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ABSTRACT

Computational visualization allows scientists and engsée better understand sim-
ulation data and gain insights into the studied natural ggees. Particularly in the
eld of computational uid dynamics, interactive visual @sentation is essential in the
investigation of physical phenomena related to gases guidi. To ensure effective
analysis, ow visualization techniques must adapt to theamdements in the eld of
uid dynamics that bene ts substantially from the growingraputational power of
both commodity desktops and supercomputers on the one aaddteadily expanding
knowledge about uid physics on the other. A prominent exérgf these advances
can be found in the research of two-phase ow with liquid detg and jets, where high
performance computation and sophisticated algorithmgplase tracking enable well
resolved and physically accurate simulations of liquidatyrcs.

Yet, the eld of two-phase ow has remained largely unexg@drin visualization
research so far, leaving the scientists and engineers witimdber of challenges when
analyzing the data. These include the dif culty in trackengd investigating topological
events in large droplet groups, high complexity of droplgtaimics due to the involved
interfaces, and a limited choice of high quality interagtmethods for the analysis
of related transport phenomena. It is therefore the aim isfttiesis to address these
challenges by providing a multi-scale approach for thealiswestigation of two-phase
ow, with the focus on the analysis of droplet interactionyid interfaces, and material
transport.

To address the problem of analyzing highly complex two-phasv simulations
with droplet groups and jets, a linked-view approach witreéddimensional and ab-
stract space-time graph representation of droplet dyraimigroposed. The interactive
brushing and linking allows for general exploration of ttgmpcal events as well as de-
tailed inspection of dynamics in terms of oscillations aotions of droplets. Another
approach further examines the separation of liquid phagesegmenting liquid vol-
umes according to their topological changes in future tifee.visualization, boundary
surfaces of these volume segments are extracted that ietéedte details of droplet
topology dynamics. Additionally, within this frameworkisualization of advected par-
ticles corresponding to arbitrarily selected segment ipless useful insights into the
spatio-temporal evolution of the segment.

The analysis of interfaces is necessary to understand telay of interface dy-
namics and the dynamics of droplet interactions. A commasid technique for inter-
face tracking in the volume of uid-based simulations is fhecewise linear approxima-
tion which, although accurate, can affect the quality ofgimeulation results. To study
the in uence of the interface reconstruction on the phaaeking procedure, a visual-
ization method is presented that extracts the interfacesdans of the rst-order Taylor
approximation, and provides several derived quantitias lielp assess the simulation
results in relation to the interface reconstruction guallthe liquid interface is further
investigated from the physical standpoint with an apprdzaded on quantities derived

vii



viii Abstract

from velocity and surface tension gradients. The developethod supports examina-
tion of surface tension forces and their impact on the iatafinstability, as well as
detailed analysis of interface deformation charactesstA line of research important
for engineering applications is the analysis of electrildseon droplet interfaces. Itis,
however, complicated by higher-order elements used inithelations to preserve eld
discontinuities. A visualization method has been develojpat correctly visualizes
these discontinuities at material boundaries. Additigndie employed space-time rep-
resentation of the droplet-insulator contact line revealaracteristics of electric eld
dynamics.

The dynamics of droplets are often examined assuming spitgdse ow, for in-
stance when the internal material transport is of intefesim the visualization perspec-
tive, this allows for adaption of traditional vector eldsaalization techniques to the
investigation of the studied phenomena. As one such condgetbased visualization
is proposed that extends the transport analysis to adwvediffusion problems, there-
fore revealing true transport behavior. The employed higlity advection preserves
ne details of the dye, while the implementation on graphpcecessing units ensures
interactive visualization. Several streamline-baseccepts are applied in space-time
representation d?D unsteady ow. By interpreting time as the third spatial dimsin,
many3D streamline-based visualization techniques can be apfdigvestigat&D un-
steady ow. The introduced vortex core ribbons support tkengination of vortical ow
behavior by revealing rotation near the core lines. Fortingysof topological structures,
a method has been developed that extracts separatricasiityls boundaries of re-
gions with different ow behavior, and therefore avoids @atially complicated explicit
extraction of various topological structures.

All proposed techniques constitute a novel multi-scalera@gh for visual analysis
of two-phase ow. The analysis of droplet interactions isdeassed with visualiza-
tion of the phenomena leading to breakups and with detailgal/inspection of these
breakups. On the interface level, techniques for the iaterfinalysis give insights into
the simulation quality, mechanisms behind topology change well as the behavior
of electrically charged droplets. Further down the scdle,dye-based visualization,
streamline-based concepts for space-time analysis, anngblicit extraction of ow
topology allow for the investigation of droplet internaamisport as well as general
single-phase ow scenarios. The applicability of the pregpd methods extends, in a
varying degree, beyond the use in two-phase ow. Their Ugpli$ demonstrated on
data from simulations based on Navier-Stokes equationnseiemplify practical prob-
lems in the research of uid dynamics.



GERMAN ABSTRACT
- ZUSAMMENFASSUNG

Die numerische Visualisierung ermdglicht Wissenschaftiend Ingenieuren, Simulati-
onsergebnisse besser zu verstehen und Einblicke in Naaggse zu gewinnen. Insbe-
sondere ist die visuelle Darstellung von Ergebnissen nisetegr Stromungsmechanik
fur die Untersuchung physikalischer Phanomene bei GasérFlirssigkeiten dul3erst
wichtig. Die numerische Stromungsmechanik pro tiert esats von wachsender Re-
chenleistung handelstblicher Desktops und Supercomputgererseits von den neuen
Entwicklungen in der Stromungsforschung. Um eine effekthnalyse von Strémun-
gen zu gewahrleisten, missen sich die Visualisierungsiieeh kontinuierlich den Fort-
schritten in der Stromungsmechanik anpassen. Ein benmxiegtes Beispiel hierfir ist
die Forschung in der Zweiphasenstromung, in der Hochlegsttechner und ef ziente
Algorithmen zur Phasenverfolgung hochaufgeldste undighlrsch genaue Simulatio-
nen der Flussigkeitsdynamik ermoéglichen.

Dennoch ist die Zweiphasenstromung seitens der Visualisieweitgehend uner-
forscht geblieben. Insbesondere sehen sich Wissensahaitl Ingenieure mit verschie-
denen Problemen konfrontiert, die mit angepassten Vsealingstechniken vermieden
werden kénnen. Zu den Problemen z&hlen beispielweise dfelyeng und Untersu-
chung der topologischen Ereignisse in Tropfengruppene ikamplexitéat der Tropfen-
dynamik und die begrenzte Auswahl an interaktiven MethadenUntersuchung der
Transportphanomene. Demzufolge ist das Ziel dieser Deatsan, die Entwicklung ei-
nes Ansatzes zur visuellen Analyse von Zweiphasenstrorauhgehreren Skalen mit
dem Fokus auf Interaktionen zwischen den Tropfen, DynareikQber &che und Ma-
terialtransport.

Um die Analyse hochkomplexer Simulationsdaten der Zwesphatromung zu be-
handeln, wird eine auf Linked-View-Verfahren basiertewdbsierungstechnik prasen-
tiert, in der die Tropfen sowohl in einer 3D Darstellung alta in einer abstrakten
Graph-Reprasentation visualisiert werden. Der interakBvushing-and-Linking-An-
satz ermdglicht eine globale Exploration der topologisdiesignisse sowie eine detail-
lierte Inspektion der Dynamik im Hinblick auf die Oszillati und Rotation der Tropfen.
Eine andere Technik zeigt die Aufteilung des Tropfenvoloman zeitlichen Verlauf.
Somit erméglicht diese Methode eine ausfihrliche Untdrang der Topologiedyna-
mik mit Hilfe einer statischen Visualisierung. Dafiir wend@renz achen erzeugt, die
das urspringliche Volumen des Tropfens hinsichtlich den sntwickelnden Zerfalls-
komponenten aufzeigen. Zuséatzlich werden die zur Verfodgder Tropfen benutzten
Partikel visualisiert, um Einblicke in die Dynamik der Segt#gon zu gewéahren.

Die Analyse der Ober &che ist notwendig, um die Wechselwily zwischen der
Ober achendynamik und der Dynamik der Tropfeninteraktimsser zu verstehen. Ei
ne hau g angewendete Technik zur Verfolgung der Phasergreim Volume-of-Fluid-
Verfahren ist die zellenweise planare Approximation. Obldiese einen guten Kom-
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promiss zwischen Genauigkeit und Performanz bietet, keApproximation die Qua-
litat der Simulationsergebnisse erheblich beein ussenwitd deshalb eine Visualisie-
rungsmethode prasentiert, die die Ober dche mit Hilfe deyldr-Approximation erster
Ordnung extrahiert und unter anderem darauf basierte Grdeitstellt, die die Relati-
on zwischen der Simulationsapproximation und QualitaEtgebnisse zeigt. Die Trop-
fenober ache wird weiterhin mit einer Visualisierungsinetie analysiert, die von den
Geschwindigkeits- und Ober dchenspannungsgradientgalaliete GroRen verwendet.
Die entwickelte Methode unterstitzt die Untersuchung defoBnation der Ober ache
sowie die Untersuchung der Ober achenspannung und derewitkung auf die Ober-
achenstabilitat. Eine wichtige Forschungsrichtung im deveiphasenstromung ist die
Analyse elektrischer Felder auf der Tropfenober ache. iDider Simulation angewen-
deten Elemente hoherer Ordnung ermadglichen physikaliBesleontinuitaten, die fir
die visuelle Analyse eine gesonderte Behandlung benétigeAuge dessen wird eine
Methode prasentiert, welche die Diskontinuitaten viskettekt darstellt und zuséatzlich
eine Raum-Zeit-Darstellung anwendet, um Einblicke in digreimene an der Kontakt-
linie zwischen den Tropfen und dem untersuchten Isolat@ezvahren.

Die Tropfendynamik wird oft mit der Annahme einer Einphagedimung analy-
siert, beispielsweise flr die Untersuchung der internedn®ing des Tropfens. Dies er-
madglicht eine Anpassung und Verwendung traditionelleiuslsierungsmethoden fir
Vektorfelder. Eine solche Technik ist die ,,Dye-Advectiomlie in dieser Dissertation
nicht nur zur Analyse der Advektion, sondern auch zur Uniglnang der Diffusion ver-
wendet wird. Die eingesetzte hochqualitative Rekonstonktles virtuellen Pigments
bewahrt feine Details, wahrend die Implementierung aufGier kkarte eine interakti-
ve Visualisierung erméglicht. Uberdies werden einige audi@linien basierende Kon-
zepte in Raum-Zeit-Darstellung angewendet, in der die 4sitlee dritte Raumachse
interpretiert wird. Demzufolge kdnnen diese Methoden zoalfxse der zeitabhangigen
zweidimensionalen Stromung verwendet werden. Die eirigédii ,\Vortex Core Ribb-
ons” unterstitzen die Analyse der rotierenden Stromung ienWirbelkernlinien. Far
die Analyse der topologischen Strukturen wurde eine Methertwickelt, die die Se-
paratrizen implizit als Rander einer Segmentierung desoviktles extrahiert. Damit
wird eine moglicherweise komplexe direkte Extraktion dep&atrizen vermieden.

Die prasentierten Visualisierungsmethoden bilden eirarteges Multiskalen-Ver-
fahren zur visuellen Analyse von Zweiphasenstrémunger. Dopfeninteraktionen
werden mit Hilfe einer Visualisierung dargestellt, diehsamuf die Ursache des Trop-
fenzerfalls und deren Ablauf konzentriert. Fur die Unteraing der Ober ache zeigen
die vorgeschlagenen Techniken die Qualitat der Ergebrissgchtlich der Ober &-
chenrekonstruktion, die Mechanismen hinter den topobbgis Ereignissen, als auch
die Dynamik der elektrisch geladenen Tropfen auf. Andeitsysverden unter Annah-
me der Einphasenstrémung neue Techniken basierend aufA®yextion, Stromlinien-
basierte Konzepte, sowie Verfahren zur Extraktion der Tagie untersucht, um einen
besseren Einblick in den Materialtransport zu gewinnes.Aniwendung dieser Metho-
den wird in dieser Dissertation auf Daten demonstriertddieh Simulation, basierend
auf Navier-Stokes-Gleichungen, erzeugt wurden.









INTRODUCTION

Computational uid dynamicsdFD) is a branch of uid mechanics that focuses on
the analysis and development of numerical methods for sglwiid dynamic prob-
lems 65, 66, 201]. Typically, these methods nd solutions to the Navieri&te equa-
tions that describe the motion of uids. Initially, durinpg¢ 1950s and 1960€FD
was employed to problems of general importance. Thesededlweather modeling
and material transport in ocean currents as well as theecklzdtural convection phe-
nomena. The spectrum ofFD applications has since then grown signi cantly, mainly
due to the development of new numerical solvers as well agid racrease in computa-
tional power of supercomputers and commodity desktop coenpuThe applications of
CFD now range from analysis of vehicle aerodynamics, througestigation of droplet
splashing in combustion engines, to food processing tdoggo

Advancements in the eld of uid dynamics would not be podsilwithout ow
visualization that allows scientists and engineers to tstdad the simulated processes
and consequently gain new insights into the observed phenafa7]. There are many
challenges related to the visual investigation of ow phemma—such as handling
large data or extraction of relevant information from coexplow simulations—and
ow visualization has been a subject of intense researcbesthe mid-1980s28, 68,
99. These challenges include the extraction of important f@atures from the ever-
increasing data volumes and adjusting to advancemential¢forithms used icFD.
Therefore, research in both ow simulation and ow visuation go hand in hand since
effective evaluation of computational uid dynamics siratibns depends on suitable vi-
sualization techniques, and conversely, ow visualizatieeeds to constantly adapt to
the improvements on the simulation side in order to delivexlysis tools that can sup-
port the progress in ow simulation. Yet, ow visualizatidras so far focused on aspects
mainly related to single-phase uid dynamics, althoughhee¢rD eld, two-phase ow
has already become an established research area. Two-phagea simultaneous
ow of gas and liquid, where one phase is typically dispersethe other and separated
from the surrounding phase by an interface. While there exéthods that provide ac-
curate interface reconstruction for the visualizationvad{phase simulation data, there
are many aspects still not investigated in the scienti wigiszation community, such as
dynamic behavior of liquid droplets, which is the focus attinesis.



2 Chapter 1 Introduction

1.1 Motivation and Research Goal

Due to their ubiquity, droplets are the subject of intenseagch effort that encompasses
various aspects of natural processes and engineeringhdddig dynamics of droplets
are investigated, for instance, to better understand dioudations, or to improve the
effectiveness in various applications such as inkjet prsnand combustion engines.

The visual analysis of droplets and two-phase ow dynanmicgeneral poses many
challenges. The presence of surface tension force leadsmplex interface dynam-
ics and frequent droplet breakups and merges. This dependetween small scale
physics and large scale events means that different scatetharefore different pro-
cesses must be considered. However, not only physical ggese but also complex
simulation data is problematic. Direct visualization ofeirfiaces in two-phase ow
results in visual clutter, and therefore droplet mergessglits as well as intricate inter-
face deformations are dif cult to follow. Moreover, dropleimulations require a high
spatial resolution to capture ne details of phase dynamitsa result, large amounts
of data are produced that must be effectively handled fosttoative visual analysis.

In view of these challenges, the goal of this thesis was teldpwisualization tech-
nigues that support effective analysis of droplet-relggkenomena occurring at differ-
ent scales. Together, the presented novel techniquestotast powerful visualization
approach that gives insights into complex droplet proce#sat could not be explored
with previous techniques. The visualization methods aflemconstructive analysis of
the involved complex ow dynamics, droplet-speci ¢ phenena as well as large data.

1.2 Contribution and Thesis Structure

This thesis is the outcome of the visualization researchedeithin project Collabo-
rative Research Center Transregio 75 (SFB-TRR 186g[whose focus is the inves-
tigation of droplets dynamics under extreme ambient caotit Within this project,
scientists from the University of Stuttgart, the Technidalversity of Darmstadt, and
the German Aerospace Center collaborate in the investigatiaroplet phenomena
through modeling, experiments, and simulations. Due tadtheulties related to the
visual exploration of dynamic processes in two-phase aug the de ciency of appro-
priate visual analysis techniques, visualization has beeognized as an integral part
of the SFB-TRR 75. The scope of the challenges faced withingitogect requires a
comprehensive visualization approach. In this thesigetlaspects have been identi-
ed as crucial in the analysis of two-phase ow dynamics: entroplet interactions,
dynamics of droplet interfaces, and material transportropkets (see Figuré.1 for
an illustration). The proposed visualization techniquedrass the speci ¢ problems
at these scales and reveal relevant information to suppurtileé-scale analysis of two-
phase ow dynamics. The following paragraphs outline thracture and contributions
of this thesis.
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Figure 1.1: Visualization of two-phase ow. (a) In the simulation, two droplets collide. (b) After
collision, a multitude of droplets are formed that undergo various topological changes. (c) The
whole simulation can be analyzed with a space-time graph representation that shows various
droplet interactions. (d) The liquid-gas interface is approximated with planar patches that may
have some impact on the simulation quality. (e) There are a number of phenomena related
to droplet dynamics for which the presence of interfaces does not have to be considered and
hence, single-phase ow is assumed. This can be, for instanc e, droplet internal ow.

Fundamentals (Chapter2) In Chapter2, some basic concepts in ow simulation are
provided that are utilized in later chapters. Additionglliyndamental ow visualization
techniques are brie y described. These techniques areuttiry blocks for the visu-
alization methods developed in this thesis. Finally, tfaesbf the art techniques for
interface visualization and feature tracking are disaisse
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Droplet Interactions (Chapter 3) Droplet interactions are an essential part in the re-
search of natural phenomena and in engineering design gsese For instance, the
droplet surface area in combustion engines affects the gstiom effectiveness and
therefore, origins and characteristics of droplet breakuogh splashing on walls are im-
portant research questions. In Cha@etwo novel visualization techniques are pre-
sented that facilitate the investigation of droplet groaps jets, that is, fast owing
streams of liquid that typically disperse into a large nunmddedroplets.

The rst visualization technique, presented in Sect®h employs an abstract hi-
erarchical graph representation of a simulati8f][ In this graph, nodes at a given
layer represent droplets for the corresponding time stéy@reas edges correspond to
topological changes, that is, breakup and merging of drops. abstract view is tightly
coupled with a3D domain representation in a linked-view approach. Dropé&ition
and oscillation are visualized using several novel methmaed on principal compo-
nent analysis that support investigation of topologicarades the droplets undergo.
The visualization method has been developed under the\ssioer of Filip Sadlo.

The breakup dynamics of droplets and jets is further samgtthusing the visual-
ization approach described in Secti8r2. Here, droplet volumes are segmented into
regions that correspond to separate droplets resulting &doreakup. To reveal the
temporal characteristics of the breakup, the separatieasaare extracted and visual-
ized together with the information on the separation timeldiionally, particles that
are employed for tracking the droplets in time can be usedléme examination of the
breakup process.

Dynamics of Interfaces (Chapter4) The dynamics of droplet interactions and the
characteristics of phase interfaces are interrelated.céjehis important to visually
inspect the interface to gain insights into the dynamicsropkéts. A prerequisite for a
better understanding of interface dynamics is the anabjslee interface reconstruction
used inCFD solvers. A typically used reconstruction method in sciergpplications is
based on planar approximation of the interfatéq. While providing a good trade-off
between accuracy and ef ciency, it can in uence the quatityhe simulation results.

Therefore, in the approach presented in Sedlidnsolver interface reconstruction
is analyzed using several measures, such as the size of gapselm neighboring pla-
nar patches and the curvature of the interfa®%g.[ With the novel interpretation of
the planar interface as a Taylor approximation problens gassible to generalize the
interface to higher-order approximations. This in turroal for more precise visual
investigation of the approximation error. The visualiaatmethod has been developed
under the supervision of Filip Sadlo.

The analysis of the interface deformation can help to bettderstand the relations
between micro-scale and macro-scale phenomena in twee pbas For this purpose,
the visualization method presented in SecoBemploys a metric tensor to describe
interface dynamics in terms of stretching, while a novepghtensor-based analysis al-
lows for detailed investigation of surface bending. To exdghe in uence of the surface



1.2 Contribution and Thesis Structuré

tension on the interface deformation, a velocity eld isided from the solver-based
curvature computation. This velocity eld is then used wiitie presented visualization
of deformation. This visualization of interface stretaiia partially based on the Master
Thesis of Alexander Strauld$8 who also implemented the visualization of interface
bending.

Additionally, complex physics resulting from the presemnéen electric eld are
investigated to help in the analysis of static dischargeweninsulators §6]. Speci -
cally, in Sectiord.3, the electric eld on the contact line between droplet arsliator
is visualized in a novel space-time approach, where theacbtihe from consecutive
simulation time steps is transformed into stripes and ti@cked onto each other. For
visualization, volume rendering and isocontouring is uskdrts of this visualization
method have been implemented by Harald Songoro who alsadecebthe formulation
for the interpolation of higher-order nite elements.

Material Transport (Chapter 5) A multitude of phenomena related to droplet dy-
namics processes can be examined with single-phase owiaiions. This is the case
either when only internal ow is considered or when explicitonsidering interfaces is
not necessary to investigate the problem at hand. In thasscaaditional ow visual-
ization techniques can be employed for visual analysis. é¥aw in single-phase ow
simulation, the dynamics of vector elds pose various akagdjes in the exploration of
the ow physics, which are addressed from different anghethis thesis.

In Section5.1, a novel interactive visualization using dye advection rngspnted
that accounts for both the advection and diffusion of quiesti such as evaporating
droplets PO, 89]. The nite volume approach allows for parallelization diet computa-
tion and hence interactive frame rates. The employed patyaiaeconstruction of the
dye substantially reduces the arti cial smearing causedgpgated interpolation. This
approach preserves ne details of the dye advection andpghmgdes accurate visual
description of ow dynamics. The visualization method haeb developed under the
supervision of Filip Sadlo and Claus-Dieter Munz who alsovmted the reconstruction
algorithm.

To account for the complexity d?D unsteady ow, a space-time visualization is
proposed in Sectioh.2 where time is treated as the third dimension, therefoosatig
for the utilization of visualization techniques based aealines for time-dependent
ow [ 87, 88]. Speci cally, in this representation, vortex core lindmction is employed
that provides continuous representation of these fegtwieereas the applied vortex
criteria reveal the vortical structure in the whole domahalditionally, rotational ow
around the core lines is visualized using novel streantiased ribbons whose twist
conveys the spinning motion.

The complex behavior of vector elds can be concisely désatiwith vector eld
topology. To avoid potentially cumbersome extraction @ thvolved separatrices, a
novel approach is introduced in SectibrB that reveals the separatrices implicitly as
boundaries in the vector eld segmentatio®l]. This segmentation is achieved by
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adaptive streamline integration that captures ne topiglaigdetails. Both methods pre-
sented in Sectiob.2and5.3have been developed under the supervision of Filip Sadlo.

Conclusion (Chapter6) The contributions of the presented visualization techesqu
are recapitulated in Chaptér Additionally, this chapter summarizes how the the pre-
sented methods address the challenges in the visualizztiovo-phase ow. Finally,
concluding remarks and discussion on possible future relserections are given.

Challenges in the Visualization of Two-Phase Flow

Together, the presented visualization methods enable drapsive analysis of the
droplet dynamics processes. The challenges related totigsss of complex dynam-
ics, droplet-speci ¢ phenomena, and large data have beproaphed in this thesis
using various techniques, depending on the research pncdoie investigated data.

Complex Dynamics The existence of interfaces and the resulting surface densi
force hinder the visual investigation of two-phase ow dymas in several ways. The
presence of interfaces incurs visual clutter, and highipglex drop dynamics lead to
frequent and often abrupt topology changes that are praileno follow. Therefore,

in the analysis of interface reconstruction, liquid adigtis visually scrutinized with

the direct representation of the transported volumes. hEuriore, in the analysis of
interface dynamics, the deformation is captured stayicgith eigenpairs of tensors de
scribing stretching and bending. Flow dynamics is also iclemed in other ways: in

the form of a space-time graph representation of drople3§) space-time description
of 2D unsteady ow, as well as using geometrical representatideamporal separation
of droplets. Topology extraction is also employed to sigantly reduce the data to
features relevant for the analysis.

Droplet-Speci c Phenomena To gain insight into the droplet related processes, spe-
cially tailored visualization techniques are often reqdidue to the speci c characteris-
tics of the two-phase ow phenomena and the applied solFewsdetailed investigation
of droplet dynamics, dimensionless quantities are adaguidchew quantities based on
droplet rotation and oscillation are introduced. The stgfeension force causes highly
nonlinear ow characteristics that are dif cult to track merically. To improve the
particle-based tracking necessary for visualization optét topology changes, a spe-
cially designed trajectory corrector scheme has been deedl Reimplementation of
solver curvature computation method allows for reliablgnegtion of the surface ten-
sion effects on interface deformation and breakups. Fosithalation of droplets in the
presence of electric elds, higher-order edge-based aeltsrare necessary to preserve
eld discontinuities. These elements are ef ciently hagdllin the visualization using
specialized sampling.
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Large Data The ever-increasing computational power enables higlsaiugons in
the physical domains, thus allowing for more accurate cdatns. The high resolu-
tion is a prerequisite for reliable simulation of ow physichowever, the resulting large
amounts of data incur additional effort during visual imigetion. In this thesis, dif-
ferent approaches are presented to handle this problenel-bé&detail and clustering
are used to allow for constructive analysis of a vast numbdraplets occurring in jet
simulations. The analysis of large data is also managedgt@mming level. Domain
parallelization across computing nodes is employed tovglimcessing of large datasets
that would be impossible to achieve on a single workstation the other hand, for ef-
fective and interactive visualization of dynamic data, apirics processing uniGeu)
implementation is employed.

Overall, this thesis provides scientists and engineens wgualization techniques
for the analysis of complex droplet dynamics. This is aahikusing a multi-scale ap-
proach for the visualization of droplet interactions, mfaees, and material transport.
The thesis addresses the problems of complex ow dynamidsdaoplet speci ¢ phe-
nomena with specially tailored techniques. For effectiiialization of large data,
different variants of visualization techniques and patalin are exploited.






FUNDAMENTALS AND
STATE OF THE ART

This chapter is intended as an introduction to some basicepia that are later em-
ployed in the description of the developed visualizatiozhteques. All visualization
techniques described in this thesis are related to the @atef ow visualization.
While some of these techniques provide the visualizatiothfeunderlying vector eld
directly, the majority of the proposed methods combine 8wt eld and a scalar eld
representing the uid phase to provide meaningful visualans of two-phase ow. The
mathematical description of vector elds and ow charagtécs is given in Sectio.1
Section2.1.1brie y introduces selected discretization approachesidse the numer-
ical solution of the Navier-Stokes equations, including tlolume of uid method for
two-phase ow. Later, in SectioB.2, essential visualization techniques, such as integral
lines, are introduced, and a state of the art in interfacenstcuction and feature track-
ing is provided—both visualization concepts are relevarthe techniques presented in
Chapter3 and4.

2.1 Fluid Flow

In this section, selected concepts in uid dynamics and $ation are provided to give
necessary background for the visualization methods pteden later chapters. For a
comprehensive description of the fundamental conceptsiohdynamics, the reader is
referred to the books by Andersor] pnd Kundu p4].

In this thesis, most of the presented visualization teaneschave been devised for
the analysis of time-dependent three-dimensional uid .dwthe simulation data, the
vector eld u represents the uid velocity at a given poixeand instant of time:

u(x;y; zt) '
u(x;it)= @ v(xy;zt) A: (2.1)
W(X;y; Z t)
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The Jacobian matrid, = Nu describes the local characteristics of the vector eld and
is essential in the computation and identi cation of mangtee eld properties:

0 u fu fu 1
> Ty 1z
- v v v .
ol I Ik, (2.2)
w  Iw  fw
< fy 1z

Vorticity is a vector de ning the axis and the magnitude afabrotation of the uid:

S fw v Tu Tw Tv fu
N u= — —— —i— —— 2.3
Ty Tz 9z fx fx Ty @3)
Divergence, on the other hand, is a scalar quantity thattgearthe local volume ex-
pansion of a uid element as induced by the underlying veioci

R = fu v Tw,
ﬂx ﬂy Tz’
In this work, the analyzed two-phase ow problems are dieexgg free (i.eN u= 0),

whereas some of the single phase problems in Ch&pteolve buoyant ow and hence
are divergent.

(2.4)

Flow Description

Fluid ow problems are commonly approached by numericalbyvisg the Navier-
Stokes equations, a set of partial differential equatiengd). The incompressible uid
ow can be described by the momentum equation:

My uRu= Rp+nf Ru+ g; (2.5)
M r
and the continuity equation:
%+ u Nr = 0; (2.6)

with uid density r, pressurep, kinematic viscosityr, and external forcg which typi-
cally represents the gravitational acceleration. In galnére description of the density
in uid ow is given by the substantial derivative:

Dg _1r

Dt it +u Nr: (2.7)
The term on the left side is the temporal change of densith@gaiass is transported by
the ow. The rst term on the right side is the temporal chargfg at a xed position
while the second term is the changerircaused by advection. Therefore, the substan-
tial derivative relates the Lagrangian and Eulerian refeeeframes. For incompress-
ible ows, Dr =Dt = 0 and the substantial derivative reproduces the contingjiyagon
(Equation2.6).



2.1 Fluid Flow 11

Xj TVi;j +1
Yi i 1]

Pi;j Uj+1;j
= ug P Ui
VALY i
Viij

@) (b) (©

Figure 2.1: Spatial discretization of a simulation domain. Examples of uniform (a) and rectilin-
ear (b) grids. The latter allows for better accuracy at regions of interest, e.g., at the jet core.
(c) Marker and cell data representation with velocity components stored on the cell faces and
scalar quantities located in the cell centers.

2.1.1 Flow Simulation

All the example datasets investigated with the presenteallization techniques were
produced bycFD simulations that numerically solve the Navier-Stokes ¢éiqua. While
there are mangFD solvers that model turbulence to allow for computation ahptex
Ow con gurations, a popular class of solvers employed itestti ¢ applications is the
direct numerical simulatiorbjNs) that resolves all temporal and spatial sca8.[ This
approach, however, entails substantial computationas$ @&l therefore the simulations
are typically run on supercomputers.

The investigated datasets are discretized either on umitrrectilinear grids. A
uniform grid is a type of structured grid with constant céflesde ned over the whole
simulation domain, as illustrated in Figu?el(a) A rectilinear grid represents a more
exible structured grid type, which is still simple to impieent. It employs varying cell
size along each dimension and therefore provides betteraogcin regions of interest,
see Figure.1(b) It is important to note that both grid types lend themseive$ for
parallelization orGPUs and distributed systems, since they allow coherent memagy:m
ping onGPU, as well as domain partitioning that can be readily achidyedetermining
data intervals on each spatial axis.

The computed vector and scalar data are most commonly agsoevith either grid
nodes or grid cells. For node-based data, the data betwesplesaoints is typically
reconstructed using bilinear (D) or trilinear (in3D) interpolation. In cell-based data
representation, it is assumed that the data value is cdrstanthe whole cell volume.
Another data representation is the marker and oedc) grid [66] where the scalar
guantities (such as pressure and volume fraction) aredstoréhe cell centers, while the
components of vector quantities are associated with cefisfavhose normal is parallel
to the respective component, as illustrated in Figuf€c) Such representation allows
for more accurate computation of the central differencesl tisr pressure gradients and
divergence 26]. For the simulation output, however, the vector quargitiee usually
averaged at cell centers to facilitate post-processings Was also the case for the
datasets investigated in this work.
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Simulation of Two-Phase Flow

The main focus of this work is the visual analysis of phenomestated to two-phase
ow where gas and liquid phases occur simultaneously. liilgason of droplets is an
active area of research9, 177, 207], and so is the analysis of liquid jetd3, 56, 104].
The reader is referred to the work by Fuster et 8§ [for a detailed introduction to
multiphase ow simulation and to Lefebvrd (Q for a thorough description of liquid
atomization and sprays. Two-phase ow is characterizedabyd density and viscosity
ratios, topologically complex interfaces, and presencewface tension force. The
surface tension is explicitly expressed in the momentunaggu by an additional term
fg that acts on the liquid interface:

%+u Nu = %Np+ nN Nu+ g+ fg: (2.8)

In the simulation context, an open research problem is ttucaphe complex inter-
face topology and, at the same time, accurately computaciténsion forces. There
are basically two approaches to the computation of uid rifatees. In Lagrangian
schemes, the interface is represented explicitly by theimgomesh that divides the
domain into regions of different phase3l]. In this case, the cells function as con-
trol volumes that move with the ow. In the Eulerian schemigscontrast, the uid
con guration is discretized on a xed grid, on which the intece must be tracked. In
tracking based otevel-setmethod [L71], the distance to the interface is computed for
each cell. To avoid smearing due to repeated advection aadsiore mass conserva-
tion, the interface must be regularly reinitialized. On ttker hand, in the volume of
uid ( voF) method, which was applied in the example datasets, theisurdpresented
by a volume fraction de ned for each cell(]. The advantage of theoF method over
the Lagrangian schemes is that it can handle arbitrarilyptexn ow structures and
changes in topology, since no explicit representation efdiid interface is needed.

In thevOF method, an additional volume fraction elf{x;t) is maintained for each
cell: 8

20 in the gas phase,
f(x;t) = S 10;1] atthe interface, (2.9)
1 in the liquid phase,

and it is advected by solving the advection equation

Aj Ce .
g ruNf=o: (2.10)

Please see Figuz2(a)for an illustration.

Interface Reconstruction in Two-Phase Flow

Since the volume fraction used to numerically solve the Eqon&.10is discretized
on a grid, the information on the exact interface positiofos. Therefore, for the
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Figure 2.2: Volume tracking in two-phase ow. (a) The volume fractions of the liquid phase are
de ned per cell. (b) For accurate ux computation, the liquid interface is de ne d as a planar
patch that encloses a volume fraction equal to f. (c) The interface plane is de ned by its normal
ng and distance from the attachment point a. (d) The amount of volume advected to the neighbor
cell is equal to the volume cut by the cell face translated with the velocity u over time IX.

computation of the advection and the surface tension foités approximated from
the cell-constant values df and from the information on the neighborhood. Several
schemes have been proposed for the reconstruction of tedaio¢, with piecewise
constant 70, 124, stair-stepped 0], piecewise linear208 146 approximation, and
second-order reconstruction where the uid surface is tooted with freely arrange-
able planes within a celB] 138. The most widely used reconstruction in the scienti c
applications is the piecewise linear interface calcukafrv.IC).

In the PLIC reconstruction, the interface is approximated by a planesemormal
ng is parallel to the gradient dff:

ng:i= Nf=jjRfj; (2.11)

as demonstrated in FiguBe2(b) The translatiort of the plane alongy (Figure2.2(c)
is chosen such that the volume enclosed between the cellisdasies and the plane
equalsf. For computational simplicity, this step is typically ingphented by an iter-
ative optimization. For advection in2D domain, dimensional splitting is employed,
where the advection is performed subsequentbyjly-, andz-direction. To determine
the actual amount of advected across the cell boundaries, the interface is cthey
downwind cell face at distance= dtu from the face (Figur@.2(d). It is apparent that
a piecewise linear reconstruction is subjectfband everC 1 discontinuities at the
cell boundaries, i.e., between theiC patches.

The two-phase ow datasets investigated in this thesis \wereerated using the Free
Surface 3D Ks3D) solver |60, 42] which employs thePLIC reconstruction for interface
tracking and is parallelized using MA( and OpenMP 129,.

2.2 Flow Visualization

In this section, some visualization techniques are desdribat are directly related to
the visualization methods presented in this work. Addaibn since the research in
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(@) (c)

Figure 2.3: Integral lines with seed point marked red. (a) Pathline integrated over a given time
interval (time for a given position color-coded as shown on the left). (b) A few streamlines
seeded at different instants of time within the same time interval. (c) Snapshots of a single
streakline at corresponding time instances.

6
u

interface reconstruction and feature tracking is closelgted to this thesis, the state of
the art is presented in Secti@®R.3and2.2.4 respectively. For general information on
ow visualization, the reader is referred to extensive yson this topic97, 117, 106.

2.2.1 Integral Lines

Integral lines are fundamental in the analysis of vectodsshnd are the basis for a large
number of more complex ow visualization techniques. Theyabtained by solving an
initial value problem of an ordinary differential equatiorhere are three basic types of
integral lines: pathlines, streamlines, and streakliRashlines represent trajectories of
massless particles advected by the ow. The differential iegral form of a pathline
read as Z
dx(t) t
9 u(x(t);t); and x(t)= xo+  u(x(t);t)dt; (2.12)
to
respectively, with initial conditiox(tg) = Xo. Streamlines are curves which are tangent
to an instantaneous vector eld at everyand are obtained by integrating a particle path
at a xed timetp:
dx(t) Zt
. = u(x(t);tp); and x(t)= xo+  u(x(t);to)dt: (2.13)
to
Streaklines are curves formed by a set of particles contislyaeleased into a (time-
dependent) vector eld for a given time interval2 [to;t] from a xed position Xo.
Evaluating the positions at timtgrovides a snapshot of the streakline parametrized by
t [8]:
X= X(X(Xo;t);t); (2.14)

with X (Xg; t) representing the initial position of a particle that is l@chat positiorx at

timet. A counterpart of a streakline in experimental visualizatis a marker released
into air or water from a seeding probe. It should be noted ttexte is a more generic
de nition of streaklines, the so-called generalized dttiees [196], where the seed
is allowed to move over time. This concept accounts for a ngpgeeding probe in
experimental visualization. Another useful integral lisghe material line, or timeline,
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i.e., a curve formed by particles that were seeded at the sestant of time and move
with the ow. It is worth noting that in steady vector eldsaghlines, streamlines and
streaklines coincide. Please see Figu&for an illustration of these integral lines.

For visual representation, the ordinary differential doures (ODEs) of the integral
lines must be solved numerically. The simplest but also ¢lastlaccurate integration
method is the forward Euler method which takes into accdumtelocity at the current
positionp; and instance of timg, wheret; = t; 1+ Dt, to nd the new positionp;+ 1
after time stefx:

Pi+1= pi+ u(pist) Dr; (2.15)

The standard method used in ow visualization is the fourithes Runge-Kutta method.
It considers the changes in velocity as the particle movéstive ow using four inter-
mediate steps:

ki = u(pi;ti) ; ko= u(pi+ iki Disti+ 3 Dr); (2.16)
ks= u(pi+ 3kz Dtti+ 3 DX); ki= u(pi+ ks Dt;ti+ DX); '
and the particle position is updated according to:
1
Pi+1= pi+ (_3(k1+ 2ko+ 2kz+ kg) Di: (2.17)

2.2.2 Features in Vector Fields

Features in vector elds are objects—usually in the form oiings, lines or surfaces—
that provide an abstract and meaningful representatioineofow [ 58]. They represent
the ow behavior in a concise form that reveals the global structure and therefore,
allow for ef cient analysis of vector elds.

In the following, critical points and vortex core lines aresdribed in detail. Other
important ow features are separatrices (discussed ini@eét3), vortex rings 35,
bifurcation lines {L11] and Lagrangian coherent structuréd]|

Critical Points

For steady vector elds, critical points are important ire thnalysis of ow behavior,
since the type of critical points provide general charasties of the ow.

Critical points are isolated locations in the vector eld wléhe velocity vanishes.
The type of a critical point can be determined from the Jaaolof the vector eld at
that point. In2D ow, given the Jacobiald, in the form

|

uofu
W= R (2.18)
x Ty

a critical point is of one of the following types, dependingtbe sign of the eigenvalues
I 1 and/ ; as well as their real and imaginary parts:
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() (d)

Figure 2.4: Critical points (red dots) with streamlines showing vector elds around them. Critical
point types: (a) node (source or sink), (b) saddle, (c) focus (source or sink), and (d) center.

Figure 2.5: Vortex core line (blue) by Levy
at al.'s criterion in a 3D steady ow. Stream-
line (green) started at the core line follows
it for some time but then deviates from it.
Streamlines (gray) started around core line
(red points) go along the green one in a spi-
ral motion as long as the green streamline
follows the core line.

Node sourcel 1; 12> 0andim(/1);Im(/2)= 0
Node sink:/ 1;12< Oandim(/1);Im(/2)= 0
Saddle:/ 1/ 2 < 0andim(/1);Im(/2)= 0
Focus sourceRe(/ 1) ; Re(/2) > Oandim(/1);Im(/2) 6 0
Focus sinkRe(/ 1) ; Reg(l 2) < Oandim(/1);Im(/2) 6 0
» Center:Re(l1); Re(l2) = Oandim(/1);Im(/2) 6 0
See Figure.4for an illustration. It is worth noting that in case of incomapsible uid,
only critical points of type center and saddle exist. In ¢hdemensional vector elds,

there are eight types of critical poiri§], however, they are not discussed further in this
thesis.

Extraction of Vortices

In the analysis 0BD ow, important features are vortices, i.e., regions indutharac-
terized by swirling motion of particles around an abstragte called vortex core line.
Vortices transport material at relatively long distan@eg] they usually exist for a long
time. Additionally, they directly indicate the extent oflwlence in ow.

Since there is no general de nition of a vortex, there exastaultitude of descrip-
tions for vortex regions and vortex core lines. In steady, athough a vortex core line
must be tangent to streamlines, it is a common circumstdratdttdoes not represent
single streamlines. Instead, vortex core lines are contgposmany streamline sections
that successively pass through the core lit®4. In Figure 2.5the green streamline
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passes through a vortex core line (blue), while the grayastli@es reveal the spin-
ning motion around the core line. In steady ow, vortex carees can be de ned to
consist locally of those streamline parts that exhibit mimm curvature (with the addi-
tional requirement of complex eigenvalues of the Jacobi&ccordingly, Sujudi and
Haimes [L70] de ned vortex core lines to consist of those points whikeexhibits a
pair of complex eigenvalues and a real eigenvalgeand whereu is parallel to its real
eigenvector

(Nu)u= Igu: (2.19)

This requirement is identical ®@= [ ru, i.e., the acceleratioa:= ( Nu)u being parallel
to velocity, which requires the streamline passing throtighrespective point of the
core line to be locally straight. A widely used vortex coreelicriterion is based on nor-
malized helicity B8]. Normalized helicityh is a scalar eld de ned as the normalized
dot product of velocity and vorticity, i.e.,

u (N u

h:= m: (220)

Vortex regions exhibit largg¢hj, whereas in non-vortical regions, e.g., in shear ow,
jhj is small. As described in the thesis of Rottb{), this directly leads to a vortex
core line criterion de ning those points as part of a coreeliwhereu is parallel to
(N u). Another related vortex criterion i [78]. It represents the medium eigenvalue
of 2+ WP, with S:= ( Nu + ( Nu)>)=2 being the symmetric part of the Jacobian and
W:=(Nu (Nu)>)=2its antisymmetric part. Vortex regions are indicated byatisg
values ofl 5. A further approach for obtaining vortex core line criteisdahe extraction

of valley lines or ridge lines from scalar vortex indicato&ahner et al.55 directly
extracted valley lines fromh,, while Schafhitzel et al.]J6(] employed isosurfaces for
their topological de nition.

2.2.3 Interface Reconstruction for Visualization

In this work, uid interfaces are typically visualized ugithe standard marching cubes
algorithm [LO9 that extracts an isocontour of tve®F- eld. The approach is motivated
by the fact that this surface extraction algorithm is comip@mployed in the applica-
tion domain.

Since the marching cubes algorithm operates on the nod=tiada, the cell-based
VOF-grid must be converted to this representation before thaetion of the interface.
This is done by de ning each cell centeg, = (Xq:Yc;:Z,) as a node of a new node-
based grid:

1 1 1
Xg = é()(i + X+ 1), ij = é(yj + y]+ 1)1 ZCk = é(zk"' L+ 1)’ (221)

wherex;, y; andz are the cell coordinates along each axis of the rectilinedr Gee
Figure2.6for an illustration.
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Figure 2.6: Conversion of data representation in rectilinear grids. (a) In a cell-based representa-
tion, data values are constant per cell. For conversion to a node-based representation, the data
is associated with cell centers ¢;;j (blue dots). (b) In a node-based representation, data values
are stored at grid nodes, and the grid is smaller than the cell-based con guration by half of the

cell size on each grid side.

€Y (b)

Figure 2.7: Interface reconstruction in two-phase ow. (@) Isocontour extraction with marching
cubes algorithm. The algorithm gives smooth closed interfaces, but occasionally, as in this
gure, it falsely separates the liquid volumes. (b) Although PLIC reconstruction is not smooth,
the parts are connected, better re ecting the reconstructi on used in the solver.

The isocontour extracted with the marching cubes algorittoms not necessarily
have the same topology as the interface in the underlyinggs@Figure2.7). Therefore,
in visualization methods introduced in this thesis for whilkte topology of phase com-
ponents is important for the analysis, extraction offhie patches for the visualization
is used instead. For the generation ofhec patches for rendering, a custom algorithm
based on marching cubes is employed. In this algorithm, dtehes are extracted per
cell such that the resulting planar isocontour has a norawalliel tong and the volume
enclosed by it corresponds to tiievalue in the cell (cf. Figur@.2(c). The details of
this algorithm, which is also a contribution of this thesigg given in Sectiod. 1

Material interface reconstruction is a challenging topicvisualization, especially
with respect to volume preservation in multi-material cgarations, e.g., in multiphase
ow, where more liquid components are considered. Bonne#lef20] described an
algorithm that can reconstruct arbitrarily many interaeathin a single cell. However,
the volume fractions enclosed within the reconstructeerfates can deviate from the
original ones. Meredith and Child418 developed a more accurate and smooth repre-
sentation of interfaces with correct connectivity. The sthoess was also addressed by
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Figure 2.8: Interpolation of inclusion in Eulerian (top) and Lagrangian (bottom) frame. Five
consecutive time steps shown.

Anderson et al.§] where smoothing and volumetric forces are applied to obégh
quality surfaces. In another work][they produced continuous interfaces across cell
boundaries for time-varying and static data in arbitrampelsion with bounded error.
Obermaier et al.]25 analyzed the stability of reconstructed interfaces by garimg
with time surfaces. For algebraic surfaces, Mahh4 improved the convergence of
A-patches that are used to accurately tessellate surfgcesentation using triangle
meshes. This method, however, is only suitable for impBaitfaces (of polynomial
form). On the other hand, Wojtan et a2J4] developed a mesh-based surface tracking
that preserves thin liquid layers. They use convex hullsopfidl in cells with complex
surfaces to ensure consistent topology. As in the case afhimay cubes, this approach
does not preserve the uid volume.

Interfaces are crucial for the analysis of two-phase owwduger, it is the interfaces'
inherent in uence on the uid dynamics, and not its visuapresentation that is the
focus of this thesis. Therefore, development of smootirfiate reconstruction as well
as reconstruction that can handle multiple uids are nottfaén goals of this work, and
are not pursued in the presented techniques.

The presented visualization methods related to two-phaseare applicable to sim-
ulations of liquid dispersed in gas phase (i.e., dropletsyl liquid phase dispersed in
another liquid phase. Therefore, for brevity, the dispgrsieases are interchangeably
referred to asnclusionsor phase components

2.2.4 Inclusion Tracking

The visualization techniques presented in Chapteeed to track time-dependent evo-
lution of droplets, either to detect and visualize dropf#its and merges or to provide
detailed segmentation of the droplet volumes into regibas $eparate in the course of
time. This necessitates nding correspondences betwemthusions at consecutive
time steps, and in scienti ¢ visualization, the correspamce problem is approached
using feature tracking methods. Different techniques Hae@n proposed so far that
track features in single-phase ow. Reinders et. 1814 employed attribute correspon-
dence using different criteria to match features, e.ghul@nt vortex structures. Sauer
et al. [L59 utilized particle and volume data from the simulation ramsrack features
over longer time intervals. The correspondence problenalsasbeen addressed for ap-
plications in computer graphics. Stad6[/] proposed a method for the computation of



20 Chapter 2 Fundamentals and State of the Art

t
N D= porul)

! % p1= Po+ Uo(po) t
T Ppo+ Uo(po) t=2

iUO: (uo(p) + u1(p%Y)=2

—
t0_7 o — — — — — o o o — — —
Po; Uo(Po)

J

Figure 2.9: Particle advection in two-phase ow. In case of | ow temporal resolution of the
discretized velocity eld, higher-order integration sche mes can lead to erroneous results when
tracking inclusions (black lines), since they interpolate the vector eld in time (at green dot). This
can cause interpolation between, e.g., fast liquid and slow air, and result in inconsistent tracking
(red dot). Explicit Euler integration gives consistent result in this case (blue dot).

interface velocities to properly translate surfaces. Bejdansen et al.18] developed

a method for tracking surfaces undergoing topology changébkout prior informa-
tion on the underlying physics. While these methods openatsuofaces, others nd
correspondences in general cases, such as image processingaterial re ections
properties. In the work by Bonneel et al9, Lagrangian transport was used to cor-
rectly interpolate the displacement between two knownesponding states. Solomon
et al. [L65 optimized the transportation in terms of Wassersteinadis¢s, which al-
lows for ef cient shape transformation. Please see Se@&iarland3.2.1for works on
feature tracking more closely related to the presentedalimtion methods.

A problem inherent to the Eulerian representation of phaséso-phase ow sim-
ulations is that temporal interpolation does not providggtally correct results. This
is illustrated in Figure2.8, where on the top, temporal interpolation on a Eulerian grid
is applied to obtain the transition between consecutives tsteps. As can be seen,
the initial left inclusion fades out while the one from thexhsimulation step fades
in. However, there should be a movement between these twessts shown in the
bottom. Therefore, temporal interpolation of theeld would not be an appropriate
method for tracking. This problem implies that the corrextence should be found
using a Lagrangian approach, which is in fact the method usdls thesis. While
the details are given in the respective sections, it shoelthbntioned here that in the
presented methods, particle advection is employed to itlusion correspondence. In
the rst method, which requires the identi cation of feaéigrat consecutive time steps
as well as possible events, explicit Euler integration es a good trade-off between
accuracy and computational complexity. Due to low tempaeablution in the investi-
gated datasets, higher-order methods involved tempdsapolation and hence did not
provide better results. This is because the involved teaipoterpolation can result in
incorrectly sampling the velocity in the gas phase, astilhied in Figure2.9. In the
second method, which requires more accurate determinafi@orrespondence (i.e.,
volumetric contributions)4-th order Runge-Kutta provided better results due to better
temporal resolution of the data used.



VISUALIZATION OF INTERACTIONS
IN DROPLET GROUPS

Visual analysis of large groups of droplets and jets is alehglng task due to con-
stant topology changes and visual clutter caused by uierfates. Moreover, for large
datasets, the extraction of important information is hredeby the substantial amount
of data. In this chapter, two visualization techniques aes@nted that enable the ana-
lysis of such data, both in terms of the dynamic processehrigdo topology changes
and detailed investigation of the spatio-temporal evolutf these changes. Together,
these two methods provide a novel approach for the invesiigaf droplet interactions
that leads to better understanding of droplet groups arnddiieamics.

The rst method enables the investigation of complex twagd ow phenomena
that lead to coalescence and breakup of dropk3k [It adapts dimensionless quanti-
ties for a localized investigation of phase instability @ndakup. Additionally, with
the employed principal component analysis of droplets,niie¢hod provides detailed
inspection of breakup dynamics with emphasis on osciltadind its interplay with ro-
tational motion. For an effective interactive represaatadf the overall dynamics, a
space-time graph representation of droplets is combindd twaditional3D visualiza-
tion in a highly interactive linked-view approach.

While the rst method mainly concentrates on the analysishaf processes that
induce topology changes, the second method focuses on bty changes them-
selves by providing a spatio-temporal visualization oflichseparation. In this method,
liquid volumes at some reference time step are segmentedegions that separate
into distinct components in later time steps. It employdipla-based tracking to nd
volumetric correspondences between inclusions at twerdifft instants of time. The
segmentation is visualized by mesh boundaries generatedéeach volume segment
of an inclusion at the initial time that correspond to theasaped inclusions at the later
time. The approach is complemented with spatio-tempoparsgion surfaces that con-
vey the temporal evolution of the partitioning. For phasesistent particle trajectories,
a multi-stage corrector method is introduced.
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3.1 Visual Analysis of Inclusion Dynamics in Two-Phase
Flow

A research question central to two-phase ow problems is lama why topological
changes of the phase components occur. The dynamics ofupreald coalescence
are subject to several physical mechanisms, most impogannstability, centrifugal
forces, oscillation, and surface tension.

In the presented technique, these mechanisms are visdialite specially tailored
techniques that focus on the deformation and rotating matfanclusions, topological
changes of the interfaces, as well as the interplay of thiéfeeatht dynamics. Flow insta-
bilities are visualized with a derived droplet-localizesrsion of the Reynolds number.
The analysis of angular momentum conveys rotational matioich is an important fac-
tor in the dynamics of droplets and the ligaments they tylyicaiginate from. Since
rotation is often superimposed with oscillation and tratish, a visual representation
of combined rotation and oscillation based on principal ponent analysisPCA) is
provided in the form of ribbons. The related co-rotatingries of reference visualize
droplets temporally, irrespective of their rotation arahslation. Both the ribbons and
the co-rotating camera allow for a detailed analysis of thallation of rotating phase
components. Furthermore, analysis of inclusion osadilfetiby means of the Fourier
transform is introduced, and a three-dimensional reptatien of their spectra is pro-
vided, which conveys both the frequency components andeghaioscillation. To
enable effective interaction and integrative analysis,téthniques are integrated in a
linked view approach, consisting of3® view and a2D graph view.!

3.1.1 Related Work

A closely related eld of research is feature tracking. Reisdl. [141] provided a survey
on this topic. Different approaches have been proposedrsdRinders et al.144
introduced a method where feature correspondence in sicedsames is detected to
analyze the evolution of features. Sauer et B9 combined particle and volume data
to track features. These, however, operate in single-ploasg/here interpolation in
time and thus advanced particle tracing can be employed. pfémented two-phase
ow con guration, however, necessitates development opacdal variant for tracking
inclusions, as discussed in the Fundamentals (Ch&ptdfurther research on feature
tracking concentrates on clustering methods, includimgwibrk by Ozer et al.130,
where user-de ned feature characteristics are used tordete feature groups.

A related work is the visual analytics of streamlines andlyas using a graph
representation that clusters eld lines for better visugdleration [L10. Also related
is the visualization of mixing processes and instabilibgd_aney et al. 96]. However,
both methods address single-phase ow, and thus do not meeahtider the interface
between phases. Similarly, merge trees on space-timelisues and adaptive thresh-

1 Parts of this section have been published 88] [
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olds to track features in combustion simulations were pseddL95. However, neither
temporal interpolation (as discussed below) nor parantetesholding can be applied
in two-phase ow.

Brushing and linking is commonly used to enable abstractibscgenti ¢ data.
Doleisch and Hausenr)] used brushing, based on non-discrete degree of intenest fu
tions in parametric views to select regions of intere@rsimulation domains. Bremer
et al. [24] proposed a hierarchy-based approach that alleviatesegpendiency on pre-
de ned thresholds. This approach was later extended anceéd®al into a tool with
interactively linked viewsZ25]. Gu and Wang$3] computed time-dependent state tran-
sition probabilities for volumetric data and visualize8view of the volume together
with a 2D graph representation of the transitions. They also useshiimg and linking
to connect the two views. Similarly, Janicke and Scheuemj&g constructed nite-
state machines encoding the evolution of ow, and depicke$¢ along with the main
ow visualization. Grottel et al. $2] visualized the evolution of molecular clusters on
a timeline as an addition to3D representation of the molecules to monitor the quality
of the clustering. Preston et all42] developed an interactive visualization system for
cosmology data based on the linked view approach.

Topological methods for vector eld visualizatio68, 139 do not overlap with this
work, since here the focus is on the analysis of two-phaseiroterms of thegeometric
topology ofinterfaces

In the presented technique, space-time connectivity isgoted as a graph and vi-
sualized as a node-link diagram to convey changes in gemmmepology of interfaces.
Graph representation is a commonly employed approach teegdemporal evolution
of features, e.g., in the analysis of combustion simulatid®5 or combustion exper-
iments [L48, and the features can be abstracted by glyddgl][ For graph layouting,
a specialized variant of a hierarchical graph layout—thgiygama layout 169—was
employed. In general, branching (and merging) link strreguhat encode the ow or
transition of quantities are known as ow mapk3[/] or Sankey diagramslfi7]; these
general concepts, however, do neither include layers noodantime-dependent data.
An overview of time-oriented data visualization is givenAigner et al. B], whereas a
survey on graph-based visualization of scienti ¢ data isvited by Wang 184.

3.1.2 Phase Tracking in Two-Phase Flow

To visualize topology changes of phase components, they beugacked over time.
First, volumetric connected components of one of the phésa® the liquid phase)
are determined by region growing, separately in each timp. SEace connectivity is
considered forfi > 0™ f; > O (f; being thef-value of cellcj). To track the resulting
component€&y over time, a volumetric approach is followed based on paréidvection,
similar to the one proposed by Sauer et 869. Here, however, temporal interpolation
of the vector eld should be avoided due to the two-phase erypof the ow and
relatively low temporal resolution of the simulation outpas discussed in Chapter
Speci cally, higher-order integration schemes (suclithsorder Runge-Kutta) involve
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Figure 3.1: Centric Collision dataset consisting of two colliding droplets, with time increasing
downward. (a) Spatial representation of the interface, at selected time steps. (b) Corresponding
space-time graph G. Selected time steps marked with red lines. (c), (e) Tracked phase compo-
nents before and after merge, and (d), (f) before and after split, using (c), (d) single isosurfaces,
and (e), (f) additional isosurface for conveying connectivity. © 2017 IEEE.

interpolation in time and hence, intermediate integrasi@ps might sample the velocity
eld outside the inclusion (i.e., in the gas phase), leadm@gcorrect advection. There-
fore, a particle seeded at simulation time dieqt the centek; of each cellg; in Cy is
advected to the next time stgp1 by an explicit Euler step

X(t+1) = X+ Dtu(xist) ; (3.1)

with Dt = tj4+1 1, and tested if celt; that containx(t+ 1) exhibits f; > 0. If not, the
particle does not contribute correspondence informatihron the other handf; > O,
then the correspondence is veri ed in reverse directi@n, i.

X(t) = x(t+1)  Drux(ti+1);t+1) (3.2)

is computed and it is testedx{t)) is located in a celt,, where f, > 0. If this is the
case andy, 2 Cy, the respective correspondence is stored, otherwiseafasted. For
symmetry, the process of EquatioBd and3.2is carried out also in reverse direction,
with particles started from the cell centers. Due to thetkhiaccuracy of the explicit
Euler integration scheme, some of the small componentsdifpicannot be tracked.
This is caused by the fact that in such cases, a signi cantbaurof particles lies in
the interface cells, where the velocity of the gas and liqahdses is interpolated. In
practice, however, those droplets are negligible due to timited in uence on the
overall simulation.

3.1.3 Linked-View Visualization

Visualization of two-phase ow dynamics is a complex prohlesince the involved
interface poses an additional challenge in the identi@aif ow characteristics. The
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introduced set of tightly interrelated building blocks isad at tackling this problem
by extracting and visualizing each of the potential ow pesses.

The core of the visualization technique is a link¥al spatial view and 2D graph
view. Figure3.1 presents this basic approach. In Fig@cé&(a) 3D views at chosen
simulation time steps are stacked, with time increasingrdeavd. In Figure3.1(b)
corresponding time steps are marked in the inclusion cdivitgggraph, denoteds.

Several quantities are visualized to enable compreheasialysis of inclusion dy-
namics. An important factor in droplet dynamics is rotatimtause of the centrifugal
force involved, which can eventually lead to breakup andeéased momentum during
collision. The rotation is visualized IBCA-based ribbons, whose twist reveals rotation,
and by mapping drop momentum to the drop interfaeeA is also used for spectral
analysis of deformation. Namely, the deformation frequesican be mapped on the
edges of the space-time graph, and the amplitude of thegasbfrequency in the spec-
trum can be color-coded on the interface of the respectias@ltomponent. For a
detailed inspection of the spectrum of a phase componetitlad®n glyphs visualize
each frequency in the spectrum by time-varying ellipsofiace it is particularly dif -
cult to observe deformation when it is superimposed by imtag virtual camera that
“rotates with the phase component” is achieved with the bétpe eigenvectors of the
PCA which determine its frame of reference. Additionally, adlized version of the
Reynolds number for the analysis of phase instabilities, elkag an approach for de-
termining splash/non-splash characteristics of inclusiare presented. To provide a
space-time overview of the topological changes, and asia fmsvisualizing derived
guantities, the connectivity graph is displayed as a nodediagram, with each time
instance of a phase component represented by a node, andaaespondence over
time by a link. For the analysis of large datasets, node etugj is employed in the
graph view. The following sections describe these appresahdetail.

Phase Interface Visualization

Visualization of the interface in two-phase ow is typicathccomplished in the appli-
cation domains by isosurface extraction at isolesfef 0:5 (Figure3.1(a). This has
the advantage that continuous surfaces are obtained,ibubives severe shortcomings
regarding volume determination and interface topologyisafevelc 1 would con-
vey the correct topology in terms of the discretization e th eld, but would give a
too large volume. To account for the somewhat contradiataggirements, a twofold
approach is followed where isosurfacegat 0:5 support interpretation methodology
from the application domains (Figuel(c)and(d)), and auxiliary transparent isosur-
faces atisolevat; 1 (here,cs = 10 ©) convey the connected components de ned by
the f- eld (Figure 3.1(e)and(f)). This approach provides a good approximation of the
bounds the phase interface lies within.

A straightforward approach for analyzing the events bebtngacent time steps is
to assign each space-time component an individual colovesuglize them using the
isosurface of thé - eld (Figure 3.1(ce)and(d)f)). This gives a direct picture of the
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Figure 3.2: pca ribbon (green: front,
orange: back) for a droplet displayed
at different time steps (increasing
opacity). The PcCA ribbon reveals ini-
tial oscillation (left) and rotation (right),
shown with angular momentum vector
L by red arrow glyphs. © 2017 IEEE.

split/merge processes. Regions that cannot be trackedyhere the advected particles
are located in regions with= 0, are colored gray on the isosurface.

Visualization of Rotation

The problem of visualizing rotation of inclusions in twogs® ow is approached by
several means. To support traditional physics-based meagadhe angular momentum
L is evaluated for each componétas

Le,= a fo6) (i xg) (u(x) ug); (3.3)
ci2Ck

with Xg, = &¢2¢, f(Xi) Xithe centroid o, Uc, = &g2c, f(Xi) u(Xi)=&¢2c, f(x) the
velocity of xc,, andx; the center of celt;. For visualizing rotation (and deformation,
described below) the phase compon€pimust not include splits or mergers. Hence,
G is split at these events and the remaining component segsiemdiich do not ex-
hibit splits or mergers, represent phase compor@nter the respective time intervals.
Figure3.9(a)shows phase components at an instant of time, color-codadive magni-
tude of angular momentum. This provides direct notion on haveh rotational motion

is comprised by the individual components. To provide thatron axis and a more
quantitative representation in general, an arrow glyphmesgntinglL, centered akc,
(Figure3.2) can be displayed.

To convey dynamics of phase componentsca-based abstraction, termedArib-
bons, is introduced. As compared to traditional arrow gs/pthePCA ribbons avoid
visual clutter and therefore allow for easier interpretati ThePCA ribbons are con-
structed as follows. For each time step, a principal compbagalysis is performed
for a phase componef of the distributionf(x;) (Xxi Xc.), with ¢i 2 Cx. From the
resultingPCA eigenvectorsy; and corresponding eigenvalukg;, with j 2 f 1;2;3g,
frames of reference aligned with the shapes are derivedwhbtate with the phase com-
ponents. From the three eigenvectors, one that ensuresimty between simulation
time steps is chosen. To this end, the most differateigenvector is determined from
the others, i.e., assumirlg.1 w2 I3, the mainPCA axis (or axis of “rotational
symmetry”) is the eigenvectd., corresponding td .y, with

m= 1 iflq /-2>12 l3; (3.4)
3 otherwise
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Thus, in the time-dependent contegg;, typically is the direction of strongest oscilla-
tion of a phase component. By simply visualizing,, éx.m with a straight line segment
centered akc, for all time steps and connecting them by a ribbon (i.e., nmgstem-
porally adjacent line segments into minimum-twisted quadsh different front and
back color), a concise representation of oscillation amati@n is obtained (Figurd.2).
Please note that, for brevity, the subscriptor ey.,, is dropped in the remaining text.

One remaining issue is that in cases where two or rrRareeigenvalues are similar,
the respective eigenvector directions become unstabtedaen unde ned, iff 1 = /-
and/orl = [ 3). To avoid such outliers ig, and hence in thecAribbon representation,
these unstable cases must be suppressed. This is achiewddanying more certain
information from neighboring time steps in such con gueas. To this end, rst, for
eachey(t)) at timet; a quality measurg = max(/ 1(t;) 120t);12(t) [13(t))=l1(t)
is derived, and then employed to obta&p the stabilized equivalent tey:

I+1 I+1
&)= e®)+(1l q) & gedt)= a4 q: (3.5)
i=l 1 i=l 1

Thus, € is used to construct thecA ribbons, instead og,. One limitation of the
approach is that for very fast rotating droplets it can hapihat the droplet rotation
between two consecutive time steps is larger than a quafrteavolution, leading to
an underestimation of the rotation. As with tracking issubs problem stems from
insuf cient time resolution of a dataset. One could, fortarce, examine the vector
eld to infer the rotation direction. However, the limitedrhporal resolution would not
ensure that the actual rotation would be captured. Fawgralxtases where the method
assumes incorrect rotation, it is discernible as a disnaityi in the ribbon. Another
limitation is that for slowly moving rotating inclusions ehresulting ribbon is short
and therefore self-occlusion can arise. Such cases, hoveeeeelatively seldom, since
they can occur only under certain conditions (e.g., whendweplets with similar linear
momentum collide off-center).

Visualization of Deformation

To isolate the deformation from rotation, the co-rotatirgnera is applied which is
transformed according to the rotation of the inclusion. cspelly, for a tracked com-
ponentCy, e(t)) ande(t+1) are taken from adjacent time stefpandt,; 1, and the
rotation that transform®(t)) into ex(t+1) is computed. This transformation is ob-
tained from the cross product of these eigenvectors whidhtéspreted as a rotation
vectorr. A rotation matrix is constructed that rotates in the opgodirection by the
determined angle. Finally, this matrix is multiplied withetmodel-view matrix to com-
pensate that rotation, i.e., to obtain a co-rotating camerthis mode, the camera can
be navigated as usual, with the only difference that the golcasnponent is not rotat-
ing in the resulting time-dependent exploration. FigBré(aj{e) and (f)—j) gives a
comparison between a standard view and a co-rotating vieavrofating droplet over
time.
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Figure 3.3: Selected phase component of Peripheral Collision dataset, time steps from Fig-
ure 3.2. (a)—(e) Droplet in standard view. (f)—(j) Co-rotating camera reveals droplet oscillation.
(k)—(0) Respective oscillation glyphs show oscillation spectrum, including amplitude and phase.
Gray thin axis shows PCA eigenvector &,. © 2017 IEEE.

Since deformation of phase components typically exhilmisglex dynamics, ad-
vanced methods are necessary to extract meaningful infmmd& herefore, oscillation
is analyzed primarily in terms &fCA, i.e., in direction of theeCA vectore, which is the
direction in which droplets typically oscillate with ther¢ggest amplitude. To separate
oscillation from other types of deformation, spectra ofadefation in direction ofey
are considered.

Sincel  represents the “oscillating” half axis of the approximgtrcA ellipsoid,
spectral analysis of the oscillation can give more insight the droplet deformation.

by mapping frequency bands bf(ny) to vertical bands on the edges of the gr&ah
with frequency increasing to the right. This is demonsttateFigure3.8(b){d). For
overview, the amplitudé (nmax) Of the strongest frequenaymay in the spectrum is
mapped to color on the interface of the respective phase aoem (Figure3.9(b)). For

a detailed inspection of deformation dynamics, an osmlteglyph is introduced, which
consists of one ellipsoid for each frequengyin the spectrum of a phase component.
The lengths of the ellipsoid axes are scaled.pyn,) and the aspect ratio of the two
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Algorithm 1 Construction of oscillation glyphs.

Input: Cy, eigenvectorg(t), 1 = m;:::;n
Output: Oscillation glyph at time step for Cy
tm, th rst and last occurrence dfy
for each frequencyn, 2 DFT (/ (1)) do
a (1,0,0) Ly(na)
s coqfl(n))+ 1+ s
b (0;1,0) Lk(na) s
c (0;0;1) Lk(na)=s
r (30,00 e(tm)=Keé(tmk
Re rotation matrix about by anglea =  arcsin(krk)
a Reab Reb,c Rec
draw half-ellipsoid with semi-principal axesb, ¢
end for

Figure 3.4: Example oscillation glyph with
four ellipsoids corresponding to four fre-
qguencies ny. For each ellipsoid, the axis
aligned with its depth is scaled by the oscil-
lation amplitude, and the lengths of the two
other axes are determined from the cosine
of the oscillation phase.

smaller axes is determined from the cosine of ph‘cﬁea) = fr(na) + 2pna(t  ty),
withm i n.

Algorithm 1 shows the construction of the oscillation glyph for a gi@Grat a given
time stept;. To ensure that the scaling of axasandb is always positive (and hence
the axes do not change directions), the scaling faxi®offset byl+ s wheres 1.
Additionally, the ellipsoids are transformed with a rotatimatrix Re that rotates the
axes by anglea = arcsirtkrk) around a vector = ( 1,0;0) ex(tm)=Kex(tm)k such
thata is aligned with the initial eigenvect@(ty) to ensure consistency with the co-
rotating camera. The resulting time-dependent glyph, destnated in Figure3.3(k)-
(o), can be continuously investigated at sub-time step rdsaolutith the co-rotating
camera. See also FiguBed for a more detailed illustration of the oscillation glyph.

Derived Quantities

Droplet-Localized Reynolds Number The Reynolds number is generally de ned as
Re= kuk d=n, with diameterd of the structure under investigation and kinematic vis-
cosity n of the uid. It is widely used to judge the overall characstics of a ow,
e.g., whether the ow is rather laminar or turbulent. In tpbase ow, the Reynolds
number characterizes ow instability, e.g., the Reynoldsnber of the gaseous sur-
rounding is used to determine whether a given droplet wdlrdegrate. In such con-
gurations, d represents the diameter of the droplet. Therefore, to uhaterRe, the
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Figure 3.5: Investigation of proper stream velocity for ow with an inclusion. (a) Example con-
guration for the analysis of velocity around a component (h atched). (b) Velocity pro le for the

dashed line in (a). Taking the velocity at distance 1:5d, from xc, (outer vertical lines), where dy
is the diameter of a sphere with equal volume, provides a good approximation to stream velocity.
© 2017 IEEE.
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diameter of a sphere with droplet equivalent volume is caegbuThat is, for the vol-
umeVk = &goc, fiVi of the |iq1ﬂ)id phase compone@f (with V; being the volume of cell
c), the diameter equatk = 23 3Vi=(4p). The kinematic viscosity of the liquid phase
is used to computBe with dy.

One open problem is, however, hdwk should be obtained. In traditional uid
mechanics problem&uk is taken to be the velocity of the free stream. The conducted
studies on different two-phase ow con gurations with matunterference led to a
conclusion thakuk should be evaluated on a plane normaltg at distancel:5d
from xc,. Figure3.5(a)shows the simulation setup for the test on the in uence of the
liquid phase on the gas velocity, and Fig@.&(b) shows the resulting velocity pro le
at the dashed line. Thereforejs evaluated on a circle centeredkaf with normalug, ,
employingn = ma><(16;pcfk) samples, with

i = dk:gg%ﬁgvi (3.6)

and averaging the samples, providing the droplet-locdlReynolds number

Rec,= A ku(x) ugk de=(nn): (3.7)

x2circle

Splash/Non-Splash Criterion Regarding a droplet impacting onto a surface, its dy-
namics can be described in relation to the splashing boynalaich predicts whether
the droplet will completely deposit on the surface or splashe splashing boundary
is typically shown in regime map483 as a function of the Reynolds number and the
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Ohnesorge number de ned &h = m:Io rs d, wherer is the liquid density, and

is the surface tension. Up to now, a splashing boundary cnbmnobtained from
experiments where free velocity for a single droplet is lakdé¢ for Reynolds number
computation. Splashing phenomena are hard to predict ncatlgreven with highly-
resolved droplets. The resolution of the droplets resglfrom a large jet breakup
simulation, as examined below, is not yet able to provideessary accuracy. Hence,
it is reasonable to calculate the dimensionless numberscaaplply the predictive cor-
relations to the droplets from jet breakup simulations ideorto gain insights into the
development of the droplets after primary breakup. Foltmithe splash/non-splash cri-
terion determined by Vander Wal et al.g3, the Ohnesorge number is computed with
densityr and surface tensios provided with the simulation run, and the diamedgr
of the droplet. Droplets with the corresponding pdiRec, ; Oh) lying above the curve
Oh = 63=Rec, " belong to the splash regime and are color-coded green, adere
those below the curve are in non-splash regime and henck, ldacdemonstrated in
Figure3.14(a)

Interface Curvature Surface tension participates in stabilizing phase compisne
but also in causing breakup once they have suf ciently defd. Surface tension is
computed in two-phase ow solvers from the curvature of theeiface. The mean
curvature is evaluated directly from ttie eld by the following expression:

k=2 Ta(A)+ Tp(A) ; (3.8)

NI

with | 3(A) and/ p(A) being the eigenvalues corresponding to the eigenvectogetd

to the interface, and = N(Nf=kNfk), using central differences. These eigenvalues
are found by excluding the third eigenvalue whose corregdipgneigenvector is most
parallel toNf. Figure3.9(c)gives an example fok color-coded on the interface. Such
visualization supports the interpretation of the role offace tension in breakup and
coalescence of two-phase ow.

Area to Volume Ratio The area to volume ratio provides a notion of compactness,
and is particularly useful for visually identifying ligamtes (long liquid structures that
typically break up rapidly into droplets). For each phaseponeniCy, it is computed
as
ATk
= ——; 3.9

v (3.9)
whereAy is the area computed from the mesh extracted with the magahubes algo-
rithm. The scaling=3, wherery is the radius of a sphere with volunw, is used to
eliminate the dependency on the volume of the phase compombas, for spherical
componentsg = 1.
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3.1.4 Space-Time Graph Representation

The space-time graph visualization employs a layered geut, where consecutive
layers represent successive time steps. By default, thén gsagriented with time in-
creasing from top to bottom, as shown in Fig@té(a) with a horizontal red indicator
of the currently chosen time step.

In simulations with con ned containers, the total volumebaoftth phases stays con-
stant, i.e., all inclusions typically represent a partitaf unity. This motivates the uti-
lization of Sankey diagramslfi7] for the representation of inclusion volumes in the
layered graphs, i.e., by mapping the volume of the phase onanis to edge width.
Figure3.6(b)shows an example of the basic graph layout. Furthermoresa ahtegra-
tion of the3D and space-time graph views is achieved by integratin@iheclusion
interface at each respective node of #ikegraph (Figure3.6(c).

The developed graph layout is inspired by the Sugiyama lejidi¥]. Speci cally,
the barycentric method is applied to reduce edge crossietyglen consecutive layers.
The computation of the nal horizontal positions, howevssis been modi ed. That is,
the spacing between nodes is determined from the alreadpwtech nodes to the left
and volume of the currently evaluated node. Hence, the diatat space consumed by
a component scales linearly with its volume. This, togetiidr edge width adjustment,
greatly enhances the visualization of volumetric struetdigure3.6(a)and(b) shows
the impact of volume consideration.

Droplets that cross the domain boundary are indicated laglaitig a violet circle
glyph at the respective node of the layered graph (Figuééc). Birth events, on the
other hand, are marked with a yellow circle glyph. Compon#msappear and vanish
in the same time step are indicated with an orange death glfath, contact with
domain boundaries and events of birth and death, are alsalisd in the3D view by
mapping these colors to the interface.

The problem with the volume-based approach is that in cagedsfath event, all
nodes to the right of the corresponding node shift to the teftulting in skewed edges
and therefore less readable layout. To remedy this prolgeost nodes are inserted for
disappearing components, with volume corresponding teetimodes. This ensures that
the total volume is preserved and the edges in subsequenstaps remain straight if
the topology does not change.

Node Clustering in Parametric Visualization

For the analysis of large datasets, such as jet simulati®estibn3.1.9, node clus-
tering is employed in the graph view. Here, agglomerativegete-link clustering is
used, as described 649, where initially each node constitutes a cluster and tws-cl
ters are grouped if the distance of all pairs of elements fomth clusters is smaller
than a prede ned threshold. The threshold is a global qtiaatd is de ned as the
median of the quantity for which the distance is computea dlhstering is performed
for each time step separately. Figud®(d)demonstrates the approach. To differenti-
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@) (b) (€) (d)

Figure 3.6: Space-time graph representation. (a) Basic graph layout with the selected time
step marked with a red stripe. (b) Edge width and spacing determined from droplet volume.
(c) Interactive 3D phase components as graph nodes. Death and birth events, and boundary
components are marked with orange, yellow, and purple circles, respectively. (d) Node clus-
tering (red edges) for large datasets, with edges split according to volume contribution of each
droplet within the cluster. © 2017 IEEE.

(d)

(b)
(©

@) (b) (© (d)

Figure 3.7: Overview of the visualization tool. (a) A screenshot of the visualization of gas-liquid
dynamics. Branches undergoing merge or split events are highlighted (dark gray) to facilitate
comparison. (b)—(d) Selected droplets from the parametric view for closer examination. © 2017
IEEE.

ate between nodes representing clusters from single dsophe clusters are indicated
with red spheres. For consistent cluster representattgesthat have a common start
node and end at a cluster node are additionally clusteretlimédistribution among
droplets represented by the cluster is shown on the cludtgrseby vertical separating
lines, where the edges are divided according to the volumgibations of the clustered
droplets. For detailed investigation, the visualizatioports a level-of detail approach
by allowing the user to unfold (and fold back) single clusteuch that all nodes repre-
sented by a given cluster are visible, together with themeetivity (Figure3.12).
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Brushing and Linking

All components of the presented technique are tightly cediplin Figure3.7(a) the
overall visualization is shown. It is split into tf8® view on the left and the space-time
graph view on the right. The user can select the quantitiesvesualization compo-
nents described in this section in the toolbox on the left.démparative visualization,
it is possible to highlight graph nodes that satisfy a usé#eted condition. For in-
stance, in the same gure, branches that undergo split ogenerents are gray, whereas
other branches are faded. Additionally, the user can spexif., the minimum num-
ber of branches for these events, or select other conditsmad as any combination of
merge/split, drop velocity magnitude, or volume.

The brushing and linking methodology employed in the presstivisualization
framework is tailored toward the analysis of droplet dynasmand their connectivity
changes. It provides several modes of interaction to fataliboth the exploration of the
space-time domain as well as the analysis of individual sleopd their history.

The uid interface geometry in the graph representatiog(iFe3.6(c) is interactive,
i.e., when the dataset is rotated in Bi2 view, all instances rotate simultaneously also
in the2D graph around their respective centroid. The analysis wheotivity changes is
facilitated by color-coding the droplet surfaces accagdmtheir relation to drops from
adjacent time steps. As illustrated in FiguBe%(c)(f), different colors are assigned to
each drop after split (before merge) events. Each verteh@surface of a drop before
split (after merge) obtains the color of the correspondirapdound during tracking.

Users can also select droplets with a mouse click on the gapisplay them in
the 3D view. Moving to different time steps allows them to analyke drop history.
This provides a detailed analysis of the selected drop irBiheiew in the context of
the space-time representation of the whole simulation. viiglization also supports
brushing, i.e., the interactive selection of droplets eab and3D views which leads to
the construction of a new graph with individual layoutindyexe all children and ances-
tors of the selected drop are included. For instance, Figui@b)and(h) was achieved
by selecting a drop in thBeripheral Collisiondataset. In th&D and 3D representa-
tions, the user can select the numbef previous and the numbgrof subsequent time
steps to visualize, i.e., for each selected ckadpat resides at time steg the temporal
history is visualized within the time step intery&l i;tx+ j]. This is achieved by color
coding the geometries (and transparenc$ix. For example, in Figurd.10(h)and(qg),
the geometry of the past time steps is colored purple, whileigure3.10(a)and (b),
future time steps are selected (i.p> 0), with drops color transitioning to yellow.

3.1.5 Results

The utility of the presented approach is demonstrated usiree CFD datasets. Two
datasets are collision simulations of well-resolved libuiclusions in gaseous surround-
ing, and one is a jet simulation where single droplets arevetitresolved. However, as
will be shown, the visualization approach still providesfusinsights in such cases.
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Figure 3.8: (a), (b) Centric Collision dataset. (a) Three selected time steps of the collision
with (b) frequency spectrum visualized on the graph. The frequency spectrum forms an arch-
like pattern. (c) Corresponding visualization for the Peripheral Collision dataset with the initial
collision and (d) selected droplet from Figure 3.3. © 2017 IEEE.

(i) (Fig. 3.7(0) (i) (Fig. Sﬁ i) (Fig.- 3.9
(ii) (Fig. 3.7(c
(iv) (Fig. 3.7(d)
(a) Angular momentum kLk  (b) Strongest freq. ampl. Nmax (c) Interface curvature k

Figure 3.9: Peripheral Collision dataset (time step 23) with different quantities mapped on phase
interface. (a) Angular momentum KLk [g cn?/s] reveals droplets subject to rotation. (b) Oscilla-
tion of droplets is indicated by strongest frequency amplitude nmax [cm]. (c) Interface curvature
k [1/cm reveals causes for oscillation and potential breakup. © 2017 IEEE.

Centric Collision Dataset This dataset is @FD simulation of two equally-sized col-
liding droplets, on a regular grid with28 64 64 cells resolution and01time steps.
Figure3.1(a)gives an overview on the overall dynamics. The collisiord&tn the for-
mation of three droplets—two droplets that oscillate ag theve away from the center,
and one in the middle that remains at its position throughmeisimulation.

The collision is investigated in Figui@8(a)and(b) by means of its3D represen-
tation and its frequency spectrum visualized on the space-graph. The spectrum in
Figure 3.8(b) reveals an interesting arch-like pattern, with all freqeies at peak just
before the breakup. This pattern was found to be typical fajonchanges in inclusion
shape, characterized by an orderly deformation, that leadseakup.
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(@) (b) Nmax (©) (d) Mmax (€) Mmax

(f) KLk (@) (h) kLk (i) kLk

Figure 3.10: Selected components in Peripheral Collision dataset. (a) PCA ribbon for an oscillat-
ing droplet before breakup and (b) corresponding graph with color-coded strongest frequency
amplitude (color legend in (e)). The oscillation decreases after breakup. (d) For the droplets
in (c), the strongest frequency amplitude also decreases after initial breakup and increases
again after coalescence. (c) PCA ribbons for a droplet after collision and (g) after breakup. (f),
(h) Corresponding graphs with angular momentum color-coded on the edges (color legend in (i)).
In (c), the angular momenta of the colliding droplets annihilate, whereas in (g), breakup leads
to increased rotational motion. © 2017 IEEE.

Peripheral Collision The second dataset isc&D simulation of two peripherally col-
liding droplets, on a regular grid witt56 256 256cells and79time steps.

The visualization session starts with the general overaftive dataset (Figur@.?),
where the data is displayed in tBB view and in the2D graph view. In the latter, with
the help of the phase components on the graph nodes, thegypol drop dynamics
can be readily seen—the peripheral collision of two equsithed droplets leads to the
formation of a disk-shaped droplet that breaks into manyllemdroplets. In this view,
several intriguing con gurations were observed. Nameiy-igure3.7(b) a drop splits
into two after a considerable amount of time. There is alsasg @xhibiting symmetry
where two droplets split simultaneously and then two of tee drops merge into one
in Figure3.7(c) A drop split in Figure3.7(d)with a resulting ligament indicates high
in uence of surface tension and the continuous split of seleoy droplets.

To gain knowledge on the mechanisms behind these processe=al physical
guantities at earlier simulation step (time s@&§) also selected in Figurg.7(a) are
analyzed. These quantities are mapped on the drop surfates3D view, as shown
in Figure 3.9, where the selected drops from Fig®& are marked with red boxes. In
Figure3.9(a) the angular momentum amplitudte c k is high for strongly deformed
droplets that break up in the following time steps. Partdy| the droplet in the box
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Figure 3.11: Space-time graph view for the Peripheral Collision dataset with angular momentum
[g cn?/g] color-coded on edges, downscaled to enhance values on the lower part. For many
droplets, the angular momentum increases after breakup. © 2017 IEEE.

(1) has a high value. The strongest frequency amplitude in Eig@(b)is high for the
droplets that do not break up immediately but rather starbtate. Therefore, these
droplets—the drops in the bdi) as well as the two droplets with the maximum value
in boxeg(iii )—are further investigated with suitable visualizatiortieiques. The mean
curvature of the interface (FiguB9(c) reveals potential breakup points on the surface
of the droplets. If the breakup occurs, these points are@ly the surface tension
force, which in turn can result in oscillation. As can be sdka droplet in the boxiv)

has high curvature in the middle.

To further inspect the origins of the particular dropletdabr, in Figure3.10(a}{(h),
the angular momentum and strongest frequency amplituderegzed thoroughly for
the selected droplets. The droplet from FigBré(b) (before breakup) is shown in Fig-
ure 3.10(a)with transparent yellow surface for future time steps, dreddorresponding
graph with strongest frequency amplitude in Fig@r&0(b) The frequency amplitude
decreases substantially after the breakup, which indicasg both separated parts con-
tributed opposing energy to the oscillation before. Amyalé decrease can be also seen
after the breakup shown in FiguBel0(d)(case(c) in Figure3.7), however, it increases
again after the merge of the two resulting droplets. Theegfthe dynamics of the
merged droplets are analyzed in Fig@r&0(c)by means of @CA ribbon to see the re-
sulting oscillation. The droplet in blue is shown just attez merge from Figur8.10(d)
of two droplets that in turn broke up from strongly rotatingpls, as shown with the
transparent purple (past) time projection. Interestintiig PCA ribbon reveals initial
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oscillation of the droplet, followed by rotation. In FiguselO(f), the magnitude of the
angular momentum is mapped on the graph for the selectedetso\s can be seen,
the angular momenta of the two rotating droplets cancel netd the merge. However,
the ribbon in Figure3.10(c)indicates rotational motion in later time steps. This can be
explained by Figur8&.10(d) where the strongest frequency amplitude increases consid
erably after the collision. This oscillation is in turn tsfarmed into rotational motion

of the droplet in Figure3.10(c) A similar behavior can be observed for the droplet in
Figure3.10(g) where the separation of the droplets causes initial asiciti which then
transforms into rotation.

In Figure3.9(b) the two droplets with the largest amplitude value (boxesedve
more attention, and therefore their spectral characiesistere analyzed with oscilla-
tion glyphs, as demonstrated in Figud&(k)«0). It can be seen in gurgk) that there
are two rather strong frequency components in directioh@pPCA eigenvectoey (gray
axis), but all other components are perpendicular to itctvine ects that the droplet is
at its maximum contraction. In the time step in FigBt8(l), the distribution is similar,
but more components are now pointing in directiorepf During the time steps shown
in Figure 3.3(m)}Hn), the oscillation components get stronger in directioregfuntil
almost all are aligned iey ( gure (0)), indicating maximum elongation and alignment
of these oscillation components @-direction. The spectral analysis for the droplet,
shown in Figure3.8(d) shows no correlation between frequencies (as opposed, e.g
to 3.8(c). This results in a damping effect of the frequencies anddcexplain why
this droplet does not split further, as would be expectedtdwentrifugal forces.

The cases with increasing angular momentum for some deogtter split or merge
events warranted some closer investigation as to whetlseplienomenon occurs more
often in the dataset. In fact, the graph shown in FiggiuL shows that this behavior
can be observed with almost all rotating phase componethis. CEn also be seen, for
example, by the temporally increasing length of the angulamentum arrow glyphs in
Figure3.2 This seemed to violate preservation of energy, i.e., pvasen of angular
momentum. However, when analyzing #hearibbon, it was found that, right before the
split, the droplet is not oscillating anymore and is strgrglbngated. This observation
led to the conclusion that angular momentum is increasirgg tikne for droplets that
oscillate and rotate at the same time, because the initidlaiery energy is transformed
into angular momentum, i.e., the oscillating componentadial direction competes
with centrifugal forces and thus is transformed to angulanmantum.

Jet Dataset The last analyzed dataset iSeD simulation of a polymer-water solution
injected into air with a pressure of 30 bar with a dual nozalgh higher stream velocity
in the outer ring), discretized on a regular grid witb24 512 512cells and6ltime
steps. In this dataset, the focus is on the general chaisitierdue to the immense
number of droplets and topological changes. The goal is tbganeral processes and
features of the ow. For this purpose, the graph represemtatith clustered quantities
should provide insights. Here, the spatio-temporal digtron of droplets, as well as
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(i) (ii) (iii) (iv) v) (vi)

Figure 3.13: For selected clusters at the last time step in Figure 3.12, drops are color-coded
with the number of breakups in their history. © 2017 IEEE.

(a) (b) (©)

Figure 3.14: Jet dataset with (a) splash/non-splash criterion (green/black) color-coded on phase
interface, and (b) droplet-localized Reynolds number Rec, (color legend in (c)). © 2017 IEEE.

instabilities that possibly lead to further breakup areyze.

Figure3.12provides the respective visualization. In the top, the gatetbpment is
shown from left to right, with the front of the stream spreapoutward and disintegrat-
ing into a multitude of droplets. The jet core is colored peilgnd the droplets that sepa-
rated from it are marked blue. Using the clustering of thebhts by the area-to-volume
ratio s shown in the graph in the bottom of the gure, the evolution amstribution of
droplets of different forms can be inspected. In the grajpisters with high average
values, i.e., consisting of more elongated drops, are ateliccby a more saturated red
color. Interestingly, such clusters occur throughout theuation time. As can be seen
in the zoomed parts, the ligaments are highly deformed, aaxlirdicated by complex
connectivity—undergo many breakup and merge events, ttex [@ossibly due to the
high density of the droplets.

Three characteristic stages were observed in this dateseeidlicated on the left side
of Figure3.12 In the rst stage [), only a small number of droplets detach from the
jet tip. In the second stage (ll), the jet becomes unstabdestarts to atomize. This
is re ected in the increase of clusters in the graph, paldidy with high deformation,
indicating elongated ligaments breaking off the jet comethe next stage (1), these
ligaments in turn break up into smaller droplets. This carabain observed in the
graph, where the number of clusters with high deformatioteisreasing again, while
the total number of clusters stays about the same.

To further investigate the formation and distribution obplets, at the last time
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step, each cluster in the graph was selected and the numbmeakups each drop
within a cluster underwent was color-coded (dark red toHirgyeen), as shown in
Figure3.13 Such a decomposition gives some insight into drop evatut®mall drops
are distributed uniformly, whereas ligaments are situatedtly at the front of the jet.
The number of breakups is larger directly behind the jettfrboth for spherical and
slightly elongated droplets. For ligaments, however, sedalarity cannot be observed.
For instance, in the cluste(s) and(v) in Figure3.13 ligaments with different number
of breakups are mixed.

In Figure3.14(b) the droplet-localized Reynolds numliRec is visualized on the
jet interface. As can be seen, long ligaments exhibit higlaéres, indicating their in-
stability and therefore possible breakup. The drops fudiaay from the disintegrating
front, on the contrary, have smaller Reynolds number. Anangtion is that the free
stream velocity is reduced in this region. As described ttiSe 3.1.3 with the droplet-
localized dimensionless numbd®e andOh, the splashing behavior of the droplets can
also be investigated, as demonstrated in Figuitd(a) The distribution of non-splash
droplets roughly correlates with low Reynolds number (esblgdor the drops at the
back), although a prevailing number of droplets in the dplasregime can be clearly
seen. This visualization provides valuable informatiordooplet dynamics in jet simu-
lations, where the splashing characteristic is often dddwr ef ciency of combustion
engines. The opposite case, i.e., the deposition of dofdeming a thin liquid Im
on combustion walls, reduces the effective fuel combustate and could be likewise
analyzed in the presented framework.

Performance

To analyze the tracking performance of the explicit Euléresoe, it has been compared
with 4th-order Runge-Kutta integration. The results in Takleshow that both meth-
ods perform similarly, except for the Jet dataset, wheresitpicit Euler method can
track more droplets. Overall, the table shows that, as comdp@ the total number of
drops (i.e., accumulated over all time steps), the numb#reoérroneous events is rela-
tively small, except for the Jet, where the number of theagkied drops is considerable.
However, as mentioned earlier, these are very small diofilat have little in uence on
the observed phenomena.

Table 3.1: Tracking results for 4th-order Runge-Kutta (with 10 substeps) and explicit Euler inte-
gration scheme. Sum of births and deaths, number of untracked drops (where birth is immedi-
ately followed by death event), and total number of drops (summed over all simulation steps).

Births + Deaths Untracked Total #Drops
Dataset RK4 Euler RK4 Euler

Centric 3 3 0 0 243
Peripheral 10 11 6 6 1989
Jet 2219 2202 8476 8299 76821
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Table 3.2 provides computation times for the components of the visaabn ap-
proach, as well as rendering performance. The computatios largely depends on
the complexity of the dataset—a larger number of comporianteases tracking time,
as the advected particles must be tested against more cemgond{owever, since the
analyzed quantities do not require any parametrizatiay, tlan be precomputed of ine,
stored to disk, and loaded on demand for immediate analiRgadering performance
mainly depends on the geometric complexity of the extrastataces, as well as the
number of components, since all of them are visualized omgthaph at the same time.
The visualization of the Jet dataset runs with relatively foame rate, however, it did
not hinder the analysis of the dataset. Component trackkesgtalso considerable com-
putation time due to costly particle advection, but it carals® precomputed of ine.

Table 3.2: Computation times (in seconds) for graph layouting, tracking, quantities, and render-
ing performance (in frames per second) for the analyzed datasets. Measurements taken on
Intel i7 3.6 GHz (single process).

Dataset Grapfs] Tracking[s] Quantitieds] Rendeffps]

Centric < 001 043 145 20
Peripheral  0:02 135 60 19
Jet 0:03 16464 1645 3
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3.2 Visualization of Droplet Separation

In the visualization context, droplets and ligaments in-pii@ase ow can be interpreted
as features. This allows for application of feature-bassdatization methods where vi-
sual data representation is reduced to important charstatsy typically physical quan-
tities, ow topology, and quantities derived from genericatar elds [141]. While
such visualization reveals the overall feature topologyadgics (e.g., split and merge
events), detailed spatial information on volumetric gining of features is dif cult
to obtain with existing techniques. Thus, a visualizatippraach is proposed that can
reveal the separation dynamics within the inclusions in-puase ow. It is based on
the extraction of boundaries around regions within an il that correspond to inclu-
sions developing from the original one in the course of tikk@ditionally, the temporal
information of the separation is conveyed by means of séiparaurfaces that encode
the time at which the separation occurred.

The visualization technique expands upon traditionalfieatisualization in several
ways. First, it allows for static visualization of dynamiopesses, and therefore reduces
visual clutter. Second, it combines advantages of starféatdre tracking methods and

nite-time Lyapunov exponentRTLE)-based methods, as it allows for a detailed inspec-
tion of the separation of inclusions. Third, it is applicabd a broad class of multiphase
ow, including two-phase ow (liquid in gas surrounding) dmmulti-component ow
(liquid-liquid or multi-component liquid in gaseous swiraling).

Typically, only a fraction of the simulation time steps isr&d for post-processing,
and therefore, a corrector scheme for particle integrasgroposed to ensure phase-
consistent particle trajectories within the availablead4t

3.2.1 Related Work

The eld of research which is closely related to this techusids feature tracking, already
discussed in Sectio® 1.1 The presented method differs from these approaches,tin tha
it focuses on the spatio-temporal aspect of feature reptatsen, where the topology
is directly conveyed in the feature volume. In Chajtechallenges related to tracking
volumes in two-phase ow are considered.

For the analysis of the combustion process in engine simoualaGarth et al. $7]
proposed a set of visualization methods that operate ontangng unstructured grids.
A recent work by Sauer et al1$9 utilized particle and volume data from the simula-
tion runs to track features over longer time intervals. Heeeticles are inserted after
the simulation run, which gives a better control over theiplardensity and therefore
the detail level, however, necessitates some correct@nses for phase-consistent ad-
vection in two-phase ow.

Delocalized quantities are employed in unsteady ows ttictly investigate the
dynamics of scalar elds]64], where quantities are averaged over time along integral

2 Parts of this section have been published 84 [
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curves. The presented concept can be viewed as a speciabfcdge, where only
the values at trajectory end points are stored at the seed. pdhe visualization of
delocalized quantities can be improved using uncertaimtyrination from theFTLE
eld [ 157. For the topological analysis in general unsteady ®wLE has become a
standard visualization metho@4]. Sanderson157] proposed an alternative inspired
by Lyapunov exponents that is based on traveled particlartie instead of particle
divergence.

The dynamics of uid ow is often represented by surfaces olumes. In the work
by van Wijk [197)], stream surfaces were obtained by extracting isosurfacesa scalar
eld. These are generated by advecting streamlines backwarto the boundary with
prede ned scalar values and resampling those values almngtteamlines. Becker et
al. [14] used ow volumes in unsteady ow to reveal the ow dynamicsoand regions
of interest. An implicit version of the ow volumes by Xue et §205 allows for more
detailed inspection of the ow.

3.2.2 Visualization Method

The technique employs particle advection to determine tth@wetric correlation of in-
clusions between a reference time stgpnd the target time stap. Usually, only a
certain fraction of time steps of a simulation are storeddter analysis. Using these
data with reduced time resolution can lead to errors in thienation of trajectories, es-
pecially in multiphase ow, where particles potentiallyakee the initially assigned phase
for this reason. This problem could be avoided if particlesevadvected during the
simulation, which is increasingly popular, as reported bhy& et al. 159. Addition-
ally, particles could be densely populated using the mefiroposed by Agranovsky
et al. [2] to capture more details of the topology of droplet dynamibs the investi-
gated simulation datasets, however, particle data was nowided. Nevertheless, to
still ensure robust particle advection in terms of phasesisbency in multiphase ows,
a three-stage corrector method is introduced which usiline f- eld in a corrector
step during particle advection to ensure that particlesarerm the respective phase
throughout integration.

For the purpose of the following discussion, an includwns de ned as a region
with the volume fractionf exceeding a thresholld M = fx: f(x;t) > tg. Here,t is
set to0. Inclusion separation is illustrated in Figusel5(a) where an initial inclusion
M1 (to) splits within the time intervalo; te[, resulting in three inclusiord (tr), Ma(tg),
andMs(tg).

3.2.3 Separation-Based Inclusion Segmentation

The aim of the visualization technique is to capture how phammponents develop
topologically in the course of time. For instance, if an ugibn splits into two new
ones, it is of interest how the volume of the initial inclusis divided among them, or,
in other words, what the volumetric contributions of the nealusions in the initial one
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Figure 3.15: Illustration of the separation boundaries for a simple case with one inclusion at time
to, and three inclusions at tg = t,. (a) Particles are seeded at time step t inside the inclusion
and advected to tg, resulting in a ow map fttoF (black arrows). At tg, the inclusions have been
labeled red, green, and yellow. (b) Inclusion labels are assigned to the particles that are inside
a given inclusion. These labels are then transferred to the seed points (arrows). (c) For each
label, the corresponding volume V is identi ed (red, green, and yellow areas), and the boundar y
B is extracted (corresponding darker curves).

are. To accomplish this goal, the spatio-temporal cornedpoce between the inclusion
M;i(to) at timetg, and inclusionsvlj(tr) at some other tim& are determined. That is,
for eachMj(tr), its volumetric contribution withimMi(to) is de ned as

VI (i) = £ X 2 Mi(to) ™ £ () 2 Mj(te)g; (3.10)

wherefttoF (X) maps the initial positiorx at timetg to its position at timdg, as it is
advected by the ow. The quantitt =t  tp represents the computation time interval.
For the visualization, the closed boundary of the voliums extracted:

B (5 1) = Vi (i3 J): (3.11)

The method allow$- to be earlier in time thaty, in which casét < 0. In Figure3.15

the technique is illustrated for a simple case where an snmfusplits into three.
Volumetric contributioné:/tgF (i; j) can be composed of disconnected segments, either

due to a merge followed by a split of the initial inclusionsdoe to disjoined volume

segments inside the initial inclusion that together fornepasate inclusion. As it will

be shown in SectioB.2.5 the visualization allows one to readily identify and anzaly

these cases.

3.2.4 Temporal Separation Surfaces

To support temporal analysis of inclusion separation, dobiique is complemented
with the extraction of temporal separation surfaces, daffat\While the above method
nds the volumetric correspondences in the initial tigeto the inclusions at target
timetg, here, the separation surfaces are constructed within tloéevintervalltg; tr] to
reveal the temporal information on successive separatibiney divide the volumetric
contributions in the initial inclusion as the corresporgdinclusions split into new ones.
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Figure 3.16: Visualization of separation surfaces. (a) There is one phase component at time
to, which splits into the red and the orange phase components at the intermediate time step
t1, and the orange one splits again at t, = tg into the green and yellow inclusions. (b) Tem-
poral separation surfaces Sg and Si partition the initial inclusion according to the volumetric
correspondences of the newly created inclusions at time t; and tp, respectively.

This is illustrated in Figur&.16(a) where the initial inclusiotM;(tg) has split into
two at timet, and the resulting inclusioly(t1) has further separated into new phase
componentsVx(t2) andMgs(t2) at timety. In Figure3.16(b) both split events are il-
lustrated by the separation surfat.‘.{;')sand% that divide the volume according to the
volumetric contributions of the inclusion resulting frohetseparation.

To create the separation surfaces and determine the tinfaclt they occur, changes
in contributions are detected within small time intervégeci cally, for each time in-
crementdt =t t;, wheredt DX, contributionsvtgz(i; k) in each inclusioM(tp) are
computed and compared with the previous contributmfiei; J). If the number of con-
tributionsV;2 (i; k) for which VX (i; j)\ Vi2(i;k) 6 0 is greater than one, a separation has
occurred in the given interval inside the volume contribnti’tgl(i; ]), and the separation
surface is generated for this time intervaNk(tg) where different\/tgz(i;k) adjoin.

Theoretically, the temporal evolution of inclusion sep@aracould be accomplished
by repeatedly extracting the closed boundaB%éi; J) for varyingk. This would, how-
ever, lead to repeated construction of overlapping boueslahat would be dif cult
to analyze. The separation surfa@grovide an open structure that complements the
extracted closed boundariBs

3.2.5 Numerical Approach

The method operates on both the Eulerian frame, in whichithelation data is de ned,
and the Lagrangian frame, where the inserted particlegsept the inclusion volume
and are used to determine the volumetric correspondences.

The visualization framework works as follows. The inputhe tpproach are a time
series of a vector eldi for particle advection and a scalar eldfor inclusion de ni-
tion. The initial timetg is chosen, at which particles are seeded witfljfty). These
particles are then advected up to titge whereby integration is performed between
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consecutive simulation steps, and so is the constructicemdration surfaces. At time
tr, the connected components that de ne the inclusidp&r) are determined, and for
each advected particle, the surrounding inclusion is fodie inclusion labels are then
mapped to the seed points, and nally, boundaries are exilaor each label within
Mi(to). In Figure3.17, the algorithm is presented as a diagram. In the followirngses,
each step is described in detalil.

Particle Seeding and Advection

At time to, particles are seeded s if f(sp;to) > t. This is illustrated in Figur&.18
wheret is represented by theLIC interface that divides the cell into liquid and gaseous
phase, and seed points are located only at posisgesiclosed by theLiC patch. The
seed positiois, and the maximum number of seeds per nghire controlled by a global

re nement parameter in the formne = (29", whered = 3is the data dimension. For

r = 0, the seeds are positioned at the centers of the simulatitsx deorr > 0, the
cells are recursively divided times into equally sized subcells, and the particles are
positioned at the centers of these subcells.

To determine ifs, lies within the phase of interest, the seed position regativthe
PLIC patch is computed. To this end, the patch orientation andiposire determined.
To nd the PLIC normaln, the gradient of the - eld at the cell centelx. is calculated
and normalized. Next, the attachment partde ned as the most distant cell node



48 Chapter 3 Visualization of Interactions in Droplet Groups

-1 Figure 3.18: Particle seeding with pLIC interface reconstruction. Seed
S S3 positions s, are determined in each cell with f > 0 by the re nement
parameter r. Here r = 1, and s;—s; are at the centers of four subcells.
P X" d -~ | For each s, the n-projected distance d to the attachment point a is
| compared with the pLIC patch translation | to determine if particle p is

* seeded at sp. 4 will not be seeded in this case.

from thePLIC patch in the direction oh—is determined. TheLiC patch position,

i.e., its distance frona, is obtained iteratively by ensuring that the volume ersiblsy

the patch equals the valdein the given cell. Thenl, is compared with the distanck
from s projected onto the normal. # < I, a particle is positioned a&,. In the gure,

the distanceal > | for sy 3 implies wrong phase, and hence, no particle will be seeded
there.

To compute the ow mapfttoF (sp), the particlesp are set at the seed points and
advected up to timé= (Figure 3.15(a) using the standard fourth-order Runge-Kutta
scheme performed between consecutive simulation times stefhe intervallto; te],
whereby linear interpolation in time is used. The seed paptare stored for later
processing to determine the correspondence betweenimadust timegp andtg.

Inclusion Labeling

To extract the inclusions at time, a grid with the same structure as the input simula-
tion grid is created, where cellswith f(xc;t) > t are set tdl and the others t6. With
this bit mask, connected components that correspond tantiesionsM;(tr) can be
found by region growing, whereby two cellg, andc, are considered connected if they
are face neighbors. Each inclusion is then identi ed by a&lg2 N. The connected
components are stored in a label eld, which again strudiyicarresponds to the simu-
lation grid. This greatly simpli es particle assignmens, @escribed in the next section.
All grid cells without connected components are marked waithnvalid label (i.e., 1).

In Figure 3.15(a) the labeled inclusions are marked red, green, and yelloalusgion
labeling can be performed independently of the advectiep, dince determination of
inclusion labels only requires the scalar efdx;tg).

Particle Label Assignment

In the next step, for each advected partiplat timetr, the surrounding inclusioNl;j is
found (Figure3.15(b) and its labelj assigned to the particle. If the particle does not lie
inside any inclusion, a non-valid label (i.e.)l) is assigned to it. On rectilinear grids,
the bounding cell can be easily found by iterating over theéencoordinateg; of the
grid until x; < Xp < X+ 1, With x; 2 f X;y;zg. The inclusion labej is also mapped to the
stored seed point, corresponding to the advected particles (shown by dashedsin
Figure3.15(b). Additionally, to visualize the temporal evolution of threlusions, the
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intermediate particle positions (i.e., fior< tj < tg) are stored during the computation
of the visualization, and the computed labels are assigndtein at this stage.

Boundary Extraction

The labeled seed points allow the extraction of the vqummUariesBﬁg within the
inclusionM;(to) that correspond to the inclusioM;(tr), according to Equatio8.11
For this purpose, a bounding box is computed around all seedss, with the given
label | and a rectilinear grid is generated within the bounding hashsthat the seed
points coincide with the grid nodes. At each grid node, vdligset if a seed point is
actually located at this position, a®dtherwise. This way, the boundariBsan be ex-
tracted using the standard marching cubes algorithm. $eogrid node positions must
correspond with the seed points, the size and number ofisefigplicitly controlled by
the re nement parametet. In Figure3.15(c) the boundarie8 are marked by darker
curves that bound the volum¥s

The disconnected inclusion segments (SecBi@? can be visually detected either
directly from the color of the boundaries (each inclusiorpsto a different color label
of the volume regions, and disconnected volume regionsigeig to the same inclusion
have the same color) or using the particles from intermediate steps that also carry
the inclusion label information.

Extraction of Separation Surfaces

To extract the separation surfacgslescribed in SectioB.2.4 inclusion labeling and
particle label assignment are performed after each aawvestep to obtain the current
inclusion segmentation. The resulting seed labels aredtmr two subsequent time
stepstk andty: 1. For each label &, the corresponding seeds and their labelig.at
are analyzed. More than one unique labelat indicates that the segment has split in
the current time interval, and therefore, separation segare extracted by performing
a modi ed marching cubes algorithm for eaircombination of the labels. In the al-
gorithm, node values are set te ®and “ ” which correspond to either of the labels,
and the surface passes through the edge centers betweand “ " nodes. To ensure
open surfaces, the outer nodes (i.e., not belonging to athyedivo labels) are marked
with an invalid negative value. In the nal step of marchingpes, the edges of each
triangle are tested for whether they lie on edge with therombele, and discarded in
this case. Finally, the surfaces and the corresponding star@psy+ 1 are stored for
visualization.

Phase-Consistent Trajectories in Multiphase Flow

Since typically only a fraction of simulation time steps &ed for analysis and visu-
alization (due to potentially high storage demands of larigeulations), and because
two-phase ow is highly nonlinear (due to, among othersfate tension forces), there
is usually not enough information to ensure phase congigigparticles advected with
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Tx3(t+ t)

(b)

Figure 3.19: Particle corrector method in multiphase ows w ith pLIC interface reconstruction.
(a) After each advection step, it is checked whether some patrticles left the original phase (f > 0),
and if so, the position is computed with the displacement vector of the nearest phase-consistent
particle. (b) (Dotted rectangle from (a)) If it is still not in cell with f > 0, the particle is moved in
the direction of the nearest such cell up to its boundary. (c) Afterwards, the particles outside the
volume enclosed by pLIC patch are projected onto the pLIC plane in the direction of a.

the standard integration methods, i.e., the particles rtray sff to the other phase dur-
ing advection. However, assuming that physically-base$ehransitions do not occur
in the simulation, the particles must stay in the same pHa®seighout advection. To

meet this requirement, and to provide plausible results thi¢ available information, a
three-stage approach is introduced that utilizes the iseth f to correct positions of

stray particles during advection.

Particle Corrector

After each integration step betwegnandty.; 1, a three-stage procedure is applied to
each particle that left the assigned phase in order to and back to its original
phase. In the rst stage, the neighborhood of the partickesrched for valid particles
(i.e., particles that remain in the assigned phadg.a}. Thatis, inthe3 3 3cell
neighborhood at timg (i.e., before the current advection step) the nearest hergh

(if any) is chosen. Its displacement vectx, = Xp(tk+1)  Xp(t) is applied to the stray
particle, i.e. Xtk 1) = X(t) + dxp (Figure3.19(a). Since this does not guarantee that
the particle will be back in the original phase, in the secstagje, the nearest cell with
f > Ois searched (using a loop over neighboring cells), and thecgais translated to
the boundary of this cell along the line connecting the phrtwith the cell center, as
shown in Figure3.19(b) where the new particle positions are denotg® Afterwards,

in the third stage, for each particle in the interface chi, position of theeLIC patch is
calculated at the current simulation time step. Then, iesded if the particle position
lies within the volume enclosed by tireiC patch. If not, the particle is translated along
the linex, ato the patch (Figur&.19(c).
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3.2.6 Implementation

The visualization method has been implemented as a plughreifParaView visualiza-
tion framework [LO]. To improve the visual representation of the boundaBesd sep-
aration surfaceS, a smoothing lter is applied to the meshes extracted by thecimng
cubes algorithm. Although some ne details might be losthe process, a smoothed
representation improves perception, and hence providessonable trade-off. For the
visualization of the labeled inclusions in multiphase oatdsets, the labels were resam-
pled on the geometric representation of EueC interfaces §5|. To visualize temporal
evolution of the inclusions, the intermediate particleiposs are stored after everyth
simulation time stepn(= 8 in the datasets), see Figuse2Q For the second stage of
the particle corrector scheme (translation to a cell bory)déhe line-box intersection
algorithm proposed by Kay and Kajiy@%] was adopted.

Parallelization

For large datasets, parallelization is necessary duede laemory requirements of the
simulation data. For instance, in tNen-Newtonian Jetimulation (Sectio3.2.7), each
simulation time step consists of ov20GiB, which could not be processed on a regular
desktop computer. Hence, in this method, data paralleligm the approach adopted
by ParaView) is employed, where the domain is split amongrs¢yprocesses (possibly
running on different machines), and each process works aeaspigned subdomain.
In this approach, explicit communication is necessary &agxchange.

Due to the global nature of particle advection, those pagithat leave a subdomain
must be sent to the processes managing the subdomains ticéepdrave entered. To
avoid cases where the Runge-Kutta substeps are computess aighboring subdo-
mains, ghost cells around each subdomain are stored. Anglibleal algorithm em-
ployed in this work is connected component labeling. Theeantrimplementation is
based on the method proposed by Harrison et@l. [ Additionally, the transfer of
particle labels to their respective seed points must be ladrekplicitly. That is, for
each particle, its ID within the original subdomain as wsltlae process ID responsible
for that subdomain is stored. This information is then usetlansfer the labels to the
correct processes and to save the label at the correctqositthe label array.

In addition to the process-level parallelization, thréakl parallelism provided by
the OpenMP 129 parallel for-loops is also employed for particle advestio speed up
iteration over particles.

3.2.7 Results

The utility of the presented method is demonstrated on tvwasgds from direct numer-
ical simulations of incompressible two-phase ow, wheguid and gas phases occur
simultaneously. For the rst datasd®dripheral Collisior), the re nement parameter is
set tor = 2, whereas for the secontl¢n-Newtonian Jgfr = O.
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(a) 0:478ms (b) 0:719ms (c) 1:31ms (d) 1:93ms (e) 2243ms (f) 2:85ms

Figure 3.20: Visualization of separation in Peripheral Collision dataset with two peripherally colliding drops. The top row shows the extracted
liquid interface for selected simulation time steps. After collision, the drops initially form a disk that disintegrates into many differently shaped
droplets. In the bottom row on the left, volumetric contributions of each droplet from the last shown simulation time step are visualized, colored
according to the labels of these droplets (shown on the right). The visualization reveals the topology of the drop disintegration spatially. For the
four time steps in the middle, particles with colors corresponding to the drop labels are visualized, which allows for spatio-temporal tracking of
the droplets.
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(a) tr = 2:660ms (b) tr = 2:660ms

(c) tr = 1:925ms (d) tr = 2:431ms

Figure 3.21: Visualization of droplet separation in Peripheral Collision dataset. (a) The section
cutout (marked with white curve) of the boundaries B from Figure 3.20 exposes the inner topol-
ogy structure—almost all developed drops radially expand from the collision center. (b) The
separation surfaces reveal segmentation in the temporal context. Dark blue surfaces indicate
the early separation of disk shaped and ring shaped droplets. Afterwards, both parts separate in
similar time further, as indicated by turquoise color. (c), (d) Visualization of separation surfaces
for the earlier time steps shows the evolution of the separation.

Peripheral Collision Inthe rst dataset, two water droplets collide peripherallhis
dataset consists @56 cells, which cover a domain size dEm?, and461time steps.
In the top row of Figure8.2Q selected simulation time steps (frdgto tg) are shown.
The inclusions are investigated from tinge= 0:478ms (i.e.,60th time step, just before
the collision) up to timéx = 2:85ms (i.e.,461st time step, with small droplets resulting
from the collision). The two merged drops form a at shape gits into an inner disk
and an outer ring. Finally, both structures separate intallsinoplets.

The visualization in the bottom row reveals the volumetdorespondences between
the volumes of the two initial drops and the drops at the miadet step. Many small
droplets are formed from narrow sections that extend rigdiam the collision center.
These small drops, however, form only on the sides, wheheagdlume sections at the
bottom and top contribute to relatively large drops.

In Figure3.21(a) a section of the right drop from Figu®20has been cut out to
reveal the inner structure of the volume contributionserestingly, almost all droplets
that develop after the collision are formed from volumeg tra close to the collision
center and propagate outward to the back side. This steubeesrs some similarity to
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(@)

(b) (c)

Figure 3.22: Separation of droplets computed backward in time for the Peripheral Collision
dataset. (a) Drops at tr are labeled (blue and red). (c) The volumetric contributions are visu-
alized at ty. (b) For the selected rotating drop (marked with box in (c)), the technique reveals
S-shaped structure within the drop volume.

cracks in a solid material that propagate from the impaattpdn Figure3.21(b)}{(d),
separation surfacesare shown. Here, the breakup of the inner disk and outer sing i
apparent in the form of cone-like structures in both drapléthe surfaces within the
cones have similar colors, indicating simultaneous sejoaraf multiple droplets.

For this dataset, the method has been additionally applieeverse time direction
(i.e., by settingp = 2:85ms andte = 0:478ms) to reveal how exactly the initial two
droplets contributed to the later smaller droplets. Thelltés shown in Figure3.22
In Figure 3.22(a) the two droplets at tim& = 0:478ms are visualized by theLiC
interface. They are colored by the connected componenisiadred their contributions
in the droplets at timéy are visualized in Figur8.22(c) As can be seen, the volume
from the red drop dominates on the upper right part of theldte@t later physical time.
Figure3.22(b)shows a selected droplet that rotates after separationtfrenfisk-shaped
drop. The boundary from the blue droplet is transparentueakthe inner structure of
the drop. The interface between the two boundaBidsrms an S-shape, and there is
distinguishable symmetry of the two volumes—it clearlywkdhe interplay between
distribution of volumes originating from different inciiesis and rotational motion of
the resulting inclusion.

Non-Newtonian Jet The second dataset is a simulation of the injection of a jetena
up of a non-Newtonian shear thinning aqueous solution cd$ch 2500 (0.3% weight)
into air atpaym = 1bar. The jet is introduced into a rectangular computaticia@hain



3.2 \Visualization of Droplet Separation55

Figure 3.23: Selected time steps in the Jet
dataset. On the bottom, the jet at time step
to = 1:60ms is about to break up into a mul-
titude of droplets and ligaments. On the top,
a moderately developed jet at tr = 3:97ms is
shown.

Figure 3.24: Separation boundaries B (top) and temporal separation surfaces S (bottom) in
the Non-Newtonian Jet dataset, with front part cut out to reveal the inner structure. The jet
disintegrates mostly in the rear part and at the very front, which bends back. Small dark blue
separation surfaces indicate that small droplets disintegrate early.

with a diameter of D= 1:2cm and with the velocity pro le from a short nozzle with

a mean velocity oli = 75m/s, and therefore, a Reynolds number=R&9000 The
domain has a size @f2D in the direction of the injection and dfOD in each of the
directions of the injection plane. The domain is discretineer2688 512 512cells.
The temporal development of the jetis shown in Figai28 Attg= 1:60ms, the jet has
started to interact with the surrounding gas, resultinganding back of the jet tip and
the development of surface waves. Due to the high Reynoldbeayrthe jet becomes
unstable very quickly, and &t = 3:97ms, the core has disintegrated substantially and
has mostly broken up into ligaments and droplets—the ataiioiz has begun.

Figure3.24shows the boundaridsand separation surfac&atty. Small polygons
have been removed for clear overview. Apparently, in thesiigated time interval, the
front of the jet does not undergo strong disintegration épxdor the tip), whereas in
the rear, many segments imply the origins of elongated dtsphat develop later. The
separation surfaces at the bottom of the gure are unifordmyributed, although small
droplets detach earlier, as indicated by small dark blulaeces.

In Figure3.25 the temporal evolution of one selected ligament (coloredghown
with the entire jet (gray) in the background, frdgnat the top tdr at the bottom. The
liquid mass, which will later form the ligament, is initigltistributed over one third of
the jet length. As the liquid mass starts to surface, it ietdrated due to the interaction
with the surrounding atmosphere. In the meantime, the ffetfteomass, which origi-
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Figure 3.25: Selected volumetric contributions (green) in the Non-Newtonian Jet dataset at ty
in the top gure and the corresponding ligament at tg in the bottom gure. In the middle gures,
the temporal evolution of particles (blue) for the selected contribution is shown at intermediate
time steps. The volumetric contribution curls into the nal ligament as it is pushed away from
the jet core by the surrounding air.

nated in the central part of the jet, has approached thecaatfpart, and by the third
time step, the bulk of the liquid mass is located within thet surface wave, while a
few parts are located in the next wave. From the underlyibgojge can see that the
waves are already starting to deform strongly from the sld@eperiodic wave. At

the next time step, almost the whole liquid mass has mergddraved even closer
toward the surface, where it has reached its most compaut for the next time step,
the surface wave has disintegrated and the liquid mass kasiegea complex branching
ligament. With time, the ligament moves further away frora ttore axis, interacting
more strongly with the atmosphere. Finally, the rst draddeeaking off the ligament

in the nal time step can be observed.

The proposed visualization method allows to make intargstibservations about
the jet simulation. Contrary to the seemingly radial expamsn Figure3.23 the
ow eld inside the core is creating the analyzed inclusiaor liquid mass scattered
throughout the core, as revealed in FigBr25 Furthermore, this gure is an excellent
representation of the different steps of the primary jedk+ep showing the formation of
surface waves, the deformation of the waves, the rupturiitiggowaves into ligaments,
and the stretching and break-up of the ligaments into dteple
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(b)
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Figure 3.26: Visualization of the accumulated displacement for the investigated multiphase ow
datasets. Cross-sections are shown as white lines. The displacement values g, of the integrated
particles are mapped on the corresponding seed points. Both in the Peripheral Collision (a) and
Non-Newtonian Jet (b) datasets, larger values correspond to the boundary regions, which are
most unstable.

The presented method allows for a simple and intuitive wagrtalyze the spatial
and temporal development of the primary break-up of ligeid.j With this method, an
insight into the movement patterns of selected inclusidribebreak-up process could
be gained which would otherwise have been hard and unlikebptain.

Analysis of the Corrector in Multiphase Flow

To quantify the amount of applied correction that is necgssa keep the particles
within the initial phase in multiphase ow (Sectidh2.9, the introduced displacement
is accumulated for each particle over all time steps

o= B xpi® DR i+ KB c12)

|

where the rst term is the translation with the displacemesttor of the nearest phase-
consistent particle (Figur&19(a), the second term in the sum corresponds to the trans-
lation to the nearest cell with> 0 (Figure3.19(b), and the third term is the translation
to thePLIC patch in the interface cells (FiguB19(c). For the analysis, the valus
is displayed at the seed positiogsfor the Peripheral Collisionand Non-Newtonian
Jetdatasets in Figure3.26(a) and(b), respectively. The particles that were translated
most correspond with the boundary positions. This is easytéopret, since the parti-
cles that most probably leave the liquid phase are closestphise interface at unstable
regions. Although the maximum value of the accumulatedextion is relatively large
(0:07 of the domain size foPeripheral Collisionand0:06 of the domain size for the
Non-Newtonian J@tit occurs only for small number of particles, and the cotian for
most of the particles is considerably smaller (as indic@gdark orange color in the
gures).

Robustness

In Figure 3.27, the sensitivity of the particle advection to the tempoesdalution of
the data and different variants of the particle correcteriavestigated. The selected
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]

(a) 50 steps; no correction. (b) 50 steps; no displ. vec. (c) 50 steps; full correction.

(d) 400 steps; no correction. (e) 400steps; no displ. vec. (f) 400steps; full correction.

Figure 3.27: Analysis of corrector robustness for 50 (top) and 400(bottom) time steps. (a), (d) No
correction applied, with many stray particles (corresponding blue surfaces). (b), (e) Only second
and third stage. (c), (f) full correction. Incorrectly assigned particles at the collision region in (b)
are corrected either with (e) better temporal resolution or with (c) full correction.

droplet region from th&eripheral Collisiondataset is particularly prone to error due to
the collision, which is dif cult to capture during integiah. For the analysiss0 (top
row) and400 (bottom row) simulation time steps were used, spanning dmeestime
interval. The left column shows the resulting boundary nstauction for particles with

no correction applied, in the middle column, the particlesenmoved to the closest cell
and consequently to theLIC patch without the adjustment by the displacement vector.
In the right column, full correction was applied. With no motion, even with high
temporal resolution, there are regions containing padithat left the initial phase, as
indicated by dark blue surfaces. Interestingly, for twagst correction, the stray parti-
cles are gone, but in Figu®27(b) some particles at the front are incorrectly assigned.
With full correction, little difference can be seen betwdeth resolutions. This shows
that the correction method can provide reliable results fds lower temporal resolu-
tion, although in the presented experiments, a higher teahpesolution was used to
further increase the reliability of the results.

Performance

The computation of the visualization for tReripheral Collisiondataset was performed
on a commodity desktop with Intel i7 3.6 GHz processor (4 spaad32GiB RAM. For
the Non-Newtonian Jetlataset, a Cray XC40 System was used whnodes, each
with two Intel Xeon E5 processors ad@8GiB of memory, and one process running
per node. Table.3 shows the con gurations (i.e., number of simulation timepst
and the number of seeded particles) and timings (i.e., tote, average time for one
advection step and extraction §f and time for extraction oB) for the three datasets.
Although both datasets have comparable numbers of patitile computation of the
Non-Newtonian Jetlataset is not much faster, despite the parallelizations iBhdue
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to the fact that with the data parallelism in a distributedtsyn, the particles are not
evenly distributed among the processes. Moreover, theamgehof particles across
the subdomains introduces some overhead after each ititegséep. However, since
the computation is done off-line, this performance costrseatable considering clear
implementation design in the data-parallel approach.

Table 3.3: Computation times for the three datasets. For Peripheral Collision (Drops), the
measurement was performed on a desktop computer, and on the Cray system for the Non-
Newtonian Jet (Jet) dataset. “Time” is the total computation time, “Adv. Step+S’ is the time
for one step (done for each simulation step) of advection and extraction of S. “B” is time for
extraction of boundaries (done once).

Dataset #Steps #Particles Adv. St€§p+ B  Total

Drops 400 11e6 547s 5:8s 6:8h
Jet 237 17e6 295s 6:1s 3:9h

The performance dependency on paramethas been also investigated. As Ta-
ble 3.4shows, in case dPeripheral Collision the difference betwean= Oandr = 1is
relatively small arguably due to better usage of threaé!lparallelism. For = 2, on
the other hand, the number of particles increases the catnputime substantially. For
theNon-Newtonian Jewith 8-fold increase in particle number, thereBiold increase
in time for the advection step and the total time increasesiehtimes, suggesting that
the interprocess communication constitutes considetabts and is less dependent on
the number of particles.

Table 3.4: Computation times for different values of parameter r for Peripheral Collision and
Non-Newtonian Jet datasets. Same notation as in Table 3.3.

Dataset r #Particles Adv. Steg3 B  Total

Drops O 1.8e4 21s 0:3s 0:9h
Drops 1 1.4e5 7.9s 0:9s 15h
Drops 2 11e6 547s 5:8s 6:8h
Jet 0 1:7e6 295s 6:1s  3:9h
Jet 1 136e6 2340s 46:2s 189h

For the visualization, a commodity desktop computer fodathsets could be used,
since the data produced by the technique (i.e., the padatkeand mesh for boundaries
B) does not exceetiGiB, even for theNon-Newtonian Jedataset.






VISUALIZATION OF LIQUID
INTERFACE DYNAMICS

In the previous chapter, visualization techniques for tbgroups and jets were pre-
sented, where the focus was on the analysis of phenomenaddgadbreakup and merge
events as well as on detailed investigation of liquid se@aradynamics. Equally im-
portant in the analysis of two-phase ow is the study of lidjunterfaces, and in this
chapter, several visualization techniques are preseptethis purpose that focus on
various aspects of liquid interfaces and the related pesses

In scienti c two-phase ow simulations, the volume of uid ethod is typically
used for interface tracking. Furthermore, for reconstomgtpiecewise linear interface
calculation is usually employed, since it provides a reabtmtrade-off between accu-
racy and computational effort. However, since the recosin in uences the quality
of a simulation, and therefore the observed phenomena,asidhoplet breakups, it is
judicious to investigate the reconstruction propertiesually. Consequently, a frame-
work is presented for the visual analysis of the piecewisedr interface calculation
together with its implications on the overall simulatidb]. In this framework,PLIC
reconstruction is interpreted as an isosurface extragiroblem from the rst-order
Taylor approximation of the underlying volume of uid eldThis enables error analy-
sis and geometric representation of the reconstructi@tyding the uxes involved in
the simulation. At the same time, it allows for generali@atof PLIC to higher-order
approximation.

The observed two-phase ow dynamics and related topoldgltanges are strongly
in uenced by the interplay of uid dynamic and surface temsiforces. Surface tension
force has a particular importance in the small-scale phemamwhere it dominates
the deformation dynamics due to the large curvature val@esnbined with uid dy-
namic forces, it leads to the generation of intricate itegf formations and potential
phase disintegration. The analysis of these processesgaide better understanding
of interface instability and potential breakups. To thidem solver-based approach for
curvature computation is implemented, and from this, thiéase tension together with
the respective velocity eld are derived to investigate #ffect of surface tension on
interface dynamics. For the analysis of interface defoionainduced by both the sur-
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face tension-derived and the simulation-based velocitgsgan approach is presented
to compute interface stretching and bending based on natdshape tensors, respec-
tively. For the visual investigation, the eigenpairs ofsiéensors are used that de ne
the direction and strength of the respective deformatipe.ty

In two-phase ow, an important research direction is theestigation of water
droplets on the surface of a high voltage insulator. Theseldts can lead to static
discharges that have detrimental effect on insulators. tR®@mumerical analysis of
the resulting electric eld problems, nite element-baseléctric eld simulations are
commonly used, where the employed edge-conforming reptasens of the electric
eld ensure the desired eld discontinuity at material bolanies. However, a major
drawback so far has been the lack of appropriate visuatizagchniques, necessitat-
ing a resampling step with all the involved drawbacks, idoig artifacts in the form
of imposed continuity across material boundaries. Herasaalization framework is
presented for the discrete eld data resulting from suchusitions on quadratic tetra-
hedral grids §6]. It evaluates edge-conforming data by means of vectoslfaactions
and provides different visualization approaches for threstigation of the electric eld
at material boundaries.
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4.1 Visualization of Solver Interface Reconstruction

In this section, a technique is presented that allows fortailée visual analysis of two-
phase ow simulations in terms of interface modeling. Asigaded in the Fundamentals
(Chapter2), in CFD, two-phase ow simulation is achieved by advecting an addl
scalar eld that represents cell-wise material distribati A widely used approach for
tracking phase interfaces ®.IC due to Youngs 208 209 which balances tracking
accuracy and algorithmic simplicity (and therefore conapional cost). However, since
the tracking step must be repeated in each simulation stefrlac produces a linear
approximation of the interface, it is important to inveatigthe in uence of the interface
reconstruction on the simulation outcome.

The primary focus of the visualization technique preseimtettiis section is there-
fore to provide a set of simulation-oriented visual anayebls that allow scientists to
evaluate and assess the quality of simulation runs and ndogdiier understanding of the
numerical processes that affect the results. Speci chihyidentifyingPLIC reconstruc-
tion as an isosurface extraction problem from the rst-orftgylor approximation of the
VOF eld, a versatile framework is obtained. On the one handll@ves to derive error
bounds on the implicit approximation of the VOF- eld, on th&her hand, it provides
several geometry-based error measures with respect thdpe of the reconstruction
and the discontinuities at cell boundaries. It also provigeometric representations of
the volume enclosed byLIiC as well as the ux of thevOF eld. Finally, it general-
izesPLIC reconstruction to higher-order approximation which adar more rigorous
investigation of the interface reconstructidn.

4.1.1 Related Work

Many visualization methods have been proposed for mateti@tface reconstruction.
The related work in this topic can be found in the Fundameni@hapter2). Some

of these works visualiz8D PLIC patches for comparison with their smooth interface
reconstruction techniques, they do not, however, conantin thePLIC interface re-
construction quality.

Interface reconstruction for multiple materials was anaty/by Prilepov et al.143
who constructed volume fraction function and employedaso® elds to represent the
material interfaces. Li et al1p5 proposed a technique for multiphase interface track-
ing which combines implicit and explicit contouring schesrand can track complex
topology changes. The interface reconstruction was alssstigated for the boundary
extraction in computed tomograph@T) volumes with multiple materialslPg. How-
ever, while these works concentrate on appropriate visa@in and extraction of the
resulting features, here, the focus is on visualizationntérface reconstruction with
respect to the simulation process. Hence, the presentkdigee does not aim at pro-
viding a smooth representation.

1 Parts of this section have been published 8] [
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Figure 4.1: (a) PLIC as isosurface extraction problem in f1. First-order approximation f* exhibits
planar isosurfaces (dashed lines) perpendicular to Nf(x.) (red), and so does PLIC by construc-
tion (green). Hence, instead of adjusting t such that the volume n(P;) of the enclosed polyhe-
dron P; equals f¢, one can adjust isolevel s accordingly. (b) and (c) Discretization (gray nodes)
of f¥ for k> 1 within a simulation cell (bold grid). (b) An isosurface (red polygon) representing
the pLIC polyhedron P is obtained by setting all boundary nodes (blue) of the supersampling grid
to -FLT_MAX . (c) Cells are split at “reversely advected” cell face to generate ux volume (pale
red), f¥ is interpolated at the new (gray) nodes. Nodes below the face are set to -FLT_MAX to
obtain the respective isosurface representation (red). © 2013 IEEE.

Only few visualization methods have been developed thasitnyate the behavior
of solvers with interfaces. Obermaier et dl2f analyzed the stability of reconstructed
interfaces by comparison with time surfaces. More recefigynandes et al4}] ex-
amined the interrelation of coupled uid and structure sot/in an in-situ visualization
framework.

As the reconstruction afLIC patches involves gradient estimation, a related work
is by Hossain et al.75] who presented gradient estimation methods for eld data on
regular lattices. These methods were further improved loy &L. al 4] where storage
overhead was reduced.

4.1.2 PLIC Reconstruction for Visualization

ThePLIC patches are planar and perpendicular to the gradiehpgf and in the simu-
lation, their position is de ned by distancefrom a cell nodea that would be swept last
if the patch were translated along the gradient directiogufe 2.2(c). This distance
is chosen to ensure that the voluvie of a polyhedronP enclosing the cell's liquid
side equald.. Central to the presented visualization technique is thervbasion that
the properties oPLIC planarity and perpendicularity & f(x) can also be realized by
isosurfaces extraction of the rst-order Taylor approxtioa of f centered around the
cell centerxc, with f(xc) = fe:

fL(xc+ h) = f(x)+( Nf(xc) h; (4.1)

wherex¢ = (X1;X%2;X3)” ; h = (hy;hp;h3)” 2 R3. Hence, theeLic patches can be repre-
sented and obtained by marching cubes isosurface eximdotim {1, separately within
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each cell. In this formulation, instead of ndingsuch that the corresponding polyhe-
dron volumeV(P;) equalsf., an isolevels of f! is selected that ensur&§Ps) = fc,

as illustrated in Figurd.1(a) In other words, the polyhedrd®, and consequently its
volumeVp, is parameterized by isosurfasginstead of translation.

The above formulation allows to obtain higher-order apprations of the interface
by isosurface extraction from higher-order Taylor appmuadionsf¥ of f. This requires
fk, which in the form of multivariate Taylor approximation 6f centered at the cell
centerx. reads
é 72 f(Xc) ha

fK(xc+ h) = .

jaj k

with @ 2 N3, usingmulti-index notation For k = 2 this results in the second-order
Taylor approximation

f2(x+ h)= f(x)
71(x) 71(x) T(x) st
h h hy 1
+ 1t 2t %3 3

X1 x2
7°£(x) 7°£(x) r°fx), . 3
hih hih hohz=
Thate T alxe e ol T g 4.2)
+ 12£(x) 2, ﬂzf(x)h2+ ﬂzf(x)hz 3 .
22 1T 2mE 7 2mé e ’

with the respective zeroth, rst, and second-order terntse ifivestigations in this sec-
tion are constrained to a maximum of order two, although adgiois straightforward
to use within the framework.

4.1.3 Discretization

To extract therLIC patches as isosurfaces Bf for k= 1 (i.e., up tolst-order terms in
Equation4.2), the computation oNf in each cell is required. To ensure consistency
with the simulation process, the respective gradient egion process is employed.
The gradient of cell-centered quantities suchH@is obtained by computing the partial
derivatives using nite differencing at the centers of tledl éaces between the respective
cells, e.g., the partial derivative mdirection is computed at the center of theface.
Then, the partial derivatives at the center of2 co-planar faces (in this cagefaces)
are averaged and stored at the node that is shared betwesenftives. Repeating this
procedure iny- and z-direction provides the node-based gradient. Finallys iinter-
polated to the cell center. After computirf§ at cell nodes, the isosurface extraction
algorithm is applied, which readily produces thigc patches.

One remaining step in the computationrfic patches is nding the isovalus
which produces the right offset alomyf (xc) (Figure4.1(a). To this end, the volume
V(Ps) of thepLIC polyhedron (Sectiod.1.2 must be determined. Since the approach
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should address generic cases vkith 1, a possible procedure would be to apply trian-
gulation to close the isosurface along the respective fads pf the original cell. This
would be, however, a demanding task with respect to conmipuatdtcost and implemen-
tation complexity, particularly fok > 1. Instead, the marching cubes algorithm is also
applied for this task. An auxiliary uniform gri@. of 32 cells is constructed, with the
original cell as the inner cell whose node values were obthfrom f¥. The values on
the outer nodedly,t, on the other hand, are set to a very large negative valigeg.,
g= -FLT_MAX). This way, any isosurface is tightly closed along the faagians
of the original cell, providing the triangulated represdian of Ps corresponding to
isolevels. The inaccuracy introduced by the additional volume c@uesling to the
faces external to the original cell is negligible (in the @rdf numerical accuracy), be-
cause, ag dominates thef¥-values, the additional parts of the isosurface are located
very close to the faces of the original cell. However, sirfde s only the case if the
partial derivatives off are reasonably bounded, i.e., below the ordeg,dhe modulus
of each of the values withi. is tested if it exceeds g 10 2 and the user is warned
in such a case (this, however, never occurred in the invastigdatasets). The volume
can be obtained from the resulting triangulatioVéBs) = azp, V1 (V2 V3)=6, with
V1, V2, andvs being the three vertices of triangle

With the developed method for the volume computation from pblyhedron en-
closed by therLIC interface, it is now possible to determine the isolesesuch that
V(Ps) = f.. The problem is addressed by iterative optimization, tlee, bisection
method is applied to nds. Please see the original pap@&g] for the details on the
algorithm.

Higher-Order Interface Approximation  The above method for the generation of the
rst-order PLIC interface already provides a basis for the analysis of tbengruction,
as discussed in Sectidnl.4 However, for higher-order interface approximation, vwhic
is used for comparison and visualization of the approxiomatrror with respect to
the curvature of the interface, additional steps are nacgds obtain the geometry
representing the higher-order approximation.

Fork = 2, beyond the gradient, second-order partial derivativestrine computed.
To ensure consistency with the simulation code also withrggpect, a nite difference
scheme based on the simulation of surface tension is enthléi@vever, the curvature
estimation code in the solver computilgéN f=kNfk) and hence, cannot be directly
utilized. Instead, the Hessid(N ) using the same scheme was implemented for the
visualization. Speci cally, it is computed from the nodaded gradient by evaluating
the nite differences between neighboring nodes along #léexiges. This provides
a partialx-derivative at the center of eashedge. To obtain the cell-centered Hessian,
these partial derivatives (in fact its columns) at the fiedges of a cell are averaged.
Repeating this process ya andz-direction yields the full Hessian.

To compute the polyhedron volunv€Ps ) of higher-order approximations, it is nec-
essary to subdivide each simulation cell by a facter 1 into n® subcells and resample
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Figure 4.2: Sphere dataset with interface extracted using
standard marching cubes algorithm. pLIC interface recon-
struction and visualization measures are demonstrated
for this dataset in Figure 4.3.

@) (b) ()

(d) (e) (f)

Figure 4.3: Visualization measures applied to the Sphere dataset. Measures: (a) bound B
on approximation error with respect to f, (b) second-order pLIC patches colored with surface
curvature kmax, and (c) cell-wise maximum Knax 0f (b) colored on the pLIC patches. The radius
of the sphere according to the pLIC reconstruction is 0:0505m (initialized as 0:05m), hence the
curvature should be ideally 20m *. (d) Minimum discontinuity dhn, (€) maximum discontinuity
Omax on pLIC and (f) on second-order patches. While (d), (e), and (f) account for the displacement
of the patches along Nf(x), (a), (b), and (c) consider only partial derivatives of f and are hence
not directly dependent on the displacement. © 2013 IEEE.

fk at the resulting nodes. Similarly to the cadse 1, an auxiliary subgrid3. is con-
structed, withn+ 2 subcells in each dimension, and with the (now subdivideid)j roal
cell occupying the inner part, as shown in Figdt&(b) By setting the values on outer
nodes tggand applying the marching cubes algorithm, the triangothedif P is obtained,
which is used in the bisection method (wklx 2) for the estimation of.

4.1.4 Measures for Visual Analysis of Interface Reconstruction

In this section, several visualization quantities areodtrced that measure the error of
the interface reconstruction.
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Bound on Approximation Error The rst error measure oPLIC reconstruction is
the bound on the approximation error Bf which is calculated as follows. According
to the multivariate version of Taylor's theorem, sin€ds k+ 1 times continuously
differentiable (Sectiod. 1.2 within the cell volumeC, there isR, : R®!  Rwith b 2 N3
such that

a
fe+h)= & 1 f(.x°)h""+ a Rp(0hP:

jaj k : jbj=k+1
From this follows
. . jbj . .
Ry, (X ~— max maxj 79f =:M; 4.3
IRp()i gy max max T (y); (4.3)

with x 2 C, leading to the uniform estimate that bounds the approxenadrror of the
kh-order Taylor approximation

f(x) fXx) Mc*? (4.4)

within C, with ¢ being the maximum of-, y-, andz-extent of the cell. Hence, the upper
boundB for the approximation error of with respect taPLIC reconstruction is obtained
by k= 1in Equatiord.4and inserting Equatiod.3:

= ;maXmaXJ 19f(y)j = mMaxkN(N T (y)) kmax c? (4.5)
ig=2 y2C

with the maximum nornkAkmax = maxj ajjg. Thus, to obtairB, the largest modulus
of the elements of the Hessian bivithin C must be determined and then multiplied by
the square of the largest cell extent.

As detailed in Sectiod.1.3 the columns of the Hessian are bilinearly interpolated
at the cell center from those at the cell edges. Hence, th@lidbsmaximum of the
elements of the Hessian within the cell is the absolute maxirof the elements of the
Hessian columns determined at the cell edges, which isyeasluated and gives the
error boundB on the rst-order approximation of.

SincePLIC reconstruction corresponds to rst-order approximatiorf 0B not only
provides a conservative bound on possible inaccuraciesadtie advection of the-
eld, but also indicates more general discretization peohs$ of f, e.g., aliasing with
respect to resolution and orientation of the simulatiod,gas observed in Figurke3(a)
and, in particular, in Figurd.4. B bounds the approximation error 6fwith respect to
the PLIC reconstruction (including the offset of timeic patch alongNf(xc)) and can
be multiplied byc to provide an estimate how far the isosurface moves afoffif
the isovalue is varied by the vallg(Figure4.4). B is, however, not able to directly
provide insight into the deviation of the plarruric patch from the shape of the curved
isosurface offX. To this end, the curvature of these isosurfaces and thertisaities
between theLiC patches are visualized, as described below.



4.1 Visualization of Solver Interface Reconstructioi9

Measurement of Isosurface Curvature Here, a measure is derived for theiC ap-
proximation error with respect to the shape of the interfaltecompliance with the
derivation ofB, the PLIC reconstruction is analyzed in terms of its deviation from th
second-order interface approximation. That is, the idaserof f! at isolevels; is
compared with the corresponding (curved) isosurfac&ddt isolevels,, with s, and
S, obtained according to Secti@nl.3 i.e., such thaV¥(P) = V() = fe.

The principal curvatures of an isosurfaceféfat pointx are given by two nonzero
eigenvalues ; and/ » of N(N fK(x)=kN fk(x)k). The isosurface of? at isolevels is
extracted, followed by the evaluation kfax:= max(j/ 1j;jl 2j) at all its vertices. These
values are either directly visualized on the surface (sge, Eigure4.3(b)), or the max-
imum Kmnax over the isosurface within the original cell is determined &isualized by
a uniform color on the correspondimglC surface patch (see, e.g., Fig@r8(c). The
former enables detailed inspection of this second-orddace approximation, while
the latter provides the maximum deviation of thec patch from the second-order in-
terface approximation in terms of curvature. If the absollistance between the two
isosurfaces is of interest, as in mesh resolution analgsis, €.g., Figurd.6), Kmax €2
provides a conservative bound with respect to the cell éxten

Measurement ofC ! Discontinuities While the measurement of isosurface curvature
captures the deviation of ttr.IC patch shape from that of a second-order approxima-
tion, it is not capable of measuring discontinuities betwte patches. Regarding ux
computation (see belows; © continuity is of lower impact tha@ ! discontinuity be-
cause these represent gaps in the reconstructed inteflaerfore, a technique for the
analysis of the discontinuities is provided.

The cell-wise discontinuity value is obtained by extragtthe boundary curves of
the isosurface(s) within each original cell (note that mplatisosurface parts can result
in case ofk > 1) and by measuring the minimum Euclidean distance betweeseth
boundary curves and all other boundary curves of the otHks. CEhese distances are
measured by sampling each edge of the current cell's meshdaoy polygons withr
samples (in the analyzed datasets, 9) and determining for each sample the shortest
distance to all boundary curves residing in other cells. sEhether boundary curves
do not need to be supersampled because the involved pessigtoent distance can
be determined exactly. From the resulting minimum distaradeng the current cell's
boundary polygons, both their minimudy,;, and their maximunt,ax are taken. Both
measures can be mapped to the isosurface(s) of the curtieugiog uniform color. The
measurednyin provides a lower bound on the discontinuity of the curreiit ce., the
“best case”), whiledyax indicates the upper bound (i.e., the “worst case”). Please s
Figure4.3(d}f).

4.1.5 Flux Volumes

Although the measures introduced in Sectoh.4already give insight into the implica-
tions of PLIC reconstruction in simulation codes, they do not provideraadiapproach
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to the impact on the simulation result. Therefore, a vigadion of uxes involved in
the solver advection step has been developed that comphietesesented visualization
framework. Here, the approach for the computation of volumxes used in the sim-
ulation is adopted, and it is the only part of the frameworkt lakes into account the
progress in time, however, only in the sense that the duratighe time stef is re-
quired. As discussed in Secti@the advection step is performed separately-irnv-,
andw-direction, and the amount of concentration that movesemgighboring cell is
determined by computing the volume resulting from “cuttitige PLIC polyhedronP at
the distance uDx from the respective cell face (Figu2e2(d)).

To obtain a geometric representation of this volume for aligation, the marching
cubes approach that is used for obtaining the triangulaifdd (Section4.1.3 is uti-
lized also in this case. The only difference is that the ad#li6. are split (by inserting
new nodes) at the cut distance, i.e., where the respectiviace intersectss, if the
face is advected in reverse direction, see Figui€c) The approximatiorf¥ is resam-
pled at the inserted nodes and all node&egtthat are located on the other side of the
advected face are set gpwith the effect that the resulting isosurface (taken atissl
s determined according to Sectidril.3for the original polyhedron) represents the ux
volume, i.e., the amount df that is advected through the respective cell face.

As ux computation is accomplished using operator spldtithe visualization of
the uxes inu-direction is straightforward. For those wdirection, one needs to rst
compute the ux volumes im-direction, update thé.- eld therefrom accordingly, re-
peatPLIC reconstruction on the updatdg eld, and compute the ux volumes then in
v-direction. For the ux volumes inv-direction, one needs to repeat this process once
more inw-direction. Note that typically only evem step is output during simula-
tion and hence, the spacing between simulation resultsgsr#han the simulation step.
Therefore, either every time step must be output for amalygthe technique or the step
size must be provided with the simulation.

4.1.6 Results

This section demonstrates the utility of the presentedaligation framework for the
assessment of interface reconstruction quality. The fweriewas applied to several
two-phase ow simulation datasets in the context of droplghamics. Tablel.1 pro-
vides timings of the implementation measured on a commatkktop with Intel i7
3.6 GHz processor angGiB RAM. The computation of the discontinuitiek,, and
dmax s clearly the most expensive step. This is mainly due to thpleyed basic search
structure for the distance test, and this step would lemdf igell to GPU acceleration.

Performance is signi cantly reduced for second-order pascas the number of tri-
angles per patch increases quadratically due to the inddupersampling. However,
the current implementation still allows for productive ogieon.

Sphere Dataset A dataset with stationary sphere (Figute?) of known curvature
k = 20m 1, with 642 cells, provides a reference con guration with a wide spawtr
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(a) (b) (©)

Figure 4.4: Zalesak dataset at time step 25 (time 0:0375s) and simulation grid (a) 32> 16,
(b) 64> 32 and (c) 12& 64, visualized by pLIC patches. The coloring by B (left halves) and
¢ B (right halves) conveys approximation problems regarding the f- eld, including aliasing. The
gray box depicts the region analyzed in Figure 4.5, however for the onset of the simulation.
© 2013 IEEE.

of normal directions. This dataset serves for evaluatiath ilinstration of the frame-
work, and gives insight into the dependency of reconstoacguality on the sampling
grid. All visualizations of the framework were applied tastllataset, except for the
ow volumes as these require velocity data. Figdr&(a){(f) provide the respective
results. Interestingly, each measure captures differieotetization properties ofLIC.
While the discontinuity measuresin, and dmnax exhibit low values on sphere where
(x=0)_(y=0)_(z= 0), the approximation-based measures exhibit high (in case of
B) or low (in case okmay) Values akmin _ Xmax_ Ymin_ Ymax_ Zmin__ Zmax Of the sphere.
This complies with the attened (lowmnay) parts visible in Figuret.2 and the involved
aliasing in general (largB). Hence, discontinuities are typically small at axis-aéd
patches, while aliasindd] is typically large in these cases, however, with the padént
bene t of attened interfaces and thus better approximaty PLIC. This behavior is
expected ircFD simulations withPLIC-based reconstruction.

Zalesak Dataset A 3D variant of Zalesak disc is initialized in Couette ow(x) =
(ay;0:0)”,a= 5s 1, with the lower domain boundary at rest and the upper one mgovi
at a velocity ofl m=s. The simulation was carried out at different grid resolsi@and

the data consists df09time steps which were output at the frequency of a single sim-

Table 4.1: Timings (in seconds) for the datasets from Figure 4.6 (C1: 32%, C2: 643, C3: 128)
and from Figure 4.8 (M), QUAD: second-order surface, Flux: ux volumes. Total e xecution time
in brackets.

Data PLIC QUAD Curvature dmaxPLIC  Flux PLIC Flux QUAD

Cl 0:33(0:35 2:13(2:16) 0:28(0:62) 2:51(2:85 0:88(1:34) 5:19(7:53
C2 1:26(1:37) 105(107) 1:22(2:67) 184(198) 2:93(4:32) 27:9(39.2)
C3 5:28(5:74) 487 (494) 533(1L4) 894(951) 136(198 118(17)
M 105(126) 950(980) 10:9(243) 155(167) 236(359) 227(327)
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@) (b) (©

Figure 4.5: Visualization of uid interface deterioration for the initial time evolution of Zalesak
dataset. Interface cells shown as boxes, ux volumes as gray polyhedra, and Zalesak outline
by transparent isosurface in (a). In (b), the pLIC normal in cell 2 points to the right, which is not
consistent with the gas distribution in the surrounding cells. (c) This in uences liquid distribution
and results in the deterioration of the Zalesak pattern. © 2013 |IEEE.

ulation time stepdt = 0:0015s The Zalesak shape is traditionally used to investigate
the in uence of numerical diffusion and reconstructionpeaies in general since it fea-
tures surfaces of greatly varying curvature, questionsléma themselves to analysis
based orB. Figure4.4visualizes the dataset usirgiC patches colored witB. It is ap-
parent that bottB and the robustness B (Section4.1.4) of thePLIC patch with respect
to the isovalues are larger on the front face of the disc(im) than in(a), although(b)
was simulated at higher resolution. This is due to aliasiith vespect to the resolution
of the simulation grid, which is also visible as periodictpat at the cutout iffc). It is
apparent especially ift) that the sharp edges at the top deteriorate during advection
Figure4.5 demonstrates how the framework can be used to investigatdeterio-
ration resulting from the interface reconstruction anditivelved uxes. It illustrates
a reconstruction error, and the arising ux calculationoerdue to the normal vector
calculation. In the initial statéa), cell 2 is lled and cell 3 is empty. The gradient in
cell 3 does not point straight to the right but has an upward commuiodee to nite
differencing. Hence, the resultirryIC patch degenerates to the red strip visible at the
upper left edge of celB. Updating the concentrations with the ux volumes produces
the interface reconstruction by teeiC patches in(b). In this state, sincd¢ is now
larger in cell3, one can see the respective patch and its inclination. Ithtlekstate(c),
aPLIC patch appears in celldue tofc < 1. However, steeper gradients in cBltause
a slight inclination of itsPLIC normal to the right and shifting of the gas phase in the
same direction inside the cell. Over time, c&lbbtains more uid and the overalfk-
distribution causes further inclination of the patch inl &lfurther deteriorating the
Zalesak pattern. Additionally, a reconstruction problevhjch can lead to “multiple
fronts”, has been identi ed using the technique in this eah{Figure4.5(c).

Peripheral Collision Dataset This dataset is a simulation of a peripheral droplet-
droplet collision. Figuret.6 (top row) provides an overview of the temporal evolution.
After initial collision, the liquid phase forms a disk whitihen splits into outer ring and
an inner smaller disk. Both structures break up into mulphaller droplets afterward.
The simulation has been conducted at different resolutiomsvestigate the impact of
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Figure 4.6: Peripheral Collision dataset. Visualization by PLIC patches with Kmax (left halves)
and kmax C (right halves), for same time step at resolution (a) 328, (b) 64°, and (c) 128%. Kmax C
provides good estimate of approximation quality. Top: Time evolution by PLIC colored with Kmnax.
© 2013 IEEE.

Figure 4.7: Time sequence of Merging Drops dataset. Visualization by pLIC patches colored by
Omax in frame of reference moving with the drops. © 2013 IEEE.

grid resolution on the overall quality. It turned out that.x ¢ provides a good estimate
of approximation error. It is subject to future work to intigate this approach further,
e.g., for adaptive mesh re nement during simulation. Itpparent that resolution®)
and(b) are insuf cient while(c) starts to exhibit physically correct behavior, consistent
with the estimatiorkmax 2. This can be explained by the fact that disintegration is
closely related to surface tension and hence, to the cuevafithe interface.

Merging Drops Dataset This case models the peripheral collision of two drops of dif
ferent size discretized on agridb12 256 256¢cells, see Figurd.7for an overview

of the time evolution. This represents a rather complex dageto droplet disintegra-
tion and formation of small ligaments that are resolved oty few cells and there-
fore exhibit large discontinuities iPLIC reconstruction. As visualized in Figu4eS, the
physically important breakup of the ligaments is essdgt@dminated by thef - uxes.
The visualization in Figurd.8(c)indicates that the instabilities leading to breakup of
sheets are suppressed by mhec reconstruction, i.e., that the ux out of the breakup cell
would be larger if second-order interface reconstructidd(d) would be used (visible
at the larger ux volume at the lower side of the breakup cell)
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(a) (b) (© (d)

Figure 4.8: Merging Drops dataset. pLIC patches colored (a) by discontinuity dnax (b) by curva-
ture kmax On second-order surface reconstruction, and (c) a closeup thereof visualized using sur-
face reconstruction and ux volumes based on rst-order ( PLIC) approximation, and (d) second-
order approximation. As shown in (d), disconnection should occur due to larger ux volume in
the lower region. In (c) PLIC, suppresses the breakup. © 2013 IEEE.
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4.2 Visual Analysis of Interface Deformation

The deformation of the interface in two-phase ow is causgdhie interplay of surface
tension and uid dynamic forces. Whereas the former has alitialy effect on the
phases as it leads to a spherical shape, the latter tend$aiondéhe phases and can
cause interface breakup. Additionally, depending on theertas, the surface tension
and uid dynamic forces have different in uence on the ouvéenaterface dynamics and
therefore, the dynamics of phase breakups can vary sigmilgaThus, the analysis of
these forces is of particular importance for the study of-phase ow phenomena, and
visualization lends itself well for the investigation okihinterdependence.

Visual analysis of interface deformation requires an aagpinothat can capture its
important characteristics and present them in an effeati@ener. To this end, a visual-
ization technique based on metric and shape tensor anhsiseen developed in this
thesis that allows for ef cient investigation. Thmaetric tensorprovides information
on surface stretching and contraction, whereasstitape tensomdicates shape defor-
mation in terms of bending direction and strength. The shapsor is computed on a
paraboloid that locally approximates the interface. Feualization, the shape tensor of
the difference between the undeformed and the deformedanteis used to determine
the bending characteristics. Both the metric tensor andihpestensor are based on the
local interface deformation induced by a velocity eld. Aping the tensors on the sim-
ulation velocity eld reveals the effective deformation.oever, to gain more insight
into the surface tension effect on the interface deformatioe tensors are additionally
employed on a velocity eld derived from the surface tendimrte. This allows for the
analysis of the interplay of the uid dynamic and surfacesien forces.

For visualization, cylindrical glyphs represent the otaéion of the eigenvectors for
the metric and shape tensors, while the glyph color revesgerctive stretching and
bending strength.

4.2.1 Related Work

Surfaces and volumes have been frequently used in ow \izatabn for the analysis
of deformations. Obermaier et all46 employed glyphs and stream volumes to visu-
alize deformations induced by vector elds. A work closesjated to the presented
technique is the analysis of stretching and shearing by i®&ier and Joy127 who
utilized metric tensors for glyph-based visualization efamation and to enhance in-
tegral surfaces. For the visualization of integral suréanelivergence-free vector elds,
Barton et al. [L3] used the stretching information to adaptively nd stretoimimizing
stream surfaces. Brambilla et 823 employed metric deformation analysis to param-
eterize and visually compare time surfaces from differantugation time steps. These
works address single phase ow, where the surfaces can Iteaailly placed in the vec-
tor eld. In this thesis, however, the analyzed surfacesesent the uid interfaces that
undergo deformation not only caused by advection, but aysphHase dynamics and
surface tension. Therefore, they require a different aggrdor constructive analysis.
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The notions of surface parameterization and related metrit shape tensors are
utilized in this work for the description of deformation. Alevant introduction to the
topic can be found in the work by Floater and Horma#@.[ The concept of curvature
difference was utilized by Grinspun et a61] for the computation of discrete shells
used in computer graphics and animation for modeling dafayrthin objects. In her
dissertation, Berreslp] provided an extensive description of surface deformaéind
visualization.

A problem inherent to/OF-based techniques is the generation of large surface ten-
sion forces due to arti cially high curvature values resgtfrom the discretization on
grids. Several approaches have been proposed to decreaséfaht P2, 36] and the
one presented by Popineit4( offers an accurate and robust curvature approximation
that combines height function computation and parabobtitg. This method is used
here for the visualization of the surface tension effectraarface deformation.

Curvature computation is an important topic in computer giegpand computer
aided manufacturing. Rusinkiewic291] developed an algorithm for the estimation
of curvature and its derivatives, such as curvature chalaygdahe surface, on trian-
gle meshes. For volume rendering, Kindimann et @3] proposed multi-dimensional
transfer functions based on the principal curvatures teigeoenhanced visualization
of scalar volumetric data. Goldfeather and Interra®g provided a robust method
for the estimation of principal directions on triangularshes that achieves third-order
approximation. A review of various curvature estimationtimoels can be found in the
work by Mesmoudi et al.]19.

4.2.2 Measures for Visualization of Deformation

In two-phase ow, various forces act on the uid phases thaise changes in the in-
terface shape and potentially lead to breakups. Phasendaion typically results in
a change of the interface area, which can be locally intégfdras interface stretching.
Therefore, for the analysis of two-phase ow in this worketimetric tensot ¢ is uti-
lized. Obermaier and JoyLP7] employed this tensor to analyze ow characteristics in
single-phase con guration, where a virtual surface can laequ in the velocity eld
to investigate stretching at arbitrary regions. In thissteethe metric tensor is em-
ployed in two-phase ow, where the surface of interest isuraty de ned by the uid
interface. This poses some challenges that need to be addresthe computation
of the related ow characteristics, such as velocity gratse The visualization of the
metric tensor gives valuable insights into the local vasia of the surface area for a
given time interval. However, with this method, differeppés of interface deformation
cannot be discriminated, and hence, potential breakupmegire not clearly visible.
To gain a more complete picture of the interface deformadiod its in uence on the
phase breakups, the bending characteristics of the intedee considered, which are
expressed by a shape tensor.

For a smooth surface, the eigenvalues and eigenvector® afhidipe tensor repre-
sent the principal curvatures and principal directionshefsurface, respectively. If the
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surface deforms, its principal curvatures and directidrenge, resulting in a different
shape tensor. To extract the bending characteristicsetisot of the original surface
is subtracted from the tensor corresponding to the deforsnefdce. The eigenvalues
and eigenvectors of the resultispape change tens®S provide the information on

the bending direction and strength.

To better understand the in uence of the surface tensiorherdeformation, a ve-
locity eld, denoteduyg, is derived from the surface tension force. This is the vigloc
the interface would assume to minimize the potential enemg thus, to minimize the
surface area. Therefore, a visualization thereof can geowmportant information on
the local interface deformation and the related breaku@nalyos, e.g., to what extent
Ug stabilizes the uid structures. To extract the surfacesten-derived velocity, a state-
of-the-art curvature computation method is utilized whadmputes the curvature by
employing a height eld approach and, in the case of poorgoheed phase compo-
nents, it resorts to a paraboloid- tting method to ensutausiness]4Q.

For visualization of deformation, i.e., stretching anddieg, the eigenpairs of the
tensors are represented by cylindrical glyphs whose @iemt and color reveal the
respective direction and strength of deformation. For lgicad representation of the
interface, the solver-bas@diC method has been employed. Although such reconstruc-
tion does not provide a smooth representation, it conveysdpology changes more
accurately than, e.g., the standard marching cubes diguriMoreover, the deforma-
tion tensors and their eigenpairs are evaluated at thdasteposition corresponding to
that computed by the solver. Therefore, it is reasonablelbe@ to the solver-based
interface reconstruction for visualization.

4.2.3 Surface Tension and Derived Velocity

For the computation of the surface-tension-derived vejagj, the Navier-Stokes equa-
tion for momentum, extended by an additional surface tensonfy (Equation2.8in
Section2), is considered. In theoF method this term can be estimated a%|]

fg= skNf; (4.6)

wheres is the surface tension coef cient that depends on the ireeluids, k is the
mean curvature of the interface in the given cell, &hdis the gradient of the volume
fraction eld f. For visualization, the contribution of the surface tensiorce to the
total velocity at the interface can be expressed by:

with simulation time stefpt and density of the liquid,. Please note that this is only an
estimation, since the computed velocity relates to the siextilation time step and not

to the current one. Although one could consider the surfacgion force in the previous

time step to compute the curremy, it would require complex interface tracking and
possibly high temporal resolution of the simulation datarder to nd corresponding
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(a) (b)

Figure 4.9: Interface approximation by paraboloid tting. (a) Inclusion interface represented
by pLIC reconstruction (transparent). Here, the paraboloid is tted for the cell with the arrow
representing the surface normal. The 3 3 3 cell neighborhood (red box) is considered for
approximation. (b) Paraboloid interface approximation, with blue dots corresponding to the pLIC
barycenters, where the central barycenter lies at the origin of the coordinate system. Surface
normal is aligned with the z-axis.

interface points at different time steps. In the presentachéwork, it is therefore not
possible to directly compare the total velocity with thefaae tension component for
a given instant of time. Neverthelesg, already provides useful information about the
dynamics of the liquid phase with respect to the in uencewface tension.

Since the metric and shape tensors described below arealplelto both simulation
velocity u and the surface-tension-derived velogity the notatioru®is used to indicate
either of them. The discrimination of the two quantities @siponed to the results
section, where the usability of the overall approach is destrated.

The discrete nature of the volume fraction eld causes susicurrents, i.e., arti -
cially induced velocity on the interface caused by largevature. This is particularly
evident for curvature computation based on the Hessianeof@h- eld [ 17] and much
effort has been put into improving the curvature computatla this work, the method
introduced by Popinetl4( is implemented for the visual analysis of the surface @msi
as it considerably reduces spurious currents and has beea@lied for the generation
of the simulation datasets. Popinet's method combines ffferent approaches to pro-
vide accurate and robust curvature estimation. The rstraggh is based on height
function computation on the volume fraction eld. If the gat eld cannot be com-
puted unambiguously, the algorithm falls back to the seenathod: paraboloid tting.
Since the latter is also employed for the computation of ttege tensobS, algorithm
details are provided in the next section. For a thoroughrgegm of the height eld
method, please refer to the work by Popiret().
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Interface Approximation

In order to approximate the interface at a given €allith a paraboloid, the barycenter
Xc of the respectiveLIC patch as well as the barycentarsof the neighboring patches
ina3 3 3stencil are considered. To obtain the paraboloid functioe coordinates
of the barycenters are transformed such #gglies at the origin of the new coordinate
system, and the corresponding interface normal pointsamtiirection. The transfor-
mation to this coordinate system is thus achieved withh; 1)> = T 1 (x¢;1)”, using

the matrix 0 1
X Xs Xng X
T= Yo ¥s Yng Ye § : 4.8)
L Is Ing L
O 0 0 1

where(Xng; Yng: Zn,) is the interface normalx;yr;z) and(Xs;Ys; zs) form an orthonor-
mal basis withng, and(Xc;Yc; Z;) are the components of the central barycenter. With
the positions in the new coordinate system, a paraboloictim can be computed that
approximates the barycenter heights:

f(r;s) = agr’+ a1S° + aprs+ agr + ayS+ as: (4.9)

The approximation is found by minimizing the following edioa using linear least
squares:
Fla)= & h fa(n9 (4.10)
1in
whereh; is thei-th barycenter heighty is the number of interface barycenters used
for approximation, andy,(r;s) is the approximation function with coef cients;, j =

essarily coincide with the point; and hence the coefcienta; 6 O, for j = 3;4;5.
However, in the investigated datasets, these coef cieatsrharginal effect on the com-
puted quantities and only at interfaces whose least sqa@@®ximation was of low
quality (e.g., for very small droplets). Thus, dropping tuef cients aj, j = 3;4;5
does not incur noticeable error in the visualization, bdbiés considerably simplify the
following description and computation. Hence, the paratooiunction in Equatior#.9
can be simpli ed into the quadratic form:

h  f(r;s)= agr’+ a1+ ars: (4.11)
Figure 4.9(b)illustrates the paraboloid approximation for a fragmentha interface

from a simulation, whos8 3 3 stencil is marked in Figuré.9(a)

4.2.4 Metric Tensor for Stretching Visualization

In two-phase ow, due to the incompressible nature of thestigated liquids, interface
stretching has no physical meaning as such. This is becaduseawer the surface area
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increases due to deformation, some molecules that weraaltiglocated inside the

uid move to the surface, thereby contributing to the admhal interface area. Nev-
ertheless, the stretching formulation allows for an ifgitdescription of the interface
deformation and is suitable for the analysis on the macatescAlthough the idea to

employ a metric tensor for ow visualization is not new (sdeT]), it has not been

applied yet to two-phase ow where it can provide useful gids into the interface dy-
namics. Moreover, by applying the metric tensorgnthe velocity induced by surface
tension can be analyzed.

The interface stretching due t9can be described by a metric tensor that represents
the rst fundamental forml ; from differential geometry. The metric tensor can be
derived from the rst order approximation of the volume defation ratelo, i.e., the
Jacobian ofi% It can be intuitively described as follows (see also Figufs). Given
two pointsP; and P, in 3D space, their displacement vector is giveny= P,

P.. After time Dt, the change of displacement between these points duisogiven

by Dd = M Dx, whereM = J,Dt. The new displacement vector is therefd®=
Dx+ Dd = (E+ M) Dx, whereE is an identity matrix and the matrix = (E+ M) is
known as a deformation gradient tensor. Subsequentlyhtocomputation of ¢, the
pointsP; andP, can be constrained to the tangent space ofthe interface such that
the displacemenbx is perpendicular to theLiC normalng. This is done by right-
multiplying F with a3 2 matrix N = ( rjs), with orthonormal vectors ands tangent

to thePLIC patch. The resulting matrid; = FN is the Jacobian of the displacement,
and, as noted by Floater and Hormadi8][ can be used to constructza 2 matrix
representing the metric tensigras

I = J7J;: (4.12)

The square roots of its eigenvalugs= P I,, wherel 2 f 1;2g, indicate contraction
when s < 1, and stretching whels; > 1. Consequently, for a displacement vector
Dx parallel to an eigenvecta@, s; = kDx%=kDxk. The stretching directione, in 3D
space can be obtained from the eigenvecgpi | 1 by e = Ng,. Finally,  ands, are
used for visualization of stretching direction and stréngespectively. Please note that,
sincel ¢ is a symmetric tensor, it does not capture deformation dgééaring.

One remaining problem is that the velocitie3used to evaluate the Jacobidp
are given at the barycentexs of the pLIC patches within the8 3 3 stencil (Fig-
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Figure 4.11: Shape change tensor DS illustrated for two analytic functions representing unde-
formed and deformed interface: (a) f(x;y) = x>+ y?> xyand (b) f(x;y) = x*+ 2y?. Notice that
the resulting principal directions k; (blue lines, scaled by the corresponding curvature values)
are not aligned with any of the corresponding principal directions from the undeformed and
deformed interfaces.

ure4.9(a). To computelo, a regression-based method is therefore employed that ac-
counts for the scattered point positions and uses invessaratie weighting for improved
accuracy 85]. The gradient of each velocity componentu= (u®ve w9 de nes an
over-constrained linear system of equations in the form

Nud = : :
WX RN = Wb (4.13)

whereuf 2 f L8\V%wly are the gradient components,represents displacements from
the central barycenters, wheir¢h row is equal to(x; xc)”,i= 0;:::;n 1, andb

is the corresponding difference in velocity components, Ip; = uO(x.) uﬁ(xc). The
matrix W = diag(w;) with w; = 1=kx; Xck? weighs the in uence of points; by their
distance fronx. for which the Jacobian is computed. The system can be solitbdd w
the linear least squares method.

4.2.5 Shape Tensor for Bending Visualization

While the eigenpairs of the metric tendqgr provide the information on the direction
and extent of interface stretching after some time intddvathe eigenpairs of the shape
change tensdDdS give analogous details on interface bending. The shapegettansor
is computed as

DS= S(t+ Dt) S(t): (4.14)

In this equation(t) represents the shape tensor of the interface approxingitien by
Equation4.11andS(t + Dt) represents its counterpart deformedu\after timeDt. It

is important to note thddS does not represent any transformation matrix in an operator
form, and in particular, it does not map the eigenvectorS(of to the eigenvectors of
S(t+ Dt). Rather,DS describes how a surface with the shape ter&or should be
bent in order to obtain the surface whose shape tensg(t s Dt). This is illustrated
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in Figure4.11for two analytic surfaces. Notice that the eigenvectorshefriesulting
tensor do not align with any of those from the input shapedens

Since the elements of the tens®exhibit rather complex dependency on the para-
boloid surface approximation, it is preferable to exprégsshape change tendd® as
a nite difference using the tensors evaluated for the githere intervalDt instead of es-
timating the approximation of its time derivative (which wd result in a shape change
tensor de ned aPS= S Dt). In the following, the computation of the shape tenSor
and the related eigenpairs is described in detail, as itapties to the shape change
tensorDS.

A shape tensor is de ned &= | I, where the elements of the tendoare dot
products of the partial derivatives of vector ( r;s; f(r;s)), with f(r;s) obtained from
Equationd.11
fr fr fr fs
fs fr fs fs

Since the shape tensor is evaluated at the origin of the owiedksystem wherg (0; 0) =
fs(0;0) = O, I reduces to an identity matrix. The elementdlore obtained from dot
products of the second-order partial derivativekanid the interface normal=( 0;0; 1):

| = (4.15)

_ fanfisn _ 280 & .
= fsn fssn & 23 (4.16)
To compute the shape tensgft + Dt), particles representing the barycentgrs
are advected for the time intervBt. Afterwards, paraboloid tting is applied on the
resulting positions that produces the paraboloid functigns) at timet+ Dt. The
advection, however, can lead to two issues that must be éadbédfore paraboloid tting.
First, the central barycentet. is typically no longer located at the frame origin after
the advection. Second, the interface positions repredentehe barycenters within
the3 3 3stencil can rotate about an arbitrary axis during advecflonx Xxc at the
origin of the reference frame, its velocity is subtractenhithe velocities corresponding
to all barycenters:
a’= uf ug; (4.17)

Whereu8 is the velocity at the central barycentey. The rotation about the origin is
then removed in two steps. In the rst step, the average amngllocity is computed:

18 % @
=-a-—, 4.18
n & kxik2 (4.18)
In the second step, the vortical component is subtracted fhe velocities by
=0 w x: (4.19)

With the computed tensoi§(t) and §(t + Dt), the shape change tendd® is ob-
tained according to Equatich14and the eigenpairgk; k) used for visualization are
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calculated as follows. The principal curvatures represgribhe bending strength @S
are obtained as

P— p
ki=H H2 K; kp=H+ H?2 K; (4.20)
whereK is the Gaussian curvature akdthe mean curvature B3:
1
K=det(ll)= 4apa; a3; H= St = a0+ & (4.21)

The eigenvectors dSrepresenting the bending directions can be found by detenmi
the tangent of an angle that either of the eigenvedtprorms with ther-axis. To
computek, corresponding td, the tangent, denoted] is determined according to the

following formula: 3
2 2a1az K if2a; k160
d= 20 19 ifa;6 0 (4.22)
"0 otherwise:

Subsequently, the principal directions are computed:
ki=(Ld); ko=( d;1): (4.23)

If the paraboloid is a paraboloid of revolution, the priradidirections can be arbitrarily
chosen and henakis set to zero. Finally, for visualization of theth eigenpairk, is
used at each interface cell to orient a cylindrical glyphiabending direction, whereas
k| is mapped to color re ecting the bending strength.

An example of the computation @S is shown in Figuret.12for a small neighbor-
hood on the droplet interface, marked by the red box in Figut@2(a) Through both
the points de ning the undeformed interface in Figdt&2(b)and the points de ned by
their advection in Figurd.12(c) a paraboloid is tted. These paraboloids are shown
in Figures4.12(d)and4.12(e) respectively. The difference of these quadratic forms,
as shown in Figur&.12(f), now reveals the principal curvatures and their respective
directions.

4.2.6 Visual Representation of Deformation

For visualization, cylindrical glyphs are used to représiea orientation of the eigenvec-
tors for the metric and shape tensors, and glyph color is@yeglto represent respective
stretching and bending strength. The positive and nega#iltees for bending can be
interpreted as increasing and decreasing convexity, césply. As an additional indica-
tion of stretching, theLiC interfaces are color-coded by surface area chédge s1S»,
with blue indicating decreased area, and red increased area

The visualization approach has been implemented as a sera¥iew [L0] Iters.
The simulation data is loaded as le series, separatelyn@wblume fraction eldf and
velocity eld u. Fromf, the surface-tension-derived velocity elgy can be generated,
which, together withu, can be used as input for the metric tensor and shape tensor
analysis.
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Figure 4.12: Computation of the shape change tensor DS. (a) Selected interface fragment in the
red box. (b) In the close-up, the displacement vectors from the barycenters (green points) are
shown, and in (c) the advected barycenter positions (red). (d), (e) Reconstructed paraboloids
for the initial and advected barycenter positions (after elimination of the translation and rotation
component), with corresponding principal directions k; and k,. (f) The computed difference
of the paraboloids in (e) and (d) reveals the bending direction as principal directions and their
strength as the principal curvatures of the resulting paraboloid (with blue indicating bending
downward and red upward).

4.2.7 Results

The utility of the visualization approach is demonstratediwo multiphase datasets.
The rst one is the two-phaseripheral Collisiondataset consisting of a water droplet
collision in gaseous surrounding, and the second Orlénclusionsdataset, is a simula-

tion of two colliding oil inclusions immersed in water suaraing. These two datasets
exhibit considerably different ow characteristics duediverse surface tension coef -

cients and viscosities of the surrounding phase.

Peripheral Collision Dataset The dataset consists 866 cells, covering a domain
size oflcm?, and401time steps corresponding to the simulation time betw@48ms
and2:85ms. The average time step is therefbte= 6s. The density of water droplets
is equal tor = 0:9982g/cnT, and the surface tension coef cientds= 7275mN/m.

In Figure4.13 selected simulation time steps are shown. The two mergaasdr
form a at shape that splits into an inner disk and an outey.rifinally, both structures
separate into small droplets. To get insight into the dyarof the phase deformation,
the interface dynamics have been analyzed with glyphs, ddr the metric tensok;
and shape change tenddfs, as demonstrated in Figufel4 In case of stretching, the
orientation of red and blue glyphs in Figuéel4(a)indicates elongation and thinning
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(a) 0:48 (b) 1:31 (c) 177 (d) 1.93 (e) 2214 (f 2:85

Figure 4.13: Extracted liquid interface for selected simulation time steps in case of the Periph-
eral Collision dataset (time in milliseconds). After collision, the drops initially form a disk that
disintegrates into many differently shaped droplets.

of the ligaments—the red glyphs represent stretching albadigaments, whereas the
blue ones, oriented perpendicularly to the ligament axéprasent contraction. The
shape change tensBS is shown in Figuret.14(b)and(c). The glyphs representing
the eigenpaifki; ki) have large values where the ligaments join the rounder simhu
segments (black boxes), indicating increasing conveXitys allows for clear identi -
cation of unstable regions and potential interface breskdipdeed, in the subsequent
time steps, the droplet breaks apart, as Figuid(c)demonstrates.

In this dataset, the metric tensor of the deformation indunesurface tension has
also been investigated. In Figudel5 part of the disc-shaped drop is shown which
disintegrates after the collision (Figuf@). In Figures4.15(a)and(b), surface-tension-
derived velocityug and total simulation velocity are shown, respectively. The at
area is unaffected by the surface tension. However, in tiemevhere breakup occurs,
surface tension attempts to minimize the interface arehhance, it separates the outer
ring from the inner disk.

In Figure4.16 the surface-tension-derived velocity is compared with the total
simulation velocityu (respectively(a) and (d)) for a time step at which many liquid
segments undergo deformation and breakup. In regions vidzhequantities are con-
sistent, surface tension plays an important role in thefexte deformation. This is the
case in the outer regions of the satellite droplets (Figuté(b)and(e)), where surface
tension induces a spherical shape, as well as in the disatésppart in the lower part of
the central structure (Figure16(c)and(f)). It is interesting to note that in case of the
droplet in Figure4.16(b)and(e), the deformation induced by the uid dynamics (red
surfaces ind.16(d) interacts with the surface tension, and, as shown by theali-
tion of rotation (cf. Figure3.2), the droplet's initial oscillating motion transitionsto
rotation.

Oil Inclusions in Water The second dataset is a simulation of colliding oil inclasio
in a water surrounding. The simulation domain consist&5# cells coveringlcm?,
and501time steps that span the simulation time betw8ems and125ms. In Fig-
ure4.17, selected simulation time steps are shown. The presenapaf surrounding
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(a) 207ms

(b) 2207ms

(c) 2219ms

Figure 4.14: Visualization of interface deformation in Peripheral Collision dataset at simulation
time corresponding to Figure 4.13. (a) Visualization of stretching by metric tensor, with eigen-
pairs (s1;e1) on the left and (s2; @) on the right. Stretching along the ligaments and contraction
in the perpendicular direction, indicated by more intense red and blue colors, respectively, re-
veal thinning of the ligaments. (b), (c) Visualization of curvature change by shape change tensor,
with (k1;k1) on the left and (k»;k») on the right. The visualization of the curvature change better
conveys the actual breakup as indicated in (c). Notice that the vertical ligaments highlighted by
the metric tensor in (a) remain connected.
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Figure 4.15: (a), (b) Interface area change DA in the Peripheral Collision dataset color-coded
on PLIC interface reconstruction (color legend on the right). (a) With the visualization of DA
computed from the surface-tension-derived velocity ug, the region where the ring disintegrates
is apparent. (b) The visualization of DA induced by the simulation velocity ug, on the other hand,
reveals thinning of the inner disk. (c) Detachment of the outer ring.

(b) (e)
i i

e o

@) (d)

(b) (c) (e) )

Figure 4.16: Interface area change DA in the Peripheral Collision dataset induced by (a) surface-
tension-derived velocity ug and (d) simulation velocity u. Deformations where both quantities
have consistent values (shown respectively in (b), (e) and (c), (f)) are largely in uenced by the
surface tension force. (Color map as in Figure 4.15.)

changes the surface tension and dynamic forces, as competesl rst dataset—even
before the collision, the initially spherical inclusionsfdrm strongly and lose a consid-
erable amount of momentum due to friction. In the nal timeps after the collision,
the inclusions quickly form spherical shapes and theiraiglalrops to almost zero.
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@0 (b) 0:63 (c) 1:26 (d) 5:0 (e) 7:52 (f) 125

Figure 4.17: Extracted liquid interface for the simulation of Oil Inclusions. Time in milliseconds.
Even before collision, the inclusions deform strongly due to the high viscosity of the surrounding
phase that dampens the initial momentum due to friction. After the collision, the ring disinte-
grates and the resulting inclusions form into spherical shapes.

(a) (b) (©) (d) (e)

Figure 4.18: (a) Interface area change DA in the Oil Inclusions dataset induced by surface-
tension-derived velocity ug (top row) and simulation velocity u (bottom row). (b) Enlarged part
from (a). In the top image, the breakup region is revealed by dark blue color. (c), (d) Visualization
of stretching by (s1;e;) and (s2;e,). Inspection of the velocity-induced stretching reveals that
the upper part disintegrates due to the surface tension, whereas the lower part disintegrates
due to the uid dynamics. (e) Subsequent time steps show the eventual breakup.

Figure4.18compares the in uence afy (top row) andu (bottom row) in this dataset
at simulation time4:26ms, which is before the time step in Figuel7(d) In the
overview in(a), whereDA is visualized, regions with high surface tension can be-iden
ti ed on the outer ligaments of the ring-shaped inclusionthvthe left one shown in
the close-up inb). The ligament is further zoomed in Figurés.8(c)and(d), where
glyphs representing stretching are visualized. The sar@csion has the largest effect
in the direction orthogonal to the ligament axis, as indiddty dark blue color. Strong
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Figure 4.19: Visualization of the curvature change in the Oil Inclusions dataset. (a), (c) Vi-
sualization by eigenpairs (ki;ki) and (kz;k2). Interestingly, the glyphs representing bending
direction are at an angle with the curvature directions of the interface (shown with black lines
in (b) and (d)), thereby indicating torsional deformation. (e) Top view of subsequent time steps
showing the rotation of the upper part of the phase.

stretching induced by the total simulation velocity in thettbm part of the ligament
axis is revealed by red glyphs in Figu4el8(c)(bottom). This shows that—contrary
to the lower part that breaks up because of stretching camgedid dynamics—the
upper part of the ligament disintegrates due to surfacederfa/here stretching due to
u is comparably lower). In Figurd.18(e)the deformation is shown in a subsequent
simulation time step.

The fragment of the ring-shaped inclusion in Figdr&9 exhibits interesting be-
havior, as revealed by the visualization based on shapegehansor analysis. In Fig-
ure4.19(e) subsequent time steps are shown, where a rotation of ther ppptruding
part can be seen. The visualization in Figdrg9(a)and(c) shows that the eigenvectors
of the shape change tensor representing deformation aadigoéd with the principal
curvatures, but rather slightly oriented at a certain aragerevealed in Figuré.19(b)
and(d). From this structure, one can infer torsional deformatibthe phase, which is
also indicated by the rotational movement of the upper part.
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4.3 Visualizing Edge-Conforming Field Quantities in
Electromagnetic Field Problems with Interfaces

The investigation of electromagnetic elds on material bdaries, such as insulator
surfaces in the presence of rainwater, is of special intémngbe development of struc-
tures that are exposed to strong electromagnetic elds. &\thié electric eld at the
interfaces is continuous tangential to the material serfacommonly exhibits discon-
tinuities in normal direction. These discontinuities pgseblems in numerical simu-
lation with nite element methods. In the traditional appob, node-based quantities
impose continuity at material boundaries due to involvedrolation, resulting in un-
desired smooth modeling of quantities across the interfdéerefore, an edge-based
representation of vector quantities was introduced whHeesimulated quantity is inter-
polated by means of vector shape functions that, amongthasure discontinuities
at interfaces.

Current visualization frameworks do not allow for correginesentation of the elec-
tric eld resulting from edge-based elements—due to theimponent-wise interpola-
tion they do not provide accurate representation, and nop®itant, they miss eld
discontinuities across the interfaces. Thus, in this eact framework is presented that
correctly visualizes the simulated eld, also at materialibdaries. The eld is directly
evaluated from the vector shape functions, taking highdeicelements (quadratic tetra-
hedra) into account, thus providing visualizations cdesiswith the simulation model.
For the analysis of droplet-insulator contact line, a sgauoe visualization technique
has been developed that reveals the time-dependent elettricharacteristics around
the droplet. The utility of the approach is exempli ed usielgctro-hydrodynamic sim-
ulation of a water droplet on the surface of a high voltagelzisr. 2

4.3.1 Related Work

Edge elements were introduced into the nite element methypdledelec 122 and
Bossavit R1]. Bossavit P1] identi ed Whitney elements194], which are widely used
in nite element simulations, as a natural discretizatioethod for eddy currents. The
basis functions of edge elements were generalized to anpiorder for the nite el-
ement method by Webll86. The characteristics of edge elements as well as their
applications were discussed by WeldlBH and Mur [121]. Isoparametric elements de-
scribed by Irons and ZienkiewicZT] represent an alternative that allows for ef cient
and accurate higher-order computations.

In the eld of visualization, several techniques have beewetbped to address ap-
propriate representation of higher-order elements. Wakegl. 200 developed a tech-
nique for direct ray casting of curved quadratic elementlouit prior tessellation into
linear elements. For cell-based polynomial elds, isoaué extraction from higher-
order nite elements was presented in Remacle etld5], where adaptive mesh re ne-

2 Parts of this section have been published 8] [
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ment was employed for accurate representation. A techri@usosurface extraction
providing a trade-off between rendering speed and qualéy suggested by Pagot et
al. [132, based on a particle transport along the gradient eld, emydcasting in the
neighborhood of the nal location of the particles. Schreeét al. 62 addressed
the complexity of higher-order basis functions from p- anpddaaptive methods by
employing an automatic tessellation technique with raearsdge-based subdivision.
Direct visualization of discontinuous Galerkin simulatsowas presented by Uf nger
et al. [L8]], where an adaptive sampling technique was used for hightgwalume
rendering, and utilization of &Pu cluster allows for interactivity. Feature extraction
from discontinuous Galerkin simulations based on the fenactors operator was pro-
posed by Pagot et allB]]. A solution for the visualization of non-conforming meshe
based on point-based rendering, was developed by Zhou ateh@10. Isosurfaces
from higher-order elements can be also visualized in a gzased manner, as proposed
by Meyer et al. 120, in which case the costly inverse mapping to evaluate tistsba
functions is avoided. Most recent works in the eld of higlwder nite element vi-
sualization include a ray casting method with pre-companadf world-element space
transformation by Bock et allf], as well as ray casting with depth peeling due to Liu
et al. [LO7].

For visualization of electromagnetic elds, examples uuz the visualization of the
eld in Tokamak reactors by Sanderson et dl5@, visualization of the coronal eld
by Machado et al.J13, and topological analysis of magnetic elds by Bachthaler e
al. [12].

4.3.2 Edge Elements in Finite Element Simulations

The vector shape functions that describe the vector elddigeselements have two char-
acteristics important for the analysis of elds exhibitidgscontinuities. In the edge
based-representation, neighboring elements share tagesmponents on the edges,
and hence, the tangential eld is continuous across thasmehts. On the other hand,
the shape functions cause the tangential component tohvahihie element faces op-
posite to an edge, thus allowing for discontinuities in thenmal component, which in
turn enables correct representation of the electric elohtrfaces.

In addition to the discontinuity preservation ensured byseelements, the introduc-
tion of nonlinear elements, such as quadratic tetrahedia@hles a more accurate ap-
proximation of curved surfaces, which has particular intgroce for the computation of
the electric eld, since sharp, piecewise linear represton would arti cially amplify
the electric eld magnitude. Consequently, the nonlineanednts signi cantly reduce
the required number of tetrahedra for the approximationuo¥ed boundaries. In the
following, the nonlinear elements are described rst todalyasis for the description of
1st-order and®nd-order edge-elements.
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(@ (b) (c) (d)

Figure 4.20: Data representation on tetrahedral elements. (a) Linear tetrahedron and
(b) quadratic tetrahedron with additional mid-edge points. (c) Node-based data representation,
(d) edge-based data representation.

Quadratic Tetrahedra

Quadratic tetrahedra are particularly suitable for nitereent-based simulations in-
volving electromagnetic eld problems with interfacesnee they allow for curved
edges and faces. Considering that the elements can adapativetg strong defor-
mations, mesh re nement can be avoided for many problemss dththe same time
allows for a signi cant reduction of the required number tdraents—curved parts of
the simulation domain no longer require strong re nememiaiccurate computation of
the electric eld. Quadratic tetrahedra, however, are nifeult to implement [46).
Since they have variable metric, i.e., the Jacobian detemmiis not constant over a
tetrahedron, point location inside cells is further corcgied.

A quadratic tetrahedron is illustrated in Figut0(b)(cf. Figure4.20(a)for com-
parison with a linear tetrahedron). The element is de nedL.Byhodes, each carrying
three components of the vector eld, resulting in 30 degreeBeedom. The shape
functionsN, corresponding to the nodes of quadratic tetrahedra areedieas:

N=L((2L, 1); for =14
N5 = 4L1L2; Ne = 4L2L3; N7 = 4L1L3
Ng = 4L1L4; Ng = 4lsL4; Nigo= 4Lsl4;

where(L1; Lo;Ls; Lg) are the barycentric coordinates. The world coordinéteg z) of
a point inside a quadratic tetrahedron can then be obtaisiad:u

10
Xi= a XN (4.24)
=1

wherex; 2 f x;y;zg represents theth world coordinate of the sought point, ang
represent théth coordinate of thé-th node of the tetrahedron. Since the computation
of barycentric coordinates from world coordinates is neral for quadratic tetrahedra,
iterative methods, such as Newton-Raphson iteration, areramly used.
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Figure 4.21: Vector basis functions
on tetrahedra. (a) First order ba-
sis function N{, on edge e, and
(b) second-order basis function N{3
on edge e;..

(@) (b)

Edge-Conforming Data Representation

In the node-based nite element method, data is stored omdlges of the elements.
As illustrated in Figure4.20(c) for a linear tetrahedral element there are four nodes,
each carrying three components of the vector eld. In theselbgsed representation, on
the other hand, data is attached to the edges of an elemesftpas in Figuret.20(d)
Here, each edge stores two tangential components of thervetd. In both represen-
tations, there are in total twelve degrees of freedom fonedl tetrahedron. It is worth
noting, however, that incomplete degrees are widely usat@mulations of the electro-
magnetic eld with interfaces in order to handle disconttres at material boundaries.
To model the electric eld in the edge-based element, Whitvegtor basis functions
are employed. The rst-order incomplete Whitney shape fiomst are de ned as

Ni; = LiNL;  LjRL; forl = 1;::;6; (4.25)

wherei andj are the nodes de ning eddg j), Li andL; are barycentric coordinates of
nodes andj, andNL; andNLj are the constant gradients of the barycentric coordinates.
The basis functions are then used to interpolate the eleetd E from the tangential
components:

6
E= & oN'": (4.26)

I=1
To extend the element to the complete rst order, additi@tige functions are used:

Ni; = LiINLj + LjNL; forl = 7;::5;12; (4.27)
The second-order incomplete basis functions are de neddges:
NE;]- = Lj(2Li L)NL  Li(Li 2Lj)NLj; forl = 13,15, 18; (4.28)
and faces:
Nij = LiLjNLe - LiLeNLj; forl = 19,222 (4.29)
Npj = LiLeNLi  LjLiNLy; forl = 23226 (4.30)
NEj = LiLelLi+ LiLeLj + LiLjLy; forl = 27;:::; 30: (4.31)
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(@) (b) (© (d)

Figure 4.22: Stages for the visualization of the electric e Id on the contact line. (a) Simulation
domain with three materials: air (light blue), water drop (dark blue), and insulator (gray). (b) The
contact line (red) between drop and insulator is extracted. (c) The drop cells and insulator cells
adjacent to the contact line are extracted. (d) The extracted contact region is cut before the
“unrolling” stage illustrated in Figure 4.23.

(@) (b) (©) (d)

Figure 4.23: The process of Laplacian smoothing for the contact region. The cut points from
each side are positioned away from each other (a). Iterative smoothing applied to the rest of the
mesh points ((b) and (c)). Final recti cation applied to the points, so that they lie on a plane (d).

In Figure4.21two edge functions are shown. Both basis functions have romtan-
gential component along the ed@E 2), and zero tangential component on the faces
(1;3;4) and(2; 3;4). The edge-conforming representation has a particulagfulishar-
acteristics that the basis functions do not impose cortimapre than required by the
physics of the given phenomena. This means they can modmrdisuities of the
normal component at the interfaces while ensuring cortynaii the tangential eld
component.

4.3.3 Visualization

Two visualization methods have been developed to analyzeskbctric eld at the
droplet interface. In the rst one, the electric eld on theatarial interface, i.e., on
the interface between air and the droplet in a strong etecttd, is visualized (Fig-
ure4.22(a). In the second one, the time-dependent electric eld idyerea in a region
near the contact line between droplet and the insulator aohathe droplet is located.
To facilitate the analysis of this region, the droplet ifaee and insulator surface near
the contact line are “unrolled” to create a rectangulapstfhe strips from consecutive
time steps are stacked, and temporal interpolation is pagd to obtain a space-time
representation which provides an appropriate visuabpati the space-time dynamics.
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Figure 4.24: Visualization of a droplet on an insulator in the presence of a strong electric eld.
The insulator and droplet are made partially transparent to reveal the electric eld direction
(glyphs with size scaled according to the eld strength). Th e electric eld is strongest at the top
of the droplet (red) as well as at the interface.

Electric Field on the Interface

For the visualization of the electric eld on the air-drogenface, the quadratic tetrahe-
dra adjacent to the interface between the two matekialgair) andM, (water) must
be found from the material information provided with the glation data. Each tetra-
hedron inM is checked if it facedl,, and if this is the case, indices of both cells are
stored in a list. Subsequently, a triangle mesh is congduttat represents the material
interface. Please note that for the visualization, the editetrahedral faces from the
simulation are approximated by linear triangles. Eacmgi@in the mesh is subdivided
into smaller coplanar triangles. The middle point of eadh-iangle is computed, to-
gether with its barycentric coordinates in the originamigle. Since the coordinates are
computed on tetrahedral faces, it is not necessary to engplmputationally expensive
point location algorithms. The shape functions are thetuated using Equatiorn.25
and4.274.29 and nally the electric eld is evaluated using Equatidt6and stored
on the resulting mesh. See Figur4for a result.

Space-Time Visualization of Electric Field around Contact Lne

To extract the contact line between air, water, and insu({&igure4.22(b), rst, two in-
terfaces are extracted: interfdgebetweenrM; (air) andM, (water), and interfack be-
tweenM; andMgs(insulator). From these interfaces, only those triangtescansidered
that share at least one vertex with a triangle from the otiterface. The resulting trian-
gular mesh is shown in Figuke22(c) In the next step, the mesh is cut (Figdrg2(d),
and the cut points are duplicated so that on each side of thiaeuriangles are topo-
logically disconnected. The cut points from one side ara fhasitioned away from
the other cut points (Figuré.23(a). An iterative Laplacian smoothing, illustrated in
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€Y (b)

Figure 4.25: Visualization of the time-dependent electric eld tangent (a) and normal (b) to
the interface around the contact line, visualized with cross sections (horizontal sections) of the
space-time representation. Time evolution from bottom to top (T-axis, respective time steps on
the right). Air-insulator interface is at the front, drop-air interface in the back. The transparent
isosurface and the vertical plane show the spatial and temporal variation of the electric eld,
respectively. Interestingly, the normal component varies stronger than the tangent one.

(a) (b)

Figure 4.26: Space-time visualization of the time-dependent electric eld, as in Figure 4.25.
Volume rendering is shown instead of isosurfaces. The magnitude of the electric eld is consid-
erably lower for the drop-air interface (back side of the planes).

the rest of Figure.23 is performed on the other points of the mesh strip, placaxhe
point on the average of direct neighbors at each iteratiep. SDnly neighbors on the
perimeter are taken into account for the points laying ootherwise the whole mesh
would collapse into one line. After the last iteration, thepsis recti ed, since the
smoothing does not converge to a perfect plane after reeoaaount of iterations.
The extracted contact region, shown in Figdt82(d) and the smoothed counterpart
(Figure4.23(d) are subdivided into ne triangular meshes, such that fahezell in the
original geometry there is a corresponding cell in the simedone. Finally, the data is
sampled on the original subdivided mesh, as described ipriéwgous section, and the
resulting values are assigned to the corresponding pamtiseosmoothed mesh.

To obtain a space-time representatioBParectilinear grid is constructed, such that
the resolution iry direction corresponds to the number of simulation time steghile
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thexzplane is aligned with the “unrolled” contact line strip@rfhe presented dataset,
al024 51 25grid was used (i.e., with1 time steps and024 25 samples per
strip). Each smoothed triangle strip, coplanar with the g&plane, is sampled at the
nodes of the3D grid at the respective (time step) positipn To reveal the temporal
variation of the electric eld, isosurface extraction (bdson marching cubes algorithm,
Figure4.25 and volume rendering (Figu#e26) are employed on the space-time stack.

4.3.4 Results

The visualization of electro-hydrodynamic simulationsaodroplet in the presence of
strong electric elds is illustrated in Figuee 24 The simulation was obtained by a cou-
pled uid dynamics and electric eld solver: the nite elememethod step determines
the electric eld, which is then used to compute the dynanoicEhe droplet with the
nite volume method Evm) according to the induced ow. The solution of the uid
dynamics stage is fed back to nd the electric eld in the domaThe process is re-
peated for each simulation step. Figdr@4shows one time step from the simulation.
The droplet is positioned on an insulator, within a stroregglc eld. The electric eld
lines in the air (not shown in the gure) are vertical. As candeen, the electric eld
is strongest at the top of the droplet. What is more intergstiowever, is that the eld
strength on the contact line is ampli ed due to the sharp eofarmed by the droplet-
insulator contact region. Since this region is of speciariest for the domain experts,
the space-time visualization technique facilitates thestigation of the time-dependent
electric eld near the contact line.

In Figures4.25and4.26 the space-time visualization of the electric eld in theneo
tact region is provided. The images on the left show the eteetid tangent to the drop
(insulator) surface, while the images on the right show tilel normal to the interface.
Six selected simulation time steps are additionally digpiia and a vertical color-coded
cross section shows the time evolution of the eld at one tmsiof the contact region.
The air-insulator interface is oriented to the front. Fgr25shows a transparent iso-
surface of the magnitude of the tangent (normal) eld congunwhile Figure4.26
displays the magnitude by volume rendering. The visuatimathows interesting char-
acteristics of the time-dependent vector eld. It exhilpesiodic intervals, as indicated
by the isosurface: the high magnitude regions disappeardéime steB6to appear
again after time step4. Volume rendering reveals that the tangential eld has amif
distribution along the contact line, while the normal elsl¢characterized by stronger
spatial variation. It is also evident that the electric magfe is considerably weaker on
the drop boundary. The static representation of the terhpoogess enables insights
into the overall behavior of the electric eld along the dfimsulator contact region.

The most demanding part of the visualization framework,clvtias been imple-
mented as a ParaView plugit(], is the computation of tangential components from
the node-based representation, which took more thaamutes for aboufl1000simu-
lation cells. The computation of the droplet interface td8kseconds, while one time
step of the space-time representation took aB@gconds.






VISUALIZATION APPROACHES FOR
MATERIAL TRANSPORT

Visualization of single-phase ow can be bene cial in theadysis of two-phase ow as

it allows for clearer interpretation of the observed phgbprocesses, since no interfaces
are present. On the one hand, ow inside liquid inclusionsloatreated as single-phase,
whereby uid interfaces and therefore surface tensiondsrare absent. On the other
hand, in the analysis of certain phenomena, the interfaes dot have to be taken
explicitly into account. In both cases, the visualizationuses on the vector eld data
and concepts from the traditional ow visualization can lmepéoyed. Accordingly, in
this chapter, visualization techniques for the analyssmjle-phase ow are presented.

The rst method presented in this chapter is dye-based {imateon of advection-
diffusion [90, 89]. The technique allows for interactiv@D visualization of both ad-
vection and diffusion in unsteady uid ow by extending adxen-oriented texture-
based ow visualization to diffusion. The employed nite ke approach based on
weighted essentially non-oscillatorwENO) reconstruction is well parallelizable on a
GPU and features low numerical diffusion at interactive frarates. The scheme con-
tributes to three different applications: high-qualityedgdvection at low numerical dif-
fusion, physically-based dye advection accounting fdudi¥ity of virtual media, and
visualization of advection-diffusion uxes in physical wli@ where the velocity eld is
accompanied by a concentration eld.

In the dye-based visualization, the advected dye is updateshl time. An alter-
native approach for visualization of time-dependent owaken in the second method
that utilizes streamline-based concepts in space-tinteseptationd8]. Treating time
as the third dimension dD unsteady ow enables the application of a wide variety
of visualization techniques f@D stationary vector elds. In the resulting space-time
representatior3D streamlines represe@D pathlines of the original eld. The advan-
tages of the overall approach are demonstrated for vortalysis and the analysis of
the dynamics of material lines. The conceptis applied t@®tection of vortex centers,
vortex core regions, and the visualization of material igpamics using streamsurface
integration and line integral convolution in the spacesetireld.

Topological ow structure reveals the qualitative ow behar using concise rep-
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resentation that allows for effective analysis of complews. The third presented
visualization technique extracts vector eld topology iofily by means of adaptive
sampling by streamlines and determination if the streagslisuf ciently approach a
critical point [91]. It reveals regions of different ow behavior by assignitm each
seed point the ID of the critical point reached by the respedtreamline. The inte-
gration performed forward and backward in time providesmaplicit representation of
the topological skeleton as the boundaries of the obtaiegwms. Hence, the poten-
tially complicated extraction of various topological sttures, such as periodic orbits or
boundary switch points, is avoided.
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5.1 Dye-Based Visualization of Advection-Diffusion in
Unsteady Flow

For the study of advective processes in experimental uidadgics, a commonly em-
ployed approach is the visualization of ows by markers atgal into the ow stream.
Typically, smoke and ink are used in the analysis of gasediguds, respectively. Due
to the visual appeal of this approach and its relatively senpterpretation, the devel-
opment of a virtual counterpart has drawn much attentiohén ¢ld of computational
ow visualization, where it is called dye advection.

Both in simulation and visualization, major effort has beperg to avoid the in-
volvednumerical diffusioni.e., arti cial blurring of the quantity due to repeatedenpo-
lation during advection in discrete grids. Although in&tie details tend to be removed
in the effect of numerical diffusion, dye advection has tbeamtage that no geometric
representation of dye needs to be maintained, allowing iaralization of arbitrarily
complex ows.

This work contributes to the ow visualization in a multita@f ways. Since in many
physical processes an important part of transport is ddfysan approach has been de-
veloped that solves the advection-diffusion equation atth allows for visualization
of transport for quantities that undergo both advectiondiffdsion, as opposed to tra-
ditional dye advection which only accounts for advectivangport. Additionally, to
reduce the numerical diffusion, the nite volume method WWYENO reconstruction
scheme has been adopted. Finally, for high quality visaibn at interactive frame
rates, the method has been implemented Gra 1

5.1.1 Related Work

In scienti ¢ visualization, one line of research adopts atamngian view on texture-
based ow visualization—with line integral convolutioni€) being the most prominent
example BO]. The other area of research, which is relevant to this wopekforms tex-
ture advection from frame to frame. Most of previous workhist eld is based on
semi-Lagrangian advection or similar schemes. For exangkture advection tech-
niques addres&D visualization B0, 198 192, 3D visualization [L73 193, and vi-
sualization on surface®$, 199 103. It is also possible to combine dye advection
techniques with.iC, as described by Shen et al6f3. An overview of texture-based
ow visualization techniques in general, including furtheferences to prior work, is
provided by Laramee et aB7]. A serious problem of semi-Lagrangian advection is the
high level of numerical diffusion introduced by repeatesampling of the transported
texture. In particular, resampling with bilinear or triiar interpolation leads to strong
blurring, which can be understood from a signal-procespmgpective 191]. There-
fore, higher-order reconstruction Iters can reduce bhgfl]. An alternative approach
adopts the concept of level-set advection to avoid blurforgadvected dyed7, 19Q.

1 Parts of this section have been published 89 fnd [90]
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In this approach, the boundary between dye and backgrounddgled as an interface
transported without blur.

However, none of the above methods from scienti ¢ visudiema modeled diffu-
sion explicitly. In fact, there is previous work that useutiion for ow visualization.
For example, Sanderson et dl58 employed reaction-diffusion for ow visualization,
adapting reaction-diffusion methods for generic textumetlsesis in computer graph-
ics [178 203. Similarly, Markov random eld texture synthesis can beopted for
ow visualization [172. Also, anisotropic (non-physical) diffusion, known framage
ltering, can be applied to ow visualization39]. An extension to unsteady ow was
provided by Burkle et al.Z9], by adapting the diffusion tensor and blending the trans-
port diffusion evolution results started at successivetyémented times. Finally, there
is a large body of research on diffusion tensor visualizatmostly in medical imag-
ing and visualizationq87. It is important to note that none of these diffusion-retht
papers use physical diffusion in combination with physamlection.

The most closely related work is the physically-based dyeetibn by Li et al. L0Z).
They applied the piecewise parabolic meth8d] ffor visualization by dye advection in
time-dependen2D ow elds, providing a technique exhibiting low numericaliffu-
sion. The technique allows for comparably large time stepsdvecting each cell
backward in time and sampling a parabolic reconstructiothefdye inside the result-
ing polygon. In the present work, several reasons motivtedhoice for the weighted
essentially non-oscillatory schemB)g (WENO) instead: it represents a generalization
to arbitrary order of accuracy, is based on a clear mathealdtundation, lends it-
self better to parallelization, and allows for the incoigtayn of diffusion using a nite
volume formulation.

The approach is based on tweNO scheme as described by Dumbser and K&sHy [
where dimensional splitting, i.e., application of tHi® scheme subsequently in the three
spatial dimensions, reduces computation complexity amddéself well for paralleliza-
tion onGPWs. The implementation of active diffusion follows the methmdChou and
Shu B3], with the exception that linear insteadwENO weights are used for computing
the concentration gradient.

5.1.2 Dye Advection and Diffusion

For the visualization of dye in the simulation data, a ong~e@upling is assumed, i.e.,
the advection of virtual dye has no effect on the underlyiefpeity eld. Hence, in
uid dynamics, such simulation of transport of quantitiagedto prescribed velocity is
calledpassive advectiorit leads to a linear problem that contraatdive advectionthe
advection of velocity itself during ow simulation, resuig in a nonlinear problem that
is harder to solve. This is one of the reasons why visuatindty dye advection tends
to be faster than the ow simulation itself. Neverthelessmerical diffusion is a major
problem also with passive advection, and substantial teftas been taken to reduce it,
as, for example, in the dye advection method by Li et 02, typically at the cost of
reduced performance.
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The traditional (passive) advection equation reads

Nf -
it +(Nf)u= 0; (5.1)
with the concentratioi = f (x;t) and velocityu = u(x;t). This is the continuity equa-
tion (cf. Equatior2.6) and it states that the temporal change of dye concentratithe
Eulerian frame (i.e., observed at xed position) is only daghe movement of the dye
caused by the ow.

If physical diffusion is included in the advection probleintypically leads to the
advection-diffusion equation. While only passive advetimaddressed herdiffusion
traditionally plays an active role in science and engimegr.e., it is the concentration
variation of the quantity itself that governs its diffusidhthe virtual dye takes the role
of the quantity, we obtain physical dye advection accognfor diffusion of solubles
in typical ow media. This approach is called heaetive diffusionto contrast it from
the second variantpassive diffusion Passive diffusion is introduced as a means of
visualizing the mechanisms behind concentration changesaddiffusion. In this case,
the ow eld needs to be accompanied by a (time-dependentjceatration eld for
analysis by the presented technique.

Dye Active Diffusion

The active diffusion of dye follows Fick's second law, an@ #toncentration change is
dictated by the Laplacian df:

mf _ ,
¢ = DrDf; (5.2)
with the constant of diffusivityDs, and LaplaciarD. By combining the diffusion term

with the advection term, the advection-active diffusion&upn is obtained:

%+(I§If)u: D¢ Df : (5.3)
In general ow visualization, the diffusivityDs can be chosen, e.g., from physics text-
books, to achieve physically correct interaction of thed @ind tracers used in experi-
ments, such as smoke in the analysis of automotive desigor@s.2). If the velocity
eld resulted from a ow simulation that included diffusiome., an advection-diffusion
problem, and if the used diffusivity is known, it can be usaedDa to obtain corre-
sponding dye behavior. Although only isotropic diffusi@ndonsidered in this work,
it is worth noticing that the nite volume approach also al®for, e.g., data-driven
anisotropic diffusion. Due to the low numerical diffusiohtbe WENO scheme (Sec-
tion 5.1.3 and its ability to provide interactive dye advectiond, this reduced mode
already provides a useful visualization technique that issndye diffusion in experi-
ments.
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Dye Passive Diffusion

A large number of processes simulated with computation@ dynamics involve diffu-
sion, where some physical quantity, such as heat or solubldstributed from regions
with higher concentration to regions with lower concendrag by particle collisions at
the molecular level. This type of transport, i.e., the pasdiffusion, follows Fick's rst
law, where the resulting concentration change of quarditlictated by the gradient of
the concentration eld/:

j=DyNy; (5.4)

wherej is the diffusion ux andD), is the constant of diffusivity for a given quantigy.
Hence, the visualization of transport of quantities dueitfusion requires an accom-
panying concentration eld/ together with its constant of diffusivit, . If passive
diffusion is not combined with active diffusio®¢ = 0), as in the presented results, the
equation for advection-passive diffusion is formed:

Nf ~ - -

ﬁ+( Nf)u (Nf)DyNy = O: (5.5)
The advection-passive diffusion model can be incorporattxdthe traditional passive
advection scheme (Equati®nl) by combining advection ux and diffusion ux:

Nf

it
Section5.1.3provides more details on how the approach is formulatedrmgenf the
nite volume scheme. Interestingly, the passive diffusierm is implemented similarly
to the active diffusion term there, not the advection term.ev¥éhs the active diffusion
variant builds only on the velocity eld, the passive diffos is based on the gradient
of the concentration eld that governs the diffusive trandp Please note that with the
formulation in Equatiorb.5 and 5.6, density and thermal conductivity are treated as
constant values.

+(Nf)(u DyNy)= 0: (5.6)

5.1.3 Finite Volume Method

As described in the previous section, the three differeheswes (traditional dye ad-
vection, active diffusion, and passive diffusion) can beamaplished by solving the
respective partial differential equations. A common apploin solving these equa-
tions numerically is by the nite volume metho@9] where the temporal change of the
guantity within a cell is modeled by its uxes over the bourida of the cell and the
guantity itself is represented in a per-cell manner. Thenradivantage of this numerical
scheme is that it is conservative, as the transported digsnéire explicitly subtracted
from the upstream and added to the downstream cell. Thipexesly important for the
computation of diffusive transport which requires compéyamall time steps. Finally,
the method lends itself well for parallelization @®Pus, since the three-dimensional
transport can be split into three consecutive one-dimeasiotegration steps.
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Figure 5.1: Finite volume method with (a), (b) advective ux depending on the direction of the
velocity at cell faces and (c) diffusion ux depending on the gradient sign.

The nite volume approach (includingvENO reconstruction) can be formulated
as one-dimensional problem using dimensional splittingic& on uniform (or recti-
linear) grids cell face normals coincide with coordinatesxone can apply the one-
dimensional procedure sequentiallyxn y-, andz-direction to accomplish a time step
of the3D dye advection (se€’P]). Hence, thelD nite volume approach described be-
low together with thelD reconstruction described in Sectibri.3are applied for each
direction, denoted here aswith respective velocity componeunt

Advection Let f (t;x) be the amount of dye inside ce{l at timet, andf (x;t + dt)
the amount after time stegi. The concentration changlf (x) = f (x;t+ dt) f(x;;t)
according to EquatioB.1lis computed in the nite volume scheme as

df () =(T, 3 Tpdt (5.7)

i.e., the balance over timegt between ux f;
the right cell face:

1on the left cell face and uxTH% on

)6 1) Ty = Uk, )F (5, 2): (5.8)

1
2
According to Figures.1, the Riemann solution of; 1 andTH% depends on the direc-
tion of u (u is interpolated in space and time from the simulation dafd)at is, the

concentration is taken from the cell either on the left ortmright side of the cell faces

X 1 andxi+% (see Figures.1):

(
_ fia ifuls 1) O
F %)_ fi if u(x; %) < 0; (5.9)
(
_ if u(xH%) 0;
f (% %)— fur if UK, %) <0 (5.10)
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Figure 5.2: Flow over a “blunt body” (front to back). Advection of dye without diffusion model
(left, with a streak line for comparison). Active diffusion (right) mimics diffusion of smoke in
experimental analysis. Resolution 600 125 121

For convergencedt has to be chosen suf ciently small to avoid transport of giies
larger than the available value in the upstream cell. Thisiglly done by prescribing
a Courant-Friedrichs-Lew\ycfL) condition value CFL relates to the maximum velocity
Umnax in the eld and cell sizeh by C = upaxdt=h, whereC is called the Courant number
andC < 1 for convergence.

Active Diffusion Next, the active diffusion is included to obtain the nitelume
formulation of Equatiorb.3. Applying the vector identiyp= N N to its right hand
side one obtain®;Df = D;N Nf. Assuming uniformD; and applying the Gauss
theorem: z z

D N NfdV=Ds Nf ndS;

Y% S= v

the diffusion ux DsNf of the virtual dye through the cell face with nornmais ob-
tained. In alD scheme this gives rise to diffusion uxes

_p, T8, _p, %), 5.11
3= D Gy = D (5.11)

Hence, including active diffusion, the concentration a@am cellx; becomes
df(x)=(f 1 Tiop d p+dy (5.12)

The CFL condition must be satis ed also for the active diffusion lstlcatCp < 1 with

Passive Diffusion Finally, passive diffusion is included in the dye transpagtiation
(Equation5.1) by deriving a velocity eldu= Dy y=1x for passive diffusion only,
andu= usim Dy Ty =fxfor advection with passive diffusion, wheugn, is the simula-
tion velocity eld. For the computation of uxes, Equatidn8is applied on the derived
velocity eld.

The evaluation of the necessary uxes at the cell boundaegsires reconstruction
of the cell-centered quantities. As demonstrated in Figudethe rst-order scheme,
which assumes uniform concentration in the donor side sléaexcessive blur. This
phenomenon is known as the numerical diffusion problem andmeffort has been
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(a) Initial state (b) 1st-order FV (c) weno

Figure 5.3: Zalesak's disk test. The WENO-based approach exhibits substantially lower numeri-
cal diffusion than the rst-order upwind scheme.

put into reducing this effect. One of the developed techesguvhich has been exten-
sively used in uid simulations, is the&/ENO reconstruction41]. Since it substantially
improves the quality of dye transport, and lends itself i@llparallelization orGPUs,
achieved by the dimensional splitting, it has also been eyaul in the presented tech-
nigue. In the following sections, details are provided an¢haracteristics of numerical
diffusion, as well as on th&/ENO procedure.

Numerical Diffusion

One disadvantage of the nite volume method—nboth in simatatnd visualization—
is that its quality highly depends on the grid resolutioneTell size effectively limits
the detail level that can be captured with the nite volumemach. For instance, in
ow exhibiting foliation, i.e., repeated thinning and foidy of the uid, preserving the
resulting intricate details of arbitrarily many and araitly nely folded sheets would
require extremely ne resolution. Moreover, due to the ipd interpolation at the
cell faces, a quantity undergoes numerical diffusion whaegagation speed highly
depends on the cell size, and hence, ner resolution is redub minimize the effect.
Undersampling and numerical diffusion are therefore omasient problems, typically
leading to results that deviate substantially from the piagsical behavior.

All three dye transport scenarios are subject to numeridffaision. Numerical dif-
fusion of the dyef is, however, kept comparably low dueWENO reconstruction (de-
scribed below). In the scenario of dye advection with actiifusion (Equations.3),
the dyef is subject to both active diffusion due to diffusividf > 0 and numerical dif-
fusion. Hence, the effective diffusion 6ftends to exceed that prescribedDy. Since
numerical diffusion is not quanti ed, one approach to judigan uence is to compare
the result with dye advection usiigy = 0. The results are compared visually: small
difference indicates that numerical diffusion affectsifishe order of) the one modeled
by Dy . Finally, in the scenario of passive diffusion (Equatt®B), one can make use of
the concentration eld/ from simulation data if there are identi able sources tliwere
For the example of thBuoyant Flowdataset, one can obtain the region where the room
is heated by applying a threshold lter to tlye eld. By continuously seeding dye in
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@ (b) (©

Figure 5.4: Diffusivity adjustment in the Buoyant Flow dataset (vertical cross section, low tem-
perature - blue, high temperature - red). Virtual dye (green, mixed with color from temperature)
seeded at hot plate at lower image border. Using (a) D = 1:11 10 °, (b) D = 1:65 10 °, and
(c) (theoretical) diffusivity from simulation D = 2:19 10 °. In (a) the dye region is too small,
in (c) too large, and in (b) the reduced diffusivity compensates numerical diffusion well.

@) (b) ©)

Figure 5.5: Dye advection in Buoyant Flow dataset. Advected dye (green, without diffusion
model) seeded at center (black box). Finite volume method using WENO reconstruction at both
dye resolutions (a) 244 124 244and (b) 122 62 122exhibits much lower numerical diffusion
than rst-order reconstruction at 244 124 244in (c).

this region and using the active diffusion model (Equabds), one can adjudd; until

f matches the (time-dependemt) eld, see Figure5.4. This can compensate for inap-
propriateD, due to both numerical diffusion in the simulation and dyeeadion. The
obtainedDs can then also be used Bg in the passive diffusion model.

WENO Reconstruction

As stated in the previous section, the nite volume formigiatrequires the evaluation
of uxes at the cells faces, necessitating the reconswuaatif f between neighboring
cells. As opposed to the rst-order upwind scheme describetie previous section,
the WENO reconstruction is a higher-order method based on polyrnaecanstruction

that eliminates undesired oscillations of the reconstidipblynomial and provides high
guality solution to the advection problem. Because of théseacteristics and also
due to relatively easy parallelization, this method hasbeielely used in simulations.
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Figure 5.6: Example of 1D WENO
reconstruction with quadratic poly-
nomials. Cell centers x with cell-
averaged values f and reconstruc-
tion polynomials f (X). Resulting re-
construction f WENO(x) for cells i 1
and i (bold).

IO WENO (x)

i(X)

VYENO (x)

i+1 (X)

4

Xi 3 Xi 2 Xi 1 Xi Xi+1 Xi+2

/

N~ N~ Figure 5.7: (a), (b) Riemann solu-

\ \ \ tion for uxes. WENO reconstruc-
\

@i=@X tion (bold) exhibits discontinuities at
@ij =@ x cell faces. Flux (transparent rect-
_up < U @ =@x 2angle) is determined from advection
J direction u, choosing “donor” side.
(c) For diffusion, gradient at faces
is computed from central reconstruc-
i J i J i J tion polynomial (green, blue) and av-
eraged (black) (cf. Figure 5.6).
(a) (b) (©)

The WENO reconstruction is described in this sectionld, as it is applied in the dye
advection technique.

Similarly to the upwind scheme (Equatiofs®® and5.10, the ux is determined
explicitly from the velocity direction at the cell face. Hewer, the actual valuggx; %)

are computed at the cell faces from the reconstructed potialsf WENC,

(
fYENO(x 1) ifu(x 1) O
WENO - i1 i 3 3
PEOCP= pwenoy D itu <0 (5.13)
(
f WENO(x. 4 if i1 0;
preo, = o ) U0 (5.14)

fi\i”iNo(XH%) if u(x, %) <0:

Below, the computation of the polynomifil"EN® is described for the example of third-
order accurate reconstruction (i.e., using second-omlgnpmials). In the experiments
demonstrated in Sectidnl.5 a good trade-off was obtained between ef ciency and ac-
curacy using fourth-order accurat&No, i.e., cubic polynomials. The reader is referred
to [4]] for a thorough introduction to the topic and further detadllso regarding the ex-
tension to higher degrees.
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Consider a second-order reconstruction polynomial

2 .
f¥)= & Wix); (5.15)
j=0

with k being the index of their central cell, and coef cienﬁ# (See Figureb.6). The
coef cients are chosen such that the integralsf ©obver the cells are conservative, i.e.,
they are identical to the cell-centered validies
z % 1 - z s 1 - z %+ 3 —
2fdx=f; q; 2 fydx=fy; 2fydx=fi q: (5.16)

X Xi+ %

1 % |

N

Solving the integrals, polynomials with coef cierma%< are obtained

) i s -
Wlé(xi-% Xi.3)+ ?10(,2_% Xiz_%)‘" ?Z(Xi% Xﬁ%): fi 1

) W v -

Wiy %)t Z0Gy DT FOy =T, (5.17)

2 2 W 3 _F
P2 Xt F0s )= i

that can be formulated as a matrix-vector product:
o, 1 O0_ 1

Wy Fig
Lk%A = @ fi A
VAVE fi+1
with L representing the stencil matrix:
0 1
(% 10X %) %(XiZ; Xiz 3) %(Xis; Xis 3)
1,02 2 2 2 1,.3 2 3 2
(Xi+% Xi+%) %(Xi%rs Xi2+%) %(Xis X|3+%)
During dye advection, the coef cienw’j‘ are determined by
o1 o_ 1
Wi fi 1
@A = L 1@ F A:
Wlé fi+1

Since the stencil matrix only depends on polynomial degnektlae cell index relative
to the central cell, its inverselL ! can be precomputed. The reconstructfgft"°(x)
of the concentration inside cells a linear combination of the polynomialg(x):

igl
fi'EN°) = a wifk(®)
k=i 1
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o i+

with weightswy = W=a'} 1 W using; = | j=(e+ s))". As reported in41], values
e= 10 ® andr = 4 are used, andlj is chosen such that the polynomial of the central
cell is favored: (

108 if j=1i;

| =
j 1 otherwise

The oscillation indicators  assign high values to less smooth polynomials and can be
obtained froms; = W/SW/, where the elements of matr&in the third-ordetweNo
example are given by
o2 Z "M g7 "
Smn= a ; r
=1 vV X X
The matrixS can also be precomputed, e.g., using a computer algebmrensysince,
after transformation to a reference space, it neither dépen the mesh nor on the
problem. In Figureb.6, the resultingwENO reconstruction polynomials for the two
cells in the center are marked with bold lines.
For the computation of the diffusion uxe_dﬁ+% andd, 1, the concentration gradi-
ent at positiorx; 1 (and respectively., %) Is computed by averaging the gradients of

the central polynomials of cells 1 andi (i andi + 1, respectively):
|

TEs 1) 1 Thei alx %)+ Tfi=i(% %)' _
x 2 x x ’
!
f (%, %) 1 ﬁfk:i(xi+%) ﬂfk:i+1(xi+%)
¢ = _ + .
X 2 X X
In the example with the second-order polynomial, this rtssal
T 1) 1 . . . .
%:é W11+ ZWZ 1Xi %+Vv1+ 2W2Xi %
and T (6. 1)
X1 1 . . .
ﬂ—:Z =5 W + 2W2Xi+%+ Wiyt 2W2+1>ﬁ+% ;

on the left and right cell face, respectively. See Figui&c)for an illustration.

To simplify implementation, the computation 6¥EN°(x %) is done in a reference
space, wherelx = 2 andx = 0. Thus, the evaluation of the polynomial at the cell faces
wherex=1reduces tdfi(x) = & Wk ( 1

Prediction Steps

With the computed concentratiohV=N°(x, 1), the advective ux on the right cell
face could be obtained by Equati@ng, with time-averagediayg = [ Usim(X;, %;t) +
usim(xi+%;t + dt)]=2. Including passive diffusion would yield the velocity= Uayg
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Figure 5.8: (a)—(c) Dimensional splitting applied in the nite volume method re duces the dye
transport to 1D problem, subsequently in x-, y-, and zdirection. (d) Blocks that do not t into
GPU shared memory are divided (dark blue line, for x-direction), and ghost cells (light red) are
stored for the computation of the reconstruction polynomials.

Dy [Ty (xi+%;t)=1IX+ Ty (%, %;t + dt)=7x]=2. An analogous procedure could be done
for the left cell face. However, to further improve the a@my of the nite volume
schemeprediction stepsre employed instead that account for changing concemtrati
and the resulting polynomial reconstruction within thedimtervaldt. The underlying
idea is to obtain a better accuracy for the uxesndd within ]t;t + dt] by generat-
ing predictions using integration. For this purpose, anraximationf, for f =1t is
obtained from EquatioBb.3 by moving the advection term to the right sidd]:

~

fo:= If=Tt=D¢Df (Nf)u:

To compute the temporal change of concentratibytt + dt=n) = f;(t)+ f dt=n is
evaluated in parallel for all cells. In tHED case,f; = Ds T2fi=x%2  fi=xu. The
procedure is repeatattimes (1= 1in the experiments demonstrated in Sectoh.9
and each timeVvENO reconstruction is applied tb;(t) to obtain fNiWENO(t).~ In each
step,f;, %(t) andf, %(t) aswell agd,, %(t) andd, %(t) are computed fromhVENO(t).
During prediction steps, these uxes are accumulated amdlyrused in Equatio®.12
to obtainf ;(t+ dt) = f,(t)+ df;.

5.1.4 Implementation

The nite volume method withWENO reconstruction scheme greatly bene ts from the
GPU parallelization due to spatial and temporal locality of #igorithm. Moreover,
the dimensional splitting reduces the dye transport coatymurt to a much simpletD
problem, while data streaming ensures memory ef ciency.

In the implementation, theuDA API has been employed to compute advection-
diffusion (with single precision arithmetic). EaatPu thread block loads an array
of data from the device memory into its shared memory alomgdinrent axis of
dimensional splitting (Figur®.8(a){(c)). The number of thread blocks equdls =
r((d+ 1)mod3) r((d+ 2)mod3) d r(d)=se, wherer(d) is the resolution in dimen-
siond, ands s the size of a thread block, limited lypu shared memory size. If the
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Figure 5.9: Advection-diffusion procedure. Operations in blue blocks are performed on cpu,
OpenGL is used in orange blocks, green blocks are done in CUDA on GPU.
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Figure 5.10: Domain splitting for dimensions of the dye grid exceeding GPuU shared memory.
Number of prediction steps and order of WENO reconstruction de ne the number of ghost cells.

resolutionr(d) is too large, the arrays must be divided into overlappingssts(Fig-
ure5.8(d) which are processed separately. The overlaps (ghos} eefisiecessary to
performWENO reconstruction, and their size depends onvimo order and the num-
ber of prediction steps. In Figuie1Q, an example array is shown for three prediction
steps and second-order polynomial. For optimization, ¢gsing of a thread block is
skipped if no dye is present in the processed cells. This tesraened using parallel
reduction (i.e., summation of array elements). Please tefthe Appendixfor details
on theGPU architecture relevant to the implementation.

Figure5.9 describes the overall procedure. There are several inpatrjeders that
are de ned before the interactive advection, such as theratthewENO polynomials,
and the resolution of the advection grid. Additional geametbjects can be loaded
and rendered together with the ray-casted volume. De@ee)(memory is allocated
for the dye, the two consecutive time steps of simulatiom dand theopenGL buffers.
The input data (i.e., vector eld for advection and scalafd éor passive advection
and/or visualization) are streamed in each loop. WE&IO reconstruction is carried out,
and the advection and diffusion uxes are computed. Findlg dye concentration is
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@) (b) (©

Figure 5.11: Buoyant unsteady ow example (with clipping) by green dye seeded at the hot
(red) plate. Pure advection (a), only diffusion ux (b) (passive diffusion), and both advective and
diffusion ux (c) (passive advection-diffusion). In (b), diffusion ux transports the dye outward
hot air (red) and toward cold air (blue). In (c), the dye reveals the true transport of heat: it is
diffusing toward the cold plume and partially leaving at the cold (blue) plate before it is advected
downward by the cold plume.

updated in device memory. To avoid uctuations in physicalde during interaction,
respective corrections are applied to the dye advectioa sitepdt.

For volume rendering of dye and simulation scalar elds, cagting based on the
example in the NVIDIA'sCUDA sSDK [123 is utilized, with additional support for vol-
ume lighting, ray-casted isosurfacd9]] of the y eld, and geometric objects.

5.1.5 Results

In this section, threeFD examples are shown that demonstrate the quality and useful-
ness of the advection-diffusion visualization. Additibpgperformance with respect to
numerical diffusion, mass conservation, and speed is atedu All examples were run
on a GeForce GTX 96(1GiB) and were obtained with fourth-ordereENG, i.e., using
third-order polynomials.

Figure5.3demonstrates the quality of the visualization techniqu& WENO recon-
struction on theZalesakdataset. As can be seen, numerical diffusion is substhntial
reduced. For performance details, please refer to the table

Buoyant Flow Dataset The rst CFDdataset, a buoyant ow inside a closed container,
was simulated on a uniform grid withiL. 31 61 cells and2000time steps, spanning
50seconds. Heat takes in this case the role of the diffusingtgyaln Figure5.5, the
dataset is shown. The heating plate at bottom (¥#&C) and cooling one at the top
(blue,5 C) induce a time-dependent circular ow behavior. For contéxo tempera-
ture isosurfaces, one 88 C (blue) and one a42 C (red), are rendered. No diffusion
model was used for the dye in this gure, it therefore revelaésmixing behavior, i.e.,
the stretching of the uid into sheets, leading to foliation

The presented visualization technique is particularlyfuls®r the buoyant ow
driven by a heat gradient because such ow exhibits both etitwe and diffusion of
heat. The dye advection in Figusel1(a)shows advection only (Equatidnl): the dye
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(@) (b)

Figure 5.12: Heating Coil dataset. Air ow from bottom to top, dye (green) seeded at two points
at lower side of coil, and isosurfaces of temperature (red). (a) Dye advection by advection only
vs. (b) dye advection by advection-diffusion of heat. It is apparent that heat is repelling the dye
from the coil and transporting it to the cooled walls in (b).

follows the hot plume upward and thereafter it is advectedrdward by the cold plume.
Figure5.11(b)shows only passive diffusion (Equatiérbwith u = 0): in this case the
dye, representing heat, follows the heat gradient and fibvereows from the hot plate
through the cold plume into the cold plate at the top of thet@ioer. Figure5.11(c)
shows the superposition of the two, the true advectiorusiiéin of heat: similarly to
Figure5.11(a) the dye is advected upward, part of it, however, is caughhbycold
plate instead of being advected downward again by the caolt@]

Heating Coil Dataset The second example, a ow around a heating coil, is quasi-
stationary and was simulated on an unstructured tetrahgriblacomprising93227cells.
The dataset was converted to a uniform grid, where intetipolaveights for each node

Table 5.1: Performance for Buoyant Flow dataset at different con gurations (no lighting and
no isosurfaces). 1) Single dye at resolution 122 62 122 with early rejection (worst case in
brackets), and 2) without. 3) Two independent dyes, and 4) one dye at 244 124 244

Cong. Avg.FPS Rendefms] Dye comp.[mg|

Conf.1) 553 (459) 6:67 105 (159)
Conf.2) 341 (339) 496 232 (234)
Conf.3) 37:0 (26:4) 704 202 (30:3)

Conf4) 170 (131) 5:96 534  (69:6)
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(a) (b)

Figure 5.13: Evaporating Drop dataset. (a) Transport outward the drop is revealed by passive
diffusion only. (b) However, due to the high drop speed, advection dominates the transport
behavior.

were precomputed and used for interpolating the simulataia (1, y ) before transfer-
ring to theGPu, avoiding expensive point location at each time step.

Also in this dataset, heat is the diffusive quantity for whithe visualization of
advection-diffusion has been employed. The coil is locdtetiveen two cylindrical
walls: an inner and an outer one, both cooled. Air ows fronttbm to top and is
heated by the coil on its way up. The visualization of adwectnly (Equatiorb.1)
and advection and passive diffusion (EquattoB) reveal different transport behavior,
shown in Figureé.12 One can easily see how heat is transported by advectitursidih
to the cooled walls.

Evaporating Drop Dataset The lastCFD example is the quasi-stationary simulation
of an evaporating drop, conducted on a uniform grid with ggmn 192 128 128
cells, using a nite volume-based direct numerical simiglatemploying the volume-
of- uid method for tracking of different phased4§1]. In this case, vapor takes the role
of the diffusing quantity, therefore the advection-diftusof vapor is analyzed. In Fig-
ure5.13 the main air ow direction is from the left to the right. Isadaces show vapor
concentratior®:0001and0:005(blue), and the drop is located to the left. Figbr&3(b)
(whereu = usjm + Uy ) shows advection-diffusion, with dye (green) seeded coatiisly
atthe drop. In this case, advection dominates diffusioreptissive advection-diffusion
visualization (Equatio®.5) is indistinguishable from that of advection only. Nevexth
less, passive diffusion only in Figutel3(a)(whereu = uy, and dye is seeded once)
reveals that diffusion is strongest at the upstream frotih@trop.
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5.2 Streamline-Based Concepts for Analysis of 2D Flow
in Space-Time

In ow visualization, an important and well-establishedpapach is to operate in the
Lagrangian reference frame where techniques based omahtegves are used. This is
complementary to the Eulerian-based techniques, an egavhpihich is thervMm-based
dye visualization presented in the previous section.

Regarding feature-based ow visualization, streamlinesthe basis for many visu-
alization techniques, however only for steady ow. Therefdhere is a shift away from
streamline-related concepts to those that take time depeedexplicitly into account,
and the concepts in space-time representation bridge thveselasses of ow visual-
ization. Particularly in the case @D unsteady ow, time can be treated as the third
dimension, making it possible to apply a wide variety of wal&ation techniques for
3D stationary vector elds. In the resulting space-time esgntation3D streamlines
represen@D pathlines of the original eld. Therefore, concepts basedspace-time
streamlines are Galilean-invariant and time-aware. Eatilinvariance is a bene cial
property of visualization techniques, and it is crucialtfog analysis of time-dependent
ow and when analyzing ow in con gurations where no natufahme of reference is
given. Considering these characteristics of space-tineamstiines, the application of
several3D streamline-based concepts for the analysi2@funsteady ow is investi-
gated in this section, resulting in techniques for viswalan and feature extraction that
are Galilean-invariant and explicitly take time dependeimto account?

5.2.1 Related Work

Computational visualization of time-dependent ow by meah#tegral curves is an
established research area. Recent strategies in this eldetrate on accurate inter-
active placement of individual curvegd and adaptive interactive placement of small
sets of curves]16. Research in the eld of static sets of trajectories focuseshe
ef cient computation of their end points or quantities ajotmem [/2], and placement
strategies for sets of whole trajectories. Research in plaoe of integral curves was
initiated by the image-guided streamline placement dueuttk &and Banks 179 and
by evenly-spaced streamlines of arbitrary density due tmiband Lefer §1]. Af-
ter several works on the placement of streamlines which, extended the concept to
3D [115 or took into account vector eld topology for improved pEment R06, 32,
there have been works on the placement of streamsurfdbgis [3D and placement of
streaklines and pathlines BD ow to avoid intersections and cusps by limiting their
length [L89Y, and on the placement of pathlines that avoids intersesta the curves
by decoupling integration and visualization scaléf [

In dense ow visualization, where the curves Il the entirerdain, texture-based
methods give insight into the ow behavior by manipulatirexture color according

2 Parts of this section have been published 8] pnd [89]
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to the ow characteristics. One of the early works in thisdek LiC [30]. Here, this
technique is employed in tHgD space-time eld on surface representations to depict
space-time ow behavior.

Vortex core line criteria provide a compact, topologicadualization of complex
uid behavior. An overview of standard methods for vortextrextion can be found
in the Fundamentals (Secti@2.2. Weinkauf et al. 187] extended the instantaneous
approach t@D and3D time-dependent ow by applying it to the respecti8® space-
time and thedD space-time representation. This way, they require varteg lines in
time-dependent ow to be tangent to pathlines instead @astilines. Note that in the
case of2D ow, the vortex core lines in space-time represent the eotenters of the
2D ow over time. Fuchs et al.34] followed a similar approach by replacing acceler-
ation with its time-dependent version in the formulation®wjudi and Haimes1[7Q.
Methods that use the parallel vectors operator, such asatteelioe de nition by Su-
judi and Haimes, provide accurate results when the cors lne straight, but they are
rather inaccurate in regions where the core lines are cyt&@d. A recent work [L12]
on the extraction of bifurcation lines according to Perrd &hong [L36 employed a
re nement of the resulting feature line to avoid this ertauif a respective approach for
re ning vortex core lines is not yet available.

The space-time representatior2@f data was successfully employed in a wide range
of time-dependent applications in computational visuion. Examples range from
the tracking of critical points in vector eldsl[74, 176 to the analysis of eye tracking
data from video stream®¥$]. The work most closely related is the vortex core line
concept by Weinkauf et al1B7] that considered the time dependence of elds to de ne
features. Weinkauf et al. compare their results to the stahdortex center extraction
approach fo2D ow elds, i.e., they also extracted critical points of tgpfocus and
center L36. Whereas they use the Sujudi-Haimes criterion for the sfiace core
line extraction, in this work Levy et al.'s criterion is enggled which, although less
accurate, provides a clearer structure of time-dependetical ow, because it results,
at least in the presented experiments, in core lines thateaeedisrupted. Another
example of the application of space-time representaticthaswork by Machado et
al. [111], where hyperbolic trajectories iPD unsteady vector eld were extracted as
space-time bifurcation lines, which allowed for ef cienbraputation of Lagrangian
coherent structures.

5.2.2 Space-Time Visualization

A useful property of the space-time representation is Biatime-dependent vector
elds can be transformed into stea@i ones by treating time as additional dimension.
In this representation, pathlines in tBB time-dependent ow represent streamlines in
the 3D space-time eld. As discussed below, streamsurfacesig3D eld represent
streaklines or material lines in the original ow, providjran overall framework and
facilitating their extraction.
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Treating time as the third dimension is analogous to makimg-dimensional sys-
tem of ordinary differential equations autonomous byritits dimension tm+ 1. The
time-depender2D vector eld is given by

u(x;t) := 38:3;3 ; (5.18)

with x := (x;y)” and timet. Its 3D space-time representation is obtained by treating the
time domain as the third spatial axis:

° u(x;y;t) :
udx9 = @ y(x;y;t) A (5.19)
1

with x%:= (x;y;t)>. Setting the third vector component to one ensures corregress
along the time axis when stepping according to the vectat u8l This way, one obtains
a stationary8D vector eld that encodes the dynamics of the original tidependent
2D vector eld and is invariant under Galilean transformase—adding constant ve-
locity to u®changes the orientation of the vector eld and hence skeesface-time
streamlines, the effect is, however, compensated by tlutiresskew of the space-time
domain [L11]. Please note that trilinear interpolation @tis employed in the imple-
mentation, i.e., spatial bilinear interpolation is condminwith linear interpolation in
time.

Characteristic Curves

Streamlines of the original (time-dependent) aldrepresent instantaneous integral
curves. In the space-time framework, they could be obtabnedolving initial value
problems in the modi ed representatign(x;y;t); v(x;y;t);0)”. Pathlines, in contrast,
represent the true time-dependent trajectories in ow sl®inceu’ represents a sta-
tionary 3D vector eld of the original time-depende@D vector eld u, 3D streamlines
in u®represent pathlines in, i.e., when projecting th8D streamline along the time
axis, one obtains the respective pathlin@in

A streamsurface is obtained by densely seeding streandioeg a seeding curve.
Since each particle of a material line moves along a patldimebecause all particles
move for the same time duration, one can obtain materiat Ilme means of stream-
surface integration in® All constant-time sections (i.et,= const.) of these stream-
surfaces represent the material line at the respective ttinfgnce material lines are
seeded only at one instant of time along a curve, the seediwg of the streamsurface
needs to be located in the domainufwithin anxy-plane, i.e., it has no extent in time.
Figures5.14(a)5.14(d)demonstrate material lines at selected instants of timéhwvh
represent sections of the corresponding space-time sitefane (obtained using the
algorithm by Hultquist 76]) shown in Figures.14(e)
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(@) t= 0:05s (b) t=1s

(c) t= 155 (d) t= 25s (e)t2[0;3]s

Figure 5.14: Material lines and space-time representation. (a) A material line (purple) is seeded
as a vertical line at the center of the spatial domain. (b)—(d) The material line folds and stretches
continuously in the unsteady ow. (e) Time sections of the streamsurface of u® represent the
material lines from (a)—(d).

Streamribbons]80 can be seen as a special case between streamlines and-stream
surfaces. They represent narrow constant-width stripgtwkhow twist near stream-
lines. Streamribbons are usually constructed by intaggadi streamline and during in-
tegration, an initially randomly chosen orientation vecsgpropagated along the stream-
line. During this propagation, the direction vector is keghogonal to the streamline
tangent and rotated based on the velocity gradient, i.&tad the way a particle in the
vicinity of the streamline would locally rotate around thieeamline. From this informa-
tion, a narrow band is constructed by generating a triangdlaurface strip along the
streamline that approximates the streamribbon. While ia 3 vector elds stream-
ribbons typically represent an appropriate approximatibswirling ow behavior, ro-
tation in u®takes place in they-plane only. Hence, streamribbons whose streamline
is not aligned with thé-axis would be subject to inappropriate representatien, the
edges of the ribbons could point reverse in time, which waeldnisleading. Therefore,

a dedicated construction algorithm for the space-timeexocbre ribbons is proposed
which is a modi ed concept for visualizing vortical ow iBD space-time.

Space-Time Line Integral Convolution

In the presented approacBD Lic [30] is employed to the space-time vector eld.
Thus, the output texture is3D scalar eld containing the smearedc noise, denoted
here as space-timec. This space-timelC is mapped to surfaces to visualize the space-
time dynamics of the vector eld at these surfaces, simitaBachthaler et al.1[1].

In cases where a surface region is aligned withi.e., locally a streamsurface af,
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the resulting pattern on the surface exhibits the shapeeo$titeamlines used farc
computation. In cases where the surface region is perpeiadito u® the resulting
pattern exhibits rather a dotted structure, since the seiifaa cross section afc.

Space-Time Vortex Core Lines

As described in SectioR.2.2 there are several vortex extraction criteria that opdarate
3D steady ow. It has been noted there that, although a vorbe kne has to be tangent
to streamlines, itis a common circumstance that vortex looes do not represent single
streamlines but rather consecutive short streamline seignfis4. Sinceu®is a3D
steady representation @D time-dependent ow, the streamlines iff can be utilized
for the analysis and de nition of vortices 2D unsteady ow, whereby the vortex core
lines inu®are a space-time representation of the vortex centers @hew over time.

In this work, vortex core line criteria according to Levy ¢t [88] and Sahner et
al. [155 are applied tou®to obtain time-dependent de nitions for vortex centers in
unsteady?2D ow elds. The results are compared to those from the Sujddimes
criterion in space-timell87] in Section5.2.3 There, it turns out that while the Sujudi-
Haimes approach tends to be more accurate, it stronglyrsuifem disrupted core
lines in our applications, even for very large angle créterin contrast, Levy et al.'s
and Sahner et al's criteria P provide core lines that are more coherent, however, at
the cost that they are less accurate than those from theiSdguishes criterion, but still
substantially more accurate than vortex center extradiipmeans of critical points
(which is not Galilean-invariant).

The parallel vectors operatot34] is commonly used for the de nition and extrac-
tion of line-type features: it identi es points where twocter elds are parallel or
antiparallel. In this framework, the angle between theuratangent, here the tangent
to the vortex core line, and the two parallel vectors serges quality measure, which
is denoted here as angle criterion. The smaller this aniggentore distinguished the
vortex core line is. Nevertheless, in typical cases, ondsieeallow quite large, e.g45
degrees, angles to avoid disrupted core lines, with thdtrsi there will be parts with
ux through the vortex core line. The presented vortex came extraction employs the
parallel vectors algorithm described by Peikert and Rb84], where each quad face of
a grid cell is split in two triangles to detect the intersentpoints of the core line with
the cell faces. To suppress spurious solutions, those glatie core lines violating the
angle criterion or leading to too short core lines are rejgct

Vortex Core Streamsurfaces

One of the advantages of vortex core lines is that they peo&idoncise picture of ows

with respect to vortical motion, i.e., they clearly indiedhe location and longitudinal
extent of vortices, and avoid visual clutter and occlusiblowever, this advantage at
the same time involves the drawback that they do neitheregothe transversal extent
of vortices nor the strength or direction of rotation. Usgajor coding to map scalar
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vortex criteria on the core lines can give a notion of thergjtle of vortices, but it cannot
provide insight into their dynamics.

A common approach to address these issues is to augmentrtbg gore lines by
selected streamlines or pathlines, either seeded inieglycin the vicinity of the core
lines, or by automatic seeding, e.g., on circles centerdaeanted perpendicular to the
core lines 154]. However, this approach likely leads to visual clutter tiueverlapping
lines. Hence, alternative approaches based on streamesigéu®are investigated.

Since, depending on the quality of their extraction, votere lines in practice do
not represent streamlines, seeding a single streamswafabe upstream end of each
vortex core line and integrating it until it reaches the lingf the core line would in
general not be useful—the streamsurface would likely defram the core line. Hence,
one approach is to use regular time intervals and seed arstoeface at the beginning
of each interval and stop it at its end. This approach wasstiy&ted for straight or
circular seeding curves, both aligned in tkeplane ofu® as shown in Figuré.21
To support the perception of rotational dynamics and gimetcof the surfaces, “candy
stripe” texture was added to the streamsurfaces. It candretbat this approach visu-
alizes both the ow in the vicinity of the core lines as well the transport away from
the core lines. While the straight seeding strategy empésisie overall transport, the
circular seeding gives better insight with respect to rotatNote that these approaches
are, with minor modi cation (e.g., replacing streamsudaavith pathsurfaces), also
applicable to tru&D ow elds.

There remains, however, a major issue with this approaeh the dif culty to nd
an appropriate restart interval. Too frequent restarts teavisual clutter, whereas too
few restarts produce streamsurfaces that deviate toodar fhe core line and hence
do not provide visualization of the vortical ow. These diulties motivated the devel-
opment of vortex core ribbons (SectiérR.2, which are inspired by setting the restart
interval to an in nitesimal value.

Vortex Core Ribbons

An approach inspired by streamribbons is derived in thisicec Streamribbons are
originally constructed along streamlines and show botlstiepe of the streamline to-
gether with twist. Since vortex core lines are close to sttewes in3D ow elds
(assuming small angle criteria, as discussed above), areanslines inu®, ribbons
along vortex core lines can be constructed to visualizelisgirow. This approach can
be applied to anBD ow eld by constructing streamribbons along core linesin&
rotation takes place in%only in thexy-plane, a modi ed ribbon construction scheme is
introduced, as illustrated in Figukela

Instead of initializing a random direction vector and prggiéng it along the stream-
line (or core line), as would be done for traditional streitmons, two streamlines i
are simultaneously seeded at the “earlier' end of the spiaeeeore line. Both stream-
lines are integrated for a small step using the fourth-oRlerge-Kutta scheme wuto
obtain the new position of the two particles. Since aftelhaategration step the parti-
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Figure 5.15: Construction of space-time vortex core ribbons. (a) Two particles pj, and p, (red
dots) are seeded at time t; and integrated forward to ti+;. In (b) the same as in (a) is shown,
with the time axis pointing out of the page. (c) Att = ti+1, the particles are translated so that
their center of gravity (blue) lies on the vortex core line (green) and the distance between them
is equal to the ribbon width (points §'*1). (d) Between the points p' and fi*1, a triangle mesh is
generated.

cles can deviate from the core line, @patranslation is needed such that their midpoint
is located on the vortex core line. Subsequently, the distdoetween each of the two
points and the closest point on the core line is adjusted lfohthe prescribed ribbon
width. Finally, using the resulting two points, a triangeldsurface patch is constructed
that connects to the previous front of the ribbon.

There are two main differences between the space-time apiprand the original
streamribbon constructiod 80, irrespective if carried out along streamlines, as in the
original de nition, or along vortex core lines. First, inghraditional approach, the front
of the ribbon is kept perpendicular to the streamline (oedore), while in the space-
time approach, the front is kept aligned in theplane, because all streamlines advance
at the same pace in time (note theomponent in Equatiof.19. Hence, the width of
the space-time vortex core ribbon is not constant in space-tinstead, its intersection
with planes at = const. has constant length. This has the bene t that thestatisgf the
ribbon cannot point reverse in time. Second, while the tafistaditional ribbons would
express differential rotation at the central streamlinev¢otex core line), the twist of the
space-time vortex ribbons expresses the combined twisieafiwo streamlines, locally
positioned at both sides of the ribbon. This is less miskegdin particular for wide
ribbons, because ribbon-based visualization implies ttmatshape of the ribbon not
only shows ow at its medial axis but along its overall extent

5.2.3 Results

The utility of the space-time visualization concepts is destrated using @D time-
dependentrFD simulation of a buoyant ow.

2D Buoyant Flow The dataset represent2@ CFD simulation of air ow in a square
container with the bottom wall heated#i C and the upper cooled t& C. This drives
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(@) (b)

(©) (d)

Figure 5.16: 2D Buoyant Flow dataset in space-time representation (x: red, y: green, t: blue),
with time increasing to the left. (a) The isosurface of normalized helicity of u® at isolevel 0:6
provides rather cluttered visualization. (b) Same as (a), but isolevel 0:95 nicely reveals individ-
ual vortices over time. Regions marked in red are visualized in Figures 5.19(a) and 5.19(b).
(c) Isosurface of I , of u%at isolevel 0:0001results in clutter, similar to (a). (d) Same as (c), but,
compared to (b), isolevel 70:0 fails to reveal dynamics of the vortices.

a buoyant convection ow. The side walls exhibit adiabataubhdary conditions and
all walls are no-slip boundaries. There are two obstaclaadace the development
of unsteady ow. The data is given on a structured grid withoaerall resolution of
101 10l1nodes andOltime steps.

In Figure5.16 visualizations by means of isosurfaces of vortex critardemon-
strated. FigureS.16(a)and(b) show isosurfaces of normalized helicitydf at isolevels
0:6 and0:95, respectively. The isosurface was clipped at the front(lefhax) face of
the domain to provide view to the inside. In Figir&6(b) one can see how two vortices
originate at the bottom square obstacle and start to riser@a parts on the right-hand
side of the gure). Normalized helicity provides resultgpsuior to/ » (Figures5.16(c)
and(d)) in this dataset.

Next, different vortex core line de nitions are investigdtin Figure5.17. Criti-
cal points, Sujudi-Haimes core lines, and Levy core lines/jgle comparable results,
whereas valley lines df; somewhat deviate. It is apparent that the Sujudi-Haimes cor
lines are severely disrupted and it is dif cult to discere tfortical structure. In contrast,
the space-time Levy criterion clearly reveals the vortedcttire in the unsteady ow.

Projections along the time axis of vortex core lines acewdo Levy and Sujudi-
Haimes' criterion are shown in Figutel8(a)and5.18(b) The arrows show the velocity
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Figure 5.17: Space-time vortex core lines in the 2D Buoyant Flow dataset (time increases from
right to left): (a) curves of critical points of type focus and center in u, (b) Sujudi-Haimes vortex
core lines in u® (c) I , valley lines in u®, and (d) Levy vortex core lines in u®. Sujudi-Haimes vortex
core lines are severely disrupted.

(@) (b) (c)

Figure 5.18: Projection of (a) Sujudi-Haimes and (b) Levy space-time vortex core lines along
the time axis (color legend for time). Black obstacles and gray velocity arrows at time t = 10.0s
are displayed for context. Core lines according to Levy's criterion are longer and thus easier to
analyze. (c) Time projection of Levy vortex core ribbons.

eld at the last simulation time step and reveal highly voati ow. The vortex core lines
in both gures give insight into the evolution of vortex cens over time. Some of the
core lines remain in one region (e.g., in the center of thestorght quarter), others
move across the domain (e.g., the core line starting to tthefd¢he lower obstacle).
Although Sujudi-Haimes vortex core lines (Figusel8(a) are more accurate in this
dataset, Levy core lines (Figutel8(b) are easier to follow in th&D projection, since
they are less fragmented.

Figure5.19provides a more detailed comparison of the vortex core loi#ained
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(@) (b)

Figure 5.19: Selected vortex regions in the 2D Buoyant Flow dataset. Vortex core lines shown
with high-saturated thick tubes (colors from Figure 5.17), and pathlines with low-saturated thin
tubes, seeded at the orange spheres at the respective core line. The isosurface of normalized
helicity is displayed for context. Visualization of the regions depicted in red in Figure 5.16(b):
(a) the front right region, and (b) the region back left.

by the different de nitions. In Figur®.19(a) pathlines seeded at Sujudi-Haimes core
lines (yellow) exhibit least swirl, i.e., they follow the §@wv core line tightly, whereas
pathlines started at Levy core lines (blue) exhibit morelswiathlines started at critical
points (red) exhibit even more swirl, whereas pathlinesisdatl , valley cores (green)
exhibit the largest swirl radius and are therefore mostdneate. Hence, Sujudi-Haimes
core lines are most accurate in this dataset, however, Wildtawback that they are
strongly disrupted. This affects perception and can himdgived visualization, e.g.,
the construction of our vortex core ribbons (Figbt23(b). In Figure5.19(b) one can
see that pathlines seeded at the Sujudi-Haimes core litve aipiper curved vortex are
again closest to the vortex center. However, all de nitipngvide similar results at the
vortex at the bottom of Figurg.19(b) because this vortex is straightufand oriented
along thet-axis, i.e., the vortex does not move within the examinecktimerval. All

in all, best results were obtained with the space-time Leitgrion, because it provides
a good tradeoff between accuracy and readability—althoudbviates from the true
vortex core more than the Sujudi-Haimes criterion in theegxpents, it provides more
continuous structures and it is more accurate than vortedalization by means of
critical points or valley lines of » in u°

Figure5.20demonstrates the use of space-tirr@on streamsurfaces of, i.e., on
material lines in space-time representation. Dueldg one can easily interpret the dy-
namics within the material line. The ridges in a slice of #1ee eld [ 64] exhibit high
correlation with the material line because the materia i attracted by the ridges,
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Figure 5.20: Space-time material line in the 2D Buoyant Flow dataset, seeded at purple curve,
with space-time Lic visualizing stretching and folding of material line (a). Time increasing along
the blue axis to the back. Material line stretching is apparent, e.g., from the LiC at the top left
region. (b) Green intersection curve represents a material line. (c) The FTLE eld located at the
respective instant in time exhibits high correlation with this material line.

(a) (b)

Figure 5.21: Vortex core surfaces in u®with (a) line seeding and (b) circular seeding along each
Levy core line and reset every 0:375s (the time domain of the simulation is 10s). Stripes on the
surfaces additionally reveal rotation and stretching.

which represent attracting Lagrangian coherent strustfues). TheFTLE eld is com-
puted from trajectories started at the slice in space-tintkiategrated in reverse time
until the start of the dataset. Since in the presented exgat, a material line was
seeded at the arbitrarily-chosen purple curve insteack re some deviations between
the FTLE ridges and the material line. The space-time material lgies insight into
topology-related ow behavior, without costly computat®oas would be required to
obtain therTLE eld.

In Figure 5.21, vortex core streamsurfaces are visualized. For each ouwred
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(@) (b)

Figure 5.22: Space-time vortex core ribbons textured with space-time Lic in the 2D Buoyant
Flow dataset, with focus on the region from Figure 5.19(a). Time increases to the right along
the blue axis. (a) Narrow vortex core ribbons along Levy core lines in u® nicely visualize twist
along core ling, i.e., the rotational dynamics of the vortices. However, the bands are too narrow
to visualize the Lic texture well. (b) Same as (a), but with wider ribbons to better show the
space-time LIC texture.

(@) (b)

Figure 5.23: (a) Top view of vortex core ribbons from Figure 5.22(b). Time increases to the left
along the blue axis. (b) Same as 5.22(a), but applied to Sujudi-Haimes core lines, suffers from
their disrupted geometry, resulting in visual clutter.

vortex core streamsurface is generated at its starting poith reseeded evef375s.
The advection is stopped at the time at which the core lines.eridne seeding and
circular seeding are used in Figur21(a)and5.21(b) respectively. While the former
better reveals the overall transport along and from the koee the latter emphasizes
rotation.

Finally, Figures5.22 and5.23 demonstrate the utility of the vortex core ribbons.
While narrow ribbons reduce occlusion and better visualisttalong the core lines,
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they are often too narrow to appropriately visualize ith@ texture. Increased ribbon
width shows theLiC texture well (Figures.22(b). One can identify regions where the
LIC patterns cross the core line or where the patterns are maorelii@ than line-like.
These are locations where the ow is not tangent to the coes lie., where its quality
is rather poor with respect to the angle criterion. Even tirely spatial 2D) time pro-
jection of vortex core ribbons (Figuk18(c) reveals the vortical ow around the core
lines. The swirling motion is clearly visible for the coradis starting near the lower
obstacle, as well as for the core lines in the lower right gojlen left corners. Finally,
although the Sujudi-Haimes criterion provides more adeuresults, the frequent dis-
ruption of core lines leads to disintegrated and inferiatexcore ribbons that are very
hard to interpret (Figur&.23(b). This motivates the use of our proposed space-time
Levy core line criterion also for vortex ribbons in this dsga
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5.3 Implicit Vector Field Topology

Vector eld topology is concerned with the identi cation drextraction of regions of
gualitatively different streamline behavior within therdain of a steady vector eld.
The behavior is determined with respect to spatial convergeas time reaches¥.
The structures that the streamlines converge to includiearpoints (isolated zeros of
the vector eld) and periodic orbits (isolated closed sinéiaes) which can be classi ed
in terms of their attraction/repulsion behavior. Criticaimts exhibiting both attracting
and repelling behavior are classi ed lgperbolicor saddle-typePlease see Chapter
for a detailed description of different types of topolodifsatures in2D vector elds.

In traditional vector eld topology, the topological ow sicture, i.e.topological
skeletonis visualized explicitly by means of graphical represgata[68] of the criti-
cal points, periodic orbits, and their manifolds, i.e. ,cedledseparatricesconsisting of
streamlines that converge to saddle-type critical pomtsiward or reverse time direc-
tion. Although this approach is very successful, it invelgeveral dif culties. First, it
depicts the boundaries of the different regions by meanspdratrices, but does not de-
pict the regions themselves, hence complicating inteagicet. Second, it may require
the extraction of further topological structures togethéh the respective separatrices
that converge to those structures in forward or reversedineetion. Extraction of each
of these structures must be handled individually and thpe@s/e implementation is
usually non-trivial. Beyond that, the approach may requxieit treatment of more
intricate structures such as strange attractors.

These challenges motivated the development of implicitaligation of vector topol-
ogy where, instead of extracting the boundaries of the regjithe focus is on the visu-
alization of the regions directly. This is accomplished yra&cting all critical points
of a vector eld, densely seeding streamlines, and assggtoneach seed the ID of
the critical point that the streamline converges to. Simeguld take in nite time for
a streamline to reach a critical point, a sphere with radius de ned for each criti-
cal point and it is tested if the streamline enters such arsph& reduce the costly
streamline integration, a re nement scheme is presentatiicreases the sampling at
the region boundaries, i.e., at the implicitly visualizegparatrices. The approach is
demonstrated oBD vector elds, it can be, however, readily extende®m. 3

5.3.1 Related Work

The concept of vector eld topology was introduced in the teom of visualization by
Helman and Hesselink6B] who provided a space-time representation of vector eld
topology. For visualization a8D vector eld topology, Weinkauf et al.][88 extended
the concept of saddle connectors to boundary switch coorsettat represent sepa-
ration surfaces emanating from boundary switch curves. ediagsreamlines were in-
vestigated by Wischgoll and ScheuermaB07 who analyzed grid cells reentered by

3 Parts of this section have been published 81] [
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@) (b) ()

Figure 5.24: Grid re nement. The red curve represents the se paratrix to be captured, with
streamlines seeded on both of its sides reaching different critical points. (a) After initial stream-
line integration from the grid nodes, the ID of the respective critical point is stored at the node
(blue/green). (b) If two nodes with different labels share an edge, all edges sharing those nodes
are subdivided by inserting a new node at the edge midpoint. These new nodes are incorpo-
rated into the grid using Delaunay triangulation. (c) The process is repeated until the minimum
edge length threshold is reached.

streamlines to detect periodic orbits. Theisel et & extracted the closed stream-
lines in 2D vector elds by detecting intersection curves of strearfezes advected
forward and backward in extrud@iD space-time vector eld representation. Visualiza-
tion of another topological feature was proposed by Machetdd. [L12 who locally
extracted bifurcation lines and their manifolds using a neabdmethod for vortex core
line extraction. Friederici et al5p] presented an approach for segmentatio8@ec-
tor elds using nite time separation characteristics ajpseparatrices. Their method
avoided costly computation of ow maps.

5.3.2 Visualization

The input to the visualization technique is the vector elirgpled on &D uniform
grid with cell sized, a re nement threshold, the positions of its critical points, and
the radiuse of the spheres around the critical points. The radigs d=2 is chosen to
make sure that there is at least one node of the sampling giichveach sphere. The
algorithm consists of two phases.

In the initial phase, each critical point is given a uniquenimegative ID, and a
streamline is seeded at each node of the sampling grid aegrated over the predeter-
mined time with the fourth-order Runge-Kutta scheme. Afteegration, each stream-
line p consists of\p vertices such thatp, is the seed ancz{p;Np 1 is the last vertex
of the streamline. Subsequently, the rst vertex along ttneasnline is found that is
contained in one of the spheres centered at the criticatgaand the respective 1D of
that critical point is stored at the seed node of the samgjimd) The rst encountered
critical point is determined by subsequently computingdistances= kxp; Xk for
pointsx;; i= 0;:::;Np 1on the streamling to the critical points; until s< e for any
¢j. If no vertex could be found in any of the spheres, the ID atéispective node is set
to 1. After this phase, IDs are assigned to all grid points.

In the second phase, the sampling grid is iteratively re teedapture the details of
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(@) (b)

Figure 5.25: Periodic Orbit dataset. (a) LIC [30] representation of the vector eld with attracting-
focus critical point at its center (red dot), and color legend for the vector eld magnitude on the
left. (b) Implicit visualization reveals topological region (red) where streamlines are attracted
toward the critical point. The boundary of this region implicitly depicts the periodic orbit.

the topology of the vector eld. First, Delaunay triangudet of the sampling nodes is
employed to obtain a triangular mesh. From the mesh, alledgeextracted, and for
each edge with edge lengths, IDs at both ends are compared. If the IDs are different,
sample nodes are added at midpoints of all edges sharingr @ftthese grid points
(see Figures.24). Afterwards, streamlines are seeded at the new samplegmssand
their IDs are determined as described above. This procesgaated, i.e., the Delaunay
triangulation step is performed for the whole grid, inchilthe sample nodes generated
in the last iteration. Since the edges with different IDs laaésed in each step, this
procedure converges to a sampling of the vector eld topplaiyresolutions .

The whole algorithm is performed forward and backward iretimorder to capture
the regions of different behavior, e.g., with respect toveogence to sinks and sources.
The visualization is implemented as a ParaView pludij,[where the vector eld and
critical points are given as input.

5.3.3 Results

Periodic Orbit The rst data set is a synthetic vector eld with a repellingrpdic
orbit around a critical point of type attracting focus (segufe5.25(a). The presented
technique extracts in forward time the topological regionrected to the critical point
(Figure5.25(b) i.e., the region within the periodic orbit. The disk boundmnplicitly
reveals the periodic orbit, since the streamlines startesiade the periodic orbit reach
the domain boundary, resulting in an assignment of invédid | 1) at the seed points.

2D Buoyant Flow and Rotated Flow The2D Buoyant Flowdataset is a single time
step from a computational uid dynamics simulation of bunyaow in a closed con-
tainer with resolution 0102 102nodes (see Figufe26(a). This dataset exhibits criti-
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Figure 5.26: (a) LIC representation of the 2D 2D Buoyant Flow dataset, with color indicating
velocity magnitude (color legend on the left). Critical points by red dots. (b) Rotated Flow
dataset.

(a) (b) (©) (d)
Figure 5.27: 2D Buoyant Flow dataset (forward integration, as in Figure 5.28(a)), with region

marked with green box in (a) enlarged for (b) s = 24 10 4, (c¢)s = 1:2 10 4, and (d) s =
0:6 10 “. Smaller values of s provide improved accuracy but cannot reveal additional regions.

cal points of type focus (very close to the center type,vary small out ow/in ow) and
saddle. Th&kotated Flowdataset was obtained by rotating the vectors of2DeBuoy-
ant Flow dataset by90 degrees counterclockwise (Figuse26(b). This way, sources
and sinks were obtained from centers with clockwise and tewolockwise rotation,
respectively, while saddles have retained their type.

For both datasets, the threshsldor the minimum edge length was setlt@ 10 4,
which corresponds t0:12d, whered is the diagonal of a cell from the dataset. For
the Rotated Flowdataset, the re nement resulting from different valuesas shown
in Figure5.27, where already with the chosen (Figure5.27(c) the details are well
captured.

The critical point radiug was settee= 7:071 10 “ for theRotated Flondataset.
As will be shown below, this value was insuf cient to captuhe whole topological
structure in theD Buoyant Flondataset, in which case= 14142 10 “was used.
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Figure 5.28: Rotated Flow dataset. Implicit visualization with (a) forward and (b) backward
integration. (c) Overlay of (a) and (b) reveals the topological structure of the vector eld.

In the Rotated Flowdataset, Figur&.28(a)and(b) shows topological regions for
forward and backward streamline integration. The critmaihts, representing sources
and sinks, are the colored dots which have been capturedcehye thement. The color
of the regions indicates the respective critical point IbeToverlay of the results from
both integration directions (see Figuse28(c) reveals the topological structure of the
vector eld, with region boundaries representing sepaes. Interestingly, a partially
developed region corresponding to the saddle point in teergbox in Figuré.28(b)
can bee seen. The backward integration captures the diagian (top left to bot-
tom right) corresponding to a separatrix, since strearsldeenot diverge strongly from
the separatrix, and hence more remote streamlines reachritical point. In case of
forward integration, however, the streamlines divergeéefaBom the separatrix (bot-
tom left to top right) and hence the separatrix is not captaethe given maximum
resolutions. Interestingly, in the2D Buoyant Flowdataset, the regions correspond-
ing to the separatrices emerging from that critical poiet@ptured as fully developed
closed curves (see green box in Figbr29(c). It is worth noting that, as can be seen
in Figure5.29(a)and (b), the smaller critical point radiue = 7:071 10 # leads to
disconnected separatrices corresponding to the saddie (goeen box), since, due to
relatively high streamline divergence around the sepaeatrfew of them reach the crit-
ical point. Only after doubling the radius &= 14:142 10 4, do the streamlines reach
the saddle point, therefore closing the separatrix.

Performance Analysis

To analyze the characteristics of the re nement procedilme number of seed points
generated per iteration has been recorded foRibdguoyant Flowand Rotated Flow
datasets. The results are shown in Figbi&0, where thelth iteration corresponds to
initial grid node positions. For both datasets and in botbgration directions, the rst
iterations are very similar—the rst re nement producesseoints than in the original
grid, but in the next few iterations, the number of inserteddspoints increases consid-
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Figure 5.29: 2D Buoyant Flow dataset. With tolerance e= 7:071 10 #, the blue thin lines
representing separatrices are disconnected for (a) forward and (b) backward integration due
to limited sampling. With tolerance e= 14:142 10 4, the lines are closed for both integration
directions ((c) and (d)), and therefore clearly show the topological region constrained by the
separatices.

erably. This is followed by steady overall decrease in thalmer of new seed points for
all con gurations. The interesting re nement charactéds in the rstiterations can be
explained by the fact that the initial node positions haveowespondence to the topo-
logical region boundaries, which leads to the initial lowatity re nement. After the
rst re nement, however, the method starts to capture the details as the new seed
points are inserted at positions that now correspond todkenpial region boundaries.

Regarding the performance characteristics, shown in FigLa@(b) streamline in-
tegration time is proportional to the number of new seed gsdimserted and hence it
uses most computation in the rst iterations. For the Detgutriangulation (dashed
line), the computation time is dependent on the total nurobepints, and therefore it
increases considerably in the rst iterations, due to tingdanumber of new seed points,
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Figure 5.30: (a) Number of inserted seed points after each iteration and (b) computation times
per iteration for streamline integration (continuous line) and Delaunay triangulation (dashed line).
The low number of inserted seed points in the rstiteration i s due to uniform node positions that
do not correspond to the topological region boundaries.

but remains roughly constant for the following re nemerg, where the number of
new seed points decreases with each iteration.



CONCLUSION

In this thesis, visualization techniques have been prapfisehe analysis of two-phase
ow dynamics with the focus on droplet-related processeke §reat complexity and
large variety of the simulated physical phenomena needssit comprehensive visu-
alization approach that ensures effective analysis ofrilielved droplet interactions,
dynamics of interfaces, and material transport in the edlaingle-phase ow. These
aspects re ect three scales that have been identi ed asatrior better understanding
of two-phase ow dynamics. Accordingly, the proposed vigzation methods provide
a multi-scale approach designed to effectively suppottaligwvestigation of process at
these three different scales. Moreover, this thesis addsamany challenges inherent
to ow visualization, such as dealing with high dynamics ajw, especially in two-
phase ow with interfaces, providing innovative solutiolts speci ¢ requirements of
investigated phenomena, as well as ef ciently processangd data produced byFD
simulations. In the following, the presented techniquessammarized. That is, details
are provided on how they accomplish the research goalsedtin the Introduction in
Chapterl and how they handle the related challenges.

6.1 Summary

This thesis provides visualization techniques designedthi® analysis of different, yet
interdependent problems in two-phase ow dynamics. To hatide complexity of
the two-phase ow phenomena, the proposed visualizatioeewlesigned to support
the analysis of three important aspects: droplet intevastiinterface dynamics, and
material transport in single-phase ow con guration.

Interactions in Droplet Groups The vast amount of interacting inclusions and fre-
guent topology changes resulting from splits and mergesinegisualization methods
that can manage large amounts of data to extract the impootarcharacteristics. As
has been demonstrated in Chaperstatic representation of inclusion dynamics has
proven to be a powerful instrument for this purpose. In treialization of inclusion
dynamics presented in Secti8ri, visualization of highly complex two-phase ow, in-
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@) (b)

Figure 6.1: Visualization of droplet dynamics in the Peripheral Collision dataset. (a) This droplet
detached from a larger ring-shaped component. Its initial oscillation transforms into rotational
motion. (b) The graph representation reveals the overall droplet motion until it leaves the domain

(purple rings).

cluding droplet collisions and scattering of jets, has baecomplished with a novel
tightly-coupled3D spatial and2D space-time representations of simulation data (Fig-
ure6.1). In the latter, an abstract graph visualization of dropletakups and merges
is employed that provides an overall static view of the wrsateulation. Geometrical
representation of segmentation in the visualization duision separation (Sectidh?2)
provides a detailed view on the volumetric contributiongladplets. In the presented
method, the extracted segmentation boundaries determéealumes of inclusions
that will eventually break up, while the separation surassveal the information on
the time point at which a given separation has occurred.

The two visualization techniques presented in Chaptellow for a detailed and
effective analysis of droplet interactions, a task paléidy dif cult due to the over-
whelming complexity of the involved processes. This hast@hieved by focusing on
the different droplet deformation mechanisms, as well aseteévant physical charac-
teristics whose visualization could give new insights itite investigated phenomena.
With the visualization of inclusion dynamics, it is possilbd better understand the tran-
sitions between oscillation and rotation, and how thesdywes of motion in uence the
droplet breakup, as has been shown in the demonstratectfatiishas been achieved
by introducing novel visualization techniques based ongipal component analysis,
frequency analysis, and derived physical measures, aedrating them into bot@D
and 3D views. This approach proved to be a powerful solution, esiimcthe former it
allows to detect interesting droplets in the whole datashtle in the latter it enables
close examination of the dynamics of the investigated @topFurthermore, the sec-
ond method reveals how the inclusions and the segmentsitiséin evolve until the
breakup. For instance, it revealed that the ligaments Hdetgdrom the jet core origi-
nate from elongated core sections that, due to folding eatbby gas resistance, later
form more compact shapes. For direct representation oftihesion separation, the par-
ticles stored during advection can be additionally usechtmsthe temporal evolution
of inclusion segments. To ensure that the particles do ray ftom the original phase,
a corrector scheme has been introduced which results iragecleisual representation
of the segmentation. The visualization method has beeressfidly applied in the in-
vestigation of jets44] where some of the ow characteristics would be very dif tto
discern without a proper visualization approach. The Uisgaloif this method has been
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further extended by tracking inclusions backward in time.tHis case, the segmenta-
tion within an inclusion shows the contributions of mergeclusions. Such an approach
could be particularly useful in the analysis of multi-compat ow simulations where
droplets with different chemical components collide. As baen demonstrated in this
thesis, the two methods complement each other in the goabsiding a better under-
standing of droplet interactions: the rst one analyses#@sons of particular inclusion
breakups and merges, while the second one supports clestigation of these events
by showing the contributions of inclusion volumes.

The analyzed phenomena at this scale often necessitatespadial resolution to
accurately resolve small droplets and their interactidie resulting large datasets in-
cur additional burden during visualization. To deal withgkadata, in the static graph
visualization, edge clustering according to a prede necsuee has been employed to
reduce visual clutter. Additionally, the level-of-detapproach enables folding and un-
folding of clustered edges, and therefore allows for extna@ianalysis of large datasets.
In the visualization of inclusion separation, domain patiation is used to permit the
processing of large datasets. To reduce the storage retgrite of simulation data, the
datasets have typically substantially reduced temposgluéion. This poses a partic-
ular problem in this visualization method, since it regsireliable particle tracking in
order to expose ne details of the separation. Hence, to@udor low temporal resolu-
tion, a novel corrector scheme has been introduced thabiéxtheVOF- eld to ensure
phase-consistent particle trajectories.

Liquid Interface Dynamics In Chapter4, the dynamics of uid interfaces were scru-
tinized. Fluid interfaces have a great impact on the behafitvo-phase ow on larger
scales due to the interplay of surface tension and uid dyiodorces. They typically
lead to intricate interface formations and potential bugesk On the other hand, in the
presence of an electric eld, static discharges at the @taiplsulator contact line can
in ict damage on the insulators. Therefore, it is importamtvisually analyze the in-
terfaces and the related processes to gain more insighthatoverall two-phase ow.
To help with the investigation of interface dynamics, saversualization approaches
have been developed that address diverse, yet equally tampa@spects related to phase
interfaces. This chapter also showed that in order to dpvellevant and effective visu-
alization techniques, close collaboration with simulatxperts is vital.

In two-phase ow simulation, therLiC interface reconstruction method strikes a
good balance between the reconstruction accuracy and ¢atigqnal ef ciency. How-
ever, because of this trade-off, it is reasonable to expgwsmtricacies of phase tracking
in the simulation to visually assess the simulation qualliye presented visualization
in Sectiord.1is based on a novel interpretationrfic reconstruction as the rst-order
Taylor approximation of th&yoF eld. With the Taylor approximation, it is possible
to generalize theLIC reconstruction to higher-order approximations. Thisvadidor a
derivation of error bounds on the implicit approximationtiofs eld and, additionally,
it provides several geometry-based error measures wigieceso the shape of the re-
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Figure 6.2: Same droplet as in Figure 6.1, analyzed
in terms of interface reconstruction in the simulation.
Here, discontinuities between interface patches are
color-coded. Large discontinuities in the top of the
droplet, revealed by intense red color, indicate possible
loss of accuracy in the simulation advection step.

construction and the discontinuities at cell boundarieguife 6.2). To handle highly
dynamic processes and to gain insight into advection psesgghe visualization pro-
vides geometric representations of the volume uxes usdbersolver to track phases.
As has been demonstrated on the example datasets, the veisuaézation can help
understand how the reconstruction can sometimes lead tetieeioration of the inter-
face, or how it arti cially enforces division of liquid inalsions.

A problem inherent to two-phase ow is that the interfacetatmlity and the poten-
tial breakups are dif cult to follow visually due to the ctet introduced by the presence
of interfaces. A suitable approach is therefore requiredaiovey the interface defor-
mation and at the same time visualize the interface itsedirder to indicate unstable
regions. The visualization of interface deformation int®et4.2focused on the defor-
mation characteristics and how these deformations tramsfioto inclusion breakups.
The method employs a metric tensor based on the Jacobiar ¢dahl interface dis-
placement that shows the directions of stretching and thegonding magnitudes. It
therefore provides useful insights into interface indiads. Since the metric tensor
does not capture the actual shape change, a novel techwoigtreefanalysis of the cur-
vature change has been introduced. It utilizes the diffsxesf shape tensors of the
geometric interfaces to reveal the bending strength arettiton and hence provides a
direct and descriptive measure for interface deformafidre dynamics of interfaces is
represented by glyphs whose orientation and color indidatermation direction and
strength, respectively. At the same time, the glyphs oaittire phase interface, and
therefore provided the context for the analysis of intexfdgnamics. This in turn facil-
itates the analysis of highly dynamic processes.

Simulations of water droplets in the presence of electriclseare carried out to
help understand static discharges on wetted insulatorssegoiently, the visualization
presented in Sectioh3has been developed to help in the analysis of such coupled ui
dynamic and electric eld problems. The method transforhmes ¢ircular contact line
of each simulation time step into a stripe, and stacks thegather to form a space-
time representation of the time-dependent electric elchisThovel approach avoids
the occlusion of the time-dependent process and providegia epresentation of the
time-dependent process.

All techniques presented in this chapter utilize the sojw@ximity to various ex-
tents in order to provide useful information on the simwaatbehavior and to support
the analysis of droplet-speci ¢ phenomena. Thec visualization method exposes the
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solver-based interface reconstruction to help in the assesst of simulation quality. In
the visualization of interface deformation, on the othemdyahe reimplementation of
the algorithm for curvature computation allowed to gairtérainderstanding of the role
of the surface tension on inclusion instabilities. Finallythe visualization of electric
eld on interfaces, special handling of edge-based dataessmtation conveyed eld
discontinuities at material boundaries. These technighesv that in order to effec-
tively visualize various phenomena at phase interfaces;iaity tailored solver-aware
approaches are advantageous, although the inherent digade of such techniques is
their relatively limited application.

Material Transport A number of physical phenomena related to droplet dynamics
can be investigated using single-phase ow simulationsis Thpossible either when
the droplet internal ow is considered, or when the presesfaaterfaces is not relevant
for the analysis. Although visualization of single-phassv is an established research
eld, the ow dynamics still poses problems during the vis@malysis. Therefore, in
Chaptefb, several visualization methods have been presented thstissially improve
the investigation of single-phase ows, either by effeetiw conveying the analyzed
physical phenomena, or by reducing the ow complexity anttaoting relevant ow
features.

The transport of diffusive quantities simulated wathD cannot be captured with tra-
ditional ow visualization techniques that only take intocunt the advective transport.
To address this issue, a dye-based visualization for adwvedtffusion processes was
presented in Sectiob.1 In this method, the concept of passive diffusion to vizeli
diffusion uxes was introduced that reveals the transpédifusive quantities due to
both advection and diffusion (Figu&3). The employed nite volume scheme with
a WENO reconstruction technique ensures high-quality intevaatiye advection with
substantially reduced numerical diffusion. For smooth emeractive visualization of
datasets with high temporal resolution, the method explpdtrallelization and mem-
ory hierarchies on gPuto ef ciently process and render the streamed simulatiometi
steps.

This chapter showed the advantage of extracting relevattrfes in ow elds. It
has been employed to overcome high dynamics of uid ow byueidg the analyzed
data to relevant information. To handle complex ow dynasyithe method presented
in Section5.2 uses space-time representatior2bftime-dependent data, where time is
represented by theaxis of a three-dimensional domain in a Cartesian frameh i
third vector component corresponding to time, 8k streamlines represent pathlines
from the original2D time-dependent ow eld. Since these pathlines are Galie
invariant, so are the concepts derived in the space-timeseptation. In this space-
time domain, severdD streamline-based techniques were investigated for thlysia
of 2D time-dependent ow. The employed vortex core line exti@cicriteria provide
a good balance between accuracy and readability. For thalization of vortical ow
in the 3D space-time eld, vortex cores are augmented by the inttedwortex core
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Figure 6.3: Dye-based visualization of advection-
diffusion in the simulation of an evaporating droplet.
Blue transparent surfaces represent vapor isocontours.
Dye released at the droplet interface is advected down-
stream. Advection transport dominates the transport
mechanism.

ribbons which clearly visualize the twist around vortic&y, mapping the space-time
LIC texture on the ribbons, they also provide a notion of vortesedine quality. Ad-
ditionally, space-timeiC was applied on streamsurfaces to visualize both the eidrins
and intrinsic dynamics of material lines. This visualipatialso supports the argument
that the space-time can be useful also in the analysis ofespitase ow.

In the last presented method (Sectio8), feature extraction has been applied to gain
a concise representation of complex ows. In this methodpgeh implicit topology
extraction method has been proposed that, instead of pngvide topology skeleton,
directly reveals regions of different ow behavior. Thisaghieved by revealing the
asymptotic behavior of streamlines seeded in the whole @ontdence, separatrices
and periodic orbits are displayed implicitly as the boureaof these regions. Addi-
tionally, the presented grid re nement method improves do@lity of the extracted
regions.

The visualization techniques presented in Chapteain provide better understand
ing of physical processes and additionally support effecdinalysis of highly dynamic
data. A clear strength of the visualization techniquesee=] in this chapter is that
their application range extends beyond the analysis ofleratynamics to all types
of phenomena investigated in single-phase con guratiohe &dvantage of proposed
advection-diffusion analysis is that, depending on thdieaton problems, various vi-
sualization techniques can reveal the advection-diffustansport. In fact, a recent
publication by Sadlo et al1b3 shows that advection-diffusion can be employed for
topology extraction in simulations with both advective atifiusive transport. Addi-
tionally, as proposed in the work by Hochstetter et &) [the advection-diffusion visu-
alization can be extended to simulations of solvents by aposing the concentration
transport into the advective and diffusive componentsguéine mean and maximum
diffusion velocity.

A Multi-Scale Approach for Visualization of Two-Phase Flow Dynamics

The range of phenomena related to two-phase ow dynamicstlagid interplay is a
challenging topic. As the visualization of two-phase owshso far gained only mod-
erate attention, it was the goal of this thesis to proposealization techniques that
provide knowledge on the dynamics of droplets as well as géheo-phase ow dy-
namics. Consequently, the presented visualization teabsigrovide a comprehensive
analysis for the investigation of multitude aspects of pt@se ow with the focus on
droplet dynamic processes. In this thesis, droplet intenas, interface dynamics, as
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well as material transport in single-phase con gurationéhbeen identi ed as impor-
tant problems. Accordingly, the developed visualizatiechiniques complement each
other to form a comprehensive approach for visual analysis@phase ow dynamics.
The introduced visualization of droplet interactions deala detailed investigation of
the dynamics of breakups and merges and reveals the origoinsharacteristics of these
processes. The interactions are greatly in uenced by ttexface dynamics. Thus, var-
ious aspects of interface characteristics have been sizedi in this thesis to provide
better understanding of both the simulation behavior angsighl phenomena at the
interface. Additionally, in the investigation of droplegrthmics, there are simulation
scenarios where phase interface does not have to be eyptioitsidered. For these
cases, the introduced single-phase visualization metakals for investigation of the
highly complex ows. With such a wide spectrum of visualimat techniques, this the-
sis addresses many aspects related to the investigatismgiltase ow dynamics and
can thus help the scientists and engineers in the study afalgthenomena and in
engineering applications.

6.2 Outlook

The presented methods were designed to comprise an exteaxistialization approach
for the analysis of multiple aspects in two-phase ow. Regaydmplementation, these
methods could be integrated into a single framework, ptsbioexploiting existing vi-
sualization frameworks, such as ParaView. In fact someeptiesented methods have
already been implemented as ParaView plugins. Althoughttiésis concentrated on
liquid-gas ows, the presented techniques that take thexfate explicitely into account
are readily applicable to multiphase ows, speci cally,ws with two immiscible lig-
uids of different chemical components. This has been detraird in the visualization
of interface deformation, where oil-water con gurationsia@een investigated. For visu-
alization of droplet interactions, identi cation of indions across multiple time steps
leads to a correspondence problem, which involves manyerigas. The particle track-
ing is particularly dif cult in two-phase ow which is hight nonlinear. The involved
collisions, as well as surface tension force are dif culctpture and require high tem-
poral resolution for accurate tracking. It is anticipatedttfor detailed analysis of such
data, the in-solver particle advection will be necessdngaest to provide a ground-truth
solution to the particle tracking problem. In case of iraed visualization, the existing
techniques are somewhat limited to ¥er-based simulations. As has been discussed,
interface analysis techniques bene t from the proximitytte uid solver and it would
be bene cial to extend these visualization techniques heosolver types and interface
reconstruction methods. In the analysis of droplet inteima, a very interesting yet
challenging direction would be to consider the deformatiohthe droplets when ana-
lyzing the internal ow. This is in fact outlined in an onga@jrresearch project at the
University of Stuttgart. In this thesis, droplets in theg@ece of an electric eld have
been investigated. There are, however, many other prazesaech as icing, evapo-
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ration, or mixing—that demand specialized visualizatiechiniques that could handle
these complex multi-physics problems.

Since many aspects of two-phase ow have been so far rathexplored in the
scienti ¢ visualization, it it the author's hope that thisesis will shed some light on
the phenomena related to the two-phase ow dynamics witfdhas on droplets. As
two-phase ow is a complex and intriguing research topigs ialso the author's hope
that it will get more attention and therefore spur more faating research in ow visu-
alization.









APPENDIX

Parallelization

As stated in the Introduction (Chaptg), the constantly growing computational power
of both personal desktops and computing clusters allowsofersimulations with in-
creasing spatial and temporal resolutions. This posest&ylar challenge in the visu-
alization of the resulting data, and in this thesis two apph@s have been adopted to
ensure effective ow visualization: utilization of th@PUs and distributed systems. The
former enables interactive visualization and renderingye# advection (Sectiob.1),
while the latter allows for processing of large datasetsdbanot tinto memory of stan-
dard desktops (Sectidh2). What follows is a brief description of the characteristi€s
both solutions that were taken into account in the visuabraechniques presented in
this thesis.

GPU Architecture

GPUs allow for considerable acceleration of data processingligorithms that can ben-
e t from parallelization. Since th&pPu architecture differs greatly from th@Pus, care
must be taken to properly design the algorithm implemeortegd that the full potential
of a graphics card can be exploited. Below, several aspeetbrag y described that
must be considered when developieRu code. Please note that the description—by no
means exhaustive—is based on the terminology used in NVIEIBA [123.

Thread Organization In the GPU programming model, the code that runs on the
graphics card is callekkerne| and one kernel is executed by one core processor. Modern
graphics cards contain more than thousand computing cbae®h a hardware level
are organized in a hierarchy that is re ected in the programgnmodel. From a pro-
gramming point of view, at the lowest level, threads, i.&eaaition units, are grouped
into warpsof typically 32 threads. At the warp level, instruction branching should be
avoided on the currer@Pu architecture, since otherwise the execution of the brasche
is serialized. The thread warps are further groupedtimead blocksvith shared mem-
ory accessible to all threads within a given block. Additihyy thread execution can
be synchronized to allow for coordinated data exchangeinvdtblock. At the high-
est level, thread blocks are organized in a grid where a nuwibtihread blocks can
execute simultaneously, depending on the block size, reesuequired per block, and
resources available on the device. It is important to naédhbrrently, synchronization

is not possible across thread blocks.

Memory Design In the graphics cards there are several memory types vigibée
programmer that differ in access speed and latency, as weika. The device memory
is a global memory type accessible to @ku threads. This memory is also the only
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GPU memory type visible to the host (i.e., code running on ¢me)), and is used to
transfer data betweetPu andGPU. The size of the device memory is of the order of
few gigabytes but it offers the slowest access. Hence, datafers and accesses should
be reduced as much as possible. The shared memory is agdibatdach thread block
separately, such that threads within one block can exchadeitgehrough this memory. It
is much faster than the device memory, however, its sizedisrerof magnitude smaller
(typically, 48KB). The fastest and at the same time most sparse memory resoerthe
registers, i.e., small memory blocks assigned for stordgenoporary variables during
kernel execution.

Memory Access Optimization There are some nuances that must be attended to
when developingsPuU code. The thread warps mentioned earlier require some num-
ber of cycles to fetch data before they can execute the nekuction. This latency
may range from a few tens of cycles for registers to hundrédgabes for global mem-

ory access. It is therefore essential to hide this warp ivicby other warps that are
ready to execute their code. To increase the number of astivps (i.e., warps that
reside on thesPu multiprocessors), one should decrease the number of eegjissed

per thread. To further reduce the impact of global memonysiations, some memory
access patterns should be considerbtemory coalescencensures that consecutive
threads read from or write to successive memory addrebtssory alignmenof data
types means that their addresses are multiples of their Biath solutions reduce the
number of transactions needed and therefore speed up mémmosjer.

Distributed Architecture

While parallelization on &Puallows for considerable acceleration of visualizatiorhtec
niques, some simulation data are too large to tinto graple&rds memory and require
parallelization on distributed systems. Moreover, theutation data can sometimes be
too large for transfers from clusters/supercomputers torcodity desktops, and hence
require processing on the computing nodes, which usuatiyar equipped witlGPUs.

Message Passing Interface For parallel computation on clusters and supercomput-
ers, the Message Passing Interfap®If protocol is typically usedq0]. MPI is an
architecture-independenpi that provides a set of functions for data transfers across
computing nodes. For visualization, either the tasks orsihaulation data are dis-
tributed on the nodes. A task is a program module respongiplerocessing data
required for visualization. For example, in the particlerection, the task is the inte-
gration of the particle position in a given time interval. the case of data parallelism,
which has been employed in the presented visualizationadfision separation (Sec-
tion 3.2), the simulation domain is split into blocks that reside eparate computing
nodes. In the employed particle tracking, particles thavdethe assigned block are
transferred to the process responsible for the block thésr.emhis approach is rela-
tively simple to implement, and allows for processing ladgasets. A disadvantage
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of data parallelism is that for particles that follow simifgaths, computational load is
poorly distributed, since the computed particle positiares concentrated in relatively
few subdomains.
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