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Zusammenfassung

Die mathematische Behandlung der Interaktion von Fluiden und Festkorpern ist
noch voller ungeldster Probleme. In dieser Arbeit wird die Bewegung einer beliebigen
Zahl von Korpern in einem beliebigen Fluid im drei-dimensionalen Raum untersucht
(Partikelfltisse und grobe Suspensionen). Fiir dieses realistischen Szenario sind die
hier erhaltenen Ergebnisse neu. Diese Arbeit liefert fast dieselben iiberraschenden
Ergebnisse fiir drei Dimensionen wie sie von San Martin, Starovoitov, and Tucsnak
(2003) in zwei Dimensionen bewiesen wurden. Im Einzelnen werden die folgenden
Fragen untersucht.
e Wie modelliert man den Transport von vielen Kérpern in einem inkompressi-
blen Fluid moglichst effizient?
o Wie modelliert man Kollisionen, und wie laufen diese ab?
e Wie konstruiert man ein Geschwindigkeitsfeld und die zugehorigen Bewegun-
gen der eingebetteten Korper?

Im ersten Kapitel wird nachgewiesen, dass ebenfalls in drei Dimensionen die Be-
dingung der Verzerrungsfreiheit des Geschwindigkeitsfeldes einen starren Korper
erhélt. Dieses kann als unendliche Viskositét starrer Korper interpretiert werden.
Hierdurch ist es moglich, ein einheitliches und globales Koordinatensystem zu ver-
wenden, welches sowohl im Fluid, als auch in den Korpern verwendet werden
kann. Die Aquivalenz dieser Beschreibungen wird in Lemma 1.1.3 zusammenge-
fasst. Bisherige mathematische Beweise hierfiir haben tiberraschenderweise nur den
kommutativen zwei-dimensionalen Fall betrachtet.

Intuitiv erwartet man viele Kollisionen innerhalb eines Flusses voller Partikel. Da-
her tiberrascht ein Phdnomen, welches im zweiten Kapitel gezeigt wird (Lemma
2.1.8). Alleine die Inkompressibilitdt und recht geringe Regularitdt des Geschwin-
digkeitsfeldes lassen im Wesentlichen eine Kollision fast immer mit relativer Ge-
schwindigkeit Null ablaufen. Hierzu wird eine allgemeine Klasse von divergenz-
freien Geschwindigkeitsfeldern untersucht. Es wird gezeigt, dass die Taylorreihe
des Abstandes je zweier kollidierender Teilchen nur aus Nullen besteht soweit sie
existiert. Diese a-priori Abschitzung gilt unabhéngig vom Modell, welches das umge-
bende Fluid beschreibt. Eine Interpretation ist, dass der Fluidfilm zwischen Teilchen
nicht abreiflen kann. Eine Kraftiibertragung mittels einer Randschicht ist hierdurch
nicht ausgeschlossen. Uberdies ist diese Klasse so grof3, dass selbst die im dritten Ka-
pitel konstruierte schwache Losung der Navier-Stokes-Gleichungen in dieser liegt
(Theorem 2.2.1).

Im dritten Kapitel wird in drei Dimensionen eine Losung des Models konstruiert,
welches die Bewegung einer beliebiger Zahl von Teilchen in einem viskosen Fluid
beschreibt (Theoreme 3.2.8 und 3.2.10). Dieses kommt ohne die tiblichen kiinstliche
Randschichten um die Teilchen aus (Notation 3.3.1). AufSerdem benétigt dieses Ap-
proximationsverfahren dank des ersten Kapitels keine Referenzkoordinaten. Das hier-
durch erhaltene Geschwindigkeitsfeld stellt eine globale Losung dar, welche einen
im Wesentlichen kollisionsfreien Transport beschreibt. Hierdurch werden bisherige
Existenz-Resultate verallgemeinert. Diese lieferten die Existenz einer Losung nur bis
hochstens zum ersten Auftreten einer Kollision, oder mussten fiir die Konstruktion
einer Losung diese kiinstlich nach einer Kollision fortsetzen. Die hier konstruierte
Losung kann fiir kollidierende Korper im Falle einer hoheren Regularitdt auf die
Bewegung von Billen an Stocken eingegrenzt werden.






Abstract

Understanding the interaction of fluids and solids poses many unsolved and even
unchallenged questions. Here, the motion of an arbitrary number of bodies is consid-
ered, which are immersed in an arbitrary incompressible Fluid in three-dimensional
space (particulate flows and thick suspensions). The obtained results are new within
this realistic setting. The results almost match the surprising results of San Martin,
Starovoitov, and Tucsnak (2003) obtained in two dimensions. This work considers
the following questions:
e How can the transport of many submerged bodies within an incompressible
viscous fluid be modeled most efficiently?
e How can realistic collisions be incorporated into a model, and what happens
during a collision?
e How can a particular velocity field and the associated transport of the bodies
be constructed?

In the first chapter it is proved that even in three dimensions a rigid body motion
is characterized by a vanishing symmetric gradient of the velocity field. This can
be imagined as infinitely high viscosity of a rigid body. Furthermore, it yields a
model for the mixture of solids and liquids that can be formulated without the use
of a reference set. Instead, the common coordinate system of fluid dynamics is
sufficient. The equivalence of the common approach of physics and the here used
one is proved in Lemma 1.1.3. Surprisingly, a mathematical proof of this observation
for the three-dimensional and therefore non-commutative case could not be found
in the literature.

Intuitively, many collisions are expected in a particulate flow. Therefore, a phe-
nomenon is observed in the second chapter which is surprising. Incompressibility
and rather mild regularity assumptions prevent powerful collisions. To show this, a
general class of incompressible velocity fields is considered. The main observation
is that the Taylor series of the distance function of two colliding bodies vanishes up
to an order that depends on the regularity of the velocity field. This a-priori estimate
does not assume a particular model for the fluid the bodies are submerged in. An
interpretation is that the fluid film does not break. A transmission of energy due to
a boundary layer is hereby not effected. Furthermore, even the weak solution which
is constructed in the third chapter is contained in this class (Theorem 2.2.1).

In the third chapter a procedure is presented to obtain a velocity field that describes
the motion of bodies within a Newtonian fluid (Theorems 3.2.8 and 3.2.10). The so-
lution is found without posing a security zone with artificial repellent forces around
the submerged bodies or the boundary (Notation 3.3.1). Furthermore, this approx-
imation scheme does not need reference coordinates. The hereby obtained global
solution describes the almost always collision-free motion of an arbitrary number of
submerged bodies. Previous existence results are generalized hereby. These results
considered existence at most up to the first occurrence of a collision, or constructed
a solution as artificial continuation in case of a collision. For solutions of higher reg-
ularity the here found velocity field can be narrowed to a motion of balls-on-sticks.



There is a theory which states that if ever anyone discovers exactly what the
Universe is for and why it is here, it will instantly disappear and be replaced
by something even more bizarre and inexplicable.

There is another theory which states that this has already happened.

Douglas N. Adams (1998)



Introduction

This introduction is supposed to answer the following questions. Why this topic,
what is the topic in the first place, and who might be interested in such results? What
was done by me, and what was done before and by whom?

To answer these questions, the introduction consists of three sections: The math-
ematics starts in the third section on page vii. The second section contains some
examples that need non-standard flow models. It presents these in the case of blood
flow. Nevertheless, these and many more phenomena are observed in various areas
besides hemodynamics. Often the nonstandard behavior of mixtures is even essen-
tial and is the very reason for their applicability. Examples are rheology modifiers in
engineering, transport and mixing in food processing, or fluid flow in ink-jet printers.
All too often, the nonstandard behavior of heterogeneous fluids is the cause of many
unsolved problems and not understood behavior. Take for example sedimentation
and transport in waste-water treatment-facilities, fluid transport in fuel cells, or again
the ink transport in bubble-jet printers. To begin this introduction, the first section
contains some thoughts on the usability of models more or less in general. It should
serve as a warning concerning the usability of this work: I am interested in the limits
of applicability of models, not in their applicability itself. Therefore, I consider a
model which generalizes all other models in engineering and especially in hemo-
dynamics. It is generalized in the sense that solutions to these models are special
cases of the here considered one. I demonstrate that all solutions of this generalized
model with minimal regularity have the probably unwanted feature of rather mild
collisions.

Limits to Modeling

Personally, I do not believe that any model can describe any process that happens
in the real world. The best it can do is to describe our anticipated picture of reality.
Hence, a model is wrong if it does not coincide with our picture of reality — or
will become so if we learn more about life, universe and everything. The philosophical
interesting case thata model could be close to reality without being close to our picture
thereof or could guide experimental research in new directions cannot be topic of
mathematical research. Hence, being myself imprisoned in a reality distortion zone,
I'am looking for a model that comes closer to my anticipated picture of real flow and
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perform a stress test concerning its durability.

My motivation is to understand the flow of real blood, and, to cut a long story short:
I have no idea! what makes blood the quite peculiar juice it is, as Goethe’s Mephisto
calls it. Naturally, I had to restrict myself to some features of blood flow, which I first
singled out following my personal taste, and then tried to understand. And, though
I got stuck halfway, I found some personally rewarding insights into some of the
models used in fluid mechanics and learned some mathematics on the journey. Thus,
the true purpose of this work is to present those insights which I consider possibly
interesting to others.

Where models come from

Prejudices simplify our life tremendously: They save us from further thinking that
would delay further actions. They enable us to predict the future by knowing at most
some isolated events we have (or someone else has) observed. Imagine life if you
could not be sure of the basic laws of nature, as prejudices against nature are also
called. Your great-...-great grandfather that met this rather juvenile sabertooth did
not hesitate to run. He did not even think of this kitten as a possible exception to the
rule sabertooths eat humans — probably this is the very reason why you can read this.

As a rule-of-thumb, biologists or people from medical sciences seem to enjoy the
abundance of the different qualitative behaviors encountered in the life-sciences.
In the mathematical sciences, however, diversity is often regarded as a lack of un-
derstanding and the absence of a comprehensive theory. Even though these two
underlying attitudes seem to be mutually exclusive, in physics their combination
has proved to be highly fertile and produced many final models. The term final is
to be understood in the sense that we do not expect someone to produce a ground-
breaking new model within the next days. If a final model is at hand, forecasts
of future experiences are considered as permissible, even in pathological cases and
without representative experiments.

Where models might go

It has to be admitted that the assumption that a final model exists — in the original
sense of final — is pure imagination. Even the Navier-Stokes equations, which are
nowadays accepted, were derived 1822 by Navier from a molecular model that
mercifully was allowed to sink into oblivion. The equations had to be independently
derived by Stokes by different means, see Galdi (2005). A simplified version of the
Navier-Stokes equations is the final model of meteorologists to produce the weather
forecasts of the next days, and nobody trusts local weather forecast for more than
three days in advance. Nevertheless, it is not expected that a tremendously improved
model will be proposed in the near future.

On a simpler scale the situation is more satisfactory: Newton’s law of gravitation
holds true for apples, nobody doubts that, but it also holds for mangos, papayas, and
kiwi fruits though Newton most probably never had one of those. Hence, this model,
together with most other physical laws and even theories, is accepted. Repeatable

IThe expression I have no idea should be understood in the sense that there is no unified model
from which these phenomena can be derived in a mathematical sense. The engineering and life-science
literature is full of ad-hoc models, derived from curve fitting of measured data.
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experiments confirm a prototypic behavior of an idealized or averaged case that was
predicted.

The situation in the biological sciences is quite the contrary. Every now and
then seemingly established principles are abandoned or experience a fundamental
change. Many areas in the biological sciences, especially those which are concerned
with processes on a microscopic level, are still subject to extensive reconstruction.

Having said this, I admit that I do not believe that the model used here is even a
candidate for the final model that describes the motion of erythrocytes in vessels of
diameters starting from 10um up to 400um. In my opinion it lacks the simplicity of a
F = ma or U = RI-type law; it is too complicated and complex for numerical analysis;
and it is even mathematically not understood. But, it is my sincere belief that it is
much closer to our anticipated picture of the real world than any other model used
so far.

Examples from hemodynamics

During my work I started to observe features that I assumed to be peculiarities of
blood flow everywhere and on every occasion. My favorite observation is that it is
utterly impossible to pick the pieces of an eggshell from scrambled-eggs mixtures
with your fingertips. Though this might seem to be common knowledge, the eggshell
observationis predicted by Lemma 2.1.8 on page 19. And the assumption of convexity,
which yields a single contact point, seems to be strict, since with two forks you
can pick the eggshell pieces. Nevertheless, though I present examples from blood
flow, similar phenomena are observed for other suspensions too. I am especially
interested how properties of a fluid change when particles are added. That this
problem is important is demonstrated by many experimentalists” rheology-modifier
articles and books.

Starting point

The starting point for the here presented results was the wish to understand blood
flow. Hence, models of transport of mixtures of inhomogeneous and incompressible
phases are of interest. Therefore, in this section the construction procedure of models
used in hemodynamics is presented. Hemodynamics is the branch of medicine that
considers the flow of blood. Furthermore, it is discussed, why such models are not
satisfactory. On the other hand, in this section the key idea for the later introduced
model is motivated in passing as well. So hemodynamical considerations are the
origin for this work and were also the starting point for the research presented here.
But, the features of blood flow presented here should be observed as what they are.
Examples of the oddities of heterogeneous flows in general.

Classical model of hemodynamics and circumvention of a mathematical nuisance

Many different effects are perceived at vessel diameters of the range I am interested in.
But often their names, their causes, or their side effects are confused or intermingled.
To keep a clear nomenclature we stick to one of the original articles, namely Fahreeus
and Lindqvist (1931), and add newer perspectives and names from the historic review



iv

article of Goldsmith, Cokelet, and Gaehtgens (1989). The quoted physics can be found
for example in Acheson (2005).

One of the oldest but still widely used model of blood flow was crafted by Jean
Louis Marie Poiseuille (1797-1869). We consider a tube Q) = (0, L) X Br2(0, R) of length
L and radius R, filled with a viscous fluid, and apply pressures p;n and poyt at the in-
and outflow openings. Since the pipe is radially symmetric, and we are interested
in an averaged case, we assume that the flow is radially symmetric and flow only
occurs only in the direction of the pipe. These assumptions yield a special solution
even to the full Navier-Stokes equations. In the case of a viscous fluid, the pressure
gradient should be something like

__ Pout = Pin
=1
except for a unit vector pointing in the direction of the centerline of the tube. A

multiple of dp is the normalized head loss, which is easy to measure. The flow rate
through a cross section satisfies

op

— s 6_;9 R4,
8
which is again easy to measure, at least on average. Hence, for a given flow rate g
and a pressure gradient Op, the viscosity of the fluid should be given by

_E‘S_P 4
y—8 qR.

Given now any substance that flows, we can define the apparent viscosity to be given
by exactly this formula, i.e.

._25_77 4
(1) ‘Uapp = 3 qR/

for a given flow rate and weighted pressure difference. The advantage of the right
hand side of this formula is that it needs only easily measurable data. Similar
formulas describe the flow that occurs due to exterior forces like gravitation instead
of applied pressure differences. Because of such formulas we can calculate the
viscosity of gases (H has 107*P), water (1072P), magma or lava (on average about
102-10%P, but highly dependent on the temperature), glaciers (very roughly 10'2P),
granites (10° — 10%°P), and even whole mountains. We use the unit P for poise (and cP
for centipoise) to measure viscosity, though other units are more common today. The
reason for our choice is the following. The viscosity of water is approximately 1cP, i.e.
all values can be reinterpreted as viscosity relative to water’s viscosity. The viscosity
of blood or plasma is of the same scale. The viscosity of water at room temperature
is 1cP or 1 mPa s. The problem with these formulas is that they assume a certain
model to be applicable to a particular flow, and assume very restrictive settings for
this model.

Using this notion of apparent viscosity, engineers define a gas to be something of
low viscosity, a liquid is characterized by a viscosity in the mid range, and something
is rigid if its viscosity is extremely high. We will consider transport of rigid bodies
within a viscous fluid as a two-fluid mixture to circumvent a classical problem of
two natural coordinate systems. One system references a point in a moving solid



by its original position. The other fixes a point in a river and observes the river
passing through. The result is, that in one way or the other both coordinate systems
have to be taken care of, and the switch between them is singular of the worst
thinkable degree. Modeling of touching bodies is prohibitive, since the point of
contact has two possible origins in the past. The approach used here bypasses this
problem by considering rigid bodies to be fluids of high viscosity. The rigidity is
taken care of somewhere in the limit of viscosity to infinity. In this form, the lack of
regularity and the lack of convergence estimates does not allow to follow this path
in numerical analysis. But the same could be said of solutions to the homogeneous
Navier-Stokes equations in three dimensional space for weak solutions which are the
only ones known to exist for all time, independent of probably unrealistic smallness
assumptions on the given data. The linearized rigidity equation (Dsym #)1q,,,, = 0,
see Lemma 1.1.3 on page 7, is sometimes incorporated into the conservation of
momentum equation by a penalization scheme to allow numerical approximation
In this approach, the approximative stress tensor (2u +nlqr ) DSym u" is used. Here,
u" is the corresponding approximative velocity field and 1Qn . is the characteristic
function of the approximative solid occupied domain. Sometimes this approach is
considered as a formal Lagrange multiplier procedure for n € IN. For such methods
see Joseph (2005). We consider the limit n — co and show that such infinitely-viscous
fluids actually represent rigid bodies.

Features of a realistic flow: blood flow

It seems that Fdhraeus and Lindqvist (1931) were the first to observe that the above
introduced notion of apparent viscosity is questionable, and to communicate this to
the medical community. We mention some features of blood without claiming com-
pleteness, following (Fadhreeus and Lindqvist, 1931) and (Goldsmith, Cokelet, and
Gaehtgens, 1989). Note that in the field of biorheology (or in case of general suspen-
sions as well) these and other counter-intuitive behaviors of fluids are observed as
well. Most of the classical examples are encountered in hemodynamics, which is the
tield of physiology that studies flow properties of blood.

Three phenomena of blood seem to be of special importance to be understood, if
a model for blood is to be crafted. First of all, if blood is modeled as a homogeneous
fluid, it seems to be shear thinning. This means that its apparent viscosity decreases
with increasing shear rate. Secondly, at small vessel diameters the apparent viscosity
is reduced, and reaches its minimum at approximately the size of the erythrocytes.
In Figure 1, the original measurements that describe the Fahreeus-Lindqvist effect are
shown. The third property is the nontrivial distribution of erythrocytes. They tend to
accumulate at the centerline of the vessel. Hereby a skimmed layer of lower relative
concentration of erythrocytes is observed (skimming-layer effect). The relative con-
centration of erythrocytes is called the hematocrit. Furthermore, erythrocytes are not
distributed evenly in a branching system (Fdhraeus effect). Finally, the flow behavior
can drastically be changed due to diseases that deform the erythrocytes ( Figure 2).

All these effects are due to the presence of cells, which form a different phase in
the current. The cells need to be accepted as rheology modifiers that must not be ne-
glected by modeling blood as homogeneous or even as intrinsically one-dimensional
flow. The possibility of an uneven distribution of the different species forming the
suspension blood is the major reason for the observed behavior. For a given particle
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concentration the flow depends mainly on the relative size of the skimming layer to
the vessel diameter, i.e. approximately upon the ratio mean-erythrocyte-diameter to
local average-vessel-diameter. To derive such observations mathematically, we need
a model that allows such phenomena in the first place.
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Figure 2: The red blood cells can deform due to diseases (a, sickle
cell anemia), chemical processes or flow conditions (b, rouleaux for-
mation); see (Wikipedia, 2007, sickle cell anemia) and (Maslak, 2004).

Besides the physical effects, many more effects are observed and need to be taken
into consideration if a realistic model shall be crafted. Blood measurements are
always highly biased. There are no measurements with untreated blood, simply
because blood does not allow in vivo measurements, see (Riiger, 2001). All blood
samples need to be treated chemically. Furthermore, even treated blood depends
in highest order on the donor and even on the special sample, see for example the
original measurements of Fahreeus and Lindqvist (1931, Fig. 2), reproduced in Figure
1. To complete the uncertainty in the data, the procedure of measurement of blood
properties has a tremendous impact on the obtained results, which was the reason
for R. Fahraeus to start his investigations, see (Goldsmith et al., 1989).
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Modeling for the impatient and literature

Panta rhei and previous work

Many philosophers are involved in the context of panta rhei. Most often itis accredited
to Heraklit, about 500 BC. Its literal meaning is: everything flows. We interpret it
rather loosely and completely of topic as: everything behaves like a fluid.

Based on the conservation of mass, momentum m = gu, and volume, a general
model is given. &¢ = 0 has to be satisfied for the mass density p. The momentum
has to fulfill 2m = div T, and the volume is constrained by divu = 0. Here u is
the global velocity field. We used implicitly that the phases are immiscible. Here £
denotes the material derivative along streamlines of the flow. This general system
needs to be closer defined by the choice of an appropriate stress tensor T. We
perceive rigidity as nothing but very high viscosity. Thus, rigid body motion in
a viscous fluid is approximately a two-phase fluid motion, where surface tensions
are negligible. Therefore, we model a mixture of different species as a limit of a
sequence of models describing mixtures of immiscible liquids of different properties.
We consider as limit-materials solids or liquids.

Based upon results from DiPerna and Lions (1989), P. L. Lions presented a theory
in Lions (1996), which can be used to study and solve such systems; see for example
Desjardins and Esteban (1999). Even more important, DiPerna and Lions provided
compactness theorems that can be used to prove existence of solutions by considering
limits of a sequence of penalized problems. Here we consider stress tensors of the
form

) T,=Qu+n 1Q:olid) Dsymu —pld
that are penalized versions of the original Newtonian fluid tensor
(3) T =2uDgymu—pld.

The constant u denotes the viscosity. More precisely it denotes the inverse of the
so-called Reynolds number.

San Martin, Starovoitov, and Tucsnak (2003) showed that in two dimensions a
velocity field that preserves a rigid body in motion can be approximated by letting
(2) tend to (3). The precise meaning of this limit process is the topic the third
chapter. A subset (Qgiq(f) occupied by a rigid body is approximated by a subset
occupied by a fluid of very high viscosity. The penalization scheme was applied to a
neighborhood of the evolved version of the reduced body. Hereby, there was no need
to introduce an artificial repellent force around the submerged bodies. Formally, the
repellent security zone is within the domain occupied by the body. Furthermore, their
approach is even consistent in the sense that classical solutions satisfy this notion of
approximative solutions. Using this approach San Martin et al. (2003) were able to
construct a global solution to the Navier-Stokes equations that preserves submerged
rigid bodies. In particular, they showed that the hereby obtained velocity field exists
and transports submerged bodies almost always collision-free. This article was the
first to my knowledge that considered global existence of solutions of flow and
transport of more than one submerged body in a viscous, incompressible fluid. Here
their approximation scheme is lifted from two to three dimensions.
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The earlier work of Desjardins and Esteban (1999) showed only local existence
in time. They showed that solutions exist in two dimensions up to the moment of
a collision. In three dimensions a solution exists at most up to the moment of a
collision, or up to the moment of a blow-up of the velocity gradient. Feireisl (2003a)
studied a model for the motion of several rigid bodies submerged in a compressible
viscous fluid. He showed global existence of a velocity field independent of the space
dimension. In (Feireisl, 2003b) he considered incompressible flows. He introduced a
continuation of a velocity field after an occurred collision. If two bodies should touch
one another they are defined to stay together forever. Hereby he obtained a global in
time weak solution at a high price (Feireisl, 2003b, page 427): “Such a condition may
be viewed as a (very naive) form of the least energy principle.”

The common feature of the approaches in most of those references is that they
completely break with the habit to use different coordinate systems for each sub-
merged body. Having more than one submerged body makes it impossible to deal
with collisions, because the contact point of two submerged bodies has potentially
two different initial positions. The coordinate change gets singular in the moment
of a collision. This is the reason why so many authors did not treat collisions. They
only considered single submerged bodies in all space to study the properties of the
flow, see for example Galdi and Vaidya (2001); Galdi et al. (2002). Numerical analysis
can not cope with this problem up to today, see for example Bonisch (2006). Only
engineers seem to have a model which circumvents this problem, see for example
Joseph (2005) and references therein. But the problem of the so-called direct nu-
merical simulation is that mathematics lacks far behind. Furthermore, the artificial
repellent forces in a security zone at the boundaries can hardly be motivated.

Results

In this work the motion of an arbitrary number of bodies is considered, which are
immersed in an arbitrary incompressible fluid in three dimensions. The motivation is
to understand particulate flows and the rheology of thick suspensions. The obtained
results are new for this realistic setting. In two dimensions San Martin, Starovoitov,
and Tucsnak (2003) obtained similarly surprising results. In particular, the following
questions are regarded.
e How can the transport of many submerged bodies within an incompressible
viscous fluid be modeled most efficiently?
e How can realistic collisions be incorporated into a model, and what happens
during a collision?
e How can a particular velocity field and the associated transport of the bodies
be constructed?

Contents and answers to these questions

The above posed questions are answered in the three chapters that form the main
part of this work.

In the first chapter we justify a model, which is closely related to the so called
direct numerical simulations. We prove that it generalizes the classical approach to
model solid-liquid mixtures even in three dimensions. Hereby we show that regular
generalized solutions are classical ones. In two dimensions the proof hereof is much
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simpler due to the commutativity of the group of rotations. In three dimensions the
group of rotations is noncommutative. Therefore, the flow generated by a sum of
rotations is in general not given as a simple superposition of the two flows, but as
Lie-Trotter product. This approach demonstrates that it is sufficient to consider the
standard coordinate system of fluid dynamics. Hereby, submerged rigid bodies can
be imagined as fluids of infinitely high viscosity. This approach will be used in the
remaining chapters.

In the second chapter, we consider the class of all incompressible viscosity fields
that could preserve a submerged body. The definition of this class does not depend
on any specific model for the conservation of momentum. For velocity fields of
this class we demonstrate that collisions of bodies in incompressible fluids should
not be observable for regular velocity fields in a spectacular way. Regular here
means that we assume further smoothness properties of the solution. For example
we obtain as corollary that the distance of submerged balls has a Taylor expansion
which consists of zeros only. For weak solutions of the Navier-Stokes equations, we
only need rather mild extra assumptions, like that their centers of mass should move
continuously at the moment of a collision. Hereby we found that a phenomenon
observed by San Martin, Starovoitov, and Tucsnak (2003) in two dimensions does
occur in three dimensions as well. Collisions occur with relative velocity zero in a
velocity field of the same regularity as typical weak solutions to the Navier-Stokes
equations, see Corollary 2.2.2. If the distance is differentiable then all derivatives of
the distance of two bodies that exist have to vanish. This includes for example the
relative acceleration, which indicates the vanishing of direct body-body forces.

In the third chapter, we construct a weak solution as limit of solutions of approx-
imative models. We lift the approximation scheme of San Martin, Starovoitov, and
Tucsnak (2003) to three dimensions and demonstrate by a variant of the second
chapter, that for such solutions collisions cannot occur. The main task in the third
chapter is to prove that the limit velocity field satisfies the weak formulation of the
conservation of momentum equation.

We close with considerations on the consequences which can be drawn for hemo-
dynamics or modeling suspensions in general. Furthermore we consider numerical
analysis of this approach and simulation of the motion of submerged solid bodies.

Literature

Some of the texts in the bibliography are more important than others and are often
referred to. But others are better points to start a journey into the topic, and should
be mentioned for readers without the background I assumed.

As standard functional analytic references I like (Werner, 2005) and (Yosida, 1995).
The mathematical theory of dynamics and statics of homogeneous viscous fluids is
presented in the books (Sohr, 2001) and (Ladyzhenskaya, 1969), whereas in (Lions,
1996) the heterogeneous incompressible case is described. The physicists” view-
points are contained in detail in (Acheson, 2005) and in much condensed form in
(Feynman et al., 1977a,b). The numerical perspective to fluid motion is presented
in (Heywood et al., 1996), (Rannacher, 2006) and (Temam, 2001). Engineers have a
vast amount of literature related to this topic, so a recommendation is difficult. As
starting point maybe (Joseph, 2005) for direct numerical simulations or (White, 1999)
for ad hoc calculations can be used.
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Modeling submerged
bodies

We consider a mixture of immiscible phases: one phase formed by solid particles,
the other by an incompressible fluid. The model we consider is a continuous model
that is used in engineering literature and does neither depend explicitly on the
number of suspended particles, nor does the transport of solid particles need to be
treated independently by a governing set of ordinary differential equations; see for
example Joseph (2005). Our main contribution is the justification that this model truly
generalizes the common approach. The approach we prefer is conceptionally simpler
and easier to use for numerical analysis. It is justified because regular solutions of
this generalized model are solutions to the standard one — even in three-dimensional
space. In Lemma 1.1.3 this claim is proved as statement (iii) implies (i). Hereby, we
show the applicability of this generalized model in three dimensions.

1.1 Why dimension matters

1.1.1 Different approaches to describe the motion of submerged particles

The prevailing way to describe the motion of a rigid body is to consider its motion
relative to the position of its center of mass x.(). This form of description can be
rediscovered from the density-centered approach we use. The notations used for
both approaches, and how the classical description can be obtained again from the
density approach, will be illustrated in this subsection.

Let Qgo1ig(t) € R” be a connected subset that is occupied by a single rigid body in
motion at a certain time t. Then

M(t) := f o(x, t) dx
Qsolid (t)

gives its total mass whereas

1
x:(t) = —— xo(x, t) dx
O = fo() el )

gives its center of mass. Here we denoted by o(x, ) the mass density at x at time .
The later position of an arbitrary particle, initially at & € Q4014(0), is given by

(1.1.1) B D = Q) (& —xc(0)) + xc(b),

Chapter



2 1 Modeling submerged bodies

where Q(f) € SO(R") is a rotation, i.e. Q(t) € Z(R") satisfies Q(t)Q(t)* = Id,
Q) Q(t) = Id and detQ(t) = 1. If a global velocity field u that transports the
fluid particles according to d:Z(&, t) = u(E(¢, t), t) is given, it necessarily has to satisfy

u (2, 1),1) = Q) (& — xc(0)) + Irxc(t).
Hence, the velocity u(x, t) at a position x € Qgiq() can be formulated as

AQHQ) (x — xc(t)) + Irxc(t)
. R(H)x + U(b),

u(x,t)
(1.1.2)

for some R(t) € so(R"), i.e. R(t) € Z(R") satisfies R(t)* = —R(t) and U(t) € R3.
Especially, we obtain that the deformation (of the velocity field) within the flow
satisfies for all t and x € Qgqjiq(t)

(1.1.3) Dsym u(x, t) = % (R(H)" +R(t)) = 0.

Thus, we obtain the three formulations of rigid body motion that can be found in the
literature. The trajectory is of the form posed in (1.1.1), the velocity field is of the form
(1.1.2), and the deformation (of the velocity field) satisfies (1.1.3). Although in physics
and engineering these three criteria are used interchangeably and their equivalence
is part of scientific folklore, only (1.1.1) implies (1.1.2) and (1.1.2) implies (1.1.3) can
be easily checked. That (1.1.2) is necessary for (1.1.3) is a reincarnation of so called
Cosserat’s theorem from elasticity theory, but (1.1.2) implies (1.1.1) is not obvious in
three dimensions and cannot be simply checked by applying the exponential due to
an operational calculus which relies on the commutativity of the underlying algebra:
The rotations in one and two-dimensional space are a commutative algebra; in higher
dimensions they are not. Therefore, the only point of this section is to show that the
statement used in engineering is correct and to provide an outline of a proof.

In the language of flows on manifolds we can interpret E as a path on the manifold
M = SE(R"), which is given by matrices of the form

(1.1.4) [oin i)

and has as tangent space TM = se(IR"), which consists of matrices of the form
R U

(1.1.5) (Oan 0) .

In this formulation, the not surprising statement motivated so far is: For given
E € CY(R+; M) there exists a velocity field u € C(R.; TM) such that 9;Z(t) = u(t). The
key observation here is the converse: Using the above introduced notation we obtain
for a given velocity field u € C(R+; TM) a path & € C'(R,; M) that satisfies

HEE N =uE(E 1), t), EE0) =4

Slightly generalized, we use for modeling of suspensions the following. A velocity
field u € Llloc([O, T); H(l)(Q)”) that satisfies 1q_ () Dsym # = 0 describes the motion of a
rigid bodies in the classical sense (1.1.1). These bodies form the connected subsets of
Qsotid (B) = E(Qso1id(0), £) € R™.
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1.1.2 Stuctural difference between two and higher dimensions

Considering the motion of rigid bodies in viscous fluids, we would end up with two
different natural coordinate systems if we used the classical form of description: The
motion of rigid bodies is usually described using a reference system which references
the position at the starting time, whereas in fluid mechanics it is more common to
assume a fixed position as a point-of-view and watch the fluid pass by.

To incorporate the rigidity constraint into the natural fluid-mechanical approaches
itis important to characterize the preservation of the rigidity of a body by constraints
on its velocity field alone. That the assumption Dsym # = 0 might suffice can be
motivated as application of Stone’s Theorem. Provided the matrices (R(s))o<s<t that
define the above introduced velocity field u(x,s) = R(s)x + U(t) commute, we can
definefor0 <s,t<T

¢

(1.1.6) A(t,s) := f R(t)dt,  T(t,s):= M
S

and obtain, using A(t,s)* = —A(s, t), the evolution by

(1.1.7) T(t,5)" = (409) = 46D = T(s, 1) = T(t,5) 7.

That the hereby defined operator family (T'(t, s))s : actually solves the initial value prob-
lem needs already the commutativity of the family (R(t));. Otherwise T(t, 7)T(1,s) =
T(t,s) for arbitrary s, ¢ is difficult to prove.

By variation of constants, the solution E of d;2(&, t) = u(E(&, t), t) is of the form

t
(1.1.8) B(& 1) = T(t,0)& + fo T(t, ) U(7)dr.

Let Q(t) := T(t,0) and x(t) := fot T(t, 1)U(7)dr, then E is a rigid body motion

E(& 1) = Q)& + x(1),

since Q satisfies Q(t)* = Q(t)™!, detQ(t) = 1, and Q(0) = Id. But there is no reason
why (R(s))o<s<t should commute in three dimensions, whereas in two dimensions
every R(t) is necessarily of the form

R(®) = r(t) (_01 (1))

In three dimensions, solving RT — TR = 0 yields that only linear dependent, skew-
symmetric matrices R, T € & (R%) commute. But similar to the two-dimensional case,
each skew-symmetric matrix R € .Z(IR®) is necessarily of the form

0 w3 —w?
R=|-w; 0 w1
w? —1 0

Hence, every skew-symmetric matrix valued function R € C([0,T); . (R3)) has a
representation R(t) = w1(t)R1 + w2()R2 + w3(t)R3, where Ry is the generator of a
rotation that preserves e, and wy € C([0, T); R). For example R; is given by

0 0 0
Ry=|0 0 1.
0 -1 0
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This means that in two dimensions the images of R € C([0, T); Z(R?)) necessar-
ily commute and are a subset of the commutative sub-algebra of skew-symmetric
linear mappings. In three or higher dimensions the images of R € C([0, T); Z(RR3))
within . (]R3) do not necessarily commute. For example RiR; # RyR;. Hence, the
representation of the solution used in equations (1.1.6) and (1.1.7) is not necessarily
true.

The main difference between the commutative and the non-commutative case lies
within the following formula: For bounded linear operators A and B, the property

(1.1.9) eAB) L AB

is valid if and only if A and B commute, i.e. for the general case (1.1.9) cannot be
assumed. Furthermore, since a sum is at the foundation of the integral, the validity
of the generalized case (1.1.7) of limits of sums is questionable. To circumvent
this problem many approaches can be found in the literature. Although we use
a more recent mathematical tools and a different language, in the next subsection
we use an approach which goes back to Sophus Lie or at least to Hermann Weyl.
Nevertheless, somewhere in the older literature the here demonstrated equivalence
should have been proved already, but I just could not find a reference. That there
exists a discrepancy between e*B) and eAe? can be found often in the literature. It
is again a result that dates back to Sophus Lie. The difference can be expressed as
sums and products of the so called Lie-product AB — BA that measures the degree of
commutativity.

1.1.3 Perturbation of evolution equations

Since in two dimensions a rotation can only occur around an imagined axis perpen-
dicular to the plane, we saw in the last subsection that the motion of rigid bodies
in two dimensions is conceptionally simpler than the higher dimensional version.
This section provides us with the tools and an approach to describe the resulting
evolution.

The main idea of superimposed evolution processes is that the orbit of a point
transported by velocity fields can be approximated by fast switching between the in-
dividual processes. For the linear autonomous case imagine three Cauchy problems:

owx(t) = Ax(b), x(0) = xg
dix(t) = Bx(t), x(0) = xo
dix(t) = (A+B)x(t), x(0) = xo.

What is the relation between these problems? In general the simplest idea, namely

JATBE At B

is wrong, as we have seen in the last subsection. But, we have an approximation

t gt t gt
AR o pAu B . oA eBin .

2n terms

At the limit n — oo equality can be achieved.
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In the nonautonomous case the idea is quite the same, just the notation is a little
more tedious: The evolution-operator T(tf — s) from time s to time f, which only
depends on the increment f — s in the autonomous case, is replaced by T(t,s): In the
autonomous case we had T4(t,s) = eA¢9), Ty(t,s) = =9, and T, p(t,s) = eA+BE=3),
Hence, we expect

TA+B(t, S) X TA(t,t - 5t) TB(t,t - 6t) . TA(S + 0t, S) TB(S + 0t, S)

2n terms

where 6t := t;—s But for bounded problems, i.e. A(t), B(t) € Z(X), we can approximate
these terms easily by using for example Ty(t,s) ~ eA©)=9) as approximation, which
we can explicitly estimate as an exponential series.

Let us come back to our problem. The main result of this section is that these ideas
are useful in general. We are not going to prove this general claim, but the procedure
to our problem. As motivation and illustration we recall some ideas from the general
theory, but we refer for a complete presentation and the proofs to the books of Engel
and Nagel (2000); Goldstein (1985); Pazy (1983).

In the nonautonomous case dx(f) = A(t)x(t) posed on a Banach space X and t € R,
its evolution family (T(f,5))i>s>—c0 can be transfered into an autonomous problem
dix(t) = </x(t) on the Banach space 2 = Cp(RR; X) of asymptotically vanishing X-
valued continuous functions! and a semigroup (.7 (t))i=0 by

T f (5) :=T(s,s—t)f(s—t).

Tough we do not use this semigroup, its approximation is the foundation of the
proof of our application to the motion of rigid bodies. The generator of .7 is the
sum of a multiplication operator and a generator of a left-translation semigroup. We
quote a corollary of these statements and collect them in the next theorem, which is
taken almost literally from (Engel and Nagel, 2000, Example II1.5.9), where we refer
to for proof of this elementary case. The general case of hyperbolic evolution families
is proved in (Nickel, 2000, Prop. 3.2).

Theorem 1.1.1 (Nonautonomous case of alternating direction scheme). Let a Banach
space X and a strongly continuous function A € C(R; £ (X)st) be given. Then the nonau-
tonomous Cauchy problem

dx() = AW®x()

x(s) = X

has an evolution family (U(t,s))s of bounded operators that defines its unique solution by
x(t) = T(t, s)xs and is given by

A t—s t—s
(1.1.10) T(t,s)x = 1\111_I>r<}o g exp (TA(S + kT))x,

where for all x € X the limit is uniform for s, t from compact subinterval of R.

We denote the continuous functions with compact support by C.. The closure of this space with
respect to the supremum norm yields the space Cy. A function u € C(Q) is asymptotically vanishing if
for all € > 0 a compact set K € Q exists such that |u(x)| < € forall x € Q\ K.
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This formula provides us with an explicit characterization of the motion of a rigid
body and enables us to prove the implication 2. to 1. of Lemma 1.1.3. The explicit
characterization of the evolution (T(t,s))o<s <t as limits of products of intermediate
approximative evolutions can be directly generalized to the case of bounded time
intervals [0, T), provided the solution exists uniquely. More general assumptions that
guarantee the existence of evolution systems and further approximation schemes for
evolution systems generated by unbounded families (A(t), D(A(t)))o<t<T are presented
in (Pazy, 1983, Chapter 5). Essentially, (1.1.10) is a very special case of the scheme
used in the proof of (Pazy, 1983, Chapter 5, Theorem 3.1).

Corollary 1.1.2 (Rigid Body Motion). For R € C([0,T), Z(IR")) such that R(t)* = —R(t)
the evolution (Q(t))s=0 defined by the Cauchy Problem

dix(t) = R(H)x(t)
x(0) = xo

is unitary, Q(t)* = Q(t)~'. For our later interpretation this yields that 2, which describes the
displacement of a rigid body within a rigid body velocity field u, where u(x, t) = R(t)x+U(t), is
of the form Z(&, t) = Q)& +x(t) for some Q € C([0, T), L (IR")) that satisfies Q(t)* = Q(t)~*

Proof. The adjoint depends continuously on the matrix. Hence, using the previous
theorem, standard properties of the adjoint, and the skew-symmetry of Ry’s, we
obtain that Q(t)* satisfies

. .
ey = Jim [H exp(l\i](a)l(kz%)lh + wnlkoRs + a)g(k%)Rg,)))
k=1
1
= iim ] exp(%(wl(kl%)Rl + a)z(kN)Rz + sk~ )R3))
k=N
1
= lim I exp(%(a)l(kl\i’m; + a)z(kN)R + a)3(k R ))

and is given by the representation formula

Q)

1
. f f { ‘
lim IL[VexP (—N(an(kﬁ)l{l + walkRs + w3(kN)R3)).

To take care for the non-commutativity, the product has to be understood in the
ordered sense, this is

N 1
HakzaN~...~a1 and Hak=a1'...~aN.

Now Q(t) Q(#)* = Id and Q(t)* Q(t) = Id is a matter of evaluating middle terms. g.e.d.

We can state and prove now that all three characterizations of rigid body motion,
which are used interchangeably in physics, are equivalent in the regular case.
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Lemma 1.1.3 (Characterization of Rigid Body Motions). Let E be the path related to
the flow u in the above sense. Then, regardless of the space dimension, the following are
equivalent:

(i) The path E describes the motion of a rigid body, i.e. E(&,t) = Q(t)& + x(t), where

Qe C([0, T), Z(RM), Q1) = Q(1)™L, det Q(t) = 1, and Q(0) = Id.

(ii) The field u is the velocity field of a rigid body, i.e. u(x,t) = R(t)x + U(t), where
R e C([0,T), Z(IR")) such that R(t)* = —R(t).

(iii) The field u is a rigid body velocity field, i.e. it satisfies Dgym u(t) = 0.

It should again be mentioned, that the equivalence of (ii) and (iii) is often found
in the literature, as it is the main idea of the proof of Cosserat’s theorem of elasticity
theory (see Rannacher, 2006, Satz 1.5), which states that two solutions of a linear
elasticity problem differ at most in a rigid body motion. That (i) implies (ii) is pretty
easy. That (iii) implies (i) is exactly the direction we need to show to demonstrate that
the herein used notion of generalized solution meaningfully generalizes the motion
of a rigid body.

Proof. (i) = (ii): By definition of the particle path,

uEE 1) = JEE N =QNE+x() = QMHQW) (B, ) —x(t)) + i(t)
= R(HE(E, 1) + U(H),

for R(t) := Q(HQ(#)" and U(t) := —R(#)x(t) + x(t). Now, Q(H)Q(t)" = Id, which holds by
assumption, implies QHQ(t)* = —Q(H)Q(t)* for all t. Hence, R(t) = —R(t)*. Therefore,
since all particle paths are at least locally defined, u(x, t) = R(t)x + U(t).

(ii) = (iii): By assumption R(t) is skew-symmetric, i.e. R(f) + R(t)* = 0. Therefore
Dsym u = 0 by

(1.1.11) Deym 1 = % (Du+Du’) = % (R(t) + R(t)").

(iii) = (ii): Analogously to the proof of Cosserat’s Theorem, see for example
(Temam, 1985, Lemma 1.1.1), we show at first D> u = 0: By assumption ol = =k
forallk,/=1,...,N. Hence, exchanging derivatives yields for all i, j, k

20,0 = =9,0) - d;0u’ = -9y (I + dju') = 0,

or D?u = 0. Therefore, u(x, t) = R(t)x + U(t). Reading (1.1.11) backwards, Dgym # = 0
yields the skew symmetry of R(f).

(ii) = (i): We are only interested in formulations which are integrated over compact
sets of the form [0, t], where t < T. Hence, the regularity Llloc([O, T]) can be replaced by
L'([0, T*] for arbitrary 0 < T* < T. To shorten the notation, let T = T* be possible. Since
we only need the continuous case we formulate it as such. If R € C([0, T], £ (IR")) and
U € C([0, T],R") then (T(t,5))o<ts<t exists uniquely by Picard’s Theorem and E(&, t)
is defined by the variation of constants formula (1.1.8) for 0 <t < T'and & € Q. By
definition,

t t t
B(E ) =&+ f u(E(g,T),T)dT=(£+ f R(T)E(é,T)dT)+ f U(r)dr.
0 0 0

=Q(&h)
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To prove our claim, Q(&, t) should at least depend linearly on &. This is equivalent to
Dé Q(&,t) = 0 in the distribution sense, which we need to show: By construction we
have

t
D E¢, ) =1d +f R(t)DE(, 1)dT.
0
and

t
83 D E(,¢t) = f R(T)ng DE(, 1)dt.
0

The last equation is a linear ordinary differential equation to the initial value 0 in
mild formulation, which yields 3§kD E(&t) = 0. Therefore Q(t) := D E(E,t) is
independent of &£ and Q satisfies

t
Q-1+ [ R@QE D
0
or, in strong formulation,

(1.1.12) { 93((5; zﬁt.) Q(t),

By Liouville’s theorem,

didet Q(t) = Trace R(t) det Q(),
detQ(0) =1.

Due to the skew symmetry of R(t), Trace R(t) = 0. Hence, we obtain det Q(t) = 1.

To this point, the considerations which preceded this lemma combined with the
last idea are close to standard. The last, and most involved, step is to prove that
actually Q(t) € SO(R®). But this is what we’ve proved in Corollary 1.1.2, so the
claimed equivalence is proved. g.e.d.

Remark 1.1.4 (Eulerian Angles). In the engineering literature the so called Eulerian
description of rotations is quite popular, because it can be used to calculate and de-
scribe any given rotation. The major drawback is that the angles are not independent
of one another. This is due to the very same non-commutativity that caused the
problems above. To use the Eulerian angles we first need to fix the axes of rotation
and the order in which they are considered. For details we refer to Landau and LifSic
(1967). So we only describe the ideas of the Eulerian angles and comment that these
are just a particular way to think about the characterization (i) of Lemma 1.1.3.

Euler’s theorem on rotations states that every rotation Q € SO(R®) can be written
as a product Q = Q3(¢3)Q2(p2)Q1(¢1), where Qi(dx) is a rotation of angle ¢ that
preserves a certain fixed vector e, where {e;};—1 2 3 spans all of R®. Sometimes such
vectors are chosen relative to the rigid body as axes of symmetry, this is they depend
implicitly on Q. Using our notation, for any given Q € SO(IR®) there exist such ¢,
but they depend on the special order of the product. Especially, it is in general false
to assume

Q= Q3(@)Q(@)Q(P1) =  Qu(p1)Qa(d2)Q3(ch3),

which would yield characterization (i). Furthermore, Euler’s angle theorem assumes
that Q € SO(IR®), a claim we want to prove. It is nothing but a different parametriza-
tion.
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1.2 Modeling submerged bodies

The introduction provided us with the necessary notions to formulate a model which
describes the transport of mixtures of rigid bodies and incompressible fluids. In this
section this model is introduced and motivated. The very same or similar models
can be found in Desjardins and Esteban (1999); Joseph (2005); San Martin et al. (2003).
This model can be considered as a limit case of an heterogeneous mixture of viscous
fluids as considered in DiPerna and Lions (1989); Lions (1996).

1.2.1 Conserved quantities

The momentum density m(x,t) = o(x, tu(x, t) € R3 should satisfy the Conservation of
Momentum or Newton's law

(1.2.1) Idm+divime®u) =divT + gg,

where T denotes the stress tensor and external forces g. Since we are only modeling
mixing phenomena and are not interested in chemical effects, the mass density o
should satisfy the Conservation of Mass

(1.2.2) dro +div (ou) =0
and the Conservation of Volume or Incompressibility
(1.2.3) divu =0

should be satisfied. The derivation of these equations can be found in most text
books on fluid mechanics, see (Chorin and Marsden, 2000; Lions, 1996; Rannacher,
2006).

The conservation of mass and volume of each subset V C Q yields for the trans-
ported set V(t) := {E(x, t)lx € V}

0
lv(x).

Ly (x) + div Ly (@u(x, )
Ty (0)(x)

In terms of the connected subsets Qéoh 4 Of the solid phase, we obtain that

Moy o+ i (10 o) =0
for initial data defined by the initial decomposition into solid and fluid phases. Hence,

using that u is solenoidal, we obtain that the characteristic functions X = 1 » and

the mass density satisfy
dix' +u-gradxy' =0

which we will add to the standard notion of a weak solution.

Hence, our notion of a weak solution consists of the following parts: conservation
of momentum pu, conservation of mass by transport of g, and transport of each
sub-species x'.
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1.2.2 Weak Solutions

We are now prepared to formulate the notion of a weak solution that generalizes the
above conservation principles. We use effectively the same notion as (San Martin
et al., 2003, Def. 1), although in three instead of two dimensions. This notion is the
foundation for our existence proof in the third chapter. This chapter mainly serves
as motivation and justification for the compatibility condition x Dsym ¢ = 0.

The notion of a weak solution introduced now actually is a result of the existence
proof of the last chapter. If a test function ¢ satisfies x Dgym ¢ = 0 then it itself is
naturally a candidate for a velocity field that describes the motion of rigid bodies.
These bodies are contained in the connected subsets Qéoh 4 of the support of the
characteristic function y. But, as we will see in the third chapter, the motion of

two sets Qioh d and Qé oliq Seems to be less restricted in three dimensions than in

two dimensions. Suppose Qéoh 4 and Qi oliq have a common boundary point. In
two dimensions they necessarily move like one rigid body. In three dimensions one
degree of freedom is left for smooth velocity fields. These bodies can still move like
balls-on-sticks. See Lemma 2.1.8 for the distance and Lemma 3.4.2, Remark 3.4.3 and
Proposition 3.4.6 for the restriction of the relative rotations. Although we do not
apply these estimates to test functions, considerations similar to the proof of Lemma
3.6.5 yield that the test functions need to be further restricted. Since within open and
connected set a rigid body motion is uniquely defined, see Lemma 3.4.1, this extra
degree of freedom is controlled by assuming Dsym ¢ = 0 in an open neighborhood of
the rigid bodies.

% ; i
o O B
(a) (b) (©) (d)

Figure 1.2.1: Without posing a particular model, a solenoidal velocity field that
preserves submerged bodies is in three dimensions less restricted than in two dimen-
sions. The motions depicted in (a), (b) and (c) are controlled by higher regularity
of the velocity field. The purely three dimensional degree of freedom given by a
rotation that preserves the normal of the common tangential plane is not restricted.
A balls on a stick motion (d) is still possible.

Let the initial mass density satisfy gy € L*(Q). Let the initial velocity field be a
solenoidal square integrable field ug € Lg(Q). Let Qéoh q S Qfori=1,...,Nbedisjoint,
open and smooth sets with characteristic functions x'(0) and let Qg = Ug\i 102011 d be
the subset occupied by solids. The space-time cylinder is denoted by Qr := Q x [0, T]
and the derivative along a path E of the flowing material by ., the so called material

derivative. For a vector valued function ¢ = [¢]; it is given by

D
§¢ =dip+gradpu=

3
i + Z ukaxk(]bl]
=1

1
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and for a scalar valued function 1 by

D 3

D =0 +grady - u=9dnp + ; UOx Y.

Definition 1.2.1 (Weak Solution). The functions u, g, X' form a weak solution of the
above formulated conservation principles if they satisfy the following.

(1.2.4) u € L*(0,T;L3(Q)) N L*(0, T; Hy ,(Q)),

(1.2.5) 0 € L™(0,T;L>(Q)),

(1.2.6) X e "0, T;L/(Q)) for all 1 < p < ooand x'(x,t) €{0,1}
N .

(1.2.7) X = Z X' satisfies x(x,t) € {0, 1}

i=1

and these functions satisfy

(1.2.8) L@u-% = —Lmo(x)¢(x,0)dx+‘[Q Zstymu:Dsym¢)—fQ of - P

for all ¢ € ([0, T); Z,(Q2)) that are compatible in the sense
(1.2.9)  Dsym p(x,t) = 0

for all t and x in an open neighborhood of supp x(t). Furthermore,

D
(1.2.10) fTQ-ﬁ = —Lgo(x)gb(x,O)dx

D
a2 | xiopy = - fQ KoY, 0) dx

for all ¢ € C1(0, T; C}(Q) that satisfy ¢(T) = 0.

Remark 1.2.2 (Compatibility within an open neighborhood). Considering the above
definition, all of the above weak formulations are standard in this setting besides one
that is easily overlooked. The assumption Dsym ¢(x,t) = 0 for all  and x in an open
neighborhood of supp x(t) is crucial. The natural weak formulation would have been
to pose the compatibility condition only for x from supp x(t) and not to include an
open neighborhood. In any dimension, Dgym ¢(x,t) = 0 within an open set restricts
¢(t) to the form R(t)x + U(t) for R(t) and U(t) fixed within a connected subset. See for
example Lemma 1.1.3.

In two dimensions these two definitions are equivalent, see San Martin, Starovoitov,
and Tucsnak (2003, Prop. 4.1.) and Lemma 3.2.1. In three dimensions the natural
definition is most probably less restrictive than the above one in the sense that R(t)
could have extra degrees of freedom: The balls-on-sticks motion we later will not
be able to avoid. Thus, admitting only a smaller space of test functions yields less
restriction on the solutions. Effectively, only the projection onto the subspace spanned
by these test functions is controled. In Chapter 2 we will see that the relative velocity
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field is restricted even for weak solutions in the above sense, especially it is restricted
for the test functions. In Chapter 3, see for example Remark 3.4.3, we will see, that
we can only control two of the three possible axes of rotation. That is the reason we
deviate here from San Martin et al. (2003) and use this formulation following Feireisl
(2003b). If a-priori it is known that no collisions occur these definitions coincide, see
Proposition 3.4.6.



Velocity fields of collisions

We consider a mixture of immiscible phases and prove a-priori estimates. For global
velocity fields of a certain regularity these estimates necessarily have to be satisfied.
These estimates are valid independent of the particular model that describes the
transport of rigid bodies within mixtures of incompressible phases. As corollaries we
demonstrate that rigid bodies which are submerged in an incompressible fluid do not
collide in three dimensions in a spectacular way if the velocity field is slightly more
regular than a weak solution of the Navier-Stokes equations. In two dimensions
this phenomenon was observed by San Martin et al. (2003). We generalize and
extend their H'?-estimates to H*/-solutions in three dimensions in Lemma 2.1.8.
Especially, we show that neither strong nor classical solutions of any model which
aims at modeling transport of rigid bodies submerged in an incompressible phase
can capture the concept of collisions in the sense of impetuous body-body interaction.
The terms of a Taylor expansion of the distance function will necessarily vanish up
to an order defined by s and p, see Theorems 2.2.1 and the Corollaries 2.2.2 and 2.2.3.
Nevertheless, a transmission of momentum from one body to another can still take
place due to the presence of a boundary layer, whose influence we do not study.
Hence, our results can be interpreted in the form that there always remains a thin
film of fluid between submerged bodies.

2.1 Estimates that govern the interaction of rigid bodies

In this section we prove that two rigid bodies that touch in a point in time have almost
always and will almost always move like two bodies on a stick. This result is due to
the rigidity of the velocity field within the rigid bodies and the incompressibility of
each of the phases. Although we often refer to the balls-on-sticks motions of chemical
models, the following idea might be easier to digest. Meat-balls on a stick in sauce
stay on the stick independent of the type of sauce.

2.1.1 Sobolev type spaces of fractional order and properties

To prove the claimed statements, we need a couple of auxiliary lemmas. These need
some notations, which we only mention. We refer to Adams (1975) for Sobolev
spaces, to Kato (1995) for forms, and to Pazy (1983) or Engel and Nagel (2000)

13

Chapter
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for fractional powers of sectorial operators. All Laplacians or Stokes operators are
sectorial. Therefore, we only consider one-side form-bounded, selfadjoint operators.
Since the set (), that later contains all other sets, is bounded and we always consider
functions which vanish on a part of the boundary of each connected component of
a subset, the involved operators are even strictly positive in the form sense. For the
more general cases of unbounded sets or operators which are not strictly positive in
the form sense see Sohr (2001). For generalized Kato-Friedrich extensions see Kato
(1995). For similar Poincaré estimates see Adams (1975).

Notation 2.1.1. Let V C IR"” be an open, bounded, and connected set and let I' C V be
a closed submanifold of dimension n — 1. A particular choice would be I' = dV. The
space of test functions which vanish on T is denoted by

P(V\T) := {(p € C°°(]R”)| supp¢ € V\T and supp ¢ is compact} ,
the once differentiable functions which vanish on I are defined as closure

I 1
Hy* (V\T) = 2(V\T)
of these test functions

The fractional versions are introduced using the functional calculus related to the
Laplacian. This can be seen as a generalized version of the H%*(IR") spaces that are
sometimes introduced via the Fourier transform, which is nothing but the unitary
mapping that defines the functional calculus of the Laplacian on R".

Notation 2.1.2 (Fractional Sobolev Spaces). Let —A denote the Laplace operator to
homogeneous Dirichlet boundary values on T, this is formally u = 0 on the boundary
I'. This operator is defined on

D(=A) = {Hgl(v \D) | ~Au e LZ}.

in the associated operator sense to the form defined by

f gradu - grad v.

It is non-negative and selfadjoint. Therefore, the operator has a functional calculus
which allows us to define the abstract Sobolev spaces

H?(V\T):=D(V=2")

fors > 0.

We only need two special versions of these spaces. We consider functions u €
H*?(Q) that vanish in the above sense on a common submanifold within QQ, and
functions that vanish on the boundary. For these spaces an estimate of Poincaré-type
is valid.

Lemma 2.1.3 (Poincaré Inequality in H*? spaces). Let V C R" be an open, bounded and
connected set and I' C V a closed submanifold of dimension at least n — 1. Let the maximal
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distance of a point in 'V to a point in I' be denoted by d := sup, ., dist(x,I') < oo and let
§>0. Thenallu € HS’Z(V \ T) satisfy

(2.1.1) lullizyy < cdf ”DS””LZ(V)’

where ¢ can be chosen independent of 0 < s <1 and V. For domains of finite width that lie
between two hyperplanes of distance d, the constant ¢ can be chosen as 1.

Sketch of proof. An integration along a path that connect an arbitrary point and
a point of the set I', on which every function vanishes, yields an estimate for the
function value in terms of the derivative. The minimal path length is bounded by
d. Integration and an application of Holder inequality yields the s = 1 case. See
for example (Adams, 1975, 6.26). The spectral mapping principle o(f(A)) = f(c(A))

yields the claimed estimate by using the definition of V-A ", g.e.d.

2.1.2 Taylor expansions

We need a theorem from an introductory course analysis that characterizes the differ-
entiability and the derivatives of a function at once.

Theorem 2.1.4 (Taylor expansion and polynomial approximation). Let k € IN and a
function h : (—¢,¢) — R be given If h is k-times differentiable at t = O then there exists

a polynomial function P € IR[t] of degree at most k that satisfies |h(t) — P(t)| = o(tk)
Furthermore, this polynomial is unique and is representable in the form P(t) = ZZ:O plﬁ for
pr = (8?1) (0). Especially we obtain: If a function h : (—¢, €) — R satisfies |h(t)| = o (t°) for
some s € Ry, then for all integers 0 < | < s necessarily (85]1) (0) = 0 is satisfied.

It is worth noting that |h(t)| = o (#°) for all s € R, does not imply that / vanishes in

a neighborhood; h(t) = e_flz defines one of the standard examples.

2.1.3 Some auxiliary integrals

Some technical results are used in the proof of the main theorem of this section. To
straighten the proof, we collect and prove them in the following auxiliary lemma.

Auxiliary Lemma 2.1.5. Choose local coordinates such that 0 is the common point of a
sphere of radius 6 and its tangential plane. In appropriately chosen local coordinates this
tangential plane is R? X {0}. Hence, a point & on the sphere has distance +c(r) to this surface,
where v = |(&1,&2)| denotes the distance from the point of contact within the tangential
plane, the surface point is parametrized as & = (&1,&2,E3), and the height is given by

c(r) = £6 — V0% — r2. It satisfies

1,2 7’2

(2.1.2) % < cofr) < 5

for all v < 6. Furthermore, since the ball is convex, the straight line connecting (0,0, 0) to
(&1, &2, (1)) lies within the ball, i.e.

(2.1.3) Si:) > c(s)

forall0<s<r<bo
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& &= (&1,&)

Figure 2.1.1: In local coordinates the
touching of two balls is prototypic for
the touching of two convex sets.

Proof. The form of ¢(r) is an application of Pythagoras’ law. Denotingby 0 := 5 < 1
for r < 6 the relative radius, we prove the three inequalities in terms of 0:

Evaluating the squares yields that 1 — 6% < (1 - %92)2 is obvious. Applying the
square root and the definition of 6 and c(r) yields the first inequality of (2.1.2).

Since 0%(6% — 1) < 0 we obtain from

(1-6%) = 1-02+ 620>~ 1) < 1- 62

by applying the square root and reordering of the terms 1 — V1 — 62 < 62, which is
equivalent to the second inequality of (2.1.2).
To prove the third inequality (2.1.3), it is sufficient to show that

h(s) := sﬁ:) —c(s)
defines a function & which is non-negative for 0 < s < r < 4. Since h(0) = 0 = h(r) and
2 2 2
a—zh(s) = - 6+—253 < 0
ds (62 — s2)?
for s < r, we obtain h(s) > 0. g.e.d.

2.1.4 A-priori estimates for the minimal interparticle distance

The first auxiliary lemma we use quite often, yields upper and lower bounds for
the interaction zone of two locally strictly convex rigid bodies. On the one hand it
generalizes Lemma 2.1.3 to L spaces, on the other hand it uses the special structure
of the interaction zone to obtain sharper estimates.

Lemma 2.1.6 (Poincaré estimate). For 0 < r < 0 denote by c(r) := 6 — V6% — r? again the
distance of a sphere of radius 0 to its tangential plane. The domain C, is defined by

Cr = {5=(2&) e R*| @ < rand - (@) < & < ),

Its lower part is denoted by

(2.1.4) T, := {5 = (&, ég)t eR? | &l < rand — c(|&]) = 53}

Then for p > 2 all v € H* (C,) that vanish on the part T, of the boundary satisfy the
Poincaré-type estimate

_4
(2.1.5) ol < ey Tt 1% ||Ds

U”LP(C,) ’
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where the factor cs depends on the maximal radius 6 and the differentiability level s and p. In

detail,
(2 S+’%l p1
Ccs =\< Tt
5)

4
defines an upper bound of this constant. Especially, we obtain |[o||;1c,) = 0 (r4 ] )

&3

—

5 = (51/ 52)

Figure 2.1.2: The prototypic inter-  Figure 2.1.3: The two-dimensional sec-

action zone of tworigid bodieswith ~ tion of two convex sets which touch

locally strictly convexboundaryisa  with local coordinate system, shrink-

sand-glass type domain. ing cone domains C}, and extended do-
mains C,.

Proof.  (a) The volume of the sand glass is bounded by the volume of the tube,
which is its convex hull. Hence c(r) < % yields

2
IC,| < 2c(r)mr* < Fnr‘{

Holder’s inequality applied to sets of finite measure yields [[v]l;1c,) < |Cr|% lollr2(c,)
and hereby

21
(2.1.6) ol < /5 7 el

(b) Since the Laplacian is nonnegative and selfadjoint, we can apply the spectral
mapping theorem and Poincaré’s inequality [|[v]|;2 < d[|D v||;2, see (Adams, 1975, 6.26)
for a proof, where d is the maximal distance to a submanifold on which v vanishes,
and obtain ||9||, < d° ||DS v||2. Thus, using that d is bounded by 2¢(r) < 2% in our case,
we get

2

S
(2.1.7) Iollz2(c,) < (5) r ”DSUHLZ(C,)'
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(c) Applying again Holder’s inequality and the monotony of the integral yields

1.1
”Ds v“LZ(C,) < Gy ”DSUHLP(Q)
21 N\
(2.1.8) < (? 4) ' ”DSv”Lp(c,,)
forall 0 < r < 6. Applying now (2.1.7), (2.1.6) and (2.1.8) sequentially yields
(2.1.9) ol < ¢ (r4 rzs‘%) D% 9|, .-

for the predicted constant cs.
(d) Since we assumed D° v € LP(C,) for one and therefore all small r, the measure
|Ds v|p dx is absolutely continuous with respect to dx on C;, at least starting from

some r. Hence, the convergence of |C,| to zero for r to zero yields that ||DS v||Lp(C)

converges to zero as well. This justifies the little o and finishes the proof. g.e.d.

Ultimately, we want to show that two rigid bodies move like one body if they touch
each other. This is equivalent to the statement that one body has no motion relative
to the other. In a first step we show that there is neither lift-off nor penetration if
we consider the motion of rigid bodies, i.e. we do not assume incompressibility
of the surrounding phase. Nevertheless, to prove the three dimensional case a
higher regularity of the motion close to the touching point is needed, whereas in two
dimensions any weak solution is regular enough.

Proposition 2.1.7 (Regularity of centers of mass). Let Q C R3 be an open bounded
domain. Let B(t) € Q, for 0 < t < T, be subsets with common characteristic function
1p : [0, T] — {0, 1} and centers of mass which are denoted by

1
xc(t) = mﬁ(t)xdx.

(a) If 1p, is of class C([0, T]; L (Q2) then the center of mass x. is of class C([0, T]; R").
(b) If1p, is of class C*((0, T); LP(Q2) for some 0 < a < 1 then the center of mass x. is of class
C*((0, T); R™).

Proof. Applying Holder’s inequality yields for the offset in time

|xc(t+ 1) —x:(t)| = @ (1B(t+1) - 1B(t))xdx
B(t+7)UB(t)
i
< 1 f |x|7 dx ||1B(t+1) - lB(t)”
[B(#)] Q)

B(t+7)UB(t)
and yields hereby continuity. The Holder continuity allows the extra estimate
1
q
< ¢(1p) |x|7 dx T4,

B(t+7)UB(t)



2.1 Estimates that govern the interaction of rigid bodies 19

which shows the Holder continuity of the center of mass. For both we used that the
middle term is bounded by

1
q
c(Q) := flxlqu < oo.
Q

Hence, the centers of mass depend continuously on time in the same way the charac-
teristic functions do. g.ed.

2.1.5 Estimates for the development of the interparticle distance

Lemma 2.1.8 (Evolution of collisions). Let Q € R3 be an open bounded domain, let u be
a given velocity field of regularity class L<(0, T; Hf)’p (Q)?), for some s > 0, that transports a
mixture of rigid and other phases. Define the value Syax by

p -1 4
if2s— =<1

(2.1.10) 5, = JFam o ’
o if2s— 5> 1.

Let QY(t) and Q?(t) denote two disjoint rigid phases within Q, i.e. Dsym u(x,t) = 0 in

Ql(t) U QA(t) for t € (0,T), and Q' and O? touch at time ty € (0, T) in a point in which the

boundaries are (locally) strictly convex and C2. If their distance gap(t) := dist (Ql (), Qz(t))

is continuous at the moment t then it satisfies the following:

(a) The distance necessarily satisfies the estimate gap(t) = o (It - tols’””") .

(b) If the distance function is k-times differentiable in to, where k € IN, then all derivatives
in to up to the order min {k, S.x} necessarily vanish.

(c) In particular, if Syax > 1 and the distance function is continuous at the moment of a
collision then it is necessarily differentiable at this moment with vanishing derivative.

Remark 2.1.9. The n-dimensional version of Sy is

2p c—1
n+1)+p(1-2s) ¢ ’

which indicates that we need higher regularity in higher dimensions, but we only
prove the new three dimensional case. For weak solutions of the Navier-Stokes
equations Smax = 2 in two dimension and Spmax = 1 in three dimensions.

Figure 2.1.4: Two dimensional ver-
sion depicting further transport after
possible touching and the cylinder of
radius 7.

Proof. A Sobolev spaces of higher order of derivatives is contained in a space of
smaller order. Furthermore, by boundedness of the domain or Sobolev-embeddings
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we change p. Hence, it is sufficient to consider 2s — % < 1. By increasing again the

chosen smaller s up to the limit case ]% + 1 the corresponding order passes any given
convergence rate.

Denote the common point at time ¢y by xy, {xm} = Ql(t) N Q?(tp), and the two
balls within these sets that touch at xy at this point in time by B; and By, this is

Bi(to)) = B°(0,6) +xpm — dvr,(xa) S Q!
Ba(te) = B°(0,0) + xp — 6 vr, () € Q2.

More precisely, they are given by Bi(t) := (supp xi(t))°, where the characteristic
function satisfies

thk+div(xku) =0
Xr(to) = g (ty)-

We prefer the notion 1p, instead of xj, though the first is defined by the second.
The centers of the balls By and B, are denoted by x; and x,. They are given as
centers of mass and satisfy

1
IB(H) JB,t)

These balls and points are transported within the velocity field as is pictured in
Figure 2.1.4. The positions at a time ¢ are denoted by B1(t), Ba(t), x1(t), and x2(t). The
points given by the intersection of the straight line connecting x(f) and x»(f) and the
boundaries of the balls B;(t) and B;(t) are given by

xdx

x(t) =

B i XZ(t) - x1(t)
(2.1.11) () = 0 + 0 Zp—s
(2.1.12) BB = () - 6 x(t) — x1(f)

lxa(t) — x1(8)|

The main contents of this proof lies within the justification of the following estima-
tion. For some S € R,

(2.1.13) 0 < dist(Ql(t),Qz(t)) < dist(Bi(t), Ba(t)) < IP(t) — a5t
(2.1.14) = ) —xB-20 = h)
(2.1.15) 2 ot -l

is true. Due to Taylor’s expansion, the last inequality states that for a differentiable
distance function gap(t) = dist (Ql(t), Qz(t)) all derivatives up to the order S vanish,
provided they exist. If s < 1 + %, then we will see that the maximal S is given as
claimed above. Otherwise, it is true for all S € IR,, this is, the distance function and
all its derivatives that exist vanish. Since this is the difficult part, we save it for last
the last steps.

1. The inequalities of the first line are rather obvious: they hold by definition of
the distance of sets and the fact that Bi(t) is a subset of Q(t). The last is true, since By
was at time o a subset of QF, and therefore is for all time ¢ € (0, T) by the properties
of solutions of the transport equation. This proves (2.1.13).
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2. The equality (2.1.14) is proved by

x(t) —xi () [

lx2(t) — x1(8)|

o) —x ()P = 2(20) Pea(t) —xi ()] + 467
(lea(t) = 21 (D] = 26)2.

Furthermore, reformulating this equation yields [x2(f) — x1(f)] > 26 > 0. This last
estimate is true, since by construction x}f (t) and xg (t) are points of the straight line
connecting x1(t) to xx(t).

The equality (2.1.15) is proved in the remaining steps:

3. The volume of subsets is preserved, this yields |Bi(t)| = |Bx(0)| for all times ¢,
since the flow is solenoidal. . .

4. Weintroduce anew coordinate system & = (&, £3) thatis fixed in x’f(t) ; € describes
the coordinate plane perpendicular to the straight line connecting x;(t) and xx(f),
and &3 is the coordinate that is oriented in normal direction towards x,(¢). In this
coordinate system, it is easier to define sets and structures.

Especially important is the normal vector

x2(t) — x1(t)
2 () = x1 ()]

that appeared implicitly already in the definition of xf . It is normalized, that is
e3(t) - e3(t) = 1 for all £. Hence it satisfies at least formally e3(t) - dre3(t) = 0. Therefore,

B () - xB (o) X (t) — x1(f) = 26

es(t) :=

(2.1.16) xo(t) — x1() = (W(t) + 26) e5(t)

yields, either by formal calculation or as distributional derivatives in ([0, T)),

I((xa() - x21(1) - e(t))

I (xa(t) — x1(1) - e3(t) + (xa(t) — x1(1)) - Dres(t)
(Drxa(t) = Auxa (1)) - es(t) + (n(t) + 26) es(t) - Ipes(t)
(Ipxa(t) = I (1) - es(d).

5. Since u is within Q¥(t) a rigid-velocity field, the velocity has for every point in
time and parameter k = 1,2 a representation

(1)

(2.1.17) u(x,t) = Re()) (x —x (D) + Up(t)  for x € Q¥ (),

where Ri(t) € .-Z(R%) are appropriate skew-symmetric matrices and Ui(t) € R> are
vectors. We define the motion relative to Q! by

o(x,t) = ulxt) — Ri(H)(x —x1(t)) — Ui(t) forx e Q.
Hence, for x € Q'(t) we obtain v(x, t) = 0, and for x € Q%(t)
(2.1.18) v(x,t) = Ro(t) (x — x2(t)) = Ri(t) (x — x1(1)) + Ua(t) — U ().

Using (2.1.17) formally or by calculation of the distributional derivatives in Z*([0, T))
of x,(t), as defined by (2.1.11, 2.1.12), we get

Idix(t) = u(xe(t),t) = Ur(h).



22 2 Velocity fields of collisions

Hence, dixp(t) — dix1(t) = Uy(t) — Uy (f) and the above calculations of d:h yield
dh(t) = (Ua(t) — Ur(t) - e3(d).

6. We define now special sets, shown in Figure 2.1.4, that will be needed. To
simplify their definition, we’ll use the above introduced coordinate system and set,

using & = (&, &) = &(x, 1),
Co(t) = {er [iEl<r and —c(iEl) < & < h(t)+c(|?;|)}.

The three parts of the boundary JC,(t) are given by

00 = {veq|@=r and -cl@) < & < b+ @D},
Tl o= {er E<r and —c(E) = 53}.
2 = {er E<r and & = h(t)+c(|E|)}.

7. Two properties of I'2(t) are used later: First, ['2(t) is equivalently characterized
as Sgs(x2(t), 6) N C,(t), and, using (2.1.16) therefore yields, that every point x of I'2(t)
satisfies

(2.1.19) X = X+ 6vr3(t)(x) = xyp) + (h(t) +20)es(t) + 6vr3(t)(x),

where v, which depends on space and time, denotes the outer normal vector with
respect to one of the balls. Then the surface integral frz oV dx is a multiple of e3(t), as

can be seen by integration on a segment of the sphere Sgs(x2(t), 6):

__0%cosB
r o | oo vor—o? ,
2.1.20 vdx = _*sinf_ [dOdo = mrles(d).
(2.1.20) fr e fo fo 20" |dodo = i es()
o

8. By construction!, v(t) = 0 on T}(t) and v(t) € HS(C,(t)). Hence,

f divo(t) = f o(t)-v
C,(t) IC(t)
f o(t)-v + f o(t)-v+ f o(t) - v,
() 0 I(t)
or

f ot)-v = — f o(t)-v
Io() T2(1)

- jr‘ ( )(Rz(f) (x — x2(t)) — Ra(t) (x — x1(1)) + Ua(t) — U1(t)) v, dx
2(t

0

!Our notation is at this point a little misleading: fM f= fM f(x) dx always denotes integration with
respect to the natural measure of M. So, if M is n — 1 dimensional, it is the n — 1-dimensional Lebesgue-
measure; if M is n dimensional, the n-dimensional version, and, furthermore, dx denotes integration
with respect to the space variables of the function v, that depends also on time. Furthermore, for a
function like v depending on x and ¢, we write v(t) instead of v(:, t).
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We'll consider this integral in three steps: We use the characterization (2.1.19) and
the skew-symmetry of Ri(f) to see that

f Ra(t) (x —x2(t)) - vy dx = 6f Ry(Hyv-v = 0,
I7(t) T7(t)

that

f Ri(H) (x — x1(H) - vy dx f Ri(b) ((h(t) +20)es(t) + 6vrg(t)(x)) vy dx
T2(t) I?

7(t)
h 25)R . o) R .
(h(t) + 26)Ry (Des () fr L fr | Rawy

i (h(t) + 26) Ry(Bes(t) - es(t) + O f Ri(yv-v = 0,
T3

and that

(U2(t) — Uy (1)) - v
T2(t)

nr? (Ua(t) — Uy (h)) es(t).

f (Ua(t) - UL(t) - v
I2(H

Hence, the combination of the these considerations yields
(2.1.21) f ot)-v = —nr? (Ua(t) — Uq (D)) - es(t).
()

This equation actually is true for all r < 0.
9. By definition of the points xx(t) the last considerations yield

TRohl) = R @) - I (D) - es)
2 (Us() - U (1) - es(t) = f o(t)- v,

()

or, after integration and application of Holder’s inequality

ff lv(x, t)| dxdo Sf [o(x, t)| dx
0 Jrip r(t)

1
57’(?3 19:h(t)|

IA

< ICO1 o)z, 0y
(2.1.22) < G (f)|% (h(t) +2¢(r))’ ”DS v(t)HLZ(C )
(2.1.23) < 1COIT () + 26()Y ID* 20| -

Since C,(t) is a subset of the full cylinder, we obtain |C,(f)| < rtr?(h(t) + 2¢(r)). Further-

more, integrability over the set Cs(t) and absolute continuity yield ||D v(t)” ) =

o( ) Therefore, for every 0 <r < 6

1 1
@128 POl < 7T AT 00 + 2600 [0l
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or, equivalently,

_p+2 p=1
(2.1.25) (D < Cr™ 7 (h(t) + 2c(1)™ 7 1ID°0llp(c, 1) -

By assumption, the two sets touch at time ty, i.e. h(tp) = 0. Hence, for all ¢ close to
to continuity of h yields h(t) < 62. Therefore, since (2.1.25) is valid for any 7, we may

use for every t a special radius, namely r = +/h(t) for all f close to ty and obtain

sl
9B < C IID°0()llpn(c, i H(ET 7 .

=:a,(t)

10. We can assume that the characteristics don’t leave (), for example by posing
the homogeneous Dirichlet boundary condition # = 0 or any other condition that
guarantees C,(t) € Q) for all f close to t. Since we defined a,(t) = C|ID*0(#)l|;p(c, ) We
obtain from u € L*(tg — ¢, tg + £; H*P(Q)) the integrable upper bound

1
ar(t) < cICE ID°0()lppcy

and that a, satisfies ft; a,(0)cdo — 0 for t to tg and for r — 0.
11. So we obtain, without loss of generality for t > t; using h(tp) = O that

1 @s+p—4 _ 1 @stlp=4 o=t
[h(t)] % = |h(o) 2 t
a=ty
t 2 1w -4 (2s+1)p—4
- f (1 - %) o)~ 9,h(c)do
fo 2p
_ ¢
< (1 - M)‘[ 117(0) do
2p to
1
25+ 1)p — 4 i :
< (1 - %)(t - 1,‘0)71 (f a,(0)° da) = o(|t - t0|Tl)
fo
or
2p -1
(21.26) @) = o (¢ = tol 70 = ).

. . 2 . .
Hence, a Taylor expansion up to the integer order k < Wf—%) el necessarily vanishes.

Therefore all derivatives 8’;h must vanish in ¢y up to this order. The claims (a) and (b)
directly follow from this, since 0 < gap(t) < h(t) by (2.1.14):

2] c—
(2.1.27) [gap(t)] = o(lt ~ bo] T _1)

12. We used continuity of the distance gap(t) to prove the above estimates, but
differentiability with vanishing derivative results from

t) — t t
gap(t) — gap(to) _ gap(t) _ o(lt _ t0|5max_1)/
t—1to t—to

which proves (c). g.e.d.
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Figure 2.1.5: Iteration of the proof
for different radii ¢ yields that no ro-
tations are possible that do not pre-
serve normal to the common tangen-
tial plane

Remark 2.1.10.  (a) We actually proved a more general estimate. For any choice of
touching balls By (t) = B(x1(t), 6) and Ba(t) = B(x2(t), 6) of radius 0, we have

(2.1.28) dist (B(x1 (1), 6) — B(xa(b), 8)) = o(lt _ po|Fm —1)

if 6 is small enough to be a touching ball to the boundary of a rigid body filled domain.
This is just a reformulation of equation (2.1.26) due to equation (2.1.14), but yields
already estimates on the relative rotations. We are not pursuing this path, since in the
next chapter better estimates will be proved. Hence, we only sketch the idea here.
The balls contained in on common set all move as parts of a rigid body. Hence,
the distance of two arbitrary points is constant. Especially, these two balls have no
relative rotation. The distance between the two bigger balls as well as the distance
between the two smaller balls are of order

c—
<

2p -1
o (lt _ t0|4+p(172s) )

Hence, a relative rotation of the two small balls relative to the axis connecting the
two bigger balls is not plausible.

(b) Boundedness of the containing set Q) provides many estimates that otherwise
need to be assumed. If for some ¢ > 0 we knew that u is locally in time essentially
bounded in space and time, we would obtain C,(t) C Q) for all  close to ty that satisfy

1
£~ tol < — dlist(Cy(to), 9C2).

In physics often classical solution are considered which either vanish rapidly at infin-
ity or are assumed to have finite speed of propagation. Hence, such solutions satisfy
the L*-estimate assumed above. Therefore, these solutions satisfy in a neighborhood
of the interaction zone the above used assumptions.

2.2 Motion of bodies in incompressible fluids

2.2.1 Conservation of energy and weak solutions

Researchers working with weak solutions to the Navier-Stokes equations believe that
at least an energy-inequality of the form

1 t 1 t
@21 3 fg o) P + u fo fQ lgradu|” < 5 fQ 0(0) [u(O)* + fo fQ og u
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should be satisfied for a realistic velocity field u, where u, o and g depend on space
and time. Hence, velocity fields are only considered as possible candidates for a
solution if they are at least from the class

(2.2.2) L?

loc

([0, T); H*#(Q)") N LS

w (10, T); L2 (©)").
Nevertheless, not even the velocity of the already highly idealized Poiseuille’s flow
that even satisfies the Navier-Stokes equations (¢ > 0) and the Euler equations (u = 0)
everywhere in the classical sense, is contained in this class if the pipe is unbounded
and the flow through a cross section is nonzero. Vice versa, it is unknown if every
weak solution of the class of equation (2.2.2) satisfies the energy estimate (2.2.1).
Hence, one needs to show that the energy estimate is satisfied for a constructed weak
solution.

Furthermore, it is reasonable to hope that at least the centers of mass of the rigid
bodies in motion move continuously in time. For balls Q! ..(t) = B(xi(t),r") and
Q? 4 = B(x2(t),7?) this is enough to prove that the distance function of these is

soli
continuous in time, since

dist (QL (B, Q% 14 () = [ (®) = 22(t)] - ' = 2.

Under these rather mild assumptions we obtain that balls do collide at most in the
least spectacular form:

Theorem 2.2.1. Let u € leoc ([O, T), Héi (Q)3) nLy. ([0, T),L? (Q)s) be a velocity field that

is supposed to model the transport of two rigid bodies within a bounded set or to model the
motion of a rigid body within a bounded set. Let Qioli (t) be one of these bodies and Qfoh. ()

be either another body or constantly the exterior set R® \ Q. Suppose
gap(t) := dist (QL (1), Q%))

is continuous at the moment ty and gap(to) = 0, i.e. Q;olz. 4(fo) and ngh. ,(to) collide. Let

the common boundary Q;OH ,(f0) N Q?gli (fo) contain at least one point at which both sets are
strictly convex. Then

gap(t) = of(|t—tol)

Especially we obtain that d; gap(to) exists and equals 0.

Proof. The regularity assumptions formulated for a weak solution and Lemma 2.1.8
yield that Smax = 1 in three dimensions. Hence, gap(t) := o (|t — to|) yields that the
tirst derivative exists by definition of the first derivative,

gap(t) — gap(to)
t—1to

0 = o().

Which yields the claims. g.e.d.
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2.2.2 Velocity fields that describe the transport almost everywhere

Our notation of strong solution is a weak solution with enough regularity such
that the differential equations can be given a point-wise meaning. For solutions of
Navier-Stokes equations these assumptions are the following, which yield continuous
solutions Z € C([0, T); LP(Q)3) of

atE(él S; t) = u(E(‘SI S; t)/ t)
E(&s8) 3

fors,t € (0,T) and & € Q. Hence our assumption on continuity is satisfied and yields
the following corollary.

Corollary 2.2.2. Let u be a velocity field that is supposed to model the transport of rigid bodies
within an incompressible fluid weak solution that has the reqularity of a strong solution. In
particular u satisfies

(o)
uce Lloc

dm € L2 ([0,T),L2(Q)°).

loc

([0, T); Hy ,(Q)) N L

loc

([0, T), H** (%)

Then all temporal derivatives of the distance between two bodies necessarily have to vanish
at the moment they collide provided they exist.

Proof. The regularity assumptions posed on a strong solution and Lemma 2.1.8 yield
that Smax = . Hence, for all S > 1 the estimate gap(f) := o(lt - tols) is valid, as
claimed. Especially we see, that the first derivative exists, as for weak solutions, by
definition of the first derivative, since

gap(t) — gap(to)
t—1tp

0 ‘ =o0(1).
Equivalently, we can formulate this as a Taylor expansion: Let S € IN then

: (t- to)k S
gap (t) = ZO Z +0(|t—t0|).
k=0

which yields the derivatives of higher order, provided they exist. g.e.d.

2.2.3 Classical description of motion bodies

Especially in computer graphics an again different description of the motion of sub-
merged bodies is sometimes used. On page 2 we introduced the elements of se(R?)
in equation (1.1.5) for a single body in motion. For N bodies the idea is iterated.
The possible tangential vectors of a configuration of N rigid bodies suspended in an
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incompressible fluid can be described in the form

0 wy(t)  —wi(t) Ut
—wi(t) 0 wi(t) Uyt 0
wl(t)  @l() 0 uke R

0 0 0 0
atX(t) = O]R4><4 E . 0]R4><4 4
0 wY(t) - () UY(t)
—wy() 0 oty U(h)
oY) @ () 0 uy(t)
0 0 0 0

which has in three dimensions at most 6N-degrees of freedom.

Corollary 2.2.3. Let u be a classical solution of any model that describes the transport of
rigid bodies suspended in an incompressible fluid, then the particles touch each other at a
moment in time if and only if they do so initially. Especially the above introduced X(t) does
not change its degrees of freedom in time.

@ Figure 2.2.1: Rolling on
top of the common tangen-
tial space could be observable:
For weak solutions with con-

tinuous motion of the sub-

merged bodies we excluded

the motion depicted in (a).

Nevertheless, the motions in

(b),(c), and (d) could still be
/ observable.

Posed in terms of the evolution (X(f)):>0 we obtain that X(t) stays on a submanifold
that describes the motion of bodies which at any point in time have the same number
of common boundary points. For example to describe the flow of two submerged
bodies that touch at a certain time, i.e. with 3 degrees of freedom for the common U
and one for the relative rotation wses, four variables are sufficient for all ¢. Similarly
for all pairs of submerged bodies that share a common boundary point once in
time/for all times. By iteration we obtain a balls-on-sticks motion similar to the
molecular models of chemistry.




Existence of solutions

We consider a model that describes the motion of several rigid particles which are sub-
merged in an incompressible fluid. Our weak formulation neglects surface forces and
enables us to construct a global solution. We achieve this by extending a construction
procedure of San Martin, Starovoitov, and Tucsnak (2003) from two to three dimen-
sions. The solution is obtained as limit of a sequence of solutions of approximative
models. These approximative models describe binary fluids where the viscosity of
one of the species tends to infinity with increasing model index. The hereby obtained
solution describes an almost always collisions-free motion.

3.1 Introduction

We construct our solution by following the steps of the existence proof of San Martin
et al. (2003). We only deviate if results need to be adapted, notations collide with
other notations in three dimensions or are less compatible with our tool box reference
Sohr (2001). In the introduction we introduce the way we name variables, functions,
and fields. Their used variants are introduced later as needed. Furthermore, we
describe the setup of this chapter.

3.1.1 Notations and Setup

Let Q C R3 be an open bounded set that represents the domain occupied by the
fluid and N rigid bodies. We denote by Qgyiq(t) the domain occupied by the fluid
and by Qs d(t), i =1,...,N, the domains occupied by the rigid bodies at time t.

We set Qqolid = Ufi 1Q20h 4 for the solid filled domain and denote the external set as
0o .

Qg = IR® \ Q, which represents a solid body not in motion.

The full system of equations that model the motion of rigid bodies submerged in a
viscous Newtonian fluid can be written as follows. For all time within the fluid filled
subset Qguia(t)

(3.1.1) Ofluid (s + gradu u) = div (Zy Dsym u) —gradp + 0fuid §
(3.1.2) divu = 0
(3.1.3) dro+div(ou) = 0

29

Chapter
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should be satisfied. We couple fluid and solid velocity by assuming continuity of the
velocity fields on the common boundaries BQZSOH 4()- Within the solids x € Q¢ _..(f),

i=1,...,N,
- f _ Tv + f _ 03,
aK)Z;olid (t) Q;olid (t)

- f Tv X (x - xé(t)) dx + f 0g X (x - xé(t)) dx
I g ®) O ia®)

soli

(3.14)  Mx(t)

(3.15) o' (t),

should be satisfied. As initial values we assume that u(x, 0) = ug(x) and

(3.1.6) 0(x,0) = 0auid10g,4(0)(X) + Osolid10,,;:4(0) (X)

for x € Q) are given. Furthermore, the initial positions Q;Oh 4(0) = Q;%h 4 and therefore
Qg01iq(0) = Uf\i 1Qéoli 4(0) are given. Furthermore the equations for the motion of the
centers of mass are implicitly given by

x0) = 0, 9 0) = 07, Jw'(0) = w”.

We do not model non-trivial surface forces. Hence, coupling of weak and strong
formulation is obtained through integration by parts. The herby obtained surface
integrals represent forces due to non-trivial surface forces and can be neglected.

The variables x and & always denote spatial positions. By ¢ we denote time. The
unknown functions all depend on space and time and are given as follows. The
velocity of the fluid is denoted by u. The density distribution of the fluid is gguialog,,,
where oguig > 0 is the scalar value of the mass-density of the fluid. Similarly, the
density distribution of the solids is gsliala,,,, where gsoig > 0 is the scalar value
of the mass-density of the solids. We actually do not use that gsig is constant. For
example for an arbitrary function gs.1ig, Which isbounded above and below, we obtain
that 0(0) is above and below initially. A property which is preserved by Equation
(3.1.6) for the transported version g(t). The centers of mass of the solids Qéoh 4(b) are
denoted as x.(t). Their angular velocity is denoted as w'(t).

We denote by g external forces per unit mass, by y > 0 the viscosity or more
precisely the inverse of the Reynold’s number, by M’ the total mass of Qé olia’ Y Ji(t)
the inertial momentum of Qéoh d(t), by T = 2 Dgymu — pId the Newtonian stress
tensor of the fluid, and by p the fluid pressure.

Notations of integrals are abbreviated in a way which should be meaningful from
the context. We often write fQ f instead of fQ f(x)dx or fQ f(t) instead of fQ f(x,t)dx
for time-dependent functions.

3.1.2 Contents

We prove existence in the following steps. These steps form next sections.

2. Notation and presentation of main results

3. Description of the main steps of the existence proof and the approximation
scheme

4. Properties of the space K(x) of velocity fields that preserve a rigid body at supp x
for a characteristic function y. This Hilbert space is given by

K(x) := {u € H)(Q)| divu = 0, X Dyym u = 0}



3.2 Notation and presentation of main results 31

5. Solving the transport equations using the method of DiPerna and Lions.

6. Estimates and convergence properties of the sequence of approximative solu-
tions.

7. Compactness of the sequence of approximative solutions and strong conver-
gence of a subsequence in L%(0, T; L?(Q)?).

8. Conduct of the existence proof and considerations on collisions for the con-
structed solution.

3.2 Notation and presentation of main results

Let Q C RR® be an open bounded set with C2-boundary dQ. For a vector valued
function u = [u] € L%(Q)® we denote its symmetric part of the gradient by

1
Dsyrn u = 5 [uk,l + ul,k]kl ,

where we used the shorthands uy; = dyuy, k,I = 1,2,3. In our setting with Dirichlet
boundary conditions the symmetric derivative and the divergence can always be
calculated in the distributional sense. As function spaces we use the spaces of
solenoidal functions
P6(Q) = {¢p € 2(Q)° | div ¢ = 0
Lg(Q) := the closure of Z,(Q) in L>(Q)?
H(l), ,(Q) := the closure of Z,(Q2) in HY(Q).

The subscript o distinguishes solenoidal function spaces from their classical counter-
parts. The H-spaces are always obtained as closure of spaces, whereas the W-spaces
are obtained by restriction from distributional spaces. In general many counter-
intuitive behaviors are observed. In our setting of bounded, regular sets and p < oo
the strong and weak approaches yield identical spaces, see Sohr (2001) for details.
Hence, we have

L2Q) = {ue2Q)|dive =0,(uv) € H 2 (9Q)]
HY () = {ue HY(Q) | divg =0,u =0 € H (90)]
= {u € H)(Q)* | div ¢ = 0}.
Furthermore we define for 1 <p < o
H,"(Q) = {ue H¥(Q) | div ¢ = 0}
Hy"(Q) = {ueHP(Q) | dive =0}.
For a characteristic function y we denote the space of compatible velocities by
(3.2.1) K() = {ue HYQ) | dive =0, x Dyymu = 0},

and observe the following elementary properties.
Lemma 3.2.1. The space K(x) has the following properties:
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(a) The set K(x) is a closed subspace of H(l)IU(Q).

(b) For every connected subset of the support supp x there exists a skew symmetric matrix
R € Z(R®) and a vector U € R such that u(x) = Rx + U for all x € U. Since every skew
symmetric matrix in R3 is defined by a vector w € R, we obtain equivalently u(x) = wxx+U
forall x € U.

Proof. The proof is of (a) follows from the continuity of the bounded linear operator
XDsym € Z (Hcl)(Q)3 ; L2(Q)®3. The second claim, (b), in this form will be used quite
often and will be proved later on again. The idea is the central idea of the proof an
idea from elasticity theory: if Dsym # = 0, then for all k, I, m = 1,2,3 we obtain

2uppy = —(Upmk + Umk) = =W + ) g = 0.
Hence, D?u = 0 or u(x) = Rx+ U. Using R+ R* =2 Dsym # = 0 yields skew symmetry.
The expression w X x + U is just a reformulation. g.e.d.

By C?-regularity we obtain the following.

Proposition 3.2.2. There exists a m‘inimal 0 > O such that forall i = Q, ...,N, ie. including
the external domain, for all x € Q. .. (0) an open ball B(&,06) C €. ..(0) exists such that
x € B(§,0).

Notation 3.2.3. We fix this value of 0 of the last proposition throughout this work.
Furthermore, we introduce for 7 > 0 the T-neighborhood of a set G € R® by

(3.2.2) G" = {x e R®| dist(x,G) < 7}

and especially for the above mentioned 6 the 6-neighborhood

(3.2.3) G = {x e R?| dist(x, G) < o}

and the 6-kernel

(3.2.4) G™ = {xe G| B(x5) c G}

It can be easily seen that for open sets G that satisfy the above proposition
G = (Gext) int _ (Gint) ext.

Our standard convolution kernel for the regularization is denoted by 9, and,
although other functions have the needed properties as well, we use

__1
(3.2.5) dx) = c-e 1 forlx| <1
0 otherwise,

for x € IR", where the constant c is chosen such that 9 is normalized, this is

. -1
c = (f e_mdx) )

For arbitrary ¢ > 0 we define the rescaled version, 3¢, by J.(x) = ¢ 9§ (8_1 x). The
essential properties for these mollifier-kernels are their non-negativity, 9.(x) > 0 for
all x € R”, their normalizization, fan Y¢(x) dx = 1, their independence with respect
to rotations, 9:(x) = 9.(Qx) for all Q € O(R"), and their compact support, here
supp 9¢ = Brn(0, €).
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Notation 3.2.4. For f € L110C(1R3) we denote by f its regularization

(3.2.6) fi=9s%f= fR . Sx—y)f(y)dy.

Similarly, if € Llloc(Q) we extend it by zero to all of R3. Hereby we define f € C*(IR%).
The vector valued case is obtained coordinate wise. We obtain regularized versions
u of a velocity field and approximations u” hereof, which have support within Q°*,
as should be kept in mind for our later definition of an approximative solution.

One key observation for this regularization is that it that does not change the
property to preserve a submerged rigid body. At least within a 6-kernel of the
originally occupied subset a rigid body is not sheared, as can be seen by applying
the derivative under the integral. To be able to refer to this observation by number,
we formulate it as remark.

Remark 3.2.5. If u is a rigid velocity field in G, then # is a rigid velocity field in G™™.
Notation 3.2.6. We denote by Xéoli 4 = 1g 0 the characteristic functions of the

individual solid bodies Qéoh d(t) and by xsolid = Zﬁi X;oli d the characteristic function
of the domain occupied by these bodies. Furthermore, we denote Céoli 4@ = 1Q{;olid(t)m

the characteristic function of the 6-kernel of Qéoli cl(t) and Cgolig = f\il éoh d the 6-
kernel of Qgglig. For T > 0 we denote by Qr the space-time cylinder ) x [0, T]. For

an arbitrary characteristic function £ on Qr we denote
LP(0, T;K(&)) = {u € LF(0, T; Hy ,(Q) | u(t) € K(&(-, 1)) for a.a. t]

in the sense & Dgym u = 0in LP(0, T; L2(€2)3*3).

We now define what we call a weak solution. The weak formulation of the con-
servation of momentum is identical to the definition used in Feireisl (2003b). This
is due to the nature of the test functions. In the case of a collisions, the assumption
X Dsym ¢ = 0 does not control relative rotations of the two colliding bodies completely.
This is a major difference to the article by San Martin et al. (2003) upon which this
whole work is based upon and where the other weak formulations are taken from.

Definition 3.2.7 (Weak Solution). Let gy € L*(Q) be the initial mass distribution, Uy €
L%(Q) be an initial velocity and mq(x) = go(x)uo(x) initial momentum, Q40 € Q
fori=1,...,Nbe disjoint, open and smooth (C?) sets with characteristic functions x*.
Let Qg1i1q(0) = Uf\i 1leoh 01(0) be the subset occupied initially by solids.

Let u € L(0, T; L2(Q)) N L0, T; H, (), 0 € L¥(0, T;L™(Q), x' € C**5(0, T; /()
forall 1 < p < oo and X'(x,t) € {0,1}, and y := ﬁl X' satisfies x(x,t) € {0,1}, i.e.

it is a characteristic function or equivalently the sets Q;Oh 4 are disjoint. Then these

functions form a weak solution if they satisfy the following.
f ou-(dip+gradpu) = — f mo(x)¢p(x, 0) dx
Qr Q

(3.2.7)
+f Zstymu:Dsym(p—f 08¢
T Qr



34 3 Existence of solutions

for all ¢ € ([0, T); Z,(Q2)) that that are compatible in the sense
(3.2.8) Dsym ¢(x,t) = 0

for all t and x in an open neighborhood of supp x(t). Furthermore,

(3.2.9) fQTQ-(&ttp+gradl,bu) = —L@o(x)tlj(x,O) dx
i D _ i
(3.2.10) fQTX "D (@) +gradypu) = LX (x,0)Y(x, 0) dx

for all ¢ € C1(0, T; C}(Q) that satisfy y(T) = 0.

Theorem 3.2.8 (Existence). Let g9 € L™ satisfy oo(x) > o > 0 for some constant . Let

g € L%(0,T;L*(Q)%). Then there exists at least one weak solution to the above equations.
Furthermore, this solution satisfies an energy estimate

1 1
(6211) 5 fQ olu(Hl* dx + fQ T2[u|DSymu|dxdt§C(§ fQ o0 luol” dx + g]] 2 0,

for some constant C > 0. Furthermore, there exist affine isometries E;oli d(-,s; t) on R3 that
satisfy in particular

Qi) = Eorig(Q5rig(8), 5: £)
foralls,t,e [0,Tlandalli=1,...,N. These mappings are Lipschitz-continuous in s, t.

Remark 3.2.9. By definition of a solution, xsclid = Zf\io )(ioh 4 1s a characteristic func-
tion, i.e. the sets Qéoh 4 may never overlap, but since the sets Qioli 4 areopen, this does
not exclude touching. This property is due to the conservation of mass and volume:
the volume of the support of x'(t) and of every sum x™ (t) + -+ + x(t)

Theorem 3.2.10 (Collisions). The weak solution u and the minimal gap

gap(t) := min {dist (O (1), Q) (1) ]i,j=0,...,N;i # j}

between the submerged bodies and between bodies and outer boundary satisfy the following.
(a) Let E := {t € [0, T] | gap(t) = 0}. If to € E exists and for some 0 < i,j < N withi # j,
the setg Qéoli 4(to) aﬁd Qioli (t0) have a common boundary point then th? velocity field
uat Q. (to) U o/ ./(to) consists of two rigid body motions u(x, t) = R'(f)x + U(t) at

soli }
Qéolid(to) and u(x, t) = Ri(t)x+ U(t) at Qiolid(to)for asingle U € R3 and skew symmetric
Ri(t)e Z(R3),1=1i,].
(b) If gap(to) = O then the two-body distance satisfies necessarily

gap;;(t) = dist (Q (0, QL (1) = o (It — to]),

where 0 < i, j < N are those values i # j for that this minimum is achieved. Especially,
gap;; is differentiable at to with I gap;; (fo) = 0.
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3.3 Main steps of the existence proof

In this section we construct the approximative solutions as solutions of heterogeneous
Newtonian flow models. The key idea is to track the evolution of the 6-kernel of the
subsets of higher viscosity and to use the 6-neighborhood of the evolved version of
the 6-kernel to penalize the term Dsym u. Furthermore, the transport is considered
within a regularized flow u.

3.3.1 Approximative solutions

We assume as regularity of approximative solutions the standard regularity prop-
erties that might be expected of weak solutions of a heterogeneous flow. The key
difference to most approximation schemes in numerical analysis is that a classical
solution indeed is an approximative solution. Therefore, this notation of a approxi-
mative solution is consistent. It is identical to the two dimensional formulation posed
by San Martin et al. (2003).

Notation 3.3.1 (Approximative Solution). Forn € Nandi =1,...,N we consider ap-
proximative velocity fields u" € L*(0,T; L2(Q)) N L2(0,T; Hé/g(Q)), approximative
densities ¢" € L*(0,T;L*(Q2)), approximative characteristic functions x™ of the
submerged bodies and (" of their 6-kernels both of class C0+1l’(0, T;LP(Q)) for all
1 < p < oo, where xX™(x, t) € {0,1}, where x" := g\il x™ satisfies x"(x, t) € {0,1}, and
"= Zfil C™ is coupled to x by supp {" = (supp x") ™
equations have to be satisfied.

. Furthermore, the following

f o'u" - (v + grad p u”) = —f mo(x)p(x, 0) dx — f o8- P

(33.1) T © o

+ f (2{1 + an) Dsym u: Dsym (P
Qr

for all ¢ € ([0, T); Z,(€2)) and
(3.3.2) LT o'y +gradypu") = - L o0(x)Y(x, 0) dx

(3.3.3) v[(; N gin. (Btn + gradn ﬁ) = — L t Cf)(x)r](x, 0)dx

for all ¢ € C1(0, T; C'(Q) that satisfy ¥(T) = 0 and all € C1(0, T; C'(Q®*) that satisfy
n(T) = 0.

The approximative nature is due to two relaxations of the assumptions of a weak
solution: On the one hand, (3.3.3) and (™ describes the transport of a -kernel of the
ith submerged solid body and the position x™ of this body is found as 6-neighborhood
of the support of this set. On the other hand, (3.3.1) allows that Deym 1" might be
different from zero within the support of x*, but to high values hereof are penalized.

3.3.2 Existence of approximative solutions

The notation of approximative solutions is modeled exactly to fit into the framework
of heterogeneous fluid flow in the sense of Lions (1996) with accompanying densities.
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For such fluid models the procedure of DiPerna and Lions (1989) and Lions (1996)
provides existence of solutions which yields the following results, as demonstrated
later.

Theorem 3.3.2 (Existence of approximative solutions and a-priori bounds). Solutions
exist and satisfy the following a-priori bound uniformly in n € IN: There exists a C > 0 that
satisfies

% f o' () dx + f u+nx") |Dsym u”|2 dxdt
Q Qr

1
< C(E fQ 00 luol” dx + “3“;@) ’

this is the sequence (u"), is uniformly bounded in L*(0, T; I—Il SQ)NL=O,T; L2(Q)). Fur-
thermore, 0"(x,t) > 0> 0 fora.a. x € Qandt € [0,T], and for all 1 < p < oo the associated

densities satzsfy”g (t)||Lp(Q) ||Qo||U,(Q) andforalli=1,.. Nand”Cl”(t)”Lp(Q) ||C ||U,(Q)
for characteristic functions (™. Hence, these solutions satisfy uniformly

(3.3.4)

(3.3.5) ||Qn”L°°(O,T;LV(Q)) - ”QOHLP(Q)

and foralli=1,...,N

(3.3.6) ||Cin”L°°(0,T;LP(Q)) - ”CEHU’(Q) ’

By standard compactness arguments the equations (3.3.4), (3.3.5) and (3.3.5) yield
converging subsequences, which we will denote again as the original sequences:

(") peNs (Qn)neﬂ\]' (T nen satisfy

(3.3.7) u" — u weakly in L*(0, T; Hj ,(Q2)) and weakly” in L(0, T; L3(C2))
and by properties of the mollification

(3.3.8)  u" — uweakly in L*(0, T; Hy(Q®)%) and weakly" in L*(0, T; L2(Q®%))

and using that u € 2(Q%*) we even know that (ﬁ”)n C L™(0, T; C?(Q*%)) is uniformly
bounded. Furthermore

(3.3.9) 0" — pweakly" in L*(0, T; L*(Q))
and foralli=1,...,N
(3.3.10) (" —s ¢ weakly” in L®(0, T; L (Q®%)).

Something we’ll need as as an extra, compared to the two dimensional case, is
that the uniform boundedness in L%(0, T; H (Q)) N L™(0, T; L2(Q)) of the sequence

(u"),,en implies uniform boundedness in Lt (0, T; L*(Q)? and therefore we can choose
the subsequence such that

(3.3.11) u" — u weakly in L3(0, T; L*(Q)%)
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Remark 3.3.3. In three dimensions boundedness of a function v in L? (0, T; H'? (Q)3)
and in L® (0, T;L2 (Q)3) yields boundedness in LS (0, T; LA(Q)).

Proof. Standard Sobolev embedding results yield that H(l)’z(Q) C L%(Q)is a continuous
embedding in three dimensions. Therefore, the embedding

20, ;HAQ?) ¢ 120, ;L))

is continuous.

Furthermore, or all v € LP1(0, T; LP2(Q)) N L7(0, T; L72(Q))), for all 0 < 6 < 1 and
rli = 9% +(1 - 6)% we have v € L"(0, T; L"2(Q))). In our case we will use 6 = % and
obtain from the formal convex combinations

1 1 1 3
- — 4+ (1-0)= = =2
” 05 +(1-0)3 8
1 1 1 1
- — Z4+(1-0)= = -
r2 05 +(1-6)g 1

the values 1 = % and rp, = 4.
The convexity result of Lebesgue spaces can be seen as follows. If one of the indices
pi or g; is oo the Holder estimate is obvious. For the most technical case we consider

T % T %
f ( f |v|“) = f ( f |v|9f2|v|“‘9>“)
0 Q 0

T

T -0\ 7,
< f (f |v|6r2§,,2) (fl |(1 O =ty 6)r2) [

0 Q

T éerl 5(1—9)7‘1
= LA (L)

0 Q Q

r 0 1-0
= [ (o o)

0

-0y
" o pl O m=oy n

< (f Ilo (t)||Lp eldt) (f llo(t) IILq2 - 6>1dt)

and obtain |[v||;r1n < ||v||Lp1Lp2 IIUIIUHU2 Thus we find that v € L3 ([O, T, L4(Q)3) in
our case. g.e.d.

We denote by X'(t) the characteristic function of (supp Ci(1)>* and by x := ﬁl X
Hereby we obtain functions u, g, x which are the candidate of our solution to the
original problem. Hence, the only purpose of the last pages is to show, that these
functions really are a solution. The key ingredients are the following two claims.

Proposition 3.3.4 (Approximative solutions approximate solutions). The limits u, o, x
of a subsequence of the approximative solutions satisfy all the assumptions on a weak solution
in the above defined sense, at least besides the conservation of momentum equation (3.2.7),
which we will consider later.
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To prove that the conservation of momentum equation in the weak sense is satisfied
as well is rather involved and the following proposition turns out to be a major step
towards the proof of Theorem 3.2.8.

Proposition 3.3.5 (Approximative solutions approximate solutions).
A subsequence of (u"),,c converges strongly to u in L*(0, T; L2(Q2)3).
With these propositions satisfied we obtain the following steps of the proof which
we will conduct:
(a) Results from DiPerna and Lions (1989) and Lions (1996) yield that after extracting
subsequences

u" — u strongly in L*(0, T; L2(Q))
0" — o strongly in C(0, T; LF(Q))) forall 1 < p < o0

(b) An approximation property of the spaces that preserve rigid bodies shows that
u, 0, x satisfies the conservation of momentum equation

f ou-(dip +gradpu) = —fmo(x)(l)(x,O)dx
Qr Q

+f Zstymu:DSym(p—f of - ¢
Qr Qr

it is sufficient to check this only for all those ¢ € 2([0,T); Z,(Q2)) that satisfy
Dsym ¢ = 0 in a in t-neighborhood thereof.
(c) The Holder-continuity of the characteristic function y is then a direct consequence
of the Holder continuity of the functions Z'.
(d) The claimed energy inequality(3.2.11) is due to the energy inequality (3.3.4) of
the approximate solutions and the lower semi-continuity of the involved terms.
The precise versions of the above statements and the details of this existence proof
are the contents of the remaining sections.

3.3.3 Reference Table of notations

Although the notion of approximative solutions is straight forward, the proof of the
convergence of a subsequence is involved since in the definition of the converging
subsequences for the velocity, the densities, the the characteristic functions of the
approximative solid domain and its different connected subsets a lot of notation and
many subsequences are involved. To give the reader a possibility to check a notation,
we list the involved terms.

Term Usage First appearance
u" Approximative velocity fields Theorem 3.3.2
u" Regularized version of approximative velocity fields Equation 3.3.8
u Limit of the approximative velocity fields Equation 3.3.11
ul., Rigid velocity field for Q7 ., close to the approximative Lemma 3.6.5

} velocity fields }
u, ., Rigid velocity field for (2 .. within limit of the Equation (3.5.21)

approximative velocity fields
" Transported version of the characteristic function of Theorem 3.3.2
6-kernel of the solid domain within the velocity field u"
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Term Usage First appearance
gin Transported version of the characteristic function of Theorem 3.3.2
0-kernel of the ith connected subdomain of the solid
domain within the velocity field u"

C Transported version of the characteristic function of Equation (3.3.10)
0-kernel of the solid domain within the limit field u
< Transported version of the characteristic function of Equation (3.3.10)

0-kernel of the ith connected subdomain of the solid
domain within the velocity field u

" Transport due to the approximative velocity fields u" Equation (3.5.9)

g Transport due to the limit velocity field u Equation (3.5.10)

E;oh 4 Transport due to the rigid velocity field part of uéoh d Equation (3.5.22)
extended to all of R®.

0" Solution of the conservation of mass equation within the = Theorem 3.3.2
velocity field u"

0 Limit of the functions ¢" Equation (3.3.9)

X" Characteristic function of the 6-neighborhood of the Notation 3.3.1
support of C"

X" Characteristic function of the 6-neighborhood of the Notation 3.3.1
support of C"

X Characteristic function of the 6-neighborhood of the Implicitly on page 36
support of C

X Characteristic function of the 6-neighborhood of the Implicitly on page 36
support of (!

3.4 Properties of the space of rigidity preserving velocity field

In this section we provide the needed estimates to deal with the three dimensional
problem. In the first subsection we generalize the estimates of San Martin et al.
(2003) from two to three dimensions!, to general differentiability classes and to LP-
integrability.

3.4.1 Characterization of rigidity preserving velocity fields

We need many properties of submerged bodies. In this section we consider fur-
ther properties of momentary velocity fields that preserve submerged rigid bodies.
Throughout, we assume that these bodies are bounded and have C2-boundaries

which are locally convex. We denote these disjoint bodies as Qi and by x' the corre-
sponding characteristic functions of the internal sets fori = 1,...,N. Especially we
obtain that the minimal distance between rigid bodies

gap = min {dist (Qi, Q/ )

i,j=0,...ki#j}
be greater than zero and

N
K(v) = [ KG).
i=1

! Actually, we generalize most of the estimates to # dimensions, since our proofs do not depend on
the dimension # anymore, but we need only n = 3 later on.
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We now want to observe that for each of the subsets Q' there exists a unique rigid
velocity field in the classical sense, i.e. one of the form w' x x + U'. To show these we
consider the following results which we quote from Temam (1985).

Let W C IR® be an arbitrary set of the same regularity as the sets Q° and the set Q.
Let 1 < p < co. Then we set

(3.4.1) LD*(W) := {u € LP(W)* | Deymu € LP(W)>)
and obtain a Banach space if endowed with the norm ||-||  pr given by

(34.2) Il e 1= el g + [ Dy

LD? LF(W) m u”iﬂ(W) '

See for example (Temam, 1985, equation (1.68)).
Let W satisfy the cone condition and let 1 < p < co. Then there exist a constant M,
depending only on W such that Korn's inequality is satisfied:

p p p
(343) Dl < Mo (140, + [Poyml )

for all u € LDP(W). See for example (Temam, 1985, equation (1.70)). For p = 1 these
statements are not correct. The reverse statement

(34.4) M1||Dsymu||Lp(W) < D ullewy

for some M; > 0 follows from the triangle inequality applied to the L’-norm and the
finite number of terms. Hence, LD?(W) = W'?(W) and their norms are equivalent
foralll <p < co:

(3.4.5) alllwerwy < lullcorgyy <0 2 llullwrw

for two constants c1, c; which will later be absorbed into the generic constant c.

An often used observation, which can be proved directly, is that the kernel of the

symmetric gradient consist of affine functions with skew symmetric linear part, see
(Temam, 1985, Lemma 1.1.1):
Lemma 3.4.1 (Kernel of Dsym). Let W be connected and u € PD(W)3 be in the kernel of the
symmetric gradient in the distribution sense, i.e. Dgymu =0 € 2*(W)3, then there exists a
skew symmetric matrix R € L (R%) and a vector U € R such that u(x) = Rx + U. In three
dimensions equivalently there exists an w € R> such that u(x) = w x x + U.

This observation yields that the kernel of the bounded linear operator Dsym on
HYP(W)3 to LF(W)*>S is the closed subspace

(34.6) LDo(W) := {u € H#(W) | Dyymu = 0}
of H'?(W)?3 and for connected and bounded W is of the form

(347) LDo(W) = {ue H'"(W)® | u(x) = Rx + U R € Z(R"),R" + R = 0,U € R"}

Similarly we obtain for each connected subset a representation of the form u(x) =
Rx + U.
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One of the key approximation features of these spaces is
(3.4.8) inf{ll = ollyogy) |0 € LDOW)} < ¢|[Doym ] -

For another generic constant c we can therefore assert: For every u € H LP(W) there
exists at least one v € LDy(W) such that

(3.4.9) ||u—v||H1m(W) < C”Dsym””Ln(W)

for a constant c independent of # and v. The proof of (3.4.8) consists of the observa-
tions that on H'?(W)/RR, this is up to a constant, an inequality of the form

IDullpwy < M, ||Dsym”||m(w>

is valid, which yields that ||Dsym || W
stants IR? form as u = U a subspace of LDy, we obtain (3.4.8).

The last statements will be used much later, but the introduced expressions can
now be used to observe that if two bodies should touch, they can only move together
as two bodies on a common axis, which we imagine as motion of balls on sticks.

) defines an equivalent norm. Since the con-

Figure 3.4.1: Connected balls
I~ can only roll on top of each
— other. For higher regular-
ity the relative velocity field
is one of a rotation that pre-
serves the normal to the com-
mon tangential plane.

Lemma 3.4.2 (Momentary Case). Let p > 2 and u € H*?(Q)> be the momentary velocity
field describing the motion of a mixture of rigid and other incompressible phases. Let Q' and
Q2 be two disjoint rigid phases within Q, i.e. Deyyu = 0in Q' U Q2.

Should they touch each other in a point where Q' and Q? are (locally) strictly convex and
the boundary is C?, then the velocity field v of the motion of Q! relative to Q2 has to satisfy
the following:

Ifs > % then the velocity field is of the form v(&) = w X & in the local coordinates & for
some w € R3. If s > ]% + 1 we even find w = w3 e3 for some w3 € R. This is v describes the
rolling on top of the common tangential plane.

Remark 3.4.3. (a) For our later reference we prove two estimates for velocity fields
v, that are velocities relative to the velocity field within Q2. These are of the form
v(&) = RE + U in Q!, vanish in Q?, and satisfy

R f@ T o

(3.4.10) aj <
and for U = 0 then
— (s—1)_4
(3.4.11) wi+w; < G P ”DS v”Ll’(C,) .
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The domain C, is a circular cylinder centered at a point independent of r. Its height
is the distance the maximal distance of spheres from the tangential plane. Actually,
we consider a truncated version of C,, see Figure 3.4.2. The important observation is
that for r — 0 the left hand sides vanish if the above assumptions are fulfilled.

(b) The assumption s > % + 1 is not satisfied for common weak solutions (s = 1
and p = 2). But, it is satisfied for an arbitrary test function ¢ that is compatible in the
sense Dgym ¢ = 0in Q! U Q2. Hence, such test functions have less degrees of freedom
than those for two not connected bodies (U = 0, w1 = w; = 0). But they have an extra
degree of freedom if compared to functions that satisfy Dsym ¢p = 0 even in an open
neighborhood of Q! U Q?, since w3 is not restricted.

Proof. By assumption, there exists a point xy € 9Q2'NJ0Q?. Locality does not influence
the following since QF can be restricted to a neigborhood B°(xp, R) of xp for a
sufficiently small R. Furthermore, due to the convexity of each QF, a radius 6 > 0
and two open balls

By := B%(0,8) + xm — 5 vr, (xa1) € QF
By := B%(0,8) + xm — 5 vr, (xa1) € Q2

exist within the sets Q! and Q?, respectively, such that dB; N 9By = {xum}.
&3
E=(&,%)

6:
Figure 3.4.2: The prototypic inter-  Figure 3.4.3: The two-dimensional sec-
action zone of tworigid bodies with ~ tion of two convex sets which touch
locally strictly convexboundaryisa  with local coordinate system, shrink-

sand-glass type domain. ing cone domains C}, and extended do-
mains C,.

Touching of these C2-sets enables us to choose unified local coordinatesg = (&, éz)t
of the common tangential manifold at x)s of these sets, and to denote by &3 the
projection on the (outer) normal of B. This situation is depicted in Figure 3.4.3.

By assumption Dgym # = 0in Q! and Q?. Hence, by the representation of rigid body
motions, two vectors U;, U, € R and two skew-symmetric mappings Ry, Ry € £ (IR3)
exist, such that

1
(3.4.12) (&) = {U1 +RiE for&eQ

U, + Ry&E for & e Q2.
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Hence, the motion relative to Q? is given by
(3.4.13) v(&) = u(€)— U —Ry§ for&e)

(a) We will prove U; = U, by an appropriate choice of a sequence (C}), of subdomains
of Q! and domains (C,),: The height of the semi-sphere above a point & of the

tangential plane with distance r = = |&| from 0 is given by c¢(r) = 6 — V6* —r2. For
0 <r < 6 we denote by

C; = {5:(2,53)%1113 ‘ Fﬂg and i:)l/\c‘;lﬁcfg,ﬁc(r)}

a family of inverted circular cones with top perpendicular to the normal and end in
zero. The cone lies within By, therefore C! € B; € Q'. Hence, v(&) = U + R& for all
& e Cl,where U :=U; - U; € R® and R := Ry — Ry € .Z(IR%). So we obtain

(3.4.14) fvdcf = ufdg + ngdg
ct c G

Dividing by |C}| and solving for U yields

1 1
(3.4.15) ul < @fqlvldé + ﬂlRl 'fdcfdé’

To prove U = 0 we’ll show that each term on the right hand side converges to zero
as r gets smaller.
(b) The second term on the right hand is bounded by

2
|C1 f 5 é‘| maX|§| = V72+C(1’)2 < 1’\,1"1';—2.

Hence, for small r
(3.4.16) Ll| f §d<§| o)
|Cr| Cl

(c) The first term on the right hand side goes to zero: To prove this, we consider v
as a function on the sets

C, := {5:(’.5\,53)||A€| <rand —c(IAEI)Scfa SC(”)}I

that are obtained if the cones are extended to the next sphere and have roughly the
form of the container of a sand glass. By construction v(§) = 0 for all § € Q2. Hence,
v vanishes on the lower part

(3.4.17) I, := {6 = (8,&) ’ &l < rand - c(&]) = 53}

of the boundary of C,. By assumption on u# and construction of v, we obtain v €
H®P(Cs)3. Since the cone C} is as subset of the sand glass domain C,, we obtain

ol < 2l -
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The generalized Poincaré inequality 2.1.6 allows us to estimate

B418) Il < (177 1P ol

Together with the estimate

1 T
|C}| = gan cry = % r

of the volume of C}, we obtain from

|é—1| ‘fcl lv|ldé < % Cs 20 ||st||U,(Cr)
r T

the estimate

(3.4.19) wadg _ O(rzs—ﬁ)
. ICl Je

for r — 0. By equations (3.4.16) and (3.4.19) the right hand side of (3.4.15) and
therefore U satisfies

(3.4.20) ul = O(r)+o(r25‘§).

Thus, the constant velocity U has to be identical zero if s > %.
(d) We have shown so far that v(§) = RE. In the remaining steps we show that R
can only be a rotation that preserves the Re3 axes: Let R be given in the form

0 w3 —wW?7
(3.4.21) R=|-w3 0 |,
w2 w1 0

this is we chose a representation such that

0 w3 —wy) (&1 w3&n — &3
RE=|-w3 0 w ||&]=|wi&b—wséi|=wXE
wr w0 &3 W& — w1&n

for w = (w1, wy, a)g)t. The center of mass of a circular cone is located at a fourth of the
height above the base of the cone. Therefore, due to our coordinate system,

|é—}|fc}5ds = e

The remaining part of the velocity field has to satisfy

1 o o2 |
RL}édé‘ = g c(n)® yJwl + )

> C};r6 a)% +w

NN

Hence, assuming U = 0, using equation (3.4.14) and estimate (3.4.18) yields

2 2 ~ 2(s-1)-% ” s ”
< s P
witw, < ot Do (C)”

which implies w1 = wp =0 fors > % + 1 which shows the final claim. g.e.d.
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Remark 3.4.4. We spared the reader from the n-dimensional case, but it might be
interesting to see why the two dimensional case seems to need less regularity. The
critical inequality (3.4.19) in n dimensions is

Lflvldri = 0(725_%1).
ICH Je

Therefore, in two dimensions less regularity is needed than in higher dimensions.
But independent of the considered dimension, the regularity of the characteristic
function of the bodies translates into regularity of the motion of its center of mass.

One corollary we can draw right away from the last Lemma 3.4.2 is the case of one

body that occupies Q! C Q and the exterior domain Q° := R3 \ Q, which is obtained
for the a-priori known velocity field u = 0 in Q°:

Corollary 3.4.5 (Momentary Case, Collisions with rigid wall). Let p > 2 and u €
H;’p (Q)? be the momentary velocity field describing the motion of rigid body Q' within the
domain Q, i.e. Dy u = 0in Q. Suppose Q touches the boundary of Q) in a point where
Q! and Q° are (locally) strictly convex and the boundary is C?, then the velocity field v of
the motion of Q! has to satisfy the following:

Ifs > % then the velocity field is of the form u(&) = w X & in the local coordinates & for

some w € R5. Ifs > }% + 1 then @ = w3 e3 € R> where e5 is the normal to the boundary and

e1 and ey span the tangential plane for some ws € R. Hence, the velocity field describes the
rolling on top of the boundary.

3.4.2 Approximation of rigidity preserving velocity fields

To prove existence of a solution we generalize the approximation procedure of
San Martin, Starovoitov, and Tucsnak (2003) to three dimensions. The importance
of this approach lies in its selection strategy. A velocity field which preserves rigid
bodies can be approximated by velocity fields that preserves rigidity even in a neigh-
borhood of the original body. In two dimensions this approximation is possible
in H!. In three dimensions H! convergence takes place only except for an arbitrary
small neighborhood around the touching point, but global L? convergence is possible
which suffices to conduct proof.

Fori=1,...,Nlet Q' C Q be open, disjoint and connected subsets, Q¥ := R3\ Q
be the exterior domain of Q, )(i := 1qi be the characteristic functions of these sets,
X = Zle X' the characteristic function of the rigid bodies, and

K(x) := {u € H(l) Q)° | divu =0 and x Dsymu = 0in Q}.

Let Q' := U__y l4dB(x, 7) be the open 7-neighborhood of the set 0/, the characteristic

functions of these sets are y'* := 1¢y, and x7 := le X'T is the characteristic function
of the t-neighborhood of the domain occupied by the submerged rigid bodies. We
denote by

K:(x) := {u € Hé (Q)° | dive =0and x" Dgymu = 0 in Q}

the space of all possible (momentary) velocity fields that preserve the volume and
a 1-neighborhood of the rigid bodies. Now we can state the proposition that al-
lows us to restrict testing of the weak formulation to functions which preserves
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t-neighborhoods. Although we will later apply it to ¢ € K(x), we formulate it for u
to simplify reading and the difference to the function ¢ that play an important role
in the next proof.

Proposition 3.4.6 (Approximation of rigid velocity fields). Let x be collision-free, that
means the connected sub-domains of supp x(t) have a distance greater than zero. For any
u € K(x) there exists for all small T > 0 an u, € K. (x) such that the sequence (),
converges to u in H(Q)3. Especially, the same is true locally within subsets of Q that
contain two moving rigid bodies that do not collide.

If x is not collision-free, then (u;),-q converges to u in L*(Q) and in H' except for a t-ball
around collisions. This is not necessarily on the set

Q1 U B (leolid N Qi T)'
i#]

of total measure that is bounded by C%N nt3 and tends to zero for smaller values of .

Remark 3.4.7 (Differences between two and three dimensions).  (a) The proof of this
proposition tries to mimic the proof of (San Martin et al., 2003, Prop. 4.3) of the
identical statement in two dimensional spaces as far as possible. The two dimen-
sional version uses the so called stream function approach, where a velocity field
u = (u1,u2) € H(Q)? has a representation

u=curly = (%;’f)

for some scalar valued 1 € H*(Q). If Dgym# = 0 in an open and connected subset
Q! ., then the velocity field u is necessarily of the form

solid”
i 0 w)\fx Lll(O)
1 —
which is valid for all x € Qé id of a connected subset of Qg = {x € Q| Dgym u(x) = 0}.
In this case w;oh 4 1s uniquely defined up to a constant q}éoh 4(0) € Rby

Pooria®) = %“) xf? + (_LZZ(S;)) (2) + Poria0)-

The constant x]b; (V) i§ defined by the assumption l,béoh 4@ =¢(x) forx € Qéoh g Let
Ysolid € H*(Q) equal Wsoh qina 2t-neighborhood of (gig and 71, be an appropriately
chosen approximation of the characteristic function of the fluid domain. Then an
approximation 1, of 1 is obtained by

1,b'[ = I][}solid + 1z (l,b - lgbsolid) — l;b Strongly in HZ(Q)Z'

This approach assumes the existence of such a function Vg,;q € H*(Q). In three
dimensions the corresponding 11ig is only defined in a neighborhood of Qéoh d and
1r is an approximation of the characteristic function of the solid occupied domain.
The switch between these two approximations can be seen for example in (3.4.25), but
the approximation scheme is necessarily inverted in (3.4.24) of the following proof:

l,b»[ = l,b + 1 (qjsolid - l;b)
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(b) But a second observation is restrictive. In two dimensions the above propo-
sition is valid without the assumption that no collisions occur. Thus, test functions
satisfy all regularity assumptions needed to apply the estimates stated in Remark
3.4.3. Hence, these functions describe the motion of balls-on-sticks. Testing with
such functions therefore does not control a rotation that preserves the normal to the
shared tangential plane.

Proof. Let Q' .. denote the connected subsets of
solid
Qsolig = {x €Q | Dsym u(x) = 0} .
Assume at first that no collisions occur, denote the minimal distance by

6 := min {dlst (stohd’ Qiohd)

ij=0,....ki#j},

and let 79 := %6. For a given u € K(x) there exists a ¢ € H*(Q)® n Hé(Q)?’ that
satisfies u := curl ) € H(Q)3, since div u = 0 by assumption. It is found as solution
to —Ay = curlu, which needs to be satisfied almost everywhere.

For each connected subset and x € Ql olid the velocity field u satisfies u(x) = uioh 4@,
where the velocity of the rigid body is g1ven by

' ' u1(0) 0 wh —wh)(x) (¥
(3.4.22) U ig() = @' Xx+|0)[=|-w; 0wy |fx2]+|us].
u3(0) w, -—w; 0 Jlxs u

as is defined for all x € R?, where @' = curlu in Q! Note that u =1

solid* solid ](0)
defines thgse constants uniquely. The assumption Curl WSO " Cl(x‘) u d(x) for each i
and x € (O ., yields that i(x) = ¢ _..(x), where the function ¢_ ., is of the form
SO v e IR oA W M
(3423) Yl =1} (2 +22)[+ a, ay bl x G0
jos(f+3)) e e Jla) W0
where a4, ..., 4, gbl(O) ¢2(0) 1,b3(0) are constants, which are umquely defined by the

assumption Px) =Py d(x) on the open nonempty set QZ . We extend the rigid

velocity fields at first to an 210 neighborhood of Qg = Ul -0 leoh 4 and beyond by
zero and obtain 1)1, defined by

I (x) for dist (x Q )

' — solid solid
l,bsohd(x) . {0 for dist (X,Q lid
SOl1

which is in HZ(Q2To .y)- Therefore, the difference satisfies 5ol — 1 € H*(Q SZOTI(I] ) We
want to construct an approximation 1, such that

(3.4.24) Ve = Y+10c (Wsoia =) —> ¥ strongly in HA(Q)?,
where 1, is an approximation to the characteristic function of {)jig. By cconstruction
u; = curly; is an approximation of u in HY(Q)? and satisfies Dsymu,; = 0in a

t-neighborhood Q La of Qgolid-
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Figure 3.4.4: The rigid veloc-
08 ity field is extended up to a dis-
0.6 tance of T = %, is connected to
the velocity of the fluid within

04
the distance 7 to 21, here (3, 3),

o2 for minimal interparticle and
R Ny particle wall distance 6 = 2.

To extended the rigid function glji to a T-neighborhood of Ql 4 such that outside
of a 2t-neighborhood we reobtain the original 1, we define 1n1t1ally

1 fors<r,
2
_ 1—2(T_1S—1) for’c<s£%’c,
771(5) =
2(2—’[ 15) for 31 <s <21,

0 for s > 2,
and choose as approximation to the characteristic function of Qggjig
k k
(3.4.25) Ne(x) = Z d1st x, Sohd) =1- H 1 T]T d1st (x, leohd))) ,
i=0 i=0
where x € R3. As approximation to the original ¢ we define 1, by

(3.4.26) Pe(®) = ) + 1) (Psonia (x) — P(x))
k
= Y@+ Y e (dist(x, Q) (Ve @) - ).

i=0
We want to show, that ¥, — 1 in H*(Q)? or equivalently that

N (Wsolida =)  —  0in HX(Q)*.

We observe the following properties of the involved functions, which we formulate
using the Landau symbols capital-O and small-o.
e Since Ysolid — P = 0 within Q7 ., and 7 = 0 outside of QZCT)h 4 the support of
N (Psolia — ¥) is given by the closure of

-----

By assumption on the regularity of Qg we have |[Uy;| = O(7) for small 7.
Note that only for T — oo it is of order O(7>), but we cannot use this estimate.

e Since Psolig — P € HZ(QSS)i ) is independent of 7, especially

||grad2 (Wsolid — lP)”LZ(uzT) — 0fort — 0,



3.4 Properties of the space of rigidity preserving velocity field 49

and so1iq — ¥ vanishes identically on the set (s}iq, Poincaré’s inequality yields
that

”ylfsond - w”LZ(UZT) <7 ||grad2 (Ysolid — w)HLZ(uzT) = 0(12) fort — 0.

and that for j = 1,2, 3 that the first order derivatives satisfy

||8j (Vsolid — ¢)||L2(u27) <t ngad2 (Vsolid — ¢)||L2(u21) =o0(7) fort — 0.

and for j,/ =1, 2,3 the second order derivatives satisty

191 Wsotia — E")”LZ(uz,) < ||grad® (tsoiia — IP)HLZ(UZT) =o(1).

e Since 0 < 1¢(s) < 1 for all s and all 7 yields that the functions #j; and r; are both
uniformly bounded in 7. Therefore I”T”Lw () = 1.

e Byregularity assumption of the sets Qéoh 4 thefirstderivative of fj; and therefore

the first derivatives of 1, are uniformly bounded of order O (T_l) for small 7.
Similarly, the second derivatives are uniformly bounded of order O (1‘2) for
small 7.
Applying all those convergence properties plus a lot of times Holder’s inequality
(102-times), yields that ||17T (Vsolid — ¢)|| Uy = © (1) for T — 0. Since by construction

(Nt (Wsolid — ¥)) vanishes outside of Uy, we obtain ||17T (Vsolid — 4))||H2 @ = © (1) for
7 — 0. Therefore, 1, is an approximation of ¢ in H>(Q)?, we obtain an approximation
u; of u by

u;:=curly, — curly =u strongly in H(Q)°,

and u, satisfies Dsym #; = 0 in a T-neighborhood of each Qéoh d forall T < %6. Hence,
we found the approximation of u as claimed.

In the case of collisions the above considerations stay valid besides in a neighbor-
hood of collisions. Furthermore, with respect to the L>-norm jumps on a subset of

measure 1 — 1 are not observable. By (3.4.22) the velocity u;Oh 4 1s fixed on Q;Oh &

similarly the velocity ui oliq On a touching domain Qi oliq- By estimate (3.4.10) even the

relative velocity vanishes. In the t-neighborhood of total measure bounded by %7’(73

of a collision point we interpolate between ¢’ .. and gbj . in the above introduced
solid solid . ~

sense. The resulting pasted version between the bodies 2, ., and Qé oliqr Y- 1s then

pasted to the global ¢, similarly to equation (3.4.26),

1

Ye(®) = P() + 1) (P) - ().

We obtain that for 7 to zero we obtain convergence in H'(Q) and therefore of u, :=
curl ¢, to u. This finishes the proof. g.e.d.

Corollary 3.4.8. Without collisions, the spaces K(x) and \J,-oK:(x) coincide. Hence, a
weak solution in the sense of Definition 3.2.7 satisfies the weak form of the conservation of
momentum equation even for test functions ¢ that satisfy Dsym ¢p = 0 on supp x.
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Proof. By definition we have for each v > 0 that K:(x) € K(x). Hence, J.-¢ K:(x) €
K(x). By construction K(x) is a closed subspace of H(l)(Q)3 . Thus,

Ko < k()

>0

is satisfied. By Proposition 3.4.6 this inclusion is dense. g.e.d.

3.5 Compactness of the density fields and transport equations

3.5.1 Compactness results of R. ]. DiPerna and P.-L. Lions

We quote from DiPerna and Lions (1989) and Lions (1996) the following theorems, but
adapt the notation to our needs. Their theory of renormalized solutons yields a very
general existence theorem, if the characteristic functions X of the underlying velocity
field or its regularization does not leave the set (). Therefore, for the following the
assumption v = 0 on JQ, which is hidden in the subscript 0 is crucial. Similar results
are valid for he all-space or periodic case; in- and out-flow problems are out of reach.
The following theorem will applied the cases U = Q and U = Q%" and v equal u,
u" and u,,.
Theorem 3.5.1 (Solution to transport equations). Let U C R3, let v € L?(0, T; Hé(U)),
with diveo = 0, and let ko € L*(U) be non-negative. Then there exists a unique x €
L®(0, T; L=(U) N C([0, T]; LY(U)) that satisfies

(3.5.1) dix + div (xv) =0 in 2([0,T) x U)*,
(3.5.2) x(x,0) = xo(x) in L=(U)

in the weak sense, by which we mean

f K(x, t) (din + gradnov)dxdt = — f Ko(x)n(x, 0) dx
Ur u

is satisfied for all n € C'(0, T; C*(U)) that satisfy n(T) = 0. Furthermore, foralla < b € R
we have that the volume
'{x €eQ | a<x(xt)< b}‘

is independent of t, which yields that for all 1 < p < oo the norm |[x(t)llr = llxolly is
independent of t, and that x(t) is a characteristic function if and only if ko is a characteristic
function.
The proof of this statement can be found in (Lions, 1996, Thm. 2.1).

Theorem 3.5.2 (Convergence of solutions of transport equations). For a bounded set
U < R let a sequence of velocities (v"), € L*(0, T; Hy(U)), with divo" = 0, and a sequence
of initial values (Kg)n C L®(U) be given. Let k" € L*(0, T; L*(U) N C([0, T]; L'(U)) denote
the corresponding weak solutions which exist according to Theorem 3.5.1. Furthermore,
assume that there exists v € L*(0, T; H(l)(l,l)) and non-negative ko € L*(U) such that

v — v weakly in L*(0,T; Héra(U))

Kl — ko strongly in L} (U).
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If the sequence (x"),, is uniformly bounded in L=(0, T; L>°(U)) then it converges strongly
in C([0, T]; LY(U)) for all 1 < p < oo to the unique weak solution x € L*(0, T; L=(U)) N
C([0, TL; LY(U)) of
ok +div (xv) =0 in 2([0,T) x U)*,
x(x,0) = xo(x) in L=(U).

The proof of this theorem can be found in (Lions, 1996, Thm. 2.4.(1),Rem. 2.4).

3.5.2 Solving the transport equations

In this subsection we apply the theorems of Lions to our setting an observe, due
to our choice of approximative solutions and their properties on page 36, equation
(3.3.7), (3.3.8), the identical initial values we obtain the following:

Lemma 3.5.3 (Existence of weak solutions). Forall 1 < p < oo the approximative densities
0" and approximative characteristic functions of the 6-kernels of the solid domains C'"* satisfy

(3.5.3) 0" — o strongly in C([0, T]; LF(Q))
(3.5.4) (" —s (' strongly in LP(0, T; LP(Q%Y)),

where o and C' satisfy
(355) fQ @ gmadyn = - | s 01

(3.5.6) ¢ (dm+gradnu) = — f ¢ (x)n(x, 0) dx
Qut Qext
for all ¥ € CY(0, T; CY(Q)) that satisfy Y(T) = 0 and all n € C(0, T; CY(Q%)) that satisfy
n(T) =0.

From this lemma we obtain directly the convergence of the functions x™, which
we defined to be the characteristic functions of the 6-neighborhood of supp . To
see this we need some properties of the symmetric difference of sets: We will denote

by
UeV:=U\V) U (V\U

the symmetric difference of two sets U,V C R®. Then a sequence (U"),, where
U" C R3 is said to converge to U C R3 if

1y — 1yl = U e U| — 0.
R3

Since Q%! is bounded, all these characteristic functions are in all LF(Q®) spaces if
U, U" € Qis assumed. Hence, if U" — U then U" ' — U* in this sense. Applying
this statement to the supports yields the following corollary.

Corollary 3.5.4. For all 1 < p < oo the approximative characteristic functions X" of the
solid domains, i.e. the characteristic functions of the 6-neighborhood of supp C" and supp C"

satisfy
(3.5.7) X" — x' strongly in LP(0, T; LP(Q®)),
(3.5.8) X" — x strongly in LF(0, T; LF(Q™")).
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We now want to consider the convergence of the characteristic functions " and x"
in more detail. Since these are defined with respect to the smoothed velocity fields
u", they could be obtained alternatively via the method of characteristics.

Notation 3.5.5 (Approximative Characteristics). By assumption, see e.g. (3.3.8), the
sequence (ﬁ”)n C L0, T; Hy(Q®%)3) N L*(0, T; L3(Q®Y)) is uniformly bounded and
satisfies

u" — u weakly in L0, T; Hé Q%Y%) and weakly* in L*(0, T; Li(QeXt)).

By construction! u" (-, t),u € Cé(QEXt)3 and u"(x, ), u € L*(0, T; R%), and, what is more,
(ﬁn) is bounded in L= (0, T; C>(Q®%)) since it approximates u.

We denote the characteristics with respect to these regularized flow fields by "
and E, respectively, this they satisfy

(3.5.9) B, 5;1) = w(ENE,s;t),b)
E'&ss) = &
and
(3.5.10) QE(E, 5 1) u(E(&,s;1), 1)
E(&,s;9) 3

forall0 <s,t < Tand all & € Q. These initial value problems have unique solutions,
see e.g. Amann (1995) for the theory of classical solutions and McShane (1947) for
mild solutions, i.e. the satisfy

(&, s;t)

¢
5+fﬁ(3”(§,sm),’r)d’[

and

t
E(&,st) &+ f u(=(,s; 1), 7)dr.
S

It should be noted, that the space W' consists of the Lipschitz continuous func-
tions and we are interested in absolutely continuous functions in time, i.e. functions
which are integral to function which is integrable on compact sets of the form [0, ¢]
for 0 < t < T. With these notions, we obtain the following Lemma on solutions of
ordinary differential equations:

Lemma 3.5.6 (A-priori estimates for the characteristics). Let (E"),, be the sequence of
characteristics corresponding to the regularized approximative velocity fields u" and = be
characteristic corresponding to the limit u of these fields.

(a) The family of coordinate changes of a given & € Q% i.e.

B'(,50) 1 Q% > Q% £ B'(E, 5t)

is uniformly bounded in C*(Q%')3 uniformly in starting time s € [0, T, terminal time
t € [0, T] and sequence index n.

!By C5(Q2) we denote the the Banach space of functions that twice differentiable vanish on the
boundary. This is a closed subspace of C3(IR®), the space of twice differentiable functions with compact
support, which is never a Banach space.



3.5 Compactness of the density fields and transport equations 53

(b) Forall nand all & € Q% the family of trajectories
E"(&,5) 1 [0,T] - Q™ i t > E'(E,5;1)

is uniformly bounded in WV ([0, T); R)® with respect to the initial time s, initial position &
and n. Furthermore, the family of initial positions for a given &, i.e. the inverse mappings

EMNE, 1) [0,T] = Q% s BYE,s; 1)

is uniformly bounded in W"* ([0, T1; R)® with respect to the time t, terminal position & and
n.

(c) For all n the characteristics preserve the volume, i.e. detDZE"(E,s;t) = 1 for all
Eec Q™ 5,te[0,T], and n € N.

(d) Selecting again a subsequence of the indices n, we can assume that for all 0 < o < 1
the sequence (E"),, converges strongly to & in C*([0, T] x [0, T]; C1(Q%*)3).

Proof. These statements follow from standard theory of ordinary differential equa-
tions and the known a-priori regularity estimates and dependance on parameter
theorems, see e.g. (McShane, 1947, IX.69) and DiPerna and Lions (1989). Hence, we
only need to show that these estimates are valid uniformly.

(a) Since all functions u" vanish outside Q®! by construction, E"(&, s; ) € Q% for
all s,t and all & € Q. Since Q and therefore Q%! are bounded, we obtain that
E"(&,s;t) is uniformly bounded for all s, ¢ and all & € Q®*. Furthermore, by differ-
entiability of the velocity fields we obtain that Z"(¢, s; t) depends twice continuously
differentiable on &. Therefore, taking once and twice the derivatives of (3.5.9) yields,
using for vectors subscripts of the form X; as coordinate j-index, using X as short-
hand for derivatives dg, X or dy, X, respectively, and using the summation convention
on iterated indices, that for j, k,I = 1,2, 3 the characteristics satisfy

HEIE ;1) = w(E'(E s,
BN E s = &
‘—‘]‘ (5/ 5; S) - 5]/
their first derivatives satisfy

KHEL(E, 1) = Il (E"(E 50,0 By, (E,50),

E"]/'fk(él 5; S) = 6jk/
and the second derivatives satisfy

(9tE;.fkl(<f, s;t) = amlmzu_’]?(an(g, s;t), ) B, (&5 DE) (&, 5:t)
+ 9m1u_;1(5”(<§, s;1),t) B, (& 5it)
E‘?,kl(‘s’ s;8) = 0.
Since the sequence (ﬁ”) is uniformly bounded in L*(0, T; C3(Q®%)), as an approx-

imation of u# € L*(0, T; C3(Q®)), we obtain that 87(5, s; 1), Ej (& ;1) and E?kl are
uniformly bounded in L*([0, TT?; C3(Q®%)). This yields (a).
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(b) As was observed already in (a), E"(&,s;t) € Q%! for all &, s and t yields, due
to the boundedness of Q, that Z*(&, -;-) € L*([0, T]%; R3) uniformly in & Thus, we
only need to consider the derivatives. By construction 8&;’(5, s;t) = u"j(E"(,8; 1), ).
Therefore it is uniformly bounded, since (ﬁn)n C L™(0, T; C3(Q®Y)) is uniformly
bounded. The estimate in s follows from the following observation: 858?(},’, s; t)
satisfies

A CANCRT) DUl(E"(E 5:8), ) (Ep (& 5:1),
aSEZk(EI S, S) = _ﬁ](gl S)'
And again,uniform boundedness of (ﬁ")n C L™(0, T; C3(Q*%)) yields uniform bound-
edness of 853’]?]((6, s;t). Which proves (b).
(c) Liouville’s Theorem, see e.g. Amann (1995), allows us to deduce from
HEL(E,s5it) = duul(E"(E ;1)) ), (E,50)

Ei&s8) = Oj
and from Trace Du_;? = divu" = 0 that

J;detDE™E,s;t) = Trace Du_;?(an(g,s;t),t) detDE"&,s;8) =0
detDE"(&,s;s) = 1,

which yields detD E"(&, s;t) = 1 for all s, t and &.
(d) Due to the compactness of the embedding

W ([0, TP CA(@)°) < ¢* (10, T1% C1(©Q)?)

and the above estimates, we can select a strongly converging subsequence of (£"),

and obtain a limit in C* ([0, TI% Cl(Q)3). Hence, we only need to observe that this
limit solves the characteristic equation that defines =E. Since two locally integrable
functions f and g are equal almost everywhere if they are equal as densities of
measures, i.e. if fu f= fu g for all measurable sets U, we consider the integrated
mild formulation of (3.5.9) for U C Q®X,

t
(35.11) f BN s dE = f EdE+ f f W(E(E, 5 7),7) dEdr,
u u s u

and observe that all terms are essentially uniformly bounded. The sequence E" con-
verges point wise, the sequence (F)n can after possibly selecting again a subsequence,
be assumed to converge almost everywhere. Hence, by Lebesgue’s dominated con-
vergence theorem, the C* ([0, TP Cl(Q)?’)—limit of (E"),, satisfies

t
(3.5.12) f 5,5 dE = f EdE+ f f H(E(E,5:7), 1) dE dr,
u u s u

which is the integrated mild formulation (3.5.10), i.e. these two limits coincide. g.e.d.
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The solutions which were constructed using the existence theory of DiPerna and
Lions via solving the transport equatiobs, yield the same solution, as is obtained
using the method of characteristics, in this sense these paths to the solutions are
consistent:

Corollary 3.5.7 (Consistency with method of characteristics). The characteristic func-
tions of the transported approximative submerged bodies within the approximative velocity
fields are consistent with the characteristic functions of this velocity field, i.e. x™ and E" to
the approximative velocity field u™ and x' and E to the limit velocity field u satisfy

(3.5.13) C(x, 1)
(3.5.14) C'(x, t)

C"(E"(x,£0),0)
C'(E(x, £;0),0).

foralls,tand all x € Q** and i = 0,...,N.

Proof. We follow line of thoughts similar to the last proof, this is we consider the
weak formulations of the defining differential equations and their limit behavior:

The function (" was found as the unique solution that satisfies
(3.5.15)

C"(x, ) (Am(x, ) + grad n(x, B w'(x, b)) dxdt = - f C"(x, 0)n(x, 0) dx
Qext

ext
QT

for all n € C'(0, T; C1(Q®Y)) that satisfy n(T) = 0. But {"(E"(x, t,0),0) satisfies, using
the coordinate change x = E*(&,0;t), detDE"(&,0;t) = 1 and integration by parts,
also the same equation:

C"(E"(x, £;0), 0) (din(x, £) + grad n(x, ) w'(x, 1)) dx dit
Q%xt

- L (&, 0) (Am(E"(E,1:0), 1) + grad n(E" (&, 0), ) wT(E"(E, 1;0), 1)) d& dt

T

; d
f C"(8,0); (9m(E"(&,£,0),1) dE dt
Q;Xt

which yields that

C(E"(x, £;0), 0) (din(x, £) + grad n(x, ) w(x, 1)) dx dt

ext
QT

- fQ CE0n(E 0 dé

for all € C1(0, T; C1(Q)) that satisfy n(T) = 0. Hence, (3.5.13) is satisfied.

The case of (' is different, since it was defined as limit in equation (3.3.10). There-
fore, it is not obvious that the method of characteristics, incorporated in = and the
candidate (' of a solution to the transport equation for u are compatible. We obtain
this as limiting case of the (" considerations: We chose the common initial data Cf)
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for all " and obtain from Lebesgue’s dominated convergence theorem, that
C'(E(x, ;0),0) (dsn(x, t) + grad n(x, t) u(x, t)) dx dt
Q;xt

= lim | "(E"(x,t0),0)(dm(x, 1) + grad n(x, ) w'(x, 1)) dx dt

n Qgrxt

_ f C(©(E,0) dE
QEX\‘.

foralln € CL0, T; C1(Q®%)) that satisfy n(T) = 0. Hence, (3.5.14) is satisfied as well,
which finishes the proof. g.e.d.

Now we have all the ingredients to prove that u, g, x satisfy the requirements of a
weak solution as defined in definition 3.2.7, besides the conservation of momentum
equation (3.2.7):

Proof of Proposition 3.3.4. We collect the following statements to prove equations
(3.2.10) and (3.2.9):

(@) The energy estimate (3.3.4) provides us with the estimate

(3.5.16) 0 < n f X" [Dygmu’[ dxdt < C(ao,u0,8)
Qr

foralli =0,...,N and all n. Hence, ()(i” |DSym u"|2) converges strongly in L! (Qr)
n

to zero. Hence, a subsequence ( X" Dsym u”)n converges almost everywhere in Qr to
Zero.

(b) By equation (3.3.7) the sequence (D "), converges weakly in L? (Q7)** to Du
this is

(3.5.17) f Du":d — Du:®
T Qr

for all ® € L2(Qr)¥®. Therefore, at first for all those @ € L2(Qr)>*®, which are
symmetric @ = ® we have

(3.5.18) stymu”:CD:fDu”:CD—> Du:CD:stymu:q),
T T Qr T

and hereby for all ®

(3.5.19) f Dsym u o — Dsymu 1D,
T Qr

where we used twice that the product of a symmetric and a skew symmetric ma-

3x3

trix vanishes. Hence (Dsym u”)n converges weakly in L2 (Qr)”* and is bounded in

L2 (QT)3X3-
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(c) By equation (3.5.7) for all 1 < p < co the sequence ()(i”)n converges strongly in

LP(Qr) to x'. Hence, ()(i” Dsym u")n converges weakly in L (QT)3X3 to x* Dsym u since

f ()(i” Dsym u' — )(i Dsym u) : CD‘
Qr

< ||Xin - Xi“LZ(QT) ||Dsym un||L2(QT) ||CD||L°°(QT) +

fQ (Dgm #" — Dy ) : ()

T
N 0

for n — oo and all ® € L*(Qr)>.
(d) By (a) the sequence ()(i” Dsym u”)n converges almost everywhere to zero; by (c)

this sequence converges weakly to X Dgsym u. Thus, X Dsym # = 0 almost everywhere,
by applying Egorov’s theorem, for details see (Alt, 2006, U6.1).

(e) Now we are able to consider conservation of volume equation (3.2.10) for
individual submerged bodies: Setting now

(3.5.20) QL q(D) = supp x'(, 1) = (supp ', )™ = E(Q{ 4 (0™, 0;H™
we see, using (d), that
Dsym u(x, t) = 0 for almost all Q; olig®-
By Lemma 3.5.6 E € C*([0, T] X [0, T]; C1(Q®")?), yields that Qéoli 4(0) stays connected.

Hence, there exist for each i and ¢ rigid velocity fields uéoh g )= Ri(t)x + U'(t), and

(3.5.21) u(x, t) = u . (x,t) forx € Q. (b).

i
soli soli

Let the transport within this global rigid velocity field be denoted by E;Oh g thisis
(3522) atE'éohd (x/ 5; t) = Usolid (E‘solid (x/ 5; t)/ t) fors,t e [0/ T]

Eéohd(x/ $;8) = Usolid(Esoliad (¥, 8; 1), t) fors € [0, T] and x € R,

For points within the solids the two velocity fields coincide by definition. Therefore,
the trajectories coincide as well:

Bl 0D = B0 for&eQl (), tel0,T]
Hence, the characteristic functions of the 6-kernels satisfy
(3.5.23) Tl t) = C(E 0k 50),0)0 for&eQ . (Hte[0,T]

Contrary to the flow u the flows uéoh g preserve globally rigid bodies by construction
and especially the preserve the 6-neighborhoods. Therefore equation (3.5.23) yields
the equivalent for the characteristic functions x':

X t) = X(E 0« 50),0) for&eQ (1) te[0,T],

or in weak differential formulation

3@ div(uigar)) == [ 206,00 forallne 20,1 x 0
Q%Xt Q
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By equation (3.5.21) the functions )(iuéoh qand x'u coincide within Q®, and outside Q

the limit velocity u € L2(0, T; H(l)(Q)3 ) can be assumed to vanish. Hence, the restricted
version of the last equation is valid:

fQ T ¥ (8tn +div (u)(i)) = - fg X'(,0n(,0) forallne 2([0,T) x Q).

But this is exactly equation (3.2.10).
(f) The conservation of mass equation (3.2.9) now follows from the following
considerations: Adding up the functions x' yields that y = } ; x* satisfies

f X (@m +div (uy)) = - f x(,0n(-,0) forallne 2(0,T) x Q)°
Qr Q

as well. But x(-,0) is a characteristic function. Hence, be properties of solutions
of transport equations y is a characteristic function as well. THerefore, for i # j the
characteristic functions satisfy x' + x/ = 0 almost everywhere or equivalently the

open sets Qioh 4() and Qé oiiq(t) are disjoint. That g satisfies (3.2.9) is a result of Lion’s

theorem 3.5.2, which finishes the proof of Proposition 3.3.4. g.e.d.

3.6 Estimates and convergence properties of approximative
solutions

At first we want to show that the approximative domains occupied by the solid
bodies, i.e. ' ' . .

Qff (1) = supp x™(1)” = (supp C"(1)")
and the domains defined by the limit of the characteristic functions

Qf 114(8) 1= supp x'(H)” = (supp C'(£)")

are arbitrary close to each other uniformly in t and i for big enough n. We will deduce
this from the uniform convergence of the approximative trajectories £ to E. The main
difficulty lies therefore in the definition of Qé’(l)h qand Qéoli 4 as 6-neighborhoods of the
transported version of the 5-kernel of the starting position Qéoh 4(0). We introduced
in notation 3.2.3 on page 32 the t-neighborhood G* of a set G. For the special choice
7 = 6 we introduced the external set of G as G™* and its T = 6-kernel G™. The value
0 is related to the maximal curvature of the boundaries of the submerged solids and
the boundary of the containing set.

Lemma 3.6.1 (Convergence of approximate solid domains). For any T > 0 there exists a
no such that for all n > ng the supports of all characteristic functions x™ of the approximative
rigid domains and the support of x' are within a t-neighborhood of each other, as introduced
in equation (3.2.2), this is

(3.6.1) Q?Zlid(t) < Qéolid(t)T and Qéolid(t) < Qg;lid(t)T

forallt € [0,T]and alli=1,...,N. Hence, the same inclusion holds true for the unions of
these sets, this is

(3.6.2) Qg € Qeoria()® and  Qsopialt) € QF (1)
forallt € [0, T].
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Proof. We found in Lemma 3.5.6.(d) that (£"),, converges strongly to Z in C*([0, T] X
[0, T]; C1(Q®%)%). This yields especially uniform convergence in C([0, T]x[0, T]; C(Q®**)3).
Hence, the sets

Qg™ = E"(Qq(0)™,0:0)
Qg™ = E(Qq (O™, 0;1)
are close to each other for all t € [0, T] in the sense that for all 7 > 0 there exists a
nop > 0 such that
. . . . T . . . . T
Qra®™ <€ (leolid(t)mt) and QO™ C (lercl)lid(t)mt)
uniformly for all t € [0,T] and n > np and i = 1,...,N. For the particular choice
T = 6 we the t-neighborhood of the 6-kernel is the definition of our sets. Hence,
the statement follows from the above together with the following considerations
oninternal sets, external sets, and neighborhoods:

. . . . S NT . L \THO
Qg = (st’élid(t)mt) e ((leolid(t)mt) )eXt - (leolid(t)mt)
i int) T+ i T
= (Qsolid(t) ) = Qsolid(t)
and
. . . . . T . : T+0
Qg = (leolid(t)mt) ot c ((leréhd(t)mt) )ext = (Qg(l)hd(t)mt)
. . A\THO .
= (™) = O
which finshes the proof of equation (3.6.1). g.e.d.

We now present and prove three propositions which are needed to show that the
approximative integrated energies converge, this is we show in Proposition 3.7.2 that
fQT 0" > converges to fQT 0 lu|?, which will yield that fQT > converges to fQT |u|?
for the proof of Proposition 3.3.5 on page 72. The missing objective, all these results
lead to, is still to show that p and u satisfy the conservation of momentum equation
in weak form.

In equation (3.2.1) we introduced the closed subspace

K(x) = {ue HY(Q) | dive =0, x Deymu = 0},

of velocity fields that preserve rigid bodies at supp x. For u to be a solution, we
would like to have that u is compatible with x in the sense x Dgym# = 0 or in the
weak sense that restricts the test functions hereby.

Let P (x(t)) denote the projection in Hé(Q)?’ to the closed subspace K(x) then the
error can be measured as P (x(-)) u—u € L*(0, T; Hé(Q)3) and being equal to zero within
this space means that u preserve an rigid body at y. In a bigger space L*(0, T; HS(Q)3 )
for 0 < s < 1in a approximate sense even in a neighborhood close to supp x. To make
this statement precise we introduce some notation.

Notation 3.6.2. For a characteristic function denote the closure of K(x) in H*(Q2)® by

HS
(3.6.3) K(x) = {ue H{(Q)? | div = 0, x Dymu =0} ,
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which is a closed subspace of

5

(3.6.4) H (Q) = {ue HY(Q)?|dive = o}H\

for 0 < s < 1. For a given characteristic function we can also consider the 7-
neighborhood of the support of y and define x* to be the characteristic function
thereof. Then we set

HS

(3.6.5) Ki(x) = {ue HY(Q) | dive = 0, x" Deymn = 0}

Again, hereby closed subspaces of H5(C2)* are defined. They satisfy the following
embedding chain

(3.6.6) Ki(v) € K(x) € K,(x) € K0

forall0 <s <1andall 0 < 79 < 7. This chain is inherited from the embedding prop-
erties of the sobolev spaces H® and their definition (3.6.3). We denote the projection
onto these subspaces of H® by P; (x) as well as their embedding into a bigger space
according to the chain in (3.6.6). For time dependent characteristic functions we
use P (x(t)) for the projection on K (x(t)). Th important observation is that the test
functions are from a space that which is possibly not dense in the space the sought
velocity fields is from. We will see that in case of no collisions the test functions de-
termine are dense. In the case of collisions the relative rotations of the two colliding
bodies will not necessarily be restricted. Our weak formulation only considers the
projected part of the velocity field.

The next steps consider approximation of # by P° (x(-)) u in L%(0, T; L*(Q)3) or u" by
P (x(-)) u" in L*(0, T; L*(Q)3). We need these properties later to prove convergence
of the energies in Proposition 3.7.2. For these, we need some auxiliary observations.
Furthermore, we prove a characterization of the velocity field as almost balls-on-
sticks like in passing.

We are interested in the size of the set of moments in time, where Qéoli 4() and
Qi o1iq(f) get close to each other without a common point. For this we define for every
distance0 <7 <1

(3.6.7) E/ = {te[0,T1]0 < dist(Ql (), Q1) <]

foralli,j=0,...,N. The set of all those moments is denoted by

N
(3.6.8) E, = UEZ.
i,j=0

Now the following observation states that there are almost now points in time,
where the solid bodies come close to each other, since the Lebesgue measure of the
set E; goes to zero for small 7:

Proposition 3.6.3. The above defined sequence (E:),-q satisfies lim;_,o |E| = 0.
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Proof The motion of the rigid bodies is continuous, since each rigid body motion

Bl jiq is continuous and even E € C*([0, T1?; CH(Q®4)3). Hence, the distances

di(t) = dist QL (1), QL (1) = dist (EL 1 (QL14(0),0;8), B L (@) 1(0),0:8)

define continuous functions d’/. The sets EZ] {t €[0,T] | di(t) € (0, T)} and E; are
therefore measurable. Furthermore they satisfy E; C E, for 7 < 79 and NE; = . By
monotony properties of the Lebesgue measure we obtain

lim|Ed] = () E

O<t<1

as claimed. g.e.d.

Figure 3.6.1: Separation of the moving bodies Qioh d
into interaction groups. Here two groups can be
seen: One group consists of Qsoh & ngh 4 and Qsoh &
the other group of the remaining five bodies. These
groups have the property that for all 7 > 0 the -
neighborhood of their union is connected and every
of its points is center to an open ball of radius T which
is completely contained in this T-neighborhood. Here
we have two groups, this is M = 2. The first group
J1 consists of the N1 = 3 elements {1, 2,3}, the second
group J» consists of N, = 5 elements.

Now we will consider the possible collisions that might still happen. We will see
that there structure is not arbitrary. For this we need to separate the bodies for each
time t € [0, T] into groups.

Notation 3.6.4. Forallt € [0, T] we separate theindices0, 1, ..., N of the solid domains
into M(t) € {1,...,N + 1} groups J; = {il, cee, iNk(t)} of Ni(t) elements. A groups
consists of the maximal number of those indices for that every 7-neighborhood of
the union of the sets UiE]lesoh 4(b) for every T > 0 is connected; see Figure 3.6.1. If
being in contact with is considered as a transitive property then a group consists of
all those bodies which are in contact with each other. For such a group we denote
the common characteristic function as

Y

iE]k
and
J —
Qslz)hd(t) - U Qsohd(t)'
i€ ] k

Furthermore we use for the whole union of all limit sets

Qo) = U Qsohd
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and by abuse of notation for the union of all approximative sets at step n

N
Quig®) = UleZhd(t)'
i=0

That thls set QF .. (t) of the union of approximative sets and the limit i-submerged
body €2 ., () could collide for the nth body or ith should cause no confusion, since

we will never use a notation such as Q3 0(t), which is not uniquely defined.

olid
Now we consider the momentary situation of the approximative velocities and
observe, that for almost all moments in time a rigid velocity field is arbitrarily close.

@ Figure 3.6.2: Rolling on top of
the common tangential space

could be observable only for

plain weak solutions whereas

the motion (a) is excluded al-

ready. If our solution u can

| be shown by different means
T 4 to be from H*" in space with
q* s> 2 then the motion (b) is ex-
cluded ifs>1+32 » 2 then even
(c) is excluded. A balls on a

(d) stick motion is still possible.

Lemma 3.6.5 (Group velocities). For almost every point in time t € [0,T] there exists
a subsequence of the sequence (u"(t)),, such that for almost all t € [0, T] a corresponding

sequence of rigid velocity fields (ué:li d(t))n’ i=0,...,N satisfies

r}glc;lo ||u7’l(t) - solzd(t)”Wl’7 d(t)) =0

foralll1<p<2andi=1,...,N.

Let u(t) € HP(Q)3 for all t close to a collision point in time to for somes > 1 and p > 1
then we can characterize the velocity fields within a group even further:

If p can be chosen such that s > % for all t close to ty then these velocity fields uéo’lﬁ J(t)ofa

group can be chosen to have the same constant part U'(t) and differ at most in a velocity field
of a rotation of the form Rx = w X x for some skew symmetric R or w € R3.
If p can be chosen such the velocity field satisfies s > 1 + 2 for all t close to ty then all

velocity fields usoh ./(t) of a group can be chosen to have the same constant part U'(t) and differ
at most in a velocity field of a rotation of the form wzes X x for some wz € R this is it is a
velocity that preserves the normal to the common tangential planes. This motion describes
the motion of balls on sticks as experienced in the ball-stick-models of chemistry.

Proof. For arbitrary ¢ > 0 we want to show that there exists an ng = ng(¢) such that
for a subsequence

||u t) usohd(t)“Wl’p(Qiohd(t) = ¢
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foralll <p<2andi=1,...,Nandall n > ng, all t € M, where |[0, T]\ M| < ¢,
uégh g ) = R™"(H)x + U™(t) and U™(t) and R™(t) can be chosen identically or at least
to have as much coordinates in common as possible for all members of a group Ji(t).
In what follows, we will use Holder’s inequality quite often for the same constants:
Letp = 2%17 and § = % then p and 4 satisfy ;—7 + % = 1. All Holder derived estimates
use these values. Furthermore, ¢ will denote a generic constant which may depend
on the given initial data and length T of the time interval.
(@) The energy estimate (3.3.4) yields that
(3.6.9)

T
2 1 2
f f Qu +nx"(x,t)) |DSym u"(x, t)' dxdt < C(E f 00 [uo* dx + ||g||L2(QT))'
0 Ja Q
and hereby that

) o= fQ "%, 8) [Deym " (x, £)]” dx = Doy u”(t)”iz(%hd(t))

defines a sequence (F"),, C L'(0, T) such that (nF"), is uniformly bounded in L(0, T)
by a constant ¢ which yields that F* — 0 strongly in L'(0,T) due to IF" I 0,1y < c%.
Furthermore, the same equation (3.6.9) yields that the terms

G't) = fQ [Doym " (x, ] dx dt = Doy ”n(t)”;(m

are uniformly bounded as functions (G"),, € L'(0, T), this is [|G"|| o) < ¢
(b) By Lemma 3.6.1 we obtain |Qsohd(t) \ QF C1(t)| < ct(n) — 0 for n — oo uni-

soli
formly in t. Since the flows are divergence free we know that the volume does

not change in time. Hence, |QF . d(t)| = |Q§Oli d(0)| and therefore these volumes are

uniformly bounded, this is |ngh d(t)| <c.
(c) Using the notations of (a), the estimates of (b), and Holder’s inequality we
obtain for1 <p <2

f |DSym u"(x, t)‘p dx
Qsolid

(3.6.10) < f [Daym 1" (x, 1)|] dx + f [Daym " (x, 1)|] dx
Qr )

olid Qsoid (DN 34 ()

=:An(f)
Q" # D n||P Q. Qr ¢ 2;_;7 D n||P
| solid(t)| “ sym ¥ ||L2(Q;’0hd(t)+| solid (F) \ €2o4( )| ” sym Y ||L2(Q)

14 2-p P
cF'(H2  + ct(n)2 G2

IA

IA

Thus, we obtain again by Holder’s inequality and the estimates of (a)

T T » 2p T p
f A™(#)dt < ¢ f Fo(t)2 dt+ct(n) 2 f G"(t)? dt
0 0 0

J

p [ T Y 5
T ( f F"(t)dt) +CTTT(n)T( f G”(t)dt)
0 0

c% + CT(TI)Z%p — 0

IA

IA
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for n — co. Hence, (A"), C L'(0, T) converges strongly to zero. Thus, a subsequence,
again denoted as (A"),, converges almost everywhere to zero as well. By Egorov’s
Theorem there exists a set M C [0, T] such that

(3.6.11) A" — 0 uniformly for t € M,
(3.6.12) [0, T]\ M| < e.

Applying again the energy estimate and the boundedness of ¢" above, we can assume
that [lu" ()l 2 is uniformly bounded. Furthermore, we just obtained in passing a
third estimate:

n . n - "
W Ol gon < (10Ol o+ Pom @ Ollyer o)
< ¢ (Ilu"(t)HLZ(Q) + |[Dsym ”n(t)||m(osohd(t)))
< ctcAN(t)

Hence, foralll <p <2allt € M, all 0 < € < ¢p and all n > n(ep) we can assume

(361 W Ol ) <
and consider only such ¢ and 7 in the remaining part of the proof.

(d) Tt would be nice to have C™"(t) Dgsym u"(t) = 0, this is that u"(t) is within each
supp C"(t) a rigid body motion. But from our construction we can only observe that
XMt Dsym #"(t) is bounded uniformly in LP(Q) for all 1 < p < 2 and #: Since Qéoh 4@
is connected, there exists by (3.4.9) for every moment t € M, a rigid body velocity
field uégh 4() € LDg such that

(3.6.14) ””n(t)_”égﬁd(tﬂ|H1,p(nghd(t)) s C”Dsyfn”n”Ln(nghd(t)) < CAn(t)%'

where the last inequality is due to (3.6.10). By equation (3.6.11) we just found that we
can choose u;gh 4(t) arbitrarily close to u" () in H 1'F’(Qioh 4(0) and this uniformly in ¢.
We can assume that uégh @) = R™(t)x + U™(¢t) is defined globally for every x € R>.
Therefore, we obtain from equation (3.6.14)

i

||usglid(t)” HW(Q (1)

”u”(t) - ulsglid(t)”HLP(QQOHd(t)) + ”un(t)“Hl/P(Qiohd(t))

IA

cA"(t) + 1
I3
Thus, for large enough n

(3.6.15) forallt € M. and all n > ny

Hulsglid(t)||H1/P(Q;0hd(t)) s
is satisfied.

(e) For a given i € {0,...,N} two cases are possible: Either Qéoh 4(t) is the only
member of its group, or there exist other members. Now equation (3.6.14) proves
that
0.

7}1_{30 ””n(t) - ”;ghd(t)“wlfp(ogohd(t)) -
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If Qéoh 4() is the only member of its group, we proved all claims of the lemma.
Therefore, we only have to consider the case of more than one member in a group in
the rest of this proof. For all numbers of members, we proved the first claim of the
lemma so far.

(f) One of the conceptional difficulties is, that it is possible that two members

Qéoh 4(H) and Qi oiiq(f) have no common boundary point, see for example the case of
Q! . and ngh 4 inFigure 3.6.1, on page 61. Since only a finite number of submerged

bodies is considered, we can iterate in finite steps through all pairs connecting two

bodies of a group. Hence, we can assume diSt(Qéoli 4@, Qioh 4(®) = 0 for two in-

dices i # j from zero to N, this is we include the outer set QY= R \5 into our
considerations. ‘ ‘

We denote the relative velocity fields of () ..(f) and Qé oiq(f) to their rigid body
velocity fields by

(3.6.16) o' M, b) = (x, f) — uéghd(x, t) forallx € Q,

for | =i, j, and obtain as new formulation of equation (3.6.14)
1 1
(3.6.17) [0 n(t)”Hl*’(ﬂiond o < C[Dsymu|, @ @ S A0

By construction, we can consider v! (t) as function in H.7 (Q), this is we do not claim
zero boundary values. Furthermore, we introduce v" € H(Q), RY(t) € Z(R3), and
u'(t) € R3 by

(3.6.18) v'(x, 1) = 0l "M(x, 1) — 0 " (x, 1)

and

(3.6.19) R (tyx + U"(t) = (R™(t) - RI"(1))x + (U™() - U(1))
(3.6.20) = ul e ) —ull (xt)

and observe that by equation (3.6.16)
(3.6.21) " (x, t) = R'(H)x + U"(1).

Hence, to prove that the distance between the bodies does not change, we need
to show that the relative velocity U"(t) vanishes; to prove that the bodies actually
are fixed at the common point, we need to show that all components of the skew
symmetric matrix R"(f) that describe rotations with respect to tangential vectors
vanish. We will prove this by reducing it to the same estimates we used in the proof
of Lemma 2.1.8 on page 19.

(g) By the bound (3.6.15) we have

RO = grad g ®ler

and hereby

IA
Mmoo

1 1
U O] |2 ® = [10® = RO [ 2ra®F
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forallt € M, and all n > ng and [ = i, j. Thus, we obtain [R"(t)| < ¢ and [U"(t)| < < for
all t € M, and all n > np which yields
c(s,p)

10" Ollsry < .

where the constant c(s, p) depends on the particular choice of s and p, but can be
chosen independently of  and ¢. By equation (3.6.21) the function v"(t) is affine and
by assumption the set ) is bounded. We can choose arbitrary s and p.

(h) The steps which led in the proof of Lemma 3.4.2 from equation (3.4.13) on page
43 to equation (3.4.20) shall now be applied to

(3.6.22) u't) = o"(x,t) = R*'(t)x forallx e Q

with the appropriate notational changes; hereby we would obtain for all t € M, and
alln > nyg

c(s, _4
(3.6.23) e < (Tp)o (rzs 3) +200)
for all r < 6 small enough. The problem is that the key ingredient of the above
referred to proof was a Poincaré inequality which needs v"(x, t) to vanish on at least
on one of the sets QZS oli d(t). Hence, we consider a perturbed version that does not
change the values on the set Qé oiiq(f) to keep the information on U"(¢) and R"(t) and
is bounded outside of Qi oia(): Let v/ be an extension of u"(x,t) — uls ria( t) from
Qé oiq() to € such that it defers from v/ ™ at least somewhere outside of Qé otia (B
Furthermore, such an extension can be chosen for fixed s and p such that

(3.6.24) | oin

<l

H#(@Q (1)

HsP(Q) solid

Now we introduce the perturbed version of v" by
(3.6.25) oi(x, 1) = o(x, b) — o' " (x, b),

which is used instead of (3.6.18), and observe that on the set Qi oiiq(f) the functions o"
and v" coincide and the equation corresponding to (3.4.13) is

(3.6.26) (z’ﬁ(x, f) — o' (x, t)) = —oi(x, ) + U"(t) + R"(H)x,

where the left hand side vanishes on Qi oiia(H)- Now the above steps and the bound-

edness of 0" by v/" by equation (3.6.24) yields for an again different generic constant
c(s, _4

(3.6.27) )| < %o (rzs ;*,) + go ),

where we only needed the boundedness of Qé oiiq(f)- Since we did not use bounded-

ness of Q;oli 4(t) these considerations include the case of the external set Qéoh 40 = QO

Especially we obtain that the limes superior satisfies due to the estimate

Tim ()] < C(ST'p)o(rzs_%)+§O(r)
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the same bounds. Since r is arbitrary we obtain for all p > 2

lim U@ = 0.

Thus, due to the limits in (c), we obtain that for all p € [%,2) that we can chose all

uigh 4(t) of the same group to have a common U"(f) that satisfies

in

solid (t) | | Wl'P(Qiolid ) =0,

lim |[u"(t) — u
n—oo

which proves the second claim.
(i) Assume now thats > r% +1. We apply again a convergence estimate formulated
in Remark 3.4.3. By equation (3.4.11)

2(s—1)-2
o +wl) < c P

for a representation of R" as R"(t)h = w" X h. Hence, we obtain that the relative
rotations that do not preserve the normal to the common Which finishes the proof.
g.ed.

Proposition 3.6.6. The functions u and x, defined above, satisfy for 0 <s <1

(3.6.28) lim (AN ”||L1(0,T;L2(Q)) =0

Proof. The idea of the proof is to apply Lebesgue’s dominated convergence theorem
to the sequence (f;),., defined by

fe ot ||P5 Ge®) ut) - u(t)”LZ(Q)'

>0

and to show even strong convergence in L2(0,T;R). This yields convergence in
LY(0,T;R). Since PS is a projection, we have 0 < f;(t) < cllu@®llr2q)- Hence, the
sequence (f).., is bounded in L%(0,T;R). Therefore, we only need to show that
lim;_,¢ fz(t) = 0 for almost all points in time .

Let u be a particular realization of its equivalence class in L?(0, T; H(l)(Q)B’) and
s € (0,1). For almost all ¢ € [0, T] we found x(¢) Dsym u(t) = 0, see step (d) of the proof
of Corollary 3.5.7. Assume that x(t) Dsym u(t) = 0 for this particular ¢. By Proposition
3.4.6 there exists a sequence (u;) such that u, € KO(x(t)) |lu, — u(Hlli2q) — 0. Hence,

P @) u®) =] oy < e —u®llzgy — 0

for 7 to zero. This finishes the proof of (3.6.28) by an application of the dominated
convergence theorem. g.e.d.

Remark 3.6.7. In two dimensions one can show that the sequence (E;),.q and the so
far chosen subsequences satisfy for forall0 <s <1

lim lim [|P5(e())u" — ”n“LZ([O,T];HS,g(Q)) =0

In three dimensions this seems to be impossible. But the later presented proof of
the convergence of the energies, Proposition 3.7.2, only relies on the convergence in
L*(0, T; L?(Q)), which is considered now, but needs some prior considerations.
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Proposition 3.6.8. Let (E;),-q be defined by (3.6.8). Then for all 0 < s < 1 we have

lim lim, 1Py — ""“U([o,ﬂ;ﬂ(@» =0

Proof.  (a) Suppose we find that for arbitrary ¢ > 0 there exists a 79 > 0 such that
forall T < 79

(3.6.29) E.| < e
(3.6.30) tim 1P (e - ”n||L2([0,T1\ET,-L2<Q>> s ¢
(3.6.31) [PS (e — u”||L2([O,T];L2(Q» < ¢

are satisfied. Then

e = Py
= ( f[o e o = PO ()| 2 + fE [ (X('))M”HLZ(Q))

1
VTP O = 2 oz + <P ( [ - Pi(x(-»u"lliz(g))z

IA

yields an ¢-estimate for the convergence and hereby convergence. Due to Proposition
3.6.3 equation (3.6.29) is satisfied for all small T < 79. Equation (3.6.31) is due to
boundedness of the operators P} and the uniform boundedness of the sequence (#"),,.
Hence, only need to prove equation (3.6.30). We show that ||Pi (x()u"(-) — u”(')|

Hg ,(€)
converges almost everywhere in [0, T]\E, to zero and is uniformly bounded in L3 0, T).

Therefore, it converges in particular in L:(0,T) strongly to zero and therefore in
L2(0,T) as well.

(b) Interpolation of Héﬂ(Q)—spaces yields for parameter 0 < s < 1 that for any
w € Hy (Q)

leolli; (@) < lewllye, 1wl g
and hereby
2 2-2s 2
(3.6.32) leolles, () < Mewll 20 le0llin

is satisfied. Due to the energy estimate (3.3.4) we obtain that the sequence (u"),, is
uniformly bounded in L*(0, T; Hj (€0)) and in L®(0, T; L3(Q)). Thus, the sequence
(Pi(x(t)u(t) — u"(t)) satisfies

T 2 T 2
S n n s n s
[ IPaomwo-wol, g < o[ o g
T 2-25 )
0
T
< o WBugd <
0

where ¢ denotes again a generic constant. This yields boundedness of

(IPseeyu ) - e c 1}om

Hé,a@)) -
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(c) Let fromnowont € [0, T]\ E;. A projection yields the best approximation of a
given point within a given set. Hence, any other choice is not worse. This yields

”P T(xO)u" ~ un”LZ([O,T]\ET;LZ(Q)) < " = utllgo 2@

forany choicev"* € K; (Qs01iq(t)). Therefore by monotonicity of the spaces K3 (Cso1ig(f))
in 7 it is sufficient to find a 79 > 0 and a sequence (v" *),, for parameter such that

111’1’1 lim ”7) - u”lle([O,T]\ET;Lz(Q)) = 0

T—) n—oo

for almost all t € [0,T] \ E,. Hence, to prove the convergence estimate we need to
construct such a sequence (v" *).
(d) By Lemma 3.6.1 for any y > 0 there exists a np such that for all n > ng

QZTI

sohd(t) < Qéolid(t)y and Q)

sohd(t) < Qsohd(t)y
forallt € [0,T]and alli =1,...,N. Especially by possibly increasing 9 we can obtain
|\ Qg < 70 and [OL (07N Qg (8] < 70

due to the geometry of the involved sets by choosing y < ¢ 19 |8Qé0h d(0)|. Let
t € [0,T]\ E¢, and let dist (QZ a0 Qsoh Cl(t)) > 79. Due to Proposition 3.4.6 there
existsa v" "0 € Kio()(’”(t)) which is arbitrarily close in L?(QQ). Hence, we can assume

n To

”U - u”(t)IILz(Q) <e¢

Since K3 (x™(t)) € KE(x™(t)) we have
125G () = " (1) 2 ) < I[P GO @) = " (1) 2

Thus, by possible reducing 79 and increasing 19 once more, we obtain that there exists
an 1g such that

nh_r&||Pi(X(t))u"(t)—”n(t)”LZ(Q) S

for all T < 79. Applying now (b) and (d) to (a) finishes the proof. g.e.d.

3.7 Strong convergence of the approximative velocities

Proposition 3.7.1 (Convergence of projected energies). For any 0 < s < 1 there exists a
minimal distance Ty > 0 such that the densities ("), and o, and the velocities (u"), and u

satisfy

(37.1) tim [ g P = [ ou- POy
" Jor Qr

forany 0 <1 < 19

Proof. Fix the parameter s be given.
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(@) On the one hand we observe that for any 7 > 0 due to Lemma 3.6.1 there exists
ang > 0 such that
nglid (t) c Qsolid(t) 2

forall t € [0, T]. On the other hand, by Lemma 3.5.6, the trajectories
E(,0;)):[0,T] » Q: & E(&,0,1)

are Lipschitz continuous uniformly in &. For sufficiently small time steppings 0 = 1%
and a given number N € IN, we observe that

Ouotia(t)? € QsoiakO)™  and  Qsria(k6)? € Ootia(t)”
forallt € [(k-1)0,k0],k=1,...,N. Especially we obtain that
(3.7.2) P% (x(k)) P3(x(1)) = P3(x(1)
forallt € [(k—1)0,k0], k=1,...,N, and all s > 0, this is the projection on the space
K3 (x(t)) is not altered by the projection on the bigger space Kg (x(k1)). For our later

use it should be noted that P%(x(kt)) is a self adjoint projection.
2

(b) Let I := [(k — 1)6, kO] denote the above used time intervals. We now want to
estimate the derivative %P%()((t))(gnu”) similarly to the standard estimates for the
derivatives in one of the construction of solutions to the Navier-Stokes equations:
We want to apply Lions-Aubin Lemma and derive estimates for functions and their
derivatives. We consider equation (3.3.1), i.e.

f o' - = —‘fQ Q”u”-grad¢u”—meo(x)(p(x,O)dx
+fQT(2y+n)(”)DSymu:Dsym(])—fQTwa]),

but consider only test functions ¢ such that ¢(t) = 0 for t € [0, T] \ Ik, ¢(t) € Hé H(®))
and Dsym ¢p(£)x(k0) = 0 for all ¢ € I, i.e. ¢(f) € Ki(x(k6). Then boundedness in

Lg(O, T; L*(Q)® of (1") and of (¢"),, in L*(0,T;L*(Q))), see page 36, combined with
standard estimates as elaborated in (Temam, 2001, Thm. 3.3, p.201), yield that

e
Qr

This is boundedness of %P%()((t))(gnu”) in L3 (I; K (x(k6))*), where K (x(kB))* is the
dual space of Kg (x(k6)).

(c) The energy estimate (3.3.4) and the uniform boundedness estimate of the den-
sities (3.3.5) now yield due to

[ S ey N

that the sequence (¢"u"), is bounded in L?(I; L*(Q2)). Hence, (Pg ()((t))(g”u”)) is
2 n
bounded in L2(Iy; K2 (x(kO))).
2

< el @
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To check the assumption of the Lions-Aubin Lemma, see (Showalter, 1997, Pro.
II.1.3, p. 106), we set w" := PY ()((t))(@ u") and observe that Ey := KO (x(kO)) is

compactly embedded in E := KS ()((k@)) which is continuously embedded into the
space E; := KL (x(k0))*. Hence, (w”)n is bounded in L2(I;; Eg) and (3t ”)n is bounded
2

in L%(Ik; E;). Therefore, (w"), is relatively compact sequence in L2(I; E). By Lemma
3.5.3 the sequence (¢"), converges strongly in L*(I}; L*(2)) and by equation (3.3.7)
the sequence (#"),, converges weakly in L2(I;; L?(QQ)). Therefore the sequence (o"u"),
converges weakly in L2(Iy; L*(Q2)) and P?, as continuous projection on L?(Q)?, is com-
pact if combined with the embedding of Eq into E. Hence, (w"),, converges strongly
in L2(I; E).

(d) By (3.3.7) the sequence (#"), converges weakly in L0, T; H(l)lg(Q)), which im-
plies weak convergence of (P3(x(-))u"), in L?(0, T; K3 (x(k6))) for all 0 < s < 1.

(e) Due to the above considerations, we can spli’c2 the time integral on the several
intervals I; and obtain

N
lilgnL o'u" - P (x()u" = “,E“Z } (@"u", Pi()(('))””)p(g)xm(o)
T k=1 Y1k

N
1i£n; fl (o, PP e

2 >L2(Q)><L2(Q)

N
iy | (ot @, oow)

L2(Q)XL2(Q)

h,gng fl (P ko (o' Pi(x(-»u">(

Ks% (X(ke))) XKS% (xk0)

The weak and strong sequences convergences now yield

lim f u" - PL(x()u" Z f (x(kD)) (gu) , Pr(x(: ))u>(1<5§(X(ke)))*XKSE()((kH))

N
kZ:; flk (ou, PrON)paze) = fQT ou - P2 (x()u.

Therefore, the claim is proved. g.e.d.

Proposition 3.7.2 (Convergence of integrated energies).
The densities (¢"),, and o, and the velocities (u"),, and u satisfy

(3.7.3) lim | o'W"f = f olul®.
" Jor T

Proof. Considering the difference of the terms of the left and the right hand side of
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equation (3.7.3) we add a helpful zero and obtain
(3.7.4)

f o - f oluf = fQ I P (e — g P (r()
v f I (' — PO + gu (PO — ).
Qr

The first line of the right hand side tends to zero due to Proposition 3.7.1. The
terms of the second line will be estimated separately. Uniform boundedness of
the sequences (¢"), in L=(0, T; L*(Q)) and (u"),, in L(0, T; L*(Q2)%), respectively, and
Holder’s inequality yield

< 0| oo g Mt o2 [ = PE X2

f S (" = PO

T

By Proposition 3.6.8 the right-hand-side and therefore the first term converges to
Zero.

Boundedness of ¢ in L=(0, T; L*(Q2)) and u in L®(0, T; L?(Q)?), respectively, similar
calculations, and Proposition 3.6.6 applied to

l f o (P (et — )
Qr

yield that this term is arbitrary small as well. Hence, for large n all terms on the left
hand side of Equation (3.7.4) tends to zero. Hereby, the proof is finished. g.e.d.

Finally, we are able to prove the last prerequisite of the existence proof.
Proof of Proposition 3.3.5.: We have to show the strong convergence of the sequence
(u™),, in L*(0, T; L?(Q)) to u. For this we consider at first

f o(lu"? - ul?) f o" '’ — oluf’ f (" - o) P
Qr Qr Qr

‘f inun|2_f Q|u|2
Qr Qr

The sequence (Iu" |2)n isboundedinL3 (0, T; L?(QY)), since the sequence (u"),, is bounded

in L3(0, T; L*(Q)%) by equation (3.3.11). By Lemma 3.5.3 the sequence (9" — g), con-
verges to zero in C([0, T[;LF(Q2)) for all 1 < p < oo, and therefore especially in
L*0, T; L*(Q)) since T < oco. The first term on the right hand side converges by
Proposition 3.7.2 to zero. Thus, we see

(3.7.5) lim‘ f o(l"P - |u?
" Qr ( )

Using that 1 < 2‘;@ we obtain

IA

+

IA

n 12
+ ||Q - Q||L4L2 |||u | ||L%L2 :

=0.

2
|

o = LT (Iu”|2—|u|2)+2LTu(u—u”)

[u" —u
+ 2f u(u—u").
T

2
" — ullr>;

IA

1 n
; fT@(m ? = luf)
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By equation (3.7.5) the first term on the right hand side converges to zero. By
construction the sequence (#"), converges weakly to u in L%(0, T; L*(QQ)). Therefore,
the second term on the right hand side goes to zero as well. Hence, we obtain

. 2
hﬁ“ “un - u”Lsz = 0,

which proves the claimed strong convergence in L2(0, T; L*(Q2)) and finishes the proof
of the proposition. g.e.d.

3.8 Existence of a solution and structure of collisions

Proof of Existence Theorem 3.2.8. As we stated on page 38, the missing part of the
existence proof is that the limit velocity u satisfies the conservation of momentum
equation which shall be proved now. By Proposition 3.3.5 and Lemma 3.5.3 we can
deduce immediately that

(3.8.1) ' — u strongly in L2(0, T; L2(Q)),
gLy o
(3.8.2) ot — o strongly in L8(0, T; L*(Q)),

and by choice of the subsequence we know that

(3.8.3) u'—u weakly in L3(0, T; LY(Q)%)
(3.8.4) Dgym #"" — Dgym u weakly in L%(0, T; L2(Q)>).

To show that u and ¢ satisfy the weak form of the conservation of momentum
equation, we need to show that

f ou-(dip +gradpu) = —Lmo(x)(l)(x,O) dx

(3.8.5) T
+f ZHDsymuzDsym‘P_f of - ¢
Qr Qr

is satisfied for all ¢ € ([0, T); Z,(Q2)) that satisfy Dsym ¢p = 0 in an arbitrary open
neighborhood of supp x. To prove this, it is sufficient to consider only those ¢
that satisfy x* Dsym ¢ = 0, this is Dgym ¢p(x,£) = 0 for all t and x € Q;Oh d(O)T, the 7-
neighborhood of Qéoh 4 For sufficiently small 7, any open neighborhood is included
in such a neighborhood. Fix now such a ¢.

Due to Lemma 3.6.1, there even exists a 79 such that x" Dsym ¢ = 0 for all n > ny.
Hence, the approximative solutions already satisfy

(3.8.6) f X"Dsymu”" : Dggm¢p = 0
Qr

for all n > ny without going to the limit.
The convergence properties (3.8.1), (3.8.2), (3.8.3) and (3.8.4) now yield that we can
pass to the limit of the remaining terms of the approximative form of the conservation
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of momentum from page 35, this is in equation

f o'u" - (dip + gradpu) = —Lmo(x)gb(x,())dx

T
Qr Qr

where equation (3.8.6) was already applied. We obtain that u and p satisfy equation
(3.8.5) at least for all ¢ such that Dsym ¢ = 0 in a T-neighborhood of Qéoh 4 Hence,
(3.8.5) is valid also for all ¢ that satisfy Dsym ¢p = 0 in an open neighborhood. If x
is collision-free, Proposition 3.4.6 and Corollary 3.4.8 yield that these test functions
arbitrarily well approximate test functions that satisfy x Dgym ¢ =0, what we did not
claim but corresponds to the two-dimensional formulation of a weak solution.

The last open claim is the regularity of the characteristic functions. In Definition

3.2.7 we demanded that the characteristic function x’ should be in CO+%’(0, T; LP(Q)))
foralll <p < co.

For each index i = 1,...,N the characteristic function ' € C([0, T];L(Q)) for
alll <p < oo and Qéoh 4 = Eéoh d(Qéoh 4(8),s;t) by definition. Furthermore, Eéoh FRE

Lipschitz-continuous in s and t, due to Lemma 3.5.6 and the definition of E;Oh & yields

’;hat = o |(;(x, sl,- f) —h;c| < LIt —s|. Hence, Q! . () C Q! (s)"and Q . (s) S Q. (B
ort= — s yielas

fQ |Xi(x' b - x'(x, S)|p dx |Qéolid(t) \ Q;ohd(s)| + |Qéolid(s) \ Q;olid(t)|

s |Qéolid(S)T \ Qéolid(5)| + |Qéolid(t)T \ Q;olid(t)|
s o (|8 Qéolid(5)| + |‘9@l§ohd(t)|)
< |00 O) It-sl,

which implies
. . 1
IO -Gy < cli-sl

for all 1 < p < oo. Therefore, every statement of this chapter is finally proved. g.e.d.

After finishing the proof of all statements, we want to check the collision phe-
nomenon, which we found in the last chapter, for the here obtained solution. In
particular for the here approximated solution we are able to describe the relative
motion of two colliding bodies even further: If we knew that the velocity fields has
slightly higher regularity than a standard weak solution then rolling on top of the
common tangential plane is excluded.

We recall Lemma 2.1.8 from page 19 that describes the motion for weak solutions.
We formulated it in the version satisfied by the here constructed solution.

Lemma 3.8.1 (Evolution of collisions). Let QO C IR® be an open and bounded domain. Let
u € L*(0, T; H"*(Q)%) be the velocity field that transports a mixture of rigid and other phases.
If Qq () and (o (t) are two disjoint rigid phases within Q, i.e. Dgy, u(x, t) = 0in Qq () UL (t)
fort € (0,T), and Q0 and (), touch at time ty € (0, T) in a point in which the boundaries are
(locally) strictly convex and C2. Let gap(t) := dist (Q1(t), Qa(t)) denote their distance then
it satisfies the following.
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(a) The distance necessarily satisfies the estimate gap(t) = o (|t — tol) .
(b) In particular, the distance function is necessarily differentiable at this moment with
vanishing derivative.

Hence, we obtain for our here constructed solution the predicted phenomenon.
Collisions might occur, but are almost always far from being fascinating. Further-
more, for this solution we have a more precise description of the relative motion if
further regularity is assumed.






Conclusions and
future work

4.1 Understanding particulate flows and blood

Suppose you want to model blood or any other mixture of solids and liquids where
a high number of submerged bodies occurs. If the extension of a body is observable,
these heterogeneous flows are often referred to as particulate flows or, for smaller
bodies, as thick suspensions. To demonstrate why the homogeneous models so
far are wanting, let us consider a highly idealized case that motivates the scale of
modeling error so far.

Let ¢ be a given volume fraction of a volume V = LnR? of a pipe of length L and
diameter R. Submerged solid balls of radius r have volume v = %7‘(1’3. Therefore,
approximately

3LR?
4r3

bodies have to be contained in the flow. The total surface in contact with the fluid is
given by the surface of the submerged balls plus the surface of the outer boundary,
this is

N=c

A= 3nLR2§n +2L7R,

where Aq := 37'(LR2§ is the total surface of the balls. Since the derivation of Newtonian
fluid does not capture boundary effects, a larger surface indicates a larger modeling
error. Hereby, the modeling error increases in bigger vessels and the paradigm that
blood may be modeled as Newtonian incompressible fluid can hardly be defended.
Especially, not in bigger vessels.

That the boundary layers are important can also be seen by different considerations.
The average distance between submerged bodies is

T_(l—c)V_l—cz
A ¢ 3

This value is independent of the total volume.

Since the balls represent the minimal surface for a given volume v, in real world
scenarios the effective surface could be even bigger whereas the average distance
could be smaller. The scale should be correct.

77
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Figure 4.1.1: Modeling particulate flows or thick suspensions poses many unsolved
and sometimes even unchallenged problems. Some are inherited from homogeneous
fluids, some are new. Surface effects are more important, due to the much increased
surface. Phenomenologically a non-Newtonian behavior is observed. This poses a
high complexity for numerical analysis and even simulations to capture the influence
of the two phases. And many more new challenges are encountered. The formulation
of in- and outflow is still difficult in this setting. Especially, the in- and out-flow of
submerged bodies needs extra treatments.

To obtain a feeling for the case of blood consider the following. Assume a hema-
tocrit of ¢ = 0.5. So the mean distance is T = 77, where r is the mean erythrocyte
radius. The disk shaped red blood cells have an average volume of v = 105um®. Thus,
setting r = 2.9um yields approximately the same concentration. In general, concen-
trations beyond 25% have an average distance T below body radius. So for blood we
are surely within the region where individual bodies, and therefore boundary layers,
cannot be neglected.

These are the reasons why I advocate for using heterogeneous fluid models to
model the transport of erythrocytes. Wheather it is to be modeled as Newtonian or
non-Newtonian is most probably not the most important question. In my opinion,
the plasma should be modeled as Newtonian fluid, not because it is more appropriate,
but because it might be simpler to start with. If features of the flow in bigger vessels
are of interest, I recommend not to trust any numerical calculations or engineering
simulations. In the true sense of understanding, this flow is far beyond understand-
ing. See the introduction for a discussion. Any calculation should be checked by
experiments, although in case of blood this is hardly possible. Hopefully, one day it
is possible to upscale the heterogeneous flow model I recommend for smaller vessels
to bigger length scales while keeping the scale of the velocity fixed. Hereby a homo-
geneous, possibly now non-Newtonian, flow model could be obtained that can be
defended by this derivation as acceptable. But this is a conclusion for mathematics,
not for engineers. Homogenization of free boundary problems seems to be difficult.
Nevertheless, fluids like blood evade in-vivo experiments and are of obvious neces-
sity to be understood. To model and simulate numerically the flow through stenoses
or stents, or to understand sedimentation and forming of restenoses, are only some
examples.

Since here the embedded surfaces are modeled, the here used model has the
possibility to be closer to reality than every model used in hemodynamics so far.
All previous models used in medicine are based on the assumption that a certain
flow profile can be regarded as prototypic. As simplest example we mentioned
Poiseuille’s flow. But even the more complex stratified flows are parallel to the
centerline. These consist of iterated Poiseuille profiles with continuous velocity fields.



4.2 Simulation and numerical analysis 79

Hence, these are only phenomenologically closer to the anticipated flow profiles of
blood. Here, no such assumption is necessary. Nevertheless, I do not believe that
the here favored model can be motivated in the medical communities. It is just not
appropriate for training of medical personnel. Only engineers dared to apply their,
often phenomenological, models of particulate flows to blood flow in the medical
communities.

Hence, for understanding particulate flows the here used model is hardly applica-
ble by engineers, let alone even less mathematically trained users of models. Thus,
these groups, which definitely need more appropriate models, have to be content
with the prospect of the advent of better models.

4.2 Simulation and numerical analysis

Also in engineering simulations, the possibility of collisions of bodies needs special
attention. According to Joseph (2005, Chapter III, page 11f), four strategies to deal
with collisions are used. They all define a security zone around the particle such that
when the gap between particles is smaller than the security zone, a repelling force is activated.
The drawback of this approach is that it needs extra modeling of these repelling
forces, and that most of these models keep the particles farther apart than they ought to
be. In principle, these approaches present a purely artificial boundary layer model
which has no equivalent in the real world. They are for the sole purpose of numerical
feasibility. Admittingly, the persuasive power of the produced images and movies is
impressive.

Our approach has neither of these features. We do not have the questionable
boundary layer assumption, nor do we have the comforting situation to present nice
images and movies ... so far. Hence, the production of these is future work.

00 09 Og O@

Figure 4.2.1: Collisions are prohibitive in a reference coordinate system. The fluid
domain changes in time and can even involve topological changes. The contact point
has two different past versions and two different future versions. Thus, no bijection
between reference and real-world domain can exist, let alone a diffeomorphisms.

Most numerical analysts are aware that the two natural coordinate systems used
in fluid mechanics and elasticity, respectively, are incompatible. In elasticity theory a
reference to the undeformed body or another reference system seems to be the most
natural description to understand the forces due to deformation. This is possible,
since the particular position of the body in space is of no importance. In standard
fluid mechanics such an approach is futile due to the complexity of the flow profiles.
Besides this, it is useless. Standard models are based on the deformation of the
velocity field and not on the past formation of the material.
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We recommend to track the 6-kernel of the submerged bodies instead of the original
body (Notation 3.3.1). Using a level set approach, this is straight forward. The level
set function of the 6-kernel is given as shifted level-set function of the submerged
bodies. Hence, they pose no new difficulties for a level-set approach. Hence, the only
new part of our notion of an approximative solution should be easily implementable
into a fluid solver that tracks binary fluid flows using level-sets. The major benefit
of this approach is that it works without extra assumption on the velocity field
in the boundary layer around the submerged bodies. Actually, it even reduces the
assumptions on the velocity field in the sense that only the 5-kernel of the submerged
bodies is supposed to be rigid. Hereby a hypothetically existing solution can satisfy
our notion of an approximative solution. This approach therefore is consistent.

Nevertheless, all approaches to simulation of flow problems have a common skele-
ton in the cupboard, namely uniqueness of the solution of the Navier-Stokes. We
selected just too many times subsequences of all sequences (u”)n,(Ci”)n,(C”)n,(Q”)n,
... with different features. This is not feasible for a numerical approach. Further-
more, numerical stability of weak solutions seems to be unknown even in case of
uniqueness. To obtain convincing pictures, more-or-less heuristic stabilization meth-
ods have to be used. This is not related to here considered model. It is common to
all fluid models.

We proved existence of a weak solution that satisfies an energy inequality (Theorem
3.2.8). It is not known if every weak solution satisfies such an inequality or if even
a conservation of energy equation is satisfied. We considered a model without the
need to implement heuristic and non-physical boundary layer equations that keep
the bodies apart (Notation 3.3.1). The applied procedure to obtain a solution can
directly be implemented and should be as good or bad as any other model derived
from Navier-Stokes. There is no need to select subsequences if the solution is unique,
as always has to be assumed in this area. So, the here advocated model is numerically
only as bad as the standard Navier-Stokes equations, needs to be stabilized heuristi-
cally, but does not introduce artificial forces which are hidden somewhere in if-then
clauses in the source code and influence the outcome mathematically unrestrained.
Hence, it should be simpler to produce convincing pictures with the here favored
approach.

4.3 Analysis

Of utmost importance for all estimates in this work was the assumption of incom-
pressibility. The crucial observation for these estimates was that the flow through
the boundary of an imaginary contact cylinder between two approaching balls has
to balance the volume that is squeezed out by the balls that enter the imagined cylin-
der, captured in Equation (2.1.21). Therefore, the most natural idea is to drop the
incompressibility assumption. But without this assumption a different equation is
needed to close the system of equations. The choice of this extra equation seems to
be a different open problem. For particular selections really ridiculous solutions are
possible. Feireisl (2003a) demonstrated that a lead ball which is fixed in a containing
bigger sphere at a single point at the top yields a stationary solution if the sphere is
filled with a compressible fluid. Hence, true compressibility might not be the path
to take.
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Realistic fluids are not incompressible in a strict sense. Water is labeled as incom-
pressible because it is difficult to compress, but it is simple to decompress. Doubling
the pressure from atmospheric pressure to a water depth of ten meter does no real
change. Reducing the pressure to half of an atmosphere changes quite a lot since
evaporation and cavitation due to moving objects can not be ignored anymore. And
even at standard pressure, evaporation and cavitation occurs®. Hence a kind of de-
layed incompressibility equation might be more realistic. For example in numerical
simulations other approaches have shown to be useful. Allowing the fluid to be
slightly compressible leads to convincing pictures and simulations as well. The open
question here still is what is modeled by these ad-hoc assumptions.

The next open problem is that the here used model actually is still too difficult.
For any given computer power, the numbers of submerged bodies can be increased
till a brute force calculation is not feasible any more. In the case of blood or other
particulate flows the number of bodies is prohibitive. The only chance is to use a
simpler model that yields on average the same results. Similarly to the case of flow
through sand, where Stokes flow in the pores can be replaced by a Darcy law on the
domain without sand, a homogenized model would solve the blood-flow problem
definitely. Imagining a periodic flow through a pipe that is loaded with bodies,
the here considered sequence of binary fluid models ( the approximative models of
Notation 3.3.1) are more accessible to homogenization approaches than the classical
multi-coordinate-models. A hereby homogenized model would yield a ground flow
for a particulate flow. It could serve as level-zero approximation of a hierarchical
mathematical approximation scheme. In the used terms of Notation 3.3.1, first the
number N of bodies tends to infinity, then the rigidity increment n.

Applications that use mixtures of different species are plenty. Naturally blood is
an example, but also waste water treatment and even glacier melting and motion are
applications. Sedimentation and accumulation of different phases within waste water
can be easily imagined. But the melting of glaciers is also a surprising application.
The glaciers of Greenland melt faster than any model predicts. Hereby they produce
unpredictable amounts of sweet water that influence the global conveyor belt, which
for example transports warmth to Europe, in unknown strength. The here used
approximative model can simply be adapted to produce a melting phenomenon
with increasing pressure. If viscosity is decreasing with increasing pressure, we
obtain a new melting model that can produce melting in the middle of a solid. Since
forming of new cavities filled with water within glaciers are observed, they could
be studied with this adapted model. We just need to use an approximative tensor
21(p) Dsym #", where the viscosity 1(p) decreases to the viscosity pipiyiq of the fluid for
increasing absolute value |p| of the pressure.

We obtained in three dimensions a formulation which is almost equivalent to the
two-dimensional version of San Martin et al. (2003). Our theorems allow collisions
of different bodies or bodies with the outer boundary only with vanishing relative
velocity and, if the second derivative exists, with vanishing relative acceleration
(Lemma 2.1.8 and Theorem 3.2.10). This is independent of the model used for the

A hopefully convincing demonstration that works especially well in old houses or university
departments is the so called water hammer phenomenon. Rapidly shut the faucet that controls the
inflow to a device that needs momentarily a large volume of water. A washing machine is a good
candidate. If the plumbing was done well, you hear nothing. Otherwise, water pipes may break. Water
is not incompressible.
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fluid. Only incompressibility and regularity of the global velocity field was used.
Hence, contrary to the opinion expressed by San Martin et al. (2003, Remark 2.3),
my opinion is that this phenomenon is not due to a deficiency of the notion of weak
solution. It is due to the non-applicability of the incompressibility assumption. The
solution we constructed can be described more precisely. If a minimally higher
regularity is assumed, not only the distance of two bodies can be considered, but
their relative rotation can be described as well. For strong solutions only a motion of
balls-on-sticks is possible.

Therefore, we extended the local existence result of Desjardins and Esteban (1999),
which proved existence at most up to the first occurrence of a collision. We proposed
a global weak solution that deals with collisions. Feireisl (2003b) considered incom-
pressible flows, but used a continuation of a velocity field after an occurred collision.
We motivated that the approximative models can be used by themselves to study
mixtures of fluids with an arbitrary number of submerged bodies and that these
approximative flow models can be used for different purposes as well. The sequence
of approximative models and the limit model can be used to study blood flow and
other particulate flows. They provide the opportunity to homogenize particulate
flow and to bring suspensions into the reach of computability which goes beyond
convincing pictures and impressive movies.

4.4 Conclusion

I started with the statement that this work considers three of the many fundamental
questions, and actually I solved these three. But this only posed many new fundamen-
tal questions. Hence, I even enlarged the amount of incomprehension concerning
the motion of bodies within a three-dimensional viscous fluid. The urgent need to
get an idea on what drives nature on the one hand and fundamental mathematical
problems on the other hand makes up the challenging endeavor fluid mechanics still
poses to all sciences. So, though this is the end of this work, the quest will go on.
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