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1 Introduction, motivation

1.1 Introduction

When we talk about the use of mathematics or mathematical modeling for the industry,
we mean the transformation of real world problems into mathematics. Often, this means
neglecting some details, which are unimportant with respect to the posed questions.
While experiments reveal the particular features of any process, the mathematical model
permits the establishment of the general laws and thus contributes to the fundamental
knowledge of the process.

The subject of partial differential equations (PDEs) holds a special and an important
position in mathematical modeling. Partial differential equations describe a huge range
of physical principles and they have been becoming increasingly powerful since the times
of Euler and Lagrange.

The study of PDEs contains two main aspects:

1. Analytic methods for PDEs which involves the issues concerning the existence and
uniqueness of solutions,

2. Numerical approximation of PDEs.

Both the mathematical analysis of the PDEs and the numerical analysis of methods rely
heavily on the strong tools of functional analysis.

Numerical approximation of PDEs is a cornerstone of the mathematical modeling since
almost all modeled real world problems fail to have analytic solutions or they are not
known in the scope of pure mathematics because of their complexity.

The history of numerical solution of PDEs is much younger than that of analytic methods,
but the development of high speed computers nowadays makes the advent of numerical
methods very fast and productive.

On the other hand, the numerical approximation of PDEs often demands a knowledge of
several aspects of the problem, such as the physical background of the problem, in order
to understand and interpret the behavior of expected solutions, or the algorithmic aspects
concerned with the choice of the numerical method and the accuracy that can be achieved.

The aim of the lecture is to discuss some modeling problems and provide the students
with the knowledge of Finite Element techniques for the numerical approximation of the
model equations.

Especially the theory and application of finite element methods is a very nice combination
of mathematical theory with aspects of implementation, modelling, and applications.
So-called “adaptive” methods enable on one hand the prescription of a tolerance for
the approximation error, while on the other hand they make computations possible in



cases where, for example, a uniformly refined mesh would be prohibitively costly even on
nowadays’ computers, especially in three space dimensions or for problems that need the
resolution of different scales.

1.2 Multiple scales in the modelling of real world problems

Most of the phenomena in nature are concerned with the behavior of a big number of
individual objects which are always in a close interaction with each other. On the other
hand, the important features are visible on a much coarser macro scale, where a mean
behaviour of objects is observable.

Let us consider a very short list of fields where such behaviour arises in real life problems
and where the mathematical investigation is needed to answer the questions stated by
the problem.

1. Meteorology: In this field we are mainly interested in the interaction of air (oxygen,
nitrogene, ozone, etc.) and water molecules, because those interactions are the ones who
are responsible for the behaviour of macroscopic variables like temperature, pressure,
humidity, and wind. The main objective of meteorological stations is to develop a sys-
tem which permits reliable monitoring of climate changes. The monitoring is of high
importance for companies like airports, off-shore wind parks, etc.

Figure 1.1: Air molecules — Weather map with isobars

2. Civil Engineering: In many aspects of our life a huge amount of different materials are
used. Glass, wood, metals, or concrete, those are some instances of materials which we
directly use almost every minute in our everyday life. Thus, the modification of materials
and prediction of their properties are very important objectives for the manufacturers. In
order to produce high quality materials the engineers in industry, among other problems,
are very much interested in the elastic behavior or loading capacity of the material. While
it is known that the bonding forces between the atoms of the material are responsible for
the above mentioned properties, the averaged behaviour can be modelled using continuum
mechanics.

So, to manufacture a new product with higher quality, a detailed investigation of the
material on the atomic level is not required in most cases. A mathematical model is
needed for the quantitative description of the change of material properties under exter-
nal influences such as melting or cooling. The theory of differential equations comes to




Figure 1.2: Crystal lattice of steel — Crack with inner stresses

help us as an excellent tool for the development of such a model.

3. Biology: Today the connection between biology and mathematics is a vast growing
area of research. One of the target objects are bacterias. They are unicellular organisms
growing on different substrates, and they gain energy from degradation of substrate
components. Important is that as a result of degradation of substrate, bacterias produce
other materials which are of high industrial interest, because they are used e.g. in medical
care.

Another research area is the population growth problem. The problem aims in forecasting
the change in a given population. The population can consist of cells in a tumor, or
insects, or petri dishes.

While the behaviour of single individuals is the underlying principle, models for the
behaviour of the whole population or local parts of the population can be derived by
averaging over individuals.
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Figure 1.3: Single bacterias — Colonies in Petri dishes

The problem is very complex and old. For simplified cases, ordinary differential equations



are a wide spread method to model the population growth, but localized phenomena need
the treatment with PDEs.

4. Traffic Flow: After a usual working day, many people in many countries of the world
spend several hours on their way back home because of the traffic jams on the roads.
During the driving process every driver has its own behavior which depends on the
objectives of being fast and avoiding accidents. So, in this way a driver (with his car)
interacts with other cars. But people are not able intuitively to drive in such a manner
as to avoid the traffic jams on the roads.

Figure 1.4: Traffic flow

Again we need the help of mathematical model which can provide the understanding
necessary to make the life of drivers more pleasant. The developed model can serve as an
efficient model also for other application problems. For example, the traffic jam model
is similar to gas flow models which allow for the appearance of shock waves. In aircraft
traffic, analogous problems cause noise pollution near airports.



2 Mathematical modeling

2.1 Density, flux, and conservation

The simplest mathematical models can be developed with the help of density, flur and
a conservation law.

Density. As examples of a density we can consider some space quantities which can vary
in time. Quantities like concentration of a substance or the heat density in a body are
two simple examples.

e Sugar in Coffee (Concentration)

e Temperature in a spoon
or in a pot (Heat Density)

The mass density is, for sure, the simplest example of density. To define the mass density
(density of a material), we consider a point P = (z,y, z) in the space, and let 6V be a
small volume element containing P.

I

Volume Element §V Containing P

The average mass density p in 0V at time t is equal to the mass contained in §V (which
is proportional to the number of molecules), divided by the volume of |§V]:

Mass in 6V at time ¢
p(0V,t) = Fid

In order to determine the mass density p(P,t) in the point P at time ¢, we should allow
0V to become smaller and smaller.
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In reality we can not make the volume element arbitrarily small, as for a very small
element §V a few number of molecules might remain inside 6V (it can become even
empty). Thus, the mass density in a point is kind of theoretical property, it is just an
idea.

On the other hand, we know that there are 10%® molecules in 1 ¢m? of water, therefore,
it is possible to make ¢V small enough to define reasonable average values of the density.

Analogous to mass density one can define
e FElectrical charge density,
e Population density (biological organisms),
e Chemical concentration (e.g. of components in a mixture),
e Energy density e(P,t) (for example thermal energy / temperature).

Flux. It is known that single objects like molecules or organisms are in continuous

movement.
$ N

Qy—
JRS =
S

So, we want to define the flow vector (flux) q(P,t) in a point P at time ¢ to be the rate
and direction of average movement of the objects. Like in the case of density, the flux
can be also defined through a limiting process.

@D




For the simplicity, first we discuss the one dimensional case. Suppose we want to consider
the heat conduction in a rod. Similarly you can imagine a fluid flow in a tube.

0 ® e - o 0 e )

Let 61 = [t,t + At) a (small) time interval starting at ¢. We define the mass flux (or the
fluid flow vector) ¢(P, 1) to be the total mass, which moves from left to right through
the point P in the time interval 61, divided by the length |01| = At of the time interval:

Mass moved through P from left in time interval 67

q(P,ot) = A7

t O ‘;d;—»%«@ )
t+1 ( © §%e )

Letting At get smaller and smaller, we arrive to the limiting value of mass flux rate
q(P,t) through P at time t. q(P,t) is negative, when the amount of mass which passed
from right to left is bigger than from left to right. Thus, the sign of the flux vector in
one dimensional case shows the direction of the movement of the objects.

Now let us consider the higher dimensional case. Consider a surface element 0F
containing the point P with a unit normal vector nsr at the point P. Analog to 1D
case, we consider again the number of objects which move from one side of § F' to another
through the surface element §F in a time interval 1.

-0 ) L
> n e N
o -0 °
o’ °
oF oF

Then the flux in the direction nsr is defined as

Number of objects passing across 6 F in 61

Again tending the size of the element surface and At to zero, we get in limit the flux
g(P,t)-n. Here the flow vector q(P,t) determines the direction and strength of the flow
in the point P at time t.



Conservation Laws. We start with one dimensional case. Suppose we want to derive
a conservation of energy (e.g. heat) in a rod.

Q ) 00O
Q ) TS

For this purpose, we consider an arbitrary section [z1, 23] of the rod.

U ) )
X1 X2

/

Next we divide the section [xy, 25| into volume elements 6V3, V5, ..., dVy.

3V
\%?Vz 6>/N
¢ )) ) ))))))

X1 X2

/

Note that the total energy at time instant ¢ is equal to the sum of energies in the volume

elements dV7, Vs, ..., 0Vy. Thus

N
6V, 1)
Bl ag(t) = > E(Vit) = Z|5V[E|57|
i=1 . ,

Energy density e(dV;, )

FOI' ‘5V| — O we get
T2
Elz) 02) (t) = / e(z,t)dr

We state now the general conservation law for the case when no source and sink terms
are present.The basic law of conservation of heat energy for the section [z1, 25| can be
expressed in the following way

Conservation Law:

The net accumulation of the energy in the section is equal to the input across the
end points of the section minus the output across the end points of the section

Energy flow from the section [xy, 23] through the end points is the following
e in xz; flows ¢g(z1,t) to right (inside of the section, input),

e in x5 floes q(z2,t) to right (outside of the section, output).



CI(X]_, t) CI(XZ, t)

0 —) )— )
X1 X2

Thus
d

%E[ml,xg] (t) = Q(Ilat) - Q(I27t)

If we assume that ¢ is a differentiable function with respect to x, we obtain

) 8
a2, t) — qlar, t) = / 9 (o) ds

x1
and from equation
x2 2
%E[m,xﬂ(t) = %/ﬁ e(z,t)dr = /xl %e(w,t) dx

follows

or

200 0
/x1 (ae(x,t) + a—xq(x, t)) dx =0

The last equation is valid for all sections [x1, x5, therefore, due to the result from the
calculus course, the integrand must vanish:

0 0

for all points x and for any time t.

This is a partial differential equation, named the

Conservation Equation:

9
ot

e(x,t) = —(,%q(:c, t)




All above considerations were done when no sources or sinks are present. Let assume
that the 1D rod is additionally heated with a candle from outside.

G ) TS

What he have to do is to add a source term f (function describing the heating by the
candle) to the right hand side of the conservation equation:

rate of change of energy = space change of the flux 4+ Production

0

ae(az,t) = —QQ(xat) + f(x,1)

ozr

It is obvious that the source may be negative (a sink), f < 0, when we cool down the
heated rod (e.g. by spraying water onto the rod).

Some examples of sources and sinks in other models are:

e Chemistry:
Production and consumption of substrates through chemical reactions

e Biology:
Creation of new biological individuals (e.g. reproduction of bacterias or their die

off),

e Traffic Flow:
Driving in and out of the road,

Conservation law in n dimensions:

Consider a n-dimensional cube with faces which are parallel to the coordinate planes.
Then the accumulation in the cube is given by the in- and outflow over all faces. Using
the fact that the unit normal vectors of the faces are the unit vectors +ey, ..., +e,, the
flux in direction e; is just the -th component of the flux vector, ¢;.

With similar arguments as above, we can model the accumulation by the sum of partial
derivatives of the flux vector components, its divergence: Let x = (x1,...,x,), then

n

) 0
ae(:zc,if) = - E %Qi(%ﬂ + f@?t)v
i=1 !

10



which can equivalently be written, using the notion of divergence, as

%e(w,t} = —divq(z,t) + f(z,1)

2.2 PDEs as a modeling tool

Heat conduction equation (1D). If the left end of the rod is at a higher temperature,
then heat energy will be transferred from left to right across the rod toward the colder
part of the rod. Note that in conduction process we do not consider any any motion of the
material as a whole. The quantity that is conserved in the theory of heat conduction is
the thermal energy. The energy density e(x,t) per unit mass of a material in the interval
(21, z2] of density p and specific heat ¢, depends on the temperature 7' via

e(x,t) = pc, T (z,1)

The heat flux tries to equidistribute heat over a piece of material. Thus, heat flows from
warmer parts to cooler ones. This mechanism can be modelled by the empirical Fourier’s
law for heat conduction, which states that the rate of heat flow through a homogeneous
medium is directly proportional to the temperature difference along the path of heat flow,
IT [0z i.e.

0
x,t) = —k=—T(z,t
ol t) =~k T(a 1)
where k£ > 0 is a material parameter and is called the thermal conductivity.
Finally, after some calculations, we arrive to the one-dimensional heat conduction equa-
tion o7 2T
cp— = k—
Pergy = o T

The temperature balancing through the heat flow without sources is illustrated in the

next figure.

Time




Heat conduction equation (3D): The derivation of the heat conduction equation
in 3D case follows from similar steps. We should only substitute the energy density
e(z,t) and heat flow vector ¢(x,t) in the conservation equation with their corresponding
expressions in three-dimensional space. The Fourier’s law now can be written as

—k B%IT(SC, t)
qg(z,t) = —k %T(m,t}
—k B%ST(:E, t)

= —kVT(x,t)

The thermal energy density e(x,t), analog to one-dimensional case, for domain €2 is equal
to
e(x,t) = cppT'(z,1t)

Substituting both quantities in the conservation equation and assuming the material
parameters to be constant, we obtain the three-dimensional heat conduction equation

oT
P gy = div(kVT) + f
Since we assume that k is a constant, we can write this also using the Laplace operator,
oT
— = kAT
pcp at + f

Poisson equation: Imagine we have some fluid which is incompressible and irrotational
in a domain Q C R? and we would like to follow the flow of the fluid. This is an often met
problem in several areas of fluid mechanics. Assume that the fluid has a density p(z, 1)
and the flow is defined by the vector velocity field v(z,t). Further we assume that there
are some mass sources per unit volume equal to Q(z,t). Following the mass conservation
law introduced in previous section we can write the differential equation

(2.1) pr — div(pv) = Q
The definition of an incompressible flow yields that the density is constant, so we get
(2.2) diveo=Q/p:=Q

Now we use the fact that the fluid is irrotational, i.e. curl v = 0. Then the velocity vector
v is the gradient of a scalar potential u(z), that is

(2.3) v=Vu.

Finally, from (2.2) and (2.3) we obtain the Poisson equation

(2.4) Au=Q,

a scalar equation for the potential of the flow. Once u is determined by solving the

Poisson problem, then v can be computed by (2.3).

12



Remark 2.1. Mathematically speaking, the conservation equation must be supplemented
with some additional conditions, i.e. initial conditions (e.g. the temperature distribution
in the material at time t = 0) and boundary conditions (e.g. the temperature on the
boundary or the flur across the boundary,etc.).

Without these supplemental conditions, we cannot expect to have a unique solution to the
problem.

Stefan problem The classical Stefan problem is a typical free boundary problem which
describes the melting of ice surrounded by water. This problem admits the following
mathematical formulation. Given a container 2 C R"™ with liquid (water) with a tem-
perature distribution 7y = Ty(x). An initial piece of ice inside the water is described by
the curve (surface) I'y (see figure 2.2). A model for the melting of ice in the water can

Q
e . 0Q

n

Water

Figure 2.1: Melting of ice in the Water

be formulated in the following way:

given: Q C R”, Iy and Ty = Ty(z) (z € Q). At a time ¢ > 0, 2 is composed of two sub-
domains Q°* and !, appropriately occupied by the solid (ice) and liquid (water) phases.
The subdomains are separated by a regular interface I';.

compute: T'(z,t) and T'(t), t > 0, such that in each of the subdomains Q%! the heat
equation is fulfilled

9,
(2.5) pca—jl: —div(kVT) = f

where f(z,t) is a given function describing heat sources, p denotes the density, k the heat
conductivity, and ¢ the heat capacity. All these coefficients are assumed to be constant
in each of the phases, but may differ between them.

In addition to heat equation we must impose boundary and initial conditions. On the
unknown interface I'; between phases two conditions are prescribed. First,

T=0 only

13



the temperature is equal to the melting temperature of the ice. The second condition
follows from the energy conservation law by its application to elementary volumes that
contain both phases at the same time. Let us consider an element dvy of interface that
moves with velocity v, and denote by ¢; the heat flux (per unit surface) contributed by
the liquid phase and by ¢, the heat flux (again per unit surface) absorbed by the solid
phase, and L being the constant latent heat of melting. Latent heat is either absorbed
or released at a rate Lv - ndy. The heat exchanged by the interface I'; itself through d~
is equal to (¢, - n — gs - n)dy. Applying the energy conservation law to the elementary
surface dv, we obtain
(@ -n—qs-n)dy = Lv-ndy

This yields (dividing both sides by dvy and using the Fourier law for the heat flux) the
classical Stefan condition on the moving interface.

o
on'”®

On the fixed boundary 02 we impose a Dirichlet boundary condition, that is

oT
plv-n=k—|, —k on I';.
on

(2.6) T="1Tp
As for initial conditions, we have

(2.7) T(xz,0) = Ty(x) x €
The above formulation is called two-phase one-front Stefan problem and represents one

of the simplest problem settings. Modifications are possible in different directions (one-
phase Stefan problem, multi-phase multi-front Stefan problem, etc.).

Remark 2.2. We have so far introduced some models which are derived with the help of
mass conservation law. After the mathematical model is complete, several questions arise
which can be answered only after a detailed investigation and mathematical analysis of
the model. Typical questions are:

e Fuxistence: Does a solution to the problem exist?
o Uniqueness: Can there be two or more (different) solutions?

e Regularity: How smooth are those solutions? How does the smoothness of the solu-
tion depend on the source term or the smoothness of the boundary of the domain?

14



3 Functional analysis background

In the following chapter we are going to develop function spaces that are used in the
weak formulation of partial differential equations. Using the main concepts of Lebesgue
functional spaces we will define spaces commonly referred to as Soboloev spaces. The
chapter includes only a small part of functional analysis and the theory for Sobolev spaces
— just enough to be able to establish the foundation for the finite element method.

3.1 Banach spaces and Hilbert spaces

Let (X, d) be a metrical space.

Definition 3.1. A sequence (x)ken in X is called a Cauchy sequence if and only if
d(zy,x;) — 0 for k,l — oo

We say that (X, d) is a complete metrical space if every Cauchy sequence in X converges
to a limit in X.

Definition 3.2. (Banach Space) A normed space which is complete with respect to the
induced metric is called a Banach space.

Let Q € R"™ be a open and bounded set.

Definition 3.3. (Spaces of Holder Continuous Functions) For 0 < X\ <1 and we define
C™A(Q) to be the subspace of C™(S)) consisting of those functions f for which there exists
a constant h such that

D f(x) = D*f(y)| < hle —y|* z,y € Q

for 0 < o <m. The functions from the space C™*(Q) are called Hélder continuous and
Lipschitz continuous for the case A = 1.

The constant & is called the Holder constant. The space C™*(€2) is then a Banach space
with norm given by

|D*f(z) = D*f(y)|
mAQ) — meg) T Mmax sup
[ llema@y = 1 llem@) (X, swp P—

Definition 3.4. (Inner Product Spaces and Hilbert Spaces) Let X be a vector space and
(+,+) be a symmetric positive definite bilinear form (an inner product) on X x X. Then
X is called an inner product space and the norm on this space may be defined as

|zl|lx =V (z,2)x, € X

If X is complete under this norm, then it is called a Hilbert space.
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Denote by X’ the normed dual of the space X with the norm
'l x+ = sup {|(2)] = [lefx <1}

The following theorem shows that there exists an isometry between a Hilbert spaces X
and X'.

Theorem 3.1. (Riesz Representation Theorem) Let X be a Hilbert space. Then for any
continuous linear functional x' from the space X' there exists exactly one x € X such
that ' can be represented as

2 (y) = (z,y) for ally € X.

In this case
2| x = ll2|lx

According to the Riesz Representation Theorem, we can identify any Hilbert space with
its normed dual.

3.2 Basic concepts of Lebesgue spaces

Let €2 be a Lebesgue-measurable domain in R™ and let p be a positive real number. We
denote by LP(€2) the class of all measurable functions, defined on €

(3.1) LP(Q) := {u : HUHLp(Q) < OO},

where the norm ||u||z»(q) is defined in the following way: for 1 < p < oo

(3.2) |w|| ey == /|u(x)|pdx ,
Q

and for p = oo we set
(33) o) = ess sup{lu(o)]}-

The elements of LP(€2) are actually equivalence classes of measurable functions satisfying
(3.2) or (3.3), because we can identify all functions in LP(€2) which are equal almost
everywhere on ).

Theorem 3.2. For 1 <p,q < oo, % + % =1 and u, v € LP(Q), w € LI(Q) we have

1w+ vl ze) < Nullze@) + ]l Lr), Minkowski’s inequality,
/|u r)|dr < ||lul| e ||w] L) Hélder’s inequality,
/\u x)|de < JJul| @) llw| 2@ Schwarz’ inequality.
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Note that Schwarz’ inequality is just the Holder’s inequality in the special case p = ¢ = 2.

The following theorem gives some useful properties of LLP-spaces over domains with fi-
nite volume. The proof of the theorem may be found in the references given in the
bibliography.

Theorem 3.3. Assume 1 <p < q<oo. Then
1. LP(Q2) is a Banach space.

2. if u € LI(Q), then u € LP(Q) and
1_1
(3.4) ull ooy < (volume) s ™) [|u]| Lo

3. as a consequence of (3.4) we get a useful embedding result for LP-spaces, namely

(3.5) L9(Q) — LP(Q).

4. if p < oo then 1LP(Q) is separable.

5. LP(Q) is reflexive if and only if 1 < p < oo

3.3 Weak derivatives

The classical definition of derivative contains information about the function only near
the given point. Of special importance is the notion of weak or distributional derivatives
which does not care about the pointwise values. Therefore, we will consider derivatives
that can be interpreted as functions in the Lebesgue spaces. We know that pointwise
values of functions in Lebesgue spaces are irrelevant and these functions are determined
only by their global behavior. The weak derivative will be used in the development of
the variational formulation of partial differential equations.

Let €2 be a domain in R". Denote by C(€2) the subset of C* functions with compact
support in 2. By support of the function u defined on a compact K CC €2 we mean

supp u = {z € K : u(z) # 0},
and if supp u CC €2 then we say that u has a compact support.

Definition 3.5. A function u is said to be locally integrable on €1, if it is defined on 2
almost everywhere and u € LY(K) for every compact K lying in the interior of Q. The
locally integrable function space is denoted by L} ().

loc

Now we are ready to define the notion of weak derivative.
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Definition 3.6. The function u € LL},.(Q) possesses a weak derivative, if there exists a
function v € L}, .(Q) such that

loc

/v(x)qﬁ(q:) dr = (—1)l! /u(:c)Da¢(:c)dx for all ¢ € CF(Q).

Q Q

where
olely

0%10,0%x,...0% %,

with a multi index a = (aq, ..., ), @; € Z, a; >0, || = a1 + ag + ... + .

DOé

We denote the weak derivative of w by Diu and define Diu=v (if such a v ezists, of
course).

3.4 Introduction to Sobolev spaces

The Sobolev spaces which will play an important role in the variational formulation of
partial differential equations are built on the function spaces LP(£2) introduced in the
previous chapter. The idea is to generalize the Lebesgue norms and spaces to include
weak derivatives.

Let again €2 be an open subset of R".

Definition 3.7. Let m be a non-negative integer and 1 < p < oo. We define the Sobolev

norm || « ||mp for any function u € L}, (Q) in the following form

(3.6) lullmp = | D IDGullfa | #1<p<oce
0<|a|<m

(3.7 fullmee = o IDGullee if p = oc

where we assume that the weak derivatives DG u of u exist for all |a| < m.

The Sobolev norm defines a norm on any vector space of functions provided we identify
all functions in the case they are equal almost everywhere in €.

Definition 3.8. For any positive integer m and 1 < p < oo we define the Sobolev spaces
W7P(Q) = {u €L, : |ulmy < oo}

Clearly WP(Q) = LP(Q). For the finite element approximation of differential equations
the following space is of great importance

Wi (Q) = the closure of C5°(€2) in the space W™P(Q)
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For an arbitrary integer m we get the following obvious chain of embeddings
Wo(Q) = W™P(Q) — LP(Q)

In a special cases of Sobolev spaces W?(Q2), i.e. when p = 2, we will use the notation
H™ () instead of W™2Q and HZ*(2) instead of W"*Q.

3.5 Some useful properties of Sobolev spaces

In this section we will present, mainly without proofs, some useful properties (useful for
our further considerations) enjoyed by functions from Sobolev spaces. We will provide
results in their general formulations. The special cases used in Finite Element formula-
tions can be easily obtained with very simple calculations.

Let again Q C R? be an open, bounded domain with 99 € C%!.

Theorem 3.4. The Sobolev space W™P is a Banach space.

Proof. Let {u,} be a Cauchy sequence in W™P?(Q2).Then for all |o| < m, {DSu,} is
a Cauchy sequence with respect to the norm || - ||1r(), since the || - ||wmnr) norm is a
combination of || - || .»(o) norms of weak derivatives. Because of the completeness of ILP(£2)
(the space LP(Q)) is a Banach space), there exists a u® € LP(2) such that

| Dty — u®|| () — 0 for n — oo

show that D{u exists and is equal to u®.
First, note that if v,, — v in LP(Q2), then for all ¢ € CF(Q2) (using the Holder’s inequality)

(3.8) [va® = vl Lr0) < [[vn = Vl|o(@) |9l Lo @) — 0 for n — oo
Thus
(3.9) vp(z)p(x)dr — | v(x)p(z)dx

/ /

Now having in hand the definition of the weak derivative and two times applying (3.9),
we obtain

/u‘%bd:c = lim [ (Dgu,)¢dr = lim (—1)|a/un8a¢dx = (—1)°‘|/u8°‘¢dx

Q B o Q Q
Thus
/u‘%bd:c = (1)l /u@‘%dx
Q Q
and the proof of the theorem is complete.

19



Theorem 3.5. (Sobolev Embedding Theorem). Assume m,l € N and p,q € [1,00|. Then
the following statements hold:

1. if m > 1 and m — ]%l > [ — g, then W™P(Q) is continuously embedded in W4(2),
1.e. there exists a constant c, such that

[ulleg < ¢+ fullmp

The number m — % 1s called the Sobolev number.

2. ifm >1 and m — % > — g, then the embedding is compact.

J. ifm—% >k + «, then
[ullcra) < - ullmp Yu € WTP(Q)

i.e. the space W™P(Q) is continuously embedded in C*(Q).

Recall, that Sobolev functions can not be in general evaluated over lower-dimensional
subsets, i.e. subsets having measure equal zero.

Theorem 3.6. (Trace Theorem). Using the notations of the previous theorem, we assume

that m > | and m — g > | — & Then there exists a continuous linear embedding

v WmP(Q) — WH(S), where S is a smooth (d — 1) dimensional sub-manifold of €.
Thus the estimate holds

||7(U)||17q,5 S C- ||U||m7p Yu € Wmvp(Q)

The embedding operator v is then called the trace operator. For example, if u € C®(0Q),
then the trace operator 7y is determined as y(u) = u.

For our future discussions it is useful to introduce the notation of Sobolev semi-norms.

Definition 3.9. Let m be a non-negative integer and v € W"™P(Q2). We define the
Sobolev semi-norm | - |,

3=

(3.10) iy = | S ID%ul | i1 <p< o0,
la[=m
(3.11) ulnoe = mas | Djullz=a if p= o0
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4 Variational formulation of elliptic problems

In most mathematical models of real world problems one has the difficulty with analytical
investigation of the problem. The difficulties can be caused by several factors, e.g. com-
plicated geometry, etc. Therefore, more and more often we have to apply the capacity of
high performance computers for getting adequate solutions of developed mathematical
models.

4.1 Variational formulation of Poisson problem

In this chapter we will discuss the weak or variational formulation of boundary value
problems. Since finite element approximation methods are most naturally defined in
terms of weak formulations, we briefly indicate how elliptic problems can be cast in weak
form. Moreover, the weak formulation provides a relatively simple way to develop the
existence and uniqueness of so-called “weak solutions”.

Let Q C R? be a bounded domain with Lipschitz boundary and f € C(Q). Consider the
Poisson problem for the unknown function u € C*(Q) N C°(Q):

(4.1) —Au = f inQ,
u = 0 on 0f.

(We impose here Dirichlet boundary condition on 02, in the case of Neumann or Robin
boundary condition the procedure looks very similar.)

Now let us replace the classical representation (4.1)+(4.2) by a weak or variational formu-
lation. The idea is to multiply the equation (4.1) with a so called test function v € H} ()
and then integrate both sides of the new equation over the domain €2.

(4.3) —/Auv dr = Q/fv dx

Q

Using the known rules of integration by parts and then employing the Dirichlet boundary
condition (4.2), equivalently it holds

/VUVU d:zc:/fv dx
Q

Q

Now we can ask a solution just to fulfill this weak form of the poisson problem. For such
a weak solution is is not longer necessary that second derivatives exist, as the equation
above contains only integrals over first derivatives. Additionally, it is sufficient that the
first derivatives exist only in a weak sense. Thus, we can state the weak formulation of
the Poisson problem in the following way:
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Find u € H}(Q), such that for all test functions v € H}(€2) holds

(4.4) Q/ VuVo dx = Q/ fu dz

We call the solution of (4.4) the weak (variational) solution.

Remark 4.1. Why we are replacing the classical formulation?

The answer is that by writing the problem in its weak formulation it is possible to treat
a larger class of problems. It is easy to see that less reqularity is required for the weak
solution, thus the existence proofs are simplified. The main advantage of such replacement
18 that for solving the problems, numerical methods can be constructed which converge with
less assumptions on the regqularity of the solution, for example, finite element method.
Finally, it s well known that if the classical solutions exist, then the weak solutions
coincide with them. However, there are a lot of cases, when the weak solution fails to be
classical.

Another important reason of the replacement is that the weak formulation allows us to
use the nice theory of functional analysis and easily arrive at existence results and to
error estimates for approximations in different functional spaces.

4.2 Existence and uniqueness of weak solution

Before we establish the existence result of weak formulation (4.4), let us first recall some
definitions and state an abstract theorem.

Let X be a Hilbert space with a scalar product (-,-)x and associated norm || - ||, namely

[v]lx = v/ (v, 0)x.

Further we define the dual space, X*, to the Hilbert space X as a set of all linear func-
tionals on X. We introduce the dual pairing (-, ) x+xx in the form

<'7'>X*><X X" x X — R)
(LLv)xexx ==1(v) YVl € X*, veX.

Definition 4.1. A mapping a(-,-) : X x X — R is said to be a bilinear form, if for any
fized v € X each of the maps a(v,-) : X x X — R and a(-,v) : X x X — R is a linear
form on X. If

a(w,v) = a(v,w) Yu,w € X,

then the bilinear form a(-,-) is called symmetric.

We define also the mapping L : X — X*

(Lw,v) x+xx = a(w,u) Yw,v € X.
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Assume that we are given the bilinear form a(-,-) (not necessarily symmetric) and the
norm ||| - ||| : X — R defined on the space X with the property

I[o]]] < a(v,v), YveX
In the case when the bilinear form a(-, ) is symmetric, then

I[olll:= Va(v, v)

Remark 4.2. [t is easy to check that |||v||| := v/a(v,v) defines a norm in the Hilbert
space X. This norm is usually called the energy norm.

The problem in the solution of which we are mainly interested is the following:
Problem 4.1. For a given f € X*, find u € X such that
a(u,v) = (f,v) for allv e X.
Equivalently we can rewrite the problem as: find u € X such that
Lu = f in X*.

Let the bilinear form a(-, ) be coercive, it means there exists C, > 0 such that

o2 > Callollk vo € X,
or in terms of the bilinear form

a(v,0) = Cullull%

Suppose also that a(-,-) is continuous, meaning that there exist C, > 0 and C; > 0 such
that
a(v,w) < Callv|[xlwl|x,

a(v,w) < Ciff[v][] - fwl]]x-

Theorem 4.1. (Laz-Milgram lemma). Let X be a Hilbert space, a(-,-) : X x X — R be
a continuous coercive bilinear form and let f: X — R be a continuous linear form.
Then the Problem 4.1 has one and only one solution.

Now let apply the Lax-Milgram lemma to the weak formulation (4.4). We set
X = Wy(Q),

a(u,v) = /VUVU dx for u,v € X,
Q

and

o) = [ 1o do

and it is up to the reader to verify that all assumptions of Lax-Milgram lemma are
satisfied.
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Remark 4.3. Above, the Sobolev spaces appear without much motivation, just saying
that the reqularity of Sobolev functions is enough to write down the formulation. You can
introduce them also in a different way: The weak formulation appears naturally as the
condition for the minimizer u of the energy functional

1
E(v) = / Vel — fu dz, weTh@)
Q

Trying to proove existence of a (unique) minimizer, you need completeness of the under-
lying space with respect to a morm which is compatible with the energy funcional. This
leads naturally to the completion

oyl
Hy = CH(Q) .
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5 Finite element approximation

The finite element method was first conceived in a paper by Courant in 1943, but the
importance of this contribution was ignored at the time. Then the engineers indepen-
dently re-invented the method in the early fifties. Nowadays the whole procedure of the
finite element method is a field of mathematical research since many years and it has be-
come one of the most popular techniques for obtaining numerical solutions of differential
equations arising from engineering problems.

In this chapter we will briefly introduce the main aspects of the finite element method.

5.1 Galerkin discretization

In the theory of classical solutions it is natural to use approximation procedures which
are based on a pointwise evaluation of functions and differential operators. When dealing
with weak solutions this approach cannot be taken over, because point values of func-
tions in H™(€2) are in general not defined, if m — % < 0 (m and n are the corresponding
Sobolev numbers). The formulation of the original problem as weak problem suggests a
different strategy to convert the infinite dimensional space into a finite dimensional one
which then allows a numerical treatment.

Having in mind the old notations, let us again consider the following problem:
Problem 5.1. For a given f € X*, find u € X such that
a(u,v) = (f,v) for allv e X.

Then discretization is obtained by replacing X with a finite dimensional subspace X, C X.
To get a numerical approximation to the unknown function u, the idea of Galerkin method
is

Problem 5.2. For a given f € X*, find u, € X;, such that
(5.1) a(up,vp) = (f,vn) for all v, € Xy,

Existence of a discrete solution u, € X, follows directly by applying the above theory
on the subspace, or by looking for a minimizer of the energy functional in the (finite-
dimensional, so complete) subspace.

We introduce a basis {¢1, 2, ..., pn} of V}, and taking into consideration the fact that
(5.1) is satisfied for any v;, € V},, we replace vy, by basis functions.

(5.2) aun, ¢i) = (f, i)

Now the desired approximate solution w;, is represented by means of chosen basis func-
tions:

(53) Up — ZUJQO]
j=1
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If this expression for uy, is now substituted into (5.2), we obtain the following system of
equations:

n

(5.4) Za(goj, o) U; = (f, @) fori=1,...,n,
j=1
which must be solved for the unknowns Uy, Us, - -+, U,.

The equation (5.4) permits us to write it in the form:
(5.5) SU =B

with the matrix S;; = a(p;, ¢;), vector B; = (f,¢;) and U being the column vector of
coefficients U;.

S is called the stiffness matriz and B is called the load vector.

For a given space X}, solving the corresponding discrete problem (5.1) amounts to finding
the coefficients U; of the expansion (5.3) over the basis functions ¢;, j = 1,2, ...,n. Thus,
in order to obtain the numerical solution of any second order elliptic problem one has
first, to compute the stiffness matrix S and load vector B for the specific problem, and
second, solve the algebraic system(5.5).

Some details about aspects of efficient implementations are given in Section 10

5.2 Finite element method

The finite element method can be described in a few words. Suppose that the problem to
be solved is in weak formulation. The idea of finite element method is simple. It starts
by a subdivision of the structure, or the region of physical interest, into smaller pieces.
These pieces must be easy for the computer to record and identify: they may be triangles
or rectangles.

Then within each piece the trial functions are given an extremely simple form-normally
they are polynomials of arbitrary degree. Boundary conditions are easier to impose lo-
cally along the edge of a triangle or rectangle, than globally along a more complicated
boundary.

So, let us start from the first step: divide the domain into finitely many smaller pieces.
These small pieces are called elements. There are several kinds of elements, which can
be used for the decomposition of the domain and it is not clear whether to subdivide
the region into triangles, rectangles or other types of elements. We will not discuss the
advantages and disadvantages of each type of elements and will subdivide the region of
interest into triangles.

If we decompose the given domain 2 by triangles (see Figure 5.1), we will see that the
union of these triangles will be a polygon €2, and in general - if 02 is a curved boundary
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- there will be a nonempty region 2 \ €, which will later, of course, contribute to the
error. So one of the main tasks when considering curved boundary, will be to make the
nonempty region as small in area as possible. For simplicity we will consider only polyg-
onal domains, i.e. the case when €2, = (.

Figure 5.1: A triangulation of a domain

Definition 5.1. 7 := {T1,...,Tn, } is called a (conforming) triangulation of Q, if the
following conditions are fulfilled: (see [21])

1. T; are open triangles (elements) for 1 <i < N,;
2. T; are disjoint, i.e. T,NT; =0 fori # j;

1<i<N,
4. fori# j the set T, NT; is either

1. empty, or
it. a common edge of T; and T}, or

iti. a common vertex of T; and T}.
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Figure 5.2: Examples of conforming and non-conforming triangulation

The examples of conforming and non-conforming triangles are given in Figure 5.2.

Let 79 be a triangulation of €2. If we subdivide a subset of triangles of 7y into sub-
triangles such that the resulting set of triangles is again a triangulation of 2, then we
call this a refinement of 75. Let the new triangulation be 77. If we proceed in this way,
we can construct a sequence of triangulations {Tk}kzo such that 751 is a refinement of 7.

Let now 7 be a conforming triangulation. Our next task is to define a finite element space
Xp. For the moment we know only that X, is a finite dimensional space of functions
defined over the domain €2. With the help of X; we define the space

Pr = {Uh|T; Vp € Xh} .

The members of this space are the restrictions of the functions v, € X} to the elements
(triangles ) T" € 7. It is natural now to obtain some conditions guaranteeing that the
inclusion X;, C H'(Q) holds (if you remember, our goal is to approximate solutions of
problems belonging to the space H'()).

Theorem 5.1. Assume that X;, C C(Q) and Pr C HY(T) for all T € 7. Then
X, C H'(9),
Xno := {vn € Xp; vp =0 on 9Q} C Hy(Q)

Having in mind all previous considerations, we summarize the properties of a finite ele-
ment space.

1. A finite element space is described by the underlying triangulation 7 of the domain

Q
2. For each element T of the triangulation 7 the space
Pr = {va|r; vy € Xp}.
contains polynomials of certain degree.

3. there exist a canonical basis in the space Xj,, whose functions are easy to describe
using the information on local elements.
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Example 5.1. (Linear finite elements).

Let assume that we are given a domain Q € R? with polygonal boundary 9. Let 7 be
some triangulation of €2 into triangles T'. For an arbitrary positive integer r we define
the space

P.(T) := {v; v is a polynomial of degree < r on T'}.

Thus for r = 1, Py(T) is the space of linear functions defined on T". These linear functions
can be represented as
v(z,y)=a+br+cy, z€T

where a,b,c € R. Here we immediately see how the basis {¢1, @2, @3} for P(T) looks
like, compare Figures 5.3 and 5.4

d1 dz du
Figure 5.3: Linear basis functions for the triangle T

Note that dim P;(T) = 3. Let the finite dimensional space X; be the space of piecewise
linear functions, i.e.

Xy ={veCQ); vlr € P(T), VT € 7}

It is clear that any function v € X}, is uniquely determined by the values (called also
degrees of freedom) at the vertices of T' (called also the nodes). Indeed, let T' € T be a
triangle with vertices a; = (21, y1), a2 = (T2,¥2), a3 = (x3,ys). Since the function v € X,
is defined on the arbitrary triangle T', the vertices of T' must satisfy the equation for v, i.e.
v(z,y) = a+ bx + cy. If we denote the values of v(z,y) at the vertices by a;, i = 1,2, 3,
we obtain the linear system of equations

a+br;+cy;=q; 1=1,2,3,

for the unknowns a, b, c. From the basics of linear algebra we know that for given «; the
system has a unique solution if and only if the determinant of coefficient matrix does not
vanish, i.e.

1 oy
det | 1 x5 o # 0.
1 x5 3
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On the other hand it is well known that the above mentioned determinant is equal to
twice the area of triangle T, thus it can not be equal to zero, which means that the un-
knowns a, b, ¢ are uniquely determined and therefore, the function v(x,y) is also uniquely
determined by its given degrees of freedom (values at the vertices of T').

Remark 5.1. In general, for our approzimations we will use the finite element space Xpo
for solving the second-order problems with homogeneous Dirichlet boundary and the space
Xy if we are solving a second order Neumann problem.

Remark 5.2. A common way to define the basis functions associated with the degrees of
freedom is to take functions ¢; € P\(T), i = 1,2,3, such that

@z(%’)z@‘j:{ (1) Z i;;

fori,j=1,2,3 (see Figure 5.3).

Note, that we can analogously define other finite element spaces using the spaces of higher
degree polynomials. Here we state only a theorem on general Lagrange elements.

Definition 5.2. The Lagrange grid G (1) on a triangle T with vertices ag, ay, as s given
by the set of points

d d
m
Gk(T) = {l‘: Z)\jaj : )‘j S {E,m: 0,...,]{?},)\j > O,Z)\j = 1}
Jj=0 7=0
On each triangle T', each polynomial p € P, of degree k is defined uniquely by its values
on the Lagrange grid G(T'). It holds dimP; = (k;f) = #G(T).

Theorem 5.2. Let the domain Q € R? is decomposed into triangles through the triangu-
lation Tau. Assume that the grid Gy, is of order k, it means

Gk = UTGTGk<T) = {aj, j: 1,2,~~ ,N}.

If the values of up, on the grid Gy are known, then using these values we can uniquely
determine a function uy, € X;, C HY(Q) with

Xy, = {un € C°(Q); wplr € P(T), T €T},
A basis of X}, is given as a collection of functions ¢; € X;, such that
QOJ(CLZ) = 044 Z)] = 1727"' 7N'

where 0j; is the well know Kronecker delta function.
The basis functions on the given triangulation for linear, quadratic and 4th order finite
elements are visualized in figures 5.4, 5.5 and 5.6.
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Figure 5.4: Mesh and linear basis function

Figure 5.5: Quadratic basis functions

5.3 Discretisation of 2nd order equation

In this section we describe the assembling of the discrete system in detail.
We consider the following second order differential equation in divergence form:

(5.6a) Lu:=-V - -AVu+b-Vut+cu=f  in{,
(5.6b) u=g on I'p,
(5.6¢) Vg AVu =0 on Iy,

where A € L®(Q;R™9), b € L=(;R?Y), c € L*(Q), and f € L*(Q2). By I'p C 99 (with
IT'p| # 0) we denote the Dirichlet boundary and we assume that the Dirichlet boundary
values g: I'p — R have an extension to some function g € H'(Q).
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Figure 5.6: 4th order basis functions

By I'y = 0Q\I'p we denote the Neumann boundary, and by v, we denote the outer
normal vector on d€2. The boundary condition (5.6¢) is a so called natural Neumann
condition.

Equations (5.6) describe not only a simple model problem. The same kind of equations re-
sult from a linearization of nonlinear elliptic problems (for example by a Newton method)
as well as from a time discretization scheme for (non-) linear parabolic problems.
Setting

(5.7) X =H'(Q) and X =H\(Q) = {veH(Q);v=00nTp}

this equation has the following weak formulation: We are looking for a solution v € X,
such that v € g+ X and

@8)Kkvwﬁﬂ%M@VUW)+¢@ﬂM@'VU@%+d@¢@ﬂMxﬂmI:Lf@ﬂd@dx
for all p € X

Denoting by X* the dual space of X we identify the differential operator L with the
linear operator L € £(X, X*) defined by

(5.9) (Lv, 90>)2*Xj‘< ::/ch-AVv+/cpb-VU+/cgov for all v, p € X
Q Q Q
and the right hand side f with the linear functional f & X* defined by

(5.10) (F, cp>)e(*x)o( ::/fgo for all p € X.
Q

With these identifications we use the following reformulation of (5.8): Find u € X such
that

(5.11) ueg+X: Lu=f inX*
holds.

32



Suitable assumptions on the coefficients imply that L is elliptic, i.e. there is a constant

C = Cypen such that

<Lgp, @>X*XXZCHQOH§( for all p € X.

The existence of a unique solution u € X of (5.11) is then a direct consequence of the
Lax-Milgram—Theorem.

We consider a finite dimensional subspace Xj, C X for the discretization of (5.11) with
N = dim X;. We set Xh = X, NX with N = dim Xh Let g, € X}, be an approximation
of g € X. A discrete solution of (5.11) is then given by: Find u;, € X}, such that

(5.12) up € gn + X : Lu,=f inX;,
Le.

up € gp + Xp ¢ <Luh, 90h>)°<;;x)°(h = <f7 90h>)°<;;xXh for all ¢, € X},

holds. If L is elliptic, we have a unique discrete solution u;, € X}, of (5.12), again using
the Lax-Milgram—Theorem.

Choose a basis {¢1, ..., ¢y} of X, such that {¢1,..., @5} is a basis of X,. For a function
v € Xj we denote by v = (vy,...,vy) the coefficient vector of v, with respect to the

basis {¢1,...,px} e
N
Vyp = ZUJ'QO]'.
j=1

Using (5.12) with test functions ¢;, i = 1,. ..
the coefficient vector u = (uq, ..., uy) of uy:

,ﬁf , we get the following N equations for

N
(5.13a) Zuj <L<pj, 90i>j(;x)°(h =<f, §0i>)“(z><)=(h fori=1,...,N,
j=1

(5.13D) u; = g; fori=N+1,...,N.

Defining the system matriz L by

[ (L1, 1) (Log, 1) (Lo, 01) (Loy, 1)
(Lo, o) (Logs o5 (Lpsens ox) - (Low, 05)
(5.14)  L:= 0 10 0
0 0 0 1 0
; 0 0 0 ;
0 0 0 0 1
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and the right hand side vector or load vector f by

_<f7 801>_

(5.15) £im [Fen)

9N +1

L 9y
we can write (5.13) as the linear N x N system
(5.16) Lu=f,

which has to be assembled and solved numerically.

5.4 Simplices of arbitrary dimension

Above, we considered for simplicity only triangulations of 2-dimensional domains, built
out of triangles or 2-simplices. But the concept of finite elements and triangulations can
be used in any space dimension.

Definition 5.3 (Simplex). a) Let ag, . . ., aq € R™ be given such that a; — ag, . . ., ag—ag
are linear independent vectors in R™. The convex set

(5.17) T = conv hull{ay, ..., a4}

15 called a d-simplex in R™. For k < d let

(5.18) T" = conv hull{ay, . ..,a.} C T

be a k-simplex with ay, . ..,a); € {ag,...,aqs}. Then T is called a k-sub-simplex of T.
A O—sub—simplezx is called vertex, a 1-sub—simplex edge and a 2—-sub—simplex face.

b) The standard simplex in R? is defined by

(5.19) T = conv hull{dy = 0,d, = eq,...,dg = eq},

where e; are the unit vectors in RY.

c) Let Fr: T — T CR" be an invertible, differentiable mapping. Then T is called a para-
metric d-simplex in R"™. The k-sub—simplices T' of T are given by the images of the k-
sub—simplices T' of T'. Thus, the vertices ag, . . . ,aq of T are the points Fr(ap), ..., Fr(dg).
d) For a d—simplez T, we define

(5.20) Ay = diam(T) and  pr:=sup{2r; B, C T is a d-ball of radius r},

the diameter and in-ball-diameter of T.
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Let T" be an element of the triangulation with vertices {ag,...,aq}; let Fr: T — T be
the diffeomorphic parameterization of T" over T' with regular Jacobian D Fr, such that

F(ay) = ag, k=0,...,d
holds. For a point x € T' we set
(5.21) i=FYz)eT.
For a simplex T the easiest choice for Frr is the unique affine mapping

FT(Zi') = ATZi‘ + Qo

where the matrix Ap € R™*? is defined for any d—simplex T in R" as
Ar=|a1—ag -+ ag—aol,

Since Fr is affine linear it is differentiable. It is easy to check that Fp: T — T is invert-
ible and that Fr(d;) = a;, i = 0,...,d holds. For an affine mapping, DFr is constant. In
the following, we assume that the parameterization Fr of a simplex T is affine.

For a simplex T" the barycentric coordinates
M) = (A, D) (z) € R

of some point x € R% are (uniquely) determined by the (d + 1) equations

The following relation holds:

reT iff  A(z)e[o,1]forallk=0,....d iff I eT.

On the other hand, each A € T defines a unique point 7 € T by

d
l‘T()\) = Z )\k ag.
k=0

Thus, 7: T — T is an invertible mapping with inverse \7: T — T; The barycentric
coordinates of z on T are the same as those of & on 7', i.e. A\ (x) = AT (%).
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In the general situation, when Fr may not be affine, i.e. we have a parametric element,
the barycentric coordinates AT are given by the inverse of the parameterization Fr and
the barycentric coordinates on 7"

(5.22) A (2) = AT(2) = AT (Fy ()

and the world coordinates of a point 27 € T with barycentric coordinates \ are given by

d
(5.23) T\ = Fr (Z Akdk> — (xT(A))
k=0

(see also Figure 5.7).

S
Fs_l )‘S:ASOFSTI F/Y.Q:SOFS
S - S
S

2\ T

Figure 5.7: Definition of A\T: T — T via F;' and )\T, and 27: T — T via 27 and Fr
Every function f: T — V defines (uniquely) two functions
E 4 f :

- 1%
S e

= f(Fr(2)).

> M
> 'ﬂ>

Accordingly, f . T — V defines two functions f: T — Vand f: T —»V,and f: T —V
defines f: T'— V and f: T—V.

Assuming that a function space P C C°(T) is given, it uniquely defines function spaces
P and Pr by

(5.24) P= {]5 e CUT); p e P} and Pr={peCT);pc P}.

We can also assume that the function space Pis given and this space uniquely defines
P and Py in the same manner. In numerical implementation it makes sense to use the
function space P on T'; the implementation of a basis {p',...,p™} of P is much simpler
than the implementation of a basis {p*,...,p"} of P as we are able to use symmetry
properties of the barycentric coordinates .
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6 A priori error estimates for elliptic problems

In the following chapter we will consider general linear elliptic partial differential equa-
tions and introduce an abstract a priori error estimate for those problems. A priori
estimate means to find some connection relating the error between the exact solution
of the problem and its approximation to the regularity properties of the exact solution
itself. Note that in most cases the exact solution is not available.

The problem in the solution of which we are mainly interested is the following:

Problem 6.1. For a given f € X*, find u € X such that
a(u,v) = (f,v) for allv € X.
Equivalently we can rewrite the problem as: find u € X such that
Lu= f in X*.

For the existence and uniqueness result of the solution of Problem 6.1 we refer to Lax-
Milgram lemma, which has been the subject of Chapter 2.

After formulation of the continuous problem, we introduce now the discretized form of
Problem 6.1. For this purpose assume that {X;} is the family of finite dimensional
subspaces of the space X. The subscript h must be understood as a parameter, which
defines the family and it will tend to zero.

Problem 6.2. for a given f € X*, find the discrete solution uy, associated with each finite
dimensional space X, such that

a(up,vp) = (f,vn) for all v, € Xy,

6.1 Abstract error estimates: Céa’s lemma

Let u be the solution of problem 6.1 and u; be the solution to discretized problem 6.2.
What we want to do is to estimate the error between the exact solution v and discrete
solution wuy,.

Theorem 6.1. ( Céa’s Lemma). Let f € X*. Then the following inequalities hold
VCallu —up|lx < [lfu—upll| < Cp inf ||Ju—wvs]
v EX}p

Proof: Let v, be an arbitrary element in X;,. Then using the coercivity and continuity of
the bilinear form a(-,-) we obtain

I —unl||* < alu —up,u —up) = alu—up,u—vy) + alu — up, vy — up)

Xy,
NS >
vV

=0

IN

Cilllu = unll - llw = wn]l]
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= v —wl
= [lu = unll]

Cilllu = wvnll|l, Yo, € X

<
< Oy inf |||u— v||
’UhEXh

Remark 6.1. The problem of estimating the the error |||u — uyl|| is now reduced to a
problem of evaluating the term in}f( llu — wall|.  Usually instead of vy, one takes the
VRLEXp

interpolant of u on the subspace Xy, i.e.
vy, = [hu € Xy,

What we need now is the local interpolation estimates between u and its interpolant I,u,
more precisely, we need an estimate for the norm ||ju — I u||x.

6.2 Interpolation estimates

One of the most used inequality in the process of derivation of any error estimate is the
Poincarés inequality, which we introduce in the following theorem.

Theorem 6.2. (Poincaré’s inequality for functions with vanishing mean value).

Let Q C R? be any convex bounded domain with Lipschitz boundary 02 € C%'. Then
there exists a constant C(Q) such that for all v € H'(Q) with zero mean value, i.e.
[ u =0 the following inequality holds

Q

Basically, all estimates will be derived by transformation to the standard element T,
compare (5.19). Thus, we need estimates for the transformation from 7" to T

Lemma 6.1. The transformation Fr : T —Tis affine linear, it can be written as
FT(Zi‘) = ATi‘ + ag.

For a regular n-simplex T', the matriz Ar € R™™ is invertible. The following estimates

hold: " "
Ar| < =5, |A7Y < L,
P PT

T
| det Ap| = 7 c(n) pp < |det Ap| < ¢(n) hi.

7

Here, |A| is the matriz norm corresponding to the Euclidian vector norm.

By the chain rule, now the following estimates hold:

A

Lemma 6.2. For g € H™(T) define () := g(Fr(z)). Then g € H™(T) and
| det Ar|2

(hr)™ .
lglemy,  |9lam@) < e———19lgm -
1 (T) (T) <pT)m H™(T')

Glgmepy S c———
|9 (1 [ det Ag|3
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For functions in a finite-dimensional subspace of H™(T') (for example polynomials of a
fixed degree), we obtain the following inverse estimates.

Lemma 6.3. Let X1 (T) C H™(T) a finite dimensional subspace, § € Xr(T), and define
q(Fr(z)) :== ¢(z). Then it holds for all k with 0 <k <m

m 1
|q|em 1y < clor) W|Q|Hkm-

Here, op = Z—; 1s a measure for the aspect ratio of T', thus a geometrical parameter of the

triangulation.

Notice that we can estimate higher derivatives of ¢ by lower ones, loosing powers of hr.

6.2.1 Clement interpolation

To describe the procedure of obtaining some interpolation estimates we assume that a
conforming triangulation 7 of Q@ € R? is given and we set X = H'(Q). Let X, =
{ vy, € C(Q); vp|r € P, VT € T} be some finite element space of X. Let further w be
the support of some basis function ¢, of X;,. For any T' € 7 we define

h(w) = diam(w)
Xp(w) :=A{v]w; v e Xy}
Lemma 6.4. There exists a mapping
P, L*(w) — Xp(w)
such that for all v € L*(w) the following equation holds

v— P,vllr2) = inf v — w
| [l 22 () odd v = @nllz2(w)

Corollary 6.1. Let w, X,(w) and P, are the same as above. Then for any v € H'(w)
the estimates are true

HU_PLUU”LQ(W) S Ch(w)HVUHLz(w)
V(v = Poo)llrzwy < ClVollrew)

Proof: We first note that P, is a LL2.-projection. Thus

lo = Poollae) < lv— /UHL%) < C - diam(w) - |Vl 2

w
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In the last inequality we have used the Poincaré’s inequality.

W@—awmws|th/¢um@Hw /wfwrmw

w w

C
S ||V’U||L2(w) +m||/U—PwU”L2(w)

o
h(w)

< 1ol + 5o (1[0 = vl + 1o = Pl

< C|IVolli(w)

Theorem 6.3. For all v € H'(Q) there exists a linear mapping I;, € L(H'(Q),X}), such

that .
v = Thvllp2@) < C (Z WT)? Vol 2 )

Ter

and respectively

1
<Z h=(T)|Jv = Tyl 72 T)) < OVl L2

Ter

as well as
V(v = Thv)[|2@) < ClIV|lL2 @)

Proof: Let aj, j = 1,..., N be the vertices of the triangulation and ¢, the piecewise
linear basis functions, i.e.

pila;) = 0;;
and let w; = supp(p;). We define I, as

N
(L) (z ijv ©;
Jj=1

The defined interpolation operator I, is called Clement Interpolation. We will prove the
estimates element wise. For that let T' € 7 be an element and wy the support of T, i.e.

wr = UT’GT {T M T/ ;é @}

We have 1
5h(T’) <MT) < ChT)VT' C wr

with
number of(T" C wr) < C' < o0
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Let aq, ..., aq be the vertices of T' € 7, then

d
Lwlr =Y (Pw) (a) ¢ = Pw0v+z 2,0 — Pugv) (aj) - @5
j=1
| (Poyv = Puyv) (a5) - @jll2er) < ”fﬁ{v“fim“”L“%T>”¢j”L%T)
< _—JPU Pyl 2y V[T
< ( — 2y + v — }3u01W|L2(73)

Thus

d
lv—Twollery < CY o= Povllra

d
< CY o= Pyl

Jj=0

d
< O h(w)IVoll e,

J=0

1
2
= [[v—Twvllr2@ = (EMW—MW§@>

Ter

(zozh ors) v)

Ter =0

< (Z h(T WIT>é

Ter

IN

which is the required result. The other two inequalities are proved in a analog way.

Lemma 6.5. (The Scaled Trace Theorem) Let T be a d-simplex and I' a (d — 1)-
dimensional sub-simplex of T. Then there exist a C' > 0 such that for all v € H(T)
the following inequality is valid

vl 22wy < C (R(T)lellzzy + AT)H Vol )

Corollary 6.2. Let T' be a d-simplex and T' a (d — 1)- dimensional sub-simplex of T
Then for all v € HY(Q) the following inequality is satisfied

lo = Tnvllay < CA(T)? (V0| p2or)
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6.2.2 Lagrange interpolation

To derive Lagrange interpolation estimates we state some results first.

Theorem 6.4. Let Q C RY be a bounded domain with Lipschitz boundary 092 € C%', u
be a function in the space H'(Q) and

/Do‘u =0 for a multi-index v, |a| =0,1,---,1—1.
Q

Then
[ull o) < C(Q, D]ulmiq)

where | | is the earlier defined semi-norm and C' is a constant depending on € and I.
For the proof of this theorem one should successively apply the Poincaré’s inequality.

Lemma 6.6. For a function u € H'*1(Q) there exists exactly one polynomial ¢ € P()
such that

/D“(u—q):O, ] = 0,1, 1.
Q

Proof: The polynomial ¢ in general has the following form

q(x) = Z g’
18]=0
With this representation we arrive to a linear system of equations
!
Z CQ/DO‘xﬁ dx = /D“u(w) dr, |a]=0,1,--- L.
IBI=0 0
The system has a unique solution. Indeed, from
l
Zcﬁ/Do‘xﬁ dr =0 |a|=0,1,---,1,
Bl1=0 @
follows that
/Do‘q dr =0 |a|=0,1,---,1,
Q

which is equivalent to ¢ = 0.

As a consequence of these two results we obtain
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Theorem 6.5. Let Q C RY be a bounded domain with Lipschitz boundary 092 € C%' and
k € N. Then there exist a constant C' = C(Q, k) such that for all functions u from the
quotient space H* 1 (Q)PL(Q) the following inequality is satisfied

[ull zre+1 (0P 0) < Clulgrrq).

We recall her the definition of the norm on the quotient functional space

— inf |ju— _
lullms@ypney = 0t i = allin)

Corollary 6.3. Let again Q C R? be a bounded domain with Lipschitz boundary 0 €
C% and k,m € Ng, m < k+1 and I € L(H*1(Q),H™(Q)) be a interpolation operator
which leaves the polynomial space Pr(Q) invariant, i.e. Iqg = q for all ¢ € P(Q).
Then there exists a constant C' = C(k,m, S, ||I||) such that for all functions u € H*1(Q
we have
Proof: We recall one embedding result of Sobolev spaces.

H™(Q) — HF(Q)

which yields
||U||HM(Q) < ||U||Hk+1(ﬂ)-
Then for every ¢ € P,(€2) we have
= Tl sy = I — @) — I — @)l ey < (1+ [Tt = gllsresr ey
Finally, applying the Theorem 6.5 we obtain
= Tull gy < (14 1)l e ey oy < CCL D el s o
The proof is complete.
Now we apply the interpolation operator locally on each simplex of the triangulation of
the domain €.

Theorem 6.6. Let T be a non-degenerate d-simplez, T a reference simplex and Fr :
T — T the corresponding affine mapping. Let k,m € Ng, m < k+ 1 and let I e
LHMY(T), H™(T)) be a interpolation operator which leaves the polynomial space Py(T)
1mvariant.

Then for an interpolation operator 1 € L(HF(T), H™(T))) defined as

(Iu) o Fp =I(uo F),
we get the following interpolation estimate for each u € HETL(T)
|u — ]Iu|Hm(T) S CO’(T)mh(T)k+1_m|U|Hk+1(T)

where C' = C(k,m, T, HﬁH)
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Proof: The proof follows directly from the result of corollary 6.3.

For our purposes we need an interpolation operator I (respectively I) such that I(d) €
Py (T"),because what we would like to estimate is the finite element error.i.e.

||U - uhHHl(Omega) <C inf ||U, - UhHHl(Omega) < C”U - ]IhuHHl(Omega)-
v EXp
The interpolation operator I, must fulfill the following conditions:
Hhu|T € Pk(T),
Ihglr = q for all ¢ € P(T),

and
I[hu € Xh-

We have already get acquainted with such interpolation operators in section 5 when we
discussed the linear finite elements. We know that the values of v in Lagrange nodes (in
the case of linear elements Lagrange nodes are the vertices of elements) uniquely deter-
mine uy, € X, with u,|r € Py and because of the unique representation the space Py (T)
remains invariant. The problem that arises here is the so called “point values” of u, as
u is in general a function from a Sobolev space (u € HF*1(2)) and the point values are
only defined for continuous functions.

Theorem 6.7. Let Q € R?, d < 4, be an open and bounded domain with a conforming
triangulation T . Denote by X;, the finite element space

Xy = {Uh € Co(ﬁ), Uh‘T € ]pk(T), T e T} .

Then there exists a Lagrange interpolation operator 1, Tu € Py(T') and Iu = u on the grid
Gy, of order k, T € T, such that T leaves the space Py(T) invariant, T € L(H?*(),X},) and
for m,l € Ny, where 0 < m <1+ 1 and 1 <[ <k, the following interpolation estimate
holds

lu—Tulgm@@y < Ch <Z<U(T)mh(T)l+1m\u\HHl(T))?)

TeT
< Ciog'( h(T) )l+1_m|U|Hl+1(Q)
—~

T
fax h(T)

Proof: Since H2(Q) — C°(Q), then the existence of an interpolation operator I follows
from the theorem 5.2. As for the estimate, we get

lu — HUG{m(Q) = Z lu — HUG{m(T)
TeT

< O (a(T)"h(T) " ul g )
TeT

m I+1—m) 2
< Cl%lél?)g (o(T)™h(T)™ )" |ul g (o

2
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The proof of the theorem is complete.

6.3 A priori error estimate

Putting Theorems 6.1 and 6.7 together, we derive the a priori error estimate:
Theorem 6.8. Let 2 C R™ a bounded polygonal domain, X = H}(Q) and f € X*. Let T

a proper, shape reqular triangulation of Q and X, = {vy € C°(Q),vp|r € P (T)VT € T}
the corresponding finite element space of piecewise polynomials of degree k.

Let u € X the solution of Problem 6.1 and uy € X}, the discrete solution of Problem 6.2.
Then the following error estimate holds for alll > 2 — 1,1 <1 <k, with u € H'(Q):

Hu — uhHHl(Q) S Ch(T)l "LL‘HL-H(Q).

Now we want to consider again the more general elliptic problem from Section 5.3, where
we were looking for solutions u € g+ X C X = HY(Q) and uy, € g, + X, C X. How can
we get error estimates in this case?

First of all, we reformulate the problem again.

Let g € X and g, € X}, be continuations of the Dirichlet boundary values g and g,,. For
the difference u — g € X holds

(L(u— g),v) = (Lu,v) — (Lg,v) = (F,v) — (Lg,v) = (F — Lg,v)
Defining the linear functionals F' € X* and Fj, € X* by
F::F—Lg, F, = F — Lg,
we arrive at continuous and discrete problems for w := u — g and wy, := up — gp.
Problem 6.3. Findw € X such that
(Lw,v) = (F,v) for allv e X.
Problem 6.4. Find w;, € )‘?h such that
(Lwp,vp) = (Fh,vh> for all vy, € )O(h.

Thus, the right hand sides of the continuous and the discrete problems are in general not
the same. But we can prove the following generalization of Cea’s Lemma:

Theorem 6.9. Let X a Hilbert space and X, C X, F € X* and F), € Xr, a(lw,v) ==
(Lw,v) a continuous and coercive bilinear form on X. Let w € X, wy, be the solutions to
Problems 6.3 and 6.4. Then

2

By using g, = Ig, we can estimate the error in right hand sides || F' — F},|| again by the
interpolation estimates, and get the following error estimate.

Theorem 6.10. Let w,wy, be the solutions to Problems 6.3 and 6.4, with g, = lg. Set
ui=w+ g and uy, := wy + gn, and let k.1 as in Theorem 6.8 with u, g € H*Y(Q). Then

Im—uﬂxﬁc(iﬁlm—vﬂx+nﬁ—ﬁﬂ
v EXp

lu = unllmo) < ch(T)" (Julue) + l9lu@) -
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7 A posteriori error estimation for elliptic problems

In this chapter we give an introduction about adaptive finite element techniques for
elliptic problems. Most of the principles are clear and easy to describe and understand
in the context of elliptic problems. Afterwards we will apply the results to parabolic
problems.

We consider the model problem: Find a solution w of

—Au = f in €,

(7.1) u = 0 on 0f)

where ) is a bounded domain in R? with a polyhedral boundary and f € Ly(f2) is some
given right hand side.

Let H'(2) be the Sobolev space of all functions with weak derivatives of first order and
let H}(2) be the subspace of all those functions in H'() that vanish on the boundary
of Q. Then the weak formulation of (7.1) is stated as:

(7.2) u € Hy(Q) : /QVquo = /Qfgo Yo € H(9).

Now, let V,, C H}(Q2) be a finite dimensional subspace. Then we have the discrete
problem:

(73) up € Vi, : / Vu;Naph = / fSOh VQOh eV,
Q Q

7.1 A posteriori error estimation in the energy norm

If V}, is for example the finite element space consisting of piecewise polynomials of degree
p > 1 on a given triangulation 7 (with zero boundary values) we have the following a
priori estimate

(74) ”U, — uh\m(g) = (/ \V(u - uh)\Q) S c (Z h%p\u\Hp+1(Q)>
Q

TeT

where hp is the diameter of a simplex T' (see [21] e.g.).
The aim of a posteriori error estimation is to establish an estimation of the form

(7.5) lu—unlm@ < c (Z nr(un, f)2>

TeT

where the value of 7y does only depend on the discrete solution uy on a simplex 7" and its
adjacent neighbors and given data f on the simplex T'. Thus, nr is a computable value
and we can control the adaptive procedure by these values (see Section 9).
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The most important tool for such an a posteriori error estimation is an interpolation
estimate for functions v € H}(€). Since for d > 2 we do not have the embedding of
H(Q) into C°(€2), we can not make use of the usual Lagrange interpolant. But we can
use the Clément interpolant which avoids the pointwise evaluation of an H' function [22],
see Section 6.2.1 for definition and interpolation estimates. On each element T" € 7 of
the triangulation holds the local interpolation estimate

(7.6) lv = 1nv|| Loy chr|v] )

7) |Hhv|H1(T)

IAINA

C|U|H1(wT)>

where wr is the patch of all simplices 7" € 7 that have a non empty intersection with 7.

Now we will derive the a posteriori estimate: Let H~!(€) be the dual space of H} (L), i.e.
H-1(Q) = (H(Q2))*. For f € Ly(Q2) define FF € H () by

(F, SO>H*1(Q)><H3(Q) = /Qfgo for all ¢ € H;(Q)

where (., .>H_1(Q)XH1(Q) is the dual pairing on H™'(Q2) x H}(Q2).
0

We can look at —A as an operator
~AHYQ) — H(Q)
by defining —Av € H () for a function v € H}(2) in the following way:
— 1
(7.8) (—Auv, 90>H*1(Q)><H3(Q) = /QVvVgo for all p € Hy().
It is clear that —A is a linear continuous operator. Moreover —A is invertible since

(7.2) is uniquely solvable for a given right hand side F' € H~}(Q2) and it is an isometric
isomorphism, i.e.

(7.9) | = Avllg-1) = [vlm(e)
because
(—=Av, @), _ ) /VvVgo
sup H- @)xH3(©Q) sup o
pEH ()\{0} ol @ peHL()\{0} ol 1)
< |vlaie) by Cauchy’s inequality,
> |vlm taking ¢ = v.

Remark: We can use such an abstract framework in more general situations also: Let
V' be an Hilbert space and a(.,.) : V x V — R a continuous V' —coercive bilinear form, i.e.

a(v,) < lvilely and clolli < alv,v) Yo,p€V,

47



Defining A:V — V* by

<AU, S0>V*><V = a(v, 90) VU,QD € ‘/7

we conclude
cellvlly < || Av|

ve < ol
and the following analysis will also carry over to this situation.
Returning back to our model problem we rewrite (7.2) as:
u € HY () : —Au = F in H™(Q).
By this equation and by (7.9) we have for the error e := u — uy,
lelae)y = lu—unlm@ = [ —Alu—uw)la-re = F+Aulg-

Thus, we have an expression for the error in terms of u;, and data f. The problem is that
we can not evaluate this expression because the norm on H~!(Q) involves the evaluation
of a supremum over all ¢ € H}(Q)\{0}. As a consequence we have to estimate this
supremum.

For that we need the orthogonality of the error, i.e.

0 = /QV(U—Uh)VSOh = (—A(u —un), <Ph>H—1(Q)ng(Q)
= (F B 00) sy
for all ¢, € Vj,.Now, denote by [Q,uh} the jumps of the normal derivatives of the dis-

crete solution wuy, across a (d — 1)-simplex. We obtain by the orthogonality of the error,
integration by parts, a scaled trace theorem, and the interpolation estimate (7.6)
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el = [[F+ Aunllp-10)
= sup <F+Auh7 80>H L(Q)x HE(Q)

weHl(Q)
“P‘HI(Q)*I
= sup  (F+Aup, ¢ =),
weHé(Q)
“P‘HI(Q):I

= /f —Ihp) — /VUhV — L)
WEH (9) TeT

“P‘HI(Q)*I

= sup Z /(f + Auh) (QO — ]Ihﬁp) - % /aT\aQ [ayuh} (90 - Hh@)

‘PGHQ () TeT
“P‘HI(Q)—I

< ¢ s Z(hT||f+Auh||L2<T + 2n3l D] aT\aQ)) ol at

<PEH () TeT

L(Q)x HE ()

W\Hl(ﬂ)fl
1
2
< c< SRS+ Aull i + hTH [B,un] |12, mm))
TeT ™
—~77T(uh,f)

where we used the fact that the overlap of different patches My is bounded by a constant.
This establishes the a posteriori error estimate (7.5).

1

The above estimate makes sure that the error estimator n := ( > nr(up, f)2> * is reliable.
TeT

But we also have to answer the question whether the estimator is efficient also, i.e. can

we estimate the estimator by the error itself. This is very important especially for higher
order elements, because we only used the approximation property of the piecewise linear
functions.

Let fj, be an approximation of the right hand side f belonging to some finite dimensional
space (for example the piecewise Ly projection on each element, or some other interpolant
of the right hand side). Then we can prove

(7.10) meun, fo) < (o= unlm ey + el f = full o)

where M (T) now denotes the patch of all those simplices 7" sharing a complete (d — 1)—
simplex with T". The last term hy||f — fu||Lo(a(r)) is of higher order if f is smooth. This
term reflects that we first have to approximate given data sufficiently, i.e. || f— full L)
is small, and then we get an efficient error estimator which we can not expect for a poor
approximation of given data. The proof of this estimate is very technical (one has to
construct suitable cut—off functions to localize the element residual f + Awuj, and the
singular residual [0, u;,] and estimate them separately) and is omitted here (see [101] for
example).
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Remark: Usually, nr(uyp, fr) is used as error estimator, since it is often not possible to
compute the Lo—norm of an arbitrary function exactly. By the triangle inequality it is
clear that as well

nr(un, fr) < nr(un, f) + bl f = fullzam as
nr(un, f) < nr(un, fu) + hellf = full Lo

holds.

Since we usually can not compute the right hand side fQ fon of our discrete problem
(7.3) exactly, the orthogonality of the error is disturbed. Applying an analysis which
includes this defect will result in the a posteriori error estimation

1
[ —up|m@) < C(ZUT(Uh,th)? + c[|[F = Fj|

TeT

Vi

where we have replaced the right hand side of (7.3) by a computable value <Fh, <p>v*
h
f 0 f hPh-

The above analysis is not restricted to this simple model problem but can also be used
for nonlinear problems (see [100]):
Let F : H}(2) — H () be an operator (maybe nonlinear) and let v € H}(Q) be a

regular solution of

><Vh =

Fu) =0 in H™(Q),

i.e. the Frechet—derivative of DF(u) of I at u is invertible and bounded. Assume that
DF and DF~1 are locally Lipschitz continuous. Now, let u;, be a discrete solution which
is“near” wu, i.e. |u — up|p1(q) is small enough. Then we get the following estimates:

clu—unlm@) < [F(un)llmye) < Clu—unlmg

where the constants ¢, C' depend on the norms of ||DF(u)|| and |[(DF(u))™!|| and the
Lipschitz constants of DF and DF~!. Again the error is represented in terms of given
data and the discrete solution. Now using similar techniques to those used in the model
problem will also establish efficient and reliable a posteriori error estimators for nonlinear
problems.
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8 Mesh refinement and coarsening

Finite element meshes may consist of geometric elements of various types:

simplicial: triangles or tetrahedra,

quadrilateral: rectangles, cubes, or general quadrilaterals,

more general: prisms, for example,

mixed: mixture of different types.
The choice of the mesh type for an application may depend on some special approximation
properties or on the need for some special FE basis functions, which require a special
local geometry. We will restrict ourselves here to the description of simplicial meshes, for
several reasons:

e A simplex is one of the most simple geometric types.
e Complex domains may be approximated by a set of simplices quite easily.

e Simplicial meshes allow local refinement (see Figure 8.1) without the need of non-
conforming meshes (hanging nodes), parametric elements, or mixture of element
types (which is the case for quadrilateral meshes, for example, see Figure 8.2).

e Polynomials of a given degree are easily represented on a simplex using local
(barycentric) coordinates. (On quadrilateral elements, the ‘standard’ type of ansatz
spaces is a tensor product of one-dimensional polynomials.)

Refinement algorithms for non-simplicial meshes can be found in the literature.

Figure 8.1: Global and local refinement of a triangular mesh.

Figure 8.2: Local refinements of a rectangular mesh: with hanging nodes, conforming
closure using bisected rectangles, and conforming closure using triangles. Using a con-
forming closure with rectangles, a local refinement has always global effects up to the
boundary.

We will consider the following situation:
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An initial (coarse) triangulation of the domain is given. We call it ‘macro triangulation’.
It may be generated by hand or by some mesh generation algorithm.

Some (or all) of the simplices are marked for refinement, depending on some error esti-
mator or indicator. After several refinements, some other simplices may be marked for
coarsening. Marking criteria and marking strategies are subject of Section 9.

8.1 Refinement algorithms for simplicial meshes

For simplicial elements, several refinement algorithms are widely used. One example is
regular refinement (“red refinement”), which divides every triangle into four similar tri-
angles, see Figure 8.3. The corresponding refinement algorithm in three dimensions cuts
every tetrahedron into eight tetrahedra, and only a small number of similarity classes
occur during successive refinements, see [10]. Unfortunately, hanging nodes arise dur-
ing local regular refinement. To remove them and create a conforming mesh, in two
dimensions some triangles have to be bisected (“green closure”). In three dimensions,
several types of irregular refinement are needed for the green closure. This creates more
similarity classes, even in two dimensions. Additionally, these bisected elements have to
be removed before a further refinement of the mesh, in order to keep the triangulation
regular.

Figure 8.3: Global and local regular refinement of triangles and conforming closure by
bisection.

Another possibility is to use bisection of simplices only. For every element (triangle or
tetrahedron) one of its edges is marked as the refinement edge, and the element is refined
into two elements by cutting this edge at its midpoint. There are several possibilities
to choose such a refinement edge for a simplex, one example is to use the longest edge.
Mitchell [68] compared different approaches. We will describe an algorithm where the
choice of refinement edges on the macro triangulation prescribes the refinement edges
for all simplices that are created during mesh refinement (the “newest vertex” bisection
in Mitchell’s notation). This make sure that shape regularity of the triangulations is
conserved.

The refinement by bisection can be implemented using recursive or non-recursive algo-
rithms. For tetrahedra, the first description of such refinements was done in the non—
recursive way by Bénsch [7]. It needs the intermediate handling of hanging nodes during
the refinement process. Two recursive algorithms, which do not create such hanging nodes
and are therefore easier to implement, are published by Kossaczky [59] and Maubach [67],
which result in exactly the same tetrahedral meshes as the non-recursive algorithm.

o2



Other refinement techniques for simplicial meshes, such as Delaunay techniques, are
possible and described in the literature. We do not present details here.

In the following, we will describe the recursive refinement by bisection in detail, using
the notation of Kossaczky. An implementation was done for example in [94].

The refinement algorithm is based on a recursive bisectioning of elements. For every
element of the mesh, one of its edges is marked as its refinement edge. Elements are
refined by bisecting this edge. To keep the mesh conforming, bisection of an edge is only
allowed when this edge is the refinement edge for all elements which share this edge.
Bisection of an edge and thus of all elements around the edge is the atomic refinement
operation, and no other refinement operations are allowed. See Figures 8.4 and 8.5 for
the two and three dimensional situations.

|

Figure 8.4: Atomic refinement operation in two dimensions. The common edge is the
refinement edge for both triangles.

Figure 8.5: Atomic refinement operation in three dimensions. The common edge is the
refinement edge for all tetrahedra around it.

If an element has to be refined, we first get all elements at this edge. In two dimensions
this is just the neighbour opposite this edge or there is no other element at this edge
in the case that the refinement edge belongs to the boundary. In three dimensions we
have to loop around the edge and collect all neighbours at this edge. If for all collected
neighbours this edge is the refinement edge also, we can refine the whole patch at same
time by inserting one new vertex in the midpoint of the common refinement edge and
bisecting every element of the patch. The resulting triangulation then is a conforming
one.

If one of the collected neighbours has not the same refinement edge we first refine this
neighbour recursively. Thus, we can formulate the refinement of an element in the fol-
lowing way

23



8.1 Algorithm. Recursive refinement of one simplex
subroutine recursive_refine(element)

{

do
for all neighbours at refinement edge
if neighbour has no compatible refinement edge
recursive_refine(neighbour) ;
} until all neighbours have a compatible refinement edge;

bisect all elements at the refinement edge;

}

In two dimensions we used the so called newest vertex bisection and in three dimensions
the algorithm described in [59]. For both variants it is proved, that for macro triangula-
tion fulfilling certain criteria the recursion stops. Both algorithms are for special macro
triangulations the recursive variants of the non recursive algorithms described in [7]. The
beauty of the recursive approach is that we do not have to handle hanging nodes and not
one to one adjacencies, since we can refine the whole refinement patch at same time.

In Figure 8.6 we show a two-dimensional situation where recursion is needed. For all
triangles, the longest edge is the refinement edge. Let us assume that triangles A and B
are marked for refinement. Triangle A can be refined at once, as its refinement edge is
a boundary edge. For refinement of triangle B, we have to recursively refine triangles C
and D. Again, triangle D can be directly refined, so recursion stops there. This is shown
in the second part of the figure. Back in triangle C, this can now be refined together with
its neighbour. After this, also triangle B can be refined together with its neighbour.

Figure 8.6: Recursive refinement in two dimensions. Triangles A and B are initially
marked for refinement.

Now, the overall refinement algorithm can be formulated as follows:

8.2 Algorithm. Refinement of the mesh
subroutine refine_mesh()
{
for all elements
while element is marked for refinement
recursive_refine(element) ;
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We will use the convention, that all vertices of an element are given fixed local indices.
Valid indices are 0, 1, and 2 for vertices of a triangle, and 0, 1, 2, and 3 for vertices
of a tetrahedron. Now, the refinement edge for an element can be fixed to be the edge
between the vertices with local indices 0 and 1.

2 0 1

child[0] child[1] child[0] child[1]

0 1 1 22 0

Figure 8.7: Numbering of nodes on parent and children triangles

child child[1] 0

child[0] child[0] 3

0 rmmmmndoes 2 0 1 {211

3 2 {1,2,2}

Figure 8.8: Numbering of nodes on parent and children tetrahedra

During refinement, the new vertex numbers for the newly created child simplices are
prescribed by the refinement algorithm. This is done in such a way, that only a small
number of similarity classes occur during successive refinement of one macro element. For
both children elements, the index of the newly generated vertex at the midpoint of this
edge has the highest local index (2 resp. 3 for triangles and tetrahedra). These numbers
are shown in Figure 8.7 for 2d and in 8.8 for 3d. In 2d this numbering is the same for
all refinement levels. In 3d, one has to make some special arrangements: the numbering
of the second child’s vertices does depend on the generation of the elements. There exist
three different generations 0, 1, and 2, and the generation of a child element is always
((parent’s generation + 1) modulo 3). In Figure 8.8 we used the following convention:
for the index set {1,2,2} on child[1] of a tetrahedron of generation 0 we use the index
1 and for a tetrahedron of generation 1 and 2 the index 2. Figure 8.9 shows successive
refinements of a generation 0 tetrahedron, producing tetrahedra of generations 1, 2, and
0 again.

Using the above refinement algorithm, the refinements of a mesh are totally determined
by the local vertex numbering of the macro triangulation, plus a prescribed generation
for every macro element in three dimensions.
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Generation O:
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Figure 8.9: Successive refinements of a generation 0 tetrahedron

The numbering for tetrahedra was introduced by Kossaczky. In case of the “standard”
triangulation of a (unit) square and cube into two triangles resp. six tetrahedra (see
Figure 8.10), these numbering and the definition of the refinement edge during refinement
of the elements guarantee that always the longest edge will be the refinement edge and
will be bisected, see Figure 8.11. For the general case is proved:

8.3 Theorem. (Kossaczky [59], Mitchell [68])
1. The recursion stops if the macro triangulation fulfills certain criteria.
2. We obtain shape regqularity for all elements at all levels.

In two dimensions, a triangulation where recursion does not stop is shown in Figure 8.12.
The selected refinement edges of the triangles are shown by dashed lines. One can easily
see, that there are no patches for the atomic refinement operation. This triangulation
can only be refined if other choices of refinement edges are made, or by a non-recursive
algorithm.
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Figure 8.10: Standard elements in two and three dimensions

©0.1) (1,1,1)

0.0 (1,0)

Figure 8.11: Refined standard elements in two and three dimensions

For using the refinement algorithm in a finite element package, we also need a numbering
for edges, neighbours and faces. Edges and faces are needed for the implementation of
higher order elements, for example, and neighbour information is used in the refinement
algorithm itself and for error estimator calculation, for example.

In 2d the i-th edge/neighbour is the edge/neighbour opposite the i-th vertex; in 3d
the i-th face/neighbour is the face/neighbour opposite the i-th vertex; edges in 3d are
numbered in the following way:

edge 0: between vertex 0 and 1, edge 3: between vertex 1 and 1,
edge 1: between vertex 0 and 2, edge 4: between vertex 1 and 3,
edge 2: between vertex 0 and 3, edge 5: between vertex 2 and 3.

Figure 8.13 shows the numbering of the edges of child tetrahedra after refinement. The
markers describe, which edge’s degrees of freedom are changed during refinement, when
higher order elements are used. For a more detailed description of handling higher order
elements, see [94].

Figure 8.12: A macro triangulation where recursion does not stop
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child[1]

child[0] child[1]
child[0]

...........

{455}

Figure 8.13: Edge numbers during refinement and degrees of freedom that are no longer
needed e, passed on from parent to child elements o, and newly generated O

8.2 Prolongation of data during refinement

During refinement, finite element functions will have to be adjusted to the new mesh
situation. Using hierarchically structured meshes, the finite element space of the coarse
mesh is a subset of the space of the refined mesh (at least for typical polynomial ansatz
spaces and refinement by bisection — there exist some finite elements where spaces are
not nested, and the conforming closure needed by local regular refinements may lead to
non-nested spaces, too). Thus, data can be represented identically on the refined mesh.
During local refinement procedures, this prolongation of information from the old mesh
to the new one is usually done directly together with the mesh changes.

After the geometrical part of the refinement is done on a patch around a refinement
edge, we can prolongate data handled by the degrees of freedom from parents to child
on the whole patch. We will describe the prolongation in detail for the case of piecewise
linear finite elements; for higher order elements, everything is similar, but more degrees
of freedom are involved.

For linear element, when degrees of freedom are located at vertices only, everything takes
place on the bisected edge alone. Only one new vertex is created, the midpoint of the
refinement edge. To determine the value of a function f;, at this new vertex, we can
interpolate the function at this point. On the edge, f, is a polynomial of degree 1, so the
value at the midpoint is just the mean of the values at the edge endpoints:

frn(midpoint) = %(fh(vertex 0) + fr(vertex 1)).

Using the nodal basis functions ¢;(v;) = d;;, then the coefficient f,, of the new basis

function ¢,, is just

%7
1
Jn= §(f0 + f1).

8.3 Coarsening algorithms

The coarsening algorithm is more or less the inverse of the refinement algorithm. The
basic idea is to collect all those elements that were created during the refinement at same
time, i.e. the parents of these elements build a compatible refinement patch. If all the
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elements are marked for coarsening, information is passed on the parents and the whole
patch is coarsened at the same time.

If one of the elements is not marked for coarsening, we are not allowed to coarsen the
patch. All element markers are reset. If one of the collected elements is not a leaf element
but we are allowed to coarsen it more than one time, we first try to coarsen this element
and then try to coarsen the newly collected patch.

This is the main difference between refinement and coarsening: Every element that is
marked for refinement will be refined and this refinement may enforce a refinement of
other elements that are not marked for refinement. An element that is marked for coars-
ening can only be coarsened if all elements of the coarsening patch may be coarsened
together with this element. An element that is not marked for coarsening must not be
coarsened, compare Section 9.3.

Thus, we can formulate the coarsening algorithm as follows:

8.4 Algorithm. Local coarsening around one edge
subroutine coarsen(element)

{

get the parents of all elements at the coarsening edge

for all parents

{

if the coarsening edge of the parent is not compatible
reset coarsening marks of all children of this patch;
return false;

}
}

for all parents

if the parent is refined more than once,
and its children can be coarsened more than once
return true;

}

coarsen all parents at the coarsening edge;
return false;

}

The following routine coarsens as many elements as possible, even more than once if
allowed:

29



8.5 Algorithm. Coarsening of the mesh
subroutine coarsen_mesh()

{

do
{
do_coarsen_once_more = false;
for all elements
if element is marked for coarsening
do_coarsen_once_more |= coarsen(element);
} until do_coarsen_once more is false

}

8.4 Restriction of data during coarsening

Also during coarsening, finite element functions will have to be adjusted to the new mesh
situation. As now no longer the new finite element space is a superset of the old one, we
loose some information. The marking strategies based on error estimators or indicators
choose parts of the mesh to be coarsened, where the amount of lost information is not
too big.

Nevertheless, finite element functions have to be restricted (transfered) from the fine
to the coarse mesh. For linear finite elements, the easiest way to get around is just to
ignore the value at the old vertex that will be removed, and interpolate the function in
all remaining vertices.

In one special situation, information can be transfered identically from the old to the new
mesh. If the values of a linear functional F' applied to all basis functions are of interest,
we can transform these values during coarsening, without making any error: If gfne, gfine
and ¢fi"® denote the basis functions corresponding to the endpoints and the midpoint of
the edge inside the coarsened patch, then the new basis functions corresponding to the
endpoints of the edge are

Soarse — gne + 1 ¢2ne, ¢§oarse — 113ne + 1 ¢2ne.
2 2
This can easily be seen by interpolation of the coarse basis functions. Now, if for some

linear functional F' the values (F, ¢fine), (F, ¢fine) and (F, ¢fi") are available, the values
of F' applied to the new basis functions are

coarse ne 1 ne coarse ne 1 ne
As one can easily see, the transformation matrix which transforms the old vector of

functional values to the new one is just the transpose of the transformation matrix which
was used for prolongation during refinement. This is the same for higher order elements.
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One application of this procedure is time discretization, where scalar products with the
solution ™! from the last time step appear on the right hand side of the discrete
problem.

8.5 Storage methods for hierarchical meshes

There are basically two kinds of storing a finite element grid. One possibility is to store
only the elements of the triangulation in a vector or a linked list. All information about
elements is located at the elements. In this situation there is no direct information of a
hierarchical structure for multigrid methods, e.g. Such information has to be generated
and stored separately. During mesh refinement, new elements are added (at the end) to
the vector or list of elements. During mesh coarsening, elements are removed. In case
of an element vector, ‘holes’ may appear in the vector that contain no longer a valid
element. One has to take care of them, or remove them by compressing the vector.

The other kind of storing the mesh is to keep the whole sequence of grids starting on
the macro triangulation up to the actual one. Storing information about the whole
hierarchical structure will need additional amount of computer memory, but on the other
hand we can save computer memory by storing such information not explicitly on each
element which can be produced by the hierarchical structure.

The simplicial grid is generated by refinement of a given macro triangulation. Refined
parts of the grid can be derefined, but we can not coarsen elements of the macro triangu-
lation. The refinement and coarsening routines construct a sequence of nested grids with
a hierarchical structure. Every refined simplex is refined into two children. Elements
that may be coarsened were created by refining the parent into these two elements and
are now just coarsened back into this parent (compare Sections 8.1, 8.3).

Using this structure of the refinement/coarsening routines, every element of the macro
triangulation is the root of a binary tree: every interior node of that tree has two pointers
to the two children; the leaf elements are part of the actual triangulation, which is used
to define the finite element space. The whole triangulation is a list (or vector) of given
macro elements together with the associated binary trees.

Operations on elements can be performed by traversing the mesh, using standard tree
traversing algorithms.

Some information is stored on the (leaf) elements explicitly, other information is located
at the macro elements and is transfered to the leaf elements while traversing through
the binary tree. All information that should be available for mesh elements is stored
explicitly for elements of the macro triangulation. Thus, all information is present on
the macro level and is transfered to the other tree elements by transforming requested
data from one element to its children. These can be done by simple calculations using
the hierarchic structure induced by the refinement algorithm.

An example of information which does not have to be stored for each element are the
coordinates of the element’s vertices (in the case of non-parametric elements and polyhe-
dral boundary). Going from parent to child only the coordinates of one vertex changes
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and the new ones are simply the mean value of the coordinates of two vertices at the so
called refinement edge of the parent. The other vertex coordinates stay the same.
Another example of such information is information about adjacent elements. Using
adjacency information of the macro elements we can compute requested information for
all elements of the mesh.

An implementation of the hierarchical mesh storage is done in [94].
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9 Adaptive strategies for elliptic problems

The aim of adaptive methods is the generation of a mesh which is adapted to the problem
such that a given criterion, like a tolerance for the estimated error between exact and
discrete solution, if fulfilled by the finite element solution on this mesh. An optimal mesh
should be as coarse as possible while meeting the criterion, in order to save computing
time and memory requirements. For time dependent problems, such an adaptive method
may include mesh changes in each time step and control of time step sizes.

The philosophy for the implementation should be the changing of meshes successively by
local refinement or coarsening, based on error estimators or error indicators, which are
computed a posteriori from the discrete solution and given data on the current mesh.
In this section, we will present several strategies for the local refinement and coarsening
of finite element meshes.

Let us assume that a triangulation 7}, of €1, a finite element solution u; € V}, to an elliptic
problem, and an a posteriori error estimate

1/2
lu —unl < n(up) = (Z 77T<uh)2>

TeT),

on this mesh are given. If ¢ is a given allowed tolerance for the error, and n(uy) > ¢, the
problem arises

e where to refine the mesh in order to reduce the error,

e while at the same time the number of unknowns should not become too large.

A global refinement of the mesh would lead to the best reduction of the error, but the
amount of new unknowns might be much larger than needed to reduce the error below
the given tolerance. Using local refinement, we hope to do much better.

The design of an “optimal” mesh, where the number of unknowns is as small as possible
to keep the error below the tolerance, is an open problem and will probably be much
too costly. Especially in the case of linear problems, the design of an optimal mesh
will be much more expensive than the solution of the original problem, since the mesh
optimization is a highly nonlinear problem. Some heuristic arguments have to be used
in the algorithm. The aim is to produce a result that is “not too far” from an optimal
mesh, but with a relatively small amount of additional work to generate it.

9.1 Quasi-optimal meshes

Babuska and Rheinboldt [4] motivate that a mesh is almost optimal when the local errors
are approximately equal for all elements.

For this purpose, assume that we have a discretization of €2 C R™ with local mesh size
h(z). We assume now that h is a smooth function.
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The size of the local mesh elements is ~ h(x)", and for the number of degrees of freedom
holds ()
o(x
DOF = h) =
#DOF = M) = | 2

with o(z) bounded from above and below. The next assumption is that the error can be
written as a functinal of h in the way

where r > 1, @ > 0 and F is independent of h.

Problem 9.1. Optimal mesh problem:
Given a tolerance € > 0, optimize h such that

M(h) is minimal, while E(h) = ¢.

This can be interpreted as a continuous optimization problem with restriction. The
solution can be computed easily, and for that holds the condition, that the weighted
pointwise error h(z)" " E(x)" /sigma(x) must be constant over ). Integrating over mesh
elements, this leads to the condition that the local element error

B - /T h(z)™ B(z)" da

must be equidistributed over all mesh elements.
By substituting the exact error by the local error indicators, this condition can be used
to design an adaptive method which produces a quasi-optimal mesh.

9.1 Remark. We use here the notion of “quasi-optimality”, as the above derivation uses
non-practical assumtions (for example that arbitrary smooth functions h(x) can be used)
and thus is only heuristic. Using only implementable variations of the mesh size, the
whole procedure leads to a discrete optimization problem which is much harder to solve.

In the above consideration, optimality of the mesh is measured by counting the total
number of unknowns, the dimension of the finite element space. Since the amount of
computations necessary for most solution methods is a monotone function of this dimen-
sion, it makes sense to use this measure.

9.2 Mesh refinement strategies

Several adaptive strategies are proposed in the literature, that give criteria which mesh
elements should be marked for refinement. All strategies are based on the idea of an
equidistribution of the local error to all mesh elements. So, elements where the error
estimate is large will be marked for refinement, while elements with a small estimated
error are left unchanged.

64



The general outline of the adaptive algorithm is as follows. Starting from an initial
triangulation 73, we produce a sequence of triangulations 7, k = 1,2,..., until the
estimated error is below the given tolerance:

9.2 Algorithm. General adaptive refinement strategy
Start with 7; and error tolerance ¢

k:=0
do forever
solve the discrete problem on 7j
compute local error estimates 7y, 1T € 7}
if n <e then
stop
mark elements for refinement, according to a marking strategy
refine mesh 7, producing 7j 4
k=k+1
enddo

Since a discrete problem has to be solved in every iteration of this algorithm, the number
of iterations should be as small as possible. Thus, the marking strategy should select not
too few mesh elements for refinement in each cycle. On the other hand, not much more
elements should be selected than is needed to reduce the error below the given tolerance.
In the sequel, we describe several marking strategies that are commonly used in adaptive
finite element methods.

Maximum strategy: The simplest strategy is a maximum strategy. A threshold ~ €
(0,1) is given, and all elements T' € 7} with

9.1 ’
(9.1) >y max
are marked for refinement. A small v leads to more refinement and non—optimal meshes,

while a large v leads to more cycles until the error tolerance is reached, but produces a
mesh with less unknowns. Typically, a threshold value v = 0.5 is used [101, 103].

9.3 Algorithm. Maximum strategy
Start with parameter « € (0,1)

Nmax = max(np, T € Tp)
for all T in 7, do

if Np > Y Mmax then mark T for refinement
enddo

Extrapolation strategy: Suppose that the local error estimates have an asymptotic
behaviour
nr = chy as h — 0
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for some A > 0. If an element T with estimate 1y was generated by refining an element
T° in a previous mesh with corresponding estimate 134, then the above behaviour
suggests that the estimate at one of the children after refining T will be approximately

2

new __ 77T
T - old
Uiy

Now, the idea is that no elements should be refined in the current iteration, where the
estimated error is smaller than the largest local estimate that is expected after the next
refinement. This leads to the following algorithm:

9.4 Algorithm. Extrapolation strategy [4]

cut := max(np™, T € 7y)
for all T in 7} do

if mp > cut then mark 7' for refinement
enddo

If n%ld

to be used.

new

is unknown and thus 77°" cannot be computed, some other marking strategy has

Equidistribution strategy: Let N, be the number of mesh elements in 7. If we
assume that the error is equidistributed over all elements, i. e. nyp = np for all T,T" € Ty,
then

1/2
! 3
n = (Z n%) = VNpnr = ¢ and np = Vvl

TET,

We can try to reach this equidistribution by refining all elements, where it is disturbed
because the estimated error is larger than €//Ny. To make the procedure more robust,
a parameter 0 € (0,1), 8 ~ 1, is included in the method.

9.5 Algorithm. Equidistribution strategy [34]
Start with parameter 6 € (0,1), 6~1

for all T in 7, do
if nr > 0e/\/Ny then mark T for refinement
enddo

If the error 7 is already near €, then the choice § = 1 leads to the selection of only very
few elements for refinement, which results in more iterations of the adaptive process.
Thus, 0 should be chosen smaller than 1, for example 6§ = 0.9.

Guaranteed error reduction strategy: Usually, it is not clear whether the adaptive
refinement strategy Algorithm 9.2 using a marking strategy (other than global refinement)
will converge and stop, or how fast the convergence is. Dorfler [25] describes a strategy
with a guaranteed relative error reduction for the Poisson equation.

We need the assumptions, that
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- given data of the problem (like the right hand side) is sufficiently resolved by the
current mesh 7y,

- all edges of marked mesh elements are at least bisected by the refinement procedure
(using regular refinement or two/three iterated bisections of triangles/tetrahedra,
for example).

The idea is to refine a subset of the triangulation that produces a considerable amount
of the total error 1. Given a parameter 0, € (0, 1), the procedure is:

Mark a set A C 7, such that Z 7}% > (1-— 6*)2772.
TeA

It follows from the assumptions that the error will be reduced by at least a factor kK < 1
depending of 6, and data of the problem. Selection of the set A can be done in the
following way. The threshold v is reduced in small steps of size v € (0,1), v & 0, until
the maximum strategy marks a set which is large enough. This inner iteration does not
cost much time, as no computations are done in it.

9.6 Algorithm. Guaranteed error reduction strategy [25]
Start with given parameters 6, € (0,1), v € (0,1)

Thmax < max(nT, TG%)

sum := 0

v =1

while sum < (1 —46,)?n? do
v o=y —v

for all T in 7, do
if T is not marked
if NT > 7Y Nmax
mark 7 for refinement
sum := sum + 73
endif
endif
enddo
endwhile

Using the above algorithm, Dorfler [24] describes a robust adaptive strategy also for the
nonlinear Poisson equation —Au = f(u). It is based on a posteriori error estimates and
a posteriori saturation criteria for the approximation of the nonlinearity.

Other refinement strategies: Jarausch [51] describes a strategy which generates
quasi—optimal meshes. It is based on an optimization procedure involving the increase of
a cost function during refinement and the profit while minimizing an energy functional.
For special applications, additional information may be generated by the error estimator
and used by the adaptive strategy. This includes (anisotropic) directional refinement of
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elements [58, 98], or the decision of local h— or p—enrichment of the finite element space

23].

9.3 Coarsening strategies

Up to now we presented only refinement strategies. For linear elliptic problems, no more
is needed to generate a quasi—optimal mesh with nearly equidistributed local errors.
Some of the refinement strategies described above can also be used to mark mesh elements
for coarsening. Actually, elements will only be coarsened if all neighbour elements which
are affected by the coarsening process are marked for coarsening, too. This makes sure
that only elements where the error is small enough are coarsened, and motivates the
coarsening algorithm in Section 8.3.

Equidistribution strategy: Equidistribution of the tolerated error ¢ leads to
€

nr
V' Ni

If the local error at an element is considerably smaller than this mean value, we may
coarsen the element without producing an error that is too large. If we are able to
estimate the error after coarsening, for example by assuming an asymptotic behavior like

forall T eT.

Q

nT%Ché\’a )\>07

we can calculate a threshold 6. € (0,0) such that the local error after coarsening is still
below 0 e/+/ Ny if it was smaller than .e/v/ Ny before. If the error after coarsening gets
larger than this value, the elements would directly be refined again in the next iteration.

9.7 Algorithm. Equidistribution refinement/coarsening strategy
Start with parameters 0 ¢ (0,1), #~1, and 6. € (0,6)

for all T in 7, do

if nr > 60e/y/N; then mark 7 for refinement

if nr+ner < 6.€/+/Ni, then mark T for coarsening
enddo

When local h— and p—enrichment and coarsening of the finite element space is used, then
the threshold 6. depends on the local degree of finite elements. Thus, local thresholds
0. have to be used.

Guaranteed error reduction strategy: Similar to the refinement in Algorithm 9.6,
Dorfler [26] describes a marking strategy for coarsening. Again, the idea is to coarsen a
subset of the triangulation such that the additional error after coarsening is not larger
than a fixed amount of the given tolerance €. Given a parameter 6, € (0, 1), the procedure
is:
Mark a set B C 7}, such that Z ng + 77627T < 622,
TeB
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The selection of the set B can be done similar to Algorithm 9.6. Under suitable assump-
tions, Dorfler proves that the adaptive algorithm with mesh refinement and coarsening
leads to an error below the given tolerance [26].

Handling information loss during coarsening: Usually, some information is irre-
versibly destroyed during coarsening of parts of the mesh, compare Section 8.4. If the
adaptive procedure iterates several times, it may occur that elements which were marked
for coarsening in the beginning are not allowed to coarsen at the end. If the mesh was
already coarsened, an error is produced which can not be reduced anymore.

One possibility to circumvent such problems is to delay the mesh coarsening until the final
iteration of the adaptive procedure, allowing only refinements before. If the coarsening
marking strategy is not too liberal (6. not too large), this should keep the error below
the given bound.

Dorfler [26] proposes to keep all information until it is clear, after solving and by esti-
mating the error on a (virtually) coarsened mesh, that the coarsening does not lead to
an error which is too large.
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10 Aspects of efficient implementation

10.1 Numerical integration (quadrature schemes)

We have seen above that for computing the system matrix and right hand side vector of
the resulting linear system we need to calculate integrals being of the form

> / ®(x)dx.

TeT

In the case when the domain has a curved boundary or for the general data of the
problem, i.e. nonlinear problems or equations with variable coefficients, the integrals may
be difficult to evaluate exactly. To evaluate such integrals, suitable quadrature formulas
for numerical integration have to be used. Numerical integration in finite element method
is done by looping over all grid elements and using a quadrature formula on each element
T. The general quadrature formula for approximating the integrals takes the form

(10.1) /(b(x)dx ~ Zw,@(yi)

T

where w;, ¢ = 1,2,...,n, are certain weights, n, is the number of quadrature nodes
and the y; are certain points (quadrature nodes) in the element 7. The weights and
nodes for any finite element 7' are derived from a simple quadrature formula defined
over a reference element. Thus, we need to map an arbitrary triangle 7" onto a reference
triangle T and define the quadrature formula on the latter. For this purpose we use the
notion of barycentric coordinates introduced in Section 5.4. We use the notations used
there.

In the following we shall often drop the superscript 7' of AT and z?. The mappings
Az) = AT(z) and x()\) = 27(\) are always defined with respect to the actual element
TeT.

Definition 10.1 (Numerical quadrature). A numerical quadrature QonTisa set
{(wi, \e) € Rx R |k =0,...,ng — 1} of weights wy, and quadrature points A\, € T
(i.e. given in barycentric coordinates) such that

ng—1

[ 1@~ 4= Y wsan)

k=0
It is called exact of degree p for some p € N if

~

/TQ(i") di = Q(q) for all ¢ € P,(T).

It is called stable if
wg > 0 forallk =0,...,nqg — 1.
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Remark 10.1. A given numerical quadrature Q on T defines for each element S a
numerical quadrature Qs. Using the transformation rule we define Qg on an element S
which is parameterized by Fs: S — S and a function f: S — R:

ng—1

(10.2) /Sf(:c) dr~ Qs(f) = Q(foFs) det DFs)) = 3 wif ((A)| det DFs(#(\e)].
k=0
For a simplex S this results in
(10.3) Qs(f) = d'|S| > wif(x(A)).
k=0

10.2 Efficient solvers for linear systems

We have seen that after the discretization of partial differential equations using finite
elements, we obtain a system of algebraic equations. In general the coefficient matrix
of such systems is large and sparse. By sparse matrix we mean that in each row of the
matrix there are only a few number of entries that do not vanish.

The aim of the following chapter is to give a brief look at basic iterative methods for the
solution of large linear systems.

10.2.1 Methods of Jacobi, Gauss-Seidel and Relaxation

Let suppose we want to solve a system of linear equations which in matrix form can be
written as

(10.4) Az =b, AeC™" pelC"

where A is the coefficient matrix, b is the given right-hand side vector and z is the vector
to be calculated.

The methods we are going to describe are based on an idea to express the invertible
matrix A by a splitting

(10.5) A=B+(A-B)

where B is a “nice” matrix, i.e. it is an invertible matrix which can be relatively easy
inverted (e.g. B can be chosen as a diagonal matrix). Thus, we have the following
equivalences

Ar=be Br=(B-Ax+Bers=B Y B-A)r+B1b
—_— =

N N
(10.6) < x=Mx+ Nb
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If we take an arbitrary start vector xy, we can then consider the associated iterative
scheme of (10.6)

The iterative procedure (10.7) means that we pass from one iterate to the next and the
next one must be, of course, a better approximation to the solution than the first iterate.
In this process we hope to converge to the solution of the system (10.4).

More precisely, we start with a initial vector (iterate) #(®) and create the sequence of
vectors (0, ™M 23 If this sequence converges to the exact solution = A~'b, then
we say that the iterative method converges. Thus, it is important to introduce some
criteria for which the iterative method converges.

Definition 10.2. If \;, : = 1,2,...,n are the eigenvalues of a matrix A, then we denote
by p(A) the spectral radius of the matriz A and define it as

p(A) = mlax\)\l-|, i=1,2,...,n
Theorem 10.1. The iterative method (10.7) converges if and only if
p(M) <1,
where p(M) is the spectral radius of the matriz M.

Now we are free to choose the nonsingular matrix B. It is natural to choose such a
“nice” B, so that the iterative equations (10.7) are easily solved. Each choice leads us to
a different iterative method. Here we will discuss only a few basic iterative schemes. To
start with we decompose the system matrix A in the form

(10.8) A=D-L-R= iﬂ :

where L and R are strict lower and upper matrices and D is a diagonal matrix.

Jacobi Method: In the Jacobi method we assume that a; # 0 for ¢ = 1,2,...,n and
sets in (10.5) B = D. Then

A=D+(A=D)= D ~(L+R)

Therefore, from (10.6) we get
(10.9) N=D"' M;==M=B*B-A)=DYL+R)

With above notations we get the Jacobi Method

(10.10) Tpt1 =D (L+ R)z, + D 'b
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It is convenient to write the equation (10.10) for components, ie. fori=1,... n:

(k+1) (k
(10.11) i Z ai;z”).

J=1j#i

Note that in order to calculate the new iterate 2**! we need the values of previous iterates.

Theorem 10.2. (Strong Row Sum Criterion). The Jacobi method converges for all
matrices A with

|aii\ > ZCLU fOT’i =1,2,...,n
J#
(Strong Column Sum Criterion). The Jacobi method converges for all matrices A with
la;;| > Zaij forj=1,2,...,n
i#]

If the above inequalities are satisfied, then A is called strictly diagonally dominant.
Gaus-Seidel Method: In Gauss-Seidel method one chooses B = D — L. Thus

A=(D-L)+_R

5 B-A
Therefore, from (10.5)
Mgs:=M = (D—L)"'R, N:=Ngs=(D—L)"
The iteration scheme in matrix form looks
Tpyo1=(D— L) 'R, +(D— L)' for k=1,2,...

or which is the same

(10.12) (D—L)xg = R +b fir k=1,2,...
Rewriting (10.12) for components i = 1,...,n, we obtain
Zam (k+1) +a“ 2D Z al-j:cﬁ»k) T b,
j=i+1
Note that in Gauss-Seidel method in order to calculate xEkH) we use the already calcu-
lated (k+1)-st iterates of previous components, namely fork =1,2,... andi =1,2,...,n
(k+1)

we can get the equation for calculating z;

i—1

1
(10.13) r ) = - bi — Z w"”"(kﬂ Z %

v j=1 j=i+1
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Relaxation Method: In Jacobi and Gauss-Seidel methods the convergence is relatively
slow, especially when the number of unknowns is large. To accelerate the convergence,
we use the technique of the relazation method. The idea is the following: we start with
the initial iterative scheme and try to correct the iterate *) to get a better z(*+1):

g* ) = 4B — A)z® 4 B7b = 2™ + B7H(b — Az)

-~

“correction”

Now we introduce a real parameter w # 0 and weight the correction vector with w
z* ) = 2™ L BB — Az®)

After some manipulations we get

(10.14) z* D) = (1 —wB'A) 2™ + wB b
M (w) N(w)

This is the relaxation iterative method and w is called the relaxation parameter.

As for the convergence, there is a sufficient condition for the convergence of the relaxation
method.

Theorem 10.3. If the system matriz A is Hermitian and positive definite, then the
relazation method converges if 0 < w < 2.

Example 10.1. (Relazation for Gauss-Seidel Method)

We go back to Gauss-Seidel method again

i—1
(k+1)
b; — E Z]a: E aw

j=1 j=it1
A g
vV

correction

ngkﬂ) _ x@(k)

10

Now we rewrite the equation weighted with a parameter w

i—1 n
=S 3 )

j=1 j=i+1

(10.15) 2D = g0 &

K3
(23

Finally, the equation for 2+ in matrix writing takes the form

(10.16) 2" = (D —wl) ' [(1 —w)D + wR] 2™ + w(D —wL)™'b
- N e’
Mgs(w) Ngs(w)

That is what people call the Successive over-relaxation (SOR) method.

At the end of this section we would like to state a result which gives us a possibility to
compare the Jacobi and Gauss-Seidel methods.
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Theorem 10.4. Let A be a tridiagonal matriz (or block tridiagonal). Then the spectral
radii of the corresponding Jacobi and Gauss-Seidel matrices are related by

p(Mas) = p(My)?.

We see from the theorem that both methods either converge or diverge at the same time.
But what is important that when they converge, then the Gauss-Seidel converges more
rapidly than the Jacobi method. This theorem is especially useful, because in the result
of the discretization of partial differential equations very often we get matrices that are
tridiagonal (or block tridiagonal).

10.2.2 Conjugate gradient method and other Krylov subspace iterations

The convergence rate of the iterative solvers described in the above section gets quite
slow for finite element problems when the size of the system increases, i.e. when the local
mesh element size decreases.

This is mainly due to the fact that high frequency parts of the error between the current
iterate and the discrete solution are damped very well, while low frequency parts of the
error are damped only very slowly.

For many problems, there are better iterative solvers which may give approximate so-
lutions to a linear system much faster than the classical iterations Examples of such
methods are the Krylov subspace iteration methods, like the Conjugate Gradient (CG)
method for symmetric positive definite matrices, or the GMRES method for arbitrary
matrices. Details and more algorithms can be found for example in [92].

Both are based on successive minimization of residual norms ||r,| = ||Az, —b|| on Krylov
spaces K, = span{ry, Arg, A%rg, ..., A"ry}. By using special properties of the matrix A
or the iterative method, such minimizations can be done very efficiently.

The simplest example is the CG method for symmetric positive definite matrices, which
reads as follows:

10.1 Algorithm. Conjugate Gradient algorithm for solution of Az = b
Begin with 2o € RY and set dy = —gyp = b — Axy.
for £=0,1,2,... compute

i G
o = T
d; Ady,
Ty = Ty + ogdy
Jk+1 = Gk + apAdy
. 9/?+19k+1
Or = —F—
95 Gk
dir1 = —Gr1 + Brdy

while g > tolerance
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Note, that for each iteration, only one matrix-vector product Ad; must be computed, plus
some vector operations. So, especially for sparse finite element matrices, each iteration
needs only O(N) arithmetic operations.

Preconditioners: All Krylov subpace iteration methods may get more efficient when a
preconditioning of the linear system is used in a proper way. This means the transforma-
tion by a matrix C, such that the system C'Ax = Cb is easier to solve than the original
system Ax = b. The main idea is to reduce the condition of the iteration matrix, as this
condition plays an important role for the convergence speed of the iteration. The best
preconditioner would be the choice C' = A~!, but this is not known (and usually a full
matrix, even when A is sparse). But A~! can be approximated, for example by

e the inverse of the diagonal of A,

e application of one iteration of a classical iterative solver,
e incomplete LU decompositions,

e one multilevel iteration (see below)

e and other ideas.

10.2.3 Multilevel preconditioners and solvers

Coming back to the fact, that the classical iterative solvers reduce only high frequency
parts of the error efficiently, the idea was coming up to use few iterations of the iterative
methods on a fine mesh as smoothers, while low frequency parts of the error can be
reduced also on coarser meshes. Putting these ideas together, some of the most efficient
solvers for systems of linear equations available nowadays were constructed.

Using the natural hierarchy of meshes and corresponding finite element spaces, which is
generated by successive (local or global) refinement of a triangulation, multigrid solvers
use the smoothing and coarse grid correction in a recursive way. Unfortunately, the
multigrid methods work not for all classes of problems, sometimes one has to do very
special smoothing operations. But, for example, symmetric positive definite problems
with constant coefficients can be solved extremey efficient. It is possible to approximately
solve a sparse N x N system of linear equations in O(NN) arithmetic operations.

Details are not presented here, but the literature about multigrid solvers is very rich.
Multilevel iterations can also be used as preconditioners in Krylov subspace methods, see
above.
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11 Error estimates via dual techniques

All error estimates above gave estimates for the energy (H') norm of the error. We will
see, that the L? norm of the error (which is a weaker norm) can converge faster (with
larger power of h) when the problem has enough regularity. This goes conforming with
the better interpolation estimates in L?, compare Theorems 6.3 and 6.7.

Similar techniques to the one used in this section will later be used for error estimation
in case of parabolic problems.

For simplicity, we consider here again just the Poisson problem.

11.1 Estimates for the L, norm of the error

Let Q@ C R™ a conver domain with polygonal boundary, and f € L*(Q) given. Let
X = H}(Q) and X;, C X a finite-dimensional finite element space with P1(T) C X |7 for
all T e T.
Let

ue X: (VU, V’U)LQ(Q) = (f, U)LQ(Q) Yo e X,

up € Xh . (Vuh, Vvh)Lz(Q) = (f, Uh)L2(Q) ‘v’vh € Xh.

We want to estimate the L? norm of the error, ||u — up||r2(). For this purpose, we
consider the

Problem 11.1. Dual Problem:
weX: (Vo,Vw)rzg) = (u—up,v)20) Vv e X.
Now let us assume that the solution w of the dual problem 11.1 is smooth, i.e.
w € H*(Q) NHE(9)

and there is an a priori estimate
(11.1) [wlez) < [ —Aw|12@) = |[u— unll20)-
For a convex domain €2, this follows from regularity theory of elliptic problems, see [46],
e.g.
11.1 Remark. For general (non-symmetric) elliptic problems

ue X: a(u,v)=(f,v) YveEX,
the corresponding dual problem is

weX: av,w)=(u—upv)rq YeX.

Besides the convexity of the domain, the coefficients must be smooth enough in order to
assure a dual solution w € H?(Q2). Additionally, there will be constants (> 1) in the a
priori estimate (11.1).
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11.2 A priori error estimation in the L, norm

Let w € X be the solution of Problem 11.1. Then for test function v := u — wuy, holds

(4 — up, v — up)L2(0)
= (V(u—up), V)2

(V(u —up), V(w —wp)) 20 Ywy, € Xp,
< IV = un)llr2@) [V(w — wi) r20)-

|u— uhH%Q(Q)

We can insert any discrete wy, € X; because of the orthogonality of the error (u — uy) to
the discrete space. Now, we choose an interpolation of w, w, = Iw € X, for example
interpolation with piecewise linear finite element functions. Due to the regularity of w,
we have the interpolation estimate

IV (w0 — wi)llzzey < ch(Dlwhee < ch(Tlu - unllzzo.
Putting the above estimates and the a priori error estimate together, we get

|u —unllr2) < < eh(T)|lu— upllL2@)

1
ggmU%Z@wmmm)
TeT
< < ch(T)*|D%ul 12q)
< < ch(TY| fllrze)-

So, the estimate for the L? norm of the error behaves like (7)2, just like the interpolation
estimate.

11.2 Remark. The above technique is named after Aubin and Nitsche, who were the
first to introduce it (separately). For more details, see [72] or [21]).

When the solution of the dual problem w has less regularity, for example in case of non-
convex corners in the domain’s boundary, we get estimates with lower powers of h(7).
For example, when ||w||wz2r < ¢||Ju — up||r holds only for 1 < p < 2, then the power of h
will be like 2+ (5 — J)n.

11.3 A posteriori error estimation in the L, norm

To establish an Ly a posteriori estimate we use again the dual problem 11.1 and assume
regularity of its solution w.

Defining for g € H2(Q) := (H*(Q) NHY(Q))*

gla—=2@) = sup 9 V) - ’
191 1-2(0) UEH2(9>OH3<Q>< ) -2z @ )

‘U‘H2(Q):1
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using the fact that w € H?*(Q), and setting v = u — uy, in Problem 11.1, we conclude

= wnll2 ) = / V(u - w)Vaw

= (—=Au—up), NG >H*1(Q)><H(}(Q)
€H?(Q)
- <F + Auy, w>H72(Q)X(H2(Q)ﬁH(%(Q))

S |F + Auh|H72(Q) |w|H2(Q)

< |F + Auplg-20)llu — up| 2,

On the other hand using the higher regularity of the test function v and integration by
parts we have

|F + Auplg—20) = sup <F+Auh,
veH2(Q)NHJ ()
‘U‘HQ(Q):l

= sup / V(u—up)Vu
Q

veEH2(Q)NH ()
‘U‘H2(Q):1

= sw [ u)-ay

veEH2(Q)NHJ(2)

U>H—2(Q) x (H2(Q)NH} ()

"U‘HQ(Q):l

< lu = unlly@)-
Combining these two estimates we achieve
(112) ||u—uh||L2(Q) = |F+Auh|H72(Q)

In order to establish the Ly estimate, we have to estimate now the term |F + A’UJh/|H72(Q).
This is done in the same manner as in the case of the a posteriori energy norm estimates.
In contrast to that estimate we can use the fact that the test function v belongs to H?(€2).
Thus, for the interpolation of v we can make use of the usual Lagrange interpolant (H?(2)
is embedded in C°(Q), d = 2, 3!) and we gain a higher power of A in front of the residuals
since we can rely on second derivatives of v. As a result we have

(11.3) lu — un|lo@) < C(ZﬁT(Uh,f)2>

TeT

where 77 is defined to be

B 1
ir(un, f)? == hyllf+ AUh”%Q(T) + 5}%” [0y un] ||%2(8T\8Q)'

Again, using the finite dimensional approximation f; of f we can prove the efficiency
(11.4) nr(un, frn) < C<||U — wp || Lyuecry) + PN — thLz(M(T)))
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where we also gain one additional power of At in front of the term || f — f4| L, (1))-
This analysis also carries over to nonlinear problems under suitable assumptions on the
existence of the dual problem and the regularity of its solution. Under such assumptions
we can prove

cllu—unllr < N1F)llmz@nmie < Cllu—unllry@)

where now ¢ and C' depend on the coercivity of the dual problem (which is associated
to the norms of DF and DF ') and the regularity constant for the solution of the dual
problem. This inequality now establishes Ly error estimators for nonlinear problems using
the same techniques as described above [8].
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12 Parabolic problems - heat equation

In this section we introduce the weak formulation of a model parabolic problem (heat
equation) derived in section 1. The heat equation is classically described by the following
evolution equation plus initial and boundary conditions (for the sake of simplicity we set
all material parameters equal to one)

(12.1) ur—Au= fin Q x (0,7),

where u = u(z,t) represents the temperature, ¢ is the time variable, T > 0 is a fixed num-
ber, Q2 C R? is as usual a bounded domain with a Lipschitz boundary 0Q and f = f(z,t)
describes the volume heat sources.

As for the boundary conditions, we impose Dirichlet boundary conditions on the whole

boundary 092 x (0,7)
(12.2) u=0o0n 00 x(0,7),
The cases of other type of boundaries (Neumann, Robin) are treated analogously.

Finally, we assume that the temperature distribution at ¢ = 0 is given

(12.3) u(z,0) = up(x) = € Q.

12.1 Weak solutions of heat equation

We start the formulation of weak solutions by the definition of Bochner integral.

Definition 12.1. A function u : [a,b] — X is called Bochner measurable, if there exists
a sequence of simple functions {uy}ren such that

klim ug(t) = u(t) for almost allt € |a,b].

Definition 12.2. If additionally

lim / () — ue®)]}x = 0

k—o0

then the function u is called Bochner-integrable and the integral

b b

/ w®dt = lim [ ux(t)dt

k—oo
a a

1s said to be the Bochner-integral of u.
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Let assume that —oco < a < b < oo, the function u : [a,b] — X is Bochner-measurable.
Then we define the following functional spaces

L?(a,b; X) := {u: [a,b] — X Bochner-measurable; ||u|zr(apx) < 00} 1 <p < o0

and
C°([a,b]; X) := {u : [a,b] — X continuous}

with corresponding norms
1
b 3
o = | [Tl ) 1<p <o
a

XY = t
[wllcoap:x) mmax ()] x

Theorem 12.1. Let —o0 < a < b < 0o and X is a Banach space. Then the spaces
(LP(a,b; X), || - |l (zr(apx)) and (C°([a, b]; X), || - ll(coapx)) are Banach spaces.

Further we define the weak derivative of a Bochner-integrable function.

Definition 12.3. Let (X, (+,-)) be a separable Hilbert space, 0 < T < oo and u €
LY(0,T; X). A function v € LY(0,T; X) is called the weak derivative of u if

T T

/u(t}gp’(t}dt = — /v(t)go(t)dt Vo € C3°(0, 7).

0 0

Then we write u' = v (if such a v exists, of course).
We define the functional space
W3(0,T) := {u € L*(0,T; Hy(Q)),u' € L*(0,T; H'Q)}

with a norm

2

T T
fulhwgom = | [ 1O Byeyde + [ 10Ot
0 0

T T , 2 %
- //|Vu\2+/< sup 7<u(t),v>>
T , veH} () HUHHg(Q)
Assume that we have a classical solution u of (12.1)+(12.2)+(12.3) and it is sufficiently

smooth, more precisely u € C*1(2 x (0,7)). We now fix t € (0, T), multiply the equation
(12.1) by a test function v € H} () and do partial integration over

<u'(t),v >p-1um —|—/Vqud:U = /fvdq: Vo € Hy(€2).
0 0
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Similar to the elliptic case let us introduce a bilinear form

b(u(t),v;t) == /Vqudx Vu, v € Hy(Q).
Q

and a linear form

F(v):= [ fodx Yv € H}(Q).
/

One can easily show that the bilinear form b(-, -;¢) is continuous on H} () and «/(t) €
H~!(Q). Using these notations we arrive at

(12.4) < /(t),v > +b(u(t),v;t) = F(v) Yo € Hy(Q).
Now the definition of the weak solution to the classical problem reads:

Definition 12.4. A function u € W2(0,T) is called the weak solution of the classical
problem (12.1)+(12.2)+(12.3), if u satisfies the equation (12.4) for almost every fized
t € (0,T) and the condition (12.3) for almost every x € €.

We state the last result in this section (without proof though) which provides us with
the existence and uniqueness of the weak solution.

Theorem 12.2. For any right-hand side f € C([0,T]; L*(Q)) and initial function uy €
L*(Q) there exists one and only one weak solution v € W2(0,T) of the classical heat
equation and

T T T
/Hu(t)lﬁ{é(ﬂ)dt + / [0/ (8)[[Fr-1(ydt < C(Qyd,...) | NuollZ2q) + / 1 ()72 dt
0 0 0

12.2 Discretization of heat equation

Let X;, C H{(2) be a finite dimensional subspace (it can be for example a finite element
space) and {p1, @2, -+, N} be the basis of X;. Recall the weak formulation of the heat
equation with vanishing Dirichlet boundary conditions: find a function v € W(0,T)
such that

(12.5) <U(t),v > +(Vu(t), Vu) 2@ = F(v) Yo € Hy(2) and ae. t € (0,T).

and
u(z,0) = up(x) x € Q

Space Discretization: The Galerkin approximation of the equation (12.4) consists of
finding a discrete solution uy(z,t) € X, such that for almost every t € (0,7")

(126) < u;L(t),vh > +(Vuh(t), V?Jh)LQ(Q = F(Uh) Vvh € Xh,
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and
(127) uh(x, O) = Ug,p € Xp.

This is called the semi-discrete Galerkin scheme. The reason to call it semi-discrete is
that we have performed only a space discretization.

Since up(t) € Xp,, then we can present it with the help of the basis functions of X}, in the
following way

(12.8) up(t) = Z%‘(t)%‘a

and the gradient of uy, is obtained to be

N
(12.9) Vun(t) =Y ai(t) Ve,
i=1
Then the discrete equation (12.6) is equivalent to a system of ordinary differential equa-
tions for the unknowns «y(t), as(t), -+, an(t)
N N
(12.10) ) (pi o) z@a(t) + Y (Vi Vo) rx@ai(t) = Flgpi) i = 1,2,...,N.
7j=1 7j=1

Denoting by a(t) := (a1(t), aa(t), -+ ,an(t))" the vector of unknowns, M = (M;;) :=
(@i, ¢5)12(0) the mass matrix, S = (5;;) = (Vi, Vo;)r2(q) the stiffness matrix and
F = (F(p1), F(p1), -, F(en))T the load vector, we can rewrite the equation (12.10)
in the matrix form

(12.11) Md'(t) + Sa(t) = F(t).

It can be shown that there exists a unique vector «(t) which solves the system (12.11).
Thus we arrive to the following result:

Theorem 12.3. Let T > 0, f € L*(0,T; L*(Q)) and uo = ugy € Xp,. Then there exist
unique functions o; € H'(0,T) for 1 < i < N such that the function uy(t) = le\il a;(t)p;
solves the problem (12.6)+(12.7).

Remark 12.1. In the formulation of the theorem we require that the function ug belongs
to the space Xy,. If this condition fails, i.e. uy & Xy, then ugy can be constructed as a
projection of ug onto the space X,. An example of such a projection is the interpolant
Tyug € Xy, of uyg.
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Time Discretization: Let At be the time step, a™ and F™ be the values of a(t) and
F(t) at the n-th time level, respectively. For discretization of the equation (12.11) in
time it is common and natural to use the explicit Fuler method where we replace the
time derivative o by the difference quotient

, an-‘,—l —a"

T T A
Substituting this in (12.11), we obtain
an-‘,—l —a"
12.12 M. — — 1 8a"=F"

The explicit Euler scheme is not a stable method, unless At < Ch?. When this condition
on time step fails then there will be instabilities. To avoid this problem, it is convenient
to use the implicit Euler method which for the equation (12.11) can be written as

(12.13) M - % + Sa"tt = it

or

(12.14) (M + AtS)a™ = Ma™ + AtF"™

with

(12.15) a® = a(0) = (a1(0), ax(0),- - ,a,,(0))", n=0,1,2,...

The implicit Euler method compared to the explicit one is unconditionally stable, i.e. no
condition is forced on the time step At.

We now turn to Crank-Nicholson method. Here the semi-discrete equation (12.11) is
discretized in a symmetric way around the point (n + %)At. Here the equation for a™*!
can written in matrix form as follows

A A Frtl g pr
(12.16) (M + 7t5)a"+1 — (M - gsw yar
with
(12.17) a® = a(0) = (a1(0), ax(0),--- ,a,,(0))", n=0,1,2,...

This scheme will produce a second order accurate method in time.

A more general time discretization scheme is the so called §-scheme. For 6 € [0, 1] and a
variable time step At = tn41 — t, we search for a"! such that

1
Mo +0Sa™ = ——Ma™ + (1 — )Sa” + Frioann
Aty byt

Note that for # = 0 we obtain the explicit Euler scheme,for § = 1 the implicit Euler
scheme and for 8 = % the Crank-Nicholson scheme. One can show that for 0.5 < 4 <1
the #-scheme is unconditionally stable, while for 6 < 0.5 stability is only guaranteed if
the time step is sufficiently small.
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12.3 A priori error estimates

A priori estimates for the error between continuous and discrete solution can be derived
by using the scheme described above,

e first proving an approximation result for the solution of the semi-discrete problem
(where discretization is done only in space, not in time),

e and then using more or less the standard estimates for time discretization of systems
of ordinary differential equations.

For example, for the backward Euler time disretization and piecewise linear finite element
space over a triangulation 7 in space, the error estimate reads like: Under the condition,
that u is smooth enough, holds

max u(ty) — unilliz) < C<Huo—uh,oHi2(Q)+h(7)4HuoH?qz(Q)

0<k<M
/ Il + (A1) / 1< )20 )

So, the error converges to zero quadratically in ~A(7") and linearly in At. For the Crank-
Nicholson scheme, you get also quadratic convergence in At, but under higher regularity
assumptions on u.

We will not go into more detail here.
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13 A posteriori error estimates for parabolic prob-
lems

13.1 Abstract error estimate for ordinary differential equations

Let H be a Hilbert space and we are interested in the solution of the following parabolic
equation

u'(t)+ F(u(t)) = f(t)in H*, ¢t € (0,7),

(13.1) u(0) z o,

where uy € H is the initial function, f(¢) € H* and F' : H — H* is a smooth, Lipschitz
continuous function, i.e. there is a constant [ such that

[ (u) = F)||g- < flu—vlla-

After the time discretization of the equation (13.1) with a variable time step 7, = t,, —
tn—1>0,t =0 and t;y =T (implicit Euler Discretization), we obtain

n __ unfl

(13.2) weH: ———— 4+ F(u") =fi=f(t) n=1....N

u’ = uy,

Our goal is to obtain an equation for the error e := u — U, where U := u"~! 4 =t (g —

Tn

u™1). In the interval (¢, 1,t,) we have
Tn
Let U denote the piecewise constant function (with respect to t) defined by

U(t) :=U" for t € (t,_1,tn].

Then (13.2) is equivalent to
(13.3)

From (13.1) and (13.2) we get
(w—U) +F(u)-FU)=f- [,

(u—U) +F(u) - FU) = f—-f+FU) -FU),

=f-U —-FU):= R)

——
Restidual
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For the initial condition we get

(u—U) (0) = 0.

Now we use the property of F' being Lipschitz continuous, meaning that the Frechet
derivative DF' exists. Thus we can define a continuous linear operator L : H — H*

L= /DF(su—i— (1= $)U) ds.

Then
F(u) = F(U) = L(u—U),

and we arrive to the following equation for e = u — U

e+ Le = R(U)

(13.4) o) 0.

In the case when F'is linear then L = F' independent on u. If F'is non linear, then the op-
erator L contains the exact solution u and therefore, we need a priori error estimates for L.

Let us rewrite the equation (13.4) in weak form:

T T
/(e’, ) + (Le, p) dt = /(R(U), p)dt  for all p € H.
0 0

After integration by parts we obtain

(e(T), o(T)) — {e(0), p(0)) = / (e, ) — (e, L") di + / (RU), o) dt,

(13.5) (e(T), o(T)) = (€(0), p(0)) + / e — L*g)dt + / (R(U), o) dt.

Let ¢ be the solution of the dual problem

¢ — L*¢ =0 for almost all t € (0,7T)
p(T) = e(T).

With ¢ being the solution of (13.6) the equation (13.5) is equivalent to

(13.6)

le(T)II* = (e(0),(0)) + /<R(U),¢> dt
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What we need is to find some stability estimation for the solution of the dual problem
(13.6) which depends on the problem data and does not depend on the exact solution w.
One example of such an estimation might be

o) e < Cslle(T)] a,

from which we could calculate
T
le(T)17 < Cs | 1le(0) || + / I R(U) | z-dt | le(T) ||z
0

Finally, we would obtain a bound for e(T")

Il < Cs [ 1e(0) - + / |R(U) | -dt

13.2 Weak formulation of the heat equation
Let again ) be a bounded domain with polygonal boundary 0€2. We set as before
W3(0,T) := {v € L*(0,T; Hy(2)), v' € L*(0,T; H () } .

Suppose that the right-hand side f € L2(0,7; H '(Q)) and the initial condition ug €
H}(Q) are given and let u € W%(0,T) be the weak solution of the heat equation

14 _ . -1

(13.7) W(t)—Au= fin HYQ), t € (0,7),
u(0) = wuy,

i.e. for u € W2(0,T) we consider the equation

(W ey + [Vu-Vo— [fo=0 Yo eH{Q), t€(0,7T),
) )

13.8
( ) u(0) = wy,

13.3 Discretization

Let 0 =ty < t; < --- < txy = T define a subdivision of (0,7"), denote I,, = (t,—1,n)
and 7, =t, —t,_1. Forn=1,..., N let 7,, be a proper and shape regular triangulation
of Q and X,, C H}(Q2) a corresponding finite element space with piecewise polynomial
functions of degree p > 1 on 7,,.

Let W, denote the space of (constant in time) functions w(t) = w € X,,, and W}, :=
{we L*0,t;HY(Q)) : w|;, € Wp,n=1,...,N}. For w € W, define

+ = l - = 1 —
w(z,t,) SI{(I(l)U}(x,tn_FS), w” (z,t,) S{I})w(x,tn s),

and we define the jump of w at t,, by

where w' :=wt(-,t,), w, =w (- t,).



13.1 Remark. The whole procedure can be also done with higher order approximation
on the time interval, for example piecewise linear in time. This would just change the
definition of spaces W,,. Nevertheless, the discrete functions w € W), ; will be in general
not continuous at times ¢,,.

Now, the discrete problem reads:

Problem 13.1. The discrete solution is U € W), such that for all w € Wy, holds
T N T

(13.9) / (Usyw) + (YU, Voo dt + 3 (U] 1, ) = / (fow) dt,
0 — 0

where Uy is an approzimation to ug in X;.

13.4 Error representation and dual problem

Let u € W3(0,T) be the solution of (13.8) and U € W), , the discrete solution of (13.9).
Then it holds in W%(0,7T)*

u—Au = f,
U,— AU = f—R,

where the residual R € W3(0,T)* is just defined by the second equation.
So, for all M =1,..., N and v € W%(0,T) holds

/Otzf (ug,v) + (Vu, Vo) — (f,v)dt = 0,

/OtM(Ut,v) (YU, V) — (f,0)dt = —R().
Substracting the second from the first equality, we get

/Otzf(ut — Uy, v) + (V(u—U), V) dt = R(v).

Integration by parts in time now gives
(13.10)

(ultar) = Utar), vltar)) = (u(0)—U(0), v(()))—i—/o N (u—U,v0) = (V(u—U), Vo) dt+ R(v).

So, the corresponding dual problem like (13.6) is now (using F'(v) = —Av, L = L* = —A):

Problem 13.2. Given final values x at ty, the discrete dual solution is v € WE(0,ty)
such that for all ¢ € H}(Q) and almost all t € (0,ty) holds

(13.11) V(tm) = X, (v, ) — (Vu, V) dt = 0.
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This is a backward parabolic problem, where final values are prescribed. Thus, it is easy
to prove existence of a unique solution.

Now, using the dual solution for final value y = u(ty;) —U(tys) in the error representation
(13.10), we get

lu(tar) = U(tan)ll72i0) < 1w(0) = U(0) 2y 1v(0) | 2oy + [R(v)].

This gives an estimate of the error at time ¢,; in terms of the initial error and the dual
solution.
Using now the definition of R(v), we can show that for every w € W}, ; holds

(13.12) [utar) = Ulta)llr2) <

< sup ‘Z/I (U, vy —w)dt + (VU,V(vy —w)) — (f,v, —w)dt

XEL2(Q),lIx[=1

+([Un-1, vy (tn—1) —wi_y)| + [[u(0) = Us [l 22,

where v, denotes the dual solution with final value x.

In order to estimate the terms involving the dual solution, we need some a priori estimates
for this:

Lemma 13.1. Let v € W2(0,tyr) be the solution of (13.11) with final value v(ty) = X €
L2(). Then for almost all t € (0,ty) we have that v(t) € H*(Q), v/'(t) € L*(Q) and the
following conditions hold:

@) No@lz@ < lxllzz@)

ty

. 1
@) [ IV s < oy

tar

.. 1
(ui1) /(tM — s)||AU(5)H%2(Q)d8 < ZHX”%2(Q)7

tam

. 1
@) [ = Mulmds < 7l
t

1
(Y Av(t 2 < — 2
©) 1800l < sl

tar 1
. L/t
o) [ 180 < (g2 ) Il
T™
t
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tar 1
» 1 t 2
(vid) /H V() || L2y ds < 3 (log ﬂ) x| 22
T™
t

M 1 tw)? 1
(viii) ZTnHAU(tn1)HL2(Q)§ 5(10825) +7 ”XHLQ(Q

(iz) Zmuvt o)l _( (bg_)i%) N

The proof is done by mainly using just the right choice of test functions ¢ in the weak
formulation.

13.5 A posteriori error estimate

Now, we can choose in (13.12) a special w € W), ;: for t € I,, set w = Py, :=
Py, Px,v, = Px, Pp,v,, where P;, and Py, denote the L? projections onto the piecewise
constant functions on [, and on X,,. The following estimates hold:

|h~%(v — Px,0)|| + [|h 'V (v — Px,v)|| < c|[[D*] < c||Av|| for v € H*(Q), Q convex,
o = Prollim < clloly  forve L=(1,),

|lv = Pr,v||zeo(r,) < c/ lvg| dt  for v € WH(T,).
In

Using the a priori estimates from Lemma 13.1 and above approximation results, we have

13.2 Theorem. Let u € Wi(0,T) the solution of the heat equation (13.8) and U € W, .
the discrete solution of (13.9). The the following a posteriori error estimate holds:

(13.13) [u(tn) = Unllze@ < Nu(0) = Uy [lr2) +

<1og _> 2 1I<riza<}§\7 <<Z hi 7l|Us — AU — f||Loo Ln,r2(T)) T h3 ll[n - VU]HLOo (In LQ(BT\OQ))) :

TeT,

h2
HUln-allz20) + = Ula-1llz2) |-

The final term || - ||* appears only when X, 1 ¢ X, for example when the mesh was
coarsened.

The proof of this theorem was first done by Eriksson and Johnson [34].
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14 Adaptive methods for parabolic problems

In this chapter we will construct some adaptive methods for choosing the space and time
steps in a finite element method for a linear time dependent problem.

In parabolic problems, the mesh is adapted to the solution in every time step using
a posteriori error estimators or indicators. This may be accompanied by an adaptive
control of time step sizes, see below.

Bénsch [6] lists several different adaptive procedures (in space) for time dependent prob-
lems:

e Explicit strategy: The current time step is solved once on the mesh from the
previous time step, giving the solution u;,. Based on a posteriori estimates of wuy,,
the mesh is locally refined and coarsened. The problem is not solved again on the
new mesh, and the solve—estimate—adapt process is not iterated.

This strategy is only usable when the solution is nearly stationary and does not
change much in time, or when the time step size is very small. Usually, a given
tolerance for the error can not be guaranteed with this strategy.

e Semi—implicit strategy: The current time step is solved once on the mesh from
the previous time step, giving an intermediate solution u;. Based on a posteriori
estimates of 4y, the mesh is locally refined and coarsened. This produces the final
mesh for the current time step, where the discrete solution u; is computed. The
solve—estimate—adapt process is not iterated.

This strategy works quite well, if the time steps are not too large, such that regions
of refinement move too fast.

e Implicit strategy A: In every time step starting from the previous time step’s
triangulation, a mesh is generated using local refinement and coarsening based on
a posteriori estimates of a solution which is calculated on the current mesh. This
solve—estimate—adapt process is iterated until the estimated error is below the given
bound.
This guarantees that the estimated error is below the given bound. Together with
an adaptive control of the time step size, this leads to global (in time) error bounds.
If the time step size is not too large, the number of iterations of the solve—estimate—
adapt process is usually very small.

e Implicit strategy B: In every time step starting from the macro triangulation,
a mesh is generated using local refinements based on a posteriori estimates of a
solution which is calculated on the current (maybe quite coarse) mesh; no mesh
coarsening is needed. This solve—estimate—adapt process is iterated until the esti-
mated error is below the given bound.

Like implicit strategy A, this guarantees error bounds. As the initial mesh for ev-
ery time step is very coarse, the number of iterations of the solve—estimate—adapt
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process becomes quite large, and thus the algorithm might become expensive. On
the other hand, a solution on a coarse grid is fast and can be used as a good initial
guess for finer grids, which is usually better than using the solution from the old
time step.

Implicit strategy B can also be used with anisotropically refined triangular meshes,
see [40]. As coarsening of anisotropic meshes and changes of the anisotropy direc-
tion are still open problems, this implies that the implicit strategy A can not be
used in this context.

The following algorithm implements one time step of the implicit strategy A. The adaptive
algorithm ensures that the mesh refinement /coarsening is done at least once in each time
step, even if the error estimate is below the limit. Nevertheless, the error might be not
equally distributed between all elements; for some simplices the local error estimates
might be bigger than allowed.

14.1 Algorithm (Implicit strategy A).

Start with given parameters tol and time step size T,

the solution wu, from the previous time step on grid 7,
Ty =1,

solve the discrete problem for u,,; on 7,.; using data u,
compute error estimates on 7,

do
mark elements for refinement or coarsening
if elements are marked then
adapt mesh 7,,; producing a modified 7,
solve the discrete problem for u,,; on 7,,; using data u,
compute error estimates on 7,
end if
while 7 > tol

14.1 Adaptive control of the time step size

A posteriori error estimates for parabolic problems usually consist of four different types
of terms:

e terms estimating the initial error;

e terms estimating the error from discretization in space;

e terms estimating the error from mesh coarsening between time steps;
e terms estimating the error from discretization in time.

Thus, the total estimate can be split into parts
Mo Mhy Nes and 7y

estimating these four different error parts.
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Example: Recall the a posteriori error estimate of Eriksson and Johnson [34] for the
heat equation, Theorem 13.2, which reads for piecewise linear (P;) finite elements and
piecewise constant approximation in time:

[u(ty) = Unll < luo = Usllrz) +

max <Z Clh%“”f”%,OO(In,LQ(T)) + CQh%«”[n . VUn]”%oo(ImL2(8T\3Q))>

1<n<N
TeT,
*
).

where U, is the discrete solution on I, := (t,_1,t,), 7w = tn — ta_1 is the n'M time step
size, [-] denotes jumps over edges or between time intervals, and || - || denotes the norm in
L2(Q). The last term Cy]| ... ||* is present only in case of mesh coarsening. The constants
C; depend on the time ¢y and the size of the last time step: C; = C’i(log(i—x)).

This leads to the following error estimator parts:

1/2
mo= (D o= Tolltary)
TeTh

1
2

[Un—l]

n

+C3)| Uy = Uny|| + Ca||R2

1/2
Nh = < Z Clh4THfH%oo(1n,L2(T)) + Cohiz||[n - VUn]H%oo(zn,m(aT\aQ))) ;

TeT,
- Z C ‘ B2 [Un—1] |2 2
b TET, e T NEAD) 7

n- = C3HUn_Un71HL2(Q)-

When a bound tol is given for the total error produced in each time step, the widely used
strategy is to allow one fixed portion I'; ol to be produced by the spatial discretization,
and another portion I'; tol of the error to be produced by the time discretization, with
', + ', < 1.0. The adaptive procedure now tries to adjust time step sizes and meshes
such that in every time step

n ~ T, tol and n; +n?~T% tol®.

The adjustment of the time step size can be done via extrapolation techniques known
from numerical methods for ordinary differential equations, or iteratively: The algorithm
starts from the previous time step size 7,4 or from an initial guess. A parameter §; € (0,1)
is used to reduce the step size until the estimate is below the given bound. If the error is
smaller than the bound, the step size is enlarged by a factor d; > 1 (usually depending on
the order of the time discretization). In this case, the actual time step is not recalculated,
only the initial step size for the next time step is changed. Two additional parameters
0, € (0,1), O € (0,0;) are used to keep the algorithm robust, just like it is done in the
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equidistribution strategy for the mesh adaption. The algorithm starts from the previous
time step size 7,4 or from an initial guess.

If 6, ~ 1, consecutive time steps may vary only slightly, but the number of iterations for
getting the new accepted time step may increase. Again, as each iteration includes the
solution of a discrete problem, this value should be chosen not too large. For a first order
time discretization scheme, a common choice is ; &~ 0.5, for example.

14.2 Algorithm (Time step size control).

Start with parameters ¢0; € (0,1), 4, > 1, 6, € (0,1), 6 € (0,6,)

T = Tod
Solve time step problem and estimate the error
while 7, > 60,1 tol do

T =0T

Solve time step problem and estimate the error
end while
if n, < 6,1, tol then

T 1= 09T
end if

The above algorithm controls only the time step size, but does not show the mesh adap-
tion. There are several possibilities to combine both controls. An inclusion of the grid
adaption in every iteration of Algorithm 14.2 can result in a large number of discrete
problems to solve, especially if the time step size is reduced more than once. A better
procedure is first to do the step size control with the old mesh, then adapt the mesh,
and after this check the time error again. In combination with implicit strategy A, this
procedure leads to the following algorithm for one single time step

14.3 Algorithm (Time and space adaptive algorithm).

Start with given parameter tol, 6; € (0,1), dy > 1, 6, € (0,1), 65 € (0,6;),
the solution wu, from the previous time step on grid 7, at time ¢,
with time step size 7,

Ty =T,
Tn+1 = Tn
tn+1 ‘= tn + Tn+1

solve the discrete problem for u,,; on 7,.; using data u,
compute error estimates on 7,

while n, > 60,1, tol
Tpgl 1= 01 Tpgl
tn-‘,—l = tn+7_n+1
solve the discrete problem for u,,;; on 7,,; using data u,
compute error estimates on 7,4
end while
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do
mark elements for refinement or coarsening
if elements are marked then
adapt mesh 7,,; producing a modified 7,
solve the discrete problem for u,,; on 7,,; using data u,
compute estimates on 7,

end if

while n, > 6,1, tol
Tnal = 01 Tni1
tht1 = Tn 4+ That

solve the discrete problem for u,,; on 7,,; using data u,
compute error estimates on 7,
end while
while 7, > tol

if n, < 6,1, tol then
Tnt1 := 02 Ty
end if

The adaptive a posteriori approach can be extended to the adaptive choice of the order
of the time discretization: Bornemann [11, 12, 13] describes an adaptive variable order
time discretization method, combined with implicit strategy B using the extrapolation
marking strategy for the mesh adaption.

97



15 The Stefan problem of phase transition

Let us recall the modelling of the heat equation from energy conservation law. The
temporal change of energy density is equal to the spatial change of flux plus production,

%e(az,t) = —divg(z,t) + f(x,1).

In a homogeneous material, the energy density e was assumed to be proportional to the
temperature 6, like e(z,t) = pc(x,t). But when the material undergoes a phase change
from solid to liquid, then energy is consumed by the phase transition. Molecules need
additional energy in order to leave the matrix of solid crystal, in order to flow around
freely in the liquid state.

Experimentally it can be observed that when a solid material is heated to its melting
temperature, and energy is added, then the temperature increases proportionally to the
energy density like

L@, (0<0,)

PCs
When the melting temperature 6, is reached (at energy e,,), additional energy is first
consumed without raising the temperature, until the latent heat of melting, L, is added
(and the material has changed its state from solid to liquid). Only then even more energy
is added, the temperature increases again, like

O(x,t) =

O(x,1) = 0, + pic@(x, Deen—L) (0> 0.

Rescaling temperature and energy such that 6,, = 0, e,, = 0, the relationship between
temperature and energy can be described by

p—ise(x,t) if e(z,t) <0,

0 if e(z,t) € [0, L],

Le(x,t) - L) ife(x,t)>L,

compare Figure 15.1.

Still, the heat flux can be modelled by Fourier’s law ¢ = —xV6 (with different heat

conductivities in solid and liquid material).
So, the conservation law gives the differential equation

0 )
ae(:c,t) —div(kVB(e(z,1))) = f(z,1).

As (3 vanishes for all e € [0, L], this equation is degenerate parabolic. In case that the
solution is smooth and the set I'(t) := {z : 6(z,t) = 0} is a smooth n — 1-dimensional
submanifold of the domain, the temperature § = (3(e) and the set ['(¢) give a solution of
the classical Stefan problem, compare Section 2.2.

For simplicity, we will set all constants to one in the following considerations.
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15.1 Problem setting:

We consider the classical two phase Stefan problem, which describes the heat diffusion
and phase change in a pure material. Let  C R? denote a bounded domain, u the
enthalpy (or energy density) and 6 the temperature, and f(¢,-) € H™() a given right
hand side sufficiently smooth in time.

Problem 15.1. Two phase Stefan problem
Find u € Loo(0,T; Loo () NWL(0, T; H1(Q)) and 0 € Lo (0, T; H3(Q)) such that

%u —A0=f inH(Q),
with initial condition
u(+,0) = wuy
and
0 = B(u),

where B(s) = min(s,0) + max(s — 1,0), see Figure 15.1.

o F

Figure 15.1: Graphs of 3 and 57!

15.2 Discretization

n

We denote by 7, the time step at the n-th step and set t" = Y " | 7. Let M"™ be a
uniformly regular partition of €2 into simplices, with mesh size density h,, and B" be
the collection of interior sides e of M™ in €; hg (h.) stands for the size of S € M™
(e € B"). Let V™ C H}(€2) be the piecewise linear finite element space over M™ and I"
the Lagrange interpolation operator.

The discrete problem reads as follows. The discrete initial enthalpy U° € V© is an
“interpolant” of ug. For time step (t,_1,t,) let 7, = t, —t,_1. Given U"1 "~ € VL,
then M™~ ! and 7,,_; are modified as described below to get M"™ and 7,, and thereafter
U™, 0" € V" computed according to ©" = ["3(U™) and

n

(15.1) TA/Q["«U"—U"1)¢)+/QV@"-WZ/QI"(f(t")¢) Vpevn

Note that the nonlinear relation ©" = B(U"™) is enforced only in the vertices of the
triangulation (otherwise not both U™ and ©" could be in P; on each element of the
triangulation).
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Using mass lumping and enforcing ©™ = ["3(U™) solely at the nodes introduces some
consistency errors but amounts to having a monotone problem easy to implement and
solved via an optimized nonlinear SOR [31, 74] or even with monotone multigrid methods
[54, 55, 57].

15.3 Error control for Stefan problem

The presence of interfaces, and associated lack of regularity, is responsible for global nu-
merical pollution effects for phase change problems. A cure consists of equidistributing
discretization errors in adequate norms by means of highly graded meshes and varying
time steps. Their construction relies on a posteriori error estimates, which are a funda-
mental component for the design of reliable and efficient adaptive algorithms for PDEs.
These issues have been recently tackled in [79], [80], and are briefly discussed here.

We consider for simplicity the classical two-phase Stefan problem

(15.2) Ou—ABu)=f in@Q=Qx(0,T),

where ((s) = min(s, 0)+max(s—1,0); this corresponds to an ideal material with constant
thermal properties and unit latent heat. A discrete solution U of (15.2) satisfies

(15.3) U —AB(U)=f—R inQ,

where R, a distribution with singular components and oscillatory behavior, is the so-
called parabolic residual. Its size is to be determined in negative norms which entail
averaging and thus quantify oscillations better.

In §15.4 we show how to represent the error egwy = B(u) — B(U) in terms of R, and in
§15.5 we state an error estimate of the form

lesw @) < EWU, f, T, h,T),

with computable right hand side; hereafter h stands for the mesh size and 7 for the time
step. This formula is the basis of the adaptive algorithm of §15.6 and the simulations of
§15.7.

15.4 Error Representation Formula

Upon subtracting (15.3) from (15.2) and integrating by parts against a smooth test
function ¢, the error e, = u — U satisfies the equation

(15.4) zfAmwwwiA%mmmwﬁ/%@W+mM»+wa

Q

p(u)

where b(z,t) = ;g([]) provided u # U and b(z,t) = 1 otherwise, and
u

(15.5) széwawj/Wﬂwﬂ+/UwM@w%wmw

Q
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This motivates the study of the backward parabolic problem in non-divergence form [73],
with vanishing diffusion coefficient 0 < b < 1,

(15.6) O+ (b+0)AY=—-by inQ, ¢P(T)=0 inQ,

where y € L?(Q) and 6 | 0. The theory of nonlinear strictly parabolic problems [60]
yields existence of a unique solution 1, which satisfies [79]

(15.7) IVl 29 51001 20)s 82 18% 2y < lIxll22@)

Equation (15.6) does not exhibit a regularizing effect in that ||Av||12(g) is never bounded
uniformly in 0; compare with [35]. Using (15.7), together with be, = eg) and |e,| <
1+ |egwl, (15.4) with ¢ = 1 yields

R(1)]
1= 6" lesll (@) < lleu(0 +Sup|—
( >Mwm@ﬂ<wﬂ>jw@wwm

Taking 6 | 0 we deduce a representation formula based on evaluating R in the negative
norm L} H_ ! and valid for any numerical method:

+ |Q‘1/251/2-

R()]
e 200y < ley + sup =
” B(u ”L (@) H ( )HH () xeLQ(Q) va( )HLQ(Q)
15.5 A Posteriori Error Estimators

If we set U = (U™ — I"U" ') /7, and R™ = ["f(t") — U}", integrate (16.9) by parts, and
use Galerkin orthogonality (15.1), we easily arrive at

:c+2/tn / Rn(w—qf)—ve)"-vw—xp))
+Z/UM m”1“+ZL”waww%

where W is any discrete approximation of 1) and C stands for consistency terms. Inte-
grating VO" by parts element wise and using (15.7), we conclude

EWU, £, T, % h,17)=C(E+&E +E+E+ &)+ E.

Here C' depends on the minimum angle of M™", the error indicators &; are

50 = |lug — U°|| -1 initial error,
ZTn( Z he H [VO"le - velliz (o) ) jump residual,

ecBn 12
Z Tn( Z h%|| R |7 12(s ) interior residual,

Semn
= Z 1" = U Y g-1(0) coarsening,
" 1/2

= (Z T ||U™ — I"U"_1||%2(Q)) time residual,
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and & stands for consistency errors which we do not specify and could in principle
be removed at the expense of complicating the implementation of (15.1); see [79]. All
indicators & can be evaluated in terms of the computed solution, initial datum, and
source term, and are essential; they are also present for the heat equation [35]. The
weights of &, &, correspond to HL regularity of 1, as opposed to H?2 regularity for the
heat equation, thereby reflecting the degenerate nature of (15.2). An alternative approach
exploiting the additional, but nonuniform, regularity §{|Aw||2(q) < [|x||r2(q) is proposed
in [79] and improves on this distinctive aspect of (15.2).

15.6 Adaptive Algorithm

The error estimators of §15.5 entail an L' or L? norm in time, which is impractical in
that the entire history would be needed to control E(U, f, T, $2; h, 7). We therefore resort
to an L* norm in time, and the ensuing equidistribution strategy of minimizing the
spatial degrees of freedom for a uniform error distribution in time. For each S € M™",
the resulting local spatial error indicators are denoted by Fy(S), for initial error, and

Ei(S) = 1T?hg ||[VO"]. - yeH%Q(aS) local jump residual,
Ey(S) =T*h% ||R"||3. ) local interior residual,
E3(S) =172 |I"U"! — U"*1||%2(S)) local coarsening.

Let € be a given error tolerance and M"™ = card M™. The objective is to select adaptively
time steps and mesh densities in such a way that F;(S) have comparable size for all
S € M" (equidistribution) and E(U, f,T,Q;h, 7) < e. Elements S are either refined or
coarsened via bisection. This algorithm creates compatible consecutive meshes, extends
naturally from 2D to 3D, and is handy for combined refinement/coarsening operations
[7].

Given refinement and coarsening parameters satisfying I'g+L,+1', < 1, v, < Ty, v, < Ty,
the initial mesh is obtained upon bisecting a coarse partition M° until Ey(S) < T'2e?/M°
for all S € M°. Neglecting all terms & for simplicity, the mesh size and time step are
modified as follows. We first check whether

2

2
Th 2 max(FE1(9), E2(9), E3(S)) < &62 v.SeM"”,

Mn Mn

or not. If the rightmost constraint is violated, then S is bisected, whereas the leftmost
constraint is used to flag S for coarsening. The latter will be allowed only if the local
error incurred is sufficiently small; this is a critical computational issue. We next verify
whether

Yre < T2 U™ = I"U" |2y < Tse,

or not. Failure of the rightmost inequality forces 7,, to diminish, whereas that of the
leftmost constraint causes a corresponding increase of next time step 7,1 but acceptance
of the current time step.
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15.7 Numerical Experiments

Our approach is able to detect the presence of interfaces, and refine accordingly, and is
insensitive to topological changes such as merging, extinction, and mush or singularity
formation. The interface velocity need not be computed explicitly for mesh design, which
is a major improvement with respect to [74].

15.7.1 Example 1: Oscillating Circle

The interface is a circle of center ¢(t) moving with velocity V' (¢) = ¢é(t) and changing
radius R(t). The exact solution is given by

(2.1) = a(r? — R?) ifr<R
YT U1+ (20R-V == —R)(r—R) ifr>R,

where r = |z — ¢| and a > 0 is a constant, such that v > 1 when r > R. The numerical
simulation was done in Q = (—1,1)? for t € (0,1) with

c(t) = (0.25, 0.4 sin(10¢)), R(t) =0.35+ 0.2 sin(20¢), «=17.0.
Numerical parameters for the adaptive method were
e=175 Ty=0.1, ', =0.2, ', = 0.6, 7, = 0.155, v, = 0.268.

Figures 15.2 and 15.3 show discrete isothermal lines and corresponding meshes. The
innermost isothermal © = 0 is the free boundary. Values (and derivatives) of the solution,
along with normal interface velocities, exhibit a large variation in time, depending on R
and V. This explains the various levels of mesh refinement and the variation in time of
the element count.

15.7.2 Example 2: Oscillating Source

This is a phase change in a container Q = (—1,1)% T = 20.0, with initial temperature
©(z,0) = 0.1z,, prescribed temperature at three walls O(z,t) = 0.1z5 for x5 > —1, a
fourth insulated wall 0,0 (z,t) = 0 for x5 = —1, and two circular oscillating heat sources
driving the evolution,

f(x,t) = cos(0.2¢) max (0.0, 3.125 — 50|z — (—0.2, —0.5)|?)
+5in(0.2 ) max (0.0, 3.125 — 50|z — (—0.2,0.5)|2).

The exact solution is unknown. The upper pictures of Figure 15.4 show a topology
change consisting of two liquid phases merging. The lower pictures show a mushy region
produced by a cooling source term. Figure 15.5 depicts the corresponding meshes with
highly refined regions; they capture the interface location along with the presence of
strong heat sources.
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2,

Figure 15.2: Example 1: Isothermal lines © = 0,2,4,6,... at t = 0.15,0.20,0.25, 0.30,

0.35,0.40

Figure 15.3: Example 1: Meshes at t = 0.15,0.20,0.25,0.30,0.35, 0.40; element count

between 450 and 3600
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Figure 15.4: Example 2: Interfaces with topology changes and a mushy region at ¢t =
1.2,1.6,2.0,8.6,9.6,10.6

Figure 15.5: Example 2: Meshes at t = 1.2,1.6,2.0,8.6,9.6, 10.6
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15.8 Nonlinear solver

As mentioned above, the system of nonlinear equations in each time step can be solved
by a nonlinear Gauss-Seidel iteration.

Let M = diag(m;) denote the lumped mass matrix and A = (a;;) the stiffness matrix in
the n-th timestep. Then the nonlinear equation for unknown coefficient vectores U™ and

O™ reads:

1
—MU" -U" Y4+ A0"=F", O!'=pU"), i=1,...,N.

7—77/
The Gauss-Seidel equation for i-th coefficients U*, ©F reads
My 4 a0 = Ut 4 B =Y ay0r = B
Tn Tn vy
JFi
The additional condition ©F = F(U}*) leads to
Tn

As (Z21d + ayf3) is a strictly monotone function, it is invertable and the solution can be
computed by

Ul = <ﬁld+ aiiﬁ)l(ﬁ’i), er = pU).

Tn

Overrelaxation can be used, when not crossing the melting temperature [31, 74]. And
monotone multigrid methods can be used as well [54, 55, 57].
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16 The continuous casting problem

During oontinuous casting of steel ingots, hot molten steel is formed in a mold to a
cylindrically shaped ingot, which is further cooled by spraying water onto it. In the
interior of the ingot, a pool of liquid remains which must totally solidify before the ingot
gets cut off.

Mathematically, the continuous casting problem leads to a convection-dominated non-
linearly degenerate diffusion problem. We will derive an a posteriori error estimate for
a finite element discretization, and an adaptive method based on that. Most proofs are
omitted here, they can be found in [18].

Remember that for the Stefan problem without convection, studied in the previous sec-
tion, we were using L? norm estimates for both dual and primal problem. Here, the
estimates will be based on L° bounds for the dual problem, leading L' bounds for the
error. This is the most natural norm when dealing with convection dominated problems.
The application to the steel casting problem with physically realistic parameters is shown
in Section 16.16.

Let the ingot occupy a cylindrical domain {2 with large aspect ratio. Let 0 < L < 400
be the length of the ingot and I' C R? for d = 1 or 2 be its (polygonal) cross section.
We show ©Q =T x (0, L) in Figure 16, and hereafter write z = (y, z) € 2 with y € I' and
0<z<L.

Y
'y
Lo Liquid Solid |I'r
Q
0 L z

Figure : The domain {2
We study the following convection-dominated nonlinearly degenerate diffusion problem

Ou+ov(t)0,u—A0=0 in Qr,
6=Bu i Qn
0=gp on Tyx(0,7),
0,0 +p(0 —0xt) =0 on I'yx(0,7),
u(z,0) =ug(x) in Q,

where
(16.1) Fo=Tx{0}, Try=Tx{L}, I'y=0I'x(0,L), Qr=02x(0,T),

and 0 + 6. is the absolute temperature, 6, is the melting temperature, u is the enthalpy,
v(t) > 0 is the extraction velocity of the ingot, v is the unit outer normal to 052, and
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Ocxt is the external temperature. The mapping 3 : R — R is Lipschitz continuous and
monotone increasing; since ( is not strictly increasing, (16.1) is degenerate parabolic.
The missing outflow boundary condition on I'y, is unclear because the ingot moves at the
casting speed and is cut shorter from time to time. It is thus evident that any standard
boundary condition could only be an approximation. We impose either a Neumann

(16.2) 0,0 =gnv <0 on I'px(0,7),
or a Dirichlet outflow condition
(16.3) 0=gp<0 on I'px(0,7).

Enforcing (16.2) with gy = 0 is equivalent to assuming that the normal heat flux on I'j,
is entirely due to advection, which turns out to be an excellent approximation. Both
boundary conditions lead to artificial boundary layers, with the second being more pro-
nounced. In our simulations of §7 with real physical parameters, we take gy = 0 and
adjust gp to minimize this effect. It is convenient to denote by I'p the Dirichlet part
of 09, that is Iy for (16.2) and I'o U T, for (16.3). The linear Robin condition (16.1)
on that part of I'y in contact with air is just an approximation of the actual nonlinear
Stefan-Boltzmann radiation law condition (o > 0)

(16.4) —0,0=0((0+6.)% —0s,) on Ty x(0,7).

We see that linearizing (16.4) around a constant temperature leads to (16.1).

The importance of simulating and controlling the continuous casting process in the pro-
duction of steel, copper, and other metals is recognized in industry. The extraction
velocity v(t) as well as the cooling conditions on the mold and water spray region are
known to be decisive in determining material properties of the ingot. Avoiding excessive
thermal stresses and material defects is an essential, and rather empirical, aspect of the
continuous casting process.

If the extraction velocity v(t) is assumed constant, and diffusion in the extraction di-
rection z is ignored, then the resulting steady-state problem can be reformulated as a
standard Stefan problem with a fictitious time ¢t = z/v [66], [88]. However, changes in
the casting velocity v as well as in the cooling conditions are not only expected during
a cycle of several hours of operation but are also desirable to handle late-arriving la-
dle, ladle or pouring problems, temporary malfunctions, etc. The casting machine must
adjust to these demands and maintain production without degrading quality. The full
non-stationary model (16.1)-(16.1) is thus more realistic than the steady state model in
practical simulations and online control of continuous casting processes.

The system (16.1)-(16.1) is a special case of general Stefan problems with prescribed
convection [91]. An outflow Dirichlet condition together with an inflow Neumann con-
dition is assumed in [91] to guarantee uniqueness of weak solutions; our more realistic
boundary data (16.1) and (16.2)-(16.3) violate this restriction. Under the additional as-
sumption that the free boundary does not touch the inflow boundary I'g, uniqueness of
weak solutions to (16.1)-(16.1) and (16.3) is shown in [89].
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A posteriori error estimates are computable quantities that measure the actual errors
without knowledge of the limit solution. They are instrumental in devising algorithms
for mesh and time-step modification which equidistribute the computational effort and
so optimize the computations. Ever since the seminal paper [4] on elliptic problems,
adaptivity has become a central theme in scientific and engineering computations. In
particular, a posteriori error estimators have been derived in [34], [33] for linear and
mildly nonlinear parabolic problems, and in [78], [17] for degenerate parabolic problems
of Stefan type. Duality is the main tool in the analysis of [34],[33],[78], and so is in the
present paper. We stress that the techniques of [77],[17] circumvent duality and thus
apply to non-Lipschitz nonlinearities.

The purpose of this paper is twofold: we first introduce and analyze an adaptive method
with error control, and second we apply it to steel casting, a concrete engineering ap-
plication. We combine the method of characteristics for time discretization [27],[69],[87],
with continuous piecewise linear finite elements for space discretization [21]. We de-
rive a posteriori error estimators which provide the necessary information to modify the
mesh and time step according to varying external conditions and corresponding motion
of the solid-liquid interface. Our estimates exhibit a mild dependence on an upper bound
V for the casting velocity v(t), depending on the outflow conditions (16.2) and (16.3),
which results from a novel and rather delicate analysis of a linearized dual problem -
a convection-dominated degenerate parabolic with non-divergence form and a Dirichlet
outflow condition. We stress that this mild as well as explicit dependence on V' is a major
improvement with respect to previous L?-based a priori analyses of [16] for the continuous
casting problem and of [27],[87] for parabolic PDE with large ratio advection/diffusion;
they lead to an exponential dependence on V, unless € = R? or the characteristics do not
intercept 092 [69], which is not the case in Figure 16. We finally remark that convergence
of a fully discrete finite element scheme for (16.4) is proved [20]; error estimates cannot
in general be expected due to lack of compactness except on special cases [84].

The paper is organized as follows. In §2 we state the assumptions and set the problem. In
63 we discuss the fully discrete scheme, which combines the method of characteristics and
finite elements. In §4 we introduce the concept of parabolic duality and prove several
crucial stability estimates. In §5 we prove the a posteriori error estimates. In §6 we
discuss an example with exact solution and document the method’s performance. We
conclude in §7 with applications to casting of steel with realistic physical parameters.

16.1 Setting

We start by stating the hypotheses concerning the data.

(H1) G(s) =0 for s € [0,\] and 0 < 1 < '(s) < (B, for a.e. s € R\[0,\]; A > 0 is the
latent heat.

(H2) 0 < vV <w(t) <V fort e [0,T] and |v'(¢)| < v,V ae. t € [0,T], with vg,v; > 0
constants.
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(H3) 6y = B(ug) € WH>(Q), and the initial interface Fy := {z € Q : 6y(z) = 0} is
Lipschitz.

H4) p € H'(0,T; WH(Tx)); p > 0.
H5) fuq € H'(0, T;C(Ty)).

H6) gp € HY(0,T;C(Tp)); gp(x,0) = Oy(x) on T'p.

HS8) Uniqueness condition: 3 €¢, py > 0 such that 8 > py a.e. in I' x [0, 0] x [0, 7.

H9) Solidification condition: 3 ey, p; > 0 such that § < —p; a.e. inI'x [L—ey, L] x[0,T]
and 3'(s) = a > 0 for §(s) < —py.

(H4)
(H5)
(H6)
(H7) gy € H'(0,T;C(T}L)).
(H8)
(H9)

(H10) V > 1.

We remark that (H8) is reasonable since it is satisfied for Stefan problems with v = 0 due
to the continuity of # and positivity of |r,; heuristically the larger v, and so V, the larger
the width 9. The condition (H9) is an implicit assumption on data which corresponds to
the ingot being solid in the vicinity of I'y,, where it is to be cut, as well as having a constant
conductivity 4’. (H9) is only needed to handle (16.2). In addition, (H10) is not restrictive
in that we are interested in the convection-dominated case. In view of (H4)-(H7) we may
consider p, O, gp, gn extended to © in such a way that f., gp, gn € HY(0,T;C(Q)),
p € HY0,T; Whe(Q)).

Let Vo = {v € H'(Q) : v=0o0n I'p} and V* the dual space of V. The weak formulation
of (16.1)-(16.3) then reads as follows.

Continuous Problem. Find v and 0 such that
0 cL20,T; HY(Q)), wue€L>®0,T;L>(Q)) NHY(0,T;V*),

O(x,t) = B(u(x,t)) ae. (x,t) € Qr,
O(x,t) = gp(z,t) a.e. (x,t) €Tpx(0,7T),
u(+,0) = up,
and for a.e. t € (0,7") and all ¢ € V the following equation holds

(16.5)  {Owu, §) + v(t){(0zu, d) + (VO, V) + (pf, o)ry = (Plext, d)ry + (9N, P, -

Hereafter, (-, -) stands for either the inner product in IL?(Q) or the duality pairing between
V* and Vy, and (-, -)) g denotes the inner product in L?(E) with E C 99; if E = 09 we
omit the subscript. We stress that the last term in (16.5) is absent when (16.3) is imposed.
Existence and uniqueness of solutions (u, ) to this problem satisfying § € C(Qr) are
known [89].
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16.2 Discretization

We now introduce the fully discrete problem, which combines continuous piecewise linear
finite elements in space with characteristic finite differences in time. In fact, we use the
method of characteristics to discretize the convection [27],[69],[87]. We denote by 7, the
n-th time step and set

t" = Z i, @"() = (1)

for any function ¢ continuous in (t*~%,¢"]. Let N be the total number of time steps, that
is tV > T. If e, denotes the unit vector in R¢ in the z-direction, then ‘fl—f = v(t)e, defines
the forward characteristics, and U(t) = u(x(t),t) satisfies

dU
16.1 — = .
(16.1) 7 oru + vo,u

The characteristic finite difference method is based on writing

= — 0" e, a" M (z) = w(@ Y,

for n > 1 and discretizing (16.1) by means of backward differences as follows:

dun Uur — Unfl u® — anfl
=~ = Gtu" + v"@zu" ~ —.
dt Tn Tn

Therefore the discretization in time of (16.1)-(16.1) reads

um 7jn—l

(16.2) ———— —AB") =0 in Q.

As u"~Y(x) is well defined only for z"~! € Q, one has to either restrict the time step size
7. (at least locally) or extend u"~! beyond the inflow boundary T'.

We denote by M"™ a uniformly regular partition of €2 into simplexes [21]. The mesh M™
is obtained by refinement /coarsening of M"~!, and thus M"™ and M"~! are compatible.
Given a triangle S € M", hg stands for its diameter and pg for its sphericity and
they satisfy hg < 2pg/sin(ag/2), where ag is the minimum angle of S; h denotes the
mesh density function h|s = hg for all S € M"™. Uniform regularity of the family of
triangulations is equivalent to ag > o* > 0, with o* independent of n. We also denote
by B™ the collection of boundaries or sides e of M"™ in §2; h, stands for the size of e € B".
Let V" indicate the usual space of C° piecewise linear finite elements over M" and
Vi = V"N Vg Let {a7}E" denote the interior nodes of M™. Let I" : C(Q) — V" be
the usual Lagrange interpolation operator, namely (I™¢)(x}) = p(2}) forall 1 < k < K™
Finally, let the discrete inner products (-, )™ and (-, -)% be the sum over S € M" of the
element scalar products

o) = / IMox)dz, (o) = / I"(x)do,

NE
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for any piecewise uniformly continuous functions ¢, x. It is known that for all ¢, x € V"

[78]
1
‘/SSOXdiU - /SIN(SOX)dI‘ < ghg” Vol Vxllrzs) VS € M,
1
)/@Xda - /I”(sox)d0’ < M5l Vel VX llize Ve € B

for any S € M" and e € B".
The discrete initial enthalpy U° € V° is defined at nodes 9 of M® = M! to be

U(2)) == up(z) Vade O\F, U»z)):=0 Vaick,.

Hence, U is easy to evaluate in practice.

Discrete Problem. Given U"', 0" ' € V" ! then M™ ' and 7" are modified as
described below to get M™ and 7, and thereafter U™, ©™ € V" computed according to the
following prescription

on = ]nﬁ(Un)’ or — ]ng?) c Vg’ Un—l — Un—l(jn—l)’

(16.3) %(U"—I"U"‘l,@"HV@",Vs@>+<<p"(@"—93xt),so>>?]v = (9n, phr, Ve € Vg
We stress that the right-hand side of (16.3) vanishes in case I'p = T'oUT'z, and p, ey, g
need only be piecewise smooth. In view of the constitutive relation ©™ = I"G(U™) being
enforced only at the nodes, and the use of mass lumping, the discrete problem yields
a monotone operator in RX" which is easy to implement and solve via either nonlinear
SOR [78] or monotone multigrid [57].

We conclude this section with some notation. Let the jump of VO™ across e € B"™ be

(16.4) [VO"]. := (VO — VO, - 1.

Note that with the convention that the uniii normal vector v, to e points from Sy to 57, the
jump [VO"]. is well defined. Let U and U denote the piecewise constant and piecewise
linear extensions of {U"}, that is U(-,0) = U(+,0) = U°(-) and, for all "' < ¢ <",

. o —t t—tnl
U(vt) = Un() S U(vt) = Un_l(') +

Tn Tn

Uur(-).
Finally, for any v > 0,k > 0 and w C €2 we introduce the mesh dependent norms

1/2 1/2
11 A7 (Il 2% ) 32( Z h?’WH?{k@)) o TR | vw) 32( Z h?”@”?{k(S)) :

eCw,ecB™ SCw,SeMn
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16.3 Parabolic Duality

In this section we study a linear backward parabolic problem in non-divergence form,
which can be viewed as the adjoint formal derivative of (16.1). For any U € BV (0,T; L*(Q2)),
we define

Blu) —BU) .
(16.1) bat) =4 —u—g  TurU

051 otherwise.

It is clear from (H1) that 0 < b(x,t) < By, for ae. (x,t) € Qr. Let bs € C?(Qr) be a
regularization of b satisfying

(16.2) bs >0>0, 0<bs—b<d§ a.e. inQr,

where 0 < 6 < 1 is a parameter to be chosen later. For arbitrary ¢, € (0,7] and
X € L*(Qr), let ¥ be the solution of the following linear backward parabolic problem

Ls(1) == 0p +v(t)0.0 + bsAp = b2y in Q x (0,t,),
=0 on TIpx(0,t),
oY +pp=0 on I'yx(0,t,),
P(x,t,) =0 in

and

(16.3) 0 + ?d} =0 on Ty x(0,t)

5
provided (16.2) is enforced; we set Q. = Q x (0,%,). Existence of a unique solution
Y € W2HQ.) for any ¢ > 2 of (16.3)-(16.3) follows from the theory of nonlinear strictly
parabolic problems [60]. Note that we impose a Dirichlet outflow boundary condition on
[y, which yields a boundary layer for 1.
We now embark in the derivation of a priori estimates for the regularity of ¥. It turns out
that such a technical endeavor depends on the boundary condition on I'j, which becomes
inflow for (16.3). Consequently we distinguish the two cases on I'y, x (0,t.)

t
o+ %w =0 Robin inflow condition,
5

=0 Dirichlet inflow condition,

corresponding to (16.2) and (16.3): the former is more realistic but leads to worse stability
bounds. We start with a simple, but essential, non-degeneracy property first proved in
[16, Lemma 3.2].

Lemma 16.1. Let &, p € R satisfy |3(€)| > p > 0. Then we have

(16.4) £=nl < (5 +2)IO -~ Bl VeR

113



The following result is a trivial consequence of (16.1) and Lemma 16.1.
Corollary 16.1. There exists v > 0 depending on py of (H8) and p; of (H9) such that
(16.5) b(z,t) >r inT x ([0,e0) U[L —ey, L]) x [0,T].

We observe that Corollary 16.1 only guarantees non-degeneracy of b but not its differen-
tiability. If, in addition, S(U) < —p; on I' x [L — ey, L] x [0, 7], which can be verified a
posteriori, then (H9) leads to

(16.6) b(z,t) =a >0 inI'x[L—¢ey, L] x[0,T].

This property will also be assumed for bs whenever it is valid for b.

16.4 Robin Inflow Condition

Throughout this section we assume that (16.4) is enforced. To motivate the estimates
below consider the simplified PDE obtained from (16.3) by setting bs = 0,v(¢) = V and
bx = 1, namely,

(16.7) N+ VO,A=—1,

with terminal condition (16.3). If the inflow condition were d,A = 0 then the method
of characteristics would yield the solution A(z,t) = t. — ¢ for the resulting transport
problem. Such a A is an upper bound for the actual solution ¢ > 0 of (16.7) satisfying
0,9 <0 on I',. We then see that v is bounded uniformly in V', and expect a boundary
layer of size 1/V due to the outflow Dirichlet condition on I'y and the presence of non-
vanishing diffusion (16.5) near I'g; so [0,1)| < CV on I'y. We now set A = || x || (q.)>
and proceed to justify these heuristic arguments.

The proof of all following a priori L> estimates are based on choosing an appropriate
barrier function and using a comparison principle. To show the principle, the first (and
simplest) proof is shown, all other ones are omitted.

Lemma 16.2. The following a priori bound is valid
19 @) < B tell X e (@0)-
Proof. Consider the barrier function A(t) = x4 *A(t, —t). In view of (H1), we easily get
Ls(A 1) =3 AF b2y <0.
Since A £ >0 on I'g x (0,¢,) and 2 x {t,}, along with
O (A+)+q(A+ ) =qgA >0,

where ¢ = 3> on I'y x (0,t,) and ¢ = p on 'y x (0,¢,), the strong maximum principle
yields the desired estimate

Afy>0 inQ, N
To obtain a bound for 9,1 on I'y we modify a barrier technique in [89] to allow for variable

velocity v(t). We also explicitly trace the dependence on V' and ¢,.
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Lemma 16.3. There exists C' independent of V and T such that the following a prior:
bound is valid for all 0 <t, <T

(16.8) 10,0 < CVE ] X 2.y on To x (0,1,).

It turns out that we also need a bound on the tangential derivative d,1 on I'y, which
cannot be derived with a barrier technique. To this end we first prove a local gradient
estimate in the vicinity of I'y, namely on the sets wy := ' x (L — &1, L),wp := T x (L —
e1/2,L). Let ¢ € C*°(R) be a cut-off function satisfying

0<(¢<1, ((s)=0 V —oco<s<L—ey, ((s)=1 VL—%§S<OO.

Lemma 16.4. Let (16.6) hold for both b and bs. We then have the gradient estimate

ta 128
(16.9) / / GVl +/ / vi? < O X 2w qu)-
0 w1 0 Iy

Lemma 16.5. Let (16.6) hold for both b and bs. Then there exists C' > 0 independent of
V' and t. such that the following a priori bounds are valid for all 0 <t, <T

T tx
max || V(- t) ||%2(Q) + //Q bs| Ay |*dxdt + //F v|Vap|Pdodt < CV33|| ¢ ||%OO(Q*).
t tJIg,

0<t<t«

Corollary 16.2. Let (16.6) hold for both b and bs. Then there exists C > 0 independent
of V and t. such that the following a priori bounds are valid for all 0 <t, <T

tx
/0 /Q B0 + v(£)0 Pdadt < OV X 2o

Corollary 16.3. Let (16.6) hold for both b and bs. Then there exists C > 0 independent
of V and t. such that the following a priori bounds are valid for all 0 <t, <T

tx
/ S|l D* [|72(gydt < CVPEN X 1700
0

16.5 Dirichlet Inflow Condition

Throughout this section we assume that (16.3) is enforced. As in §16.4, we first examine
the behavior of the simplified PDE (16.7) with inflow boundary condition ¢y = 0 on I'y. If
we allow ¢, = 0o, then the method of characteristics gives the solution ¢(z,t) = (L—=2)/V.
Due to the effect of the terminal condition ¥» = 0 at ¢t = ¢, < 0o, such a solution is larger
than the actual one, and both exhibit an outflow boundary layer of size 1/V near T'y.
Since the size of the solution is also about 1/V| we expect 0,1 to be bounded uniformly in
V on I'y. This heuristic reasoning is made rigorous below. We set again A = || x || (@, )-
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Lemma 16.6. The following a priori bound is valid for allz € Q and 0 <t <t, <T

1/2

¥ (2, )] <

A direct consequence of the barrier and comparison principle used for proving the last
lemma and A =0 on I'y, x (0,%,) is that

1/2
(16.10) 9,0] < 2| X llzmo.y o Tp x (0,1.).
U()V

A similar bound holds on the outflow boundary I'y.
Lemma 16.7. There exists C > 0 independent of V and t, such that for all 0 <t, <T
(16.11) 9,00 < Cll X llz=iny  on To x (0,t.).

Lemma 16.8. There exists C' > 0 independent of V and t, such that for all 0 <t, <T

0<t<t«

max || V(- 1) [2aq) / / byl A Pddt < OV P,

Corollary 16.4. There exists C > 0 independent of V' and t, such that for all0 <t, <T
Tx
/ / (106 + w002 + 6| D26 ) dedt < CVL] X |3 (q.
0o Jo

16.6 Discontinuous p

We investigate the effect in 2d of a finite number of discontinuities of p along I'y; this
corresponds to abrupt changes in the cooling conditions as in the examples of §7. The
estimates above remain all valid except for those in Corollaries 16.3 and 16.4, which
involve second derivatives of 1.

Using the intrinsic definition of fractional Sobolev spaces, together with the fact that
p is piecewise W1 over I'y, results in 0,00 = —pyp € HY?7¢ in a vicinity of such
discontinuities for € > 0. Elliptic regularity theory implies [64, p.188], [44]

s
(16.12) /0 S|l -y dt < CVFEF X Ty ¥ €>0,

where k = 3,1 for the Neumann and Dirichlet conditions, respectively. There is thus a
slight loss of regularity with respect to the smooth case for both boundary conditions.
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16.7 Error Representation Formula

We now derive an explicit representation formula for the error || 8(u) —B(U) ||L1(q.) based
on the linear backward parabolic problem (16.3)-(16.3). We only assume that U(-, 1) is
piecewise constant, so the derivation below applies to the solution U of (16.3).

We first multiply (16.3) by —(u — U), and integrate in space and time from 0 to ¢, = ™.
We examine the various contributions in turn. Since U is piecewise constant in time, we
have

tm

_A @wu—U%{A «m@m—0»+@wU—U0ﬁ+wg%—U%

tm

Integrating by parts we get

¥

and using (16.1) we also obtain

tm tm tm

o(t) (1, 0,(u — U)) — / o(t) (4w — U,

0

(0(2), Do — U)) = /

0

) / (b5, u— U) = / (V. V(B(u) - BU))

(D0, Blu) — BUYY + / (b~ b)Ad,u— U,

0

Since
02w — Ul = |B(w) — BU) [V |u— UM > 85 '%B(u) — BU)],

collecting these estimates, and making use of (16.5), we easily end up with

R
(16.13) 1 8(u) = BU) e < B2 sup 2L
xere=(om) x|l ze(@m)

where R, the parabolic residual, is the following distribution

tm tm

<U—a@wﬁ+/ (u—U, (b — bs)Avp)dt

0

R(Y) = (ug — U°, 40 + /

_ /Otm ((&U +v(t)0.U, ) + <V5(U),V"¢>>dt

tm

— [ (B0) = ) Dy -+ (@ut 90 = O, = a0, ).

We conclude that an estimate of the error solely depending on discrete quantities and
data may be obtained upon evaluating R in suitable negative Sobolev norms. The latter
are dictated by the a priori bounds of §§16.4 and 16.5. This program is carry out in §16.9
for the fully discrete solution U of (16.3).
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16.8 A Posteriori Error Analysis

We first introduce the interior residual R™ and boundary residual B":

ext ) on FN )

o ’ T 90,0 —1"gR on ;.

Tn

Theorem 16.1. (NEUMANN OUTFLOW) Let (16.2) be enforced and ©™ < —p; in T’ X
L — &1, L] for any n > 1. Then there exists a constant C' > 0 independent of V' and t™
such that the following a posteriori error estimate holds for all t™ € [0, T],

i 10 4

161) [ 18 - B0 ladt < Cem2 (& + D e+ (A >0 ),
0 =5 i=1

where

1/2
(L4 X9+ (1€ [32(a)) )

M

(16.2) A,

S
Il
—_
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and the error indicators &; are given by

g = (VBtm)fl/2” ug — U° ”Ll Q) initial error,
1/2
& = (Z Tl VO™ ey gump residual
g = (Z || R2R" ||L2 ) interior residual,
1/2
- (Z |l B¥2B" ”|L2(aQ\FD)) boundary residual,
1/2
£, = <ZTnH BU™) — I1"B(U™) |‘%2(Q)) constitutive relation,
£ = (Zrnu U™ = I"U" 20

1/2
+ Z ot — 1ot ||%2(FL)) time residual,

56 (ZTnHUn 1 InUn 1||L2

B 1/2 ‘
+Z ot =t ||%2(FL)) coarsening,
& = (V3m)~1/2 ZT"” R" — (0,U +v(t)8,0) (RS characteristic residual,
n=1
& = Z ol R°V R || 120 interior quadrature,
& = ZT 120" = I"02) ()
m n 2 n.n 2 1/2
+<Z V||| h*0,(I"gn) |||L2(FL)> boundary quadrature,
n=1
m tm
Eo = (Vim)T2Y / | Qe — 1™0%, || 210
n—1 tn—1

m ng
(V)2 Z/ N = 1" e 10" = Oexe [l )
n=1 e
m ng
SUCRRG O BN PSP P
n=1"t"
m tn
+ (V)12 Z/ 9o = I"gp || L1 (1) boundary discretization.
— tn—1

Theorem 16.2. (DIRICHLET OUTFLOW) Let (16.3) be satisfied. Then there exists a
constant C' > 0 independent of V and t™ such that the following a posteriori error
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estimate holds for all t™ € [0, T,

63 [ 180 B0 st < OOV (£ + Z &+ (An S &),

i=1

where A, is defined in (16.2) and the error indicators &; are given by

& = (V3tm)71/2|’ uo — U || 11 initial error,
1/2
g = (ZT I h3/2 [ver] |||L2 ) Jump residual,
2 pn |2 1/2 . . .
E = (ZTnH R ||L2(Q)> interior residual,
1/2
E = (Z Tl B3/2 gn H|L2(8Q\FD)) boundary residual,
n=1
m 1/2
&y = <ZTnH U™ —I1"p(U™) HLQ(Q ) constitutive relation,
n=1
m 1/2
E = <Z7-n|| ur — rynt ||L2 ) time residual,
n=1
m 1/2
56 — (ZTNH Un— 1 InUn—l ||%2(Q)> CO@TS€ning,
n=1
E = (V3tm)_1/2 Z ol R — (8tU + v(t)@ZU) (RS characteristic residual,
n=1
E = Z ol R°V R || 120 interior quadrature,
n=1
Ey = Z | h32 (@™ — 107 ) || bound d
g = Th o) I ELrN) oundary quadrature,
Ei 1= (ViEm) 1 Z / s — 162 |30
tn—1

t"
(V)T Z/ =" [l 107 = Oexe [l 22y
n=1 =

m tn
Hm) Y / 90— "} e
+(VEm)~2 Z/ 9o = I"g} || L1 (1) boundary discretization.
tn—1

Remark 5.1. We note that the quantity A,, in the estimates involves the L? norm of
the discrete temperature which is difficult to localize in practical computations. This
bound, clearly achieved experimentally, can be proved by an a priori stability analysis
which incorporates mesh changes.
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Remark 5.2. If the meshes M™ are of weakly acute type, or equivalently the stiffness
matrix (V¢;, V¢,);; is an M-matrix, then the discrete maximum principle holds and
guarantees the uniform boundedness of ©"; thus A,, < Cv/tm. If for all inter element
sides e and corresponding pair of adjacent simplexes, the sum of angles opposite to e does
not exceed 7, then M" is weakly acute in 2D. Such a condition is not very restrictive in
practice since it can be enforced with automatic mesh generators as long as the initial
mesh exhibits this property.

16.9 Residuals

The error analysis hinges on the crucial estimate (16.13). To express the oscillatory char-
acter of R in (16.14), we resort to Galerkin orthogonality. This replaces the evaluation
of R in negative Sobolev spaces by that on positive spaces plus weights depending on
the mesh size h and the regularity of ¢). We first rewrite the discrete problem (16.3), for
t"l <t <t ¢ € Vi, and ¢ € Vj, as follows:

(DU + v(1)0.U, ) + (VO, V) + (p(© — bust), )1y — (g, D),
— (0,0 + ()00 — r- 1 (U™ — ["T™Y), ¢>
+ v<t><az<U ~U),9)
V@" V(g =)+ {I"p"(O©" = I"05:), 0 — ©hry — (I 9N, & — @)1y
(B, ) = (R", )"
(D" (0" = I"0), Py — (ID"(0" = I"05,), )T, )
(1" g3, oDE, — (19 o, )

+ (0= 1"p")(O" = bext) + I"p" ("0 — Oext), D)rwy + LI"9N — 9n, Oy
This is the so-called Galerkin orthogonality, and reflects the essential property that the
left-hand side is small in average. We next take ¢ = ¢ and realize that to define ¢
we need to interpolate 1) under minimal regularity assumptions. We thus resort to the
Clément interpolation operator II" : L*(2) — V{, which satisfies the following local
approximation properties [22], for k = 1,2,

1 = Tl 2gs) + hs || V(¥ = T") |25y < C RG] ge3

[ = Tl 2y < C*hg™ 2l ),
where S is the union of all elements surrounding S € M™ or e € B*. The constant
C* depends solely on the minimum angle of the mesh M". An important by-product

of shape regularity of M" is that the number of adjacent simplexes to a given one is
bounded by a constant A independent of n, mesh-sizes and time-steps. Hence

S 2205 < ARy ¥ € € LA,

Semn

—~

(16.4)

+
+
_|_

/N7 N N
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This, in conjunction with (16.5) for k = 1, yields the H!-stability bound
(16.5) 9T DLy < (14 C*AV) |9 (-, D)l 2oy
Consequently, we select ¢ in (16.4) to be
(-, t) =T1"Y((+, 1)) V" <t <t

Since B(U™) = aU™ = I"B(U™) on I', we then obtain an explicit expression for the
residual R(¢) = 312, Ri(1) of (16.14), where
(16.6)

RO(w) = <U’0 - UOa ¢0>7

— Z/ (VO", V(II"p — 1)) dt,
n=1 et
Ro(w) =Y [ (RN = v
n—1 tnfl
=Y [ ol - v
n—1 tn—1

Ri(w) =3 [ (980" = BU™), 90) = (507 = BU™). 0,0) )t

n=1
m

Ro(w) =3 / (W = 0.0w) = o(t)i0.(U = U), ) dt,

(r, (U™ = 1"U" 1) = 0,U — v(t)0,U, y)dt,

Ritw) =3 [ (i - e ar

Re() = 3 / ({9 O" — ). TP, — (IO = PO TP )
(40 gh 10, = (g TR, ) dt,

Rual6) =3 [ (" = DO~ ) + T O~ 0 )i,

Ru@) =3 [ (o 10k, + (075 — 90,000, ),
tn— 1

ﬁ
I

Rua() = / (u— U, (b— bs)Ad)dt
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The rest of the argument consists of estimating each term R;(v)) separately. We rely on
the regularity results of §16.4.

We decompose the integral (VO™ V(II"y — 1)) over all elements S € M"™ and next
integrate by parts to obtain the equivalent expression

(16.7) (VI"O", V(") =) = > ([0"]e, ¢ — ") + (9,07, 11" — ¥,

ecBn

where (-, -)). denotes the L?-scalar product on e € B", and [©"], is defined in (16.4). In
view of (16.5), we obtain

z / S (0], v — T <cz / 1157267 Mz2(@ll D 2o
T eeBn tnt

Since the last term in (16.7) cancels out with a similar one in R3(¢), adding R4 (¢) and
R3(v) and using (16.5) with £ = 2 again, in conjunction with Corollary 16.3, we get

R () + Ra(w)] < COVEN 252 x| i) (& + 63).

For Ry (v) we employ (16.5) with & = 2 and Corollary 16.3 to arrive at
[Ra(4)] < CZ/ I B2 R™ || 20| D [[12(0) < CVE™)P 262 x || 1= (om)Ea-
n—1
To estimate R4(1)), we integrate by parts and then use Lemma 16.5. We have

Ra(¥)] < Z/ 11"BU™) = BU™) 2@l A 20y < CVE")* 2672 x || (@€
-

These are all the terms involving 6 '/2. The remaining terms require lower regularity of

¢ and are thus independent of 9, except for Ri2 which is also of different character.
If [(t) is the piecewise linear function [(t) := 7, 1(t" —t), then U — U = I(t)(U™ — U™ ).
Consequently, integration by parts and the fact that ¢» = 0 on I'y yield

_U(t> <az<U - U)v 1/}> = l(t><Un - Unilv U(t)azw> - l(t) <<Un - Unilv U(t)w»m-

Coupling the first term on the right-hand side with the remaining one in Rj5(¢), and
writing U™ — U1 = (U™ — ["U™ 1) + (I"U™ ! — U™!), we obtain with the aid of
Corollary 16.2

Zm: /tn LE)(U™ = U™, 0pp + v(t)0.0)dt

<& +56)(/0

n=1
tm

1/2
0+ 000 a@y) < COE™2 x laoeigm (Es + o).
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This is an essential step because neither 0,1 nor 0,1 are smooth alone, but rather their
special combination above. In light of Lemma 16.4, the remaining boundary term in
R5(1)) gives rise to

_ i /tt (U™ = U v,
< <zm: T"ZV |u"—un! IIim))m(/o

n=1

tm

1/2
102 [2aqr, )

< C(VE™)2| X || poo(@my (E5 + Eg).

The term R4(1)) is easy to handle by Lemma 16.2, namely,

tn—

m n
Re(¥)| = Z/ Nz Ur =10 = AU = (02U @l ¥ [l
n=1

< C(VE")* 2| X | p(om)Er

The next three terms R7(¢)) to Ro(1)) represent the effect of quadrature, and can be
treated via (16.3) and (16.3). Hence, (16.5) and Lemma 16.5 imply

tn

[R()| <CD 12V R || 2l VA |20y < CVE™)Y2[| x || 122 Es,
n=1

tn—1

Rew <0 |

tn—

1™ lwroe ey Il B72(©" = 10 ) o 14 [l @)

tn
1

< CVE")P2 X |l e (m)Eo-

Moreover, if we modify the boundary values of II"¢) by using the L2 local projection over
the sets supp(¢x) N O instead of supp(¢y), where {¢y}x is the canonical basis of V", we
achieve optimal approximability over 0. If we now use Lemma 16.5, we obtain

m tn
[Ro(v)] < CV2 Z/ 220, (1" g3) Nz 012050 [l12ryy < CVE™) 2 X [l2=(@m)Eo.
n—1 tn—1

In addition, Lemma 16.2 yields

Ruol)] < 19 1@ 3 / (179" = Dz 0" = bt 1)
n=1
F D" oo ) [ Oexe — 1™0c ||L1<FN>>dt < C(VE™)* || x || @m)Eron
and
Ru(@)] <3 / (Lo = g3 o awap Il € laeiray + 190 = g3 ool 0 ey )t
n=1
< C(VE™2| x llz=(gmEro-
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The last residual Rq2(?)) is of different nature from those above. We notice that (H1)
and the a priori bound || 0 || 2(gm) < C imply
= U" gy < C (MR + 110" = 032y ) < C(1+ MR+ 110" [F2(qy ) =2 C=2,

whence Lemma 16.5 yields

m 1/2 e 1/2
Rua()] < 08 (3o mz2) ([ 1880 [aqydt) < COPVEN A =@
n=1 0

16.10 Proof of Theorem 16.1
Collecting the above estimates for R;(1), and inserting them back into (16.13), we obtain

J

tm

10
| Bw) = BO) | eydt < COVE™)72 (& + 3 Ei+4(6) ).
=5
where
4
q(6) =017 &+ 6N,
i=1

The asserted estimate follows from optimizing ¢(d), namely from choosing § = A1 375 &;.

16.11 Proof of Theorem 16.2

We first notice that the residual R(¢)) of (16.14) remains unaltered provided we remove
{(gn,¥)r, and change I'y by I'p = I'o N I',. The equality (16.4), expressing Galerkin
orthogonality, is also valid provided all terms containing gy are eliminated. We proceed
as in §§16.9 and (16.1), but now using the regularity results of §16.5. The assertion
follows immediately.

16.12 Discontinuous p

We examine now the case where p is piecewise Lipschitz as in §§16.6 and 16.16. In view
of (16.12), the estimators in Theorems 16.1 and 16.2 which depend on second derivatives
of ¢ change as follows:

&= (o mll B VO [[aey)

n=1

m e 1/2
52 = (ZTn” h2 R ”%2(Q)> ;

n=1

m e 1/2
&3 = (Zmlll h**~B |||%2(89\1‘D)) ;

n=1
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for all ¢ > 0. Moreover, the constants C' > 0 in Theorems 16.1 and 16.2 depend also on
€, whereas the other estimators do not change.

16.13 Performance

In this section we explain how the estimators from §16.8 can be used for mesh and
time-step modification, and document the performance of the resulting adaptive method.

16.14 Localization and adaption

For parabolic problems the aim of adaptivity is twofold: equidistribution of local errors in
both space and time. We refer to [34],[33] for strictly parabolic problems and to [78],[81]
for degenerate parabolic problems. On the basis of the a posteriori error estimates of
§16.8, we can now design an adaptive method that meets these two goals and also keeps
the error below a given tolerance.

The error estimators &; of both Theorems 16.1 and 16.2 can be split into contributions
E™(S) for each element S and time ¢", and collected together to give rise to element
indicators; see [78] for details. This way the error estimate is rewritten as

err = [ 1800 - 5O it < 3 a8+ s (o (3 %))

..... m
SemMO SemMn

where 7 includes all error indicators of time discretization (from &, &7, £1p) and ng is

the local indicator on element S of space discretization errors. We use them to equidis-

tribute the space contributions by refinement/coarsening of the mesh M"™ and the time

contributions by modifying the time step 7. Given a tolerance tol for the error err, the

adaptive method adjusts time step sizes 7, and adapts the meshes M™ so as to achieve

Iy tol Iy, tol
< Totol, < A

(16.1) ng < A0
where I'g + 'y + I'), < 1 are given parameters for the adaptive method. The mesh
adaption in each time step is performed by local refinement and coarsening: all elements
S violating (16.1) must be refined and those S with local indicators much smaller than
the local tolerance may be coarsened. The time step may be enlarged in the latter
case. The implementation uses local mesh refinement by bisectioning of elements; local
mesh coarsening is the inverse operation of a previous local refinement. As meshes are
nested, the interpolation of discrete functions such as U~ and Un~1 between consecutive
meshes during local refinement or coarsening is a very simple operation. One new degree
of freedom at the midpoint of the bisected edge is inserted during each local refinement,
while one degree of freedom is deleted during a local coarsening. No other degrees of
freedom are involved in such local operations.
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16.15 Example: Traveling wave

An explicit solution for the nonlinearity 5(u) = min(u,0) + max(u — 1,0) is given by the
traveling wave

Blu(z,y,t)) = { ;1(1__62;()2))) i Z § 8 éilocf(;()i,)’ where s = (v-v—=V)(v-(x,y)—V1),

with v = (cos(a),sin(a)) and parameters v = (2,0), V = 04, o = 7/6; V is the
interface velocity in the normal direction v. We solve the problem in the domain €2 =
(0.0,1.0) x (0.0,0.2) for time ¢t € (1,2) with Dirichlet boundary condition on 9€2. To
avoid any mesh effects, the interface normal v is rotated from the horizontal direction by
«. This way v is never parallel to any mesh edge. As the domain in the applications of
Section 16.16 has a very large aspect ratio, we explore here the use of elongated elements.
We thus compare simulations with meshes of aspect ratios 1 and 5 originated from the
macro triangulations of Figure 16.1, for the explicit traveling wave solution.

Figures 16.2 and 16.4 show adaptive meshes at time ¢ = 1.1, generated with error toler-
ances tol = 0.5 and tol = 0.25, while Figure 16.3 depicts isothermal lines at the same time;
the latter look the same for all simulations. Figure 16.5 displays the error ||egeu)(t)||r1 @)
and Figure 16.6 the mesh element counts for simulations with both aspect ratios. Finally,
Figure 16.7 shows the total error for different given tolerances and mesh aspect ratios.
Even though the triangle counts are larger for simulations with larger aspect ratio, the
estimators and the adaptive method behave well. It is thus reasonable to use elongated
elements in the following application. In any event, we do not employ specialized esti-
mators or adaptive methods for anisotropic meshes such as [98]. The application of such
methods to degenerate parabolic equations is still to be investigated.

Figure 16.1: Example 16.15. Macro triangulations with aspect ratios 1 and 5.
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Figure 16.2: Example 16.15. Meshes with aspect ratios 1 and 5 for tol = 0.5 at t = 1.1.
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Figure 16.3: Example 16.15. Isothermal lines at f(u) = k/8, k= —16...3, at t = 1.1.
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Figure 16.4: Example 16.15. Meshes with aspect ratios 1 and 5 for tol = 0.25 at t = 1.1.
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Figure 16.5: Example 16.15. ||eg(t)||11(q) for meshes with aspect ratios 1 (left) and 5
(right).
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Figure 16.6: Example 16.15. Triangle counts for meshes with aspect ratios 1 (left) and 5

(right).
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Figure 16.7: Example 16.15. ||egq)(t)|[11(z1) for meshes with aspect ratios R = 1, 5.

16.16 Applications to Casting of Steel

We study the casting of a slab in 2D. This problem was proposed in [61], and a sim-
ilar problem with time dependent parameters was studied in [66]. In order to derive
non-dimensional equations (16.1)-(16.3), we first rescale the physical equations with the
material parameters.

16.17 Scaling

In this section, we mark all physical quantities by a tilde. The original equations with
physical coefficients for temperature € (in units [°A]) and energy density (or enthalpy) @
(in units [kg/ms?]) read

s+ 000 = V- (kV0) in Q x (0,7),
i = pEd + XN in Q% (0,7),
6 = gp on Iy x (0,7,
k050 + p(0 — fexy) = 0 on I'y x (0,7),
a(-,0) = g in €,
ko0 = N on I'; x (O,T)
or 0 = gp on 'y x (0,7).

The physical coefficients and their units are: casting speed ©[m/s|, heat conductivity
k[kgm/s®°K], density j[kg/m?], specific heat ¢[m?/s?°K], latent heat A [m?/s?], melt-
ing temperature 6,, [°K], heat transfer coefficient p[kg/s? °K], and external cooling tem-
perature oy [°K]. Here x stands for the characteristic function of the liquid phase. In
the remainder of this section, subscripts s and [ indicate the corresponding coefficients
for the solid and liquid phase.

The simulations are done over a slab of length L = 25m and height 0.21m. We use
material parameters for steel with 0.09% carbon content. Temperature—dependent data
provided in [61] are approximated by piecewise constant data for the liquid and solid
phase: ks = 30kgm/s*°K, ki = 180 kgm/s*°K, é, = 660m?/s*°K, ¢ = 830m?/s*°K
p = 7400 kg/m?, X = 276000 m?/s%, and 6, = 1733 °K.
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The boundary condition on I'y depends on the position along the slab; the model has
a mold cooling zone (1.15m) and three water spray zones which include radiation. The

(nonlinear) radiation condition (16.4) is linearized by using

(54 - éﬁxt

) ~ (é - éext)(ém + éext)(égn + égxt

The (linear) Robin conditions on T'y in the mold and spray regions are then

ﬁ(é - émold)

— k050 = 3 } I
{ ]5(0 — HHgo) + 5'6(0 - erad)(em + erad)(ezn + Hfad

if 7 < 1.15m,

if Z> 1.15m.

Casting and boundary parameters are given in Table 16.1. In this model, the quantities
p and By exhibit discontinuities along I'y, which results in hypotheses (H4) and (H5)
not being satisfied. But, as stated in §16.12, the estimators can be adjusted to the case
of piecewise smooth boundary data. On the other hand, a refined model might include
some mollifying effect of water spraying, which removes these discontinuities.

Quantity Value Unit | Description
v 0.0225 " casting speed
Jp 1818 °K | on I'y: inflow temperature
Jp 1250 °K | on I'z: outflow temperature
JN 0 % on I';: outflow temperature flux
D 1500 s‘ng on 'y, Z € (0,1.15)m: heat transfer in mold
émold 353 °K | mold external temperature
D 700 Sgka on 'y, Z € (1.15,4.4)m: heat transfer in first spray region
D 350 Sf;?K only, %€ (4.4,14.6)m: heat transfer in second spray region
D 50 sng on Iy, % € (14.6,25)m: heat transfer in third spray region
éHQO 300 °K | cooling water temperature
15 5.67 E—8 sglzg(4 Stefan—Boltzmann constant
€ 0.8 emission factor
O,0d 370 °K | Z € (1.15,14.6)m: air temperature
O,0d 710 °K | Z € (14.6,25)m: air temperature in third spray region

Table 16.1: Casting and boundary parameters.

Using a length scale X [m] and a time scale T [s], the physical quantities can be trans-
formed into dimensionless ones as follows:

i b { S0 = On) if 0 < O,
U .= —= — =, = &z ~ ~ ~
P GG~ b,) if 0> b,
— E — §(~ 0. ) _ gNT
ﬁ&X’ 9D 5\ g m)» gN ‘= ﬁS\X
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Using these new quantities, the dimensionless equation reads

ksu if u <0,
u+vou—ABu) = 0 inQx(0,7), withBu)=<¢ 0 if w € [0, 1],
ky(u—1) ifu> 1.

Dirichlet boundary conditions are transformed into
B(u) =kgp on I'g x (0,7),
and the scaled Robin and Neumann conditions are
KO0 +p(0 — o) = 0 & 0,8(u) +2(B(u) — kex) = 0 on Ty x (0,7),

k
0y08(u) = gy onl'p x(0,7).
After scaling with X = 10m, T = 10°s ~ 28h, the non-dimensional domain is of

size 0.021 x 2.5 and the slopes of g are ks, = 0.006, k; = 0.029. A temperature range
0 € (1000, 1800) °K leads to scaled values |3(u)| = O(1072), while the scaled latent heat
is A = 1. The scaled convection speed is v = 225, so convection is dominant. The
simulations run for ¢ € (0,0.1), which is equivalent to a final time 7 = 10000s ~ Z%h.
Initial conditions are chosen piecewise linear in z direction, with a prescribed initial
position of the interface at z = L/10. This is a convenient but totally unphysical initial
condition: there is liquid in contact to water/air. The long—time behavior does not
depend on the actual choice of initial conditions though.

Figure 16.8: Domain aspect ratio.

Figure 16.9: Adapted mesh for stationary solution, Dirichlet (top) and Neumann (bot-
tom) outflow; vertical scale = 16.

The actual aspect ratio of the domain is depicted in Figure 16.8; so for visualization
purposes, the height of all subsequent domains is scaled by a factor 16. The numerical
simulations start from a macro triangulation of €2 into 20 triangles with aspect ratio
~ 12. Figures 16.9 and 16.10 compare adapted meshes and graphs of the temperature
for Dirichlet and Neumann outflow conditions with error tolerances tol = 2 and tol = 45,
respectively. It can be easily seen that the Dirichlet outflow condition generates a sharp
boundary layer at I';, but no oscillations elsewhere; both solutions are indeed very similar
away from I';. To avoid this unphysical boundary layer, the following simulations were
all done with a vanishing Neumann outflow condition. We conclude this paper with two
simulations with time-dependent parameters.
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s

Figure 16.10: Graph of temperature for stationary solution with Dirichlet (top) and
Neumann (bottom) outflow.

16.18 Example: Oscillating Velocity

First, we prescribe a variable casting speed
#(t) = 0.0175 + 0.005 * sin(0.00175¢) [m/s],

which has a strong influence on the length of the liquid pool inside the slab. The largest
velocity is chosen equal to the constant velocity in the problem with stationary casting
speed; all other parameters are left unchanged. This guarantees that the liquid pool will
not reach the outflow boundary. The variable velocity is shown in Figure 16.11, together
with the number of elements in the adapted meshes M(t") = #(M") and time step
sizes. Due to a longer liquid pool (and interface), there are more mesh elements when the
velocity is larger and a smaller time step size is needed. Figures 16.12 and 16.13 display
adaptive meshes and temperature graphs for ¢ = 0.05 and ¢ = 0.07, corresponding to
large and small velocity values. Some spurious oscillations can be seen in the temperature
graphs near jumps of Robin boundary conditions. They are created by the method of
characteristics which transport such cusps in the z direction. Therefore, an upper bound
of 0.00025 (= 25 s) is imposed in this simulation.

velocity M x 103 taux 106

~_ N A 1T ]
0.02 200.00 i

10.00 N Ja
wl VN A - JARY

0.00 time 0.00 time 0.00 time
0.00 0.05 0.10 0.00 0.05 0.10 0.00 0.05 0.10

Figure 16.11: Variable casting speed. Velocity ©(t), element count, and time step sizes.
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Figure 16.12: Variable casting speed. Adaptive meshes for ¢ = 0.05 (top) and ¢ = 0.07
(bottom).

Figure 16.13: Variable casting speed. Temperature graphs for ¢ = 0.05 (top) and ¢ = 0.07
(bottom).

16.19 Example: Oscillating Cooling

For constant casting velocity © = 0.0225m/s, we model a varying cooling water flow rate
in the second spray region by a time dependent heat transfer coefficient:

p(t) = 550 4+ 200sin(0.00175¢) [kg/s*°K] on Ty, 7 € (4.4,14.6) m.

Again, this has an influence on the length of the liquid pool inside the slab, which gets
longer when the cooling coefficient is smaller, thereby representing a reduced water flow.
Figure 16.14 shows the varying parameter p(t) and the corresponding mesh element
counts. Adaptive meshes and temperature graphs for ¢ = 0.05 and ¢t = 0.07 are displayed
in Figures 16.15 and 16.16. As the liquid pool length does not depend so strongly on
p(t) as it did on o(t), the mesh element count changes only slightly in this example; the
larger changes for ¢ < 0.02 are due to the given initial conditions. The time step size is
not shown but equals the given upper bound 0.00025 for ¢ > 0.02. The oscillations in
Figure 16.16 near jumps of Robin boundary conditions along I" ;y uncover the undesirable
condition v7 > h for the method of characteristics. We show the beneficial effect of
reducing the time step in the bottom picture of Figure 16.16. This graph corresponds to
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t = 0.05 for a simulation with smaller tolerance for the time error estimate, which leads
to a time step size 7 = 0.00006 (= 6s) for ¢ > 0.025: v7 < h holds and the oscillations
are removed.

heat transfer M x 103
15.00
500.00 /\\//\ \//\\ 10.00 A DU
5.00
0.00 time 0.00 time
0.00 0.05 0.10 0.00 0.05 0.10

Figure 16.14: Variable cooling. Heat transfer coefficient p(¢) and element counts.
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Figure 16.16: Variable cooling. Temperature graphs for ¢ = 0.05 (top) and t = 0.07
(middle); Simulation with smaller time step size for ¢ = 0.05 (bottom).
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17 Mathematical modeling of thermal cutting

17.1 Introduction

There is a wide range of thermal cutting techniques available for the shaping of materi-
als. One example is the plasma cutting. The cutting of the workpiece occurs as a result
of melting/vaporizing the material by an extremely hot cylindrical plasma beam which
burns and melts its way through the material, leaving a kerf in its wake.

The heat transfer from the plasma beam into the material accounts for most of the
phenomena encountered subsequently: shrinkage, residual stresses, metallurgical changes
(e.g. phase transition in the Heat Affected Zone, HAZ), mechanical deformations (e.g.
the cut edge is not square as desired), chemical modifications, etc.

On the other hand the speed of moving plasma beam can cause a formation of high or
low speed drosses, which is another problem as the removal of the dross is an additional
operation which increases the cost of the cutting.

Investigations are needed for the prediction and control of the above mentioned phe-
nomena during the plasma arc cutting process. To get the quantitative description of
the process, one requires a mathematical model for it. Therefore a proper mathematical
model has to be developed which must involve the different physical phenomena occurring
in the cutting workpiece, i.e. heat conduction, convection and radiation effects, mechan-
ical deformations, phase transition, etc.

While experiment reveals the particular features of every process, the developed model
will permit the establishment of the general laws and thus will contribute to the funda-
mental knowledge of the process.

17.2 Problem description and physical modeling

Plasma cutting is desirable for many metal cutting applications. Carbon steels, alu-
minum and stainless steel are some examples of materials cut with thermal plasma.The
heat source for plasma cutting is a high temperature and high velocity stream of partially
ionized gas. The plasma stream appears as a result of a current which passes between
a cathode and an anode workpiece. Due to the current, the plasma gas (mixture of ni-
trogen,hydrogen and argon) is heated to high temperature and the Lorenz forces propel
it down towards the workpiece (anode) in the form of high velocity jet (see figure 17.2).
Typical plasma temperatures are in the range of 10, 000K to 30, 000K.

Anyway, how does the thermal cutting work? The essential idea of cutting is to focus a

lot of power onto a small area of surface of the material producing intense surface heating.
First the material on the surface melts and then evaporates. As the vapor is puffed away
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Cathode

—Workpiece
(anode)

Figure 17.1: Thermal plasma system

or the molten metal is removed by the high speed gas flow, so a hole develops in the
material (see figure 17.2).

/ Plasma Beam

Workpiece

Heat Input

Solid-Solid Phase Change Solid-Liquid Phase Change
Material Removal

Figure 17.2: Real picture of thermal cutting

The problem which the industry faces at the moment is the deformations of the cut
edges after the material is cut and cooled down. The deformations might be a result of
shrinkage, residual stresses, metallurgical changes (e.g. phase transition), etc. Due to
this deformations, the cut edges are not straight any more which makes a lot of difficulties
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during the further applications of the metal. So, one needs to develop a mathematical
model which must involve the different physical phenomena occurring in the workpiece,
i.e. heat conduction, convection and radiation effects, phase transition, etc. The devel-
oped model will permit the establishment of the general laws and thus contribute to the
fundamental knowledge of the cutting process. Results from the numerical simulations
(verified by the experiments) of the model will provide a quantitative description of the
process. The mathematical model should mainly include the

e temperature field analysis in the workpiece,
o effects of cutting on the geometry of the cut pieces,

e investigation of the properties of the material due to the solid-solid phase change
during the cutting process.

17.3 Mathematical formulation of the problem

Let Q be a given, open and bounded domain in R? occupied by the workpiece, 0 < T <
+00. Denote: 6(z,t):= the temperature of the workpiece, I := (0,7"), 9Q:= the boundary
of 2 which is assumed to be piecewise smooth. The initial temperature distribution of the
workpiece is given by 6y (z), which is less than the melting temperature at all points. For
every t € I the domain ) is assumed to consist of three non-intersecting parts, namely
Q= Qu(t) U0Qs(t) UQ.(t), where 4(t) and Q.(t) are the domains occupied by the solid
part of the workpiece and cut cavity at a time instant ¢, respectively, and 0€(t) is the
free interface at time t. Let 0€Q,(¢) be also smooth. By v we shall denote the unit out-
ward normal vector of the domain Q(t). Let jus be the heat flux density absorbed by
the interface due to the plasma beam radiation. In addition to the terms defined above
we will use the following notations: p is the density of the workpiece, ¢, is the specific
heat, k is the heat conductivity of the material, L,, is the latent heat of melting, h is the
linear convective heat transfer coefficient from the surface of the workpiece, 6,,, is the melt-
ing temperature, 6, is the ambient temperature, v > 0 is the velocity of the free interface.

With the above mentioned notations and assuming no heat exchange between the work-
piece and the exterior through 0€(t), the classical mathematical formulation of the
problem is the following:

find the function 6(z,t) € C3(Q, x I) N C(Q X I), representing the temperature of the
body, and the piecewise smooth surface 0€2,(t) representing the free boundary of the solid
domain Q4(t) = {x; 0 < 0,,} such that the heat conduction equation is fulfilled

(17.1) pcs% =V . (kV0) r € Qt), tel

with the following boundary conditions on 0€2(t):
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0 < O

(17.2) VO -v+ jus-v > 0

(0 —0,) (VO - v+ jups -v) =
called the Signorini boundary conditions, and
(17.3) —kNVO -v+pLpv v = Japs UV
named the Stefan boundary condition,
and corresponding initial conditions
(17.4) 0(x,0) = Op(x) < O, AR

(17.5) s(z,0) = sg

Note that the heat flux density j.,s and v are equal to zero on the part of boundary where
no heat input takes place.

Remark 17.1. The Signorini boundary conditions (17.2) imply that at each time instant
t there exist on OS2 two regions where on each region either 0 = 0,, or jous v = —kVO-v;
on the regions where jups - v > —kVO - v, i.e. the heat flur on the absorbing surface is
greater than the heat conducted into the workpiece, the temperature is equal to the melting
temperature (thus we have 0 = 0,, on this part of the boundary), on the other hand, on the
regions where 8 < 0,,, the entire heat flur absorbed by the interface is conducted within
the material, thus yielding the condition jups - v > —kVO - v.

Remark 17.2. The idea behind the Stefan boundary condition is rather simple; the total
heat flux on the interface is decided into two parts: one part is conducted and the other
part is used to melt the material.

Note, that both Signorini and Stefan boundary conditions are non linear. Moreover,
above mentioned regions are not prescribed, resulting in a “free boundary problem”.

Remark 17.3. The above formulated problem could be referred to as a one phase Stefan
problem, although there are some important differences between them. The one-phase
Stefan problem represents a special case of the classical two-phase formulation, with the
temperature constant in one of the phases, assuming the melting value. Here we have
a different situation. First of all, we can not assume the value of the temperature in
the cavity (where the melt is removed) equal to the melting temperature of the solid,
because otherwise the cut edges will continue to melt and move forward, which does not
correspond to the real situation of plasma cutting. Secondly, in our problem an additional
heat source (plasma beam) is applied on the surface of the moving front which is not the
case in classical one-phase Stefan problem.
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17.4 Variational inequalities and the weak formulation of the
problem

The Signorini boundary conditions (17.2) allow us to rewrite the system (17.1)-(17.5)
in the form of variational inequalities (VI). First we introduce some notations and a
small fraction of the known theory of function spaces - just enough to establish the weak
formulation of Stefan-Signorini system.

17.4.1 Notation and Functional Spaces

Since we are only interested in the modeling of solid region, for convenience we will write
Q; instead of Q4(t). The time dependent domain €, is clearly a bounded open subset of
Qand 2 = UtE[O,T]Qt'

Define by 6(t) the function # — 6(x,t) and let us consider a bilinear form

(17.6) 0,0 — b0, )

(17.7) b8, ) = / VO - Vodx
Q
which is obviously a continuous, symmetric and coercive form on H!(€;) x H(€),).

Let us define

00
(17.8) V= {0 [6€L? (0.5 H'(Y)), 0 = 5 €L (0.7 (Hl(Qt))'>}
Provided with the scalar product
(17.9) (05 9) 2 s + (0,9 12 (0 s )y

V is a Hilbert space.

Remark 17.4. The following embedding result of Dautrey and Lions ([63])
(17.10) L2 (0,7 H'(Q)) N H! (o, T (Hl(Q))’) c € (0,T; L*(Q))

implies that any function 0 € V is almost everywhere equal to a continuous function from
0, 7] — L2(€).

Thus, we can define a closed subspace V of V in the following form

(17.11) Vo={060€V, 6(0) =0y, where b, is a given function in L*(Q2)}
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In order to restate the initial problem in the form of variational inequality, we introduce
the set K C H'(€;) which is a closed and convex subset of H' ()

(17.12) K={o|peH (), ¢ <0, ond}

For the functions 6 € V we can define their trace on the lateral boundary I' := 0€); x I
of Q :=Q x I. Recall that |y € L2(0,T; H2(9,). The latter allows us to define closed
convex subsets B and By in the following way

(17.13) B={0|0€V, 0(t) € K ae.inl0,T]}
(17.14) By = {0 |6 ¢c Vo, 0(t) € K ae. in[0,T]}

17.4.2 A VI equivalent of Stefan-Signorini problem

We are interested in the solution of the following problem:
find 6 € By such that

(17.15) //9'@ dedt—l—//VG V(e — 6da:dt>// g(p — 0)ddt
Q Q¢ o

for all p € B, g € H(R") NL>(R").

It can be easily shown that the problems (17.1)-(17.2), (17.4)-(17.5) and (17.13), (17.14),
(17.15) are equivalent. Another equivalent formulation of the problem can be written in
the following way:

find §(t) € K for t € I such that

(17.16) / 0' (¢ —O)dzdt+ [ VO-V(p—0)dx > / g(p — 0)dy
Qy

Q¢ o

for all p € K, 6(0) = 6.

Remark 17.5. The condition on ' forcing it to belong to the space L* ((0,T; (H*(%)))
seems to be too restrictive. It will be useful to consider a more general weak formulation.
We observe that if 0 is a solution of (17.13),(17.14),(17.15) and ¢ € B, then

T
/ / (¢ — O)dadt + / V6 - V(g — 0)dudt
Qy 0 Oy

z/ (¢ — ) — O)dt + / | ate- oy
0 89,5
(17.17) > s —a ) + / | sto-opra
2 0
If we now choose the function ¢ from the space By, then the term —3 || ©(0)—6q ||* can be

also avoided. Note that in the problem (17.17) we require only that 6 e L*0,T; H' (%)),
nothing is said about 6.
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17.5 Level set formulation

Let assume at the moment that the temperature distribution 6 in the workpiece is given.
The problem of finding the second unknown of the Stefan-Signorini problem, namely the
geometry of the cutting front, can be formulated as follows:

Problem 17.1. Find a family of moving interfaces {0 }ieo,r) such that

(17.18) —kVO v+ pLypv v = Jups v on 08
(1719) 8Qt|t:0 = 890

The technique we are going to apply for the investigation of the condition (17.18) is the
level-set theory introduced first by Sethian and Osher ([85]).

17.5.1 Stefan condition as level-set equation

The main idea of level-set method is to embed the evolving front 0€2; into a surface, the
level-set surface, which has the property that its zero-level set always yields the desired
moving interface. Thus, in order to find the unknown interface at any time ¢, we only need
to locate the set for which the level-set surface vanishes. What remains is to introduce
an equation which will describe the motion of the level-set surface. For the derivation of
this equation we follow the steps given in ([70]).

Let 'y be the initial interface bounding some open domain. We wish to investigate and
compute its motion under some velocity field which depends on several quantities. The
idea of level-set approach is to introduce a scalar function (level-set function) ¢(x,t),
x € R? such that at any arbitrary time instant ¢ the zero-level set of ¢(z, ) is the desired
curve I';. To obtain the equation for the level-set function we consider some level-set
¢(z,t) = C. The trajectory x(t) of a particle located on this level-set should satisfy the
equation

(17.20) o(x(t),t) = C.

After differentiating the equation (17.20) we get

(17.21) ¢+ ' (t)Vp = 0.

Finally, denoting by w := z/(t) the particle velocity we arrive to the level-set equation
(17.22) ¢ +w-Vo=0.

In addition to the level-set equation (17.22) we need an initial condition for ¢. Taking
into account the fact that the level-set function ¢(x,t) is positive for = € €, negative
for z ¢ Q and equal zero on the domain boundary Iy, it is natural to choose the signed
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distance function as a good candidate for the initial value ¢(z,¢ = 0). Thus, the initial
condition for (17.22) takes the form

d(z) for x€Q
(17.23) o(z,0) = 0 for zely
—d(z) for x¢Q

where d(x) is the distance from the point z to the initial curve I'y. An example of a
distance function for a circle in the square is illustrated in figure 17.5.1.

0.3 !
" level-set function.

0.2

 zerolevel-set
0.1 L

0 0

Figure 17.3: Distance Function for Circle

Coming back to Stefan condition (17.18), we suppose that the moving interface I'; := 9},
which bounds the domain €2; occupied by the workpiece, is built into a level-set function
¢(x,t). Now we would like to redefine the terms with the help of the just introduced
level-set function ¢.

The workpiece: the domain €)(t) is represented as

Q(t) = {z; ¢(z,t) > 0}.

The cutting interface : the advancing cut front I'; is given by
Iy =A{z; ¢(x,t) =0}.
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The unit normal: the unit outward normal v to I'; has the following level-set repre-
sentation
Vo

V:W.

The velocity of interface: the velocity of the moving interface in the normal direction

can be represented as
99
ot

Vol
Indeed, for two dimensional domain (analogy works for any dimension) the interface is
given by

(17.24) o(z,y,t) =0.
By chain rule,

do_ 09 dv 96 dy 09
(17.25) dt — Ox dt+8y dt dt_o

Using the definitions V¢ = (8_¢> 8_¢>> and v = (d—x d—y) we arrive to

ox’ dy dt’ dt
I
17.2 . — _F
(17.26) v-Vo o
But Vo
v-Vo=v- ——=-|Vo|=v-v-|Vo
o 1Vl Vo
Thus
9¢
_ ot
Vo)

The terms in Stefan condition (17.18) are already defined by their level-set representation.
All that remains is to substitute their expressions in (17.18).

Vo ¢ . Vo
kYO — pLy B =
Vol PImvel T Tt g

0¢ 1
— + —— (Jars + kVO) - Vo = 0.
We can easily see that the last equation is simply the level-set equation with the velocity

of convection equal to

1 .
w = ,OL—m (Jabs + EVO) .

Note, that w is the velocity on the advancing front and is equal to something arbitrary
elsewhere.
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Remark 17.6. The velocity of propagating interface depends on the heat flur absorbed by
the material at the cutting front, therefore, such parameters like the velocity with which
the plasma beam advances in the cutting direction and the heat fluxz emitted by the beam
are of central importance. On the other hand, since the molten material is removed
immediately after it appears, the velocity of the front strongly depends on temperature
distribution, more precisely, on the gradient of the temperature on the interface. You
can see also the dependence of velocity on several material parameters which one would
naturally expect.

17.6 Weak formulation of Stefan-Signorini problem

Variational inequalities lead us to following weak formulation of the Stefan-Signorini
problem (17.1)-(17.5):

find the pair (6(x,t),¢(x,t)) representing the temperature and the moving interface,
respectively, such that

1. 8 € By and ¢ € C(Q) with ¢(z,0) = ¢o(z) in Q,
2. V0 belongs to the space L2(0,T; H'()),
3. 0 <0, on 98 with 0 € L2(0,T; H*(G;)) for any G; with G; CC €,

4. 0 satisfies the inequality

T T T
(17.27) / / 0’(g0—0)dxdt+/ Vo -V(p—0)dzdt > / / g(p —0)dvydt
0 Oy 0 Qy 0 o

for all ¢ € B, g € H'(R") NL>(R"),

5. ¢ is the solution of the equation

(17.28) —/(;51/ dxdt + /(va w dxdt — /(bw - Vv dzxdt = /gbov(x,O) dx
Q@ Q Q Q

for all v € C*(0,T; C3 (%)) with v(z,T) = 0.

where w = ¢ + V@ is the velocity of the zero level-set of ¢.
Following the results in [65] and [15] one can show the existence and uniqueness of the
weak solution of the above problem.

17.7 Heat Flux Density

A feature common to most plasma and laser cutting processes is that they occur as a
result of removing the material by melting and/or vaporization as intense laser light
or a high-temperature, partially ionized gas stream interacts with the material surface.
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The kinetics of those cutting processes are combined mainly by i) the amount of heat
generated by plasma arc or laser beam, and ii) the heat conducted through the workpiece.

Denote:

Je - the heat flux density (the quantity of heat flowing across a unit area) emitted from
the arbitrary point () of the surface of the plasma jet,

Jabs - the heat flux density absorbed at the point P of the surface of the workpiece due
to the emission from (),

r - the radius of the plasma beam (see figure 1).

There are several studies on the heat inputs from the different sources.

In relation to the measurable quantities (current voltage and power) Rosenthal [90] has
made a study of the plasma arc and found that the energy delivered to the workpiece @,
represents about 65% of the total energy ); supplied by the arc. Expressed in formula

(17.29) Qp = 0.65Q); = 0.65 - konstant - V1,

where V' is the voltage drop in arc and [, is the current intensity. Rosenthal discussed in
his paper three types of moving heat sources:point source, line source and plane source,
and for each type he gave the relation between the temperature distribution and heat
Q, delivered to the workpiece. For example, in the case of a point source the relation
obtained is the following

—\ur

Qp _» €
17. — 0y = v
(17.30) 6 — b = Sl

where £ = x — vt and % = ﬁ. Note, that this relation is valid only below 6 = 6,,,.

Arai et all [2] described two categories of heat flux density measurements: i)indirect,
measurements made by calculating heat transfer rates, using fundamental theories to-
gether with measurements of temperature and thermo physical properties, and ii) direct
measurements using heat flux density sensors placed in the thermal field.

In the model of Schulz et all [96] the heat flux density absorbed at the boundary is
proportional to the laser beam intensity I via the absorption coefficient A,

(17.31) Jabs = —Aple, - v

where e, - v is the angle of incidence of the laser beam.
The laser beam intensity [ itself is characterized by the maximum intensity of the beam
Iy and the beam radius

T — vpt

(17.32) 1= —1y(t) (=20

where vg is the speed of feeding (the speed of the moving laser) and f is a distribution
0<f<1).
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Bunting et all [3] developed a relationship between the power density incident on a
material and the cut speed in terms of the thermal properties of the material. They used
the technique of Rosenthal on moving heat sources and got the following relation

o 20, —00) 1
(17.33) Je _ 2k(6n — b0)

h 72 i (s)
where h is the thickness of the material, s = 7~ and I(s) has been calculated by authors
and could be expressed
1 2
(17.34) I(s) = / r’d’r’/ exp(—sr'cosd) Kos (1? — 2r'sing + 1)1/2 d¢
0 0

where K| is the zeroth order, modified Bessel function of the second kind, « is the heat
diffusivity and the equation is written in cylindrical coordinates (7', ¢) with dimension-
alized r'.

In studying the heat-affected zone during the laser cutting of stainless steel, Sheng et all
[97] expressed the beam energy Fj(x,y) as a function of spatial coordinates via the beam
intensity I(x,y) of Gaussian type

(17.35) Ey(z,y) = / T(u,y) ™ = / AwyP (—M) du

v mriy r2

where A is the absorptivity and P is the beam power.

In the following we describe a simple technique to calculate the heat flux density on the
absorbing surface.

For the calculations it is convenient to discuss the topic not in terms of point source,
but in terms of incremental surface elements. Therefore consider, as illustrated in the
figure, a small emitting surface of area (length) ds, where the point @ is located. Fur-
ther, let us assume that the cylindrical surface of the plasma beam is emitting heat in
the radial direction, i.e. the heat flux density vector at any point of the beam surface
has the direction of the normal to the plasma surface at that point.!

Having in our disposal the heat flux density j. at the point ) and the radius of the beam
r, our aim is to calculate the heat flux density absorbed at the point P of the workpiece
surface (see figure).

Let dg be the rate at which the energy leaves the incremental area ds. Then the average
flux j¢¥ leaving ds is defined as
dq
17.36 o= —
(17.36) Je' =4

S

!This assumption is made only for the simplicity, the calculations can be done also for other flux
density distributions
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Px.y)

n ds™

w k]
ds

ds

A
I' (I) Q?

NP

and the flux due to the point () on the beam surface is defined to be
(17.37) Je = lim —

The flux emitted from ds is then completely absorbed (assume the material is a black
body) by the surface of the material, more precisely, by the part of the surface which we
denote by ds’. Then analogous to (17.36), the average heat flux density ji. absorbed by
ds’” will be

. dq
17.38 = ——
( ) ]abs dS,
and following (17.37) we obtain
d jed
(17.39) Japs = lim 2L = Jim 2%

ds'—0 ds’ ds'—0 ds’
For cylindrical heat source we have
(17.40) ds =rAp

Now let ds” be an element of the spherical surface which we obtain by projecting ds’
normal to the direction PQ (the direction which the point P makes with the emitting
point Q). In terms of the drawing in figure, the flux at the point P due to the energy
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leaving the point () may be determined in terms of energy falling on an element ds” of
the circular surface (center at origin, radius R) which passes through P. We then obtain
for the surface element ds”

(17.41) ds" =ds'costp as Ap —0
where 1) is the angle between the normal of the workpiece surface at point P and the line
PQ.
Thus,
d "
(17.42) ds' = =
cosy

If the interface is represented as a smooth graph, y = f(z), then for cost), we obtain

W) e = ey Vi o () ()

where ﬁfz” ( f(‘a)) represents the unit normal vector to the surface ds” at point
P(z,y) and m (f/_(f)> is the unit normal to the graph y = f(z) at point P(x,y).

Inserting expressions for ds’ from (17.42) and costy from (17.43) with ds” = RA¢y into
(17.39) and taking into account that ds’ — 0 is equivalent to Ay — 0, we obtain

. - rAp
Jabs = —Je - Jim RAp

(V@) (VIHT@2)  @f @) -f@)

wf'(x) - f(x)

7.44 = —Jer
(17.44) @ P@) VI PP

17.8 Solution algorithm

The following algorithm implements one time step only. One should repeat the steps in
the algorithm for every time step using several adaptive procedures described in section
14.

17.1 Algorithm (Stefan-Signorini problem). Step 1. Start with initialization: take
¢(z,0) = ¢o(x) to be the signed distance to the interface and u(z,0) = uo(x) the initial
temperature distribution,

Step 1. Given the old values 8™ and ¢™, in each time step t™*! first compute the new
temperature ™! by numerically solving the inequality (17.27), where the interface 99,
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is replaced with old discrete interface being the zero-level set of ¢™,

Step 3. with the updated temperature 6™ %! solve the weak level-set equation (17.28) and
get the new level-set function ¢"*!, the zero level set of ™! is then the new discrete
interface,

Step 4. Go to step 2.

Remark 17.7. [t is intuitively clear (also known from the physical experiments) that
the temperature has big variations when we are close to the cutting front and varies very
little far from the interface. Thus, for a good approrimation of the solution we need a
fine grid at least in the regions close to the cutting front. In the regions far away from
the moving interface a relatively coarser grid would be satisfactory. Of course, at each
time step we refine the mesh using the adaptive procedures and keep the time-space error
below the given tolerance using a posteriori error estimates.

The following figures illustrate the temperature distribution in the workpiece and adap-
tively refined mesh.

Figure 17.4: Temperature Distribution in Workpiece
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Figure 17.5: Adaptively Refined Mesh
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