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Abstract

In this work we deepen our studies on the numerical FE-treatment of systems of partial
differential equations, where the solution is subjected to inequality constraints. Espe-
cially we focus on Lagrange-settings, which can be employed to handle the given con-
straints. In this way additional auxiliary variables are introduced which are determined
simultaneously to the original primal solution within a so-called mixed system.

On this basis efficient solution processes for the mixed systems are constructed by elim-
inating inequality constraints yielding nonlinear equation systems. These can easily be
solved by (non-smooth) Newton-type schemes. Furthermore concepts for a posteriori
error control are reviewed and refined.
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Zusammenfassung

In dieser Arbeit werden Systeme partieller Differentialgleichungen mit Ungleichungs-
nebenbedingungen behandelt.

Genauer geht es um die numerische Analyse mit Finite-Element-Methoden (FEM). Be-
sonderes Augenmerk liegt hierbei auf dem Einsatz von Lagrange-Techniken. Die dadurch
eingefithrten Hilfsvariablen werden simultan zur primalen Losung im Rahmen eines so-
genannten gemischten Systems bestimmt.

Auf der Basis von Projektionstechniken konnen die Ungleichungsnebenbedingungen eli-
miniert werden. Die dann entstehenden nicht-linearen Probleme werden dann mit nicht-
glatten Verfahren vom Newton-Typ effizient gelost.

Dartiber hinaus werden Techniken zur a posteriori Fehlerkontrolle verfeinert und auf die
vorliegende neue Situation erweitert.
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1. Introduction

In many fields, like continum mechanics and fluid dynamics, problems occur, that are a
result of the functional minimization on a restricted subset. This can be e. g. some kind
of an energy functional J, that is derived from the, appropriate for the field, principle
of conservation of energy. The system strives towards the lowest possible energy level.
So if the energy functional J depends on the value of some parameter u € K, we are
interested in the solution of the minimization problem

J(u) < T (v) Yo € K,

where K is the permitted subset of a, for the physical variable u appropriate, space V.
Usually V is a Sobolev space and the subset K is defined by an inequality, which in turn
results in, as one of the possible interpretation of the problem, a search for u that solves
a variational inequality.

The main aim of this work is to introduce an efficient solution strategy for this kind
of problems. To be more precise, let us assume, that V is a Sobolev space defined
on the domain © C R? with d € N. Now, the subset K can be defined by using an
operator G : V — L2(Q). Examples of such spaces can be {u € V |div(u) > 0 a.e. on Q}
or {u € V|u>1 ae. on Q}, 1 € L2(Q) denoting an obstacle. In the framework of this
dissertation, we will discuss these examples in greater detail as well as a more general
case.

In order to find a more efficient solution strategy, we have to identify the main difficulty
in this type of problems. Since we cannot directly solve variational differential inequal-
ities, the usual approach is an iteration process, where in each step we calculate a new
approximation of the the physical variable u, examine it and, if the new approximation
violates the restriction, make a correction. The more efficient way, to calculate this ap-
proximation combines two ideas. First we can find an equivalent variational formulation
of the minimization problem, that does not contain any inequalities, but instead can be
expressed as a non-linear variational equation. The second part is to find an appropriate
Newton-type method for a fast iteration process. The Newton method for solving non-
linear equations requests a derivative, a Gateaux derivative in this case, but as we will
see, for this type of problems, the Gateaux derivative has to be approximated. Here we
have to balance between complexity of the estimated derivative, that results in a longer
computation time, and the stability of the solution strategy. For the numerical tests we
use the finite element method to provide discrete space,s, but the general approach is
not restricted to these spaces.

So to summarize the above in two concrete tasks for this work:



2 1. Introduction

e We want to present two equivalent formulations of the problems introduced above
in the form of a variational equation or a system of variational equations, instead
of the usual inequality approach,

e and we want to apply the Newton-type methods and examine the efficiency of
resulting algorithms compared to the classical projection methods.

Before dealing with the actual problems, that we would like to solve, we establish a
notation scheme for the further course of this work. The second chapter is dedicated to
this task.

Following up, in the third chapter we start with a simple one dimensional obstacle prob-
lem. This allows us to start the discussion with a comparatively simple representative of
the targeted type of problems. After a brief introduction we describe possible equivalent
formulations, where one of those can be used in a projected gradient type iteration ap-
proach. Thereafter we introduce the alternative formulation of the problem, that rests
upon projection operator. This should be considered as a motivation for the solution
strategy and not a formal proof, since it requires unnecessary assumptions.

The fourth chapter contains extensive numerical tests. Here, first of all, we consider
another example for the set of problems described above. The problem at hand comes
from the field of fluid dynamic and describes the flow of a viscous liquid, that can
turn into a gas under appropriate conditions. It is a Stokes problem, but instead of
usual incompressibility condition, we use the inequality div(u) > 0 a.e. on Q. In the
similar fashion to the third chapter, we introduce the problem as well as the equivalent
formulations and the usual solving approach, underlining this way the similarities of both
cases as well as the incised complexity.

After we sufficiently discussed the different formulations for the flow problem, the next
step is to compare different solution strategies and the first case is a simple fixed-point
iteration. This represents one of the slowest ways to obtain an approximation for the
solution of the new variational formulation, that was introduced earlier, but, as shown
in the first numerical tests, this may be already enough to improve upon the calculation
time. As a comparable classical approach for solving this type of problems we use
conjugate gradient projection method.

Next we consider ways to improve upon the iteration process and apply the Newton-
type method mentioned earlier. The main problem in calculating the Gateaux derivative
poses a projection operator, that the new variational formulation contains. We test
three Newton-type methods: in the first we ignore the part with the projection operator
completely, in the second we partially include it in the calculations and in the third we
regularize it. For the tests we simulate the flow through a T-pipe section. As we will see,
even so the setup remains the same, changes in the viscosity constant of the fluid impact
the solution massively. Combined, we consider three cases, which result in different
calculation times for the compared methods. The other main factor for determining the
shortest calculation time is the starting value. Here we compaire a zero starting value,
which are far from good as starting approximation, and an interpolation of the solution
calculated for the discrete space with less degrees of freedom. Further more we have to



consider how different meshes and, as a result, different discrete spaces might impact on
stability of the iteration process. Therefore we use an error estimator to identify parts of
the mesh to refine, which on one hand allows us to assign more degrees of freedom to the
parts of the domain €2, where they are needed, but the handling of the so called hanging
nodes can produce a mesh vulnerable to the oscillations. During the numerical tests we
calculate and compare the calculation time for the different cases, where a combination
of those factors is considered. Another part of the numerical analysis is the question of
behavior of the solution with rising number of degrees of freedom. Usually we calculate
the dependence on the cell size and, since the continuous solution is not available, first
we consider the different parts of the error estimator and then we compare the differences
between two solution approximations on two consecutive finite element spaces.

As for the rest of the fourth chapter, here we proof the existence and the uniqueness
of the solution for the regularized problem and show how it relates to the solution of
the original problem. This is also the part, where the conditions, that discrete spaces
have to fulfill, are introduced and used in the proof. Also we derive the error estimator,
that was mentioned before. We consider two possible cases: a conform (V;, C V) and a
non-conform (Vy, ¢ V) discretization, where Vy, is the finite element space used for the
approximation.

In the fifth chapter we revisit the obstacle problem, but we consider a two dimensional
case. After modifying the formulation and applying some stabilization techniques, we
calculate a membrane test example and compare the results, in particular the numbers
of iterations, with different methods, applied to the same example. Also we derive a
similar error estimator as we did for the Stokes problem.

The sizth chapter is devoted to the general case. First of all we have to specify the
condition that the functional J and the subset defining operator G must fulfill. On one
hand those are necessary to ensure the existence and uniqueness of the solution of the
minimization problem. On the other hand we need this conditions to proof convergence
of the proposed solution strategy. This describes the next parts of the chapter: after
a short excursus into the minimization theory for functional and the derivation of the
varitional formulation with a projection operator, we look into the iteration process itself.
Here we proof the existence of a new estimation in each step as well as convergence of
the method.

Finally in the last chapter is devoted to the summary and outlook.



2. Notation

Before we speak about the differential inequality and their solution strategies, let us
clarify notations, that are used in this work.

In the Euclidean space R™ with n € N the inner product or the dot product of two vectors
n

z,y € R" is defined as -y = > zxyr. Analogously, we define the double-dot product
k=1

n m
for space of R"*™ type as X : Y = > > xjy;r with X, Y € R™™ and n,m € N.
j=1k=1

When studying the differential inequalities we consider different functions. Typical real-
valued function f can be written as f : Q@ — R, x — f(x), where the domain Q is
an open subset of R with d € N a number of the problems dimensions. The symbol 0
used with a domain designates the boundary of this domain, so 9€2 is the boundary of
Q. The notation Q stands for the closure of the domain Q, i.e. Q = QUON. Since we are
not only interested in the scalar function, we can also define, using the notation above,
vector-valued function f as f : Q@ — R"™, = — f(x) and matrix-valued function F as
F:Q— R"™™ x+ F(z) with n,m € N.

Using vectors and matrices we compactly write inequality system, like v > 0, which
means that all entries of the vector v are positive.

The set of the eigenvalues of a matrix M can be written as Eig (M) and smallest of them
is Eig,,;, (M) = min{\ | A € Eig (M)}.

Together with the functions, we use a number of different operators:

le] . . . . .
e the operator 0% = aalx?..i.aqam describe a partial derivative of function ¢ for a

multi-index a € Ny with a = (aq,...,ay),

° g—z is a directional derivative along a vector n (usually, vector n is a vector-valued

function, which represents the normal vector of the domain boundary),

9q
ox1
e Vg= : stands for the gradient of the real-valued function ¢ and
Oq
OTn
91 .. Op1
o1 OTn
e Vp = Do is the gradient of the vector-valued function ¢,
% a‘Pn

dz1 Ozn



0A
Z oz,
o V.p= Z 8% and V- A = : are two variants of divergence operator,
0A,,
Z 83:]]
depending on the art of funct1on it is applied to (in this case ¢ : R" — R™ and
A:R" — R™" with n € N),

> G

n j: ]
e Aq=V-(Vq) = > % and Ap =V - (V) = : describe the Laplace
) — J
j=1 n 8290”
2
= 636].

operator, which also depends on the art of function it is applied to,

e since an operator is mapping from one vector space to another, we can use the
notation e.g. G :V — W to introduce a general not further specified operator G,

e [I) is a projection operator on the subset A. If the subset A is part of the space
Q, then for all the elements x € Q following applies ||z — IIzz||q = in£ |z —yllg-
ye

e [, is a Clément’s interpolation operator (see f.e. Braess [4, p. 80]).

1 ifzeQ

e 14 is an indicator function, defined by 14(z) = { 0 olse

If we want to describe some properties of a function, we usually write it as an element
of the corresponding space, for example real-valued function f which defined on 2 is an
element of C° (). In this work we use following function spaces:

e C™(Q), with m € N is the space of functions which, together with their derivatives
of order less or equal to m, are continuous on ).

e L2(Q) is the space of measurable functions v : @ — R such that

2
lollog = /Q (v())? da < oc.
The norm, that is introduced above, is induced by the scalar product

(v, <p)0’Q = /(zv(x)gp(:v)dx Yo, 0 e L2 (Q).

e H™ (), with m € N, is the Sobolev space of functions v € L? () such that for each
multi-index o with |a| < m, the o' weak derivative 9%v exist and 9% € L? ().



6 2. Notation

The scalar product and the norm of this space can be written as

e = [ X @@ el@) dr= 3 (070.07),0 Voo BN ()

|o|<m || <m

and HvaQ = (’U,U)m’ﬂ Vo e H™ (Q).

e CF () = {veC>(N)|supp(v) is a proper subset of 2}, with a support of the
function v defined as supp(v) = {z € Q| v(z) # 0}.

e H' (2) is the closure of C§° (£2) in H™ (). As suggested in Dobrowoski [7, p. 120]
we have an equivalent scalar product for such spaces:

(Uv @)m*,Q = Z (804,07 aa(p)O,Q \V/’U, 2 € H70n (Q) .

|a|=m

e H ™ (Q) is the dual space of H™ () with
(v ©)mm @) = (v, 9)o0 Yo e H" (Q),p e H™(Q)

|, @)
and ol o= sup
veH™(Q) ||UHm,Q

Yo e H ™ (Q).

e In some cases we need space, which are combinations of the spaces above. This
spaces will be defined during examination of the associated problem. The scalar
products and the norms of such spaces can be often written using the some differen-

tial operators, i.e. V = (H} (Q))n and Q = (L? (Q))n, where ((v,p)T , ((p,q)T)V =
(Vu, V) o+ ©.9)ga+ P00

We use functionals to formulate the alternative forms of the problems we consider. The
suitable functional can be defined as £ : V — R, where V is a function space. If the
limit

(£'(0), )y = lim = (L(v + ) — £(v)

e—0 ¢

exists, then we call the functional £ differentiable at v € V in direction ¢ € V. (£'(v), o)y
is the so called Gateaux derivative of £ at v in direction ¢ and £ : V — V* v — L' (v)
is a mapping into the dual space. (Note: The so called dual pair (.,.)y is a bilinear
form, which allows us to evaluate, in case of (L'(v), ¢)y, the functional £'(v) € V* for a
argument ¢ € V.)

We split the domain €2 into decomposition Tj, = {T}|1 < j < N}, consisting of Nj,
element or cells 7j. The decomposition T is usually called mesh or triangulation.
The width of each element Tj can be described with with h; =diam(7}). We call
h =min {h;|1 < j < N} the width of the mesh. Based on the mesh, we define standard
finite element spaces, i.e. Vi, = span{¢1,...,¢on} €V, where {¢1,...,¢on} is the basis
of the finite element space Vi with N € N, which depends on N, and art of chosen finite
element space.



3. Basic idea applied to 1-D obstacle
problem

In order to introduce the basic concept of the solution strategy, that we propose, let us
consider a simple example from a set of problems, to which this solution strategy can be
applied. The figure 3.1 depicts an elastic rope or cable, that is held in place on the right
and the left sides. The cable is affected by the gravitational force f and the Hooke’s
law applies resulting in the deformation of the cable. Depending on the elasticity of the
cable, it can still hang above the ground or in parts touch the ground.

In mathematical terms we define an external force in each point of the cable and the
deviation from straight line as f : Q@ — R and v : © — R respectively, where €2 is the
interval between the two points, where the rope is fixed. The obstacle describes the
function v :  — R. The equilibrium of the forces can then be formulated as a formula:

Assuming zero displacement at the boundary, then u € C3(2) N C%(Q). In case u > 1
every where on the interval €, this is the one dimensional Poisson’s problem and it can
be solved easily. If on the other side this condition is not automatically satisfied, then we
need to examine this problem more closely. If the cable can actually reach the obstacle,
then two distinct effects will accrue on the subsets of the interval 2. The first one is the
equilibrium of forces, that is described above. The second possibility is u = v, in case
the Hook’s force is not sufficient and the reaction force from the ground prevents the

y/\ y/\

Obstacle N Obstacle

Figure 3.1.: Obstacle problem in one dimension.




8 3. Basic idea applied to 1-D obstacle problem

further decent below the obstacle. This results in the classical formulation:

—u" —f 20,
u—1 >0,
(=) (=u"~ f)=0.

3.1. Possible variational formulations

Since we typically interested in the variational formulations for the numerical approx-
imations, let us consider the initial minimization problem. From the point of view of
physics, instead of searching for the force equilibrium, we look for the lowest energy level
of the system. In the case of our 1-D obstacle problem, this would be equivalent to:

Find u € K | that satisfy
J(u) < T () Vo eK,

where J(p) = %(@’,@’)079 — (fip)gq for all p € K and the subset K is defined as
K={peH}Q) | ¢>1oe onQ}.

The first variational formulation of this problem can be derived by calculating the
Gateaux derivative, resulting in the variational inequality

(T (u),p —u) >0 Vo c K.
According to the definition of the functional, this can be written with two scalar products:

(ulagol_u/)QQ - (f?SD_U)O’Q 2 0 VSO GK'

The constraint u — ¢ > 0 is, in this case, a part of the subset K and the typical solution
strategy (f.e. the gradient projection method) involves an iteration, where we calculate
the update for the solution u without the constraint, and in a post-process correct it
locally, if the new solution would violate the constraint.

In order to make the constraint a part of the calculation, we use the Lagrangian mechan-
ics, which leads to the equivalent saddle point problem:

Find u € H}(Q2) and p € L(Q), that satisfy

L(u,p) = inf sup L(y, q)
(PGV qu

where V = H}(Q) and Q = L?(Q), as well as

Lp,q) =5 (¢ ) g — (F:0)oa = (@9 = ¥)ogq -

N |

Next step is to formulate this saddle point problem in the similar fashion to the Karush-
Kuhn-Tucker-conditions, that are used for finite dimensional minimization problems (see



3.2. Transformation into the system of equations 9

f.e. Geiger and Kanzow [8]). Because of the similarities, we will call this new formulation
hereafter the Karush-Kuhn-Tucker-conditions:

(@, ¢") g0 = (F:)o0 = (P, )oa =0 VoeV
(u—1,4=p)ga >0 Vge II*Q

(u— 1/1719)0,9 =0

pell™Q

where IITQ = {w € L*(Q)| w > 0 o.e. on Q}. In this formulation the constraints on the
function w are no longer a part of the allowed subset and we can use the entire space V
for the test functions. But now a restriction applies on the test space for the Lagrange
multiplier p (¢ € II'*Q) and we still have to deal with a variational inequality.

3.2. Transformation into the system of equations

For the further transformation of the problem, we define the bilinear form A : VxV — R
with A(u, @) = (v, ¢") q - According to the Lax-Milgram-Theorem, there is exactly one

invertible operator A : V. — V, such that

Av,¢) = (U»ASO) 0.0 Vv, p € V.

Since the operator A is invertible, there is a inverse operator A1, which allows us to
write the following equation:

(u7 SO)O,Q = A(U, A_1<,0) Y, p € V.

Let assume for a moment, that Q = H'(2). Then with the first variation equation of the
previous Karush-Kuhn-Tucker-conditions and ¢ = A~1(q — p), we get

(u, (g =P)oo= (LA a=0)oq+ @A 4-D)0q YeeI'Q  (31)

Now, with the second of the previous Karush-Kuhn-Tucker-conditions and the equation
above we get

(pa Ail(q _p))O,Q + (fa Ail(q _p))O,Q - (¢7 (q - p))(],Q > 0 Vq € H+Q
or <j’(p),q—p> >0 Vg € I*Q,

. 1
with  J(q) =5 (:47'9) 0+ (£,A47'0) o — (¥, 0)o0 -

This is an another minimization problem with ¢ as a variable, p as a solution and the
restriction p,q € [I1TQ:

J(p) <T(q) Vge IQ.
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Analogous to the previous minimization problem we can introduce another Lagrange
multiplier \ alongside a saddle point problem:

L(p,A)=inf sup L(q,w) with L(q,w)=T(q) — (W,q)pq-
quwGHJrQ ’

In the similar fashion we derive yet an another set of Karush-Kuhn-Tucker-conditions:

( 7A_1Q)07Q + (fv A_1Q)O7Q - (77/}7 Q)07Q - ()\a Q)O,Q =0 Vq € Q )
(p,w—=A)gn =0 VweIItQ,

(Avp)O,Q = 07

Ae Q.

Here, we can use the equation (3.1) once again to not only simplify the first of the
conditions, but also to eliminate the operator A~! from the conditions entirely, which
makes the assumption Q = H'(2) unnecessary. The first of the conditions now reads as

(U - 1/}7 Q)07Q - (/\a Q)07Q =0 Vq € Q .

Next we replace the test function with ¢ = w— A\, multiply the second inequality condition
with a positive constant ¥ and subtract it from the the equation above, resulting in

(u=1—=dp) = Aw—=A)gq <0 Vw e Q.

This is a so called projection inequality (see f.e. Alt [1, p. 96]), which means that
the Lagrange multiplier A\ can also be interpreted as a projection on the subset II1Q.
Combining all of the above, we can derive a new variational formulation, that is equivalent
to the original minimization problem:

Find u € H{(Q2) and p € L?(Q), that satisfy for ¥ > 0

(ulv SD,)O,Q - (p7 @)079 = (fv SD)OJZ VQO €V
(’LL - wa q)O,Q = (A7 Q)07Q vq € Q ’
where A= 1II" (u—1 —Ip).

Neither has this formulation variational inequalities in it, nor are the test spaces in any
form restricted to subsets, which means no post-processing is necessary. The projection
operator /I make the problem non-linear, but it can be handled relatively easy, since
it means

u—1)—Opae onCQ if u—1 >Vpae onQcCn
A: ~
0 a.e. on 2 C else

This concludes the introduction of the basic idea. The possible numerical algorithms will
be disused in the next chapter and applied to an another problem. After that we revisit
the obstacle problem, but with Q C R? and compare the results of numerical test with
other algorithms.



4. Stokes problem with cavitation effects

The Stokes problem or the Stokes flow problem is a system of the differential equation,
where the solution describe the flow of a viscous fluid. In the classical variant of the
Stokes problem without cavitation we search a velocity function u € (C3(Q) N C%(Q))"
and a pressure function p € (C'(Q) NC°(Q)), that satisfy the differential equations

—pAu+Vp=f
and V-u=0

for a constant viscosity factor ;1 > 0. The second equation is a so called incompressibility
condition, based on the assumption, that a fluid cannot be compressed. On the other
side the same condition does not allow us to take into account the possible cavitation
effect.

The cavitation can take place, if the fluid is kept in a liquid state only by the external
pressure. So when the pressure drops below a certain level, the fluid switches into the
gas state and expands. This is a violation of the incompressibility condition. If we want
to allow the cavitation to take place in the simulation we must replace it with inequality
condition

V-u>0.

Modelling phenomena arising in the context of cavitation (see e.g. Nilsson and Hansbo
[ [13], [14]]) the additional condition p > 0 on € has to be incorporated. Also the pressure
and the velocity must now satisfy the complementary slackness

p(V-u)=0.

As we will see this condition derives from the initial minimization problem.

4.1. Minimization problem and equivalent variational
formulation

In this section we go back to the initial minimization problem, which is the result of the
modulation of the flow problem according to the laws of the continuous mechanic, from
which the other formulations can be derived. In the context of the physics this can be
considered as minimization of the energy functional J : (H}(Q2))" — R, with

T) =5 (Vo Ve)oq = (£0)a v € (H3()"
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on the subset K, where
K={pe H)Q)"| V-o>0aec. inQ} .
Summarising the above the Stokes problem can be written as:

Find u € K that satisfied the inequality
Tw) < T (@) vp € K.

Since functional J is convex the inequality above can be replaced with a dual pair
inequality (see section 6.2.2)

(J'(u), o —u), >0 Vo €K
or an equivalent variational inequality

pn(Vu,Vip —u))yq— (fro—u)yg =0 Vo eK.

In this formulation of the problem the inequality condition, which allows the cavitation
to take place, is a part of the definition of the subset K and there is no pressure function
in it. Only when we apply the method of Lagrange multipliers, we will need an another
function in our setting, which corresponds to the physical pressure in the system. So the
minimization problem also has an equivalent Lagrange formulation:

Find a pair (u,p)" € V x A with

L(u,p) = inf sup L(p,q) ,
PEV geA

where A = {¢ € L?(Q)|¢ > 0 a.e. in Q} and V = (H3(2))" as well as
I
Llp.a) =5 (Vo. Vp)oa = (f:0)o0 = (4 V- Plog -
Using the stationarity condition for a saddle point we can derive mixed variational formu-

lation (similar to Karush-Kuhn-Tucker-conditions): Find a pair (u,p)T € V x A fulfilling
the mixed formulation

H (V'U,, VSO)O,Q - (pu \4 (p)O,Q = (fv(p)O,Q VSD eV ) (41)
(V-u,q)pq >0 Vg e A.
p(V-u)=0 ae inQ. (4.3)

Next we define a bilinear form A : V. xV — R with A(v,p) = p(Vv,Ve),q. It is
obvious, that this form is V-elliptic and continuous. This means, that, according to the
Lax—Milgram theorem, there is a invertible linear operator A, that allows us to write

Av,p) = ('u,flcp)mQ .
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Also, if G* the adjoint operator of divergence exists, meaning
V- ) = - ( 7é* ) )
(V9,900 v.G"a)

then we can write the equation (4.1) and the inequality (4.2) a

(wde)  +(0.Cp), = (F- @)oo Vp eV (4.4)

)

and - (u, va’*q)oQ >0 Vg € A.

We gain as well an implication of the complementarity condition (4.3)

(u, é*p)oﬂ =0.

¥ v

By using the test function ¢ = A~1G*(¢ — p) we obtain the inequality

(A 'G*(q—p), ) ( ATGH (g - 20))07Q >0 Vg € A,

which is equivalent to
<j’(ﬁ_1é*p), ATNG (g - p)> >0 Vg € A.

This leads to an another minimization problem with a convex functional: Find p € A,
such that

J(A7IGp) < T(A™1GH) Vg € A. (4.5)

That is the classical way of solving this problem: we consider the obstacle problem in
variable p (because p € A means essential that p > 0 a.e. on ). This can be done
(in a discrete space) by conjugate gradient algorithm, see for example Blum, Braess and
Suttmeier [3], or by conjugate gradient projection method, see Dembo and Tulowitzky [6].
After that the velocity u can be calculated using the equation (4.1). More on this can
be found in the section 4.3, where we compare the calculation times of the the second
method mentioned above with our first proposal for solution strategy from the next
section.

4.2. First proposal for solution strategy

In last section we derived an other minimization problem, that can be solved as an
obstacle problem in the variable p. In this section we go further and derive an equivalent
variational problem with two Lagrange multipliers. The second multiplier A is, in a way,
artificial and can be calculated, if we know » and p.
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In order to do that, we use the Lagrange multiplier methods the same way as above and
obtain an another set of KKT-conditions for a pair (p,\)" € Q x A with Q = L?(Q) :

A (fvl_lé*q, fl_lé*p> - (f, /i*é*q) -~ (N qoa=0 Vg €Q,

(w,p)o’Q >0 Yw e A,

0,0

pA=0 a.. in .
The equation (4.4) makes it possible to simplify the first of the new KKT-conditions:

0= (Zl‘lé*q, é*p)(m - (U, é'*Q) - (z‘i_lé*q, é*P)OQ — (M@)o

or (V "u, Q)07Q - (>\a q)O,Q =0 Vg € Q

In summary we can combine the two set of the KKT-conditions to a new equivalent
problem: Find a triple (u,p, \)T € V x Q x A, that satisfy

1(Vu, Vo) o = (0, V-9)oq = (F,9)q VeV, (4.6)
(V- q)g0— (A g =0 Vg €Q (4.7)

(W, p)gn =0 Vw e A, (4.8)

pA=0 a.e. in (. (4.9)

Unfortunately the operator G* is not well defined for all elements of Q. This is why this
introduction of the the second Lagrange-multiplier should be considered a motivation for
the introduction of the variational problem above. The more formal proof of equivalence
of this and minimization problems can be found in the theorem 6.1.9.

Next, we consider modified versions of (4.7) and (4.8):
(Viu—Aw—=2XA)gq=0 Yw e A (4.10)
(W—=Ap)g =0 VweA. (4.11)
By dividing the inequality (4.11) by a constant § > 0 and subtract it from the equality
(4.10), we obtain

1
<V~u—p—)\,w—)\> <0 Vw € A.
0 0,0

The lemma of projection operator A.0.3 allows us to interpret the inequality above as a
projection

)\:HA<V-U—§])>.

By applying the definition of the space A we obtain following variational problem: Find
(u,p)T € V x Q fulfilling the mixed formulation

1 (Vu, Ve)yq — (0. V- u)yq = (f, @)oo Vo eV,
(V- u, Q)O,Q = ()\7(1)079 Vg e Q

with )\:maX{O,V-u;p}.
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We won’t be using neither complementary condition pA = 0 a.e. in €2 nor the fact that
p € A in our solution strategy explicitly, but this are important properties of the solution,
which we evaluate in the chapter on error estimate.

4.3. First numerical results

In this section we compare results of two different approaches discussed in the previous
section. The problem we consider is the cross section of a T-pipe with a viscous fluid, that
can change in the gas state without the external pressure. Our research of the stokes
problem with cavitation was initiated in cooperation with industry (see f.e. Gimbel
et al [9]). In order to develop basic concepts for simulation we choose the T-pipe as
prototype example. We set a non-zero flow profile, as the boundary condition the bottom
end. The x-component of the flow profile is set to zero and the y-component can be
calculated with the mapping ffiow @ [—1,1] — R with 2 — 10(1 — 22). On the left and
right side of the pipe we prescribe Neumann boundary condition as free flow out of the
system. The external force is equals ten and oriented towards bottom, which represents
the gravitation. The viscosity coefficient is set to one.

velocity Magnitude
20 40 60 80
I‘IHIHI \IHIIII‘IIHI
0] 81,64524766337

Figure 4.1.: The velocity vectors for Stokes problem with cavitation in the cross section
of a T-pipe for the viscosity factor g = 0.01.

First we introduce the discrete finite-element-spaces. We divide 2 in triangular mesh
T, and, based on that mesh, we use the Croizeix-Raviart-elements or the non-conform
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Py-clements (see Braess [4, p. 103]) for Vj, and the constant elements for Q. This leads
to the discrete problem

1 (Vun, Veon)o o — (0, V- @n)oq = (f¢n)oq Vo € Vi, (4.12)
(V-un,qn)oq >0 Vg, € 11Qp, (4.13)
(pn, V 'uh)O,T =0 VT €Ty, . (4.14)

Since all elements of the corresponding discrete space can be written as linear combina-
tions, we define three appropriate vectors @, @ and p, such that wy, = >~ (@;+0 j)¢n,;j and

J
Ph = Y Djqnj, where ¢y, ; and gy ; are the basis functions of discrete spaces Vj, and Qj,
J

respectively. During the calculation process, we determine a vector g in such a way, that

the function ) 4 ¢y, ; satisfy the non-zero boundary conditions and ) @y, ; =0.

J J 80
The operators A and G* receive corresponding matrices A and G, defined as follows:

Aij=p (Ve ;, V‘Ph,i)oﬂ
and Gij=—(V-pn,, Qh,j)o,ﬁ :

At the same time we introduce two right hand side vectors f and § defined as
fi =, 0ni)oq — (Atg),
and gj = (G’&o) j

respectively. This is a common way of transforming a problem into one with zero-
boundary condition.

Next we consider the minimization problem (4.5) and get a discrete version of it: Find
P > 0 such that

LPTGT AT Gp— fTATIGp < LT G AT Gy — T AT Gy Vg > 0.

As mentioned before, we use conjugate gradient projection method, see Dembo and
Tulowitzky [6], to solve this obstacle problem with the Schur complement uGTA™'G
instead of the usual matrix and the vector GTA~! f as the right hand side. After the
appropriate tolerance is achieved, we finally calculate @ using an equation derived from
(4.12):

a=a"'(f-Gp).

For our first solution strategy, in order to find the vectors 4 and p, we need to iterate
the system

pAi+ Gp = f,
GTa =g+,

Il
@
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Calculation time in seconds
cells DoFs  iterations tolerance setup ‘ inverting A ‘ solving
512 2,128 43 4.51-107" | 0.00526 0.00193 0.0365
2,048 8,352 54 3.73-1077 | 0.01321 0.00718 0.3283
8,192 33,088 66 5.51-1077 | 0.04162 0.08631 2.7729
32,768 131,712 74 5.78-10~7 | 0.16461 1.21509 21.862
131,072 525,568 108 7.34-1077 | 0.74542 17.3248 214.9

Table 4.1.: Stokes problem with cavitation for the T-pipe example (solved with cg

projection method), until relative tolerance M < 107, and with

global refinement of cells

Calculation time in seconds
cells DoFs iterations tolerance setup | inverting A | solving
512 2,128 10 9.64-1077 | 0.00434 0.00077 0.0141

2,048 8,352 13 9.15-1077 | 0.01144 0.00708 0.1046
8,192 33,088 22 9.66-10~7 | 0.03849 0.08584 1.0369
32,768 131,712 24 9.78 107" | 0.1629 1.21797 7.348
131,072 525,568 17 9.97-1077 | 0.74385 17.3235 36.3318

Table 4.2.: Stokes problem with cavitation for the T-pipe example (solved with Uzawa-
Algorithm using projection operator as right hand side), until relative

tolerance M < 1079, and with global refinement of cells

T (4 il _ 15 T ~ 1a.

with 3= { (@@ +d0); —5p; i (GT(@+d0),; > 5y
0 else

For this first numerical test we just use 6 = 1. In each iteration loop we "freeze” the

vector A and search an approximation of the solution vectors 4 and p, using conjugate
p(k+1) _p(k) ||
P 5|,

8®1l,
1073. As the tests showed, the threshold of 1073 is sufficient to proceed. Next we use
this approximation to calculate the new vector A and repeat the process until the wanted
precision is achieved.

gradient Uzawa method (see Braess [4, p. 217]), until the quotient is below

In order to compare the algorithms above under fair condition we let them run until

[[p+0 —p®) |
1 is less then 107%. The tables 4.1 and 4.2 hold the
CRall

results of the numerical tests conducted using the solving strategies, described above.
The columns contain number of cells, number of degrees of freedom, that result from
defining finite element space on each of this grids, number of iteration needed as well as
actually achieved tolerance. We distinguish between inner and outer iteration cycles:

the relative tolerance

e the outer cycles are the number of actual fix-point-iterations,
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e and the inner cycles are the number of steps for Uzawa-algorithms to calculate next
4 and p.

In case of our solution strategy we only count outer iteration cycles, since after a couple
cycles, with between 3 to 13 Uzawa steps, we only need one Uzawa step pro cycle for
the rest of the iteration. There are several calculation times, that are also included in
those tables. They are split into three columns, two of which are more or less identical
for the two strategies, since we use the same process to set up the problem and invert
the resulting matrix A. The times in the last columns are quite different. According to
this data, we can estimate that our first proposed solution strategy is about three to five
times faster then the standard cg projection method for the given number of degrees of
freedom.

T T T TTT T T T T

n

—o—  setup
—m— Inverting A
—e— solving
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Figure 4.2.: A comparison of calculation times for the setup, the inverting matrix A and
the actual iterations of cg projection method.

In the figures 4.2 and 4.3 we wanted to illustrate an increase of the calculation time
relative to the growing number of degrees of freedom. Both the time needed for setup
of the problem and the time for the inverting the matrix A increases dramatically with
the number of degrees of freedom, but are only a fraction of the iteration time for the cg
projection method. Furthermore on the graphic 4.3 we see that, not only the proposed
strategy requires only a fraction of calculation time, the tests suggest, that the calculation
time growth slop is decreasing with rising number of degrees of freedom.

4.4. Further analysis of the possible solution strategies

In this section we consider the possible Newton-type methods in order to increase con-
vergence rate or, from the potential user point of view, in order to reduce computation
time. Another aspect, that is worth addressing, is the number of degrees of freedom.
Inevitably, the higher number of degree of freedom increases the calculation time. As a
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Figure 4.3.: A comparison of calculation times for the cg projection method and for the
proposed algorithm with projection operator on the right hand side.

result there is a well know technique to refine only those parts of the mesh, that require
more attention, see f. e. Braess [4, p. 173]. In order to be able to identify those parts
we introduce our a posteriori error estimator. But a locally refined mesh, can also im-
pose difficulties on the iteration process, that we will address in the section on further
numerical results.

4.4.1. Newton-type methods

For any numerical algorithm we have to consider the start value and the iteration step.We
start by looking on the possible iteration steps. For this purpose, we introduce a func-
tional Fyq : V x Q — R with

‘F‘Pq (ﬂ’vﬁ) :A(ﬂ'v(p) - (ﬁ’ V- SD)O,Q - (fa QD)O,Q + (v -, Q)O,Q - ()‘(ﬂ'vﬁ)v Q)O,Q ) (415)

so that the functions u and p, which are the continuous solution of the variational formula-
tion of the stokes problem with cavitation, are together a single zero spot of the functional
Fopq for all (¢, q)T € V x Q. Since the functional Fy,, is not Gateaux-differentiable, we
cannot use the classical Newton method to find this zero spot. This is why, we introduce
an element of the combined dual space P* (&,p) € V* x Q* as an approximation of the
Gateaux-differential and the modified Newton step (d*,d?)", which can results from the
equation

(P @p). @) | = Foy ).

Then the numerical solution can be obtained through the iteration process

wU+D) u?) dv .
<p<j+1)>:<p<j>)—<dp> vjeN,
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in which we use a vector u(?), p(9) as start value. Of course, even though we define this

P* (@, p) as an element of the dual space to the combined continuous spaces V and Q, we
have an application on the Finite-Element-Spaces in mind. The purpose of this excise
is to motivate the choices for the update calculation method and not to complicate the
matter with choices of the appropriate Finite-Element-Spaces.

The first approximation of the Gateaux-differential, that come to mind, is the simplest
one, such that ignores the dependency of A on @ and p, so that

(Pi(@p), (d,d)") =Ad"e) ~ (@Y @)q + (V- d" a)oq-

VxQ
Next possibility to consider is the fact, that A can be obtained using

1 1 1 1 1
0.V -u—=-ps== cu— = | v AT
max{ ,V-u 5p} 2<V U 5p>+2’V U 5p’
So for the next step we ignore absolute value function, which results in an another
approximation of the Gateaux-differential

~ = u u u 1
<,P§ (U'?p) ’ (d 7dp)T> :A(d 7¢) - (dpv S (p)(],Q + (V -d 7Q)0,Q + g (p7 Q)O,Q :

VxQ
The next step in order to obtain another approximation of the Gateaux-differential is
to regularise the absolute value function, but before we move on, we modify the first
equation of this new mixed formulation. First, we consider the mixed formulation with
the inequality instead the projection operator

K (VU, VSO)O,Q - (v ’ ¢ap)O7Q = (f,(p)(),ﬂ )
(v 'u7q)07Q - <)\7Q)Oyﬂ = 07
(V- u,w— )‘)O,Q +(pw—Agqg ToAw—A)gq =0.

Written this way, it is obvious, that the problem has in a way almost a symmetric
structure. We can obtain the missing part in the "right upper corner” by adding the
second equation multiplied with factor —d to the first one. Also we use V - ¢ instead of
q as a test function to fit the variational formulation. This leads to

p(Vu, Ve)yo =0 (V-u,V-9)yq— 0,V -9)qtd AV -9)oqg=(f¢0on YEV,
(v ‘u, q)O’Q - ()‘a Q)O7Q =0 vq € Qa

1
with A = max {0, V- -u— 5p} a.e. on (.

This stabilizes the problem and makes the analysis much easier. The benefits of this
alteration will be noticeable in the sections 4.6. Introduction of a bilinear form

A (u,0) = 1 (Vu, V) o — 0 (V -1,V - 9)g g

enables more compact notation. Also the value of the Lagrange multiplier A can be
obtain throw square root function. In summary, we have the equivalent formulation of
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the problem
“45(“’90) - (pv \E (p)(),Q +4 ()‘7 V- SO)QQ = (f’QO)O,Q V(p € Vv (416)

(v s u, Q)07Q - (>‘7 Q)07Q =0 Vq € Qv (417)
, 1 1 1 12

Furthermore now regularized version of A can be obtained using

1 1 1 1\?
/\£:2<V.u_6p)+2\/<V-u—6p> + £ a.e. on (,

where £ is a positive constant. With this in mind, we define a functional ]:"‘pq :VxQ — R
so that

Foa @.5) =A°(@,0) = (5, V- @l +0 (M. V) = (F.@dog

+(V-a,q)pq — (ig,q) (4.19)

< 1 1 1 1.\?
as well as )\€:2<V-ﬂ—5ﬁ>+2\/<v-'&—5ﬁ> + £ a.e. on (.

In the section 4.6 we discuss the conditions for the existence and the uniqueness of the
zero spot of this functional, as well as its relation to the function, that we actually want
to calculate. Since this stabilised regularise functional is Gateaux-differentiable, we can
use its derivative to calculate modified Newton step, meaning

(Ps @p), (@ a)") = (Fpy @p), @ a)t)
= A’ (d", p) — (d”,V - oo+ (V-d“.q9)q

1
+ <v€ <V-d“—6dp> ,5(V-4p)—q) ,
0,Q

1
with v¢ € Q and v* =5 1+

VxQ

a.e. on .

V(Y- 47) + e
4.4.2. Possible start values

In the section 4.3 we already have seen that, since we impose boundary values on the
velocity uy,, we split the coefficient vector in #g and 4. The vector 1 satisfy the non-zero
boundary conditions and one obvious start value for the vector # would be 0.

On the other hand, it is possible for the algorithms to profit from a start value, that is
already near the goal value. Since calculation for the grid with fewer degrees of freedom
are much faster, it is interesting to assess the cascade approach. In this case, similar to
the local refinement strategy, we conduct several calculation in a row, using ever further
refined mesh in each step and the solution from the last mesh to calculate a start value
for the new iteration.
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4.4.3. A posteriori error estimator

The are several error estimators for the stokes problem without cavitation (see for ex-
ample Verfiirth [16] or Nobile [15]). Let (u,p)T € V x Q be the continuous solution of
the mixed variation formulation for the stokes problem with cavitation, given by (4.1)
to (4.3), and (up,pp)T € Vi x Qp is the discrete solution, where Vi C V and Qp C Q,
then the norm of the error H (u —up,p — ph)THVXQ can be estimated with the inequality

H('U, —Up, P —ph)TH\QIXQ S CT]('U'hvph)f) )

where

ou, 2
(wn, pr, f) = Y (\T! If + nduy, + Vpp |3 7 + 10T Hah — pun >
n 0,0T\09

TeTy,
+ IV - wn = Anllh o + (Tapn, Moo + 1 Tapn — pallg g

and

1
Ap =1y, (V “up — 5ph> .

Since the norm || f + pAuy + pp|o o is part of the error estimator, it can be classified
as an residual type. The flow between the cell must satisfy the Neumann boundary
condition on all edges of the cells, which a not part of 9. This is measured by the

. In addition to the residual on each cell, which is related with
0,07\09
the equation (4.16), the estimator take account of the fulfilment of secondery condition
(4.17), in the form of the norm ||V -uj, — Apllgq - Since the function p was introduced
as Lagrange multiplier, according to the KKT conditions the functions p and as result
all the functions p, must be greater or equal to zero almost everywhere on 2. The norm
| IInpr, — ph ”o,Q measures the deviation of numerical solution from this condition. Finally,
the scalar product (IIaph,An)gq reviews compliance of the complementary condition,
which is also one of the KKT conditions. Especially the last to components of the
error estimator are not really important, if you want to evaluate convergence rate of
the solution on the entire subset €2, but their local qualities, allow us to construct an
efficient mesh. We will concentrate on the complete formal proof of the proposed a error
estimator in the section 4.7. The rigorous proof is postponed to the section 4.7.

norm

ou h n
on Phr

Further more, the discrete space Vj, that we introduced in the section 4.3 is not con-
form, meaning V;, ¢ V. In order to adapt this error estimator for the introduced
Finite-Element-Space, we have to add another component into the mix. The norm
IV (v, — up®)[ly  measures the difference between the velocity approximation uj¢ in
the non-conform space and an element of one discrete subspace. More about the pro-
cess to determinate appropriate vy, can be found in the section 4.5. Also the previous
approach for deriving the error estimator would not work in the non-conform case. This
is why, in the second part of the section 4.7 the alternative approach is introduced.
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Figure 4.4.: The solution of the Stokes problem with cavitation for p = 1. Left above:
x-component of the velocity. Right above: y-component of the velocity. Left
below: absolute value of the velocity. Right below: pressure.

4.5. Numerical results

4.5.1. A comparison of proposed Newton-type iteration methods

For the further test we have to consider the effects of the viscosity constant g on the
simulation. As in the section 4.3, we calculate the flow in the T-pipe section, but different
viscosity factors lead to completely different behavior (compare figures 4.4, 4.5 and 4.6).

The main reason for that is, that the differences in the viscosity lead to the different
pressure distributions and, as a result of that, the different cavitation zones. If the
pressure in a segment is too low, the cavitation effect takes place. As shown in the figure
4.7, in the example with © = 1 there are two small separate cavitation zones near the
openings on the left and the right sides. In case of u = 0.1 the zones are still separate,
but are much bigger. The simulation with the viscosity constant p = 0.01 shows one
continuous cavitation zone in the upper part of the T-pipe segment. In the section
4.3 we only considered a fix point iteration approach for u = 1, and achieved superior
result, compared with the cg projection method. In case of p = 0.1 this approach is
still faster method for the larger number of degrees of freedom, but does not outperform
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the cg projection method that drastically. That is why, we focus in this chapter on the
numerical test for the case y = 0.1.

j— -

3 2e+01

Figure 4.5.: The solution of the Stokes problem with cavitation for u = 0.1. Left above:
x-component of the velocity. Right above: y-component of the velocity. Left
below: absolute value of the velocity. Right below: pressure.

The other important point to discuss is the matrix A. In the section 4.3 we used A, ; =
w(Veonj, V‘Ph,i)o,ﬂ' Our velocity solution vectors 4y and 4 consist of to blocks each (for
example first half for x-components and the second half for the y-components). This
result in a block structure of the matrix, such that for all wy, vy, € Vy,

Azz O

A(wh’vh)zmT( 0 A,

) o with Az =p | - (Vens, Venilyg

So instead of calculate the inverse of the whole matrix, we can take advantage of the
structure, only invert one block after the assembling step and use it in combination with
specially written matrix-vector-product routine in each iteration step. This works for
the Newton-type methods P, and P, as well, but in the Newton-type methods P; we
added the stabilization, which resulted in the bilinear form

«45(%90) = 1 (Vu, V‘P)O,Q —6(V-u,V- ‘P)o,n
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Figure 4.6.: The solution of the Stokes problem with cavitation for g = 0.01. Left above:
x-component of the velocity. Right above: y-component of the velocity. Left
below: absolute value of the velocity. Right below: pressure.

Figure 4.7.: The cavitation zone in the T-pipe segment for different viscosity factors: left
to right 4 =1, 4 =0.1 and p = 0.01.

The resulting matrix is still very sparse and we can benefit from the block structure,
but it is not possible to invert the whole matrix at the same ”low cost” as previously.
Further more, since the focus of this work was not on efficient algebraic computation,
we decided to make quick numerical calculation of A~! in each step and subtract the
time from the overall calculation time. This way we didn’t have to program an inverting
routine for the block matrix and concentrate on the algorithm itself. That is why, the
solving time for the P3 method must be adjusted. In the subsequent comparison of the
results we will be using this adjusted time, when referring to the Ps method.
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Figure 4.8.: A comparison of solving strategies of Stokes problem with cavitation for
the T-pipe example with 1 = 0.1 (zero start value and with global
refinement of cells).

For the first numerical test we compare the calculation times of the different solution
strategies for zero start value and with global refinement of cells. As illustrated in the
figure 4.8, the P, update calculation had, as suspected, some oscillation problems, which
resulted in the worst calculation time. That is why, in the comparison table 4.3 we left it
out. The Fix-Point-Approach was, as stated before, better as the projected cg method.
What is more important, it has shown a lower exponential growth of the calculation time
in dependence on the growing number of degrees of freedom. The P; solution update
strategy has shown similar results. Even though the calculation times were low than in
the Fix-Point-Approach, they grow a little bit faster with the rising number of degrees
of freedom. The solution update strategy Ps required about the third of the calculation
time of P; and less then a fifth part of the calculation time of the projected cg method.

Next we try the cascade approach and keep the pressure from the previous mesh to
calculate the start value for the new one. The reason to use the pressure is, that we
can easily interpolate it. In order to generate a new mesh we split the triangles of the
old mesh into a number of new triangles. Since in our Finite-Element-Space pressure is
constant on each triangular mesh element, we can just assign the pressure value from the
”parent” cell to the all ”child” cell, that are the result of refinement of the old ” parent”
cell in question. As already stated, we calculate the inverse of the matrix A, so the start
value for velocity can be easily obtain using the equation (4.12).

As shown in the figure 4.9, Fix-Point-Iteration and P, approach profit the least from
this new starting value. The projected cg method in the cascade calculation shows
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DoF's PCG Fix-Point P Ps
n Time O(n) | Time O(n) | Time O(n) | Time O(n)

552 0.005 0.07 0.024 0.012

2,128 0.058 1.81 0.208 0.81 0.099 1.06 | 0.022 0.45
8,352 0.448 1.49 1.04 1.18 0.538 1.24 | 0.137 1.32
33,088 5.24 1.79 6.485 1.33 3.832 1.43 | 0.859 1.33
131,712 | 45.624  1.57 | 38.891 1.3 25.266 1.37 | 6.659 1.48
525,568 | 371.271 1.51 | 223.979 1.27 | 179.465 1.42

Table 4.3.: The calculation times and their dependence on the number of degrees of
freedom for Stokes problem with cavitation in the T-pipe with ¢ = 0.1 (zero
start value and with global refinement of cells).
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Figure 4.9.: A comparison of solving strategies of Stokes problem with cavitation for the

T-pipe example with g = 0.1 (interpolation of previous solution as
start value and with global refinement of cells).
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DoF's PCG Fix-Point P1 P3
n Time O(n) | Time O(n) | Time O(n) | Time O(n)

552 0.004 0.049 0.022 0.012

2,128 | 0.024 1.3 0.208  1.07 | 0.069 0.83 | 0.018 0.32
8,352 0.19 1.5 1.035 1.17 | 0.368 1.23 | 0.114 1.33
33,088 | 1.777 1.62 6.522 1.34 | 2.239 131 | 0.704 1.32
131,712 | 10.969 1.32 | 39.239 1.3 | 14288 1.34 | 5.605 1.5
525,568 | 80.308 1.44 | 249.394 1.34 | 86.138 1.3

Table 4.4.: The calculation times and their dependence on the number of degrees of free-
dom for Stokes problem with cavitation in the T-pipe with © = 0.1 (interpo-
lation of previous solution as start value and with global refinement
of cells).

better result then all proposed strategies except for the P; Newton-type method. The
calculation times in the table 4.4 show, that all methods can profit from a better choice
of the start value, but we have to take the calculation time for this start value into
account two. So under this condition the cascade calculation is valuable strategy for the
projected cg method and P; Newton-type method, but not for P3 approach, which still
has shown the best results.

The in the third test we introduce the local cell refinement. In the base problem with
the T-pipe segment we are in particular interested in value in two point. Those are the
points, where the pipes meet. The 90 degree angle leads to the artificial singularity in
the flow profile. Our error estimator recognizes the problem and the cell in the proximity
are refined in each step. The other interesting zone is the border to the area, where the
cavitation take place. Refining those cells makes more efficient use of degrees of freedom,
but we also have to take care of the hanging nodes. This results in less optimal triangles
in the mesh. Also since we use the non-conform Finite-Element-Space Vj,, we need to
calculate a conform approximation of the velocity. In the conform Finite-Element-Space
with linear triangle elements (see f.e. Braess [4, p. 62 ff]) we need to know the function
value in the nodes and in the Croizeix-Raviart-elements the value is attributed to the
sides of the cell. So one of the simplest ways to obtain conform approximation from the
non-conform solution with the Croizeix-Raviart-elements is to calculate in every node
the average between the corresponding values of the cell sides, that have the node in
common.

As the stability becomes more of an issue as before all solution strategies show an increase
in the calculation time due to the oscillations. The Fix-Point-Iteration calculations were
terminated early, because it was obvious, that they are not comparable with the rest.
The methods P; and P, started slower as projected cg method, but P, showed better
results for the higher number of degrees of freedom. And again was the solution strategy
P5 exceptionally fast due to the still much lower number of iteration circles, even so those
iteration were more complex.



4.5. Numerical results 29

103 _._ PCG T T 17 \‘ T T T 1 \\‘ é
—=— Fix-Point i
102 .
% —k— 4+ E
g 10'| £
Q N
% § |
g 100F E
D) B ]
= |
=107 0 b
102 1 :
S g
Ll Ll Ll i

103 104 10°

Degrees of freedom

Figure 4.10.: A comparison of solving strategies of Stokes problem with cavitation for
the T-pipe example with © = 0.1 (zero start value and with local
refinement of cells).

DoF's PCG P1 P2 P3
n Time O(n) | Time O(n) | Time O(n) | Time O(n)
952 0.004 0.022 0.041 0.005

1,242 0.036 2.71 0.074 1.49 0.161 1.68 | 0.014 1.26
2,603 0.064 0.78 0.15 0.96 0.318 0.92 | 0.036 1.24
5,717 0.593 2.83 0.88 2.25 1.883 2.26 | 0.151 1.83
12,050 2.549 1.95 2.923 1.61 6.613 1.68 | 0.387 1.26
25,094 9.948 1.86 | 10.265 1.71 | 21.638 1.62 1.42 1.77
53,532 | 126.294 3.35 56.69 2.26 | 120.23 2.26 5.18 1.71
111,057 | 494.824 1.87 | 223.872 1.88 | 466.614 1.86 | 21.904 1.98

Table 4.5.: The calculation times and their dependence on the number of degrees of
freedom for Stokes problem with cavitation in the T-pipe with p = 0.1 (zero
start value and with local refinement of cells).
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Figure 4.11.: A comparison of solving strategies of Stokes problem with cavitation for
the T-pipe example with ;4 = 0.1 (interpolation of previous solution
as start value and with local refinement of cells).

The last test with u = 0.1, were we use interpolation of previous solution as start value
and an error estimator for the local refinement of cells, reviles the similar picture as
the test with the global refinement of cells. All solution strategies profit from the better
choice of the start value. The least improvement of the calculation time shows the method
Pj3, but it is still far more efficient then the rest of the competition.

The numbers for the case with viscosity factor g = 0.01 are similar. We limit our self to
report the result of only one test as an example of the overall trend. The projection cg
method can outperform all other solution strategies, except for the P3 algorithm, but the
results also suggest, that calculation time will increase faster with the growing number of
degrees of freedom. Even so the solution strategy Ps is superior in both calculation time
and its growth due to the rising number of degrees of freedom. Since the data indicates
the overall success of this method, we will analyze it deeper in the following section.

4.5.2. An examination of the convergence rates depending on the mesh
size

In this part we compare, how does the refinement of the mesh affects the accuracy of
the calculated solution. For this purpose, we consider the results of the tests, in which
interpolation of previous solution was used as start value and with local refinement of
cells. Since we already have an error estimator, it is interesting to look at this data first.
The tables 4.8 and 4.9 contain the raw values for different parts of the error estimator,
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DoFs PCG P P P
n Time O(n) | Time O(n) | Time O(n) | Time O(n)
552 0.004 0.022 0.04 0.005

1,242 0.027 2.3 0.066 1.38 0.123 1.39 | 0.012 1.12
2,603 0.042 0.61 0.109 0.68 0.237 0.89 0.03 1.27
5,717 0.314 2.55 0.473 1.86 1.277 2.14 | 0.112 1.66
12,050 1.298 1.9 1.845 1.82 4.058 1.55 | 0.279 1.22
25,094 4.587 1.72 4.215 1.13 | 11.967 147 | 1.058 1.82
53,632 | 33.719  2.63 23.51 227 | 71.145 235 | 3.891 1.72
111,057 | 159.344 2.13 | 121.012 2.25 | 315.004 2.04 | 14.678 1.82

Table 4.6.: The calculation times and their dependence on the number of degrees of free-
dom for Stokes problem with cavitation in the T-pipe with x4 = 0.1 (interpo-
lation of previous solution as start value and with local refinement

of cells).
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Figure 4.12.: A comparison of solving strategies of Stokes problem with cavitation for
the T-pipe example with ;1 = 0.01 (zero start value and with global
refinement of cells).
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DoF's PCG P1 P3
n Time O(n) | Time O(n) | Time O(n)
552 0.02 0.024 0.012
2,128 0.024 0.13 | 0.1567 1.39 | 0.025 0.51
8,352 0.382 2.03 | 1.147 145 | 0.135 1.25
33,088 | 3.654 1.64 | 10412 1.6 | 0.987 1.44
131,712 | 31.588 1.56 | 78.254 1.46 | 6.574 1.37

Table 4.7.: The calculation times and their dependence on the number of degrees of
freedom for Stokes problem with cavitation in the T-pipe with 4 = 0.01

(zero start value and with global refinement of cells).

2

2

Different errors
2

2

cells Cres ejump €cond compl e;LZIJr Cne
128 12.5 194.5 1.62-1079 0 0 344.02
512 3.13 15.9 4.94-107° 0 0 117.22
2,048 0.78 1.19 3.65-1079 0 0  38.68
8,192 0.2 8.92-1072 3.95-107° 0 0 13.64

32,768 4.88-1072 7.1-107% 5.15-107° 0 0 5.3
1.31-10° 1.22-1072 6.03-107* 4.46-1078 0 0 2.24

Table 4.8.: The error estimation data for the projected cg method with global re-
finement, applied on Stokes problem with cavitation in the T-pipe with
w=0.1.

that were introduced in the section 4.4:

2
€res = 2oTer, (|T\ If + nAuy, + Vph||o,T> s Compr = (AP, An)g g 5

auh 2 2
eiump = ZTG’H‘h (|3T| on — D1 » 612)+ = HHAPh - th(LQ ’
0,0T\0%2
2 2
6zorwl = ||v “Up — )‘hHO,Q ’ 6310 = Hv (’Uh B U’ZC)HQQ :

As already mentioned, the parts econd, €compr and e,4 contribute relatively little to the
global error estimation and are more interesting in the selecting process for the local cell
refinement. In the case of the projected cg method ecomp and e,4 are zero, since this
is essential part of the post-processing. The error e,., that is the result of the use of
the non-conform elements, is dominant overall, but it is not the best candidate for eval-
uating convergence rates, since we use relatively unsophisticated method for calculating
up©. Different methods might be more valuable in this regard, but we have other data
available. The residual part e,.s is usually very important would serve the tusk quite
well, but since we used the Croizeix-Raviart-elements for V; and the constant elements

for Qp, it is reduced to e2,, = > Ter, (]T\ HngT) This leaves us with another impor-

TES
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Different errors

cells e%es e?ump ez(m d egompl 612, " e,%c

128 12.5 194.5 1.52-1071° 0 5.31-10720  344.02

512 3.13 15.9 1.51-10716 1.88-1072! 5.42-107% 117.22
2,048 0.78 1.19 4.49-10717 52.107'7 1.48-1072° 38.68
8,192 0.2 892-1072 6.43-107% 844-1071 21-.-10720 13.64
32,768 4.88-1072 7.13-107% 1.69-101 1.08-107'? 1.94-107% 5.34

Table 4.9.: The error estimation data for the Newton-type methods Ps, applied on
Stokes problem with cavitation in the T-pipe with p = 0.1.

PCG Ps
cells | K(€jump) Klene) K(VMres) | K(€jump)  K(ene) K(\/Nres)
512 1.81 0.78 1.72 1.81 0.78 1.72
2,048 1.87 0.8 1.64 1.87 0.8 1.64
8,192 1.87 0.75 1.4 1.87 0.75 1.4
32,768 1.83 0.68 1.17 1.83 0.68 1.17

Table 4.10.: The convergence rate x for the different parts of the error estimator (calcu-
lated with the data from the tables 4.8 and 4.9).

tant part of the estimator ejymp, which provides information about interdependence of
the discrete solution and the cell size.

In the tables 4.8 and 4.9 the number of cells quadruples from row to row, and since the
mesh consists of triangular cells, the cell size h is halved in every step. This allows us
to calculate the convergence rate x as follows: if e, is a value of an error in the current
mesh and ey, was the value in the previous mesh, then

_lngz)ln (;’;) .

In the table 4.10 we compare the convergence rates for projected cg method and Newton-
type method Ps. For this purpose (ejump), k(enc) and r(nges) were calculated, where
Nres 18 @ combined residual estimator with

2

0,07\09

TeTy,
We do not have a continuous solution for this problem to directly calculate the difference
between it an our discrete solutions. Instead we can compare the discrete solution for
the different meshes with each other. The table 4.11 provide such a comparison. It is
convenient to calculate the norm ||p, — p2h||07Q, since py, is constant on each cell and the

K(en) =

8uh

s, 1 f) = (c%m:m I + puy, — Vpn |+ o |OT) \ B i

that is used in the further course of this section.
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PCG Py
cells | [lpn —panlleq  &(lpn = p2nllo) | o —p2nlle  #(pn = Panlloq)
128 18.4344 18.4331
512 5.60869 0.86 5.6071 0.86
2,048 1.10101 1.17 1.10143 1.17
8,192 0.2267 1.13 0.22667 1.14
32,768 0.05785 0.99 0.05627 1

Table 4.11.: A comparison of the discrete solutions of the Stokes problem with cavita-

tion for the T-pipe example for the different meshes (solved until relative

”pnew —Pold II < 1078

tolerance
||pnew+pold||

and with global refinement of cells).

value from the previous mesh is stored for test, in which it is need for calculating better
start value. The norm ||V (up, — ugp)|ly o can be estimated using the similar trick as in
lemma 4.7.8, which leads to an inequality

IV (un — wan) I o < ines(n, D2y £) + con [P — Panllf g

with positive constants ¢, and cpp, for which we proved proof at the end of this sec-
tion. To conclude, it can therefore be said that the accuracy of the discrete solution is
approximately linearly dependent upon cell size h.

Lemma 4.5.1. Let Vop, Vi, Qon and Qn be discrete spaces, such that Vap, C V3, and
Qon C Qp. Furthermore let (up,pn)? € Vi x Qn and (ugp, pan)? € Vap x Qap be the
discrete solutions of for the stokes problem with cavitation, given by (4.1) to (4.3), on
the respective discrete spaces. Then the following inequality applies

IV (up, — uzh)H(z),Q < CyNpes(Wan, Dan, f) + cpn [[Ph — p2h||g,9

with positive constants ¢, and cpp,.

Proof. First we define the difference eg;, = up, — uop and its interpolation on the discrete
space with less degrees of freedom Ipes, € Vy. Using the equation (4.12) we obtain
u(Veap, Ihe?h)O,Q = (pn — pon, V - (Ihegh))oﬂ and this leads to

IV (= wan) [l o =4 (V (wn — u2n) , V (e2n — Tnean))o g
— (ph = p2n, V - (€2n — Ine2n))oq + (Pn — D2ns V - €21) o
= (f,ean — Inean)y o — 1 (Vsan, V (€an — Inean))o
+ (p2n, V - (e2n — In€an))g o + (Ph — P2n, V - €21) g -

By applying the lemma 4.7.2 and Cauchy-Schwarz inequality we can estimate

2 2
IV (un —un) 5.0 < IVenllo o Vwes (an, pon, £) + |V - €2nllo o Ipn — p2nllG o -

Since ||V - eanllgq < [[Veanlloq » the only step that is left to do, in order to obtain target
estimation, is to apply Young’s inequality and calculate the constants ¢, and c,. [
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4.6. Existence and uniqueness of the continuous and the
FEM solutions

In this section we want to proof the existence an uniqueness of the solution of the
continuous stabilized and regularised problem, as well as the existence an uniqueness
of the solution of the discrete stabilized problem. Then we show, that the stabilized
solution converges to the original solution for & — 0. It can be argued that, if we
would use Newton algorithms for the regularised problem with an appropriate £ > 0,
the solution would approximate the solution of the not regularised problem. The process
should highlight the few criteria that are meet in continuous spaces and are required from
the discrete spaces, for the solution strategy to work. The other aspect of this discussion
is the preparation for the more abstract problem, in which the same properties will be
required. Finally, from the discussion of the existence an the uniqueness of the solution
we can derive the condition 0 < < pu. First we describe the ideas, that we use, and the
formal proof as well as the lemmas, that are used in the process, will come at the end of
this section.

Theorem 4.6.1. There is an unique solution (u¢,p$)T € V x Q of the continuous sta-
bilized problem

Foq(u®,p%) =0 Yip.9)" €V xQ,
with F defined by equation (4.19).

To proof this theorem, we consider a mapping in to a dual space E : V x Q — V* x Q*
with

(B @.a)"), o = Foaldh) V(@5 ()" €V xQ

and proof, that the operator E strong monotone and Lipschitz continuous is. According
to the lemma A.0.7, this qualities secure he existence an uniqueness of the solution.

The proof is relative technical (see last part of this section). The basis of it are following
qualities:

i) There are positive constant ¢ and ¢, such that
Ap.0) = plIVelia - 0IV wlig > clVolly  VeeV,
where A°(u, ) = u (Vu, Vo)oa—0(V-u,V-9)q.
ii) The bilinear form B(.,.) fulfil the inf-sup-condition

- (V P, Q)O,Q ~

ZC,

. Blp,q) _ .
inf sup —————— = inf sup
1€Qoev lPlly llallq  ecQpev @l llallq

where ¢ is a positive constant and B(p,q) = — (V - ¢, q)07Q.
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This leads to the similar theorem for the discrete case.

Theorem 4.6.2. There is an unique solution (ui,pi)T € Vih x Qn of the discrete stabi-

lized and regularised problem
Fonan (Wj, ) =0 V(o qn)" € Vi x Qn
with F defined by equation (4.19), the following criteria:
i) There are positive constant ¢ and 6, such that

A (n,on) = 1 IVenlls o = 511V - @nlls o > ¢l Venllg o Yy, € V), .

it) The bilinear form B(.,.) fulfil the inf-sup-condition

- (V *Ph, qh)O,Q Sz

— Y

inf  sup M = inf sup

€Qn g, evy [1Pnllv llanllg  an€Qn g evy,  llenllv llanllg

where ¢ is a positive constant.
Proof. Analogue to the proof of the theorem 4.6.1. U

Its important to know how does the stabilisation of the square root affect the solution.
In the next theorem we consider limit of difference between the actual solution and the
solution of the stabilized problem.

Theorem 4.6.3. Let (u,p)” be the solution of the continuous problem
F‘Pq(uap)zo V(QD,Q)TEVXQ7

with F defined by equation (4.15). Let (us,p®)T be the solution of the continuous stabilized
problem

Foq(ut,p%) =0 Vip.q)" €V xQ,
with F defined by equation (4.19). Then

tim | (u,p)” = ()]
£—0

=0.
VxQ

Besides the convergence for ¢ — 0, the proof show how the convergence rate is affected
by value of |2]. This lead to the conclusion, to see £ not as a constant, but more as
a piecewise constant function £ : 2 — R. The rest of the chapter are the proof of the
theorems 4.6.1 and 4.6.3 as well as some lemma, that are used in this proofs.

Proof. (Theorem 4.6.1) As shown in the proof of the lemma 4.6.4, there is a positive
constant ¢, such that

A, ) >c||[Vollf Vo eV.
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i) (Strong monotony) We consider the dualpair

(Blo.0)" - E@.0" (0.0~ @.0"), =Ale-6.0-9)

+ (X =XV (p-9) — (0 - q))m Ve, )", (3, €V xQ.

According to inequality (4.22)

oc 2

(A =350V (9 )~ (a - ‘f’>o,9 >3

(Vo2 -50-0)

0,92
dc 1D c 12 - -
>S5 IV-(@=9loa+ 55 la—dloe —c(V-(¢ = 8).a = Dog -
By using (0 + 1) as a constant in the Young inequality we obtain

~ ~ c(6+1) -\ 112 C ~112
—c(V - — — > V - — e — — .
c(V-(p—9).q Q)O,Q = 9 | (¢ ‘P)HQQ 200+ 1) g Q||07Q

Putting all those estimations together result in the following inequality:

(B0~ E@.0)" (0.0 ~@.0)"),  >clVe—)liq

NV (o2 — g — a2
51V (0 =)0+ 5575y Il

T (3,0 " lvxq Yip.q)" (30" eV xQ,

C

2max{2,6(6 + 1)}’

> a||(e,9)

with a constant a =

which means that the operator E is strong

monotone.

(ii) (Lipschitz continuity) Using the inequalities (4.23) and (4.20), we can demonstrate,
that the mapping F is Lipschitz continuous:

(E@.0" - E@,0", @.5)")

. oo VxQ
EgoaqT_E(p7qT = sup TS
( ) ( ) )V*XQ* (@,5)TeEVxQ H(uvp)THVxQ
< sup Ap—¢,8) — (q— G,V -i)oq+ (V- (9= @), Do
B (@,5)TeVxQ H(ﬁvﬁ)THVXQ
(,\E ¥V -a—ﬁ)m
+  sup —— ’
(@,p)TeVxQ ”(uap)THVXQ
52 +1 - . 5 =
§(a+5>W¢%quNm Ve a) (0" €V xQ.

iii) (Conclusion) According to the theorem A.0.7 the equation

E(UE, pf)T =0
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has exactly one solution (u$,p$)T € V x Q, where 0* € V* is additive neutral element of
the dual space. This means, that the equation

Foqut,p%) =0 V(p.q)' €V xQ.
has a unique solution (u,p$)T € V x Q. O

Proof. (Theorem 4.6.3) Since the operator E is strong monotone we obtain the fol-
lowing equality :

)™ @ o < L (B p) B ) )"~ @)

VxQ VxQ

According to the definitions of (u,p)T and (uf,p)™
<E(u€>p€)T7 (uap)T - (ugapg)T>VXQ =0
(Blwp)™, @p)" =@ pT)

:% \/(V-u—;p>2—|—§—\/(V-u—§p>2,5v- (u—uf) - (p—p§>

0,0

Finally, using the Cauchy-Schwarz, the Young’s and Poincare’s inequalities, we receive

[ = @9 < 5 (B - B )T ) - )T

VxQ
= % \/<V-u— ;p>2+§— \/<V-u— ;p>2,5v- (u—u5> — (p—p£>
0,
1 § Mg — ) — (1 of
SQ& \/(V u—f) ~|—£+\/V ’U,—gp)2 079H6V (u u) (p p)HO,Q
<[|VEll, o
<100V ™ - w7
This means, that H(u,p)T - (uf,pf)THVXQ < ]Qh/g% and as a result,
tim | () — i ) =0, O

Lemma 4.6.4 (Linear problem). Let L : V x Q — V* x Q*, (u,p)T — (f*,g*)7T be a
linear mapping into the dual space, defined by the saddle point problem
A(S(U,(p)—i-B(SD,p) = <f*7(p>V V‘Peva
B(U,q) = <g*7Q>Q VQGQ )
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where A (u, ) = pu (Vu, Voloa—0(V-u,V-9)yq and B(g,q) = — (V- ¢,q)qq- Then
for 0 < § < p the operator L is isomorph and the following inequalities apply

(L@n)"(0.0)"), | =A@ ~ (70l - (0.7
<af@p) Nyl a) v Ve o @nH"eVxQ (4.20)

and

(L@p" e.07)

1 ~ T VxQ
2, p < sup
5H< ) lvea (0.0)TEVXQ 1, 0) Tllvxq
A (@, 0) — (5,V - )go— (¢, V - @
~ G.0) ~ (b ﬂh” @V oo yanTeveq. (o)
(p,9)TeVXQ ||(‘p7Q) HVxQ

Proof. Since ||V
that

0.0 > IV @llgq, for 0 < § < u there is a positive constant ¢, such

A0, 0) =11 (Vp, V)0 =6 (V -9,V -9) g
1[IVl o =51V - ¢ll6 o
>c|[Vell2q
> llel? g Yo eV,

This means the bilinear form A%(.,.) is V-elliptic. The bilinear form B(.,.) fulfil the
inf-sup-condition

- (v ’ Q07Q)0,Q > ;

p— 9

" Ble.g _ ..
inf sup ————— = inf sup
1€Qquev l@llv llallg  €Quev  lellv llallg

where ¢ is a positive constant (see f.e. Girault & Raviart [10]). According to the Brezzi’s
splitting theorem A.0.5, the linear mapping L is an isomorphism and, as per the abstract
existence theorem A.0.4, we obtain following inequalities, with constants o, 3 € R*:

(L@ 00"y | = [AGe) ~ (705l ~ 0.7
<« H(ﬁvﬁ)THVXQ H(‘pv Q)THVXQ V((p, Q)Tv (ﬂ7p)T €V x Q

and

Ll (@) o 0)")
= |l@.p < sup
5 ( ) VxQ (0,a)TEVXQ H((p7Q)T||V><Q
A, ) = (5, V - @)og — (¢, V - )g g
= sup

(p,0)TEVXQ H(‘p7q)THV><Q

VxQ

Ya,p)teVxQ. O
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Lemma 4.6.5. We define XX eQ as

Then for the constants 0 < ¢ < 1 and 0 < § the following inequalities apply:

de 2

(A =XV (p-0)-4-a) >

25 (4.22)

(V-0 - 5a-0)
0,92
Ve 0) . (3. )T €V x Q
_ 2
md (X -50-9) <" 0-6.0-0 g l@D) g 423)

0,0
Ve, 9)", (2,97, @,p)" eV xQ.

[«

Proof. We consider the scalar product

(As — XNV (p—@)— (¢ — (D)o,n

=5 (V-9 -ja-0v-e-0-G-0)

0,0
=5 (Voo f- DV 0-p--0)
2 ~ ~\ 2
+( O oy (V050 ﬁv(w¢)(q®)
VIV =i e /(V-6-50)" ¢
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Using the Holder’s inequality we can find a constant 0 < ¢ < 1, such that

_1 V-g—1g 2
. Vo 50)+ (V85 (v-«o—sa)—;(q—q))
\/(V <p—gq) +§+\/V<p %) +¢ 0.0
% (V-o—1q)+ (V- ¢—%q
g V/v - 34) +§+V/ %j2+€me)
1 . 2
( ¢)—5la—a o
de 1 2
5(v -9 -a- q>) .

On the other hand, using the Cauchy-Schwarz, the Young’s and Poincare’s inequalities,
we receive

1

A-XNodi—p) ==[[1+
( p)o,Q 2/9 \/(

(V-0 10+ (V6 k)
Vep— ) +e+ (V- 10) +¢

<2

(Vo=@ - 5a-0) Ga-p)as

which leads to

(\-Koa-p), < (‘V-((p—(ﬁ)—};(q—@) ,

),

)

- 1 - - .
< (Ilw ~@lloo+ 3 la - quo,g) (8 1llog + 117l

N 1o Y _ 2
— /(o= loa+ 3 la=dla) /(3 1alon + 15l0c)
\/ (1+3) (1o = o2+ o~ dlZa) /6 + 1 (18130 + 1512,

2 +1
< I

)THVXQ H(ﬂ’ﬁ)THVXQ :

4.7. Error estimate

In the next sections we derive an ”a posteriori” error estimator for the stokes problem
with cavitation, that was introduced in the section 4.4.3, using the projection operator for
the second Lagrange multiplier. As a base we use the method of error analysis introduced
by Verfiirth [16].
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Summarised we will proof that, if (u, p)T € V x Q is the continuous solution of the mixed
variation formulation for the stokes problem with cavitation, given by (4.1) to (4.3), and
(un,pn)T € Vi x Qp is the discrete solution, where Vi, C V and Qn C Q, then the norm

of the error H (u —up,p— ph)THVXQ can be estimated with the inequality

| (w —un,p —ph)THf,XQ < en(wn, pn. f)

where

8uh

_ T A o +10T| || 5 -

o) = 3 <| 1f + s+ Sl -+ 1071 | 52 =
h

2
0,0T\09

+ IV - wn = Anlly o + (Tapn, Ao + 1 Tapn — pallg g

and

1
An =1y, <V “uUp — 5Ph> .

We proof this hypothesis in several steps:

e First of all we collect and prove, if necessary, some inequalities, that are used in
the further course of the chapter.

e The next step is to estimate the difference between the second Lagrange parameter
A and its approximation Ap.

e Using the results of this sections we finally derive the a posteriori error estimator.

4.7.1. Helpful estimates

The first two useful inequalities, that should be introduced are

1
o = Inollor < |12 [[Vollr (4.24)

1
and [v — Thollg o7 < clor|OT2 ||V'U||0,T ) (4.25)

where v € (H'(Q2))" with n € N and I,v is its interpolation (see Verfiirth [16, p. 313]).
The next two lemmas are leading to inequality, which contains the typical norms of local
residual of the classical formulation and the norms of the directional derivative of uy, in
the direction of the outward pointing normal n on each cell.

Lemma 4.7.1. For all 0 : T, — R} and ¢ € (L2(Q))n with n € N the following
mequality applies

VI

Yo 0D lellog < llellon | Y- (1)) (4.26)

TeTy, TeT
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Proof. The sum Y, 0(T)| |l¢

TeTy
product in the vector space RV». By applying Cauchy-Schwarz inequality we get

Np
or = > 0(Ty) ||<p||0Tj can be interpreted as a scalar
b j:l b

[NIES

Np, Np, Np 2
S 0T Iellor, < [ ST | [ lelis,
j=1 j=1 j=1

N

Np
= (D@ | lelog - O
j=1

Lemma 4.7.2. For allup, € Vy, pp € Qn and f,p €V the following inequality applies

(fro =)o —1 (Vun, V(o — Ing))g.q + (Pr: V- (@ — In®))o
S 2 HVSDHO,Q nRes(’u’h7ph7f)7 (427)

2
0,07\

Proof. First of all we split the scalar products and consider them cell wise. Using Green’s
first identity and Cauchy-Schwarz inequality we receive fist estimate:

where

ﬁuh
Mies (W prs ) = ) <c|2T IT|1f + pduy — Vp|l§ 1 + o [OT] ‘ e L

TeTy,

(fro = Inp)oo — 1 (Vun, V(e — Inp))g o + (0r, V- (@ — 1np))g o
< Z ((fﬁp - Ih‘P)o,T — p(Vup, V(o — Ih‘P))o,T + (P, V- (p — Ih‘P))o,T>

TETh
8’U,h
< | (f+ pduy — Vpn, @ — Inp) o + B~ Pn® — Inp
TETy n 0,07\09
<> (If + pdu = Voullo.r o = Dpllo
TeTy
8uh
+ ‘ — - —Dpn e = Inelloorman | -
on 0,07\ 0.7\

Application of the inequalities (4.24) and (4.25) transforms the estimate into

o,aT\aQ>

(fro = Inp)oq — 1 (Vun, V(@ — 1)) o + (0, V - (¢ — 1n))g o

8’U,h n
on Dh

1 L
<> IVellor <C|T’T|2 |f + plAup, — Vppllgr + clon|0T'|2
TeTy,
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At this point we just need to apply the inequality (4.26) and the Young’s inequality to
receive the assertion from above:

(fro = Inp)og —1 (Vun, V(e — Inp))oq + (0n: V- (¢ — 1n9))o

1
<I¥elog | Y- (emlTI® If + ndun = Vpnlos
TeTy
P 2
1 || Oup
+ ¢om |01 |2 on P
n 0,07\

<2|Volog | Do (EITIIF + ndu, = Vould

TeTy
1
2 2
. g
0,8T\8Q> )

4.7.2. Errror estimator for second Lagrange multiplier

An important part of the development of the error estimator is finding proper estimate
for the difference between the second Lagrange multiplier and its approximation. In this
section we introduce such inequality.

Theorem 4.7.3. Let (u,p)” € V x Q be the continuous solution of the mized vari-
ation formulation for the stokes problem with cavitation, given by (4.1) to (4.3), and

(un,pn)” € Vp x Qn is the discrete solution. Then the norm of ||\ — Arlloq can be
estimated with the inequality

1 2
2 T
e||)\f)\h||o,g < §H(U*Uh,p*ph) HV><Q
2 2 2 Ouy,
vor 3 (0TI - nds Tl + om | 2

TeTy

+ex |V -wn — Mallg o + x (TIapa, Ao + e llpn — Tapnllg g

2
(4.28)
0,07\

where € > 0 and c) > 0 are constants.

Proof. Since A°(v,v) > 0 is V-elliptic we consider our start inequality

0N = Anllte < A°( —un,u —un) + 6 (A= A A= M) -
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On the right side of the inequality we add and subtract a number of scalar products:

A (= wpu—up) + 6 (A= Ay, A= Mg g
=A% (u —up,u—up) — (p—pn, V- (u— up))o o+ 0 (A=A, V- (u—up))gq
+ (P =P A= An)oq =0 (V-(u—up), A= An)gg+ (A= An, A= An)oq
—A=Ap—pn)oa+ (V- (u—un),p—pn)yq -

Applying (4.16) and (4.17), we obtain the equality

A (=g, —wp) + 6 (A= Any A — Mg g
= A(w,u—up) = (p, V- (w—up))gq+06 A\ V- (u—un))q

:(.fau:ruh)o,ﬂ
— A (un,u—un) + (pn, V- (w =) — 6 (An, V- (w0 —un))g g
+ (=P A= Mo T (Vun — A A= A)og + (An = V- un,p— pr)og
—0(Veu—=AX =)o+ (V-u—Xp—pn)g -

-~

=0 =0

Using the notation

e, =u—uy e, €V

and Ire, = Ih(u — ’U,h) Ie, € Vy ,

we can write the equation above as

Aé(u —Up, U — uh) +46 ()\ — Ay A — Ah)O,Q
= (fveu)oﬂ - Aé(uhveu) + (ph7 \Y 'eu)o,Q -9 ()\h7 \Y 'eu)o’g
+ (P =P A= An)gq +0(V un — An, A= M)+ (A = Vun,p —pr)o g
Next, we apply the discrete version of the equation (4.16), where we use Ie, as a test

function, and insert a projection IIpApp into one of the scalar product. Eventually we
obtain

A% (=g, —up) + 6 (A= Ay A — Mg g
= (faeu - Iheu)o,Q - (vuhv \Y (eu - Iheu))oﬂ + (pha % (eu - Iheu))O,Q
+46 (V “up — Ap, V- (eu - Iheu))(m +4 (V Sy — Ap, A — )‘h)O,Q
+ (A =V un,p—pr)oq + (0 — Lapn + LIAPh — Phs A — M) q -
The first three summands on the right side are estimatable by (4.27). We apply the

inequality (4.24) on the fourth and Cachy-Schwarz inequality on fifth an sixth scalar
products respectively. The last summand can be estimated by using (4.9), p > 0 a. e. in
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 and Cachy-Schwarz inequality as follows

(p — LAph + HIAPh — Phy A — An)g o = (P, Moo — (LIADR, Moo — (P An)o o
=0 >0 >0

+ (LIAph, An)o. + (IAPh — Phs A — An)g g
< (1IApns An)o.q + (TIAPK = Phs A — An)o.g
< (LApns An)o o + 1HIapn — Prlloq 1A = Anlloq -

Summarising the above one obtains

A (=, w —wp) + 6 (A= Ay A= Moo < 2[IV(w —un)llor

N[

8’U,h 2
(> (&m I + s = Vil -+ 07|t~ i )
TeET, 0,0T\0Q

+ OV up = Al V@ —un)llgo + 0 IV -un — Anllg o [IA = Anllo o
+[[An =V uh”o,g Ilp — tho,Q + (LIAph, /\h)o,g
+ ([ apn — prllog 1A = Anlloq -

Next we apply the Young’s inequality with positive constants ¢ 1,¢y.2, ¢y 3, ¢y, ¢y 5 € RT
and receive

6 C
2 2 4 2
O1IA = Anllog < ( + 2) 19— un)ligr+ %2 o = pully
—1 2 2 2 (‘9uh 2
+ Z C|T||T‘ | f + pnAuy — vPhHO,T + Claory |0T | B joy )
1 ret n 0,0T\00

5 5 1 )
V. up—A
+ <26y72 + 26%3 + 26%4) H h hHO’Q

1 2 dcy3+cys 2
+ (IIAPh, An)o o + .- Ipn — IApnllgo + —25—= A = Anllog -
y7
We set ¢, 3 = 3 and ¢ 5 = %, in order to absorb the norm ||\ — )\h||(2) o on the right side
by the left side, multiply subsequently both sides with %, where € € R is a positive
constant, and obtain

€Cy .4

€(cy1 +6cy2)
)

2
5 P = pullo o

A= Mul2o < IV (w —un) I3 7 +

2
0,07\

(9’U,h n
on DPh

2¢ 9
t5. > <62T|IT! If + ndup, — Vpullgp + ¢ |0T| ‘
vl per,
i €(deya(1+ 2¢y2) + cy2)
0Cy,2Cy.4

2
IV up — )‘hHO,Q

2¢ 2€
+ 5 (IIaph., )\h)oﬂ + 52 llon — HAPhHg,Q .
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Setting ¢, 1 = 4%, Cy2 = 4i and ¢y 4 = 21 allow us to simplify the right side:

1
eflx— )\hHoQ 5 ||V(u Uh)||0T B ”p_thaQ
86 8’1]: 2
57 2 (53VTHV-FMAuh— T )
T€Th n 0,0T\0%
€ ((52(46 + 2) + 46)

2
5 ||v'uh—)\h”0§2
2¢

+ = (apn, Mo +x 5 = llpn — apnllfq -

Finally, we define the constant

{862 € (6%(4e +2) + 4e) 2¢ 26}
¢\ = max

Fek 5 Fir:
and obtain the hypothesis as a estimation result

1
eld = Mllia < 5 1w —unp—p)" [y eq

auh 2
+on Y <C2T||T| If + pluy, — Vpullg 1 + o [OT| ‘ = pim )
TET), 0,07\59
+ e IV up = Mg o + ex (TTapn, An)oq + e [1HTapn — pallg g - O

Remark 4.7.4. By using another values for the constants cy 1, ¢y 2,Cy3,Cya and cy 5 we
can also obtain the estimation

2

0,07\09

(4.29)

eljr— )‘hHOQ ||U unlly + llp — thQ

Buh
+ Cau Z (CT!T| | f + pAuy, — VthOT + %T||8T\ ’ h n

TeTy

+enu ||V up — )\hHg,Q + xu (TIAPRs An)o o + xu | HIAph — ph||g,g ,

as well as the estimation

1
2 2 2
elld = Anllog < llu —unlly + 5 llp = prliq

8uh 2
+teap Y <62T|\T! If + plup — Vppll§ g + o[0T ‘ —— — ppn >
TET), 0,87\
+exp IV un = Aullf o + exp (AP, Mn)o.g + cap [1HIapn — pallg g - (4.30)

4.7.3. Complete errror estimator

Theorem 4.7.5. Let (u,p)T € V x Q be the continuous solution of the mived variation
formulation for the stokes problem with cavitation, given by (4.1) to (4.3). Let (up,pp)T €
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Vi X Qn be the discrete solution. Then the norm H (w—up,p—pn can be estimated

T
) HVXQ
with the inequality

H(’U, —Up,P —ph)TH\QIXQ S CU(Uhaph)f) )

where

ou
n(wnpn, f) = > <|T| If + pduy, + Vi[5 + 10T Hanh —pun
TeTy,

2
0,0T\0Q

+ IV - wn = Mg + (apns An)o.q + 1 Tapn — pallh g

and

1
Ap = Iy, <V “up — 5ph> .

Proof. We start with an inequality (4.21), where & = u — u, and p = p — pp,

H(U —Up,p — ph)THVXQ

<ﬂ sup Aé(“*’“ha‘P) - (piphvv'(p)QQ7(v'(u7uh)7Q)O,Q (4 31)
T () TEVXQ 1, D) " lvq

with a constant 5 > 0. First of all we estimate the numerator. We use (4.16) to obtain
a start equality

A=, 0) = (p—pr, V- 0)gq =(F,0)0a — (A V-90)q
- A6(Uh7‘P) + (phv V- (p)O,Q VQO € V
Subtracting the scalar product (V - (u —up), ), o, from both sides gives us the numerator

of (4.31) on the left side. On the right side we apply the discrete version of (4.16) and
obtain

A (w—up,0) — (p— pn, V “@)oa— (V- (u—un)q)q
= (fa‘P)o,Q -0\ V- ‘P)o,Q - A(S(Uha‘P) + (pn, V - ‘P)o,g — (V- (u—up), Q)U,Q
=(fr0 = 1np)o.q — A’ (un, @ — 1n@) + (ph: V - (@ — 1np))o
- (Aa(uh»IhSO) = (s V- (In))g.0 + 6 (An, V- (Ing) ). — (f Ih‘P)o,Q)
=0
=0V (e—Inp))oag— (V- (u—un)q)og+0 A=AV (Inp))q
=(f,e—Inp)oq — 1 (Vun, V(e — Inp))og + 0n V- (¢ — Inp))o.q
+0(V-up, V- (o= 1np))gq — 0 (A V- (0= 1rp))q
—(Vo(u—un)q)oq+0 (A=A V- (Inp))q -
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The first part of the right side of the equation can be estimated with (4.27). We consider
the second part separately, using the equality (4.17) as well as the Cauchy-Schwarz and
the Young’s inequalities:
S(Veoup = A V(o —Inp))gg— (V- (u—un),q)gq+0 (A=A V- (Inp))gq
=0(Veup = AV (o= Inp))go = A=V -un,q)gq+0 (A — A,V - (In9))g o

=0 |V u,— A+ A=\ V(¢ — Inp) — A=A+ A=V -y, q
—— ——
=0 0,0 =0 0,0

+0 (A=A V- (Inp))o g
= A = A0V o+ q)g o+ (V-un— A, 0V - (0 — Inp) + ) g

< I = Ao (819 - @l + lallo)

FIV - = Ml (519 (0~ 1)l + llall)

1
< (120 = Moo + IV un = Mllog ) (2621961 0 + 2 lalidg)
< 3110, llyuq (I = Mo + 17 -1 = Ml

with ¢s = v2max {1,0}. Combining the results from above and the inequalities (4.27)
and (4.31) we receive:

[(w =, = 1) [y g
A (V- (u—up), @) — (p— 1, V- 9)gq — (V- (u—up),q)gq

<pB sup :
(p,9)TeVXQ H(‘p7Q)THV><Q
e )| 0) |y g (H)\h — Moo + llun — Ahllo,g> 2(|Vol|o. 1
<pB sup :

(p,9)TeVXQ ”(‘P, q)THVXQ H(‘p7Q)THV><Q

1

auh 2
x Z <C|2T’T‘ ”f + pAuy + vPhHg,T + C\QBT\‘aT’ ‘ on pnn )
TET, n 0,07\
< Bes (I = Allog + 1V -un = Mllyg)
1

2 2 9 Ouy, 2

+28 | 32 | LIS + pdwn + Vpully o+ o |OT] | 52— pum
’ n 0,0T\09
TeTy, s

Now, by squaring and employing the Young’s inequality ones again, the estimation

2
0,07\

2
[ = wn,p = p1) "y g < 3663 1M — M50 + 382G IV - — Mg

Buh n
on Pn

+ 6/32 Z (CQT T f + pAuy, + Vph”?)j + C‘QBT||8T‘ ’
TeTy
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can be obtained. Next, we apply (4.28), setting € = 3ﬁ20§,

1
2 || (w — up, p — ph)TH\zle < (ex +36%¢3) IV - un — Mg

8’U,h
+(er+68) Y (&m If + s+ ol g+ o] | G =
TeTy,

2
0,07\9Q

+ ex (Taph, Ao + o 1 1Iapn — pallg g -
From defining a constant c as
¢ = 2max {cy, ¢\ + 38%c3, (e + 65%) C|2T‘, (ex +68%) c‘QBT‘}
follows the hypothesis of the theorem, which is
T2
H(U —Up,p _ph) HVXQ < CU(“haph,f) )

where

ou
n(un, pn, f) = Z (\T! | f + nAuy, + VthaT + 10T Hanh — ppn
TeTy,

2
0,07\

+ IV - wn = Anllh o + (Tapn, A)og + 1 Tapn — pallg g

and

1
)\h:HAh <V~uh—5ph> . O

Remark 4.7.6. By using the inequality (4.29) instead of (4.28) we can also obtain the
estimation

lw — unlf; o < cunlun, ph. f) ,

as well as the estimation

lp = palls.o < con(un, pn, f) ,

if we use the inequality (4.30) instead of (4.28), where cy,c, € R are constants.

4.7.4. Errror estimator for non-conform case

The error estimator above is designed for the conform discretisation of spaces V and Q,
meaning V, C V and Q;, C Q. In the chapters 4.3 and 4.5 we used the Croizeix-Raviart-
elements or the non-conform P;-elements (see Braess [4, p. 103]) for the space Vj,,which
leads to a minor problem. The error estimator for the non-conform case is almost iden-
tical, but, as already mentioned, the proof varies quoit a bit. Also, an introduction of a
function from a conform discrete space is necessary.
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Theorem 4.7.7. Let (u,p)T € V x Q be the continuous solution of the mized vari-
ation formulation for the stokes problem with cavitation, given by (4.1) to (4.3). Let
(uh,ph)T € V3¢ x Qy, be the discrete solution with a non-conform discrete space V3.
Furthermore let the space Vy, C 'V be a conform discrete space. Then the norm of the

error H('u, —up,p —ph)THVXQ can be estimated with the inequality

2
H(u - uzc’p - ph)THVXQ < Cn(uzc7ph7f) + Cne Hv(vh - uZC)HQQ \V/’Uh € Vh P

where ¢ and cpe are positive constants and the functional 1 is the same error estimator,
as in conform case

The proof of this theorem can be found after the following lemma

Lemma 4.7.8. Let the assumptions of the theorem 4.7.7 hold, then

Bllp =pulloq < Ve = Vuptllo o + 24/ Mne(up pa, f) - (4.32)

Proof. Since I € Vj, and V;, C V¢ as well as V;, C V, we take difference between
(4.1) and (4.12):

(Vu — Vup©, VIhcp)(LQ =(p—-pn V- (Ihc,o))&Q ) (4.33)

In the lemma 4.7.2 we did not explicitly defined Vj, as an non-conform space, this lemma
applies for V¢ too. Using this result and the inequality (4.27) we receive following
estimation:

(Vo.pn =p)oo = (V- (@—Inp).ph — D)oo+ (0 — P,V - (Inp))o o

= (V- (¢ — Inp) ,ph — D)oo + (Vur® — Vu, Vipp), g

= (V- (@ —1np) ,ph = P)og — (Vup® = Vu, V(e — Inp))g o
+ (Vup© — Vu, th)o Q
=(foo—Inp)oo — (Vup . V(e — Inp))gg + (or, V- (@ — Inp))o o

+ (Vup® — Vu, V‘P)o@

< IV¢lloq (7 = Vaiellog + 24/ e @}, pus £)

According to the inf-sup-condition, we can finally obtain following estimation:

(v “P,p— ph)O’Q
el 0

< ||\ Vu = Vupflo o + 24/ Mres (W), pas f) O

Proof. (Theorem 4.7.7) We start by introducing v, € V},. According to the Schwarz-
inequality

Bllp = pnllgq < sup
peV

IVu — Vupe||3 o = (Vu — Vup€, Viu —vp) + V(vp — i) q
< (Vu = Vup®, V(u —wp)) o + [[Vu — Vuptlly o [[V@n —up) oo
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Next we define e € V as e = u — vy, use it as test function in the equation (4.33):
(Vu — Vg, v—’he)o,g =®—pn V- (Ihe))o,Q :
This leads, according to the lemma 4.7.8, to
(Vu — Vup®, V(u —vp))y o = (Vu — Vuy®, V(e — Ine))q
—(—pn,V-(e—1ne))gq+P—pn V- e)o,Q
=(f.e—Ine)gq — (Vup, V(e — Ire))yq
+ (pn, V- (e — 1ne))g g+ (p—pn, V- (W —wp))y g
=2V (u — )l \/ Mres (w4, P, )
+ (P —pn V- (u—wp))gq

=2|V(u— vh)”o,ﬂ Nres (RS, Dh, f)
+lp = palloo IV - (wp —vn)lloq
+p—pn V- (w—up))yg-
Next, we consider the term (p — ps, V - (u — uj%)),  using the positive projection II p
(P =0, V- (u—up))gq = (II*pn — i, V- (u —uﬁc))qQ +(p— O pp, V-u— )y q
+(p— Ot pp, A —V 'uZC)O,Q

= (I pp—pn, V- (u— ’UZC))QQ + (P, V- u)yq
—_————

=0
- (H+ph7 V- u‘) 0,Q (p7 )‘h)[),ﬂ + (H+ph’ )\h)O,Q
>0 20

(0 oo M~ Vw0
< pn = pallg o IV - (w = upllgq + (TP, An) g g
+llp = palloo IV -4z = Anllg o

Combining the results above and applying the Young’s inequality with positive constants
Cyl, Cy2, Cy3 and cyy leads to the estimation

2
|[Vu — V“ZcHo,Q <[Vu - VUZC”O,Q IV (v, — U;LLC)HO,Q + llp — thO,Q IV (up” — ’Uh)Ho,Q

+2 (V0 = wi)loq + V@R —v)llgg) /e (g, pns £)
+lp = pulloo IV -4 — Anllgg
+ [T pr — thQQ IV (u—up) oo+ (17" pn, )‘h)O,Q

Together with the results of the lemma 4.7.8, the appropriate set of the constants for
this inequality leads to the error estimator:

2
[(u—uhp = pn) " |y eq < en@i® pn £) + cae [V (n —uf) o - O
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In this section we return to the obstacle problem (see f.e. Biermann et al [2]), but now
on a domain Q C R?, which in classical notation reads

(u—9)(-Au—f) =0,
with v : © — R sufficiently smooth and the Dirichlet boundary condition u = 0 on
0. Here, f: Q) — R is a so called right-hand-side function, which describes the effect
of external forces. The function 9 :  — R represents the obstacle. The purpose of

this section is to extend the problem by considering the 2-D case, introduce stabilization
technique and compare numerical results.

5.1. Introduction of the mixed formulation

Analogous to the chapter 3.1, the system (5.1) can be rewritten as a variational inequality.
A new obstacle type variational problem can be described as a search for u € K that
satisfied the inequality

(Vu,V(p—u))gq > (frio—u)gg  VeeK,

where we set V:=H}(Q) and K := {v € V| v > % a.e. in Q} and assume ¢ € HY(Q) as
well as f € L2(Q).

This variational problem has also an equivalent minimization problem: Find v € K with

T(u) = inf T (o).

where J(p) = %(V@,Vgp)o@ — (f,¥)oq- In the chapter 3.2 we already offered the
motivation for the introduction of the Lagrange-multipliers, that are used in the corre-
sponding solution strategy. At this point we would like to refer to the section 6.2.2, where
the generalized case is discussed, and just check the condition of the theorem 6.1.9.

Fist of all the subset K is described using continuous linear operator Id : L2(Q) — L2(Q)
with ¢ — . Also according to the definition

(q’fd(so))osz @90 _

)

sup —_— =

llqll Vg e L (Q).
eeri(@)  llellig eeri(@) lelia 0

As show in the theorem 6.1.8 the subset K is convex. Next we check the following points
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e V is a reflexive Banach space,

e J has a gradient J'(u) € V* everywhere in K, such that

(T'(u), o)y = (Vo, Vu)g g — (f,¥)oq
e 7 is twice Gateaux-differentiable in all directions and satisfies the condition

(T" (W, o)y = (Vo, Ve)g g > HsOIIm :

Combined, we can conclude that all the conditions of the theorem 6.1.9, which means,
that there is an equivalent problem: Find a point (u,p, \)T € V x Q x A such that

Ve, Vu)g o = (0, 0o = (f;¥)og Vo eV (5:2)
(¢, w)o.0 = (@ Moo = (4:¥)o0 Vg€ Q (5:3)
(p,w)oq =0 Yw e A (5.4)

pA=0 a.e. on {2, (5.5)

with Q = L2(Q) and A = ITQ = {w € Q|w >0 ae. on Q}. Also according to the
theorems 6.1.5 and 6.1.9 both the initial variational obstacle problem and the equivalent
problem above have a unique solution. Furthermore the function u € V, which is the
first part of the solution of the equivalent problem above, is the solution of the initial
variational obstacle problem.

5.2. Numerical treatment of the mixed obstacle problem

We apply, like in Birmann et al [2], the finite element method to compute an approximate
solution on the triangulation T}, of 2. Based on the mesh, we introduce standard finite
element spaces Vi = Q1(T;,) and Qn = Qo(Tr), which means, that we intend to deal
with quadrangular mesh elements and bilinear base functions in case of the space Vy,
as well as piecewise constant base functions in case of the space Q. This is a conform
discretisation since Vi C V and Qp C L?(€2) The new goal is computing a approximate,
or discrete, solution (up,pr, An) € Vh X Qn X Ap corresponding discrete version of the
equations (5.2), (5.3) and (5.5) as well as the inequality (5.4) reads

(Von: Vun)gq = (n:Pr)og = (f:¢r)og Vor, € Vu (5.6)
(uns qn)oo — Ansan)og = (¥, an)oq Van € Qn (5.7)
(WhsPr)og =0 Ywp € Ay (5.8)

prAn =0 a.e. on €, (5.9)

respectively, where Ay = IT7Qp = {w;, € Qun| wp, > 0 a.e. on Q}. Like in continuous case,
according to the theorem 6.1.9 there is a unique solution (up,pp, An) € Vh X Qn X Ap,
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such that is equivalent to the discrete minimization problem, if the inf sup condition is
satisfied: There is a constant 3 € RT, such that

(@th}z)OQ
sup ————— > B |lqnllo o Vqn € Qn - (5.10)
PEVH ||90h||1,Q

By applying the theorem 6.1.10 we obtain following variational problem: Find (up,pn) €
Vi X Qp fulfilling the mixed formulation

(Vun, Veon)o o = (Phs on)o.g = (Fs¢n)o0 Von € Vi
(un, an)o.o = (¥ + Ansan)o o Van € Qn
with Ap = max {O,uh - — ;ph} .

As in case of the stokes problem we want to apply the Newton-type method to solve this
problem, which means we approximate the zero spot (up,pr) € Vi X Qp of the functional
‘FSD;LQ;L : Vh X Qn — R with

]:GOth (ahaﬁh) = (Vfbh, V(;Oh)QQ - (ﬁhv @h)O,Q - (fa (ph)QQ

+ (ahv qh)07Q - (1/} + S\hv %)0 Q (511)
~ 1 /. 1._ 1. 1.
and A =5 (Uh—w—(sph> +§ uh—lﬂ—gph

The Newton-type method itself is similar to P3 update calculation algorithm from chapter
4.4, but with two differences. First we multiply the update with a relaxation factor
~» € R. Then the iteration process can be written as

T T
<u2k+1)7p2k+1)) _ (uﬁf”,pﬁ?) — g,dﬂg)T Vk e Ny,

T
where (u,(lo),pg))) € Vi X Qp, is a chosen start point and the update ( h dﬁ)T € Vi X Qn

solves the equation

<]:;th (ugk)7p§lk))’ ( h> dz)T>Vh><Qh = Fonan (ng)vpék)) v (en, Qh)T €Vh xQn.
In chapter 4.4 we used consistent stabilization for the first equation by using the second
equation with appropriate test function. Here the condition number of the resulting ma-
trix can be improved by non-consistent stabilization. More specific, in order to stabilize
the the equation (5.7), we modify this discrete formulation by adding mesh-dependent
terms to the original problem. Eventually we consider substitutional equation

(Uny qn)oq + Ca Z IT| (Pryan)or = (¥ + Ansan)o o Van € Qn, (5.12)
TeTy

where cq > 0 is a constant. This is stabilization method based on the ideas discussed in
Biermann et al. [2].
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Displacement
0.2

wH_O']HO

-0.25

Figure 5.1.: The test example for the obstacle problem with ¢ = —0.25.

The main difference between the functional F and it’s regularized version F is the use
of )\i instead of \j, where

2
5§ =5 (== 5m) +N(ah—w—§ﬁh) ‘e, (5.13)

So with regard to the changed equation (5.12), we can define the functional F as

Fonan(Un, Pr) = (Vn, Von)y o — (Br oo — (f, en)og

+ (s o — (¥ + Noan), oo D Tl Gandor - (5:14)
’ TeTy,

5.3. Numerical results

The figure 5.1 depicts the results of the numerical test for the obstacle problem. Here
we have a membrane displacement on Q = [0, 1] x [0, 1] with zero boundary conditions
t|gq = 0. The right-hand-side function and the obstacle are constant on €2, so that
flg =10 and | = —0.25.

The constant, we use in the the calculations, are cq = 1 and § = 0.5. The relaxation factor
vy is different in each of the iteration steps. For r € {0,1,2,3,4,5} we try the relaxation

factors ~, = (%)T in that order and calculate therefor F, . (ugﬁl), pgﬁl)), where
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cells | Newton-type | SQOPT | ¢cGPSSOR | precond.
method Uzawa
64 3 4 11 8
256 6 18 20 14
1024 10 86 46 30
4096 13 304 140 58
16384 21 1188 444 263
65536 28 4632 1534 428

Table 5.1.: A comparison of needed iterations for proposed Newton-type algorithm and
the other methods, found in Biermann et al. [2].

T
(ugkﬂ),pgfﬂ)) is the new approximation of the zero spot. If the current relaxation

factor improves the approximation, we test the next one, if not the previous relaxation
factor is used.

The reason for choosing this specific problem is, that in Biermann et al. [2] the exact
same test example was used. So instead of implementing all of the algorithms we can
compare the iteration numbers. Even so the calculation time for each of the methods
can vary significantly, the table 5.1 shows, that the rate, which the number of iteration
rises with growing the number of cells, is much low that by other algorithms.

5.4. Error estimate

In the next sections we derive a posteriori error estimator, based on the solution strategy,
introduced above. If (u,p)T € V x Q is the continuous solution of the mixed variation
formulation for the obstacle problemand (up,pn)T € Vi x Qp is the discrete solution,
then the norm of the error [|u — up||) o can be estimated with the inequality

lu = unll5 o < cnlun, pn, £, , (5.15)

where c is a positive constant and
2
0,07\

oo+ 1T = mnllgg

Oun
on

n(un, phs 1) = D <\T| 1f + Dun + pallg 7 + 10T ‘
TeTy,

+ (H+ph’ )‘h)o,Q + lup — 1 — A

It has similar structure as the error estimator in for the stokes problem (see chapter 4.7).
Four of the summands can be identified with the KKT-condition (5.2) to (5.5) and the

ou

el measures the differentiability of the numerical solution w; on the
on 0,0T\09

edges of the cells.

norm

We proof this hypothesis, using a technique similar to strategy e.g. found in the proof
of lemma 3.1 in Duran e. a. [5]. The proof consists of three steps:
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e First we define residual error estimator nge(up, pp, f). (Lemma 5.4.1)
e Then we use it to get an estimate of the error |[p — ppllg . (Lemma 5.4.2)
e Finally, the steps above result in the proof of the inequality (5.15). (Theorem 5.4.3)

Lemma 5.4.1. For all up, € Vi, pp € Qn and f,p € V the following inequality applies

(fy0 = Inp)og — (Vun, V(o = Ing))g.q + (Pr, ¢ — Inp)o g

S 2 HVSOHO,Q chs(uh7ph7 f) (516)
Buh 2
where  muunpn f) = Y (c%T.rT\ 15 + 8-+l + o] ) .
TET), 1 lo,0m\00
Proof. Same as in 4.7.2. U

Lemma 5.4.2. Let (u,p)T € V x Q be the continuous solution of the mized variation
formulation for the obstacle problem, given by (5.2) to (5.5). Let (un,pn)” € Vi x Qu
be the discrete solution, obtained with method describe in section 5.2. Then the norm of
the error ||[p — pullg o can be estimated with the inequality

/8Hp7ph 0, S ||VU*VU}L”O7Q+2 nRES(uh,phaf)

where Nges(Un, Pr, f) defined in the lemma 5.4.1.

Proof. First we take difference between (5.2) and (5.6):

(Vu — Vuy, VIhgo)&Q = (p — pn, IhSO)O,Q :

Using this result and the inequality (5.16) we receive following estimation:

(@00 = P)og = (¢ = Inp,ph — Plog + (Pr — 2, In®)g o
= (¢ = Inp,pn = oo + (Vun — Vu, VILp)g o
= (¢ = Inp,pn — P)oo — (Vun — Vu, V(e — Inp)) o
+ (Vup = Vu, Vo) o
= (fso = Inp)og — (Vun, V(e = In®))oq + Pr ¢ — Inp)o o
+ (Vup = Vu, Vo)

< IV¢llog (V8 = Vullog + 23/ e un, i )
According to the inf-sup-condition, we can finally obtain following estimation:

lello
§||Vu_vuh”0,9+2 nRes(uh7ph7f) |:|

Bllp = pnlloo < sup
peV
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Theorem 5.4.3. Let (u,p)T € V x Q be the continuous solution of the mived variation
formulation for the obstacle problem, given by (5.2) to (5.5). Let (un,pn)’ € Vp x Qn
be the discrete solution, obtained with method describe in section 5.2. Then the norm of
the error [[u — up|lg o can be estimated with the inequality

2
||’LL - uhHO’Q S Cn(uhvpha f7 1/}) )
where ¢ is a positive constant and
Wi £6) = 3 (17117 + A + gl + 7] | 228
’ on

TEeTy,

2
0,0T\09

3,9 + || pr _thE,Q :

+ (IT" pa, Ah)OQ + llun = — A

Proof. Let e € V be defined as e = u — uy, then ,as stated in proof of the lemma 5.4.2,

(Vu— Vup, VIre)g o = (0 — pri In€)oq »

which leads, according to the lemma 4.7.2, to

|Vu — Vuh||379 =(Vu —Vuy, Ve —Ine)gq — (P — phse — In€)gq + (P — ph,€)o g
=(f,e— Ihe)o,ﬂ — (Vup, V(e — Ihe))o,ﬂ + (ph. e — Ihe)o,Q
+ (p — Ph, U — Uh)o,gz
=2V(u —un)llo.o Vres(Uns Pry [) + (P = Pryu — un)y g -

Next, we consider the term (p — pp,u — Uh)o,g using the positive projection ITTp
(P = phyu—un)gq = (I pp = prw—un)gq+ (p— I ppyu—1 =)o

+ (p - Herh, )‘h + 1/} - uh)mﬂ
= (I pp, — ph,u— uh)O’Q +(p,u—vY)go— (I ppyu — w)m

=0 >0
— (2. Mo + (T Dhs An) g g + (P = Do An + % —un)g g
>0

S HH+ph _thQQ ”’U, - uh”QQ + (H+ph7 Ah)079
+[lp — PhH(),Q |up — 9 — >\h||0,Q
< (1174 n = pallg o 1w = unloe + (T 0r An) g

1
+ gl == Mllgg (V0 = Vel g + 23/ Cun, i, 7))

Combining the results above and applying the Young’s inequality with positive constants
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Cyl, Cy2, Cy3 and cy4 leads to the estimation

IVu = Vup|l§ o <21V (= un)llgo v/ Mres (s Py f)
+ HUerh _thQQ IV (u— Uh)”o,ﬂ + (H+phv /\h)o,ﬂ

1
T3 lun =% — Anllo.g (HVU = Vurllyo + 2V Mres (Un, Phs f))

Cy2  Cy3 1
<Cy1 + % + L) ||V( )HO Q + < + Cy4> nRes(uhap’w f)
Cyl
1 1 1 9
+ 25 +— ) llun — % = M
3 (50 + o) I = v = Ml

1 2
+ “H+ph_ph“09+(n+ph’)‘h)09
20y2 I )
Finally, we set cy1 = cy2 = ¢y3 = i and cy4 = 1, so that

IV~ Vurllgq < IIV(u—Uh)llon+5nRCs(uh,ph,f) + (I pny M)
0,

7 |up — 1 — )‘hHO,Q +2| T py _thg,Q ;

QOClT‘, QOC‘aT‘, 8} to the error estimation

o,aT\aQ>

+ (1T " pa, Ah)O’Q + flun — ¢ — )‘hHS,Q + {1 pa _thi,ﬂ : =

which leads for ¢ = max { 7

1 ) 8uh
N —unllig < > <|T| If + Aup + prll§ 7 + 10T ‘
TeTy,




6. Framework for first kind problems
with linear inequality conditions

In the following, in order to provide general framework for broader class of problems, we
apply the ideas sketched examples above (Stokes and obstacle problems) to an abstract
setting. We start with a minimization problem on a subset, that can be derived, for
example, from applied laws of continuous mechanics. This abstract problem can be
written as: Find u € K such that

J(u) = inf T(p),
peK
where K is subset of a Sobolev-space V = (H*(2))" with s € N. We consider the subset
K, that is described by a number of linear condition, which can be combined into an
continuous linear operator G : V.— Q = (L(2))", where m € N depends on the
number of condition. Using @ € Q we define the subset K as

Kz{(pEV‘ Glp) < ae. onQ}.

In order to have an unique solution for this problem, we assume that the functional J
has a gradient J'(u) € V' everywhere in K, as well as J is twice Gateaux-differentiable
in all directions and satisfies the condition

(T"(w)p, )y > allely Vp €V

for a positive constant o. Furthermore, we assume that, there is a constant 3 € RT,
such that

0,92 2
sup 202 5 g0 Vg e Q = L(Q).
U Ty lallq ()

According to the lemma 6.1.9 this conditions not only secure the existence and uniqueness
of the solution, but also allow us to formulate an equivalent variational problem: To find
a point (u,p,A)T € V x Q x A such that

Alp,u) +G(p,p) = L(p) Vo eV (6.1)
G(u.q) = (% — Ao Vg €Q (6.2)

(p,w)yn =0 Yw € A (6.3)
p-A=0 a.e. on €, (6.4)
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with A =IT7Q = {G € Q| § > 0 a.e. on N}, the functional A:V xV — R and the linear
form £ : V — R, such that

(T'(v),0)y = Alp,v) — L(p) Vo,u eV,

as well as the functional G : V x Q — R, such that

(qvé@))m:g(tp,q) Vo € Vand Vg € Q.

In the section 6.2.2 we further restrict the proof of the convergence to the cases, in which,
similar to the obstacle and Stokes problems, the functional A is a bilinearform. Before we
examine the Newton-type algorithm, let us first make a small excursion into the different
but equivalent formulations of the minimization problems.

6.1. Optimization theory for functionals

As it was shown on the examples in the previous chapters, weak formulations of the
differential inequalities and minimization problems are closely related. That is why
in this part we would like to discuss some aspects of the optimization theory for the
functionals. As a basis we use the work of Cea and Murthy [12]. First of all we need
some criteria for the general existence of minima of certain funktionals.

Theorem 6.1.1. Suppose V, K and J : K — R satisfy the following hypothesis:
(H1) V is a reflexive Banach space,

(H2) K is weakly closed.

(H3) K is bounded and

(H4) J :K CV = R is weakly lower semi-continuous.

Then J has a global minimum in K.
Proof. See Cea and Murthy [12, p. 22] O

If K is not weakly closed, then we still can apply another theorem to secure the existence
of a minimum.

Theorem 6.1.2. If V, K and J satisfy the Hypothesis (H1), (H2), (H4) and J satisfies
(H3)’ | lim J(v) =00

|v]lyy—+00

then J admits a global minimum in K.

Proof. See Cea and Murthy [12, p. 22] O
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In case of the Gateaux-differentiable functional we have the following necessary condition
for the existence of a local minimum.

Theorem 6.1.3. Suppose a functional J : K CV — R has a local minimum at a point
u € K and is Gateauz-differentiable at w in all directions then (J'(u),v —u)y, > 0 for
every v € V such that v — u is a strongly admissible direction. Furthermore, if K is an
open set then (J'(u), ¢)y =0 for all p € V.

Proof. See Cea and Murthy [12, p. 24] O
The convexity is in in context of optimization an extreme powerful tool. It allows us to
make statements about the existence and uniqueness of the minimum.

Theorem 6.1.4. IfK is a convex subset of a normed vector space and J : K CV - R
is strictly convex then there exists a unique minimum u € K for J.

Proof. See Cea and Murthy [12, p. 26] O
The convexity correspond to the differentiability of the functional. In case of the twice

Gateaux-differentiable functional there is a special existence and uniqueness theorem.

Theorem 6.1.5. Let J : K — R be a functional on V, K a subset of V satisfying the
following hypothesis:

(H1) V is a reflexive Banach space,
(H2) J has a gradient J'(u) € V' everywhere in K;

(H3) J is twice Gateaux-differentiable in all directions ¢,v € V and satisfies the condi-
tion

(T"(We, o)y = lelk x (lell)
where t — x(t) is a function on {t € R|t > 0} such that x(t) > 0 and tlgglo x(t) = oo;
(H4) K is a closed conver set.
Then there exists at least one minimum u € K of J. Furthermore, if in (H3)
(H5) x(t)>0 for t>0

is satisfied by x then there exists a unique minimum of J in K.
Proof. See Cea and Murthy [12, p. 27] O

Again using the convexity we can formulate a minimisation problem as an equivalent
differential inequality.
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Theorem 6.1.6. Suppose K is a convex subset of a Banach space V and 7 : K CV = R

is a Gateauz-differentiable (in all directions) convex functional. Then u € K is a mini-
mum for J (i.e. J(u) < J(v) for allv € V if and only if u € K and (J'(u),v —u)y >0
for allv e K).

Proof. See Cea and Murthy [12, p. 28] O

Next, we consider the case, where the subset K can be described using a mapping &.
In context of minimization this is a constraint on the solution u and allows us to use
the Lagrange-multiplier method. The next theorem contains the conditions, should be
imposed on the mapping @, in order to obtain the equivalent mixed problem.

Theorem 6.1.7. Let'V be a normed space and K be a subset of V such that we can find
a cone A with vertex at 0 (in a suitable vector space) and a function ® : V.x A — R
satisfying the conditions:

i) The mapping A > q¢ — ®(p,q) € R is homogeneous of degree one i.e.

P (¢, pq) = p®(,q) Vp>0.

it) A point ¢ € V belongs to K if and only if

P(p,q) <0 Vg eA.

Then the following two problems are equivalent: Let J : K — R be a given functional

Primal problem: To find u € K such that J(u) = inIf< J(p).
pe

Minimax problem: To find a point (u,p)” € V x A such that

J(u) + ®(u,p) = ;161{, 316111; (T (p) + P(p,q)) -

Proof. See Cea and Murthy [12, p. 28] O

In order to obtain an appropriate mapping ® we need to take a close look at the space V
and the subset K. Let V be the Sobolev space Hfj(2) with n € Ny and G : V — H*(Q0),
with s € Ny and s < n, be an operator that defines the subset K as

K:{QOGV‘ Glo) <9 ae. onQ},

where ¢ € L%(Q). Next we define a space Q = IITL?(Q) and a cone A = [ITQ =
{we L2(Q)‘ w > 0a.e. on Q}. Obviously for all ¢ € K and all ¢ € A the inequality

(é(gp) — 1/),(1)09 < 0 applies. On the other hand, if ¢ € V, but ¢ ¢ K, then there is

)

Q c Q, with [Q| # 0, such that G(¢) > 1 a.e. on Q. Then there is also an indicator
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function 15 € A with (é(gp) — 1, 1@)0 0> 0. This means we can describe the subset K

)

as

)

K={vpeV|(q¢Gp) -9 <0 VgeAsp .
( oo

This way we obtain an appropriate functional ®(p,q) = <q, é(gp) — 1/))0 o that satisfy

the conditions of the theorem 6.1.7. Next we want to find some criteria for the operator
G, that describes the subset K, which secure the convexity of K. This way we will be
able to use existence and uniqueness theorems above.

Theorem 6.1.8. Let K be a subset of V, with spaces and the subset defined as above.
Let G : V — H*(Q) be a sublinear operator, that satisfies the condition:

i) There is a constant a € R, such that

|c@)|, < alielv Vpev.

i) There is a constant B € RY, such that

(q, é(w))

0,0
sup 208 5 gy YeQ.
' H‘PHV

In this case, the subset K is closed conver.
Proof. The proof can be found at the end of the section. O

In the previous chapters we motivated the further transformation of the minimax problem
from the theorem 6.1.7. So, the next step is to prove those transformations in two steps:

e the set of variational conditions equivalent to the minimax problem (theorem 6.1.9),

e the replacement of the variational inequalities in the those conditions with a pro-
jection operator equation (theorem 6.1.10).

Theorem 6.1.9. Let K be a subset of V, with K = {g@ € V‘ é(cp) < a.e. on Q}, with

spaces as defined above. Let G :V — H® be a continuous linear operator, that satisfies
the condition: There is a constant 3 € R, such that

(q,é(w))oQ
sup —————— > 3 lqllq VgeQ.
v llelly

If 7 : K — R is a functional on V that satisfies the hypothesis (H1), (H2) and (H3) of
the theorem 6.1.5, then there exists at least one minimum u € K of J. Furthermore,
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if the condition (H5) of the theorem 6.1.5 is satisfied by x then there ezists a unique
minimum of J in K. Also there is an equivalent variational problem: To find a
point (u,p,\)T € V x Q x A such that

(7' o)y + (60 =0 Vo eV
(0:Gw) =)+ (@ Vg0 =0 Vg€ Q
(p,w)oq =0 Yw € A

(@—=p,A)pgq =0 Vge IITQ.

Proof. Since K is a closed convex set (see theorem 6.1.8), the condition (H4) of the
theorem 6.1.5 is fulfilled. This means, that according to the theorem 6.1.5, there exists
at leas one or even a unique minimum of J in K, depending on the (H5).

As mentioned earlier, using the cone ITTQ with vertex at 0, we can define a functional
OV xIITQ — R with ®(p,q) = (q,é(cp) — w)oa and formulate, according to the

theorem 6.1.7, the equivalent dual minimax problem
T (u) +®(u,q) < T (u) + ®(u,p) < T(p) + P(p,p) VYoeVandVgeITQ.

The right inequality is a minimization problem on the open set with a convex Gateaux-
differentiable functional, according to the (H2) and (H3), and leads to the equation

(T (W), )y + (p, C?(cp)) =0 VoeV.

Since u € K, there is A € A such that

(.G =v), +(@Na=0

0,2 ’

The left inequality of the minimax problem leads to

—(q—p,é(u)—w)mzo or (g—p,A\)q >0 Vge IITQ .

Since p € IITQ, according to the definition of the cone A, we obtain
(p,w)(m >0 Yw e A

On the other hand, if we start with the equivalent variational problem the convexity of
the functional J leads to

0= (T (), — )y, +®(¢,p) — ®(u,p)
=—®(p,p)+P(u,p)
<(T(p) +2(p,p) — (T (u) + @(u,p)) VpeV.
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Also

0<(¢—p,Noq
= (».G(w) - w)m ~ (0.G(w) ~v)

0,Q
:(P(uap) - q)(u7Q> vq € H+Q )
which is equivalent to
J(u) + ®(u,q) < T (u) + D(u,p) Vge IITQ .

That means, that v and p of the equivalent variational problem also solve the minimax
problem. O

The variational inequalities in the equivalent problem above makes the solution pro-
cess relatively complex. We can substitute it with an equation by using the lemma of
projection operator A.0.3.

Theorem 6.1.10. Let V, Q, A and G be defined as above for the subset K. Furthermore,
let ue K CV and \ € A satisfy the equation

(q, é(u) — w) + (q, )\)07Q =0 Vg € Q.

0,Q
Then the following problems are equivalent:

e To find a point p € Q, such that

(p,w)O’Q >0 Yw e A
and (@—p: A =0 Vqe II'tQ.

e To find a point p € Q, such that

A:HA<w—é(u)—€p) Ve > 0.

Proof. We start with first statement:

(p,w)on =0 Yw € A
and(q—p,)\)OQ >0 Vge IITQ.

Since a constant zero function is valid choice for ¢ € Q, we can use it an add two
inequalities, obtaining the inequality

(p,w—A)gq >0 Yw e A

The other valid choice is ¢ = w — X a.e. on € for all w € A, which leads to the equation

(w—A,@b—é(u)—A)OQ:O Vw e A .
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By combing this equation with the inequality above, that we multiply with the positive
constant ¢, it leads to another inequality

(¢—é(u)—€p—)\,w—)\>09§0 VweA.

The lemma A.0.3 allows us to interpret this inequality as a condition for a L2(f2)-
projection on the subset A:

A =1 (¢—é(u)—ep) :
On the other hand if A = I (1/1 — G(u) — sp), then we obtain the inequality

(zp—é(u)—A,w—A) L~ (Epw =N <0 Vw e A,

5

=0

which leads to (p,w — /\)079 >0 & (p,w)o,ﬂ > (p, /\)079 YweA.

Since we allowed to use all w € A, we suggest w = 2p a.e. on . This leads to the
inequality (p, )\)O?Q > 0, which in turn leads to the inequality

(pv“’)o,ﬂ >0 Yw e A.
This also means, that p € II Q. Now if use zero function as w, we obtain
0 2 (pa )‘)07Q Z 0 < (p7 )‘)079 =0.

Since we already established, that (g,)\),, > 0 for all ¢ € IITQ, this results in the
inequality

(g=p,A\)q >0 Vge lI*Q.
O
Proof. (Theorem 6.1.8)
First of all the subset K is convex, because for all vy,...,v; € K and aq,...,a; € RT,
k
with k e Nand ) o; =1,
j=1
k
d>oawi| |z |av- Z%
j=1

0,0

1<i<k

k
> inf [q,¢— sz Zaj
J=1

— inf (q,w sz 0 > 0 Vge I1+Q.

1<i<k

)
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According to the first condition

) |
sup M < |lgllq sup el <aldlq Vg eQ.
eev el eev ey
Next consider a convergent sequence (vg)reny C K with klim vy, =v €V. Forall j €N
— 00
and ¢ € Q, with [[¢[|q # 0, there is k € N, such that for all k € N with k£ > k
B
Vi — U <
o= <977 glq (e + 87
Gle))
1 (q’ 0,9
< - (a+B8) llallqg — sup —————
212 |qig (a + B)? e v el

If for ¢ € IITQ, with HqHQ +£ 0, there is an index k € N, with k¥ > k, such that
(q, é(vk) - 1/1)00 < —e < 0, then there is j € N, such that

M 1
,G(vg) — ) <.
(a:C0) —w) <5
Together with the estimation above, this leads to

(0:60) —v) < (a6 —v) + (000 —w)

)

SR el
27 peV H@”V
60) 0| (260)
21 272|q|l§ (a + B)? pev  llelly vev  lellog
. (a+5>42nqna
<0.

On the other hand, if for all ¢ € IITQ, with HqHQ £ 0, and all k € N, with k > £k,
(. Glwr) = )

This sequence converges to <q, é(v) - ¢>0 o because

)

= 0, then we have a constant zero sequence <<q, é(vk) — 1/1) Q)

)

keN

(004~ (060 -) | <[00 -w0), 2[00 -0),,

) i

0,2

=0
< llallg || = w0,

<allqllq lv—vellv

0
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Since we have a constant zero sequence for k > k this leads to the conclusion

(a.G) ~v) = 1im (¢,Go) ~v) =0

0,2 k—o0 0,02

Combining both cases we can conclude that (q, é(v) — w)Q < 0 for all ¢ € II'™Q, which
means that v € K and that the subset K is closed. O

6.2. Newton-type method for the generalized problem

In order to numerically solve the variational problem, introduced above, we replace the
continuous space with appropriated conform finite dimensional spaces Vi, and Qp, that
satisfy the conditions

(T" (un)en, @)y, = Alen,en) = allenlv, Y € Vi (6.5)
(qh, é(‘Ph))O .
and sup = > Bllanllq, Van € Qn (6.6)
oncVe  llonlly

for positive constants o and 3. This spaces Vi, and Qp C L?(Q) are usually referred to
as discreet space. Furthermore it is important, that we don’t use any properties of the
FE-spaces. The only requirement we impose on the spaces Vyp and Qy, is, that linear a
problem, like the one we use to calculate the update vector, are solvable, if the unique
solution exist. As in the case of the Stokes and the obstacle problems before, we consider
the discreet problem: To find a point (ux,pp)" € Vi x Qp such that

Alpn, up) + (é(wh),ph)m = L(¢pn) Yon € Vi, (6.7)
(é(uh)th>0 o = @ =X)og Vgn € Qn  (6.8)
and A\, =1IT" (¢‘ — G(up) — iph> a.e. on . (6.9)

Since the problem above is non-linear, we want an iteration instruction

(k+1) (k) u
u u d
py, Py h
~ k) (k " T k) (k
where <.7-";,hqh (u}1 ),pg )), (dy,d}) >Vh><Qh = ]-thqh(ug ),pg )) Y (n,qn)" € Vi X Qn,

with a positive constant +,. In order to calculate the update vector (d”fl,d’,’;)T we need to
define the functional Fy, 4, : Vi X Qn — R be a functional with the parameters @5 € Vi
and g € Qp, where

Fonan @n,Br) =A°(@n, @n) + (é(%),ph>o 0" L(pp) +6 (é(%)ﬂli - /\h)m

- <é(ﬂh)th>OQ +(qn:% — An)ogq

)
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with A (pn, i) = Alpniin) — 3 (Glon), Glin))

wd = (9= Glan) - ) + )

N | —

(v - Gaan) _ L0.Gn) |

As well, we define a more stabilized and regularised Gateaux-differentiable functional
Foq : V x Q — R with the parameters ¢ € V and g € Q, where

9

Fonan @, Br) =A° (pp, in) + (G(‘Ph)J’h)O 0" L(pp) + 6 (é(soh)ﬂﬁ - /\h>0 0

- (é(ﬁh),%)o o T @n¥ = og +ca > AT Broan)or -

’ TETh

with A§ = % <’lp - é(ﬂh) - 2¢’s(ﬁh)> + % :
V(0@ - 3ien) ) +e

The hypothesis is, that on the discrete spaces V;, and Qy, the iteration sequence converges
towards the best possible approximation (up, ph)T. To proof it, we define two operators
U: Vo XxQn— Vih xQnand T : Vi X Qn — Vi X Qn, where

T(in, p)" = (@n.Dn)" — U (@, n)"
T~ = U~ TTDE u T
and U(Uh,ph)T = (U Up, Upph)T = ( h?dz) s

. . o . L
with <f;,hqh (@n, Br), (dy.dy,) >Vh><Qh = Fonan @n.Bn) YV (0n.qn)" € Vi x Qn .

We have to make sure, that the update vector (d};, d’;L)T can be calculated, as well as that

the operator T defines a fixed point iteration. Last but not least we have to verify, that
the limit of this sequence is (us,,pn)" € Vi, x Qp,, the solution of the problem defined by
equations 6.7 to 6.9. We use the theorem A.0.7 from Grofimann and Roos [11, p. 109 ff]
and the scheme of the poof looks as follows:

In the subsection 6.2.1, we consider 23 5 (ph,qn) € (V x Q)" with 23 5 (pn,qn) =

F, éhqh (@p,pp) and show, that for all f* € Vi* x Q* there exist exactly one solution
(¢£,47)T € Vi x Qn, such that

235 (pr.ap) = f° V(i pr)T €V xQ.

To do so, we proof, that Z}:hﬁh has following properties:
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a) Z};hﬁh is strong monotone, meaning that meaning that there is a constant az € RT,
such that for all ((phaqh)T ) (Sbh’ijh)T € Vp X Qh
* * ~ o~ T ~ ~\T
<Zah5h (en,an) — 23,5, @n.dn), (Pn.qn) — (Pn,qn) >
VhXQn
2

VhxQn

> az H(‘Pha‘Ih)T - (‘ﬁhth)T‘

b) Z'S'hﬁh is Lipschitz continuous, meaning that there is a constant Sz € R™, such that

for all (‘Phth)T ) (¢h7qh)T € Vh X Qh

| 23,5, (Pn-an) — 23,5, (Pn,dn) H(thQ < Bz H(‘Phth)T - (¢h,(ih)T‘ VexQy |

The properties above allow us to show in the subsection 6.2.2 that, in each step the
unique update vector (d}i, dﬁ)T exist. For further steps we will need the properties:

a) There is an lower estimation, with a positive constant ay;, for the scalar product
of the update operator in each iteration step:

(o - om0,

2
>«

T
(ng)mé )> — (up,pn)”* Vk € N.

Vh xQn

b) There is an upper estimation, with a positive constant 3, for the norm of the
update operator in each iteration step:

u (ué ),pﬁf)> (ug“) — up,p),” —ph)T Vk e N.

< By

Vih xQn

VuXQn

Finally we can estimate how much near does the iteration process brigs us to the solution
(up, ph)T in each step. For this we derive the inequality

2

(k4+1) (k+1) T
H(uh 7ph ph) ‘VhXQh
2
- H(uh’ph)T o (ugtk)’pl(zk))T + %U(ugﬂ)’pé ))T’ Vi XQn
_ (k) (k)yT|?
= H('U'h,ph) ('U'h Py, ) ‘VhXQh
k k
i (@ 2T~ o) U@ 00T

2

+ 42 .
7 Vi XQn

b k k
Ul pf)"|
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If the update operator U has the properties described above, this means that

(k+1) (k+1) T‘ 2
u —Uup,p — Ph
H( h h ) VhXQh
5 2 92 (k) (k) 7|2
< (1 - 2’)/7"(1(] +77"6[“]> H(uh — Up, Py, _ph) ’VhXQh :
As a result we can conclude, that for 0 < 7, < 2;—2[] the iteration algorithm has a
U

contraction property. Furthermore the inequality above proves, that for the appropriate
positive constants 7,, d and cq we receive a convergent sequence, that has the solution
of the problem, defined by equations 6.7 to 6.9, as it’s limit.

6.2.1. Properties of the Gateaux-derivative F,, , (i, pn)

Theorem 6.2.1. Let the derivative ]:-QIOth and the functional Z}:hﬁh be defined as above,
then Zﬂ*hﬁh is strong monotone.

Proof. Using the definition above we get the equation

<Zghﬁh (QDh,Qh) - Z’;hﬁh (Sbhth) ) (‘Ph#]h)T - (¢h7q-h)T>
Vi xQpn

_ 7/ ~ o~ - _ ~\T

= <]: v @y Pr)s (P — Phsqn — dn) >Vh><Qh
o i o

- <]:¢hqh (@n,Dn); (Pn — Pnsqn — dn) >Vh><Qh

= A°(@1, — @nron — @n) + (é(soh) — G(@n),qn — 51')0 0

)

A
— (Glen) = G(@n)an =), +ca Y. 1Tl lan —dnllor
’ TeTy,

+3 > (6é(soh = 1)+ (0 — @), (1+ Vi@ 6n)) (é’(‘Ph )t %@- B ‘L‘)»o 0

Jj=1 )

where Vj : Vi x Qu — L®(Q) with
V (v~ .
J

V(ty, pn) = 5
\/ (o=@ -im) ) +¢

and therefor 0 < ‘u/j(ﬁh, Pr) < 1 ae. on Q. This helps us to estimate using Holder-
inequality, that

QX

(tn) — %ﬁh)

é <5é(90h —@n)j + (45— @) (1 + %(ﬂhjh)) (é((ph e %(qj ! (jj)>>0’ﬂ
2

H5G(<Ph —@n) +(gn — ‘Ih)HO,Q max ‘1 - “/j(uh7ph)H’L°°(Q)

>

SN
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In the case of mapping Z}:hﬁh : Vi x Qn — (Vh x Qn)" we treat @, and Py just as
parameter and there for can define a constant cy = max )1 — ’f/j('&h, ﬁh)‘H with
1<j<m L>®(Q)

0 < ¢y < 1. According to the ellipticity condition 6.5, we can estimate, that

<Z$hﬁh (en,qn) — Z’ti;hﬁh (@n,dn), (‘thQh)T - (¢h’qh)T>V; xXQj
2

~ < N c < - -
>alen — @nlly, — 6 HG(‘Ph - ‘Ph)HOQ + 2%1 H5G(<Ph —&n) — (qn —Qh)H

0,02
+ co| Tinin| lan — QhH(Q),Q
- cH v Nk CH ~ 12

ot 5 (21 et -0 +
zallen = @nlly, +0 (5 (en — én) T, lgn — @nllo o

— it | Glen =) llan —dnllog + calTon lan — @l -

Using the continuity of the operator é, the inequality
Clon—@n)||, | < ceonllon = Bl - (6.10)

)

with a constant c.,, > 0, can be introduced. Lastly, we can apply the Young’s inequality
with a constant cy > 0:

<ZShﬁh (n.an) — 23,5, @n.dn) . (on.an)" — (@h,Qh)T>

> (a +0c2,, (C?H (I—cy)— 1)) llon — @nlly,

cHy 1 ~ 112
+ <25 (1 - ch> +quTmm’> lgn —anlloq -

(CTH (1—cy)— 1)) and ¢t (1 — %) to be positive,

Cy

Vu xQn

In order for the constants (a + dc?,,

the constant cy must satisfy the condition

1 a—6c?
S <ey <2———"+1.
2 0c2,,CH
This is possible, if § < -7~ < %. Since we now that an appropriate contant cy

exist, by defining

az = min{(a—i—écgon (C?H (1—cy)— 1)) ,62—;[ <1 — 2;/) +cQ]Tmm\}

we obtain the estimation

<Z£hﬁh (Sohth) - Zﬁ*hﬁh (@hvdh) ) (Soquh)T - (@hadh)T>
Vi xQn

2 o
YV (en,aqn)” 5 (@n,dn) € Vh xQp .0

VuxQn

> az H(‘Ph,Qh)T - (@h,Qh)T‘

; ; r/
Theorem 6.2.2. Let the derivative ]:tthh

then Zﬂhﬁh is Lipschitz continuous.

and the functional Z};hﬁh be defined as above,
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Proof. Using the definition of ZZ

UpPp

for all (pn,qn)", (@n.dn)* and (d%,dﬁ)T the equation

(n,qp) and other notation, used previously, we get

<Z'E:hiih ((Ph7Qh) - Z';hﬁh (éh’qh) ? (d%,dﬁ)T>
=A°(on — @n.d}) + (é(‘Ph B ¢h)’d£>o,9

- (G@.an—an), e D (71 (dhan —@n)o s
’ TeTy,

+ ;i:j (660, = 2+ (= 2). (14 V(@) (Gl + 51, ))

Vi xQp

)

By applying the Cauchy-Schwarz inequality we receive the first estimation:
* * ~ o~ T
(Z3,5, (Pro@) = Za,5, (@100, (1 df) ")
Vi xQp
< A(pn = @nodi) + | Glon —@n)| | 180

+||can)

0.0 lan — @nllo.o + calTmasl [|d} ]| g lan — dnlloq

+ 1 (1 + sup ij(ﬂMﬁh)HLw(Q)) H5é<‘ﬁh —@n) + (an — fjh)H()ﬁ

20 1<j<m

X H (5é(dg) +d§;)

0,0

Since the bilinear form .A? is continuous, last step is to apply the Young’s inequality and
choose the appropriate constants, which results in

(Za,5, (@) = 24,5, Gndin) . (d5nd) ")

VixQn
T ~ ~\T T
< Bz ||(en,qn) — (Pn,dn) ‘VhXQh (dy.d}) .
with a positive constant 8z, and therefor
* * ~ o~ T ~ ~\T
23,5, (en-an) — Z3, 5, (wh,qh)H(thQh)* < fz H(cph,qh) — (@n:Gn) ‘vthhD

v

6.2.2. Properties of the update operator U

The properties, derived in the previous subsection allow us two conclusions. First ac-
cording to the abstract existence theorem A.0.4 there is a unique update vector (d}j, dZ)T

T .
for each (ugk), pglk)) , and therefor the update operator U is well defined. On the other

hand, for all f* € (Vi x Qp)* there is (¢ £,47)T € Vi x Qp that satisfies the equation

Z* = f*.
) b (pr.a7)=f
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Theorem 6.2.3. Let the update operator U be defined as above, then there is an lower
estimation, with a positive constant oy, for the scalar product of the update operator in
each iteration step:

((ugk)’pék)) r (wn,pn) ", U <u§f)apék)) T> Vi xQn

T 2
Z ag <”1(zk)vpgk)> — (wp,pn) " Vk € N.
VhxQn
Proof. Let f* € (Vi x Qu)* be defined as
- T
Fo _ ( 2™ 2N (., p) T > 7
< >thQh ( h >Fh ) VixQu

(k) (k)T : o -
where (uh 2 ) € Vp X Qp is the k-th step of the iteration and (up,pr)” € (Vi X Qn)

is the solution of the problem defined by equations 6.7 to 6.9. Furthermore let (¢f,q7)T €
Vi X Qn be the solution of the equation

Z* _ f*
) b (pr.ar) =1

~ k) (k k) (k)T
and therefor <.7-"S'quf(ug ),pg )), . >Vh><Qh = ((ug ),pg )) — (unpn)*, . )V o
h XQh

According to the definitions of the functional Fy,, 4,, the dual pair <]:

!
. and
®1,q1° >VX Q

the operator U , the equation above is equivalent to

<(u§f) 7p§f)) T (un,pn) ", U (uﬁk) ,pﬁk))T>VhXQh

~ k) () = [ (k) _()\T k) (k
(T Wl 0 (w0 ) =R, ().
Vih xQn

Since (up, ph)T € (Vh x Qp) is the solution of the problem defined by equations 6.7 to
6.9, it means that Fy, 4, (up,pn) = 0 for all (cph,qh)T € (Vh x Qn). By applying the
Taylor’s theorem we get

~ k k ~
F(pfﬂf (ugl )’pgl )) = F(Pfgf ('U'luph)
—_—

=F u T|(pp,
=Fopay (wpf) +eq Tgrh \T|(p;1k>,Qf)0’T or.a; (Wh,Ph) +eq T;:Th IT\(prar), ¢

=0

~ T
VhxQn

where (ig,dg)T € (Vi x Qn) is a vector, such that for all components of the vector there

is a real number 0 < 0; < 1 with 4y ; = Oup ;+ (1 — Hj)uglk]). or pg; = Ojpn;+ (1 —Hj)pl(lkj)..
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Again, according to the definitions of the dual pair <]:'("0 R >V o the operator V and
’ X
the previous equations
k) _()\T s (k) (BT
<(U§L)7P§L )) _(uhvph)T7U(u](1)7p](1) )
VihxQn
> - k k T k
= <F;qu(u6),qe), (uf? = wn.my” ~ 1) > —co Y 7| (o} —pray),
Vi xQn TET ’
= k) . (k k k T k
= <F<;)qu(’u'2 )7p§l ))7 (UEL) _’u'hapgl ) _ph> > — Cq Z |T’ (pé ) _phan>OT
VhXQn TeT), ’

1 N oo o (k) (K
+3 > (5G(<pf)j + qf.s (Vj(u@,pe) — Vj(uy”) ), ))>
j=1
3 1
X (G(ugk) —up); + *(ngj)- - ph,j)))
0,9

T T
= <<U§Lk)7p§lk)) - (uhaph)T7 (ugk),Pék)) - (uhaph)T>

—co 3 T (21 ~pnoas)

TeTy

[«

Viu xQn

1 & . VA o (k) (k
+35 S (5G(<pf)j + qf.s (Vj(w,pe) — V(. p} )))
j=1

o 1
x (%;f) ) () - ph,j>)) .
0,92

[«

Next we apply Holder’s and Cauchy-Schwarz’s theorems, as well as the property of the
operator V', which for all ((pf,qf)T € (VxQ) holds 0 < Vj(pf,qr) <1a.e. on Using
the continuity of the operator G (see the inequality (6.10)) and Young’s inequality with
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appropriate constants we can further refine our estimation to the form

((ugk)’pgk)>T — (wp,pn) " U (uék),pﬁf))T>VhXQh

® 0T ||?
(uh » Py, ) _(uhaph)

k
> | — cal Tl 2~ 21 _ sl
VhxQn ’
YA 7 (g (F) o (F)
- = max ’V'(U@,p@) - V(’U,( ,D )’
9 1<j<m J I\Zh h LOC(Q)
<1
v 9 k 1 k
X ‘5G(<Pf) +(If‘ ‘G(Ug) —up) + g(PﬁL) —Pn)
L'(©)
GO 7|
> ‘ (Uh Ny ) — (up,pn)
VhxQn
k) (k)\ T
_CQ’TmaX‘ (’U;L),Pé )) _(uhaph)T H(praqf)THV
Vi xQn hXQn
Ll %0 (k) Lo (k)
ey [pYe H Gt - ~" —
5 [cen +ar, [0 —w)+ 561 =m0
(k) 0T 7|
> ‘ (Uh iy ) — (up,pn)
Vi xQn
14 6% >’ ®) ()T T T
R [ . I e T
(calTmme + 255 al) | enan],, g
where |Thax| = max IT|. In the previous subsection we demonstrated, that 27 5 is
elp
strong monotone, which particularly means that
az H(tpf,Qf)T‘ 2 < <Z*<k> w (Pr:45) (wf,Qf)T>
VaxQn Un P VhXQn
k) _(k)\T
= <(U2 b} )) — (up,pn) ", (<Pf,qf)T>
VhxQn
k) _()\T
< ‘ <’U,§l )7p§l )> - (uhaph)T H(‘Aoquf)THV .
Vi xQn hXQn
In combination with the previous results we finally get
k) _(k)\ T o (k) ()T
(22)" = o™ 0 (7))
VihxQn
1 1+ 6%c2 T 2
Z 1—— CQ’Tmax’ + — (ugﬂ):pgﬂ)) - (uh?ph)T
az 20 Vi XQn

T
v (ugk),pgk)) €EVh xQn.

1+62020n az— 0423*03071 6 az+ 012276%071
o5 and Y < § < EIVIZTCon

c2

By choosing f.e. cq|Tmax| < az — we can

con

az

2 9 con
define a constant Qg = (1 - (CQ’TmaX’ + %)) > 0 which means, that, for an
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appropriate choice of the stabilization constants d and cq, the scalar product with the
operator U have a lower estimate with a positive constant. Il

Theorem 6.2.4. Let the update operator U be defined as above, then there is an upper
estimation, with a positive constant By, for the norm of the update operator in each
iteration step:

U (ug’“),pg’“)) Vk € N.

<'u,§lk) - uh,pék) - ph) '

< By
Viu xQn

VuXQn

Proof. Let ¢* € (Vi X Qn)* be defined as

~x k
0 e = (0 ),
Vi XQn

where (“Ez ), p?) € Vp X Qy, is the k-th step of the iteration. Furthermore let the
vector (¢g,q4)T € Vi x Qn be the solution of the equation

*

zZ* =g
uﬁf“),pﬁf) (‘Pg7QQ) g

k) (k < (o (k T
and therefor <]—"(;gqg (ug ),pg )), ) >Vh><Qh = (U (ug ),pg )) . )v o .
h XWh

This results in the equation

2 T
k k k k g
0 ) = (B a0 ()
Vih XQn VhXQn

k k
= ’F‘P.qqz] (Iu’;L )7p§L ))

Let (up, ph)T € (Vh x Qp) is the solution of the problem defined by equations 6.7 to 6.9,
then using the definition of the functional F, 4, and the Cauchy-Schwarz inequality we
can estimate that

U (uﬁf),pé))T 2

k
= ‘F‘PQ‘IQ (’U,El )7p§1 )) - ]:sogqg (uhaph)
=0

9 1 o o o
< Alpgu? —un) + (Clog)pl =) =5 (0C(,) + 4, Glufl) = Glwn))
L (s L ®
t3 <5G(<Pg) T99: 5 \Ph _ph>>OQ
SN “ « 1
D) Z <5G(‘P9) + g4, [V G(“gk))y 5p§k) — |tj — Glun); 5P > o
j=1 0,

w el [ 2],

é(ug’“)—é(uh)H +H5G 0,) +ng

0,9 5 (pgﬁ) _ph>

0,0
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Since both the biliear form A and the operator G we can obtain the following estimation
by applying once again the Young’s inequality with appropriate constants:

U (uék),pék))T i 0 (ugf) —uh,pgk) —Ph)T
h X&hn

< By |esp0)"|

)
Vi xQn VhxQn

where tildef; is a positive constant.In the previous subsection we demonstrated, that
Z;:hﬁh is strong monotone, which particularly means that

2

VuXQn

< (2500 (0nt0) (000,)")

(v (") 00"

T

az|(es )| -
h XWh

VuxQn

T
H(‘P97Qg) ‘VhXQh ’

H 'U'h 7ph
VuxQn

In combination with the previous results we finally get for a constant 8 = 1/ 5—; the

upper estimation for the update operator:

U (ugk),pgk)> ( Ef) — uh,pék) —Ph)T

< By
Vu xQn

Vi XQn



7. Summary and outlook

In summary, it can be said that, the scope of this work consists of three parts. First of all
we used Lagrange-settings to handle the given constraints and derived a new formulation
of the a given problem, a so-called mixed system. The second aspect were the Newton-
type schemes, which lead to the tested iteration algorithms. The third part were the
refined version of the a posteriori error estimator, that is corresponding to the appropriate
mixed system.

By deriving the equivalent mixed formulations, we discussed the obstacle problem, the
Stokes problem and the problem in abstract setting in the order of the rising complexity.
First we introduced the one dimensional obstacle problem, where the solution function is
directly the subject to the restriction. In other words, here we have the simplest example
of the constrain operator G, namely the identity operator. This way it was relatively easy
to introduce the usual solution approach and the basics of the proposed mixed system.
The Stokes problem provides an example with the more complicated constrain operator
G. This is why, this example of the typical problem was investigated more closely (for
example the prove of the existence and the uniqueness of the the solution for stabilized
and regularized problem in the sectin 4.6). The imposed the condition on the involved
functionals were the basis for the further development in the abstract setting. In both
cases, namely the obstacle and the Stockes problems, we merely motivated the proposed
mixed formulation. The proper proof of the equivalence of the several formulations were
derived in the curse of the section 6.1. Here we combined the a small excursion in the
theory of functional minimization with the so far accumulated experience in the mixed
variational formulations.

Regarding the second aspect of the work, the Newton-type schemes, the most important
question is how to regularize the functional. It a balance act, because on the one hand
the more simple approach might have a worse update in each iteration step, an therefor
will need more iteration steps to achieve the same precision, when compare to a more
complex regularization. On the other hand, the higher calculation ”costs” should not
be neglected, since even if the specific Newton-type scheme can decrease the number
of iteration steps, the overall calculation time might still be worse. Therefor we used
an exaple for a Stokes problem with allowed cavitation effects test several Newton-type
schemes. The results suggest that in all scenarios, that we considered in the section 4.5,
the best approach was the method with the most precise approximation of the Gateau-
derivative. The more complex calculation of the update not only paid of, with rising
number of degrees of freedom the calculation time was the fraction of the time needed,
when solving the problem with the usual method. In the section 4.5 we also examined,
how the rising number of degrees of freedom, or the size of the mesh, affects the solution.
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We were able to estimate, that the norm of the difference between estimated and the
exact solution goes linear down with the mesh size value h. Last but not least, in the
section 6.2.2 we transferred the solution strategy to abstract setting and could proof the
convergence of the iteration algorithm.

The third part, the a posteriori error estimator is strongly related to the proposed mixed
formulation. In the section 4.4 we described, how all the part of the estimator relate
to the corresponding conditions of the mixed formulation. The difficulty here was, that
we had to derive it twice. The first approach work only for the conform discretization
of the continuous spaces. Since we used the Croizeix-Raviart-elements in the numerical
test the non-conform discretization needed to be taken into account. This resulted in an
additional term in the error estimator and a different concept to derive the estimator.

The possibilities for extensions and future tasks can be found for all the thematic scopes
summarized above. For example, we restricted the constrains in the abstract setting
to the linear operator G, but in the theorem 6.1.8 we considered the larger family of
the sublinear operators. The next step can be to examine this constrains using f.e. the
torsion problem and in similar fashion derive equivalent mixed formulations with the
target to solve the problem with Newton-type schemes.

On the subject of the Newton-type schemes, we examined the case, where the the second
derivative of the energy functional 7 is a bilinearform, that is independent of the solution
u. Making it u-dependent would not only result in a wide verity of Newton-type schemes,
but also may require additional properties to ensure the convergence.

As for the error estimator, we saw that the worse part of it, in terms of the convergence
rates, was the norm of the difference between the non-conform approximation calculate
by the solution strategy and the conform approximation estimated using the letter. There
we mentioned, that basically ”taking the average” is easy to calculate, but not a good
estimation. There for it would be interesting to see what better ways can be used and
how this would affect the convergence rate and the calculation time.
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A. Useful theorems and lemmas

Lemma A.0.1 (Friedrichs’ inequality). Let Q@ C R™ be a bounded domain. Then there
is a constant ¢ € RY so that

[ollo,0 < cllVollgq Vo € Hy(€) .
More specific for a two dimensional convex domain 2
g, |
[vlloo < ) V]l Vo € Hy(Q)

where dq is the diameter of the domain Q0 and w is the ratio of a circle’s circumference
to its diameter.

Proof. See, for example [11, p. 84] O

Lemma A.0.2 (Poincare’s inequality). Let Q@ C R™ be a bounded domain. Then the
inequality

[olloe < llvll1q Vo € Hy(Q)

results directly from lemma above.

Proof.

2
2 2 c 2
15,0 =77 Ielb.0 + 7oz lello

C2 2 02 2
Sil T2 ||VU||0,Q + 1+ c2 HUHO,Q
__¢ 2
= Ivlia
2
<[oll{q - O

Lemma A.0.3 (Lemma of projection operator). Let Q be a Hilbert space and let A C Q
be non-empty, closed and convex. Then there is exactly one mapping Iy : Q — A with

— 11, = inf ||p — VpeQ.
Ip — 1Iaplg inf lp — 4l p€Q

For all p € Q there is an equivalent characterisation of IIxp as
Re(p — Ipp,q — IIap)g < 0 geA.

The mapping IIy : Q — A s called (orthogonal) projection of Q on A, and IIy is
referred to as projection operator.
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Proof. See, for example [1, p. 100] O

Theorem A.0.4 (Abstract existence theorem). Let U and V be Hilbert spaces. A linear
mapping L : U — V* is an isomorphism exactly when the bilinear form A:U xV — R,

with A(u,v) = <iu,v>v forv €'V, fulfil following conditions:
(i) (Continuity) There is o € RT such that

IAu,v)| < alully v]ly VueUWweV. (A1)

(ii) (inf-sup-condition) There is B € R such that

Alu,v)
sup
vev vlly

> B ully VueU. (A.2)

(i1i) For allv € V, v # 0, there is u € U such that

A(u,v) #0. (A.3)

Proof. See, for example [4, p. 119] O

Theorem A.0.5 (Brezzi’s splitting theorem). We consider a mapping into the dual
space L : V x Q = V* x Q*, (u,p)T — (f*,9%)7, defined by the saddle point problem

A(u, ) + Blp,p) = (", ¢)v foro eV,
B(u,q) =(9".90)q forqeQ,

where A(.,.) and B(.,.) are continuous bilinear forms. The mapping L isan 1somorphism
exactly when following condition are met:

(i) The bilinear form A(.,.) is V-elliptic, which means there is o € RT such that
A(w,) > al| Yo € {p € V| B(p,q) =0Vg € Q} . (A.4)
(ii) The bilinear form B(.,.) fulfils the inf-sup-condition:

There is B € RT such that inf sup M > 0. (A.5)
1Qgev [ollv llallg

Proof. See, for example [4, p. 126] O
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Lemma A.0.6 (Equivalent inf-sup-conditions). Let B : V.x Q — R be a continuous
bilinear form. We define

Vy={veV|Bv,gq) =0 VYqeQ}

V¢, is its polar set and V3 is its orthogonal compliment. There are two operators corre-
sponding to the bilinear form B :

B:V - Q B*:Q—V*
B,>:B, <,J§*>:B,.
<<qu (v,9) ¢, B'q) =Bv,q)
Then the following statements are equivalent:
(i) There is a constant 3 € RT such that

-, B(p,q)
mf sup ————— > 0.
2cQ pev [#lly H(IHQ

(ii) The mapping B : VL — Q* is an isomorphism and

HEUHQ* > B lly Yo e Vi

(iii) The mapping B*:Q— V¢S, C V* is an isomorphism and

|5a

.. > lalq vgeQ.

Proof. See, for example [4, p. 125] O

Theorem A.0.7 (Abstract existence theorem for non-linear case). We consider a map-
ping in to a dual space B :V — V*. Let E fulfil following conditions:

(i) (Strong monotony) There is v € RY such that

(Bo—Bp.p—0) > 7le ol Y. p eV, (A.6)

(ii) (Lipschitz continuity) There is ¢ € RT such that

<E¢ — Etﬁ,v>
= sup

Y <cllp— | Vo,pe V.  (AT)
\%A veV HUHV v

E’cp—Eng)‘

Then the equation
Fu = f*

has exactly one solution w € V for any f* € V*.
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Proof. See, for example [11, p. 109 ff] O

Theorem A.0.8 (Abstract existence theorem of a numerical solution for non-linear
case). Let E : V = V* be strong monotone and Lipschitz continues mapping and f € V*.
Then there is exactly one uwy, € Vy, for each linear subset Vi, C' V with dimV, < oo that
solves the equation

<E'U'h7‘Ph>V = (f*,on)v Ve € V.

Proof. See, for example [11, p. 112 ff] O



Bibliography

[1]
2]

H. W. Alt. Lineare Fuktionanalysis. Springer-Verlag, Berlin Heidelberg, 2012.

D. Biermann, H. Blum, I. Tovkov, N. Klein, A. Rademacher, and F.-T. Suttmeier.
Stabilization techniques and a posteriori error estimates for the obstacle problem.
Applied Mathematical Science, 7(127):6329-6346, 2013.

H. Blum, D. Braess, and F.T. Suttmeier. A cascadic multigrid algorthm for varia-
tional inequalities. Computing and Visualization in Science, 2004.

D. Braess. Finite Elemente - Theorie, schnelle Léser und Anwendungen in der
Elastizitatstheorie. Springer-Verlag, Berlin Heidelberg, 2013.

E. Dari, R. Duran, and C. Padra. Error Estimators for Nonconforming Finite
Element Approximations of the Stokes Problem. Math.Comp., 64(211), 1995.

R. S. Dembo and U. Tulowitzky. On the minimization of quadratic functions subject
to box constrints. Yale Research Center for Scientific Computation, 1984.

M. Dobrowolski. Angewandte Funktionalanalysis. Springer, 2006.

C. Geiger and Kanzow Chr. Theorie und Numerik restringierter Optimierungsauf-
gaben. Springer-Verlag, Berlin Heidelberg, 2002.

F. Gimbel, P. Hansbo, and F.T. Suttmeier. An adaptive low-order FE-scheme for
stokes flow with cavitation. J. Numer. Math., 18(3):177-186, 2010.

V. Girault and P.-A. Raviart. Finite Element Approximation of the Navier-Stokes
FEquations. Springer Verlag, Heidelberg New York, 1979.

Ch. GroBmann and H.-G. Roos. Numerik partieller Differentialgleichungen. B.G.
Teubner, Stuttgart, 1994.

M.K.V. Murthy J. Cea. Lectures on Optimization - Theory and Algorithms (Tata
Institute Lectures on Mathematics and Physics). Springer, 1979.

B. Nilsson and P. Hansbo. A stokes model with cavitation for the numerical sim-
ulation of hydrodynamic lubrication. Technical Report 17, Chalmers University of
Gothenburg, 2008.

B. Nilsson and P. Hansbo. Weak coupling of a reynolds model and a stokes model
for hydrodynamic lubrication. Internat. J. Numer. Methods Fluids, 2010. DOI:
10.1002/1d.2281, to appear.



Bibliography 89

[15] Fabio Nobile. A posteriori error estimates for the finite element approximation of
the stokes problem. Technical report, 2003.

[16] R. Verfiirth. A posteriori error estimators for the stokes equation. Numerische
Mathematik, 55:309-325, 1989.



	Title page
	Abstract
	Zusammenfassung
	Contents
	List of Figures
	List of Tables
	1. Introduction
	2. Notation
	3. Basic idea applied to 1-D obstacle problem
	3.1. Possible variational formulations
	3.2. Transformation into the system of equations

	4. Stokes problem with cavitation e�ects
	4.1. Minimization problem and equivalent variational formulation
	4.2. First proposal for solution strategy
	4.3. First numerical results
	4.4. Further analysis of the possible solution strategies
	4.5. Numerical results
	4.6. Existence and uniqueness of the continuous and the FEM solutions
	4.7. Error estimate

	5. Revisiting Obstacle problem in 2-D
	5.1. Introduction of the mixed formulation
	5.2. Numerical treatment of the mixed obstacle problem
	5.3. Numerical results
	5.4. Error estimate

	6. Framework for first kind problems with linear inequality conditions
	6.1. Optimization theory for functionals
	6.2. Newton-type method for the generalized problem

	7. Summary and outlook
	Appendices
	A. Useful theorems and lemmas

	Bibliography

