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Abstract

In this thesis, the problem of detecting small particles dispersed in air is considered. A method
for the quantitative measurement of the particles, which is studied here, was developed at the
research institute CAESAR in the course of the European integrated project NANOSAFE2. We
investigate two issues: the transport of particles by air to a washing flask where the particles are
being immersed in water and motion of particles in water flowing through a wet cell having an
active boundary part responsible for the measurement.

For the transport of particles, a mathematical model that describes the evolution of the flow, the
motion of dispersed particles, and the interaction between particles and air is derived. Thus, this
model is related to a two-component flow problem. Under certain assumptions, the existence and
uniqueness of weak solutions to the governing initial-boundary value problem on a non-empty
time interval is shown. This result is established using a fixed-point technique.

For the measurement of particles, we first derive a coupled initial-boundary value problem
that describes the evolution of the flow, particle density, and surface mass density of measured
particles, and the interaction between particles and water. The surface mass density of measured
particles is described via a boundary condition of hysteresis type on the particle density posed on
the active part of the wet cell. To investigate the derived model theoretically, the influence of the
particles on the water is neglected. Thereby the whole problem is divided into two sub-problems,
the flow problem and the evolution of particle density, so that the velocity and pressure can be
found independently of the particle density. The existence of weak solutions is proved on a non-
empty time interval determined by the data of the flow problem. The uniqueness is proved under
the assumption that the divergence of the velocity field is essentially bounded. The existence and
uniqueness of weak solutions to the evolution of the particle density can be shown in the case of
arbitrary finite time intervals, provided that the velocity field is sufficiently regular.

Finally, the numerical simulation of the model of measurement in the case of full coupling
is described. We propose a scheme for the numerical solution of the model equations using
the finite element method. The numerical behavior of the proposed scheme is discussed for
some selected examples. First simulations of the measurement in the wet cell in two and three
dimensions are presented.
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1 Introduction

The present thesis is devoted to the detection of small particles. This problem has been studied at
the research institute CAESAR in the course of the European integrated project NANOSAFE2 —
Safe production and use of nanomaterials. Within the project, CAESAR investigated the possi-
bility of capturing and detecting nanoparticles immersed in aqueous solvents by means of tech-
niques based on specifically binding peptides, see [69]]. We will focus on two components of the
developed technique and consider mathematical modeling and analysis of the derived models.
We will then present results of numerical simulations of one of these models.

We will distinguish the problems of detection and pure transport of particles in a flowing
medium. The reason for this distinction is that the detection procedure developed at CAESAR is
divided into two sub-processes: the washing out of particles and their measurement. These two
sub-processes explained in Section[I.2]are modeled in different ways.

This chapter is structured as follows: the motivation is given in Section [I.T] the detection
method developed at CAESAR is described in Section Some conventional models and
methods are reviewed in Section [I.3] and the objectives of the thesis and the contents of the
following chapters are summarized in Section

1.1 Motivation

The detection of particles gained special interest in the last decades when the possibilities of
nanotechnology were discovered. The ability to tailor material properties at nanoscale enabled
the engineering of novel materials that have entirely new properties, which led to new research ar-
eas and to the development of new commercially available products. With only a reduction of size
the fundamental characteristics of substances such as electrical conductivity, colour, strength, and
melting point — properties which are usually considered constant for a given material — can all
change. Therefore, nanomaterials show promising application potentials in a variety of fields
such as chemistry, electronics, medicine, cosmetics or the food sector. For example, metal oxide
nanopowders have found already increasing applications in commercial products like sunscreens,
cosmetics, catalysts, functional coatings, medical agents, etc.

However, not only its large potential was recognized but also sceptical voices concerning
nanotechnology could be heard in public. One of the sharpest critics of industrial nanoparticle
applications is the non-governmental organisation ETC Group. However, the fear of risk asso-
ciated with nanoparticle use was mainly caused by limited scientific knowledge about potential
side effects of nanoparticles in the human body and the environment due to their special proper-
ties. They may, for example, penetrate into body cells and break through the blood-brain barrier
[42]]. See also [68]].

The objectives of the European project NANOSAFE were to assemble available information
from public and private sources on chances and possible hazards involving industrial nanopar-
ticle production, to evaluate the risks to workers, consumers and the environment, and to give
recommendations for setting up regulatory measures and codes of good practice to obviate any
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danger [42]. The research on nanoparticles was continued in a second project, NANOSAFE2.
Within NANOSAFE2, 25 partners from industry, research centers and universities work on four
sub-projects: detection and characterization techniques, health hazard assessment, and develop-
ment of secure industrial production systems and safe applications, societal and environmental
aspects.

As one of the participants, the research institute CAESAR has developed a peptide based
biosensor for detecting nanoparticles. Besides this approach, other detection methods have been
investigated, for example, light scattering-based techniques or techniques based on different
physical principles such as electrostatics, thermophoresis, bubbling, vapour condensation, etc.
[70].

In the present thesis, two steps of the detection procedure developed at CAESAR will be
considered from the mathematical point of view. We will derive mathematical models to describe
the physical processes, analyse the solvability issue, and present simulation results for one of the
derived models. Before describing the detection plant we are going to model, we mention some
“classical applications” of nanomaterials.

The particular properties of small particles have been exploited by humans since prehistory
but without specific knowledge. Famous and perhaps surprising examples are objects made of
clay, a highly stable blue pigment the Mayas used to paint their figures, Damascus blades, or the
brilliant red colour of some church windows.

Clay largely consists of the mineral kaolinite, which has the structure of thin platelets, only a
few tens of nanometers thick. These slide readily over each other when the mineral has absorbed
water whereby clay becomes smeary and easily shapeable. From the eighth century on the Mayas
were able to paint their clay figures with a blue pigment that could resist the ravages of time.
They synthesized an inorganic-organic nanocomposite consisting of palygorskite, another clay
mineral also known as “mountain leather”, and an organic indigo pigment. This highly stable
old pigment is now again being produced in the USA by MCI Mayan Pigments, Inc. Damascus
blades were renown in the Middle Ages for their filigree markings, their sharpness, and their
fracture toughness. For a long time modern metallurgy could not find a scientific explanation for
these properties. Only at the end of 2006, carbon nanotubes could be found in the blades. This
nanowire reinforcement at least explains their fracture toughness. In the Middle Ages church
windows were coloured using an extremely fine, nano-scale dispersion of gold. This causes a
brilliant red colour that endures for centuries [53]].

1.2 Description of the detection procedure

Figure|1.2.1| shows schematically a device developed at CAESAR for the detection of particles.
The considered device was constructed in particular to specifically detect large organic molecules
in air. An organic molecule is a chain consisting of many links connected by flexible bonds so
that the molecule can assume different configurations.

Before such particles can be detected, they are prepared as shown in Figure [[.2.1.b] Air
containing particles is injected into a vessel. The air flow from the inlet to the outlet transports
the particles into the water quench of a washing flask. Concurrently a loudspeaker generates
acoustic waves to prevent the particles from the deposition on the bottom of the vessel. In the
washing flask, the particles are washed out of the air into the water when the air bubbles rise to
the water surface. After a certain time, the water contains a significant amount of particles, and
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Figure 1.2.1: Scheme of the device constructed for the detection of particles

the obtained dispersion is fed into a biosensor where the particles are detected.

As shown in Figure [[.2.T.a] the sensor consists of a wet cell having an active boundary part
providing the measurement. When the dispersion flows through the wet cell, the particles arriving
at the active part are trapped until the sensor is saturated. The trapped mass can be measured,
and the concentration of particles in the dispersion can be estimated.

Fluid containing
Nanoparticles Aptamers

Input- W Output-
electrode Quartz electrode
crystal

Figure 1.2.2: Scheme of the active part

A schematic sketch of the active part is shown Figure [[.2.2] In order to detect the particles,
special molecules, called aptamers, are immobilized on a quartz crystal by means of excita-
tion and detection electrodes. Free ends of the aptamers are receptors that can specifically bind
particles form the immersion. Once a particle is attached to an aptamer, it cannot be released
anymore. To measure the amount of trapped particles, acoustic shear waves are generated by the
excitation electrodes via piezoelectric excitation. The change of the surface mass load causes
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a phase change in the waves travelling along the aptamer layer, and this phase change can be
measured by the detection electrodes.

1.3 Brief overview of conventional models and methods

From the description of the detection method in Section [1.2} it is clear that many interesting
and challenging issues related to the whole detection plant (see Figure [I.2.1)) or parts of it can
be considered to get a better understanding of the physical processes occurring during the mea-
surement. The aim of this section is to describe briefly some conventional notions, models and
methods that we consider interesting as a general state of knowledge. However, not all of these
topics are directly applicable to the problem considered in the present thesis.

Evolution of mixtures. One topic which is definitely related to the device shown in Figure
is the flow of mixtures. As described in Section the fluids flowing through each unit
of the detection plant consist of at least two components: an air-particle mixture in the vessel,
a water-particle mixture in the wet cell, and an air-water-particle mixture in the washing flask.
A variety of models for the description of multi-component flow have been developed because
each mixture shows specific properties. There are even mixtures where different derivations of
governing equations yield different results. An example of such a case will be given below for a
mixture of discrete particles contained in a continuum fluid.

But also for “simple mixtures” consisting of two continuum components, several scenarios can
be distinguished: the components can be miscible (up to certain proportions) or immiscible. For
example, ethyl alcohol and aqueous salt solutions (sulphates of zinc, copper, etc.) are miscible in
all proportions (see [33} X.3]), whereas water and oil are immiscible. Important situations where
the flow of immiscible liquids occurs are, for example, oil recovery, lubricated pipelining, etc.
An essential difference between mixtures of immiscible and miscible fluids are diffusive effects
occurring when miscible fluids come in contact with each other. Thus, even if no outer force
or pressure gradient is applied, the mixture can be in a dynamical state due to the composition
gradient.

One possibility to describe the flow of miscible liquids is to derive a system of equations in
terms of variables such as the volume fraction of one of the components ¢, mixture density
p, mass averaged velocity U, mixture pressure p, and temperature 6. The system consists of a
continuity equation for p, U, a drift diffusion equation for ¢, U, equations of motion for p, U, p
(and possibly ¢, depending on the stress tensor), and an energy equation for 6.

The stress induced by the composition gradient or density gradients can be modeled using the
Korteweg stress, or the traceless version of it. The Korteweg tensor is given by the formula (see
[33} X.3, X.4])

dp Op o ¢ &>p 0%¢ <3P %+ 0¢ 8”). (1.1)

— 4 —_
833‘i 6$j+ 2 83:1 axj —}—’}/1 89@18% +72 8%8903 +’73 81’1 a;vj 6951 8l'j

T =

The situation becomes even more complicated if phase changes have to be considered. A
detailed derivation of models for (im)miscible multi-component and/or multi-phase flows, solu-
tion techniques and extensive lists of possible applications can be found, for example, in books
[32 33, [13]]. The evolution of mixtures of (dilute) gases can also be described by Boltzmann
equations for multiple species [[11,[12].




1.3 Brief overview of conventional models and methods

Next, we mention briefly the example where different derivations of governing equations yield
different results for the same mixture. Following [31]], we consider an incompressible fluid-
particle suspension and compare the equations given by mixture theory and ensemble averaging.
Let p, V', P, T* be the true density, velocity, pressure, and stress in the mixture, and let the
indices s, f indicate variables of the solids and the fluid, respectively. Further denote the solids
fraction by ¢ and the fluids fraction by ¢ = 1 — ¢. If body forces are neglected, the classical
equations of mixture theory for two incompressible constituents are given by

e +div (evy) =0,

¢+ div (P vs

)=
pr [(evy), +div (evy @ vf)| = my + div Ty (1.2)
Ps [(pvs), + div (pvs ® v,)] = my + div T,

my +mg = divS,

where m ¢, m, are the forces of interaction between the constituents and S is an interaction
stress.
Two fluid equations can also be derived by ensemble averaging. In this approach one defines

the indicator function
0 if x is in solid,
H(z) = o
1 if x is in fluid,
and <> designates the operation of taking the average over many identical trials at « at time ¢.
Then the fluid and solid fractions are given by

<H> = €(w7t) =1 —¢($,t),
(1-H)=1-(H) = ¢(x,t).

If V(x,t) is the true velocity, then the averaged fluid and solid velocities V' y and V', are given
by

(HV) _(HV) v. . @ -HV)
- 9 s *
(H) € ¢
The composite and mass averages for a quantity f are defined by

fC:<f>:6ff+¢fsv

_wh) (S
fn =25 = .
(o) epr+¢ps
To formulate the equations of motion, we additionally introduce a one-dimensional Dirac’s
delta function dx(x) across the solid-fluid interface. Let v be the outward normal to the solid,
and T* - v = t the traction. Then the following equations can be derived (body forces are

neglected again)

V=

e +div(eVy) =0,
¢ +div (¢ V) =0,
(pe)t + div (pe Vi) = 0, (1.3)

Prl(e V) +div(HV V)] =div (eT}) — (02 t),
s (¢ Vo) + div((1 — H)V V)] = div (¢ T;) + (On t).
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Supposing that mixture theory and ensemble averaging yield the same results and comparing
the systems (I.2) and (1.3), we get the relations

VfZ’Uf, VSZ’US, ET}:Tf, QZ)T::TS,

my :Ffdjv (G’Uf ®'Uf - <HV®V>) - <5Et>,
ms = P div (¢vs @ vs — (1 — H)V @ V) + (55 t), (1.4)

divs = div(prevy @ vg + 560, 0 v, — ([pr H+75(1 = H) V& V).

Still, there is no contradiction between the equations of mixture theory and the ensemble aver-
aged equations.
Now, assume that the fluid phase is Newtonian,

T* = —-PI+2uD[V] in the fluid,
and the solid phase is a rigid body for which
D[V]=0 on solids,

where D[V] = 1 (VV + [VV]7T) is the rate of strain.
The stress for the fluid phase in mixture theory is given by

Ty=—epsl+ QEM]D)[’Uf].
This differs from the fluid stress obtained from ensemble averaging
Ty=eT; =(HT") = —epsI+2euDv.].

Here, the ensemble averaged pressure in the liquid (Py) is identified with the liquid pressure in
mixture theory, i.e. Py = (H P)/e = py.

Finally, note that other averaging procedures are possible, and, for example, soft spatial aver-
aging yields the same result for the stress tensor in the fluid as in the case of ensemble averaging,
see [31]. A similar averaging method will be used in Sections and to regularize the
velocity field in the continuity equation for the particles.

Single-Phase Flow. Similar to the case of mixtures, divers models exist also for one-component
flows. One can distinguish between incompressible and compressible fluids (liquids and gases),
and the compressible ones can be regarded as inviscid (called Euler or ideal fluids) or viscous
and thermally conducting (Navier-Stokes-Fourier fluids). Further refinements are possible. Dif-
ferences between the corresponding models consist in the number of variables used to describe
the flow, and the state equations, which are necessary to close the models.

Let us note that the consideration of the flow of a single Newtonian phase is a challenging
issue concerning the mathematical analysis and numerical computations. To substantiate this
statement we refer to the preface of [40] where we can find the quote: “More than two centuries
after this introduction by L. Euler (and later by Navier) of the fluid mechanics equations, much
remains to be understood mathematically even if considerable progress has been (slowly) made.”
As for the numerical side, see the introduction in [19]: “Many times significant errors have been
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made when using CFD software packages without a solid background in fluid mechanics and
numerical analysis.” The abbreviation CFD stands for computational fluid dynamics. We will
not go into details but mention that, for certain applications in CFD, the parallelization is very
important to reduce the running time for realistic simulations in large domains on fine grids.

The reader interested in mathematical or computational methods for single-phase flows is re-
ferred to books [17, (18, {19,136, 138, 140, 41,147, [60].

Aptamers. Aptamers are oligonucleic acid or peptide molecules that bind to a specific target.
Besides their application in the biosensor shown in Figure[I.2.2] they can be used in a variety of
biochemical and clinical applications. Let us mention a few of them to indicate their potential.

Biochemical applications of aptamers are, for example, the identification of biomolecules that
can point out various diseases. It is possible to select aptamers that bind to a specific cell type or
subpopulation of malignant cells (for example, tumor cells), and, in individual cases, they have
already been used successfully to inhibit the virulence of such targeted microorganisms. Such
a potential inhibition property makes aptamers in particular useful to validate the function of
their targets in cell-culture experiments and in vivo. These and other possible applications are
discussed in [44]).

Further applications of aptamers include the inhibition of human thrombins [7]], synchronous
cancer imaging, therapy, and sensing of drug delivery [5]], the replacement of antibodies in diag-
nostics [30], the application of peptide atpamers in molecular medicine [29], and the application
as therapeutics [46].

The binding property with high specificity to the target is already exploited during the pro-
duction of aptamers. Aptamers are produced by systematic evolution of ligands by exponential
enrichment (SELEX) process. In this process first a combinatorial nucleic acid library (DNA or
RNA) with a large number of random sequences is synthesized. The library is then incubated
with the desired target molecule under conditions suitable for binding. Next the unbound nucleic
acids are partitioned from those bound specifically to the target molecule which are then eluted
from the target molecule and amplified. This procedure is reiterated until the resulting sequences
are highly enriched [26,|67]]. An early description of aptamer production can be found in [15} 7],
and further description of the separation methods used in SELEX in [24].

The active part. Finally, we note that Figure [1.2.2]is a simplified scheme of an acoustic wave
sensor. A more thorough description of the mathematical modeling, analysis and numerical
simulation can be found in [50].

1.4 Objectives and description of the results obtained

In this thesis we consider processes occurring in the vessel and the wet cell shown in Figure[T.2.1]
The objectives of the thesis include the following three aspects: mathematical modeling, analysis
and numerical simulations. This means, our overall goal is to derive mathematical models that
have the following features.

e They describe the evolution of the particles in the flowing medium and, in case of the wet
cell, the amount of particles bound by the active part.
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e They are formulated as initial-boundary value problems for which the well-posedness, at
least the existence and uniqueness of generalized solutions, can be established.

e They can be solved numerically without “too high programming and computing efforts”.

As we will consider models that have such features, it is clear that we cannot use the models
described in Section in their full strength. Let us mention some of the difficulties. If the
equations of mixture theory were used, the Korteweg tensor (I.1)) should to be included in the
stress term of the momentum equations. This causes problems in the mathematical analysis,
because we do not know how to derive suitable a priori estimates in this case.

If averaged equations were used, further modeling or guessing is necessary, as the system
is not closed. Considering ensemble averaging, for example, we see that the relations (1.4)
contain averages of products, which cannot be directly identified with macroscopic variables.
The ensemble average of a product is not the product of ensemble averages, so that these terms
need further modeling [31} [33]].

For these reasons, we will consider simpler models than those mentioned in Section In
the following, the vessel will be referred to as “the transport part” and the wet cell as “the
measurement part”. Thus, the model related to a system of governing equations with initial
and boundary conditions for the transport part is called “transport problem”. The model of
the measurement part is called “coupled measurement problem” or “decoupled measurement
problem” depending on the accounting for the mutual interaction between the particles and the
fluid. The term “decoupled" means that the problem consists of two subproblems: the “flow
problem” and the “evolution of the particle density”, where the motion of particles does not
affect the total flow.

All models are formulated as initial boundary value problems in such a way that the amount
of particles which leaves the vessel or wet cell, or adhere to the active part of the wet cell, is
determined by the amount of particles entering the plant.

The present thesis is divided into three parts: the derivation of mathematical models, their
theoretical investigation, and numerical simulations. First, we derive fully coupled equations for
the transport and measurement problems. Then we introduce certain simplifications to obtain a
relaxed transport problem and a decoupled measurement problem. For these problems we will
show the existence and uniqueness of generalized solutions. Finally, the coupled measurement
problem will be solved numerically.

The Subsections [T.4.1] [T.4.2] and [T.4.3] summarize the content of the subsequent chapters.

1.4.1 Derivation of mathematical models

Chapter[2]is devoted to the derivation of the mathematical models. Starting with the consideration
of compressible Newtonian fluids we introduce the concept of weak compressibility to obtain a
system of partial differential equations that, in combination with initial and boundary conditions,
is called the flow problem. It is formulated in (2.1). The equations look similar to the Navier-
Stokes equations for incompressible fluids. The difference is that small volume changes are
included in the model instead of assuming complete incompressibility.

For the description of the transport of particles, we will first derive the system of equations
(2.406). It consists of two continuity equations, one for each component, and 2N equations of
motion, where NV is the dimension of the considered space. The interaction between the compo-
nents is modeled by interaction terms in the equations of motion. To derive the equations we first
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average the equations for the velocity of single particles presented in [[64]] to obtain the momen-
tum conservation for the particle flow. Using results on the Boltzmann equations for mixtures,
we obtain a continuity equation for the particle flow and an expression for the influence of the
particle flow on the liquid flow. To this end, simplifying assumptions on the stress tensor are
necessary.

For theoretical investigations, we simplify the above sketched equations for the transport of
particles by using expansion with respect to a small parameter and regularizing the velocity field
in the continuity equation for the particle flow. Thereby the velocity of particle flow is eliminated,
and the resulting system of equations consists of two mass conservations and a global momentum
conservation both for the particle and fluid flow. The equations are given in (2.2)).

For the measurement of particles, the equations describing the coupled measurement problem
are given in (2.3). The system of equations consists of the mass conservation law for weakly
compressible liquids, the mass conservation for the particle flow in the form of drift diffusion
equation, and the global momentum conservation (particles and fluid). The surface density of
adhered particles on the active part of the wet cell is an additional unknown, which is necessary
to describe a boundary condition of hysteresis type on the active part of the wet cell.

To derive this special boundary condition, the mass flux of particles arriving at the active part
is related to the rate of change of the surface mass density of adhered particles. The properties
of the aptamers, non-detachment of adhered particles and saturation if all aptamers are occupied,
are modeled a boundary operator of hysteresis type, see (2.54).

The conservation equation for the particles is derived using Smoluchowski’s approximation
for the Langevin equations. This results in a drift diffusion equation for the particle density,
where the drift is determined by the velocity of the ambient liquid. Thereby, the mass flux of
particles towards the active part of the wet cell is given in terms of the gradient of the particle
density. Completed with boundary conditions on the inlet, outlet and solid walls of the wet cell,
the derived problem is called evolution of the particle density (2.3). Combining the evolution
of the particle density with the flow problem (to obtain the velocity of the liquid) yields the
decoupled measurement problem (2.4)). This problem will be used for theoretical investigations.

To include the influence of the particles on the liquid we use the conservation of the total
momentum as prescribed by mixture theory. Additionally, we can identify the mixture theory
variables with the ones used for the decoupled model. Finally, we obtain practically the same
structure of the equations as in the case of decoupling. The sole difference is an additional
convective term appearing in the momentum equation and describing the influence of the particle
flow on the fluid. This coupled measurement problem will be investigated numerically.

1.4.2 Theoretical investigations

Chapter [3] contains the theoretical part of this thesis. It is devoted to the investigation of the
transport problem (see Section [3.3)), and the decoupled measurement problem (see Section [3.4).
The latter one is split into the flow problem and the evolution of the particle density. Therefore the
transport problem, the flow problem, and the evolution of the particle density will be considered
separately.

For each of these three problems, we prove the existence and uniqueness of weak solutions.
The existence of weak solutions for the decoupled measurement problem follows from the exis-
tence results on the flow problem and the evolution of the particle density. To obtain the unique-
ness of solutions, we have to assume additional regularity of the solutions of the flow problem.




1 Introduction

The transport problem is considered in Section This problem consists of the continuity
equations for each component, a global momentum conservation, initial values for the pressure,
velocity, particle density, and Dirichlet boundary conditions for the velocity. We prove the ex-
istence of a non-empty time interval such that the problem admits unique weak solutions under
the following requirements: The considered domain 2 € R¥ is bounded and has a C? boundary,
the initial functions for the pressure and velocity are in H'(Q) and H'(Q)", respectively, the
initial value of the particle density is Lipschitz continuous with its support being separated from
the boundary by a positive distance, and the boundary value of the velocity is the trace of an
H?(Q)N-function. For the precise formulation see Definition and Theorem [3.3.2]

The flow problem is considered in Section [3.4.1] It consists of the continuity equation, the
equations of motion and Dirichlet boundary conditions for the velocity. For this problem, we
show the existence of a non-empty time interval on which unique weak solutions exist. This
problem seems simpler than the previous one but the treatment of the evolution of the particle
density requires more regularity of the velocity field. In order to obtain a sufficiently regular
solution, we suppose that the initial value of the pressure is in H'((2), the initial value of the
velocity in H2(£2)"V, and the boundary value for the velocity is the trace of an H?(2)" -function.
Again, we assume that the domain Q C R¥ is bounded and has a C? boundary. See Definition
3.4.2]and Theorem [3.4.4|for the precise result.

The evolution of the particle density problem is investigated in Section [3.4.2] This problem
consists of a drift-diffusion equation, initial values for the particle density and the surface mass
density of adhered particles, a Neumann-type boundary condition on the outlet and solid bound-
ary of the wet cell, a Robin-type boundary condition on the inlet, and a boundary condition
of hysteresis type at the active part that relates the particle density to the surface mass density.
This problem will be considered for H'(£2)-initial values and constant-in-time inflow of parti-
cles through the inlet. In contrast to the other problems, we show the existence and uniqueness
of weak solutions in bounded Lipschitz domains on arbitrary time intervals provided the veloc-
ity field is sufficiently regular. The results obtained on the flow problem guarantee sufficient
regularity for the existence of weak solutions. As for the uniqueness it can be proved under
stronger assumptions. See Definition and Theorem for the exact formulation. An
important tool to investigate the evolution of the particle density is a special embedding theorem
in anisotropic Sobolev spaces, see Definition and Theorem The embedding was
communicated to me by Pavel Krej¢i.

Finally, Theorem [3.4.1] which is a consequence of Theorems and [3.4.21] states the main
result for the decoupled measurement problem.

1.4.3 Numerical computations

In Chapter ] the coupled measurement problem is solved numerically. We decided to consider
this problem because of the following aspects: The structure of the system is consistent with
other conventional theories, it is still close to the decoupled measurement problem that can be
analyzed theoretically (see Section[3.4), the nonlinear boundary condition makes it an interesting
problem, and it can be treated numerically using conforming finite elements (FE).

To explain the first aspect, we notice that the system of equations in the coupled measurement
problem is similar to the equations of mixture theory and to the macroscopic balance equations
derived from Boltzmann equations for mixtures. That is, the system consists of continuity equa-
tions for each component and the conservation of the total momentum. In contrast, the decoupled
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measurement problem contains only the influence of the liquid on the particles, and therefore,
only the momentum of the liquid is conserved.

Since the evolution of the particles is described via a diffusion equation, conforming FE are
appropriate for the numerical treatment of the coupled measurement problem, at least, if the dif-
fusion coefficient is large and the discretization is sufficiently fine. Here, continuous piecewise
linear shape functions will be used on a triangular (tetrahedral) mesh in two (three) dimensions.
This method is not suitable for the numerical solution of the transport problem, where the hyper-
bolic continuity equation appears. To solve such equations, different FE techniques, for example,
streamline diffusion, Galerkin least squares or discontinuous Galerkin FEM, or other discretiza-
tion methods like finite difference or finite volume methods are necessary, see [[19, Chapters
3.4].

In Section |4.1{ we present a discretization scheme for the coupled measurement problem. The
scheme is split into the computation of the variables corresponding to the fluid flow (velocity and
pressure), and the variables corresponding to the particles (volume density and surface density on
the active part of the wet cell). The reason for this separation is twofold. First, the computation of
the particle variables requires an iterative method because of the nonlinear boundary condition on
the active part of the wet cell. Second, numerical computations show that a small time step in the
discretization of the particle variables is necessary to avoid (or at least to dampen) oscillations.
This effect can be explained as follows. In the terminology of [19] Section 4.1.9], the decoupled
measurement problem becomes singularly perturbed for diffusion coefficients in the range given
by Table[2.6.4] thus a sufficiently fine discretization is necessary to avoid the Gibbs phenomenon.
Further, regarding the beginning of Section [4.2]in connection with Lemma [3.4.22] we see that
a bound on the time step for the particle variables in terms of the diffusion coefficient already
occurs during the theoretical investigation of the evolution of the particle density. Therefore,
computational effort can be saved if the flow variables are not computed in every time step. The
scheme is implemented in Scheme {.1.T] page [I19]

Finally, numerical results will be presented in Section 4.2] The computations are carried out
using the FE program Felics which is developed at the Chair of Mathematical Modeling at Tech-
nische Universitit Miinchen. The first example in Section {.2.1] considers a closed wet cell,
where the drift velocity is set to zero. It illustrates the sensitivity of the proposed scheme with
respect to the time step length, and we propose a regularization of the hysteresis boundary con-
dition that enables us to use larger time steps. This is useful when physically realistic scenarios
are considered.

Next, the flow of particles through an open wet cell without any active part is considered
in Section §.2.2] It occurs that the main stream of particles leaves the wet cell and almost no
particles arrive at the boundary. Thus, in subsequent examples, the active part will be positioned
on an obstacle in the interior of the wet cell.

In Sections {.2.3] and {.2.4] simulations of a wet cell are presented in two and three di-
mensions, respectively. Since the diffusion coefficient of particles in water is extremely small
(< 10716 m - 572, see Table , stabilization techniques are necessary to obtain realistic re-
sults in this case. To avoid such difficulties, we consider air instead of water, which provides, for
example, the diffusion coefficient 5.31 - 10~ m - s~ for spherical titanium dioxide particles of
diameter 0.01 pm.

11



2 Derivation of mathematical models

In this chapter, we give the mathematical formulation of the models discussed in Chapter [I}
They describe the evolution of a two-component mixture. The air in the vessel or the water in
the wet cell considered as conventional fluids will be referred as the first component or phase.
The particles will be considered as a special dilute fluid and referred as the second component or
phase. In contrast to water or air, the particles are assumed to be rarefied enough so that they do
not exert pressure or stress on each other.

Similar to [17, [18l 47, 40, 58] we consider the flow under the continuum hypothesis. This
means that the smallest considered parts of the material are so called “fluid particles”, see e.g.
[58. 1.1]. A fluid particle is not a rigid particle but an ensemble of molecules. Such an ensemble
has to contain enough molecules to ensure a proper averaging of physical quantities. On the other
hand, it has to be small compared to the region where the flow is considered so that macroscopic
quantities like density, velocity or temperature can be viewed as continuous functions of points
associated with fluid particles.

Analogously to the method of fluid particles, we will describe the solid particle medium as a
continuum consisting of small volumes, where each volume contains sufficiently large number of
solid particles. It should be noted that the points of this continuum are sufficiently "larger" than
those for the fluid continuum because there are much more molecules than particles in a fixed
volume. Therefore, we may average fluid-related physical quantities appearing in equations for
particle flows.

This chapter is structured as follows. In Section[2.1] the notation is given. Section[2.2] presents
(without derivation but just for reference) mathematical formulations of all models considered in
the thesis. The derivation is given later. In Section[2.3] the motion of weakly compressible fluids
is considered, and equations for the flow problem are derived.

Section [2.4] is devoted to the transport problem. In Sections [2.4.1 — [2.4.3] we will derive a
system of equations describing the transport of particles, and in Section [2.4.4 some assumptions
will be introduced to obtain the final equations for the transport problem.

The coupled and decoupled measurement problems are considered in Section [2.5] Relations
between the volume density of particles in the wet cell and the surface density on its active part
are derived in Section [2.5.1] In Section [2.5.2] equations for the evolution of the particle density
are derived, which, in combination with the flow problem, yields the mathematical model for the
decoupled measurement problem. In Section [2.5.3] the influence of the particles on the fluid is
modeled, and the derivation of equations for the coupled measurement problem is completed.
Section [2.6] contains values of physical constants. In the appendix, some useful aids from the
literature are summarized.

2.1 Notation

Both, air in the vessel and water in the wet cell (see Section [1.2), will be referred as “liquid” or
“fluid”, even though air at standard conditions is gaseous. Thus we can consider liquid of fluid
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2.1 Notation

flow, or particle flow, or liquid-particle flow.

The bold letters U and V' denote the velocity fields of the liquid and particles, respectively; p
and II denote the pressure and stress tensor, respectively. Proper densities are denoted by p, and
physical densities by p. For example, if p,, is the proper density of the particles and ¢ the volume
fraction of the particles, then the physical density p,, is given by p, = p, - ¢.

Let € denote an open subset in RV, N € {2, 3} (the region where the flow is considered); 052
the boundary of €2; and v outward directed normal unit vectors on 0€2. The time interval where
the problems are considered is denoted I = [0, 7], T > 0. If not stated differently & denotes a
point in space (x € ) and ¢ a time instant (¢ € I). It is self-evidently which physical quantities
are considered as functions of (x, t). Inlet and outlet of the vessel or wet cell are assumed to be
disjoint subsets of the boundary. They are denoted by I''™ and I'°"t, respectively. The active part
of the wet cell is denoted by T', and we assume I' C 99 \ (I''® U T°ut),

For two vectors a, b € RY, with the components aj, bj, j =1,..., N, the scalar product and
tensor product are

N
a-b:Zajbj, a®b:<ajbk)jk7 Jk=1,..,N,

and, for two matrices A, B € RM*xN

N
Z Ak bjk-

1 k=1

M:

A:B=

J

For a function p : 2 x I — R, the gradient of p (the column vector) and the partial derivative
with respect to time will be denoted by

op p )T

_Op B op
Vo(e.0) = Golat) = (55

, pl(CC,t) = pt(w7t) = E(mvt%

and for U : Q x I — RY the gradient (Jacobi matrix) and divergence by

oU; oUu oUu ,
VU (z,t) = <axi (a:,t)) = ((%1 . 8@) , divU § &x
J

If IT is a tensor of the second order (a matrix), depending on @ or (x,t), then the divergence
div IT denotes the vector whose components are the divergences of the row vectors

T

divII = Z 882” , Z aagNj
7 N

We assume that the liquids under consideration are viscous and Newtonian, which means that
the stress is related to the pressure and velocity by

M= (—p+AdivU) I+ u(VU + VUT) and  divIl = —Vp+ p AU + ¢ VdivU,

where (1, A are constants depending on the liquid, £ = A + p with p, & > 0, see Theorem [2.B.3
and Remark 2.D.11
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2.2 Presentation of the mathematical models

First remember that we refer to the vessel shown in Figure [I.2.1.b] as to the transport part of
detection. The wet cell shown in Figure is associated with the measurement part of
detection.

Throughout the thesis, we assume that liquids are weakly compressible. The flow of weakly
compressible media is described by the following flow problem:

ypr +divU =0 inQ x (0,7),
poUs + po (U -V)U —divIl = f in Q x (0,7),
U=U, on 082 x (0,7),
U(x,0) =Ux), p(x,0) = p°(x) fort=0.

@2.1)

The theoretical investigation of (2.1) is given in Section
To describe the transport part mathematically, we first derive the following system of equa-

tions:
vyp +divU =0,

poUr+po (U -V)U —divIl + a{p,) (U —(V)) = f,
<Pp>t +div ({pp) (V) =0,
(V)i + (V) - V) (V) —a(U —(V)) =0,

where (V') and (p,) denote the averaged velocity and density of the particle component. In order
to deduce theoretical results (see Section[3.3)), the equations are simplified to obtain the following
initial boundary value problem:

ypr +divU =0 inQ x (0,7,
(pO); + div(pOU™) = 0 inQ x (0,7),
(po+pO) (U + (U -V)U)) —divI = f inQ x (0,7), (2.2)
U=U, on 092 x (0,7,

U(xz,0) = U%x), p(x0) =p"(x), pO@,0)=p"x) fort=0.

Here p(?) denotes an approximation to the particle density (pp), and we assume that p©) satisfies
the continuity equation for a smoothed velocity field U* = o5 U, where o} is a fixed smoothing
function. During the theoretical investigation, we assume additionally that the support of p° is
separated from the boundary 02 by a positive distance so that, for small times, no boundary
conditions for p(o) are necessary. System (2.2) is called the transport problem.

To be able to consider an operator boundary condition in the wet cell, we take the diffusion of
particles into account and derive a drift-diffusion equation. Assume that the velocity field on the
boundary of the wet cell Uy is known, and

U, v<0 onI™,
U, -v>0 onI°"
Uy,=0  ondQ\ (I ure),
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2.2 Presentation of the mathematical models

The following equations describe the physical processes in the wet cell:

yp +divU =0 inQ x (0,7),
(pp)e +div (ppU) — 8 App =0 in Q% (0,7),
po Uy +div (U ® [(pp + po)U — BVpp]) = f+divIl  inQ x (0,7),
U=U, on 092 x (0,7),
~[ppUp —BVpy| - v=—g,Up-v onT™x (0,T), (2.3)
—Oupp =0 on 90\ (T UT™),
—B0upp = ()t 1p = Ap(pp) onI'x (0,T),
U(x,0) =U"=x), p(z,0)=p"(xz), py(x,0)= pg(w) fort =0in(,
np(x,0) = ng(a:) fort =0onT.

Thus, the system describes the coupled measurement problem. It is used for numerical com-
putations in Chapter In 2.3), 1, denotes the surface mass density of particles on the active
part of the wet cell. The action of the active part is described by the hysteresis operator \A,,, see
(2.54). In problem (2.3)), the interaction between the components in both directions is accounted
for. For the theoretical investigations given in Section[3.4] we have to neglect the influence of the
particles on the liquid, which means that the particle density p,, is cancelled from the momentum
balance equation. The new model-equations read:

ypi+divU =0 inQ x (0,7),
(pp)t +U -Vp, — BAp, =0 inQ x (0,7T),
poUs+po(U-V)U = f+divIl  inQx (0,7),
U=U, on 90 x (0,7T),

~[pp Uy —BVpyl-v=—g,Up-v onT™x(0,T), (2.4)

—Oupp =0 on 9N\ (I UT™),
—B0upp = (Mp)ts 1y = Ap(pp) onT' x (0,T),
U(x,0) =U"=x), p(z,0)=7p"(x), pplzx,0)= pg(ac) fort =01in €,
np(x,0) = 772(:1:) fort =0onT.

These equations describe the decoupled measurement problem. Note that we first can find the
velocity and pressure using the first and third equation, and then solve the second one for p,,.
Thus, first compute U and then solve the problem:

pt+U -Vp—Ap=20 inQ x (0,7),
= —0wp, 1=A(p) onI' x (0,T),
—[pU -Vpl-v=—gU-v onT"x(0,7T), (2.5)
~Oup =0 on [0Q\ (T UT™)] x (0,T),
p(x,0) = p°(x),  n(x,0)=n’(x) for ¢t = 0.
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Note that the variables are rescaled in (2.5) so that the diffusion coefficient is equal to 1, and the
index p is dropped in the scaled particle density p and surface mass density 7.

2.3 Motion of weakly compressible fluids

In this section, the continuity equation and the momentum balance equations are derived for a
weakly compressible Newtonian fluid from the equations of compressible fluids. The assumption
of weak compressibility will provide a relation between the density and the pressure of the fluid
so that an energy equation is not needed. The derivation of the equations for compressible fluids
presented here is mainly taken from the books [[18, Chapter 1] and [47), Chapter 1].

The evolution of the quantities describing the motion of a viscid compressible fluid is governed
by the Navier-Stokes equations

(pf)e +div (ps U) =0,

2.6
(prU)+div(py U®U)+ Vp — pAU — (VdivU = pp F, (26)

where U, py and p denote the velocity, density and pressure of the fluid, respectively. The factors
w and € are viscosity coefficients of the fluid, and F’ is the density of volume forces, e.g. gravity.
The first equation in (2.6)) is called continuity equation or mass conservation, and the second one
represents equations of motion or momentum conservation.

Note that the product rule applied to the left-hand side of the momentum equation of (2.6) and
the conservation of mass yield

(pf U+ div(ps U U) = pp[Us + (U - V)U]. Q2.7

In three dimensions, the system (2.6) consists of four equations for five unknown functions
pf, p, U1, Uz and Us. Thus, an additional relation is needed in order to close the model. To this
end, we assume that the fluid be weakly compressible to get a relation between p and p.

Weak compressibility means that the deviations of the density and the pressure from nominal
values are small and depend linearly on each other. In this case the pressure is a function of
the density only. Moreover we assume that high gradients in the pressure or velocity field and
phenomena like shocks and turbulence will not occur in the vessel or wet cell. Thus, we assume
that there exist reference values pg and pg (say the density and the pressure in the equilibrium at
normal conditions) and a constant factor A such that the linear approximation

pr = po+ A(6p), p = po + Ip, (when dp is small) (2.8)

reflects the physical property of the fluid. Further, we assume that all products containing dp can
be neglected.
Substituting (2.8) into the source term of (2.6)) yields

prF~pF =:f.
Inserting (2.8) into the conservation of mass for the liquid in (2.6) yields

A (6p)¢ + podivU + Xdiv (dp U) = 0. (2.9)
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2.3 Motion of weakly compressible fluids

Denoting 7 := \/pg and neglecting the term containing Jp, relation (2.9) can be rewritten as the
following new continuity equation:

v +divU = 0. (2.10)

Proceeding in the same way with the total derivative in the momentum equation of (2.6), we
get
(psU)e+div(pr URU) = po Uy + podiv (U @ U). (2.11)

Note that, if (2.7)) is used first, and then (2.8)), the total derivative is approximated by
(psU)+div(pfU@U) = poUys +po (U-V)U. (2.12)

It should be stressed that no relation similar to (2.7) holds for the right-hand sides of (2.11)) and
(2.12). We will use (2.11)) for numerical computations and (2.12) for theoretical investigations.

Thus, (2.11) is used in the momentum equation in (2.3), whereas (2.12)) is used in (2.1, (2.2) and
(2.4). Using (2.10), products containing div U can be neglected, and therefore

div(UoU) = (U -VU+U -divU ~ (U - V)U.

For later use in Section [2.5.3] we briefly recall the derivation of (2.6) using the same notation
as in Appendix [2.A] To obtain the continuity equation consider an arbitrary control volume V' =
V(tg) €V C Qu atatimet = to. Set V(t) = ¢(V,t), where ¢ is the mapping defined in
(2-83)) considered on a time interval (¢1, t2) > to. Then, the domain V() is formed by the same
fluid particles at each time instant, therefore the mass of the element of fluid represented by the
domain V' (¢) remains constant:

d
— pf(ac,t) dx =0, t € (t1,t2). (2.13)
Applying the Transport Theorem [2.A.3[to (2.13)) yields
Ipy , _
(x,t) +div (pp U) (,t)| dx = 0, t € (t1,t2). (2.14)

Since ¢ is an arbitrary time instant, one can substitute ¢ = to and V(t) = V(tp) = V so that
(2.14) holds true for arbitrary ¢y € (0,7) and arbitrary control volume V. Therefore

(pp)e(z, t) + div (ps(x,t) U(x,t)) =0, te (0,7), x ey,

which is the continuity equation in (2.6). For later purposes, rewrite the integral of the divergence
in (2.14) as a surface integral

/(pf)tda:——/ psU-vds=— m - v ds, (2.15)
1% v av

where ™ = p ;U is the mass flux of the fluid.

The equations of motion can be derived by Newton’s law of conservation of momentum in
the following form: The rate of change of the total momentum of an element of fluid formed by
the same particles at each time and occupying the domain V (t) at instant t is equal to the force
acting on V (t).
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2 Derivation of mathematical models

The total momentum of fluid particles contained in V' (¢) is given by
H(V(t) = / ps(x,t)U(x,t) de. (2.16)
V(t)

Denoting by F(V (t)) the force acting on the volume V' (t), the law of conservation of momentum

reads
dH(V (1))

dt

Substituting (2.16) into (2.17), using the Transport Theorem [2.A.3] and proceeding as in the
case of the continuity equation yields

=F(V(t), te (t,ta). (2.17)

[ WosUps+ div (o, U, U do = F(Vit), G =1,2.3 @.18)
5

for the j-th component of the momentum, arbitrary ¢ € (0,7") and arbitrary control volume V',
where the components of F(V'; t) are denoted by F;(V'; t).

Here only the volume force (also called the outer or body force) and the surface force (inner
force) exerted by the fluid contained outside the domain V' on its boundary are considered. De-
noting the density of the volume force by F' € [C'(M)]? and expressing the surface force using
the stress tensor IT = (II;;) ? j—1 that characterizes the density and direction of the surface force,
the forces acting on V' are given by

F(Vit) = /fo(a:,t)F(az,t) dx + /8VH v ds. (2.19)

Substituting (2.19) into (2.18), using Green’s Theorem, and taking into account that ¢ and V'
are arbitrary yields

0 0 o011, .
s Ui+ 5 -(pr UiU) = p s+ 5 2, j =123,

for j-th component of the momentum equation (summation over repeated indexes is assumed).
Or in tensor notation

(prU) +div(pp U @ U) = py F 4 divIl (2.20)

Assuming that the fluid is Newtonian and using Stokes’ Postulates given in Section yields
that the tensor II is given by Theorem [2.B.1

MN=(—p+AdivU)I+2uD. (2.21)
If the relations ¢ > 0, 3\ + 2u = 0 hold (see [18]]), we get
divIl = —Vp + pAU + £ VdivU, E=pn+A2>0. (2.22)

Substituting (2.22) into (2.20) yields the momentum equation claimed in (2.6). Further note
that (2.20) can written as

prt—i-(m-V)U:diVH—i-pfF. (2.23)
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2.4 Transport of particles

2.4 Transport of particles

In this section we derive the equations for the transport problem. The chamber, where the trans-
port phenomena occur, is schematically shown in Figure [2.4.1]in two dimensions. The arrows
indicate the flow direction of inflow and outflow of the liquid.

Fin I

Fout

Figure 2.4.1: Scheme of the vessel

Under the assumption that the velocity field U of the liquid is known, we derive equations of
motion for the particles as follows:

ppdV =ap, (U—-V)dt+p \/ﬁp dW, (2.24)

where p, and V' denote the particle density and the bulk velocity of the particles, respectively,
and « and ( are constants determined by properties of the liquid and the particles. The right-
hand side of (2.24)) describes the momentum transfer from the liquid to the particles. Since the
momentum has to be conserved, the momentum transfer from the particles to the liquid has to be
considered too. This will be achieved by subtracting the term

a{pp) (U —(V))

from the right-hand side of the momentum equation of the liquid. In order to close the model,
results from the Boltzmann equation will be used to obtain the continuity equation for the parti-
cles.

2.4.1 Motion of a single particle

The context of this section is based on [[64]. The motion of a single particle transported by a fluid
is given by
dv, dx),
dt dt
Here V), denotes the particle velocity, and x,, the position. The force causing the acceleration
of the particle is split into the macroscopic drag force F q,55 and the Brownian force F'y,; arising
from the molecular motion. Since the particle is larger than a molecule of the fluid, the drag
force is given by Stokes’ formula

= Fdrag + Fyi, = Vp- (2.25)

3mpd,(U —Vy)
my, Ce

Fdrag =

Y
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2 Derivation of mathematical models

where d,,, m, and V', are the diameter, mass, and velocity of the particle, respectively, and y and
U are the dynamical viscosity and velocity of the fluid, respectively; C. denotes the Cunningham
slip correction (see formula (2.82)).

The fluctuations are given by Gaussian random variables with

20 fo(t —t
(Fri(t)) =0, (Fui(t) - Fri(t')) = #
myp
Here k denotes Boltzmann’s constant, § the temperature, and f the friction coefficient (see [21]])
given by
3mud
f = C p’
(&

In the following, we will assume that C, is constant. As in [37} 64] the components of the

Brownian force can be written as

’ o[ Sy 216 vk 6
F, =G ——, where So = — . (2.26)
VA O w2 ppd5 (pn/P7)? Ce

In (2:26), G is a Gaussian random variable, v the kinematic viscosity of the fluid related to the
dynamic viscosity as u = py v. Introducing the abbreviations

3mpd, 216 u k 0
— =TSy =, ——— 2.27
@ myCe A 0 mdj p2 Ce (2.27)

and letting At — 0, equations (2.23)) become the Langevin equations from the Ornstein-Uhlenbeck
theory of Brownian particles (see [61} 43]]).

dx, =V, dt,
(2.28)
dV,=a (U -V,) dt + B, dW.

2.4.2 Averaged motion of particles

In Section[2.4.1] the influence of the liquid on a particle is model by the Gaussian random process
dW. To derive relations for the bulk density and the bulk velocity of the particles, we use
that the arithmetic mean value of independently normally distributed random variables is again
normally distributed. More precisely, if G, ..., Gy, n € N are normally distributed with Gj ~
N (15, 0]2-), then the arithmetic mean value S,, is normally distributed:

1 " 2 1 g 2 1 - 2
Sp = n ZlGj ~ N (us, 05) where Hs = nzlﬂj» 95 = 2 Zlaj' (2.29)
Jj= I= I=

Definition 2.4.1. For a point x € RY, consider a small neighbourhood V of . Define the bulk
density p, of particles at x at time t as the ratio of the total mass of the particles contained in V
divided by the volume of V. If V' contains n particles of equal mass m,,, one can write

1 myn
pp(x,t) = — my, = ——,
PED =T 2 ™ =T
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2.4 Transport of particles

where x(t) denotes the position of the particle k at time t. In a similar way, the bulk velocity
V is defined as the mean value of the velocities of the particles contained in 'V :

52 Ves@(®),0) = onhm 2 Vew(@(t),t) ifn>1,
‘/(w7 t) = mk(t)ev CBk(t)EV
0 else.

To derive an equation for the bulk velocity V, the differential dt is replaced by a finite time
interval At and dW, is replaced by G/ At for particle k, where G, ~ N (0, 1) is the Gaussian
probability variable (see (2.26). Averaging (2.28) over all particles in V' and using Definition

[2.4.1)yields

VAN 2.30
AV:% 3 (U—Vp,k)AHﬂn Y G (2.30)

x(t)eV xp, (t)eV

If the drift velocity U is assumed to be continuous, the mean value of U can be approximated
by U(z, t). Using (2.29) and Definition [2.4.1] the stochastic term can be rewritten as

1 m 1/2
= Y Gi=n'PG= ( ﬁ’/‘) G,  G~N(0,1). (2.31)
zi(t)eV pp
Inserting (2.31)) into (2.30) yields, for the region where p, > 0,
3 o\ /2
AV =a(U -V) At+ — GV A, where 8= By <|Vfa|> . (2.32)
VP

Let pmin = my/|V| be interpreted as the minimal particle density, i.e. p, = 0 if V contains
no particles, or p, > pmin if V' contains at least one particle. In the case of integer numbers of
particles (n € {1, 2...}) it holds

< B _ B
ARG

For At — 0, replace G+/dt by dW, and (Z.30) becomes

0

< Bs.

dx
B - idW (2.33)
AV (@(t).0) = o (U(E(0),0) = V(@(t). ) db-+ = aw,

Multiplying the second equation by p,,, we get the conservation of momentum (2.24).

In order to describe the transport of particles through the vessel, we are not interested in the
description of the motion of single particles, and therefore, not in the evolution of the stochastic
quantities V" and p,. Our goal is to describe the evolution of the expected values of the particle
velocity and density, i.e. (V') and (pp).

To compute the expectation of the both sides of (2.24), the stochastic differential AW is
understood in the Ito sense. Therefore, the probabilistic part AW in ([2.24) does not influence
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2 Derivation of mathematical models

pp and V until time instant ¢ 4 d¢. Since the Brownian motion has independent increments, and
because we assume that the particles are dilute enough so that the Brownian force is generated by
the liquid only, we obtain that p;,t /2 and dW, are stochastically independent at each time instant.
This argument is more clear, if the time discrete equations (2.30) and (2.32) are considered. The
random variables GG, G, at time ¢ are assumed to be independent from that at preceding time
instances, and therefore the variables G, G, V' and p,, are independent because V' and p,, at time
t are generated by GG and G, occurring at preceding time instances. Moreover, if the particles are
rarefied the collisions of a certain particle with liquid molecules do not influence the collisions
of an other particle with liquid molecules. Therefore, it is natural to assume that p;t /2 and G are
independent in (2.32).

Thus, computing the expectation of the both sides of the second equation in (2.33) yields the

evolution of (V'):

d(V)y=a (U — (V))dt. (2.34)
To obtain an equation for the momentum, multiply (2.34) by (p,,) to get
d(Vv
(o) LV = () U~ (V). 2.39)

Thus, the expected momentum transfer from the liquid to the particles at time ¢ is (pp) o (U — (V).
We complete this section by combining systems and (2.35) and using the weak com-
pressibility of the liquid to obtain

yp +divU =0,
poUt+po (U -V)U — div n® = f, (2.36)

o) TV () 0@ — v =o0.

In N space dimensions, this is a system of 2N 4 1 equations for 2N + 2 unknowns Ui,
(V)1s - Un, (V). p and (p,). Thus, a continuity equation for (p,) is needed. Moreover,
(2.36) contains no term that describes the influence of the particles on the liquid. These aspects
are considered in Section We do not cancel the factor (p,) in (2.36) to keep the corre-
sponding equation being the momentum conservation law of the particles. This will be useful in

Sections 2.4.3]and 2.4.4]

2.4.3 Interaction with the liquid

The system we are considering consists of two phases, the liquid and particle phases. Comparing
the momentum equations for the fluid in (2.6) and for the particles in (2.24), we see that the
liquid transfers momentum to the particles, but there is no term describing the influence of the
particles on the liquid. However, the momentum has to be conserved and therefore, the amount
of the momentum transfered to the particles has to be subtracted from the momentum of the
liquid. Moreover, as it is mentioned at the end of Section the continuity equation for (pj)
is necessary.

The following arguments are taken from [11} [12} |62]]. The desired equation will be obtained
using the results of Section applied to a Boltzmann gas consisting of two species: the liquid
labeled by 1 and the particles labeled by 2. In the similar way, we obtain a term that describes the
momentum transfer from the liquid to the particles. Let us assume the following assumptions.
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2.4 Transport of particles

1. The average (-) over the Brownian motion and the average [[]d¢ over the microscopic
velocity yield the same result. Using the notation of Section this implies

v =T, pr=ptY,

2.37
WD V), (=@, =

2. The tensor II(Y) is given in terms of p(*) and v") by formula Z.2I). The tensor I1?) is
equal to zero because the particle continuum does not have any internal pressure or stress.

Application of the results of Section The evolution of a mixture of two species can be
described in terms of their one-particle distributions. Denote by f; and f5 the one-particle distri-
butions of the liquid and particles, respectively. Then f;(x, &, t) da d§ is the expected mass of
molecules of species j which, at time ¢, have positions lying within a volume element da about
x and velocities lying within a momentum-space element d§ about £. Therefore,

where M7 and M are the total masses of the liquid and the particles, respectively.
The one-particle functions satisfy the Boltzmann equations (2.91) for n = 2:

%_1_6% :Qll (fl,f1)+Q12 (f1>f2)7
%4_5.% = Q21 (f2, f1) + Q22 (f2, f2),

where the macroscopic force is neglected. The collision terms @ ( f;, fi) describe the influence
of collisions between particles of species j and k on the evolution of the one-particle function of
species j. If f1 and f, are known, the macroscopic quantities describing the flow are given by

. . . ()
o0 = [ gae o= [ epae o= T
RN

RN
where p7), (p'v)(j ) and v9) denote the mass density, momentum, and mass velocity of species
7, respectively.

By (2.93) the macroscopic variables satisfy the continuity equations for each phase:
(P, +div(pW v D) =0,  j=1,2, (2.38)
and the conservation of the total momentum reads
[( PN+ div(pD o) @ vl 4 H(j))] —0. (2.39)

J=1

The components of the tensor IIU) are given by
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2 Derivation of mathematical models

where ) = ¢ — v\ s the peculiar velocity of the j-th species. Using the mass conservations

(2.38)), equation (2.39) can be rewritten as
2 .
3 [pm dv)
; d
7=1

+ divII¥)

; =0. (2.40)

Random forces. In contrast to the above derivation, equation (2.25)) defines a probabilistic
model for the evolution of the particles (component 2). Using the same notation as for the
Boltzmann equation, we write

d¢ = F(t,z, &) dt, with Fdt = o(U — €) dt + 3dW, (2.41)

and assume that the force acting on the particles comes from the liquid only. In other words, there
are no collisions of particles with each other. Then, one can show that the distribution function
fo of the particles satisfies the Fokker-Planck equation (see [11], I11.9])

e L Cach - e -5, e
where A¢ denotes the Laplacian with respect to the components of £.

We postulate now that the above described approach related to collisions and the probabilistic
approach described by (2.23)), (2.41)) and (2.42) yield the same result. Therefore, the continuity
equation for the particles can be used. To get the conservation of momentum, multiply (2.42)) by
&, integrate over RY, and use the conservation of mass to obtain:

(2)
P2 | g® — / [ﬂ ENefo+a(U — 5)f2] d¢
= ap?P (U —v?) + g/ £ Ag fod€.
RN
Combining both approaches. Equations (2.43) and (2.35) yield
@d® o0 ey B As fldé = divIT® = o 544
P =g = (W —v®), S [€Af]dE = divIT® = 0. (2.44)
RN

Substituting (2.37) and (2.44)) into (2.40) and inserting the macroscopic force again denoted
by F yield the conservation for the liquid

p U+ p(U-V)U = divIIV) = pF — o (p,) (U — (V). (2.45)

Finally, combining equation (2.34), continuity equations (2.38)), momentum equation (2.43)),
and using the weak compressibility of the liquid, we get

vp: + divU = 0,

poUs+po (U - VU —divIl + a(py) (U = (V)) = f,

{pp)y + div ((pp) (V) =0,

(V)i + (V) V) (V) —a(U—(V)) =0.
In system (2.46)) the number of equations equals to the number of unknowns (2N + 2). There-
fore, one can hope that the solvability under suitable initial and boundary conditions can be

proved. Nevertheless, in Section [2.4.4] we will introduce further simplifications to ensure the
applicability of the method used in Section [3.3] will work.

(2.46)
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2.4 Transport of particles

2.4.4 A simplified model for the particle transport

In order to derive a model for which we can show the existence and uniqueness of weak solutions,
the system (2.46) has to be simplified. To this end, (V') and (p,) are expanded in the small
parameter ! so that the momentum conservation for the particles is not necessary anymore. In
this section, the following model is derived

vyp: +divU = 0,
(o), + div(pVU™) =0, (2.47)
(po+p ) (U, + (U -V)U) + Vp — pAU — £Vdiv U = f,

where U* = U o5 with a fixed smoothing function o5 and p(°) denotes the expansion term of
(pp) of order 0. System will be derived from (2.46) under the following assumptions.

1. The average density (p,) and the average particle velocity (V') can be expanded in the
small parameter ¢ = o~ !, that is

(pp) = P! (+ep) +e2p@ + ),

(2.48)
Vy=vO 4 v (+2V @ 4 ).
2. The approximation PO of (pp) of order 0 fulfills the continuity equation with the smoothed

velocity-field, that is
(pO); + div(pQU*) = 0.

To justify the first assumption consider Table From the values of « for Ti Q9 particles
of the diameter less than 1um in air or water, we see that e < 5 - 1075 in the both media. The

second assumption is explained in the beginning of the chapter.
Substituting the expansion (2.48)) into (2.34)) yields

av®  qv®
(U -vO _ ey _
€ T + € i + ... (U 1% eV ) .

Comparing the coefficients yields

& vO = U,
dU (2.49)

Inserting (2.48) into (2.45)) and using (2.49), we get
Ui +p (U-V)U —divIl — pF

—a(p®+etp® ) (—61%{

=-p U+ U -V)U) + ...,

s vl =

+EVe 4 ) (2.50)

since the only term appearing with €” is p(O)V(l). For a weakly compressible fluid, (2.50) is
identical to the conservation of the total momentum in (2.47).
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2 Derivation of mathematical models

To obtain an equation for p(o) substitute the expansion (2.48)) into the mass conservation for
the particle phase in (2.46)) to obtain:

0=¢ {pgo) + div(p(O)U)} + ¢t {pgl) + div (p(O)V(l) + p(l)U>] + e,

and for €:
(P + div(p® U) = 0.

By the second assumption, U can be replaced by U™ which yields the mass conservation equa-
tion of particles of (2.47).

2.5 Measurement of particles

In this section, the equations for the description of the measurement part (see Figure[[.2.1.a] page
[3) are derived. The model of the wet cell is the same as in [8]] and [4].

This section is structured as follows. The description of the active part of the wet cell is
given in Section 2.5.1] This shows why the systems (2.2) or (2.46) are not used to describe
the measurement part. The evolution of the particles density in the interior of the wet cell is
considered in Section [2.5.2] and the equations for the coupled measurement problem are derived
in Section This model equations are used for numerical computations in Chapter [4]

2.5.1 Mathematical description of the active part of the wet cell

Denote the interior of the wet cell by €2, the whole boundary by 0f2, and the outward directed unit
normal on 92 by v. The inlet, outlet, and active part denoted by I'™, "°"* and T", respectively,
are mutually disjoint subsets of 9€2. We suppose for simplicity that € is the cube (0, 1)V, and T
is contained in the plane {z = 0}. Then v = —ey on I, where ey is the unit vector along the
T N-axis.

Assume that the particles adhered to the aptamers are located in the region

I's:= {a: eRY . (1:1,...,90N,1,0)T el N —6<zy < 0}

By our hypothesis, the particles entering I's are instantaneously immobilized and trapped. Let ¢
be the volume fraction of particles in §2; ¢ the volume fraction of the particles in I's, and ¢,
the maximal value of ¢. Denote the proper density of the particles by pp, then the mass 7, of
trapped particles per surface unit of I" is given by

)
@) =7 [ @+rv)dr
0
Denote the mass flux of the particles by 72, then the mass conservation law reads
(mp)e =1y v, onl. (2.51)

In order to close the model, a relation between 7, and p, or between ¢ and ¢ has to be
specified, which plays the role of a constitutive relation that accounts for the adhesion properties
of the aptamer. First, the adhered particles are not released any more. Therefore, 7, and ¢
should be monotonically increasing. Second, there exist two thresholds ¢g and ¢; such that the

26



2.5 Measurement of particles

aptamer can not bind particles, if either ¢|r < ¢ (insufficient concentration for the activation),
or ¢|r > ¢1 (exhaustion of free aptameres). Since the particles arriving at I" are immediately
absorbed until saturation and not detached, define the hysteresis operator .44 by

Ap(&)(t) = esssup {Hy ({(7)) : 7 < t}, for £ € L>(0,T), (2.52)
where
0 if 5 < o,
Hy(s) = { a(s — ¢o) if s € [¢o, ¢1],
Omax if s > ¢1,

and a = ¢, /(¢1 — ¢o). Then the constitutive relation between ¢ and ¢ reads
oz, t) = Ay ((z,-)) (t), zel, te(0,T). (2.53)

See Figure [2.5.2]for an illustration.

Hy(s) As(€)
- ®
¢max T Tt d n T
| 7
i - i
| - .| |
T T S 1 T
bo P1 bo b1 ¢
2.5.2.a: Graph of Hy 2.5.2.b: Action of the hysteresis operator Ay

Figure 2.5.2: Scheme of the constitutive relation between ¢ and ¢

Note that (2.53) can be transformed into the following relation between p,, and 7,,.
mp(®,1) = Ap (pp(2, ) (1),

Ap(§)(t) = esssup {H, (§(s)) = s < t},

(2.54)
0 ifS < pp707
Hp<3> = CL(S - pp,O) if s € [pp,()a pp,1]7
Tlhmax if s > Pp,1,
where p,; = pp¢; for i = 0,1 are the mass densities corresponding to the activation and

exhaustion, respectively, and Tmax = Pp * Ppax- Also note that Hy,(s) = pp - Hy(s/pp)-

Remark 2.5.1. If the equations presented in Section would be used to describe the evolu-
tion of the particle density, the mass flux of particles towards the active part I would be equal to
my, =p,U=0(U =00nT C 9Q\ ('™ UTY)). Therefore, this model is not appropriate
for the detection because no particles would be absorbed.
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2 Derivation of mathematical models

2.5.2 Evolution of the particle density

In this section, we derive a diffusion equation for the time evolution of the particle density p,,.
And therefore, the particle flux towards I' is generally different from zero. To derive the diffusion
equation, two approaches will be compared. In the first one, presented in [14], a diffusion equa-
tion for particles suspended in a liquid is derived from thermodynamical considerations (without
using (2.23)). The second one is Smoluchowski’s approximation (see [55]]). Both approaches are
presented in [45]].

Einstein’s diffusion coefficient. Assuming that the liquid in which the particles are suspended

is at rest, the formula
RO 1 k6

ﬂ:W.Sﬂ',U,dp - 37 pdp
for the diffusion coefficient 3 is derived in [14} §3]. Here, IV is the number of moleculesin 1 g, p
the viscosity of the liquid, £ Boltzmann’s constant, and # the temperature. The second expression
in (2.53) can be found in [45] Chapter 4]. Taking into account the effects of the Cunningham slip

correction, (2.53]) becomes

(2.55)

koC,
= ) 2.56
B=3mnd (2.56)
Under the assumption U = 0 the particle density satisfies the diffusion equation
Opp
— = f[A 2.57

see [14, §4], [45, Chapter 4] or [28, Chapter 7.4]. Integrating (2.57) over a control volume
V', applying Gauss’ Theorem to the right-hand side, and comparing the resulting equation with
(2.15)), we obtain an expression for the mass flux of the particles

m,=—03Vp,  ifU=0. (2.58)

In the case of a fluid in motion, we add the drift term p,, U to (2.58)) and proceed as in Section
Analogously to (2.13)), we get

/%daz:— mp-udS:—/diV(ppU—ﬁVpp) de, (2.59)
v ot v 1%

after applying Gauss’ Theorem, which holds for an arbitrary volume V. Assuming p, and U are
sufficiently regular, we deduce the conservation of mass for the particles:

(pp)e +div (pp U) — 8 App = 0. (2.60)

Smoluchowski’s approximation. According to [45] we consider the Smoluchowski approxi-
mation of a Brownian particle

dz(t) = U(x(t),t)dt + FdWy, with 3 := &. (2.61)

o
In (2.61), «(¢) denotes the position of the observed particle at time ¢, U the velocity of the
ambient fluid, and W a Wiener-process. To obtain (2.61)) from equations (2.28), we formally

use the following
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2.5 Measurement of particles

Theorem 2.5.2 ([45] Theorem 10.1]). Let b : R! — R satisfy a global Lipschitz condition, and
let W be a Wiener process on R'. Let 2,V be a solution of the coupled equations

da(t)
dV (t)

V(t) dt; z(0) = «°,
—aV(t)dt + ab(x(t)) dt + adWy; V(0) = V°.

Let y be a solution of
dy(t) =b(y(t)) dt +dWy;  y(0) = a°.
Then, for all V°, with probability one

lim a(t) = y(t),

a— 00
uniformly for t in compact subintervals of [0, 00).

It is noted in [45]] that the theorem remains valid for the case that b is continuous and, for ¢ in
compact sets, satisfies a uniform Lipschitz condition in . Actually, o given by is large
but finite (see Table [2.6.4). Therefore, we formally apply the theorem to system (2.28) where
B = B/ is a new coefficient. This yields and we will show, that follows from
(.61).

Denote by p(s, y, t, ) the transition probability density when a particle starting at time s from
a point y, moving according to (2.61)), arrives at time ¢ > s at the point . Thus, p,(x,t) can be
computed from the particle density at time s by:

pl@t) = [ polwn)pls.p.t,2) dy. @62

To derive an evolution equation for p,, apply Theorem [2.C.4|to (2.62)) to obtain the conserva-
tion equation for the particle density:

(pp)e +div (pp U) = Bs App,

where the diffusion coefficient is given by

B 113 koC.

s =5 =501 7 pa,

(2.63)

Expression (2.63) is obtained by using (Z.27) to compute 3 from (Z.61), and expressing the
particle mass by m,, = p, m d; /6.

Remark 2.5.3. Note that both derivations are not completely rigorous in strong sense. First,
diffusion equation (2.60) is derived from ([2.57) ignoring the assumption that the fluid is at rest.
Second, Theorem is applied to get (2.61)) in the case of large but finite «. To justify these

procedures compare the diffusion coefficients of and (2.63)
Bg ~1.05- 4.

Since both approaches yield nearly the same result, we accept both of them but use preferably

the value of [3 given by (2.56).
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2 Derivation of mathematical models

Boundary conditions. From (2.59), one can deduce an expression for the mass flux of particles
my, =p, U — 3Vp,. (2.64)
Inserting (2.64) into (2.5T)) yields the boundary condition for p,,

(np)t = _/3 auppv (2.65)

because U = 0 on I'. Combing (2.60) with (2.65)) and adding boundary conditions on 92 \ T’
and initial values for p, and 7, yields the following initial boundary value problem

(pp)t +div (pp, U) — 8 Ap, =0 inQ x (0,7,
(mp)t = =B Ovpp, 1p = Alpp) onI'x (0,T),
—[ppU —BVpy-v=—g,U-v onT™ x(0,T), (2.66)
~0Oypp =0 on [0Q\ (TUT™)] x (0,T),
pp(®,0) = pp(x), (e, 0) = 1) (x) for ¢ = 0.

On the inlet, the mass flux of particles 7, - (—v) into the wet cell is prescribed by g, U - (—v),
where g,, is assumed to be a known function. The boundary part 9\ ([ UT™™UT°") is assumed
to be solid. Therefore, it is reasonable to assume that the velocity field of the liquid satisfies the
no-slip condition (U = 0) on this part. By formula (2.64), the condition —0,,p, = 0 means that
the particles cannot leave the wet cell through solid walls. In contrast to the inflow condition, the
boundary condition —d,,p, = 0 is also imposed on the outlet I'°"*. This means that the diffusion
does not contribute to the outflow, and the mass flux of particles through the outlet is determined
by the transport term p, U - v only.

Now, assume that the liquid is weakly compressible as in Section [2.3] i.e. all products con-
taining div U (see (2.10)) are neglected. Then, the approximation div (p, U) ~ U - Vp,, holds,
and we see that the system of equations (2.4) describing the decoupled measurement problem
consists of system and flow problem (2.1).

In Section [3.4.2] we show that these conditions are reasonable initial and boundary data.

Rescaling. To simplify the notation for theoretical investigations, system (2.66)) is rescaled.
First, to reduce the diffusion coefficient to 1, introduce new time and velocity scales: ¢’ = 3¢
and U’ = 371 U. Second, to obtain a maximal value of the surface mass density to be equal to
1, define the new variables 1 = 7, /Tmax and p = p,/Mmax, Which satisfy

m=—0up  onl,
where (similar to the transition from (2.52) to (2.54))
n(x,t) = A(p(z,-)) (1),
A(§)(t) = esssup {H (§(7)) : 7 <},

(2.67)
0 if s < pg,
H(s) = als—p;) ifs € [op, pil,
1 if s > pj.
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2.5 Measurement of particles

The constants are given by p; = (Pp/Mmax) ¢i» @ = 1,2, a = (p} — p§) . The graph of the
function H and the action of the operator A are shown in Figure [2.5.3]

H(s) A(E)
1
1 T 1 1
i -—> /;
i — i
i — > / i
1 T S 1 T
P0 P P0 P :
2.5.3.a: Graph of H 2.5.3.b: Action of the hysteresis operator A

Figure 2.5.3: The constitutive relations for the scaled variables

Finally, setting ¢ = ¢p/7max, dropping the primes, and assuming the liquid being weakly
compressible, wee see that system (2.66) yields (2.3 describing the evolution of the particle
density.

2.5.3 Influence of the particles on the liquid

The influence of the liquid onto the particles is already modeled for the measurement part in
Section [2.5.2] In the same way as for the transport problem in Section [2.4.3] we are going to
derive a simple description of the influence of the particles on the liquid. To this end, a conser-
vation equation for the total momentum is derived similar to [33} X.4]. Our basic assumptions in
this section are that the Korteweg stresses can be neglected, and that the volume fraction of the
particles is small compared to the fraction of the liquid. A mathematical argument for the first
assumption is given in the beginning of Section[I.4] To provide a physical justification, we note
that Korteweg developed his idea of the stress induced by composition gradients for mixtures
that are in equilibrium with external body forces. However, in flowing mixtures, the dynamics
induced by the motion of the mixture occur in shorter time scales than the dynamics induced by
the diffusive effects (unless the velocity is extremely small). Therefore, it is reasonable to as-
sume that the stress induced by composition gradients does not significantly affect the dynamics
in situations we are going to consider.

Let us implement the above sketched objectives. According to [33]] and similar to Section[2.5.1]
denote by ¢ the volume fraction of particles. We assume that the density py of the composite is
given by the so called simple mixture equation

pr(9) =pi(1— o)+ pp 9, (2.68)

where p; and p, denote the proper densities of the liquid and particles, respectively as before.
Further, let V; and V', denote the average velocities of the liquid and particles. Set

_ ﬁvl (1_¢)+p7pvp¢'

V= = o)t oy 6

(2.69)
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2 Derivation of mathematical models

By [33! X.4], py and V,, satisfy the continuity equation and the conservation of momentum:

d
% = —ppdivVy,
(2.70)
dV o, .

where p is the pressure of the mixture. In (2Z.70), the tensor IT? is the sum of a “Newtonian part”
and a part which is given in terms of the Korteweg stresses:

2
P = p [ (VV i + [VV]T) = 3 div (V,,) -I| + T,

with )
T=T1K— 3 trace(TX) -1,

and T denotes the Korteweg stress tensor (see formula (T.I)). By our assumptions, T can be
neglected.

Next, we identify the averaged variables with the ones used in Sections [2.5.1] and 2.5.2] In
simple mixtures, the densities p; and p,, of the liquid and the particle phase are given in terms of
the proper densities p;, pp, and the volume fraction ¢ by

p=p(1—=9),  pp=71p ¢ (2.71)

Further, V; can be identified with U. Evaluating the substantial derivative on the left-hand side
of the momentum equation in (2.70) and using (2.15)) for the mass flux of the liquid and (2.64)
for the mass flux of the particle phase yield the relations

prVm=ms=my+m,=pU+p,U—[3Vp,. (2.72)

Rewrite the left-hand side of the momentum equation of (2.70) similar to (2.23)) where the case
of a single fluid phase was considered and use (2.72)) to obtain

dV .,
Pr—q — pr(Vim)i + (U + ppU = BVpy| - V) V. (2.73)

By our assumptions, ¢ is small so that (2.69) yields the approximation
ViV, =U. (2.74)

To identify the pressure, we argue similar to Section [2.4.3} since ¢ is supposed to be small,
the particles can not significantly contribute to the formation of the pressure. Thus, p can be
identified with the pressure of the liquid. Additionally, the approximation yields —Vp +
div TP = div II (see (2.22)). Rewriting the continuity equation of as (pg)e+diviny =0
and inserting (2.68), (2.71), (2.72), and yield a continuity equation for p; and U. Thus,
inserting and into the momentum equation of and accounting for (2.60) yield

the following system of equations:

(p1)e +div (pU) = 0,
(pp)t +div (pp U — V) =0, (2.75)
(pr+pp) U+ ([0 U + ppU — BVpp] - VYU =divIL + (p; + pp) F.
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2.5 Measurement of particles

To complete the derivation of equations (2.3) for the coupled measurement problem, multiply
the first and second equations in (2.75) by U and add them to the third one to obtain:

([Pl + Pyl U)t +div(U® (U + ppyU = BVpy|) =divIL+ (p + pp) F. (2.76)

Now, neglect p,, in the first term of the left-hand side and in the last term of the right-hand side
and remember the weak compressibility of the liquid to obtain (2.3).

Let us now derive a momentum equation that is different from and the third one of
(2.75). Assume summation over repeated indices and use the continuity equation of (2.70) to
rewrite the j-th component of the momentum equation as follows:

Ol

(pf Ving)e +div (pf Vinj Vin) = By + Fj j=1,...,N. (2.77)

Substitute 9
. Pp
pf Vg =mypj=ppUj+ 73 =-=
m,j J j 0z;
(see (2.72)) into the divergence term of (2.77) and then identify V,,, = U (see (2.74)). This
yields
(prU)+div([ps U — BVppyl @ U) =divIl + ps F. (2.78)

Equations and differ in the convective terms only due to (2.68) and (2.71).

Remark 2.5.4. The momentum equations and are derived under the same assump-
tions and approximations. Nevertheless, we prefer to use instead of for the deriva-
tion of equations for the coupled measurement problem because of the following reasons. First,
the derivation of from system is consistent with the form of system ([2.70). Second,
equation vields a conventional equality for the kinetic energy like in the case of single
fluid flow. Such relations are useful in the analysis of flow problems for incompressible or com-
pressible media. See for example (17,118,156 138, 140, 141} 147, 160].

Show first the consistency claimed in the remark. Evaluating the total derivative on the left-
hand side of the second equation of (2.70), adding the continuity equation multiplied by V,,,,
and applying the identification (2.72) yield the identity

pr (Vi) + (g - V)V = (pf Vi) + div (Vi @ 1ing) - (2.79)

The same method is used to derive from the system (2.79). The left-hand side of the
momentum equation of is analogous to the left-hand side of and the left-hand side
of is analogous to the right-hand side of (2.79). This method does not work if is
replaced by (2.78) since the gradient Vp,, appears in the convective terms.

Next, show the claim on the equality for the kinetic energy in Remark [2.5.4] It follows from a
general formula. Let the functions

a, f: Qx[0,T] =R and b, u: Qx[0,7] - RY
be (componentwisely) in C! (Q x (0, T)) Moreover, let a, f and b satisfy

as +divb = f. (2.80)
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2 Derivation of mathematical models

Then, the following computation holds:

2 O aduf by Ouf?
ory 2 0Ot 2 Oxy,

adlul 1 9(luby)  |ul® b (2.81)

2 Ot 2 oxy, 2 Oxy,

[(au); +div(u®@b)]-u = |u*a; + |u

= |ul* f+

= 3 (alul®), + v (') + uf? 1]

Adding both mass conservations in (2.73)) and using (2.72) yields
(pr)e +div (mg) = 0,

which is similar to (2.80). Suppose U = 0 on 9f2 and multiply by U. Use 2.80), (2.81)
with (a, f, b, w) = (pyf, 0, ¢, U) on the left-hand side and integrate over 2 to obtain the

energy equation
1d
—— pf|U|2dsc+/ (| VU? + €|divU|? da::/ [psF — Vp] - U dz.

This equation is analogous to [41, Equation (5.9)], for example.
Thus, the argumentation in Remark [2.5.4]is grounded.

2.6 Physical constants

In this section, we give the values of physical constants which we used in the previous sec-
tions. Values given in Tables[2.6.1] [2.6.2] and 2.6.3| can be found in [28, Appendix A1] and [58,
Appendix D].

Table 2.6.1: Physical constants

Boltzmann’s constant k 1.33E—23N-m-K!
Gas constant R 8314 J -mol~ 1 . K1
Molar Volume Vo] of ideal gas at 20 °C' 2.24E —2m? - mol~!

Density of titanium dioxide TiO5 4.23E +3kg-m™3

Table 2.6.2: Properties of water at 20 °C and 1 atm = 1.01 E 4+ 5 Pa

Dynamic viscosity p 1000. E —6kg -m~!.s7!
Kinematic viscosity v 1.000E —6m?-s~!
Density pg 1.000E + 3 kg -m~3

An ideal gas is characterized by the relation

p:anI'R‘HZP' R

V Mmol

-0,
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2.6 Physical constants

Table 2.6.3: Properties of dry air at 20 °C and 1 atm = 1.01 E + 5 Pa

Density pg 1.205 kg - m™3
Dynamic viscosity u 1.81E—-5Pa-s
Mean free path A 0.066 pm
Compressibility viqeal 1.LE-5m-s? kg !

where V, np,o1 and my,o denote the volume occupied by the gas, the number of moles contained
in V, and the molar mass of the gas, respectively. For such gases, the compressibility 7iqeal (se€
Section[2.3)) is given by

) _ Vmol
“Yideal R.-0

where V) is the molar volume of the gas.

Values of the Cunningham slip correction C, and the diffusion coefficient 3 in air given in
Table [2.6.4] can be found in [28, Appendix A11]. The values of o and 3, are computed using
(2.277), and the values of /3 in water are computed using (2.55).

Table 2.6.4: Physical properties of spherical titanium dioxide particles
depending on the diameter

Particle diameter and mass | Property in Air in Water
C. 1.165 —
d, =1 pm o 6.61E+4s7! 420E 412571
my=2.12F — 15 kg B, 0.49 m - s~3/2 3.94E +3m-s3/2
6] 276 E—11m?-s7!  4.29E—19m? .s7!
5 2.888 —
d, = 0.1 ym o 2.67TE+ 65! 426E + 14571
my =221E — 18 kg B, 9.87E + 1573/2 125E+6m-s73/2
6] 6.85E—10m?-s7! 4.29E—18m? .s7!
3 22.447 —
d, = 0.01 ym o 343E+7s7! 4.26E+ 165"
mp =221 E —21 kg I 1.12E4+4m-s3/2 394E+8m-s3/2
& 531E—8m?.s7! 429E —17m?-s7!

In [28] Chapter 3.4], the Cunningham correction factor C, (see Sections [2.4.1 and [2.5.2) is
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2 Derivation of mathematical models

specified as

1 dp > 1 pm,
Ce=1< 14252 (N/dp) 0.1 pm < d, <1 pm, (2.82)
1+ (A/dp)[2.514 4+ 0.800 exp (—0.55 d,/A)] dp < 0.01 pm,

where A is the mean free path. See also [21, Chapter 2].

2.A The Transport Theorem

Let (0, T) be a time interval, during which we follow the fluid motion, and €; C R" denote the
domain occupied by the fluid at time ¢ € (0, 7). Then the domain of definition of the quantities
describing the flow is the set

M=A{(z,t) : €, te(0,T)} c RVTL

In the Lagrangian description the trajectories of the fluid particles are determined by the equa-
tion
xr=¢(X,t), (2.83)

where X represents the reference determining the particle under consideration. Usually one
assumes that X is the initial position of the particle, i.e. X = ¢(X,0). The velocity and
acceleration of the particle referenced by X are given by
~ 0p(X,t N
ox,n=22%0 g axn =
ot
provided the above derivatives exist.
The Eulerian description is based on the determination of the velocity U (x,t) of the fluid
particle passing through the point & € €, at time ¢. Due to (2.83)) and (2.84), we get the relation

?p(X,t)

o (2.84)

~

U(x,t) =U(X,1t) where x=¢(X,t).
If is satisfied, the acceleration of the fluid particle passing through « at time ¢ is expressed
as
oU; oU;

a=U;+U-V)U or aj(aj,t):ﬁJrUk.%7
k

where a = (a1, a2,a3), U = (Uy,Us,Us), x = (x1,x9,x3), and the summation convention
was used. Note that the trajectory of the particle passing through the point X € €2, at time
to € (0,7) is given in Eulerian coordinates by the initial value problem

dx
- — - .
dt U (wvt) ) w(t(]) X

To account for the dependence on t¢, rewrite (2.83) in the form
T = (X, to; ), (2.85)
then, the problem (2.85)) can be rewritten as

8JZ(X, to; t)

o =U(x(X,to; 1), 1), (X, toto) = X. (2.86)
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2.A The Transport Theorem

In the following we will assume that the velocity is continuously differentiable
UecCt(M)>. (2.87)
Theorem 2.A.1 ([18| 1.3.22 Theorem]). Assume (2.87), then the following statements hold:

1. For each (X ,ty) € M problem (2.86) has exactly one maximal solution ¢(X ,to;t) (de-
fined for t from a certain interval (ax 1, Bx t,))-

2. The mapping ¢ has continuous first order partial derivatives with respect to X;, to,t, 1 =
1,..., N and continuous derivatives 0?¢ /0t 0X;, 0*¢/0tg0X;, i = 1,..., N in its do-
main of definition {(X ,to;t) : (X,t9) € M, t € (ax .y, Bx.t,)}-

For V (tg) C 4, denote by V(t) := {x : ¢ = ¢(X,to; t) forsome X € V(tg)} the set
occupied by the same particles at time ¢.

Lemma 2.A.2 ([18, 1.4.5 Lemmal]). Let ty € (0,7, V (to) be a bounded domain with V (ty) C
Q4. Then there exists an interval (t1,t2) S to such that the following conditions are satisfied:

1. The mapping ’t € (t1,t2),X € V(tg) — = = ¢(X,to; t) € V(t)” has continu-
ous first order derivatives with respect to t, X; and continuous second order derivatives

0?¢p/0toX;,i=1,...,N.

2. The mapping "X € V(tg) — x = ¢(X,to; t) € V(t)” is a continuously differentiable
one-to-one mapping of V (to) onto V (t) with continuous and bounded Jacobian determi-

nant
8¢X t
0; ¢ > >0

= det VX € Vity), Vt € (t1,t2).

3. The inclusion

{(w,t) Dt € [ty to], eWt)} cM

holds and thus, the mapping U has continuous and bounded first order derivatives on

{(z,): t€ (t,ta), T € V(E))

0p( X, to; t
U(d(X, to; t),t) = "5(&0) VX € V(t), Vt € (t1,12).
Theorem 2.A.3 (Transport Theorem). Let the conditions 1 — 4 of Lemma be satisfied and
let the function F' = F(x,t) have continuous and bounded first order derivatives on the set

{(z,t) : t € (t1,t2), x € V(t)}. Then for eacht € (t1,t2) there exists a finite derivative

F
d F(x,t)de = / [8 (x,t) + U(x,t) - VF(x,t) + F(x,t) divU (x,t) | dz
:/ 8F(ar: t)da:+/ F(x,t)U(z,t) -v(x) ds
vy Ot av (1)
Proof. See [[18| 1.4.9 Theorem and formulas 1.4.12, 1.4.13] OJ
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2 Derivation of mathematical models

2.B The stress tensor

Assume that ps, U;, II;; € CY(M) and f; € C(M). The law of conservation of the moment
of momentum can be formulated in the following way: The rate of change of the moment of
momentum of the piece of fluid occupying the volume V (t) at any time t is equal to the sum of
moments of the volume and surface forces acting on this volume.

Using this law, one can proof the following

Theorem 2.B.1 (Symmetry of the stress tensor). The law of conservation of the moment of

momentum
d
— acx(pr)(m,t)dm:/ a:x(pff)(a:,t)da:+/ xxIl-vds
dt Jy V(t) oV (1)
is valid if and only if the stress tensor 11 is symmetric.
Proof. (18} 1.7.30. Theorem] O

In case of Newtonian fluids, the form of the stress tensor is determined by Stokes’ Postulates.
To formulate them introduce the deformation velocity tensor D by

. 1
D= (dij)?,jzl’ with dij = 5 (

Ui . U
ailij 8xi ’

This is equivalent to D = (1/2) (VU + VU?). Then the Stokes’ Postulates read:
1. I=—pl+T.

2. The tensor 7 is a continuous function of the deformation velocity tensor, is independent of
other kinematic variables and does not explicitly depend on the position in the fluid and
on time either.

3. The fluid is isotropic medium. This means that its properties are the same in all space
directions.

4. If the deformation velocity tensor is zero, only the pressure force acts in the fluid. Hence,
if D = 0, then IT = —pl.

5. The relation between 7 and D is linear.
If these postulates hold then the form of II is determined by Theorem [2.B.3

Remark 2.B.2 (Mathematical formulation of Stokes’ Postulates). The above postulates can be
formulated as follows

1. II=—pl+rT.
2. 7= f(D), f is continuous.

3. The form of the mapping f is invariant with respect to the transformation of the Cartesian
coordinate system: ST S~! = f(SD S™Y) for any orthonormal matrix S.
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2.C Brownian motion

4. f(0)=0.
5. The mapping f is linear.
Theorem 2.B.3 ([18] 1.7.32. Theorem]). Under the conditions 1) - 5) of Remark|2.B.2|the stress

tensor has the form
M= (—p+AdivU)I+2uD

where A\, |1 are constants or functions of thermodynamical quantities.

2.C Brownian motion

The following definitions can be found in [35]][Section 1.5]
Definition 2.C.1 (Gaussian distribution). Let X be a random variable
1. The probability measure Px = P o X~ is called distribution of X.

2. For a real random variable X, the map Fx : x — P[X < x] is called the distribution
function of X (or, more accurately, of Px). We write X ~ u if u = Px and say that X
has distribution L.

3. A family (X;)ic1 of random variables is called identically distributed if Px, = Px; for all
i,j eI Wewrite X 2Y if Px = Py

4. Let n € R, 02 > 0 be a real random variable with

T _ 2
Fx(z)=P[X <z]= \/271r7/_ exp<(t20’g) >dt forx e R.

Then
NIMUQ = PX

is called the Gaussian normal distribution with parameters y and 0. In particular Noa,
is called the standard normal distribution.

Definition 2.C.2 (Stochastic process). 1. Let I C R. A family of random variables X =
(Xt,t € 1) (on (2, F, P)) with values in (E, £) is called a stochastic process with index
set (or time set) I and range FE.

2. We write L|X| = Px for the distribution of X. If G C F is a o-algebra, then we write
L[X|G] for the regular conditional distribution of X given G.

3. X is called a process with independent increments if X is real valued and, for alln € N
and all ty, ....t, € I withty < --- < t,, we have

(Xti - Xtifl),i_

_1__p Usindependent.

4. X is called process with stationary increments if X is real-valued and

L[ Xsttrr — Xpgr]) = L[ Xsyr — X;]  forallr,s,t € 1.
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2 Derivation of mathematical models

Definition 2.C.3 (Brownian motion). A real-valued stochastic process B = (By, t € [0,00)) is
called a Brownian motion if

1. Bo=0.
2. B has independent, stationary increments.
3. By ~ Novtfor allt > 0, and

4. t — By is P-almost surely continuous.

Following [435] a (vector valued) Brownian motion is also called “Wiener process” and will be
denoted by W . The next result on the transition probability density can be found in [20]. There,
& denotes the solution of

dé = b(&(1), t) dt + o (£(1), t) AW,
The functions b and o are supposed to satisfy
b(x, )| < C(L+|z]) , |o(e,t)] < C(1+|z]) (2.88)

on [Ty, T x RY with a constant C. Tt is assumed that, for any bounded B € RY and Ty < T" <
T, there exists a constant K (perhaps depending on B and 7") such that, for all z,y € B and
To<t<T,

‘b(wvt) - b(yat)‘ < K‘% - y| ) ’O’(Zb,t) - J(yat)‘ < K‘x - y|7 (289)

holds.
Denote by p the transition probability density, that is

P(&(t) e BlE(s) =y) = /Bp(s,y,t,a:)dw, forall B € B(RN),

where B(R™) denotes the o-algebra of Borel subsets of RV, Introduce the coefficients ai; by

N
Qg = Z 0il T4l
I=1

and for a ® € C? consider differential operators

1 P 0P
A(t)® = QUZ::I i@ ) g Z:b,(as,zt)a .
N N
. 1 0? o)
A*(t)® 2 2= Gnd, (aij(z,1)®) — Z; A GICL)

The operators 0, + A(t) and —0; + A*(t) are called the “backward operator” and “forward
operator”, respectively.

Theorem 2.C.4 ([20, Theorem 8.1]). Assume that b,o satisfy 2.88), (2.89) and for i,j =
1,..., N, bi(-,t) € Ct and 0j(-,t) € C? for Ty <t < T. If p(s,y,-,-) is in C12((s,T) x RY),

then
Op

2 A p=0.
T (tp=0
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2.D The Boltzmann equation

2.D The Boltzmann equation

This section provides a brief overview over the Boltzmann equation for rigid spheres. The con-
tents is mainly taken from [[11]. There, the equations of motion are given in terms of the velocities
of the particles. Another possibility is to use the momentum of the particles. This approach is
considered in [57]].

Discussions on, for example, boundary conditions, other types of collisions, choice of the
time line, regularity or ergodic hypothesis are omitted here. The interested reader is referred to
(10} [11},157, 12} [62]].

To avoid difficulties at the boundary assume that a system of K € N particles without internal
structure is moving in infinite space RYY. Under additional assumptions, which are stated below,
the Boltzmann equation describes the evolution of this system on a microscopic level in terms of
the one-particle distribution f : RY x ]Rév x I} — RT.

Here R is the space of all possible positions of particles, ]Rév the space of all possible veloc-
ities, and I; the (finite or infinite) time interval, where the system is considered. For any fixed
time ¢, the quantity f(x,&,t)da d€ stands for the density of particles in the volume element
da d€ centered at the point (x, £) of the reduced phase space associated with the position and
velocity.

The Boltzmann equation can be derived under the following assumptions (see [62, Section
1.2])

1. Particles interact via binary collisions: the gas is dilute enough so that the effect of interac-
tions involving more than two particles can be neglected. If the gas consists of K particles
of radius r in N dimensional space, this would mean

WK<, rNTLK ~ 1.

2. The collision are localized both in time and space, i.e., they are brief events which occur
at a given position x and given time ¢.

3. The collisions are elastic: momentum and kinetic energy are preserved in a collision pro-
cess.

4. The collisions are microreversible. In a deterministic setting, this means that microscopic
dynamics are time-reversible. In a probabilistic setting, this means that the probability
that the velocities (&, €,) of two colliding particles are changed into (¢, £€,) in a collision
process, is equal to the probability that (£, £",) are changed into (¢, £,.).

5. The Boltzmann chaos assumption: the velocities of two particles which are about to collide
are uncorrelated. If two particles at position &, which have not collided yet, are picked
randomly, then the joint distribution of their velocities is given by the tensor product (in
velocity space) of their one-particle functions.

Under these assumptions the one-particle function f satisfies the Boltzmann equation

of of of
E—i—f‘%‘FF‘afs—Q(faf)a (2.90)
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2 Derivation of mathematical models

where F' is the macroscopic force acting the particles, and Q(f, f) is the collision operator,
which describes the influence of collisions between particles on the evolution of f.

If the considered system of particles is a mixture of n species, 0) changes into a system
of n coupled Boltzmann equations for the n distribution functions f], 7 =1,...,n. In this case,
the influence of collisions between particles of species j and k on f; is described by n collision

operators Q. (f;, fi), kK = 1,...,n. Thus (2.90) becomes

9f; af] N 8f]

ot Fi

+¢- ZQJk fisfo)y G =1um 2.91)

2.D.1 Connection to macroscopic quantities

From relations or one can derive equations for the evolution of the system of par-
ticles in terms of macroscopic quantities such as the physical density p ')( t), the momentum
(pv)Y)(, t), and mass velocity v\7) (a, t) of the j-th species. The connection to the one-particle
function is given by

o= [ g6 v = [ e o) -
RN

The equations for the macroscopic quantities are obtained by multiplying the Boltzmann equa-
tion for the one-particle distribution (2.90) or (2.91)) with a collision invariant v),, and integration
over all possible velocities.

Single species. In the case of single species the index or superscript j is omitted. A function
1) is called a collision invariant if

/ b QUf. 1) dE = 0.
]RN

The space of collision invariants is spanned by the five elementary collision invariants g =
const, (1,1)9,13) = &, 14 = |€|?. The collision invariant 1y corresponds to the conservation
of mass, (11,2, 13) to the conservation of momentum, and 4 to the conservation of energy.
Since we do not consider the energy equation, )4 is neglected.

In the following, assume that the macroscopic force F' is independent of € and f(x, &€, t) — 0
for || — oo. Then, multiplying by ¥a, @ = 1,...,4, and integrating with respect to &
yield the following equations for the macroscopic quantities (summation over repeated indices):

ap 0 (pvl):()) Oé:O,

ot ox;
5 5 (2.92)
a(ﬂva)‘i‘%(/waerHai):PFm a=1,2,3.

In (2.92), « = 0 corresponds to the continuity equation, and o = 1,2, 3 correspond to the
equations of motion. To derive (2.92) from (2.90), introduce the peculiar velocity ¢ = & — v,
and use the relations

of

RN 8332

d§ =0, = —poik

/ﬁafifdﬁzpvavi+ﬂai, Hm:/ coci f dE.
RN RN
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The content of the following remark on the structure of II can be found in [[12} 11.6]

Remark 2.D.1. In any macroscopic approach to fluid dynamics, one has to postulate, either
on the basis of experiments or by plausible arguments, some phenomenological relations (the
so-called “constitutive equations”) between 11,; on one hand and p, v; on the other. One well
known model is the Navier-Stokes-Fourier (or viscous and thermally conducting) fluid:

II=(p—Adive) I—p (Vo +[Vo]T),
where 1 and \ are the viscosity coefficients.

Mixtures. In the case of a mixture of n species (without chemical reactions or phase transition,
etc.), it holds

Lo @t pde=0. =1
RN 5

for 1) = const., which corresponds to the conservation of mass for the j-th species, and
S Qs s dg =0,
j k

for ¢p; = comst., ¥; = {n, a = 1,2,3 or ¢p; = |€|? (conservation of the total mass, momen-
tum and energy). Instead of (2.92)), the macroscopic variables for mixtures satisfy a continuity
equation for each species and the conservation of the global momentum:

(p(j))t—i—div(p(j)v(j)) =0, ji=1,...,n,
3 [(pm o)), + div(p? o) @ 1) + V) — F; pu)] —o. (2.93)
j=1
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3 Theoretical investigations

This chapter is the theoretical part of the thesis. It contains the obtained results on the existence,
uniqueness, and regularity of weak solutions to the problems derived in Chapter 2|

The chapter is structured as follows: in Section[3.1] we summarize the required assumptions
and theoretical results obtained. Section [3.2]contains a short description of methods used during
the proofs, a comparison with known results from the literature, and the conventions used in the
subsequent sections. The next two sections immediately deal with the statement of the theoret-
ical results. Section [3.3] deals with the transport problem and Section [3.4] with the decoupled
measurement problem. References and results from the literature are given in the appendix.

3.1 Summary of the chapter

In Section the transport problem (2.2)) is considered. We show the existence of a non-
empty time interval such that (2.2) admits a unique weak solution under suitable assumptions
on the initial and boundary data. For the flow variables U and p we will assume that the initial
and boundary functions satisfy: U° € HY(Q)N, p® € HY(Q) and U, € H32(0Q)N. Tt is
supposed that the initial function p° for the particle density is Lipschitz continuous with suppp”
being separated from the boundary by a positive distance. We assume that the domain €2 has
C? boundary. This is necessary to extend Uy, to an H2(2)" function using the trace theorem in
Sobolev-spaces (Theorem , and to use the basis {1} of L*(Q)" and Hg ()" given by
Lemma[3.G.4] Under these assumptions we show the existence and uniqueness of weak solutions
on a non-empty time interval (0,7"), T > 0 that is determined by the data. See Theorem m
for the precise formulation.

Section [3.4]is devoted to the decoupled measurement problem (2.4). This problem is decom-
posed into the flow problem (2.1]) and the evolution of the (scaled) particle density (2.5)).

The flow problem (2.1) is investigated in Section [3.4.1] The main result here is the exis-
tence and uniqueness of weak solutions in a non-empty time interval (0,7"), 7' > 0 that is
determined by the data. To obtain this result, we assume that the data of the problem satisfy:
U, € H¥?(00),U° € HX ()N, p® € HY(Q) and f € H'(0,T; L*(Q)N). The domain Q
is assumed to be of class C? for the same reason as in the case of the transport problem. See
Theorem [3.4.4]for the precise formulation.

The evolution of the particle density (2.5)) is considered in Section [3.4.2] The main result
here is the existence and uniqueness of weak solutions on arbitrary time intervals provided the
velocity field is sufficiently regular. To obtain this result we assume that the initial particle
density p° is a positive function from L>°(€Q) N H'(€2), and the initial surface mass density 7,°
is given by the relation n° = H(p"). For simplicity, we suppose that the mass flux g |Uy - v| of
the particles through the inlet is constant in time and that g is bounded. To show the existence of
weak solutions on a given time interval we need less regularity of the velocity field than obtained
from the solution of the flow problem. To obtain the uniqueness of weak solutions we need
the essential boundedness of the divergence of the velocity field. Such a regularity exceeds that
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3.2 Used methods and conventions

obtained from the analysis of the flow problem. The precise result is formulated in Theorem
[3.421] An important tool to prove this theorem is a special embedding in anisotropic Sobolev
spaces, which was communicated to me by Pavel Krej¢i, see Theorem |3.4.34

The existence of weak solutions to the decoupled measurement problem in bounded C? do-
mains follows from the results on the flow problem and the evolution of the particle density.
The solution is unique provided the divergence of the velocity field from the flow problem is
essentially bounded.

3.2 Used methods and conventions

The flow problem and the transport problem will both be treated by fixed-point meth-
ods. Thereby, we consider an arbitrary function W, substitute it into the continuity equations
and the convective terms of the momentum equations, and then study the solution operator
G : W — U, compare [3]]. In the following, the problem of finding U for a given W is
called auxiliary problem.

Note that a difficulty in the treatment of the equations of weakly compressible fluids is the lack
of a suitable energy inequality. Thus, the methods for incompressible or strongly compressible
fluids cannot be applied directly. To illustrate this, assume for the moment that U, = 0 and
f = 0, multiply the momentum equation of (2.1)) by U, integrate over €2, and use the conserva-
tion of mass to obtain

/Q B@at (po |[U)? +p*) + |VU|? + |div Uﬂ dez = —po /Q U; % U; de,

J
where summation over repeated indices is assumed. Since the right-hand side does not vanish,
and it can not be estimated through the initial and boundary data the energy estimate can not be
deduced directly. To work around this difficulty, Banach’s fixed-point theorem will be used. Let
us briefly summarize methods applied to the problems under investigation and sketch the relation
to the existing literature.

The transport problem. In contrast to [3], this problem is formulated as a separate problem
whose treatment is more rigorous. We enhance the fixed-point scheme of [3] and gain an ex-
plicit representation of the pressure and the particle density. The representation of the particle
density can also be found in [56]. To show the solvability of the auxiliary problem, we will use
Galerkin’s method and ideas of [47]. Then, we show that G is a contraction on a certain function
space, provided that 7" is small enough. Problem is similar to the flow problem for strongly
compressible media. This problem is studied, for example, in [17 41} 47, 56].

The flow problem. Compared to [3], we modify the fixed-point scheme, and use Lemma[3.B.2]
instead of conventional Gronwall’s inequality. Due to the modification of the fixed-point scheme,
additional assumptions on the pressure can be avoided, and the problem can be treated rigorously.
The use of Lemmaenables us to show the unique solvability for arbitrary H2(€2)" initial
values for the velocity. To show the solvability of the auxiliary problem, Galerkin’s method is
used to derive estimates for the velocity and its time derivative. This procedure is also applied in
[36] for the treatment of incompressible viscid fluids. The existence of a fixed-point is shown by
proving that (G is a contraction on a certain function space.
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3 Theoretical investigations

Other methods for Navier-Stokes equations are studied, for instance, in 18| |36} 38} 40 [60]].
Clearly, this list is not complete. One can consult the references in [40]] for an extensive overview
of the literature.

We note that a problem similar to (2.1)) is studied in [60} §8] as an approximation to the Navier-
Stokes equations. There, the problem of deriving a priori estimates is solved by introducing
the stabilization term 1/2 (divU) U in the momentum equation of (2.I). More precisely, the
following problem is considered:

€e(pe)t +divue=0 inQx (0,7),
1
(we)r + (ue - V)ue + 3 div(u), ue —vAu.+Vp.=f inQx(0,7),
u.=0 ond2x(0,7),

uc=u’, p=p’ att=0,

3.1

instead of (2.I)). In (3.1)), v denotes the kinematic viscosity of the fluid. Multiplying the momen-
tum equation in (3.1)) by u. and integrating over 2 yields

10
[ [ Gl + o) + o9l az = [ 5 oude (32)

for sufficiently regular u, and p.. Relation (3.2) is suitable to derive a priori estimates. More-
over, as € — 0, a subsequence (u/, pe) of solutions of (3.1)) converges to some solution (u, p)
of Navier-Stokes equations, see [60, Theorems 8.3 and 8.4] for the precise formulation. How-
ever, we are not interested in the limit y — 0 in problem (2.1). Therefore, fixed-point techniques
are used in Section [3.4.1]to investigate the flow problem

The evolution of the particle density. To investigate problem (2.3), the same method as in [4]
(Rothe’s method) is used. Here, the boundary condition on the inlet is changed to the Robin
type condition, and the assumption of divergence-free velocity field is dropped. Due to the mod-
ification of the inlet condition, the estimations can be carried out without further assumptions
on the trace of the solution. A priori estimates are similar to [4] but without assuming that the
velocity field is divergence-free. To establish the required relation between the trace of the par-
ticle density and the surface mass density of adhered particles on the active part, we first apply
results of Savaré on elliptic problems in Lipschitz domains to obtain additional regularity of the
particle density. Then, we apply a special embedding theorem to obtain continuity properties of
the particle density in time. The uniqueness follows then from Hilpert’s inequality.

We use the following conventions. The terms Young’s, Holder’s or Minkowski’s inequalities
are used in the usual way (see Theorems [3.A.1]—[3.A.4). Further, the results of Section are
used without direct referring to this section. In the following, €2 is assumed to be a bounded
domain in RY, N € {2, 3}, and Sobolev embeddings will mainly be applied in three dimensions
because this is the most interesting case. The constants occurring thereby will be denoted by Cq
to indicate the dependence on the domain.

3.3 The transport problem

This section is devoted to the theoretical investigation of the transport problem (2.2). For the
theoretical investigation of (2.2)), the system is transformed to homogeneous boundary conditions
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3.3 The transport problem

for the velocity. To simplify the notation, extend U} to §2 by solving the following elliptic
boundary-value problem:

—puAp —EVdiveyp =0 in Q, (3.3)
Ploo = U, on 0N
Then U, € H?(Q) by Lemma and (2.2)) can be rewritten using u = U — U}, as follows:
p' 4 div (u + Uy) =0,
(P V) + div (p O [u* + U,*]) =0,

(po + p(0)> (Ut + ([U + Ub] . V) [u + Ub])
+Vp — pAu — EVdivu = f,

3.4)

uloq =0,
u(z,0) =U'(x) - Uy, p(x,0)=p"(x), px,0)=,"(x).

Definition 3.3.1 (Weak solutions). Let ¢ > N be given, and let the space Wyno (2 x (0,T))
be defined as in Section A triple of functions (u, p, p0) with w € H'(0,T; L*(Q)N) N
L2(0,T; HY(Q)N), p € HY(0,T; L2(2)), and p©) € Wano(Q x (0,T)) is called weak solution
of (3.4), if the initial conditions are satisfied, and all of the following equations

oz/OT/Q [(p(o))teriv(p(O)[u*+Ub*])] ¥y dadt,

T
Oz/ /[th—kdiv(Ub—Fu)] -~ dacdt
0 /e (3.5)

T
0:/0 /Q {(P0+p(0))(ut+ ([u+ Uy - V) [u+Uy)) —f} W dadt
T | | |
+/0 /Q[NVU:V’QZJ—Fédlv(u) div (¢p) — pdiv (¢)] de dt

are fulfilled for all 1y € L'(0,T; L7 (Q)), 1o € L?*(0,T; L*(Q)), and ¢ € L*(0,T; HY(Q)N)
where 1/q+1/¢ = 1.

Note that the particles cannot leave 2 through the walls 9Q \ (I'™ U T°%). But if the velocity
is regularized, it could happen that U* - v # 0 on 9Q \ (I'™ U T'°%). Therefore, we will require
that the particles are located strictly inside €2 at ¢ = 0 to estimate the time when they can reach
the boundary.

Now, the main result of Section [3.3]can be stated.

Theorem 3.3.2 (Main result for the transport problem). Let 2 be a bounded domain in RN
with C? boundary. Let o5 (see Section be nonnegative and Lipschitz-continuous with
Jgn 05 = 1 and supp o5 C Bs(0) for some § > 0, where Bs(0) is the ball with radius § and
center at the origin. Suppose U € H' ()N, U, € H2(Q)N, p° € HY(Q) and p° € C%1(Q)
with dist (supp p©), 8(2) >d > 0 for some d.
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3 Theoretical investigations

Then, there exists T > 0 such that (3.4) has a unique weak solution (u, p, p0) in Q x (0,T),
provided that f € L?(0,T; L?(Q)). The components of the solution belong to the spaces:

w e H'(0,T; L*(Q)Y) N L0, T; Hy(2)N) N L2(0,T; H*(2)V),
p € H'(0,T; H (%)),
P e O (Q x (0,T)).

Additionally it holds supp p\9) (t) C Q fort € [0,T]. Remember that the velocity U is given by
U=Uy,+u.

Remark 3.3.3. Using embedding theorems, one can deduce from Theorem[3.3.2}
Uecc(o,T]; H<()N)  fore>0,
p € C([0,T); H' ().

The next definition introduces functional spaces where we are looking for the functions U and
u.

Definition 3.3.4. Let T € (0,00) and Q2 be an open subset of R, N € {2,3}. Define the
following Banach-spaces:

vV =V(0,T) := H(0,T; L*(Q)™N) n L>(0,T; H (Q)N) n L2(0, T; H*(Q)™),
Vo := V N L¥(0,T; Hy ()Y),
endowed with the norms
1Ulv := U1 0,722 + Ul oo 0,153y + 1U N 2200, 1582(02)) »
v, = HuHHl(O,T;LQ(Q)N) + HUHLoo(o,T;Hg(Q)N) + HUHLZ(O,T;H2(Q)) :

The proof of Theorem[3.3.2]is structured as follows. In Section[3.3.1] the auxiliary problem is
formulated and representations of the pressure and the particle density are given. The right-hand
side of the auxiliary problem is investigated in Section In Section the solvability
of the auxiliary problem is considered. Finally, in Section [3.3.4] the proof of Theorem [3.3.2] is
completed by showing the existence of a fixed-point in the auxiliary problem.

3.3.1 Representation of the pressure and the particle density

To obtain a fixed-point scheme for u, introduce an arbitrary function w and replace u by w in
the mass conservations and the nonlinear term of the momentum equation in (3.4). Then, the
auxiliary problem reads:

ype + div (w + Uyp) = 0,
(p(o))t + div(,o(o) [w* + U,*]) =0,
(po + p(o))ut — pAu — EVdiv (u) = F, (3.6)
ulpo = 0,
u(ma O) = Uo(m) - Ub(m)v p($, 0) = po(m)7 p(o)(w,O) = p0($)
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3.3 The transport problem

The right-hand side of the momentum equation in is defined by
F:=F(w):=f—Vp— (po+p?) (w+Up- V) [w+Up)). (3.7)

Note p and p(®) can be expressed in terms of w, see equations and below. There-
fore, F' given by can indeed be regarded as a mapping of w. To show that (3.6)) is solvable
for u, the regularity of the right-hand side has to be investigated. To this end, we show first
how the unknowns p and p(¥) can be computed.

Assume w € Vj, then Uy, € H?() and the first equation in show that p; satisfies:

1
= div (w + Uy) € L>(0,T; L*(Q)) N L(0,T; H*(R)).
Therefore, the pressure is given by
t 1 [t
p(t) =p’ — = divU, — / divw(r)dr c H'Y(0,T; H'(Q)). (3.8)
Y 0

v

To obtain a formula for p(©), set W = w + U;, € V. Then p(? is determined by the initial
value problem

P 4 div(p@ W) =0 inQx (0,T),
p(o) =p° fort=0.

The regularized velocity field W™ satisfies the requirements of Theorem Thus, the solu-
tion p(©) is given by the formula

3.9

pO(x,t) = p° (y(0,t,)) - exp (/0 div (W*(y(r,t,x), 7)) dT) : (3.10)

where y denote the characteristics of W* (see (3.181))). Due to (3.10), the time when the particles
reach the boundary can be estimated from below as follows. Using properties of convolutions,
we get

t t
/0 iy W (7) | ey A7 < sl ey / v (W (7)) | 2 A7

< Tllosllpz@ny Wl oo (0,751 0)™)

so that p(O) (z, t) # 0 can occur only if y(7, t, ) € supp p° for some 7 € [0, t]. By (3.181)) and
the embedding H2?~¢(Q) C C(€2), it holds

’y(']—l, t, CC) - y(TQ7 t, CC)’ <CoT ”WHL‘”(O,T;HQ_E(Q)) :

In order to ensure supp p(¥) (-, ) C €, assume in the following that
d
Co (Wl oo (0,052 ()
where d is the same number as in the hypothesis of Theorem Additionally, p©) is non-
negative and bounded due to (3.10). Applying Theorem [3.H.T]and setting

M, :=max p° - exp (\/NH%HB(RN) HUb”Hl(Q)N) :

T <

yields an upper bound for p©) in terms of w = W — U, as follows:

Pmax 1= M - exp (T\/NHU5”L2(RN) HwHLOO(O,T;Hl(Q)N)) : G.11)
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3.3.2 The convective term and the regularity of the right-hand side

In order to show the existence of weak solutions u € Vj of (3.6), the regularity of F' given by
(3.7) has to be estimated. The following lemma specifies the regularity of the convective term.

Lemma 3.3.5. Let V. W € V andr € L*(Q x (0,T)) be arbitrary functions. Then there
exists a constant Cy such that

[ (V- V)WH%Q(O,T;LQ(Q)N) < CyVT HTH%OO(QX(O,T)) : ||V||%/ : ||WH%/-
The constant Cy is independent of V., W and r.

Proof. Let v and w be arbitrary components of V' and W, respectively. Note that - (V - V)W
consists of a sum of terms of the form r v w,,. Therefore, it is enough to proof that

HvaxjHiQ(OJ;LQ(Q)) Scﬂﬁ ”TH%OO(QX(O,T))'
: HUH%OO(O,t;Hl(Q)) ' HijHLoo(o,t;LQ(Q)) ' waiHLQ(O,t;Hl(Q)) ’

forall t € (0,7"), where Cgq is independent of v, w and r. Obviously

t t
2.2 2 2 2 2
/0 /97“ U Wy, < ’THLoo(Qx(o,T))‘/O /QU Wy, -

Therefore, it remains to estimate the integrals on the right-hand side. To this end we will use
Holder’s inequality with p = 3, p/ = 3/2, the embeddings H'(Q) ¢ L5(Q), HY/?(Q) c L3(Q),
and the interpolation inequality HUH%I1/2(Q) < Collull g1 (g - lull 2y (see Theorem . We
have

t t t
/0 /szw?cj S/O [ e [ SCQ/O lollZrr ) llewa, 2o

t
< Ca 0117 (0411 (0 /0 [, (| 71y 1wy | 22
< Ca [0l @) * 1l e o2y [0 | 20 e @y - VE
The last step is due to the application of Holder’s inequality. O
Now it is possible to show that F' is square summable.
Lemma 3.3.6. Assume 0 < T < oo, f € L*(0,T; L*(Q)N), and W € V. Define the function
g:[0,00)2 = [0,00), g(r,T)=r>T?+ T2 exp (N1/2||O'5HL2(RN)TT) .
Then F defined by can be estimated as follows:
1F 122 02.02000w) < Br(T) - (14 g (IW v, T)).

The function B is non-decreasing in T and independent of W'.
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3.3 The transport problem

Proof. By (3.8) and Holder’s inequality, it holds

T ) on2 9 T
/0 /va| dadt < 2T ||p HHl(Q)JrWQ/O /Q

2 2 (T ! :
§2THp°HH1(Q)+V2/O /Qt/O IVdiv W (7)[* drdaedt  (3.12)

t 2
/ VdivW (r)dr| dedt
0

272
<2Tr HpoHip(Q) + e ||WH%2(0,T;H2(Q)N) :

The value ppax is bounded by
pmax < max p” - exp(CT [|[Wly)
for C' > /N 05| r2(rN)- Therefore
(po + Pmax) < (p0+maxp0) - exp(C T |[W]v). (3.13)

Therefore Lemma |3.3.5] estimate (3.12), and definition (3.11)) imply

T T
| [1peaade<c [* [ [1£P+ 1952 + T2 (00 + pus) W
0 Q 0 Q
< C[Hf”%Q(O,T;LQ(Q)N) +T HPOHip(Q) + T2|W3 + T2 (po + pmax)QHWHH,

for C large enough. Using the bound (3.13)) proves the lemma. O

3.3.3 Existence and uniqueness of solutions to the auxiliary problem

We turn to the solvability of the auxiliary problem (3.6). More precisely, we show that the
following problem

(po + p(o))ut — pAu — EVdivu = F|
u|po =0, (3.14)
u(x,0) = U°(x) — Uy(x)
has a unique solution u € Vj in the sense of Definition Note that the F' = F(w) (see
(3-7)) and that p and p(®) are given by (3.8) and (3.10).

Definition 3.3.7. An element u € V) is called a strong solution of (3.14)) if the following equa-
tion

T
/ / [(po + p Ny — pAu — EVdivau — F] cap daedt = 0, (3.15)
0 Jo
holds true for all ¢ € L?(0,T; HE(Q)M).
The goal of this section is to prove the following lemma.

Lemma 3.3.8. Assume the hypothesis of Lemma[3.3.6] Then (3.14) has a unique strong solution
u € V).

51



3 Theoretical investigations

Remark 3.3.9. Due to the inclusions Vo C H' (0, T; L2(Q)N) C C([0, T); L2(Q)N), the initial
condition in (3.14) makes sense.

The proof of Lemma [3.3.§]is divided into the following steps:

1. Construction of approximate solutions u™.

2. Estimation of 4™ in several norms.

3. Show that a subsequence of {4} converges to a solution u of (3.14).

Step[I} construction of approximate solutions. The solution u of (3.14) is approximated via
Faedo-Galerkin approximations. To construct them, we proceed similar to [47, Chapter 7].
Let {1}, {\;} be the sequences defined in Lemma For m € N, define

Xy = span{1p; }71, (3.16)

and construct the approximations ™ by the ansatz
m
um(tx) =Y ap'((x)  m=1.2,.. (3.17)
k=1

To obtain an equation for the coefficients ], replace (u, ) by (u™, ;) in (3.15) and neglect
the integral over (0, 7") to obtain

/ (po + p(o)) £ (t) - dx = / [F(t) + pAu™(t) + {Vdivu™(t)] -, de. (3.18)
Q Q

By Lemma[3.G.4] the coefficients are determined by the system of ODEs
Zak / po+ PO () ey - ¢]dw_/F Yide—Nal'(t), j=1,...,m,
aj'(0) = / ul - P, dz.
Q
This can be written as an initial value problem for the vector a™(t) = (a*(t), ..., am(t))T

MD)-a" (1) = A"@"0), @0 = [y
Q
where A;( = [oF ¢, j — Aj aj" and the components of the matrix M are given by

M) = [ pse0;-brda. oy =+,
Therefore, M is a symmetric matrix whose coefficients are real-valued and continuous in time
because py is continuous. To see that (3.18) is solvable, we estimate the smallest and largest

eigen-value of M. Define

Moty 2 Xm — X, <Mpf(t)'v; 'w> = /pr(t)'v ~w, v,wE X,
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3.3 The transport problem

Definition (3.11) implies that [ M, 4[| L(x,.,X,.) < P0 + Pmax and the inequalities

po llvl|72@yn < / pi()v-vd@ < (po + pmax) V] 72@n . forallv € X,
Q

which show that the eigen-values of M (t) lie in the interval [po, po + pmax] C (0,00). Thus,
M (t) is strictly positive, uniformly in ¢ and m. Finally, M (t)~! exists and is continuous in time.
Therefore, (3.18)) can be rewritten as

u" = M ;]}(t) (F(t) + pAu™(t) + EVdivu™ (),

and the theory of ODEs, shows the existence of 7;,, > 0 such that the solution a”* of

am(t) = M(t)"'A™(a™ (1)), a;»”(O):/Quo-Q/de:c, forj =1,...,m,

exists on [0, T},).

Step[2} a priori estimates on the approximate solutions. The solution of (3.14)) will be obtained
as a weak limit of the approximations u™. To this end, we show that they are bounded in 1}
independently of m.

Lemma 3.3.10. Let the hypothesis of Lemma[3.3.6|be fulfilled for T' > 0. Then, for each m € N,
the approximations u" defined by (3.17)) exist on [0, T'] and satisfy the estimate

lu™|}, < Bu(T) - (L+9(T. [Wv))-
The function B,, is non-decreasing in T and independent of W and m.

Proof. By construction of "™, the equation (3.18)) remains valid if the basis function P is
replaced by an arbitrary ¥ € X,,. The idea of the proof is to choose first ¥» = wuy*(¢) and
then ¢ = [—pA — {Vdiv]u™(t). The choice ¢ = w}" yields after integration over (0, t),
0 <t < T, and application of Young’s inequality:

/QB|Vum(t)|2+§|divum(t),2} +/Ot/9(p20+p(0)> 2

. (3.19)
g/ [M\Vuo(t)\Q—i-£|divu0(t)|2] +/ /1|F|2.
ol2 2 0 Ja 2po
In the same way, ¥ = [—pA — {Vdiv]u™ yields
! 1 2 ! 2 2
/ / ~ [—pA — Vdiv]u™ g/ / [\F{M (po + pmax)” |ur’| } (3.20)
0 Jal2 0 Jo
Multiply (3:20) by (po/4) - (po + pmax) 2 and add it to (3.19) to obtain:
t
[varor+ [ [l j-us - evdiun]
Q 0 JO (3.21)

< C [l + 1P 0aszzm)] -
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where C is sufficiently large.
Now, use Poincaré’s inequality and the orthonormality of {%;} in L2(Q)N to obtain the bound

™ (1) < ™ ()20 < Co [ U™ (1) 320
2
< C [y + 1F 120 2200m)]

which shows that a™ exists and is bounded on [0, 7] whenever F is square summable over [0, T'].
Since [—pA — £V div] is strongly elliptic, the definition of the norm in V} (see(3.3.4) and Lemma
[3.3.6] yield the estimate

2
a3, < € |y + Br(@) (14 9(T, [Wy) |-
This proves the lemma. O

Step B passage to the limit. Due to the uniform bound given by Lemma [3.3.10| there exist an
element u € V{ such that a subsequence of {u" },,cn denoted again by {u" },,,cn converges in

the following sense
m

u™ —~wu  weaklyin H*(0, T; L*(Q)"),

u™ 5w x-weakly in L(0,T; Hy (Q)Y), (3.22)
u™ —u  weakly in L?(0, T; H*(Q)V).

The next step is to show that u satisfies (3.15).

Lemma 3.3.11. The weak limit u € V) given by (3.22)) is a unique strong solution of the auxiliary

problem (3.14)) in the sense of Definition[3.3.7]

Proof. By the construction of approximate solutions, see (3.17) and (3.18), the functions u™
satisfy

T
/ / [(po + p Nl + [~ pA - EVdiv]u™ — F} cap=0 forallyp € L*(0,T; X,).
0 Q

Due to the convergence (3.22)), it holds

T
/ / [(,00 + D)y + [—pA — EVdiviu — F} p=0 (3.23)
0 Q
forall ¢ € L?(0,T; X,,,). Lemma ensures that | J,,, .y Xy, is dense in L?(Q)V. Thus,

U L*(0,T;X,,) isadensesubsetof L%*(0,7;L*(Q)").
meN

Moreover, u € Vo C HY(0,T; L2(Q)Y) N L?(0,T; H*(Q)"), and the bound defined in
(B-T1)) imply that (po + p(o))ut + [-pA — EVdivju — F is a continuous linear functional on
L%(0,T; L2(Q)N). To show that, use Holder’s inequality to obtain

/OT /Q [(po + 0Ny + [—pA — EVdiviu — F} - dwdt‘

(3.24)
<C [HUHVO + HFHLZ(O,T;LQ(Q)N)} bl 20,200y -

54



3.3 The transport problem

By the relations (3.23)) and (3.24) we get
T
/ / [(,00 + P(O))ut + [—pA — EVdivlu — F| - pdedt =0
0o Jo

for all 9p € L?(0,T;L*(Q)"N). The uniqueness of u follows from the linearity of problem
(3.14). 0

3.3.4 Fixed-point method

Assume the hypothesis of Lemma|[3.3.6] Due to Lemma|[3.3.8] one can then consider the mapping
W — u : V — V, which maps W onto the solution of the initial-boundary value problem
(3.14). Since w is a weak limit of the approximate solutions it satisfies the bound of
Lemma Since W = U, +w € V for w € V), one can also consider the mapping
w — u: Vp — V. Similar to Lemma[3.3.10] w is bounded by

lulty < Bu- (1+g0(T [wlv)),  go(T, [[wllv) = (T, [Up +wllv). (325
By the definition of g in Lemma[3.3.6] there exists an independent of w constant By such that
9o(T, lwllv) < Bo| T2 |U |32y
+ T HUbHZ}ﬁ(Q)N : exp(BgT [||Ub||H2(Q) + ||w||VoD (3.26)

+ 72w}, + T2l - exp(Bo T (Ul ga(ey + lholle])]

Definition 3.3.12. Let U’ € HY(Q)N, U, € H2(Q)N, p® € HY(Q), f € L*(0,T; L2(Q)V)
for some T' > 0 and w € Vj. Define the solution operator G by the relation

G:Vo—-Vy, Gw)=u,
where u is a unique solution claimed by Lemma|3.3.11

To complete the proof of Theorem [3.3.2] we apply Banach’s fixed-point theorem to show that
G has a unique fixed-point for sufficiently small 7. To this end, we will first find a set M that
satisfies G(M) C M. Then, we will show that G is a contraction on M at least for small 7'.
Define the following sets

M(T,r):={ueVy : u0)=u’ A |ully <7}

forT > Oandr > ||u0HHé(Q)N. Substituting (3.26) into (3.23) foraw € M (T, r) withr? > B,
and denoting R := ||Uy||y + r yield

|lw|?, < By + B, By R>T"/? [T3/2 + RZexp (BOTR)} <2, (3.27)

if T is sufficiently small. In this case G(M (T,r)) C M(T,r).
The next step is to find 7" and 7 such that G is contractive on M (T, r).
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3 Theoretical investigations

Inequality for difference of two solutions. Choose w; € Vj, u; = G(w;) and use the
following notations: W; = w; + Uy, U; = u; + Uy fori = 1,2, w = w1 —wa, & = u1 — u2,
p=p1 —p2,and p = p§°) — pgo). By (3.14), the difference @ solves the following problem
VPt + div (ﬁ’) =0,
(00 + PV ity — pAaa — £Vdiv (@) = F,
w(0,2) =0, lpo =0,
where

F=Vj—puiy—pl(Wi- VWil (po+p3)) [(W1- V)i + (@ - V)Wa]. (3.28)

To estimate ||@||y in terms of ||@||y, the right-hand side F" has to be estimated. To this end,

we first estimate p (see (3.29)) and p (see Lemma[3.3.13))
Similar to (3.8), p is given by the formula

p(t) = —fly /0 divw(7) dr,

and therefore, Holder’s inequality yields the estimate

12 1
IVBI L2~ = 5 o

For p one can show the following estimate.

Lemma 3.3.13. Let d be defined as in Theorem and p° be nonnegative and Lipschitz-
continuous with the Lipschitz-constant L,. Moreover, let W ; € V be given and p; be solutions
of corresponding to velocity fields W7, i = 1,2, respectively. Set p = p1 — pa and
W = W1 — Wy, Then there exists a constant Bp such that

2

¢
. T
/ Vdivw(r) dr| dz < ; ||w||L2(07T;H2(Q)N). (3.29)
0

e, 1)< B, VT ||

L2(0TH2 = ()N)
The constant B, depends on o5, p°, and |W ||y, but not on W.

Proof. The proof is divided into two steps. First, the difference of the characteristics g is esti-
mated, second, p is estimated.
Step 1 (estimate of the characteristics). By the equations (3.181), the difference of the charac-
teristics Yy = y; — Yo solves the initial value problem
8@1 _ * * of —
W(Tv t, .'13) - Wl(yl(Tﬂ t, .’13), T) - WQ(yQ(T7 t, w)? T) ) y(t7 t :B) =0.

Assume that ¢ and x are fixed and omit them for brevity. The difference of the trajectories at
time s can be estimated as follows:

3(s)] < /0 Wi (wh(r).7) — Wiy (r), )| dr

= /s{‘wi(yl(ﬂ”) - Wi(y(7),7)| (3.30)
0
+ | Wh(y,(7),7) — Wi(ys(7),7)||dT.
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3.3 The transport problem

Due to the embedding H2?~¢(Q2) C C°(€) the first term on the right-hand side can be estimated
as follows:

/0 (Wi(y(7),7) = Wi(y(7),7)| < Co [WT — WzHLQ(O,T;H?*S(Q)N) Vs (3.31)

The second term on the right-hand side of (3.30) can be estimated using the Lipschitz-continuity
of o5. Denote the Lipschitz-constant of o5 by L. The following estimate holds

/ Wy (1), 1) — Wiy (r).7)|

< /08 /]RN 05(y1(7) — 2) — 05(ya(7) — 2)| - [Wa(z,7)|dzdr (3.32)
</ [ifég Walw.)- [ los(wn(r) = 2) — os(us(r) — 2) dz] v

< 2(By| L, /0 IW sl gae iy [9(7)d

where M = Bs(y,(7))UBs(y,(7)), and | Bs| is the volume of a ball with radius §. Substituting
(3.31) and (3.32)) into (3.30) yields
S
19(s)| < Cav/s W] = Will 2 1,12-<(0)) + 21Bs] Lg/o IWoall g2—e (v [9(7)]dT.

Thus, Gronwall’s inequality implies

| < BNVT W5 — Wil 20,152 () »

(3.33)
By i= Coexp (2VT By Lo Wl oo uare-<(y)) -

Step 2 (estimate for the densities). Due to Theorem [3.H.1] the difference p = p; — p2 of
solutions of (3.9) can be expressed by

p@, ) = [°w1(5)) — o (w(5))] exp ( [ v Wit ). dT)

+ p2(ya(s)) [eXp < / " div (Wilyi(7),7)) dT) (3.34)

0

— exp </ div (W(yy(7), 7)) d7>] .

0

The first term on the right-hand side of (3.34) can be estimated using properties of convolutions,
the Lipschitz-continuity of p°, and the estimate (3.33]). We have

[0°(y1(5)) = P*(ya(s))] exp ( /0 * div (W (g, (7). 7)) dT)
S Lp By \/T H‘/‘/ﬂi< - W;HLQ(O,T;HQ*C(Q)) (335)

X eXp (\/g H05HL2(RN) HW1||L2(O,T;H1(Q)N)> :
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3 Theoretical investigations

To estimate the brackets on the right-hand side of (3.34)), note that ’ea — eb‘ < eX|b — al for
real a, b < K, and set r = max{|[Wil| 1 g1y © @ = 1,2}. Using the properties of
convolutions again, one deduces the following estimate

exp ’ div(Wi(y,(7),7))dr | —exp ’ div (W5(ys(1), 7)) dr
vl ) e (] )
< exp (7“ H05||L2(RN)> X

[ v (Wit r) - Wi, m) + Wiy, )~ Wiy, 7)) dr]
0 -
< exp (7’ HUaIILz(Rw)) “Alosllze@yy (W1 = Wallpu o m vy + (3.36)

‘/0 /RN o5(y1 — 2) — 05(y, — 2) div (Wa(2)) dzds”

< exp (r llosllz@n) ) - |loslz2@n VT IW1 = Wallpagozoan o) +

Le BNT |[Wy — Wollr2 0,052 (0)™) HW2|’L1(0,T;H1(Q)N):|

Noting that [|W | 1 gyv < [[W|| 2—¢(q)~ for small €, using the abbreviation

By =L, By -exp (\/g o]l 2@ HW1||L2(0,T;H1(Q)N)> +
+ pmna xp (7 losll 2y ) - [1osll 2@y + Lo By [Woall 1o,z )
and substituting (3.33) and (3.36) into (3.34) yield

[)(33,8) < BP\/T ||W1 - W2HL2(07T;H2—5(Q)N) ) V(:B, 3) €0 x (OvT)a

which completes the proof of the lemma. O
Due to (3.11]), one can redefine the constant py,,y as follows:
pgo)(:c,t) < M - exp (r T\/NHO'&”LQ(RN)) = Pmax; i=1,2.

The next lemma gives an estimate of F defined by (3.28). Denote the constant in time exten-
sion of U, again by Uy,

Lemma 3.3.14. Let w; € M(T,r), i = 1,2 and R = ||Uy||v + r. Then there exists Bp such

that
|7

The constant Bp depends on T, r, and other data that are fixed. The constant Bp is non-
decreasing inT', r.

2 ~
< BF(Tvr) \/T ”wH%/o

L2(0,T;L2()N)
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3.3 The transport problem

Proof. For ||lw;|y < r,itholds: |W ||y < R. Applying Lemma to each term separately
yields

2

(o + o8 (W1 V)i + (i - V)W < 2Cv (po + pu) VT B[l

L2(0,T5L2(2)N)

1A (W1 - VW17 0 12y < CvTV? R B T|]f3,.

In the derivation of the last inequality, we have used Lemma [3.3.13|to estimate p. Using again
Lemma [3.3.13]and estimate (3.27)), we get

~ 2 » 7
Hpul,tHLQ(QT;L?(Q)N) <(r Bp)2 T HwH%/o

Note that W = w, for W; = U}, + w;, i = 1, 2. By (3.29)), the gradient of the pressure can be
estimated as follows:

~112 -
IVBlL200,:2(0)v) < £l ]|,
Combining all prefactors into a single one completes the proof the lemma. O

The next lemma gives an estimate for |||y in terms of ||w||y .

Lemma 3.3.15. Let r > B}/2 and T > 0 satisfy 3.27). Let w;, € M(T,r),i = 1,2 and
u; = G(w;),t = u) — ug, W = wy — wa. Forevery k € (0,1), there exists Ty, > 0 such that

lall¥, < & i,
where Vy = V;(0, T%).
Proof. By (3.13)), u satisfies the equation
T
/ / [(po + pg°>)at + [—pA — ¢Vdiv]a — F} cap =0 forallyp € L?(0,T; L2 (Q)N).
0o Jo

The same techniques as in the proof of Lemma[3.3.10] yield the inequality

t ¢ B
/|Vﬁ(t)|2dm—|—/ / (@ + |Aa|* + |Vdival?] dmdrgc/ /|F|2dmd7,
Q 0 JQ 0 JQ

forallz € (0, T). By Definition|3.3.4] the left-hand side is equivalent to the norm of @ in Vp, and
by Lemma [3.3.14} the right-hand side can be estimated from above by C' By (T, 1) t'/2 H'wH%/O

Choosing ~ € (0, 1) and setting
2
C BF(Tv T) }

yields ||@|v, < kl|w||y, in Vo(0, T%). O

T, = min {T,

Now we use Banach’s fixed-point theorem to deduce, that the solution operator GG defined in
Definition has a unique fixed-point u € V4 (0, 7). Compute the pressure p using the for-
mula (3.8)), and the particle density p(°) using the formula (3.10). Then (u, p, p)) is the unique
weak solution of problem in the sense of Definition 3.3.1

The proof of Theorem is completed, and the consideration of the transport problem is
finished. Next, the decoupled measurement problem will be investigated.
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3 Theoretical investigations

3.4 The decoupled measurement problem

This section is devoted to the investigation of system (2.4)) describing the decoupled measurement
problem. The problem is decoupled in the following sense. The quantities U and p describing
the flow can be computed independently of the particle variables p and 7 by solving the flow
problem Using the velocity field U, the particle variables p and ) are determined by system
(2.5) describing the evolution of the particle density. The main result of Section [3.4]is stated in
Theorem [3.4.1] For the definition of weak solutions, see Definitions [3.4.2]and [3.4.19| below.

Theorem 3.4.1 (Main result for the decoupled measurement problem). Let Q@ C RY be a
bounded domain with C? boundary. — Assume the data for the flow variables satisfy
U ¢ H2(Q)N, U, € H3?(0Q)N, and p° € H*(Q), and the data for the particle variables
satisfy p° € HY(Q) N L>®(Q), p° > 0,1 = H(p®) inT, and g € L°°(I'™). Then there exists
T > 0 such that problem 2.8) admits a weak solution, provided that f € H*(0,T; L2(Q)).
The components of the solution lie in the spaces

U c Wh(0,T; L2(Q)N) n HY(0,T; HY(Q)N) n L= (0, T; H*(Q)N),

p e WbHe(0,T; HY(Q)) N H*(0,T; L*(Q)),

pe HY(0,T; L*(Q)) N L=(0,T; H'(Q)) N L*(0,T; H3=/2(Q)) n L®(Q x (0,T)),
ne HY(0,T; L*(I)) N L=(0,T; H/*(I)),

where € > 0 is arbitrary. If the velocity field U obtained from the flow problem possesses the
additional regularity: ||div U (t)|| () < Cyy for almost all t € (0,T), where Cy; is a constant,
then the solution is unique.

Theorem [3.4.1] follows from the results on the flow problem (see Theorem [3.4.4) and the
results on the evolution of the particle density (see Theorem [3.4.21)). This section is structured
as follows. The flow problem is considered in Section [3.4.1] and the evolution of the particle
density is considered in Section[3.4.2]

For the flow problem, we first construct an auxiliary problem in Section [3.4.1.1 The regu-
larity of solutions of the flow problem is considered in Sections [3.4.1.2] - [3.4.1.3 under certain
assumptions on the data of the problem. The assumptions are verified in Section The
solvability of the flow problem is proved in[3.4.1.5] See Definition [3.4.2]and Theorem [3.4.4] for
precise formulations.

For the evolution of the particle density, we construct approximate solutions in Section[3.4.2.1]
A priori estimates for the approximate solutions are established in Section [3.4.2.2] Weak limits
of the approximate solutions are considered in Section [3.4.2.3] The existence of weak solution
is proved in Section [3.4.2.4] The uniqueness of the solution is considered in Section[3.4.2.5] A
special anisotropic embedding theorem is proved in Section [3.4.2.6] The embedding is used in
Section [3.4.2.4] to establish additional regularity of the weak solution. The precise formulation
of the results for the evolution of the particle density is given in Definition [3.4.19)and Theorem

[3.4.21] For the embedding, see Definition [3.4.33]and Theorem [3.4.34]

3.4.1 The flow problem

In this section, the flow problem (2.1)) is considered. For theoretical investigations, the system is
transformed to homogeneous boundary conditions for the velocity. Similar to Section[3.3] extend
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3.4 The decoupled measurement problem

Uy, to an H?(Q)N-function by solving the boundary value problem (3:3). Using u = U — U,
the flow problem can be rewritten as follows:
pr+div(Up+u) =0
pout + po ([Up+ul-V)[Up+ul+ Vp — pAu — {Vdivu = f
ulgo =0
w(z,0) = u’ = U%x) — Uy(x), p(z,0)=7p"x).

(3.37)

Definition 3.4.2 (Weak solutions). A pair of functions (w,p) with p € H'(0,T; L*(Q)) and
w € L2(0,T; H(Q)N) n HY(0,T; L2(Q)N) is called weak solution of (3.37), if the initial
conditions are satisfied and all of the following equations

T
/ / [y pe + div (Up, + )] - ¢ deedt = 0,
0 Q

T
/0 /Q[Pout—PO([Ub+u].V)[Ub—l—u]—f}.¢dmdt

. /OT /Q [u Vau : Vap + € div (u) div (9) — pdiv (Qp)} dadt = 0

hold for all ¢ € L*(0,T; L*(Q)), ¥ € L*(0,T; H (Q)M).

The next definition introduces functional spaces where we are looking for the functions U and
u.

Definition 3.4.3. Let T € (0,00), 2 be an open subset of RN, N € {2,3}. Define
u; € L2(0,T; HY(Q)N) }

W .= W(O,T) = {u S LOO(O’T; H2(Q)N) N Loo(o T- LQ(Q)N)

Wo := W N L0, T; H (Q)N),
being endowed with the norms

1T = 102 102 0%y + 10 20 1o yvy + 10 el Eoo 0,122 -

2 2 2 2
lwllivy = llwllZoe 0,12y + 1wl L2071 (@)n) + el o0 (0,122 (02)) -
The main result of this section is stated in the following theorem.

Theorem 3.4.4 (Main result for the flow problem). Let Q C RY be a bounded domain with C?
boundary. Assume Uy, € H3?(0Q), U € H*(Q)N and p° € H'(Q). Then there exists T > 0
such that the system has a unique generalized weak solution in the sense of Definition
The functions w and p lie in the spaces

u e Wy,
p € WH(0,T; H(Q)) N H?(0,T; L*(1)),

provided that f € H(0,T; L*>(Q)Y). Remember that the velocity U is given by U = Uy, + u.
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3.4.1.1 Construction of approximate solutions

Theorem [3.4.4] will be proved by a fixed-point technique. To obtain a fixed-point scheme for
the velocity, proceed similar to Section [3.3.1] Introduce an arbitrary function w and replace u
by w in the mass conservation equation and the convective term of the momentum equation. If
w € W is known, the pressure p satisfies the following relations (compare (3.8))):

1
pe = ——div (U + w) € L>®(0,T; H'(Q)) N H'(0,T, L*()),
~
1t (3.38)
p(t) =p° — ’V/ div (U +w(r)) dr € Wh*°(0,T; H (Q)) N H?(0,T; L*(Q)).
0
Further, define the right-hand side F' as follows
F=F(w)=f+Vp—po ([w+Up-V)[w+Uy. (3.39)

For a given w, problem (3.37) can be rewritten as the parabolic initial-boundary value problem

pour — pAu — EVdivu = F inQ x (0,7,
u=20 on 092 x (0,7, (3.40)
u(z,0) = u’(x) fort=0.

Clearly, (3.40) has a unique weak solution u which satisfies the equation

T
/ / [pows + [~ A = EVdivlu — F] -9 =0, Vi € L0, T; L2(Q)Y), (341
0 Q

provided that «° and F' are sufficiently regular. The goal of the following construction is to show
that u € Wy, if w € W and F' is computed as in the definition (3.39). In Lemma [3.4.12] below,
we show that w € Wy implies F' € H'(0,T; L?(Q)V).

To show that u € W, we proceed similar to Section [3.3.3] Let {);} and {4;} be the se-
quences defined in Lemma [3.G.4] define the spaces X, as in (3.16)), and consider the approxi-
mations u" defined in (3.17)). To obtain an equation for the coefficients, neglect the integral over
(0,T) in (3.41)), and replace (u, 9) by (u™, 9;), j = 1,...,m to obtain

/Q [pou (t) + [~u A — e Vdiv]u™(t) — F(t)] -9p;de =0,  j=1,....,m. (3.42)

Then, the coefficients a7 of w™ are determined by the following initial value problem

PO () + Ay al' (1) — /Q F(t) -4, da =0,

(3.43)
al"(0) = /Quo p;dr (j=1,...,m).
This system of ODEs can be written in matrix-vector notation as follows:
pod™ - A™(@"(t) =0,  a™(0) = /Quo pde,  (G=1..m),  (344)

where the components A”" are given by AT (a™(t)) = \j a"(t) — [, F(t) - ;. The theory of

ODEs shows the existence of T}, > 0 such that the solution a™ exists on [0, T}, )
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3.4 The decoupled measurement problem

3.4.1.2 A priori estimates

In this section, the approximations u™ defined in Section|3.4.1.1|are estimated in several norms.
The method is similar to [36]. The following lemma shows that the approximations u" exist on
a certain non-empty time interval independent of m.

Lemma 3.4.5. Let u® € H}(Q)N and F € L?(0,T; L2(Q)N) for some T > 0. Then, for each
m, the solutions a™ of ([3.44) exist on [0, T]. Further there exists an independent of m constant
Bi such that the approximations u'™ satisfy the estimates
2
HumHLoo(o,T;Hg(Q)N)
2 0[2 2
||um||L2(o,T;H2(Q)N) < Bi- [Hu HH&(Q)N + ”FHLQ(O,T;LZ(Q)N) :
2
||UT||L2(0,T;L2(Q)N)

Proof. The idea of the proof is to replace the basis function v; in (3.42) by v, = u;"(t) and by
Y; = [-pA — £ Vdivlu™(t). To this end, fix m € N, multiply (3.43) by a7*(¢), and sum up
over j € {1,...,m}. This is equivalent to replacing 1, by u;" in (3.42). After integrating the
resulting equation over (0, s), s € (0,7,,), and applying Young’s inequality, we obtain

po/ /\u?ﬁdazdt—&—/ [ |Vu™(s)|* + €|divu™(s)[?] dx
/[M|Vu0\ + £|div u’? dx—i—/ /|F|2da:dt

To replace t; by [-puA — {Vdivju™, multiply (3.43) by A;a(t) and sum up over j €
{1, ...,m} to obtain

(3.45)

% (1| Vu™(s)? + ¢|diva™(s)[*] de + L /S/ I[—pA — ¢Vdivlu™? dedr
(3.46)

’)20 (| Vu®)? + ¢|divu®?] dz + //|F\2da;dr

We show next that a™ exists on [0, T']. Using Poincare’s inequality in (3.46) and the orthonor-
mality of {4, } in L2(€2)"V, we obtain the following estimate

:/ |um(t)]2dm§0p/ V™ (t)]? dae
Q Q

T'm
gc[/ |Vu0|2dm—|—/ /|F\2da:d7],
Q 0 Q

forallt € [0,7,,). For T™ < T, the right-hand side is bounded because F' € L2(0,T; L2(Q)™).
This implies that @™ exists on [0, 7).
Next, show the claimed estimates of u™. Combining (3.45)) and (3.46)) yields

/Q |Vu™ () dz + /OT/Q [\u?|2 + |[—/LA — §Vdiv]um|2} daxdr

< O [y @y + IF B0 ra2@m)] -

Noting that —pu A — £ Vdiv is strongly elliptic proves the lemma (see Theorem [3.G.2)). O
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Let us derive additional estimates of uj*. To this end, we assume in the following that
u’ € H2(Q)N N HY Q)N and F € HY(0,T; L*(2)N). Due to (3:40), the time derivative
uy" of u™ satisfies the following initial boundary value problem

/ [pouly + [—pA — EVdiviuy® — Fy] - ¢ daedt =0,
Q

u;n|8§2 = 07
W' (0) = Px,, (o5 1A+ EVdivJul 1 F(0))

where Py,, denotes the orthogonal projection in L2(Q)" onto X, (see definition (3.16)). Due
to the construction (3.43), the coefficients @ of u;" are solutions of the following initial value
problem

po @ (1) + Aj a7 (t) —/QF(t)~1/)j de =0,

: . (3.47)
am(0) = — [ F(0)-,;dz — =L a™(0), i=1,..,m).
PO = [ FO)-pyde =20, G )
Thus, system can be rewritten as follows:
[ iz = o) Va0 T + i (' (0) div ()] d =0 -

u}"(0) = Px,, (py" [F(0) + pAu® + ¢(Vdivul]),
for all ¢ € X,,.

Remark 3.4.6 (Sense of the initial conditions). Note that the term F'(0) appearing in the defini-
tion of the initial condition uj'(0) in (3.48) has a sense because of the embedding
(0,7 L2(Q)N) € ([0, T); LA(@)V).

The following lemma gives additional estimates of u;"*.
Lemma 3.4.7. Let v’ € HX(Q)N N H}(Q)N and F € H*(0,T; L?(Q)N). Then there exist an

independent of m constant By such that the approximations u™ satisfy the following estimates

e 172 0,72 () ) 2
) 0 < Bs- [HUOHHQ o + IFO 2@y + T IF 72000207 -
e 3w 0,7522(2)%) )

Proof. Similar to the proof of Lemma substitute v = u]" into (3.48) and integrate over
(0,t),t < T, to obtain

t
po/ \u?(t)]de+/ / [ | VU] ? + €|div up®|?] dz ds
2 Ja 0 Jo

t
g”“/ \ufg?dx+/ /\Ft(T)Hu;"(s)] dz ds.
2 Ja 0 Jo

To apply the generalized Gronwall inequality (3.174)), use Holder’s inequality to estimate the last
integral over 2 as follows

Lireei<z|;- | |Ft<s>|2r/2' / p;ws)ﬂm.
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3.4 The decoupled measurement problem

Due to (3.174)), we obtain

t
Po/ |u?(t)|2dm+/ / [,u ]Vu;”|2+§|divu§”|2} dads
2 Ja 0 Ja

3t [t
§p0/ |u?|2dm+/ /|Ft(s)2 dads.
Q 2p0 Jo Ja

Note that u) € L2(Q2)" due to (3.43). O

3.4.1.3 Passage to the limit and additional regularity

The next lemma clarifies how solutions of problem (3.40) can be constructed from the considered
approximations.

Lemma 3.4.8 (Passage to the limit). Let u® € H*(Q)N NHE(Q)Y and F € H*(0,T; L*(Q)Y)
for a givenT' > 0. Then there exists a unique function u that possesses the following regularity:
w € L*(0,T; H*(Q)™) N L%(0, T Hy()™),
up € L(0,T; L)) N L*(0,T; Hy (™)

and satisfies the following equations
T
/ / [po ur — pAu — {Vdivu — F - ¢ dadt = 0,
0o Jo

—/Qut(o)‘Q/J(O)dw‘F/OT/Q[—POUt'¢t+ﬂv“t3V¢

e div (ue) div () — F - 1/)} dadt = 0,

forall ¢ € L*(0,T; L2(Q)N) and all 4 € H' (0, T; HY(Q)N), (T) = 0.

Proof. The estimates of the approximations 4™ in Lemmas and are independent of
m. Thus, there exist a function u and a subsequence again denoted by {u'} that satisfies the
following relations:

u” —u weakly in H'(0, T; H} (Q)™),

u™ —~u  weaklyin L2(0,T; H*(Q)"), (3.49)

u™ Sy s-weakly in L°°(0, T L2(Q)).

By construction of u™ (see (3.42)), it holds

T
/ / [pou™ — pAu™ — Vdivu™ — F]-4p =0, forall ¢ € L*(0,T; X,). (3.50)
0 Q

The convergence results (3.49) show that (3.50) remains true if u™ is replaced by the limit wu.
Since

J £%(0,7: X,,) isdensein  L2(0,T; L*(Q)"), (3.51)
meN
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we obtain
T
/ / [pous — pAu — EVdive — F]-4p =0 forallyp € L?(0,T; L2 (Q)N).  (3.52)
0 Q

This is the first equation claimed in the lemma.
To show the second one, note that uy" satisfies (3.48)) and define

uf = py! ([uA + £Vdiv]u® + F(0)) .

Due to (3.48)), the approximation u;" satisfies the equation
T
- [ Prutud)-w@da+ [ [ [=pour v+ uTur vy
0
+ £div (ul) div (¢) — Fy - ] dedt = 0

forall € H'(0,T; X,,), ¥(T) = 0. Similar to (3:51)), the set | J,,,cy L*(0, T; X, ) is dense in
L%(0,T; HY(Q)N). Thus, the convergence result (3.49) yields:

—/Qu?-'¢(0)d£13+/0T/Q[—POUt‘I/Jt-i-,uvut3V7/’

+ & div (ug) div () — Fy - | dedt = 0

(3.53)

forall p € HY(0,T; HY(Q)N), (T )
It remains to show that u;(0) = u? olds To this end, note that (3.53) implies that u,; satisfies

poun = Fy — [pA+£Vdiviu, € L0, T; HH(Q)V).

Moreover, u; € L2(0,T; HE(Q)Y) by the first relation of (3.49). Thus, Theorem yields
that u; € C([0,T]; L*(2)"). Choose the testfunction v in equation (3.53)) in the following way.
Fix an arbitrary n € HE(Q)" and, for § € (0,T), define the function f; as follows:

Cf1-t/s ifte(o,d],
Js(t) = {o it >0

Choose 1 = 5(x,t) := f5(t) n(x) in (3:53) and set X := L2(0,T; HE(Q2)"). Then, Theorem
[3.F3yields

/Q [w:(0) — ui] -mda = — (pouu , Ps)xrxx
T
=+ / / |:Ft . ’lp(s — MVUt : VI/J(; — fle (Ut) div (’lp(g):| dxdt.
0 Q
For § — 0, we have ¥5 — 0 in X. Thus, the right-hand side of the above equation tends zero.
The relation u;(0) = u follows because n € H(Q)V is arbitrary, and HE(Q)V is dense in

L2 ( Q) N
The uniqueness of u follows from the linearity of equations (3.52)) and (3.53). O
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3.4 The decoupled measurement problem

The next lemma establishes additional regularity of the function w.

Lemma 3.4.9 (Additional regularity). Assume the hypothesis of Lemma[3.4.8} Then, the function
w lies in L>(0,T; H*(Q)N) and satisfies the estimate

el oo (0,15 20y < C [HFHLOO(O,T;B(Q)N) + ”utHLOO(O,T;H(Q)N)} :

Proof. By Lemma[3.4.8] we have

T T
/0 /Q [—pA — EVdiv]u - ¢ dedt = /0 /Q [F' — pouy) - daedt (3.54)

for all 9p € L%(0,T; L?(2)N). The embedding H'(0,T; L?(Q)N) c C([0,T), L*(2)") and
Lemma 3.4.8|imply that [F' — pgu;] € L>(0, T; L?(2)N). Since L2(0,T; L?(2)Y) is dense in
LY(0,T; L?(2)Y), we obtain

[—pA — eVdivlu € (L0, T; L2()N)) = L=(0, T; L2 (Q)N).
The strong ellipticity of [—uA —¢Vdiv] and Theorem yield that w € L*°(0, T'; H*(Q)V).

The estimate claimed in the lemma follows from (3.54). O

Remark 3.4.10 (Scalar continuity). Lemma and Theorem applied with X = H*(Q)N
andY = HY Q)N yield u € C5(0,T; H2(Q)M).

3.4.1.4 Regularity of the right-hand side

In this section, we show that the function F' defined by (3.39) satisfies F' € H'(0,T; L?()Y)
provided that p° € HY(Q), U, € H?(Q)N, and w € Wy (see Definition . Further, we
estimate the H'(0,T; L?(2)"V)-norm of the difference F'(w) — F(wy) for wy, we € Wy.

Let us first estimate the pressure. By (3.38), the following inequalities hold for ¢ € [0, 7] and
for C being sufficiently large:

t 1 t
//]th|2 dmdrz2/ /|Vdiv(Ub+'w)|2d:cdr,
0 JQ 7 Jo Ja

< Ct [IU s + 1wl o 2,20
(3.55)
2
1906 aw < 10 iy + ¢ (I0elEmoyy + 0l ey ]

t
| [ ot dedr < 1501 0y + t (Wl + Il mman)]-

The next lemma gives estimates of the convective term.
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Lemma 3.4.11 (The convective term). Let V., W € W, and let T > 0 be finite. Then there
exists a constant Cyy such that

|W - )V orzim) < Co [IWO) oy + TIWIR ]
1/2
< IV Ilw [IVO) 3@y +TIVIR]

(W - D)V a0za@n) < Cw TIVIE - Wy,

2
< CwlVIiy - Wi

0
5 wwv
Leo(0,T;L2(2)N)

The constant Cyy is independent of V., W and T.

Proof. Let v be an arbitrary component of V', and w be an arbitrary component of W. Then each
component of (W-V)V consists of a sum of terms having the form v,, -w where k € {1, ..., N}.
Therefore, it is enough to estimate the product v,, - w.

First, we establish some property of functions from H!(0,7; L*(©2)). Due to the general-
ized Minkowski inequality (see Theorem , a function u € H'(0,T; L%(Q)) satisfies the
following estimate

2

0oy <2 [ WO dz+2 [ [ [Mur)ar] gz
< 2/9\u(0)|2 dz +2 (/Ot [/Q g () 2 daz] " dT>2 (3.56)
< 2/Q|u(0)|2 da:+2t/0t/g|ut|2 dzdr

fort € (0,T). Let us show the first inequality claimed in the lemma. Using Holder’s inequality,
the auxiliary inequality (3.56) and the interpolation inequality (see Theorem [3.E.7) yield the
following estimate:

[ 1wtt) @ < e sy lom Ol @y < Co @) ey lose (@no
< C [w(0) 30y + el 220750 @ | 1o Ol 1 ) 102 ) 2

< C [0 )l + ol oz sy |

9 9 1/2
% o Dl [l O 220y + 10l 721200 |

This shows the validity of the first inequality claimed in the lemma. The second inequality
follows from the first one and Holder’s inequality.
To obtain the third inequality, consider the time derivative

O(wvg,,)
ot

= Wt Vg, + W Vs ¢t (3.57)
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3.4 The decoupled measurement problem

The first term on the right-hand side of (3.57) can be estimated using the interpolation inequality
and the embedding H'(Q) C L%(Q) for N < 3. It holds

t t
/0 /Q w0z, |2 dazdr < / wrllZs gy - om0 ) A7

t
<c / el s gy Mol 2y a2y 7

< Cloll7oo o mm2(y) - Wil oo o2 () - 1w0ell Lo o)

To estimate the second term in (3.57)), use the embedding H?(2) C C(Q) for N < 3, and
Holder’s inequality to obtain

¢ t
/ / |w g, +|* der < [ max |w(ax, ) / Vg, ¢ (T)2 dadT
0 JQ 0 Q

e

2 2
< Collwllzee 0. 1;m2(0) Vel 220 750102 -
This completes the proof of the third inequality claimed in the lemma. 0
The next lemma shows that the function F' defined in (3.39) lies in H'(0, T, L?(Q)N).

Lemma 3.4.12 (Regularity of F). Assume that u° € H?(Q)N n HY(Q)N, U, € H2(Q)Y,
p’ € HY(Q), and f € H'(0,T, L2(Q)N). Further, let w € Wy be given with w(0) = u°. Set
Ry := Ul g2y~ + [lwllw, and define the function gr as follows

gr : [0, 00)2 — [0, 00),
gr(t, 1) = By (|Ull i1 v + H“OHH&(Q)N)S +T Ry +T%* Ry,

Then, there exist an independent of w and T constant B such that the function F defined in
(3.39) satisfies the following estimates

IF (1720 m:r2yvy < T Br - (1+ [lwllfy, + lwlliy,),
2

IF 207 02(0)v) < Br - (1+ lwlfy, + [[wlliv,),

VFI ooy < B~ (14 g(T, awllwy)).

Proof. Let us regard Uy, as a constant in time function. Then it holds: |Us|lw = [|Us|| fy2(q~
(see Definition [3.4.3)). To derive the first estimate of F', use the definition (3.39), the estimate of
the pressure (3.55), and Lemma[3.4.11] Applying Young’s inequality several times yields

T
/0 /Q]F|2 dadt < CT[yyf\\ioo(07T;L2(Q)N) + HpOHfW(Q)

2 4 4
U2y + 102 ()n + 1wl + H’wIIWO]

(3.58)

If B is chosen sufficiently large, the first estimate claimed in the lemma follows from (3.58). In
the same way, the time derivative can be estimated as follows

T
| [ amae < C[1R0 s maam + 10y + [Tslimoyy

+ [lwlffy + [Jwliy |-

(3.59)
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If Br is sufficiently large, the second estimate claimed in the lemma follows from (3.59).
To obtain the third estimate, use (3.55) and Lemma|[3.4.T1]and proceed as follows

[ 1P de <€ [IFO) 0
Q

2
+ HPOHHl(Q) +t (10l E2 gy + w0l e 102 (02)))

(3.60)
+ (10l 2w + llwllng)

3/2
% (IO @y + 67 gy + Tz + Nl ]) ™ |-

Due to the embedding H'(0,T; L2(Q)N) ¢ ([0, T]; L*(22)"), the first term on the right-hand
side of (3.60) is bounded. To estimate the summands containing w on the right-hand side of
(3.60), set Ry, = [|Us|| g2y~ + [|w|lw;, and use the inequality (a® + b*)Y/2 < a + b that holds
for a, b > 0. We have

t(”UbH%ﬂ(Q)N + HwH%OO(&T;HQ(Q))) + (10l 20w + llwllws)
3/2
% (10l @y + 12y + LT 2y + w0, ]) (3.61)
<t R+ C Ry (| Uyl g oy + }|u°HH5(Q)N)3 + 132 RY,

Substituting (3.61)) into (3.60) and choosing sufficiently large Br completes the proof of the third
inequality claimed in the lemma. O

The next lemma gives estimates of the difference F' := F(w;) — F(ws) for two given
functions w1, wy € Wy.

Lemma 3.4.13 (Estimation of F). Assume the hypothesis of Lemma Let wyi, wo € Wy
be given with w;(0) = u®, i = 1,2, and let F(w1) and F(w3) be defined by (3.39). Set
W =w; — wy, F = F(w) — F(ws), and r = max{||w;|lw, : j = 1,2}. Then, there exists
an independent of w and T' constant By such that F satisfies the following estimates

d

Ft‘

<T'? Bp|u
L2(0T5L2(@)N) rlliws.

< Bp||w
pozz@y < or @l

IN

7 B [T1/2 T3/4} ~ '
HLoo(07T;L2(Q)N) F + ||w”W0

The constant B is nondecreasing in r.
Proof. Set W; = U}, + w; fori = 1,2. Then, F is given by the formula (see (3-39)):
F=Vp—po[(Wi V)w+ (- V)Wy|. (3.62)

where the difference p = p; — po is determined by the relations

1 t
b =—— diva, p= / divw(r)dr. (3.63)
0
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Using formula (3.62), the generalized Minkowski inequality (see Theorem [3.A.4), and Lemma

BT yields
T e 2 2 2 2
/0 /Q\F dzdt < COT [[[wllfy, + (Wil + [Walliy) - loliy,] - (3.64)

Similarly, the time derivative F'; can be estimated as follows

T
| [ 1R amar < ¢ (Ll + (W3 + 1Wal) - [@1f]. - 369

Note that |[W;|[3, < 2|Usll5y + 2llwillfy,. i = 1,2, and set r = max{||lw [lw,, [lwz|w,}-
The first and second inequalities claimed in the lemma follow from (3.64) and (3.63), if B is
chosen sufficiently large.

To obtain the estimate in L°°(0, T; L?(2)"V), estimate the summands on the right-hand side

of (3.62). Due to (3.63) and Theorem [3.A.4] it holds

- t o .
||Vp(t)||%2(Q)N < ) HwH%w(o,T;m(Q))- (3.66)

To estimate the nonlinear term on the right-hand side of (3.62)), note that w;(0) = w2(0) by the
hypothesis of the lemma and use Lemma [3.4.11]to obtain:

~ ~ 2 2 2 ~ 12
/Q (WA(E) - V)io(t) + (@(1)- VYW < C82 [0 ooy + 7] - b, B67)

To show the third inequality claimed in the lemma, combine (3.62)), (3.66)), and and enlarge
Bp if necessary. O

3.4.1.5 Fixed-point method

The goal of this section is to complete the proof of Theorem The Lemmas [3.4.8] [3.4.9]
and [3.4.12]show that w € W, implies u € W), where w is the solution of problem (3.40). Thus,
the following definition makes sense.

Definition 3.4.14. Assume that u° € H*(Q)N n HI(Q)N, U, € HX(Q)Y, p° € HY(Q), and
Ff € HY(0,T; L*(Q)N). The solution-operator G is defined as follows:

G: Wy — Wy, G(w) :=u,
where w is the solution of the initial-boundary value problem (3.40).
We proceed as follows.
e Estimate the norm of G(w) in terms of w and T' (Lemma [3.4.15).
e Estimate the norm of G(w;) — G(w2) in terms of wy — wy and T’ (Lemma[3.4.16).

e Use Banach’s fixed-point theorem to show that Theorem [3.4.4] holds true for sufficiently

small T' (Lemma [3.4.17)).
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Lemma 3.4.15. Assume w € Wy with w(0) = u® and denote u = G(w), where G is the
mapping of defined by[3.4.14| Define a function g, as follows:

gu 1 [0,00)2 = [0,00), gult, r) =1+ 12+ t/4p2

Then, there exists an independent of w constant Bg such that the following estimate holds true:

1/2
lullw, < Ba (1+ |[wllyfy + TV gu(T, [[wlw,))-

The constant Bq is nondecreasing in T

Proof. Due to Lemmas [3.4.5]and [3.4.7] the following estimate holds
HuHLoo(o,T;Hg(Q)N)
Hu||L2(O,T;H2(Q)N) < C{ HUOHH2(Q)N + ||F(O)HL“’(Q)N } (3.68)
el oo (0,722 () ) +1Fl g2 0.1:c20)my + T2 IF el 20 122 () .

llwell L2 0,711 ()™

Due to the definition of F' (see (3.39)), the second term on the right-hand side can be estimated
as follows

IF©) 2y < € [1FO sz + 18]y + 1002y + [ egayy] - 369)

The third and fourth terms on the right-hand side of (3.68) can be estimated using Lemma[3.4.12]
as follows

1P| 20 702097y + T2 I1F el 20,0 020)vy < CTY? (14 |[wllw, + [wlfy,) - (3.70)
Substituting (3.69) and (3.70) into (3.68) yields

1l oo (0,75 113 ()

el L2 0,712
OIS < o) + V20 (g + lelif) . BT
l[wtl] oo (0,712 (02) M)
el 20,7112 ()™)

where (] is independent of w and 7', and C) is independent of w.
It remains to estimate w in L>(0,T; H2(Q2)") (see the Definition [3.4.3). By Lemmas m

and [3.4.12] and estimate (3.71)), it holds
]l oo 0.7 5200y < I F | oo 0,22 vy + 1wl oo (0,020
1/2
< Bil? g (T, [wllwy) /2 + Co(T) + TY2Ch ([l + [|wlF,)

where g is the function defined in Lemma|3.4.12 The term \/gr (T, ||w||w,) can be estimated

using Young’s inequality and the inequality /a + b < \/a + v/b that is true for a, b > 0. We
have

(3.72)

Var(T, [wllwy) < C3(T) + Co [[wlif? + T2 wllw, + T/ [|wlfy,. (3.73)
Substituting (3.73)) into (3.72) and combining (3.71) with (3.72)) completes the proof. O
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Lemma 3.4.16. Let G be the mapping introduced by Definition|3.4.14] Let w; € Wy be given,
and w;(0) = u®, i = 1,2. Set u; := G(w;), & := w1 — Uy, and W = w1 — wa. Then, there
exists an independent of w and T’ constant B,, such that u satisfies the following estimate

lallw, < Bu |TY2 4+ T4 [,

The constant B,, is nondecreasing in v, where r = max{||w ||lw,, ||wa|w,}-

Proof. The function u is a weak solution of the following initial boundary value problem (see

(.40): ~
pots — pAu —EVdiva = F  inQ x (0,7),

u=0 indQx(0,7),
u(x,0) =0 inQ x {t =0},
where the right-hand side F" is defined in (3.62). This problem is similar to (3.40). Therefore,

u satisfies the estimate (3.68), if u® and F are replaced by @ and F, respectively. Note that
F(0) = @ = 0. Thus, it holds

1@l Lo (0,75 122 ()™

u . ~ 7
H~HL2(0,T,H2(Q)N) < C{HF’ +T1/2HFt‘ }
||ut||L°°(07T;L2(Q)N) L2(0,T;L2(Q)N) L2(0,T;L2(Q)N)
||ut||L2(o,T;H5(Q)N)
Apply Lemma [3.4.13[to obtain
1| Lo (0,75 113 ()
lall 2o romz -
L2(0,T5H2()N) < o712 Br ||w||lw,- (3.74)

el oo (0,722 00))
el 20,7512 ()™
It remains to estimate the L>°(0,T; H2(2)")-norm of 4. Similar to (3.72)), @ satisfies the

following estimate

<

1%]] oo (0,1, m2(0) ) < , T [t | oo (0,7 £2() ™) - (3.75)

7]
Lo (0,T5L2(Q)N

The first term on the right-hand side of (3.75)) is already estimated in the last inequality of Lemma
[3.4.13] Combining the estimates and (3.75)) and applying Lemma [3.4.13]yield

lillw, < € B [TV2 4+ T4 Jja]w,.
Remember that By is nondecreasing in r, where r = max{||w1 ||w,, [|wa|w, }. O

Lemma 3.4.17 (Fixed-point of G). Let B¢ be the same constant as in Lemma[3.4.15] ForT > 0
and r > HUOHH2(Q)N’ define the set

M(T,r) == {w e W5(0,T) : |lw|w, <7 and w(0) =u"}.

Then, for sufficiently large r, there exists Ty € (0, T such that the solution operator G defined
in[3.4.14| has a unique fixed-point w, € M (T, ).
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Proof. The lemma follows from Banach’s fixed-point theorem. To apply this theorem, we deter-
mine 7 and T such that G(M (T, r)) C M (T, r). Let T > 0 be given. Due to Lemma 3.4.15]
the following estimates hold

1/2 1/2
lullwyory < Ba (1+ lwlify + T gu(T, |wllwyo.12)))

(3.76)
< Bg (1472 4+ T ,(T, 7))

for T. € (0,7, r > HuOHHQ(Q)N, and w € M(T,,r). In order to ensure the inclusion

G(M(Tx,r)) C M(T%,r), we determine T} and  such that B¢ (1 + r1/2 /2 gu(T,7)) <.
To this end, note that the inequality

Be(1+r/%) <r (3.77)

holds if, for example, r > (3B2)/2 + Bg. Thus, if 7 satisfies (3.77), the estimates imply
the relation G(M (T, r)) C M(Tx,r), if T satisfies the inequality

T_BG(l_\/’j)r. (3.78)

T, <Thax :=
o * |: BGgu(T’T)

The next step is to show that G is contractive on M (T, r) for sufficiently small 7. Fix r > 0
satisfying (3.77). Then, the constant B, = B, (r) of Lemma is fixed. For two functions
w1, we € M(T,r), denote u; = G(w;), i = 1,2, W = w; — we, and & = u; — uz. By
Lemma [3.4.16] the following estimate holds

~ S 1/2 ~
@] wy0,1.) < Bu T/ [1 + Tééﬂ |wllwy 0.1, (3.79)

for any T € (0, Tynax]- Choose ¢ € (0,1). Then, estimate yields that ||@||w, < d||w|w,.
if T, additionally satisfies the inequality

2
0

i< |——
Bu [1 + Tmax]

(3.80)

Thus, if 7 satisfies inequality (3.77)) and 7 satisfies the inequalities (3.78]) and (3.80), then we
have G(M (T, r)) C M (T, r) and ||@|lw, < J ||w|w,. Due to Banach’s fixed-point theorem,
the solution-operator G has a unique fixed-point w, € M (T, ). 0

To complete the proof of Theorem [3.4.4] use the second forumla of (3.38) to compute the
pressure p. Then, the pair of functions (w, p) is a unique weak solution of (3.37) on the time
interval (0, 7). Theorem is proved.

This completes the investigation of the flow problem. The next section deals with the evolution
of the particle density.
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3.4.2 Evolution of the particle density

This section is devoted to the theoretical investigation of the initial boundary value problem
(2.5) describing the evolution of the particle density. Here, we assume that the initial surface
mass density 7" on the active part I is given by the relation n° = H(p), where the function
H is defined in (2.67). The initial particle density p° is assumed to be nonnegative. Thus, the
following initial boundary value problem is considered:

pe+U  -Vp—Ap=0 inQ x (0,7),

—dyp =0 on (0Q\ [T UT™]) x (0,T),
—Owp=1(p—9) [Up-v| onT™ x(0,T), o

= _aupa n= A(p) onI' x (OvT)) ‘
p(z,0) = p°(x) >0 on Q2 x {t = 0},

n(@,0) = 1’(x) = H(p’(x)) > on " x {t = 0},

where the operator A is defined as follows (see (2.67)):
Alp(z,))(t) = esssup H(p(x, 5)). (3.82)

0<s<t

Remark 3.4.18. Note that, if the requirement n° = H (p) is omitted, then the initial condition
for m has to be replaced by the following relation

n(x,0) = max {no(ar:) , H(po(az))} onT x {t =0}.

In this case the operator A is given as follows

A(p(x,-))(t) = max {n(m, 0), esssup H(p(x, s))}

0<s<t

instead of (3.82).

In this section, we suppose that the velocity field U (x,t) is a known function having the
following properties

Uy, -v<0 onI'™,
U,-v>0 on ',

. 3.83
U,=0 on O\ [T™uUT*™], (3.85)

U e c([0,T); H3*F<()™)

for some € > 0. In (3.83)), the trace U}, = U |yq of the velocity field is assumed to be constant
in time. Note that the last requirement in (3.83) and the embedding H*(Q2) C C(2), s > N/2,
yield the estimate

|U (z,t)| < Cy, fort € [0,T], x € Q

for a suitable constant Cy;.
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In order to obtain the uniqueness of solutions in Section [3.4.2.5] the following additional reg-
ularity of the velocity field U is necessary: The norm ||div U (t)|| ;o (g (considered as function
of t) is supposed to lie in the space L°°(0,7"). In this case, there exists a constant C7; such that

[divU )| ooy < Cr for almost all ¢ € (0, 7). (3.84)

To define weak solutions of problem (3.81)), denote the trace on I of a function u defined in
by 70 u. Weak solutions of (3.81)) are defined as follows.

Definition 3.4.19 (Weak solutions). A pair of functions (p, 1),

p e H'(0,T; L*(Q)) N L*(0,T; H' (),
ne HY0,T; L*(T)),

is called weak solution of problem (3.81)), if they satisfy the initial conditions, the relation
n(xz,t) = A(yo p(z,-))(t) foralmostall (x,t) € T x (0,T), (3.85)

and the following integral identity

T T
/ /[Pt+U-Vp]¢dmdt+/ /vp-wdmdt
0 Q 0 Q

T T T
+/ /ntlbdsdt—i-/ / pw|Ub-u\dsdt:/ / g¥|Uy - v|dsdt,
0 T 0 in 0 Tin

which holds for all testfunctions 1 € L*(0,T; H*(Q)).

(3.86)

Remark 3.4.20. Ir should be noted here that the relation (3.85) requires more regularity from
the function p to define correctly the operator A(~yo p). We will show in Section that p is
continuous in the variables (z, t) for almost all (x,y), which eliminates all problems concerning
the treatment of A(op).

The main result of the present section is formulated in the following theorem.

Theorem 3.4.21 (Main result for the evolution of the particle density). Let Q € RY be a bounded
Lipschitz domain. Assume p° € H'(Q) N L>(Q), p° > 0,7° = H(p®) inT, g € L®(I'™) is
constant in time, and U satisfies (3.83).

Then, for every T > 0, there exists a weak solution (p, 1) to problem (3.81)) such that

p e HY(0,T; L*(Q)) N L>®(0,T; H' () N L(0,T; HE~)/2(Q)) N L®(Q x (0, T)),
ne HY(0,T; L*(T)) N L>®(0,T; H/?(T)),

for any € > 0. The function p satisfies the estimates:
0 < p(x,t) < maX{HpOHLOO(Q) , ||g||Loo(Fin)} a.e. in 2 x (0,7).

If the velocity field U additionally satisfies estimate (3.84), then (p, n) is a unique weak solu-
tion of problem (3.81).
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3.4 The decoupled measurement problem

3.4.2.1 Construction of approximate solutions

In this section, we construct approximate solutions to problem (3.81). To this end, construct an
implicit time discretization scheme as follows. Fix an arbitrary K € N and set 7 = T/ K. Define
functions p™, n € {1,2,..., K} as solutions of the following problem:

pPr—p =T [Ap"+U-Vp"] inQ,

n n—1 n
— =—70, onT,
B n Z . (3.87)
—0pp" =(g—p")Uyp-v on ',
Oppt =0 on 00 \ [F U I‘m] ,
where
() = H(p* I. 3.88
(@) = fnax (p*(x))  on (3.88)
Note that N
n"(x) =n""N (@) + (H (p"(x)) — 0" () onT, (3.89)
where, as usually, f* := max(0, f). Therefore, the weak form of is given by
R R R o Sl
@ (3.90)

+/F<n"—n“>w+7/r, p"wa-u:T/F, G0 |Us - v

The following lemma ensures that the problem - (3.89) is uniquely solvable provided
that p° € H*(Q).

Lemma 3.4.22. Let ¢y := maxger (dH(s)/ds) and 79 = min{1,2/C,2J}. If 7 < 719 and
Pt € HY(Q) then (390) has a unique solution p™ € H' ().

Proof. Define the operator A(u,v) : HY(Q) x HY(Q) — (HY(Q))’ by

(Afuw,)v) = [

Q

+T/ UI/J|Ub'V‘d8—T/ g |Uyp - v|ds (3.91)
Tin Tin

vwdm—l—T/VU-V¢dm+/(H(v)—n”_1)+wds
Q r

+T/¢U-Vudw,
Q

where ¢ € H'(€) is arbitrary, and (-,-) denotes the duality product between (H'(Q))’ and
H(Q).

We proceed in two steps. Fist, to proof the existence of p™, n = 1, ..., K, show that A is of the
type of Calculus of Variations (see Definition[3.G.6) and apply Lemma with f € (H(Q))’
defined by

) =/Qp"—1wdsc.

Second, show the uniqueness of p".
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Implementation of Step 1: existence of p"™. Proof the conditions of Definition The
boundedness of A follows by applying Holder’s inequality and the embedding H'(Q2) € L*(09),

N = 3, to (3.91):
(Au,v),¥) <ol 2q) 19l L2@) + T IIVOl 2@y IVl L2 0w
+ colloll 2y 191l 2oy + 70l Fagrimy 19017 iny 1@ - 2) || L2 (0imy
+ Tllgll oo (rimy 101 L2 @omy (U - v)[| L2 (pimy
+7Cu [l 2y 1wl 2y -

To estimate the integral over I', the following inequality is used

n—1\+
/F(H(v)—n )T 4 ds s/F|H<v>| ¢|d8§CO/F|U| ] ds.

To establish the first property of Definition [3.G.6] show first, that A is hemi-continuous with
respect to v. Let w € H'(12) be fixed and A € R, then

2

/F [(H(U + \w) — 17"_1)Jr — (H(v) - n”_l)ﬂ P ds

) (3.92)

< Ch Il - [ (B0 2 = 1) = (B G0) =) s

by Holder’s inequality and the embedding H'(Q) C L?(92). Split the last integral in (3.92)
into integrals over the sets

Gy = {H@) > 7" A H{u+w) > 5"},
Go={Hw)<n™" ' A Hw+w)>n""}
Gz ={H@)<n""" A H(v+Iw) <y},
Gi={H(v)>n""" A H(v+w)<n""'},

then the integral over GG; can be estimated by

J:

< / |H(v+ Mw) — H(v)[*ds (3.93)
Gy

< c3A2/ lw|? ds.
G1

The integral over (G2 can be estimated by

J.
-

2
g/GzH(v—l—)\w)—H(v) ds

S/ @ N2 wl|? ds.
G2

(H(v + Aw) — 77”*1)+ — (H(v) — n"*1)+’2 ds

(H(v + Aw) — 77”_1)+ — (H(v) - 17"_1)+’2 ds

(H(v+ w) — n”*1)+’2 ds
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3.4 The decoupled measurement problem

The integral over (G5 vanishes, and the integral over (G4 is being estimated by

Ja
-

2
S/G4 |H(v) — H(v+ Aw)|* ds

§/ @ N2 |w|? ds.
Ga

(H(v + Aw) — n"71)+ — (H(v) — 7]”71)+‘2 ds

(H(v) — 77"_1)+‘2 ds

(3.94)

Substituting (3.93) - (3.94) into (3.92) shows that A is hemi-continuous with respect to v.
Show next the inequality in the first property Definition For u,v € H(Q), it holds

(A(u,u) — A(u,v), (u—v))
:/|u—v|2da:+7'/\V(u—v)]Qdm—i—T/ lu —v|]?|Uy - v|ds
Q Q rin

+ /F (@) =) = (H@) = ") "] (= v)ds

>0

(3.95)

I

because (H (u) — 7]"_1)+ - (H(v) - n”_1)+ and (u — v) have the same sign and because of
(3:83). Therefore, A satisfies the first property of Definition[3.G.6] Clearly, A is hemi-continuous
with respect to u. Thus, the second property of Definition [3.G.6]is verified.

To show the third property, assume u; — u weakly in H 1(©) and assume that

(Auy,uz) — Alug, u), (uj —u)) — 0.

This implies that u; — u strongly in H'(€2). To proof that, replace u by u; and v by u in (3.93).
By Holder’s inequality, the following estimate holds:

(Auj,0) — Alu,v), )] = 7 /vaj—w-vwdas
<7Cy ||¢||L2(Q) IV (uj — U)HLQ(Q)N :

The right-hand side tends to 0, which proves the third property of Definition [3.G.6]

To obtain the fourth property, assume that u; — w weakly in H 1(Q2) and assume that
A(uj,v) = ¢in (H'(Q))". Then

(Aus0) ) = [ ot 190 Tulda+ [ (HE) - ) vas

r

+7‘/ ’U¢|Ub-u|ds—7‘/ g |Uyp -v|ds
Tin Tin

+T/1/1U-Vujdaz.
Q
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Since u; appears in the last term only, passing to the limit yields
(¢, ) = / [vY + 7V - V] dm—i—/ (H(v) —n"’1)+wds
Q r
—|—T/ vw|Ub~V]ds—T/ gy |Uyp - v|ds
Tin Tin

+T/¢Vu-Ud:1:,
and we get )
(Aluj,v) s uj) = (0, u)
:/Qv(uj—u)d:c—i—T/QVU~V(uj—u)da:

[0 =) g =) s (.96

+T/ U(Uj—u”Ub'V‘dS—T/ g (uj —u)|Uyp-v|ds
Tin

Tin
+T/(Uj —u)U~Vujdzc—|—T/ wU - V(uj — u)de.
Q Q
Note that all terms on the right-hand side of (3.96) are linear with respect to w; except for
J(u;j = w)U - Vu;. Thus, the assumption u; — u weakly in H'($) implies that all terms
tend to zero as j — oo except for (possibly) [(u; — u) U - Vu;. To treat this term, assume that
J(u; —u)U - Vuj 4 0. Then, there exists § > 0 and a subsequence {uy} of {u;} such that

>0 Vk.

/(uk—u)U-Vukdm
Q

Due to H'(Q) cC L*(Q2), N = 3, we can assume that {uy,} converges strongly in L*(2). The
limit is . Holder’s inequality and the assumption (3.83) yield the inequalities

/(uk—u)U-Vukdac
Q

The the first factor on the right-hand side of tends to zero as k — oo due to the choice
of {uy}. The last factor is bounded because uj, — u weakly in H'(Q). Thus, the right-hand
side of tends to zero as k — oo which is impossible. Therefore [(u; — u) U - Vu; + 0
cannot hold, and equation yields (A(uj,v), uj) — (¢, u) as j — oo. All properties of
Definition are satisfied.

0<d<

< lug = ull ooy - N0l paoyn - IVurli g2y - (3.97)

Implementation of Step 2: uniqueness of p". Assume there are two solutions p7" and p5 and
set p = p|' — py, then

0= (A(p?) — A(p3), pT — p3)

—/|p\2daz+7'/ [[Vp]*+pU - Vp] dz
Q Q
+/F [(H(p’f)—n"_l)+— (H(p?)—n"‘l)ﬂ pds

o [ 1P @),
Fin

(3.98)
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As before, the boundary integrals in ( are nonnegative. Application of Young’s inequality
to the term p U - Vp, together with @]) ylelds

/\p\de+T/|Vp|2da:+T/ 1P Uy - v|ds
Q Q [in

02
_TU/ |P|2d$+7/ Vp|* dz.
2 Jo 2 Jo

Assume 7 < min{1,2/C#}. Then (3.99) yields p = 0. O

(3.99)

3.4.2.2 A priori estimates

Lemma 3.4.23. Let 7y be defined as in Lemma |3.4.22} and p,, n = 1, ..., K, be a sequence of
weak solutions defined by (3.90). Set

By —/ﬂpoﬁdw—i—T/A lg* |Uy - v| ds.
Fln

Then, it holds

K K
Lweas [ = tar S| [ piwnevl+ [ 1908] < 5
Q n=1"% n=1 LI 0

forallj =1, ..., K, provided T € (0, 19).
Proof. Choose 1) = p" in (3.90) and rewrite the first term as

— n 1 T n — 77—
(p" =" e =5 [l + 1p" = p" P = 1" (3.100)

The term p"U can be estimated by Young’s inequality [3.A.1} and the boundedness of U by

‘/ anvpn
Q

The integral over I is positive. Indeed, (3.89) shows that n™ — 7"~1 > 0. Due to the assump-
tion n° > 0 in (3:81) and (3.88), it holds: " (x) — n" ! (z) = 0 if p"(z) < 0.

The integral over |p"|? |U, - v| is positive, and the right-hand side can be estimated by

1 1
/4 90" Uy - V| <2/< \gl2|Ub-V|+2/. PP 1T - v, (3.102)
in Fln Fln

Substituting (3.100)), (3.101)) and (3.102) into (3.90) and summing up for n = 1, ..., k yield
3 |10+ z/\p -
z n|2 X n|2
+2Z[/ﬁn|p| v+ [ 196
n=1
1 Tk
32/\p0|2+2/ g* [Uy - v
Q Fln

This proves the lemma. O

CZ
- lle" IILz(mw IV 0™ || 2y - (3.101)
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The assumption that the mass flux g|U}, - v| through the inlet being time independent is used
in the proof of the next lemma.

Lemma 3.4.24. Let 1y be defined as in Lemma |3.4.22| and p,, n = 1, ..., K, be a sequence of
weak solutions of (3.90). Then, there exists a constant By depending only on g, U, and p° such
that

[wotaz [ 10, vlas
[9) I‘in
K
+ZT/
n=1 Q

K
3|1V =V Az |t UL vl ds| < By
n=1 Q

n _ . n—1 2
‘,0/)’ + |Ap™? | dz
T

Tin
forallj =1,..., K, provided T € (0, 19).

Proof. Substitute 1» = p™ — p" ! into (3.90) and use (3.100) with p™ and p"~! replaced by V p"
and V"1, respectively, to obtain

/ A s /(n” —n" (" = o)
Q T
T — —
+ 2/9 [[Vp" [+ [Vp" = Vp" =2 = [Vp" ]
+ ;/ ("2 + 1" = p" 2 = " P Uy - v (3.103)
I‘in
= T/r- g(p" = " HU, - v

+T/Q(p" —p" U - Vp".

The integral over I is positive, because p™(x) > p"~!(z) implies n"(x) > n"~!(x), and
p(x) < p" (x) implies n™(x) = n™ !(x). The last integral can be estimated using (3-83)
and Young’s inequality as follows

T/Q(p" — V" U'

L e (3.104)
< §HP —p HL2(Q)+ 5 Vo™ [ L2 -
Substituting (3.104) into (3.103) and dividing by 7 yields
T pn _ pn—l 2 1 oy . . i
2 )0l 7 T QUVP! + |V = V" P = [V T
1
+ 2/‘ ™12+ 1™ = " P = 1" ] U - v (3.105)
I'in

TC(2]
2

< /F g(0" = P Uy vl + T2 |V 2y
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3.4 The decoupled measurement problem

Remember that g|U}, - v| is assumed to be time independent. Summing up inequality (3.105))
forn = 1,..., k and using By defined in Lemma [3.4.23|to estimate the last term, we obtain

b T
>0

k
1 _ _
+2Z[/’vpn_vpn 1’2+/A ‘pn_pn 1’2‘Ub"/|
n=1 Q rin

pn _pn—l 2

T

1 1 (3.106)
by [19FE 5 [ 1R T v
Q Tin
1 1 C? B
<5 [P [P+ S
2 Jq 2 Jpin 2
+/F, g (0" = ") U, - vl.
Using Young’s inequality in the last term of (3.106) and multiplying by 2, we get
k —12
Z7—/ pn _pn 1
n=1 Q T
k
+Z|:/ ’vpn_vpn1’2+/ |pn_pn71‘2‘Ub.V|
n—1 (9] Tin
(3.107)

1
[ IVeE g [ 1R
Q Fm

3
< [ V0P [ 100w+ G By
Q 2 Tin

+/, 921U - v,

in

To derive an estimate of Ap™, restrict ¢p € D() in the weak form (3.90) to obtain

<Ap";¢>=—/ﬂvpn.v¢d$:/gw[p"—p"1

T

+U-V,0”],

which shows Ap" = (p" — p" 1) /7 + U - Vp" € L*(). If we denote the right-hand side of

by B, then Lemma [3.4.23|yields
k k 0
ZT/Ap"deﬁZZT/ L —
n=1 Q n=1 Q T
forall k =1, ..., K. Inequalities (3.107) and (3.108) prove the lemma. O

The next lemma provides estimates of the approximate solutions in L>°(€2).

Lemma 3.4.25. Let 1y be defined as in Lemma|3.4.22] and p,, n = 1,..., K, be a sequence of
weak solutions defined by (3.90). Set

2
+ CEIVp"|?

n—1

< 2B} +20% By, (3.108)

By 1= max { gl poqemy » (16 ey }
Then, it holds 0 < p"(x) < By foralln =0, ..., K, and almost all x € ().
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Proof. Choose ¢ = f;(p") in (3.90) where f is defined for b > 0 by

%52 if s <0,
fo(s) =40 if0 <s <0,
3(s—b)? ifb<s.

In order to prove the lemma, we will show that b > Bs implies
Hfé(pn)HLg(Q) =0 foralln=1,... K.

Observing that

s if s <0,
fi(s) =<0 if0 < s <b,
s—b ifb<s,

shows that fj, satisfies the hypothesis of Lemma and fi(p") € H'(2) due to Lemmas
3.4.24/ and [3.E.5| Moreover, the following identities holds: Vp™ f](p™) = V fi(p") fi(p") and
V-V f1(p") = |V fi(p™)|? almost everywhere in 2. Thus, f](p") is an admissible testfunction
and we obtain from ((3.90):

/Q (0" — ") f (") + 7 £
+ /F (™ =" f(p™) (3.109)
=7 / =) R Ty v — 7 / R U - VA",
I'in Q

Using Lemma m and the identity 2f;(s) = f/(s)%, s € R, the first term on the left-hand
side of (3.109) can be estimated from below by

/Q(p” — "N = /Q [£(0") = fo(p™ )] = ;/ﬂ (0™ = fi(p" 1% . (3.110)

For the integral over I, it holds

/F (™ = ™) fy(p™) ds > 0. (3.111)

If p"(x) < 0 then n"(z) = n™ (z). If p™(x) > 0 then f](p"(x)) > 0 and n"(z) > n"(z).
The integral over I'™ in (3.109) satisfies

/A (90" f1(p") Uy v <0, forb > [lg] oo riny. (3.112)

Indeed, if f](p"(x)) < 0, then p™(x) < 0 and g(x) — p"(x) > 0. If fj(p"(x)) > 0O, then
p"(x) > b > g(x) and g(z) — p"(z) <O0.
Using (3.83) and Young’s inequality to estimate the last term in yields

2
o [ G113
Q

r [ AUV < 3 [ 19aGE +
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Substituting (3.110), (3.111), (3.112) and (3.113) into (3.109) and dividing by 7 yield

/g}[(i_@) Jo(o") + IV filp 2} <T/|f m (3.114)

By the hypothesis on 7, it holds: 1/7 — C%/2 > 0. Therefore, (3.114) with n = 1 yields:
f,;(pl) = (0 for b > B,. Repeating this argument for n = 2, ..., K proves the lemma. O

To obtain further estimates, define

z) = max p(x), ((x)=H(E (@), xeQ (3.115)

ke{l,..,n}

and note that " can be written as

)= max H(M @) =7 @) + (B @) -7 @) wen

Due to Lemma3.E.6, we have (" € H' (), and it holds
=0 (" (3.116)
The following lemma gives uniform estimates for (" and n".

Lemma 3.4.26. Let ¢, 1o be defined as in Lemma|3.4.22] and p™, n = 1, ..., K, be a sequence
of weak solutions defined by (3.90). Then, there exists a constant Bs depending only on g, U,

and p° such that
+7 / / MGETh
r

IS +Z
forall j =1, ..., K, provided that T € (0, 19).
Proof. Denote G™ := {p" > £"~!} and choose ¢ = £" — "1 in (3.90) to obtain
/Q [(pn o pnfl) (én o énfl) + Tvpn v (gn o gnfl)]
A I G R I G [ (3117

in

ol [ (-6 0.5
The first term can be estimated from below by
/ (" =p" ) (=) 2 / jen et (3.118)
Q Q

Indeed, if x € G", then p"(z) = ¢"(x) and £"(x) — p" () > " (x) — " H(x) > 0. If
x & G", then £"(x) = ¢" (). Similarly, we get for the integral over I'™":

)= e
/, - (f"—&"—l)\Ub-vlz/, & (¢ — ) Uy v
Fln Fln
1

— 3 [ e g +le e ol

C"1 77—"71

< Bj

(3.119)
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Further, Vo™ - V (f" — f”_l) = V¢ -V (5” — 5”_1) almost everywhere in (). Indeed,
V (&" — €™ 1) = 0 almost everywhere in 2\ G", whereas p" = " and Vp" = V™ almost
everywhere in G". Therefore, we obtain

= vV - /vgn — & h (3.120)

.
_ ;/Q [Ive? = Ve 12+ |V (" - f”‘l)ﬂ ‘

To estimate the integral over I' in (3.117)) from below, use (3.115)) and the Lipschitz-continuity
of H to get

Cn _ Cn—l — H(gn) _ H(gn—l) < co (gn o fn_l) . (3'121)
Thus, it holds
n n— n n— 1 n n—112
/(77 - (€ ¢ 1)2/\77 —" (3.122)
r CoJr
To estimate the terms containing U in (3.117), use (3.83)) and apply to obtain
C? 12 1
r/ (- u-vpr <L / Vo™ + / jen — et (3.123)
Q 2 Ja 2 Ja

Substituting (3.118) — (3.123) into (3.117), dividing by 7, summing up for n = 1, ..., k, and
using the assumption that g|U} - v| is time independent, we get

1 k|2 1 n|2
5 |1V g [ oy

k 2
gn é&n 1 / ,r’n _ nn—l
+3°r + — [ "
nz_:l [2/9 T ¢ Jr T
(3.124)
1 n—1y |2 n n—1|2
w3 [V -+ [ e e io, v
2 n— 1 Flﬂ
k_ ¢0 % - 2
< [ o€ =+ LS [ v,
m n:l
Taking into account (3.121) and the inequality |V("| = |H'(£")VE™| < ¢o|VE™], applying

Young’s inequality to the right-hand side of (3.124)), and using the constant By defined in Lemma
BA23 yield
1 1
sz LIV [ e
2]

+ZCO[CO/ Cn Cnl +/F

-
1 n _ ¢n—1 2 n__ n—1|2 .
+2;UQW(§ e+ [l - P u}

C? By
-

n _ ,n—1

Ui
i

Ui

1
<2 [ JPwvl+g [ 0P+
I'in I'in
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3.4 The decoupled measurement problem

This proves the lemma. 0

3.4.2.3 Passage to the limit

Forevery K € N define two kinds of time 1nterp01at10ns of {p"}, {n™},and {¢"}. Let p&, n&, ¢&
be piecewise linear interpolations, whereas p™, 7€, (X are piecewise constant ones. That is

ey = (1-n+ D) @)+ (n- L)) anle =@ @129

ift € (n—1)7,n7], n = 1,..., K, and the functions ng, Cx, 7k, and (x are defined in the same
way. The following lemma shows in which sense the piecewise linear and piecewise constant
interpolations converge to each other.

Lemma 3.4.27. For K — oo the interpolations defined by (3.123) satisfy:
) —0 in L*%),
] —0 in L*Q),
[ (t) =7 (t)] = 0 in L*(),
and the convergence is uniform fort € [0,T]. Moreover
(px — px) — 0 in  L*(0,T; H(Q)).

Proof. Due to Lemma (3.4.24] the following estimate holds true

T
/0 [loxc(8) = iz + Vo (8) = Vorc(8)] 72y |
n n—1 n n—1
O AN | A B N CR R

n=1
2 K
dx + Z/ Vo™ — Vp" 12 d:c] ,
n=1"%

<G w37 [ [P0

where the term on the right-hand side in square brackets is bounded by B;. This proves the last
assertion of the lemma, because 7 = T/ K.

The other assertions of the lemma are obvious for t = 0. For each ¢t € (0,7 and K € N, we
have (ng — 1)7 < t < ngx 7 foracertain ng € {1,..., K'}. And therefore, by (3.125):

nrg—1 ) — oK (1
ok (@, 1) — prc (@, 1)| = (”K_i)”' o >T P ()

)

where 0 < ny — t/7 < 1. Computing the L?(£2)-norm and using Lemma [3.4.24] yield
an—l _ an 2

T

/Q lprc (1) = prc (1) d < rz/

Q
K n—1
>
ST T
n=1

2
S TBlu

Y2
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where B is independent of K and ¢. This proves the first assertion about px and pgr. The
claims concerning (i and (g, and ng and 7 can be shown in a similar way using Lemma

3.4.26linstead of [3.4.24] O
Lemmas [3.4.24]to [3.4.26] imply
10K | Lo (ax0.1)) > 1PK | oo (0,7)) < Bas
1o )ell 2 ax 0,1)) + 1APK N L2250, < Bhs
Vol Lo r129)) + IVPE L0712 (02)) < B (3.126)

1)l L2 0.y » 101l 2oy < Bs:
IVCk L~ o720 - HVC_KHLOO(O,T;LQ(Q)) < Bs.

Moreover, the relation (3.116) and the embedding H'(Q2) C H'/2(99) yield bounds for the
norms

||7IK||L<><>(0,T;H1/2(F)) ) HﬁKHLoo(o,T;Hl/?(F)) :
Therefore, there exist functions

p € H'(0,T; L*(Q)) N L>(0,T; H'(2)) N L=(2 x (0,T)),
ne HY(0,T; L*(Q)) N L>(0,T; H/*(I)), (3.127)
¢ € H'(0,T; L*(Q)) N L®(0, T; H'(Q)) N L>(Q x (0,T)),

and a subsequence { K, }men such that the approximations converge as follows

N L0, T; HY(Q)) N L®(Q x (0,T)),

) N L= (Q < (0,T)),

N L0, T; HY(Q)) N L®(Q x (0,T)),
)N L= % (0,T)),

pK,, — p *—weaklyin H(0,T;L*(Q)
pK, — p *—weaklyin L°°(0,T;H'(Q
(k, — ¢ x—weakly in HI(O T; L*(Q)
(k, — ¢ *—weaklyin L°°(0,T; H(Q

)
)
)
)
Nk, —n s—weaklyin H'(0,T; L*(T)) N L>(0,T; HY/*(I)),

ik, —n *—weaklyin L(0,T; HY*(T)).
(3.128)
Next, show that p and 7 satisfy (3.86). The equations (3.87), (3:88)), under accounting for

estimates (3.126)), yield:

(px)t +U - Vpg = Apk in (2 x (0, 7)),
0y prc = (0K )e in L2(0, T HVA(I)),
_ _ ) . 2 —1/2 pin
vpr = (P = gUp-w| in LTS HTAT), (3.129)
— 0y pr =0 in L2(0, T; H~Y2(0Q \ [T UT™))),

Nk (x,t) = A(pk(x,-))(t) foraa. (z,t) € I' x (0,7),
(i (x,t) = Alpx(z, ) (1) fora.a. (x,t) € Q x (0,7),
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3.4 The decoupled measurement problem

and, due to (3.116), it holds
ik =70Ck  in L=(0,T; HYA(I)). (3.130)

In the weak form, (3.129)) reads (p™ are defined by (3.90)):

/OT/Q[(PK)t+U-VﬁK]1/dedt+/0T/QvﬁK.vwdxdt

T T
+/ /(T]K)twdsdt—i—/ / pr YUy - v|dsdt (3.131)
/ / g U|U, - v| dsdt

for all v € L2(0,T; HY(Q
The passage to the 11m1t W1th respect to subsequences in (3.129), (3.130) and (3.137)) yields

pe+U-Vp=2»7Ap in L*(Q x (0,T)),
—Oup = in L2(0, T; H~Y/2(I)),
~0up=(p—g)|Up-v| inL*0,T;H'*T™M), (3.132)
—dup =0 in L*(0, T; H-Y2(0Q \ [T UT™)),
n = v0C in L>°(0, T; H/?(I"))

so that p and 7 satisfy the weak form (3.86).

Lemma 3.4.28. Let p and ¢ be the limits in (3.127), (3.128). Then the following equality holds
() = Alpla, )1 (3.133)

Sfor almost all (x,t) € Q x (0,T).

Proof. First, we proof that there exist subsequences, again denoted by {(x,, }, {Cx,, }» which
satisfy:

(K, — € inC(0,T; H'=¢(Q)),
Ck,, — Alp) in C(0,T; L*(Q)), (3.134)
(K, (1) — A(p)(t) in L2(Q),  uniformly for ¢ € [0, 7).

Due to the estimates from and Theorem[3.F.2] applied with X = H'(Q), B = H'~¢(),
and Y = L%(Q), there exists a subsequence of ((k, ) that convergences in C(0,T; H'=¢(12)).
By (3.128)), the limit equals ¢, which proves the first assertion of (3.134).

The second assertion can be shown almost in the same way as in [63, IX.1]. Note that the
following embedding is true:

HY (2 x (0,T)) cC L*(Q;C[0,T)).
Therefore, a subsequence, again denoted by pg,, satisfies

pK,, — p  inL2(Q;C[0,T)) (3.135)
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so that pg,, (x,-) — p(z,-) in C[0, T'] for almost all = € (2.

Similar to the proof of Lemma fix an arbitrary ¢ € (0,7] and set 7 := T//K. Then,
there exists an integer n € {1, ..., K} such that (n — 1)7 < t < n7. From (3.113)), the definition
of A, and the convergence (3.133)), it follows

(k. (2, 8) — Alp(z, ) (1)] = max H(pk,,(x,s)) — max H(p(z,s))

S CO maX‘pK'm <x7s) - p(x73>‘
s<t
< co [P, (@, ) = p(; )l o1

for almost all z € 2, where ¢y = max dH (s)/ds. Computing the L?(£2)-norm of the both sides
of the previous relation yields

/Q Chin (@,8) — Alp(@, ) (O da < Bllox,, (@) — pla, ) 220,011

where the right-hand side tends to zero independently of ¢ because of (3.135). This proves the
second assertion of (3.134).

The third assertion is a consequence of the second one and Lemma

It is easy to see that the first and second assertions of (3.134) prove the claim of the lemma. [

To proof the existence of solutions to (3.81), it is necessary to establish that 7 = A(vp) (see
(3.83)). This relation is the consequence of Lemma [3.4.28 and the results of the next section
where the commutativity of A and -y is established.

3.4.2.4 Representation of the trace

We have already shown that p and 7 are related by the identity n = ~0.A(p) (see (3.132)) and
(3.133))). However, to show the existence of solutions to problem (3.81])) in the sense of Definition
[3.4.19] the identity (3.85) has to be established. This identity is also important for the proof of
the uniqueness of (p, 1) using Hilpert’s inequality, see Section

To proof of (3.85)), we use regularity results for solutions of elliptic problems in Lipschitz
domains (see Theorem [3.4.29) and an anisotropic embedding (see Theorem [3.4.34)) that ensures
certain continuity properties of p(x,y, z,t) in the variables (z,t), if N = 3. The following
theorem deals with the regularity of solutions to elliptic problems in Lipschitz domains.

Theorem 3.4.29 ([52, Theorem 4]). Let ) be a Lipschitz bounded open set, let v be the exterior
unit normal to its boundary, and let A(x) be symmetric matrices with measurable coefficients
satisfying
Jo, >0 1 alg)’ < A@)E-E < plé?, VEERN, forae e,
L >0 : |A(x) — A(y)| < Lz —y|, VYa,yec.
Iff € L2(Q) and g € H-Y235(0Q), s € (—1/2,1/2), then the non-homogeneous Neumann

problem:
—div A(x)Vu(x) + Au= f(x) inQ,

Op, u(x) =g(x) on 0,

(with A > 0 and v 4 = Av) admits a unique solution u € H'*5(Q).
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3.4 The decoupled measurement problem

Let us note that the proof Theorem [3.4.29 given in [52] yields the following bound for the

H'Y(Q)-norm of w: [[ull gravs () < CUIf 20 + N9l 17215 00))-
The result of this section is formulated in the following lemma.

Lemma 3.4.30. The limits p and n from (3.128) satisfy identity (3.85). Moreover it holds:
p € L*(0,T; H3?7<(Q)) for any € > 0.

Proof. The proof of the lemma is divided into the following three steps:
1. Show p € L?(0,T; H3/>=¢(Q)), for any € > 0.
2. Show p € LI((0,X) x (0,Y); C([0,Z] x [0,T7])), provided that  contains the cube
(0,X) x (0,Y) x (0,Z) where X, Y and Z are positive numbers.

3. Deduce (3.85).

Implementation of Step 1. Remember that {2 is supposed to be a Lipschitz domain. Thus,
Theorem [3.4.29|is applicable to elliptic problems in 2. For almost all ¢ € (0,7) and any A > 0,
the function p(t) is a solution of the following non-homogeneous Neumann problem

—Au+du=f:=—p(t) = U -Vp(t) + Mp(t) inQ,

(3.136)
dpu = q on 02,

where the boundary function ¢ is given by

ne(x,t) xel,
q(x) = q (9(x) — p(z,1)) [Up(x) -v| xel™,
0 x €N\ (Tulm),

By the regularity of p and 7 given in (3.127), it holds ¢ € L?(0,T; L?(0S2)). Moreover, the
regularity of p and the properties of U (see (3.83)), imply f € L?(0,T; L?(2)). Thus, Theorem
[3.4.29] can be applied to problem (3.136) with s = 1/2 — ¢ and yields p(t) = u € H3/27¢() for
almost all ¢ € (0, 7). Due to the regularity of ¢ and f, it holds p € L?(0,T; H3/?>~¢(Q)). This
completes the proof of Step 1.

Implementation of Step 2. Let ) contain a cube of the form (0, X) x (0,Y) x (0,Z) where
X, Y, Z are positive numbers. In order to apply Theorem [3.4.34] we have to find some p > 2
such that p,, € LP(Q2 x (0,7)) holds. By (3.127) and the following embedding

6 Je
HY2¢(Q) ¢ LP(Q = =3¢ = 3.137
() C LP(9), P1 31202 €, € =10 ( )
we obtain
pz, € L2(0,T;5 LP(Q)) N L*(0, T; L*(<2)) (3.138)

for¢ =1, ..., N. Thus, Holder’s inequality yields the following estimate

T 1/p T 1/(3—p) (3—p)/2
[ o] = ()]
0 Q 0 Q
T 1/ (p-1)] P/
| [ ([ o)
0 o
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for p > 1. Therefore, (3.138)) with p; = 2(p — 1) yields

5 /
pr €LM(QX (0,T)),  p=35-73. (3.139)
Taking into account the regularity of p given by (3.127) and (3.139), and applying Theorem
[3.4.34] we obtain
2 2
pe LX) x 0); (0.2 0.7)), it p<q< PFD 30
-Dp
Note that such ¢ exist for sufficiently small e because of inequality (3.166) and because p > 2
for €’ € (0,1), see (3.139) and (3.137). This completes the proof of Step 2.

Implementation of Step 3. Let X, Y, and Z be the numbers from the previous step, and let us
assume for simplicity that I' = (0, X) x (0,Y) x {0}. Denote by 'y = (0,X) x (0,Y)
the projection of I" onto the hyperplane {x : zxy = 0}, then (3.140) can be rewritten as
pe LY n; C([0,Z] x [0,T])). According to [2| A 6.6] the trace o u on I' of function u €
H'(Q) is defined by

Yo u(x) = Z£%1+u(w +zen),

and it is shown that [ [0 u(x) — u(z + z ey)|*ds — 0.
Remember that 7 = ~p.A(p) is already shown. Therefore, n = A(vo p) is proved if we can
show that
|A(p(z,y,0,:))(t) — Alp(z,y, z,-))(t)] = 0 as z — 0+ (3.141)

for all t € [0,7] with A(p)(t) € H'(Q) and for almost all (z,3) € T'y. Suppose N = 3.
For almost all (z,y) € I'y, the function p(z,v, 2, s) is continuous in the variables (z, s) (see
(3.140)). Thus, it is uniformly continuous on compact sets of the form (z, s) € [0, Z] x [0,T].
Fix an arbitrary ¢ for which A(p)(t) € H' (). Then, for almost all (z,y) € 'V, the following
estimate holds true

|A(P($7y7 07 ))(t) - A(P(%y, 2, ))(t)| = mg‘txp(x7y707 S) - mgfﬂ(l”ya 2, S)
= = (3.142)

S max‘p<m7y7078) - 9(377?47273)’ .
s<t

The right-hand side of (3.142) tends to zero as z — 0+ due to the uniform continuity of
p(x,y,-, ). Thus, (3.141) holds, and we obtain v0.A(p)(t) = A(y0 p)(t) for almostall t € (0, 7).
Finally, taking into account the last equation in (3.132)) and Lemma [3.4.28] we obtain the follow-
ing equalities

n(t) =0 ¢(t) =70 Alp)(t) = Al p)(2)
for almost all ¢t € (0, 7). This completes the proof of Step 3. O

3.4.2.5 Uniqueness

To complete the proof of Theorem [3.4.21] it remains to show the uniqueness of solutions to
problem (3.81) if the velocity field U satisfies (3.84). To this end, Hilpert’s inequality (see
Theorem [3.C.1)) is used. The following remark provides some preparations.
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3.4 The decoupled measurement problem

Remark 3.4.31. 1. Note that the functions ; and v, (see Section[3.C)) corresponding to the
hysteresis operator A (see (3.82)) and Figure[2.5.3) are given by

Y, v : R—[0,1], m(s) =1, Y (s) = H(s).
These functions satisfy the conditions (3.173).

2. Theorem[3.C1|is not directly applicable because the regularity of p given by (3127) and
Lemma does not imply a boundary regularity of the form: p(x,-) € W11(0,7)
a.e. in I'. However, note that the proof of Theorem given in [63] is based on the
following property: o € WHL(0,T) implies € = E(a, ) € WH(0, T), where € denotes
a play operator under consideration. The proof remains correct without changes if the
assumption (o;, %) € WH[0,T] x R, i = 1,2 is replaced by the following assumption:

(0i, €2, &) €C[0,T] x R x WH(0,T), where ¢; = E(0i, ) (i =1,2). (3.143)

Let us show that the functions p and 1 satisfy (3.143) almost everywhere in T'. It holds:
n=A(yp) € L*(T; H'(0,T)) due to Lemma and the regularity of m given in
(3127). Thus, we obtain A(p(zx,-)) € WEL(0,T) for almost all x € T. Moreover; the
regularity result (3.140) implies that p(x,-) € C([0,T]) for almost all x € T. Conse-
quently, the requirement (3.143) is satisfied almost everywhere in T if (oy, €;, £) is re-
placed by (p;(x,-), ni(x,-), A), 1 =1,2.

3. To apply Hilpert’s inequality, terms of the form ¢ U - V1) have to be integrated by parts.
If ¢, v € HY(Q), and U satisfies (3.83)), estimate the H'(Q)N -norm of ¢ U, then use the
weak Gaussian Theorem

By (383), it holds: ¢U € L*(Q)N. To show that V(¢ U) € L2(Q)N*N, let U be an
arbitrary component of U. The product rule yields V(¢ U) = UVo + ¢ VU € L1(R).
Due to (3.83) and the embedding H'/?t<(Q)N < L3(Q), N = 3, we have VU(t) €
L3(Q), t € [0,T). Accounting for (3.83) and using Holder’s inequality, the following
estimates show that V(¢ U) € L?(Q)N:

fwovep=ct [[wor. [ 10VUP <l IV
Therefore, Theorem yields
[ev-vus [ ouivivi= [ vloavU+U-Val+ [ oulU, vl

by the properties of U on the boundary (see (3.83)).
The following lemma states the result of this section.

Lemma 3.4.32. Let the velocity field U satisfy (3.84). Then, the limits p and 1 given by (3.128)
are unique weak solutions of problem (3.81).

Proof. Let (pi, mi), ¢ = 1,2, be two solutions to problem (3.81). Define p := p; — p2 and
7 :=n1 — n2. By (3.86), p, 7 satisfy the following integral identity

/OT/Q[PtvLU-VP]Q/)+/OT/QVp-VQ/)+/OT/F77t1/)+/OT/mp¢|Ub.V|:0
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forany v € L?(0,T; H'(Q2)). Integrate the term ¢) U - V 5 by parts (see Remark[3.4.31) to obtain

/OT/Q[ﬁtww-W]+/OT/FW+/OT/WM\Ub-v|

, (3.144)
:/ /[¢pdivU+pU-V¢].
0 Q

For M C R denote the characteristic function of M by xs. In (3.144)), choose ) = g.,,, where
qm(wa T) = Hgn(ﬁ(ma T)) ) X[O,t](T)a le (07T] and

0, ifs<0,
H'(s):==qms, if0<s<1/m,
1, ifs>1/m.
Note that H"*(s) = 1—(m st — 1)~ so that H™(p) is an admissible testfunction due to Lemma
3.E.6

The terms in (3.144)) are estimated separately. The second summand under the first integral on
the left-hand side can be estimated from below as follows

|99 Vawde = [ (@Y (5) 195 da > 0. (3.145)
Q Q

The integral over I'°"* in (3.144) is positive due to (3.83). To estimate the term containing the
divergence, use the relation H"(p)-p < p ™ and the assumptions on div U to obtain the estimate

t
< Cy / / ptdadr. (3.146)
0 JQ

To estimate the last term on the right-hand side of (3.144)) define

p-H"(p)-divU daedr
Q

My, = {(®,7) € 2% (0,t) : 0< p(x,7) <m'},

then, VH?"(p) = 0in [Q x (0,T)] \ M,,. Using Young’s inequality yields the estimate

,0 U -VH(p)dedr| =

‘/ pU - (HM)(p) - Vpdadr

(3.147)
—+ 1 m\/ (= ~12
<=L / pt dudr + - / (H) (p) V5] dadr,

because 0 < p(x,t) < m~! on M, so that p(x,t) - (H™)'(p(x,t)) < 1.
Substituting (3.143), (3.146)), and (3.147) into (3.144)) yields the inequality

/t[/ ()dm+/nth( ds}d7+ // p) |Vp|? dedr
<c// 5 dedr
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for C' = CIQJ /2 + C{;. The passage to the limit as m — oo yields:

t t
/ [/ ptqda:+/77tqd3] dr < C/ /p+dinT, (3.148)
0 Q r 0 JQ

where ¢ € H.(p) is a function such that H"(p) — g a.e. in Q x (0,7) anda.einI" x (0,7).
By (3127), it holds 7 € L?*(I'; H*(0,T)). Thus, the second term on the left-hand side of
(3.148) can be estimated from below using Theorem [3.C.1] It holds

677 (mvt) 6’7](%,15)
< xr
Ot = Ot Q( 7t)>

a.e.in (0,7) (3.149)

for almost all € T'. Since p° = 0 and 7 = 0, substituting (3.149) into (3.148) yields

t
/p+(t)dw+/n+(t)dsgc/ /erd:BdT.
Q r 0 JQ

Due to (3.173)), itholds p ™ = 0 and 7+ = 0. By interchanging the indices 1 and 2, we conclude
that p = 0 and 7 = 0. O

To complete the proof of Theorem [3.4.21] it remains to prove the embedding used in Section

[3.4.2.4to obtain the regularity given in (3.140).

3.4.2.6 An anisotropic embedding

This section is devoted to the anisotropic embedding theorem used in Section [3.4.2.4]to establish
the relation (3.85). The embedding (see Theorem[3.4.34) and the method of proof presented here
were communicated to me by Pavel Krej¢i.

Throughout this section, assume that z*, y*, z*, t* > 0 are given, set X := (0, z*) and
X' := (—x*, 2x*), and define the intervals Y, Z, T, Y', Z’, and T" analogously. Introduce the
following notation:

Q=X XY xZxT,

Q =X'"xY'x7Z'xT,

z = (z,y,2,t) = (21,22, T3, T4),
A= (A1, A2, A3, \q),

Al = A1+ A2+ A3+ Ayg,

bY z1 Z2 3 Tq
L0 = N R ghs’ oha )0
ol o2 o3 oM

o> 0,
1/p
1@, s e = [ [ sy zor dzdt] |
ZxT

with obvious changes if p = co. The following definition introduces the considered function
spaces.
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Definition 3.4.33. For p > 1 define the following function spaces:
Vi=V2Q):={ueLl'(Q) : w € L*Q), Diuc LP(Q), i=1,2,3},
W:=WPQ):=LP (X xY;C(ZxT)),

endowed with the norms

3
lallyagoy = lull, g + el g + 3 1Dsail, g -
=1

lulhsia) = Ity 2.0 er | -

The norms in V?(R*) and WP?(R*) will simply be denoted by |||/, and ||-|;;», respectively.
The proof Theorem is based on a prolongation operator E, : VP(Q) — VP(R?) that is
continuous in the norm given by Definition To construct £, fix aball B C R* such that
@ C B, and define V}, to be the subset of V?(R*) consisting of all functions vanishing outside
of B. Define W}, analogously. The operator E, can be constructed similar to [9, Chapter 2,
§3.6]. For a given u € VP(Q), define the prolongation u; of u onto the set X' x Y x Z x T by
reflection at the hyperplanes {z = 0} and {z = z*}. We obtain

u(r,y,z,1) ifzeX,
Ul(w,y,Z,t) = u(—x,y,z,t) ifx € (—$*, 0)7
u(z* — (x — x*),y,z,t) ifx e (z*, 22%).

In the same way, the function us can be defined as the extension of 11 onto X’ x Y’ x Z x T.
Proceeding in this way, yields a function us € VP(Q") with [Jusllyp g < 34 [ully»(q)- Fixa
smooth cutoff function ¢ € D(R*) satisfying ((x) = 1ifz € Q, and ((z) = 0ifx € BN Q'
Define the operator E, by E, u := ¢ - us. Then E, u € V} and, due to the choice of ¢, it holds:

1Byl g < 3" lully g
IDi(Ey Wl ga < l[ua Diclly, s + 1€ Dol s (3.150)
< 8 iClles ety (1l + 1 Divll, )

Let us consider the case p € [2,4]. Since @ is bounded, Poincare’s inequality (see for example
[9, Chapter 1, Theorem 1.3]) yields

lully,q < (I, g+ 1Diull, o)
%

so that we obtain u € H*(Q) — L*(Q), N = 4. Thus, inequalities (3.150) yield
1By ullys < cp lullyoigy.  for p e [2.4]. G.151)

In the same way, a prolongation operator E,, : WP(Q) — W}, can be defined.
The following theorem gives the result of this section.
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Theorem 3.4.34. Let p € (2,4]. If q satisfies the following inequalities
4+ 2p
6—p’
then the embedding VP (Q) CC W9(Q) is compact.
The proof of Theorem [3.4.34]is divided into the following steps:

1. Definition of approximations u°.

p<gq<

2. Estimation of the difference u® — u® of approximations in the W%(Q)-norm.
3. Proof of the continuity of the embedding V?(Q) — W9(Q).

4. Proof of the compactness of the embedding V(@) CC W9(Q).

Implementation of Step ' definition of approximations. For a given u € VP(Q) denote the
prolongation F, u by u.. Define the approximations u” (¢ > 0) of u as follows:

u’(x) = o~ » o ((a: —'): O’A) - uy(2')da’

o o o o (3.152)
R4

oM ’ o2 ’ o3 ’ oM

> cug (') dof) ... dad

where ¢ € D(R?*) is a fixed positive smoothing function with | ¢ dx = 1. The derivative of u”

with respect to o is given by the following identity:
ou’

Ge = [ o (@=a) ) e aa

+o M [ 3 D0 (=2 oY) (- )N @) e sy,

— /R4 Z(—Ai)U*IAIfl uy (') - [gj) ((:,3 _ 2 Ux) ' Db xla—Am;] .

Using the product rule, the following computation yields an expression for the terms in square

brackets of (3.153):
0 [z —
B |:U/\i ) ((:c — :L'/) : 0A>:|

x; —

_ o g ((m Y UA) 4 — - D; ((w —x'): o'>‘) . (—o'_)\i>
— ;1 : [(Zﬁ + xiazimé ‘Dz¢] :

o
Thus, the identity (3.153) can be rewritten as follows

/

ou? i _ -1 T —
o = Z)\ia 1=+ /R4 U*(Q’,) : [¢+Di¢' i }dm'

o

o
_ Z)" o 1A+ / () - O Jmi— 7] o) ((;1: —x'): 0)‘> de’  (3.154)
p ! R4 * ax; O')‘i ) )
=— Z Ao I / P, ((m —'): O)‘) - D; uy(2")da’,
i R
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where ®;(y) = y; ¢(y).
Let u® and u¥ be two approximations, 0 < o < 3 < 1. Using identity (3.154), we obtain the
following estimate for the difference u” — u® of two approximations:

4
(@) —ut(@)] < 37 N Ti(a), (3.155)
=1
where
3
Ti(z) = / oA / P;((z — ) 0)‘)‘ | Dj uy(2')] da’ do, (3.156)
o R4
forte=1,...,4.

Implementation of Step 2} estimate for the difference of approximations. To indicate the order
of integration, we use the following notation:

/dt:/dt or /dt’:/dt’.
Ry R Ry R

A similar notation is used when integrating over x, y, z, 2’, ¥, or 2’. The following lemma
gives estimates of the TW9-norm of the difference u® — u® in terms of the VP-norm of a given
u € VP(Q) and certain p, g > 1.

Lemma 3.4.35. Assume 3 > «a > 0 and p € (2,4, and let q satisfy the inequalities

442
p<qg< P
p

= 6_

Then, the following estimate holds

We < Cpg - (8" —a") ”u*HVP

|0~
forallu € VP(Q), where

1 p+2 (2 3
=z Z_2)>o,
" 2+5p—6<q 2>

3
p+2
O = 5= 2 1l .z,

)]
o ([ .

and
1 1 1 1 1

1

—=1+-—-, -—=-+-.

T q p s 2 q
Proof. Estimate the W9-norm of the integrals Z; appearing in (3.155). To this end, set p; =
p, i = 1,2,3, and p; = 2, and estimate the integrand in (3.156) in the following way. Apply
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3.4 The decoupled measurement problem

Holder’s inequality in the variables 2’ and ¢/, and substitute y; = 2; /0 to obtain

o 1A+
R4
ol )\|+)\/ /
z J Ry

X HD’L U (33 3 y7 B ) i, Ry xRy

o 1A+ (A3 /pg) +(Xa /p7) / /
z JRy

Pi((x—a'): a’\)‘ | D i (2")| de’

x—a y—y - .
oM gl gl g

dy’ da’

P}, Rz xRy

r—a y—y
O'Al ] O'AQ b) b)

P}, R xRy
X HDl U (a: TS ) pi.Ro xRy dy’ dz’.
Therefore, the C(R, x R;)-norm of Z;(x, y, -, -) can be estimated as follows
&)
1 AN (As /P (e /P
L L
(e}
r—x y—1 >
X (I)’L ( ) y Ty T 3.157
/I /Ry oM o2 P, Ro xR (3.157)
X HDZ Uy (m’, T ) pi7RzXRt:| dy’ dz’ do

Due to Minkowski’s inequality, we obtain the following estimate of the W 9-norm of Z;:

v = 1T oo,

3
é/ o~ 1= XX+ (s /p))+ (/)
[0

r—x y—y
Rz xRy Rz xRy

q 1/q
X HDZ Us (:U’, T ) da’ dy’} dx dy} do.

(3.158)

P}, Rz xRy

Py Rz xRy

Note that the curly braces represent the L¢(R, x R,)-norm of a convolution. Apply Young’s

inequality for convolutions in (3.158)) with
1 1 1
—+—=1+-, (3.159)
pi T q

to obtain the following estimate

6 / /
1 Zillye < / o1 (a/p))+ (M /9
(0%

NDi ull, g do
i, Re xRy (3.160)
B
<o / o LA Qs /) OB+ fri)+ O /1) 4

(o)‘17 o2’ )Hp;,szRt

oy (RS P

Ti, Ry XRy
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Remember that p; = p (¢ = 1,2,3) and py = 2, so that ry = o = r3 = r and ry = s, where
r and s are defined in the lemma. The requirement r, s > 1 and the identity (3.159) yield the
following lower bound for ¢:

q > max{p, 2}. (3.161)

The integral on the right-hand side of (3.160) remains bounded for arbitrary 5 > « > 0, if the

exponents of o are greater than —1 for ¢ = 1,...,4. Equalize the exponents for7 = 1,...,4 to
obtain

A A A A A A A A
0</<J::)\1+—?+—jl+—1+—2_|)\|:)\2+7z/”+7‘/*+71_|_72_|)\‘
p p r r P p T T

A A A A A A A A
R A N R s R Y
P P r T 2 2 S s

(3.162)

The first two equations in (3.162)) imply the relations
/\1:)\2:)\3 = /\7 )\4 = W, and ’A’:?))\-i-u.

Thus, the last equation in (3.162)) yields

1 1 2 2 31
e T e 1
)\<2+p,+r 8> u<2 p,) (3.163)

Substituting 1/p" = 1 — 1/p and the identities for 1/r and 1/s given in the lemma into (3.163)
yields
A(Bp—6) =p(p+2).

Choosing 1 = 1 and using (3.162) yield the identities

p+2 1 2 3
\ = d =—4+A[=Z—=]). 3.164
50— 6 an K 2+ (q 2> (3.164)

Moreover, the inequality of (3.162) holds, if ¢ satisfies the inequality

2(p + 2)

. 3.165
i (3.165)

q<

Combining the lower and upper bounds of ¢ given by (3.161)) and (3.163)), we obtain the follow-
ing inequality for p:

2(p+ 2
< M, which holds for ~ p € (2, 6). (3.166)

6—p
Due to (3.162)), the integral on the right-hand side of (3.160) satisfies the relations

s
o</ o ldo = 3% — o < ¥, for /> a>0. (3.167)

The lemma follows from (3-161), (3:163), (3-163), (3-166) and (3.167). O

Implementation of Step[3} continuity of the embedding. The next lemma ensures that W4(Q) C
VP(Q) with continuous injection if p and ¢ satisfy the requirements of Lemma [3.4.35
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3.4 The decoupled measurement problem

Lemma 3.4.36. Let p € (2,4]. If q satisfies the inequalities

4+ 2p

<g< ,
PSq< g

then the embedding W1(Q) — VP(Q) is continuous. The following estimate
§
[tsllpe < Cqo® lJuslly gs + 0™ [lully»

holds for all u € VP(Q) and o > 0, where

2\
) 5:_|A‘+77
q

G=|
q |’¢HOO,RZ><R,5 q,RxXRy

A and k are defined by (3.164), and A = (A, \, A, 1).

Proof. In the definition (3.152) of u“, apply Holder’s inequality in the varialbles 2’ and ¢’ to

obtain the estimate
r—1 y—y
(b b ) b s Ty T
o o o0, R, xRy

N COEARD] LS

Hua(q}: Y, ')”oo,]szRt < U_‘Al
Ry xRy

Computing the LY(R, x R, )-norm of both sides and applying Young’s inequality for convolu-
tions yield

(3.168)

5
[u e <0 - H||¢Hoo,szRt : HHU*HLszRt

0, Re xRy 1,Re xRy

where 6. = —|Al + %. Applying the triangle inequality, inequality (3.168)), and Lemma [3.4.35
we obtain the estimate

1)
||U”W4(Q) < fusllwa < ullwa + 1u7 = uillye < Cqo ||U*||1,]R4 + Cpq 0" |lusllys

for o > 0. O

Implementation of Step [l compactness of the embedding. The proof of Theorem [3.4.34] is
complete, if we show that every bounded subset M C VP(Q) is precompact in W9(Q), that is,

Ve>0 Juy,...,up Yu € M Fke{l, - n}  flu—ullyqq) <e

To this end, let € > 0, p and g satisfy the requirements of Lemma([3.4.36] and M be a bounded
subset of VP(Q). Fix o € (0, 1) such that the following inequality holds:

€
lue — w7 |lyyrg < Cpg o™ ||uxllyr < 1 Yu € M, (3.169)

where the constants C, and r are defined by Lemma [3.4.35
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Set M, := {u” : uw € M} and remember that u, = E,u € V} by the construction of the
prolongation operator £,. Thus, the definition (3.152)) of u” implies the relation supp u? C By,
where By := B + supp ¢.

The set M, is bounded in C*(B,) and therefore pre-compact in C°(B,) by the Theorem of
Arzela-Ascoli. Thus, there exist uy, ..., u, € M such that

€

Vue M Jke{l,...,n} Ve € By : ||u® —uf < —
(1ooeoonh ¥ € By W il <

00, By (3.170)

where | P, , By| is the two dimensional measure of the projection of B onto the x, y-plane. Let
u € M. Due to inequality (3.169) and property (3.170), there exists k € {1,...,n} such that

€

2 (3.171)

1w — uf lypra < llus — v |lyprg + [[u7 = ufllyye <

Set My = {u € M : |lux —uf|l,q <€/2},k=1,...,n,andJ = {k € {1,...,n}: M} # 0}.
For every k € J fix one representative iy € Mj,. Due to (3.171)), the following estimates

[ =k llwaiq) < lus = @hullyya < llus = ufllye + U = Grellye <€

hold for every u € My. Moreover, we have M = | .. ; M} by (3.170) and (3.171). The proof
of Theorem 3.4.34]is complete.

This finishes the proof of Theorem [3.4.21] and the consideration of the evolution of the par-
ticle density. The consequences of Theorems [3.4.4] and [3.4.21| for the decoupled measurement
problem are given in Theorem [3.4.1] Results from the literature are given in the appendix.
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3.A Elementary inequalities

Theorem 3.A.1 (Young’s inequality, see [47, Formula 1.1.4]). Let ¢,y € RY, p > 1 and
pl4+q =1, then

N N 1
Skl <3 el S

J=1 Jj=1

Theorem 3.A.2 (Holder’s inequaltity). Let 1 < p < co and p~t + q~! = 1 (with the convention
00! =0). Let (2, 2, 11) be a measurespace, f € LP(S)), and g € LI(Q). Then f - g € L(2)

and y y
P q
d Pq 7d .
/Qlfg! ué[/ﬂ!f\ 4 [/Q|g| 4

Proof. See 65, Theorem 1.1.10] O

Theorem 3.A.3 (Minkowski’s inequaltity). Assume 1 < p < oo and let (X2, 3, p) be measure
space, and f and g be measurable functions on Q with range in [0, cc|. Then

foesral "< [fro] "+ o]

Proof. See [51, Theorem 3.5] or [27, 198]. O
Theorem 3.A.4 (Generalized Minkowski’s inequality). In analogy to Theorem it holds for
1<p<oor:
1/p 1/p
[ 1t@aw] wal " < [[[ieorow] e
Proof. See [27, 202] or [51), Chapter 8, Excercise 16]. ]

Lemma 3.A.5 (See [8]). Let f : R — R be a C* function such that f' does not decrease. Then

fe) = £(8) < Fla)a—B)  foralla,B €R.

3.B Gronwall type inequalities

Lemma 3.B.1 ([18] 8.2.29 Lemmal). Let us assume that h is continuous, r is integrable in [a, ],
h,r > 0in [a,b], and that y is continuous in [a, b] and satisfies the inequality

y(®) §h(t)+/tr(s)y(s) ds Ve[,

Then

y(t) < h(t) + / 1 (3) h(s) exp ( / ") d7> ds,  telfab].

103



3 Theoretical investigations

Lemma (3.B.1| will mainly be used in one of the following forms. By direct computation one
verifies

y(®) < [Ihllzeo oy - exp (I7ll () - (3.172)
Assume now that z is a non-negative real-valued function on [a, b], and the inequality

t
)+ 20 < h(t) + [ r(s)y(s)ds
a
holds for all ¢ € [a, b]. Then, y satisfies[3.172] and we obtain the following inequality
y(t) + 2(t) < [[Pllzeo(ap) [1+ 17l L1 (ap) exp (171121 ()] - (3.173)

The next lemma and the method of proof were communicated to me by Pavel Krej¢i. For
different Gronwall type inequalities, we refer to papers [48 49].
Lemma 3.B.2. Let f and u be real-valued nonnegative functions defined fort > 0 and let p > 1
be a constant. Assume f € L}, .(0,00), u € L5 (0,00), and that the inequality

loc

<C+/f

holds true for all t > 0, where C > 0 is a constant. Then

1/(p—1)
u(t)g[c<P1/P+ /f ] .

forallt > 0.
Proof. Define the function
t 1/p
<C + / f(s)u(s) ds) .
0

Then g is absolutely continuous, g(t) > u(t), and it holds

d g? _ .

S 1) = por (1)3(0) = (1) u(t) < F(0)9(0).

Since p — 2 > —1, we obtain

Lo < Lo 0+ [ s

p—1
This inequality and the relation u(t) < g(t), t > 0, prove the lemma. O

We derive an inequality similar to (3.173). Assume u satisfies

U2 V4 02 t S)uls S
(1) + 2(t) < +2/0f<> (s)d

for a nonnegative function z. Then, Lemma yields

() + (1) < 02+2c/0tf(s)ds+2 (/Otf(s)ds>2

< +2eTY? | fllr20m) +27 ||f||%2(O,T)
<2 +3T || fllZ20.m):

(3.174)

provided that f is square integrable over (0,7") for 7' > ¢.
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3.C Hilpert’s inequality

The contents of this section is taken from [63], II1.2]. Denote by H. the Heaviside graph:

{0} ifs<0,
H.(s):=<10,1] ifs=0,
{1} ifs>0,

and introduce generalized plays as follows. Assume that two functions ~y; and -, are given with
Y, Yt R — [—00, 0] continuous and nondecreasing, with Y < Y. (3.175)

For o € Rset J(0) = [y-(0), vi(c)], and denote by I, the indicator function of .J(o). The
generalized play corresponds to the inclusion

¢ € =01 (5 (e),
which is equivalent to the variational inequality
e € J(o), éle—v) <0, Yo € J(o).
For generalized plays the relation o — € can be expressed in the form
e(t) = [E(o, M)  in[0,T], (3.176)

where £ is a hysteresis operator. In (3.176) o denotes a function 7 — o (7).
Hilpert’s inequality is formulated in the following theorem.

Theorem 3.C.1 ([63, Theorem I11.2.6]). Let (0;,¢°) € WH(0,T) x R (i = 1,2), and
h : [0,T] — R be a measurable function such that h € H.(o1 — o02) a.e. in (0,T). Set
€ = E(0i,€), €:= €1 — 3. Then

de d

—h>—(e* :
dth_dt(e ) a.e. in (0,T")

3.D Convergence theorems

Definition 3.D.1 (Weak convergence.). Let X be a Banach space, and denote its dual by X'

1. A sequence {xy}ren converges weakly to x € X as k — oo (xy, — x) if
<xk; :c'> — <x; x/> forallz' € X'.
2. A sequence {x}, }ren converges weakly to x' € X' as k — oo (z}, = a') if
<x;x§€>—><x;z'> forallxz € X.

3. Aset M C X (resp. X')is weakly (resp. x-weakly) sequentially compact if every sequence
in M has a weakly (resp. x-weakly) convergent subsequence whose weak (resp. *-weak)
limit lies in M.
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Remark 3.D.2 ([2] 6.3]). 1. The weak (resp. x-weak) limit of a sequence is unique.
2. Strong convergence implies weak or x-weak convergence.
3. ) = o in X implies ||2'|| < liminfy_ o ||27,].
4. xp — xin X implies ||z|| < liminfy_ o ||zg-
5. Weakly (x-weakly) convergent subsequences are bounded.

6. If x, — x (strongly) in X and x), X2l in X', then (zy,; z)) — (x; 2'). The same holds
true if vy, — x in X and x), — ' (strongly) in X'.

Theorem 3.D.3 (Sequencial compactness, see [2, 6.5, 6.9]).

1. Let X be separable. Then the close unit ball B1(0) in X' is x-weakly sequentially compact.

2. Let X be reflexive. Then the close unit ball B1(0) in X is weakly sequentially compact.

3.E Sobolev spaces
For a nonnegative integer k and 1 < p < oo define the Sobolev space Wk’p(Q) by
WEP(Q) = {u € LP(Q) : D% € LP(Q) for all multiindices 0 < |a| < k} .
Equipped with the norm
o 1p 1/p
lullwerey = (D2 1D ula) s
0<e|<k

the space W’“’(Q) is a Banach-space ([1}, 3.2 Theorem], [16), Section 5.2, Theorem 2]) and can
be characterised as the completion of {u € C*(Q) : |ju|| wkp(q) < 00} with respect to the norm
|- lww.p o ([} 3.16 Theorem], [2} 2.23 Theorem], [16, Section 5.3, Theorem 2]). For € € (0, 1)

set
|Du(x) — DYu(y)P
Ia€ u) = / / da:dy
) 1p( ) oo |m _ y|N+p5

The Sobolev-Slobodetskii space W*+P(Q) denotes the space of all functions u € W*P(Q)
having finite norm

1/p
lullwrsesiay = [lullesggy + D Taenl®)] -
|a|=k

As usual, Wi () denotes the closure of C5°(€2) in WhP(€), and W—12(€2) = (Wé’p(Q))/. The
spaces W2(Q) are Hilbert spaces, and we use the following notation H!(2) = Wh2(Q) and
H(Q) = W™ ().

Some properties of Sobolev spaces depend on the smoothness of the boundary of 2. Similar
to [66, Defintion 2.7], define the smoothness of a domain as follows.
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Definition 3.E.1 ((k, x)-smooth domains). A domain Q@ C R¥ is called (k, k)-smooth if for
each x € 0 there exists a neighbourhood U, such that

1. Uy is (k, k)-diffeomorph to the unit cube W~ = {x : |z;| < 1,i = 1,..., N}. Denote
the 1-1-transformation U, < W by ®,. The transformation ®,, is supposed to have the
following properties:

2. U, NON - WHN N {zy =0}
33U, NQe=WNN{0<ay <1}
4. U, N(RY\ Q) = WNN{-1 < zy <0}

If Q is (0, 1)-smooth we say, € has Lipschitz boundary, or €2 is a Lipschitz domain. Denote by
~ the operator defined by (yu) = u|sn when u is a smooth function. The next theorem considers
the trace operator in Sobolev spaces H'(2).

Theorem 3.E.2 (Trace Theorem, see [66, Theorems 8.7, 8.8]). Let 2 be (k, k)-smooth and
assume that 1/2 <1 < k + k, (if l is integral, then k = 1 — 1, k = 1 is admissible).

1. There exists a linear continuous operator
So : H{(Q) — H™Y2(00),

such that
S09 = dla
for all ¢ € CH(Q) for 1 integral, ¢ € CUT1(Q) otherwise.

2. There exists a linear continuous extension operator
Lo : H=Y2(8Q) — HY(Q)

such that
So(Lo(@)) =¢  forall p € HTV2(09Q).

The trace operator in Sobolev spaces W*P(2), p > 1, is considered, for example, in [25]. See
also [9] for the case where s is positive integer, and [22] for the case s = 1.

Theorem 3.E.3 ([25, Theorem 1.5.1.3]). Let Q2 be a bounded open subset of RY with a C*!
boundary 0X). Assume that s — 1/p is not an integer, s < k+1, s —1/p=1l+0,0<0< 1,1
a non-negative integer. Then the mapping

[
UR TS Vg s Vg

which is defined for u € C*'(Q), has a unique continuous extension as an operator from

!
WoP(Q) onto  [[WIVPr(0Q).
§=0

This operator has a right continuous inverse which does not depend on p.
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Theorem 3.E.4 (Weak Gaussian Theorem [2, A 6.8]). Let 1 < p < oo, p' =p/(p— 1) and Q
be a bounded Lipschitz domain.

1. Ifu € WHL(Q), then it holds fori =1, ..., N
0
Y de = / u - v;ds
o Or; 00

2. Ifu e Wh(Q), v € WH'(Q), then Green’s formula

ov ou
/Q {u oz, +v 8%] de = - S(u) - S(v) - vids

holds.
The following lemmas can be found as exercises in [[16]]. See also [59, Lemme 1.1].

Lemma 3.E.5. Assume F : R — R is C', with F' bounded. Suppose v € WP(Q) for some
1 <p< oo Then

ov ou
= Lr(Q — =F —_—
v F(u) € WHP(Q) and z; F'(u) z;

forj=1,...,N.
See [16, Chap 5, Exercise 16]

Lemma 3.E.6. Assume 1 < p < oo, Q is bounded and u € WP (Q). Then
1. |ul € Whr(Q).
2. ut,um € WHP(Q) and

N Vu a.e. on{u> 0} _ 0 a.e. on {u >0}
Vu™ = Vu~ =
0 ae on{u<0}, Vu ae on{u <0}

3. Vu = 0 almost everywhere on the set {u = 0}.
See [16, Chap 5, Exercise 17]

Theorem 3.E.7 (Interpolation inequality). Let 0 < s; < oo, 1 < p; < o0, j = 0,1. For
0<0<1put

1 1-
s=(1-0)so+0s1, —= 9+£.
p Pbo P1

Then there exists a constant C > 0 such that

HfHWSvP(Q) < CHf”Il/I;SgovPo(Q) Hf”?/Vslvpl(Q)7 f € WS(J’pO(Q) nweee (Q)

See [47, Theorem 1.48] or [39, Remarque 9.1] for the case p = pg = p1 = 2.
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3.F Embeddings

For two normed vector spaces X, Y, with X C Y we write X — Y if the identity id : X — Y,
id(x) = x is continuous, and X CC Y if id is compact.

Theorem 3.F.1. Ler1 < p < coand Q C RY be a bounded Lipschitz domain. For0 < k < N/p

set
«_ Np
P =N "k
1. For k > 0 the following embeddings are continuous
k * . N
WHP(Q) — LP () if k<—,
p
N
WkP(Q) — LI(Q) forall pec[l,00) if k= o
N N
WHEP(Q) — cOF=N/P(Q) if —<k<—+1,
p p
k,p 0,c . N
WHP(Q) — C7%(Q) forall o € (0,1) zf/c:;+1,
k 0,1 . N
WHP(Q) — C7(Q) if k>—+41,
p
2. For k > 0 the following embeddings are compact
N
WkP(Q) cc LY(Q) forall q € [1,p%) if k< P
N
WkP(Q) cc LI(Q) forall g€ [1,00) if k=—,
p
k re} . N
W™P(Q) cc C() if k> s

Theorem [3.F.1| is stated in [47, 1.3.5.8]. For the case where k is a positive integer, see [1}
5.4 Theorem] and [2|, 8.9, 8.13]. For arbitrary positive £ and p < N, the embeddings of the
form W*P(Q) < L4(Q) are shown in [I} 7.57 Theorem]. Embeddings of the form H!(Q) —
cka HY(Q) cc CF or H'(Q) cc H™2(Q), 0 < I < I; can be found in [66), §§6, 7]. See
also [25, Theorem 1.4.3.2] for the embedding W*'*(Q2) cc W*"?(Q), s' > s > 0.

Theorem 3.F.2 ([54, Section 8, Corollary 4]). Let X CC B — Y ; X, B, Y be Banach
spaces.

1. Assume F = {f} is bounded in LP(0,T;X), 1 <p < oo, and F;, = {fy | f € F}is
bounded in L*(0,T;Y). Then F is relatively compact in LP(0,T; B).

2. Let F be bounded in L*°(0,T; X ) and F; be bounded in L"(0,T;Y), r > 1. Then F is
relatively compact in C([0,T]; B).

Definition 3.F.3 (Scalar continuity). Let Y be a Banach space, Y its dual space, T > 0. A
function f : [0,T] — Y is called scalar continuous if the function (y'; f(t)) : [0,T] — Cis
continuous on [0, T], forall y € Y'.
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3 Theoretical investigations

Theorem 3.F.4 ([39, Lemme 8.1]). Be X, Y be two Banach spaces, X C Y with continuous
injection, X be reflexive. Set

Cs(0,T:Y) ={f € L>=(0,T;Y) : f scalar continuous of [0,T] — Y} .
Then it holds: L>°(0,T; X)NCs(0,T;Y) = Cs(0,T; X).

Theorem 3.F.5. Let T > 0, p > 1, V be a reflexive and separable Banach space, and H be a
Hilbert space where V' is dense in H with continuous injection V. C H. Define X := LP(0,T;V),
and W = {f € X : f' € X'} where X' = L¥ (0, T; V") is the dual space of X. Then it holds
W C C(0,T; H). For u, v € W the following formula holds true

(ult) s o) s — (1) 06 s = [ () 00y + (07) s ul) ]

fors,t € 0,7

Proof. See [23, Chapter 1V, §1, Theorem 1.17]. For the case p = 2 see also [66, Theorem
25.5] ]

3.G Results on the solvability of PDEs

3.G.1 Elliptic problems

Let © C RY be open and bounded, and let the functions b, a;; € L>®(Q), h;, f € L*(1),
1,7 = 1,..., N be given. Consider the Dirichlet problem

N

o¢ ou 1
) AN ai b | 4 Cut f)| de=0  forall¢ € Hi(S),
/Q o o j:lajaxj (utf)| de orall ¢ € Hy (€) (3.177)

u € Hi(Q).
If there exists ¢y > 0, such that

N
D aij(@) &g = colgl?  forallz € Q and € € RV, (3.178)
ij=1

then (a;j(x)); ; is said to be uniformly (in ) elliptic.

Theorem 3.G.1 ([2, 4.8]). Let b > 0 and (3.178) be satisfied. Then, there exists a unique weak
solution u € Hol(Q) of problem (3.177). It holds

[ull gy < CURN L2y + 120

where C'is an independent of h and f constant.

110



3.G Results on the solvability of PDEs

Theorem 3.G.2 ([2, Theorems A 10.2, A 10.3]). Let Q@ C RY be open and bounded with
Lipschitz boundary, and u € H' () be the weak solution of the homogeneous Dirichlet problem

ou
A TG | = in (1,
Z@x] JZ Jaxj +q f in
u=0 onof,

with (a;j(x));j bounded and uniformly elliptic. Suppose m > 0 and f € H™(Q), ¢ €
H™(Q), a;; € C™Y(Y). Then uw € H™2(Q)10e, and H™2(D)-norm of u can be estimated
can be estimated by the data, for every open D C ), with D compact.

If 98 can locally be expressed as the graph of a C™ 1! function and a;; € C™'(Q). Then
u € H™%(Q), and the H™2(Q)-norm of u can be estimated by the data.

Lemma 3.G.3 (The Lamé system). If Q is a bounded (1,1)-smooth domain, u, & > 0, f €
L2(Q)N, g € H32(0Q)N . Then the boundary value problem

[—,uA — §Vdiv]U =f inQ,
U=g onof2

has a unique weak solution U € H?*(Q)N.

Proof. By Theorem , there exists U, € H?(Q)N with Up|pq = g. Therefore, F =
F + [nA + €Vdiv]U, € L*(Q)Y, and the problem can be rewritten for u = U — U}, with
homogeneous boundary conditions

[—,uA — §Vdiv}u =F in{),
(3.179)
u=0 ond.

One easily checks that [—uA — £Vdiv] is uniformly elliptic, and that the requirements of (the
vectorial versions of) theorems [3.G.T] and [3.G.2] are satisfied for m = 0. Therefore, has
a unique weak solution u € H2(Q)N N H}(Q)N, and U = u + Uy, € H2(Q)V is the asserted
solution of the original problem. O

Lemma 3.G.4 (Eigen-values of the Lameé system, see [47, Lemma 4.33]). Let Q € C? be a
bounded domain. Then there exist countable sets

{1521 € (0,00), 0< A < Ap <

{;152: C Hy(N nH*(Q)N

such that

and {1 ;}32 1 is orthonormal basis L2(Q)N with respect to the scalar product [ w - v as well as

an orthogonal basis of H} (Q)Y with respect to the scalar product [,,[uVu : Vv + £div (u) -
div (v)].
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3.G.2 Monotone operators

Definition 3.G.5. Let V' be a Banach space and let the operator A : V. — V' be given.

1. A is called hemi-continuous if the function A\ +— (A(u+ \v), w) is continuous from
R — Rforallu, v, weV.

2. Ais called monotone if the inequality (A(u) — A(v), u — v) > 0 holds for all u, v € V.

Definition 3.G.6. Let V be a reflexive and separable Banach space. An operator A : V — V'
is called of the type of “Calculus of Variations”, if it is bounded and can be represented by

A(v) = A(v,v),
where u,v — A(u,v) is an operator from V x V. — V' having the properties:

1. Yu € V, v — A(u,v) is hemi-continuous and bounded fromV — V', and
(A(u,u) — A(u,v), u—v) > 0.

2. Yv € V, u — A(u,v) is bounded and hemi-continuous from V.— V.

3. Ifuj — uweakly in'V and (A(u;,u;) — A(uj,u), uj —u) — 0, then
Vo eV, A(uj,v) = A(u,v) weakly in V'.

4. If uj = uweakly in V and A(uj,v) — ¢ weakly in V', then (A(uj,v), uj) — (¢, u).

Lemma 3.G.7 ([38] Chapter. 2.2, Corollaire 2.1]). Let f € V' be arbitrary, and assume that the
operator A : V. — V' is of the type of Calculus of Variations in the sense of Definition

Then, the equation A(u) = f has a solution (at least one).

3.H The conservation of mass

In this section, we give the results from [56] which are used in Section [3.3]for the investigation
of the transport problem. Let us fix the notation notation. Suppose @ C RY, N ¢ {2,3},
is a bounded domain with C2 boundary, and, for T > 0, define Q7 := Q x [0,7] ¢ RN+,
For a vector field v : Q7 — RY denote by v;, i = 1,..., N the components of v. If v; €
Lll0 (8),i=1,..., N, thenlet Vv denote the vector whose components are all of the first-order
(distributional) derivatives 0,,v;, 4,7 = 1,..., N, and V2w denote the vector whose components
are all of the second-order derivatives 0,, axj v, 4,4,k = 1,..., N. Denote the norm in L%({2)

by |||, qif ¢ < ccand by || if ¢ = oco. If v; € LUQT), i = 1,..., N, set [[v]|, o, =
(fQT |v(,t)|? dadt) /4 The spaces qu’l(QT) and W, 2 (Qr) can be defined for ¢ > N as

the closures of the sets of (vector)-functions from C? (@), with the norms

2,1
[ol%) = (|92, o, + 190l 0, + el 0 + 01l 0, -

1,1
Pl = 592 IV R0 ; + SR IOl + ol -
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3.H The conservation of mass

For a given v € qu 1(Qr), consider the following problem

+div (pv) =0, in Qr,
Pt (pv) . | Qr (3.180)
p(0,2) = p(x), in Q.

To obtain the solution p of problem (3.180), consider the characteristic equations defined by the
Cauchy problem

gy(T, t,x) =v(y(r, t, x), 1), y(r, t, ) = x. (3.181)
-

Problem (3.181) is uniquely solvable for any v € W2', ¢ > N, which vanishes on 8. A
solution y satisfies the following estimates

, N Dy, 2 t
|\Vyl|* = Z 87:% < Nexp |2 |Vo(r)|odr ),
0

j7k

‘%’t" <VN|V|g, exp </0t V(7)o dr>

(3.182)

and the relation
Yy, +(V-V)y=0. (3.183)

The next theorem establishes the solvability of problem (3.18T)) and gives some estimates of
the solution p. To formulate the theorem, introduce the norm in the space of Holder continuous
functions with the exponent o € (0, 1) by the relations

o feY o 1% T _P y
D = oo + 1, [ = sup 2B =W
x,yeN) ’:B y‘

Theorem 3.H.1 ([56, Theorem 2]). Let v € qu 1(Qr). For any p° satisfying the conditions
0 < mp < p(x) < Mg and Vp° € LY(Q)N, problem (B.180) has a unique solution

plent) = (w0, oo | div (w(y(r.t.2), 7)) ar)

from the class qu,’;o(QT), for which we have the estimates

mo exp (—m/ot ]Vv(r)|gd7> < p(a.t) < My exp (m/ot yw(mgdf) ,

960l 0 < VW exp (124 1/aVE [ [Vo(r)indr )
<

t
o ‘p%m/o |92, q dT],

[Pt < VN [[po]?z + 10 \/JV/Ot [Vo(7)]g dT]
X exp ((1 + a)\/ﬁ/ot Vo (7)|g dT> . ac(0,1).
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4 Numerical Simulations

In this chapter, problem is solved numerically. During the derivation of the equations the
density and the surface mass density were denoted by p, and 7, respectively, to distinguish
the particle variables from the flow variables. Due to the assumption of weak compressibility
of the liquid, no confusion occurs if p is omitted (the density of the liquid is denoted by pg).
Using this notation and the representation of the stress tensor ([2.22)), we obtain the following
initial-boundary value problem

A pp 4+ divU = 0 inQ x (0,7),
pt +div(pU) — BAp =10 inQ x (0,7),
po U +div (U @ [(p+ po)U — pVp]) = f +divIl inQ x (0,7),
U=U, on 092 x (0,7),
—[pUp—pBVp|-v=—gUy v on '™ x (0,7), 4.1
—0up =10 on 9Q \ (T UT™),
—Boup=m, 1=A(p) onI'x (0,7),
U(x,0)=U%x), p(z,0)=p"x), px,0)=/,"x) fort =01in €,
n(x,0) = n°(x) fort =0inT.

This chapter is structured as follows. In Section[d.T] we present a scheme for the numerical so-
lution of problem (4.1]) by means of the finite element method (FEM). The results of simulations
are given in Section[4.2]

Remark 4.0.2. As mentioned in Section the wet cell developed at CAESAR was constructed
to work with organic molecules immersed in water. It should be noted that the diffusion coeffi-
cient for organic molecules in water is sufficiently larger than that for rigid particles. An organic
molecule is a chain consisting of many links connected by flexible bonds so that the molecule can
assume different configurations with a large frequency. This yields hydrodynamical forces that
cause relatively large and frequent displacements of the molecule from its average position. Such
an effect can be interpreted as a diffusion with a relatively large diffusion coefficient. Simula-
tions presented in [43]] and theoretical issues of [34] indicate the presence of such effects. Thus,
the diffusion coefficient for organic molecules in water is expected to be much larger than the
value for rigid particles in water given in Table A reasonable guess for the magnitude of
the diffusion coefficient yields its value between 10710 and 1078 m? - s=1. Thus, we will use the
value 10~8 m? - s~ for our simulation.
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4.1 Discretization scheme

4.1 Discretization scheme

To solve problem (4.T)) numerically, we use the finite element program Felics developed at the
Chair of Mathematical Modeling at the Technical University of Munich. We propose a discretiza-
tion scheme that first computes the variables U and p corresponding to the flow of the liquid,
and then the variables p and 7 corresponding to the particles. The scheme is obtained as follows.

Let [0, T be the time interval where the evolution of the mixture is considered. To discretize
the time, choose two numbers m, K € N such that K/m € N. Define the time step length
7 := T/K and choose a partition tg = 0 < t; < to < -+ < tg—1 < txg = T where
tn, =n-7, n =1,..., K. Denote the unknown velocity, pressure, particle density, and surface
mass density of the particles at time ¢ = ¢, by U™, p”, p", and ", respectively. The variables
U™ and p™ will be computed only at times ¢, withn =m - j, j € {1,..., K/m}.

In order to obtain a time discretization of system (4.1)), replace the derivatives p; and 7, at time
t, by the difference quotients (p" — p"~1)/7 and (n™ — n™~1) /7, and replace the derivatives U
and p; by (U" — U™ ™)/(m7) and (p™ — p"~™)/(m7) to obtain

v P=P gy = 0,
mT
Ur _pynr—m
po—— —divII" = f* —divC"™,
mT
pn pnfl
— BAp" = —div (p" ' U"),
T 4.2)
U"=U, on 012,
—[p"Uy - pVp"-v=—gUy-v onT'™,
—0up" =0 on 90\ (TUT™),
n _ ,n—1
—B0up" = %, n" = A(p") onT".
The convective term is abbreviated by
C7 =U’ @ [(p’ + po)U’ — BVp]. 4.3)

To compute the unknowns in each time step, problem (4.2) is split in the following way. To
compute the velocity and pressure at time ¢t = ¢,,, n = j - m, assume that U™~ ", p"~ ™ p"~™,
and n"~"™ are already known. Then U™ and p" are determined by the subproblem

pn _ pn—m

NP L givom =0,
mT

Ur_ynm ]
Py —————— + Vp" — pAU"™ — ¢VdivU" = f* — divC™™™, @4

mT

Uu"=U, on 0N).

To compute the unknowns p™ and " for n = (j—1)m—+1, ..., j m, assume that (4.4)) is already
solved for U?™, p/™ and the functions p"~!, n”~! are already known. Then, the equation of

115



4 Numerical Simulations

(4.2) describing the particle variables p™ and 1™ reads
gthep P Ui

n_ n—1 .
% — BAP" = —div (p" 1 UT™),
—[p"Uy = BVp"]-v = —gU, - v onI™,
) 4.5)
—0pp" =0 on o0\ (TuI™),
n _ ,n—1
—B0up" = %, n" = A(p") onTI"

In the next two sections, we describe an iterative scheme for solving (4.4)) and (@.5). Section
contains the treatment of problem (4.5)). The presented scheme is the same as in [4]. In
Section @], a scheme with two intermediate steps presented in [6} 160] is adopted (see also [3]])
to solve the flow problem @.4). In [6, 60] the flow of incompressible fluids is considered. The
convergence of approximate velocities and pressures constructed by the scheme to some solution
of Navier-Stokes equations is considered in 60, Theorems 7.1 and 7.2].

4.1.1 Discretization of the particle system

The scheme for solving (4.5)) is taken from [4]]. We will apply it to a weak form of (#.5]) because
it is suitable for the numerical treatment by means of the finite element method. Assume that
the velocity U’™ is known for a j € {1,..., K/m}, and let the particle density p"~!, and the
surface mass density 1" ~! be already computed foran € {(j — 1)m + 1,...,5 - m}. Then, the
weak form of @.5)) is given by

/ [(p" +7UT™ - V") + V" - VY] div+T/ pro (U, -v| ds
Q n

Ti

:/Qp"_lwdm—FT/F‘ g |Uyp - v| ds—/r(n"—n”_l)q/)ds.

Note that the problems (&.5]) and (4.6) are similar to and (3.90), respectively.
Equation (4.6) contains the two unknowns p" and ™. To eliminate 7", rewrite the relation

n = A(p) in the discrete form (similar to (3.89)):

(@) — ") = (H(p"(x) — 0" =) " (4.7)

To resolve the nonlinearity in (4.7), we construct a fixed-point scheme for p". Note that (4.7) is
equivalent to the relation

(4.6)

(H(p"(x)) =" Y(@) " = h(p")(@) - [H(p")(@) — 0" ()], (4.8)
where
Mgy — 40 ITH) (@) =" (z) <0,
me") ) {1 if H(p™)(x) — " (x) > 0.

To construct a fixed-point iteration scheme, choose a small ¢ > 0, and rewrite (4.8)) as

pn+c_nnfl *
pttc

(H(p™) - )" = (H(p")
(4.9)
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4.1 Discretization scheme

By Lemma(3.4.25} p" > 0 a.e. in 2 so that (p™ +¢) ! is well-defined. Substituting the identities
and (4.9) into (@.6) yields

h(p") - H(p")

/Q[p”zwrrvpn-wu/r P

:/Mp"l—rUjm-vp"] +T/ g |Uy -v| ds (4.10)
9] I‘in

— [ ht (= ) v

Equation (#.10) can be used to compute a sequence {5"} approximating p". Replacing every
appearance of p™ either by 5* or 5*~!, one can obtain the following recursion scheme:

prodser [ g ol ds
r‘in

P ="

/Q{ﬁkib—FTVﬁk‘v"L/f} +/ h(pEt) - H(p") oF dS—i-T/‘ PP |Uy - v| ds

r ﬁk_l +c in

A 4.11)
:/w[p"_l—TU]m-V[)k_l]—l—T/ g |Uyp-v| ds
(9] in

[ (7 - ) vas

pkfl +c

Iterate (4.11) until H pF — pkt H Loo(Q) is smaller than a specified tolerance and set p" := j*.

4.1.2 Discretization of the flow problem

To solve (4.4), we adopt schemes with two intermediate steps suggested in [6}[60] for the numer-
ical treatment of incompressible flow. Assume n = m - j fora j € {1,..., K/m} and define
the time step length 7, for the computation of the flow variables U™ and p" by 7 = m - 7. To
use FEM for numerical calculations, problem has to be transformed to have homogeneous
Dirichlet boundary conditions. Assume the boundary function Uy, is extended to € such that
Uy, € H'(Q) and substitute U™ = u™ + Uy into (#.2). Then, u™ and p" satisfy the equations

v r-r +divu” = —divUy,
7
po = [ + Vv u" = £ = Vp" — div C" "+ [pA 4 EVdiV] U, (*-12)
/

u™ € HY(Q)N,
where (4.3) is used to express the convective term.

Remark 4.1.1 (Representation of the pressure). During the theoretical investigations in Sections
[3.4.1)and[3.3. 1| we used the continuity equation of @.12) to express the pressure in terms of the

initial value and the velocity. For numerical computations, we will use a different method that

yields a smoother velocity field. See also Remark{.1.2]
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To solve (#.12), introduce an auxiliary function @ € H}(2)" and split the momentum equa-
tion of (@.12) into the following two equations:

po = [pA + €Vdiv] @ = £ — div C" " + [uA + EVdiv] U,

T (4.13)

Tf
Note that the sum of both equations is the original momentum conservation with [uA+£Vdiv]|u”™
replaced by [1A + ¢V div]a. The first equation of (@ 13) and the requirement @ € H{ ()" form
an elliptic boundary value problem for @. To solve for p™, proceed as follows. Computing the

divergence of both sides of the second equation of (4.13) and using the conservation of mass
from (4.12) to eliminate div w" yields

poy " = Tf Ap" = poy p" " — 7y po div (@ + Usp) - (4.14)

To obtain the boundary condition for (4.14)), remember that " = @ on OS2 and multiply the
second equation of (4.13)) by the outward normal v, which yields:

—Oup" =0 on 0f2. (4.15)
Now the scheme for computing 4" and p” can be shortly expressed as follows:

1. Solve the first equation of (4.13)) to compute the auxiliary velocity field  without account-
ing for the pressure.

2. Determine the pressure p" from the problem (4.14), @.13).

3. Use the last equation of to compute a correction for @ to obtain w".

In order to use finite elements, write equations (.13), (4.14), and @.13) in the weak form.
The auxiliary velocity w is the solutions of the following problem:

@€ Hy(Q)",
/ o+ 7ppVa : Vip + 7¢diva - divey|de
Q

s e
+ 77 (C™ — puVUy) : Vip — 15 div Uy, - div e |da

(4.16)

for all p € H}(Q)Y. The weak form of (#.14)) and [@.15) reads:
P e H' (),
/Q [poyp" - ¢+ 77 VD" - Vo] da 4.17)

= po / [’an_m c¢ —T1pdiv(a+ Uy) - div¢] dx
Q
for all € H'(Q). The last equation of (#.13) yields:

' =i+ - Vpn. (4.18)
Po
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4.2 Computation results

Remark 4.1.2. Note that and are not exactly the same problems because of the use
of [—pA — EVdiv]a instead of [—pA — EVdiv|u". Nevertheless, the error introduced this way
is of the order Ty. On the other hand, such a trick provides a regularizing effect on the velocity
field.

Moreover, note that the boundary condition (¢.15)) for p™ is not satisfied by the exact pressure
p (there is no boundary condition for p in (.1)). According to [60, Remark 7.2 and Theorems 7.1
and 7.2], this does not affect the convergence of the scheme when Navier-Stokes equations for
incompressible fluids are considered. Thus, we assume that the solutions p™ of problem {@.17)
yield good approximations to the exact pressure (provided that a solution to problem (@.1)) exists).

Summarizing the results of Subsections {.1.T]and f.1.2] we obtain the following scheme for
solving (.1):

Scheme 4.1.1 Coupled measurement problem

1: Choose € > 0. Let K, m € N be such that K/m € N.
2: Set the time step lengths 7 := T'/K and 7 :=m - 7.

3. Set values for U?, po, po, and 7]0.
4: for j = 1to K/m do
5:  Compute the convective term CU~V™ at ¢t = (j — 1) - 74 by @3).
6: Solve (@.16) for the auxiliary velocity .
7: Solve for the pressure p/™ at time t = j - 7.
8 Compute w/™ at time t = j - 77 by @.I8).
9 Obtain the new velocity U? = U, + u/ at time t = j - 7.
10: forn=(j—1)m+1toj-mdo

11: Set p¥ := p"Land k = 1.

12: repeat

13: Solve @.1T)) for g*.

14: Increment k «— k + 1.

15: until ||5F — F71| <

16: Set the new particle density p” := p".
17: Compute 1" by @.7).

18: end for

19: end for

4.2 Computation results

In this section, numerical computations for the wet cell are presented. For simplicity, we consider
spherical titanium dioxide particles. According to Remark 4.0.2] we want to have the diffusion
coefficient within the range 10710 to 10~8, which corresponds to titanium dioxide particles in
air. From this reason the computations are carried out for 0.01 pm TiOs particles not in water
but in air. The material constants for air are given in Table [2.6.3|on page [35]
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Another parameter that has to be chosen with care is the time step length 7. The examples
presented in Section[4.2.1| show that 7 has to be relatively small in order to avoid oscillations in
the numerical solutions. We will therefore introduce a regularisation of the problem such that
computations are not too time-consuming.

Further, the examples presented in Section [4.2.2] show that most of the particles flow through
the wet cell without reaching the active part if it is located at the bottom of the wet cell. Thereby,
the geometry of the wet cell is modified in order to improve the efficiency of detecting.

The section is structured as follows. In Section 4.2.1] we introduce a regularization of the
boundary hysteresis operator. Different configurations of the in- and outlet will be considered
in Section Simulations of a complete model of the wet cell including the introduced
regularization are presented in Sections 4.2.3]and[4.2.4]in two and three dimensions.

4.2.1 Regularization of the hysteresis boundary condition

In Section [4.1.2] we already introduced a scheme which produces additional smoothness in the
velocity field, for the discretization of the flow problem (4.4), see Remark Nevertheless,
the resulting scheme (see Schemed.1.1)) is still sensitive with respect to the choice of parameters.
The computed results presented in Figures [4.2.2] and .2.3] show that an improper choice of the
time step can cause oscillations, especially in the surface mass density 7.

To handle these effects, we regularize problem by adding a parabolic operator with small
coefficients to the boundary hysteresis operator. Assume in the following that I' can be smoothly
and isometrically parameterised in terms of two independent space variables (y1,y2) if N = 3,
or one space variable if N = 2. Denote the normal to 01" with respect to I" by vr and the
Laplacian on I by Ar = 92 /9y? + 9% /9y3. Replace the boundary condition on I in by

~Vp-v=mn+p1pt — f2Arp inT,
—Vp-vr=0 on JI,

where (31, B2 are small positive numbers. Using this new boundary condition, the weak form
(4.6)) is replaced by

[l 705 g9 Vil da v [ rulvy vl ds
Q n

Ti

— [ todesr [ gulvy-vids
Q 1n
- /F (0" =" ")+ B1 (p" = p" 1) 0+ Bor Vyp™ - V] ds,

where p™ and 1) are assumed to be sufficiently regular on I', and the components of the gradient
V¢ of a smooth function ¢ are given by

N

Vyb(a); =Y agif) : axkéZ@) G=1,...,N—1).
k=1 J

Proceeding similarly to Section[4.1.1] we obtain the following regularized fixed-point iteration
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scheme for the approximating sequence {/*}:

P =
~k ~k ~k
/{p Y+7Vp -qu}derT/ PP Uy - v|ds
(9] l"in
h ~k—1Y . H ~k—1 ~ ~
—I-/[ (v ~k)_1 (5 )+ﬁl}Pk‘¢d5+7/ﬁzvy0k‘vy¢d5
r prT+c r

(4.19)
_/ [,On_l—i-TUjm-Vﬁk_l] wd:c—l—ﬁl/p"_lz/zds
Q r

—1—7'/_ g|Uy - v|ds
Fln

- /F h(F) <n“ - H(ﬁ’“)c> v ds,

ﬁkfl +c
instead of @.TT).

Let us now show the effect of the regularization in a two-dimensional example. Set the data
of the problem in @.1)) as follows: U’ = U, = 0, p° = 0, n° = 0, 8 = 1073, and the initial
density p° as shown in Figure The diffusion coefficient [ is artificially large but suitable
to produce the desired effects.

P

N

Figure 4.2.1: Inital distribution of particles

The wet cell is assumed to be a two-dimensional rectangle Q = (0, 0.1)? with the active
part located on the bottom I' = [0,0.1] x {0}. To describe the hysteresis operator, the function
H :R — [0,1] in 2.67) is specified by pj = 0, p; = 0.1, and a = 10, i.e.

0 if s <0,
H(s)=<¢10s if0<s<0.1,
1 if s > 1.

The region €2 is discretized by a grid consisting of 3053 points and 5908 triangles. In Scheme
the tolerance for the fixed-point iteration is chosen as € = 1072,

To compare simulations based on (4.11) and (4.19), three combinations of the parameters
081, P2, and 7 are used. The unmodified detector corresponds to 31 = 0 and B2 = 0. The case of
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4 Numerical Simulations

regularization is described by 3 = 1 and 35 = 3. The time steps are chosen both as 7 = 5-1073
and 7 = 1075, We consider the following three cases:

Table 4.2.1: Considered choices of parameters

Parameter Case 1 Case 2 Case 3
B1 0 0 1
B2 0 0 1E-3
T 5E—-3 1E—-6 5E—-3

Figures4.2.2land[4.2.3| show numerical results for the particle density and for the saturation of
the surface mass density. Since case 2 corresponds to the unmodified detector with the smallest
time step, we will consider this result as a quasi-exact reference solution. Figure [4.2.2] shows
that the particle densities in all cases are close to each other until the active part is saturated.
Comparing cases 1 and 2 in Figure one can see that a larger time step causes the particle
density to rise faster near the saturated region so that a peak in the particle density occurs. One
can also see that the density at the active part shows oscillations at later times in case 1. In the
case of a smaller time step the particles approaching the saturated part can spread horizontally.
Therefore, the density near the boundary remains smaller and smoother in case 2 than in case
1. In case 3, the modified boundary condition oppresses the peak and the oscillations near the
saturated parts of the detector, in contrast to case 1. The regularisation also causes a more
uniform growth of the particle density near the boundary. Thus, the results of cases 2 and 3
become different when the detector is saturated. Nevertheless, this difference remains smaller
than that for cases 1 and 2.

Figure 4.2.3] shows the computed evolution of the surface mass density 7 on the active part,
normalized by the surface mass density 7max corresponding to saturation. Similar to the particle
density in the wet cell near its active part, the growth of the saturation in case 2 is slower than in
case 1. Case 3 shows the slowest growth among the considered cases. The results of case 1 show
the largest oscillations, and these oscillations disturb the complete saturation. It should be noted
that the shape of the curves is comparable in all cases in spite of kinks caused by oscillations (see
Sections 4.2.3]and 4.2.4).

Thus, the comparison of cases 2 and 3 shows that the regularization yields relatively smooth
solutions that are close to unregularized ones even for regularization parameters (3; > (3. Further,
we will use the regularization in our numerical simulations.
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4.2 Computation results

Figure 4.2.2: Computed evolution of the particle density in the cases given by Table |Z.2.1|

Time

Case 1

Case 2

Case 3
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0.8s
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by Table4.2.1
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4.2 Computation results

4.2.2 Comparison of geometries

In this section, we consider the motion of particles in the wet cell without active part. Numerical
computations show that only a small amount of particles arrives at the bottom of the wet cell in
the case of small diffusion coefficients. To show this effect, three numerical experiments with
different conditions on the in- and outlet are considered.

The geometry considered in this section is a two dimensional rectangle with the edge length
equals 0.1m and with short tubes at the openings. The direction of the tubes models the flow
direction on the inlet and outlet. Figure shows the initial particle density p" and the consid-
ered geometries.

Figure 4.2.4: Geometries and initial conditions for the particle density

Particle density [ e |

in kg - m™3: 1E-07 2E-07 3E-07 4E-07 5E-07 6E-07 7E-07 8E-07 9E-07

0.1

0.05
Case 1:

-0.1  -0.05 0 005 0.1 015 0.2

0.1

0.05}
Case 2:

-0.1 -0.05 0 0.05 041 0.15 0.2

0.1

0.05f
Case 3:

-0.1 -0.05 0 0.05 041 0.15 0.2

In all cases, the boundary function g for the particle density is the trace of p° on I'®, the
boundary conditions for the velocity is set to |[U,| = 0.05m/s on T and I'°®* in the direction
of the tubes, the initial values for the velocity and pressure are U° = 0 and p° = 0, and the time
steps are 7 = 10~ s and TF=2- 10~ 3s. The geometry is discretized by grids consisting of about
3-10° points and 6 - 106 triangles. The edge length of the triangles is about 7 - 10~#m. Actually,
the slope of the particle density in case 1 is much smaller than that in other cases. Nevertheless,
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such a small slope cannot prevent the rapid growth of the gradient in time, see Figure[4.2.5]

The results obtained for the shapes shown in Figure [#.2.4] are presented in Figure d.2.3] In all
cases, the main part of the particles is transported from the incoming tube to the outgoing one
without reaching the boundary. The density near the boundary remains small while the majority
of particles leaves the sensor. Thus, if the active part is located on the bottom, as it is assumed in
the theoretical investigation of Section [3.4.7] it seems difficult to detect a significant amount of
particles. The particle density near the bottom as well in the rest of the sensor grows at later times
after the formation of a steady state flow regime. For this reason, the geometry of the sensor is
changed in Section4.2.3] and T" is located on an obstacle in the interior of the wet cell.

Figure 4.2.5: Computed evolution of the particle density
in the geometries shown in Figure 4.2.4]

Time Case 1 Case 2 Case 3

3.8s

50s

10.0s

40.0 s

80.0s

Qglel-]-
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4.2.3 Simulation in two dimensions

As motivated above, we are changing the geometry of the wet cell to improve the adhesion of
particles to the active part. The active part is located on an obstacle in the interior of the wet cell.
Thereby, the particles have to flow around the active part before they leave the wet cell.

Figure[.2.6]shows the new setting and the initial particle density. The wet cell is now supposed
to be a rectangle (0, 0.01)2, and, as indicated in the figure, the active part I is the boundary of
the inner circle.

0.008 |-
0.006 |-
0.004 |-

0.002 |-

1
0 0.005 0.01
X

Figure 4.2.6: The modified geometry and initial particle density in units mg - m—3

The boundary function g on I' is the trace of the initial particle density, the velocity at the
inlet and outlet is U = e, - 0.01 m - s~! (e, is the unit vector along the z axis), and the initial
functions U and p° for the velocity and pressure are set to zero. Note that the ratio between the
maximal value of the initial distributions in Figures and[.2.6]is of order 100. To model the
active part analogously to Section[4.2.1] the function H is specified as follows:

0 if s <0,
H(s)=4¢10s if0<s<0.001, (4.20)
0.01 if s > 0.001.

The time steps are set to be 7 = 107> and TP =2 1073 s, the tolerance for the fixed-point
iteration is ¢ = 1073, and the regularization parameters are 3; = (35 = 3. To discretize the wet
cell a mesh consisting of 8994 points and 17278 triangles is used. That means, the edge length
of the triangles is of order 10™*m.

To show the influence of the diffusion coefficient on the evolution of the surface mass density,
we compare the results of two simulations with different values of the diffusion coefficient 5. In
the first computation, we use the diffusion coefficient 3 = 5-10~8m? - s~! given in Table
in the second one, we use a larger value of the diffusion coefficient, i.e. 3 =5-10"6m? . s71.

The computed surface mass densities 77 on the active part, normalized by the surface mass
density 7max corresponding to saturation, in both cases are compared in Figure 4.2.7] In both
cases, a rapid growth of the surface mass density occurs first at the left part of the obstacle. The
resulting peak increases and spreads over the active part. The increase stops at those points where
the saturation value is reached. As could be expected, the evolution in the case of larger diffusion
is quicker, and the whole active part is saturated to the final time instant, whereas the saturation
occurs only at the front part of the obstacle in the unmodified setting.
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Remark 4.2.1 (Quality of the solutions). The quality of the numerical solution is yet an open
question. For the coupled measurement problem with diffusion coefficients considered in this
section, we do not have a reference computation similar to case 2 in Section Therefore,
the deflection from the real solution (if it is unique) cannot be estimated at the moment.

To interpret the computations, we refer to Section In the examples considered there,
oscillations did not change the shape of the solution dramatically, and the regularized solution
was close to that computed with a fine time step. Thus, we hope that the result shown in Figure
is close to the actual solution.
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4 Numerical Simulations

4.2.4 Simulation in three dimensions

In this section, we present a three-dimensional simulation of the wet cell. From the point of
view of applications, this is the most interesting case. However, there are many difficulties in the
implementation of the numerical algorithm for the problem under consideration — above all, the
necessity to use very fine meshes in three dimensions.

The wet cell is supposed to be a cube with edge length equal to 1cm. The active part is located
on a cylindrical obstacle (see Figure (4.2.8)). The computed results given in Figure {.2.7] show
that a significant amount of particles can be detected only at the front half of the active part if the
value of the diffusion coefficientis 3 = 5-107%m? - s7! = 5. 10~*cm? - s~!. Therefore, we
consider the geometry shown in Figure [d.2.8] where the active part is shown in red.

Active part

m Outlet

z
LY x
Figure 4.2.8: Geometry of the wet cell in three dimensions

Similarly to Section the functions U and p° are set to zero, the boundary value for
the velocity is U, = e, - 0.01m/s, and the function H is given by (4.20). The initial particle
distribution is analogous to that shown in Figure [#.2.4] with its support being extended towards
the active part. The boundary function g at the inlet is the trace of the initial particle density. Set
the parameters: 7, = 2 - 1073s, e = 1073 and 31 = 2 = . Compared to Section the
time step size and mesh size will be varied. We put 7 = 5 - 10~*s and use the double mesh size
to triangulate the geometry. That means the mesh consists of about 11 - 10* points and 6.6 - 10°
tetrahedra with edge length equal to 0.02 cm.

The computed evolution of the surface mass density 7, normalized by the surface mass density
Nmax, TOr these parameters and initial and boundary data is shown in Figure @l Similar to
Figure .277] the first jump of the surface mass density occurs in the center of the active part,
and the resulting peak increases until the saturation is reached. Here the growth of the saturated
region stops earlier than in the case of Figure and the surface mass density of adhered
particles increases only at points that lie around the saturated part. In the region where 7)/7max
assumes large values, the solution shows oscillations.

As for the quality of the solution, the same situation as in Section [4.2.3] occurs. Because of
the absence of the reference simulation similar to that in case 2 of Section[4.2.1] the influence of
the introduced regularization and the distance to the real solution has to be considered in future
investigations.
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Figure 4.2.9: Computed evolution of 77/7max on the active part of the wet cell
shown in Figure [#.2.§]
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Conclusion

In this thesis, a procedure of detecting small particles dispersed in air is considered. The work is
related to investigations (quantitative measurement of nano-particles) carried out at the research
institute CEASAR in the course of the European integrated project NANOSAFE2. We consider
two problems: transport of particles by air to a washing flask where the particles are being
immersed in water and motion of particles in water flowing through a wet cell having an active
boundary part responsible for the measurement.

The transport of particles is described by a fully coupled model where particles are considered
as a continuum medium. For this problem, the local in time existence and a regularity of gen-
eralized solutions are proved. The results obtained are consistent with results for Navier-Stokes
equations presented in [36, 56].

For the motion of particles in the wet cell and their adhesion to the active boundary part, an-
other coupled model is derived. The equations describe the evolution of the velocity, pressure,
particle density, and surface mass density of measured particles. The specific of the model is a
boundary hysteresis operator describing the adhesion of particles and the saturation. For theo-
retical investigations, the problem is decoupled by neglecting the influence of the particles on
the liquid. The existence of weak solutions is proved on a non-empty time interval that depends
on the flow problem data. The uniqueness of weak solutions is established in the case where
solutions of the flow problem are sufficiently regular. In this case, unique weak solutions of the
evolution of the particle density exist on arbitrary time intervals.

A scheme for the numerical treatment of the coupled model of the motion of particles in the
wet cell and their adhesion to the active boundary part is proposed. The behavior of the scheme is
verified in selected examples. Computational results are presented for two and three dimensions.
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