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Notation

For standard notation concerning Lebesgue and Sobolev space theory we
refer to [TarQ7]. Additional notations and definitions are given in place
whenever possible for convenience. However, the inner product and norm
on L*(Q) are denoted by (+,-)o.q and [|-|jo.q, respectively. We further refer
to HE(Q) as the closure of C§°(Q2) with respect to the topology induced by
| - |lk.q- In general H*(Q), k € N, denotes the Sobolev space equipped with
the norm ||-||; o and the seminorm | - |, .

We use different notations for scalar valued variables or functions and
operators mapping into scalar valued spaces, sets or spaces consisting of such
objects, and their vector- or matrix-valued counterparts which are denoted
by bold symbols. Consequently, we write A € R, but A € R?*2. However,
we treat multidimensional spatial coordinates as scalar variables by habit,
i.e. x € Qwith Q C R?. As an exception to the general rule, we use the non-
bolded V-operator which actually returns vector- and matrix-valued results
applied to multidimensional objects.

Besides the Euclidean product (-,-)s for vector-valued objects and the
induced Euclidean norm [|-||2, we further use the generalized inner product
for matrix-valued variables A, B € R™*" which is defined by A : B =
Zij A;;B;j. In case of vector-valued variables the generalized product equals
the standard vector product, such that for a,b € R" there holds a : b =
(a, b)g

In addition to this we denote the equality of A and B up to terms of
certain order by A ~ B. When we give the value A up to certain precision
as numerical value B, we write A ~ B. We further write A < B, if there
exists a constant C' > 0 not depending on a given triangulation such that
A< CB.

Finally, physical constants, parameters and quantities are given in SI
units, referred to by its French name systéme international d’unités. The
system was originally introduced by the Académie des sciences at the end
of the 18th century in Paris.






Contents

[Prefacel
[Notation|

(I Phase Separation in Lipid Membranes|

[1__Introductionl

2 The Cahn—Hilliard Equation|
2.1 Phase Field Modell . . . . .. ... ... ... . ... .. ...

2.2 Existence and Uniqueness| . . . . . . .. .. ... ... ....

[3 CO-Interior Penalty Discontinuous Galerkin Methods|
[3.1  Continuous/Discontinuous Galerkin Methods| . . . . . . ...
3.2 Convergence Analysis of an Adaptive Method| . . . . . . . ..
[3.2.1 A Residual-type A Posteriori Error Estimator|. . . . .
[3.2.2  Contraction Property| . . .. ... ... ... . ....
3.2.3  Numerical Results| . . . ... ... ... ... ... ..
13.3  Application to the Cahn—Hilliard Equation| . . . . . . .. ..

4 Image Processing|
4.1 Quantitative Measurements| . . . . . .. ... ... ... ..
4.2 Structure Factorl . . . . . . ... oo 0oL
4.3 Application Issues| . . . . ... ..o

F Simulation R IS
.1 Implementation Issues| . . . . . . ... ... ... ... ....
.2 Parameter Study| . . . . . ... ... 0oL
[5.3  Comparison to Experiments| . . . . . . . ... ... ... ...

vii

iii

11
11
14

19
19
24
24
26
28
34

37
37
39
45



viii

(Il  Enantiomer Separation|

[(7__Introductionl

[7.1 Separation of Chiral Objects| . . .. ... ... ..
7.2 Experimental Setup| . . ... ... ... ... ...
[7.3  Resulting Problems and Outlineg] . ... ... ...

I8 Surface Acoustic Waves|

18.2  Modeling the Fluidics Problem| . . . . . . ... ..
[8.3  Implementation Issues| . . . . . .. ... ... ...

8.4 Simulation Resultd . . . . ... ... ... .....

9.4.1 Implementation Issues| . . . . . . ... ...
9.4.2  Quadrupolar Force Density] . . . . . .. ..

(10 Conclusion and Outlookl

|Bibliography|

[Corrical Vitad

CONTENTS

61

...... 61
...... 63

65

67

...... 67
...... 68
...... 70

73

...... 73
...... 76
...... 82
...... 86

91



List of Figures

[L.1 Phospholopid with hydrophilic head (red) and hydrophobic |

| tail (black).| . . . . ..o 4
1.2 Phospholipids surrounded by water form liposomes.. . . . . . b)
(.3 Phospholipids in crystalline phase L. (left) gel phase Lg |

| (middle) and disordered phase L, (right). . . . . . ... ... 6
[L.4 Binodal (left) and spinodal phase separation (right)| . . . . . 7
1.5 Phase diagram of a binary mixture,. . . . . . . . . . ... .. 7

[2.1 Local free energy f(c) as double well potential (left) and [
| matched to a binary mixture (right). [BEL™13]| . . . . . . .. 14

3.1 Convergence histories in terms of the bilinear form a;’ (-, -)
induced norm of the error a;’ (u — up,u — up)*/? as a func-

tion of the total number of degrees of freedom (DOF) on a

| double logarithmic scale for uniform refinement and adaptive |
| refinement with © = 0.7 and © = 0.3 in the Dorfler marking |
| for k =2 (top), 4 (middle) and 6 (bottom). |[FHP14] . . . . . 30
3.2 Adaptive refined meshes after 10 cycles with © = 0.3 in the |

Dorfler marking for k£ = 2 (top), 4 (middle) and 6 (bottom). |

| grees of freedom (DOF') on a double logarithmic scale for uni- [

| form refinement and adaptive refinement with © = 0.7 and |
O = 0.3 in the Dorfler marking for £ = 2 (top), 4 (middle) [
and 6 (bottom). [FOPI4]| . ... ... ... .. ... ... .. 32

13.4 Effectivity indices 5 /al” (u—up, u—uy)/? as a function of the

| total number of degrees of freedom (DOF) on a logarithmic

| scale for uniform refinement and adaptive refinement with |

O = 0.7 and © = 0.3 in the Dorfler marking for k£ = 2 (top), |

4 (middle) and 6 (bottom). [FHP14] . . .. ... .. ... .. 33

[4.1  Series of images showing spinodal decomposition.| . . . . . . . 37
[4.2  Histograms of grey values (0/1 equals black/white) related to |

| the series of images as displayed in Figured.1}|. . . . . . . .. 38

ix



LIST OF FIGURES

13

Exemplary image showing spinodal decomposition with scale

bar (white) and its mean wavelength (red).| . . .. ... ...

)

Enlarged selection of the exemplary image shown in Figure

|4.3| revealing the discrete nature of the digital image.| . . . . .

41

£5

DET of the image shown in Figure 4.3 (left) and enlarged

center (right) with red marked frequencies related to the mean

structure tfactor marked in Figureld.off . . . . ... . ... ..

16

'The power spectrum of the DF'T image shown in Figure |4.5|

with red marked condensed frequencies related to the mean

structure factor.) . . . . . .. .o

a7

oeries of power spectrums of an exemplary spinodal decom-

position as 3D (top) and 2D plot (bottom) showing the char-

[ acteristic evolution in timel . . . . . . . ..o

18

Exemplary image with nonperiodic boundaries (left), together

with its tiling (middle) and DFT image (right). . . . . . . ..

19

Exemplary image shown in Figure 4.8 with smoothed bound-

aries (left), together with its tiling (middle) and DFT image

Meht)] . .

.10

Power spectrum with mean structure factor — evaluated wave-

lengths 8.79-107*—3.77-10"° m — using the exemplary image

shown in Figure4.5 with following resolutions: 512x512 (red),

256x256 (green), 128x128 (blue), 64x64 (magenta). The vir-

tually identical lines are plotted separately to allow a graphic

representation.| . . . . .. ... oL Lo Lo

|4.11 Power spectrum of the DF'I' image shown in Figure 4.5 with

L the mean structure factor for different sets of evaluated wave- |

lengths: 8.8-107 —2.1-10™ m (red), 8.8-107 —2.8-10™ m

(green), 8.8-107 —4.4-10™ m (blue), 8.8-107* —7.5-107 m

(magenta)l . . . . . . . ...

5.1

Spinodal decomposition (top) using identical initial condi-

tions but different FEniCS’s grid structure options of square

cells (bottom): left (left), crossed (middle) and right (right)..

52

Parameter study of the Cahn—Hilliard equation. The blue

graph shows the reference case with unchanged parameters.

BELF13]| . .. ...

53

Evolution in time of phase separation in simulation (left) and

experiment (right). The bar represents 10 um. [BFL™13|| . .

o7

B4

Comparison of mean domain size over time in experiment and

simulation according to [BFL™13] . . . ... ... ... ...

o8



LIST OF FIGURES xi
6.1 Schematic illustration of a Langmuir-Blodgett trough with |
| a lipid monolayer. In typical experiments the thickness of |
| the lipid monolayer is about 5 nm, whereas the height ot the |
| water volume is about 1 mm.| . . . . ... .. ... ... ... 62
6.2 Temporal relaxation of lipids domains in a lipid monolayer on |
| a Langmuir-Blodgett trough provided by T. Franke| . . . . . 63
6.3 Experimental images showing chiral lipid domains forming |
| kidney like shapes provided by 5. Burger.| . . . . . . ... .. 64
[7.1  Human hands illustrating chirality, . . . . . . . ... ... .. 68
[7.2  Side-view of the experimental setting (top), together with
its illustration (bottom). The setup is mounted on a circuit
board (yellow) consisting of the fluid container (brown), the
water bulk (blue) and the IDT with substrate layer (red) in
[ the middle on the bottom of the water bulkl]. . . . . . .. .. 69
[7.3  SAW induced vorticity pattern (top view) with propagating |
| L-shaped enantiomers.| . . . . . . ... ... 0L, 70
[8.1 Illustration of a tapered ID'T" on a substrate layer.| . ... .. 74
[8.2  Propagation of the SAWs on the substrate layer.| . . ... .. 75
[8.3  Pressure waves (green) propagating inside the water bulk with [
| predicted angle of radiation (magenta)| . . . . . . ... .. .. 76
[8.4 SAWs-induced streaming (blue) in the water bulk| . . . . .. 7
[8.5 Computational domain 2 with boundary regions I',, (red), I';, [
| (green) and I'; (blue).| . . . ... ... ... L. 78
[8.6 Jiggled mesh (left) and structured mesh (right) of a unit |
| square domain using a comparable number of vortices and |
Ccellsl . oo 86
[8.7  Stationary pressure wave pattern of the acoustic subproblem |
(left) and stationary velocity field of the acoustic streaming
(right). The water bulk is cut in the X-Z-plane, see section
[8.2] incorporating the origin of the domain. [Linld]. . . . . . 88
[8.8  Trajectories starting on top of the water bulk and descend- |
| ing to the ground while rotating closer to the center of the |
| vortices. |[Linldl.| . . . .. ... oo 89
18.9  Vorticity pattern on top of the water bulk in experiment |
| [Burd] (top) and simulation |Linl4] (bottom)] . . . . . ... 90
[9.1 Fictitious domain € (green) with boundary I' (dark green) |
| and embedded domain w (red) with boundary v (dark red).| . 92

0.2

Definition of length (magenta), center of mass (red), and re-

pulsion points (blue) for a set of particles showing zero angle

of rotation. . . . . . . ..




xii LIST OF FIGURES

[9.3  Experimental vorticity pattern (left) and quadrupolar vortic- |
| ity pattern (right). [BEL™13] . . . ... ... ... ... ... 104
[9.4  Experimental (left) and computational (right) trajectories. |
| BFL™13 | ............................. 104
9.5  Angle of rotation of the particles as a function of time in |
| experiment (red) and simulation (green). [BFLF13]|. . . . . . 105
[9.6 Enantiomer separation of a right-handed (left) and left-handed
| (right) L-shaped enantiomer at the outgoing velocity stream-
| lines. The right-handed L-shaped particle tollows the vortex |
| rotating counterclockwise in the lower left quadrant whereas |
the left-handed L-shaped particle follows the vortex rotating |
clockwise in the upper left quadrant. [BFL™13] . . . . . . . . 107
[9.7 Enantiomer separation of a right-handed (left) and left-handed
| (right) L-shaped enantiomer at the central streamlines. The
| right-handed L-shaped particle follows the vortex rotating |
| counterclockwise in the upper right quadrant whereas the left- |
handed L-shaped particle follows the vortex rotating clock- |

wise in the upper left quadrant. [BELT13]]. . . . . . ... .. 107




List of Tables

5.1 Constants and parameters for Cahn—Hilliard simulations.| . . 53

8.1  Constants and parameters for SAW-generated fluid flow.|. . . 87

9.1 Domain, discretization, fluid and particle related constants |
| and parameters for simulations validating the quadrupolar |
| force density.| . . . . . .. Lo L 105

9.2 Domain, discretization, fluid and particle related constants |
| and parameters for simulations showing enantiomer separa- |
| tion using the quadrupolar force density.|. . . . . . . . . . .. 106

xiii



xiv LIST OF TABLES



Part 1

Phase Separation in Lipid
Membranes






Chapter 1

Introduction

We address phenomena of phase separation in lipid membranes in this first
part. The problem is investigated using a C%-Interior Penalty Discontin-
uous Galerkin (C°-IPDG) formulation of the Cahn-Hilliard equation. In
this context we provide a residual-type a posteriori error estimator for the
biharmonic problem including convergence analysis. Subsequently we will
introduce our field of research in section of this first chapter. In section
we present biophysical properties of phase separation in lipid mem-
branes. Finally, in section we describe our methods of choice and give
an outline of the following chapters.

1.1 Issue and Motivation

We follow our introductory discussions in [BFL™13] to give a short in-
troduction to our topic of research. Phospholipids are built from nutri-
tion by organisms. Their general availability makes them attractive to
nature as a key building block of life. When exposed to water, phos-
pholipids spontaneously form double layers. These immediately re-group
into vesicles of certain size (1 — 100 pm). This dynamic plays an essen-
tial role in our life, because vesicles serve organisms as hulls for their eu-
karyotic cells. Membranes consisting of different lipids are non-trivial sys-
tems. This is especially true when we have to take into account inter-
actions with additional components, e.g. cholesterol. Giant Unilamellar
Vesicles (GUVs) are simplified systems. Their membrane consists of fewer
types of lipids, without loosing characteristic behaviors. In this part we
are especially interested in systems built of 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
and Cholesterol. Depending on certain circumstances, lipids show differ-
ent states or phases. Experiments show that these phases separate into
distinct domains [VKO02, VK05, BHWO03bl BG00]. This phenomenon is an
important subject of research, not least since [SI97, [TMAOQ7] suggested an

3



4 CHAPTER 1. INTRODUCTION

influence of the described phases on drug delivery into cells. Further exper-
iments were conducted with multiple lipid compositions [VKO03|. Thereby
two qualitatively different forms of separation were observed: nucleation
and spinodal decomposition. Research on phase separation has been a vivid
topic over the past few years, not only in experiments but also in simula-
tions [Mo6h95]. For a better understanding of this process numerical com-
putations were performed both for mono- and bilayers. Electrostatic line
integrals [MMS88], Monte Carlo methods [MV97] or kinetic modeling [Ste09]
were used for monolayers. For bilayers, Monte Carlo methods [JM95] or
molecular dynamics simulations [BMVBT13| were chosen. However, all of
these methods are of qualitative nature and lack quantitative comparisons.
Only Kriiger and Losche [KLO00] used Minkowski measures for this purpose.
But they required rather restrictive assumptions. There are limitations in
either the dimension or size; interaction between different lipid domains were
accounted for in one-dimensional computations or two-dimensional compu-
tations were performed for isolated lipid domains. Their work provided new
insights into this field of research. But their simulations do not cover real life
experiments. We avoid these problems and decided to use the Cahn—Hilliard
equation for our simulations. This is not a completely new approach. It was
already suggested by [For05] and [FHHIO| but with the afore-mentioned
drawbacks in quantitative measurement. In contrast to the methods pre-
viously discussed, we perform long-time numerical studies for comparably
large two-dimensional settings. Thereby our model allows interactions of dif-
ferent lipid domains including topological changes. Furthermore, we present
a method for measuring domain sizes with a minimum effort. This allows
us to perform not only qualitative but also quantitative comparisons of sim-
ulations and experiments.

1.2 Phase Separation in Vesicles

We give a short introduction to the basic biophysical properties of lipid
molecules and lipid membranes. Our interest lies in a group of amphiphilic
phospholipids, more precisely, phosphatidyl cholines (PC or lecithin). They
consist of a hydrophilic phosphoric head and a hydrophobic hydrocarbon
tail, as shown in Figure [I[.1]

Figure 1.1: Phospholopid with hydrophilic head (red) and hydrophobic tail
(black).
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Figure 1.2: Phospholipids surrounded by water form liposomes.

The hydrophobic lipid tails avoid contact to water, due to their am-
phiphilic character. Once a system of lipid molecules is exposed to water,
it shows spontaneous dynamics. The lipids hide their tails from water and
form a double layer or bilayer. Then this bilayer further develops into vesi-
cles as shown in Figure This way the lipid tails are perfectly protected
from contact with water. A special class of vesicles consisting of a small
number of different types of lipids are Giant Unilamellar Vesicles (GUVs)
which have diameters of up to 200 pm.

Lipids occur in different states, i.e. phases, in membranes. The states are
characterized by the lateral mobility of the molecules and the orientation
of the lipid tail. A survey of lipid phases is given in Figure There
are temperature-induced phase transitions. At very low temperatures, i.e.
below approximately 21 °C, lipids show a crystalline order. The lipid layer
is then in a so-called crystalline phase (L.) and the molecules are in fixed
positions. At higher temperatures lipid molecules show lateral diffusion
on the membrane with diffusion rates depending on the given phases and
temperatures. When the temperature is raised, a gel phase (Lg) forms. The
name is due to the glass-like behavior. Lipid tails are tilted but still have
lateral order. A compound of lipid molecules in gel phase is rather rigid
but ductile. At higher temperatures this gel phase evolves into a disordered
phase (Lo) and the lipid tails lose their lateral order. The behavior of a
compound of lipid molecules in liquid state is comparable to the behavior of
liquids. Experiments suggest membranes of pure phases as special cases. In
lipid membranes phases coexist, form structures and change in time. The
described properties hold true for pressure induced phase transition. Here,
the influence of pressure is inversely proportional to temperature. More
details on this topic are given in section [6.1

We want to analyze temperature-induced phase transition. A system rel-
evant for biological processes [Edi03] [Pik03, TPEMJ03, [DLP02] consists of
DOPC (1,2-Dioleoyl-sn-glycero-3-phosphocholine), DPPC (1,2-Dipalmitoyl-
sn-glycero-3-phosphocholine) and cholesterol. Cholesterol attaches to sat-
urated phospholipids (DPPC). Similar to the gel phase the tails are or-
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Figure 1.3: Phospholipids in crystalline phase L. (left) gel phase Lg (mid-
dle) and disordered phase L, (right).

dered but the cholesterol inhibits the tails from forming out lateral order.
This is called liquid ordered phase. Unsaturated phospholipids (DOPC)
attain a liquid disordered phase. Hence, GUVs consisting of DOPC and
DPPC show liquid-gel-coexistence phases. For technical reasons electrically
charged DPPG (1,2-Dipalmitoyl-sn-glycero-3-phospho-rac-(1-glycerol)) has
to be added. Up to a certain concentration its influence can be neglected.
Thus we use measurements from such systems in section [5.3 for validation.
Non-negligible amounts of DPPG are discussed in section [6.2

Now we begin with a homogeneous mixture of lipid components at a
given temperature T’ that is above a characteristic temperature T.. As
the temperature exceeds this point the system has perfectly mixed binary
phases in the beginning as described above. These phases start to sepa-
rate into immiscible structures. This phase separation is observed on GUVs
by fluorescence microscopy [DBV ™01, [SMCO0T, VK02, VK03, BHW03a]. In
practice, GUVs get supercooled above T, and afterwards unfreezed by ap-
plying the heat of a microscope lamp. This way homogeneous mixtures are
guaranteed in the beginning of the observation. In experiment, domains of
saturated phospholipids (DPPC) appear dark, because cholesterol replaces
the fluorescence marker. Examples for qualitatively different forms of phase
separation are given in Figure [.4 On one hand, we can see binodal de-
composition. Here, lipid domains of circular shape grow by nucleation. On
the other hand, we see spinodal decomposition. This process is character-
ized by its interconnected domains that grow by contraction in time. The
qualitative differences are determined by lipid mixtures and temperatures
indicated in Figure Further details concerning possible causes of binodal
and spinodal decomposition are given in section [2.1

Phase separation results in domains of pure phases. The domains possess
lateral mobility within the membrane. Both phases show diffusion rates
different from their lipid molecules at corresponding liquid ordered and liquid
disordered state. These domains relax over time, reduce their surface and
take circular shape or try to reduce the surface line between the different
phases. After phase separation the lipid domains still grow either by collision
or contraction. In case of binodal decomposition collision of lipid domains is
the main factor of growth. Here, two collided domains immediately relax into
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Figure 1.4: Binodal (left) and spinodal phase separation (right)

T single phase

1. :
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tastabl
instable metastablo
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[ |

Figure 1.5: Phase diagram of a binary mixture.
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a circular shape. By contrast in case of spinodal decomposition contraction
is dominant which eventually results in domains of circular shape. Both
processes tend to minimize phase boundaries. This suggests line tension as
driving force of the system after separation. More information on phase
separation in lipid membranes with respect to biophysics and experiments
is given in [Lei08].

1.3 Methods and Outline

This thesis investigates phase separation in a qualitative and quantitative
manner. Thereby we have to address several problems described below.

In the following chapter [2| we present a physical model for our problem.
To this end we interpret the lipid membrane with its coexistent phases as
a binary mixture. This allows us to adapt a physical model known for bi-
nary alloys. This model was developed by Cahn and Hilliard [CH58, [Cah59|
Cah61]. Their phase field model describes phase separation and allows topo-
logical changes in time. Following [MP96l [EZ86l [EGI6] we give a mathe-
matical formulation of the model, with focus on its boundary condition, and
state results on existence and uniqueness of a solution.

Chapter [3| introduces the C-Interior Penalty Discontinuous Galerkin
(CY-IPDG) method for the biharmonic problem. This method was discussed
for fourth order problems by [BS05, I(GH09]. We give a general DG approach
for the biharmonic equation using the Hellan-Herrmann-Johnson (HHJ)
method. So far this had been done for DG methods for second order elliptic
problems by [ABCM02]. In this context we derive the C*-IPDG method by
opting for numerical fluxes. Afterwards we present a residual-type a posteri-
ori error estimator for this method as we developed in [FHP14]. Adaptivity
for C°-IPDG methods and with special focus to the biharmonic problem has
already been discussed in [BGS10, (GHVI1I]. However, compared to [BGS10]
we provide a convergence analysis for any polynomial order. In the spirit
of [BN10] we show a contraction property for a weighted sum of the C°-
IPDG energy norm of the global discretization error and the estimator. The
contraction property is demonstrated with the help of the reliability of the
estimator, a quasi-orthogonality result, and an estimator reduction property.
We give numerical results for high order approximations of the biharmonic
problem. Thereby we achieve theoretically predicted quasi-optimal conver-
gence rates. Later on, we apply the C°-IPDG method for the biharmonic
operator to the Cahn—Hilliard equation derived in chapter [2| in the spirit
of [WKGO06]. We discretize the nonlinear problem in space and time and
formulate a Newton method for the resulting equation. Here, we discuss
convergence with respect to the temporal resolution. Finally, we give an
outlook on the further development of adaptive methods in space and time.

For a quantitative comparison of simulation and experiment we have
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to analyze numerous images in an efficient way. Therefore, we present a
structure factor method in chapter [ which is motivated from crystallogra-
phy. Here, interference patterns resulting from X-ray scattering are analyzed
[Gui63]. We explain this method and show how to use it to measure domain
sizes. Issues of application are discussed in a series of exemplary images.
This proves the method to be an appropriate tool for automatic quantita-
tive data evaluation.

We present our results in simulation and experiment from [BFLT13| in
chapter [5] Here, we focus on the evolution of the mean domain size in time.
We investigate the sensitivity of the Cahn—Hilliard equation with respect
to its parameters, i.e. diffusion, line tension and free energy for a physical
range of parameters. Based on these results we evaluate experimental data
on GUVs and compare it to simulations for a certain set of parameters.
We make out intrinsic similarities in qualitative and quantitative manner
in time. In this way we achieve fairly good results reflecting the nature of
lipid membranes. Thus we found a numerically efficient way to simulate and
evaluate phase separation in lipid membranes.

In chapter [6] we draw a final conclusion reflecting our results and give
an outlook on possible future research. Thereby we show possibilities to
extend our model in order to describe systems with charged lipids or lipid
membranes on a Langmuir-Blodgett trough. Such extensions may lead to
the simulation of chiral lipid domains.
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Chapter 2

The Cahn—Hilliard Equation

In order to perform numerical simulations we have to derive a model first.
Experimental observation described in section suggests a model that
reproduces phase decomposition and allows topological changes in time. We
choose a phase field model for this purpose in section 2.1 We conduct
mathematical analyses for the resulting nonlinear fourth order problem in
section with special attention to the boundary conditions. Furthermore
we give basic results about existence and uniqueness of a solution of our
problem.

2.1 Phase Field Model

Cahn and Hilliard introduced a phase field model for binary alloys [CH58,
Cahb9, [Cah61]. Since then the method has successfully been used for var-
ious applications, amongst others, in astronomy [Tre03|], image process-
ing [BEG07] and simulation of microstructures [Che02]. The method is
a promising candidate for us, because experiments suggest lipid phases to
be a binary mixture as described in section Following the ideas of Cahn
and Hilliard we derive a model for our problem as we presented in [BFLT13].

We define an order parameter c¢ reflecting the mole fraction ¢ of a cer-
tain lipid phase. This means ¢ = 0 and ¢ = 1 denote pure phases. This
corresponds to the black and white regions shown in Figure In order
to gain regularity the gradient of the concentration |Ve¢| has to be of the
same order as the inverse of the distance between two lipid molecules. This
guarantees continuous changes of ¢ from one lipid phase to the other. The
relation between the gradient of the concentration and the line tension is
discussed later on.

Each lipid molecule belongs to a certain phase. Its free energy depends
on its surroundings. Lipid molecules feel most comfortable with neighboring
lipid molecules of the same phase which is why they accumulate with those.
We introduce a local free energy f per area. It depends on the local phase

11
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concentration ¢ and its derivatives. In each instance the local free energy
penalizes mixtures of phases. This corresponds to the afore-mentioned prop-
erties of lipid molecules. The local free energy f makes local concentrations
of pure phases to be energetically favorable. Hence, it is the driving force of
phase decomposition in regions with homogeneous mixtures.

Similar to the assumptions on the concentration ¢ before, we assume f
to be a continuous function with respect to its variables. Additionally, we
assume c¢ and its derivatives to be independent of each other. This allows
us to apply Taylor series expansion and approximate f at the homogeneous
concentration cg. This leads to

f(e,Ve,Vie,...) = f(co) + Z L;(dc/0x;) + Z /-@5;)(8%/(6%6:@))
(21) 11 (2) ()
+ 3 ZHU (0c/0z;)(0c/0xj) + .. .,

with coeflicients given by

_0f(o)
(2:2) M= 5@c/oa
1 df(c)
(2.3) " 9(02¢) (0idxy) |,
@) df(c)
(2.4) Kij = 0(9c/0x:)0(dc/0x;) |,

For symmetry reasons f does not depend on the orientation of Vc. Hence,
we only count even powers of the gradient such that the Taylor series ({2.1))
reduces to

(2.5) f(e,Ve,Vie,...) = f(co) + m1Vie+ ra(Ve) 2+ ...,

with k1 = (9f(c)/0V?¢)|e, and k2 = (0% f(c)/(9|Ve|)?)|eo- Then the approx-
imated total free energy F' of a given domain 2 is given by the integration

of , ie.
(2.6) Fleo) = /Q (f(co) + r1V2e + ra(Ve)?) da.

Integration by parts for the second term results in

dlﬂ

(2.7) / mViedr =— | ==(Ve)? dz —I—/ (k1Ve-n) ds.
Q o de o9

Here, mass conservation motivates us to impose

(2.8) Ve-n=0 on 0f.
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By substituting (2.7]) into (2.6) there holds

2

29 Fleo) = [ (5(Ve)* + f(w)) dr,
Q
where
€ dr 0% f % f
1 _—=—— — — i
(2.10) 2T " de T T Tacoveel, vy,

co

We now extend the total free energy F'(cp) by simply re-defining the local
free energy f(co) for inhomogeneous concentrations c. Therefore we intro-
duce a double well potential, e.g. f(c) := pc?(c—1)?, depending only on the
concentration ¢ as a simple choice for our local free energy. Here, the param-
eter ¢ serves as a physical scaling parameter. More sophisticated versions
are possible with respect to a given phase diagram as sketched in Figure 2.1
We further discuss our approximated total free energy given by . Its

2 . . . .
first term < (Vc)? vanishes on regions with constant concentration whereas

regions with phase boundaries give contributions to the total free energy. It
is rather difficult to give a physical interpretation of the parameter €2. In
connection to the total free energy F it can be interpreted as line tension.
But this interpretation is only valid in a variational sense, see [RW82]. From
a microscopic point of view it reflects the interaction of lipids of different
phases. The second term connected to the local free energy f(c) which is a
double well potential in our case, is minimal at regions of pure lipid phases.

Nature tends to minimize its free energy. We analyse how this influences
a lipid mixture over time. We start from a homogeneous mixture of lipid
phases. In absence of phase boundaries, the local free energy is the driving
force of our system in the beginning. Consequently, lipid phases separate
and regions of pure phases occur. After a certain amount of time, lipid
phases have separated completely. Now, the term connected to the line
tension is dominant. This influences the domain structures, because lipid
domains fuse and reduce their boundaries. We see that the behavior of our
model is in agreement with experimental observations described in section

Let us formalize this process in time by physical arguments. The chem-
ical potential pchem can be defined by the variational derivative of the total
free energy F, i.e.

oF
2.11 = —.
( ) Mchem(c) Sc

We further introduce a dynamical system using Fick’s first law, such that
the mass flow is prescribed by

(2.12) J = —M(c)V tichem,
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----- ! |

Figure 2.1: Local free energy f(c) as double well potential (left) and matched
to a binary mixture (right). [BFL™13|

where M (c) denotes the mobility of the lipids depending on their local con-
centration c. Again, mass conservation motivates us to imply the boundary
condition

(2.13) J-n=0 on 0€).

Then the change of concentration in time is given by

oc

(2.14) i -V -J(c),
so that conservation of mass is guaranteed. Altogether, we get the Cahn—
Hilliard equation

dc / 2
(2.15) a:V-(M(C)V[f (c) — e Ad]),
with previously described boundary conditions. An exemplary choice for
the mobility would be a linear combination of the diffusion constants Dy
and D; of the pure lipid phases at concentration ¢ = 0 and ¢ = 1, e.g.
M (c) = Do(1 — ¢) + D1(c). This may lead to degenerated mobilities which
means the mobility vanishes for certain concentrations. However, in our
case we use constant mobility Mp = D, assuming the phases to possess
the same diffusion rates D, see [OWL05|]. This leads to a simplified Cahn—
Hilliard equation with three physical parameters D [m?/s], ¢ [J/m?] and €
[J]. For further information on the resulting Cahn-Hilliard equation itself,
its properties and its practical impact we refer to [EII89] and [NC98].

2.2 Existence and Uniqueness

Following [MP96] we give a mathematical formulation for the Cahn-Hilliard
equation . For simplicity we assume a constant mobility Mp = D with
positive diffusion coefficient D € R™. This is sufficient for our simulations
in section Bl
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So far we derived the Cahn-Hilliard equation by physical argu-
ments. This equation describes the change of concentration in time in a
given domain 2. By contrast, we present a mathematical approach with
special focus on the boundary conditions here. To do so we go back to the
total free energy and derive the Cahn—Hilliard equation from a
mathematical point of view. However, once more we utilize the fact that
nature tends to take energetically favorable states. In order to minimize
the total free energy of our system depending on our concentration c, the
concentration changes in time according to
(2.16) ey = —v (o).

dt
In doing so, we have to be aware to allow only mass conserving gradients
of the total free energy with respect to our concentration c. Previously, we
fulfilled this restriction by physical arguments. In this case conservation of
mass allows only those gradients VF with

(2.17) / VF dz =0.
Q

Consequently, the total concentration over the domain €2 is constant, since
substituting our restriction (2.17) into (2.16)) leads to

dc
2.18 —(t) dez = 0.
(218) 0
From this we can see that there is a constant Cpean € R meaning that at

any time ¢ in the time interval [0, 7] there holds

(2.19) /Q ¢(t) dz = Chnean.

In this case, the constant Ci,ean denotes the mean concentration over time.
Now the gradient of the total free energy VF for a given concentration c at
time t € [0, 7] is connected to the change in time of the total free energy in
the sense that

dF dc

E(C(t)) = (VF(c), P

(2.20) p

(t))Hv

where we have to appropriately choose H regarding mass conservation of
our concentration c. Nevertheless, by substituting (2.16)) into (2.20) we get

(2.21) el =~ SOl <o

Thus the total free energy F' minimizes over time once more. However, we
still have to look for an appropriate Hilbert space H in order to guarantee



16 CHAPTER 2. THE CAHN-HILLIARD EQUATION

the afore-mentioned mass conservation of the concentration c. Therefore,
we define

(2.22) fr%m;:@eL%m|4vdm:mcfr%m.

Accordingly we receive the following result for elements in H~1(Q) [MP96].

Lemma 2.1. v € H™! if and only if the Neumann boundary value problem

(2.23) -V - -MpV®, =v, in,
P,
(2.24) %n =0, onl,

has a unique solution ®,(x) satisfying [ Py(x) dr = 0.

Here we introduce the constant mobility Mp in equation (2.23)). This
makes sense, as the equation represents the diffusion of our concentration on
Q. We therefore call it gradient flow in H~1(Q). Using equation we
also impose the normal derivatives of our concentration ¢ to vanish on the
boundary I' := 0€2. This way we avoid an additional entry of concentration
from the boundary. Let vi,vo € H™!, and ®,,, Py, their corresponding
solutions according to Lemma Thus we define

(2.25) (vl,vz)g,1 = (MDV@M,V(I)UQ)O’Q.

Consequently H~! combined with the scalar product is a scalar prod-
uct space and for v € H~'. Furthermore, we have equivalent norms ||v|| ;-1
and ||v]|g-1 on H~1 [MP96]. Overall, we can guarantee mass conservation
for VF € H~'. For v € H~! the mass conservative directional derivative in
time of the total free energy is given by

(2.26) %(c +tv) =0 = (VF(c),v)0,0-

For our total free energy (12.9)) there holds
(2.27) VF(c) = f'(c) — €Ac.

By substituting (2.27)) into (2.26]) we obtain

dF -
(2.28) E(c +t0)|i—o = (f'(c) — EAc,v)0, Yve H L

According to Lemma there exists a solution ®, for v € H~! such that

(2.29) —V - MpVd, = .
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Thus for (2.28) there holds

dF
(2.30) (et to)li=o= (f'(c) — Ac, —V - MpV®,)g.q-
Then integration by parts yields
dF
(2.31) E(C +tv)|t=o = (MpV(f'(c) — €Ac), V)0
Here, we assume on our boundary I that
(2.32) ai(f’(c) —e2Ac) =0,
and we find a © € H~! according to Lemma such that
(2.33) v:=—V-MpVd; = -V - MpV(f'(c) — EAc).
Using the equivalence of scalar products ([2.25)), (2.31) reads as follows
dF
(2.34) g (e T tll=o = (MpV P35, V®i)o0 = (0,0) -1
When we compare (2.31)) to (2.26)) we see that
(2.35) Vg F(c):= =V -MpV(f'(c)— eAc).

Finally, we substitute (2.35|) into (2.16]) and obtain the Cahn-Hilliard equa-
tion with mass preserving boundary conditions:

(2.36) gi =V - MpV(f'(c)—€Ac), inQ,
(2.37) g; = ;l(f/(c) —e?Ac) =0, onT.

Considering existence and uniqueness we cite the following result according
to [EZ86].

Theorem 2.2. Let Q C R",n < 3 be a domain with sufficiently smooth
boundary T = 09, €2, Mp € RT and f'(c) = ¢ — y1¢® — y2c3, with 1 € R,
vo € RY. Then for any initial data co € H%(SY), with

ov
In =0 onTI},

there exists a unique solution c = c(t, z) of the Cahn—Hilliard equation ([2.36))
with mass preserving boundary conditions (2.37) for a given time interval
(0,7), T € R" in

HY(Q x (0,T)) = {v(t,z)| ve L*(0,T),H*(Q)),

(2.39) 9 ¢ 12((0,7), L2(92))}.

(2.38) HZ(Q) :={ve H*Q)|

This result covers our set of application. For further information, for
example on degenerated mobilities and different forms of local free energies
f, we refer to [EG96].
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Chapter 3

CO-Interior Penalty
Discontinuous Galerkin
Methods

First in section [3.1) we introduce continuous/discontinuous Galerkin (CDG)
methods with special focus on fourth order problems. In particular, we de-
rive a C*-interior penalty discontinuous Galerkin (C°-IPDG) method for the
biharmonic problem known from [BS05]. Further, in section we develop
an adaptive finite element method for this formulation and provide a conver-
gence analysis as we presented in [FHP14]. Using this C°-IPDG formulation
for the biharmonic problem, in section we derive a C*-IPDG method of
the Cahn-Hilliard equation — (2.37), in the spirit of [WKGOG].

3.1 Continuous/Discontinuous Galerkin Methods

Continuous Galerkin (CG) methods for fourth order problems require C*
elements [AFS68, [BES65, [DJDPS79]. These conforming approximations of
the Cahn—Hilliard equation - are computationally expensive.
We therefore look for a nonconforming approach. Reed and Hill [RH73]
introduced a Discontinuous Galerkin (DG) method for solving hyperbolic
equations. Since then, various DG methods have been developed for different
types of problems. A unified analysis of discontinuous Galerkin methods for
elliptic problems is given in [ABCMO02]. We refer to this source as a general
introduction to DG methods. Regarding fourth-order problems there are
nonconforming approaches, for example [Bak77]. A convenient approach is
to use standard C or Lagrange elements known from CG methods for second
order elliptic problems. The development of such continuous/discontinuous
Galerkin (CDG) methods for two-dimensional problems goes back to [BZ73].
It can be seen as a hybrid approach combining CG and DG methods. CDG
methods for fourth order problems methods were proposed by [EGHT02]

19
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and [WGMO04]. In the spirit of the unified analysis of DG methods for
second order elliptic equations presented in [ABCMO02], we present a unified
approach for the biharmonic equation, an exemplary fourth order problem.
In this context, the CO-IPDG method suggested in [BS05] turns out to be
a symmetric interior penalty DG method characterized by the choice of
numerical fluxes. We follow our work presented in [FHP14] to show this
result and introduce the C°-IPDG method to the biharmonic equation by the
Hellan-Herrmann-Johnson (HHJ) approach [Hel67, Her67, [Vis69, [Joh73].

Let © C R? be a bounded polygonal domain with boundary I' = 9§ and
f € L*(Q). The biharmonic problem is given by

(3.1) A’u=f inQ,
ou
(3.2) u—a—n—O on T

A weak formulation of (3.1) — (3.2)) is to find a solution u € V := HZ(Q)
such that

(33) a(u,v) = (f?U)O,Qa v E VYa
where the bilinear form a(-,-) is defined by

(3.4) a(v,w) = (D2U,D2w)0,9 = Z (DﬁU,Dﬁw)()’Q, v,w € V.
|81=2
The bilinear form is bounded and V-elliptic. Thus, the Lax—Milgram lemma
guarantees the existence and uniqueness of a weak solution.
The regularity requires us to use C! elements rather than C° elements
in order to get a conforming numerical approximation. Instead we apply the

Hellan-Herrmann—Johnson (HHJ) method and reformulate the biharmonic
problem (3.1)) — (3.2)) into a system of second order equations, such that

(3.5) p— D*u=0,
(3.6) V- (V-p)={

We further define the matrix-valued function space

Q(d1V7 Q) = {p = (p17p2)T |pz € H(d1V7 Q)> 1 S 1 S 27

(3.7) V-p € H(div;Q)}.

Here, we used (V - p); = Z?:l Op;;/0zj,1 < i < 2, together with the
vector-valued space
H(div; Q) := {v = (v1,02)" |v; € L*(Q),1 < < 2,

(38) V.-veL*0)}.
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Now, we use the fact that D?u = V - (Vu) and apply integration by parts.
Then the weak formulation of (3.5]) — (3.6]) is to find a pair (p, u) € Q(div; Q) x
HZ(€), such that

(3.9) /p:qd:c+/Vu-V~qu:0, g € Q(div; Q),
Q Q
(3.10) /p:DQU dac:/fv dz, ve H3(Q).
Q Q

Let us discretize our system of equations - and introduce
a geometrically conforming simplicial triangulation 7, of €2. Let further
Py(T), k € N, kK > 2, be the linear space of polynomials of degree less
or equal k£ on a triangle T' € T,. The lower restriction on the polynomial
degree is due to the second order derivatives in . This guarantees
nonzero polynomials after differentiation. According to [BS08], the space of
Lagrangian finite elements of type k is given by

(3.11) Vi, = {vp, € CYUQ) | wplr € Po(T), T € Tp}.
Furthermore, we define the matrix-valued function space Q;, by

Q= {a, € COV>? | @, = ()} )1, 1 <05 <2,

(3.12)
q,-j]T S Pk(T), T e 771}

Then the discretized version of our weak formulation (3.9)) — (3.10)) is to find
a pair (py,un) € Qpn X Vi, such that for q; € Q;, and vy, € V}, there holds

Z/Tph:qhdm—i— Z /TVuh~V-qhd:c

(3 13) TETh T€Th
- > / Uy, - qpnor ds =0,
TeT;, 79T
(3.14) Z /ph:szuh dz — Z / Dy, - Vo, ds = Z /fvh dz.
TeT;, /T reT;, 1T =

Here, uj, and p,;, denote numerical fluxes over the edges of our triangulation
Tn. The fluxes can be seen as numerical approximations of the normal
derivatives of u and p arising from the integration by parts per element
T € T, of the system of equations - . However, these derivatives
do not exist for uy and p;, in a global context. The derivatives are not-well
defined on the edges of the triangulation T' € T,. Here we remember that
Vi, and Q,, are C° element spaces. The specific choice of the fluxes will
be discussed later. For now, we mention that they influence the stability
and the accuracy of the resulting method. For the moment it is enough
to know that the fluxes @, and p;, are defined by jumps and averages of
normal derivatives of uy and p; on the edges of our triangulation 7. We
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remark that the normal derivatives of p;, are directly related to the normal
derivatives of w, by the equation (3.5). Here, we have nonzero jumps of
the normal derivatives of both u; and p;,, because despite our restriction to
polynomial degrees, the discretized spaces V}, and @), consist of C° elements.
Unlike for C! elements the normal derivatives are not continuous over edges.
Consequently, we cannot expect vanishing jumps of any normal derivatives.
Thus we have a nonconforming approximation - of our weak
formulation because Vj, ¢ HZ(Q).

Nevertheless we use the occurring jumps for our purpose. To do so in
our nonconforming approximation - we transform sums over
triangles into sums over edges for those terms where the boundary integral
of a triangle T is evaluated. It is clear that every boundary integral is
evaluated twice on every interior edge, because every interior edge F € 8,?
belongs to two triangles. Thus we define averages and jumps over edges
and introduce a fixed numbering to our triangles T' € T,. This allows us
to introduce unique jumps and averages. Now an interior edge F € 5}? is
defined by £ := T; N1} , ¢ > j, and the associated triangles are uniquely
defined as Tg :=T;, Ty :=Tj. The set of boundary edges is denoted by 5,1; .
Then the total set of edges is defined by &, := 5,? U 5,1;. The unit normal
vector n on E € E,? points from T to TE. For F € 8,1;,E =T,NT, we
set T := T, and refer to n as the exterior unit normal vector for F € 5,1; .
Further, we refer to t as the unit tangential vector for £ € &, defined by
the m/2 counterclockwise rotation of m. Finally, for first and second order
derivatives, 1 < v < 2, averages and jumps are uniquely determined by

10Y 1 8%y Q
(3.15) {ayvh}} = { 3 ont ‘EmT+ T2 arfv ‘EOT Ecé&y,
on” Son !EmTE ,Ee&l,
v oY vy,
(3.16) [[8 vhﬂ = { SJHEng a,fu |EmT Ee&l,
8nV anll ‘EQTE ) E S gll_:

Let us choose the numerical fluxes over F € &, according to

. 0 0
(3.17) = {5+ {5t

. 62 o Ouy,
(3.18) oy === o2 }TL@T + @ o Inor,

where hp denotes the length of the edge F and a € R, o > 1, is an appropri-
ately chosen penalty parameter. On one hand, we want to penalize occurring
jumps and on the other hand, we want to have a symmetric formulation re-
garding jumps and averages of trial and test functions It is essential that
due to the choice of the numerical ﬂuxes - ) the dual variable ph

can be eliminated from the system - 3.14. By substituting (3
into (3.14)), transforming the sums over triangles into sums over edges and
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using our previously chosen numerical fluxes (3.17) and (3.18)), we get the
CY-IPDG method for our biharmonic problem (3.3). Altogether we have to
find a solution uy, € V}, such that

(3.19) ar” (un, vn) = (f,vn)o0,  va € Vi,
where the mesh-dependent bilinear form a!f(-,-) : Vj, x Vj, = R, is given by
O*u ov
ai(un,on) = 30 (D%un, Do)+ 37 (175,31 15, Do

T€Tn BeEd
(3.20) 8 6‘ 5 5

u v u v

+ > (51 h}}0E+aZhE J]] 8:]]),E
EeED BeE?

Now, we have a nonconforming method for our biharmonic problem
using C” elements instead of C'! elements required for conforming approx-
imations of fourth order problems. We already mentioned the occurring
jumps over edges using C° elements due to their reduced regularity. The
jumps and averages are part of the numerical fluxes. Their choice was ac-
tually free but however motivated by the afore-mentioned goals. In fact,
we defined the fluxes similarly to the fluxes used for the symmetric inte-
rior penalty method for second order elliptic equations shown in [ABCMO02].
Therein the choice of fluxes was motivated by the same goals. This analogy
suggests that other fourth order formulations can be derived using similar
fluxes known from other DG methods for second order elliptic problems.

A closer look at the bilinear form , especially its terms related to
the edges, reveals its improper definition for v,w € V. We fix this problem
by introducing a lifting operator L : L?(&,)? — @Q),. This operator is known
from DG approximations of second order problems [HSWO04, [HSWO07| or
for IPDG approximations of the biharmonic problem |[GHVTII]. The lifting
operator is defined by

(321) (L), qno0 = ) (In vl {n-an}rloe, a,€ Q.

Eecéy

Using this, we define our bilinear form a’f(-,-) for elements of V + V}, by

aiILP(an) = Z (D2U,D2w O,T + Z (L(Vw)vDQU)O,T
TET, TeTh
(3.22) w
+ > (L(Vv), D*w)or + o Y k' [[—]]E,[[a 1£)o.E-
TET, ECE, n

In doing so, we have to mention that we reused the notation of our original
bilinear form a,ILP (-,+) : Vi x Vj, = R. We further define the mesh-dependent
CY-IPDG norm on V + V}, by

Z |U’2T+ Z 6n E||0E, vEV + Vy,
TET: Ecé&y,

(3.23)
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with

(3.24) |- Bri= > 1D 5r: T €T
|8]=2
This allows us to give some a priori estimates proved in [BS05], showing

our bilinear form aip (+,-) to be elliptic and bounded. Firstly, for sufficiently
large penalty parameter a there exists a positive constant v < 1, such that

(3.25) ai (v,0) 2 vl3p0, vEV + Vi

Moreover, there exists a constant C'; > 1 such that for any penalty parameter
« > 1 there holds

(3.26) alP(v,v) < CleH%,h,Q, veV+V,.
Finally, from the ellipticity (3.25) and the boundedness (3.26|) of our bilinear

form alP(-,-) we deduce the existence and uniqueness of a solution uy, € V,
for our CY-IPDG method (3.19)). Further details including an a priori error
analysis are given in [BS05].

3.2 Convergence Analysis of an Adaptive Method

In this section, we derive an adaptive finite element method (AFEM) based
on a residual-type a posteriori error estimator for our previously presented
C°-IPDG method for the biharmonic problem — . Further,
we present results on a convergence analysis for any polynomial order. The
results presented are excerpts from our work published in [FHP14]. As an
introductory source to this field of interest we refer to literature on AFEMs
for second order elliptic boundary value problems, e.g. [AO00, BS01, BR03,
EEHJ95, NRO4, [Ver96].

3.2.1 A Residual-type A Posteriori Error Estimator

An a posteriori error analysis considering the C°-IPDG method (3.19) in
case k = 2 was first given in [BGS10]. For k > 2, we introduce the residual-
type a posteriori error estimator

(3.27) me= (X i+ Y oup)”

TeTn Ee&j}

with element residuals nr and edge residuals g defined by

(3.28) ng = hillf — Nl T €T,

82uh

0
(329)  nh = helloalsld s+ Bl Aulelie, B e &l
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The consistency error is given by

(3.30) inf al (up — vp,up —vp).
v VY

Here, V;¢ C HZ(Q2) denotes a C' conforming finite element space used for
conforming approximations as mentioned in section Such a space can
be built using the so-called Argyris elements described in [AFS68]. Another
possibility is to construct a posteriori a conforming approximation using the
enrichment operator Ej, : Vj, — V)¢ presented in [BS05]. Let p be a nodal
point of V¢ and let us further define the associated patch of triangles w?,

(3.31) wh = J{T € Tu(Q) | {p} NNA(T) # 0}.

Now, the value N(FEjvy) of any nodal variable of Ejvy, at the nodal point p
is defined by averaging over the patch w}, i.e.

(3.32) N(Byop) = |wpl ™ > (IT N(vnlr)), vn € Vi

P
Tew,

According to the mapping properties of Ej, shown in [BS05], there exists a
constant Cy. > 0 depending only on the local geometry of 7, such that

inf a,IZP(uh — vp,up — vp) < a{lp(uh — En(up),up — En(up))
(3.33) Vi
< Crcllp ¢

where the consistency error related estimator 7y, . is given by

1/2 _1..0up,
B30 me=( X mbe) .+ mbe=hi'l5 e
Eeé&y,

Together with our previously defined estimators (3.27) — (3.29) we get the
following reliability result [FHP14]:

Theorem 3.1. Let u € V and up € Vy, be the unique solution of (3.3)) and
(3.19), and let n, and np . be given by (3.27) — (3.29) and (3.34)). Then,

there exists a constant C. > 0, depending only on the local geometry of Ty
and on k, such that

2
0,E-

(3.35) af (w—un,u = wp) < Co (i + o o)

For sufficiently large penalty parameter « it can be shown that om,zl’ . is
bounded by n? [FHP14].

Theorem 3.2. Let ny, and ny, . be given by (3.27) — (3.29) and (3.34). Then,

there exists a constant Cy > 0, depending only on the shape regularity of Ty,
and on k, such that for a > 2Cy /7 there holds

Cy
(3.36) any . < 2777%-
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Finally, this results in the improved reliability [FHP14]:

Corollary 3.3. Let u € V and uy, € Vj, be the unique solution of (3.3)) and

(13.19), and let ny, be the residual error estimator as given by (3.27) — (3.29).
Then, there holds

(3.37) ap” (u — up,u — uy) < Cr,

where Cg := C.(1 +2y71Cy).

3.2.2 Contraction Property

A convergence analysis for conforming discretizations of the Poisson equa-
tion was first performed by [D&r96]. In this context, we also have to men-
tion the salient achievements shown by [CKNS0§|. For nonconforming dis-
cretizations based on the lowest order Crouzeix—Raviart elements we refer
to [CHOG]. In the spirit of the results on a convergence analysis for Interior
Penalty Discontinuous Galerkin (IPDG) methods presented by [BN10], our
goal is to demonstrate a contraction property. More precisely, we show that
the discretization error in the aip (+,-)-induced norm together with its esti-
mator on a fine mesh 7} can be bounded from above by their values on the
antecedent and coarser mesh Tg.

For adaptive mesh refinement we use Dorfler marking, see [D6r96] using
the error estimator 7y

oN1/2
(3.38) m=( > )
TeTh(2)
with element residuals 7
. 1 82uh
'r]% = h4T||f — AQU}IHaT + 5 Z (hEH[[W]]E”(Q),E

0
+hbIl - Audsll g).

For a constant 0 < © < 1, we put the worst elements T' € Ty, i.e. the
triangles T with highest values of 7, into the set M until there holds

(3.40) ont< Y i
TeM

Once we have chosen such a set M the elements therein are refined by newest
vertex bisection. In doing so, we have to guarantee certain conditions given
in [CKNSO08, [BN10].

As a first step, we show quasi-orthogonality of our C°-IPDG method
using the following mesh perturbation result [FHP14].
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Lemma 3.4. Let T, be a simplicial triangulation obtained by the afore-
mentioned refinement of Tg. Then, there exists a constant Cp > 0, depend-
ing only on the local geometry of the triangulations and on k, such that for
any € >0 and v € V + Vi there holds

BAD el < () aff (o) + S (i o).

Such mesh perturbation results play an essential role in the convergence
analysis to derive quasi-orthogonality results, e.g. [BN10, HKWO09, [KP07].
To get quasi-orthogonality in our case, we further have to use the following
result demonstrated in [FHP14] for the conforming approximations u§; €

Vi, ug, € V¢ of (3.3)) given by

(3.42) a(ug,vi) = (f,vE), vy €V,
(3.43) a(uy,vy) = (f,v), vy € Vi

Lemma 3.5. Let T, be a simplicial triangulation obtained by the afore-
mentioned refinement of T, and let up, € Vi, ug € Vi and ny, ng be the CO-
IPDG solutions of (3.19) and error estimators, respectively. Moreover, let
uf, € Vi and ufy € Vi be the conforming approzimations of (3.3|) according
to (3.42) — (3.43). Then, for up¢ = up —u§ and u'ff := ug —uf; there holds

4 CJCnC(

(3.44) Jup® — w500 < M, + 77H)

where Cye and Cy are the constants from (3.33) and ( -
Using this result, we get quasi-orthogonality [FHP14].

Theorem 3.6. Let T, be a simplicial triangulation obtained by the afore-
mentioned refinement of Tgr, and let up, € Vi, ug € Vg and np,ng be the
associated CY-IPDG solutions of (3.19) and error estimators, respectively.
Further, let ey, := u — up, and eg := u — ug be the fine and coarse mesh
errors. Then, for any 0 < e < 1 there ewists a constant Cg > 0, depending
on v,C1,Cj,Che,Cp, such that there holds
v
ar”(enen) < (1+¢) ajf (em,en) — o llun = upll3 o
(3.45) Co
CQr 2 2

+ e (Uh + 77H)'

As a final element for the contraction property we have to state an
estimator reduction property [FHP14].

Lemma 3.7. Let T, be a simplicial triangulation obtained by the afore-
mentioned refinement of Ty, let up, € Vi, ug € Vi, and nn,ng be the asso-
ciated C°-IPDG solutions and error estimators, respectively, and let © > 0
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be the universal constant from (3.40). Then, for any T > 0 there exists a
constant C; > 1, depending only on the local geometry of the triangulations
and on k, such that for k(©) := (14 7)(1 — 2-1/2)© there holds

(3.46) 1 < #(0) nir + Crllun — umr

2
2,h,0"

Then the contraction property is derived by combining the estimator
reduction property (3.46)), the quasi-orthogonality (3.45)), and the reliability
(3.37)), see [FHP14].

Theorem 3.8. Let u € H3(S2) be the unique weak solution of (3.3). Fur-
ther, let Ty be a simplicial triangulation obtained by the afore-mentioned
refinement of Tg, and let up, € Vi, ug € Vi and np,ng be the CO-IPDG
solutions of and error estimators, respectively. Then, there exist con-
stants 0 < 6 < 1 and p > 0, depending only on the local geometry of the
triangulations, the parameter © from the Dérfler marking, and on k, such
that for sufficiently large penalty parameter o the fine mesh and coarse mesh
discretization errors ey :=u — up, and eg = u — ug satisfy

(3.47) all (en,en) +p np < 5((1%3(6]{, en)+p 77125,)

3.2.3 Numerical Results

We implemented the presented C°-IPDG AFEM using the programming
language Python [vRAB91] and different libraries, particularly NumPy and
SciPy [Oli07], FEniCS [LMWeal2] and matplotlib [Hun07]. The numerical
performance of the improved adaptive CY-IPDG method is demonstrated
for polynomial degrees 2 < k£ < 6 using the following example taken from
[BGS10]:

Let Q := (—1,+1)2\ ([0,1) x (—1,0]) be a bounded L-shaped domain
and let further f be the right hand-side of the biharmonic problem (3.1]) —
such that u(r, ) is the exact solution (in polar coordinates) given by

(3.48) u(r, @) = (r2 cos? ¢ — 1)2(7"2 sin? ¢ — 1) 27"1+Zg(<p),
with
1 . 3z—-1rm 1 . 3z+Dr
9(9) = (Fosin(=5) = g sin(5 )

-(cos((z — 1)) — cos((z + 1)@))

i 1 sin((z — 1)¢) — . i ] sin((z + 1)@))

'(COS(?)(Z_Ql)W) - cos(g(zgl)ﬂ)),

(3.49)
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where z ~ 0.54448 is a non-characteristic root of

3
Sln(2).

(3.50) sin2(3ZT7T) = 22

In this context we note that the computation of the residuals is delicate for
elements having the origin, the singularity of the problem, as a vertex. The
numerical integration is not trivial for such elements. However, the collapsed
Gauss—Jacobian-type quadrature formula from [KS99] provides good results.

The penalty parameter « directly influences the numerical solution of
our problem. This is a standard observation for IPDG methods. However,
the rule o = 2.5(k+1)? provides stability, and the descent slopes of the error
shows optimal convergence rates for any polynomial degree. Concerning a
priori optimal convergence rates suggested by [BS05] for hp := diam(T),
T € Ty, there holds

min(o — 1/2
(351) CL}ILP(U — up, U — ’LLh)l/2 5 ( Z h; (a(T),k 1)‘u|§+a(T),T) ’
TeTh

where «(T), T € Ty, is the local index of elliptic regularity. Now for elements
T having a vertex at the origin we get min(a(7'),k — 1) = z ~ 0.544 and
for elements elsewhere, we get min(«(T'),k — 1) = k — 1. Thus, the optimal
convergence rates for k = 2, 4 and 6 are slightly below 0.5, 1.5 and 2.5.
In Figure the convergence histories show these optimal convergence
rates to be asymptotically achieved by the adaptive algorithm. In addition
to this, we see that the Dorfler marking related parameter © influences
the convergence rates, just as it does in the case of other IPDG methods
for second order elliptic boundary value problems [HKW09] and H-IPDG
methods for Maxwell’s equations [CHSW11]. The increased convergence
rates for higher polynomial degrees are reflected in the enhanced resolution
of the singularity located at the reentrant corner of the domain Q by the
adaptively refined meshes shown in Figure [3.2]

Further, in Figure [3.3| we can see the reduction of the estimator as pro-
posed by Lemma [3.7] However, we see in Figure [3:4] that the computed
effectivity indices increase for higher polynomial degrees.
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Figure 3.1: Convergence histories in terms of the bilinear form aff(-,-) in-
duced norm of the error al”(u — up,u — up)'/? as a function of the total
number of degrees of freedom (DOF) on a double logarithmic scale for uni-
form refinement and adaptive refinement with ©® = 0.7 and © = 0.3 in the

Dorfler marking for k = 2 (top), 4 (middle) and 6 (bottom). [FHP14]
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Figure 3.2: Adaptive refined meshes after 10 cycles with ©® = 0.3 in the
Dorfler marking for k£ = 2 (top), 4 (middle) and 6 (bottom). [FHP14]
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Figure 3.3: Estimator reduction as a function of the total number of degrees
of freedom (DOF) on a double logarithmic scale for uniform refinement and
adaptive refinement with ® = 0.7 and © = 0.3 in the Doérfler marking for
k =2 (top), 4 (middle) and 6 (bottom). [FHP14]



3.2. CONVERGENCE ANALYSIS 33

10° 10* 10° 10°
degrees of freedom

180

= 0=1.0

< 0=0.7
160p

140

120

100

1/2
n, /a;{P(eh €n)

801

60 : :
10° 10° 10* 10°
degrees of freedom

450

400}

350

300

1/2
My /ail” (e en)

250f

200 2 ‘3 ‘4
10 10 10 10
degrees of freedom

Figure 3.4: Effectivity indices ny,/alf (u — up,u — up)'/? as a function of

the total number of degrees of freedom (DOF) on a logarithmic scale for
uniform refinement and adaptive refinement with © = 0.7 and © = 0.3 in
the Dérfler marking for k = 2 (top), 4 (middle) and 6 (bottom). [FHP14]
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3.3 Application to the Cahn—Hilliard Equation

The biharmonic problem - and the Cahn—Hilliard equation
— (2.37) have fourth order derivatives. Analogous to the biharmonic prob-
lem in section there exist conforming approximations using C'! finite el-
ements [EZ806, [EF89] or, respectively, mixed finite element methods [BF91]
for discretization with corresponding drawbacks. Consequently, we intro-
duce a C°-IPDG method for the Cahn-Hilliard equation - in
the spirit of [WKGO6]. Let us recall the biharmonic problem,

(3.52) A?u=f inQ,
(3.53) u = SZ —0 onT.

Further, we defined the standard C° Lagrange finite element space V}, ac-
cording to

(3.54) Vi = {up, € CY(Q) | wnlr € Po(T), T € Tp}.
Using the mesh-dependent bilinear form a!f(-,) : Vj, x V;, — R defined by
IP 0%y, . Oup,
ap” (up,v) == > (D*up, D*vp)or + Y {{ }[[ ]]),
TeTn Ee&d
(3.55) 8 8 8 9
uh Up, uh Up,
+ Z }} )o.E + o Z h ﬂ [[ )
Ee&D Ee&D

the C°-IPDG approximation of the biharmonic problem (3.52)) — (3.53) is to
find a up, € Vj, such that

(3.56) ar” (un,vn) = (f,vn)o0,  vn € Va.
Now we adapt this result to the Cahn-Hilliard equation (2.36]) — (2.37)),

Jdc

(3.57) 5=V MpV(f'(c) — €Ac) in Q,
(3.58) gz = ;n(f’(c) —eAc)=0 onT.

Here we also assume constant mobility Mp = D. Different from the bi-

harmonic problem — , we have boundary conditions allowing
nonzero concentrations. Therefore we introduce a modified C° Lagrange
finite element space W},

(3.59) Wy, == {v, € COQ) | vp|r € Pe(T), T € Ty}
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We discretize the fourth order terms of the Cahn—Hilliard equation (3.57))
~ (3-58) by the bilinear form alP(-,-) : Wi x Wy, — R defined by (3.55).
Further, we define a nonlinear form br(s,+) : Wi x Wy, — R,

(3.60) b (ch,wp) == (V f'(en), Vwp)oo
The C°-IPDG approximation is to find a solution ¢, € W}, such that

1, dep

(3:61)  —Mp' (S,

wp)on = €ay” (ch,wn) + bu(cn, wp),  wy € Wi
Assuming constant mobility note that the bilinear form is the same even for
the different boundary conditions.

We discretize the resulting C°-IPDG approximation in time using
the backward Euler scheme. Let [0,7], T € R, be the time interval and
let us introduce a time step size 7 := T/N,, N; € N. The concentration at
time t = n,7, 0 < n, < N;, is denoted by CZT € W;,. Given a concentration
¢, 0 < ny < Ny — 1, we compute the concentration cZTH by solving the
nonlinear equation

(3.62) —(Mp7) (g™ — i wn)o = €ak” (g wn) + b (G wp)

for all wy, € Wy,

Further, we introduce an algebraic version of the nonlinear approxima-
tion . Let V} be spanned by the standard Lagrange basis functions
¢p", 1 < np < Ny, where Nj, € N denotes the number of degrees of freedom
of Wj. Then the linear mass and stiffness matrices M (1), A € RV»*Nr are
defined by

(3.63) M(7)ij == —(MpT) Nk, ¢1)oq, 1<4,j < N,
(3.64) A(e)ij = €ail (¢}, 6)), 1<i,j <Ny,

with corresponding vector ¢~ € Rt for the concentration cp”. Thereby,
the entry ¢),7 is connected to ¢hh, 1 < ny < Ny, such that

Nn
(3.65) =Y crropt.

np=1

In addition to this, we define the nonlinear mapping B : RV — RNr_ such
that

(3.66)  Bi(c") =bu(cy",éh) = (Vf'(c47), Vdh)og, 1<i< Ny
Then the algebraic form of the nonlinear equation (3.62) is given by

(3.67) M(T)C”TJrl — (A(e)c”TJr1 + B(c”T'H)) = M/(7)c"".
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Aiming at a Newton method, we introduce the nonlinear function G** ! :
RN» — RNr depending on a given concentration c,” such that

(3.68) G l(c) = M(r)c— (A(e)c+ B(c)) — M(1)c"".

Now solving the nonlinear algebraic system ([3.67)) for ¢"* ! corresponds to
finding a root ¢ € RNr of G" 1. Therefore we have to solve the nonlinear
algebraic system

(3.69) G"l(c) = 0.

This system is solved by an ordinary Newton method. We denote the New-
ton iterates by ¢®) € RNn| k € Ny, and take the previous solution ¢(©) = ¢"~
as an initial guess. Then the solution ¢"7*! of the nonlinear system
is given by iteration according to

(3.70) G (e Ac® = —G™ (¥, 1),
(3.71) cFHD = ) 4 Ael®),

The Jacobian G’(c®)) € RN»*Nnr is given by
(3.72) G'(c™) = M (1) — (A(e) + B'(cM)),

where B’(c*)) denotes the Jacobian of B(c(®)). The resulting iteration is
performed until a given tolerance is reached. Thereby, the Jacobian
is computed automatically by a computer algebra system. Details about the
software used for this task are given in section [5.1

The choice of the initial guess ¢(*) and of the time step size 7 is important
for the convergence of the Newton method - . This especially
holds true in the very beginning of the simulation, when nonlinear terms of
the local free energy dominate the Cahn-Hilliard equation - .
This behavior is discussed in section However, similarly to [HL12], we
expect the existence of upper bounds for the time step size 7, so that our
previously derived Newton method - converges. Such a result
would allow us to set maximum time step sizes without loss of stability.
Furthermore, we already presented an adaptive CO-IPDG method in space

for the biharmonic problem (3.52)) — (3.53)) in section We use the same

bilinear form alP(-,-) for fourth order terms in the Cahn-Hilliard equation

— . These terms are connected to the lipid phases boundaries as
described in section 2.1} An adaptive method with respect to the boundaries
would reduce computational efforts, because the boundaries reduce over
time. For this purpose the additional nonlinear terms have to be taken into
account. This complex analysis goes beyond the scope of this thesis and is
left for future research.



Chapter 4

Image Processing

We have to find methods that allow us to compare experiments and simu-
lations not only in a qualitative but also in a quantitative sense. Therefore,
in section [£.1] we begin by discussing relevant properties of phase separation
and possibilities for their measurement. Afterwards, in section we ex-
plain the most promising attempt, the structure factor method. Using this
method, we address practical issues in section

4.1 Quantitative Measurements

Data from experiments and simulation are given as series of images. At
first glance, we see obvious qualitatively different processes of phase sep-
aration, like binodal and spinodal decomposition, as described in section
Such qualitative differences can be determined by the observer. But
for further details, we have to evaluate images not only in a qualitative but
also in a quantitative sense. For this purpose, we discuss an exemplary set
of gray value images, shown in Figure to determine interesting details
and possibilities for their quantitative measurements. This series starts with
an almost homogeneous grey image, indicating virtually mixed phases. Af-
terwards, we observe decomposition of the initial distribution into distinct
black and white regions. At the same time, the structures initially appear
to be of a certain size and form. In the next images, we see how these
structures further coarsen over time by collision and diffusion.

Figure 4.1: Series of images showing spinodal decomposition.

37
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counts

0.0 0.2 0.4 0.6 0.8 1.0
grey value

Figure 4.2: Histograms of grey values (0/1 equals black/white) related to
the series of images as displayed in Figure

Throughout this process, we are interested in the development of struc-
tures. Here, we are especially interested in how long the formation of initial
structures takes and how fast the resulting domains grow in time. Therefore,
we discuss two methods used in [Lei08] for exemplary series of experimental
images. Our method of choice for image processing underlies certain restric-
tions. On one hand, it has to be numerically efficient, but on the other hand,
it has to give interpretable results. Only such a method is able to evaluate
extensive amounts of image data in a time-efficient and user-friendly way.

One possibility for quantitative measurement is to observe the develop-
ment of the grey values over time. Therefore, we perform histograms of
image pixel values as shown for the afore-mentioned exemplary series of im-
ages in Figure Starting from an almost homogeneous mixture, we only
have contributions from a small range of grey value. When separation sets
in, we see different forms of distributions over time until there are almost
exclusively black and white pixels left in the image. After separation, only
smooth phase transitions give contributions to intermediate values. This
method can automatically be applied to a series of images at a reason-
able numerical effort. But we have to ensure certain quality standards for
experimental image series, especially when we compare different series of
experimental images. Here, the camera may not perform auto corrections
regarding brightness and contrast. Ideally, brightness and contrast are fixed
and normalized over time for all experiments, in order to prevent shifts or
jumps in the histogram. In practice, however, this can not be guaranteed
due to various technical difficulties. Even if this was possible, the method
would only give us reliable information until the phases separated and would
lack to measure domain sizes.

When we consider domain sizes as another possibility for measurement,
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we have to specify this quantity. In case of binodal decomposition, as de-
scribed in section the domains size is obviously given by the diameter
of the circular shape. Their manual measurement may be acceptable for
a small number of images and domains. However, manual measurements
are influenced by subjective criteria, for example, where to draw the phase
boundary due to the smooth phase transitions. Even if this problem was
solved there still would be the case of spinodal decomposition. Here it is hard
to define a practicable value for the size of interconnected domains. Conse-
quently, we look for a method performing automatic, objective, comparable
measurements of domain sizes for lipid decomposition in experiments and
simulations under the restriction of numerical efficiency. For this purpose,
we present the structure factor method in the following section. The method
analyses images with regard to their mean structure size reflecting the actual
domain sizes. Issues of application are described later in section [.3]

4.2 Structure Factor

The structure factor is a common method for measurements of structures in
X-ray scattering experiments. As a general source of information we refer
to [Gui63]. The method needs Fourier transformed image data. The Fourier
transformation f at point £ € R of a continuous scalar function f is defined
by

. +00 mint
(1) & = [ et da,
whereas its backward transformation is given by
1 too s —2mix
(+2) fa)i= o [ H@emE ag,
T J—o00

From here on until the end of this section i denotes the imaginary unit.

However, in our case we have digital images in experiments and simula-
tion, which means the images consist of discrete points called pixels. There-
fore, we have to apply a discrete Fourier transformation (DFT) in order
to apply this method. DFT is a demanding task concerning computational
costs. Consequently, we have to reduce these costs when analyzing a series
of images. Therefore, we use the Fast Fourier Transformation (FFT), an
optimized version of the DFT regarding numerical efforts. For simplicity we
describe the structure factor method using DFT. For more details on DFT
and FFT we refer to [BH95]. Despite this fact, our description is close to
our implementation used for evaluation of images resulting from experiment
and simulation presented in the subsequent chapter

Let © be a square domain of given side length [ representing a subset of
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Figure 4.3: Exemplary image showing spinodal decomposition with scale
bar (white) and its mean wavelength (red).

the lipid membrane either in experiment or simulation, such that
l l
(4.3) Q= {(w1,12) €R?| — 5 S <45, 1<) <2}

Here, we neglect the absolute position of the domain, because we assume
the process of decomposition to be uniform in the membrane. Further,
we assume our domain {2 to be flat even for experimental images. This is
a simplification regarding lipid vesicles described in section [I.2] But their
curvature can be neglected in our case when we assume the evaluated domain
2 to be small compared to the vesicles surface. An exemplary mixture of
lipid phases showing spinodal decomposition is given in Figure This
image will be further used for demonstration purposes of the following steps.

Optoelectronical observation or simulation of the given domain €2 results
in digital image data. This data is a discrete set of grey values representing a
certain mixture of lipid phases. More precisely, we introduce a discretization
of our domain €. Here, we assume our image to have equal spatial resolution.
Thus, we define a uniform grid spacing Az = 1/n, n =2V, N € N, and get
the following set of grid points:

Qp = {(xlpxb) S RQ ’.’L‘lj = lea:, lj €7,

4.4

This defines a chessboard structure in our domain §? illustrated in the image
of Figure The resulting chess squares are called pixels py,,, —n/2+1 <
l1,l < n/2. Their number is a power of 2, because we have chosen n = 2N,
The area o0y,;, of the domain €2 covered by the pixel p;,;, is defined by

(4.5) T, = {(r1,12) ER?|0 < 2 — 7, <Az, j=1,2}.
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Figure 4.4: Enlarged selection of the exemplary image shown in Figure [4.3]
revealing the discrete nature of the digital image.

Our defined pixels p;,;, admit 8-bit grey values which means 0 < p;,;, < 255,
Py, € No. Here, the values 0 and 255 represent black and white, i.e. pure
lipid phases. Consequently, we define a digital image P as an ordered two-
dimensional set of n x n pixels, such that

n/2
(4.6) P = (pl112)l1/7l2:—n/2+1'

A corresponding discretization of our exemplary image shown in Figure [4.3]
is given in Figure[4.4] Here, we have to point out subtle differences regarding
pixels resulting from experiment and simulation. In experimental images,
pixel values are condensed information about the lipid mixture within the
pixel area, because it was taken by a CCD camera collecting emitted photons
from this area. In images of simulation, pixel values represent the lipid
mixture at a certain point, e.g. we take the lower left corner of each pixel
square. In addition to this, the computational data has to be interpolated
to the discrete 8-bit set of grey values.

Using this discrete setting we apply a DFT to our image P. To this end,
we define a frequency grid spacing Aw = 1/ and introduce a set of spatial
frequencies

Ah = {(wknwkz) S R2 ]wkj = k:jAw, k?j < Z,

4.7

We use this set for the DFT and thus get the spatial frequency weights

12 n/2
R —273
(4.8) Qler kg = o Z pge 2 (1) Wiy FT1yWhy)
l1,l2:—n/2+1
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Figure 4.5: DFT of the image shown in Figure (left) and enlarged center
(right) with red marked frequencies related to the mean structure factor
marked in Figure [4.6]

Consequently, we define the DFT of our image P as two dimensional set

2
(4.9) Q:= (qk1k2)21/7k2:—n/2+1'

The DFT of our exemplary image shown in Figure [£.3] is given in Figure
According to our definition of the set of spatial frequencies Ay, the
frequency weights related to lower frequencies are centered in Q now.

Let us now reveal the link between the Fourier transformed image O
and the structure sizes of the lipid domains in our original image P. The
frequencies belonging to a given frequency weight g, 1, are interpreted as a
combined vector of frequencies

wkl
Wy

(4.10) Wk ko ::< ), k; € Z, —g+1§k'<ﬁ,j:1,2.

7 =9

We define spatial vectors of grid points in the same fashion

X n n .
4.11 = ! el ——+1<k <— 5=1,2
( ) Ll <x12> ; l] € 4, 2 +1< k] = 27 J s 4y
where we used bold notation for spatial coordinates. This allows us to
rewrite our frequency weights qi,x,, —n/2 +1 < kj < n/2, j = 1,2, see

, according to

l2 n/2
—omi .
(4.12) Qi1 ks = ﬁ Z Plyls€ L 1y Wk kg |
l1,l2:—n/2+1
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Figure 4.6: The power spectrum of the DFT image shown in Figure [4.5| with
red marked condensed frequencies related to the mean structure factor.

Consequently, we interpret g, as a measure for periodic patterns of wave-
length 1/||wg,,|l2 in the direction of wg,r,. When we want to measure all
periodicities of a certain wavelength in our original image P, we have to
define a reduced set of frequencies for our Fourier transformed image O by

(4.13) Ah::{wkeRywk:mw,kez,ogkgg}.

Hence, we condense frequency weights of similar wavelength and thus define
the structure factor s;, 0 < k < n/2, by

(4.14) Sk 1= Z ki ko kj eZ, —

Wi S| Wy ko | <wht1

AV

Consequently, the structure factor measures periodic patterns of similar
wavelength independent of its direction. The red marked frequency weights
of our DFT in the right image of Figure [£.5] belong to the exemplary struc-
ture factor marked in Figure The complete set of structure factors define
the power spectrum S of our original image P by

(4.15) S = (s

The power spectrum of our exemplary image shown in Figure [£.3] is given
in Figure 4.6

The power spectrum reveals detailed information about structure sizes
of images. However, it is impractical to evaluate series of images from exper-
iment and simulation in such detail , see Figure [£.7] Instead, it is sufficient
to know their dominant wavelengths, reflecting the dominant size of lipid
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Figure 4.7: Series of power spectrums of an exemplary spinodal decomposi-

tion as 3D (top) and 2D plot (bottom) showing the characteristic evolution
in time.

domains. Hence, we define the mean structure factor s by

(4.16) §:= Y (skar)/ Y sk

skES SLES

In practice, the mean structure factor is computed for a subset S of S. We
address this issue in section [£.3] Now, the mean structure factor s and the
structure size, respectively, the mean wavelength 1/s, represent the mean
size of structures in our original image P. The resulting mean wavelength
1/5 is demonstrated in our exemplary image shown in Figure The
resulting mean structure factor is marked in its power spectrum shown in
Figure [£.6] Further, we marked the related DFT frequencies in Figure [£.5]
All in all, we finally derived a measurement method for the domain sizes
observed in experiments and simulations.
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4.3 Application Issues

In the previous section @L we proposed the structure factor as a measure
for structure sizes of a given image. In this section, we further discuss the
method in application and address non-obvious problems. We are especially
interested in establishing whether this method allows comparison of different
series of images and whether the mean structure size reflects the actual
domain sizes.

We mentioned in the previous section that the Fourier transformation
and its discrete counterpart reveal periodic structures. For this purpose we
extend bounded finite domains by tiling in theory. But this procedure results
in intrinsic problems at image boundaries. Unlike in simulation, where we
can enforce periodicity by boundary conditions, this is not possible in our
experiments. Here, we see jumps at the image border as shown in Figure[1.8]
This results in very high frequency weights for frequencies connected to the
image size, because the DFT tries to capture these jumps as shown in Figure
We solved this problem by using a method described by [Moill] which
smoothes image boundaries. This way we remove disturbing effects without
changing the characteristic distribution of relevant frequency weights. The
method works fine for nonperiodic data sets as shown in Figure [£.9]

Another influencing factor is the choice of the spatial frequencies Ay and
its reduced set of frequencies Ay. As described in the previous section we
used a uniform grid of frequencies, more precisely n x n frequencies resulting
in the frequency spacing Aw = 1/, where n is the number of pixels in z- or
y-direction and [ the physical size of the image domain. Consequently, our
spatial frequencies Ay, are determined by the original image P and its physi-
cal length [. In order to get a sufficient number of frequencies or wavelengths
of interest, we have to guarantee a minimum image resolution. If this is not
achieved, it is impossible to reveal certain structure sizes and their change
in time. Moreover, when we compare series of images produced in exper-
iment and simulation, their resolution and physical length [ should ideally
match. This way we guarantee equal frequency weights and thus identically
weighted information of structure sizes. This especially holds true when
we use low numbers of frequencies. Nevertheless, the mean structure factor
shows to be stable using different image resolutions using the same evaluated
wavelengths, as shown in Figure [4.10

At last, we address the mean structure factor § and the resulting mean
wavelength 1/s. It was said to be a practicable measure, however, it dif-
fers from the actual mean domain size. This is a direct consequence of its
definition . It averages over all frequencies and thus shifts s from its
maximum, even or especially when we compute the mean structure factor
for a subset S of S. This phenomenon is illustrated in Figure How-
ever, we can still use the mean structure factor 1/s as a measure for the
quantitative development of the structure size in time as long as we evalu-
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Figure 4.8: Exemplary image with nonperiodic boundaries (left), together
with its tiling (middle) and DFT image (right).
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Figure 4.9: Exemplary image shown in Figure [£.§ with smoothed boundaries
(left), together with its tiling (middle) and DFT image (right).
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Figure 4.10: Power spectrum with mean structure factor — evaluated wave-
lengths 8.79 - 104 — 3.77 - 10" m — using the exemplary image shown
in Figure with following resolutions: 512x512 (red), 256x256 (green),
128x128 (blue), 64x64 (magenta). The virtually identical lines are plotted
separately to allow a graphic representation.
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Figure 4.11: Power spectrum of the DFT image shown in Figure [£.5| with the
mean structure factor for different sets of evaluated wavelengths: 8.8-107% —
2.1-10" m (red), 8.8-10™ —2.8- 10" m (green), 8.8 - 10"* —4.4-10"° m
(blue), 8.8 -10%* — 7.5-10"® m (magenta)

ate matching sets of wavelengths for the computation of the mean structure
factor. Otherwise, we experience shifts of the the mean structure factor 1/s.

Despite the problems addressed, we found an efficient quantitative mea-
surement method for domain sizes which allows us to evaluate and compare
series of images from experiment or simulation.
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Chapter 5

Simulation Results

In section we simulate lipid decomposition using the C°-IPDG approxi-
mation of the Cahn—Hilliard equation. Subsequently, we study the sensitiv-
ity of the Cahn—Hilliard equation to its parameters in section In section
we compare series of images taken in simulation and experiment using
a physical set of parameters. Most of the results have been published in
[BFL"13].

5.1 Implementation Issues

We implemented the afore-mentioned C°-IPDG finite element method for
the Cahn—-Hilliard equation with constant mobility using the programming
language Python [vRAB91] and different libraries, particularly the mathe-
matical libraries NumPy and SciPy |Oli07], the finite element library FEn-
iCS [LMWeal2|, the Python Imaging Library (PIL), and the plotting library
matplotlib [Hun07).

We discretized our computational domain Q := (—1/2,+1/2)?, with do-
main length [, by a uniform spatial discretization. This is based upon a
uniform grid with square cells of side length h. These cells are further split
into triangles. We used crossed cells, i.e. a cell is split into four triangles
induced by its diagonals, in order to avoid artificial effects of broken sym-
metry as shown in Figure We further used standard Lagrange elements
with polynomial degree p = 2 and the backward Euler scheme in time with
constant time step size 7. The resulting nonlinear equation was solved by a
Newton method described in section [3.3

For numerical reasons we used a dimensionless form of the Cahn—Hilliard
equation (2.15). This has shown to be sufficiently stable for the set of
physical parameters chosen in section and section Given a physical
length L we introduce dimensionless spatial coordinates # = /L where
x denotes the original spatial coordinates. Thus we get the dimensionless
operator V = LV and the dimensionless Cahn-Hilliard equation is then
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77 %5 N\

Figure 5.1: Spinodal decomposition (top) using identical initial conditions
but different FEniCS’s grid structure options of square cells (bottom): left
(left), crossed (middle) and right (right).

given by

oc ~ Mp -~ 62 ~
(5.1) 5=V L—QDV (f’(c) - LQA.;) .

We further use the notation from section and omit the hats assuming
non-dimensional operators. Using the backward Euler scheme in time, the
resulting C°-IPDG formulation of the dimensionless Cahn-Hilliard equation
is to find a solution CZT“ e Wy, for a given concentration cZT e Wy
such that for any w; € W), there holds

_< > (whﬂchT+1)0,T_ > (wh’cZT)o,T)

TeTn TeTn
Z (Vun, V(™ )z + & (Y (D?wn, DX,
Te TeTh
(5.2) 8wh 6 cp 8 wy, O,
Z n 7 87]}'/2 })07E+ 27 }} [[ h ]]) 7E‘
Ee&? Eegi!
Owh ey
o ) by on I Ohn ]])O’E)’

EeSQ

with the dimensionless time step size # = 7 Mp/L? and the dimension-
less line tension related parameter é2 = 7¢2/L?. Numerical constants and
parameters used for simulations are given in Table
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’ Name Symbol  Unit Value
Length Scaling L m 1.0-107%
Length l m 8.0-107°
Grid Size h m 1.2-107¢
Time Step Size T S 5.0-1072
Penalty Parameter o 1.2-107!

Table 5.1: Constants and parameters for Cahn—Hilliard simulations.

We implemented the described dimensionless C%-IPDG method for the
dimensionless Cahn—Hilliard equation for the afore-mentioned domain
using periodic boundary conditions. This differs from our setting described
in section and makes considerations concerning boundary conditions ob-
solete. The choice of flat domains with periodic boundary conditions is
motivated by experimental data where only parts of the vesicle surface are
observed and evaluated. Thus we can neglect the vesicles curvature de-
scribed in section because the evaluated domain is small compared to
the total vesicle surface. Furthermore, experiments suggest homogeneous
phase separation on the entire membrane. Thus we can expect information
passing the boundary at one side of the domain to be replaced by corre-
sponding information on the opposite boundary. In this case, information
means lipid mixture in equal state of decomposition as described in section
[[.2] Hence, the choice of periodic boundary conditions is justified. The con-
dition is implemented by identifying the degrees of freedom lying on opposite
sides of the boundary in z- and y-direction.

5.2 Parameter Study

Using the previously described dimensionless Cahn-Hilliard equation ,
we perform simulations of phase separation in order to pursue studies related
to the relevant parameters of the model. When we assume constant mobility
Mp = D, the Cahn—Hilliard equation reads

(5.3) gi =V - MpV(f'(c) — €Ac).

Consequently, it depends on the diffusion rate D, the free energy parameter
@ scaling the double well potential, and the line tension related parameter
€2, Further details about these parameters are given in section In
short, the free energy is the dominant part of the Cahn-Hilliard equation
at the beginning of the decomposition whereas line tension is dominant at
the end. So far we have not discussed the influence of the diffusion rate.
We can expect that higher values accelerate the phase separation in time.

For a detailed quantitative analysis, we present a parameter study that
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we published in [BFLT13|. This study shows the sensitivity of the Cahn—
Hilliard equation with respect to its parameters. Thereby we used a
set of physically reasonable parameters.

As reference system we take the following set of parameters for lipid
membranes:

2 J
(5.4) D=105L p—40-=, £=10-10121.
S m

In all simulations we start at homogeneous lipid mixtures and vary our
parameters separately by an appropriate value. Then the series of images is
evaluated using the structure factor method presented in section The
resulting mean structure sizes are given in Figure[5.2] As already suggested,
the diffusion parameter D scales the resulting curves in time. The higher
the diffusion, the faster the decomposition takes place. Other characteristics
are unaffected, especially the resulting mean structure size after separation.
This property is changed by the line tension related parameter €. Here,
higher values results in larger domains. A view on the total free energy
explains this behavior, because larger domains form out less boundaries
compared to its lipid phase volume. This parameter also influences the
onset of phase decomposition in time. The lower €2, the sooner the phase
separation begins. An equivalent effect is achieved by changing the free
energy parameter . Here, higher values of ¢ shift phase separation into an
earlier point in time. This is in accordance with our argumentation in section
The parameter determines the inner height of the double well potential
and thus makes homogeneous mixtures even more unattractive when it is
augmented. Consequently, the system decomposes earlier for higher values
of ¢ in order to reduce its total free energy sooner.
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Figure 5.2: Parameter study of the Cahn—Hilliard equation. The blue graph
shows the reference case with unchanged parameters. [BFL™1
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5.3 Comparison to Experiments

We validate our model by experimental data of phase separation in GUVs,
as presented in [BFL™13]. The vesicles consist of DOPC:DPPC:DPPG in
a mixture of 5:4:1 enriched with cholesterol. Here, charged DPPG lipids
are used for electroformation of GUVs as described in [ASM™92] and not
relevant in this experimental setting as previously explained in section [1.2
The resulting vesicles show diameters of up to 200um. For details concerning
lipids, fluorescent markers and fabrication we refer to [BFL™13].

After assembly the GUVs are supercooled and show stable homogeneous
mixtures. Then phase separation is induced by light. Using a microscope
lamp, the cooled GUVs are re-heated to temperatures at a certain level
which allows phase separation but still are below the critical temperatures of
separation. A series of images of a typical experiment is given in Figure [5.3
We observe three different stages of phase separation that can be compared
to other experiments of phase separation in GUVs. The top image shows
blurred phases at the beginning of the decomposition. The next stage shown
in the middle reveals first interconnected domains. At the bottom image, we
see the final stage during which domains further form into sharply bounded
separated phases of circular shape. Here, the domain growth is driven by
coalescence and fused domains further relax to circular shape. The series of
images from this experiment is evaluated for their mean structure sizes using
the structure factor method explained in section The resulting curve is
shown in Figure [5.4] Parts of the curve belonging to the afore-mentioned
three qualitatively different stages are separately marked by straight lines.
Their gradient corresponds to the average slope of the curve.

We performed numerical simulations to match characteristic properties
of the experiment, for example the mean structure sizes over time with
special respect to the last stage. For that purpose we used our previously
chosen reference set of parameters for the Cahn—Hilliard equation :

pm?

(5.5) D=10"=—, ¢=40 e =1.0-10"12 7.

2
This reference set from our parameter study in section [5.2] fulfills our afore-
mentioned requirements and the simulation shows good agreement to the
experiment in quality and quantity. The diffusion rate D is at the lower limit
suggested for lipid bilayers. Here, diffusion rates of 1—20 um? /s are proposed
in [KS06]. This guess is supported by multiple measurements with different
techniques for comparable systems [DBVT01, [FOL04, [OWT05, KSBT03,
KS06]. However, not all parameters can be physically motivated. Regarding
our choice of the additional parameters ¢ and €2, we are free to some extent.
For instance, €2 is connected to the line tension only in a variational sense
as mentioned in section 2.1

Let us now compare simulation and experiment in detail. Again we
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Figure 5.3: Evolution in time of phase separation in simulation (left) and
experiment (right). The bar represents 10 pum. [BEL*13]
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Figure 5.4: Comparison of mean domain size over time in experiment and
simulation according to [BFL™13].

divide the evolution of the mean structure sizes in simulation into three
different stages marked by straight lines with averaged slopes as we did for
the experimental curve shown in Figure [5.4]

At the initial stage, both the simulation (0.0 — 2.0 s) and the experiment
(0.0—1.5 s) start from a rather homogeneous concentration and qualitatively
show the same decomposition in the top images of Figure[5.3] However, their
measured absolute mean structure sizes differ. The size in the simulation is
higher than it is in the actual experiment. Furthermore, the slope obtained
by simulation (0.24 pum/s) is steeper than the one obtained by experiment
(0.06 um/s). The cause for this offset may be due to imperfect initial mixture
of phases at the beginning of the experiment. Such perturbations of regular
comparable big size structures shift the mean structure size to higher values.
More physical arguments including technical details are given in [BFLT13].
As described by our parameter study in section [5.2] simulations show no
parameters that influence the initial mean domain size. Fortunately the
offset vanishes in time and thus supports our argumentation.

The second stage of the experiment (1.5 — 4.5 s) and the simulation
(2.0 — 4.0 s) is characterized by an accelerated growth of the mean structure
sizes shown in Figure The slope obtained in the simulation is 1.2 um/s
and 0.6 pm/s in the experiments. When we compare the images in the
middle of Figure[5.3] we observe qualitatively similar patterns of coalescence.
While this form of growth is dominant in the experiment, it does not show
in the simulation at this stage. Here, further decomposition takes place at
the same time.

During the last stage starting at 4.5 s in the simulation and the exper-
iment we see identical mean structure sizes and slopes (0.2 pm/s). Now,
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domain growth decelerates and lipid domains form circular shapes. This is
shown in the lower images of Figure Coalescence is the dominant factor
of growth in both the experiment and the simulation. However, this is less
likely with incresing time, because the distance between the domains grows.

We made out three different stages in the experiment and the simula-
tion. At all stages, we see good agreement of their characteristics supported
by a qualitative discussion of the images and a quantitative evaluation of
the mean structure sizes. Consequently, the Cahn-Hilliard equation has
shown to be an appropriate model for phase separation in lipid membranes
reflecting physical properties.
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Chapter 6

Conclusion and Outlook

In the first part of this thesis, we introduced an adaptive C°-IPDG method
for the biharmonic problem based on a residual-type a-posteriori error es-
timator. Furthermore, we presented a contraction property in form of a
weighted sum of the C°-IPDG energy norm of the global discretization er-
ror and the estimator for any polynomial order.

In addition to this we implemented a C°-IPDG method for the Cahn—
Hilliard equation and introduced the structure factor method as a measure
of structure sizes. This method has shown to be a competitive method for
model validation and enables us to analyze numerous series of images. We
further discussed the sensitivity of the Cahn—Hilliard equation to its intrin-
sic parameters. Consequently, we simulated phase separation in GUV and
our results show good agreement to experiments in qualitative, i.e. phe-
nomenological, and quantitative manner. These results were achieved either
by directly comparing images or analyzing their structure factor. Overall,
we proved the Cahn—Hilliard equation to be an appropriate model for lipid
systems and derived a numerically efficient way to simulate and evaluate
phase separation in vesicles using the C°-IPDG formulation of the Cahn—
Hilliard equation and the structure factor method. Nevertheless, we address
fields of possible future research in the following sections.

6.1 Mechanical Forces

Langmuir-Blodgett troughs induce phase separation in lipid monolayers by
means of the pressure. A schematic description of this setting is given in Fig-
ure Phase separation induced by compression on a Langmuir—Blodgett
trough differs from the phase separation in vesicles described in section
An exemplary series of images is given in Figure This problem goes
beyond the scope of this thesis. However, it is the main topic of the second
funding period of the priority program 1506. Therefore, the model pre-
sented in section 2.I] has to be extended such that mechanical forces can
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Figure 6.1: Schematic illustration of a Langmuir-Blodgett trough with a
lipid monolayer. In typical experiments the thickness of the lipid monolayer
is about 5 nm, whereas the height of the water volume is about 1 mm.

be taken into account. Mechanical stress influences the surface tension of
the membrane over time. This is caused by the compression rate of the
trough barrier acting on the membrane. Hence, viscoelasticity has to be
incorporated. The resulting equations feature an additional strain energy
function. When Maxwell viscoelasticity is assumed, as proposed in our re-
newal proposal for the SPP 1506, a strain energy density function W(c,e(u))
consisting of elastic and viscous parts has to be used, depending on the local
phase concentration ¢ and the linearized strain tensor €. The tensor itself
depends on the mechanical displacement u of the membrane. Assuming
quasistatic elasticity when the mechanical effects influence lipid phases im-
mediately, i.e. when we observe spontaneous relaxation with respect to the
diffusion rate, the following parabolic—elliptic system of equations has to be
solved:

Oc €2
(6.1) TR M(c)V(;Ac — u(e) = V- Wele, s(u)))

(6.2) V- We(c,e(u))

)

0
0.

Here W, and W, denote the derivatives of W (¢, e(u)) with respect to c and €,
respectively. Cahn—Hilliard equations incorporating elasticity are discussed

in [Gar03], [Gar05, (GW05|, [LLJ98, Mir00], whereas viscoelastic contributions
are presented in [PZ08al. In contrast, nonstationary elasticity has to be

assumed when relaxation occurs on diffusion time scales which leads to the
parabolic—hyperbolic system of equations

Jc 2

(6.3) g +V- M(C)V(%AC — u(c) = We(e, s(u))) =0,
0%u
(6.4 O S W) = 1.

where f denotes an external force density. Such systems are of Cahn-—

Hilliard—Gurtin type Mir01l, PZ08b].
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Figure 6.2: Temporal relaxation of lipids domains in a lipid monolayer on a
Langmuir-Blodgett trough provided by T. Franke.

6.2 Fluidics and Electric Charges

Experiments investigating droplet coalescence of lipid domains suggest flu-
idic properties of lipid membranes [KG07, MRMDNOI, [ALGT05]. In ad-
dition, the existence of concentration driven velocity fields is proposed in
[Lei08]. Once more, the presented model has to be modified in order to
incorporate such velocity fields to the phase field model presented in sec-
tion 2.1} A Cahn-Hilliard equation combined with fluid dynamics was first
described in [HHT77]. The Cahn-Hilliard equation consequently has to be
extended by an advection term v - Ve. Therefore, mass transfer or trans-
fer of concentration is included which is driven by a velocity field v. The
velocity field is described by a Navier—Stokes equation. An additional force
term p(c)Ve arising from the concentration and the chemical potential is
added to the right-hand side of the fluidic equation and the resulting Cahn—
Hilliard—Navier-Stokes system is given by

(6.5) % V)T () + Vo = ple)Ve,
(6.6) Vv =0,
(6.7) % +v-Ve—V-M(c)Vu(c) =0,

where T'(v) denotes the velocity strain tensor and v(c) the viscosity with
respect to the phase concentration. Promising numerical investigations of
this system were performed within a master thesis [Reil3] co-supervised by
the author.

So far, the influence of charged lipids, e.g. DPPG, has been neglected.
This holds true up to certain concentrations, for example, charged lipids
used for GUV production as described in section[5.3] Higher rates of charged
lipids induce electric forces and thus further phenomena. From a theoretical
point of view, hexagonal alignment of lipid structures has been predicted,
forced by an elastic coupling to the membrane [KSAQ6]. This has been ver-
ified in experiments [BHW03al [RKGO05]. However, [Lei08] suggests hexago-
nal alignments of lipid domains to be of pure electrostatic origin in systems
with electric charged lipids. Validation by simulations using an appropri-
ate model could support this experimental finding. Therefore, electrostatic
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Figure 6.3: Experimental images showing chiral lipid domains forming kid-
ney like shapes provided by S. Burger.

forces have to be coupled to the previously presented Cahn—Hilliard—Stokes
system - . Following [EFGT07, [FGJ11l, [CFGK12], forces of elec-
trostatic nature are added as additional term p(c)VV to the right-hand side
of the Stokes equation (6.5). Here, V' denotes the electric potential which is
computed by the Poisson equation

(6.8) —egAV = p(c),

where €; denotes the dielectric constant and p(c) the charge density. In
doing so, the charges are fixed to the lipids. The concentration is then
directly related to the charge density p. Finally, the coupled system is given

ov

(6.9) o~V WAT W)+ Vp = pu(c)Ve = p(e)V(V),
(6.10) V.ov=0,

(6.11) %+’U-Vc—V-M(c)V,u(c) =0,

(6.12) —V - (eaVV) = p(c),

where T'(v) denotes the velocity strain tensor, M(c) denotes the mobility
and v(c) the viscosity depending on the concentration. Numerical stud-
ies performed by [Reil3|] so far have not shown the mentioned hexagonal
alignment. But the results give first evidence for even more complex lipid
domains. Electrostatic forces have already been discussed as the origin of
complex lipid structures [KL96, [KLOO|. The understanding of the electro-
static influences would give new insights, for example, on the formation of
chiral lipid domains as shown in [MW&84, WMS85] and Figure [6.3] Such

formations motivate the following second part of this thesis.
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Chapter 7

Introduction

The second part of this thesis investigates separation of chiral objects (enan-
tiomers) by surface acoustic wave (SAW) generated fluid vorticity patterns.
The problem can be formulated as a fluid—structure interaction problem for
which we use the fictitious domain Lagrange multiplier (FDLM) method. In
section we expose our field of research, and motivate it by examples of
application. In section we present the experimental setup for which the
possibility of enantiomer separation shall be discussed. In section we
finally give the outline of this second part.

7.1 Separation of Chiral Objects

According to the Oxford Dictionary a chiral object is asymmetric in such
a way that the structure and its mirror image are not superimposable. In
a mathematical sense a chiral object cannot be mapped to its mirror im-
age by rotations and translations. The word chiral is derived from Greek
and means hand. The left and right human hand are indeed chiral objects
and thus define left- and right-handedness as shown in Figure [7.I] We use
these simplified terms and avoid other technical naming conventions. This is
sufficient for our purpose. Nevertheless we introduce enantiomers, another
word derived from Greek which denotes objects of opposite form. Our left
and right hand, for instance, are chiral objects of opposite form and there-
fore enantiomers. A compound consisting of one sort of enantiomers, i.e.
objects of the same chirality, is said to be enantiopure or unichiral; other
compounds are called racemic.

Looking beyond the scope of human hands, enantiomers on even smaller
scales exist in nature. Louis Pasteur first demonstrated the existence of chi-
ral molecules in 1848. Later Joseph Le Bel and Jacobus Van’t Hoff achieved
major advances in stereochemistry published in 1874. The period that fol-
lowed this discovery vividly influenced physics and inspired, among other
things, the concept of parity.
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Figure 7.1: Human hands illustrating chirality.

In order to investigate the significance of enantiomers in applications we
repeat our argumentation in [BFHT15] and look at molecular scales. Here
enantiomers or chiral molecules show different physical, chemical and bio-
logical properties, depending on their handedness. Enantiomers show the
same chemical makeup, i.e. the molecules consist of identical chemicals,
but show different shapes. Often this difference is crucial to the molecule
properties, e.g. in being a substance tasty or disgusting, medicative or
toxic.  Realizing that chemical fabrication often results in racemic com-
pounds, it is clear that enantiomer separation is a decisive technique for agro-
chemical, electronical, pharmaceutical, food, flavor, and fragrance industries
[Bes03, [CSCe93l, [CSCe98|, [FLe06], KMe98]. So far, enantiomer separation is
performed using gas or high pressure liquid chromatography [BBe06, Wel09],
capillary electrophoresis [Scr0§], and nuclear magnetic resonance [Wen07].
These techniques are slow, cost-intensive or both.

The afore-mentioned drawbacks of existing techniques suggest the de-
velopment of new ones. A new technology is based on SAW generated
vorticity patterns. Enantiomers get separated on the surface of a fluid using
counter-rotating vortices. The resulting method is expected to be fast and
cost-effective. From a theoretical point of view it has already been shown
that enantiomers exhibit different propagation properties in microflows due
to their chirality [KSTHO6, BBe06, Li06, RFPS09]. In addition to this, pre-
liminary experiments performed by [Kon08] showed left- and right-handed
L-shaped objects to be attracted by vortices rotating clockwise and coun-
terclockwise, respectively.

7.2 Experimental Setup

In what follows we give a brief description of the major components of the
experimental setup adapted to our purposes; for a comprehensive version
including technical details of the setup and the particle fabrication we refer
to [Burl3]. Further details about the relevant processes are provided in later
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Figure 7.2: Side-view of the experimental setting (top), together with its
illustration (bottom). The setup is mounted on a circuit board (yellow)
consisting of the fluid container (brown), the water bulk (blue) and the IDT
with substrate layer (red) in the middle on the bottom of the water bulk.

chapters.

The experimental setup is mounted on a circuit board illustrated in
Figure Its core consists of an interdigital transducer (IDT) which is
placed on top of a substrate layer. This setup is placed in the bottom
middle of a fluid container filled with water.

When we apply a radio frequency signal to the IDT, the electronic signal
is converted into acoustic waves, exploiting the piezoelectric effect of the
underlying substrate layer. These surface acoustic waves (SAWs) spread out
in a certain direction on the substrate layer. The energy of the waves couples
into the fluid and causes pressure waves on a time scale of nanoseconds
(~ 1079 8). These pressure waves induce fluid streaming which generates a
stationary flow field within milliseconds (~ 1073 s). The multiscale process
in time leads to pairwise counter-rotating vortices on top of the water surface
as shown in Figure [7.3]

Geometric objects like circles, squares, and L-shaped enantiomers are
placed on top of the water surface into the SAW generated vorticity pattern
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Figure 7.3: SAW induced vorticity pattern (top view) with propagating
L-shaped enantiomers.

as shown in Figure [7.3] The thin particles float on top of the water surface
undergoing translation and rotation. Their depth of penetration of the water
bulk is negligible compared to their size. Both properties are guaranteed
by a hydrophobic coating. After placement, the particles mainly follow the
streamlines of the vorticity pattern which is related to the flow field on top of
the fluid volume. In experiment the particles show characteristic properties
of propagation related to their shape which can be recorded.

7.3 Resulting Problems and Outline

In the beginning we mentioned the fluid—structure interaction problem to
be solved by a FDLM method. However the computation of the previously
described fluid-structure interaction problem in total would exceed the nu-
merical resources available, in particular the update of the fluid volume.
Consequently we reduce the numerical complexity by decoupling the com-
putation of the SAW generated vorticity pattern on top of the water bulk
from the fluid—structure interaction problem.

In chapter [§] the SAW actuated fluid flow inside the fluid volume is
modeled by the compressible Navier—Stokes equations. We further exploit
the multiscale nature of the problem in time and apply a homogenization
approach which was originally developed by [Bra96]. Thereby we separate
the propagation of the pressure waves into the fluid which takes place on time
scales of nanoseconds, and the fluid streaming occurring on time scales of
milliseconds. The simulation results using this method correspond well with
experimental data, as shown in [GHKT07, [K6s07]. However, the simulations
conducted so far were either on 2D domains or 3D domains of low spatial
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resolution. In contrast to this we perform 3D computations which allows
us to simulate a reduced setup and compare the results with experimental
data. Thus we gain information of the internal flow field of the setup which
has not yet been measured in experiments.

In chapter [9] we present a FDLM method for particles in fluid flows.
The method was proposed in [GPHT01] and has been successfully applied
to problems of sedimentation [PJGO05] and rheology of red blood cells in
microvessels [WPXG09]. The fact that the particles float on top of the water
volume with minimal depth of penetration allows us to model the fluid—
structure interaction problem as a single 2D problem. Thereby the fluid flow
in the top layer of the water volume is now taken as a stationary velocity field
of the resulting domain. Here, we use the fluid vorticity pattern suggested
by [KSTHOG] for which enantiomer separation was predicted at least from a
theoretical point of view. We make out differences of the vorticity patterns
and compare again simulation results to experimental data and show specific
cases of enantiomer separation.

In chapter [10] we draw a final conclusion for this second part and show
possibilities for future research.
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Chapter 8

Surface Acoustic Waves

We give a short introduction to surface acoustic wave (SAW) driven mi-
crofluidics in section [8.I] Further, we present a model for this problem in
section[8.2)and its implementation in section[8.3|following [K&s06, [GHKT07].
Using this implementation we perform reduced numerical simulations for ex-
perimental settings in section[8.4 This way we investigate the SAW induced
flow field and compare the computed vorticity pattern to experimental data.

8.1 Surface Acoustic Wave driven Microfluidics

In this section, we describe the basic physical background of surface acous-
tic wave driven microfluidics. Further detailed physical insights have been
provided by T. Frommelt [Fro07] and S. Burger [Burl3], collaboration part-
ners related to surface acoustic waves (SAWs) experiments conducted at the
Chair of Experimental Physics I at the University of Augsburg. The specific
experimental setting is described in detail in [Burl3].

SAWs were first predicted by Lord Rayleigh in 1885 |[Ray85]. Using a
model incorporating longitudinal and shear waves, he was able to explain
the propagation of earthquakes. Mechanical waves travel along the surface
of a solid material and decrease exponentially in amplitude. These waves
are now called Rayleigh waves. Another ingredient was the discovery of
piezoelectricity by the brothers Pierre and Paul-Jacques Curie in 1880. They
described the mechanical deformation of materials like quartz crystals using
electromagnetic fields. The first device producing surface acoustic waves was
invented by White and Voltmer in 1965 [WV65]. Since then such electronic
devices show a wide spectrum of applications, for example as actuators in
common rail diesel engines.

A core component of such devices is the interdigital transducer (IDT)
consisting of a series of interleaved electrodes placed on a substrate layer as
shown in Figure The electrodes are coated by conducting metals and
the substrate layer is made from piezoelectric materials like quartz, lithium
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Figure 8.1: Illustration of a tapered IDT on a substrate layer.

niobate, or zinc oxide. The width of the electrodes determines the optimal
radio frequency signal at which maximal conversion of an electrical to a
mechanical signal is guaranteed. The optimal frequency is then called the
center or synchronous frequency of the device. Typical frequencies range
from 10 Hz to 10° Hz, i.e. from MHz to GHz. The substrate layer in the
relevant experimental setting consists of lithium niobate and the IDT per-
forms at frequencies about 1.0 - 108 Hz . The resulting electromagnetic field
of the electrodes couples into the substrate layer and induces a mechanical
displacement. The displacement propagates like sinusoidal waves of a given
amplitude, wavelength and decay as described by [GHK'07]. The mechani-
cal displacement is about 1 nm, i.e. 10 A. The waves propagate in the lithium
niobate substrate layer with signal sound speed about c¢s = 3.9-10% m/s (we
use temperature dependent material constants at 25 °C in this part). Con-
sequently, the resulting wavelength \ is given by A\ = ¢s/f ~ 3.9-107° m.
The displacement is therefore small compared to wavelength and we can
neglect the displacement in our model.

The spatial propagation of the surface acoustic waves in the substrate
layer is determined by the geometry of the interleaved electrodes of the
IDT and its position on the substrate layer. A schematic illustration of the
propagated waves in our setting is shown in Figure Here, a tapered
IDT on a 128° rot Y-Cut substrate layer is used and the waves propagate
in X direction of the crystal, see [Fro07]. Resonance effects inside the ta-
pered IDT determine the waves to admit a constant width about \/2, i.e.
~ 15 pm. After emission, the waves decay exponentially. Here, we are es-
pecially interested in the 1/e decay length of the amplitude, the distance
at which the original amplitude is reduced by a factor of 1/e. This value is
computed by means of formula (4.41) given in [Fro07]. Using the fluid and
substrate densities py = 1.0 g/cm? and ps = 2.4 g/cm? in combination with
the signal sound speed in the fluid ¢; = 1.5 - 10® m/s and in the substrate



8.1. SURFACE ACOUSTIC WAVE DRIVEN MICROFLUIDICS 75

-~

Figure 8.2: Propagation of the SAWs on the substrate layer.

cs = 3.9-10% m/s, the 1/e decay length of the intensity is given by

PsCs
Pres

(8.1) les = 0.45 A=1.1-10""m.
Consequently the 1/e decay length of the intensity is about 110um. The 1/e
decay length of the amplitude is twice as long, because I < A%, and we get

(82) I = Ioeig = A = \/ﬁ: Ioeim‘

Thus, the 1/e decay length of the amplitude is given by [ 4 = 2.2 10~% m,
i.e. about 220 ym. When we compare experiments and simulations, it
would be helpful to directly connect the input signal, measured in dB, to
the amplitude. However, this is only possible in a relative sense, because
there is no information about the energetic losses on the distance between
the power supply and the substrate layer.

The prescribed acoustic waves on the substrate layer further couple into
the fluid. This process is highly efficient, because most of the wave energy is
located within a depth about one wavelength of the substrate layer. There-
fore, almost the complete wave energy is available for this purpose. There
further exists a characteristic angle of radiation # which determines how the
pressure waves are sent into the fluid as shown in Figure [8:3] This angle is
determined by different signal sound speeds of the fluid ¢y = 1.5 - 10% m/s
and the substrate layer cs = 3.9 - 10® m/s. The Snellius law of refraction
gives

(8.3) sinf = < ~22.6°.

Cs

After short relaxation times of up to 1078 s a stationary pressure field
establishes. This stationary pressure field induces acoustic streaming or
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Figure 8.3: Pressure waves (green) propagating inside the water bulk with
predicted angle of radiation (magenta)

Rayleigh streaming. Thus a fluid velocity field is excited by the stationary
pressure field as shown in Figure [8:4] The relaxation time for such velocity
fields is about 1073 s. Hence, we see two processes in our setting occur-
ring on different time scales which need to be reflected in our model for
simulation. In addition to this we make out influencing parameters of the
problem despite physical constants. The position and the frequency of the
IDT together with the shape and the size of the fluid container influences
the resulting velocity field and ultimately the setting. Concerning existing
experimental data for this setting, varying fluid heights and signal powers
are relevant.

8.2 Modeling the Fluidics Problem

In this section, we present a model for the problem described in section [8.]]
which was originally developed in [Bra96].

Let Q C R? be a bounded three-dimensional domain corresponding to the
water volume inside the container presented before with boundary I' := 9.
Further, we introduce X-, Y- and Z-direction such that a spatial point
z € R? is defined by

(8.4) x = (rx,ry,xz) = (1,22, 23).

We further use this convention of directions and numeration for different
variables without explicit definition. For a given length [x, width [y, and
height [z the domain (2 reads as follows

Ix lIx ly ly
Q2 ::( S 7)

— 5 5 X (_7’_{_7) X (0,[2).

(8.5) Y+
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Cus

Figure 8.4: SAWs-induced streaming (blue) in the water bulk.

We assume the center of the IDT on top of the substrate layer to be at the
origin (0,0,0) of our setting. Thus the IDT related boundary region I', is
defined by

l l
(8:6) Tu =[5+ ) % [-w, +u] x {0},
where w € R", w < ly, denotes the width of the emitted pressure wave
on the substrate layer. The condition at this boundary is prescribed later.
Before, we define the top boundary of the domain by

(8.7) Iy := [—%,—I—%] X [—%Y,—I—%Y] x {lz}.

At this boundary free flow is possible in X- and Y- but not in Z-direction,
this means no mass transfer out of the domain is possible. Thus, we assume
zero normal components of the velocity here. Later this choice allows us to
compare simulated vorticity patterns at the upper boundary to experimen-
tal data. At this point we should mention that we introduced a geometric
simplification of the boundary I's by the definition of our domain 2. Ex-
perimental observations suggest minimum curvature of the boundary near
the point of maximum velocity of the vorticity pattern. This issue will be
discussed later in section [8.4] using simulation results and experimental data.
Finally, the remaining surfaces of the fluid are given by

(8.8) I, =D\ {l,Ul,}.

Here, we naturally assume no-slip boundary conditions. The resulting setup
and different boundaries are summarized in Figure [8.5

Let us now consider the boundary condition on I',. We have to look
for a mathematical formulation of the mechanical displacement induced by



78 CHAPTER 8. SURFACE ACOUSTIC WAVES

Y

Figure 8.5: Computational domain 2 with boundary regions I';, (red), I',,
(green) and I'y (blue).

the surface acoustic waves. There are linearized equations of piezoelec-
tricity described in [GHKT07]. However, we use the simplified excitation
from [FHLWTII] showing good results. In particular, we define the function
u(z,t) : R x RT — R3,

(8.9) u(z,t) := (ul(x,t),uQ(m,t),ug(:c,t))T

where u;(x,t) : R? x Rt — R, 1 < i < 3, is defined by

(8.10) ui(x,t) = 0.6 upexp(—Cqz1) sin(2m(—kz1 + ft)),
(8.11) ug(z,t) := 0,
(8.12) ug(z,t) := — ug exp(—Cyqx1) cos(2m(—kx1 + ft)),

with maximum displacement ug from equilibrium, damping parameter Cy =
(le.a) ' =4.5-10° m™!, IDT frequency f, and wavenumber k = f/cs where
cs denotes the small signal sound speed inside the substrate layer.

We already mentioned the pressure waves occurring on a short time
scale. In order to capture the associated compressible effects in a mathe-
matical sense we have to choose the compressible Navier—Stokes equations.
Let p denote the density, n the dynamic viscosity, and & the bulk viscosity
of the fluid. We introduce the stress tensor o depending on the velocity
v(z,t) : R3 x Rt — R3, the pressure p(z,t) : R3 x Rt — R, and the density
p(x,t) : R3 x Rt — R of the fluid. By m we denote the exterior normal unit
vector and by 7; , 1 <14 < 2, the unit tangential vectors on I' = 9. The
computational domain  is actually time dependent, i.e. we have Q(¢) due
to the time dependent boundary

(8.13) Ly(t):={y eR3 | y=x+u(z,t),z Ty}
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The boundary condition on I';, for the velocity of the fluid is given by

(8.14)  v(z+u(x,t),t) = 601:("“’ on Ty(t), t € (0,T), T € R,

The compressible Navier—Stokes equations are to find a triple of velocity,
pressure, and density (v, p, p) such that

(8.15) p(({;;—i—v-Vv) —V-o(v,p)=0 in Q,
(8.16) g': + V- (pv) =0 in Q,
(8.18) v(x +u(zx,t),t) = %‘;(, ) on I'y (1),
(8.19) v(-,t) = on Iy,
(8.20) v(,t) - n=0 on T,
(8.21) n-o(v,p)T; =0,1<i<2, on I',
(8.22) v(,0)=0, p(-,0)=0 in Q,

where the constitutixée equation for the stress tensor
o(v,p) = (o-('v,p)ij)m.:1 is given by

(823) o-ij('v,p) = —p 5ij + 217Dij('v) + (5”(5 - 277/3)V - .

Here, D(v) denotes the rate of deformation tensor D(v) := (Vv +(Vv)T)/2.
The relation between pressure and density is established by the physical
property p = c?cp, where ¢y denotes the small signal sound speed inside the
fluid.

We already mentioned the multiscale character of this problem in section
[B:I] Thus we separate our problem into an acoustic subproblem at a short
time scale (nanoseconds, ~ 1072 s) and a streaming subproblem at a longer
time scale (milliseconds, ~ 1072 s). This homogenization approach is used
for example in [AGHT08, I AGH™10] and was first suggested in [Bra96]. The
method is based on an asymptotic expansion in time with scale parameter
e €R,0< e < 1. A natural choice is € &~ ug/cs to reflect the appropriate
time scales of the problem. The resulting physical dimension of the order
parameter ¢ is [s]. This dimension makes perfectly sense when we look at
the resulting expansion for the density p, the velocity v, and the pressure p,
given by

(8.24) p=p0 +ep +%" +0(),
(8.25) v =00 4 ev + 20" + O,
(8.26) p=p +ep +e%p" + O,
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where the prime ’ denotes the temporal derivative and p(o), 0@, pO the
initial equilibrium states of the density, the velocity, and the pressure. The
scale parameter conserves the dimensions. Further, it allows us to separate
contributions on different time scales because the order parameter is much
less than one as we see in the following lines. At first we collect terms of the
same order. The first order terms, this means O(e),

(8.27) oW =cp, oW i=cv', pW)=¢p,

are relevant on the short time scale up to relaxation. Furthermore, the terms
of second order, or O(?),

(8.28) p(2) — 62p//, ’0(2) = 52,0//’ p(2) — 52]?”,

are relevant on the longer time scale.

Now, we want to adapt the expansion to the Navier—Stokes system
— (8.22)). For this purpose we apply Taylor expansion to the left-hand side
of the boundary condition on I',, which gives

(8.29) vz +u,t) = v(x,t) + (Vo)u+0(e?).
—_— =
O(e) 0(e?)

The order of the terms is motivated by the choice of the initial equilibrium
state of the velocity v(© which vanishes, i.e. v(© = 0. Consequently, the
nonvanishing velocity v(x,t) has to be of first order and thus (Vwv)u of
second order. This is in accordance with the argumentation in [Bra96].
We further assume the initial equilibrium of the velocity u(?) to vanish, i.e.
u(® = 0. Then the Taylor expansion applied on the right-hand side of the
boundary condition on I';, is given by

_ .,(0) 2

(8.30) u(t) =u®+ 2 +0()
=0 ~~~
O(e)

Thus the first order approximation of the boundary condition on I';, is given
by

ou
8.31 oM = 2=
(8.31) T
In doing so we neglect the deflection of I';, and return to a time independent
domain 2. This is an appropriate simplification because the deflection at
length scales of nanometers (~ 10~? m) is very small compared to the length
scales of millimeters (~ 1073 m) of the domain.
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Finally, collecting all terms of first order of the Navier—Stokes system
(8.15) — (8.22), results in the time-periodic compressible Stokes equations

(1)
(3.32) PO T o ) = £, in ©,
8P(1) 0 1 1 :
(833) W—i—p( )VU( ):filg ), 1mn Q,
(834) p(l)(vt) = C%p(l)(at) in Qa
8.35 v (1) =gv (1), on I'y,.
(1) (1)
(8.36) v (1) =0, on Iy,
(8.37) v (1) -n=0 on T,
(8.38) n-o, pMr=0,1<i<2, on I,
(8.39)  oW(,0)=0W(,Ty), pY(,0)=p"(.Ty) in 2,
with periodicity Ty := 1/f, where f denotes the IDT frequency, and
ou
1 1 1
(840) f’EJ):O’ f;g):()a g( )(775):5(725)

This system is called acoustic subproblem and incorporates IDT actuated
effects on a short time scale. The corresponding initial value problem quickly
reaches a quasi-equilibrium solution due to the harmonic surface acoustic
wave oscillation which is modeled at the boundary I';, using the time periodic
function u. Therefore, in practice it is convenient to start with zero initial
condition, i.e.

(8.41) vW(,00=0, pM(,00=0 inQ,

and to propagate in time until relaxation sets in which means the equilibrium
solution is nearly reached. A measure for relaxation at a given time t, is
the averaged difference between the current and the prior pressure field over
one period Ty. The simulation stops when the difference is below a given
tolerance € € R, €01 > 0, such that

! /t,« 1) (1) 2 1/2
Ty pO(T V() —pV (- T7)* dt) T < et
7l f)||0,Q( tr—Ty () ( 1) ) tol

We refer to [K6s06] for more details concerning this procedure.

After relaxation of the acoustic subproblem — at time ¢,
we use the resulting first order terms to derive the known terms at second
order which serve as right-hand side of the system of equations related to
the second order terms. For this purpose, we define the averaging operator

(8.42)

tr
-1
(8.43) (=Tt [,
=Ty
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such that
F = (=p) 318’;) pO(To)u)
(8.44) _ <+agi1)v<1> — PO (o)D)
— <—p<0>(v oM)pD) p<0>(w<1>)v<1>>,
845 = (),
(8.46) g®? = <—(V'v(1))u>

As a next step we collect all unknown terms of second order of the Navier—
Stokes system - which are relevant for long time effects, the
acoustic streaming. The resulting instationary compressible Stokes equa-
tions which are called streaming subproblem, reads

2)
(8.47) P 8275 —V.o@w? p?) =5 in €,
8/)(2) 0 2 2 ;
(8.48) o+ POV 0@ = in Q,
(849) p(2)(7t) = C?”p@)('a t) in Q?
(8.50) v (1) = g (1) on Ty,
(8.51) v () =0 on I'y,
(8.52) v@ (1) -n=0 on Ty,
(8.53) n- O'(’U(2),p(2))7'i =0,1<3<2, on I,
(8.54) v@00=0,  p?(,0 =0, in €.

Concerning existence and uniqueness, we refer to [K6s07] and focus on
the details of the implementation in the following section.

8.3 Implementation Issues

In the following lines we present details of implementation for the previously
presented fluid model in section [8:2] For simplicity, we skip the initial con-
ditions and the slip, respectively no-slip boundary conditions on I'g and T'),
for the moment. The acoustic subproblem — and the streaming

subproblem (8:32) — (8-39) is to find a velocity and pressure pair (v®, p())
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such that
(@) . . .

(8.55) POV o ) = 50 in o,
1 opl 0 . 4

(8.56) e+ p OV 0@ = fO i
c} ot p

(8.57) v (. 1) = g on I'y,

for 1 < i < 2, where we used p(*) = cfcp(i) (cf. (8.34) and (8.49)). Further,
we resolve the stress tensor o,

(8.58) Vo0, p) = nv2e® + (€ — 21/3)V(V - v) — Vp,

and use the kinematic viscosities vy := 1/p(), v := (€ — 21/3)/p?). Ap-

plying the relative pressure p*) := p(?/p(®) to (8.55) — (8.57) we have to
compute (v®, 5®) such that

(4) , . . ,
(8.59) AR v MO »V(V-v¥) + v = ifg” in €,
ot 0
L opt @ L o
(860) C?E ot +V-v = Wfp m Q,
(8.61) v (. 1) = g on Iy,

for 1 <14 < 2, where the appropriate right-hand sides are given by

360 i -0 m -0 g =T,
and

(8.63) p(lo)ff):<(v vy — (o))
(5.64) Sl = (g v )

(8.65) g? = (~(Vo)u).

For reasons of stability we further use a dimensionless formulation sug-
gested in [K6s07] and introduce scaling dimensions for space and time, L and
T. The procedure was deferred to this section because it is closely connected
to the numerical stability of the resulting system of equations rather than
the method itself. This allowed us to reduce the technical complexity in the
previous section. Consequently, we introduce dimensionless coordinates in
space and time such that

(8.66) r— L&, t— Tt
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and we thus get the dimensionless operators and variables

le. 9 190 L?
8.67 =— —=—=—, p=—=p = L.
(8.67) V=1V: 5 =7 P=pp u=la
Furthermore, we define V' := L/T which is important to preserve the di-

mensions, and introduce the dimensionless velocity
(8.68) v— Vo.

Subsequently, our simplified acoustic subproblem is to find a dimensionless
velocity and pressure pair (ﬁ(l), p(M) such that

vros)  vr?

09) YLD VT (0,920 4 199 60) + T30 =0 in g
. . sl o = O
(8.70) C%VT‘? 5 V.o 0 in Q,
- A
(8.71) sz(l)(-,t):(?; on T,

Analogously, our simplified acoustic subproblem is to find a pair (ﬁ(g), ]3(2))
such that

vT oo v, . N .
Toar (VY 1 V(v el + v
(8.72) T A

L2
L3 op® . L2
(873) mw + V . ’U(2) — C?TQ <—v (p(l)’v(l))> 1n Q,
(8.74) o@( 1) = (~(VoW)a) onT,.

For both subproblems we use the dimensionless deflection function @ (z,1t) :
R3 x Rt — R3,

(8'75) ﬁ'(iat) = (al(jvﬂ’ (QZ(‘%?tA)v(QS(i‘vﬂ)Ty

with @;(2,7) : R® x R¥ = R,

(8.76) 1 (2,1) := 0.6 tig exp(—LCy#1) sin(2m(—Lkdy + Tft)),
(8.77) G (#,%) := 0,
(8.78) Gi3(2,1) := —tg exp(—LCy21) cos(2m(—Lki1 + Tft))

with dimensionless deflection parameter iy = ug/L and wavenumber k =

fles.
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The problems are discretized using Taylor-Hood P2/P1 elements [BF91].
Let T,(£2) be a conforming simplicial triangulation of Q. Then, the finite
element spaces V', for the velocity and )y, for the pressure are given by

(8.79) V3, :={v, € C(Q) | vp|lx € Po(K)* K € Th(Q), vulr, = 0},

(880)  Qni={an € C(@) | aulx € Pi(K), K € To(Q), /Q g dz = 0},

where Py (K), k € N, denotes the set of polynomials of degree less or equal
k for elements K € Tp,(€2). Using these definitions the semi-discrete weak
formulation of the Stokes equations (8.55)) — (8.57)) at time ¢ € (0,7), T €

RT, is to find a pair (vg),pgj)) €V xQn, 1 <1< 2, such that there holds

(8.81)

ot
+V2/V-v§f)v-whdm—/ph V-'whdx:/fsf)'whdx, wy, € Vy,
Q Q Q
(4)

o (4) ;
p(o)/Q U wy, d:z:—l—ul/QV'u;Z) : Vw,, dz

1 8phi ; .
(8.82) Z Jo ot q, dz +p QV v, qp, dz pr qn dz, g, € Qn,

where we omitted the boundary conditions on 'UEZ) for simplicity. The system
is further discretized in time using the backward Euler or Crank—Nicolson
scheme.

The resulting algebraic system is solved by a generalized minimal residual
(GMRES) method supported by the Portable, Extensible Toolkit for Scien-
tific computation (PETSc), where we used the provided algebraic multigrid
(AMG) preconditioner.

Here, we have to mention the decisive role of the triangulation. We
observed that the pressure wave radiation angle described in section [8.]]
depends on the triangulation of our domain, e.g. [Linl4]. The usage of
unstructured meshes, so-called jiggled meshes, see Figure solves this
problem. In this case the fineness of the triangulation 73(2) is specified
by the maximum length hpay, such that for all edges 0K of an element
K € T,(€2), there holds 0K < hpax.

We implemented the method using the programming language Python
[vRdAB91] and different libraries, particularly the mathematical libraries
NumPy and SciPy |Oli07], and the finite element library FEniCS [LMWeal2].
The resulting data was further analyzed and visualized using ParaView
[Henl2]. Additional development of the code, e.g. enabling large scale
computations for large domains on parallel systems, was performed by Felix
Linder [Lin14].
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Figure 8.6: Jiggled mesh (left) and structured mesh (right) of a unit square
domain using a comparable number of vortices and cells.

8.4 Simulation Results

A major advantage using the FEniCS library is that the resulting code is
dimension-independent, i.e. it can be used for two- or three-dimensional sim-
ulations only depending on the given geometry of the problem. This allows
us to validate the implementation with existing two-dimensional results from
[K&s07], see [Linl4]. The code was originally developed for two-dimensional
problems by the present author. Based on this version the implementation
for parallel systems and the computation of three-dimensional setups was
the topic of a master thesis [Lin14] co-supervised by the present author. The
current code is a maintained and extended version developed by the present
author.

We performed three-dimensional simulations using the constants and
parameters given in table 8] for simulation. The resolution of the surface
acoustic waves demands dense meshes, and thus requires large amounts of
physical memory for the necessary degrees of freedom. Consequently we
show results for a geometric setting with reduced proportions. A possible
resort is to compute the acoustic subproblem on a subdomain with a fine
mesh which is given by the direction of the pressure waves and the damping
parameter. The resulting force field can be used for the acoustic streaming
on a larger domain with a coarse mesh.

The numerical results of the three-dimensional acoustic subproblem and
the acoustic streaming are illustrated in Figure As we previously de-
scribed in Figure and Figure [8.4] the pressure waves propagate into the
water bulk and the acoustic streaming causes fluid flow which leads to two
mirrored circular vortices. These transport fluid from above the IDT to
the water surface and vice versa. Here, the fluid flow is determined by the
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’ Category/Name Symbol  Unit Value
Scaling
Space L m 1.0-1077
Time T s 1.0-10°8
Velocity 1% m/s 1.0-1071
Discretization
Maximum Grid Size Rmax m 7.4-1076
Time Step Sizes
acoustic subproblem At, S 6.1-10710
streaming subproblem Aty S 1.0-1074
Domain
Length Ix m 1.0-1074
Width ly m 1.0-107*
Height lz m  3.0-107°
IDT /Substrate Layer
Deflection [ m 1.0-107*
Signal Sound Speed Cs m/s  3.8-10"3
Damping (1) Cq I/m  4.5-10%3
Emission Width w m 1.5-107°
Frequency f Hz 1.0-10%8
Wavenumber k I/m 2.6-10"*
Fluid (Water 25°C)
Density p©®  kg/m® 1.0-10%3
Signal Sound Speed cr m/s 1.5-10"3
Dynamic Viscosity n Pa-s 1.0-1073
Bulk Viscosity ¢ Pa-s 25-1073
Kinematic Viscosities 121 m?/s  1.0-1076
Vo m?/s  1.8-1076

Table 8.1: Constants and parameters for SAW-generated fluid flow.
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Figure 8.7: Stationary pressure wave pattern of the acoustic subproblem
(left) and stationary velocity field of the acoustic streaming (right). The
water bulk is cut in the X-Z-plane, see section [8.2] incorporating the origin

of the domain. [Linl4]

direction of propagation of the pressure waves.

The main interest of the numerical investigation is dedicated to the vor-
ticity pattern on top of the water bulk which was previously defined as
I's in section [8.2] The numerical results are illustrated in Figure to-
gether with experimental data which was obtained by S. Burger [Burl3].
Both experiment and simulation show four counter-rotating vortices which
qualitatively match in orientation and the out-going streamlines show the
highest velocity flow whereas the in-going streamlines are much slower. Be-
sides this qualitative matching the experimental vortices are more elliptic
compared to the simulated streamlines. This difference may be caused by
the afore-mentioned reduced computational setting. However, the qualita-
tive agreement suggests that the model and the implementation can be used
for further investigations.

A question arising from experiments is whether the experimental veloc-
ity field is divergence-free. This property cannot be computed directly using
the experimental data. The available data was measured using a lipid mono-
layer on top of the water bulk. The idea was to use the lipid domains inside
the monolayer as velocity tracers but a disadvantage of this method is that
the monolayer shades properties of the underlying fluid flow field. However,
knowledge about the divergence of the vorticity pattern of the fluid flow
field in the absence of a lipid monolayer is relevant for the understanding
why particles propagate towards the center of a vortex while rotating in it.
Consequently we analyzed the numerical results because the direct measure-
ment of the inner flow field in experiments is a demanding, work-intensive
task. Thereby we revealed indeed that fluid is transported at the center of
the vortices to the ground of the water bulk and back to the IDT again,
see Figure Once it has arrived at the bottom the fluid is lifted to the
top again following the pressure waves. On the basis of this information we
have to expect the same phenomena in the experimental setup. This ex-
plains the experimentally observed minimal deflection at the water surface
in this region. Consequently the SAW-generated vorticity pattern on top
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Figure 8.8: Trajectories starting on top of the water bulk and descending to
the ground while rotating closer to the center of the vortices. [Lin14].

of the water bulk is not divergence free. In the following chapter [9] we as-
sume the two-dimensional velocity field at the water surface to be divergence
free for the fictitious domain Lagrange multiplier method. Thus, we cannot
simply use the experimental and simulated velocity field for this purpose.
Consequently, we take a different approach using a velocity field generated
by a quadrupolar force density described later in subsection On one
hand, the resulting vorticity pattern reflects the characteristic streamlines of
the experimental velocity field. On the other hand, enantiomer separation is
predicted for such patterns from a theoretical point of view, see [KSTHOG|.
These properties makes the quadrupolar force density look like a promising
candidate for the following investigation of enantiomer separation.
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Figure 8.9: Vorticity pattern on top of the water bulk in experiment [Burl3]
(top) and simulation [LinI4] (bottom).



Chapter 9

Fictitious Domain Lagrange
Multiplier Method

Fictitious domain (FD) methods have been known for quite a while and
we give a brief introduction to this concept in section Subsequently,
we present the fictitious domain Lagrange multiplier (FDLM) method de-
scribed in [GPH™01] for rigid body motion in fluids. The model is derived
in section and the resulting numerical method is presented in section
Afterwards we perform numerical simulations of particle propagation
in fluid microflows in section discuss the influence of different vorticity
patterns and compare the simulation results to experimental data. Thereby
our special focus lies on the separation of enantiomers.

9.1 Fictitious Domains

Let us first give a brief historical introduction to fictitious domains (FD)
inspired by [GPHJ99]. A FD method was first proposed in [Hymb52] for
“ .. numerical solution of boundary-value problems ... applicable to arbi-
trary regions ...“ The term itself was introduced in [Sau63]. The method
was motivated to solve a problem on geometrically complex or even time-
dependent domains on larger and much simpler fictitious domains. Thus,
the method is also called domain embedding method. The idea was to use
existing fast solution methods on regular meshes or to use fixed meshes for
time-dependent domains. Consequently, mesh generation is simplified and
even remeshing and reassembling of matrices is avoided for time-dependent
domains. However, the boundary conditions of the original problem have to
be enforced, for example using Lagrangian multipliers.

We derive a fictitious domain Lagrangian multiplier method for the Pois-
son equation. The example is taken from [GPP94] and serves as an outline
for the problem described in the following section. It demonstrates the ba-
sic ingredients of the method without getting lost in technical details. Let
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Figure 9.1: Fictitious domain Q (green) with boundary I" (dark green) and
embedded domain w (red) with boundary ~ (dark red).

w C R? be a bounded don}ain with Lipschitz-continuous boundary 7 := dw.
For f € L?(w) and g € Hz(v) the Dirichlet problem is finding a solution u,
such that

(9.1) —Au=f in w,

(9.2) u=g on 7.

There exists a unique solution u € V; := {v € H'(w) | v = g on v} of the
resulting variational formulation

(9.3) /Vu Vv dx:/fv dz, Vo€ Hj(w).

We further introduce a surrounding fictitious domain Q C R? of simple
regular geometry, e.g. a square, such that w CC Q. An example of such
a setting is given in Figure Let f C L?(2) be an arbitrary extension
of f such that f|, = f. We define the Lagrangian functional £ : H}(£2) x
H™3(7) - R,

(9.4) L(v,\) = %/Q Vol? dz — /va dz — [y)\(v —g) ds.

Using this functional we observe that the variational problem (|9.3)) is equiv-

alent to finding a solution (@, \) € HE(Q) x H -2 () of the following saddle-
point problem:

(9.5) / Vi Vo dz = / fo dz + / v ds, Vo € HE(Q),
Q Q ¥

(9.6) Lu(ﬂ —g) ds =0, Y e H_%(fy).
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The resulting solution fulfills 4|, = v in w and u = g on 7. We solve the
resulting saddle-point problem by a general conjugate gradient algorithm
described in [GLT89]. We start with an arbitrary initial Lagrangian \° €
L?(v) and arrive at an initial solution @° € H}(Q2) such that

(9.7) / va Vo dz = / fodz+ / A% ds, Yo € HY(Q).
Q Q 5
Subsequently, we have to find ¢° € L?(v) such that
(9.8) /gou ds = /(uO —g)pds,  VupeL(y).
¥ v

Finally, we set w® = ¢° and begin with the iteration. Now, for n > 0 we
proceed with the step n — n + 1. First, we solve for u" € HE(Q)

(9.9) / Vu" Vo de = / w"v ds,
Q v
and compute p" according to
2

(9.10) = Jylg" ds

' J, amwn ds’
We thus get the iterates
(9.11) AL = \n gy,
(9.12) a"tt = — pran,

and further have to find g" ™! € L?(«y) such that
(9.13) /g”“,u ds = /g”u ds — p" / u"p ds, Y e L3 (7).
gl v gl

If for a given tolerance e € RT

(9.14) 19" 220 /119° | 220 < €,

we stop the iteration with the solution A\ = A" and @ = @". If not, we
compute

Hgn—HH%Z( )
(9.15) V=
lg HLz(,y)

(9.16) Wt = gty

and start above, proceeding with n — n + 1.

A straightforward discretization is given in [GLT89]. We basically see
how the FDLM method is applied to a simple problem using a CG algorithm.
In the following section, we apply this method to a more complex setting,
i.e. the problem of fluid—particle interaction presented in section
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9.2 Modeling Rigid Body Motion in Fluids

Fictitious domain methods for incompressible viscous unsteady flow around
moving rigid particles have been developed in a series of papers in the 90s,
for example [GPP98|, [GPHJ99]. These methods allow the efficient simula-
tion of large numbers of particles in fluid flow, like in case of sedimentation.
We have already considered some major advantages of this method in the
previous section. It allows us computations on a fixed mesh by imposing the
particle properties to the fluid using distributed Lagrange multipliers. How-
ever, we have to mention the existence of other methods for this purpose.
The immersed boundary (IB) method for the simulation of deformable, vis-
coelastic objects in incompressible viscous flow was introduced by [Pes77].
Thereby the fluid motion is prescribed by the incompressible Navier—Stokes
equations using an Eulerian coordinate system. By contrast the material
elasticity equations related to the deformable object inside the fluid and
its change of total elastic energy is written in a Lagrangian coordinate sys-
tem. A third equation couples the afore-mentioned Eulerian and Lagrangian
quantities. This method was successfully applied to the motion of red blood
cells in microfluidic flows [FHLT11]. However, the IB method has not been
developed for rigid body motion. A comparison between the IB and FDLM
method for particle motion inside quadrupolar vorticity patterns is given by
[Hac14]. For detailed historical information and comparison to other meth-
ods of direct simulations, i.e. front tracking methods, and methods based on
moving unstructured grids, such as arbitrary Lagrangian—Eulerian moving
mesh techniques, we refer to [GPHJ99].

The fluid/particle interaction problem is formulated on the previously
defined two-dimensional domain

(917) L= 2 ) 22 1 ),
where [x and ly denote the length of the domain in X- and Y-direction.
This domain represents the surface of the water in the experimental setting
described in section We neglect its possible curvature as described in
section

Let us apply the fictitious domain Lagrange multiplier method presented
in [GPHT01] as we suggested in [BEHT15]. We consider N € N rigid bodies,
covering distinct subdomains Bj(t) C I'y,1 < j < N, t € [0,T], where T
denotes the end of the computational time, such that

(9.18) Bj(t) N By(t) =0, 1<j#k<N.

The motion within the fluid-filled domain I'y of each particle is described by
the Newton—Euler equations. The motion of the j-th particle, 1 < j < N,
is described by its density p;, mass M, center of mass c;, velocity v;, angle
©;, angular velocity w;, and the inertia tensor I;, hydrodynamic force Ff ,
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repulsive forces Ff, and the resulting torque Tfl of the hydrodynamic forces
acting on it. Then the Newton—Fuler equations determining the motion of
the j-th particle, 1 < j < N, read as follows

dv; de; de; dw;
1 M.—) —fpH L pR = — vt M 2
(9.19) i CFHEL g el =g
dw.
(9.20) ;=L =T + &t x FF,
with initial conditions
(921) Uj(o) = U?a wj(o) = W?, Cj(O) = C?

We have to note, that in the original work from [GPHT01], an artificial
repulsive force is defined which guarantees smooth repulsion of spherically
shaped objects. However, this does not cover real life problems where hard
collision in water of arbitrarily shaped particles take place. As a first step, we
improved the particle-particle and particle-boundary repulsion model which
allows arbitrary shaped particles as described below. For this purpose P’
and P denote the sets of repulsion points p; € P; belonging to the j-
th particle and the domain boundary. The repulsion points are uniformly
distributed over the boundary of the particle with special respect to the
reentrant and salient corners, rising out of the regular shape. In our case,
the combined repulsive force F' f(pi) acting on the repulsion point p; of the
j-th particle, 1 < j < N, is given by

(9.22) Fl(p;) = F% (p)) + > Fi*(py),
k#j

where Ff * is the repulsive force between the j-th particle and the k-th

particle and F?FS is the repulsive force between the j-th particle and the
boundary OI's defined by

(9.23) F?Fs(pi) = Y Ffpim),
pePTs

(9.24) Fl(p):= > FR(pi,m).
pIEP

The basic repulsive force F'® is given by

0, llpi—mpll>r
9.25 Fi(pi,p) = ’ 7
(9.25) (pi- 1) { e pi—p)/Ipi —mill, pi —pill <

We use the scaling factor ¢ and the repulsion length » > 0. The repulsion
length r is defined with respect to the finite element discretization of our do-
main I'y described in section A practical value is one half of the uniform
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mesh width. Based on the presented implementation, further improvements
have been suggested in the master thesis [Hacl4].

In chapter [§] we discussed the nature of the compressible effects of the
surface acoustic waves acting at short time scales of nanoseconds (10*9 s).
By contrast, the particles propagate at time scales of seconds where the
compressible effects of the surface acoustic waves can be neglected. In ad-
dition to this the particles show steady flow allowing the fluid to relax at
this time scale. Consequently, the fluid inside the time-dependent domain
Ls(t) := FS\Ué-V:l Bj(t), t € (0,T), is modeled by the incompressible Navier—
Stokes equations such that for a given fluid density py, dynamic viscosity 7,
stress tensor o, force field f,, and initial velocity field vy there holds

(9.26) pf(% + (v - V)v) —V-ow)=f, inTs(),

(9.27) V-v=0 in Ts(t),
with boundary conditions

vs(x) , x e dl(t),

(9.28) v(z,t) = { ’Uj(t) +wj(t) % cj(t)a: , T E aBj(t)v

and initial condition
(9.29) v(z,0) =vs(z), x€Ts(0).

e
where the expression c¢;j(t)z in (9.28) denotes the vector joining c¢;(t) and
x. The subscripts of the initial velocity field vs and the force field f, are
motivated by the relation

(9.30) (vs-V)vg =V -0o(vs) = f,.

This means the force field f, is derived from a given stationary velocity field
vs. Thus, it makes perfect sense that the initial and boundary conditions
are defined with respect to the stationary velocity field. A concrete exam-
ple using the quadupolar force density suggested by [KSTHOG] is given in
subsection [0.4.2] .

Now, we introduce a combined weak formulation of fluid and particle
motion using distributed Lagrange multipliers A;(t) € A;(t), with

(9.31) A;(t) := H (B;(t)), 1<j<N.
The FDLM method is then to find v(t) € V,

(9.32) V.= {H\T,) | v|or, = v},
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p(t) € L(Ts), v;(t).c;(t) € R?, wj(t) € R, Aj(t) € Aj(t), 1 < j < N,
such that for all w € H}(Ty), ¢ € L3(T), Y € R%, 7 € R, m; € Aj(t),
1 < j < N, there holds

pf/<8at+(v V)v )-wdx—/pvo'wdx

I Ts
dv; dw
+77/V'v deyc—l—; o (Mj g Y + IJE 7')
(9.33) ’ N
=> / Aj-(w—-Y — 7 x ¢t dx—l—/f w dx
I=1B5()
N
Z(ZFsz Y+Z C]szF(pz)) )
Jj=1 pi€ ] szP
(9.34) /qV v dz =0,
T
(9.35) / (u,j (v —vj —wj X cﬁ)) dz =0,
B;(t)
for a.e. t with initial conditions
Vs, e I's(0) \ B;(0),
(9.36) v(z,00=5 ,  , o 7 € L+ 5;(0)
v +wj x cjz, € Bj(0),
(9.37) v;(0) = 'v(;», cj(0) = c?, w;(0) = w?.

Despite the scalar nature of the angular velocity w;(t) € R we use bold
notation due to its vectorial roots. The term w; x cﬁ in equation is
well defined in R3. For this purpose w; and 037 are appropriately extended
by zero components such that

0 (et —w;(cj)2
(9.38) wixgt=| 0 | x| (G | =] wjEGt |,
wj 0 0

where we used &4 == ((¢;#)1, (cﬁ)g)T

Finally we motivate the presented combined weak formulation of the
FDLM method from a physical point of view. The extension of the fluid
domain T4(t) := Ty '\ U;VZI Bj(t), t € (0,T), can be interpreted as filling
the particle domains with fluid. In doing so the rigid body motion in the
particle domains and the no-slip particle boundary conditions are imposed
using distributed Lagrange multipliers.
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9.3 Numerical Methods

Following |[GPHT01] and [BFH" 15|, we discretize the FDLM method
—(9.37) in space and time. In order to do so, we introduce a uniform sim-
plicial triangulation 7,(I's) of I's. The incompressible Navier—Stokes equa-
tions are discretized using standard Taylor-Hood P2/P1 elements [BF91].
For implementations using adaptive grids at particle boundaries we refer to
[Hac14]. Next, the finite element spaces V', for the velocity and @, for the
pressure are given by

(939) Vh ::{'vh S C(fs) ‘ 'vh|K S P2(K)2,K S E(Fs)a'vhbf‘s = 'Us,h}a
(940)  Qp ={an € C(Ts) | aulx € Pi(K), K € Th(Ts), /F g dz = 0},

where P(K),k € N, denotes the set of polynomials of degree less or equal
k for elements K € Tp(I's) and vy, denotes the L2-projection of the initial
velocity vs onto the space of piecewise polynomials of degree 2 on OI';. The
velocity test space Vo, is further defined by

(941) Vo :=A{vy € C(Ly) | vplx € Po(K)?* K € Th(Ts), vplor, = 0}.

We already mentioned that there is no need to define triangulations 73, (B;(t))
of the domains occupied by the particles, 1 < j < N. Instead we define the
finite element spaces Aj(t) for the distributed Lagrange multiplier of the
j-th particle based on the existing triangulation 7,(T's), such that

942)  Ajult) i={An € C(Bia(t) | Mulx € P(K) K € Biy(t),
for 1 < j < N, where the discrete particle domain B; (t) is defined by
(9.43) Bi(t) = {K € To(Ty) | K C By(1)}.

Then the discretized version in space of the FDLM method ({9.33)) — (9.37) is
to find vp,(t) € Vi, pu(t) € Qn, vi(t) € R% ¢;(t) € R?, wj(t ) € R Ajn(t) €
A 1(t), such that for all w, € Vo, qn € Qn, Y € R2, 7 € R, Hjp € Ajn(t),
there holds

pf/ ——i— (v, - V)'uh)-whda:—/pv-whdx
rs
—H7/Vvh Vwy, d:z:—i—z )(devj Y + dewj’ -7')
= P; dt dt
(9.44) b N
=y / M- (w, =Y — 7 x i) d:c+/f-'whdm
=B ) I,



9.3. NUMERICAL METHODS 99

(9.45) /th cvp dz =0,
Ts
(9.46) / (Nj,h (v — v —wj X 0]7)) dz =0,
Bj n(t)

for a.e. tand 1 < j < N, with initial conditions

vsp, T €Ls(0) \mv
(9.47) vn(x,0) = { oY 4+ wY x Co—l‘> xz € B;(0) J
j i Cs ANA
(9.48) v;(0) = v}, ¢(0)=¢f, w;(0)=uw},

where v}, denotes the L2—projection of the initial velocity vs onto V. We
remark that in the discretized version we distinguish between the actual
particle domain Bj(t) which is updated at every time step, and the mesh
dependent particle domain Bjj(t) which is derived from Bj(t) according to
the definition .

The temporal discretization is performed by a Yanenko-Marchuk frac-
tional step method [Mar90] as suggested in [GPH"01]. This way we get a
series of different subproblems which can be solved separately. Let us intro-
duce the uniform discretization of the time interval [0, 7] using the time step
size At := T /Np, Ny € N, and denote for example by v™ an approximation
of v at time ¢, with ¢, :=nAt,n € N, 0 <n < Np.

When we proceed in time from t¢,_1 to t, we begin solving the fluid
motion of the discretized FDLM method - . For this purpose, we
use the splitting method proposed by Chorin and Temam [Cho97, [Tem6§].
This is done by computing an auxiliary velocity 9y € V', such that for all
wy, € Vo, there holds

pf/vh_vh -wp, dx+pf/ Vot ol Hwy, do
(9.49)
—I-n/Vv thd:v—/f wy, dx.

In order to get an intermediate solution 'UZ_I/ 2 ¢ V', and pressure py € Qp,
we finalize this step by projecting the previously computed velocity @5 onto
the space of divergence free vector fields by solving the equations

(9.50) At/VpZ -Vqp do = — /(V -0 qp),

I

(9.51) /’UZ 1/2wh dz = /f)h ~wy, do — At/VpZ -wy, dz,

T's s
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for all wy € Vg, and qp, € Q.

As the second step of the Yanenko—Marchuk fractional step method,
we solve the fluid—particle interaction subproblem of the discretized FDLM
method - which is finding v, (t) € Vi, v;(t) € R?, wj(t) € R,
Ajn(t) € Ajp(t) such that for all wy, € Vs, Y € R®, 7 € R, pjy, € Ajp(t)
there holds

/‘%h dx+§j( 20 (g vy g4 7) =
pfF ot = T
(9.52) * N
=Y / XNip- (w, =Y — 1 x &) de
I=1B, ()
(9.53) / Hin - (U —vj —wj X cﬁ) dz =0,
Bj n(t)

for a.e. t € [tp—1,ty) and 1 < j < N. This task is performed using a
conjugate gradient algorithm proposed in [GPHT01], where subscripts in
brackets refer to the conjugate gradient step. The initial step k = 0 is
finding the initial variables vgo) eV, v (0) eR? w ( ) e R, 1<j5 <N, for

given initial Lagrangians )\20; € A?;l, such that for all wp € Von, Y € R2,
T € R there holds

00 _ 172 N .
(9.54) pf/%-whdxzz / }\() 'whdx
Ts ]Zan;l
Js
p U(O) — vn—l
(9.55) (-2 y = - / A9y da,
p'] anl
p (0) wn—l
(9.56) (l—p—j)Ij J A7 / )‘h T X :J:dx
Bn 1

and we further compute the initial variables g; ,3 e AN i h , 1 <7 <N, such

that for all p;), € A7) ! there holds

—
0 0 0 0 -
(9.57) / K, gg,z dr = / Hp, - (Ug) - vg- ) _ wg- ) x ¢ 12) da,
By Bjy'

and we finally set ng)L = ggo}z Now, the step k —1 — k, k € N, k£ > 1,
is given by the computation of the auxiliary descent variables UZ € Vy,
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'v? € R?, w? € R, 1 < j <N, such that for all w, € Vo, Y € R2, 7 € R
there holds

(9.58) pf/— wy, dz = Z / (k_ -wy, dz,

j an 1
TN (k1)
(959)  (1- pj)M]KJt Y- [ Ay
Bt
d
w? —_—
(9.60) e / A ey da
& B!

and we further compute the auxiliary descent variables g n € A] no 1<
j < N, such that for all p;;, € A7, there holds

T
(9.61) / Hp, -g;-l,h dz = / Hp, - (v — v? - w? X c;-‘_lx) dz.
B B!
J,h Js

(9.62) P

k k—1 —1 k—1
(9.63) AR = AUl )
(9.64) 'vék) = v,(lkfl) 5 )'vﬁ,
k k—1 k—1
(9.65) vg- ) = vg ) pg )v?,
k k—1 -1
(9.66) Wi = D Tl gd,
k k—1 k—
(9.67) gl =g\t = o Vgl
k) k—1) (k=1) (k=1
(9.68) 2) = gl D,
with
k
f g] h’ggfz dzx
Bt
(9.69) W =
f1 g;h )’gg',h ) dz
B,
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Now, if for a given tolerance € € R, €40 > 0, there holds

k k
I g\ g\ dx

(9.70)

we stop the conjugate gradient algorithm and set for 1 < j < N

(9.71) 2= Al
(9.72) vy = vglk),
(9.73) ol =l
n—1/2 k
(9.74) 2= o,

Otherwise, we proceed with k& — k + 1.

The third and last step of the Yanenko-Marchuk fractional step method
to proceed in time from t¢,,_; to t, is updating the remaining particle prop-
erties such that for 1 <j7 < N

_ 1
(9.75) cj =cim 4+ At v,
-1
(9.76) 0] =07 + At w7,
_n—1/2 -1 Ry, .
DiEP;
—1/2 —
(9.78) Wl =Wl TP ALY (G x FR(py)).
piEP;

9.4 Simulation Results

9.4.1 Implementation Issues

We implemented the discretized FDLM method presented in the previous
section using the programming language Python [vRAB91] and different
libraries, particularly the mathematical libraries NumPy and SciPy [Oli07],
the finite element library FEniCS [LMWeal2|], and the plotting library mat-
plotlib [HunO7].

In simulation, we use the square domain I'y C R? defined by

I, | lr.\o
9.79 Ig:=(—= :
( ) S ( 2 7+ 2 ) ’
for a given length [r,. This domain is further discretized by the uniform,
simplicial triangulation 7 (I's) with grid size h. Relevant parameters for a
set of implemented particles are described in Figure These parameters
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®

Figure 9.2: Definition of length (magenta), center of mass (red), and repul-
sion points (blue) for a set of particles showing zero angle of rotation.

are further used to specify the subsequent simulation together with the fluid
and particle constants contained in the FDLM method — .

For the set of parameters the method proved to be stable and we did
not introduce a dimensionless formulation. However, for particle densities
close to the fluid density, the presented conjugate gradient algorithm tends
to diverge before the given tolerance € is reached.

9.4.2 Quadrupolar Force Density

Here, we present simulation results from [BFLT13|, showing enantiomer
separation using quadrupolar force densities. From a theoretical point of
view, enantiomer separation has been predicted for particles of simplicial
shape in [KSTHO6] using a quadrupolar vorticity pattern. This pattern
consists of pairwise counter-rotating vortices, such that for x = (z1,x2) € T's
the velocity v is defined by

() _3¢($))T7

(9.80) vo() = ( i

with a stream function ¥ (z1, z2) given by

Ir.v3 sin(mzy/lr, ) sin(mze/Ir,)

(O81) (@1, @2) = Vmax = = (5 e TN — cos(maa/in))

where vpax € R, vmax > 0, denotes the maximum velocity. The corre-
sponding right-hand side fg which is called quadrupolar force density, of

the discretized FDLM method (9.44]) — (9.48) is then given by

/fQ-wdx:pf/(vQ.V)vQ-wdx
I, I

+ T]/V’UQ : Vw dz, wy, € V()’h.
Is

(9.82)

Consequently, we set the initial and boundary velocity vy = vg.
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ulll"/, "

(@

Figure 9.3: Experimental vorticity pattern (left) and quadrupolar vorticity
pattern (right). [BFL™1

Figure 9.4: Experimental (left) and computational (right) trajectories.

[BEL*13]

The quadrupolar vorticity pattern qualitatively matches the vorticity
patterns occurring in the experiments, as can be see in Figure [0.3] Never-
theless we have to adapt the size and the maximum velocity of the quadrupo-
lar vorticity pattern to the experimental setup for validation. We therefore
used the parameters and constants given in Table Again the qualitative
comparison of particle trajectories in simulation and experiments in figure
shows good agreement. In addition to this, we compared the angle of
rotation of a given particle in experiment and simulation in a quantitative
manner, and the resulting plot shows virtually perfect agreement as shown
in Figure 0.5] Consequently, the quadrupolar vorticity pattern is a good
approximation for the SAW-actuated vorticity pattern.

The question is now whether the theoretically predicted enantiomer sep-
aration is possible in experiment using SAW-actuated velocity fields. Ex-
perimental measurements indeed suggest the existence of such effects for
L-shaped enantiomers [Kon08]. Once dropped onto the fluid surface, right-
handed and left-handed L-shaped particles show trajectories leading to vor-
tices rotating clockwise and counterclockwise. We performed simulations
using the quadrupolar velocity field together with the parameters and con-
stants given in Table[9.2]and found two characteristic phenomena of separa-
tion for L-shaped enantiomers which reflect the experiments regarding the
sorting. In Figure[0.6 we see the separation at the end of the outgoing veloc-
ity stream for particles placed slightly next to the central incoming stream-
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Figure 9.5: Angle of rotation of the particles as a function of time in exper-
iment (red) and simulation (green). |[BFL™13]

’ Category/Name Symbol  Unit Value
Domain and Discretization
Length Ir, m 8.4-1073
Grid Size h m 2.1-107°
Time Step Size At S 1.0-1072
Fluid (Water 25°C)
Density p kg/m3 1.0-1073
Dynamic Viscosity n Pa-s 1.0-1073
Maximum Velocity Vmax m/s 2.0-1073
Square Particle
Length ls m 1.0-1074
Density ps kg/m3 2.0-1013
Center of Mass cs m (8.6,2.8)7 - 1074
Velocity vg m/s (-1.8,-3.5)T 1074
Angle of Rotation Og rad 2.0
Angular Velocity ws rad/s 0.0
L-Shaped Particle
Length lr, m 2.3-1074
Density PL kg/m? 2.0-10*3
Center of Mass cr m (4.0,2.3)T . 1074
Velocity v, m/s (—1.3,—4.4)T . 1074
Angle of Rotation Or rad 5.3
Angular Velocity wr, rad/s 0.0

Table 9.1: Domain, discretization, fluid and particle related constants and
parameters for simulations validating the quadrupolar force density.
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’ Category/Name Symbol  Unit Value ‘
Domain and Discretization
Length Ir, m 2.0
Grid Size h m 1.1-1072
Time Step Size At S 1.0-1072
Fluid (Water 25°C)
Density p kg/m3 1.0-1073
Dynamic Viscosity n Pa-s 1.0-1073
Maximum Velocity Vmax m/s 9.1-1071
L-Shaped Enantiomers
Length Iy n m 1.2-107*
Density PLy/n kg/m3 2.0-1013
Center of Mass
Figure (9.6 Ly m  (—0.5,-6.0)T 107!
Figure (9.7 Ly g m (0.0,—-0.7)"
Velocity Vin ms (0.0,0.0)"
Angle of Rotation OL,n rad 0.0
Angular Velocity wr,,, rad/s 0.0

Table 9.2: Domain, discretization, fluid and particle related constants
and parameters for simulations showing enantiomer separation using the

quadrupolar force density.

lines. Furthermore, the enantiomers are separated at the center when the
particles are placed in the center of the incoming vorticity stream, as shown
in Figure In both cases the L-shaped enantiomers follow streamlines
to the experimentally predicted vortex, see [Kon08|]. The finite element im-
mersed boundary method shows comparable results for slightly deformable
L-shaped enantiomers [FHLBM15].
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Figure 9.6: Enantiomer separation of a right-handed (left) and left-handed
(right) L-shaped enantiomer at the outgoing velocity streamlines. The right-
handed L-shaped particle follows the vortex rotating counterclockwise in the
lower left quadrant whereas the left-handed L-shaped particle follows the
vortex rotating clockwise in the upper left quadrant.

Figure 9.7: Enantiomer separation of a right-handed (left) and left-handed
(right) L-shaped enantiomer at the central streamlines. The right-handed
L-shaped particle follows the vortex rotating counterclockwise in the upper
right quadrant whereas the left-handed L-shaped particle follows the vortex
rotating clockwise in the upper left quadrant.
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Chapter 10

Conclusion and Outlook

In the beginning of this second part we presented a model for surface acous-
tic wave-generated fluid flow in three-dimensional domains. The validated
implementation of this model shows good qualitative agreement to experi-
mental data even for the simulation of a setup with reduced spatial dimen-
sions. Using these numerical results we further showed that the vorticity
pattern occurring at the top of the water bulk is not divergence-free at the
center of the vortices which was not yet possible to measure in experiments
but conjectured. The implemented version of the code is able to take ad-
vantage of parallel systems with large amounts of physical memory. This
allows us to simulate complete setups in the near future and to compare the
simulations with experimental data also in a quantitative manner.

Regarding enantiomer separation we implemented a fictitious domain
Lagrange multiplier method to simulate the motion of rigid bodies in two-
dimensional fluids. The mentioned non-divergence free velocity fields ob-
tained in experiment and simulation forced us to look for alternatives. Thus,
we decided to use the quadrupolar force density proposed by [KSTHO6]
which resembles an idealized surface acoustic wave-generated vorticity pat-
tern on top of the water bulk. For the former, enantiomer separation was
predicted from a theoretical point of view. Indeed, we found possible set-
tings for enantiomer separation of L-shaped particles which confirms the
theoretically predicted separation for simple chiral particles in [KSTHOG].
Furthermore, we were able to reproduce in simulation specific properties
of particle propagation observed in experiments [Kon08], in particular we
showed left- and right-handed L-shaped objects to be attracted by vortices
rotating clockwise and counterclockwise, respectively. However, enantiomer
separation has not been reproduced in experiments with the previously de-
scribed setup so far [Burl3]. Here, numerical simulations may help to find
possible conditions for enantiomer separation which would considerably re-
duce the number of necessary experiments. For example, from the current
point of view, it is not clear whether an optimal ratio of the particle size

109
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to the vortex size exists for which separation takes place. In this context
we also have to consider refined force densities with respect to the exper-
imental vorticity pattern. Finally, a detailed understanding of the current
experimental setup is an essential step towards enantiomer separation on a
molecular level relevant in industrial applications.
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