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Abstract

The aim of this work is the development of an a posteriori error analysis for the Brinkman problem
with non-homogeneous mixed boundary conditions. In order to clarify the analysis, we first study, for
simplicity, the model problem with null mixed boundary conditions. Then, we derive a suitable augmented
variational formulation, based on the pseudo-stress and the velocity unknowns. This process involves the
elimination of the pressure, which can be recovered once the system is solved. Applying known arguments,
we can prove the unique solvability of the referred formulation, as well as of the corresponding Galerkin
scheme. Moreover, we can establish the convergence of the method, when consider row-wise Raviart-
Thomas elements to approximate the pseudo-stress in H(div; (), and continuous piecewise polynomials
for the velocity. Then, we proceed to deduce an a posteriori error estimator, which results to be reliable
and local efficient. To obtain this, we basically take into account the ellipticity of the bilinear form that
defines our scheme. Since we do not require any type of Helmholtz decomposition of functions living in
H(div; Q), the analysis is valid for 2D and 3D. The novelty of the current work relies on how we deal with
the case we have non homogeneous mixed boundary conditions. The strategy is to perform first a suitable
lifting for the Neumann and Dirichlet data, respectively, in order to homogenize them, and apply the



procedure introduced at the beginning. Then, we also can establish the well posedness of the augmented
variational formulation, at continuous and discrete levels, as well as the convergence of the method and
the derivation of an a posteriori error estimator. We point out that in this case, the corresponding
estimator consists of two residual terms, and two oscillation terms related to the boundary data, which
are not present when the boundary data are piecewise polynomials. In that situation, the a posteriori
error estimator results to be reliable, and locally efficient. We include some numerical experiments, which
are in agreement with the theoretical results we have obtained here.

Mathematics Subject Classifications (1991): 65N15, 65N30, 65N50

Key words: A posteriori error estimates, augmented mixed formulation.

1 Introduction

When one deals with a fluid, confined in a region, that shares viscous and porous media, it is usual to
consider the so called linear Brinkman problem. This lets us to study the fluid’s behavior, from Darcy to
Stokes regime, by introducing a zeroth order term for the velocity in the corresponding momentum equation.
This kind of equation can be also derived after discretization in time the non-steady Stokes problem. In
this framework, it is known as the generalized Stokes problem.

These facts have motivated the design of several numerical methods for solving these equations (see for
e.g. [3, 4, 16, 18, 29, 31] and the references therin), with applications in oil recovery, filtering porous layers,
subsurface water treatment, etc. In all these papers, the corresponding variational formulation is based on
the natural unknowns: velocity and pressure.

In what follows, we focus our attention on solving the generalized Stokes problem with non-homogeneous
Dirichlet condition, by designing mixed finite element schemes, based on the introduction of suitable addi-
tional unknowns. For example, in [15] the authors propose a two-fold saddle point formulation in terms of
the pseudostress and the gradient of the velocity as additional unknowns. Years later, the same problem
is treated in [10], by proposing and studying a variational formulation in pseudostress and velocity only,
following the ideas given in [17]. The corresponding a posteriori error analysis has been described in [8],
establishing the reliability and local efficiency of the estimator. This is proved with the help of a suitable
quasi-Helmholtz decomposition of functions belonging to H (div).

With the purpose of circumventing the inf-sup condition, which usually enforces a restriction on the
choice of the approximation spaces, the mixed formulation is augmented with kind of least-squares terms.
This leads to the well known Augmented Mized Finite Element Methods, which gives us more freedom to
choose the discrete spaces. Moreover, this procedure in general is supported by the fact that the velocity
unknown, seeking in L? in the non-augmented mixed variational formulation, belongs indeed to H'. Then,
in [10] the authors take into account this and propose an augmented variational formulation based on
pseudostress-velocity, but with the velocity belonging to the functional space H'.

On the other hand, in [33] the authors propose a mixed variational formulation for the generalized Stokes
problem, in velocity, vorticity and pressure, considering only pure Dirichlet or pure Neumann boundary
conditions. Inspired in this work, in [1] the authors develop an augmented variational formulation based on
these three fields, for the Brinkman problem with homogeneous data for the vorticity and normal component
of the velocity in some part of the boundary of the domain, and null pressure and given tangential component



of the velocity on the other part of that boundary. The corresponding analysis includes the derivation of an a
posteriori error estimate, which results to be reliable and locally efficient, with respect to the natural norms.
Additionally, in [2] the authors present a non-augmented mixed variational formulation for the Brinkman
problem, but measuring the vorticity in a norm that depends on the viscosity constant.

In this article, we are interested in the linear Brinkman problem, formulated in pseudostress-velocity,
and subject to mixed boundary conditions. We can mention that in [26], the authors deal with this kind of
problem. After eliminating the pressure and the velocity, they derive a non-augmented mixed variational
formulation, based on pseudostress and the trace of velocity on Neumann boundary. This formulation results
to be well-posed, at continuous as well as discrete levels. However, the proof of the convergence of the method
is just available for 2D, since it needs a suitable independent mesh of the Neumann boundary and to the best
of our knowledge, there is no criterion for building this independent mesh for higher dimensions. At least
this could be very expensive to perform for the 3D case. Our proposal consists of a homogenization of the
Neumann datum first, which allows us not to introduce any independent mesh of the Neumann boundary.
As a result, the convergence of the method is established in 2D and 3D.

The outline of the paper is organized as follows. In Section 2, we introduce the model problem, and discuss
the well-posedness of the mixed variational formulation in pseudostress-velocity, at continuous and discrete
levels. Next, we propose an augmented formulation in Section 3, considering for simplicity homogeneous
mixed boundary conditions. As a remark, we describe what happens in a more general case. In Section 4,
some numerical examples are included, whose results are in agreement with the theory we have developed.
Finally, we give some conclusions and final comments in Section 6.

We end this section with some notations to be used throughout the paper. Given a Hilbert space W, we
denote by W™ and W™*"™ the space of vectors and square tensors of order n with entries in W, respectively,
where n € {2,3}. Given p = (pi), ¢ = (Gj) € R™", we set p* = (pji), tr(p) = 3.7, pj;, and
p: ¢ = ZZj:l pi;iCij- Moreover, we introduce the deviator of p by p* = p — %tr(p) I, with I € R™*"
being the identity tensor.

2 The model problem and its mixed form

Let © C R™ be a bounded and simply connected domain with a Lipschitz-continuous boundary I' := 012,
which is decomposed in two disjoint parts: I'p and 'y, with [I'p|,|Tx| > 0. In order to clarify the
presentation, we first consider the case with both boundary conditions homogeneous. Later we focus on
studying the most general case, taking into account the analysis that will be studied in this section. Then,
given the external forces f € [L2(Q)]", f € L*(Q), we look for the velocity w and the pressure p of a fluid
in Q, such that

au —vAu+Vp=Ff in Q,

div(u) = f in Q, (1)
u=0 on Ip,
(—qu+pI>n:O on I'y,



where « is a positive parameter, while v > 0 corresponds to the kinematic viscosity of the fluid. Hereafter,
n denotes the unit outward normal to I'.

We introduce now the pseudo-stress o := vV u — pI, which allows us to deduce p = %f — %tr(a’).
As a consequence, we can eliminate p from (1), leading to the following first order system in (o, u):

1 1~

— —Vu=——fI in

v n

au — div(e) = f in Q, 2)
u =20 on I'p,

on =20 on I'y.

Next, we consider the mixed variational formulation: Find (o, u) € Hy(div;Q) x [L?(Q2)]" such that
1
/Udzrd—i—/u div(r ——/ftr V1 € Hy(div;Q),
vJa Q
/'v-div(a)—a/u-v:—/f-v Yo € [L2(Q)",
Q Q Q

where Hy(div; Q) := {7 € H(div;Q) : Tmn =0 on I'y}.

Remark 1 Thanks to Theorem 4.3.2 in [12], we can ensure the unique solvability of (3). By choosing
appropriate stable pair of discrete subspaces of Hy(div;Q) and [L*(Q)]", we can invoke Theorem 5.5.2 in
[12], and establish that the corresponding discrete scheme to (3) has also a unique solution.

Remark 2 Adapting the ideas given in [7], we can obtain a reliable and efficient a posteriori error estimator.
For establishing the local efficiency property, we invoke a quasi Helmholtz decomposition of functions living
in Hy(div;Q), whose stability property is ensured only in 2D. In order to circumvent this difficulty, in the
next section we proceed to stabilize the scheme.

Remark 3 The theory of distributions allows us to show that (3) implies that the velocity u belongs to
[Hl(Q)]" This motivates us to apply a stabilization technique, by summing suitable terms of least squares
type to the variational formulation (3). The resulting augmented scheme is described in next section.

3 An augmented formulation

At this point, we define the space [H{ ()] := {v € [H(Q)]"; v =0 on Tp} and we denote H :=
H(div; Q) x [H1(Q)]". We provide H with the usual norm

(. 0)llm = (II7l[Gve + [0l 0) '/ V(T,0) € H.

Now, following the ideas given in Section 3 in [5], it is not difficult to derive the augmented variational
formulation, at continuous level: Find (o, u) € Hy := Hy(div; Q) x [H%D (€)]™, such that

As((o,u), (T,v)) = Fg(T,v) V(7,v) € Hy, (4)



where the bilinear form Ag : H x H — R and the linear functional F; : H — R, are given by

A0, 2), (1,v)) ;zl/god - /Qz . div(r) — /Qv . div(6) + a/z v

v Q

+ro [(@v0) — ax) - @ivie) + av) + [ (V2= 200) < (o Lot
Fo(m,v) == —1/QfI:7-+/Qf'U—Ho/Qf'(div(T)+av)

n

+m/fI:<V’v—|—le>.
n Q 14

We remark that the positive parameters kg, k1 are at our disposal, to ensure the unique solvability of (4).
In the current situation, we choose them in order to establish the ellipticity of As on Hy. Keeping that in
mind, we can obtain, after some algebraic manipulations, that for any (7,v) € H there holds

As((r,0), (1)) = v 1 (1 = v ) [T o + rolldiv(T)[[§o + a (1 —ako) [[vlliq + kilvlig. (5)

As ko, k1 > 0, we just require that 1 — k;v~! > 0 and 1 — akg > 0, for ensuring that each of the four
terms on the right hand side of (5) is positive. On the other hand, we point out that any 7 E HN(div; Q0),
can be rewritten as 7 = 79 + AI, where 7y € Hy(div;Q) = {p € H(div;Q) : [,tr(p) = 0}, and
A € R is chosen such that 7m = 0 on I'yy. Now, in order to give a self—contamed manuscrlpt we recall the
following technical result, whose proof can be found in [25] (cf. Lemma 2.2).

Lemma 4 There exists Co > 0, depending only on Q and 'y, such that
V1 € Hy(div;Q) : Co|7[laivia < [|70llaive - (6)
Boundedness and coercivity of Ag on Hy are established in next result.

Lemma 5 For any ko € (0,a7 ') and k1 € (0,v), there exists Cp > 0, Ce11 > 0, depending on o and v,
such that

[45((8, 2), (7, 0))] < Cola, ) [|(0, 2)[|a [|(7,v)lr V(0 2),(T,v) € H, (7)
As((7,9),(1,0)) = Cena(a,v) (T, 0)|[Fr  V(T,v) € Ho, (8)
where
Cp(a,v) := max{v™ (1 — kv~ ) + ko, 1 — akg, a1 — akpg) + k1, kv '},
Cer1(a,v) := min{1,Cy} min{v ™11 — kv 1), Ko, a(l — arg), K1} -

Proof. It relies on Cauchy-Schwarz inequality and some algebraic manipulations. To establish the ellipticity
of A on Hy we need, in addition, to invoke Lemma 4. We omit further details. O
Similarly, the following lemma ensures that Fy € HJ.



Lemma 6 Under the same assumptions as in Lemma 5, there exists Cr > 0, depending on « and v, such
that

|Fo(r,0)| < Ce(a,v) (IIflloe + lIfllog) [I(m,0)llm V(T 0) € H, (9)
where
Cr(a,v) := max{1,C;} max{r~'(1 — kv 1), kir™1, 1 — akg, Ko, 1,1} .

By Lax-Milgram theorem, it is proved that the augmented variational formulation (4) has a unique solution
(o,u) € Hj, and there exists a positive constant Cy, depending on « and v, such that

lo,w)la < C. (I1flloa + 1 Fllog) - (10)

Cr(a,v)
Cell (a, l/) ’

On the other hand, for the discretization, we assume that  is a polyhedral / polygonal region and let
{Th}n>0 be a regular family of triangulations of Q such that @ = U{T : T € T, }. Given a tetrahedra
/ triangle T' € Ty, we denote by hr its diameter and define the mesh size h := max{hr : T € T }. In
addition, given an integer ¢ > 0 and a subset S of R", we denote by Py(S) the space of polynomials in n
variables defined in S of total degree at most ¢, and for each T € 7T}, we define the local Raviart-Thomas
space of order ¢, as RT ¢(T) = [Pe(T)]" ® Pe(T)x C [Pey1(T)]", for all € T. On the other hand, we
set Fy, as the skeleton of 7y, i.e. the list of all the faces (counted once) induced by the triangulation 7. We
can decomposed F;, = Fi U FP, with Fi={F € F : F C Q} and ]-",‘? ={F € Fp : F C 09}. We
have also that F7 := FP U FY, with F? := {F e F? : F Cc Tp}and Fi,:= {F€F) : F C I'n}. Asa
consequence, given a triangulation 73, of €2, its skeleton can be characterized as Fj, = .7-",% U .7-",? U ,7:}1‘ .

From now on, in order to define the discrete variational formulation associated to problem (4), we first
introduce the finite element subspaces:

with C, =

HY = {7, € Hdiv;Q) : 7|7 € [RT«(T)Y]", VT € T },
vn={meH] :mn =0 on Fn b,

Hit = {vp € [CQ]" : wplr € [P (D)™ VT € T},

Hgy, = {’vaH}L‘: v, = 0 on ]-',IL’}.

Then, we propose the finite element subspace Hy; := vn X Hgy C Ho. As a result, we derive the
conforming discrete variational formulation: Find (o, wuy) € Hyy, such that

AS((O'h,Uh),(Th,’Uh)) = Fs(Th,’Uh) V(’Th,’vh) c HO,h~ (11)

We remark that the Galerkin scheme (11) is well-posed and a Céa’s estimate can be obtained. In addition,
the corresponding rate of convergence of the Galerkin scheme (11) for this particular choice of finite element
subspaces, is presented in the next theorem.



Theorem 7 Let (o,u) € Ho and (op,up) € Hyy, be the unique solutions to problems (4) and (11),
respectively. In addition, assume that o € [H"(Q)]™", div(e) € [H"(Q)]" and u € [H™ L (Q)|" for some
r € (0,0 + 1]. Then, there exists C, > 0, independent of h, but depending on C, (introduced in (10)), such
that there holds

(o, w) — (o, wn)ller < Cuh” (Jollna + divio)lne + [[ulii0) -

Proof. It is a consequence of Céa’s estimate, and the corresponding approximation properties. We omit
further details. O

4 An a posteriori error estimator

In the framework of a posteriori error analysis for the Brinkman model, we would like to comment on some
previous works in this direction, which lead us to propose the new alternative described in this article.
Specifically, we refer to [9] and [8]. In [9] an a posteriori error analysis based on the Ritz projection of the
error is presented. There, in order to localize the H/2 (I")-norm, the authors introduce an auxiliary discrete
function and deduce an a posteriori error estimator that is reliable and locally quasi-efficient (see Theorem
3 in [9]). On the other hand, in [8] using a quasi Helmholtz decomposition, an estimator error estimator
is obtained, which is reliable and local efficiency, circumventing the need of any auxiliary discrete function.
Unfortunately, this decomposition is not available for 3D with mixed boundary conditions, which is one of
the reason for presenting this alternative analysis.

The aim here is the derivation of a reliable and locally efficient, residual a posteriori error estimator.
First, we take into account the ellipticity of As on Hy, and establish that

As((o — op,u — up), (1,0))

Ce11||(0—0'h7’U'—Uh)||H < sup (12)

(r,v)€Ho\{0} (T, 0)||

We emphasize that the right hand side of the inequality (12) corresponds to the norm of the Ritz projection
of the error (for more details see Subsection 4.2 in [5]).
Our next goal is to bound the supremum in (12). To this end, we require the following result.

Lemma 8 For any (T,v) € Hy, there holds
As((0 —on,u —up), (1,v)) = Ri(7) + Ra(v), (13)

where

Ri(T) := (1—1/*1 m)/

1 12
<Vuh — az—fI) CT
QO 14 n

— Ko /Q(f + div(oy) — awuy) - div(T) VT € Hy(div; ), (14)
Ry(v) := (1 — akyp) /Q(f + div(op) — auy) - v
+ K1 /Q (Vuh - %aﬁ— ifI) : Vv Vo € [Hp, (Q)]". (15)

7



Proof. First, given (7,v) € Hy, we invoke (4) to have
As((o — op,u —uyp), (T,v)) = Fs(T,v) — As((op, up), (T,0)).

The rest of the proof relies on the definition of Fy and As, and some algebraic manipulations. We omit
further details. 0

As an immediate consequence of Lemma 8, we deduce an a posteriori error estimator, which is given in
the next theorem.

Theorem 9 There exists Cre1 > 0, depending on o and v, such that

/(e — on,u—up)||lg < Cran, (16)
1/2
with n = Z 7 , where for any T € Ty
TeT,
iy = max{l —aro,ko}? ||f + div(es) — aunllfr
1.2
+ max{1 — vt Ky, K1 }2 HVuh — —ot——fI (17)
v n 0T

For proving the local efficiency of our estimator, we first introduce, for any 7' € Ty,

9 9 1/2
ol = (Il + I0lE7) " ¥(rv) € H.
Theorem 10 There exists Coss > 0, depending on a and v, such that for any T € T,

nr < Cess ||(00 — o, u — up) || Hy -

Remark 11 For (ko, k1) = (5=,%), we deduce
Cy = C, = 002), Crer = Cogr = O(a) a>v>1,
C, = C, = Omax{a,v™}2), Creg = Cots = O(max{a,v'}) a>1>v.

5 An a posteriori error analysis for Brinkman model with inhomoge-
neous boundary data

In this section, we extend the analysis described in Sections 2 and 3 to a quite more general model problem
(1), with nonhomogeneous boundary data. In order to do that, we consider the same geometry and notations

as provided in Section 2. Next, we introduce the spaces [HééZ(FD)]” = {vlr, : v € [H%N(Q)]"} and
[Hoy (Ch)]™ = {vfry = v e [HE ()]"}. By [Hyg/*(Tn)]" we denote the dual space of [Hyy”(Iy)]", with
respect to L?(I'y)-inner product. Its norm will be represented by || - [1-1/2,00,"x -



Now, given up € [Héf(l“p)]", gec [H&)l/z(FN)]", f € [L3(Q)]", and f € L*(Q), we seek for the velocity
u and the pressure p of a fluid in €, such that

au —vAu+Vp=f in Q
div(u) = f in €, (18)
u =up on I'p,

(—uVu—i—pI)n =g on Iy,

The strategy relies on performing a homogenization of the Neumann datum, in the same spirit as

described in [7] and [6]. First, we introduce the pseudo-stress & := vV u — pI, which allows us to deduce
p=Z2f— %tr(&). As a consequence, we can eliminate p from (18), leading to the following first order
System:
1 1
~6¢—Vu=—-——fI in Q,
v n
au — div(e) = f in Q, (19)
U = up on I'p,
on = —g on I'y.
Next, we set 69 := —Vz, with z € [H%D (€)]™ being the unique weak solution of the auxiliary problem
—Az=0 in Q, z=0 on I'p, Ihz=g on Iy. (20)
As a result, we notice that 4 € H(div;(), is divergence-free, and satisfies 6gm = —g on I'y. Moreover,
there exists C1 > 0, such that ||og||g(givio) < C1llgll-1/2,00ry- Introducing o := & — 4, (19) can be
rewritten in terms of (o, u) as
1 1 1
-0 —Vu=—=fI—- =6 in Q,
v n v
au — div(e) = f in Q, (21)
U = up on I'p,
on =0 on I'y.

Proceeding as in Section 2, we deduce the mixed variational formulation: Find (o, u) € Hy(div;Q) x
[L%(Q)]" such that

1 1 ~ 1
/ ot T4+ / w-div(T) = (Tn,up)r, —/ ftr(r) — / 6o T V1 € Hy(div; ),
Q Q nJo Q

14 1%

/Qv~div(a)—oz/9u-'v:—/ﬂf-v Vo e [L2(Q)".

We note that the difference with (3) lies only on the right side of (22). Therefore, as pointed out in Remark
1, the existence and uniqueness of solution of (22) as well as of its corresponding conforming discrete
scheme, are guaranteed thanks to Theorems 4.3.2 and 5.5.2 in [12], respectively. We can also establish the
convergence of the method in this situation. Of course, as in Remark 3, we can prove that u € [H(Q)]".

(22)



5.1 An a priori error analysis of the augmented formulation

As in Section 3, we consider the augmented formulation: Find (o,u) € Hy := Hy(div;Q) x [H(Q)]",
such that

As((o,u), (T,v)) = FS(T,U) V(r,v) € Hy, (23)

where the bilinear form Ag : H x H — R is defined as in Section 3, while the linear functional Fy : H — R,
is given by
. 1_4 1= .
Fs(T,v) := (Tm,up)r, — g+ —fI):7+ | f-v—ro [ f-(div(T) + av)
Q\V n Q Q
1 1 1
+ K1 / <&2 + fI> : | Vo + 'rd) .
o \V n v
In what follows, we assume that xo € (0,a ') and k1 € (0,v). Then, thanks to Lemma 5, Ag is bounded
and strongly elliptic on Hy. In addition, there exists Cz > 0, depending on « and v, such that

Fu(r,0)] < Cila,v) (lunlhpoory, +llgll-1p00my + [1Flloa + 1fllog) I(mv)ller ¥ () € H,
(24)
with
Ci(a,v) = max{1,C} max{v ™11 — ki), kv, 1 — ako, Ko, 1,1} .

By Lax-Milgram theorem, it is proved that the augmented variational formulation (23) has a unique
solution (o, u) € Hy, and there exists a positive constant C,, depending on « and v, such that

(o, w)|a < C. <||f\|o,g + I fllo.o + llwplli/2,00,0p + ||Q||—1/2,00,FN) ; (25)

with ¢, — Crl@v)
Cenn(a, 1)
Hy .= HJ, x H}* such that

. The classic discrete conforming variational formulation read as: Find (op,upn) €

As((on,un), (Thyvn)) = Fs(Th,vn) V(Th,vn) € Hyp - (26)

We remark that the Galerkin scheme (26) is well-posed and a Céa’s estimate can be obtained. In addition,
the corresponding rate of convergence of the Galerkin scheme (26) for this particular choice of finite element
subspaces, is presented in the next theorem.

Theorem 12 Let (o,u) € Hy and (on,up) € Hy, be the unique solutions to problems (23) and (26),
respectively. In addition, assume that o € [H"(Q)]™*", div(o) € [H"(Q)]" and u € [H™ L (Q)|" for some
r € (0,44 1]. Then, there exists Cy, > 0, independent of h, but depending on C. (introduced in (25)), such
that there holds

(o, u) = (o, un)lle < Cub" (ol + [ldiv(o)]re + llull-+10) -

10



Proof. It is a consequence of Céa’s estimate, and the corresponding approximation properties. We omit
further details. O

Remark 13 We note that this discrete scheme entails difficulties inherent to boundary condition treatments.
For example, the way to treat the Dirichlet datum involves the introduction of the nodes on this part of the
boundary as unknowns into the system, that is, where the solution is known. In addition, the treatment of
the Neumann datum involves higher computational cost (more details in remark below). One way to avoid
these problems is discussed in the next subsection.

Remark 14 At first glance, we propose oy, = o) — Vzp, with z, € H}' being the solution of discrete
primal formulation associated to (20). Then, assuming that z € [H%D(Q) N HTY(Q)", for some s €
(0,¢ 4 1], and invoking Theorem 12, there exists C' > 0, independent of h, but depending on o« and v, such
that

(e, u) = (Gn,un)|la < C{L" ([lo]ro + div(e)lre + lulriie) + 27210} -

At this point, we point out that in general Vzj does not belong to HY,, and requires to compute first
zp € Hp, in order to compute it. Clearly, from a computational point of view, this could be expensive,
which motivates us to present an alternative procedure.

5.2 An a posteriori error analysis of the augmented formulation

To circumvent the difficulties associated with the treatment of non-homogeneous boundary conditions, we
take into account [11] for the Neumann type, which suggest approximate the data as follow: we set g; :=
ﬂfL(g) on F), with WfL(g) representing the L?-orthogonal projection of g onto Py(F}), component-wise. In
addition, for the Dirichlet type we denote by wupj the quasi-interpolated of the function up of degree
one (obtained first by considering the Clement type operator and then modify it to take into account the
boundary condition as in [27], Section 5-2, see also [21, 32]). Now, we define my, as the piecewise linear
continuous function such that my(x) = 0 for each node x € QUI'y and m;, = upy on I'p. Clearly,

my, € [H%N (©)]™. Next, we consider the problem:

(ﬁ =vVw — qI in Q,

aw —div(p) = f in Q,

div(w) =f in Q, (27)
w =upp on I'p,

V24 = —gn on Iy,

which, by virtue of what has been described at the beginning of the section, it can be established that has
a unique solution (p,w, q). In addition, we notice that ¢ = %f — %tr([)).

This allows us to establish the existence and uniqueness of (p,w) € H and (pp,wy) € Hy, solution of
the analog problems (23) and (26), respectively. It is not difficult to check that

16 = v — Byl 1r < (16 — oy — )1 + 15— pns b — ton) |z - (28)
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Now, we set T == {T €Ty, : |[E(T)NF)| > 0}, T2 == {T €Ty, : |[E(T)NFp| > 0}, and we assume that
g € [L2(TN)]" and up € [HY(Tp)|" N [Héé2(I‘D)]”. Then, proceeding similarly as in [11], we can ensure
that there exists C' > 0, independent of h, but depending on C,, such that

1/2
16— pu—w)g < C | osc(g,T)>+ D osc(up,T , (29)
TET) TeT
where for each T' € T,
osc(g, T)? = > hellg = m(@)5 - (30)

FeET)nF}

Concerning Dirichlet datum, in 2D case, under the assumption that wp € [H*(I'p)]?, it is possible to define
up,p, as the linear Lagrange interpolation of the function up, i.e., we have up ;(x) = up(x) for each node
x € I'p. We notice that the function up — up , vanishes at the nodes of 7} lying on I'p, allowing us to

estimate its [HééZ(F p)]>-norm in terms of L2-local norms on the edges of I'p. More precisely, according to
Theorem 1 in [19], there holds

m

v2p, e < €4 logll + Ca(T Zl

2
8uD 8uD7h

ot ot

lup [H

[L2(T5)]?

where h; = ||, j=1,...,m, Cy(I) := max{ ro+ Liis aneighbor of I'j, 4,5 € {1,.. m}}, and {I'y,..., T}
is the partition of I'p induced by T,. We remind that given an edge e induced by 73, and lying on I', we
set t as the tangential vector associated to e. In addition, 83‘—;’ represents the tangential derivative of up

along e. Similar meaning is given to 8“5‘2”. This result allows us to establish

osc(up,T)? = Z hp aautD — 31{;1;711 i (31)
FeE(T)NF? [L2(F))?
For the 3D case, the Sobolev interpolation theorem implies
lup —up hH[H1/2(F g = Cllun —upalizawpyzllun = wosllm oy (32)
which allows us to deduce
osc(uD,T)2 = hp Z lup — UD7h||[2H1(F)}3 ) (33)

FeE(T)NF?

where hp := max{hp : F € F}}.
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Now, invoking the Raviart-Thomas local lifting operator on the normal trace (cf. Proposition 2.4 in [22]),
we can build pg, € H(div; Q)N[RT¢(Tx)]", such that pg, v = —gj on I'y. Then, we consider p := p — pg,

in Q and w := w — my in . This helps us to rewrite (27) as:
aw —div(p) = f in Q,
1 ~d N _ _1lpa _ 17f :
= p* — Vw =Vmy — ;pg, — /I in Q (34)
w =0 on Ip,
pv =0 on Iy,
where f = f + div(pg,) — amy. We emphasize that (p,w) € Hy and (py, wy) € Hyy, satisfy
V(r,v) € Ho : As((p, ), (T,v)) = Fi(T,0), (35)
Y (1,v) € Hyp : As((pn, ), (T,v)) = Fus(1,v), (36)
respectively, with F,:H->R being the linear functional, given for any (7,v) € H, by
- : I
Fs(m,v) = f-v-— —fI+ —pg, —Vmy | : 7T
Q 0 \"n 1%
. ) 1= 1 _4 1 4
— ko | f - (av + div(T)) + K1 ~fI+ —pg, —Vmyp ) : (Vo + -7
Q 0 \n 1% v
Now, taking into account the ellipticity of Ag on Hy, we can establish that
~ ~ ~ ~ As A_AauA]_uAJ y \T, U
Conll(p— protis i) sy < sup AP D0 =), (7,0)) (37)
(r,0)€Ho\{0} (7, v)||a
Our next aim, is to bound the supremum in (37). To this end, we require the following result.
Lemma 15 For any (T,v) € Hy, there holds
As((p = P, w — wp), (T,v)) = Ra(7) + Ra(v), (38)
where
. 1. 4 1
Ri(7) = — V(wp + mp) — —(pn + Pg,)" ——fI) T
Q v n
1 . 1. . - q 1z 4
-V K1 V(w, + mp) — —(pn + pg,)——fI) : T
Q v n
- / (f + div(py) — aty) - div(r) VT € Hy(div:Q), (39)
Q
Ry(v) := (1 — akyp) /(f + div(pp) — awy,) - v
Q
. 1. 1 .
o [ (VG ) = S+ )= LFT) Ve Voe @) o0
Q

13



Proof. First, given (7,v) € Hy, we invoke (35) to have
As((p = pn® — p), (1,0)) = Fo(7,0) — As((pn, Wn), (T,0)) -

The rest of the proof relies on the definition of Fy and Ag, and some algebraic manipulations. We omit
further details. O

As an immediate consequence of Lemma 15, we deduce an a posteriori error estimator, which is given
in the next theorem.

Theorem 16 There exists Cre1 > 0, depending on a and v, such that

(o = pn, W —wp)|lgr < Crarn, (41)
1/2
with n = Z 77% , where for any T € Ty,
T€Th
g = max{l — arg,ko}? ||f + div(pn) — awll§s
A 1, 1217
+ max{1,v Ky, k1 }? HV(wh + my,) — ;(ph + Pg, )t — EfI . (42)
0,T
Remark 17 Since p = p + pg, and w = w + my, , we introduce py, = Py + Pg, and w, = Wy + my,
as its approximations. Then, we have
1(p = pr,w — wp)|la = [|(p— pr, W —wp)|lg < Cran.
Theorem 18 There exists Cees > 0, depending on a and v, such that for any T € Ty,
nr < Ceee ||(p — pn, W — W) |Hy -
Remark 19 Invoking a suitable triangle inequality, we can establish that
1/2
1< Coe | 16— pnu—wi)lly + - osclg. T+ Y osclup, T’
TET) TeTy
Remark 20 For (ko, k1) = (5,%), we deduce
C, = é* = O<a2)7 Cre1 = Cots = O(a) a>v>1,
C, = C, = Omax{a,v™'}2), Crer = Cots = O(max{a,v'}) a>1>v.
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6 Numerical experiments

Numerical experiments illustrating the performance of the augmented schemes (36) and the properties of
the a posteriori error estimators n are reported in this section. We present three examples, by simplicity,
all of them in 2D. The aim of the first one is to confirm the a priori error estimate (see Theorem 12 and
Remark 14), and to verify the efficiency and reliability of the a posteriori error estimator derived in Section
4. We also analyze the influence of relatively small values of the viscosity v, and for moderate large values of
«, in the numerical method. The second and third examples allow us to show the effectivity of the adaptive
method. In what follows, in all examples we fixed the parameters as (kg, k1) = (ﬁ, %) and we consider
the finite element subspaces of lowest order of approximation (i.e. for ¢ = 0).
The adaptive refinement algorithm we consider can be found in [35], and reads as follows:

Algorithm 1: Adaptive Refinement Algorithm
Result: Improvement of quality of approximation
Input: tolerance tol, initial / coarse mesh T, ;
Step 1: Solve the Galerkin scheme for the current mesh 7,0. Then compute {UT}TeTf-
while n > tol do
Mark each element 7" € 7, such that
1

npr > 3 max{ny : T € Tp}.

Refine marked elements and remove hanging nodes if corresponds;
This generates an adapted mesh Tp;

T? < T, and go to Step 1.

end

In what follows, A/ denotes the total number of degrees of freedom (dof) for the corresponding discrete
scheme. We define the error for each unknown, e(o) = |lo — opnllggivia), e(u) = [[u — uplljFrQ)2. In
addition, we include the computation of the error for pressure when it is approximated by p, = - f —

1/2
Ltr(op,). This is defined by e(p) == ||p — prlliz2(q)2- The total error is given by E := (6(0’)2 + e(u)? ) .
The efficiency and effectivity indexes, with respect to the error indicator 7, are defined as E/n and n/E,
respectively.

6.1 A smooth example

Let Q =]0,1[?, we considere mixed boundary condition with T'p := 0 x (0,1) U (0,1) x 0. Ty := 92\ T'p
and we choose the data so that the exact solution of problem (18) is:

u(z,y) = (#° +22%(1 — 2)%y(1 — y)(1 — 2y),y° — 22(1 — 2)(1 — 22)y*(1 — y)*)

p=-exp (—10 ((z — 1/2)* + (y — 1/2)?)),

We solved the problem over a sequence of uniform meshes (i.e., in each step the elements of the mesh
are bisected twice). In Figure 1 we show the total error versus the DOF's for o = 1 and different values of v,
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whereas in Figure 2 we display the total error versus DOF for v = 1 and different values of a. We observe
that optimal convergence rates are attained in all cases. In Figure 3 we exhibit the corresponding effectivity
indexes for the numerical solutions obtained for the different values of v (left ) and for different values of
a (right). We observe in all cases, the effectivity indexes remain bounded, which is in accordance with the

theory.

| —elu-uhl],
—x—|ls-shlly,
[lp -phil,
—©-Total Error
—*— Estimator

Dofs 2

10’ 102 10° 10* 10° 108
Degrees of Freedom - nu = 1, alpha = 1

| —e-Ilu-uhll,
—lls-shlly,

[lp -phil,
10 ¢ —o-Total Error 3
—»— Estimator

Dofs 2

10' 102 10° 10t 10° 10°
Degrees of Freedom - nu = 0.01, alpha = 1

2
—o-[lu-uhl],

10

107" F

2| —%— ||S-Sh||div

&

10

—=—|ls-shlly,
llp -phil,

—©-Total Error

—*— Estimator
Dofs 2

10° 102 103 10* 10°
Degrees of Freedom - nu = 0.1, alpha = 1

~o-lu-uhl

llp -phil,
| “©-Total Error
—»— Estimator

Dofs 2

10! 102 10° 10 10°
Degrees of Freedom - nu = 0.001, alpha = 1

Figure 1: Example 1: From top-left to bottom-right, Individual, Total errors and a posteriori error estimator
for o =1 and v € {1,1071,1072,1073}, obtained with uniform refinement for Example 1.

6.2 A non smooth benchmark solution

In this example, we are inspired by [35] (cf. page 113) and define Q = {|z| + |y| < 1} N{z < 0 or y > 0},
which clearly is a non-convex Lipschitz domain. We assume I'p = 9, then I'y = (. The data of this
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Figure 2: Example 1: From top-left to bottom-right, Individual, Total errors and estimator for a €
{1,10',102, 103}, obtained with uniform refinement (UR) for Example 1 with v = 1.
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Figure 3: Example 1: Effectivity indexes vs. DOFs. Left: fixed « = 1 and different values of v. Righ: fixed
v = 1 and different values of a.

problem is given such that the exact solution, in polar coordinates, is

uwey:(rﬂﬂ+nﬁmmww»+mamwwn> and
T P (1 + A) cos(0) w(0) + sin(0)v'(0)])

p0) = — T [(1 4 X2 0) + 0],
with
9(0) = i < sin((1+X)6) cos(Aw) — cos((1+\)0)
— o sin((1 - 0)6) cos(Aw) + cos((1 - N)A),
A :=0.54448373678246, w := gﬂ'.

Moreover, in this case the exact solution (u, p) lives in [H'+*(Q)]2 x H*(Q). The history of convergence of
the method is displayed in Figure 4 (Left), considering sequences of uniform and adaptive refined meshes
generated according to the proposed Algorithm 1. We notice that due to the low regularity of the exact
solution, the total error, when applying uniform refinement, behaves as O(h*). On the other hand, when
performing the adaptive refinement Algorithm 1, based on our a posteriori error estimator 7, the quality
of approximation is improved, recovering the optimal rate of convergence as if the solution were smooth.
In addition, this adaptive procedure is able to identify the singularity of w and p at origin. This is shown
in Figure 5, which contains some of the adapted meshes obtained in this process. Concerning the index
of efficiency, we observe that their values are bounded, when considering uniformly refined meshes and the
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Figure 4: Example 2: Left: Total errors and Estimators vs. DOFs (Uniform and Adaptive refinements).
Right: efficiency indexes.

sequence of meshes obtained by applying the adaptive refinement algorithm, as is displayed in Figure 4
(Right). These let us to state that our a posteriori error estimator 7, is reliable and locally efficient, in
agreement with our theoretical findings.

6.3 A flow of a fluid in a porous media with obstacles

As it is known, the Brinkman equation can be used to describe the flow of a viscous fluid in a porous medium.
This motivates us to simulate the flow of a fluid in a porous medium with obstacles. As the domain €2, we
consider a tube with three holes, which represent the obstacles. The tube is given by T' = [0, 8] x [0, 1]. On
the other hand, we introduce three obstacles O, Oz and Os, that are defined as the circles of ratio 1/3 and
center at the points (15/6,1/2), (23/6,1/2) and (31/6,1/2), respectively. Then, we set Q2 := T\ (O1UO2U0O3),
'y ={8} x[0,1], I'p = 92\ I'y. For simplicity, we choose « = 1.0 , ¥ = 1.0, and the data f=0,f=0in
2, while the Dirichlet boundary condition is set as up(z,y) = (20y(1 —1y),0)* on {0} x [0,1] and up = 0
on I'p \{0} x [0,1]. On Neumann boundary, we impose the so-called do-nothing boundary condition, that
is, g=0on I'y.

Based on the a posteriori error estimator 7, in Figure 6 we display the behavior of 7 for uniform and
adaptive refinements. There we can notice the optimal order. In addition, in Figures 7 and 8, we show the
velocity and pressure for an intermediate and final iteration. Finally, some adapted meshes are shown in
Figure 9, where we can observe that the estimator recognizes the places where the error is more dominant.

7 Concluding remarks

In this paper, we have been able to obtain a reliable and (quasi) local efficient a posteriori error estimator for
the Brinkman problem with non trivial mixed boundary conditions. To this aim, we consider an augmented
Galerkin variational formulation based on the pseudo-stress and velocity unknowns. This allows us to
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Figure 5: Example 2: Intermediate meshes, from iterations 3, 7 and 13.

102

—-©-UR: Estimator
—*— AR: Estimator

Dofs /2

10° 10 10° 10®
Degrees of Freedom

Figure 6: Example 3: Estimators vs. DOFs (Uniform and Adaptive refinements).

have more freedom to choose the approximation spaces. We point out that the resulting a posteriori error
estimator is obtained after performing an homogenization procedure to the Dirichlet and Neumann boundary
data, which let us to ensure the well posedness of the variational formulation. In fact, the homogenization
of Dirichlet datum helps us not to increase the size of the linear system induced by the discrete scheme.
This means that it is not necessary to take the degrees of freedom associated to the Dirichlet boundary
as unknowns, since we already know how the solution behaves on it. In other words, the analysis of the
Brinkman problem with non null mixed boundary conditions relies on the analysis of the same model
problem, but with homogeneous mixed boundary conditions and a corrected source term. This is the aim
of introducing suitable lifting mechanisms for the Dirichlet and Neumann data. On the other hand, this
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Figure 7: Example 3: Vector field of the velocity and pressure (Intermediate mesh from iteration 3).
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Figure 8: Example 3: Streamlines of the velocity and pressure (final iteration).
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Figure 9: Example 3: Initial and Intermediate adapted meshes (Iterations 4 and 7).

strategy lets us to ensure that the resulting a posteriori error analysis is valid in 2D and in 3D. As a
result, our estimator consists of just two residual terms, and eventually two oscillation terms, related to the
Dirichlet and Neumann data. This means that the estimator has, from a computational point of view, low
cost. We notice that the results of numerical simulations presented in this work, are in agreement with our
theoretical findings (cf. Theorem 16, Remark 17 and Theorem 18).
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