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1 Introduction

Viscous flow problems can be modeled by the Navier-Stokes equations. Simpler models
include the Oseen equations (a linearization of the Navier-Stokes equations) and the Stokes
equations (convection is neglected). The viscosity leads in the classical formulation to a
term with second order derivatives of the velocity such that the solutions of all three
problems contain in general corner and edge singularities. Moreover, the convective terms
in the Navier-Stokes and Oseen equations lead (in particular in the case of high Reynolds
numbers) to boundary and interior layers.

Both edge singularities and layers are anisotropic phenomena, that means the solution
shows little variation in one direction (e.g. along the edge and tangential to the layer)
and large derivatives in the perpendicular direction. Such anisotropic phenomena can be
approximated well on anisotropic meshes. Before we define them in more detail let us
introduce the model problem and approximation results.

Consider the Stokes problem with Dirichlet boundary conditions in a two-dimensional
domain Q. The weak formulation is to find v € X = H}(Q)? and p € M = L2(Q) such
that

a(u,v) +b(v,p) = (f,v) YveX,

(1.1)
b(u, q) =0 Vg € M,

with

2
a(u,v) = Z/VUi'VUia
i=1 /9

b(u,q) = —/Qq divu.

Let 7, be an admissible mesh of elements, and X, C X, M, C M, finite element spaces
corresponding to 7. The finite element solution of (1.1) is then to find u, € X} and
pn € My, such that

a(un,vn) +b(vn,pn) = (fivn) Yon € X,

(1.2)
b(un, qn) =0 Van € M.

For the analysis of the method we define the (mesh dependent) inf-sup constant by

. b(un, pn)
vp = inf sup ——————————.
0£pn €M, 04w, e X, |Unl1.0llPnllo.

Then the finite element error can be estimated by

-1 - .
lu=ule S %" il Ju=eilho+ inf o= aloo.

1.3)
— < -2 f _ -1 f _ (
lp=pilbe S %2 ok Ju—wlho+' o lp- aloe
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see [9]. The error estimate can therefore be split into the proof of the best approximation
property of the spaces and a stability property. The latter is also called inf-sup condition
and requires the constant v, to be bounded uniformly away from zero,

Fy>0: >~ Vh>0. (1.4)

We call meshes to be admissible when they satisfy the conditions (7,1)—(7;5) in Ciarlet’s
standard book [10, pages 38, 51]. The ratio of the diameter of an element 7' € 7, and
the diameter of the largest ball contained in T is called aspect ratio of the element. If
the aspect ratio is moderate such that the investigation of how constants in our estimates
depend on it, is unnecessary, we call the elements and the meshes isotropic. If the aspect
ratio becomes large we should sharpen the estimate and separate the aspect ratio from the
constants. In view of (1.3) it is desirable that the uniform inf-sup constant 7 from (1.4) is
independent of the aspect ratio.

Several pairs of finite element spaces (X, M},) satisfying condition (1.4) are known for
isotropic meshes, see, e. g., [9, 12] for an overview. Results for anisotropic meshes can be
found in [1, 2, 4, 6, 7, 13, 14, 15, 17]; a state of the art is given in [5].

We investigate in Section 3 a conforming low order (possibly the lowest) pair of trian-
gular and quadrilateral finite elements, namely for the pressure piecewise constants and for
the velocity piecewise (bi-)linear functions enriched with the normal components of the ve-
locity as a degree of freedom at mid-side nodes. The elements go back to Bernardi/Raugel
[8] and Fortin [11], see also [12, page 134 ff., page 153 ff.]. We will call it therefore Bernardi-
Fortin-Raugel element or shortly BFR element. The main result is contained in Theorem
3.7 where we prove that condition (1.4) is satisfied for a large class of two-dimensional
anisotropic meshes. As a consequence the pairs Py — Py, Qo — Py, and Q) — Py satisfy the
same condition on the same class of meshes.

Our work is closely related to the paper [15] by Schwab, Schétzau and Stenberg. We use
a similar two-level family of finite element meshes, namely a macrotriangulation combined
with local refinement strategies. Ome difference is that we do not use hanging nodes.
Another difference is that these authors use only affine quadrilateral macroelements, while
we use both triangles and general regular quadrilaterals so that we have to use more
general microtriangulations as well, for details see Section 2. The prize that we pay for
this generality is that the velocity space on the macrotriangulation is no longer a subspace
of the velocity space on the microtriangulation such that we had to introduce another
projection in the stability proof to remedy this. But we believe that this leads to higher
flexibility in the meshes which is closer to numerical practice.

The notation a < b means the existence of a positive constant C' (which is independent
of 7) such that a < Cb.

2 Meshes

To define the discretization we introduce a two-level family of meshes, that we call macro-
and microtriangulation, respectively. The macrotriangulation 7y is a splitting of the do-
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main () into triangular or quadrilateral elements (),

a- @

QeTy

which is admissible in Ciarlet’s sense [10]. That means in particular that we do not admit
hanging nodes. We further assume that these elements are regular (isotropic) as defined
for example in [10, Section 3.1] and [12, Appendix A].

The microtriangulation 7y, is a splitting of {2 into triangular or quadrilateral elements T,

a- T,
TeT),
which should again be admissible in Ciarlet’s sense. Moreover, the restriction of the micro-
triangulation 7j, to a macroelement ) € 7y is assumed to be an admissible triangulation

of Q. These triangulations of macroelements (patches) can be classified into several local
refinement strategies. We discuss here the following ones:

Patches of isotropic elements. () is split into isotropic elements only.

This includes simple cases with few elements only, but also situations as illustrated
in Figure 2.1, right hand side.

Boundary layer patches. We admit triangular and trapezoidal elements, possibly mixed.
The vertices are contained in two edges of the macroelement (). In the case of a
quadrilateral macroelement () we assume that these two edges are opposite, see the
illustration in Figure 2.2.

Note also that by construction triangles satisfy the maximal angle condition which
is important for interpolation error estimates. This condition was first introduced by
Synge [16, pages 209-213] and is discussed e. g. in [3, pages 44, 48f., 85].

Corner patches. We again admit either triangular or trapezoidal elements, but here we
assume that two edges with a common vertex are geometrically refined, see Figure 2.3
for an illustration. We further assume that the patch can be partitioned into a finite
number of patches K of isotropic elements or of boundary layer type (as described
above) such that adjacent patches have the same size. These patches K need not
to form an admissible mesh—we allow one hanging node per side and demand that
there is an edge e of an element T € 7, that joins the hanging node a of K with a
node b on the opposite side of K. We assume that K is split in this way into two
isotropic elements (either two quadrilaterals or a triangle and a quadrilateral). The
node b belongs to the triangulation 7, but is not necessarily a corner of a patch K,
see the partition with the thick lines in Figure 2.3.

In Subsection 3.2 we prove local stability for these strategies. Other types of refinement
strategy can be included into the theory provided that local stability can be proven as well.
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Figure 2.1: Illustration of patches with isotropic elements.

Figure 2.3: Hlustration of corner patches
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Figure 2.4: Illustration of meshes near concave corners

1

f f

Figure 3.1: Hlustration of the degrees of freedom for Bernardi-Fortin-Raugel elements

Remark 2.1 In order to construct a mesh in a boundary layer near a concave corner we
can combine geometrically refined isotropic patches as shown in Figure 2.1 with geometri-
cally refined boundary patches, see the illustration in Figure 2.4, left hand side. Note that
the geometric refinement is necessary to ensure that the elements in the corner macro are
isotropic.

Another possibility to mesh the region around a concave corner is to use only boundary
layer patches, see Figure 2.4, right hand side. The mesh needs not to be equidistant like
in the figure.

3 Stability of the Bernardi-Fortin-Raugel pair

3.1 Definition of the element

For the definition of the spaces we follow closely Girault/Raviart [12, page 134 ff., page
153 ff.], for an illustration see Figure 3.1. Consider first the case of triangles T € 7.
Denote the vertices by o = (agi), agi))T, 1 =1,2,3, the edges by e;, compare Figure 3.2,
the corresponding outward unit normals by n(® = (n(li), ng))T, and the affine nodal basis
functions (barycentric coordinates) by A;. Then the local velocity space is defined by

Pr := P; & span {n(l))\z)\& n® A3\, 7”0(3))\1)‘2}- (3.1)
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Figure 3.2: lustration of the notation for triangles and trapezes

The local velocity space Pr has 9 degrees of freedom and a polynomial v € Pr is uniquely
defined by its values in the vertices, v(a'’), i = 1,2,3, and the integrals of the normal
components, [ v-nl, i =1,2,3 [12, Lemma II.2.1]. The straightforward interpolation
operator Ipv is therefore defined by

Irv(a®) = v(a®), / (Ipv —v)-n® =0, i=1,23. (3.2)

With this definition we get immediately

3

/T div (v — Iyw) = Z/ (v —TIpv)-n® =0 (3.3)

i=1 7€

independent of the shape or aspect ratio of the element.

In the case that T is a quadrilateral we proceed similarly. Assume that T = Fp(T)
where 7' = (0,1)? is the reference element and F : R? — R? is a bilinear mapping. Denote
the vertices of T by o) = (agi), agi))T, 1=1,...,4, the edges by e;, and the corresponding
outward unit normals by n(®) = (ngi), n;i))T. The barycentric coordinates are replaced by
the reference variables z1, T, 23 = 1 — 21, and 24 = 1 — Z3. The edge bubbles on the
reference element are

by = dodabs, by = drdada, by = drdoks, by = Brdads.
With b; = lA)Z oFL ! we obtain the local velocity space
Pr = Q> ®span {nWb;,i=1,...,4}. (3.4)

As above, a polynomial v € Py is uniquely defined by its values in the vertices and the in-
tegrals of the normal components [12, Lemma I1.3.1], and the straightforward interpolation
operator Ipv is defined by

Irv(a®) = v(a®), / (Ipv—v)-nD =0, i=1,...,4 (3.5)

i
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The global velocity space is introduced by
X ={ve X :vlrePr VT €T} (3.6)

Note that the restriction of an edge bubble to the edge is the same for triangles and
quadrilaterals therefore the corresponding global bubble function is continuous and thus
in H'(Q). Consequently, they are contained in X}, and not excluded by the postulation
X, CX.

Independently of X; we will need the space Xy which is defined analogously on the
macrotriangulation 7. Finally we introduce the spaces

My, :={q € L3(Q) : q|r € P, VT € Tp,}, My = {q € Lj(Q) : qlg € Py VQ € Ty}

3.2 Stability for meshes from isotropic elements and boundary
layer patches

We start with the proof of stability locally in the macroelements (patches). For this, define
Xn(Q) == {veXy:v=0in Q\ Q},
Mu(Q) = {dlq:q € Mp}NL{Q).
Moreover, for any macroelement () we define an interpolation operator Ig 5 by
Iopvlr =1rv VT C Q,
where Iz is the operator introduced in (3.2) and (3.5), respectively.

Lemma 3.1 Let (Q be a boundary layer patch. Then lg ) is well defined for functions
u € H3(Q)* and it has the properties of a Fortin operator, namely

Tonulo S |ulg Yue H)(Q), (3.7)

/Qph div (u —Igpu) = 0 Vp, € My(Q),Vu € Hy(Q)>. (3.8)

Proof The operator is well defined for functions from Hj(Q)? since all nodes lay on 0Q
where v = 0. Thus I pu is defined only via the edge integrals of internal edges. The
stability property (3.7) is proved in Section 4. The equality (3.8) is obtained by analogy
to (3.3) using that pj, is piecewise constant. O

Lemma 3.1 can now be applied to prove local stability.
Lemma 3.2 If Q € Ty is split into isotropic elements or is a boundary patch, then there
exists a constant v* > 0 independent of both micro- and macrotriangulation, such that

aqn div U,

> Y\ anlloo  Van € Mu(Q). (3.9)
mexn(@  |vnlie
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Proof Patches of isotropic elements are already treated in the classical literature, see for
example [12, Subsections I1.2.1 and I1.3.1]. The idea is to construct a Fortin operator by
using Clément interpolation to treat nodal values.

If @ is a boundary layer patch then the assertion is a corollary of Lemma 3.1 by using
the Fortin lemma, see, for example, [12, Lemma II.1.1]. O

For the proof of global stability we shall use the macroelement technique, see, for
example, [12, Theorem I1.1.12]. That means we have to define a subspace X}, of X, such
that the pair (X}, Mp) satisfies the inf-sup condition with a constant independent of H.

Since the macrotriangulation is isotropic, we know that the pair (Xp, My) is stable.
Unfortunately, Xy is in general not a subset of Xj,. The idea is to use an appropriate
projection. Define the operator Iy, : Xy — X, by

(IH,h'UH)|T =Irvg VT € 7;1 (310)

Recall that the functions from Xy are continuous, even smooth in all T, such that I is
well defined. With this projection I we define

Xh = IH,hXH (311)
and show the inf-sup condition for the pair (X}, My). We begin with the stability of I .

Lemma 3.3 The stability estimate
|ITUH‘1,T ,S ‘UH‘LT + H|UH‘27T YT C Q (3.12)

holds for any function vy € Xglg, Q € Ty arbitrary.

The proof is postponed to Section 5. Note that the difference in comparison with (3.7)
is that the function vy does in general not satisfy Dirichlet boundary conditions on 0@ such
that point values have to be used in the definition of the interpolation operator. Therefore
one cannot expect to prove stability without using second order derivatives. On the other
hand, the function vy is contained in an finite dimensional space which allows to derive
the following estimate (3.13) by using an inverse inequality.

Corollary 3.4 For any function vy € Xp the interpolation operator 1y, has the proper-
ties of a Fortin operator, namely

lunvahie S |velia, (3.13)

/pHdiV(UH—IH7hUH) =0 VpHGMH (314)
Q

Proof Estimate (3.13) follows from Lemma 3.3 by using the inverse inequality on the
macroelements (),

Hapvilo S lvalig + Hlvaleg S v,



3.3 Corner patches 9

since vg|g is from a (maximally) 12-dimensional space and () is isotropic and of diameter
of order H. The equality (3.14) is obtained by analogy to (3.3). Note that py is constant
in each Q. O

We are now able to prove the main result of this subsection.
Lemma 3.5 The pair (X}, M},) satisfies the inf-sup condition (1.4) on meshes as described

in Section 2, provided that only patches of isotropic elements and boundary layer patches
are used.

Proof As already stated above, the pair (Xpg, Mp) is stable. By the Fortin lemma, see,
for example, [12, Lemma I1.1.1], there exists a Fortin operator Iy : X — Xy with

‘HH'U|LQ < ‘U|179 VUEX, (315)

Y

/pH div(v —IIgv) = 0 Vpyg € My,Yv € X. (3.16)
Q

Define now II, = Iy ,IIy. With (3.13) and (3.15) we obtain
pv)i0 = Tapllpviie S Mpvhe S vhe Yo e X,

and with (3.14) and (3.16) we get for all py € My and for all v € X
/ pr div (v — 1) = / pp div (v — Iy pIlgv)
Q Q

= /pH div (v — [Igxv) + / pr div (IIgv — 1yl Hv)
Q Q
= 0.

Consequently, II;, is a Fortin operator for the pair (X}, My), that means by the Fortin
lemma that this pair is stable. By using the macroelement technique [12, Theorem I1.1.12]
we have proved the assertion. O

3.3 Corner patches

A corner patch is itself a mesh that consists of patches K of isotropic elements and boundary
layer patches. If the patches form an admissible macrotriangulation, the local stability
result follows from the arguments in the previous subsection.

The difficulty consists in allowing hanging nodes in this macrotriangulation. For the
proof we can essentially follow [15, Section 4]. There, in Subsection 4.2, stability of the
BFR element is proved in the special case where the triangulation of the macroelement is
an affine image of a reference mesh. We show here that this result remains valid for the
more general corner patches as introduced in Section 2.

Lemma 3.6 For a corner patch () € Ty there exists a constant v* > 0 independent of
both micro- and macrotriangulation, such that (3.9) holds.
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Figure 3.3: Illustration of notation in corner patches

Proof We start with the introduction of some notation. By definition a corner patch can
be partitioned into a finite number of patches K, we denote this partition by 7. All nodes
of this triangulation are either regular (interior) nodes, hanging nodes, or boundary nodes.
In Figure 3.3 we indicate regular nodes by a bullet and hanging nodes by a circle. All
interior edges in this triangulation that do not contain a hanging node are called regular
edges. They are marked with a cross in Figure 3.3. Note that the edges a(Va® and a®a®
are regular, but aMa® is not.

According to the definition there is an edge for each node—we call it irregular edge—
that joins the hanging node a of K with a node b on the opposite side of K. In this way
the element is split into two subelements. Examples of irregular edges are shown in Figure
3.3 by a dashed line. Note that the set of regular and irregular edges still does not define
an admissible mesh because of the nodes that are indicated by a diamond.

For each regular node a” we introduce a piecewise (bi)linear basis function ¢; with
isotropic support w;. We assume that it is continuous and vanishes in all boundary nodes
and in all other regular nodes. In hanging nodes it may have the value 0 or % The support
of one basis function is shaded in Figure 3.3. Furthermore, we define for each regular edge
e; an edge bubble function b; in the same way as in Subsection 3.1. The support of such a
function is isotropic and consists of two (sub)elements.

We define now a local velocity space by

Pr = span {¢; : a¥) € K is a regular node}? @& span {b;n”) : ¢; C K is a regular edge}.
(3.17)
In this definition we mean with n(® the outer normal of e;. Note that this space might
be different from that defined in Subsection 3.1 since edges with hanging node induce two
bubble functions. The velocity space X;(Q) C Hi(Q)? and the pressure space M(Q) C
L%(Q) over the corner patch @ are now introduced by

X(Q) = {ve H)(Q): v|lx € Px VK € Tp},
My(Q) = {q€L}(Q): qlx € Po VK € Tp}.



3.3 Corner patches 11

Note that, similarly to Subsection 3.2, X;(Q) is in general not a subspace of X;(Q). This
deficiency is again remedied by a projection.
We are now prepared to prove the lemma. In a first step we introduce the Clément

interpolant Cj; by
Chv = Z (‘wi|—1/ U) ©i

)

where the sum extends over all regular nodes. We cannot use the standard relation Cpv = v
for all v € Py here since all elements have boundary nodes or hanging nodes. But we still
get

S [(diam K)o — Crollos + v — chv\LK} < ho Yve HY(Q)
K

since the support of all basis functions contains part of the boundary 9@) where v vanishes
such that the Poincaré-Friedrichs inequality can be applied.

As in the standard proof, see [12, Subsections I1.2.1 and I1.3.1] we can now define the
operator ITj, : H}(Q) — Xp

Myv(a) = Cpv(a) V regular nodes a,

/(Hhv —v)-n = 0 Vregular edges e,

and prove that
|Hhv\17Q 5 |U‘17Q Yu € Xh<Q), (318)
/ div (U — Hhv) g = 0 Vg€ Mh(Q) (319)
Q
We can now proceed as in Subsection 3.2. We define the operator I, : X5(Q) — X,(Q)

by
(Inpvn)|r :=Ipvn VT € Ty,

the space X3,(Q) := 151 Xn(Q) C X5(Q), and the operator I}, := I ;I1;, and we obtain the
estimates

Linvrlio S |vnlias

/ph div (Uh — I;thh) = 0 Vpy € M.
0
Together with (3.18) and (3.19) we derive

Mwvhe S Ivhae Yoe X(Q),

/pﬁdiV('U_Hh'U) = 0 Vpp € My, Y e X(Q),
Q

from which we conclude the local inf-sup stability. O
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3.4 Summary

Theorem 3.7 The pair (X, M},) satisfies the inf-sup condition (1.4) on meshes as de-
scribed in Section 2.

The proof is that of Lemma 3.5 since we did not use that the patches have a special
structure. It is only necessary that a local stability result is available for all patches. We
underline here that we can include further types of patches and need only to prove local
stability:.

Corollary 3.8 All element pairs with the same pressure space (piecewise constants) but
a larger velocity space are of course also stable, see the definition of the inf-sup constant.
That means that on the meshes considered here we have proved stability for the Py — Py,
Qy — Qo, and Q) — Qg pairs. (The space Q) C Qs is the 8-node quadratic serendipity
element.)

Note that the pairs Py — Py and Qs — Q were already treated in [14, 15] but trapezoidal
anisotropic meshes were not admitted there.

Remark 3.9 As introduced in Section 2 corner patches can be defined as the tensor
product of one-dimensional geometric meshes, consider for example the mesh with the
nodes (z;,y;),

xo =0, xi+lzan_i, Yo = 0, yj:cr"_j, ,7=1,...,n.

Note, however, that the inf-sup constant depends on the value of o, 7, = y,(0), where
lim, _o7y,(c) = 0. This can be derived from [15, Remark 3.5, page 678f.] where this
statement was shown for the Oy — Qg pair. In our case the pressure space is the same but
the velocity space is a subspace of Qy such that the inf-sup constant can only be smaller.

On the other hand, our proof shows that the inf-sup constant in boundary layer patches
does not depend on the ratio of the sizes of adjacent elements. This difference is tried to be
illustrated in Figure 2.3 (right hand side) where adjacent bold rectangles are of comparable
size (factor 1...4) whereas the elements in the boundary layer are much thinner than the
first element outside this layer.
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T2
€4
ha
0 €2 hy 71

Figure 4.1: Illustration of a rectangular element 7'

4 Proof of (3.7)

4.1 Rectangular elements

We start with the investigation of the simplest case, namely rectangular elements, to
elucidate the main ideas. We can do all considerations in a single element 7T". For this we
introduce a coordinate system such that 7" = (0, h;) x (0, hy) and denote the long edges by
es and ey, see Figure 4.1. Recall further that the element T is an element in a boundary
layer patch, that means, the small edges are part of the boundary 0Q) of the macroelement.
Therefore we can use that the function u to be interpolated vanishes at the small edges
of T.

Denote by b(z;) = hy%x;(hy — 21) the bubble function at the edges e, and ey, and by
©1(19) = 1 — hy 'y, pa(22) = hy 'as the linear nodal hat functions. Then
ITU = d4 b([L‘l)QOQ(,I‘Q)[ (1) ] +d2 b([L‘l)QDl(I‘Q)[ _01 :|

(Orv)y = V(21)(dapa(w2) — dapr(z2))
(8217“’0)2 = b(l‘l)hz_l(d4 + dg)

ARSI A AR EY A

/64 ba) / bar) / ) / | bar)

So we can compute
16 (1)1 (@2)[lor = ghy T,

with

10 (1) 02 (2) 0.7

Ib(zy)llor = 553072,
1O dzvllor < [dal IV (z1)@a(2)llor + [do| IV (21)01(22) [0

S R TY2(lda] + |dal), (4.1)
|0alrvlloz = 55V30hy H[T12|dy + dol.
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The first expression, the left hand side of (4.1), is estimated only roughly due to the triangle
inequality. The essential point is that the second expression, (4.2), must be treated carefully
due to the factor hy'

The terms |d;|, i = 2,4, are estimated by the trace theorem and the Poincaré inequality
(v is zero on the small edges) with the proper scaling introduced by the transformation

= h;Z;, 1 = 1,2, to the reference element T
|dil = 6hy /U2 =6 i @2 5/ |O2] S M2l 7
S loelip SITIT 1/2Zh||8v2||0T T2 hy|va]1 - (4.3)

With (4.1) we obtain

[0 Irvljor S |valir. (4.4)
For |dy + d4| we use that v = 0 on the small edges and the Gauf} integral theorem:
|da + dg| = 6h" | > -n| = 6hy! ven)= 6hy ! / divo| < AT T2 |oly .
i=2,4 Y € T
With (4.2) and |T| = hihy we get
1Balrvflor S [of1r (4.5)

Summation of (4.4) and (4.5) yields the desired estimate locally in each element T' C Q.
Note that the xi-derivative could equally well be estimated by using the inverse in-
equality,
o Trvllor S By ol S AT (|di] + [dal),

and (4.3).

4.2 Triangular elements

Consider now a triangular element T' C ). We locate the coordinate system such that the

shortest side is parallel to the xs-axis and the opposite vertex lays in the origin. Further

notation is introduced in Figure 4.2. Note that the angles a5 or as could also be negative.
The interpolant is defined as

IT’U = d2 )\1)\3 n(2) + dg )\1)\2 n(g)
with

)\1 = )\1(1’1,1‘2) = 1- h;l.Tl
Ay = Ma(x1,25) = (hysin(ag — as)) ™! cosas (71 sin ap — 29 cos )

A3 = A3(21,29) = (hysin(as — o)) ! cosay (71 sin ag — 9 cos ag)
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X2

a®
(2)
@ 1 0
@ = 5]
es €1 hg
@ < afl]
@ tan as
3 @
a® Q3 o " a® = h[ 1 ]
i — 1
0 hy 1 tan as

Figure 4.2: Illustration of the notation in a triangular element T

/ e
€2

dy = —Ff—— = (%\62\)1/ v-n?, ds = (%|€3|)1/ v-n®.

/ A e e

We start by considering the xo-derivative. Since A; does not depend on x5, and because
|€2| = h1(COS 042)71, |63| = hl(COS ag)*l, we have

and

Oolrv = Al[d232>\3n(2) + dg@g)\gn(3)]
= 6\ <|€2\1 </ v n(2)> (hysin(az — az)) " cosas (— cos C‘é3)[ —sinas ] +
€2

COoS a2
et (51 it~ ona (conag] 2 ])
= 6A1(hysin(ay —as)) tcosascosaghyt A (4.6)

with

A = [—tainag]/U_n(2)_|_[_talna3]/U_n(?»)
e €3

2

_ [ 7%(tana21+tana3) ] (/ v-n? +/ v.n(3)) +
€9 €3
+[ —%(tanai)—tanas) :| </ v n(2) _/ v - n(3)> . (47)
e2 €3

We treat now the factors separately. Due to the regularity of ¢ we have |as|, |as] < o < 3,
that means

’[ _%(tana21+tanoc3) ]’ <1. (4.8)

By definition, the identity

tan ap — tan az = hflag) - hflag) = hy'hy (4.9)
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holds. Since v =0 on e; C JQ) we obtain

/v~n(2)+/v-n(3) / Vn /divv
€2 es oT T

In analogy to Subsection 4.1 we prove for j = 2, 3, using the trace theorem and the Poincaré
inequality,

/U,n(j)

J

STl (4.10)

2

< / o] + [va] S les] T2 (alldvvillor + hal|Oavillo.r)

€j i=1

< BT Y2 vy (4.11)

Here we have used a transformation

1 ~ ~ hl 0 A1 0
[; ] :F(l‘th): [af) s } [22]+|:a;2)]

to the reference element 7' with vertices in (0,0), (1,0) and (0,1). It transforms derivatives

as R .
01 = 0, O = hi'oy,
Oy = a00 + holh, Oy = hy (—aP R0 + D).

Note further that |a§2)| < hy since T C @ and @ is a regular quadrilateral.
With (4.8)—(4.11) we can derive from (4.7) the estimate

AL S T ol + by the BT ol ~ T2 [o]yr
which leads with (4.6) and
sin(ag — @) = cos ay cos az(tan ap — tan as) = hy thy cos as cos as,
see (4.9), to

||821T’U||0’T ||/\1 ||07T|h1 SiIl(O[Q - 0z3)|71 COS (¥ COS O[ghI1|T|1/2|U|1’T

<
S Ty R TR o)
~ vl (4.12)

The estimate for the x;-derivative is less difficult. By using the inverse inequality, the
definitions of I7v, dy, and d3, and the estimate (4.11), we get

|0 lrollor S bt Irvllor S by HT2(1ds] + [dy])

/v.n@) /v.n(s))
es e3

S wrent "
Thus the stability property (3.7) of Iy is also proved for triangular elements.

AN

[v]1,7.



4.3 Trapezoidal elements 17

) X2
e €
hat - 1 4
0 & €2 & hy T 0 e 1 iy

Figure 4.3: llustration of a trapezoidal element 7" and the reference element T

4.3 Trapezoidal elements

Trapezoidal elements can be treated by analogy to rectangular elements. One has only to
be careful with the definition of the local basis functions. Since they are the image under
transformation of bilinear functions in the reference element it makes sense to investigate
this transformation. Introduce notation as illustrated in Figure 4.3 where we assume that

|S2| S o, | = &1l S ha. (4.13)

One can compute the transformation as

][5 [ ]oe (2% e

with the Jacobian

8(1‘1, l‘g)

J— _ 'h1+(§1—h1—§2)§32 §o+ (& — b1 — &)1

0 ho
= ho(hy + (& — hy — &)T2) ~ hihy

(1, T2)

due to (4.13). Consequently

|813A71‘ = J*I\@:gxﬂ ~ h;l, |82.§A61| = J_1|é233‘1‘ 5 h;l, (4 14)
|813A72‘ = J71‘61$2‘ = 0, |82.§A52| = J71|81.’L'1‘ 5 h2_1 '

As in Subsection 4.1 we have
Irv = d4b4($1,$2)[ (1) ] +d252($1,$2)[ _01 ]

where the edge bubble functions do not have the tensor product structure any more and
where the d;, 1 = 2,4, are
/ v
e

/.

7

d; = (4.15)
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For the convenience of notation we introduce w as the second component of Irv, Irv =
[ 3} ] Viewing w in the reference coordinates, we get
IZ) — d4b4(§31, 52’2) - dzbz(ffl, 52’2) (416)

with by(21,22) = (1 — 22)@1(1 — &1), ba(dy, &2) = &221(1 — ). Moreover, we have with
(4.14)

Biw| = [0108 3 + DDy is| ~ AT 0110,
|82U}| = |811i)82i‘1 + 822I182502| 5 h1_1|61w| + h2_1|621£)|,
1/2
whr ST (/ <h1_2|61u7|2 + h2_2|827@|2))
T

) 1/2 ) 1/2
< e ( / |61w|2) g ( / |62w|2) .

alzfj = jg(]_ - 2%1)d4 - (1 - i'Q)(l - le)dQ’
O = &1(1—21)(dy + dy),

From (4.16) we get

and consequently
whr ST 2R (o] + |dal) + T2y da + da. (4.17)

The terms |ds| and |dy| can be estimated similarly to those in Subsection 4.1:

il ~ | [~ | [ o)< [ il S ol
€j € €
2
S ool ST hilldsvallor ST halvalyr, (4.18)

i=1

j = 2,4. For |dy + d4| we proceed slightly differently and exploit that fé2 by = fé4 by:
eq U2 feg U2 é4 @2 fég ,&2

- - - Dy — / o / Daiy
I3  ba ];2 by fé4 by fé2 by /é4 é T
/(810232% + 52?}232@) < |T|1h2/(|61v2| + [Oav2])
T T
ST g [T va|y 1 (4.19)

With (4.17)—(4.19) we get the desired estimate

|dy + dy

~

= |71~

Lo = Jwlir S |veir < |v|i.
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5 Proof of (3.12)

The difference in the assumptions for (3.7) and (3.12) is that the function in (3.7) satisfies
Dirichlet boundary conditions on the small edges of the elements T' C ). Without having
this we prove first the weaker estimate (3.12) and get the desired result (3.13) by exploiting
that the function vy is from a finite-dimensional space only.

5.1 Rectangular elements

There is nothing to prove since Xy|g C X;|g and therefore Ipvy = vy in T

5.2 Triangular elements
We split the interpolant I into two parts,
ITU = NTU + (ITU — NTU) (51)

The first part is the standard nodal interpolant Ny with respect to the vertices of T', and
is easy to estimate using the interpolation results on anisotropic meshes [3]:

‘NTU‘I,T < ‘U‘I,T + |u — NTU‘I,T 5 ‘U‘I,T + h1|u|2,T. (52)
Using the notation of Section 4.2, the second part can be represented by
ITU — NTU = d1 )\2)\3 n(l) + dg )\3)\1 TL(Q) + dg )\1)\2 n(3), (53)

where the coefficients d;, j = 1,2, 3, are determined to satisfy the second condition in (3.5),
ie.
d; :6\ej|1/ (u — Npu) - n', (5.4)
¢j
We introduce the abbreviating vector function v := u — Npu and note that it vanishes
at the vertices of T. Let us estimate the first term on the right hand side of (5.3) by
exploiting this property:

/ v - 'I’L(l) = / U1
el €1

o)

= /aé2) </a§2) 622}1(h1,§)d§> dry

aé?)) aéS)
= /@) /@) 0201 (ha, €)|d€dy = |€1|/ 0201 < lea 210501 lo,c,(5.5)

" (2)
/ (Ul(hl, IL‘Q) — Ul(hl, a2 ))dZL‘Q

(2)
2

Recall now that v is an interpolation error and 9, = 1) - V is the derivative in (tangential)
direction ¢t of the edge ;. So we can use the one-dimensional interpolation error estimate

19V (w = Nyw) o, $ 19 Vel, Vo€ Hie,) (5.6)
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The properly scaled trace theorem reads
lwllo.e; ~ lesI*l@lloe; S les @l z S lesPITI 2 (lwllog + halwlyr).  (5.7)

With (5.4)—(5.7) and |e;| = hy we get

/ v
€1

The desired result for the first term on the right hand side of (5.3) is now obtained by the
inverse inequality:

|dy| ~ hy! < P |0vunlloer S ol T2 (|00t o + ha|Datia |11).- (5.8)

~Y

|dy A2 s n(1)|1,T |d1|h2_1||/\2>\3||0,T
ha|T| (|| 02w o, + ha|Oaur|1r) by ' |T|M?

|02t |0, + P |O2ur |1 (5.9)

S
S

The remaining terms on the right hand side of (5.3) are treated as in Subsection 4.2.
We get in analogy to (4.6) and (4.7)

82(d2 )\3)\1 TL(2) + dg )\1)\2 n(g))

= 61 (hysin(ay — az)) tcosagcosaz hyt A,

A = [ 7%(tana21+tana3) ] (/ ’U-TL(Q)+/ v.n(3)) +
es €3
+[ —%(tanai)—tanag) ] </ v-n® _/ U.n(3)) .
es €3

Two of the factors can be estimated as in Subsection 4.2, namely (4.8) and (4.9) are still
valid. The estimate (4.10) is modified slightly where we use (5.8) and hy < hy:

/v.n<2>+/v.n<3> / v.n_/v.nu)
es es oT el

< /divv + /v-n(l)

T el
STl + B3IT 2 (10sus |lor + 7 |Ootn |1.7)
ST (ulir + halular)

where we have used again a local interpolation error estimate as we did in (5.2).
In treating the remaining term we cannot use the Poincaré inequality, instead we pro-
ceed as in the derivation of (5.5) and get by using (5.6) and (5.7)

/v.nu)

IN

/ 1] 4 [va| < [es*2(||[Vor - tD o, + [ Vg - 1D lo.e,)

le*? (IVuy - tD[o.e; + | Vus - t(i)||0,ei) | < les?|ul e,
WIT | (Julyr + halular) (5.10)

AN
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where ¢t is the unit tangential vector at the edge e;. Altogether we have derived

Al ST (Julyr + halulor) + Ay the BT Y2 (Julyr + halulor)

~Y

~ T2 (Jub gz + halular),
and, analogously to (4.12),
102(d2 Ash n® + d3 MAe ™) || < Julyr + halular (5.11)
The remaining estimate is again obtained as in Subsection 4.2 but using this time (5.10):
101 (da AsAy n® 4+ ds Mo n®)|| < AT |dy Ashi n® + dg Mo n®||
S U TI(1dy] + |ds])
/ v n® )
e3

S lulr 4 halular. (5.12)

h{YTM? hit ( / v-n?
With (5.2), (5.3), (5.9), (5.11), and (5.12) we have proved (3.12).

A

+

5.3 Trapezoidal elements

In the case of boundary layer patches there is nothing to prove since Xpy|g C X3|g, and
therefore Irvg = vy in T'. In more general cases, however, it is not that simple. We will
use the notation from Subsection 4.3, Figure 4.3, and proceed in analogy to Subsection
5.2.

Introducing the standard nodal interpolant Np with respect to the vertices of T', we
have the estimates (5.1) and (5.2):

ITU = NTU + (ITU - NTU) (513)
INrulir S |ulire + halulor, (5.14)
and in analogy to (5.3)
4
Iru — Npu = Z d;b;(xq, a:Q)n(i).
i=1
The coefficients d;, t = 1,...,4, are defined (using again v := u — Npu) as in (5.4) and can

be estimated as in Subsection 5.2:

di| ~ e

/U.nm

<leil™ [ Gl + fal)

S lel” (1Vor - Do, + Vs - Do)
N |€i|1/2|u|1,ei
S el T2 (Julir + halular). (5.15)
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The contributions from the short edges to Iru — Npu can be estimated as in (5.9): For
1= 1,3, we obtain

|dibn D |1 S \dil by |bllor S Julir + halular. (5.16)

The contributions from the long edges are treated similarly to Subsection 4.3, estimates
(4.15)—(4.19):

diba(r,@0)| | |+ dabofar )| O ] =] 0] (5.17)

w

whe S kIl + by 920l 7

~ W T (|do] + |dal) + by T2 dy + dal,
dy +da| S h2|T|71/2|U2|1,T5h2|T|71/2h1|U2|2,T>

such that with (5.15)
(wlir S Juhyr + haulor. (5.18)

Combining (5.13)—(5.18) we find the estimate that was to be shown.
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