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P perimeter m
P point
p pressure Pa
px pixel size m
R radius m
Ra surface roughness µm
R⊥ reflectance
t time s
T temperature K
s sample standard deviation
s2 sample variance
scd momentum parameter
U droplet velocity m/s
V volume m3

x arbitrary variable
x, X length, coordinate m, -
y, Y length, coordinate m, -
z, Z length, coordinate m, -
f# F-number f# = f /Da

Greek Characters

Symbol Description Unit
α outer crown angle/inclination °
γ inner crown angle, front crown angle °
λ wavelength nm
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Symbol Description Unit
λal reflected wavelength from air-liquid interface nm
λls reflected wavelength from liquid-solid interface nm
λs energy loss factor
µ dynamic viscosity kg s/m
µx expected value (probability theory)
ν kinematic viscosity m2/s
ρ density kg/m3

σ surface tension N/m
σ standard deviation
σ2 variance
θ contact angle °
µ, ν, ρ, σ averaged property

Subscripts

Symbol Description
ad adjacent, advancing
0 value at time t = 0, before drop impact
Base base of the crown
BL boundary layer
CB crown bottom breakdown
CTS crown-type splashing
crit critical
CR crown rim
cr crown
cum cumulative
cw crown wall
D drop
d secondary droplets
fg finger
F film
g geometric
gas gas
i control variable
ini initial
LB lamella base
min minimum
max maximum
mod modal
op opposite
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Symbol Description
p indication of moment-ratio notation
pix pixel
proj projected
q indication of moment-ratio notation
Top top of the crown
re receding
real real
rel relative
res residual
tot total
virt virtual
vis viscous

Dimensionless Quantities

Symbol Description Definition
Circ circularity Circ = 4πAproj/P2

proj

D∗ diameter D∗ = Dx/D0
δ film thickness δ = h0/D0
Fr Froude number Fr = U 2/Lg
H ∗CR crown height H ∗CR = HCR/D0
K splashing factor (K -factor) K = WeaOhb
Kcrit critical K -factor
K1 K -factor by Walzel We Oh−0.4

K2 K -factor by Mundo et al. We5/8Oh−1/4

K3 K -factor by Vander Wal et al. OhRe1.17

K∗ K -factor by Kittel et al. We5/8Oh−1/4

κ inverse viscosity ratio κ = νF/νD
κ scaling parameter κ = (κ− 1)/κ3/5

Oh Ohnesorge number Oh = µ/
√

Lρσ
Lnd length scale of wall roughness Lnd = La/D0
La Laplace number La = ρσD0/µ

2

Re Reynolds number Re = UL/ν
Rnd wall roughness Rnd = Ra/D0
τ time τ = tU/D
We Weber number We = ρU 2L/σ
We∗ effective Weber number by Kittel et al. We∗ = ρD0 U0

2/2σmin
µ∗ dyn. viscosity ratio µ∗ = µD/µF
ρ∗ density ratio ρ∗ = ρD/ρF
σ∗ surface tension ratio σ∗ = σD/σF
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σ∗ kin. viscosity ratio ν∗ = νD/νF

Abbreviations

Abbrevation Description
3D three-dimensional
1CI 1-Component Interaction
2CI binary or 2-Component Interaction
AFFF Aqueous Film Forming Foams
CB Crown Bottom Breakdown
CCI Confocal Chromatic Imaging
CFD Computational Fluid Dynamics
CoC Circle of Confusion Concept
CTS Crown-Type Splashing
CSS Continuum Surface Stress Model
DIH Digital In-line Holography
DOF Depth of Field
FS3D Free Surface 3D (in-house multiphase code)
GUI Graphical User Interface
GUM Guide to the Expression of Uncertainty in Measurement
Hexa Hexadecane
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ITLR Institut für Thermodynamik der Luft- und Raumfahrt
LED Light Emitting Diode
MC Multi-Component
MMD Mass Mean Diameter
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PLIC Piecewise Linear Interface Reconstruction Method
PM Particulate Matter
RSF Relative Span Factor
RP Rayleigh-Plateau Instability
RT Rayleigh-Taylor Instability
SC Single-Component
SCR Selective Catalytic Reduction
SMD Sauter Mean Diameter
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VOF Volume-of-Fluid Method
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Abstract

A large variety of industrial applications depend on the impact dynamics of
droplets on liquid surfaces (films). These impact processes are not restricted
to systems where droplet and film consist of the same liquid (one-component).
Indeed, there are many applications where droplets impact on films of a different
fluid (two-component), e.g. fuel post-injection in diesel engines. During post-
injection, the piston has already moved down and the injected diesel fuel
impacts directly on the oil-wetted cylinder wall. Thereby, the oil’s lubrication
performance is diminished, and if the drop impact induces splashing, secondary
droplets consisting of fuel and oil are ejected back into the combustion chamber,
which leads to increased engine emissions and, potentially, knocking. It is here
that a better understanding of the binary splashing dynamics is beneficial for
optimizing post-injection strategies.

In the present work, the understanding of the underlying physical mechanisms
of binary splashing dynamics is improved by conducting a systematic experi-
mental study. Based on the post-injection scenario, the fundamental process
of a single droplet impinging on wall covered with a thin film is investigated,
employing two-perspective and top-view high-speed shadowgraphy. Contrary to
previous studies, the effect of two miscible fluids, the role of wall-film viscosity,
and the effect of wall-film thickness on the splashing dynamics are analysed.
The latter comprise the onset of splashing, crown kinematics, finger formation,
and secondary droplet ejection. Two mechanisms of secondary droplet ejection,
crown-type splashing and crown bottom breakdown, are observed and their
ejection capabilities are comparatively analysed. In addition to binary interac-
tions and to establish reference cases, the related one-component interactions
of the test fluids are investigated. The employed surrogate liquids, Hyspin and
hexadecane, are chosen to match the combustion chamber conditions in diesel
engines to the ambient conditions in the laboratory.
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Abstract

The systematic investigation of the one- and two-component interactions of
Hyspin/hexadecane allows to propose a unified treatment of the splashing
phenomenon. The impact outcome can be classified into three regimes, i.e. de-
position, transition and splashing. Thereof, the splashing threshold, marking
the onset of secondary droplet ejection, is determined. Its functional depen-
dence shows that an increase in film thickness inhibits splashing. But a unified
splashing threshold needs to include the dependency on the fluid properties
in addition to the effects of film thickness and impact energy, explored in this
study. The crown kinematics are strongly linked to the vorticity production in
the crown’s neck region and dissipative losses in the boundary layer close to
the solid wall. Both effects are enhanced by thin films and high fluid viscosities,
and lead to the ejection of the crown wall at earlier times and with lower angles,
i.e. V-shaped. For thicker films vorticity production and dissipative losses are
quenched since viscous effects are confined to a thin sub-layer within the wall-
film, i.e. crowns assume cylindrical shapes. These changes in crown inclination
strongly influence the crown top diameter and height. For V-shaped crowns
the horizontal expansion of the crown top is promoted, while for cylindrical
crowns the expansion in vertical direction (height) is enhanced. In contrast,
the crown’s base diameter is insensitive to changes in crown inclination. It
mainly depends on the relative importance of liquid inertia and viscous losses
in the wall-film.
The number of secondary droplets, in general, increases with increasing impact
energy and with decreasing film thickness. Their mean size increases with in-
creasing film thickness, while an increase in impact energy leads to an enhanced
fragmentation (smaller mean size). These effects are more pronounced for high
viscous wall-films. A reduction in wall-film viscosity diminishes these trends
because the concomitant effects of crown rim contraction and hole formation
in the crown wall (only for binary interactions) induce a large scatter in the
secondary droplet data. The volume of the ejected secondary droplets mostly
exceeds 1, which means more liquid is removed from the system than added by
the impinging droplet. Hence, the secondary droplets are contaminated with
wall-film liquid.
The second mechanism of secondary droplet ejection, crown bottom break-
down, occurs only when the wall-films are very thin and is accompanied by
deposition or crown-type splashing. Crown bottom breakdown results in a
considerably higher number of much smaller droplets. This effect of crown
bottom breakdown diminishes with increasing impact energy and film thickness
until crown-type splashing becomes the dominant mechanism.

xxvi



Kurzfassung

Der Aufprall von Tropfen auf dünnen Flüssigkeitsfilmen ist ein Prozess, der
vielen technischen Anwendungen zu Grunde liegt. Der Auftreffprozess ist jedoch
nicht auf Systeme beschränkt, bei denen Tropfen und Film aus der gleichen
Flüssigkeit bestehen (einkomponentig). Im Gegenteil, es gibt viele Anwendungen
bei denen sie aus verschiedenen Flüssigkeiten bestehen (zweikomponentig), wie
z.B. bei der Nacheinspritzung von Kraftstoff in Dieselmotoren. Zum Zeitpunkt
der Nacheinspritzung ist der Kolben bereits herunter gefahren, so dass das
Dieselspray direkt auf der ölbenetzten Zylinderwand auftrifft. Dies führt zu einer
Reduzierung der Schmierfähigkeit des Öls. Gleichzeitig werden ölkontaminierte
Sekundärtropfen zurück in die Verbrennung geschleudert, was die Abgaswerte
erhöht und möglicherweise auch zum Klopfen des Motors führt. Hier würde ein
besseres Verständnis der Zweikomponenten-Tropfen-Film-Interaktion helfen
die Nacheinspritzstrategien zu optimieren.

Das Ziel der vorliegenden Arbeit ist es das Verständnis der Zweikomponenten-
Tropfen-Film-Interaktion zu verbessern, indem die zu Grunde liegenden physika-
lischen Mechanismen verstanden werden. Dazu wurde eine umfangreiche, expe-
rimentelle Untersuchung des Einzeltropfenaufpralls auf einen dünnen Wandfilm
mittels Hochgeschwindigkeitsschattenbildtechnik durchgeführt. Im Gegensatz
zu vorherigen Studien liegt der Fokus der Untersuchung auf dem Effekt von
zwei mischbaren Flüssigkeiten und dem Einfluss der Viskosität und der Dicke
des Wandfilmes auf den Aufprallprozess. Analysiert werden der Beginn des
Sekundärtropfenauswurfs (Splashinggrenze), die Entwicklung der Krone, die
Bildung von Flüssigkeitsfingern und die Eigenschaften der Sekundärtropfen. Die
Experimente zeigen, dass im betrachteten Filmdickenbereich zwei Mechanismen
zur Entstehung von Sekundärtropfen führen: “Kronen-Splashing”, aber auch
“Crown Bottom Breakdown” wurden beobachtet und ihre Auswirkungen auf
die Sekundärtropfen untersucht. Die verwendeten Flüssigkeiten Hyspin und
Hexadekan wurden so gewählt, dass die dimensionslosen Kenngrößen unter
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Kurzfassung

Labor- und Brennraumbedingungen übereinstimmen. Außerdem wurden die
zugehörigen Einkomponenten-Tropfen-Film-Interaktionen zur Erzeugung von
Referenzfällen betrachtet.

Die systematische Untersuchung der Ein- und Zweikomponenten-Tropfen-Film-
Interaktion von Hypsin und Hexadekan ermöglicht die Etablierung einer einheit-
lichen Betrachtungsweise des Auftreffprozesses. Der Ausgang des Tropfenauf-
pralls kann in die drei Klassen Deposition, Transition und Splashing eingeteilt
werden. Anhand dieser Klassifizierung kann die Splashinggrenze bestimmt
werden. Hierbei zeigt sich, das eine Erhöhung der Filmdicke die Erzeugung
von Sekundärtropfen hemmt. Um jedoch eine verallgemeinerte Splashinggrenze
zu erhalten, muss der Einfluss der Stoffeigenschaften ebenso berücksichtigt
werden, wie die Einflüsse von Auftreffenergie und Filmdicke, die in dieser Arbeit
untersucht wurden.
Die Entwicklung der Krone hängt von der Wirbelstärke im Bereich des Kronen-
fußes und den dissipativen Verlusten in der Grenzschicht zur festen Wand ab.
Beide Effekte werden verstärkt durch niedrige Filmdicken und hohe Viskositä-
ten. Die Krone beginnt früher und unter einem flacheren Winkel zu wachsen
(V-Form). Bei dickeren Filmen sind Wirbelstärke und dissipative Verluste ge-
ringer, da viskose Effekte nur in der dünnen Unterschicht in Wandnähe spürbar
sind. Die Krone erhält dadurch eine zylindrische Form. Die Unterschiede in
der Kronenform beeinflussen stark den oberen Kronendurchmesser und die
Kronenhöhe. Während V-förmige Kronen das Wachstum des Durchmesser
begünstigen, wachsen zylindrische Kronen stärker in die Höhe. Die Entwicklung
des Fußdurchmessers der Krone ist jedoch unabhängig von der Kronenform.
Hier ist die relative Bedeutung von Massenträgheit und viskosen Verlusten
ausschlaggebend.
Die Anzahl der Sekundärtropfen wächst generell mit wachsender Auftreffener-
gie und abnehmender Filmdicke. Der mittlere Tropfendurchmesser steigt mit
zunehmender Filmdicke, während eine höhere Auftreffenergie zu einer feiner
Zerstäubung (kleineren Durchmessern) führt. Diese Abhängigkeiten treten
deutlicher bei viskosen Wandfilm auf. Bei niedrigen Wandfilmviskositäten füh-
ren das Schrumpfen des oberen Kronenrandes und die Bildung von Löchern
in der Kronenwand zu Abweichungen von diesen Trends. Das Volumen der
Sekundärtropfen ist in den meisten Fällen größer als 1, was bedeutet, das mehr
Flüssigkeit ausgeworfen wird, als der Tropfen mitbringt. Deshalb müssen die
Sekundärtropfen aus Tropfen- und Wandfilmflüssigkeit bestehen.
Crown Botton Breakdown, die zweite Ursache für die Sekundärtropfenbil-
dung, tritt nur bei sehr dünnen Wandfilmdicken und immer in Verbindung
mit Deposition oder Kronen-Splashing auf. Die erzeugten Sekundärtropfen
sind deutlich zahlreicher und kleiner als beim Kronen-Splashing. Mit zuneh-
mender Auftreffenergie und Filmdicke reduziert sich der Einfluss des Crown
Bottom Breakdowns bis das Kronen-Splashing der dominante Mechanismus
der Sekundärtropfenerzeugung ist.
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CHAPTER 1

Introduction

Have you ever looked at raindrops falling into a small puddle? Maybe you
saw the spherical droplet before it hits the surface and in the blink of an eye
later you observed a spray of tiny droplets being ejected outwards. Did you
wonder what happened in between these two moments you were able to see?
How the complete process looks like, which links these two beautiful glimpses?
These questions inspired scientists since over 150 years to conduct research
in droplet impact related processes. These processes include impacts on dry
solid surfaces, on free surfaces of deep liquid pools, and on thin films on top
of a solid substrate, e.g. raindrops falling on tarred roads, tranquil lakes and
shallow puddles. Pioneers like Tomlinson [129], and Thomson and Newall [126]
investigated already at the end of the 19th century the formation of vortex
structures formed by droplets sinking into deep pools of liquid, even before
reliable photography was available. A few decades later, photography had
become a firm component in science, Worthington, A. M. [140] published his
famous “A Study of Splashes”. It contains the first series of photographs showing
the droplet impact process at different points in time. Furthermore, short
living features like crown-type splashing, bubble formation, cavity formation
below the liquid surface and his famous Worthington jet are depicted. He even
investigated the interaction of two different liquids, water drop impact onto a
milk film, if only to make the impact process more visible. These photographs
are even more remarkable since they have been taken in darkness with an
electrical spark to shortly illuminate the scenery. In the following years, the
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1 Introduction

evolution from single-flash to high-speed stroboscopic photography opened up
new possibilities. Edgerton and Killian [27] published their book “Flash!: Seeing
the unseen by ultra high-speed photography”, which contains the famous image
of a milk crown. Instead of using a mechanical shutter, they employed a flashing
lamp (stroboscope) to realize exposure times shorter than 1/50,000 of a second
and frame rates of 6,000 images per second. Thus, the use of a stroboscope
made it possible to see the delicate splash formations with unaided eyes, to
photograph them in daylight and even take motion pictures for projection [27].
Ever since important aspects of drop impact have been investigated with the
help of always advancing techniques in high-speed photography [34]. Gregory
et al. [43] and Hobbs and Osheroff [55] investigated the splash products created
during drop impact to understand the dispersal of micro-organisms; Yarin and
Weiss [144] developed an analytical model describing the impact process, and
Mundo et al. [90] and Cossali et al. [20] focused on the development of threshold
correlations for the onset of splashing, to mention just a few. In the last decades,
the advance in computer technology provided another tool for drop impact
investigations, computational fluid dynamics. The first to numerically simulate
the impact of droplets on liquid films were Harlow and Shannon [51], [78]. Since
then, various numerical methods are utilized, e.g. Volume-of-Fluid, Level Set or
Boundary Integral Method, to name a few. Today droplet impact phenomena
are no longer a research topic only. They belong to our daily life, since coffee
commercials showing shiny white milk droplets falling into a cup of black coffee
are aired on television or aesthetic multi-droplet impact pictures decorate
the walls of living space. Nevertheless, even after 150 years of research the
phenomenon is still far from being completely understood and continues to
attract physicists, engineers, and mathematicians [145].

1.1 Technical Relevance of Droplet Impact Dynamics

The impact dynamics of droplets with liquid and solid surfaces are an important
mechanism in a variety of industrial applications. In some applications their
participation is quite obvious, for example in ink-jet printing or spray painting.
Nevertheless, the requested results are rather different, as in ink-jet printing the
precise deposition of the ink is required, while for spray painting the maximum
spreading of the colour is favourable. In other applications droplet impact
dynamics are just a micro-scale mechanism embedded in a large-scale process,
e.g. high fogging in industrial gas turbines. Thereby, water is sprayed into the
compressor inlet of the turbine to augment the power output. The droplets
cool the ambient gaseous carrier flow, which reduces the compressor work.
However, the droplets also interact with the blading. The involved two-phase
flow dynamics comprise, inter alia, the impact of droplets onto the wetted
surface of the blades. A detailed investigation of the related flow dynamics
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1.1 Technical Relevance of Droplet Impact Dynamics

Main Injection Post-Injection

Diesel
Spray

Lubricating
Oil Film Secondary

Droplets

Figure 1.1: Schematic representation of the piston position during main
and post-injection scenarios in diesel engines

and a model formulation can be found e.g. in Gomaa [41]. But droplet impact
processes on wetted surfaces are not restricted to systems where droplet and
wetting liquid (film) are of the same fluid. There are also many systems where
droplet and film consist of different fluids, e.g. pesticide application on plants.
Usually, the pesticide droplets interact with dry leafs, but due to preceding rain
or overdosing of pesticide, an interaction with wetted leafs (dissimilar or similar
fluid) is possible. Another application is the extinguishing of film fuelled fires
with Aqueous Film Forming Foams (AFFF). This additive to extinguishing
water leads to the formation of a thin water film in between foam and fuel,
which is impervious for flammable vapour and enhances the spreading of the
foam. Thus, the interaction between tiny water droplets and the not miscible
fuel film is very important.

The technical application that is the basis for the investigations conducted in
this thesis is the post-injection of fuel in diesel engines, which is one method
to reduce engine emissions. The strict realization of the latest European
emission standards, effectively applied since 2014 (Euro 6 norms), demands
that passenger cars equipped with diesel engines emit less than 0.500 g/km of
carbon monoxide (CO), 0.080 g/km of oxides of nitrogen (NOx), and 0.005 g/km
of particulate matter (PM) [1]. Thus, modern diesel engines are equipped
with particulate filters and a special NOx storage catalytic converter to reduce
PM and NOx1 emissions. Both components need to be regenerated from time

1A second option is the Selective Catalytic Reduction (SCR) catalytic converter, which
uses AdBlue as reducing agent for NOx.
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to time. Therefore, the engine control system shortly operates the engine
at rich conditions, e.g. via an additional fuel injection, which increases the
exhaust gas temperature to burn out the particulate filter. Additionally, the
enhanced share of diesel reacts with the stored NOx in the catalytic converter
to water and nitrogen. The additional fuel injection is realized either with a
late or prolonged main injection or a separate post-injection. Both scenarios
are depicted schematically in Figure 1.1. As can be seen, during post-injection
the piston has already moved down and the injected fuel directly interacts with
the oil wetted cylinder wall. This may diminish the oil lubrication performance
and if the impact energy is sufficient to generate splashing, secondary droplets
consisting of fuel and lubrication oil may be ejected back into the combustion
chamber, increasing dramatically the emissions of the engine and lead to
knocking [10]. It is here that a better understanding of the two-component
splashing dynamics of fuel and lubricant oil can be beneficial for rethinking
the post-injection strategy in order to minimize the engine emissions and the
lubrication losses at the same time.

1.2 Objectives and Organisation of the Thesis

The overall objective of the present work is to improve the understanding
of the underlying physical mechanisms of two-component/two-fluid splashing
dynamics, especially with regard to secondary droplet ejection. Therefore, the
fundamental process of a single droplet impinging on a wetted wall is considered.
Contrary to previous studies, the effects of two different, miscible fluids as well
as the role of the wall-film viscosity are analysed. In a detailed, systematic,
experimental study the macroscopic splashing dynamics, i.e. crown kinematics
and secondary droplet characteristics, are investigated with regard to changes
in Weber number (kinetic energy) and wall-film thickness. Additionally, the
related one-component interactions (drop and wall-film consist of same fluid) of
the test fluids are investigated to establish reference cases. The study targets
two main mechanisms of secondary droplet ejection, related to different film
thickness regimes. The well-known crown-type splashing and the rediscovered
mechanism of crown bottom breakdown. Both splashing mechanisms are
analysed with regard to their respective secondary droplet ejection capabilities.
This approach allows to achieve the main goals of this thesis, to highlight
similarities and differences between one- and two-component interactions of
miscible fluids with the purpose to provide (if possible) a unified treatment of
the splashing phenomenon. Where it seemed appropriate, empirical correlations
are derived, which in addition to the comprehensive experimental database can
then be used to validate theoretical models and numerical simulations.
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1.2 Objectives and Organisation of the Thesis

The comprehensive experimental study comprises of two parts:
(1) In a preliminary study, a variety of liquid combinations is investigated, to
shed a light on the splashing morphology of binary interactions in general. This
study includes also some partly miscible and immiscible liquid combinations
in order to obtain a comprehensive picture. However, the effect of liquid’s
miscibility on the splashing dynamics is not investigated in the present work.
(2) A detailed study (one- and two-component interactions) on the miscible
liquids Hyspin and hexadecane was performed to understand how liquid con-
figuration, available kinetic energy and the thickness of the applied wall-film
influence the splashing threshold, crown kinematics (geometry) and secondary
droplet characteristics. For the ejection of secondary droplets two mecha-
nisms are taken into account: The crown-type splashing mechanism, which
was observed for all film thickness regimes, and the crown bottom breakdown
mechanism, which is restricted to very thin films only. This is suitable for
the diesel engine application because, due to the honed cylinder wall, the oil
film thickness can vary significantly. The considered experimental parameter
range and the surrogate test fluids Hyspin and hexadecane are chosen to match
the ambient conditions in the laboratory to the combustion chamber condi-
tions in diesel engines. The droplet impact process is analysed by means of
two-perspective and top-view high-speed shadowgraphy in combination with
a subsequent post-processing of the recorded images. Thereof, it is possible
to qualitatively analyse the splashing morphology, and to obtain quantitative
results for the crown kinematics and secondary droplets properties.

This thesis is organized in eight chapters, which are described briefly hereafter.
An overview on the theoretical background, including fundamental process
parameters, splashing threshold and crown-type splashing features, and most
common literature, is presented in Chapter 2. The experimental facility and the
applied measurement techniques, e.g. high-speed shadowgraphy, are described
in Chapter 3. The fourth chapter explains the operation procedure of the
experimental facility and the MATLAB-based post-processing routines for the
evaluation of the shadowgraphy images. The uncertainty of directly measured
and derived quantities is thoroughly analysed in Chapter 5. Chapter 6 contains
the results of the binary droplet wall-film interaction experiments. It gives
an overview on the variety of impact morphologies, and the experimental
parameter range. Afterwards, the impact morphology of the test fluids Hyspin
and hexadecane is characterized and the splashing threshold is determined.
Thereafter, the focus of the sections turns to crown-type splashing, i.e. the
related crown kinematics such as crown shape and inclination. Here, a brief
comparison to numerical simulations is included. Subsequently, the finger
formation process is analysed, before finally the characteristics of the ejected
secondary droplets are evaluated. The second splashing mechanism, the re-
discovered crown bottom breakdown, is discussed in Chapter 7. Its region of
appearance and its effect on the secondary droplet characteristics with regard
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to pure crown-type splashing is assessed. Chapter 8 contains a recapitulation
of the thesis main results including the proposal for a unified treatment of
splashing phenomenon. Suggestions for pursuing work in the field of binary
droplet wall-film interactions are outlined to complete this chapter.

1.3 Publications

Selected results described within the present thesis and related work have been
published previously by the author.
Journal publications:

Geppert, A., Chatzianagnostou, D., Meister, C., Gomaa, H., Lamanna, G. and
Weigand, B.: Classification of impact morphology and splashing/deposition limit for
n-Hexadecane. Atomization Sprays, 2016, 26 (10), pp. 983-1007.

Geppert, A., Terzis, A., Lamanna, G., Marengo, M. and Weigand, B.: A benchmark
study for the crown-type splashing dynamics of one- and two-component droplet
wall-film interactions. Exp. Fluids, 2017, 58 (12), pp. 1-27.

Terzis, A., Kirsch, M., Vaikuntanathan, V., Geppert, A., Lamanna, G., and Weigand,
B.: Splashing characteristics of diesel exhaust fluid (AdBlue) droplets impacting on
urea-water solution films. Exp. Therm. Fluid Sci., 2019, 102, pp. 152-162.

Conference publications:

Geppert, A., Greif, F., Lamanna, G. and Weigand, B.: Phenomenology of two-
component droplet-wall film-interaction. 25th ILASS-Europe, Greece, 2013.

Geppert, A., Gomaa, H., Meister, C., Lamanna, G. and Weigand, B.: Droplet wall-
film-interaction: Impact morphology and splashing/deposition boundary of Hyspin/
n-Hexadecane two-component system. 26th ILASS-Americas, USA, 2014.

Geppert, A., Štrcbac, A., Marengo, M., Lamanna, G. and Weigand, B.: Two-
component droplet wall-film interaction: Crown morphology as a function of liquids
viscosity and surface tension. 13th ICLASS, Tainan, Taiwan, 2015.

Geppert, A., Terzis, A., Lamanna, G., Marengo, M. and Weigand, B.: On the
formation of secondary droplets from crown bottom breakdown during drop impact
on very thin films. 27th ILASS-Europe, Brighton, UK, 2016.

Bernard, R., Foltyn, P., Geppert, A., Lamanna, G. and Weigand, B.: Generalized
analysis of the deposition/splashing limit for one- and two-component droplet impacts
upon thin films. 28th ILASS–Europe, Valencia, Spain, 2017.

Bernard, R., Geppert, A., Vaikuntanathan, V., Lamanna, G. and Weigand, B.: On
the scaling of crown rim diameter during droplet impact on thin wall-films. 14th

ICLASS, Chicago, IL, USA, 2018.

Steigerwald, J., Geppert, A., Ertl, M., Bernard, R., Vaikuntanathan, V., Lamanna,
G. and Weigand, B.: Direct numerical simulation of one- and two-component droplet
wall-film interactions within the crown-type splashing regime. 14th ICLASS, Chicago,
IL, USA, 2018.
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CHAPTER 2

Basic Droplet Impact Dynamics

In this chapter, the theory of and the most important literature on droplet
impact dynamics on wetted surfaces are discussed. The emphasis of this work
is on low-speed drop impacts on thin wall-films of a similar or a dissimilar
fluid. An impact scenario where drop and wall-film consist of the same fluid
is called one-component interaction (1CI). If drop and wall-film consist of
different (dissimilar) fluids, the impact scenario is called two-component or
binary interaction (2CI). Section 2.1 defines the drop impact problem, the
influencing parameters, and the characteristic dimensionless numbers. The
classification of impact dynamics according to wall-film thickness regimes
is given, followed by a description of the expected impact phenomenology.
Section 2.2 focuses on the change from the deposition to the splashing state,
which is linked to the mass ejection. Section 2.3 deals with the characteristic
post-impact features. Finally, a review of research on binary interactions is
presented in Section 2.4

2.1 Fundamental Process Parameters and Phenomenology

The fundamental process parameters affecting the drop impact on wetted
surfaces are the properties of the primary drop, wall-film, underlying solid
substrate and of the surrounding fluid, which the drop traverses before im-
pact [100]. The specific impact scenario considered here is the normal impact

7



2 Basic Droplet Impact Dynamics
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ρD, µD, σD
Tgas, pgas,

ρgas, µgas, σgas

Figure 2.1: Schematic setup of droplet wall-film interaction

of a single, spherical drop of a homogeneous liquid onto a plane, stationary
liquid film (wall-film) resting upon a smooth solid substrate. This scenario is
depicted schematically in Figure 2.1. The main influencing parameters are the
diameter D0 and impact velocity U0 of the primary drop, the initial height of
the wall-film h0 , and the liquid properties, i.e. density ρ, dynamic viscosity µ
and surface tension σ, of both drop (subscript D) and film (subscript F) fluid.
In the case of one-component interactions only one set of fluid properties (ρ, µ,
σ) is necessary to describe the impact process. Free falling droplets larger than
1 mm in diameter are normally non-spherical [19]; Thus drop oscillations and
shape changes due to aerodynamic forces can not be neglected and need to be
evaluated (see Appendix B). The focus of this work is on the influence of the
wall-film thickness, thus only the presence of the solid substrate is of interest,
changes in surface roughness are not considered. Furthermore, the roughness of
the applied surface is negligibly small compared to drop diameter and wall-film
height (see Section 3.1.1). The surrounding fluid is air at standard ambient
conditions (pgas ≈ 1 bar, Tgas ≈ 294.15 K). They are monitored throughout
the experiments.

2.1.1 Dimensionless Numbers

Dimensionless numbers are used for the classification of results, the compar-
ison of similar problems amongst each other or the transfer of experimental
and numerical reference data to other applications. They are determined by
dimensional analysis. The most common dimensionless numbers governing the
drop impact on wetted surfaces are the dimensionless film thickness δ, Weber
number We, Reynolds number Re, Ohnesorge number Oh, dimensionless time
τ , and the ratios of the liquid properties [78, 85, 145].
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The dimensionless film thickness δ is defined as the initial height of the wall-film
h0 divided by the primary drop diameter D0 :

δ = h0

D0
(2.1)

It is used to distinguish between different film thickness regimes, which are
defined according to the influence of the underlying surface. A detailed expla-
nation of these regimes is given in Section 2.1.2.
b
The Reynolds number Re describes the ratio of inertia forces to viscous forces.
In fluid mechanics, it characterizes the dynamic similarity of flows and employs
therefore the properties of the surrounding gas. In droplet dynamics instead
the liquid properties are used. Here the Reynolds number of the impacting
drop ReD is defined as

ReD = ρD U0 D0

µD
. (2.2)

The Weber number We is a measure for the fluid’s inertia forces compared to
its surface tension forces. It is used to distinguish whether the given process
is driven by inertia or surface tension forces. In the case of droplet impact
its mostly used as a measure of the available kinetic energy introduced to the
system. The Weber number of the impacting drop is defined as

WeD = U 2
0 D0 ρD

σD
. (2.3)

The Ohnesorge number Oh is defined as the ratio of viscous forces to the square
root of the product of inertia and surface tension forces. It correlates the
stabilising influence of the viscous forces to the disintegrating inertia forces
taking into account surface tension. The Ohnesorge number for the droplet
OhD is defined as

OhD = µD√
D0 σD ρD

. (2.4)

The Ohnesorge number can also be expressed as a combination of Reynolds
and Weber number

OhD =
√

WeD

ReD
. (2.5)

These three quantities can also be defined for the wall-film. Therefore, the
initial wall-film height h0 and velocity UF are used as characteristic length
and velocity scales, respectively. In case of binary interactions, averaged fluid
properties are employed, if not mentioned otherwise.
b
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2 Basic Droplet Impact Dynamics

Another set of relevant dimensionless parameters linked to binary interactions
are the density, viscosity and surface tension ratios. They are defined as the
respective property of the primary drop divided by the property of the wall-film:

µ∗ = µD

µF
or ν∗ = νD

νF
, ρ∗ = ρD

ρF
, σ∗ = σD

σF
. (2.6)

The non-dimensional time τ , relative to the point in time of droplet impact on
the wall-film, is defined as

τ = t U0

D0
. (2.7)

Here the real time t is scaled with the ratio of primary drop velocity U0 and
diameter D0 .

An essential non-dimensional quantity for the investigation of the splashing
mechanism is the splashing threshold parameter K [121], which is defined as

K = A OhaWeb (2.8)

This dimensionless group describes the onset of splashing, taking into account
the effects of impacting kinetic energy, surface tension and viscous forces [40].
A detailed discussion on the splashing threshold is presented in Section 2.2.

As a final remark, it is pointed out that in literature various definitions of these
dimensionless numbers exist. Thus, when comparing results from different
sources, the reader should pay attention to the employed definitions.

2.1.2 Classification of Wetted Surfaces

The observed impact phenomenology strongly depends on the considered type
of wetted surface. The term wetted surface refers to an uninterrupted liquid
layer of variable depth created on top of a solid substrate. This liquid layer
is often called wall-film. If the liquid layer is interrupted, the term partially
wetted surface is used. However, in this work partially wetted surfaces are not
studied.

In general, wall-films are categorized into four groups according to the fac-
tor mainly influencing the impact characteristics: In the case of very thin
films the wall topography (e.g. its surface roughness) dominates over the film
thickness, whereas in the thin film regime the influence of the film thickness
becomes dominant. Shallow pool or thick films impacts depend only on the
film thickness, while deep pool impacts are completely insensitive to both,
wall topography and film thickness. The classification of wall-films is based
on three non-dimensional parameters, namely the film thickness δ = h0/D0
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Table 2.1: Definition of film thickness regimes inspired by [78, 130]

Film Influential δ-Range Ref.
Regime Factor

Very-thin wall features Lnd < δ < 3R0.16
nd [130]

Film δ < 0.1 [139]
δ < 0.08 here

Thin Film film thickness, 3R0.16
nd < δ < 1.5 [130]

wall features δ < 1 [20, 86]
0.08 < δ < 0.6 here

Thick Film, film thickness 1.5 < δ < 4 [130]
Shallow Pool δ > 0.6 here

Deep Pool independent of δ � 4 [130]
film thickness

(see Eq. 2.1), surface roughness Rnd = Ra/D0 , and length scale of roughness
Lnd = La/D0 [130]. Based on these parameters, different classifications are
proposed in literature, which are summarized in Table 2.1. The wall-films
investigated in this work belong to the very thin and thin film regimes as listed
in Table 2.1.

2.1.3 Impact Phenomenology on Wetted Surfaces

The collision of a drop with a thin or very thin wall-film may result in five
different impact outcomes, depending on the available impact energy. They
are divided into four categories, namely floating, bouncing, deposition and
splashing, as depicted in Figure 2.2. The category splashing is subdivided into
prompt and crown-type splashing. In the case of floating, the droplet literally
floats on the liquid surface before it coalesces with the wall-film [64, 127].
Bouncing describes the total or partial reflection of the droplet at the wall-film
surface. Hereby, the liquids only partially mix or not at all. Both, floating
and bouncing occur for very low impact energies: bouncing was observed for
We < 14 and 0.1 < δ < 2.5 [94, 123]; floating occurs for We = O(1− 3). In the
case of deposition, the drop immerses in the wall-film forming a shallow crater.
At the circumference of the crater the liquid is displaced radially outward
and upward. This leads to the formation of a lamella (see Fig. 2.3). This
lamella can only be an elevation of the liquid surface or a transparent liquid
sheet with a visible outer rim [145] depending on the impact energy and the
initial wall-film thickness. Due to gravitational and surface tension forces,
the lamella completely recedes until an undisturbed wall-film is recreated. In
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Impact Outcome

Floating Bouncing Deposition Prompt
Splash

Crown-Type
Splash

Secondary
Phenomena

Jet Bubble

Detachment Holes
Figure 2.2: Schematic sketch of the expected impact outcomes and sec-

ondary phenomena for one- and two-component droplet wall-
film interactions

contrast to bouncing and floating, the liquids interact with each other and
mix to some extent for both deposition and splashing. The characteristic of
splashing is the ejection of liquid in the form of tiny droplets. These droplets
are significantly smaller than the impacting drop and henceforth they are called
secondary droplets. The time of emergence of secondary droplets allows a further
distinction between prompt and crown-type splashing. Prompt splashing occurs
during the earliest stages of impact, when the ejecta sheet evolves and bursts
into very small, fast secondary droplets [25]. Crown-type splashing refers to
the ejection of droplets at a later stage of impact, when the so-called crown
is fully developed. The crown is an evolution of the lamella observed during
deposition. The transparent liquid sheet, rising significantly above the level of
the original liquid layer, is bounded by a distinct upper rim. Along this free
rim instabilities form liquid jets or fingers, which subsequently disintegrate due
to capillary breakup into secondary droplets. The name crown results from the
resemblance of this liquid structure with a real crown [100], as demonstrated in
Figure 2.3. The impact outcomes deposition and splashing can be accompanied
by secondary phenomena, which are the formation of a jet or a bubble, crown
detachment, and the formation of holes in the crown wall. These phenomena
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Lamella Crown

Jet Bubble Crown
Detachment

Hole Formation

Figure 2.3: Sample images of lamella, crown and secondary phenomena:
jet, bubble, and crown detachment as well as hole formation

are depicted schematically in Figure 2.2 and with sample high-speed images in
Figure 2.3.

The first phenomenon is the formation of a so-called jet or liquid column, which
is ejected after the collapse of the crown or lamella [38]. Already Worthington,
A. M. [140] and later Pan et al. [95], and Pan and Hung [96] observed the
ejection of a central jet during drop impact on a deep pool (δ � 1). They
explained the jet ejection with the collapse of the underwater cavity, which is
caused by the impacting drop. During the impact on thin films, however, no
cavity is formed because the impacting drop quickly encounters the solid surface,
whereby the liquid flow is deflected upwards, forming a crown. In this case
the jet formation is linked to the liquid flow during the receding phase of the
crown [38]. The liquid flows radially backwards and collides at the initial impact
point, where the liquid can only be ejected upwards, thus forming a liquid jet.
Similar to deep pool impacts, this jet may disintegrate into large secondary
droplets, which later on coalesce with the wall-film [95, 96]. Kompinsky and
Sher [65] also observed the formation of a central jet within the splashing
regime (U0 = 2.7 m/s and δ = 0.3) and established a similarity to drop-drop
collision. Despite this resemblance, major phenomenological differences were
observed in terms of spreading behaviour, crown shape, secondary droplet and
central jet formation.

The second phenomenon is the transformation of the crown into a temporarily
stable bubble, which floats or sits on the liquid surface [38, 47, 95, 96, 140].
Worthington [140] attributed the bubble formation to the occurrence of two
concomitant effects: the upward liquid flow towards the crown rim and the
action of surface tension. The first leads to a decrease in crown wall thickness
from bottom to top and subsequently to a faster contraction of the thinner upper
part of the crown. Additionally, the double curvature (horizontal and vertical)
of the crown rim (torus) enhances the surface tension forces, leading to the
closure of the crown. Geppert et al. [38] confirmed this theory with high-speed
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images of the bubble formation process. Pan and Hung [96] instead related the
bubble formation to the gravitational force, which bends the upwards moving
liquid sheet inwards, thus leading to the closure of the crown. The burst of the
bubbles happens either by a detachment from the wall-film or by a rupture
near the top.

The third secondary phenomenon occurring after crown formation is the crown
detachment or crown bottom breakdown (CB), see Figure 2.3. Hereby, the crown
starts to tear off the wall-film surface, until it is completely detached. The
crown wall then rapidly moves upwards due to surface tension and breaks up
into outwards ejected secondary droplets as soon as it collides with the crown
rim [39]. A detailed discussion on the crown bottom breakdown mechanism is
presented in Chapter 7.

The last secondary phenomenon, the formation of holes inside the crown wall
(see Fig. 2.3) happens during the period of crown growth. It was first reported
by Thoroddsen et al. [128] for water drop impacts on thin ethanol films (δ < 0.1).
A further investigation of the phenomenon by Geppert et al. [38, 40] leads
to the conclusion that despite the limited database, the formation of holes in
the crown wall appears to be a distinctive feature of two-component droplet
wall-film interaction.

Figure 2.4: Characteristic map of observe impact regimes for the hexade-
cane one-component interactions. Reprinted from [38] with
permission from Begell House, Copyright(2016)
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The onset of the different impact outcomes as well as the occurrence of the
secondary phenomena is mainly controlled by the dimensionless film thickness,
and the Weber, Ohnesorge and Reynolds numbers. Thus, qualitative impact
regime maps are used to characterize the impact phenomenology for a selected
liquid combination. Figure 2.4 shows, as an example, the regime map for the
hexadecane one-component interaction published by Geppert et al. [38]. Such
regime maps help with the development of empirical threshold correlations.
In particular, the splashing/deposition border is of interest because it marks
the onset of mass ejection. Section 2.2 provides a detailed discussion on the
available splashing correlations. Geppert et al. [38] use the dimensionless
film thickness δ and the Weber number to describe the onset of the impact
outcomes splashing and deposition. The regime map reveals that there is no
sharp distinction between splashing and deposition, but rather a transition
zone, where the impact morphology comprises elements of both splashing and
deposition. Specifically, it consists of a rudimentary or incomplete crown with
only a small amount of detached secondary droplets, which later on coalesce
with the wall-film [38]. This is shown in the shadowgraph image at bottom
left of Figure 2.4. This transition zone was also observed by Cossali et al. [20].
Furthermore, the impact phenomenology of hexadecane comprises two of the
above named secondary phenomena: the formation of a liquid jet, which is
confined to an area enveloping the transition regime, and the development of
a temporarily stable bubble when the respective thresholds of δ ≥ 0.2 and
We > 1100 are exceeded [38].

2.2 Splashing Threshold

The transfer from deposition to splashing is of utmost importance for technical
applications because it is linked to the onset of mass ejection in form of
secondary droplets. Commonly, the dimensionless parameter

K = A OhaWeb (2.9)

is chosen to describe the splashing threshold. It considers the opposing effects
of impacting kinetic energy, surface tension, and viscous forces in promoting (or
respectively hampering) the onset of splashing [38]. The splashing/deposition
boundary is identified by the critical K -factor Kcrit . If K > Kcrit , the drop
impact results in splashing and if K < Kcrit , the drop impact results in deposi-
tion. As mentioned before, there is no sharp distinction between deposition and
splashing, but rather a transition zone [20, 40]. Hence, to target specifically the
splashing or deposition regime, the value of the K -parameter must be chosen
appreciably higher, respectively lower, than Kcrit. A detailed discussion on the
transition zone is included in Section 6.3 and 6.4.
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2 Basic Droplet Impact Dynamics

An overview of the different threshold correlations reported in literature is
given e.g. in Liang et al. [78]. There is a general agreement on the value of
the exponents a and b in Equation 2.9. The two distinct definitions of the
K -parameter reported in literature depend on the reference variables chosen
for the non-dimensionalization. The first definition, K1, was proposed by
Walzel [137] and Cossali et al. [20]:

K1 = We Oh−0.4. (2.10)

The second definition, K2,

K2 = We0.5 Re0.25 = We5/8 Oh−1/4, (2.11)

was proposed by Mundo et al. [90]. The two definitions are essentially equivalent,
being K2 = K5/8

1 , and just result in a different scaling of the y-axis [38].

In literature, different approaches are presented for the derivation of K2. A
comparison of the order of magnitude of advancing and receding velocities
experienced by the liquid sheet of the crown was used by Josserand and
Zaleski [59]. In contrast, Gomaa [41] performed a dimensional analysis of the
momentum equation within the wall-film boundary layer to derive K2. The
basic idea is that the impact inertia must distinctly exceed viscous and surface
tension forces to induce splashing. The impacting droplet provides most of
the kinetic energy, thus the inertia term is of the order of ρD0 U 2

0 . The effect
of surface tension is of the order of σh2

0/D2
0 . Finally, the order of magnitude

of viscous force is estimated as µD0 U0/lvis, where the viscous length scale
lvis is chosen as suggested by Pasandideh-Fard et al. [97]. The condition for
splashing [38, 41], written in non-dimensional terms, becomes

1�
√

Oh√
We

+ δ2

We . (2.12)

This inequality can be reduced to

K2 = We5/8Oh−1/4 < δ (2.13)

for the here considered parameter range of We > 1, and Oh � 1, and δ < 1. It
thus recovers the definition of Mundo et al. [90].
An alternative formulation of the K -parameter was proposed by Vander Wal
et al. [133],

K3 = OhRe1.17. (2.14)

But this definition is strictly valid only for δ = 0.1.

The dependence of the splashing threshold on the dimensionless film thickness
δ is a controversial issue [78] in literature. For some authors the splashing
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Figure 2.5: Comparison of splashing limits for one-component interactions
proposed in literature for different film thickness regimes

threshold is independent upon δ [93, 96, 133, 137, 144]; for others [20, 36, 38,
57, 87, 130] the dependence changes with the Ohnesorge number range. For a
meaningful comparison of the δ-depended splashing thresholds, a distinction
between the different film thickness regimes is employed, which is depicted in
Figure 2.5. In the very thin film regime (δ < 0.08), Rioboo et al. [104] reported
two trends. For δ < 0.04 (region A in Fig. 2.5), the splashing threshold K2,crit
decreases with δ, while for 0.04 < δ < 0.1 (region B in Fig. 2.5) the threshold is
constant at K2,crit = 120. This trend is qualitatively confirmed by experimental
results of Wang and Chen [139]. In the thin film regime (0.08 < δ < 0.5),
K2,crit monotonously increases with δ. The three most common correlations for
this regime are the correlations by Cossali et al. [20], Marengo and Tropea [81]
(Oh > 0.01) and Geppert et al. [38]. They are depicted in Figure 2.5. All three
correlations basically overlap and exhibit a good agreement with experiments.
The respective semi-empirical formulations are summarized in Table 2.2. In
the thick film regime the increase in Kcrit with δ slows down until eventually
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Table 2.2: Selected semi-empirical correlations describing the deposition/
splashing threshold in the thin film regime (0.1 < δ < 1)

Author Threshold Correlation Range of Validity

Cossali et al. [20] K1,crit = 2100 + 5800 δ1.44 We = 200− 1600,
Oh = 0.007− 0.141,
δ = 0.1− 1

Marengo K1,crit = 2164 + 7560 δ1.78 Oh > 0.01,
& Tropea [81] µ = 50 mPas

K1,crit = 2074 + 870 δ0.23 water,
µ = 1 mPas

Geppert et al. [38] K2,crit = 114 + 145 δ6/5 hexadecane
We = 300− 1400,
Oh = 0.015,
δ = 0.1− 0.5

a constant splashing threshold is reached at δ ≈ 0.6, which is independent
of any further increase in film thickness. This is confirmed by Motzkus et al.
[87], who studied the airborne particle release for drop impacts on thick films
(0.3 < δ < 1). They showed that the correlations of Marengo and Tropea [81]
for water, Vander Wal et al. [133] and Okawa et al. [93] reflect best the trend
of a constant splashing threshold for high film thicknesses (δ > 0.6).

A first attempt towards a unified splashing threshold for one- and two-component
interactions was made by Geppert et al. [38]. Their correlation reads as follows

We5/8
D Oh−1/4

µ
= 114 + 163 δ6/5. (2.15)

In this correlation, WeD = ρDU 2D/σD is the droplet Weber number and
Ohµ = (0.5(µD + µF)/

√
DρDσD a modified Ohnesorge number. A detailed

discussion on the development of this correlation is presented in Section 6.4. It
was originally proposed for the Hyspin-hexadecane system.

2.3 Crown-type splashing: Characteristic features and their
properties

Crown-type splashing (CTS) is one of the most important mechanisms leading
to the ejection of mass in form of secondary droplets. Recalling its process
description from Section 2.1.3, the ejection of secondary droplets starts with
the formation of a crown. Along the upper crown rim liquid fingers are formed,
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which later on disintegrate into small droplets that are ejected outwards. Thus,
there are three process stages to be discussed in detail: the evolution of the
crown itself (Sec. 2.3.1), the formation of liquid fingers (Sec. 2.3.2) and finally
the characteristics of the secondary droplets (Sec. 2.3.3). The influencing
parameters are the available kinetic energy, thickness of the underlying liquid
layer, and the liquid properties of the employed fluids.

2.3.1 The Crown: Formation and relevant parameters

The crown is a liquid sheet that rises significantly above the liquid surface. Its
base corresponds to the shallow crater of the impacting droplet. At the upper
end of the crown wall the liquid accumulates, forming a distinct free rim, which
is best described as a torus that is connected to the crown wall, as shown in
Figure 2.6. In time liquid fingers grow upwards along the circumference of
the torus. According to Krechetnikov and Homsy [67] there are three types
of crowns: axisymmetric, regular and irregular. They discovered that the
type is generally dictated at the very early stages of ejecta formation. The
axisymmetric crown has an unperturbed upper rim, thus it is comparable to
the lamella described in this work. The regular crown exhibits spike formation
with a well-defined wavelength, which is the case for crown-type splashing.
For irregular crowns it is difficult to discern a well-defined wavelength for the
spike formation [67]. Hence, finger and secondary droplet formation is random,
therefore such crowns are not considered in this work.

The analysis of the crown evolution comprises the following directly quantifiable,
macroscopic parameters that are depicted in Figure 2.6: The inclination α
of the crown, which describes the outer angle between wall-film surface and
crown contour; the outer radius RBase or diameter DBase at the crown base;
the height of the crown HCR, which measures the distance between crown rim
and wall-film surface; finally, the outer radius RTop or diameter DTop at the
upper end of the crown, at the level of the rim, is considered.

In literature a consensus exits that the inclination α strongly depends on the
film thickness [32, 139]. Roisman and Tropea [106] developed a model for
the crown shape from which they deduced a more comprehensive relation for
the inclination α. It includes the effect of film density, surface tension, film
thickness and liquid inertia both in the impact and static film region. In con-
trast, Josserand and Zaleski [59] showed that the emerging crown is determined
by vorticity production. Thus, they were the first to postulate an influence
of the film viscosity on the crown shape, since the production of vorticity
depends on both fluid viscosity and film thickness. Guo et al. [49] provided
additional confirmation for the effect of vorticity on the crown inclination.
They performed a numerical investigation on the influence of the surrounding
gas density on drop impacts on dry and wetted surfaces. On dry surfaces,

19



2 Basic Droplet Impact Dynamics

X

Y

RBase

RT op

HCR
hcw

hres

dCR

α

Crown Base

Crown Rim

Crown Wall

Liquid Fingers

Secondary Droplets

Residual Film

Wall-Film

Figure 2.6: Sketch of a regular crown resulting from the drop impact on a
thin wall-film, including applied nomenclature and markings
for relevant crown parameters

the vorticity production proceeds in the air boundary layer between drop and
solid surface. Thus, high ambient density enhances vorticity production and
lamella lift off, while low ambient density quenches the production, leading
simply to drop spreading upon the surface. In contrast, for impact on wetted
surfaces Guo et al. [49] report that splashing is insensitive to changes in ambient
density because most of the viscous dissipation occurs within the liquid film
close to the wall. Experimental data for the inner crown angle γ = 180 − α
was published by Cossali et al. [22]. The authors found a weak dependence
of γ on We for the considered water films with thicknesses in the range of
0.29 < δ < 1.13.

The temporal evolution of both crown top and base diameter is described most
often with a modified square-root-dependence. An overview of the modified
functions is given by Liang et al. [78]. The original form was proposed by Yarin
and Weiss [144]. Their non-dimensional formulation for the crown top diameter
reads

D∗Top = DTop

D0
= C (τ − τ0 )n . (2.16)

Here, τ is the non-dimensional time (see Eq. 2.7), τ0 corresponds to the initial
value at the moment of impact, and the exponent is chosen to be n = 1/2. The
term C is an empirical function of the dimensionless film thickness δ:

C = 2
( 2

3 δ

)1/4
(2.17)
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Their model was validated up to τ ≈ 0.3 for a film thickness of δ ≈ 0.17 with
experimental data of Levin and Hobbs [75]. A comparison of the modified
functions [78] shows that the empirical parameters C , n and τ0 are slightly
modified to characterize the crown top or base evolution with varying test
fluids and initial wall-film thickness. The dependence of the parameter C on
We, Re and δ is a controversial issue. For the dependence on δ, no unequivocal
conclusion was reached despite the broad spectrum of investigations [22, 72, 77,
102, 131, 144]. In the case of We and Re, Liang et al. [77] and other authors [5,
59, 102] agree that the crown diameter is independent of both Weber and
Reynolds number. This opinion is not shared by Fujimoto et al. [35], who
observed that surface tension plays an important role on the evolution of the
crown diameter. More recently, Gao and Li [36] proposed a modification to
the Yarin and Weiss model. Their description of the temporal evolution of the
crown base diameter D∗Base includes a varying dependence on δ. Their modified
model reads

D∗Base = DBase

D0
= C (τ)n +B(δ). (2.18)

The additive term B(δ) only shifts the D∗Base-curve vertically. Furthermore,
they redefined the parameter C as

C =
(

2 λ2
s

3 δ

)1/4

. (2.19)

The major modification of this approach is the introduction of an energy loss
factor λs = Uini/U0 . Hereby, Uini is the velocity induced in the liquid layer
and U0 is the drop impact velocity. They derived the following empirical
correlation for λs by fitting their experimental data for different δ, We and
viscosities:

λs = 0.26
Re−0.05 We0.07 δ0.34 . (2.20)

The dependence upon viscosity andWeber number is very weak in Equation 2.20,
which is in agreement with the original assumptions of Yarin and Weiss [144].

The evolution of the non-dimensional crown height H ∗CR = HCR/D0 is also much
discussed in literature. Especially, the dependence upon δ is more complex
because from an experimental point of view, contradictory results have been
reported. Cossali et al. [22] showed a very weak increase of the crown height
with increasing δ, while others [24, 106, 116] observed the opposite trend. An
explanation for this discrepancy was provided by the numerical simulations
of Mukherjee and Abraham [89]. They identified two different trends for the
crown height. For thin films (δ < 0.25), their simulations show an increase
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of the crown height with δ. For thicker films (δ > 0.25), the evolution of
H ∗

CR converges to the same curve and, therefore, becomes insensitive to δ.
Regarding the influence of the Weber number, Cossali et al. [22], and Asadi
and Passandideh-Fard [8] observed an increase of H ∗

CR with increasing We.

There are three more parameters (cf. Fig. 2.6), which are not examined here
because the applied experimental techniques are not capable to measure them.
These are the residual wall-film thickness inside the crown hres, the thickness of
the crown wall hcw and the diameter of the free rim dCR. The thickness of the
crown wall hcw is not uniform, and its determination over the complete impact
process difficult [78]. Nevertheless, Cossali et al. [22] performed some qualitative
measurements and Fujimoto et al. [35] conducted numerical simulations, where
they observed thinner crown walls when reducing the liquids surface tension.
Recently, Vernay et al. [135] measured the film thickness of an expanding liquid
sheet in air and showed that the thickness hcw(t,r) is a function of time and
radial position. It is reasonable to conclude that this is also valid for the crowns
observed during drop impact on wetted walls.

2.3.2 Liquid Fingers: Development and Characteristics

Liquid fingers evolve from the upper free rim of the crown, which is best
described as a thick torus with diameter dCR bounding the thinner crown wall.
The initial configuration of the torus is cylindrically symmetrical as depicted
in picture A in Figure 2.7. During the crown evolution, the symmetry of this
torus is broken by one or more instabilities (see picture B). As the induced
perturbations grow in size, minor local variations of the rim diameter turn into
upwards pointing spikes [25], so-called liquid fingers (picture C). With time
these liquid fingers grow and disintegrate into secondary droplets as shown
in picture D of Figure 2.7. The underlying instability mechanism, triggering
the formation of liquid fingers, is a highly discussed topic in literature and
has up to now not received a definite answer [67, 68, 78]. The mechanisms
most often proposed are the non-linear amplification [144, 145], transverse
instability leading to cusp formation [107], Rayleigh-Plateau (RP) instability [15,

τ = 2.65 τ = 6.54 τ = 8.40 τ = 10.60

A B C D

Figure 2.7: Detailed view on finger formation process by the example of
Hyspin one-component interaction (WeD = 1650, δ = 0.1)
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25, 102, 146], the Rayleigh-Taylor (RT) instability [110] and the Richtmyer-
Meshkov instability [44, 67]. Recently, Agbaglah et al. [4] reported that rather
an interplay of Rayleigh-Taylor and Rayleigh-Plateau mechanisms during
drop impact influences the rim instability. At short times, during the rapid
deceleration of the impact process the RT is dominant, while the RP becomes
relevant at larger times when the corolla has formed and the rim starts to
generate fingers. This explains the contradictory results of previous studies
investigating the instability mechanisms at different times during the impact
process according to Agbaglah et al. [4]. A correlation predicting the number
of fingers depending on the observed instability mechanism is still not available
in literature.

Experimental data on the number of crown spikes (fingers) were presented
by Krechetnikov and Homsy [67] and Cossali et al. [20]. Krechetnikov and
Homsy [67] support the Richtmyer-Meshkov instability (impulsive limit of
RT) as fundamental mechanism behind crown formation during splash on
pre-existing films. They found that the number of crown spikes decreases with
increasing film thickness. Cossali et al. [20] reported that within the splashing
regime for δ < 0.1 the number of jets is independent of We and δ. An increase
of the number of jets with increasing We was observed only in the vicinity of
the splashing limit.

2.3.3 Characterisation of Secondary Droplets

The effect of secondary droplet ejection on technical applications is charac-
terised by the total number of ejected droplets Nd,max, their volume and
size distribution. The ejected droplets can be regarded as a spectrum of
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Figure 2.8: Selected representations of secondary droplet size distribution:
histogram, (a) log-normal and (b) cumulative distribution
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Figure 2.9: Locations of some representative and mean droplet diameters

drop sizes distributed about an arbitrarily defined mean diameter [73]. This
spectrum is represented either graphically by a histogram or a cumulative
distribution, as shown in Figure 2.8, or with a mathematical expression. The
cumulative distribution is essentially a plot of the integral of the histogram
(Fig. 2.8 (b)). For instance, it may represent the percentage of the number of
drops in the spectrum below a given size [73]. Mathematical expressions for
drop size distributions are used to simplify the allocation of size distributions
to physical processes or product properties. A number of such expressions have
been proposed, either based on probability or purely empirical considerations,
and a detailed description of them is given by Lefebvre [73]. The diameters
of the splash-products are most often distributed according to a log-normal
function [120], which is defined as

f (d) = 1
d
√

2π ln(σg)
exp
(
−1

2
[ln(d)− ln(dg)]2

ln(σg)2

)
. (2.21)

Here, dg denotes the geometric mean diameter and σg is the geometric standard
deviation [73]. Figure 2.8 (a) shows the log-normal distribution of a sample
secondary droplet size distribution.
b
For most engineering applications droplet size distributions are simply charac-
terised by two parameters. The first parameter is a representative diameter and
the second a measure for the size dispersions or width of the distribution [73].
There are many possible choices for the representative diameter, but usually a
mean diameter is used. The general definition of a mean diameter is

Dp,q =
[∑

Ni Dp
i∑

Ni Dq
i

] 1
p−q

, (2.22)
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where i denotes the considered size range, Ni is the number of drops in size
range i, and Di is the middle diameter of size range i [73, 88]. The parameters
p and q have usually integer values, which are chosen with respect to the field
of application, e.g. p = 1 and q = 0 represent the arithmetic mean diameter
D1,0 or p = 3 and q = 2 represent the Sauter mean diameter (SMD) D3,2. In
Figure 2.9 the locations of various representative diameters are shown including
the SMD. The diameters D0.1, D0.5, and D0.9 represent the drop diameter
such that 10 %, 50 %, and 90 % of the total liquid volume is contained in the
drops of smaller diameter [73]. D0.5 is also known as the mass median diameter
(MMD).

Lefebvre [73] also summarizes the possible descriptions for the drop size dis-
persion. The simplest way is to give the minimum and maximum diameters,
while more complex choices are for example the droplet uniformity index or
the relative span factor [73]. The relative span factor (RSF) is defined as

RSF = D0.9 −D0.1

D0.5
. (2.23)

It provides a direct indication of the range of drop sizes relative to the MMD [73]
and it als indicates the uniformity of the droplet cluster.

The volume of the ejected secondary droplets quantifies the loss of mass
from the system, especially from the wall-film. In the case of two-component
interactions, this allows to draw conclusions on the composition of the secondary
droplets, which cannot be directly measured with the here applied techniques.
In particular, the normalised cumulative volume Vrel of the secondary droplets
is used, which is defined as

Vrel = Vd,tot

VD,0
. (2.24)

Here, Vd,tot is the cumulative volume of secondary droplets and VD,0 the
volume of the impinging droplet.

Information on secondary droplet properties can either be gained experimentally
or by simplified theoretical analysis. Based on such a theoretical analysis, Engel
[29] proposed that only 5 % of the primary drop’s kinetic energy is carried away
by the secondary droplets. The ejected droplet volume, however, may reach
two to four times the volume of the impinging droplet. Wu [141] determined
the most probable diameter of a droplet size distribution through simplified
physical analysis and the width of the distribution by using the principle of
maximum rate of entropy production.

Experimental studies led to the following general conclusions regarding the
number of ejected secondary droplets Nd : it increases with increasing impact
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velocity [93, 120, 132], increasing primary droplet diameter [86, 120] or decreas-
ing film thickness [43, 55]. In contrast, an increase in either liquid viscosity [86,
132] or surface tension [24, 132] reduces the number of ejected droplets Nd but
increases their size. Extensive studies on the ejection of secondary droplets were
carried out by Stow and Stainer [120], Samenfink et al. [111] and Okawa et al.
[93]. The semi-empirical correlations derived by these authors are summarized
in Table 2.3. Stow and Stainer [120] investigated the products of splashing
water drops on various smooth, rough and wetted surfaces. Their study focused
on the influence of impact velocity, primary drop size, surface tension, surface
roughness and liquid film depth on the total number and size distribution of
the splash products. In addition to experimental data, the authors propose
correlations for the number of secondary droplets ejected during drop impact
on dry and wetted surfaces. Samenfink et al. [111] examined the interaction of a
mono-disperse droplet stream with a shear-driven liquid film by means of Phase-
Doppler-Anemometer (PDA) measurements. The deposited mass fraction and
the composition of the secondary droplets are given as function of the impact
angle αiD and non-dimensional film height δ. In this context, Samenfink et al.
[111] derived also a correlation for the geometric mean diameter dg and the
diameter distribution σg as functions of δ, αiD, Laplace number La = ρσD0/µ

2

and momentum parameter scd = (Re/24)La−0.4189. The experimental study
of Okawa et al. [93] aims on relating the ejected droplet mass and mean droplet
diameters to the splashing parameter K = WeOh−0.4 and non-dimensional
film thickness δ. They found that the ejected mass increases with K , while
an increase in δ has no noticeable influence. This result is interpreted as
follows: with increasing film thickness the number of drops decreases, while
their mean diameter increases. Thus, the decrease of ejected mass due to a
decreased number of drops is roughly compensated by the concomitant increase
in mean diameter. The derived correlations for ejected mass Em, number Nd
and volume-averaged diameter Ed,30 are summarized in Table 2.3. Note that
mass and diameter are normalized with the corresponding values of the primary
droplet.

The time evolution of the number Nd and mean size D of secondary droplets
was investigated by Cossali et al. [22]. They observed the highest production
rate of secondary droplets at τ = 1− 3, which corresponds to the beginning of
the crown evolution. The size of the droplets increases with time according to
the power law relation d10/D0 = q τn. Guildenbecher et al. [45, 46] were the
first to apply high-speed digital in-line holography (DIH) for the measurement
of the three-dimensional (3D) size, position, and velocity of secondary droplets.
Their results agree with the findings of Cossali et al. [22] with regard to number
and size evolution of the secondary droplets. Additional results for the mean
velocities are presented, including a power law fit for the time evolution.
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2 Basic Droplet Impact Dynamics

2.4 State of the art of binary droplet wall-film interactions

Contrary to one-component droplet wall-film interactions and despite the
significant industrial applicability, the number of investigations focusing on
two-component impact dynamics are less frequent. In addition to impact energy,
film thickness, and liquid properties, the miscibility of drop and film liquid plays
an important role because it inevitably alters the impact outcome. Miscibility
describes the ability of fluids to form a homogeneous solution. Between any
two separated fluid phases that have a difference in chemical potential, an
instantaneous interfacial tension exits [117]. If the two fluids are immiscible,
the interface and interfacial tension will always exist. For two miscible liquids,
an interface and interfacial tension between the liquids will also exist at the
instant of impact, but the interface will vanish with time and disappear after
complete mixing [18, 117]. In the case of short-run processes like drop impacts,
the interface between miscible drop and film liquids may exist throughout the
complete impact process [18].

Figure 2.10: Image sequence of a water drop (dyed) impact on an immis-
cible oil film (WeD = 1045, δ = 0.55) reprinted from [114]
with permission of Springer-Verlag GmbH, Copyright(2018).
Scale bar measures 1 cm
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2.4 State of the art of binary droplet wall-film interactions

This work focuses only on the interaction of miscible liquids. For sake of
completeness, selected findings regarding the interaction of immiscible liquids
are also summarized. Experiments with immiscible liquids, e.g. water drop
impact on canola oil film (see Figure 2.10), in the thin film regime (0.18 <
δ < 0.77) were carried out by Shaikh et al. [114]. They characterized the
impact process with composite Weber and Reynolds numbers based on droplet
diameter and impact speed, and the liquid properties of the film, in accordance
with Marston and Thoroddsen [82].

Focusing on the ejected secondary droplets, Shaikh et al. [114] found that their
diameters exhibit a log-normal distribution and that the modal diameter scales
with the Weber number according to dmod ∼We−1/4.
The impact dynamics during drop impact on deep pools of immiscible liquids
were investigated by Lhuissier et al. [76] and Yakhshi-Tafti et al. [143]. The
former focused on the subsurface dispersion of the impacting drop into a
collection of non-coalescing daughter drops [76], while the latter focused on
low Weber number (We ≈ 20) drop impacts to demonstrate the possibility of
creating isolated spherical drops above liquid interfaces (floating) [143].

The even more complex situation of a water droplet impinging on a thin oil layer
on top of seawater, which is basically a three-component interaction including
both miscible and immiscible liquids, was investigated by Murphy et al. [91].
They identified three regimes of crown splash related to the thickness of the oil
layer and its intactness throughout the impact process. Their classification is
based on the Weber number of the film (WeF = ρFU 2

0 h/σF) and the product of
Froude and Reynolds number Re FrF = ρDU 3

0 D/µFg h. The observed impact
morphologies vary strongly and exhibit a large number of phenomena like
double crowns, bubble canopy, jet, and cavity formation. The size distribution
of airborne particles is mostly bimodal, which is linked to different ejection
times and mechanisms.

A special phenomenon of binary drop impacts onto a pool (miscible and
immiscible), called apex jetting, was investigated by Marston and Thoroddsen
[82]. It is only observed when the droplet liquid is more viscous than the pool
liquid (µdrop > µpool), but of a similar surface tension. In that case the ejecta
sheet, emerging from the free surface of the pool, moves up and wraps around
the drop surface. It finally collides at the top apex of the drop, hereby ejecting
a thin high-velocity jet. The derived onset boundaries for apex jetting hold as
long the surface tension difference is larger than ∆σ = σD − σF > −0.006 N/m.

The influence of miscibility on the phenomenological impact outcome on very
thin films (0.002 < δ < 0.02) was investigated in a comparative study with
miscible and immiscible liquids by Chen et al. [18]. An exceptional behaviour
for immiscible liquids was observed only for high viscous wall-films with values
of ν > 1 · 10−4 m2/s. In this case, an increase in film thickness δ suppresses
splashing because instead of acting like a solid surface, the film becomes
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2 Basic Droplet Impact Dynamics

deformable and absorbs more impact energy. In contrast, for low viscosity
wall-films (ν < 2 · 10−5 m2/s), the effects of increasing Weber number and film
thickness (promoting) and increasing film viscosity (suppressing) on crown-type
splashing are similar for miscible, immiscible and one-component interactions,
but the critical Weber number values for reaching distinct impact outcome
regimes are significantly different. Note that the promoting of splashing by
increasing film thickness is a distinctive feature of very thin wall-films δ < 0.02
only. For the film thickness regime considered in this work (0.03 < δ < 0.55)
the opposite trend is observed.

Banks et al. [9] investigated separately the effect of droplet and wall-film
viscosities on the impact dynamics, for both miscible and immiscible liquid
combinations. They qualitatively showed that the crown formation process,
and thus the impact outcome, seems to relate more strongly to film properties,
while crown splashing depends on the droplet properties.

For miscible liquids, this is corroborated by experiments of Kittel et al. [62],
who investigated drop impact dynamics for high viscous liquids up to 0.1 m2/s.
Furthermore, the viscosity of the drop strongly affects the maximum crown
expansion and if both drop and film consist of high viscous liquids the impact
outcome is comparable to the impact on a glass surface. If the wall-film is
less viscous than the drop, an increase in drop viscosity leads to a decrease in
crown rim diameter.

Most recently, Kittel et al. [63] investigated the influence of the film to drop
viscosity ratio κ = νF/νD on the impact dynamics on wetted walls, and proposed
an expression for the splashing threshold (K -factor) of binary interactions

Kx = We1/2
x Re1/4

x . (2.25)

Its definition is linked to three distinct regions of splashing, which the authors
identified by mapping the observed impact outcomes for a wide range of
viscosity ratios of 10−4 < κ < 104. For the extreme cases, when either the
drop is much more viscous than the wall-film (κ� 1) or vice versa (κ� 1),
Kx is calculated with the fluid properties of the film (KF) or the droplet (KD),
respectively. In these cases, the expression of Kittel et al. [63] only revives
the definition proposed by Mundo et al. [90] (see Eq. 2.11 in Section 2.2). If
the viscosity of droplet and wall-film is of comparable magnitude (κ ≈ O(1)),
the K∗-factor composes of the droplet Reynolds number ReD and an effective
Weber number that is defined as

We∗ = (ρF + ρD)D0 U 2
0

2 min(σF ;σD) . (2.26)

Kittel et al. [63] chart K∗ against κ̃ = (κ− 1)/κ3/5 to show that an increase in
κ̃ or viscosity ratio, respectively, leads to an increase in K∗ (see Fig. 12 in [63]).
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The influence of the wall-film thickness δ on the impact outcome is disregarded.
Kittel et al. [63] justify this neglect by arguing that for their film thickness
range of 0.05 < δ < 0.22 the K -factor depends only very weakly on δ. Recalling
Figure 2.5 from Section 2.2 demonstrates that most splashing correlations in
fact predict a variation of the K -number between 115 < K < 140 for the
considered δ-range.

The drop impact on liquid films in the presence of surfactant (miscible liquids),
i.e. difference in surface tension σ between the liquids, was studied by Che
and Matar [17]. For σD < σF Marangoni stresses on the surface of the liquid
film accelerate the propagation of capillary waves and for sufficiently small film
thicknesses (δ < 0.3) this leads to film dewetting. In case of an inverse liquid
combination (σD > σF) bouncing is promoted for low Weber number impacts.
The reduced surface tension of the film leads to a reduction of capillary wave
speed and produces also thinner and higher crowns, which break up into a
large number of small secondary droplets. However, these differences in crown
evolution are reduced for thick films because inertia dominates the crown
generation and surface tension effects play only a minor role. Based on the
scaling law of Yarin and Weiss [144] (cf. Eq. 2.16), Che and Matar [17] proposed
a scaling relationship for the crown rim diameter, which reads as follows

DTop

D0
= A 2

(2
3

)1/4 U 1/2
0

D1/4
0 h1/4

0

(t − t0 )1/2. (2.27)

The coefficient A = 0.71 is derived from their experimental data.

The effects of droplet/film density ratio are studied numerically by Blais et al.
[14] and Guo and Lian [50]. The former employed the drop impact problem
mainly as verification test case for their numerical multi-material approach.
They demonstrated that lighter material (either drop or film) is expelled faster
from the impact zone due to its lower inertia. Guo and Lian [50] focus mainly
on oblique drop impacts, but also evaluated the influence of the density gradient.
A reduction of the film density leads to earlier splashing and instead of crown
formation, the spreading of the drop liquid beneath the film surface and the
development of a Kelvin-Helmholtz vortex are observed.

The investigation of miscible binary droplet wall-film interactions also revealed
some unique impact phenomena. The first one is the formation of random holes
in the crown wall that lead to an early crown disintegration. Thoroddsen et al.
[128] gave an explanation for the hole emergence based on Marangoni-driven
flows. The authors investigated the impact of water/glycerine droplets on thin
ethanol films (δ < 0.01), which represents the impact of a viscous drop onto
a low-viscosity film that has also a significantly lower surface tension. They
observed the evolution of a two-part crown consisting of an ejecta sheet of
film liquid (upper part) that is linked at its base to the tip of the emerging
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crown of drop liquid (lower part). The thin upper part is pulled towards the
centreline by air flow, ruptures and propels a fine spray of droplets towards
the inside surface of the lower part. Upon impact, the droplets form so-called
Marangoni patches, where the lower surface tension liquid of the droplets is
pulled apart by the crown liquid (divergent Marangoni stresses [7]). These
patches eventually puncture, opening a hole, which grows driven by unbalanced
surface tension at its edge. Aljedaani et al. [7] continued investigating this
hole formation mechanism and expand the parameter range to thicker films
(δ < 0.11) and a wider spectrum of liquid combinations. They furthermore
characterize the effects of drop viscosity and substrate film thickness on the
crown evolution as well as rupture speed and growth rate of the fully formed
holes. They identified a second mechanism for hole formation, which is driven
by compressive Marangoni stresses that are observed when the film liquid has
a larger surface tension than the drop. For immiscible liquids the formation of
holes has not been observed.

The literature review presented in this chapter reveals how incomplete the
picture of binary droplet impact dynamics still is, and not only with regard to
the effects of miscibility. The aim of the comparative study presented in this
work is to improve the understanding of miscible binary interactions and to
provide a unified approach with regard to one-component interactions. Based
on theses findings, our understanding of the effect of immiscible fluids on
droplet impact dynamics will be improved.
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CHAPTER 3

Experimental Methods

The challenges in the experimental investigation of two-component droplet
wall-film interactions result from its non-deterministic character and its short
process time. The non-determinism of the impact process requires conducting a
large number of experiments. To achieve this large sample size, the experimental
facility has been designed to provide an easy and reproducible operation of the
droplet and wall-film generation. Taking into account the short process time,
it is necessary to depict the impact process with a high temporal resolution.
To achieve this, the experimental facility features a high-speed shadowgraphy
system to record the droplet impact from two perspectives simultaneously. The
observation from two perspectives also enables a verification of the impact
symmetry of droplet wall-film interactions. Hence, the two-perspective high-
speed shadowgraphy system represents the distinctive feature of this facility. An
additional top-view high-speed shadowgraphy setup was installed retroactively
to validate the finger formation process. The second measurement technique
integrated into the experimental facility is the confocal chromatic imaging
(CCI) technique, which is used to non-intrusively determine the thickness of
the wall-film. In addition to the wall-film thickness, the diameter and velocity
of the impacting droplet are the influencing parameters of the impact process.
Both are obtained from the shadowgraphy images as described in Chapter 4. In
the present chapter the set-up of the experimental facility and its components
is described and the employed measurement techniques are introduced.
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3 Experimental Methods

3.1 Experimental Facility

The experimental facility consists of three parts: a droplet generation system,
impact area, and laser light barrier. The latter is used to trigger the two-
perspective high-speed shadowgraphy system. A schematic drawing of the
experimental facility and the applied measurement techniques is shown in
Figure 3.1.

3.1.1 Droplet Generation System and Impact Area

For the reproducible generation of droplets a so-called “dropper” (see Figure 3.1)
is employed. The liquid is conveyed from the reservoir to the dropper exit by a
peristaltic pump (KRONOS 50 from SEKO S.p.A.) with a constant volumetric
flow rate of 0.002 l/h. At the dropper exit the liquid accumulates and forms
an attached droplet. Once a critical mass is achieved, the gravitational force
on the liquid exceeds the attaching surface tension force and the droplet is
pulled away from the dropper exit. The droplet detachment happens at a
rate of approximately 0.2 Hz, or every five seconds. The droplet diameter D0
depends on the cross-sectional area of the dropper exit and the properties of
the liquid. The inner diameter of the dropper exit is 0.8 mm and the outer
diameter is 2 mm. In this study mainly Castrol Hyspin AWS 10 (hydraulic oil)
and n-hexadecane (C16H32) are used as test liquids, which have an intermediate
surface tension on the order of 28 N/m. As a result, droplets with diameters of
D0 = 2.5± 0.1 mm are produced. After detaching from the dropper the droplet
speeds up due to gravitational acceleration only. The corresponding terminal
velocity U0 of the droplet therefore depends on the falling distance between
dropper exit and impact surface. The fall height is variable between 0.2 m and
1.5 m, which is the upper limit due to the ceiling height of the laboratory. As
a consequence, the droplet impact velocity U0 is adjustable between 2 m/s and
4.5 m/s.

The impact area consists of smooth sapphire glass plates on which a thin
metallic ring is glued. The resulting circular basin has a diameter of 60 mm,
which is more than 20 times larger than the droplet diameter. The influence
of the basin rim on the impact process is, thus, negligible. Two basins with
depths of 0.6 mm and 1.2 mm are used to provide a film thickness h0 interval
of 0.085 mm to 1.25 mm. To create a wall-film of defined thickness the basins
are filled manually with a measured amount of liquid. The surface of the
sapphire glass is optically polished with a scratch-dig specification number of
S/D-20/10, which means that scratch widths and dig diameters on the surface
are smaller than 0.02 mm and 0.1 mm, respectively. The surface flatness of the
sapphire glass is λ/4 at 633 nm wavelength (λ), which is equal to a peak-to-
valley deviation from a precise flat reference surface of 158.25 nm. The sapphire
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Figure 3.1: Schematic drawing of the experimental facility

glass is selected because the optical properties enhance the film thickness
measurement. This is explained in more detail in Section 3.2.3. To move the
glass plate between the film thickness measurement position (position 1 in
Figure 3.1) and the impact area (position 2 in Figure 3.1), it is placed on a
linear translation stage. The experiments proceed as follows: The sapphire glass
is placed at position 1 and the wall-film is applied. The next step is the film
thickness measurement, which is performed once before each impact experiment.
Then the glass plate is moved slowly into the impact area and one droplet
wall-film collision experiment is carried out. Afterwards the contaminated
wall-film is removed completely before a new experiment is conducted.
A detailed description of the experimental procedure is given in Section 4.2.

3.1.2 Trigger System

As described in the previous paragraph, the droplets are released at variable
time intervals. Hence to ensure the recording of the complete impact process a
trigger device for the two-perspective high-speed shadowgraphy imaging system
is needed. In this work a laser light barrier is applied for this purpose. Its
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fundamental working principle is based on the property of a PIN-photodiode
to transform a change in incoming light into a change in voltage. The difficulty
regarding the laser light barrier design originates from the comparably small size
of the droplet in combination with the slight variations of its point of passage,
especially if the maximum fall height is adjusted. To account for both, the
circular beam of the laser is widened into a light sheet around the droplets point
of passage and afterwards focused on the photodiode, as shown in Figure 3.1.
The employed laser of the TOPAG Lasertechnik GmbH (LDH-635-1GC) has
a wavelength of 635 nm, optical output power of 1 mW, and beam diameter
of d = 5 mm. For the generation of the light sheet a slit diaphragm (3 mm x
0.5 mm) is placed in front of the laser, changing the circular laser beam into
a rectangular one. A pair of convex lenses (dlens = 25 mm, f = 25 mm and
f = 160 mm) widens the rectangular beam into a sheet and aligns it parallel
to the sapphire plate. The resulting laser sheet is 20 mm wide and 2 mm thick
at the point of passage of the droplet. Behind the passage point the light sheet
is focused with another convex lens (dlens = 25 mm, f = 80 mm) onto the
PIN-photodiode. The droplet casts a shadow on the diode when passing the
light sheet. The decrease in light intensity is recorded by the photodiode and
transformed into a low voltage output signal. The signal strength varies (<1 V)
depending on the point of passage of the droplet and the droplet size. An voltage
amplifier is interposed between PIN-photodiode and high-speed camera (see
Figure 3.1) to strengthen the photodiode output signal, because the high-speed
camera requires a TTL input signal for triggering. TTL (transistor–transistor
logic) gates operate on a nominal voltage of 5 V and they are designed to
process only two types of signals: “high” and “low”. The input voltage range
for a “low” logic state is 0 V to 0.8 V, and 2 V to 5 V for a “high” logic state.
There will be no certain response from the TTL gate, if the incoming signal
has a strength between 0.8 V and 2 V. The high-speed camera requires the
“high” logic state as trigger input, which means that the incoming signal must
have a minimum strength of 2 V to reliably start the recording. With the laser
light barrier, a reliable trigger device for the recording of the impact process is
implemented into the experimental facility.

3.2 Measurement Techniques

The applied measurement techniques are the two-perspective high-speed shad-
owgraphy, the top-view high speed shadowgraphy, and the confocal chromatic
imaging (CCI). The first technique is the main measurement system by which
two perspectives of the impact process are recorded simultaneously with one
high-speed camera. This sophisticated shadowgraph arrangement records the
impact process with a high temporal resolution and simultaneously provides
a spacial impression of the impact process. The top-view high-speed shad-
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owgraphy records the drop impact from an additional aerial perspective. The
acquired images are used to validate the number of detected liquid fingers along
the circumference of the crown rim. The third technique, CCI, is employed to
determine the thickness of the wall-film before each drop impact experiment.
All three methods are described in detail in the following.

3.2.1 Two-Perspective High-Speed Shadowgraphy

The shadowgraphy imaging technique makes use of the light diffraction due
to density gradients in a considered measurement volume. It is a line-of-sight
measurement that projects integral optical information of the measurement
volume onto the image plane [113, 119].
Light rays propagate uniformly in an undisturbed homogeneous medium. In
case of a back-illuminated measurement volume without any density gradients
(e.g. air at constant temperature and pressure), a bright, uniform field of
lighting is produced on the image plane. In contrast, if the measurement
volume contains density gradients and thus differences in refractive index, the
light rays are bent out of their original paths. These light deflections cause
differences in the illumination intensity distribution on the image plane, which
appear as lighter and darker regions. In case of an entirely opaque object

High-Speed
Camera

aPrime Lens

Mirror 1

Mirror 2

Mirror 3

Lens B

Lens B

Lens A

Lens A

Cover

Cover

LED 2

LED 1

Impact Area

F-1

F-2

S-1

Recorded Image

Figure 3.2: Top view of two-perspective high-speed shadowgraphy setup.
The Lego ® manikin at the point of impact and the correspond-
ing frontal and side view images on the mirrors demonstrate
the working principle of the optical set-up
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(e.g. Lego® manikin in Figure 3.2) in the measurement volume the parallel
light rays are completely reflected and thus a “full” shadow is projected on the
image plane (see Figure 3.2, Recorded Image). It is this effect that names the
technique. The shadowgraphy is an appropriate technique for the visualisation
of the flow dynamics during drop impact [16] because the large difference in
refractive indices between air (nair = 1.00027, see Table 3.1) and liquids, e.g.
hexadecane (nhexa = 1.435, see Table 3.1), causes a good contrast on the
shadowgrams.

The optical arrangement of the two-perspective high-speed shadowgraphy
imaging system, used for the present drop impact experiments, is depicted
schematically in Figure 3.2. The test volume above the wall-film is continuously
illuminated with light emitting diodes (LED) from two directions to record the
droplet impact from two different viewing angles (frontal and lateral view). The
cool-white LEDs (Opulent Rebel-StarCW100, colour temperature 6500 K) have
a diameter of dLED = 2.5 mm and are mounted onto cooling elements. The
LEDs have a typical luminous flux of 180 lm when operated at their nominal
drive current of 700 mA, and voltage of 3.4 V. In each case the emitted light
is collimated by a lens A (f = 210 mm, dlens = 60 mm) producing a beam
diameter that matches the diameter of the basins containing the wall-film.
These light beams pass parallel to the impact surface through the impingement
area and intersect at the point of impact, where they back-illuminate the
droplet collision with the wall-film. Behind the impact area, the light beams
are redirected by plane mirrors and refocused by converging lenses (lens B,
f = 300 mm, dlens = 60 mm) onto the camera lens. The Kern-Paillard YVAR
1:2.8 camera lens with a focal length of f = 75 mm projects both images next
to each other onto the camera sensor. The optical paths of both views are
depicted in Figure 3.2, where two example rays through the centre of the
measurement domain represent the optical paths for the front (solid line) and
side view (dashed line). Covers are placed between LEDs and collimating lenses
to avoid an overlap of the optical paths. A Lego® manikin is placed at the point
of impact to illustrate the working principle of the two-perspective imaging.
The corresponding front and side views, taken from the camera perspective,
are shown at several points along the optical paths in Figure 3.2. To be able to
project two images next to each other onto the camera chip, the camera has to
be positioned off axis of both light sources. In this setup the camera is placed
at a distance of a = 430 mm from the axis of LED 1. This distance is adjusted
to allow the redirection of the front view image with two mirrors onto the
camera chip. Hence, the front view image is mirrored twice and is conform with
a line-of-sight image of the camera (cf. F-1 and Recorded Image in Figure 3.2).
Only one mirror is needed for the lateral view. Thus, the side-view image is
projected back-to-front onto the camera chip (cf. S-1 and Recorded Image in
Figure 3.2). This is taken into account when analysing the impact videos.

38
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A Photron Fastcam SA1.1 (675K-M1) high-speed camera is used for the
recording of the drop impact process. At full resolution (1024× 1024 pixels)
the high-speed camera is able to record images at a frame rate of 5,400 frames
per second (fps). The minimum shutter time of the camera is 1 µs and the
dynamic range is 12 bit. The pixels of the camera have a size of px = 20 µm.
For the drop impact experiments only a 896× 196 pixels section of the camera
chip is used to increase the effective acquisition frame rate up to 20,000 fps.
The shutter speed is set to 1.5 µs. The magnification factor M of the optical
setup is selected to be 1:4, which corresponds to an effective optical resolution
of 80 µm/pixel. The maximum recording time is 2 s, which covers the complete
impact process that last on average 30 ms. A typical two-perspective image
recorded during binary droplet wall-film interaction is shown in Figure 3.4.

3.2.2 Top-View High-Speed Shadowgraphy

In a second step, the experimental facility is upgraded with an additional
high-speed shadowgraphy system that records the drop impact from a top-view
perspective. The requirements for the integration of this system are to obstruct
neither the optical setup of the two-perspective side-view imaging nor the
droplets falling path. The optical arrangement of the top-view imaging system
is depicted schematically in Figure 3.3. The test volume is illuminated from
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Figure 3.3: Schematic drawing of the top-view imaging system and its
relative position within the experimental facility
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Front View Lateral View Top View
τ = 7.6 τ = 7.6

Figure 3.4: Samples of two-perspective and top-view high-speed shadowg-
raphy for binary interaction of hexadecane-Hyspin at δ = 0.1
and WeD = 1060. Scale bar measures 2.5 mm

below with an intense Veritas LED (Constellation 120E), which has a colour
temperature of 6200 K and luminous flux of 12 700 lm. The uniformity and
intensity of the LED light is regulated by milk glass filters that are placed
in front of the LED and underneath the basement plate, respectively. The
basement plate, which supports the sapphire glass, is equipped with a hole to
create a passage for the light. A typical top-view setup requires two mirrors
tilted at 45° to redirect the light beam from LED to camera. For drop impact
investigations, such an optical arrangement is not applicable because the upper
mirror would obstruct the droplets falling path. Hence, both mirrors need
to be inclined by 55°. Additionally, the upper mirror is placed off axis to
avoid the falling path blockage (see Figure 3.3). The lower mirror, redirecting
the light beam into the test volume, is an elliptical mirror (dmax = 70.8 mm,
dmin = 50.8 mm). It allows a uniform illumination of the test volume. The
upper mirror is circular (d = 50.8 mm). It is positioned at b = 21 cm above the
basement plate to avoid the obstruction of the side-view imaging system (see
Figure 3.3). This upper mirror redirects the light beam onto the camera lens
(Canon SP 90 mm, F/2.8, 1:1). In Figure 3.3 the optical path of the top-view
imaging is represented by an example ray (dashed line) through the centre of
the measurement domain. A Photron Fastcam SA-X2 (480K-M3) high-speed
camera records the impact process from the top with an acquisition frame rate
of 20 kHz and a field of view of 1024× 672 pixels. The shutter speed is set to
48.4 µs. The pixel size of the camera is px = 20 µm. The magnification factor
M is selected to be 1:4, which corresponds to an effective optical resolution of
69.5 µm/pixel. The maximum recording time is 1.66 s. The recording process
is started with the triggering signal of the laser light barrier introduced in
Section 3.1.2. When using simultaneously the two-perspective imaging and the
top-view imaging system, the light intensity and shutter speed of the side-view
imaging need to be adapted. A detailed description of these adaptations and
the top-view imaging setup can be found in [92].

In this study, only a small test campaign employing simultaneous two-perspective
and top-view imaging is conducted to verify the formation of liquid fingers along

40



3.2 Measurement Techniques

the upper crown rim (see Section 6.7). The advantage of the top-view imaging
with regard to finger counting is that the fingers are easily distinguishable,
while in the side-view they might obstruct each other. In Figure 3.4 the two-
perspective and top-view image for the binary interaction of hexadecane-Hyspin
(δ = 0.1, WeD = 1060) are shown for τ = 7.6.

3.2.3 Film Thickness Measurements

For the measurement of the wall-film thickness, a commercial device of the
company Micro-Epsilon is employed. The device basically returns the height
of the liquid layer when operated in the thickness measurement mode. The
system consists of a controller confocalDT IFC2451 and a sensor IFS2405-3
(measurement range 3 mm, resolution 36 nm). The system is configured and
operated by a web interface, which is integrated into the controller. The web
interface can be accessed by the laboratory computer via Ethernet. It contains
further an expandable materials database in which refractive indices are listed.
The measurement principle of the device is based on the confocal chromatic
imaging (CCI) technique [74, 115], which is shown schematically in Figure 3.5.
The CCI technique is a point measurement technique, which combines the
confocal imaging principle and the chromatic aberration of a lens. An optical
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Figure 3.5: Principle of the confocal chromatic imaging (CCI) method
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probe acts both as emitter and receiver (confocal imaging). The white light of
a polychromatic point source, the emitter, passes through a fiber-optic link and
is afterwards split by the chromatic aberration of a lens into an interval of focal
points (i.e. measurement range) depending on the monochromatic wavelength.
An interface positioned inside this interval of focal points reflects back the
in-focus part of the spectrum (see Figure 3.5). The reflected light is conducted
to the receiver by the optic-fiber link. The receiver analyses the intensity
distribution of the reflected light and determines the wavelength at maximum
intensity. This wavelength is converted into a position within the field of view
of the optical probe by means of a calibration curve. Hence, the distance of
the interface to the reference plane of the optical probe is obtained. If a solid
surface covered with a transparent liquid film is placed within the measurement
range, two different wavelengths λ are detected (see Figure 3.5). One of these
wavelengths represents the light reflected at the air-liquid interface λal and the
other one the light reflected back at the liquid-solid interface λls. The receiver
analyses both signals simultaneously and determines the distance between the
two interfaces, which corresponds to the thickness of the liquid layer. The CCI
system can thus be operated in distance or thickness measurement mode. If
the thickness measurement mode is selected, the refractive index of the liquid
layer is needed for the determination of the layer thickness. Table 3.1 lists the
refractive indices for selected fluids and kinds of glass.

Two distinctive intensity signals (see Figure 3.5) for the reflected light at the
air-liquid and liquid-solid interface must be detected to ensure an accurate
measurement of the film thickness. In general, the reflectance at the air-
liquid interface is stronger compared to the liquid-solid interface. Hence, the
reflectance at the liquid-solid interface needs to be maximised. One option to
achieve this is to chose a solid with a high refractive index, because, according
to Fresnel’s law, increasing the refractive index leads to an increase in the
reflectance. This is briefly discussed in the following. Regarding the normal
incidence of light on an interface, its reflectance R⊥ is defined according to
Fresnel’s law [98] by:

R⊥ =
(n2 − n1

n2 + n1

)2
(3.1)

Applying this formula to the liquid-solid interface, where n1 is the refractive
index of the liquid and n2 is the refractive index of the solid, leads to the
conclusion that the higher the refractive index of the solid n2 the higher the
reflectance R⊥. As an example, the reflectance of an air-hexadecane interface
is compared to the reflectances of a hexadecane-fused silica interface and a
hexadecane-sapphire interface. Taking the refractive indices from Table 3.1
and using equation 3.1 multiplied by 100 % leads to the following reflectance
R⊥,ah = 3.2 %, R⊥,hf = 0.0075 % and R⊥,hs = 1 % for the air-hexadecane,
hexadecane-fused silica and hexadecane-sapphire interfaces, respectively. As
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Table 3.1: Refractive indices for selected fluids and glasses

Material Refractive Index Source

Air 1.00027 (15 ◦C, 590 nm) Handbook Chemistry Physics [79]
Hexadecane 1.435 (20 ◦C, 589.26 nm) Handbook Chemistry Physics [79]
Hyspin 1.469 (20 ◦C, 589 nm) Refractometer measurement

Glass:
Fused Silica 1.460 (546.1 nm) Handbook Chemistry Physics [79]
Sapphire 1.755 (1.0139 µm) Impex HighTech GmbH

mentioned above, the reflectance at the air-liquid interface is higher compared
to the liquid-solid interfaces. Furthermore, the choice of sapphire glass as
surface material strongly increase the reflectance and hence the accuracy of
the film thickness measurement increases.

The sensor of the film thickness measurement device is mounted next to the
impact area (see Figure 3.1) on a vertical translation stage. This allows the
sensor to be positioned relative to the impact area to ensure optimal position
within its measurement range.
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CHAPTER 4

Experimental Procedure and Data Processing

In this chapter, the operation of the experimental facility and the post-
processing of the acquired raw data are described. First, the dimensioning of
the optical resolution, including the determination of magnification factor and
depth of field, is explained. Second, the procedures for conducting reproducible
droplet impact experiments are described. Finally, the processing and analysis
methods of the images recorded with the high-speed camera are discussed.

4.1 Optical Resolution

The dimensioning of the optical resolution of the two-perspective high-speed
shadowgraphy system is based on two requirements. Firstly, two perspectives
of the drop impact process are projected next to each other on the sensor of
the high-speed camera. Second, the size of the recorded impact phenomena
varies between 200 µm and 20 mm for secondary droplets and crown. To meet
these requirements, a magnification factor of roughly 1:4 and a depth of field
of 10 mm around the impact point are employed. The magnification factor
is determined before every series of experiments to reduce systematic errors
because the sophisticated shadowgraphy set-up is susceptible to misalignments.
The depth of field was determined once the set-up was completed.
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4.1.1 Magnification Factor

The magnification factor M of the optical set-up is determined by the ratio of
the virtual size dvirt of a reference object to its real size dreal:

M = dvirt dpix
dreal

. (4.1)

Additionally, the pixel size dpix of the camera sensor is needed.
The accuracy of the magnification depends on the accuracy of the measurement
of the real object size and its position with regard to the focal plan of the
optical path. A high accuracy of the real object size is ensured by employing a
calibration plate, e.g. of the company LaVision GmbH [71]. This calibration
plate is a transparent target with a pattern of opaque circles. The pattern
shown in Figure 4.1 (a) consists of circles with diameters between 0.1 mm and
2 mm, and the spacings in between the circles range from 0.7 mm to 10 mm.
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(b) Grey value distribution over the diameter of a circle

Figure 4.1: Determination of the magnification M using a calibration plate
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The calibration plate is positioned in the focal plane of the lateral view and
subsequently in the focal plane of the front view. This necessary rearrangement
of the calibration plate is a very time consuming procedure. A reduction of the
process time is preferable because the magnification needs to be determined
before every series of experiments. Thus, instead of the calibration plate a
reference sphere is used. The sphere can be positioned in the focal planes
of both views simultaneously. Hence, only one reference image needs to be
recorded. The achieved reduction in process time is paid for with a slight loss
of accuracy in the magnification factor because the real size of the sphere is
measured with a calliper gauge. This leads to an uncertainty of ±0.02 mm in
the real size measurement. The loss of accuracy in the magnification factor is
quantified at the end of this section.

The virtual size dvirt of the circles on the calibration plate and the reference
sphere, respectively, is evaluated from the grey scale images according to a
method of Abdelmonem et al. [2]. Their edge detection algorithm for particles is
inspired by the way the human brain defines contours. In a line perpendicular
to the edge, the human brain automatically detects the edge of an object
by the change in grey scale curvature, i.e. the inflection point of the curve.
Transferring this principle for instance to the grey scale image of a circle, its
size is determined as shown in Figure 4.1 (b): an image section containing
the diameter of the circle is selected and the corresponding grey values are
plotted as a function of the pixel location. The inflection points of the curve
are detected and their distance from each other, which corresponds to the
diameter of the circle, is determined.

The loss of accuracy due to usage of a reference sphere instead of a calibration
plate is quantified by comparing the respective magnification factors. It is
assumed that the magnification factor is determined precisely with the cali-
bration plate. All circles with diameters between 0.4 mm and 2 mm within
the evaluation area are used to determine the magnification factors listed in
Table 4.1. A comparison to the magnification factors determined with the
reference sphere shows the absolute deviations ∆M listed in Table 4.1. Thus,
the systematic errors of the magnification factor determination are ∆M = 0.6 %
for the lateral view and ∆M = 1.5 % for the front view. Their influence on the
further analysis of the drop impact process is discussed in Section 5.3.

Table 4.1: Magnification factors for both perspectives and reference objects

Magnification M Lateral View Front View

Calibration Plate 0.2500 0.2500
Reference Sphere 0.2484 0.2463
Deviation ∆M 0.0016 0.0037
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4.1.2 Depth of Field

In optics, the depth of field (DoF) describes the distance that stretches in front
and behind the focusing plane of a lens in which objects appear acceptably
sharp. For the quantification of the DoF extension, the maximum allowed size
of the circle of confusion (CoC) is relevant. It represents the largest size for
a circle of confusion that is still perceived as a point [112]. Here, a generally
accepted value is 0.25 mm for an image viewed from a distance of 25 cm [112].
Hence, the DoF extends from the plane of focus, where the circle of confusion
has its minimum value, to the plane in which the CoC reaches its maximum
allowed value. In general, the term circle of confusion is used to describe the
size of out-of-focus blur spots. Considering for example a point light source
imaged with a perfect lens: the depiction of the point source as a sharp point
is only achieved at the plane of focus, while at any other distance it is imaged
as a blur spot. The size of the blur spot increases with increasing distance
from the focal plane. Note that, lens aberrations lead to deviations from sharp
point images, and hence influence the minimum circle of confusion.

In the present work, the DoF of the optical setup is determined experimentally.
Therefore, the calibration plate described in Section 4.1.1 is employed to record
images in focus and at different out of focus locations. For this purpose, the
plate is moved stepwise out of focus in the direction of the camera and in
a later step towards the LED. The selected step width was 2.5 mm and the
image acquisition ended after 5 steps at a distance of 12.5 mm from the focal
plane. In total, the evaluated range comprises 25 mm, with the focal point
in its centre. The complete procedure is carried out twice, once for the front
and lateral view. Within 10 mm in front and behind the focusing plane, the
measured dot diameters of the calibration plate vary about 1 pixel only. This
result was obtained for both perspectives.

4.1.3 Diffraction Limit

The resolution of every optical system is not only limited by aberration effects,
but also has a physical limit, a smallest resolvable object size, due to diffraction
effects. In the case of a uniformly illuminated circular aperture, as employed in
a camera lens, the resulting diffraction pattern is the so called Airy pattern [6],
which consists of a bright Airy disk in the central region and a series of
concentric rings. The size of the Airy disk mainly depends on the given
wavelength and lens characteristics [52]. Its diameter corresponds to the
minimum size of a focused spot and hence represents the size of the smallest
detectable objects. An approximation of the Airy disk diameter can be deduced
from the intensity distribution of the diffraction pattern [11, 52] and reads as
follows dmin,DP = 2.44 f# λw, where f# is the f -number of the camera lens and
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Table 4.2: Minimum resolvable object diameter due to diffraction limit

Wavelength Minimum Diameter
λw dmin,AY

380 nm 3.2 µm
550 nm 4.7 µm
740 nm 6.3 µm

λw the wavelength of the incident light. Adrian and Yao [3] proposed Eq. 4.2,
which furthermore takes into account the effect of the magnification factor M
of the optical system:

dmin,AY = 2.44 (M + 1) f# λw (4.2)

In Table 4.2, the values for the minimum detectable particle diameter are listed.
The f -number of the camera lens is f /2.8 and the wavelengths of visible light
are in between 380 nm to 740 nm. The employed magnification factor of the
setup is 1:4. As can be seen, the diffraction limited particle size is much smaller
than the effective resolution of the setup of 80 µm/pixel.

4.2 Facility Operations for Droplet Impact Experiments

A strict experimental procedure is followed to ensure the reproducibility of
the experiments and to avoid systematic errors. This procedure consists of
general preparation steps, which are performed at the beginning of a series of
experiments, and the conduct of a single drop impact experiment.

At the beginning of every test day the ambient pressure and temperature
are measured to ensure comparable operation conditions. If the ambient
temperature is close to 291.15 K, which corresponds to the solidification point
of hexadecane, its physical condition is examined. The occurrence of partial
solidification can thus be excluded.

The general preparation steps start with the replacement of the flexible supply
tubes, pump tube and dropper needle (i.e. the liquid supply system) to avoid
impurities in the test fluids. The liquid supply system is then refilled and air
bubbles in the tubes are removed. For this purpose, the peristaltic pump is
operated at a flow rate of 0.01 l/h until an uninterrupted production of droplets
at the dropper exit (see Figure 4.2) is observed. The next step is the adjustment
of the vertical and horizontal position of the dropper exit (i.e. needle). The
dropper exit is attached to the positioning unit, which consists of two manual
translation stages. This allows the positioning of the needle in a horizontal
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plan parallel to the impact surface. The positioning unit (see Figure 4.2)
is mounted on a vertical rail to adjust the fall height. Preliminary droplet
impact experiments are performed to verify the position of the droplet on the
recorded images. The droplet should pass along the centreline of both recorded
images, front and lateral view. The droplets falling path can be modified by
repositioning the dropper exit via the positioning unit. Care must be taken
that the droplet induces a trigger signal. Hence, its passage through the laser
light barrier and the functionality of the camera triggering system (i.e. laser
light barrier) must be verified. The quality of the recorded images, especially
the uniformity of the background, is examined and, if necessary, contaminated
optical components are cleaned. The last step of the general preparation is
the recording of a reference image for the calculation of the magnification (cf.
Section 4.1).

Positioning Unit

Dropper
Exit

Vertical Rail

Light
Barrier

Film Thickness
Measurement

Impact
Area

Figure 4.2: Photography of the experimental facility before implementa-
tion of the top-view imaging system, including labels for the
individual components
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The experimental procedure for a single drop impact experiment begins with
the cleaning of the basin (i.e. glass plate). The glass plate is afterwards placed
on the linear translation stage. The wall-film is applied by filling the basin
with a measured amount of liquid. The glass plate is then moved to the
position for the film thickness measurement (see Figure 4.2). The basin centre
is placed underneath the film thickness measurement sensor. A waiting time of
at least two minutes is established for the wall-film to come to rest. The film
thickness measurement is controlled via the web interface to allow a real-time
adjustment. If necessary, the distance between the sensor and the wall-film
surface is adapted to improve the signal quality. The film thickness is measured
for 20 s, the detected values are automatically averaged and the film thickness
is displayed in the web interface. Afterwards, the glass plate is moved into
the impact area. This is done very slowly to avoid any disturbances in the
wall-film. The centre of the basin is aligned with the probable drop impact
point. The two-perspective high-speed shadowgraphy system is set on hold,
waiting for a trigger signal. The peristaltic pump is started and the droplets,
which are not used for the experiment, are collected in a glass container until a
constant droplet frequency of approximately 0.2 Hz is established. The glass
container is removed manually to select one droplet for the impact experiment.
The experiment starts when the droplet passes through the laser light barrier,
triggering the recording process. After the experiment the impact video is
assessed and the images (monochrome, 8 bit, TIFF format) are downloaded
since the camera has no permanent storage. The conduct of a single drop
impact experiment ends with the removing of the contaminated wall-film fluid
from the basin.

4.3 Post-Processing of Two-perspective Images

The recorded high-speed camera images of the drop impact process are analysed
to derive the properties of the impinging (primary) droplet, the parameters
of the evolving crown and the properties of the ejected secondary droplets.
This is done with two post-processing tools implemented in MATLAB [83].
The first tool, called DropCrown, determines the primary droplet properties
(Section 4.3.2) and the crown parameters (Section 4.3.3), while the second
tool, called SecDrop, analyses the size distribution of the secondary droplets
(Section 4.3.4). Both tools are operated via graphical user interfaces (GUI)
and employ the same image pre-processing steps.

The DropCrown-tool has a modularised structure, which separates the image
pre-processing from the data processing. This strict separation of the processes,
including separate storing routines for the interim and final results, is advanta-
geous because changes in the data processing routines can be made without
rerunning the more time consuming image pre-processing routine. The analysis
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of the partial pictures (front and lateral view) is carried out separately one
after the other. The final results include the data for each view as well as an
averaged value of both views. The output files are saved in the folder of the
corresponding experimental raw data. A “History”-file lists the directory and
the number of each experiment, which allows a fast and easy reaccess of the
experimental results by just entering the experiment number.

The SecDrop-tool processes only one partial picture per cycle to analyse the
number and size of secondary droplets. Thus, it needs to be run twice to
process a complete experiment. The output files are stored according to the
experiment number.

Both tools employ the same pre-processing steps to enhance the image quality.
These steps are described in the following section. Thereafter, the methods for
the determination of the primary droplet diameter and impact velocity, the
crown parameters, and the secondary droplet properties are discussed. Note
that for the post-processing a Cartesian coordinate system, as depicted in
Figure 4.3, is used. A detailed description of the programming is provided
by Štrbac [122].

4.3.1 Image Pre-Processing

The purpose of the image pre-processing is twofold: firstly, the region of
interest (RoI) of the images is selected to reduce the post-processing time.
Secondly, undesired effects in the shadowgraphy images like contaminations
in the image background (e.g. dust particles) or spatially non-uniform and
fluctuating illumination are removed to enhance the contrast of the image.
The raw images (greyscale) are converted into black and white (binary) images
by means of four pre-processing steps, namely image cropping, normalisation,
binarization, and cavity filling, which are illustrated in Figure 4.3.

Image cropping: The first step of the image pre-processing is the definition
of the region of interest (RoI) for both the front and lateral view. This is done
manually in the GUI. Note that the RoI needs to cover the primary droplet,
the crown, and the secondary droplets. All images of the sequence are cropped
according to the settings in the GUI and split into two partial images, which
only contain the RoI of the front or lateral view (see Figure 4.3 (a)). This
means, two new sequences of the partial images are generated. All further
processing and analysis steps are carried out for one sequence after the other.

Background subtraction: Irregularities in the background of the image are
removed to enhance the contrast to the analysed object. This is done by a local
normalisation of all partial images with a reference image, which comprises the
same image section. The first image of the impact sequence, showing only the
background, is used as reference image. All other partial images are subtracted
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Image Pre-Processing

Lateral View Front View

x
y

RoI

(a) Cropping & Normalisation

(b) Binarization (c) Filling Cavities

DropCrow-Tool SecDrop-Tool

Erase Droplets Erase Crown

Figure 4.3: Image pre-processing, comprising cropping, normalisation, bi-
narization, and filling cavities shown for a sample RoI of the
front view

from the respective reference image (see Figure 4.3 (a)). The normalised partial
images contain only the information of the objects that vary in time, e.g. crown.
Unfortunately, effects like image noise diminish the quality of the normalisation.
Thus, a further pre-processing step, the binarization, is necessary to sharpen
the contours of the analysed objects.

Binarization: The correct detection of the outer contours of the primary
droplet, crown, and secondary droplets is essential for the image analysis. It
requires an accurate separation of these objects from the background. After
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the normalisation, the image remains a greyscale image, where the contours
exhibit a continuous transition between background and objects. Hence, the
greyscale image is converted into a binary image to refine the object contours
(see Figure 4.3 (b)). According to a predefined threshold value, all pixels are
classified either as white (object) or black (background) if their grey values
are larger, or smaller, than the threshold value. Thus, the selection of an
appropriate threshold value is of importance for the accuracy of the results.
The choice of the threshold value is based on the visual inspection of many
different images of droplets, crowns and secondary droplets processed with
different threshold values. Finally, a relative threshold level of 0.2 (i.e. 20 %-
intensity) was selected. It is set as default value in the GUI. Additionally, a
quantitative analysis of the influence of the threshold value on the derived
properties was performed. The results are reported in Section 5.3.

Filling Cavities: The last step of the image pre-processing is the filling
of cavities (black parts) within the crown. This is necessary because the
DropCrown- and SecDrop-tool process the crown as a solid structure. The
filling procedure consists of two steps: First, the image is searched for all
connected black structures and their locations. Second, the connection of the
black structures to the black boundary pixels is checked. Black structures that
are not connected to the image boundary are considered to be cavities. They
are transformed into white pixels. The final, pre-processed image is shown in
Figure 4.3 (c).

4.3.2 Determination of Primary Droplet Parameters

The determination of the primary droplet diameter D0 and its terminal velocity
U0 is implemented in the DropCrown-tool. In the DropCrown-GUI the images
in which the droplet is fully visible (drop series) are selected. These images
are pre-processed as described in the previous section. The binary images of
the drop series contain only one white object, which is the downwards moving
droplet. Assuming that the primary droplet is the largest object on these
images, all smaller objects are deleted.

Droplet Diameter: The determination of the droplet diameter D0 is based
on the assumption of a perfectly spherical droplet, whose projection in a two-
dimensional plane is a circle. Thus, the projected droplet diameter Dproj is
only a function of the cross section area Aproj :

Dproj =
√

4 Aproj

π
(4.3)

The cross section area Aproj is derived from images of the drop series. The
algorithm detects the white circle as a connected structure of white pixels and
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evaluates its size. The initial (real) droplet diameter D0 is derived from the
projected diameter Dproj , the pixel size dpix of the camera sensor, and the
magnification M :

D0 = Dproj

(dpix
M

)
. (4.4)

The droplet diameter is determined for front and lateral view separately as the
averaged value over all images of the drop series. The final value of the drop
diameter is the average of front and lateral view. Small changes in the droplet
size are associated with the droplet passing the focal plane of the camera [122].
b
Droplet Velocity: In this thesis the normal impact of a droplet on a horizontal
liquid surface is investigated. Thus, the direction of motion of the primary
droplet is always vertical, in y-direction (see Figure 4.3). Henceforth, the
terminal or impact velocity of the primary droplet U0 denotes the magnitude
value of the velocity vector |U |. The impact velocity U0 is calculated using
the following equation:

U0 = yi − ystart
∆t

(dpix
M

)
. (4.5)

Here, ystart and yi denote the positions of the droplet on the first image of
the drop series and an arbitrary image i, recorded after a travel time ∆t. The
factor dpix/M represents the pixel size divided by the magnification, which
is used to transform the velocity into S.I. units. The position of the droplet
on the binary images is determined by scanning each horizontal pixel-line for
white pixels. Starting at the top of the image, the first line containing white
pixels is defined as the topside of the droplet. The last line containing white
pixels is defined as the bottom of the droplet. The bottom of the droplet is the
reference position at which the y-values are obtained. The elapsed time ∆t is a
function of the number of pictures Npic that are recorded between the droplet
positions ystart and yi, and the acquisition frame rate fcam of the camera:

∆t = Npic

fcam
. (4.6)

The algorithm calculates U0 for all image pairs (first image, image i) of the
drop series. The front and lateral view are analysed separately. The results for
the impact velocity of the last five images, showing the droplet immediately
before impact, are averaged to determine the terminal droplet velocity.
X
A quantitative analysis of the uncertainties in primary drop diameter D0 and
velocity U0 is presented in Section 5.3.
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4.3.3 Determination of Crown Parameters

The determination of the characteristic crown parameters is implemented in
the DropCrown-tool. The analysis of the crown starts as soon as the droplet is
completely immersed and it ends with the crown descend or breakup (crown
series). The images of the crown series are pre-processed as described in
Section 4.3.1, but they still contain the crown and the secondary droplets, as
shown in Figure 4.3 (c). The secondary droplets are deleted from the images
before the crown analysis proceeds. This is done by an infinity loop that
detects all objects, measures their size and deletes the smallest object until
only one object remains. This method is valid because the crown is by far the
largest object (crown diameter > three times primary droplet diameter). In
a next step, the contour of the crown is determined. The contour comprises
of the outermost white (boundary) pixels of the crown. In Figure 4.4 (a) the
detected crown contour (green) is overlaid with the original image. The contour
follows closely the shape of the crown and thus a separation of the crown
from the background is achieved. The determination of the crown contour is
nearly independent of the threshold settings used for the transformation from
greyscale to binary image because of the high contrast between crown and
image background.

The evaluation of the crown characteristics considers the following macroscopic
parameters: the diameter at the crown base DBase, crown height HCR, diameter
at the crown top DTop, crown inclination angle α, and number of liquid fingers
Nfinger evolving at the crown rim. Their geometrical definitions are illustrated
in Figures 4.4 (b) and 4.5. All derived parameters are transformed into S.I. units
by employing the pixel size dpix of the camera sensor and the magnification
factor M . Furthermore, a transformation of coordinates from Cartesian to
cylindrical coordinates is carried out.

Crown Contour

(a) Raw image overlaid with detected
crown contour (green).

Y

X

PT op,1 PT op,2DT op

PBase,1 PBase,2DBase

HCR

(b) Relevant detection points for
crown parameters.

Figure 4.4: Determination of crown parameters
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Crown Base Diameter: The crown base diameter DBase is determined
from the lower part of the crown contour (last five pixel-lines). An ex-
trema search is applied to derive the corner points PBase,1(XBase,1,YBase) and
PBase,2(XBase,2,YBase) of the crown base. The base diameter is calculated as
the difference of the corresponding x-coordinates:

DBase = (XBase,2 −XBase,1 + 1)
(dpix

M

)
. (4.7)

The corresponding y-value of the crown base YBase is used to determine the
crown height.

Crown Height: For the calculation of the crown height HCR, the upper side
of the crown needs to be detected. At the beginning of the crown evolution,
the crown top is smooth, later disturbances arise along the crown rim, which
then evolve into liquid fingers. Two methods for the detection of the crown
top are applied. Both methods analyse the binary image pixel-line wise and
derive the number of objects and their size for each line. The term object refers
to a group or connected structure of adjacent white pixels. The first method,
employed for the smooth rim, searches for the line containing the largest object.
The corresponding pixel-line is defined as location of the crown top and its
y-coordinate YTop is used to calculate the crown height. The second method
is applied as soon as fingers are detected. The line of adjacent white pixels is
interrupted due to the emergence of the fingers. Thus, the number of detected
objects increases in the pixel-lines above the crown top. The algorithm searches
for the first pixel-line that contains more than one object and defines the
subjacent line as the location of the crown top. The corresponding y-coordinate
is defined as YTop. Finally, the height of the crown HCR is determined analogous
to Equation 4.7, by subtracting the y-values of crown top YTop and crown base
YBase.

Crown Top Diameter: The determination of the crowns top diameter DTop
is strongly linked to the determination of the crown height because thereby the
location of the crown top is detected. In the pixel-line defined as crown top
an extrema search is applied to derive the corner points PTop,1(XTop,1,YTop)
and PTop,2(XTop,2,YTop) of the crown top. The crown top diameter DTop is
calculated analogous to Equation 4.7, by subtracting the x-coordinates of the
corner points at the crown top.

Crown Inclination angle: The inclination angle of the crown α describes
the outer angle between wall-film surface and crown contour, as depicted in
Figure 4.5. The angle on the left and right side of the crown is analysed. Hence,
for each view (front and lateral) two values, αleft and αright are derived. Their
averaged value α is further processed because in this work only symmetric
crowns are considered.
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Crown

Crown Contour

P∆h

PBase,2

γ α

lop

lad

(a) Crown with truncated-cone shape

Crown

Crown Contour

P∆h

PBase,2

α

lop

lad

(b) V-shaped crown

Figure 4.5: Determination of crown inclination α for truncated-cone
shaped and V-shaped crowns

The determination of αleft or αright depends on the relative position of the
points PBase,x and P∆h. PBase,x represents the corner point of the crown base
and P∆h is a point on the crown contour at a predefined height of ∆h, as shown
in Figure 4.5. If P∆h is located in between the corner points of the crown base,
the right-angle triangles formed by P∆h and PBase,x enclose the inner crown
angle γ, and this angle is calculated according to the following trigonometric
function:

tan(γ) = lop
lad

(4.8)

Here, lop and lad are the opposite and adjacent side of the triangle with
respect to γ. The length of lad is determined from the binary images, while
lop corresponds to the predefined height ∆h. The inclination of the crown
αleft is the supplementary angle to γ. Thus, αleft is derived by subtracting γ
from 180°. This method is applied for truncated-cone shaped crowns, where
P∆h lies in between PBase,1 and PBase,2. If the crown is instead V-shaped
(see Figure 4.5 (b)), the right-angle triangles consisting of P∆h and PBase,x
enclose the inclination αleft. Hence, αleft is calculated directly according to
Equation 4.8.

The above described angle determination strongly depends on the position of
P∆h along the crown contour, especially if a curved surface, e.g. concave crown
contour, is considered. Thus, the angles γ or αleft are derived for three different
points P∆h and the resulting values are averaged to improve the accuracy of
the angle detection.

Number of Fingers: At the early stage of crown formation disturbances
emerge along the upper crown rim, which may later on grow into liquid fingers.
A minimum finger height lmin is predefined to ensure a correct counting of
the liquid fingers by excluding crown rim disturbances that do not evolve into
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fingers. Adding this minimum finger height lmin to the crown height HCR,
a minimum detection limit (represented by the yellow line in Figure 4.4) is
defined. Starting at the detection limit and moving upwards in the direction
of the upper image boundary, the number of objects in each pixel-line is
determined. The largest number of objects per partial image and time step
is defined as Np,fg,max . The total maximum number of liquid fingers Nfg,max
for each experiment, defined as the maximum of all partial images and times
steps, is also evaluated.

The progression of the number of fingers up to Nfg,max was evaluated for selected
experiments to determine the optimal value for the minimum finger height lmin .
The investigated values for lmin are varied between 2 pixels < lmin < 7 pixels.
The results of the automated counting are compared to the results of a manual
count. The best agreement is achieved for lmin = 5 pixels, which is set as
default value in the GUI.

4.3.4 Determination of Secondary Droplet Properties

The characterisation of the ejected secondary droplets is important to evaluate
their effects on technical applications in particular because they may vary in
size and ejection velocity as well as with the time of ejection. The essential
quantities used for their characterisation in the present work are the total
number of ejected droplets, their volume, and size distribution. The number
of secondary droplets and their diameters are determined directly with the
SecDrop-tool. Subsequently, the ejected liquid volume, the mean droplet
diameter and the relative span factor (see Section 2.3.3) are calculated from
the droplet size distributions.

Number and Droplet Diameters: The number of droplets and their re-
spective diameters are evaluated from the pre-processed binary images shown
in Figure 4.3 (c). Therefore, a counting frame is employed, which is shown

(a) Regular post-processing

counting
frame

(b) Separate post-processing of CTS & CB

(b1) τ = 7.05 (b2) τ = 12.07

Figure 4.6: Determination of the secondary droplet number and diameters
for regular crown-type splashing and in case of crown bottom
breakdown
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in Figure 4.6 (a). The position of the counting frame is adjusted manually
via the SecDrop-GUI and it is kept constant for the complete analysis of an
image sequence. The manual adjustment of the counting frame allows to select,
which secondary droplets should be detected. If the counting frame is placed
around the upper part of the crown, only upwards ejected secondary droplets,
e.g. observed during crown-type splashing, are counted. To include secondary
droplets formed during the disintegration of the crown, the counting frame
must enclose the complete crown.

The SecDrop-tool searches for all connected white structures within the frame.
The largest connected structure is deleted from the results, assuming that it is
the crown. The structures that had crossed the frame’s borders are counted
and their size is evaluated. The size determination is carried out analogous to
determination of the primary droplet’s diameter. The projected area Aproj of
each object is determined and the corresponding diameter calculated according
to Equations 4.3 and 4.4. For the last picture of each image sequence, all
structures within the counting frame are analysed, too. The drawback of this
method is that it does not allow to investigate the temporal evolution of the
number and size of the ejected secondary droplets.

This regular method of secondary droplet evaluation is employed if only one
mechanism of secondary droplet ejection, crown-type splashing (CTS) or crown
bottom breakdown (CB), is present in the experiments. If both mechanism
are observed in an experiment, a differentiated evaluation procedure is applied,
which is described in the following.

Processing of Crown Bottom Breakdown Droplets: Secondary droplet
ejection due to crown-type splashing occurs always prior to crown bottom
breakdown1, if an experiment exhibits both mechanisms, as can be seen in
Figure 4.6 (b). The respective secondary droplets resulting from crown-type
splashing can be distinguished with regard to their time of origin. Thus, the
number, ejected volume and size distribution of crown-type splashing droplets
is determined directly.

As soon as crown-bottom breakdown sets in, no more droplets are formed
due to crown-type splashing. Hence, afterwards the complete spectrum of
secondary droplets comprises droplets formed by both mechanisms. The total
number of droplets resulting from CB is derived by subtracting the number of
CTS droplets from the overall number of detected droplets. In contrast, the
size distribution and ejected volume of the CB droplets cannot be determined
directly. The size of the CTS droplets might change with time, e.g. when
their trajectory leads them out of focus or they get obscured by other droplets.
Thus, an extraction from the size distribution of the overall ejected droplets
is not possible. Nevertheless, conclusions with regard to the characteristics of

1A detailed discussion is presented in Chapter 7.
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the CB droplets can be drawn indirectly, by comparing the properties of the
CTS droplets (Figure 4.6 (b1)) to the overall droplet spectrum (Figure 4.6 (b2)).
The SecDrop-tool allows to separate manually the time frames for the analysis
of the CTS and CB droplets. If this option is chosen, three data files containing
the secondary droplet properties of the overall spectrum, the CTS, and the
CB droplets are stored.
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CHAPTER 5

Uncertainty Analysis

All measurements, no matter how meticulously performed, are prone to error
and thus the true value of a measured quantity cannot be exactly known.
The occurrence of these experimental uncertainties is inevitable [125], because
the instrumentation, methods and procedures involved are always inaccurate
to a specific amount. Therefore, directly measured quantities as well as
derived values contain errors, which leads to the conclusion that a measurement
result is only complete when accompanied by a quantitative statement of its
uncertainty [31]. Furthermore, the uncertainties and errors of a measurement
need to be analysed to assess the confidence in the results and to allow the
comparison with results obtained by other laboratories or methods. The latter
requires a standardized approach to estimating and expressing measurement
uncertainty, which is described in the ‘Guide to the Expression of Uncertainty
in Measurement’ (GUM) [58].

The term error describes the difference between the true value and the recorded
value, and it is a fixed number. The sources of error can be categorised ac-
cording to Moffat [84] as fixed (systematic) or random, depending on whether
the introduced error is steady or changes during the time of one complete
experiment. Nevertheless, in most situations the error of a measurement is not
know precisely, but only the limits that bound the possible error. An exception
are calibration experiments, where the experiment is qualified against baseline
data, provided that the latter is accurate.
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5 Uncertainty Analysis

The term uncertainty refers to the possible value that an error may have.
Thinking in terms of statistical concepts, it can be thought of as the dispersion
of measured results from the true value. Hence, the uncertainty can be estimated
using verified statistical procedures, like standard deviation and variance.

5.1 Definition of Statistical Quantities and Error Propagation

The definitions of standard deviation σ and variance σ2 originate from proba-
bility theory, where a full population (infinite number) of measurements of the
considered quantity x is available. It is assumed that the measurements of x
scatter around the expected value µx in accordance with Gaussian’s normal
distribution, which is depicted in Figure 5.1. The standard deviation σ is a
measure for this scatter and within the interval of the simple standard deviation
(1σ) lie 68.27 % of the measurements. Within two standard deviations (2σ)
lie 95.45 % of the measurements and within three standard deviations (3σ)
lie 99.73 % [30]. The standard deviation has the same dimension and unit
as the considered quantity. The variance σ2 is defined as the square of the
standard deviation. It is a measure for the broadness of the scatter [42]. Most
experimental investigations only comprise a finite number of n measurements of
the quantity x, obtained under the same experimental conditions. This means
that only a sample of the full population is available. Hence, the expected

f(x)

xµx µx+σ µx+2σµx -σµx -2σ

P = 99.73 %

P = 95.45 %

P = 68.27 %

Figure 5.1: Gaussian distribution of probability density f(x) around ex-
pected value µx , including markings for standard deviation σ
and probabilities P
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value µx and its variance, respectively standard deviation, need to be estimated.
The best estimation of µx for a randomly varying quantity x is the arithmetic
mean (or average) x out of n measurements. It is defined as

x = 1
n

n∑

j=1

xj . (5.1)

The scatter of the experimental data set around their mean value x is charac-
terized by the corrected sample standard deviation s and its square, the sample
variance s2. The sample standard deviation s is the root mean square of the
deviations from x and it is defined as:

s =

√√√√ 1
n− 1

n∑

j=1

(xj − x)2 (5.2)

The denominator n− 1 results from the Bessel’s correction. It corrects the bias
in the estimation of the sample variance (and sample standard deviation) [42,
99].

Gaussian Law of Error Propagation

The analysis of experiments often requires the consideration of quantities that
cannot be obtained directly, but can be expressed as functions of other directly
measurable variables. These quantities are therefore called derived quantities.
The errors, respectively uncertainties, of the measurable variables propagate
to the derived quantities. The Gaussian law of error propagation enables to
asses the uncertainty of these derived quantities. If the considered derived
quantity f is calculated from independent variables xi through the functional
relationship f = f(x1,x2,...,xn), the partial uncertainty in f with respect to xi
is defined as

sfxi
= ∂f

∂xi
sxi , (5.3)

where sxi represents the uncertainty in xi and the partial derivative ∂f/∂xi
is the sensitivity coefficient of f with respect to the variable xi. The partial
uncertainties are combined by the root-sum-square method, yielding the basic
equation of error propagation:

sf =

√√√√
n∑

i=1

(
∂f

∂xi
sxi

)2
. (5.4)

This equation only represents the first-order term of the Taylor series expansion.
The higher order terms can be neglected if the distributions of all measurands xi
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are sufficiently narrow [13, 33]. In most cases 2s is used to quote uncertainties
in measurements, which means that 95.45 % of the measured data lies within
the 2s-bound (cf. Fig. 5.1). If 2sxi is used for the partial uncertainties in
Equation 5.4, the 95.45 %-certainty yields for the derived quantity, too.

5.2 The GUM Methodology

The uncertainty evaluation according to GUM [58] is based on probability
distributions, and thus the corrected sample standard deviation and variance
are used to quantify the uncertainties. The GUM distinguishes, based on their
method of evaluation, between two types of uncertainties, Type A and Type B.

The Type A evaluation is based on the assumption that the distribution
describing the variations of the measured quantity x is a normal distribution.
In this case, the probability methods summarized in equations 5.1 and 5.2 are
employed. If the uncertainty is derived from a small number of measurements
(n < 30), Student’s t-distribution [13, 42, 99] can be adopted to correct the
variance.

The Type B evaluation is applied to estimate the uncertainty of an input
quantity that has not been obtained from repeated measurements, e.g. man-
ufacturer’s specifications for measurement devices. These non-statistical un-
certainties are treated as if they were statistical uncertainties with standard
deviations. This is done by assigning a distribution function to the input
quantities, e.g. error limits of instruments. In this work, a rectangular distri-
bution is chosen to determine the uncertainty resulting from manufacturer’s
specifications. The variance of a rectangular distribution [56] is defined as

s2 = ∆x2
i

3 , (5.5)

where ∆xi describes the error limits of the instrument.

For the uncertainty evaluation of derived quantities, GUM utilizes the Gaussian
law of error propagation, which is described in the previous section.

5.3 Uncertainty Estimation for Directly Measured Variables

A strict compliance to the operating procedure, as described in Section 4.2,
is essential to guarantee the reproducibility of the experiments and to min-
imise the systematic errors. The same is valid for the post-processing of the
experimental raw data. Nevertheless, operating procedure and post-processing
are prone to error and, therefore, the uncertainty for the directly measured
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variables is evaluated according to the GUM method. In this work, the directly
measured variables can be split into two groups according to the employed
measurement technique. The thickness of the wall-film is measured with the
CCI-technique (see Section 3.2.3). On the other hand, the two-perspective
high-speed shadowgraphy technique (see Section 3.2.1), including the post-
processing, is used to determine the properties of the primary droplet, and
of the crown emerging after drop impact. Furthermore, the number of liquid
fingers, and the properties of the secondary droplets are evaluated. In the
following, the uncertainty of each directly measured variable is considered
separately. The analysis is conducted with maximum uncertainties since it is
not possible to measure certain variables often enough to assume a normal
distribution. The systematic, random and maximum uncertainties estimated
for the individual quantities are summarized in Table 5.1 and Table 5.2.

Film Thickness: A commercial device (Micro-Epsilon) is employed to measure
the wall-film thickness. Its measurement principle is based on the CCI-technique,
as described in Section 3.2.3. The precision of the film thickness measurement
mainly depends on the properties of the underlying surface, the refractive
index of the employed fluids, and the measuring tolerance of the sensor itself.
The uncertainty due to the properties of the underlying surface can safely
be neglected because, as discussed in Section 3.2.3, sapphire glass is chosen
to optimize the thickness measurement. The refractive index of pure fluids
like hexadecane is tabulated e.g. in [79] as a function of temperature and
wavelength. The estimated uncertainty in these values is ±0.8 · 10−4. The
variations in ambient temperature (294.15 K) recorded during the experiments
are about ± 1 K. In this temperature range the changes in refractive index
can be neglected. The error limits for the measuring tolerance of the device
are not specified by the manufacturer. In order to quantify the measurement
uncertainty of the device, a restricted set of sample measurements with different
fluids is performed. Thereby, five different film thicknesses in the range of
0.25 mm < h < 1.25 mm are analysed by 15 successive thickness measurements.
The maximum deviation of a measured thickness from its mean value, evaluated
from all measurements, was found to be ∆h = 1.3 µm. It is defined as the
maximum uncertainty of the film thickness measurement and listed in Table 5.1.
The relative uncertainty for typical film thickness of 0.25 mm < h < 1.25 mm
is lower than 0.6 %.

Primary Droplet Properties: The maximum uncertainties of the primary
droplet properties, i.e. diameter D0 and velocity U0 , consist of a systematic and
a random part. The systematic uncertainty results from the errors induced due
to the post-processing procedure. The two error sources in the post-processing
procedure are the binarization of the grey-scale images using a threshold
value, and the magnification factor M , which is employed for the conversion
of the derived results into S.I. units. A set of 32 selected experiments was
repeatedly processed to quantify the maximum uncertainties of D0 and U0

67



5 Uncertainty Analysis

Table 5.1: Estimated uncertainties for film thickness and droplet properties

Unit Systematic Random Maximum
Uncert. Uncert. Uncert.

Quantity Mag. Thres.

Film
Thickness h µm - - 1.30 1.30

Drop
Diameter D0 µm 26.90 33.80 4.80 65.50
Velocity U0 m/s 0.041 0.007 0.012 0.057

resulting from threshold and magnification factor changes. The influence of
the binarization threshold on the uncertainties of D0 and U0 is evaluated by
reprocessing every selected experiment with four different threshold values
between 0.1 and 0.3 (i.e. 10 % and 30 %-intensity, cf. Sec. 4.3.1). The influence
of the magnification factor is evaluated by reprocessing the experiments with
an adapted magnification factor of (M + ∆M ). Here, ∆M is the systematic
error introduced in Section 4.1.1. The derived uncertainties are listed in the
third and fourth column of Table 5.1.

The random uncertainty is linked to the non-deterministic nature of the droplet
production. The diameters and velocities of the complete experimental database
are analysed by statistical methods to characterise the random uncertainties in
D0 and U0 . The derived uncertainties are summarized in the fifth column of
Table 5.1.

The maximum uncertainties of D0 and U0 are calculated by adding up the
systematic and random uncertainties. They are listed in the last column of
Table 5.1. The corresponding relative uncertainty for typical droplet diameters
of 2.3 mm < D0 < 2.6 mm lies between 2.5 % and 2.8 %, while the relative
uncertainty for the velocity range of 2 m/s < U0 < 4.5 m/s lies between 1.3 %
and 3 %.

Crown Properties: In principle, the maximum uncertainties of the crown
properties consist of a systematic and random part, analogous to the primary
droplet properties. The systematic uncertainty is therefore evaluated by pro-
cessing the 32 selected experiments several times, as described in the previous
paragraph. A quantification of the random uncertainties is not possible be-
cause the crown evolution is a non-deterministic, time dependent process. The
systematic and maximum uncertainties for the crown parameters are listed in
Table 5.2. The relative uncertainty for typical maximum crown base and crown
top diameters of 5 mm < DBase, DTop < 11 mm lies between 1.5 % and 4.3 %.
Regarding the range of maximum crown heights of 3 mm < HCR < 10 mm, a
relative uncertainty between 1.6 % and 5.2 % was calculated.
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Table 5.2: Estimated uncertainties for crown properties

Unit Systematic Random Maximum
Uncert. Uncert. Uncert.

Quantity Mag. Thres.

Diameter
Base DBase µm 108.5 105.3 - 213.8
Top DTop µm 107.1 60.5 - 167.6

Height HCR µm 84.4 70.5 - 154.9
Inclination α ° 0 0.55 - 0.55

The crown inclination angle is independent of errors in the determination of the
magnification factor, as all lengths are scaled in such a way that their ratio stays
constant. Thus, only variations in the threshold value induce an uncertainty in
the crown inclination angle. The resulting absolute uncertainty is also listed
in Table 5.2. The corresponding relative uncertainty for an inclination angle
range of 65° < α < 140° is smaller than 1 %. A systematic error in the crown
inclination angle results from the angle detection procedure, as described in
Section 4.3.3. The detection of the angle for three different positions and
subsequent averaging of the results reduces the effect of the systematic error,
but it cannot be dispelled completely.

The preceding analysis revealed that the highest source of uncertainty is
associated to the determination of the magnification factor, which therefore
needs to be determined with the utmost care, as described in Section 4.1.1.

Number of Liquid Fingers: The uncertainty in the number of liquid fingers
results from two error sources: a general systematic deviation is expected due
to the limitations of the front and lateral view compared to a top-view imaging
of the droplet impact. This effect is discussed in detail in Section 6.7.

The second error source is again the post-processing procedure, including the
image pre-processing (e.g. binarization) and the finger counting algorithm.
The uncertainty induced by the post-processing procedure is determined by
comparing its results with a manual finger counting. In total 48 experiments
were considered and the uncertainty was found to be ±3 fingers [40, 122].

Secondary Droplet Properties: Estimating the error in the total number
of secondary droplets is very difficult due to the lack of a tomographic view
of the splashing event and the limits of the optical resolution. The latter
implies that droplets smaller than 160 µm cannot be reliably detected. In the
error estimation for the cumulative relative volume a worst case assumption
is made equivalent to an error of 100 % in Ndrops,max. With this assumption,
the underestimation in the cumulative relative volume varies between 4 % and
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5 Uncertainty Analysis

12 % for all experiments. Underestimations up to 30 % have to be expected for
hexadecane/hexadecane experiments upon collapse of the bubble, which leads
to the formation of myriads of tiny drops.

5.4 Estimated Uncertainties in Derived Quantities

In this work, the derived quantities comprise the dimensionless numbers intro-
duced in Section 2.1.1. These numbers are functions of the directly measured
variables discussed in the previous section. Thus, the uncertainties of the
measured variables propagate to the dimensionless numbers.

The uncertainties of the measured variables are classified in compliance with
GUM either as Type A or Type B and the corresponding standard deviations s
and variances s2 are calculated according to Equation 5.2 or Equation 5.5. The
uncertainty allocation and the resulting values for s and s2 are summarized
in Tables A.1 and A.2 in Appendix A. In addition to the measured variables,
the liquid properties of the fluids, e.g. density, surface tension and viscosity,
are needed to calculate the dimensionless numbers. The fluid properties vary
with temperature, even if only to a small extent in the considered temperature
range of (294.15 ± 1 K). It is not possible to measure them directly during
the experiments. Thus, the liquid properties are taken from the Dortmunder
Database, a commercial database provided by the DDBST GmbH [26], where
fluid properties extracted from literature are summarized. Based on this
database, the uncertainties due to fluid property variations are evaluated and
listed in Table A.2 in Appendix A, too.

The uncertainties of the dimensionless numbers are estimated according to
GUM and the Gaussian law of error propagation, invoking equations 5.3 and 5.4.
The dimensionless numbers are split into two groups: The first group includes
the numbers that are used to classify the experiments. This group includes
the Weber number We = (ρU 2

0 D0 )/σ, dimensionless film thickness δ = D0/h0 ,
and Ohnesorge number Oh = (νρ)/(D0σρ)0.5. Typical values of these three
numbers together with their absolute uncertainties are listed in Table 5.3. The

Table 5.3: Typical values and absolute uncertainties (2σ-bound) for de-
rived quantities - Part I

We δ Oh
min max min max min max

typ. value 280 1600 0.050 0.600 1.5 · 10−2 6.3 · 10−2

abs. uncert. 16 49 0.002 0.010 3.0 · 10−4 3.4 · 10−4
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corresponding relative uncertainties calculated for the lower limits of the range
of typical values are 5.7 %, 4.3 % and 2 % for We, δ and Oh, respectively.

The second group of dimensionless numbers comprises the Reynolds number
Re = (U0 D0 )/ν, dimensionless time τ = (tU0 )/D0 , and the splashing threshold
K = We5/8Oh−1/4. The definition of the latter needs to be rewritten as a
function of directly measured variables:

K = We5/8Oh−1/4 = U 5/4
0 D3/4

0 ρ1/2

σ1/2ν1/4 (5.6)

Thus, the uncertainty in K introduced by the directly measured variables can
be estimated. Typical values for Re, τ and, K together with their absolute
uncertainties are listed in Table 5.4. The corresponding relative uncertainties,
calculated for the lower limits of the typical values are 4 %, 3.8 %, and <0.5 %
for Re, K , and τ , respectively.

Table 5.4: Typical values and absolute uncertainties (2σ-bound) for de-
rived quantities - Part II

Re K τ
min max min max min max

typ. value 280 2500 70 270 10 40
abs. uncert. 9 80 2.6 6.3 0.046 0.103
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CHAPTER 6

Binary Droplet Wall-Film Interaction Experiments

The experiments with binary droplet wall interactions revealed a far more
complex and varied impact morphology compared to one-component interac-
tions. This, in combination with the relevant technical application, made it
necessary to adjust the focus of this thesis to one pair of liquids to gain a
complete understanding of the impact process. Nevertheless, in the following
some more general conclusions regarding the impact morphology of binary
interactions can be drawn. Afterwards, a detailed analysis of the chosen liquid
pair (Hyspin/hexadecane) and the related binary interactions is presented with
regard to impact morphology, splashing threshold, crown type-splashing char-
acteristics and secondary droplet properties. The one-component interactions
of both liquids are used for comparison to identify similarities and differences
to the binary interactions.

6.1 Variety of Impact Morphology

In a preliminary study, a series of experiments with miscible, partly miscible
and immiscible liquid combinations was carried out, in order to get a first
insight on the impact morphology of binary droplet wall-film interactions.
Miscibility effects themselves, however, are not part of this study, even though
they probably influence the impact morphology as demonstrated in Figure 6.1.
Selected results demonstrating the variety of observed impact morphologies are
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miscible fluids
hysp - hexa

(4.03 | 1.04)

hexa - hysp

(0.22 | 0.96)

partly miscible fluids
BuOH - water

(2.79 | 0.35)

water - BuOH

(0.34 | 2.87)

immiscible fluids
5W30 - water

(132.15 | 0.43)

water - 5W30

(0.0076 | 2.35)

Figure 6.1: Variety of impact morphology I: Influence of drop/wall-film
liquid and liquids miscibility. Values in brackets are viscosity
and surface tension ratios (µ∗ |σ∗)

presented in Figure 6.1 and Figure 6.2. The corresponding fluid properties are
summarized in Table B.1 in Appendix B. The impact morphology is classified
on the basis of the viscosity and surface tension ratio of the droplet and wall-film
liquids, which are defined as µ∗ = µD/µF and σ∗ = σD/σF , respectively. The
influence of the liquids miscibility and their choice as droplet or wall-film liquid
(liquid configuration) and vice versa are shown in Figure 6.1. As can be seen,
the liquid configuration plays an important role for the impact outcome because
although only three liquid combinations, namely Hyspin/hexadecane, butanol
(BuOH)/water, and engine oil (5W30)/water are employed, six different impact
morphologies are observed. This is in agreement with findings of Kittel et al.
[63]. Especially the appearance of the crown, its shape, transparency and
breakup mechanism, but also the size distribution of secondary droplets differ
significantly.

A distinctive feature of binary droplet wall-film interactions [40] is the formation
of holes inside the crown wall. Geppert et al. [38] already stated that holes
are not observed during one-component interactions. A more detailed analysis
on the occurrence of this phenomenon showed that it is linked to the viscosity
and surface tension ratios (µ∗, σ∗) of the fluids (see Figure 6.2, upper row).
If both are in the order of one, like it is the case for the diesel-hexadecane
interaction depicted in Figure 6.2, no holes are formed. This is also true for
one-component interactions (µ∗ = 1, σ∗ = 1). The occurrence of holes is
observed for µ∗ 6= 1 and σ∗ = O(1), as in the case of 5W30-hexadecane and
water-water with 80% glycerol (W80G) interactions shown in Figure 6.2 or
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6.1 Variety of Impact Morphology

the Hyspin/hexadecane interactions presented in Figure 6.1. Note that the
formation of holes is also observed for the hexadecane-Hyspin interaction, but
only for a very limited parameter range (see Figure 6.3). The hole formation
process results from differences in surface tension and shear stresses that are
induced by the non-homogeneous fluid mixture in the crown, which is a direct
consequence of the short duration of the impact process. Additionally, the
crown wall thickness is comparably small and varies with time and surface
position. The crown wall thickness can be estimated by the Taylor-Culick
law [23, 124] according to hcw = 2σ/(ρUedge). This functional dependence
connects the sheet thickness hcw to the radial growing speed of the holes Uedge.
For the Hyspin-hexadecane interaction (Figure 6.1) the local edge speed is of
the order of Uedge ≈ 1.83 m/s. Using an averaged surface tension σ̄ and density
ρ̄, a local crown wall thickness of hcw ≈ 20 µm is derived with the Taylor-Culick
law. In the case of such thin crown walls, already moderate stresses can lead
to film rupture and hole formation. Returning to the influence of µ∗ and σ∗,
fluid combinations with µ∗ 6= 1 and σ∗ 6= 1 exhibit a complex crown structure
consisting of holes and filaments. An example for such a liquid combination is
the water-BuOH interaction shown in Figure 6.2 (upper row, last image).

The last general remark regarding binary interactions refers to the overall
shape or outer contour of the crown. It is strongly linked to the viscosity of the
wall-film liquid µF as can be seen in the bottom row of Figure 6.2. The crown
shape changes from bowl-shaped (diesel-EtOH) to cylindrical (diesel-hexa)
to V-shaped (water-hexa, water-W60G) with increasing µF or decreasing µ∗,

Formation of Holes
diesel - hexa

(0.96 | 1.02)

5W30 - hexa

(38.31 | 1.13)

water - W80G

(0.02 | 1.12)

water - BuOH

(2.97 | 0.35)

Crown Shape
diesel - EtOH

(2.76 | 1.25)

water - hexa

(0.29 | 2.65)

water - W60G

(0.09 | 1.09)

diesel - 5W30

(0.03 | 0.90)

Figure 6.2: Variety of impact morphology II: Formation of holes in the
crown wall (upper row) and crown shape (lower row) as func-
tion of viscosity and surface tension ratios (µ∗ |σ∗)
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6 Binary Droplet Wall-Film Interaction Experiments

respectively. This dependence also applies for one-component interactions [40].
If the film viscosity is much higher µ∗ < 0.03, the crown shape becomes
cylindrical again (water-W80G) and the impact morphology might also change,
as in the case of the diesel-5W30 interaction shown in Figure 6.2. The high
resistance of the wall-film inhibits the formation of a crown and therefore crown-
type splashing. Instead, shortly after drop impact, very small, fast secondary
droplets are ejected on a nearly vertical trajectory. A detailed analysis of the
crown shape evolution and its influencing factors is presented in Section 6.5.

The huge variety of impact morphology presented in this section necessitates
restricting the investigation of binary droplet wall-film interactions to a selected
fluid configuration.

6.2 Test Liquids and Experimental Parameter Range

The experimental study presented hereafter focuses on only two test fluids
and the corresponding one-component and binary interactions (two fluid con-
figurations) in order to gain a comprehensive understanding of the impact
process. Even though the observed impact morphology is strongly related to
the choice of test fluids, it is possible to transfer the acquired knowledge to
other fluid combinations. The analysis is restricted to a fully miscible fluid
combination, i.e. the interfacial energy is zero. The chosen test fluids are
n-hexadecane C16H32, which is a long-chain alkane, and Hyspin AWS 10, which
is a premixed hydraulic oil supplied by the company Castrol Ltd. This choice
is based on the diesel engine application, as described in Section 1.1. The
physical properties of these low surface tension liquids (only one third of water
surface tension) are summarised in Table 6.1. The liquid properties of Hyspin
originate from manufacturer specifications. The values for surface tension and
viscosity of Hyspin are verified by measurements employing a ring tensiometer
and a capillary viscometer (U-tube type). Note that the viscosity of Hyspin is
about five times larger than the one of hexadecane, while density and surface
tension are in the same range. Thereby, the focus of this thesis on the effect of
viscosity on splashing dynamics is ensured.

Table 6.1: Physical properties of test liquids at ambient conditions
(293.15 K, 1 bar)

dyn. viscosity surf. tension density
µ [Pa s] σ [mN/m] ρ [kg/m3]

Castrol Hyspin AWS 10 0.01580 28.65 878
n-Hexadecane C16H32 0.00330 27.60 773
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Table 6.2: Overview of experimental series and investigated impact condi-
tions

No. δ-range WeD-range Oh

binary interactions 1220
Hyspin - hexadecane 480 0.05 to 0.53 350 to 1680 0.040
hexadecane - Hyspin 330 0.03 to 0.55 320 to 1450 0.040
other fluid combinations 410 -
one-comp. interactions 1120
hexadecane 950 0.04 to 0.55 310 to 1400 0.015
Hyspin 170 0.03 to 0.30 510 to 1650 0.063

The considered two-component interactions are a Hyspin droplet impacting on
a hexadecane wall-film (basic system or Hyspin-hexadecane), and a hexadecane
droplet impacting on a Hyspin wall-film (reverse system or hexadecane-Hyspin).
The corresponding one-component interactions of Hyspin and hexadecane are
examined as well to obtain a differentiated picture of the impact process.

The investigated impact conditions cover a wide range of normalized film
thickness 0.03 < δ < 0.55 and droplet Weber number 300 < WeD < 1680. The
variation in δ was achieved by varying the wall-film thickness from 0.085 mm to
1.25 mm at a constant droplet diameter of D0 = 2.5± 0.1 mm. The impacting
droplets exhibit a slightly oblate shape (Circ ≈ 0.93), but the resulting influence
on the impact process is negligible (see Appendix B). The Weber number was
varied by changing the droplet impact velocity between 2 m/s and 4.5 m/s. The
experiments are carried out at ambient conditions of 294.15± 1 K and 1 bar. A
detailed list of the impact conditions, including the number of experiments, is
given in Table 6.2. Additionally, the Ohnesorge numbers Oh = (ν̄ρ̄)/(

√
Dρ̄σ̄)

of each liquid combination, calculated with averaged liquid properties for the
binary interactions, are listed. The relatively sparse data set for the Hyspin one-
component interaction results from the limited capability of the experimental
facility with regard to impact velocity (U0 < 4.5 m/s). For Hyspin and δ ≥ 0.3,
a Weber number of WeD > 1900, or respectively a droplet impact velocity of
U0 > 5 m/s, is required to induce splashing. This exceeds the capability of the
droplet generation system (see Section 3.1.1).

6.3 Characterization of Impact Morphology

The first step towards understanding binary droplet wall-film interactions is
to get a qualitative overview on the impact morphology and to understand
how the different crown phenomena evolve consecutively from one another.
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6 Binary Droplet Wall-Film Interaction Experiments

Therefore, the observed impact outcomes and secondary phenomena are sum-
marized in characteristic regime maps in terms of droplet Weber number WeD
and normalized film thickness δ. The regime map of the hexadecane-Hyspin
interaction was already published by Geppert et al. [40]. An adapted version
of this map is depicted in Figure 6.3 (b), together with the regime map of
the basic system (Hyspin-hexadecane). Recalling the regime map of the hex-
adecane one-component interaction (Figure 2.4 in Section 2.1.3), the binary
classifications are analogous with regard to the existence of a transition zone,
separating splashing and deposition outcomes, and the jet formation after
crown collapse. The transition zone itself is shifted to higher Weber numbers
for the binary interactions, which means more energy is required to induce
splashing. This is linked to higher losses in the wall-film with increasing system
viscosity and wall-film viscosity itself. Note that for the hexadecane-Hyspin
interaction the splashing regime is only reached for δ < 0.35. The formation of
a jet after crown collapse is also observed for binary interactions, but only in
the deposition and transition regime. The minimum film thickness for the onset
of jet formation is of the order of δ ≈ 0.2 for both one- and two-component
interactions.

The variations of the binary regime maps are related to the observed crown
shapes and the secondary phenomena like bubble formation, crown bottom
breakdown and hole formation. The crowns observed for the basic system and
the hexadecane one-component interaction are solely bowl-shaped or cylindrical.
In contrast, for the reverse system a change in crown shape from V-shaped
to cylindrical is observed when the limiting value of δ ≈ 0.3 is exceeded (see
Figure 6.3 (b)). The Hyspin one-component interaction exhibits a similar
behaviour. This is a first indication that crown shapes of binary interactions
are similar to the crown shapes observed for the one-component interactions
of the respective wall-film liquids. Furthermore, thinner wall-films (δ < 0.3)
enhance variations in the crown shape.

The formation of a closed bubble is not observed for the binary interactions
in the considered parameter range. The Hyspin-hexadecane interaction still
shows an enhanced crown rim contraction, while the reverse system does not
exhibit this behaviour at all. The V-shaped crown of the reverse system inhibits
the bubble formation even stronger because of the outwards directed crown
growing. Pan et al. [95] and Pan and Hung [96] found that bubble formation
requires more energy (higher We) than crown-type splashing, and that either
an increase in viscosity or a decrease in surface tension shifts that limit to
higher Weber numbers. In the case of the Hyspin-hexadecane interaction the
average viscosity of the fluids is larger compared to hexadecane, thus bubble
formation could be observed for Weber numbers exceeding the considered
impact conditions. Thus, the phenomenon of bubble formation cannot be
excluded for binary interactions.
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(a) Map of basic system Hyspin-hexadecane
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(b) Map of reverse system hexadecane-Hyspin, adapted from [40] with permission
of Spinger-Verlag GmbH, Copyright(2017)

Figure 6.3: Characteristic impact regime maps of the Hyspin/hexadecane
binary interactions
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Crown bottom breakdown (CB) is a phenomenon that is observed for the
binary interactions and the Hyspin one-component interaction. In literature,
it was also observed for one-component interactions of isopropanol [116] and
water-glycerol mixtures [139]. CB is in general confined to thin wall-films
(δ < 0.13) ([38, 63, 139]), but it can occur with all three impact outcomes,
i.e. deposition, transition and splashing. Especially, in combination with a
deposition outcome, crown bottom breakdown is an important mechanism
of secondary droplet ejection. The crown bottom breakdown phenomenon is
investigated in detail in Chapter 7 since it represents the second mechanism of
secondary droplet ejection analysed in this work.

The unique phenomenon of binary interactions - the formation of holes in the
crown wall - is observed for both Hyspin/hexadecane configurations. The basic
system forms holes over the complete range of impact conditions. The process
is triggered as soon as a critical Weber number is exceeded (see solid red line
in Figure 6.3 (a)). Interestingly, this critical Weber number has a minimum
value at δ = 0.1. In contrast, for the reverse system hole formation occurs
only for a very restricted set of impact conditions, namely WeD > 1000 and
0.05 < δ < 0.1.

6.4 Determination of Splashing Threshold

An essential parameter for investigating drop impact dynamics is the splashing
threshold, which describes the necessary amount of energy to induce the
formation of secondary droplets. Geppert et al. [38] were the first to propose an
empirical threshold correlation for the binary interaction of a Hyspin droplet
with a hexadecane wall-film (see Figure 6.4). It is based on the dimensionless
formulation K2 = We5/8

D Oh−1/4
µ

, where the Ohnesorge number Ohµ contains
an averaged viscosity. Using the average of the viscosities is analogous to
introducing the dependency upon the viscosity ratio, as will be shown later. The
effect of the specific weighting factors is included implicitly in the coefficients of
the correlation. The functional dependence on the dimensional film thickness δ
reads as follows:

K2 = 114 + 163 δ6/5. (6.1)

The surface roughness is excluded from this correlation as an independent vari-
able because the underlying surface is a smooth sapphire glass (Rnd � δ) [38].
This assumption is also valid for the conducted experiments in the present
study. The applicability of this threshold on the extended database of Hyspin-
hexadecane experiments and especially on the reverse system, hexadecane-
Hyspin, is verified to obtain a unified threshold correlation. Therefore, the
image sequences of all two-component interactions are analysed manually to
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Figure 6.4: Classification of two-component experiments by secondary
droplet formation: Splash/Transition vs. Deposition cases,
including empirical splashing limit of Geppert et al. [38]

classify the impact outcome. Outcomes without secondary droplet formation
are classified as deposition, while outcomes resulting in the formation (tran-
sition) and ejection of droplets (splashing) are combined into one category,
i.e. splash/transition. The final classification of the binary experiments is
presented in Figure 6.4 in terms of K2 and δ. A reduced number of experiments
is shown to preserve the clarity of the figure. As can be seen, the threshold
correlation still holds for the extended Hyspin-hexadecane database. Moreover,
the agreement between the observed impact outcomes of the reverse system
(upward-pointing triangles) and the threshold correlation (red dashed line)
is quite good. Thus, it is considered valid for both Hyspin/hexadecane con-
figurations. The results further reproduce the trend of increasing K -factor
with increasing film thickness reported for one-component interactions (see
Section 2.2). This means also for binary interactions an increase in wall-film
thickness inhibits splashing. Finally, it should be pointed out that for δ < 0.12
the occurrence of crown bottom breakdown (CB) might alter the onset of
secondary droplet formation. This effect is discussed in detail in Chapter 7.

81



6 Binary Droplet Wall-Film Interaction Experiments

0 0.1 0.2 0.3 0.4 0.5 0.6
50

100

150

200

250

K2 = 114 + 163 δ6/5 [33]

very
thin
films

thin films
thick
films

δ [ – ]

K
2

=
W

e5/
8 O
h

−
1/

4
µ

[–
]

Rioboo et al. [104] Cossali et al. [20] Marengo & Tropea [81]
Geppert et al. [38] Wang & Chen [139] Vander Wal et al. [134]
Eq. 6.1

Figure 6.5: Comparison of splashing thresholds: one-component limits
(Sec. 2.2) to binary limit for Hyspin/hexadecane configurations

In a next step, the binary splashing correlation (Eq. 6.1) is compared to one-
component correlations proposed in literature, which take into account the
dependence on the dimensional film thickness δ, e.g. [20, 38, 81, 104, 134].
Figure 6.5 shows this comparison as well as the average experimental uncertainty
of 10 % depicted by the grey rectangle. Former experiments, e.g. of Cossali et al.
[20], had uncertainties of 16 % to 20 % for δ and K2, while the experimental
uncertainties in this work lie in between 1.7 % to 4.3 % and 2.3 % to 3.8 % for δ
and K2, respectively. This reduction mainly results from the technical improve-
ments of the last decades. Nevertheless, the dependence of K2 on δ predicted
by Cossali et al. [20] is still valid. Figure 6.5 confirms that all correlations
(one- and two-component) lie within each others range of uncertainty, which
shows a good agreement. Thus, they are all equally suitable to describe the
splashing threshold. It further suggests that there is no substantial difference
in the physical mechanism leading to the onset of splashing in one- and two-
component interactions when the viscous losses are estimated correctly.
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X
In a final step, the presented splashing threshold is validated against a binary
splashing threshold recently published by Kittel et al. [63]. The focus of their
investigation lies on how the wall-film to drop viscosity ratio influences the
splashing threshold. Therefore, a large range of viscosity ratios in between
10−4 < κ < 104 is considered, but only a narrow film thickness regime. The
parameter κ is defined as κ = νF/νD, which is equal to (ν∗)−1. The proposed
K -factor definition for κ = O(1) reads K∗ = Re1/4

D We∗1/2, where the effective
Weber number We∗ is calculated with the mean of fluids densities and their
minimum surface tension (see Eq. 2.26). The range of validity in terms of
dimensionless film thickness is 0.05 < δ < 0.22 [63].
Figure 6.6 shows the splashing classification of the Hyspin/hexadecane experi-
ments employing the K -factor definition K∗ of Kittel et al. [63]. In comparison
to Figure 6.4, the experimental data is vertically shifted and the two Hyspin/hex-
adecane configurations are partitioned. Nevertheless, for 0.05 < δ < 0.22 the
Kittel criterion predicts the onset of splashing reasonably well (see red line in
Figure 6.6). The shift of the K -values can be explained by comparing the two
K -factor definitions in terms of basic physical quantities:

K∗ = U 5/4
0 D3/4

0 σ
−1/2
min (ρ)1/2 (νD)−1/4 (6.2)

K2 = U 5/4
0 D3/4

0 σ
−1/2
D (ρD)1/2 (ν)−1/4 (6.3)

The scaling of the impact energy (U 5/4
0 D3/4

0 ) is the same in both definitions. The
choice of surface tension plays a minor role because in the case of Hyspin/hex-
adecane the surface tension difference is negligibly small (see Table 6.1). The
major difference of the above definitions is the use of either an averaged density
(K∗) or viscosity (K2) of the fluids. Forming the ratio of K∗ to K2 illustrates
that both definitions are related by a scaling factor, which depends on the
density and viscosity ratios.

K∗
K2

=
(
ρ

ρD

)1/2 ( 1
1 + κ

)−1/4
(6.4)

Thus, for the considered δ- and κ-range both correlations are equally suitable to
describe the splashing limit. Nevertheless, the dependence on the dimensionless
film thickness δ cannot be excluded from a unified splashing threshold. The wall-
films inertia and viscosity strongly influence the dependence of the splashing
threshold on δ, as shown in Figure 6.6. A reduction in wall-film viscosity
enhances the influence of the dimensionless film thickness δ (Figure 6.6 (a)).
X
This pattern, of either describing correctly the dependence on film thickness
and impact energy, e.g. [20, 38, 81], or the dependence on fluid properties and
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(b) Reverse System

Figure 6.6: Classification of Hyspin/hexadecane experiments according to
K∗-factor of Kittel et al. [63], including the splashing threshold
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impact energy, e.g. [63, 134], is well known from literature. It applies for one-
and two-component interactions. This suggests combining both approaches into
a three-dimensional parameter space for the development of a unified threshold
model that is valid for one- and two-component interactions. Following this
idea, Bernard et al. [12]1 used the Oh-Re-δ-domain to classify experimental
data from literature [20, 37, 38, 134], unpublished data obtained within the
framework of this thesis and their own test campaign with hexadecane and
silicon oils with viscosities between 3 · 10−6 m2/s and 1 · 10−4 m2/s. The
authors demonstrate that it is indeed possible to derive a splashing threshold
surface when calculating the Ohnesorge Oh and Reynolds Re number with
averaged fluid properties. In the limiting cases of very viscous droplets or
wall-films the approach of Kittel et al. [63] is applicable, who proposed to use
KF or KD, respectively.
X
An important definition that is directly related to the splashing threshold
is the one of the fully splashing regime. This regime is reached when the
kinetic energy of the impacting droplet considerably exceeds the amount of
energy necessary to induce splashing. As a rule of thumb one could use the
splashing correlation of Geppert et al. [38] plus 20 %. The grey highlighted
area in Figure 6.5 shows the fully splashing regime of the Hyspin/hexadecane
configurations. The analysis conducted in the following sections only targets
the fully splashing regime because this allows an appropriate comparison of one-
and two-component impact dynamics in order to provide a unified treatment.

6.5 Crown-type splashing: Crown kinematics

This section presents the derived insights on the factors controlling the crown
kinematics. The term crown kinematics refers to the temporal evolution of
the geometrical characteristics of the crown, e.g. crown inclination angle
(outer angle measured from wall-film), height, and top and base diameters (see
Figure 6.7). The qualitative analysis of the crown morphology presented in
Section 6.1 already implicated that the wall-film viscosity influences the crown
shape. In the following a correspondence between the evolution of the crown
kinematics with the thickness and viscosity of the wall-film is established. The
analysis includes a brief phenomenological inspection of the two- (2CI) and one-
component (1CI) interaction morphologies, and the variations of the geometrical
crown characteristics in terms of relevant dimensionless parameters. Wherever
feasible, existing models are consulted for comparison.
X

1Bernard, R., Foltyn, P., Geppert, A., Lamanna, G., and Weigand, B.: Generalized
analysis of the deposition/splashing limit for one- and two-component droplet impacts
upon thin films. 28th ILASS-Europe, Spain.
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Figure 6.7: Definition of crown characteristics: inclination angle α, crown
height HCR, crown top DTop and base diameter DBase

Phenomenological inspection reveals that the viscosity of the wall-film not
only determines the shape of the crown, it also links the binary interactions
to the one-component interaction of the corresponding wall-film liquid. This
is shown in Figure 6.8, where the image sequences of the binary and one-
component interactions are depicted side by side for δ = 0.1 and WeD > 1200.
A comparison of the Hyspin-hexadecane morphology (second column) with the
morphologies of the one-component interactions yields a strong resemblance
to the 1CI of hexadecane. In both cases the crown shape evolves from bowl-
shape to cylindrical during its growing phase. The maximum crown height
is similar, as is the finger formation process and the trajectory of secondary
droplet ejection. A comparison with the 1CI of Hyspin yields no similarities.
In contrast, the reverse systems morphology (third column) yields a strong
resemblance to the 1CI of Hyspin. In both cases the crowns are V-shaped and
of a similar height, but lower than in the case of the hexadecane wall-films.
Regarding the finger formation, the Hyspin wall-films lead to long liquid fingers
that outlive the crown receding (see Figure 6.8). The differences in crown
morphology become less pronounced when the dimensionless film thickness is
increased to δ = 0.2 (see Figure C.1 in Appendix C), i.e. all crown shapes are
more cylindrical. The only exception occurs for the hexadecane 1CI, because
instead of descending into the wall-film, the crown transforms into a temporarily
stable bubble.
X
The image sequences in Figure 6.8 further show that the inclination angle α of
the crown varies over the entire impact process. Specifically, for low viscous
wall-films (hexadecane, 1st and 2nd column) the inclination angle changes from
bowl-shaped (α < 90°) to cylindrical | | (α ≈ 90°) to truncated-cone shaped
/\ (α� 90°). For wall-films consisting of high viscous fluids (Hyspin, 3rd and
4th column) the inclination angle change is less pronounced. At the beginning
a V-shaped crown \/ (α� 90°) emerges, which later on evolves into a more
cylindrical shaped crown | | (α ≈ 90°). These inclination angle variations
strongly affect the other geometrical crown parameters, in particular the crown
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Figure 6.8: Sample image sequences of crown-type splashing morphology
observed for one-component (row 1 and 4) and two-component
(row 2 and 3) interactions at δ = 0.1 and We > 1200. The
corresponding dimensionless time after impact is given in the
upper left corners. The scale bar measures 2.5 mm

diameter. It is no longer justified to use only one crown diameter, but rather
to distinguish between crown top and base diameters to describe correctly the
crown evolution. Thus, the analysis of the top and base diameter evolution is
conducted separately in the following. The assumption of a constant crown
inclination angle is only valid at very short times after drop impact up to a
maximum dimensionless time of τ ≈ 2 (compare Figure C.1 in Appendix C).
Analytical models considering only the time dependence of the crown radius,
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e.g. see work in references [36, 106, 144], are therefore limited to the early stage
of crown formation.
X
The above described effects are not only features of two-component interactions,
they also occur systematically for all fluid combinations (1CI and 2CI). In the
following sections, the above phenomenological remarks on the geometrical
crown characteristics are analysed quantitatively.

6.5.1 Crown shape and inclination angle

The change in crown inclination angle α is analysed in terms of wall-film
viscosity, film thickness and Weber number separately, in this section. Starting
with the influence of the wall-film viscosity, a similar trend (decrease - increase)
is observed for all fluid combinations, as can be seen in Figure 6.9. However,
a higher wall-film viscosity leads to an earlier decrease of α below 90° and
an earlier reaching of the minimum crown inclination angle. This manifests
in an earlier observation of a V-shaped crown. In contrast, for low-viscous
wall-films, the crown inclination angle remains in-between 100° and 80° over
a prolonged time. This explains the predominant observation of cylindrical
or bowl shaped crowns in most studies, e.g. Cossali et al. [20], Sikalo and
Ganic [116] and Vander Wal et al. [132], because only low-viscosity fluids were
used. Furthermore, one- and two-component interactions employing the same
wall-film fluid show a strong resemblance.

The dependence of the crown inclination angle α upon the dimensionless film
thickness δ is shown in Figure 6.10 for basic (a) and reverse system (b). For
both systems, an increase in δ leads to an increase in α. In fact, above a

2CI: Hexa-Hysp 2CI: Hysp-Hexa 1CI: Hexa 1CI: Hysp

Figure 6.9: Comparison of crown inclination angle α for all fluid combina-
tions for δ = 0.1 (left) and δ = 0.2 (right), WeD = 1200− 1400

88



6.5 Crown-type splashing: Crown kinematics

(a) Hyspin-hexadecane Interaction (b) hexadecane-Hyspin Interaction

Figure 6.10: Evolution of crown inclination angle α and its dependence
on dimensionless film thickness δ for (a) basic system (Hysp-
Hexa) and (b) reverse system (Hexa-Hysp)

certain value of δ, the here presented experiments exhibit only cylindrical and
truncated-cone shaped crowns (i.e. α ≥ 90°). This δ-limit decreases when the
viscosity of the wall-film is reduced, i.e. for the basic system already at δ ≈ 0.3
the angle α does not decrease below 90°, while the limiting value for the reverse
system is δ ≈ 0.4. This is corroborated by angle measurements of Cossali
et al. [22] for water (µwater = 1 mPa s) and δ = 0.29, which are depicted in
Figure 6.10, too. In this case the crown inclination angle never decreases below
90° because of the lower viscosity of water compared to hexadecane. Thus, no
V-shaped crowns are observed.
X
The influence of film thickness δ and viscosity µ on the crown inclination angle
α can be explained by considering the vorticity fields in the interface region
between wall-film and crown-wall (neck region, see Figure 6.7). Josserand
and Zaleski [59] were the first to propose this idea. They performed direct
numerical simulations of drop impacts on thin films, which showed that the
vorticity is concentrated in the neck region. It forms two counter-rotating
vortex rings, which eject the crown-wall at different angles. The angle of
ejection decreases with increasing wall-film viscosity, which corresponds to the
formation of V-shaped crowns.
X
Guo et al. [49] provided additional confirmation that vorticity affects the crown
inclination angle. They investigated numerically the effect of ambient gas
density on drop impact on dry surfaces and thin films. They found that in
the case of dry surface impacts, high ambient density enhances splashing and
low ambient density quenches it. On the contrary, the impact on thin films
is insensitive to changes in ambient gas density. This observation is linked
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Figure 6.11: Schematic depiction of the boundary layer height for different
wall-film viscosities

to the location where vorticity production takes place. The crown formation
during dry surface impacts is strongly influenced by the vorticity production in
the air boundary layer between drop and surface. Thus, high ambient density
enhances the vorticity production, which promotes the lamella formation and
lift off. In contrast, for low ambient density, boundary layer effects are of
reduced importance, and as a result the droplet just spreads upon the surface
without lamella lift off. This is in agreement with experimental and theoretical
findings of Latka et al. [70], Mandre and Brenner [80], and Xu et al. [142]. For
wetted surfaces most of the viscous dissipation occurs within the liquid film
close to the wall, which explains the insensitivity to changes in ambient density
observed by Guo et al. [49].
X
The relative importance of the momentum dissipation in the boundary layer,
induced by the velocity gradient, is analysed to understand the effect of film
thickness and viscosity on the vorticity production. The thickness of the
boundary layer δBL depends strongly on the viscosity of the wall-film. Roisman
[109] provides an approximation of the boundary layer height δBL based on
the analytical solution for the spreading of a viscous liquid film. The derived
formulation is a function of the Reynolds number and reads δBL = 1.88

√
τ/Re.

Calculating the boundary layer height δBL at τ ≈ 5 for the case of a Hyspin
Re = O(600) or a hexadecane Re = O(2500) wall-film leads to values of
δBL,Hysp = 0.17 and δBL,Hexa = 0.08, respectively [38]. This means for a
dimensionless film thickness of δ = 0.1, the Hyspin wall-film is completely
embedded in the boundary layer as shown in Figure 6.11 (b). Thus, the crown
propagation experiences the boundary layer effect and hence the presence of
the velocity gradient. In the case of a hexadecane wall-film, the boundary
layer height is much smaller than the original film thickness of δ = 0.1, see
Figure 6.11 (a). Thus, boundary layer effects are confined to the wall region and
the crown propagation can be assimilate to inviscid flow. If the original wall-film
thickness is increased to δ = 0.4, also for the Hyspin wall-film boundary layer
effects are reduced. From a mathematical point of view the velocity gradient is
represented by a tensor ∇ U , which is defined as follows

∇ U = ( ∇ U )s︸ ︷︷ ︸
strain

+ ( ∇ U )a︸ ︷︷ ︸
rotation

(6.5)
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(a) Hyspin-hexadecane Interaction (b) hexadecane-Hyspin Interaction

Figure 6.12: Evolution of crown inclination angle α as function of Weber
number WeD for (a) basic system (Hysp-Hexa) and (b) reverse
system (Hexa-Hysp), δ = 0.1

In this formulation, the deformation due to normal and shear strain (∇ U )s is
separated from the rotation of the fluid.2 The rotation of the fluid is equivalent
to the vorticity production, thus analogous to the velocity gradient, the vorticity
production is increased by decreasing film thickness and increasing wall-film
viscosity. A strong vorticity production leads to V-shaped crowns (α� 90°),
which are observed for Hyspin wall-films and dimensionless film thicknesses
of δ < 0.3. For lower wall-film viscosities or higher initial film thicknesses the
crowns stay cylindrical (α > 90°).
This approach also allows to explain why changes in crown kinematics are
visible only after τ > 3 (compare Figure 6.8, C.1): momentum dissipation
requires a certain duration to produce a macroscopically detectable amount of
vorticity.

The weak dependence of α upon the Weber number WeD, shown in Figure 6.12,
is also explained by the above considerations. The importance of viscous
dissipation for momentum loss scales with the film Reynolds number and not
with the ratio of kinetic to surface tension forces (WeD) [38]. The increase in
WeD just prolongs the duration of the splashing process. Deviations from this
general trend are observed only due to regime changes from transition to fully
splashing, as can be seen in Figure 6.12.

In a last step, the overall minimum crown inclination angle αmin is considered
independent of the respective time of occurrence. The values of αmin derived
from the binary interaction experiments are plotted against the dimensionless
film thickness δ in Figure 6.13. The combined effects of wall-film thickness
and viscosity are depicted clearly. An increase in wall-film viscosity leads

2Note that they are not independent from each other.

91



6 Binary Droplet Wall-Film Interaction Experiments

Figure 6.13: Minimum crown inclination angle αmin as function of dimen-
sionless film thickness δ. Including experimental data and
correlation of Fedorchenko and Wang [32]

to a decrease in the minimum inclination angle, i.e. αmin of reverse system
(hexadecane-Hyspin) are slightly lower compared to the basic system (Hyspin-
hexadecane). Furthermore, an increase in film thickness δ leads to an increase
in αmin . These findings corroborate that enhanced vorticity production due to
high wall-film viscosity or thin wall-film thicknesses, reduces the (minimum)
crown inclination angle. The earliest times of occurrence of αmin are in the order
of τ = 5 and they depend on the liquid properties and initial film thickness
as can be seen in Figure 6.10. This is linked to the time required for vorticity
production to become macroscopically visible.

The influence of the dimensionless film thickness δ on the crown angle was
already identified by Fedorchenko and Wang [32]. They developed an expression
for the outer crown angle based on the assumption that during the impact
of a convex body of revolution onto a flat liquid surface a hollow circular
liquid jet (crown) is ejected tangentially to the body contour [66]. If the
initial film thickness δ is larger than 0.5 the crown wall makes a right angle
with the target liquid. For δ < 0.5, the crown becomes acute-angled [32].
Employing geometrical considerations of the impact situation at the time when
the drop-liquid interface touches the solid surface, thit = 2h/U0 , Fedorchenko
and Wang [32] derived the following functional dependence: cosα = 1 − 4δ.
This functional dependence as well as the reported experimental results for α
are also depicted in Figure 6.13. The agreement with the binary interaction
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results is quite good, although different times of occurrence are considered. A
comparison of the results at thit is not possible because it would be equivalent
to times of τ < 1, for which no data is available. In this work, the crown
analysis starts after the droplet is completely immersed in the liquid layer
(cf. Section 4.3.3). A comparison of αmin for δ ≤ 0.1 (Figure 6.13) shows that
the predicted angle of Fedorchenko and Wang [32] falls short with respect to the
two-component experiments. This might be explained by the higher viscosity
of the 70 % glycerol-water solution (µ = 21.8 mPa s), which Fedorchenko and
Wang [32] used to validate their model. Thus, indirectly their results also
support that an increase in wall-film viscosity leads to a lower crown ejection
angle α.

6.5.2 Crown Top and Base Diameters

This section investigates how changes in crown inclination angle α affect the
evolution of the crown diameters. The analysis will be conducted for crown
top D∗Top and crown base diameter D∗Base separately since the use of only one
crown diameter is justified only for cylindrical crowns. Note that the diameters
are scaled with the diameter of the impacting drop D0 . To begin with, the
temporal evolution of both diameters is discussed, followed by an analysis of
their maximum values with respect to film thickness, liquid properties and
Weber number.

Temporal Evolution:

The temporal evolution of the dimensionless crown top diameter D∗Top, together
with the theoretical prediction of Yarin and Weiss [144] in the form of D∗Top =
C(τ − τ0 )n are shown in Figure 6.14. In their model, the constant C is a
function of the dimensionless film thickness C = 2 (2/3 δ)1/4, the exponent
is chosen to be n = 1/2, and τ0 = 0 because the moment of drop impact is
known. As can be seen, up to a dimensionless time of τ ≈ 2, the model of Yarin
and Weiss [144] describes the temporal evolution of D∗Top quite good for all
fluid combinations. At short times all crowns exhibit a cylindrical shape (cf.
Figure 6.9 left graph, or Figure C.1) and viscous effects play only a subordinate
role in compliance with the model assumptions. For longer times τ > 2, strong
deviations start to appear in the D∗Top evolutions. As discussed earlier, vorticity
production requires a certain duration to create a macroscopic effect on the
crown inclination angle, i.e. vorticity scales with 1/

√
Re [59], as well as the

time scale for boundary layer effects [109]. This explains the convergence of all
curves for τ < 2 and their divergence for longer times. Note that all alternative
model formulations (see Section 2.3.1) based on the original model of Yarin
and Weiss [144] show the same behaviour, and therefore their applicability is
limited to short times after drop impact.
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2CI: Hexa-Hysp 2CI: Hysp-Hexa 1CI: Hexa 1CI: Hysp

Figure 6.14: Evolution of crown top diameter D∗Top at δ = 0.2, WeD > 1300

The above described behaviour occurs systematically for all fluid combinations
(one- and two-component) and it is directly linked to changes in crown incli-
nation angle. This correspondence is emphasised in the following by means
of a comparative analysis between the evolution of crown top diameter D∗Top
(Figure 6.14) and crown inclination angle α (Figure 6.9, left graph). For high
viscous wall-films (e.g. 1CI of Hyspin), the crown angle α decreases below
90° already at τ ≈ 3. Accordingly, D∗Top exhibits a faster growing rate (see
Figure 6.9) compared to a low viscosity wall-film (e.g. 1CI of hexadecane),
where the crown maintains a bowl or cylindrical shape (80° < α < 100°) up to
τ ≈ 17. A kinematic point of view, i.e. the velocity vector of the growing crown,
is considered to explain this effect [40]. In the case of a V-shaped crown, the
radial velocity component will be directed outwards, which promotes a faster
growth of the top diameter with respect to cylindrical crowns. The opposite
occurs for a truncated-cone shaped crown (α > 90°), where the radial velocity
component is directed inwards. This leads to a strong decay in crown top
diameter, which for example occurs for the 1CI of hexadecane at τ ≈ 17, when
α exceeds 100° (red curves in Figure 6.9, left graph). Furthermore, Figure 6.14
reveals that the maxima of D∗Top and H ∗CR are reached at the same time for
all fluid combinations except for the hexadecane experiment, which forms
a temporarily stable bubble at τ ≈ 47. This means, that the top diameter
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2CI: Hexa-Hysp 2CI: Hysp-Hexa 1CI: Hexa 1CI: Hysp

Figure 6.15: Evolution of crown base diameter D∗Base for WeD > 1300 and
δ = 0.2, and δ = 0.4

increases during the ascending phase of the crown, while it decreases during
crown descend.

These considerations hold also for the binary interactions, whereby already
small dilution effects in the initial wall-film viscosity cause a time delay in
both the variation of α and the growth rate of D∗Top. Thus, the one-component
interactions of Hyspin and hexadecane can be considered as limiting cases for
the binary interactions.
X
The temporal evolution of the dimensionless crown base diameter D∗Base is shown
in Figure 6.15 for two representative film thicknesses of δ = 0.2 and δ = 0.4.
Despite the large differences in wall-film viscosity (3.3 mPa s < µ < 15.8 mPa s),
a similar curve progression for all fluid combinations is observed, which is very
reproducible with varying film thicknesses. All Hyspin/hexadecane experiments
show an increase in growth rate with increasing film thickness δ. The base
diameter increases throughout the complete lifetime of the crown (see time of
(H ∗CR)max in Figure 6.15), whereas the top diameter decrease again as soon as
the crown starts to descend.

The dependence of D∗Base upon the Weber number WeD is weak in the case
of thin film impacts [40], which is shown in Figure C.2 in the Appendix C.
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In contrast, for thicker wall-films δ ≥ 0.5, where cavity formation within the
liquid layer is observed, the maximum crown base diameter is a function of
Froude and Weber number, i.e. it increases monotonically with WeD [108].
In the case of thin film impact, the majority of authors [22, 24, 48, 102, 131]
describe the evolution of D∗Base with modified versions of the approach proposed
by Yarin and Weiss [144]. Hereby, the same functional dependence as for the top
diameter is employed, namely D∗Base = C(τ − τ0 )n, where C is only a function
of δ (see Eq. 2.17). The influence of Weber number WeD and film thickness
δ on the parameters C and n was comprehensively investigated by Cossali
et al. [22]. They proposed different combinations for the C-n-parameters with
varying WeD and δ since they found no generalised correlation, fitting all
their experiments. The optimal values of C and n are listed in Table 2 and
3 in reference [22]. Figure 6.15 depicts their correlations (black lines) for two
dimensionless film thicknesses (δ = 0.29 and δ = 0.67) and two different Weber
numbers (WeD = 484 and WeD = 667). The optimal τ0 -values are not specified
in their paper, thus here τ0 = 0 is used. The correlation’s dependence on WeD
is very weak, which is in agreement with the Hyspin/hexadecane data. On
the contrary, the correlation’s dependency on δ differs from the here presented
results. The Hyspin/hexadecane experiments show a faster growth rate of D∗Base
with increasing δ. This is neither predicted by Cossali et al. correlations nor by
the theoretical trend of Yarin and Weiss [144]. A modification of the Yarin and
Weiss [144] model, including a varying dependence on δ, was proposed by Gao
and Li [36]. Their modified formulation reads D∗Base = C1(τ)n +B(δ), where
the function B(δ) just shifts the D∗Base-curve upwards. The exact definition of
B(δ) can be found in [36]. The authors also redefined the parameter C1 as

C1 =
(

2 λ2
s

3 δ

)1/4

. (6.6)

Here, the introduction of the energy loss factor λs = Uini/U0 , which describes
the ratio of the velocity induced in the liquid layer Uini to the drop impact ve-
locity U0 , represents the major modification. The authors derived an empirical
correlation for λs by fitting their experimental data for different WeD, δ and
viscosities related to various water-glycerol mixtures. The derived empirical fit
reads as follows:

λs = 0.26
Re−0.05 We0.07 δ0.34 (6.7)

The dependency on Weber number and viscosity is very weak in this expression,
which is in agreement with Yarin and Weiss [144] original assumption and
the experimental results presented here. The accuracy of the Gao and Li [36]
model, especially the proposed δ-dependency, is assessed by applying it to the
experiments shown in Figure 6.15 (grey curves). It can be clearly seen that the
predicted energy losses are overestimated because the resulting D∗Base-values are
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distinctly lower compared to the Hyspin/hexadecane experiments. According
to Gao and Li [36], λs represents the energy loss of the droplet during its
initial deformation phase (sphere to disk) and it is fitted to experiments with
water-glycerol mixtures, which have a surface tension twice as large as Hyspin
and hexadecane. This might explain the over-prediction of the energy loss.
Furthermore, the model exhibits the opposite dependence on δ compared to
the Hyspin/hexadecane experiments. As a matter of fact, all models discussed
above predict a decrease in growth rate of D∗Base with increasing δ since they
all scale the parameter C with 1/δ(1/4). Regarding the experimental data of
the Hyspin/hexadecane experiments shown in Figure 6.15, the opposite trend
is observed.

This brief review on theoretical models describing both the crown base and
top diameter evolutions reveals that the effects of changing crown inclination
and energy losses induced by viscous dissipation and vorticity production are
not captured properly, especially for long times scales. In the following, the
maximum crown base and top diameters are analysed to better understand the
diameter’s behaviours over longer time scales.
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Figure 6.16: Maximum crown top diameter (D∗Top)max as function of δ,
WeD and liquid combination
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Analysis of maximum diameters:

The phenomenological findings regarding the evolution of the crown top di-
ameter are summarized in Figure 6.16, where only the maximum crown top
diameter (D∗Top)max as function of liquid combination, dimensionless film
thickness and Weber number is considered. The wall-film viscosity strongly
influences (D∗Top)max, which leads to a close resemblance of the two-component
impact behaviour to the one-component behaviour of the respective wall-film
fluids. Apart from that, already small dilutions of wall-film viscosity, which
are inevitable in miscible two-component interactions, affect the crown shape
and thus its maximum top diameter. The largest top diameters are observed
at δ = 0.1, in agreement with the assumption that an enhanced momentum
dissipation is required to create vorticity and obtain V-shaped crowns. An
increase in film thickness δ and a decrease in wall-film viscosity lead to smaller
(D∗Top)max and cylindrical crowns. Finally, a weak dependence of (D∗Top)max
upon WeD is observed because neither kinetic nor surface energy affect the
crown kinematics. An exceptional behaviour is only observed for the 1CI of
hexadecane. Here, an increase in WeD leads to a decrease in (D∗Top)max, espe-
cially when the bubble formation regime is reached (WeD > 1200), which is
included in Figure 6.16.
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Figure 6.17: Maximum crown base diameter (D∗Base)max as function of δ,
WeD and liquid combination
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The maximum crown base diameter (D∗Base)max as function of liquid com-
bination and dimensionless film thickness is depicted in Figure 6.17. The
experiments exhibiting bubble formation (hexadecane 1CI) are not included in
Figure 6.17 because the premature rupture of the bubble just introduces scatter
in the results [40]. The dependence of (D∗Base)max on δ shows two different
trends. For very thin films δ < 0.13, a decrease in (D∗Base)max with increasing δ
is observed, which is predicted by the model of Yarin and Weiss [144] according
to the proposed functional dependence C = 2 (2/3 δ)1/4. For thicker films
of δ > 0.13, (D∗Base)max increases linearly with δ. This growth in (D∗Base)max
might be explained by postulating that the parameter C increases with the
ratio of inertia to viscous forces in the liquid film, which is described by the
film Reynolds number ReF = (ρFUFhF)/µF . Thus, a linear dependence upon
δ is observed, when all other parameters are kept constant for each liquid com-
bination. At short times (τ < 2), the increase in initial film thickness reduces
the importance of viscous effects compared to inertia forces (see Figure 6.17),
which will result in a faster growth rate of the crown base diameter D∗Base. A
dependence of (D∗Base)max on WeD is not observable, which is in agreement
with the previously described results.

2CI: Hexa-Hysp 2CI: Hysp-Hexa 1CI: Hexa 1CI: Hysp

Figure 6.18: Evolution of crown height H ∗CR for WeD > 1300 and δ = 0.2
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6.5.3 Crown Height

The temporal evolution of the dimensionless crown height H ∗CR is shown in
Figure 6.18 for δ = 0.2 and WeD > 1300. In general, it follows a parabolic
trend with time that reproduces the advancing and receding of the crown. An
exception is observed for the hexadecane 1CI, where the H ∗CR-curve shows an
asymptotic progress. This is linked to the observed crown rim contraction
and bubble formation process, where the asymptotic value of the crown height
corresponds to the maximum height of the bubble. That the crown rim
contraction decelerates crown receding can be also seen when looking at the
H ∗CR-curve of the Hyspin-hexadecane interaction (cyan curve). It exhibits a
wider opening angle and longer process time compared to the hexadecane-
Hyspin interaction (green curve). The maximum crown heights H ∗CR and
crown top diameters D∗Top are approximately reached at the same point in
time for all liquid combinations, but for the hexadecane 1CI. Furthermore, the
maximum height decreases with increasing wall-film viscosity for both one- and
two-component interactions.

The influence of liquid combination, dimensionless film thickness δ and Weber
number WeD on the maximum crown height H ∗CR is collected in Figure 6.19 (a)
for the binary interactions and in Figure 6.19 (b) for the one-component inter-
actions. In general, H ∗CR increases with increasing WeD, which is in agreement
with experimental findings of Asadi and Passandideh-Fard [8] and Cossali et al.
[20]. The increase is more pronounced for liquid combinations containing a
hexadecane wall-film, e.g. the Hyspin-hexadecane 2CI.

The dependence upon δ is more complex since contradictory experimental
results have been reported: Davidson [24] and Sikalo and Ganic [116] found
that (H ∗CR)max strongly increases with δ, while Cossali et al. [22] noticed
the opposite trend. Mukherjee and Abraham [89] eventually provided an
explanation for this contradiction. They identified two different crown height
trends by means of numerical simulations employing the lattice-Boltzmann
method. Their simulations employing thin films of δ < 0.25 show an increase of
(H ∗CR)max with δ. As soon as the dimensionless film thickness exceeds δ = 0.25,
the evolution of (H ∗CR)max becomes insensitive to changes in film thickness
and it converges to the same curve. The liquid motion within the wall-film
in the vicinity of the impact point can be used to explain this behaviour.
It remains primarily parallel to the wall within thin films, thus the vertical
component of the velocity vector is small. For thicker films, the vertical
component of the velocity vector is significantly increased. Thereby, a larger
share of the impact energy is absorbed by the thicker wall-film and does not
contribute to increasing H ∗CR. The experimental results exhibiting cylindrical
crowns (hexadecane 1CI and Hypsin-hexadecane 2CI) confirm the numerical
predictions of Mukherjee and Abraham [89] as shown in Figure 6.19.
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Figure 6.19: Maximum crown height (H ∗CR)max as function of δ, WeD and
liquids combination
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The effect of the crown inclination angle α on (H ∗CR)max is also visible in
Figure 6.19. For a given film thickness δ an increase in wall-film viscosity leads
to an increase in vorticity production in the neck region (cf. Section 6.5.1). As
a result a V-shaped crown is formed, whose velocity vector has a large radial
component that does not contribute to the growth of the crown height. Thus, for
a similar Weber number the crown heights obtained for the hexadecane-Hyspin
interactions (green triangles) are lower than the values of the Hyspin-hexadecane
interactions (cyan triangles), as shown in Figure 6.19. Furthermore, vorticity
production is reduced when δ is increased, thereby the crown shapes evolve
from V-shaped to cylindrical and correspondingly all curves converge.

6.5.4 Summary of Crown Kinematics

This section summarizes the main finding of the preceding analysis. In general,
it can be stated that vorticity has a strong influence on the evolution of
the crown parameters. The vorticity production itself is enhanced either by
decreasing the wall-film thickness or by increasing the wall-film viscosity. These
conclusions are valid for both binary and one-component interactions since the
reduced experimental data shows a strong consistency.

In Figure 6.20, the maximum crown parameters are plotted against the Weber
number WeD for a constant film thickness of δ = 0.1. Thus, the effects of
bubble formation are excluded. Additionally, the critical Weber numbers of
the splashing limits of Cossali et al. [20] (1CI) and Geppert et al. [38] (2CI)
are depicted.

The maximum crown top diameter and crown height are strongly affected by
changes in crown inclination angle, respectively vorticity production. The max-
imum crown top diameter (D∗Top)max slightly increases with increasing Weber
number for all fluid combinations. This increase is more pronounced before
the respective splashing threshold is reached. Changes in crown inclination
angle α strongly influence the temporal evolution of the crown top diameter.
The growth of the top diameter can be enhanced or quenched for a given
combination of WeD and δ, depending on the direction of the radial velocity
component (outwards or inwards) of the crown top. The analytical description
of Yarin and Weiss [144] agrees well with the experimental data for short time
scales (τ ≈ 2). For long time scales boundary layer effects and the associated
changes in crown inclination must be considered. The maximum crown height
(H ∗CR)max increases with increasing Weber number, which is in agreement with
experimental data of Cossali et al. [21], as shown in Figure 6.20. This increase
is more pronounced for cylindrical crowns because of the small radial velocity
component the impact energy is used to increase the height instead of the top
diameter. Thus, the increase of (H ∗CR)max is less pronounced for V-shaped
crowns, where the radial velocity component promotes the growth of (D∗Top)max.
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Figure 6.20: Maximum crown parameters (D∗Base)max, (H ∗CR)max and
(D∗Top)max as function of Weber number WeD for δ = 0.1

The dependence of (H ∗CR)max on the dimensionless film thickness exhibits two
different regimes, which are related to the liquid motion within the wall-film.
For thin films δ < 0.25, (H ∗CR)max increases with δ, whereas the evolution of
(H ∗CR)max converges to the same curve for thicker films (δ > 0.25).

The maximum crown base diameter (D∗Base)max is insensitive to the Weber num-
ber WeD and changes in crown inclination angle as can be seen in Figure 6.20.
It strongly depends on the dimensionless film thickness δ, which means the
relative importance of liquid inertia and viscous losses in the wall-film influence
its maximum value. The temporal evolution of the crown base diameter over
the entire duration of the splashing event is not captured correctly by any of
the proposed analytical or empirical models.
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6.6 Crown-type splashing: Numerical Simulation

In this section, one possible application of the obtained experimental results is
presented. The macroscopic data of the impact morphology and the temporal
evolution of the crown parameters are used to validate direct numerical sim-
ulations performed with the in-house multiphase CFD code Free Surface 3D
(FS3D). The successful validation of the macroscopic parameters enables the
future evaluation of the microscopic fluid dynamics during crown evolution,
secondary droplet ejection as well as the liquid composition of the secondary
droplets in the case of binary interactions. The findings presented in the
following originate from a joint investigation and are published in Steigerwald
et al. [118]3.

The numerical tool FS3D solves the incompressible Navier-Stokes equations.
The different phases are distinguished using the Volume-of-Fluid (VOF) method
by Hirt and Nichols [54] and the interface is reconstructed by using the Piecewise
Linear Interface Calculation (PLIC) method by Rider and Kothe [101]. The
surface tension force is modelled by the continuum surface stress (CSS) model
by Lafaurie et al. [69]. For the treatment of different fluids a multi-component
(MC) approach is used, where additional VOF variables are introduced in
accordance with the classical VOF method, used for the single-component
(SC) approach. FS3D is fully parallelized using MPI and OpenMP to enable
simulations on high performance computers such as the Cray XC40 at the
High Performance Computing Center Stuttgart (HLRS), where the here pre-
sented simulations were calculated. A detailed description of the numerical
methods and FS3D’s applications is presented in Rieber and Frohn [102], and
Eisenschmidt et al. [28].

The numerical setup for the computation of the droplet wall-film interactions
makes use of the symmetry of the problem by simulating only a quarter of the
physical domain in order to obtain results with high spatial resolution. The
dimensions of the 3D computational domain are 7.5D0 in each direction and it
is resolved by 1024 x 1024 x 1024 cells, whereby the grid exhibits an equidistant
region in the area around the drop impact point and a stretched cell arrangement
in the outer region. The equidistant mesh consists of 512 x 512 x 512 cells,
which corresponds to a resolution of 256 cells/D0 . The droplet is initialized
at a height of 4D0 above a quiescent wall-film (thickness h0 ). The properties
of the test liquids Hyspin and hexadecane are set according to Table 6.1. A
detailed description of the numerical setup is given in Steigerwald et al. [118]3.

3Steigerwald, J., Geppert, A., Ertl, M., Bernard, R., Vaikuntanathan, V., Lamanna, G.,
Weigand, B.: Direct numerical simulation of one- and two-component droplet wall-film
interactions within the crown-type splashing regime. 14th ICLASS 2018, USA
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6.6 Crown-type splashing: Numerical Simulation

Table 6.3: Overview of numerical input parameters and corresponding
dimensionless variables

No. Liquids D0 h0 U0 δ WeD Oh
Drop - Film [mm] [mm] [m/s] [-] [-] [-]

single-comp. (SC)
1 Hexa - Hexa 2.45 0.972 4.43 0.40 1351 0.0151
2 Hysp - Hysp 2.63 0.920 4.29 0.35 1483 0.0614

multi-comp. (MC)
3 Hexa - Hysp 2.44 1.010 4.48 0.41 1375 0.0404

In this thesis three simulations are discussed, which comprise two one-component
interactions (No.1, 2) and one binary interaction (No.3). The relevant input
parameters and the numerical treatment used for each simulation are sum-
marized in Table 6.3. In the following, the comparison of the numerical and
experimental results is presented. Therefore, the impact morphology and the
temporal evolution of four different crown parameters, namely D∗Base, D∗Top,
H ∗CR and α, are used. The determination of the crown parameters is conducted
analogous to the experimental procedure described in Section 4.3.3, except
for the crown height H ∗CR. Its minimal value is derived from nine slices of the
crown contour that are obtained by cutting the contour in 10-degree steps.
The reference position of the evaluation of D∗Base, H ∗CR and α lies slightly above
the wall-film (at z = 1.050 mm) because the experimental results could not be
analysed at wall-film level.

6.6.1 One-Component Droplet Wall-Film Interactions

The one-component interactions of hexadecane (No.1) and Hyspin (No.2) are
simulated with FS3D’s single-component (SC) approach. The experimentally
(left-hand side) and numerically (right-hand side) obtained impact morphologies
are shown side by side in Figure 6.21 for different times. As can be seen, the
impact morphologies show a very good agreement. In the case of the hexadecane
one-component interaction (Figure 6.21 (a)) FS3D is capable to reproduce
the changes in crown shape from cylindrical (τ = 1.50) to truncated-cone
(τ = 5.50), as well as the formation of liquid fingers and subsequent ejection
of secondary droplets (τ = 3.50). Over time the crown rim starts to contract,
which leads to a thickening of the fingers and thus to the ejection of bigger
secondary droplets (τ = 13.50). This demonstrates the capability of FS3D
to reproduce temporal varying secondary droplet sizes. Deviations of the
numerical impact morphology from the experiment are noticed only at the
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a) hexadecane one-comp. b) Hyspin one-comp.
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Figure 6.21: Comparison of splashing morphology for one-component in-
teractions: a) hexadecane, No.1 and b) Hyspin, No.2

early stage of crown formation (τ = 1.50). Here, the thickness of the crown
wall falls short of the minimum sheet thickness required for reconstructing the
free surface. Hence, non-physical crown rupture and the ejection of very small
droplets are observed. This leads to an overestimation of the crown height
because the belated formation of the crown rim leads to a delayed onset of the
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a) b)

c) d)

Figure 6.22: Comparison with experimental crown parameter evolutions
for hexadecane (SC) and Hyspin (SC) one-component inter-
actions; a) crown angle α; and dimensionless crown b) height
H ∗CR; c) base diameter D∗Base; d) top diameter D∗Top

resetting forces induced by surface tension. Note that, the crown rupture is
only avoidable by an extreme and therefore infeasible grid refinement.

The effect of this non-physical rupture on the crown evolution is even more
pronounced for the Hyspin one-component interaction, which is already visible
in Figure 6.21 (b). But it is even more significant when the temporal evolutions
of the crown parameters in Figure 6.22 (blue curves) are considered. The
rupture induces non-physical droplet ejection, which supports the formation
of the liquid fingers. Hence, finger formation occurs at earlier times in the
simulation. This leads to the loss of mass in the crown rim and enhances the
contraction of the upper crown rim. Therefore, the crown top diameter D∗Top
is underestimated (Figure 6.22 (d)), while the crown height H ∗CR exceeds the
experimental values (Figure 6.22 (b)). The sudden descend in the height’s
evolution marks the moment when the crown wall thickness falls short of the
minimum reconstruction thickness. Nevertheless, FS3D is capable of reproduc-
ing high-viscous drop impact experiments. Furthermore, the complex dynamics
of finger evolution observed during crown-type splashing experiments, i.e. the
merging of liquid fingers (Figure 6.21 (b), τ = 16.50), can be reproduced.
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Figure 6.23: Comparison with experimental splashing morphology for
hexadecane-Hyspin interaction at WeD = 1375, δ = 0.41,
Oh = 0.0404

b
In Figure 6.22, the temporal evolution of the crown parameters for the hex-
adecane one-component interaction (black lines) are also depicted. As can be
seen, the temporal evolution of the simulations are in very good agreement
with the experimental data. Minor deviations are observed for the evolution of
the crown angle α (Figure 6.21 (a)), which in turn slightly affect the crown
height H ∗CR evolution (Figure 6.22 (b)) and therefore also the evolution of the
crown top diameter D∗Top (Figure 6.22 (d)).

6.6.2 Binary Droplet Wall-Film Interactions

The binary interaction of a hexadecane droplet impacting on a Hyspin wall-film
at WeD = 1375 and δ = 0.41 was computed employing the multi-component
approach of FS3D. The obtained results for the impact morphology and the
temporal evolution of the crown parameters are shown in Figure 6.23 and
Figure 6.24, respectively.
b
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a) b)

c) d)

Figure 6.24: Comparison with experimental crown parameter evolutions
for hexadecane-Hyspin binary interaction at WeD = 1375,
δ = 0.41; a) crown angle α; and dimensionless crown b) height
H ∗CR; c) base diameter D∗Base; d) top diameter D∗Top

The numerical morphology reproduces very well the experimental one for
all depicted times (Figure 6.23), not only in terms of crown shape, but also
with regard to the size of the formed liquid fingers and ejected secondary
droplets. Deviations in the impact morphology are observed only at the early
stages of crown formation (Figure 6.23, τ = 1.50) due to the non-physical
crown rupture, as in the previously presented cases. The consequence of the
crown rupture is again a slight overestimation of the crown’s height H ∗CR, as
shown in Figure 6.24 (b). For all other crown parameter evolutions only small
deviation are observed over the complete duration of the splashing process.
These deviations are more pronounced for the crown’s descending phase, which
begins at τ ≈ 17. Here again, the crown height H ∗CR drops suddenly since the
crown wall thickness falls short of the minimum reconstruction thickness. This
slightly increases the underestimation of the crown’s top diameter D∗Top, as
shown in Figure 6.24 (d).

In Figure 6.24 (c) and (d), also the comparison to theoretical predictions
is depicted. For the crown top diameter D∗Top (Figure 6.24 (d)), the model
of Yarin and Weiss [144] in the form of D∗Top = C(τ − τ0 )n is applied. The
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constant C is defined as C = 2 (2/3 δ)1/4, the exponent chosen to be n = 1/2,
and τ0 = 0. As can be seen, even for short times (τ < 2) the Yarin and Weiss
[144] model underestimates the experimental and numerical data (compare to
Figure 6.14 in Section 6.5.2). This results probably from the thick wall-film
of δ = 0.41 chosen in the simulations because Yarin and Weiss [144] validated
their model with experimental data for δ = 0.17 (see Section 2.3.1).

The temporal evolution of the crown base diameter D∗Base is compared to the
model of Cossali et al. [22], who employed the functional dependence of Yarin
and Weiss [144], but derived different combinations for the C-n-parameters
from their experimental investigation. In Figure 6.24 (c), the values C = 2.57
and n = 0.38 are applied, which are derived for a dimensionless film thickness
of δ = 0.29 and a Weber number of WeD = 667.4 Up to τ ≈ 5, experiment
and theoretical prediction are in good agreement, while the numerical results
slightly overestimate the D∗Base-evolution.
Nevertheless, the obtained results prove that FS3D is capable of reproducing
binary droplet wall-film interactions with a high accuracy.

This section briefly demonstrated the applicability of the experimental results
obtained in this work for the validation of direct numerical simulations, e.g. with
FS3D. The successful validation of the macroscopic crown parameters enables
the future investigation of microscopic fluid dynamics in the crown as well as
the parametrizing of the amount of liquid removed from the wall-film due to
secondary droplet ejection.

4Note that Cossali et al. [22] used a similar parameter range with regard to droplet
diameter and impact velocity, but water (higher surface tension) as test fluid.
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6.7 Crown-type splashing: Number of Liquid Fingers

The objective of this section is to analyse the effect of side-view imaging on
the evaluation of the number of liquid fingers Nfg emerging along the upper
crown rim. Droplet impact experiments are typically observed from a side-
view perspective because this allows a comprehensive analysis of the crown
evolution. Thus, in a first step the overall maximum number of fingers Nfg,max
is also evaluated from the side-view perspective (cf. Section 4.3.3). The specific
detection time of Nfg,max is not considered [40] because of differences in the
finger formation process, which are linked to the wall-film viscosity (see first
row of Figure 6.8). From a phenomenological point of view, the onset of finger
formation is delayed for high-viscosity wall-films, but the elongated liquid
fingers remain unchanged even during crown descent. In contrast, for low-
viscosity wall-films fingering starts earlier, but due to crown rim contraction
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Figure 6.25: Maximum number of liquid fingers Nfg,max in the crown-type
splashing regime (450 < WeD < 1650). Including power law
fit [40], finger counting uncertainty of ±3 fingers and data
of Krechetnikov and Homsy [67] for WeD = 400
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and consequential finger merging their lifetime is reduced. Furthermore, only
experiments belonging to the fully splashing regime are taken into account.
The variation of the maximum number of liquid fingers Nfg,max with δ is
summarized in Figure 6.25 analogous to Geppert et al. [40]. The experimental
data is grouped according to fluid combination. The results of Krechetnikov
and Homsy [67] for milk, WeD = 400 and 0.04 < δ < 0.55 (black asterisk) are
included for comparison. Note that only the results for δ < 0.35 belong to
the fully splashing regime because according to Cossali et al. [20] the critical
Weber number for splashing for δ > 0.4 is Wecrit = 400. Cossali et al. [20]
themselves observed between 14 and 21 fingers for δ < 0.1, 200 < WeD < 1600,
and 0.0022 < Oh < 0.141. This is in agreement with the experimental data
in Figure 6.25, but since it is not possible to associate the Cossali data to a
specific δ it is not included in Figure 6.25.

In the fully splashing regime (compare Sec. 6.3) all data show a strong depen-
dence on the normalized film thickness δ, i.e. Nfg,max decreases with increasing
δ. Geppert et al. [40] proposed a correlation for Nfg,max as function of δ. It is
also depicted in Figure 6.25 (black line), including errors bars for the stated
uncertainty of finger counting of ±3 fingers. As can be seen, the agreement
with the here presented experimental data is very good.

In a next step, the maximum number of fingers Nfg,max detected from side-view
imaging is validated against results derived from top-view imaging (Nfg,top).
The latter allows an unobstructed observation of the finger formation process
(see Sec. 3.2.2). The number of fingers Nfg,top is hereby derived by manual
counting. A small experimental test series is conducted, where side and top-view
images are recorded simultaneously. The employed impact conditions are listed
in Table 6.4. Additionally, the experimental results of Kirsch [61] for AdBlue as
test fluid are consulted. The results are shown in the left graph of Figure 6.26.
The black line represents the best case scenario where Nfg,max = Nfg,top. As
can be seen, Nfg,max is always smaller than Nfg,top, which means that the use of
Nfg,max (side-view approach) is not a good approximation of the total number
of liquid fingers evolving along the circumference of the crown. Instead, the
sum of the number of fingers Nfg,sum = Nleft,fg,max + Nright,fg,max derived from

Table 6.4: Overview of impact conditions for number of finger verification

Number δ-range WeD-range Oh

binary system
Hexadecane/Hyspin 19 0.04 to 0.50 740 to 1400 0.0400
one-comp. systems
Hexadecane 18 0.09 to 0.50 540 to 1200 0.0150
AdBlue [61] 9 0.09 to 0.30 540 to 670 0.0033
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both side-view images is used. The results for Nfg,sum show a much better
agreement with the top-view finger number, as can be seen in the right graph
of Figure 6.26.

In the following the dependence of the summed number of fingers Nfg,sum on
normalized film thickness δ, Weber number WeD and liquids combination is
analysed. Its dependence on δ is shown in Figure 6.27 (a) for the fully splashing
regime. Nfg,sum decreases strongly with increasing δ and based on the approach
of Geppert et al. [40], a functional dependence between Nfg,sum and δ is derived,
which reads as follows:

Nfg,sum,cor = 15.83 δ−0.2662. (6.8)

Note that the pre-exponential factor is almost twice the one obtained by Geppert
et al. [40]. This is demonstrated in Figure 6.27 (a), where both the new
correlation (solid line) and the one of Geppert et al. [40] (dashed line) are
depicted. The figure further includes the experimental data of Krechetnikov
and Homsy [67] for δ = 0.18 and 350 < WeD < 800. This data belongs to
the fully splashing regime, despite the lower WeD values, which result from
the higher surface tension of milk (σmilk ≈ 39.9 mN/m). Their data is in very
good agreement with the presented results, except for their highest counts
of 43 and 47 fingers observed for intermediate Weber numbers of 438 and
487. An explanation for this discrepancy could not be found because the data
set of Krechetnikov and Homsy [67] is too selective. In general, a theoretical
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Figure 6.26: Number of fingers derived from side-view (Nfg,max , Nfg,sum)
vs. top-view (Nfg,top) imaging, including data of AdBlue
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Figure 6.27: Summed number of liquid fingers Nfg,sum vs. normalized film
thickness δ for two different impact regimes
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6.8 Characterization of Secondary Droplet Properties

explanation of the observed dependence on δ is still not available because
the inception mechanism of rim instability is yet controversially debated in
literature.

A weak dependence of Nfg,sum on WeD is observed when changing the im-
pact regime, e.g. from deposition to splashing. This is shown for the binary
interactions in Figure 6.27 (b). Nfg,sum for the deposition-transition regime
border is slightly lower compared to the correlation (Eq. 6.8) developed for
the fully splashing regime (solid line). Cossali et al. [20] also observed an
increase in finger number Nfg from transition to splashing regime (see Fig.
12 in Cossali et al. [20]), while in the splashing regime Nfg remains constant
with increasing WeD. The influence of liquid combination on Nfg,sum is more
pronounced for δ < 0.25, i.e. the binary interactions form a higher number of
fingers because they are less affected by crown rim contraction compared to
hexadecane one-component interactions. For thicker films, δ > 0.3, the liquid
combinations influence diminishes as can be seen in Figure 6.27.

The analysis of finger number Nfg is completed by comparing the data of
film impact to fingering models developed for drop impact on dry surfaces,
which represents a limiting case. A good summary of the available correla-
tions provides the review of Josserand and Thoroddsen [60]. In the case of
dry surface impacts, the number of fingers scales with Weber and Reynolds
number only. The surface properties are the decisive factor for splashing and
edge breakup. Still non of these theoretical models encompasses all effects.
Nevertheless, applied to the Reynolds and Weber number range of the here
presented experiments, the predicted number of fingers lies in between 30 and
80, which agrees reasonably with the prediction of Equation 6.8 of 90 to 100
fingers in the limit of δ → 0. This confirms that the wall-film attenuates the
effects of surface properties on the fingering process [40].

6.8 Characterization of Secondary Droplet Properties

The crown kinematics further strongly affect the formation and ejection of
secondary droplets, which, in turn, is a very relevant topic for technical appli-
cations. The characteristic numbers used to evaluate the effect of secondary
droplets are the total number of ejected droplets Nd,max , their volume Vrel
and size distribution. In the following these characteristics are analysed in
terms of liquids combination, Weber number and dimensionless film thick-
ness, taking into account also the previously described crown kinematics. The
Hyspin one-component interaction results are not included in the plots, but
depicted separately in the Appendix C, as well as the experiments for which
the formation of a closed bubble is observed.
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6 Binary Droplet Wall-Film Interaction Experiments

6.8.1 Total Number of Ejected Droplets

The results for the total number of ejected secondary droplets Nd,max are
plotted for the hexadecane-Hyspin interaction in Figure 6.29 and for liquid
combinations containing a hexadecane wall-film in Figure 6.28. In general, all
fluid combinations, regardless if one- or two-components, show a decrease in
Nd,max with increasing film thickness δ. This trend is more pronounced for
thinner films of δ < 0.2 and flattens with increasing film thickness δ > 0.3.
This agrees with findings of Gregory et al. [43] and Hobbs and Osheroff [55],
which revealed an increase in secondary droplet number with decreasing film
thickness. The reduction of Nd,max is directly linked to the decrease in number
of liquid fingers with increasing δ discussed in Section 6.7. With reference to
the influence of the Weber number, an increase in WeD results in an increase
of Nd,max , which is in agreement with Cossali et al. [20]. This implies that
any increase in impact energy is conveyed into a higher production rate of
secondary droplets per finger [38], since the number of liquid fingers itself is
rather independent of WeD (cf. Section 6.7).

The dependence of Nd,max on the fluid combination is more complex. Disregard-
ing the experiments leading to crown bottom breakdown (star symbols), which
are discussed separately in Chapter 7, the highest numbers of secondary droplets
are counted for the hexadecane one-component and Hyspin-hexadecane interac-
tions (see Figure 6.28). In agreement with Vander Wal et al. [132] and Motzkus
et al. [86], this indicates that a reduction in wall-film viscosity increases the
number of secondary droplets. But a reduced wall-film viscosity also increases
the data scatter, as shown in Figure 6.28. For the Hyspin-hexadecane interac-
tion, the highest values of Nd,max are observed for intermediate Weber numbers
of 1300 < WeD < 1500.

This is linked to the concomitant effects of hole formation and crown rim
contraction, which lead to a random breakup of the crown as depicted in
Figure 6.28 (a). Increasing the Weber number to WeD > 1500 stabilizes the
crown expansion and diminishes the effect of holes and rim contraction and
therefore reduces the number of secondary droplets.

The effect of crown kinematics, in particular of crown rim contraction, on
Nd,max is even more pronounced for the hexadecane one-component interaction.
In Figure 6.28 (b), Nd,max is plotted against the Weber number WeD. For very
thin films (δ < 0.08), the ejection of secondary droplets proceeds undisturbed
because the crown starts to descend before the onset of crown rim contraction.
The downward pull induced by crown descend counteracts the rim contraction.
Thus, Nd,max increases with increasing WeD. For films with thicknesses of
δ = 0.1 (black squares in Figure 6.28 (b)) a two-part trend with respect to
Nd,max is observed. Nd,max increases with WeD until WeD ≈ 900 is reached.
Here again the crown descend proceeds earlier than rim contraction. This
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Figure 6.29: Total number of secondary droplets Nd,max for the binary
interaction of hexadecane-Hyspin, including the new model
(Eq. 6.9) and crown bottom breakdown (CB) cases

changes for intermediate Weber numbers of 900 < WeD < 1100, where the rim
contraction starts before the crown descend. The crown rim thickens due to the
contraction, which causes the liquid fingers to merge and reduces the number of
ejected droplets Nd,max . A further increase in WeD > 1100 leads to an increase
in Nd,max because the higher amount of available kinetic energy delays the
rim contraction, which allows the formation of more secondary droplets. For
even thicker films δ ≥ 0.2, the above described tendency is still visible because
the highest values of Nd,max are observed for WeD ≈ 900. Nevertheless, the
increase in film thickness enhances the rim contraction and reduces the number
of secondary droplets. If the critical values of δ ≈ 0.2 and WeD ≈ 1100 are
exceeded, the crown rim contraction leads to the formation of a closed bubble.
The corresponding data for Nd,max is not included in Figure 6.28 because the
secondary droplets resulting from bubble shattering increase the data scatter.
This is linked to the different mechanisms of bubble destruction. On thin films
(δ ≤ 0.2), the bubbles rip off from the wall-film, whereby the liquid in the
bubble wall is ejected outwards and disintegrates into secondary droplets. This
leads to high secondary droplets numbers of Nd,max > 100. In contrast, bubbles
with Nd,max < 50 rupture at the top due to the down flow of the liquid. Hence,
the bubble collapses into the wall-film, whereby no droplets are ejected. A
third destruction mechanism originates from secondary droplets, which fall
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6.8 Characterization of Secondary Droplet Properties

back down and burst the bubble. The corresponding graph C.4 of Nd,max can
be found in Appendix C.
b
Finally, the derivation of an empirical correlation predicting the number of
secondary droplets is discussed. Such a model, e.g. facilitates the comparison
with numerical simulations. In Section 2.3.3, the correlations of Stow and
Stainer [120] and Okawa et al. [93] are introduced. The former authors
correlation is valid for very thin films in between 0.02 < δ < 0.11 and it reads
Nd = 677 − 700 h. Note that the units in this correlation are not consistent
since the wall-film thickness h in the unit “mm” is employed. According
to the correlation of Stow and Stainer [120], Nd,max decreases linearly with
increasing film thickness from 642 droplets at δ = 0.02 to 485 droplets at
δ = 0.11. These values clearly exceed the secondary droplet numbers observed
in Figures 6.28 and 6.29. Note that the crown bottom breakdown experiments
are not considered here. The correlation of Okawa et al. [93] includes the
dependency upon fluid properties, film thickness and Weber number, but it is
only valid for thicker films of 0.43 < δ < 0.67. Its functional dependence reads
Nd,max = 7.84 · 10−6(WeD Oh−0.4)1.8δ−0.3 and is depicted in Figure 6.29 for
WeD = 1000, and in Figure 6.28 (a) for WeD = 1200. The dependency upon
WeD is captured fairly well for larger film thicknesses down to δ ≈ 0.25. In
contrast, for thinner films δ < 0.25, considerable underestimations of Nd,max
are observed.
b
Since neither of the above described models correctly predict the number of
secondary droplets in the considered film thickness range of 0.03 < δ < 0.55, an
empirical model for Nd,max as a function of δ and WeD is derived. It is strictly
valid only for the hexadecane-Hyspin interaction, where neither rim contraction
nor hole formation influences the secondary droplet formation. The new model
follows the form of an equation proposed by Geppert et al. [40] and reads:

Nd,max = exp
(WeD

670

)
δ

(
−WeD

980

)
(6.9)

Note that the adaptation mainly refers to the constants in the denominator of
the exponents. This empirical correlation is depicted for two Weber numbers
WeD = 1000 and WeD = 1250 in Figure 6.29 by the black dashed and solid
lines, respectively. Despite the good agreement, the data base is still to sparse
to derive a generalized model taking into account the effect of viscosity, espe-
cially with regard to hole formation and crown rim contraction observed for
lower viscosity wall-films. Nevertheless, the model also gives a reasonable mini-
mum number of secondary droplets to be expected for the Hyspin-hexadecane
interaction.
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6 Binary Droplet Wall-Film Interaction Experiments

6.8.2 Size Distribution of Ejected Droplets

The analysis of the secondary droplets size distribution mainly focuses on
the hexadecane-Hyspin interaction because here the effects of hole formation
and rim contraction are minor as discussed in the previous section. The
arithmetic mean diameter D1,0 (see Eq. 2.22) and the relative span factor
(RSF) (see Eq. 2.23) are chosen to represent the size distribution. For the sake
of completeness, the values of D1,0 for the Hyspin-hexadecane and hexadecane
one-component interaction are reviewed briefly at the end of this Section.

The arithmetic mean diameter D1,0 derived for the hexadecane-Hyspin interac-
tion is plotted in Figure 6.30 as a function of dimensionless film thickness δ
and Weber number WeD. The value of D1,0 increases with increasing δ, which
is linked to the increase in crown wall thickness. Cossali et al. [22] investigated
the change in "normal" crown thickness over time. They found that the crown
wall thickness increases with time, reaching final values, which are up to five
times higher than the initial wall-film thickness. Their results further exhibit
the tendency of an increasing crown wall thickness with increasing δ. A thicker
crown wall induces a thickening of the crown rim and subsequently thicker
liquid fingers are formed. These liquid fingers breakup into larger secondary
droplets, which explains the increase of D1,0 with δ.
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Figure 6.30: Arithmetic mean diameter D1,0 of secondary droplets for
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6.8 Characterization of Secondary Droplet Properties

The dependence of D1,0 on the Weber number WeD exhibits the opposite
trend since D1,0 decreases with increasing WeD, as shown in Figure 6.30.
Recalling that an increase in WeD also increases the number of ejected droplets
(Figure 6.29), one can conclude that a higher impact energy leads to an enhanced
fragmentation, i.e. to a higher number of ejected secondary droplets with
reduced size. This effect is shown in Figure 6.31 (b) and (c) where histograms
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Figure 6.31: Relative span factor (RSF) and size distributions of secondary
droplets for hexadecane-Hyspin 2CI with δ = 0.1 and δ = 0.3
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6 Binary Droplet Wall-Film Interaction Experiments

of the secondary droplet size distributions for δ = 0.1 and δ = 0.3 are depicted.
The size distribution of the lower film thickness covers an diameter interval of
0.09 mm < d < 1.10 mm with a maximum at d = 0.5 mm, while the maximum
is shifted to d = 1 mm in a diameter interval of 0.57 mm < d < 1.29 mm in the
case of δ = 0.3. Furthermore, the experimental results of Motzkus et al. [86]
confirm that a higher number of small droplets are ejected when increasing the
impact velocity, or impact energy, respectively. The discussed dependencies
of the arithmetic mean diameter D1,0 on δ and WeD are summarized in
the following empirical correlation. Its functional dependence is based on a
formulation published by Geppert et al. [40] and reads as follows:

D1,0 =
(

1 + 820
WeD

)
δ0.466. (6.10)

The correlation is depicted in Figure 6.30 for three different Weber numbers
of 950, 1100, and 1300. Note that this model is again only valid for the
hexadecane-Hyspin interaction.
b
The second parameter chosen to describe the width of the secondary droplet
size distribution is the relative span factor (RSF). It is defined as RSF =
(D0.9 −D0.1)/MMD, where D0.9 and D0.1 are representative diameters such
that 90 %, respectively 10 % of the total volume is in drops of smaller diameter.
The MMD is the corresponding mass median diameter. A detailed explanation
is given in Section 2.3.3. The influence of the dimensionless film thickness
δ and the Weber number WeD on the RSF is depicted in Figure 6.31 (a).
The RSF decreases with increasing δ, which means that the spectrum of the
detected drop sizes shrinks. This effect is illustrated in Figure 6.31 (b) and
(c), showing a narrower diameter range for the thicker film of δ = 0.3 (c)
compared to the thinner film of δ = 0.1 (b). The dependence of the RSF upon
the Weber number WeD is less pronounced, but an increase in WeD increases
the RSF, which means the variety of droplet diameters increase with growing
available kinetic energy. This confirms the above made conclusion that a higher
impact energy or a smaller wall-film thickness leads to the formation of smaller
secondary droplets with varying diameters.

The arithmetic mean diameter D1,0 derived for the basic system, the Hyspin-
hexadecane interaction, is plotted in Figure 6.32 (a) as a function of dimension-
less film thickness δ and Weber number WeD. The data shows no clear trend
neither with δ, nor with WeD. The random crown breakup induced by hole
formation and crown rim contraction leads to this unpredictable data scatter
for D1,0.

Figure 6.32 (b) depicts the arithmetic mean diameter D1,0 of the hexadecane
one-component interaction as function of δ and WeD. The crown rim contraction
also strongly influences the size of the ejected droplets. For low Weber numbers

122



6.8 Characterization of Secondary Droplet Properties

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
0

0.2

0.4

0.6

0.8

1.0

1.2

δ [ – ]

D
1,

0
[m

m
]

900 < WeD < 1300 1300 < WeD < 1500 WeD > 1500

(a) Hyspin-hexadecane interaction

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6
0

0.2

0.4

0.6

0.8

1.0

1.2

δ [ – ]

D
1,

0
[m

m
]

WeD < 800 800 < WeD < 1000 WeD > 1000

(b) Hexadecane one-component interaction

Figure 6.32: Arithmetic mean diameter D1,0 of secondary droplets as
function of dimensionless film thickness δ and Weber number
WeD
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6 Binary Droplet Wall-Film Interaction Experiments

WeD < 800 (red filled squares), D1,0 slightly increases with increasing δ because
the effect of rim contraction is not noticeable. For intermediate WeD, the
increase in δ has no effect on D1,0, while for high Weber numbers WeD > 1000
the trend of D1,0 follows a parabolic shape with increasing δ. The latter is
attributed to the enhanced effect of crown rim contraction at 0.2 < δ < 0.4,
which leads to the formation of fewer, larger secondary droplets due to finger
merging.

6.8.3 Ejected Droplet Volume

The normalized cumulative volume Vrel of the secondary droplets is depicted
in Figure 6.33 for the hexadecane-Hyspin interaction and in Figure 6.34 for
the liquid combinations containing a hexadecane wall-film. It is defined as the
cumulative volume of the secondary droplets Vd,tot normalized by the volume
of the primary droplet VD,0 (see Eq. 2.24 in Section 2.3.3). The dependence
of Vrel on dimensionless film thickness δ and Weber number WeD reflects the
combined dependence of Nd,max and D1,0 on these parameters. In general,
Vrel increases with WeD and decreases with increasing δ, but the trends are
differently pronounced depending on the liquid combination. To begin with, the
ejected volume of the hexadecane-Hyspin interaction, depicted in Figure 6.33,
is analysed. For this fluid combination, Vrel shows only a weak dependence on
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Figure 6.34: Normalized cumulative volume Vrel of secondary droplets for
fluid combinations containing a hexadecane wall-film
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6 Binary Droplet Wall-Film Interaction Experiments

δ because the decrease in the number of ejected droplets is balanced by the
simultaneous increase in arithmetic mean diameter (see Figures 6.29 and 6.30).

In contrast, the liquid combinations containing a hexadecane wall-film, shown
in Figure 6.34, exhibit a stronger decrease of Vrel with increasing δ. In these
cases, D1,0 only very weakly depends on δ, thus the decrease in the number of
droplets is not compensated and Vrel reproduces the trend of Nd,max with δ.
Furthermore, the highest amount of volume is ejected for intermediate Weber
numbers, where the Hyspin-hexadecane interaction is strongly affected by hole
formation and crown rim contraction, while the effects of rim contraction are not
yet influencing the secondary droplet ejection of the hexadecane one-component
interaction.

Finally, for all considered fluid combinations there are impact conditions
represented by the dimensionless film thickness and Weber number, for which
Vrel exceeds one. This means that more liquid is removed from the system in
form of secondary droplets than added by the impinging droplet. In the case of
the binary interactions this leads to a contamination of the ejected secondary
droplets with wall-film liquid.
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CHAPTER 7

The Effect of Crown Bottom Breakdown on Secondary Droplet
Ejection

This section analyses the effect of a rediscovered splashing phenomenon, the
so-called crown bottom breakdown (CB), on the ejection of secondary droplets.
For very thin wall-films (0.035 < δ < 0.1) and even if the impact energy is
insufficient to generate crown-type splashing, the breakdown of the crown from
the wall-film surface leads to the upwards ejection of a large amount of fast
and small secondary droplets. Thus, the crown bottom breakdown needs to be
considered as additional mechanism of secondary droplet generation in technical
applications. The occurrence of this phenomenon was first reported by Tropea
and Marengo [130] for a thin film impact of an isopropanol droplet. Later Wang
and Chen [139] observed this phenomenon investigating the thin film (δ < 0.1)
splashing threshold of one-component interactions with water-glycerol mixtures.
They defined crown bottom breakdown as a distinctive feature of thin film
impacts, but conducted no further investigations on the phenomenon itself. A
similar mechanism of sheet rupture was observed by Villermaux and Bossa
[136], who investigated the impact of water droplets onto a solid obstacle having
the same size as the droplet. In their case, the sheet piercing forms two distinct
classes of ligaments, which later break up into a dispersion of drops around the
respective average ligament sizes. Furthermore, the ligaments with the smaller
mean size are more numerous than those with the largest mean size [136]. The
short literature review corroborates the necessity of a detailed investigation
of the crown bottom breakdown phenomenon, especially with regard to its
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A 4.76

E 6.17

B 5.55

F 6.61

C 5.73

G 7.05

D 5.90

H 12.07

Figure 7.1: Image sequence of combined crown bottom breakdown (CB)
and crown-type splashing (CTS) morphology, exemplified by
the hexadecane-Hyspin 2CI at δ = 0.054, WeD = 1330

occurrence in two-component interactions. The analysis starts with a phe-
nomenological description of the phenomenon, followed by the classification of
the range of appearance in terms of Weber number WeD, dimensionless film
thickness δ and liquids combination. Finally, the number, total ejected volume,
and size distribution of the secondary droplets are evaluated and compared to
the previously discussed crown-type splashing results. The final test matrix
consists of 170 different drop impact experiments exhibiting crown bottom
breakdown.

7.1 The Phenomenology of Crown Bottom Breakdown

The first step towards understanding the consequences of crown bottom break-
down for the generation of secondary droplets, is to get an overview on the
process sequence of the phenomenon. Therefore, Figure 7.1 is consulted, which
shows a sample experiment exhibiting crown bottom breakdown (CB) and
crown-type splashing (CTS). After drop impingement, the formation of a
uniform, conical crown (A) is observed, approaching a classical crown-type
splashing case, including the formation and subsequent breakup of liquid fingers
along the upper crown rim. However, at τ = 5.55 the crown starts to tear
off the wall-film surface (B), meanwhile a first group of secondary droplets
already has detached from the fingers. The tearing-off continues along the
lower circumferential of the crown (C) until it is completely detached from the
wall-film at τ = 5.90 (D). Then the crown wall starts to rapidly move upwards
(E and F) until the top of the crown is reached (G). The upwards moving
liquid collides with the crown rim and shatters it into a large amount of small,
fast secondary droplets (H), which are ejected outwards. The total number
of secondary droplets for this experiment amounts to Nd,tot = 401, including
droplets of both mechanisms, crown bottom breakdown (Nd,CB = 370) and
crown-type splashing (Nd,CTS = 31). This confirms the particular relevance
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7.1 The Phenomenology of Crown Bottom Breakdown

of this mechanism of secondary droplet generation for a variety of technical
applications.

In a next step, the influence of liquids combination, Weber number WeD and
dimensionless film thickness δ on the crown bottom breakdown morphology
is qualitatively analysed in Figures 7.2, 7.3, and 7.4, respectively. The overall
phenomenology is basically the same, but the time scales differ significantly.
Figures 7.3 and 7.4 show that both, an increase in WeD and δ prolongs the
impact duration. It is also prolonged by a reduction of wall-film viscosity, as
can be seen in Figure 7.2. Furthermore, for the hexadecane one-component in-
teraction (last column) no crown bottom breakdown, but only the typical crown
descend into the wall-film is observed. In contrast, both binary systems and the
Hyspin one-component interaction exhibit crown bottom breakdown. Hence,
for the investigated parameter range (0.03 < δ < 0.55, 300 < WeD < 1680,
and 0.015 < Oh < 0.063), CB is only observed for liquid combinations with
higher viscosities (Hyspin: µ = 0.0158 Pa s; binary systems: µ = 0.0096 Pa s).
Wang and Chen [139] observed crown bottom breakdown for a similar range
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7 The Effect of Crown Bottom Breakdown on Secondary Droplet Ejection

of viscosity, i.e. 0.010 Pa s < µ < 0.060 Pa s. Note that an extension of the
parameter range to even thinner films and higher Weber numbers might also
lead to the occurrence of CB for the hexadecane one-component interaction.

The effects of Weber number WeD and dimensionless film thickness δ on
crown bottom breakdown are demonstrated in the following exemplifying the
hexadecane-Hyspin interaction. The corresponding plots for the basic system,
the Hyspin-hexadecane interaction, can be found in Appendix D.

The dependence on WeD is depicted in Figure 7.3 for a constant film thickness
of δ = 0.05. In terms of classic impact regimes, the first two cases (WeD = 675
and WeD = 755) depicted in Figure 7.3 belong to the deposition regime,
the third one (WeD = 1029) to the transition regime and only the last case
(WeD = 1029) belongs to the crown-type splashing regime, where the ejection
of secondary droplets is mandatory. Thus, due to crown bottom breakdown
secondary droplets can be generated when they are not expected. In the case
of deposition, two groups of droplets with different sizes can be identified: the
droplets of smaller size are associated with the ejected crown wall liquid, and
the droplets of larger size result from the breakup of the undisturbed crown rim

Deposition
W eD = 675

3.36

3.61

3.86

4.17

6.47

W eD = 755
3.56

4.04

4.32

4.66

7.33

Transition
W eD = 1029

3.57

4.04

4.42

4.97

10.25

Splashing
W eD = 1330

4.56

5.35

5.97

6.84

11.85

Figure 7.3: Effect of Weber number (WeD) on the crown bottom break-
down phenomenology at the example of hexadecane-Hyspin
interaction at δ = 0.05, non-dimensional time τ in every image,
scale bar equals 2.5 mm
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7.1 The Phenomenology of Crown Bottom Breakdown

(bottom row). Furthermore, an increase in WeD within the deposition regime
slightly delays the onset of crown bottom breakdown. In the transition regime
(third column), CB and CTS proceed simultaneously, e.g. finger formation
and crown detachment happen at the same time of τ = 4.04. As soon as the
splashing regime is reached, i.e. WeD > 1100, the crown-type splashing proceeds
considerably earlier than the crown bottom breakdown (see last column of
Figure 7.3). The first group of CTS secondary droplets has already detached
at τ = 5.35 when the crown begins to tear off from the wall-film surface. This
leads to an increase in the total number of ejected secondary droplets.
Summarizing the influence of WeD on CB, it can be state that if a critical Weber
number Wecrit,CB for the onset of CB is reached, the continuous occurrence of
the phenomenon is nearly independent of WeD. The excess energy is used to
promote crown-type splashing, which results in an increase in the total number
of ejected secondary droplets generated by both mechanism, crown bottom
breakdown and crown-type splashing.

The influence of the dimensionless film thickness δ on the crown bottom
breakdown phenomenology is depicted in Figure 7.4. All experiments belong to
the splashing regime, exhibiting a Weber number of approximately WeD ≈ 1330.

Crown Bottom Breakdown
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No CB
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Figure 7.4: Effect of dimensionless film thickness δ on the CB phenomenol-
ogy at the example of hexadecane-Hyspin interactions at
WeD ≈ 1330, non-dimensional time τ in every image, scale bar
equals 2.5 mm
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7 The Effect of Crown Bottom Breakdown on Secondary Droplet Ejection

An increase in dimensionless film thickness leads to delayed onset of CB (see
time stamps in second row of Figure 7.4). Furthermore, the crown-type
splashing process is enhanced, which can be seen when comparing the images
along one row in Figure 7.4. If the film thickness exceeds δ ≈ 0.08, the impact
phenomenology changes, i.e. crown bottom breakdown is no longer observed.
Instead, the crown descends into the wall-film, forming prolonged liquid fingers
that later on disintegrate into secondary droplets (classic CTS). Thus, there is
an upper limit in terms of dimensionless film thickness δcrit,CB, above which
crown bottom breakdown no longer occurs.

7.2 Range of Appearance of Crown Bottom Breakdown

The previously discussed phenomenological findings are combined in this section
to define a region of appearance for crown bottom breakdown. For this purpose,
the binary, and Hyspin one-component interaction experiments are classified as
“CB” (coloured symbols) if crown bottom breakdown occurs. Otherwise they
are classified as “no CB” (black symbols). The resulting classification in terms
of K2-factor and dimensionless film thickness δ are shown in Figure 7.5 (a) for
the binary interactions and in Figure 7.5 (b) for the Hyspin one-component
interaction.
The critical values for the onset of CB in terms of K -factor (Kcrit,CB) are
insensitive to the wall-film thickness for all considered liquid combinations.
This result confirms the findings of Wang and Chen [139], who showed that
for a fixed Ohnesorge number the critical Weber number Wecrit for the onset
of splashing (including CB) is insensitive to changes in film thickness for
0.05 < δ < 0.1.

The Kcrit,CB-threshold (We5/8
crit,CB Oh−1/4

µ
) of the Hyspin/hexadecane binary

interactions is well captured by the crown-type splashing threshold of Geppert
et al. [38] (see Eq. 6.1) applied to the thin film regime of 0.03 < δ < 0.14,
as can be seen in Figure 7.5 (a). For the Hyspin one-component interaction
the threshold value Kcrit,CB lies slightly higher at Kcrit,CB ≈ 145, as shown
in Figure 7.5 (b). This means an increased system viscosity (binary systems:
µ = 0.0096 Pa s compared to Hyspin: µ = 0.0158 Pa s) requires a higher amount
of energy (Wecrit,CB) to induce CB.

In terms of dimensionless film thickness δ, the range of appearance of CB is
restricted by a maximum dimensionless film thickness δcrit,CB that depends on
the employed wall-film liquid, i.e its viscosity. For the hexadecane-Hyspin and
Hyspin one-component interaction the critical film thickness is δcrit,CB ≈ 0.08,
while for the Hyspin-hexadecane interaction CB is observed up to a film
thickness of δcrit,CB ≈ 0.14. These limits are depicted in Figure 7.5, too. The
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factor (dashed lines) and δcrit,CB (solid lines)
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Figure 7.6: Schematic representation of the crown bottom breakdown
procedure vs. normal crown ascend-descend behaviour

change in δcrit,CB is related to the inertia of the wall-film, which is higher in
the case of Hyspin (ρ = 878 kg/m3) compared to hexadecane (ρ = 773 kg/m3).

Finally, some remarks regarding the mechanism responsible for crown bottom
breakdown are presented. In literature insights on the underlying mechanism
leading to crown bottom breakdown are so far not reported. The experimental
techniques employed in this thesis can not resolve the flow field within the
liquids during drop impact. Nevertheless, a hypothesis regarding the rip off
mechanism will be presented. Marangoni effects and mixture inhomogeneities
are excluded as responsible mechanisms for the crown detachment from the
wall-film because crown bottom breakdown is observed also for one-component
interactions [130, 139].

Recalling the pre-impact situation, the following assumptions are established.
At the lowest level of the wall-film, a thin sublayer exists in which the adhesion
to the solid substrate prevents any liquid movement. The thickness of this
sublayer is related to the fluid properties, e.g. the more viscous the fluid the
thicker is the sublayer. The fluid outside of the sublayer is displaceable if its
inertia is overcome. After drop impact, a fluid flow into the crown is induced
(see Figure 7.6 upper row). The total mass that can be transferred into the
crown consists of the displaceable wall-film fluid and the droplet fluid itself.1
The energy to drive this flow is provided by the impacting droplet, to be precise
its the droplet kinetic energy minus losses due to changes in surface energy and
dissipation. If the total mass is consumed by the crown before its advancing
phase is completed, i.e. the mass flow within the crown is still directed upwards
(see Figure 7.6 (a-III)), the liquid layer in the inner crown region experiences

1Note that the inflow from the outer crown region is comparably small.
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7.2 Range of Appearance of Crown Bottom Breakdown

a strong pull. But since it is also attached to the solid surface, the resulting
forces stretch the liquid until it starts to rupture at some point along the
circumferential of the crown base. This means crown bottom breakdown occurs
when the introduced energy is high enough to drive the total liquid mass into
the crown, while it is ascending. In contrast, if the total liquid mass is too
large, the crown starts to descend and the related backflow of liquid prevents
the rip off (see Figure 7.6 (b)).

The suggested procedure would explain, why crown bottom breakdown was not
observed for the hexadecane one-component interaction. In the investigated
parameter range the available energy is not high enough to drive the total
mass into the crown and thereby reach the sublayer adhering to the solid
substrate. In contrast, for the Hyspin one-component interaction crown bottom
breakdown is observed despite the higher dissipative losses resulting from the
higher viscosity, and the higher inertia of the wall-film. These effects are
counteracted by the thicker sublayer, which reduces the displaceable liquid
mass. Nevertheless, the critical K -factor for the onset of CB is slightly higher
than in the case of the binary interactions.

The proposed procedure also explains the upper limits in terms of initial wall-
film thickness δcrit,CB, which are related to the respective wall-film liquids of the
binary interactions (see Figure 7.5 (a)). The sublayer height hsub only depends
on the fluid properties, which means an increase in initial wall-film thickness
only increases the displaceable fluid mass and hence the required inertia. The
maximum available kinetic energy introduced by the droplet is restricted due to
the limitations of the experimental facility in this work. Therefore, as soon as
the fluid inertia gets larger than the kinetic energy, crown bottom breakdown
is no longer observed. The increase in δcrit,CB for the hexadecane wall-film
results from the lower dissipative losses (smaller viscosity), which seem to
compensate the increased inertia due to the larger amount of displaceable fluid
mass (thinner sublayer).

The verification of the presented hypothesis regarding the mechanism leading to
crown bottom breakdown, requires an extended experimental parameter range,
including different liquid combinations, Weber numbers and dimensionless film
thicknesses.
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7 The Effect of Crown Bottom Breakdown on Secondary Droplet Ejection

7.3 Effects on Secondary Droplet Characteristics

In this section the effect of crown bottom breakdown on the total number,
size distribution and ejected volume of the secondary droplets is analysed.
Especially, the differences to the properties of the secondary droplets formed
during crown-type splashing are considered. The results for the Hyspin one-
component interaction are presented separately in Appendix D because the
available data set is to sparse to draw justifiable conclusions.

The post-processing of the crown bottom breakdown experiments proceeds in
principle as described in Section 4.3.4, i.e. when only CB occurs (e.g. Figure 7.3),
the secondary droplets are analysed over the entire impact process. A detailed
description of the corresponding post-processing procedure is presented in
Section 4.3.4. If crown bottom breakdown and crown-type splashing are
observed, the resulting secondary droplets need to be differentiated. It is
possible to separate the CTS droplets from the spectrum of all developed
droplets due to the point in time at which they occur, as shown in Figure 7.1 (G).
Thus, the number, size distribution, and ejected volume of the CTS droplets is
determined directly. Thereof, the number of droplets developed due to CB is
derived by subtracting the number of CTS droplets from the overall number of
secondary droplets. The size distribution and hence the ejected volume of the
CB droplets cannot be determined directly. At later times it is not possible to
distinguish between CTS and CB droplets (Figure 7.1 (H)). Furthermore, the
size of the CTS droplets might change with time, e.g. when their trajectory
leads them out of focus. Thus, they cannot be extracted from the overall size
distribution. Nevertheless, it is possible to indirectly draw conclusions on the
size of the CB droplets by comparing the size distribution of all developed
droplets to the distribution of the CTS droplets. Additionally, some deposition
cases, where droplets emerge only from CB, are analysed. In the following,
it will be emphasized if direct or indirect conclusions with regard to the size
distribution of CB droplets are drawn. Note that similar considerations are
valid for the volume of the secondary droplets. The minimum detectable droplet
size is about 80 µm due to the adjusted optical resolution of the experimental
setup (see Section 3.2.1).

7.3.1 Total Number of Ejected Droplets

In a first step the total number of ejected secondary droplets Nd,tot , including
droplets of both crown bottom breakdown and crown-type splashing (if present),
is analysed in dependence of Weber number, dimensionless film thickness, and
liquids combination. The respective shares of CTS droplets (Nd,CTS) and
CB droplets (Nd,CB) in the total number Nd,tot of secondary droplets are
evaluated in a second step.
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Figure 7.7: Total number of secondary droplets Nd,tot ejected for CB cases
with (colour, filled symbols) and without CTS (black symbols),
including data of experiments exhibiting only CTS (∗)
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7.3 Effects on Secondary Droplet Characteristics

The total number of ejected secondary droplets Nd,tot is plotted in Figure 7.7 for
both binary interactions. The dependence of Nd,tot on Weber number WeD and
dimensionless film thickness δ reproduces the dependencies of the number of
crown-type splashing droplets Nd,max presented in Section 6.8.1. Nd,tot increases
with increasing WeD and it decreases with increasing δ. But in contrast, Nd,tot
is up to three times higher than in the case of CTS, e.g. Nd,max = 170 and
Nd,tot = 560 as can be seen in Figure 7.7 (a). Moreover, even in the case of
deposition, secondary droplets as numerous as for crown-type splashing are
ejected due to crown bottom breakdown (compare black triangles to asterisks
in Figure 7.7). The influence of liquid combination on Nd,tot is negligible
in comparison with the crown-type splashing results. A decrease in wall-
film viscosity no longer leads to higher numbers of droplets nor an increased
data scatter. The effect of crown kinematics, i.e. rim contraction, is also
less pronounced due to the overall shorter process time. These effects are
analysed in detail by dividing the total number of secondary droplets Nd,tot
into droplets resulting from crown bottom breakdown Nd,CB and crown-type
splashing Nd,CTS .

The respective shares of CTS droplets Nd,CTS and CB droplets Nd,CB are
plotted in Figure 7.8. The height of each bar represents the total number of
droplets Nd,tot and the grey and black stacked bars represent Nd,CB and Nd,CTS ,
respectively. Each bar represents an average value of all experiments in the
considered δ-interval, and only experiments exhibiting both CTS and CB are
taken into account. In general, Nd,CB substantially exceeds Nd,CTS for all film
thickness δ. In the case of the hexadecane-Hyspin interaction (Figure 7.8 (a)),
the share of CTS droplets varies only between 1.5 % and 9.5 %; A clear trend
with δ is not visible, which probably results from the small data set of only 12
experiments. In contrast, for the Hyspin-hexadecane interaction (Figure 7.8 (b))
the share of CTS droplets increases from 10 % to 67 % with increasing film
thickness δ. Note that the overall number of droplets Nd,tot decreases with
increasing δ. This confirms the phenomenological assumption that a thicker
film delays the crown bottom breakdown and enhances crown-type splashing.

7.3.2 Size Distribution of Ejected Droplets

The analysis of the secondary droplets size distribution starts with a qualitative
comparison of the measured droplet diameter histogram of CTS droplets with
the respective histogram of all droplets (CTS & CB). The comparison is depicted
in Figure 7.9 for an arbitrary hexadecane-Hyspin interaction. A corresponding
plot for the Hyspin-hexadecane interaction is presented in Appendix D.
As shown in Figure 7.9, a large amount of secondary droplets with diameters
smaller than d = 0.325 mm is observed. In particular, for the hexadecane-
Hyspin interaction 245 droplets have a smaller diameter. Therefore, it is
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Figure 7.9: Sample size distribution of all secondary droplets (CTS &
CB) compared to size distribution of CTS droplets only, for a
hexadecane-Hyspin experiment with WeD = 1330, δ = 0.06

not surprising that the arithmetic mean diameter of all droplets (D1,0)tot is
also smaller than the one of the CTS droplets (D1,0)CTS (see dashed lines in
Figure 7.9). This is a first qualitative indication, that the secondary droplets
ejected during crown bottom breakdown are not only more numerous but have
also smaller diameters in comparison to the CTS droplets.

The hypothesis of a smaller diameter of the secondary droplets formed by crown
bottom breakdown is verified by analysing the arithmetic mean diameter D1,0 of
the complete droplet spectrum (CB & CTS) as well as of the CTS droplets only.
The resulting values of (D1,0)tot and (D1,0)CTS for both binary interactions
are plotted in Figure 7.10. The depicted experiments comprise at least four
CTS droplets. As can be seen, the arithmetic mean diameter of the CTS droplets
(D1,0)CTS is always larger than the mean diameter of all ejected droplets
(D1,0)tot . This leads to the conclusion that the diameters of the CB droplets
are indeed much smaller because only an increased number of small diameters
can reduce the arithmetic mean diameter.

The dependence of the arithmetic mean diameter of all ejected droplets (D1,0)tot
on the dimensionless film thickness δ, Weber number WeD and liquids com-
bination is evaluated to deepen the understanding of the influence of crown
bottom breakdown on secondary droplet ejection. The results for (D1,0)tot of
the hexadecane-Hyspin interaction are depicted in Figure 7.11 (a). Even though
the data base is limited, it shows clearly that CB droplets (open triangles) are
smaller than CTS droplets (filled triangles). Thus, an increase in Weber number
WeD leads to an increase in (D1,0)tot because the crown-type splashing regime
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is reached. In the crown-type splashing regime, where CTS and CB droplets are
observed, (D1,0)tot shows no dependence on the dimensionless film thickness δ.
But the influence of the CB droplets is still noticeable because (D1,0)tot varies
in between 0.30 mm and 0.40 mm, whereas D1,0 is larger than 0.50 mm if only
crown-type splashing is observed (see Figure 6.30 in Section 6.30). In contrast,
if only CB droplets are observed, (D1,0)tot tends to decrease with increasing
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Figure 7.10: Arithmetic mean diameter (D1,0)tot of all ejected secondary
droplets (CTS & CB) compared to (D1,0)CTS of the crown-
type splashing (CTS) droplets
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film thickness δ. This can be linked to the phenomenological description of
crown bottom breakdown presented in Section 7.1. After detaching from the
wall-film surface, the crown wall curls upwards and collides with the upper
crown rim. If the momentum of the upward moving liquid is large enough,
the crown rim is shatter into bigger secondary droplets, too. If not, only the
already thin crown wall is atomized, which leads to a high number of very
small secondary droplets (see first column of Figure 7.4).

The derived arithmetic mean diameters (D1,0)tot for the Hyspin-hexadecane
interaction are plotted in Figure 7.11 (b). The value of (D1,0)tot increases
with the dimensionless film thickness δ. This is linked to the increased share
of CTS droplets for thicker films (see Figure 7.8 (b)) and the simultaneous
reduction in the total number of ejected droplets (see Figure 7.7 (b)). Therefore,
an increase in film thickness δ delays CB and enhances CTS, which confirms
the phenomenological observations of Section 7.1. The influence of the Weber
number WeD instead is less pronounced. If WeD is to small to induce crown-
type splashing, e.g. WeD < 900, the arithmetic mean diameter exhibits its
lowest value in between 0.20 mm < (D1,0)tot < 0.31 mm. Despite the restricted
data set, this confirms that secondary droplets ejected due to CB are tinier
than CTS droplets. When the crown-type splashing regime is reached (WeD >
900), (D1,0)tot approaches the typical CTS values of (D1,0)tot > 0.40 mm.
Additionally, the crown-type splashing becomes the dominant mechanism of
secondary droplet ejection. The effects of rim contraction and hole formation
are reduced due to the short process time. Hence, an increase in WeD to values
larger 1200 leads to a reduction of (D1,0)tot , i.e. to an enhanced fragmentation.

7.3.3 Ejected Droplet Volume

In a final step of analysing the effect of crown bottom breakdown, the total
volume of all ejected droplets normalized by the volume of the impinging droplet
is evaluated. The derived values for the normalized cumulative volume Vrel,tot
are depicted in Figure 7.12 for both binary interactions. For the hexadecane-
Hyspin interaction, the restricted data base only shows that as soon as crown-
type splashing occurs, Vrel,tot significantly exceeds one, which implies that
more fluid is removed from the system than added by the impinging droplet.
Nevertheless, there is still the possibility that even if only CB occurs, Vrel,tot
can be larger than one.
In case of the Hyspin-hexadecane interaction, some clear trends for Vrel,tot with
respect to Weber number and dimensionless film thickness are observed. Vrel,tot
increases with increasing WeD, which is linked to the overall increase in ejected
secondary droplets and the increased share of CTS droplets. The dependence
on δ shows two different trends. If either CB droplets or CTS droplets provide
the largest share of all ejected droplets, which is also linked to the Weber
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Figure 7.12: Normalized cumulative volume Vrel,tot of all ejected secondary
droplets (CTS & CB) as function of Weber number WeD and
dimensionless film thickness δ
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number value, the ejected volume Vrel,tot is independent of δ. This is linked
to the decrease of Nd,tot , which is balanced by the simultaneous increase of
(D1,0)tot for thicker wall-films. In contrast, for intermediate Weber numbers
(900 < WeD < 1200), Vrel,tot slightly increase with δ due to the growing share
of CTS droplets.

7.4 Summary

This chapter concludes with a short summary of the gathered knowledge on
crown bottom breakdown and its effects on secondary droplet ejection. Crown
bottom breakdown is an additional mechanism of secondary droplet ejection
in the very thin film regime of 0.03 < δ < 0.14. It can occur in combination
with crown-type splashing, but also without it, i.e. in the deposition regime.
The appearance of crown bottom breakdown is limited by a minimum K -factor
Kcrit,CB and a maximum film thickness δcrit,CB. The Kcrit,CB-limit depends
on the average system viscosity and the δcrit,CB-limit is linked to the inertia of
the displaceable wall-film and thus to its density and viscosity. The number
of ejected droplets due to crown bottom breakdown significantly exceeds the
values derived for crown-type splashing. Furthermore, the mean diameter of
the CB droplets is much smaller because even at high Weber numbers and thick
films (D1,0)tot of all ejected droplets (CTS & CB) is smaller than (D1,0)CTS of
pure crown-type splashing. The effects of crown bottom breakdown decrease
with increasing WeD and δ because crown-type splashing is enhanced and finally
becomes the dominant mechanism of secondary droplet ejection. Nevertheless,
the importance of crown bottom breakdown for technical applications should
not be disregarded.
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CHAPTER 8

Conclusions and Outlook

Within the framework of the present thesis, a systematic experimental in-
vestigation was conducted to gain a better understanding of the underlying
physical mechanisms of the splashing dynamics in droplet wall-film interac-
tions. Contrary to previous investigations, this study focuses on the effect of
two fluids/two-components, and especially of the wall-film viscosity and thick-
ness, on the splashing dynamics. The latter comprise the crown kinematics,
finger formation and secondary droplet ejection. Regarding the ejection of
secondary droplets not only the well-known crown-type splashing (CTS) is
considered, but also a second mechanism, the crown bottom breakdown (CB).
These mechanisms are related to different film thickness regimes and thus their
respective influence on the properties of the secondary droplets is evaluated
and compared. Additionally, the related one-component interactions of the test
fluids are investigated to establish a reference case and to provide an unified
treatment for both one- and two-component interactions. The droplet impact
process itself is analysed by means of two-perspective and top-view high-speed
shadowgraphy, including a subsequent post-processing of the recorded images.
The crown kinematics, number of liquid fingers (only in case of crown-type
splashing) and secondary droplet properties are analysed in terms of Weber
number WeD, dimensionless film thickness δ and fluids configuration to enable
a comparison with numerical simulations and theoretical models.

The purpose of the preliminary study, including some miscible and immiscible
liquid combinations, was to establish some insights into two-component droplet
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wall-film interactions in general. It revealed that the impact morphology
of binary interactions is far more diverse and complex in comparison with
one-component interactions. Nevertheless, two main conclusions were drawn:
The formation of holes inside the crown wall is an unique feature of binary
interactions. Second, the overall shape of the crown is strongly influenced
by the wall-film viscosity µF . For both one- and two-component interactions,
an increase in µF leads to the change of crown shape from bowl-shaped or
cylindrical to V-shaped. The effect of liquid’s miscibility on the splashing
dynamics is not investigated in the present work.

The detailed study of the surrogate liquids Hyspin and hexadecane comprises
the corresponding binary interactions of a Hyspin droplet with a hexadecane
wall-film and vice versa, as well as the one-component interactions of both
fluids. The considered experimental parameter range encompasses a wide
range of normalized film thicknesses of 0.03 < δ < 0.5, droplet Weber numbers
of 300 < WeD < 1680, and a range of Ohnesorge numbers calculated with
averaged fluid properties of 0.015 < Oh < 0.063. The crown bottom breakdown
phenomenon was observed only for δ < 0.12, while crown-type splashing
occurred for all film thicknesses. To begin with, the impact morphology of the
binary interactions is summarized in characteristic regime maps in terms of
Weber number and dimensionless film thickness. Analogous to one-component
interactions, a transition zone separating deposition and splashing outcomes
and the formation of a liquid jet after crown collapse are observed. Special
features of binary interactions, like strong changes in crown shape and the
formation of holes inside the crown wall are also included in the regime maps.

Based on the distinction of the impact outcomes into deposition, transition
and splashing, the splashing threshold of the Hyspin/hexadecane systems
is determined. The suggested empirical correlation reads We5/8

D Oh−1/4
µ

=
114 + 163 δ6/5. Even though it was originally developed for the Hyspin-
hexadecane interactions [38], it also predicts the onset of splashing for the
hexadecane-Hyspin interaction quite well. The functional dependence shows
that an increase in dimensionless film thickness δ inhibits splashing. This
trend is also reported for one-component interactions and a comparison to
corresponding splashing correlations from literature revealed that they are
all equally applicable. With regard to a unified treatment of one- and two-
component interactions, this leads to the conclusion that the mechanism
leading to splashing is essentially the same. The Hyspin/hexadecane splashing
correlation is further validated against the binary splashing threshold of Kittel
et al. [63]. These authors focus on the effect of wall-film to drop viscosity ratio
κ = νF/νD on the splashing limit. A comparison of the proposed K -factor
definitions showed that they are related by a scaling factor, which depends on
the density and viscosity ratios. Thus, within the joint range of validity both
correlations can be used to describe the splashing limit. But for the development
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of a unified threshold model for one- and two-component interactions, the
respective dependencies on impact energy and film thickness or impact energy
and fluid properties need to be combined. Following this idea, Bernard et al.
[12] demonstrated that this is indeed possible when classifying the experimental
data in the Oh-Re-δ-domain. In the limiting cases of very viscous droplets or
wall-films the approach of Kittel et al. [63] should be applied.

The analysis of the crown kinematics revealed that contrary to the common
assumption of cylindrical crowns, the crown shape evolves in time because
of changes in crown wall inclination angle. These changes are linked to the
vorticity production in the crown’s neck region and dissipative losses in the
boundary layer close to the solid wall. Both effects are enhanced by thin
films and high viscosity fluids, and lead to the ejection of the crown wall at
earlier times and with lower angles, i.e. V-shaped. In contrast, for thicker films
vorticity production and dissipative losses are quenched because viscous effects
are confined to a thin sub-layer within the wall-film. Thus, the crown assumes
a more cylindrical shape. These dependencies are valid for both one- and
two-component interactions. The minimum crown angle αmin, derived from
the binary interactions, strongly increases with film thickness and viscosity
until δ ≈ 0.25 is reached. For thicker films the effect of viscosity is no longer
visible, which means that only cylindrical crowns are formed.

The previously discussed changes in crown inclination angle strongly influence
the maximum crown top diameter and crown height. Considering the velocity
vector of the advancing crown, the correspondence between inclination angle
change, top diameter and height can be explained. The direction of the
radial velocity component, which is inwards for a truncated-cone shaped and
outwards for V-shaped crowns, either quenches or enhances the growth of the
crown top diameter for a given set of impact parameters. Accordingly, the
increase in crown height is more pronounced for cylindrical crowns due to the
crown’s smaller radial velocity component. Thus, for V-shaped crowns the
horizontal expansion of the crown top is promoted, while for cylindrical crowns
the expansion in vertical direction is enhanced. In contrast, the evolution
and maximum value of the crown base diameter is insensitive to changes
in Weber number and crown inclination angle. It mainly depends on the
relative importance of liquid inertia and viscous losses in the wall-film. The
temporal evolutions of crown base and top diameter can be described by
theoretical models only for short times after impact. For longer time scales,
significant deviations are observed due to viscous dissipation and changes in
crown inclination angle.

The derived macroscopic data of the impact morphology is applied for the
validation of direct numerical simulations with the in-house multiphase CFD
code FS3D. It is demonstrated that FS3D is capable of simulating one- and
two-component droplet wall-film interactions with high accuracy. This enables
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the future investigation of microscopic fluid dynamics within the crown as well
as the liquid composition of the secondary droplets.

The formation of liquid fingers is the next process step of CTS to be considered.
Typically, drop impact experiments are recorded from a side-view perspective,
which allows a comprehensive analysis of the crown evolution. The consequence
of side-view imaging in comparison to top-view imaging with regard to the
number of liquid fingers, is an underestimation of the finger number by nearly
a factor of two. Thus, instead of using the maximum number of detected liquid
fingers, the summed number of fingers from both side-view images is employed
to derive an improved correlation. It reads Nfg,sum,cor = 15.83 δ−0.2662. The
number of fingers decreases with increasing film thickness δ for both one- and
two-component interactions and is insensitive to changes in crown kinematics,
e.g. crown inclination angle. A comparison to dry surface impacts showed
that the wall-film attenuates the effects of surface properties on the fingering
process.

The formation and ejection of secondary droplets during CTS is again strongly
influenced by the crown kinematics. Especially, for low viscous wall-films the
concomitant effects of hole formation in the crown wall and the contraction
of the crown’s rim, induce a large scatter in the secondary droplets data. As
a result, empirical models for the total number of ejected droplets Nd,max
and their arithmetic mean diameter D1,0 are derived only for the reverse
system, the hexadecane-Hyspin interaction, which exhibits V-shaped crowns.
The derived correlations for the maximum number and the arithmetic mean
diameter of the secondary droplets read Nd,max = exp(WeD/670) δ(−WeD/980) and
D1,0 = (1 + (820/WeD)) δ0.466. In general, the number of droplets increases
with increasing Weber number and decreasing film thickness. In the case
of the hexadecane-Hyspin interaction, the mean droplet size increases with
increasing δ. Thereby, the decrease in droplet number is balanced so that the
relative ejected volume is insensitive to changes in film thickness. An increase
in Weber number leads to a smaller mean size, i.e. enhanced fragmentation,
and an increase in ejected volume. In contrast, the mean droplet size of the
Hyspin-hexadecane interaction depends only very weakly on the film thickness,
and therefore the ejected volume decreases with increasing film thickness. For
both fluid combinations the ejected volume may exceed one, which means that
more liquid is removed from the system by the secondary droplets than is
added by the impinging droplet. Consequently, the ejected secondary droplets
are contaminated with wall-film liquid.

The last chapter of the present work discusses the second mechanism of sec-
ondary droplet ejection, the crown bottom breakdown (CB). Contrary to
crown-type splashing, where secondary droplets form due to detachment from
liquid fingers, during CB the crown wall completely rips off from the wall-film,
rapidly rolls up and finally collides with the upper crown rim, which leads to
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the generation of myriads of small droplets. Crown bottom breakdown occurs
only in the very thin film regime of 0.03 < δ < 0.14, but it can be accompanied
by all three classic impact outcomes deposition, transition and splashing. Its
appearance is limited by a minimum Kcrit,CB (or Wecrit,CB), which is linked to
the average system viscosity, and by a maximum film thickness δcrit,CB. The
latter is related to the inertia of the wall-film. For the investigated binary
interactions, the CTS splashing threshold is applicable. The number of ejected
droplets due to CB considerably exceeds the values derived for CTS (up to
three times more droplets). In addition, the mean size of the ejected droplets is
much smaller. Therefore, the total volume of the secondary droplets generated
due to pure CB is small, compared to the volume generated by CTS. The
effects of crown bottom breakdown on the ejected droplets diminished with
increasing Weber number and film thickness since both enhance crown-type
splashing until it becomes the dominant mechanism.

Thus, the main goals of this thesis could be achieved. Similarities and differences
between one- and two-component interactions are highlighted and a unified
treatment of the splashing phenomenon is successfully proposed. A first insight
on the underlying physical mechanisms of two-component splashing dynamics
is presented. The investigations revealed that vorticity production and viscous
dissipation strongly influence the ejection angle of the crown, which in turn
affects crown kinematics and secondary droplet ejection in the case of crown-
type splashing. Furthermore, the effects of crown-type splashing and crown
bottom breakdown on secondary droplet ejection were demonstrated.

Based on the present study, future prospects are outlined not only in terms
of experimental investigations, but also numerical and analytical approaches.
In this study, the macroscopic effects of drop impact on wetted walls, i.e. the
formation of a crown and secondary droplets, are analysed. However, in
order to gain a complete understanding of the impact dynamics, also the
microscopic, thin film flow dynamics, e.g. in the crown’s neck region, must
be understood. Here, especially the film thickness and velocity distributions
in space and time are of interest because this provides insight into vorticity
production and momentum losses due to boundary layer effects. From an
experimental point of view, the flow visualization within the thin film could be
approached by micro particle image velocimetry (micro PIV) or particle tracking
(micro PTV), either from a top- or side-view perspective. Both techniques
provide 2D velocity maps by tracking the motion of seeded individual particles
(PTV) or particle groups (PIV). In parallel, the numerical tool FS3D, which
is already validated against the macroscopic results obtained in the present
study, can be employed to investigate the microscopic film dynamics. Thus,
complementary information to the experimental results is obtained. From an
analytical point of view, a promising approach is the extension of the inviscid
models for the crown base evolution to viscous flow conditions. Therefore, the
momentum losses due to boundary layer formation must be estimated, and the
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boundary layer displacement due to vorticity production taken into account.
The momentum losses, associated with the spreading of the film along the wall,
might be estimated following Hiemenz solution for stagnation point flows on dry
walls [53] or Wang’s extension for flow impingement on a wetted wall [138]. This
threefold approach on micro fluid dynamic investigations during drop impact
will significantly contribute to the understanding of the impact phenomenon,
as does the present study. Thus, after 150 years of research another piece of
the drop impact puzzle is put into place.
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APPENDIX A

Details of Error Propagation

Uncertainty allocation and averaged values, standard deviation s, and variance
s2 used for the uncertainty estimation of the derived quantities described
in Section 5.4. Table A.1 summarizes the data for the droplet properties,
e.g. diameter D0 and velocity U0 , while Table A.2 contains the data for the
wall-film height h0 and the fluid properties.

Table A.1: Averaged values, standard deviations and variances for uncer-
tainty estimation of the derived quantities - Part I

Quantity Error ∆Xi or s(Xi) s2(∆Xi) or s2(Xi)

Diameter D0 [ m ] [ m2 ]

Magnification Type B 2.69 · 10−5 2.41 · 10−10

Threshold Type B 3.38 · 10−5 3.81 · 10−10

Random Type A 4.8 · 10−6 2.30 · 10−11

Velocity U0 [ m/s ] [ m2/s2 ]

Magnification Type B 4.05 · 10−2 5.47 · 10−4

Threshold Type B 7.20 · 10−3 1.73 · 10−5

Random Type A 1.19 · 10−2 1.42 · 10−4
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A Details of Error Propagation

Table A.2: Averaged values, standard deviations and variances for uncer-
tainty estimation of the derived quantities - Part II

Quantity Error ∆Xi or s(Xi) s2(∆Xi) or s2(Xi)

Film Height h0 [ m ] [ m2 ]

Systematic Type B 1.3 · 10−6 5.63 · 10−13

Fluid
Density ρ Type B 0.69 · 10−2 kg/m3 1.59 · 10−1 kg2/m6

Surf. Tension σ Type B 1.21 · 10−4 N/m 4.90 · 10−9 N2/m2

Kin. Viscosity ν Type B 8.18 · 10−8 m2/s 2.23 · 10−15 m4/s2
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APPENDIX B

Liquid Properties and Experimental Parameters

Properties of the test fluids employed to demonstrate the variety of impact
morphologies of miscible and immiscible binary droplet wall-film interactions.
The corresponding results are presented in Section 6.1.

Table B.1: Physical properties of test liquids at ambient conditions
(293.15 K, 1 bar)

dyn. viscosity surf. tension density
µ [Pa s] σ [mN/m] ρ [kg/m3]

Castrol Hyspin AWS 10 0.01580 28.65 878.00
n-Hexadecane C16H32 0.00330 27.60 773.00

butanol (BuOH) 0.00297 25.38 810.00
Castrol 5W30 0.13215 31.00 846.00
(engine oil)
ethanol (EtOH) 0.00120 22.39 789.30
water (22 ◦C) 0.00100 72.80 998.20
water/60% glycerol 0.01097 67.05 1153.80
water/80% glycerol 0.06114 65.03 1208.50
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B Liquid Properties and Experimental Parameters

Evaluation of Primary Droplet’s Circularity

Free falling droplets larger then 1 mm in diameter experience shape deforma-
tions [19] due to aerodynamic forces. These deformations might influence the
impact behaviour of the droplets. Therefore, in the following the circularity
of the droplets is analysed. The circularity can be calculated from the pro-
jected area Aproj of the droplet divided by its perimeter Pproj according to
the following correlation

Circ = 4πAproj

P2
proj

(B.1)

proposed by Riley [103]. Note that there are further definitions for the circular-
ity, which can be found e.g. in Rodriguez et al. [105]. If the circularity assumes
the value Circ = 1 the droplet shape is a perfect circle. In contrast, if the value

Table B.2: Droplet circularity at different impact velocities

Impact velocity Hyspin Hexadecane
U0 droplet droplet

2.2 m/s 0.935 0.928
3.5 m/s 0.929 0.929
4.5 m/s 0.926 0.929

approaches Circ = 0, the droplet has an strongly elongated shape.
The circularity of the droplets in this work was evaluated for a sample of 50
experiments, whereby half of the experiments comprised a Hyspin droplet and
the other half a hexadecane droplet. Furthermore, different impact velocities
were analysed. The corresponding results are listed in Table B.2. As can be
seen, the impacting droplets are not perfectly circular. A visual inspection of
the droplets revealed that they have a slightly oblate shape.

The oblateness of the droplet is analysed by calculating the ratio of the vertical
Dvert to horizontal Dhori primary droplet diameter. If Dvert/Dhori = 1, the

Table B.3: Diameter ratio Dvert/Dhori at different impact velocities

Impact velocity Hyspin Hexadecane
U0 droplet droplet

2.2 m/s 0.948 0.974
3.5 m/s 0.935 0.945
4.5 m/s 0.897 0.912
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droplet is spherical. The results for the oblateness of the droplets are listed
in Table B.3 for different liquids and impact velocities. As can be seen, the
oblateness is smaller than 10 %, thus the influence of the aerodynamic forces
on the impact process can be neglected.
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APPENDIX C

Additional Crown-Type Splashing Results

For completeness, this appendix provides additional results with regard to the
crown-type splashing dynamics discussed in Chapter 6.
In Figure C.1, the crown-type splashing morphology for a non-dimensional film
thickness of δ = 0.2 is illustrated for the one- and two-component interactions
of Hypsin/hexadecane.
Figure C.2 depicts the dependence of the crown base diameter evolution on
the Weber number WeD for a non-dimensional film thickness of δ = 0.2.
The secondary droplet properties, namely total number, ejected volume, and
arithmetic mean diameter, derived for the Hyspin one-component interaction
are presented in Figure C.3.
For the hexadecane one-component interactions exhibiting bubble formation
the secondary droplet characteristics are summarized in Figure C.4.
Finally, the results for the mass mean diameter (MMD) of the secondary
droplets ejected during Hyspin-hexadecane interaction are shown in Figure C.5.
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C Additional Crown-Type Splashing Results

Impact Morphology for δ = 0.2
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Figure C.1: Sample image sequences of the crown-type splashing mor-
phology observed for one-component (row 1 and 4) and two-
component (row 2 and 3) interactions at δ = 0.2, We > 1200,
including non-dimensional time after impact and a scale bar
measuring 2.5 mm
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Dependence of Crown Base Diameter Evolution on WeD

Figure C.2: Evolution of crown base diameter D∗Base for δ = 0.2, and
WeD > 1300 and WeD < 1000
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C Additional Crown-Type Splashing Results

Secondary Droplet Properties of Hyspin One-Component
Interactions
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Figure C.3: Secondary droplet characteristics of Hyspin one-component
interaction
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Secondary Droplet Properties of Bubble Formation Cases
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Figure C.4: Secondary droplet characteristics of hexadecane one-
component interactions exhibiting bubble formation
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C Additional Crown-Type Splashing Results

Mass Mean Diameter of Hexadecane-Hyspin Interactions
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Figure C.5: Mass mean diameter (MMD) D0.5 of secondary droplets for
hexadecane-Hyspin interaction
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APPENDIX D

Crown Bottom Breakdown - Additional Results

This appendix contains additional experimental results in connection with
crown bottom breakdown as mechansim of secondary droplet ejection, which is
discussed in Chapter 7.
In Figure D.1 the influence of the dimensionless film thickness δ (a) and
Weber number WeD (b) on the crown bottom breakdown phenomenology of
the Hyspin-hexadecane interactions is presented. The size distribution of all
ejected secondary droplets (CTS and CB) compared to the size distribution
of the CTS droplets only is depicted in Figure D.2 for a Hyspin-hexadecane
interaction experiment at WeD = 1410 and δ = 0.09.
Hereafter, the secondary droplet characteristics observed for the Hyspin one-
component interactions exhibiting crown bottom breakdown are summarized
in Figures D.3 to D.5.
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Hyspin-Hexadecane Interaction: Influence of WeD and δ
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(a) Effect of dimensionless film thickness δ at WeD ≈ 1250.
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(b) Effect of Weber number WeD at δ = 0.08.

Figure D.1: Crown bottom breakdown phenomenology of Hyspin-
hexadecane interactions. Non-dimensional times τ in all
images, and scale bar equals 2.5 mm
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Figure D.2: Sample size distributions of secondary droplets comprising
CTS and CB induced droplets for a Hyspin-hexadecane ex-
periment with WeD = 1410 and δ = 0.09
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Figure D.3: Sample size distributions of secondary droplets comprising
CTS and CB induced droplets for Hyspin one-component
interaction experiment with WeD = 1420 and δ = 0.06

For the Hyspin one-component experiments present her, the share of CTS droplets
is always smaller than 10 % as can be seen in Figure D.4 (b). This might be
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Figure D.4: Secondary droplet characteristics for crown bottom breakdown
experiments of Hyspin one-comp. interaction
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due to fact that the experiments are located in the vicinity of the splashing
limit and even in the deposition regime.
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Figure D.5: Secondary droplet characteristics of Hyspin one-component
interactions exhibiting crown bottom breakdown.
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