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Abstract

The classical equations for the mathematical description of an incompressible
flow via the velocity u and the pressure p are the Stokes equations. Based
on its weak formulation, the finite element method provides a possibility to
determine approximations of the solution (u,p) in finite element spaces.

On the one hand, the well-posedness of the discrete Stokes problem for a
particular choice of finite element spaces requires the satisfaction of the dis-
crete inf-sup condition on general meshes. On the other hand, for physical
reasonability, it is desirable to construct methods which fulfill the so-called
invariance property and automatically provide discrete velocity solutions that
conserve mass weakly.

Unfortunately, the classical low order finite element pairs either are not inf-
sup stable or do not guarantee these qualitative properties. Therefore this is
a problem of current research and we will introduce two methods which lead
to a well-posed problem and yield a weakly divergence-free velocity solution,
respectively satisfy the invariance property.
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1 Introduction

The numerical simulation of fluid flows is nowadays a very important field
in mathematics with diversified fields of application. It is used, e.g., for the
development of stents in medicine, optimization of the trim for means of
transport like airplanes, and for weather forecasts which are embedded in
everyone’s daily grind. Therefore, expensive, complex, and maybe impracti-
cable experiments can be replaced by computer simulations.

The fundamental system for describing (incompressible) motion of Newto-
nian fluids arises from the law of conservation of mass, energy, and linear mo-
mentum. The resulting equations are called (incompressible) Navier—Stokes
equations.

For a detailed derivation, it is referred to [John13].

The analytical solution or more precisely the proof of the existence of strong
solutions in R3, which is on the one hand the velocity field of the fluid and on
the other hand the pressure field of the fluid, is one of the seven Millennium
Problems awarded with 1.000.000 dollars. This paper focuses on a special
case of the (incompressible) Navier—Stokes equations, the Stokes equations.
They occur when considering stationary flows at small fluid velocities. Solv-
ing them will support the process of understanding the numerical simulation
of the Navier—Stokes equations by introducing generally useful tools.

After this introductory chapter, Chapter 2 provides a basis for the upcoming
considerations. At the beginning there is a short repetition of, for the later
chapters, important operator definitions. Shortly after we will in particu-
lar introduce the Lebesgue spaces and the Sobolev spaces, which are used
afterwards. Additionally, theorems like integration by parts will be discussed.

In Chapter 3, the Stokes equations are presented and we will derive their
weak formulation in order to search for weak solutions. The so-called inf-sup
condition will turn out to be a necessary condition on the test spaces, which
guarantees the well-posedness of the Stokes problem.

The main result will be the unique existence of a weak solution of the Stokes
equations.

The topic of Chapter 4 is the discretization of the Stokes equations with
the finite element method. We will give a short introduction into the finite
element theory and apply it to the Stokes equations. For the finite element



discretization of the Stokes problem a discrete version of the inf-sup condition
will turn out to be the crucial factor for the existence of a unique solution.
This discrete inf-sup condition can be interpreted as a compatibility con-
dition between the finite element spaces. Apart from the discrete inf-sup
condition there is another very important property one would like to be sat-
isfied, the weak mass conservation. The problem is that one desires to get
weakly divergence-free velocity approximations but discretely divergence-free
vector fields are not necessarily weakly divergence-free and by construction,
the general finite element velocity approximation is only assured to be dis-
cretely divergence-free. Some popular finite element spaces for the Stokes
problem will be discussed concerning these two crucial features.

Chapter 5 deals with a modified method based on the Crouzeix—Raviart
element. This method satisfies the invariance property and thus leads to
a finite element error estimate for the velocity which is independent of the
continuous pressure. It is realized by a projection of the test functions on
the right-hand side of the finite element formulation into the lowest-order
Raviart—Thomas space. Additionally this projection provides a possibility to
get a weakly divergence-free finite element solution.

The purpose of Chapter 6 is the analysis of another example for a divergence-
free method. Here the well-posedness of the finite element pair Py/Fp is
established by adding stabilizing extra terms. These lead to the violation of
the mass conservation which is actually present for this finite element pair.
Therefore, a post-processing which re-establishes the mass conservation by
adding a vector field located in the lowest order Raviart-Thomas field is pre-
sented.

Finally, this thesis is completed by numerical studies and a summary.



2 Basics and Preliminaries

The aim of this chapter is to introduce operators we will use, relations be-
tween them, some important function spaces, theorems, and inequalities.

For the sake of formality, instead of g—;, we will also adopt the common
notation u,, for partial derivatives and a bold faced letter will indicate that
we are dealing with a Cartesian product, e.g., a vector-valued function. This
is assumed throughout this paper also for function spaces.

In addition, 2 C R™, n € N, is assumed to be a bounded domain.

2.1 Operators

Most of the operator definitions are valid for arbitrary dimensions n € N.
An exception is the rotation or curl which has different definitions for dif-
ferent dimensions of the vector field. We will mention it for two- and three-
dimensional vector fields, since these are the cases we need.

Definition 2.1.1 Let v : & — R be a scalar function, u : & — R, u =
(uy,ug, ..., u,)" a vector-valued function, and t : & — R™ another vector-
valued function, all three on & C R™, n € N. We define the following opera-
tors:

1. Laplace operator:

" 0%
A =S = —
! Z.:Zlf)xf’
n 2,,.
Au € R", (Au)z = Z aaIu;; =1, I,
j=1 Y4
2. nabla operator:
T
v 0 7 0 0 ,
0x, O0xo o,
3. gradient:
vo . (Qv v o)
0xy 0xy’ Oz, )



(9u,-

Vue R,  (Vu); i =—, i,j=1,...,n,
4. divergence for vector-valued functions:
V-u:= ,

5. rotation/curl:

1

V xwv:= (—v@) ,  form =2,
Vxu:=(ug)e, — (U1)z,, forn=2,

(u3)962 - (uQ)m
Vxu:=|(u)e — (u3)e, |, forn=3,
( )11 - (

1
U2 Ul)x2

6. tensor-product:

Vu:Vi=> Vu Vi = 3 g;"'gzi.
39t

i=1 i,j=1

Lemma 2.1.1 Forv andu as previously stated and both sufficiently smooth
the following identities hold:

(1) V-Vv=AveR,
V:-Vu=AueR",

(i) V-(vu) =Vv-u+ovV - u,

(i) 'V x (Vv) =0, forn =23,
(iv) Vx(Vxux))=—-Aux)+ V(V-ux)), forn =3,
(v) V-(Vxux)) =0, forn =2,
V- (V xu(x)) =0, forn = 3.
Proof: The statements are proved by direct calculations. In (i), (iv), and
(v) one has to apply the symmetry of second derivatives. O

Remark 2.1.1

The term smooth has to be interpreted as weakly differentiable in the
sense of Definition 2.2.3 and sufficiently smooth should indicate that
the used functions are smooth enough for the applied calculations and
considerations.



2.2 Some Function Spaces and Norms

This section provides definitions and elementary properties of some basic
function spaces.

2.2.1 The Lebesgue Spaces

Definition 2.2.1 (Lebesgue space) The Lebesgue space
LP(Q) = {q : @ — R measurable : / lg(x)|P dx < oo} ., pel, o),
Q

with the norm

el = ([ liGoP ax)’

is the space of all functions which are Lebesque measurable and have finite
norm || - || zr(q) -
To complete the definition:

xeN

L>(Q) = {q : Q@ — R measurable : esssup |g(x)| < oo}

with
lq|| Lo () := esssup |q(x)].
xe)

Additionally we define two special spaces which will be needed later:

12(Q) = {q e 1A(®) : [ alx)dx = o}
and
L. () := {q : Q — R measurable : /Q, lg(x)| dx < 00, V' Compact Q}
= {q€ L") : Q' Coompact 2 ,

the space of locally integrable functions.

Remark 2.2.1

1. The spaces LP(§2) are Banach spaces, see [AdaFou05], pp. 29. and they
actually consist of equivalence classes.



2. L?(€2) becomes a Hilbert space with the inner product

(-9)20) = [ a(x)g() dx

and induced norm A
lallz20) = (Q7Q)i2(ﬂ)-

@

L%(€2) is a closed subspace of L*(2) and hence a Hilbert space, too.
4. Conventionally, the dual pairing (-,-) of elements in L? is equivalent to
the L?-scalar product (-,-)r2(q)-

2.2.2 The Smooth Spaces
Definition 2.2.2 (C*(Q2)) Define the space of k times continuously differ-
entiable functions by
CHQ):={v: Q> R: D eC(Q), V| <k}, aeNj keN,
Cx(@):= () @),
Q) : = zvo: Q — R : v is continuous} ,

and their analogons with the additional property that the closure of the sup-
port of the functions is a compact subset of by

CHQ) : = {U € C*(Q) : supp(v) Ceompact Q},

CyP(QQ) 1 ={v e C™(Q) : supp(v) Ceompact 2},
with

supp(v) == {x € Q:v(x) # 0}
being the support of the function v : & — R.

2.2.3 The Sobolev Spaces

For the use of the finite element theory the Sobolev spaces play a key role.
They are defined via some kind of relaxed derivatives, called weak derivatives,
which will be the starting point of this section.

Definition 2.2.3 (Weak derivative) Let a = (ay,..., ), a; € Ny, be a
multi-index with |a| = oy + -+ + o, and f(x), D*f(x) € Li,.(2). We call

loc



D® f(x) weak derivative of f(x) w.r.t. o if it holds for all g € C3°(€2):

[ 160D%g(x) dx = (=) [ D*f(x)g(x) dx

where

olel f

T 02t Ozon”

D f(x)

Remark 2.2.2

1. In order to simplify the notation, the classical and the weak derivatives
are both denoted by D. From the context it will be clear, which one is
meant.

2. If f(x) has a classical derivative, then it coincides with the correspond-
ing weak derivative.

3. Since the Lebesgue integral is not affected by function values on null
sets, the notion of a weak derivative works for functions which are not
classically differentiable on a set of Lebesgue measure zero.

Note that a function can have several weak derivatives, but up to a
null set, they are equal. So the weak derivative is unique up to sets of
Lebesgue measure zero.

In an analogue manner we define the weak divergence.

Definition 2.2.4 (Weak divergence) A wvector field w € L*(Q2) is said
to have a weak divergence (a divergence in L*(Q)) if there is a function
s € L*(Q) such that

—/W-V¢dx:/s¢dx, Vo € C°(9).
Q

Q

We then write s =V - w.

Definition 2.2.5 (Sobolev space) The Sobolev space
WEP(Q) .= {u € LP(Q) : D*u € LP(Q), V|a| <k}, pe[l,00], k€N,

is the space of all LP-functions whose weak derivatives of order o with |a| < k
are in LP(Q2), too.
Additionally define the closure of C5°(S2) in WEP(Q2) by

Wer(Q) = () v,



Remark 2.2.3

1.

s

Equipped with the norm

(Z|a|§k Ja [ D*ul? dx); , ifp <oo,

max | esssup |D%u| |, if p= oo,
la| <k xe

HUHW’W’(Q) =

Sobolev spaces are Banach spaces, see [Ev10], pp. 262.

. The Sobolev spaces H*(Q2) := WH2(Q) are Hilbert spaces equipped

with the inner product

(u, V) gy == Y, (D%, D) 2y = > /QDauDavdx

lal<k lal<k

and norm )
||u||Hk(Q) = (u7u>]2—[k(ﬂ)'

A seminorm is defined on H*(Q2) by

NI

1
|| vy = (Z |’Dau||%2(n)) = (Z /Q|D"‘u\2dx)
la|=k

||=k

It is \u]Hl(Q) = HVUHLQ(Q)
We have the identity H°(Q2) = L*(€2).

. It holds WP (Q) ¢ W*P(Q) and u € WyP(Q) <= 3 a sequence uy, €

k — oo

C[()X)(Q) with Hu — ukHWk,p(Q) —= 0.
Since one special Sobolev space will play an important role within this
thesis, we will briefly name it:

H(Q) = Hy(Q) x Hy(2) x -+ x Hy(£)
n times

{ue H'(Q) : ulon =0}
= {u € L*(Q) : Vu € L*(2),ulpn = 0}-

Note that H}(€) is a Hilbert space, too, since
(u,v) ::/ Vu - Vudx
Q

is indeed an inner product and | - [g1(q) is a norm on Hj(£2). By the
Poincaré-Friedrichs inequality (Theorem 2.3.2) |u|g1 (o) and [jul| g1 (q)
are equivalent in H}(£2), see for example [AdaFou05], pp. 184. So for
H{ (Q)-functions, | - |1 () may be used instead of || - || y1(q). From now
on one should be aware of the identity |lul| g1 @) = [|VulL2()-



Remark 2.2.4

Many properties of Sobolev spaces require 9€2 to be Lipschitz contin-
uous, so we will assume that this is the case. For that reason, in the
following, we can be sure to have a (unit) outer normal vector almost
everywhere at the boundary.

Definition 2.2.6 (Dual space) A bounded linear operator t : X — R is
called a bounded linear functional on the space X.

X' := {bounded, linear functionals on X}

is called the dual space of X.

For further reading it is also necessary to be aware of the definition of Sobolev
spaces with negative exponents.
Denote by ¢ the conjugate exponent corresponding to p such that

oo, ifp=1,
q= pfp lpr(l,OO),
1, if p = o0.
As short notation we write 1 = % + %.

Definition 2.2.7 (W=%4(Q)) Let k € Ny, p € [1,00] and 1 =
define

W) = {6 € (CQ) : 6llw-ragay < o0}

with the norm

(¢, u)
H¢HW*’W(Q) = sup W
wewrr@)\{o} 1wk» @)

Remark 2.2.5

The Sobolev space W~%4(Q) is the dual space of WiP(€), i.e.,
WRa(Q) = (WyP(Q))'. Hence

WRUQ) = {f : > F(§) =(f,0) - v € W3HI(Q),
f bounded and linear }.

In particular, it holds H~(Q2) = (H(€2))'.



Throughout this thesis, for spaces of vector-valued functions we use the in-
tuitive extensions by considering the Cartesian product, as noted in the be-
ginning of this chapter.

For example it is

L*(Q) = [L*(Q)]" = {V QR iy € LX), Vi=1,... ,n}

and

1
n 3
[v]lL2@) = <§ : ||Ui||2L2(Q)> :
i=1

2.3 Some Inequalities and Theorems

In numerous proofs we will make use of the inequalities mentioned in this
section.

Theorem 2.3.1 (Holder inequality and Cauchy—Schwarz inequality)

Let p, ¢ > 1 with 1 = ]%4— é, u € LP(Q) and v € LY(Q). Then, uwv € L'(Q)

and the generalized Cauchy—Schwarz inequality or Hélder inequality holds:
[uv|| @) < l[ullo@ o]l La)-

A particularly important case corresponds to p = q = 2 and results in the
Cauchy—Schwarz inequality:

[uv][ Ly < llullcz@)llvllz29)-

Proof: See [John13] or [Fors11], pp. 129. O

Theorem 2.3.2 (The classical Poincaré—Friedrichs inequality) Let
Q C R” be a bounded domain with Lipschitz boundary 0S2. Then

Vo € Hy(Q) : |vllr2@) < Cl| VL),

with a constant C' = C(diam(€2)) > 0.

Proof: The proof can be found in [GiRa86], page 3. O

10



The below stated tools will be applied especially in proofs during the next
chapter when talking about the so-called weak formulation.

Theorem 2.3.3 Let 2 C R, n > 2, be a bounded domain with Lipschitz
boundary OS2 and v, w sufficiently smooth.
Moreover, denote by n the unit outer normal vector on OS2.

Then it holds

1. Integration by parts (Ibp):
Let v € WH(Q), w € WH(Q), p € (1,00), and 1 =
holds

/81} dx-/mv(s)w(s)ni(s)ds—/Qv(x)&-w(x) dx.

This statement generalizes for vector fields v, w to:

/ V- v(x)w(x)dx = /an v(s) (w(s) -n(s)) ds — /QV(X)V - w(x) dx.
2. Green’s first formula:

For allv € H*(2) and w € HY(Q) it is:

/VU )dx-/aS)gZ(s)-w(s)ds—/ﬂAv(x) w(x) dx

= /g (Vou(s) -n(s)) w(s)ds — /QAU(X) w(x)dx

where

" Jv Ow

| Vo) Vu(x dx_/zaxaxd

3. Gaussian theorem:
For all v e WHH(Q) it is:

/Q v (x) dx = /8 _o(s)ni(s) ds.

Generalizing this formula to vector fields v.e WH(Q) yields :

/ﬂv-v(x) dx:/mv(s)-n(s) ds.

Proof: For the proof it is recommended [John13]. O

Lemma 2.3.1 Let v e H{(Q2) and Q C R3. Then
IVVIEe) = IV - VIZae) + IV X VIi2q)
In particular, it holds

[Vl > |V - V2@

11



Proof: Let v € H}(Q2). By Lemma (2.1.1(iv)) it holds
—Av(x) = -V(V-v(x))+V x (V x v(x)).

Multiplication with a test function w € H}(€2), integration using inte-
gration by parts and Green’s first formula results in:

/QVVZVWdX:/ﬂ(V-V)(V'W)dX—F/ﬂ(VXV)'(VXW)dX.

Setting v = w finishes the proof. O

We finish this chapter with a number of facts we will get back to later on.

Theorem 2.3.4 (Symmetry of second derivatives) Let 2 C R" and
f € C*8). Then it holds

P o= 2
8@-8:6]- N 8:1:]8:1:1 ’

Vi,je{l,...,n}.

Proof: See for example [Kab97], pp. 112. O

Weak derivatives also have the property that they can be interchanged, see
[Ev10], pp. 261.

Theorem 2.3.5 (Symmetry of weak derivatives) Let Q@ C R,
u € WEP(Q) and o, B multi-indices with |a| + |B| < k . Then it holds

D* (D?u) = D? (D*u).

Proof: Since u € W*P(Q) the weak derivatives up to order k exist and
g € Cg°(€2) implies that one can test by D*g respectively DPg:

/DauDﬁng _ (_1)|a|/u(Da+ﬁg) dx
Q Q
_ (—1)lel(—1)lets] / (D**Pu) g dx

= (—1)“3' / (D‘”Bu)gdx.

12



By the definition of the weak derivative this means that D? (D%u) =
D*8y. Exchanging the roles of a and B one obtains

/DﬂuDang — <_1)|ﬂ| /u (Da-i-ﬁg) dx
& Q
_ (_1)|ﬂ|(_1)|a+5\ / (D"‘Jrﬁu) gdx
Q
= (=Dl [ (D*Py) g dx,
firear
ie., D (DPu) = D Pu. -

Theorem 2.3.6 (Rank—nullity theorem) Let f : V. — W be a linear
map between vector spaces and V' be finite-dimensional. Then it is

dim (V') = dim(im(f)) + dim(ker(f)).

Proof: This statement is proven in [Fi03], pp. 117. O

Definition 2.3.1 (Rayleigh quotient) Given A € R™*" andx € C"\{0},

the term
x* Ax

X*X

RA(X) =
is called the Rayleigh quotient of A to X.

Remark 2.3.1
The transposed of the complex conjugated is here denoted by a star,

i.e., x* := (x). For x € R" it holds x* = (x7).

Lemma 2.3.2 For A € R™" and A\ € C an eigenvalue of A with corre-
sponding eigenvector b € C™ \ {0} it is

Ru(b) = A,

Proof: The vector b is an eigenvector to the eigenvalue A if and only if
Ab = A\b and hence

_ b*4b _b*Ab _ b'b
~ bb bbb  bb

Ra(b) :

13



Lemma 2.3.3 Let A € R™" be a symmetric matriz with eigenvalues
A <A <---<\,. Then it holds

)\1 S RA(X) S >\n

Proof: Take the eigenvectors by, ..., b, corresponding to the eigenvalues
A< A < <A (2.1)
Since A is a symmetric matrix, by, ..., b, form an orthogonal basis of
R™. Assume that the vectors by, ..., b, are normalized, i.e., they form
an orthonormal basis. This means that
L ifi—

0. else, Vi,j=1,...,n. (2.2)
So we can represent any x € R™ as a linear combination of the eigen-

vectors:
n

X = Zcibi, c €R. (23)
=1

Multiplication with A yields
i=1

i=1
After plugging in (2.3) and (2.4) into R4(x) one obtains

n T n n
b \:b;: cixi(b;) b
R ( ) B XTAX (2_3) <i:1 Czbz) (El Cz/\zbz> B i,jzzjlc CJ ]( ) J
Al\X) = XTX (2—4) n T n - n b Tb
(Z Clbl> <Z Czbz> ,]Zl Cicj( Z) J
i=1 i=1 b=
L
(2.2) o
> e
i=1
Using (2.1) we conclude
2 C?Ai (2.1) 21 sz)‘l 2 022
RA(X) = Z_n Z Z_n = )‘1 l; = >‘1
> > > e
i=1 i=1 i=1
and . .
) .21 i (2.1) Zlcz%‘n 5 1Cz2 \
Ra(x) = l:n < Z:n = nZ: = A\n
> e >
i=1 i=1 i=1
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3 The Stokes Equations

The incompressible Navier—Stokes equations are nowadays the classical tool
for describing fluid flows. They model the n-dimensional motion of viscous,
incompressible (Newtonian) fluids namely incompressible flows, for n = 2, 3,
subject to an external force. A flow is called incompressible if the density
of the fluid is constant along trajectories of a fluid element for constant
temperature and changing pressure.

The dimensionless, incompressible Navier-Stokes equations can be formu-
lated as follows:

1
u; + (u-Vu —R—Au +Vp=f inQx(0,7), (3.1a)
—_——— &
total acceleration
of a particle  {friction between
V-ou=0 inQx(0,7), (3.1b)

where

Q CR", n>2-abounded, non-empty, polyhedral domain,
0$2 — Lipschitz boundary,

x = (z1,...,x,) € € — space variable,

t €[0,7) C R — time variable,

u:Qx|[0,7)—R"

u(x,t) = (uy(x,t),...,us(x,t)) — velocity of the fluid at (x,1),
p: Q2 x(0,T)— R,

p(x,t) — pressure at (x,1),

f:Qx1[0,T)—R",

f(x,t) = (fi(x,t),..., fu(x,t)) — external body force,

Re > 0 — Reynolds number of the fluid, constant in (x, 1),

é — constant kinematic viscosity of the fluid.

Here the first equation (3.1a) arises from Newton’s law of balanced forces,
F =m - a, and it is referred to as the momentum equation.
The second equation (3.1b) models the incompressibility, i.e., the constant
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density and is therefore called incompressibility constraint or continuity equa-
tion. It is derived from the law of conservation of mass.

There are several ways to derive these equations and for a detailed deriva-
tion from continuum mechanics, [John12] is recommended to the interested
reader.

This is also the setting we are studying in the whole thesis. As €2 is a domain,
it is always connected and open, and for our studies it will suffice to assume
a Lipschitz boundary 0f2.

Considering only very slow fluid flows, i.e., Re is very small, e.g., for honey,
the non-linear convective term (u-V)u can be omitted, since in comparison
to the viscous term —éAu it is negligibly small. The resulting system of
linear partial differential equations is called the nonstationary Stokes system.
If u, p, and f are independent of ¢, then particularly u; = 0 and we obtain
the stationary Stokes system. Assuming both special cases mentioned before,
we end up with a simplification of (3.1) which is called the Stokes equations:

Findu: Q — R"and p: 2 — R, such that for a given force field f : 2 — R"
and kinematic viscosity é > 0, u and p fulfill

1
—ﬁAu—l—Vp:f in €,

V-u=0 in Q.

Multiplying the first equation by Re, i.e., scaling by the Reynolds number, we
get for a modified pressure p and right-hand side f, for the sake of simplicity
without new notation,

—Au+Vp=f inQ,

2
V-u=0 1in Q. (3:2)

In order to receive a well-posed problem, (3.2) has to be equipped with suit-
able boundary conditions.

We choose the homogeneous Dirichlet boundary conditions introduced be-
low.

Definition 3.0.2 (Dirichlet / No-slip boundary condition) The
system (3.1a) and (3.1b) is said to be equipped with Dirichlet boundary con-
ditions, if

u=g ondf2, i.e., the velocity u is prescribed at the boundary.
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If g = 0, the boundary condition is called homogeneous Dirichlet boundary
condition or no-slip boundary condition.

Boundary conditions are only meaningful for the Stokes system if they satisfy
a certain compatibility constraint:

Lemma 3.0.4 Boundary conditions for the problem (3.2) have to be chosen
such that

/ g-nds=0, forn the (unit) outer normal on O}. (3.3)
o0

Proof: Let
u=g on 0.

Then the incompressibility constraint in the Stokes problem (3.2) and
the Gaussian theorem imply

Oz/V-udx:/ u-nds:/ g - nds.
Q o0 o0

For simplicity we restrict our analysis to homogeneous Dirichlet boundary
conditions for u. The compatibility constraint (3.3) is therefore fulfilled.
Thus, the problem we want to concentrate on is the

Strong formulation of the Stokes problem:

—Au+Vp=f inQQ, (3.4a)
V.ou=0 ing, (3.4b)
u=0 on 0N. (3.4¢)

Apparently, the solution of the strong formulation of the Stokes problem

(3.4) has to fulfill u € C*(2) N C(2) and p € C'(9).

Definition 3.0.3 (Classical solution) A pair (u,p) € (CZ(Q) N C(Q)) X
C1(Q) is called classical solution of the Stokes problem if it fulfills the equa-
tions (3.4) for a given force f € C(€2).

17



In the system (3.4) only the gradient of p appears and there are no require-
ments imposed on the behavior of p itself on the boundary or in 2. Therefore,
in general the pressure p, if it exists, is not unique. If (u,p) is a solution
of the Stokes problem (3.4), then, for any constant ¢ € R, (u,p + ¢) is a
solution, too. The reason behind this is that Vp = V(p + ¢).
As a remedy, one has to insist on an additional condition for the pressure p
in order to be able to find a unique solution. One possible way to fix the
additive constant is to search for a pressure p with vanishing integral mean
value over the domain €2:

/ pdx = 0.

Q

3.1 The Weak Formulation

The weak or variational formulation of the Stokes problem is the basis for
using the mixed finite element method.

Many naturally arising, interesting applications, e.g., from physics, have so-
lutions which violate the smoothness requirements for the classical solution.
For example, it is also necessary to be able to find the solutions of problems
with discontinuous right-hand side.

Example:

This is illustrated for a much more simple partial differential equation. Given
the following Poisson equation with homogeneous Dirichlet boundary condi-
tion on Q = (—1,1)%

1
—Au = sgn <2 — |X|) : in ,
u =0, on 0f).

This problem does not have a classical solution u € C?(£2) N C(§2) because
otherwise this would imply —Au = sgn(3 — |x]) to be continuous which is
not the case.

The advantage of using the weak formulation is that less smooth solutions
can be considered. For that purpose we introduced in Chapter 2 the concept
of weak derivatives and Sobolev spaces which are essential for the weak for-
mulation of partial differential equations.

18



The usual way to get the weak formulation of a partial differential equa-
tion is to multiply (dot product) the equations by so-called test functions,
integrate them on €2, and afterwards apply integration by parts. The last
step enables the transfer of derivatives to the test functions.

To that end we should be aware of some theorems from Section 2.3.

Let v € C5°(2) and ¢ € CF_ () :== C*(Q) N {¢p : fggb(x) dx = 0} be

test functions. Multiplying the first equation (3.4a) with v and the second
equation (3.4b) with ¢, (3.4) reformulates to

—Au-v+Vp-v=1f-v, Vv e C;X (),
(V-u)g =0, Vq € C’jozo(ﬂ).
By integrating on 2 we get
/ —Au'vdx+/Vp-de:/f-de, Vv e CX (),
Q Q Q
/Q(V-u)quIO, Vg € CFLy ().

Using integration by parts and Green’s first formula in combination with the
compact support of v, i.e., the vanishing boundary integrals, yields

/ﬂVu:Vvdx—/ﬂ(V-v)pdx:/Qf-vdx, Vv e Cr (),

(3.5)
/Q(V -u)gdx =0, Vg € CT,(9).

Now we define the function spaces such that the arising integrals in (3.5) are
well-defined. An appropriate ansatz space for the pressure p is a subset of
L*(2). Furthermore, for the uniqueness we enforce p € L3(€2).

For u one has to require Vu € L*(€2) and the homogeneous Dirichlet bound-
ary condition u|gp = 0. Hence the above formulation makes sense if u €
H}(Q).

Under these conditions, one has to think about the regularity assumptions
for the test functions leading to well-defined integrals.

The space C§°(€2) is dense in Hj(£2) and the space CTO:O(Q) is dense in

L2(92). Hence, it is allowed to test the first equation by H{(€2) functions and
the second equation by LZ(€2) functions.

At this point we have all basics to write down the
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Weak formulation of the Stokes problem:
For a given f € H™1(Q) find (u, p) € HY(Q) x L3(Q2) such that

/Vu:Vvdx—/(V-v)pdx:/ f-vdx, Vv € Hy(Q),
/Q(V-u)qu: 0, Vg € L2(9).

Definition 3.1.1 (Weak solution) Let f € H(9).
A pair (u,p) € HY () x LE(Q) is called weak solution of the Stokes problem
if it fulfills the system (3.6).

Remark 3.1.1

A classical solution of the Stokes problem (3.4) is of course a solution of
the weak Stokes problem (3.6) by construction and if the weak solution
is smooth enough, then it is a classical solution. To realize this we
prove the following lemma.

Lemma 3.1.1 For f € C(Q) a weak solution (u,p) € H{(2) x L3(Q) with
u€ (CZ(Q) N C(Q)) and p € C1(Q) is a classical solution.

Proof: Let (u,p) € H)(Q) x L3(2) be a weak solution, i.e.,

. _ . — . 1
/QVu.VVdX /Q(V v)pdx /ﬂf vdx, VveHy(Q), (3.7a)

/Q(V -u)gdx =0, Vg € L3(2). (3.7b)

Furthermore, let u € (CQ(Q) N C(Q)) and p € C*(9Q).

We start by proving the incompressibility condition (3.4b).

Choose q := V -u € L*(Q2). Then there exists a constant ¢ such that
gq—c=V-u—ce L3(Q). Using (3.7b) one obtains

¢:=V-u—c¢

/Q(V-u)quz(), VCIGLg(Q)ﬁ/ﬂ(v-u)(v-u—c)d)(:o

(E)/Q(V-u)de:c/ﬂ(V~u)dx

e |V - u2a0n = /v- dx.
| u||L2(Q) ¢ Q( u) dx
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The Gaussian theorem and ulspn = 0 lead to

/V udx—/u nds = 0.

o0

almost everywhere in Q. The assumption u € C?(Q2) C C1(Q) implies
incompressibility for all x € €2.

For the weak solution u it holds (3.7a):
/Vu Vvdx_/ - vdx+/ vipdx, Vv e HLY(Q).

Therefore using integration by parts reversed and the continuity of
Au +f — Vp, (u,p) is a classical solution of

—Au=f—-Vp

with homogeneous Dirichlet boundary conditions which is equivalent
o (3.4a). 0

3.2 Existence and Uniqueness of Weak
Solutions

After reducing the regularity expectations for a solution of the strong Stokes
problem via the idea of weak derivatives, we are now interested in the ques-
tion under which conditions one can guarantee the existence of a unique weak
solution.

The proof of the existence of a unique weak solution (u,p) is split into
two steps. The first step is to restrict ourselves to the weakly solenoidal
functions in H{(£2) as the test space, which leads to the decoupling of the
velocity u from the pressure p and enables a separate treatment of u. The
second step is then to prove the existence of a unique corresponding pressure.

3.2.1 A Reformulation of the Weak Stokes Problem

We will start by discussing some important properties of the arising integrals
in the weak formulation.
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Notation: Define the following two bilinear forms and the linear form:
e a-,-): H(Q) x H(Q) — R,
a(u,v) := / Vu:Vvdx, Vu,veHQ)
Q

with ( )
a(u, v
lall ;== sup

u,veH] (2)\{0} ||u||H(1)(Q)||V||Hé(Q)

o b(-,-) : H) Q) x LE(Q) — R,

Y

b(v,p) == — /Q<v Vpdx, WveHYQ),pe LA(Q)

with bv.p)
v,D
o] := sup :
veH} (2)\{0} ||V||H(1)(Q)||p||Lg(Q)
peLg()\{0}
o f: H(l)(Q) — R,
f(v) = (f,v), vf € H_l(Q), v E H[I)(Q),
f(v)=[ f-vdx, vf € L?(Q), v € Hy(Q).
Q

Definition 3.2.1 Let W be a Banach space (more specific a Hilbert space)
and c(+,-) : W x W — R a map. Then we call c(-,-)

1. bounded/continuous if
M >0: |e(u,v)| < M|lullwllvllw, Yu,veW,
2. coercive/W-elliptic if
Im >0: c(u,u) > mlulz, YueW,

3. symmetric if

c(u,v) =c(v,u), Yu,veW,
4. positive definite if

c(u,u) >0, Yue W\ {0},
5. bilinear form if

clau + Bv,w) = aclu,w) + fe(v, w)
and

c(u,av + pw) = ac(u,v) + Be(u,w), Vo, € Riu,v,w € W.
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Lemma 3.2.1 It holds

1. a(-,-) is a symmetric, bounded, positive definite, and coercive bilinear
form,

2. b(+,-) is a bounded bilinear form,

3. f(+) is a bounded linear functional.

Proof: 1. a(-,-):
Symmetry: This is trivially true by the symmetry of the tensor
product:

ou; 8%
a(u,v) /Vu VVdX—/ Z ax]('?x]

ov; Ouy B _ B
/ O O, X—/QVV.VudX—(I(V,u),

7,7=1
Vu,v € Hj(Q).

Boundedness:

/QVu : Vvdx’ < /Q Vu: Vv| dx = ||[Vu: Vv g

Cauchy—Schwarz

ja(u, v)| =

< Vulle@ VY@ = [allmye vViee

Vu,v € H{(92).
So choosing M =1 finishes the proof.

Positive Definiteness:

a(u,u) = /Q Vu: Vadx = [Vul2eq >0, Vue H)Q)\ {0}
Coercivity:
_ . _ 2 o 2
aw,u) = [ Vu: Vudx = |[Vulfaq) = lullfye

Vu € H(Q).

The constant m = 1 leads to coercivity.

Bilinearity: We already proved that a(-,-) is symmetric, so for
bilinearity it suffices to proof the linearity in one argument:
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a(u+v)): Vwdx

\\

ala(u+v)

u, + vz)) ow; d
axj

w; + 8112 ow;

l‘j 8I‘j

ou; awl / z ov; 8wl
Ox; 833] | 0z 8%

w) + aa(v,w), ‘v’u,v,w € Hi(R2),a € R.

dx

i
5

/
A
aa(u,

2. b(+,-):

Boundedness:

b(u, :—/v- d:‘/v- d‘g/v- d
)l = = [(V-waax| = | [(V-wadx] < [ (V- wyql dx
Cauchy—Schwarz
~~
=[(V-u)dllrie < IV -ullzelldllze

< ||Vu||L2(Q)||Q||L2(Q) = ||11||H3(Q)||Q||L2(Q)>

Vu € H{(Q),q € L3(Q).
The last inequality is proven in Lemma 2.3.1. Hence M = 1 sat-
isfies the condition.

Bilinearity: The bilinearity is proven similarly as for a(-,-) but
here one has to check the properties for both arguments, the first
argument for H} () and the second for LZ(€2), by reason of ab-
sent symmetry.

3. f():
Boundedness:
!
To show: IM > 0: [f(v)| < M| v[gye) VVE H}(Q).
For f € L?(Q) it is

(V)] = /Qf-vdx‘g/n|f-v| dx = |If - V]| 1rq
Cauchy—Schwarz cl. Poinc.—Fr.
= Py
< @i < Iflle@Cll Vvl

= CllfllzeIViaye). Vv € Hy(Q).

Setting M = C||f||y2(q), for C > 0 from the classical Poincaré-
Friedrichs inequality, is a possible choice.
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A way to proof the continuity of f(-) for f € H(2) is obtained
by using the definition of the H~!-norm as presented below:

f7V f,V
Il =  sip ¥ s V)
very@©\ (o} [Vl — Vi@

= [f()] = [ V)] < [l @) [VIimyo), v € Hy(Q),

, Vv eH(Q)

Linearity: For f € L?(Q2) we obtain

f(ozu—irﬁv):/nf~(au+ﬁv)dx
:/Q(ozf«u—l—ﬁf~v)dx
:a/nf-udx—l—ﬁ/nf'vdx
=af(u)+ Bf(v), VYu,veH(Q),a B€R.
If f € H () it follows

flau+ pv) = (f,au + pv) = (f, au) + (f, fv)

= Oz(f, u> + 6<f,V> = af(u) + Bf(v)a
Vu,v € Hy(R2),a, 8 € R.

Remark 3.2.1
For normed spaces V and W a linear operator L : V' — W is continuous
if and only if it is bounded. Hence, the boundedness of a bilinear form

is equivalent to its continuity. This statement is proved in [Wer06], pp.
305.

With the bilinear forms a(-,-), b(-,-), and the linear functional f(-) we can
transform (3.6) into the following setting:
Reformulation of the Weak Stokes problem:

For given f € H™'(Q), find (u,p) € H)(Q) x L(€) such that

a(u,v) +b(v,p) = f(v), Vv € Hy(Q), (3.8a)
b(u,q) =0, Vg € L3 (). (3.8b)
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3.2.2 The Saddle Point Approach and the Inf-Sup
Condition

With the bounded bilinear maps a(-,-) and b(-,-) one can associate linear
operators. Thus, (3.8) can be rewritten as the following abstract system
which is equivalent to the weak formulation.

Definition 3.2.2 (Saddle point problem) For given f € H™'(Q), find
(u,p) € HY(Q) x L3(Q) such that

Au+ B'p =,

Bu = 0 (3.9)

with the linear operators A, B, and B’ defined by

e A:Hy(Q) = (Hy(Q))',
(Au, V>(H(1)(Q))’7Hé(ﬂ) =a(u,v), VYu,veH(Q),

o B:H{(Q) — (L§(Q))",
(BV.,q) 2@y, 2@ = b(v.q), Vv e Hy(),q € L§(Q),

o B': L(Q) — (H ( ),
(B'¢, v)my@)y.my@) = (BY. @) 2@,z = bV, @),
Vv e Hl(Q) qe LQ(Q)

This is an operator form of a so-called linear saddle point problem on the
Hilbert spaces H}(2) and L3(€2).
Lemma 3.2.2 [t holds
||A||L(H(1J( -yQ) = = ||la| and ||B||£(H1 Q),(L2(2))) = [|o]|.
Proof: The norm of a linear operator L : V' — W is defined by

L(x w
L] = sup 1L () [lw
ceviioy  lzllv

It follows that

||A”£ HI(Q).H-1(Q)) — sup ||14Ll||]:‘171 Q
T wery@©\(o}  [[ullmye)
Au, v
" wvermo Aev) g,

u,veH} (2)\{0} llal e (n)||V||Hg(n)
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The proof for B is done similarly. O

Therefore, the boundedness of a(-, -) respectively b(-, -) implies the bounded-
ness of A respectively B.

Next, we will discuss the problem of solving such a linear saddle point prob-
lem.

Definition 3.2.3 (Well-posedness) Problem (3.9) is called well-posed,
which means unique solvability for all £ € H™Y(), if the linear operator
(solution operator)

T : Hy(Q) x Lg(2) — (Hy(Q))" x (Lg(2))',

defined by

s an isomorphism.

Note that Z is a continuous, linear operator because A and B are continuous,
linear operators.

In general, this is not a condition which is easy to verify, so we have to
derive criteria for Z to be an isomorphism. Considering finite-dimensional
spaces, (3.9) is equivalent to a system of the form

Ah B?; ) up) fh
Bh 0 Phr —\o /"
=:M

From linear algebra it is known that a linear operator on finite-dimensional
(vector-) spaces is an isomorphism if and only if the corresponding matrix,
here M, is invertible. Hence, to compute u, and p; one would have to

solve .
up )\ Ah BE ) fh
p.) \B, O 0/
This idea will be discussed more detailed when talking about the finite ele-

ment method in Chapter 4. Unfortunately, at the moment we cannot restrict
to the finite-dimensional case and hence have to attack the problem with some

27



other techniques.

A criterion for the existence and uniqueness of a weak solution for elliptic
boundary value problems is given by the popular:

Lemma 3.2.3 (Lemma of Lax—Milgram) Let a(-,-) : W x W — R be a
bounded and coercive bilinear form and W a Hilbert space. Then for each
f e W' there exists a unique w € W such that

a(u,v) = f(v), YveW.

Proof: See literature, e.g., [John13|, Chapter 4. O

This lemma can be used to analyze the Stokes equations by taking into
account weakly divergence-free velocity functions only.

Definition 3.2.4 (Weakly divergence-free) A function u € H}(2) is
called weakly divergence-free if

b(u,q) =0, Vg€ L(Q).
Furthermore, define the space of weakly divergence-free functions (divergence
vanishes almost everywhere) by

V= fu e Hy(Q) : bu,q) = 0, Vg € L3(Q)}
= {u € H)(): Bu= O} = ker(B)
= {u € Hy(Q) : V-u =0 almost everywhere in Q} .

Lets denote by

the orthogonal complement of V4 in HE ().

Remark 3.2.2

Note that any function which is divergence-free in the classical sense is
automatically weakly divergence-free, i.e., belongs to V&Y,

28



Lemma 3.2.4 VIV is q linear, closed subspace of the Hilbert space HS(2).

Proof: First we show that V4V is a linear subspace of H}(£2).

e By the definition of the space VIV it is V4V C H}(£2),
o VIV £ since 0 € VIV,
e Consider any v,w € V4V and any a, 8 € R, then

blav + fw,q) = —/V (v + pw)qdx
Q

:—a/(V-v)qu—B/(V-w)qu

Q
= ab(v,q) + Bb(w,q) =0
— av + fw € VIV,

Now only the closedness remains to be proved. Let v € H}(£2) has the
property that there exists a sequence v,, € V&V, n =1,2, ..., with

IV = vallay @) 0.

We have to show that v € V4V, We have seen that b(-, ) is continuous,
so for any fixed ¢ € LZ(€2) it holds

b(v,q) = b(lim v,,q) = lim b(v,,q) =0
n—oo N—>00 ~ 7
= b(v,q) =0, Vg€ LjQ)

— v e ViV,

Remark 3.2.3
A linear, closed subspace of a Hilbert space is a Hilbert space itself.
Hence, by Lemma 3.2.4, V4V is a Hilbert space.

Integrating the weak incompressibility into the solution space for u, i.e.,
searching u € V4V results instead of (3.8) in:
For f € H () given, find u € V4" such that

a(u,v) = f(v), Vve Vi, (3.10)

Obviously, with this procedure we eliminated the pressure p.
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The two main questions we have to answer are:

1. Is the problem (3.10) uniquely solvable?
2. If u solves (3.10), does there exist a unique pressure p € LZ(£2) such
that (u,p) solves (3.8)?

The first question is easily answerable.

With the inner product and norm of H}(€2), V4¥ becomes a Hilbert space.
For that reason, the bounded bilinear form a(-,-) on H}(2) x H}(€2) and the
bounded linear functional f(-) on H}(£2) remain bounded when restricted to
Vdiv_

Corollary 3.2.1 The bilinear form a(-,-) is coercive on V&V x VI e
Im >0: a(v,v) > m”"”%{é(n)v Vv € VIV

and m=1.

Proof: By the proof of the coercivity of a(-,-) on H}(Q2) x H} () it follows
immediately

a(v,v) = | VIl g Vv e VI C Hy(Q).

Fulfilling these requirements, the theorem of Lax—Milgram guarantees a unique
solution u € V4V of (3.10) which automatically, by the definition of the space
Vv satisfies the second equation in (3.8).

It is still not clarified if there exists a unique pressure p € L3(€2), solving for
the u € V4 which was produced above

a(u,v) +b(v,p) = f(v), VveHQ)
= b(v,p) = f(v) —a(u,v), VveH ).

For the solution of this subproblem we cannot use the theorem of Lax—
Milgram, since the bilinear form b(+, -) operates on two different spaces. How-
ever, as an idea we try to modify it appropriately.

We know that

(i) b(-,-) is a bounded bilinear functional on H}(€2) x L3(2)

and

(i) for u € VI fixed, v = f(v) —a(u,v) =: £(v) is a bounded linear
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functional on HJ(£2) because a(-,-) and f(-) are bounded.

So now, for our "modified Lax-Milgram" approach, the question is how to
interpret coercivity in the case of a bilinear functional on the Cartesian prod-
uct of two different Hilbert spaces, here on H{(£2) x L3(£2).

For that reason we take a closer look at the coercivity condition:

dm >0: c¢(v,v) > m||v||%lé(m, Vv € Hy(Q2)

— 3m>0: m||v]mg < v, v) < sup M’
0 IVl @) — wem@ngoy 1WllaH1@)
Vv € H)(Q) \ {0}.
This inequality applied to b(-, ) is somehow equivalent to

b(w,q
38 >0: B||q||Lg(Q) < sup g
weH( (2)\{0} ||W||H(1)(Q)

b
— d6>0:p< inf sup (W, q)
g€ LF(\{0} werl(Q)\{0} ”WHHé(Q)HQHLg(Q)

: Vg € L§(S2)

and is referred to as the inf-sup condition.

The inf-sup condition or BB condition, named after Babuska ([Bab71]) and
Brezzi ([Br74]), is a powerful criterion as we will see in the next theorem.
It provides the possibility to guarantee under certain conditions a unique
solution of a linear saddle point problem, so in particular of the weak Stokes
problem.

Definition 3.2.5 (Inf-Sup condition) A bilinear formc(-,-) : VxW — R
on the Hilbert spaces V., W fulfills the inf-sup condition

<— d>0: < inf ¢(v.9)

_dva (3.11)
g€W\{0} yeyrjoy [[vllv llgllw

Remark 3.2.4

Assume we are given the solution (u,p) € H}(£2) x L3(€) of (3.8). Then
u € HL(Q) fulfills (3.8b): b(u,q) =0, Vg € L2, and the space V4" is
a subspace of Hy(€2). Thus, u € V4. Equation (3.8a) is valid for all
v € H}(Q) so it is in particular satisfied for all v.€ V&V C H}(Q).
Therefore u € V4 and it solves (3.10).

The answer to the second question is given by the following theorems.

31



Definition 3.2.6 The set
Voi={ge H'(Q): (g v)=0, ¥veVi}

is the polar set of VIV,

Theorem 3.2.1 The following properties are equivalent:

1. there exists a constant 3 > 0 with

. b(v,q)
7€ LF(Q\{0} ver} (2)\{0} HV||H[1)(Q)HCI||L3(Q)

> 3,

2. the operator B is an isomorphism from L:(2) onto V° and

HB/QHH—l(Q) > 5HQHL3(9)> Vg € Lj(9),

3. the operator B is an isomorphism from VYL onto (L2(2)) and
1BVl 2y = BlIvimye), Vve vt
Proof: See [GiRa86], page 58/59. O

Definition 3.2.7 Define a linear continuous operator w : H~1(Q) — (VIvY

by
(mf,v) = (f,v), VfecH(Q),ve Vi

Remark 3.2.5

The functional 7f is the restriction of the functional f from H}(£2) onto
V¥, Note that VIV C H}(2) and is therefore equipped with the same
norm. The functional is bounded since

f f
[|7f || (vaivy = sup i, v) = sup (£, v)
veVdiv\{o} ||V||Vdiv Vevdiv\{o} ||V||Vdiv
f,v
< sup (£, v) = HfHH_1(Q).

veH}(2)\{0} N4
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Theorem 3.2.2 Problem (3.8) is well-posed, i.e., for every f € H™1(Q)
there exists a unique pair (u,p) € HY(Q) x L3(Q) solving problem (3.8)

—

1. the operator o A is an isomorphism from VIV onto (V)
and

2. the bilinear form b(-,-) fulfills the inf-sup condition (3.11).

Proof: For a proof see [Br74], Theorem 1.1, or [GiRa86], pp. 59. O

Corollary 3.2.2 Let the bilinear form a(-,-) be coercive in V& (VI _elliptic).
Then (3.9) is well-posed <= the bilinear form b(-,-) satisfies the inf-sup con-
dition.

Proof: The idea of the proof is to show that the coercivity of a(-,-) implies

the first condition in Theorem 3.2.2. Then, the result follows immedi-
ately. For a detailed version see [GiRa86], page 61. O

Remark 3.2.6

Corollary 3.2.2 is in the literature often referred to as Brezzi’s splitting
theorem, due to its appearance in [Br74].

We draw the conclusion, that the problems (3.8) and (3.10) are equivalent if
the inf-sup condition is satisfied and if a(-,-) is coercive in V4V,

We will see that the inf-sup condition for H}(€2) and L3(£2) is a consequence
of the following lemma.

Lemma 3.2.5 Let g € L3(Q2). Then
Ave ViVt Vov=ygq and IVl < Cllallz@).

for a constant C' > 0 independent of v and q.

Proof: See [Johnl14], pp. 40. O
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Theorem 3.2.3 Let € be a bounded domain with Lipschitz boundary and
f € HY(Q). Then the weak Stokes problem (3.8) has a unique solution
(u,p) € Hy(Q) x L§(Q2).

Proof: By Corollary 3.2.2 two conditions have to be shown:

1. The bilinear form af(-,-) is V4V-elliptic.
2. The bilinear form b(-, -) fulfills the inf-sup condition:

b
d8>0: < inf sup (v.9) .
g€ LF(\{0} veH!(02)\{0} ”VHH})(Q)HQHL?)(Q)

The coercivity of a(-,-) was proved in Lemma 3.2.1. For the second
property let ¢ € L2(£2). Then by Lemma 3.2.5
—=3Ive VP Veov=yg and [[V]m@ < Cldlze):
Using this, we get
b A\ Vv, 2
sup (v,q) — sup ( 9)r2(9)
veH} (2)\{0} HVHHg(n) veH] (2)\{0} HVHHg(n)

(V-v, Q)Lg(n) . ((LCI)Lg(Q)

= , forV.v=gq
“VHH}J(Q) ||V||H(1)(Q)
gl 1
= o, 2 Clzie
Since we can choose q € LZ(2) arbitrarily, it follows
in b(v,q) L
g€ LF(\{0} veH)(02)\{0} ||V||Hg,(n)||Q||Lg(n) e
O

With this theorem, we have shown that for a solution u € V4 of (3.10) there

exists a unique p € L3(€2) such that (u,p) solves the weak Stokes problem
(3.6).

3.2.3 An Alternative Formulation of the Stokes
Problem for the Pressure

In this section, another representation of the Stokes problem in the orthog-
onal complement of V4V is derived. It will be analyzed in more detail in
Chapter 5.
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Lemma 3.2.6 (Orthogonal Decomposition) Let H be a Hilbert space
with inner product (-,-)g and S C H a closed linear subspace. Then S+,
the orthogonal complement of S w.r.t. (-,-)g, is a closed, linear subspace of
H, too. Moreover, every h € H can be uniquely decomposed into h = s+ s+,
where s € S and s+ € S*. That means

H=S&®S5".

The element s is called the orthogonal projection of h upon S.

Proof: For the proof see [Yo71], pp. 82. O

Remark 3.2.7

We can apply the previous lemma to our setting with H = H}(Q),
S =V and S+ = VIl Jeading to

Hé(Q) — Vdiv D VdiV,J_'

If we want to determine the pressure p corresponding to the velocity solution
u of (3.8), it suffices to test (3.8a) for v.€ V4¥:L. This is the case since for
v € V4V the pressure p does not appear anymore and by the previous lemma

we know that . .
Hé(Q) — lev D leV,J_.

Therefore we get

alu, v )+b(v,p) = f(v), VveVIn

evdiv cvdiv, L

=0

The resulting problem is:

Let u € V4" be the velocity solution of (3.8), then for given f € H™1(Q)
find p € L3(€2) such that

b(v,p) = f(v), Vv Vit (3.12)

This problem will be analyzed in Section 5.2 in more detail.
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4 Low Order Finite Element
Discretizations

The existence of a unique weak solution of the Stokes problem was proven in
Chapter 3. However, the aim is to find a satisfactory approximation of the
solution (u, p). To that end, one has to use a discretization method, since the
computers are not able to deal with infinite dimensions. The finite element
method is a common technique to discretize systems of partial differential
equations in space, in order to find an approximate solution.

As we have seen for the continuous setting, for the unique solvability in
particular the inf-sup condition has to be satisfied. This is also the case
for the discretization. Not every combination of velocity and pressure finite
element spaces leads to unique solvability. For the analysis in this chapter
n € {2,3} is assumed.

4.1 (Mixed) Finite Element Methods

When using the finite element method for the discretization of the Stokes
problem, one has to replace the infinite-dimensional test spaces, V := H}(£2)
and @ := L3(Q2), by finite-dimensional spaces. The use of different test spaces
for the different variables when searching for a solution yields the term mixed
finite element method.

Since we choose two finite element spaces, a velocity finite element space
and a pressure finite element space, the finite element method for the Stokes
equations is naturally arising to be mixed.

Let © be a polyhedral domain. The first step is to decompose the domain

Q2 C R", n = 2,3, into polyhedrons. The result is called triangulation 7j,
with h denoting the grid-size defined by h := max diam(T). For £ C R? one
S

typically uses triangles or rectangles and their three-dimensional equivalents,
tetrahedrons and hexahedrons, for n = 3. These polyhedrons are called mesh
cells and their union is the grid or mesh.
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We assume {7}, h > 0, to be a family of regular triangulations of €.
Thereby, the term regular triangulation involves for T, T, Ty € T}, the fol-
lowing properties:

1. T is closed, OT is Lipschitz continuous and int(T) # (.

2. For T1 7é T2 it is ll’lt(Tl) N IIlt(TQ) = Q)

3. TiNTy; =R with R € {m-faces: m = —1,...,n— 1},
where a (—1)-face is defined as the empty set.

4 0= U T

TeT,
5. Regularity: There is a constant C' > 0 independent of h > 0 such that

Z—; < C, VT € T,, where ht is the diameter of T, i.e., the diameter of
the smallest circumscribed sphere and pr denotes the diameter of the
largest inscribed sphere of T.

In the second step, one has to choose the finite element spaces. They will
serve as test spaces for the solution. The idea is to replace V and () by finite-
dimensional spaces. Subsequently, we will denote the finite-dimensional ve-
locity space by V;, and the finite-dimensional pressure space by ), where h
determines the grid-size again.

Finite element methods can be classified according to the relation between
their finite element spaces and the primary infinite-dimensional trial and test
spaces:

Definition 4.1.1 (Conforming / Nonconforming) A finite element
method for the Stokes system is called conforming if for the corresponding
finite element spaces it holds: 'V, C H}(Q) and Q) C L3(R2), otherwise
nonconforming.

The velocity and pressure fields are usually approximated by elementwise
polynomial functions. For simplicity, the theory is developed for a so-called
reference mesh cell. A more detailed introduction into finite element theory
can be found in [John13].

Definition 4.1.2 (Affine independence) A set of n+1 pointsxq,...,X, €
R™ s called affinely independent, if X1 — Xq,...,X, — Xo are linearly inde-
pendent.

Definition 4.1.3 (n-simplex) A n-dimensional simplex, short n-simplex,
is the convex hull of n 4+ 1 affinely independent points in R™.
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Definition 4.1.4 (Reference cell) The reference cell T C R™ is an n-

simplex formed by taking the convex hull of the points Xg = 0, X; = e;,
1=1,...,n.
Remark 4.1.1
1. The vectors e; are the cartesian unit vectors in R”, i.e.,
d T
e=(0 --- 010 ---0).
2. Assume T = conv(Xo,...,%X,) and T = conv(ry,...,r,). Using an
invertible affine map Fr : T — T, Fp(X;) =r;, i = 0,...,n, one can

define finite element spaces on T € T}, see Figure 4.1.

Xo Fr

NS

rs

. . T
Xq X1 Io Iy

Figure 4.1: Invertible, affine map between the reference triangle and an-
other triangle in 2D.

Definition 4.1.5 (Polynomial spaces on T) Let T;, be a triangulation of
the domain 2. The space of polynomials of degree smaller or equal to k on
an element T € Ty, is defined by

Py(T) : = span{x“ : || < k}
= {p:T—HR:p(X): Z aaX”, aaER}
la| <k

with

n

n
o= (o,...,ap), x¥ = [ = 2725?22, and k € Ny.
i=1

Remark 4.1.2
The space of all linear polynomials on a mesh cell T is

P (T) := {a0+2aixi:x: (x1,...2,) €T, GR}.

=1

For n = 2 one obtains P;(T) = span {1, z1, 25} . The space of constant
polynomials on T is Py(T) = span {1}.
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Lemma 4.1.1 The dimension of P.(T) is

dim (Py(T)) = (” - k) .

n

Proof: We proof this statement by giving a bijection:

) Qa9

The monomials z{'x5? - - - 2™ with |a] < k, k € Ny, form a basis of

Py, (T) . So we have to compute the cardinality of
M(n, k) ={a e N} : |a| < k}.
Define a map
£:M(n,k) = {re{0,1}"": r| =n},

(o, 09,...,00) — (0,...,0,1,0...,0,1,...,1,0...0,1,0,...,0).
—— —— ~—— ——

o1 o2 an k—|of
So for any monomial with |a| < k there exists exactly one (n + |a| +
k—|al|) = (n+k)-tuple with entries in {0, 1} with exactly #1 = |r| =n
and vice versa. Obviously this is by construction a bijection, hence

dim (Py(T)) = [M(n, k)| = [{r € {0, 1}""* : [r| = n}| = (” N ’“) .

n

For the definition of finite elements one has to specify linear functionals de-
fined on Py(T). Finite elements whose linear functionals evaluate the poly-
nomials on certain points in T are called Lagrangian finite elements.

Definition 4.1.6 (Unisolvence) Let @t 1, ..., P gimp, 1) @ C(T) = R
be linearly independent, linear, and continuous functionals. The space Py(T)
is unisolvent with respect to the functionals, i.e.,

Va € RI™T) 3 € P(T) : dpi(p) = a;, i =1,...,dim(P(T)).

Remark 4.1.3

1. If we choose a basis of RU™(P(T) ets say a = e;, the unisolvence im-
plies that there exist dim(FP,(T)) elements of Py(T), p1, ..., Pdim(p,(T)):
with

CI)T,i(pj) = 5ij7 Z,j = 1,,d1m(Pk(T))

39



The elements py, ..., Paim(p,(T)) form a basis, the so-called local basis

of P;(T). Unisolvence means that any p € P,(T) is uniquely deter-

mined by its values under the functionals, the degrees of freedom. For

example, a linear polynomial on a triangle is uniquely determined by
2+1

dim(P(T)) = (n jz— k) = ( —5 ) = 3 linearly independent points in

the triangle, e.g., the vertices.

2. One can define finite elements on quadrilaterals and their n-dimensional
analogues and do a similar analysis for spaces of n-linear polynomials
Qr(T) :==span{x*:0< a; < k,i=1,...,n}.
For k =1 and n = 2 this gives Q1 (T) := span {1, z1, x2, z122} .
The reference cell is then the unit cube, i.e., K = [0,1]" or K = [—1, 1]™.
3. Global definitions result from the cellwise restrictions.
Notation:
In the next sections, especially in Chapter 5 and 6 we will use the following
notation.

Let {T»}, h > 0, be a family of regular triangulations of Q and Q@ C R",
n = 2,3, a polyhedral domain with Lipschitz boundary. Then denote by

xt — the barycenter of the simplex T € Tp,,

Fji — the set of all (n — 1)-dim. simplex faces in 7p,

Fn — the set of all (n — 1)-dim. interior simplex faces in 7p,
xp — the barycenter of the face F € Fj,

nr — (unit) face normal on F € Ff

with arbitrary but fixed orientation for F € Fj,

and outwards (w.r.t. ) pointing orientation for F € F} \ Fj,

e Fr — the set of faces of the simplex T € T,
e nry — (unit) outer normal of the simplex T € 7}, at the face F,
e T,|Ty := F — face between T, Ty € T, for an interior face F € Fj,

belonging to T; and Ty, Ty # Ts.

Definition 4.1.7 (Face jump) For T1,Ty € T, and ¢ € C(Ty) N C(Ts)
we define the face jump for all x € F = T4|Ty € F by

1660 = (,_lm, o(nmr+ lm  o(ynr,e

) nNg.
y—x,yeT1 y—x,y€T2
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Remark 4.1.4

Consider an elementwise constant function ¢ € Py(T;) N Py(Ts) with
F = T4|T5. Then for the face jump one obtains

[[Q]]F(X) = (q,TlnThF + QITznszF) -y
= ¢|r,n7, F - DF + ¢|T,07, F - DF.

For the scalar product of two vectors a and b in R™ with angle o we
have the characterization

a-b = |a||b|cos(a).
Therefore we conclude

1, if nr, p = Ng

1, ifnrp——np fori=1,2.

nr,r-Nr = {
Hence depending on how the face normal ng was chosen, we obtain

lale = ¢lT, — ¢lTs

or
[[QHF = Q|T2 - Q|T1~

4.2 Application to the Stokes Equations

Finite element formulation of the Stokes problem:

Find (up,pn) € Vi, X @), such that

an(ap, vi) + (Vi on) = fu(vh), Vv, € Vi,

4.1
by(up, qn) =0, Y, € Qn, (4.1)

with
ah(uh,vh) = Z /Vuh . VVh dX,

TeTy T

bh(Vh, pn) = — Y /(V - Vi)ph dx,

TeTy, T

fo(vi) = > /f-vhdx.

TeTh T

The usual notation for a pair of finite element spaces is V;,/Q}.
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The aim of this section is to explain how a finite element approximation
of the Stokes equations can be computed. An important issue consists in
choosing appropriate finite element spaces.

In what follows, we will figure out how to choose the "right" finite element
spaces for the Stokes equations.

Solving the finite element discretization of the Stokes problem:
V,, and @y are by definition finite-dimensional spaces, hence they both have
finite bases. Let dim(V,) = J and dim(Q,) = K. By choosing a basis
{@;}]_, of V), and a basis {¢y}1_, of Qx, we may write

J
u, = Zozjqu, Yuy, € Vy, (42)
=1
and
K
o= B, Vpu € Qn, (4.3)
=1

for some constants «;, 8, € R.

Since the first equation in (4.1) holds for all v, € V, it suffices to test it for
all basis elements of V. For the same reason the analogous statement holds
for the second equation for @).

Inserting the basis representations of uy, (4.2), and py, (4.3), into the equa-
tions (4.1) and using the bilinearity of a(+,) and by(+,-) we end up with

J K
S an(;, b))y + > by, ) B = fuldy), I=1,....J
= = (4.4)

J
> bu(g;, vi)oy; =0, i=1,..., K.
j=1
This is a quadratic linear system of equations where the number of unknowns
(cv1,...,ay, 01, ..., Bk) equals the number of equations (J+K).
Linear operators on finite-dimensional spaces can be represented by matri-

ces, provided that bases where chosen. Thats why the problem (4.4) can be
expressed in matrix form as

EHE-H e

=:Mjp,
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with

(Ap)iy = an(d; ), An € R7*,
(Bn)ij == bu(;,¢:), B € R/,
(up); ==y, uy € R,

(pn)k == Br, Pn € RE,

(fu)i == fulpy), £ €eR

Remark 4.2.1

In what follows, we will deal with conforming finite element discretiza-
tions unless otherwise stated. For conforming finite element methods
the discrete bilinear forms and the linear form given in (4.1) agree with
their continuous counterparts from Section 3.2.1 when restricting V to
V), and @ to Q. Defining ||(-)||v, = (an(-, -))%, we get for conforming
finite element methods ||(*)[lv, = |V ()]l 2.

The linear system of equations (4.5) is uniquely solvable if the corresponding
coefficient matrix M), has full rank which is equivalent to its invertibility.

Theorem 4.2.1 Let {¢;}]_, be the basis of the finite-dimensional space
Vi C V. Then the matric A, € R” defined by (An)y; = an(d;, ¢),
Gl=1,...,J, is

(i) symmetric and positive definite,

(i) invertible.

Proof: Represent uy, vy, € V;, by
J J
u, = Zuicﬁi and vy = Zvjqu.
i=1 j=1

Denote the vectors that consist of the coefficients by x := (uy, ..., uy)"
and y := (vq,... ,UJ)T, then it holds

J J J
ah(uhyvh) = ah(z u@;, ng‘(ﬁj) = Z uivjah(¢iv ¢j)
i=1 j=1 i,j=1

) (4.6)
= Z UV Q55 = yTAhX = <AhX7 Y>RJ‘

1,7=1
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(i)
Ay is symmetric <= Ay, = AZ

= (Ax,y)rs = (X, Apy)ws

4.6
ah(uh, Vh) = ah(vh, uh), Vuh, vV € Vh Cc V.

The latter is true by Lemma 3.2.1.

Ay, is positive definite <=y’ A,y >0, Vy cR’\ {0}
— (Apy,y)rs >0, VyeR’\ {0}
<~ ap(vp,vp) >0, Vv, € Vi \ {0}
This was already shown in Lemma 3.2.1.

(i) By part (i), Ay is positive definite, i.e., xT A;x > 0,Vx € R’ \ {0}.
This implies

ker(A) := {x € R’ : A,x = 0} = {0}.
The rank-nullity theorem yields

dim(R”) = dim(im(Ay)) + dim(ker(A))
= dim(im(Ap)) + dim({0}) = dim(im(Ap)).

—_———
=0

Hence, Aj, has full rank and is invertible. O

The regularity of Ay, is equivalent to the fact that A, has full (row) rank. It
remains to show that By, has full row rank, i.e., rankrow(Br) = K. Therefore,
K < Jis necessary, since otherwise there were more conditions than variables
and thus linear dependent rows in the system matrix Mj,.

Theorem 4.2.2 Let B € REX/ K < J, and denote by || - ||2 the Euclidean
norm. Then

q’Bv
rankrow(B) = K <= inf sup ———— > 3 >0.
a€RF\{0} ycRr/\ {0} all2([v]]2

Proof: ,,<= “: This direction is proven by contradiction. To that end, let

TR
inf  sup XV 5550 (4.7)
qa€RF\{0} veRr7\ {0} lall2/v]l2
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and we assume

rankyow(B) # K

which is in fact equivalent to

rankrow(B) < K.

Then,
rankrow(B) < K < ker(B") is nontrivial
& dqeRE\{0}: q'B=B"q=0
= 3qeRX¥\{0}: q"Bv=0, WwecR/
T
B
= dqcR¥\{0}: sup 42V _
ver/\{o} [|VI|2
T
B
= inf su AoV <0

p
qa€RM\{0} yveRr/\ {0} lall2/lv]l2

= rankrow(B) = K.

,2— “: Let
rankrow(B) = K.

Then,

rankrow(B) = K = ker(B") = {0}
& VqeR¥\{0}: ¢"B=DB"q+#0.

Choosing v = BT q leads to

) qTBV ) qTBBTq
inf sup ————— > In TR
acR*\{0} yers\ (o} [|all2[| V]2 — aerX\{0} [|q||2][ BT q]l2
. IB7al3 Bl
acrf\{0} ||q|2||BTqlls  aerx\{o} ||q]l2
The term

IB"all; _ a"BB"q
lall3 q’q
is known as the Rayleigh quotient and by Lemma 2.3.3 it is bounded
by the minimum and maximum eigenvalue of BB7:

q"BB'q

)\min BBT S
(BBY) < g

< Amax(BBT),  Vq € R\ {0}
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1B all3

aeR®\{0} [|ql[3

= Amin(BBT).

It is BBT = (BT)"BT = (BB”)T, so BBT is symmetric and it is
2
positive semidefinite since x? BBTx = (BTx) > 0. Therefore all of its

eigenvalues are positive or zero. By assumption, B has full rank, which
is equivalent to ker(BT) = {0}, hence

(B'x) =06 B'x=0&x=0
and therefore zero is not an eigenvalue of BBT. Hence Ayin(BBT) > 0.
Altogether yields
TBv

1
inf sup 4oV > (/\min(BBT))2 > 0.
a€R*\{0} ver\ fo} |1all2]| V]2

Remark 4.2.2
The reader might have noticed the similarity of the condition (4.7)
to the inf-sup condition (3.11). We have seen that M), is invertible if
Aj, is non-singular and (4.7) is fulfilled. Obviously, the finite element
spaces cannot be chosen arbitrarily. For By, to be invertible, there is a
necessary condition stating K < J. This gives the relation

dim(Qy) < dim(Vy). (4.8)

Similar as for the continuous setting, one can reduce (4.1) to a problem on
the space of discretely divergence-free functions.

Definition 4.2.1 (Discretely divergence-free) A function v, € Vy, is
called discretely divergence-free if

bh(Vh,qn) =0, Vg € Q.

Furthermore, define the space of discretely divergence-free functions by

Vi = {vi € Vi, - ba(vi, qn) = 0, Yagn € Qn}-

The finite element approximation of the velocity is the solution u;, € Vv
of

ah(uh,vh) = fh(Vh)a VVh & V%iv.
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Definition 4.2.2 (Discrete Inf-Sup condition) The spaces V;, and Qy,
satisfy the discrete inf-sup condition if

38 >0: inf M> *.

> (4.9)
n€Qu\M0} wpevi oy [1anllollunllv

Now, requirements analog to the continuous case are derived for the guaran-
tee of the unique solvability.

Theorem 4.2.3 Let ay(-, -)% define a norm in Vy, and let the discrete inf-
sup condition (4.9) be fulfilled by V}, and Q. Then the problem (4.1) has a
unique solution (uy, pp).

Proof: If the bilinear form ay/(-, -)% defines a norm in Vj, one obtains
1\ 2
ah(uh, llh) Z 1-ah(uh, uh) =1 (ah(uh, Llh)§> =1- HuhH%,h, Vuh € Vh-

Thus, a(-, ) is Vy-elliptic and since ViV is a subspace of V), it is also
V&V_elliptic. The rest of the proof follows from Corollary 3.2.2. O

Definition 4.2.3 (Interior / Exterior method) The finite element
method (4.1) based on the spaces Vi, and Qy, is called interior if discretely
divergence-free vector fields are weakly divergence-free, i.e.,

V%iv C Vdiv‘
If Vi & VW the method is called exterior.

Remark 4.2.3
It is important to notice that discretely divergence-free functions do

not have to be (weakly) divergence-free. Even if V), C V and Q, € Q
it is in general VIV ¢ V4. This is the case because functions in V4"
fulfill more conditions than functions in V#v. Assume V;, C V, then
the vanishing of the bilinear form b(vy,q,) = 0, Vg, € Qp, does not
imply bn(vn,q) =0, Vg € Q, for @, C Q.

The physical interpretation is that using a finite element method for
approximating solutions of partial differential equations, describing an
incompressible flow, might result in the violation of mass conservation,
which is modeled by the incompressibility constraint (3.1b).

Thereby, the strength of the deviation depends on the choice of the
finite element spaces. Indeed, there are finite element spaces leading to
mass conservation, but the discrete inf-sup condition is then satisfied
for special meshes only.
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4.3 The Choice of the Finite Element Spaces

The theoretical analysis has shown that the finite element spaces have to
be chosen carefully in order to get satisfactory approximations. Attention
should be paid to two aspects:

e The discrete inf-sup condition, i.e., the existence of a unique solution.
e The conservation of mass, i.e., the physical reasonability.

This section is devoted to the examination of these aspects, especially by
examples.

The more important aspect is of course the inf-sup stability, since the incom-
pressibility only provides an information about the quality of the solution.
Nevertheless, we start by investigating the incompressibility.

4.3.1 The Weak Mass Conservation

Apart from the inf-sup condition, in some applications mass conservation
is of particular importance. So one would like to have a discrete solution
uy, which is not just discretely divergence-free, but does conserve mass in a
weak sense. Therefore uy, is required to be weakly divergence-free, u;, € V4V,
This could be realized by using so-called interior methods, i.e., methods with
Vv ¢ VAV because then vy, € VY = u;, € VIV, As already remarked in
the end of Section 4.2, finite element methods are in general exterior meth-
ods, i.e., ViV ¢ Vvdiv,

Consider a very special relation between the discrete velocity space V) and
the discrete pressure space Qy,, namely assume they fulfill

V-V, C Qh. (410)
The solution u, € V, of (4.1) is discretely divergence-free, i.e.,
br(up, gn) =0, Van € Qn. (4.11)

Since (4.10) implies V - u;, € @), and (4.11) holds for all elements in @), it
has to hold

0= bh(uh, V- uh) = / (V . uh)2 dx
Q >0

= V-u,=0.
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So the relation (4.10) is a desirable property of a finite element pair since it
enforces that discretely divergence-free functions are weakly divergence-free,
thus leads to an interior method.

Choosing the discontinuous finite element pressure space Q, = Py N LE(€2)
is another advantageous strategy, because local (elementwise) mass conser-
vation can be expected. The elementwise constant function

1, x e T,

_ ) _ 1T T

qh = T[> X € )
0, else

is then an element of @);,. Let T, TV be any two mesh cells in 7;, with T # T".
Testing the second equation in (4.1) with this g, yields

T
O—bhuh,qh Z/qhv uth——/V-uhdx+| ’/V-uhdx
|T|
TeTh T T T
:/V-uhdx:|T/|/V-uhdx

= /V u,dx =

d
|T| /V uy, dx.

[T J
Fixing T and varying T yields
1

mT/V-uhdx—‘T//V w,dx, VI €T,

1 |
:>30€R;m/v-uhdx: I’/V-uth:C’, VT € Ty,
T T

|'T
By the Gaussian theorem it is

/V uth—/uh nds = 0.

0
Therefore we obtain
O:/V-uth— /v w, dx
Q TeTh T
:Z|T|T/V wdx= 3 |T].C =1 C
TeT, ’ ’ TeTy,
—C
— (C =0.

Thus, we conclude that

/v.uhdx:o, vT € T,.
T
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4.3.2 The Discrete Inf-Sup Condition

Some popular finite element spaces do not fulfill the discrete inf-sup condi-
tion. There is no possibility to draw the conclusion that the finite element
method is inf-sup stable, from the fact that the continuous setting satisfies
the inf-sup condition. To illustrate that let 3 > 0 be the inf-sup constant of
the continuous Stokes problem. For conforming methods it is

b(uy Qh) . b(ll, q)

inf su > inf sup ——m——F— >0,
0 €Qu\M0} wewv\(o} lanll 22 [ullv ™ 4€@\(0} uevjoy gl 2@ llullv

because ), C ). Now the inclusion V;, C V only enables an estimation
such that the above term is bounded below when restricting on V;. Thus
we cannot infer inf-sup stability of the discrete Stokes system. The discrete
inf-sup condition is a compatibility condition on the discrete spaces Vj, and

Q-

In order to guarantee the convergence of the finite element method, the
discrete inf-sup constant S* has to be mesh independent. This is the case
since the inverse of the discrete inf-sup constant enters the finite element
error estimates. For details see [John14].

Lemma 4.3.1 Let the pair V,,/Qy, fulfill the discrete inf-sup condition (4.9).
Then it is also fulfilled by

1. Vh/gh; ZfAY/h D) Vh,
2. Vi /Qn, if Qn C Qn.

Proof: 1. Taking the supremum over a larger set (superset) can only in-
crease its value.
2. Taking the infimum over a smaller set (subset) can only increase
its value.

Hence, the enlargement of Vj, respectively the reduction of @);, can only
lead to an increased discrete inf-sup constant, if existing.

So given a pair of finite element spaces, which does not quite satisfy the
discrete inf-sup condition, the latter idea should be applied.

In many cases, the problem is that there does not exist a positive constant
p* satisfying (4.9), i.e., one gets

b
wf s owlwa) o
ar€Qi\O0} weviy\ (o |1anll 2 |l unllv,
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Definition 4.3.1 (Stable / Unstable finite element pair) A pair of fi-
nite element spaces V5, /Qy is called unstable or inf-sup unstable if it does
not fulfill the discrete inf-sup condition (4.9), otherwise the approximation
by V1,/Qp is said to be inf-sup stable or just stable.

Next we will emphasize two problematic cases.

Case 1: The Locking Phenomenon
The locking phenomenon is given if u;, = 0 is the only discretely divergence-
free velocity field in Vy,, i.e.,

byp(un, gn) =0, Vg, € Qn < u, = 0.

This leads to a useless discrete velocity, since u;, = 0 is generally not a good
approximation for the velocity in the Stokes system.

Case 2: Spurious Pressure Modes
Assume there exists a discrete pressure p, € @y, with p, # 0 and

bn(Vh, Pr) = 0, Yvi, € Vp,

then there does not exist a constant 5* # 0 and the discrete inf-sup condition
is violated. Indeed, for such a p, € @)}, it holds

b -
sup h(Vhaph) —0
vrevinor [[Vallv,
b
N inf h(Vwah) <0.

an€Qu\0} v,evi\ (o} IVallv, lanllg, —

Hence the discrete inf-sup condition cannot be fulfilled.

Moreover, assume (uy,py) solves the discrete Stokes problem (4.1), then
(up, pn + pr) with by (ve,pr) = 0, Yv, € Vi, b # 0, is a solution, too.
Such a pressure py, is called spurious pressure mode and a finite element pair
V},/Q, with a spurious pressure mode is unstable.

To summarize, the velocity finite element space should be chosen large enough
to contain nontrivial discretely divergence-free functions whereas the pres-
sure finite element space has to be small enough to not include nontrivial
functions leading to a violation of the discrete inf-sup condition as presented
in the second case.
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The pressure finite element function is defined to be continuous on the mesh
cells but at the interfaces it can be discontinuous. This is the case since
derivatives of the pressure do not occur in the weak formulation. Note that
the relation Q, C Q = L2(f2) does not imply that the discrete pressure is
continuous. In contrast to that, the conforming velocity finite element func-
tion is required to be continuous on the entire space, due to the appearance
of the gradient.

Remark 4.3.1

There are several different techniques to prove the discrete inf-sup con-
dition. The most useful ones are probably Fortin’s trick from [Fort77]
and the macroelement technique from [Sten84]. We are not going into
this here, but a summarized explanation of the techniques can be found
in [BoBrFor06], pp. 56.

4.3.3 Inf-Sup Unstable Pairs of FE Spaces

From the above discussion, it should be clear that a careful choice of the
discretization spaces for the velocity u and the pressure p is necessary in
order to satisfy the discrete inf-sup condition.

The probably easiest choices for finite element spaces violate the discrete inf-
sup condition. In this section we will discuss two-dimensional examples of
finite element pairs for the cases mentioned in the previous section, leading
to instability on a simplicial triangulation.

We will sometimes abbreviate the finite element spaces for the Stokes prob-
lem, based on polynomials of order k by Py, respectively Py, instead of V,,
respectively Qy, for simplicity and their discontinuous counterparts by Pac.

P,/Py — The Linear-Constant Element Pair.

In the following, it is illustrated how the locking phenomenon (Case 1) can
arise.

Define

Vi, = {vi € C°(Q) : vi|r € Py(T), ¥T € Ty, and vylon = 0}
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and

Q= {qh € L*(Q) : gu|r € Py(T), VT € T, and /qh dx = 0} :
Q

This means that the velocity is approximated by a continuous, elementwise
linear function with homogeneous Dirichlet boundary condition and for the
pressure, elementwise constant functions in L3(€2) are used.

T T

Figure 4.2: Elements of the triangulation 7, with the local degrees of free-
dom represented as filled circles for the velocity (left) and with
the local degree of freedom pictured by a circle for the pressure
(right), for the Py/ Py element.

This choice of finite element spaces leads to a conforming method since
V, C H[l)(Q) and Q) C Lg(ﬂ)

The divergence of a linear function is constant, hence for v, € V;, we obtain
(V-vp)|r = const., VT € Ty, i.e., (V-vp)|r € Po(T). Together with the ho-
mogeneous Dirichlet boundary condition this implies local incompressibility:
(V-vp)|r =0, VT € 7). The Gaussian theorem particularly gives

/V'Vth:/Vh-ndS:O, Vv, € Vy,
Q o

so that we can infer V - v, € Q.

Due to the satisfaction of the property (4.10), discretely divergence-free func-
tions are weakly divergence-free. So this finite element pair would lead to a
divergence-free approximation of the velocity.

Unfortunately, for general meshes, this choice of finite element spaces is not
inf-sup stable.
Consider a square domain € subdivided into 2N? triangles T € 7}, as shown
in Figure 4.3.
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N +1

N +1

Figure 4.3: Triangulation of £ with (N — 1)? inner nodes for the unstable
P,/ Py-finite element

For the triangulation shown in Figure 4.3 it is
dim(V}) = 2- # inner nodes = 2(N — 1),

since the homogeneous Dirichlet boundary condition fixes the values at the
boundary nodes and

dim(Qy) = # triangles —1 =2N? — 1,

since the value in one element has to balance the integral mean value such
that [ g, dx = 0. Hence
Q

dim(Qp) > dim(Vy), for N > 1,

and we have more degrees of freedom for the pressure than for the veloc-
ity. This violates the necessary condition (4.8) and the matrix By in (4.5)
has more rows than columns and therefore a function u;, € Vj, is overcon-
strained. Hence, the only discretely divergence-free velocity field then might
be u;, = 0. We conclude that this finite element pair is not inf-sup stable.
Note that dim(Qp) > dim(V},) does not necessarily imply that u, = 0 is the
only solution, because some rows in the matrix B, could be linearly depen-
dent for the chosen mesh, thus reducing dim(Qy).

P,/P, — The Linear-Linear Element Pair.

This pair belongs to the group of equal-order finite element pairs and serves
as an example for the Case 2.
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The pressure and the velocity are both approximated by continuous, piece-
wise linear finite element functions. Consider the following model problem
for the Stokes equations:

Let © = (0,1)? be a domain with a triangulation 7;, and let each triangle
T € 7T, be given as the convex hull of the nodes {agT,a; r,as1}. Assume
that py, is given such that the sum of its values at the nodes of each triangle
is zero:

jzoﬁh(ai”r) = 0. (412)

Such a setting is illustrated in the following Figure 4.4.

Q
-1/]0 1 -1/]0 1
1 -1/]0 1 -1,/]0
0 1 -1/]o0 1 -1
-1/]0 1 -1/]o0 1
1 -1/]o0 1 -1/]0
0 1 -1 0 1 —1

Figure 4.4: A spurious pressure mode for P/ P; with nodal pressure values.

Since vy, is linear on each triangle, (V - vy)|r is constant. Together with
(4.12), this implies

/phV Vth— Z /phV Vth— Z(V'VhNT/ﬁth
T

T€7-hT TeT,
= Z V Vi, |T th =0, Vv, € V.
TeTh

=0

For the third equality we used Gaussian quadrature, which is exact for linear
functions. Hence, the P;/P; finite element pair generally can have spurious
pressure modes and is therefore unstable.
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Q;1/Qo — The Bilinear-Constant Element Pair.

This finite element pair is another one where spurious pressure modes ruin
the stability (Case 2). Again we consider £ = (0,1)?, this time subdivided
into an even number (N + 1)? of squares with edge length h = ﬁ, N > 2.
The velocity is approximated by continuous, elementwise bilinear functions
in H} () and the discrete pressure is a discontinuous, elementwise constant
function contained in L3(£2).

Then it is

dim(V},) = 2 - # interior points = 2(N)?
dim(Qp) = # mesh cells — 1= (N +1)* -1
since N > 2 and therefore this finite element pair could be inf-sup stable. But

it is unstable because it has the so-called checkerboard-instability illustrated
in Figure 4.5.

Q
N +2
-1 1 -1 1 -1 1
1 -1 1 -1 1 -1
(ih,(j+1)h) ((i+1)h,(j+1)R) 1 1 1 1 1 1
1 -1 1 -1 1 -1
-1 1 -1 1 -1 1
(ih,jh) ((i+1)h,jh)
1 -1 1 -1 1 -1
N+2

Figure 4.5: Checkerboard-instability: A spurious pressure mode for Q;/Qo
with elementwise pressure values.

Denote by (ih, jh) the nodes of the triangulation starting with (0,0) in the
bottom left corner. Take the mesh cell T;; having the node (ih, jh) as bottom
left vertex. As a test function G, we choose Gp|r,, := (—1)"*7. Then g, is
elementwise constant and belongs to L2(€2). With the Gaussian theorem and
the trapezoidal rule it holds for each discrete velocity uy, € Vy,:
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/ GV -u, dx = (1) / u, -0, ds

Ti; OT;;

= (=1 Z(uh((z + 1)h, jh) +up(ih, jh)) - (—e2)

_|_
(ORIl O Il R e

(un(ih, (j + 1)h) + up(ih, jh)) - (—e1)

+ —(up((i 4+ 1)h, jh) +up((@ + )b, (j + 1)R)) - (e1)

+ —(up((@ 4+ )h, (j + D)h) +up(ih, (j + 1)h)) - (e2)].

Taking the sum over all mesh cells everything cancels but the values at the
boundary. They are zero anyway, so we get

/th ‘updx = 0, Yuy, € Vy,.
Q

Thus, this pair is also an example for an unstable finite element pair for the
Stokes system.

4.3.4 Inf-Sup Stable Pairs of FE Spaces

In this section we want to discuss some more interesting finite element spaces,
in the sense of stability. So we analyze several finite element pairs that come
up with an inf-sup constant independent of the mesh size h > 0.

Before talking about some inf-sup stable standard pairs, possibilities to con-
struct stable pairs from unstable ones, by eliminating the troublesome prop-
erties, are discussed.

To get rid of spurious pressure modes the idea is to exclude them from the
discrete pressure space. If the spurious pressure modes are the sole reason
for the inf-sup instability, according to [Gunz89], pp. 21, and [Linke07], pp.
38, one may often get useful finite element approximations by filtering out
the spurious pressure modes from the test space.

In the first example for unstable pairs, we had the problem of violating the

condition dim(Qy) < dim(V},) which is necessary for the discrete inf-sup con-
dition. To get rid of such a problem a good idea would be to enlarge dim (V)
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respectively to reduce the size of (), accordingly. This can be achieved for
instance by increasing the polynomial degree for the velocity approximation
or by refining the mesh for the velocity approximation. The latter procedure
is realized in the following example.

Pi-iso-Py/ Py — The Linear-Constant Element Pair on different tri-
angulations.

In the previous section we proved the instability of Py /P, for the case of con-
sidering the same triangulation for the velocity space and the pressure space.
Here, for the pressure space we take a triangulation 7, with mesh cells T},
and for the velocity space, in each cell, we connect the face barycenters with
each other, pictured for dimension 2 and triangles in Figure 4.6. Denoting
the resulting triangulation by ’Tg with elements T B the finite element spaces
are formalized to

V), = {vh € C'() : valr, € Py(Ty), VT, € T} NHL(Q)

[N

and
Qn = {an € L3(Q) : ul, € Po(Th), VT, € Tr}.

Thus, in the case of a two-dimensional domain we have 4 velocity triangles
for each pressure triangle.

Ty T,

Figure 4.6: Elements of the triangulations 7'% with the local degrees of free-

dom represented as filled circles for the velocity (left) and Tj
with the local degree of freedom pictured by a circle for the
pressure (right), for the stable P;-iso-Ps/ Py-element.

58



Consider again a triangulation of € into (N 4 1)? squares, each subdivided
into two triangles by connecting the top right and the bottom left corner for
the pressure space and the subdivision of it for the velocity space as described
above. Therefore one obtains

dim(V},) = 2# interior vertices = 2 [(2]\7 +3)? — (8N + 8)} =8N?+8N +1,
dim(Qy) = # triangles —1 =2(N +1)? — 1.

Thus we get

This is a stable finite element discretization, see for example [Gunz89], p. 27,
or [AuBrLov04], pp. 29.

The P,/F, Finite Element.

With this finite element pair, the velocity finite element space is in compar-
ison to Py /Py enlarged. The velocity is approximated by continuous, piece-
wise quadratic vector fields and for the pressure we use piecewise constant
functions.

Hence,
V, = {Vh S Co(ﬁ) : Vh’T € PQ(T), VT € T;,, and Vh‘ag = 0}

and
Q= {qh € L*(Q) : qu|r € Py(T), VT € T, and /qh dx = 0} :
Q

The local degrees of freedom are visualized in Figure 4.7.

The enlarging leads to the satisfaction of the discrete inf-sup condition which
is proven in [BoBrFor06], pp. 53.

Utilizing these finite element spaces is, however, not a satisfactory method.
According to [AuBrLov04], pp. 29, the convergence rate for the velocity
is suboptimal, due to the poor pressure interpolation. Furthermore, it is
V - Py C P the space of discontinuous, piecewise linear functions. Hence
Vv ¢ VIV and therefore we cannot infer that discretely divergence-free vec-
tor fields are weakly divergence-free. Nevertheless, we get mass conservation
elementwise since the pressure functions are constant on each mesh cell.
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Figure 4.7: Elements of the triangulation 7, with the local degrees of free-
dom represented as filled circles for the velocity (left) and with
the local degree of freedom pictured by a circle for the pressure
(right), for the stable Py/Py-element.

The Taylor-Hood Finite Element — P /P ;.

For k > 2, the velocity is approximated elementwise by polynomials of order
at most k and the discrete pressure space consists of elementwise polynomial
functions with one degree less, k — 1, at most.

Vit i={v, € C°Q) : vi|x € Pi(T), VT € Ty, valon = 0}

and

Q%HH = {qh € Co(ﬁ> : Qh|T € Pk,l(T), VT e E,/qh dx = O} .
Q

Both, the discrete velocity and the discrete pressure are continuous on the
entire domain. For k& > 2 this pair is inf-sup stable.

The easiest Taylor-Hood element in the sense of polynomial order, Py/ Py,
is shown in Figure 4.8.

The inf-sup stability for £ = 2 is shown for example in [Ver84|, [BrFort91],
pp. 252, and [GiRa86|, pp. 176. The proof for & = 3 can be found in
[BrFa91].

The Taylor-Hood element is neither locally mass conservative, nor weakly

divergence-free, since it uses continuous pressures. Therefore V-V # ¢ QFH
and one cannot infer weak mass conservation.
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Figure 4.8: Elements of the triangulation 7, with the local degrees of free-
dom represented as filled circles for the velocity (left) and with
the local degrees of freedom pictured by circles for the pressure
(right), for the stable Taylor-Hood element Py /P;.

The Scott—Vogelius Finite Element — P;,/ P{sc.

This finite element pair is pretty similar to the Taylor-Hood element. The
velocity space is the same but the crucial difference is the definition of the
pressure space. In the Scott—Vogelius element the pressure is approximated
by means of a discontinuous function which is elementwise a polynomial in
P;_1(T). The approximation spaces are

SV . TH
VvV .= VI

and
2 = {an € L(Q) : ulz € Pia(T), VT € To} N LE(Q).

The degrees of freedom on a mesh cell for the cases k = 2,3, n = 2, are
pictured in Figure 4.9.

For k > 4 and © C R?, Scott and Vogelius have shown the inf-sup stability
in [ScoVo85], Theorem 5.1, provided there are no singular vertices in the
triangulation. Thereby, an interior vertex of degree 4 (in the realm of graph
theory meaning that it has 4 neighboring vertices) is singular, if the four
adjacent edges lie on two straight lines as in Figure 4.10.

Hence the Scott—Vogelius pair is not inf-sup stable on general meshes. A way
to establish stability is to slightly perturb the singular vertices.
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Figure 4.9: Elements of the triangulation 7, with the local degrees of free-
dom represented as filled circles for the velocity (left) and with
the local degrees of freedom pictured by circles for the pressure
(right), for the Py/PY-element on top and P3/Ps*-element
beneath.

Figure 4.10: A singular vertex v.
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Moreover, Qin has proven the stability for & > 2 for a special family of
meshes called barycentric trisected meshes. Such a partition is obtained
by connecting the vertices of each triangle with its barycenter. For further
information see [Qin94].

A very nice point of these pairs is that they are weakly divergence-free due
to V- Py C PF ie., they fulfill (4.10).

Unfortunately, the discrete inf-sup condition is not fulfilled for arbitrary tri-
angulations.

The nonconforming Crouzeix—Raviart Finite Element - P}¢/F,.

Up to now we where considering conforming methods, i.e., those with V;, C
V and @ C Q. The crucial point thereby is the global continuity of the
discrete velocity. The usage of nonconforming methods can enable the use
of low order polynomial approaches.

The simple conforming finite element pair P;/F, is not inf-sup stable, but
Crouzeix and Raviart developed a nonconforming, stable version of it. The
sacrifice of conformity is the point of matter. The nonconforming finite el-
ement discretization by Crouzeix and Raviart [CrRaT73], also called P}¢/Fy, is
here introduced as another example for an inf-sup stable pair, see [AuBrLov04],
pp- 34.

The velocity finite element space V& is therefore the space of Crouzeix—
Raviart finite element functions defined by

VIR .= {Vh c L*(Q) : vur € P1(T), VT € Ty,
th]]F(XF) = 07 VF € ]:h;
vi(xp) =0, VF € F;'\ fh}

and consists of elementwise linear, usually discontinuous functions in L2(2),
which are continuous at the barycenters of interior faces F' and vanish at the
barycenters of boundary faces.

The pressure is approximated by elementwise constant functions with van-
ishing integral mean value over €2:
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= {an € LY(Q) : qulr € R(T), VT € Th}.

The conventional representation of the nonconforming Crouzeix—Raviart el-
ement is pictured for 2D in Figure 4.11.

T T

Figure 4.11: Elements of the triangulation 7, with the local degrees of free-
dom represented as filled circles for the velocity (left) and with
the local degree of freedom pictured by a circle for the pres-
sure (right), for the nonconforming Crouzeix—Raviart element
Pi¢/P,.

Remark 4.3.2

1. The continuity at the barycenters of the faces is equivalent to the face
jump being zero there ([v,]r(xr) = 0) and the homogeneous Dirichlet
boundary condition is imposed by v, (xg) = 0 for all boundary faces.

2. A function v, € V{® only has to be continuous in the barycenters of
the faces so in general v, will have nonzero face jumps at the tran-
sition from one mesh cell to another. The space QS is a subset of
Q, so || - llger = || - ll@- Although QSR C Q, conformity is ruined by
ViR ¢ V= H}(92). In addition, the functions in V! do not need to
have a divergence in L?(€2). Thus, the Crouzeix—Raviart finite element
space leads to a nonconforming method.

In fact, we are dealing with a discontinuous velocity finite element space.
Thus, we cannot use the usual differential operators, but should use their
elementwise defined counterparts.

Definition 4.3.2 (Broken Sobolev space) Let T}, be a triangulation of
the domain 2. We define the broken Sobolev space H(Ty,) by

HY(T;) := {v € L(Q) : v|r € HY(T), VT € Ty} .
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For such broken Sobolev spaces we want to introduce a broken divergence
and a broken gradient operator.

Definition 4.3.3 (Broken divergence and broken gradient) Let 7, be
a triangulation of the domain 2. The broken divergence is a map

Vi ()t H(Th) = L*(Q)
elementwise defined by
(Vi vi) e =V - (vilr), VT €T, v, H(T).
The broken gradient is a map
V() : HY(Ty) — L*(Q)
elementwise defined by

(Vth) ’T = V(Vh’T), VT e 771,V € H1<771)

This allows us to use the concept of the gradient and divergence for noncon-
forming finite element spaces V. Then

1
2
|Vill1n = (/ﬂ Vv Vv, dX)
is a mesh-dependent norm in V{=&.

The associated space of discretely divergence-free functions is

V;iliv,CR — {Vh c VSR b (Vi qn) = /Qh (Vi -vp) dx =0, Vg, € QER} :
Q

We denote the space of L2-functions with divergence in L? by
H(div, Q) = {u e L) : V- u € L*(Q)}
equipped with the norm

||uH%-I(div,ﬂ) = ||‘1Hi2(n) + IV 11H%2(n)~

Lemma 4.3.2 Let T, be a triangulation of 2 and u a finite element func-
tion, i.e., elementwise in C*. Then it holds u € H(div,Q), if u - np is
continuous on each ¥ € F,.
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Proof: Assume that u € L*(Q2) and let T, be a triangulation of the domain
Q. By Definition 2.2.4, V - u € L*(Q) if and only if there exists an
element s € L*(Q2) with

—/u-ngdX:/sgbdx, Vo € C(Q).

Q Q

For all ¢ € C§°(R2), using integration by parts, we compute

_/u Vodx = — Z/u V(bdX—TETh {/V u¢dx—/¢u nds]

TenT
Z /V updx — Z Z /¢u ny g ds
TeT, T TeT, FeEFT F
—/Vh updx — Y /(b[[u np|r ds
FG]'—hF
+ Z /gbu-nT,Fds.
FE]:;\]'—;LF

=0

The last summand vanishes since ¢ € C3°(€2). We see that u has a
divergence in L?*(Q2) if also the summand before last is zero. Therefore
the jumps of the normal components have to vanish on every interior
face, which is equivalent to the requirement that the normal component
of u is continuous at the boundaries of the mesh cells. O

Remark 4.3.3

It is VIvOR ¢ H(div, ), since discretely divergence-free functions in
VER do in general not have a divergence in L?(€2). Therefore they are
usually not weakly divergence-free.

Lemma 4.3.3 It holds
de CR {Vh € Vh Vh -V = 0} .

Proof: &:
A function v, € ViiV’CR is by definition piecewise linear since VilV’CR C
VR, Therefore, (V - v;,) |1 = const. for all T € T, implying V, - vj, €

66



L?*(Q2). The midpoint rule yields

Z/V-Vth: Z Z /Vh'nTFdS

TeTh T TeT, FeFr
= Z Z |F|Vh(XF)'nT,F
TeT, FeFT
= > |F|[va-np]r(xp)+ > [F|vi(xr) np
FeF, o FeR\mR. T 5
=0.

The terms vanish in the face barycenters by the definition of the
Crouzeix—Raviart element. It follows

/Vh-vhdx:O:>Vh~vhngR.
Q

By assumption we can now choose ¢, = V, - v, leading to

O:bh(Vh,vh'Vh):— Z /(V'Vh)2 dx = Vv, =0.

TeTh T

>0

2:
Assume v;, € VR with V,, - v, = 0. Then, it is

O:—/qh(Vh'Vh) dx = — > /qh(V~vh) dx

T€7~hT
=b, (Vi,qn), Van € Q5%

Now the task is to solve the problem (4.1) for the above introduced finite
element spaces. As we have seen in Theorem 4.2.3, the discrete problem has
a unique solution if ay(-,-) is Vi elliptic and the spaces VSR and QS
fulfill the discrete inf-sup condition.

Theorem 4.3.1 There is a constant C > 0 such that

an(Vh, Vi) > O”Vh”%,m Vv, € V(}iliv,CR’

i.e., ap(-,-) is V?Liv’CR-elliptic and there exists a constant 5* > 0 independent
of h with

b
5* S inf h(Vh7 Qh) .
2 €QF™\{0} v, eVER\ {0} [vIlLnllanllze )

Additionally V" £ {0}
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Proof: See [Ver98] pp. 71. O

Thus, V{R/QSE is inf-sup stable.

Using the Crouzeix—Raviart finite element for the velocity and approximat-
ing the pressure by piecewise constant functions, one obtains the following
error estimates.

Theorem 4.3.2 (Error estimates for the CR method) Let

(u,p) € HY(Q) x L3(Q) be the unique weak solution of the Stokes problem
with u € H*(Q) and p € HY(Q). Moreover, let (uy,pr) € VIR x QPR be
the unique solution of the discrete Stokes problem. Then there are constants
C1,Cs € R such that one gets the error estimates

la =yl + 0 = pallae < Coh{[ule) + ploe b

and for convexr domains S
lu = wpllea) < Cob? {Julmea) + Pl } - (4.13)

Proof: The proof is stated in [Ver98], pp. 76. O

Remark 4.3.4

This theorem illustrates the qualitative dependence of the finite element
velocity approximation on the pressure. The bigger the pressure p is,
the bigger the velocity error can get. This will also be seen analyzing
the Helmholtz decomposition for irrotational translations of the forces.
So, modeling certain physical systems using this discretization method
might not provide an authentic simulation of the reality.

It is desirable to use a method which on the one hand preserves the
order of convergence stated in Theorem 4.3.2 and on the other hand
produces a discrete velocity solution, such that the velocity error is
independent of the pressure. Moreover, it is desirable to get a weakly
divergence-free approximation. This is the subject of Chapter 5 and
Chapter 6.
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5 A Divergence-Free
Reconstruction for the
Crouzeix—Raviart Element

This chapter will cover a modified version of the nonconforming Crouzeix—
Raviart finite element method proposed by Linke in [Linke14]. The Crouzeix—
Raviart element fulfills the inf-sup condition and is locally divergence-free,
but its nonconformity is reflected in V{® ¢ H(div), i.e., in particular dis-
cretely divergence-free vector fields do not necessarily have a divergence in
L?. Consequently the utilization of this finite element pair results in an ex-
terior method. In fact most of the finite element methods for the Stokes
problem are exterior methods.

Via the Helmholtz decomposition, we will investigate that a special property,
the invariance property, is fulfilled for the weak formulation, but not necessar-
ily for the discretized system. Typically, exterior methods do not fulfill this
invariance property whereas divergence-free methods as the Scott—Vogelius
element do. The fact that the Crouzeix—Raviart element does not inherit
this property is reflected in the dependence of the velocity error (4.13) on
the pressure. This is equivalent to the change of the discrete velocity under
translations of the right-hand side in the discrete Stokes problem (4.1) by
gradient forces. Thus irrotational translations of the force field affect the
velocity error. The reason for that is the lack of L2-orthogonality for dis-
cretely divergence-free vector fields and irrotational vector fields, in contrast
to divergence-free vector fields.

The presented method modifies the finite element formulation for the
Crouzeix—Raviart element in a way that the right-hand side f is only tested
by projections on the lowest order Raviart—Thomas space. This Raviart—
Thomas projection maps discretely divergence-free vector fields onto weakly
divergence-free vector fields. Therefore, by L?-orthogonality of divergence-
free and irrotational vector fields, the pressure uncouples from the velocity
error (4.13) for this modified method and the invariance property is estab-
lished.

Additionally, this Raviart-Thomas projection provides a possibility to re-
cover a divergence-free velocity approximation.
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5.1 The Helmholtz Decomposition for Vector
Fields in L*(2) and the Helmholtz
Projection

The Helmholtz decomposition is a fundamental functional analytic result.
Remembering the fact mentioned in the beginning of Chapter 2 about the
gradient of a sufficiently smooth scalar field being irrotational, it states that
each L2-vector field can be decomposed into a divergence-free and an irrota-
tional vector field.

Lemma 5.1.1 (Helmholtz decomposition) Every vector field f € L*(£2)
can be uniquely decomposed into

f=Vo+w,
where ¢ € H'(Q2)/R is the solution of
/w  Vydx = /f Vydx, Vye HY(Q)/R. (5.1)
Q Q

Thereby

1. V¢ is irrotational and w is divergence-free,
2. w and V¢ are orthogonal in L*(Q), i.e.,

([W-ngﬁdx—o.

Proof: 1. Since the gradient of a scalar field is irrotational (see Lemma
2.1.1), the first part is trivially true. To show that w is divergence-
free we first see that it is an element of L?(£2):

w= f — Vo :>W€L2(Q).
—~ ~—
€L2(Q) €L2(Q)
For all ¢ € C§°(£2) it holds

5.1)

/W-dex:/f-dex—/V¢-dex(: 0.
Q Q Q
Using Definition 2.2.4 yields

oz—/w.v¢dx:/s¢dx, Vo € C(9)
Q Q
= s=0

<— V. -w=0.
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2. To show the orthogonality we compute

/w Vdx = / (f — Vo) - Vodx 2 0.
Q Q
(|
Remark 5.1.1
1. The quotient of H*(€2) by R is denoted by H(2)/R.
2. Problem (5.1) is the weak formulation of
—Ap(=-V-(Vop+w))=-V-f, in Q, (5.2a)
(f —V¢) n=0, on O0f). (5.2b)

Multiplying (5.2a) with a test function y and integration utilizing in-
tegration by parts and Green’s first formula yields

_/(A¢)de = —/(V ) ydx

<:>/V¢-dex—/(V¢~n)xds:/f~Vde—/(f'n)xds
Q Q

o o2

<:>/V¢-dex+/(f—V¢)-nde:/f~dex.
—_———
° o (5ib)0 on O e

3. Irrotational vector fields and divergence-free vector fields are orthogo-
nal in L2, provided that one of them vanishes at the boundary. For a
detailed analysis see [Sohr01], pp. 81.

Definition 5.1.1 (Helmholtz projection) Let f = w + V1) be the Helm-
holtz decomposition of £ € L*(Q2) as in Lemma 5.1.1. Then the map
P with P(f) = w

is a bounded, linear operator called the Helmholtz projection of L?(2).

5.2 Implications for the Stokes Equations

5.2.1 The Continuous Problem

The Stokes system can be decomposed into two problems decoupling the ve-
locity from the pressure. Firstly, a problem in the space of weakly divergence-
free functions has to be solved, leading to the velocity solution u. Secondly,
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this velocity solution is used to find a pressure solution for the problem stated
in the orthogonal complement V4V:+,

We have seen that in order to determine the velocity solution u € V4V of
the Stokes problem for a given f € L*(£2), it suffices to consider (3.10):

a(u,v) = f(v), Vv e vy
<:>/Vu:Vvdx:/f-vdx, Vv € Viv,
Q Q

When searching for the pressure p € L3(Q2) for a given f € L?(2), we have
to solve (3.12):

b(v,p) = f(v), Vv e Vit
<:>—/ (V-v)pdx:/ £.vdx, vy € Vi,
Q Q

Using the Helmholtz projection of f, (3.10) can be equivalently reformulated
as

/ Vu: Vvdx = / P(f)-vdx, Vve V¥, (5.3)
Q Q

Remark 5.2.1
To understand why (5.3) is an equivalent reformulation of (3.10) one has
to use the Helmholtz decomposition of f. According to that, f € L%(£2)
can be written as the sum of a divergence-free vector field w and an
irrotational vector field V. Hence we can replace f in (3.10) by its
decomposition f = w + Vi and use Remark 5.1.1(3) and Definition
5.1.1 to get

/QVu:Vvdx:/n(w—i-vw)~de:/QW'VdX+/QV1/J'VdX

—_——
=0

:/ w - vdx Def':E)'l'l/ P(f) - vdx, Vve Ve,
Q Q

An interesting aspect to study is the impact of changing the right-hand side
f on the solution. We will analyze the effect of adding an irrotational vector
field V¢ to the right-hand side on the solution (u, p).

Theorem 5.2.1 (Invariance Property) Let f € L?(Q) and (u,p) be the
solution of the Stokes problem (3.8). Then an irrotational translation of the

72



force field is totally balanced by the gradient of the pressure, i.e.,
influence on the velocity solution.

f—f+VYy=u—u

Proof: We will show the implication
f—f+ VY= (u,p) — (u,p+1).

1. As already described in Remark 5.2.1 it holds

/(f+V1/z)-vdx:/ fovdx, Yve Vi,
Q Q

Using this equality we obtain

it has no

(5.4)

/ Vu:Vvdx :/ P(f+V)-vdx :/ P(f)vdx, Vve V.
Q Q Q

The homogeneous Dirichlet boundary condition of the test func-

tion v was used to show P(Vy) = 0.

Hence, the solution u of the problem (3.10) does not change for

f—f+ V.

2. For the pressure approximation we have to solve (3.12):

b(v,p) = f(v), Vve Vi

For f — f 4+ V4 we get with integration by parts

—/v vpdx_/(f+w “”’)/f

—/w (V-v) dx+/ v-n) ¢ds
Q 0N N——

=0 on BQ

:/ f-vdx—/ b (V-v) dx, Vv e Vvl
Q Q

This implies that with this translation, p changes to p + 1.

To summarize, we have seen that the weak Stokes problem has the property
that the translation of the right-hand side f — f + V1 only leads to a trans-
lation of the pressure in the solution of the form (u,p) — (u, p+1). This can
be interpreted as the pressure gradient completely balancing an additional

irrotational force field.
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5.2.2 The Discretized Problem

For the discretized system, this invariance property (5.4) is not necessarily
satisfied. In the following, we will analyze the Crouzeix—Raviart element and
come to the conclusion that the discrete velocity varies under irrotational
translations of the force f.

Theorem 5.2.2 (Variance Property) Let (up,pp) be the solution of the
discretized Stokes problem (4.1) for the Crouzeiz—Raviart element. Then an
irrotational translation of the force field affects the discrete velocity solution
uy.

Proof: The discrete version of (3.10) for the Crouzeix—Raviart element reads
as: .
Find u, € V" such that

Z /Vuh :Vvpdx = Z /f vydx, Vv, € Viiv,CR.

TeTh T TeTh T

For f — f 4+ Vi we obtain

> [Vun: Vvidx = 3 [ (4 V6) - vy dx

T€77LT TE%T
= Z /f~vhdx—|— Z /Vl/}-Vth,
TG'ThT TE,ThT
Vv, € VIveR,

Of course, the properties the continuous setting possesses are desired
to be satisfied by the discretized system, too. Hence, one would like
to have the invariance property as in the continuous setting, i.e., the

second summand Y, [V - vy dx should vanish.
TeTn, T

Unfortunately, this is not the case. Discretely divergence-free vector
fields and irrotational vector fields are in general not orthogonal in
the L2-scalar product. Applying the Gaussian theorem to the last
summand yields
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Z/Vw.VthLemQ:.l.l(ii)_ Z/wv-vhdx+2/v-(¢vh)dx

TeTh T TeTh TETh T
=0 for VhEVfLiV’CR
== Z /V (wvh)dx
TeT, T
= Z /[[IDV}L . nF]]F ds -+ Z /wvh - Np ds.
FEFh i FeF\Fn

The term — Y. [¢V - v, dx is zero since by Lemma 4.3.3 it is v, €
TeT, T

if and only if V}, - v;, = 0.

The two resulting terms will usually not vanish. As a matter of fact,
the definition of the Crouzeix—Raviart element only assures that the
jumps, respectively values, in the barycenters of inner faces, respec-
tively boundary faces, are zero. Unfortunately, the vanishing of the
jumps of the normal components on the whole faces is required in or-
der to satisfy the invariance property. For details see [Kod14]. O

Vziv,CR

Thus, the separation of irrotational and divergence-free forces in the discrete
case for the Crouzeix—Raviart element is disproved. This dependence can
be seen in Theorem 4.3.2, where the a priori error estimate for the velocity
depends on the pressure p.

Remark 5.2.2

A special case points out the dramatic consequences this variance prop-
erty may cause.

Assume the given force field is zero, i.e., f = 0. Then (u,p) = (0,0)
is the solution of the corresponding Stokes problem with homogeneous
Dirichlet boundary conditions. An irrotational translation of the form
f — f+ Vo, ie, 0 — 0+ Vo yields the following change of the
solution:

(0,0) = (0,),

see Theorem 5.2.1. Thus, the velocity solution for an irrotational forc-
ing equals the velocity solution for f = 0. Using the finite element
method based on the Crouzeix—Raviart element, things look different.
This was analyzed in Theorem 5.2.2. The natural expectation is that
the bigger the irrotational part in the force field is, the bigger the ve-
locity error will be.
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5.2.3 The Raviart—Thomas Projection

In this section we want to present a modification which eliminates the just
explained dependency. This can be achieved via the Raviart-Thomas ele-
ment:

Definition 5.2.1 (Raviart—Thomas element) The lowest order Raviart-
Thomas element is defined by

b
VET . {vh e LA(Q) : viln(x) =ax + 2 (x — xq), T € Ty, ax € R", by € R,
[[Vh . IIF]]F(XF) = 0, VF € Fh,
vi(xp) -np =0, VF € F; \ .Fh}.

The degrees of freedom for VR can be seen in Figure 5.1.

T

l

Figure 5.1: An element of the triangulation 7, with the local degrees of
freedom represented as normal vectors in the face barycenters
for the velocity, for the Raviart—-Thomas space VT,

Remark 5.2.3
For v, € VET it is v;|p € H(div,T). In order to be in H(div,$2)
by Lemma 4.3.2, it suffices that the normal components v, - ng are
continuous at the transition from one cell to another cell. The normal
component vj,(x) - ng of a Raviart-Thomas field v, € VI is constant
along each edge F € Fr. This can be seen in Figure 5.2 by considering
the decomposition of x —x into its normal part (X — X7 )normal and its
tangential part (X — Xt )tangential- Using the fact that (x — X1 )iangential
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and np are orthogonal and that (X — X )normal i the same for all x € F,
yields

Vi|r(x) - np :aT'nF+£(X_XT)'nF
—— n

=const.

=const.

= const., Vxe€F.
This implies that
[vi - np]r(xp) = 0= [vi - np]r(x) =0, VxcF.

Therefore the normal components of a Raviart-Thomas field v, € VI
are continuous on the edges F € F;, which implies by Lemma 4.3.2

Vi c H(div, Q).

T

(x—xT)
(x_xT)normal

(x_xT)tangential

Figure 5.2: Visualization of the face-constant normal components of
Raviart—Thomas functions.

Definition 5.2.2 (Raviart—Thomas interpolation operator) The map
aRT VU VER — VI s defined by

1

= [v-npds, F € F,
(ﬂlf}TV) (xp) np =4 "F ) "

0, F e Fi\ Fu.
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Remark 5.2.4

This interpolation operator is defined such that the normal component
of the resulting field on a face F equals the mean value of the normal
component of the original vector field over F.

One has to determine the Raviart-Thomas reconstruction of a Crouzeix—
Raviart vector field v, € VER on each triangle T € Ty, i.e., one seeks for a
and bp. Thereby, the reconstruction shall have

(i) constant normal components on the faces:

(W?th) |p - np = v, (XF) - DF

and
(ii) the elementwise divergence has to be preserved:

(V . WhRTVh) |T = (Vh . Vh) ’T-

It suffices to restrict to the basis functions {¢,;(x)} of VSR, So we try to find
the coefficients of

b
TR, (x) = ar + ;T(x — x7). (5.5)
The divergence of the reconstruction on an element T € T}, is

The ambition to create a reconstruction which is elementwise divergence
preserving yields

5.6

DV T x) Y br,

V- ¢,(x)

Each basis function ¢,(x) is elementwise linear, hence V - ¢,(x) is element-
wise constant. The Gaussian theorem and the midpoint rule yield

V- 6) = o [ Voo dx = o 3 [ (s) naeds
" FeITE (5.7)
= T > [F|¢;(xr) - nrp.

FeFr
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It remains to determine ap. Therefore we take advantage of the characteri-
zation of the barycenter by an integral. For the barycenter xt of a mesh cell
T, using the midpoint rule, it holds

1
|T\XT:/XdX, VTEE:)XT:m/XdX, VT € Tp,. (5.8)
T T

Utilizing (5.8) and (5.5) yields

br
¢ (x) dx = — /aT—i— (x —xr)dx
IT| / IT|

1
= — / ar dx+ — xdx /—XTdX
|'T| ~
T =const.
7const 7c0nst
=ar— / dx + / dx — XT / dx
T \T\ |T|

b
= ar + %(XT — XT) = ag.

Using the product rule we obtain

n 0 R q’) n 0 R d)
V- (zmit ;) :kz;l (%gzk ) _k ‘ ( <787; k)
B n a(l,]) n RT¢)

This equality is now used in the componentwise representation of ar:

1
7RT _ AV SAL8
(ar), ’T‘/ 2} ’T‘/v 578, |T|T/a:jv BT,

Applying the Gaussian theorem, (i), (ii), and the midpoint rule yields

1
Z /Z‘]ﬂ'h ¢, Nty — |T|/%v 71'1,L)”Tqbi

T
j |T| Ferr const. T const.
1
LY T Z({bXF HT,F/SCJ'—?V'@/%
| | 657 )5

\T\ Y ¢(xp) nre|F|(zr); — (v1), V- ¢

FeFr
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Finally, for the second summand we use (5.7) to get

FeFr FeFr
|T| Z |F|Q’) XF) nT,F(XF_XT)-
FeFr

So the conditions (i) and (ii) uniquely determine the coefficients at and by
for a mesh cell T € 7, as

1
ar = ? > |Fl¢i(xp) -nrp (xp — x1)
‘ ’ FeFr
br = T Z |F|¢ XF) nrpe.
| | FeFr

Indeed, the normal components of the reconstruction wRTv;, are constant on

each face leading to vanishing jumps. Therefore wlTv, € H(div, Q).

The way we have chosen the coefficients ar and by guarantees that a dis-
cretely divergence-free field v, € V" ¢ VER is mapped by the operator
BT to a weakly divergence-free field.

The modified CR finite element formulation:

We introduce the bilinear forms ay, : Vi® x V{® — R and by, : VSR x QR —
R with

ah(uh,vh /Vhllh thth
bn (uh7Qh /Qh Vh uh) dx,

and the linear form f), : VOR — R with

The resulting modified discrete Stokes problem is:

Find (ws,pn) € VPR x Q5 such that

an(Un, Vi) + ba(Va, pn) = fa(vi), Vvi € ViR
br(up, qn) = 0, Ya, € QSR

80



Theorem 5.2.3 Let (uy,py) be the solution of the modified Stokes problem
(5.9). Then an irrotational translation of the force field £ does not change the
discrete velocity uy,.

Proof: For v, € ViR in (5.9) one obtains

/f R vhdx—n/(w—i-vw) Ty, dx

:/w T vhdx—l—/V@Z) 7 v, dx
Q

—/w TR vhdx—/IP’ Ty, d

RT

The term f Vi - mRTv), dx vanishes, since wRT, maps discretely diver-

gence—free vector fields onto weakly divergence-free vector fields yield-
ing L2-orthogonality. We conclude that for f — f + V1) the modified
Stokes problem yields u, — uy. O

Consequently, the modified method (5.9) inherits the desired invariance prop-
erty f — f + V¢ = u;, — u;. Note that the modification affects the right-
hand side only.

Now, it would be great to prove the independence of the velocity error esti-
mate from the pressure, for the modified scheme.

Theorem 5.2.4 (Error estimates for the modified CR method) Let
(u,p) be the solution of the continuous Stokes problem (3.8) and assume that
(u,p) € H3(Q) x HY(Q). Then for the solution (uy,py) of the modified dis-

crete problem (5.9) the following error estimates hold:
||u — uh”l,h S C’h|u|H2(Q)

Ip = pillz2) < Ch (Julme@) + plm@) -

Proof: The proof can be found in [Linkel4], pp. 790. O
Remark 5.2.5
Applying the presented Raviart—Thomas projection to the discrete ve-

locity solution obtained by the usual Crouzeix—Raviart element yields
a divergence-free approximation.
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6 A Divergence-Free
Post-Processing for a
Pressure-Stabilized
Formulation

In this chapter an approach from [BaVall] shall be presented. The lack of
inf-sup stability, e.g., for Py /Py, requires some stabilization. The idea is to
add pressure-stabilizing terms in order to be able to assure the uniqueness
of the pressure and therefore to circumvent this instability.

We will discuss a post-processing for a stabilized P, /Py discretization leading
to a divergence-free velocity field located in Py + VET, with VI being the
lowest order Raviart—Thomas finite element space.

The finite element pair Py/F, is not inf-sup stable (see Section 4.3.3), so
the pressure will not be unique. In order to stabilize the pair, the discrete
Stokes problem is modified accordingly by adding stabilizing terms.

The resulting problem is then well-posed but, unfortunately, the stabilizing
terms cause a perturbation of the conservation of mass that has to be cor-
rected.

In this section it is still V := H} () and Q := L2(2). Let us denote the
underlying pair of finite element spaces by V;/Qp. The velocity field u is
approximated by a continuous function which is elementwise a linear poly-
nomial u,|r € P1(T) with uy|sn = 0 and the pressure field p is approximated
by a function which is elementwise a constant polynomial py, |t € Py(T) with
vanishing mean value in €2:

V, = {Vh € Co(ﬁ) : Vh|T € Pl(T), VT € 7;, and Vh|3Q = 0}

and
Qni={a € LI(Q) : qulr € R(T), VT € T} (6.1)

We have seen in Section 4.3.3 that this finite element pair is unstable.

As in the previous chapter, we utilize the notation introduced in Section
4.1. Furthermore, a mesh cell is assumed to be a simplex and (-, -)p denotes
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the inner product in L?(D).

The aim is to find an approximate solution of the weak Stokes problem and
by adding the two equations in (3.6) the following equivalent formulation is
obtained:

Find (u,p) € V x @ such that

(vu7 VV)Q - (pa V- V)Q + <Qa V- u)ﬂ - (fa V)Qa V(V7 Q) €Vx Q
Adding two stabilizing extra terms, a least squares control and the weak
form of the momentum equation tested with a special test function on each

element as described in [RoStTo08], pp. 468, results in the following pressure-
stabilized finite element formulation:

Find (up,pp) € Vi, X @), such that

(Vu,, Vvi)ae — (00, V- vi)a + (@0, V- up)o + (V- up, V- vy
+ > ve([pale. [anle)e + D 61(Von, Vau)r — D dv(—Auy, V)1

FeF, TeT;, TeT,
= Z £, Va)r + (£, vi)a,  Y(Vi.an) € Vi x Qp,
TET,

where > 0, ér > 0, and vg := v|F| with v > 0.

For the previously defined finite element pair V,/Q) three terms vanish
automatically:

> 00(Vpr, Var)r =0

TeTh

and

Z (f,Van)r =0,

TeT

since pn, qn € Qn = Py, i.e., they are constant on a mesh cell which implies
(Vor)|lt = (Vgr)|T = 0. Moreover,

> op(—=Auy, Vgu)r =0
TET

since u;, € Vy, = Py implies (Auy)|t = 0.
This yields the
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Pressure-stabilized Stokes problem for P, /Py:

Find (up, pn) € Vi, x @, such that

(Vu,, Vvp)a — (0n, V- vi)a + (g0, V- up)ao + u(V - up, V- vi)o
+ > vr ([pale: [anlw)e = (£, vi)a,  Y(Vi.an) € Vi X Qp,

FeF,

(6.2)

where 4 > 0 and v := ~|F| with v > 0.

The resulting velocity field uy, is not locally mass conservative anymore but
we will discuss a computationally easy way to post-process it accordingly.

Define the Raviart-Thomas field u" by

1
ufi= Y e [Ionleds wx(x) (6.3)
FeF, F

with
F|

pr(x) = () (x = xe)

being the local basis function for the lowest order Raviart-Thomas finite
element space VR' with xg denoting here the vertex opposite to the face F,
see Figure 6.1.

Figure 6.1: The illustration of xg in pr(x).

Remark 6.0.6
|F|

1. The function pp(x) := + (TTI) (x —xy) if np g points outward T, else
it has a negative sign.
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2. The discrete pressure py, is in QQ, i.e., it is constant on each mesh cell
and hence the pressure jump across each inner (n — 1)-face, [pn]r, is

constant:
[pn]e = const., Vp, € Qn, F € Fp. (6.4)

3. For py, € @y, defined by (6.1) it holds

1
ui = 3 e [Ioulle ds ()
FeFy, F
(6.4) 1
= Z VF[[ph]]FF/ldS pr(x) = Z ve[pr]r or(x). (6.5)
FeFy, | | F FeF,
——
=|F|
————

=1

Theorem 6.0.5 Let (up,pn) € Vi, X Q, be the solution of (6.2). Then

" = uy, +utt

fulfills
(V-a")|r =0, VT € 7T;.

Proof: Let T and T’ be two mesh cells in 7}, and let T” be fixed. We want
to show that

(V-u")|r =0, VT €T,

Assume that the normals ny g are fixed such that they point outwards
T. Then ¢p(x) has a positive sign.

The fact that (uy,pp) fulfills (6.2) for all test functions in V; x @
implies that the same holds for the specific choice (0,¢q,) € Vi, x @y,
with g5, defined by

1, if x e T,
o T
=9 ~E ifxeT,
0, else.

The function ¢y, is in fact an element of ()}, since it is elementwise con-
stant, thus in L?(£2) and

i\ T
/qhdx:/ldx—/| Lax = 17| = Bl =0,
Q T/ T |

T T
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For (0, q), (6.2) reformulates to

(V-up,qn)a+ FE; ve([pn]r, [an]w)r = 0. (6.6)

Claim: 0= (V-a" ¢)r+ (V-a" ¢)r, VT, T €T,

We treat the different possibilities of intersections between the mesh
cells in the following three cases:

Case 1: TNT' =0
By the definition of g, it is

(V-up, qrn)a = (V- up, qp)ror + (V- wn, gr)ay (o)
=0
= (V *Up, Qh)T/ + (V * Up, qh)T-

Using (6.4) leads to

> vellpde.lodelr = X ve [Ipdelanle dx

FeF, FeF, F

= > VF[[ph]]F[[Qh]]F/ldX

FcFy,

= Z VF|F| [[ph]]FﬂCIh]]F-

FeF,

For this setting, (6.6) is equivalent to

(Vup, gn)r + (V- up, qp)r + Z ve|F|[pn]vlan]r
FeoT (6.7)

+ Z ve|F|[pr]rlan]r = 0.

FeoT
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Let us start to investigate 0" :

(V : ﬁh) Qh)T’ = (v *Up, 1)T’ + (V ’ UETa 1)T’
Ry (V-up, 1) + ( > vrlp]rV - or(x), 1)
FeoT’ T

4
DV ow, D+ Y velpnle (V- or(x), D
FeoT’
(Gaubman Thm.)

(V w,, e+ Y VF[[Ph]]F/ch-ans

FeoT’ F
- (v - Up, 1)T’

=2|T|

F
—+ Z ]/F[[ph]]F +2||r:[|\| (X—XF) -anS
FeoT’

=|F|

= (Veow, D+ Y. vrlpa]rlF

FeoT’
= (V- w,, D = (V- 2" qu) — > vepa]rlFl. (6.8)
FeoT’

Almost the same calculations are done for the next term, so we omit
the otherwise repeating intermediate steps, which is indicated by dots

N T’ N
(V ’ uh7 qh)T = - ||T‘| (V ’ uh7 1)T

5 |T
O |7 w ( > velleV - or(x), 1) ]
FeoT T
|'T'| 'T’|
— i (Voup, D — > ve[pu]elF]|
T 'T| e

|'T'| ~h |

- |T| (V * Up, 1)T = (V -u th)T + |T| Z VF[[ph]]F|F|- (69)
FeoT

We insert (6.8) and (6.9) into (6.7) resulting in
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0=(V-wy,qn)r + (V- -uw,qn)r
+ > velF|[pplelan]e + > velF|[pr]rlan]r

FeoT’ FeoT

6.8),(6.9 -
P - 3 velpdeE]
_ T
+(V-a", ) + T nr|F|
FeoT

+ 3 wlElprle T+ 3 welEllnd{ =
E F |T|

— 0= (V : ﬁh7 qh)T + (v : ﬁha Qh)T’-

Case 2: T=T'
It holds
0= (V : ﬁh’ Qh)T - (V : ﬁh, Qh)T'~

Case 3: TNT' =E, E€ F,

In this case, equation (6.6) is equivalent to

(V-up, qn)r + (V-up, qn)r + Z ve F|[pn]r [gn]e
FEOT\E —
=" (6.10)
+ Y vr|F|lpulr [an]r +ve|Ellpr]elan]e = 0.
——

FEOT/\E ~7

The computations leading to (6.8) and (6.9) do not differ for this case, so
combining them with (6.10) and treating the common face E separately,
one obtains

- T T
0:(V~uh,qh)T+|T| PhF|F\+| |V e El
| COT\E
#(7- e S veldelET elrdsiE]
F E

+ vr|F|[pn F+ Z vp|F anlw
FedT\E T, Feor T
=TT
+ ve|El[pr]e [gn]e-
=11
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Thus
0= (v : ﬁha Qh)T + (V ' ﬁhv Qh>T’-

Conclusion:
We have shown for all mesh cells T, T € Tj:
. T .
(Vi 1)y = \|T/|| (V- 1.
Summing up this expression for all mesh cells results in
T
(V-2 Da= > (V-i" )r= > | ,| (V-a" 1)
TeT), TET, ’T |
1
- (Ved D YT (6.11)
|T ’ TeT,
———
=19

With integration by parts we conclude

(V-ﬁh,l)gz/v-ﬁh:/ i"-n =0
~——
Q o =0 ONn 9N

61y, [
—0=
||

—0= (V . ﬁh, 1)T’-

(v ) ﬁha ]->T’

The elementwise linearity of the velocity implies V- " = const. on each
mesh cell, so

—0= (V- &', 1)p = (V-ﬁh)|T/-/1dx
=const. T/
———
e

—0= (V- -i")|p, VI €T

Remark 6.0.7
This theorem states that the addition of the Raviart-Thomas field uf®

defined in (6.3) to the discrete velocity obtained for the stabilized prob-
lem (6.2) is a possibility to reconstruct the local mass conservation.
Moreover, by the H(div)-conformity of P; + VRT the discrete velocity
solution uy is weakly divergence-free. This post-processing does not
undermine the convergence of the method. For details see [BaVall],
pp. 807.
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7 Numerical Studies

Last but not least we want to analyze the two methods we introduced in the
previous chapters numerically.

For both, a possibility to reconstruct mass conservation is presented and
they are therefore very interesting for applications where mass conservation
is of particular importance. In addition, the modified CR method has the
property, that irrotational forces do not influence the velocity solution.

We test their implementations in C+4 with two examples.

In both examples below we take the domain to be the unit square
Q= (0,1)?

and suppose that it is decomposed uniformly by means of a triangular mesh.
The initial grid, i.e., level zero (h = %), is visualized in Figure 7.1.

The results, obtained using the following four methods, are compared with
each other:

the nonconforming Crouzeix—Raviart method (CR),

the modified Crouzeix—Raviart method (ModCR),

the pressure-stabilized P1/P0 method (PSP1P0),

the post-processed, pressure-stabilized P1/P0 method (PPPSP1PO0).

The absolute values of the velocity in level 4 are visualized using the ap-
plication Paraview, version 4.1.0. For simplicity the parameter u, used in
the pressure-stabilized P1/P0 formulation (6.2), is set equal to zero and
v =0.5.

Figure 7.1: The grid for level 0.
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7.1 Example 1 — The Vortex

Consider the stream function
P(x) = 10027 (1 — 21)%25(1 — 22)°.
We choose the data such that the exact velocity field is given by
u(x) = ( up(x) ) _ < (%:27/} ) _ ( 200%%51 —x1)22xg(1 — x9)(1 — 225) )
us(x) — b —20023(1 — x9)?z1 (1 — 21) (1 — 221)
with homogeneous Dirichlet boundary conditions, i.e.,
ulpn = 0,

see Figure 7.2.
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Figure 7.2: The velocity field u for the vortex.

The exact pressure field is defined by

p(x) =10 <x1 — ;)337% + (1 =) (xg — ;)3
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The function p(x) is indeed an element of LZ(€2):

1\3 1\3
/p(x) dx = / 10 <$1 - 2) 25+ (1 —zy)° <332 — 2) dx
Q (0,1)2

1 3 ) 5 1 3
= / / 10(1’1—2) ZL‘2+(1—I’1> (I2—2> diL’ld[EQ
(0,1) (0,1)
=0.

The divergence of the velocity u is zero:

~ Ouy(x) | Oup(x)
- 81'1 + 81'2
= 20025(1 — @)(1 — 2u2) [201(1 — 01)° — 222(1 — 1)

— 20021 (1 — 1)(1 = 221) [225(1 — 2)* — 232(1 — 22)| = 0,

V - u(x)

In Figure 7.3, one cannot recognize a significant difference between the visu-
alizations of the velocity magnitudes. The only noticeable difference is that
the PSP1P0 method yields a solution which is exactly zero at the boundary
while the other methods are just nearly zero, but this is a direct consequence
of the definition of the Crouzeix—Raviart space and the functionality of Par-
aview. As a matter of fact, Paraview visualizes the values in the vertices, and
for nonconforming methods it uses the means of the values in the vertices
of the neighboring mesh cells. Therefore the values at the boundary are not
exactly zero.

For this example, both, the velocity errors and the pressure errors have the
orders of convergence, predicted by the numerical analysis, see Figure 7.4.
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(a) The CR method 6.7.
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(c) The pressure-stabilized P1/P0 method (6.2).

Figure 7.3: The magnitude of the velocity approximation in level 4 for the
vortex example.
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Figure 7.4: The errors in different norms for the vortex problem.
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7.2 Example 2 — No Flow

The velocity field is given by

The pressure is defined by

px)=——vy +Ray——~
with Ra := 1000.

Figure 7.5 shows that the ModCR method (b) approximates the solution sig-
nificantly better than the others. In fact, the approximation is almost zero.
This behavior was predicted in Remark 5.2.2.

While the CR method and the PSP1P0 method do not inherit the invariance
property, the ModCR method does. Therefore, the velocity solution for the
totally irrotational force field in this example, is the zero field (apart from
rounding errors).

This is not the case for the other methods. There is only a slight difference
between the CR method (a) and the PSP1P0 method (c) but the magnitude
of the velocity solution using the latter method is smaller.

The errors in different norms are presented in Figure 7.6. For the ModCR
method, the velocity error is almost constant during the mesh refinement and
its value is almost zero. The order of convergence in the L2-norm agrees with
the one predicted by the numerical analysis but using PPPSP1P0 and CR
results in a smaller error than for PSP1P0. In the H'-seminorm, the velocity
error using PPPSP1P0 and PSP1P0 is decreasing faster when refining the
mesh (order 3/2 instead of 1), than when using the CR method.

A difference between the pressure errors is only visible for the coarsest grids,
where the ModCR method produces the smallest error value closely followed
by the CR method.
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Figure 7.5: The magnitude of the velocity approximation in level 4 for the
no flow example.
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8 Summary and Conclusion

The subject of this project was to analyze the approach to use the finite
element method for solving the Stokes equations.

On the one hand, the inf-sup condition imposes a restriction on the choice
of the finite element spaces that should be satisfied in order to guarantee
unique solvability. On the other hand, during the last years it has become of
big interest to create methods such that the resulting approximations fulfill
the qualitative properties assumed by the system.

To that effect, two methods were introduced. One of them is a pressure-
stabilized version of the P1/P0 finite element method, with a post-processing
for the velocity approximation. This post-processing guarantees that the ve-
locity is divergence-free.

The other one is the modified Crouzeix—Raviart method which uses a pro-
jection into the space of lowest order Raviart—Thomas functions. The ef-
fect is that discretely divergence-free vector fields are projected onto weakly
divergence-free vector fields. Thus, L?-orthogonality is established. The
consequence is that the modified method satisfies a property which is ful-
filled by the original formulation of the Stokes problem. This property is
called invariance property throughout this thesis and it is typically inherited
by divergence-free methods as the Scott—Vogelius element. The invariance
property assures that the velocity approximation does not depend on irrota-
tional forces, thus the velocity error is independent of the pressure.

In order to compare these methods with each other and their well known
counterparts without post-processing and modification, they were applied to
two examples. While the first example, the vortex, did not provoke any sig-
nificant differences between the methods, the second example, no flow, did.
The results show that the modified Crouzeix—Raviart method is in the no
flow problem the best choice since the velocity error is much smaller than for
the other methods. In fact, the velocity error is almost zero.

This perfectly fits with the theoretical analysis because thanks to the invari-
ance property, the velocity error of this method does not depend on irrota-
tional forces. So the advantage of utilizing the modified Crouzeix—Raviart
method in applications, where the force field has a large, respectively domi-
nating irrotational part is theoretically proven and confirmed by applications.
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An alternative reconstruction fulfilling the invariance property uses the low-
est order Brezzi-Douglas-Marini element (BDM). In two dimensions, it was
derived in [BrDoMag&5]. In addition to the velocity error in the H'-seminorm,
the velocity error in the L?-norm is proven to be independent from the pres-
sure for this BDM reconstruction, too.

For further information, [BreLiMeSch614] is recommended.
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