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What we know is a drop,
what we don’t know is an ocean.

Sir Isaac Newton

...especially if the ocean is of another liquid.





Abstract

Drop/wall film interaction is an important process involved in many technical ap-
plications, such as fuel injection into the combustion chamber and spray cooling,
coating or cleaning. In some cases the liquids of a drop and of a wall film are
different. If secondary droplets result from this interaction, these droplets might
contain both liquids. In an internal combustion engine this phenomenon could in-
fluence the combustion process and emission formation, and could potentially be
a reason of pre-ignition events. The outcome of drop impact is influenced by se-
veral parameters, such as initial drop diameter, impact velocity, but also the fluid
properties of both liquids and even on their miscibility. For technical applicati-
ons it is necessary to know the different phenomenon involving outcomes such
as maximum corona diameter and content of secondary droplets. Due to the large
number of influencing parameters if both liquids are different, the process is highly
complex and not fully understood yet.
In the present study the impact of a single liquid drop onto a thin liquid film of

another miscible as well as immiscible fluid is investigated experimentally. The
dynamics of drop impact are captured using a high-speed video system. For the
investigation of the drop impact dynamics different configurations of the experi-
mental setup are used: for study of the normal and inclined impact, for obtaining
of the bottom view on the expanding corona, and for investigation of details of the
flow of both liquids using a colour high-speed visualization.

Different outcomes resulting from normal drop impact are determined and clas-
sified regarding the influencing impact parameters: deposition, corona, splashing
and partial rebound. Drop spreading is observed on highly viscous and soft sub-
strates. The maximum spreading diameter on these substrates is determined for
different impact conditions. For less viscous wall films, drop impact can lead to
the expansion of a corona. The maximum corona diameter is investigated and de-
termined for several fluid combinations. In case of drop impact onto an inclined
wall film the impact leads to the expansion of a non-axisymmetric corona. The
geometry of the non-axisymmetric expansion is determined and theoretically des-
cribed.

Under certain conditions secondary droplets are formed as result of drop splash-
ing. To predict splashing, splashing thresholds have been determined for wetted
and soft substrates separately. Since both fluid properties influence the splashing
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threshold, new scalings are introduced, which involve the properties of both li-
quids. It is shown that the well-known K number only determines the splashing
threshold of the viscosity of the film if it is much larger or much smaller than the
drop viscosity. For comparable viscosities of drop and wall film, a critical modi-
fied K number is introduced, which is a function of the viscosity ratio. Finally,
the modified K number is used to predict splashing for typical engine conditions,
since splashing is considered as one of the effects triggering pre-ignition in the
engine. A further phenomenon, which is observed at some conditions, is corona
detachment. In this case the corona detaches from the corona base leading to a
secondary atomisation. This phenomenon is investigated and the range of para-
meters, for which corona detachment can be observed, is determined.
Finally, it is not only important to be able to predict whether splashing will

occur or not, but also to know the content of multicomponent corona and secon-
dary droplets, when the liquids of drop and wall film are different. To distinguish
flows of different liquids, the drop is dyed and a colour high-speed visualization of
impact is implemented. A calibration method is introduced and described, which
allows the determination of the content ratio of both liquids in case of an immisci-
ble droplet-in-droplet configuration. The distribution of both liquids in the corona
and secondary droplets is determined. It is shown that the content of the secon-
dary droplets is dependent on the wall film viscosity. It is demonstrated that the
introduced method is applicable for future parametric studies of multicomponent
droplets.
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Kurzfassung

Die Interaktion von Tropfen und Wandfilm ist ein wichtiger Prozess in etlichen
technischen Anwendungen, wie der Kraftstoffeinspritzung in die Verbrennungs-
kammer, der Sprühkühlung, der -beschichtung oder -reinigung. Inmanchen Fällen
sind die Flüssigkeiten von Tropfen und Wandfilm unterschiedlich. Kommt es zur
Bildung von Sekundärtropfen, können diese Tropfen beide Flüssigkeiten enthal-
ten. Auftreten von Sekundärtropfen in modernen Verbrennungskraftmaschinen
kann den Verbrennungsprozess und die Schadstoffbildung signifikant beeinflus-
sen. Des Weiteren kann Splashing Vorentflammung im Motor begünstigen. Das
Resultat des Tropfenaufpralls wird von vielen Parametern beeinflusst, wie vom
Tropfendurchmesser oder der Aufprallgeschwindigkeit, aber auch von den Flüs-
sigkeitseigenschaften beider Flüssigkeiten, wie Viskosität oder Oberflächenspan-
nung. Das Verständnis der unterschiedlichen Phänomene ist für viele technische
Anwendungen unabdingbar. Von besonderem Interesse sind hier beispielsweise
der maximale Kronendurchmesser und die Zusammensetzung der Sekundärtrop-
fen. Wenn die Flüssigkeiten unterschiedlich sind, ist der Prozess aufgrund der
großen Anzahl an Parametern hochkomplex und nicht vollständig verstanden.
In dieser Arbeit wird der Aufprall eines einzelnen Tropfens auf einen dünnen

Flüssigkeitsfilm einer anderen Flüssigkeit, die miteinander mischbar sein können,
experimentell untersucht. Die Dynamik des Tropfenaufpralls wird mittels einer
Hochgeschwindigkeitskamera aufgezeichnet. Für die Untersuchung der Tropfe-
naufpralldynamikwerden verschiedeneKonfigurationen des Versuchsaufbaus ver-
wendet: für die Untersuchung des normalen und geneigten Tropfenaufpralls, für
die Untersuchung der Untenansicht der sich ausbreitenden Corona und für die Un-
tersuchung der Zusammensetzung der Sekundärtropfen mittels einer Farbhochge-
schwindigkeitskamera.

Verschiedene Resultate des Tropfenaufpralls werden bezüglich der Aufprall-
bedingungen klassifiziert: Deposition, Coronabildung ohne Splash, Coronabil-
dung mit Splash sowie Partial Rebound. Die Tropfenausbreitung auf hochvisko-
sen und soften Oberflächen, sowie die Bestimmung des Ausbreitungsdurchmes-
sers als Funktion verschiedener Aufprallparameter, ist Grundlage der vorliegen-
den Studie. Im Falle von weniger viskosen Wandfilmen führt der Tropfenaufprall
zur Bildung einer Krone. Der maximale Kronendurchmesser wird untersucht und
für verschiedene Flüssigkeitskombinationen bestimmt. Beim Tropfenaufprall auf
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einen geneigten Wandfilm bildet sich eine unsymmetrische Krone aus. Die Geo-
metrie dieser Kronenausbreitung wird bestimmt und theoretisch beschrieben.
Unter bestimmten Bedingungen werden Sekundärtropfen durch Splashing ge-

bildet. Um Splashing vorhersagen zu können, werden Splashinggrenzen für die
benetzte und softe Wand bestimmt. Da die Eigenschaften von beiden Flüssig-
keiten das Resultat beeinflussen, wird eine neue Skalierung eingeführt, die die
Eigenschaften von beiden Flüssigkeiten berücksichtigt. Es wird gezeigt, dass die
bekannte K Zahl lediglich die Splashinggrenze bestimmen kann, wenn entweder
die Viskosität des Wandfilms viel größer oder viel kleiner als die des Tropfens ist.
Für vergleichbare Viskositäten wird eine modifizierte kritische K Zahl als Funk-
tion des Viskositätsverhältnisses eingeführt. Letztendlich wird die modifizierte K
Zahl zur Vorhersage von Splashing im Falle typischer Motorbedingungen verwen-
det. Ein neues Phänomen wurde unter bestimmten Bedingungen entdeckt: Corona
Detachment. In diesem Fall reißt die Krone an ihrer Basis an einem Punkt begin-
nend ab und schnellt nach oben, bis schließlich die Rim zerstäubt wird. Dieses
Phänomen wird untersucht und die Bedingungen, unter denen Corona Detachment
beobachtet werden kann, werden bestimmt.
Es ist nicht nur wichtig, Splashing vorhersagen zu können, sondern auch die Zu-

sammensetzung von Mehrkomponentensekundärtropfen zu kennen, wenn die Fl-
üssigkeiten unterschiedlich sind. Um die Flüssigkeiten zu unterscheiden, wird der
Tropfen eingefärbt und mittels einer Farbhochgeschwindigkeitskamera aufgezei-
chnet. Eine Kalibriermethode wird eingeführt und beschrieben, die die Untersu-
chung der Zusammensetzung im Falle nicht mischbarer Flüssigkeiten erlaubt. Die
Verteilung beider Flüssigkeiten in der Kronenwand und in den Sekundärtropfen
wird bestimmt. Es zeigt sich, dass die Zusammensetzung von der Viskosität des
Wandfilms abhängt. Es wird gezeigt, dass die eingeführte Methode für zukünftige
Parameterstudien der Untersuchung Mehrkomponentensekundärtropfen verwen-
det werden kann.
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1 Introduction

Splashing from drop impact onto a liquid film is of high significance due to its
importance in many industrial applications. For example, fuel mixture preparation
and emissions in modern combustion engines are influenced by the interaction of
fuel spray drops impacting onto lubricating oil films in the cylinder. Spray cooling
during the process of hot forging [197] or functional printing [101] are further
examples of technologies which involve drop film interaction of different liquids.
In these examples the drop/wall interaction is affected by the fact that the drop and
the liquid film are different liquids and may exhibit different degrees of miscibility.
The impact of a drop onto a surface, whether it is dry or wetted, soft or solid,

has been extensively investigated in the past. Prediction of splashing as a result of
drop impact onto a wetted substrate is rather important for modeling of different
industrial processes, like spray coating or painting [81, 136, 173, 200, 201], mi-
croencapsulation [65, 68], spray cooling [87, 111], or for internal engine combus-
tion processes [7, 168]. Fuel mixture preparation in modern combustion engines
is influenced by the interaction of fuel spray droplets impacting onto lubricating
oil films on the cylinder walls, resulting in splashing of mixed component drops
into the combustion chamber. This modified mixture can significantly affect the
combustion process resulting in degraded efficiency and increased pollution load
[125]. Another example is the injection of AdBlue into the exhaust gas system of
a vehicle. AdBlue is an aqueous urea solution of 32.5 wt.% urea, which is injected
into the selective catalytic reduction in order to improve the emissions of a diesel
engine. The effect of AdBlue injection is influenced, among other parameters, by
the content of the urea/water film already existing on the wall, since this influences
the composition of the splashed droplets. Besides applications in the automotive
industry, spray cooling during the process of forming and forging and the role of
additives in the lubrication solvents are further examples of where information re-
garding the splash occurrence after drop impact is of importance. The drop/wall
interaction in all of these cases is affected by the fact that the drop and the liquid
film are different liquids and may exhibit different degrees of miscibility.
Since all these applications show a very high degree of complexity the influence

of each parameter is not clearly evident. To gain a better understanding of the
physics of drop impact on wetted walls, first single drop impact experiments are
conducted to isolate the corresponding parameters.
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1 Introduction

1.1 Hydrodynamics of drop impact
Different phenomena of drop impact can be distinguished: impacts onto dry and
wetted walls, onto soft substrates and deep liquid pools. Additional phenomena,
related to phase change, can appear during impacts under various thermal condi-
tions, onto a very hot or very cold substrates. The diverse possible drop impact
combinations. In this chapter the theoretical background and recent studies to drop
impact onto dry walls and wetted walls are discussed.
The chapter starts with a fundamental description of the hydrodynamics of drop

impact including the corresponding dimensionless numbers followed by a review
of drop impact onto a solid, drywall in Section 1.2, onto awettedwall in Section 1.3
including different impact outcomes (Section 1.3.1), description of the corona pro-
pagation (Section 1.3.3) and the splashing threshold (Section 1.3.4). Finally, the
chapter concludes with the recent studies of drop impact onto thin films of different
liquids in Section 1.4, which is the main part of this study.

Dimensionless parameters Dimensional analysis is commonly used to ana-
lyse the relationship between physical variables. Therefore, the base parameters
such as length, mass and time of the physical variables and the corresponding units
are identified. Finally, by comparing the base parameters, dimensionless numbers
are created by elimination of the units. The obtained numbers can be used to com-
pare physical processes neglecting the corresponding units, to classify the results
or to transfer the data [165]. Physical processes are therefore often described by
the dimensionless parameters instead of the dimensioned variables. Thus, the ex-
perimental data can be generalized [201].
The falling drop is influenced by four forces, i.e. inertia, viscosity, gravity and

surface tension forces. Impact parameters such as initial drop diameterD0, impact
velocity U0 and film thickness ℎ and fluid properties such as kinematic and dyna-
mic viscosity � respectively �, surface tension � and density � influence the drop
impact. The following dimensionless numbers are used in this study to describe
the physical processes.
The Reynolds number Re describes the ratio of inertia to viscous forces [166]

and therefore shows the effect of viscosity compared to inertia. With increasing
Re the inertia forces dominate over the viscous forces

Re =
U0D0
�

=
U0D0�
�

. (1.1)

The Weber number We describes the ratio of inertia to surface tension. With
increasingWe the forces of deformation are dominating the surface tension leading
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1.2 Drop impact onto a dry, solid wall

to a decrease of the drop shape of a sphere [48].

We =
�DOU20
�

(1.2)
The Ohnesorge number Oh describes the influence of the viscosity on the de-

formation of drops and bubbles [121]
Oh = We1∕2Re−1. (1.3)

The capillary number Ca is relevant to drop impacts on solid substrates if the
dynamic contact angle influences the impact [201]

Ca = We
Re

=
�Uc
�
. (1.4)

with the contact line velocity Uc .In order to describe the impact combination two dimensionless numbers rela-
ted to the impact parameters are used: the viscosity ratio � and the relative film
thickness �

� =
�f
�d
, � = ℎ

D0
. (1.5)

Furthermore, the dimensionless convective time � defined as

� =
tU0
D0

, (1.6)

is often used for the dimensionless presentation of transient phenomena.

1.2 Drop impact onto a dry, solid wall
The hydrodynamics of drop impact onto a dry wall have been studied rather inten-
sively in the past, starting from the pioneer works of Worthington [194].
Different outcomes of drop impact have been identified [147] in the case of

drop impact onto a solid substrate as shown in Fig. 1.1: deposition, corona and
prompt splash, full and partial rebound. The outcome is determined by the impact
parameters [132, 135, 183, 187] such as drop diameter, impact velocity and impact
angle, liquid properties such as density, surface tension and viscosity, substrate
properties [139, 144] such as wettability, roughness, material properties, elasticity
and ambient conditions.

The observed outcomes are as various as the band width of applications. The
outcome of the drop impacting onto a surface is determined by the properties of

3



1 Introduction

Figure 1.1: Different outcomes resulting from drop impact onto a dry wall: depo-
sition, prompt and corona splash, receding break up and partial and
complete rebound. Reprinted from [147]. Copyright (2001) with per-
mission from Begell House, Inc.

the surface, whether it is wetted or dry, soft or hard. One such pioneering work is
fromRoisman et al. [157], where the authors introduced a theoretical model which
predicts the spreading diameter taking into account inertia, viscous and surface
tension forces as well as wettability. Due to both, the importance of the techni-
cal application and the different outcomes the drop impact has been and is still
investigated regarding numerous impact conditions. Two most recent review arti-
cles summarised the research that have been undertaken over the past two decades
[81, 200]. The authors mention that depending on the application certain outco-
mes are desirable, i.e. rebound in case of super-cooled drops impacting onto the
surface of an aircraft or splashing in case of spray cooling. In order to fulfill the
requirements of the applications the drop impact has to be understood.
Importance and industrial relevance of the phenomena of viscous drop impacting

a deformable substrate [44], lead to intensive research in this field and an in-
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1.2 Drop impact onto a dry, solid wall

creased number of publications in the last years. The study of deformable sub-
strates have revealed deformation at the three-phase contact line due to the ba-
lance of surface tension and elastic stresses inside the substrate at the contact line
[1, 112, 140, 162]. The existence of a wetting ridge at the moving contact line
influences significantly the wetting and dewetting kinetics [8]. Recent studies of
water drop impact onto deformable viscoelastic surfaces [4, 33] have demonstrated
the influence of the viscoelastic dissipation during the receding phase.

Drop spreading and receding The drop impact consists of two phases, spre-
ading and receding. These two phases are mainly governed by the motion of the
rim. The drop impact onto a solid substrate generates a radially expanding flow
in a thin lamella of nearly uniform thickness bounded by a rim which is created
due to capillary and viscous forces [157, 171, 202]. Under certain conditions, the
rim can get unstable and lead to the generation of secondary droplets. Yarin and
Weiss developed an inviscid, remote approximation of the velocity field in the thin
expanding lamella for high Reynolds and Weber numbers [202]. The following
approximation satisfies the mass and momentum balance.

vr0 =
r

t + �
, vz0 =

2z
t + �

, (1.7)
with the radial and axial coordinates r and z and the corresponding velocity com-
ponents vr0 and vz0, the time t and the time constant �.
On the other hand, an exact similarity solution of Roisman takes the viscosity

of the droplet liquid into account [150]

vr =
r
t
g′(�), vz = −2

√

v
t
g(�), � = z

√

�t
, (1.8)

with the dimensionless function g(�) of the similarity variable �. The analysis of
the expansion of a viscous boundary layer in the spreading drop yields an expres-
sion for the residual thickness of the lamella [150]

ℎres ≈ 0.79D0Re−2∕5. (1.9)
The contact area between the impacting drop and the substrate is described by

the spreading diameter. The maximum spreading diameter is an important para-
meter in several applications such as spray cooling. The spreading diameter is
determined by the flow inside the lamella and the propagation of the rim [150].
Consequently, Reynolds and Weber number as well as the substrate properties
such as wettability determine the maximum spreading diameter additionally. The
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spreading diameter has been already investigated from small scale of microme-
ter drops [181, 186] to big scale of millimeter drops [36, 97]. For the analy-
sis of the spreading behaviour the dimensionless maximum spreading diameter
Dmax,spread = Dmax∕D0 is introduced. In the following several theoretical appro-aches describing the maximum spreading diameter are discussed.
Different approaches have been used modelling the maximum spreading dia-

meter. Several authors focused on the energy balance of the impacting drop com-
paring the initial kinetic and surface tension energy of the drop with the surface
tension energy of the lamella while accounting the energy loss due to viscous dis-
sipation [30, 40, 57, 137, 193]. This kind of approach yields exemplary following
algebraic equation [180]:

AD
3
max − BDmax + 8 = 0,

A = 3(1 − cos�) + 4WeRe−1∕2,
B = We + 12

(1.10)

with the contact angle between substrate and drop �. The root of this equation
predicts the maximum spreading diameter.
Scheller and Bousfield [159] as well as Marmanis and Thoroddsen [118] intro-

duced the correlation between Dmax and the K number K = Re1∕2W e1∕4 (which
is explained in Section 1.3.4 in more detail). Resulting from this correlation fol-
lowing expression was proposed [159].

Dmax ≈ 0.61K0.332 (1.11)
Clanet et al. introduced a scaling, i.e. DmaxRe−1∕5, dependent on the dimensi-

onless impact parameter Λ as introduced in Eq. (1.12) in the case of drop impact
onto a superhydrophobic substrate [39]. The impact parameter Λ describes two
regimes, a non-viscous regime and viscous regime.

Λ =WeRe−4∕5

Λ > 1 Dmax ∼ Re1∕5

Λ < 1 Dmax ∼ We1∕4
(1.12)

In contrast, Roisman scales with the residual lamella thickness ℎres as introdu-ced in Eq. (1.9). This model accounts for the motion of the rim under the influence
of surface tension. Good agreement with experimental data is obtained [150]
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1.2 Drop impact onto a dry, solid wall

Dmax = 0.87Re1∕5 − 0.4Re2∕5We−1∕2. (1.13)
Butt et al. extended this model for superhydrophobic substrates (� → �) [27]

Dmax = 0.87Re1∕5 − 0.48Re2∕5We−1∕2. (1.14)

Splashing Whether or not splashing occurs is relevant to several applications
and can also influence the spreading diameter. Therefore, several approaches mo-
delling the splashing threshold have been made.

The splashing threshold is determined by various parameters such as impact pa-
rameters of the drop, substrate characteristics and also ambient conditions, such as
surface roughness and temperature. Several empirical expressions for the splashing
threshold have been developed, which allow to predict the transition from depo-
sition to splashing. Such expressions account for the impact angle [16] or for
substrate roughness [156]. Exemplary, the ambient gas material and its pressure
can suppress splashing [98, 196]. Since the ambient atmosphere is not changed in
this study, ambient pressure effects are not reviewed in more detail.

The substrate characteristics such as morphology and porosity can also signi-
ficantly influence the impact outcome [105, 124, 148]. Porosity allows the liquid
to partially penetrate the substrate and consequently the substrate imbibes liquid.
Roughness enhances prompt splash. Roisman et al. defines a critical Weber num-
ber for prompt splash on rough and structured surfaces [156]

Weprompt ≈ 10(Rpk∕Rsm)−0.83, (1.15)
with the average height of the protruding peaks above the roughness core profile
Rpk and the mean width of the profile element Rsm.

TheK number is used several times for predicting the corona splash, but several
authors revealed that K is only applicable for a narrow range of drop impacts
[16, 132, 135, 183]. Roisman et al. introduced empirical expressions based on
existing experimental data [156]

Cacorona = 0.067 + 0.6 Oh
0.35 Re < 450,

Ohcorona = 0.0044 Re > 450.
(1.16)

Several studies focus on the impact phenomena by analyzing the influence of
drop rheological properties on splash when non-Newtonian liquid drops are used.
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Among these rheologically complex liquids are dilute polymer solutions on hyd-
rophobic surfaces [15, 18] along with shear thinning [78, 86, 96, 102] and shear
thickening liquids [22].
Splash phenomenon can be enhanced or suppressed also by choice of the sub-

strates, by varying their bulk or surface properties [43]. Passive control for drop
impact and its splashing is implemented, for example, in the design of icephobic
surfaces [5, 9, 28, 82, 95, 122, 123, 175, 184]. Drop impact onto porous, nanofiber
coated surfaces, which can be used for intensive cooling ofmicroelectronic devices
[167], is followed by fast drop penetration into the porous layer and the successive
slow drop imbibition and evaporation. In many cases, coatings suppress splash
and prevent rebound [105, 191].
Next to the influencing parameters of drop and substrate, temperature also plays

a significant role. The impact outcomes are significantly different if the impact
substrate is cooled or heated. In case of a heated substrate a temperature related
regime occurs [23]. Drop impact onto a heated wall is related to spray cooling
at the early stage or fuel injection in aircraft gas engines. In case of a drop im-
pact onto cold surfaces or impact of supercooled drops involves additionally the
thermodynamic process of solidification and is exemplary related to aircraft icing
[161].

1.3 Drop impact onto a wetted wall
If the impact substrate is wetted, the drop firstly contacts the wetting liquid. If the
substrate influences the impact outcome is dependent on the film thickness. The
resulting outcomes differ from the outcomes on solid substrates, since the wall
film liquid participates in most cases.

1.3.1 Outcomes of drop impact
Drop impact onto a wetted wall results in several different impact outcomes such
as deposition, corona, prompt and corona splash and partial rebound [3, 133, 155]
as shown in Fig. 1.2. For low Weber numbers two further impact outcomes are
observed, floating and bouncing [134, 170]. In case of floating, the droplet floats
on the surface of the wall film before it eventually coalesces with the film. The
drop is (partially) reflected from the surface and jumps on the surface in the case
of bouncing. Impacts of tiny drops (D0 ≈ 0.5 mm) or with low velocity on thin
films lead to capillary waves. These waves propagate over the free surface of the
wall film starting from the impact point. Gravity can be neglected for scales of
the order of several millimeters and viscosity can be neglected for time scales in
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1.3 Drop impact onto a wetted wall

Figure 1.2: Different impact outcomes: a) Deposition, b) Corona, c) Corona
Splash, d) Corona Detachment and c) Partial Rebound. Reprinted fi-
gure with permission from [92]. Copyright 2018 by the American Phy-
sical Society.

the order of several milliseconds [201]. Self-similar capillary waves are described
and discussed in [202]. Since significantly higher Weber and Reynolds numbers
are used in this study, these effects are not discussed in more detail. One impor-
tant phenomenon is the rupture of the liquid film on a wall as a result of the fast
spreading produced by drop or spray impact [83]. The flow instability leading to
the film rupture can be enhanced by the presence of the second liquid of different
surface tension. This phenomenon could potentially increase the wall deposition
significantly under engine conditions.

The outcome of drop impact is influenced by the impact parameters (drop dia-
meterD0 and impact velocityU0) and thematerial properties of the fluids (kinema-
tic viscosity �, density � and surface tension �). Correspondingly, the main dimen-
sionless parameters describing drop impact are the Reynolds and Weber numbers
defined in Eq. (1.1) and Eq. (1.2).
The drop initially penetrates the wall liquid film, creating a crater. This crater

first expands and then retracts because of capillary forces and gravity. If the im-
pact velocity of the drop is relatively low, the impact generates a set of circular
waves expanding on the wall film. At higher impact velocity and surface tension,
retraction of the crater can lead to the generation of a central jet. In some cases
this jet breaks up, leading to partial drop rebound [200].

Another recent study by [111] shows a review of drop impacts onto liquid films
of the same liquid.
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Table 1.1: Different wall film regimes
Wall film regime Range of � References
Very thin film Lnd < � < 3R0.16nd [177]

� < 0.1 [188]
Thin film 3R0.16nd < � < 1.5 [177]

� < 1 [42, 127]
Shallow pool 1.5 < � < 4 [177]
Deep pool � ≫ 4 [177]

1.3.2 Wall film regimes
The phenomena resulting from drop impact onto a wetted wall is highly influenced
by the film thickness (thin film or deep pool) due to its potential contact with the
impact substrate. The effect ranges from influence of the substrate roughness till
no influence in changes of the film thickness. Therefore, the wall film needs to be
classified before discussing the impact phenomena. First classifications have been
defined in the 1960s using the relative film thickness �. Engel [53] defined shallow,
� < 2, and deep pool, � > 5, regarding whether the pool bottom affects the impact
(shallow pool) or not (deep pool). Furthermore, Engel constructed the hypothesis
that secondary droplets created through drop impact use only 5% of the impacting
drop kinetic energy. In contrast, Macklin and Hobbs [114] redefined shallow, i.e.
� ≤ 0.5, and deep pool, i.e. � ≥ 1.5. Furthermore, the dimensionless surface
roughness Rnd = Ra∕D0 and the length scale of roughness Lnd = La∕D0 areused for the classification of wall film regimes [177].
Nowadays, wall films are divided into different regimes: very thin film, thin

film, shallow pool and deep pool [42, 127, 177, 188] as shown in Table 1.1. In this
thesis, the relative film thickness is in the range of 0.03 < � < 0.36 and therefore,
in the very thin film and thin film regime.

The influence of the wall film thickness on the total number of secondary drop-
lets in case of splashing was already studied in 1959 by Gregory et al. [69]. With
increasing wall film thickness the number of secondary droplets decreases together
with the height of the ejected jets [76].

(Very) Thin film If the drop impacts onto a (very) thin film the drop will touch
the impact substrate. Due to this contact, the conditions of the impact substrate
clearly influence the impact outcome. In this study, smooth glass plates are used
and the corresponding surface roughness is negligible compared to the initial drop
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1.3 Drop impact onto a wetted wall

Figure 1.3: A water drop impacting onto a water wall film withD0 = 3mm, U0 =
3.1 m/s and � = 0.033 and resulting Re = 9500 andWe = 420

diameter. The corona propagation resulting from drop impact onto a thin wall film
is described in more detail in Section 1.3.3. If the film thickness is comparable to
the initial drop diameter but much bigger than the surface roughness, the wall film
regime is called thin film. The surface roughnessRnd = R�∕� gains in importance
if the film thickness decreases. If the relative film thickness is comparable to Rnd ,the regime is called very thin film [42], see Table 1.1.

This thesis focuses on drop impact onto (very) thin wall films (0.04 < � < 0.35)
and therefore, the review focuses mainly on (very) thin wall films.

Shallow/Deep pool In the case of shallow or deep pool the impacting drop is
not interacting with the impact substrate and therefore, the impact substrate does
not play any role. Depending onD0 and U0 the drop is penetrating the liquid untilthe bulk liquid stops the penetration due to viscosity. A typical impact outcome
is shown in Fig 1.4. The drop penetrates the semi-finite liquid pool and creates
an expanding cavity which is similar to a spherical cap (half sphere). Inertia and
surface tension then cause the receding of the cavity. The collapse of the corona
creates capillary waves moving down to the receding cavity. Finally, the central jet
is ejected [17]. For increasing impact velocities the formed corona can possibly
arise further and neck in, which leads to a dome above the crater. This leads to a
downward jet moving towards the raising crater. During the collapse, air bubbles
can be possibly entrapped. A classification of different kind of bubble entrain-
ment have been proposed by Pumphrey and Elmore [143]: irregular and regular

11



1 Introduction

Figure 1.4: A water drop impacting onto a water deep pool with D0 = 2.8 mm,
U0 = 4.2 m/s and � ≫ 4 and resulting Re = 14638 and We = 683.
Reprinted figure with permission from [17]. Copyright 2010 by the
American Physical Society.

entrainment, entrainment of large bubbles and the Mesler entrainment. The film
thickness is not influencing the impact outcome in the deep pool regime.
Comparing Fig. 1.3 and Fig. 1.4 the influence of the wall film regime is very

obvious. Besides the wall film thickness the impact parameters are approxima-
tely comparable, therefore, the two different wall film regimes cause the different
impact outcomes. In Fig. 1.4 the drop can penetrate the wall film liquid freely
without influence of the wall leading to the formation of a crater. In Fig. 1.3 the
drop motion is stopped at an early stage due to the wall leading to the formation
of the corona.

Oblique drop impact If the wetted substrate is inclined, the wall film is not in
rest anymore, but flows with the velocity V� driven by gravity. The impact velocity
U0 is measured normal to the wall. Using the inclination angle � the expression
tan � = V�∕U0 = V� is used [201]. Several experimental studies focus on oblique
drop impacts onto thin films [31, 109] and onto deep films [106, 131]. Cheng et
al. focused on the numerical investigation of the oblique impact [37]. Che et al.
[31] varied the Ohnesorge and Weber number of the drop as well as the Reynolds
number of the film and observed phenomena such as bouncing, partial coalescence
and splashing. Dependent onWeber and Reynolds number, the different outcomes
are classified in a regime map. The flowing film affects the impact outcome sig-
nificantly [31]. Liang et al. [109] focused on the influence of surface tension and
viscosity. Spreading becomes asymmetric and no contradiction for the outer rim is
observed. Consequently, also splashing is asymmetric. The size of the secondary
droplets can be increased with increasing surface tension of the film. Okawa et al.
[131] investigated the effect of inclination on the total mass of produced secon-
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1.3 Drop impact onto a wetted wall

dary droplets. The authors observed a critical inclination angle for the formation
of secondary droplets. For smaller inclination angle (� = 10◦ − 50◦) the size of
the secondary droplets increases and therefore the total mass. Inclination angles
of � = 50◦ − 70◦ lead to a decrease of size and total number. Exceeding � = 70◦,
no secondary droplets are generated anymore [131]. Leneweit et al. [106] obser-
ved bouncing only till � = 14◦. Capillary waves are observed for small Weber
numbers (We < 10), whereas for larger Weber numbers a lamella is ejected. The
authors compared the experimental data with their numerical data and obtained
good agreement. Cheng and Lou [37] showed that an increase of inclination le-
ads to the transition from splash to partial splash till a critical inclination angle
is reached and splashing is suppressed. Splashing becomes asymmetric with an
elliptical lamella bottom.

Complex liquids Many studies focus on complex liquids due to the technical
applications such as suspensions, emulsions [20, 50, 51, 73, 142] or encapsulated
drops [38] onto dry substrates. One of the recent studies [108] is devoted to the
impact of a liquid drop onto a deep pool of another, immiscible liquid. They have
shown that at some threshold velocity the impact leads to the drop impact into
several fragments and thus to the liquid emulsification. Similar phenomena could
happen also after drop impact onto a liquid film if the impact velocity is high
enough. Furthermore, Non-Newtonian liquids show a wide range of fascinating
behaviour such as shear thinning or thickening, which is also very important in
many applications such as painting [59].

1.3.3 Corona propagation
Drop impact onto a wetted wall with high impact velocity results in the formation
and expansion of a corona. Due to the drop impact, the film in deformed. The ex-
panding corona is nearly axisymmetric for the normal impact onto a homogenous
wall film. The expanding base is circular starting from the impact point and only
the radial velocity component in the film appears. The expansion of the corona
is assumed to be inertia dominated and therefore viscosity effects are neglected
(Re ≪ 1). However, the velocity gradients can be high inside the drop at the first
stages of the impact even for high Re andWe. Even in this case the viscosity effect
cannot overall be neglected, due to the viscous boundary layer near the wall. Out-
side of this viscous boundary layer the velocity of the liquid is in the same order
as the impact velocity U0.
The expansion of the corona can be divided into four regions, the liquid lamella

on the wall film inside the corona, the undisturbed wall film outside the corona,
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the corona sheet and the free rim bounding the corona. Due to the corona ejection
a jump occurs in the wall film thickness and in the velocity in both liquids, which
is described by the kinematic discontinuity shown in Fig. 1.5 [202].
The formation and expansion of the corona is explained in [202] by the kinema-

tic discontinuity of the wall film. This inviscid theory [149, 202], valid for very
high Reynolds and Weber numbers of impact, allows prediction of the temporal
evolution of the corona radius (at the base of the corona) as Rcorona ∼ t1∕2 as a
balance of inertia and surface tension forces. At large times of corona expansion,
the influence of surface tension becomes significant. These forces, together with
gravity, lead to deviation of the radius expansion from the square root dependence
on time predicted by the inviscid theory. Moreover, at some instant the radius
reaches a maximum and the crater begins to recede. The motion of the rim de-
termines the complete lifetime of the corona, starting from the initial elevation
till the surface tension and gravity driven collapse. The dimensionless maximum
crater diameter and the corresponding dimensionless spreading time tmax are onlyslightly dependent on the initial film thickness and on the liquid viscosity and is
in contrast determined mainly by the Weber number. These phenomena are inves-
tigated in detail and modeled in [13, 158].

Kinematic discontinuity The understanding of the dynamics of drop impact
onto a liquid film is based on the study of Yarin andWeiss [202], where an asymp-
totic solution for an inviscid wall flow is found and the splash phenomena is descri-
bed as a propagation of a kinematic discontinuity of a spreading film. The uprising
free liquid sheet resulting from drop impact is formed due to this kinematic dis-
continuity. The kinematic discontinuity is described by using different regions as
shown in Fig. 1.5. The wall film is separated by the base of the uprising liquid
sheet and is shown in Region 1 and 2 in Fig. 1.5. The interface XB represents
the transition between these two regions and is presented as Region 3 in Fig. 1.5.
At this interface two jumps occur, the film thickness jumps from ℎ1 to ℎ2 and the
velocity from V1 to V2. This transition region resulting in these two jumps is called
the kinematic discontinuity proposed by Yarin and Weiss [202]. The thickness of
the kinematic discontinuity is in the same order of magnitude as ℎ1 and ℎ2. Region4 is the rim bounding the free uprising sheet and will be discussed in Paragraph
Taylor rim. The detailed theoretical derivation can be found in [201, 202]. For
low Weber numbers crown formation is prevented since inertial forces are weak
compared to the forces of surface tension. Therefore, the theoretical derivation
in [201, 202] only considers inertia dominated impacts. Considering the magni-
tude of the velocity of the kinematic discontinuity (normal to its front) U and the
specific volume flux into the kinematic discontinuity Q following expressions are
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(a) (b)

Figure 1.5: Schematic sketches of the kinematic discontinuity: jump of the film
thickness (a) (Reprinted figure with permission from [158]. Copyright
2008 by the American Physical Society Permission.) and the different
regions of the uprising liquid sheet formed by the kinematic discon-
tinuity (b) (Reproduced with permission [149]).

obtained [201].

U = 1
2
(

Vn1 + Vn2
)

, Q = 1
2
(

ℎ1 + ℎ2
) (

Vn1 − Vn2
) (1.17)

For a positive value of the sink termQ the kinematic discontinuity is formed by
the interaction of two liquids on the wall as shown schematically in Fig. 1.5 (a).
The thickness of the uprising sheet is assumed to be thin. The sheet experiences
the effect of capillary, viscous, body and gas drag forces. The effect of the surface
tension consists of the capillary pressure in the film and the functional surface
tension force acting at the free surfaces [201].
Moreover, this study proposes a reliable and widely accepted form for the des-

cription of the splashing threshold, which depends, among other parameters, on the
drop impact frequency. Following this theory, the velocity u, the lamella thickness
ℎ and the radius of the corona Rb can be expressed in dimensionless form as

u = r
t + �

, ℎ =
�

(t + �)2
, Rb = �

√

t + �. (1.18)

where � and � are constants. Here the drop initial diameter is used as a length
scale and the impact velocity as the velocity scale [202].
Propagation of the corona in a liquid film has been studied in [158]. Experimen-

tal data agree well with Eq. (1.18) and show that surface tension influences the
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evolution of the corona radius leading to its deviation from the predicted square-
root dependence of Rb on time [41, 202]. Moreover, surface tension and gravity
lead to the crater receding after its diameter reaches the maximum value Dmax.Trujillo and Lee generalised this theory of Yarin and Weiss by taking the effect
of viscous forces into account and improved the prediction of the propagation of
the crown radius [179]. Since the difference is not as big though compared to the
model of Yarin and Weiss, the liquid inertia is clearly the main influencing factor
for high impact velocities [201].

Taylor rim The surface tension is balanced by the inertia of the liquid at the
free edge of a free liquid sheet. The free rim propagating towards the liquid sheet
occurs due to capillary forces [171]. The relative steady rim velocity V in normal
direction to the centerline can be expressed by

V =
(

2�
�ℎs

)1∕2
(1.19)

with ℎs being the thickness of the free sheet. Eq. 1.19 is valid for low viscosities.
The propagation of the rim can explain many physical phenomena such as spre-

ading and receding of drop impact onto a solid substrate and binary drop collision.
The flow entering the rim from the free sheet and the capillary forces influence the
rim dynamics and stability mainly. The surface tension can lead to an accelera-
tion and to a deformation of the rim. If the rim becomes unstable, finger-like jets
are produced, which can lead to the break up into secondary droplets. The flow
in these jets can be considered as almost parallel to the plane of the free liquid
sheet in the normal direction to the centerline of the rim. If the viscous stresses
are comparable with the capillary pressure, the rim is deformed and not circular
anymore. No rim at all is formed, if the viscous stresses are balanced by surface
tension [201].
Rim instability and the mechanisms of splash still remain obscure and depend

(probably) on the impact conditions. Some ideas about rim instability are dis-
cussed in the following. The stability analysis of a infinite cylindrical jet cannot
describe the formation of finger-like jets and their break up. Therefore, the Ray-
leigh capillary instability cannot be considered solely. However, one remark of the
analysis of Rayleigh says that the fastest growing perturbation of an infinite cylin-
der is axisymmetric, just as the rim deformation [155]. The Rayleigh capillary
instability is only valid for no longitudinal stretching of the rim, what can be ob-
served in propagating coronas though. Roisman et al. analysed the linear stability
of the inviscid rim [155]. The obtained equation system is derived from the mass,
momentum and angular momentum balance equations. With rim acceleration, the
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growth rate of the rim perturbations increases significantly and decreases with the
relative film thickness. The occurring wavelengths are comparable with the wave-
lengths obtained by Rayleigh and Weber [201]. The perturbation of the rim is not
clearly visible when the formation of finger-like jets starts. The instability of the
internal flow inside the rim can lead to the deformation of the rim cross section.
This phenomenon can be explained by the long-wave approximation of the quasi
two-dimensional theory of rim dynamics.
Stretching leads to viscous stresses in the liquid sheet influencing the dynamics

of the rim. For low viscosity liquids, the effect of the rim formation on the liquid
flow is small leading to the stretching as an independent parameter. The theoretical
approach can be found in Yarin [199].

Viscous boundary layer Even for high Reynolds numbers, where inertial ef-
fects predominate viscous effects, viscous effects cannot be totally neglected, es-
pecially near the wall, where the velocity gradients and thus the viscous stresses
are high. At the instant of drop impact a near wall viscous boundary layer occurs.
In this boundary layer, the flow is significantly slowed down. The thickness of the
boundary layer is

�BL = 1.88
√

�t. (1.20)
The velocity field in the boundary layer is expressed by

vr = g′
[

z
√

�t

]

r
t
, vz = −2g

[

z
√

�t

]
√

�
√

t
(1.21)

and the wall shear stress is expressed by [150]
�w ≈ 1.0354

√

��rt−3∕2. (1.22)

Residual film thickness A liquid film is formed below a penetrating and ex-
panding cavity resulting from drop impact. The penetration velocity decreases
when approaching the wall due to the wall effects [13]. The film thickness below
the cavity follows the remote asymptotic solution of Yarin and Weiss [202] when
inertia of the liquid is dominant. The viscosity effect damps the flow of the liquid
film to a minimum film thickness below the cavity. A near wall viscous boundary
layer occurs instantly at the impact for drop impacts onto thin films and high Re
andWe. At some time the thickness of this viscous boundary layer is comparable
with the film thickness below the cavity. The thickness of the viscous boundary
layer is a function of the square root of time, �BL ≈

√

t∕Re [153]. Finally, the
dimensionless residual film thickness is described by
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ℎres = A(�)Re−2∕5. (1.23)
Numerical results yield the coefficient A.

A ≈ 0.79 + 0.098�4.04 (1.24)
For thin wall films (small �) the approach is similar to the impact onto a solid wall
[201].

1.3.4 Splashing threshold

One of the most important outcomes for many technical applications is splashing,
occurring when drop impact leads to the generation of a number of secondary
droplets. Two main kinds of splash has been identified, the corona splash and
the prompt splash [74, 107, 115, 147, 188, 195]. Occasionally, also corona deta-
chment has been observed during spray impact in microgravity by [154], leading
to the generation of larger secondary droplets, formed from the corona rim. This
phenomenon is described in Chapter 6 in more detail. In prompt splash fine se-
condary droplets are produced from the jets ejected immediately after the impact.
The corona splash occurs when the inertial effects in the flow generated by drop
impact are significant. The effect of capillary forces is also significant at the edge
of the uprising sheet forming the corona. These forces lead to the formation of a
propagating rim [152, 171, 202], growing due to the flow entering the rim from
the free liquid sheet. The rim bounding an uprising sheet is unstable. If the corona
expansion time is long enough (tsplasℎ ≪ D0∕U0), the rim instability can lead to
the formation of cusps [155, 202] and finger-like jets, which then finally break up
and generate a number of secondary droplets. Two kinds if perturbation waves can
be observed during corona formation: longitudinal and azimuthal waves. While
the longitudinal waves propagate in vertical direction in the corona, the azimuthal
waves can be observed along the cylinder as periodical swallowing. The azimuthal
waves seem to be correspondent to the roots of the jets [42]. The cusps are formed
by the liquid motion inside the rim.
Among the parameters which are mostly studied in the field of drop impact are

the splashing threshold, diameter of the secondary droplets and their mass ratio
scaled by the mass of the impacting drop, maximum spreading diameter of the
drop or of the corona. Comprehensive reviews [81, 117, 200, 201] of drop impact
phenomena and their modeling can be found in the literature.
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Empirical correlations can be formulated for the splashing threshold
K = 2100 − 2700 exp(−58.�), 0.02 < � < 0.1, (1.25)
K = 2100 + 5880�1.44, 0.1 < � < 1. (1.26)

based on the existing experiments [42, 146], where the splashing threshold para-
meter K is defined as

K ≡We4∕5Re2∕5. (1.27)
The splashing threshold for drop impact onto a wetted substrate has been intro-

duced in the form of the critical K number [128], defined as
K = We1∕2Re1∕4. (1.28)

The formulation of the parameter K can be explained by the assumption that
splash occurs when the inertial forces are much larger than forces associated with
surface tension [42, 202]. An empirical expression for the critical K number [42]
for drop impact onto a film is

K8∕5critical = 2100 + 5880 �
1.44, � = ℎ

D0
, (1.29)

where ℎ is initial thickness of the unperturbed film, and � is its dimensionless
value.
More recent studies [146] on drop impact onto thin liquid films (� < 0.15) claim

that the K number is still not a reliable dimensionless parameter. Moreover, the K
number is definitely not suitable for the description of drop impacts onto dry solid
substrates [156].
The splashing threshold of a drop impacting onto a thin film [183] is obtained

in the form
(

Re0.17We0.5
)

|

|

|critical
= 63, (1.30)

however, the relative film thickness � has not been documented in these experi-
ments.
The splashing threshold in the case of inclined drop impact onto a deep pool

[131] is described by the critical K number computed using the normal component
of the impact velocity. The corresponding splashing threshold is

K8∕5n,critical ≈ 2100, � ≫ 1. (1.31)
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1.4 Drop impact of different liquids
Most studies focus on the drop impact onto a wall wetted by the same liquid. Ho-
wever, in many technical applications drop and wall film are not the same liquid.
For example during the fuel injection into the combustion chamber some relatively
large fuel drops impact onto a cylinder surface wetted by a thin oil layer. The pro-
perties of these liquids, mainly viscosities, can be very different. The differences
in the liquid properties may affect the impact outcome significantly. Not only the
fluid properties of both liquids influence the impact, but also their miscibility is
important.

Miscibility Miscibility describes the property of materials to fully dissolve in
each other to a homogeneous solution. Random molecular motion causes diffu-
sion until a homogeneous solution is obtained and can be described by a diffusion
flux as the rate per unit area at which mass moves [46]. The diffusivity coefficient
expresses the rate of the diffusion progress. Diffusion is mostly a slow process.
This process can be accelerated by stirring, even if stirring is a macroscopic mo-
tion. Diffusion can be mathematically described either by Fick’s law or by mass
transfer. Fick’s law is commonly used in physics, physical chemistry and biology,
while mass transfer is used in chemical engineering. Fick’s law yields for a steady
state system the constant flux in z direction [46]

ji = −D
dc1
dz

= D
l
(c10 − c1l) (1.32)

with the constant diffusion coefficientD, the distance l and the concentrations c10and c1l.Immiscible liquids do not form a solution but form an interface separating each
other immediately. Interfacial tension describes the surface energy between two
immiscible liquids �AB for phase A and B. The inferfacial tension of water/oil is
�WO ≈ 50mN/m at room temperature [49]. Considering an oil droplet covered by
water the oil drop tries to lower its potential energy and forms a sphere of radius
R. The covering water drop has the radius R + dR. The work done by pressure
and capillary force is defined by [49]

dW = −pOdVO − pW dVW + �OW dA (1.33)
with the increase in volume dVO = 4�R2dR = −dVW and in surface dA =
8�RdR and the pressure of the oil and water drop, pO and pW . The greater the
inner pressure, the smaller the drop. Finally, the Laplace’s theorem yields

Δp = �
( 1
R
+ 1
R′

)

(1.34)
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1.4 Drop impact of different liquids

with the radii R and R′ of the curvature of the corresponding surfaces [49].
The effect of miscibility on the impact outcome is studied in Chen et al. [35].

Chen et al. observed that miscibility suppresses the formation of the corona as
well splashing due to the enhancement of the kinetic energy transfer between drop
and wall film. This leads to an decrease of the kinematic discontinuity. Indepen-
dently, high Weber numbers enhances splashing, while high viscous wall films
suppress splashing. In contrast, for less viscous wall films having a higher film
thickness promotes splashing. In case of immiscible drop impact onto high vis-
cous wall films advancing is comparable to impacts onto solid substrates. Also,
immiscibility could influence the receding phase [35].

Drop impacts with very high Reynolds and Weber numbers (up toRed = 1100,
Ref = 39000 andW ed = 5600,W ef = 10500) of miscible liquids were studied
by Thoroddsen et al. [174] in 2006. Under these conditions crown breakup byMa-
rangoni holes have been observed and studied. Water/glycerine drops impacting
onto a very thin sheet of ethanol lead to a two-stage splashing phenomenon. First,
very fine secondary droplets are ejected very fast from the ethanol sheet. After-
wards, the viscous drop starts to form a bowl out of the wall film. This bowl
contains also two parts, since the less viscous wall film liquids shows a different
dynamic behaviour than the higher viscous drop liquid. The upper part of the
corona consisting of the wall film liquid collapses and forms secondary droplets,
while the bowl, formed by the drop, is still intact. The secondary droplets close to
the wall puncture holes in the crown. After the secondary drop contact this part
thins, driven by solute Marangoni flow, and finally ruptures to a hole. These gro-
wing holes form a net-like structure. This phenomenonwas also observed for other
wall film liquids of low surface tension [174]. Aljedaani et al. [6] continued this
study by varying the liquids of drop and wall film and also the wall film thickness.
Furthermore, for better visualization, dye was added to the liquid of the drop in
some of the presented experiments. Aljedaani et al. confirmed the hypothesis of
[174] that secondary droplets impacting on the corona wall lead to the formation
of these holes. The influence of the viscosity and surface tension of both liquids
as well as of the film thickness on the formation of hole was investigated in this
study. Three different velocity regimes have been observed during hole formation:
spreading speed of the Marangoni patches, rupture speed of the sub-micron thin
film and the growth rate of the film. Since in the study of Thoroddsen et al. [174]
the surface tension of the wall film liquid was always smaller than the surface ten-
sion of the drop, Aljedaani et al. observed that the formation of holes is driven
by compressive Marangoni stresses if the surface tension of the wall film is bigger
[6].
Martson and Thoroddsen [119] investigated the impact of a viscous drop onto a
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less viscous pool forming vertical jetting from the apex. An ejected sheet is formed
from the free surface of the pool moving up and wrapping the surface of the drop.
A thin, fast upward jet is produced when the liquid sheet converges and collides.
This phenomenon can be only observed in a limited range of conditions. A thin
ejecta sheet can be generated on a low viscous pool. The minimum Reynolds
number for miscible liquids in this study is approximately 3400. For small inertia
separation of the sheet from the drop surface is avoided [119].
Banks et al. [11] investigated the effect of viscosity for both miscible and im-

miscible liquids during drop impact onto a pool � = 1. The authors observed that
splashing is dependent on the properties of the drop liquid, while the corona pro-
pagation is governed by the properties of the pool liquid. Even if the authors do
not change the film thickness, they proposed that the viscosity of the film could
influence also the effect of the film thickness [11].
Recent studies by Fujimatsu et al. [56], Lhuissier et al. [108] and Shaikh et

al. [163] are devoted to the impact of a liquid drop onto a deep pool/thin film of
another immiscible liquid. Fujimatsu et al. [56] investigate the interfacial defor-
mation resulting from a water drop impacting onto a silicone oil pool of different
viscosities. Seven different patterns of cavity have been observed. The limit of
drop disintegration can be correlated with Oh and Re. Lhuissier et al. [108] have
shown that at some threshold velocity, the impact leads to a disintegration of the
drop into several fragments, and thus to the liquid emulsification. Similar phe-
nomena could occur after drop impact onto a liquid film, if the impact velocity
is high enough. Contrary to Lhuissier et al. [108] Shaikh et al. [163] observed
that the mean diameter of the secondary droplets increases with increasing Weber
number of the impacting drop. Using a power law the dependency is described by
dmod ∼ We−1∕4.
Murphy et al. [129] investigated the production of marine aerosol by raindrop

impact on the sea surface due to splashing. This complex process consists of three
interacting liquids, which are miscible and immiscible in each other: the impacting
water droplet, the sea water and a thin oil layer floating on top the sea water. In
this study the deep pool consists of sea water covered by different kinds of oil.
The effect of the oil layer on the impact outcome is investigated and dependent on
the thickness of this layer different regimes of splashing were observed. Several
phenomena have been observed such as double corona, bubble canopy, jetting and
cavity formation. The oil layer behaviour can divided into immediate rupture,
delayed rupture or no rupture [129].
Che andMatar [32] observed the influence of surfactant on the impact outcome.

Surfactants are used to lower the local surface tension and therefore to alter the
impact process. The drop motion during the impact is tracked by adding dye to

22



1.4 Drop impact of different liquids

the liquid of the drop. Surfactants are added either to the drop, to the film or to both
drop and film, what changes significantly the impact outcome. Occurring surface
tension gradients lead to a strong radial flow due to the Marangoni effect in the
case of surfactant droplets. For surfactant wall films a stabilisation of the flow in
the liquid film, flower patterns could be observed. Furthermore, the propagation
of the capillary waves, the evolution of the corona and the formation of secondary
droplets are altered [32].
Recent numerical studies by Blais et al. [19] and Guo and Lian [71] investigated

the effect of the density of the drop and wall film. However, both studies focussed
the numerical methods such as interface reconstruction and used drop impact as
verification test case. Guo and Lian considered the oblique impact and observed
that higher tangential velocity leads to lower lamella height on the backside of the
drop. Furthermore, lower densities of the film liquid can lead to earlier splash and
corona break up [71].

Recent studies of Geppert et al. [61–64] and Bernard et al. [14] focused on the
investigation of hexadecane/hypsin combinations. Based on these liquids the im-
pact parameters are varied systematically covering a wide range. Using this para-
meter space the formation of corona regarding corona base diameter and height as
well as total number and size distribution of secondary droplets and the splashing
threshold are investigated in terms of Wed and �. The observed phenomena are
consequently classified in regime maps in terms of Wed and �. For the liquid
combination hexadecane/hypsin an empirical correlation describing the splashing
threshold has been determined

We5∕8d Oh−1∕4� = 114 + 163�6∕5, (1.35)
with the arithmetic mean of the fluid properties used in [61]

Oh� = 0.5
(�d + �f )
√

�dD0�d
. (1.36)

The authors observed that an increasing wall film thickness leads to a suppressing
of splashing. With increasing film thickness the required kinetic energy increases
simultaneously. For a very narrow range of film thickness 0.03 < � < 0.14 Gep-
pert et al. observed the detachment of the corona as a special kind of splashing.
The authors assume that partial wettability and surface roughness could induce the
rupture in the wall film [63].
Terzis et al. [172] investigated the impact of an AdBlue (Diesel exhaust fluid)

droplet onto thin films of urea water solutions motivated from the exhaust gas
system. According to [61] the classification of impact outcomes is presented in a
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regime map. Terzis et al. modified Eq. 1.35 for the combinations of urea water
solutions.

K = Wed
(

Õh−1∕4d,f

)

= 1413 + 9347�1.2 (1.37)
with Õhd,f = 1

2 (1 + �) in the range of 0.1 < � < 0.6. Furthermore, the total
number of secondary droplets can be estimated by

Nsec = 0.0392�−0.078We1.26D

(�f
�d

)−0.078
. (1.38)

In [92] the splashing threshold of a liquid drop impacting onto a solid substrate
wetted by another liquid is studied. Three main regions are identified. In the case
when the viscosity of the wall film is much higher that the viscosity of the drop, the
properties of the drop govern the process of splash. In the case of drop viscosity
much higher than the film viscosity, the splash is governed by the properties of the
film. In the case when the viscosities of the film and of the drop are comparable,
the splashing threshold depends on the viscosity ratio. This approach is discussed
more in detail in Chapter 5.

1.5 Thesis outline
The main objective of the present thesis is to enhance the understanding of the
physics of drop impact on thin wall films of different liquids and to develop theo-
retical models predicting the splashing threshold and corona evolution. Therefore,
the experimental investigation of the single drop impact on thin wall films of diffe-
rent liquids is in focus of this study. The outline of this study is mainly organized
into the parts phenomena of drop impact, splashing consisting of splashing thres-
hold, corona detachment and content of multicomponent corona and secondary
droplets.
In Chapter 2 the different experimental setups and the corresponding measu-

rement technique principles including the measurement of the liquid properties,
high speed imaging and confocal chromatic imaging are described in detail. The
corresponding uncertainty of measurement is discussed and the post processing
method is briefly explained.

Chapter 3 gives an overview of the different outcomes of drop impact and the
influencing parameters. Drop spreading on high viscous and soft substrates is
discussed. For less viscous wall films, the evolution of the corona is described
and discussed.
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Chapter 4 shows the effect of inclination on the drop impact outcome and the
corresponding non-axisymmetrical corona evolution is discussed. The formation
of holes resulting from concentration differences in drop andwall film is discussed.
In Chapter 5 the mechanisms of splashing are described. The splashing thres-

hold is investigated for several drop impact combinations and finally, a theoretical
model predicting the splashing threshold is introduced covering a big range of vis-
cosity ratios. The developed model is used for first recommendations for action
for the combustion engine. This chapter concludes with splashing threshold for
drop impacts onto soft substrates.
In Chapter 6 the newly discovered phenomena corona detachment is descri-

bed and discussed. The required conditions are discussed regarding the impact
parameters and the physics are described.
In Chapter 7 the distribution and content of multicomponent corona and secon-

dary droplets are investigated. A calibration method is introduced to determine the
content ratio of multicomponent secondary droplets.

Chapter 8 concludes the present thesis and presents an outlook for future rese-
arch.
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2 Experimental method

In this chapter the experimental methods are described. Different experimental
setups have been designed to investigate the different drop impact phenomena:
horizontal drop impact, impact of dyed drops, inclined drop impact and horizontal
drop impact observed from below and sideways. Section 2.1 describes the expe-
rimental setup of the horizontal drop impact. This setup is used under different
configurations in Section 2.1.5 for the impact of dyed drops, in Section 2.1.6 for
the drop impact on soft substrates and in Section 2.1.7 for the additionally ob-
servation of the drop impact from below. Section 2.2 describes the experimental
setup of the inclined drop impact, and, finally, in Section 2.3 the different mea-
surement techniques are discussed. Parts of this chapter have been published in
[90–92, 160]. Furthermore, parts of the experimental methods have been descri-
bed in the theses of Brulin [26] and Youn [203] and several student project works.

2.1 Experimental method of the horizontal drop
impact

The experimental setup consists of three main parts, the drop generator, the impact
substrate and the observation system and is schematically shown in Fig. 2.1. Each
part is described in detail in the following sections. All experiments are conducted
at standard ambient conditions (p ≈ 1 bar, T ≈ 295.65 K).

The observation system allows detailed observations of the drop impact dyna-
mics onto liquid films. These observations allow the qualitative and quantitative
investigation and characterisation of the drop impact dynamics.

2.1.1 Drop generation
The drop generator is based on a drop-on-demand method. A micro-pump trans-
ports the fluid from a tank to the cannula. The fluid forms a drop at the end of the
tip of the cannula. The drop drips off the cannula tip by gravity if the critical mass
is reached. In order to vary the initial drop diameter, different cannula diameters
dc are used in the range from 0.3 mm to 0.8 mm. The initial drop diameter D0 is
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2 Experimental method

Figure 2.1: Scheme of the experimental setup: drop generator consisting of can-
nula, micro pump and tank, the observation system consisting of the
high-speed camera (HS camera) and illumination source (LED), and
impact substrate. Reprinted figure with permission from [92]. Copy-
right 2018 by the American Physical Society.

dependent on the cannula diameter dc , on the surface tension � as well as on the
density � as shown in Eq. (2.1) [104].

D0 =
3

√

6�dc
�g

(2.1)

Therefore, the initial drop diameter varies in this study between: 1.45, 1.7 and 2
mm in the case of silicone oil/hexadecane droplets, 1.8, 2.4 and 2.8 mm in the case
of water/water-urea solution droplets. Due to gravity the drop is accelerated and
the impact velocity is determined by height difference between the cannula and the
impact substrate. The following impact velocities are reached: 1.7 m/s, 2.8 m/s,
3 m/s and 3.2 m/s. The maximum measurement uncertainty of D0 is ± 21.8 �m
and of U0 ± 0.048 m/s.
The micro pump mp6, or respectively mp6-pp (higher media compatibility),

(Bartels micro components) is connected to a mp-x control unit and controlled by
LabVIEW [12]. The principle of these micro pumps is based on a piezoelectric
diaphragm combined with passive check valves. A piezo ceramic is mounted on a
coated brass membrane. When voltage is applied, the piezo is deformed. The fluid
is displaced out of the pump chamber from the resulting down stroke. Both used
kinds of micro pumps are miniaturised double diaphragm pumps ran by two piezo
actuators. Backflow valves between the micro pump and the cannula prevent the
liquid to flow back when not in use [12].
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2.1 Experimental method of the horizontal drop impact

2.1.2 Impact substrate
The impact substrate is a horizontal glass plate. A foil with a recess of a diameter
of 60 mm is glued onto the glass plate in order to define a wall film of a given
thickness. The unsealed area is used to create the wall film. In this study the
film thickness is varied between 0.1 mm and 0.5 mm and is measured using a
micrometer screw. First, the tip of the screw is lowered till it touches the glass
substrate to determine the reference value. After the liquid is filled in the screw is
lowered till it reaches the liquid surface. The difference of both values determines
the film thickness. It is assured that an uniform film is generated. The impact
substrate is located between the observation system.

Uncertainty of the measured film thickness Using a micrometer screw to
measure the film thickness, special diligence of the user is required. The used mi-
crometer screw has a resolution of 10 �m and the outer diameter of the measuring
tip is 5 mm. The accuracy of the measurement depends highly on the diligence of
the user. When the tip of the screw is coming closer to the surface of the wall film,
the liquid is pulled upwards towards the tip at one point due to adhesion. Therefore,
the tip needs to be lowered slowly and its distance to the surface is controlled by
the high-speed camera. The systematical part of the measuring uncertainty is the
uncertainty of the micrometer screw, the statistical part the diligence of the user,
which is hard to quantify. Therefore, only the measurement uncertainty of the mi-
crometer screw is considered yielding ± 5 �m in this case. The total measurement
uncertainty is at least ± 5 �m.

2.1.3 Observation system
The observation system consists of a high-speed video camera and an illumination
source. Three different high-speed cameras have been used in this study: Photron
Fastcam SA1.1, Photron Fastcam SA-X2 in monochrome and in colour. The frame
rate of the high-speed video camera is varied between 12500 and 50000 fps de-
pending on the specific requirements of each experiment. The resulting resolution
varies in a range from 576×480 px and 1024×1024 px and the shutter speed from 5
�s and 30 �s. The high-speed camera has been equipped with a 60 mmmacro lens
(Nikon AF NIKKOR 1:2.8 D). An aperture of 32 was used in order to gain a big-
gest possible depth of focus. Using this system a spatial resolution of 30�m/px has
been achieved. A light-emitting diode (LED, Veritas Constellation 120E, 12,000
Lumen) is used as an illumination source. In front of the illumination source a
diffusion screen is placed, yielding a uniform back lighting.
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2.1.4 Test liquids
The physical properties of the liquids used in the experiments are shown in Ta-
ble 2.1. In the case of water - silicone oil combinations the liquids are immiscible
while the silicone oil - silicone oil combinations and the water - urea-water solu-
tion combinations are miscible. The temperature of the fluids has been measured
using a thermocouple, type k. This study includes drop impacts with different li-
quids of drop and film as well as drop impacts of the same liquid. All fluids used
in this study are Newtonian and have been purchased at Sigma-Aldrich.

2.1.4.1 Measurement of the fluid properties

In the case of silicone oil, kinematic viscosity � and density � are reported in the
safety sheet provided by Sigma-Aldrich. If the fluid properties are not available
or dyes are added to the fluids, the properties are measured as described in the
following. Each measurement is repeated at least 5 times.

Density The density � is measured by using a specific gravity bottle. The speci-
fic gravity bottle by BLAUBRAND got a measured volume of 5.0817 cm3 ± 0.0100
cm3 referred to 20◦C on the basis of ISO 4787 (Certificate of Performance). The
liquid is filled into the gravity bottle and its weight is measured using a precision
balance of KERN, PLS 1200-3A, with a reproducibility of 0.001 g. The measure-
ment of the density is done at an ambient temperature of 22.5◦C. Themeasurement
uncertainty consists of a statistical and a systematical part. The statistical measu-
rement uncertainty is calculated in Eq. (2.2) using the correction factor tp = 2.78for n = 5. This correction factor is necessary due to the sample size n < 10 [93].

Δ�stat = tp
s�
√

n
(2.2)

with the standard deviation s�.The systematical measurement uncertainty is calculated by the Gaussian propa-
gation of uncertainty of the weight and the volume [93].

Δ�sys =
)�
)m

|

|

|

|m0
Δm +

)�
)V

|

|

|

|V0
ΔV (2.3)

The resulting propagation of uncertainty
Δ�total =

√

Δ�2stat + Δ�2sys (2.4)
The maximum measurement uncertainty is ±3.7 kg/m3.
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Table 2.1: Fluid properties. W - for water, H - for hexadecane, Sxxx - for diffe-
rent silicone oils (xxx representing the kinematic viscosity), Uxx for
different urea-water solutions and Gxx for different glycerine-water so-
lutions (xx representing the respective urea or respectively glycerine
water ratio in weight percentage), measured at 25 ◦C.

Fluid
No.

Kinematic viscosity Surface tension Density
� [mm2/s] � [mN/m] � [kg/m3]

W 1 72.2 997
H 4.11 27.61 769.15
S1 1 19.1 820
S5 5 17.72 920
S10 10 18.29 930
S20 20 18.2 945
S25 25 18.19 950
S50 50 18.69 960
S65 65 18.69 970
S350 350 18.56 972
S500 500 18.83 972
S750 750 18.78 970
S1000 1,000 18.59 972
S10000 10,000 18.81 972
S30000 30,000 18.81 972
S100000 100,000 18.81 972
AdBlue 1.27 64.89 1082
U10 1.1 68.5 1018
U20 1.16 66.5 1049
U30 1.27 65.5 1078
U40 1.42 64.1 1105
U50 1.72 63.5 1138
G5 1.38 68.0 1010.15
G10 1.47 67.0 1020.7
G20 1.72 61.0 1045.25
G30 2.33 60.0 1070.7
G40 3.37 55.0 1097.1
G50 5.34 55.0 1123.75
G90 177.76 53.0 1232
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Viscosity The dynamic viscosity � is measured by the cone/plate rheometer
BROOKFIELD DV-Ultra III+Ultra CP at an ambient temperature of 22.5◦C. The
rheometer measures the shear stress at a defined shear rate using a torsional spring.
The shear stress is applied on the fluid over a rotating plate. By twisting of the
spring the shear stress can be determined. This precise torque measuring device
is driven at rotational speeds and consists of a calibrated beryllium-copper spring
which connects the drive mechanism to the rotating cone. The resistance to rota-
tion is measured and is caused by the presence of the fluid between the cone and
the flat plate. A torque proportional to the shear stress in the fluid is produced
by this resistance. The viscosity can be obtained by either calculating from the
known geometric constants of the cone, rotation rate and stress related torque or
by converting to absolute centipoise units from pre-calculated range charts [24].
The accuracy is ±1.0% and the reproducibility is ±0.2%, whereas the tempera-

ture can be controlled in the range from 0◦ and 100◦. The maximummeasurement
uncertainty for the dynamic viscosity is ±0.5�m2/s. Exemplary, measurement re-
sults of different silicone oils show no dependency of the dynamic viscosity � of
the shear rate ̇ as shown in Fig. 2.2.
The kinematic viscosity � is calculated using themeasured values� and � as shown
in Eq. (2.5).

� =
�
�

(2.5)
The resulting measurement uncertainty of the kinematic viscosity yields
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with
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√
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√

n
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and
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|�0
Δ�. (2.8)

The maximal measurement uncertainty is ±0.63�m2/s.

Surface tension The surface tension � is measured by the pendant drop met-
hod using an optical contact angle measurement and drop contour analysis device,
dataphysics OCA.
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Figure 2.2: Dynamic viscosity � of different silicone oils plotted over the shear
rate ̇ .

A pendant drop (generated by a dosage needle) is captured by a camera and its
shape is analysed. The surface tension can be obtained by the hydrostatic pressure
and the analysis of the curvature radii. The Young-Laplace equation is used for
the analysis of the contour of the drop. The Young-Laplace equation, shown in
Eq. (2.9), describes the pressure difference, also called the Laplace pressure, be-
tween the areas inside and outside of the curved fluid surface with the principle
curvature radius Ri and the mean curvatureHc =

1
2

(

1
R1
+ 1

R2

)

.

ΔP = (pint − pext) = 2�lfHc = �
(

1
R1

+ 1
R2

)

(2.9)

The shape of the formed drop is mainly determined by surface tension and gravity
force. The surface tension tries to minimise the surface area and consequently
tries to form a sphere. The gravitational force stretches the drop to a pear body
shape and causes a pressure gradient along the z axis of the drop according to
the Pascal’s law (hydrostatic pressure). This leads to following expression for the
Laplace pressure ΔP (z):

ΔP (z) = ΔP0 ± Δ�gz (2.10)
At the pendant drop R1 = R2 = R applies for the principle curvature radii at the
apex. Therefore, the reference plane is set in this point leading to ΔP0 = � 2R . Ateach point above the apex applies R2 = x

sinΦ as shown in Fig. 2.3. Resulting from
the above shown equations it leads to:
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Figure 2.3: Schematic description of the Young Laplace equation of a pendant
drop [47].

1
R1

+ sinΦ
x

= 2
R
±
Δ�gz
�

(2.11)

Introducing of a parametrisation over the arc length s of the drop contour leads
finally to following system of equations of three coupled first order differential
equations with three boundary conditions, which can be solved numerically [47]:

dΦ
ds

= −sinΦ
x

+ 2
R
±
Δ�gz
�

dx
ds

= cosΦ

dz
ds

= sinΦ

0 = x(s = 0) = z(s = 0) = Φ(s = 0)

(2.12)

The same approach can be used for the determination of the interfacial tension of
two liquids.
Calculating the statistical and systematical measurement uncertainties the same
approaches shown in Eq. (2.2) and Eq. (2.3) are used. The resulting maximum
measurement uncertainty yields ±0.17 mN/m.
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2.1 Experimental method of the horizontal drop impact

Figure 2.4: Scheme of the experimental setup: drop generator consisting of can-
nula, micro pump and tank, the observation system consisting of the
high-speed camera (HS camera), two illumination sources (LED) and
a reflecting white sheet, and impact substrate.

2.1.5 Experimental configuration for the impact of dyed
drops

In order to investigate the impact of dyed drops, the experimental setup, described
in Section 2.1, is adapted as shown in Fig. 2.4. In this case the observation system
consists of a color high-speed video camera (Photron Fastcam SA-X2) and two
illumination sources. The frame rate of the camera is set to 12 500 fps, with a
resolution of 1024×560 px, and the shutter speed is set to 30 �s. The illumina-
tion sources are light-emitting diodes (LED, Veritas Constellation 120E, 12 000
Lumen). A reflecting white plate is placed as a background, reflecting the light of
the LEDs to create an uniform illumination and avoiding glare points.
In order to delineate the interfaces of both liquids after the impact, dye is added

to the fluid of the droplet. In this study, different dyes are used depending on the
liquid of the drop. For water, Fuchsin is used with a concentration of 0.024 wt.%,
in the case of glycerine, Bromphenol Blue with 0.1 wt.% and for silicone oil, 0.022
wt.% Sudan II. All dyed liquids were placed at least 15 minutes in an ultrasound
bath and were filtered before use. The physical properties of the dyed liquids are
given in Table 2.2.
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Table 2.2: Fluid properties of the dyed liquids, measured at 25 ◦C.
Fluid
No.

Fluid Kinematic viscosity Surface tension Density
� [mm2/s] � [mN/m] � [kg/m3]

FuW Water w/ Fuchsin 0.953 70.2 998
BrGl Glycerine w/

Bromphenol Blue
814.8 64 1251

SuS10 Silicone oil w/
Sudan II

10.1 18 931

2.1.6 Experimental configuration of drop impact onto a
solid substrate coated by a thin soft layer

The same experimental setup described in Sec. 2.1 is used. A frame rate of 40 000
fps and a shutter time of 12.5 �s are used with a resolution of 768×480 px in this
case. In this section two initial drop diameter of D01 = 2.3 mm and subsequently
D02 = 3 mm are used. Deionized water and water-glycerin mixtures are used as
liquids. The fluid properties can be found in Table 2.1. The impact velocity varies
from U0 = 1.3 m/s to U0 = 3.5 m/s. The impact substrate is varied, glass and
PDMS (polydimethylsiloxane) with different mixing ratios, which yield different
rates of softness, are used. The images were then processed with a custom made
MATLAB script in order to determine the height and the diameter of the spreading
drop.
In order to generate the soft substrates, PDMS Sylgard 184 (Dow Corning Cor-

poration) is linked with a base solution and the cross-linking agent and cured with
heat. The base and the cross-linking agent are mixed at different ratios to obtain
different rates of softness of the substrates. The pre-polymer and the cross-linking
agent are mixed manually for 5 minutes under laboratory conditions and after-
wards degassed in desiccator for 40 minutes. After degassing, 2 ml of the mixture
was poured on quartz glass slides (GVB GmbH, Germany) of 20 mm × 20 mm
× 1 mm. The glass slides were prior to coating cleaned with isopropyl alcohol
(Sigma-Aldrich) and acetone (Sigma-Aldrich) and then dried by blowing nitrogen.
The glass slides are then placed inside an oven at 80 ◦C for 12 hours. The glass
slides were spin coated at 1000 rpm for 120 s in a spin coater (WS-400B-6NPP,
Laurell, North Wales, USA).

Substrate characterization Soft PDMS is used for the fabrication of the sub-
strate. The rate of cross-linking density determines the softness of the polymer
[190].
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2.1 Experimental method of the horizontal drop impact

Figure 2.5: Complex shear modulus of the samples prepared with different
monomer/cross-linking agent ratios. (Reprinted from [90].)

The thickness, surface wetting and rheological properties are determined. The
thickness of the prepared PDMS layers has been measured using a scanning elec-
tron microscopy (Phillips XL 30 FEG) at the cross section. Since PDMS layers are
non-conductive, gold was sputtered on top of the layers to facilitate the imaging.
The samples were cut into two parts and SEM (scanning electron microscope)
images were taken at the cross-section [2]. Advancing �ad and receding �re con-tact angles were measured with a Krüss Instrument (Model DSA 100). For the
measurements, a water drop of 3 �l was created and then expanded to 10 �l at a
rate of 0.4 �l/s. After this the water was sucked out of the drop at the same rate.
Rheological characterization of the samples used for this study was carried out

with a strain controlledMCR302 rheometer (Anton Paar, GmbH). The prepolymer
and cross-linker mixture was placed between a 25 mm parallel plate with a gap in-
between of 1 mm. The temperature of the lower plate was set at 80 ◦C. The curing
was performed for 12 hours and after that, the temperature was set to 25 ◦C. All
the frequency sweeps were conducted at 25 ◦C with 0.1% strain. The strain values
were obtained with a strain sweep measurement of the samples and the value of
the strain for the oscillation measurements was chosen in a manner that the strain
is within the linear viscoelastic region. A detailed description and discussion of
the rheology of the substrates can be found in [90].
Fig. 2.5 shows the complex shear modulus against the applied angular fre-
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Table 2.3: Substrate thickness, wetting and elastic properties. The complex mo-
dulus of the substrates are shown at 1 Hz rheological frequency

Substrate
Number

Mixing Ratio Thickness [�m] Contact angle
�ad /�re [◦]

Shear modulus G
[kPa]

S1 10:1 40 116/95 703.43
S2 50:1 45 128/30 4.28
S3 70:1 45 - 1.14
S4 90:1 45 - 0.23

quency. Table 2.3 shows the thickness, the contact angles, �ad ,�re, measured using
water, and the shear modulus of the substrates at 1 Hz.

2.1.7 Experimental configuration for the observation from
below

In order to observe the drop impact from below and sideways simultaneously, two
high-speed cameras are used. Additionally to the experimental setup in Section 2.1
a further high-speed camera is added to the setup as shown in Fig. 2.6. For the
observation from below a second high-speed camera is placed below the impact
substrate orthogonally. The LED is placed over the top of the cannula. In order to
generate a homogenous background a diffusing plate is placed right underneath the
cannula. In this diffusing plate a hole is thrilled just big enough to let the drop pass
through. Nevertheless, small shadows from connecting tube and cannula can be
observed in the images. As impact substrate anti-reflection coated high efficiency
glass are used to minimise reflectance.

2.2 Experimental setup for the drop impact on
an inclined substrate

Additionally to the previous described setup, the impact substrate wetted by the
wall film is inclined as shown in Fig. 2.7. The frame rate of the high-speed video
camera is set in this case to 22 500 fps with a resulting resolution of 1024× 600
px and the shutter time is set to 5�s. The high-speed camera has been equipped
with a 100 mm macro lens (Tokina MACRO 100 F2.8D). An aperture of 32 was
used in order to gain a big depth of focus. Using this system a spatial resolution
of 31�m/px can been achieved.
The physical properties of the fluids can be found in Table 2.1.
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2.2 Experimental setup for the drop impact on an inclined substrate

Figure 2.6: Scheme of the experimental setup: drop generator consisting of can-
nula, micro pump and tank, the observation system consisting of two
high-speed cameras (HS camera), two illumination sources (LED) and
diffusing plate, and impact substrate

2.2.1 Generation of the flowing wall film

The impact substrate is a sapphire glass plate. To generate a wall film, a special
designed film generating unit is used as shown in Fig. 2.8. This film generating
unit is 3D sintered. A pump transports the fluid from a tank to the container of
the film generating unit. The liquid is retained until the container is completely
filled. Afterwards, the liquid flows over an edge through a gap onto the impact
substrate. Since only water-based fluids are studied in this case, the fluid wets the
sapphire glass plate only in rivulets. In order to create a stable, homogenous wall
film, two filaments are spanned downstream bounding the future wall film. Using
a small plate, the fluid is spread until it reaches the filaments. When the filaments
are completely wetted, the fluid builds a wall film. The film thickness is set by the
mass flow of the pump in combination with the angle of inclination.

The film thickness is varied from 0.1mm and 0.5mm. The angle of inclination
�incl is varied in a range of 10◦ till 60◦.
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Figure 2.7: Scheme of the experimental setup: drop generator consisting of can-
nula, micro pump and tank, the observation system consisting of the
high-speed camera (HS camera) and illumination source (LED), and
inclined impact substrate (with inclination angle �) including the con-
focal chromatic line sensor (CLS).

2.2.1.1 Measurement of the film thickness

In order the measure the film thickness during the experiments, a chromatic confo-
cal line scan sensor, Precitec CHRocodile CLS, is used. The measurement techni-
que is explained in Section 2.3.2. The sensor is placed orthogonal under the impact
substrate and measures the film thickness simultaneously at 192 points on a line
of 1.91 mm with a frequency of 200 Hz. The measurable range of film thickness
of the optical head CLS1, which is used in this study, is between 75�m and 1.35
mmwith a axial resolution of 200 nm. Exemplary, Fig. 2.9 (a) shows the temporal
evolution of the mean film thickness ℎ = 200�m during the drop impact at t = 5
s. This experimental setup has been used to validate a newly developed absorption
based laser sensor as reported in [160]. It can be seen in Fig. 2.9 (b) that the film
thickness is rather homogenous at the drop impact point over the complete 192
measuring points.

Uncertainty of the measured film thickness The maximum measurement
uncertainty of the mean film thickness, which is averaged over all 192 channels,
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2.2 Experimental setup for the drop impact on an inclined substrate

Figure 2.8: CAD image of the wall film generator with the filaments, which are
bounding the wall film.

for ℎ = 200 �m is 2.5 �m yielding a uncertainty of 1.25 %. This uncertainty was
approximately observed for all film thicknesses. Using a chromatic confocal line
scan sensor allows a better reproducibility and smaller uncertainty.

2.2.2 Computer control unit
A computer control unit is used for controlling the experiment and data acquisi-
tion. All components of the experimental setup are connected to the computer and
controlled by using LabVIEW. A specifically developed LabVIEW script is used
for controlling of the experimental procedure. For each experiment images are
obtained and stored by using the high-speed camera and a TDMS-file containing
following information is stored:

• Date and time
• Temperature of drop and wall film in ◦ C
• Inclination angle in degree
• Film flow data consisting of density and volume flow rate of the pump
• Wall film thickness data consisting of averaged film thickness, derivation,

raw data of the film thickness of each of the 192 channels of theCHRocodile
CLS sensor for each time step
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Figure 2.9: Temporal evolution of the mean film thickness ℎ = 200�m during the
drop impact at t = 5 s (a). Instantaneous film thickness measurement
of each channel (total number of channels 192) of ℎ = 200�m (b).
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2.3 Measurement technique principles

Finally, the obtained images are post-processed by using MATLAB, which is des-
cribed more in detail in Section 2.3.1.

2.3 Measurement technique principles
In this section, the measurement techniques used in this study are described and
discussed. Shadowgraphy is used to capture the dynamics of drop impact, confocal
chromatic imaging is used to measure the film thickness.

2.3.1 High-speed imaging and shadowgraphy
High speed imaging allows the direct imaging and observation of the drop impact
process. The process of drop impact occurs rather fast. Starting from the initial
impact velocity of at least U0 = 1 m/s, the complete drop impact process takes
only a few milliseconds. Resulting secondary droplets are rather small in size due
the initial minimum drop diameter of D0 = 1.45 mm. In order to capture all
necessary details the temporal as well as the spatial resolution need to be rather
high. Therefore, a high speed imaging system is used to satisfy both requirements
as good as possible.
Five issues need to be considered in setting up a high-speed imaging system

[201]:
• Sensitivity/Contrast
• Spatial resolution
• Depth of field (DOF)
• Field of view (FOV)
• Temporal resolution/Motion blur
The illumination of an object can be either done by front illumination as shown

in Fig. 2.4 or by back illumination as shown in Fig. 2.1 . In case of front illumina-
tion, the light source is placed in front of the object and the light is reflected by the
object on the camera sensor. This type of illumination is common in photography
and is used to visualize colours. If the light source is placed behind the object, the
image on the camera sensor is related to the shadow of the image. This shadow
forms a big contrast to the bright light from the illumination system. This contrast
enables the precise detection of the geometry of the drop impact phenomena. This
type of illumination is called shadowgraphy [176].
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Table 2.4: Specifications of high-speed cameras.
Camera Sensitivity

(ISO)
Bit Electronic

shutter [�s]
Pixel
size
[�m]

Spatial resolution
[px]

Frame
rate
[fps]

Photron
SA1.1

10 000 12 1 20 1024 × 1024 5 400
Photron
SA-X2

25 000 12 0.293 20 1024 × 1024 12 500
Photron
SA-X2C

10 000 36 0.293 20 1024 × 1024 12 500

The brightness depends on the frame rate and illumination in high-speed ima-
ging. With increasing frame rate, the time of collecting photons on the sensor
decreases and therefore the images are less bright.

Sensitivity/Contrast Each application determines the choice of type of ca-
mera, CCD (charged coupled device) or CMOS (complementary metaloxide semi-
conductor) camera, due to its specific requirement. In case of visualizing of drop
impact dynamics the CMOS cameras provides a higher frame rate, while CCD
cameras obtain a higher image quality. Since the frame rate depends on the read-
out, smaller images lead to higher frame rates. By decreasing the spatial resolution
higher frame rates can be achieved [201]. Therefore, in most cases compromises
between temporal and spatial resolution need to be found. An overview of diffe-
rent imaging techniques for hydrodynamic application can be found in [173]. The
specifications of the cameras used in this study can be found in Table 2.4.

Spatial resolution The spatial resolution of the system determines the mini-
mum size of the objects to be investigated. The optical lens determines the spatial
resolution, but the possible working distance provided by the experimental setup
and the sensor size of the camera determine the choice of the optical lens. There-
fore, compromises are often indispensable and magnification and diffraction limit
need to be considered.
The Gaussian thin lens formula describes, that if the condition

1
s0
+ 1
si
= 1
f

(2.13)
is satisfied, the image is in focus with the focal length f . For this system the

transversal magnification yields
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2.3 Measurement technique principles

MT =
yi
y0
=
si
s0
= −

xi
f
= −

f
x0

(2.14)
and the longitudinal magnification

ML =
dxi
dx0

= −
f 2

x20
= −M2

T . (2.15)

The diffraction limit limits the spatial resolution. The resolving capacity des-
cribes the minimum distance of two points that can be resolved from the optical
system. This is called the Frauenhofer diffraction. The diffraction arises from light
passing a small circular aperture and describes the physical resolution limit of a
lens [75, 138]. The diffraction results in a diffraction pattern instead of a point on
the camera sensor. The maximum intensity peak of this pattern the well-known
Airy disk and is given by

Ds = 1.22
R�
2a

(2.16)
with the wavelength of light �. The diffraction limited spot contains 84 % of the
light and is the central intensity peak. Ds yields to

Ds = 1.22�f # = 1.22�∕NA (2.17)
with f # = f∕2a and the numerical apertureNA, if the distanceR is approximated
with f . Ds is the minimum diameter on the image plane, independent of the size
of the object on the object plane∑.

According to the Rayleigh criterion two objects are no longer resolvable, if they
are too close to each other, that their Airy disks become closer than half their
width. The Rayleigh criterion determines the resolution limit and is independent
of the available pixel number of the sensor. This condition defines the resolving
capacity.

The Airy disk should not be smaller than one pixel, which determines the choice
of magnification. As shown in Eq. (2.16) the spatial resolution can be improved
by increasing the diameter of the focusing lens, reducing R or f # and increasing
NA [201].
Therefore, a higher resolution of the camera cannot improve the spatial resolu-

tion if pixel size and resolving capacity are identical [23].

Depth of Field The depth of field quantitatively defines the observation volume
and is defined as the forward and backward area surrounding the focal plane until
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Figure 2.10: Airy pattern of two point sources at different distances: (a) both
points are closer than the resolving capacity, (b) both points are equal
to the resolving capacity and (c) both points are further away than the
resolving capacity [23].

the loss of sharpness is not negligible anymore. The depth of field strongly depends
on the optical aperture consisting of focal length and f -number.
The depth of field can be described as the distance between two points with

acceptable sharpness. The circle of confusion c is used to quantify the depth of
field. The circle of confusion is defined as the minimum loss of sharpness notice-
able for the human eye and is given by [29]

c = inch
1000

= 0.0254mm. (2.18)
Usually a circle of confusion is set to 0.25mm. The depth of field can be obtai-

ned by
DOF = 2c

f
D

(

MT + 1
M2
T

)

(2.19)

with f as focal length of the lens,MT the magnification of the optical system, D
the lens diameter and c the circle of confusion. DOF can be increased by decrea-
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Figure 2.11: Schematic illustration of the ray diagram of the depth of field for a
symmetrical lens [23].

sing the numerical aperture leading to a decrease of light intensity. Increasing the
magnification leads to a decrease of DOF [201].
DOF can also be approximately expressed by [201]

DOF ≈ 4�
(

1 + 1
MT

)2
f #2. (2.20)

The depth of field for the system used in this study is determined experimentally
using a DOF target (Edmund optics DOF 5-15). The measuring surface of the
target is angled at 45◦ and shows a millimeter scale. Exemplary, an image taken
by the observation system is shown in Fig. 2.12(a). This image is analysed to
determine the depth of field. The intensity profile is determined along the scale
marked in Fig. 2.12(b). The depth of field can be estimated from the intensity
profile shown in Fig. 2.12 and yields DOF ≈ 10 mm.

Field of View The field of view depends on the magnification and the working
distance. An increasing magnification in combination with a shorter working dis-
tance lead to a smaller field of view. The field of view in this study is chosen to
satisfy at least a 18 mm × 15 mm optical observation area.

Temporal resolution/Motion blur The temporal resolution depends on two
aspects, motion blur, which should be minimised, and the necessary frame rate
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Figure 2.12: Experimental determination of the depth of field using the DOF target
(a) and the analysis of the intensity profile along the marked line (b).

resolving the dynamic process. Motion blur occurs if the moving object is blurred,
although it is in focus. That means, that the motion of the object is captured by
the blur.
In theory, an infinitesimally small exposure time is used for obtaining images,

whereas in reality the used exposure time determines the motion blur. The energy
is integrated over the pixel area (spatial resolution) and exposure time (temporal
evolution). That means that the image is taken over a finite amount of time. The
energy is averaged, when the aperture is open for a specific time window. Due to
this averaging objects of different speeds result in different kinds of blur. Using
the assumption of diffuse reflection spatial properties like shape and motion can
be recovered by the analysis of the images. Motion blur is just about insignificant,
if the motion of the object is less than one pixel during a time sequence. Time
limited illumination and short shutter speed can be used to minimise motion blur
[54, 201].
In these experiments, a continuous light source is used and the exposure time

of the camera is adapted for each kind of experiment. The exposure time varies
between 5 �s and 30 �s depending on the setup conditions.
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Figure 2.13: Binarized images showing the detection of the drop (left) and of the
corona (right).

Image post processing In order to determine the characteristic parameters
such as initial drop diameterD0 in each experiment, the captured images need to be
analysed. Therefore, the obtained images are post processed by using the software
MATLAB. Custom made codes are used to analyse following desired parameters:

• Inital drop diameter D0
• Impact velocity U0
• Temporal evolution of the corona: corona base diameter DB , corona height
H and corona rim diameter DC

• Number of secondary dropletsNsec and content distribution
The post processing algorithm is briefly described in the following. For each ex-
periment a reference image (before the initial drops enters the field of view) is
taken. This reference images is subtracted from all images of its experimental set
to remove noise. The grey scale images are converted into binary images, based
on a defined threshold. Finally, the shape of the initial drop can be detected. The
average of at least 15 images are used for the determination of D0 and U0. The
center of the drop is determined. From the center of the drop, the radius and the
velocity of the drop (over the time displacement) are obtained. In order to ana-
lyse the corona, geometry the geometry is detected and filled with pixels. The
reflection of the wall film is removed and finally, the corona geometry is analysed.
The trajectories pictured in Fig. 2.14 were computed considering some valida-

tion criteria. From one frame to the next, a sequential image of a droplet was only
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Figure 2.14: Trajectories of splashed secondary droplets.

validated if the midpoint of the drop did not move more than four pixels, the shape
does not change more than 0.5 and the projected area does not change by more
than 30%. If more than 10 images in one trajectory are available, then this a priori
data is used to forecast the next position. The next droplet image must lie within
two pixels of the forecasted position. The trajectories are used to determine the
total number of secondary droplets as well as their size, velocity and dye content
in case of dyed droplets.

Colour high-speed imaging In comparison to the monochrome high-speed
camera the colour high-speed camera provides 36 bit and the obtained images
contain additional information. The colour information is stored in theRGB colour
model in a 3×3 array. In Chapter 7 the content of secondary droplets is investigated
using dyed drop liquids. Therefore, the specific colour of the dyed liquids needs to
be detected during the post processing algorithm. Considering exemplary a droplet
consisting of a transparent and a dyed liquid which are immiscible. Only the drop
is detected, the background is already subtracted. Each pixel is analysed regarding
its value of hue. The centrum of theHSI colour system (Hue, Saturation, Intensity)
is the white point. Using a polar coordinate system the angle is proportional to
the hue, the radius is proportional to the saturation and the height to the intensity
[80, 192] as shown in Fig. 2.15.
Grey scale values as well as black and white are not included in the HSI colour

system. The colour red, which is used in most experiments, is described by the
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Figure 2.15: The cone of the HSI colour system with the hue H, the saturation S
and the intensity V [25].

colour angle 0◦ < 60◦ and 300◦ > 360◦ corresponding to the values 0 − 0.1665
and 0.8335 − 1 in MATLAB.

Refraction of light at a two-phase drop Determining the droplet in droplet
volume requires the consideration of the law of refraction. Beams of light are
refracted at the surface of the drop at the transition if the refraction index of drop
and surrounding medium are different. This refraction is described by the Snell’s
law of refraction shown in Fig. 2.16 [176].

n1 sin �1 = n2 sin �2 (2.21)
with the corresponding refraction index n and entrance/exit angle �. If the beam
is coming from the medium of the lower n For n1 < n2 Snell’s law yields sin �1 >
sin �2 and therefore �1 > �2 and vice versa [75].

2.3.2 Confocal chromatic imaging
White light is emitted from the optical head of the chromatic sensor. This op-
tical head shows the longitudinal chromatic aberration. Using a very small pin-
hole aperture with a diameter of only a few micrometer yield a white spot light
source. This light source is focussed with a lens with the chromatic aberration on
the substrate. The emitted light of different wavelengths is focused on the sub-
strate. Depending on the substrate, only one certain wavelength is focused. Each
focus point covers only a diameter of a few �m. The light is reflected by the sub-
strate and is received by a spectrometer. The intensity profile shows a clear peak for
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Figure 2.16: Scheme of Snell’s law with the refraction indices n1 and n2 and re-
fraction angles �1 and �2 and the diffraction of light in a drop.

the focused wavelength as shown schematically in Fig. 2.17. Due to the reflected
wavelength the distance or respectively the thickness can be determined extremely
precisely. Two wavelengths are reflected from both surfaces of the thickness. Each
peak corresponds to one specific wavelength. Considering the refraction index of
the material the thickness of the subject can be determined. Using the line sensor
Precitec CHRocodile CLS 192 measuring points on a line are used simultaneously.
Measuring the thickness of a material two peaks are found in the intensity profile.
This measurement principle uses two characteristics [141].

Chromatic aberration This method uses an optical error of a lens, which is
known as the axial chromatic aberration. The focal length f of a lens depends
also on the refraction index of the glass and therefore, f is also a function of the
wavelength. Different wavelengths of the light are focused at different focal points.
In the case of white light the colours violet (�min) and red (�max) describe both endsof the visible spectrum. All colours, and respectively wavelength, which are in
between violet and red, are focused between these two focal points. Consequently,
the distance of lens and image differs for different wavelengths leading to different
magnifications [138, 141]. Using this optical error, the distance from the optical
head to the substrate can be determined.

Confocality A confocal optical system uses an illumination point source and a
pinhole. The pinhole is located at the confocal point and allows only light which
is from the focal point to pass through the detector. Therefore, the pinhole acts as
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Figure 2.17: Measurement principle of the confocal chromatic imaging for the dis-
tance measurement [141].

a spatial filter blocking light which is out of focus or light from an external light
source. This spatial filtering improves the lateral and axial resolution [141, 178].
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3 Phenomena of normal drop impact
with and without corona

In this chapter the various phenomena of drop impact under different conditions
are shown. Section 3.1 focuses on the different impact outcomes and the influ-
encing parameters. A qualitative description of the different outcomes and para-
meters is given. Section 3.2 focuses on the drop spreading and receding resulting
from drop impact onto high viscous wall films and soft substrates. In Section 3.3
the evolution of the corona is discussed. Parts of this chapter have been publis-
hed in [89, 92]. Furthermore, parts of the experimental investigations have been
described in the thesis of Brulin [26].

3.1 Different outcomes of drop impact
Drop impact can lead to several outcomes. Among them deposition, corona, splash
and partial rebound. The phenomena observed in this study are shown and discus-
sed in the following. The experimental method is described in Chapter 2.1.

Figure 3.1: Temporal evolution of the impact outcome deposition: S20 drop im-
pacting onto a S750 film with � = 37.5, U0 = 3 m/s, D0 = 1.4 mm
and ℎ = 0.1 mm.
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Figure 3.2: Temporal evolution of the impact outcome corona: S20 drop impacting
onto a S20 film with � = 1, U0 = 3m/s,D0 = 2mm and ℎ = 0.5mm.

Deposition In the case of deposition the impacting drop spreads on the wetted
wall comparable to a dry wall and forms a disk-like shape as shown in Fig. 3.1.
The wall film is uninfluential, no corona is build. Nevertheless, secondary droplets
can be produced if the rim gets unstable. This phenomenon is discussed in more
detail for drop impacts on soft substrates in Section 5.2.

Corona After the impact the droplet generates an expanding flow in the lamella.
Drop impact onto a thin film leads to a kinematic discontinuity as described in
Section 1.3.3. Its interaction with the outer film leads to the appearance of the
uprising liquid sheet bounded by a Taylor rim. The corona grows in diameter and
height till a maximum corona diameter is reached and the corona starts to collapse.
This expansion of the corona is dependent on inertia and viscous forces. The rim
bounding the free liquid sheet may show some instabilities, but no formation of
secondary droplets in this case.

Splash Two kinds of splashing have been observed: prompt splash and corona
splash. In the case of prompt splash directly after the drop impact, in the jetting
phase, very fine secondary droplets are produced and can be observed for low
Ohnesorge numbers. The corona splash can be observed for high Ohnesorge num-
bers. First a corona is build as described and shown in the previous paragraph. In
this case the rim of the fully developed corona gets unstable and finger like jets are
generated. Finally, secondary droplets detach from these jets. Splashing can be
divided into four stages: corona formation, rim instability and jet formation, break
up of the jets and formation of secondary droplets and collapse of the corona [42].
The different stages are shown in Fig. 3.3.

56



3.1 Different outcomes of drop impact

Figure 3.3: Temporal evolution of the impact outcome splash: S5 drop impacting
onto a S5 film with � = 1, U0 = 3m/s,D0 = 2mm and ℎ = 0.25mm.

Partial rebound In Fig. 3.4 the temporal evolution of partial rebound is shown.
The corona rises, the generation of secondary droplets is possible, but not neces-
sary. After the corona is collapsed the liquid merges back to the center of impact
and rebounds in form of a central jet. If the energy is high enough, satellite droplets
can detach from the central jet.

3.1.1 Influencing parameters on the impact outcome
Drop impact onto a liquid wall film results in a radially spreading lamella of the
fluid of the droplet in a crater formed in the wall film. The resulting crown dia-
meter and height as well as the impact phenomenon itself are highly influenced
by many parameters like the impact velocity, the fluid viscosity and the surface
tension, for example, a higher viscosity slows down the spreading of the droplet
after the impact compared with a fluid with lower viscosity. In the case of diffe-
rent fluids as droplets and as wall films, investigated in this study, the influence
of the fluid properties is even more complex. In order to understand the influence
on the impact outcome of the parameters, each parameter is varied systematically.
The influencing parameters are divided into the impact parameters (initial drop
diameterD0, impact velocity U0 and film thickness ℎ) and fluid properties of both
liquids (kinematic viscosity �, surface tension � and density �), among which the
focus is on the kinematic viscosity in this study.

Initial drop diameter The influence of the drop diameter on the impact out-
come is shown in Fig. 3.5. A larger drop enhances splashing due to the higher
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Figure 3.4: Temporal evolution of the impact outcome partial rebound: A water
drop impacting onto a S65 film with � = 65, U0 = 2.7 m/s, D0 = 2.8mm and ℎ = 0.25 mm.

kinetic energy at impact due to a bigger initial drop.

Impact velocity As shown in Fig. 3.6 the impact velocity also enhances splash-
ing. The impact velocity has a significant influence on the impact phenomena, as
expected. In the case of the lower impact velocity no splashing occurs. The crown
is elevated and then falls down on the wall. After expanding the crater starts to
recede due the action of capillary forces and gravity. Crater then merges and its
implosion leads the generation of a central jet and partial rebound. In the case
of higher impact velocity the crone instability leads to splash. The central jet is
much weaker, than in the case with smaller impact velocity. This can be explained
that splashing consumes the kinetic energy to an extent that the remaining kinetic
energy for rebound is minor compared to the case of no splashing.

Film thickness The influence of the film thickness on the impact outcome in
the regime of thin films (� < 1) is not as strong. As shown in Fig. 3.7, the
impact outcome is comparable for different film thicknesses. Also the differences
in the corona diameters and heights are minor compared to the effect of D0 and
U0. Nevertheless, the wall film can also influence the impact outcome. In total
thicker wall films can prevent splashing. Especially, in the very thin wall film
regime a new phenomenon was observed, corona detachment, which is discussed
in Chapter 6.
In Fedorchenko andWang [55] the angle � of the corona inclination to the target
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3.1 Different outcomes of drop impact

Figure 3.5: Drop size influence on corona development: S65 drop impacting onto
a water film with � = 0.015, U0 = 2.3 m/s and ℎ = 0.5 mm. Drop
diameter is D0 = 1.8 mm (left) and 2.2 mm (right) resulting in di-
mensionless film thicknesses of � = 0.28 and 0.23. Reprinted figure
with permission from [92]. Copyright 2018 by the American Physical
Society.

plane is predicted in the form
cos � = 1 − 4�. (3.1)

However, in this study the observed angle of the corona inclination is about � ≈
80◦ for all three film thicknesses in Fig. 3.7 during corona propagation (t = 2 − 5
ms), which differs significantly from the prediction given in Eq.(3.1).
Apart from the aforementioned impact parameters, inclination of the substrate

also plays a role. Inclination leads to a asymmetric propagation of the corona. The
effect of inclination on the drop impact is discussed in the following Chapter 4.

Fluid viscosity The viscosity also influences the impact outcome as shown in
Fig. 3.8 and Fig. 3.9. The increment in the viscosity slows down the motion of
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3 Phenomena of normal drop impact with and without corona

Figure 3.6: Impact velocity influence on corona development: water drop (D0 = 2mm) impacting onto a S10 film with ℎ = 0.5mm and � = 9.9. Impact
velocity is U0 = 1.7 m/s (left) and 2.3 m/s (right). Reprinted figure
with permission from [92]. Copyright 2018 by the American Physical
Society.

the crown in the lamella and stops the expansion of the corona in the wall film.
Prompt splash can be observed for low viscosity liquids due to the jetting flow in
the lamella. On dry surfaces a shockwave propagates into the apex of the drop after
its impact. When this shock wave reaches the contact point of drop and surface,
an expanding wave is generated leading to the jetting flow. This jetting flow also
occurs in drop impact onto thin films [42]. For high viscous liquids only corona
splash can be observed.
If different fluids are used for the drop and wall film, then one can expect that

the properties of both fluids must be considered when discussing their influence on
the outcome. However, not only the fluid properties are important, but also which
liquid is used for the drop or wall film is important, as can be seen in Fig. 3.8. The
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3.1 Different outcomes of drop impact

Figure 3.7: Film thickness influence on the corona development: A S5 drop im-
pacting onto a S10 wall film with from left to right � = 0.04, 0.11 and
0.23. The impact velocity isU0 = 3.2m/s, the drop diameterD0 = 2.2mm and the viscosity ratio � = 0.5. Reprinted figure with permission
from [92]. Copyright 2018 by the American Physical Society.

impact outcome as well as the temporal evolution of the corona are strongly deter-
mined by which liquid is used for the drop and which for the wall film. With in-
creasing viscosity of the wall film the corona evolution becomes slower due to the
increasing resistance force of the wall liquid. Conversely, a less viscous wall film
yields more easily and promotes the evolution of the corona. Therefore, corona
splash occurs more readily in the case of a less viscous wall film. The influence
of the drop viscosity is not as obvious.

Fig. 3.9 shows the impact outcome for different viscosity ratios. It can be seen
that the impact outcome differs for different viscosity ratios. However no clear
correlation between the viscosity ratio and the impact outcome can be discerned.
Although the impact outcome is clearly influenced by the viscosity ratio, the vis-
cosity ratio itself cannot be used to predict the impact outcome.

Especially, if high viscous liquids are involved the behavior differs significantly
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3 Phenomena of normal drop impact with and without corona

Figure 3.8: Influence of fluid combination on the corona development: Impact of a
S5 drop onto a S65 film (left) with � = 13 and of a S65 drop impacting
onto a S5 film (right) with � = 0.08 for � = 0.25, U0 = 2.3 m/s and
D0 = 2 mm. Reprinted figure with permission from [92]. Copyright
2018 by the American Physical Society.

and builds an own regime. The effect of high viscous liquids is discussed in the
following Section 3.1.2. For a highly viscous wall film the drop cannot evolve to
a corona since the resistance of the wall film is too high and does not permit the
evolution of a spreading lamella and subsequent corona. The drop barely penetra-
tes or deforms the wall film; thus, the drop spreads like on a solid surface. If the
wall film is less viscous the impact leads to a corona or even to corona splash. In
both cases the maximum spreading diameter and the maximum corona diameter
vary, depending on the viscosity of the drop.

Fluid temperature The temperature of the liquids as well as of the ambient gas
can influence the impact outcome and cannot be neglected due to typical conditi-
ons in technical applications such as the combustion engine and spray cooling. The
impacts onto heated [23] or cooled dry walls [161] have been investigated rather
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3.1 Different outcomes of drop impact

Figure 3.9: Effect of viscosity ratio (�) on the outcome of drop impact with � =
0.25,D0 = 2mm and U0 = 2.3m/s. Reprinted figure with permission
from [92]. Copyright 2018 by the American Physical Society.

often so far. Recent studies focused on the heat transfer during drop impact onto a
wetted wall, while drop and wall film liquid have different temperature [60, 110].
In Fig. 3.10 the effect of temperature on the outcome is shown, while drop and wall
film have the same temperature [26]. The influence of the temperature is minor
in these experiments and only results in the change of the temperature dependent
liquid properties. However, for high temperature the wall film starts to show in-
stabilities. Comparable instabilities of the wall film have been observed in [60] in
case of a temperature gradient of drop and wall film.

3.1.2 Drop impact of high viscous liquids
In order to investigate the transition from the outcome of drop impact onto a solid
wall to a high viscous liquid film the kinematic viscosity of the wall film is varied
up to 100 000 mm2/s. A solid surface can be considered as a substrate with infinite
viscosity.

High viscous wall film If the impact substrate is covered by a very high vis-
cosity liquid or is a solid surface the drop spreads on the surface, as it can be seen
in Fig. 3.11. The maximum spreading diameter Dmax,spread as well as the maxi-
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3 Phenomena of normal drop impact with and without corona

Figure 3.10: Effect of liquid temperature T on the outcome of a Hexadecane drop
impacting onto a Hexadecane wall film with � = 0.1, D0 = 2 mm
and U0 = 3 m/s [26].

mum spreading time tmax are mainly determined by the viscosity of the drop and
the kind of the impact substrate. In this case the viscosity of the wall film deter-
mines the phenomenon itself, deposition, but the viscosity of the drop determines
the geometrical and temporal parameters like Dmax,spread and tmax. Comparing
the outcomes of the same drop impacting onto different wall film liquids, as it can
be seen in Fig. 3.11, the outcome does not differ much from each other, whereby
comparing the outcomes of the same wall film liquid but different drop liquids the
outcomes differ significantly from each other. The impact substrate determines
the motion of the drop after the impact, whether the drop can build a corona or
the fluid of the drop is stopped and end in deposition. The higher viscous the film
gets the less motion of the drop is enabled due to the viscous forces. In the case
of deposition the higher viscous the drop gets the less spreading occurs also due
to the viscous forces. The motion of the drop is stopped due to the inaction of
the drop. Directly after the drop impact a very high viscous drop only sits on the
impact substrates, but does not spread what is caused by the high viscosity and its
loss of ambition to change its shape. During the first few milliseconds a very high
viscous drop gets only compressed breadth wise, then the motion of the drop is
stopped. In the second phase which lasts much longer, several seconds, the con-
tact angle decreases slowly. Due to this damping behaviour the viscosity of the
liquids highly influences the impact outcome [89].
If the wall film is very viscous, the film thickness is not influencing the impact

outcome at all since the viscosity is preventing any motion in the wall film and the
penetration of the drop into the wall film is insignificantly small.
The outcome of less viscous drops impacting onto high viscous wall films is
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3.1 Different outcomes of drop impact

discussed separately in Section 3.1.4.

High viscosity drop If the liquid of the impact substrate is less viscous the
drop impact leads to the evolution of a corona. Furthermore, corona splash can
also be observed. The impact outcome itself is influenced by the viscosity of the
wall film whereby the maximum spreading diameter Dmax,spread and maximum
corona diameter Dmax are highly influenced by the viscosity of the drop as it can
be also observed in the case of deposition. It can be observed that with increasing
viscosity of the drop Dmax decreases whereas the increase of the viscosity of the
wall film does not significantly influence Dmax as shown in Fig. 3.11.
The fluid of the drop seems to predominate the impact outcome as well as

the corona propagation. In the case of splashing though it can be observed that
the fluid of the wall film determines the splashing threshold as it can be seen in
Fig. 3.11. In the case of a highly viscous drop the splashing threshold is already
reached at a wall film viscosity of �f = 20 mm2/s. For a high viscous wall film
the drop cannot evolve to a corona since the resistance of the wall film is too high
and does not admit the evolution of a corona. The drop can only slightly penetrate
the wall film. Therefore, the drop spreads on the high viscous wall film alike on a
solid surface such as glass. If the wall film is less viscous the drop impact leads
to corona or even to corona splash. In this case the drop is able to penetrate into
the wall film, the liquid of the wall film is pushed aside and a corona is built. In
both cases the maximum spreading diameter and the maximum corona diameter
vary dependent on the viscosity of the drop. Similar to a high viscous wall film a
high viscous drop does not change its shape too much. In contrast a less viscous
drop extends into the wall film [89]. The liquid combinations in Fig. 3.11 are mis-
cible. In Fig. 3.12 a silicone oil drop impacts onto a water film. In these case the
liquids are immiscible. At the instant of the impact a corona is formed with an
early secondary droplet production. After about 0.1 ms the corona angle changes
from pointing outwards of the impact center to pointing inwards. The drop pe-
netrates the wall film liquid and spreads on the impact substrate (smooth glass),
probably similar to the impact on glass, while the wall film liquid is covering the
drop. It seems that the wall film liquid forms an inbound corona around the sprea-
ding drop. Finally, the corona collapses and the covering liquid flows downwards
into the wall film. No obvious effect of the film thickness (within the thin film
regime) can be observed in this case. Solely the depth of immersion of the drop
changes due to the different film thicknesses. Since both liquids are immiscible
no interaction between both liquids occur. Due to the high viscosity of the drop
liquid the drop can be compared with a slightly formable particle.
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3 Phenomena of normal drop impact with and without corona

Figure 3.11: Temporal development of the drop spreading of a S350 drop (a)-c))
and a S10000 drop (d)-f)) impacting onto different impact substrates,
wall film of S1000 (a), d)) and of S100000 (b), e)) with the same
relative film thickness � = 0.227 and glass (c), f)) (a) and impacting
onto different impact substrates, wall film of S5 (a), d)), S10 (b), e))
and S20 (c), f)) for the same relative film thickness � = 0.045 (b).
Reprinted figure with permission from [92]. Copyright 2018 by the
American Physical Society.
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3.1 Different outcomes of drop impact

Figure 3.12: Temporal evolution of a S350 drop impacting onto a water wall film
with � = 0.0028, U0 = 3 m/s, D0 = 2.2 mm and ℎ = 0.1 mm.

3.1.3 Outcomes of drop impact on soft substrates
Solid substrates can be classified by such as soft or hard, structured or smooth. In
order to investigate the effect of the softness of the substrate the complex shear
modulus of the substrates is systematically varied. A short description of the sub-
strate generation can be found in Section 2.1.6 and a detailed description in [90].
The properties of the soft substrates can be found in Table 2.3. Furthermore, the
effect of the viscosity of the impacting drop is investigated by varying the drop
liquid. Water and seven different glycerine-water solutions have been used, listed
in Table 2.1. The Reynolds number is varied in the range from 33 to 5485 and the
Weber number from 296 to 480.
The temporal evolution of the drop impacts at different Reynolds numbers on the

same soft substrate with the mixing ratio 10:1 is shown in Fig. 3.13. The process
of drop impact onto a dry substrate can be subdivided into three phases: initial
drop deformation, spreading and receding. During the spreading phase the drop
spreads radially immediately after its impact. The thin spreading liquid lamella is
bounded by a rim [157], which is formed by surface tension and viscous forces.
Rim instabilities can lead to the formation of secondary droplets under certain
conditions. Different impact outcomes on the same deformable substrate with the
mixing ratio 10:1 are shown in Fig. 3.13, partial rebound is observed for Reynolds
numbers Re > 5114. Secondary droplets appear as a result of splash for the
Reynolds numbers Re ≤ 2050. In the intermediate range of Reynolds number
drop collision leads to the deposition without breakup [90].

3.1.4 Dancing droplets
If silicone drops of low viscosity impact onto a high viscous silicone oil film or on
soft PDMS substrate as described in Chapter 2.1.6, dancing secondary droplets can
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3 Phenomena of normal drop impact with and without corona

Figure 3.13: Temporal evolution of impacts of drops of different viscosities on a
deformable substrate with the mixing ratio 10:1 (complex shear mo-
dulus at 1 Hz is 703.43 kPa as shown in Table 2.3). The liquids are
the water-glycerin mixtures of 5, 20, 40 and 90 wt. % (from the upper
to the bottom raw). The impact velocity is U0 = 3 m/s and the ini-
tial drop diameter is D0 = 2.3 mm. The Weber number ranges from
W e = 300 to 490. (Reprinted from [90].)

be observed after detaching from the finger-like jets. In both cases the drop spreads
on the impact substrate and finger-like jets are produced. When the receding phase
starts the finger like jets are pulled back towards the impact center. Finally, the
drops, which are still attached to the finger-like jets, detach from the jets. Due to
this pulling back the secondary droplets get a momentum in the direction towards
the impact center, which leads to dancing droplets. According to our observation
this behaviour is only observed if the material of drop and impact substrate if the
material of drop and impact substrate are similar in chemical nature. Since PDMS
is based on silicone oil, the drop liquid and the substrate material are related to
each other.
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3.2 Kinematics of drop spreading without corona

Figure 3.14: Temporal evolution of spreading and splashing including the dancing
droplets of a S10 drop impacting onto the soft substrate S4 (left) and
a S100000 wall film of ℎ = 0.1 mm (right) with D0 = 2.8 mm and
U0 = 3m/s. For both image sequences one dancing droplet is tracked
and marked with a red circle exemplary.

3.2 Kinematics of drop spreading without corona
3.2.1 Drop impact on a highly viscous wall film
In case of wall films of high viscous liquids the maximum spreading diameter
Dmax,spread∕D0 is determined by the viscosity of the drop as shown in Section 3.1.2.
In order to determine the effect of a high viscosity liquid on the process of spre-
ading the dimensionless maximum spreading diameter Dmax,spread∕D0 and the
dimensionless maximum spreading time �max are evaluated. The dimensionless
maximum spreading time �max is defined below in Eq. (3.2),

�max = tmax
U0
D0

Re−1∕5d (3.2)

with the impact velocity U0, the initial drop diameterD0. U0D0Re
−1∕5 is the typical

time of expansion of the boundary layer in the drop [153].
In Fig. 3.15 the dimensionless maximum spreading time �max is shown as a

function of the viscosity ratio �. For a range of viscosities the value of � is near to
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Figure 3.15: �S as given in Eq. 3.2 as a function of the viscosity ratio � for different
impacting drop liquids.

unity. Therefore the time of drop deformation is determined by the expansion of
the boundary layer. It can be seen that with increasing viscosity of the impacting
drop onto different high viscous liquids the dimensionless time �max decreases
respectively its dependence on �1∕6.
The dependency of the dimensionless time tmaxU0∕D0 as a function of the Rey-nolds number of the drop on the viscosity of the drop in the case of glass as impact

substrate is shown in Fig. 3.16. In the transition region of low and high viscous
liquids expressed by the Reynolds number a jump can be seen. Due to the cha-
racteristic of low viscous and high viscous liquids the liquid moves very fast and
accordingly stops its motion very fast. This leads to comparable dimensionless
spreading times in the case of glass as impact substrate and therefore to the gap of
the transition region.
The effect of the viscosity of the wall film on the dimensionless maximum spre-

ading diameter is shown in Fig. 3.17. A clear correlation between Dmax∕D0 and
Red can be seen for the different impact substrates. Furthermore all results are
rather in line with each other. In this parameter range the viscosity of the wall film
does not influence the spreading behaviour. This shows that the drop impact onto
a high viscous wall film can be compared to the drop impact onto a glass substrate.
The experimental results are compared with a model of the dimensionless maxi-
mum spreading diameter by Roisman [153] shown in Eq. (1.13) and is valid for
high Reynolds numbers. Due to the high viscous liquids the corresponding Rey-
nolds numbers are rather small. Therefore, the following simplified expression of
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Figure 3.16: Dimensionless spreading time tmaxU0∕D0 as a function of the Rey-
nolds number of the drop for different drops impacting onto glass: in
the viscous regime Re < 20 (left) and including the transition region
of low and high viscosity (right).

Eq. (1.13) is used.
Dmax ≈ 0.87Re1∕5 (3.3)

The theoretical Dmax matches the experimental data rather well. For Re ≥ 0 the
theoretical Dmax and the experimental Dmax,spread∕D0 differ slightly from each
other.

3.2.2 Drop impact on soft substrates
Immediately after impact onto a solid substrate a viscous boundary layer is formed
and starts to expand [153]. As soon as the thickness of the boundary layer is equal
to the thickness of the thinning, radially spreading lamella, the flow in the drop is
governed mainly by the balance of inertia and viscosity. The velocity of spreading
is quickly damped by the viscous stresses. The drop spreads until it reaches its
maximum spreading diameter Dmax,spread . For hydrophobic substrates the capil-lary forces associated with the surface wettability induce a receding motion. The
time scales for spreading and receding differ significantly from each other. While
the spreading phase only lasts about 2 ms in these experiments, the receding phase
takes much longer depending on the impact substrate, as it can be seen in Fig. 3.18
for various substrate materials. The spreading phase is almost not influenced by
the substrate material leading to approximately the same dimensionless maximum
spreading diameter. However, the influence of the deformable coating on the velo-
city of the rim propagation becomes very significant during receding. In fact the
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Figure 3.17: Dimensionless maximum spreading diameter as a function of the
Reynolds number of the drop for different impact substrates. The
relative film thickness is � = 0.23 and the impact velocity u = 3.2
m/s.

phenomenon of drop spreading on deformable viscoelastic substrates is very simi-
lar to the drop spreading on dry solid substrates of different wetting properties. It
is very probably that the flow in the neighborhood of the moving contact line is a
decisive factor, also in the case of drop receding on a deformable substrate [90].
The spreading diameter is non dimensionalised by dividing the instantaneous

spreading diameterD by the initial diameterD0. Partial rebound occurs when thedimensionless spreading diameter falls below the value 1. The initial spreading
phase is comparable for the entire range of the Reynolds number. The receding
phase, which starts after 5 ms in these experiments, is influenced by the underlying
substrate. After reaching the maximum spreading diameter all the drops are slo-
wed down and reach a final equilibrium diameter. This final equilibrium diameter
depends significantly on the impact substrate as it can be seen in Fig. 3.18.
Fig. 3.18 shows the evolution of the spreading diameter against time for different

substrates. Both the spreading diameter and the time are non dimensionalised.
The figure shows that there is hardly any difference in the spreading behaviour
until the drop reaches a maximum diameter. The spreading phase therefore is
not significantly influenced by the elasticity of the substrate or by the Reynolds
number of the drop. The receding phase though is significantly influenced by the
softness as the impact energy is absorbed by the deformable substrate and the
drop does not have the energy to retract back and rebound. It is also seen that the
final contact diameter increases with increasing of mixing ratio, i.e. increasing of
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Figure 3.18: Evolution of the dimensionless spreading diameter as a function of
the dimensionless time for the water drop impacting substrates of dif-
ferent shear modulus.

softness. This effect can be attributed to the substrate deformation in the vicinity of
the three-phase contact line. This deformation provides additional friction to the
contact line motion thereby reducing the velocity of receding phase [90]. Similar
observations were made in the previous studies on deformable substrates as well
[77, 103].

3.3 Kinematics of the corona expansion
The previous Section 3.1 illustrates clearly that the outcome of drop impact onto
a film of a different liquid depends not only on the impact parameters but also
on the viscosities of drop and film. It is very difficult to understand or analyse
experimental data if so many parameters influence the problem. Therefore, some
fundamental discussion about the dynamics of drop impact is necessary prior to
any analysis of the experimental results.

3.3.1 Dynamics of a drop impact onto a liquid layer
If the impact velocity is high enough, which means that both Reynolds and Weber
numbers are much larger than unity, the flow in the spreading lamella can be subdi-
vided into an outer solution and the near-wall viscous boundary layer. In the outer
solution the influence of the viscous and capillary terms are negligibly small in
comparison with the dominant inertial terms. This solution determines the flow in
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Figure 3.19: Dimensionless maximum spreading diameter as a function ofRe1∕5Dropcompared with the theoretical model of Roisman [150]. (Reprinted
from [90].)

the lamella whenever the thickness of the viscous boundary layer is much smaller
than the thickness of the lamella. At later stages viscous terms become dominant.
In the next sections the main flow regions and impact phases are considered in
more detail.

3.3.2 Inertia dominated flow in the spreading lamella:
Outer solution

When a drop impacts onto a liquid layer, the dynamic pressure at the drop/film in-
terface leads to the generation of a crater. The liquid layer between the expanding
crater and the substrate consists of the two liquid films. The upper film corre-
sponds to the drop liquid and the lower film corresponds to the liquid of the initial
wall film. If the impact Reynolds and Weber numbers are much larger than unity,
the flow in the radially expanding liquid layer is inertia dominated. The remote
asymptotic solution for potential flow in the spreading lamella, valid for large ti-
mes, has been obtained in [202] from the mass and momentum balance equations

ur =
r

t + �D0∕U0
, uz = −

z
2(t + �D0∕U0)

(3.4)

where r and z are the radial and axial coordinates in the system with the origin
fixed at the point of impact on the substrate, ur and uz are the radial and axial
components of the velocity vector, � is a dimensionless constant, which depends
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Figure 3.20: Dimensionless maximum corona diameter for drop impact onto a thin
wall film 0.12 < � < 0.36. Drop diameter is between 1.45 and 2 mm
while the impact velocity is almost constant, U0 ≈ 2.8 m/s. Liquid
viscosity is varied in the range 5 × 10−6 < � < 5 × 10−5 m2/s, while
� = 1. The Weber number is varied from 550 to 900. (Reprinted
from [90].)

only on the relative film thickness. The thickness of the lamella at large times is
obtained in the form [202]

ℎlam =
�D30

U20 (t + �D0∕U0)
2

(3.5)

where � is a dimensionless constant. This scaling has been confirmed by experi-
ments on drop impact onto a spherical target [10].
The expanding film in the lamella interacts with the outer unperturbed liquid

film. In the study of Yarin and Weiss [202] this interaction has been described
as a propagation of a kinematic discontinuity, associated with the corona. The
thickness of the sheet in the expanding corona is obtained from a mass balance of
the kinematic discontinuity. This thickness is physically the sum of the thicknes-
ses of the outer film and of the instantaneous thickness of the lamella in the crater
region. The evolution of the corona radius is described using the mass and mo-
mentum balance equations and is expressed in the form

Rcorona = �U
1∕2
0 D1∕20

(

t +
�D0
U0

)1∕2
(3.6)

where � is a dimensionless constant determinedmainly by the dimensionless initial
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film thickness.
In the work of Roisman et al. [158] the expression for Rcorona(t) has been gene-ralized by taking into account the effects associated with the surface tension and

gravity. It is shown that the dimensionless maximum corona diameter, scaled by
the drop diameter, is determined only by the impact Weber number and by the
relative initial wall film thickness.

3.3.3 Viscous regime of corona propagation
For relatively thin liquid films in the range 0.05 < � < 0.2 the splashing thres-
hold and the threshold associated with the corona/deposition limit depend weakly
on �. This important observation of [146] contradicts the correlations for the cri-
tical K number (1.25), which are probably more applicable to the cases for film
thicknesses � > 0.2.
In the case of drop impact onto a relatively thin liquid film the maximum corona

diameter is mainly determined by the Reynolds number while the influence of the
Weber number is small, as can be seen in Fig. 3.20 and Fig. 3.21. The value of
the maximum corona diameter is defined not by the instant before corona receding
but by the instant when the corona falls down onto the liquid film and deposits on
it. The film thickness only weakly influences the value of Dmax in this regime as
shown in Fig. 3.20.
The values of the Reynolds number corresponding to the data in Fig. 3.20 are

much smaller than their values corresponding to the data used in [158]. Therefore,
drop impact onto a thin viscous liquid film occurs in a regime which is completely
different from the regime governed by surface tension and gravity, studied in [158].
The corona propagation in the fully developed viscous film flow has not yet been
analysed in the literature.
During fast drop impact, leading to splash, viscosity becomes important only in

the viscous boundary layer [153], whose thickness increases in time, ℎ� ∼
√

�t.
At some instant, tvisc ∼ ℎ2∕�f , the thickness of the boundary layer is equal to the
initial film thickness. At this instant the viscosity starts to damp the propagation
of the corona at the film. The values of tvisc, of the film thickness ℎvisc and the
corona radius Rvisc at this instant can be estimated with the help of (1.18)

tvisc =
D0
U0
Re1∕5, ℎvisc = D0Re−2∕5, Rvisc = D0Re1∕10. (3.7)

In this study tvisc and Rvisc are considered as time and length scales, while ℎviscis the scale for the lamella thickness. Constants are omitted in expressions (3.7).
The scales (3.7) are suitable for the description of the fully developed flow in the
liquid lamella since ℎ2visc = tvisc�.
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Figure 3.21: Dimensionless maximum corona diameter for drop impact onto a thin
wall film 0.12 < � < 0.36 as a function of the Weber number. Drop
diameter is between 1.45 and 2mmwhile the impact velocity is main-
tained approximately at U0 ≈ 2.8 m/s. Liquid viscosity is varied in
the range 5 × 10−6 < � < 5 × 10−5 m2/s, while � = 1.

The fully developed flow in the lamella at large times is roughly described by
assuming a parabolic profile of the radial velocity component in the form

ur =
rU0
D0

(

2y
ℎ
−
y2

ℎ2

)

F (t), (3.8)

where F (t) is a dimensionless function which satisfies the initial conditions

F (tvisc) = �f
D0

U0tvisc
, ℎ(tvisc) = �ℎℎvisc, (3.9)

where �f and �ℎ are dimensionless constants determined by the film relative thickness.
The momentum balance equation can be satisfied only in an integral form

∫

ℎ

0

(

)ur
)t

+ ur
)ur
)r

+w
)ur
)y

− � )
)r

[

1
r
)rur
)r

]

− �
)2ur
)y2

)

dy = 0, (3.10)

where the axial component of the velocity field is determined from the continuity
equation

w = −1
r ∫

y

0

(

)rur
)r

)

dy. (3.11)
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Figure 3.22: Dimensionless maximum corona diameter for different drop liquids
onto a thin wall film of 0.12 < � < 0.17 as a function of the Reynolds
number of the wall film. Drop diameter is between 1.45 and 2 mm
while the impact velocity is almost constant, U0 ≈ 2.8 m/s. Liquid
viscosity is varied in the range 5 × 10−6 < � < 5 × 10−5 m2/s.

Substitution of (3.8) in (3.11) and (3.10), and noting that ℎ′(t) = w(y = ℎ), yields
the following system of two ordinary differential equation for the function f (t) and
ℎ(t)

45
D0U0
ℎ(t)2Re

F (t) +
16U0
D0

F (t)2 + 15F ′(t) = 0, ℎ′(t) =
4ℎU0
3D0

F (t). (3.12)

The solution of this equation is straightforward, therefore we exclude algebraic
transformations to simplify the readability of this study. Moreover, we are more
interested in a correct scaling of the problem is than in an exact explicit solution.
The remote asymptotic solution of (3.12) valid for large times yields

ℎ = ℎvisc

√

3
�ℎA1∕2

(

1 + exp
[

− At
tvisc

])

, F (t) =
3A�f

4�tRe1∕5
exp

[

− At
tvisc

]

,

(3.13)
where A is a dimensionless constant, determined from the conditions at t = tvisc.
The average radial velocity in the lamella at large times is ur ∼ rU0F (t)∕D0.The propagation of the corona we describe as a kinematic discontinuity [202],

neglecting the viscous losses at the base of the corona. The Bernoulli equation
in this case yields R′b(t) = ur(r = Rb)∕2. Solution of this ordinary differential
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Figure 3.23: Dimensionless maximum corona diameter for drop impact onto a thin
wall film 0.05 < � < 0.25, scaled by Rvisc as a function of the scaledinterfacial velocity ��−3∕5. The expression forRvisc is given by (3.7).The impact Reynolds number is in the range 230 < Re < 1300.

equation with the help of (3.13) yields

Rb ∼ Rvisc exp
(

−B exp
[

− At
tvisc

])

, (3.14)

where B is another dimensionless constant.
If the viscosities of the drop and of the film are not equal, the flows in both

layers, of the drop and of the film liquids, have to be considered. At large times,
corresponding to the viscous flow in both layers, and very thin liquid films the
main additional influencing parameter is the relative interfacial flow. The value of
this interfacial flow can be estimated from the condition of the continuity of the
viscous shear stresses at the interface. The shear stress in each layer at larger times
can be estimated as �id ∼ �d(ud − ui)∕ℎd and �if ∼ �fui∕ℎf , respectively. Thethicknesses of the layers can be estimated as ℎd ∼ ℎviscd, ℎf ∼ �ℎviscf . Neglectingthe density difference of two liquids and assuming ui ≪ ud yields the following
expression for the relative interface velocity

ui
ud
∼ �
�3∕5

. (3.15)

The dependence of the scaled maximum corona diameter Dmax∕Rvisc on the
relative interfacial velocity, defined in (3.15), is shown in Fig. 3.23 for different
values of the initial film thickness 0.05 < � < 0.25. Only cases of relatively
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Figure 3.24: Evolution of the scaled corona radius at the wall, Rb∕Rvisc, for va-rious liquid viscosities. The liquids of drop and wall film are the
same. The relative film thickness is � = 0.166 and the impact velo-
city u = 3.2 m/s. The form of the best fit of the data is defined in
(3.14).

high Reynolds numbers are shown in Fig. 3.23, Re > 230, to ensure that the drop
spreading is inertia dominated at the initial stage of collision and that the time of
corona spreading is much higher than tvisc.
For the initial thicknesses � < 0.05 the distinct dependence of Dmax∕Rviscmainly on � is disrupted. The flow in such thin films (of thicknesses around 50

micrometers or thinner) is probably influenced by additional factors, like substrate
roughness or presence of micro-bubbles, etc.
In Fig. 3.24 the evolution of the scaled corona radius is shown as a function

of a scaled time for three different liquid viscosities. The scaled curves coincide
for all viscosities, which confirms our assumption that in the regime considered
in these experiments, the propagation of the corona is governed by the inertia and
viscosity. Moreover, the fit for the corona propagation in the form expressed in
(3.14), Rb∕Rvisc = 1.54 exp

[

−0.97 exp
(

−0.66t∕tvisc
)], agrees very well with the

experiments. The fitting parameters B and A are both of the order of unity. This
result can also be considered as an indirect confirmation of the theory for viscous
corona propagation.
If a high viscous drop impacts onto a less viscous wall film, a corona is evolved

as shown in Fig. 3.11. Themaximum corona diameterDmax is for this combination
highly dependent on the viscosity of the drop as it can be seen in Fig. 3.25. Since all
results are rather in line with each other the viscosity of the wall film does not seem
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Figure 3.25: Dimensionless maximum corona diameter as a function of the Rey-
nolds number of the drop for different wall film liquids. The relative
film thickness is � = 0.045 and the impact velocity u = 3.2 m/s.

to influence Dmax∕D0 significantly. Solely the impact outcome itself, corona or
corona splash, is influenced by the viscosity of the wall film as shown in Fig. 3.11.
Splashing is already suppressed at less viscous wall film such as �f = 20 mm2/s
for a S350 impacting drop. A high viscous drop does not tend to spread after the
drop impact what can already be seen in Fig. 3.11 in the case of deposition. Due
to its contour accuracy which comes from the high viscosity the drop only pushes
the liquid of the wall film aside but does not extend itself. Due to the kinetic
energy resulting from the impact the shape of the corona is determined by the film
liquid which is pushed aside while the drop nearly keeps its initial form. Therefore
the maximum corona diameter decreases with decreasing Reynolds number of the
drop.

3.4 Conclusions
Drop impact on a wetted wall leads to several impact outcomes. The different im-
pact outcomes and the influencing parameters are presented and discussed in this
chapter. High viscosity liquids as drop and respectively wall film are investigated
as limiting cases. In case of drop spreading on high viscous wall films and soft
substrates is mainly influenced by the Reynolds number. The viscosity of the drop
and wall film are varied up to 100 000 mm2/s as well as the relative film thickness.
The dependency of the maximum spreading diameter in the case of deposition
and maximum corona diameter in the case of corona on the Reynolds number is
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Figure 3.26: Dimensionless maximum corona and spreading diameter as a
function of Re1∕5Drop compared with the theoretical model of Roisman
[150].

shown. The viscosity of thewall film only influences the impact outcome itself, but
the viscosity of the drop determines maximum spreading diameter and maximum
corona diameter. In the case of a high viscous drop impacting onto a high viscous
wall film, the outcome is comparable to the impact on glass except for its final
resting shape. The dimensionless maximum spreading time � has been introduced
to determine the effect of the viscosity of the drop. In the case of a high viscous
drop impacting onto a less viscous wall film the maximum corona diameter decre-
ases with increasing drop viscosity. Dancing droplets were observed for silicone
oil droplets of low viscosity impacting onto high viscous silicone oil wall films as
well as on soft PDMS substrates. Since both liquids and respectively drop liquid
and PDMS substrate are similar in chemical nature, during the receding stage the
finger-like jets are pulled back towards the center leading to a momentum in the
direction of the impact center. When the secondary droplets detach from the jets,
they are moving inwards.
The expansion of the corona is described. It has been shown that drop impact

onto a relatively thin layer of a viscous liquid, whose initial thickness is smaller or
comparable with the viscous thickness ℎvisc ∼ D0Re−2∕5f , is special. The flow in
the lamella and the propagation of the corona in this regime are governed mainly
by the balance of inertia and viscous stresses. Characteristic time and length scales
for this regime are determined. The corresponding scaling of the corona radius is
validated by the experimental data of impacts of drops of different viscosities.
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4 Drop impact onto an inclined flowing
wall film

In the present chapter the dynamics of drop impact onto an inclined, flowing wall
film are shown and discussed. The normal impact of a drop onto a wetted substrate
can lead to several outcome phenomena, depending on the impact parameters and
fluid properties as discussed in Chapter 3. If the impact velocity is high enough
the impact leads to the development of an axisymmetric corona bounded by a rim.
The corona appears as a result of interaction of a radially expanding liquid film
with the outer initially static wall film. Drop impact onto an inclined flowing wall
film results in the expansion of a non-axisymmetric corona. In case of urea-water
solutions as drop and wall film liquid, the formation of holes can be observed.

4.1 Observations of drop impact and corona
expansion

In the case of the oblique impact the inclination angle also influences the impact
outcome. The effect of the inclination angle and therefore the effect of the tangen-
tial component of the impact velocity is shown in Fig. 4.1 for the same dimension-
less film thickness � = 0.091. At relatively small inclination angles the shape of
the corona slightly deviates from the axisymmetric form. At higher impact angles
the influence of the tangential component of the impact velocity becomes signifi-
cant, which leads to an earlier collapse of the corona and finally no corona can be
build anymore.
Additionally to the impact parameters and fluid properties the corona threshold

and the splashing threshold are dependent on the angle of inclination. As it can
be seen in Fig. 4.1 with increasing angle of inclination a corona cannot be built
decreasingly.

The rear angle of the corona decreases significantly with increasing angle of
inclination. Especially the rear part of the corona is influenced by the inclination.
The front angle of the corona is not as much influenced by the inclination ratio.
For the same impact parameters and fluid properties the drop impact cannot lead
to the rise of a corona for higher angles of inclination anymore.
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Figure 4.1: Development of a corona generated by an inclined impact of an S5 drop
onto a W film of the dimensionless thickness � = 0.091 for different
angles of inclination: �incl a) 20◦, b) 30◦, c) 40◦ and d) 50◦. The
liquids and their properties are listed in Table 1.

The instant of the corona collapse is also significantly influenced by the relative
film thickness � and the fluid properties. For higher film thickness, � = 0.18, the
time until corona collapse is higher than for thinner film thickness, � = 0.091, as
can be seen in Fig. 4.2. To investigate the effect of the drop viscosity, the fluid of
the drop is varied and the fluid of the wall film is kept constant. The outcome of
the impact of different drop fluids for the same impact parameters (impact velocity
and angle of inclination) and do not differ significantly from each other.

4.2 Analysis of corona propagation
Due to the inclination and therefore the influence of inertia the base of the corona
is not axisymmetric anymore. This requires a different approach regarding the
geometry of the corona.
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Figure 4.2: Development of a corona generated by an inclined impact of an S5
drop onto a W film for different relative film thicknesses � a) 0.091
and b) 0.18. The impact angle is �incl = 45◦ for both cases.

4.2.1 Geometry of the expanding corona
The main geometrical parameters of the expanding corona are defined in Fig. 4.3.
The width of the corona is considered separately for the rear and the front partXrandXf , which are scaled by the initial drop diameterD0, starting from the center
of the impact point of the drop.
The impact parameters and fluid properties influence the geometry of the expan-

ding corona differently. In Fig. 4.4 the effect of the drop viscosity on the corona
spreading respectively (Xf and Xr) is shown for two different angles of inclina-
tion. It can be seen that the drop viscosity does not influence the corona spreading.
The corona spreading is therefore dominated by the impact parameters and the li-
quid of the wall film, but not by the liquid of the drop. However, the viscosity of
the drop determines the corona threshold, whether a corona will build or not. For
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Figure 4.3: Definition of the main geometrical parameters of the corona.

higher drop viscosities the corona threshold is already reached at lower inclination
angles. Since the corona expansion is not significantly influenced by the drop vis-
cosity, the corona threshold seems to be dependent on the drop viscosity and the
inclination angle only.

It can be seen that the viscosity of the drop does not influence Dmax∕D0, asalready shown in Fig. 4.4 (a). The angle of inclination additionally results in a
decreasing Dmax∕D0 for increasing �incl. In Fig. 4.4 (b) the effect of the relative
film thickness � is shown for two different fluid combinations. The corona sprea-
ding is not influenced by the relative film thickness, but the maximum spreading
time is influenced. For a smaller relative film thickness the spreading stops much
earlier.

Since drop viscosity and relative film thickness do not influence the corona spre-
ading, the influence of the angle of inclination is shown in Fig. 4.5. The front
diameter Xf increases with increasing �incl while the rear diameter Xr decreaseswith increasing �incl for both relative film thicknesses.
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Figure 4.4: Effect of drop viscosity �d on the corona propagation for �incl = 30◦(a) and of relative film thickness � on the corona propagation for S5 -
W (b).

4.2.2 Theoretical model for the propagation of the corona
base

The evolution of the corona has been considered in Roisman et al. [158] for normal
impact of a drop onto a wall film of the same liquid. The evolution of the corona
is governed by the inertial forces and surface tension. The inertial forces are do-
minant if both the Reynolds and Weber numbers are much larger than unity. The
velocity of the corona expansion is obtained from the Bernoulli equation [158] in
the following approximate, dimensionless form

Ucr =
dX
dt

=
ux
2
− G
2�ux

, G = �2

Fr
+ 4
We

, (4.1)

where ux as x-component of the velocity field u in the lamella inside the cavity, � is
the dimensionless film thickness andX is the x-coordinate of the corona base, both
scaled by the drop diameter, Ucr is the dimensionless crater expansion velocity,
scaled by the normal component of the impact velocity. In the computation of the
Weber and Froude numbers the normal component of the impact velocity is used.
In the case of oblique impact the velocity in the lamella can be expressed as

a superposition of the translational motion with the velocity V in the x-direction
defined as

V =
v�
un
= tan � (4.2)
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Figure 4.5: Effect of inclination on the corona propagation for the fluid combina-
tion S65 - W for � = 0.18.

and the radial expansion velocity [151]

u = V ex +
(x − V t)ex + yey

t − �
(4.3)

the x-component of the flow in the lamella is therefore
ux =

�V + x
t − �

(4.4)
where � is a dimensionless parameter which depends on the wall film thickness.
The empirical expression

� ≈ 0.8 �1.7 (4.5)
is obtained in Roisman et al. [158] by fitting the experimental data for normal
impact.
Substituting Eq. (4.3) in the ordinary differential equation Eq. (4.1) yields

Xf = �V +
√

�fT −
GT 2
�
, Xr = �V −

√

�rT −
GT 2
�
, T = t − �, (4.6)

valid for the cases of thin wall film, � ≪ Rcr,max. Here Xf (T ) and Xr(T ) are thefrontal and rear positions of the corona, �f and �r are dimensionless parameters,
depending on � and on the inclination angle.
The time instants associated with the duration of the corona expansion are

Tmax,f =
�f �
2G

, Tmax,r =
�r�
2G

(4.7)
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Figure 4.6: Comparison of the theoretical modelXr andXf with the experimental
data for the liquid combination S65 - W and � = 0.18.

and the coordinates, corresponding to the maximum corona expansion are

Xmax,f = �V +
�f

√

H

2
√

G
− H
GW e

, Xmax,r = �V −
�r
√

H

2
√

G
+ H
GW e

. (4.8)

In Fig. 4.6 the experimental data is comparedwith themodel defined in Eq. (4.6).
The continuous line in the respective colour represent the model as a function of
the angle of inclination. For both Xf and Xr good agreement can be seen. The
values for �f and �r are obtained by fitting the experimental data

�f = 0.66 �−0.33 cos25 � �, �r = 0.527 �−0.33 cos−25 � �. (4.9)
These parameters determine the rate of initial corona spreading. However the

model in Eq. (4.6) agrees excellently also for the later periods of corona spreading
during the stages when X deviates from the square root expansion.

The model is not valid for the corona receding, free motion under the action of
gravity, and collapse. This stage of corona dynamics has to be treated separately.
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Figure 4.7: Temporal evolution of anAdBlue drop impacting onto a water wall film
with � = 0.08, U0 = 4 m/s and �incl = 10◦ with hole formation.

4.3 Hole formation in the corona wall
In the exhaust gas treatment system of a Diesel combustion engine a Diesel exhaust
fluid is used for a selective catalytic reduction reducing the NOx concentration of
the emissions produced by a Diesel combustion engine. This Diesel exhaust fluid
AdBlue is made by 32.5 wt.% urea and 67.5 wt.% deionized water. In this section
different urea-water solutions are investigated.
In Fig. 4.7 the temporal evolution of an AdBlue drop impacting onto a water

film is shown. The corona wall shows instabilities starting from the corona forma-
tion. These instabilities seem to come from the urea concentration in the liquid.
At same time small holes appear in the corona wall, which are growing till the
corona is completely destroyed. These holes can be observed at any position of
the corona. The formation and growth of holes is shown exemplary in Fig. 4.8.
Starting from the first formed hole several holes appear and grow. The occurrence
of holes can only be observed for a limited range of parameters, such as rather
small film thicknesses. In these experiments it can be observed in the range of
0.04 < � < 0.1. Furthermore, the hole formation can only be observed if the
urea concentration of drop and wall film is different and therefore a concentration
gradient is required. In cases of a water drop impacting onto a water film or re-
spectively an AdBlue drop impacting onto an AdBlue film in the same range of
parameters no hole formation is observed. Hole formation can also be observed
for different inclination angle, as long as a corona arises. In Fig. 4.9 the dimen-
sionless break up time of the first formation of holes is plotted against the urea
concentration difference of wall film and drop. It can be clearly seen that the
dimensionless break up time is dependent on the concentration gradient. Conse-
quently, the break up time can also be shown as a function of the viscosity ratio �.
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Figure 4.8: The formation of holes in the corona wall resulting from an U40 drop
impacting onto an AdBlue wall film with � = 0.06, U0 = 4 m/s and
�incl = 10◦.

Since the hole formation is clearly dependent on the concentration difference of
drop and wall film, the hole formation seems to be influenced by the Marangoni
driven instability, which was observed by Thoroddson et al. [6, 174] and Geppert
et al. [64]. Thoroddson et al. and Aljedaani et al. observed hole formation in the
corona wall for high viscous drop impacting onto low viscous wall film liquids.
The Marangoni holes are formed after previous produced secondary droplets hit
the corona wall [6, 174], which is not the case in these experiments. Furthermore,
hole formation can be observed for a range of viscosity ratios 0.7 < � < 1.1.
This shows that holes are formed for both combinations, whether the drop is more
viscous or the wall film. Geppert et al. observed the formation of holes also for
small relative film thicknesses, but only for high Weber numbers (We > 1000),
while hole formation can be observed in these experiments for Weber numbers of
the drop varying in the range fromWeD = 380 toWeD = 760. Although, Terzis etal. investigated the splashing behaviour of different urea-water concentrations, no
hole formation was observed due the higher relative film thickness � > 0.2 [172].
In these experiments the concentration difference seems to implicate local Ma-

rangoni driven flow in the corona wall. This flow finally leads to the formation
of holes. The implicated Marangoni driven flow flows from the higher to the lo-
wer concentration. It can be seen that if the urea concentration of the wall film is
higher than the concentration of the drop the hole formation begins earlier. This
shows that not only the urea concentration gradient determines the formation time
but also which liquid is higher concentrated. Since in the exhaust gas system Ad-
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Figure 4.9: Dimensionless break up time as a function of the concentration
gradient

Blue is injected, the resulting wall film will have a higher urea concentration than
AdBlue with increasing time. In the exhaust gas system the effect of high tem-
peratures and also temperature gradient influence additionally the hole formation,
which need to be investigated in the future. Therefore, it can be assumed that in
the exhaust gas system the formation of holes starts very early, which leads to an
additional atomisation.

4.4 Conclusions
This chapter focuses on the expansion and propagation of the corona produced
by the drop impact onto an inclined flowing wall film. Viscosity, relative film
thickness and the impact angle are varied in the experiments to identify the main
influencing factors governing inclined drop splash. It is interesting that the effect
of drop viscosity and relative film thickness on the corona propagation is minor.
The geometry of the corona is highly dependent on the angle of inclination. Furt-
hermore, the corona threshold is dependent on the angle of inclination. Additio-
nally, the dynamics of corona expansion are modelled theoretically. It is described
as a propagation of the kinematic discontinuity [149, 158, 202]. A semi-empirical
model is developed for the evolution of the corona base, which predicts the rear
and frontal jet coordinate,Xr andXf , as a function of the angle of inclination andthe relative film thickness. The agreement between the theory and the experiments

92



4.4 Conclusions

is rather good.
In case of different water-urea solutions as drop and wall film liquid, the forma-

tion of holes can be observed for small relative film thicknesses. The concentration
difference of drop and wall film seem to lead to Marangoni-driven flows and fi-
nally to the formation of holes. The corona completely collapses due to the hole
formation.
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5 Description of drop splashing
In this chapter the focus is on splashing resulting from drop impact on wetted
walls and soft substrates. The splashing threshold is discussed and determined.
Section 5.1 discusses the principles of splashing resulting from drop impact onto
liquid films. Three different regimes related to the viscosity ratio are determined
for the splashing threshold. In Section 5.2 the splashing threshold in the case
of drop impact on soft substrates is determined. Parts of this chapter have been
published in [90, 92], including the text and figures.

5.1 Mechanisms of splashing on a wetted solid
substrate

In this study four different impact outcomes have been observed as shown in Chap-
ter 3. In order to understand the dynamics of drop impact and to be able to deve-
lop a theoretical model predicting the impact outcome, the influencing parameters
are identified and their effects are determined in Chapter 3.1.1. Summarising as
shown in Chapter 3.1.1 a higher initial drop diameter and impact velocity enhance
splashing, a thicker wall film and higher kinematic viscosity approximately pre-
vent splashing. The effect of viscosity on splashing is discussed in the following.

5.1.1 Enigmatic viscosity effect on splash
Several experiments [13, 17, 158] demonstrate that for high Reynolds number the
viscosity influence on the corona spreading is minor. On the other hand, the size
of the secondary droplets produced by splashing of an impacting spray on a wall,
is scaled well by the size of the viscous boundary layer developing under the spre-
ading lamella, which is expressed in [155] in the form

Dsecondary
Dprimary

∼ Re−1∕2. (5.1)

Moreover, the use of the K number, defined in Eq. (1.28), for quantifying the
splashing threshold is justified in [42], also using the concept of the viscous boun-
dary layer. The effect of viscosity on the splashing threshold and on themechanism
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5 Description of drop splashing

Figure 5.1: Consecutive stages of drop impact onto a wetted substrate: (a) initial
drop deformation and penetration into the wall film, inception of the
viscous boundary layer on the wall; (b) boundary-layer growth leads
to intersection with the drop/film liquid interface; (c) liquid layer in
the crater is thinner than the viscous boundary layer. Reprinted figure
with permission from [92]. Copyright 2018 by the American Physical
Society.

of splash is thus unequivocal, if perhaps not very transparent. Why then does the
viscosity not strongly affect corona spreading? This question will be addressed in
the following with the aid of Fig. 5.1.
At the initial stage of corona expansion the viscosity influences only the forma-

tion and growth of a viscous boundary layer near the substrate. When the thickness
of the boundary layer is much smaller than the thickness of the spreading lamella,
the influence of the viscosity on the kinematics of drop impact and corona expan-
sion is minor. This situation is the same for the case of drop impact onto a dry
substrate (considered in [153],[150]) and a wetted substrate, as shown schemati-
cally in Fig. 5.1.
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5.1 Mechanisms of splashing on a wetted solid substrate

Assuming that splash occurs when inertial effects, associated with flow distur-
bances in the corona, are much larger than capillary effects [202]. The pressure
associated with the inertial effects can be estimated as pinert ∼ �u2r . The pressureassociated with surface tension is estimated using the Young-Laplace equation
p� ∼ �)ℎ∕)r2 ∼ �ℎlam∕R2corona. The condition for splash, pinert ≫ p� , with the
help of Eqs. (3.4) and (3.6) can be expressed in the form

D0We
ℎlam(t)

≫ 1, (5.2)

valid for long times, t ≫ �D0∕U0.The thickness of the lamella ℎlam(t) reduces with time. The instant at which
splash occurs can be estimated from Eqs. (5.2) and (3.5) as tsplash ∼ D0∕U0. The
corresponding lamella thickness is ℎsplash ∼ D0W e−1.
On the other hand, at larger times the boundary-layer thickness becomes com-

parable with the lamella thickness. At these times the inviscid solution (3.5) is no
longer valid. The flow is damped by viscosity and the velocity field vanishes. This
situation leads to the appearance of a nearly stationary residual wall film.

The similarity solution for the expansion of the viscous boundary layer has been
obtained in [150] for the case of drop impact onto a dry smooth substrate. It is
obvious that the same analysis can be applied to the case of drop impact onto a
wall layer of the same liquid, since it is unimportant whether the fluid exists on
the wall before impact or arrives with the drop, a boundary layer still develops.
The thickness of the lamella, determined in Eq. (3.5) for large times, is scaled as
ℎlam ∼ D30U

−2
0 t−2, while the thickness of the viscous boundary layer scales as

ℎvisc ∼
√

�t. Therefore, the time at which the viscous boundary layer reaches the
free surface of the lamella, ℎlam = ℎvisc, can be estimated as tvisc ∼ D0∕U0Re1∕5.The thickness of the wall film at this instant is correspondingly ℎvisc ∼ D0Re−2∕5.In the experimental study [182] this scaling has been successfully confirmed. The
measured and computed residual film thickness at the bottom of the crater is pro-
portional to ℎvisc and depends also on the relative initial thickness of the wall film.

An impacting drop splashes when the residual lamella thickness, which is scaled
well by ℎvisc, is smaller than the critical lamella thickness ℎsplash. It can be shownthat the threshold condition ℎvisc = ℎsplash leads to

WeRe2∕5 ≫ 1, (5.3)
This condition is very close to the widely used threshold criterion K > Ksplash,which allows us to assume that our description of the mechanisms of splash ac-

counts for the main physical factors.
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5 Description of drop splashing

5.1.2 Evolution of the drop/liquid interface at large times:
Drop and film liquids are the same.

At large times, the flow in the spreading lamella includes two layers, that of the
drop and that of the film. The velocity field is described using the similarity solu-
tion [150]

ur =
r
t
f ′

[

z
√

�t

]

, uz = −
2
√

�
√

t
f

[

z
√

�t

]

. (5.4)

where � ≡ z∕
√

�t is the similarity variable.
The velocity field satisfies the continuity equation. The dimensionless function

f (�) is obtained from the momentum balance equation [150] and has to satisfy the
boundary conditions

f (0) = 0, f ′(0) = 0, lim
�→∞

f ′(�) = 1. (5.5)

It has been shown in Section 5.1.1 that the height ℎi of a liquid interface at longtimes approaches a residual thickness, which is scaled as ℎi = �(�)D0Re−2∕5,where �(�) is a dimensionless constant. This conclusion is valid also for the
drop/liquid interface. The constant � is determined by the relative initial film
thickness �. The value of � corresponding to the height z = ℎi is small at large
times. Therefore, the velocity profile can be linearized, f (�) ≈ B�2∕2, where
B = f ′′(0). Correspondingly, the velocity and the shear stress at the drop/film
interface are

uri =
B�D3∕50 r

�1∕10t3∕2U2∕50

, �i =
B�

√

�r
t3∕2

, at z = �
D3∕50 �2∕5

U2∕50

. (5.6)

In the case when the liquids of the drop and of the wall film are the same, the
velocity and the shear stress near the drop/film interface are smooth, continuous
functions.

5.1.3 Splashing threshold: Drop and film of different
liquids

When the drop and wall film are different liquids the similarity solution described
in Section 3.3.2 is not valid for larger times, when the thickness of the viscous
boundary layer is of the same order as the height of the drop/film interface.
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5.1 Mechanisms of splashing on a wetted solid substrate

Viscosity of the film is much larger or much smaller than the viscosity of
the drop liquid If the viscosity of the drop is much larger than the viscosity of
the wall film, the time tvisc is determined mainly by the time the viscous boundary-
layer takes to propagate into the film region. In this case it is possible to assume
that the splashing threshold is determined mainly by the properties of the wall film
liquid. The limiting case of such a situation is an impact of a solid particle onto a
wetted wall.
Analogously, if the viscosity of the wall film is much larger than the viscosity

of the drop, the time for the viscous boundary-layer expansion in the film layer
is much shorter than the time of boundary-layer expansion in the drop. In this
case we can assume that the splashing threshold is determined mainly by the drop
properties.

It is therefore prudent to define two dimensionless K numbers
Kd = W e1∕2d Re1∕4d , Kf = W e1∕2f Re1∕4f , (5.7)

where the subscripts d and f denote the use of the drop or wall film liquid properties
respectively.
The experimentally obtained outcome map for drop impact is shown in Fig. 5.2

for the range of the dimensionless thickness of the initial wall film 0.036 < � <
0.29 and for the range of the viscosity ratio 10−4 < � < 104. Two splashing
regions can be clearly identified. Region I defined by Kd < 80 and Kf > 155
corresponds to the case when the viscosity of the drop is much higher than the
viscosity of the film. The splashed liquid consists mainly of liquid from the wall
film.
Region II, associated with Kd > 135 and Kf < 70, corresponds to conditions

when the wall film viscosity is much larger than the drop viscosity. Then the
splashed liquid consists of liquid from the drop.
When the viscosity of the drop and the wall film liquids are of the same order

of magnitude, the splash cannot be described by Kd and/or Kf separately. Furtheranalysis is required for this range of parameters, which is designated Region III in
Fig. 5.2.

The properties of both liquids are of the same order of magnitude, � ≈ 1
Consider a similarity solution for the flow in the drop and in the wall film at large
times. The type of this similarity is the same as described in Section 5.1.1. The
solution has to satisfy the continuity of the radial velocity and of the shear stress
at the drop/film interface. This condition can be written with the help of Eq. (5.6)

Bd�d
�d1∕10

=
Bf�f
�f 1∕10

, Bd�d
√

�d = Bf�f
√

�f , (5.8)
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5 Description of drop splashing

Figure 5.2: Map of the experimentally observed outcomes of drop impact. Re-
gion I of splash occurrences corresponds to very viscous drops, and
Region II corresponds to splash occurrences on a very viscous wall
film. The relative film thickness varies in the range 0.036 < � < 0.29
and the viscosity ratio in the range 10−4 < � < 104. Reprinted figure
with permission from [92]. Copyright 2018 by the American Physical
Society.

where Bd and �d are dimensionless constants determining the solution in the drop
layer, while Bf and �f determine the solution in the wall film layer.
The roots of the system of linear equations (5.8) are

�d = �f
�d�

3∕5
d

�f �
3∕5
f

, Bf = Bd
�d�

1∕2
d

�f �
1∕2
f

. (5.9)

The constant positive displacement Δ of the velocity field in the drop layer in
the axial direction due to the difference in viscosity in the film can be found using
the expression for ℎi from (5.6) and the expression for �d from (5.9)

Δ = �f
D3∕50 �2∕5f

U2∕50

− �d
D3∕50 �2∕5d

U2∕50

= �f
D3∕50 (�f − �d)

U2∕50 �f �
3∕5
f

. (5.10)

It can be shown that the residual film thickness is determined by the dimensi-
onless parameter Δ∕(D0Re−2∕5d ), associated with the difference of the liquid vis-
cosities.
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5.1 Mechanisms of splashing on a wetted solid substrate

In the case when the densities of the liquids are comparable, the dimensionless
parameter can be reduced to

Δ
D0Re

−2∕5
d

∼ � − 1
�3∕5

. (5.11)

Next, since the viscosities of two liquids are comparable, the flow in the corona
consists of both liquids. The capillary pressures in the film and in the drop li-
quids are determined using the Young-Laplace equations: p�d ≈ �dℎ∕R2corona and
p�f ≈ �fℎ∕R2corona, respectively. The splash therefore occurs first in the region
with smaller surface tension. Following this assumption the effective splashing
parameter can be defined:

K∗ = Re1∕4d W e∗1∕2, W e∗ =
(�f + �d)D0U20
2min{�d ; �f}

. (5.12)

It should be noted that the flow in a spreading drop is influenced also by the
interfacial tension �df . The value of �df and the pressure difference p�d − p�fdetermine the curvature of the drop/film interface near any triple point common to
two liquids and gas. Following this assumption the effect of the interfacial tension
�df on the splashing threshold is negligibly small and is not considered in this
study.
Since the densities of all the liquids in the experiments are comparable, it is not

possible at this stage to identify experimentally the influence that a density diffe-
rence may have on the impact. Therefore, in the present case simply an average
density is used for computing the Weber numberWe∗ in Eq. (5.12).

The map of the drop impact outcomes shown in Fig. 5.3 is based on experi-
mental data for impacts of drops onto a wall film with comparable viscosity. The
range of the relative initial wall film thickness is 0.05 < � < 0.22. This range is
chosen, since for the same drop and wall film liquids the threshold value of the K
number depends in this range only very weakly on � [146]. The data belonging
to the Region I and Region II (determined from Fig. 5.2) are excluded from the
graph. It is evident from this map that the splashing threshold is determined by the
dependence of the critical number K∗ on the viscosity ratio parameter (�−1)∕�3∕5.
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5 Description of drop splashing

Figure 5.3: Map of the experimentally observed outcomes of drop impact for Re-
gion III, when the viscosities of the drop and wall film liquids are com-
parable and Kd > 100 and Kf > 100. The relative initial wall film
thickness varies in the range 0.05 < � < 0.22. The data belonging
to the Regions I and II (determined from Fig. 5.2) are not included.
Reprinted figure with permission from [92]. Copyright 2018 by the
American Physical Society.

5.1.4 Influence of splashing on pre-ignition in combustion
engines

Pre-ignition (PI) is the premature and uncontrolled flame initiation in combustion
engines and is a significant problem in the development of spark ignited engi-
nes. Pre-ignition is an abnormal combustion, which hinders progress in engine
downsizing and therefore inhibits the development of more efficient engines. This
phenomenon is mainly observed in highly turbo charged spark ignited (SI) engines
in the full load regime at low engine speeds. This leads to extremely high peak
pressures, which can potentially cause severe engine damage [94].
The mechanisms, which trigger pre-ignition events, are not fully understood.

However, it can be assumed that a multi phase process is responsible for the pre-
ignition event. The interaction between the injected fuel spray and the oil film
on the cylinder wall can influence the occurrence of pre-ignition. Under certain
conditions, splashing can occur and leads to the formation of secondary droplets,
which can contain both liquids. These multicomponent droplets can lead to pre-
ignition at the droplet surface towards the end of the compression phase. The

102



5.1 Mechanisms of splashing on a wetted solid substrate

-8 -6 -4 -2 0 2 4 6
50

100
150
200
250
300
350
400
450
500
550
600

 splash
 no splash
 engine conditions

 K
*

( - 1)/ 3/5

Figure 5.4: Map of the experimentally observed outcomes of drop impact for Re-
gion III compared with typical engine conditions. The relative initial
wall film thickness varies in the range 0.05 < � < 0.22.

content and distribution of multicomponent droplets is discussed in more detail in
Chapter 7.
After initiation of the ignition self-ignition occurs resulting from ignition sparks

in the end gas area in the case of knocking. Large pressure gradients and peak pres-
sures occur due to high heat release rates. Since motor oil has a higher ignition
propensity than fuel, under certain conditions self-ignition can occur [52, 85, 100,
120, 130]. However, in contrast the enthalpy of vaporization can cause local cool-
ing. Takeuchi et al. [169] and Luef et al. [99] focused on the influence of the base
oil composition and additives. Furthermore, they have shown that particularly
low viscosities and high calcium content can promote pre-ignition events. Low
viscosity enhances detaching of droplets from the lubricating oil film, while the
influence of calcium is not clear yet. Moriyoshi et al.[126] assumed that a chemical
conversion involving an exothermic reaction can cause pre-ignition. Luo et al. fo-
cused on the influence of the oil on the turbocharger lubrication and the crankcase
ventilation on pre-ignition [113]. No direct proof of ignition due to oil droplets,
such as imaging, has been published so far. Many studies show the dependency of
the pre-ignition rate on the fuel/motor oil interaction [66, 72, 79, 113, 204]. The
deposition of fuel on the cylinder wall varies with the timing of the injection. The
motor oil can be enriched by fuel over time, which leads to different properties of
the film on the cylinder wall. In general, splashing becomes more likely resulting
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5 Description of drop splashing

from decreasing viscosity and surface tension. Magar et al. [116] assumed that
the mixture of oil and fuel is deposited on the top land and finally detaches from
the head land due to inertial forces during piston deceleration in the compression
stroke. This could subsequently lead to a pre-ignition [84].
In order to understand the possible connection between drop impacts resulting

in splashing and pre-ignition, typical properties of the fuel drop and oil film found
in the engine are compared with the results from the generic drop impact experi-
ments by using dimensional analysis. The Sauter mean drop diameter in fuel spray
of D32 = 15 − 30 �m, film thicknesses in the range of ℎ = 2 − 10 �m and impact
velocities of U0 = 10−20m/s as impact parameters are used. Isooctane and RON
95 E10 is used as a drop liquid and for the wall film 5W-30 and 15W-50 motor oil.
The experimental results from Section 5.1 are compared with dimensionless data
obtained by dimensional analysis for the typical combustion conditions in Fig. 5.4.
It can be seen that both regimes, splash and no splash, can occur. Especially for
higher relative film thicknesses splashing occurs rather rarely. Nevertheless, with
an increase ofK∗, splashing occurs preferentially. Increasing the drop diameter or
the impact velocity, as well as decreasing the film thickness enhances splashing,
which is already shown in Chapter 3. Especially, the film thickness of the oil film
influences the impact outcome in this case. Increasing the oil film thickness de-
creases the probability of splashing. Therefore, the film thickness of the oil film
should be rather big, to prevent pre-ignition. Furthermore, a very fine fuel spray
with consequently very small drops will rather rarely lead to splashing. Smaller
drops would lead to a smaller impact velocity additionally. Nevertheless, with
increasing impact velocity of the drops splashing cannot be prevented at some
point anymore. Increasing viscosity of the wall film decreases the probability of
splashing. However, the impact parameters like film thickness predominate the
impact outcome concerning the engine conditions. For this comparison, the tem-
perature is only considered in the fluid properties, since these are dependent on
the temperature. Further temperature effect, especially in the range, which can be
found in the combustion engine, cannot be neglected for a fundamental understan-
ding. Nevertheless, this comparison, under which conditions splashing occurs or
not, can be helpful in preventing pre-ignition [94].
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5.2 Mechanisms of splashing on a soft substrate

5.2 Mechanisms of splashing on a soft substrate
Drop impact onto dry substrates can also result in splashing. The properties of the
impact substrate influence significantly the impact outcome. Similar to splashing
resulting from drop impact onto a wetted wall, prompt splash and corona splash
can be observed.
At large times the viscous stresses near the wall lead to flow damping in the

spreading lamella. The residual film thickness is determined mainly by the impact
velocity and liquid viscosity as described in Section 1.3.3. The expression for the
dimensionless residual thickness, ℎres = D0Re−2∕5 has been obtained in [153]
from the exact solution for the expansion of the boundary layer and the long-time
solution for the viscous flow in the lamella and is discussed in Section 1.2.
The typical pressures governing the splash phenomena, can be estimated in the

lamella: pressure associated with the liquid inertia, pi ∼ �U20 , and the pressures
associated with the capillary forces. The capillary pressures has been estimated
in [202] as p�1 ∼ �ℎ�∕D20, with the viscous length scale ℎ� ∼ D0Re−1∕2. The
capillary pressure can be expressed by the length scale associated and the residual
lamella thickness, p�2 ∼ �∕ℎres.The corona formation from the spreading lamella and the following splash can
be observed if the pressure associated with inertia is much larger than both capil-
lary pressures. If the ratio of the inertial and capillary stresses is much larger than
unity, the splashing conditions is given by [202]

K =

[

pi
p�1

]1∕2

= We1∕2Re1∕4, L =
pi
p�2

= WeRe−2∕5, (5.13)

Existing experimental data was used to describe a splashing threshold for impact
outcome on dry solid substrate as shown in Fig. 5.5. The deposition/corona splash
boundary can be indeed described by the curves K = 84.0 and Ldry = 12.0. Forlarger Reynolds numbers also the prompt splash is observed. In this region of
impact parameters also the substrate roughness [156] and the aerodynamic forces
[196] play significant role. However, the results, presented in this chapter, do not
agree with the regime map shown in Fig. 5.5.
Different outcomes of drop impact onto soft, deformable substrate S1 (defined

in Table 2.3) are shown in Fig. 5.6 for the liquids of different viscosities. It can be
seen that for relatively high Reynolds number the deposition/corona splash boun-
dary can also be described well by the condition L = const. However, in this case
the splashing threshold is Lsof t = 16.8. Therefore, the critical threshold value
is larger than the corresponding threshold for a dry solid substrate Ldry = 12.0
shown in Fig. 5.5. This indicates that the mechanisms of splash are similar, but
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5 Description of drop splashing

Figure 5.5: Regime map of outcomes for drop impact onto a dry solid substrate.
The experimental data are from [16, 132, 135, 183]. The deposi-
tion/corona splash boundary is described by the curves K = 84.0 and
L = 12.0. (Reprinted from [90].)

deformable surfaces suppresses splashing, which was also observed by Howland
et al. [77].
For smaller Reynolds numbers the threshold on the deformable substrate yields

Wesof t = 410. In this region the splashing threshold is independent on the liquid
viscosity due to aerodynamic effects close to the advancing contact angle.
An expression for the splashing threshold is developed from the balance of the

aerodynamic lift force and the inertia of the liquid in the lamella in the recent
study of Riboux et al. [145]. The viscosity of the surrounding gas is included in
this expression. For smaller Ohnesorge numbers the predicted splashing threshold
does not depend on the liquid viscosity, which agrees with the observations in this
study. However, for higher Reynolds numbers the viscous and capillary forces
are probably significantly higher than the aerodynamic forces and the splashing
threshold is described well by a constant L value [90].
Interestingly, no clear difference can be found on the onset of the splashing

phenomena on S2, S3 and S4 with various material properties. Although the sub-
strates vary in shear modulus, which are significantly lower than S1 Table (2.3),
no difference in the outcome can be observed. All observed outcomes are presen-
ted in Fig. 5.7 for the different mixing ratios of the substrates. Besides the partial
rebound phenomena only observed on S1 no further outcomes can be observed
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Figure 5.6: Map of outcomes of the drops of different viscosities, impact diameter
and velocity impacting onto a deformable substrate S1 from Table 2.3.
The impact parameters are U0 = 1.32, 2.05, 2.9, 3 and 3.45 m/s, D0 =
2.3 and 3mm. The deposition/corona splash boundaries are compared
with the corresponding boundaries for dry solid substrate, shown in
Fig. 5.5. (Reprinted from [90].)

on the different deformable substrates. All substrates, independent on their vis-
coelastic properties, behave as an elastic object. Therefore, no influence of the
specific softness of the substrate can be observed, once the splashing threshold
is exceeded. This observation is in contrast to the work of Howland et al. [77].
When a droplet impacts and spreads on the surface, a stress rises on the surface
with a frequency of f = U∕2�� [34]. The contact line velocity for an impacting
droplet with D0 = 2.3 mm and U0 = 3 m/s yields U = 4 m/s. Considering this
velocity and the cut-off length � = 1 �m the calculated frequency yields 0.6 GHz.
The angular velocity corresponding to this frequency is 3×106 rad/s, which is far
beyond the measuring capacity of any commercially available rheometer. Nevert-
heless, at such fast deformation the material property predominates the response
to the stress in the storage modulus G′. Therefore, above the splashing threshold
no influence on the impact outcome can be observed. Similar observations for the
initial stages of the drop spreading phenomena governed by inertia were made by
Chen et al. [34]. The drop spreading is analysed with a characteristic spreading
coefficient, which is not dependent on the softness of the substrate. In these expe-
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Figure 5.7: Regime map of the outcomes on various soft substrates. (Reprinted
from [90].)

riments, increasing viscosity leads to the enhancement of splash. This is the case
when the splashing is bounded by the constant L number [90].

5.3 Conclusions
The mechanisms of splashing on wetted and soft substrates are described and fi-
nally new scalings describing the splashing threshold are introduced in this chap-
ter.
In the case of the wetted wall three regions of splash are identified. In Region I

(associated with the case � ≪ 1) the splash is determined by the Kf number based
on the properties of the wall film. In Region II (associated with the case � ≫ 1) the
splash is determined by the Kd number based on the properties of the drop liquid.
In the Region III a new scaling is introduced, which is based on the assumption
that splashing is initiated in the liquid layer with smaller surface tension. The
threshold K∗ number is a function of the dimensionless term (� − 1)∕�3∕5. These
results are of a predictive nature.
This description of the splashing threshold is used to predict splashing for some

common engine conditions. Both regimes, splash and no splash, can occur. This
leads to the assumption that the single drop impact resulting in splashing can be
on of the reasons of the engine pre-ignition. However, it cannot be only explained
by drop splashing, further possible effects can be the PI rate increase with decre-
asing coolant temperature and late ignition timing. Additional experiments are
required to understand the mechanisms leading to initial PI. However,this compa-

108



5.3 Conclusions

rison, under which conditions splashing occurs or not, can be helpful in preventing
pre-ignition.
For drop impacts on soft substrates the splashing threshold is shifted towards

higherWeber number and lower Reynolds number. No dependency of the softness
of the substrate is observed once the threshold is exceeded. This can be explained
by the rheology of the substrates at extremely high stresses. Since the response of
all substrates is comparable, comparable outcomes are observed.
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6 Description of the corona detachment

Next to the two known types of splashing, prompt splash and corona splash, a new
phenomenon of splashing has been observed in this study. Corona Detachment, as
shown in Fig. 6.1, occurs only under certain conditions as small film thicknesses
and miscible liquids. In this chapter the phenomenon corona detachment is shown
and discussed.

6.1 Observations of the detachment of the
corona from the wall film

Drop impact leads to corona splash, corona expansion without splash or deposition
and splash without corona. The splash without corona has been observed before
[146, 164] and [63], but no clear explanation of the formation of the secondary
droplets has been provided. In fact the "splash without corona" is a limiting case
of the corona detachment phenomenon, which has been observed in this study.
The splashing resulting from the corona detachment can be observed in com-

bination with both basic phenomena, forming of a corona and splashing. In both
cases the corona detachment occurs after reaching the maximum crown diame-
ter. If there is no previous splashing, the corona rises up and reaches a maximum
crown diameter, as can be seen in Fig. 6.1. The rim begins to fall already when
the corona starts to detach from the bottom. The detachment starts at one point
of the corona base and rises up. It is rather fast until it reaches the rim of the
corona. The detached fluid of the corona partially atomizes into very fine droplets
and then merges with the rim. The free rim breaks up into a number of relatively
large drops.

In some cases the rim instability leading to splashing starts before the corona
detachment, as shown in Fig. 6.2. In this case, corona detachment acts as a second
atomisation leading to very fine secondary droplets.

Corona detachment can only be observed in a narrow range of parameters, such
as a small relative film thickness (� < 0.1) and the miscibility of both liquids.
Hereby, corona detachment can result from drop impact onto thin wall films of the
same liquid, as shown in Fig. 6.2, as well as on wall films of a different liquid, as
shown in Fig. 6.1, as long as both liquids are miscible. Since corona detachment
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Figure 6.1: Example of the corona detachment for � = 0.5, � = 0.05 andU0 = 3.2m/s. A S20 drop impacts onto a S10 film, both liquids are miscible.

can also be observed for combinations of the same liquid and therefore no concen-
tration or respectively surface tension/viscosity gradient occurs, the Marangoni
driven instability, which triggers the hole formation in Section 4.8, is not applica-
ble in this case.
For very high viscous wall films (from �f = 750 mm2/s up to �f = 100000

mm2/s) corona detachment can be observed independently from thewall film thick-
ness. Comparable to the spreading behaviour on very viscous wall films descri-
bed in Section 3.1.2, the high viscosity prevents the motion in the wall film. In
Fig. 6.3 the detachment of the corona is shown from below. The rupture of the
corona wall starting from the corona base can be identified very good. For very
high viscous wall films the corona angle becomes very small and the detachment
from the corona begins in contrast to less viscous wall films earlier. Nevertheless,
the liquids of drop and wall film need to be miscible still.
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Figure 6.2: Example of the corona detachment during splash for � = 1, � = 0.045
and U0 = 3.2 m/s. A S5 drop impacts onto a S5 film, the liquids are
miscible.

6.2 Corona splash by detachment from the wall
film

The Kd number is introduced and defined in Eq. (1.27) using the properties of the
drop liquid. In all cases the drop initial diameterD0 is used as the length scale andthe drop impact velocity as the velocity scale.

In Fig. 6.4 the number Kd is shown for the cases corresponding to the corona
detachment as a function of the film thickness scaled by the viscous length in the
film �Re2∕5f . The cases leading to the corona splash and to the deposition are not
shown in Fig. 6.4. The values forKd corresponding to detachment in all the cases
well exceed the splash/deposition limit Kd = 2100. Moreover, detachment phe-
nomena are observed only in the cases �Re2∕5f < 1.2. This means that detachment
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6 Description of the corona detachment

Figure 6.3: Observation of the corona detachment resulting from a S5 drop im-
pacting onto a S10000 wall film from below for � = 20000, � = 0.045
and U0 = 3 m/s.

occurs in cases when the initial film thickness is of the same order or much smaller
than the viscous length in the film D0Re

−2∕5
f . Moreover, detachment occurs for

cases when Kd is well above the splashing threshold.As it have been shown in the previous subsection, the regime typical for the
corona detachment (relatively thin film of a viscous liquid) is viscosity dominated.
The detachment of the corona can be caused by a strong corona stretching. This
stretching is the result of fast flow deceleration in the wall film at the times larger
than tvisc. We can estimate the typical lamella velocity, uvisc = Rvisc∕tvisc with thehelp of (3.7)

uvisc = U0Re−1∕10. (6.1)
The characteristic corona stretching can be therefore estimated as ̇ = uvisc∕ℎvisc,which yields the following expression for the stretching rate

̇ =
U0
D0

Re3∕10. (6.2)

The corona breakup is governed also by capillary forces. The typical time of
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6.2 Corona splash by detachment from the wall film
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Figure 6.4: Drop impact leading to the corona detachment. Values of theKd num-
ber for various film thicknesses, scaled by the viscous length: �Re2∕5f .
The experimental data are from the present study ⭑ and from [63],
marked by open stars ⭐. Other types of outcomes are also shown in
the graph.

capillary breakup is t� =
√

�ℎ3visc∕�. The dimensionless stretching rate Pd which
can govern the corona breakup near the wall film, leading to its detachment can be
now defined

Pd ≡ ̇ t� = W̃ e1∕2Re−3∕10d . (6.3)
Here it should be noted that the instant of the corona detachment is not exactly

repeatable even if the experiments are repeatedwith the same parameters. This fact
indicates that the mechanism of the detachment is triggered by flow perturbations.

The Weber number W̃ e has to account for the different values of the surface
tensions �d and �f of each liquid and of the interfacial tension �df . In these
experiments the surface tension has not been varied in a wide range, therefore no
accurate analysis of the effect of �d , �f and �df is possible. At this stage we
assume that the value of �df determines the shape of the interface between the
two liquids and does not significantly influence the process of detachment. Since
surface tension tends to stabilize interfacial instabilities, we use the smallest value
of surface tension �̃ ≡ min{�d ; �f} in the definition of W̃ e.
The preferable breakup on a layer of the liquid with lower surface tension can

be observed in the experiments. One example of a low surface tension oil drop
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6 Description of the corona detachment

Figure 6.5: Example of the partial break up of an inner layer of the corona for
� = 0.2, � = 0.22 and u = 3.2 m/s. A S5 drop impacts onto a W film,
both liquids are immiscible.

impacting a water layer is shown in Fig. 6.5. Several expanding holes in the in-
ternal layer, moving in the vertical direction, can be seen in the corona. The outer
water layer is not yet broken.
The validity of this choice is justified by the results shown in Fig. 6.6.
The drop impact outcomes at different values of dimensionless stretching rate

Pd and dimensionless viscosity ratio � are shown in Fig. 6.6. The data shown in
Fig. 6.6 includes the results from this study and the observations from [63].
The dependence of the outcome on the value of � is based on the assumption

that the influence of the film thickness is small if � < 0.3. This assumption is based
on the fact that the splashing threshold is only weakly influenced by � in this range
([146]) except for the smallest film thicknesses, � < 0.05 ∼ 0.1. Moreover, the
value of the residual film thickness is almost independent on the film thickness
and approaches the corresponding value during drop impact onto a dry substrate
[182].
At values of � > 10 the corona detachment is observed over a relatively small

range of stretching rates 2.8 < Pd < 3.3. No other outcomes have been observed
in this region for all film thicknesses � and viscosity ratios �. At smaller values
of � a clear window exists corresponding to the corona detachment. We should
note that the detachment window 2.8 < Pd < 3.3 is valid also for impacts onto the
films 0.1 < � < 0.3 for all the values of the viscosity ratio �.

In addition to this detachment window a clear region exists in the Pd - � map
belonging to the detachment events.
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Figure 6.6: Values of the dimensionless stretching rate Pd number as a function
of the viscosity ratio � for relatively thin initial wall film thickness
corresponding to �Re2∕5f < 1.2. The experimental data for detachment
are from the present study ⭑ and from [63], marked by open stars ⭐.

6.3 Conclusions
Corona detachment can only be observed for a narrow range of parameters, such as
a small relative film thickness and miscibility. It is shown that the phenomenon of
corona detachment is not particularly unusual. Corona detachment from the wall
film is governed by the dimensionless corona stretching Pd and viscosity ratio �.
Moreover, if the viscosity of the film is much larger than the viscosity of the drop,
� > 10, or the film thickness � > 0.1 the value of the characteristic stretching Pd ,associated with detachment is in a constant narrow range 2.8 < Pd < 3.3.
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7 Multicomponent corona and
secondary droplets

In the present chapter the distribution of the liquids of drop and wall film during
the drop impact is discussed. In order to understand the dynamics of drop impact
of different liquids, it is important to understand how both liquids act during and
after the impact. First experiments with black dye can be found in [88]. This
part of the study can be considered as an exploratory experimental study, which
demonstrates the potential usability of the colour high-speed video technique for
characterization of multicomponent drop impact.

7.1 Expansion of the multicomponent corona
The distribution of two liquids differs significantly, if both liquids are miscible or
immiscible. While immiscible liquids have a distinct interface and corresponding
interfacial tension, miscible liquids form a homogenous solution over time. Star-
ting with immiscible liquids, both liquids can be clearly distinguished by dying the
drop liquid. The interfacial tension of the water/silicone oil combination, which is
used in the following, is �WS = 51 mN/m.

Figure 7.1 shows the temporal evolution of a dyed water drop impacting onto
a silicone oil wall film. Starting with the rise of the corona the rim of the corona
is transparent and therefore only consisting of the liquid of the wall film. With
increasing instability of the rim, the finger-like jets consist also at the end of jets
only of the wall film liquid, followed by the liquid of the drop. The liquid of the
drop is encapsulated by a thin layer of the wall film liquid. When the finger-like
jets breakup into secondary droplets the first secondary droplets leaving the jets
consists only of the wall film liquid. Afterwards secondary droplets consisting of
both liquids can occur, whereby the liquid of the droplet is always encapsulated
by the wall film liquid [91].

In most cases these droplets occur as a droplet in a droplet. In order to deter-
mine the content of the secondary droplets, a calibration method is introduced in
Section 7.2.2. The observations of the calibration measurements using an acoustic
levitator show that for water/silicone oil combinations the silicone oil is encapsu-
lating the water drop, even if the drop appears only to contain the dyed water liquid
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7 Multicomponent corona and secondary droplets

Figure 7.1: Temporal development of the corona of a dyed water droplet impacting
onto a S10 wall film. The relative film thickness is � = 0.18.

due to the small shadow resulting from the imaging. This supports the assumption
that either transparent (silicone oil in these experiments) or a mixed (containing
both liquids) secondary droplets are formed.
In the case of partial rebound, the tip of the central jet consists in most cases

of the wall film liquid. Comparable to the composition of the secondary droplets,
the liquid of the drop is encapsulated by the wall film liquid, which is especially
evident if a satellite droplet detaches from the central jet.
With increasing viscosity of the wall film the ratio of mixed secondary droplets

is increasing. The content distribution seems to be dependent on the wall film
viscosity.
If the viscosities of both liquids differ significantly, as shown in Fig. 7.1, the

liquids act quite different. If the liquid of the drop is highly viscous, as in Fig. 7.1
(glycerine), the liquid of the drop rarely participates in the evolution of the corona
and therefore the corona wall as well as the secondary droplets consist only of the
wall film liquid. In this case the drop only suppresses the liquid of the wall film.
Considering a high viscous drop as limiting case as already shown in Section 3.1.2
, the drop liquid is not participating in the corona formation and splashing, which
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7.1 Expansion of the multicomponent corona

Figure 7.2: Temporal development of the corona of a dyed glycerine droplet on a
S10 wall film. The relative film thickness is � = 0.1.

finally leads to secondary droplets only containing the wall film liquid. In this case
the content distribution is mainly determined by the wall film liquid too. Consi-
dering in contrast the impact of a less viscous drop on a very high viscous wall
film as limiting case, the wall film liquid will not participate into the formation
of secondary droplets. Therefore, the secondary droplets will only contain of the
drop liquid.
With increasing � the wall film becomes more viscous and the total number

of secondary droplets decreases in general. Furthermore, the ratio of secondary
droplets containing the liquid of the wall film and containing both liquids reverses.
Since for very low � all secondary droplets only contain the liquid of the wall film,
at a certain condition the ratio reverses from more secondary droplets containing
only the liquid of the film to more secondary droplets containing both liquids. This
shows the dependency of the wall film viscosity on the content distribution of the
secondary droplets.
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7 Multicomponent corona and secondary droplets

Figure 7.3: Temporal development of a double corona of a dyed water droplet im-
pacting onto a S1 wall film with the relative film thickness � = 0.2,
U0 = 3 m/s and � = 1.

7.1.1 Evolution of the double corona
In a few cases inside the main corona a further corona can be observed. This se-
cond corona consists of the drop liquid, which is dyed red. The rise of the double
corona is shown in Fig. 7.3. This phenomenon was already observed in previ-
ous experiments, but first identified by this colour visualisation. The corona of
the wall film rises much faster than the corona of the drop, resulting in a higher
corona height. With increasing viscosity of the wall film the difference of the rim
velocities of corona heights decreases. With increasing wall film viscosity the dif-
ference of both coronas decreases until both coronas rise with almost the same rim
velocity.
The appearance of the double corona can be explained by the significant dif-

ference of the surface tensions of the drop and film liquids. In the case of the
inertia dominated drop impact with W e ≫ 1, Re ≫ 1, the corona appears as a
kinematic discontinuity [202] on the wall film as a result of the interaction of the
outer undisturbed film and radially spreading film in the inner region (inside the
corona).
Nevertheless, the viscosity of the wall film seems to determine the height dif-

ference of both coronas until both coronas show almost the same height as shown
in Fig. 7.4. The motion of a rim is determined by the balance of inertia of the
liquid entering the rim and surface tension. The relative rim velocity [171] is
Urim =

√

2�∕�ℎ. In our case two rims on two liquid films are formed. Both rim
velocities scaled by the impact velocity is shown in Fig. 7.5 over the dimensionless
time.
The double corona was already observed, but not yet explained in few studies

of Thoroddsen et al. [6, 174] and Shaikh et al. [163]. In the study of Thororddsen
et al. the impact of viscous drops onto less viscous wall films for miscible liquids
is investigated. High impact velocity and high drop viscosity lead first to the for-
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Figure 7.4: The corona height of the drop (a) and of the film (b) liquid scaled by
the initial drop diameter as a function of the viscosity of the film for a
relative film thickness � = 0.2.

mation of the wall film corona followed by the drop corona. Different length and
time scales are also observed [174], but the formation process could be different.
This shows that under certain conditions the double corona can also be observed
for miscible liquids. Shaikh et al. observed the double corona for immiscible li-
quids, but focused in the study on the total distribution of the secondary droplets
in general [163].

7.1.2 Distribution of the drop liquid in the wall film after
drop impact

One further open question is, where the drop liquid goes during and after the drop
impact. The distribution of the drop liquid is dependent on the miscibility of both
liquids. Considering immiscible liquids as presented in the previous Section 7.1,
a distinct interface can be observed. This interface separates both liquids from
each other resulting in two parallel corona walls with the drop liquid within and
the wall film liquid outsides. Therefore, during the expansion of the corona the
drop liquid is centered bounded by the corona. In the receding phase of the corona
the drop liquid merges back to the center of impact. This can be clearly observed
in Fig. 7.6, in which the drop liquid is dyed with red colour. After the collapse of
the corona, it can be seen, that the drop liquid is rather located close to the impact
center in several secondary droplets floating on top of the wall film. In contrast
to this behaviour, in Fig. 7.7 the temporal evolution of a water drop impacting
onto a water film is shown. Since both liquids are miscible, immediately after the
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Figure 7.5: The scaled velocity of both rims of the double corona over dimension-
less time � = tU0D0

for a dyed water droplet impacting onto a S1 wall
film with a relative film thickness � = 0.2.

impact diffusion processes can be observed, visualised as red stripes in the corona
wall. Furthermore, this leads to the formation of secondary droplets containing a
mixture of both. The central jet, resulting from partial rebound, seems to be highly
concentrated by the drop liquid to the saturation of the red colour. The imaging
from below allows the observation of the liquid distribution inside the wall film.
It can be seen in Fig. 7.7, that the drop impact results in a sun-like shape. The
drop liquids spreads much further in this case compared to Fig. 7.6. This shows
the huge difference due to the miscibility and needs to be further investigated.

7.2 Evaluation of the contents of a liquid
multicomponent drop

7.2.1 Description of the measurement method
No attempt has been done so far to quantitatively measure the volume ratio of li-
quids in the multicomponent secondary droplets. Optical methods are preferred
for volume ratio measurements because of their non-intrusiveness. However, there
are numerous complicating factors beyond the description of the light scattering.
For instance, the addition of a fluorescent dye in the impacting drop would result
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7.2 Evaluation of the contents of a liquid multicomponent drop

Figure 7.6: Temporal development of a double corona of a dyed water droplet im-
pacting onto a S1 wall film with the relative film thickness � = 0.2.

in a scattering from mixture secondary drops proportional to the amount of flu-
orescent dye that was in the volume. However, the illumination would have to
be appropriate to be sure all dye molecules were excited, the total volume of the
secondary droplet would still have to be determined, and internal absorption and
secondary scattering would have to be accounted for, as with other applications of
laser-induced fluorescence [70]. Although solutions for the light scattering from
a sphere with an eccentrically located spherical inclusion have been presented in
[21, 45, 58, 67, 185, 189]. The present study introduces a single view imaging
approach to make such a quantitative estimation.
In the following discussion several assumptions have been made. When consi-

dering a host droplet with an inclusion, the refractive indexes of the two liquids
must be different. This difference can be achieved using a dye, as shown in Fig. 7.1.
Furthermore, several images in a time sequence of the same droplet must be avai-
lable, imposing demands on the frame rate of the imaging system, depending on
the conditions of drop impact. A unique droplet identification must be possible
from frame to frame, which is only possible if the droplets do not traverse too far
in each frame. For instance, the experiments described in the present study were
performed using a FASTCAM SA-X2 camera, having a frame rate of 20000 fps
with a pixel resolution of 1024×672 and a shutter speed of 30 �s. An f-stop of 32
was used to insure a large depth of field.
Another assumption is that any inclusion droplet in the host droplet is well il-

luminated, meaning the periphery of the inclusion should be detectable by the
imaging camera. This requires that the fluid of the inclusion droplet at its perip-
hery be illuminated by the fluence field and that the scattered light also reach the
detector. This is not a trivial constraint and demands experimentation with the sy-
stem illumination. In the present experiments, several illumination sources were
employed simultaneously, as described in Section 2.1.5.
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7 Multicomponent corona and secondary droplets

Figure 7.7: Temporal development of a double corona of a dyed water droplet im-
pacting onto a S1 wall film with the relative film thickness � = 0.2.

The underlying principle of the method is sketched in Fig. 7.9, where three
curves are shown on a graph relating volume ratio (inclusion droplet to secondary
droplet) to observed projected area ratio (inclusion droplet to host droplet). The top
curve serves as a reference and expresses the volume to projected area ratio of the
inclusion droplet if no distortion is caused by the outer host droplet. This would
occur if the refractive index of the host droplet (colored white) would have the
same refractive index as the surrounding ambient (refractive index matched). The
middle and bottom curves relate the actual volume ratio to the observed projected
area ratio if the inclusion droplet is either on the near or far side of the host droplet
from where the image is captured. The numerical values shown in this graph
correspond to a relative refractive index of 1.403, i.e. silicone droplets in air.
These curves were obtained by simply applying Snell’s law at the ambient-droplet
interface and determining the point on the host droplet circumference, where the
edge ray of the inclusion drop exits the host droplet towards the camera. From
this simple consideration, the middle and lower curves should represent upper and
lower bounds of the projected image size, if the inclusion droplet is centered on
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7.2 Evaluation of the contents of a liquid multicomponent drop

Figure 7.8: Sequence of 12 images of a levitated, red coloured water droplet em-
bedded in a 3�l silicon oil droplet.

the observation axis. If the inclusion droplet lies eccentric from the center axis of
the host droplet, then other (larger) values of area ratio are to be expected, as will
be confirmed below in Section 7.2.2.

7.2.2 Calibration of the method
To test this hypothesis, a calibration has been performed by suspending drops of
known mixture volume ratio in an acoustic levitator and imaging them onto a ca-
mera. Levitated drops take on an spheroidal shape, as described in detail in [198].
Furthermore, droplets in an acoustic levitator tend to rotate about a vertical axis,
since residual forces arise if the droplet is not exactly centered in the respective
pressure node, something which is virtually always present due to natural air cur-
rents in the laboratory.
To establish the known mixture ratio in the droplet, first a water drop colored

red is injected into a pressure node using a precision injection needle of 0.4mm
inner diameter and treated with a hydrophobic coating (NeverWet®). The volume
can then be computed assuming symmetry about the axial axis and having cali-
brated the camera magnification using a target grid previous to the measurement.
Silicon oil is then added to the drop, again using a precision injection needle and
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Figure 7.9: Relation between volume ratio of an inclusion droplet centered on the
axis of a host droplet to the area ratio observed from a camera, also
placed on the axis. Top: The host droplet has the same refractive index
as the ambient; Middle: The host droplet is a liquid in air and the
inclusion droplet is on the camera side of the host droplet. Bottom:
The host droplet is a liquid in air and the inclusion droplet is on the
far side from the camera in the host droplet. Computations have been
performed for a relative refractive index of 1.33, i.e. water droplets in
air.

a precision pump. The volume of silicon oil is known to be within ±�l. The si-
licon oil encapsulates the colored water droplet. From the camera image of the
total droplet, the volume ratio can then be compared to the project area ratio, as
presented in Fig. 7.9. The calibration procedure was conducted for water drops of
four different approximate diameters and for silicon oils of kinematic viscosity 5
and 20 mm2/s and ranging from volumes between 2 and 5 �l.
A typical sequence of droplet images taken from the acoustic levitator is shown

in Fig. 7.8, from which both the spheroidal shape of the droplet can be observed
as well as the changing eccentricity of the inclusion droplet in the host droplet.
Referring to the discussion in Section 7.2.1, the rotation of the droplet is such that
the inclusion droplet is directly opposite to the camera viewing side in the main
droplet in photograph 3, whereas between photographs 8 and 9 a minimum image
of the inclusion droplet is observed, suggesting that the inclusion droplet is located
within the host droplet on the camera viewing side.
The eccentricity of the inclusion droplet (E) is defined according to the scheme

shown in Fig. 7.10. First, the center of the colored water droplet is determined,
designated here as the vector e. This vector is then projected onto the major axis
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Figure 7.11: Characteristic triangle comparing area ratio with eccentricity.

of the droplet, resulting in the vector ea. The ratio E = ‖ea∕ra‖ is called the
eccentricity, where ra is the major semi-axis length. If the levitated droplet is now
observed over many images, the computed projected area ratio of water droplet
(red) to total droplet area � = Awater∕Atotal can be compared with the measured
eccentricity, which results in characteristic triangles shown in Fig. 7.11 for five
different volume ratios of secondary droplet to inclusion droplet.
The measured triangle shows remarkable consistency among different volume

ratios on the two side arms and at the peak. However, the minimum level of the
area ratio � correlates strongly with the volume ratio. If only measured values
falling within the inner dotted triangle are considered, then the probability den-
sity function of the area ratios are represented in Fig. 7.12. The most probable
occurrence of these distributions, i.e. the position of the maximum peak for each
volume ratio, is then taken as a representative area ratio and compared with the
postulated ratios presented in Fig. 7.9. This has been done in Fig. 7.13, where a
large number of different volume ratios have been compared to the middle curve
of Fig. 7.9. An empirical calibration curve is fitted and shown as a solid line. This
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Figure 7.12: Probability density function of area ratio measured in dotted region
shown in Fig. 7.11.

curve is numerically described by
Vincl
Vtotal

= 0.59 �1.19. (7.1)
The simple phenomenological explanation in Section 7.2.1 agrees very well

with the measured values. This indicates that the images, which represent the
lower line on the eccentricity triangle plot, correspond to the minimum image size
of the inclusion droplet. At larger values of area ratio � larger deviations from this
correlation are observed. This corresponds to the condition that the inclusion drop
is not completely illuminated and the projected area cannot properly estimated
from the images. For future studies the illumination has to be improved.

7.2.3 Number and content of the secondary drops
The influence of the relative film thickness on the total number of secondary drop-
lets is shown in Fig. 7.14 (a). Since the splashing threshold is not significantly
affected by the relative film thickness in these experiments in general, the to-
tal number of secondary droplets decreases slightly with decreasing relative film
thickness. Starting from � = 1 the total number of secondary droplets decrea-
ses with increasing �. This agrees with the decreasing instability of the rim for
increasing wall film viscosity.
The ratio of the secondary droplets containing the wall-film liquid or a mix-

ture of both liquids is dependent on the viscosity ratio �, as shown in Fig. 7.14
(b). If the wall film is less viscous, the instability in the wall film liquid is higher
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Figure 7.13: Calibration curve for volume ratio as a function of minimum area
ratio. Dots represent measurements from the acoustic levitator and
the dashed black line corresponds to Eq. (7.1). The green line is taken
directly from Fig. 7.9

compared to the liquid of the drop and therefore the wall film liquid starts to form
finger-like jets which finally lead to the generation of secondary droplets. With in-
creasing viscosity of the wall film the rim is still governed by the liquid of the wall
film but the finger-like jets contain more and more of both liquids, more or less
simultaneously. Consequently, the ratio of the mixed secondary droplets increases
until finally only mixed secondary droplets are generated. This observation can be
explained by the double corona. For bigger corona height differences the corona
of the wall film leads to the formation of secondary droplets and therefore, most
secondary droplets contain only the wall film liquid. With increasing wall film
viscosity, this corona height difference decreases, which leads to more mixed se-
condary droplets. However, more experiments are needed including also varying
the drop liquid in order to confirm this hypothesis. Furthermore, this method has
to be extended for miscible liquids.
In Fig. 7.15 two distributions of the area ratio of both liquids are shown exem-

plary. Since the impact parameters are comparable and only the film viscosity is
changed, the effect of the film viscosity on the total number of secondary droplets
on the hand and on the content distribution on the other hand is clearly visible.
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Figure 7.14: Total number of secondary droplets as a function of W e1∕2f Re1∕4ffor immiscible liquids for the relative film thicknesses � = 0.1 and
� = 0.2 (a)) and the ratio of secondary droplets containing wall film
liquid and respectively a mixture of both liquids as a function (b)) as
a function of Weber and Reynolds number.
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Figure 7.15: Distribution of the area ratio of detected red pixel which are related
to the liquid of the drop inside of the produced secondary droplets
resulting from a FuW drop impacting onto (a)) a S1 and (b)) a S50
wall film for � = 0.2 and U0 = 3.3 m/s.
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7.3 Conclusions
In order to visualise the distribution of both immiscible liquids during and after
the impact, the liquid of the drop is dyed. The content of multicomponent secon-
dary droplets is dependent on the liquid combination. For � ≪ 1 the secondary
droplets consist only of the liquid of the wall film while with increasing � the
distribution changes until all secondary droplets consist of a mixture of both li-
quids. In the case of a higher relative film thickness the double corona can be
observed. While the surface tension difference of the drop and wall film liquid
lead to the formation of the double corona, the viscosity of the wall film determi-
nes its hight difference. With increasing � the height difference of both coronas
decreases until both corona heights are comparable. The effect of miscibility is
obvious in the drop liquid distribution in the wall film for miscible and immiscible
liquids. For immiscible liquids the drop liquid forms droplets floating on the wall
film, the drop liquid forms a sun-like shape in the wall film for miscible liquids. A
calibration method is introduced to determine the area ratio of a known droplet-in-
droplet configuration using an acoustic levitator. These calibration data are used
to analyse the multicomponent secondary droplets in the experiments. It is shown
that the content of the secondary droplets is dependent on the wall film viscosity.
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In the present study the drop impact onto wetted and soft substrates is investigated
for various impact conditions and fluid combinations. These phenomena have been
investigated intensively over the last 150 years. Nevertheless, if the liquids of drop
and wall film are different, the physics of the interaction of both liquids during the
impact is much more complicated.
The main objectives of the present study are to gain a better understanding of

drop impacts onto a wall wetted by another liquid, of the interaction of both liquids
during the impact process and of the kinematics of drop spreading and corona sta-
bility. For many industrial applications the description of the splashing threshold
and the content of multicomponent secondary droplets are mainly required. To
better predict these quantities the hydrodynamics of impact, kinematics of sprea-
ding and corona stability have to be accurately investigated.

To achieve these aims, experimental setups have been designed for the observa-
tion of different outcomes of drop impact onto a normal substrate as well as onto
an inclined wall film.

Different outcomes resulting from drop impact are identified and classified: de-
position, corona, splashing and partial rebound. The different outcomes are he-
reby influenced by the impact parameter such as initial drop diameter and impact
velocity, but also by the fluid properties of both liquids such as kinematic visco-
sity and surface tension. The effect of these influencing parameters on the impact
outcomes are determined. Drop spreading is observed for drop impact onto high
viscous and soft substrates. The maximum spreading diameter is analysed, which
is mainly dependent on the Reynolds number. The expansion of a corona is ob-
served for less viscous wall films. In this case the maximum corona diameter is
investigated and determined for several impact conditions and fluid combinations.
It is shown that the Weber number cannot be used to describe the dynamics of the
corona propagation in the viscous regime. The maximum corona diameter can be
described by the Reynolds number though.

For drop impact onto an inclined flowing wall film the impact leads to the ex-
pansion of a non-axisymmetric corona. The geometry of this non-axisymmetric
corona is analysed and theoretically described. For different urea-water solutions
as drop and wall film liquid the formation of holes is observed. Concentration dif-
ferences in the corona wall seem to induce Marangoni-driven flows, which finally
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lead to the formation of holes in the corona wall. The time of the first hole ap-
pearance is linearly dependent on the concentration difference of the wall film and
drop liquid. Further investigations including variation of the fluid temperature are
necessary to verify this assumption.
The formation of secondary droplets as result from drop splashing is investi-

gated and the influencing parameters are identified. Since both fluid properties
influence the splashing threshold, a new scaling is introduced and described con-
sidering both fluid properties. It is shown that the well-known K number only
determines the splashing threshold of the viscosity of the film is much larger or
much smaller than the drop viscosity. For comparable viscosities of drop and wall
film, a critical modified K number is introduced as a function of the viscosity ra-
tio. Finally, the modified K number is used to predict splashing for typical engine
conditions, since splashing is considered as one effect triggering pre-ignition in
the engine.
For certain conditions, a further fascinating phenomenon is observed: corona

detachment. The corona detaches from the base of the corona and leads to a secon-
dary atomisation. The narrow range of parameters, in which corona detachment
can be observed, is investigated and determined.
For many technical applications such as the internal combustion engine, the

knowledge of the content of secondary droplets is very important. The content of
these multicomponent droplets can significantly influence the efficiency of techni-
cal processes, like combustion. In this study a method is developed to determine
the content of multicomponent corona and secondary droplets. By adding dye to
the liquid of the drop and using a colour high-speed imaging system, both liquids
can be distinguished. Dependent on the wall film viscosity and film thickness, the
evolution of a double corona is observed. In this case two coronas with different
length and time scales occur for immiscible liquids. The corona of the wall film
liquid rises higher than the corona of the drop liquid, since the surface tension of
the wall film is much smaller in these experiments. The height difference of both
coronas depends mainly on the viscosity of the wall film. This leads to the con-
tent distribution of the secondary droplets, since a higher height difference result
in a higher amount of secondary droplets only consisting of the wall film liquid.
Next, calibration measurements have been conducted to determine the area ratio
of a known droplet-in-droplet configuration using an acoustic levitator. These ca-
libration data are used to analyse the multicomponent secondary droplets in the
experiments. It is shown that the content of the secondary droplets is dependent
on the wall film viscosity. It is demonstrated, that this method can be used for
future investigations of parametric studies determining the content of multicom-
ponent secondary droplets in case of immiscible liquids. This method has to be
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further extended considering also miscible liquids. For the characterisation of the
very fine secondary spray different measurement techniques such as the time shift
technique can be used, since high-speed imaging is limited in the spatial resolu-
tion.
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Nomenclature

Latin letters
upper case

symbol SI unit description
A m2 surface area
Ared m2 surface area of red detected pixel
B – dimensionless constant
Ca – capillary number
D – diffusion coefficient
D0 m initial drop diameter
DB m corona base diameter
DC m corona rim diameter
Dmax m maximum corona base diameter
Dmax – dimensionless maximum corona base diameter
Dmax,spread m maximum spreading diameter
Dmax,spread – dimensionless maximum spreading diameter
E – eccentricity of the inclusion drop
G Pa=N/m2 shear modulus
H m corona height
Hc 1/m mean curvature
K – K number
L – L number
Lnd – length scale of roughness
N – number of
Nsec – number of secondary droplets
Oℎ – Ohnesorge number
Pd – dimensionless stretching rate
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Nomenclature

Q m3/s volume flux
Rb m corona radius
Rb – dimensionless corona radius
Re – Reynolds number
Rnd m surface roughness
Rpk m average height of peaks over the roughness core profile
Rsm m mean width of profile element
S, S(t) m2 surface
T K temperature
U m/s velocity component in x-direction
U0 m/s impact velocity
V m/s velocity component in y-direction
VO, VW m3 volume of oil/water
Vr m3 volume of the red liquid inside the drop
Vges m3 total volume of all secondary droplets
W kg m2/s−2 work
W e – Weber number
X m jet coordinate
XB – interface

lower case

symbol SI unit description
c1 – concentration
dc m diameter of cannula
f Hz=1/s operating frequency
g m/s2 acceleration of gravity
ℎ m film thickness
ℎres m residual lamella thickness
ℎ – dimensionless residual lamella thickness
ℎs m thickness of the free sheet
i – spanwise location (i ∈ Nz

)
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Nomenclature

i, j, k – control variables of the coordinates
ji – constant flux in z-direction
l m distance
m kg mass
n – sample size
p bar = kg/m s2 pressure
p0 bar = kg/m s2 ambient pressure
p� bar = kg/m s2 capillary pressure
r m radial coordinate
ra m major semi-axis length
s m arc length of drop contour
sp – standard deviation
t s time
ti, ti s time step i
t1, t2, t3 s characteristic time
tp – correction factor
t� s typical time of capillary breakup
u m/s velocity component in x-direction
u – dimensionless velocity component in x-direction
ui m/s velocity (free index i)
umax m/s maximum velocity
v m/s velocity component in y-direction
x m chordwise coordinate
y m wall normal coordinate
z m axial coordinate

Greek letters
upper case
symbol SI unit description
Δ – constant positive displacement of the velocity field
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Nomenclature

ΔP bar Laplace pressure
Λ – impact parameter
Φ ◦ angle

lower case

symbol SI unit description
�, �incl ◦ inclination angle
� – dimensionless constant
� – relative film thickness
�BL – dimensionless thickness of the boundary layer
� – area ratio of the red water drop to the total drop
� – dimensionless constant
̇ 1/s shear rate
� – kinematic viscosity ratio
� Pa s=Ns/m2 dynamic viscosity
� m2/s kinematic viscosity
� N/m surface tension
� – dimensionless time
�max – dimensionless maximum spreading time
�w Pa=N/m2 wall shear stress
� ◦ contact angle
� kg/m3 density
� kg/m3 mean density
� – dimensionless constant
� – similarity vairable
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Nomenclature

Abbreviations

symbol description
ad advancing
CAM camera
CCD charged coupled device
CHR chromatic confocal sensor
CLS confocal Line Sensor
CMOS complementary metal oxide semiconductor
corona corona splash
cr corona
d, D drop
DOF depth of field
Exp# experiment number #
ext external
f, F fluid
FOV field of view
fps frames per second
GB gigabyte
HS high speed camera
HSI hue saturation intensity
int internal
lam lamella
LED light emitting diode
max maximum
max, spread maximum spreading
min minimum
PDMS polydimethylsiloxane
prompt prompt splash
px pixel
PI pre ignition
r radial coordinate
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Nomenclature

re receding
res resiudal
RGB red green blue
spread spreading
stat statistical
sys systematical
TDMS technical data management structure
TU Technische Universität
visc viscous
wt. weight
2D two-dimensional
3D three-dimensional

162



List of Figures

1.1 Different outcomes resulting from drop impact onto a drywall: de-
position, prompt and corona splash, receding break up and partial
and complete rebound. Reprinted from [147]. Copyright (2001)
with permission from Begell House, Inc. . . . . . . . . . . . . . . 4

1.2 Different impact outcomes: a) Deposition, b) Corona, c) Corona
Splash, d) Corona Detachment and c) Partial Rebound. Reprinted
figure with permission from [92]. Copyright 2018 by the Ameri-
can Physical Society. . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 A water drop impacting onto a water wall film with D0 = 3 mm,
U0 = 3.1m/s and � = 0.033 and resulting Re = 9500 andWe = 420 11

1.4 Awater drop impacting onto a water deep pool withD0 = 2.8mm,
U0 = 4.2m/s and � ≫ 4 and resultingRe = 14638 andWe = 683.
Reprinted figure with permission from [17]. Copyright 2010 by
the American Physical Society. . . . . . . . . . . . . . . . . . . . 12

1.5 Schematic sketches of the kinematic discontinuity: jump of the
film thickness (a) (Reprinted figure with permission from [158].
Copyright 2008 by the American Physical Society Permission.)
and the different regions of the uprising liquid sheet formed by the
kinematic discontinuity (b) (Reproduced with permission [149]). . 15

2.1 Scheme of the experimental setup: drop generator consisting of
cannula, micro pump and tank, the observation system consisting
of the high-speed camera (HS camera) and illumination source
(LED), and impact substrate. Reprinted figure with permission
from [92]. Copyright 2018 by the American Physical Society. . . 28

2.2 Dynamic viscosity� of different silicone oils plotted over the shear
rate ̇ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.3 Schematic description of the Young Laplace equation of a pendant
drop [47]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.4 Scheme of the experimental setup: drop generator consisting of
cannula, micro pump and tank, the observation system consisting
of the high-speed camera (HS camera), two illumination sources
(LED) and a reflecting white sheet, and impact substrate. . . . . . 35

163



List of Figures

2.5 Complex shear modulus of the samples prepared with different
monomer/cross-linking agent ratios. (Reprinted from [90].) . . . . 37

2.6 Scheme of the experimental setup: drop generator consisting of
cannula, micro pump and tank, the observation system consisting
of two high-speed cameras (HS camera), two illumination sources
(LED) and diffusing plate, and impact substrate . . . . . . . . . . 39

2.7 Scheme of the experimental setup: drop generator consisting of
cannula, micro pump and tank, the observation system consisting
of the high-speed camera (HS camera) and illumination source
(LED), and inclined impact substrate (with inclination angle �)
including the confocal chromatic line sensor (CLS). . . . . . . . . 40

2.8 CAD image of the wall film generator with the filaments, which
are bounding the wall film. . . . . . . . . . . . . . . . . . . . . . 41

2.9 Temporal evolution of the mean film thickness ℎ = 200�m du-
ring the drop impact at t = 5 s (a). Instantaneous film thickness
measurement of each channel (total number of channels 192) of
ℎ = 200�m (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.10 Airy pattern of two point sources at different distances: (a) both
points are closer than the resolving capacity, (b) both points are
equal to the resolving capacity and (c) both points are further away
than the resolving capacity [23]. . . . . . . . . . . . . . . . . . . 46

2.11 Schematic illustration of the ray diagram of the depth of field for
a symmetrical lens [23]. . . . . . . . . . . . . . . . . . . . . . . . 47

2.12 Experimental determination of the depth of field using the DOF
target (a) and the analysis of the intensity profile along the marked
line (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

2.13 Binarized images showing the detection of the drop (left) and of
the corona (right). . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.14 Trajectories of splashed secondary droplets. . . . . . . . . . . . . 50
2.15 The cone of the HSI colour system with the hue H, the saturation

S and the intensity V [25]. . . . . . . . . . . . . . . . . . . . . . 51
2.16 Scheme of Snell’s law with the refraction indices n1 and n2 andrefraction angles �1 and �2 and the diffraction of light in a drop. . 52
2.17 Measurement principle of the confocal chromatic imaging for the

distance measurement [141]. . . . . . . . . . . . . . . . . . . . . 53
3.1 Temporal evolution of the impact outcome deposition: S20 drop

impacting onto a S750 film with � = 37.5, U0 = 3 m/s, D0 = 1.4mm and ℎ = 0.1 mm. . . . . . . . . . . . . . . . . . . . . . . . . 55

164



List of Figures

3.2 Temporal evolution of the impact outcome corona: S20 drop im-
pacting onto a S20 film with � = 1, U0 = 3 m/s, D0 = 2 mm and
ℎ = 0.5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.3 Temporal evolution of the impact outcome splash: S5 drop im-
pacting onto a S5 film with � = 1, U0 = 3 m/s, D0 = 2 mm and
ℎ = 0.25 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.4 Temporal evolution of the impact outcome partial rebound: A wa-
ter drop impacting onto a S65 film with � = 65, U0 = 2.7 m/s,
D0 = 2.8 mm and ℎ = 0.25 mm. . . . . . . . . . . . . . . . . . . 58

3.5 Drop size influence on corona development: S65 drop impacting
onto a water film with � = 0.015, U0 = 2.3 m/s and ℎ = 0.5
mm. Drop diameter is D0 = 1.8 mm (left) and 2.2 mm (right)
resulting in dimensionless film thicknesses of � = 0.28 and 0.23.
Reprinted figure with permission from [92]. Copyright 2018 by
the American Physical Society. . . . . . . . . . . . . . . . . . . . 59

3.6 Impact velocity influence on corona development: water drop (D0 =
2 mm) impacting onto a S10 film with ℎ = 0.5 mm and � = 9.9.
Impact velocity is U0 = 1.7 m/s (left) and 2.3 m/s (right). Re-
printed figure with permission from [92]. Copyright 2018 by the
American Physical Society. . . . . . . . . . . . . . . . . . . . . . 60

3.7 Film thickness influence on the corona development: A S5 drop
impacting onto a S10 wall film with from left to right � = 0.04,
0.11 and 0.23. The impact velocity is U0 = 3.2 m/s, the drop di-
ameter D0 = 2.2 mm and the viscosity ratio � = 0.5. Reprinted
figure with permission from [92]. Copyright 2018 by the Ameri-
can Physical Society. . . . . . . . . . . . . . . . . . . . . . . . . 61

3.8 Influence of fluid combination on the corona development: Impact
of a S5 drop onto a S65 film (left) with � = 13 and of a S65 drop
impacting onto a S5 film (right) with � = 0.08 for � = 0.25,
U0 = 2.3 m/s and D0 = 2 mm. Reprinted figure with permission
from [92]. Copyright 2018 by the American Physical Society. . . 62

3.9 Effect of viscosity ratio (�) on the outcome of drop impact with
� = 0.25, D0 = 2 mm and U0 = 2.3 m/s. Reprinted figure with
permission from [92]. Copyright 2018 by the American Physical
Society. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.10 Effect of liquid temperature T on the outcome of a Hexadecane
drop impacting onto a Hexadecane wall film with � = 0.1,D0 = 2mm and U0 = 3 m/s [26]. . . . . . . . . . . . . . . . . . . . . . . 64

165



List of Figures

3.11 Temporal development of the drop spreading of a S350 drop (a)-
c)) and a S10000 drop (d)-f)) impacting onto different impact sub-
strates, wall film of S1000 (a), d)) and of S100000 (b), e)) with
the same relative film thickness � = 0.227 and glass (c), f)) (a)
and impacting onto different impact substrates, wall film of S5
(a), d)), S10 (b), e)) and S20 (c), f)) for the same relative film
thickness � = 0.045 (b). Reprinted figure with permission from
[92]. Copyright 2018 by the American Physical Society. . . . . . 66

3.12 Temporal evolution of a S350 drop impacting onto a water wall
film with � = 0.0028, U0 = 3 m/s, D0 = 2.2 mm and ℎ = 0.1 mm. 67

3.13 Temporal evolution of impacts of drops of different viscosities on
a deformable substrate with the mixing ratio 10:1 (complex shear
modulus at 1 Hz is 703.43 kPa as shown in Table 2.3). The liquids
are the water-glycerin mixtures of 5, 20, 40 and 90 wt. % (from
the upper to the bottom raw). The impact velocity is U0 = 3 m/s
and the initial drop diameter isD0 = 2.3mm. The Weber number
ranges fromW e = 300 to 490. (Reprinted from [90].) . . . . . . . 68

3.14 Temporal evolution of spreading and splashing including the dan-
cing droplets of a S10 drop impacting onto the soft substrate S4
(left) and a S100000 wall film of ℎ = 0.1 mm (right) with D0 =
2.8 mm and U0 = 3 m/s. For both image sequences one dancing
droplet is tracked and marked with a red circle exemplary. . . . . 69

3.15 �S as given in Eq. 3.2 as a function of the viscosity ratio � for
different impacting drop liquids. . . . . . . . . . . . . . . . . . . 70

3.16 Dimensionless spreading time tmaxU0∕D0 as a function of the Rey-nolds number of the drop for different drops impacting onto glass:
in the viscous regime Re < 20 (left) and including the transition
region of low and high viscosity (right). . . . . . . . . . . . . . . 71

3.17 Dimensionless maximum spreading diameter as a function of the
Reynolds number of the drop for different impact substrates. The
relative film thickness is � = 0.23 and the impact velocity u = 3.2
m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.18 Evolution of the dimensionless spreading diameter as a function
of the dimensionless time for the water drop impacting substrates
of different shear modulus. . . . . . . . . . . . . . . . . . . . . . 73

3.19 Dimensionlessmaximum spreading diameter as a function ofRe1∕5Dropcompared with the theoretical model of Roisman [150]. (Reprin-
ted from [90].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

166



List of Figures

3.20 Dimensionless maximum corona diameter for drop impact onto a
thin wall film 0.12 < � < 0.36. Drop diameter is between 1.45 and
2 mm while the impact velocity is almost constant, U0 ≈ 2.8 m/s.
Liquid viscosity is varied in the range 5 × 10−6 < � < 5 × 10−5
m2/s, while � = 1. The Weber number is varied from 550 to 900.
(Reprinted from [90].) . . . . . . . . . . . . . . . . . . . . . . . 75

3.21 Dimensionless maximum corona diameter for drop impact onto a
thin wall film 0.12 < � < 0.36 as a function of the Weber number.
Drop diameter is between 1.45 and 2mmwhile the impact velocity
is maintained approximately at U0 ≈ 2.8 m/s. Liquid viscosity is
varied in the range 5 × 10−6 < � < 5 × 10−5 m2/s, while � = 1. . . 77

3.22 Dimensionless maximum corona diameter for different drop li-
quids onto a thin wall film of 0.12 < � < 0.17 as a function of the
Reynolds number of the wall film. Drop diameter is between 1.45
and 2 mm while the impact velocity is almost constant, U0 ≈ 2.8m/s. Liquid viscosity is varied in the range 5×10−6 < � < 5×10−5
m2/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.23 Dimensionless maximum corona diameter for drop impact onto a
thin wall film 0.05 < � < 0.25, scaled by Rvisc as a function of
the scaled interfacial velocity ��−3∕5. The expression for Rviscis given by (3.7). The impact Reynolds number is in the range
230 < Re < 1300. . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.24 Evolution of the scaled corona radius at the wall, Rb∕Rvisc, forvarious liquid viscosities. The liquids of drop and wall film are
the same. The relative film thickness is � = 0.166 and the impact
velocity u = 3.2m/s. The form of the best fit of the data is defined
in (3.14). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.25 Dimensionlessmaximum corona diameter as a function of the Rey-
nolds number of the drop for different wall film liquids. The rela-
tive film thickness is � = 0.045 and the impact velocity u = 3.2
m/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.26 Dimensionlessmaximum corona and spreading diameter as a function
of Re1∕5Drop compared with the theoretical model of Roisman [150]. 82

4.1 Development of a corona generated by an inclined impact of an
S5 drop onto a W film of the dimensionless thickness � = 0.091
for different angles of inclination: �incl a) 20◦, b) 30◦, c) 40◦ andd) 50◦. The liquids and their properties are listed in Table 1. . . . 84

167



List of Figures

4.2 Development of a corona generated by an inclined impact of an
S5 drop onto a W film for different relative film thicknesses � a)
0.091 and b) 0.18. The impact angle is �incl = 45◦ for both cases. 85

4.3 Definition of the main geometrical parameters of the corona. . . . 86
4.4 Effect of drop viscosity �d on the corona propagation for �incl =

30◦ (a) and of relative film thickness � on the corona propagation
for S5 - W (b). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.5 Effect of inclination on the corona propagation for the fluid com-
bination S65 - W for � = 0.18. . . . . . . . . . . . . . . . . . . . 88

4.6 Comparison of the theoretical model Xr and Xf with the experi-
mental data for the liquid combination S65 - W and � = 0.18. . . . 89

4.7 Temporal evolution of an AdBlue drop impacting onto a water wall
film with � = 0.08, U0 = 4m/s and �incl = 10◦ with hole formation. 90

4.8 The formation of holes in the corona wall resulting from an U40
drop impacting onto an AdBlue wall film with � = 0.06, U0 = 4
m/s and �incl = 10◦. . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.9 Dimensionless break up time as a function of the concentration
gradient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5.1 Consecutive stages of drop impact onto a wetted substrate: (a)
initial drop deformation and penetration into the wall film, incep-
tion of the viscous boundary layer on the wall; (b) boundary-layer
growth leads to intersection with the drop/film liquid interface; (c)
liquid layer in the crater is thinner than the viscous boundary layer.
Reprinted figure with permission from [92]. Copyright 2018 by
the American Physical Society. . . . . . . . . . . . . . . . . . . . 96

5.2 Map of the experimentally observed outcomes of drop impact. Re-
gion I of splash occurrences corresponds to very viscous drops,
and Region II corresponds to splash occurrences on a very viscous
wall film. The relative film thickness varies in the range 0.036 <
� < 0.29 and the viscosity ratio in the range 10−4 < � < 104.
Reprinted figure with permission from [92]. Copyright 2018 by
the American Physical Society. . . . . . . . . . . . . . . . . . . . 100

5.3 Map of the experimentally observed outcomes of drop impact for
Region III, when the viscosities of the drop and wall film liquids
are comparable and Kd > 100 and Kf > 100. The relative initialwall film thickness varies in the range 0.05 < � < 0.22. The data
belonging to the Regions I and II (determined from Fig. 5.2) are
not included. Reprinted figure with permission from [92]. Copy-
right 2018 by the American Physical Society. . . . . . . . . . . . 102

168



List of Figures

5.4 Map of the experimentally observed outcomes of drop impact for
Region III compared with typical engine conditions. The relative
initial wall film thickness varies in the range 0.05 < � < 0.22. . . . 103

5.5 Regime map of outcomes for drop impact onto a dry solid sub-
strate. The experimental data are from [16, 132, 135, 183]. The
deposition/corona splash boundary is described by the curvesK =
84.0 and L = 12.0. (Reprinted from [90].) . . . . . . . . . . . . . 106

5.6 Map of outcomes of the drops of different viscosities, impact dia-
meter and velocity impacting onto a deformable substrate S1 from
Table 2.3. The impact parameters are U0 = 1.32, 2.05, 2.9, 3 and
3.45 m/s, D0 = 2.3 and 3 mm. The deposition/corona splash
boundaries are compared with the corresponding boundaries for
dry solid substrate, shown in Fig. 5.5. (Reprinted from [90].) . . . 107

5.7 Regime map of the outcomes on various soft substrates. (Reprin-
ted from [90].) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

6.1 Example of the corona detachment for � = 0.5, � = 0.05 and
U0 = 3.2 m/s. A S20 drop impacts onto a S10 film, both liquids
are miscible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

6.2 Example of the corona detachment during splash for � = 1, � =
0.045 and U0 = 3.2 m/s. A S5 drop impacts onto a S5 film, the
liquids are miscible. . . . . . . . . . . . . . . . . . . . . . . . . . 113

6.3 Observation of the corona detachment resulting from a S5 drop
impacting onto a S10000 wall film from below for � = 20000,
� = 0.045 and U0 = 3 m/s. . . . . . . . . . . . . . . . . . . . . . 114

6.4 Drop impact leading to the corona detachment. Values of the Kdnumber for various film thicknesses, scaled by the viscous length:
�Re2∕5f . The experimental data are from the present study ⭑ and
from [63], marked by open stars ⭐. Other types of outcomes are
also shown in the graph. . . . . . . . . . . . . . . . . . . . . . . 115

6.5 Example of the partial break up of an inner layer of the corona for
� = 0.2, � = 0.22 and u = 3.2 m/s. A S5 drop impacts onto a W
film, both liquids are immiscible. . . . . . . . . . . . . . . . . . . 116

6.6 Values of the dimensionless stretching rate Pd number as a function
of the viscosity ratio � for relatively thin initial wall film thickness
corresponding to �Re2∕5f < 1.2. The experimental data for deta-
chment are from the present study ⭑ and from [63], marked by
open stars ⭐. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

169



List of Figures

7.1 Temporal development of the corona of a dyed water droplet im-
pacting onto a S10 wall film. The relative film thickness is � = 0.18.120

7.2 Temporal development of the corona of a dyed glycerine droplet
on a S10 wall film. The relative film thickness is � = 0.1. . . . . . 121

7.3 Temporal development of a double corona of a dyed water droplet
impacting onto a S1 wall film with the relative film thickness � =
0.2, U0 = 3 m/s and � = 1. . . . . . . . . . . . . . . . . . . . . . 122

7.4 The corona height of the drop (a) and of the film (b) liquid scaled
by the initial drop diameter as a function of the viscosity of the
film for a relative film thickness � = 0.2. . . . . . . . . . . . . . . 123

7.5 The scaled velocity of both rims of the double corona over dimen-
sionless time � = tU0D0

for a dyed water droplet impacting onto a
S1 wall film with a relative film thickness � = 0.2. . . . . . . . . . 124

7.6 Temporal development of a double corona of a dyed water droplet
impacting onto a S1 wall film with the relative film thickness � =
0.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

7.7 Temporal development of a double corona of a dyed water droplet
impacting onto a S1 wall film with the relative film thickness � =
0.2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

7.8 Sequence of 12 images of a levitated, red coloured water droplet
embedded in a 3�l silicon oil droplet. . . . . . . . . . . . . . . . 127

7.9 Relation between volume ratio of an inclusion droplet centered on
the axis of a host droplet to the area ratio observed from a camera,
also placed on the axis. Top: The host droplet has the same re-
fractive index as the ambient; Middle: The host droplet is a liquid
in air and the inclusion droplet is on the camera side of the host
droplet. Bottom: The host droplet is a liquid in air and the inclu-
sion droplet is on the far side from the camera in the host droplet.
Computations have been performed for a relative refractive index
of 1.33, i.e. water droplets in air. . . . . . . . . . . . . . . . . . . 128

7.10 Defining parameters for the eccentricity of the inclusion droplet. . 129
7.11 Characteristic triangle comparing area ratio with eccentricity. . . . 129
7.12 Probability density function of area ratio measured in dotted re-

gion shown in Fig. 7.11. . . . . . . . . . . . . . . . . . . . . . . 130
7.13 Calibration curve for volume ratio as a function of minimum area

ratio. Dots represent measurements from the acoustic levitator and
the dashed black line corresponds to Eq. (7.1). The green line is
taken directly from Fig. 7.9 . . . . . . . . . . . . . . . . . . . . 131

170



List of Figures

7.14 Total number of secondary droplets as a function ofW e1∕2f Re1∕4ffor immiscible liquids for the relative film thicknesses � = 0.1 and
� = 0.2 (a)) and the ratio of secondary droplets containing wall
film liquid and respectively a mixture of both liquids as a function
(b)) as a function of Weber and Reynolds number. . . . . . . . . . 132

7.15 Distribution of the area ratio of detected red pixel which are related
to the liquid of the drop inside of the produced secondary droplets
resulting from a FuW drop impacting onto (a)) a S1 and (b)) a S50
wall film for � = 0.2 and U0 = 3.3 m/s. . . . . . . . . . . . . . . . 132

171





List of Tables

1.1 Different wall film regimes . . . . . . . . . . . . . . . . . . . . . 10
2.1 Fluid properties. W - for water, H - for hexadecane, Sxxx - for dif-

ferent silicone oils (xxx representing the kinematic viscosity), Uxx
for different urea-water solutions and Gxx for different glycerine-
water solutions (xx representing the respective urea or respectively
glycerine water ratio in weight percentage), measured at 25 ◦C. . . 31

2.2 Fluid properties of the dyed liquids, measured at 25 ◦C. . . . . . . 36
2.3 Substrate thickness, wetting and elastic properties. The complex

modulus of the substrates are shown at 1 Hz rheological frequency 38
2.4 Specifications of high-speed cameras. . . . . . . . . . . . . . . . 44

173




	Abstract
	Kurzfassung
	Acknowledgements
	Contents
	1 Introduction
	1.1 Hydrodynamics of drop impact
	1.2 Drop impact onto a dry, solid wall
	1.3 Drop impact onto a wetted wall
	1.3.1 Outcomes of drop impact
	1.3.2 Wall film regimes
	1.3.3 Corona propagation
	1.3.4 Splashing threshold

	1.4 Drop impact of different liquids
	1.5 Thesis outline

	2 Experimental method
	2.1 Experimental method of the horizontal drop impact
	2.1.1 Drop generation
	2.1.2 Impact substrate
	2.1.3 Observation system
	2.1.4 Test liquids
	2.1.5 Experimental configuration for the impact of dyed drops
	2.1.6 Experimental configuration of drop impact onto a solid substrate coated by a thin soft layer
	2.1.7 Experimental configuration for the observation from below

	2.2 Experimental setup for the drop impact on an inclined substrate
	2.2.1 Generation of the flowing wall film
	2.2.2 Computer control unit

	2.3 Measurement technique principles
	2.3.1 High-speed imaging and shadowgraphy
	2.3.2 Confocal chromatic imaging


	3 Phenomena of normal drop impact with and without corona
	3.1 Different outcomes of drop impact
	3.1.1 Influencing parameters on the impact outcome
	3.1.2 Drop impact of high viscous liquids
	3.1.3 Outcomes of drop impact on soft substrates
	3.1.4 Dancing droplets

	3.2 Kinematics of drop spreading without corona
	3.2.1 Drop impact on a highly viscous wall film
	3.2.2 Drop impact on soft substrates

	3.3 Kinematics of the corona expansion
	3.3.1 Dynamics of a drop impact onto a liquid layer
	3.3.2 Inertia dominated flow in the spreading lamella: Outer solution
	3.3.3 Viscous regime of corona propagation

	3.4 Conclusions

	4 Drop impact onto an inclined flowing wall film
	4.1 Observations of drop impact and corona expansion
	4.2 Analysis of corona propagation
	4.2.1 Geometry of the expanding corona
	4.2.2 Theoretical model for the propagation of the corona base

	4.3 Hole formation in the corona wall
	4.4 Conclusions

	5 Description of drop splashing
	5.1 Mechanisms of splashing on a wetted solid substrate
	5.1.1 Enigmatic viscosity effect on splash
	5.1.2 Evolution of the drop/liquid interface at large times: Drop and film liquids are the same.
	5.1.3 Splashing threshold: Drop and film of different liquids
	5.1.4 Influence of splashing on pre-ignition in combustion engines

	5.2 Mechanisms of splashing on a soft substrate
	5.3 Conclusions

	6 Description of the corona detachment
	6.1 Observations of the detachment of the corona from the wall film
	6.2 Corona splash by detachment from the wall film
	6.3 Conclusions

	7 Multicomponent corona and secondary droplets
	7.1 Expansion of the multicomponent corona
	7.1.1 Evolution of the double corona
	7.1.2 Distribution of the drop liquid in the wall film after drop impact

	7.2 Evaluation of the contents of a liquid multicomponent drop
	7.2.1 Description of the measurement method
	7.2.2 Calibration of the method
	7.2.3 Number and content of the secondary drops

	7.3 Conclusions

	8 Conclusions and outlook
	Bibliography
	Nomenclature
	List of Figures
	List of Tables

