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Abstract

We introduce and analyze a hybridizable discontinuous Galerkin (HDG) method for the
gradient-velocity-pressure formulation of the Brinkman problem. We present an a priori error
analysis of the method, showing optimal order of convergence of the error. We also introduce an
a posteriori error estimator, of the residual type, which helps us to improve the quality of the
numerical solution. We establish reliability and local efficiency of our estimator for the L2-error
of the velocity gradient and the pressure and the H!-error of the velocity, with constants which
are independent of the physical parameters and the size of the mesh. In particular, our results
are also valid for the Stokes problem. Finally, we provide numerical experiments showing the
quality of our adaptive scheme.

Keywords: Brinkman equations; Stokes equations; hybridizable discontinuous Galerkin method;

a priori error analysis; a posteriori error analysis.

1 Introduction

The main goal of this work is to introduce and analyze a hybridizable discontinuous Galerkin (HDG)
method applied to the Stokes/Brinkman equations of an incompressible flow through porous media.
The problem can be formulated as follows

L-Vu=0 in, (1a)
—V-(wL)+Vp+au=f in(, (1b)
V-u=0 in €, (1c)
u=up onl, (1d)
[r=0. (1¢)

Q

where Q@ C R? (d = 2,3) is a polygonal/polyhedral domain with Lipschitz boundary T, w is the
velocity, p is the pressure, v > 0 is the effective viscosity of the fluid, o > 0 is the quotient between
the dynamic viscosity and the permeability of the media, f € L?(Q)? is the external body force and
up € HY 2(T")? is the Dirichlet boundary data, assumed to satisfy fF up -n = 0 for compatibility.
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The Brinkman equation constitutes a generalization of the Darcy’s equation w = —a~'Vp that
describes the flow of a fluid through a porous mass with low particle density, i.e. a medium with
high permeability ([1]). It was motivated by the calculation of the viscous force exerted by a
flowing fluid on a dense swarm of particles, where the model includes the viscous effect to state
the equilibrium between the forces acting of a volume of fluid, i.e. the pressure gradient and the
damping force, au, caused by the porous mass. Applications of the Brinkman equation arise, for
instance, from groundwater and oil reservoir modeling, composite manufacturing ([25]), heat pipes
([27]) and computational fuel cell dynamics ([30]).

Let us briefly describe the historic perspective of the development of HDG methods. The main
criticism of Discontinuous Galerkin (DG) methods is due to the fact that they have too many
globally coupled degrees of freedom. In order to overcome this drawback, [8] introduced a unifying
framework for hybridization of DG methods for diffusion problems, where the only globally coupled
degrees of freedom are those of the numerical traces on the inter-element boundaries. The reminder
unknowns are then obtained by solving local problems on each element. A particular type of
HDG methods, the LDG-hybridizable (LDG-H), approximates these local problems using a local
Discontinuous Galerkin (LDG) method ([8]). Using a special projection, [6] proved optimal order
of convergence of a type of LDG-H method where the stabilization parameter is set to be zero in all
but one face of each element. In addition, they also provided an element-by-element postprocessing
of the approximate solution having superconvergence properties. A larger class of LDG-H methods
where analyzed in [11] by also using special projections. Later, [10] simplified the analysis of these
methods by using a technique based on a suitable designed projection inspired by the form of the
numerical traces.

In addition to diffusion equations, in the context of fluid mechanics, HDG method have been
developed for a wide variety of problems such as convection-diffusion equation ([31, 32, 19]), Stokes
flow (]33, 9, 12, 7]), quasi-Newtonian Stokes flow ([20, 21]), Stokes-Darcy coupling ([22]), Brinkman
problem ([18, 23]), Oseen and Navier—Stokes equations ([2, 34, 3]), just to name few. Among
them, we focus on those that are closely related to our work. To be more precise, [7] derived
a class of HDG method for the Stokes problem considering a vorticity-velocity-pressure formula-
tion. They showed that the method can be hybridized in four different ways including tangential
velocity /pressure and velocity /average pressure hybridizations. The approach based on the veloc-
ity /average pressure hybridization was considered in [33] to devise an HDG method for the velocity
gradient-velocity-pressure formulation which was later analyzed by [9] by employing the projection-
based error analysis developed by [10].

On the other hand, the first HDG method for the Brinkman problem was proposed by [18] for
a velocity gradient-velocity-pressure formulation. Recently, [23] introduced and analyzed an HDG
method for the Brinkman problem in pseudostress-velocity formulation.

Few contributions on the development of a posteriori error estimators for HDG methods can be
found in the literature. Certainly, a posteriori error analyses of DG methods have been extensively
studied and a complete discussion can be found in [13, 14] and the references therein. The first a
posteriori error analysis for HDG methods was carried out in [13] for an LDG-H method applied to
a diffusion problem. There, the authors proposed an efficient and reliable residual-based estimator
that controls the error in q, the gradient of the scalar variable u, which only depends on the data
oscillation and on the difference between the trace of the approximation of u and its corresponding
numerical trace. The construction of this estimator relies in two key ingredients. The first one is
the use of an element-by-element postprocessing of the scalar variable u having superconvergence
properties. The second ingredient is the Oswald interpolation operator ([26, 17]) that provides a
continuous approximation of a discontinuous piecewise polynomial function. Based on this tech-
nique, [14], presented a unified a posteriori error analysis for diffusion problems, where general



conditions on the approximation of the flux q are provided in order to obtain efficient and reliable
error estimators for a wide class of method. In the context of the convection-dominated diffusion
equation, [4] proposed a reliable and locally efficient residual-based error estimator for the HDG
method presented in [19] that controls the error measured in an energy norm. This estimator is ro-
bust in the sense of that the bounds of error are uniform with respect to the diffusion coefficient. The
authors also employed the Oswald interpolant and considered a weighted test function technique to
control the L?-norm of the scalar solution. However, they do not use the postprocessing technique
mentioned above since there is no superconvergence result for the HDG methods when the diffusion
parameter is too small. An alternative approach is to use the global inf-sup condition associated
to the continuous variational formulation which allows to directly bound the error in terms of the
residuals. This needs to be done carefully if applied to HDG methods since the spaces are not
necessarily conforming. In this direction, [21] proposed an error estimator for an augmented HDG
method applied to a class of quasi-Newtonian Stokes equations in velocity gradient-pseudostress-
velocity formulation. There, in order to be able to use the global inf-sup condition of the continuous
problem, the numerical trace of the velocity is eliminated from the scheme by expressing it in terms
of the intra-element unknowns, obtaining an equivalent discrete formulation. Moreover, the dis-
continuous approximation is postprocessed to construct an H(div, Q)-conforming approximation of
the pseudostress that allows to obtain an efficient and reliable residual-based error estimator. In
addition, [23] employed similar techniques to propose a error estimator for an HDG method applied
to the Brinkman problem in pseudostress-velocity formulation.

The main contributions of our work are the introduction of an HDG method for Brinkman
equation, where the unknowns are de velocity, pressure and the gradient of the velocity, and its
a priori and a posteriori analysis. Even if the Stokes case (o = 0) has been introduced and
analyzed, without an a posteriori analysis, in [9], this is the first time that the analysis is extended
for Brinkman (o # 0) in the natural variables. In the a posteriori error analysis we propose a
reliable and locally efficient residual-based a posteriori error estimator for both Brinkman and
Stokes problems, using the Oswald interpolation operator and a postprocessing technique. As we
will see in Section 4, we propose a new postprocessed approximation of the velocity suited to the
Brinkman problem and show it superconverges with optimal order. In addition, all the constants
in the estimates are written explicitly in terms of the physical parameters o and v.

The paper is organized as follows. In Section 2, we introduce the HDG method, notation and
basic definitions. In Section 3 we present an a priori error analysis for the HDG method. In Section
4, we introduce our a posteriori error estimator and state the main results concerning it. Finally,
in Section 5 we show numerical evidence, in dimension two, that validates our theoretical result
concerning the behavior of our scheme.

2 The method

2.1 Notation

Let {7 }n>0 be a family of conforming triangulations, made of simplexes K, of the domain € that
verifies the shape-regularity condition, i.e. there exists a positive constant o such that hx/px < o
for all K € Ty and for all h > 0, where hx and px denote the diameter of K and the diameter
of the largest ball inside K, respectively. Let h. be the diameter of a face/edge e. From now on,
we will use the word “face” even in the context of dimension two. We denote by &} the set of
interior faces and by 5;? the set of boundary faces. We set &, := &£ U ED, 0Ty, .= {0K : K € Ty},
we :={K € Ty : e C 0K}. We will use bold and Roman letters to denote vector- and tensor-valued



variables, respectively. For a tensor-valued function G and a vector-valued function v, we define
G n +Gtnt, ec&\& v —v7, e€&\ &Y

[G] = 5 and [v] = 9

0, ecéy v—up, ecé&

where n denotes the outward unit normal vector to K. We use the notation (-,-)p and (-,-)p for
the L2-inner product on D € T, and D € &, respectively. Let us also define

)1/2

Il lh.p = (allvll p + ¥V ll5

Finally, Py (S) will denote the space of polynomials of total degree no greater than k € NU {0},
with S a simplex or a face as appropriate.

To simplify the notation, in what follows, we will use a =< b to denote a < Cb, where C
is a generic constant depending only on the shape regularity constant o, the domain €2 and the
polynomial degree k, but independent of A and the physical parameters of the equation.

2.2 An HDG method for the Brinkman problem

Let us consider the approximation spaces:

Gp = {G € [LA(Th)]? : G|k € [Pe(K)]™? VK € T}, (2a)
Vi = {v € [LX(T)]" : vlk € Pr(K)]? VK € Tp}, (2b)
Py = {w e L*(T;) : w|p € PL(K) VK € Ty}, (2¢)
My, = {p € [L*(&))": ple € [Pi(e)]? Ve € &} (2d)

Then, based on the method developed in [33] for the Stokes flow, we introduce an HDG formu-
lation for Brinkman problem (1) that approximates the exact solution (L,u,p,ulg,) by the only
solution of the following scheme: Find (Lp,up, pp, un) € Gp X Vi, X P, X My, such that

(Ln, G)75, + (up, V- G)75, — (up, Gn)ar, =0, (3a)

(VL Vo) 7, = (91 V - 0)75, + (aun, v) 7, — (vLam = Prm, v)or, = (£,0)7., (3b)
—(un, V@)1, + (un - n, qor;, =0, (3¢)

(Wn, p)r = (up, w)r, (3d)

(yihn — Pum, o \r = 0, (3e)

(ph, 1) =0, (3f)

for all (G,v,q,u) € Gp x Vi, x Py, x Mj,. Here, vinn —ppn = vLpn —ppn — vt (u, — up) on 07Ty,
and 7 is a positive stabilization function on 07 that we assume, without loss of generality, to be
of order one. For other choices of 7 we refer to [9].

2.3 Local postprocessing of the vector solution

One of the features of HDG method is the construction of a local element-by-element postprocessing
u; of u; that approximates u with enhanced accuracy. In our case, we propose to construct wuj
suited for the Brinkman problem as follows. We seek uj € Vi = {w € [L}(Q)]¢ : w|x €
[Pri1(K)]? VK € Tp} such that, for all K € Ty, it satisfies

v(Vuy,, Vw) g + a(uy, w)k = v(Lp, Vw)g + a(up, w)x Yw € [PkH(K)]d (4a)



and, if o = 0, also satisfies the following equation
(uh w)k = (up, w)x Y € [Po(K)]%. (4b)

It’s straightforward to see that uj is well defined. Moreover, this new approximations will play a
crucial role in the a posteriori error analysis as we will see in Section 4.

3 A priori error analysis

The a priori error estimates are carried out by using the projection-based analysis in [9], which
consists of introducing a suitable projection Il that helps us to write the error as the sum of an
approximation error and a projection of the error. To be more precise, let (L, u, p) € [H'(T;)]*¢ x
[HY(Tn)]? x HY(Ts). Then, (L, u, p) := (HgL, Iy u,lIpp) € G, x Vi, x Py is defined as the only
solution of

(IIgL, G)i = (L, G) g VG € [P (K)]44, (5a)

(IIyu,v)x = (u,v) Yo € [Pr_1(K)]%, (5b)

(Ipp,9)k = (p, DK Vg € Pp1(K), (5¢)

(tr gL, ¢)x = (tr L, q¢)x Vg € Pr(K), (5d)

(TgLn — Tppn — vlTyu, ). = (vLn — pn — vu, ). vpePueld,  (5e)

for all K € T, and e C K. This projection has the following approximation properties.
Lemma 3.1. Let ly, {5, l1,, L, € [0,k]. On each K € Ty, it holds

IMyu — ullox = e ulgi1x + RV (VL = pD)|e, k¢,

ML — Lllo.x < WM Llg 1.1 + [Ty u — wlox + et u

bu+1,K

lp+1 Y4
ITLpp — pllox = A" |ple,+1,5 + V| TGL — Lilos + ot v|Le 1.

Proof. See Theorems 2.1 and 2.3 in [9]. O

Now, let Pysu be the L2-projection of w into M. Then, the projection of the errors IIgL — Ly,
Iy u — up, Pypyu — uy, and I pp — py, satisfy the the following equations

Lemma 3.2. For all (G,v,q, ) € G X V), X Py, x My, it holds

(IIcL — Ly, G)75, + (Myu — up, V- G) 1, — (Pyu — up, Gn)or, = gL - L,G) 7,
—(V - (v(IgL = Ly)), v)7;, + a(llyw — uy, v)7, + (V(Ipp — pr),v)7,
+rv(Ilyu — up, — Paru + up, v)p7;, =0,
—(Iyvu — up, Vg)7, + (Pyu — up, qgn)or, =0,
(Pyu —up, p)r =0,
(v(IlgL — Lp)n — (Ilpp — pp)n — (Myu — up — Pyu + g, w)op\r = 0,
(Ipp — pr, 1) = (Ilpp — p, 1)q.

Proof. The result is an extension of Lemma 3.1 in [9] to our HDG method. O]



Lemma 3.3. We have
I/HH(;L - Lh”%,Th —|—a||HVu — uh||%77h —I—I/”Hvu —Uup — (PM'U, — ﬁh)H%ﬁE :l/(H(;L — L, IIgL — Lh)Th-

Proof. Tt follows by taking G = v(IIgL — L), v = llyu — up, ¢ = lpp — pp and u = Ppyu — up, in
the first five equations of Lemma 3.2 and adding them up. 0

Let us emphasize that, if a # 0, Lemma 3.3 provides a bound for all the projection of the errors
in terms of the approximation error ||IIgL — Ly|lo7;. As a consequence, if the solution is smooth
enough, this lemma guaranties that the L?-norm of the projection of the error of all the variables
is of order A**1. On the other hand, by a duality argument, it is possible to show that actually
[TTyw — wp o7, is of order A*+2 under regularity assumptions. More precisely, given 8 € [L?(2)]4,
let (@, ¢, @) be the solution of:

®4+Vep=0 inQ, (6a)

V- (v®)-Vo+ap=0 inQ, (6b)
V=0 inQ, (6c)

¢ =0 on 0. (6d)

Since 8 — a¢ € [L*(Q)]?, (6) has the same regularity as the Stokes problem. Hence, we assume
® € H*2(Q)¥4 ¢ € H*(Q)? and ¢ € H'(Q2). This assumption holds, for instance, if 2 is convex
([28, 16]). In addition, we assume

v([®flra +alldlza + o

1,0 = 11000 (7)

Lemma 3.4. If the elliptic reqularity estimate (7) holds, we have

Iy = wp o, = (R 4 al2R) IGL = Lo 7.
Proof. We follow the ideas on [9]. Let 8 € [L2(€2)]?. Using (5), (6) and Lemma 3.2 we obtain
(IIyu — up, )7, = v(IgL — L, ® — Py_1®) 7, +v(Lp — L, Ig® — @)1, + a(llyu — up, ¢ — v )7, ,

where Pyu the L2-projection of w into [Py (K)]<.

We notice that v||® —Pr_1®|o 7, = thin{kJ}||¢Hmin{k71}7g < p2in{ki1}(9]|o 0. Moreover, apply-
ing the first two estimates of Lemma 3.1 to the solution of (6) (with ¢, = 0 and ¢,, = min{k, 1}) and
(7), we have that v||® —Ilge |0 x < h?n{k’l}HOHQK. From Lemma 3.3 we get a'/2||Tly-u—up|jo.7;, <
V2| TIgL—1L|lo.7, and, thanks to the first estimate of Lemma 3.1 applied to ¢ and by (7), we obtain
that a'/2||¢ — Ty ¢|lo.7;, < a'/?h||6]0.0. The result follows by applying Cauchy-Schwarz inequality
to the above identity and taking @ = [Iyu — uy. O

Lemma 3.5. We have |IIpp — py, — Upp — ppllo,7;, =2 v[[HgL — L|lo7;,, where q is the average of q
over €.

Proof. The result follows using Lemma 3.2 and Propositions 3.4 and 3.9 in [9]. O

In the next results, we summarize the a priori error estimates of our numerical scheme.



Theorem 3.1. Let (L,u,p) and (Lp, un, pn, un) the solution of (1) and (3), respectively. Then

IL = Lallo,7;, = IMIcL — Lp|lo,7,5 (8a)
lp = pallo,7, = Ipp — pllo,7; + v[[HcL — Lijo,7;,, (8b)
a'|u —up o7 < 2L — Ly o7 + /2| yu — ullo7,- (8c)
Moreover, if (7) holds, then
|w —unllo7 < [Mvu —wullo7, + (’lmin{k’l} + (Oé/V)l/zh) [TlcL — Lilo,7,, (8d)

Proof. It is consequence of Lemma 3.4, Lemma 3.5 and equation (3.3), considering that ||ILpp — pxllo,7;
< |[IIpp — pallo.0- O

Theorem 3.2. Let u; the approzimation defined in (4) and assume that (7) holds, then

0,7, = (1 + (Oé/V)l/Qh) W2l o7 + v — wpllo7, + hIIL — Ly

lw —uj, 0.7

+ (/) R = o7, + [Tve —wsllo7), (9a)

VP u— il 7 2 (W2 + o PRl o g, 4 0P L = Tl 7,
+ ! (|lu = wpllo.z, + 1Ty e —wnfo,), (9b)

% wp1/2 X « 1/4
> P [uillloe = Hu_uhHo{Th (lw = upll3 7 + PP lu —upliz) " (9¢)

ecy,
Proof. Let Py-u be the L?-projection of u into V', and decompose

u—uy = (u — Py+u) + w + Po(Py-u — uj), (10)

where w := (I — Pg)(Py-u—wuj). Let us first point out two key ingredients in this proof. We observe
that the definition of u; implies

Po’u,h = Po’u,;; (11)

This is clearly true if @ = 0 because of (4b). If « # 0, this identity is obtained by taking w = (1,0)
and w = (0,1) in (4a). In addition, for each K € Tj we notice that

[Po(Pvsu —up)llo.x = [IPo(Mlyu — up)llox < [[Thvu — upllo k- (12)

Now, let K € Tj,. Combining (10)-(12), the approximation properties of the L?-projection Py-
and the fact that ||w||o.x < hx|w|i k ([35]), we get

0. = W |uli, 1ok + [[Myu — wpllox + hic|wli k- (13a)

u —
Moreover
VP u— |k < PR o i+ 0P ) (13b)

On the other hand, adding and subtracting a(u, w) i to the right hand side of (4a), and considering
that L = Vu, we obtain

v(Vuy,, Vw) g + a(uy,w)k = v(L, — L, Vw)k + a(up, — u, w)g + v(Vu, Vw) g + a(u, w)k.



This identity, together with (11), implies

viwl} g + af|lwl[§ x = v(L — Ly, V) k + a(u — up, w) g + v(V(Py-u — u), V) g + a(Pv-u — u, w)g

— oz(Po(PV*u — uh), w)K.
Then, thanks to Cauchy-Schwarz inequality, (12) and the approximation properties Py«, we get

V2wl g + a3 |lwllox < V2L — Lallo.x + o?|lu — upllo.x

+ 2R o i+ @ 2R 1 0 5 + 0PIy w — upfo k-

This inequality allows us to bound |w|; x in (13a) and (13b), obtaining (9b) and

le = wfllo < hgE 2 |uliy g2,k + [Tve — wnllox + hi|[L = Lallo,x

T (a/v) <Hu ~wnllo + My — unflox + hlfz“\urlﬁzx),

which implies (9a).

1/2
Finally, by trace inequality, we have hellv[|§ . =< [[v]lo,x <||v||3 o+ h|v|? K) Vv € [HY(K))4.
This implies

D helllwrdlife = D> D hellw —whlwl3.

ee&y e€&y K'€we
1/2
<3 - wllor (e — whlld o+ hiolu — wfl? )Y
e€€p K'cwe
and (9c¢) follows. ]

4 A posteriori error analysis

4.1 Preliminaries

We start by introducing estimates needed to prove our main results. First, in the next lemma, we
state the approximation properties of the Clément interpolation operator C : L'(Q) — Vh1 “NH(Q),
introduced in [5], as

1
Chw := Z (\Qz!/gzzwdx> ¢z,

ze/\/’fb

where ¢, is the Py nodal basis functions associated to the interior vertex z, €2, := supp ¢., and
Vo= {w e C(Q) : w|k € P1(K), K €T}

Lemma 4.1. For any K € Ty, e € E,il and 0 < m < 1, the following estimates hold for any
w e HE(Q):

0. 2V 0w ha,

[Chwlma 2 lwllma, [lw—=Chwllorx 2Ok w

1,8k, llw—Crw

where Og := min{hsv=2,a~?}, with S an element K € T}, or a face e € &,, Ay == {K' € T, :
K'NK#0} and A :={K' €T, : K'ne+#0}.

Proof. See Lemma 3.2 in [36]. O



The next result shows that an element w of V; can be approximated by a continuous function
w € V7, its Oswald interpolation, and that the approximation error can be controlled by the size
of the inter-element jumps of w.

Lemma 4.2. Let D" the row-wise gradient or identity operator (for |y| = 1 or |y| = 0, respectively).
For any wy, € V; and any multi-index v with |y| = 0,1 the following approximation result holds:
Let g be the restriction to T of a function in Vi N [HY(Q)]?. Then there exists a function wy, €
ViN[HY(Q)]? satisfying wy|r = g and

D (wn — w5 = Y b [wnll§ e + D e g — wallp
KeTh ecs} eeg?
Proof. Apply Theorem 2.2 in [26] to each component. O

To avoid nonessential technical difficulties, we make the following assumption

Assumption H: We assume that the Dirichlet boundary data wp is the trace of a continuous
function in Vi and f a piecewise polynomial function. Otherwise, high order terms associated to
oscillations involving up and f will appear.

Finally, in order to prove the local efficiency of the error estimator, we need to construct suitable
local cut-off functions which will allow us to localize the error analysis. More precisely, let By :=
Hf;rll)\i be the element-bubble function associated to K € 7T, where {)\Z}fill are the barycentric
coordinates of K, and B, := Hfill)\i be the face-bubble function associated to e C 0K, where \;

K3
vanishes on e. 7

Lemma 4.3. The following estimates hold for all v € [Py(K)|%, K € Ty, p € [Pr(e)]?, and e € &:

1[I e < (v, Bxo)ke, [ Brollox = [vllox, I Brew e = 05 [vllo.e
lpellg.e = (1, Beps)e, IBepllow. < v /462 1tlloe,  l Beptliw. 20402 |ulloe.
Proof. The proof is an extension of Lemma 3.3 in [36]. O

4.2 A posteriort error estimator

For each K € Ty, we propose the following local error estimator

i = 05|l f +V - (L) = Vo — o |[§  + vI|Ly — Vuplls i + vV - ubllf (14)
]. _ — * — *
+5 > (V0L — Pl +vh B+ YD vk un — uiE,
e€EiNOK ecENOK
1/2
and its global version 7y, := (Z KeT, n%) . Here we recall 0 and 6, were defined in Lemma 4.1

and wuj is the postprocessed solution constructed in (4).

Note that the three volumetric terms are the residuals associated to the equilibrium equation,
the constitutive equation and the incompressibility condition, respectively. At the same time, the
jumps across the faces allude to the continuity of the trace of w and the normal trace of vL — pI,
in case of enough regularity of the continuous solution. We will see that our estimator converges to
zero with order of min{/¢,,, 1, ¢,} + 1 and, if L, w and p have enough regularity, with order k + 1.

Now, we present intermediate results that will allow us to prove our main theorems. We proceed
adapting and extending the techniques introduced in [9], [13] and [14] to the Brinkman problem.
We emphasize that we keep track the dependence on v and a.

We start by showing two lemmas that will allow us to prove the reliability of our estimator.



Lemma 4.4. Let (L, u,p) the solution of (1) and (Lp, wp, pr, up) the solution of (3). Then

v Y2p — palloT < Ca’”{m/z”L — Lalloz + o?(|w — @ |lo,75, + 2w, — @} |lo.7,

* * 1 —
+ 2Ly — Vg o + > éKHfJFV : (VLh)*VPh*OZUhHO,K+§ dv 1/49;/2‘”[’/1%phI]]HO,e)}a
KeTy eegiﬂaK

where W}, is the Oswald interpolation of the postprocessed velocity u} and Cy,, := max{1, (a/v)}/2}.

Proof. Note that, for ¢ € L3(Q2), we have ([24], Chapter 1, Corollary 2.4)

— q V- w)7-
v glom < sup LV I

wemt @y {o} Y 2[Vwlon,

We take ¢ = p — pj, which is in L3(£) because of (1e) and (3f). Then, we use the above inf-sup
condition estimate v~/2||p — py, 0.7,- More precisely, for w € H}(2)? we get

(p—pn, V- -w)y =—v(V-(L—-Ly),w)7 +alu—uy,w)r, — (f+ V- (vLy) — Vp, — auj, w)7,
+ ((p — pr)n, w)o7;

after integrating by parts, by using (4a) and rearranging the expression. Then,

(p—pn, V- -w)y, =v(L— Ly, Vw)r, + a(u —up,w)7y, — (f+ V- (vLy) — Vpr, — auy, (Id — Cp)w) 7,
+ ([vLn = pal], (ld = Ch)w)ei + R,

where R := —(f + V- (vLy) — Vpp, — auj, Chw)7;, + (vLpn — ppn, Chw) o, -
On the other hand, after integrating by parts and using (4a), (3b) reads

(f + V- (vLy) — Vpp, — auj,v)7, +v(Ly — Vug, Vo)7, = (vLpn — ppn, v)a7, — (uihn — Dr1, V)oT;,

for all v € V,lﬂb’c = {v € HY(Q)? : v|g € [P1(K)]? VK € T,}. Then, since v|. € [Px(e)]? for all
e € &, and using (3e), we get

(f +V - (vLp) = Vpp, — auj, v) 7, +v(Ly — Vg, Vo), = (VLpn — ppn, v)grar Yo € V,ll’c.
(15)

Now, taking v := Cpw € V}L’c C [Pry1(T)]% and using (15), we see that R = v (Lj, — Vuy, VChw)Th.
Thus,

(P —pn, V- w)7, <v|IL = Lallo,7 [Vwlloz, + allu — upllo7 lwllo,7 + vIiLn — Vugllo,7 [ VCrwllo,7,
+If + V- (whn) = Vpr — augllo7[[(1d = Ch)wllo,7, + 1vLn — prl]llogi l(1d = Ch)wllg e
= Ca,”{yl/Q”L —Lnlloz + &' 2lw —agllo7, + a'?|uh — ajllo7+v"? L = Vg o7,
x 1 -
+ > <9K\|f + V- (vhn) =V — augllox + 5 > v vy, —phlﬂo,e>}vl/2HVw 0.5
KeT, e€ElNOK

where we used the stability property of the Clément interpolator, Poincaré inequality, Lemma
4.1 and the regularity of the mesh. The result follows from dividing the above inequality by
V12| Vaw|lo.0. O
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Lemma 4.5. Let (L, u,p) the solution of (1) and (Lp, up, pr, up) the solution of (3). Then
VL = Lul3 7, + allu =3 [3 7, = Cap (nit + VIV (wj, — @) 13 7,,) + lluj, — |13 7,.-

Proof. Let u;, € [H'(Q)]? the Oswald interpolation of u}. Using equations (1) and integrating by
parts, we obtain

VIL = Lol + allw — @135, = v(L = Ly L = Ly)g; + (a(u — @), u— @), = v(L - Ly, L - Ly)p;
+(F 4+ V- (L) — Von — auhu — @7 + (V- (L— Ly),w— @)y, — (Vo — p)yw — )7,

Thus, we write v||L — Lh||(2),7'h + aljlu — ﬁfLHgﬂ =2 ker, Tk + T,k + T3 K, where

T x = (F+ V- (VLp) = Vpn — auj,u — )k + V(L — Lp)n, w — ) or\r — (0 — pr)n, w — W) ok 1,
TQ’K = (p—ph,v- (u—ﬂZ))K and Tg’K = —I/(L—Lh,Lh - VﬂZ)K
Since u — u}, € H}(Q)? (Lemma 4.2 with g = up), and vL — pl € H(div, Q)% we get

ZTLK: (f+V . (VLh)—Vph—auZ, (Id—Ch)(u - QNLZ))T}L — <I/Lh’n, — ppM, (Id—Ch)(u - a2)>3771\p+T,
KeTy,

where T := (f + V - (vLy) — Vpp, — au},Cp(u — uy)) 7, — (Lpn — ppn, Cp(u — ﬁ}i))m—h\p.
Now, taking w = Cp,(u — wy,) in (15), we get T' = —v(Ly — Vuj, VCh(u — uy))7;,. Thus,

Y Tik = (f+ V- (vLy) = Vo, — auj, (1d = Cp) (w — a3)) 7, +([vLa—pal], (Id = Cp)(u — @) g +T
KeT,

=< 0% F+ V- (vLn) = Vpn — aubls g + Y v 206 [vEn — pallll5 . + v Tk — Vuillf 7,
KeTh et}

1 - ~ — ~ % ~%
t+5q | 20 10d = Cu) (= @RI e+ 20,11 —Ch) (w — @) 3 A+ VCh (w — ) 7 )
KeTh, et}

thanks to Cauchy-Schwarz and Young inequalities. Finally, using Lemma 4.1 and the regularity of
the mesh, we get

1 _
PRI (e%uf + V- (WL) = Vpn —aupl§ i+ 5 Y v 20 [vla — pall5
KeT, KeTy, e€&l NOK
* 112 1 ~% 12
+v||Ly = Vugllg | + g’” u—uy, |77 - (16)

On the other hand, since u is divergence-free, we obtain

- 1 5 _ -
Z To k= —<P_ph7v'u;;)7’h < —=Coiv 1Hp—ph’g,n +03,VVHV' UZH%,Th

12
KeTy,

= i(J*

= 5 Cas o = pullo,, + Couv IV (uj, = W)z, + CauvlIV - wille 7 (17)
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For the third term we have

Y Tk < %VHL = Lallg 7, +vlln = Vi g7, + IV (g, = a3) 15 7, (18)
KeTh
Finally, using estimates (16)-(18), Lemma 4.4, the definitions of || - ||1,7;, and 1, we get
VL —Lyllg 7, + allu— ;57
= Ca. (i + vV (uj, = ) I3 7,,) + alluy, — whll6 7, + % VI — Lall§ 7, + allu — ;5 7)
and the result follows. O

The next four lemmas provide us the tools to prove local efficiency of our estimator.

Lemma 4.6. Let e € 5};, then

v 20, [vL — pal]

2= > (WIL—Lal g+ p—pnl3 g +0%1f + V- (Li) — Vir, — au|3 x ).
KGOJS

Proof. For any v € Hg(w.)? we have

(VL = pull, v)e = Y (WL — L)n, v)ax + ((p — pu)n, v)ox)
KEwe

= > (WL — L), Vo)g + (WY - (L — L), v)k + (V(p = pn), )k + (p — pn, V - v) k)
Kecwe

= Y ((w(Ly — L), Vo)x + (p = pr. V- 0) i + (el — u),v) + (f + V- (VL) — Vi, — aujy, v)g)
Kewe

S (V-

KeEwe

0.5 +v 2 [p—pllo.x +a' 2 lu—uj ok +0x || F+V - (VLh)_VPh—O‘u;;”O,K) Ty,

where Ty = v'/2||Vollo. i + 112V - vllorc + a2 [vllox + 0% [0]l0.5-
On the other hand, taking v := B.[vL; — pyl] and applying Lemma 4.3, we get
Ty 2o llk +6; ollox < v 2 [vLy = pal]flo.e-

Thus, the result follows from Lemma 4.3 and the shape-regularity assumption. O

Lemma 4.7. For any element K € T, we have
Ok || f +V - (WLn) = Vo — aujllo g < [V (L = Ta)llo.x + o'/ (w — uf)lox + [lv™"*(p = pa)llo.x-
Proof. Let v = f + V- (vLy) — Vpy, — auj then

(U,BK’U)K = —V(v . (L — Lh),BK’U)K + (V(p _ph),BK'U)K + a(u — uZ,BK’U)K
= I/(L — Lh,VBK’U)K — (p —pp, V- BK’U)K + Oé(’u — ’U,Z,BK’U>K

= (WL = Lallog +v 2 |p — prllo,x +a'/*|u — uj,

0.5) [ B vl k-

Thus, the result follows from Lemma 4.3. [
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Now, note that to prove an upper bounds for the jump of the postprocessed velocity we will use
the decomposition of vh,'|[[uf]l§. into vh; Py [us]llg . and vh;t|(1d — Pwy) [ui]llg ., where,
Pm, is the L?-orthogonal projection into

Mo := {m € [L*(En)]" - ple € [Po(e)]? Ve € &}
Lemma 4.8. For each face e € &, we have that h;1||Pw, [[UZ]]H(Z)e =< |ILp — Vu;‘lHawe.

Proof. Let G a tensor-valued function with rows in RTp(K) and set w := V - G € [Po(K)]?. Then,
from (4a) (or (4b) if & = 0) we get that (3a) can be written as

Ly, G) i + (up,, V- G) g = (up, Gn)sk.

Thus, integrating by parts, we arrive at (L, — Vu},G)x = (U, — uj,Gn)yk. For the rest of the
proof we refer to Lemma 3.4 in [15], adapted to vector-valued functions. O

Now, for the remaining term in the decomposition of Z/he_lH[[u;‘L]]Hg’e, we have the following
estimate.

Lemma 4.9. For each face e € &, h'||(Id — Py [us]l|§ . < 1V (uw — )3

0,we *

Proof. See Lemma 3.5 in [15]. O
4.3 The main results
For each K € 7T, we define the local error

efc = VI[L = Lyll§ x + allu = wjlI§ x + VIV (w = up) 1§« + v~ p = palld i, (19)

. ) i 1/2
and its global version given by e, := (Z KeT, e%) .

Now, we can state and prove the reliability and efficiency results for our a posteriori error
estimator.

Theorem 4.1 (Reliability).

en = Capw | mn+ Z V1/2hi/2||[[um”076
eely

Proof. Thanks to Lemmas 4.4, 4.5 and the fact that, for each K € Ty, v'/?|V(u — u})llo.x =<
V2L = Lpllo,x + nx, we get

I/”L—Lh

67 + lw—wi [E 75, + v e = pulle 7, =i + VIV (g, — 3|5 7, + all (i, — @3)I[6 7, -

The result follows from Lemma 4.2, taking w;, = wuj to bound the second and third terms on the
right-hand side and the definition of C, . O
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Remark 4.1. Note that if « = 0 (Stokes problem), then C,, = 1. Thus, to obtain an estimate for
the L? norm of the error of the velocity, we proceed as follows

1/2 1/2

i, — @ llo.7
<2V =) o + D v 2R Tuilloe < m+ Y v 202 [uillo.

e€Ey e€&p

v 2l = whllog < v u—a o + v

thanks to Poincaré inequality, Lemma 4.2 and the bound for v'/?||V(u — @})|lo.7, from Theorem

41
Theorem 4.2 (Efficiency). Let K € Ty, and wi :={K' € T, : K’ € we and e € E, N OK }, then

K = Cugk-

Proof. By definition of ng, Lemmas 4.6-4.9, and the inequalities ||Lj, — Vuj |lo.x < ||L — Lyljo,x +
19— uf)llo.x and [V - uf o = IV - (w — uh)lo.k = V(- uf)llo,x, we have that

e 2 VIIL = Lallg i +allw — whlls g+ Hp=pnlld i +vIn = Vi 13k + VIV - b |15 x + 1L = Lall§ e
+ UM D = pul§ e+ D 0% F+V - (VLn) = Vin — 0I5 o + Y[V (1 = 6h) 5 e V1T — VUR[IE o
K'ewg

= I/HL - Lh’ (2),wK + m u — u;kL ”E,wK + VﬁlHP - th%,wKa

and the result follows. O

Remark 4.2. Using (9¢), and assuming enough regularity on L, w and p, we can see that the term
> ece, Vl/th/QH[[uZ]]Ho,e is a high order term. Its order of convergence is min{ly,, (1, ls} + 2 while
the one associated to the estimator and the error is min{ly,, 1, ¢, } + 1.

5 Numerical experiments

In this section, we provide numerical simulations, for d = 2, illustrating the performance of the
scheme and validating our main results in Theorems 4.1 and 4.2. In all the examples we consider
different values of the polynomial degree (k =1, 2 and 3), and set the stabilization parameter 7 to
be 1 on each edge. The values of the physical parameters o and v will be specified on each example.

Let us define the errors ey, := v'/2|L — Lylo.7,, ew == | w — u} |17, & := v 2|lp — pallo.7,,
the estimator terms n; (i =1,...,5)

=Y OkIf+ V- (ly) = Von —ouplld i, 03 = vl - Vupllig,  ni = vIV-uilRg

KEeT,
ni=v 2N Ol -]l and 03 i=v Y A MITuiD

ecp ecéy

and the effectivity index eff := np,/ej. In some tables, we include a column h.o.t., showing that the
term defined in Remark 4.2 is in fact a high order term, and thus it is not necessary to include it
in the definition of our error estimator. The orders of convergence will be computed in terms of the
number of elements N and we will use the fact that h ~ N—1/2,

For the tests that include adaptivity, we use the strategy given by:

(i) Start with a coarse mesh 7p,.
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(ii) Solve the discrete problem on the current mesh 7j,.
(iii) Compute ng for each K € Tp,.

(iv) Use red-blue-green procedure to refine each K’ € T, such that ng > 6 maxger;, Nk, with
6 €[0,1].

(v) Consider this new mesh as 7, and, unless a prescribed stopping criteria is satisfied, go to (ii).

5.1 A polynomial solution

For this test case, we choose @ = 1 and Q =]0,1[x]0,1[. The source term f and the boundary

data up are chosen such that the exact solution of the problem is given by w := (uj,u2), where

ui(x1, x2) := x1(1 —z1)z2(1 — 22) and ug(z1, 22) := (221 — 1):0% (% — x—;), and p(x1,z9) := x%x% — %.

We note that f and up are such that this numerical test satisfies Assumption H when k > 3.

k‘ N ‘ eL order‘ eu order‘ ep order
16(9.13e-03 — |1.09e-02 — |[7.29e-03 —
64(2.41e-03 1.92 [2.84e-03 1.94 |1.75e-03 2.05
256(6.22e-04 1.96 |7.29e-04 1.96 |4.19e-04 2.06

1024|1.58¢-04 1.98 [1.85e-04 1.98 |1.02e-04 2.04

4096(3.99e-05 1.99 |4.66e-05 1.99 |2.52e-05 2.02

163841.00e-05 1.99 [1.17e-05 1.99 |6.27¢-06 2.01
16/9.40e-04 — |9.80e-04 — |5.10e-04 —

64(1.14e-04 3.04 {1.19e-04 3.04 [6.09e-05 3.06

2| 256(1.40e-05 3.02 |1.46e-05 3.02 |7.46e-06 3.03

1024(1.74e-06 3.01 |1.81e-06 3.01 [9.21e-07 3.02

4096|2.17e-07 3.01 |2.26e-07 3.01 |1.14e-07 3.01

16384|2.70e-08 3.00 [2.81e-08 3.00 |1.42e-08 3.00
16(1.63e-05 — |1.61e-05 — [1.69e-05 —
641.05e-06 3.95 [1.03e-06 3.97 |1.03e-06 4.04

3| 256|6.65e-08 3.98 [6.50e-08 3.99 |6.33e-08 4.02

1024(4.18¢-09 3.99 |4.08e-09 3.99 [3.93e-09 4.01

4096(2.62e-10 4.00 |2.55e-10 4.00 |2.45e-10 4.00

16384 |1.64e-11 4.00 [1.60e-11 4.00 |1.53e-11 4.00

—_

Table 1: History of convergence of the error terms for the Example 5.1 (v = 1).
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k\ N \ ™ order\ 72 order\ M3 order\ un order\ 75 order\ h.o.t. order\ eff

16|1.49e-01 — |8.82e-03 — [6.16e-03 — |4.17e-02 — |[7.26e-03 — [3.06e-03 — | 9.734
6413.66e-02 2.03 |2.30e-03 1.94 |1.58e-03 1.96 [1.06e-02 1.97 {1.93e-03 1.92 |4.14e-04 2.88 | 9.293
25619.11e-03 2.01 |5.76e-04 2.00 [3.95e-04 2.00 |{2.73e-03 1.96 |5.03e-04 1.94 |5.51e-05 2.91 | 9.128
102412.27e-03 2.00 |1.43e-04 2.01 |9.80e-05 2.01 [6.96e-04 1.97 |1.29e-04 1.96 |7.13e-06 2.95 | 9.048
4096|5.68e-04 2.00 [3.56e-05 2.01 |2.44e-05 2.01 |1.76e-04 1.98 |3.27e-05 1.98 |9.08e-07 2.97 | 9.007
16384|1.42e-04 2.00 |8.88e-06 2.00 [6.08e-06 2.00 [4.42e-05 1.99 |8.23e-06 1.99 |1.15e-07 2.99 | 8.986
16|1.86e-02 — |8.61e-04 — [6.78e-04 — |4.31e-03 — [3.97e-04 — |1.T7e-04 — |13.214
64]2.32e-03 3.01 |1.08e-04 3.00 |8.65e-05 2.97 |5.76e-04 2.91 |5.26e-05 2.91 |1.18e-05 3.91 [13.612
2| 256|2.89e-04 3.00 |1.34e-05 3.00 {1.09e-05 2.99 |7.44e-05 2.95 |6.76e-06 2.96 |7.58e-07 3.96 |13.847
1024|3.61e-05 3.00 |1.68e-06 3.00 |1.36e-06 3.00 [9.47e-06 2.98 |8.55e-07 2.98 (4.80e-08 3.98 [13.977
4096|4.51e-06 3.00 {2.10e-07 3.00 |1.71e-07 3.00 |1.19e-06 2.99 |1.08e-07 2.99 |3.02e-09 3.99 |14.046
16384(5.64e-07 3.00 |2.62e-08 3.00 |2.14e-08 3.00 |1.50e-07 2.99 |1.35e-08 3.00 {1.89e-10 4.00 |14.081
1616.54e-04 — |1.41e-05 — |7.02e-06 — |1.27e-04 — [2.97e-06 — |1.24e-06 — |23.429
64(4.11e-05 3.99 |8.80e-07 4.00 |4.36e-07 4.01 [8.51e-06 3.90 |1.85e-07 4.01 |3.80e-08 5.03 |23.437
3| 256|2.58e-06 4.00 |5.51e-08 4.00 |2.72e-08 4.00 |5.49e-07 3.96 |1.15e-08 4.01 |1.17e-09 5.02 |23.458
1024]1.62e-07 4.00 |3.45e-09 4.00 |1.70e-09 4.00 |3.48e-08 3.98 |7.18e-10 4.00 |3.62e-11 5.01 |23.473
4096|1.01e-08 4.00 [2.16e-10 4.00 |1.07e-10 4.00 |2.19e-09 3.99 |4.48e-11 4.00 |1.12e-12 5.01 [23.482
16384(6.32e-10 4.00 |1.35e-11 4.00 [6.68e-12 4.00 |1.37e-10 3.99 |2.80e-12 4.00 |3.50e-14 5.01 |23.466

—_

Table 2: History of convergence of the terms composing the error estimator for the Example 5.1
(r=1).

Table 1 shows the history of convergence of the error of each variable when the number of
elements IV quadruplicates, i.e., the mesh size h decreases by a factor two. We see that all the error
terms converge with optimal order of k+ 1, exactly as the error estimates in Section 3 predicted. In
addition, we see in Table 2 that each term of the error estimator converges with the optimal order
k + 1 and the high order term with order k + 2.

We repeat the experiment considering now v = 1072. As Tables 3-4 show, similar conclusions
can be drawn regarding the optimal order of convergence of the error and the estimator. The last
column of Tables 2 and 4 displays the effectivity index. It remains bounded for each polynomial
degree k, however it increases with k. This is natural to expect since some of the constants on the
estimates depend on k.

On the other hand, we observe in all the cases that the first term of the estimator (n;) is larger
than the other terms. This behavior, together with the fact that the effectivity index is larger than
one, might suggest that the estimator is locating regions where the divergence of v(L—Ly,)+(p—pp)]
is large. Motivated by this issue, if we assume that the solution of the Brinkman problem is such
that L € H(div, Q)¢ and p € H'(Q), we can add the term 0 ||V - (VL — pI) — V - (vLp, — ppI) 0. x to
error ex defined (19). Table 5 shows the behavior of the global estimator and the global error that
includes the aforementioned term. In this case, we observe that effectivity index is close to 1.

In summary, this example shows that, even though up ¢ V7 , as in the case of K = 1 and 2,
Tables 1-5 verify that our error estimate is reliable and locally efficient as stated in Theorems 4.1
and 4.2. Moreover, the estimator is robust in the sense that the upper and lower bounds of error
are uniformly bounded with respect to the physical parameters o and v.
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k‘\ N \ er, order\ ey order\ ep order
16(2.89e-02 — (9.35e-02 — |6.55e-02 —
64|1.09¢-02 1.41 [2.43e-02 1.94 |1.47e-02 2.16
256|3.09e-03 1.82 |5.12e-03 2.25 |3.35e-03 2.13

1024(8.22e-04 1.91 |1.05e-03 2.29 [7.43e-04 2.17

4096(2.14e-04 1.94 |2.32e-04 2.17 |1.68e-04 2.15

16384(5.51e-05 1.96 [5.56e-05 2.06 |3.93e-05 2.09
16/2.06e-03 — |4.70e-03 — |5.73e-03 —
64(3.16e-04 2.71 |4.96e-04 3.25 |6.46e-04 3.15

2| 256(4.07e-05 2.96 |4.89e-05 3.34 [6.95e-05 3.22

1024(5.01e-06 3.02 |5.12¢-06 3.26 |7.61e-06 3.19

4096(6.21e-07 3.01 |5.86e-07 3.13 |8.66e-07 3.14

16384 (7.76e-08 3.00 [7.10e-08 3.05 |1.02e-07 3.08
16|7.83e-05 — |[1.06e-04 — |1.83e-04 —

64(5.14e-06 3.93 |5.64e-06 4.23 [9.97e-06 4.19

3| 256(3.22e-07 4.00 |3.01e-07 4.23 [5.60e-07 4.16

1024|2.03e-08 3.99 |1.70e-08 4.14 |3.25¢-08 4.11

4096(1.29¢-09 3.98 {1.01e-09 4.07 |1.94e-09 4.07

16384|8.12¢-11 3.99 [6.22e-11 4.03 |1.18e-10 4.04

—_

Table 3: History of convergence of the error terms for the Example 5.1 (v = 1072).

k:‘ N ‘ m order‘ 2 order‘ 73 order‘ n order‘ 75 order‘ h.o.t. order‘ eff

1611.29e-01 — |7.20e-02 — (5.26e-02 — [3.96e-02 — |5.90e-02 — |2.47e-02 — | 1.463
6418.55e-02 0.60 |2.26e-02 1.67 |1.67e-02 1.65 [2.22e-02 0.84 |1.78e-02 1.73 (3.61e-03 2.77 | 3.106
256|4.64e-02 0.88 |4.96e-03 2.19 |3.72e-03 2.17 |1.01e-02 1.14 |3.68e-03 2.28 [3.68e-04 3.29 | 7.011
1024]1.48e-02 1.65 |9.76e-04 2.35 |7.22e-04 2.37 [3.28e-03 1.62 |6.95e-04 2.40 |3.56e-05 3.37 | 9.971
4096|3.70e-03 2.00 {2.05e-04 2.25 |1.42e-04 2.35 |9.30e-04 1.82 |1.47e-04 2.25 |3.87e-06 3.20 |10.706
16384(9.26e-04 2.00 |4.77e-05 2.10 |3.03e-05 2.23 {2.50e-04 1.90 |3.50e-05 2.07 {4.69e-07 3.05 |10.971

16(1.74e-02 — |5.02e-03 — |3.31e-03 — |4.02e-03 — |2.62¢-03 — |1.13e-03 — |2471

6414.70e-03 1.89 |5.89e-04 3.09 |3.91e-04 3.08 [9.63e-04 2.06 |3.02e-04 3.12 |6.42e-05 4.13 | 5.567
2| 256|1.20e-03 1.97 |6.30e-05 3.22 {4.20e-05 3.22 |1.99e-04 2.28 |2.95e-05 3.35 |3.13e-06 4.36 |12.947
1024]1.89e-04 2.67 |7.07e-06 3.16 |4.54e-06 3.21 |2.94e-05 2.76 |2.95e-06 3.32 |1.56e-07 4.33 [18.355
4096|2.38e-05 2.99 [8.49e-07 3.06 |5.16e-07 3.14 |4.00e-06 2.88 |3.28e-07 3.17 |8.63e-09 4.17 |19.841
16384(2.98e-06 3.00 |1.06e-07 3.01 [6.12e-08 3.08 |5.23e-07 2.93 |3.95e-08 3.06 [5.17e-10 4.06 |20.642

1617.99e-04 — |1.34e-04 — |7.70e-05 — |[1.41e-04 — |4.40e-05 — |1.87e-05 — |3.673

64]1.04e-04 2.95 |7.49e-06 4.16 |3.55e-06 4.44 [1.63e-05 3.11 |2.25e-06 4.29 [4.70e-07 5.31 | 8.375
3| 256(1.32e-05 2.97 [4.31e-07 4.12 |1.46e-07 4.60 |1.66e-06 3.30 |1.14e-07 4.30 |1.13e-08 5.37 |18.684
102411.05e-06 3.66 |2.64e-08 4.03 |6.26e-09 4.54 |1.21e-07 3.77 |6.25e-09 4.19 |2.95e-10 5.27 |25.119
4096|6.59e-08 3.99 [1.66e-09 3.99 |3.31e-10 4.24 |8.09e-09 3.90 |3.71e-10 4.08 |8.47e-12 5.12 |26.171
16384(4.14e-09 3.99 |1.05e-10 3.98 |2.04e-11 4.02 |5.24e-10 3.95 |2.28e-11 4.02 |2.58e-13 5.04 |26.719

—_

Table 4: History of convergence of the terms composing the error estimator for the Example 5.1
(v =1072).
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k\ N\ en order\ Mh order\ eff k\ N\ en order\ Mh order\ eff

16(1.60e-02 — |1.56e-01 — [1.036 16|1.18e-01 — |3.0le-01 — ]0.739
64(4.12e-03 1.96 |3.83e-02 2.02 |1.039 64(3.04e-02 1.96 |1.01e-01 1.57 |0.944

1| 256|1.05e-03 1.98 |9.55e-03 2.00 [1.041 1| 256(6.85e-03 2.15 |4.82¢-02 1.07 |1.003
1024|2.64e-04 1.99 |2.39e-03 2.00 [1.043 1024|1.52e-03 2.17 |1.52e-02 1.67 |1.020
4096|6.63e-05 1.99 [5.97e-04 2.00 |1.044 4096|3.57e-04 2.09 [3.83e-03 1.99 {1.029
16384|1.66e-05 2.00 |1.49e-04 2.00 |1.044 16384|8.76e-05 2.03 |9.61e-04 1.99 |1.034
16|1.45e-03 — |1.92e-02 — |1.026 16|7.70e-03 — |2.21e-02 — (0.913
64]1.76e-04 3.05 |2.39e-03 3.00 |1.030 64(8.73e-04 3.14 {4.90e-03 2.17 |0.996

2| 256|2.16e-05 3.02 |2.99e-04 3.00 |1.032 2| 256|9.42e-05 3.21 |1.22e-03 2.01 [1.009
1024|2.68e-06 3.01 |3.74e-05 3.00 |1.033 1024]1.04e-05 3.17 |1.92e-04 2.67 |1.011
40963.33e-07 3.01 [4.68e-06 3.00 |1.034 4096|1.22e-06 3.10 |2.41e-05 2.99 |1.014
16384|4.15e-08 3.00 |5.85e-07 3.00 [1.034 16384(1.47e-07 3.05 |3.03e-06 2.99 [1.015
16|2.84e-05 — |6.66e-04 — |1.018 16|2.25e-04 — |8.48e-04 — |0.971
64]1.79e-06 3.99 {4.20e-05 3.99 [1.021 64(1.26e-05 4.16 |1.05e-04 3.01 |1.004

3| 256(1.12e-07 3.99 |2.64e-06 3.99 |1.022 3| 256|7.12e-07 4.14 |1.33e-05 2.98 |1.006
1024|7.04e-09 4.00 |1.65e-07 4.00 |1.022 1024]4.19e-08 4.09 |1.05e-06 3.66 |1.006
4096|4.40e-10 4.00 [1.03e-08 4.00 |{1.023 4096|2.54e-09 4.05 [6.64e-08 3.99 |1.007
16384(2.76e-11 4.00 |6.47e-10 4.00 [1.023 16384|1.56e-10 4.02 |4.17e-09 3.99 [1.008

Table 5: History of convergence of the modified global error and estimator for the Example 5.1 with
v =1 (left) and v = 1072 (right).

5.2 The Kovasznay flow

We set Q@ = ]0,2[ x ]— 0.5,1.5] and consider the Stokes problem (a = 0) whose exact solution
coincides with the analytical solution of the two-dimensional incompressible Navier-Stokes equa-

tions presented in [29]: w := (u1,u2), where uj(x1,z2) = 1 —exp(Az1) cos(2mze) and ua(z1,x2) =
\ . 1 exp(4X)—1 _ Re Re? 2
5= exp(Azy) sin(27w2), and p(r1,22) = 5exp(2Az1) — — g5 —. Here A = F — /5 + 472 and
Re = L. This is also a solution of our problem with f=— (u-V)wu and up = u|r.

—e— Uniform (k=1)

1008 7 —a— Adaptive (k=1)

—e— Uniform (k =2)

N —a— Adaptive (k=2)

o i —e— Uniform (k=3)

—=a— Adaptive (k=3)

error

1074

1076 |

107 L

10 10° 10*

Figure 1: History of convergence (k = 1,2,3) for e, with uniform and adaptive (0 = 0.25) refine-
ments, for the Kovasznay flow.

Figure 1 depicts the error e, (defined in (19)) versus the number of elements N, using uniform

and adaptive (6 = 0.25) refinements. Since the solution is smooth, we can see that the curves
associated to uniform and adaptive refinements display the same order of convergence predicted
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by the theory, i.e, order N~(+1)/2 In addition, we observe that the adaptive strategy is able to
provide errors with the same magnitude as the uniform refinement, but with fewer elements.

5.3 A singularly perturbed problem

We set v = 0.01 and @ = 1. The domain is the unit square Q =|0,1[x]0,1[, and f, up are

such that the exact solution is w := (u1,us), where uy(z1,22) = 29 — Loexp(@2/v) apq ug (w1, 12) =

1—exp(1/v)
x] — f%((ﬁl/;)), and p(z1,z2) = x1 — 9. This solution has boundary layers at 1 = 1 and x5 = 1.

In Figure 2, we present the orders of convergence for ej using uniform and adaptive refinements,
for £ =1,2,3. We recover the predicted rates of convergence, up to an expected loss of convergence
on very coarse meshes due to the unresolved boundary layers. Figure 3 shows the initial mesh and
the final mesh obtained with the adaptive scheme. We observe here how the estimator is properly
localizing the boundary layers.

—e— Uniform (k=1)
1 —a— Adaptive 1)
| —e— Uniform (k=2)
3
3)

(k
]‘v
—a— Adaptive (k
i —e— Uniform (k

(k

2)
| —a— Adaptive :
_ A\"l

error

10% 10° 10
N
Figure 2: History of convergence for e, with uniform and adaptive (6§ = 0.25) refinement (k = 1,2, 3),
singularly perturbed problem.

Figure 3: Initial (left, 16 elements) and final adapted (right, 2920 elements) meshes for the the
singularly perturbed problem (k = 1).

5.4 The lid-driven cavity problem

For this test, we use the same domain as in the previous experiment. Weset v =1, a =0, f =0
and up = (1,0), on 2o = 1, and 0 on the rest of the boundary of Q. Note that two singularities
arise at the top corners of the domain, due to the discontinuities on the boundary condition. This
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fact is captured by our estimator by refining mainly in those corners as can be seen in Figure 4,
where the initial and adapted (6 = 0.1) meshes are displayed.

Figure 4: Initial (left, 16 elements) and adapted (right, 936 elements) meshes for the cavity problem
(k=1).
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