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Abstract
This thesis is devoted to experimental investi-
gation of hydrodynamics and heat transport
during the impingement of a single drop and
multiple drops onto a wall, whose tempera-
ture is above the liquid saturation tempera-
ture and below the onset of nucleate boiling.
The drop impingement onto heated surfaces
occurs in many industrial applications, for
instance, spray cooling, which is considered
among the most efficient cooling methods.
By considering the fact that spray systems are
comprised of an enormous number of interact-
ing drops, a detailed characterization of fluid
dynamics and heat transport mechanisms dur-
ing the impact of individual drops throughout
spraying process is complicated. Thus, many
studies concentrate on fluid dynamics and
heat transport mechanisms of a single drop
or a group of drops impacting onto a surface
under well-controlled conditions to obtain de-
tailed knowledge of underlying physics of the
spray cooling process.
Although the drop dynamics during the
isothermal drop impingement (non-heated
surface) has been widely studied in the past
decades, the fluid dynamics and heat transfer
to the drop during the impingement process
in the non-isothermal case (heated surface),
in which evaporation plays a crucial role is not
fully understood yet. Numerous studies on
pool boiling and meniscus evaporation have
reported a temperature minimum and accord-
ingly, a huge evaporation rate in proximity
of the three-phase contact line, where solid,
liquid, and gas phases meet each other. The
evaporation in this region constitutes a sig-
nificant fraction of the overall heat transfer.
Hence, any alteration in physical or thermody-
namical parameter on the three-phase contact

Kurzfassung
Diese Arbeit widmet sich experimentellen Un-
tersuchungen zur Hydrodynamik und zum
Wärmetransport beim Aufprall eines einzel-
nen sowie mehrerer Tropfen auf eine Wand,
deren Temperatur oberhalb der Sättigungs-
temperatur der Flüssigkeit und unterhalb
des Blasensiedebeginns liegt. Der Tropfen-
aufprall auf beheizte Oberflächen kommt in
vielen industriellen Anwendungen vor, z.B.
bei der Sprühkühlung, die als eine der ef-
fizientesten Kühlmethoden gilt. In Anbe-
tracht der Tatsache, dass Sprühsysteme aus
einer enormen Anzahl von interagierenden
Tropfen bestehen, ist eine detaillierte Charak-
terisierung der Fluiddynamik und der Wärme-
transportmechanismen während des Auftref-
fens einzelner Tropfen während des Sprühvor-
gangs kompliziert. Daher konzentrieren sich
viele Studien auf die Fluiddynamik und der
Wärmetransportmechanismen eines einzel-
nen Tropfens, der unter gut kontrollierten
Bedingungen auf eine Oberfläche auftrifft,
um detaillierte Kenntnisse über die zugrunde
liegende Physik des Sprühkühlungsprozesses
zu erhalten.
Obwohl die Tropfendynamik während des
isothermen Tropfenaufpralls (nicht beheizte
Oberfläche) in den letzten Jahrzehnten um-
fassend untersucht wurde, ist die Fluiddy-
namik und der Wärmeübergang auf den
Tropfen während des Aufprallprozesses im
nicht-isothermen Fall (beheizte Oberfläche),
bei dem die Verdampfung eine entschei-
dende Rolle spielt, noch nicht vollständig
verstanden. Zahlreiche Studien zum Be-
hältersieden und zur Meniskusverdampfung
haben ein Temperaturminimum und de-
mentsprechend eine hohe Verdampfungsrate
in der Nähe der Dreiphasen-Kontaktlinie, wo
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line could strongly affect the overall heat
transfer. Some examples of influencing pa-
rameters are wall superheat, impact velocity,
drop size, system pressure, and surface mor-
phology. These parameters also affect the
convection, considered to be the main heat
transfer mechanism at the early stages of drop
impingement. Therefore, the effects of afore-
mentioned parameters on fluid dynamics and
heat transport are investigated in the scope
of this thesis.
This study employs a high-resolution tem-
perature measurement technique, allowing
high temporal and spatial resolution of the
heat flux. It is an accurate and detailed ap-
proach to investigate the drop hydrodynamics
and heat transport mechanism during non-
isothermal drop impact.
The experimental results reveal that higher
wall superheats, higher impact velocities,
larger drop diameters, and lower system pres-
sures each result in increasing heat flow to
the drop after the impingement. The maxi-
mum spreading radius after impingement in-
creases with the increase of impact velocity
and impact diameter, and decreases with the
increase of wall superheat and system pres-
sure. Besides, the impact of a drop onto a
porous surface is accompanied by lower heat
flow at the early stages of impact, while it
enhances significantly at the late stages of im-
pact. The heat flow enhancement is due to
the large solid–liquid contact area caused by
the drop pinning effect.
The last part of the thesis focuses on impinge-
ment of multiple drops onto a superheated
wall as it represents a next step in model-
ing of spray systems compared to a single
drop impact. Multiple drop impingement is
far less investigated than the single drop im-
pingement due to its complexity of the fluid
mechanic and heat transfer mechanisms. In
this thesis, hydrodynamics and heat transport
during vertical and horizontal coalescence of
multiple drops (successive and simultaneous
drop impact) over a heated surface are ad-

feste, flüssige und gasförmige Phasen
aufeinander treffen, festgestellt. Die Ver-
dampfung in diesem Bereich macht einen si-
gnifikanten Anteil am gesamten Wärmeüber-
gang aus. Diese Parameter wirken sich auch
auf die Konvektion aus, die als Hauptwärme-
transportmechanismus in den frühen Phasen
des Tropfenaufpralls gilt. Daher kann jede
Änderung der physikalischen oder thermo-
dynamischen Parameter an der Dreiphasen-
Kontaktlinie den gesamten Wärmeübergang
stark beeinflussen. Einige Beispiele für beein-
flussende Parameter sind Wandüberhitzung,
Aufprallgeschwindigkeit, Tropfengröße, Sys-
temdruck und Oberflächenmorphologie. Da-
her werden im Rahmen dieser Arbeit die
Auswirkungen der genannten Parameter auf
die Fluiddynamik und den Wärmetransport
untersucht.
In dieser Studie wird eine hochauflösende
Temperaturmesstechnik eingesetzt, die eine
hohe zeitliche und räumliche Auflösung des
Wärmestroms ermöglicht. Es handelt sich
um einen genauen und detaillierten Ansatz
zur Untersuchung der Hydrodynamik des
Tropfens und des Wärmetransportmechanis-
mus beim nicht-isothermen Tropfenaufprall.
Die experimentellen Ergebnisse zeigen, dass
höhere Wandüberhitzungen, höhere Auf-
prallgeschwindigkeiten, größere Tropfen-
durchmesser und niedrigere Systemdrücke
jeweils zu einem zunehmenden Wärme-
strom zum Tropfen nach dem Aufprallführen.
Der maximale Ausbreitungsradius nach dem
Aufprall nimmt mit der Erhöhung der
Aufprallgeschwindigkeit und des Aufprall-
durchmessers zu und sinkt durch die Er-
höhung der Wandüberhitzung und des Sys-
temdrucks. Außerdem kommt es beim Auf-
prall eines Tropfens auf eine poröse Ober-
fläche zu einem geringeren Wärmestrom in
den frühen Phasen des Aufpralls, während er
in den späten Phasen des Aufpralls deutlich
zunimmt. Die Erhöhung des Wärmestroms
ist auf die große Fest-Flüssig-Kontaktfläche
zurückzuführen, die durch den Tropfen-
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dressed, as well.
The investigations reveal that the solid–liquid
contact area and accordingly heat flow rise
after successive impacts. However, drop coa-
lescence during simultaneous drop impinge-
ment delivers lower heat flow in comparison
with non-coalescence cases.
The experimental results of single drop im-
pact onto a bare heater and at atmospheric
pressure are compared against the numerical
model developed in the author’s institute. A
good agreement between measurements and
model predictions has been observed. The
simulation results are used to present a more
accurate analysis and interpretation of the
experimental results.

Pinning-Effekt verursacht wird.
Der letzte Teil der Arbeit konzentriert sich
auf das Auftreffen mehrerer Tropfen auf eine
überhitzte Wand, da dies industrielle Sprüh-
systeme besser beschreibt, als das Auftref-
fen einzelner Tropfen. Der Mehrfachtropfen-
aufprall ist aufgrund der Komplexität der
Strömungsmechanik und der Wärmeüber-
tragungsmechanismen weit weniger unter-
sucht als der Einzeltropfenaufprall. In
dieser Arbeit werden auch die Hydrody-
namik und der Wärmetransport während
der vertikalen und horizontalen Koaleszenz
mehrerer Tropfen (sukzessiver und gleichzeit-
iger Tropfenaufprall) auf einer beheizten
Oberfläche behandelt.
Die Untersuchungen zeigen, dass die Fest-
Flüssig-Kontaktfläche und damit der Wärme-
strom nach aufeinanderfolgenden Aufprall-
vorgängen ansteigen. Allerdings liefert
die Tropfenkoaleszenz beim gleichzeitigen
Tropfenaufprall einen geringeren Wärme-
strom im Vergleich zu den Fällen ohne Ko-
aleszenz.
Die experimentellen Ergebnisse des Einzel-
tropfenaufpralls auf einen glatten Heizer
und bei atmosphärischem Druck werden mit
einem numerischen Modell verglichen, das
im Institut des Autors entwickelt wurde. Es
wurde eine gute Übereinstimmung zwischen
den Messungen und den Modellvorhersagen
beobachtet. Die Simulationsergebnisse wer-
den verwendet, um eine genauere Analyse
und Interpretation der experimentellen Ergeb-
nisse zu präsentieren.
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1 Introduction
1.1 Motivation

The impact of drops onto dry solid surfaces or a liquid film has been studied for over a century,
not only because of the numerous physical phenomena of fundamental interest involved but
also due to its importance in various technical applications such as spray cooling, spray painting,
combustion systems, coating processes, steam turbine blade operations, etc. Early studies of
the impact process were largely phenomenological in nature, determining relevant parameters
influencing the spreading of the liquid film on the surface and also the final outcome of the
impact. The recent studies attempt to quantify the influence of individual parameters in order to
attain predictive capabilities of the impact process.

Despite numerous drop impact studies in past decades, the hydrodynamics of drop impacting
onto a solid wall or a liquid film is still not fully understood, especially when heat transfer and
evaporation during the impingement process are coupled with hydrodynamics. Lack of knowledge
in non-isothermal drop impact hinders the prediction of the spray cooling phenomenon, where
numerous drops interact with a dry or partially wetted hot surface. In spray cooling, the
interaction between fluid and solid is a key parameter affecting heat transfer performance.

Air-Free Convection

Florochemical Liquids-Forced Convection

Heat Transfer Coefficient (W cm−2°C−1)

Florochemical Liquids-Boiling Heat Transfer

Water-Forced Convection

Water-Boiling Convection

Jet Impingement-Fluorinerts

Spray Impingement-Fluorinerts

Spray Cooling-Water

Air-Forced Convection

0.00057 0.0057 0.057 0.57 5.7 57

Figure 1.1.: Heat transfer coefficient for cooling techniques [1].

As depicted in figure 1.1, the heat transfer coefficient of spray cooling is between 1 and 4 orders
of magnitude larger than that of single-phase natural or forced convective heat transfer. It
performs even better than other two-phase cooling methods such as nucleate boiling while at
the same time a reduced amount of fluid is needed [2]. Therefore, spray cooling technology is
widely used in many technical applications, in which extremely high heat fluxes are required
to be dissipated. Examples are die forging and hot rolling [3], light-water reactors [4], as well
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as cryogenic cooling of human tissue [5]. Moreover, spray cooling is a promising technique for
cooling of electronic devices (e.g., computer chips and sensors) [6], since miniaturization and
breakthrough developments of these devices lead to continuously increasing the heat produced
per unit area. In order to prevent the damages of such devices, heat removal from their surfaces
should be uniform.

To comprehend the spray cooling operation, the investigation of relevant basic processes such as
single drop impact, drop coalescence during the impact of multiple drops onto a heated solid
dry wall or a liquid film becomes significant. Extensive research studies on single drop impact
over non-heated and heated surfaces are available in the literature. However, the impact of
multiple drops has not been sufficiently studied yet due to additional complexity associated with
the underlying physics of these drop systems compared to the single drop impact. The present
work deals with the experimental investigation of a single drop and multiple drops impinging
onto a heated surface.

There are several methods to enhance heat transfer during spray cooling or pool boiling sig-
nificantly. One promising and low-cost method is the surface modification, e.g., by using an
electrospun nanofiber mat. Accordingly, a single drop impact onto a heated surface covered with
an electrospun nanofiber mat is also addressed in the framework of this study.

In order to enhance the basic knowledge regarding the single and multiple drop impact in terms
of hydrodynamics and heat transfer, numerous experiments and parametric studies are aimed in
this work. This work employs a high temporal and spatial resolution temperature measurement
technique to drive the heat flux with a high resolution. This is essential for obtaining detailed
knowledge of hydrodynamics and heat transfer during the impact of one drop or a group of
drops onto a heated surface. Together with an appropriate model, these experimental results
can contribute to better understanding of the mechanisms of spray cooling that could be used
for the improvement of spray systems in the future. This can be considered as a step towards a
better understanding of the underlying physics occurring in spray cooling and, in general, any
technologies where drop–wall interaction is relevant.

1.2 Structure of the thesis

A summary of the content and scope of the chapters presented in this thesis is given in the
following:

Chapter 1 contains a short introduction to various cooling techniques and the motivation of this
work. It is shown that spray cooling is considered among the most effective methods for heat
removal applications, and to comprehend the underlying physics in spray systems, investigations
of the influence of governing parameters on hydrodynamics and heat transport during drop–wall
and drop–drop interactions are essential.

Chapter 2 describes the thermodynamic and hydrodynamic phenomena followed by regime
classification under different substrate temperatures and impact conditions during drop impact
onto a heated surface. Then the scope of this thesis is defined within the wide field of single and
multiple drop impingement regimes. A brief overview of the existing numerical and experimental
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works from the literature is presented. At the end of this chapter, the objectives of this thesis are
outlined.

Chapter 3 provides a detailed description of the experimental concept. A survey of available
drop generation methods and high resolution temperature measurement techniques with respect
to the measurement task is given. The experimental setup and procedure are introduced along
with the parameter space for which experiments have been conducted. The applied measurement
methods are described along with the data treatment and data reduction techniques.

Chapter 4 is devoted to a brief description of the numerical model employed for the simulation
of the single drop impingement onto a superheated surface. This chapter also contains the
relevant assumptions and equations related to the heat and fluid flow in micro and macro scales
during drop impingement.

In Chapter 5, the main results of this thesis are presented. The results are divided into single and
multiple drop impingement sections. Initially, the influence of wall superheat, impact velocity,
impact diameter, system pressure, and surface structure on hydrodynamics and heat transport
during the impingement of a single drop onto the heater substrate are presented. Following
that, the multiple drop impingement, where the drops coalescing either vertically or horizontally
over the heater substrate, are presented. For the former mode (i.e., vertical coalescence), the
influence of wall superheat and drop generation frequency are discussed, whereas for the latter
(i.e., horizontal coalescence), the influence of spacing parameter, wall superheat, and the time
interval between the impact are given.

Chapter 6 is the closing section, which contains a summary of the thesis, the main findings and
an outlook for future research.

1.2. Structure of the thesis 3





2 State of the art
Section 2.1 in the present chapter provides phenomenological description of the single drop
impingement phenomena and introduces the governing dimensionless parameters. A literature
review of single and multiple drop impingement is outlined in Section 2.2. The chapter is
concluded with the aims and objectives of the present thesis in Section 2.3. Parts of the following
Sections are published in [7].

2.1 Single drop impingement phenomena and governing dimensionless parameters

The phenomenology of the drop impingement process depends upon the boundary and initial
conditions. In the following, the classification of various possible scenarios according to these
boundary and initial conditions is described, and the relevant conditions used in the current
study is given. Thereafter, possible impingement outcomes are outlined.

The outcomes of isothermal single drop impact depend upon the impact Reynolds number, which
expresses the ratio of the inertial and viscous forces:

Re =
ρlD0u0

µl
, (2.1)

the Weber number, which represents the ratio of the inertial and surface tension forces:

We =
ρlD0u2

0

σ
, (2.2)

the Bond number, which expresses the ratio of the gravitational force and surface tension force:

Bo =
ρl gD2

0

4σ
, (2.3)

the surrounding gas pressure, and the surface morphology and wettability. In these definitions, D0

denotes the drop diameter, u0 is the impact velocity, ρl and µl are the liquid density and dynamic
viscosity, respectively, σ is the surface tension, and g denotes the gravitational acceleration.
In some cases, it is more convenient to work with combinations of the Reynolds and Weber
numbers. Among these combinations are the capillary number

Ca =
We
Re
=
µlu0

σ
, (2.4)

and Ohnesorge number:

Oh=
p

We
Re

=
µl
p

ρlD0σ
. (2.5)
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For the description of the phase change heat transfer, the Jakob number is typically applied. This
number represents the ratio of sensible heat and latent heat transferred during the heat transport
and phase change process:

Ja =
cl(Tw − Tsat)

hlv
, (2.6)

where Tw and Tsat are the temperature at the heater wall and saturation temperature of the
liquid, respectively. cl denotes the specific heat and hlv the enthalpy of vaporization of the liquid.

The thermal properties of the liquid are represented by the Prandtl number, which is the ratio of
the viscous diffusion rate and thermal diffusion rate:

Pr =
ν

α
=
µlcl

λl
, (2.7)

where ν is kinematic viscosity, α thermal diffusivity, and λl thermal conductivity of the liquid.

The dimensionless time, τ, which represents the ratio of the inertial time scale and actual time is
defined as follows:

τ=
u0 t
D0

, (2.8)

where t denotes the time. The spreading ratio, S, is defined as:

S =
Dcl

D0
, (2.9)

where Dcl denotes the diameter of the wetted region.

The dimensionless cumulative heat flow is defined as the ratio of the cumulative heat flow
transferred to the drop, E, and the amount of energy required to evaporate it completely

E∗ =
6E

πρlD
3
0 hlv

. (2.10)

The dimensionless representation of heat flow is given by the derivative of E∗ with respect to the
dimensionless time via

Q̇∗ =
6Q̇

πρlD
2
0 u0hlv

, (2.11)

where Q̇ denotes the total heat flow at the liquid–solid interface.

2.1.1 Classification of impingement scenarios

Figure 2.1 presents an overview of possible combinations of hydrodynamic boundary conditions
for single and multiple drop impingement inspired by [8, 9]. Different scenarios can be defined
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based on liquid drop shape, hydrodynamic condition, drop composition, drop impact mode and
configurations, impact angle, and the constitution of the target surface.

yielding

deep

impact direction:

surface:

drop impact mode:

single drop impact multiple drop impact

simultaneous; successive; random;

uniform impact uniform impact non-uniform impact
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hydrodynamic condition
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Figure 2.1.: Classifications of possible impingement scenarios inspired by [8, 9]. The conditions
relevant to this thesis are indicated by red-dashed boxes.

The focus of this thesis is on spherical drops of a pure liquid without internal circulation and
oscillation. In fact, the slight deformation or oscillation of the drop, especially at high system
pressures due to low liquid density and surface tension, and in high drop generation frequencies
due to fast production of the liquid drop, is undeniable. The working fluid used in this study is a
Newtonian fluid.
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In terms of drop impact mode and configurations, the normal impact of single and multiple
drops is considered in this study. In the case of multiple drop impact, the vertical and horizontal
coalescence of two drops with uniform impact parameters are taken into account.

The target surface is plane and rigid, whose deformation after the impact is negligible. The
investigations have been performed for both smooth and rough surfaces (heater covered with a
porous nanofiber mat).

Isothermal drop impact

The hydrodynamic behavior of isothermal drop impact is governed by the impact parameters
(e.g., impact velocity and impact diameter) and surface properties of the wall. Figure 2.2 shows
the systematic classification of impact outcomes for an isothermal drop impact, which have been
observed in the work of Rioboo et al. [10].

deposition

prompt splash

corona splash

receding break-up

partial rebound

complete rebound

present study

Figure 2.2.: Impingement morphologies over a dry wall. Image courtesy: Yarin [11] and originally
published in [10]. The outcome relevant for the present thesis is indicated by a
red-dashed box.

If the inertia of the drop is far below the viscous effects, i.e., low Re numbers, the drop deposition
is observed. This regime is accompanied by no instabilities and no secondary drop during the
entire impingement process. The drop impingement event during this regime can be divided
into three subsequent phases: i) the drop spreading phase, ii) the drop receding phase, and iii)
the sessile drop phase. In the drop spreading phase, where liquid motion is dominated by inertia
forces, the contact line moves radially outwards. In this phase, a rim is formed near the contact
line enclosing a thin liquid film near the center of the drop, called the lamella. This process ends
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as soon as the contact line reaches its maximum due to the dissipation of kinetic energy. In the
receding phase, the contact line starts to shrink. The surface tension is the driving force in this
phase, which tends to minimize the surface area of the liquid. Since the kinetic energy increases,
the contact line radius might reach a smaller value than that corresponding to the equilibrium
form. The contact line moves again outward, and this oscillation phenomenon might be repeated
until the drop reaches the equilibrium state, which corresponds to the sessile drop phase.

However, if the receding velocity is fast enough, the rebound of the liquid drop can be observed.
In the case of a partial rebound, the initial drop is divided into a large secondary drop leaving the
surface, and a liquid residual sitting over the surface. If the surface is superhydrophobic, i.e., the
receding contact angle is large, the liquid drop leaves the surface completely. This phenomenon
is referred to as complete rebound [10]. If the dynamic contact angle at the end of the spreading
phase is very small (close to zero), the receding contact line will lead to the formation of several
small secondary liquid drops on the surface, resulting in receding break-up.

Splashing occurs if the inertia of the drop dominates the viscous and capillary forces. In this
regime, small secondary drops are generated near the contact line and during the spreading
phase. Two types of splashes have already been reported; i) prompt splash and ii) corona splash.
The prompt splash is observed only for rough surfaces and is characterized by the generation of
the secondary drops at the beginning of the spreading phase; when the lamella has a high radial
velocity. The corona splash is observed at a later stage of the impact process, where a crown
is formed away from the solid surface, which then breaks up into small drops. Many studies
proposed a characteristic K number as an appropriate measure for identifying the transition from
the deposition to the splashing regime. The K number is defined as

K =We1.2Ca−0.4 =We Oh−0.4 =We0.8Re0.4 . (2.12)

The probability of splashing increases with the value of K . The typical threshold is Ksplash = 657
[12], but it is strongly influenced by surface roughness [10]. This value corresponds to the
impact velocity of u0 ≈ 0.6 m s−1 for the millimeter-sized FC-72 drops used as the working fluid
in this study. The experiments of the present study are conducted in the drop deposition regime,
i.e., the impact velocities are always kept below 0.6 m s−1.

However, the characteristic K number is applicable only for a narrow range of drop impact
parameters. Recent experimental observations of Roisman et al. [13] suggested the following
correlations for the boundary between drop deposition and corona splash:

Ca = 0.067+ 0.60 Oh0.35 , for Re < 450 , (2.13)

Oh= 0.0044 , for Re > 450 . (2.14)

The impact parameters set in present study lead to moderate Re (1070 < Re < 2500) and We
(20<We < 66) numbers. The Oh number is less than 0.0044 and, according to equation 2.14,
leads to the drop deposition regime.
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Non-isothermal drop impact

In non-isothermal drop impact, besides the impact parameters and the substrate properties, wall
temperature plays a crucial role influencing both impact dynamics and heat transfer performance.
Figure 2.3 shows the evaporation time and classification of the impingement outcomes with
respect to the thermal boundary conditions. In general, six distinct heat transfer regimes, namely
a) subcooled deposition, b) superheated deposition, c) nucleate boiling, d) transition boiling, e)
thermal atomization, and f) film boiling can be identified depending on the wall temperature.
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hot substrate

liquid film

nucleate boiling

hot substrate

liquid film

transition region

hot substrate

liquid film
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hot substrate

liquid film

film boiling

hot substrate
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Figure 2.3.: Heat transfer regimes associated with a drop impinging a hot wall: (a) subcooled
deposition, (b) superheated deposition, (c) nucleate boiling, (d) transition boiling, (e)
thermal atomization, and (f) film boiling (B/W images are reprinted from [14]). The
corresponding regime relevant for this thesis is indicated by the red line.

For a wall temperature below the liquid saturation temperature, the drop evaporation is driven
by the diffusion of the vapor through the surrounding atmospheric air. In this regime, which is
referred to as subcooled deposition (a), the drop evaporation time takes long due to the slow
evaporation process caused by low wall temperature.

Superheated deposition (b) refers to the drop impinging onto a surface, in which the temperature
is above the saturation temperature and is below the onset of boiling. Within the superheated
deposition regime, the drop disappears faster due to intense evaporation. In this regime, the
evaporation is determined not only by the vapor diffusion through the surrounding atmosphere
but also by the heat transfer from the surface towards the drop.

If the surface temperature further increases, an array of growing bubbles nucleates on the
substrate. This regime is referred to as nucleate boiling (c), in which the drop evaporates faster
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than both aforementioned regimes. In this regime, the drop lifetime decreases with surface
temperature, while the number of the created bubbles increases.

The transition regime (d) appears by a further increase of wall temperature and is characterized
by a high density of bubbles coalescing before collapsing. The coalescence of the bubbles and
formation of larger vapor regions partially separating the liquid from the wall becomes vigorous
with the increase of surface temperature. This phenomenon increases the drop lifetime within
the transition regime.

Recent observations unveiled a new regime called thermal atomization (e). The surface tempera-
ture in this regime is close to/and smaller than Leidenfrost temperature. If the Re number is
high enough, the drop impact is accompanied by the generation of a fast vertical spray of fine
secondary drops [15, 16].

Within the film boiling regime (f), the surface temperature is above the Leidenfrost temperature,
which is defined as the minimum surface temperature. The drop lifetime at this temperature
is maximal. Due to the high temperature difference between wall and drop, a film of vapor
develops between the wall and liquid, preventing any direct contact between the liquid drop and
wall surface. Due to the poor thermal conductivity of the vapor film, the heat transfer towards
the drop reduces, and, accordingly, the drop evaporation takes longer within this regime.

In this study, the case of superheated deposition is addressed, i.e., the initial wall surface
temperature is above the liquid saturation temperature but below the temperature corresponding
to the onset of boiling (see the red curve in Fig. 2.3).

2.2 Review of single and multiple drop impingement

Many studies address the isothermal drop impact, where heat transfer and evaporation are
not taken into account. In such a case, the hydrodynamic behavior is governed by the impact
parameters (e.g., impact velocity and impact diameter), liquid material properties, surrounding
gas pressure, surface morphology, and wettability. As comprehensively described by Rioboo
et al. [10], Yarin [17], Marengo et al. [18], Yarin et al. [19], and already mentioned in Section
2.1.1, various regimes such as drop deposition, prompt splash, corona splash, receding breakup,
partial rebound, and rebound can occur depending on the Re and We numbers. The maps of
drop impact outcomes for different Re and We numbers are depicted in the mentioned studies.

Fukai et al. [20] performed numerical calculations of the isothermal drop impact using the
moving mesh approach, while the gas phase was not included in their investigations. They
documented the effects of impact velocity, drop diameter, surface tension, and material properties
on the fluid dynamics of the deforming drop. The computational framework of Fukai et al.
concerning the isothermal drop impact formed the basis of the work of Zhao et al. [21], who
included the heat transfer term in their numerical calculations and studied the non-isothermal
drop impact in detail. They determined the temperature fields developing in both the liquid
drop and the substrate during the impact. They also found that the convection effects on the
temperature field development are important. These effects lead to radial temperature variation
during the spreading, especially in high impact velocities.

2.2. Review of single and multiple drop impingement 11



Wall temperature plays a significant role in the non-isothermal drop impingement, resulting
in six distinct regimes explained in detail in Section 2.1.1. The following section addresses an
overview of the former studies on single and multiple drop impact, whereby special attention is
paid to the superheated deposition regime, which is the main focus of this thesis.

a) Subcooled deposition

In this regime, the wall temperature is below liquid saturation temperature, which results in
a slow drop evaporation, and, accordingly, large drop lifetime. Most of the investigations in
this regime are limited to the sessile drop evaporation. Erbil [22] published an overview of the
theoretical and experimental investigations carried out in this regime.

b) Superheated deposition

This regime refers to the drop impinging on a surface whose temperature is larger than liquid
saturation temperature and below the onset of boiling. In this regime, the physical mechanisms
of drop impact are almost similar to drop impact under subcooled deposition regime and even
isothermal conditions. Yarin [17], Marengo et al. [18], Roisman et al. [13], Josserand and
Thoroddsen [23], and Yarin et al. [19] comprehensively studied this regime. This regime is
accompanied by higher heat flow to the drop compared with the subcooled deposition regime,
since the contribution of the evaporation in the overall heat transfer is higher. Another reason for
higher heat flow in the superheated deposition regime compared with the subcooled deposition
regime is higher sensible heat due to higher wall superheat.

Experimental studies [24] and numerical simulations [2, 24, 25] reveal three subsequent phases
for the drop impingement event in superheated deposition regime on impermeable surfaces: i)
the drop spreading phase where the contact line moves radially outward due to inertia forces,
ii) the drop receding phase where the contact line starts to contract due to the surface tension,
and iii) the sessile drop evaporation phase. During all mentioned phases, heat is transferred by
conduction, convection, and partial evaporation; however, the contribution of each heat transfer
mechanism differs during various phases.

Lee et al. [26] observed in their experiments that the maximum heat flow occurs during the
spreading phase. This maximum is attributed to the high heat transfer rate immediately after the
contact between a cold liquid and a hot substrate.

Evaporation is the primary heat transfer mechanism during the receding and sessile drop
evaporation phases. A significant fraction of evaporation occurs in the proximity of the three-
phase contact line of the drop at which solid, liquid, and vapor phases meet each other. It is due
to the significant reduction in temperature in the proximity of the three-phase contact line. This
has been observed by Sodtke et al. [27], who measured the local temperature distribution close
to the solid–fluid interface for sessile drops evaporating in a saturated vapor atmosphere.

The high-temperature gradient in the proximity of the three-phase contact line is a universal
phenomenon. This phenomenon was observed by Ibrahem et al. [28], Höhmann and Stephan
[29], and Fischer [30], who performed single meniscus evaporation experiments. A temperature
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minimum close to the three-phase contact line has been observed during pool boiling [31–34],
as well.

Marchuk et al. [35] and Cheverda et al. [36] measured local temperature distribution at the
surface of a metal foil heater under evaporating sessile water drops using an infrared camera and
derived the heat flux field by solving the Cauchy problem for the heat conduction equation [37].
Their results reveal that the maximum heat flux is achieved in the three-phase contact line region
and exceeds the average heat flux density from the entire foil surface by a factor of 5−7. Herbert
et al. [24] and Batzdorf [2] developed a numerical model for heat transfer and evaporation
during single drop impact. They reported that during the sessile drop evaporation phase, the
heat transferred in the proximity of the three-phase contact line constitutes a considerable
fraction of the total heat transfer (almost 50 %). Furthermore, they numerically studied the
influence of relevant dimensionless numbers on hydrodynamics and heat transfer during single
drop impingement onto a heated wall [2, 25]. Numerical and experimental works by Raj
et al. [38] revealed that the apparent contact angle and the local heat flux in the proximity of
the three-phase contact line increase at higher wall superheats. They observed that high wall
supeheats increase the vapor diffusion, which in turn increase the evaporation rate leading to
higher contact angle. Liang et al. [39] showed experimentally that evaporation rate and average
heat flux increase linearly with increasing wall temperature.

(c) Nucleate boiling

The nucleate boiling regime spans the region between the onset of boiling, which occurs at a
wall temperature slightly above liquid saturation temperature, and the critical heat flux (CHF)
point, which corresponds to the shortest drop lifetime as shown earlier in Fig. 2.3. This regime
is characterized by the nucleation of growing bubbles on the substrate entrapped between solid
and liquid. Effects of parameters such as the drop volume, the wall material and the thickness
[40], and the surface tension [41] on nucleate boiling were studied earlier. The former study
revealed that the evaporation of drops at their boiling depends significantly on the thermal
inertia of material, wall thickness, and state of the heated wall surface. The latter study showed
a faster boiling process in case of liquid drops with smaller surface tension and low latent heat of
evaporation. Besides, Itaru and Kunihide [42], Chandra and Avedisian [43], Tartarini et al. [44],
Abu-Zaid [45], Buchmüller [46], Breitenbach et al. [47] performed numerical and experimental
studies for better understanding of this regime.

(d) Transition regime

Transition boiling bridges the region between the CHF and Leidenfrost points. There are limited
studies addressing this regime since determining the accurate CHF and Leidenfrost points is
challenging. Akhtar et al. [48] derived a correlation for maximum spreading diameter of the
drop for specific wall temperatures and We numbers. Nikolopoulos et al. [49] observed a circular
vortex ring of air inside the drop in their numerical investigations. They also found that the
bubble size increases with increasing wall temperature.

(e) Thermal atomization
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During the thermal atomization regime, the surface temperature is close to (and smaller than)
Leidenfrost temperature. In this regime, the Re number is high enough, so that drop impact is
accompanied by the generation of a fast vertical spray of fine secondary drops. As observed in
[15, 16], the central part of the drop lamella is in contact with the solid surface. However, the
peripheral part of the lamella levitates in vapor near the contact line and remote from the solid
surface.

(f) Film boiling

Film boiling of a liquid drop impinging on a hot surface is termed as the Leidenfrost phenomenon.
In 1756, J.G. Leidenfrost published his pioneering article on this topic [50]. He observed a
very thin vapor layer between the drop and the wall in extremely high wall temperatures [51].
Bernardin and Mudawar [52] provided a comprehensive review on Leidenfrost temperature and
concluded that the surface roughness has a strong effect on Leidenfrost temperature.

Testa and Nicotra [53] and Celestini et al. [54] showed experimentally that the increase in Lei-
denfrost temperature follows the same trend as saturation temperature under vacuum conditions,
i.e., the Leidenfrost temperature decreases with decreasing pressure. Chatzikyriakou et al. [55]
and Schmidt et al. [56] performed experiments for single drop impingement in this regime. Both
utilized thermography techniques to record the temperature field at the solid–fluid interface;
and thereafter, to derive the local heat flux. Breitenbach et al. [57] developed a model to predict
the heat transfer during drop impingement in this regime.

Besides wall temperature, additional parameters such as impact parameters, surrounding gas
composition and its pressure, surface morphology, and substrate properties influence both impact
dynamics and heat transfer performance. The numerical and experimental studies of Pasandideh-
Fard et al. [58] indicated that increasing the impact velocity enhances the spatially averaged
heat flux from the wall at the end of the spreading phase by only a nominal amount. This is
attributed to the increase of liquid–solid contact area due to the larger kinetic energy. Guo et al.
[59] showed numerically that the evaporation starts earlier at higher impact velocities. Liang
et al. [39] showed experimentally that the impact velocity has only a minor effect on the drop
evaporation during the whole evaporation process.

The composition of the surrounding gas is another important parameter influencing hydrodynam-
ics and heat transport mechanisms, particularly during the receding and sessile drop evaporation
phases. Numerous investigations of drop evaporation were performed in the air atmosphere
[35, 36, 60]. In this case, the drop evaporation is driven by the diffusion of vapor through
the non-condensable gases. However, the thermal resistance of the liquid layer is the major
limiting factor during the drop evaporation process under a pure vapor atmosphere, causing
different evaporation behavior, and, accordingly, apparent contact angle. Cioulachtjian et al.
[61] experimentally studied the influence of the surrounding gas on the sessile drop evaporation.
They compared the behavior of water drop evaporating in moist air with saturated vapor condi-
tions. They measured a larger apparent contact angle and faster evaporation rate of the drop
evaporating under pure saturated vapor conditions.
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The ambient gas pressure also affects the hydrodynamics and heat transport during the drop
impact [62, 63]. Mitchell et al. [64] experimentally investigated the hydrodynamics of drop
impact on an isothermal surface at reduced ambient pressure. They concluded that the splashing
could be suppressed by sufficiently lowering the surrounding gas pressure. The same effect has
also been observed by Xu et al. [62].

Hsieh et al. [65] modeled drop vaporization at near-critical conditions. They examined a
significant influence of ambient pressure on the drop vaporization mechanism, especially near
the critical state. They figured out that the drop evaporation rate increases progressively with
pressure. This is attributed to the low latent heat of vaporization at higher pressures. This
behavior was also observed in [66, 67]. However, a large evaporation rate at elevated pressures
does not necessarily mean that the heat flux enhances at elevated pressures during the drop
impact while the impact parameters stay constant. The meniscus evaporation experiments at
elevated pressures performed by Fischer [30] revealed an extreme decline in heat flux in the
proximity of the three-phase contact line from which a significant fraction of the total heat is
transferred.

Schlawitschek [68] numerically investigated the non-isothermal drop impact on superheated
surfaces at various ambient pressures. She has also examined the strong influence of the ambient
pressure on the apparent contact angle and the heat being transferred in the three-phase contact
line. She also developed correlations for the maximum spreading ratio, spreading duration, and
energy transmitted.

Besides the aforementioned parameters, substrate properties influence the drop dynamics and
heat transport during the drop impact. Most boiling and drop evaporation studies [28, 69–71]
have employed heating foils exhibiting substantially lower thermal inertia in comparison to the
novel IR transparent heaters used in [24, 30]. The temperature differences at the liquid–solid
interface are significantly smaller on walls with higher thermal inertia, leading to a different
heat transfer behavior. The thermal capacities of IR transparent heaters are much closer to real
applications than thin foil heaters.

Surface morphology is another important parameter affecting hydrodynamics and heat transfer
during the drop impact. Alizadeh et al. [72] studied the spreading and receding dynamics on
the hydrophilic and hydrophobic textured surfaces with different temperatures up to 85 °C. They
measured the contact diameters and contact area at the final equilibrium state. Negeed et al. [73]
studied the effect of surface roughness and an oxidation layer on the dynamic behaviors of drops
impacting on a heated textured surface. They employed stainless Steel with different surface
roughness amplitudes. They reported that the spreading period does not change with the surface
roughness, but the receding period increases with increasing surface roughness. During the
spreading process, the inertia force of drop overcomes the surface roughness, whereas, during
the receding process, the surface roughness interrupts the shrinkage of drops.

A porous surface can enhance the cooling rate during drop impact cooling [74–79]. One method
to generate porous surfaces is the coating of the substrate with a layer of electrospun nanofiber
mat. Weickgenannt et al. [75, 76] studied in detail the non-isothermal water drop impact
on an electrospun polymer nanofiber mat deposited on a heated stainless–steel foil. Their
measurements were conducted in ambient air. The temperature distribution at the back side
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of the foil was measured by an IR camera. They found that the presence of the nanofiber
mat prevents the receding motion of drops after their complete spreading. This promotes
the moisture spreading inside the mat over a large area of the heater, which significantly
enhances the heat removal. Avedisian and Koplik [80] showed that surface porosity increases
the Leidenfrost temperature. Besides, Srikar et al. [74] and Weickgenannt et al. [76] reported
that the Leidenfrost phenomenon is suppressed if the surface is permeable.

The transport processes during spray cooling are determined not by the impact of a single drop
onto a hot wall but rather by a cumulative effect of the impact of multiple drops onto a solid
dry wall or a liquid film. However, the hydrodynamics and heat transfer during the impact of
multiple drops have not yet been sufficiently studied. This is because of the additional complexity
involved in the physics of multiple drops compared with that of a single drop. This complexity
arises due to the interaction between the individual drops on the hot wall determined by the
interaction mode (for example, a simultaneous impact of several drops onto different locations
or a successive impact of drops onto the same location) and other governing parameters (such as
the distance between the impact locations and the drop impact frequency).

Liang et al. numerically simulated the fluid mechanics during the successive and simultaneous
impact of multiple drops onto a thin liquid film [9, 81–83]. Their results showed that the impact
of multiple drops could affect the splashing threshold. Furthermore, the impact of multiple
successive drops led to a non-uniform distribution of the local heat flux.

The hydrodynamic mechanisms of isothermal drop impact onto a sessile drop were numerically
and experimentally investigated by Fujimoto et al. [84–87]. They studied the hydrodynamics of
the liquid during the collision of a water drop with a hemispherical static water drop on a solid
surface. They realized that the liquid around the bottom of the incoming drop swells after the
collision and moves radially outward with time. Simultaneously, the liquid height near the center
of the liquid decreases. They validated their findings experimentally using a flash photographic
method.

Minamikawa et al. [88] performed numerical and experimental investigations of the deformation
mechanisms of two drops impinging successively onto a hot solid surface in the film boiling
regime. They reported that the liquid deforms into a crown shape during successive impacts.
The size of the crown was found to be dependent on the spacing between the two drops before
the impact. The authors also determined that the time evolution of the drop shape depends on
the surface temperature.

Guggilla et al. [70, 71] numerically and experimentally studied the spreading and heat transfer
dynamics of two water drops impinging successively onto a heated surface. In the experimental
study, the two drops impacted onto the surface with a time interval of approximately 3 s. It was
observed that the spreading ratio (the ratio between the diameter of the wetted region and the
initial drop diameter) is higher for drop-on-drop impingement than for the impact of the first
drop. The maximum heat flow in the case of drop-on-drop impingement was measured to be
lower than that in the case of single impingement. The experiments were conducted under the
air atmosphere, and a thin heated metal foil was used as a heating substrate.
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Roisman et al. [89] studied the hydrodynamics of two drops impinging simultaneously onto a
smooth, dry, and solid substrate both experimentally and theoretically. They observed that the
interaction of the flow in their respective lamellae leads to the appearance of a symmetric central
uprising sheet. However, the untouched regions of the rim proceeded to expand and were not
influenced by the interaction. The hydrodynamics of simultaneous impingement of two drops
while having different impact velocities onto a smooth, dry and solid substrate was numerically
studied by Raman et al. [90]. They investigated the effect of the tangential component of impact
velocity of one of the drops. They concluded that the untouched regions of the rim of the drop
having the higher impact velocity expands and is not influenced by interaction with the second
drop.

Batzdorf et al. [91] modeled the heat transport mechanisms during the simultaneous impact of
two equal drops onto a dry solid wall in the drop deposition regime. Their model predicted a
decrease in heat flow due to the interaction and coalescence of drops over the solid substrate.
Additionally, the maximum heat flow increased with increasing the distance between the impact
locations.

A detailed overview of further investigations and modeling approaches can be found in the
comprehensive review of Liang and Mudawar [92]. The review paper addresses the main heat
transfer regimes. Each of these regimes is discussed in detail in terms of available depictions of
drop deformation and/or breakup, proposed heat transfer mechanisms, predictive correlations
and models. They concluded that understanding the underlying physics for each heat transfer
regime highly depends on the experimental methods researchers have adopted.

2.3 Objectives of this thesis

Numerous applications and industrial processes involve non-isothermal interaction of drops with
hot surfaces, e.g., spray cooling, widely used in many technical applications ranging from die
forging and hot rolling to electronics. In spray cooling technology, higher heat flux densities
are a necessity in order to enhance the performance of the products, reduce cycle times during
the production process, and enhance the efficiency of the electronic devices. In recent years, a
trend towards miniaturization of electronic, optical, and radiological components poses further
challenges in the cooling processes of such hot devices. Therefore, many investigations are
devoted to determine efficient approaches to enhance the heat removal during the cooling
process, e.g., surface modification.

The tendency of heat removal enhancement during spray cooling requires a profound under-
standing of the physics involved in the phenomena. The transport processes during spray cooling
are determined not only by the impact of a single drop onto a hot wall but rather by a cumulative
effect of the impact of multiple drops onto a solid dry wall or a liquid film. However, the progress
made over the past years in hydrodynamics and heat transfer during the impact of a single drop
single drop, especially multiple drops, is far from complete, and the exact mechanisms are not
fully clear. Therefore, high-resolution measurement techniques are required to obtain detailed
information concerning the hydrodynamics and heat transport mechanisms during single and
multiple drop impact onto a heated surface. It also enables thorough investigations into the
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effect of influencing parameters on non-isothermal drop impact to optimize the spray parameters
for heat transfer enhancement during the spray cooling processes.

The present thesis has the objectives to enhance the understanding of non-isothermal drop–wall
interactions in a pure vapor atmosphere and at a moderate wall surface temperature (above the
saturation temperature but below the temperature corresponding to the onset of boiling). This
study uses high-resolution temperature measurement techniques to comprehensively understand
hydrodynamics and heat transport mechanisms during non-isothermal drop impact. To the
authors’ knowledge, up to now, no attempt has been made to investigate the influence of wall
superheat, impact parameters (impact diameter and impact velocity), system pressure, and
surface porosity on hydrodynamics and heat transfer during the single drop impingement under
saturated vapor atmosphere. Besides experimental investigations into the influence of the
parameters, as mentioned earlier, a detailed study of hydrodynamics and transient heat flux
distribution during the vertical and horizontal coalescence of two drops is another objective of
this thesis.

The experimental results, together with a predictive model, can contribute to better insights into
the mechanisms of spray cooling and the improvement of spray systems in the future.
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3 Experimental Apparatus, Measurement
Methods and Data Reduction

This chapter addresses first a survey concerning available drop generation methods (Section 3.1)
and high-resolution temperature measurement techniques and (Section 3.2). Subsequently, the
employed experimental apparatuses and relevant components required for the measurements is
outlined. Afterwards, the experimental procedure followed by measurement methods and data
reduction are presented.

3.1 Survey of drop generation methods

The review of experimental works conducted on drop impingement in the previous section shows
that, in general, various methods can be utilized to generate liquid drops. The applied method in
this work should fulfill several requirements:

1. Generation of reproducible drops of the employed working fluid (FC-72, see Section 3).
2. Possibility to control the frequency of drop generation
3. Possibility to generate drops under high pressure
4. Convenient generation of two successive and/or simultaneous drops

In order to identify the most appropriate method of drop generation for this work, the following
methods are taken into account and possibly tested.

Drop generation with a subcooled needle

This method was used by Herbert et al. [93]. In this method, a needle is placed inside a cell
and is slightly subcooled against the saturation temperature of the working fluid. Within this
method, reproducible drops of FC-72 can be formed at the needle tip by condensation of the
surrounding vapor. However, controlling the frequency of the drop generation, especially at
high system pressures, requires a sophisticated cooling system. Besides, the generation of two
simultaneous drops is questionable with this method.

Drop generation with a monodisperse piezoelectric drop generator

Another possible method for drop generation is using monodisperse piezoelectric drop generators.
Breitenbach [14] used a piezoelectric drop generator1 to generate reproducible drops. The
frequency of the drop generation can be controlled well with this device, and also two similar
devices can be used in parallel to generate simultaneous drops. However, the generation
of reproducible FC-72 drops with frequencies less than 1000 Hz is impossible when tested.
This frequency is far beyond the required frequency for the single drop impact investigations.

1 FMP drop generator from FMP technology GmbH (https://fmp-technology.com)
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Additionally, the generation of the drops under high system pressures is questionable with this
method.

Drop generation with a micro pump

A micro pump can be used to generate drops with a wide range of frequencies. The main
drawback of this method is the incompatibility of this system with low viscous liquids. As
tested, with the micro pump2, the process of drop generation is not quite reproducible, and the
frequency of the drop generation is not stable. This makes the investigations on multiple drop
impact challenging. Moreover, the generation of the drops under high system pressures is not
easy as well.

Drop generation with a syringe pump

One popular approach of generating single drops or drop chains with moderate frequencies
among researchers is using a syringe pump. The standard syringe pumps available in the market
cannot tolerate high pressures. But the mid pressure syringe pump manufactured by CETONI
GmbH3 can stand up to 100 bar. Moreover, the units can be connected in parallel to generate
two simultaneous drops.

Following the survey of available drop generation methods given above, a mid pressure syringe
pump has been chosen, as it is the only available method for the generation of reproducible FC-72
drops in single and multiple modes. In combination with a high-pressure test cell described in
Section 3.5, the drop impingement investigations under high system pressures can be feasible
with this syringe pump.

3.2 Survey of high-resolution temperature measurement techniques

In general, the temperature distribution at the wall can be measured with several techniques,
namely laser-induced fluorescence and laser-induced phosphorescence [94–96], liquid crystal
thermography [29, 97], and infrared thermography [28, 30, 55, 71]. The applied measurement
technique for this work should fulfill the following requirements:

1. High spatial and temporal resolution
2. Fast response time
3. High measurement sensitivity
4. No addition of extra heat
5. No mechanical disruption of the heater surface
6. No change in properties of the working fluid

In Table 3.1, the advantages and disadvantages of each measurement technique are listed.

2 mzr-2505 micro pump from HNP Mikrosysteme GmbH (https://www.hnp-mikrosysteme.de)
3 https://www.cetoni.com
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Table 3.1.: The advantages and disadvantages of various wall surface temperature measurement
techniques

measurement
technique

advantages disadvantages

Laser-induced
fluorescence
(LIF) and phos-
phorescence
(LIP)

+ High spatial resolution less
than 1 µm
+ High temporal resolution up
to 1000 Hz
+ Relatively good measurement
sensitivity down to 0.6 K

- Introduction of extra heat from the
laser to the heater
- Agglomeration of the fluorescence/
phosphorescence dye or particles in
contact line due to high evaporation
rate

Liquid crystal
thermography
(LCT)

+ High spatial resolution down
to 1 µm/pixel

- Unrepeatable measurements due to
aging and hysteresis of the uncapsuled
TLCs
- Large response time due to large
thermal inertia

IR thermo-
graphy

+ High spatial resolution
down to 25 µm/pixel
+ High framerates of up to
several thousands Hz
+ High measurement sensitivity
down to 0.1 K

- Relatively complex calibration process

Following information regarding high-resolution temperature measurement techniques given in
Table 3.1, IR thermography has been chosen for this work.

3.3 Basic concept

With regard to the objective of this thesis presented in Section 2.3, a drop impact experimental
setup is designed and constructed. Figure 3.1 demonstrates the core part of the setup. A liquid
drop is generated at the tip of a needle embedded inside an enclosed temperature-controlled
test cell filled with a degassed single species fluid. The drops are generated by pumping the
same liquid from a reservoir into the cell with a syringe pump4. The pressure inside the cell is
determined by the fluid temperature. Hot liquid from a high temperature thermostat passes
through the channels drilled in the wall of the cell in order to establish and control the fluid
temperature and consequently the system pressure.

Since the influence of the pressure is planned to be investigated, all components must resist the
system pressure and temperature, preferably up to the critical pressure and temperature of the
experiment fluid. Two robust sapphire windows are integrated on the sides of the cell to enable
drop visualization.

Refrigerant FC-72 (perfluorohexane) is used as the working fluid. Having relatively low critical
temperature (Tcrit = 452 K) and critical pressure (Pcrit = 18.3 bar) make this liquid suitable for

4 neMESYS Mid Pressure syringe pump from CETONI GmbH
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high pressure investigations. Apart from being thermally and chemically stable, non-flammable
and non-toxic, this liquid leaves essentially no residue upon evaporation. Furthermore, the
properties for this liquid are known (see Annex A.1).

syringe

FC-72 vapor

FC-72 liquid

test cell

high temperature

sapphire

evaporating drop

needle

heater

window

pump

liquid drop

y

z x

high speed

high speed

light source

IR camera

B/W camera

thermostat

Figure 3.1.: Schematics of experimental concept

3.4 Heater design

Heating foils as the hot substrates have been used in many boiling and drop evaporation studies
so far [31, 70, 71]. The heating foil requires a complicated pressure equalization system to
avoid the deformation and rupture of the foil at high pressures. Instead of a heating foil, a novel
pressure-resistant heater in which two metallic layers sputtered on top of an IR transparent
substrate is employed. In the present study, besides being mechanically robust, this heater design
allows the measurement of wall temperature by IR thermography considerably closer to the
fluid–solid interface (approx. 800 nm) than with heating foils. Additionally, the thermal capacity
of the sputtered heater is closer to the technical applications in comparison with the heating
foils.

An exploded view of the heater design and heater flange are shown in Fig. 3.2. The heater
is comprised of a 4 mm thick IR transparent CaF2 substrate, coated with a 400 nm CrN layer
and an additional layer of 400 nm pure Cr on top. The thermal diffusivity of CaF2 substrate is
αCaF = 3.575 · 10−6 m2 s−1 [98], which is in the same range as that of the stainless steel alloys
(e.g. α1.4301,20°C = 4.040 · 10−6 m2 s−1 [99]). Thus, the thermal properties of the heater, such as
thermal capacity and thermal diffusivity, are very close to the heated walls commonly used in
technical applications. The thickness of CaF2 is chosen to be 4 mm to ensure its stability at high
pressures up to the critical pressure of the working fluid. The properties of the CaF2 substrate
are given in Annex A.1.
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pure Cr heating

CaF2 IR-trans-

black CrN layer with high

steel carrier

emissivity (approx. 400

nm thickness)

layer (approx. 400

parent substrat

nm thickness)

heater flange

sealing

electrode cover

heater electrodes

heater element

thermal insulation
layer out of PEEK

Figure 3.2.: Exploded view of the heater design (left) and heater flange assembly (right).

The black CrN layer with a high emissivity is applied to optimize the temperature measurements
with the IR camera. The pure Cr layer acts as a Joule heating layer. The Cr and CrN layers have
been deposited through Physical Vapor Deposition (PVD) processe [100]. The thickness of 400
nm for each layer facilitates the temperature measurements extremely close to the fluid–solid
interface. Since both Cr and CrN layers are very thin, the energy storage and thermal resistance
in these layers are negligible. The thickness, and, accordingly, the resistance of the Cr layer
sputtered on the heater substrate is homogeneous, leading to a uniform heat flux distribution
inside the heater. More details regarding the heat flux distribution are given in [30]. The
uniformity of the heat flux on the heater surface is also confirmed by the observed homogeneous
temperature and heat flux distributions prior to the drop impact.

The arithmetical mean deviation, maximum valley depth, maximum peak height, and maximum
height of the profile for the heater surface are 5, 15, 15, and 30 nm, respectively. Therefore,
the heater surface can be considered as a smooth surface. Under isothermal conditions, the
static contact angle for FC-72 on the surface is measured to be less than 3°. The sputtering
process and surface topography measurement of the heater has been performed at the Staatliche
Materialprüfungsanstalt Darmstadt, Fachgebiet und Institut für Werkstoffkunde (MPA-IFW).

The coated substrate is glued5 onto a 2 mm thick stainless steel carrier plate and then screwed
to a 2 mm thick PEEK structure both equipped with optical access to the bottom side of the
CrN layer in such a way that the central part of the plate with the area of 495 mm2 (33x15
mm) is accessible for optical diagnostics. The PEEK structure is used to thermally insulate the
heater from the cell body and consequently reduce the thermal losses through the cell body. The
heater is clamped with two copper foil electrodes at each of its sides and finally connected to the
laboratory power supply6 controlled by a data acquisition system (DAQ).

The electrical resistance of each heater varies between production batches, although the parame-
ters for the deposition process are always maintained the same. Therefore, the resistance of each
heater is measured individually according to the following procedure:

5 Polytech EP 655-T
6 Elekto-Automatik EA-PS 3065− 05 B
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Figure 3.3.: Measurement apparatus for measuring the heater resistance (left); measured heater
resistance and linear fit versus distance to first measurement point for two heaters
of different production batches (right).

The heater is embedded inside a structure depicted on the left side of Fig. 3.3. The heater
is clamped with a copper foil electrode at one side. A second copper foil electrode is placed
vertically on the top of the heater, inside the grooves created in 3 mm intervals. The electrical
resistance between both electrodes is measured for each position of the foil electrode. The slope
of the line fitted to the measured value indicates the heater resistance per length of the heating
layer in Ω m−1 (see Fig. 3.3, right). The heater resistance of an individual heater is the product
of the slope of the linear fit and the length of the heater. With this method, the contact resistance
of the heater electrodes is eliminated, and the resistance of the heating layer only is obtained.
The resistance measurement is always performed at the end of drop impact experiments, since
the mentioned technique may partially destroy the heater surface.

3.5 Experimental setup

The basic concept introduced in Section 3.3 is realized in a drop impact experimental setup.
Figure 3.4 depicts the schematic of the setup. A sealed temperature-controlled test cell is the core
component of the setup that allows drop impact investigations under pure vapor atmosphere
and at elevated pressures. The test cell is comprised of three compartments; heater flange, main
body, and cell cap. Exploded and sectional views of the test cell are provided in Annex A.2.

The heater flange described in Section 3.4 is screwed to the bottom of the cell. Power is supplied
to the heating layer through electrical feedthroughs connected to a laboratory power supply
controlled by DAQ.
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The working fluid is transferred from a transportable reservoir to the cell through a liquid
connector integrated into the main body of the cell. The pressure inside the cell is determined
by the fluid temperature. A high-temperature thermostat7 is employed to pass heated silicone
oil8 through the thermalization channels drilled in the main body of the cell to control the fluid
temperature, and, accordingly, the system pressure. The main body of the cell is provided with
eight symmetrical thermalization channels at the side and two channels at the bottom. Silicone
oil enters from both bottom channels in parallel and then is directed to the side channels in
series so that the temperature distribution of the fluid becomes approximately homogeneous.

needle

+-

drop
heater

vapor

liquid

P

relief valve
pressure

reservoir with
transportable

reservoir
glass

wrapped
with heater
element

6*T

vacuum
pump

T

manual valve

one way valve

3 solenoid valves

1

telecentric illuminator

3

2

4

3/2 ball valve

syringe pump

power supply

high speed

B/W camera

high speed

IR camera

high-temperature
thermostat

test cell

sapphire

window
second drop

generation loop

Figure 3.4.: Schematics of experimental setup

Two 10 mm thick sapphire windows are mounted on each side of the cell to provide optical
access to the drop; one side for optical access of the high-speed black and white (B/W) camera
and the other for the light source9. Since the impact velocity in this study is determined by the
drop height and gravitational acceleration, the height of the main body is designed such that it
covers the desired drop impact velocities.

The cell cap is equipped with six thermocouple feedthroughs. The thermocouples10 are connected
at different heights and radial directions to measure the liquid and vapor temperatures. A liquid
drop is transferred to the cell through the liquid feedthrough inserted at the middle part of
the cell cap. The cell cap also contains two feedthroughs for liquid circulation during in situ
calibration of the IR camera.

For safety reasons, the setup is equipped with an overpressure relief valve designed to open at
20 bar. It is installed at the pipe connecting the transportable reservoir to the cell. A pressure
sensor11 is connected to this pipe to measure the cell pressure that is read out by the DAQ.

7 Huber ministat 125 with Pilot ONE
8 Huber thermofluid P20.275.50
9 telecentric illuminator from Opto Engineering GmbH
10 Mineral insulated thermocouples, type K, D = 0.5 mm
11 Wika ® Precision Pressure Transmitter Type P−10, 0− 25 bar, abs.
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One of the most challenging requirements for the setup is to generate reproducible drops at high
pressures. The variation of one parameter while keeping the others constant is desired within the
employed system to perform the parametric study. The parameters are impact velocity, drop size,
and drop generation frequency. In addition, the system should be able to generate two similar
drops within as short a time difference as possible in order to study simultaneous coalescence of
two drops. Following the survey of available drop generation techniques described in Section
3.1, a high-pressure syringe pump is selected, as it is the only method to generate reproducible
drops under the desired conditions. The drop generation system comprises of the following
compartments:

• a glass reservoir in which the degassed liquid is filled from the transportable reservoir.
• a syringe pump unit that is capable of being connected to another unit in parallel.
• a 5 ml glass syringe.
• a 3/2 ball valve that can connect the syringe pump either to the glass reservoir for filling

or to the cell for dispensing purposes.
• a one-way valve to prevent backflow in the system.

The drop diameter with this technique is highly reproducible, since the detachment of the drop
is governed by the balance of gravity and surface tension forces. The impact velocity and impact
diameter can be varied by using different needle heights and diameters, respectively.

Three solenoid valves are used to connect the system to a vacuum pump and to connect the
transportable reservoir to the cell and glass reservoir. The valves are controlled with labVIEW.

Photographs of the experimental setup are provided in Figs. 3.5 and 3.6.

test cell

3/2 valvesthermalization piping

thermocouples

B/W camera

syringe pump

Figure 3.5.: Photograph of the experimental setup core
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Figure 3.6.: Photograph of the experimental setup

3.6 Experimental procedure and parameters

The main interest in this study is the drop impact investigations under a pure vapor atmosphere.
The presence of non-condensable gases alters the local saturation conditions, depending on the
local vapor concentration in the gaseous phase. This is not desired in this work. Therefore,
the non-condensable gases are extracted from the liquid using a degassing experimental setup
[30]. The setup is filled with the working fluid (FC-72), from which the non-condensable gases
are separated by continuous evaporation and re-condensation. These processes occur inside
an evaporator and condenser vessels connected to hot and cold thermostats, respectively. The
non-condensable gases are accumulated at the top part of the condenser and are drawn from the
setup by opening a valve connected to a vacuum pump every 10 minutes time intervals repeatedly.
The amount of non-condensable gases inside the liquid reduces after each period. After one
hour, a reduction of the non-condensable gas content of approximately 90 % is measured, which
suggests a very high quality of the applied degassing procedure [30]. To check the quality of the
degassed liquid, the results from gas chromatography-mass spectrometry of the degassed and
non-degassed liquid are compared (see Annex A.3).

Finally, the degassed liquid is fed into the transportable reservoir, which can be transferred and
mounted on the drop impact setup. The whole system is vacuumed prior to each experimental
run to ensure a pure saturation atmosphere. This has been accomplished by connecting the
whole setup to the vacuum pump and opening all three solenoid valves (Nr. 1, 2, and 3) shown
in Fig. 3.4. The air leakage rate of the whole system is 1.5 · 10−4 mbar l s−1 over the time period
of 24 hours. This corresponds to the partial pressure rise of non-condensable gases inside the
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system of 1 mbar during 2 hours until the cell pressure reaches the lowest measurement pressure
(0.94 bar). From this moment on, the leakage rate extremely reduces since the relative pressure
is almost zero. This amount of non-condensable gases added to the system is negligible, since
the system is refilled before each experimental run.

After the complete evacuation of the setup, the degassed liquid inside the transportable reservoir
is fed into the test cell by opening the valves Nr. 2 and 4, shown in Fig. 3.4. The filling process
of the cell takes a few seconds until the cell is partially filled with the liquid. It should be noted
that the heater must not be immersed in the fluid after the thermalization process. Then valves
Nr. 1 and 4 are opened to fill the glass reservoir with the degassed liquid. The cell pressure
after the filling process is equivalent to the saturated pressure of FC-72 at the laboratory room
temperature, which is about 0.3 bar.

After the filling process, the thermostat is switched on, and its temperature is set to a little higher
than the saturated temperature of the desired pressure level. The heated oil is passed from
the thermostat to the channels drilled inside the outer shell of the cell body. Since the cell is
continuously heated and its volume is constant, the pressure level inside the cell rises. This
proceeds until the transferred energy from the thermostat is in equilibrium with the heat loss
from the cell to the ambiance. Then the measurements are started as soon as the stationary
condition is reached. This is checked through the temperature measurements from the six
thermocouples installed at different positions inside the cell.

To generate a drop, the syringe is initially filled with the degassed liquid stored inside the glass
reservoir. This is carried out with labVIEW software by pulling back the syringe plunger while
the 3/2 ball valve connects the syringe pump to the glass reservoir. It was observed that the
syringe is partially filled with FC-72 vapor during the suction process. To inhibit the formation
of vapor inside the syringe and speed up the filling process, a heater foil is wrapped around
the glass reservoir (see Fig. 3.4). This increases the liquid pressure and temperature inside the
glass reservoir locally and leads to faster liquid transportation and prevention of vapor formation
inside the syringe.

The liquid enters the cell by pushing the syringe plunger when the 3/2 ball valve connects the
syringe pump to the cell. The filling and dispensing processes are extremely slow; therefore, the
liquid temperature before entering the cell is about the room temperature. However, the liquid
temperature increases when it passes through the heated cell cap until it reaches the needle tip.
The transported liquid gradually accumulates at the tip of the needle and forms a fine drop. The
drop detaches and falls onto the heater described in Section 3.4 once the gravity force dominates
the surface tension force.

Variation of the input heat flux to the heater, and, accordingly, wall superheat has been realized
by varying the electrical power of the laboratory power supply controlled by DAQ. The impact
velocity and impact diameter have been varied by using different needle heights and diameters,
respectively. The pressure inside the cell is varied by setting the thermostat at various tempera-
tures. Alteration of the thermostat temperature leads to various cell pressures. This allows us
to investigate the influence of the cell pressure on hydrodynamics and heat transport during
drop impingement. In the scope of this work, nanofiber mats with various thicknesses have
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been produced with an electrospinning device to investigate the influence of the porous surfaces
during drop impingement.

In this work, the investigations are not limited to the single drop impingement. Multiple drops
are produced by either variation of the dispensing volume flow rate of the syringe pump leading
to the vertical coalescence of drops (successive drop impact) or by mounting second syringe
pump unit in parallel with the main unit causing horizontal coalescence of drops (simultaneous
drop impact). The flow rate of dispensing volume of each pump is set and controlled in a way
that the simultaneous impact occurs. With the employed syringe pump unit, the minimum
time difference between drop generation for each individual pump is about 1 ms. Therefore,
“simultaneous drop impact ” in this work represents the impact of two drops with the time
difference of around 1 ms. This small time difference between the impacts does not significantly
influence the results, since the horizontal coalescence occurs later than 1 ms after impact.

Table 3.2 represents the parameter space for single and multiple drop impingement investigated
in this study. In this table, each row corresponds to one measurement campaign. The first column
is the varied parameter during each measurement campaign, and the second is related to the
influencing parameter under investigation. The other columns are the corresponding dimensional
and dimensionless parameters. The parameter space is set up by all possible combinations of
four input heat fluxes, and, accordingly, wall superheats, four impact velocities, four drop sizes,
and four reduced pressures during the single drop impact. In this study, the influence of the
nanofiber coated surfaces during single drop impact is investigated, as well. Besides, three
frequencies and two spacing parameters for vertical and horizontal drop coalescence are chosen.
Each experiment set is run at least three times to check the reproducibility.
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3.7 Measurement methods and data reduction

This section explains the applied methods to evaluate the drop diameter and impact velocity
by post-processing of the B/W images captured with the high-speed camera. Besides, the wall
temperature measurements with IR thermography and the procedures of heat flux calculation
and contact line radius detection from the IR images are comprehensively described. In addition,
the measurement uncertainty is outlined at the end of this section.

3.7.1 High-speed shadowgraphy for evaluation of the drop diameter and impact velocity

To determine the drop diameter and impact velocity, the images captured by the high-speed black
and white (B/W) camera are used. The drop appears dark in the B/W images, since the parallel
beams emitted from the telecentric illuminator are mainly reflected or refracted when they
collide with the liquid drop surface. The drop surroundings are bright inside the B/W images as
the light beams can pass well through the vapor. The optical resolution of the high-speed camera
is set to ∆xres,B/W = 10.87 µm/pixel, and its frame rate is set to f= 1000 Hz.

Figure 3.7 presents the implemented steps to process the original images captured from the B/W
camera until the drop contour is obtained. To determine the drop contour, the following steps
have been carried out:

• The corresponding frames before impact are detected, and each is subtracted from the
reference image, inside which the drop is not present.

• Then, the result is binarized according to Otsu’s method [101] by which the pixels are
subdivided to above (one= white) and below (zero= black) a predefined threshold.

• Any small remaining elements inside the drop due to the light reflection are removed from
the image, and finally, the drop contour is obtained.

a) b) c)

Figure 3.7.: The method for determination of the drop contour; a) raw image, b) subtraction of
the raw image from the reference image, and c) binarized image. The center of the
drop is marked with a red cross and is tracked to evaluate the impact velocity.

One common method for the evaluation of the equivalent diameter of the drop is to assess
the drop area by image-processing and thereby derive the equivalent diameter of the drop (2D
method). The drop area is the product of the total amount of white pixels (depicted in Fig.
3.7c) and the area of one pixel. This method is valid for perfectly spherical drops. However,
the generation of drops in this study was accompanied by a slight oscillation. This is mainly
due to the use of liquid with low viscous and high density (µl,FC-72 = 4.5 · 10−4 kg m−1 s−1 and
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ρl,FC-72 = 1620 kg m−3 at saturation pressure of 1 bar), leading to long oscillation decay time
[102].
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Figure 3.8.: Three-dimensional representation of the drop (left), schematic of the shadowgraphy
technique (middle), the two-dimensional image captured by the camera objective,
which is the orthogonal projection of the drop (right).

In order to minimize the effect of drop oscillation on diameter evaluation, the equivalent diameter
of the drop is evaluated by the three-dimensional volume integration method illustrated in Fig.
3.8. This method is based on the fact that the two-dimensional images of the drop captured by
the high-speed camera using a telecentric lens are orthogonal projections of the drop. In this
method, the drop is assumed to be symmetric about the vertical axis. Based on this method, the
drop volume is comprised of many rings of square cross-section, as indicated in Fig. 3.9.
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Figure 3.9.: The method for determination of the drop volume from integrating the volume of
the rings (left); projected pixels from two-dimensional image (middle), the method
to evaluate the volume of each ring (right).

The drop volume is the sum of the volumes of all these rings and is calculated as

V =
N
∑

n=1

Vring,n , (3.1)
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where V denotes the drop volume and N the number of pixels within the projected area. Vring,n

is the volume of a half-ring defined as

Vring,n = larcl
2
pix , (3.2)

where lpix denotes the pixel size (10.87 µm), and larc is the perimeter of the half-circle depicted
on the right side of Fig. 3.9, and is defined as

larc = πlpix | X i − Xctr | , (3.3)

where | X i − Xctr | is the distance between pixel number i and the center of the drop in x-
direction. By inserting equations 3.2 and 3.3 in 3.1, the following equation for the drop volume
is obtained

V = πl3
pix

N
∑

n=1

| X i − Xctr | . (3.4)

The following equation is used to evaluate the equivalent diameter of the drop

D =
3
√

√

6
V
π

. (3.5)

Figure 3.10 compares the drop diameters assessed from the method described at the beginning
of this section (2D method) and the three-dimensional volume integration method of three
arbitrary drops impacting the surface. One can notice that the fluctuations of the drop diameter
during five frames before impact is eliminated by using the three-dimensional volume integration
method.
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Figure 3.10.: Comparison between 2D and 3D methods of drop diameter evaluations for five
frames before impact.

Figure 3.11 illustrates the method employed to evaluate the impact velocity. In order to calculate
the impact velocity, the velocity of the drop for five frames before impact is initially calculated.
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The velocity is the ratio between the displacement of the drop center and the time interval, which
is 1 ms.

t= −5 ms

heater

y

x

t= −2 ms

t= −1 ms
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h 5

h 2

h 1

h 0
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Figure 3.11.: The applied method to evaluate the impact velocity; the average drop velocity
for five images before impact is evaluated, the impact velocity is evaluated by
extrapolating the curve fitted to the velocities.

Due to the fast impact dynamics, the exact moment and velocity of impact are unknown.
Therefore, the distance between the center of the drop in the frame immediately preceding the
impact and the heater surface is assessed. Then the law of conservation of energy in the case of
free fall for two different time instances is used:

Ekinetik,t′ + Epotential,t′ = Ekinetik,t′+1 + Epotential,t′+1 , (3.6)

where t denotes the time instant, Ekinetik is the kinetic energy equal to 1
2 mu2, and Epotential is the

potential energy equivalent to mgh. This gives

1
2

mt′u
2
t′ +mt′ ght′ =

1
2

mt′+1u2
t′+1 +mt′+1 ght′+1 . (3.7)

By assuming a constant drop mass for the two time intervals and reforming the equation 3.7 in
terms of ut′+1, the following equation can be expressed:

ut′+1 =
Ç

2g(ht′ − ht′+1) + u2
t′

. (3.8)

Based on equation 3.8, a square root function is fitted to the calculated velocities. The impact
velocity is finally evaluated by curve extrapolation.
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3.7.2 IR thermography for wall temperature measurement

Following information regarding high-resolution temperature measurement techniques given in
Section 3.2, IR thermography has been selected to capture the temperature distribution on the
back side of the heater at an extremely close distance to the liquid–solid interface (less than 1
µm).

IR camera systems can be distinguished by either the optical arrangement, detector technology,
or the wavelength band of the detector [103, 104]. Two optical arrangements, namely staring
systems and scanning systems, exist in the market. In a staring system, the surface radiation
of the object is transferred to the infrared sensor arrays or focal-plane arrays. Therefore, every
element of the object is transferred to a corresponding sensor element of the focal-plane. In
a scanning system, however, the surface radiation of the object is transfered point by point
to a single infrared detector using oscillating mirrors and rotating prisms. This arrangement
introduces additional noises to the measurement. Thus, the majority of IR cameras that are used
today are staring systems.

The detector technologies used in IR cameras are broken down into two categories: thermal
detectors and quantum detectors. A microbolometer made of a metal or semiconductor material
is a common type of thermal detector. Quantum detectors are made of materials such as HgCdTe
(CMT), which generally operate faster with more sensitivity than thermal detectors. IR cameras
with quantum detectors operate based on the change of state of electrons in a crystal structure
reacting to incident photons. These cameras must be actively cooled to reach acceptable photon
counts, and, accordingly, signal-to-noise ratio. This makes the IR cameras with quantum detectors
relatively large and expensive.

IR cameras operate over one of three wavelength regions or bands of the electromagnetic spec-
trum. The wavelength band employed depends on application and measurement requirements.
These three bands are: i) short-wavelength infrared (SWIR), expanding from 0.4 to 2− 3 µm,
ii) mid-wavelength infrared (MWIR), expanding from 2− 3 to 5 µm, and iii) long-wavelength
infrared (LWIR), expanding from 8 to 12µm. SWIR cameras are generally used for laser applica-
tions. MWIR cameras generally provide thermal imaging with higher quality and resolution as
well as lower noises in comparison with the LWIR cameras.

The IR camera employed in the scope of this work is a staring semi-conductor photon detector
camera working in the spectral range of 3.4 - 5.1 µm with 14 bits (214 = 16384) digital
resolution12. The thermal sensitivity of the camera is less than 10 mK. A field of view of 224
pixel x 224 pixel is resolved by ∆xres,IR = 29.27 µm/pixel, resulting in the FOV of 6.56 mm x
6.56 mm. In order to fit the largest drop for drop size investigations (see Section 5.1.3) and two
drops for horizontal drop coalescence investigations (see Section 5.2.2) in the FOV of the IR
camera, its spatial resolution is set to the lower resolution of 40.82 µm/pixel, resulting in the
FOV of 9.14mm x 9.14mm.

The IR camera with the framerate of 1000 Hz is synchronized to the high-speed B/W camera
described in Section 3.7.1. Within the integration time period, each pixel of the detector chip

12 Thermosensorik® CMT 256 M HS
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is discharged corresponding to the incident photons. The remaining charge is read out and
mapped to the digital resolution of the camera so that 0 represents the fully discharged pixel
and 16383 represents the fully charged pixel. Higher surface temperatures lead to higher energy
fluxes introduced to the pixel, and thus, lower digital values. Each integration time possesses a
saturation temperature, defined as the maximum temperature that can be measured by each
pixel within the integration time period.

The radiative energy flux emitted by a black body surface according to the Stefan-Boltzmann law
is:

j = n2σSBT 4 , (3.9)

where j denotes the radiative energy flux, n denotes the index of refraction of the medium the
radiation is emitted into, and σSB denotes Stefan-Boltzmann constant. In this study, the radiation
is emitted from the CrN surface with an unknown emission coefficient, εrad,C rN , through CaF2

medium with refraction index unequal to 1.

In this study, the radiative energy flow of the CrN layer, JC rN , is:

JC rN = Aεrad,CrNn2σSBT 4 +ρrad,CrNJsur , (3.10)

where A is the surface area observed by one pixel, εrad,CrN is the emissivity of the CrN surface
seen by the pixel, ρrad,CrN is the reflectivity of the CrN surface seen by the pixel, and Jsur is the
radiative energy flow coming from the surroundings. The radiation is damped by absorption
within the CaF2 substrate according to the following equation [105]:

J(z) = JCrNe−krad,CaFz = τrad,CaFJCrN , (3.11)

where J(z) is the radiative energy flow after passing distance z, and krad,CaF is the absorption
coefficient of the medium. According to the data sheet provided by the CaF2 manufacturer,
the mean absorption coefficient of the CaF2 in the spectral range of the IR camera is krad,CaF =
5.1293·10−4 mm−1 [98]. This leads to a transmissivity of τrad,CaF = 0.998 at z = 4 mm (thickness
of the CaF2 substrate).

The emissivity of the substrate material can be calculated by combining radiative energy conser-
vation (τrad,CaF +ρrad,CaF + krad,CaF = 1) with Kirchhoff’s law (krad,CaF = εrad,CaF) for a system in
thermodynamic equilibrium, and neglecting the reflection within the medium (ρrad,CaF = 0)

εrad,CaF = 1−τrad,CaF = 0.002 . (3.12)

This shows that the radiation emitted by the substrate is negligible. The net radiation introduced
into every single pixel of the camera chip, J , can be evaluated by combining equations 3.10
and 3.11, and considering the radiation, Jpix, emitted by the physical pixel of the measurement
detector chip itself

J = τradAεrad,CrNn2σSBT 4 +τradρrad,CrNJsur − Jpix , (3.13)
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where τrad is the overall transmissivity of the heater substrate, the IR camera lens system, and
the air in between the detector and the heater. Since the chip characteristics and internal
transformation of the camera electronics are unknown, an in situ calibration of the infrared
signal versus temperature for each pixel is necessary. Based on equation 3.13 and on 14 bits
as the digital resolution of the camera, the calibration function between the temperature and
digital intensity representation Idig can be formulated as

T = A[(16383− Idig) + B]
1
4 + C , (3.14)

where constants A and B are related to unknown radiation properties from equation 3.13 and
pixel characteristics including gain, offset, and integration time. Constant C is connected to an
unknown data processing conducted by the frame grabber of the camera [30].
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Figure 3.12.: Calibration curves for three exemplary pixels of the IR camera calibrated with 0.8515
ms integration time within the calibration temperature range from 55 to 71 °C (pixel
positions within the IR FOV are shown in the bottom left corner).

The calibration process for infrared signal versus temperature has been performed after the
measurements to avoid heater surface destruction. Neither heater nor IR camera is moved
between measurements and calibration. The calibration is accomplished by pressing a copper
block onto the top surface of the heater, where the Cr layer is sputtered. The calibration block is
thermalized through interior channels by a thermostat. To minimize the influence of air tempera-
ture surrounding the lens of the IR camera, the cell temperature is set equal to the thermostat
temperatures during the calibration process. To measure the reference temperature, a type K
thermocouple is inserted in the center of the calibration block, approximately 1 mm above the Cr
layer. Measurements are performed at several uniform constant temperature levels which cover
the whole measurement temperature range. At each temperature level, 200 frames are recorded
with the IR camera, once the temperature of the calibration block reaches stationary conditions
(Tcalib ±0.02 K). The framerate and integration time of the camera are equal to those taken during
the measurements. The intensity value of every single pixel (Idig,x,z) is the average of measured
intensities over the 200 frames. The evaluated intensity values are then correlated to the temper-
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ature measurement of the thermocouple. For each pixel, constants A(x,z), B(x,z), and C(x,z)
in equation (3.14) are assessed through a least square errors curve fitting algorithm in MATLAB®.

Figure 3.12 presents calibration curves for three exemplary pixels for the integration time of
0.8515 ms. As can be seen, the measurement points are matched well with the calibration curves
using the aforementioned constants. One can also notice that the calibration curve for each pixel
differs from the other. This indicates how crucial the pixel-wise in-situ calibration procedure is.

3.7.3 Heat flux calculation procedure

One of the main targets in this work is to quantify the heat flux distribution from the heater to
the fluid domain. The local heat flux is derived from the temperature field by solving a transient
three-dimensional conduction equation within the CaF2 substrate using the finite volume method
within the CFD toolbox OpenFOAM. The governing equation for the heat transfer within the
CaF2 heater substrate has the following form:

∂ T
∂ t
= αCaF∇2T , (3.15)

where αCaF denotes the thermal diffusivity of the substrate material. Since both Cr and CrN
layers on the CaF2 substrate are extremely thin, the energy storage and thermal resistance in
these layers are negligible, and they are not considered in the numerical calculation.

The Courant number is a measure of how much information traverses a computational grid cell
(∆xnum) in a given time-step (∆tnum) and must be below 1 in order for the numerical calculation
to be stable. The Courant number is defined as

Co =
unum,max∆tnum

∆xnum
, (3.16)

where unum,max is the maximum velocity with which information can propagate in the numerical
calculation and can be calculated by

unum,max =
αCaF

∆xnum
. (3.17)

The maximum time step size is calculated to be 0.239 ms by inserting the data for αCaF =
3.575 · 10−6 m2 s−1 and ∆xnum = ∆xres,IR = 29.27 · 10−6 m. Considering the time spacing of
1 ms between the temperature fields captured by the IR camera, the temperature fields are
linearly interpolated in-between frames to obtain ∆tnum = 0.1 ms, and, accordingly, Co= 0.417,
to ensure the convergence of the calculation. The temperature field at the numerical time instant
of tnum is calculated by linear interpolation of ten values at each pixel between two subsequent
frames of the IR camera at time tIR and tIR+1 as the following equation:

T (x , z, tnum,i) = T (x , z, tIR) +
i

10
[T (x , z, tIR+1)− T (x , z, tIR)]with i= 1...10 . (3.18)
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Mesh

As depicted in Fig. 3.13, the computational domain is the volume of the CaF2 substrate appearing
in the FOV of the IR camera. This region is discretized into a numerical mesh with three different
zones. In the uppermost zone (zone 1), the high spatial resolution of the mesh equal to the
spatial resolution of the IR camera on the upper mesh block is implemented. The thickness of this
zone is 2 mm and its volume is resolved by 68 cells in thickness direction. If such a fine resolution
had been implemented for the entire thickness of the heater, the total number of cells would
be 6.8 million, which leads to a very long computation time. To save computation time, two
additional zones with lower spatial resolutions are defined: zone 2 from a depth between 2 and
3 mm, where the resolution reduces two-fold, and zone 3 from a depth of 3 mm onwards, where
the resolution reduces four-fold in comparison to zone 1. This step-wise coarsening approach
reduces the number of the cells from 6.8 to 3.6 million, and, accordingly, the computation time.
The results of heat flux assessed by a fully resolved mesh are compared with the results from the
step-wise coarsened mesh, and no significant differences were observed.
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Figure 3.13.: Three-dimensional numerical mesh for the heat flux calculation.

Boundary conditions

Figure 3.14 shows the boundary conditions employed for the numerical heat flux calculation.
To remove the noises of the IR images, the temperature field is smoothed with a symmetric
Gaussian lowpass filter of the size of 10 elements with a standard deviation of 2 in MATLAB. The
smoothed temperature field obtained from IR thermography (see Section 3.7.2) is used as the
boundary condition at the top of the computational domain, which corresponds to the interface
between CaF2 substrate and black CrN layer.

The other boundaries of the computational domain are assumed to be adiabatic (see Fig. 3.13).
This assumption is verified by numerical calculations described in [30].
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Figure 3.14.: Boundary conditions for the heat flux calculation.

Initial condition

As an initial condition, the three-dimensional temperature field in the computation domain is set
to the steady state solution evaluated from the first two-dimensional temperature field acquired
through IR thermography.

Post-processing

The outcomes of numerical calculations are the two-dimensional heat flux fields at the interface
between the CaF2 substrate and the black CrN layer. Under the assumption of homogeneous
thickness of the Cr layer (and, accordingly, uniform electrical power density) and negligible
thermal resistance and thermal storage of extremely thin Cr and CrN layers, the heat flux at the
fluid–solid interface is calculated as

q(x , z, t) = qnum(x , z, t) + qin , (3.19)

where qnum(x , z, t) is the outcome of numerical calculation and qin is the electrical power density
at the heater, calculated with the following equation:

qin =
Rhl I

2

lw
. (3.20)

Herein, Rhl denotes the electrical resistance of the Cr heating layer measured according to the
description presented in 3.4, l and w denote the length and width of the Cr layer, respectively,
and I denotes the electrical current supplied to the Cr layer.

3.7.4 Contact line radius detection procedure

Besides the heat flux distribution, the contact line radius is of major interest when investigating
drop impingement onto the heated surfaces. In this section, the methods applied to evaluate the
radius of the three-phase contact line are outlined in detail.

In general, two approaches can be implemented to evaluate the contact line radius; contact line
radius evaluation through i) shadowgraphy and ii) post-processing of IR images. The former
approach was found to be not proper for all cases of drop impact due to the following reasons:
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1. The drop after impact moves in a random direction and consequently does not stay in
the focus of the B/W camera. This phenomenon is even more profound at higher wall
superheats, at which the apparent contact angle becomes larger.

2. At elevated pressures the density ratio (and by that the ratio of the indices of refraction) is
reduced, which leads to lower contrast at the interface.

Therefore, acquiring reliable information about the contact line radius from the shadowgraphy
technique is questionable. Hence, the IR images are used to detect the contour of the three-phase
contact line and to evaluate its radius. Depending on the heat flux distribution, two stages of
drop impact and thus two detection methods are employed.

At the early stages of impact (t < 4 ms), the heat flux field is almost homogeneous (see Section
5.1, Fig. 5.1). At this stage, the drop footprint has been determined by defining an appropriate
threshold (1 kW m−2 ≤ q̇thres ≤ 4 kW m−2) that distinguishes high and low heat flux regions.
Then the results are binarized, and the wetted area and the radius of the three-phase contact
line are evaluated.
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Figure 3.15.: Method for detection of three-phase contact line position; 8 lines passed through
the image of the heat flux field (middle), the heat flux along all lines, and their
corresponding maximums, which show the position of the three-phase contact line.
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At the later stages of impact shortly before the onset of the receding phase (t ≥ 4 ms), the heat
flux distribution attains a strong local maximum in the immediate vicinity of the three-phase
contact line, forming a ring-shaped region. The position of the contact line and its radius from
this moment on is assumed to be in the region where the maximum heat flux occurs. Figure 3.15
presents the employed method to evaluate the contact line position and its radius with respect
to the maximum heat flux. In this method, several lines at distinct angles are passed through
the center of the wetted area, and the position of the two heat flux maximums along each line
is detected. A circle is fitted to the detected points to determine the contact line position and
its radius. In principle, more lines lead to better estimation of the position of the contact line;
however, the standard deviation of the radius in the case of more than 8 lines is 2%. Therefore,
to save computing time, eight lines have been used to detect the position of the contact line and
calculate the contact line radius.

Figure 3.16 compares the evolution of the contact line radius evaluated from the B/W and IR
images at ∆T = 4.5 K and PR = 0.05. As expected, a good agreement between the curves at low
wall superheats and reduced pressures can be observed.
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Figure 3.16.: Comparison between contact line radius evaluated from the B/W and IR images at
∆T = 4.5 K and PR = 0.05.

3.7.5 Heat flow and cumulative heat flow calculation procedures

The heat flow for each time step, Q̇drop(t), is evaluated by the integration of local heat flux from
equation 3.19 over the drop footprint depicted in the middle of Fig. 3.15

Q̇drop(t) = l2
pix

224
∑

x=1

224
∑

z=1

q̇drop(x , z, t) , (3.21)

where lpix =∆x =∆z = 29.27 · 10−6 m is the pixel size, and q̇drop(x , z, t) is defined as:

q̇drop(x , z, t) =

¨

q̇(x , z, t), if x , z ∈ Adrop ,

0, if x , z /∈ Adrop .
(3.22)
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Herein Adrop denotes the area of the drop footprint. The total heat transferred to the drop is the
integration of the heat flow from equation 3.21 over time and can be expressed as:

Edrop(t) =
t
∑

t=1

Q̇drop(t) . (3.23)

3.7.6 Measurement uncertainties

The evaluated measurement uncertainties described in this section are based on the worse case
assumption of linear error propagation [106].

Drop diameter and impact velocity

Figure 3.17 shows the magnified view of the B/W picture for one exemplary measurement. As
can be seen, the boundary of the drop can be easily distinguished within one pixel due to high
picture contrast. Therefore, the relative uncertainty of the drop diameter is equal to the size of
two pixels,

∆Drel = 2lpix = ±21.74 µm . (3.24)

lpix = 10.87 µm

Figure 3.17.: Magnified view of the B/W picture for one exemplary measurement.

The relative uncertainty of the impact velocity is calculated by the propagation uncertainty of
center displacement corresponding to one pixel, which is

∆urel =
lpix

t
= ±10.87 mm s−1 . (3.25)

To evaluate the absolute uncertainties of the calculation procedures related to drop diameter
and impact velocity, a bunch of drop impact measurements have been performed, and their drop
diameters and impact velocities according to the methods described in 3.7.1 are assessed. Since
the needle size and height, liquid properties, and ambient conditions remained unchanged, the
drop diameters and impact velocities must be constant. The standard deviation for the calculated
drop diameters (∆Dstat = 9.32 µm) and impact velocities (∆ustat = 11.23 mm s−1) are added
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to the relative uncertainty. These refer to the uncertainty of the calculation procedures of drop
diameter and impact velocity, which are

∆Dabs =∆Drel +∆Dstat = ±31.06 µm , (3.26)

∆uabs =∆urel +∆ustat = ±22.10 mm s−1 . (3.27)

Temperature measurements

As mentioned earlier, type K thermocouples (TC) are employed to measure the temperature
at different locations inside the cell and at the calibration block. Prior to the experiments, the
thermocouples are calibrated against a Pt100 temperature probe as a reference temperature.
The Pt100 has an absolute accuracy of ∆TPt100 = ±0.15 K. For each thermocouple, a polynomial
curve was fitted to the measured temperature points and then checked versus the Pt100 reference
temperature. The maximum deviation of the polynomial curve from reference temperature for
all thermocouples was found to be within ∆TTC⇔Pt100 = ±0.25 K. This leads to relative and
absolute measurement uncertainties for the thermocouples of

∆TTC,rel =∆TTC⇔Pt100 = ±0.25 K , (3.28)

∆TTC,abs =∆TTC,rel +∆TPt100 = ±0.40 K . (3.29)

Pressure measurements

The measurement accuracy of the pressure transducer during the entire operating pressure of
0 . . . 25 bar and output voltage of 0 . . . 10 V is 0.05%. This results in the measurement uncertainty
of the sensor of ∆psensor = ±12.5 mbar. Considering the DAQ read out measurement uncertainty
of ∆UDAQ = ±0.98 mV, the absolute pressure measurement uncertainty can be calculated as

∆pabs =∆psensor +
dp
dU
∆UDAQ = ±14.95 mbar . (3.30)

IR thermography

The temperature sensitivity curves of the IR camera versus temperature for different integration
times are depicted in Fig. 3.18. One can notice that higher integration times result in increasing
the temperature measurement sensitivity. However, the maximum measurable temperature at
which the pixels reach saturation is lower for higher integration times. Therefore, selecting
the appropriate integration time is a trade-off between desired measuring temperature and
measurement sensitivity. In the framework of this study, the integration time is always set to
the highest value of 0.8515 ms, except for investigations of the influence of system pressure, at
which the cell temperature has reached its highest value. The integration time, in this case, is set
to 0.5931 ms.
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The noise level of the chip detector from the IR camera represents the temperature measurement
uncertainty of the IR camera. This noise level, or Noise Equivalent Temperature Difference
(NETD), is a function of temperature and the optical setup of measurement. The NETDs provided
by the IR camera manufactures are only reliable for a specific temperature level.
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Figure 3.18.: Mean noise equivalent temperature difference (NETD) for different integration
times of the IR camera, reprinted from [30].

Calibration images are used to calculate the NETD for the whole measurement range. For each
calibration temperature, the difference between the maximum and minimum temperature values
of each pixel for all 200 frames is calculated. This corresponds to the noise of the IR camera chip
(NETD) since the temperature is maintained constant during one calibration sequence. Figure
3.19a presents the mean NETD of the IR camera versus temperature for the integration time of
0.8515 ms.
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Figure 3.19.: a) Mean noise equivalent temperature difference (NETD) and b) mean noise equiva-
lent heat flux difference (NEHFD) at integration time of 0.8515 ms in the tempera-
ture range of 55 to 73 °C .
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The relative wall temperature measurement uncertainty is evaluated by adding the maximum
NETD calculated from the calibration images and the temperature sensitivity as depicted in Fig.
3.18. Since the calibration was performed using a thermocouple, its measurement uncertainty is
added to calculate the absolute wall temperature measurement uncertainty

∆TIR,rel = ±0.18 K , (3.31)

∆TIR,abs =∆TIR,rel +∆TTC,abs = ±0.58 K . (3.32)

Heat flux calculation

The uncertainty of the heat flux calculations arises from i) deviation from the assumption of
adiabatic boundary conditions at the sides and the back of the computational domain with reality,
and ii) the NETD of the IR camera. The assumption of adiabatic boundary conditions is validated
in [30], in which the heater was in direct contact with the metal cell. This assumption is even
more reliable for this work where the heater is installed on top of a PEEK structure with very low
thermal conductivity (λPEEK = 0.25 W m−1K−1).

The NETD of the IR camera results in deviations in heat flux, referring to noise equivalent
heat flux difference (NEHFD). To calculate the NEHFD, the heat flux fields corresponding to
the calibration images are evaluated from the method described in Section 3.7.3. The heat
flux should be equal to zero since the temperature is constant and homogeneous during the
calibration process. The NEHFD of each pixel is equal to the difference between the maximum
and minimum value of the heat flux. Figure 3.19b presents the mean NEHFD versus temperature
for the integration time of 0.8515 ms.

The overall heat flux uncertainty transferred through the liquid–solid interface is the superposi-
tion of the NEHFD and uncertainty of the input heat flux calculations governed by the uncertainty
of the current measurement. The employed power supply has the maximum current output
deviation of ∆IPS = 6 mA and maps its output range of 0 . . . 5 A to an analog voltage signal of
0 . . . 10 V read out by the DAQ with an uncertainty of ∆UDAQ = 0.98 mV. Considering the heater
area of 41.7 · 15 mm2, the maximum heater resistance of 80 Ω and a maximum current of 220
mA, the maximum uncertainty of the input heat flux is

∆qin,max = 2
Rhl I
lw
(∆IPS +

dI
dU
∆UDAQ) = ±365 W m−2 . (3.33)

The relative uncertainty of the heat flux calculation procedure is the calculated NEHFD in the
calibration range, whereas the absolute uncertainty of the heat flux fields is increased by the
uncertainty of the input heat flux

∆qrel = ±9463 W m−2 , (3.34)

∆qabs =∆qrel +∆qin,max = ±9828 W m−2 . (3.35)
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According to [30], the NETDs and NEHFDs are larger at the integration time of 0.8515 ms and
lower temperatures compared to the shorter integration times and larger temperatures. Therefore,
the relative wall temperature measurement uncertainty and overall heat flux uncertainty are
lower at elevated pressures, in which the cell temperature is high and the integration time is set
to 0.5931 ms.

These uncertainty values are only maximum uncertainty estimations and only valid for single time
steps and individual pixels of the heat flux fields. However, the uncertainty of the temperature
and heat flow generated in the pixels covered by the drop footprint is the major interest in this
work.

Temperature and heat flux at the liquid–solid interface

Figure 3.20 presents the histograms for temperature and heat flux distribution of a single frame
from the calibration of the IR camera. A normal (Gaussian) distribution of temperature and heat
flux around the mean value can be observed. The relative temperature and heat flux uncertainty
for such a statistical distribution of the measurement noise is decreased with increasing the
number of pixels (Npix) averaged to generate them [107]. In this study, Npix differs for each
experiment and is defined as the number of pixels at the liquid–solid interface. As an example,
the temperature and heat flux uncertainty for one case, which is depicted in Fig. 5.3 at ∆T = 6.9
K are:
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Figure 3.20.: Exemplary temperature (left) and corresponding heat flux (right) histogram for
a single frame of a calibration point of the IR camera with an integration time of
0.8515 ms.

∆Tdrop,rel =
∆TIR,rel
p

Npix
= ±1.75 · 10−3 K , (3.36)

∆q̇drop,rel =
∆q̇rel
p

Npix
± 95.5 W m−2 . (3.37)

The absolute temperature and heat flux uncertainty at the liquid–solid interface are

∆Tdrop,abs =∆Tdrop,rel +∆TTC,abs = ±0.402 K , (3.38)

∆q̇drop,abs =∆q̇drop,rel +∆q̇in,max = ±460.5 W m−2 . (3.39)
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Heat flow

The measurement uncertainty of the heat flow for each time step is calculated through the
propagation of the contact line radius and heat flux uncertainties

∆Q̇(t) =

√

√

√

(Adrop(t)∆q̇drop)2 + (
Q̇drop(t)

Adrop(t)
∆Adrop)2 , (3.40)

where

∆Adrop = π
∆D2

abs

4
. (3.41)

The contact line radius and heat flux uncertainties are constant. The heat flow uncertainty varies
and is dependent upon the contact line radius and heat flux. Therefore, the maximum heat flow
uncertainty for every single measurement occurs at the maximum of the contact line radius. As
an example, the maximum heat flow uncertainty for one case, which is shown in Fig. 5.3 at
∆T = 6.9 K is 0.056 W.
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4 Numerical Methods
This chapter is devoted to a brief description of the numerical model employed for simulating the
drop impingement onto a superheated surface. The model describes the hydrodynamics and heat
transfer during single and multiple drop impact. In this model, evaporation has been introduced
by Herbert et al. [24] and Batzdorf [2] and used for parametric studies in [7, 25]. This model
pays special attention to the vicinity of the three-phase contact line. Thus, the heat and fluid
flow is modeled on a micro-scale at the three-phase contact line (given in Section 4.1) and in
the macro scale (given in Section 4.2), and finally, the results are coupled together. Some of the
experimental results are compared with the model predictions. The comparison is addressed
within the present thesis in Chapter 5.

4.1 Micro scale heat and fluid flow near contact lines

As already outlined in Section 2.2, various experimental and numerical studies during boiling
and drop impingement have reported a significant local heat transfer near the three-phase
contact line. This is attributed to the small thermal resistance across the liquid layer due to its
small thickness in this region. If the wall is superheated, the small thermal resistance leads to
an extremely large heat flux as the temperature at the liquid–vapor interface is fixed to local
saturation temperature in equilibrium.

Potash and Wayner [108] introduced a concept by which no actual contact line is specified on
a microscopic scale. Their concept was originally developed for perfectly wetting liquids. As
depicted in Fig. 4.1, they suggested that the apparent dry region of the wall near the contact
line is covered with a thin adsorbed film of liquid molecules, having a thickness of the order of
few nanometers. The liquid molecules within this layer are adsorbed to the solid wall due to the
action of intermolecular dispersion forces, which follow from van der Waals interaction forces.
Due to the action of this force, the fluid pressure near the wall either increases when the force is
attractive or decreases when the force is repulsive. This pressure change is termed "disjoining
pressure". No evaporation occurs in this region because of strong attractive forces between fluid
and wall.

The transition region between adsorbed layer and the macro region is referred to as "micro
region" (see Fig. 4.1). This region is characterized by a sharp maximum in the curvature of the
liquid–vapor interface. There are three main aspects distinguishing the heat transfer in the micro
region from the macro region:

• Intermolecular attraction forces between fluid and wall molecules must be taken into
account in this region due to its small length scale. However, this can be neglected on the
macroscopic scale.

• The high values of the curvature leads to a pressure jump across the liquid–vapor interface
resulting in a strong deviation of the local vapor pressure, and, accordingly, saturation
temperature from the pressure and saturation temperature in the macroscopic domain.
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Hence, the curvature and the attraction forces change the local thermodynamic equilibrium
in this region.

• The interfacial thermal resistance, which can be negligible on the macroscopic scale, must
be taken into account when describing the heat transfer in the micro region.

micro region macroscopic
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HEATER
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flow liquid drop

high eva
po-

ratio
n rate

Figure 4.1.: Sketch of a liquid drop (macroscale) and the three-phase contact line (microscale).

It is difficult to experimentally validate the micro region models since the measurements of
physical quantities within this region are complex due to their short time and small length scales.
However, various studies reported that macroscopic characteristics of an evaporating contact
line are qualitatively correct if a micro region model is employed.

The employed model in this work, which is used to describe the heat and mass transfer at the
three-phase contact line, was initially proposed and used by Stephan and Busse [109] and later
was developed by [38, 110–112]. In the recent model developed by Batzdorf [2], the effects
of the contact line motion and the recoil pressure were included. More details can be found in
[2].

The micro region model is solved independently from the macro scale model. The input variables
in this model are the contact line velocity, and wall superheat, whereas, the output variables are
apparent contact angle and local heat flux at the three-phase contact line. A correlation is fitted
to the results of the micro region model and implemented in the macro simulations in order to
save computational time.

4.2 Macro scale heat and fluid flow

To model heat and fluid flow within the macro region, conservation equations for mass, momen-
tum, energy, and volume fraction should be solved. The mass equation reads

∇ · u= ΣV , (4.1)

where ΣV is the volume change in case of phase change due to the density difference between
the two phases. Cauchy’s equation of motion is

ρ

�

∂ u
∂ t
+ (u · ∇u)
�

=∇ · T+ρg+ fσ . (4.2)
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The last two terms on the right-hand side of equation 4.2 include the effects of the gravity and
surface tension, and T is the stress tensor. Since both liquid and vapor phases are considered as
Newtonian fluids, the stress tensor can be expressed as

T= −
�

P +
2
3
µ(∇ · u)
�

I+µ
�

∇u+ (∇u)T
�

. (4.3)

According to Fourier’s law, the reformulated energy conservation in form of temperature is

∂ (ρcT )
∂ t

+∇ · (ρcuT ) =∇ · (λ∇T ) +Σe , (4.4)

In this equation, the pressure work and dissipation effects are neglected. The source term Σe

accounts for the latent heat of vaporization. The energy equation within the solid phase is

∂ (ρcT )
∂ t

=∇ · (λ∇T ) . (4.5)

The surface tension effects shown in equation 4.2 can be calculated via

fσ = σκ∇F , (4.6)

where F denotes the volume fraction and κ denotes the interfacial mean curvature. It reflects if
the entire cell is occupied by the liquid phase (F = 1) or vapor phase (F = 0) and is defined as

F =
Vl

Vc
. (4.7)

In order to track the interface, the Volume of Fluid method proposed by Hirt and Nichols [113]
is implemented. Within this method, the interface is located where the value of F is between 0
and 1. The conservation of the volume fraction is also solved by

∂ F
∂ t
+∇ · (uF) +∇ · (cF | u | nint(1− F)F) = ΣVF , (4.8)

where nint denotes the unit normal vector of the interface and cF denotes the numerical factor,
which influences the strength of the compression, which is set to unity in this work.

The evaporation model developed by Kunkelmann and Stephan [33] is further added to the set
of above mentioned equations. In this model, the temperature at the liquid–vapor interface is
assumed to be equivalent to the saturation temperature of the fluid, which corresponds to the
system pressure. The evaporation heat flux at the interface is calculated by the temperature
gradient normal to the interface on the liquid and vapor side, respectively. The macroscopic
model is implemented into the open source CFD software OpenFOAM. For discretization of the
conservation equations, the Finite Volume Method is utilized. More details of macroscopic model
can be found in [2].
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5 Results and Discussion
The present chapter is divided into the results corresponding to the impingement of a single
drop (section 5.1) and multiple drops (section 5.2) onto a heated surface. Within each section,
the influence of relevant parameters on hydrodynamics and heat transport during the drop
impingement is presented.

5.1 Single drop impingement

B
/W

im
ag

e
H

F
fie

ld

1mm

t= 0 ms t= 1 ms t= 2 ms t= 3 ms t= 4 ms

15

60

30

T
/

°C

0

45

64.4

64.1

65.0

64.7

63.8

B
/W

im
ag

e
H

F
fie

ld
Te

m
p.

fie
ld

1mm

1mm

t= 5 ms

t= 7 ms t= 8 ms t= 10 ms t= 15 ms t= 20 ms t= 50 ms

q̇
/

kW
m
−

2

Te
m

p.
fie

ld

t= 6 ms

Figure 5.1.: B/W images, temperature and heat flux fields during the impingement of a single
drop onto a bare heater for 50 ms after impact (D0 = 0.93 mm, u0 = 0.44 m s−1,
∆T = 9.5 K, p= 0.9 bar, Re= 1450, We= 34, Bo= 0.4, Ja= 0.13, Pr= 9.7, and
pR = 0.05).

This section addresses the influence of wall superheat, impact velocity, drop size, system pressure,
and surface structure on hydrodynamics and heat transport during single drop impingement
onto moderately superheated surfaces. The side-view of the drop shape evolution captured by
the B/W camera and temporal evolution of the temperature and heat flux distribution at the
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fluid–solid interface determined from the IR images are presented in Fig. 5.1. One can notice
that the heater surface is colder at the drop footprint. High local heat flux is transferred to the
liquid during the first few milliseconds when the drop wets the heater surface. At the early
stages of impact, the highest heat flux is transferred through the center of the drop footprint. At
this stage, the heat flux is uniform at the center and reduces radially outwards, so that it is the
lowest in the proximity of the three-phase contact line. At t = 4 ms, before the drop reaches its
maximum radius, high local heat flux near the three-phase contact line is observed. The radius
of the contact line reaches its maximum, and the heat flux at the center of the drop footprint
reduces gradually. Since then, the heat flux in the proximity of the contact line is larger than
that at the center, indicating the high rate of evaporation in this region. Qualitatively similar
behavior of the heat flux distribution has been observed in the whole parameter ranges.

i. Hydrodynamic behavior

Figure 5.2a compares the corresponding numerical and experimental results for contact line
radius for the example depicted in Fig. 5.1. As demonstrated, the drop impingement event is
subdivided into three subsequent phases: i) the drop spreading phase, ii) the drop receding
phase, and iii) the sessile drop evaporation phase. During the drop spreading phase, the liquid
motion is dominated by inertia forces, and the contact line moves radially outwards. This process
ends as soon as the contact line reaches its maximum due to the dissipation of kinetic energy. In
the receding phase, the contact line starts to shrink. The surface tension is the driving force in
this phase, which tends to minimize the surface area of the liquid. Since the kinetic energy rises,
the contact line radius, Rcl, may reach a smaller value than that corresponding to equilibrium
form. The contact line moves again outward, and this oscillation phenomenon could be repeated
several times until the drop reaches the equilibrium state corresponding to the sessile drop
evaporation phase.
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Figure 5.2.: Temporal evolution of the a) contact line radius and b) heat flow during the impinge-
ment of a single drop onto a bare heater evaluated from experimental data and
predicted from numerical simulations (D0 = 0.93 mm, u0 = 0.44 m s−1,∆T = 9.5 K,
and p= 0.9 bar).

ii. Heat transfer behavior

Figure 5.2b depicts the numerical and experimental results for heat flow evolution, for the
example shown in Fig. 5.1. In this figure, the global heat flow, Q̇drop, is defined as the heat
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transferred to the drop at the liquid–solid interface. The temporal evolution of the heat flow
corresponding to the evaporation, Q̇evap, and the proportion of the heat transferred in the
circular region of 10 µm around the contact line position (from where the reconstructed interface
intersects the wall into the liquid bulk), Q̇cl, are evaluated numerically and illustrated in this
figure, as well.

During the three phases following the drop impact, the heat is transferred by conduction,
convection, and evaporation. However, the contribution of each heat transfer mechanism differs
during different phases. The driving heat transfer mechanism during the spreading phase is
mainly convection from the wall to the drop. This phase is characterized by a fast increase in heat
flow because of the increasing contact area between the cold liquid and the hot dry wall. The
maximum heat flow is transferred to the drop during this phase before the contact line radius
reaches its maximum. As the fluid motion slows down and the temperature difference between
the liquid and the wall reduces, the heat flow decreases despite the enlargement of the contact
line radius. During the receding phase, the motion direction reverses, and the superheated liquid
is transported from the superheated thermal boundary layer towards the liquid–vapor interface.
This eases the evaporation at the liquid–vapor interface. In this phase, the global heat flow
reduces continuously until it reaches its minimum. During the sessile drop evaporation phase,
the heat transport takes place mainly by evaporation. As shown in Fig. 5.2b, around 50% of
total heat flow is transferred in the proximity of the three-phase contact line. A summary of the
dominating heat transfer mechanisms for each phase of the impingement is presented in [2].

Unlike in numerical simulations, it is not possible to distinguish between evaporation, conduction,
and convection heat transfer during experiments. But the numerical results presented in [2,
24, 25] and in the present work allow good predictions with respect to the behavior of the
evaporation heat transfer for experimental results. It can be seen in Fig. 5.2b that the contribution
of evaporation to the total heat transfer rate is low during the drop spreading phase (i) and its
relative influence increases continuously during the receding phase (ii). During the sessile drop
evaporation phase (iii), the total heat is transported mainly by evaporation, and the evaporation
in the proximity of the three-phase contact line contributes around half of the total heat flow.
Therefore, the influence of the experimental parameters on the heat transfer rate during the
sessile drop phase, which is reported in the following sections reflects the influence of these
parameters on evaporation heat transfer.

5.1.1 Influence of wall superheat

The experimental results and numerical simulations on the influence of wall superheat ranging
from 6.9 to 17.2 K on the contact line radius and the heat flow are shown in Figs. 5.3a and
b, respectively. As can be observed in Fig. 5.3a, increasing wall superheat leads to a decrease
of the maximum contact line radius, the spreading and the receding durations, and also leads
to a slightly faster drop receding phase. This behavior can be mainly attributed to the higher
evaporation rate in the proximity of the three-phase contact line, particularly during the receding
and sessile drop evaporation phases, and concomitant higher apparent contact angle [38]. The
larger wall superheat is accompanied by a stronger oscillation of the drop at the end of the
receding phase and results in the formation of smaller drops during the sessile drop evaporation
phase. A good qualitative and quantitative agreement between the experimental data and
numerical simulations is observed.
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Figure 5.3.: Temporal evolution of the a) contact line radius and b) heat flow during the impinge-
ment of a single drop onto a bare heater for various wall superheats (D0 = 0.93 mm,
u0 = 0.44 m s−1, and p= 0.9 bar).

As depicted in Fig. 5.3b, an increase in the wall superheat enhances the heat flow. However,
this enhancement is weaker than linear due to the decrease of liquid–solid contact area when
increasing the wall superheat. Similar to the contact line radius, an oscillation in global heat
flow at the end of the receding phase is observed. During the sessile drop evaporation phase, the
larger wall superheat induces a higher heat flow. Since the temperature difference between the
heater surface and the liquid drop is larger at higher wall superheats, the evaporation rate is
predicted to be larger, as well. To improve the readability of the graphs, the error bars of only
one measurement (∆T = 6.3 K) is indicated.

As depicted in Figs. 5.3a and b, a good qualitative agreement between the experimental and
simulation data is observed. The deviation between the measured and numerically predicted
heat flux can be attributed to the lower spatial resolution of the IR camera compared to the three-
phase contact line. The size of the three-phase contact line is approximately one micrometer [2].
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However, the spatial resolution of the IR camera, as already mentioned, is 29.27 µm/pixel. This
hinders the precise detection of the expected high-temperature gradient in this region.

Figures 5.4a and b represent the spreading ratio and dimensionless heat flow versus dimensionless
time for various Ja numbers. The spreading ratio is independent of the wall superheat at the
initial stages of the impact. The maximum spreading ratio decreases, while the maximum
dimensionless heat flow rises at larger wall superheats. The demonstrated behavior of the
spreading ratio and dimensionless heat flow dependent upon the Ja number is in line with the
numerical work of Batzdorf [2].
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Figure 5.4.: a) Spreading ratio and b) dimensionless heat flow versus dimensionless time during
the impingement of a single drop onto a bare heater for various Ja numbers (Re=
1450, We= 34, Bo= 0.4, Pr= 9.7, and pR = 0.05).

The corresponding dimensional and dimensionless cumulative heat flow for the aforementioned
measurements are depicted in Figs. 5.5a and b. Both dimensional and dimensionless cumulative
heat flow rise sharply during the spreading and receding phases since high heat is transported
to the liquid. A moderate increase in cumulative heat flow during the sessile drop evaporation
phase is measured since the heat flow is lower than in the first two phases.
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Figure 5.5.: Temporal evolution of the cumulative heat flow in a) dimensional and b) dimension-
less forms during the impingement of a single drop onto a bare heater for various
wall superheats (D0 = 0.93 mm, u0 = 0.44 m s−1, p= 0.9 bar, Re= 1450, We= 34,
Bo= 0.4, Pr= 9.7, and pR = 0.05).

5.1.2 Influence of impact velocity

Figures 5.6a and b depict the experimental data and the results of numerical simulations of the
contact line radius and heat flow for various impact velocities ranging from 0.33 to 0.57 m s−1,
respectively. It is observed that larger impact velocities and consequently spreading velocities
and kinetic energies lead to a shorter duration of spreading phase and a larger maximum contact
line radius (see Fig. 5.6a). The maximum contact line radius is larger for faster drop impacts
because of higher kinetic energy.

According to the work of Herbert et al. [24], the maximum contact line radius increases with
impact velocity not linearly (Rcl,max∝ u0.2

0 ). This is in good agreement with these experimental
results, where Rcl,max ∝ u0.208

0 . The increase of the impact velocity prolongs the receding
phase. During the sessile drop evaporation phase, the contact line radii reach almost the same
equilibrium state independently from the impact velocity, since the alteration in impact velocity
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only influences the inertia forces dominating during the spreading phase. However, the drop is
in a stationary condition during the sessile drop evaporation phase, and inertia forces do not
play any role, resulting in a similar drop footprint independent of the impact velocity.
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Figure 5.6.: Temporal evolution of the a) contact line radius and b) heat flow during the impinge-
ment of a single drop onto a bare heater for various impact velocities (D0 = 0.93
mm,∆T = 6.3 K, and p= 0.9 bar).

During the advancing phase, the global heat flow follows the hydrodynamic trend and reaches its
maximum earlier with increasing impact velocity (see Fig. 5.6b). Higher impact velocity leads to
higher heat flow during both advancing and receding phases. Moreover, the influence of impact
velocity on heat flow is stronger than maximal contact line radius. Finally, after almost 28 ms,
the drop reaches its equilibrium, leading to identical heat flows for various impact velocities.
Experimental and simulation data are in good qualitative and quantitative agreement. The drop
evaporation is predicted to be independent of the impact velocity. This is attributed to the almost
similar contact line radii during the receding and sessile drop evaporation phases.

Figures 5.7a and b depict the influence of impact velocity on hydrodynamics and heat transfer in
dimensionless form. Variation in impact velocity leads to simultaneous alteration of Re and We
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numbers. It is clearly visible that an increase of both Re and We numbers shift the maximum
contact line radius and the maximum dimensionless heat flow to the higher dimensionless time.
The maximum spreading ratio expands while the maximum dimensionless heat flow reduces.
These trends for the spreading ratio and dimensionless heat flow are in line with the numerical
work of Herbert et al. [24]. They have shown that the Reynolds number exerts a much stronger
influence on the maximum spreading ratio; however, the We number affects mainly the receding
phase. It is, in addition, very important to note that the final spreading ratio is approximately
equal to two, independent of the impact velocity. On the one hand, this is because the apparent
contact angle does not depend on the impact velocity. On the other hand, the volume change of
the drop is small due to the evaporation in this short time. As depicted in Fig. 5.7a, the spreading
ratio is independent of the impact velocity at the initial stages of impact.
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Figure 5.7.: a) Spreading ratio and b) dimensionless heat flow versus dimensionless time during
the impingement of a single drop onto a bare heater for simultaneous variations of
Re and We numbers (Ja= 0.08, Bo= 0.4, and Pr= 9.7 and pR = 0.05).

In Annex A.4.1, the corresponding dimensional and dimensionless cumulative heat flow for the
above measurements are depicted.
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5.1.3 Influence of drop size

The experimental results and numerical simulations of the contact line radius and heat flow for
different drop sizes ranging from 0.97 to 1.60 mm are depicted in Figs. 5.8a and b, respectively.
In order to fit the largest drop in the field of view of the IR camera, the spatial resolution of
the IR camera is set to a low resolution of 40.82 µm/pixel. This reduces the accuracy of the
measurements and leads to the deviation between experimental and simulated curves. The
measurement accuracy near the maximum contact line radius is even lower in the case of the
largest drop (D0 = 1.60 mm). It is attributed to the defective pixels of the camera chip near
the corners of the IR camera’s FOV. This resulted in the discrepancy between measured and
simulated contact line radius and heat flow in case of D0 = 1.60 mm.
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Figure 5.8.: Temporal evolution of the a) contact line radius and b) heat flow during the impinge-
ment of a single drop onto a bare heater for various impact diameters (u0 = 0.44 m
s−1,∆T = 6.9 K, and p= 0.9 bar).

It can be observed that the impact of larger drops is accompanied by the prolongation of the
drop spreading and receding phases (see Fig. 5.8a). Furthermore, the maximum contact line
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radius increases with increasing the drop diameter. As intuitively expected, bigger drops deliver
larger heat flow, since the wetted surface becomes larger (see Fig. 5.8b). The heat flow follows
the identical trend as the contact line radius. Additionally, higher drop evaporation due to larger
drop footprints can be observed for bigger drops.

Figures 5.9a and b show the influence of drop size on hydrodynamics and heat transfer in
dimensionless form. Drop size alteration causes simultaneous variation in Re, We, and Bo
numbers. In the range of measurement drop sizes, if Re, We, and Bo increase, the maximum
spreading ratio slightly increases and shifts to larger dimensionless time. It can be noticed that
the final spreading ratio is independent of the drop size and is approximately equal to two. It
can be concluded that the spreading ratio during the sessile drop evaporation is independent of
the impact parameters while marginally depending on the Ja number. This is an important result
that allows modeling the sessile drop evaporation starting from this moment. The maximum of
dimensionless heat flow reduces and occurs at a constant dimensionless time of approximately 2.
In Annex A.4.1, the corresponding dimensional and dimensionless cumulative heat flow for the
aforementioned measurements are presented.
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Figure 5.9.: a) Spreading ratio and b) dimensionless heat flow versus dimensionless time during
the impingement of a single drop onto a bare heater for simultaneous variations of
Re, We, and Bo numbers (Ja= 0.08, Pr= 9.7, and pR = 0.05).
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5.1.4 Influence of system pressure

Figures 5.10a and b present the temporal evolution of the contact line radius and heat flow
for various reduced pressures ranging from 0.05 to 0.5, respectively. In systems with pressure
variations reduced pressure, pR, is normally used, which is defined as the ratio of actual pressure,
p, and critical pressure, pcrit,

pR =
p

pcrit
. (5.1)
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Figure 5.10.: Temporal evolution of the a) contact line radius and b) heat flow during the impinge-
ment of a single drop onto a bare heater for various system pressures (D0 = 0.94
mm, u0 = 0.34 m s−1, and∆T = 6.5 K).

As depicted in Fig. 5.10a, the maximum of the contact line radius is approximately similar in
all four pressures. However, the duration of the spreading and particularly receding phases is
increased at elevated pressures. This is attributed to the slight decline of kinetic energy due to
the lower liquid density, to the a significant decrease of liquid surface tension by increasing the
cell pressure. The minimum contact line radius at the end of the receding phase appears at a
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later time and becomes smaller at higher cell pressures. Moreover, the drop footprint during
the sessile drop evaporation phase becomes smaller at elevated pressures. This behavior of the
contact line radius agrees qualitatively with the results of the numerical work of Schlawitschek
[68].

According to Fig. 5.10b, the heat flow is reduced at elevated pressures mainly due to the
reduction in heat flux caused by low liquid thermal effusivity. The thermal effusivity of a material
is a measure of its ability to exchange thermal energy with its surroundings and is defined as
the square root of the product of the material’s thermal conductivity and its volumetric heat
capacity. The thermal effusivity of FC-72 reduces from 305 W s0.5 m−2 K−1 at pR = 0.05 to 250
W s0.5 m−2 K−1 at pR = 0.5. This strongly reduces the maximum heat flow at high pressures.
Besides, an increase in system pressure is accompanied by lower heat flow during the sessile
drop evaporation phase, in which evaporation is the main heat transport mechanism. This can be
explained by a decrease in latent heat of vaporization at elevated pressures. This behavior of heat
flow at elevated pressures are in line with the results addressed in the work of Schlawitschek
[68].
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Figure 5.11.: a) Spreading ratio and b) dimensionless heat flow versus dimensionless time during
the impingement of a single drop onto a bare heater for simultaneous variations of
Re, We, Bo, Ja, Pr, and pR.
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Figures 5.11a and b show the influence of system pressure on hydrodynamics and heat transfer
in dimensionless form. If the system pressure rises, the Re, We, Ja, and Bo numbers become
larger, while the Pr number declines. In the range of studied system pressures, the spreading
ratio follows the same trend as the contact line radius. However, a consistent behavior cannot be
recognized during the spreading and receding phases. But the dimensionless heat flow during
the sessile drop evaporation phase reaches a constant value of 0.002, which is independent of
the system pressure. As already explained, evaporation is the primary heat transport mechanism
during the sessile drop evaporation phase. Therefore, constant value of dimensionless heat flow
in this phase suggests a proportional relationship between the evaporation and the product of
latent heat and density for this parameter range (see equation 2.11).

The corresponding dimensional and dimensionless cumulative heat flow for the aforementioned
measurements are depicted in Annex A.4.1.

5.1.5 Influence of surface structure

This section is devoted to the influence of the porous coating on hydrodynamics and heat transport
during single drop impact. To create a porous coating, the heater substrate was coated with a
nanofiber mat consisting of randomly oriented nanofibers generated through electrospinning of
5 wt% polyacrylonitrile solution (PAN; Mw = 150 kDa) in N,N-dimethylformamide (DMF). In
this section, the influence of wall superheat and drop impact velocity in the presence of nanofiber
mat, as well as the influence of mat thickness on the hydrodynamics and heat transport during
single drop impact, are addressed.
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Figure 5.12.: a) Image of the heater flange consisting of the heater substrate coated with
nanofiber mat, b) schematic of the heater coated with nanofiber mat, and c)
SEM image of the nanofiber mat.

The electrospinning setup from Avectas Spraybase is used in this study. More details of electro-
spinning setup and process are given in the work of Heinz et al. [114]. To generate fibers, a
polymer solution is subjected to an electric field by pumping the solution through an emitter.

5.1. Single drop impingement 65



A Taylor cone at the tip of the emitter is formed due to the electric field. The electric field
leads to the acceleration of a jet of polymer solution towards the collector. The simultaneous
occurrence of hydrodynamic and electrostatic instabilities perturbs and deforms the polymer jet.
It influences the final morphology of the fibers. The emitter is typically a stainless steel needle
connected to a high voltage potential, while the collector is grounded. In this study, the heater
described in Section 3.4 is used as the collector.

Figure 5.12a and b show the captured image from the heater flange consisting of the heater
substrate coated with nanofiber mat, and the schematic of the coated heater. The SEM image
of the generated nanofibers is depicted in Fig. 5.12c. The nanofibers are electrospun onto the
heater substrate in particular time durations to achieve distinct mat thicknesses. Within this
study, the mat thicknesses, measured using a confocal microscope, are 18, 22, 51, and 80 µm.
The fiber diameters ranged from 200 to 300 nm.

The side-view of the drop shape evolution captured by the B/W camera, and the temporal
evolution of heat flux distribution evaluated from the IR images in the presence and absence
of nanofiber mat, are presented in Fig. 5.13. The thickness of the nanofiber mat is hmat = 22
µm. As can be seen in this figure and already shown in Fig. 5.1, the drop impingement onto the
uncovered (bare) heater is subdivided into spreading, receding, and sessile drop evaporation
phases.

1mm

t= 1 ms t= 2 ms

0

t= 5 ms t= 7 ms t= 17 ms

10

50

20 q̇
/

kW
m
−

230

B
/W

im
ag

e
H

F
fie

ld

1mm 40

nanofiber-coated heater

B
/W

im
ag

e
H

F
fie

ld

bare heater

Figure 5.13.: B/W images and heat flux fields for 17 ms after the impingement of a single drop
onto a bare (top), and nanofiber-coated (bottom) heater surface (D0 = 0.95 mm,
u0 = 0.45 m s−1, and∆T = 14.6 K).

Similar to the bare surfaces, the inertial force leads to drop spreading over the nanofiber mat at
the initial stages of impact. However, the spreading velocity is slower than that on the uncovered
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heater. Thereafter, drop spreading is impeded, the contact line is pinned, and liquid penetrates
the porous nanofiber mat, which leads to the suppression of the drop receding phase for the
coated heater. Finally, the liquid drop slightly shrinks, and its spreading radius moderately
declines because of the phase transition from liquid to vapor.

In contrary to drop impact onto a bare heater, the presence of nanofiber mat prevents direct
contact between the liquid and the heater surface at the early stage of impact. It is suggested
that the cold liquid first impacts the top surface of the hot nanofiber mat and evaporates quickly.
The generated vapor is trapped inside the pores between the Cr surface and bulk liquid. This
phenomenon, which is attributed to the “skeletal” Leidenfrost effect, significantly weakens the
heat flux because of the low thermal conductivity of the vapor [74]. In such a case, the drop first
cools down the nanofibers, and heat is removed from the heater mainly through the nanofiber
skeleton (λFC-72,v = 0.008 W m−1 K−1 and λfiber = 0.02− 0.05 W m−1 K−1 [116]).

After several milliseconds, two scenarios may occur depending on the wall superheat and impact
velocity. Scenario (I): the liquid drop completely penetrates the nanofiber pores and reaches
the solid heater surface. This phenomenon occurs at low wall superheat or high impact velocity
and results in a significant heat flux transfer through the liquid–solid interface. Scenario (II):
the wall superheat is sufficiently large; hence, a significant amount of vapor is generated and
trapped inside the pores, which hinders the liquid drop from reaching the heater surface. If at
the same time the impact velocity is low, the low inertial force hinder the liquid drop, expelling
the vapor produced inside the pores of the nanofiber mat radially outward to reach the solid
surface. Therefore, the heat transport in this scenario is lower than that in scenario (I).

Figures 5.14a and b compare the heat flux field and corresponding heat flux distribution along a
line passing through the center of the drop footprint at t= 50, 90, and 150 ms for the impact
velocities u0 = 0.45 and 0.58 m s−1, where scenario (I) and (II) are realized, respectively. The
comparison was made during the sessile drop evaporation phase when the effect of convection is
negligible (that could affect the heat transfer at different impact velocities).
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Figure 5.14.: a) Heat flux fields at t= 50, 90, and 150 ms for two scenarios: (I) (top) and (II)
(bottom); b) heat flux distribution along the centreline X-X.

The measured heat fluxes depicted in the heat flux field and line suggest the penetration of liquid
into the porous nanofiber mat in scenario (I), resulting in high heat flux through the liquid–solid
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interface in scenario (I) compared to scenario (II). In this example, the high heat flux region in
scenario (I) occurs in the middle of the impacted area; however, the position of the high heat
flux can be different in other measurements and vary over time.

Figures 5.15a1, b1, and c compare the spreading radius, heat flow, and cumulative heat flow for
scenario (I) and (II) for heater coated with nanofiber mat. Figures 5.15a2 and b2 are similar
to a1 and b1but plotted for a shorter time period to enhance the readability of the curves. The
corresponding parameters are listed in Table 5.1. For comparison, the data for drop impact on
an uncovered heater surface at the same impact parameters and wall superheats are shown
in the same figures. In the case of an uncovered heater, the drop spreading phase lasts a few
milliseconds with a relatively large spreading velocity. Then drop receding occurs until t= 30 ms.
Finally, the drop oscillates several times until it reaches its equilibrium stage.

Table 5.1.: Impact parameters and wall superheat as well as mat thickness for two exemplary
drop impact experiments corresponding to scenario (I) and (II).

parameters scenario (I) scenario (II)
D0 / mm 0.95 0.95
u0 / m s−1 0.58 0.45
∆T / K 9.6 7.0
hmat / µm 22 22
Re 1920 1550
We 60 39
Ja 0.12 0.09

If the heater is coated with a nanofiber mat, then the drop spreading phase can be further divided
into two phases regardless of whether scenario (I) or (II) occurs: i) drop spreading with a high
spreading velocity at the initial stages of impact, and ii) drop spreading with low spreading
velocity thereafter. The inertial force is the governing force for the high spreading velocity phase
at the initial stages of impact. In scenario (I), the spreading velocity at the early stage of impact
is approximately equal to the spreading velocity on the uncovered heater. Afterward (second
spreading phase), the spreading slows down compared with the uncovered heater substrate.
In scenario (II), the spreading velocity is significantly lower than the spreading velocity on the
uncovered heater from the very beginning. At t= 14 ms, the velocity decreases abruptly, and
the second spreading phase begins but is not completed after 250 ms. The drop spreading with
low spreading velocity is due to the imbibition of the drop through the pores of nanofiber mat
[117].

If scenario (I) occurs, then the spreading radius reaches a larger maximum compared with the
case with the uncovered heater. This means that the liquid imbibes through the mat radially
outward even after the kinetic energy has completely dissipated. In this scenario, very high heat
flux is transferred to the liquid owing to the contact between the liquid and the hot surface. The
liquid drop evaporates quickly, and marginal shrinkage of the spreading radius owing to the
transition of the liquid to the vapor phase is observed.

However, the maximum spreading radius for scenario (II) is smaller than that for the uncovered
heater. In this scenario, the high spreading velocity phase lasts approximately 20 ms. During the
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low spreading velocity phase, the liquid is imbibed into the pores of the nanofiber mat, leading
to a decrease in the temperature difference between the heater and liquid over time. Therefore,
the imbibition of the liquid through the nanofiber mat leads to the gradual spreading of the
liquid over the surface.
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Figure 5.15.: Temporal evolution of the a1, a2) contact line radius, b1, b2) heat flow, and c)
cumulative heat flow during the impingement of a single drop onto a bare and a
nanofiber-coated heater for the parameters listed in Table 5.1 (a2 and b2 are similar
to a1 and b1 but for a shorter time period).

A drastic difference between the two scenarios is evident in the transferred heat flow. As depicted
in Figs. 5.15b1 or b2, a high heat flow is transferred to the liquid drop at the initial stages of the
impact in the case of an uncovered heater, at which the cold liquid drop contacts directly onto
the heater surface. If the heater is coated with the nanofiber mat and scenario (I) occurs, then
a large heat flux and a corresponding heat flow comparable to but lower than the maximum
heat flow transferred from uncovered heater for a much longer time period is measured. This
scenario is characterized by the fluctuation of the heat flow, since the liquid touched the heater
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substrate frequently. If scenario (II) occurs, then the heat flow follows the same trend as the
spreading radius, and no maximum heat flow is identified. In this scenario, the maximal heat
flow is much lower (almost a quarter) than the maximum heat flow measured in the case of the
uncovered heater. Starting at t= 22 ms, the heat flow in scenario (II) exceeds the heat flow on
the uncovered heater (during the sessile drop evaporation phase).

According to Fig. 5.15c, the drop impact on the uncovered heater is accompanied by a sharp
slope of the cumulative heat flow at the early stage of impact owing to the high heat flux in this
time period. Afterward, the cumulative heat flow increased almost linearly as the transferred
heat flow remains roughly constant during the sessile drop evaporation phase. In the case where
the heater is coated with the nanofiber mat and scenario (I) occurs, the cumulative heat flow
rapidly rises apart from the initial phase (until t= 17 ms), which is attributed to the high heat
flow transferred through the large drop footprint at each time step. If scenario (II) occurs, then
the cumulative heat flow still rises, but not as steep as in scenario (I). Regardless of whether
scenario (I) or (II) occurs, the cumulative heat flow or the energy transferred from the coated
heater exceeds that of the uncovered heater after a specific time (t= 30 ms for scenario (I) and
t= 125 ms for scenario (II)). This is associated with a larger drop footprint owing to the presence
of the nanofiber mat and suppression of the drop receding phase. It can be generally stated that
the presence of the nanofiber mat enhances the energy transferred to the liquid despite the lower
local heat flux at the initial stage of impact. The dimensionless form of presented graphs in this
Section are given in Annex A.4.1.

Influence of wall superheat

Figures 5.16a, b, and c show the temporal evolution of the spreading radius, heat flow, and
cumulative heat flow during drop impact on a surface coated with the nanofiber mat at the wall
superheats ranging from 2.2 to 16.3 K. Scenario (II) occurs in all wall superheats except for
∆T = 2.2 K.

As can be suggested based on the data presented in Fig. 5.16b, the liquid drop makes contact
with the solid surface several times for ∆T = 2.2 K (scenario (I)). Besides the oscillation of the
heat flow in scenario (I), the spreading radius in this scenario is larger than that in scenario
(II). Based on the heat flow data depicted in Fig. 5.16b, it can be concluded that scenario (I) is
realized at ∆T = 2.2 K compared with ∆T = 3.4 and 7.0 K. This is attributed to the higher local
heat flux at different spots of drop footprint. Therefore, the particular behavior of the spreading
radius, heat flow, and cumulative heat flow at ∆T = 2.2 K can be explained by the transition
from scenario (I) to (II).

For wall superheats equal to or greater than 3.4 K, the spreading radius decreases. An increase
in wall superheat leads to a larger spreading radius at the early stage of impact. However, this
decreases with time owing to the higher evaporation rate at larger wall superheats. As expected,
heat flow and cumulative heat flow rise with increasing wall superheat. In Annex A.4.1, the
corresponding dimensionless graphs for various wall superheats are presented.

The time required for complete drop evaporation according to the wall superheat is presented in
Fig. 5.16d. In the case of low wall superheat at which scenario (I) occurs, the drop completely
evaporates at t = 673 ms, which is slightly quicker than the evaporation time at ∆T = 16.3 K
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(t = 680 ms). If the wall superheat increases to 3.4 K but the impact parameters stay constant,
then scenario (II) occurs, and the duration of complete drop evaporation increases to 1505 ms.
At constant impact parameters, the transition from scenario (I) to (II) during the observation
time is accompanied by not only a smaller spreading radius, lower heat flow, and cumulative
heat flow but also a longer duration of drop evaporation. If the wall superheat increases further,
then the evaporation time for the entire drop is shorter.
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Figure 5.16.: Temporal evolution of the a) contact line radius, b) heat flow, c) cumulative heat
flow; and d) the corresponding time duration for entire drop evaporation during
the impingement of a single drop onto a nanofiber-coated heater for various wall
superheats; (D0 = 0.95 mm, u0 = 0.45 m s−1, p= 0.9 bar, and hmat = 22 µm).

Figure 5.17 represents the B/W and IR images during drop impact on an uncovered (left) and
a nanofiber-coated (right) heater, kept at a high surface temperature (∆T = 26.6 K). Nucleate
boiling can be clearly observed in the case of the uncovered heater. However, the nucleate boiling
is suppressed if the heater is coated with the nanofiber mat. Therefore, the nanofiber-coated
surface shifts the onset of nucleate boiling toward larger wall superheats. This behavior is in
agreement with the work of Sahu et al. [118], who used nanotextured surfaces during pool
boiling.

Figure 5.17 middle-up and middle-bottom compare the heat flow and cumulative heat flow
during drop impact on an uncovered heater with nucleate boiling and a nanofiber-coated heater
without nucleate boiling, respectively. The second and third maxima in Fig. 5.17b during
nucleate boiling arise from the bubble nucleation. It can be observed that despite the high heat
flow and corresponding sharp increase in cumulative heat flow during nucleate boiling at the

5.1. Single drop impingement 71



early stage of impact, the cumulative heat flow for the nanofiber-coated heater exceeds that
of the uncovered heater at t= 277 ms owing to the large liquid–solid interface. During the
observation time period, more energy is removed from the nanofiber-coated surface compared
with the uncovered surface on which nucleate boiling occurs.
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Figure 5.17.: B/W images and heat flux fields at t= 9 and 91 ms during the impingement of a
single drop onto a bare heater (left) and a nanofiber-coated heater (right), and the
corresponding temporal evolution of the heat flow (middle-up), and cumulative
heat flow (middle-bottom) at∆T = 26.6 K (D0 = 0.95 mm, u0 = 0.45 m s−1, and
p= 0.9 bar).

Influence of impact velocity

The temporal evolution of the spreading radius, heat flow, and cumulative heat flow at distinct
impact velocities are shown in Figs. 5.18a, b, and c, respectively. The impact velocities are 0.45,
0.54, and 0.58 m s−1, while the other parameters kept constant. As already shown, a higher
impact velocity is associated with larger kinetic energy and spreading radius (see Section 5.1.2).
This effect also increases the heat flow and cumulative heat flow transferred to the liquid. If
the impact velocity is sufficiently high, then the liquid drop expels the vapor trapped between
the pores of the nanofiber mat radially outward, is imbibed entirely to the pores and makes
contact with the hot heater surface (scenario (I)). As explained earlier, this phenomenon slightly
increases the spreading radius and leads to a drastic increase in the heat flow and cumulative
heat flow. The corresponding dimensionless graphs for various impact velocities are depicted in
Annex A.4.1.
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Figure 5.18.: Temporal evolution of the a) contact line radius, b) heat flow, and c) cumulative
heat flow during the impingement of a single drop onto a nanofiber-coated heater
for various impact velocities (D0 = 0.95 mm,∆T = 9.6 K, p= 0.9 bar, and hmat = 22
µm).

Figure 5.19 depicts the map of scenarios that depend on the wall superheat and impact velocity
presented in dimensionless form using the Ja and We numbers. Within the experimental range,
it can be observed that at high wall superheats or Ja numbers, scenario (II) occurs independently
of the impact velocity or We number. This is mainly attributed to the high evaporation rate
at large wall superheats, which prevents the liquid drop from making contact with the heater
surface. This scenario also occurs at the lowest Ja and We numbers, at which the inertial force
of the drop is not high enough to expel the vapor inside the pores radially outward. Then, the
increasing Ja number leads to a regime change from scenario (II) to (I) and then back from (I)
to (II). The regime change from scenario (II) to (I) at a constant We number and low Ja numbers
may be due to the local surface tension and viscosity changes. This behavior is in line with the
results addressed in the work of Srikar et al. [74]. However, the regime change from scenario (I)
to (II) at high Ja numbers is due to the high evaporation rate of the liquid inside the pores of
nanofiber mat.

Scenario (I) is mostly observed at low Ja and large We numbers, at which the liquid drop
penetrates the nanofiber mat. According to the report given in [119] on the impact of liquid
drops on different electrospun nanofiber membranes, a threshold impact velocity exists above
which the liquid penetrates the membrane. This explains the emergence of scenario (I) at higher
We numbers, while the Ja number remains constant.
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Figure 5.20.: Temporal evolution of the a) contact line radius, b) heat flow, and c) cumulative
heat flow during the impingement of a single drop onto a nanofiber-coated heater
for various mat thicknesses (D0 = 0.95 mm, u0 = 0.45 m s−1, ∆T = 7.0 K, p= 0.9
bar, and hmat = 22 µm).

Figures 5.20a, b, and c show the temporal evolution of the spreading radius, heat flow, and
cumulative heat flow for nanofiber mat thicknesses of 22, 51, and 80 µm. At these thicknesses,
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only scenario (II) occurs for the chosen impact parameters and wall superheat (D0 = 0.95 mm,
u0 = 0.45 m s−1, and ∆T = 7.0 K). Thinner nanofiber mats lead to a larger spreading radius
due to a lower dissipation of kinetic energy. If the mat is thinner, then larger heat flow and
cumulative heat flow are transferred to the drop. This is mainly attributed to the bigger spreading
radius. The corresponding dimensionless graphs for various mat thicknesses are shown in Annex
A.4.1.

5.1.6 Summary of the main findings during single drop impingement experiments

The following is a summary of the main results concerning the hydrodynamics and heat transfer
behavior with respect to the various influencing parameters during single drop impingement:

• Higher wall superheats lead to
i) smaller maximum spreading radii mainly due to the increase of the apparent contact
angle caused by increased evaporation rate in the vicinity of the three-phase contact
line, and
ii) higher heat flow within the first two phases owing to the higher temperature differ-
ence between heater surface and liquid drop.

• Higher impact velocities and drop sizes result in
i) higher maximum spreading radii mainly due to larger kinetic energy of the liquid
drop, and
ii) higher heat flow within the first two phases owing to the larger drop footprint.

• Higher system pressures lead to
i) almost similar maximum spreading radii but longer duration of the spreading and
receding phases due to the slight decline of kinetic energy and a significant decrease of
liquid surface tension, and
ii) a strong decrease in the maximum heat flow mainly due to the reduction in heat flux
caused by low liquid thermal effusivity, and a lower heat flow during the sessile drop
evaporation phase due to the decrease in latent heat of vaporization.

• Drop impact onto a nanofiber coated surface is accompanied by
i) a slower spreading velocity, suppression of the drop receding phase, and liquid drop
imbibition, and
ii) a decrease in the maximum heat flow but a sharp increase in the cumulative heat flow
due to larger drop footprint compared to the drop impact onto an uncoated surface.

• Two scenarios dependent on the wall superheat and impact velocity in case of the drop
impact onto a nanofiber coated surface are identified; namely,

i) scenario (I), in which the liquid drop completely penetrates the pores of the nanofiber
and reaches the solid heater surface due to the low wall superheats and high impact
velocities, and
ii) scenario (II), in which a large amount of vapor is trapped inside the nanofiber pores
preventing the liquid drop from reaching the solid surface, and finally leading to a lower
heat flux.
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5.2 Multiple drop impingement

The present section addresses the next step in understanding of the spray cooling processes,
which is the cumulative effect of the impact of multiple drops onto a solid dry wall. With this
objective, the hydrodynamic and heat transport behavior during the vertical coalescence of
drops is first demonstrated. Subsequently, the heat transport behavior during the horizontal
coalescence of two drops is presented. The reported results in this section are published in
[120, 121].

5.2.1 Vertical coalescence
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Figure 5.21.: B/W images and heat flux fields for vertical coalescence of two successive drops
impinging onto a bare heater (D0 = 1.14 mm, u0 = 0.54 m s−1,∆T = 7.6 K, p= 0.9
bar, f= 10 Hz, Re= 2160, We= 64, Bo= 0.6, Ja= 0.10, Pr= 9.7, and pR = 0.05).

The side-view of the drop shape evolution captured by the B/W camera, and the temporal
evolution of the heat flux distribution determined from the IR images for the first 162 ms
after the first impact, are presented in Fig. 5.21. As already demonstrated in Section 5.1 and
shown during the first drop impact of Fig. 5.21, the drop impact onto a bare and dry surface is
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accompanied by three phases; namely, spreading, receding and sessile drop evaporation phases.
The maximum heat flux near the apparent three-phase contact line is observed for the experiment
starting from t= 6 ms.

The drop impact frequency is moderate so that each subsequent drop impinges onto a previous
drop in the sessile drop evaporation phase. The second drop impacts vertically onto the first drop
at t = 102 ms. The B/W images show that, similar to the works of Fujimoto et al. [84–86] and
Minamikawa et al. [88], the bottom part of the second drop swells up to a specific height, and
the three-phase contact line moves radially outward (t = 102 and 103 ms). The heat flux around
the impact location increases after the impact of the second drop (from t = 102 to 106 ms), but
it does not reach the maximum heat flux observed immediately after the first impact. At t = 105
and 106 ms, two thin ring-shaped regions of high heat flux can be identified: one corresponding
approximately to the position of the contact line of the first drop prior to the second impact, and
the other corresponding to the contact line of the combined drop. The appearance of the inner
ring with a high heat flux might be attributed to the small local thickness of the liquid film, and,
accordingly, the low local thermal resistance of the liquid layer, or to the high microscale flow
velocity in this region. The exact reason for the formation of the heat flux distribution at t = 105
ms and 106 ms depicted in Fig. 5.21 can be elucidated by analyzing the drop shape and velocity
distribution, which can be predicted via numerical simulations. Similar to the first impact, the
contact line radius reaches its maximum and then begins to decrease (starting from t = 120 ms).
The footprint of the sessile drop after the second impact is slightly larger than that after the first
impact.

i. Hydrodynamic behavior

The temporal evolution of the contact line radius during the impact of four successive drops
with the frequency of 10 Hz onto the same impact location is depicted in Fig. 5.22a. For better
comparability of the results, the time is set to zero at the instant of each impact. The durations of
the spreading phase, and especially, the receding phase increase after each impact. Moreover, the
maximum contact line radius increases after each impact. This is attributed to the larger mass
of the liquid wetting the heater surface. This behavior of the contact line radius is qualitatively
consistent with the results of Guggilla et al. [71]. The rate of the increase of the maximum
contact line radius decreases during the third and fourth impacts. The drop oscillates with
various frequencies and amplitudes at the end of the receding phase after each impact. The
oscillation frequency of the contact line radius after the receding phase decreases with the
increasing drop sequential number; however, its amplitude increases.

The maximum heights of the merged drops that swell after each impact (see Fig. 5.21 at t= 103
ms), post-processed from the B/W images, are listed in Table 5.2. The results show a non-linear
growth of the maximum height after each impact so that the early impacts are accompanied by a
larger rate of increase in the maximum height.

Table 5.2.: Maximum height of the combined drop after individual impacts.
Impact Nr. 1 2 3 4
Height / µm 380 511 598 652
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ii. Heat transfer behavior

Figure 5.22b shows the temporal evolution of the heat flow from the heater to the liquid drop.
Despite a low heat flux after the second impact caused by the pre-cooling effect of the first
drop and the lack of direct contact between the cold liquid drop and the hot substrate, a higher
maximum heat flow after the second impact is observed. This is attributed to the larger footprint
of the drop, as illustrated in Fig. 5.22a. The value of the maximum heat flow is determined by
the level of heat flux (which is lower for the impact of the second drop than for the first drop)
and the maximum size of the footprint of the drop (which is higher for the second drop). A small
increase in the maximum heat flow is observed after the third and fourth impacts. This agrees
with the behavior of the maximal spreading radius. The oscillations in the heat flow at the end
of the receding phase are due to the oscillations of the contact line radius.
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Figure 5.22.: Temporal evolution of the a) contact line radius and b) heat flow during the vertical
coalescence of four successive drops impinging onto a bare heater (D0 = 1.14 mm,
u0 = 0.54 m s−1,∆T = 12.4 K, p= 0.9 bar, and f= 10 Hz).

Figure 5.23a and b present the spreading ratio and dimensionless heat flow versus dimensionless
time for the impact of four successive drops. The dimensionless parameters follow the same trend
as the dimensional ones, since the impact parameters and fluid properties remain constant. As
already observed from the single drop impact experiments presented in Section 5.1, the spreading
ratio during the sessile drop evaporation phase reaches a constant value of approximately 2. This
value has been observed to be independent of the Re and We numbers in the respective ranges
1000< Re < 2500 and 20<We < 60, and marginally dependent on the Ja number. Assuming
that i) the merged sessile drops formed after each impact have the shape of a spherical cap, ii)
the apparent contact angle remains the same after each impact, and iii) the evaporation mass
loss is negligible, the below equation can be approximated for the spreading ratio in the sessile
drop phase after the N th impact:

SN = 2 (N)
1
3 , (5.2)

which yields S2 = 2.5, S3 = 2.9, and S4 = 3.2 (see the black lines in Fig. 5.23a). It can be
observed that the measured spreading ratios in the sessile drop evaporation phase are consistent
with the computed values.
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Figure 5.23.: a) Spreading ratio and b) dimensionless heat flow versus dimensionless time during
the vertical coalescence of four successive drops impinging onto a bare heater
(f= 10 Hz, Re= 2160, We= 64, Bo= 0.6, Ja= 0.16, Pr= 9.7, and pR = 0.05).

Table 5.3 shows the heat transferred during each individual drop impact, EN, and the same heat
flow non-dimensionalized by the latent heat of vaporization of one drop, E∗N. The results show
that both aforementioned parameters increase with increasing drop sequential number, mainly
due to the growth of the drop footprint and consequently increasing of the heat flow.

Table 5.3.: The transferred heat for the time period starting from the impact of each individual
drop until the next impact, EN, non-dimensionalized by the latent heat of vaporization,
E∗N.

Impact number EN / mJ E∗N
1st impact (N= 1) 12.1 0.108
2nd impact (N= 2) 17.6 0.156
3rd impact (N= 3) 21.6 0.192
4th impact (N= 4) 23.9 0.212

The corresponding dimensional and dimensionless cumulative heat flow for the aforementioned
measurements are depicted in Annex A.4.2.

Influence of wall superheat

The temporal evolution of the contact line radius and heat flow during the successive impact
of two drops onto a bare heater at different wall superheats are presented in Fig. 5.24a and b,
respectively. Similar to the single drop impact, higher values of the wall superheat lead to a lower
maximum contact line radius, a quicker receding phase, and stronger oscillations at the end
of the receding phase, after both first and second impacts (see Section 5.1.1). Additionally, an
increase in the wall superheat leads to an increase in the heat flow transferred to the liquid–solid
interface after the first and second impacts.
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Figure 5.24.: Temporal evolution of the a) contact line radius and b) heat flow during the vertical
coalescence of two successive drops impinging onto a bare heater for various wall
superheats (D0 = 1.14 mm, u0 = 0.54 m s−1, p= 0.9 bar, and f= 10 Hz).

Annex A.4.2 provides the spreading ratio, dimensionless heat flow, and dimensionless cumulative
heat flow for the above-mentioned measurements.

Influence of drop generation frequency

The temporal evolution of the contact line radius and heat flow during the successive impact
of two drops onto a bare heater at different frequencies are presented in Fig. 5.25a and b,
respectively. A change in the drop generation frequency only shifts the curves horizontally to
an earlier time due to the different time intervals between the first and second impacts. The
maximum contact line radii remain approximately constant because for all frequencies in the
studied range, the second drop impacts during the sessile drop evaporation phase of the first
drop. The shape of the drop in this phase changes very slowly due to the low evaporative mass
loss. Therefore, the difference in the evolution of the contact line radius between different
frequencies is marginal.
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Figure 5.25.: Temporal evolution of the a) contact line radius and b) heat flow during the vertical
coalescence of two successive drops impinging onto a bare heater for various drop
generation frequencies (D0 = 1.14 mm, u0 = 0.54 m s−1,∆T = 9.8 K, and p= 0.9
bar).
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An increase in the drop generation frequency only shifts the heat flow curves of the second
impact to an earlier time. However, the maximum heat flow during the impact of the second
drop is nearly independent of the drop generation frequency in the studied range. The spreading
ratio, dimensionless heat flow, and dimensionless cumulative heat flow for above-mentioned
measurements are given in Annex A.4.2.

5.2.2 Horizontal coalescence

The side-view of the drop shape evolution captured by the B/W camera, and the temporal
evolution of the heat flux distribution determined from the IR images for the first 60 ms after the
impact, are presented in Fig. 5.26. During this experiment, the wall superheat and the distance
between the impact locations are set to 7.3 K and 2 mm, respectively. As already mentioned in
Section 3.6, simultaneous drop impact in this work corresponds to the impact of two drops with
a time difference of about 1 ms.

The interaction between the drops is characterized by the spacing parameter

e =
d
D0

, (5.3)

which is defined as the ratio of the distance between two drops, d, and their initial diameter,
D0.
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Figure 5.26.: B/W images and heat flux fields for 60 ms after simultaneous impact of two drops
onto a bare heater (D0 = 0.93 mm, u0 = 0.53 m s−1, ∆T = 7.3 K, p= 0.9 bar,
e= 2.15, Re= 1700, We= 49, Bo= 0.4, Ja= 0.09, Pr= 9.7, and pR = 0.05).

Similar to single drop impact, high local and overall heat fluxes are transferred to the liquid in
the first few milliseconds when both drops wet the heater surface. One can notice that the heat
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flux is not influenced by the presence of a nearby drop as long as the drops do not touch each
other.

At the time interval between 2 and 3 ms, the rims of both drops touch each other, and the
drops start to coalesce. The liquid within the spreading lamella of each individual drop still has
considerable kinetic energy at this early stage of the impingement. A stagnation point occurs at
the position where the two contact lines touch each other due to the interaction of the drops.
This leads to a redirection of the liquid flow towards the side and upwards, and, accordingly, to
the formation of a bump between the drops (see Fig. 5.26, t= 3 ms). This bump is similar to the
bumps and liquid sheets observed in [89–91]. The spreading process in terms of hydrodynamics
and heat flux far from the interaction region is not influenced by the drop coalescence. Similar
to the single drop impact presented in Fig. 5.1, a region with high heat fluxes in the proximity of
the three-phase contact line of the combined drop can be observed. The spreading process of the
combined drop ends due to the dissipation of kinetic energy (t= 8 ms). The combined drop then
starts to shrink driven by the surface tension force, which tends to minimize the surface area of
the liquid. From this point on, low heat flux at the liquid–solid interface is observed everywhere,
apart from the apparent three-phase contact line. After some time (t= 60 ms), the combined
drop reaches the equilibrium state, forming a single sessile drop with a circular footprint.

Influence of spacing parameter

Figure 5.27 compares the temporal evolution of the drop shape and heat flux for various spacing
parameters during the simultaneous impingement of two drops onto a heated surface. The height
and length of the established bump are dependent upon the spacing parameter. In this study, the
spacing parameters are 1.18, 2.15, and 3.33.

If the spacing parameters is large, the hydrodynamic interactions and first contact between the
two drops occur later. At this stage of coalescence, the initial kinetic energy of the drops has
almost completely been dissipated, leading to the appearance of a bump with thinner height and
shorter length in this hydrodynamic interaction zone (see Fig. 5.27 at t= 12 ms for the entire
spacing parameters). The maximum height and length of the bumps (hbump,max, lbump,max) for
the investigated spacing parameters are listed in Table 5.4.

Moreover, the large distance between the drops might induce a temporary coalescence of drops.
This phenomenon is depicted in Fig. 5.27 at e = 3.33, showing both drops initially coalesce
during the advancing phase. Afterward, they shrink during the receding phase, and the length of
the bump becomes extremely narrow. The bump becomes unstable and finally ruptures, leading
to the formation of two individual sessile drops.

Table 5.4.: Maximum height and length of the bump for various spacing parameters.
e hbump,max / mm lbump,max / mm

1.18 0.293 4.9
2.15 0.185 3.06
3.33 0.044 1.76
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Figure 5.27.: B/W images and heat flux fields for 60 ms after simultaneous impact of two drops
onto a bare heater for various spacing parameters (D0 = 0.93 mm, u0 = 0.53 m
s−1,∆T = 7.3 K, p= 0.9 bar, Re= 1700, We= 49, Bo= 0.4, Ja= 0.09, Pr= 9.7, and
pR = 0.05).

Figure 5.28a and b present the temporal evolution of the heat flow and cumulative heat flow
during the simultaneous impingement of two drops onto a heated surface for different spacing
parameters. The spacing parameters of 1.18, 2.15, and 3.33 lead to horizontal drop coalescence.
The spacing parameter of∞ represents the simultaneous impingement of two drops without
any interactions, and the corresponding heat flow is equivalent to twice the heat flow of a single
drop impact. The experimental results show that the heat flow is not influenced by the presence
of a second drop as long as the drops do not touch each other. Once the drops start to coalesce,
the heat flow during the spreading and receding phases for e = 2.15 is close to the case of two
independent drops (e =∞). At e = 3.33, the heat flow during the spreading and receding
phases are almost equal to those of e = 2.15, and∞, except for the time period between 22 and
35 ms (end of the receding phase), when the drops are still bonded together with a thin liquid
bridge. High heat flow in this time period is attributed to the high heat transport due to the
small thermal resistance at this thin intersection region of two drops preceding the separation.

If the distance between the impact locations reduces to e = 1.18, the heat flow gradient during
the receding process declines, since the receding phase takes longer. This could be due to
outward flow from the region of contact, which leads to a temporary increasing of the area and
contact line length in between 10 and 40 ms.

The maximum heat flow for e = 1.18 is lower than that of e = 2.15,3.33, and∞. The decline
of heat flow is attributed to the early drop coalescence leading to the decrease of the cumulative
solid–liquid contact area compared with the area, which can be occupied by two independent
drops. This is in agreement with the numerical simulations presented in [91].
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At the later stages of impact in which a single sessile drop is formed, the heat flow through the
liquid–solid interface transferred to the combined drop is independent of the spacing parameter
and is lower compared to the case of two independent drops. The lower heat flow of the
combined drop during the sessile drop evaporation phase is attributed to the shorter cumulative
liquid–solid contact area and shorter cumulative length of the three-phase contact line due to
coalescence. As already shown in Fig. 5.2, the heat flow in the proximity of the three-phase
contact line during the sessile drop evaporation phase comprises almost half of the overall heat
flow.

The drop coalescence is accompanied by lower cumulative heat flow in comparison with the
case of non-coalescence. This is mainly due to the greater cumulative liquid–solid contact area
and the larger cumulative length of the three-phase contact line during two separate drop
impacts. Decreasing the distance between the impact locations reduces the cumulative heat flow
during the spreading phase. However, the longer receding process (for e = 1.18) enhances the
cumulative heat flow if two drops come closer. Annex A.4.2 presents the temporal evolution of
the heat flow and cumulative heat flow for various spacing parameters in dimensionless forms.
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Figure 5.28.: Temporal evolution of the a) heat flow and b) cumulative heat flow during the
simultaneous impact of two drops onto a bare heater for various spacing parame-
ters; e=∞ represents the non-coalescence case (D0 = 0.93 mm, u0 = 0.53 m s−1,
∆T = 7.3 K, and p= 0.9 bar).

Influence of wall superheat

Table 5.5 compares the maximum wetted area (Amax) and the wetted area corresponding to
the sessile drop (Asessile) during the simultaneous impingement of two drops for various wall
superheats of 4.6, 7.3, and 12.4 K. The areas are assessed from post-processing of the IR images.
As can be seen, both parameters decline with increasing wall superheat. This is attributed to the
higher evaporation rate near the three-phase contact line at higher wall superheats, in particular
during the sessile drop evaporation phase. High evaporation rate near the three-phase contact
line leads to a microscale flow of liquid from the bulk into the contact line region, leading to an
increase in the apparent contact angle, and, accordingly, a smaller liquid–solid contact area.
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Table 5.5.: Maximum wetted area (Amax) and the wetted area corresponding to the sessile
drop (Asessile) during the simultaneous impingement of two drops for various wall
superheats at e= 2.15.

∆T / K Amax / mm2 Asessile / mm2

4.6 1490 566
7.3 1418 495

12.4 1352 431

Figures 5.29a and b show the temporal evolution of the heat flow and cumulative heat flow
during the simultaneous impingement of two drops onto a heated surface with various wall
superheats. An increase in wall superheat enhances both heat flow, and, accordingly, cumulative
heat flow. Both contact area and heat transport behavior are in line with the results addressing
the influence of wall superheat during the impingement of a single drop and successive drops
onto a heated surface presented in Sections 5.1.1 and 5.2.1, respectively.
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Figure 5.29.: Temporal evolution of the a) heat flow and b) cumulative heat flow during the
simultaneous impact of two drops onto a bare heater for various wall superheats
(D0 = 0.93 mm, u0 = 0.53 m s−1, p= 0.9 bar, and e= 2.15).

Influence of time interval

The temporal evolution of the drop shape and heat flux during the horizontal coalescence of
two drops for one exemplary time interval of ∆t = 15 ms is depicted in Fig. 5.30. In terms of
hydrodynamics, when there is a delay between the impacts, the bump is thinner and inclined
from the vertical towards the earlier drop (see Fig. 5.30 at t = 17 ms). This leads to the
formation of a liquid flow on the upper side and towards the opposite side of the earlier drop.
This behavior can be attributed to the differences in the kinetic energy for individual drops
preceding horizontal coalescence. However, the heat flow transferred through the earlier drop
is not affected by the developed liquid flow. This confirms that the heat transport process far
from the interaction region is not influenced by the drop coalescence. During the sessile drop
evaporation phase, the center of the sessile drop stays in the same location and is independent of
the time interval between drop impacts.
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K,∆t = 15 ms, e= 2.15, Re= 1700, We= 49, Bo= 0.4, Ja= 0.09, and Pr= 9.7).

The temporal evolution of the heat flow and cumulative heat flow during the horizontal coales-
cence of two drops impacting with various time intervals onto a bare heater are presented in
Figs. 5.31a and b, respectively. The time intervals are chosen so that the later drop impinges
during the spreading (∆t= 4 ms), receding (∆t= 15 ms), and sessile drop evaporation (∆t= 45
ms) phases of the earlier drop. As can be seen, the maximum heat flow during the simultaneous
impact is larger in comparison with non-simultaneous impact. If the later drop impacts during
the spreading phase of the earlier drop, the maximum heat flow reduces and shifts to a later time
instance. Once the later impact occurs during either receding or sessile drop evaporation phases
of the earlier impact, two identical heat flow maximums can be observed; the first maximum
corresponds to the impact of the earlier drop, and the second maximum to the impact of the
later drop. Besides, the heat flow during the sessile drop evaporation phase after the later
impact is independent of the time interval between the impacts. As intuitively expected, the
cumulative heat flow reduces by prolonging the time interval between the impacts. In Annex
A.4.2, the temporal evolution of the heat flow and cumulative heat flow for various time intervals
in dimensionless forms are presented.
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Figure 5.31.: Temporal evolution of the a) heat flow and b) cumulative heat flow during the
horizontal coalescence of two drops impacting with various time intervals onto
a bare heater (D0 = 0.93 mm, u0 = 0.53 m s−1, ∆T = 7.3 K, p= 0.9 bar, and
e= 2.15).

5.2.3 Summary of the main findings during multiple drop impingement experiments

A summary of the significant observations concerning the vertical and horizontal coalescence of
two drops are presented following:
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• Vertical coalescence of two drops is accompanied by
i) larger maximum contact line radius and maximum heat flow after each impact
compared with those after the previous impact mainly due to larger footprint of the
drop,
ii) smaller maximal local heat flux after the second impact than that of the first impact
due to the pre-cooling effect by the first drop, and
iii) the appearance of two thin ring-shaped zones of high heat flux; one corresponding
approximately to the position of the contact line of the first drop prior to the second
impact, and the other corresponding to the contact line of the combined drop.

• Horizontal coalescence of two drops is accompanied by
i) the emergence of an uprising central sheet (bump) at the intersection region,
ii) a decrease in the overall heat flow due to the smaller liquid–solid interface and
shorter cumulative length of the contact line,
iii) a strong decrease in maximum heat flow when the distance between the impact
locations decreases, and
iv) inclination of the bump towards the earlier drop which induces liquid flow from the
later drop on the upper side and towards the opposite side of the earlier drop when the
time intervals between impacts increases.
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6 Summary, Conclusion and Outlook
6.1 Summary and Conclusion

In this study, the non-isothermal drop impingement by the presence of evaporation has been
investigated for various impact parameters, system, and surface conditions. High resolution
temperature measurement technique is employed to obtain a detailed knowledge of hydrody-
namics and heat transfer mechanisms during the drop impingement. The research is motivated
by a wide range of industrial applications, such as spray cooling. No generic model has been
so far developed to predict the heat transfer and cooling effectiveness during non-isothermal
spray impact for a wide range of operating conditions. Thus, understanding the single drop
impact is an essential and preliminary step towards describing and modeling of spray cooling pro-
cesses. Besides, the fundamental knowledge obtained from simple configurations of drop–drop
interactions such as vertical and horizontal coalescence of drops with equal impact parameters
facilitate understanding in spray systems. The main objective of the present thesis is to enhance
the understanding of non-isothermal drop–wall and drop–drop interactions in a pure vapor
atmosphere at a moderate wall surface temperatures. These experimental results jointly with an
appropriate model can contribute to better understanding the mechanisms of spray cooling and
thus, improving the future spray systems.

To provide a pure atmosphere, the measurements have been performed inside a sealed
temperature-controlled high-pressure test cell. Refrigerant FC-72 (perfluorohexane) is used as
the working fluid. Having relatively low critical temperature and pressure makes this liquid
suitable for high-pressure investigations. The pressure inside the cell is determined by the
fluid temperature. A high-temperature thermostat is employed to control the fluid temperature,
and, accordingly, the system pressure. A high-pressure syringe pump unit is used to generate
reproducible drops under the desired conditions. The impact velocity and drop diameter have
been varied by using different needle heights and diameters, respectively. With the employed
syringe pump, it is possible to generate a single drop at high pressures, generate successive
drops by variation of the dispensing volume flow rate, and generate two drops with short time
differences (less than 1 ms) by connecting two units in parallel.

The IR transparent heater employed in this thesis has not only the thermal diffusivity in the
same range as that of stainless steels, which are used to manufacture evaporation devices,
but also due to its large thickness, its thermal capacity per surface area is much closer to
technical applications than thin foil heaters commonly used in boiling and drop evaporation
studies. Moreover, the cumulative thickness of the coating layers is less than 1 µm, leading to
temperature measurements extremely close to the fluid–solid interface with high spatial and
temporal resolution using IR-thermography. Variation of the input heat flux to the heater, and,
accordingly, wall superheat has been realized by varying the electrical power.

The temperature distribution close to the fluid–solid interface has been measured with an in-situ
calibrated high-speed IR thermography at a framerate of 1000 Hz with a spatial resolution of
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29.27 µm/pixel. For the series of experiments, in which the influence of drop size has been
investigated and horizontal coalescence of two drops has been studied the spatial resolution of
40.82 µm/pixel has been used to ensure that the whole wetted area stays within the field of
view of the camera. The IR camera has been synchronized with a high-speed black and white
camera to visualize the drop hydrodynamics and evaluate the impact parameters with a spatial
resolution of 10.87 µm/pixel.

The local heat flux has been numerically calculated from the temperature distributions with
a three-dimensional substrate discretization using the finite volume method within the CFD
toolbox OpenFOAM.

To determine the drop diameter and impact velocity from the high speed black and white
images, an algorithm has been developed and implemented in MATLAB. To minimize the effect
of drop oscillation on the evaluation of the drop diameter, the equivalent diameter of the drop
is evaluated by a three-dimensional volume integration method. The impact velocity has been
obtained by tracking the drop centroid for several images before impact, evaluating the average
drop velocity for each time period, fitting a curve to the calculated velocities and finally curve
extrapolation.

Similar to previous drop impingement studies on impermeable and moderately superheated
surfaces, the drop impingement event has been divided into three subsequent phases: i) the
spreading phase, ii) the receding phase, and iii) the sessile drop evaporation phase. It has been
concluded that the maximum spreading radii decrease with increasing wall superheat due to
the increase of the apparent contact angle caused by an increase of evaporation rate in the
proximity of the three-phase contact line. However, the larger drop impact velocities and impact
diameters lead to a higher maximum spreading radii, mainly due to the larger kinetic energy of
the liquid drop. The global heat flow within the spreading and the receding phases increases
with increasing of the wall superheat, drop impact velocity and drop impact diameter. This
is attributed to the higher temperature difference between the heater surface and the liquid
drop in the case of higher wall superheats and larger drop footprint if the drop impact velocity
and drop diameter increase. The experimental results are compared with the numerical model
developed in the author’s institute. A good qualitative and quantitative agreement between the
experimental data and numerical simulations for both contact line radius and heat flow has been
observed.

It has been found that an increase in the system pressure prolongs slightly the spreading
and significantly the receding phases. Additionally, the drop footprint during the sessile drop
evaporation phase becomes slightly smaller. In terms of heat transport, an increase in the system
pressure leads to the decrease of the maximum heat flow during the drop spreading phase
due to the decrease in the liquid thermal effusivity, and also leads to a significant decrease of
the heat flow during the sessile drop evaporation phase due to the decrease of latent heat of
vaporization.

It has been shown that the receding phase is suppressed during the drop impact onto a porous
surface. Two scenarios depending upon the wall superheat and impact velocity have been
identified. Scenario (I) emerges in the low wall superheats and high impact velocities at which
the liquid drop penetrates entirely through the pores of the nanofiber mat and reaches the solid
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heater surface. Scenario (II) appears at the large wall superheats in which a large amount of
vapor is entrapped inside the pores of the nanofiber mat. This scenario occurs at the small
impact velocities where the inertia force is not sufficient to expel the generated vapor radially
outwards. The vapor inside the nanofiber pores prevents the liquid drop from reaching the solid
surface and leads to lower heat flux in this scenario compared to scenario (I). The transition from
the scenario (I) to (II) leads to a smaller spreading radius, a lower heat flow and cumulative
heat flow, and longer drop evaporation. The results also have confirmed the shift of onset of
nucleate boiling towards the higher wall superheats if the surface is covered with nanofiber mat.
Thinner nanofiber mats have led to a larger spreading radius, heat flow, and cumulative heat
flow transferred through the liquid–solid interface.

The maximum contact line radius and the maximum heat flow after each impact during successive
drop impact have been measured to be larger compared to previous impacts. This is mainly
due to the larger mass of liquid wetting the heater surface, and thus, the larger footprint of
the drop. The second impact is accompanied by a smaller maximal local heat flux than the
first impact. This can be explained by the thermal resistance of the liquid between the second
drop and the wall, and considering that the heater surface is already pre-cooled by the first
drop. The distribution of the wall heat flux during the spreading phase of the second drop has
been characterized by the appearance of two thin ring-shaped zones of the high heat flux. The
maximum contact line radius and the maximum heat flow for the second impact have been
observed to be independent of the drop generation frequency within the studied range.

Concerning the horizontal coalescence of two drops on a smooth, dry, solid substrate, an uprising
symmetric central sheet (bump) at the intersection region of the drops has been observed,
whereas the untouched regions of the rim have continued to expand. It has been found that
the smaller liquid–solid interface, and, accordingly, the shorter cumulative length of the contact
line due to drop coalescence reduces the overall heat flow, especially during the sessile drop
evaporation phase of the combined drop, in comparison to the non-coalescence case. The
maximum heat flow strongly reduces if the distance between the impact locations is decreased.
The longer distances between the drops could cause the temporary coalescence of the drops
during the advancing and the receding phases, and finally, the formation of two individual sessile
drops. It has been concluded that an increase in the time interval between the impacts inclines
the bump from the vertical towards the earlier drop, inducing liquid flow on the upper side and
towards the opposite side of the earlier drop. However, the transferred heat flow through the
liquid–solid interface of the earlier drop is not influenced by the liquid flow.

In conclusion, this study presented detailed knowledge concerning drop–wall and drop–drop
interactions, which is crucial for improving spray cooling systems. However, the presented
information is not still enough to give recommendations for the spray cooling.

6.2 Outlook

The motivation of the present work is to understand the underlying physics of the spray cooling
process. Within the scope of this work, the hydrodynamics and heat transport during the impact
of a single drop as well as multiple drops onto a moderately superheated surface are studied.
It is required to broaden the investigations to a wider range of wall temperatures, particularly
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for multiple drop impingement, and also to develop more analytical and numerical resources to
predict the process for all temperature ranges. One of the most challenging situations for which
no adequate models are currently available is multiple drop impact under nucleate/transition
boiling regimes. For these conditions, available correlations are still highly empirical in the
literature.

Additional studies of drop impact can be conducted using more complex fluids such as heteroge-
neous mixtures and nanofluids.

Configurations such as combined successive and simultaneous drops impinging onto a heater
surface provide greater scope for future work. This is considered to be an important contribution
to the fundamental understanding of spray cooling processes. Besides, the impact of successive
as well as simultaneous drops with various impact parameters onto a heated surface can be
studied.

Experimental studies of multiple drop impact with variable surface wettabilities is a topic of
interest for many industrial applications.
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A Annex
A.1 Material properties

Table A.1.: Properties of CaF2

property value
ρ / kg m−3 3180
c / J kg−1 K−1 854
k / W m−1 K−1 9.71

Table A.2.: General properties of FC-72
property
coefficient of expansion / °C−1 0.00156
averaged molecular weight / g mol−1 338
refractive index 1.25
appearance clear, colorless
flash point none
toxicity none
flammability none
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Table A.3.: Properties of FC-72 at various temperatures.
P

atm

T

° C

α
· 10+8

m2s−1

cp

Jkg−1K−1

h f g

Jkg−1

k
· 10+2

W m−1 K−1

µ
· 10+4

Ns m−2

ν
· 10+7

m2s−1

Pr ρ f

kg m−3

ρg

kg m−3

σ
· 10+2

N m−1

5 3.29 1019 98000 5.820 8.70 5.03 15.31 1738 1.80 1.29
0.14 10 3.26 1027 96818 5.760 8.00 4.65 14.26 1720 2.23 1.24

15 3.23 1034 95593 5.700 7.40 4.36 13.48 1706 2.86 1.20
0.23 20 3.20 1042 94369 5.640 6.90 4.06 12.68 1692 3.48 1.15

25 3.17 1050 93094 5.590 6.40 3.83 12.10 1680 4.36 1.10
0.36 30 3.13 1057 91820 5.530 6.00 3.60 11.50 1669 5.23 1.06

35 3.09 1065 90497 5.470 5.70 3.42 11.06 1659 6.41 1.02
0.54 40 3.06 1073 89174 5.410 5.40 3.25 10.62 1650 7.59 0.97

45 3.02 1081 87789 5.350 5.10 3.10 10.28 1641 9.14 0.93
0.79 50 2.98 1088 86404 5.290 4.80 2.96 9.93 1631 10.68 0.88

55 2.94 1096 84970 5.230 4.60 2.84 9.65 1623 12.74 0.84
1 56.6 2.93 1098 84511 5.220 4.50 2.80 9.56 1620 13.40 0.83

1.11 60 2.91 1104 83536 5.180 4.40 2.72 9.36 1614 14.79 0.80
65 2.87 1111 82046 5.120 4.20 2.61 9.09 1603 17.52 0.76

1.53 70 2.84 1119 80557 5.060 4.00 2.50 8.81 1593 20.24 0.72
75 2.81 1127 79024 5.000 3.80 2.40 8.56 1581 23.72 0.67

2.06 80 2.78 1135 77492 4.940 3.60 2.31 8.31 1569 27.20 0.63
85 2.75 1142 75928 4.880 3.40 2.21 8.03 1554 31.59 0.59

2.73 90 2.73 1150 74365 4.830 3.30 2.11 7.74 1539 35.98 0.55
95 2.71 1158 72783 4.770 3.20 2.10 7.76 1520 41.49 0.51

3.54 100 2.69 1165 71201 4.710 3.10 2.09 7.77 1501 47.00 0.48
105 2.68 1173 69447 4.650 3.10 2.09 7.78 1477 53.81 0.44

4.53 110 2.68 1181 67693 4.590 3.00 2.08 7.79 1453 60.63 0.40
115 2.68 1189 65994 4.530 3.00 2.08 7.77 1424 69.06 0.37

5.71 120 2.68 1196 64295 4.480 2.90 2.08 7.75 1394 77.50 0.33
125 2.70 1204 62215 4.420 2.80 2.08 7.69 1357 88.02 0.29

7.12 130 2.72 1212 60134 4.360 2.70 2.08 7.62 1321 98.55 0.26
135 2.76 1220 57642 4.300 2.70 2.08 7.51 1277 112.07 0.23

8.77 140 2.80 1227 55149 4.240 2.60 2.07 7.40 1233 125.59 0.20
145 2.87 1235 52059 4.180 2.50 2.07 7.22 1180 143.82 0.16

10.71 150 2.94 1243 48969 4.130 2.30 2.07 7.04 1128 162.04 0.13
155 3.05 1250 45049 4.070 2.20 2.07 6.79 1065 188.63 0.11

12.96 160 3.18 1258 41128 4.010 2.10 2.07 6.52 1003 215.22 0.08
165 3.35 1266 35693 3.950 1.90 2.07 6.17 930 259.18 0.05

15.58 170 3.56 1274 30258 3.890 1.80 2.07 5.81 858 303.14 0.03
175 4.19 1281 12459 3.830 1.50 2.07 4.94 714 485.12 0.01

18.17 178.5 4.80 1287 0 3.790 1.30 2.07 4.31 614 612.50 0
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A.2 Exploded and sectional views of the test cell
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Figure A.1.: Sectional view of the experimental cell
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Figure A.2.: Exploaded view of the experimental cell
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A.3 Full mass spectra of degassed and non-degassed FC-72
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Figure A.3.: Mass spectra from the gas chromatography-mass spectrometry (GC-MS) of a non-
degassed FC-72 sample (left) and a degassed FC-72 sample (right) [30].

In the spectrum of non-degassed sample (Fig. A.3, left) peaks are evident at a mass-to-charge
ratio of 28u and 32u, indicating the presence of nitrogen (N2) and oxygen (O2), respectively. In
the spectrum of the degassed sample (Fig. A.3, right), the corresponding peaks for N2 and O2

are extremely reduced, indicating a reduction of non-condensable gas content. This suggests a
very high quality of the implemented degassing procedure.
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A.4 Supplementary figures for each influencing parameter

A.4.1 Single drop impact

Influence of impact velocity during the impingement of a single drop onto a bare heater:

0.05

0.10u0
u0

0.20

0 5 10 15 20
τ

E∗

Re= 1073, We= 19.8, exp.
Re= 1471, We= 35.6, exp.
Re= 1743, We= 49.7, exp.
Re= 1905, We= 59.1, exp.
Re= 1073, We= 19.8, sim.
Re= 1905, We= 59.1, sim.

Re, We

0 10 20 30 40 50
t / ms

E
/

m
J

4

6

8

10

2

u0 = 0.33 ms−1, exp.
u0 = 0.44 ms−1, exp.
u0 = 0.52 ms−1, exp.
u0 = 0.57 ms−1, exp.
u0 = 0.33 ms−1, sim.
u0 = 0.57 ms−1, sim.

0.15

a) b)

0.10

0.05

Figure A.4.: Temporal evolution of the cumulative heat flow in a) dimensiona and b) dimension-
less forms during the impingement of a single drop onto a bare heater for various
impact velocities (D0 = 0.93 mm, ∆T = 6.3 K, p= 0.9 bar, Ja= 0.08, Bo= 0.4,
Pr= 9.7, and pR = 0.05).

Influence of drop size during the impingement of a single drop onto a bare heater:
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Figure A.5.: Temporal evolution of the cumulative heat flow in a) dimensional and b) dimension-
less forms during the impingement of a single drop onto a bare heater for various
impact diameters (u0 = 0.44 m s−1, ∆T = 6.9 K, p= 0.9, Ja= 0.08, Pr= 9.7, and
pR = 0.05).
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Influence of system pressure during the impingement of a single drop onto a bare
heater:
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Figure A.6.: Temporal evolution of the cumulative heat flow in a) dimensional and b) dimension-
less forms during the impingement of a single drop onto a bare heater for various
system pressures (D0 = 0.94 mm, u0 = 0.34 m s−1, and∆T = 6.5 K).
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Influence of surface porosity during the impingement of a single drop onto a nanofiber-
coated heater:
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Figure A.7.: a) Spreading ratio, b) dimensionless heat flow, and c) dimensionless cumulative heat
flow versus dimensionless time during the impingement of a single drop onto a bare
and a nanofiber-coated heater for the parameters listed in Table 5.1.
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Influence of wall superheat during the impingement of a single drop onto a nanofiber-
coated heater:
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Figure A.8.: a) Spreading ratio, b) dimensionless heat flow, and c) dimensionless cumulative heat
flow versus dimensionless time during the impingement of a single drop onto a
nanofiber-coated heater for various Ja numbers (hmat = 22 µm, Re= 1550, We= 39,
Bo= 0.4, Pr= 9.7, and pR = 0.05).
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Influence of impact velocity during the impingement of a single drop onto a nanofiber-
coated heater:
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Figure A.9.: a) Spreading ratio, b) dimensionless heat flow, and c) dimensionless cumulative heat
flow versus dimensionless time during the impingement of a single drop onto a
nanofiber-coated heater for various Re and We numbers (hmat = 22 µm, Ja= 0.12,
Bo= 0.42, Pr= 9.7, and pR = 0.05).
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Influence of nanofiber mat thickness during the impingement of a single drop onto a
nanofiber-coated heater:
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Figure A.10.: a) Spreading ratio, b) dimensionless heat flow, and c) dimensionless cumulative
heat flow versus dimensionless time during the impingement of a single drop onto a
nanofiber-coated heater for various mat thicknesses (Re= 1550, We= 39, Ja= 0.09,
Bo= 0.4, Pr= 9.7, and pR = 0.05).
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A.4.2 Multiple drop impact

Influence of impact number during the vertical coalescence of multiple successive
drops:
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Figure A.11.: Temporal evolution of the cumulative heat flow in a) dimensional and b) dimen-
sionless forms during the vertical coalescence of four successive drops impinging
onto a bare heater (D0 = 1.14 mm, u0 = 0.54 m s−1, ∆T = 12.4 K, f= 10 Hz, Re
= 2160, We = 64, Ja = 0.10, Bo = 0.6, Pr = 9.7, and pR = 0.05)
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Influence of wall superheat during the vertical coalescence of two successive drops im-
pinging onto a bare heater:
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Figure A.12.: a) Spreading ratio, b) dimensionless heat flow, and c) dimensionless cumulative heat
flow versus dimensionless time during the vertical coalescence of two successive
drops impinging onto a bare heater for various Ja numbers (f= 10 Hz, Re = 2160,
We = 64, Bo = 0.6, Pr = 9.7), and pR = 0.05.
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Influence of drop generation frequency during the vertical coalescence of two successive
drops impinging onto a bare heater:
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Figure A.13.: a) Spreading ratio, b) dimensionless heat flow, and c) dimensionless cumulative heat
flow versus dimensionless time during the vertical coalescence of two successive
drops impinging onto a bare heater for various drop generation frequencies (Re
= 2160, We = 64, Ja = 0.13, Bo = 0.6, Pr = 9.7, and pR = 0.05).
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Influence of spacing parameter during the horizontal coalescence of two simultaneous
drops impinging onto a bare heater:
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Figure A.14.: a) Dimensionless heat flow and b) dimensionless cumulative heat flow versus
dimensionless time during the horizontal coalescence of two simultaneous drops
impinging onto a bare heater for various spacing parameters (Re = 1710, We = 50,
Ja = 0.09, Bo = 0.4, Pr = 9.7, and pR = 0.05).

Influence of wall superheat during the horizontal coalescence of two simultaneous drops
impinging onto a bare heater:
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Figure A.15.: a) Dimensionless heat flow and b) dimensionless cumulative heat flow versus
dimensionless time during the horizontal coalescence of two simultaneous drops
impinging onto a bare heater for various Ja numbers (e = 2.15, Re = 1710, We
= 50, Bo = 0.4, Pr = 9.7, and pR = 0.05).

118 A. Annex



Influence of time interval during the horizontal coalescence of two non-simultaneous
drops impinging onto a bare heater:
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Figure A.16.: a) Dimensionless heat flow and b) dimensionless cumulative heat flow versus
dimensionless time during the horizontal coalescence of two non-simultaneous
drops impinging onto a bare heater for various dimensionless time intervals (e
= 2.15, Re = 1710, We = 50, Ja= 0.09, Bo = 0.4, Pr = 9.7, and pR = 0.05).
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