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Abstract

Non-isothermal spray/wall interaction is an important process encountered
in a large number of existing and emerging technologies, such as fuel injection
in aircraft gas engines and internal combustion engines, and is the underly-
ing phenomenon associated with spray cooling technology. Spray cooling is a
very promising technique for the cooling of devices with very high heat flux
densities (as encountered in the fields of metalworking, cooling of electronic
components or light-water nuclear reactors), surpassing all other conventional
cooling methods. The effectiveness of spray cooling is influenced by a large
number of parameters, including spray characteristics like drop size, velocity
and number density, the surface morphology, but also by the temperature
range and thermal properties of the materials involved. Indeed, the temper-
ature of the substrate can have significant influence on the hydrodynamics
of drop and spray impact, an aspect which is seldom considered in model
formulation. This process is extremely complex and current approaches are
highly empirical in nature.
In the present thesis the single drop impact as a central element of spray
impact is experimentally investigated for various thermodynamic and hydro-
dynamic conditions. Understanding single drop impact is an important and
necessary preliminary work in the description and modeling of non-isothermal
spray impact. The observed outcomes of single drop impact are classified for
various impact conditions according to the well-known heat transfer regimes:
single phase cooling, nucleate boiling, transition boiling and film boiling.
Observations from the present work also introduce the thermal atomization
regime. The phenomenon is characterized by the dewetting of the substrate,
caused not by rim dynamics but induced by thermal effects, and an intensive
evaporation leading to a fine secondary spray.
Various theoretical considerations for the heat transfer regimes single phase
cooling, nucleate boiling, thermal atomization and film boiling are obtained
to describe the quantities involved in the non-isothermal drop impact. The
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theories allow predictions of the heat transferred from the hot substrate to the
impinging drop, the typical time of drop contact, and the secondary spray.
These quantities are of paramount importance for spray cooling application,
since they can be used to determine the optimum spray. The theoretical
predictions account for the underlying physical phenomena and are validated
with existing data. Finally, the consideration for the single drop impact is
used for the development of a theoretical model for an average heat transfer
coefficient for spray cooling in the film boiling regime. The model captures
the influence of spray characteristics and accounts for the probability of drop
interactions on the wall, when the droplet number density in the spray is
high. The theory agrees well with existing experimental data.
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Kurzfassung

Der Tropfenaufprall auf beheizte Wände ist ein wichtiger Prozess in vielen
industriellen Anwendungen, wie bspw. bei der Kraftstoffeinspritzung von Ver-
brennungsmotoren und Gasturbinen, sowie ist ein grundlegender Bestandteil
der Sprühkühlungstechnologie. Die Sprühkühlung ist eine sehr bedeutende
Technik zur Kühlung von Materialien mit sehr hohen Wärmestromdichten
und übertrifft alle herkömmlichen Kühlmethoden. Dies ist besonders in der
Metallverarbeitung oder der Kühlung von Elektronikkomponenten von großer
Bedeutung. Die Wirksamkeit der Sprühkühlung wird durch eine Vielzahl
von Parametern beeinflusst, darunter Sprühparameter wie Tropfengröße, Ge-
schwindigkeit und Anzahldichte, die Oberflächenmorphologie, aber auch der
Temperaturbereich und die thermischen Eigenschaften der beteiligten Ma-
terialien. In der Tat kann die Temperatur des Substrats einen signifikanten
Einfluss auf die Hydrodynamik des Tropfen- und Sprayaufpralls haben. Da-
her ist dieser Prozess äußerst komplex und aktuelle Modellierungsansätze
sind weitestgehend empirischer Natur.
In der vorliegenden Arbeit wird der Einzeltropfenaufprall als zentrales Ele-
ment des Sprayaufpralls für verschiedene thermodynamische und hydrody-
namische Randbedingungen experimentell untersucht. Das Verständnis des
Einzeltropfenaufpralls ist eine wichtige und notwendige Vorarbeit bei der Be-
schreibung und Modellierung des Sprayaufpralls auf eine beheizte Wand. Die
beobachteten Ergebnisse des Einzeltropfenaufpralls werden für verschiedene
Aufprallbedingungen gemäß der bekannten Wärmeübertragungsregime klas-
sifiziert: Reine Konvektion, Blasensieden, Übergangssieden und Filmsieden.
Beobachtungen aus der vorliegenden Arbeit ergänzen zusätzlich das Regime
"Thermal Atomization". Dieses Regime ist durch die Entnetzung des Trop-
fens gekennzeichnet, welche durch thermische Effekte verursacht wird und zu
einer intensiven Verdampfung, sowie einer feinen Sekundärzerstäubung führt.
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Für die beschriebenenWärmeübertragungsregime werden weiterführend theo-
retische Modelle entwickelt, um die an dem Tropfenaufprall beteiligten Ein-
flussgrößen zu quantifizieren. Die Modelle erlauben die Bestimmung der Wär-
meströme vom heißen Substrat auf den aufprallenden Tropfen, die typische
Zeit des Tropfenkontakts, sowie die Charakteristika des Sekundärsprays. Die-
se Kenngrößen sind für die Sprühkühlung von größter Wichtigkeit, da sie zur
Bestimmung eines optimalen Sprays verwendet werden können. Die theoreti-
schen Modelle berücksichtigen die zugrunde liegenden physikalischen Phäno-
mene und werden mit existierenden Daten validiert. Schlussendlich werden
die Erkenntnisse des Einzeltropfenaufpralls für die Entwicklung eines theore-
tischen Modells des Wärmeübertragungskoeffizienten für die Sprühkühlung
im Filmsiedeverfahren verwendet. Das Modell erfasst den Einfluss der Para-
meter des Sprays und berücksichtigt die Wahrscheinlichkeit von Tropfenin-
teraktionen auf der Wand, wenn die Dichte der Tropfen im Spray hoch ist.
Ein Vergleich mit vorhandenen experimentellen Daten zeigt eine gute Über-
einstimmung mit dem entwickelten Modell.
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1 Introduction

Section 1.1 in the present chapter provides a main motivation of the study
followed by a critical review of the non-isothermal drop/wall and spray/wall
interaction in section 1.2. The chapter closes with the objectives and outlines
of the present thesis in section 1.3. Parts of the following sections have been
published in Breitenbach et al. (2017a,b, 2018a,b).

1.1 Motivation
The study of a spray impact onto a heated wall is motivated by a wide range
of industrial applications such as spray cooling (Estes & Mudawar, 1995; Lin
& Ponnappan, 2003; Kim, 2007) or fuel injection in aircraft gas engines and
internal combustion engines (Rolls Royce, 2015; Naber & Reitz, 1988). For
instance, during spray injection in internal combustion engines and aircraft
gas turbines the fuel may strike cylinder walls or walls of the intake valve
(Bai & Gosman, 1995). In these cases, fuel deposition on the wall can cause
adverse effects by developing a liquid film on the wall, which leads to un-
burned hydrocarbons and increased emissions. Furthermore, the impact is
often accompanied by the generation of multiple secondary droplets. Their
characteristics are important parameters since they affect mixture formation,
its combustion and deposition of coke residues. In order to optimize com-
bustion processes and to make it more efficient or to reduce pollutants, fuel
injection has been explored more in detail over the recent years (Moreira
et al., 2010).
Spray cooling technology is a promising technique for the cooling of devices

with very high heat flux densities (Yang et al., 1996; Rini et al., 2002; Cheng
et al., 2016), as encountered in the fields of metal production such as die
forging and hot rolling (Chen & Tseng, 1992; Mudawar & Deiters, 1994; Hall
& Mudawar, 1995; Aamir et al., 2017), cooling of electronic modules (Tilton
et al., 1994; Bar-Cohen et al., 2006; Fabbri et al., 2005), light-water reactors
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1 Introduction

Figure 1.1: Heat transfer coefficients for cooling techniques. (Reprint from Nayak
et al. (2016) with permission of Elsevier.)

(Sawan & Carbon, 1975) or of diode laser arrays (Huddle et al., 2000), as
well as for cryogenic cooling of human tissues (Nelson et al., 1995; Kelly
et al., 1999; Zenzie et al., 2000; Datrice et al., 2006). Moreover, spray cooling
determines the phase transformations and influences the emergence of strains
in substrate materials during thermal spraying (Gross & Berndt, 1998; Tsui &
Clyne, 1997). As shown by the large number of industrial applications spray
cooling covers a wide variety of boundary conditions. The temperature range
of spray cooling lies between cryogenic temperatures (80K) (Sehmbey et al.,
1995; Cho & Goodson, 2015; Wang et al., 2016) to about 1300K (Bolle &
Moureau, 1982). An important demand in general, but in particular for spray
cooling of electronic equipment, is the uniform heat removal from the surface
and avoidance of hot spots. Compared to other heat transfer mechanisms,
such as forced air or jet impingement, spray cooling has the highest heat
transfer coefficient, which is shown schematically in Fig. 1.1.

During spray cooling the formation of a liquid film is undesirable, since
this leads to a decrease in the heat transfer rate compared to single spray
drops impacting onto a dry, heated surface. Furthermore, a large diversity
of the spray impact phenomena is associated with the flow in the liquid layer
initiated by single drop impacts onto a wall and their interactions. Due to
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1.1 Motivation

the complexity of the problem, the hydrodynamics of liquid films created by
sprays and the associated heat transfer are not entirely understood. Heat flux
during spray cooling is usually measured as a function of the various thermo-
dynamic boiling regimes, mass flux densities and the substrate structure, such
as morphology or porosity (Estes & Mudawar, 1995; Lin & Ponnappan, 2003;
Silk et al., 2006; Sodtke & Stephan, 2007). Current theoretical approaches,
usually presented in the form of empirical correlations or developed as a
simple superposition of single drop impacts, disregard to a large extent the
physics of drop/spray wall interaction. No universal model predicting the
effectiveness of spray cooling over a significant range of operating parameters
has been developed to date. The main difficulty in spray research is the fact
that most sprays are usually polydisperse. Their behavior is governed by a
large number of parameters which cannot be varied and controlled indepen-
dently. Thus, it is not easy to identify the main influencing parameters or
their combinations which define the problem.
Single drop impact onto a dry or wetted substrate is a central element of

spray/wall interaction (Yarin et al., 2017). The phenomenon of drop impact
onto hot surfaces has been extensively investigated in the past years; however
many questions and dependencies remain unclear. For an isothermal drop
impact without phase change the outcome (rebound, deposition or splash)
is mainly determined by the impact parameters, liquid properties, substrate
morphology and wettability (Rioboo et al., 2001; Marengo et al., 2011; Ro-
isman et al., 2015; Josserand & Thoroddsen, 2016) and for the properties
of the surrounding gas (Xu et al., 2005; Stevens et al., 2014). Drop impact
onto a hot surface can be additionally accompanied by Marangoni effects,
nucleate boiling, film boiling, phase change phenomena and other thermo-
dynamic effects. Depending on the substrate temperature, the drop impact
outcome can change significantly and additional thermodynamic influences
can be observed. At very high substrate temperatures, significantly exceed-
ing the saturation temperature, the liquid does not remain in contact with
the solid. The vapor layer dividing the liquid from the hot substrate exhibits
a pressure distribution which suspends the impacting drop above the surface
(Leidenfrost, 1966).

The impingement of single drops onto a heated wall has been investi-
gated experimentally in a large number of studies (Chandra & Avedisian,
1991; Bernardin & Mudawar, 1997; Bernardin et al., 1996; Tran et al., 2012;
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1 Introduction

Bertola, 2015; Khavari et al., 2015; Staat et al., 2015). In particular, the
influence of the wall temperature, the Weber number, the surface roughness
and the liquid properties on the impingement result have been examined in
detail. A comprehensive review can be found in Liang & Mudawar (2017a).
Nevertheless, it is not completely clear how the results of such investigations
with single drops can be used for the modeling of spray impact, in particular
for the prediction of the parameters of the secondary spray or of the values
of the heat flux.

1.2 Spray cooling models
Different phenomena for the drop impact onto a hot substrate have been ob-
served in literature (Bernardin & Mudawar, 1997; Tran et al., 2012; Bertola,
2015; Staat et al., 2015; Khavari et al., 2015), leading to various thermody-
namic boiling phenomena (e.g. single phase cooling, nucleate boiling, film boil-
ing) and hydrodynamic impact outcomes (e.g. deposition, rebound, breakup).
Depending on the impact parameters and substrate temperature as well as
the fluid properties, ambient conditions, the surface wettability and morphol-
ogy, the drop impact outcome on the heated wall significantly changes. A
detailed description of the various thermodynamic boiling phenomena and
hydrodynamic impact outcome observed in the present thesis for different
substrate temperatures and impact conditions is given in section 3.

In this comprehensive review the physical phenomena accompanying the
spray cooling process and their modeling approaches are discussed. Single
drop and spray impact are considered in various boiling regimes:

• Spray cooling without boiling (single phase cooling regime), for rela-
tively low temperatures below the boiling onset. The heat transfer is
governed mainly by heat conduction in the wall and heat convection in
the wall film flow.

• Spray cooling in the nucleate boiling regime. The heat flux in this
regime is relatively high, since despite the boiling process, liquid is in
contact with the hot substrate. The heat transfer in this regime is gov-
erned by the vaporization of the superheated liquid near the substrate,
leading to the formation, growth and departure of bubbles. Moreover,
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1.2 Spray cooling models

the flow associated with the bubbles also intensifies the heat convection.
At very high substrate temperatures, intensive thermal drop atomiza-
tion can occur.

• Spray cooling in the film boiling regime at temperatures above the
Leidenfrost point. The heat flux in this regime is relatively low, since a
continuous thin vapor layer between the substrate and the liquid acts
as an insulating layer and prohibits direct contact of the liquid with
the hot substrate.

After a short introduction of the common dimensionless parameters, this
review is organized into three main subsequent sections. In section 1.2.1 the
drop and spray impact not accompanied by boiling is examined, while in
section 1.2.2 and section 1.2.3 the drop and spray impact in which boiling
occurs is addressed. In both of these two last sections first nucleate boiling
is addressed and then film boiling.

Common dimensionless parameters

The parameters determining the outcome of an isothermal single drop impact
are the impact velocity U0 and initial drop diameter D0. In the case of drop
impact onto a liquid film, the film thickness ĥfilm is also an important influ-
encing parameter. The flow generated by drop impact and the hydrodynamic
phenomena are determined by the Reynolds and Weber numbers,

Re = U0D0

ν
, (1.1)

We = ρlD0U
2
0

σ
. (1.2)

Here ρl, ν and σ are the density, kinematic viscosity and surface tension of
the drop liquid.
In some cases it is more convenient to use some combinations of the

Reynolds and Weber numbers. Among these combinations are the capillary
number and Ohnesorge number:

Ca = We Re−1, (1.3)
Oh = We1/2 Re−1. (1.4)
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1 Introduction

In the case of transient heat transfer, typical for the case of a single drop
impact onto a heated wall, the ratio of the thicknesses of the viscous and
thermal boundaries are determined by the Prandtl number

Prl = ν

αl
, (1.5)

where αl is the thermal diffusivity of the liquid.
In order to represent the measurement results of non-isothermal impacts

in dimensionless form, further dimensionless numbers, Stanton, Nusselt and
Jakob numbers, involving only the physical parameters influencing the heat
transfer in the wall film, are introduced:

St = q̇

cpjm∆T , (1.6)

Nu = ĥfilmq̇

λl∆T
, (1.7)

Ja = cp∆T
L

, (1.8)

respectively. Here q̇ is the heat flux, jm is the spray mass flux, ∆T is the
temperature difference between the substrate and the fluid, cp, λl and L are
the heat capacity, the thermal conductivity and the latent heat of evaporation
of the liquid.

1.2.1 Drop and spray impact without boiling
Hydrodynamics of isothermal drop impact are already well understood and
described. Most of the phenomena were observed already in the detailed
pioneering work of Worthington (1876); Worthington & Cole (1897). Drop
spreading and receding are governed by the dynamics of the rim, formed by
capillary forces. In some cases the rim is unstable and drop impact leads
to breakup. Various impact outcomes for an isothermal drop impact are
shown in Fig. 1.2: depostion, prompt and corona splash, receding breakup,
partial rebound and rebound. Comprehensive reviews on the phenomena and
modeling of isothermal drop impact can be found in Yarin (2006); Marengo
et al. (2011); Roisman et al. (2015); Josserand & Thoroddsen (2016); Yarin
et al. (2017). In this survey only the phenomena relevant to the modeling of
spray cooling will be considered.
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1.2 Spray cooling models

Figure 1.2: Isothermal drop impact outcome: drop deposition, corona and prompt
splash, partial or complete rebound. (Reprint of Rioboo et al. (2001) with per-
mission of Begel House Inc.)

Drop impact onto a solid substrate: hydrodynamics and heat transfer

Drop impact onto a dry substrate is an important phenomenon related to
spray cooling at the very initial phase of spray impingement, when a liquid
film has not yet accumulated on the surface. It is also important for the dry
spots on hydrophobic substrates, which form due to intensive evaporation of a
wall film. Similarly, this phenomenon is dominant in cases of fast evaporation
of very small drops on the substrate, which prevents formation of a wall film.
In the following sections several aspects will be considered regarding drop
impact without boiling.

Drop impact dynamics: When a drop impacts onto a solid substrate it
generates a radially expanding flow in a thinning lamella of nearly uniform
thickness (Yarin &Weiss, 1995). This lamella is bounded by a rim, created by
capillary forces and the stresses associated with the liquid viscosity (Taylor,
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1 Introduction

1959; Roisman et al., 2002). An inviscid, remote approximate solution for the
velocity field in a thin expanding lamella, valid for impacts at high Reynolds
and Weber numbers and which satisfies the mass balance and momentum
balance equations, is obtained in Yarin & Weiss (1995) in the form

vr0 = r

t+ τ
, vz0 = − 2z

t+ τ
, (1.9)

where r and z are the radial and axial coordinates, vr0 and vz0 are the
corresponding components of the velocity field, t is the time after impact and
τ is a time constant. This flow field is valid outside the viscous boundary
layer, which develops on the substrate wall.

A more general, exact similarity solution, which accounts for the liquid
viscosity, is obtained in Roisman (2009)

vr = r

t
g′(ξ), vz = −2

√
ν

t
g(ξ), ξ ≡ z√

νt
, (1.10)

where the dimensionless function g(ξ) of the similarity variable ξ is obtained
by numerical solution of the ordinary differential equation

g′′′ + 2gg′′ + 1
2ξg

′′ + g′ − g′2 = 0, (1.11)

subject to the boundary conditions

g = 0, g′ = 0, at ξ = 0, (1.12)
g′ = 1, at ξ →∞. (1.13)

The analysis in Roisman (2009) yields an expression for the residual thick-
ness of the lamella, formed by viscosity

hres ≈ 0.79D0Re−2/5. (1.14)

Maximum spreading diameter: The value of the maximum spreading di-
ameter determines the contact area between the impacting drop and the sub-
strate and is therefore an important parameter influencing heat flux during
spray cooling. The maximum spreading diameter and the spreading dynam-
ics during drop impact has been experimentally investigated from millimeter
drops (Chen, 1977; Lagubeau et al., 2012) to small micrometer drops (van
Dam & Clerc, 2004; Visser et al., 2015).
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1.2 Spray cooling models

It is convenient to define a maximum spreading diameter (or spreading
factor) as Dmax ≡ Dmax/D0. The scaling of Clanet et al. (2004) for the di-
mensionless maximum spreading diameter, DmaxRe−1/5 of a drop impacting
onto a dry superhydrophobic substrate is determined as a function of the
dimensionless impact parameter Λ = WeRe−4/5. For the impact of a low
viscosity liquid (Λ < 1) the maximum drop diameter is determined exclu-
sively by the capillary number and can be scaled as Dmax ∼ We1/4. In the
viscous regime (Λ > 1) the maximum drop diameter is determined mainly by
the impact Reynolds number, Dmax ∼ Re1/5.

Marmanis & Thoroddsen (1996) and Scheller & Bousfield (1995) have
found that the dimensionless maximum spreading diameter scaled by the
initial drop diameter, Dmax, correlates well with the dimensionless parame-
ter K = Re1/2We1/4, first introduced by Walzel (1980). For example, Scheller
& Bousfield (1995) proposed the following empirical correlation

Dmax = 0.61 K0.332. (1.15)

Some estimations have been obtained using the energy balance of the im-
pacting drop (Collings et al., 1990; Chandra & Avedisian, 1991; Fukai et al.,
1995; Pasandideh-Fard et al., 1996; Wildeman et al., 2016), which compares
the initial kinetic and surface energy of the impacting drop with the sur-
face energy of the spreading lamella, accounting for the energy lost due to
the viscous dissipation. Models of this type (Ukiwe & Kwok, 2005) predict
the dimensionless maximum spreading diameter as the root of the following
algebraic equation

AD
3
max − BDmax + 8 = 0, (1.16)
A = 3(1− cos θc) + 4WeRe−1/2, (1.17)
B = We + 12, (1.18)

where θc is the contact angle of the substrate.
The model for the maximum spreading diameter from Roisman (2009) uses

the residual lamella thickness hres, defined in Eq. (1.14), as a characteristic
length scale, and accounts for the motion of the rim under action of surface
tension

Dmax = 0.87Re1/5 − 0.40Re2/5We−1/2. (1.19)
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1 Introduction

This expression agrees well with the existing experimental data for a wide
range of the impact parameters. For relatively low Weber number and high
contact angle the expression (1.19) slightly overpredicts the value of the
spreading factor. Therefore, the following expression is recommended (Butt
et al., 2014)

Dmax = 0.87Re1/5 − 0.48Re2/5We−1/2, (θc → π), (1.20)

for superhydrophobic substrates.

Drop splash: It is obvious, that the value of the maximum spreading diam-
eter can be influenced by different outcomes which are observed at different
impact velocities. Rioboo et al. (2001) identified the following outcomes:
drop deposition, corona splash and prompt splash, partial or complete re-
bound (c.f. Fig. 1.2).

It is known that the splashing threshold for corona splash of a drop impact-
ing onto a dry smooth substrate is influenced by the mechanical properties
of the ambient gas, which can be varied by changing the ambient pressure
(Xu et al., 2005). Many attempts have been made to correlate the splashing
threshold using the well-known parameter K ≡ We1/2Re1/4. Recent experi-
ments (Vander Wal et al., 2006; Bird et al., 2009; Palacios et al., 2013; Pan
et al., 2010) have shown that this parameter is applicable only for a rather
narrow range of drop impact parameters. Currently the correlation for the
boundary between drop deposition and corona splash, which is based on the
existing experimental observations, is expressed in Roisman et al. (2015) as:

Cacorona = 0, 067 + 0, 60Oh0.35 for Re < 450, (1.21)
Ohcorona = 0.0044 for Re > 450. (1.22)

Substrate morphology and porosity are also significant influencing factors
(Rioboo et al., 2008; Moita & Moreira, 2012; Lembach et al., 2010). Rough-
ness promotes the phenomenon of prompt splash and porosity leads to the
partial liquid penetration and subsequent target imbibition. The splashing
threshold is determined mainly by the characteristic local inclination of the
surface structures. The critical Weber number for prompt splash on rough
and structured surfaces is determined in Roisman et al. (2015)

Weprompt ≈ 10 (Rpk/Rsm)−0.83, (1.23)
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1.2 Spray cooling models

where Rpk is the average height of protruding peaks above the roughness
core profile and Rsm is the mean width of a profile element.

Heat transfer during drop impact: Theoretical predictions in literature
for heat transfer during drop impact without boiling are often only based
on heat conduction in the fluid, while neglecting the internal fluid motion
(Liang & Mudawar, 2017a). The contact temperature and the heat flux at
the liquid/wall interface is estimated similar to the heat conduction problem
of two semi-infinite solid bodies (Myers, 1987):

Tc = ewTw0 + elTd0

ew + el
, (1.24)

q̇(t) = elew(Tw0 − Td0)
(el + ew)

√
π
√
t
. (1.25)

Here el and ew are the thermal effusivities of the liquid and solid. However,
this is a critical assumption since the heat transfer in the drop is significantly
influenced by the fluid flow (Batzdorf, 2016). In Roisman (2010) a theoretical
model for the heat transfer without phase change is developed using an sim-
ilarity solution which also accounts for the fluid motion and heat convection
in the spreading drop. It has been recently validated by comparison with the
predictions of the direct numerical simulations for single (Berberović et al.,
2011; Schremb et al., 2017) drop impacts onto a heated substrate. The heat
transfer model will be explained more in detail in section 4.1.2.
In many cases special attention has to be paid to the heat transfer phe-

nomena in the vicinity of the moving contact line. Kunkelmann et al. (2012)
and Herbert et al. (2013) have demonstrated that the contribution of the
near-contact-line convection is significant during the receding phase or dur-
ing sessile drop evaporation.

The effect of sessile drop evaporation on spray cooling is especially impor-
tant if the drops are so small that their evaporation time is smaller than the
typical spray impact time (typical expectation time of the next impacting
drop at the same place). Lopes et al. (2013) have computed the evaporation
process of sessile drops at various combinations of thermal properties of the
substrates and liquids. They have shown that the transient effects are sig-
nificant for the description of the process. A comprehensive review of the
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drop evaporation phenomena and the state of the art of modeling these phe-
nomena can be found in Cazabat & Guena (2010); Erbil (2012) and Brutin
(2015).

Spray cooling without boiling

Since spray cooling in the single phase cooling regime is not accompanied by
boiling, the heat transfer rates between the spray and the wall are relatively
low compared to regimes accompanied by boiling. For this reason, spray
cooling without boiling is not the main focus of the heat transfer literature
in comparison to spray cooling at different boiling regimes, e.g nucleate or
film boiling. Nevertheless it is a relevant research topic (e.g for cooling of
micro electronic components) and valuable research has been performed in
the past investigating the non-boiling regime (Oliphant et al., 1998; Rybicki
& Mudawar, 2006; Karwa et al., 2007; Wang et al., 2010; Hsieh et al., 2014).
Even so, correlations for the relevant heat transfer quantities in the single
phase cooling regime are mainly empirical in nature. As a result, multiple
empirical correlations of the Nusselt number can be found in the literature,
basically in the form

Nu = C Rea Prbl , (1.26)

based on the Reynolds number of the spray and the Prandtl number of the
liquid. Although not uniformly interpreted, the Reynolds number is often
based on the Sauter mean diameter of the spray as a length scale and the
mean volumetric spray flux per unit area as a characteristic velocity. The
coefficients a, b and C are empirical constants determined by experimental
results. A comprehensive review of these empirical correlations are reported
in Liang & Mudawar (2017b).

A very simple physics-based correlation of the heat transfer rate during
spray cooling without boiling can be found in Shedd (2007). It is based on
the hypothesis that the liquid film on the wall can be approximated as a
turbulent liquid layer flowing over a thin viscous boundary layer. Within the
viscous boundary layer of the liquid film the heat is transferred by conduction
within a thermal boundary layer near the solid wall. The correlation was
verified for different coolants with a wide range of properties.
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1.2 Spray cooling models

Figure 1.3: Spray-cooled target in microgravity environment captured with an
infrared camera (Kyriopoulos, 2010). Red and yellow regions correspond to hot
water film covering the target. Light blue and turquoise regions correspond to
locations of recent impingement of cold droplets. (Reprinted from Breitenbach
et al. (2018b), with permission of Springer Nature. c© 2018 Springer Nature.)

Nonetheless, for the development of more comprehensive physical correla-
tions it is essential to enhance the understanding of the physical mechanisms
during the spray cooling process. Figure 1.3 illustrates an infrared image of
the spray-cooled target (Kyriopoulos, 2010). The oscillating liquid film com-
pletely covers the target surface and cools it down. The regions highlighted
in red and yellow correspond to the already heated liquid film covering the
target, whereas the light blue and turquoise regions correspond to locations
of recent cold drop impacts. Therefore, in the regime in which evaporation is
not a significant factor, cooling is caused mainly by flow generated by single
drop impacts.

A model for spray cooling has to consider the combined effects of the flow in
the wall film, craters formed by single drop impacts and splash. Such a model
has not yet been developed, since the phenomena are rather complicated.

As a first step we consider a case when the film thickness is much larger
than the drop diameter in spray. For a rough estimation of the heat transfer,
consider also a time-averaged, quasi-steady heat and flow fields in a liquid
wall film. In this case a one-dimensional energy equation in the liquid film
in the normal z-direction can be written in the form (Brenn, 2017)

vz
∂Tl
∂z
− αl

∂2Tl
∂z2 = 0, (1.27)
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where vz is the normal component of the liquid velocity and Tl is the temper-
ature. The temperature Tl(z) in the liquid film has to satisfy the boundary
conditions

Tl(0) = Tw, (1.28)
Tl(ĥfilm) = Ts, (1.29)

where ĥfilm is the average film thickness, Tw is the wall temperature, and Ts
is the spray temperature. The velocity distribution can be approximated as

vz = − Wz

ĥfilm
, (1.30)

where W is a typical surface velocity, generated by drop impact and by the
total spray volumetric flux. The typical velocity scale W can be determined
from an accurate description of the flow in the wall film. As a zero approx-
imation we estimate W as a momentum flux averaged velocity (Roisman &
Tropea, 2005):

W =

√
jmU0

ρl
, (1.31)

where U0 is the average impact velocity, jm is the mass flux of the primary,
impacting spray.

The solution of equation (1.27) is

Tl(z) = Tw − (Tw − Ts) erf
[√

X

2
z

ĥfilm

]
/erf

[√
X

2

]
, (1.32)

X ≡ Wĥfilm

αl
. (1.33)

From this solution the Nusselt number can be determined using its defini-
tion in Eq. (1.7)

Nu =
√

2X
π
/erf

[√
X

2

]
. (1.34)

Expression (1.34) provides a very rough estimation for the Nusselt number.
It is valid only for the cases if the thickness of the thermal boundary layer
is much smaller than the film thickness, namely if X � 1, and if the film
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1.2 Spray cooling models

Figure 1.4: Nusselt number for spray cooling. Comparison of the experimen-
tal data obtained in Kyriopoulos (2010) with the theoretical prediction from
Eq. (1.34). (Reprinted from Breitenbach et al. (2018b), with permission of
Springer Nature. c© 2018 Springer Nature.)

thickness is much larger than the initial drop diameter. In Fig. 1.4 the exper-
imental data from Kyriopoulos (2010) for the Nusselt number is compared
with the theoretical predictions (1.34). It can be clearly seen that the theory
predicts well the order of magnitude for the Nusselt number, and can be con-
sidered as its upper bound. It should be stressed that there is no adjustable
parameters in the model (1.34) which indicates that the main physics of the
problem is accounted for.

1.2.2 Drop impact accompanied by boiling

Bubble nucleation and growth in the nucleate boiling regime

The dynamics of bubble growth during drop spreading are influenced by
the flow in the expanding lamella and by the pressure variation during drop
impact. However, heterogeneous nucleation and bubble growth, associated
with the pool boiling regime, has been studied rather extensively. Two main
regimes of the bubble growth are considered - inertia dominated growth and
heat-transfer-controlled growth (Carey, 1992). The bubble radius, after some
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waiting period, expands as the square root of time

RB = βt1/2, (1.35)

where factor β is determined by the thermodynamic material properties and
the initial temperatures of the substrate and the liquid.

In many existing theoretical solutions for the bubble growth (Forster & Zu-
ber, 1954; Griffith, 1958; Mikic & Rohsenow, 1969), the temperature of the
wall interface exposed to the bubble is assumed to be close to the saturation
temperature Tsat. The reason for this is the existence of a thin evaporating
liquid film on the wall. The existence of this wall film is the only possible
explanation of the fact that the bubble reaches sizes much larger than the
thermal boundary layer (the majority of the bubble surface is therefore lo-
cated in the relatively cold region of the drop). This liquid film beneath the
bubble is formed by a process similar to dip coating (Landau & Levich, 1988;
Van Stralen et al., 1975) and is usually referred as evaporation microlayer.
The wall temperature below the bubble only slightly exceeds the saturation
temperature, since the liquid film thickness is rather small. Outside the
bubble, near the interface, a relaxation microlayer is usually considered. A
sketch of the vapor bubble with surrounding liquid on the heated wall is
schematically shown in Fig. 1.5.

The thickness of the evaporating layer (Van Stralen et al., 1975) is deter-
mined by the thickness of the laminar boundary layer

hl0 = 3.012
(
ν

β2

)
Pr−1/3

l RB . (1.36)

As soon as the wall film evaporates, temperature fluctuations are possible,
which also immediately influence the evolution of the bubble radius. At
this stage a thin adsorbed film beneath the bubble is assumed in Stephan &
Hammer (1994) and the evaporation occurs mainly in the micro-region of an
advancing contact line. In this case the boundary condition at the interface
beneath the bubble is the vanishing of the heat flux in the area beneath the
bubble.

In the model by Bernardin & Mudawar (2002) the existence of the evapo-
rating microlayer is completely neglected, the contact temperature is deter-
mined from the one-dimensional solution (Myers, 1987), associated with the
contact of two solid semi-infinite bodies.
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Figure 1.5: Sketch of a heated wall with vapor bubble and surrounding liquid.
(Reprinted from Breitenbach et al. (2017a), with permission of the American
Physical Society. c© 2017 American Physical Society.)

Single drop impact in the nucleate boiling regime

Several studies have been performed in the past investigating the drop impact
in the nucleate boiling regime. In the nucleate boiling regime the drop wets
the surface after the drop impact until it is completely evaporated. Results for
this contact time can be found in Chandra & Avedisian (1991); Tartarini et al.
(1999); Abu-Zaid (2004); Buchmüller (2014) and Nakoryakov et al. (2012)
for various conditions, e.g. liquid properties, impact parameters, surface
materials and ambient conditions. Furthermore, in Itaru & Kunihide (1978)
an estimation of the evaporation time is presented. The value of the drop
contact time is an important quantity since it can help to estimate the heat
flux between the substrate and the drop; thus, its knowledge can contribute
to the spray impact modeling.
Investigations of the drop impact in the nucleate boiling regime are also

often related to the critical heat flux, since it is an important parameter to
characterize the efficiency of the cooling process. The critical heat flux is the
maximal obtainable heat flux during drop impact in nucleate boiling regime
and quantifies departure from the nucleate boiling to the transition boiling
regime. Several studies have been performed investigating experimentally the
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critical heat flux (Kandlikar & Steinke, 2002; McGinnis & Holman, 1969)
and a comprehensive review can be found in Liang & Mudawar (2017a).
Nonetheless, the physics of drop impact accompanied with boiling are rather
complicated, therefore mainly experimental research has been performed in
the past leading to various boiling curves and empirical correlations for the
heat transfer or the critical heat flux.

Single drop impact in the film boiling regime

At very high substrate temperatures, significantly exceeding the saturation
temperature, the liquid does not remain in contact with the solid. The vapor
layer dividing the liquid from the hot substrate exhibits a pressure distribu-
tion which suspends the impacting drop above the surface (Leidenfrost, 1966).
One of the important parameters characterizing this nature of film boiling
is the minimum film boiling temperature (or Leidenfrost temperature). The
phenomenon has been extensively investigated in the past and various exper-
iments have been performed characterizing the Leidenfrost temperature for
different liquid properties, surface morphologies and ambient pressure con-
ditions (Baumeister & Simon, 1973; Testa & Nicotra, 1986; Zhong & Guo,
2017). It has been shown that the Leidenfrost temperature for impinging
drops is not a constant, but rather a dynamic value (also called dynamic Lei-
denfrost temperature) strongly influenced by the impact velocity (Bernardin
& Mudawar, 1999; Rein, 2002; Shirota et al., 2016).

A model for the static Leidenfrost temperature is proposed in Berenson
(1961); Yao & Henry (1978), which is based on the instability analysis of
the vapor/liquid interface or stability of homogeneous nucleation. In Ohtake
& Koizumi (2004) the collapse of the vapor film in the film boiling regime
is explained by the non-uniformity of the surface heating. The presence of
local cold spots on the surface is associated with conditions of the minimum
heat flux temperature. Bernardin & Mudawar (2004) has been developed a
model for the dynamic Leidenfrost temperature. In this study the bubble
nucleation and growth and the interaction with the thermal boundary layer
are analyzed. Since the flow in the drop is not known, empirical correlations
for the energy loss are introduced into the model, which is finally fitted to
the experimental data for the Leidenfrost temperature. The model predicts
the rise of the Leidenfrost temperature for higher impact velocities. This ob-
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servation is confirmed by numerous experimental observations (Celata et al.,
2006; Karl et al., 1996; Yao & Cai, 1988). A detailed overview of the Lei-
denfrost phenomena and their modeling approaches can be found in Quéré
(2013) and Liang & Mudawar (2017a).
Another important aspect is the evolution of the spreading diameter and

its maximum valueDmax = Dmax/D0, since it influences the cooling effective-
ness of the impacting drops. For low viscosity liquids the maximum spreading
diameter in the film boiling regime is determined only by the Weber number
(Tran et al., 2012; Castanet et al., 2015). The obtained correlation

Dmax = (1 + 0.23We1/2), for low viscosity, (1.37)

proposed in (Castanet et al., 2015), indicates that the influence of the shear
stresses in the vapor layer on the flow in the lamella is negligibly small, since
there is no contact between the liquid and solid regions (or the duration of
this contact is very short). Contrary to first expectations Chandra & Ave-
disian (1991) shows that for the same drop impact conditions the spreading
factor Dmax in the film boiling regime is smaller compared to the ratio in
the single phase cooling or nucleate boiling regime. This observation can be
explained by the surface energy ES ∼ D2

maxσ/(1 − cos θc) of the deformed
drop (Ford & Furmidge, 1967). For smaller contact angles θc less energy is
expended by deforming the drop, in consequence for the same kinetic en-
ergy the maximum drop spreading is larger. Observations of Chandra &
Avedisian (1991) reveal that the contact angle during maximum spreading
is much smaller (θc < 120◦) for lower surface temperatures compared to the
Leidenfrost conditions (θc = 180◦). However, Castanet et al. (2015) has been
shown that for high viscous liquids the maximum spreading diameter is ad-
ditionally influenced by the drop viscosity, even if the drop is not in contact
with the hot substrate. Consequently, a correction factor is introduced in
their model for the spreading factor, which accounts for the viscous stresses.
This yields to spreading factor

Dmax = (1 + 0.077We1/2Re1/5), (1.38)

for low and highly viscous liquids.
A first suggestion for an analytic solution of the drop evaporation time dur-

ing film boiling has been developed by Gottfried & Bell (1966). It is based
on conduction in the vapor layer and heat radiation of the hot substrate. A
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semi-empirical expression for the total heat transfer between the impinging
single droplet and the heated surface during initial contact has been devel-
oped for the film boiling regime in Bolle & Moureau (1982) and Bernardin &
Mudawar (1997). They claim that the heat transfer effectiveness of a single
drop varies with the drop diameter and impact velocity. The study of Inada
& Yang (1994) derives a semi-empirical correlation for the heat transfer as
a function impact Weber number. However, a detailed overview of further
investigations and modeling approaches can be found in the comprehensive
review of Liang & Mudawar (2017a).

Overall, heat transfer during film boiling has to include heat conduction
in an expanding thermal boundary in the solid wall, heat convection in the
vapor layer and heat convection in an expanding thermal boundary in the
liquid region. Current approaches usually presented in the form of empirical
correlations or neglecting heat convection in the drop.

1.2.3 Spray impact accompanied by boiling

Spray cooling in the nucleate boiling regime

The physics of spray cooling accompanied with boiling are rather compli-
cated, therefore mainly experimental research has been performed in the
past for various mass flux densities and spray properties (Estes & Mudawar,
1995; Chen et al., 2002; Lin & Ponnappan, 2003; Deng & Gomez, 2011),
surface morphologies (Pais et al., 1992; Zhang et al., 2013, 2014), spray incli-
nation (Visaria & Mudawar, 2008b) and for microgravity (Kato et al., 1995;
Elston et al., 2009; Michalak et al., 2010) leading to various boiling curves
and empirical correlations for the heat transfer or critical heat flux during
spray cooling. Most of the experiments and correlations are reported in the
detailed reviews by Kim (2007), Cheng et al. (2016) and Liang & Mudawar
(2017b).

Investigations of the spray cooling in the nucleate boiling regime are often
related to the critical heat flux, since it is an important parameter to charac-
terize the efficiency of the spray cooling process. The critical heat flux is the
maximal obtainable heat flux during spray cooling in nucleate boiling regime
and quantifies departure from this regime. A comprehensive experimental
database of the critical heat flux for various parameters, e.g. fluids and mass
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flux densities, can be found in Visaria & Mudawar (2008a). Furthermore, a
correlation form of the dimensionless critical heat flux for a water spray was
first shown in Mudawar & Valentine (1989) and later modified for a wide
range of nozzles, fluids, flow rates, subcoolings and inclination angles (Estes
& Mudawar, 1995; Visaria & Mudawar, 2008b):

q
′′

∗ = 2.3
(
ρl V̇

′′2
D32

σ

)−0.35

. (1.39)

Here V̇ ′′ is the local volumetric flux of liquid in the spray along the outer
periphery of the impact area and D32 is the Sauter mean diameter (SMD) of
the spray. It has been shown that the empirical correlation (1.39) is in good
agreement with various experiments for a wide range of parameters.
Moreover, the dimensionless spray cooling heat transfer in the nucleate

boiling regime is correlated in Holman & Kendall (1993) and Hsieh et al.
(2004) for subcooled water

Bom = 15.6 We0.59 Ja1.68, (1.40)

and for subcooled hydrocarbons

Bom = 2.1 We0.66 Ja1.51, (R134a) (1.41)
Bom = 9.5 We0.60 Ja1.50, (R113) (1.42)

where Bom is the modified boiling number according to Ghodbane & Holman
(1991). Here the Sauter mean diameter and the mean arithmetic velocity are
used as length scale and characteristic velocity to calculate the Weber number
of a polydisperse spray. It has been shown that the empirical correlations
(1.40)-(1.42) are valid for a large range of spray parameters.

Spray cooling in the film boiling regime

Considerable research has been performed over the past decades investigat-
ing spray cooling in the film boiling regime for various aspects, e.g. differ-
ent spray parameter, liquid properties, surface conditions and temperatures,
mass fluxes, or nozzle types (Yamanouc, 1968; Saski et al., 1979; Choi &
Yao, 1987; Bernardin & Mudawar, 1997; Wendelstorf et al., 2008b; Labergue
et al., 2015); however, many questions and dependencies still remain unclear.
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Similar to spray impact in the nucleate boiling regime, mainly empirical cor-
relations can be found in literature. Correlations have been developed for
polydispersed (Mudawar & Valentine, 1989; Klinzing et al., 1992; Wendel-
storf et al., 2008a) and monodispersed sprays (Yao & Choit, 1987; Bernardin
& Mudawar, 1997; Yao & Cox, 2002). A comprehensive review of the litera-
ture and developed correlations performed in the past for the spray cooling
in the film boiling regime can be found in Liang & Mudawar (2017c).

Considering a sparse spray, where the mass flux of the spray is very small,
drop interactions can be neglected. Therefore the transferred heat from the
hot substrate to the impinging spray can be calculated based on superposition
of the transferred heat from the single drop event.

A very simple theoretical model for the heat transfer of a sparse spray,
which accounts for rebound motion and sensible heat of the impinging droplets,
can be found in Nishio & Kim (1998). The spray heat flux is calculated as
the sum of the heat fluxes by single droplets and its multiple rebounds on the
hot substrate. It is assumed that the impinging droplets repeat the rebound
motions on the hot substrate and the heat flux upon each droplet rebound
is proportional to the sensible heat, while the latent heat of evaporation and
phase change upon impact is neglected. This simplification is chosen by the
authors due to the highly subcooled water used in the experiments.

For a dense spray however, drop interactions on the surface must be taken
into account. Therefore, the analysis of drop interaction possibilities during
spray cooling in the film boiling regime is important to determine whether
the spray is sparse or dense and to estimate the wall film flow at the surface.

1.3 Objectives and outline of the thesis
Numerous applications and industrial processes involve non-isothermal in-
teraction of a spray with hot walls, such as fuel spray injection in internal
combustion engines and gas turbines, as well as spray cooling. In recent
years a trend towards higher operating temperatures and pressures can be
observed during combustion process to make engines and gas turbines more
efficiency and reduce pollutants. As well, in spray cooling applications higher
heat flux densities are a prerequisite in order to reduce cycle times during
the production process. These tendencies require a profound knowledge of
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the physics and quantities involved in the phenomena, but the progress made
over the past years is far from being complete and current approaches are
highly empirical in nature.
The present thesis has the objectives to enhance the understanding of non-

isothermal spray/wall interactions and to establish more reliable physic-based
correlations for the various regimes in order to describe the quantities involved
in the non-isothermal spray impact and cooling process. For this purpose,
single drop impact as a central element of spray impact is an important and
necessary preliminary work. The outline of the thesis is mainly organized into
the parts Drop impact without boiling, Drop impact accompanied by boiling,
and Spray cooling in the film boiling regime.

Chapter 2 provides a detailed description of the different configurations
of the experimental setup and the measurement techniques applied to the
characterization of drop impact phenomena.

Chapter 3 introduces various regimes of drop impact observed in the
present thesis. A description of the thermodynamic and hydrodynamic phe-
nomena is given followed by a quantitative regime classification in terms of
a regime map for different substrate temperatures and impact conditions.
In Chapter 4 the non-isothermal drop impact in the single phase cooling

regime, which is not accompanied by boiling is investigated. It provides
a theoretical model for the heat transfer during single drop impact. This
quantity is finally used for the development of a heat transfer model for the
simultaneous impact of two drops.

Chapter 5 deals with the non-isothermal drop impact accompanied by
boiling, i.e. in section 5.1 the drop impact in the nucleate boiling regime,
in section 5.2 the drop impact in the thermal atomization regime, and in
section 5.3 the drop impact in the film boiling regime. In various subsections
different theoretical predictions have been introduced in order to describe the
quantities involved into the non-isothermal drop impact phenomena, e.g heat
flux, duration of contact or secondary spray.
In Chapter 6 the theory for single drops is extended to spray cooling.

After introducing a comprehensive drop interaction analysis, the heat trans-
fer in the film boiling regime is calculated for a sparse and dense spray by
superposition of single drop events with respect to drop interactions.

Chapter 7 is the closing section, which completes the present thesis with
a final conclusion and outlook for future research.
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2 Experimental method

In the present chapter the experimental methods for the drop impact investi-
gations are described. Section 2.1 provides a detailed description of the differ-
ent configurations of the experimental setup, while section 2.2 focuses on the
applied measurement techniques for drop characterization, i.e. image-based
drop characterization and phase Doppler technique. Parts of the following
sections have been published in Breitenbach et al. (2017a,b, 2018a) and in
Roisman et al. (2018). Furthermore, parts of the experimental setup have
been described in the theses of Kissing (2017) and Schmidt (2018).

2.1 Configurations of experimental setup

Two main configurations of experimental setup have been designed to inves-
tigate and characterize drop impact phenomena onto a hot surface. For the
main experiments of the drop impact onto a hot metallic substrate, a con-
figuration with a side camera position is used, allowing all phenomena to be
observed in detail. To visualize the splashing phenomena, the bubble forma-
tion and the wetting behavior, a second configuration with a bottom camera
position and a transparent heating system have been designed to achieve a
bottom view of the impact process.
The experimental setup with a side camera position is shown schematically

in Fig. 2.1(a), while the setup for the bottom view observations is shown in
Fig. 2.1(b). Both configurations consist of four major subsystems comprising
an observation system [Cam 1 and Cam 2] with illumination [LED], a heat-
ing system [HS] with temperature control, the drop-on-demand generation
system [DG], and a computer control unit [CCU] for control and data acqui-
sition. Each subsystem is explained in more detail in the following sections.
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(a)

(b)

Figure 2.1: Two configurations of the experimental setup: (a) side camera position
for the observations of drop impact and (b) bottom camera position for the
observations of the contact dynamics. Both configurations comprise a heating
system [HS] controlled by a thermo-controller, drop-on-demand generator [DG]
with temperature control [CS], an illumination system [LED] with a diffuser plate
[D], a computer control unit [CCU] and high-speed video camera system [Cam 1
and Cam 2].
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Observation system

Two CMOS high-speed cameras (Vision Research Phantom V12.1 ) with a
maximum resolution of 1280× 800 pixel at 6242 fps are used to record side-
view and top-view images of the drop impact simultaneously. The top-view
camera is synchronized by the side-view camera, which is triggered by image
based auto trigger of the falling drop. Both high-speed cameras have been
equipped with a 60 mm micro lens (Nikon AF NIKKOR 1:2.8 D) and spacer
rings (Nikon PK ). With this apparatus a spatial resolution of 12.6µm/px
for the side view and 16.7µm/px for the top view have been achieved. The
illumination system [LED] is a 120 W high power LED spotlight (Veritas
Constellation 120E) and is placed behind the drop to yield shadowgraphy
imaging. To achieve a more uniform illumination a 3 mm optical diffuser
plate [D] is placed between the LED spotlight and the drop impact. Since
the exposure time of the camera system is much shorter than one microsec-
ond, the LED spotlight has been operated in continuous mode. If a smaller
exposure time was required to prevent motion blur, a pulsed Cavilux HF high
speed diode laser has been used as light source instead of the LED spotlight.

Heating system: side camera position

The heating system [HS] consists of an impact target and a heated copper
cylinder. A detailed sectional view of the whole system is shown in Fig. 2.2(a).
The impact target is an interchangeable polished aluminum cylinder (EN AW
7075 ) with a diameter of 50.8 mm, embedded in a heated copper cylinder.
To achieve a high quality surface the aluminum is processed in several stages
with increasing grades of abrasive paper (Micro Mesh 1500 - 12000 grit) and
finally polished with a mirror polishing paste, reaching an average roughness
of Ra ≈ 0.05µm for the impact surface. This average value was determined
by atomic force microscopy, which is exemplary shown in Fig. 2.2(b). Sub-
sequently, the target was cleaned with isopropyl alcohol to remove polish
residuals. Furthermore, from time to time the whole surface is re-polished
and re-cleaned to remove dirt and deposits.
To heat the impact surface a 250 W cartridge heater (hotset hotrod HHP)

is mounted within the heating cylinder, and ceramic with a very low thermal
conductivity is used to insulate the sidewalls of the cylinder. The initial
temperature of the impact surface is controlled by a PID thermo-controller
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(a) (b)

Figure 2.2: (a) Sectional view of the heating system comprising an aluminum
impact target on top of a copper heater, heated by a 250 W cartridge heater and
insulated by a ceramic enclosure. A thermocouple is placed 0.5 mm below the
impact point on the surface. (b) Atomic force microscopy of the aluminum impact
target. (Reprinted (adapted) from Breitenbach et al. (2017a), with permission
of the American Physical Society. c© 2017 American Physical Society.)

(hotset c448 ) in combination with a calibrated type-J thermocouple (hotset
thermocouple class I ) placed 0.5 mm below the drop impact point on the
substrate. The certification of the thermocouple ensures a maximum absolute
uncertainty of 1.5 ◦C according to class I (IEC 60584-1, 2013).

Since the temperature difference between the thermocouple and the impact
surface can be neglected, the surface temperature is approximated as the
measured substrate temperature of the thermocouple. With the system the
initial surface temperature of an aluminum substrate can be varied between
Tw0 = 50 ◦C and Tw0 = 450 ◦C.

Heating system: bottom camera position

To obtain detailed information about the splashing phenomena, bubble for-
mation and wetting behavior, a transparent heating system has been devel-
oped. A sectional view of the system is shown in Fig. 2.3(a). To achieve a
bottom view of the impact process, the heating system consists of a 3 mm
thick transparent sapphire substrate (70 mm in diameter) heated by a cop-
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(a) (b)

Figure 2.3: (a) Sectional view of the transparent heating system comprising an
transparent sapphire impact target on top of a copper heater, heated by a 250 W
cartridge heater and insulated by a ceramic enclosure. (b) Atomic force mi-
croscopy of the aluminum impact target.

per ring. An average roughness of Ra ≈ 0.5 nm is measured for the sapphire
surface. The value is determined by atomic force microscopy which is shown
in Fig. 2.3(b). Overall 8× 120 W cartridge heaters (hotset hotrod HHP) are
placed circumferentially inside the copper ring. Furthermore, to insulate their
lateral surface, the copper ring is encapsulated in a low conductive ceramic.
As it is not possible to place a thermocouple inside the sapphire, the surface

temperature of the transparent sapphire surface is measured contactless by
an infrared thermometer (Optris CT Laser P7 ) with a wavelength of 7.9µm.
It has been calibrated at the beginning due to the uncertainty of the unknown
emission coefficient of the sapphire. To eliminate the potential influence of
long term instabilities, the surface temperature of the sapphire surface was
checked before every measurement redundantly with a thermocouple placed
on the top of the sapphire surface.
Finally, with the input of the infrared thermometer, the surface tempera-

ture is controlled with a LabVIEW based PID thermo-controller. Further in-
formation about the thermo-controller can be found in Kissing (2017). With
the heating system the initial surface temperature of a sapphire substrate
can be varied between Tw0 = 50 ◦C and Tw0 = 450 ◦C.
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Drop generation system

In the experiments the drop is generated by the drop-on-demand generation
system [DG]. The drop is produced with a blunt hypodermic needle (Braun
Sterican) and a piezoelectric micro-pump (Bartels Mikrotechnik mp6 ), which
supplies the fluid very slowly from an insulated reservoir trough the needle
until a drop detaches due to gravity. To reduce drop oscillations during
drop generation the piezoelectric micro-pump is adjusted to a very low flow
rate V̇ ≈ 50µl/min. The pump is actuated by a function generator (Bartels
Mikrotechnik mp-x), which is controlled by the computer system. An Arduino
laser light barrier is aimed to detect the falling drop and trigger the drop
generator and the observation system (Kissing, 2017).

The position of the drop generator above the hot surface can be moved by a
linear motor. Therefore, different impact velocities have been obtained in the
experiments. Neglecting aerodynamic drag forces for low heights ∆z0 of the
needle above the impact surface, the impact velocity can be approximated
as the theoretical free-fall velocity (Bertola, 2009). The drop diameter can
be roughly estimated from a balance of gravity and surface tension forces
(Lefebvre & McDonell, 2017):

U0 =
√

2g(∆z0 −D0), D0 =
(

6 dNσ
ρlg

)1/3
, (2.1)

where ρl and σl are the density and surface tension of the liquid drop, dN is
the outer diameter of the blunt hypodermic needle and g is the gravitational
constant. By changing the size of the hypodermic needle (Gauge 18 - 34) and
its position above the surface, different drop diameters D0 = 1.6 − 3.5 mm
and impact velocities U0 = 0.3−3.0 m/s can be realized. For instance, with a
needle (Gauge 27) and a height (∆z0 = 0.10 m) an inital drop with diameter
D0 = 2.20 ± 0.05 mm and impact velocity U0 = 1.40 ± 0.05 m/s has been
obtained. The fluid used in the experiments is highly purified laboratory
water (double-distilled). Table 2.1 summarizes the liquid properties of the
double-distilled water at a fluid temperature of 25 ◦C obtained from Wagner
& Kretzschmar (2007).

Since the drop generator is placed above the hot substrate, cooling of the
fluid system is needed to keep the temperature of the initial drop nearly con-
stant during the experiments. A cooling system [CS] with a water circulation
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Table 2.1: Liquid properties of highly purified laboratory water at a fluid tem-
perature of 25 ◦C obtained from Wagner & Kretzschmar (2007).

Parameter Symbol Value
liquid density ρl 997 kg/m3

kinematic viscosity ν 0.893 · 10−6 m2/s
surface tension σ 71.96 mN/m
thermal conductivity λl 0.61 · 10−3 N/m
electrical conductivity γl 0.2µS/m

system in combination with two type-K thermocouples has been designed to
control the fluid and needle temperature. As a consequence, the initial drop
temperature, measured with a thermocouple within the fluid near the tip of
the needle, is nearly constant Td0 ≈ 25− 30 ◦C for all the experiments.

Much smaller drops of diameter D0 = 0.1−0.8 mm and with a high impact
velocity U0 = 4.0 − 12.0 m/s have been generated by a monodisperse piezo-
electric drop generator (FMP technology). The drop generation is based on
Rayleigh decay of a liquid jet. By introducing vibratory disturbances onto
the liquid jet very small precise drops have been obtained (FMP Technology
GmbH, 2014).

Computer control unit

In the experimental setup a computer control unit is used for control and data
acquisition. As shown in Fig. 2.1, the various subsystems are connected to
the computer control unit, which serves as a hub of the experimental setup.
In the unit, the subsystems are linked with each other to synchronize the
experimental procedure. Each measurement is operated and monitored with
the computer control unit using different commercial software. The drop
generator and the heating system are controlled by National Instruments
LabView, while the observation system is operated by Vision Research PCC.

After the measurements, the raw data is converted into image files and sub-
sequently post-processed by Mathworks Matlab. Further information about
the post-processing can be found in section 2.2.1. Finally, all measured data
are recorded and stored onto a RAID-storage system within the computer.
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2.2 Measurement techniques for drop
characterization

Characterization of the size and velocity of the impinging drop or its sec-
ondary spray are important quantities for the present study. For this reason,
the implementation of an accurate drop characterization method is essential.
Several measurement techniques can be used for this. In the following sections
a description of the applied drop measurement techniques are given. The
applied techniques can be divided into image-based drop measurement tech-
niques for drops captured by the high-speed camera and into phase Doppler
measurement techniques based on interferometry of small spherical particles.

2.2.1 Image based drop characterization
Whenever a drop is captured by the high speed video system, the drop char-
acteristics can be obtained via direct imaging. A well-known and quite simple
measurement technique is shadowgraphy imaging (Tropea, 2011). With this
technique a homogeneous light source is placed in the background. Hence,
the drop is illuminated from behind and a shadow appears on the image due
to the drop. If the drop is well focused by the camera, the boundary between
the bright background and the shadow of the drop is sharp, which allows a
precise detection of the drop. Thus, the drop characteristics can be measured
from the obtained images using an image processing algorithm.

Nonetheless, image based drop characterization is limited by some phenom-
ena, which have to be taken into account for a precise analysis, i.e. resolving
capacity, depth of field and motion blur. The following sections provide a
detailed description of the different phenomena and conclude with a brief
description about the image processing algorithm.

Resolving capacity

The minimum distance between two points that can still be distinguished
from an optical system is known as the resolving capacity. This phenomenon
is caused by Frauenhofer diffraction of light passing through a small circular
aperture. It describes the physical resolution limit of an objective lens (Hecht,
1998; Pedrotti et al., 2007).
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Figure 2.4: 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.

Due to light diffraction at the lens aperture, a point source is not projected
as a point but rather as a diffraction pattern onto the projection screen (cam-
era sensor). This pattern is known as Airy pattern and its central maximum
intensity spot is called the Airy disk. Considering the Rayleigh criterion, two
point sources at a small distance ∆l can just be resolved as two separate
points, if the center of one Airy disk is located at the first minimum of the
second Airy disk (Hecht, 1998). It thus defines the resolving capacity ∆lmin.
The criterion is exemplary shown in Fig. 2.4. For instance, in case (a) the two
points cannot be resolved since the distance ∆l < ∆lmin is too close, while in
case (c) both points are clearly distinguishable. The resolving capacity ∆lmin
strongly depends on the focal length and the aperture diameter and can be
calculated for an objective lens according to Pedrotti et al. (2007):

∆lmin = 1.22 λ1 f

dL
= 1.22λ1 k, (2.2)
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where λ1 is the wavelength of the light, f is the focal length, dL is the
diameter of the aperture and k = f/dL is the f-number of the lens.

Consequently, smaller structures than the resolving capacity cannot be re-
solved with direct imaging methods. Furthermore, a higher camera resolution
(at constant physical sensor size) would not lead to a better spatial resolu-
tion if the pixel size of the sensor is already the size of the resolving capacity
(Opfer, 2014). For the optical system used in the present thesis, the resolving
capacity yields ∆lmin = 12.1µm with an effective f-number of k = 22. This
is close to the applied spatial resolution shown in section 2.1 and indicates
an ideal alignment of the observation system.

Depth of field

The depth of field is an another important parameter for image based drop
characterization. It strongly depends on the aperture of the optical system,
e.g. focal length and f-number. To illustrate the depth of field (DOF), a ray
diagram for a symmetrical thin lens is exemplary shown in Fig. 2.5. Points
within the focal plane are projected as points onto the imaging plane (camera
sensor). If a point is out of the focal plane it is not longer imaged as a clear
point but rather as a blur spot, also known as the circle of confusion. The
diameter of the circle increases with larger distance to the focal plane. Hence,
the depth of field describes the maximum distance from which a point is still
captured with an acceptable blur onto the camera sensor. This acceptable
value strongly depends on the structure of the camera sensor.
Considering c as the acceptable circle of confusion, the near point an and

the far point af of the depth of field can be thus calculated from the thin
lens equation (Pedrotti et al., 2007):

an = a0f
2

f2 + k c (a0 − f) , (2.3)

af = a0f
2

f2 − k c (a0 − f) , (2.4)

where f is the focal length and k is the f-number. Consequently, the depth
of field can be calculated using Eq. (2.3) and Eq. (2.4):

DOF = af − an = 2 a0f
2 (a0 + f) k c

k2c2 (a0 + f)2 − f4
. (2.5)
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Figure 2.5: Ray diamgram for illustration of the depth of field (DOF) for a sym-
metrical thin lens. Adapted from Pedrotti et al. (2007).

With the help of the hyperfocal distance

aH ≈
f2

k c
for a0 < aH , (2.6)

the depth of field DOF can be approximated to

DOF ≈ 2 a2
0aH

a2
H − a2

0
, for a0 < aH . (2.7)

The hyperfocal distance is the distance beyond which all objects are be
brought into focus with a given lens system. From Eq. (2.6) and Eq. (2.7) it
can be seen, that the depth of field increases for larger f-number and smaller
focal lengths.
The estimation of the depth of field for a system of lenses is rather com-

plicated due to various parameters (Pedrotti et al., 2007), therefore in the
present thesis it is determined experimentally using a DOF-Target (Edmund
optics DOF 5-15 ). An image of the target is shown in Fig. 2.6(a). The surface
of the target is tilted by 45◦ and consists of horizontal and vertical calibrated
lines. By determining the intensity profile along the line pairs (exemplary
marked as red line in the image), the depth of field can be easily estimated.
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(a) (b)

Figure 2.6: (a) DOF target for the experimental determination of the depth of
field. (b) Analysis of the depth of field: Intensity profile of the line pairs along
the red line.

In Fig. 2.6(b) the intensity profile along the red line is shown. The analysis
yields a depth of field of DOF ≈ 4.8 mm. Since the drop diameter is in the
order of two millimeters, the estimated depth of field is large enough for the
present study.

Motion blur

Beside the resolving capacity and the depth of field, motion blur has to be
taken into account in direct imaging methods. This is essential as long as
fast objects have to be captured. Due to motion blur, objects seem to be
out of focus even if they are within the depth of field. The reason for this
phenomenon is the motion of the objects during the exposure time.

Even if a picture seems to be a snapshot of one infinitesimally small mo-
ment, it is captured over a finite amount of time. This time is known as
exposure time, in which the incident light is temporally and spatially inte-
grated for each pixel (Favaro & Soatto, 2007). Consequently, the motion of
an object is also captured, which results in a blurred image of the moving
object. For instance, if the exposure time is chosen too long, a moving light
spot will be captured as a pathline.

36



2.2 Measurement techniques for drop characterization

Motion blur can be reduced by decreasing the exposure time of the camera.
A further way to reduce motion blur is to lower the illumination time of the
light source, e.g. with a pulsed light source. With the spatial resolution δxpx
of one pixel and the maximal velocity Umax of the object, an upper bound
for the exposure time can be estimated to prevent motion blur:

δte = δxpx

Umax
, (2.8)

In the present thesis the upper bound for the exposure time to prevent
motion blur yields δte = 5.1µs for a maximum velocity Umax = 2.5 m/s.
Therefore a continuous light source is chosen for the main experiments, since
the exposure time of the camera can be set up to one microsecond. If a much
smaller exposure time was required, e.g. for the fast secondary spray, a short
pulsed laser (Cavilux HF) with a wavelength of λ1 = 640 nm has been used
as light source instead.

Image post-processing

To obtain the effective diameter and velocity of the impinging drop for each
measurement, post-processing has been performed using a numerical comput-
ing environment (MathWorks Matlab). In Fig. 2.7 the input and the outcome
of the image post-processing algorithm is exemplary shown. After the raw
video files have been converted into image files, the gray scale images are
processed with a developed image processing algorithm, which automatically
detects and tracks the drop during impact. This is done by background sub-
traction and by conversion of the grayscale image into a binary image, based
on a threshold. The threshold is globally determined according to a method
described by Otsu (1979). Due to some processing errors, small artifacts may
occur in the converted image, therefore an automatic detection and elimina-
tion procedure has been implemented in the algorithm. In the end, the shape
of the drop can be easily detected from the filtered binarized image.
Based on the number of the pixel within the detected drop area Ad, an

equivalent diameter of the drop D0 =
√

4Ad/π is calculated in each image.
By tracking the centroid of the drop, the impact velocity has been obtained
by using the time of flight method. Finally, for the full impact all measured
values are averaged and the standard deviation is calculated.
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(a) (b)

Figure 2.7: (a) Input of the image post-processing algorithm: raw image. (b)
Outcome of the image post-processing algorithm: binarized and processed image.
The centeroid is marked with a cross, while the boundary of the drop and the
backround is painted in red. By tracking the centeroid the drop velocity has
been obtained.

To achieve more information about the accuracy of the drop detection algo-
rithm and its maximum level of drop sizing error, a calibration measurement
with a camera test target (Edmund optics) has been performed. It features
a highly accurate dot pattern with different dot diameters. By changing the
position of the target stepwise within the depth of field, the dots become
slightly blurred and the absolute error of the drop detection algorithm can
be easily determined. The results are shown in Fig. 2.8 for various particle
sizes and distances from the focal plane. It is obvious that within the depth
of field (±3 mm) the uncertainty of the drop size measurement is less than
±50µm, which indicates a reliable post-processing algorithm.

2.2.2 Phase Doppler technique
For spherical drops much smaller compared to the initial drop, e.g. caused by
secondary atomization, phase Doppler measurements have been conducted.
Image based drop characterization is not applicable for such small drops, due
to the limited resolving capacity of the image based measurement technique,
as shown in section 2.2.1.
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Figure 2.8: Absolute drop sizing error of the drop detection algortihm for various
positions from the focal plane. The calibration measurement has been performed
with a special test target.

The phase Doppler measurement technique is an extension of the laser
Doppler measurement technique, allowing particle size measurements in ad-
dition to velocity measurements with a very high spatial and temporal reso-
lution. It is based on light scattering of small spherical particles, which pass
through a measurement volume formed by two intersecting laser beams (Al-
brecht et al., 2013). Within the intersecting area of the two beams, a fringe
pattern is formed by positive and negative interference of the light waves. If
a particle is passing the fringe pattern the scattered light is proportional to
the local light intensity.

In Fig. 2.9 the basic configuration of the standard phase Doppler system is
exemplary shown. Since the phase Doppler measurement technique comprises
also the measurement principle for laser Doppler, the velocity of the particle
up passing through the fringe pattern along the x-direction is obtained from
the Doppler frequency fD from one of the detector signals (Albrecht et al.,
2013):

up = λ1

2 sin θ/2fD. (2.9)

Here λ1 is the wavelength of the laser beams and θ is the beam intersection
angle of the transmitting optics.
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Figure 2.9: Scheme of the standard phase Doppler measurement technique: each
particle passing through the measurement volume formed by two intersecting
laser beams scatters light, which will be detected by the detector U1 and U2 of
the receiver. Adapted from Albrecht et al. (2013).

If first-order refraction is the dominant scattering order, the drop diameter
of the particle dp can be calculated from the phase difference ∆Φ12 of the
two detector signals according to Tropea (2011):

∆Φ12 ≈ −
4π
λ1
dp

nr sinψ cos θ/2
kΦ
√

1 + n2
r − nrkΦ

, kΦ =
√

2 + cosψ cosφ cos θ/2. (2.10)

Here nr is the relative refractive index, while ψ and φ are the elevation
and off-axis angle of the receiving probe. Consequently, the relevant drop
characteristics (velocity and size) can be estimated from the received detector
signals, according to Eqs. (2.9) and (2.10). A more detailed description of the
phase Doppler measurement technique is given in Tropea (2011) and Albrecht
et al. (2013).

In the present thesis a dual-mode phase Doppler measurement system is
used. The dual-mode configuration provides the data of the diameter and
two components of the velocity vector simultaneously. In addition to the
standard configuration shown in Fig. 2.9, a second set of laser beams and
detectors is used. It is placed in the yz-plane and known as planar phase
Doppler configuration. With the combination of a standard and planar phase
Doppler system (therefore called dual-mode configuration), it is also possible
to validate the sphericity of the particles, which further increases the accuracy
of measurement (Tropea et al., 1996).
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Table 2.2: Optical parameters of the dual-mode phase Doppler system used in
the present thesis for the characterization of fine secondary droplets.

Parameter Value
Laser system DPSS laser
Laser power 80 mW
Beam spacing 60 mm
Transmitter focal length 500 mm
Wavelength 1 λ1 = 532 nm
Wavelength 2 λ2 = 561 nm
Frequency shift 80 MHz
Fringe direction U-/V+
Refractive index water 1.33
Receiver focal length 500 mm
Mask A
Slit 100µm
Scattering angle 29◦
Maximum phase 260◦
Phase ratio validation 15 %

The used phase Doppler system has been equipped with a DANTEC Flow
Explorer with two 300 mW DPSS lasers at wavelengths of λ1 = 532 nm and
λ2 = 561 nm to measure two velocity components (axial ux and tangential uy)
of the secondary droplets. As receiving optics a 112 mm dual-PDA receiver
is used. The systems is carefully aligned to achieve high validation rates and
reliable results. An overview of the optical parameters of the system are
shown in Table 2.2.
With the given optical parameters of the laser system a maximum drop

diameter of dmax ≈ 120µm can be measured. The data acquisition of the
dual-mode phase Doppler measurement system operates in cyclic mode to
repeat several drop impacts in sequence. It is repeatedly triggered by a laser
light barrier which detects the falling drop. All phase Doppler measurements
are accompanied by the simultaneous observations of the high-speed video
system, which allows to associate the phase Doppler data with the observed
phenomena.
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3 Regimes of drop impact at different
substrate temperatures

In the present chapter the various regimes of drop impact at different sub-
strate temperatures are shown. Section 3.1 provides the main observations
of the non-isothermal drop experiments. A qualitative description of the ob-
served microscopic thermodynamic and hydrodynamic phenomena is given.
Section 3.2 shows a quantitative regime classification in terms of a regime
map for different substrate temperatures and impact conditions. Parts of
the following sections have been published in Breitenbach et al. (2017a,b,
2018a,b) and in Roisman et al. (2018). Furthermore, parts of the experimen-
tal investigations have been described in the theses of Kissing (2017) and
v. Kieckebusch (2018).

3.1 Observations of non-isothermal drop impact
Outcomes of the drop impact onto a hot substrate are accompanied by ther-
mal effects. Hence, the observations of the non-isothermal drop impact lead
to a qualitative classification into various thermodynamic phenomena (ther-
modynamic perspective) and impact outcomes regimes (hydrodynamic per-
spective). In the following sections a description of the phenomena are given:

Microscopic thermodynamic phenomena

The thermodynamic phenomena during drop impingement can be categorized
into the commonly known boiling regimes. Figure 3.1 pictures various mi-
croscopic boiling regimes which have been observed in the experiments: (a)
single phase cooling, (b) nucleate boiling, (c) transition boiling, and (e) film
boiling. The same phenomena have been observed before (Bernardin et al.,
1997). Recent observations from the present thesis added also the thermal
atomization regime, depicted in Fig. 3.1(d).
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Single phase cooling occurs if the drop impact is not accompanied by boil-
ing. No bubbles can be observed within the drop due to phase change at the
solid/liquid interface and the drop vaporizes slowly on its liquid/gas inter-
face and three-phase contact line (Batzdorf, 2016). The heat transfer at the
solid/liquid interface is limited due to convection. This behavior is observed
until some critical value ∆Tw . 5 ◦C lying slightly above the saturation tem-
perature Tsat, where ∆Tw = Tw0 − Tsat is the superheated wall temperature.
Up to this critical value the substrate temperature is insufficient to initiate
bubble, therefore the fluid flow and heat transfer are mainly influenced by
the change of the material properties of the liquid and of the wall. Conse-
quently, the physical mechanisms determining the outcome of drop impact
in the single phase cooling regime are the same as for drop impact under
isothermal conditions, e.g. at normal room temperature.
At higher surface temperatures the drop impact is accompanied by boiling

and the flow within the drop can be significantly influenced by the phenom-
ena related to boiling near the wall. For temperatures ∆Tw & 5 ◦C slightly
exceeding the saturation temperature, evaporation is mainly caused by nu-
cleate boiling. During nucleate boiling an array of small growing bubbles
appears on the substrate as a result of heterogeneous nucleation. Due to
some delay time (waiting time), during drop spreading some superheating of
the liquid occurs before the bubbles emerge onto the heated substrate surface
(Carey, 1992).

The bubbles are characterized by a growth rate and by the residence time
before they collapse. They detach from the substrate surface, ascend through
the drop and possibly coalesce with other bubbles. When the bubbles break
through the liquid/gas interface they collapse and fine secondary droplets are
produced.

A particular case of nucleate boiling is foaming. This has been observed
only for water drops within a limited temperature range. It is exemplary
shown in Fig. 3.2. In the foaming phenomena the vapor bubbles grow much
larger, no coalescence and no separation from the liquid/gas interface is ob-
served. In this subcategory of nucleate boiling, the entire drop starts to foam
and seems to inflate, c.f. Fig. 3.2 (d)-(g) . This phenomenon is not yet fully
understood (Craig et al., 1993). An explanation is that small amounts of
dissolved ionic salt in the double distilled water prevent bubble coalescence
due to electrostatic effects and changes of surface tension. The influence of
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Figure 3.1: Microscopic thermodynamic boiling phenomena: (a) single phase cool-
ing, (b) nucleate boiling, (c) transition boiling, (d) thermal atomization and (e)
film boiling.
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(a) t = −0.002 s (b) t = 0.002 s (c) t = 0.087 s

(d) t = 0.256 s (e) t = 0.321 s (f) t = 0.394 s

(g) t = 0.603 s (h) t = 0.782 s (i) t = 1.066 s

Figure 3.2: Foaming phenomena for different time instants: drop impact with
initial substrate temperature Tw0 = 115 ◦C, drop diameter D0 = 2.2 mm and
impact velocity U0 = 1.3 m/s.

the dissolved ionic salt on boiling water drops was shown in Cui et al. (2003).
The presence of electrical charge on the bubble surface due to ionic salts pro-
duces a repulsive force, preventing the bubbles from approaching each other
(Keitel & Onken, 1982). Some theories also claim that during boiling the
dissolved salt cannot diffuse quickly enough and the local salt concentration
in the thinning liquid layer increases; therefore the surface tension increases,
the coalescence of the bubbles is delayed and the water drop foams (Marrucci,
1969).

Transition boiling is an intermediate regime between nucleate and film
boiling. It is observed for surface temperatures higher than ∆Tw & 50 ◦C.
The vapor bubble generation rate rises quickly, caused by the high wall tem-
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(a) t = −2.0 ms (b) t = 9.8 ms (c) t = 59.2 ms (d) t = 116.4 ms

Figure 3.3: Transient phenomena: drop impact with initial substrate temperature
Tw0 = 160 ◦C, drop diameter D0 = 2.2 mm and impact velocity U0 = 1.5 m/s.

perature. Consequently, bubbles coalesce and form a vapor layer over some
portions of the area between the drop and the surface, while the rest of the
drop wets the surface. The transition regime is very unstable and liquid lay-
ers frequently collapse with the generation of secondary droplets. The drop
appears to be dancing on the surface.
Thermal atomization is a particular case of transition boiling. It occurs for

higher substrate temperatures and only during drop impact. During thermal
atomization a central part of the drop lamella is in contact with the substrate.
Within this central part bubbles appear at the solid/liquid interface. But the
peripheral part of the lamella levitates in a fast vapor stream ejected near
the contact line leading to the dewetting of the substrate. A more detailed
description of the phenomena related with thermal atomization is given in
section 5.2.

By further increasing the surface temperature to the Leidenfrost point the
heat flux transferred to the water drop reduces (Quéré, 2013), since the wa-
ter vapor is ineffective for heat conduction. After reaching the Leidenfrost
temperature, film boiling occurs. At this condition the substrate surface is
covered with a full vapor layer and the drop does not wet the surface any-
where; heat flux and friction between the drop and the surface decrease.
The pressure induced in the vapor layer by the flow suspends the impacting
drop above the surface (Leidenfrost, 1966). As a consequence, the drop life-
time (time until the complete drop is evaporated) increases significantly for
a sessile drop. As already discussed in section 1.2.2, the Leidenfrost temper-
ature of an impinging drop (compared to a sessile drop) is not a constant,
but rather a dynamic value known as the dynamic Leidenfrost temperature
which is strongly influenced by the impact velocity (Rein, 2002).
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Noteworthy is the fact, that the entire boiling process is transient and not
only controlled by the initial substrate temperature Tw0. The boiling modes
of a single drop can switch during drop evaporation due to the change of drop
size, liquid properties or surface temperature. This phenomenon is exemplary
shown in Fig. 3.3. It is obvious that after the drop impact different boiling
phenomena occur: after an initial nucleate boiling stage (b) the drop starts
to switch to transition boiling (c), while after a significant drop mass loss due
to secondary atomization, the drop is in the film boiling stage (d) and it is
not longer in contact with the hot substrate.

Impact outcome regimes

The observations of the drop impact allow to classify various impact out-
come regimes (hydrodynamic perspective). In Fig. 3.4 the major thermally
induced hydrodynamic impact outcomes observed in the experiments are
shown: (a) drop deposition, (b) drop dancing, (c) thermal atomization, and
(d) drop rebound. Some of the impact regimes are commonly known and
have been identified in various previous studies (Bernardin et al., 1997; Staat
et al., 2015; Bertola, 2015).

In the drop deposition regime no rebound or breakup is observed; the drop
completely wets the surface over the whole impact process and the entire drop
lifetime. After the drop impact the drop starts to evaporate and the heat
transfer at the solid/liquid interface is mainly associated with convection or
nucleation, depending on the initial substrate temperature. Therefore, this
impact regime corresponds to single phase cooling and nucleate boiling heat
transfer phenomena.

The drop dancing regime is mainly characterized by instantaneous transi-
tion boiling. It is a transient regime with less heat transfer rates compared
to the drop deposition regime (accompanied by nucleate boiling). After an
initial splash the drop seems to dance on the hot substrate, explained by the
numerous vapor bubbles and liquid layers frequently growing and collaps-
ing. Due to high initial substrate temperatures, the bubbles appear within
the spreading drop at the solid/liquid interface a short time after the first
instant of contact. In this regime the liquid near the substrate is initially
superheated and bubbles appear at the interface after a certain waiting time
tw (Carey, 1992). In the present experiments the waiting time tw < 100µs
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3.1 Observations of non-isothermal drop impact

t = 0.4 ms t = 2.0 ms t = 7.4 ms t = 16.8 ms

(a)

t = 1.6 ms t = 5.6 ms t = 10.6 ms t = 16.4 ms

(b)

t = 0.6 ms t = 2.8 ms t = 4.0 ms t = 7.0 ms

(c)

t = 1.0 ms t = 3.0 ms t = 6.8 ms t = 12.0 ms

(d)

Figure 3.4: Major thermally induced hydrodynamic impact outcomes of the non-
iosthermal drop impact, which have been observed in the experiments: (a) drop
deposition (Tw0 = 120 ◦C, D0 = 2.2 mm, U0 = 1.5 m/s), (b) drop dancing
(Tw0 = 170 ◦C, D0 = 2.2 mm, U0 = 0.7 m/s), (c) thermal atomization (Tw0 =
260 ◦C, D0 = 2.2 mm, U0 = 1.7 m/s), and (d) drop rebound (Tw0 = 280 ◦C,
D0 = 2.2 mm, U0 = 1.5 m/s). (Reprinted from Breitenbach et al. (2018b), with
permission of Springer Nature. c© 2018 Springer Nature.)
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3 Regimes of drop impact at different substrate temperatures

is very short and consequently much shorter than the typical time of drop
spreading. Accompanying the vapor bubbles are numerous massive secondary
droplets, generated when the bubbles burst through the liquid/gas interface
above the drop. After a significant drop mass loss due to evaporation and
generation of secondary droplets, the residual liquid mass often recoils.

Thermal atomization regime is related to the corresponding boiling regime.
It is described by thermally induced dewetting of the substrate, which is
characterized by intensive lamella evaporation, initiation of lamella levitation,
and finally drop disintegration. An intensive vapor flow leads to a generation
of a fast vertical spray of fine droplets induced by the lamella evaporation and
a number of larger drops formed as a result of the drop disintegration and
rim breakup. The drop disintegration is due to instabilities in the lamella
leading to the emerge of expanding holes. Both processes take place in a
very short time period, mainly within the first few milliseconds after initial
contact of the impinging drop with the hot impact substrate. The duration of
contact, the contact time, of the impinging drop before rebound and complete
disintegration is determined by the time of the thermal dewetting. Therefore
the regime is called thermal atomization. Inertia induced drop breakup (Lv
et al., 2016; Tsai et al., 2009) is not considered as thermal atomization in this
study.

The drop rebound regime is mainly associated with the film boiling phe-
nomena. In this regime the entire drop bounces after the spreading and
receding phase of the drop; this phenomenon is caused by a vapor layer be-
tween the drop and hot substrate. The vapor layer reduces energy dissipation
(dissipated by viscous effects) during drop spreading onto the hot substrate,
so that in the end there is still some kinetic energy left for bouncing (Biance
et al., 2006; Bertola, 2015). Furthermore, another mechanism is the forma-
tion of high pressures within the thin vapor layer gap, which cause a force
onto the impinging drop (Rein, 2002).

Even so, drop rebound can also be observed in addition with secondary
droplets. In such case additionally bubbles within the drop are clearly visible.
This phenomena is caused by some partial wetting of the drop with the
hot substrate during drop spreading or receding. In this advance stage of
transition boiling phenomena the vapor layer is not yet fully developed during
drop impact. Since fine secondary drops arise from the drop lamella and rim,
this type of rebound is called wet rebound. By definition the wet rebound has
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3.2 Maps of drop impact outcomes

(b)

(a)

t = 1.2 ms t = 3.2 ms t = 8.8 ms t = 13.6 ms

t = 1.0 ms t = 3.0 ms t = 7.8 ms t = 12.8 ms

Figure 3.5: (a) Dry rebound without secondary droplets in comparison to (b)
wet rebound with secondary droplets. The parameters are (a) Tw0 = 320 ◦C,
D0 = 2.2 mm, U0 = 0.7 m/s and (b) Tw0 = 220 ◦C, D0 = 2.2 mm, U0 = 0.7 m/s.

to be related to the transition boiling phenomena (since some partial contact
occurs), while the dry rebound is related to the film boiling phenomena. This
an important fact, since in literature film boiling is often characterized only
by drop rebound. The observation of a dry rebound and a wet rebound is
exemplary shown in Fig. 3.5. It is obvious that in both cases the contact
time of the drop with the hot substrate is relatively short and they are only
slightly different. This indicates that the partial wetting has minor effects on
the drop spreading and rebound dynamics.

3.2 Maps of drop impact outcomes
The observations of various impact regimes for different impact conditions
lead to a quantitative classification into a map of drop impact outcomes,
also known as impact regime map. In literature the maps of the different
thermodynamic regimes or drop impact regimes are usually illustrated using
the initial substrate temperature and the impact Weber number (Bernardin
et al., 1997; Tran et al., 2012; Khavari et al., 2015; Bertola, 2015). However,
the Weber number can only capture the isothermal, inertia dominated effects.
Hence, the data in the present thesis has intentionally be left dimensioned,
because it illustrates clearly that the impact outcomes are dependent both
on hydrodynamic and thermodynamic quantities.
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3 Regimes of drop impact at different substrate temperatures

Figure 3.6: Map of drop impact outcomes for different impact velocities and initial
substrate temperatures. The initial drop diameter is D0 = 2.2 mm with a fluid
temperature Td0 ≈ 25 ◦C. (Reprinted from Breitenbach et al. (2018a). c© 2018
Elsevier.)

An impact regime map for various impact velocities and substrate initial
temperature is shown in Fig. 3.6. By changing the impact conditions the
outcome significantly changes. It is important to mention, that no sharp
boundary interface between the different impact regimes can be seen, but
rather a diffuse interface due to stochastic effects of the experimental out-
come. Consequently, the boundaries between the different impact regimes
are essentially qualitative and should be interpreted in a probabilistic sense
(Bertola, 2015).

For lower surface temperatures only drop deposition has been observed.
The impact outcome switches to drop dancing if the initial substrate temper-
ature increases, due to the change of the boiling phenomena from nucleate
boiling to transition boiling. Based on this shift, the averaged heat flux from
the hot substrate to the drop decreases and consequently the time until the
whole drop is evaporated significantly increases.
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3.2 Maps of drop impact outcomes

If the substrate temperature gets closer to Leidenfrost conditions the por-
tion of the vapor layer increases. At a certain point, this phenomenon
leads to the rebound of the impinging drop (c.f. Fig. 3.6, transition from
square� → triangleO). As already indicated in the previous section, the
drop rebound can be seen with as wet or dry rebound. For lower temper-
atures, only the wet rebound is observed. After reaching the Leidenfrost
temperature the vapor layer is fully developed and a dry rebound occurs
without any secondary droplet. The threshold between wet and dry rebound
(which is the Leidenfrost point) is influenced by the impact velocity since the
dynamic Leidenfrost temperature is velocity dependent (c.f. section 1.2.2)
A common correlation for the dynamic Leidenfrost temperature TdL for

different impact parameters can be found in literature (Yao & Cai, 1988;
Rein, 2002; Bertola, 2015) in the form of

TdL = TsL + [C1Wen] ◦C, (3.1)

where TsL is the static Leidenfrost temperature for a sessile drop in the film
boiling regime, while C1 and n are empirical coefficients determined by the
experimental results. It becomes obvious, that for the limit U0 → 0 m/s the
value approaches to the static Leidenfrost temperature.
Figure 3.7 shows a map of the two different rebound outcomes in compar-

ison with the correlation (3.1). The map is a detailed section of the drop
rebound regime shown in Fig. 3.6. In the present thesis the dynamic Lei-
denfrost temperature can be found for C1 = 30 and n = 0.45 with a static
Leidenfrost temperature TsL = 172 ◦C for a water drop onto a polished alu-
minum substrate (Bernardin & Mudawar, 1999). The obtained coefficients
are close to the values shown in Bertola & Sefiane (2005). Furthermore, the
results indicate, that the impact velocity has almost a linear influence onto
the dynamic Leidenfrost temperature.
Thermal atomization regime occurs only for high surface temperatures and

fast impact velocities, as shown in Fig. 3.6. This leads to the assumption
that due to the intensive lamella evaporation higher levels of heat transfer
are needed for thermal atomization. The higher impact velocity leads to a
thinner residual lamella (Roisman, 2009). The boundary between thermal
atomization and drop rebound is not monotonic, but dependent in a more
complex manner on the operation parameters. However, the present exper-
iments indicate that if the impact velocity is high enough, part of the solid
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3 Regimes of drop impact at different substrate temperatures

Figure 3.7: Map of rebound outcomes: dry rebound without secondary drops
(film boiling) and wet rebound with secondary droplets (transition boiling) in
comparison with the correlation (3.1). The map is a detailed section of the drop
rebound regime shown in Fig. 3.6. The initial drop diameter is D0 = 2.2 mm
with a fluid temperature Td0 ≈ 25 ◦C.

surface is wetted. This phenomenon leads to strong local overheating of the
liquid and intensive evaporation at the contact line, fast irregular dewet-
ting, breakup and levitation. It will be shown in the present thesis (c.f.
section 5.2), that the Weber number is not relevant for the description of
the threshold between thermal atomization and drop rebound. It becomes
clear that the conventional school of using the Weber number of classifying
outcomes of drop/wall interaction at elevated temperatures cannot be funda-
mentally correct. This assumption is supported by the fact that the Weber
number does not account for thermal effects.
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4 Drop impact without boiling

In the present chapter the non-isothermal drop impact not accompanied by
boiling is investigated, i.e. drop impact in the single phase cooling regime.
After a short motivation section 4.1.1 illustrates the main observations of the
phenomena. Section 4.1.2 provides a theoretical model for the heat transfer
during drop spreading and receding. Furthermore, in section 4.1.3 the heat
transfer during simultaneous impact of two drops is calculated. Parts of the
following sections have been published in Breitenbach et al. (2018b) and in
Batzdorf et al. (2017). Furthermore, parts of the experimental investigations
have been described in the thesis of v. Kieckebusch (2018).

4.1 Single phase cooling regime
Since drop impact in the single phase cooling regime is not accompanied by
boiling the heat transfer rates between the drops and the wall are relatively
low compared to regimes accompanied by boiling. For this very reason, drop
impact and spray cooling without boiling is not in the main focus of the
heat transfer literature in comparison to impact accompanied by boiling,
e.g nucleate or film boiling. Nevertheless, drop impact in the single phase
cooling regime is rather important for instance in cooling applications for
high-performance computer chips (Tilton et al., 1994; Fabbri et al., 2005;
Bar-Cohen et al., 2006). Already in the early nineties, chip cooling has been
performed in a prototype of the SS-1 supercomputer (Ing et al., 1993) and it
has been later used by default in the CRAY X-1 supercomputer (Kim, 2007).
As discussed in section 1.2.1, theoretical predictions in literature for heat

transfer during drop impact in single phase cooling are often neglecting in-
ternal fluid motion since they are only based on heat conduction in the fluid.
The main subject of the present section is the the introduction of a predic-
tive theoretical model which accounts for the internal motion of the fluid.
Furthermore, the model is extended for simultaneous impact of two drops.
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4 Drop impact without boiling

Figure 4.1: Drop impact in the single phase cooling regime at different time in-
stant: after spreading (c) and receding phase (d)-(f) the drop is in contact with
the hot surface for a long time (g)-(l). In picture (l) the drop shape of time
instant t = 4.9 s is additionally shown as a dashed red line. The conditions are:
initial fluid temperature Td0 = 30 ◦C, substrate temperature Tw0 = 85 ◦C, drop
diameter D0 = 2.2 mm and impact velocity U0 = 0.6 m/s.

4.1.1 Observations
The drop impact in the single phase cooling regime is exemplary shown in
Fig. 4.1. After the spreading (c) and receding (d)-(f) the drop is in contact
with the hot surface for a long time (g)-(l). During the whole evaporation
process the contact area stays almost constant, thus the contact angle signif-
icantly decreases during evaporation. This is exemplary shown in Fig. 4.1(l)
by the dashed red line, which represents the drop shape at the time in-
stant t = 4.9 s. Since the substrate temperature in Fig. 4.1 is below to the
saturation temperature Tw0 < Tsat, the drop evaporates very slowly on its
liquid/gas interface and contact line only due to diffusion into the gas atmo-
sphere (Maxwell, 1877). This occurs when the gas atmosphere is unsaturated
and until the water and gas will come to a thermodynamic equilibrium (Lewis,
1922).
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4.1 Single phase cooling regime

Figure 4.2: Drop contact for various substrate temperatures and materials. The
initial fluid temperature Td0 = 30 ◦C, drop diameter D0 = 2.2 mm and impact
velocity U0 = 0.6 m/s are constant for all cases.

After a long time (t ∼ 102 s) the drop has completely evaporated. Conse-
quently, the required latent heat has been absorbed from the gas atmosphere
but also from the hot substrate, even if the substrate temperature is below
the boiling onset. Nonetheless, compared to evaporation due to boiling the
complete evaporation process occurs over a long time period. The duration
of contact (time until total drop evaporation) is shown in Fig. 4.2 for different
substrate materials and temperatures. It can bee seen, that the drop contact
time hardly differs for the various materials even if their thermal properties
are significantly different. This can be explained by the evaporation mecha-
nism since the time of evaporation is mainly controlled by the diffusion into
the gas atmosphere. Therefore the flow and the properties of the surrounding
gas atmosphere are of higher relevance compared to the thermal properties
of the metal substrates.
During the drop spreading and receding process the heat transfer from the

hot substrate to the drop is only governed by heat conduction in the wall
and heat convection in the liquid. Directly at the moment of impact, a vis-
cous boundary layer develops in the spreading drop. If the temperature of
the substrate is different to the initial drop temperature, additionally a ther-
mal boundary layer develops within the substrate and the liquid, leading to
an equilibrium contact temperature on the solid/liquid interface. Since the
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4 Drop impact without boiling

Figure 4.3: Dimensionless contact diameter for various initial substrate tem-
peratures in the single phase cooling regime. The initial fluid temperature
Td0 = 25 ◦C, drop diameter D0 = 2.3 mm, impact velocity U0 = 1.6 m/s are
constant for all cases.

material properties depend on the temperature, the evaluation of the drop
spreading radius is influenced by the change of the material properties of the
liquid at the solid/liquid interface, e.g. viscosity and surface tension. Fig-
ure 4.3 shows the dimensionless contact diameter for various initial substrate
temperatures. A definition of the contact diameter Dc, also known as spread-
ing diameter, is shown in the right column. The initial fluid temperature
Td0 = 25 ◦C, drop diameter D0 = 2.3 mm, and impact velocity U0 = 1.6 m/s
are constant for all cases. It is obvious, that the maximum contact diameter
increases for an increasing substrate temperature. Moreover, the drop leads
to overshoot at the end of the receding phase. These phenomena can be
explained by the decreasing fluid viscosity for higher substrate temperatures,
leading to less energy dissipation by viscous effects during spreading.

4.1.2 Evaluation of heat transfer during drop impact

At the initial phase of drop spreading the temperature and the heat flux at
the solid/liquid interface can be estimated considering the heat conduction
in the substrate, heat convection in the spreading drop and the boundary
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4.1 Single phase cooling regime

conditions at the interfaces. In the absence of phase change at the interface
these boundary conditions are described by the continuity of the temperature
and of the heat flux in the solid and liquid regions at the interface.
The heat conduction in the solid substrate occurs in a thermal boundary

layer. The thickness of the thermal boundary layer δw ∼
√
αwt increases in

time, where αw is the thermal diffusivity of the substrate material. In the
liquid region the problem is determined by the viscous boundary layer of
thickness δνl ∼

√
νt and the thermal boundary layer of thickness δl ∼

√
αlt,

which is influenced by the flow in the spreading drop. The flow compresses
the thermal boundary layer in the liquid region, leading to an increase in
heat flux in comparison to the case in a stagnant medium. Here ν and αl are
the kinematic viscosity and thermal diffusivity of the liquid drop material,
respectively.
An exact solution of this problem has been obtained in Roisman (2009,

2010) by considering the mass balance, the axial momentum balance, and
the energy balance equations for the fluid flow and heat transfer during drop
impact onto the solid substrate. The expressions for the temperature distri-
bution Tw(z, t) and for the heat flux q̇(z, t) within the solid substrate during
the development of the thermal boundary layers are obtained for z < 0 in
the form of

Tw(z, t) = Tw0 + el(Td0 − Tw0)
el + ewI (Prl)

erfc
[
− z

2
√
αw(t− t0)

]
, (4.1)

q̇(t) = −λw
∂T

∂z
= elew(Tw0 − Td0)√

π[el + ewI (Prl)]
√
t− t0

exp
[

−z2

4αw (t− t0)

]
, (4.2)

where t0 is the inception instant of the thermal boundary layers, Td0 and
Tw0 are the initial temperatures of the drop and substrate, λw is the thermal
conductivity of the wall, and el = λl/α

0.5
l and ew = λw/α

0.5
w are the thermal

effusivities of the liquid and wall materials, respectively. The dimensionless
function I (Prl) is a function of the liquid Prandtl number Prl = ν/αl which
accounts for the influence of the fluid flow during drop spreading onto the
heat transfer.
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4 Drop impact without boiling

Figure 4.4: Function I (Prl) for the liquid phase as a function of the Prandtl
number, computed in Roisman (2010). Reprinted (adapted) with permission
from Cambridge University Press.

The temperature at the liquid/solid interface z = 0, known as the contact
temperature Tc, stays constant as long as the solutions (4.1) and (4.2) are
valid. It can be evaluated by setting z = 0 in Eq. (4.1):

Tc = elTd0 + ewI (Prl)Tw0

el + ewI (Prl)
, (4.3)

while the expression for the transferred heat flux at the liquid/solid interface
is obtained from Eq. (4.2)

q̇(t) = elew (Tw0 − Td0)√
π [el + ewI (Prl)]

√
t− t0

. (4.4)

The numerically calculated values of the dimensionless function I (Prl)
obtained in Roisman (2010) are shown in Figure 4.4 for various liquid Prandtl
numbers. In the plotted range the dimensionless function is always smaller
than one. For technical purpose, the function can be approximated by fitting
the predicted values by a power law function:

I (Prl) ≈ 0.17 + 0.47 Pr0.1
l , Prl < 100. (4.5)
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4.1 Single phase cooling regime

It is obvious that in the limit Prl →∞ the value of the dimensionless function
approaches to I (Prl) = 1 and the solution in (4.1) and (4.2) reduces to
the well-known form of the heat conduction problem of two semi-infinite
solid bodies (Myers, 1987), which has been already shown by Eq. (1.24) and
Eq. (1.25) in section 1.2.1.
If the thickness of the thermal boundary layer is much smaller than the

spreading diameter Dc(t), the heat flux in the radial direction is much smaller
than the heat flux in the axial direction. The thickness of the thermal bound-
ary layer is of the order

√
αt ∼

√
αD0/U0, whereas the spreading diameter

is of the order of D0. Therefore, the radial heat flow in the liquid and in the
wall can be neglected as long as D0U0/αl � 1 and D0U0/αw � 1. Since the
thermal diffusivity αw � αl, the stated conditions are fulfilled for:

γ Re Prl � 1, with : γ = αl
αw

. (4.6)

At each radius r, the boundary layer starts to develop at the time t0(r),
when the contact line reaches the position r. The function t0(r) is the inverse
function of radius Rd(t) during the spreading phase. The total heat removed
from the substrate during drop spreading is

Q(t) = 2πρwcp,w

∫ Rd(t)

0

∫ 0

−∞
r (Tw0 − T ) dzdr. (4.7)

Equations (4.1) and (4.7) yield the following expression for the total heat

Q(t) = 4
√
πelew(Tw0 − Td0)
el + ewI (Prl)

∫ Rd(t)

0
r
√
t− t0(r)dr, (4.8)

which can be differentiated with respect to time, yielding

Q̇(t) ≡ dQ
dt = 2

√
πelew(Tw0 − Td0)
el + ewI (Prl)

∫ t

0

Rd(t0)Ṙd(t0)√
t− t0

dt0. (4.9)

The integral in Eq. (4.9) can be evaluated numerically if the evolution of the
drop radius Rd(t) is known. However, it becomes singular as long as t0 → t.
An accurate and precise numerical method has to be chosen to evaluate this
singular integral. As an alternative, an engineering approximation for the
value of the heat Q(t) in Eq. (4.8) is obtained by approximating the evolution
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4 Drop impact without boiling

of the spreading radius Rd(t)

Rd(t) ≈ Rmax

√
1−

(
1− t

tmax

)2
, (4.10)

where Rmax is the maximum spreading radius and tmax is the corresponding
time. Equation (4.10) is obtained by fitting the experimental data from
Rioboo et al. (2002) for a wide range of impact parameters. It allows the
integral in Eq. (4.9) to be expressed in an explicit form for known values of
Rmax and tmax. Consequently, substituting Eq. (4.10) in Eq. (4.9) yields

Q̇spr(t) ≈
4
√
πR2

max
tmax

elew(Tw0 − Td0)
el + ewI (Prl)

(
1− 2t

3tmax

)√
t, (4.11)

which is valid for the spreading phase 0 ≤ t ≤ tmax of drop impact.
In the receding phase t > tmax, the heat associated with the change of the

spreading radius of the drop can be neglected. The expression for the heat
flow, obtained by the integration of the heat flux over contact area of the
receding drop, is derived with the help of Eqs. (4.2) and (4.10):

Q̇rec(t) =
∫ Rd(t)

0
2πrq̇dr ≈ 4

√
πelew(Tw0 − Td0)
el + ewI (Prl)

R2
max

3
√
tmax

Ā(t), (4.12)

where the dimensionless function Ā(t) is defined as

Ā(t) = (3− 2χ)χ1/2 + (2χ− 2− ζ)
√
ζ + χ− 1, (4.13a)

χ ≡ t

tmax
, ζ ≡

√
1− Rd(t)2

R2
max

. (4.13b)

Figure 4.5 shows a comparison of the theoretical predictions, presented
in Eq. (4.11) and Eq. (4.12), with some results of numerical simulations for
the heat flow Q̇ and cumulative heat Q transported from the wall to the
fluid. The numerical simulations have been performed in Batzdorf (2016) for
a single fluorocarbon drop impacting in the single phase cooling regime. The
agreement between the theory and the numerical simulations is very good for
the spreading and the receding phase of the impinging drop. This confirms
the negligible effect of evaporation for the chosen drop impact conditions and
times. In Fig. 4.5(a) the maximum heat flow in the theoretical prediction
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4.1 Single phase cooling regime

(a) (b)

Figure 4.5: (a) Heat flow Q̇ and (b) cumulative heat Q during impact of a sin-
gle fluorocarbon drop in the single phase cooling regime as a function of time.
Comparison of the theoretical prediction (solid lines) with results of numerical
simulations (dashed lines) obtained in Batzdorf (2016). The impact conditions
are: D0 = 0.977 mm, U0 = 0.584 m/s, Tw0 = 74 ◦C, Td0 = 56 ◦C, Re = 1500,
Prl = 9.54. (Reprinted (adapted) from Batzdorf et al. (2017). c© 2017 Elsevier.)

is around 13% higher than the numerical results. The cumulative heat in
Fig. 4.5(b) varies less than 3% at the time instant t = 50 ms.
The developed theoretical model does not take into account the effect of

drop evaporation on the overall heat transport. Therefore, the prediction is
only valid during drop impact if the heat transport rate due to evaporation
is small compared to the heat transfer due to convection. Since the role
of convection increases with increasing Peclet number Pe = Re Prl, it can
be suggested that, if the Reynolds number is fixed, the theoretical model is
more accurate for liquids with high Prandtl number. In order to verify this
presumption, the scaled heat is introduced:

E∗ = 6Q
πρlD3

0L
. (4.14)

Here L is the latent heat of evaporation. The heat E∗ relates the heat trans-
ferred to the drop to the maximum possible heat. This maximum amount is
the necessary heat to evaporate the drop completely.
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(a) (b)

Figure 4.6: Dimensionless heat E∗ as (a) a function of the dimensionless time
t̄ at different values of the liquid Prandtl number Prl and (b) a function of
the liquid Prandtl number Prl at two instants of time t̄. Comparison of the
theoretical prediction (solid lines) with results of numerical simulations (dashed
lines) obtained in Batzdorf (2016). The impact conditions are: D0 = 1.021 mm,
U0 = 0.2739 m/s, Tw0 = 66 ◦C, Td0 = 56 ◦C, Re = 735. (Reprinted (adapted)
from Batzdorf et al. (2017). c© 2017 Elsevier.)

In Fig. 4.6(a) the scaled heat E∗ is depicted as a function of the dimension-
less time t̄ = tU0/D0 for various liquid Prandtl numbers Prl, and Fig. 4.6(b)
demonstrates the scaled heat E∗ as a function of Prl for the fixed values t̄ = 4
and t̄ = 8. The theoretical prediction is shown as solid line, while the results
of numerical simulations (Batzdorf, 2016) are depicted by a dashed line. It is
obvious that the results of the theoretical prediction agree very well with the
numerical simulation for Prl ≥ 5 over the entire range of t̄. Only for smaller
Prandtl numbers of the order unity, the deviations between both results are
quite high, especially at high values of t̄. This is confirmed by the numerical
simulations, showing that for the same impact parameters and initial tem-
peratures used for the theoretical predictions, at Prl = 1 approximately 40%
of the drop mass evaporates before the time instant t̄ = 10. Compared to
this high value, for Prl ≥ 5 the total evaporation of the drop (until the same
time) is smaller than 10% (Batzdorf, 2016). This indicates that the theoret-
ical prediction is valid for Prandtl numbers Prl ≥ 5, which means that the
effect of drop evaporation is small compared to the heat convection.
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4.1 Single phase cooling regime

After the validation of the theoretical model in the previous part, the heat
transfer during drop impact in the single phase cooling regime can be esti-
mated from the experimental observations, as long as the conditions men-
tioned above are fulfilled. Figure 4.7 shows the results of the theoretical
prediction for five different drop impact cases, which have been shown in
section 4.1.1. It is obvious, that they differ widely in heat transfer due to the
increasing contact temperature of the five different cases. Nevertheless, the
main heat is transferred during the spreading phase of drop impact. This im-
plies that the rising maximum spreading diameter for higher initial substrate
temperatures (c.f. Fig. 4.3) also accounts for a large part of the increas-
ing heat transfer. A further reason is the increasing temperature difference
between initial substrate and contact temperature (which strongly influences
the heat transfer) for a higher substrate temperature, as shown in Fig. 4.7(a).

4.1.3 Heat transfer during the simultaneous impact of two
drops

The developed theoretical model from the previous section can be extended
to estimate the heat transfer during the simultaneous impact of two drops.
An sketch is exemplary shown in Fig. 4.8 for two drops impacting onto a
hot substrate with a constant distance b, correspondingly with the spacing
parameter e = b/D0. In this case the heat transfer rate for each drop is first
calculated with Eqs. (4.11) and (4.12). Afterwards, the result is corrected by
excluding the heat transfer from the area where the wetted regions overlap,
produced by the two spreading drops. For simplicity it is assumed, that the
average heat flux transferred in the overlapped region is equal to the average
heat flux over the wetted region, since the overlapping of the two regions
do not occur in the initial time steps. As a result, the heat transfer rate
computed by Eqs. (4.11) and (4.12) is multiplied with a transient area ratio
factor η which accounts for the drop interaction

Q̇multi = 2 η(t) Q̇single, (4.15)

η(t) = Ae
Ae→∞

, (4.16)
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4 Drop impact without boiling

(a) (b)

(c)

Figure 4.7: Results of the theoretical prediction (4.11)-(4.12) for the five different
experimental cases shown in section 4.1.1: (a) estimated contact temperature,
(b) heat flow Q̇ as a function of time and (c) scaled heat E∗ as function of time.
The initial fluid temperature Td0 = 25 ◦C, drop diameter D0 = 2.3 mm, impact
velocity U0 = 1.6 m/s, Reynolds number Re, liquid Prandlt number Prl = 6.2 is
constant for all cases.
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4.1 Single phase cooling regime

Figure 4.8: Sketch of the simultaneous impact of two drops with the important
parameters.

where Ae→∞ = 2πR2
d(t) is the instantaneous wetted area produced by two

drops which are far away from each other (e→∞) and do not coalesce. The
area Ae is the cumulative wetted area produced by two drops which coalesce
for the case Rmax > b/2. In the present thesis, this area has been estimated
by the relation

Ae =

Ae→∞, Rd(t) < b/2,
2R2

d(t) arccos
[

b
2Rd(t)

]
− b

2
√

4R2
d(t)− b2, Rd(t) > b/2.

(4.17)

In order to validate the predicted approach, a representative numerical case
for the simultaneous impact of two fluorocarbon drops has been taken from
Batzdorf (2016). Since the radius over time is necessary for the evaluation
of Eqs. (4.11)-(4.17), the spreading radius Rd(t) has been taken from a nu-
merical simulation for a similar single drop impact. Figure 4.9(a) shows the
results of the theoretical prediction, whereas the results of numerical simu-
lations are demonstrated in Fig. 4.9(b). The results are presented for three
different spacing ratios e. The qualitative agreement between the numerical
simulations and the theoretical predictions is good. Similar to the single drop
case (c.f. Fig. 4.5), the maximum heat flow is overestimated in the theoretical
prediction. In the case e = 1.5 the theoretical prediction overestimates the
numerical value of a maximum heat flow by 18%.

The equivalent cumulative heat Q of the simultaneous impact of two drops
for the theoretical prediction and the numerical simulation are shown in
Fig. 4.10(a) and Fig. 4.10(b) for the three different spacing ratios. Both,
theoretical results and results of numerical simulations, predict that the heat
flow is not influenced by the presence of a second drop as long as the drops do
not touch each other. As soon as the drops start to coalesce, the heat transfer
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4 Drop impact without boiling

(a) (b)

Figure 4.9: Total wall heat flow Q̇ for two simultaneously impinging drops as
function of time t for different spacing ratios e: (a) theoretical prediction vs.
(b) results of numerical simulations obtained in Batzdorf (2016). The diamonds
symbolize the coalescence events for the various cases. The impact parameters
are D0 = 0.977 mm, U0 = 0.2861 m/s, Tw0 = 66 ◦C, Td0 = 56 ◦C, Re = 700,
Prl = 9.54. (Reprinted (adapted) from Batzdorf et al. (2017). c© 2017 Elsevier.)

decreases in comparison with the case of two drops spreading independently
from each other. The decrease of heat transport (for the set of parame-
ters chosen in this case) can be attributed to the decrease of the cumulative
solid/liquid contact area compared with the area which can be occupied by
two independently spread drops. It will be suggested that at later stages,
when the flow in the liquid completely vanishes, the thermal boundary layers
are completely developed and evaporation becomes the major mechanism of
heat transfer, a second reason for decreasing the heat transfer rate due to
drop coalescence appears. Namely, the cumulative length of the contact line
is reduced due to coalescence. Since the high evaporation rates near the con-
tact line contribute significantly to the overall heat transfer at the last stages
of evaporation (Herbert et al., 2013), it can be expected that at these stages
the reduction of heat flow due to drop coalescence would be significant.

The results and methods presented in the present section can be applied
to prediction of the influence of drop coalescence following multiple drop
impact onto a hot surface and finally for a prediction of the heat transfer
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4.1 Single phase cooling regime

(a) (b)

Figure 4.10: Cumulative heat Q for two simultaneously impinging drops as func-
tion of time t for different spacing ratios e: (a) theoretical prediction vs. (b)
results of numerical simulations obtained in Batzdorf (2016). The case is similar
to Fig. 4.9. (Reprinted (adapted) from Batzdorf et al. (2017). c© 2017 Elsevier.)

during spray impact. In the long term the distribution of drop diameters,
velocities, impact frequency and the spatial distribution of drops in spray will
be tailored in order to optimize the spray cooling efficiency.
In the present thesis the values for the spreading radius Rd(t) of the im-

pinging drop are used from the numerical computations only to validate the
applicability of the theory in Roisman (2010). However, for practical pur-
poses of spray cooling modeling, existing models for these values should be
used. The model for the maximum spreading diameter from Roisman (2009)
is recommended, since it is based on the exact solution for the residual film
thickness and it is already validated by comparison with the experimental
results from various groups (Visser et al., 2015; Wildeman et al., 2016).
An approximate semi-analytical solution for the drop radius Rd(t) dur-

ing spreading and receding can be found in Roisman et al. (2002) for the
cases Re� 1 and We� 1. The evolution of the droplet radius is esti-
mated for several liquid/wall systems and impact parameters and compared
with experimental data from the literature to validate their theoretical anal-
ysis. In order to demonstrate the application of the theoretical solution
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4 Drop impact without boiling

described in the previous parts, two cases have been chosen to investigate
the influence of the spacing parameter e on heat transfer during simulta-
neous impact of two droplets: (a) D0 = 3.7 mm & U0 = 1.58 m/s and (b)
D0 = 3.7 mm & U0 = 3.76 m/s.
In Fig. 4.11(a) the heat Flow Q̇ and in Fig. 4.11(b) the cumulative heat

Q for two simultaneously impinging drops as a function of time t for differ-
ent spacing ratios e and impact velocities U0 are shown. The drop radius
during spreading and receding has been calculated using the solution in Ro-
isman et al. (2002). It is obvious that the heat flow Q̇, and consequently the
cumulative heat Q, increase for higher spacing ratios e since the drop coales-
cence will be delayed. Noteworthy is the fact, that the maximum heat flow
Q̇ also increases for a higher impact velocity, despite the fact that the drop
coalescence event occurs earlier for an increasing impact velocity. This can
be explained by an increasing Rmax and a decreasing tmax for higher impact
velocities (Roisman et al., 2002). This results in a much faster contact line
velocity and development of the thermal boundary layer.

In Fig. 4.11(c) the cumulative heat Q for various spacing ratios e and
impact velocities U0 has been divided by the cumulative heat Qe→∞ for the
case of two independently spreading drops. It is shown that the effective
heat Q/Qe→∞ decreases for higher impact velocity and furthermore the drop
coalescence occurs much earlier. This indicates an contrarily behavior in
comparison to Fig. 4.11(a) and (b): even if the heat flux Q̇ and cumulative
heat Q increase for a higher impact velocity, the effectiveness of the heat
transfer during simultaneous impact of two drops onto a hot solid substrate,
expressed with the effective heat Q/Qe→∞, decreases.
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(a) (b)

(c)

Figure 4.11: (a) Heat flow Q̇, (b) cumulative heat Q and (c) effective heat
Qe/Qe→∞ for two simultaneously impinging drops as function of time t for differ-
ent impact velocities U0. The spacing ratios are e = 1.5 (dashed line) and e = 3
(solid line). Further constant parameters are D0 = 3.7 mm, Tw0 = 40 ◦C K,
Td0 = 20 ◦C, Prl = 7.0. The drop radius has been calculated using the approxi-
mation solution in (Roisman et al., 2002). (Reprinted (adapted) from Batzdorf
et al. (2017). c© 2017 Elsevier.)
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5 Drop impact accompanied by boiling

In the present chapter the non-isothermal drop impact accompanied by boil-
ing is investigated, i.e. section 5.1 describes the drop impact in the nucle-
ate boiling regime, section 5.2 the drop impact in the thermal atomization
regime, and section 5.3 the drop impact in the film boiling regime. After
a short introduction, each section illustrates the main observations of the
various phenomena. Furthermore, the different sections provide various in-
vestigations and theoretical descriptions of the observed phenomena.

5.1 Nucleate boiling regime
At surface temperatures above the boiling onset drop evaporation is caused by
nucleate boiling. During nucleate boiling small vapor bubbles frequently form
at the drop/wall surface, detach from the surface, ascend through the drop
and possibly coalesce with other bubbles. However, as already discussed in
section 1.2.2, the physics of drop impact accompanied with boiling are rather
complicated, therefore mainly experimental research has been performed in
the past, leading to various boiling curves and empirical correlations for the
heat transfer or the critical heat flux.
In the present section the main observations for a drop impact in the nu-

cleate boiling regime are shown. Furthermore the heat transfer in the solid
substrate under the sessile drop is analyzed theoretically. The sessile drop
is considered since the time scale of spreading is three orders of magnitude
smaller than the time scale of drop evaporation. This analysis allows the
prediction of the amount of heat transferred from the substrate to the drop
and the estimation of the typical time of drop evaporation, two quantities
of paramount importance for spray cooling applications. Parts of this sec-
tion have been published in Breitenbach et al. (2017a, 2018b). Furthermore,
parts of the experimental investigations have been described in the thesis of
v. Kieckebusch (2018).
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5 Drop impact accompanied by boiling

(a) t = 0.9 ms (b) t = 2.6 ms (c) t = 6.0 ms

(d) t = 12.1 ms (e) t = 34.1 ms (f) t = 61.7 ms

Figure 5.1: Exemplary bottom view through a transparent sapphire substrate on
a drop impact during nucleate boiling (Tw0 = 160 ◦C). Note that sapphire is used
as impact target and the temperature threshold for nucleate boiling can be dif-
ferent to the aluminium substrate. (Reprinted (adapted) from Breitenbach et al.
(2017a), with permission of the American Physical Society. c© 2017 American
Physical Society.)

5.1.1 Observations
A bottom view through a transparent sapphire target on a drop impact in
the nucleate boiling regime is shown exemplary in Fig. 5.1. In this typical
example the contact area of the drop is completely covered by vapor bubbles,
already after 3 − 6 ms. This time is much shorter than the overall time of
drop contact with the hot substrate wall, which is in the order of seconds.
The phenomenon is caused by the well-known fact that drop impact initiates
creation of numerous micro-bubbles (Bankoff, 1958; Mehdi-Nejad et al., 2003;
Thoroddsen et al., 2005), which lead to further bubble nucleation.

After the impact onto the sapphire substrate the drop first spreads and
then starts to recede. The duration of drop spreading and receding is in the
order of ti = D0/U0. At longer times t > 10 ms the size of the wetted area

74



5.1 Nucleate boiling regime

(a) t = −3.6 ms (b) t = 2.0 ms (c) t = 6.8 ms

(d) t = 30.4 ms (e) t = 160 ms (f) t = 290 ms

Figure 5.2: Impinging water droplet in the nucleate boiling regime at initial sub-
strate temperatures Tw0 = 140 ◦C for the impact parameters D0 = 2.2 mm and
U0 = 0.7 m/s. (Reprinted (adapted) from Breitenbach et al. (2017a), with per-
mission of the American Physical Society. c© 2017 American Physical Society.)

does not change significantly, despite the mass reduction of the drop caused
by an intensive evaporation and creation of secondary drops. This has been
observed for all cases. The contact line remains almost pinned during the
major part of drop evaporation. This is an interesting observation, since the
contact area is related to the rate of heat flow. The contact line pinning is
explained by the continuous generation of the bubbles, which prevents the
receding of the contact line even if the drop volume decrease due to the drop
evaporation. Exemplary, Fig. 5.2 shows the side-view of an impinging drop
onto a aluminum substrate at initial substrate temperatures Tw0 = 140 ◦C.
Similar to the bottom-view observations, the wetted area is almost constant
over a long time during evaporation. Only at the end, right before the drop
is nearly fully evaporated, the wetted area starts to decrease.
During nucleate boiling some drop mass is lost due to the generation of

small secondary drops. The mass of the secondary drops is significant in
the transition boiling regime, when the drop seems to dance onto the hot
substrate surface and liquid layers, as well bubbles frequently collapse. In
the nucleation boiling regime considered in this section, the total mass of
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5 Drop impact accompanied by boiling

(a) (b)

Figure 5.3: Contact times in the nucleate boiling regime: (a) experimental data as
a function of the initial wall temperature for different impact velocities (Reprinted
(adapted) from Breitenbach et al. (2017a), with permission of the American
Physical Society. c© 2017 American Physical Society.). (b) Experimental data
as a function of the impact velocity for different substarte temperatures. The
dashed lines represent the arithmetic mean value, while the standard deviation
is less than 8%. The impact diameter is D0 = 2.2 mm for all cases.

the secondary drops usually does not exceed 10% of the initial drop mass.
Therefore, the assumption can be made that in the nucleate boiling regime
most of the heat from the substrate goes into drop vaporization through
intensive bubble creation.

5.1.2 Contact time of an impacting drop

The duration of contact between the drop and the hot substrate, the contact
time, is an important quantity which strongly influences the heat removed by
the impacting drop from the substrate. As such, this quantity is a necessary
element of any spray cooling model since it can help to estimate the heat flux
between the substrate. In Fig. 5.3(a) an example contact time in the nucleate
boiling regime is shown as a function of the initial surface temperature Tw0
for various impact velocities U0. The time is measured until complete drop
evaporation on the hot substrate.
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5.1 Nucleate boiling regime

Figure 5.4: Convergence of the cumulative contact time tc over the number of
measurements taken into account. The impact conditions are constant: initial
substrate temperature Tw0 = 135 ◦C, impact diameter D0 = 2.2 mm and impact
velocity U0 = 0.6 m/s.

In the nucleate boiling regime the contact time reduces with increasing
surface temperature, since the transferred heat flux rises. The dependence of
the contact time tc on the temperature is expressed well by the relation

tc ∼ (Tw0 − Tsat)−1.92, (5.1)

obtained by fitting of the experimental data. Existing models for the heat
transfer during nucleate boiling (Rohsenow, 1962; Forster & Zuber, 1955;
Bernardin & Mudawar, 2004, 2002; Carey, 1992) are not applicable for the
description of the phenomenon considered in the present thesis. However,
the contact time is not influenced by the impact velocity of the impinging
drop. This is shown in Fig. 5.3(b) and can be explained by the much smaller
timescale of the drop impact time ti ∼ D0/U0 in comparison to the over-
all time of evaporation. The dashed lines represent the arithmetic mean
value, while the standard deviation is less than 8%. Some fluctuations of the
measured contact time are common due to stochastic effects of the boiling
process, e.g. nucleation and mass loss due to secondary droplets. Therefore,
the convergence of the cumulative contact time tc is shown in Fig. 5.4 over
the number of measurements taken into account.
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5 Drop impact accompanied by boiling

(a) (b)

(c)

Figure 5.5: Drop impact onto a hot coated surfaces in the nucleate boiling regime:
contact area of the drop with the hot substrate for a (a) highly hydrophobic
and (b) highly hydrophilic coated surface. (c) The contact time as a function
of the initial substrate temperature for various surface conditions. The time
decreases for a larger contact area of the drop with the hot substrate. The
impact conditions are D0 = 2.2 mm and U0 = 1.4 m/s for all cases. For the
hydrophobic case, temperatures Tw0 > 135 ◦C lead to rebound.
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5.1 Nucleate boiling regime

By changing the surface wettability of the substrate the contact time of
the drop can be significantly influenced. This is exemplary shown in Fig. 5.5
for different surface wettabilities: highly hydrophilic and highly hydrophobic
coated in comparison to an uncoated aluminum substrate. To influence the
surface wettability of the surface, a polished aluminum substrate (contact
angle θc ≈ 80◦) has been coated with polymer nanoparticles (Synytska et al.,
2014): the hydrophobic surface is coated with 800 nm PDMS (polydimethyl-
siloxane) particles, while the hydrophilic surface is coated with 800 nm PEG
(polyethyleneglycol) particles. It is obvious that the contact time signifi-
cantly decreases for the hydrophilic surface, while for the hydrophobic case
the contact time increases. This can be explained by the change of contact
angle and consequently by the change of the wetted area. The time of drop
evaporation strongly depends on the rate of heat flow Q̇ from the substrate
to the drop. Since the heat flow increases for increasing contact area Ac,
the contact time can be scaled as tc ∼ 1/Ac. A picture of the different con-
tact diameters Dc for the hydrophobic and hydrophilic surface is shown in
Fig. 5.5(a) and (b). The diameter of the hydrophobic case is roughly three
times less compared to the hydrophilic case, which leads to a nine times less
contact area. This difference is in excellent agreement with the lag in contact
time between hydrophobic and hydrophilic case, shown in Fig. 5.5(c).
An approximate model for the heat transfer which accounts for only main

physical influencing factors and is able to predict the contact time of a drop
in the nucleate boiling regime will be described in the following section.

5.1.3 Evaluation of heat transfer during drop evaporation

Heat transfer during the waiting time

During a very short time interval after drop collision the bubbles created
by the drop impact are very small. Their sizes are comparable with the
roughness of the substrate which is in the order of 1µm. The relative area
of the wetted substrate occupied by bubbles is initially very small. In the
present experiments, shown exemplary in Fig. 5.1, the waiting time for bubble
nucleation is approximately 1 ms and the typical time for complete saturation
of the wetted area by bubbles is 3 ms.
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5 Drop impact accompanied by boiling

At the initial phase of drop spreading, during the absence of evaporation,
the temperature at the solid/liquid interface can be described by the well
known contact temperature (Myers, 1987; Roisman, 2010). It can be esti-
mated considering the heat conduction in the substrate, heat convection in
the spreading drop and the boundary conditions at the interfaces. The ex-
pressions for the contact temperature and for the heat flux density at the
interface are obtained in section 4.1.2 in the form

Tc = I (Prl)ewTw0 + elTd0

I (Prl)ew + el
, (5.2)

q̇(t) = elew(Tw0 − Td0)
(el + I (Prl)ew)

√
π
√
t
, (5.3)

where Td0 and Tw0 are the initial temperatures of the drop and of the sub-
strate, Prl is the Prandtl number for the drop liquid, el and ew are the
corresponding thermal effusivities of the liquid and the solid substrate, re-
spectively. The function I (Prl) can be calculated with the liquid Prandtl
number according to Eq. (4.5). However, during nucleate boiling the wait-
ing time for the inception of the bubble growth is three orders of magnitude
smaller than the drop evaporation time. The solution (5.2)-(5.3) therefore
has no significant influence on the final expression for the evaporation time
or the overall heat flow.

Single bubble formation

The phenomena of bubble nucleation and growth in nucleate boiling regime
have been already discussed in section 1.2.2. For the present experiments,
the characteristic size of the bubbles in the drop are in the order of 1 mm,
already after 10 ms, as seen in Fig. 5.1. At this time the thickness of the
thermal boundary layer in the liquid

√
αlt is approximately 40µm. The

bubble size is much larger than the thickness of the thermal boundary layer.
For this very reason, bubble evaporation occurs only in the region in the close
vicinity of the wall, near the contact line and in a thin wall film (c.f. Fig. 1.5).
This means that the bubble growth is caused solely by the evaporation in the
evaporating microlayer. This conclusion is supported by the fact that the
predictions of the drop evaporation time based on the models of Stephan &
Hammer (1994) and Bernardin & Mudawar (2002) do not agree well with the
present experimental data obtained.
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5.1 Nucleate boiling regime

In the present thesis the value of the factor β in the expression for the bub-
ble radius in Eq. (1.35) is β ∼ 10−3 m/s0.5, which is estimated by fitting the
radius evolution of the observed bubbles. Therefore, the estimated thickness
of the evaporating layer is hl0 ∼ 10−2RB . For an typical heat flux density
q̇ ∼ 106 W/m−2 (estimated in the present thesis) and the average bubble
radius RB ∼ 0.5 mm, for which hl0 ≈ 4µm, the temperature deviation at
the interface is approximately 7 ◦C. A static microlayer of the thickness hl0
at this heat flux evaporates in approximately 10 ms. This time is compara-
ble with the observed bubble growth time before its departure or collapse.
Therefore, the evaporating layer exists during the entire process of bubble
growth.

Nucleate boiling in an impacting drop

Drop collision with the hot substrate initiates the start of heat transfer in the
solid and liquid regions. In the solid wall, heat is transferred by conduction.
In the liquid region, heat convection is determined by the rather complicated
flow in the drop during its spreading, influenced by the expansion and motion
of the vapor bubbles.
The overall energy balance of heat transfer from the evaporating sessile

drop and the heat flux from the substrate is given by∫ tc

0
Ac(t)q̇(t) dt ≈ ρlL∗

πD3
0

6 , (5.4)

where Ac is the contact area, q̇ is the heat flux density at the solid/liquid
interface, D0 is the initial drop diameter, ρl is the density of the liquid,
and L∗ = L + ∆H0 is the sum of the latent heat of evaporation L and
the enthalpy difference ∆H0 between the initial drop and saturated liquid.
Equation (5.4) is based on the assumption that the energy goes entirely into
drop evaporation. This assumption is only valid for the cases of nucleate
boiling, for which the relative mass of fine secondary droplets, generated
during drop boiling, is small. In the absence of drop rebound the ejected
mass ratio in the nucleate boiling regime, estimated in our experiments, is
less than 10%.
At the first instant of drop contact a thermal boundary layer develops in the

substrate. The thickness of the thermal boundary layer is δw ∼
√
αwt, where

αw is the thermal diffusivity of the wall material. Since the thickness of the
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5 Drop impact accompanied by boiling

Figure 5.6: Sketch of the assumed temperature distribution within the solid ma-
terial due to contact of the liquid with the substrate. The solid/liquid interface
is located at z = 0. (Reprinted (adapted) from Breitenbach et al. (2017a), with
permission of the American Physical Society. c© 2017 American Physical Soci-
ety.)

boundary layer is much smaller than the drop diameter, the heat conduction
in the substrate can be approximated by a one-dimensional model. The
temperature at the solid/liquid interface is not uniform. It is influenced
by the appearance and growth of the bubbles initiated by heterogeneous
nucleation at the substrate surface. As mentioned in the previous section,
the temperature of the wall beneath the bubble and at the substrate in the
relaxation layer outside the bubble is close to the saturation temperature
Tsat, since it is determined by the liquid evaporation in the thin evaporation
microlayer.

Moreover, as seen in the bottom view of the boiling drop exemplary shown
in Fig. 5.1, the relative area of the bubbles on the substrate during the long
phase of drop evaporation (at times larger than the time of drop spreading,
9 ms) is rather high, above 90%. Therefore, as a rough approximation a
nearly uniform interface temperature Tsat of the substrate can be assumed.

The geometry and the definition of the coordinate system are shown schemat-
ically in Fig. 5.6. At t = 0 the liquid is placed in contact with a semi-infinite
wall z > 0 at the initial temperature Tw0. The heat conduction equation in
the wall

∂Tw

∂t
− αw

∂2Tw

∂z2 = 0, (5.5)
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5.1 Nucleate boiling regime

has to be solved subject to the boundary conditions

Tw = Tsat at z = 0; Tw → Tw0 at z →∞, (5.6)

where Tw(z, t) is the temperature in the wall region. The similarity solution
of Eqs. (5.5)-(5.6) is well-known (Roisman, 2010):

Tw(z, t) = Tsat + (Tw0 − Tsat) erf
(

z

2
√
αwt

)
. (5.7)

The heat flux density at the solid/liquid interface can be expressed with the
help of Eq. (5.7) as

q̇(t) ≡ λw
∂Tw

∂z

∣∣∣∣
z=0

= ew∆Tw√
π
√
t
, (5.8)

where λw is the thermal conductivity of the wall material, ew is the thermal
effusivity, and ∆Tw = Tw0 − Tsat is the overall temperature difference in the
wall (c.f. Fig. 5.6).
The contact area Ac(t) changes during drop spreading and receding. How-

ever, since the contact time tc in the nucleate boiling regime is much longer
than the impact time ti ∼ D0/U0 and contact line pinning has been observed
during evaporation, the contact area can be estimated in the form

Ac ≈ kwπD
2
0, (5.9)

where the coefficient kw is determined primarily by the surface structure and
wettability. The coefficient kw accounts also for the effective drop growth
due to bubble expansion, for the mass loss during atomization and for some
small deviation of the interface temperature from the saturation temperature.
This coefficient is of order unity and can be determined from the experiments
in Fig. 5.3(a). Substituting expressions (5.7), (5.8), and (5.9) in the energy
balance equation (5.4) yields

tc = π

(
ρlL
∗D0

12kw ew∆Tw

)2
. (5.10)

It is important to note that the obtained dependence tc ∼ ∆T−2
w is in good

agreement with the empirical correlation, obtained in Eq. (5.1). Introducing
the scaled wall temperature and dimensionless time in the form

Θ = Tw0 − Tsat

Tsat − Td0
, t̄ = t

π

[
12 ew (Tsat − Td0)

ρlL∗D0

]2
, (5.11)
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5 Drop impact accompanied by boiling

Figure 5.7: Dimensionless contact time of a water drop from the present thesis
and existing literature data (Abu-Zaid, 2004; Itaru & Kunihide, 1978; Tartarini
et al., 1999; Buchmüller, 2014) as a function of the scaled wall temperature, in
comparison with the theoretical prediction (5.12). The initial drop diameter in
the experiments ranges from 2.1 to 4.6 mm and the wall materials are polished
aluminum, carbon steel, and stainless steel. (Reprinted (adapted) from Breiten-
bach et al. (2017a), with permission of the American Physical Society. c© 2017
American Physical Society.)

for the nucleate boiling regime allows the contact time to be given in dimen-
sionless form:

t̄c = 1
k2

w Θ2 . (5.12)

The contact times from the present thesis and those found in literature
from Abu-Zaid (2004), Buchmüller (2014), Itaru & Kunihide (1978), and
Tartarini et al. (1999) are compared with the theoretical prediction (5.12) in
Fig. 5.7 and Fig. 5.8. The initial drop diameter in the experiments ranges
from 2.1 to 4.6 mm for various wall materials. The agreement is good for all
the cases. For the data shown in Fig. 5.7 (for ambient pressure conditions) the
coefficient kw = 1.6 is determined by fitting to the experimental data. This
parameter is the same for all the substrates used in the experiments, since
their wettability properties are similar (Faghri & Zhang, 2006). Noteworthy
is the fact, that the estimated value of the coefficient kw = 1.6 is very close
to the value obtained from the experiments.
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5.1 Nucleate boiling regime

Figure 5.8: Dimensionless contact time of a water drop on aluminum surface at
various ambient pressures from Buchmüller (2014) as a function of the scaled wall
temperature, in comparison with the theoretical predictions (5.12). The ambient
pressure ranges from 5 to 25 bar. (Reprinted (adapted) from Breitenbach et al.
(2017a), with permission of the American Physical Society. c© 2017 American
Physical Society.)

At the elevated pressure conditions shown in Fig. 5.8 the best fit to the
experimental data from Buchmüller (2014) yields kw = 1.0. Some difference
between the values of kw can be caused by the conditions at the target surface
(some sediments have been observed in the experiments shown in Buchmüller
(2014)) and by the increase of the contact angle with the ambient pressure
(Siemons et al., 2006), leading to the decrease of the contact area of the drop.
With Eq. (5.8) and Eq. (5.10) the time averaged heat flux of the drop

evaporation can be expressed as:

〈q̇〉c = 24kw e
2
w∆T 2

w
ρlπL∗D0

. (5.13)

Note that the impact velocity is no longer a governing parameter of the heat
flux for the drop impact in the in the nucleate boiling regime, in accordance
with Eq. (5.10) and the experimental observations shown in Fig. 5.3(b).
Figure 5.9 shows the estimated time averaged heat flux for the data pro-

vided in Fig. 5.3(a). This value is important for the development of a spray
cooling model in the nucleate boiling regime. In Fig. 5.9 the averaged heat
flux is estimated as 〈q̇〉c = 1/tc

∫ tc
0 q̇ dt, where q̇ is defined in Eq. (5.8), and
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5 Drop impact accompanied by boiling

Figure 5.9: Time averaged heat flux for different impact parameters, calculated
using the measured contact times. The theoretical prediction (5.13) is also shown
for the substrate temperature range from 110 to 160 ◦C. (Reprinted (adapted)
from Breitenbach et al. (2017a), with permission of the American Physical Soci-
ety. c© 2017 American Physical Society.)

the contact time tc is measured in the experiments for different impact pa-
rameters and initial substrate temperatures. Additionally, the theoretical
prediction (5.13) is shown to extend the range of the surface temperatures
from 110 to 160 ◦C.

For the drop diameter used in the experiments, the average heat flux is
in the range of 105 to 2 × 106 W/m2. In many cases these values are much
larger than heat flux densities achieved by steady sprays (Lin & Ponnappan,
2003; Hsieh et al., 2004), because intensive sprays create a continuous water
film, which reduces the heat flux density significantly. The ideal spray for
cooling purposes can be envisioned for the condition that all the impacting
drops have just enough time to evaporate on the wall before the next drop
arrives, i.e. all drops impact onto a dry substrate. This means that the
wetted surface ratio, πD2

0tcṄ ≈ 1, has to be in the order of unity. Here Ṅ is
the spray number density. The optimum mass flux density of the spray can
thus be estimated from

jm ≈
ρlD0

6 tc
. (5.14)

86



5.1 Nucleate boiling regime

Figure 5.10: Optimum mass flux density in dependency of the initial substrate
temperature Tw0 for various drop diameter D0 of the spray, calculated with the
theoretical prediction (5.14) for a stainless steel surface.

The optimum mass flux density ṁ of the spray can be determined using ex-
pression (5.12) for the contact time in the nucleate boiling regime. However,
practically, such optimal sprays can be applied only for a finite temperature
range, since the contact time tc depends on the substrate temperature. In
a first approximation, Fig. 5.10 shows the optimum mass flux density from
Eq. 5.14 in dependency of the initial substrate temperature Tw0 for various
drop diameters D0 of the spray. For polydisperse sprays the mean arithmetic
diameter can been used. It is obvious from Fig. 5.10, that high-performance
spray cooling in the nucleate boiling regime is quite challenging since there
are multiple aspects which have to be taken into account. For instance, since
the optimum mass flux density strongly depends on the temperature the flux
has to decrease significantly during a cooling cycle. Otherwise the sprays
would create a continuous water film on the surface during the cooling cycle.
Furthermore a very fine spray has to be choose, since the mass flux densities
are quite low for bigger droplets. For a dense spray, however, drop interaction
and water film accretion have to be taken into account.
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5 Drop impact accompanied by boiling

5.2 Thermal atomization regime

Drop impact in the thermal atomization regime results in drop disintegration
and the generation of various fine secondary droplets, as already shown in
Fig. 3.4(d). Several studies have been performed in the past investigating the
drop impact outcome onto very hot substrates (Bertola, 2015; Tran et al.,
2012; Staat et al., 2015; Liang et al., 2016) leading to drop breakup and
secondary droplets. In many of these studies only the Weber number is used
for describing of the outcome and breakup threshold. This results from the
assumption that during impact onto very hot substrates contact between the
liquid and solid regions is absent and viscous effects are negligibly small.

However, the drop breakup is often accompanied by the generation of mul-
tiple secondary droplets. Their characteristics (number, size and velocity) are
quite important parameters in numerous industrial processes, e.g. internal
combustion engines, where they affect mixture formation and coke residues
during combustion process. It is known that the surface properties and the
impact conditions significantly influence the characteristic size of those sec-
ondary droplets and the conditions determining when drop breakup occurs
(Cossali et al., 2005; Moreira et al., 2007; Cossali et al., 2008). A comprehen-
sive overview of various studies related to the characterization of secondary
atomization during drop impact onto a very hot surfaces can be found in
Moreira et al. (2010) and Liang & Mudawar (2017a).

The present section is focused on the mechanisms of thermal atomization
of an impacting drop and the characterization of the resulting fine spray of
secondary droplets. The fast vertical spray of fine secondary droplets and the
final drop disintegration are not induced by inertia, but rather by thermal
effects. Only this type of atomization is considered in the present section
and for this very reason the regime is called thermal atomization. A typ-
ical time of contact is estimated theoretically and introduced as a relevant
threshold value bounding thermal atomization and rebound regimes. Addi-
tionally, a characterization of secondary droplets generated during the drop
impact has been performed, leading to a theoretical model for the secondary
droplet velocity over time. Parts of the section have been published in Ro-
isman et al. (2018) and Breitenbach et al. (2018a,b). Furthermore, parts of
the experimental investigations have been described in the thesis of Kissing
(2017).
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(a) (b)

Figure 5.11: Map of drop impact parameters leading to drop thermal atomization
or drop rebound. The wall temperature is the same for all the experiments,
Tw0 = 250 ◦C. The same data are plotted in the form (a) D0 vs. U0 and in
the form (b) Re vs. We. (Reprinted (adapted) from Roisman et al. (2018), with
permission of Cambridge University Press. c© 2018 Cambridge University Press.)

5.2.1 Thermal atomization threshold: not described by the
Weber number

In order to identify the parameters or dimensionless groups governing the
thermal atomization process, a number of experiments have been performed
with the same initial wall temperature Tw0 = 250 ◦C but different drop im-
pact velocities U0 and diameters D0. The experimental data is shown in
Fig. 5.11. For impact velocities U0 < 2 m/s the critical drop diameter cor-
responding to the drop atomization is approximately Datom ∼ U−1

0 . For
this threshold the Weber number is not relevant, since inertial forces are very
small. This is a very important result, since the Weber number is used rather
widely for describing various phenomena arising from drop impact onto a very
hot substrate. One of the assumptions leading to the extensive use of the
Weber number is that intensive evaporation near the hot substrate prevents
direct contact and wetting and therefore the effect of the liquid viscosity is
negligibly small. It appears from our results however, that this assumption
is not universal.
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t = −0.1 ms t = 0.14 ms t = 0.32 ms t = 0.50 ms t = 1.14 ms

(a)

t = −0.1 ms t = 0.04 ms t = 0.21 ms t = 0.32 ms t = 0.65 ms

(b)

Figure 5.12: Inertia induced rim breakup for high Weber number and small drop
diameters: (a) receding breakup, D0 = 340µm, U0 = 4.0 m/s, Tw0 = 220 ◦C, and
(b) prompt splash combined with receding breakup, D0 = 360µm, U0 = 6.8 m/s,
Tw0 = 250 ◦C. Thermal effects do not influence the breakup. (Reprinted
(adapted) from Roisman et al. (2018), with permission of Cambridge Univer-
sity Press. c© 2018 Cambridge University Press.)

For larger impact velocities U0 > 2 m/s where inertial forces begin to
dominate, the critical diameter for breakup scales well with Dbreak ∼ U−2

0 .
This result indicates that a critical Weber number can be used for modeling
the drop breakup threshold in this regime, but only in this regime.

In summary, the Weber number, which is defined as the ratio of the in-
ertial forces to surface tension, does not account for thermal effects. This
parameter can therefore describe only drop breakup governed by inertia. To
examine this hypothesis a breakup map has been plotted for drops of diam-
eter much smaller than 1 mm. According to the results shown in Fig. 5.11,
these drops atomize at a definite Weber number. They break up due to the
rim instabilities during the drop spreading or receding, since the rim reced-
ing velocity is higher than the velocity of dewetting. In this regime a prompt
splash and a receding breakup can be observed, as shown in Fig. 5.12. The
breakup mechanism is very similar to drop receding breakup on hydrophobic
substrates (Rioboo et al., 2001), which is often observed on cold substrates.
The breakup threshold in these experiments is We = 65. This value is sim-
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5.2 Thermal atomization regime

Figure 5.13: Breakup regime map for various substrate temperatures and Weber
numbers for drop diameters smaller than 1 mm. The breakup is inertia induced
and therefore independent of the surface temperature. (Reprinted (adapted)
from Roisman et al. (2018), with permission of Cambridge University Press. c©
2018 Cambridge University Press.)

ilar to the breakup threshold of We = 53 in Lv et al. (2016) or We = 90 in
Tsai et al. (2009) for impacts onto dry, superhydrophobic substrates at room
temperature. Furthermore, for a drop impact onto a hot surface far above
the Leidenfrost temperature, Wachters & Westerling (1966) identify a criti-
cal threshold We = 80 for a breakup governed by inertia. Since there is no
wetting of the spreading droplet with the surface in the film boiling regime,
the spreading conditions are similar to those of superhydrophobic substrates.
The regime map, shown in Fig. 5.13, demonstrates that the threshold We-

ber number for such small drops does not depend on the initial target tem-
perature. This type of drop breakup regime is not considered as thermal
drop atomization in the present study.

This difference of the inertial breakup (occurring at the Weber numbers
above a certain critical Wecrit value) and thermal atomization (at the Reynolds
numbers exceeding a certain critical Recrit value), can be clearly seen in
Fig. 5.11(b), where the same experimental data are presented as a function
of Reynolds number and Weber number. For the specific conditions of shown
in Fig. 5.13, the critical Reynolds number is approximately Re ≈ 2000.
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5 Drop impact accompanied by boiling

Our experiments unequivocally show that the Weber number is not an
appropriate parameter for quantitatively describing the thermal atomization
threshold. The Reynolds number alone also does not capture the thermal
effects involved in the impact. In order to predict the thermal atomization
threshold the physical processes accompanying thermal atomization have to
be considered in more detail and alternative dimensionless numbers for the
thermal atomization threshold have to be developed. First suggestions for
such new dimensionless numbers will be discussed in the following sections.

5.2.2 Mechanism leading to thermal atomization

Substrate wetting and irregular dewetting

A typical scenario of drop impact in the thermal atomization regime is shown
in the top-view time sequence in Fig. 5.14. In all the observed cases an
intensive thermal atomization is accompanied by the lamella breakup. The
spreading lamella breaks up by an expansion of several holes, nucleated at
several points on the lamella periphery where the lamella is at its thinnest.
The expansion of the holes is caused mainly by capillary forces (Taylor, 1959),
assisted also by the aerodynamic forces associated with the vapor flow from
below, induced by intensive evaporation.

Different regions of the lamella are defined in Fig. 5.15. For this sketch a
drop image at the instant t = 2.3 ms in Fig. 5.14 is used. Drop spreading
in the thermal atomization regime is always accompanied by partial lamella
detachment and its breakup. Lamella detachment leads to the separation of
the lamella region into a wetted lamella region and a free levitated lamella.
The wetted region of the spreading lamella is seen as a matt, dark part of
the image. This optical effect is caused not only by the contact with the
substrate but also by the appearance of a large number of small bubbles,
nucleated at the wetted substrate surface. The nucleation of such bubbles
and their expansion can be observed on a transparent target, which has been
shown in Fig. 5.16.

There is no doubt that the intensive heterogeneous nucleation observed
from above as a dark region is a wetted region of the substrate. Such phe-
nomena have been observed in Chaze et al. (2017) using infrared thermogra-
phy. They have detected a drastic drop of the temperature and an increase
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(a) t = −0.8 ms (b) t = 0.3 ms (c) t = 1.0 ms

(d) t = 1.4 ms (e) t = 2.3 ms (f) t = 2.9 ms

(g) t = 3.7 ms (h) t = 4.6 ms (i) t = 5.7 ms

Figure 5.14: Top view of the drop impact onto a hot surface in the thermal
atomization regime: the impact parameters are D0 = 2.2 mm, U0 = 2.5 m/s, and
the initial wall temperature Tw0 = 330 ◦C. (Reprinted (adapted) from Roisman
et al. (2018), with permission of Cambridge University Press. c© 2018 Cambridge
University Press.)

of the heat flux density at the substrate surface on the wetted region, which
indicates contact between the superheated liquid and the wall.
Additionally, the extension of the holes within the lamella is not uniform. It

can be seen, that the extension of the holes is much higher in the direction to
the levitated region, due to no wetting (consequently higher capillary forces)
on the levitated region of the cavity rim. These observations support the
assumption of a central wetted area.

The evolution of the radius of the wetted spot can be very roughly es-
timated by measuring the profile of the dark region. The results of these
qualitative measurements are illustrated in Fig. 5.17. It is shown that the
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5 Drop impact accompanied by boiling

Figure 5.15: Drop spreading and breakup in the atomization regime. In the left
image (view of the spreading drop from above) the wetted part of the substrate,
where the lamella is in contact with the wall, is a dark region, whereas the light
grey region corresponds to the levitated part of the lamella. The wetted part in
contact with the wall, and the levitated part of the lamella are clearly seen in the
side view (right image). (Reprinted from Roisman et al. (2018), with permission
of Cambridge University Press. c© 2018 Cambridge University Press.)

(a) t = 0.3 ms (b) t = 0.8 ms (c) t = 1.9 ms (d) t = 2.9 ms

Figure 5.16: Heterogeneous nucleation and fast bubble growth during drop spread-
ing on sapphire glass at the initial wall temperature Tw0 = 190 ◦C. (Reprinted
from Roisman et al. (2018), with permission of Cambridge University Press. c©
2018 Cambridge University Press.)
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5.2 Thermal atomization regime

Figure 5.17: Evolution of the average drop spreading radius and of the radius of
the wetted region in thermal atomization regime obtained from the images. The
error bars indicate the uncertainty of the image analysis. The impact parameters
are D0 = 2.2 mm, U0 = 2.5 m/s, and the initial wall temperature Tw0 = 330 ◦C.

the radius initially increases after drop impact. This is caused by the increase
of the region of high pressure of the order of p ∼ ρlU2

0 , produced by the im-
pacting drop (Roisman, 2009). This pressure rapidly reduces in time and
at large times after impact, quickly approaches the outer pressure. Starting
at these times the dewetting process is possible. The radius of the dark re-
gion during spreading is always slightly smaller than the spreading radius.
This is explained by the delay time for bubble creation during heterogeneous
nucleation (Carey, 1992).

Lamella levitation: contact time of an impacting drop

In the wetted region a viscous boundary layer develops, leading to the thick-
ening of the lamella. When the thickness of the viscous boundary layer equals
the thickness of the lamella, the spreading is strongly damped by viscosity
(Roisman, 2009). If the Reynolds number Re = U0D0/ν0 is defined on the
basis of the viscosity at room temperature ν0, the residual lamella thickness
hres in the wetted region is estimated from Roisman (2009)

hres ≈ 0.79D0(ν/ν0)2/5Re−2/5, (5.15)
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where ν is the kinematic viscosity of the heated liquid. The thickness of
thermal boundary layer in the liquid can be estimated as δl ≈ kl

√
αlt, where

kl is a dimensionless constant of order of unity. At the initial stages the
heat flux from the hot substrate goes mainly into the heating of the liquid
in the expanding thermal boundary layer. At some time instant the thermal
boundary layer reaches the free surface of the lamella, leading to its fast
heating and initiation of intensive evaporation. The heat flux in the liquid
region quickly reduces, since the heat exchange between the free surface of
the lamella with the surrounding gas is relatively small. In this region most
of the heat from the substrate goes towards the liquid evaporation. The
bubbles grow much faster and coalesce, forming a continuous vapor layer
between the spreading lamella and the substrate. As a result the outer part
of the lamella levitates. Further reasons for the lamella levitation are possible
Marangoni effects. The surface tension jumps rapidly from its high values,
corresponding to those at room temperature at the central, thicker regions
of the lamella, to low values at the remote thin regions of the lamella, which
are much hotter. In consequence, Marangoni effects, in combination to the
intensive evaporation, lead to the detachment of the spreading lamella near
the edge, which is schematically shown in Fig. 5.18.

As can be seen in Fig. 5.15(a), the boundary between the central wetted
region and the levitated region of the lamella is not smooth. This shape is a
result of the unstable evaporation of a superheated liquid in the lamella, sim-
ilar to corresponding observations in van Limbeek et al. (2016) and Khavari
et al. (2015).

The substrate temperature at the dewetting front approaches the satu-
ration temperature since it is in contact with the moving evaporating liq-
uid/vapor interface. Therefore, the heat flux in this region is maximal. This
effect leads to very intensive evaporation, leading to the generation of small
bubbles in the lamella and a subsequent spray of fine secondary droplets.
This phenomena has been observed in Cossali et al. (2005).

The phenomenon of liquid film detachment and levitation on a very hot
surface is not new. Expansion of a wetted region during stationary liquid
jet impact onto very hot surfaces has been observed in Piggott et al. (1976);
Hammad et al. (2004) and Karwa et al. (2011). In these experiments the
expansion of the wetting front has been observed with a relatively slow ve-
locity of millimeters per seconds. The propagation is caused by the local
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Figure 5.18: Schematic sketch of the levitation phenomena: Marangoni effects,
in combination to intensive evaporation near the dewetting front lead to the
detachment of the spreading lamella.

substrate cooling in the wetted region. Aktershev & Ovchinnikov (2011)
studied experimentally and modeled theoretically intensive dewetting of a
heated substrate caused by the dynamic effects associated with the pressure
in a bubble created on the substrate due to evaporation.
To characterize the velocity of the dewetting in the present experiments,

the contact time of a spreading drop is measured. The contact time of the
drop on the substrate corresponds to the instant when the entire lamella
detaches from the wall surface. As shown in Fig. 5.19(a) and (b), the con-
tact time does not depend strongly on the initial wall temperature, but is
determined by the Reynolds number Re = D0U0/ν0. The best fit of the
experimental data yields tc ∼ Re−0.79 for the drop contact time.
This time differs from the typical time tσ ∼

√
D3

0ρl/σ of capillary oscil-
lations which does not depend on the impact velocity and is often used for
the description of the time of drop deformation caused by collision (Willis &
Orme, 2000).
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(a) (b)

Figure 5.19: Contact times tc for impinging drops onto a hot wall for thermal at-
omization and rebound regimes: (a) for various initial wall temperatures and (b)
averaged values (for various temperatures) as a function of the impact Reynolds
number in comparison with the theoretical prediction (5.17) with kl = 1.0
(dashed line). The error bars indicate standard deviation of the averaged val-
ues. Drop diameter is D0 = 2.2 mm. Reynolds number is based on the liquid
viscosity at the room temperature. (Reprinted from Roisman et al. (2018), with
permission of Cambridge University Press. c© 2018 Cambridge University Press.)

Since the lamella levitation is associated with the growth of the thermal
boundary layer within the lamella, the entire lamella has to be detached
when the thermal boundary layer reaches the top of the free surface of the
lamella. Equating the residual lamella thickness with the thickness of thermal
boundary layer

hres ∼ δl, (5.16)

yields a theoretical estimation of the contact time

tc = 0.6D2
0

k2
l αlRe4/5

ν4/5

ν
4/5
0

. (5.17)

The value of ν4/5/αl ≈ 20.0 s1/5m−2/5 depends only very weakly on the
temperature of superheated water. The power of the Reynolds number −4/5
estimated in Eq. (5.17) is very close to the experimentally determined power,
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−0.79. The predictions for the contact time are compared with the exper-
imental data in Fig. 5.19(b) for kl = 1.0. The fact that the kl-value is
comparable with unity confirms the main physical assumptions used above
to explain the mechanism of drop detachment.
The evolution of the wetting radius can be predicted if the evolution of the

lamella thickness is known. It is known that in the case of high Reynolds and
high Weber number impacts the dimensionless lamella thickness is universal
(Roisman et al., 2009). The observed evolution of the lamella profile can be
approximated by

h̄l = 0.39
(t̄+ 0.25)2 exp

[
− 2.34R̄2

(t̄+ 0.25)2

]
, (5.18)

with

h̄l ≡
hl
D0

, R̄ ≡ R

D0
, t̄ ≡ tU0

D0
. (5.19)

Equating the lamella thickness with the thickness of the thermal boundary
layer yields an expression for the radius of the wetted spot

R̄wet ≈ 0.65(t̄+ 0.25)

√√√√ln
[√

t̄c(t̄c + 0.25)2
√
t̄(t̄+ 0.25)2

]
. (5.20)

The predicted value of the dimensionless wetted radius R̄wet is compared
in Fig. 5.20. The agreement between theory and experiment is rather good,
which further confirms the hypothesis about the mechanism of dewetting
governed by the propagation of the thermal boundary layer and its interaction
with the free surface of the spreading lamella.

Parameters influencing the atomization threshold

A dimensionless number, characterising the thermal atomization regime, can
be defined as R ∼ tcU0/D0, which is the ratio of the contact time tc, defined
in Eq. (5.17), to the typical drop spreading time:

R = Prl Re1/5
H , ReH ≡

D0U0

ν
, Prl ≡

ν

αl
, (5.21)
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Figure 5.20: Evolution of the average dimensionless drop spreading radius and
of the radius of the wetted region in thermal atomization regime in comparison
to the theoretically predicted values from Eq. (5.20).The impact parameters are
D0 = 2.2 mm, U0 = 2.5 m/s, and the initial wall temperature Tw0 = 330 ◦C.
(Reprinted (adapted) from Roisman et al. (2018), with permission of Cambridge
University Press. c© 2018 Cambridge University Press.)

where the Reynolds number ReH is based on the viscosity of the hot liq-
uid and Prl is the Prandtl number. As previously shown in Fig. 5.11, the
threshold for thermal atomization is R ≈ 5.8 for Tw0 = 250 ◦C. Since for su-
perheated water the variation of the term ν4/5/αl is weak, the dimensionless
number can be scaled as R ∼ D1/5

0 U
1/5
0 .

The regime maps existing in the literature are influenced significantly by
the substrate properties. Comparison of the maps in Bertola (2015) and
Tran et al. (2012) leads to the conclusion that the temperature alone cannot
describe the threshold, even for the same liquid on different surfaces. The
main parameter governing the phenomenon of drop vaporization and possible
atomization is the characteristic heat flux. At the contact line, i.e. the region
of intensive evaporation, the substrate temperature is close to the saturation
temperature. The heat flux between the wall and the spreading drop occurs
mainly in the expanding thermal boundary layers, whose thickness increases
as the square root of time. The solution for heat transfer in such systems is
well-known (Roisman, 2010). Heat conduction in the solid wall is described
by an expanding thermal boundary layer near the wall surface. The char-
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Figure 5.21: Regime map for the dimensionless contact time R and dimensionless
heat flux U of a drop. (Reprinted from Roisman et al. (2018), with permission
of Cambridge University Press. c© 2018 Cambridge University Press.)

acteristic heat flux associated with vaporization is expressed for the typical
time of drop impact ti = D0/U0 in the form

〈q̇〉 = ew(Tw0 − Tsat)√
ti

= ew(Tw0 − Tsat)
√
U0√

D0
, (5.22)

The ratio of the drop impact velocity and the velocity associated with the
drop vaporization is

U = 〈q̇〉
ρvLU0

= ew(Tw0 − Tsat)
ρvL
√
D0U0

, (5.23)

where L is the latent heat of evaporation and ρv is the density of the water
vapor.
A final regime map for different initial values of the dimensionless heat flux

U and the dimensionless contact time R is shown in Fig. 5.21. It should be
noted that experimental data for drop atomization from Bertola (2015) also
coincide with the results presented in Fig. 5.21. Two branches of the atom-
ization threshold can be identified in Fig. 5.21. They are illustrated by the
curves threshold I and threshold II. At lower substrate temperatures (lower
values of U ) the threshold impact velocity, leading to thermal atomization,
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reduces if the wall temperature increases. This is an expected result. The
characteristic time of lamella breakup tbreak reduces at higher substrate tem-
peratures. The curve threshold I corresponds to the situation when tbreak is
equal to the contact time. The impact velocity corresponding to the thresh-
old II surprisingly increases when the substrate temperature is higher. This
transition is probably associated with such intensive evaporation that the
dynamic pressure in the vapor flow is comparable with the dynamic pressure
produced by drop impact. Such vapor flow therefore prevents the expansion
of the wetted spot even at the initial stages of drop impact and spreading.

5.2.3 Characterization of the secondary atomization
Detailed side-view images of drop atomization and spray generation are
shown in Fig. 5.22 for different time instants. It can be seen, that in the
first initial moment of drop impact, even far before the spreading of the drop
is finished, first secondary droplets arise from the outer lamella between the
portion of the initial drop that is not fully spread and the rim. For time
instances from t = 1 ms onwards, the region of the lamella where secondary
droplets are ejected from, enlarges to the center of the impact spot while
the location of the highest droplet ejection rate shifts towards the center.
From t > 3 ms the production of fine secondary droplets ejected in axial di-
rection suddenly stops in the region of the levitating lamella and the outer
rim forms finger-like jets. Furthermore, the jets start to disintegrate and
form very large drop fragments. The overall generation of secondary droplets
from the lamella stops as soon as the dewetting is complete and the entire
lamella is detached. At t = 8 ms after initial contact between the drop and
the surface, the drop fragments are separated and hover in the air, slightly
oscillating above the impact spot. Simultaneously a mist consisting of very
fine secondary droplets circulates toroidally above the large fragments.

To characterize the fast vertical spray of fine secondary droplets a dual-
mode phase Doppler measurement system has been used. Since the phase
Doppler system is a pointwise measurement technique three different radial
positions r, all with an axial position z = 4 mm above the impact sur-
face, have been measured to describe various regions: center of the lamella
r1 = 0 mm, rim region r3 = 6 mm, and between the center and the rim
r2 = 2 mm. The positions are fixed for all measurements due to the highly
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(a) t = 0.5 ms (b) t = 1.0 ms (c) t = 2.0 ms

(d) t = 3.0 ms (e) t = 4.0 ms (f) t = 5.0 ms

(g) t = 6.0 ms (h) t = 7.0 ms (i) t = 8.0 ms

Figure 5.22: Side-view images of the drop impact onto a hot surface in thermal
atomization regime at different time instants. The parameters are initial drop di-
ameter D0 = 2.2 mm, impact velocity U0 = 1.5 m/s, and initial wall temperature
Tw0 = 300 ◦C. (Reprinted from Breitenbach et al. (2018a). c© 2018 Elsevier.)

dynamic motion of the spreading drop. Figure 5.23 shows a sketch of the dif-
ferent measurement positions. The phase Doppler system is carefully aligned
to achieve reliable results. In the measurements shown in the present thesis
the validation ratios are always > 70%.
A global drop size and velocity magnitude distribution of the detected sec-

ondary droplets during the first 15 ms after impact is shown in Fig. 5.24(a)
and (b) for the drop diameter D0 = 2.2 mm, impact velocity U0 = 1.5 m/s
and substrate temperature Tw0 = 300 ◦C. These distributions have been cal-
culated according to the DIN SPEC 91325 (2015) from the three different sin-
gle measurement positions r1, r2, and r3. For the case illustrated in Fig. 5.24,
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Figure 5.23: Sketch of phase Doppler measurement positions. (Reprinted from
Breitenbach et al. (2018a). c© 2018 Elsevier.)

the arithmetic mean diameter of the secondary droplets is d10 = 26.1µm and
the Sauter mean diameter is d32 = 43.6µm. It can be seen that the char-
acteristic size of the fine secondary spray is in the region of some tens of
microns, while droplets bigger than d > 80 µm are very rare. This is in
good agreement with prior studies (Cossali et al., 2005; Moreira et al., 2007).
Nonetheless, correlations for the Sauter mean diameter shown in Moreira
et al. (2010) or Liang & Mudawar (2017a) overpredict the measured value
for the Sauter mean diameter.

However, the reason for this is quite simple: compared to previous studies,
the few and large drop fragments formed as a result of the drop disintegration
and the rim breakup are not considered in the characterization. Therefore,
the mean and the Sauter mean diameter as well as the counts shown in the
present work are only determined for the dense vertical spray of fine secondary
droplets. Moreover, it has to be noted that the phase Doppler system can
measure only spherical droplets, so larger, non-spherical droplets will not be
detected with the system.

The magnitude of the mean velocity yields |~u|mean = 2.34 m/s for the fast
vertical spray, but the velocity span extends over a wide range and a maxi-
mum velocity of |~u| & 12 m/s has been observed. Figure 5.25 shows a vector
plot and a corresponding contour plot of the velocity magnitude of the sec-
ondary spray at the time instant t ≈ 4.5 ms after drop impact. The data has
been obtained by PIV (particle image velocimetry) post-processing of the
recorded side-view video data. It can be seen, that the main velocity com-
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(a) (b)

Figure 5.24: Secondary droplets generated during thermal atomization in the
first 15 ms after impact: (a) global drop size distribution and (b) global velocity
magnitude distribution. The impact parameters are D0 = 2.2 mm, U0 = 1.5 m/s
with the initial wall temperature Tw0 = 300 ◦C. (Reprinted (adapted) from
Breitenbach et al. (2018a). c© 2018 Elsevier.)

(a) (b)

Figure 5.25: (a) Vector plot and (b) the corresponding contour plot of velocity
magnitude of the secondary spray at t ≈ 4.5 ms after drop impact. The length
of the vectors are length represent the values. The data has been obtained by
PIV (Particle image velocimetry) post-processing of the recorded side-view video
data. The impact parameters are D0 = 2.2 mm, U0 = 1.5 m/s with the initial
wall temperature Tw0 = 300 ◦C.
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ponent of the secondary spray is in the positive z-direction (c.f. Fig. 5.23).
Furthermore, the impact velocity decreases over time, since the droplets far
from the substrate are much faster compared to droplets which just started.

Spray density and droplet size

In Fig. 5.26(a) the relative counts of the detected secondary droplets for the
three measured radial positions are shown as a function of time. The value
of the relative counts is related to the number flux density and the detection
volume (probe volume) of the phase Doppler instrument. It is determined
by the detected counts of each measurement and finally normalized with the
maximum number of total counts detected in the measurement for the radial
position r1 = 0 mm.

The majority of secondary droplets are generated within the thin lamella
r ≈ 0−4 mm during the first milliseconds, and the number of counts sharply
decreases for r3 = 6 mm as well as for later time instants. This is consistent
with the hypotheses of lamella dewetting, characterized by intensive evapo-
ration and consequently by the fact that the heat flux density q̇(t) ∼ t−0.5

reduces sharply at later time instants. Furthermore, the generation of sec-
ondary droplets within the levitating lamella stops as soon as the dewetting
of the lamella is complete at t ≈ 7 ms. Some more droplets are still detected
after the dewetting is completed, as a consequence of the axial position of
the measurement volume and the resulting time delay until the droplets reach
the detection volume. It can also be seen in Fig. 5.26(a), that during drop
spreading the first secondary droplets arise from the outer lamella r2 = 2 mm
between the portion of the initial drop (that is not yet spread) and the rim.
In this region the lamella is at its thinnest (Roisman, 2009). At further mo-
ments, the region where secondary droplets are ejected from enlarges to the
center of the lamella, since the dewetting front moves towards it.

In Fig. 5.26(b) the mean diameter d10 is shown as a function of time. Each
data point for the mean diameter is calculated for a set of n = 350 detected
droplets. Therefore, the number of dots and their horizontal spacing are
indicators for the counts of secondary droplets. It is obvious that the time-
dependent mean diameter as well the counts are almost equal for the positions
r1 and r2 within the lamella. Only in the rim region at r3 does the mean
diameter increase, while the data rate is considerably lower. Up to the rim
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(a) (b)

Figure 5.26: Secondary droplets generated during thermal atomization in the first
15 ms after impact for various radial positions: (a) relative counts of the measured
droplets as a function of time and the (b) corresponding mean diameter. Each
data point for the mean diameter is calculated for a set of n = 350 detected
droplets. The impact parameters are D0 = 2.2 mm, U0 = 1.5 m/s, and the initial
wall temperature Tw0 = 300 ◦C. (Reprinted (adapted) from Breitenbach et al.
(2018a). c© 2018 Elsevier.)

region r3, the evolution of the curves exhibit a peak in the first first few
milliseconds before approaching a minimum and leveling again to their final
overall mean diameter. This overall trend has been reported before (Moita &
Moreira, 2009; Cossali et al., 2008). For the thermal atomization regime, this
behavior is typical for the region above the lamella and has been observed
for all investigated cases.
In Fig. 5.27(a) and (b) the mean diameter d10 measured at the center

r1 is shown as a function of time for various wall temperatures and impact
velocities. Again, each data point for the mean diameter is calculated for a
set of n = 350 detected droplets. Correspondingly, Table 5.1 summarizes the
final overall mean diameter d10 and Sauter mean diameter d32 for each case.
Again, and as already discussed in the previous section, the Sauter mean
diameter is much smaller compared to previous studies for high temperature
drop impacts (Cossali et al., 2005; Moita & Moreira, 2009; Moreira et al.,
2007).
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(a) (b)

Figure 5.27: Secondary droplets generated during thermal atomization in the first
12 ms after impact at the center r1: mean diameter as a function of time for (a)
various initial substrate temperatures and (b) various impact velocities. Each
data point for the mean diameter is calculated for a set of n = 350 detected
droplets. Further parameters are for (a) D0 = 2.2 mm, U0 = 1.5 m/s and for
(b) D0 = 2.2 mm, Tw0 = 310 ◦C. (Reprinted (adapted) from Breitenbach et al.
(2018a). c© 2018 Elsevier.)

As shown in Fig. 5.27(a), for various wall temperatures the data rate is
roughly the same and only for the lowest surface temperature it slightly
decreases. In all cases shown in Fig. 5.27(a), the detected counts decrease
considerably after the first few milliseconds. The main differences in the data
can be seen in the evolution of the mean diameter and the result of the final
overall Sauter mean diameter, which decreases more than 20% in contrast to
the value obtained at the lowest temperature. Furthermore, the first peak
is less dominant for higher surface temperatures, while for later instants the
characteristic size of the droplets is almost the same. For the different cases
it can be concluded that the decline of the first peak is the relevant factor for
the decrease of the final overall mean and Sauter mean diameter. A reason for
the decrease of the characteristic size is the increase of the vapor velocity due
to higher surface temperatures. During the atomization process the kinetic
energy of the vapor is transferred to the surface energy of the resulting drops.
Therefore, the increase of the vapor velocity allows to obtain a larger number
of drops from the same volume, but of smaller diameter.
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Table 5.1: Final overall mean diameter and Sauter mean diameter of all detected
secondary droplets within 15 milliseconds after drop impact in the thermal at-
omization regime for (a) for various wall temperatures with a constant impact
velocity U0 = 1.5 m/s and for (b) various impact velocities with a constant wall
temperature Tw0 = 310 ◦C. (Reprinted from Breitenbach et al. (2018a). c© 2018
Elsevier.)

(a)

dij [µm] Tw0 = 270 ◦C Tw0 = 300 ◦C Tw0 = 310 ◦C
d10 27.05 25.28 24.84
d32 51.45 44.92 40.22

(b)

dij [µm] U0 = 1.5 m/s U0 = 1.8 m/s U0 = 2.1 m/s
d10 24.84 24.17 23.58
d32 40.22 43.41 43.61

The effect of variation of the impact velocity on the data count is shown in
Fig. 5.27(b). No influence of the impact velocity on the mean diameter has
been observed. This conclusion is supported by the data in Table 5.1(b) for
the overall mean and Sauter mean diameter. Only the data rate increases
slightly for an increasing impact velocity. This result indicates that thermal
effects during drop contact with the wall are the main factors determining
the properties of secondary spray. The effect of the flow in the spreading
drop is negligibly small.

Velocity of the secondary drops

The distribution of the velocity magnitude of secondary drops has been al-
ready shown in Fig. 5.24(b), with an arithmetic mean value of the velocity
magnitude of |~u|mean = 2.34 m/s. However, the figure clearly shows that ve-
locity span extends over a wide range. A closer look into Fig. 5.28 reveals
that the high velocity droplets arise only during the first instants of drop
impact. At later time instants the velocity magnitude decreases significantly.
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This has been already pointed out in Fig. 5.25(b) by the contour plot of the
velocity. Therefore, the mean velocity should be as seen time average value
and for a comprehensive analysis the velocity over time has to be considered.

It is assumed that the secondary droplets are driven by the stream of the
vapor generated during evaporation of the liquid near the dewetting front.
The velocity of the secondary droplets ud can be calculated by Bernoulli’s
equation from the vapor flow velocity, similar to analysis for droplet-air col-
lision (Opfer et al., 2014). It can be thus scaled as

ud ∼
√
ρv√
ρl
uv, (5.24)

where ρv and ρl is the water vapor and water liquid density. The vapor flow
velocity near the dewetting front yields

uv(t) ∼ q̇(t)
ρvL

. (5.25)

Here L is the latent heat of evaporation, and q̇(t) is the characteristic heat
flux associated with vaporization at liquid/solid interface. Assuming the heat
conduction in the solid wall is described by an expanding thermal boundary
layer near the wall surface (Roisman, 2010) the characteristic heat flux is
determined by

q̇(t) = ew∆Tw√
π
√
t
. (5.26)

Here ew is the thermal effusivity of the solid and ∆Tw = Tw0 − Tsat is the
overall temperature difference in the wall. The substrate temperature at the
solid/liquid interface near the wetting front approaches the saturation tem-
perature Tsat, since it is in contact with the moving evaporating liquid/vapor
interface.

With Eq. (5.24), Eq. (5.25) and Eq. (5.26) the theoretical velocity of the
secondary droplets detected by the phase Doppler measurement system be-
comes

ud(t) ≈ kd
ew (Tw0 − Tsat)

√
ρv
√
ρlL
√
π
√
t− τ(t)

, (5.27)

where kd is an adjustable coefficient which can be obtained by fitting the
experimental data. It is important that the value of kd is in order of unity,
which indicates that the main physical mechanisms are well described in
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Figure 5.28: Secondary droplets measured at the center of the lamella (r = 0 mm)
generated in thermal atomization regime during the first 15 ms after impact: ve-
locity magnitude of the measured droplets as a function of the time in comparison
with the theoretical prediction (5.27). The impact parameters are D0 = 2.2 mm,
U0 = 1.48 m/s, and the initial wall temperature Tw0 = 300 ◦C. (Reprinted
(adapted) from Breitenbach et al. (2018a). c© 2018 Elsevier.)

the analysis. The coefficient τ(t) = ∆z/ud accounts for the axial position
∆z = 4 mm of the measurement volume above the impact surface and the
resulting time delay in the data acquisition (c.f. Fig. 5.23).
As seen in Fig. 5.28, with kd = 0.9 the theoretical model (5.27) is in

excellent agreement with the experimental data for the velocity magnitude.
The impact parameters of the data are D0 = 2.2 mm for drop diameter,
U0 = 1.5 m/s for impact velocity, and Tw0 = 300 ◦C for the initial wall
temperature. It is obvious that the velocity of the secondary droplets is well
expressed by the theoretical vapor velocity at the solid/liquid interface with
a scaling of ud(t) ∼ t−0.5.
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5.3 Film boiling regime
The drop impact in the film boiling regime has been investigated rather
intensive in the past decades (Wachters & Westerling, 1966; Ueda et al.,
1979; Yao & Cai, 1988; Chandra & Avedisian, 1991; Bertola, 2009). However,
some questions and dependencies still remain unclear and mainly empirical
correlations can be found in literature.

The main subject of the present section is the introduction of a predictive
theoretical model for heat transfer during drop impact in the film boiling
regime. It allows the estimation of the heat collected by an impinging drop
during spreading and receding and it accounts for the main physical phenom-
ena. Parts of the section have been published in Breitenbach et al. (2017b,
2018b). Furthermore, parts of the experimental investigations have been
supported by the work of Schmidt (2018).

5.3.1 Observations

The drop impact in the film boiling regime at a surface temperature of
Tw0 = 330 ◦C is shown in Fig. 5.29. After the impact the drop first spreads
(t = 1.1 ms) until it reaches some maximum spreading diameter (t = 3.0 ms),
and then starts to recede (t = 4.1 ms) leading to a rebound (t = 10.9 ms).
During the whole contact time the droplet does not wet the surface, but
rather levitates on a thin vapor cushion caused by the film boiling phenom-
ena. Due to the rebound, the time of contact between the drop and the
surface is quite short compared to the contact time in other impact regimes.
For this purpose the time for heat transfer is limited. This is important for
cooling applications since the cooling effectiveness of impinging drops relies
on the area of the spreading drop and the duration of contact.

In Fig. 5.30 the drop contact diameter in the film boiling regime is shown
for various substrate temperatures onto aluminum substrates. Since the drop
levitates on a very thin vapor layer, which is not visible in the observations
due to resolving capacity, the contact diameter is defined according to sec-
tion 4.1 (c.f. Fig. 4.3) from the observed images. Figure 5.30(a) shows drop
impacts onto a smooth polished substrate (Ra ≈ 0.05µm), while the experi-
ments in Fig. 5.30(b) have been performed onto a rough sandblasted substrate
(Ra ≈ 2.5µm). It is obvious that there is almost no dependence on the initial
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(a) t = −0.7 ms (b) t = 0.4 ms (c) t = 1.1 ms

(d) t = 1.6 ms (e) t = 2.1 ms (f) t = 3.0 ms

(g) t = 4.1 ms (h) t = 7.1 ms (i) t = 10.9 ms

Side

Top

Figure 5.29: Drop impact in the film boiling regime: detailed top- and side-view
observation of the impinging drop. The impact parameters are D0 = 2.2 mm,
U0 = 2.4 m/s, and Tw0 = 330 ◦C. (Reprinted (adapted) from Breitenbach et al.
(2017b). c© 2017 Elsevier.)
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(a) (b)

Figure 5.30: Drop contact diameter in the film boiling regime for various initial
substrate temperatures: (a) smooth aluminum (mirror polished) and (b) rough
aluminum (sandblasted). The impact velocities U0 = 0.4 m/s and the drop di-
ameter D0 = 2.2 mm are almost constant for all shown cases.

substrate temperature and roughness on the contact diameter Dc or the final
contact time tc. Minor differences can be explained by small fluctuation of
the initial drop diameter and impact velocity. This indicates that the influ-
ence of the substrate and the thin vapor layer on the hydrodynamics of the
drop spreading is negligibly small. On one side the substrate conditions can
influences the onset of film boiling, on the other side, once a vapor layer is
fully developed, the drop impact dynamics are independent of the substrate.

By changing the impact velocity of the drop, spreading significantly changes,
as seen in Fig. 5.31(a). While the contact time slightly decreases for higher
impact velocities, the maximum diameter substantially increases. It can be
explained by the rising kinetic energy of the impinging drop, since the kinetic
energy is expended by deforming the drop (Chandra & Avedisian, 1991). This
is not a novel but an very important finding since it enlarges the liquid/solid
heat transfer area.

Several approaches for the maximum spreading diameter can be found in
literature using an energy balance, which compares the initial kinetic and
surface energy of the falling drop with the surface energy of the spreading
lamella in addition with some energy loss (Tran et al., 2012; Chandra &
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(a) (b)

Figure 5.31: (a) Drop contact diameter in the film boiling regime for various
impact velocities. The drop diameter D0 = 2.2 mm and substrate temperature
Tw0 = 330 ◦C are almost constant for the various cases. (b) Maximum spreading
diameter from the present thesis and existing literature data for various impact
Weber number in comparison with the correlation (5.28).

Avedisian, 1991; Rein, 2002). Unfortunately, most of the estimations overes-
timate the value since the formulation of the energy loss during drop impact
is not trivial. The energy loss is usually attributed to viscous dissipation,
but Rein (2002) claims that there is also a major loss due to the transfer of
kinetic energy to the vapor in the thin gap. Nonetheless, using the energy
balance for the drop spreading needs to be critically reviewed since it does
not tell something about the drop dynamics or underlying physics in general.
However, as already mentioned above, the value of the maximum spreading
diameter ratio for an impinging drop in the film boiling regime can be well
estimated by using the correlation of Castanet et al. (2015) for low viscous
fluids:

Dmax

D0
= 1 + 0.23 We0.5. (5.28)

In Fig. 5.31 the correlation is shown in combination with results from the
present thesis (smooth and rough aluminum) and those from the literature
(Bertola, 2009; Tran et al., 2012; Castanet et al., 2015). It is obvious, that
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Eq. (5.28) fits very well for the various conditions. Once again, this result
shows that the effect of the substrate is negligibly small, since the surface
conditions greatly differ in the studies.

The following section is focused on the heat transfer in the film boiling
regime. A predictive theoretical model for heat transfer during drop im-
pact in the film boiling is introduced, which accounts for the main physical
phenomena.

5.3.2 Evaluation of heat transfer during drop impact
Consider the impact of a single liquid drop onto a flat solid substrate in
the developed film boiling regime. In this regime a vapor layer develops
between the liquid and solid regions, as shown schematically in Fig. 5.32.
Two thermal boundary layers accrue in the fluid and the solid material.
The thermal boundary layers are denoted δl ∼

√
αlt for the liquid film and

δw ∼
√
αwt for the wall region, using the thermal diffusivities of the liquid

film αl and the solid wall αw. Typical values of the thermal diffusivity for
metals are between 10−5 and 10−4 m2/s. The thermal diffusivity for wa-
ter is 10−7 m2/s. The upper bound for the thermal boundary thickness in
an aluminum substrate with the diffusivity αw = 10−4 m2/s, at the typical
time ti = D0/U0, is δw ∼ 10−4 m for a 1 mm drop impacting with a velocity
U0 = 1 m/s. In the liquid phase the thickness of the thermal boundary layer
is smaller. Since both boundary layers are much smaller than the drop di-
ameter, the heat transfer in the three different regions can be approximated
by a one-dimensional model.

The contact temperature Tc at the solid-fluid interface ϑ = 0 is unknown,
while the temperature at the liquid interface can be approximated by the
saturation temperature Tsat.
The thermal radiation of the wall will be neglected, because it is much

smaller than the convective heat transfer (Rein, 2002). Therefore, the overall
energy balance equation, which accounts for the energy of liquid vaporization,
can be expressed as

q̇1 = q̇v = q̇2 + ρlL
dh
dt , (5.29)

where dh/dt is the change of vapor layer thickness, ρl and L are the density
and the latent heat of evaporation of the liquid respectively.

116



5.3 Film boiling regime

Figure 5.32: Sketch of the heat flow through the different regions: solid material,
vapor layer, and liquid film. The solid/liquid interface is located at ϑ = 0
and the liquid/liquid interface is located at ϑ = h. (Reprinted (adapted) from
Breitenbach et al. (2017b). c© 2017 Elsevier.)

Instationary heat flow in the liquid film

Figure 5.33 shows a sketch of an axisymmetric spreading liquid film during the
drop impact. To good approximation, the flow in the drop can be described
as an inviscid flow. The expression for the velocity field v is well known from
Yarin & Weiss (1995) and Roisman (2010):

vr = r

t
, vz = −2z

t
. (5.30)

For constant thermodynamic properties, the energy balance equation in
the spreading drop

∂Tl
∂t

+ v ·∇Tl − αl∇2Tl = 0, (5.31)

can be reduced with the help of Eq. (5.30) to the following expression

∂Tl
∂t
− 2z

t

∂Tl
∂z

= αl
∂2Tl
∂z2 , (5.32)

where Tl(z, t) is the temperature distribution in the liquid film.
A self-similar solution of Eq. (5.32) is obtained by introduction of a simi-

larity variable

ξ = z√
αlt

, (5.33)
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Figure 5.33: Sketch of an axisymmetric spreading film. (Reprinted from Breiten-
bach et al. (2017b). c© 2017 Elsevier.)

which leads to an ordinary differential equation for the temperature field
Tl = Tl(ξ):

T ′′l + 5
2ξ T

′
l = 0, (5.34)

which has to be solved subject to the initial and boundary conditions

Tl = Tsat at ξ = 0; Tl → Td0 at ξ →∞. (5.35)

The similarity solution of Eqs. (5.34)-(5.35) is

Tl(z, t) = Tsat + (Td0 − Tsat) erf
( √

5z
2
√
αlt

)
, (5.36)

and the corresponding heat flux at the liquid/liquid interface can be written
in the form

q̇2(t) ≡ λl
∂Tl
∂z

∣∣∣∣
z=0

=
√

5el (Tsat − Td0)
√
π
√
t

, (5.37)

where λl is the thermal conductivity and el is the thermal effusivity of the
liquid film.

Instationary heat flow in the solid wall

The geometry and the definition of the coordinate system are shown schemat-
ically in Fig. 5.32. At t = 0 the vapor layer is in contact with a semi-infinite
wall ϑ < 0 at the initial surface temperature Tw0. The heat conduction
equation in the wall

∂Tw

∂t
− αw

∂2Tw

∂ϑ2 = 0, (5.38)
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has to be solved subject to the boundary conditions

Tw = Tc at ϑ = 0; Tw → Tw0 at ϑ→ −∞, (5.39)

where Tw(z, t) is the temperature in the wall region and the contact temper-
ature Tc on the solid-fluid interface. The well-known similarity solution of
Eqs. (5.38)-(5.39) is

Tw(z, t) = Tc − (Tw0 − Tc) erf
(

ϑ

2
√
αwt

)
. (5.40)

The heat flux density at the solid/vapor interface can be expressed as

q̇1(t) ≡ λw
∂Tw

∂ϑ

∣∣∣∣
ϑ=0

= ew (Tw0 − Tc)
√
π
√
t

, (5.41)

where λw is the thermal conductivity and ew is the thermal effusivity of the
solid wall material.
The contact temperature Tc will be determined from the overall energy

balance of the spreading drop, considered in the next section.

Dynamics of vapor creation

The dynamics of the vapor flow can be different for various stages of drop
impact. We distinguish two main vapor growth regimes: heat transfer-
controlled and inertial. In initial stage of drop spreading the pressure in the
liquid is determined by the inertial in the liquid phase. The vapor growth
in this stage is governed mainly by the heat transfer in the liquid and solid
regions. This heat transfer-controlled growth is analogous to the growth of a
bubble in a superheated liquid considered in Plesset & Zwick (1954); Scriven
(1959) and Prosperetti & Plesset (1978), whose radius increases as square
root of time. The thickness in the vapor layer near the rim is much smaller
than that in the drop center (as shown schematically in Fig. 5.34), whereas
the vapor velocity in this region, computed in Dawi et al. (2013), is relatively
high. The pressure in the central vapor region is governed by the pressure
loss in the this thin gap near the drop rim.
The pressure in the vapor layer is determined by the inertia in the impact-

ing liquid drop. It is estimated in Roisman et al. (2009):

p ≈ 1.7ρlU2
0 exp[−3.1tU0/D0]. (5.42)
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Figure 5.34: Sketch of the geometry of a vapor film. (Reprinted (adapted) from
Breitenbach et al. (2017b). c© 2017 Elsevier.)

This pressure is significant only during the initial phase of drop impact
and deformation ti ∼ D0/U0. At larger times the pressure influence is mi-
nor and the internal stresses in the vapor layer become significant. These
stresses govern the drop floating at large time after drop impact and even-
tual rebound. The inertial regime of vapor growth is analogous to the inertial
bubble growth (Rayleigh, 1917). One of the asymptotes of the inertial vapor
gap regime is the vapor flow under a static drop in the film boiling regime
(Gottfried et al., 1966; Burton et al., 2012; Biance et al., 2003).

The heat transfer between the wall and the drop is inverse proportional to
the vapor layer thickness. Therefore, the main part of the heat is transferred
during the first stage of drop collision, when the gap thickness is smallest.
In the following analysis only the heat transfer during the first heat transfer-
controlled growth stage is considered.

The one-dimensional heat flux in the thin vapor layer can be roughly esti-
mated as

q̇v(t) = λv

h(t) (Tc − Tsat) , (5.43)

determined by the thermal conductivity λv of the vapor, the vapor layer
thickness h(t), the saturation temperature Tsat, and the contact temperature
Tc on the solid-liquid interface. With Eq. (5.29), Eq. (5.41) and Eq. (5.43)
the contact temperature is obtained in the form

Tc =
√
πλv
√
t Tsat + ewh(t)Tw0√

πλv
√
t+ ewh(t)

, (5.44)
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as a function of time t and vapor layer thickness h(t). Substituting expres-
sions (5.44) and (5.43) into Eq. (5.29) yields an ordinary differential equation
for the vapor layer thickness:

ewλv (Tw0 − Tsat)√
πλv
√
t+ ewh(t)

−
√

5el (Tsat − Td0)
√
π
√
t

= ρlL
dh

dt
. (5.45)

The solution of the ordinary differential equation (5.45) is obtained in the
following form

h(t) = K
ew (Tw0 − Tsat)

ρlL

√
t, (5.46)

where K is a dimensionless coefficient, determined as

K =

√
(B −G)2 + 4G√

π
−B −G, (5.47)

where

G =
√
πλvρlL

2 (Tw0 − Tsat) e2
w

; B =
√

5 (Tsat − Td0) el√
π (Tw0 − Tsat) ew

. (5.48)

Finally with the help of Eqs. (5.46)-(5.48), the contact temperature is ex-
plicitly expressed as

Tc = 2GTsat +K Tw0

2G+K
. (5.49)

It is obvious from Eq. (5.49) that the contact temperature is not a function
of the time and remains constant during drop impact as long as the boundary
layer δw is much smaller than the solid substrate. The heat flux density of an
impacting single droplet in the film boiling regime can be calculated using

q̇1(t) = 2Gew (Tw0 − Tsat)√
π (K + 2G)

√
t
. (5.50)

Figure 5.35(a) and (b) shows the vapor layer thickness h(t) and the trans-
ferred heat flux q̇1(t) over time for various surface temperatures. The vapor
layer thickness increase with the square root of time, while the heat flux
decrease antiproportional. Both graphs were calculated with the properties
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(a) (b)

Figure 5.35: (a) Vapor layer thickness h(t) and the (b) heat flux q̇1(t) over time
for various initial substrate temperatures Tw0. Both graphs were calculated with
the properties of a water drop with Tl = 25 ◦C impacting onto a stainless steel
surface. (Reprinted (adapted) from Breitenbach et al. (2017b). c© 2017 Elsevier.)

of a water droplet impacting on a stainless steel surface. Furthermore, a
comparison of the predicted model (5.46) for the vapor layer thickness with
experimental data from Chaze (2017) is shown in Fig. 5.36. The experimental
data have been obtained for impinging water drops onto a hot sapphire sub-
strate at various impact Weber numbers. The agreement between the data
and the model is rather good, although no adjustable constant is used in
the model. Noteworthy is the fact, that the theoretical prediction (5.46) for
the vapor layer thickness is not influence by the impact velocity of the drop,
again in excellent agreement with the experimental results. Furthermore the
estimated values are in the same order as experimental results performed by
Tran et al. (2012).

The total heat removed by a single impacting drop during the initial time
ti can be therefore estimated using

Qsingle ≈
∫ ti

0
πq̇1(t)Rd(t)2dt, (5.51)

where R(t) is the instantaneous drop spreading radius. The spreading radius
during this initial stage of drop spreading, Rd(t) ≈ 1.4D0

√
tU0/D0, has been

measured in Rioboo et al. (2002) for a wide range of impact parameters.
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5.3 Film boiling regime

Figure 5.36: Vapor layer thickness h(t) calculated with the theoretical predication
(5.46) in comparison with experimental data obtained in Chaze (2017) for an
impacting water drop onto a hot sapphire substrate at various impact Weber
numbers. The drop diameter is constant for all cases.

By calculating the integral in Eq. (5.51) with the help of Eq. (5.50) leads
to an estimation of the total heat removed by a single impacting drop in the
film boiling regime:

Qsingle = 4.63D5/2
0 Gew (Tw0 − Tsat)
U

1/2
0 (K + 2G)

. (5.52)

Noteworthy is the fact, that Eq. (5.52) captures the influence of drop size
and drop impact velocity on the total heat removed from a single drop in the
same order as correlations from Bolle & Moureau (1982) and Bernardin &
Mudawar (1997).
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6 Spray cooling in the film boiling regime

In the present chapter the study of the single drop impact is extended for
spray cooling in the film boiling regime. The model for spray cooling is based
on superposition of the single drop events and accounts for drop interactions.
For a dense spray these drop interactions significantly influence the values
of heat flux. Section 6.1 provides a theoretical analysis of drop interactions
during spray impact. In section 6.2 an expression for the heat transfer coef-
ficient is obtained for spray cooling, which accounts for the heat associated
with single drop impact and for drop interactions on the substrate. Parts of
the section have been published in Breitenbach et al. (2017b, 2018b).

6.1 Drop interaction analysis
A statistic of drop interactions is essential for the estimation of the effective
wetted surface ratio ηwet, because it is a measure average heat flux during
the spray impact. The main dimensionless parameter determining the level
of drop interactions is the cumulative wetted area of the substrate by the
spray. This parameter is determined as

λk = Ṅ

∫ ∞
0

PD

∫ tc

0

πDc(t)2

4 dt dD0, (6.1)

where PD is the probability density function of the drop diameter in the
polydisperse spray, Dc(t) is the contact diameter of a spreading drop, t is the
time after first impact for each drop, and Ṅ is the number flux density. A
logarithmic scale of the number flux density Ṅ over the mass flux densities
jm is shown in Fig. 6.1 for various drop diameters D0. It is obvious that
the number of drops significantly increase for smaller diameters, as well for
higher mass flux densities. For instance, already at a mass flux density of
jm = 1 kg/m2s (for drop diameter D0 = 50µm) the number flux density of
the spray is in the order of 1012, which means unimaginable billion drops per
second and square meter.
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6 Spray cooling in the film boiling regime

Figure 6.1: Logarithmic scale of the number flux density Ṅ over the mass flux
densities jm for various mean arithmetic diameters D0 of the spray.

Expression (6.1) can be simplified by using the average value of drop di-
ameter D0 in the polydisperse spray and expressing the result in terms of the
mass flux density

λk ≈
3jm

2ρlD3
0

∫ tc

0
Dc(t)2dt. (6.2)

Since the surface temperature is above Leidenfrost temperature, the con-
tact time of the drop is finite; it is determined by the flow in the drop (c.f.
Fig. 5.30). The evolution of the drop diameter can be roughly approximated
by a parabola

Dc(t) = 4Dmax

(
t

tc
− t2

t2c

)
, (6.3)

where Dmax is the maximum spreading diameter of the drop during the im-
pact. Figure 6.2 illustrates Eq. (6.3) with representative photographs of the
impact process. The maximum spreading diameter of impacting drops in the
film boiling regime has been measured in Tran et al. (2012) and Castanet
et al. (2015) for various Weber numbers. A conservative correlation for the
maximum diameter yields

Dmax = 0.81D0(1 + 0.36We0.48). (6.4)
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6.1 Drop interaction analysis

Figure 6.2: Equation (6.3) with representative photographs of the impact process
of an water droplet. (Reprinted (adapted) from Breitenbach et al. (2017b). c©
2017 Elsevier.)

The typical contact time in the film boiling regime is almost independent
of the surface temperature and only influenced by the hydrodynamics of the
drop impact. It can be roughly approximated from the obtained experimental
data:

tc ≈ 4D0

U0
. (6.5)

The parameter λk can now be derived in the form

λk = 2.1jm
ρlU0

(1 + 0.36We0.48)2. (6.6)

Since the drop impacts are completely random in area and in time, the
statistics of impacts follows the Poisson distribution (Feller, 1968). This
means that the probability that a given point on the substrate belongs to
exactly n spreading drops is

P (n;λk) = λnk
n! e

−λk . (6.7)

Correspondingly, the probability that a given point on the substrate is wetted
finally leads to

P (n > 0;λk) = 1− P (0;λk) ⇒ Pwet = 1− e−λk . (6.8)

127



6 Spray cooling in the film boiling regime

(a) (b)

Figure 6.3: (a) Wet area probability Pwet and (b) drop interaction probability Pint
as a function the mean diameter D0 for different mass flux densities jm of the
spray. (Reprinted (adapted) from Breitenbach et al. (2017b). c© 2017 Elsevier.)

The probability that an impinging drop on the substrate interacts with an-
other drop can be calculated related to the analysis in Eq. (6.8). Using
Poisson statistics the interaction probability of an impinging drop yields

Pint = 1− (1 + λi) e−λi , (6.9)

with the parameter

λi = 5jm
ρlU0

(1 + 0.36We0.48)2. (6.10)

Figure 6.3(a) and (b) shows the wet area probability and drop interaction
probability obtained in Eqs. (6.8)-(6.10) as a function of the diameter D0
for various mass flux density jm. Correspondingly, Fig. 6.4 and Fig. 6.5 il-
lustrate a random drop distribution onto a well-defined area computed by
Monte Carlo methods (based on the previous analysis) to graphically outline
the drop interaction statistic during spray cooling. The computations are
performed for various (a) mass flux densities jm and (b) diameter D0 of the
spray. It is obvious that for higher mass flux densities the probability that
a given point on the substrate is wetted, as well as the probability of drop
interaction, significantly increases. This can be explained by the increasing
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6.1 Drop interaction analysis

(a) jm = 1 kg/m2s (b) jm = 2 kg/m2s

(c) jm = 5 kg/m2s (d) jm = 10 kg/m2s

(e) jm = 20 kg/m2s (f) jm = 40 kg/m2s

Figure 6.4: Random drop distribution onto the hot surface during spray cooling for
various mass flux densities computed with Monte Carlo method. The constant
diameterD0 = 100µm and impact velocity U0 = 10 m/s of the spray are constant
for all cases.
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6 Spray cooling in the film boiling regime

(a) D0 = 10µm (b) D0 = 50µm

(c) D0 = 100µm (d) D0 = 300µm

(e) D0 = 500µm (f) D0 = 1000µm

Figure 6.5: Random drop distribution onto the hot surface during spray cooling
for various constant diameters computed with Monte Carlo method. The mass
flux density jm = 20 kg/m2s and mean impact velocity U0 = 10 m/s of the spray
are constant for all cases.
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6.1 Drop interaction analysis

Figure 6.6: Effective wetted substrate ratio ηwet over the mean diameter D0 for
different mass flux densities jm of the spray. (Reprinted (adapted) from Breit-
enbach et al. (2017b). c© 2017 Elsevier.)

number flux density of drops impacting onto the surface (c.f. Fig. 6.1). In
consequence, more and bigger drop clusters can be observed at higher mass
flux densities. However, Fig. 6.3 and Fig. 6.5 prove that for an increasing
diameter the probability of drop interaction increases as well, whereas the
number flux density decreases (c.f. Fig. 6.1). For instance, with a constant
drop diameter D0 = 1000µm the conditions are already close to percolation
threshold (Yarin et al., 2017), although multiple dry spots are visible. This
observation can be explained by an increasing spreading diameter and in-
creasing contact time for larger droplets which results in a higher interaction
probability.
Due to drop interactions, the actual wetted area of the substrate is smaller

than the cumulative wetted area of all the impacting drops. An effective
wetted substrate ratio is introduced as

ηwet = 1− e−λk

λk
, (6.11)

which accounts for these interactions. Figure 6.6 illustrates the dependence of
ηwet on drop diameter D0 and the mass flux density jm. As already indicated
in the Monte Carlo simulations in Fig. 6.4 and Fig. 6.5, it is obvious that
for larger drop diameters the effective wetted substrate ratio significantly
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6 Spray cooling in the film boiling regime

decreases due to rising drop interactions. This analysis is important and can
be used as a first estimation for an optimized spray solution, i.e., which mass
flux results in the lowest interaction probability and the highest heat flux.

6.2 Evaluation of heat transfer during spray
cooling

Sparse spray impact

Considering a sparse spray, where the mass flux of the spray is small, drop
interactions can be neglected. Therefore, the transferred heat from the hot
substrate to the impinging spray can be calculated based on superposition
of the transferred heat from the single drop event according to section 5.3.
The heat transfer coefficient of a sparse spray for which the effect of drop
interaction on the wall is negligibly small can be thus estimated as

αht ≈
6 jmQsd

πD3
0 ρl ∆T

, with ∆T = Tw0 − Td0. (6.12)

where Qsd is the heat removed by a single drop. With the help of Eq. (5.52)
the heat transfer coefficient is expressed in the form

αht = 8.85χ jmGew (Tw0 − Tsat)
ρl∆T (K + 2G)D1/2

0 U
1/2
0

. (6.13)

Here χ is an dimensionless constant. It accounts for the heat flux during the
later stages of drop spreading, which is not considered in the present analysis.
Since the heat flux density sharply reduces at large times, the value of χ has
to be in order of unity. The coefficient χ will be estimated by fitting to the
experimental data.

Expression (6.13) is valid only for sparse sprays for which the drop inter-
actions at the substrate is rare and spray cooling can be thus described as a
superposition of single drop impacts.

Dense spray impact

For a dense spray, however, drop interactions on the surface must be taken
into account. This will decrease the total heat flux, since the effective wetted
surface area decreases due to the drop interactions. The analysis has been
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6.2 Evaluation of heat transfer during spray cooling

Figure 6.7: Heat transfer coefficient for water spray as a function of the mass
flux densities of the spray jm. Comparison of the theoretical predictions (6.14)
with the existing experimental data for approximately the same operational con-
ditions: ∆T ≈ 700 ◦C, D0 ≈ 350µm, U0 ≈ 14 m/s. The lines represent the
theoretical predictions and the symbols present the corresponding experimental
data from literature (Auman et al., 1967; Mizikar, 1970; Müller & Jeschar, 1983;
Reiners, 1987; Wendelstorf et al., 2008a). (Reprinted (adapted) from Breitenbach
et al. (2017b). c© 2017 Elsevier.)

shown in section 6.1. The heat flux coefficient for dense spray can be obtained
by modification of the expression (6.13)

αht = 8.85χ jmGew (Tw0 − Tsat)
ρl∆T (K + 2G)D1/2

0 U
1/2
0

ηwet, (6.14)

where ηwet is determined using Eq. (6.6) and Eq. (6.11). The heat flux during
spray cooling in the film boiling regime for a dense spray finally yields

q̇spray = 8.85χ jmGew (Tw0 − Tsat)
ρl (K + 2G)D1/2

0 U
1/2
0

ηwet. (6.15)

For polydisperse sprays the values of the mean arithmetic values for diame-
ter D0 and impact velocity U0 are used in Eq. (6.13), Eq. (6.14) and Eq. 6.15,
as claimed in the experiments used for estimation of the coefficient χ. In
order to validate the model, in Fig. 6.7 the theoretical predictions are com-
pared with existing experimental data for spray water cooling heat transfer.
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6 Spray cooling in the film boiling regime

Figure 6.8: Heat transfer coefficient for water spray as a function of the mass
flux densities of the spray jm. Comparison of the theoretical predictions (6.14)
with existing experimental data for different operational conditions. The lines
represent the theoretical predictions and the symbols present the corresponding
experimental data from literature (Wendelstorf et al., 2008a; Puschmann, 2003).
(Reprinted (adapted) from Breitenbach et al. (2017b). c© 2017 Elsevier.)

The comparison of the theoretical prediction (6.14) with various experimen-
tal data for the heat transfer coefficient αht (Auman et al., 1967; Mizikar,
1970; Müller & Jeschar, 1983; Reiners, 1987; Wendelstorf et al., 2008a) is
performed for approximately the same operational conditions: ∆T ≈ 700 ◦C,
D0 ≈ 350µm, U0 ≈ 14 m/s. The lines represent the theoretical predictions
and the symbols present the corresponding experimental data from litera-
ture. The coefficient χ = 3.4 is determined by fitting to the experimental
data in Wendelstorf et al. (2008a). This parameter is the same for all the
experiments used for the model evaluation. It is important that the value
of χ is in order of unity, which indicates that the main physical mechanisms
governing the heat transfer in the impacting drop are well described in the
analysis.

In Fig. 6.8 the heat transfer coefficients are shown for different average
spray impact parameters (Wendelstorf et al., 2008a; Puschmann, 2003), while
Fig. 6.9 shows the heat transfer coefficient for various temperature difference
∆T = Tw0 − Td0 (Wendelstorf et al., 2008a).
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6.2 Evaluation of heat transfer during spray cooling

Figure 6.9: Heat transfer coefficient for water spray as a function of the mass
flux densities of the spray jm. Comparison of the theoretical predictions (6.14)
with existing experimental data for various substrate temperatures. The lines
represent the theoretical predictions and the symbols present the correspond-
ing experimental data from literature (Wendelstorf et al., 2008a). (Reprinted
(adapted) from Breitenbach et al. (2017b). c© 2017 Elsevier.)

Noteworthy is the fact that Eq. (6.14) and Eq. (6.15) correctly capture
the influence of drop size and drop velocity on the heat transfer coefficient,
since the two experiments in Fig. 6.8 differed greatly in these parameters.
Although χ was fitted to the Wendelstorf data in Wendelstorf et al. (2008a),
the good agreement to the data obtained in Puschmann (2003) confirms the
excellent predictive capability of Eq. (6.14) and Eq. (6.15). This influence of
the drop size and impact velocity on the heat transfer coefficient is a novel
finding in the modeling of spray cooling.

Furthermore, as the mass flux density jm increases, the probability of drop
interactions on the substrate increases (c.f. Fig. 6.3). This influence on
the heat transfer coefficient, embodied in the factor ηwet, leads to a light
flattening of the curves in Fig. 6.7, Fig. 6.8 and Fig. 6.9, again in excellent
agreement with the experiments.
In order to summarize the influence of the mass flux density and the sub-

strate temperature onto the heat flux, Fig. 6.10 shows a contour plot of the
heat transfer coefficient as a function of the mass flux densities jm and the
temperature difference ∆T . This graph can be used for first estimations of
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6 Spray cooling in the film boiling regime

Figure 6.10: Contour plot of the theoretical prediction (6.14): heat transfer coef-
ficient for water spray as a function of the mass flux densities of the spray jm and
the temperature difference ∆T . The spray impact conditions has been chosen:
D0 = 350µm and U0 = 14 m/s.

the heat transfer coefficient in future spray cooling applications and there-
fore it can be used as new assessment tool (instead of the pure empirical
correlation obtained in Wendelstorf et al. (2008a)).
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7 Conclusions and outlook

In the present study the non-isothermal drop and spray impact have been
investigated for various substrate and impact conditions. The research is
motivated by a wide range of industrial spray applications, such as spray
cooling or fuel injection in internal combustion engines. Even so, no universal
model has been developed up to date to predict the heat transfer and cooling
effectiveness during non-isothermal spray impact for a wide range of operating
conditions. Hence, understanding single drop impact is an important and
necessary preliminary step in the description and modeling of spray cooling,
since it is a central element of the non-isothermal spray impact process. The
present thesis has the objectives to enhance the long-term progress in utilizing
knowledge about the heat transfer arising from single drop impacts onto hot
surfaces to estimate the heat transfer involved in spray impact. The aim is
to establish more universal physics-based correlations to describe quantities
involved in the non-isothermal spray impact and cooling process.
The observed outcomes of single drop impact are classified for various im-

pact conditions according to the heat transfer regimes: single phase cooling,
nucleate boiling and thermal atomization, and film boiling. The present the-
sis underlines the observation that the hydrodynamic behavior of the drop
impact can depend strongly on the respective regime. In general the Weber
number is not adequate to capture or describe regime boundaries, since the
Weber number does not involve any aspect of heat transfer.

To describe the quantities involved in the spray cooling process, different
theoretical considerations for the various heat transfer regimes are obtained.
For the single phase cooling regime a predictive model for the heat transfer
during spreading and receding is developed, which is based on the similarity
solution and also accounts for the heat convection within the fluid. It is
shown that at high Prandtl number the heat transfer is mainly determined
by the instantaneous wetted area as long as the effect of evaporation is minor.
The model is extended to multiple drop impacts and predicts the decrease of
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7 Conclusions and outlook

heat flow due to interaction and coalescence of drops onto the hot substrate.
In the nucleate boiling regime, characterized by an intensive heterogeneous
nucleation and bubble generation which lead to contact line pinning, the
heat transfer is analyzed theoretically. The analysis of the heat transferred
from the substrate to the drop leads to the estimation of the typical time
of drop evaporation. Both quantities are of paramount importance for spray
cooling applications, since they can used to determine a first approach for an
optimum spray. The analysis shows that, except for very sparse sprays, drop
interaction and film accretion have to be taken into account for the nucleate
boiling regime.

Observations from the present thesis allow to introduce the thermal atom-
ization regime. The phenomenon is characterized by the dewetting of the
substrate, caused not by rim dynamics but induced by thermal effects, and
an intensive evaporation leading to a fine secondary spray. The characteristic
velocity of the spray is scaled well with the theoretical vapor velocity. It is
additionally shown that the Weber number, often used as a breakup thresh-
old for splashing drops, is not a relevant parameter for the description of
the thermal atomization threshold. For the film boiling regime a theoretical
model for the heat transfer of an impinging single drop is developed, based
on heat conduction in the solid wall, heat convection in the spreading drop
and evaporation of the liquid phase, leading to the creation of a thin vapor
layer. The thickness of the vapor layer increases with the square root of time
and it is independent of the impact velocity. Consequently, the main part
of the heat is transferred during the initial stages of drop impact where the
vapor gap is at its thinnest, because it is inverse proportional to the vapor
layer thickness. However, the total heat removed by one single drop is influ-
enced by the impact velocity as well as the drop diameter since it influences
the spreading dynamics. Furthermore, it can be concluded that the thermal
effusivity of the solid substrate is one of the most important material prop-
erties to enhance heat transfer rates. Moreover, the same dependence can be
equally seen for all the other boiling regimes.

The theoretical model for a single drop impact in the film boiling regime
is applied to spray impact. An expression for the heat transfer coefficient
is obtained, which predicts cooling even for a dense spray, since it accounts
for drop interactions on the substrate surface. Due to drop interactions the
wetted area of the substrate decrease, which leads to a decrease in heat
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Figure 7.1: Summary: state of the art in terms of cooling regimes. (Reprinted
(adapted) from Breitenbach et al. (2018b), with permission of Springer Nature.
c© 2018 Springer Nature.)

transfer. This interaction analysis is important to determine whether the
spray is sparse or dense. It is shown that for higher mass flux densities and
larger drop diameters the drop interaction probability significantly increases
and drop interactions have to taken into account. Furthermore, it can be
concluded that drop size and velocity of the spray have an significant influence
onto the cooling efficiency of the spray. This drop size and velocity influence
on the heat transfer is a novel finding in the modeling of spray cooling.
The extent to which data about single drop impacts can be used for spray

impact depends primarily on the wetted surface area. For sprays in which
the drop number density is low enough such that little drop interaction on
the substrate arises, superposition of the single drop data can be used, in-
corporated into a statistical model for drop impact. This model is based on
random spatial Poisson distribution of drops, but emphasizes the strong in-
fluence of both drop size and drop velocity on the overall heat transfer. Such
an approach is shown to be successful for the single phase cooling (multi-
ple drop impact) and the film boiling regimes (spray impact), whereas some
further developments are still necessary for nucleate boiling.
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7 Conclusions and outlook

Once the drop number density of the spray exceeds the limit at which a
continuous film develops on the substrate, the situation becomes much more
complicated. A review in the present literature indicates that under such
conditions the hydrodynamics of drop impact onto a film are well described
(Cossali et al., 1997; Weiss & Yarin, 1999; Yarin et al., 2017), but only rough
estimates of the heat transfer can be made to date. For those conditions
more work has to be done in future. On the other hand, for the film boiling
regime a very promising model for heat transfer for sprays of high mass flux
densities is introduced and verified in this thesis.

The results from the present thesis can be used for optimizing spray cooling
efficiency. Figure 7.1 summarizes the current standing in terms of cooling
regimes and whether single drops, multiple drop impacts or spray impact
is examined. The state of the art is roughly given as the degree to which
physics-based analytic models are now available.

One of the most challenging situations for which no adequate models are
currently available is high mass flux sprays in the nucleate/transition boiling
regime. For these conditions correlations are still highly empirical in nature.
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Nomenclature

Small Greek Characters

αht W/m2K heat transfer coefficient

αi m2
/s thermal diffusivity of phase i ∈ [v, w, l]

β m
√

s thermodynamic factor

χ − adjustable coefficient

δte s exposure time

δxpx m spatial resolution

δi m thermal boundary layer in phase i ∈ [w, l]

δνl m viscous boundary layer in liquid

η(t) − area ratio factor

ηwet − effective wetted substrate ratio

γl S/m electrical conductivity of liquid

λi − Poisson parameter for interaction probability

λi W/mK thermal conductivity of phase i ∈ [v, w, l]

λk − Poisson parameter for wetting probability

λ1,2 m wavelength of the light source 1, 2

ν m/s2 kinematic viscosity of liquid

ν0 m/s2 kinematic viscosity of liquid at room temperature

φ rad off-axis angle
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Nomenclature

π − Archimedes constant

ψ rad elevation angle

ρi kg/m3 density of phase i ∈ [v, w, l]

σ N/m surface tension

τ s time delay / time constant

θ rad beam intersection angle

θc deg contact angle

ϑ m ϑ-coordinate

ξ − similarity variable

ζ − dimensionless coefficient

Capital Greek Characters

∆Φ12 deg phase difference

∆H0 J/kg enthalpy difference

∆l m distance between two points

∆T ◦C temperature difference between substrate and fluid

∆Tw ◦C superheated wall temperature

∆z m height above impact surface

Λ − dimensionless impact number

Θ − scaled wall temperature

Small Roman Characters

a0 m focal plane

af m far point

aH m hyperfocal distance
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Nomenclature

an m near point

b m distance between two drops

c m circle of confusion

cp J/kgK heat capacity

d m drop diameter (secondary spray)

d10 m mean diameter (secondary spray)

d32 m Sauter mean diameter (secondary spray)

dL m diameter of the aperture

dN m needle diameter

dp m particle diameter

e − spacing parameter

ei J/Km2√s thermal effusivity of phase i ∈ [v, w, l]

f m focal length

fD 1/s Doppler frequency

g m/s2 gravitational constant

g(ξ) − dimensionless function

h(t) m vapor layer thickness

hl0 m thickness of the evaporating layer

hl m lamella thickness

h̄l − dimensionless lamella thickness

ĥfilm m average film thickness

hres m residual lamella thickness

jm kg/m2s spray mass flux
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Nomenclature

k − f-number of the lens

kd − adjustable coefficient

kl − adjustable coefficient

kw − adjustable coefficient

n − number of drops

nr − relative refractive index

p Pa pressure

q̇ W/m2 heat flux

〈q̇〉 W/m2 time averaged heat flux

q
′′

∗ − dimensionless critical heat flux

r m r-coordinate

t s time

t̄ − dimensionless time

t0 s inception instant of the thermal boundary layer

tc s contact time

t̄c − dimensionless contact time

ti s initial time

tmax s time at maximum spreading

tσ s typical time of capillary oscillations

tw s bubble waiting time

ud m/s drop velocity (secondary spray)

up m/s particle velocity

uv m/s vapor velocity
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Nomenclature

v m/s film flow velocity vector

vr m/s film flow velocity in r-direction

vz m/s film flow velocity in z-direction

x m x-coordinate

y m y-coordinate

z m z-coordinate

Capital Roman Characters

Ac m2 contact area

Ad m2 cross-sectional drop area

Ae m2 cumulative wetted area

Ā(t) − dimensionless function

B − dimensionless coefficient

Bom − modified boiling number

Ca − capillary number

D0 m initial drop diameter

D32 m Sauter mean diameter (impinging spray)

Dc m contact (spreading) diameter

Dmax m maximum spreading diameter

Dmax − spreading factor

DOF m depth of field

E∗ − scaled heat

ES J surface energy

G − dimensionless coefficient
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Nomenclature

I (Prl) − dimensionless function

Ja − Jakob number

K − K-number

K − dimensionless coefficient

L J/kg latent heat of evaporation

Ṅ 1/m2s number flux density

Nu − Nusselt number

Oh − Ohnesorge number

P − probability

PD − probability density function

Pe − Peclet number

Prl − Prandtl number

Q̇ W heat flow

Q J heat

R m radius

R̄ − dimensionless radius

R − dimensionless contact time

Ra m arithmetic average height

RB m bubble radius

Rd(t) m drop spreading radius

Re − Reynolds number

Rmax m maximum spreading radius

Rsm m root mean square roughness
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Nomenclature

Rpk m mean height of peaks

St − Stanton number

Ti ◦C temperature of phase i ∈ [w, l, s]

Tc ◦C contact temperature

TdL ◦C dynamic Leidenfrost temperature

Td0 ◦C initial drop temperature

Tsat ◦C saturation temperature

TsL ◦C static Leidenfrost temperature

Tw0 ◦C initial substrate temperature

U − dimensionless heat flux

U0 m/s initial impact velocity

Umax m/s maximum velocity

V̇
′′

m3s−1
/m2 local volumetric flux

W m/s momentum flux averaged velocity

We − Weber number

Shortcuts

atom atomization

break breakup

corona corona splash threshold

crit critical

DOF depth of field

l liquid fluid

prompt prompt splash threshold
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Nomenclature

rec receding

s spray

sd single drop

spr spreading

v vapor layer

w solid substrate
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