 0.0268 || 2.4470 | 0.9860 || 0.3090 | 0.9988 || 0.3852 | 0.9906
157043 | 0.0140 || 1.2077 | 1.0150 || 0.1523 | 1.0166 || 0.1870 | 1.0385
621475 | 0.0078 || 0.6079 | 0.9980 | 0.0744 | 1.0415 || 0.0944 | 0.9946

RT; — Py SCHEME WITH QUASI-UNIFORM REFINEMENT

N h | eloo) | r(oo) || e(m) | r(u) | e(p) | r(p)
571 0.3727 || 5.7921 - 0.7352 - 2.4682 -
2287 | 0.1901 || 1.3191 | 2.1977 || 0.1895 | 2.0136 || 0.5277 | 2.2915
8687 | 0.1025 || 0.3284 | 2.2532 || 0.0377 | 2.6153 || 0.1194 | 2.4085

34199 | 0.0490 || 0.0783 | 1.9418 || 0.0087 | 1.9838 | 0.0290 | 1.9168
135931 | 0.0268 || 0.0206 | 2.0595 || 0.0022 | 2.1167 || 0.0076 | 2.0682
548107 | 0.0140 || 0.0050 | 2.3300 || 0.0005 | 2.3463 | 0.0019 | 2.3203

Table 6.1: Example 1: convergence history for the RTy — Py (table at the top) and RT; — P
approximations of the two dimensional version of the Navier-Stokes-Brinkman problem (2.13)
under quasi-uniform refinement

h =0.1901 | h =0.1025 | h =0.0490 | A = 0.0256 | h = 0.0140
1 4 4 4 4 4
10 5 4 4 4 4
100 6 5 5 5
250 - 6 6 5
500 - ) )

Table 6.2: Example 1: convergence behaviour of the iterative method with respect to the pa-
rameter A
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