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Abstract

In order to design more responsible production processes, "green," environmentally
friendly solvents are being considered as alternatives to more complex substances.
Achieving greater sustainability across various industrial applications requires deeper
knowledge to support the development and optimization of these processes. Specifi-
cally, transient two-phase systems, such as sprays, present complex, dynamic phenom-
ena that demand more comprehensive research to understand the mechanisms of at-
omization, evaporation and mixing. Optical diagnostics enable more detailed analyses
of these processes and offer a precise, spatially and temporally resolved quantification
of relevant parameters, such as temperature, droplet size and mixture composition.

This work presents the advancement and application of fluorescence-based measure-
ment techniques for the quantitative characterization of the liquid phase in sprays and
droplets. Especially, first-time applications of micrometric droplet LIF thermometry
imaging are presented. The optimization of the two-color technique and additionally
reviewed fluorescence approaches aim for a comprehensive characterization of the

liquid phase in sprays through planar fluorescence diagnostics.

The fluorescent tracers fluorescein disodium and sulforhodamine 101 are admixed to
ethanol, water and binary mixtures of each. The temperature-dependent photophysi-
cal behavior of the dyes is used for ratiometric two-color laser induced fluorescence
thermometry. For a minimization of measurement uncertainties caused by dye influ-
ences, extensive investigations of the emission behavior are required. Corresponding
calibration measurements are conducted in a temperature-controlled, monodisperse
ethanol droplet chain. The enhanced technique is further applied to study heat transfer
and evaporation along the heated droplet chain. A microscopic imaging system is used
to record the spatially resolved droplet temperatures. Additional investigations in dif-
ferently tempered atomizing ethanol jets allow for a review of the method’s applica-
bility in polydisperse droplet systems. These studies are conducted with a spectrome-
ter detection setup, providing spectrally resolved information to estimate the influ-
ences of stimulated fluorescence emission and reabsorption effects on the recorded
spectra.

Furthermore, two-photon excitation is utilized to image technical sprays of a commer-
cial injector by laser-induced fluorescence. The microscopic visualization enables the
sizing of individual liquid structures even in dense spray regions. As a result, the ac-
quired information provides insight into different breakup mechanisms and the influ-

ence of the solvent’s liquid properties on the spray structure.



Kurzfassung

Um in der Industrie eine nachhaltige Produktion umzusetzen, wird unter anderem die
Substitution von oftmals schiadlichen, komplexen Substanzen durch umweltfreundli-
che, sogenannte ,griine Losungsmittel® vorgeschlagen. Der Wandel hin zu einer ho-
heren Nachhaltigkeit in industriellen Verfahren erfordert Grundlagenwissen fiir eine
Entwicklung und Optimierung solcher Prozesse. Insbesondere instationdre Zweipha-
sensysteme, wie Sprays, stellen durch komplexe, dynamische Mechanismen wie Zer-
staubung, Verdampfung und Mischung eine grofie Herausforderung dar und erfordern
umfassendere Forschungen fiir ein verbessertes Verstandnis. Optische Messtechniken
ermoglichen detaillierte Untersuchungen dieser Prozesse und bieten die Moglichkeit
einer préazisen, raumlich und zeitlich aufgeldsten Quantifizierung relevanter Parame-
ter wie Temperatur, Tropfengrofle und Gemischzusammensetzung.

Die vorliegende Arbeit behandelt die Weiterentwicklung und Anwendungen fluores-
zenzbasierter Messtechnik zur quantitativen Charakterisierung der Fliissigphase in
Sprays und Tropfen. Diese Arbeit prasentiert die erstmalige Anwendung einer bildge-
benden LIF-Thermometrie-Methode fiir mikrometrische Tropfen. Durch die opti-
mierte Zwei-Farben Technik und zusatzlich untersuchte Fluoreszenzkonzepte wird
eine umfassende Charakterisierung der Flissigphase in Sprays anhand der planaren
Fluoreszenzmesstechnik angestrebt. Dafiir werden die beiden Fluoreszenzfarbstoffe
Uranin (Fluorescein Natriumsalz) und Sulforhodamin 101 den Losungsmitteln Ethanol,
Wasser und bindren Mischungen beider Stoffe beigemischt. Die verhéaltnisbasierte Me-
thode der laserinduzierten Zwei-Farben Fluoreszenz nutzt das temperaturabhangige,
photophysikalische Verhalten der Farbstoffe. Umfassende Studien des Emissionsver-
haltens sind erforderlich, um Messfehler durch Farbstoffeinfliisse zu minimieren. Ent-
sprechende Kalibriermessungen werden in einer temperierten, monodispersen Etha-
nol-Tropfenkette durchgefiihrt. Die optimierte Messmethode wird erstmals ange-
wandt, um die Verdampfung und den Warmeiibergang entlang einer temperierten,
mikrometrischen Tropfenkette zu untersuchen. Hierzu wird ein mikroskopisches Ka-
merasystem fiir die Detektion raumlich aufgeldster Tropfentemperaturen genutzt. Zu-
satzliche Untersuchungen der Zerstaubung von unterschiedlich temperierten Ethanol-
einspritzstrahlen erméglichen die Anwendung der entwickelten Methodik im Rahmen
von polydispersen Tropfensystemen. Letztere werden anhand eines Spektrometer-
Aufbaus betrachtet, wodurch die Fluoreszenzsignale spektral aufgelost werden.
Dadurch koénnen Einfliisse von stimulierten Fluoreszenz- und Reabsorptionseffekten

auf das Fluoreszenzspektrum abgeschitzt werden.



Dariiber hinaus werden technische Sprays eines kommerziellen Injektors durch laser-
induzierte Zwei-Photonen Anregung bildgebend untersucht. Anhand der mikroskopi-
schen Visualisierung wird eine Groflenbestimmung einzelner Fliissigkeitsstrukturen
auch in dichten Spraybereichen ermdglicht. Mithilfe der analysierten Groflen werden
Einblicke in die vorliegenden Zerfallsmechanismen und den Einfluss unterschiedlicher

Fluideigenschaften auf das Sprayverhalten gegeben.
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Symbols and Abbreviations

II

0 Symbols and Abbreviations

Latin symbols

Symbol Unit Description

c m-s’! Speed of light

d m Diameter

Er J Transition energy

h Js Planck’s constant

I W-m?  Fluorescence intensity

J - Rotational quantum number

/ m Characteristic length

M - Spin multiplicity

n - Electronic quantum number

N - Number of molecules

Na mol!  Avogadro’s constant

Oh - Ohnesorge number

r m Radial distance

Rer - Liquid Reynolds number

s %/K Sensitivity

S - Total spin quantum number

So - Singlet ground state

Si - First excited singlet state

T K Temperature

T - First excited triplet state

v - Vibrational quantum number
Greek Symbols

Symbol Unit Description

n N-s/m? Dynamic viscosity

A m Wavelength

v m-s’! Velocity

T - Bonding orbital

T - Antibonding orbital

o, kg/m3>  Density

o N/m Surface tension

o - Bonding orbital

o - Antibonding orbital

T s Lifetime



Symbols and Abbreviations I

Abbreviations

2¢c-LIF
2p-LIF
BI
CCD
CERS
DISI
FSP
GRR
HOMO
ISC

IR

LAS
LIEF
LIF
LUMO
MDR
Mie
Nd:-YAG
OBN
oC
PDA
PM597
PMT
RhB
sCMOS
SD

SI
SLIPI
SMD
SRh
TCSPC
UV-vis
VR
vSOI

Two-color laser-induced fluorescence
Two-photon laser-induced fluorescence
Ballistic imaging

Charge coupled device
Cavity-enhanced Raman spectroscopy
Direct-injection spark-ignition

Flame spray pyrolysis

Global Raman refractometry

Highest occupied molecular orbital
Intersystem crossing

Infrared

Laser absorption spectroscopy
Laser-induced exciplex fluorescence
Laser-induced fluorescence

Lowest unoccupied molecular orbital
Morphology dependent resonances

Mie scattering

Neodymium-doped yttrium aluminium garnet
Oil blue N

Optical connectivity

Phase Doppler anemometry
Pyrromethene 597

Photomultiplier tube

Rhodamine B

Scientific complementary metal-oxide-semiconductor
Spray drying

Spark ignition

Structured laser illumination planar imaging
Sauter mean diameter

Sulforhodamine 101

Time-correlated single-photon counting
Ultraviolet/visible

Vibrational relaxation

Visible start of injection



Introduction 1

1 Introduction

“Responsible consumption and production” is one of 17 goals on the United Nations’
2030 Agenda for Sustainable Development [1]. A specific emphasis is placed on green
chemistry, aiming for a minimization of health and safety risks and impacts on the
environment. This objective is primarily directed at the industry, which offers a sub-
stantial opportunity regarding ecological process transitions, specifically in the areas
of chemicals and waste [2]. Sustainability in related industries affects many topics,
which are summarized in Figure 1. Accordingly, the principles of green and sustainable
chemistry relate to the whole product lifecycle, ranging from green feedstock, ecolog-
ically benign production and potential reuse up to safe consumer products [3]. Many
of the presented dimensions include the use of a solvent as a fluid for heat transfer or
to carry, stabilize or dilute a specific other species. As a consequence, an important

aspect in the transformation of technical processes is the use of sustainable solvents

[4].

Environmental
& sustainability

management consumption

Energy
consumption

Waste
disposal

Reduce, reuse Product use &
& recycle ‘ handling

7 - \\
Processes Feedstock
Education,
research &
resources

Figure 1: Sustainability and the related topics in industries with participating chemicals, adapted
from Hill et al. [3].

Water and simple alcohols like ethanol are considered as so-called green solvents and
substitutes for complex organic solvents, such as dioxane or toluene, with adverse im-
pacts on human and environmental health [5, 6]. Both water and ethanol have gained
relevance due to advantages like reduction of health and safety concerns during man-
ufacturing as well as in the final product. Additionally, they offer the potential of re-

covery, reusability or even biodegradation, while also impacting cost efficiency [7].
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Various industrial sectors utilize ethanol, water or a mixture of each as solvents and
show the diversity of their appearance in industrial spray applications [8-10]. Specif-
ically, in sprays, the transition from conventional to green solvents will affect atomi-
zation and mixing quality due to varied fluid properties, thereby altering subsequent
processes like e.g. particle formation. Optimizing these processes is the key motivation
of this thesis, which focuses on the development of optical, /aser-induced fluorescence
(LIF) techniques to study specific ethanol and water spray characteristics, such as tem-
perature, structure size, and mixture composition. The relevance of such injection pro-
cesses is presented in the subsequent paragraphs, providing a selection of research

based on ethanol/water sprays for various widespread industrial applications.

Due to the rising awareness of environmental pollution and oil reserve deficiency, the
addition of biofuels like ethanol are common practice in spark ignition (SI) engines.
While anhydrous ethanol is commonly used, the separation of water involves a signif-
icant amount of energy [11, 12]. Therefore, substantial research is being conducted to
study the impact of hydrous (‘wet’) ethanol on spray formation, the subsequent com-
bustion efficiency and emission characteristics [13, 14]. Different mixtures of gasoline
and anhydrous and hydrous ethanol were investigated under various conditions. Re-
sults reveal positive influences of hydrous ethanol, such as significant reductions of
emissions at low loads [15] or an enhanced thermal efficiency and thus performance
[14]. With further investigations of the spray and combustion behavior, hydrous eth-

anol is suggested as a promising biofuel alternative [11, 13].

Another successful use case of atomized ethanol and water is as a coolant. Spray cool-
ing is implemented in high energy processes in order to enhance the lifetime of elec-
trical components. A high performance of the coolant is achieved by its vaporization,
using enhanced heat transfer due to the phase change of the liquid [16]. In order to
lower the saturation temperature to optimize the cooling performance and meet ideal
operation conditions of electronical devices, ethanol is admixed with aqueous sprays
[17]. The liquid-phase composition is an essential parameter for the performance of
the evaporative cooling [18, 17], while spray characteristics like Sauter mean diameter
(SMD or d52), droplet temperature and volumetric liquid flow are also crucial to deter-

mine the optimum heat transfer of the spray [19, 20].

Further processes like flame spray pyrolysis (FSP) or spray drying (SD) make use of
the atomization and evaporation of a precursor solution, in order to synthesize parti-

cles. With the intention of advancing the procedures to operate more sustainably and
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cost-efficiently, water and ethanol are gaining consideration as solvents. The adjust-
ment of the solvent mixture ratio offers attractive effects which allow a deliberate in-
fluence on particle characteristics [21-23]. Spray drying processes in the food and
pharmaceutical industries have shown the influence of varied ethanol/water contents
on parameters like particle size, shape and density, as well as the amorphous content
[24, 25]. By controlling the aerosol and particle performance, the addition of ethanol
could be implemented without a compromise in protein or enzymatic activities [26].
Along with controlling particle characteristics, the combination of ethanol and water
as ‘wet fuel’ is used in FSP applications, especially for the production of temperature-
sensitive materials. Ethanol serves as fuel with a high local combustion temperature
close to the nozzle to create a stable flame. Due to the water content, the droplet tem-
peratures can be reduced to ensure ideal synthesis conditions and functionality of the

produced particles [27].

Industrial processes, like the above mentioned, are constantly developed further to
ensure enhanced product quality and reduce energy, costs and resources. Concluding
from the review of spray applications, the temperature is a key quantity in sprays,
determining atomization, droplet heat-up and evaporation. Liquid and vapor temper-
atures are closely tied to solvent properties, such as evaporation enthalpy, their boiling
point or transport coefficients (e.g. heat and mass diffusion). Both, mixing and reaction
rates can be controlled by the temperature and directly impact the efficiency and pol-
lutant emissions in combustion processes. In heat exchangers, using sprays of liquid
coolants, both rates affect the heat dissipation and cooling efficiency. Aiming for a
better understanding and improvement of such complex spray applications, spatio-
temporal in-situ parameter investigations on e.g. the temperature and concentration
fields are required. Such studies pose a challenge for commonly used measurement
techniques, such as thermocouples for thermometry or chemical sensors for composi-
tion determinations. However, optical diagnostic techniques offer the ability to con-
duct these measurements with a high degree of accuracy, precision and resolution.
Numerical investigations additionally provide support in understanding complex
spray fundamentals and mathematical models can be consulted to determine ideal pro-
cess parameters, like e.g. liquid and ambient temperature in FSP [28]. Nevertheless,
there remains a necessity to experimentally investigate and validate the parameters

influencing the atomization and evaporation behavior.

While a large share of research engages with the vaporized or gas phase of sprays [29,

30], this work focuses on investigations of the liquid phase, especially in ethanol
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sprays. The main aim is the development of a thermometry method, based on laser-
induced fluorescence of organic dyes. Corresponding measurements were taken to
gather fundamental knowledge on two-color (2c) LIF droplet thermometry. Experi-
mental studies of single micrometric droplets of a tempered droplet chain are pre-
sented, which can be used as calibration or validation data in future research. Studies
in additional solvents raise the question of the applicability of 2¢c-LIF for solvent com-
position investigations. Thus, LIF calibrations in binary ethanol/water droplets are re-
alized and the results offer a prospect on future work following up on this thesis.
Using the droplet generator, complex spray processes such as droplet formation, col-
lision, or coalescence, along with the respective disturbing optical effects, can be iso-
lated. This allows precise observation of influences on the diagnostic method, helping
to further reduce measurement inaccuracies.

Additional challenges affecting the signal strength include polydisperse structure size
distributions, reabsorption effects (particularly in dense spray regions) and morphol-
ogy dependent resonances (MDR) within spherical droplets. A possibility to accom-
plish measurements in dense spray regions may be the use of two-photon (2p) excita-
tion for LIF. This approach is another key subject of the work with attention paid to

structure sizes and how they are influenced by different fluid properties of the solvent.

This thesis comments on the fundamental photophysical processes and consolidates
the relevant literature on LIF droplet thermometry and liquid-phase spray characteri-
zation. Novel data sets are presented in a collection of all peer-reviewed, published
results providing key information into the application of the different LIF approaches

on ethanol/water droplets and sprays.
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2 State of the Art

The following section presents the current state of the art on fluorescent dye-based
measurement techniques in sprays and droplets, focussing on 2¢-LIF thermometry. A
brief overview on the theoretical background of occurring photophysical processes,
linked to the applied metrology, is given. Subsequently, the procedure of the dye se-
lection with respect of lasing challenges in droplets is described. Finally, optical spray
characterization is directly thematised and active fields of research on the used meas-

urement approaches are addressed.

21 Absorption and Emission Processes

LIF is based on the absorption and ensuing emission of photons. Molecules or atoms,
respectively, are shifted to higher energetic levels by the absorption of photon energy
from a light source. Simply one definite energy value can be assumed for a spatially
bound system at a time. Consequently, a particular molecule can only absorb specific
wavelengths. At the same time the molecule gets excited, which is explained in more
detail below. The relaxation back to the ground state can arise in a photochemical or
photophysical way [31]. If the deactivation occurs photophysically, i.e. by emission of
electromagnetic radiation, the process is called luminescence. Fluorescence as one sort

of luminescence is emphasized in this work.

The absorption process of a molecule has a strong dependence on its molecular struc-
ture and more specifically the bonding theory, visualising the electron occupation in
the shells around the nuclei of the involved atoms. In this work, two organic dyes,
fluorescein disodium/uranin (FL) and sulforhodamine 101 (SRh) are used to study the
liquid behavior of a solvent by taking advantage of their photophysical properties. The
dyes are both xanthene derivates and belong to fluoresceins and rhodamines, respec-
tively [32]. When considering the fundamentals of bonding theory, the individual par-
ticipating atoms form molecular orbitals for reasons of stability. In organic molecules,
the molecular orbitals are depicted by linear combinations of s- and p- atom orbitals
of different symmetry. This includes electrons in bonding o and s orbitals and anti-
bonding ¢* and 7" orbitals. Nonbonding z orbitals are occupied by electrons that do
not participate in the covalent bonding. The highest occupied molecular orbital
(HOMO) mainly belongs to the bonding orbitals, while the lowest unoccupied molec-
ular orbital (LUMO) usually is an antibonding one. Therefore, organic dyes are pre-

dominantly undergoing 7— 7" transitions in an absorption event. Depending on the
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functional groups of the molecule 7— 7" transitions are another possibility. The char-
acterization of every electronic level is described by the total spin Sand the spin mul-
tiplicity M of the occupying electrons. If all electrons are paired with antiparallel spin,
the spin multiplicity is /=1 and the state is therefore called singlet state. In general,
organic molecules in the ground state are in such a singlet state S, while the subscript
describes the degree of excitation. If the electrons are aligned parallelly, the spin mul-
tiplicity is A/=3 and the state is called triplet state accordingly. Compared to a singlet
state of the same degree of excitation, the triplet state is located energetically lower,
which will be attended to subsequently.

Figure 2 schematically outlines the interaction of light and matter in case of an absorp-
tion event with following emission of a fluorescence photon. In the case of organic
dyes, the respective light source is a laser beam operating at u/traviolet-visible (UV-
vis) excitation wavelength. One of the most commonly used lasers for applications in
this range of the electromagnetic spectrum is the Nd:YAG laser. Typically, it emits
infrared (IR) light at 1064 nm, but it can operate at the frequencies of its harmonics:
266 nm, 355 nm or — as used for the excitation of the dyes in this work - 532 nm,

visualized by the green color of the absorption between two energy levels in Figure 2.
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Figure 2: Franck-Condon diagram depicting the energy levels of absorption and emission mechanisms,
relevant for laser induced fluorescence applications (adopted from [33]). Vibrational energy levels are
visible in both electronic ground state S and first exited state Si. Exemplary absorption and emission
spectra of both single dyes dissolved in ethanol, as used in this work. All spectra originate from the
PhotochemCAD™ database and are normalized to their maximum [34, 35].

A molecule can occupy exactly one energy level at a time, which is characterized by
its quantum numbers according to the molecules rotational J, vibrational v and elec-
tronic energy n. For dissolved molecules the rotations are limited by the solvent and

additionally, the resolution of rotational states is hardly possible for large molecules
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[36]. Thus, only electronic and vibrational levels are discussed further.

The left figure shows a potential curve for the electronic ground state S, concluding
several vibrational energy levels v depicted as straight horizontal lines. Through in-
teraction with light, photons with specific wavelengths can be absorbed by the mole-
cule, which is then excited to its first electronic level E = 1. If the electrons still have
parallel spins after the excitation, the spin multiplicity is unaltered and the molecule
is in an excited singlet state Si. The excited states have a short lifetime and therefore
aim for an immediate relaxation back to the ground level. In i the molecule can un-
dergo vibrational relaxation (VR) due to collisions with other molecules. This can
lower the energy to the vibrational ground state of the excited electron level, from
where spontaneous photon emission - fluorescence — can occur. While the according
transitions are sketched as arrows in Figure 2, they represent photons with a specific
wavelength or energy, respectively. For a molecule to absorb a photon and transition
from one to the other energy level, the photon energy has to match the energy differ-
ence of both levels exactly. Therefore, a spectrum presents the transition possibility
over the according wavelength. Due to the molecules specific structure, each species
has a unique absorption and also emission spectrum - the so-called molecular finger-

print.

The relation between the transition energy Er and the light quantum’s frequency is
expressed by Bohr and Einstein via Et = N, * h - ¢/A and states the proportionality of
a photon’s energy to the wavelength [32, 31]. Na = 6.022:10? mol! is Avogadro’s con-
stant, h = 6.626:10734 J-s is Planck’s constant, ¢ = 299,792,458 m-s™! the speed of light
in vacuum and A the photon’s wavelength. While transitioning between two electronic
levels with absorption of UV-vis photons, the electron can be lifted to a random vibra-
tional level in the excited electronical state, depending on the particular amount of
energy. Consequently, instead of single lines at specific wavelengths a broadband ab-
sorption spectrum is detected, reflecting on the spacing between vibrational levels in
the i state. This can be observed with the green absorption arrows in Figure 2 on the
left. Due to VR, the emission of the photon originates from the v=0 state in $; and thus,
the fluorescence spectrum reflects the vibrational spacing in the electronic ground
state $. The vibrational level spacing is often similar in S and Si, which results in
absorption and fluorescence spectra that appear with mirrored symmetry as shown in
Figure 2 (right) by the respective spectra of FL and SRh. Compared to the absorption,
the fluorescence spectrum undergoes a Stokes shift, which means it is shifted towards

longer wavelengths [32]. Reason for this bathochromic shift is the energy reduction
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due to VR in S1, which results in a lower transition energy during photon emission.

VR
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Figure 3: Transition possibilities between singlet and triplet states of a molecule. The electron config-
uration of the regarding states is depicted in the boxes. The Boltzmann distribution schematically
shows the probability function of the energetic occupation of the vibrational levels in &% in a hot and
a cold case. Typical time scales for transitioning processes are listed, according to [37, 32].

The energy diagram in Figure 3 further describes the excitation and radiative deacti-
vation processes. In addition, electron occupations for S, S1 and 77 are shown exem-
plary and characteristic time scales for the photophysical processes are presented. The
additionally included luminescence process, which originates from the excited triplet

state 71, is phosphorescence.

Contrary to fluorescence, phosphorescence is a very slow process with a longer life-
time 7, as it is a spin forbidden transition between 71 and S. According to quantum
mechanical selection rules, transitions between electronical levels are only allowed
without a change of spin multiplicity. As the electron configurations in Figure 3 show,
the singlet states are occupied with antiparallel electrons, while the electrons in the
half-occupied orbitals of the triplet state are aligned parallelly. Therefore, fluorescence
as a spin permitted process can happen spontaneously in a short time scale of only
few nanoseconds. For phosphorescence to occur, the spin of the elevated electron
needs to be reversed, which happens during emission-less infersystem crossing (ISC).
After transitioning to an excited triplet state during ISC, VR may follow and deactiva-
tion to the electronic ground state can occur by emission of a photon. Due to the pre-
vious S1— 71 transition and the relaxation in 73, the energy emitted via radiation dur-
ing phosphorescence is lower and consequently the wavelength is larger as during
absorption and fluorescence. This work utilizes the spectral information of absorption

but primarily focuses on the subsequent spontaneous emission during fluorescence.



State of the Art 9

211 Temperature Dependence

Since both absorption and fluorescence of certain molecules can exhibit temperature-
sensitive behavior, this effect can be utilized, for example, in measurements in context
of the spray applications mentioned previously. In a surrounding with alternating tem-
peratures, several processes can influence the radiation behavior. Increased kinetic
energy of the molecules may intensify the molecular motion and collision rate and
therefore affect the energetic state. Chemical processes such as the thermal degrada-
tion of a dye or solvent could also influence the absorption and fluorescence intensity.
As for the investigated setup frameworks in this work, the temperature dependence
of the dyes photophysical characteristics are the decisive factor, which is taken ad-
vantage of. Depending on the temperature, a spectral shift — mostly bathochromic or
hyperchromic — is observed for some dyes. This shift is attributed to the so-called
Boltzmann distribution, which describes the allocation of the molecules of one species
over different molecular energy levels at a certain temperature. Thus, the distribution
shows the number of molecules N, occupying certain energy levels [33]. Exemplary
population distributions for a hot and a cold temperature are shown on the left side of
Figure 3. A temperature increase leads to an amplified amount of occupied vibrational
levels, resulting in a broader occupation distribution. This can also be observed for the
excited S state, causing an extension of transition possibilities. As a result of the over-
lapping spectral bands, the fluorescence spectra can broaden [32]. As the varying pop-
ulation distribution also entails a spectral shift of the absorption spectrum, an elevated
absorption cross section at a specific wavelength can be the consequence. The decisive
factor is the spectral position of the exciting light source relative to the absorption
spectrum. In case of an intensified absorption at the specific laser wavelength, the in-
crease of excited molecules leads to a subsequently higher fluorescence intensity (i.e.
a hyperchromic shift). While this describes the most frequently observed behaviors in
temperature sensitive dyes, the spectral temperature influence depends on molecular

structure and how the structure is affected by a temperature change.

2.1.2 Solvent Dependence

The photophysical properties of some dye molecules can be influenced by the solvent
they are diluted in. As the name suggests, the solvatochromic shift or effect refers to
spectral shifts resulting from changes in the solvent environment (the so-called solv-
ation shell) around the dye [32, 31]. Factors, such as polarity, viscosity and hydrogen
bonding can alter the photon emission of the dyes. Depending on the characteristics

of both the dye and the solvent, different interactions can cause a stabilization of the
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energy states. During the transition between ground state and excited state, electron
reallocation and often a change of the dipole moment occur [31]. Thus, interactions in
the mixture can be affected and lead to a solvent relaxation. This relaxation process
affects the solvation shell around a dye molecule, lowering the energy of the excited
state. In highly polar solvents this results in a decrease of the excited state’s energy,
causing the subsequently emitted photon to have a lower energy and longer wave-
length, leading to a bathochromic (red) shift in the spectrum [32].

In addition to solvent polarity, the viscosity can strongly influence the emission spec-
trum. High solvent viscosity can reduce rotational and vibrational relaxation pro-
cesses, mitigating non-radiative decay processes and potentially resulting in hyper-
chromic (higher intensity) or hypsochromic (blue) shifted fluorescence emission.
Moreover, high viscosity can slow down the reorganization of solvent molecules in
the solvation shell. Thus, the effect of solvent relaxation is reduced, if it occurs slowly
compared to the fluorescence life time [32].

Another solvent-related factor affecting the emission spectrum of a dye is solvent ab-
sorption. In contrast to the previously mentioned effects, solvent absorption does not
impact the emission process itself but can prevent the detection of emitted photons.
This occurs when the solvent molecules absorb light in the emitted wavelength region,
decreasing the number of photons that exit the liquid and thus reducing the detected

fluorescence intensity.

2.2 Dye Selection

Fluorescent dyes are used in broad spread applications, allowing the visualization of
liquid properties and flows. Due to their complex and unique photophysical behavior,
the dye selection requires precise spectral investigations. Therefore, influences on the
analysed processes can be excluded and a correct interpretation of the detected signal
is aimed for. Inspired by fluorescence microscopy in biological and medical research,
various dyes have been applied for spectroscopy measurements in two-phase flows.
The requirements for the spectral properties of the dyes are determined based on the
measurement task and therefore, dependent on the experimental parameters. For ex-
ample, in order to visualize a flow via 1c-LIF, the focus of the technique is the experi-
mental setup and not any specific dye characteristics. In this work, 1c-LIF spray imag-
ing is conducted via multi-photon excitation by an upfront extensively researched
femtosecond laser system and detection with telecentric imaging, whereas no partic-
ular dye concept is necessary.

However, in applications of 2c-LIF, the requirements for the fluorophore can be

summed up into three key criteria: solubility in the respective solvent, a minimum
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effect on the solvent's inherent liquid properties, and the capability of multiphoton
absorption and thus excitation at the laser wavelength. Since these factors do not re-
quire extensive preliminary studies or calibration, the following section focuses on the

dye selection for 2¢-LIF thermometry in droplets.

In 2¢-LIF, two spectral bands are selected within the emission spectrum of the dye and
an intensity signal ratio of the signals is formed, which has a specific temperature
sensitivity. To achieve a high temperature dependence of the ratio, one spectral band
is selected to be minimally affected by temperature, while the other is chosen to exhibit
a high degree of temperature sensitivity. Considering a dye-based 2c-LIF approach,
several factors are decisive for the final dye selection and need to be addressed. Im-
portant aspects can be subdivided into three main topics: photophysical properties of
the dye itself and the interaction between dye and solvent, the emitted fluorescence
signal in the respective type of two-phase flow and the subsequent color band/optical

filter selection for the detection system.

Early on, single fluorophores were used for visualization purposes in flows [38, 39].
However, the concept of ratiometric emission detection originates from cell biology
research, implementing the LIF approach for pH [40] and species measurements [40,
41]. Fluorescein [42] and rhodamine B (RhB) [43, 44] were the first prevailed dyes used
as tracers to determine flow scalars by 2c-LIF in water and also ethanol [45]. An alter-
native of the technique was the use of a dye combination, e.g. RhB and Rh101, to reach
a higher ratiometric sensitivity (on the desired flow scalar) [44, 46]. With further de-
velopment of the measurement approach, some research focused on the characteriza-
tion of different fluorophores to provide additional possibilities in the dye selection.
Coppeta and Rogers presented nine different water-soluble dyes and proposed suitable
dye combinations to investigate temperature and pH in flows [42]. Nonetheless, the
majority of research on 2c-LIF thermometry was primarily conducted using argon ion
lasers (488 nm or 514.5 nm) for excitation and the fluorophore RhB as tracer [47-49].
Rhodamine is widely used, due to its solubility in water and beneficial spectral prop-
erties for temperature determination. Sutton et al. published a review with an over-
view on dyes used in LIF thermometry approaches. Findings include fluorescein 27
being proposed as an alternative to RhB, offering an enhanced temperature sensitivity
of the signal ratio [50]. Since then, a variety of fluorescent dyes, such as pyrromethene
597 (PM597) [51, 52] and coumarin 152 [53] emerged in 2c-LIF research apart from
rhodamine and fluorescein derivates, due to their improved solubility in oils and fuels.

Mishra et al. and Prenting et al. each analysed several fluorophore/ethanol mixtures
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in the UV-vis range, presenting an overview of dye characterizations with regard to
their spectral properties and resulting temperature sensitivities [54, 55]. A comparable
study was conducted by Chaze et al. for dyes in aqueous solution [56]. The absorption
and emission spectra shown in these publications offer the possibility of an initial as-

sessment on whether a dye is suitable for a given application.

2.2.1 Consideration of Photophysical Properties

Due to the previously addressed high temperature sensitivity, fluorescein derivates are
taken into consideration. The sodium salt of fluorescein (FL) — uranin — provides good
solubility and stability in ethanol and water and is categorized as environmentally
friendly and non-hazardous. Working in the visible wavelength region with a com-
monly used Nd:YAG laser, the typical excitation wavelength is 532 nm. The absorption
spectrum peak of FL is positioned at shorter wavelengths, see also Figure 2, which
means the energy of 532 nm photons is too low (or the wavelength too high) to reach
a high absorption rate. Therefore, a large LIF signal requires a relatively high laser
fluence or dye concentration in the solvent. As a result of the Stokes shift between
absorption and emission spectra, the laser wavelength is positioned in the central sec-
tion of the fluorescence spectrum. Nonetheless, the dye offers some unique ad-
vantages, such as a marginal overlap between absorption and emission spectra, as can
be seen in Figure 2. Therefore, self-absorption of the emitted fluorescence by other dye
molecules in the probe rarely occurs and thus has a minor effect on temperature sen-
sitivity. Otherwise, in case of a small Stokes shift between the two spectra, the shape
of the fluorescence spectrum could be affected because of a possibly reduced fluores-
cence intensity in the overlapping wavelength region. This is particularly problematic

in applications with varying dye concentrations, such as evaporating droplets.

For 2c-LIF, two spectral color bands, as contrary temperature dependent as possible,
are determined and the ratio of both signals is formed. Approaching the measurements
with a spectrometric detection method, an arbitrary filter width can be selected for the
color channels to aim for a maximum temperature sensitivity of the intensity ratio.
However, an imaging approach uses commercial optical filters, which define the width
and position of the respective color bands. Furthermore, the data, recorded by the de-
tection devices set up behind the optical filters can only be analysed, when the color
band is wide enough to transmit sufficient signal. In the case of FL, the fluorescence
spectrum, disrupted by the laser wavelength, offers only little possibility for two color

bands. Therefore, a two-dye 2c-LIF technique, as introduced by Coppeta and Rogers,
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is pursued. Several rhodamine derivates were presented, which are contrarily temper-
ature dependent to fluorescein [42]. Sutton et al. suggest rhodamine derivates RhB and
kiton red (KR) as additional dye for the use of fluorescein 27 [50]. As a result of FL
pairings with RhB, KR and SRh, Chaze et al. propose a mixture of FL and SRh for
further thermometry research. This combination showed minimum influence of laser
irradiance on the temperature sensitivity [56].

In literature, the temperature sensitivity of the signal ratio is studied in detail as this
commonly determines the dye selection for thermometry. Since this quantity is
strongly dependent on surrounding factors such as the solvent, the detection device
or the filter selection, a direct comparison of literature data seems inconclusive and

will not be discussed in this work.

The molecular structures of both selected dyes are depicted in Figure 4. Both are based
on the structure of the organic molecule xanthene. In contrast to common fluorescein,

uranin is the strongly fluorescent disodium (FL) derivate of fluorescein [32].

(I)H
0=S=0

Figure 4: Structure formulas of both fluorescent dyes, fluorescein disodium (left) and sulforhodamine
101 (right).

Sulforhodamine 101 (SRh) is a derivate of the rhodamines, which also include the
widespread dyes RhB and KR (sulforhodamine B). Contrary to both, the nitrogen at-
oms in SRh are bound in julolidyl rings, which stabilizes the molecule and leads to a
reduction of non-radiative deexcitation [32]. Therefore, the fluorescence spectrum of
SRh is barely temperature dependent, as confirmed by published spectra of Coppeta
and Rogers and Chaze et al. [42, 56]. Due to the heteronitrogen atoms in the aromatic
dye structure, polar solvents act as hydrogen-bond donating solvents and a red-shift

of the SRh fluorescence is observed compared to non-polar solvents.

2.2.2 Fluorescence Emission in Droplets and Sprays

Breaking down the complex spray process, preliminary investigations are conducted
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in single droplets of a monodisperse droplet chain. Thus, optical interactions with lig-
uid structures are simplified and easier accessible, so the measurement technique can
be optimized. Sprays as atomized liquids disintegrate into structures in various sizes
and shapes and eventually form droplets. During the emission process fluorescence
photons of different wavelengths are emitted inside the droplet. Depending on the
angle they encounter the droplet boundary, single photons may exit the droplet or -
with the right contact angle — total reflection inside the droplet occurs, see Figure 5.
This happens because of significant differences in refractive indices of the liquid and
the surrounding gas and the spherical droplet therefore acts as an optical cavity. The
light waves circulate within the droplet in a ring-like pattern, along the droplet's sur-
face. When the light waves return to their originating point in phase, constructive
interference occurs, resulting in an intensity increase at specific wavelengths. These
MDR appear as bright, ring-shaped structures within the droplet. Furthermore, when
the droplet is illuminated unidirectionally, two bright, point-like regions become visi-
ble on opposite sides of the droplet. These high-intensity points on the droplet's sur-
face arise from the superposition of the resonating light waves and can be observed in
the single shot image in Figure 5. Numerical investigations by Frackowiak and Tropea
showed similar bright regions in small micrometric droplets (below 50 pm) with fluor-
ophores excited at a low absorption cross section [57]. This effect was reported in
several LIF investigations under conditions, such as droplet size, fluence etc., compa-
rable to this work [58, 52].
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Figure 5: Schematic drawing of light traveling along the inside droplet rim (left). Single shot of a drop-
let with visible high fluorescence intensity points and lasing effects (right).

In regions of high MDR intensity the photon density within the droplet is maximized.
Internally reflected photons encountering a dye molecule in these regions near the
droplet rim can lead to stimulated photon emission in addition to spontaneous fluo-

rescence. Contrary to this, the inner droplet region is unaffected by MDR and only
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spontaneous emission occurs. However, the stimulated emission arises due to fluores-
cence resonance and is referred to as ,MDR lasing” or simply ,lasing” in the literature.
Lasing is observed if the gain by the number of photons emitted through stimulated
emission exceeds the inherent photon loss, which results from self-absorption and LIF
signal exiting the droplet [52, 59]. Consequently, stimulated emission requires a high
excitation intensity to offset these losses. The superposition of spontaneous and stim-
ulated fluorescence produces characteristic peaks in the fluorescence spectrum. Fur-
thermore, droplets in motion are rarely completely spherical and thus, the lasing is not
a single line but occurs as a peak in the spectrum. However, apart from the droplet
size, the lasing wavelength is affected by the physical properties of the dye/solvent

mixture and the laser intensity [52].

As the temperature in 2c-LIF is determined with the intensity signal ratio in two spec-
tral color channels, the high MDR signals at a specific wavelength disturb the ratio.
Thus, the resulting temperature values are falsified and the measurement approach
has to be adapted, to avoid detection of MDR in the first place. Perrin et al. proposed
the addition of a further dye, oi/ blue N (OBN) as possibility for PM597 thermometry
[51]. OBN acts as absorber in the wavelength region of the MDR signals, while it does
not fluoresce itself. Palmer et al. conducted additional investigations on enhanced en-
ergy transfer (EET) and applied the technique to hollow-cone ethanol sprays [60].
However, the absorber also reduces the emission and alters the form of the fluores-
cence spectrum. Additionally, the effect of concentration changes through droplet
evaporation and resulting influence of self- or reabsorption is not discussed in the
study.

Additional possibilities to circumvent MDR detection without forfeiting temperature
sensitivity, due to reduced emission signal, are considered. Controlled color switching
is a form of EET and thus, is using another dye to absorb the emission in the lasing
wavelength range. In this case the absorber dye is another fluorophore and therefore
the reabsorption results in another photon emission at a longer wavelength [61]. FL
shows lasing in a temperature sensitive spectral region, where the emission spectrum
overlaps with the absorption spectrum of SRh, when using the combination of FL/SRh.
Thus, SRh acts as absorber molecule in a mixture of both dyes and the lasing signal is
shifted towards longer wavelengths. While the “switched” MDR signal could affect
signals detected from the SRh spectrum, the MDR position is considered in the filter

selection and hence, its detection is circumvented.
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2.2.3 Filter Selection

With regard to the previously mentioned effects of spectral properties and the
prevention of lasing detection, the color bands for the 2c-LIF approach are determined.
While two optimal wavelength regions for a maximum temperature sensitivity of the
intensity ratio are identified, the priority is the accuracy of the technique in case of
changes in the measurement environment, like e.g. variations of droplet sizes.
Additional focus lies on the commerical availability of the respective optical filters,
each transmitting the wavelengths of one color band. In order to enhance the accuracy
of the approach, several spectral conflicts need to be considered [42, 56]. As previously
mentioned, FL shows very little self-absorption. In the two-dye approach, reabsorption
by the other species can occur. While this effect should generally be avoided, it is in-
tentionally used in the FL-SRh combination to prevent MDR lasing in the FL spectrum.
Normalizing the ratio to a reference, a reduction of the accuracy can be prevented.
Nevertheless, investigations of the ratio dependence on droplet size need to be con-
ducted.

A further conflict relates to the overlap of respective single dye emission spectra. For
the chosen fluorophores FL and SRh this applies in a wavelength region between
560 nm and 620 nm. However, the respective influence on the temperature dependent
behavior of the other dye is minimal. To ensure accuracy of the approach, the concen-

tration ratio of the dyes needs to be kept constant during all related measurements.

Resulting from the mentioned criteria and the calculated fluorescence temperature
sensitivity coefficient s, two commercial bandpass filters are selected. The sensitivity

can be calculated with two fluorescence signals / each at a specific temperature 7°[56]:
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Visualizing the influence of temperature on all individual spectral positions, it is de-
picted over the wavelength with a grey curve in Figure 6. Moreover, the spectra of the
dye combination at 293 K and 343 K are presented. Shaded areas show the bandpass
ranges of the selected color channels and respective filters. Consequently, wavelength
bands between 539 nm and 568 nm, as well as 600 nm and 630 nm are transmitted onto
the detecting cameras in the experimental setup and also used in the spectra pro-
cessing. Additionally, the absorption spectrum of the dye couple in ethanol is shown

in the graph to visualize the position of the reabsorption regime of the dyes.
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Figure 6: Normalized emission spectra of the dye couple FL and SRh in ethanol at 293 K and 343 K,
depicted by the red dashed lines. The grey curve shows the calculated sensitivity, calculated from
the emission signals. To demonstrate the filter selection, the absorption spectrum at 293 K is pre-
sented additionally with the solid red curve.

2.3 Spray Processes and Characterization

Sprays are one of the most complex two-phase flows, representing the interaction be-
tween liquid and gas phase with the atomization of the liquid and the subsequent
droplet evaporation [62, 63]. The disintegration of a jet into ligaments and droplets is
determined by various factors, such as the nozzle geometrics, liquid and gas velocity,
liquid properties and many more [64]. To further characterize the spray, various vari-
ables can be experimentally determined. With the focus on the liquid phase, the
breakup and evaporation processes are defined by measurable quantities like spray-
associated liquid penetration and cone angle or droplet size, velocity or temperature
distributions. For a more in-depth discussion on experimental approaches for sprays,

please refer to Fansler and Parrish [63].

The breakup process can be divided into primary breakup, which covers the disinte-
gration of the liquid core and the secondary decay of the ligaments and liquid struc-
tures into small droplets. Depending on the characteristics of gas, liquid and the noz-
zle, the primary breakup can be categorized in the four mechanisms Rayleigh breakup,
15t and 274 wind induced breakup and atomization [65]. The classification is imple-
mented according to a diagram, suggested by Ohnesorge [66] and adapted by Reitz
[65], which depicts dimensionless quantities Reynolds number Re over Ohnesorge
number OA, see Figure 7. The liquid (L) Reynolds number represents the ratio of iner-

tial to viscous forces. It is calculated using density p, dynamic viscosity 7, velocity (in
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this scenario the nozzle exit velocity) v and the characteristic length / which in this

case is the nozzle diameter.

Re = p-v-1/n (2)

In contrast, the Ohnesorge number describes the ratio of viscous forces to inertial and
surface forces. It equally considers the dynamic viscosity 7, density p, and the charac-

teristic length /and additionally the surface tension o.
Oh=n-(l-p-0)°° 3)

It should be noted that all fluid properties relate to the liquid. Covered applications of
this thesis and their categorization into regimes of the Ohnesorge diagram are depicted
in Figure 7. The schematics on the right side give an optical impression on the breakup
behaviors. Calculations of the respective cases are further addressed in the respective
publications in chapter 3. The operating points of the direct-injection spark-ignition
(DISI) injector in P[1] lie within the atomization regime [67], whereas the droplet gen-

erator in P[2] and P[3] is operated in the wind induced region [68, 69].
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Figure 7: Ohnesorge diagram with respective breakup regions [70, 71] and marked settings of the
applications, investigated within the publications in this work (left). Schematic drawings of liquid
breakup in the different regimes of the diagram are depicted according to Schneider [71], from left to
right (bottom right).

At high velocities, thus high Re or alternatively high OA, atomization of the injected
liquid occurs (atomization regime in Figure 7). The most current and comprehensive
model describing the breakup in this regime is proposed by Fath [72], as schematically
outlined in Figure 8. Dominating breakup mechanisms include cavitation due to va-

pour bubbles formed inside the nozzle and the interaction of the liquid jet with the
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surrounding gas phase. Due to the shear forces at the interface, Kelvin-Helmholtz in-
stabilities occur, leading to droplet displacement in the aerodynamic breakup regime.
The resulting surface waves originate from initial disturbances at the liquid surface
caused by turbulent fluctuations during turbulence-induced breakup.
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Dense core
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Hydrodynamic
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Cavitation zones
and bubbles Gas bubbles Surface waves
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Breakup due to Aerodynamic breakup . 8 o%
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Figure 8: Spray breakup based on a two-phase flow according to Fath [72] and reprinted from Ulrich
et al. 2022 [67] with permission of AIP Publishing.

Exiting the nozzle as an intact liquid core, the cavitation bubbles lead to interferences
in the liquid surface, which detach ligaments in the dense core. Subsequently, second-
ary droplet decay results in small droplets taking on a spherical shape due to surface

tension. Therefore, partial research of this thesis is conducted in single droplets.

The evaporation of single droplets is determined by simultaneous heat and mass trans-
fer between droplet boundary and gaseous environment. While convection and con-
duction are predominant heat transfer mechanisms, diffusion and convection of vapor
regulate the mass transfer process. Many parameters, for example droplet size, liquid
and gas temperature, relative velocity of the droplets, and transport properties directly
influence the droplet heating and evaporation rate [70]. Nevertheless, the evaporation
process can be estimated by models, such as the infinite-diffusion model. It assumes
rapid mixing and a constant temperature distribution within a spherical droplet.
Therefore, no radial, but only temporal dependence of temperature is considered in-
side the droplet. However, in case of binary droplets, a radial dependence on the spe-
cies concentration inside the droplet as a function of drop size is expected under cer-

tain injection conditions [73].

Optical, non-intrusive measurement techniques may offer access to the different spray
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regions. These techniques include line of sight imaging, such as shadowgraphy, which
is often used for spray visualization and investigation of sizes like the spray penetra-
tion depth or cone angle [74, 75]. Multiple diagnostic overviews describe the range of
possible technologies for spray investigation [76-78]. However, high liquid structure
densities in the nozzle near-field (dense core) challenge common approaches for spray
characterization due to e.g. laser beam steering, multiple scattering of the signal or
attenuation of laser and signal. To get further insight into the evaporation process,
three liquid-phase variables of interest are droplet size, temperature and — for multi-
component mixtures — composition distribution. A brief state of the art on optical
measurement techniques for the determination of all three sizes in droplets and sprays

is given in the following sections.

2.3.1 Spray Structure and Droplet Sizing

Droplet sizing in sprays is commonly conducted to characterize the atomization qual-
ity of a nozzle. Specifically, droplet sizing in dilute spray regions is an appropriate
technique to assess the degree of evaporation in a spray. Measurement approaches
range from intrusive mechanical and electrical techniques to various optical methods
[70]. Optical diagnostics offer the advantage of non-intrusive investigation possibili-
ties, depending on the respective application. Therefore, various factors, such as opti-
cal accessibility or the required precision and resolution of the result influence the

selection of the measurement technique [78].

Point measurement techniques scan single locations, which can be combined to attain
an overview of droplet size distributions in the spray. These single-point approaches
include rainbow refractometry, which uses the behavior of light encountering a drop-
let and creating a rainbow pattern due to wavelength dependent refraction. Accord-
ingly, the angle of the detected rainbow pattern is influenced by e.g. the droplet size,
temperature and droplet composition [79, 80]. Another frequently applied method for
drop sizing is the utilization of the Doppler shift in scattered light at a droplet in phase
Doppler anemometry (PDA) [81, 82]. The interference structure changes proportional
to the droplet’s diameter, allowing for point-wise measurements within the spray

structure [83].

Direct (high-speed) imaging approaches can visualize the integral spray and offers in-
sights into shape and behavior of liquid structures. Shadowgraphy can be utilized to
image the formation of liquid structures in sprays by making use of light extinction

and the contrast to a backlight. An exemplary image is provided in Figure 9 (left). Dark
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spray zones correspond to very dense spray regions while light-grey zones are char-
acterized by low droplet concentrations. Due to its easy experimental setup, shadow-
graphy is commonly used to determine visually measurable macroscopic and micro-
scopic spray quantities, such as spray penetration, cone angle or structure sizes [84,
85]. Overlaps of liquid structures and single droplets may challenge such line-of-sight

techniques and thus, clear visualisation is hindered in dense spray regions [86].

Figure 9: Comparison of a shadowgraphy image (left) and display“of inverted 2p fluorescence signal
(right) at 20 MPa injection pressure and at 220 ys after visual start of injection (vSOI). Both images
are part of the publication and reprinted from Ulrich et al. 2022 [67] with permission of AIP Publish-
ing.

Besides qualitative information on macroscopic spray quantities, planar approaches
may allow the determination of the SMD over a two-dimensional section of the spray
by applying a laser light sheet. Several intensity ratio techniques for planar drop sizing
can be found in literature and range from Raman/Mie-scattering (“Mie”) [87] to laser-
induced exciplex fluorescence (LIEF)/Mie [88] and LIF/Mie [89] approaches. Each pro-
posal is based on a & (surface) dependence of the Mie signal (in case of a perpendicular
polarization of the laser beam) and a & (volumetric) dependence of the respective ad-

ditional signal, which in ratio provide SMD information.

Nevertheless, the dense spray region in the nozzle near-field challenges all of the
above-mentioned techniques due to the high droplet concentration. Single-point and
line-of-sight techniques can not differentiate overlapping liquid formations in the
depth of the field. Additional planar imaging methods are affected in terms of limited
accuracy as well as laser and signal attenuation, due to multiple light scattering. Ac-
cordingly, detected photons originating from the dense spray region undergo multiple
encounters with off-axis liquid structures, which results in a masking of the investi-
gated spray core [90, 91]. This topic in particular is frequently addressed and various

techniques have emerged to measure droplet sizes in dense spray applications, each
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with its own advantages and limitations. Review papers by Coghe and Cossali [92]
followed by Linne [86] present experimental proposals for imaging the nozzle near-

field, not affected by multiple light scattering.

Two established transillumination (line-of-sight) methods are X-ray radiography and
ballistic imaging (BI) [63]. X-rays radiography is based on the linear absorption of
monochromatic X-rays by turbid media [93]. Furthermore, the index of refraction dif-
fers in contrast to an application with visible light, changing the physical behavior
when interacting with liquid from a spray [86]. Due to this, effects like refraction and
scattering can be neglected, especially in case of low photon energies of X-rays with a
long wavelength [92]. BI, in comparison to X-ray radiography, is performed with ultra-
short-pulsed light in the visible or near-IR wavelength range and offers an improved
imaging quality [94]. The technique is based on “ballistic” photons, traveling through
the spray without experiencing any scattering. Optical filters or temporal gates in the
detection setup enable differentiation of ballistic (unscattered) photons, partially scat-
tered “snake” photons and “diffuse” or “corrupted”, multiple scattered photons [92]
(see Figure 10 for further explanation). Consequently, ballistic and snake photons rep-

resent intact spray structures in a shadowgram [86].

With the demand for sharp, unblurred images of high-velocity spray-cores, a solution
for the signal attenuation due to multiple scattering in planar techniques like LIF or
Mie scattering is required [94]. Structured laser illumination planar imaging (SLIPI)
detects several images with phase-shifted structured patterns to allow filtering of mul-
tiple scattered photons in the image post-processing [63]. The structural pattern is
generated in the laser beam by the use of optical gratings and was first proposed for
spray visualization by Berrocal et al. [95] and Kristensson et al. [96].

Another approach for planar imaging in dense sprays is based on multiphoton LIF and
was first described by Berrocal et al. [90]. Originating in biological microscopy [97],
two-photon LIF (2p-LIF) uses increased excitation wavelengths at high laser fluence to
transfer electrons to an excited electronical level. Specifically, the combined energy of
two photons, which simultaneously encounter with a fluorescing molecule, is required
for the electron elevation. The process of 2p-LIF is depicted in Figure 10 in comparison
to common one-photon LIF. Multiple Mie scattering of laser photons is unaffected by
multiple photon absorption and occurs in both 1p and 2p techniques. Regardless, ex-
citation wavelengths are typically not detected or processed in LIF imaging. However,

the scattered laser photons distribute randomly in the spray and the probability of a
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temporally and spatially concurrent interaction with a dye molecule is unlikely. There-
fore, out of focus excitation and fluorescence does not occur and the detected fluores-

cence image represents only spray structures in the illuminated plane.
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Figure 10: Schematic representation of one-photon LIF and two-photon LIF according to Berrocal et
al. [90] and reprinted from Ulrich et al. 2022 [67] with permission of AIP Publishing.
Berrocal et al. proposed the application for breakup studies and applied the technique
by imaging a DISI spray [90]. A femtosecond laser system is used for excitation of
fluorescein in water at 800 nm wavelength. Resulting images show single ligaments,
droplets and the liquid core. Specifically, the comparison with shadowgraphy and 1p-
LIF images emphasizes the advantage of limited distortion in the detected 2p-LIF sig-
nal. A measurement example shows the comparison of a shadowgraphical (left) and
an inverted 2p-LIF image (right) at the same injection conditions in Figure 9. 2p-LIF

allows high-contrast spray imaging and precise sizing of liquid structures in dense
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regions close to the nozzle. Thus, it contributes to an improved identification of liquid
structures and a comprehensive analysis of the atomization in comparison to conven-
tional fluorescence techniques. Visible by the absence of blurred (out-of-focus and
high liquid structure overlap) spray regions, this advantage of the planar compared to
other (line-of-sight) techniques, such as shadowgraphy, BI or X-ray radiography, is

demonstrated.

Guénot et al. continued the investigations by first time combination of X-ray radiation
and 2p-LIF. A similar setup to the previous study was used to image a commercial fuel
port injector with water and fluorescein [91]. As a part of this thesis, Ulrich et al. con-
ducted further investigations with the setup to visualize water and ethanol sprays of
a DISI injector [67]. Focus of the study is the influence of the different liquid properties
on the structure sizes in the spray. The publication is included in this thesis and for
further information it is referred to section 3.1. Similar imaging was conducted just
recently by Vegad et al. with the aim of characterizing the early stage atomization of
a swirl atomizer [98]. Therefore, 2p-LIF images are processed in regard to the surface
curvature distributions of liquid structures and verified by PDA measurements. For

illumination, PM567 is used as fluorophore diluted in n-heptane as fuel substitute.

A combination of 2p-LIF and optical connectivity (OC) is described by Wang et al,,
providing more extensive information on the spray [99]. The new approach is intro-
duced for the study of liquid jet surfaces with nanosecond excitation at 1064 nm. In-
vestigations are conducted with a water/RhB mixture, injected by a specifically man-
ufactured nozzle, coupling the laser into the liquid jet. Originating through the nozzle,
laser excitation in spray direction is used in OC, which disables the application for
commercial injectors. However, due to the illumination direction the majority of laser
photons is trapped inside the intact spray core and leads to emission by the dye mol-
ecules. Consequently, the atomized liquid structures and droplets around the liquid
core show only minimal fluorescence signal. As a result, 2p-LIF imaging and especially
the combination with other imaging techniques, such as X-ray radiation or OC, deliv-

ers valuable information on spray processes.

2.3.2 Determination of Mixture Composition

Multicomponent sprays and droplets pose a challenge in fundamental research regard-
ing the increased complexity of the evaporation process. Therefore, many numerical

approaches of droplet vaporisation are based on the assumption of uniform species
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distribution in the liquid phase [100, 101]. In reality, different quantities (such as vol-
atility) of individual species in multicomponent mixtures indicate the effect of prefer-
ential evaporation. Therefore, component distributions in the liquid phase reveal cru-
cial details on differential vaporisation. Regarding measurements for composition de-
termination, only little research is conducted in spray or droplet systems. Especially
for ethanol/water systems, most investigations refer to sessile, mm-sized droplets of
binary composition evaporating from different surface materials [102-104]. The in-
vestigations focus on image processing and measure droplet volume, radius and con-

tact angle, which show a dependence on the component ratio.

Another technique, applied for measuring the mixture vaporisation of ethanol/water
droplets on a substrate is time resolved IR-spectroscopy [105]. However, no spatial
composition distribution can be determined with simple configurations, due to the
line-of-sight arrangement of light source and detector. For this purpose, a more com-
plex setup would be required to realize a detection from several perspectives. Further-
more, temperature dependencies of the absorption bands must be considered.
Hopkins et al. proposed a method, combining spectral LIF and cavity enhanced Raman
scattering (CERS) to determine droplet size, temperature and composition near the
surface [106]. While the investigation demonstrates the temporally resolved behavior
of the droplets, the setup uses different light sources and a simultaneous implementa-
tion to visualize the size distributions in spray applications seems very complex.
Additional approaches, such as rainbow refractometry, are suggested for component
investigations in droplets of different species. Ni et al. for instance, studied the de-
pendence of the refractive index on composition and used experimental results for the

validation of simulations [107].

Successful imaging of the mixing dynamics of two liquids in microfluidic droplets was
published by Zeng et al. [108]. The fluorescence lifetime differentiation between the
two fluorophores Alexa 430 and Lucifer yellow (each dissolved in one liquid) allows
the reconstruction of the mixing process in the droplet. Nevertheless, for preferential
evaporation in sprays instead of droplets, the majority of published research is con-
ducted in the vapor phase. For instance, quantitative investigations of vapor mass dis-
tributions on binary component fuel sprays are presented with a UV-vis laser absorp-

tion spectroscopy (LAS) technique [109, 110].

Furthermore, fluorescence imaging approaches are designed to separate spatial distri-

butions of vaporized multicomponent fuel species [111-113]. Gas-phase tracer LIF is
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based on the 2¢-LIF technique, using two cameras, which each detect the fluorescence
of one tracer. Both tracers are selected, to match the evaporation behavior of one of
the contrary volatile fuel components.

First proposals for a similar approach, of using 2c-LIF for measurements in the liquid
spray phase were published by Koegl et al. [114, 115]. Spectral studies on n-decane/bu-
tanol mixtures using Nile red as solvent-dependent fluorophore are presented. Con-
ducted in a cuvette, the measurements focus on the characterization of the spectral
shift of Nile red in different mixture compositions. Two color channels are selected
and the signal ratio is calculated to form a calibration curve [114]. Similar investiga-
tions are performed for a fuel/water emulsion with the dye Eosin-Y. In order to im-
prove the miscibility of water in fuel, the emulsion is blended with ethanol. Images of
the coefficient of variation are depicted for various mixtures, detected in a flow cell
[115].

The combination of ethanol and water as investigated biofuel (hydrous ethanol) and
admixed to fuel represents one of the motivations of this work. However, this thesis
emphasizes 2c-LIF thermometry, which is the decisive factor for the dye selection.
Therefore, the selected dye combination of FL and SRh in ethanol and water droplets
is additionally analysed to examine the possibility of composition determination in

liquids.

2.3.3 Thermometry

LIF thermometry in two-phase flows, such as spray or droplet systems, is the core
topic of this thesis. Therefore, the majority of research related to liquid-phase dye-LIF
is already mentioned in chapter 2.2 regarding the utilized dyes. However, other optical,
non-intrusive techniques for determination of temperature distributions in liquid
flows are briefly reviewed in the following paragraph. Several studies on 2c-LIF are
recapitulated, with an emphasis on the respective setup and application. For detailed
descriptions on the methods and their developments, reference is made to review ar-

ticles, such as Lemoine and Castanet [116].

Regarding the methodology, the techniques can be categorized in relation to the inter-
action of laser photons with the liquid. As mentioned above, photoluminescence is a
process, based on the absorption of excitation photons by a species, admixed tracer or
particle in the liquid and includes both, fluorescence and phosphorescence. Both pro-

cesses can be used for thermometry in respect of the emitted signal (ratiometric 2c-
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method) or the lifetime of the signal. The phosphorescence techniques exploit the pho-
tophysical behavior of phosphor particles, which are added to the examined flow. Ap-
plications in liquid and gas flows are widespread and phosphorescence is an estab-
lished method, which is described in detail in comprehensive review articles, such as
Abram et al. [117]. As to measurements in the liquid phase of sprays and droplets,
phosphorescence techniques are challenged by the instantaneous systems in regard to
signal intensity, as well as spatial and temporal resolution. Investigations of droplet
temperatures have been performed in mm-sized water or methanol droplets, respec-
tively [118, 119]. However, Omrane et al. reported a non-uniform particle distribution
inside the droplet [118] and discussed, if the luminescence of phosphors could also be
detected in the gas-phase after evaporation of the liquid [120]. Thus, the size of the
phosphors could lead to imaging difficulties in the pm-sized structures, as they are
investigated in the present thesis. However, phosphorescence thermometry is success-
tully applied to jets and sprays, although low signal levels pose a challenge [121]. Con-
sequently, increased exposure times of the detection devices lead to a temporal aver-

aging of the instantaneous spray process [122].

Other thermometry techniques make use of elastic or inelastic scattering of photons.
Elastic scattering processes exclude a change in the wavelength, but entail only the
photon trajectory. Rainbow scattering for instance, exploits the sensitivity of the re-
fractive index on parameters like temperature or composition (see also section 2.3.1).
While standard rainbow refractometry is only applicable to spherical droplets, global
rainbow refractometry (GRR) was proposed by van Beeck et al. [123]. The method is
based on the detection of an average rainbow, consisting of the signal of at least 1000
droplets. Therefore, investigations of non-spherical liquid structures can be obtained
by GRR, although they result in a mean temperature with slightly reduced accuracy
[124].

In inelastic scattering processes, the photon experiences a change of impulse and an
energy reduction. Raman spectroscopy is based on the respective, temperature-de-
pendent spectral shift, which primarily can be observed for hydrogen bonds in liquids.
Respectively, various studies on water sprays and droplets are based on the detection
of the OH stretching band shift [125, 126]. Furthermore, a detection of spontaneous
Raman scattering was applied to ethanol sprays, generated by a DISI injector by
Mueller et al. [127]. To obtain spectra according to a specific spray region, the detected
signal is averaged over multiple laser pulses to achieve a sufficiently high intensity.
When measuring in such evaporating systems, typically the spectra contain signal of

liquid and gas phase. Moreover, due to a polarization dependence, the technique is
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limited to spray regions without occurrence of multiple scattering.

Fluorescence-based thermometry concepts offer the possibility of planar temperature
distribution imaging in liquid structures. Although the addition of fluorophores is es-
sential, the dyes can be completely dissolved in respective solvents without compro-
mising the flow. Nevertheless, current LIF methods are endowed with limitations,
which require continued research to finally aim for an unobstructed application. For a
detailed state of the art review, Lemoine and Castanet presented a work, combining
thermometry and composition measurements in sprays [116]. Additionally, a more
recent summarization on LIF-based temperature determination was published by
Eghtesad [128]. The development of LIF thermometry measurements in ethanol and

water droplet systems is briefly outlined in the following section.

As stated before, temporally- and spectrally-resolved luminescence processes can be
used for temperature measurements. Fluorescence lifetime approaches are based on
the temperature-dependent exponential decay of emitted photons after excitation. Al-
though the method is commonly applied in other fields of research, such as microbi-
ology, studies on spray or droplet measurements are rare [129, 130]. Only recently,
Stiti et al. proposed time-correlated single-photon counting (TCSPC) as a technique
for time-resolved detection of mean water spray temperatures [131].

However, various research groups investigated the spectrally-resolved fluorescence in
ethanol and water two-phase systems. The application of LIF to study evaporation
processes with thermometry was introduced by Lemoine et al. in RhB-doped, turbulent
water jets, detected by a single photomultiplier tube (PMT) [43, 49]. Subsequently, 2c-
LIF was presented as an optimization of the technique for independence on factors
such as probe volume and laser intensity [48]. The ratiometric concept puts two de-
tected spectral signals into relation, as applied to ethanol droplets and a detection sys-
tem using two PMT [47]. As a result, many investigations established this thermome-
try concept for different flow systems and various liquids [132, 51, 133]. To gather
further insights into the emission spectrum, Hopkins et al. analysed binary etha-
nol/water droplet temperatures by splitting the detected signal with a diffraction grat-
ing [106]. A similar detection concept showed a spectrograph, which was coupled to a
charged coupled device (CCD) camera to detect temperatures in ethanol droplets with

focus on EET using an additional absorber dye [52].

While the described techniques offer a point-wise detection, 2¢-LIF with imaging by a

camera system was, to the authors best knowledge, first proposed by Diiwel et al.
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[134]. Two intensified CCD cameras allowed spatially resolved two-color thermome-
try in an ethanol spray flame. According to the respective applications, the imaging
approach was further adjusted in terms of selected dyes, filters and the excitation
source. Prenting et al. published averaged temperature visualizations of an ethanol
SpraySyn burner flame [55]. Thermometry on a turbulent water jet was shown by
Chaze et al. with the same dye concept, used in this thesis [56]. In a subsequent work,
the temperature of impinging water droplets could be imaged [135].

However, the presented two-phase flows challenge the technique in the matter of mul-
tiple scattering in dense spray regions, reabsorption effects of dye molecules, MDR
effects at the droplet rim or low signal intensities in pm-sized droplets. As reviewed
in chapter 2.3.1, some methods are proposed to overcome scattering effects in the near-
nozzle field and first attempts are made to combine those techniques with LIF ther-
mometry. Mishra et al. investigated the application of SLIPI in combination with 2c-
LIF measurements in a water spray [136]. Just recently, Stiti et al. published first meas-
urements of tempered water in a cuvette by 2p-2c-LIF with two scientific complemen-

tary metal-oxide-semiconductor (sSCMOS) cameras [137].

In conclusion, many approaches emerged in recent years, which were successfully ap-
plied to respective two-phase flows. Nevertheless, most concepts focus on the optically
dilute spray regions and their respective challenges, while neglecting other effects and
sources of error that occur in the complete system. This highlights the necessity of
further development in LIF thermometry, but concurrently shows the potential of the

technique.
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3 Results and Publications

Investigations of sprays and droplets with the previously described LIF techniques
present the core of this thesis. While the analysis of the solvents ethanol and water
was prioritized in all measurements, the centre of the work is the development and
optimization of the applied diagnostic methods. Therefore, according studies were
conducted in cooperation with different institutes (Lund University, FAU Erlangen-
Nirnberg, UniBw Miinchen) and researchers with the results published in several sci-
entific journal contributions. The present thesis “Advanced Fluorescence Spectroscopy
for Quantitative Liquid-Phase Analysis in Green Solvent Spray Processes” is based on
the three peer-reviewed publications, which are attached in the Appendix as listed

below:

P[1] Ulrich H, Lehnert B., Guénot D., Svendsen K., Lundh O., Wensing M., Berro-
cal E., Zigan L.
Effects of liquid properties on atomization and spray characteristics studied
by planar two-photon fluorescence
Physics of Fluids, Volume 34, 2022.

P[2] Ulrich H, Sigl S., Méhnle M., Berrocal E., Zigan L.
Droplet thermometry based on an optimized two dye two-color laser-in-
duced fluorescence concept

Frontiers in Physics, Volume 11, 2023.

P[3] Ulrich H, Weil R., Zigan L.
Two-dye two-color laser-induced fluorescence spectroscopy on droplets of
green solvent water/ethanol mixtures for thermometry and mixture compo-
sition

Experiments in Fluids, Volume 65, 2024.

Further journal publications and conference proceedings with related topics, which
emerged during the period of the present thesis, are listed in the Extended List of Pub-
lications below the Appendix.
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3.1 Structure Sizing in Ethanol and Water Jets

Publication 1

Femtosecond laser excitation is explored in order to visualize a DISI spray doped with
fluorescein by detecting the fluorescence signal without the influence of multiple scat-
tered excitation photons. For this purpose, a specially designed laser system [138] is
operated to produce 38 fs pulses at 800 nm to create a laser light sheet. Thus, the illu-
minated plane of 100 pm thickness and with 10 mJ pulse energy is led through one of
the six spray plumes. As described in chapter 2.3.1, the longer excitation wavelength
requires two simultaneously present photons to attain electron transition to an excited
state. Therefore, absorption of scattered laser light by dye molecules in droplets out-
side the focal plane is practically unattainable. However, out-of-focus fluorescence can
occur due to reabsorption and scattering of emitted photons. Figure 11 shows a com-
parison of 2p-LIF images in ethanol and water at the same injection conditions. The
possibility of identifying and sizing single liquid structures is provided by the planar
imaging technique with reduced multiple light scattering in 2p-LIF.

1mm

Figure 11: Comparison of liquid structures in ethanol (left) and water (right) sprays, injected with
20 MPa into ambient air and detected 520 ps after vSOL Adapted and reprinted from Ulrich et al. 2022
[67] with permission from AIP Publishing.

In this publication P[1], quantification of liquid structure sizes with focus on the in-
fluence of liquid properties on spray formation is conducted. For the first time, accord-
ing investigations are realised in dense near-nozzle regions of spray at technically rel-

evant conditions. Both, sprays of ethanol and water injected at different fuel pressures
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are imaged by a telecentric camera system covering the approximately 20 mm large
illuminated spray section. Due to the formation of mostly non-spherical droplets in
the nozzle near field, structure sizes are quantified by evaluation of the Feret’s diame-
ter. This quantity is defined by the maximum two-dimensional distance of a liquid
body. Additionally, the cone angle in the nozzle-near spray is studied. Both variables
are analysed in regard to distance from the nozzle, but also as a function of injection

pressure.
3.2 Thermometry Approach for Ethanol Droplets and Sprays

Publication 2

Based on the obtained structure size information, further knowledge on temperature
distributions in sprays is beneficial to acquire more detailed understanding on the
evaporation and mixing process. Therefore, 2c-LIF is considered as technique for tem-
perature studies in the liquid phase of sprays. For calibration purposes and due to
manifold optical effects occurring at gas-liquid interfaces, single droplets are investi-
gated as section of the complex spray system. Due to increased distances between in-
dividual droplets in a droplet chain, multiple scattering plays a minor role. Conse-
quently, fluorescence excitation by single-photon absorption is sufficient in such con-

figurations with individual droplets.

For a considerate dye selection an extensive literature review on fluorescent dyes in-
cluding their photophysical behavior is conducted initially. Accordingly, the basic
fluorophore concept is adapted from Chaze et al., using a two-dye combination pro-
posed for water [56]. In the present work, this technique is optimized, using the FL
and SRh dye-combination in ethanol. Compared to one-dye concepts, advantages of
the two-dye approach include an enhanced temperature sensitivity, signal independ-
ence on evaporation-related concentration changes and EET by MDR absorption of
the second dye.

Focus of the publication P[2] is the advancement and application of an imaging method
to realize first time droplet temperature measurements in small micrometric ethanol
droplets on a single shot basis. Additionally, the integration of a fibre-coupled spec-
trometer as point-wise, spectral detection system allows further insights into spectral
fluorescence shifts and the nature of lasing effects. The circumvention of MDR detec-
tion in the fluorescence images enables significantly improved accuracy of the 2c-LIF

thermometry technique. Figure 12 shows a schematic drawing of the setup around the
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temperature-controlled, monodisperse droplet chain. Laser pulses at 532 nm are gen-
erated by a pulsed Nd:YAG laser with a fluence of 2.7 m]/cm? to achieve fluorescence

in the 100 pum-sized droplets studied.
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Figure 12: Schematic assembly around the droplet generator, including laser, microscopic imaging
and spectral detection system. Optical setup reprinted from Ulrich et al. 2023 [68] with permission of
Frontiers Media.

While calibration measurements are taken at a fixed position below the nozzle of the
droplet generator, a further heat transfer and evaporation study alongside the droplet
chain is conducted. In case of 100 pm sized droplets, the solvent exits the nozzle as a
liquid core. This dripping of the liquid jet can be expected to fall within the wind in-
duced breakup region of the Ohnesorge diagram (Figure 7) and can be observed in

exemplary single shot images of different positions downstream the nozzle exit in Fig-

HE

Figure 13: Exemplary single shot images of the liquid jet breakup during monodisperse (100 pm) drop-
let chain formation at distances of 0.5 mm (left), 2 mm (center) and 5 mm (right) to the nozzle exit.
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The publication presents the method development, including the selection of dyes,

concentrations, settings and optical components such as filters. Calibration measure-
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ments are conducted in monodisperse droplets and results of the two detection sys-
tems are compared. Finally, the imaging system is used to assess the temperature pro-
gression alongside the droplets chain. Therefore, the two spectrally separated intensity
images are mapped to form a pixel by pixel ratio imaging. Furthermore, the tempera-
ture reduction in the droplet by convective heat transfer are compared to results of a

lumped capacitance model.
3.3 Limitations and Possibilities of 2c-LIF Method

Publication 3

Comparing the imaging with the spectral detection method, the previous publication
P[2] demonstrated only minimal deviation in the temperature-dependent signal ratio.
Therefore, the spectroscopic detection system is used as primary means of investiga-
tion in this publication P[3], while the previous studies focused on the imaging tech-
nique. This is based on the spectral, point-wise measurement approach being more
cost-effective and providing enhanced accessibility to technical spray processes.

Building upon the foundation of the preceding method development, the measurement
technique is examined from a more comprehensive perspective. In this context, the
concept is tested for a temperature measurement application in water, as additional
solvent. Evaluations of detection limits are conducted for the examined solvents within
the operational droplet size range of the droplet generator. Specific focus is placed on

low-fluorescence signal droplets with initial sizes between 30 pm and 50 pm.
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Figure 14: Base-line corrected emission spectra of ethanol (EtOH100) and water (EtOHO0) in 30 pm
sized, compared to spectra in 40 pum sized droplets. The spectral shift between the two liquids is visi-
ble, especially in the “orange” color channel.

Figure 14 demonstrates the investigated signal dependence on the droplet size with
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exemplary emission spectra of 30 pm and 40 pm sized water and ethanol droplets. The
challenge of LIF detection in processes of polydisperse structure sizes is indicated by
the low signal intensity and correspondingly relative high noise in small micrometric
droplets. Nevertheless, a comparison of calibration curves for differently sized droplets
confirms similar behavior. Therefore, the approach is tested in a polydisperse droplet
environment, measuring liquid-phase temperatures along the axis of an atomizing jet,
produced by the droplet generator operated at high focussing air flow rates. Ethanol
jets of different initial temperature and liquid flow velocity are studied at several po-
sitions downstream the nozzle. Resulting temperature progressions are discussed for
three injection conditions. The influence of convective heat transfer is considered by

calculations according to the lumped capacitance model [139].

In addition to ethanol and water, binary droplets are analysed regarding the applica-
bility of the approach in mixtures of each. Apart from the lower intensity in droplets
of high water fraction, a composition-dependent spectral shift is observed in the se-
lected color bands (depicted in Figure 14). Consequently, the binary ethanol/water
mixtures are analysed to evaluate the possibility of mixture fraction determination via
2c-LIF. A concept is proposed, which uses a third color channel (blue in Figure 14) to
explicitly allocate intensity ratios to the mixture composition in binary ethanol/water

droplets.
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4 Conclusion and Prospect

In this work, LIF techniques were enhanced in order to access and analyse the liquid
phase of transient two-phase systems. Applied to droplets and sprays, these methods
allow the investigation of atomization, heat transfer and evaporation processes and
measurements of relevant parameters, such as temperature, structure sizes and mix-
ture composition. This leads to an improved understanding of the fundamental phase
transition from liquid to gas phase, which can additionally enable process optimiza-
tions in industrial spray applications and support the development of models and nu-
merical simulations. The presented studies focus on concepts for the green solvents
ethanol and water, aiming for greater sustainability while providing the potential for
reuse and improved health and safety measures.

This thesis presents the most common applications of ethanol/water sprays and em-
phasizes their necessity. The benefits of optical measurement techniques for spray
analysis and the corresponding theoretical fundamentals of photophysical processes
were demonstrated. A literature review of investigation approaches for liquid-phase
parameters in droplet and spray systems was provided in the context of the current
state of the art. This includes a description of spray processes such as breakup behavior
and atomization, as well as the challenges these processes pose for measurement con-
cepts. Regarding the fluorescence measurement techniques, special attention was
given to two methods, namely 2c-LIF and 2p-LIF. The centre of the work addressed
the optimization and application of these LIF methods within three peer-reviewed pub-

lications.

The application of 2¢-LIF for thermometry in technically relevant sprays requires fur-
ther optimization of the concept, particularly regarding the dyes, filter selection and
temperature calibration. Therefore, fundamental investigations of the photophysical
fluorophore behavior in the respective solvent and present liquid form support the
enhancement of the ratiometric two-dye approach. For initial conception studies
within this work, the system was limited to spherical droplets of ethanol as solvent.
Temperature-dependent studies of the single dyes FL and SRh, as well as the dye com-
bination mixed with ethanol were conducted for absorption and emission information.
While the absorption behavior is primarily relevant at the excitation wavelength of
532 nm, a first impression on temperature dependent spectral shifts was provided. Ac-
cordingly, a high temperature sensitivity could be observed in the absorption spectrum
of FL. In contrast, SRh showed a contrary temperature dependence with a slightly de-

creasing absorption peak in the spectrum.
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The subsequently measured fluorescence spectra were recorded by a spectrometer
setup from monodisperse, 100 um sized droplets at temperatures between 293 K and
343 K. Normalized to the SRh peak, the spectra in the region of the FL peak revealed a
relative signal increase of more than factor 1.5 for the 50 K temperature difference.
Due to the possibility of spectrally monitoring the droplet signal, occurring lasing ef-
fects at the phase boundary of the droplet could be allocated to a specific wavelength
region. Those MDR effects can majorly influence the fluorescence signal and therefore
lead to a falsification of the measured temperature data. Nevertheless, the signal could
be spectrally separated from the relevant dye fluorescence information and thus, a
considerate selection of optical filters could circumvent the detection of the respective
spectral region with the imaging setup. The resulting calibration curve was obtained
by a linear fit to the temperature-dependent ratios of two spectrally distinct intensity
signals — each covering a region of the spectrum corresponding to one dye. In case of
the imaging system with two sCMOS cameras, a temperature sensitivity of 2.02%/K

was achieved.

A first application of the 2c-LIF imaging approach was conducted, studying the evap-
oration of a heated droplet chain of 100 um diameter in an ambient surrounding during
the first 10 mm after nozzle exit. Between 2 mm and 9 mm the measured temperature
revealed a nearly constant decrease. In this region, a temperature change of 17.7 K was
observed due to evaporation and heat transfer with the surroundings. Using a model
for uniformly mixed droplets with fast internal heat conduction, approximately 7.3 K
of the temperature decrease could be attributed to heat transfer. However, this study
only considered 100 pm sized ethanol droplets. To verify the applicability of the 2c-
LIF approach in polydisperse droplet environments, which are relevant for industrial
spray applications, further evaporation measurements were conducted in ethanol jets.
Therefore, three differently adjusted jets disintegrating into droplets with diameters
between 10 pm and 40 pm were investigated spectrally. While the heated jets revealed
a high temperature decline of approximately 30 K over the course of 20 mm after ex-
iting the nozzle, minor temperature changes could be resolved in a cold jet. In this
case, the liquid was tempered to 293 K and injected into ambient air with a tempera-
ture of 296.2 K. At 10 mm distance to the nozzle, a temperature increase of 3.8 K was
recorded, compared to the initially measured 292.3 K at the nozzle exit. In the subse-
quent 10 mm, a cooling down to 294.8 K was observed. However, the temperature
changes could be partly attributed to measurement uncertainties, as the variations fall
within the range of shot-to-shot variations.

The successfully applied 2¢c-LIF concept for ethanol was further considered for the use



Conclusion and Prospect 38

in additional solvents, such as water and mixtures of both. Consequently, droplets of
various ethanol/water mixtures were analysed and reveal a solvent-dependent spectral
shift. Fundamental investigations were conducted to propose a 3c-LIF concept to de-
termine mixture compositions in binary droplets.

Additionally, 2p-LIF is considered for planar measurements in dense spray regions.
The excitation method was applied to ethanol and water sprays from a commercial
fuel injector to image and size individual liquid structures. In addition to liquid-phase
temperature, the structure and droplet sizes are critical parameters for evaporation
and mixing processes in technical sprays. Focus of the injector measurements was the
influence of the liquid properties on the spray formation. Therefore, the sprays were
studied in the far field (5 mm to 10 mm) and a region close to the nozzle (up to 4 mm
to the nozzle exit), where large spray structures between 80 pum and 130 pm were de-
tected. In contrast, small droplets of up to 20 um were resolved at 10 mm distance to
the nozzle. Generally, ethanol exhibits a more pronounced aerodynamic breakup, as
indicated by its higher Weber number compared to water. This was confirmed by the

average structure size in ethanol sprays being 24% smaller than in water sprays.

To enable a more detailed insight into the fundamental processes of technical sprays,
2c-LIF thermometry measurements should be conducted with 2p-LIF excitation. This
would allow temperature investigations in commercial sprays with the possibility of
simultaneous structure sizing through microscopic imaging. With the aim of reducing
multiple scattered and additional out-of-focus fluorescence photons (due to reabsorp-
tion), a time-gated measurement concept could offer further improvements in spray
visualization.

Furthermore, additional studies are necessary to assess the 3c-LIF technique for mix-
ture composition analysis. This work introduced a proof of concept for isothermal in-
vestigations. Nevertheless, the technique covers the simultaneous detection of two-
color thermometry information. Extensive parameter studies at varied temperatures
and mixture compositions could provide information for the development of an eval-
uation method to attain both variables at the same time. Possible techniques could be
an iterative solution or a spectral approach, using a fitting algorithm for a clear allo-

cation of spectral shifts.
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ABSTRACT

In this work, planar two-photon laser-induced fluorescence (2p-LIF) is applied for the first time to analyze the fluid dependent spray structure and
atomization behavior of water and ethanol in a quantitative way. A commercial six-hole DISI (Direct-Injection Spark-Ignition) injector was studied
at different injection pressures, operated with liquids containing the LIF dye fluorescein. Specifically for DISI-injectors, the fluid-dependent atomi-
zation is very complex and not fully understood due to the cavitating, turbulent nozzle flow that dominates the spray formation. Optical access
and analysis of the near-nozzle spray are often challenging due to multiple light scattering in dense regions which is reduced by 2p-LIF measure-
ments using a femtosecond laser. This allows high-contrast spray imaging close to the nozzle, resulting in an improved identification of single lig-
uid structures of the spray. Thus, a higher accuracy of sizing is possible. Compared to water, the ethanol spray shape shows increased cone angles
in the nozzle near-field of about 6%, which cannot be explained by classical atomization theory based on aerodynamic breakup. The larger cone
angle of ethanol was attributed to its larger viscosity, which could decelerate the flow at the wall of the injection hole, affecting the velocity profile
of the emerging jet. The atomization shows a main jet breakup distance of 7-10 mm in which the structure sizes decreased drastically, specifically
for water. For the size of the liquid structures in the near-nozzle region, which show dimensions of about 80-130 xm, ethanol exhibited about 2%
smaller Feret’s diameters than water for the tested time steps at 20 MPa. This effect is even more distinct for other injection pressures and positions
at a further distance to the injector. For all investigated conditions and measurement positions downstream of the nozzle, ethanol showed on aver-
age about 24% smaller structures compared to the water spray. Although this trend is in accordance with the classical atomization theory based on
the aerodynamic breakup mechanism, other effects, such as cavitation and nozzle-flow induced breakup, contribute to this behavior.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098922

INTRODUCTION evaporation through a well-designed injection system allows
Atomization of liquids and spray formation is particularly reducing fuel consumption ai yvell as pollutant emissions such as
important for fuel injection in IC engines, rocket engines, or gas nitric oxides (NOy) or soot.” A well-contlrolled atomization 1s
turbines since the efficiency of the combustion process is deter- also important for other injection processes, such as powder gen-
mined by the rapid fuel evaporation and mixture with oxidizer."” eration from spray drying, printing,” surface coating,” flame spray
Controlling and optimizing atomization, fuel dispersion,” and pyrolysis, or spray cooling.
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For optimization of atomizers and spray processes, an enhanced
understanding of the complex fluid dynamics inside and outside of the
nozzle is required. Furthermore, liquid properties determine the inter-
nal nozzle flow, the atomization, and spray structure. For example, in
combustion applications such as IC engines, aircraft engines, or gas
turbines, the application of modern biofuel and synthetic fractions
may vary the nozzle flow and atomization, which again determine
evaporation, mixing, and combustion behavior.”®

The injection system should be also capable to atomize different
liquids with comparable quality in order to enable, e.g., ignitability in
the case of combustion applications. For example, Qavi and Jiang
reported a poor ignition performance of highly viscous fuels for some
injectors.” This can be due to the limited viscosity tolerance of the
applied fuel injection systems. For example, the pressure swirl injector
is able to produce narrow size distributions, but just for fuels with low
viscosity and surface tension.'’ The atomization of this injector type is
solely based on aerodynamic breakup, which is also true for air blast
injectors. In these “classical” injectors, droplets are generated following
the Kelvin—-Helmholtz (KH) or Rayleigh-Taylor (RT) induced insta-
bilities on the interface between liquid and gas. These wave-like distur-
bance on the jet (and/or droplet) will break up into ligaments and lead
subsequently to droplet detachment'*'* as depicted in Fig. 1. In princi-
ple, the surface wave amplitude rises with increasing relative velocity
between the liquid and the ambient gas flow. Contrary, these oscilla-
tions are damped by the viscosity of the fluid so that this fluid property
is a limiting factor for fine atomization. This aerodynamic-induced
droplet formation process is relatively well understood, and models
(e.g., the “wave model”"”) are widely applied in computational fluid
dynamics (CFD) packages. Additionally, most of the published direct
numerical simulation (DNS)-like simulations of the jet disintegration
are based on this breakup mechanism."*

However, the influence of the inner nozzle flow on jet atomi-
zation is often not considered.'® Specifically, turbulent fluctuations
in the nozzle flow may lead to initial disturbances on the liquid jet
that promote its disintegration. Those turbulence-induced surface
waves at the nozzle grow subsequently due to aerodynamic insta-
bilities of the liquid jet."” Figure 1 illustrates the spray breakup due
to aerodynamic influences and also cavitation inside the nozzle.
Transient two-phase flows occur specifically in diesel or gasoline
injectors due to cavitation.

Clusters
Droplets

Ligaments
Dense core

Intact core

Hydrodynamic
cavitation

Cavitation zones o J
and bubbles ~ Gas bubbles Surface waves Shear flow °

Breakup due to Aerodynamic breakup T

cavitation

FIG. 115. Spray breakup model with aerodynamic and cavitation induced breakup
after.

ARTICLE scitation.org/journal/phf

In the subsequent paragraphs, a short review of cavitation in die-
sel and gasoline nozzles is presented, as these two-phase flows deter-
mine the spray formation at the injector outlet. The breakup in the
near-nozzle field is the focus of the present paper. The cavitating flow
inside the injector is not accessible with the present optical setup of
this paper. However, some fundamentals of cavitation are necessary in
order to understand the cavitation-induced breakup and the origin of
cyclic variations in the spray under investigation.

Specifically, in high-speed diesel nozzle flows, two-phase regions
are generated due to cavitation.® “Geometric cavitation” occurs spe-
cifically near the sharp corner of a hole inlet where the pressure drops
locally below the vapor pressure of the fuel."” The collapse of vapor
bubbles at the nozzle outlet again leads to strong turbulence support-
ing ligament formation in the liquid jet. Specifically for geometric cavi-
tation conditions, a large part or the whole nozzle hole surface may be
covered with vapor so that the wall is not in contact with liquid fuel.
This results in a very slim jet at the nozzle outlet, which is known as
“hydraulic flip.” This slim jet does not show large surface waves, which
also indicates that the simple presence of cavitation does not guarantee
jet disintegration.”’

Furthermore, specifically at high pressure and in high velocity
flows occurring under diesel injection conditions, geometric cavitation
leads to erosion in the nozzle, and this must be avoided,”’ for example,
by conical nozzle holes. Consequently, the atomization process in die-
sel jets is realized less by cavitation but mainly due to aerodynamic
and turbulence-induced breakup. For direct injection spark ignition
(DISI, often just called “gasoline direct injection”) conditions, cavita-
tion is a very relevant atomization process. The two-phase flow in the
nozzle already contains a high amount of gas (vapor and entrained
ambient gas, contrary to diesel primary jets) so that the actual jet disin-
tegration is initiated inside the nozzle and the typical step-hole of cur-
rent injector geometries. This is confirmed by CFD-simulations and x-
ray measurements.””” For example, Guenot et al. determined a maxi-
mum liquid volume fraction of water at the exit of the DISI nozzle of
55% and a rapid atomization of the liquid jet by using laser-plasma-
driven x-ray transmission radiography measurements.”” Here, a
multi-hole nozzle was analyzed with a step-hole geometry. CFD simu-
lations resulted in vapor fractions at the nozzle outlet of a DISI three-
hole injector in the range of about 5%-11%"" depending on the needle
lift and the fuel (n-hexane and n-decane were tested in this case).
However, in this simulation, only cavitation was considered without
any gas entrainment into the nozzle, which is promoted by step-hole
nozzles. Both the simulation and the experiments (microscopic planar
Mie-scattering was conducted at the nozzle outlet) confirmed the exis-
tence of string cavitation (vortex type cavitation) and large cavities in
the liquid fuel jet. String cavitation is another type of vapor formation
in the nozzle.”* It occurs in low pressure regions in the liquid bulk,
which can be a consequence of large-scale vortices produced in the
nozzle sac or nozzle hole. These cavitation structures propagate into
the injector hole determining the flow of the liquid jet at the outlet of
the nozzle. The formation of cavitation strings is very irregular. These
structures may affect the cone and bend angle of the jet and strongly
support spray instabilities such as cyclic spray variations,”” i.e., the
spray targeting and width varies from injection to injection. This
means the atomization and liquid fuel distribution also varies from
injection to injection, which is another disadvantage of cavitation. In
addition to the variation of the spray angle, cavitation may lead to an
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increase in the velocity of liquid jet, which is due to a reduced effective
hole diameter. This may also vary from injection to injection and con-
tributes to cyclic spray shape variations.

This complex atomization and spray behavior can hardly be pre-
dicted by semi-empirical breakup models that are included in CFD
software packages. Most of these atomization models mainly take
aerodynamic breakup effects into account and fewer also consider tur-
bulence- or cavitation-induced breakup. However, the instationary
nozzle flow may superimpose and even control the aerodynamic
breakup, so that the atomization process is not fully understood. In
principle, there are many studies focusing on aerodynamic breakup
for various liquids; however, in these cases, usually the nozzle flow is
relatively simple and cavitation effects play a minor role. For example,
recently Qavi and Jiang studied the effects of fuel properties on the
near nozzle spray characteristics of a twin-fluid injector.” The base jet-
A fuel (kerosene) with a low viscosity was compared to two higher vis-
cous fuel blends. A similar atomization completion length of about
four times the nozzle diameter (4D) downstream the nozzle was
detected for all fuels. The final droplet size is 6% to 10% larger for the
higher viscous fuels than for the base fuel. From these observations,
the authors concluded that surface tension and liquid density do not
have a significant effect on the breakup.

Contrary results were presented by Tareq et al. who studied air
blast atomization of water compared to kerosene.”® The surface ten-
sion of water is much larger than for kerosene, while the dynamic vis-
cosity is doubled for kerosene. This resulted in larger droplet sizes for
water and larger cone angles for kerosene. It was concluded that the
surface tension effects are more significant than the viscous effects for
this liquid sheet breakup mode being controlled by Kelvin-Helmholtz
instabilities.

Reitz and Bracco studied the effects of dynamic viscosity on the
jet cone angle for different nozzle geometries and injection condi-
tions.”” They found a decrease in the jet angle with increasing liquid
dynamic viscosity. This trend can mainly be explained by aerodynamic
breakup theory and fits roughly to respective phenomenological mod-
els. However, it was also mentioned that different nozzle geometries
with varied flow profiles and onset of cavitation could lead to devia-
tions from this behavior.

As mentioned above, the nozzle flow cannot be neglected in the
case of cavitation and distinct turbulence, which complicates the
modeling of atomization processes. In general, there are a few works
and correlations of fuel dependent cavitation and turbulent nozzle
flow on the spray shape and atomization.”””** Both cavitation and
turbulence increase with lower viscosity”” determining the liquid flow,
specifically the axial and radial velocity field at the outlet. For example,
a lower liquid viscosity may accelerate the liquid flow exiting the noz-
zle also at the nozzle wall. This may lead to larger injection velocities
and to a reduced spray cone angle for the lower viscosity fuel as shown
for n-hexane, in comparison to higher viscous n-decane for a DISI
injector in Ref. 23. Furthermore, this is opposed to the study of Reitz
and Bracco mentioned above.”’ For the lower viscosity fuel, fewer large
structures (ligaments, clusters) were observed in the near-nozzle
region.”” It was concluded that these fuel-dependent effects cannot be
described by the aerodynamic breakup alone. Contrary, the spray
shape is mainly determined by the highly unsteady, cavitating nozzle
flow and specifically by the developed flow profile at the nozzle outlet,
which again depends on the viscosity of the liquid. This liquid
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property also determines cyclic variations of the spray shape and tar-
geting. However, the effects of the surface tension on the spray shape
and ligament formation could not be clearly identified, and only injec-
tion pressures of 5 and 10 MPa were studied.”’

Consequently, there are still many open questions on dependen-
cies of liquid properties on the spray formation for various injectors
and conditions. Thus, the analyzation of such sprays is useful for a fur-
ther understanding of atomization in manifold energy and process
engineering applications. In spray imaging, there are a great variety of
approaches to examine the characteristics of the liquid jets. The range
of conventional methods extends from macroscopic and microscopic
imaging over planar and tomographic measurements to qualitative
and quantitative analyzations. Each region of the spray has a different
characteristic (e.g., liquid volume fraction, droplet number, etc.), and
thus variable visualization techniques have emerged in the last deca-
des.”” As for the nozzle near-field, the sprays are usually very dense,
and hence the illumination and detection of the spray structure suffer
from multiple light scattering. The majority of the detected photons
have been scattered multiple times by ambient off-axis liquid struc-
tures. This effect leads to a masking of the investigated liquid struc-
tures in the core spray.”””

In recent years, various measurement techniques such as x-ray
radiography, ballistic imaging (BI), or structured laser illumination
planar imaging (SLIPI) have been established for the attempt to sup-
press multiple scattering.”’”>*’ One approach to circumvent the
detection of multiply scattered photons is to suppress the light, which
is scattered by structures from outside of the focus plane. For example,
in BI, the photons refracted by large fluid structures are preserved,
while multiply scattered photons are filtered by a temporal gate to
avoid misleading effects.””** Another way to correct corruption of the
data is filtering the erroneously detected photons in the post process-
ing. This method is applied in SLIPI where a spatially modulated laser
sheet is used to visualize the spray.””*°

In a previous work, Guénot et al’! introduced the combination
of x-ray and 2p-LIF measurements to get insight into the detailed
spray structure. Both techniques avoid the generation of multiple
scattering, and thus the intensity of the ambiguous off-axis signals is
insignificant. A comparison between the usual one- and the used two-
photon fluorescence is depicted in Fig. 2.

The approach of 2p-LIF is based on the probability of a simulta-
neous absorption event of two photons. This probability is high in the
focus plane, where the liquid structures absorb the fs-laser light and
emit fluorescing photons. In the turbid spray region outside of the
laser light sheet, the scattering effects occur with a wide spatial and
temporal distribution. Consequently, the energy of an absorbed pho-
ton in the fluorescence dye is insufficient to elevate electrons from
their electronic ground state to an excited state. This means that the
dye will not show fluorescence in the case of one-photon excitation.
Only two-photon excited dye molecules will show fluorescence, which
leads to high-contrast spray imaging close to the nozzle, resulting in
an improved identification of single liquid structures compared to
conventional LIF techniques. The planar detection of the signal from a
thin laser sheet allows a precise sizing of liquid structures, which is not
possible in dense sprays with line-of-sight techniques such as shadow-
graphy,'"”” BI or x-ray radiography.” 2p-LIF has been widely applied
in, e.g., biological microscopy ™ or in flame species measurements.”” '

Berrocal et al.” introduced this technique to visualize atomizing water
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FIG. 2. Comparison of single- (top) and two-photon (bottom) laser induced fluorescence
following Ref. 30. Note that different excitation laser wavelengths are applied.

sprays and presented a comparison to the common single-photon LIF
approach.

In this work, we continued the investigations by operating the
injector with different liquids at different injection pressures with a
detection at various points in time during the injection [after the visi-
ble start of injection (vSOI)]. As mentioned above, the fluid properties
like surface tension and viscosity determine the size, shape, and local
distribution of the resulting liquid spray structures, as well as the spray
width and cone angle. Furthermore, they control cyclic variations of
the spray shape and targeting, which again determines the atomization
quality, droplet dispersion as well as the subsequent mixing process.

Two fluids are selected with distinct differences in surface tension
and viscosity. Different injection pressures of a DISI injector are stud-
ied to realize larger relative velocities that determine atomization espe-
cially in terms of aerodynamic breakup. Water and ethanol are
selected as they are both common solvents in various spraying pro-
cesses such as painting, cooling, particle synthesizing, and fuel com-
bustion. Ethanol is a relevant synthetic fuel or biofuel for automotive
or aerospace application. Water is also applied in combustion or
industrial applications including exhaust gas after treatment (in mix-
tures with ammonia for selective catalytic reduction of nitrous oxides,
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NO,) or water/oil or water/fuel emulsions.”” Water/fuel emulsions are
promising for IC engine applications specifically at higher loads for
improved fuel efficiency. Usually, fuel and water are injected separately
with different injectors, but the injection of a mixture with different
water content (depending on the engine load, with larger water con-
centration at higher load) using the same injection system would be
advantageous.” In the case of emulsions, ethanol is also a promising
solvent to stabilize the fuel/water mixture.** The microscopic spray
shape was analyzed in the near-nozzle region using two photon LIF.
These experiments can provide conclusions on the near-nozzle flow
and primary spray formation for a detailed comparison of the fluid-
dependent breakup process and the resulting liquid structures in dense
sprays. Dimensions of liquid structures such as ligaments and clusters
are determined based on the Feret’s diameter in different positions
downstream the nozzle and at various points in time after start of
injection. The microscopic spray shape is analyzed in this paper via
the cone angle, which is also discussed in terms of cyclic variability.

MATERIAL AND METHODS

The measurements were performed using a titanium-sapphire
chirped pulse amplification system at Lund High-Power Facility, being
further described in Ref. 45. The light intensity needs to be sufficient
to overcome the energy gap of the fluorescent molecules with two pho-
tons. Therefore, the femtosecond laser generates pulses with a pulse
energy of 10 mJ and a duration of 38 fs. With a center wavelength of
800 nm, two photons match the necessary energy for a two-photon
fluorescence of the LIF dye fluorescein. A fraction of 0.1% fluorescein
is added to both investigated liquids, water and ethanol. According to
Guénot et al, the equivalent fuel properties were determined to be
unaffected by adding only this small amount of dye.” Additional mea-
surements were conducted and showed no difference in dynamic vis-
cosity and surface tension. Regarding the density, the mixture of
ethanol with the dye shows a slight but negligible deviation of the den-
sity of pure ethanol. For the measurements, a commercial six-hole
DISI injector with one optically clearly separable (as some jets overlap
in some perspectives) definable spray cone is studied. It should be
noted that a single-hole nozzle would provide better optical access.
However, a single-hole injector or the blocking of individual nozzles of
a multi-hole injector would lead to a changed and nonrealistic internal
nozzle flow (i.e., varied turbulence and cavitation in the sac hole and
injection holes) as well as spray behavior. Furthermore, a blocking of
single holes could potentially result in a destruction of the injector.

The considered nozzle has a diameter of 100 um. The injector is
operated at the three different injection pressures of 10, 20, and
30 MPa. By increasing the pressure, a larger liquid mass is injected.
Four different points in time after the visible SOI are recorded.

The imaging system of the setup is depicted in Fig. 3. A cylindri-
cal lens with a focal length of 150 mm was utilized to generate a light
sheet of ~2 cm x 100 um at the nozzle exit. The detection system con-
sists of a telecentric lens combined with a high resolution 5.5 mega-
pixel SCMOS camera (Andor Zyla 5.5) resulting in a resolution of
6.5 um/pixel.

For additional comparison, further images are taken with
backlight illumination. For this purpose, the laser beam was
directed straight to a fluorescing background behind the spray.
Hence, the detection system collects a shadowgraphy image of the
spray in that case, i.e., an integral spray image is taken. These
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FIG. 3. Optical setup for the 2p-LIF measurements.

images are only used to reassess the information obtained by the
2p-LIF measurements.

The LIF images are post-processed with a routine in the software
package Image], which consists of a binarization of the maximal
recorded 50 single-shot raw images, see Fig. 4. For this purpose, an
intensity threshold of 25/255 is set for the converted eight-bit pictures,
according to the method of Zantow et al.*® This value is determined to
separate between in-focus liquid structures (for signal intensities >25)
and “background/noise signal” (for signal intensities < 25). The latter
consists of camera noise and possibly fluorescence signal of very small
droplets in the plane of the laser sheet. For the threshold determina-
tion, several methods were tested, and the above stated value of 25/255
was found to be optimum.

For the determination of the near-field cone angle, a linear
interpolation of the radial spray boundary is conducted from the
nozzle exit up to a 1 mm distance from the nozzle. The angle of
the spray is measured within this region for the single-shot
images. A 95% confidence interval is calculated using Student’s
t-distribution.

Additional post-processing provides information about the
dimensions of the liquid structures located in the area up to 4 mm dis-
tance downstream the nozzle exit. An analysis of all structures with an
overall size >15 arbitrarily connected pixels rejects droplets and small
ligaments to reduce an overestimation of the size due to the resolution.
All larger structures are evaluated by measuring Feret’s diameter,

ARTICLE scitation.org/journal/phf

which is the maximum distance between any two points of the liquid
body.

The Feret's diameter is also analyzed downstream in 0.5mm
steps from the nozzle exit. As the liquid structures in the nozzle far-
field are smaller, compared to the ones in the 4 mm surrounding of
the nozzle, the rejection threshold is lowered to 10 pixels. Thus, the
considered structures exceed the size of 3 x 3 pixels, which is a com-
mon accuracy limit for sizing of liquid structures.””**

For the angles and the Feret’s diameters, values of all recorded
single images are determined and averaged afterwards.

RESULTS AND DISCUSSION

Figure 5 shows enlargements of the liquid structures of a water
and an ethanol spray. With the suppression of multiple light scatter-
ing, the main advantage of the two-photon approach, it was possible
to image the structure of an optically dense liquid jet of a single spray
plume near the nozzle. Generally, the recorded images provide deep
insights into the atomization behavior including the emerged forma-
tions of ligaments, clusters, and droplets. These structures may be hid-
den or blurred and thus optically distorted when other planar 1p-LIF
techniques or Mie-scattering are utilized. However, in these 2p-LIF-
images, some fluorescence signal is visible in the right part of the
plume, which also appears blurred. In these areas, the spray plume
merges with the other jets (which is known as jet-to-jet interaction).
The fluorescence signal originates from small droplets emanating
from the out of focus spray plumes. These small structures refract the
light randomly and not in unison. The spatial and temporal dispersion
of secondary scattered fluorescence photons could also lead to a LIF
signal in these regions. An attenuation of the fluorescence signal can
be related to reabsorption effects of the dense spray partially covering
the jet under study.

For clarification of the overlap of the plumes and jet-to-jet inter-
action, an exemplary shadowgraphy image is shown in Fig. 6 in com-
parison to an inverted raw 2p-LIF intensity image. By including the
shadowgraphy images, the position of the adjacent off-axis spray cones
is estimated. In the region of the single spray plume under investiga-
tion, the fluorescence image shows a clear signal. As for the interfer-
ence with the remaining spray jets, the fluorescence intensity signal
gets blurry and prevents a clear separation of the single plumes.

FIG. 4. Post processing of the images. (a) shows the original image, (b) the binarized structures, and (c) the contours superimposed with the original picture.
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FIG. 5. Liquid fuel structure of a single plume of a water (left) and an ethanol spray (right) including magnifications of ligaments, wavy jet breakup zones, clusters, and droplets

in the nozzle near and far-field (marked by separate boxes in the bottom row).

Consequently, in the subsequent analysis, the spray cone angle is
related to the left boundary of the spray and the injector body axis
(vertical line from nozzle exit). The width of the spray plume cannot
be determined reliably.

Figure 7 depicts the sprays at 20 MPa, and this between 20 and
320 us after visible injection start. Until the first pictures are taken at
20 us, no distinct atomization takes place, and for both liquids, no liga-
ments are formed yet. In the latter time steps, the difference in the lig-
uid breakup gets clearly visible, showing larger structures and

oscillating/wavy jets in the water spray. After 220 us, the spray exceeds
the light sheet and the spray front cannot be tracked further. Since the
spray images are taken for different injections, the development of the
spray shape (esp. the spray width) is also superimposed with effects of
cyclic variations.

Figure 8 shows the second picture series with single shots of etha-
nol and water sprays at three different injection pressures, all at 220
us. With increasing pressure, the spray core breaks up faster, leading
to smaller structures and a shorter spray penetration.

FIG. 6. Shadowgraphy image (left) and an inverted 2p-LIF image (right) of the water spray at 20 MPa and 220 s after vSOI. Only spray structures at the left side of the single
spray plume can be analyzed using 2p-LIF due to overlap of single plumes that may disturb optical access.
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FIG. 7. Single shot LIF images for ethanol and water sprays at different detection
points in time after vSOI at an injection pressure of 20 MPa.

Due to an increasing liquid pressure, a larger liquid mass is
injected and the opening behavior of the needle changes. This leads to
an increase in the ligament size and very large structures in the spray
front specifically at 30 MPa. Mainly, the water spray shows an
increased number of large structures in the form of blobs and sheets,
which is also distinct at 30 MPa. Obviously, the breakup into smaller
droplets is more efficient for ethanol. These resulting structure dimen-
sions and droplet sizes would also affect the subsequent processes
evaporation and mixture formation. In the next paragraph, the effects
of the fluid properties on the spray shape and structure are analyzed in
more detail.

Two main properties determining the nozzle flow and atomiza-
tion are the viscosity and the surface tension. Density and vapor pres-
sure of the liquids are provided as well. A larger vapor pressure will
promote cavitation (geometric and string cavitation). The values are
shown in Table I.

ARTICLE scitation.org/journal/phf

TABLE I. Fluid properties of ethanol and water at 293K and 0.1 MPa.“*“°

Dynamic Surface Vapor

Density viscosity tension pressure
(kg/m3) (mPas) (mN/m) (kPa)
Ethanol 789.42 1.194 22.39 5.88
Water 998.21 1.002 72.88 2.34

Two pressure dependent dimensionless numbers—the Reynolds
(Re) and Weber numbers for liquid flows (Wep)—were determined
and are shown in Table II. The Reynolds number is defined by
_p-D-u

Re ; 1)
n

whereas the Weber number can be mathematically formulated as

. . 2
WeL = (2)

The included quantities are liquid density p, nozzle diameter D, veloc-
ity (at nozzle exit) 4, dynamic viscosity #, and surface tension ¢. The
(average) velocity is calculated after Bernoulli’s law as conducted in
Ref. 51. It reaches values between 120 m/s for 10 MPa and 250 m/s for
30 MPa, depending on density and pressure difference. These values
correlate with velocities of Diesel and DISI injectors at similar pres-
sures, analyzed by x-ray phase contrast measurements of Neubauer.”

Due to its large surface tension, a significantly smaller Weber
number is obtained for water, which will affect the droplet formation.
The enlarged sections in Fig. 5 show a difference in drop sizes in the
nozzle far-field (i.e., at the spray front). Experiments of Shin et al
based on Phase Doppler Particle Analyzer (PDPA) and spray tomog-
raphy confirm that an increase in surface tension leads to larger drop-
lets.”” Based on the lower Weber number a comparably slow breakup
is expected for water, explaining the larger droplets observed in Fig.
5.”* With both Re und Wey, the Ohnesorge number (Oh) can be cal-
culated. Eliminating the velocity, it describes the ratio of frictional to
surface forces and is defined as follows:

max
v We
Oh = SR — (3)
Re vD-p-o
©
s A higher Ohnesorge number indicates a faster liquid jet breakup into
ﬁ smaller droplets. For ethanol, an Oh number of 0.028 is received, while
S
®©
2 TABLE II. Calculated values for Reynolds and Weber numbers at different injection
o pressures.
2
£
5 10 MPa 20 MPa 30 MPa
g Re
Ethanol 9473 13397 16407
Water 12696 17955 21990
" WeL
min
Ethanol 72367 144733 217100
FIG. 8. Single shot LIF images of ethanol (top) and water (bottom) for an injection Water 22228 44 457 66 685
pressure variation at a point in time of 220 us after vSOI.
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FIG. 9. Time dependent spray cone angle at 20 MPa (left) and injection pressure dependent cone angle at 220 us (right) with 95% confidence interval.

for water the Ohnesorge number is 0.012. According to the
Ohnesorge-diagram, this means that the breakup mode is closer to the
“2nd wind-induced regime” for water, while it is clearly in the atomi-
zation regime for ethanol. Thus, by trend a faster breakup and smaller
droplets are expected for ethanol. This coincides qualitatively with the
spray images and a quantitative analysis is presented below in terms of
the Feret’s diameter of liquid structures.

The Reynolds number is also relevant for the nozzle flow, which
determines cavitation and the turbulence-induced breakup. Re is more
than 30% larger for water than it is for ethanol. As for the fluid behav-
ior, increased turbulence and cavitation inside the nozzle are expected
for larger Reynolds numbers. This may lead to a reduced cone angle
according to references.””*”

The determined spray cone angles are provided in Fig. 9 at vari-
ous points in time (left) and for various injection pressures (right). As
anticipated, the resulting spray angles for water are smaller for all
injection pressures and points in time studied due to the lower liquid
viscosity.

Regarding the time-dependent behavior, both liquids show a
similar trend. The incipient nozzle near-field cone angle is small,
while in the subsequent time step, a strong increase is observed,
which can be explained by the increasing flow velocity and devel-
oping flow profile during needle opening. It can be assumed that
the axial injection velocity is roughly doubled between part lift
(~10 um) and full needle lift, see, e.g., Ref. 23. When the injector is
fully opened (i.e., the needle is completely lifted, which occurs at
about 220 us), the nozzle flow is in a more stationary phase leading
to a further decline of the cone angle (by about 8%-12%) and
reduced confidence intervals with advanced time (compare, e.g.,
120 and 220 ps), see Table I1I. In Ref. 55, it is argued that the larger
cone angle during needle opening is due to a more distinct cavita-
tion. The larger relative vapor fraction in the injection hole due to
cavitation during partial needle lift was also confirmed by Zigan
et al.,”> who also showed lower cone angles at full needle lift condi-
tions in the stationary phase.

Now, the spray cone angle is studied at 220 us for the two liquids
and injection pressures. This is a relatively early point in time of the
spray formation, but the integral macroscopic spray shape (especially
spray length and width) is determined in this period. The angle of the
ethanol spray at 220 us is again always larger (on average 7.3%) than
the one of water and it shows a steady increase with rising injection
pressure. This is probably due to two reasons: First, the higher viscosity
(and lower Reynolds number) leads to a more distinct flow decelera-
tion at the nozzle wall and larger velocity gradients at the radial
boundary of the emerging fuel jet. For ethanol, the flow is in the transi-
tion region and behaves more “laminar-like,” which could result in
larger spray cone angles.””® Second, and additionally, the aerody-
namic breakup is more distinct for ethanol compared to water, which
is indicated by the much higher Weber number of ethanol. This leads
to a faster atomization, and due to the larger radial velocity component
induced by the nozzle flow, the surface waves grow in the jet specifi-
cally at the radial boundaries. This effect was less clear in previous
investigations,')j’zx in which the surface tension difference between the
liquids was not that distinct. Obviously, the aerodynamic breakup is
more relevant in the near nozzle region in the present study due to the
larger differences in surface tensions, which even complicates the jet
breakup. The larger injection pressure leads to an increased velocity
difference between spray and air so that these aerodynamic effects
become more important. Consequently, the spray is pushed aside of
its original propagation direction resulting in a broadened spray
plume, which again supports aerodynamic breakup.

Additionally, the higher vapor pressure of ethanol leads to a
higher probability of cavitation in the nozzle. Together with the lower
Reynolds number and a transitional flow behavior, larger fluctuations
in the spray shape can be observed and the angle increases. In general,
the same trend was reported for the near-nozzle cone angle of DISI
spray for a pressure change from 5 to 10 MPa.”® There, an increased
spray angle was observed for increased pressures as well. For water, a
similar tendency is observed for the lower injection pressures, how-
ever, at 30 MPa injection pressure, the measurements reveal a lower

TABLE lII. Average cone angles and 95% confidence intervals at 20 MPa.

20 ps 120 us 220 us 320 us
Ethanol 23.07° £ 0.56 33.08° £ 0.99 29.48° £ 0.59 29.85° £ 0.66
Water 22.13° £0.79 31.36° = 0.85 28.98° £ 0.65 28.60° £ 0.62
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angle for water than it was evaluated for 20 MPa. Payri et al. reported
larger spray angles for larger injection pressures (30 and 60 MPa were
studied for one liquid), which was explained by increasing cavitation
tendency with pressure.”

In general, the increased confidence intervals for both liquids at
higher pressures indicate a rise of the cyclic variations, which can be
explained by larger wrinkling of the liquid surface in the near-nozzle
region due to the aerodynamic breakup. The cyclic variations (in terms
of 95% confidence interval) at 30 MPa are for ethanol 51.7% and for
water 35.8% higher than at 20 MPa. These elevations in the cyclic vari-
ation cannot be explained by the nozzle flow since a larger Reynolds
number due to larger flow velocity would imply a more stable flow
behavior.

Regarding Feret’s diameter of the liquid structures in the near-
nozzle region up to 4 mm distance from the nozzle exit, no clear trend
relating to the liquid properties could be observed for varied pressures
at 220 us. The time-dependent (left) and pressure (right) variation of
the mean values including the 95% confidence intervals are presented
in Fig. 10. The analyzed liquid structures show average dimensions of
about 80-130 um.

For water, the length of the liquid structures is reduced with an
increase in the injection pressure. At high injection pressures, the flow
is accelerated and the Reynolds number rises. The intensified turbu-
lence and aerodynamic breakup results in smaller spray structures.
Ethanol shows a different breakup behavior with larger structures at
20 MPa. At 30 MPa the turbulent and aerodynamic breakup predomi-
nates, which may be supported by cavitation-induced breakup, leading
to smaller Feret’s diameters.

At the incipient time step, high values for Feret’s diameter with
large fluctuations are observed. The images show only very little
breakup of the jet and the (few) larger liquid structures explain the
augmented confidence intervals. Due to further jet breakup because of
the increased velocity when the needle is fully opened, the subsequent
decline in the diameter was presumed. For the following time steps,
the spray front exceeds the analyzed region, leading to a shift to
slightly larger structures. In principle, the size of the liquid bodies is
very similar for both liquids in the near-nozzle region. In Ref. 56, the
differences in structural dimensions depending on the liquid viscosity
and surface tension were also small, in general, although a higher
number of large structures were observed for a higher viscous fuel
with larger surface tension. Most probably, a larger number of images
and measurement positions are necessary for clearer dependencies of
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Feret’s diameter on the liquid properties. This analysis is conducted in
the subsequent paragraphs.

To get better statistics for the structure sizes, the nozzle far-field
was added to the analysis in another routine. With this method, up to
around 2000 structures are evaluated in some of the investigated
regions. In Fig. 11, the Feret’s diameters for both, ethanol and water,
downstream the nozzle exit are shown for all three investigated injec-
tion pressures at 220 us. Due to the high surface tension of water and
the resulting lower Weber number, a slower jet breakup is expected for
water. Thus, compared to ethanol, larger liquid structures can be
observed in the region from 5 up to 10 mm distance to the nozzle in
all operating points. At 20 MPa, the difference is most distinct: The
structures of water are about 116% larger on average compared to eth-
anol. Measurements of Kooji et al. showed the same tendency of
smaller droplets with lower surface tension and thus a higher Weber
number.”” However, no primary spray structures were reported. At
30 MPa, larger structures can be found in the spray front, specifically
for ethanol. This may be explained by the needle opening, which is
much more forceful at higher pressures and may lead to a “blob”-
injection. Please note that the position of the spray front is different
for the various injection pressures (as the breakup distance of the spray
is shorter at increased pressure).

Generally, the analyzed ligaments and clusters range from 20 um
up to 90 um. The largest structures are perceived close to the nozzle,
where liquid jet breakup scarcely starts. In a region 1 to 3 mm, only
very few small droplets are separated from the spray core and can be
recognized. After the breakup of the main jet at 3 to 5mm distance
from the nozzle exit, the average Feret’s diameter decreases almost
continually. In the spray front, most operating points show an increase
in the structure size. These large structures are attributable to the
behavior during the needle opening, which is still recognizable in the
detected spray front region at 220 us. However, also droplet coales-
cence and coagulation lead to an increase in the Feret’s diameter at the
denser spray front.

At all three injection pressures, water has a maximum in the
Feret’s diameter close to the nozzle. For ethanol, the peak is not as
clearly apparent due to the different breakup behavior especially at 20
and 30 MPa. In Fig. 7, the contrast in atomization for both liquids is
also visible in the single shot images and fits the analyzed data. Water
tends to a complete disintegration into long, wavy ligaments and
sheet-like structures, whereas ethanol breaks up into smaller clusters
and droplets in the dense spray region. Additionally, due to the low
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FIG. 10. Injection pressure dependent Feret's diameter at 220 us (left) and time dependent Feret's diameter at 20 MPa (right) with 95% confidence interval. The measurement

positions are up to 4 mm distance from the nozzle exit.
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100 boiling temperature, droplets in the ethanol spray should evaporate
£ 90 -e-Ethanol faster than in a water spray. However, the evaporation enthalpy is also
= - Water relatively large and for the large structures studied here, the evapora-
5 80 tion should be insignificant. For example, the diameter of a 10 um eth-
E 70 | anol droplet is reduced due to evaporation by about 3.4% after 2 ms
S 60 following Koegl et al.”® under similar conditions, and the timescale
» studied here is maximal 320 ps.

3 90 Figure 12 shows these values of the Feret’s diameter over nozzle
Q40 | distance at 10, 20, and 30 MPa for water on the left and ethanol on the
30 I I right side. For water, the ligament sizes between 10 and 20 MPa differ

0 5 10 15 mostly in the nozzle far field, whilst the difference is only of about

10 um. The diameters are slightly smaller at a higher injection pres-

90 e Ethanol sure, as assumed due to higher velocities and turbulences in the nozzle
§_80 ’ W and therefore an increased Reynolds and Weber number. At 30 MPa
=70 | o Water the analysis reveals a faster atomization with a decrease in the ligament
% 60 sizes close to the nozzle. Small diameters of around 60 ym are detected
£ 50 in the area from 4 mm to around 10 mm.

% 40 | For ethanol shortly after the nozzle, a decline in diameter can be
] observed until large structures are detected in the spray front. For etha-
% 30 nol the ligament sizes at 20 MPa injection pressure differ most from
w20 the other measurements, revealing much lower values than all other

10 e considered operating points. On average ethanol showed about 24%

0 5 10 15 smaller structures compared to the water spray for all investigated

90 positions downstream the nozzle and injection pressures. This behav-

-e-Ethanol ior could be explained due to different interfering effects. In compari-

g_ 80 —o-\Water son to water, the ethanol spray remains broader. However, the ethanol
g 70 spray breaks up faster and into smaller structures, as indicated by the
© Ohnesorge number in Table I. In principle, this trend can be explained
E 60 by the classical aerodynamic atomization theory, but additionally, the
° 50 | larger near-nozzle jet cone angle of ethanol supports the jet disintegra-
3 tion. Consequently, the differences of the Feret’s diameter are smaller
E 40 over the distance from the nozzle for ethanol, which is much more
30 pronounced for water. At 20 MPa, in particular, the increased liquid

momentum leads to more detected and smaller droplets, but the spay
is not affected by the needle opening as much as at 30 MPa.
In general, we could observe relatively large structures also in

FIG. 11. Comparison of ligament sizes downstream the nozzle for water and downstreatm distances of 14 mm from the nozzle. Typically, they are
ethanol at 10 MPa (top), 20 MPa (middle), and 30 MPa (bottom) and 220 s after not spherical, and consequently, they cannot be detected by conven-
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Distance from nozzle / mm
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FIG. 12. Depiction of the ligament sizes in radial distance from the nozzle exit for water (left) and ethanol (right). For both liquids, three different injection pressures are consid-
ered at 220 us after vSOI.
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The largest structures were found at about 3mm. After 7mm
(30MPa) to 10mm (10 MPa), no significant change of the size
of large-scale structures occurs anymore. Droplets of smaller size
(< 20 um) were not analyzed in the framework of this study as the
focus was on primary spray structures. In general, there is almost no
information on such spray structures available in the literature since
most of these studies focus on droplet sizing using point-wise mea-
surements based on PDI (or PDPA).”>*’

CONCLUSIONS

The 2p-LIF approach was applied to a common DISI injector to
quantitatively analyze the spray shape and primary spray structures
depending on the liquid properties. A high-resolution imaging of the
dense spray core enabled a comprehensive analysis of the atomization
process close to the nozzle exit at different injection pressures. The
recorded images were evaluated in terms of the cone angle and liquid
structure lengths such as ligaments and clusters in the nozzle near-
field. So far, there were almost no quantitative studies of primary spray
structures to the best of the authors’ knowledge. The basic model pre-
sumption from 2013°* which predicts that higher viscosities will result
in increased plume angles, could be verified and extended to much
higher injection pressures (up to 30 MPa, ie., ~factor 3 larger) and
Weber numbers (up to about 217 000, i.e., ~factor 5 larger). It could
also be proved that the surface tension and vapor pressure affect the
cone angle less significantly. This model is in contrast to classical
atomization models that just include aerodynamic breakup. Largest
cyclic variations of the spray angle were observed during needle open-
ing, i.e., early points in time after start of injection. Higher injection
pressures showed larger cone angles and smaller liquid structures of
the primary jet for both tested liquids. The atomization shows a main
jet breakup distance of 7-10mm, in which the structure sizes
decreased drastically, especially for water. The jet breakup was much
faster for ethanol, which showed on average about 24% smaller struc-
tures compared to the water spray for the studied injection pressures
in the complete spray region. More homogeneous structural sizes and
no clear main breakup distance could be observed for ethanol further
downstream the nozzle. The injection pressure showed a relatively
small effect on the dimensions of the primary structures for water.
This effect was larger for ethanol, especially the larger injection pres-
sure of 20 MPa resulted in about 50% smaller structures on average
compared to 10 MPa.

In future work, it is necessary to study the effects of the nozzle
flow in more detail, which requires optical accessible nozzles.
Additionally, a combination of different optical diagnostics is required
for better optical access of the spray, which could also allow tomogra-
phy of several jets (such as x-ray tomography). The model should be
tested for modern synthetic or biogenic fuels that can be better
designed and varied regarding fuel properties. This could allow a better
decoupling of different effects of the determining fuel properties, vis-
cosity, vapor pressure, and surface tension for much deeper insights
into nozzle flow and breakup processes.
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In this work two-color laser-induced fluorescence (2c-LIF) is applied to calibrate
and measure the temperature in a micrometric monodisperse ethanol droplet
chain. A dye mixture of fluorescein disodium (FL) and sulforhodamine 101 (SRh) is
used, in order to form a sensitive signal ratio of one temperature dependent and
one independent fluorophore. Spectral and planar fluorescence detection via a
fiber-coupled spectrometer and a camera system, consisting of two sCMOS
cameras, is set up around the droplet chain. Additionally, absorption
measurements of the dye mixture in ethanol are conducted using a photo-
spectrometer to analyze the temperature sensitivity of the dyes as well as
potential re-absorption and fluorescence cross-talk effects. The spectral setup
allowed an investigation of the wavelength range in which morphology dependent
resonances (MDR) occur at the phase boundary of the droplet. Thus, the optical
filters, determining the color channels in the camera system, are chosen to avoid
detection of the lasing signal and providing maximal temperature sensitivity at the
same time. The calibrated signal ratios are applied in temperature measurements
of evaporating heated droplets in the droplet chain, showing the cooling with
larger distance from the nozzle.

KEYWORDS

thermometry, fluorescence, droplets, dye, evaporation, droplet cooling, 2c-LIF

1 Introduction

Liquid phase and especially droplet thermometry are essential for the development of
various industrial and technical spraying applications like spray drying, spray cooling or
liquid fuel injection in internal combustion (IC) engines, rockets or burners [1, 2]. In the last
decades several approaches were introduced to measure the temperature in the liquid phase
of sprays or droplets [3-6], one of which is 2¢c-LIF thermometry [7, 8]. The concept is based
on the Boltzmann distribution of a fluorescent dye molecule. In the absorbing as well as
excited state, the respective population shows a specific temperature dependency. This effect
is used to form a temperature dependent signal ratio of two wavelength areas, which are
recorded by two detectors and respective filters (referred to as “color channels”). Based on
their research on concentration studies via LIF, Lemoine et al. [9, 10] applied the 2c-LIF
technique to measure the temperature in a turbulent water jet. Therefore, a fiber coupled
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detection system with two photo multiplier tubes (PMTSs) was set up
around a water jet doped with rhodamine B (RhB) as fluorescent
dye. The same detection system was used by Perrin et al. [11] in a
droplet stream injected into a heated environment. The applicability
of the dye pyrromethene 597-C8 (Pyr) as fluorescent dye is tested in
various fuels. However, for this dye lasing effects (or morphology-
dependent resonances, MDR), which occur at the phase boundary
inside the droplets due to their spherical shape, are very distinct. One
approach to circumvent the detection of this adverse signal is the
admixture of an additional light absorber to the dye/solvent mixture,
for example, Oil Blue N (OBN). Based on these measurements,
Palmer et al. [12, 13] continued the research of the two-dye mixture
in an n-dodecane droplet stream. The concept of enhanced energy
transfer (EET) onto an absorber dye was approved and investigated
in a spray. Using a pulsed laser and an electron-multiplying charge-
coupled device (EMCCD), the detection of spatially resolved
droplets could be conducted. In a range from 300 K to 340 K the
ratio change with temperature shows linear behaviour and a
temperature sensitivity of 0.29%/K could be obtained [14].
However, the fluorescence of Pyr is also drastically reduced by
the absorber and other dye concepts and methods to reduce
MDRs need to be analysed. Natrajan et al. [15] proposed a dye
mixture of temperature-sensitive RhB and temperature-insensitive
sulforhodamine 101 (SRh) and calibrated the signal ratio with two
CCD cameras detecting the signal of a heated microfluidic device.
The RhB-SRh dye combination in ethanol and water showed
temperature sensitivities of 1.5 %/K and 2.7 %/K, respectively. To
get and share further insight into the variety of fluorescent dyes for
thermometry, several authors published overviews of various
fluorescent dyes in different solvents [16-18]. Accordingly,
Prenting et al. [16] suggest the use of a single dye coumarin
152 for measurements in an ethanol SpraySyn flame. Except for
two coumarin derivates (152 and 153) none of the other dyes (such
as RhB, Rh101, Pyr, DCM, etc.) exhibited a higher ratio change than
1.0%/K in cuvette measurements. 2¢-LIF was successfully applied to
measure averaged temperature field images in the SpraySyn
flame. Other auspicious dyes in polar and non-polar liquids for
thermometry are, for example, Eosin-Y with a sensitivity of 1.6%/K
in water (2.0%/K in glycol) and Nile red (for non-polar heat transfer
oils such as Marlotherm LH with a sensitivity of 4.2%/K), both
measured in a tempered cuvette [19]. However, both dyes showed
MDRs in the LIF signal in droplet sizing experiments based on the
LIF/Mie ratio [20-22].

The dye
sulforhodamine 101 (SRh) is promising for polar liquids. It was

mixture of fluorescein disodium (FL) and
first proposed by Chaze et al. [23] and successfully applied for
temperature measurements in impinging 2.5 mm-sized water
droplets on a heated surface. The detection of the FL color band
is only recommended above 540 nm, avoiding the detection of the
spectral region in which self-absorption of FL occurs. This way a
temperature sensitivity of 2.7%/K could be achieved. Mishra et al.
[17] attained a sensitivity of 2.4%/K calculated from the single dye
spectra detected in a cuvette with ethanol as a solvent. However, this
2-dye concept was not utilized in micrometric ethanol droplets
before, which is the aim of the present paper. Ethanol is an
important solvent for many pharmaceutical or process
engineering systems and it is also an important fuel component.

Its atomization and evaporation behaviour and its liquid
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temperature under various injection conditions must be studied,
e.g, by using optical techniques. For this purpose, the dye
concentration of this two-dye 2c-PLIF concept must be adjusted.
Reabsorption as well as signal crosstalk is studied in a spectral
characterization of absorption and fluorescence of the dye couple.
Still, the challenge of MDR needs to be addressed. After
identification of spectral positions of MDRs, filter regions for
two-colour LIF can be identified in order to achieve a maximal
temperature sensitivity and reducing effects of re-absorption and
dye concentration on the signal ratio. Afterwards, a planar LIF setup
is utilized for calibration of the signal ratio in a wide temperature
range of the micrometric droplets. Finally, the droplet temperature is
measured using 2c-PLIF in

evaporating ethanol droplets

downstream the nozzle of a droplet generator.

2 Materials and methods

The following section covers fundamentals on LIF and explains
the benefit of the two-color
experimental setup and the implementation are described.

approach. Furthermore, the

2.1 Theory of 2c-LIF

The 2¢-LIF technique is based on the simultaneous detection
and ratio formation of two differently temperature dependent
fluorescence signals in a spectrum. Therewith, the contribution of
several influencing factors on the signal can be eliminated for the
temperature determination. Fundamentals are only briefly
addressed in this work, as several works report a detailed
derivation of the intensity equations relevant for 2c-LIF, see, e.g.,
Lemoine et al. [10] and Lavieille et al. [10, 24]. Accordingly, the
fluorescence signal intensity In/W/m? after the absorption of laser

photons can be expressed with

In(}) = Kopl (A)Kspec DI, Vel V"

while /K and Kpe./mol™” are constants describing the physical and
fluorescent properties of the respective dye in a two-dye concept.
Kipec relates to the molar absorption coefficient ¢ and the
fluorescence quantum yield (FQY) [11]. In this formulation of
the LIF working equation, the temperature dependence of the
quantities B (1) and Ky (A) is considered in the e-function.
The FQY for example, is affected by temperature dependent
photo-physical processes such as quenching. In general, the FQY
of the dyes used in this work are very high: for FL it is 0.97 (in
ethanol) and for SRh it is 0.90 (in ethanol as well) [25]. The molar
absorption coefficients are 92,300 L/(cm-mol) (at 499 nm) for FL in
ethanol and 110,000 L/(cm-mol) (at 577 nm) for SRh in methanol
[25]. However, the absorption coefficients are lower at the intended
excitation line of 532 nm, which is described in Section 3.3.

The exponential part of the equation results from the Arrhenius
approach, including the influence of the absorption cross section
and the quenching rate on the temperature dependence. 8 is the
wavelength dependent temperature sensitivity factor, which
expresses the signal change per unit kelvin [10]. The equation
contains another constant K, (1)/-, which is the efficiency of the
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TABLE 1 Fluid properties of ethanol and the mixtures with fluorescein disodium and additional admixture of sulforhodamine 101.

Density/kg/m? Surface tension/mN/m Dynamic viscosity/mPas
Ethanol 790 223 1.156
Ethanol + FL 790 223 1.194
Ethanol + FL + SRh 790 223 1.194

detection system. I, is the incident laser fluence, C/mol'-m™ the
concentration of the dye molecules, T/K the temperature and V/m’
the sample volume. The equation is only valid in the linear range at
low laser fluence I,/W-m™ (below a saturation threshold I,). This
regime is intended in order to avoid a non-linear behavior of the
signal intensity due to saturation effects or photobleaching of
the dye.

The 2¢c-LIF approach uses a ratio Rgq of two signal intensities,
which is derived from two selected wavelength bands in the
fluorescence spectrum of the dye. Therefore, the dependence on
the laser intensity, the sample volume and the molecular dye
concentration can be eliminated from the ratio equation:

Rﬂ _ ﬁ _ Kopt,lepec,lepl%
Iy KopiaKopec2

To further cancel out the system dependencies K, the ratio is

normalized to a reference operating point at a known temperature.

2.2 Experimental setup

A V-750 UV/VIS-spectrophotometer (Jasco) is used for
investigations of the absorption behavior of the dissolved dye
mixtures. The calculation of the absorbance from the measured
transmittance T values can be expressed via Lambert Beer’s law:

A =2-log,,(%T)

A closable Hellma quartz cuvette (10 mm optical path)
containing the sample is tempered in the cuvette holder and a
transmission measurement is conducted. When measuring in the
cuvette, the optical path length is relatively large compared to the
droplet diameter in the emission measurements. This means that a
large dye concentration is required for the droplet fluorescence
measurements in order to achieve a sufficiently high signal to noise
ratio (SNR). Therefore, solutions with deviating dye concentrations
are prepared for absorption (cuvette) and emission (droplet)
investigations as specified below. As solvent, absolute ethanol
(EMSURE, purity >99.9%) is used and dosed with 10 mg/L FL
(CAS: 518-47-8) and 1 mg/L SRh (CAS: 60311-02-6), investigating
the absorption behaviour. Additionally, in order to clarify the
influence of the dye admixture on the physical properties of the
solvents, measurements of density, surface tension and dynamic
viscosity were conducted, see.

Table 1 These properties are essential for the droplet formation
in sprays and changes with dye addition would make the spray
investigations redundant. Three different mixtures (pure ethanol,
ethanol dosed with FL and ethanol dosed with FL and SRh) are
tested and only a slight increase in viscosity (i.e., a difference of
0.038 mPas) could be detected when the dyes are added. All
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FIGURE 1

Optical setup with spatial and spectral detection of the
fluorescence emission around a tempered monodisperse droplet
chain.

measurements were conducted at 293 K. Density and dynamic
viscosity determination is performed with a Stabinger viscometer
(SVM 3001, Anton Paar) after ASTM D 7042:2021 and the detection
of the surface tension after DIN EN 14370:2004.

Figure 1 shows the experimental fluorescence emission
setup. A pulsed Nd:YAG laser (Q-SMART,
Quantel) is operated at 532 nm with a fluence of 2.7 mJ/cm?

measurement

ensuring measurements within the linear LIF signal intensity
regime. The expanded, collimated laser beam passes the
monodisperse droplet chain, generated by a tempered droplet
generator (FMAG 1520, TSI). The FMAG is dosed with the dye-
solvent mixture by a syringe pump and additional tempered
focussing air, forming 100 pum sized droplets (for most of the
studies, smallest droplet sizes are around 20 um depending on
the investigated liquid). The droplet size is determined by
previously calibrating the resolution with a multi-frequency grid
distortion target (Thorlabs, R1L3S3P) in the focal plane. Two
recirculating chillers (for the liquid and air flow) regulate the
mixture to temperatures between 283 K and 343 K, while the
maximal temperature range is limited by the boiling point of the
solvents. Deviating to the absorption measurements, a dye
concentration of 750 mg/L FL and 75 mg/L SRh is applied in the
droplet chain. These higher dye concentrations are necessary for
sufficiently high LIF signals of the micrometric droplets. Preliminary
measurements were performed to find an optimum in the mixture
ratio of both dyes regarding reabsorption between the molecules and
a similar high emission signal.

At 90° detection angle a long-distance microscope (Infinity
K2 DistaMax) is mounted to an imaging system which includes
two sCMOS cameras (Imager, LaVision), resulting in a resolution of
3.25 pixel/um. This system includes a dichroic mirror to split the
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FIGURE 2

Fluorescence emission spectra of 100 ym sized ethanol droplets

with addition of the dye FL (750 mg/L), SRh (75 mg/L) and a dye
mixture of both FL and SRh. The missing signal around 532 nm is due
to the notch filter.

signal into two wavelength ranges. Both parts of the signal
pass through a specific band-pass filter (554/23 BrightLine HC and
615/24 BrightLine HC), only allowing a detection of the shaded color
bands as indicated in Figure 4 (the filter selection is discussed below in
detail). For the imaging measurements, 2,000 pictures were recorded
at a frame rate of 10 Hz and repeated on three different days. Every
image contains two or three droplets of the droplet chain, leading to a
total of several thousand droplets per operating point. On the opposite
side of the droplet generator, a fiber-coupled spectrometer (WP-VIS-
A-S-50, Wasatch Photonics) is mounted. Preceding the optical fiber,
the optical system consists of two achromatic doublets and a notch
filter, ensuring the screening out of the excitation wavelength. Each
measurement is integrated for 50 ms and 100 single spectra are
averaged. This procedure is conducted ten times on three different
days, leading to a total of 3,000 spectra.

In the imaging setup, the signal is split by a dichroic mirror and
further detected by two cameras. In the post-processing of the
calibration data, one image is mapped onto the other via a
transformation matrix and a warping algorithm. Using a
binarization, the edges and thus the droplets in the pictures are
detected and further evaluated. Single droplets are selected as
“useful” or are otherwise not considered, according to their size
and deformation. Only droplets close to 100 um with no perceptible
deformation are considered for calibration measurements (although
thermometry is also possible in non-spherical structures, see below).
The measurement location is about 5 mm below the nozzle exit at
which spherical droplets are formed (the downstream distance
depends on the temperature, determining, e.g., the surface
tension and liquid viscosity and thus the droplet stability). For
calibration measurements the droplet temperature is assumed to be
the same as the adjusted temperature of the droplet generator and
corrected afterwards, see Section 3.3.

With these specifications, a minimum of 12,500 droplets is taken
into account for further evaluation. The integrated LIF-signal of the
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FIGURE 3

Fluorescence emission spectra (including MDR) of ethanol
droplets with addition of the dye FL (750 mg/L (A)) and SRh (75 mg/L
(B)) at droplet sizes ranging from 60 pm to 120 um.

droplet is strongest in its center. This is because of the maximum
depth in z-direction of the droplet and since the whole droplet is
illuminated by the laser beam (beam diameter of 8 mm). A circular
region of interest (ROI) is determined for evaluation, excluding the
droplet rim. In this outer area the lowest SNR is achieved, which
leads to the highest temperature variations as also shown by Palmer
et al. [14]. In this ROI, the signal is spatially averaged for both
channels and a signal ratio is calculated for the single images.
Afterwards the single signal ratios are averaged for determination
of the temperature dependent calibration curve.

3 Results and discussion

The next section shows all results ranging from MDR studies
and the filter selection to calibration data. Finally, an evaporation
study downstream the droplet generator is conducted to apply the
measurement technique.

3.1 Preliminary studies on MDR effects and
their circumvention

When measuring in spherical droplets, lasing effects may occur
due to internal total reflections on the droplet/air phase boundary.
These amplified emission signals are also known as whispering
gallery modes (WGM) or MDR. Different refractive indices between
the liquid in the droplet and the ambient air lead to a high total
internal reflection (TIR) angle, which can be determined to be 47.2°
for ethanol/air after Snell’s law. The combination of the TIR angle
and the spherical shape lead to the droplet acting as an optical cavity
with resonating light circulating along the internal rim.

The resonance wavelengths and the respective emission
linewidths are affected by the morphology of the scattering
media. This includes the droplet size and its shape, as well as the
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FIGURE 4

Absorption spectra (dashed line) measured in a cuvette and
fluorescence emission spectra (solid line) measured in the droplet
chain of both single dyes FL and SRh in ethanol. The color channels of
the selected optical filters are depicted as shaded rectangles. The
Nd:YAG laser line for excitation of both dyes is marked in green at
532 nm. Please note that the y-axis of the absorption spectra is
extended to 2 for better visualization.

refractive index of the solvent [26]. In a previous work based on the
dye nile red in ethanol/isooctane mixtures, the lasing peak was a
function of the ethanol concentration. The peak position was red-
shifted with larger ethanol amount and pure ethanol showed the
lowest MDR peak [20]. Larger droplet sizes exhibited more distinct
MDRs in the LIF signal in accordance with the theory [21].
Consequently, MDR can be useful, e.g., for the determination of
droplet properties such as the diameter [27, 28]. For 2c-LIF
thermometry, MDR pose a major signal influence and disturb the
signal ratio approach if detected in one of the color channels. One
proposal to circumvent the detection of MDR effects is the addition
of an absorber molecule, which does not emit fluorescence itself (e.g.,
OBN as an absorber for Pyr lasing, as mentioned in the
introduction) [11]. Another possibility is to use ‘controlled color
switching’ (of the MDR) to another wavelength outside of the color
channels [27]. Both options are based on an effective energy transfer
between the dye molecules.

The subsequent investigation serves for analysis of MDR effects
for the individual dyes and the dye combination in ethanol. The
fluorescence spectra of the single dyes FL and SRh, as well as a
mixture in ethanol droplets at ambient temperature are shown in
Figure 2. The FL spectrum shows a gap from the 532 nm notch filter
applied and a MDR peak at 571 nm. SRh indicates an emission
maximum at 593 nm with a lasing maximum at 648 nm. A reduction
of the signal at the FL peak with simultaneous increase of the SRh
peak is observed in the mixture. This can be explained by
reabsorption of the FL emission by SRh molecules.

Due to the high molecular weight of both dyes, the mixture ratio
of the dyes is assured in case of evaporation of ethanol. Both dyes
remain in the droplet leading to a dye enrichment and a fluorescence
signal increase. However, this will hardly affect the signal ratio, when
the filters are chosen accordingly and as long as no concentration
quenching of the LIF signal occurs. In addition to the signal
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reabsorption, the MDR peak in the FL spectrum is absorbed by
SRh in the mixture. Instead the MDR signal of the dye mixture
shows a peak at 652 nm, which means at higher wavelengths than
the MDR peak of the solely studied dye SRh. Consequently, the
optical filters are chosen outside of this wavelength area, as specified
above.

Supplementary measurements have been performed in the
possible droplet diameter range of the droplet generator to
ensure that for a diameter variation no additional MDR modes
are detected. Tang et al. [29] stated that the number of lasing modes
could be increased in the case of larger droplets in comparison to
smaller droplets. For the present solutions with the single dyes FL
and SRh, spectra in droplets from 60 pm up to 120 um have been
recorded and are shown in Figure 3. In general, no clear droplet-size
dependence of the average MDR peak position could be observed.
However, the MDR peak rises relatively to the main fluorescence
peak of SRh for smaller droplets. A deviation from this pattern can
be observed for 100 pm sized ethanol droplets dosed with SRh,
showing a higher MDR peak than the 120 um sized droplets. This
deviation could be explained by a correlation of the spectral position
of the MDR and the droplet size, resulting in intensity variations of
the lasing signal. Koegl et al. [21] presented similar findings of
certain droplet sizes showing larger MDR in the LIF signal images.

3.2 Filter selection

The 2c¢-LIF approach is based on the ratio of two intensity
signals, each originating from a respective color channel in the
fluorescence spectrum. These color channels can cover two
differently sensitive segments of one single dyes’ emission
spectrum. Therefore, using only one dye, it may be difficult to
reach a high temperature dependence of the signal ratio.
Furthermore, the blue’ part of the spectrum may be affected by
re-absorption effects and a varying dye concentration intensifies this
problem. Palmer et al. [14] successfully performed micrometric
droplets measurements in a heated surrounding with only Pyr as
fluorophore. To avoid MDR effects, OBN was added, which
contributes to the spectrum without fluorescence emission but by
absorption of the emitted photons of Pyr. A temperature sensitivity
0f 0.29%/K could be reached in this application. In order to raise the
sensitivity, a two-dye approach using two different dyes with
contrary temperature dependent emission behaviors may be
promising. In general, two-dye 2c-LIF concepts for increased
sensitivity were proposed by Sakakibara et al. [30] and were
recommended in several works [15, 30, 31]. Thus, each color
channel covers one emission spectrum of the two opposed
temperature dependent fluorescence signals.

Figure 4 shows both, the absorption and fluorescence emission
spectra of the single dyes used in this work. Absorption
measurements were carried out in a cuvette, while the emission
spectra were detected in droplets and thus, show MDR peaks.
Shaded color bands describe the two intensity color channels
representing the selected optical filters. The “blue” channel (at
lower wavelengths) equals the transmission curve of the Semrock
554/23 BrightLine HC filter and covers wavelengths from 543 nm to
566 nm. In this wavelength segment the detected emission signal
originates mostly from FL molecules. Absorption by SRh is relatively
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FIGURE 5

Absorption spectra of the dye mixture (10 mg/L FL and 1 mg/L

SRh) in ethanol measured in a tempered cuvette at temperatures
ranging from 283 K to 343 K. The Nd:YAG laser line for excitation of
both dyes is marked in green at 532 nm.

strong in this color channel and reduces the fluorescence signal,
which however is the fundamental for color switching (red-shifting)
of the MDR peak. The ‘red’ channel corresponds to the transmission
of the Semrock 615/24 BrightLine HC filter between 603 nm and
627 nm. Reabsorption of SRh-fluorescence plays only a minor role
in this wavelength region and the emission is dominated by SRh.
Ultimately, both filters were chosen so that fluorescence crosstalk
and self-absorption can be neglected in these wavelength areas.

3.3 Calibration data

The results of the absorption measurements from 283 K to
343 K and the excitation wavelength of the laser at 532 nm are
depicted in Figure 5. Two major peaks at A =~ 500 nm and 550 nm
can be observed. The first one at shorter wavelengths is due to the
absorption of FL and this maximum is significantly higher than the
second peak, which is attributed to absorption of SRh. This
difference in absorption is partly due to the
composition of 10:1 (FL:SRh). At higher temperatures, the FL
absorption peak increases whereas the SRh peak only shows a

mixture

slight blue shift. The very small and additionally negative
temperature dependence and the superimposition with the
increased FL band lead to this shift. A similar trend with a
higher temperature increase for FL is consequently expected for
the fluorescence of both dyes.

The graphs in Figure 6 show the fluorescence emission spectra of
the utilized dye mixture at different temperatures, indicating the
MDR peak at wavelengths of A > 640 nm. Moreover, the
combination of the temperature sensitive FL and the temperature
insensitive SRh leads to a high sensibility of the fluorescence
intensity ratio. For this ratio, two color bands with an optimum
high (“blue”) and low (“red”) temperature sensitivity were
elaborated and accordingly, the filters for further measurements
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FIGURE 6

Fluorescence emission spectra of the dye mixture (750 mg/L FL

and 75 mg/L SRh) measured in 100 um sized ethanol droplets at
temperatures ranging from 293 K to 343 K. The color channels of the
selected filters (based on temperature sensitivity) are marked in

blue and red. The signal increase in the region around 650 nm
corresponds to the MDR signal.

with an imaging system were selected as described before. These
filter regions are hereafter referred to as channel 1 (“blue”) and
channel 2 (“red”). The integrated signals under the graph in the
shaded regions are applied for the subsequently built signal ratio.
The range around 532 nm is blocked by the notch filter and would
otherwise show the maximum of the FL spectrum. Compared to the
absorption spectra, the emission peaks attributable to the single dyes
show a signal intensity in the same order of magnitude, despite the
different dye concentration in the mixture. With a concentration of
1.99-10° mol/L for FL, the number of moles in the volume is
approximately 16 times as high as it is for SRh with a
concentration of 1.24-10* mol/L. This is due to the absorption
cross section of FL, which is very low at the 532nm and
therefore only a low share of photons is absorbed. With a higher
temperature, the absorption range of FL increases and shows a slight
red-shift, increasing the absorbance of laser photons. Accordingly,
the temperature dependence of the FL spectrum is visible in the
fluorescence emission. The FL peak (in the blue channel) increases
with more than factor 1.5 for a temperature rise of 70 K, while
normalized to the SRh maximum (which accordingly does not
change in this depiction). This behavior of SRh emission was
predictable from the absorption spectrum in Figure 5, as no
strong dependence on the temperature could be observed.

Figure 7 shows the normalized LIF ratios at different
temperatures and the resulting linear fit for the measurements
with the spectrometer (s) and with the cameras in the imaging
system (c). The slope of the imaging system calibration curve is
steeper than the one of the spectrometer. For a direct comparison,
the inclusion of the quantum efficiencies and detection angles of the
optical components and the incorporation of the signals at the
droplet rim in the image processing are missing or rather leading to a
deviation of the slopes. By detecting with the imaging system, the
filters limit the evaluated channels, whereas these limits are straight
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FIGURE 7

Normalized fluorescence intensity ratio of the integrated spectral
channels for the simultaneous measurements with the spectrometer
(s) and the camera system (c) with according standard deviations. The
signal ratios are normalized to 293 K. The upper x-axis shows the
estimated droplet temperature while the lower x-axis depicts the
temperature, the droplet generator was tempered to.

theoretical cut-offs in the evaluation of the spectrometer
measurements.

It should be noted that two x-axes are included in the diagram. One
presents the set temperature of the droplet generator, the other one is
the estimated temperature in the measurement location. The estimated
temperature curve is based on a two-point calibration at 293 K
(ambient temperature) and the maximal studied temperature of
343 K. The temperature difference between the adjusted liquid
temperature in the droplet generator (343 K, which is also assumed
to be constant within the first 2 mm downstream) and the liquid
temperature at the measurement position for calibration (5mm
downstream) is 10.7 K. This difference is determined iteratively by
spatial
differences in signal ratios and thus temperatures were extrapolated

conducting 2c-PLIF measurements downstream. The
linearly in order to find the most plausible temperature evolution, see
Figure 9. Further details are provided in the subsequent section.

By adjusting the temperature to the estimated droplet
temperature at the measurement position as described above, the
calibration curve for the imaging system shows a slope of 2.02%/K,
the curve for the spectrometer setup a slope of 1.71%/K, describing
the resulting temperature sensitivity. In comparison, Chaze et al.
[31] and Mishra et al. [5] achieved higher values for the sensitivity of
the same dye combination, stating values of 2.5%/K to 3.0%/K (in
water) and 2.4%/K (in ethanol). However, different setups (mm-
sized droplets and cuvettes, different band-pass filters), dye
concentrations or liquids (water) were used and no standard
deviations are shown for an estimation of the reproducibility. As
MDR effects were not considered, much broader color channels
were chosen in the previous publications, probably leading to higher
differences in the signal ratio and thus a steeper slope. It was
mentioned that the temperature insensitive SRh band showed
certain fluctuations, which could be due to the reported ring
structures in a later work of Chaze et al. [23]. As shown in the
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Single images of 100 um sized droplets at temperatures from

293 K to 343 K viewed through “blue” channel (FL, left) and the “red”
channel (SRh, right column). The droplets show no MDR signal at the
phase boundary.

present work, MDR effects can be avoided by selection of according
optical filters. Using a dichroic mirror instead of a beam splitter, the
signal loss was counteracted.

Respective single shot images of both channels (“FL” at lower
and “SRh” at higher wavelengths) are shown in Figure 8. The
temperature dependent signal variation in the “blue” channel
(FL) is clearly visible between the coldest and the hottest
operating point. No apparent temperature dependence can be
observed in the ‘red channel’ (SRh) images. MDR effects,
normally visible as very bright ring structures around the droplet,
are not detected.

3.4 Evaporation study downstream the
droplet chain

The evaporation of heated ethanol droplets alongside the droplet
chain is investigated at distance intervals of 0.5 mm, starting at the
nozzle exit. The initial temperature was adjusted to 343 K. At each
measurement point 300 images are recorded and the signal ratio and
thus the average temperature are evaluated. The temperature course
over the distance from the nozzle with exemplary single shot
intensity ratio images are shown in Figure 9.

At 2 mm distance from the nozzle, actual droplets have detached
from the liquid core and show transient oscillation. The image at
3.5 mm distance shows still a slightly deformed droplet before a
stable spherical droplet is formed further downstream. In general, a
decrease of the temperature with distance from the nozzle can be
observed. A temperature of 341.6 K is determined at 2 mm. The
cooling of the liquid is considered to be marginal in the first 2 mm of
the droplet chain due to the surrounding hot shielding gas, which

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2023.1235847

Ulrich et al.

1.1
340 A F
v S
-~ ©
0,59 335 1 F E
© E
[0 —
£ B
5 330 1 1 B3
325 A F
0.4
0 2 4 6 8 10
distance from nozzle / mm
FIGURE 9

Temperature profile of the droplets measured downstream the
droplet chain. The droplet generator was tempered to 343 K. The
shaded area marks the nozzle exit before single droplets detach from
the liquid core. Here, large variations occur and high local signal
intensities lead to an underestimation of the temperature.

was also heated to 343 K. Other groups using droplet generators for
calibration assumed no evaporation until the formation of spherical
droplets [32]. Consequently, between 0 mm and 2 mm the measured
temperatures are underpredicted and show a larger uncertainty in
terms of shot-to-shot standard deviations. In this first section of the
droplet chain, Rayleigh breakup of the liquid core is observed and no
droplets have formed yet. In this area, the temperature detection
shows largest shot to shot deviations of up to +/-5.6 K (8.2%).
Further discussion on the underprediction is provided below.

At the distances further downstream the nozzle decreasing
temperatures are detected until a minimum temperature is
reached. The slope between 2 mm and 9 mm is almost constant.
In this study the temperature does not vary anymore between 9 mm
and 10 mm. Within the studied spatial domain of 7 mm length
(2 mm-9 mm distance to the nozzle), a temperature reduction of
about 17.7K was observed, which will be discussed in the
subsequent paragraphs. In general, the droplet evaporation and
cooling/heating are transient problems. The heated droplet is
cooled down due to the heat transfer with the ambient air and
the large evaporation enthalpy of the ethanol droplets. The relative
velocity is reduced by drag, which varies due to slight droplet
Under
temperature of a droplet can be assumed as uniform, which is

deformations. the present conditions, the internal
confirmed by the experiments showing no distinct temperature
stratification in the droplet. The measured temperature deviations
at the droplet boundary, which are visible in some single-shot
images of Figure 9 (e.g., at 2 mm), are not physical and occur
due to larger measurement uncertainties (local SNR). The SNR is
very low close to the droplet surface and the droplets do not show a
droplet These

inhomogeneities could also be explained by internal optical

uniform signal ratio over the diameter.
effects, like reflection and subsequent refraction on the phase
boundary. Depending on the ray angle of the fluorescence
emission, a “false” image may appear in the camera detector, as
described further by Dulin et al. [33] for transparent pipes. In

general, the uniform temperature condition is true for a rapid
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mixing inside the droplet (i.e., a fast internal heat conduction)
compared to the slow heat transfer between the droplet and the
ambience. The instationary cooling behavior is expressed by the
non-dimensional Biot number Bi

_al

Bi=—-
1 AL

which is the ratio of the heat transfer coefficient « between the
droplet and the ambience and the liquid heat conductivity A;, of the
droplet. The characteristic length scale L of a sphere equals one-third
of droplet radius [34]. At the present conditions, Bi = 0.103 is
obtained, which implies that internal heat conduction is very fast so
that almost no temperature gradient can be observed in the droplet.
The Biot number was calculated for an average droplet velocity up =
1.24 m/s and an initial liquid heat conductivity of ethanol A, =
156 mW/(m-K) at 343 K [35]. Under comparable conditions but
other liquids (fuels), similar Biot numbers were reported in the
literature [36, 37]. Furthermore, for small Biot numbers in the range
of 0.1-0.25, effects of droplet distortions of up to 35% were studied
by Dai et al. [36]. However, the droplet deformation due to drag
showed no significantly improved internal heat transfer [36].

The temperature reduction of about 17.7 K within 7 mm is
partly due to the cooling of the hot droplet in the cold ambient
air. This cooling by the heat transfer with the ambience accounts for
a temperature decrease of about 7.3 K within 7 mm (or within about
6 ms) estimated by using the lumped capacitance model being valid
for small Biot numbers (Bi < 0.1) [34]. Additionally, a temperature
reduction due to evaporation of at least 10 K is reasonable for
droplet
temperature reduction of about 17 K for isolated ethanol droplets

ethanol droplets. In a numerical simulation, a
was observed for initial droplet diameters of 5 um-40 pm within the
first 1.2 ms [38] (the initial droplet temperature was 293 K). This
corresponds to a droplet size reduction of 3.4% for an initially 10 pm
large droplet. In the present measurements, no droplet size
variations were evaluable, since the droplets showed large initial
deformations. However, a simplified evaporation model for the
steady phase following Sazhin et al. [39] confirmed a small
droplet size reduction to about 98.9 um at the present conditions.

In general, it could be shown that the optimized two-dye 2¢c-PLIF
technique is able to provide droplet temperatures of evaporating
droplets in a heated droplet chain on a single shot basis. Depending on
the temperature the typical SNR were in the range of 21-105 (average
of 47) for the blue channel and between 379 and 662 (average of 446)
for the red channel. Temperature variations of 1.4 K could be
resolved, for example, between 4.0 mm and 4.5 mm. The average
temperatures are 336.0 K and 334.6 K, respectively. The standard
deviations were typically around +/-1.0 K.

The larger uncertainty in the jet breakup region may have various
reasons. In this near-nozzle region, some “hot” and “cool” spots are
observed in the liquid jet, which are not physical. Probably, this is due
to fluorescence light reflections at the bare surface of the droplet
generator or at the liquid jet itself originating from other regions in the
jet, which are projected on the droplet under investigation. These
background reflections or scattering effects cannot be compensated
easily and other measures such as 2-photon LIF [40] could be required
for this purpose. These reflections are partly reabsorbed in the jet or
droplets and lead to falsified signal ratios and temperatures as well.
This fluorescence scattering and reabsorption is also an issue for
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droplets close to the liquid core. There, in some images a much
brighter illuminated droplet surface is clearly visible originating from
fluorescence of neighboring droplets. This also contributes to higher
and unphysical droplet temperatures in the near-field of the droplet
generator.

4 Conclusion

This work presents the optimization of a two-dye 2c-LIF
thermometry approach and its first-time application for
measurements in a monodisperse ethanol droplet chain. With the
use of two contrarily temperature dependent fluorescence dyes (FL
and SRh) calibration measurements were conducted in a tempered
cuvette (absorption) and a droplet generator (emission). Two
detection systems - a fiber-coupled VIS spectrometer and a camera
system with two sCMOS cameras - enabled detailed measurements of
interfering MDR signals. With the two-dye approach ‘controlled color
switching’ of the MDR signal to a high wavelength was possible
without addition of another absorber dye, which is common practice
for other LIF dyes. At around 652 nm the average MDR peak is
located outside of the main fluorescence emission bands of the dye
mixture spectrum. Thus, two optical filters for the camera system
could be selected in wavelength regions without lasing signal. The
filter bands are different from the suggested ones in the literature for
water. With this improved approach, a calibration curve with a
promising temperature sensitivity of the signal ratio (2.02%/K for
detection with the camera system) was attained in micrometric
detection of MDR
Additionally, first-time investigations of the droplet cooling and

successfully performed downstream  the

droplets of 100um without signals.
evaporation ~ were
droplet chain in form of temperature measurements with the two-
dye 2c-LIF imaging approach. A cooling of around 20 K could be
measured for a distance of 10 mm. Images detected close to the nozzle
show the Rayleigh breakup of the liquid core. In this region of primary
breakup, the results show strong deviations, probably resulting from
optical effects inside the non-spherical structures and droplets. At
distances between 2 mm and 9 mm more spherical droplets are
formed. There, a linear decay of the temperature is observed,
which amounts to about 17.7 K. This is a realistic value for cooling
by evaporation and heat transfer with the cold ambient air. An
estimation of the cooling due to convective heat transfer is
attained after the lumped capacitance model and accounts for a
decrease by 7.3 K.

In conclusion, successful exemplary thermometry measurements
in the droplet chain could be performed, but also showed the necessity
of further fundamental investigations on this approach. Droplet size
dependent studies on MDR with the present two-dye LIF concept
should be part of future work since the MDR signals themselves were
not the focus of the present work. Furthermore, simulations and
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Photo multiplier tube
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Abstract

This work shows new insights on the application of two-color laser-induced-fluorescence (2¢c-LIF) thermometry in a droplet
chain. A two-dye mixture is used in ethanol, water and ethanol/water mixtures in order to reach a high-temperature sensitiv-
ity and avoid the detection of lasing effects in the droplets. Various droplet sizes are recorded in regard to the limitation of
the detection system for very small micrometric droplets. The breakup of a droplet chain is measured to assess the spectral
detection system in applications with liquid structures of different sizes. Additionally, a proposal to expand the 2c-LIF appli-
cation for studying ethanol/water droplets regarding mixture composition with a third color channel is presented. Forming
two intensity ratios, the spectra can be used to obtain information on the mixture composition of the solvent. Measurements
in different ethanol/water mixtures containing 0—100 vol% water are evaluated to show this possibility.

1 Introduction

Determining “responsible consumption and production” as
one of the United Nations’ goals for sustainable develop-
ment, a specific focus was set on chemicals and waste. This
goal is mainly addressed to the industry, having a significant
potential for climate-friendly changes. In order to reach a
higher sustainability in technical applications, the utilization
of green solvents is decisive. Water and ethanol substitute
more complex solvents, showing advantages like ecologi-
cal manufacturing, reusability or biodegradation, as well as
reduced health and safety risks (Capello et al. 2007; Chemat
et al. 2019). Both liquids and their mixtures are found in
various industrial areas, being used in spray or film cooling
(Bhatt et al. 2017; Najim et al. 2020), as coolants in electro-
sprays for high power density devices (Taheri et al. 2024),
or in regular adsorption coolers (Dzigbor and Chimphango
2019; Lache et al. 2023). Many other fields of applications
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for the solvent mixtures can be named, ranging from a use
as biofuel additives or ethanol fuel blends (Qi et al. 2010)
or as solvents for extraction in pharmaceutical, medical or
food industries (Amyrgialaki et al. 2014; Monroy et al. 2016;
Mylonaki et al. 2008; Plaskova and Mlcek 2023; Zhang
et al. 2007). Regarding the development and optimization
of these solvent-based industrial processes, important vari-
ables are the liquid phase temperature and also the mixture
fraction. Therefore, the focus of this work is the limitations
and opportunities of two-dye 2c-LIF measurements in drop-
lets, as the basic thermometry concept was presented in our
recent work (Ulrich et al. 2023). Investigations are extended
to measurements in ethanol, water and their mixtures, espe-
cially for very small droplets and atomizing jets.

2c-LIF allows the temperature determination in lig-
uid flows or two-phase flows, e.g. dense and dilute sprays
(Diiwel et al. 2007; Mishra et al. 2016; Prenting et al. 2020)
or liquid films (Collignon et al. 2021, 2022; Koegl et al.
2024). By admixing a temperature-sensitive fluorescent dye
to the liquid, an emission signal ratio can be detected and
used to infer the temperature. The ratio is formed from the
signals of two wavelength areas of the emission spectrum
of the dye. Ideally one of these color bands maps a temper-
ature-sensitive, and the other band an oppositely sensitive
or temperature-insensitive spectral excerpt. The selection
of these spectral bands by respective filters may lead to a
higher-temperature sensitivity of the signal ratio. In case
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of evaporation, a related change in dye concentration in the
liquid probe can result in self- or reabsorption of the fluo-
rescence signal by other dye molecules. Approaching the
2c¢-LIF technique with two different dyes (two-dye two-color
LIF) allows for a wider selection of color channels to form a
maximum temperature-sensitive signal ratio. Additionally,
the influence of solvent evaporation on the signal reabsorp-
tion and resulting signal ratio can be reduced. Therefore,
the selection of the dyes and the accompanying filter set is
conducted in consideration of the overlap of absorption and
emission spectra.

Several authors characterized different fluorescent dyes
for the use of liquid phase thermometry in cuvettes (Mishra
et al. 2020; Prenting et al. 2020). To the authors best knowl-
edge, Chaze et al. (2016) were first to propose the dye mix-
ture of fluorescein (FL) and sulforhodamine 101 (SRh)
in water for 2c-LIF thermometry. Temperature fields of a
heated water jet are measured by injecting into stationary
water doped with the dye mixture. In a further study, temper-
atures of millimetre-sized water droplets impinging on a hot
surface were investigated (Chaze et al. 2017). The use of this
dye mixture was adopted by Collignon et al. (2021) to study
the temperature distribution in wavy liquid films. Earlier
works presented thermometry in single droplets, studying
rhodamine dyes with a PMT (photomultiplier tube) detection
system (Castanet et al. 2003; Lavieille et al. 2001; Maqua
et al. 2006). Evaporation measurements of millimetre-sized
droplets doped with rhodamine were conducted with imag-
ing systems for two-color LIF thermometry (Strizhak et al.
2018; Volkov and Strizhak 2020). Droplet images were
shown with a minimum droplet size of around 0.5 mm
(Volkov and Strizhak 2020). In our previous work, the dye
combination of FL and SRh was used for temperature cali-
bration and evaporation studies in 100 um sized ethanol
droplets in a monodisperse droplet chain (Ulrich et al. 2023).
An imaging and a spectral detection system were used to
record the fluorescence emission. Investigations of the detec-
tion limitation in regard to small um-size droplets are a focus
of the present work. Although there are liquid temperature
measurements based on 2c-LIF in sprays available in the
literature as mentioned above, there are few papers available
on thermometry in individual um-sized droplets (e.g. Palmer
et al. 2016 in droplets with diameter of 67 um). Because of
the polydisperse nature of sprays, it is not clear, whether the
smallest droplets can be detected at all. This is because the
LIF signal roughly depends on the volume of the droplet and
thus larger droplets in sprays dominate the signal intensity
distribution, while signals of small droplets in dense sprays
may be lost (Storch et al. 2016b). Additionally, there are
challenges for laser diagnostics in droplets because of lens
effects (Ulrich et al. 2023). This leads to “dead zones” in
the LIF signal, appearing due to light refraction and con-
vergence (Volkov and Strizhak 2020). These optical effects
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may also be present in the non-spherical structures during
breakup and need further investigation (Ulrich et al. 2023).
Other effects are bright signals due to dye lasing or so-called
morphology-dependent resonances (MDR, or sometimes
named “whispering gallery modes”, WGM) occurring at
the phase boundary of the droplet. These optical effects are
present in sprays as well, but may not be detected due to
the limited resolution of the optical setup. However, these
effects may bias the fluorescence signals and derived quanti-
ties such as temperature, droplet size (e.g. in planar droplet
sizing based on LIF/Mie ratio) or concentration.

As mixture composition is another relevant variable in
the solvent industry, the application of 2¢c-LIF with the pro-
posed dyes is considered for composition measurements in
water/ethanol mixtures. The dependency of the fluorescence
signal and its spectral shift in various solvents is known
for many dyes, e.g. for Rhodamine 6G (Zehentbauer et al.
2014) or Coumarin 152, Rhodamine B and Pyrromethene
597 (Prenting et al. 2020). However, such fluorophores were
rarely applied for composition measurements in, e.g. binary
liquid mixtures. Storch et al. (2016a) applied triethylamine
(TEA) in different liquid ethanol/isooctane fuel blends and
observed a shift of the fluorescence spectrum towards larger
wavelength with increase in ethanol content. However, the
signal for large ethanol concentrations (85% and 100%) was
extremely low. Koegl et al. (2022) proposed the dye Nile Red
for composition determinations of isooctane/ethanol mix-
tures (for ethanol volume fractions between 0% and 100%)
with a 2¢-LIF concept. A similar approach was applied for
fuel mixtures of n-decane and butanol (Koegl et al. 2020b).
Magqua et al. (2006) added another color channel to apply
3c-LIF with the dye Rhodamine B for thermometry in binary
ethanol/acetone droplets with varying compositions (Maqua
et al. 2006). A red-shift of the emission spectrum of Eosin-Y
fluorescence was observed for the solvent ethanol compared
to water (Koegl et al. 2020c). Although LIF was proposed
for studying water/fuel emulsions for addition of ethanol
(Koegl et al. 2020a), there is no LIF technique available for
composition measurements of liquid binary ethanol/water
mixtures until now. Other diagnostics based on light scat-
tering (Raman, rainbow refractometry, etc.) for studying
droplet compositions are reviewed by Lemoine and Castanet
(Lemoine and Castanet 2013).

In the present work, the two-dye two-color LIF imaging
system with two sCMOS cameras is utilized for the deter-
mination of droplet sizes, as well as for a visualization of
jet breakup and optical processes inside liquid structures
and droplets. For a better insight into optical effects, like
MDR and the avoidance of their detection, simultaneous
spectral measurements are conducted with a VIS spectrom-
eter. Furthermore, these measurements provide a simple
and quick solution to compare spectra and to recognize
effects like spectral shifts depending on temperature and



Experiments in Fluids (2024) 65:129

Page3of12 129

composition. Due to fibre couplings and their flexible and
compact sizing, the application and post-processing of spec-
tral measurements for LIF is more feasible and favourable
than imaging systems, especially in case of limited optical
access. Therefore, the main focus in this paper lies on the
spectrally detected fluorescence emission. Additionally, the
data to verify the size limitation is recorded in several etha-
nol/water mixtures. This demonstrates the usability of the
selected dye combination in different solvents. Important
factors are the solubility of the dyes, the excitation at 532 nm
and the temperature-dependent behaviour of the dye/solvent
mixture.

2 Materials and methods

This section contains an abridgement of LIF fundamentals
and the experimental setup. 2c-LIF techniques are based
on the photo-physics of organic dyes, diluted in the respec-
tive solvent. Due to the absorption of photons of the laser
wavelength (here 532 nm), the dye molecules are excited
to an elevated energetic state. Fluorescence describes the
process of spontaneous light emission of the excited mol-
ecule, to lose this excess energy and reach its’ energetic
ground state again. Transitional processes reduce the emit-
ted energy, which leads to a reduction and an according
Stokes shift (red-shift) of the fluorescence signal, compared
to the absorbed wavelength (Schulz and Sick 2005). The
emitted spectrum may also be sensitive to parameters, e.g.
temperature. In this case, a temperature change leads to a
different energetical distribution of the dye molecules over
vibrational or rotational energy levels. The Boltzmann dis-
tribution describes this population dispersion and can lead to
a temperature-sensitive shift of the spectrum (Brauer 2015).
A detailed discourse regarding the theory of 2c-LIF and the
applied two-dye concept can be found in the authors previ-
ous work (Ulrich et al. 2023).

Using a signal ratio Ry of two fluorescence intensities
I, the 2¢-LIF approach eliminates the influence of several
variables. Both fluorescence intensities I; represent a signal,
simultaneously detected in a respective wavelength band.

Fig.1 Left: Optical setup

Beam dump ﬁ
LD-Microscope, K2

Each wavelength band depicts a section of the two-dye fluo-
rescence emission spectrum. In the linear range of the laser
fluence, the emission signal ratio is expressed as

R, — Iﬂ_,l _ opt 1(/1) spec, l(ﬁ)IOVCeﬁl(/l)/T _ Kopl leec 1 e”l ~h
1y, Ko 2 (DK pec s (DI VCPDIT - K 5K e s
while f/ K, K./ mol~! and K (A)/— are wavelength-

dependent constants (Lemoine et al. 1999). f and K.,
characterize physical and fluorescent properties of the pre-
dominating dye (Perrin et al. 2015). The detection systems’
efficiency is described by K. Building a ratio, the influence
of the laser fluence [, the 11qu1d volume V/ m? and the dye
concentration C/ mol-m~ is eliminated. Furthermore, the
dependencies on the constants K. and K, are eliminated,

normalizing the ratio to a reference measurement.

The 2c¢-LIF approach is based on the admixture of a flu-
orescent dye to the investigated fluid. In our work, water
and ethanol (EtOH) are studied, as well as their mixtures
in several compositions (EtOHO to EtOH100). These are
referred to by their volume fraction of ethanol. A mixture
of two dyes, FL (CAS: 518-47-8) and SRh (CAS: 60311-02-
6), with a mass ratio of 10:1 (750 mgg; /1 and 75 mggg,/1)
is diluted in all respective solvents. Therefore, a higher-
temperature sensitivity can be achieved as with the use of
only one dye. Furthermore, fluorescence reabsorption by the
respective dye molecules itself can be avoided, taking the
absorption spectra into account. With the proposed mixture
and filter combination in the detection system, the recording
of MDR, leading to very high LIF signals on the droplet rim,
can be circumvented.

To measure the addressed two-dye fluorescence emis-
sion spectrum, an experimental setup is equipped with a
fibre-coupled spectrometer to deliver spectral information,
as depicted in Fig. 1 (left). A monodisperse droplet chain
with droplet sizes from 30 to 120 pm is generated by a pie-
zoelectrically controlled droplet generator (FMAG 1520,
TSI). The tempered droplet generator is assembled with a
compressed air supply and a syringe pump (AL1000-220,
Aladdin), containing a mixture of solvent and fluorescent
dyes. Producing droplets of various sizes, the liquid flow

with spectral detection of the

fluorescence emission around a Fiber Coupling M "
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rate is varied between 2 ml/h and 70 ml/h and the applied
frequency of the ultrasound actuator between 20 and 50 kHz.
The tempered and dry focussing air for droplet formation,
which also shields the droplets at the nozzle exit against
ambient air, comes from a compressor system with at least
253 K pressure dewpoint corresponding to a water vapour
pressure of a maximum of 0.5204 Pa. Later on, droplets
mix with ambient air, while temperature and humidity are
constantly measured with a thermo-hygrometer in the labo-
ratory. To illuminate the fluorescent mixture at 532 nm, a
pulsed Nd:YAG laser (Q-SMART 850, Quantel) is being
operated with a frequency of 10 Hz and a fluence of 2.4 mJ/
cm®. The laser beam has a diameter of 8 mm and is led
through the droplet chain into a beam dump.

Orthogonally to the laser beam, an imaging system is
mounted for size calibration. This system contains a long-
distance microscope (Infinity DistaMax, K2), followed by a
dichroic mirror (T588lpxr, Chroma), to separate the signal at
588 nm. The separated wavelength bands are each detected
by sCMOS camera (Imager, LaVision) after passing specifi-
cally selected bandpass filters (554/23 BrightLine HC and
615/24 BrightLine HC). Images of recorded droplet fluores-
cence with (top) and without (bottom) these bandpass filters
can be seen in the right image in Fig. 1. The picture shows
droplets as seen by the two different cameras, after the sig-
nal has passed the dichroic mirror. As expected, the signal
without the filters is higher, than with the filters mounted
in front of each camera. Without the filter mounted to the
camera, detecting the SRh signal, strong LIF signals due to
MDR occur on the droplet surface.

The investigation of the spectral location of the MDR is
performed with another detection system mounted at 90° to
the laser beam. A spectrometer (WP-VIS-A-S-50, Wasatch
Photonics) is fibre-coupled to an optical system, consisting
of a notch filter and two achromatic doublets. Thus, spectral
information is obtained, clarifying the wavelength position
of the disturbing MDR signal. The spectrometer setup has
the advantage of a small dimension, a moveable mount-
ing and a lower cost than the camera system. The recorded
data of the spectrometer requires only little memory space
and allows for simplified post-processing. Therefore, even
technical systems with, e.g. limited optical accessibility can
be investigated with this setup. A comparison of the sig-
nals detected with the imaging and the spectrometer setup
showed very similar results for the signal ratios and resulting
temperature calibration curve (Ulrich et al. 2023). In this
work, LIF images are only provided for droplet visualiza-
tion and a better understanding of breakup processes of the
jet and occurring lasing effect. All spectra are obtained by
five recordings of 100 averaged single spectra per measure-
ment location (as specified below), each with an integration
time of 50 ms. Background measurements are subtracted
from the spectra and a baseline fit is conducted. The single
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intensity signals, forming the signal ratio, are the integrated
emission signals in the respective color channel region of
the fluorescence spectra.

Additional absorption measurements are conducted with
an UV/VIS-spectrophotometer (V-750, Jasco). A tempered
cuvette holder allows the recording of temperature-depend-
ent absorption spectra. Due to a larger path length in the
cuvette, a more diluted mixture (50 mgg; /1 and 5 mggg,/1) is
prepared. This data is recorded to extend the understanding
of the interaction of the dyes in different solvents. All tem-
perature-dependent measurements are limited to a maximum
temperature of 343 K, due to the boiling point of ethanol.

3 Results and discussion

The following section shows absorption and emission spec-
tra of the dye mixture in different solvents. Absorption spec-
tra are discussed with respect to the temperature depend-
ence. Investigations of the fluorescence emission spectra
are conducted to determine the lower signal limit of the
detection systems regarding droplet sizes. Furthermore, the
impact of structure size, also considering MDR signals, on
the signal ratio and the subsequent temperature sensitivity
is examined. Additional studies based on the spectral LIF
detection system are conducted for various liquid mixtures
and temperatures. Furthermore, the setup is applied to meas-
ure the temperature evolution downstream an atomizing jet,
produced in the droplet generator. Spray-like liquid struc-
tures are produced, testing the suitability for detection of
various droplet sizes, moving inside and outside the focus.
Finally, the established 2c-LIF approach is analysed regard-
ing an application to measure solvent compositions. For this
purpose, an improved 3c-LIF method is proposed.

3.1 Absorption spectroscopy

Figure 2 shows the temperature-dependent evolution of
the photon absorption in pure water—EtOHO, a mixture
of 40 vol% ethanol and 60 vol% water—EtOH40 and pure
ethanol—EtOH100, as well as the laser line at 532 nm.
With the absorption spectrophotometer, six different
ethanol-water mixtures (20 vol% steps) were measured
in 10 K intervals from 283 K (marked with “c”-cold) to
343 K (“h”-hot). All measured spectra allow a clear dif-
ferentiation between one absorption spectrum due to FL at
wavelengths from 410 to 540 nm and another due to SRh,
around 555 to 610 nm. In cold conditions, FL. absorbs
more light, the higher the water fraction. Additionally, a
blue-shift of the peak can be observed, which is a possible
explanation for a lower emission signal in fluorescence
measurements. At 343 K, the mixtures show a counter
wise behaviour for EtOHO with the lowest absorption and
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Fig.2 Absorption spectra of different solvents at temperatures
between 283 K (“c”’-cold) and 343 K (“h”-hot). The laser line at
532 nm is depicted in green

EtOH100 with the highest. Nevertheless, the absorption
rises with temperature in all solvent mixtures. Contrary
to the temperature dependence of the FL peak, absorption
of SRh in pure ethanol (EtOH100) is lower, the higher
the temperature. Also opposing to FL is the shift of the
SRh absorption peak towards longer wavelengths with
rising water fraction. Due to shifting from the laser line at
532 nm, this trend may be responsible for lower emission
signals of the second color channel in watery solvents.
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Fig.3 Left: Normalized fluorescence emission spectra of the dye
mixture detected in 40 pm (purple) and 100 um (grey) sized ethanol
droplets. Solid curves are for 293 K, dashed curves for 343 K. The
shaded areas visualize the color channels, each representing the pass-

3.2 Fluorescence spectroscopy: droplet size
dependency

In the authors previous work, only 100 um-sized droplets
were considered. To show the applicability of the two-dye
two-color approach to the complete size range of the droplet
generator, measurements were conducted with droplets sized
from 30 pum to 120 um. This data was recorded in spheri-
cal droplets—depending on the droplet size and according
settings this was at a distance of 2 mm to 4 mm below the
nozzle exit. Figure 3 shows fluorescence emission spectra
measured in 40 um and 100 um sized EtOH100 droplets,
both at 293 K and 343 K. The signal reduces with the size
of the droplets. For a better comparison, the spectra are
normalized to their maximum. In all measurements, the
VIS emission spectrum starts at around 490 nm to about
740 nm. A mounted notch filter blocks light around 532 nm
to avoid over-exposure due to Mie scattering. The respective
blocked wavelength band lies directly in the emission peak
of FL. The greenish shaded area visualizes the temperature-
dependent color channel. The shaded red color band covers
an excerpt of the comparably temperature-insensitive SRh
emission, with a peak maximum at 594 nm. A third peak
around 649 nm can be observed in the spectra. This peak is
due to lasing effects (or MDR) at the droplet rim.

The normalized spectra of the different droplet sizes
reveal only little divergence in the emission peak of FL,
with a slight red-shift of the big droplets’ spectra visible
in the anti-stokes spectrum probably due to reabsorption.
The wavelength region of the SRh peaks shows a match of
the normalized spectra of both droplet sizes. The result-
ing calibration curves are depicted in the right graph in
Fig. 3. Previous studies showed a linear behaviour of the
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ing band of the respective BP filters in the imaging setup. Right: Nor-
malized calibration curve of the LIF ratios received from respective
spectra in the left image
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temperature-dependent signal ratio, determined at seven
temperatures between 283 and 343 K (Ulrich et al. 2023).
The linear behaviour in this temperature range was found for
ethanol, water and butanol droplets with a size of 100 um
(Ulrich and Zigan 2023), but the temperature sensitivity is
slightly different for the three solvents. Thus, in order to
show the influence of droplet size on the temperature sen-
sitivity, calibration curves are fitted to only two calculated
ratios, at 293 K and 343 K. In this experiment, measure-
ments in both droplet sizes reveal a temperature sensitiv-
ity of the LIF signal ratio of 1.5%/K. To proof that MDR
would not affect the temperature sensitivity of the chosen
signal ratio, the position of the MDR peaks is detected in
the measurements with droplet size variation. This study
shows that the whole range of produced structure sizes can
be processed further without the risk of influence on the
intensity ratio by MDR.

3.3 Thermometry in an atomizing jet

To assess the suitability of the spectral detection system
of the setup for, e.g. spray applications, temperature meas-
urements downstream the droplet generator are conducted.
Adjusting the droplet generator settings to a large volume
flow, spray-like behaviour of the liquid flow is enforced.
Reynolds, Weber and Ohnesorge numbers are estimated in
the following section based on jet and droplet information
rather than nozzle specifications, as the exact nozzle geom-
etry and flow information is not available. These dimen-
sionless numbers are crucial to describe the primary droplet
breakup. The liquid Reynolds number Re; represents the
ratio of inertial forces to viscous forces and is defined by
Re, = p-v-1/n. For the calculation, the liquid-specific
properties density p and dynamic viscosity 7, as well as the
velocity v and the specific length [ are relevant. The lig-
uid Weber number We| serves as a stability criterion for
jets and droplets and describes the ratio of inertial force
to surface tension. Therefore, it additionally includes the
surface tension o as a relevant parameter: We;=p - [ - v?/o.
Representing a ratio of viscous forces to inertial and sur-
face forces, the Ohnesorge number Oh is a combination of
the Weber and Reynolds number and can be calculated by
Oh=n-(-p-0)"*° = Wel>/Re;. The length scale [ cor-
responds to the jet or droplet diameter, respectively, deter-
mined by the LIF images. In the spray, different structure
sizes are created, which are both in and out of focus so
that the size cannot always be determined reliably with the
imaging setup. With the spectral measurement approach, the
challenges of differently sized liquid structures and depth of
focus should be resolved. The jet is transient and the gener-
ated liquid structures are not reproducible regarding their
form and shape. Five spectra (each 100 averaged, 50 ms inte-
grated) are recorded at six different distances to the nozzle
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exit. Three different injection settings were studied, showing
a difference in set temperature at the nozzle and a difference
in the liquid volume flow rate. Exemplary measurements are
conducted in ethanol. To give an insight to the structure of
the created spray, excerpts in form of single images, detected
in the SRh color channel, are shown in Fig. 4. For each set-
ting, recordings at the nozzle exit (0 mm), at a distance of
6 mm and 15 mm to the nozzle, are presented. For the first
setting (left column), the volume flow rate was set to 15 ml/h
and the initial temperature to 293 K. Both other measure-
ments are investigated at an initial temperature of 343 K, one
with a liquid flow rate of 15 ml/h (column 2) and the other
one of 5 ml/h (column 3). All LIF images are displayed with
the same color scale. For a better visibility of droplets at all
temperatures, images detected in the temperature-insensitive
LIF channel (SRh emission) are shown. This means that the
temperature only hardly, but rather the droplet size, affects
the signal. Using the initially described dimensionless num-
bers Re; and Oh, the jet breakup regime can be estimated
according to Ohnesorge (Ohnesorge 1936).The results are
depicted in Table 1. With increase in liquid temperature at
constant liquid flow, both Reynolds and Weber number rise,
since viscosity and surface tension are reduced. A decrease
in liquid volume flow leads to lower Reynolds- and Weber
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Fig.4 Single images of the breaking up jet or droplet chain at three
different distances downstream the nozzle exit. Temperatures of the
droplet generator are set to 293 K and 343 K. LIF images depict the
temperature-insensitive SRh color channel. Liquid volume flow rate:
'15 ml/h, 25 ml/h
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Table 1 Dimensionless numbers Re;, We; and Oh of the three inves-
tigated ethanol jets. Respective fluid properties are extracted from
(Dean and Lange 1999; FLUIDAT® on the Net 2024)

293 K! 343 K! 343 K2
Re. 251.25 435.26 85.63
We, 73.03 83.28 2.98
Oh 0.36 0.65 0.62
Jet 2nd wind-induced 1st wind-induced st wind-induced
breakup
regime

numbers at constant liquid temperature. All three studied
cases are in the “wind-induced” regime.

In the first column, relatively large droplets are periodi-
cally released with a droplet diameter of around 39 pum and
are subsequently dispersed due to the turbulent gas flow
induced by the droplet stream. At increased temperature
(central column), a liquid jet is visible at the nozzle outlet,
which breaks up into longitudinally stretched droplets with
an average diameter of about 35 um at 6 mm distance to
the nozzle exit. The reduced droplet sizes can be explained
by the larger Weber numbers. Smaller surface tension may
lead to more instable and deformed droplets at similar flow
velocities, which tend to a decrease in breakup time. Fur-
ther downstream the droplets are more dispersed and may
show droplet collision and coalescence as well. In the third
row at decreased liquid volume flow, smaller droplets with a
diameter of about 23 pm are periodically generated forming
a droplet chain and some very small (average of 11.3 um)
“satellite” droplets in between are visible. It should be noted
that the smaller droplets compared to the previous cases are
due to the lower liquid mass flow while the flow focussing
air flow is kept constant, which is responsible for setting the
initial droplet size inside the droplet generator. An increase
in the droplet distance and droplet dispersion is visible fur-
ther downstream (about 30 um average diameter at 6 mm
distance to the nozzle). At 15 mm, all images show “sharp”
in-focus droplets and some blurred droplets are out of focus.

Spectra are being recorded at all three settings, post-
processed and signal ratios are formed. Temperatures are
obtained, using the calibration curve of the droplet chain
measurements. The temperature progression downstream
the nozzle exit is depicted in Fig. 5, recorded at all three
settings. Two y-axes are shown to provide a better tempera-
ture resolution. The left, blue axis corresponds to the blue
curve, showing the heat-up of the liquid jet at 293 K injected
to ambient air at 296.2 K. Exiting the droplet generator, an
initial temperature of 292.3 K is recorded. A temperature
rise to 296.1 K at 10 mm after the nozzle exit is plausible,
considering the higher ambient temperature. Furthermore,
a cooling down to 294.8 K is observed between 10 and
20 mm distance to the nozzle exit, which can be explained
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343 K, 5 ml/h
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Fig.5 Temperature progression measured downstream the nozzle
exit. Two y-axes offer a better resolution of the temperature course.
Blue (left axis): Liquid and air flow are tempered to 293 K. Red (right
axis): Liquid and air flow are tempered to 343 K. Different liquid
mass flows are measured

by evaporation cooling. These small temperature differences
are in the same range as the shot-to-shot variations (maxi-
mum of 0.9 K at 10 mm distance) and could thus also result
from measurement uncertainties.

The right, red y-axis relates to the two measurements with
a set temperature of 343 K in the droplet generator. For both
hot jets, being injected into ambient air, a cooling down of
around 30 K is measured for the considered 20 mm distance.
The first measurement is recorded with the same liquid vol-
ume flow (15 ml/h) as in the “cold” measurement. A liquid
temperature of 344.1 K is measured at the exit of the droplet
generator. A steady decrease of 28.9 K is measured within
20 mm due to convective cooling of the hot droplets by the
cold ambient air and evaporation cooling. To further assess
the origin of the temperature change, the lumped capacitance
model was used to estimate the effect of heat transfer with
the ambience. The dimensionless Biot number Bi expresses
the instationary cooling or heating behaviour by relating the
heat transfer coefficient & between liquid and surrounding
to the thermal conductivity 4; of the liquid: Bi=h-1/4;
(Bergman et al. 2013). For small Biot numbers, a relatively
homogeneous droplet temperature can be assumed, which is
true for the present cases as well. Here, the Biot numbers are
around 0.1 (0.09 to 0.13). A more detailed description of the
procedure can be found in the appendix of the paper. For the
hot case with 15 ml/h volume flow, approximately 4.6 K of
the 29 K temperature reduction within 20 mm (correspond-
ing to 2.2 ms) measurement distance are due to convective
heat transfer with the ambiance.

Smaller droplets and liquid structures are generated with
a liquid volume flow of 5 ml/h. The setting of the focussing
air is similar, which leads to higher evaporation rate at a
lower liquid flow. The images in Fig. 4 show single droplets
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exiting the nozzle, whereas a liquid jet is visible at the
other settings. The droplets have a temperature of 330.7 K
at the nozzle exit. Measurements at 2 mm distance to the
exit reveal an initial increase of 1.2 K. This temperature
rise could be explained by measurement uncertainties due
to fluorescence light reflections close to the droplet genera-
tor surface. This theory was discussed in more detail in our
previous work (Ulrich et al. 2023). Further downstream the
spray, a decrease of 30.5 K is recorded for a distance of
18 mm. Considering the smaller droplet size compared to
the other “hot” setting with 15 ml/h volume flow, the lower
resulting temperatures and the slightly higher-temperature
difference over the recorded 20 mm are reasonable. On the
one hand, this can be explained by more efficient convective
cooling. The larger droplets on the other hand have a larger
thermal energy and the cooling is slower. Calculations of the
cooling due to heat transfer of 17.7 K confirm the increased
temperature reduction of the small droplets.

Furthermore, the temperature reduction induced by evap-
oration cooling is expected in the order of minimum 10 K. A
numerical simulation of isolated ethanol droplets predicted
a temperature reduction of about 17 K. The initial droplet
and ambient temperature were 293 K and the droplet sizes
were in the range of 5 pm to 40 pm, but the flow velocity
was much higher (20 m/s) (Koegl et al. 2020a, b, c, d). It
should be noted that this simulation is a worst-case scenario
and cannot be directly compared to the spray-like conditions
in the present study.

Overall, only very little deviations (maximum of 1.9 K
measured at the nozzle exit) are obtained within the spray
measurements. These deviations arise from the five meas-
ured spectra, each consisting of 100 single spectra. Diver-
gences due to different structure sizes and liquid structures
out of focus are expected, but could not be observed so far.
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Fig.6 Left: Fluorescence emission spectra of EtOHO to EtOH100
in 30 pm sized droplets at 293 K. Shaded areas visualize the color
channels (centre wavelengths at 500 nm (channel 0), 554 nm (channel
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3.4 Possibility of 2¢-LIF and 3¢-LIF
for determination of the mixture composition

Apart from thermometry, the 2¢c-LIF approach can be used
to investigate the mixture composition in fluids. Therefore,
the dye emission has to spectrally shift, depending on the
solvent. To verify the use of the proposed dye combina-
tion for determining the solvent mixture ratio, six differ-
ent ethanol/water mixtures are investigated in the drop-
let chain. The emission spectra of these solvents, doped
with FL and SRh, are shown in Fig. 6 on the left. In these
measurements, 30 um sized droplets were formed with
the droplet generator and detected at around 2 mm below
the nozzle exit. Due to the droplet shielding by the tem-
pered focussing air, it is assumed that no distinct droplet
temperature change nor vaporization takes place in the
estimated 0.6 ms up until reaching the measurement posi-
tion. For a better visibility of the spectral shift, all spectra
are normalized to the maximum of the SRh peak. EtOHO
(water) droplets reveal the lowest signal and larger noise
of all tested solvents. This can be explained by the lower
absorbance of water at 532 nm compared to ethanol (see
Fig. 2). The lower fluorescence signal for water compared
to ethanol was also observed for other dyes such as Eosin-
Y (Koegl et al. 2020c). The FL spectrum, partially covered
by the notch filter, reveals a blue-shift, the higher the water
content. The SRh spectrum shifts contrary so that a red-
shift is visible for higher water shares. This corresponds
to the absorption spectra as shown in Fig. 2. Typically,
the behaviour in absorption and fluorescence emission is
similar. In general, a contradictory signal intensity behav-
iour in the two color channels is favourable for the use of
an intensity ratio. In a first attempt, the same BP filters
were taken in the liquid mixture investigation as in the
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1) and 615 nm (channel 2)). Right: Calculated spectral LIF ratios of
signal intensities of two color channels, each with the corresponding
polynomial fit
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Table 2 Characteristic properties of liquid ethanol at temperatures of
293 K and 343 K extracted from (FLUIDAT® on the Net 2024)

Ethanol properties 293 K 343 K
Kinematic viscosity v m?/s 1.42-107° 6.52-1077
Density p kg/m? 804.9 747.3
Specific heat capacity c, J/kg-K 2409 2632
Thermal conductivity A W/m-K 1.69-107! 1.57-107!
Thermal diffusivity a m?/s 8.73-1078 7.99-107
Surface tension o mN/m 22.39 18.23

Table 3 Characteristic fluid properties of air at temperatures of 293 K
and 343 K extracted from (FLUIDAT® on the Net 2024)

Air properties 293 K 343K
Kinematic viscosity v m%/s 1.53-107° 2.01-107
Density p kg/m? 1.19 1.02
Specific heat capacity c,, J/kg-K 1009 1006
Thermal conductivity 4 Wi/m-K 2.60-1072 2.95.1072
Thermal diffusivity a m%/s 2.17-107° 2.89-107

thermometry study in order to reduce effects of reabsorp-
tion and MDR.

The intensity ratio and a polynomial fit are depicted in
the right graph for measurements of different ethanol-water
mixtures in three differently sized droplets. The comparison
of droplet sizes shows only a little divergence of the meas-
urements in 30 pm droplets and mostly in EtOHO. This can
be explained by the low signal detected in measurements
with water. Diluted in this solvent, both fluorescent dyes
absorb less photons, which decreases the probability of an
emission event in the molecules. Additionally, the detection
of 30 um water structures represents the limit of both—the
spectral and imaging—detection system (results are not
shown here). This can be seen by very low signal intensities
and thus, higher signal-to-noise ratios (SNR). The compari-
son of different droplet sizes shows, however, that despite
the low signals similar results are achieved for all liquid
mixtures studied.

As for the composition dependence, a higher LIF inten-
sity ratio can be observed for increasing ethanol content.
This correlation is valid for mixtures with ethanol fractions
over 20 vol% and can be used for respective water—ethanol
blends. To apply this measurement approach to mixtures
with ethanol portions below 20 vol%, the ratio is not suffi-
cient and another measurable variable has to be used, e.g. the
location of a spectral maximum. In this case, the dependence
of the SRh maximum is similar to the course of the second
color channel and offers only little sensitivity at low etha-
nol fractions. Another possibility is the use of a third wave-
length region for three-color LIF. Therefore, another third
color channel at a lower wavelength is selected (according

to bandpass filter 500/24 BrightLine HC) and an additional
LIF ratio is formed. With this additional information, a defi-
nite allocation of the ethanol portion can be performed by
solving the two-equation system. This concept is further
explained by Maqua et al. (2006) for PMT measurements
in ethanol/acetone mixtures. An evaluation showed that the
ratio R, of the second and an additional color channel (0)
in the spectrum of FL has a strong dependence on the etha-
nol content in mixtures with high water fraction (EtOHO to
EtOH40), as depicted by the dashed curve in Fig. 6 (right). It
should be noted that the ratios R, and R, are both depend-
ent on temperature and composition, so that a simultane-
ous planar measurement of these two quantities needs an
iterative solution and further calibration data. For example,
in (Ulrich and Zigan 2023) it was shown that the slopes of
the temperature calibration curves R, in pure ethanol and
water are slightly different. However, it appears feasible to
perform simultaneous spectral measurements of thermom-
etry and composition. For this purpose, the concentration
measurements can be conducted via the analyzation of the
shift of the SRh spectrum in the “red” color channel, which
hardly depends on temperature. A spectral fit algorithm is
capable to provide information on the mixture composition,
but further calibration at smaller temperature and concentra-
tion intervals is required.

4 Conclusion and outlook

This work concentrates on the first-time application of a two-
dye 2c-LIF approach for thermometry in a droplet chain and
atomizing jets with droplets sizes below 50 um. The dyes,
such as FL and SRh, are dissolved in various ethanol/water
mixtures and detected with a spectrometer setup. For size
calibration and insights into the behaviour of the droplets, an
additional imaging setup records the fluorescence emission
of the droplets. The focus of the detection lies on the spectral
setup, as it has many advantages regarding size, cost and
post-processing especially for technical systems with small
optical access. Additionally, the occurrence of interference
effects such as MDR can be monitored and the respective
wavelength regions can be directly determined. Two inten-
sity regions of the spectra are selected to form a tempera-
ture-sensitive ratio. These color channels are adopted from
the respective bandpass filters with centre wavelengths at
554 nm and 615 nm, which were used for the camera system.
Measurements of differently sized droplets between 30 pm
and 120 um demonstrate comparable temperature sensitivi-
ties of the intensity ratio. In the studied wavelength range
and operating conditions, no influence of droplet size on
the spectra and also lasing effects in the droplets (MDR)
could be identified. This allows for subsequent atomizing
jet measurements using the adjusted droplet generator. Thus,

@ Springer
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Table 4 Equations for a step-by-step calculation of the droplet temperature due to contribution of convective heat transfer. For more detailed fundamentals of the model description and the cal-

culations, see (Bergman et al. 2013; Ranz and Marshall 1952)

18

343 K?

343 K!

293 K!

Springer

0.09
4823.48

0.13
4021.92

0.12

3249.35

Biot number Bi =/ l//lL

Nuy - /IG/dD

Heat transfer coefficient &

4.86 421 2.98

0<Pr<250

13 for 0 < Re;< 200

Nusselt number (laminar) Nu; = 2 + 0.664 - Reé/2 . Pr

2.77
0.70

14.10

23.43

Reynolds number (gas) Reg

0.70

0.70

Prandtl number Pr

2
D
Droplet temperature T = exp (—Bi - Fo) - AT + T,

Fourier number Fo = 4L * t/ ,

various droplet sizes were produced, which are located in-
and outside of the detection focus of the imaging system.
Successful temperature recordings downstream the jet were
taken for three settings at two different temperatures and
two different liquid volume flows. Within the measured dis-
tance of 20 mm, a cooling of about 29 K was obtained for
the jet with an initial temperature set to 343 K and average
droplet size of 35 um (at 6 mm distance to the nozzle exit).
A slightly larger temperature decrease of 30.5 K was meas-
ured for the jet with a lower liquid flow rate and thus smaller
droplets with an initial average size of about 18 pm (at the
nozzle exit). In the third setting, droplets were tempered to
293 K and a temperature increase of 3.8 K (to 296.2 K ambi-
ent air) was recorded.

Apart from the thermometry application, the use of the
dye couple for 2c-LIF composition studies in ethanol/water
mixtures was considered. For this purpose, a composition-
dependent calibration curve was generated with the same
color channels as used for thermometry. This allows the
identification of ethanol fractions in mixtures with an etha-
nol content higher than 20 vol%. To enable the determi-
nation of smaller ethanol fractions, a third color channel,
according to a bandpass filter for imaging, was proposed.
Forming a second intensity ratio, the two calibration curves
show a promising method for detecting composition depend-
ence, each in a different range of ethanol fraction.

Future work should explore broader excerpts of typi-
cal industrial sprays, focussing less on microscopic drop-
let details and more on macroscopic spray formations and
behaviour. Subsequent measurements are necessary to refine
the ethanol fraction dependence of the 3c-LIF method. Fur-
thermore, the combination with the thermometry approach
would give huge benefits for solvent mixture investigations
and should therefore be studied further. Simultaneous planar
measurements of these two quantities require an iterative
approach and additional calibration data. However, conduct-
ing simultaneous spectral measurements of thermometry and
composition seems achievable. Concentration measurements
can be realized by analysing the shift in the SRh spectrum
within the "red" color channel, which is hardly affected by
temperature. A spectral fitting algorithm can offer insights
into mixture composition, although further calibration is
needed at smaller temperature and concentration intervals.
Investigations of the application on other solvent mixtures,
such as propanol, butanol and water with varied pH value,
would be beneficial.

Appendix

Fundamentals of the lumped capacitance model, used to
estimate the temperature change in the droplet due to con-
vective heat transfer with the surrounding, are provided
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subsequently. Properties with the subscript “L” refer to the
liquid, which in this case is ethanol. All relevant liquid prop-
erties necessary for the calculations can be found in Table2.

As the ambient gas is air (subscript “G” for gas), the
following Table3 provides its main fluid properties at both
investigated temperatures.

A step-by-step solution of the equations used to calculate
the Biot numbers Bi as described in Sect. 3.3 can be obtained
in the following overview (Table4). In detail, Bi is estimated
by a heat transfer coefficient &, which includes the Nusselt
number Nu. In case of a laminar flow around a sphere (drop-
let, subscript “D”), Nu can be correlated empirically, which
is valid for a specific range of gas-phase Reynolds numbers
Reg and Prandtl numbers Pr (Ranz and Marshall 1952). The
values for both characteristic numbers are also listed in the
table.

To further assess the temperature reduction by heat con-
duction and convection, the Fourier number Fo is evaluated,
including the droplet radius r, and a respective residence
time 7, which is estimated from the initial liquid volume flow.
Finally, by means of Bi and Fo, the current average droplet
temperature 7 can be estimated.
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