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Abstract

We propose a new augmented dual-mixed method for the Oseen problem based on the pseudo-
stress-velocity formulation. The stabilized formulation is obtained by adding to the dual-mixed
approach suitable least squares terms that arise from the constitutive and equilibrium equations.
We prove that for appropriate values of the stabilization parameters, the new variational formu-
lation and the corresponding Galerkin scheme are well-posed, and a Céa estimate holds for any
finite element subspaces. We also provide the rate of convergence when each row of the pseu-
dostress is approximated by Raviart-Thomas or Brezzi-Douglas-Marini elements and the velocity
is approximated by continuous piecewise polynomials. Moreover, we derive a simple a posteriori
error estimator of residual type that consists of two residual terms and prove that it is reliable
and locally efficient. Finally, we include several numerical experiments that support the theoretical
results.

Mathematics Subject Classifications (1991): 65N30; 656N12; 656N15

Key words: incompressible flow, Oseen equation, mixed finite element, stabilized finite elements, a
posteriori error estimator.

1 Introduction

The Oseen problem can be obtained as a linearization of the stationary incompressible Navier-Stokes
equations. The most popular formulation in computational incompressible Newtonian flows is the
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velocity-pressure formulation. The standard Galerkin finite element method presents two difficulties.
First, the presence of non-physical spurious oscillations on solutions when advection dominates makes
it difficult to capture boundary layers accurately. Second, the approximation spaces for the velocity
and pressure must satisfy the discrete inf-sup condition in order to ensure stability.

Several stabilized finite element methods have been developed and analyzed to handle these nu-
merical difficulties, including the well-known streamline upwind /Petrov-Galerkin (SUPG) method [12],
the pressure-stabilization/Petrov-Galerkin (PSPG) method [24, 23], grad-div stabilization [16, 22, 28],
RELP methods [4], Orthogonal Subscales method [15] or Local Projection Stabilization (LPS) meth-
ods [9]. In general, a stabilized finite element method adds extra terms to the Galerkin formulation,
usually suitable mesh-dependent terms, which can be residual, as in the SUPG, SUPG/PSPG or RELP
methods, or non-residual, as in the Orthogonal Subscales method or LPS methods. For a thorough
review of different stabilized finite element methods for the Oseen problem and a critical comparison,
we refer to [10].

On the other hand, for the numerical solution of the stationary incompressible Navier-Stokes equa-
tions it is very important to have a posteriori error estimates for both Stokes and Oseen equations. The
incompressibility condition and the presence of a non-self-adjoint operator in the momentum equations
are the main drawbacks to obtain a posteriori error estimates for the Oseen problem. The approach in
[1] is based on solving local residual problems and the analysis is valid for essentially any approximation
scheme. The corresponding error estimate provides an upper bound on the true error in an energy-like
norm. Moreover, under appropriate assumptions, the estimator gives two-sided bounds on the actual
discretization error. We should also mention [2], where structured anisotropic mesh refinement in
boundary layers is analyzed for a conforming stabilized Galerkin method of SUPG/PSPG-type with
equal-order interpolation of velocity and pressure.

In last years, the interest in non-Newtonian flows has increased. In this case, when the constitutive
law is nonlinear, we cannot eliminate the stress in general and the use of a formulation involving
the stress seems to be mandatory. However, the stress-velocity-pressure formulation involves more
unknowns and the stress tensor must be symmetric. To avoid these numerical difficulties, a mixed finite
element method for the stationary Stokes equations based on the pseudostress-velocity formulation was
proposed and analyzed in [13]. It is important to recall that the pseudostress, which is a nonsymmetric
tensor, contains more information than the stress, and physical quantities such as the stress, velocity
gradient, vorticity and pressure can be algebraically expressed in terms of the pseudostress. Therefore,
these quantities could be approximated through a postprocessing procedure without degrading the
accuracy.

In [13], the authors showed that using Raviart-Thomas elements of index k > 0 for approximating
each row of the pseudostress and discontinuous piecewise polynomials of degree k > 0 for approxi-
mating each component of the velocity yields a stable pair and quasi-optimal accuracy O(h**1) for
sufficiently smooth solutions. The indefinite system of linear equations resulting from the discretization
can be decoupled using the penalty method. Then, the penalized pseudostress system can be solved
by a multigrid method, and the velocity can be calculated explicitly/locally. In the later paper [14],
the method in [13] is extended to the stationary incompressible Navier-Stokes equations. The authors
show, under appropriate assumptions, that both the continuous and discrete problems have branches
of nonsingular solutions, and established error estimates of the mixed finite element approximations.



The purpose of the present work is to develop an a priori and a posteriori error analysis for a
stabilized mixed finite element method for the pseudostress-velocity formulation of the Oseen equation.
More precisely, we present an augmented mixed finite element method to solve the Oseen equation.
The need for stabilization techniques in this case arises because of the restriction in the possible choices
for the pseudostress and the velocity approximation spaces prescribed by the inf-sup condition, as well
as the instabilities encountered when convection is dominant. Both can be overcome by moving from
the standard Galerkin method to a stabilized formulation. The method presented here is based on the
addition of suitable least-squares type terms (not mesh-dependent) to the dual-mixed formulation of
the Oseen equation in pseudostress and velocity. This kind of method can be viewed as an extension
of the stabilized schemes introduced in [25, 7] for Darcy flow, [17, 18, 19, 20] for linear elasticity, [6] for
the Brinkman problem and [21] for the convection-diffusion equation. We show that, for appropriate
values of the stabilization parameters, the augmented formulation is well-posed and the corresponding
Galerkin scheme is stable for any combination of continuous velocity and pseudostress interpolations.
We also provide the rate of convergence when each row of the pseudostress is approximated by Raviart-
Thomas or Brezzi-Douglas-Marini elements, and the velocity is approximated by continuous piecewise
polynomials. Moreover, we derived a new a posteriori error estimator that consists of two residual
terms, and show that it is reliable and locally efficient. We implemented the corresponding adaptive
algorithm in two and three dimensions. Numerical experiments confirm the theoretical properties of
the method and the a posteriori error estimator.

The paper is organized as follows. In Section 2 we describe the pseudostress-velocity formulation
of the model problem. In Section 3 we introduce and analyze the augmented dual-mixed variational
formulation. Then, in Section 4 we analyze the stabilized mixed finite element method. Section 5
is devoted to the a posteriori error analysis of the augmented mixed finite element method. Finally,
numerical experiments are reported in Section 6.

Throughout this paper, we will use the standard notations for Sobolev spaces and norms. Let 2 be
a bounded, connected domain in R? (d = 2, 3), with a Lipschitz-continuous boundary I". We recall that
H(div, Q) := {v € [L2(Q)]¢ : div(v) € L3(Q)}, H(div,Q) := {7 € [L3(Q)]™*? : div(T) € [L*(Q)]¢},
and we denote by Hy := {7 € H(div,Q) : [, tr(7) = 0}, where tr(7) denotes the trace of a tensor 7.

2 A pseudostress-velocity formulation of the model problem

Let Q be a bounded, connected domain in R? (d = 2, 3), with a Lipschitz-continuous boundary I'. We
consider the following Oseen problem: find the velocity field u and the pressure p such that

—vAu +a-Vu+ Vp = f in 2,
divilu) = 0 in €, (1)
u = 0 on I,

where the kinematic viscosity of the fluid v > 0, the advection velocity a # 0 and the external body
force f are given. We assume that a is solenoidal in ).



Let I be the identity matrix in R?*¢ and define o := vVu — pI to be the pseudostress. Then, the
first equation of (1) can be written as follows:

—div(e) + a-Vu =f in Q. (2)
On the other hand, the second equation in (1) can be stated equivalently as
tr(o) = —dp. (3)

Thus, the pressure p can be computed from the pseudostress o. Since the pressure is determined from
(1) up to an additive constant, it is usual to require that fQ p = 0. Accordingly, we will impose that
Jotr(e) = 0. Now, substituting (3) into the definition of o, we deduce that

o =vVu inQ, (4)

where 04 := 0 — étr(o-)I is the deviator of o. We remark that o is a trace-free tensor. Then problem
(1) can be stated equivalently as follows: find o and u such that

—div(e) + a-Vu = f in Q,
1
~o? = Vu in 2, (5)
v
u =0 onT,

It is easy to verify that problem (5) is equivalent to problem (1) in the sense of the following Theorem.

Theorem 1 If (u,p) is a solution to problem (1), then (o, u), where o = vVu—pl, is a solution to
problem (5). Conversely, if (o, u) is a solution to problem (5), then (u,p), where p = —étr(a), s a
solution to problem (1).

Next, we derive a dual-mixed variational formulation of problem (5). Multiplying the first equation
of (5) by a test function v and integrating in 2, we obtain

—/Qdiv(a)-v—i-/Q(a-Vu)-v—/Qf-v.

Then, multiplying the second equation in (5) by a test function 7 and integrating in 2, we obtain,
after an integration by parts in the grad-term and using the boundary condition,

1
/Udzrd+/u~div(7'):0,
vJa Q

where we used that [, 6% : 7= [,0% : 79 Therefore, we have the following dual-mixed variational
formulation of problem (5): find o € Hy and u € [H(Q)]¢ such that

1
/Ud:Td—I—/u-diV(T) = 0, VT eHy,
) Q

v

/Qdiv(a)'v—/ﬂ(a-Vu)-v = —/Qf-v, Vv e [HH Q).



Let us define the bilinear forms a(-,-) : Ho x Hp — R, b(-,-) : [HY(Q)]? x Hy — R and ¢(,-) :
[H'(Q)]4 x [HY(Q)]? — R as follows:

a(o, 7) :zl/Qad 24 b7 ::/Qu-div(r), o(u, v) = /Q(a~Vu)-v,

for any o, 7 € Hp and u,v € [H}(Q)]?. We also define the linear functional I : [L?(Q)]? — R by
I(v) = —/ f.v,Vve [L3(Q)
Q

Then, the dual-mixed variational formulation (6) can be posed in the generalized saddle-point

form:
a(o, ) + b(u,7) = 0, VT eHy,

(7)
b(v,o) — c(u,v) = I(v), Vv e [HH )4,

where we remark that the bilinear form ¢(-, ) is not symmetric.

According to [11], to ensure that problem (7) has a unique solution, we require, among other
conditions, that the bilinear form a(-,-) be coercive on Hy. However, it is well-known that a(-,-) is
coercive in the divergence free subspace of Hy (see, for instance, the proof of Theorem 2.3 in [13]) but
not on Hy. We also require that the bilinear form b(-, -) satisfies an inf-sup condition in Ho x [HE ()]%.
These facts motivated us to consider an augmented formulation of problem (5).

3 Augmented dual-mixed variational formulation

In this section, we introduce an augmented variational formulation of problem (5) and show that it is
well-posed for appropriate values of the stabilization parameters. We follow ideas from [25] (see also
[7, 17, 20, 6]) and subtract the second equation in (7) from the first one and then, add the following
least-squares type terms, that arise from the equilibrium and constitutive equations in (5):

K1 /Q(div(a) —a-Vu)- (div(t)+a-Vv) = —k; /Q f-(div(rt)+a-Vv) (8)
and ) )
IQQ/Q(VU_—VO')Z(VV—FVT):O, 9)

where (o, u) € Hy x [H(2)]? is a solution of (5) and (7,v) € Hy x [H}(Q)]? is a test function. The
parameters k1 and k9 are positive constants to be chosen so that the augmented bilinear form

A((o,u),(T,v)) :—i/ﬁad s 14+ /Qu‘div(r) — /Qdiv(a)‘v + /Q(a-Vu)-v

+ K1 /Q(div(d) —a-Vu)- (div(T)+a-Vv) + ko /Q(Vu — %o.d) (Vv + %Td)

be coercive in the whole space Hy x [Ha(92)]¢.



Let us define the linear functional F : Hy x [H}(92)]¢ — R by
F(r,v):= / f-v— nl/ f-(div(t)+a-Vv), V(T,v) € Hy x [H(Q)]¢.
Q Q

Then, the augmented variational formulation of problem (5) reads: find (o, u) € Hqy x [H3(2)]¢ such
that
A((o,u), (T,v)) = F(T,Vv), Y (7,v) € Hy x [H} (Q)]2. (10)

In what follows, we assume that a € [L>°(Q)]¢ and f € [L?(Q)]%.
Next we recall the following Lemma, that will be used to prove the coercivity of A(-,-) in Hy X
[H5 ().

Lemma 1 There exists a positive constant, c1, which depends only on §2, such that
2 2 . 2
C1 HTH[Lz(Q)}dxd < HTd’ ‘[Lz(Q)]dxd + ||dlv(7-)||[L2(Q)}d , VT €Hp.

Proof. See Lemma 3.1 in [3] or Proposition 3.1, Chapter IV of [11]. O
In the following Lemma, we prove the coercivity of A(,-) in Hy x [HZ (22)]? under some conditions
on the stabilization parameters.
Lemma 2 Assume that
K2

O<kI < —5—— and 0< kg <.
dlla|[{pee ()

Then, there exists Ce11 > 0 such that

A((T,v),(T,v)) = Cenn H(Tvv)”%—lox[[—[é(ﬂ)]d? V (7, v) € Hy x [Hé(Q)]d-

Proof. Let (7,v) € Hy x [H}(Q)]?. Then, using the definition of A(-,-), we have

1 1 2 .
A((r,v),(T,v)) = - (1 - ;“2) ‘ }TdH[[ﬁ(Q)]dXd + /Q(a “Vv)-v + K ||d1V(T)||[2L2(Q)]d

14

— ralla- VV|[zqape + w2 |[VV][T2qg)axa

We remark that, since a is solenoidal, then / (a-Vv)-v =0. On the other hand, it is easy to see
Q
that
2 2 2
la- Vvlli2qpe < dllalfipeqya [V V][ @axa -

Therefore,

A((r,v), (T,v)) =

(1- K;/Q)HTdH?LQ(Q)]dXd + i [|div(7)| {72

R

_|_

—

ko — k1 d |[al[Fro ) [V [Fr2 (qpaxa -

6



Then, by applying Lemma 1 and Poincaré inequality, the ellipticity of A(:,-) follows for the feasible
values of k1 and kg, with

.1 K2 K1 K1 2
Cel]_ = mln(; (1 — 7)01, ?C17 ?7 (HQ — K1 d”aH[LOO(Q)]d) CQ),
where Cq is the Poincaré constant. O

Remark. We assumed that a # 0. In case a = 0, we would be dealing with the Stokes problem. In

this case,
.1 K9 K1 K1
Ce11 = mln(; (1 - 7)61, ?Clv o

so that the values of the stabilization parameters that guarantee the coerciveness of the augmented
bilinear form A(-,-) are

K2 CQ))

k1 >0, IiQE(O,l/).
]

Theorem 2 Assume the hypotheses of Lemma 2. Then, problem (10) has a unique solution (o,u) €
Hy x [H}(Q)]? and

(o, W) e wimaene < Cart (1 + w1 (1 + Vallallpeay)) Illiz2(o)

Proof. From Lemma 2, the continuous bilinear form A(-, -) is elliptic in Ho x [H2(€2)]%. On the other
hand, the linear functional F is continuous in Ho x [H}(Q)]¢, with

IF(r,v)| < (1 + s (1 + Vd|allypeo ) £l ey 7 V)l x e -
0

The result follows by applying the Lax-Milgram Lemma. O
Remark. In order to maximize the ellipticity constant, Ce11, we choose the stabilization parameters
k1 and k9 to be:

Ry = v , ~2:V<Cl i }). (11)

K 1/2
o+ 2t dlal? o+ +duau[m

This choice characterizes the ellipticity constant as a function of the physical parameters as:

K1 . VCy
2 &h v+ 2d]all? . g

(12)
Thus, when convection is dominant (v << |[|al|fze(q)«), we would have cu||a||2200(9)]d < Con <
CHaH[LOO(Q)]d Moreover, the continuous dependence constant in Theorem 2 will be of O (v 1 HaH[Loo et
[z e)- O



4 Augmented mixed finite element method

In what follows, we assume that € is a polygonal (d = 2) or polyhedral (d = 3) domain. Let {73 }n>0
be a family of shape-regular meshes of {2 made up of triangles (d = 2) or tetrahedra (d = 3). We
denote by hr the diameter of an element T' € 7}, and define h := maxrc7;, hr. Let Hgp and Vj, be
any finite element subspaces of Hy and [H{(Q2)]%, respectively. Then, the Galerkin scheme associated
to problem (10) reads: find (o, up) € Hyyp, X Vj, such that

A((O’h, uh), (’Th,Vh)) = F(’Th,Vh) , V(Th,vh) € HO,h X Vh . (13)

Under the hypotheses of Lemma 2, the bilinear form A(-, -) is coercive in Ho x [Hg (€2)]¢, and hence,
in any finite element subspace Hoj, x Vj, of Ho x [H}(Q)]?. Therefore, problem (13) has a unique
solution (o, up) € Hyy x Vj,. Moreover, there exists a constant Cgea > 0, independent of h, such
that

[[( —op,u— uh)”Hox[Hg(Q)}d < Ctea (va}l)ig}flo XV (o —Th,u— Vh)||Hox[Hg(Q)]d ) (14)

where for the values & and & defined in (11), Cgea = O(v 1 HaHf’Lw(Q)]d) if v << |lall{poe (e -

In order to establish a rate of convergence result, we consider specific finite element subspaces Ho ,
and V},. Hereafter, given T' € T;, and an integer [ > 0, we denote by P;(T") the space of polynomials of
total degree at most [ on 7" and, given an integer r > 0, we denote by R7,(T") the local Raviart-Thomas
space of order r + 1 (cf. [26]),

RT(T) := [Pr(T)) @ [X]P:(T)  [Pria(T)),

where x is a generic vector of R%.
Let r > 0 and m > 1. Then, we let Hgj be either

HO,h = [RTﬂd = {Th € H() : Th‘T € [RTT(T)t}d, VT € 771},

or

H07h = [BDM:_H]d = {Th e Hy (Th)i’T S ['Pr+1(T)}d, i1=1,...,d, VTE¢€ 771},
where (74); denotes the i-th row of 74, and define
Vi i= [Lm]? = {vi € [CQ) N HYQ)) : vily € Pu(T), VT €T},

The corresponding rate of convergence is given in the next theorem.

Theorem 3 Assume o € [H'(Q)]¥4, div(e) € [HY(Q)] and u € [HFL(Q)]4. Then, under the
assumptions of Lemma 2, there exists C = O(Cgea) > 0, independent of h, such that

(o = onw = p) gy e < C AP (HUH[Ht(Q)]dXd + |[div(o)] [z e + Hu||[Ht+1(Q)]d) :
(15)



Proof. It follows straightforwardly from inequality (14) and the approximation properties of the
corresponding finite element subspaces. O
Remark. Under the hypothesis of the previous Theorem, we have that

Ip = pullzzy < CH™Em ) (Jlo e jona + v () e + allges e

where we recover p, = —itr(0,) and C = O(Ceea). O
Remark. If we approximate o by continuous piecewise polynomials, that is, if we choose

Hy, = {Th eHyN [C(Q)]dxd . (Th)‘T c [PT(T)}dXd, VT € 7;1}’
we will obtain the corresponding error estimate
H(O' — Ohp, 0 — uh)HHOX[Hl(Q)]d < Chmin{t,m,r} ||0'H[Ht+1(9)}d><d + ||uH[Hf+1(Q)]d .
0

for o € [H*1(Q)]™? and u € [H*1(Q)]¢, with C = O(Cgea). Notice that this result requires more
regularity on o. [J

5 A posteriori error analysis

In this section, we develop a residual-based a posteriori error analysis of the augmented mixed finite
element method (13). That analysis is similar to the one presented in [5] and [7] for the linear elasticity
and the Darcy problems, respectively. We derive a simple a posteriori error estimator that consists of
two residual terms and show that it is reliable and locally efficient. In what follows, we assume that
the stabilization parameters, k1 and ks, satisfy the hypotheses of Lemma 2.

Let Hy j, and V}, be any finite element subspaces of Hy and [H3(2)]¢, respectively, and let (o, u) €
Hy x [H} (92)]? and (o, up) € Hg % V, be the unique solutions to problems (10) and (13), respectively.
Then, we define the residual

Ry(7,v)=F(T,v) — A((op,up), (T,v)), V(T,v) € Hy x [HZ(Q)]%. (16)
Applying the coercivity of the bilinear form A(-,-) to the error, (o — o, u — ) € Hy x [HE(Q)]4,
and using the definition of the residual (16), we deduce that

L Alle —onu—w). (o~ opu—w))
(o~ onu—u) e < Cal
Ho B o~ onw— w) faggepae

A((o —op,u—up), (T,v))

< CHh sup
° (T v)eHg x [H} ()] ||(T>V)HH0><[H8(Q)]CZ (17)
(T,v)#(0,0) R )
_ W(T, Vv
= C’elll sup .
(T v)eHg x [H} ()] (T V)l w2 (21
(T,v)#(0,0)

In the next Lemma, we obtain an upper bound for the residual.



Lemma 3 There exists a positive constant C, independent of h, such that

Rh(T>V) s 1 d
sup < C|[f+div(ey) —a-Vul|i2ine + [[Vun — = o} llir2qyaxd ) -
e gt |7 V) o 3 s ( el ;o)
(T.v)#(0,0)

Proof. Using the definitions of the linear functional F' and the bilinear form A(-,-), we have
Rh(T,V) :Rl(T)+R2(V)7 VT GHO) Vv e [Hé(Q)]da

where Ry : Hyp — R and Ry : [H} ()] — R are defined by

Ri(tT) = — k1 /Qf-div(T) - /Quh -div(T) — K1 /(div(ah) —a-Vuy) -div(r)

Q

1 1
—/U%:Td—@/(vuh—U%)ZTd,
1% Q 1% Q 1%
1

Ry(v) = /Q(f—l—div(a'h)—a-Vuh)-v—m /Q(f—i-div(a'h)—aVuh)-(a-Vv)—RQ /Q(Vuh—y of) . Vv.

Then, integrating by parts the second term in R; and using the boundary condition, we deduce that
1 1
Ri(t) = — k1 /(f+div(0'h) —a-Vuy) -div(r) + /(Vuh — o) T — 2 /(Vuh — o) 4.
Q Q 1% 1% Q 14

Now, applying the Cauchy-Schwarz inequality and using that ||[7¢|,2(qyaxa < [|Tll{p2(q)ixa, We
have

[Ri(m)] < w1 f +div(os) —a- Vug||p2elldiv(T)[|ip2 o)«

b)Y~ ot el e
and
[Ra(v)| < [If +div(en) —a- Vuullipzoyall vz o)
+ w1 Vd|allgpe e If + div(en) — a - V| gzl V72 @

1
+ K2 HVuh — ; U%H[Lz(g)]dxd||VV||[L2(Q)]dxd .

Therefore, the proof follows using the triangle inequality, with

1
C = max (1 + /ﬁl(l + \/gHaH[Loo(Q)]d), 1+ HQ(l =+ ;)) .

10



Motivated by the previous result, we define the a posteriori error estimator 6 as follows:
2 : 2 . 2 L a2
= Y 67, with 67 :=|f+div(on) —a- Vup|agye + [V, - = T (ypaxa - (18)
TeTh

In the next theorem we establish the equivalence between the total error and the estimator 8. Inequality
(19) means that the a posteriori error estimator 6 is reliable, whereas inequality (20) means that 6 is
locally efficient.

Theorem 4 Let (o,u) € Ho x [H}(Q)]¢ and (o1, up,) € Hop, x Vi, be the unique solutions to problems
(10) and (13), respectively. Then, there exists a positive constant Cye1, independent of h, such that

(o —onu—up)|gyxmi@)e < Crert, (19)
and there exists a positive constant Cess, independent of h and T', such that
Cets Or < |[(0 — op,u — )|l m(div, 7)< 51 (T) 5 VT eT. (20)

Proof. Using (17), Lemma 3 and the definition of 8, we deduce inequality (19) with Cre1 := v2Ct C,
with C being the constant of Lemma 3. On the other hand, to prove inequality (20), we recall from
(5) that f = —div(o) +a- Vuand 2 0% — Vu =0 in Q. Then, using the triangle inequality

|f + div(oy,) —a- VuhH[sz(T)]d = ||div(e, —0o)—a-V(u, — u)||[2L2(T)]d
< 2(||d1V(0’h )H[Lz T))d + ”a ’ v(uh - u)||[2L2(T)]d)

< Z(Hdiv(ah )H[LQ 14 +d ”aH[Loo ]d”v(uh - u)”[2L2(T)]d><d) )

and
1 a2 < 2 1 42
[Vuay, — " hllireryixa < 2(IV(an = Wlpaeyaxa + 2 Ioh = o) llizapyjaxa)
1
< 2 (||V(uh — ll)H[QLz(T)]dxd + 2 ”Gh - UH[QL?(T)]dXd) :
Therefore,
1

62, < Z(max(l, ﬁ) lon — 0'||%I(div;T) +2(1+d HaH[zLoo(Q)}d)Hv(uh — u)||[2L2(T)]d><d)

and the proof follows with C;L = \/2 max(;z, 1+ dlfal|? . g)a)- -

Remark. From the previous analysis, we have that if v << HaH[ Loo(q))4» then the efficiency constant

is Coge = O(max(2, |alljzee(q)2))- We notice that this constant is independent of the choice of the
stabilization parameters r1 and ko. If v << 1 < |alf|jpec(qye, for the choice (11), the reliability

constant is Cre1 = O(C}) = O(v||a| Lm(ﬂ)]d) O

11



6 Numerical experiments

In this section, we present some numerical experiments that illustrate the performance of the aug-
mented scheme (13) and confirm the properties of the a posteriori error estimator 6 defined in (18).

In order to implement the mean zero condition for the traces of functions in the space Hy j, we
introduce, as described in [8], a Lagrange multiplier (¢, € R below). That is, instead of (13), we
consider the equivalent problem: find (op,up, ¢n) € Hp x V3 x R such that

A((on ), (T4,v1)) + 91 /Q tr(rh) = F(rhvi),
(21)
¢h/Qt7“(0'h) = 0,

for all (1, vp,¥p) € Hy x Vi, X R, where Hy, is a finite element subspace of H(div; ().
In the next theorem we establish the equivalence between (13) and (21).

Theorem 5 Let (op,up) € Hyp, x V3, be the solution of (13). Then, (op,up,0) is a solution of (21).
Conversely, let (op,up, n) € Hy X Vi, X R be a solution of (21). Then ¢, = 0 and (op,uy) is the
solution of (13). In particular, problem (21) has a unique solution.

Proof. Let (op,up) € Hoyp x V3 be the solution of (13) and let (7p,vy) € Hy, x V. Then, 7, =
To,n + cp I, where 7o), € Hpj, and ¢, = ﬁ fQ tr(7p). We remark that div(r,) = div(7oy) and
T4 = Tgvh. Therefore,

A((O’h, uh), (Th,Vh)) = A((O‘h, uh), (T07h,Vh)) = F(Tg7h,Vh) = F(Th,Vh)

where in the second identity we used that (o, up) is the solution of (13). We deduce that (o, up,0)
is a solution of problem (21).

On the other hand, let (o, up, ¢p) € Hy x Vi, X R be a solution of (21). Then, taking (74, vp) =
(I,0) in the first equation of (21), it is easy to see that ¢;, = 0. Since the second equation of (21)
implies that o), € Hy j,, we have that (o, uy) is the solution of problem (13). O

The numerical experiments were performed with the finite element toolbox ALBERTA using re-
finement by recursive bisection [27]. The solution of the corresponding linear system is computed
using the backslash operator of MATLAB. Given the features of system (21), MATLAB chooses an
LU solver (UMFPACK routines) to compute the solution. We present numerical experiments for the
finite element pairs (Hop, Vi, ) given by ([RTE?,[£1]%), ([RT)?,[£2)?) and ([BDME]?,[£1]?) and
(RTE [£1)%).

We use the standard adaptive finite element method (AFEM) based on the loop:

SOLVE — ESTIMATE — MARK — REFINE.

Hereafter, we replace the subscript h by k, where k is the counter of the adaptive loop. Then,
given a mesh T, the procedure SOLVE is a direct solver for computing the discrete solution (o, uy).

12
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Figure 1: Degrees of freedom for RT (left), BDM; (center) and R7; (right) on a triangle T'

ESTIMATE calculates the error indicators 0y (T") for all T' € Ty depending on the computed solution
and the data. Based on the values of {0;(T")}7re7,, the procedure MARK generates a set of marked
elements subject to refinement. For the elements selection, we rely on the mazimum strategy: Given
a threshold v € (0, 1], any element 7" € T, with

Ox(T") >~ max 6, (T), (22)

is marked for refinement. Finally, the procedure REFINE creates a conforming refinement 7541 of Ty,
bisecting d times (d = 2 or 3) all marked elements.

We will compare the performance of a finite element method based on uniform refinement (U)
with the adaptive method (A) that we have described above.

In order to get the best ellipticity constant Cey; in Lemma 2 and taking into account that ¢; € (0, 1)
is unknown, we choose x; and ko to be:

2
— ety
T2+ dlal e g T2+ dlalZ g

that satisfy the hypotheses of Lemma 2.
In what follows, DOFs stands for the total number of degrees of freedom (unknowns) of (21) and
we define the individual errors

ex(0) = |lo — okllr@ivio).  ex(a) == [u—wligrue, ex®) = llp — prll2)

where the pressure py is recovered as pp = —%tr(ak), and the total error

ex(o,u) = (en(o) + ex(w)’) .
The efficiency index with respect to the error estimator 6y, is defined as effy, := ey (o, u)/0y.

We present four examples. The aim of the first one is to confirm Theorem 3, and to verify the
efficiency and reliability of the a posteriori error estimator derived in Section 5. We also analyze the
influence of relatively small values of the viscosity v in the numerical method. The second and third
examples are two-dimensional examples in which the solution presents a boundary layer and an inner
layer, respectively; they allow us to show the efficiency of the adaptive method. Finally, the fourth
example shows the behavior of the algorithms in a three-dimensional problem with a boundary layer;
in this case, the role of the a posteriori error estimator is crucial due to the increasing number of
DOFs in three-dimensional problems.
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Figure 2: Example 6.1. Decay of errors and estimator for ([RTB]Q , [51]2), ([BDM}]Q ’ [E1]2) and
(IRTH?, L)) and v = 1.

6.1 A smooth example

Let Q= (0,1)%, ¢(z,y) = 22(1 — 2)?y?(1 — y)? and a = (2,3). We choose f so that the exact solution
of problem (1) is:

0¢ a¢> , p=exp(—10 ((z — 1/2)* + (y — 1/2)%)) — pm, (23)

u=-curl ¢ = <8y’ o
where p,,, € R is such that pr = 0. We remark that u=0on I'.

We solve this problem for different values of the viscosity, ranging from 1 to 1076, with the finite
element pairs ([RTE)?, [£1]%), ((BDMY]?,[£1]%) and ([RT)?, [£2]%) on a sequence of uniform meshes
(i.e., in each step the elements of the mesh are bisected twice). Figures 2-8 show the decay of the
errors ex(o), ex(u), ex(p) versus the DOFs and the behavior of the total error and the estimator.
Convergence rates predicted by the theory for the total error (Theorem 3) are attained in all cases
(we recall that h* ~ DOFs~*/¢ on uniform meshes), independently of the value of the viscosity. This
fact shows that the original problem is stabilized correctly. Nevertheless, for the finite element pair
(IRTE)?, [£2)?) and values for the viscosity less than 1073, we observe certain instabilities in the first
steps of the refinement procedure, although in the asymptotic regime the order is correct.

The errors e (o) and ex(u) decay with the same velocity as the total error. The same happens for
the error e (p) when R7T-elements are employed. The error eg(p) presents an apparent superconver-
gence when BDM-elements are used and v < 1072, We are not able to determine if this is because
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and the different values of v.

the graph of the error in the pressure variable is still in the preasymptotic regime or if for this finite
element pair the error [0 — o[ 2(q) converges quadratically. In all cases the total error and the
estimator have the same decay, which confirms that they are equivalent.

Figure 9 shows the efficiency indices for the different finite element pairs and viscosities considered.
Efficiency indices are around 1 and independent of the value of v for the families ([RTE)?, [£1]?) and
(IBDM?%)?,[£1]?). For the finite element pair ([RTY?,[£2)?), efficiency indices seem to degrade as v
decreases, according to Theorem 4.

6.2 Two-dimensional boundary layer

In this example we consider = (0,1)?, v = 1072 and a = (1,1). We define the potential ¢(z,y) =
22?2 (1—er@=D)2(1 —A=1)2 with A = 0.5/+/v, and choose f such that the exact solution of problem
(1) is:

p=e" —pp, (24)

u=-curl ¢ = <8¢ _8(1))
oy’ Ox)’
where p,, € R is such that fQ p = 0. We remark that the velocity u exhibits a boundary layer around
the lines ¢ = 1 and y = 1. We also remark that u = 0 on I'. In the adaptive procedure we chose
v =04.

Figure 10 shows the decay of the individual errors, ex(o), ex(u) and eg(p) for the adaptive and
uniform refinements when the finite element pair ([R’Tg]2 ,[£1]?) is used. We observe a fast convergence
of the adaptive procedure for the variables of interest (velocity and pseudostress) as a consequence of
the localization of the boundary layer (see Figure 12). We also remark that the error in the pressure
variable is several orders of magnitude smaller than the error in the velocity and the pseudostres
variables, so that the a posteriori error estimator does not see this error yet.

In Figure 11-left, we can observe the total error and estimator for the uniform and adaptive
refinements. From this graph, we conclude that the adaptive algorithm is more competitive than the
uniform procedure. Figure 11-right shows the efficiency indices, that tend to stabilize around 0.4.

Figure 13 shows the velocity module for iterations 5, 10 and 15 of the adaptive procedure. In
Figures 14 and 15 we can observe the profile of the first component of the velocity near the boundary
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Figure 10: Example 6.2. Errors decay for the adaptive (A) and uniform (U) procedures.
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Figure 12: Example 6.2. Meshes generated by the adaptive algorithm in iterations 0, 10 and 15
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Figure 13: Example 6.2. Velocity module in iterations 5, 10 and 15 of procedure A

layers. We notice that the method captures the boundary layer correctly when the mesh is finer enough
in case of uniform refinement or as the adaptive procedure advances, respectively. Finally, Figure 16
shows the pressure obtained in iterations 5, 12 and 17 of the adaptive procedure. We observe some
oscillations in the first steps of the adaptive algorithm that diminish later as the algorithm advances.

6.3 Two-dimensional inner layer

Let Q = (0,1)%, v =107* and a = (1,0). We consider ¢(z,y) = 2%(1 — x)%y*(1 — y)?(1 — tanh((1/2 —
x)A)) with A = 150, and choose f so that the exact solution of problem (1) is:

u=curl ¢ = <Zz7 —3?) , p= e_(x—1/2)2 — Do (25)

where p,, € R is such that fQ p = 0. We remark that the solution presents an inner layer around the
line x = 1/2 and that u= 0 on I'. In the adaptive procedure we used v = 0.4.

Figures 17 and 18 show the decay of the errors and estimator with the DOFs for the uniform and
adaptive refinements when the finite element pair ([RTE]%,[£1]?) is used. The same observations of
the previous example apply. Again, the adaptive procedure obtains quasi-optimal meshes and it is
more competitive than the uniform procedure concerning the reduction of the total error. We have
to take into account that the adaptive algorithm is leaded by an a posteriori error estimator that is
equivalent to the total error. Then, it can happen, as can be observed from Figure 17, that the errors
in the pressure variable can be smaller in the uniform sequence than in the adaptive sequence. Since
in this case the pressure is a smooth function, the refinement that captures the inner layer of the
velocity is not appropriate for a correct approximation of the pressure.

Figure 19 shows the initial mesh and the meshes generated by the adaptive algorithm in iterations
5 and 9. We remark that the adaptive algorithm detects the inner layer of the velocity. In Figure 20
we present some graphs of the velocity module in iterations 4, 7 and 11. In Figures 21 and 22 we show
the velocity profiles near the inner layer. We observe that the oscillations in the velocity profiles that
are present in the first steps tend to dissapear when the mesh is finer enough. Finally, in Figure 23
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Figure 17: Example 6.3. Errors decay for the adaptive algorithm (A) and the uniform algorithm (U)
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Figure 18: Example 6.3. Decay of the total error and estimator (left) and efficiency indices for the
adaptive algorithm (A) and uniform algorithm (U)

Figure 19: Example 6.3. Meshes generated by the adaptive procedure at iterations 0, 5 and 9.

we present some graphs of the pressure in iterations 4, 8 and 11. Again, in the first iterations there
are some instabilities that diminish as the algorithm advances.

6.4 Three-dimensional boundary layer

Let Q= (0,1)3, v =1 and a = (1,1,0). We consider the vector potential
P(r,y,2) = (1 — 2)’y*(1 - y)*2* (1 - V) (1,1,1)°

with A = 20, and choose f so that the exact solution of problem (1) is:

u = curl ¢ — <(‘%¢3 _ % % _ %’ % _ %) , p= e—lO((z—1/2)2+(y—1/2)2+(z—1)2) — D,
Yy

(26)

23



Velocity (module) Velocity (module) Velocity (module)

02 04 06 02 0.4 02 04
W i w! ik v ok
0 0678 0 059 0 0.586

Figure 20: Example 6.3. Module of the velocity field at iterations 4, 7 and 11.
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Figure 21: Example 6.3. X-velocity profiles near the boundary layer in different iterations of procedures
U (above) and A (below)
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Figure 22: Example 6.3. Y-velocity profiles near the boundary layer in different iterations of procedures
U (above) and A (below)
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Figure 23: Example 6.3. Pressure at iterations 4, 8 and 11.

RTOL1,v=1 RTOL1,v=1
10'
Ssvay
~x
0 - 10_1 L
10" X
n (2
g g
] o U:|u—uk|H1 ]
o'l —*—U:lc_cklm |
-o-Alu-uk|7] Sq. o —o-Ulp-pl » N
-3¢ - AI6-, L1 %o 1072 - % -Alp-P ., 1
,| —DOFs™"® —DOFs™®
10_ L L L L L
10° 10* 10° 10° 10* 10°
Degrees of Freedom Degrees of Freedom

Figure 24: Example 6.4. Errors decay with DOF's for the adaptive (A) and uniform (U) algorithms.

where p,, € R is such that fQ p = 0. We remark that the velocity field u is divergence-free and vanishes
on I'. In this case, we took v = 0.5 in the adaptive procedure.

Figures 24 and 25 show the decay of the errors and estimator with the DOFs for the uniform and
adaptive refinements when the finite element pair ([RTB]?’ ,[£1]%) is used. We observe that the adaptive
procedure generates quasi-optimal meshes from the third iteration, while the error curves associated
to the sequence of uniform meshes exhibit a slow convergence and seem to be at the pre-asymptotic
regime. In this example the efficiency index is almost one (see Figure 25-left).

Finally, in Figure 26 we show some meshes generated by the adaptive algorithm. Figures 27 and
28 show the module of the velocity field and the pressure, respectively.
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Figure 25: Example 6.4. Decay of total error and estimator (left) and efficiency indices for the adaptive
(A) and uniform (U) algorithms.
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Figure 26: Example 6.4. Meshes generated by the adaptive process at iterations 0, 4 and 7

27



| velocity Magnitude | velocity Magnitude

e , e o oy el o
< x 0 o

0 0.026 0 0026 O 0.026

s velocity Magnitude

Figure 27: Example 6.4. Module of the velocity field at iterations 3, 6 and 8 of the adaptive process
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Figure 28: Example 6.4. Pressure at iterations 3, 6 and 8 of the adaptive process
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7 Conclusions

We proposed and analyzed a new augmented dual-mixed variational formulation for the Oseen problem
in the pseudostres-velocity variables. We obtained sufficient conditions on the stabilization parameters
such that the augmented variational formulation and the corresponding Galerkin scheme are well-posed
and a Céa estimate holds whatever finite element subspaces are used. We also obtained error estimates
when Raviart-Thomas or Brezzi-Douglas-Marini elements are used to approximate the rows of the
pseudostress, and continuous piecewise polynomials are used to approximate the velocity components.
The pressure can be recovered from the pseudostress; in this case, we deduced an a priori estimate in
the L?(Q)-norm (see Remark after Theorem 3).

Moreover, we developed a residual-based a posteriori error analysis and proposed a simple a poste-
riori error indicator that is shown to be reliable and locally efficient. This a posteriori error indicator
consists only of two residual terms, namely, the residual in the momentum equation and the residual
in the incompressibility condition. It is valid in two and three dimensions, and for any conforming
finite element approximation. We remark that we characterized the behavior of the constants in the
a priori error analysis as well as the a posteriori error analysis in terms of the problem parameters
(viscosity and advective velocity).

We performed some numerical experiments to support our theoretical results. Numerical results
show that the adaptive refinement algorithm performs better than the uniform refinement algorithm
concerning the reduction of the total error, in the velocity and pseudostress variables. Moreover, the
adaptive algorithm is able to detect boundary and inner layers. We appreciated certain oscillations
in the pressure that decrease asymptotically as the mesh is refined. It appears necessary to use some
post-processing procedure to recover this variable.
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