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Abstract

In this paper, we propose a mass conservative pseudostress-based finite element method
for solving the Stokes problem with both Dirichlet and mixed boundary conditions. We
decompose the velocity by means of a Helmholtz decomposition and derive a three-field
mixed variational formulation, where the pseudostress, the velocity, both in H(div), and an
additional unknown representing the null function, are the main unknowns of the system.
By employing suitable finite element spaces, the velocity is approximated using H(div)-
conforming finite elements, ensuring the desired mass conservation property. The proposed
method offers several advantages, including simplicity of implementation and compatibil-
ity with existing software packages for partial differential equation solvers. Additionally,
we extend the study to incorporate mixed boundary conditions for the Stokes problem and
complement the analysis with the introduction of a reliable and efficient residual-based a pos-
teriori error estimator. Numerical examples are provided to validate the theoretical results,
demonstrating the effectiveness and accuracy of the proposed method.

Key words: Stokes problem; mass conservation; conforming scheme, mixed finite element
method; Raviart—Thomas elements; BDM elements

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

1 Introduction

The Navier-Stokes (NS) problem is a challenging problem in numerical analysis, and the scientific
community has been focused on proposing more accurate and efficient methods to obtain good
approximations of its solution for several decades. In its most basic form, NS is written as
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follows:

vAu+ (u-Viu+Vp=f in Q5 divu=0 in Q u=up on I':=09, /p:O,
Q

(1.1)
where the vector field u := (ug,...,uq)" and the scalar field p are the velocity and pressure,
respectively, of a fluid with a given viscosity v > 0 occupying a domain Q C R? (d = 2,3). Here,
f is a given source force, and up is a prescribed velocity on the boundary I' := 0f) satisfying

the compatibility condition:
/uD~n—0, (1.2)
r

where n denotes the outward unit normal vector on I'. The first equation of (1.1) represents the
conservation of momentum of the system, whereas the second one represents the conservation
of mass.

For several years, the most commonly employed methods by engineers to approximate the
solution of (1.1) are based on conforming discretizations of the classical velocity-pressure for-
mulation, mainly because they are relatively cheap and easy to implement. Actually, in most of
the software designed to solve partial differential equations, such as Freefem++ and Fenics, the
classical families of finite elements for (1.1) are already available (see [21] for a detailed study
of these classical families). However, since the aforementioned conservation laws are imposed
weakly, these quantities are not exactly preserved, yielding instabilities of the numerical schemes
(see, for instance, [23] and [28]).

To study the mass conservation property of (1.1), one can restrict the analysis to the sim-
plified Stokes model:

—vAu+Vp=~f in Q, divu=0 in €, u=up on I, /p:O. (1.3)
Q

In [26], the authors improved the lack of conservation of mass of conforming velocity-pressure
formulations for (1.1) by introducing a family of divergence-free conforming finite elements for
(1.3) on general triangular meshes in two dimensions. There, the divergence-free property is
attained by enriching the polynomial space for the velocity with suitable rational functions,
which makes the computational implementation more difficult and increases the computational
cost. The approach in [26] was later extended to the three-dimensional case in [27].

Another possible approach for obtaining mass conservative numerical methods for (1.1) is
to use nonconforming schemes, as demonstrated in [10], where the authors introduced a discon-
tinuous Galerkin scheme for (1.1). There, the divergence constraint is exactly satisfied at the
discrete level due to the use of divergence-conforming discrete spaces to approximate the veloc-
ity. Another example is the pressure-robust hybridized discontinuous Galerkin method proposed
by [24].

On the other hand, several approaches based on reformulations of (1.1) or (1.3) have also
been considered to improve the lack of conservation of laws. For instance, in [12] (see also [2]),
the introduction of the vorticity as a further unknown enables the authors to obtain a variational
formulation of (1.3) with the velocity in the Hilbert space H(div; ) := {v € L?(Q2) : divv €
L2(Q)}. This approach allows the velocity to be approximated by H(div;2)-conforming finite
elements, thereby obtaining a conforming, mass conservative numerical scheme. However, the
approach in [12] has not been extended to the Navier-Stokes problem (1.1), as the convective
term does not allow the same spaces to be used for the variables introduced in [12].



More recently, in [22], the gradient of the velocity is introduced as an additional unknown,
leading to a new formulation where the velocity can be approximated using H(div; 2)-conforming
elements and providing exact mass conservation. As in [12], the convective term prevents the
extension of [22] to the Navier-Stokes problem (1.1).

An alternative method to approximate the solution of (1.3) is the so called pseudostress-based
formulation. This method involves rewriting (1.3) using the pseudostress tensor o := vVu — pl
(refer to [7], [18], [19] and [20] for further information). The momentum equation can be
reformulated as —dive = f in €2, and the divergence constraint implies that p = —étr (o).
Then, the pressure can be eliminated from the system to obtain the first-order set of equations:

ocd=vVu in Q@ —dive=f in Q@ and u=up on T, /tr(o‘):(). (1.4)
Q

Here, I denotes the identity matrix, tr (o) is the trace of the tensor o, 04 := o — Ltr (o)1
denotes the deviatoric part of o, and div 7 is the divergence operator div acting along the rows
of T for any tensor field T = (745); j=1.4-

The corresponding variational problem is given by: Find (o,u) € Hy(div;Q) x L2(1),
satisfying the variational equation

/O'd crd 4 V/ u-divrT = v(rn,up)r, V7€ H(div;Q), (1.5)
Q Q

and the differential equation
dive +f =0 in Q. (1.6)

Here,

H(div;Q) := {7 e [L2(Q))™¢: div T eL*(Q)}, L2(Q) := [L2(Q)]4,
Ho(div; Q) := {7 € H(div;Q): / tr (1) =0},
Q

and (-, -)p denotes the corresponding product of duality between the trace space H/2(I') and its
dual H-V/2(D).

Based on (1.6), it is evident that conforming discretizations of (1.5)-(1.6) naturally conserve
momentum. This is one of the main benefits of this approach. Additionally, other variables
of interest, such as the gradient of velocity and vorticity, can be approximated through a sim-
ple postprocessing of o, without applying any numerical differentiation, thus, avoiding further
sources of error. However, there is currently no literature on the conservation of mass of con-
forming discretizations of (1.5)-(1.6).

Motivated by the above, this paper presents a reformulation of (1.5)-(1.6) to obtain a mass
conservative and conforming numerical scheme for the Stokes problem. Specifically, it utilizes a
Helmholtz decomposition for u and derives a three-field mixed variational formulation for (1.4),
where the main unknowns of the resulting system are o € Hy(div;Q), u € H(div"; Q) and an
additional unknown ¢ € H}(€2) representing the null function. Here,

H(div"; Q) :={veH(div;Q) : divv=0 in Q},

H{(Q) :={peH(Q) :9=0 on I}
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Consequently, at the discrete level, the velocity can be approximated using H(div; 2)-conforming
finite elements, which ensures the desired mass conservation property. This constitutes one of
the main advantages of this work. Additionally, the resulting Galerkin scheme can be easily im-
plemented in two and three dimensions using softwares such as Freefem++ and Fenics, among
others. Furthermore, the study can be straightforwardly extended to the Stokes problem with
mixed boundary conditions and can be complemented with a reliable and efficient residual-based
a posteriori error estimator. Finally, we observe that, unlike most of the mass conservative nu-
merical schemes available in the literature (see [23]), and similar to classical conforming schemes
for Stokes, in this study, the velocity error is amplified by the inverse of the viscosity. This
aspect constitutes a topic for further research.

The rest of the article is organized as follows: In Section 2, we introduce the three-field
continuous problem and analyze its well-posedness. Then, in Section 3, we propose the mass
conservative numerical scheme and study its well-posedness and convergence. Afterward, in
Section 4, we derive a residual-based a posteriori error estimator and prove its reliability and
efficiency. In Section 5, we extend the previous results to the Stokes problem with mixed
boundary conditions.

We end this section by fixing some notations and introducing some preliminary results. We
begin by recalling that for any vector field v = (v;);=1 4, the differential operators Vv and divv
introduced above, are given by

ov; d v
Vv = < Z> and divv:= -1
O ij=1,d ; O

In addition, for any tensor fields 7 = (Tij)i’jzl’d and ¢ = (Cij)i,jzl,d, the transpose, the trace
and the tensor inner product are defined, respectively, as

d d
= (Tji)ij=1,4, tr(T) = ZT% and  7:(:= Z igGig-
i=1 i,j=1

For simplicity, in what follows we denote

i [ i [y i [ ngne [

In the sequel, the norms of the well-known Lebesgue and Sobolev spaces L2(£2) and H!(Q), will
be denoted by || - |jo.o and || - ||1,0, respectively. We also write | - |1 for the H!(2)-seminorm.
We additionally recall that the space H(div;Q) equipped with the usual norm ||v||qiv.0 =
(HVH%Q + Hdivv||%’Q)1/2 is a Hilbert space, as well as the space H(div ;) with the norm

ITllaiv.2 = (7130 + Idiv 7§ o). (1.7)

Finally, by S and S we denote the corresponding vectorial and tensorial counterparts of the
generic scalar functional space S.

2 The continuous mass conservative mixed formulation

2.1 Derivation of the mass conservative mixed variational formulation

Here, we derive the mass conservative variational formulation and define the bilinear forms and
functionals involved. To that end, let us introduce the auxiliary problem: Find (o, u,p) €



Xo x Vg x ¥ such that
(04, 7Y q + (dive,div ) + v(div 7,u + Vo)q = v(rn,up)r — (f,div7)q (2.1)

V1 eX, and
diveo +f=0 in (2.2)

where
X := H(div;Q), Xg:= Ho(div;Q), Vi := H(div’;Q) and ¥y:=H}(Q).  (2.3)

Observe that if (o,u, ) € Xy x Vo x Uy is a solution to (2.1)-(2.2), then it is clear that
(divo,div T)g
= —(f,div T)q, for all T € X, and then, taking 7 = ¢I, with ¢ € ¥( in (2.1), and using the fact
that 74 = (¢1)? = 0, (¥n, up) = 0 and div (Y1) = Vi), it follows that

(Vo,Vip)g =0, Y € Py,

which implies that ¢ =0 in © and (o, u) is a solution to (1.5)-(1.6).
Conversely, if (o, u) € Xg x L2(€) is a solution to (1.5)-(1.6), from the Helmholtz decompo-
sition
L*(Q) = Vo ® V¥, (2.4)

it readily follows that the velocity u can decomposed as follows
u=w+Vy in

with w € Vg and ¢ € ¥y. Then, noticing that (1.6) implies that (div o, div 7T)q = —(f,div 7)q,
for all 7 € X, it is easy to see that (o, w, ) satisfies equations (2.1)-(2.2). But, proceeding
exactly as above one can deduce that ¢ = 0 in €2, which implies that u = w € V|, and therefore
(0,1, ) is a solution to (2.1)-(2.2). In this way, we have proved the following lemma

Lemma 2.1 If (o,u) € Xg x L2(Q2) is a solution to (1.5)-(1.6), then u € Vo and (o,u,0) is a
solution to (2.1)-(2.2). Conwversely, if (o,u,p) € Xo X Vg x Uy is a solution to (2.1)-(2.2), then
¢ =01inQ and (o,u) is a solution to (1.5)-(1.6).

As a consequence of the previous lemma, in what follows we focus on studying and discretizing
the system (2.1)-(2.2). To do that we first recall that the space X (cf. (2.3)) can be decomposed
as follows:

X=Xy ® R(Q)],
where Py(£2) is the space of constant polynomials on 2. More precisely, each 7 € X can be

decomposed uniquely as:

1
T =179+ cl, with 79 € Xp and c¢ := m(tI‘T,l)QER-

Then, owing to the compatibility condition (1.2), after simple computations we realize that the
test space for (2.1) can be equivalently reduced to Xy. In turn, as a consequence of the Helmholtz
decomposition (2.4), equation (2.2) can be equivalently imposed weakly as follows:

(diV o,V + vw)Q = —(f,V+ VQ,Z))Q V(Vﬂ/)) € Vo x ¥y.



In this way, defining the bilinear forms a : Xo x Xyg — R and b : Xg x M — R and the functionals
F:Xy— Rand G: M — R, respectively as follows

a(o, 1) := (O'd,‘rd)g + (dive,divT)g, b(r,(v,v)) :=v(div 7,v + Vi))q, (2.5)

F(r) .= v(tn,up)r — (f,divr)q and G(v,v) := —v(f,v+ Ve)q,

where

M:VQX\I’(),

we rewrite (2.1)-(2.2) equivalently as the variational problem: Find (o, (u,¢)) € Xy x M, such

that:
a(o,7) + b(r,(u,p)) = F(r) V7 eX,

b(o,(v,4)) = G(v,¢) V(v,¢)eM.

(2.6)

Remark 2.2 Later on, in Remark 3.4, we provide more details on the introduction of the term
(div o, div T)q in the definition of the bilinear form a.
2.2 Analysis of the continuous problem

In this section we prove the well-posedness of problem (2.6). To that end, we first recall from
[14, Lemma 2.3] that the following inequality holds

Callrlge < IT4 3o+ ldiv T3 V7 e X, (2.7)

which in particular implies that the seminorm

. 1/2
a0 = {IBa+ ldivrde} T eX,

is a norm in Xy, equivalent to the norm (1.7). According to this, in what follows we equip the
space Xg with the norm |- |qiv 0. In turn, for the sake of the forthcoming analysis, and using
the fact that the well-known Poincaré inequality (see eg. [13, B.61])

wllog < Cplwha Vw € HY(Q),

with C'p > 0 depending only on ||, implies that the seminorm |- | o is equivalent to the norm
| - |li.e in HA(£2), in what follows we endow the product space M with the viscosity-dependent
norm

v, )l = v{IIVIIEivq + 1413 0}/

As wee shall see next, this norm will allows us to derive the stability properties of the bilinear
forms involved, with constants independent of v. In fact, from the Cauchy-Schwartz inequality
we can easily deduce that

la(o, 7)| < |oldiv,o|Tlaiv.e Vo, T e Xo,

b(r, (v, V)| < [Tlaiv (v, ¥)[m V7 € Xo, Vv eM,



where in the latter we utilized the fact that
IV+VYlie=IvIEe+vie  V(v.e)eM. (2.8)
In turn, from the definition of the bilinear form a, it is clear that
a(r,7) = ’T|3iv7Q V1 e X, (2.9)

thus a is elliptic on Xg.
Now we provide the corresponding inf-sup condition of the bilinear form b.

Lemma 2.3 There exists 5 > 0, independent of v, such that

wp PTv0))

. zBllv, d)lmy  V(v,9) € M. (2.10)
0#£1€Xg ‘T ’dlv Q

Proof. 1t follows analogously to the proof of the inf-sup condition in [18, Theorem 2.1]. In fact,
given (v,v¢) € M, we let 7 := —Vz + ﬁ(divz, D)ol in Q, with z € H}(2) being the unique
weak solution of the auxiliary problem

—Az=v(v+Vy) in Q, z=0 on T,

satisfying
|z

Lo < Ov[[v+ Vo (2.11)

Then, we observe that div ™ = v(v + V%) in €, which together with (2.11) implies |T|aiv o <
Cv||v + V¢ljp . From the latter, and the identity (2.8), we obtain

b T’ V7Q7[) b %; V7d} = VQ(HVH(%Hv,Q + WE,Q)
sup (7, (v, ) > (~ v,v)) >C! = B(v,¥) M,
04rexo  |Tldiv.e |7 div .0 v|lv+Vyloan
with 8 =C~! > 0. O

We now provide the well-posedness of problem (2.6).

Theorem 2.4 There exists a unique (o, (u,p)) € Xo x M solution to (2.6) with ¢ = 0 in Q.
Furthermore, the following a priori estimates hold:

|olaiv.o S vallupllyzr + c2llfllog  and viulloo < csvllupllyjzr +callfloe,  (2.12)
with c1,co,c3,c4 > 0, all of them independent of v.

Proof. The well-posedness of (2.6) follows straightforwardly from (2.9), (2.10) and the Babuska—
Brezzi theory, and from Lemma 2.1 we deduce that ¢ = 0 in 2. In turn, to derive the estimates
(2.12) we first observe that from [14, Theorem 1.7] and (2.7), there holds

|(7n,up)r| < vC|rlaiv olluplli/2r V7 e Xo,
with C' > 0 independent of v, which implies that

1Fllx, < vCllupllijer + I

0,Q2-
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Then, noticing that
Gl < [£llo.0,

the estimates in (2.12) can be easily obtained from [13, Theorem 2.34, estimate (2.30)] and the
fact that divu = 0 in Q. O

We end this section by providing the converse of the derivation of (2.6).

Theorem 2.5 Let (o, (u,¢)) € Xg x M be the unique solution of (2.6). Then, —div o = f
inQ, o=0inQ, u=up onT and vVu = o in Q, which implies that u € H'(Q).

Proof. The identity —div o = f in Q follows from the second equation of (2.6) and the
Helmbholtz decomposition (2.4) whereas identity ¢ = 0 in Q follows from Lemma 2.1. The rest
of the identities follow from the first equation of (2.6), considering suitable test functions and
integrating by parts backwardly. We omit further details.

O

3 Galerkin Scheme

In this section we introduce the Galerkin scheme associated to problem (2.6), analyze its solv-
ability and finally derive the corresponding a priori error estimate.

3.1 The discrete problem

Let 73, be a regular family of regular triangulations of the polyhedral region Q by triangles T
in R? or tetrahedra in R3 of diameter hp, such that Q = U{T : T € T3} and define h :=
max{h7 : T € T;}. Given an integer [ > 0 and a subset S of R, we denote by P,(S) the space
of polynomials of total degree at most [ defined on S. Hence, for each integer £ > 0 and for each
T € Ty, we define the local Raviart—Thomas space of order k and the Brezzi-Douglas—Marini
element of order k + 1, respectively as (see, for instance [5]):

RT,(T) := [P(T)]* ® Py(T)x, and BDMj(T) = [Prpt (T)]*

where x := (z1,...,24)" is a generic vector of R? and B, (T') is the space of polynomials of total
degree equal to k defined on T'. In this way, we define the discrete spaces

V,kl” = {zp € H(div;Q) : zp|p € RT\(T), VT €T},

XFt = {7, € H(div; Q) : 7|7 € BDMy1(T), VT €T},

and let
Xptt = {r e Hdiv; Q) e XEFD Ve e R, XE = X5 N Ho(div; Q).
Vi, = Vi nH(div’; Q),
Uptti={on € C(Q) : nlr € Pt (T), VT € Tp} NHY(Q),

k._ vk k41
Mj = Vh70 X \Ilh,0 ,



in such a way, the Galerkin scheme associated to problem (2.6) reads: Find (o, (un, ¢n)) €
Xitl X Mﬁ, such that:
alon,m) + b(Th, (wn,on)) = F(ma) V7 e XpHl 51)
b(on, (Vi ¥n) = G(Va,¥n) Y (va,¥n) € ML,

Remark 3.1 Observe that the discrete space VZO becomes
Vig={vp, eV} 1 divv,=0 in Q},

thus the numerical scheme (3.1) produces exactly divergence-free approzimations for the velocity
u.

In what follows we establish the well-posedness of (3.1) and derive the corresponding a priori
error estimates.

3.2 Well-posedness
We begin by observing that the bilinear form a satisfies
a(T7T) = ‘T’?ﬁv Q VT € Xi—i(_)l

Next, to prove the discrete version of (2.10) we recall from [5, Section 2.5] that there exist inter-
polator operators IIZT : H(Q) — V¥ and IPPM . HY(Q) — XfLH satisfying the approximation

property
115 (7) — 7llor < chp|T|mr, VT e H™(T), VT €T, (3.2)

for all 1 <m < (k) and x € {RT, BDM}, with lgr(k) =k + 1 and Igpp(k) = k + 2, and the
commutative property

div(IT} (7)) = Pp(divr), Vre HY(Q), V%€ {RT,BDM}, (3.3)
where P}, is the L?-projection on
Qb = {g € LAQ) : qlr € B(T), VT T},
which satisfies
[Pt —um=0 vaeak
and the local approximation property
lo = Pr@)lor < Ch™ vlmr, VT € Th, (34)
for all 0 <m < k+ 1 and for all v € H™(Q). Notice that from (3.3) and (3.4) we have that
[|div 7 — div(IT;(7))[lo,r < CA™|div 7|7, VT €T, (3.5)

for all 0 <m < k+ 1 and for all 7 € HY(Q) with divr € H™(Q).

In what follows we will employ a tensor version of HEDM , denoted by Hf bM- . H'(Q) — Xﬁ,
which is defined row-wise by IIPPM and the vector version of PF, denoted by P¥ : L2(Q) —
Qz = [QZ]d, defined component-wise by P,’f.

Now we adapt the proof of [18, Lemma 3.2] to deduce the discrete inf-sup condition of b.



Lemma 3.2 There exists 3 > 0, independent of h and v, such that

b(Ty, (v, ~
sup  POn ) S g i, ¥ (Vi) € ME. (3.6)
O#Thexh70 ‘Th‘div Q

Proof. We let B C R? be a bounded and open convex domain such that Q C B, and given
(Vh,tn) € MF, we let z € H}(B) be the unique weak solution of the auxiliary problem

—Az =h(vp, ) in B, z=0 on 0B,

with ( )
| (v + V1), in Q)
h(Vhﬂf)h) T { 0, in B\ﬁ
It is well known that z € H?(B) (see [25]) and
1zll2,0 < CvI[b(va, ¥n)llo.p = Cvllvi + Viuloa = Cll(vh, Yn)llv- (3.7)

Notice that, since v}, € VZ,O’ then according to [5, Corollary 2.3.1], v, € QfL. Then, we let
7 = LY (Vzl) + g (tr (L7 (Vzlo)), 1ol in Q and apply (3.2), (3.3), (3.4) and (3.7),
to deduce that
div7y, = v(vy+ Vi) € Qf and  [Fhlaiv o < CJl(vi, n) -
Therefore, we proceed as in the proof of Lemma 2.3 to obtain the desired estimate. O
These properties and the Babuska-Brezzi theory allow us to conclude the well-posedness of

(3.1). This result is established next.

Theorem 3.3 There exists a unique (op, (up, @r)) € XZ'BI xMF solution to the Galerkin scheme
(3.1). In addition, there exist positive constants ¢1, C2, ¢3 and ¢4, independent of h and v, such
that

lonldiv.o S véillupllijor +éllflloe  and  |[(un, on)lmy < Gvllupllipr + callflloo, (3.8)

Proof. The existence and uniqueness of solution is a straightforward application of the Babuska-
Brezzi theory, whereas estimate (3.8) follows analogously to the proof of (2.12). We omit further
details. 0

Remark 3.4 Let K;, be the discrete kernel of the bilinear form b, that is:
Ky ={reXff': b(r,(v,¥) =0, V(v.4)¢cM}}

— {r eXEH: (divT,v+ Vi)a=0, V(v,¢)e M’,;}.

It should be noted that if T € Kj,, it does not necessarily satisfy divrT = 0 in Q. Therefore,
without introducing the term (div o, div T)q in the definition of the bilinear form a (cf. (2.5)),
the ellipticity of a on K, would not be satisfied, thereby preventing the utilization of the Babuska-
Brezzi theory to establish the well-posedness of the discrete problem.

In turn, it is worth noting that although the analysis in this section was conducted using
BDMy, 1 elements for approximating the pseudostress and RT}, elements for the velocity, alter-
native options are also valid. For example, another viable choice would be to approrimate both the
pseudostress and velocity using RTy, elements. In general, the choice of the discrete spaces Xp,
V3, and Uy, for o, u, and o, respectively, must satisfy the inclusions div (X;,) C V,NH(div%; Q)
and div (X;,) C VU, in order to ensure that the discrete inf-sup condition (3.6) holds.
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3.3 A priori error estimates

Now we derive the Cea’s estimate and the corresponding rates of convergence.

Theorem 3.5 Let (o, (u,0)) € Xog xM and (o, (un, ¢n)) € XfLJ{]I x MF be the unique solutions
of (2.6) and (3.1), respectively. Then, there exist positive constants ¢y, ¢z, ¢3 and ¢y, independent
of v and h, such that,

|0’ — O'h‘div Q < inf}C ) |0’ — Th|diV7Q + Cov inf}C Hu — VhHO’Q, (3.9)
ThGXh:B Vhevh,O
and
||(u—uh,g0h)HM7,, < 83 inf; |0'_Th‘div,ﬂa +vey inf Hu—vh||0,Q. (310)
ThEXhZEI VhE Ifb’o

Proof. The proof follows from a direct application of [14, Theorem 2.6] and the fact that

inf w,0) — (v, Up) My <v inf  |Jlu—villo.q-
o g 1030) = (g < v ind fu vl

g
Next, to derive the rate of convergence for the Galerkin scheme (3.1), we recall from [5,
Section 2.5] that (3.2), (3.3) and (3.4) imply the global estimate

7 — IE(7) g < chm{mm@ + ydiwym,g} € {RT, BDM},

for all 1 <m < k+1, for all 7 € H™(Q) with divr € H™(). From this estimate and the error
estimates (3.9) and (3.10) we readily obtain the corresponding theoretical rates of convergence.
This result is established next.

Theorem 3.6 Let (o, (u,0)) € Xo xM and (op, (up, pp)) € X],fgl x MK be the unique solutions
of (2.6) and (3.1), respectively, and assume that o € H™(Q), dive € H™(Q2), u € H™(Q) for
1 <m < k+ 1. Then, there exist positive constants ¢y, ¢2, ¢3 and ¢4, independent of v and h,
such that,

lo —opldaiv.a < ah"™{|omao +|dive|, ot + véh™ )y, q, (3.11)
and

I = wn)lngs < Eh™{|olne + [divolua) + véh™ ). (3.12)

Remark 3.7 Recalling that the exact pressure can be recovered through the post-processing for-
mula p = —étr (o), it is clear that a suitable approzimation for p is pp = —étr (o). Moreover,
from (2.7) and (3.11) it is easy to see that the following estimate holds

[P = prlloge < ah™olma + |divolmel + veah™[ulmg,
with ¢, ¢y, independent of v and h.

On the other hand, from (3.12) we observe that

lu—upllon < éghmy*l{\a|m,g + |div oo}l + éah™|ulmq,

then the error of the velocity is amplified by the inverse of the viscosity, which is corroborated in
Ezample 1 in Section 6 (see Table 6.1).
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4 A posteriori error analysis

In this section we apply several well-known results from previous works, in particular from [6],
[16] and [18], to derive a reliable and efficient residual-based a posteriori error estimator for our
mixed finite element scheme (2.6). We begin as in [8] by introducing some notations that will
allow us to derive the analysis in two and three dimensions in a unified framework.
Let &, be the set of edges or faces of Ty, whose corresponding diameters are denoted he, and
define
En() ={ec&: eCOQ} and &) :={ec& : eCl}.

For each T' € Ty, we let &, 1 be the set of edges or faces of T', and we denote
Er(Q) ={eCoT: ec&(Q)} and &r(T) ={eCoT: ec&(M)}.
We also define the unit normal vector n. on each edge or face by
n, == (n1,..,nq)" Ve€cé&,.
Hence, when d = 2, we can define the tangential vector s, by
Se := (—ng,m1)" Ve€&,.

However, when no confusion arises, we will simply write n and s instead of n. and s., respectively.
The usual jump operator [-] across internal edges or faces are defined for piecewise continuous
matrix, vector, or scalar-valued functions ¢ by

[<] = €lp)l. = €l )], with e = aTenaT.,

where T, and T_ are the elements of 7, having e as a common edge or face. Finally, for
sufficiently smooth scalar ¢, vector v := (v1,..,v4)" , and tensor fields 7 := (7;j)1<; j<d, for d = 2
we let

(O oY\t _Ovy Ovy B curl (v1)*
curl (¢) := (a—xz, _(97$1> , rot(v):= P2 01y curl (v) = (curl () )
_ (rot(71) B
curl (7) = (rot (7'2)) and ~v,(T) = Ts, (4.1)
and for d = 3 we let

curl (71) T1Xn
curl(v) =V xv, curl(r)= | curl(r2) and v,(t) =[T2xn|, (4.2)

curl (73) T3 XN

where 7; is the i—th row of 7 and the derivatives involved are taken in the distributional sense.
Then we let (o, (up, ppn)) € Xitl x MF be the unique solution to (3.1) and introduce the
global a posteriori error estimator:

1/2
0= { > @%} , (4.3)

TeT
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where, for each T' € T, the local error indicator is defined as follows:

2
02, .— |f + div O'hH(z],T + h% Hquh — U%HOT + h% HM (U%)

IR A

h
0,e + Z he
ey, () ec&y,r(T)

+ Y heP|lup —wllg .,
eegh,T(F)

,
0,7
2

Y (a% - I/VuD> ‘

o (4.4)

where =, is the tangential component defined in (4.1) for d = 2 and (4.2) for d = 3 and up is
assumed to be in HY(T).

In the following sections we prove the reliability and efficiency of ©. We begin with the
reliability estimate.

4.1 Reliability of the a posteriori error estimator

In what follows we prove the following result.

Theorem 4.1 Assume that up € HY(T') and let (o,(u,0)) € Xo x M and (o, (ux, on)) €
X],fgl X Mfl be the unique solutions of (2.6) and (3.1), respectively. Then, there exists Cre > 0,
independent of h and v, such that

o0 — opldiv.o + [[(w—up,¢n)my < Cra® (4.5)

To that end, we begin by recalling that the ellipticity of a and the inf-sup condition of b (cf.
(2.9) and (2.10), respectively) imply the global inf-sup estimate (see [13, Proposition 2.36]):

‘C|div,ﬂ + ||(W7¢)||M,l/ < CS(Ca (W7 Cb)), (46)

for all (¢, (w,9)) € Xg x M, where C > 0 is a constant independent of h and v, and

S(¢, (w,9)) = sup a(¢,7) + b(r, (W, ) + b(¢, (v.¥))

(7, (v.b))EXox M | Tlaiv.2 + (v, )My
(7,(v,¥))#0

In particular, for (C? (W, ¢)) = (U —Oh, (u — Up, —<Ph))a with (Ua (ua 0)) and (Uhv (uha @h)) being
the unique solutions of (2.6) and (3.1), respectively, it is easy to see that

1S((0 = o, (w—un, —¢n)))| < [[Rallxy + [Rallar,
where R; € X, and Ry € M’ are given, respectively, by
Ri(r) == a(e —op,7)+b(r,(u—up, —pp))
= —(f+divey,divr)g + v{rn,up)r — (6%, 7)o — v(div T, u;, + Ver)a,
for all T € Xp, and

RQ(Vﬂ/}) = b(O’ — Oh, (V,T/J)) = 7V(f +div Oh,V+ V?/))Qa

13



for all (v,4) € M, and |- |x; and |- ||m/ denote the norms of the dual spaces X and M’ induced
by | - |daiv,0 and || - ||y, that is

RlT R2V¢
Rally = swp B Ry~ L Rl
0+4reXo | Tldiv,0 (vpyeM |(Vs )My

According to the above, to prove (4.5), it suffices to estimate [[R1||x; and [|R2[mr. We begin
by observing that the Cauchy-Schwartz inequality implies

1/2

IR2llvr <4 > I+ divenlfr . (4.7)
TeT,

In turn, proceeding analogously to [18, Section 4.1], that is, making use of a stable Helmholtz
decomposition for Hy(div;€2), and utilizing the local approximation properties of H,’?DM (cf.
(3.2) and (3.5)) and the Clément interpolation operator (see [11]), we readily obtain

1/2

IRillxy, <C 4 > 7 ; (4.8)
T€ETh

where C' > 0 is a constant independent of v and h.
In this way, from (4.6), (4.7) and (4.8) we readily obtain (4.5).

4.2 Efficiency of the a posteriori error estimator

The main result of this section is stated as follows

Theorem 4.2 Assume that up is a piecewise polynomial. Then there exists Cepp > 0, inde-
pendent of h, such that

Cerf© <o — oplaiv.,o + v|[u—uplon.

To prove this result, we introduce the following lemma which establishes suitable estimates
for each term defining ©.

Lemma 4.3 There exist C1 > 0, Cy > 0, C3 > 0 and Cy > 0, independent of h and v, such
that

a) [f+diveyyr < |dive —divonlgr <|o —oplav,r VT €T,

2
b) h3 HVVuh — U?LH

< C’l{ 2|lu - uh|\0T+h |od —o'hHOT} VT € Ty,
2
) W |jeurl (o) [ < Collo —atliEr VT € T

d) he

2
H’y* (0’%)]] H()e < Cy)lod - Uﬁ”ﬁ,we for all e € &,(Y), where the set we is given by

We = U{T’E'ﬁl : eeé‘h,T/},
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¢) hev? up — w3, < Ca {2l —wnldr + W3l = ol } Jor all e € E,7(T).

f) Additionally, if up is piecewise polynomial, there exists Cs > 0, independent of h, such
2

that he ||, (ag - qu)
of Tn, having e as an edge.

< Cs Had—U%HaTe foralle € E,(T), where T, is the triangle

,€

Proof. The estimate a) follows from the identity f = —diveo in Q (see Theorem 2.5). In
turn, after slight modifications of the proofs of lemmas 4.11, 4.13 and 4.14 in [18] one can
easily deduce the two-dimensional versions of b)-f). Finally, to deduce the three-dimensional
counterparts of b)—f) it suffices to slightly modify the proofs of lemmas 4.12, 4.9, 4.10 and 4.14
and 4.13, respectively in [16]. We omit further details. O

We remark here that if up were not piecewise polynomial but sufficiently smooth, then
higher order terms given by the errors arising from suitable polynomial approximations would
appear in (4.2). More precisely, estimate (4.2) would become

CerfO© + hot. < |o —oplaiv,o +v[u—uplon. (4.9)

5 The Stokes problem with mixed boundary conditions

In this section we briefly explain how to extend the results from the previous sections to obtain a
mass conservative stress-based mixed finite element method form the Stokes problem with mixed
boundary conditions. More precisely, we consider a domain Q C R? d = 2,3, with polygonal
boundary 02 = T' U X, where I', ¥ C 9Q are such that ' 'Y # (), and focus on extending the
previous results to the problem

o =2ve(u) — pl, —dive=f in Q, divu=0 in Q,
(5.1)
u=up on Iy on=0 on 2,

where e(u) := 1(Vu+ Vu') and n is the exterior unit normal on 9f2.

5.1 Continuous Problem

To introduce the variational system of (5.1) we first recall from [14, Section 2.4.3] that e(u)
can be decomposed as e(u) = Vu — « in Q, with v := 1(Vu — (Vu)?) in Q. Then, using the
incompressibility condition divu = 0 in 2, and proceeding as in Section 1, we rewrite (5.1) as

ol =20Vu — 2v7, —dive=f in Q, o =o',

u=up on I'y on=0 on X.

In this way, combining the techniques in Section 2.1 and in [14, Section 2.4.3.2], we obtain the
variational problem: Find (o, (7v,u,¢)) € Xy x (Y x M), such that

~

a(o,7) + b(r,(v,u,9)) = F(r) VreXy,

~

N (5.2)
b(o,(n,v,¢¥)) = Gn,v,¢) Y(n,v,¥) €Y xM,
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where

Xy ={reX:7n=0 on X}, Y:={necl*Q):n+n'=0 in Q},
and the bilinear forms @ : X5, x X5; — R and b : X5, x (Y x M) — R, and the functionals F € X},
and G € (Y x M)’ are given by

a(o,7) = (0%, 790 + (dive,divr)e, BT, (n, (v,1))) = 2u(r,m)a + 20(div T, v + Vib)q,

1/7\(7') := 2v(tn,up)r — (f,divr)q and @(n,v,w) = =2v(f,v+ Vi)q,

with (-, ) being product of duality between the trace space H'/?(T') and its dual H~'/2(T).

Now, to verify the well-posedness of (5.2), we first observe that thanks to [14, Lemma 2.5],
the seminorm | - |giv o is also a norm on Xy;, which implies that a is Xy—elliptic. In addition, as
for the Dirichlet case, we endow Y x M with the v-dependent norm

1.V, )l = vAlnlg o + IVIGive + 1017 0}

and similarly to [14, Section 2.4.3.2], given (1, v,%) € Y x M, we can obtain that there exists 7 €
Xy, satisfying (7,m)o = v[nl§ o, divT = v(v+ V) and [Flaiv,0 < Cv(|[v+ Vo +[[nlloe),
which can be employed to deduce the inf-sup condition

I ACARD)

> Bll(v, v, V) |y s,
04rcXy  |Tldiv,0

with 8 > 0, independent of v.

According to the above, and applying the BabusSka—Brezzi theory, we obtain the well-
posedness of (5.2). This result is presented in the following theorem, whose proof is omitted
since it is analogously to the proof of Theorem 2.4.

Theorem 5.1 There exists a unique (o, (v, (u,¢))) € Xg x (Y x M) solution to (5.2) with
p =0 in Q. Furthermore, the following a priori estimates hold:

|olaiv o < verlupllyzr +elfllo  and  v(llulog + [17llo0) < csvllupllijzr + callflo.o;

with c1,co,c3,c4 > 0, all of them independent of v.

5.2 Galerkin scheme

Now, to introduce the Galerkin scheme associated to (5.2), we adopt the notations introduced
in Section 3 and additionally introduce the discrete spaces:

YfL = {n, € L3(Q) : n, +77';L =0 in Q and mny|r€ [Pk(T)]dXd VT € T},
X =X N X

Then, the discrete problem associated to (5.2) reads: Find (o, (v, up, pr)) € Xfle x (YK x MF),
such that

a(on, Th) + b(Th, (Vs Un, 1)) = F(ry) V7, e XpH, 653
5.3

~

b(aha ("7h7Vhﬂ/1h)) = a("hv"hﬂbh) v(nhavha¢h) € Y];:L X ME
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Notice that, since V]]?L,O - QIfL and V\I/fbjgl - Qﬁ, then XZEI X Yfl X Vﬁ,o and Xf:'zl X YZ X V\IJZ"Bl
are subspaces of the well-known Arnold-Falk-Winther elements for the elasticity problem (see
4)).

In the following theorem we summarize the well-posedness and the error estimates for the
discrete scheme (5.3)

Theorem 5.2 There exists a unique (o, (Y, (Un, 1)) € XFE x (YF x ME) solution to (5.2).
Furthermore, the following a priori estimates hold:

|0,Q7
(5.4)
with ¢1, ¢, c3,c4 > 0, all of them independent of v. In addition, if (o, (v, (u,0))) € Xox (Y x M)
is the unique solution of (5.2), then there exist positive constants ¢, ¢2, €3, €4, C5 and Cg,
independent of v and h, such that,

[ohlaiv.o < véllupllyzr + &llfllog  and  [[(vh, (W, o)) llyxaw < Evlfupllyzr + callf

lo —ohlaiv.e < € inf |0 — Thlaiv.o + vz inf - flu—wvplloo,+ves inf Iy —mylon

ThEX}L’O VhE R,0 'r]hé h,0
(5.5)
and
(v = v, (0 —up, 0n))lyxmy < Ca inf o — Thlaiv.o + VG5 inf lu— vl
ThEXyh VaE¥ho (5.6)
+ve inf Iy = myllo.0- '
UISS h,0

Finally, if o € H™(Q), dive € H™(Q2), v € H™(2) and u € H™(Q) for 1 <m < k+ 1. Then,
there exist positive constants ¢1, o, C3,C4 > 0, independent of v and h, such that,

lo —opldiv.a < ah"™{|olma +|diveln ot + véah™(Julma + [YIm.), (5.7)

and
(v = Yhs (@ =up, 0n)) [y < Eh"™{|o]ma + [dive|mat + véah™ (Julma + [Y|ma). (5.8)

Proof. 1t is clear that a is nglfelliptic. In turn, given (ny, (Vi,14)) € Y x MF, by adapting

[3, Theorem 11.9] to our context we can easily deduce that there exists 7, € Xgﬁ}, satisfying

(Tronn)e = vlngllg o, div Ty = v(va+ V) in Qand [Thlaiv 0 < Cv(va+Vinllog+[m4lo.0),
which can be employed to deduce the estimate

~

sup b(Th7 (’thvhawh))

> B (Vs Vi 0n) lvxs Y, (Vi 1)) € Y3, x M,
O#Thexﬁ*;;l \Th\div,ﬂ

with 8* > 0, independent of h and v. In this way, employing similar arguments to those in
applied in Section 3 we can obtain that problem (5.2) is well-posed and the estimates (5.4)—(5.8)
hold. We omit further details O
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5.3 A posteriori error estimator

Let us consider the notations and definitions introduced in Section 4. Then, analogously to
Section 4.1 we employ the associated global inf-sup condition, to obtain

o — anlaiv.o + 107 =¥ (0= W o)y < CUR g + [Rollney)  (5.9)
with
Ri(7) = (o = on ) +b(T, (v = 7. (0~ wi, —p1))
= —(f+divoy,divT)q + 2v{rn,up)r — (0'2 + 2v4y,, ) — 2v(div T, u, + Vop)a,
for all T € Xy, and
Ra(n, (v, 1)) == blo — o, (1, (v, ) = ~20(@n,m) — 20(F + divop,v + Vib)o
= —v(op—o},n)a —2v(f +divey, v+ Vi)q,

for all (n, (v,1)) € Y x M. In this way, we assume that there exists a convex domain B C R,
such that Q C B and ¥ C 0B to obtain a stable Helmholtz decomposition for Xy, (see [1, Lemma
3.9] for d = 2 and [15, Theorem 3.2] for d = 3) and assume further that up € H(T'), to proceed
similarly to [18] and [16], to obtain

IRl + 1Rzl vy < €O, (5.10)
with C' > 0, independent of A and v, and
1/2
o-{ a5} .
TeTh

where for each T' € Tp, the local error indicator Or is defined by

O% := ||f + div o], + h3 |20V, — o — 2 LR 1 (o +2 ’
T = wllo,r + R ||avVuay — oy — 2V OT+ T||curl ( oy + 2vyp, oT
d 2 d 2
v 3 e[ (el e (2 - 2vm)]
eéth ) o ecf hT ’
+ Y hePllup —wf, -

ecEy r(T)
(5.11)

We summarize the main results of this section in the following theorem.

Theorem 5.3 Assume that up € H(T) and_that there exists a conver domain B C RY, such
that Q C B and ¥ C OB. Then, there exists Crel > 0, independent of h and v, such that

o — onlaiv.o+ | (v =7 (0= wh, on)) lyxmy < Cra®. (5.12)

In addition, if up is a piecewise polynomial, then there exists @ff > 0, independent of h and
v, such that
Q) (5.13)

CerfO < |o — oplaiv.a + v(
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Proof. We begin by observing that (5.12) follows from (5.9) and (5.10). In turn, analogously to
Lemma 4.3 we can bound each one of the terms defining 5) (cf. (5.11)) by applying estimates
already available in the literature (see, for instance, [9, Section 6] and [17, Section 4]) to obtain
(5.13). We omit further details.

O

6 Numerical results

In this section, for simplicity, we restrict ourselves to the Stokes problem with Dirichlet boundary
condition in two-dimensions and report two numerical examples to illustrate the performance of
the proposed finite element scheme and confirm the theoretical results. We begin by mentioning
that the numerical results below are performed by imposing the divergence-free constraint for
the velocity by means of a suitable Lagrange multiplier 7, € Q. More precisely, we replace the
numerical scheme (3.1) by the system: Find (o, up, pn, 7h, An) € Xiﬂ x VE x \I'Z‘Bl x QF x R,
such that

a(on, Th) + b(7h, (an, ) + AnltrTa, 1) = F(7p),
b(on, (Vi,¥n) + (rh, divvi)a = G(Vh, ¥n),
(sn,divuy)q =0,
na(trog, o =0,

Y (Th, Vi, Un, ShyMh) € XZ‘H x VF x \I/fljgl x QF x R. Notice that the condition (trop,1)g =0
is imposed through a penalization strategy using a scalar Lagrange multiplier (adding just one
row and one column to the system).

We now introduce some additional notations. In what follows, N stands for the total number
of degrees of freedom defining Xffl X Vﬁ X \I’%l X Q’,?L x R associated to the system (3.1) We
denote the individual errors by

e(o) = o —oplaiv.a, e(u) = lu—wloa, el = |lp—pullog,

where p is the exact pressure and the approximate pressure py is computed through the post-
processing formula p, = —1tr (¢,). In turn, noticing that from (4.5) and (4.9) we have

Ceff@ + h.ot. < ’0’ — O'h‘div,ﬂ —+ l/Hu — UhH(LQ < G0,

we let
1/2

ev(o,u) := {(e(0))” + (ve(u))*} ",
and define the effectivity index with respect to © (cf. (4.3)) by
eff(0) :=e,(o,u)/0.
In addition, we let (%) be the experimental rate of convergence given by

_ log(e(%)/€'(%))

) = T gt/ )
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where e(%) is any of the errors defined above and h and h’ are two consecutive meshsizes with
errors e and e’. However, when the adaptive algorithm is applied (see details below), the ex-
pression log(h/h’) appearing in the computation of the above rates is replaced by —% log(N/N'),
where N and N’ denote the corresponding degrees of freedom of each triangulation.

The examples to be considered in this section are described next. Example 1 is used to
illustrate the performance of the two dimensional mixed finite element scheme under a quasi-
uniform refinement, whereas Examples 2 is utilized to illustrate the behavior of the adaptive
algorithm associated to the a posteriori error estimators © defined in (4.4). Here we apply the
following adaptive procedure from [29]:

1) Start with a coarse mesh 7p,.
2) Solve the discrete problem (3.1) for the current mesh 7p,.

4

)

3) Compute O7 := O for each triangle T' € Tj,.
) Check the stopping criterion and decide whether to finish or go to next step.
)

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

1
) > — ZT .
Or _21T11€a7>_:{®:r €T}

6) Define resulting meshes as current meshes 7y, and go to step 2.

The first example focuses on the performance of our method as a function of the viscosity

v, by considering an exact solution (u, p) in the domain © := (0,1)? given by
20319279 — 1) (22 — 1) (21 — 1)?
u(ry,r2) = ;o p(ar, @) = af + 23— 3
—2m12% (29 — 1)2(221 — 1)(21 — 1)

In Table 6.1, we summarize the convergence history for a sequence of quasi-uniform triangula-
tions, considering the viscosity ¥ = 1 and v = 1.0e —6. We see there that the rate of convergence
provided by Theorem 3.6 is attained by the unknowns. In addition, the [°°—mnorm of divuy in
each mesh is close to 0 which shows that this method is mass conserving.

In our second test we consider a singularly perturbed problem where the solution has bound-
ary layers at 1 = 1 and 29 = 1. We consider v = 0.01, Q = (0,1)? and the exact solution is
given by
exp(xra/v) — 1

u(xl, x2) = e?]igl//?)ill 7 p(gjl, .%’2) =T — I,
exp(l/v) —1

In Table 6.2 we present the convergence history of the method (in its lowest-order configuration),
considering firstly a quasi-uniform refinement (at the top) and secondly an adaptive refinement
(at the bottom). There, we observe that the a posteriori error estimator clearly improves the
performance of the method, that is, the error decays faster and with optimal rate of convergence
with the adaptive procedure, which can be also seen in Figure 6.2. In turn, examples of some
adapted meshes are collected in Figure 6.1. We can observe there a clear clustering of elements
near the boudary layer as expected.
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ERRORS AND RATES OF CONVERGENCE WITH k£ =0 AND v = 1.0
N h | elo) | rle) | e(m) | r(u e(p) | r(p) || l[divuplfee | flonllie
374 | 0.373 || 0.606 - 0.327e-2 — — 2.8e-17 1.8e-16
1466 | 0.190 || 0.306 | 1.017 || 0.181e-2 | 0.884 || 0.790e-2 | 2.011 6.9e-17 3.3e-16
5630 | 0.095 || 0.145 | 1.078 || 0.093e-2 | 0.962 || 0.176e-2 | 2.165 1.1e-16 6.7e-16
22094 | 0.049 || 0.072 | 1.061 || 0.046e-2 | 1.072 || 0.044e-2 | 2.121 2.2e-16 1.2e-15
87368 | 0.028 || 0.037 | 1.183 || 0.023e-2 | 1.182 || 0.012e-2 | 2.321 5.1e-16 5.4e-15

ERRORS AND RATES OF CONVERGENCE WITH k = 0 AND v = 1.0e ™6

N h || elo) | r(o) || e(m) | r(w) | elp) | r(p) || divuplle | [[onli
374 | 0.373 [ 0583 | — [ 344270 | - - 1.8¢-12 | 3.0e-10
1466 | 0.190 || 0.287 | 1.051 | 63.551 | 2.510 || 0.776e-2 | 2.031 | 4.5e-13 | 3.5e-10
5630 | 0.095 || 0.138 | 1.055 | 8.761 | 2.859 || 0.174e-2 | 2.159 | 1.3e-13 | 1.6e-09
22094 | 0.049 | 0.068 | 1.067 | 1.864 |2.345 || 0.429e-3 | 2.120 | 1.le-13 | 2.3e-09
87368 | 0.028 | 0.035 | 1.171 | 0.283 | 3.321 || 0.1163-3 | 2.308 | 5.7e-14 | 4.9e-09

Table 6.1: EXAMPLE 1: Degrees of freedom, meshsizes, errors, rates of convergence, L>°—norm
of divuy, and ¢y, for the Galerkin scheme (3.1) with k£ = 0, considering ¥ = 1.0 and v = 1.0e — 6.

NUMERICAL SCHEME WITH k = 0 AND QUASI-UNIFORM REFINEMENT

N ey(o,u) | r(o,u) €] eff |divup|iee | ||onlliee
602 5.3246 — 5.3310 | 0.9988 0.4e-14 1.5e-14
2318 6.8262 -0.3686 || 6.8294 | 0.9995 0.7e-14 3.3e-8
9008 6.0515 0.1775 || 6.0526 | 0.9998 1.4e-14 3.3e-8
35474 4.1995 0.5331 || 4.1999 | 0.9999 2.8e-14 1.9e-8

140852 2.3912 0.8168 || 2.3914 | 0.9999 5.7e-14 1.2e-10

NUMERICAL SCHEME WITH k£ = 0 AND ADAPTIVE REFINEMENT
N | ey(o,u) | r(o,u) C) eff |divup|ljee | ||onlliee
602 5.3246 5.3310 | 0.9988 3.6e-15 1.5e-14
1496 6.7340 || -0.5160 || 6.7365 | 0.9996 1.1e-14 3.8e-05

3350 4.9944 0.7414 || 4.9951 | 0.9999 5.7e-14 1.4e-06
7964 2.7041 1.4171 || 2.7043 | 0.9999 5.7e-14 1.7e-07
19520 | 1.5309 1.2691 | 1.5310 | 0.9999 1.1e-13 4.3e-08
41780 | 1.0389 1.0190 || 1.0390 | 0.9999 2.8e-13 1.3e-08
89522 | 0.6854 1.0917 || 0.6854 | 0.9999 3.4e-13 6.0e-09

Table 6.2: EXAMPLE 2: convergence history and effectivity index for the Galerkin scheme (3.1)
with k& = 0 under quasi-uniform and adaptive refinements.
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