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,Den Rest meines Lebens werde ich dariber nachdenken, was Licht ist!”

Albert Einstein im Jahre 1917 [1]

,Funfzig Jahre intensiven Nachdenkens haben mich der Antwort auf die Frage
"Was ist Licht?" nicht nahergebracht.”

Albert Einstein im Jahre 1951 [1]



Abstract

Abstract

The flame synthesis of metal-oxide nanoparticles is a rapidly evolving field of research. Nano-
particles feature unique properties and are hence of outstanding interest for numerous appli-
cations as, e.g., catalysis, battery technology, or gas sensing. The synthesis in spray flames
enables the production of oxides of almost all metal elements based on low-cost precursors. It
is possible to synthesize tailored particles with various morphologies and compositions, and
thus properties, that are of high interest for industry. However, in its current status the synthesis
of metal-oxide nanoparticles is largely on the research stage with production rates on the la-
boratory scale. Work to upscale processes is progressing, but further research is required to
gain a deeper process understanding of the nanoparticle synthesis in spray flames.

This work was conducted within the frame of Priority Program SPP1980 “Nanoparticle Synthe-
sis in Spray Flames” funded by the German Research Foundation (DFG). The aim of this pro-
ject consortium is to establish a standardized spray burner (referred to as SpraySyn burner)
that enables interdisciplinary collaboration across numerous laboratories on the identical spray
flame with consistent operating conditions and characteristics. Efforts are aimed at facilitating
the exchange of insight, experimental, and simulation data to advance process understanding
of the nanoparticle synthesis in spray flames.

In this work, experimental data were generated by optical, mainly laser-based in situ diagnos-
tics for two versions of the laboratory-scale SpraySyn flame and two pilot-scale spray flames.
For the first version of the SpraySyn flame, chemiluminescence was measured in a spectrally
resolved manner at different heights above the burner under various operating conditions (e.g.,
the synthesis of iron oxide and silica nanoparticles with the precursors iron nitrate nonahydrate
and hexamethyldisiloxane, respectively). Droplet velocity and size distributions were measured
for the second version of the SpraySyn burner by laser-Doppler and phase-Doppler anemom-
etry, respectively. The data are provided for different operating conditions (variation of flow
rates and liquid fuels) in form of two-dimensional maps spanning vertical and horizontal direc-
tion as well as flame-centerline profiles. For two pilot-scale spray flames, time-averaged gas-
temperature maps were measured by multi-line laser-induced fluorescence thermometry of
seeded NO to investigate the impact of gas temperature on the synthesis and the properties
of iron oxide nanoparticles.

The main part of this work is on liquid-phase temperature measurements in the evaporating
spray of the SpraySyn flame by two-color laser-induced fluorescence thermometry using fluo-
rescing dyes dissolved in the fuel as temperature tracers. An extended study was performed
on the suitability of various dyes for the challenging environment. Coumarin 152 turned out to
be the most suitable tracer. Its applicability was demonstrated by measuring time-averaged
liquid-temperature maps in the first and second version of the SpraySyn burner. Various oper-
ating conditions were investigated with ethanol as fuel.

The experimental results generated in this work were used by cooperation partners as bound-
ary conditions for simulations and for the validation of various simulation models.



Kurzfassung

Kurzfassung

Die Flammensynthese von Metalloxid-Nanopartikeln ist gegenwartig ein sich rasch entwickeln-
der Forschungsbereich. Nanopartikel weisen einzigartige Eigenschaften auf und sind daher
von herausragendem Interesse flr zahlreiche Anwendungen wie z. B. Katalyse, Batterietech-
nologie oder Gassensoren. Insbesondere die Synthese in Sprayflammen ermoglicht die Her-
stellung von Metalloxid-Nanopartikeln fir fast alle Metallelemente auf Basis kostengunstiger
Ausgangsstoffe. Es ist mdglich, maligeschneiderte Partikel mit verschiedenen Morphologien
und Zusammensetzungen und daraus resultierenden Eigenschaften zu synthetisieren, die flr
die Industrie von gro3em Interesse sind. Dennoch befindet sich die Synthese von Metalloxid-
Nanopartikeln noch weitgehend im Forschungsstadium mit Produktion im Labormalstab. Ar-
beiten zur Hochskalierung des Prozesses machen Fortschritte, aber flr Weiterentwicklungen
sind weitere Forschungsarbeiten erforderlich, um ein tieferes Verstandnis der Nanopartikel-
synthese in Sprayflammen zu erlangen.

Diese Arbeit wurde im Rahmen des Schwerpunktprogramms SPP1980 ,Nanopartikelsynthese
in Sprayflammen* der Deutschen Forschungsgemeinschaft (DFG) durchgeflhrt. Ziel des Pro-
jektes ist die Etablierung eines standardisierten Sprayflammenbrenners (SpraySyn-Brenner),
der die interdisziplinare Zusammenarbeit zahlreicher Forschungsgruppen an identischen
Sprayflammen mit einheitlichen Eigenschaften ermdglicht. Die Bemuhungen zielen darauf ab,
den Austausch von Erkenntnissen, experimentellen und Simulationsdaten zu erleichtern, um
ein tieferes Verstandnis der Partikelsynthese in Sprayflammen zu erlangen.

In dieser Arbeit wurden experimentelle Datensatze durch optische, hauptsachlich laserbasierte
In-situ-Diagnostik, fur zwei Versionen der SpraySyn-Flamme und fur zwei Sprayflammen im
Pilotmalistab erzeugt. Fir die erste Version der SpraySyn-Flamme wurde die Chemilumines-
zenz in verschiedenen Hohen Uber dem Brenner unter verschiedenen Betriebsbedingungen
spektral aufgeldst gemessen (z. B. die Synthese von Eisenoxid- oder Siliciumdioxid-Nanopar-
tikeln mit den Ausgangsstoffen Eisennitrat-Nonahydrat oder HMDSO). Fir die zweite Version
des SpraySyn-Brenners wurden Tropfengeschwindigkeit und -gréf3enverteilungen durch La-
ser-Doppler- und Phasen-Doppler-Anemometrie gemessen. Die Daten wurden fur unter-
schiedliche Betriebsbedingungen (verschiedene Durchflussmengen und flissige Brennstoffe)
als zweidimensionale Verteilungen in vertikaler und horizontaler Richtung und als Flammen-
mittellinienprofile dargestellt. Fir zwei Sprayflammen im Pilotmalistab wurden durchschnittli-
che zweidimensionale Gastemperaturverteilungen mit Hilfe der laserinduzierten Mehrlinien-
Fluoreszenzthermometrie gemessen, um den Einfluss der Gastemperatur auf die Synthese
und die Eigenschaften von Eisenoxid-Nanopartikeln zu untersuchen.

Der Hauptteil dieser Arbeit befasst sich mit Temperaturmessungen in der Flissigphase der
SpraySyn-Flammen durch Zwei-Farben-laserinduzierte-Fluoreszenzthermometrie. Fir die
herausfordernde Umgebung verdampfender Trépfchen in Flammen geeignete Fluoreszenz-
marker wurden vergleichend untersucht. Der Laserfarbstoff Coumarin 152 erwies sich dabei
als am besten geeignet. Seine Eignung wurde durch die Messung zeitlich gemittelter Flussig-
temperaturverteilungen in den SpraySyn-Flammen nachgewiesen. Es wurden Flammen mit
verschiedenen Betriebsbedingungen mit Ethanol als Flussigbrennstoff untersucht.

Die in dieser Arbeit gewonnenen experimentellen Ergebnisse wurden durch Kooperations-
partner als Randbedingungen fir Simulationen und fir die Validierung verschiedener Simula-
tionsmodelle verwendet.
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Nomenclature

Latin symbols

Symbol  Unit Meaning

A / m? Area

Az /s Einstein coefficient for spontaneous emission
Bi2 /I m3J~'s?  Einstein coefficient for absorption

b1z /s Rate constant of stimulated absorption from energy level 1 to 2
Bz / m3J-'s2 Einstein coefficient for stimulated emission

b2+ /s Rate constant of stimulated emission from energy level 2 to 1
B /- Spalding number for heat transfer

Bnm /- Spalding number for mass transfer

c /' m/s Speed of light in vacuum constant

Cm / mol/m®  Molar concentration

Cmass / mgl/l Mass concentration

Cp /- Heat capacity at constant pressure

D /' m Diameter

E, / cm™ Energy of ground state

F / Jim? Laser fluence

f / mm Focal length

fi /- Drag coefficient

fa /- Boltzmann fraction

frz /Hz Frequency

g / m/s? Gravitational acceleration

o /- Overlap between the absorption and laser line
h / kgm?/s  Planck constant

Hr / J/mol Reaction enthalpy

lo / W/m? Excitation intensity

lex / W/m? Laser excitation irradiance

Ir / W/m? Fluorescence intensity

Iur / W/m? LIF signal intensity

Isat / W/m? Saturation irradiance

J /- Rotational quantum number

L / kJ/kg Latent heat

/ /' m Axial extent of the laser sheet

Labs / mm Absorption path length

m / kg Mass

n /m3 Particle number density

N / m3 Molecule number density

Nu /- Nusselt number

O / nm Overlapping area of absorption and fluorescence spectra
Pai /s~ Rate constant of predissociation

Pr /- Prandtl number

Q21 /s~ Rate constant of collisional quenching from energy level 2 to 1
R? /- Coefficient of determination (statistics)

Re /- Reynolds number

Rur /- LIF signal intensity ratio

Sc /- Schmidt number
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Nomenclature

/ W/m?
/-
/K

/I m/s
/ m3
/I m/s
/s
/ mm
/ -

Greek symbols

Detection signal

Sherwood number
Temperature

Time

Droplet downstream velocity
Volume

Droplet radial velocity

Rate constant of photoionization
Position

Progress variable

Mixture fraction fraction

Symbol  Unit Meaning
£ / (mol cm)™ Molar attenuation coefficient
n /- Detection efficiency
Q /- Detection solid angle
T /- Archimedes constant
T /- Transmittance of light
d /s Droplet relaxation time
W /s Frequency of light
& /- Fluorescence quantum yield
& /- Relative permittivity or dielectric constant
A /' m Wavelength
B /K Beta factor
P / kg/m?® Density
o / mol™ Absorption cross-section
osD /- Standard deviation
v / cm™ Wavenumber
Acronyms
Symbol Meaning
2cLIF Two-color laser-induced fluorescence
65EHA35EtOH Mixture by volume of 65 % 2-ethylhexanoic acid and 35 % ethanol
BB Berlin burner
BBO Barium borate
BET Gas adsorption analysis according to Brunauer, Emmet, and Teller
CFD Computational fluid dynamics
CMD Count mean diameter
CMOS Complementary metal-oxide semiconductor
CPS Counts per second
CS Color scale
DCM (2-(2-(4-(dimethylamino)phenyl)ethenyl)-6-methyl-4H-pyran-4-ylidene)-
propanedinitrile
DEM Discrete element modeling
DFG German Research Foundation

VI



Nomenclature

DGL ratio
EHA
EMPI-RF
EtOH
FCU

FFT
FGM
FWHM
HAB
HITRAN
HM
HMDSO
HP
HSWB
ICAN
IUTA

LDLS
LES
LIF
MDR
MFC
MMC
Nd:YAG
NP
oC
PDA
PDF
PFGM
PMT
PsiPhi

PTP
RANS

ROI

SEM

SFM

SFS
SpraySyn1
SpraySyn2
TEM

TTIP

UDE

uv

XRD

Ratio between dispersion-gas flow to liquid flow rate
2-Ethylhexanoic acid

Institute for Energy and Materials Processes — Chair of Reactive Fluids
Ethanol

Frequency conversion unit

Fast Fourier transformation

Flamelet-generated manifold

Full width at half maximum

Height above burner

High-resolution transmission molecular absorption database
Half maximum

Hexamethyldisiloxane

Half pilot flame

HSW burner

Interdisciplinary Center for Analytics on the Nanoscale
Institute for Energy and Environmental Technology
(Institut fur Umwelt & Energie, Technik & Analytik e.V.)
Laser-driven light source

Large-eddy simulation

Laser-induced fluorescence

Morphology-dependent resonances

Mass-flow controller

Multiple mapping conditioning

Neodymium-doped yttrium aluminum garnet
Nanoparticle

Operating condition

Phase-Doppler anemometry

Probability density function

Premixed flamelet-generated manifold

Photomultiplier

In-house code on equidistant Cartesian grids, name from the two main var-
iables Psi and Phi

p-Terphenyl (1,1":4'1"-terphenyl)

Reynolds-averaged Navier—Stokes

Region of interest

Scanning electron microscope

Sum-frequency mixing

Spray-flame synthesis

SpraySyn burner version 1

SpraySyn burner version 2

Transmission electron microscopy

Titanium tetraisopropoxide
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Ultraviolet

X-ray diffraction






Introduction

1 Introduction

Nanotechnology is currently a very active research field with the potential of revolutionary im-
pacts in numerous areas. It offers a broad spectrum of opportunities for a variety of applications
and holds prospects for innovation and breakthroughs within multiple sectors. At present, pro-
gress is made across many domains in the field of nanotechnology. One major focus is on
nanoparticles and their applications due to their unique characteristics [2, 3]. Typically, parti-
cles within the diameter range of 1 to 100 nm are denoted nanoparticles [2, 4]. Particles smaller
than 1 nm are commonly referred to as atomic clusters. To provide an estimation, that size
range corresponds to an atom number of approximately 100 to 108 [5-7] (diameter of oxygen
atoms: ~0.1 nm, diameter of metal atoms up to ~0.6 nm [8, 9]). The particles in this size range
feature unique properties, different to those of larger particles or the bulk form of the same
material. Due to their small size, nanoparticles are characterized by a large surface-to-volume
ratio that cause a high reactivity, e.g., catalytical activity [10, 11]. Moreover, nanoparticles fea-
ture new material properties in various fields, such as, e.g., antibacterial properties [12], light-
matter interaction [13-17], magnetism [18], optoelectronics [19], melting point [20, 21], and
other physicochemical properties [22, 23] which can potentially be utilized in many new appli-
cations.

Because of these unique material characteristics and application possibilities, the synthesis of
tailored nanoparticles with desired properties is a dynamic field of research. In general, nano-
particle production is classified in two pathways [23, 24]. On one hand the top-down process
describes approaches where the nanoparticles are produced from bulk material, e.g., milling
or laser ablation [25]. And on the other hand, the bottom-up process describes all approaches
where the nanoparticles are formed by growth at the atomic level, e.g., chemical synthesis in
liquids [26]. Among the bottom-up processes, flame synthesis is a promising approach for the
continuous-flow production of tailored nanoparticles with high purity and various morphologies.
In this field, the focus is particularly on the synthesis in spray flames [27, 28] as the liquid
enables the delivery of almost all elements of the periodic table to the flame. The entire spec-
trum of metals becomes available for nanoparticle synthesis and a nearly endless variety of
materials compositions [29-31] can be produced.

Metal-oxide nanoparticles with adjustable morphologies and compositions are of great interest
because their properties make them very promising for numerous applications in many areas,
as e.g., energy storage [32, 33], battery technology [34, 35], or medical technology [36]. The
laboratory-scale spray-flame synthesis (SFS) of various metal-oxide nanoparticles was already
successfully realized. Comprehensive overviews are given in the reviews of Li et al. [37] and
Teoh et al. [38]. However, to improve the control of the nanoparticle synthesis and to extend
the spectrum of producible nanoparticles more process understanding is a prerequisite. Cur-
rently, research in various fields is in progress by numerous research groups around the globe
[39-46]. One further topic of high interest is the large-scale production of nanoparticles [47,
48]. Particle synthesis in spray flames is a promising approach that can be scaled from labor-
atory to industrial production rates. So far, progress in upscaling has mainly been achieved
through empirical studies rather than through profound process understanding, so that re-
search in this area offers great potential for further improvements. Above all, advancing in situ
diagnostics for application in spray flames is paramount to attain deeper insight into the chem-
ical and physical processes of nanoparticle synthesis. Overall, the scale-up of targeted
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nanoparticle production remains challenging and further process knowledge is required for its
systematic implementation [49].

This work was conducted as part of the DFG research program SPP1980 “Nanoparticle syn-
thesis in spray flames” that aims at closing the aforementioned gaps of knowledge by joint
research of numerous groups on a standardized spray burner for nanoparticle synthesis. This
so-called SpraySyn burner (section 3.1) is a modified version of the concept introduced by
Madler et al. [28] and was designed to provide simulation-friendly boundary conditions and
enable optical access from multiple directions to facilitate non-intrusive optical measurements.
Specific operating conditions were defined to enable the comparability of experimental and
simulation results across various research groups working on different topics. Figure 1 shows
two photographs of the SpraySyn flame operated with different solvents. On the left the pure-
ethanol spray flame is shown and on the right the flame during iron oxide nanoparticle synthe-
sis. The project is targeted at the synthesis of metal-oxide nanoparticles (e.g., Fe20s3, TiO,, or
SiO3) from precursor solutions of inorganic metal salts (e.g., iron nitrate nonahydrate), metal
organic compounds (e.g., TTIP) or other organic compounds containing metalloids (e.g.,
HMDSO). Comprehensive simulations of the nanoparticle synthesis in spray flames are a cen-
tral aim of the priority program to enable the tailored design of synthesis processes. To achieve
this goal deeper process understanding based on experimental data generated from in situ
diagnostics are a prerequisite. A broad spectrum of experimental data is delivered by numer-
ous sub-projects with a variety of measurement techniques (cf. section 3.1) to enable the pro-
gression from sub-process simulation to comprehensive simulations of the holistic spray-flame
synthesis.

Figure 1: Photographs of the SpraySyn1 flame operated at the standard condition. Liquid fuel, left: Eth-
anol, right: Solvent mixture by volume of 65 % 2-ethylhexanoic acid (EHA) and 35 % ethanol with the
precursor iron nitrate nonahydrate for iron-oxide nanoparticle synthesis.

Experimental investigations of various aspects of the nanoparticle synthesis in spray flames
are the basis for deeper process understanding and the development of simulation models. In
collaboration with other research groups, the main aim of this work was the generation and
delivery of optical measurement data for, e.g., the improvement and upscaling of burner de-
signs, development of reaction mechanisms, and for the validation of spray-flame simulations.

2
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The selection of optical measurement techniques resulted from several pivotal advantages,
notably their non-intrusive nature, ensuring that flame chemistry and physics remain unaf-
fected during the measurements. In contrast to most other approaches, optical techniques
enable spatially resolved measurements to obtain data maps of various parameters, such as
temperature [50] or species concentrations [51]. By the utilization of high-repetition-rate cam-
eras or pulsed lasers, data with high temporal resolution can be generated, enabling the anal-
ysis of rapid events, such as droplet micro-explosion [52] or turbulent flows [53-55].

In this work, optical — mainly laser-based — measurement techniques are further developed
and adapted to the application case of laboratory- or pilot-scale spray flames. Data packages
were generated and provided to the SpraySyn data base [56] for collaboration across research
groups. A brief overview of the contents of this thesis is given below. Chapter 2 presents fun-
damentals of spray-flame synthesis of nanoparticles and a brief literature review, followed in
chapter 3, by a description of the four laboratory- and pilot-scale spray burners investigated in
this work. In chapter 4 spectrally resolved flame chemiluminescence measurements at differ-
ent heights above the SpraySyn1 burner operated with different precursor solutions are pre-
sented and the location of various species emission (e.g., OH*, CH*, SiO*, FeO*) analyzed.
Chapter 5 contains a broad data set of droplet velocity and size distributions measured by
laser-Doppler and phase-Doppler anemometry. The measurements were performed in the cold
spray and the flame of the SpraySyn2 burner operated with various solvents (ethanol, 1-buta-
nol, o-xylene, EHA, isopropanol) and dispersion gas flows (in the range of 4-8 sim O3). In
chapter 6, time-averaged flame-temperature maps are provided for two pilot-scale spray burn-
ers, measured by multi-line NO laser-induced fluorescence (LIF) thermometry under multiple
operating conditions (variation of dispersion-gas flow rate, type of pilot flame fuel and liquid
fuel). Chapter 7 presents a study on suitable tracers for two-color laser-induced fluorescence
thermometry in liquids aimed at the challenging application case of evaporating sprays, in par-
ticular spray flames. In this study, 13 laser dyes were investigated focusing on their tempera-
ture sensitivity, fluorescence-signal re-absorption, and sensitivity to changes in the solvent
composition. Based on this study, coumarin 152 was chosen as the most-suitable candidate
to measure average liquid-phase temperature maps of the SpraySyn1 flame by two-color la-
ser-induced fluorescence. Details of the measurement procedure and the results are pre-
sented in the first part of chapter 8. In the second part the technique is extended to single-shot
measurements in the SpraySyn2 flame. In chapter 9, the central measurement results of this
thesis are summarized and analyzed, while also discussing the findings and advancements
for further development of the applied measurement techniques. Chapter 10 concludes the
thesis by providing an outlook on potential future steps.



Fundamentals of nanoparticle synthesis in spray flames

2 Fundamentals of nanoparticle synthesis in spray flames

This chapter introduces the fundamentals of nanoparticle synthesis in spray flames with a fo-
cus on the flame parameters affecting particle formation and consequently their properties.
Some selected phenomena (e.g., droplet micro-explosions) are highlighted and discussed. In
the end an outline of recent progress and active fields of research within the scope of nano-
particle synthesis in spray flames is given.

2.1 Characteristics and applications

Nanoparticles are of great interest because their small size causes unique properties that open
a wide range of possible applications. Due to their small size (<100 nm), they cannot be cap-
tured by visible light (380—-800 nm), and are therefore not observable by ordinary microscopes.
Nanoparticles tend to agglomerate due to their mutual attraction, primarily driven by Van der
Waals forces, which become particularly significant at the nanometer scale [57]. They can
consist of various substances (e.g., metal oxides, metals, carbon, or polymers) and feature
different morphologies (e.g., soft and hard agglomerates [58], nanowires [59], nanotubes [60],
two-dimensional flakes [61] or platelets [62]). The properties are linked to their characteristics
(e.g., size, morphology, materials composition). Outlined below is an overview comparing typ-
ical nanoparticle characteristics and properties with those of larger particles or bulk materials:

= Higher surface-to-volume ratio

= Higher surface energy [63, 64]

= Higher reactivity (e.g., catalytic activity [65])

= Higher photocatalytic activity [66]

= Antibacterial properties [67]

= Superparamagnetic properties (e.g., iron oxide [68])

= Altered optical properties (e.g., quantum size effects [69] or Kerr effect [70])

= Altered thermodynamic properties [71]

= Altered electronic properties (e.g., higher electrical conductivity of ceramics [72] and
higher electrical resistivity of metals [73])

= Higher thermal conductivity [4]

= Lower thermal stability, melting point [74]

= Higher hardness and yield strength [4]

= Lower impact of gravity while higher impact of van der Waals forces [75]

= Higher luminescence of semiconductors [72]

= Various altered properties when dispersed in liquids [4]

The aforementioned nanoparticle characteristics and properties provide the basis for a variety
of applications. Examples for existing or proposed applications include:

= Catalysis [65, 76-79]

= Materials for batteries [80, 81]

= Gas sensors [82, 83]

= Light-emitting diodes [84]

= Data storage [85, 86]

= Stabilization of emulsions [87]

= Magnetic nanofluids (ferrofluids) [88, 89]
= Drug delivery systems [90, 91]
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= Food additives (e.g., SiOy, identifier E551 [92])
=  Water purification [67, 93]

= Carbon capture [94, 95]

= Photocatalysis [66, 96]

= Biomedical applications [97]

= Molecular imaging [98]

= Solid rocket propellants [99]

2.2 Pathways to nanomaterials production

Nanoparticles are formed naturally (e.g., by volcanic eruptions or interplanetary dust), through
common activities such as a camp fire or can be deliberately synthesized. One pivotal concern
is the production of nanoparticles in viable quantities to exploit their unique properties for var-
ious applications, as listed above. The history of nanoparticle production started in ancient
times when Egyptian (about 5,000 years ago), Indians, and Chinese produced carbon-black
nanoparticles in large quantities by oxygen-deficient sooting flames for the use in inks and
paints [100, 101]. According to latest findings, more than 4,000 years ago in ancient Egypt
lead-sulfide nanoparticles (~5 nm) were synthetically produced for hair dying [102]. The fa-
mous Roman Lycurgus cup from the 4™ century is made of dichroic glass that reflects green
light and transmits red light. This optical effect is achieved by the dispersion of colloidal gold-
silver alloy nanoparticles (50-100 nm in diameter) within the glass material of the cup [103]. In
the more recent past, in 1857 Michael Faraday synthesized gold nanoparticles by the reduction
of gold chloride in an aqueous solution [13], and in the first half of the 20" century the large-
scale production of SiO, and TiO2 nanoparticles by flame synthesis was initiated by Degussa
(today Evonik) [73, 104]. Nowadays, in addition to the production of SiO, and TiO, nanoparti-
cles using gas phase synthesis, the production of other nanoparticles, such as zinc oxides,
iron, and other non-oxide ceramics, is carried out using hot-wall reactors [105-107]. Alternative
production techniques for nanoparticles include, ball milling [108], laser ablation [109], inert
gas condensation [110], and wet-chemistry methods, e.g., the sol-gel process [111].

Among the available production processes, nanoparticle synthesis in spray flames stands out
due to its major advantage that the liquid solvent enables the delivery of an almost endless
variety of precursors to the flame synthesis. This approach was introduced by Sokolowski et
al. [27] in 1977 for the synthesis of Al,O3 nanoparticles from aluminum acetylacetonate. Be-
cause the applicable precursors can contain almost all elements, access to a large variety of
novel materials [49, 112] is granted. This versatile method enables the production of a wide
range of nanomaterials that are not accessible by other production techniques, such as the
formation of mixed oxides through the combination of precursor species [113], or hetero-ag-
gregates via the double-flame synthesis [114-116]. Moreover, it is a continuous production
process and enables the generation of tailored nanoparticles as the synthesis can be con-
trolled by the operating condition of the flame.

2.3 Nanoparticle formation in spray-flame synthesis

In a typical setup for the spray-flame synthesis of nanoparticles, a combustible precursor so-
lution is atomized (usually by a two-fluid nozzle) into a pilot flame that continuously stabilizes
the spray flame [49]. More detailed explanations referring to the SpraySyn burner are provided
in section 3.1. Alternative spray-flame and burner concepts can be found in [117-125]. In most
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cases, the solvent provides heat by combustion, while the precursor decomposes in an endo-
thermic process (e.g., metal nitrates) or provides combustion enthalpy via oxidative decompo-
sition, such as in metalorganic precursors (e.g., TTIP). The droplets formed experience an
increase in temperature and evaporate. If certain conditions are met, the phenomenon of drop-
let micro-explosions occurs, which is considered to be beneficial for the synthesis of homoge-
neous nanoparticles as they enhance the droplet evaporation [126].

In recent years, droplet micro-explosions and droplet puffing (weak droplet disruptions) have
been investigated by different techniques under various conditions, such as high-speed imag-
ing of single-droplet combustion [127, 128], single-droplet heating [129], acoustic analysis of
single droplets [130], or within spray flames by high-speed, high-magnification shadowgraphy
[52, 131, 132]. Moreover, theoretical investigations and modeling of droplet micro-explosions
have been conducted [133-137]. According to current knowledge from the literature, the pre-
conditions for droplet micro-explosion to occur are, the presence of a solvent mixture of com-
ponents with different boiling points or a shell-forming component, and a high ambient gas
temperature high enough to preferentially evaporate one volatile component from the droplet
surface area [137]. When a solvent mixture of components with a large difference of their boil-
ing point is present (e.g., EHA and ethanol), the volatile solvent evaporates from the surface-
near area but remains at higher concentration in the center of the droplet. By superheating of
the volatile component, rapid expansion causes the droplet to explode [128]. A similar effect
can occur when precursors with a low vapor pressure (e.g., metal nitrates) are used that form
viscous shell at the droplet surface that hinders evaporation. As a result of superheating and
rapid expansion of the volatile component, explosion occur [138, 139]. The flame temperature
is a crucial factor influencing droplet micro-explosions as it affects the evaporation rate result-
ing in a potential imbalance of heat and species transport. Antonov et al. [140] investigated the
impact of the initial diameter and flame temperature on puffing events and micro explosions of
rapeseed-oil/water droplets. The results show that as the initial droplet diameter increases, the
duration until puffing or micro-explosion increases, while elevated flame temperatures reduce
the time to these events. Rosebrock et al. [126] showed for spray-flame synthesis of ZnO,
Al,O3, and Fe»03/Fes04that the existence of micro-explosions result in more uniform nanopar-
ticle powders.

There are two main pathways for the nanoparticle formation in spray flames. On one hand the
gas-to-particle pathway, where particles nucleate in the gas phase, while via the droplet-to-
particle pathway, particles nucleate, grow, and aggregate in the liquid phase of the droplets
[141]. When the precursor decomposes before vaporization, particles are formed via the drop-
let-to-particle pathway, whereas the gas-to-particle pathway is followed when the precursor
vaporizes before decomposition [142]. Figure 2, left shows a sketch of a spray flame and on
the right schematically and simplified the mechanism steps for nanoparticle synthesis via both
formation pathways, illustrated through the example of metal-oxide nanoparticle formation.
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Figure 2: Schematic illustration of process steps of particle formation in spray-flames via the gas-to-
particle and liquid-to-particle pathway. Adapted to the synthesis of metal-oxide nanoparticles.

Typically, the gas-to-particle formation is the desired pathway, since rather small nanoparticles
with a homogenous size distribution are formed [143]. After atomization and droplet formation,
the solvent combusts and the precursor (here, a metal nitrate) produces gas-phase species
that due to high supersaturation lead to the nucleation of nanoparticles [141]. Subsequently,
the nanoparticles grow by surface growth and coalescence, and form aggregates. As the na-
noparticles enter cooler gas zones of the flame, they agglomerate and form nanoparticle clus-
ters [58, 107].

In contrast to the gas-to-particle pathway, the usually undesired liquid-to-particle pathway
forms relatively large and, in many cases hollow particles, with particle sizes often exceeding
100 nm [143-145]. Depending on various parameters (e.g., droplet size and precursor-solution
properties) some droplets meet the preconditions (e.g., temperature-time history) for particle
formation in the liquid phase while other parts evaporate and follow the gas-to-particle synthe-
sis pathway. When the liquid-to-particle pathway exists in parallel to the gas-to-particle pro-
cess, typically a bimodal particle-size distribution is formed [146, 147]. For the liquid-to-particle
synthesis pathway the droplets experience a droplet heat-up and the precursor precipitates
within the liquid. The particles grow in size within the liquid, that evaporates at some point
leaving the large particle behind. Hollow particles are formed by the liquid-to-particle pathway
when the particles are transported to the phase boundary combining into a solid shell. When
the residual liquid evaporates without droplet disruption, hollow particles are left behind [148].
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2.4 State of research for tailored nanoparticle-synthesis in spray flames

There is great interest in the targeted production of nanoparticles with desired properties to
tailor them for specific applications. The properties of nanoparticles produced by spray-flame
synthesis can be controlled by the operating conditions of the flame and the selection of the
starting materials. In order to achieve the goal of attaining full control over the synthesis pro-
cess, a comprehensive understanding of the process is imperative. There has been significant
progress in this field in the recent years. From the literature, various physical and chemical
factors and phenomena are already known that have an impact on the synthesis process and
thus on the nanoparticle characteristics. The following section presents the current state of
research by providing a concise summary of selected studies from the literature examining the
influence of the most important spray-flame parameters and phenomena on the nanoparticle
properties.

Abram et al. [117] investigated the impact of the gas temperature on the size of metal-oxide
nanoparticles synthesized from droplets of different size. The nanoparticles synthesized from
small droplets (diameter: 200 nm) at a low flame temperature of 1150 K featured particle sizes
between 10 and 100 nm. When the synthesis temperature was increased to 2750 K, the na-
noparticles were formed via the gas-to-particle pathway and featured sizes between 4 and
5 nm. They concluded an improved evaporation of the metal precursor into the gas phase due
to the higher heat transfer. This conclusion corresponds to the reported results of Rudin and
Pratsinis [149] who observed that at higher flame temperatures the droplet-to-particle pathway
is suppressed and smaller numbers of large particles are formed. At the same time, their flame
expanded spatially, leading to an increase in the nanoparticle high-temperature residence
time. As a result, the nanoparticle size of the primary particle fraction increased due to en-
hanced coalescence. The observations reported in the literature are consistent with our results
for pilot-scale spray flames presented in chapter 6, where we observed with increasing flame
temperatures less larger iron oxide particles from the droplet-to-particle pathway and an in-
crease in the nanoparticle size of the small particle fraction.

Heine and Pratsinis [150] reported that the flame height and flow velocity have an influence on
the nanoparticle size. In higher flames and when low flow velocities are present the high-tem-
perature residence time is longer and larger particles are formed. These conclusion were con-
firmed by the study of Strobel and Pratsinis [151] and are in agreement with the numerical
investigations using discrete element modeling (DEM) presented by Kelesidis et al. [112]. Wei
et al. [152] presented consistent results for the synthesis of TiO2 nanoparticles in a swirl-stabi-
lized tubular burner. They compared the size distribution of nanoparticles that experienced
different temperature-time histories. The results show that the nanoparticles experiencing a
short high-temperature zone residence time featured small mean particles sizes and a uniform
particle size distribution (13 £ 3.2 nm) while long high-temperature zone residence times re-
sulted in polydisperse distributions with larger particle sizes (16.9 £ 8.8 nm).

Hardt et al. [153] reported that in the spray-flame synthesis of titania nanoparticles the size
distribution and crystallinity can be controlled by the reactor pressure. The mean diameter
shifted from about 10 nm at 1200 mbar to about 6 nm at 250 mbar while the pressure had no
influence on crystal structure and phase composition. These findings were explained by a re-
duced collision frequency of particle-forming species and a shorter residence time with a faster
cooling of the nanoparticles.
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From the literature it is known that the solvent has a large influence on the particle formation
process in spray flames. Strobel and Pratsinis [145] conducted a study to investigate the effect
of the solvent composition on the size of metal-oxide nanoparticles (alumina and oxides of
cobalt, iron, magnesium, and zinc) generated by spray-flame synthesis. The addition of a car-
boxylic acid to ethanol resulted in a more homogeneous size distribution with smaller particle
diameters compared to the use of pure ethanol or other solvent mixtures. They attributed the
suppression of the liquid-to-particle pathway to the formation of volatile metal carboxylates
within the solvent. The boiling point and the combustion enthalpy of the solvent only showed
a minor influence on the particle size. The same observations were reported by Sorvali et al.
[40] for the spray-flame synthesis of iron oxide nanoparticles. With an increasing volume frac-
tion of carboxylic acids (EHA, butanoic acid, propanoic acid) in methanol the number and size
of large particles decreased as the liquid-to-particle pathway was suppressed. These obser-
vations are consistent with the results presented in Refs. [146, 154, 155]. Stodt et al. [156]
investigated the chemistry of iron nitrate solutions (up to 0.5 mol/kg) in alkyl alcohols at ambi-
ent conditions and reported the stability of these solutions when EHA was added.

Heine and Pratsinis [150] investigated the impact of spray atomization on the size distribution
of ZrO; nanoparticles. The results show that larger initial droplet size distributions result in
larger nanoparticles with a broader size distribution. These observations are consistent with
the results of Mueller et al. [157] and Abram et al. [117]. Angel et al. [158] conducted a study
on the impact of the dispersion-gas flow rate on the droplet size distribution and its impact on
the size distribution of LaMnO3, LaFeOs3, and LaCoOs3; nanoparticles. The main finding was the
increase of the specific surface area with increasing dispersion gas flow rates, indicating a
reduced formation of large particles. They concluded a shift from the liquid-to-particle to the
gas-to-particle synthesis pathway, attributed to a reduction of the initial large droplet fraction.

Aromaa et al. [118] investigated for four spray-burner configurations the effect of various pro-
cess parameters on the size of titania oxide nanoparticles. They reported that an increase of
the gas flow rates (H2 dispersion gas and O, combustion gas at a constant volume ratio), which
is accompanied by a reduction in the initial droplet size, resulted in a reduction of the mean
TiO2 nanoparticle size and an increase of the number of particles produced. When employing
ethanol as solvent, average nanoparticle diameters were notably smaller compared to their
size when isopropanol was utilized. Moreover, with increasing precursor feed rate the produc-
tion rate and the mean titanium oxide nanoparticle size increased. These findings are in agree-
ment with the results presented by Teoh et al. [159] and by Wegner and Pratsinis [160]. Teoh
et al. reported for a spray-flame synthesis of TiO. nanoparticles an increase of the average
diameter from 11 to 21 nm when increasing the precursor (TTIP) feed rate from 3 to 5 ml/min.
Wegner and Pratsinis reported for a diffusion flame, that by increasing the TTIP flow rate (1.6—
26 g/h) the average TiO2 nanoparticle diameter increased from 15 nm to 42 nm. They attributed
this observation to the increase of the precursor concentration in the gas phase resulting in an
accelerated particle growth.

Sorvali et al. [40] investigated the influence of the variation of H> and O gas flow rates, and
thus the equivalence ratio on the average primary size and the phase composition of iron oxide
nanoparticles. The results show that the average primary particle size increases with increas-
ing equivalence ratios. For pure alcohol solvents, the maghemite fraction increased with rising
equivalence ratios while for solvent mixtures with EHA the hematite phase was entirely re-
moved. Strobel and Pratsinis [151] performed a study on the impact of the equivalence ratio
on the oxidation state of iron-oxide nanoparticles synthesized in a spray flame under controlled
9
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atmosphere. When iron nitrate nonahydrate was used as precursor, an increase in oxygen
content in the atmosphere resulted in a higher fraction of Fe3O4 while the fraction of Fe,O3; was
reduced.

In contrast to other synthesis approaches the spray-flame synthesis of nanoparticles enables
the production of metastable materials. Kemmler et al. [161] reported the synthesis of
InsSn3012 nanoparticles with average sizes of about 6 nm. The particles were generated by
quenching the high-temperature phase and direct thermophoretic deposition on platinum elec-
trodes for the use as formaldehyde gas sensors.

As known from studies performed within the scope of the SPP1980 project [162, 163], the
stability of spray flames is a crucial phenomenon that needs to be addressed for the targeted
control of nanoparticle synthesis and to increase its efficiency. Spray-flame instabilities are
considered to cause inhomogeneous nanoparticle size distributions due to the presence of
different local synthesis conditions. Bieber et al. [163] attributed the flame instabilities to an
insufficient spray atomization by the two-fluid nozzle and were able to reduce the flame fluctu-
ations by applying an optimized nozzle design with refined atomization. The nanoparticles pro-
duced by utilizing the new nozzle were smaller and featured a more homogeneous size distri-
bution. Pan et al. [164] explored the use of artificial intelligence to autonomously monitor and
control spray flames. They assessed the flame stability based on the brightness of the visible
flame chemiluminescence (primarily CH*), that is processed by machine learning algorithms
based on principal component analysis and k-means clustering.

Scale-up of nanoparticle production in spray flames

The transfer of the spray-flame synthesis of nanoparticles from laboratory to industrial produc-
tion scales is crucial in order to make the newly synthesized nanomaterials accessible for
downstream processing towards system integration and finally for applications and products
for the broad consumer or business-to-business market. Large-scale production is necessary
for achieving commercial success due to the demand for significant quantities. In principle,
from a physical and chemical perspective, nanoparticle synthesis in spray flames can be
scaled up to industrial production rates, but there are still obstructive challenges and a deeper
understanding of the processes is necessary to achieve this goal [49, 165]. The aim is to in-
crease the production rates of spray-flame reactors while maintaining the nanoparticle quality.
The following is a concise overview of the current state of research of nanoparticle production
in spray flames, providing selected publications with nanoparticle production rates that were
achieved.

Mueller et al. [166] produced SiO2 nanoparticles from HMDSO by spray-flame synthesis at
production rates of up to 1100 g/h. They investigated the impact of the production rate, pre-
cursor concentration and dispersion gas flow rate on the primary nanoparticle size, morphology
and materials composition. By utilizing the same production setup, Mueller et al. [48] and
Jossen et al. [167] conducted analogous studies on the upscaled spray-flame synthesis,
achieving high production rates of up to 600 g/h ZrO. nanoparticles, and up to 350 g/h for
yttria-stabilized zirconia nanoparticles (ZrO./Y»0s3), respectively.

Heel et al. [168] reported the production of Lag sSro.4Coo2Fe0803-5 and Bag5Sre5C0o.sFe€0.203-5
nanopowders by spray-flame synthesis at production rates of up to 400 g/h. By adjusting the
process parameters, they were able to control the nanoparticle size in the range between 20
and 100 nm (derived from a SSA of 12—48 m?/g).

10
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Hembram et al. [169] produced by spray-flame synthesis more than 3 kg/h ZnO nanorods from
zinc nitrate dissolved in ethanol. They identified the flame temperature, cooling rate, and the
zinc concentration in the vapor phase as the most important parameters affecting the formation
of the nanorods.

Grohn et al. [170] investigated the scale-up of ZrO» nanoparticle production through spray-
flame synthesis. They were able to scale the production rate from 100 to 500 g/h while main-
taining the nanoparticle properties. This was achieved by keeping the high-temperature resi-
dence time of the nanoparticles constant (consistent ratio of precursor feed rate to dispersion
gas flow).

Recently, Estévez et al. [171] produced by spray-flame synthesis 100 g/h superparamagnetic
iron oxide nanoparticles with a homogeneous particle size of about 12 nm. With regard to
biomedical applications, they characterized the material for its superparamagnetic properties,
colloidal stability, hemocompatibility and cytotoxicity.

Wegner et al. [172] reviewed in 2011 the progress made up to that point in upscaling the na-
noparticle synthesis in spray flames. Moreover, they conducted an economic analysis for the
large-scale production of bismuth oxide and zirconium oxide nanoparticles at production rates
of 1.25 kg/h and 12.5 kg/h resulting in annual outputs of 10 and 100 t, respectively. They
estimated the production costs to be less than 100 Euro/kg.

11
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3 Spray burners for nanoparticle synthesis

In this work, two laboratory-scale burners and two pilot-scale burners were investigated in the
context of the German Research Foundation (DFG) priority program SPP1980 [173]. All burn-
ers were recently developed for the spray-based nanoparticle synthesis in flames. The burners
are designed to control the properties of the produced nanoparticles by adjusting the operating
conditions of the flames (e.g., by the selection of precursors, flow rates or gas types).

3.1 SpraySyn burner version 1

The first version of the laboratory-scale SpraySyn burner was developed at EMPI-RF as de-
scribed by Schneider et al. [49, 174, 175]. This initial version is denoted as the SpraySyn
burner, or specifically as SpraySyn1 burner when necessary to emphasize the distinction from
version 2, which is presented in section 3.2. The SpraySyn burner was developed as a stand-
ardized burner for the spray-flame synthesis of oxidic nanoparticles [38, 154] to ensure com-
parability of experimental and simulation results across research groups. It was designed with
simulation-friendly boundary conditions to facilitate fluid dynamics simulations and reduce the
time-consuming and expensive simulation of the flame periphery. Numerous computational
studies have used the burner design for their investigations [176-183].

To ensure reproducible operation of the SpraySyn flame across various laboratories, a stand-
ardized calibration procedure was developed by Schneider et al. [174]. The optical setup for
the calibration procedure is predefined and the layout of the calibration target provided. Images
of the flame, recorded by a standard digital camera (e.g., Nikon D5300 with lens Nikkor AF-S
50/1.8G) are processed by a Matlab routine and compared to reference data to assess the
flame shape and verify proper operation. The Matlab routine benchmarks various flame char-
acteristics (e.g., flame length and tilt) and the color of the visible flame luminescence. For more
details refer to [174]. This standardized experiment enables researchers from different labora-
tories to work on a spray flame with the same characteristics under identical conditions and to
exchange their findings to facilitate process understanding and flame modeling. It is desired to
generate a comprehensive data base [56] of experimental and simulation results which are
used to support mechanistic understanding and to validate simulations. The data generated
from various measurement approaches can be compared to validate the experimental results.
Furthermore, experimental results can validate simulations and the results of different simula-
tion models can be collated.

Within the scope of the SPP1980 project, a broad spectrum of experimental studies of the
SpraySyn flames and the synthesis of nanoparticles using the SpraySyn burners has been
conducted. A literature overview of various fields is listed below:

= Gas temperature [51, 184, 185]

= Gas velocity [186, 187]

= Spatial distribution of various gaseous species [184]
= Liquid temperature [188, 189]

= Droplet velocity and size [122, 190-193]

= Droplet explosions [52, 194]

= Nanoparticle properties [143, 195-200]

= Nanoparticle growth [201-203]

= Flame chemiluminescence [204]
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= 3D field analysis via tomographic imaging [204, 205]
= Flame fluctuations [162, 163, 206]

Moreover, various specific processes and phenomena relevant for the spray-flame synthesis
of nanoparticles were investigated:

= Combustion of single droplets [127, 139]

= Droplet explosions [130, 131, 135, 207, 208]

= Stability of precursor solutions [156]

= Physicochemical properties of precursor solutions [156, 209-211]
= Droplet injection by an electrospray nozzle [212, 213]
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Figure 3: Schematic cross-section of SpraySyn burner (not to scale). More details about the burner
design and the specific dimensions for the various burner parts are given in Ref. [174].

Figure 3 shows schematically the centerline cross-section of the SpraySyn burner. The gas
flows are depicted as colored areas. Sheath gas is guided through a porous sinter plate
(bronze matrix) to shield the flame synthesis from the environment and generate the simula-
tion-friendly boundary condition of a nitrogen enclosure. The spray flame is stabilized by a
premixed pilot flat flame operated by methane and oxygen. The premixed pilot gas is guided
close to the nozzle through the porous sinter plate and feeds the pilot flame that is stabilized
on the porous plate. The liquid precursor/fuel solution is injected through a capillary and atom-
ized by a two-fluid nozzle with external mixing into the flame. The gas flows are generated by
mass flow controllers (MFC, Bronkhorst) and the liquid flow is generated by a double syringe
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pump (DSP-XL, Ayxesis GmbH). Optionally, the produced nanoparticles can be collected
downstream by a filter system within the exhaust gas flow tube.

To ensure comparability and reproducibility, a standard operating condition was defined, which
should be the central starting point for experimental investigations. The flow rates and gas
species are given in Table 1. Other than that, the burner can be operated with different flow
rates and a wide variety of gases (e.g., H2), liquid fuels (e.g., 1-butanol or o-xylene), and pre-
cursors (e.g., iron nitrate or HMDSO). Note that the O pilot-gas flow of 16 sIm is crucial to
prevent the porous sinter plate from overheating, which could potentially damage the plate
(visible glowing of the sintered matrix must be prevented). Moreover, the lean flame with an
equivalence ratio of ¢ = 0.25 minimizes the un-desired formation of carbon deposits on pro-
duced nanoparticles. The SpraySyn burner features a Reynolds number of approximately 6300
[183]. Typically, the flame is operated at atmospheric or slightly below atmospheric pressure.

Table 1: Flow rates of the standard operating condition of the SpraySyn burner. 65EHA35EtOH: Solvent
mixture by volume of 65 % 2-ethylhexanoic acid and 35 % ethanol. The volume flow unit sim is based
on a reference condition at 0 °C.

Flow Species Flow rate
Sheath gas Nitrogen (N2) 120 slm
Pilot gas Methane (CH4) 2 slm
Oxygen (O2) 16 slm
Dispersion gas  Oxygen (Oz2) 10 sIm
Liquid fuel Ethanol or 2 ml/min
65EHA35EtOH

Figure 4 shows a schematic drawing (not to scale) of the SpraySyn-burner two-fluid nozzle
with external mixing (version 1). In the center, the capillary surrounded by the dispersion gas
channel (outer diameter: 1.5 mm) can be seen and at the sides the porous sinter plate is illus-
trated. The inner diameter of the capillary is 0.4 mm and the outer diameter is 0.7 mm. To
adjust the spray direction, the capillary can be adjusted by three micrometer screws located at
the bottom of the burner. The channel design of the dispersion gas creates a parallel flow
surrounding the liquid jet. The high-velocity dispersion-gas flow generates a shear zone (due
to the velocity difference between the liquid and dispersion gas flow) and atomizes the liquid
jet generating the spray. For the standard operating condition (Table 1) the flow velocities at
the burner exit are 129.4 m/s for the dispersion gas [206], 2.5 m/s for the pilot gas (~6 m/s
when reacted, at 2400 K), and 0.6 m/s for the sheath gas. A liquid flow rate of 2 ml/min results
in an injection velocity of 0.265 m/s.
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Porous sinter plate
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Figure 4: Schematic drawing (not to scale) of the two-fluid nozzle of the SpraySyn1 burner within the
sinter bronze. The given dimensions are diameters.

3.2 SpraySyn burner version 2

The SpraySyn1 burner shows flame fluctuations under lean operating conditions in the form of
frequent flame extinction and pulsation, which can be observed by high-speed imaging. Pul-
sation and extinction occur because the formation of the combustible fuel/air mixture from the
evaporating droplets embedded in the Oz dispersion gas is slower than the combustion of the
mixture. This results in the phenomenon of alternating processes involving combustible-mix-
ture formation and combustion. This phenomenon is connected to an inefficient flame opera-
tion (lower flame temperature, inefficient droplet evaporation) and potentially undesired particle
properties because of variable temperature histories experienced by the particles. The flame
instabilities are attributed to the poor efficiency of the spray atomization and thus evaporation
of the first nozzle design (Figure 4).

Bieber et al. [163] performed a study on the flame fluctuations and developed a new nozzle
design, where the flame stability was improved significantly. Smaller nanoparticles were pro-
duced under otherwise identical operating conditions of the burner (mean particle diameter:
3.9 vs. 5.9 nm). Different to the initial nozzle design (version 1) the flow direction of the disper-
sion gas was changed (angle of 45° instead of a parallel flow) to increase shear and generate
more turbulence in the lower region of the flame and cause a better mixing with the pilot flame.
The nozzle design was further developed by Karaminejad et al. [162] and became the new
standard. In the improved design the cross-section of the dispersion gas channel decreases
gradually. The investigations performed by Karaminejad et al. [162] show a better flame sta-
bility (larger flame active time) and an improved spray atomization with higher droplet velocities
and smaller droplet sizes.

15



Spray burners for nanoparticle synthesis

Dispersion gas channel

Porous sinter plate

0.7 mm
0.4 mm

Capillary

Figure 5: Schematic drawing (not to scale) of the nozzle of the SpraySyn2 burner.

In this work, the SpraySyn burner equipped with the improved nozzle (version 2) is denoted
SpraySyn2 burner. Figure 5 shows a schematic drawing (not to scale) of the new nozzle de-
sign. True-to-scale drawings of both nozzle versions can be found in Ref. [200]. The standard
operating condition of the SpraySyn2 burner corresponds to SpraySyn1 (Table 1) but with the
O2 dispersion gas reduced to 6 sim (from 10 slm) due to a higher flame stability when operated
with a lower flow rate [162]. Despite the reduced dispersion gas flow rate, the dispersion gas
exhibits a higher velocity due to the reduced diameter of the dispersion gas channel outlet. To
ensure the comparable operation of the burner, an expansion of the calibration procedure
(section 3.1) was implemented: A pressure of 550 mbar above atmosphere needs to be estab-
lished in the dispersion gas line.

3.3 Berlin burner

One of the pilot-scale spray burners investigated in this study was developed by the Institute
of Fluid Dynamics and Technical Acoustics (ISTA) from the TU Berlin to investigate the up-
scaling process from laboratory to industrial production scale [123, 147, 214]. It was designed
to be operated with hydrogen and precursor throughput that could lead to particle formation of
several kg/day. The burner was installed in the pilot-scale particle synthesis plant of the Insti-
tute for Energy and Environmental Technology (IUTA) in Duisburg. In the subsequent sections,
the burner will be denoted as Berlin burner (BB).
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Figure 6: Schematic of the pilot-scale Berlin burner concept. The spray flame is not shown. The burner
top is defined as HAB = 0 mm. For details of the burner design and the dimensions refer to Ref. [123].
Reprinted with permission from Ref. [147].

Figure 6 shows the cross-section of the Berlin burner. The spray nozzle (illustrated in blue) is
located centrally 88 mm below the burner outlet. It is a commercial two-fluid nozzle (BETE XA
SR 200, spray angle: 18—19°) that can be operated with various dispersion gases (in our case:
Dried and filtered air or oxygen). The spray is oriented in the flow direction of the pilot gas,
which is typically a hydrogen/air mixture. The premixed pilot gas can be electrically preheated
up to 350 °C. An electrically heated ring (depicted in orange) which is capable to increase the
wall temperature up to 800 °C initiates auto-ignition of the fuel/air mixture.

The spray is formed downstream of the combustion zone and introduced into the pilot flame.
The lower edge of the heated ring is located close to the burner outlet, 43 mm above the nozzle
outlet. The diameter of the burner outlet, which is also the inner diameter of the heating ring,
is 80 mm. The flow of the precursor solution and gases can be changed to generate different
operating conditions to influence the characteristics of the produced nanoparticles. The burner
can be operated with sustainable fuels only, when the Hy pilot flame and, e.g., ethanol as liquid
fuel is used. With the H. pilot flame and, e.g., the precursor solvent H,O the burner can be
operated carbon-free, which enables the synthesis of nanomaterials free of carbides and car-
bon impurities.

3.4 HSW burner

The second pilot-scale spray burner investigated in this work was developed by HSWmaterials
GmbH (Kamp-Lintfort). In the subsequent sections, the burner will be accordingly denoted as
HSW burner (HSWB). Figure 7 shows the nozzle section of the true-to-scale drawing of the
burner. A detailed drawing is given in Figure A1. The underlying principle and design are sim-
ilar to that of the SpraySyn burner (sections 3.1 and 3.2). A liquid precursor solution is dis-
persed by a commercial two-fluid nozzle (Schlick model 970, dispersion gas swirl angle: 26.6°,
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inner capillary diameter: 0.9 mm) and is constantly ignited by a surrounding pilot flame. Differ-
ent to the SpraySyn burner the pilot gas is fed via a 0.35 mm wide circular slit (diameter:
55 mm) at an angle of 45° to the spray flame. The burner features a Reynolds number of
approximately 21,500 [183]. Typically, the burner is enveloped by an air coflow that stabilizes
the flame and carries the synthesized nanoparticles into the filter system.

SITEHE DETAIL A

Figure 7: Excerpt from the technical drawing of the pilot-scale HSW burner. The dimensions are speci-
fied in millimeters. Printed with permission of HSWmaterials GmbH (Kamp-Lintfort) [215]. The details of
image section A can be found in section 12.2 of the appendix.

In the context of the impact of the spray properties on the nanoparticle synthesis in spray
flames, Alhaleeb et al. [216] conducted for the same commercial two-fluid nozzle utilized in the
HSW burner (Schlick model 970), an investigation on the impact of the gap size on both the
dispersion gas flow rate and the pressure drop. Moreover, simulation models are available in
the literature. Dasgupta et al. [46] modeled by computational fluid dynamics (CFD) a spray-
flame burner equipped with the Schlick 970 nozzle for SiO2 nanoparticle synthesis. The primary
atomization was modelled by a volume-of-fluid large-eddy simulation (LES).
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4 Chemiluminescence in the context of nanoparticle synthesis
in the SpraySyn1 flame

Some sections of the following chapter are reprints or else contain contents from the listed publications:

C.T. Foo, A. Unterberger, F.J.W.A. Martins, M.M. Prenting, C. Schulz, K. Mohri, Investigating spray flames
for nanoparticle synthesis via tomographic imaging using multi-simultaneous measurements (TIMes) of
emission, Opt. Expr. 30 (2022) 15524-15545. https://doi.org/10.1364/OE.449269

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement. Re-
printed with permission.

My contribution to this publication was the provision of chemiluminescence spectra of the SpraySyn1 flame
for various operating conditions. | set up the experiment for spectrally resolved chemiluminescence meas-
urements with the SpraySyn1 burner, performed the measurements and processed and analyzed the data.
| supported the first author with corrections of the manuscript and was mainly responsible for the conception
and writing of the section that deals with spectrally resolved chemiluminescence measurements.

In this chapter and section 12.3 of the appendix, chemiluminescence spectra measured in the
SpraySyn1 flame operated with various fuels for nanoparticle synthesis are presented. The
burner was operated to generate SiO, nanoparticles from HMDSO dissolved in ethanol and
iron oxide nanoparticles from iron nitrate nonahydrate dissolved in ethanol and 65EHA35EtOH.
Chemiluminescence was recorded at different heights above the burner (HAB) in the spectral
range from 210 to 800 nm. Light sources with known emission spectra were utilized to record
reference spectra for correcting for the wavelength-dependent detection sensitivity of the
measurement setup. Measurement data set was generated to support the understanding of
nanoparticle synthesis in spray flames and to provide information about the spontaneous flame
luminescence background in the context of laser-based optical measurements in the SpraySyn
flame.

4.1 Theoretical background

Theoretical fundamentals and specific details regarding chemiluminescence and flame lumi-
nescence are given in references [217-220]. Hence, only a brief summary is provided in this
section. The term ‘chemiluminescence’ was introduced by Wiedemann [221] and describes
the phenomenon in which electromagnetic radiation is emitted due to the relaxation of excited
species generated by chemical reactions. A few nanoseconds after an electronically excited
molecule has been generated by chemical reactions, it relaxes from this unstable state to a
lower electronically stable state. During this process, a photon of light is emitted with a wave-
length corresponding to the energy difference between the two participating electronic states.
Flame chemiluminescence are light emissions and feature specific spectral characteristics in
the UV and visible spectrum. In this work, the asterisk *’ marks the electronically excited state
of a molecule or radical (e.g., OH*).

Formula (4.1) illustrates the formation of excited molecules by the chemical reaction between
reactants A and B to form the products C and the excited molecule X* [219, 222]. As an exam-
ple, in methane flames at atmospheric pressure, the chemical reaction shown in formula (4.2)
is the dominant formation pathway of OH* and causes about 90 % of OH* generated [223-
225]. In high-temperature environments, such as flames, excited molecules can also be cre-
ated through thermal excitation by absorbing energy from their surroundings.

A+B—->C+X* 4.1)
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CH + O, — CO + OH*, (4.2)

There are two pathways for a molecule to return from the excited state to its ground state [219,
226]. The first pathway, given in formula (4.3) is relate to the excited molecule returning to its
ground state via emitting a photon, resulting in emission with specific spectral characteristics
(e.g., narrow emission lines at specific wavelengths). The wavelength is determined by the
energy difference between the two states (according to Ex- — Ex = hw). An example of this
process is given in formula (4.4), where OH* returns to its ground state by emitting a photon in
the wavelength range between 280 and 330 nm.

X* — X + hu (4.3)
OH* — OH + hu (spectral range: 280-330 nm) (4.4)

In the second deactivation pathway, the excited molecule returns to its ground state by non-
reactive processes such as collisional quenching, as shown in formula (4.5). The excited mol-
ecule (X*) transfers its excess energy by collision to another molecule (M) without emitting
radiation. This energy is converted into kinetic energy, manifesting as heat. An example for
OH is given in formula (4.6).

X*+M— X +M (4.5)
OH*+M — OH + M (4.6)

Chemiluminescence detection is a non-intrusive measurement method that does not disturb
the flame and provides information about the local conditions at the source of light emission,
such as pressure, temperature, and gas composition. In contrast to techniques based on laser
excitation, where the measurement signal originates from a specific volume, the detection of
flame chemiluminescence returns signal that is integrated over the line-of-sight, requiring con-
sideration for the interpretation of the results. From chemiluminescence spectra, the existence
of specific species can be inferred and conclusions can be drawn about chemical reactions
involved in the flame chemistry [227]. In flame synthesis, conclusions can be drawn on precur-
sor decomposition, and particle nucleation zones within flames can be identified through, e.g.,
SiO*/Si* chemiluminescence [228]. Moreover, the distribution of specific species and reaction
zones can be identified. With respect to the flame type and flame conditions, the emission
intensities of OH*, CH*, and CO.* can indicate the heat release rate, and the ratio of OH* to
CH* can be used in specific situations as a measure for the equivalence ratio [223, 229-231].

4.2 Experimental setup

The experimental setup for recording spectrally resolved chemiluminescence in the SpraySyn
flame is shown schematically in Figure 8. The SpraySyn flame is operated at ambient pressure
in a housing with optical accesses. The SpraySyn burner is mounted on a height-adjustable
rack to enable measurements at different height above the burner exit (HAB). Chemilumines-
cence light is collected by a UV-transmitting lens (B. Halle Nachfl., f= 100 mm, f/2) and imaged
on the horizontal 50-um-wide entrance slit of the spectrometer (Princeton Instruments, Acton
SP-150). An optical filter (Schott, GG420 longpass filter) was optionally placed in the light path
between the lens and the spectrometer to block unwanted light and suppress second-order
diffraction artifacts. The spectrometer has a focal length of 150 mm and was operated with
150 or 600 grooves/mm diffraction gratings. An intensified CCD camera (Image intensifier:
LaVision, Intensified Relay Optics, CCD camera: LaVision, Imager Intense) was directly
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connected via a mounting flange at the spectrometer exit port. Chemiluminescence light en-
tering the spectrometer was collected from a 31 x 0.475 mm? area in object space. The imaged
horizontal spatial extent was determined by the distance of two illuminating points from an
optical fiber placed at the burner, resulting in a nominal spatial dispersion of 61.5 um/pixel,
while the vertical dimension was determined by calculations based on the optical magnification
factor which resulted in a height of approximately 475 um for the used slit width.

Exhaust gas to the
filter system

CCD camera

Flame housing

Optical access Image intensifier

Entrance slit

Spectrometer
Light path

SpraySyn flame Longpass filter
(height adjustable) (optional)

Figure 8: Schematic diagram for recording spectrally resolved chemiluminescence.

4.2.1 Calibration

The wavelength-dependent transmission efficiency and detection sensitivity of the optical
setup was determined using two broadband light sources with well-known emission spectra.
For the shorter wavelength range (200-500 nm), a laser-driven light source (LDLS, Energetiq
Technology, EQ-99X) and for the longer wavelength range (5600-800 nm) three halogen bulbs
integrated in an Ulbricht sphere (LOT-Oriel Gruppe Europa, K-150WH) were utilized. The cor-
rection functions for the optical setup were determined by calculating the ratio of the known
emission spectra to the measured spectra. The sharp spectral lines of a PenRay lamp (LOT-
Oriel Gruppe Europa, Line-Emitter, LSP035 HG/(Ar)) were utilized to calibrate the wavelength
axis.

Figure 9 shows the detected emission spectra of the LDLS and the halogen lamps (dashed
lines) and the corresponding correction functions (solid lines) normalized at 500 nm. The cor-
rection functions for the LDLS, with and without using the longpass filter, are shown. A sepa-
rate calibration must be performed for each diffraction grating (150 or 600 grooves/mm) and
grating position.

21



Chemiluminescence in the context of nanoparticle synthesis in the SpraySyn1 flame

12 _- Vlj ““ ./f - N 10
4 / . / v

11 4 - "y N \
- J v v \

1 10 I/ R N 08
- 1 . Ny \ =
[72] 9 ~, /‘ \ E
[ ] ] c \ *6
-_g 8 1 Correction function - halogen lamps \, 8
g 7 ]|~ Correction function - LDLS S 106 @
=) ||~ Correction function - LDLS - longpass filter e
g 6 4 |- — Detected spectrum - halogen lamps 2
= 1/— - —- Detected spectrum - LDLS §e)
O 54 - . 04 Q@
ICH d ! S
= 44 Q
S ] ©
(@)

34 (]
1 0.2
2 4
1 T .
0 — _| ‘ T T T T T T T T T 0.0
200 300 400 500 600 700 800

Wavelength / nm

Figure 9: Detected light spectra (dashed lines) of the LDLS and the halogen lamps and the derived
calibration functions (solid lines), the correction functions were normalized at 500 nm.

When determining the calibration function with the LDLS, second-order diffraction must be
considered in the spectral range above approximately 500 nm, as the LDLS exhibits significant
light intensity in the UV around the half wavelength of approximately 250 nm. Second-order
diffraction light contributes to the detected signal (actual signal with the correct wavelength +
second-order diffraction light) at twice its wavelength and thus distorts the calibration function.
With increasing wavelength, the proportion of actual signal and second-order diffraction light
gets continuously poorer. For the calibration with the halogen lamps integrated in an Ulbricht
sphere, this effect must be considered in spectral ranges above approximately 800 nm, and
thus, is not relevant for the spectral range investigated in this work. To address this issue, a
longpass filter (Schott, GG420) was placed in front of the spectrometer slit to block light below
400 nm when determining the calibration function with the LDLS in the spectral range above
500 nm. Figure 9 shows both correction functions when employing the longpass filter (green
line) and when not using it (red line). It can be seen that the error induced by second-order
diffraction light increases with increasing wavelength. There is a very high correspondence
between the two correction functions of the LDLS with longpass filter (green line) and the hal-
ogen lamps (blue line). The final calibration function for the 150 grooves/mm grating was
stitched by combining the calibration function of the LDLS and Ulbricht sphere at 500 nm.

The strong decline of detection sensitivity towards the near IR range can be attributed to the
IRO with a low conversion efficiency at longer wavelengths. The IRO amplifies incoming light
in a wavelength range between 180 nm and the near IR. The manufacturer states a conversion
efficiency of ~1 % at 800 nm.

4.2.2 Postprocessing of camera images

Post-processing of the raw images detected by the camera mounted to the spectrometer and
data analysis was done by in-house Matlab codes (Matlab R2022b [232]). One Matlab script
was used to derive the wavelength axes from the recorded emission spectrum of the PenRay
lamp (particular attention must be given to second-order diffraction light peaks). Another script
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determined the measurement-specific correction function for the detection sensitivity of the
measurement setup as described in section 4.2.1. The main script was utilized to extract chem-
iluminescence spectra from the raw images and subsequently postprocess them to generate
graphical representations.

The main script included the option for background correction of broadband emissions to in-
crease the visibility of single peaks and enable a targeted analysis of species emission. The
background signal (e.g., CO>* chemiluminescence emission or blackbody radiation) was fitted
and subtracted using a polynomial function of either 2" or 4" order, depending on the profile
of the background signal. Moreover, the wavelength of peaks could be selected to extract ra-
dial line-of-sight emission spectra and generate three-dimensional figures to illustrate the dis-
tribution of the respective species emissions within the flame. The radial emission spectra were
smoothed by a moving average of 20 data points.

4.3 Results

In the first two sections of this chapter, chemiluminescence spectra of the SpraySyn1 flame
are presented when operated with pure liquid solvents (ethanol, 65EHA35EtOH), to facilitate
the distinction of peaks generated by the addition of precursors. The second part of this chapter
shows the spectra of SpraySyn1 flames with nanoparticle synthesis. SiO.> nanoparticles are
synthesized from a solution of HMDSO in ethanol, while iron oxide nanoparticles are produced
from iron nitrate nonahydrate dissolved in 65EHA35EtOH. Additional measurement results,
such as the chemiluminescence spectra of 1-butanol, o-xylene or iron nitrate nonahydrate in
pure ethanol, are provided in section 12.3 of the appendix.

4.3.1 Liquid fuel: Ethanol

Figure 10 shows emission spectra measured at various HAB in the SpraySyn flame at the
standard operating condition, using ethanol as the fuel. The figure shows uncorrected (left)
and background-corrected spectra (right, fourth-degree polynomial fits). The peaks are marked
with the species primarily responsible for the emission.
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Figure 10: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min ethanol at various HAB, detection-sensitivity corrected, 150 grooves/mm grating, left: Uncor-
rected spectra, right: Background corrected.
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In the chemiluminescence spectra of the SpraySyn flame, several emission peaks can be iden-
tified. The most significant emissions are the OH* peaks around 287 and 310 nm [233, 234]
and the broader emission from CO2* from below 300 nm to above 600 nm [229, 235]. Further
emission peaks are located at 390 and 431 nm (CH* [236, 237]), and at 470 and 515 nm (Cy*
Swan bands [238, 239]). The artifact at 620 nm originates from second-order diffraction of the
OH* emission at around 310 nm. This was confirmed by measurements (not shown here) with
a longpass filter (Schott, GG420) placed in front of the spectrometer. To capture the entire
spectrum at once, a longpass filter could not be installed in the light path, since it would block
relevant emissions at shorter wavelengths. For all measurements with a higher spectral reso-
lution (600 grooves/mm grating) in spectral ranges above 400 nm the longpass filter was used
(cf. Figure A4). Measurement data with a higher spectral resolution (recorded with a
600 grooves/mm grating) and three-dimensional illustrations of these spectra are provided in
section 12.3.1 of the appendix.

Figure 11 shows radial line-of-sight averaged emission intensity profiles extracted from back-
ground-corrected spectra at a chosen wavelength position. The radial profiles were smoothed
with a 20-point moving average and are plotted for various HAB to form a three-dimensional
illustration of chosen line-of-sight species emissions. The diagram on the left shows the emis-
sions for OH* extracted at the peak position of 311 nm and the diagram on the right CH* emis-
sions extracted at 431 nm. It can be seen from the diagrams that the OH* emissions are spa-
tially more extended in both radial and vertical directions, while the CH* emissions are mainly
present in the lower central part of the ethanol SpraySyn flame. The strongest CH* emissions
were recorded in the flame center at approximately HAB = 10 mm.

|

3
©
-
2
5 H ’
2 60
k= i —
c
S 0 £
w
@ n £
g )
i} N— o 1
10
T T : . —e
-10 -5 0 5 10 15
Radial position / mm Radial position / mm

Figure 11: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min ethanol: Smoothed radial emission spectra at chosen peak positions over HAB, left: OH* emis-
sion intensity at 311 nm, right: CH* emission intensity at 431 nm.

Figure 12 shows the emission intensity of chosen species peaks plotted over HAB. The peak
profiles were extracted at the respective wavelength positions from background-corrected
spectra, smoothed and normalized by their maximum value. CH* emissions are located in the
lower flame regions with their maximum at approximately HAB = 10 mm. OH* emissions are
distributed over a broader range with a maximum at approximately HAB = 20 mm. The profiles
from different wavelengths for the same species show close agreement.
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Figure 12: SpraySyn flame at the standard operating condition, 2 ml/min ethanol: Normalized emission
intensity of chosen peaks over HAB extracted from background-corrected spectra (cf. Figure 10).

4.3.2 Liquid fuel: 65EHA35EtOH

Figure 13 shows the chemiluminescence spectra of the SpraySyn flame at the standard oper-
ating condition with the fuel 65EHA35EtOH. The diagrams were created by the same evalua-
tion procedure as described for the ethanol measurements in the latter section.
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Figure 13: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 mi/min 65EHA35EtOH: Chemiluminescence spectra at various HAB, detection-sensitivity corrected,
150 grooves/mm grating, left: Uncorrected spectra, right: Background corrected.

The chemiluminescence spectra of 65EHA35EtOH are very similar compared to those of the
ethanol flame (Figure 10). Different to the ethanol flame spectra, an additional peak can be
identified at 589 nm attributed to sodium [237, 240] resulting from impurities in EHA. In section
12.3.2 of the appendix, chemiluminescence spectra with higher resolution are provided for the
entire spectral range from 210 to 680 nm. Additionally, three-dimensional radial line-of-sight
emission profiles are presented for OH*, CH*, and Na*.

Figure 14 shows the peak-emission intensity of chosen species plotted over HAB. CH* emis-
sion occurs in lower regions of the SpraySyn flame, while OH* and Na* are spatially more
extended with their maxima at larger HAB. The highest emission intensity for CH* is approxi-
mately at HAB = 10 mm, for OH* at HAB = 25 mm, and for Na at HAB = 30 mm. At
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HAB = 90 mm, almost no signal can be detected, indicating the end of the visible flame at this
height.
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Figure 14: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 mil/min 65EHA35EtOH: Normalized emission intensity of chosen peaks over HAB extracted from back-
ground-corrected spectra (cf. Figure 13).

4.3.3 Liquid fuel: HMDSO in ethanol

Figure 15 shows chemiluminescence spectra measured at various HAB for the SpraySyn
flame operated with 0.5 mol/l HMDSO in ethanol. On the left, uncorrected spectra can be seen
with background emissions from CO.* in the shorter wavelength range and blackbody radiation
from SiO2 nanoparticles in the longer wavelength range.
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Figure 15: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
5 ml/min HMDSO (0.5 mol/l) in ethanol: Chemiluminescence spectra at various HAB, detection-sensi-
tivity corrected, 150 grooves/mm grating, left: Uncorrected spectra, right: Background corrected.

Compared to the chemiluminescence spectra of pure ethanol shown in Figure 10, emissions
in the wavelength range below 300 nm are evident. No significant differences can be seen in
the remaining spectral range.

Figure 16 shows the spectra of HMDSO in ethanol with a higher spectral resolution in the range
between 210 and 375 nm, where the Si* and SiO* lines are located. Note that the flame was
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operated with a liquid flow rate of 5 ml/min and a HMDSO concentration of 1 mol/l to enhance
the visibility of the spectral lines.
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Figure 16: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
5 ml/min HMDSO (1 mol/l) in ethanol: Chemiluminescence spectra at various HAB, detection-sensitivity
corrected, 600 grooves/mm grating, left: Uncorrected spectra, right: Background corrected. The inset in
the diagram on the right shows a reprint of the labeled spectrum of a hexamethyldisilazane flame pub-
lished by Glumac et al. [241].

The Si* and SiO* lines were identified by comparison to the spectra published by Glumac et
al. [241]. They recorded emission spectra of low pressure premixed hexamethyldisilazane
flames and stated that SiO* forms early in the flame and the emissions are chemiluminescence
rather than thermal emission. The spectrum can be seen in the inset of the right diagram of
Figure 16. SiO* emissions appear as numerous small peaks within the spectral range of 215
to 275 nm. The two Si* emission peaks at 254 and 289 nm exhibit a higher intensity than die
SiO* peaks. The Si* peak at 289 nm overlaps with OH* emissions. The spectral results for Si*
and SiO* also align closely with those reported by Burkert et al. [242].

Figure 17 shows the profiles of various peak intensities over HAB and radial emission profiles
of OH*, SiO*, and Si* as three-dimensional illustrations. Si* and SiO* emissions are located in
the lower central region of the SpraySyn flame where HMDSO-containing droplets are present.
After the emission peak at approximately HAB = 8 mm the emission intensity decreases
sharply to reach a low level at about HAB = 15 mm. No significant difference in the distribution
of Si* and SiO* emissions across HAB are observed.
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Figure 17: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
5 ml/min HMDSO (1 mol/l) in ethanol: Top left: Normalized emission intensity of chosen peaks over HAB
extracted from background-corrected spectra (cf. Figure 16), others: Smoothed radial emission spectra
at chosen peak positions over HAB, top right: OH* emission intensity at 310 nm, lower left: SiO* emission
intensity at 225 nm, lower right: Si* emission intensity at 254 nm.

4.3.4 Liquid fuel: Iron nitrate nonahydrate in 65EHA35EtOH

Figure 18 shows chemiluminescence spectra at various HAB of the SpraySyn flame operated
with iron nitrate nonahydrate in 65EHA35EtOH. The spectral range from 210 to 530 nm is
provided, recorded in two separate measurements by utilizing a grating with 600 grooves/mm.
On the top the uncorrected spectra and on the bottom the background-corrected spectra are
shown. The peaks were labeled with their attributed species.
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Figure 18: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min iron nitrate nonahydrate (0.05 mol/l) in 65EHA35EtOH: Chemiluminescence spectra at various
HAB, detection-sensitivity corrected, 600 grooves/mm grating, spectral region of 210 to 530 nm, bottom:

Background corrected.

Several peaks in the spectral range between 340 and 400 nm can be identified that are at-
tributed to Fe* emission [243, 244]. Significant Fe* peaks are located at approximately 345,
357, 373, and 386 nm. The same peak arrangement is observed for the SpraySyn flame op-
erated with iron nitrate nonahydrate in ethanol (Figure A10). The Fe* peaks at approximately
390 nm are superimposed by CH* emissions (cf. Figure 13).

Figure 19 shows the chemiluminescence spectra within the spectral range from 520 to 820 nm,
following the same layout as Figure 18. Additionally, an inset of measured (dotted line) and
simulated (solid line) FeO* spectra [245] was added to the top left diagram to enable an imme-

diate comparison of the spectra.
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Figure 19: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min iron nitrate nonahydrate (0.05 mol/l) in 65 EHA35EtOH: Chemiluminescence spectra at various
HAB, detection-sensitivity corrected, 600 grooves/mm grating, spectral region of 520 to 820 nm, bottom:
Background corrected. The inset in the top left diagram shows a reprint of measured (laboratory fast
flow tube spectrum, dotted line) and simulated (solid line) FeO* spectra published by Jenniskens et al.
[246] and Gattinger et al. [245].

In the spectral range between 530 and 690 nm, the so-called FeO orange bands can be seen.
These bands originate from FeO* emission [245, 247, 248]. Three prominent FeO* peaks were
detected at 566, 591, and 626 nm. The Na* emission peaks, typically observed around 589 nm
due to impurities in 65EHA35EtOH, are superimposed by the FeO* emission. In the spectral
range above 690 nm, no significant emission peaks can be identified.

Figure 20 shows the normalized peak intensity of several emission peaks over HAB detected
in the SpraySyn flame operated with iron nitrate nonahydrate in 65EHA35EtOH. Regarding the
distribution across HAB, notable differences are evident among the different species. C,* and
CH* emission maxima are located in the lower range of the flame at approximately
HAB = 6 and 11 mm, respectively. The Fe* emission peak maxima were recorded at about
HAB = 13 mm. OH* and FeO* emissions are distributed over the entire flame height with their
maxima at approximately HAB = 15 and 23 mm, respectively. The profiles of identical species
at different wavelengths feature a close correlation. The measurement results of the SpraySyn
flame operated with 0.05 mol/l iron nitrate nonahydrate in ethanol are presented in section
12.3.5 of the appendix.
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Figure 20: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min iron nitrate nonahydrate (0.05 mol/l) in 65EHA35EtOH: Normalized emission intensity of cho-
sen peaks over HAB extracted from background-corrected spectra (cf. Figure 18 and Figure 19).

4.4 Summary and discussion

Spectrally-resolved chemiluminescence from the SpraySyn flame was recorded at different
HAB. The flame was operated with various solvents (ethanol, 65EHA35EtOH, 1-butanol, o-xy-
lene) and with precursor solutions for SiO, and iron oxide nanoparticle synthesis (HMDSO in
ethanol, and iron nitrate nonahydrate in ethanol and in 65EHA35EtOH, respectively). The
spectra were corrected for the detection sensitivity of the measurement setup and for back-
ground radiation (e.g., blackbody radiation). Spectral emission peaks corresponding to differ-
ent species were identified by comparing them to literature references. The distribution of spe-
cies emissions was analyzed in both vertical and radial directions, and the results were illus-
trated in two- and three-dimensional diagrams.

In all flames, two significant OH* emission peaks in the UV at approximately 287 and 310 nm
were observed, with the OH* peak at 310 nm being the dominant emission in flames without
nanoparticle synthesis. OH* emission is characterized by a broad spatial distribution in both
vertical and radial direction.

CH* features emission peaks at around 390 and 431 nm. Relative to OH*, CH* emissions
reach their maxima at lower HAB and are present within a smaller area located at the lower
center of the flame. The spatial distribution is similar for C,* with peaks detected at around 470
and 515 nm. With the exception of the flame operated with o-xylene, the emission intensity is
relatively low and located in the lower central range of the SpraySyn flame.

When the solvent 65EHA35EtOH was used, Na* emissions were observed at about 589 nm,
across large areas of the flame, attributed to impurities in EHA since comparable measure-
ments with pure ethanol showed no peak in this wavelength range.

When the SpraySyn flame was operated with HMDSO for SiO, nanoparticle synthesis, SiO*
and Si* emissions were observed in the deep UV located in the lower central region of the
flame. SiO* emissions manifest as numerous small peaks within the wavelength range of 215
to 275 nm, while Si* emissions result in two significant peaks at 254 and 289 nm, exhibiting
higher peak intensities compared to SiO*. The SiO* and Si* emissions are characterized by a
strong intensity increase within the first few millimeters downstream of the flame. The intensity
maxima are attained at HAB < 10 mm for the SpraySyn flame at standard operating condition,
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with emissions sharply decreasing after reaching their maxima. The spatial distribution of Si*
and SiO* radicals is of particular interest, since they represent areas where precursor species
for the formation of SiO; particles are present [228, 249].

Iron oxide nanoparticles were synthesized in the SpraySyn flame from iron nitrate nonahydrate
dissolved in ethanol and 65EHA35EtOH. In these flames, Fe* emission was identified in the
spectral range between 340 and 400 nm and FeO* emissions between 530 and 690 nm, often
referred to as orange bands. While three spectrally broad FeO* peaks are observed at 566,
591, and 626 nm, the Fe* emissions feature several peaks with two prominent peaks at 373
and 386 nm. Independent of the solvent used, the emission intensity maximum of FeO* is
located at higher HAB compared to Fe*. The emission intensity of Fe* increases more strongly
with HAB while FeO* emission is spatially more extended and the intensity is stronger at larger
HAB.

The data set provided in this work is intended to support the understanding of nanoparticle
synthesis in spray flames and serve as reference data in the context of optical measurements
in the SpraySyn flame. Data presented in this study were previously utilized, e.g., for the vali-
dation of tomographic flame reconstructions by Foo et al. [204] and for the identification of
flame luminescence for signal analysis by Jiingst et al. [250].
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5 Spray characterization of the SpraySyn2 burner (LDA and
PDA)

Some sections of the following chapter are reprints or else contain contents from the listed publications:

J. Kirchmann, A. Kronenburg, M.M. Prenting, S. Karaminejad, T. Dreier, T. Endres, S. Patil, F. Beyrau,
Characterizing the SpraySyn burners with MMC-LES, Appl. Energ. Combust. Sci. 15 (2023) 100182.
https://doi.org/10.1016/j.jaecs.2023.100182

© 2023 The Authors. Published by Elsevier Ltd. Reprinted with permission.

My contribution to this publication was the provision of data sets of droplet velocity and size distributions. |
set up the LDA/PDA experiment with the SpraySyn2 burner, performed the measurements and analyzed
and interpreted the data. | supported the first author with corrections of the manuscript and was mainly
responsible for the conception and writing of the section that deals with the LDA/PDA experiment.

In this chapter and section 12.4 of the appendix, droplet velocity and size distributions of the
cold spray and spray flame generated by the SpraySyn2 burner are presented. The data is
valuable as input for defining boundary conditions in simulations and for validating simulation
models. Various solvents and operating conditions were investigated. The measurements
were performed by laser-Doppler anemometry (LDA) and phase-Doppler anemometry (PDA).

LDA and PDA are calibration-free non-intrusive optical measurement techniques. With the LDA
approach, particle or droplet velocities, and with the PDA approach, particle or droplet sizes
can be measured within a small measurement volume of a moving fluid. The technique enables
measurements in transparent or semi-transparent fluids with high spatial and temporal resolu-
tion (data acquisition rates of more than fy, = 100 kHz can be achieved). LDA and PDA meas-
urements were successfully applied in, e.g., turbulent liquid flows [251, 252], internal combus-
tion engines [253, 254], and spray flames [255, 256]. In this work, LDA/PDA measurements
were performed with a commercial measurement system from the manufacturer Dantec Dy-
namics A/C.

5.1 Theoretical basics

The theoretical fundamentals and details of the established LDA and PDA measurement ap-
proaches are given in references [257-261], and therefore are only briefly summarized in this
section.

For laser-Doppler anemometry, a laser beam (monochromatic and coherent) is split into two
beams that are crossed within an ellipsoidal measurement volume and generate an interfer-
ence pattern with dark and bright fringes. With this configuration, the droplet velocity can be
measured in one spatial dimension perpendicular to the interference pattern. When three laser
beams with different wavelengths (for separate signal detection) are utilized and focused from
different directions into the measurement volume, all three velocity components can be meas-
ured simultaneously.

A droplet that crosses the interference pattern in the measurement volume scatters laser light
and causes intensity fluctuations within the interference pattern with a specific frequency line-
arly proportional to the droplet velocity. The resulting shift of the frequency between the inci-
dent laser light and the scattered light is called Doppler shift and can be detected and pro-
cessed to obtain the droplet velocity [259]. To perform these calculations the size dimensions
of the measurement volume and the fringe pattern must be known. If both laser-beams have
the same frequency, the flow direction of a droplet (either positive or negative towards the
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fringe pattern) cannot be derived from the Doppler shift because of the same signal frequen-
cies in both cases. To distinguish the laser beams and thus enable the determination of the
flow direction, the frequency of one laser beam is frequency shifted (e.g., by utilizing a Bragg
cell [262]). For details of the underlying calculation method of the LDA approach refer to Ref.
[261]. To achieve correct measurement results it is necessary that only one droplet passes the
measurement volume during data acquisition.

Phase-Doppler anemometry (PDA) is an extension of the LDA technique to enable droplet-
size measurements. While LDA needs only one detector, PDA signal processing requires two
detectors per laser-beam pair. When a spherical droplet crosses the fringe pattern of the meas-
urement volume, a phase shift of the Doppler signals is caused. To determine the droplet size,
the difference of the phase position of the signals with the same frequency is referenced. This
difference is recorded from different view angles and processed to derive the droplet size (time
delay of scattered signal due to different optical path lengths). On a logarithmic scale, the
droplet size linearly depends on the phase shift [263]. Thus, the phase shift is a measure for
the droplet size and the signal frequency for the droplet velocity. For further details of PDA,
see Ref. [260].

5.2 Experimental setup

Droplet velocities and diameters presented in this study were measured by a commercial
Phase-doppler anemometer (BSA P600 DualPDA, Dantec Dynamics, Skoviunde, Denmark).
The term ‘dual PDA' is derived from its ability to independently determine the size of a single
droplet by two channels simultaneously due to its four detectors. Figure 21 shows the experi-
mental setup of the fiber-based LDA/PDA system (optical fiber connection from the signal de-
tector unit to the processor unit). The configuration is shown as a side view (top) and a top
view (bottom).

Laser head

Top view

Figure 21: Schematic illustration of the experimental setup of the LDA/PDA configuration at the Spray-
Syn2 burner, top: Side view, bottom: Top view.
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The LDA/PDA system has two laser pairs (monochrome diode lasers) with wavelengths of 532
and 561 nm incorporated in one optical head (maximum laser power: 300 mW). With this con-
figuration, two fringe systems are generated for measuring two velocity components (axial and
radial velocity). Bragg cells are used to shift the frequency of one beam of each laser-beam
pair to enable the determination of the flow direction of the droplets. The signal detection unit
features four detection channels to enable simultaneous measurements of the droplet diameter
and two velocity components. The slit of the receiving optics can be adjusted to prevent signal
overexposure of the photo multipliers (e.g., when measuring in the spray core). While the
SpraySyn2 burner was fixed in its position, the optical head and the signal detection unit were
mounted on a L-shaped rack and moved by a traverse system (Dantec Dynamics) in all spatial
directions to scan the flow field (smallest step size: 0.01 mm). The entire LDA/PDA system
was controlled, and the measurement data processed by the software BSA Flow (Version 6.50,
Dantec Dynamics Group).

According to the manufacturer, droplet sizes between 1 ym to 1 mm are detectable. The meas-
urements are however limited by the dynamic range of the detector (1:10,000) resulting in a
dynamic range of the particle size of 1:100. The experimental configuration was equipped with
laser-focusing optics with a focal length of 300 mm, which enables the measurement of droplet
velocities between 0 and ~180 m/s. To enable the measurement of higher droplet velocities, a
lens with a larger focal length needs to be installed in the laser head and the distance to the
desired measurement position must be increased accordingly. A f= 500 mm lens would result
in a maximum detectable droplet velocity of ~300 m/s. PDA measurements were performed
by detecting the first-order refraction of the droplets. The angle of the receiving optics to the
laser was 148°. The detection unit is equipped with an exchangeable mask to align the dis-
tance between the receiving apertures of the detection channels. The masks are designed for
a specific range of droplet diameters (Mask A: Up to 46.7 um, Mask B: Up to 61.1 yum, Mask
C: Up to 131.5 ym). In this work, Mask B was used.

For the measurements presented here, the data acquisition at each measurement point was
restricted to either 200,000 droplet counts or a maximum acquisition time of 10 s. The refractive
index of each solvent was set in the BSA Flow software according to its chemical specifications
(cf. Table A1). Typically, a uniform laser power of 30 mW was applied for both lasers. The
dimension of the ellipsoidal measurement volume was defined by the intersecting laser beams
to approximately 0.1 x 0.1 x 1 mm3. The PDA measurements were limited to a minimum posi-
tion of HAB = 6 mm because one of the laser beams (561 nm) would be blocked by the burner
rim at lower positions (Figure 21, top). Note that in this work, HAB = 0 mm of the SpraySyn2
burner is defined as the top of the capillary outlet (cf. section 3.2), which is not on the same
level as the position of sinter matrix (as it is the case for SpraySyn1, cf., section 3.1, or the
PDA results for SpraySyn1 of Schneider et al. [122]).

For signal validation of the raw data, four validation criteria are applied by the software. The
criteria can be adjusted in the software and are based on the signal-to-noise ratio, the FFT
spectrum of each burst (correlation of the dominant peak and droplet frequency), and time
correlation of the laser frequencies and the droplet sphericality. According to the fundamentals
described above, the droplets need to be spherical for correct signal evaluation. Non-spherical
droplets are rejected by the PDA validation software (comparison of the determined droplet
size by both channels of the dual PDA). For the presented measurements, the limit for ac-
cepted deviations from sphericality was set to 30 %.
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5.2.1 Signal postprocessing

In addition to the signal evaluation and data processing by the BSA Flow software, the meas-
ured data were further post-processed using a custom Matlab routine. Additional statistical
evaluations were performed (e.g., calculation of droplet count rate, histograms, and scatter
plots) and the data processed to be imported by the software OriginPro [264] in standardized
format for graphical representation. For determining two-dimensional maps (flame cross-sec-
tions) of the droplet velocity, diameter and count rate, the area between the measuring points
was linearly interpolated in OriginPro. Moreover, since droplets with a velocity above ~180 m/s
cannot be detected by the LDA configuration used (as described above), the measuring points
with velocity distributions that exceed this limitation were cut out from the data presented in
section 5.3 (especially the case for OC with high dispersion gas flow rates, e.g., Figure 28 and
Figure 29).

5.2.2 Measurement error

The measurement error of the LDA/PDA system originates from various sources and is difficult
to quantify because sprays with well-defined droplet velocity and size distributions were not
available for reference measurements. The manufacturer Dantec Dynamics claims a total
measurement error for the PDA system of below 5 %, whereby the error for droplet sizes is
expected to be higher than that for droplet velocities.

One contribution to the measurement error of the droplet size is caused by the temperature
dependence of the refractive index of the liquid. In this work, various solvents were investigated
in a range from room temperature to the boiling point. In his dissertation, Schneider [122] cal-
culated for the same LDA/PDA system and the SpraySyn1 flame operated with ethanol a max-
imum measurement error of 4 %, based on an increase of the refractive index by 3 % from 293
to 353 K.

Grohmann [265] estimated a maximum measurement error of 6.5 % for measurements in a
spray flame with a different PDA system (Artium Technologies Inc. PDI-300 MD). Moreover,
the measurement accuracy might vary due to signal detection thresholds and thus results in
biases for average droplet diameter and size distributions. However, quantifying these meas-
urement biases in the SpraySyn2 flame is challenging.

The measurement error of the LDA/PDA system is given by the manufacturer as a measure-
ment uncertainty of less than 5 %. Based on the measurement uncertainty stated by the man-
ufacturer and the potential measurement error resulting from the temperature dependent re-
fractive index of ethanol (4 % [122]), the systematic uncertainty regarding the measurement
precision is estimated to be of the order of 9 %.
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5.3 Results

In this section, the most relevant PDA/LDA results of cold sprays and spray flames generated
by the SpraySyn2 burner are presented. Additional results can be found in the appendix, sec-
tion 12.4. The data are presented as false-color maps of vertical and horizontal cross-sections
and as profiles along the centerline and in radial direction. Error bars of the mean droplet ve-
locity in the profile plots show the standard deviation. In the false-color maps, the black dots
indicate the measurement positions (crossing laser beams). The area between the measure-
ment positions was linearly interpolated by the software OriginPro [264]. The spatial axes of
the images are true to scale. All cross-sectional images were measured at the center of the
spray or flame. The top of the burner nozzle was located at the zero point (x, y, z=0 mm). The
data at each measurement position was acquired until either 200,000 droplet counts were de-
tected or the time limit of 10 s was reached.

5.3.1 Liquid fuel: Ethanol

5.3.1.1 Operation: Cold spray

Figure 22 and Figure 23 depict vertical and horizontal cross-sections of the cold ethanol spray,
respectively, with further details provided in the captions. The lowest mean droplet diameters
of about 9 um are located in the flame center at approximately HAB = 25 mm. The mean axial
droplet velocity reaches its maximum of 90 m/s at HAB = 10 mm. High mean radial droplet
velocities of up to 10 m/s were oberved in the lower region at HAB = 6 mm. The droplet count
in the central range is high at all HAB within the measurement area.
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Figure 22: SpraySyn2 cold spray at the standard operating condition, 2 ml/min ethanol, 6 slm dispersion
gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean axial droplet velocity,
mean radial droplet velocity, droplet counts.
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Figure 23: SpraySyn2 cold spray at the standard operating condition, 2 ml/min ethanol, 6 slm dispersion
gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter, mean axial droplet
velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6, 15, and 30 mm.
Note the differently scaled spatial axes within each row.

Vertical cross-sections with various dispersion gas flow rates

Figure 24 shows for the cold ethanol spray the effect of increasing the dispersion gas flow rate
from 4 to 8 slm on the mean droplet diameter (top) and the mean axial droplet velocity (bottom).
With increasing dispersion gas flows the minimum mean droplet diameter decreases from
10 um (4 sim) to 9.1 ym (6 sIm) and to 7.9 um (8 slm), and the maximum mean axial droplet
velocity increases from 69 m/s (4 slm) to 90 m/s (6 slm) and to 125 m/s (8 slm). The smallest
droplet diameters and highest velocities are located in the center of the cold spray.
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Figure 24: SpraySyn2 cold spray at the standard operating condition, 2 ml/min ethanol, various disper-
sion gas flows (from left to right): 4, 6, and 8 sIm. Vertical cross-sections of mean droplet diameter (top)
and mean axial droplet velocity (bottom).
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5.3.1.2 Operation: Spray flame

Figure 25 and Figure 26 depict vertical and horizontal cross-sections of the ethanol SpraySyn2
flame, respectively, with further details provided in the captions. The smallest mean droplet
diameter of 9.1 ym was measured in the flame center at HAB = 8 mm. The highest mean axial
droplet velocity was observed on the centerline at HAB = 15 mm. Compared to the cold ethanol
spray (Figure 22), the droplet count in the range above HAB = 20 mm is significantly lower
indicating strong droplet evaporation within the flame.
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Figure 25: SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol, 6 sim dispersion gas
flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean axial droplet velocity,
mean radial droplet velocity, droplet counts.
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Figure 26: SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol, 6 sim dispersion gas
flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter, mean axial droplet veloc-
ity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6, 15, and 30 mm. Note
the differently scaled spatial axes within each row.
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Centerline and radial profiles at various liquid flow rates

Figure 27 shows centerline and radial profiles of the mean axial droplet velocity, count rate
and mean droplet diameter for the SpraySyn2 flame operated with various ethanol flow rates.
On the centerline the mean axial droplet velocity decreases and the mean droplet diameter
increases with increasing ethanol flow rates. This can be explained by a lower acceleration
and poorer atomization due to the lower ratio of dispersion gas flow rate to liquid flow rate. At
HAB = 15 mm the impact of the flow rate on the radial profiles is minor. In the upstream flow
direction, the mean droplet diameter decreases up to approximately HAB = 15 mm due to
secondary atomization and subsequently increases due to a faster evaporation of small drop-
lets according to the D? law [266]. After about 30 mm, overall droplet evaporation results in
continuously decreasing mean droplet diameters.
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Figure 27: SpraySyn2 flames at standard operating condition, various flow rates of ethanol, 6 sim dis-
persion gas flow, top: Centerline profiles over HAB, bottom: Radial profiles through the flame center at
HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid lines), right:
Mean droplet diameter.
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Centerline and radial profiles at various dispersion gas flow rates

Figure 28 shows centerline and radial profiles of the mean axial droplet velocity, count rate
and mean droplet diameter for the ethanol SpraySyn2 flame operated with various dispersion
gas flow rates (4 to 8 sIm). On the centerline and radial profile at HAB = 15 mm, with increasing
dispersion gas flow rates the mean axial droplet velocity increases, while the mean droplet
diameter decreases. This can be explained by higher droplet acceleration and enhanced spray
atomization due to a higher ratio of dispersion gas flow rate to liquid flow rate. For the operating
conditions with dispersion gas flow rates of 7 and 8 slm, in the vicinity of a HAB = 15 mm, the
droplet velocity partially surpassed the detection limit of the LDA system. The corresponding

data points were cut out.
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Figure 28: SpraySyn2 flames at standard operating condition, various dispersion gas flow rates,
2 mil/min ethanol, top: Centerline profiles over HAB, bottom: Radial profiles through the flame center at
HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid lines), right:

Mean droplet diameter.
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Vertical cross-sections with various dispersion gas flow rates

Figure 29 shows for the ethanol SpraySyn2 flame the effect of increasing the dispersion gas
flow from 4 to 8 slm on the mean droplet diameter (top) and the mean axial droplet velocity
(bottom). With increasing dispersion gas flow the minimum mean droplet diameter decreases
from 10.7 um (4 sim) to 9.1 ym (6 slm) to 7 um (8 sIm) and the maximum mean axial droplet
velocity increases from 107 m/s (4 sim) to 140 m/s (6 slm) to >150 m/s (8 slm). In the diagrams
on the right, certain data points were cut out because the axial droplet velocity partially exceeds
the detection limit of the LDA system in the center of the flame when operated with 8 sim
dispersion gas flow.
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Figure 29: SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol, various dispersion
gas flows (from left to right): 4, 6, and 8 sIm. Vertical cross-sections of: Mean droplet diameter (top) and
mean axial droplet velocity (bottom).
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5.3.2 Liquid fuel: 65EHA35EtOH

5.3.2.1 Operation: Spray flame

Figure 30 and Figure 31 depict vertical and horizontal cross-sections of the 65EHA35EtOH
SpraySyn2 flame, respectively, with further details provided in the captions. The spray flame
features the smallest mean droplet diameters (d = 10.8 ym) along the centerline within the
range of 10 and 15 mm HAB. The mean axial droplet velocity reaches its maximum of 129 m/s
at HAB = 15 mm. The horizontal cross-sections of the droplet diameter and axial velocity reveal
an elliptical shape of the SpraySyn2 flame when operated with 65EHA35EtOH. In contrast, the
flame operated with ethanol featured a nearly rotationally symmetric shape (Figure 26).
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Figure 30: SpraySyn2 flame at the standard operating condition, 2 ml/min 65EHA35EtOH, 6 slm disper-
sion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean axial droplet
velocity, mean radial droplet velocity, droplet counts.
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Figure 31: SpraySyn2 flame at the standard operating condition, 2 ml/min 65EHA35EtOH, 6 sIm disper-
sion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter, mean axial
droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6, 15, and
30 mm. Note the differently scaled spatial axes within each row.
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Centerline and radial profiles at various liquid flow rates

Figure 32 shows centerline and radial profiles of the mean axial droplet velocity, count rate
and mean droplet diameter for the SpraySyn2 flame operated with various 65EHA35EtOH flow
rates. From the results it can be generally concluded that an increase of the 65EHA35EtOH
flow rate results in a lower mean axial droplet velocity and larger mean droplet diameters. The
described impact is more pronounced on the centerline compared to radial positions more
distant from the flame center. The droplet count rate indicates that a small fraction of
65EHA35EtOH droplets survive within the spray flame up to HAB = 100 mm.
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Figure 32: SpraySyn2 flames at standard operating condition, various flow rates of 65EHA35EtOH,
6 slm dispersion gas flow, top: Centerline profiles over HAB, bottom: Radial profiles through the flame
center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid lines),
right: Mean droplet diameter.
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Centerline and radial profiles at various dispersion gas flow rates

Figure 33 shows centerline and radial profiles of the mean axial droplet velocity, count rate
and mean droplet diameter for the 65EHA35EtOH SpraySyn2 flame operated with various
dispersion gas flow rates. With increasing dispersion gas flow rates the mean droplet velocity
increases and the mean droplet diameter decreases. The maximum droplet velocity and the
minimum droplet diameter are reached at approximately HAB = 15 mm. In contrast to the var-
iation of the liquid flow rate, the dispersion gas flow rate has a significant impact on the radial
profiles.
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Figure 33: SpraySyn2 flames at standard operating condition, various dispersion gas flow rates,
2 ml/min 65EHA35EtOH, top: Centerline profiles over HAB, bottom: Radial profiles through the flame
center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid lines),
right: Mean droplet diameter.
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5.3.3 Comparison of different liquid fuels

5.3.3.1 Mean droplet diameter

Figure 34 and Figure 35 show a comparison of the mean droplet diameter for the SpraySyn2
flame when operated with different solvents, with additional details on the cross-sections and
profiles provided in the figure captions. The operation of the SpraySyn2 flame with different
solvents results in significantly varying mean droplet diameters across the entire measuring
range. It is generally observed that the mean droplet diameter decreases within the first ap-
proximately 15 mm along the flame center line, then increases within the distance up to a HAB
of 30 to 40 mm, before slightly and continuously decreasing again. The horizontal profiles
feature a minimum in the flame center, and as distance from the flame center increases, the
mean droplet diameter continuously rises.

Ethanol 65EHA35EtOH 1-Butanol Acetone o-Xylene pm

40

35

30

N
o
I

N
o
I

HAB / mm

6420246 6420246 -6-4-20246 6420246 -6-4-20246
Radial position / mm
Figure 34: Vertical cross-sections of the mean droplet diameter of SpraySyn2 flames at the standard

operating condition, uniform color scale. Dispersion gas flow: 6 sIm, liquid flow rate: 2 ml/min, various
solvents (from left to right): Ethanol, 65EHA35EtOH, 1-butanol, acetone, o-xylene.
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Figure 35: Mean droplet diameters of SpraySyn2 flames at standard operating condition, various sol-
vents, 2 ml/min liquid flow rate, 6 sIm dispersion gas flow, left: Centerline profiles over HAB, right: Radial
profiles through the flame center at HAB = 15 mm.
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5.3.3.2 Mean axial droplet velocity

Figure 36 and Figure 37 show a comparison of the mean axial droplet velocity for the Spray-
Syn2 flame when operated with different solvents, with additional details on the cross-sections
and profiles provided in the figure captions. The impact of the solvent on the mean axial droplet
velocity is low. However, a significant deviation is observed for deionized water, with a lower
velocity compared to the other solvents. This observation could be explained by the higher
density of deionized water, resulting in a slower acceleration. For all solvents, the maximum
mean axial droplet velocity is reached between 15 and 20 mm downstream of the nozzle outlet.
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Figure 36: Vertical cross-sections of the mean axial droplet velocity of SpraySyn2 flames at the standard

operating condition, uniform color scale. Dispersion gas flow: 6 sIm, liquid flow rate: 2 ml/min, various
solvents (from left to right): Ethanol, 65EHA35EtOH, 1-butanol, acetone, o-xylene.
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Figure 37: Mean axial droplet velocity of SpraySyn2 flames at standard operating condition, various
solvents, 2 ml/min liquid flow rate, 6 sim dispersion gas flow, left: Centerline profiles over HAB, right:
Radial profiles through the flame center at HAB = 15 mm.

50



Spray characterization of the SpraySyn2 burner (LDA and PDA)

5.3.3.3 Droplet count

Figure 38 and Figure 39 show a comparison of the droplet counts for the SpraySyn2 flame
when operated with different solvents, with additional details on the cross-sections and profiles
provided in the figure captions. The droplet count rates of deionized water and acetone stand
out from the data set. Acetone features a sharp decrease in count rate with increasing HAB,
while water exhibits the smallest decline. The high droplet count rate of deionized water across
the entire measuring range in the spray flame can be attributed to its high enthalpy of vapori-
zation [267]. In contrast, acetone is characterized by a low boiling point (Table A1) and a low
enthalpy of vaporization [268]. More relevant in the context of nanoparticle synthesis, the drop-
let count rate along the centerline of the SpraySyn2 flame is higher when operated with
65EHA35EtOH, indicating slower droplet evaporation for this solvent compared to ethanol.
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Figure 38: Vertical cross-sections of droplet count of SpraySyn2 flames at the standard operating con-
dition, uniform color scale. Dispersion gas flow: 6 sIm, liquid flow rate: 2 ml/min, various solvents (from
left to right): Ethanol, 65 EHA35EtOH, 1-butanol, acetone, o-xylene.
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Figure 39: Droplet count rate of SpraySyn2 flames at standard operating condition, various solvents,
2 mi/min liquid flow rate, 6 sIm dispersion gas flow, left: Centerline profiles over HAB, right: Radial pro-
files through the flame center at HAB = 15 mm.
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5.4 Summary and discussion

In this chapter (and appendix, section 12.4), a data set of droplet velocity and size distributions
of numerous SpraySyn2 flames and cold sprays is presented. Various operating conditions
and solvents were investigated and the results are illustrated as vertical and horizontal cross-
sections and profiles, respectively. Due to geometric constraints of the SpaySyn2 burner, the
minimum measuring height was 6 mm above the burner nozzle. Additionally, due to optical
limitations of the LDA/PDA-system, droplet velocities could only be measured up to ~180 m/s
(section 5.2).

The results show that the utilized solvent, the dispersion gas flow, and the liquid flow rate have
an impact on the droplet size and velocity across the entire measuring range of the SpraySyn2
flame and cold spray. The mean axial droplet velocity increases with higher dispersion-gas
flow rates and decreases with rising liquid flow rates when the dispersion-gas flow rate remains
constant. This can be explained by an increase in the dispersion gas velocity due to the higher
volume flow that results in a stronger acceleration of the droplets. Additionally, the higher ratio
of dispersion gas flow rate to liquid flow rate enhances droplet dispersion and atomization.

For the operating conditions investigated in this study, the highest mean axial droplet velocities
and lowest mean droplet diameters are observed in the flame center in the range around
HAB = 15 mm. The mean droplet diameters decrease within the first approximately 15 mm
HAB, then increase to reach the maximum at about HAB = 30 mm, before decreasing again.
This can be explained by secondary atomization within the first 15 mm, followed by a regime
where small droplets evaporate faster due to the D? law [266] leaving larger droplet behind,
and finally, a regime of generally decreasing droplet diameters due to evaporation.

For the SpraySyn2 flame, the droplet count rate decreases exponentially with rising HAB and
also with increasing distance from the flame centerline. The smallest decrease was observed
for deionized water, while the most significant decrease was noted for acetone. It was observed
that droplets of solvents with a high boiling point and enthalpy of vaporization survive up to
HAB = 100 mm within the SpraySyn2 flame (e.g., water, 65EHA35EtOH or o-xylene). Schnei-
der [122] reported similar results for the SpraySyn1 burner using the identical measurement
setup. For future work, particularly when operating the SpraySyn2 burner with dispersion-gas
flow rates higher than the standard 6 sIm, it is recommended to equip the LDA/PDA setup with
laser-focusing optics featuring a higher focal length and to realign the distance between the
optics and the burner. This adjustment will enable the detection and measurement of droplets
with velocities exceeding ~180 m/s (section 5.2).

The data set presented in this chapter was generated to support process understanding of the
SpraySyn2 flame, as input for CFD simulations or boundary conditions, and for simulation val-
idation. Parts of the data have already been utilized, e.g., to validate LES simulations coupled
to the sparse-Lagrangian multiple mapping conditioning model of Kirchmann et al. [181] or for
the determination of droplet residence times within the SpraySyn2 flame by Jingst et al. [269].
Further work utilizing or referencing this dataset is currently ongoing.

With the same measurement setup, droplet velocity and size distributions were measured for
the SpraySyn1 burner. These results are analyzed and presented in section 8.1.4.1. For addi-
tional data on droplet velocity and sizes of the SpraySyn1 or SpraySyn2 burner, refer to the
various studies conducted in the scope of the DFG research program [122, 190-193].
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6 Multi-line NO-LIF gas-temperature imaging in pilot-scale
spray flames

Some sections of the following chapter are reprints or contain contents from the listed publications:

M.M. Prenting, M. Underberg, T. Dreier, T. Endres, S.M. Schnurre, C. Schulz, Multi-line NO-LIF gas-tem-
perature imaging in a pilot-scale spray flame for nanoparticle synthesis. 11" European Combustion Meeting
(2023), Rouen, France. https://fecm2023.sciencesconf.org/

© Proceedings of the European Combustion Meeting 2023. Reprinted with permission.

M. Underberg, M.M. Prenting, M. Sieber, S. Schimek, C.O. Paschereit, T. Hilser, T. Endres, C. Schulz, H.
Wiggers, S.M. Schnurre, A hydrogen-based burner concept for pilot-scale spray-flame synthesis of nano-
particles: Investigation of flames and iron oxide product materials, Appl. Energ. Combust. Sci. 15 (2023)
100165. https://doi.org/10.1016/j.jaecs.2023.100165

© 2023 The Authors. Published by Elsevier Ltd. Reprinted with permission.

S. Klukas, M. Giglmaier, M. Underberg, S.M. Schnurre, M.M. Prenting, T. Endres, H. Wiggers, C. Schulz,
M. Sieber, S. Schimek, C.O. Paschereit, N.A. Adams, Scale-up analysis of spray flame nanoparticle synthe-
sis by comparison of laboratory and pilot plant-scale burners, Appl. Energ. Combust. Sci. 18 (2024) 100263.
https://doi.org/10.1016/j.jaecs.2024.100263

© 2023 The Authors. Published by Elsevier Ltd. Reprinted with permission.

My contributions to these publications were the design and setup of the multi-line NO-LIF gas-temperature
imaging experiment, execution of the measurements supported by Martin Underberg, and analysis and in-
terpretation of the NO-LIF data. | supported the first authors with the conception and writing of the manu-
scripts and was mainly responsible for the conception and writing of the sections that deal with NO-LIF
thermometry and its results. The other coauthors contributed mainly to structuring and wording. The meas-
urements and analysis of nanoparticles produced were performed by Martin Underberg in collaboration with
ICAN, University of Duisburg-Essen.

Nanoparticle synthesis in spray flames is an adaptable method to produce nanoparticles with
a wide range of different properties [107, 270]. Based on the liquid precursor feed, a variety of
single- and multi-element metal-oxide nanoparticles can be synthesized [37]. The pilot-scale
spray-flame burners for nanoparticle synthesis which are in the focus of this chapter are de-
scribed in detail in section 3.3. The pilot-scale burners were located at the Institut fir Umwelt
& Energie, Technik & Analytik (IUTA) in Duisburg and were designed to investigate the upscal-
ing process from laboratory to industrial production scale. The insufficient process understand-
ing of gas-phase nanoparticle synthesis impedes the realization of industrial production. The
aim of this project was to develop a scalable process design which can be transferred to in-
dustrial applications. Pilot- and large-scale nanoparticle production has already been realized
for silica, titania, and alumina [72], ZrO, and Al,O3 nanoparticles at production rates of 180 g/h
[271], silica nanoparticles at 1.1 kg/h [166], SiO2 and TiO2 at 200 g/h [272], boron-doped silicon
nanoparticles at 0.75 kg/h [273], ZnO nanoparticles at >3 kg/h [169, 274], and ZrO, nanopar-
ticles at up to 0.5 kg/h [170]. The gas-phase temperature in pilot-scale flames was measured
at various operating conditions to analyze their impact on particle properties, to support pro-
cess understanding and to provide boundary conditions and validation data for numerical sim-
ulations. The gas temperature in spray flames for nanoparticle synthesis is one of the key
factors affecting evaporation processes, precursor decomposition, the kinetics of particle for-
mation, liquid-particle, and particle-particle interaction [275, 276]. Therefore, in this work, the
gas-phase temperature of pilot-scale spray flames was measured by multi-line NO-LIF tem-
perature imaging.
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6.1 Theoretical background

Multi-line NO-LIF imaging in flames introduced by Yorozu et al. [277] and further developed by
Bessler et al. [278] is a non-intrusive in situ measurement technique for time-averaged gas-
phase temperature measurements based on the temperature dependence of nitic-oxide LIF
excitation spectra. The method is suitable as a calibration-free technique for use in challenging
reactive flows with high background signals. The technique was applied earlier in evaporating
spray systems and spray flames [279-281] proving its applicability in the presence of droplets.
Moreover, multi-line NO-LIF was applied in laminar flames [277, 282-285], high-pressure
flames [286-289] and nanoparticle-synthesizing reactive flows like low pressure laminar flat
flames [275, 290, 291], spray flames [122, 292], and plasmas [293, 294]. For this measurement
technique, the fresh gas is seeded with ppm-amounts of NO, which then is excited in a tem-
perature-sensitive spectral range of the A—X(0,0) rovibrational electronic absorption band by a
tunable UV-laser sheet while the resulting fluorescence is detected by an intensified CCD cam-
era. The laser wavelength is stepwise tuned across a suitable temperature-sensitive spectral
range (section 6.1.3) and per laser shot one two-dimensional NO-LIF intensity map is rec-
orded. From the recorded stack of averaged LIF-signal images, per wavelength step, excitation
spectra can be constructed for each pixel. LIFSim [295, 296] can calculate simulated excitation
spectra for various parameters (section 6.1.3). With temperature as the main variable param-
eter, simulated spectra are fitted to the recorded excitation spectra by using a Levenberg-
Marquardt non-linear least-squares fit function [297, 298]. To optimize the fitting procedure the
simulated line positions are adjusted to the experimental line positions [299]. Same as two-line
LIF thermometry, multi-line LIF is calibration-free because the measured excitation spectra are
compared to detailed simulated spectra where various physical influences on the spectra are
included. The retrieved local temperatures represent pulse-averaged values for the time of the
laser scan duration in the cross-section of the laser sheet and the NO-doped gas phase (fluo-
rescence signal is generated in this planar section). The desired time-averaged gas-phase
temperature map is formed by assembling the determined temperature values of each pixel.

6.1.1 Two-level model

Comprehensive explanations of the theoretical fundamentals and the derivation of LIF-signal
intensities can be found in references [300, 301], thus only a concise summary is provided in
this section. For multi-line NO LIF, nitric oxide molecules are excited by laser light from their
electronic ground state to the excited state. The excited state is not stable, and typically after
a few nanoseconds, the system returns spontaneously back to the ground state. When the
molecules return from the upper state to the lower state, part of the absorbed photon energy
relaxes non-radiatively, and another fraction leads to the emission of photons, which repre-
sents the fluorescence. Figure 40 shows a simplified two-level model for the transition pro-
cesses between the ground state and the excited state. The definitions of the related rate
constants are given in the figure caption. Because the thermal population of the ground state
energy levels is temperature dependent, NO features temperature-sensitive excitation spectra.
These spectra can be recorded by the detection of the fluorescence signal when the excitation
is in the linear regime, because then the fluorescence is proportional to the excitation irradi-
ance. For the multi-line NO-LIF method, from the recorded excitation spectra the temperature
can be derived without the necessity for calibration. The temperature dependence of the
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excitation spectra is derived from the Boltzmann distribution within the interrogated molecular
energy levels of NO and is well known in the literature [277, 295, 302].

W2i

Excited state Energy level 2

Ground state Energy level 1

Figure 40: Two-level model with the rates of the transitions relevant for NO-LIF. Stimulated absorption:
b2, stimulated emission: b21, spontaneous emission: Az1, collisional quenching: Qz1, predissociation:
Pzi, photoionization: Whai.

In the linear regime, the detected laser-induced fluorescence intensity, A, is proportional to
the laser excitation intensity, £x, and can be expressed by the relationship given in equation
(6.1) [303, 304]:

I1;r & Laser excitation intensity X Absorption X Fluorescence quantum yield X (6.1)
Detection )
The recorded signal of the fluorescence depends on various influencing factors. They can be
categorized in terms for absorption, emission and detection, that are given by equations (6.2),
(6.3), and (6.4), respectively. The absorption can be described as follows by equation (6.2):

Absorption « By, Ny fg g, (6.2)

The absorption is proportional to the product of the Einstein coefficient from transition 1 to 2,
B2, the number density of molecules excited within the measurement volume, M, the Boltz-
mann fraction, £, and the dimensionless overlap function between the absorption and laser
line, g.. When the wavelength of the laser excitation light matches an absorption line, photons
are absorbed and fluorescence generated.

The fluorescence intensity upon excitation is defined by the fluorescence quantum yield (&)
and its term is given in equation (6.3) [305],

Az1

P, = — 22
s Az +Q21+P2i+ Wy,

(6.3)
where A4,: is the Einstein coefficient for spontaneous emission and thus the rate of spontane-
ous emission from energy level 2 to 1, @ is the collisional quenching rate for molecules in the
excited state, and P, is the molecule-dependent dissociation rate of the excited state 2. There-
fore, 421 represents the radiative and @ and P; the nonradiative fraction of the depopulation
of the excited state.

The term for the detection is defined by experimental factors. The recorded camera signal $
can be expressed by equation (6.4) [306]:
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Q
SD = IF E V T™n (64)

The fluorescence signal from the measurement volume, F, is determined by the equations
given above. To consider the characteristics of the camera and optical components, the de-
tection solid angle, ©2/4n and the wavelength-dependent sensitivity of the detection system, 7,
is included in the equation. V represents the measurement volume and rincludes its wave-
length-dependent transmission (fluorescence signal trapping) and the transmission of the flu-
orescence signal to the detector.

NO-LIF measurements are performed with laser excitation irradiance much smaller than the
saturation irradiance (/x << ka). Under the assumption that the fluorescence is in the linear
regime, from equations (6.2) to (6.4), equation (6.5) is obtained [299, 300]. In the linear regime
the number of fluorescence photons is linear proportional to the number of excitation photons
(i.e., Ix ~ Lr). Iur represents the LIF-signal recorded by the detector (e.g., the camera) and is
formed from the equations given above as follows

dan 2 o0 (6.5)

Az1+Q21 41

hf
Ie = IeleANf)Bu

where £ is the Planck constant, 1+ the frequency of the emitted fluorescence, and c is the
speed-of-light in vacuum. The product 4+ expresses the photon energy. The term /A repre-
sents the volume from where the fluorescence is observed (in which A is the focal area of the
laser beam). The molecule number density within the measurement volume prior to excitation
N is derived according to Eckbreth [300] from equation (6.6) to (6.9):

AN
d_tl = —=N;by; + Ny(by1 + Azq + Q21) (6.6)

dN.
d—tz = Nybiy — Np(byy + Azq + Qpq + Py + Wyy) (6.7)

where N, and N; are the population densities of the lower and upper level, respectively, b2
and b,: are the rate constants for absorption and stimulated emission, respectively, P is the
predissociation rate constant and IW%; is the photoionization rate constant. Equation (6.8) is
obtained when predissociation and photoionization are not considered and equations (6.6) and
(6.7) are added.

S+ Ny) =0 (©.8)

Equation (6.9) describes the prerequisite that the total number of NO molecules does not
change.

N, + N, = constant = N; (6.9)

6.1.2 Marker species

In previous work, gas-phase LIF thermometry was applied based on various target species.
Besides NO, target species used for multi-line LIF thermometry include OH [51, 307-309], SiO
[284, 291, 296], CH [310], and C; [310]. Two-line LIF thermometry was performed with NO
[311-315], OH [315-323], SiO [324], O, [325], indium atoms [326-331], toluene [332], and io-
dine I2 [333]. Single-line LIF temperature imaging was done with the target molecules NO [314,
334], 12 [335], O2 [336] and toluene [337]. In this study, nitric oxide (NO) was chosen as tracer
species due to its many advantages for the application in flames [278, 299]. NO provides strong
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LIF signal (although less than OH, for example) and therefore is well suited for imaging ther-
mometry. NO is a naturally formed species in combustion processes where nitrogen and oxy-
gen are present, e.g., combustion with air. Additional amounts of NO can be added to the fresh
gas to increase its concentration and hence the detectable LIF signal and to also measure
temperature in areas before and outside the flame. In contrast to OH or O; it is a stable mole-
cule in burned and unburned gases and is largely unaffected by the flame front, thus LIF signal
can be obtained from the entire flow field. This study targets gas temperatures in spray flames.
The applicability of multi-line NO LIF and its stability at high temperatures was demonstrated
in spray flames for temperatures up to at least 2500 K [122, 292] and in a low pressure plasma
reactor up to 3000 K [293]. Typically, NO is added in trace amounts to the gas phase so that
low concentrations in the range of 100—1000 ppm [278, 280, 281, 283, 291] are obtained and
influences on the system under investigation (e.g., to the flame chemistry, fluid dynamics) can
be neglected [278]. The use of higher NO concentrations up to 4000 ppm was also reported
[293].

6.1.3 Spectral range for multi-line NO-LIF

In previous studies, depending on the targeted gas temperature, either the spectral range be-
tween 44,407-44,417 cm™ (four major peaks) [278, 279, 281, 338] or 44,407-44,423 cm™’
(five major peaks) [122, 279, 291-293] in the A—X(0,0) band was used. The selected spectral
range with five major peaks enables LIF thermometry in a large temperature range and based
on numerical evaluations of NO-LIF excitation spectra (LIFSim) the range features the highest
temperature sensitivity for temperatures between 250-2500 K [290]. With the five-peak con-
figuration, measurements were performed for gas temperatures between 300 and 3000 K
[293]. Hecht [339] reported that in the spectral range between 44,300-44,500 cm™ the se-
lected range between 44,407—-44,423 cm™ features a low LIFSim fit error of 1.3 % when a
white-noise level of 5 % is introduced to a simulated spectrum of 1000 K. Errors about 2 %
were calculated in other spectral ranges. The four-peak configuration features a high temper-
ature sensitivity at room temperature and for gas temperatures above 1000 K. However, some
fitting instabilities were reported for the lower temperature range between 500—-1000 K due to
weak spectral peaks which can get lost in the background noise [290]. The fit might return
lower temperature values up to 200 K. For the interpretation of temperature regions below
1000 K these fitting instabilities need to be considered. For this work, the spectral range be-
tween 44,407-44,417 cm™" (225.19-225.14 nm) of the A-X(0,0) NO absorption band was se-
lected according to the above-mentioned studies. The gas temperature is expected to be
above 1000 K in all relevant regions of interest of the pilot-scale spray flames.

Figure 41 shows NO-LIF excitation spectra at various temperatures simulated by LIFSim [295].
The left diagram shows normalized and the right diagram absolute spectra. The simulations
were done for 1 bar and a gas-phase composition of 1000 ppm NO, 79.9 % N2 and 20 % O..
From the normalized spectra it can be seen that the ratios of the peaks are strongly tempera-
ture dependent, which accounts for the high temperature sensitivity of this spectral range. The
absolute spectra on the right show that the excitation-light absorption is small at lower temper-
atures. Maximum NO-LIF signal can be expected for the temperature range between 1500—
2000 K. With regard to NO-LIF measurements in flames, this effect is partly compensated due
to lower gas densities at higher temperatures.
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Figure 41: Simulated NO-LIF excitation spectra at various temperatures, left: Normalized intensity, right:

Relative intensity.

The excitation spectra shown in the spectral range between 44,407 and 44,423 cm™ (225.19—
225.11 nm) consist of twelve individual absorption transitions that partly overlap. Except for
the peak at 44,412.87 cm™" (225.16 nm) the other four peaks result from superimposed transi-
tions, so that these transitions appear as five peaks as shown in Figure 41. Table 2 shows the
spectral positions of the twelve overlapping NO transitions with its ground-state energies and

Einstein coefficients.

Table 2: 12 NO-absorption transitions A—X(0, 0) and its spectroscopic properties in the spectral range
between 44,407-44,423 cm~' (225.19-225.11 nm), data from LIFSim [295].

Rotational Quantum Excitation Ground-state  Einstein co- Einstein co-
branch for NO number wavenumber v energy Eq4 efficient A2 efficient B12
transition Jiow | Jup / em-! / em-! /s | m3J-1s-2
O12 46.5/45.5 44409 3877.26 2.73x10% 1.83x1016
P4 36.5/355 44409.27 2283.36 2.13%10% 1.42x10"7
R 225/235 44411.23 882.38 1.78x105 1.27x10"7
Q21 225/225 44411.29 882.38 1.10x105 7.53%x1016
Sa1 17.5/18.5 44412.87 540.06 6.62x10* 4.79x10'6
Q12 38.5/385 44416.07 2714.06 6.33x104 4.34x1016
P2 38.5/37.5 44416.18 2714.06 2.19%105 1.46x10"7
Riz 315/325 44420.13 1869.96 3.55x10* 2.51x1016
Q2 31.5/31.5 44420.22 1869.96 4.01x105 2.75%x10'7
Q1 29.5/29.5 44420.72 1501.95 3.95x10° 2.71x10"7
P21 29.5/28.5 44420.80 1501.95 4.18x104 2.77x106
R2 25.5/26.5 44420.86 1276.51 1.77x105 1.26x10"7
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6.2 Experimental setup

6.2.1 Dye laser

For the recording of excitation spectra, a wavelength-tunable laser source is needed, which is
accomplished in this work by a dye laser. Dye lasers are characterized by using fluorescence-
dye solutions as lasing medium. A prism or diffraction grating is installed in the optical resona-
tor to adjust the wavelength of the emitted laser beam. The tuning range of the emission wave-
length depends on the laser dye used. A single laser dye covers a spectral range of about 30—
60 nm, and due to the large variety of dyes available a spectral range from near UV (~320 nm)
to near IR (~1500 nm) is accessible by dye lasers [340, 341]. Using sum-frequency mixing
(e.g., in nonlinear crystals) laser-emission wavelengths down to 200 nm can be reached [342].
The gain medium is usually pumped by an external laser.
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Figure 42: Scheme of the optical setup of the dye laser used in this work (Radiant Dyes NarrowScan D-
R).

The dye laser used for the NO-LIF setup was the NarrowScan D-R (Radiant Dyes Laser Ac-
cessories GmbH). A scheme of the optical setup is given in Figure 42. The dye cells of the dye
laser were pumped by the second harmonic of a Nd:YAG laser at 532 nm. In the resonator
unit the beam was split into two and expanded via negative lenses to excite the dye solutions
in the oscillator dye cell (~5 % of initial laser-beam energy) and in the amplifier cell (~70 %).
The remaining 25 % of the initial laser-beam energy were reflection losses. The dye solutions
(DCM in ethanol, peak fluorescence efficiency at 627 nm) were temperature controlled and
circulated by pumps to prevent dye degradation. The dye concentration for the oscillator cell
was 340 mg/l and for the amplifier cell 113.3 mg/l. In the oscillator cell laser light in the wave-
length range between 602—660 nm was generated and amplified in the amplifier cell. A grating
was mounted to the resonator to tune the laser wavelength. In the frequency conversion unit
(FCU) the resulting laser beam in the wavelength range of 602—660 nm was superimposed
with the third harmonic of the Nd:YAG laser (355 nm) and converted (sum-frequency mixing)
by the BBO crystal (barium borate, B-BaB20., thermally not stabilized) to laser light in the
wavelength range of 223-231 nm. For the NO-LIF measurements in this work a laser-beam
wavelength of ~225 nm was desired (cf. section 6.1). The optical axis of the BBO crystal
needed to be adjusted with respect to its cut angle and the laser beam wavelength generated
in the resonator to enable sum-frequency mixing. A compensator was installed and turned by
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a step motor to the negative angle of the BBO crystal to compensate for beam steering effects.
The dye-laser wavelength was determined by the grating position in the resonator which was
controlled by software (NarrowScan laser control, Radiant Dyes GmbH, version Rev. ATMega
3.9 2014). The step motors of the BBO crystal and the compensator needed to be driven syn-
chronously with the resonator-grating position to maximize the conversion efficiency. BBO
crystal and compensator were turned in opposite direction. A calibration curve (look-up table)
was manually defined by iteratively adjusting the FCU motor position at each emission wave-
length to obtain the optimized dye-laser energy output. The look-up table provided the step-
motor position of the BBO crystal connected to the corresponding resonator wavelength and
was referenced by the software during the NO-LIF scans. In the dye laser system used, the
BBO crystal was thermally not stabilized what can cause detuning of the frequency conversion
unit. After the laser beam left the frequency conversion unit it was wavelength separated from
residual laser beams by two Pellin-Broca prisms. With this dye laser configuration, a laser-
wavelength range between 223-231 nm can be generated. The dye-laser offset was deter-
mined as 14 cm™" by the comparison of measured and simulated NO-excitation spectra. The
dye laser linewidth is given by the manufacturer as <0.04 cm™, typically 0.02 cm~" HWHM. The
FWHM of the laser-pulse length was measured as ~20 ns from scattered light with an oscillo-
scope (Le Croy, waverunner LT342 500 MHz DSO). A consistently constant laser-pulse energy
of up to 0.4 mJ per pulse was achieved reliably.

6.2.2 Measurement setup

The pilot scale spray burners investigated in this study were described in detail in sections 3.3
and 3.4. They were operated in a stainless-steel reactor housing with a diameter of 500 mm
and a height of ca. 2 m. The reactor was located on the first level of the pilot plant, to enable
the accessibility to the burner and its conduit system from beneath. Reactor and filter system
were designed for large-scale nanoparticle production of up to 1 kg/h. It was developed and
built by HSW Materials GmbH (Kamp-Lintfort, Germany). The setup was controlled via a SPS
software (Siemens Simatic S7-1500) and operated by Martin Underberg from the IUTA. An air
coflow in the range of 1200 kg/h surrounding the burner was guided through the reactor to
quench the combustion gas and carry the nanoparticles to the filter system for product sepa-
ration. The vacuum to move the exhaust gas was generated by a radial fan (Siemens AG).
Typically, the pressure in the reactor chamber was approximately 20 mbar below ambient
pressure. The spray flame was optically accessible via four UV-transparent quartz windows
(Herasil, diameter: 160 mm).
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Figure 43: Multi-line NO-LIF measurement setup with simplified signal routing, the dashed arrows indi-
cate triggering signals and solid arrows data transfer, FCU: Frequency conversion unit. A detailed list of
the components used is given in the appendix 12.5.1, Table A2. The horizontal dashed line indicates
the separation of the equipment across two floor levels of the reactor facility.

Figure 43 shows the experimental setup for temperature imaging in the pilot-scale spray flames
with multi-line NO-LIF thermometry. Due to space limitations in the pilot plant and heat emis-
sion of the reactor, the laser system and the reactor were located on different floor levels. The
horizontal dashed black line indicates where the beam transfer from floor level 3 to 2 of the
synthesis facility took place. The tunable dye laser (Radiant Dyes NarrowScan D-R) was
pumped with the second harmonic laser beam (4 = 532 nm, laser pulse energy: 180 mJ) of the
flashlamp-pumped Nd:YAG laser (Continuum, Powerlite Precision Il Scientific, Model PL8010
S/N 6800) at a repetition rate of 10 Hz. The fundamental dye-laser wavelength at ~615 nm
was then sum-frequency mixed with the third harmonic (1 = 355 nm, laser pulse energy: 60 mJ)
of the Nd:YAG laser to generate a tunable laser beam at ~225 nm. The resulting dye-laser UV
beam was guided via three mirrors a distance of ca. 6.5 m from the second Pellin-Broca Prism
to the beam splitter of the laser-energy monitor located on the lower level. The laser-energy
monitor (LaVision VZ09-0530) operated at the gain level ‘low’ was controlled by the software
Davis (LaVision, version 8.4.0) to record the energy for each laser pulse. The energy value
was saved to each image for the laser-energy correction during post processing. About 90 %
of the laser-beam energy was transmitted by the beam splitter and formed by sheet-forming
optics (LaVision, Sheet Optics (divergent), Collimator Optics UV, VZ09-0537) into a vertical
laser sheet (about 90 mm high and 1 mm thick). The laser sheet was guided through the UV-
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transmissive quartz window of the reactor housing to the center of the flame. NO molecules in
the flow field were excited by the crossing laser sheet and the resulting fluorescence was rec-
orded perpendicular to it. The resulting NO-LIF intensity was several orders of magnitude lower
than the laser-excitation intensity. Depending on the background signal at the operating con-
dition of the flame, a custom-made optical longpass filter (Optics workshop, University of Duis-
burg-Essen) or a dielectric-reflection bandpass filter were utilized to block elastically scattered
laser light. After the NO-LIF light passed the optical filter, it was collected by a UV lens (LaV-
ision, f=85 mm, fz = 2.8, VZ20-0620) and imaged on the screen of an intensified relay optics
(LaVision, IRO, VC09-0228). The IRO was a vacuum tube with relay optics and a gateable
image intensifier to amplify incoming light in a wavelength range between 180 nm and the near
IR (conversion efficiency ~1 % at 800 nm). The collected fluorescence light was amplified and
then detected by the CCD camera (LaVision Imager Intense, VC09-0231, sensor:
1376 x 1040 pixel). In this arrangement, the Berlin burner (cf. section 3.3) was imaged in an
area of ~84 x 63 mm? in the center of the flame right above the burner outlet. The CCD chip
had a pixel size of 6.45 uym which resulted in a projected imaged region of 61 x 61 ym? per
pixel. IRO and camera were controlled by Davis software (LaVision). To reduce stray light, a
black background was installed inside the reactor in the camera’s field of view.

The measurement setup was clocked by a pulse generator (Stanford Research Systems Inc.,
Four Channel Digital Delay/Pulse generator Model DG535). Flash lamp and Q-switch of the
Nd:YAG laser were triggered continuously to generate a laser pulse at 10 Hz, while during a
NO-LIF scan, the custom-made signal interrupter (equivalent to an AND gate) blocked the
trigger signal for the camera and the laser-energy monitor when the dye laser was moving the
resonator grating to the next wavelength position. When the grating was in position for the next
wavelength step the camera and laser-energy monitor were triggered at 10 Hz for further im-
age recording. Grating position and angle of the BBO crystal were controlled by the software
“NarrowScan Laser control” using a previously generated look-up table. The LIF-signal images
were stored directly after recording by the software DaVis on a local hard drive of the computer
and the related laser-energy values detected by the laser-energy monitor were saved to the
meta data of the images.

Figure 44 shows smoothed NO-LIF emission spectra simulated by LIFSim [295] at various
temperatures and the filter-transmission curves of the optical filters which were used to block
scattering laser light. Boundary conditions for the LIFSim simulation: Pressure: 1 bar, excitation
wavelength: 225.12 nm, gas phase composition: 1000 ppm NO, 79.9 % N2 and 20 % O.. The
transmission curve of the bandpass filter (dielectric reflection filter with 4 mirrors) was meas-
ured with the UV/VIS-absorption spectrometer described in section 7.2.2 and the transmission
curve of the custom-made longpass filter was provided by the manufacturer. The transmission
curve of the longpass filter is shown for an angle of 20°. When the angle is increased, the edge
shifts to smaller wavelengths. An angle of 20° is ideal to block scattering light from the laser
and maximize the NO-LIF transmission.
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Figure 44: Simulated NO-LIF emission spectrum (LIFSim) at various temperatures, longpass-filter trans-
mission curve (angle: 20°) and bandpass-filter transmission curve (four-mirror filter), the NO-excitation
wavelength is indicated as a purple line.

The longpass filter was used when a low flame luminescence was present (e.g., hydrogen
flames and the solvent ethanol). This optical filter enables a higher transmission of NO-LIF
fluorescence over all bands than the bandpass filter (Figure 44). The bandpass filter was used
for operating conditions with strong spontaneous flame luminosity that needed to be sup-
pressed (e.g., when operated with 65EHA35EtOH).

6.3 Measurement procedure

Due to the high turbulence of these flames, especially when operated with hydrogen, it was
necessary to record a large number of images to compensate for NO-concentration and gas-
temperature fluctuations. In this turbulent environment, the averaged NO-LIF signal images
per wavelength step consist of many superimposed NO-excitation spectra from different local
flame conditions in time. At a fixed measurement volume, NO concentration and gas temper-
ature are volatile and thus cause a systematic error which is discussed in section 6.3.2. This
error is a result of averaging the LIF signal from varying temperatures and varying NO concen-
trations before deriving the temperature. Due to practical limitations, it was not possible to add
NO to both pilot gas and dispersion gas. Because better mixing with the surrounding gas was
expected, NO was added to the dispersion gas flow. To compensate for the resulting fluctua-
tions in the turbulent flame and to obtain homogenous average NO-LIF signal, 160 images
were recorded per wavelength position in four separate NO-LIF scans. Additionally, 4000 back-
ground images were recorded and averaged for background correction. The LIF images were
background corrected and then corrected for laser pulse energy.

Due to space limitations for the optical setup at the reactor window, the laser sheet could not
be expanded to cover the whole imaged area within the flame with sufficient laser energy.
Within the limited space, a laser sheet with an adequate intensity distribution could not be
obtained by the LaVision sheet-forming optics. Therefore, the position of the laser sheet was
shifted step by step in vertical direction to cover the full imaged area. Figure 45 shows the
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laser-sheet intensity profiles where the intensity centroid is located at different height above
the burner. The profiles were recorded in a UV-transmissive cuvette filled with a solution of
DCM in ethanol (cmass = 1.5 mg/l). It is evident that achieving adequate laser irradiance across
the entire area of interest was not feasible with a single laser-sheet position. To compensate
for this inhomogeneous laser-intensity distribution the laser sheet centroid was varied in verti-
cal direction over four height positions to cover the full height with sufficient signal and increase
the signal-to-noise ratio. The resulting overall laser-sheet intensity distribution is shown in red.
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Figure 45: Averaged laser-sheet energy profiles recorded in a cuvette with 1.5 mg/l DCM in ethanol,
four positions of laser-intensity centroid and the resulting sum of laser intensities.

Before measurements were performed the Nd:YAG crystals were manually adjusted to max-
imize the laser-energy output. The optimal angles of the BBO crystal and the related compen-
sator were manually determined by adjusting the stepper-motor position while observing the
laser-energy output with an oscilloscope. The resonator wavelength and the corresponding
stepper-motor positions were saved to a look-up table which was referenced during the NO-
LIF scans.

According to literature (cf. section 6.1) the NO excitation spectra were scanned in the spectral
range between 44,407.5 and 44,417.6 cm™ (225.187-225.136 nm). With a fixed excitation-
wavelength step-width of 0.05 cm™, this resulted in 203 wavelength positions. The laser was
operated at 10 Hz with a laser-pulse energy in the range of 0.2-0.4 mJ (measured with a
Coherent FieldMaxII-TOP Laser Power and Energy Meter, equipped with the energy head:
Coherent EnergyMax 1110743, J-25MB-LE, 25uJ-50mJ) resulting in a maximum laser fluence
of F=~1.06 mJ/cm? (at the peak of the laser-energy profiles, Figure 45). From previous work
it is known that for this excitation energy the excitation of NO is in the linear regime [278, 291,
293]. Higher laser-pulse energies would have been beneficial to improve the NO-LIF results,
but could not be achieved by the available dye laser system. For comparison: Bessler and
Schulz [278] applied laser-pulse energies of 1-1.5 mJ in Bunsen flames and Hecht et al. [293]
applied 10 mJ in a low-pressure plasma reactor. NO-LIF images were recorded at 10 Hz with
an intensifier gate of 50 ns. For each operating condition, four scans were performed with
different fixed laser-sheet positions equally spaced from each other (Figure 45). For post-pro-
cessing, per wavelength step, 160 images from four NO-LIF scans were merged, resulting in
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a total measurement time of 54 min per operating condition. Recorded images were locally
stored by the software DaVis on a hard disk as .im7 files containing the related energy-monitor
value for postprocessing.

6.3.1 Post-processing with LIFSim

Postprocessing was done with a preliminary version of the latest release of LIFSim 4.0 devel-
oped by El Moussawi et al. [343]. LIFSim was introduced by Bessler et al. in 2004 [295] and
was continuously optimized and extended. There is also an online version of LIFSim available
via Ref. [344]. The calculations of LIFSim are based on the three-level linear LIF model. The
new open-source code for multi-line LIF is implemented in Matlab and can model LIF absorp-
tion, excitation and emission spectra for various molecules (e.g., NO, OH, SiO, O;). The spec-
tral modelling is based on experimentally-validated molecule-specific spectroscopic data [287,
296, 302], e.g., from the high-resolution transmission molecular absorption database (HI-
TRAN) [345]. For the multi-line technique, gas temperature is determined by fitting measured
excitation spectra with simulated excitation spectra, using temperature as the main fitting pa-
rameter. The spectral modeling of LIFSim considers, among others, superposition of overlap-
ping absorption transitions, Doppler and collisional line broadening, line shifting, laser line
width, collisional quenching, and spectral offsets. In the routine, the spectral baseline is sub-
tracted, which filters the excitation spectra from, e.g., broadband radiation, and makes the
approach insensitive to background signal. The newest version (made available after the study
presented in this chapter was completed) also includes a ‘temperature fluctuation feature’ to
assess flame and thus LIF signal fluctuations and its impact on the measurement error (cf. Ref.
[346]).

For the determination of the gas temperature maps, the raw LIF images and background im-
ages were imported by LIFSim 4.0 and the background correction and laser-energy correction
done. Next, the averaged LIF images per wavelength step were binned by a factor of three
and then for each pixel the excitation spectra extracted for further processing. Fitting was done
with the standard parameters for fit tolerance and boundaries. Gas-phase temperature maps
obtained from LIFSim were slightly smoothed by a self-created Matlab code. The temperature
value of each pixel was averaged with the eight adjacent pixels.

6.3.2 Measurement error

NO-LIF multi-line thermometry provides mean temperatures that can be affected by a bias that
depends on the width of the temperature distribution at the specific measurement position dur-
ing the laser scan. This is related to the fact that the measured LIF intensities do not linearly
depend on temperature and the effect of this nonlinearity becomes increasingly important with
increasing distribution widths. Feroughi et al. [346] performed an analysis based on numerical
studies to assess the effect of temperature and NO concentration fluctuations on the derived
mean temperature values. For a similar pilot-plant flame reactor, the study determined a max-
imum measurement error of less than +2 % at the core of a turbulent pilot-scale jet flame
(Re = 8300), and up to +6 % in the outer regions of the flame. This study showed that multi-
line NO-LIF thermometry underpredicts gas temperatures that are higher than 900 K, when
temperature or NO-concentration fluctuations are present. The magnitude of this measurement
error depends mainly on the local temperature distribution over time which is affected by the
flame turbulence.
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For the measurements with the solvent ethanol a longpass filter (Figure 44) was used to max-
imize the detectable NO-LIF signal and for the measurement with the solvent 65EHA35EtOH
a bandpass filter was used (Figure 44) to block the strong blackbody radiation. While masking
for the longpass filter was only possible based on the total background-corrected NO-LIF sig-
nal, another masking approach based on the relative standard deviation of the NO-LIF signal
was feasible when using the bandpass filter, because it almost exclusively transmits NO-LIF
signal. Flame regions with especially strong signal fluctuations that can lead to increased bias
are analyzed and masked in Figure 58. For this analysis, the relative standard deviation of the
NO-LIF signal (transition at 44,411.2 cm™") was calculated for each pixel and all regions of the
flame. The flame regions where the standard deviation exceeds a threshold value of 0.8 are
marked as uncertain and, e.g., excluded from the comparison with simulation results [183]. For
a relative standard deviation of the NO-LIF signal in the same magnitude, Feroughi et al. [346]
estimated a measurement error of +6 % for a monomodal temperature distribution.

An increased temperature bias would occur (i) in case of the presence of areas where sur-
rounding gas (cool and without NO) is entrained, and (ii) in case of substantial signal from
thermal NO. This problem was avoided by only analyzing regions with stable LIF signal (see
the above-mentioned masking strategy based on the total NO-LIF signal and the standard
deviation analysis). In this region, there are no areas with zero signal. Also, on a global scale,
the signal provided by thermal NO is negligible. Measurements without NO seeding showed
that small amounts of evenly distributed NO are formed thermally in the flame. When the sol-
vent mixture of EHA and ethanol (65EHA35EtOH) was used, the signal from seeded NO was
five times stronger than thermally generated NO. A significant measurement error introduced
by thermally formed NO is not expected since regions with strong NO-signal fluctuations were
not considered.

Additional considerations for measurement errors of multi-line NO-LIF thermometry have been
pointed out and analyzed in the literature. The most relevant ones are summarized below.

Yorozu et al. [277] stated in the context of laminar flames that the measurement error of multi-
line NO LIF is lower than for two-line LIF. For a premixed stable butane/O, flame with gas
temperatures between 500 and 1800 K, they calculated a measurement error of 80 K.

Bessler and Schulz [278] performed for two conditions (1 bar, 500 K and 1 bar, 2000 K) a
computational study on the sensitivity and accuracy of the multi-line NO-LIF technique for var-
ious scanning ranges within a large wavenumber spectrum of 44,000-44,600 cm~'. Based on
this investigation they proposed the spectral scan range for NO-LIF thermometry used in this
work, where the measurement error introduced by noise is minimized. For a Bunsen flame with
a temperature of ~2200 K, they specified the measurement accuracy to <10 %. Further details
of this study are given in Ref. [299].

Kronemayer et al. [279] compared the measurement error of multi-line NO-LIF in a spray flame,
when increasing the number of recorded LIF shots by a factor of ten. For fixed flame and
measurement conditions, the measurement precision of the gas temperature improved from
4 % to 2 %. They concluded that the signal-to-noise ratio of the measured NO excitation spec-
tra affects the measurement error. Moreover, based on the comparison to thermocouple meas-
urements, for a heated nitrogen flow with a maximum temperature of 350 K, the measurement
error was determined to less than 1 %. More details of this study are given in Ref. [347].
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An assessment of the systematic measurement error originating from averaging the NO-LIF
signal of areas with temperature fluctuations was made by Duwel et al. [281]. Based on model
calculations, they determined a systematic measurement error of 2 % for an evenly distributed
temperature between 1200-1800 K, and 3 % for the range between 300-1500 K.

6.3.3 Operating conditions

Table 3 and Table 4 show the operating conditions (OC) of the ‘Berlin burner’ (BB, section 3.3)
and the ‘HSW burner’ (HSWB, section 3.4). The Berlin burner was designed to be operated
with sustainable fuels which can be easily produced by renewable energies (e.g., H> and eth-
anol). Moreover, H2O as carbon-free precursor solvent and the addition of ammonium nitrate
as additional source of oxygen and for increasing the reaction enthalpy was investigated (sec-
tion 6.4.1.5). More details on volume and mass flows are given in the appendix (section 12.5.2).

In the table the NO concentration and oxygen stoichiometry is given neglecting the surrounding
air coflow. Due to safety reasons in the pilot plant, a diluted gas mixture of 10 % NO in argon
was added to the dispersion gas flow of the pilot-scale burners, resulting for the BB in an
average NO concentration in the range of 348-596 ppm within the flow of the dispersion and
pilot gas (Table 3, column 4). The NO concentration for the HSWB was significantly higher in
the range between 4850-5945 ppm (Table 4, column 4). The application of a higher NO con-
centration was necessary because of NO loss due to the larger equivalence ratio (section
6.3.3.1) and to increase the NO-LIF signal. This became necessary because for the measure-
ments in the HSWB flame operated with EHA the four-mirror filter was used to block blackbody
radiation. For this filter, the transmissivity for NO fluorescence is significantly lower than for the
longpass filter.

For the optimal operation of the two-fluid nozzle at the chosen liquid flow rate of 3 kg/h, an
ideal dispersion gas flow rate of 3 kg/h was determined, based on the conversion efficiency of
kinetic energy from the dispersion gas to the surface of atomized liquid [348]. The used ethanol
flow rate of 3.8 I/h corresponds to a mass flow of 3 kg/h. The solvent, the pilot-flame fuel gas,
the volume flow, and the type of dispersion gas were varied to study the impact of the gas
temperature on the properties of the produced nanoparticles. NO-LIF thermometry was done
in flames without particle synthesis, since it facilitates the measurements (e.g., signal maximi-
zation with longpass filter, prevention of window fouling, avoidance of the disturbing iron peak
located within the NO-LIF spectrum [122]). The impact of the precursor concentration of
0.3 mol/l iron nitrate nonahydrate on the flame temperature is known to be not measurable
[309, 349]. Additional details for the fuel gases and solvents used, such as the enthalpy of
combustion, can be found in Table A1.

Identifiers for the operating conditions were created according to the following scheme:
= Pilot scale spray burners: Berlin burner (BB), HSW burner (HSWB)

= Solvent: Ethanol (E), water (W), mixture by volume of 65 % 2-ethylhexanoic acid and
35 % ethanol (MEHA), solution of ammonium nitrate in water (AN)

= Fuel gas: Hydrogen (Hy), methane (Me)
= Dispersion gas: Air (Air), oxygen (Ox), hydrogen (Hy)

= Dispersion gas mass flow in kg/h.
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Table 3: Operating conditions of the pilot-scale flame (Berlin burner). Pre-heater temperature: 227 °C,
heat ring temperature: 700 °C, coflow: 1200 kg/h air, tracer gas: 10 % NO in argon, calculated NO
concentration in fresh pilot and dispersion gas, the stoichiometry is calculated without consideration of
Oz from the sheath gas, the volume flow unit sim is based on a reference condition at 0 °C. The disper-
sion gas mass flow includes, in addition to the oxidizer, 0.55 kg/h of the tracer gas mixture. More detail
is given in the appendix (section 12.5.2, Table A3). The empty sections in the table correspond to the

numbers provided above.

Solvent: 3.8 I/h ethanol

Pilot flame Dispersion gas
OC identifier Fuel gas Oxidant | Oxidant NO-tracer NO Equivalence
/ slm Ikg/lh | Ikg/h gas/sim / ppm ratio ¢/ -

BB-E-Hy-Air2 H2/108  Air/100 | Air/2 5 355 0.46

BB-E-Hy-Air3 Air/ 3 352 0.46

BB-E-Hy-Air4 Air / 4 348 0.46

BB-E-Hy-Ox2 02/2 355 0.44

BB-E-Hy-Ox3 02/3 352 0.43

BB-E-Hy-Ox4 02/4 349 0.41

BB-E-Me-Air3 CH4/39.1 Air/60 Air/ 3 594 0.90

BB-E-Me-Ox3 02/3 596 0.79
Solvent: 3 I/h water

BB-W-Hy-Hy ‘ H2/108  Air/ 100 ‘ H2/0.22 350 0.28
Solvent: 3 I/h of 111 g/l ammonium nitrate in water

BB-AN-Hy-Hy 350 0.28

‘ H2 /108

Air / 100 ‘ Hz/0.22

Table 4: Operating conditions (HSW burner). Coflow: 1200 kg/h air, calculated NO concentration in pilot
and dispersion gas. Definitions of the columns according to the caption of Table 3. The empty sections
in the table correspond to the numbers provided above.

Solvent: 3.8 I/h ethanol

Pilot flame Dispersion gas
OC identifier Fuel gas Oxidant | Oxidant NO-tracer NO Equivalence
/ slm / slm / slm gas/slm / ppm ratio ¢/ -

HSWB-E-Me-Ox61 | CH4/7.5 02/15 | O2/56.6 5 5945 1.23
HSWB-E-Me-Ox73 02/68.6 5203 1.05
HSWB-E-Me-Ox80 02/75.6 4850 0.97
HSWB-E-Me-Air80 Air/ 75.6 4886 2.86
Solvent: 3.8 I/h 65 % EHA - 35 % ethanol

HSWB-MEHA-Me- | CH4/7.5 02/15 | O2/68.6 5 5203 1.25

Ox73
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6.3.3.1 NO concentration

Low NO concentrations of several hundred up to a few thousand ppm are expected to not
influence the flame chemistry of lean flames. In rich flames, however, removal of NO (‘NO
reburn’) is expected [350]. Formation of NO: is not expected at flame temperatures. Schulz et
al. [350-352] measured the NO-concentration reduction between the intake and the exhaust
of a spark-ignition engine fueled with propane/air. They reported for the lean flame (equiva-
lence ratio, ¢ = 0.91) a NO reduction of 10 % when the fuel was seeded with 500 or 1000 ppm
NO. For fuel-rich conditions (equivalence ratio, ¢ = 1.25) a reduction of the NO concentration
by 40 % was measured. The NO reduction was largely independent of the NO concentration
seeded. It is anticipated that due to the higher oxygen excess within the BB flames investigated
(for equivalence ratios see Table 3, varying in the range of ¢ = 0.28-0.9) the NO-concentration
reduction is lower than the aforementioned 10 %. For the HSW burner with significantly higher
stoichiometry (between ¢ = 0.97 and 2.86) higher NO concentration have been applied to com-
pensate for NO losses and to increase the NO-LIF signal. In the present experiment, in the
colorless hydrogen pilot flame of the Berlin burner, brownish flame color became visible with
increasing height above burner that is not yet identified.

6.4 Results

The average gas-temperature maps of the Berlin burner and the HSW burner measured by
multi-line NO-LIF thermometry are presented and analyzed in this section. The spatial diagram
axes are plotted with their real spatial size ratios. If not otherwise noted, masking was done
with the LIFSim 4.0 code, which masks all pixels white that feature NO-LIF signal lower than
a defined threshold of 10 % of the maximum signal to prevent presentation of temperatures
with exceeding uncertainty. The aim of the study is to investigate the effect of the operating
conditions and the gas temperature on the nanoparticle formation within the flame and thus
the nanoparticle characteristics. More details on the rationale for selecting the operating con-
ditions and information about the produced nanoparticles can be found in Ref. [147].

6.4.1 Berlin burner

The Berlin burner (BB) is described in detail in chapter 3.3 and the definition of the operating
conditions is given in Table 3. The burner top is defined as height above burner (HAB) = 0 mm
(cf. Figure 6).

6.4.1.1 Pilot flames

Figure 46 shows the gas-temperature maps of the BB pilot flames operated with the fuel gas
H. (left diagram) and the fuel gas CH4 (right). The operating conditions correspond to BB-E-
Hy-Air3 and BB-E-Me-Air3, respectively, but without ethanol injection. The dispersion gas flow
of 3 kg/h air was unchanged.
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Figure 46: Gas-phase temperature maps measured in the flame of the Berlin burner, pilot flame only,
uniform color scale, dispersion gas: 3 kg/h air, different pilot flame fuels, left: Hz, right: CHa.

The gas temperature of the pilot flame operated with CH4 is significantly higher than when
operated with Hz. This was expected for the pilot flames due to the adapted volume flows and
the enthalpy difference of H, and CH4 combustion (Table A1). From the centerline temperature
profiles shown in Figure 47 a temperature difference of 500-600 K can be seen across the
entire HAB in the field of view. The vertical gas-temperature profiles were extracted at radial
position of 0 mm with an extraction width of 14.9 mm (21 pixels). The results indicate that the
gas temperature nearly reached its peak at the burner exit (cf. Figure 6), indicating that a sig-
nificant portion of the pilot fuel gas had already undergone reaction. From the temperature
maps it can be seen that the pilot flames are tilted to the right within the field of view. This is
attributed to asymmetry of the sheath gas flow within the reactor housing.
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Figure 47: Centerline gas-temperature profiles of the temperature maps shown in Figure 46, extraction
width: 14.9 mm, pilot flame fuel: CH4 and Ha.

6.4.1.2 Variation of dispersion gas (air) flow rates

Figure 48 shows average gas-temperature maps of three operating conditions of the Berlin
burner where the mass flow of the dispersion gas air was varied between 2 and 4 kg/h. The
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identifiers of the operating conditions are given above the diagrams, respectively. The temper-
ature maps are depicted with a uniform color scale.

BB-E-Hy-Air2

BB-E-Hy-Air3

BB-E-Hy-Air4

80 ~ e
"* 1800

£ 704 1t
— 604 L L 1600 X
o 1 ™ =
€ 501 s . . 2
3 Y 3 1400 2
o 407 i s i o
3 | 1 g
9301 i 4 i 1200 £
© (0]
= 20 - s - s =
S . e ) 1000
(0] i L L
T 10 .r -

O_ 'FI T T T T T T T T T T T T T 800

-30 -20 -10 0 10 20 —20-10 0 10 20 —20-10 0 10 20 30

Radial position / mm Radial position / mm Radial position / mm

Figure 48: Gas-phase temperature maps measured in the Berlin burner. Solvent: Ethanol, pilot flame
fuel: Hz, dispersion gas: Air, variation of the dispersion gas flow, left: 2 kg/h, center: 3 kg/h, right: 4 kg/h.

With an increasing dispersion gas flow, the cold zone in the lower region of the flame extends
and the hot zone moves to larger HAB. This can be explained by the rising feed of cool disper-
sion gas at a higher velocity and a higher fraction of inert N, introduced. The location of com-
bustible mixtures (evaporated ethanol) is shifted to larger HAB. Moreover, the cold zone is
generated by evaporative cooling of ethanol. At the upper end of the field of view
(HAB = 80 mm), the maximum temperature for all cases is about 1800 K. Figure 49 shows the
related centerline profiles of the operating conditions shown in Figure 48. The temperature
gradients are largely constant across the HAB and similar for the operating conditions shown.
The centerline gas-temperatures appear to converge at larger HAB.
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Figure 49: Centerline gas-temperature profiles of the operating conditions shown in Figure 48, extraction

width: 14.9 mm, smoothed with a moving average filter with a 30-data-point range, variation of the air
dispersion gas flow rate.
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6.4.1.3 Variation of dispersion gas (O) flow rates

Figure 50 shows the operating condition where the dispersion gas O is varied between 2—
4 kg/h. Compared to the operating condition shown in section 6.4.1.2 the gas species of the
dispersion gas was changed from air to O with the other conditions being equal.
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Figure 50: Gas-phase temperature maps of the Berlin burner. Solvent: Ethanol, pilot flame fuel: Hz,
dispersion gas: Oz, variation of the dispersion gas flow, left: 2 kg/h, center: 3 kg/h, right: 4 kg/h.

With an increasing O dispersion gas flow no clear trend can be seen for the gas temperature.
The highest gas temperature of 2200 K was measured for BB-E-Hy-Ox3. Compared to the
other operating conditions, the hot zone is located lower at about HAB = 50 mm. An explana-
tion for this could be, that with a dispersion gas flow of 3 kg/h, the atomization of the ethanol
spray is ideal for forming a combustible mixture within the O flow (in line with the calculated
conversion efficiency for the spray nozzle [93]). For BB-E-Hy-Ox2 and BB-E-Hy-Ox4 a more
extended and cooler cold zone is observed. Overall, the temperature level of the operating
conditions with the dispersion gas O is significantly higher than with air. The maximum gas
temperature difference is approximately 300 K (BB-E-Hy-Ox3 vs. BB-E-Hy-Air2). The operat-
ing conditions with the ideal spray atomization (BB-E-Hy-Ox3 vs. BB-E-Hy-Air3) exhibit a
nearly constant temperature difference of 400 K (cf. Figure 53). This can be explained by the
large quantity of inert N> (78.1 % of the dry air) introduced by the dispersion gas and a lower
fraction of O available for reaction. For BB-E-Hy-Ox3 a faster and more efficient burning of
the spray is obvious with the hot zone located closer to the burner top. Figure 51 shows the
related centerline temperature profiles. The temperature profiles of BB-E-Hy-Ox3 and BB-E-
Hy-Ox4 feature a similar shape with a large temperature gradient and a maximum at about
HAB = 50 and 60 mm, respectively. The shape of BB-E-Hy-Ox2 is different with a rather con-
stant temperature gradient and a not clearly identified maximum within the field of view. The
poorer atomization could cause the slower heat-up.
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Figure 51: Centerline gas-temperature profiles of the operating conditions shown in Figure 50, extraction
width: 14.9 mm, smoothed with a moving average filter with a 30-data-point range, variation of O2 dis-
persion gas flow rate.

6.4.1.4 Variation of dispersion and fuel gas composition

Figure 52 shows the gas-temperature maps for four operating conditions on the left and two
intensity maps of flame luminescence on the right. The operating conditions of the data shown
are generated by different compositions of premixed pilot gas (H./air or CHa/air) and dispersion
gas (air or O2). The ethanol injection rate for spray generation was in all cases 3.8 I/h. The
temperature maps are plotted with equal color-scale limits. The flame luminescence images
on the right were recorded in the same field of view and are line-of-sight averaged. They are
given to facilitate the interpretation of the results by comparing the flame shapes to the tem-
perature maps in the middle (operating condition with CH4 as pilot flame fuel, BB-E-Me-Ox3
and BB-E-Me-Air3). The artifacts at approximately HAB = 5 mm are caused by reflections in
the background. In the left column, the related operating condition with H pilot flames (already
shown above) are given to facilitate the direct comparison to that with CH pilot flames.
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Figure 52: Gas-phase temperature maps measured in the Berlin burner. Solvent: Ethanol, fixed disper-
sion gas flow rate of 3 kg/h, pilot-flame fuel of left column: Hz, center: CH4, right: Flame luminescence
intensity maps of the operating condition shown in the middle column. Dispersion gas of upper row: Air,
lower row: Oz.

The results show that the gas temperature and its distribution across the flame strongly de-
pends on the pilot and dispersion gas compositions and their combination. It can be generally
stated that the use of CH4 as pilot gas increases the gas temperature compared to H.. Com-
pared with air, the use of O, as dispersion gas increases the overall gas temperature and
moves the flame region with the highest gas temperature to lower HAB. BB-E-Me-Air3 features
an extended cool zone in the center of the flame. The shape of the high-temperature region
can be characterized as a hollow cylinder. This structure can also be identified in the line-of-
sight averaged flame-luminescence image (Figure 52, top right). A similar, but less pronounced
phenomenon can be seen for the CH4 flame with O2 as dispersion gas. These characteristics
of a less reactive zone in the flame center with a lower heat release can be connected to the
dispersion-gas flow, which has not yet mixed with fuel to a combustible gas mixture. This phe-
nomenon is less distinct for H, as pilot gas and can be explained by a higher flame turbulence
and a higher flame speed in contrast to CH4. At BB-E-Me-Ox3, the hot zone is located in the
lower region of the flame and can be connected to the high flame luminescence from the same
flame region (Figure 52, bottom right). Here, a correlation between gas temperature and flame
luminescence is evident. When O is used as dispersion gas, the maximum gas temperature
reaches around 2500 K, what is significantly higher than when air is used as dispersion gas,
where the maximum temperature is approximately 2100 K. This difference can be partially
attributed to the approximately 13 % higher enthalpy of combustion in the CHa pilot flame,
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resulting in an overall increase in combustion enthalpy of approximately 9 %. Moreover, the
rise in temperature can be linked to the 41.9 % lower volume flow rate of the pilot flame.

Figure 53 shows the corresponding centerline temperature profiles. The operating condition
with CHg pilot flames feature a faster heat release in the lower range, whereas rather a steady
temperature increase is observed for the OC with H; pilot flames. For BB-E-Me-Ox3 the hot
zone is at about HAB = 15 mm and with increasing HAB the gas temperature decreases. When
the pilot flame is operated with H, the temperature maximum is shifted further downstream to
approximately HAB = 50 mm, with a lower maximum temperature of about 2100 K. When the
spray is atomized with air, for both pilot flames, the overall temperature level is significantly
reduced. Within the field of view, the gas-temperature profiles of the same pilot flame converge
with increasing HAB.
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Figure 53: Centerline gas-temperature profiles of the operating conditions shown in Figure 52, extraction
width: 14.9 mm, smoothed with a moving average filter with a 30-data-point range, variation of fuel gas
and dispersion gas species.

6.4.1.5 Spray: H,0 and ammonium nitrate in H20

Figure 54 shows gas-temperature maps of the Berlin burner when operated with a H» pilot
flame and a H>O spray. Operation with aqueous solutions in Hz flames is of interest because
it potentially enables CO,-free nanoparticle production in spray flames. The left temperature
map shows the operating condition with a H. pilot flame and pure water as precursor solvent
atomized by H» dispersion gas. For the temperature map on the right, ammonium nitrate was
added at a concentration of 10 wt. % to the H20 spray, to investigate the impact on the flame
temperature. By the addition of ammonium nitrate, it was desired and expected to increase the
gas temperature by supplying additional enthalpy and oxygen to the combustion process.
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Figure 54: Gas-phase temperature maps measured in the Berlin burner. Pilot flame fuel: Hz, dispersion
gas: 0.22 kg/h Hz, liquid flow rate: 3 I/h, variation of the solvent, left: H20, right: 111 g/l ammonium nitrate
in H20.

BB-W-Hy-Hy0.2 is with a maximum flame temperature of 1700 K in the temperature range of
the operating conditions with the H; pilot flame and air as dispersion gas. Just like for most of
the other operating condition, a cold zone in the lower central flame region is observed. The
H2O spray introduces evaporative cooing without supplying additional enthalpy to the flame.
The addition of 111 g/l ammonium nitrate raises the gas temperature by about 200 K and the
region with the highest temperature is shifted upstream to approximately HAB = 50 mm (Figure
54, right). The gas temperature in the lower flame region increases more strongly by approxi-
mately 300 K. During the flame operation with ammonium nitrate, unknown deposits have built
up over time on the reactor windows which blocked parts of the laser sheet and caused an
inhomogeneous laser-sheet intensity distribution. For instance, the artifact at HAB = 10 mm in
the form of a stripe of elevated temperature results from this impairment.

6.4.2 HSW burner

The HSW burner (HSWB) is described in detail in chapter 3.4 and the definition of the operating
conditions is given in Table 4. The capillary exit of the burner was defined as HAB = 0 mm.
Before assessing the results, it is crucial to note that it was not possible to adequately adjust
the flame because the burner design is lacking degrees of freedom for flame alignment (e.g.,
for the position of the capillary). The flame was therefore never straight in vertical direction and
not rotationally symmetric. Especially for the operation with air as dispersion gas the curved
flame shape gets obvious (Figure 55). The same phenomenon, but much less pronounced,
occurred when O, was used as dispersion gas. This non-ideal flame shape needs to be taken
into account when assessing the following gas-temperature maps that originate from the cross-
section between the straight laser sheet and curved flame. Consequently, the temperature
maps do not show the ideal section through the center of the flame. Nevertheless, provided
the flame shape is considered for interpretation, the measurement results offer useful infor-
mation.
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6.4.2.1 Dispersion gas: Air

Figure 55 shows the HSW burner flame operated with ethanol and air as dispersion gas. The
gas-temperature map is given on the left and the flame luminescence image is shown on the
right for the same field of view. As mentioned above the curved shape and the asymmetry of
the flame can clearly be seen from the luminescence image. It corresponds to the flame shape
observed by eye. Note that the field of view starts at larger HAB because strong scattering of
laser light in the dense spray region impeded NO-LIF measurements. The spatial ordinate
starts at HAB = 16 mm and in turn allows access to the higher flame region.
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Figure 55: Temperature distribution in the HSW burner flame, spray: Ethanol, pilot gas: CHa, dispersion
gas: 80 sIm air, left: Gas-phase temperature map, right: Line-of-sight averaged flame luminescence
image within the same field of view as on the left.

A strong correspondence of the shape is evident between the gas-temperature map and the
flame luminescence image. The maximum gas temperature in the plane of the laser sheet is
about 1650 K and located at approximately HAB = 85 mm. In the lower region of the tempera-
ture map a narrow flame width can be seen. Although basically confirmed by the luminescence
image, it might be that a broader part with higher gas temperature is located outside the laser-
sheet plane.

6.4.2.2 Variation of dispersion gas (O2) flow rates

Figure 56 shows the gas-temperature maps of the HSW burner when operated with ethanol
and various O- dispersion gas flows in the range between 61 and 80 sIm. The identifiers of the
operating conditions are given above the diagrams. For the assessment of the results, it needs
to be considered that the flame shape might slightly change with increasing dispersion gas
flows. From the flame luminescence images no significant change of the flame shape can be
seen (not shown here). In the lower flame region, laser-light scattering in the spray might cause
some errors for the NO-LIF measurements.
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Figure 56: Gas-phase temperature map of the HSW burner flame. Spray: Ethanol, pilot gas: CHa, dis-
persion gas: Various volume flows of Oz, left: 61 slm, center: 73 sim, right: 80 sIm.

The temperature maps are in terms of shape and temperature level overall similar. The maxi-
mum gas temperature is for all cases approximately 2200 K. In comparison to HSWB-E-Me-
Air80 (Figure 55), the flame temperature is by about 600 K significantly higher. This can be
explained by a more efficient combustion of the ethanol spray within the Oz environment. Fig-
ure 57 shows the related centerline temperature profiles of the operating conditions presented
in Figure 56. Within the field of view, it can be seen that the centerline gas temperature profiles
range across HAB in the same temperature corridor and feature overall the same trend.
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Figure 57: Centerline gas-temperature profiles for the operating conditions shown in Figure 56, extrac-
tion width: 14.9 mm, smoothed with a moving average filter with a 30-data-point range, variation of O2
dispersion gas flow.

6.4.2.3 Liquid fuel: 65EHA35EtOH

Figure 58 shows the gas-phase temperature map of the HSW burner operated with the solvent
65EHA35EtOH atomized by 73 sim O, dispersion gas. The NO-LIF measurements were per-
formed with a different optical filter than the longpass filter (transparent in the VIS) used for the
operating condition shown above. The dielectric-reflection bandpass filter (Figure 44) was nec-
essary to block the strong blackbody radiation generated by the EHA of the solvent mixture.
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With this optical filter an enhanced masking approach becomes feasible. Because the filter
blocks most of the background signal, primarily NO-LIF signal is detected, which allows calcu-
lating the relative standard deviation of the detected LIF signal for each pixel. With this, flame
regions with a high fluctuation of the NO-LIF signal, caused by factors such as a broad tem-
perature distribution or NO concentration fluctuations (section 6.3.2), were excluded from fur-
ther analysis. High fluctuations of the NO-LIF signal indicate a large measurement error. From
the study of Feroughi et al. [346] a threshold of 0.8 for the relative standard deviation of the
NO-signal intensity is derived and used to mask the gas-temperature map (section 6.3.2). Due
to the poor transmission at the upper edge of the dielectric reflection bandpass filter, the image
area above HAB = 100 mm has been cropped. Note that the spatial ordinate axis starts at
HAB = 30 mm.
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Figure 58: Gas-phase temperature map measured in the large-scale HSW spray flame, masked by a
threshold of 0.8 for the relative standard deviation of the NO-LIF signal (cf. section 6.3.2), pilot gas: CHa,
dispersion gas: 73 sim Oz, solvent: 65EHA35EtOH.

For the HSWB operated with 65EHA35EtOH a maximum gas temperature of approximately
2400 K was determined. Compared to the same OC with ethanol as liquid fuel (HSWB-E-Me-
Ox73) the increase in maximum flame temperature was about 200 K. The overall temperature
level matches to multi-line OH-LIF results published by Karaminejad et al. [51]. In the labora-
tory-scale SpraySyn1 flame, higher gas temperatures were measured during operation with
65EHA35EtOH compared to pure ethanol.

6.5 Summary and Discussion

In this work, time-averaged gas-temperature maps of two pilot-scale spray burners (Berlin
burner and HSW burner) were measured by multi-line NO-LIF thermometry. The burners were
designed for the investigation of the upscaling process of nanoparticle production in spray
flames (cf. sections 3.3 and 3.4). The measurements were executed in the pilot plant of the
IUTA in collaboration with Martin Underberg. For the NO-LIF measurements the established
spectral range between 44,407.5-44,417.6 cm™ (cf. section 6.1.3) was chosen to determine
the gas-temperature maps using LIFSim 4.0 [343].

The gas-temperature maps were measured without iron-oxide nanoparticle synthesis to facili-
tate the NO-LIF measurements. This has several advantages as, e.g., the LIF signal detection
could be maximized by utilizing a longpass filter without interference from particle emission,
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window fouling with nanoparticles was prevented, and the disturbing Fe-LIF peak at
44,415 cm™" was not present. The Fe-LIF signal can cause problems with spectral fitting by
LIFSim 4.0 resulting in errors for the temperature determination (also when excluding the spec-
tral range of the Fe peak). According to detailed studies of Apazeller, Karaminejad et al. [309]
and Nanjaiah et al. [349] no strong impact on the flame temperature is expected from the
addition of 0.3 mol/l iron nitrate nonahydrate. By using multi-line OH-LIF thermometry in a
matrix burner [353] with precursor concentrations of up to 0.2 mol/l iron nitrate nonahydrate
they found that this precursor additive has no measurable impact on the flame temperature.
The case is different for the precursor iron pentacarbonyl where higher flame temperatures
were measured and simulated [122, 354-356].

The results of the different operating conditions of the Berlin burner present a very conclusive
picture overall. The gas temperature of the CH pilot flame is significantly higher than the H,
pilot flame (section 6.4.1.1). While the chosen pilot and dispersion gas species have a large
impact on the gas temperature and its distribution across the flame (section 6.4.1.4), the dis-
persion gas flow rate has a minor influence (section 6.4.1.2 and 6.4.1.3). With an increasing
dispersion gas flow, the location of the maximum gas temperature is shifted to larger HAB. A
carbon-free spray flame was investigated, which is based on air as oxidizer, H» as pilot fuel,
and H2O as precursor solvent. When using H2O as solvent, the gas temperature is reduced
compared to ethanol, but the temperature reduction can be compensated by the addition of
carbon-free ammonium nitrate (section 6.4.1.5). All gas-temperature maps of the Berlin burner
show a lower-temperature zone in the lower center of the flame. This zone can be attributed
to the cold spray entering the flame. The low gas temperature in this region is caused by evap-
orative cooling and the fact that the cold dispersion gas and liquid solvent have not yet suffi-
ciently formed combustible mixtures.

For the interpretation of the NO-LIF measurements with the HSW burner it needs to be noted
that the generated flame featured a curved shape in vertical direction (section 6.4.2). There-
fore, the cross-sectional images might miss the highest-temperature zone. In the observed
zone, the flame temperature is significantly higher when the HSW burner is operated with O,
as dispersion gas than when operated with air (section 6.4.2.1 vs. 6.4.2.2). Moreover, the O-
dispersion gas flow rate has no significant impact on the flame temperature and the overall
flame shape. When the 65EHA35EtOH solvent is used, the maximum gas temperature is
higher compared to ethanol (section 6.4.2.3), possibly due to the higher enthalpy of combus-
tion (Table A1).

For the same operating conditions of the Berlin burner mentioned above, iron-oxide nanopar-
ticles were produced from a precursor solution of 0.3 mol/l iron(lIl) nitrate nonahydrate in eth-
anol. The produced nanoparticles were characterized by various measurement techniques, as
e.g., gas adsorption analysis according to Brunauer, Emmet, and Teller (BET), scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), or X-ray diffraction analysis
(XRD). For more details refer to Underberg et al. [147].

From these results [147], the impact of the gas temperature on the particle formation process
and the nanoparticle properties is inferred. The specific surface area (SSA) of the produced
iron-oxide nanoparticles is clearly affected by the gas-phase temperature. From the compari-
son between the nanoparticle properties presented in Ref. [147] and the gas-temperature
maps shown in section 6.4.1, a distinct trend can be seen that the SSA increases with rising
gas temperatures (i.e., the fraction of large particles decreases). This implies that elevated gas
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temperatures accelerate droplet evaporation, suppress the frequently unwanted liquid-to-par-
ticle synthesis pathway (large particles), and promote the gas-to-particle synthesis pathway
(small particles) [106, 149, 357]. Since the dispersion gas flow has weak influence on the gas
temperature level the influence on the particle properties is small. On the other hand, the se-
lection of the pilot and dispersion gas species has a significant impact on the flame tempera-
ture, and thus on the particle properties. The highest flame temperature and highest SSA was
measured for BB-E-Me-Ox3.

Multimodal particle-size distributions with large edged and facetted, but almost spherical par-
ticles (from the liquid-to-particle pathway) were found for all operating conditions. It is observed
that the count mean diameter (CMD) of the small particle fraction increases with rising gas
temperature (contrary to the overall particle size trend described above). Possible explanations
for this are promoted particle coalescence at higher gas temperatures or that the elevated gas
temperatures intensify evaporation of iron species from the surface of coarse particles. The
resulting higher iron concentration in the gas phase results in the formation of larger particles
in the fraction of small iron-oxide nanoparticles [358]. Another explanation could be that higher
gas temperatures promote droplet micro explosions [129, 207, 213, 359] which reduce the
number of large particles [154, 255, 360]. The results of this study show that the flame tem-
perature of pilot-scale spray flames is an important parameter influencing the nanoparticle for-
mation in the liquid and gas phase. The results are consistent with those obtained from studies
of lab-scale burners.
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7 Study on suitable tracers for two-color laser-induced fluores-
cence in liquids
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and writing of the manuscripts supported by the coauthors who especially contributed to structuring and
wording.
The present study was designed to find a suitable fluorescence tracer for two-color laser-in-
duced fluorescence (LIF) thermometry for our specific application of liquid-phase temperature
measurements in spray flames. In case of quantitative measurements of the total liquid volume
in a spray, the LIF intensity needs to represent the liquid volume. In this case, the tracers
require similar thermo-physical properties (vapor pressure, transport properties, etc.) as the
hydrocarbon [361, 362] or aqueous solvent [363] to ensure co-evaporation in the respective
medium. For ratiometric measurements often used for thermometry, this requirement must not
be fulfilled. Here, tracers with especially high quantum yields are often preferred because they
can be applied in minute quantities without influencing the system under study [364, 365].
Variations in local volumetric tracer concentrations due to evaporation of the solvent cancels
in ratiometric data analysis. Because of their high quantum yields and excellent solubility in
hydrocarbons, alcohols, and water, organic dyes are often a preferred choice. In the desired
temperature range, the literature provides for these dyes only a limited number of temperature-
dependent fluorescence spectra [366-375]. Furthermore, available tracers in the literature fea-
ture significant disadvantages as fluorescence signal re-absorption or a low temperature-sen-
sitivity [369, 376-378]. This motivated the study to analyze a variety of laser dyes as possible
2cLIF thermometry tracers and to investigate their potential as temperature tracer in evaporat-
ing and burning sprays.

The fluorescence spectra of dye solutions change their spectral signature with temperature.
This effect is frequently used for temperature imaging in liquids and sprays based on two-color
laser-induced fluorescence (2cLIF) measurements by simultaneously detecting the fluores-
cence intensity in two separate wavelength channels resulting in a temperature-sensitive ratio
[365, 368, 379]. In this work, we recorded temperature-dependent absorption and fluorescence
spectra of solutions of 13 laser dyes (most notably: Coumarin 152, coumarin 153, rhodamine
B, pyrromethene 597 and DCM) dissolved in solvent systems frequently applied for spray-
flame synthesis of nanomaterials. This included ethanol, a 35/65 vol.% mixture of ethanol/
2-ethylhexanoic acid [145, 156], ethanol/ hexamethyldisiloxane (HMDSO) [28, 380, 381], eth-
anol/water, o-xylene, and 1-butanol to investigate the potential of laser dyes as temperature
tracers for these solvents in evaporating and burning sprays. The dissolved tracers were ex-
cited at either 266, 355, and 532 nm (depending on the tracer) for temperatures between 296
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and 393 K (depending on the solvent), and for concentrations ranging between 0.1 and
10 mg/l. Absorption and fluorescence spectra of the tracers were investigated for their temper-
ature dependence, the magnitude of signal re-absorption, the impact of different solvents and
varying two-component solvent compositions. Based on the measured fluorescence spectra
the tracers were analyzed for their 2cLIF temperature sensitivity in the respective solvents and
optimized choices for the selection of the two detection channels are provided. Furthermore,
the impact of fluorescence signal re-absorption was measured to validate our model assump-
tions (cf. section 7.3.4) that were used to assess the impact of signal re-absorption on our
measurements in the spray flame. Additionally, the study was extended to screen laser dyes
as possible tracers for concentration measurements of two-component solvents.

7.1 Requirements for suitable fluorescence tracers

Laser dyes are widely used as fluorescence tracers for various applications [382, 383] and
provide a broad range of properties which can be utilized for measurements in liquids.

Liquid-phase 2cLIF-thermometry tracers should feature a variety of properties, as listed below:

e The tracer fluorescence should exhibit a high temperature sensitivity in the respective
solvent (i.e., temperature-driven change of fluorescence intensity in two color channels
as different as possible to each other).

e To enable single-shot measurements the tracer should absorb radiation of most suita-
ble and commercially available pulsed laser sources, e.g., Nd:YAG lasers with fixed
wavelengths available at 266, 355, or 532 nm.

e Alarge Stokes shift to minimize overlap of absorption and fluorescence spectra and to
thus reduce the effect of signal re-absorption. Alternatively, signal detection channels
need to be located in spectral ranges without overlap with absorption.

e Strong absorption of laser light and a high fluorescence quantum yield (¢) to provide
strong signal and thus provide a high signal-to-noise ratio already with small tracer
concentrations that do not affect the studied medium (e.g., through modified evapora-
tion and viscosity or through chemical processes).

e For multi-component solvents, the tracer should feature the smallest possible sensitiv-
ity to solvent-composition changes (that might occur during evaporation).

¢ No co-evaporation with the liquid to prevent the generation of LIF signal from the gas
phase.

e Soluble in the liquid under investigation, stable over time in the solvent, and resistant
to photo-dissociation.

¢ Additional aspects of minor importance include low price, easy availability, no toxicity,
and the availability of suitable optics and filters in the respective wavelength range.

For concentration measurements of two-component solvents (e.g., ethanol fraction in etha-
nol/water droplets) a suitable fluorescent tracer should feature different from some aforemen-
tioned characteristics:

e The LIF signal should be preferably insensitive to temperature.

o The LIF signal should be highly sensitive to the solvent composition.
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For the visualization and quantitative measurements of liquids (e.g., spray shapes or liquid thin
films) a suitable fluorescence tracer should feature different from some aforementioned char-
acteristics:

o The LIF signal should be insensitive to temperature.

e The tracer should co-evaporate with the solvent without signal contribution from the
gas phase.

7.2 Experimental setup

This study is based on measured absorption and fluorescence spectra of laser dyes dissolved
in solvents which are used as fuels for the SpraySyn burner. The spectra were investigated for
their temperature dependence, the magnitude of signal re-absorption, the impact of different
solvents and varying two-component solvent compositions. Based on the results the suitability
for the respective application case was analyzed and assessed. The spectra were recorded
for various tracers at various temperatures, tracer concentrations, excitation wavelengths, and
dissolved in different solvents and solvent compositions. The tracer solutions were prepared
in a two-step dilution process by weighing (Mettler AT201, readability: 0.01 mg) the solid pow-
ders and dissolving them in known volumes of solvent resulting in solutions with concentrations
of 10 mg/I that are then further diluted to the desired concentration level. For the measurements
the solution was filled into an UV-transparent optical quartz cell (Hellma cuvette 111-QS,
10 x 10 mm?) and placed in a temperature-controlled cell.

7.2.1 Temperature-controlled measurement cell

A temperature-controlled measurement cell was used to set and to maintain the desired tem-
perature for the tracer solution under investigation. The cuvette was fixed with a mount holder
and placed in the cell, which was aligned in the sample compartment of the respective analyt-
ical instrument. The cell was made from stainless steel with three UV-transmitting quartz win-
dows (Suprasil, diameter: 10 mm). The inner walls were powder-coated in black to minimize
stray light. The steel housing was surrounded by a heating wire and thermal insulation. A ther-
mocouple was placed under the insulation to monitor the temperature. Based on the measured
temperature the current through the heating wire was set by an external controller unit. Inde-
pendent from that, the temperature of the tracer solution was measured by a thermocouple
(type K) immersed in the solution. As can be seen in Figure 59 the cuvette can be optically
accessed through the three quartz windows which are oriented 180° and 90° to each other,
respectively. The arrows indicate possible light paths for absorption and fluorescence meas-
urements.
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Figure 59: Top view of the temperature-controlled measurement cell, the numbers indicate the quartz
windows, the cuvette is shown in blue, the arrows indicate possible light paths.

7.2.2 Absorption spectrometer

Absorption measurements were performed with a UV/VIS absorption spectrometer (Varian
Inc., Mod. Cary 400) using the heatable sample cell described in section 7.2.1 and the same
quartz cuvette resulting in a probe path length of 10 mm. The absorption and transmission
spectra were measured with an increment of 0.5 nm between 175 and 900 nm. The measure-
ments were corrected for the wavelength dependent intensity of the light source and detector
sensitivity by the internal software (//lo). The absorption of the solvent and scattering effects
from the cell and cuvette were corrected by subtracting pre-recorded spectra of the pure sol-
vent in the probe containment (baseline correction).

Figure 60: Sketch of the UV/VIS absorption spectrometer (Varian Inc., Mod. Cary 400), modified from
[384].
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7.2.3 Fluorescence spectrometer

Fluorescence measurements were performed with a spectrofluorometer (Horiba, Fluorolog-3
Model FL3-22), which uses a xenon arc lamp as light source. The basic schematic diagram is
given in Figure 61. Starting from the xenon lamp the excitation light is filtered by a double-
grating spectrometer followed by a width-adjustable slit to enable the selection of narrow exci-
tation light. The excitation light is formed to a thin light sheet which is directed to the center of
the sample compartment where the measurement cell (cf. section 7.2.1) is placed. The cell
was designed to fit in the sample compartment of the fluorescence spectrometer with its UV-
transmissive quartz windows in the beam paths of the instrument. The resulting fluorescence
light can be recorded either via a detection angle of 22.5° (for highly absorbing solutions) or
90° towards the excitation light. The fluorescence light is collected, filtered the same way as
described for the excitation part (Figure 61), and directed to a photomultiplier tube (PMT) de-
tector.

Source

Double-grating
Excitation Spectrometer

PMT

T-box Sample Double-grating
Compartment Emission
Module Spectrometer

Figure 61: Schematics of the spectrofluorometer (Horiba, Fluorolog-3 Model FL3-22) [385].

Depending on their previously determined absorption spectra in the respective solvent, the
tracers were excited with a bandwidth of 1 nm (FWHM) at harmonics of Nd:YAG laser wave-
lengths. The fluorescence spectra were recorded in a 0.5-nm increment steps with a detection
bandwidth of 1 nm. The integration time was fixed to 0.1 s per wavelength increment. The
slightly fluctuating excitation intensity of the xenon lamp was corrected by an integrated silicon
photodiode reference detector. The wavelength-dependent detection sensitivity of the instru-
ment was corrected by a software-integrated correction file provided and updated by the man-
ufacturer. Furthermore, the fluorescence spectra were background corrected by prior per-
formed fluorescence measurements of the pure solvent at all desired temperature settings,
eliminating minor disturbing background artifacts. For each temperature three measurements
were conducted and averaged in the evaluation process to improve the signal-to-noise ratio.
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Possible tracer dissociation during the measurements could be neglected due to the low ap-
plied irradiance levels. Additionally, the dye solution was only exposed to the light beam during
the actual measurements minimizing potential dye degradation by photo-dissociation. To test
this assumption some dyes, after having cooled down after the measurements, were recorded
again and showed no detectable impact on the spectra proving negligible photo and thermal
degradation. Similar results were described recently by Koegl et al. [372], who measured the
fluorescence spectra of nile red from low to high and from high to low temperatures acquiring
the same curves.

7.2.4 Overview of fluorescent tracers and solvents

Absorption and fluorescence spectra of the dissolved laser dyes were recorded in various sol-
vents. Table 5 lists all tracers investigated in this work together with their excitation wave-
lengths and the concentration ranges expressed in mg/l and mol/l. The respective solvents are
indicated by numbers listed in column 6 and are defined in the table caption. Further photo-
physical and thermo-physical properties are provided in the appendix in Table A4.

Table 5: Tracers investigated in this study with the investigated concentration range and their molar
mass. The fourth column lists the used excitation wavelengths for recording the fluorescence spectra.
Solvents are given by number: Ethanol (1), 1-butanol (2), o-xylene (3), water (4), ethanol/EHA (5), eth-
anol/HMDSO (6).

Molar Concentra- Concentration Excitation Solvents
Tracer mass / tion / (mg/l) I (molll) wavelength /
(g/mol) nm
Coumarin 47 231.29 10 4.3x10°5 266/355 1
Coumarin 102 255.31 10 3.9x10°° 266/355 1
Coumarin 120 175.18 10 5.7x10°° 266/355 1
Coumarin 152 257.21 0.1-500 3.9x107-1.9x10-3 266/355 1,2,3,5,6
Coumarin 153 309.28 0.1-10 3.2x107-3.2x10-5 266/355 1,3,5
DCM 303.37 0.1-10 3.3x107-3.3x10°5 355/532 1,3,5
PTP 230.3 10 4.3x10-5 266 1
Pyridine 1 378.85 10 2.6x10° 532 1
Pyrromethene 567 318.22 10 3.1x10°° 355/532 5
Pyrromethene 597 374.32 0.1-10 2.7x1077-2.7x10°° 355/532 1,3,5
Rhodamine 101 591.05 6.4 1.3x10-5 532 1
Rhodamine B 479.02 0.1-10 2.1%x107-2.1x10°° 355/532 1,2,4,5
Stilbene 3 562.56 10 1.8x10-5 355 1

Relevant chemical properties of the solvents are provided in Table 6. In the last column of
Table 6, feasible excitation wavelengths are given for each solvent. The excitation wavelength
is limited by light absorption of the solvent and potentially resulting fluorescence of the solvent
that could interfere with the tracer fluorescence. Due to their strong absorption at 266 nm, the
solvents EHA, o-xylene and HMDSO are not suitable at that laser excitation wavelength. The
solvent 1-butanol partially absorbs excitation light at 266 nm and consequentially fluoresces in
the spectral range between 260 and 400 nm.
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Table 6: Chemical properties of relevant solvents

Chemical Molecular Boiling Vapor pres- Dielectric Excitation
Solvent structure mass point sure (20 °C) constant wavelengths
/ g/mol /°C [ hPa & [386] / nm

1-Butanol [387] C4H100 74.12 117.7 6.67 [388] 17.84 266/355/532
2-EHA [389] CsH1602 144.21 228 < 0.01 2.64 355/532
Ethanol [390] C2HsO 46.07 78.29 59 25.3 266/355/532
o-Xylene [391] CsH1o 106.17 143 6.69 2.56 355/532
HMDSO [392] CeH180Si2 162.38 101 44 2179 355/532
Water H20 18.02 100 234 80.1 266/355/532

7.2.5 The gfactor in the context of 2cLIF thermometry

The principle of two-color LIF thermometry using tracers with broadband fluorescence spectra
is based on their temperature-dependent fluorescence spectra. The derivation of the relevant
LIF-intensity equations is presented in the literature [365, 393, 394] and will be only briefly
described here. The temperature dependence of the LIF intensity can generally be well ap-
proximated by an exponential relation I ;g (T)~ exp(8(4)/T) [365], where £(A) is the so-called
temperature-sensitivity factor. The gfactor describes the extent of the variation in fluorescence
intensity of the respective tracer as a function of temperature at a given wavelength. Increasing
intensity (with increasing temperature) results in negative values, decreasing intensity in posi-
tive fvalues. Large absolute values of g (either positive or negative) are required for sensitive
single-line thermometry [366, 395]. For two-line thermometry, the absolute value and its sign
is meaningless (other that it indicates either a gain or a loss in signal-to-noise ratio with in-
creasing temperature). The relevant value here is the difference in gfor the two spectral bands
chosen for the ratiometric analysis. Upon laser excitation at a fixed wavelength within the ab-
sorption spectrum, the resulting signal is

Ig = cm Vo Iy exp(B(1)/T)n (7.1)

with the tracer concentration ¢, the probe volume V, the absorption cross-section at the laser
wavelength o, the laser intensity /o, and the detection efficiency 7.

As will be seen in section 7.3.1 and in the appendix 12.6, g of all investigated tracers varies
with fluorescence wavelength. Therefore, temperature can be inferred from the measured flu-
orescence intensities by placing appropriate spectral filters with selected transmission bands
and center wavelengths (illustrated in Figure 81 with the (41, A2) pair, respectively) in front of
the detectors and forming the respective signal intensity ratios [365].

Rur(T) = T exp((By = £2)/T) (7.2)

This ratio cancels several unknown quantities in Eq. (7.1). When the same ratio is formed at a
known reference temperature, only parameters characteristic for the tracer fluorescence re-
main and provide a logarithmic intensity ratio linear in the difference of the inverse temperature
values [365]:
Rpip(T) 1 1
In(fR) = (8- 8) (7-7) (7.3)

RL1r(To)

Therefore, the slope difference AB;, = B; — B, of the temperature-sensitivity factors between
both detection channels is a measure for the temperature sensitivity of the two-color ratio LIF
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thermometry. Knowing the ratio at a given temperature Ty, the temperature of the liquid can be
derived from

_ RLip(T) _
T = ABy1,To / <ln (—RLIF(TO)) + (1 ﬁz)) . (7.4)
In chapter 7.3.1, the gfactor is utilized to assess the wavelength-dependent temperature sen-
sitivity in various ranges of measured fluorescence spectra. The g factor (given in units of
Kelvin) can be calculated from two fluorescence spectra recorded at different temperatures (T
and T>) by

B(A) = In (%)/(Tl—%) (7.5)

where Ir1(A) and Ix(4) are the fluorescence intensities at the respective wavelength.
7.3 Results

7.3.1 Absorption and fluorescence spectra of chosen tracers

In this chapter, temperature-dependent absorption and fluorescence spectra of coumarin 152,
rhodamine B, and pyrromethene 597 dissolved (by volume) in a mixture of 65 % 2-ethylhexa-
noicacid (EHA) and 35 % ethanol (EtOH) (abbreviated as 65EHA35EtOH) are presented. For
the same conditions the spectra of coumarin 153 and DCM are provided in the appendix in
section 12.6.2.1 and 12.6.2.2, respectively. An investigation of the impact of changing solvent
compositions during the evaporation process on the fluorescence spectra of the tracers is pre-
sented in section 7.3.5. The solvent 65EHA35EtOH is of interest in liquid-phase temperature
measurements as it is used as fuel in spray-based gas-phase flame synthesis of metal-organic
nanoparticles because it stabilizes the solutions and promotes droplet explosions for better
droplet disintegration [154, 174]. The spectral results of chosen tracers investigated in this
work dissolved in ethanol, 1-butanol and o-xylene are presented in the appendix in section
12.6.4. The absorption spectra are presented in units of a molar attenuation coefficient &A1),
which is derived from the Beer-Lambert law with the absorbance A(1), the molar concentration
¢ and the absorption path length 1.

(1) = A(A) / cm Laps (7.6)

In addition to temperature, the effect of tracer concentration and the type of solvent on the
absorption and fluorescence spectra are investigated. The given values for the blue- and red-
shift were calculated at the respective half maximum (HM) points of the fluorescence spectra.
In the upper diagram of all figures (e.g., Figure 62) presenting the temperature dependent
spectra, the absorption spectra are plotted in absolute units (I mol~'cm™) and the fluorescence
spectra are shown on an individual absolute intensity scale delivered by the spectrometer soft-
ware in counts per second (CPS). The respective lower diagrams present the peak-normalized
spectra, the gfactors and the optimized 2cLIF detection bands as blue and red rectangles (cf.
section 7.3.3). Measurements were performed for temperatures up to 393 K. For the concen-
tration dependence of the fluorescence spectra (for a signal path length of 5 mm in the cuvette
resulting from an excitation with the light sheet passing through the center of the cuvette) these
were normalized at a spectral position where no overlap of absorption and fluorescence spec-
tra exists, i.e., re-absorption of signal radiation can be neglected. From these results, the
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magnitude of fluorescence signal re-absorption can be inferred, and model calculations to as-
sess the impact of this effect on the detectable fluorescence spectra were validated (cf. section
7.3.4). Finally, the effect of the solvent on the absorption and fluorescence spectra of each
tracer is shown.

With respect of tracer solubility, rhodamine B was the only tracer with a high solubility in water,
coumarin 152 showed a very low solubility, and coumarin 153, DCM and pyrromethene 597
were not soluble in water. Among the other solvents only rhodamine B was not soluble in o-
xylene. Furthermore, no effect of the excitation wavelengths on the fluorescence spectra was
observed for all tracers.

7.3.1.1  Coumarin 152

Temperature dependence of absorption and fluorescence spectra

In Figure 62, the absorption and fluorescence spectra of 1 mg/l coumarin 152 in 65EHA35EtOH
are presented for a temperature range from room temperature to 393 K. Additionally, the
factors calculated from the smoothed spectra for the temperature span 303 to 373 K are plotted
in the lower diagram. Below 300 nm, the absorption spectra are cut off because EHA starts to
absorb strongly. Hence, coumarin 152 in 65EHA35EtOH can only be excited at 355 nm among
the possible harmonics of the Nd:YAG laser as 266 nm is strongly attenuated by the solvent
and 532 nm is not absorbed by the tracer.

In comparison to other tracers, coumarin 152 exhibits a large Stokes shift and thus a small
overlap of the absorption and fluorescence spectra. As depicted in the inset of Figure 62, the
absolute fluorescence intensity decreases from 303 to 363 K by 17 % moderately before the
intensity starts to rise strongly by 78 % from 363 to 393 K. The same behavior was described
by Koegl et al. [372] for nile red in a solvent mixture of 80 vol.% n-decane and 20 vol.% butanol.
This phenomenon is also observable for the absorption spectra which we measured up to
373 K. Here, the absorption also starts to rise beyond 363 K. With 0.14 nm/K between 303 and
343 K the fluorescence spectra of coumarin 152 in 65EHA35EtOH exhibit a significant blueshift
(Table 7), which becomes stronger with rising temperature. Also, the absorption spectra show
a blueshift with increasing temperature — here the blueshift is with 0.09 nm/K smaller. The g
factor is negative in the spectral range below 470 nm and starts to rise from —1700 K at about
430 nm to about 500 K from 550 nm on. The variation of the gfactors over wavelength already
indicates a high temperature sensitivity of this tracer for 2cLIF.
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Figure 62: Temperature-dependent absorption (up to 373 K) and fluorescence spectra (up to 393 K) of
1 mg/l coumarin 152 in 65EHA35EtOH, excitation at 355 nm indicated as purple line. Top: Absolute
values and inset illustrating the peak intensities vs. temperature, bottom: Peak-normalized values, opti-

mized 10-nm wide 2cLIF detection bands (blue and red bars) and g factor for the spectra at 303 and
373 K.

Impact of concentration: Signal re-absorption

Figure 63 shows the fluorescence spectra of coumarin 152 at concentrations of 0.1, 1, and
10 mg/l dissolved in a) 65EHA35EtOH and b) o-xylene. The respective absorption spectra are
shown to assess the impact of the spectral overlap on the fluorescence spectra. There is no
change of the fluorescence spectra and hence no re-absorption measurable for coumarin 152
dissolved in 65EHA35EtOH (same with ethanol and 1-butanol — refer to appendix section
12.6.4.1). A minimal re-absorption effect is measurable in the case of coumarin 152 dissolved
in o-xylene (difference in the spectral signature within the overlap area), apparently because
of the substantially smaller Stokes shift (right panel in Figure 63). In contrast to the other sol-
vents (cf. Figure 64), this smaller Stokes shift leads to a larger spectral overlap (the overlapping
area O for the normalized spectra for 0.1 mg/l solutions O = 3.34 nm, which is a factor of 2.37
larger than the overlap in 65EHA35EtOH with O = 1.41 nm), which increases re-absorption of
fluorescence light. For the concentration range (factor 100) investigated in this work and for
path lengths of 5 mm it can be stated that coumarin 152 as tracer for 2cLIF in the named
solvents is not measurably affected by fluorescence signal re-absorption; this is shown in some
more detail in section 7.3.4 by simple model calculations using the Beer-Lambert law.
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Figure 63: Peak-normalized absorption and fluorescence spectra of coumarin 152 dissolved in
a) 65EHA35EtOH and b) o-xylene at various concentrations. Excitation wavelength: 355 nm indicated
as purple line, temperature: 303 K. The dashed area shows the overlap O (unit: nm) between normalized
absorption and emission for the 0.1 mg/| case.

Impact of various solvents

Figure 64 shows the peak-normalized absorption and fluorescence spectra of coumarin 152
dissolved in various solvents. The absorption spectra are plotted as dashed lines and the flu-
orescence spectra are plotted as solid lines. In all cases the excitation wavelength was 355 nm
which is indicated as a purple line. As expected, the solvents have a strong influence on the
spectral location and half width of all spectra, particularly the fluorescence spectra, e.g., the
fluorescence spectrum in o-xylene at 303 K features its peak at 458.5 nm with a FWHM of
72.1 nm, the peak in water is at 534 nm with a FWHM of 99.6 nm. An overview of the respective
values of coumarin 152 dissolved in various solvents is given in Table 7.
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Figure 64: Peak-normalized absorption (dashed lines) and fluorescence (solid lines) spectra of 1 mg/|

coumarin 152 dissolved in various solvents, concentration in water due to poor solubility not exactly
known, excitation: 355 nm indicated as purple line, temperature: 303 K.
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Table 7: Characterization of the fluorescence spectra of 1 mg/l coumarin 152 dissolved in various sol-
vents, concentration in water due to poor solubility not exactly known, excitation at 355 nm. The param-
eters are extracted from smoothed fluorescence spectra.

65EHA35EtOH Ethanol 1-Butanol o-Xylene Water
g%%k,gosmm /nm 506 510 505 458.5 534
r;,a,:é ‘(2‘093“?;‘3{43“;;‘ g9e ~0.38 ~0.59 ~0.48 0.03 ~0.91
(Fg’g’;',,* x')/ nm 89.3 90.6 88 72.1 99.6
f‘;g‘;ﬂ“;;g‘;j""’”m’K 0.14 0.15 0.16 0.12 0.18
?ﬁ;?&’?gggﬁg %igi%’ 0.04 0.04 0.03 0.01 0.02

The peak positions and FWHM of coumarin 152 in the solvents 65EHA35EtOH, ethanol and
1-butanol are similar, while the peak position for o-xylene and water shifts to shorter and longer
wavelengths, respectively. The FWHM for o-xylene and water is narrower and broader, re-
spectively, than in the three other mentioned solvents. Except for o-xylene, where the fluores-
cence intensity increases with temperature, the intensity for the other solvents decreases
within the considered temperature range (cf. appendix 12.6.4.1). In water, the blueshift and the
spectral broadening of coumarin 152 are the strongest, while they are the smallest in o-xylene.

7.3.1.2 Rhodamine B

Temperature dependence of absorption and fluorescence spectra

Figure 65 presents the absorption and fluorescence spectra of rhodamine B dissolved in
65EHA35EtOH. Absorption spectra were measured up to 373 K and the fluorescence spectra
up to 393 K. The excitation wavelength of 532 nm is indicated as a green line. Rhodamine B
exhibits a small Stokes shift and hence a large overlap of absorption and fluorescence spectra.
In comparison to the coumarin tracers the overlap is substantially larger. The fluorescence
intensity decreases strongly with increasing temperature and the absorption decreases mod-
erately while the slope corresponds (see inset). From the lower plot in Figure 65, it can be
observed that in the range of shorter wavelengths the fluorescence spectra show a blueshift
which intensifies with temperature, while for the range of longer wavelengths a slight redshift
is observable. Hence, with increasing temperature the spectra exhibit a spectral broadening
which magnifies at higher temperatures. The g factors range between 0 and 1750 K with the
minimum located at the short wavelength edge of the measured spectral region and the max-
imum at 580 nm.
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Figure 65: Temperature-dependent absorption (up to 373 K) and fluorescence spectra (up to 393 K) of
1 mg/l rhodamine B in 65EHA35EtOH, excitation at 532 nm (green line). Top: Absolute values and inset
illustrating the peak intensities vs. temperature, bottom: Peak-normalized values, optimized 10-nm wide
2cLIF detection bands (blue and red bars) and g factor for the spectra at 303 and 373 K.

Impact of concentration: Signal re-absorption

The normalized absorption and fluorescence spectra of rhodamine B at different concentra-
tions and a temperature of 303 K are presented in Figure 66. Different from the coumarin
tracers, absorption and fluorescence spectra significantly overlap causing an apparent peak
shift due to an increase of re-absorption (5-mm path length). Therefore, in this case, the fluo-
rescence spectra were normalized at a wavelength with negligible overlap, i.e., at 630 nm.
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Figure 66: Peak-normalized absorption spectrum and at 630 nm normalized fluorescence spectra of
rhodamine B dissolved in 65EHA35EtOH at various concentrations. Excitation wavelength: 532 nm
(green line), temperature: 303 K. The dashed area shows the overlap O (unit: nm) between normalized
absorption and emission for the 0.1 mg/l case.

As a result of the small Stokes shift and hence the large overlap of the absorption and fluores-
cence spectra, rhodamine B is strongly affected by signal re-absorption. It can be seen from
the diagram that the disparities of the fluorescence spectra correspond to the spectral overlap
area (O = 16 nm). Regions where no spectral overlap exists are not affected by variation in
dye concentration. In practical applications where re-absorption comes into effect either be-
cause of strong concentration changes or sizeable fluorescence signal path length variations,
the 2cLIF measurement accuracy of rhodamine B significantly declines. The effect can be il-
lustrated by a less application-related extreme case of a concentration change from 0.1 to
10 mg/l and an assumed path length of 5 mm through tracer-doped liquid: The related spectral
shift would cause a ratio change by a factor of 13.8, which corresponds to a spectral change
caused by a temperature variation of ~850 K (at the optimized color band wavelengths pre-
sented in Table 11). A concentration change from 0.1 to 1 mg/l under the same conditions
causes a ratio change by a factor of 1.27, which corresponds to a temperature difference of
~18 K. More relevant scenarios with model calculations of fluorescence signal re-absorption
in evaporating ethanol droplets are presented in section 7.3.4.2.

Impact of various solvents

Figure 67 shows the peak-normalized absorption and fluorescence spectra of rhodamine B
dissolved in various solvents at a temperature of 303 K. In comparison to the coumarin tracers,
rhodamine B absorption and fluorescence spectra are less affected by the type of solvent. This
can also be seen in Table 8 from the much smaller variation in peak position and FWHM than
it was measured for the coumarin tracers. Additionally, in all considered solvents the fluores-
cence peak intensity decreases substantially with temperature. Rhodamine B exhibits the
strongest and smallest blueshift when dissolved in ethanol and water, respectively. Except for
1-butanol the spectral broadening moves in the same range across the investigated solvents.
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Figure 67: Peak-normalized absorption (dashed lines) and fluorescence (solid lines) spectra of 1 mg/I
rhodamine B dissolved in various solvents, excitation: 532 nm (green line), temperature: 303 K.

Table 8: Characterization of the fluorescence spectra of 1 mg/l rhodamine B dissolved in various sol-
vents, excitation at 532 nm. The parameters are extracted from smoothed fluorescence spectra.

65EHA35EtOH Ethanol 1-Butanol Water
(F;’%%"Kpfs“im /nm 578 569 574 578.5
Z,%%,"ti,";i’;ﬁ?)" change / %/K -1 ~1.26 ~1.34 ~1.61
ggg"‘K")/ nm 39.9 38.2 40.7 41.0
gggfg‘gzgt}(")'“" [ nm/K 0.04 0.08 0.06 0.02
(33%%‘::(')'3?: 4"’3r?<3)‘de"i"9 / nm/K 0.09 0.09 0.11 0.09

7.3.1.3 Pyrromethene 597

Temperature dependence of absorption and fluorescence spectra

Figure 68 presents the absorption and fluorescence spectra of pyrromethene 597 dissolved in
65EHA35EtOH. From the tracers investigated in this work pyrromethene 597 has the strongest
absorption at 532 nm. In comparison to DCM (also excitable at 532 nm, appendix 12.6.2.2)
pyrromethene 597 exhibits a smaller Stokes shift resulting in a larger spectral overlap. With
increasing temperature, the fluorescence intensity of pyrromethene 597 in 65EHA35EtOH de-
creases steadily. From the peak-normalized spectra it can be seen that the spectra exhibit
almost no blueshift in the wavelength range left of the peak, while in the range of longer wave-
lengths a redshift is observable which leads to a distinct spectral broadening. The absorption
spectra show no significant change with rising temperature. The peak of the absorption spec-
trum first decreases with temperature and then approximately stays constant (see inset in Fig-
ure 68). From the short-wavelength edge of the fluorescence spectra the g factor rises until a
peak value of 2350 K at about 560 nm and decreases to 1600 K at the long-wavelength edge.
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Figure 68: Temperature-dependent absorption (up to 373 K) and fluorescence spectra (up to 373 K) of
1 mg/l pyrromethene 597 in 65EHA35EtOH, excitation at 532 nm (green line). Top: Absolute values and
inset illustrating the peak intensities vs. temperature, bottom: Peak-normalized values, optimized 10-nm
wide 2cLIF detection bands (blue and red bars) and g factor for the spectra at 303 and 373 K.

Impact of concentration: Signal re-absorption

Fluorescence spectra of pyrromethene 597 at concentrations between 0.1 and 10 mg/l are
presented in Figure 69. They were normalized at 600 nm, where no overlap of absorption and
fluorescence spectra exists. It can be observed that due to fluorescence re-absorption espe-
cially the spectrum with 10 mg/l experiences an apparent peak shift with reduced intensity in
the overlap region. Similar effects regarding signal re-absorption were measured for the other
investigated solvents (appendix 12.6.4.5). Since the overlap area coincides with the excitation
wavelength only the half overlap area up to the intersection of absorption and fluorescence
spectrum can be calculated (Ointersec. = 4.32 nm). Since absorption and fluorescence spectra
can be considered as mirror images in the overlap region an approximated estimation of the
spectral overlap area is achieved by doubling the calculated value resulting in O = 8.64 nm.
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Figure 69: Peak-normalized absorption and at 600 nm normalized fluorescence spectra of pyrromethene
597 dissolved in 65EHA35EtOH at various concentrations. Excitation wavelength: 532 nm indicated as
green line, temperature: 303 K. The dashed area shows the overlap O (unit: nm) between normalized

absorption and emission for the 0.1 mg/l case.

Impact of various solvents

Figure 70 presents the peak-normalized absorption and fluorescence spectra of pyrromethene
597 at 303 K dissolved in various solvents with a concentration of 1 mg/l. As a unique property
among the tracers investigated here, the fluorescence spectra of pyrromethene 597 do not
change significantly in shape and position with the solvents investigated. The absorption spec-
tra in ethanol and its mixture with EHA are almost indistinguishable, while the one in o-xylene
is only slightly displaced and somewhat narrower (Table 9). While the spectral shape and po-
sition of the fluorescence spectra are nearly the same in all solvents, the peak intensity de-
creases for o-xylene somewhat less with temperature. The blueshift and the spectral broaden-

ing stay approximately constant among the investigated solvents.
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Figure 70: Peak-normalized absorption (dashed lines) and fluorescence (solid lines) spectra of 1 mg/l
pyrromethene 597 dissolved in various solvents, excitation: 532 nm indicated as green line, tempera-

ture: 303 K.
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Table 9: Characterization of the fluorescence spectra of 1 mg/l pyrromethene 597 dissolved in various
solvents, excitation at 532 nm. The parameters are extracted from smoothed fluorescence spectra.

65EHA35EtOH Ethanol o-Xylene

Peak position / nm

(303 K) 568 567 567.5
Peak intensity change / %/K _ _ _
(303 K to 343 K) 1.38 1.39 1.17
FWHM / nm

(303 K) 72.5 73 70.3
Blueshift at HM / nm/K 0.03 0.02 0.02

(303 K to 343 K)

Spectral broadening / nm/K
(303 K to 343 K) 0.14 0.14 0.13

7.3.2 Peak and centroid shift of fluorescence spectra

A useful parameter that characterizes the behavior of the fluorescence spectra of the various
investigated tracers with temperature is the spectral shift of the peak or its centroid. In Figure
71 the spectral shift AL = A4i(T) — Ai(To) of the positions of the fluorescence peaks and centroids
(i stands for peak and centroid, respectively) is shown with respect to the reference tempera-
ture To of 303 K. In diagrams a) and b) of Figure 71 these results are shown for all investigated
tracers dissolved in 65EHA35EtOH and o-xylene, respectively, while in diagrams c) and d) a
comparison is made for coumarin 152 and rhodamine B dissolved in various solvents. To guide
the eye through the data points the centroid and peak positions were fitted with polynomials
and plotted as solid and dashed lines, respectively.

For a specific tracer, the peak and centroid positions vary with temperature similarly, indicating
that the shape of the spectra does not change much with temperature during a blue- or redshift
(negative and positive sign, respectively). An exception is DCM in o-xylene, where the peak
shifts to longer wavelengths, whereas the centroid shifts to shorter wavelengths indicating a
change in the spectral shape. While coumarin 152 exhibits the strongest blueshift pyrrome-
thene 597 shows a redshift in all solvents. There is no general influence of the solvents on the
shift direction or magnitude determinable. While pyrromethene 597 shifts in the investigated
solvents to longer wavelengths, coumarin 152 shift to shorter wavelength independent of the
used solvent (Figure 71a and b). Furthermore, with a view to the lower left diagram, for cou-
marin 152 the solvent has only a slight influence on the trends in peak and centroid shifts,
whereas this is not the case for rhodamine B (lower right graph); for instance, ethanol causes
a blue- and water a redshift.
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Figure 71: Shift of peak position and centroid (A4 = A(T) — Ai(To = 303 K)) of all investigated tracer
fluorescence spectra (1 mg/l) dissolved in a) 65EHA35EtOH, b) o-xylene and c¢) coumarin 152, d) rho-
damine B in various solvents: Dashed lines: Fit of peak positions, solid lines: Fit of centroid positions.

7.3.3 Temperature sensitivity for two-color LIF thermometry

Based on the measured fluorescence spectra an evaluation towards the best temperature sen-
sitivity for liquid-phase 2cLIF thermometry was conducted. To evaluate the suitability of the
tracers and to find the detection band positions with the highest temperature sensitivity, a sys-
tematic screening of all achievable spectral intensity ratios was performed by a Matlab® [232]
software routine. After the bandwidth of the two spectral color bands was manually selected
(in this investigation they were fixed to 10 and 40 nm, see Table 10-Table 12), the code cal-
culates the color-band intensity ratios for all possible combinations of band positions (in incre-
ments of 0.5 nm) conditioned to the constraint that the integrated fluorescence intensity within
each of the two color bands exceeds 10 % (an arbitrarily fixed value in the measured fluores-
cence spectra) of the fluorescence peak intensity (integrated within a 10-nm band). The result-
ing optimized color band positions provide the largest ratio change with temperature and thus
the highest temperature sensitivity. In view of the fact that the ratios do not change linearly,
the ratio change is given by the linear interpolated change in temperature intervals of 10 K
averaged over the largest possible temperature range (e.g., for ethanol from 303 to 343 K).
Accordingly, the temperature sensitivity is given as the average intensity-ratio change of the
optimized color channels in percent per Kelvin.

For the tracers investigated here, the smaller the spectral band width in the detection channels
and the lower the intensity constraints, the higher is the attainable temperature sensitivity.
However, both trends decrease the signal-to-noise ratio and therefore the applicability needs

100



Study on suitable tracers for two-color laser-induced fluorescence in liquids

to be determined beforehand in the respective application to prevent data deterioration be-
cause of too weak signals, i.e., suffer temperature measurement accuracy.

The results are presented in Arrhenius-type plots as logarithmic intensity ratios normalized for
the respective ratio at 303 K against the difference of inverse temperatures, where the steep-
ness of the slope is a measure for the temperature sensitivity of the respective temperature
tracer. Exponential fits of the ratios are plotted as solid lines. In this chapter results are shown
for the chosen tracers dissolved in ethanol, 65 EHA35EtOH and o-xylene. Overall, coumarin
152 exhibits the strongest slope of the intensity ratio, i.e., temperature sensitivity for all inves-
tigated solvents.

7.3.3.1 Fluorescent tracers dissolved in ethanol

For the solvent ethanol and assumed filter transmission bandwidths of 10 and 40 nm, the re-
spective band positions resulting in the highest temperature sensitivity of the intensity ratio are
shown in Table 10. Among the investigated tracers the coumarin dyes show generally high
temperature sensitivities with coumarin 152 featuring the highest sensitivity. Besides the cou-
marin dyes and conditioned by their narrow fluorescence spectra, rhodamine B and DCM,
excitable at 532 nm, show comparatively high temperature sensitivities for the small band width
of 10 nm. While small band widths provide generally a higher temperature sensitivity as a result
of a more specific selection of sensitive spectral ranges, broader band widths provide more
detectable fluorescence signal and hence a better signal-to-noise ratio.

Table 10: Optimized detection band positions for two-color LIF thermometry of various tracers dissolved
in ethanol. Underlying conditions of concentration, excitation wavelength, center wavelengths of the

resulting best spectral band pairs are given. The resulting temperature sensitivity is given as the aver-
aged change of the signal ratio per Kelvin in the temperature range from 303 to 343 K.

Band width: 40 nm Band width: 10 nm

Conc_:en- V\IIE:VCe Blue Red Ratio Blue Red Ratio
Tracer tration length band band ch:mge band band choange

/ (mg/l) /' nm Inm /nm 1 (%/K) / nm Inm [ (%/K)
Coumarin 47 10 355 398 5145 1.32 403.5 508.5 1.73
Coumarin 102 10 355 | 4175 553 1.45 423 552 1.9
Coumarin 120 10 355 | 383.5 459 1.23 389.5 4515 1.81
Coumarin 152 1 355 | 4475 634.5 1.61 4515 6325 1.89
Coumarin 153 10 355 471  630.5 1.53 475 632 1.84
DCM 1 532 555 665 1.06 547.5 654 1.52
p-Terphenyl 10 266 300 354 0.21 309 338 0.71
Pyridine 1 10 532 | 5975 684 0.56 600 670 0.62
Pyrromethene 597 1 532 | 563.5 681 0.56 559 679.5 0.65
Rhodamine 101 6.4 532 | 565.5 610 0.76 571.5 602 1.15
Rhodamine B 1 532 555 586 0.29 540 577 1.52
Stilbene 3 10 355 375 442 0.58 380.5 4275 1.38

To illustrate in more detail the evolution of the temperature sensitivities of rhodamine B and
coumarin 152 investigated here, Figure 72 presents for each tracer in the left column false-
color plots of the change of the fluorescence intensity ratio, ARz, in percent per Kelvin
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temperature variation, against the respective center-wavelength positions for detection-chan-
nel filter bandwidths of 40 nm (coumarin 152, Figure 72a) and 10 nm (rhodamine B, Figure
72c). To simultaneously estimate the feasibility of a practical temperature measurement, the
right column in Figure 72 depicts (in an exponential false-color scale) the respective fluores-
cence intensities recorded in the weaker detection channel of both, which in a more detailed
investigation, i.e., considering intensity and detector noise contributing to the measured signal
intensities, is an indication of the attainable overall measurement precision. The white circles
in each plot mark the selected band positions for the sensitivity optimization of the two-color-
LIF intensity ratio plots depicted in Figure 73. In this context, the dashed lines in the right
column plots in Figure 72b and d mark the 10-% constraint in the detection channel intensities
for the two-color intensity-ratio optimization procedure. As seen in Figure 73 the temperature
sensitivity in the two-color LIF-ratio method is higher for coumarin 152 than for rhodamine B.
It is also noteworthy that for rhodamine B with excitation at 532 nm the blue detection channel
cannot access the region of higher sensitivity at shorter wavelengths — contrary to what was
achieved by Lavieille et al. with excitation at 514 nm (detection band 1: 2> 590 nm and band 2:
Ae = 530 nm, with a bandwidth of 10 nm) [365].
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Figure 72: Left: Temperature sensitivity as ratio change in signal intensity in %/K. Right: Signal intensity
as percentage of the peak signal intensity of the weaker channel, a) and b): Coumarin 152, ¢) and d):
Rhodamine B.
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The calculated highest intensity ratios (normalized at a reference temperature, To= 303 K) for
a selection of investigated tracers are presented in Figure 73 as Arrhenius-type plots. Accord-
ing to the normalized logarithmic ratios plotted against the difference of inverse temperatures
the graphs should result in linear dependencies, whose slope is the difference of g between
the selected color channels.
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Figure 73: Calculated fluorescence intensity ratios (symbols) for selected tracers dissolved in ethanol,
1 mgl/l, plotted as logarithmic ratios normalized at To = 303 K vs. inverse temperature difference, solid
line: Exponential fit of intensity ratios, assumed spectral bandwidths: a) 40 nm b) 10 nm, the chosen
center wavelength positions of the “blue” and “red” filter combination are listed in Table 10; depicted
temperature range: 298-348 K.

Under the above-mentioned experimental conditions and spectral detection constraints it can
be derived from the diagrams for both spectral band widths that in case of excitation at Nd:YAG
laser harmonics, coumarin 152 provides the strongest temperature sensitivity among the in-
vestigated tracers. Because of its narrow fluorescence spectra, rhodamine B shows a signifi-
cantly higher temperature sensitivity for a spectral band width of 10 nm than for 40 nm. As
known from the literature, higher temperature sensitivities are attainable for rhodamine B in
case of excitation at wavelengths shorter than 532 nm because the mostly temperature
independent spectral region located at 520-540 nm becomes accesible [365]. Since a pulsed
Nd:YAG laser is preferrable for future single-shot two-color LIF measurements, the tracer
coumarin 152 and corresponding filters with a FWHM of 40 nm will be utilised in section 8.1
for temperature imaging in the SpraySyn flame. The approach to calibrate the corresponding
signal-ratio-temperature function for this filter set and the measurement setup used is
described in more detail in section 8.1.2.1.

7.3.3.2 Fluorescent tracers dissolved in 656EHA35EtOH

Table 11 shows the optimized spectral color-channel positions and the resulting temperature
sensitivity for five tracers investigated in the solvent mixture 65EHA35EtOH. In the considered
temperature range of 303 to 373 K coumarin 152 features the highest temperature sensitivity
after excitation at 355 nm, while after excitation at 532 nm DCM shows the highest temperature
sensitivity. There is a general range for the optimal color band positions (usually the outer
region of a spectrum) which is limited to the inner spectral regions due to the pre-defined
threshold color band intensity. With regard to the calculated optimized color band positions
presented in Table 11 it is observed that these do not change significantly with the choice of
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the pre-defined bandwidth. Among the investigated tracers and solvents there is always a
trade-off between temperature sensitivity and signal-to-noise ratio.

Table 11: Optimized detection band positions for two-color LIF thermometry. Tracer concentration:
1 mg/l in 65EHA35EtOH, excitation wavelength, center wavelengths of the resulting best spectral band
pairs. The resulting temperature sensitivity is given as the averaged change of the signal ratio per Kelvin
in the temperature range from 303 to 373 K.

Bandwidth: 40 nm Bandwidth: 10 nm
vf:\fe.- Blue Red Ratio Blue Red Ratio
Tracer lenath band band change | band band change
| ngm Inm Inm /(%K) | Inm Inm (%K)
Coumarin 152 355 436 612.5 1.82 439.5 624.5 2.09
Coumarin 153 355 473.5 655 0.87 479.5 663.5 1.01
DCM 532 555 653.5 0.88 540 643.5 1.61
Pyrromethene 597 | 532 564 680 0.56 560.5 680.5 0.61
Rhodamine B 532 554 586 0.38 543.5 579 1.49
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Figure 74: Calculated fluorescence intensity ratios (symbols) for various tracers dissolved in
65EHA35EtOH, 1 mgl/l, plotted as logarithmic ratios normalized at To = 303 K vs. inverse temperature
difference, solid line: Exponential fit of intensity ratios, assumed spectral bandwidths: a) 40 nm b) 10 nm,
the chosen center wavelength positions of the “blue” and “red” filter combination are listed in Table 11;
depicted temperature range: 298-393 K.

As can be seen from Figure 74, coumarin 152 shows the highest temperature sensitivity for
both color bandwidths. Because of the much narrower fluorescence spectrum, the temperature
sensitivity of rhodamine B is significantly higher for bandwidths of 10 nm. In the case of smaller
bandwidths, the best spectral ranges can be selected more specifically, whereas in the case
of broader bandwidths the color band inevitably includes regions which are less temperature
sensitive. Pyrromethene 597 shows the overall lowest temperature sensitivity. Coumarin 153,
DCM, and Pyrromethene 597 show an almost linear behavior in the temperature range inves-
tigated here, whereas in the cases of coumarin 152 and rhodamine B clearly a strong non-
linear behavior can be observed. The temperature sensitivity of the two tracers in the solvent
65EHA35EtOH increases significantly at higher temperatures, as can be seen in Figure 74
from the exponentially increasing normalized intensity ratio. Hence, in this case, temperature
measurements at higher temperatures are more sensitive.
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7.3.3.3 Fluorescent tracers dissolved in o-Xylene

For all tracers, the fluorescence spectra in o-xylene were measured from room temperature
up to 393 K. Rhodamine B is excluded in this investigation because of its poor solubility in
o-xylene. As described in the appendix 12.6.2.2 (Figure A37), DCM was excited at 355 nm
due to its low absorption at 532 nm. The results are presented in Table 12.

Table 12: Optimized detection band positions for two-color LIF thermometry. Tracer concentration:
1 mg/l in o-xylene, excitation wavelength, center wavelengths of the resulting best spectral band pairs.
The resulting temperature sensitivity is given as the averaged change of the signal ratio per Kelvin in
the temperature range from 303 to 373 K.

Bandwidth: 40 nm Bandwidth: 10 nm

vf:\fe Blue  Red Ratio | Blue Red Ratio
Tracer lenath band band change | band band change

| n?n Inm Inm /(%K) | Inm Inm /(%K)
Coumarin 152 355 416 553 1.20 410.5 551 2.68
Coumarin 153 355 426 578.5 1.57 432 580 2.05
DCM 355 503 583.5 0.80 496 588 1.78
Pyrromethene 597 | 532 565 680.5 0.55 561.5 680.5 0.59

As Figure 75 shows, coumarin 153 (for a bandwidth of 40 nm) and coumarin 152 (for a band-
width of 10 nm) show the overall highest temperature sensitivity. It is also seen in the Arrhe-
nius-type plots, that for o-xylene (in contrast to 65EHA35EtOH) all investigated tracers show a
close to linear increase of the normalized intensity ratio with temperature, i.e., constant tem-
perature sensitivity. The temperature sensitivity of coumarin 153 is significantly higher than in
65EHA35EtOH, and pyrromethene 597 again shows the lowest temperature sensitivity of all
tracers investigated here.
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Figure 75: Calculated fluorescence intensity ratios (symbols) for various tracers dissolved in o-xylene,
1 mgl/l, plotted as logarithmic ratios normalized at To = 303 K vs. inverse temperature difference, solid
line: Exponential fit of intensity ratios, assumed spectral bandwidths: a) 40 nm b) 10 nm, the chosen
center wavelength positions of the “blue” and “red” filter combination are listed in Table 12; depicted
temperature range: 298-393 K.
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7.3.4 Fluorescence signal re-absorption

7.3.4.1 Concentration dependence of the fluorescence spectra of rhodamine B and
coumarin 152 in ethanol

From section 7.3.1 (also cf. appendix 12.6.4) it is clear that the absorption and fluorescence
spectra of rhodamine B overlap significantly [365, 395], whereas for coumarin 152 this is much
less the case. Signal re-absorption was already described for rhodamine B by Lavieille et al.
[376] who were able to correct this drawback with a three-color detection technique by forming
signal ratios between LIF intensities measured in a temperature-insensitive channel and in two
temperature-sensitive channels with and without suffering from fluorescence signal trapping,
respectively.

To investigate the impact of re-absorption for coumarin 152 and rhodamine B, fluorescence
spectra were recorded in 10 x 10 mm? cuvettes, where the optical path length of fluorescence
light through the tracer-doped liquid is about 5 mm in the standard 90° excitation/detection
geometry. Additionally, fluorescence measurements were done under the same conditions us-
ing thin-layer cuvettes in a front-illuminating geometry (a 22.5° angle between excitation and
detection light paths) providing path lengths of 50 and 100 um depending on the thickness of
the cuvette. This latter variation of path lengths is similar to the spray measurements described
in chapter 8 with small and sparse droplets in the measurement volume.

The fluorescence spectra for the two measurement configurations are presented in Figure 76
for concentrations starting at 0.5 mg/I (coumarin 152) and 0.1 mg/I (rhodamine B), spanning a
factor of 100. All spectra were measured at 303 K and are plotted for the 5 mm absorption
path-length and the thin layer cuvettes with solid and dashed lines, respectively. The spectra
are normalized at a wavelength where no overlap exists with the absorption spectra (i.e., 600
and 630 nm for coumarin 152 and rhodamine B, respectively). For comparison, the respective
absorption spectra in the spectral overlap region of interest are plotted on a separate y-axis.
The spectra illustrate the effect of fluorescence re-absorption in the spectral regions where
significant overlap with the absorption spectrum exists. Due to its large Stokes shift, the spec-
trum of coumarin 152 is largely unaffected, while for rhodamine B there is an apparent spectral
shift and attenuation of the peak, depending on the concentration and/or re-absorption path
length through the sample.
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Figure 76: Top: Measured fluorescence spectra of coumarin 152 (a) and rhodamine B (b) for samples
at various concentrations and re-absorption path lengths (5 mm within a 10 x 10 mm? cuvette (solid
lines), or a thin layer cuvette (50 um (a, c), or 100 um (b, d), (dashed lines)) at 303 K: The spectra are
normalized at 600 nm (a, ¢) and at 630 nm (b, d), respectively. Bottom: Calculated fluorescence spectra
of coumarin 152 (c) and rhodamine B (d) using a simple re-absorption model (see text)

Even for small optical path lengths like 100 ym, a reduction of the detected fluorescence in-
tensity and a red shift of the spectra of rhodamine B can be observed whereas for coumarin
152 this is not measurable. It can be concluded that for the two-color LIF thermometry method
with considerable absorption path lengths or comparatively high tracer concentration changes,
coumarin 152 with its large Stokes shift significantly reduces the measurement error caused
by re-absorption effects.

The measured results agree reasonably well with a simple model calculation of fluorescence
spectra affected by re-absorption. This is illustrated by the lower row of graphs in Figure 76,
which shows spectra scaled according to the re-absorption effects at the same concentrations
and absorption path lengths as given in the experiments. The calculations were done under
the simplifying assumptions that the fluorescence signal linearly scales with dye concentration
(ignoring quenching effects) and that the excitation light intensity at the probe volume is the
same for all concentrations. The fluorescence spectra generated in solutions with higher tracer
concentrations were calculated from the measured low-concentration spectra using the Beer-

Lambert law
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Ifyo = Iﬂuo,O exp(_g/l 4 labs) (7-7)

with the detected fluorescence intensity /o, the initial fluorescence intensity /fnyo,0, the molar
attenuation coefficient &;, the dye concentration ¢ and the assumed absorption path length /as,
through the tracer-doped liquid towards the detector. The molar attenuation coefficient &, was
measured for coumarin 152 at 396 nm with 2.1x10* I/(mol cm) and for rhodamine B at 552 nm
with 11.2x10* I/(mol cm) which is very close to the values given by Brackmann [396]. The
results of this simple model are presented in the lower row of Figure 76 (for coumarin 152 (c)
and rhodamine B (d)). It can be observed that for rhodamine B the measured peak reduction
and the resulting apparent peak shift in the measured fluorescence spectra is larger than sug-
gested by the calculated results, whereas for coumarin 152 the spectra are virtually unaffected
by re-absorption effects.

Overall, since this simplified model confirms the trends observed in the experiments in the
investigated concentration range, the calculations prove that the change of the fluorescence
spectra is mainly driven by re-absorption, and not caused by tracer—tracer interactions. Due to
the increased re-absorption of fluorescence radiation in the blue wing of the rhodamine B spec-
tra, there is an apparent shift in the normalized fluorescence peak to longer wavelengths, which
will predominantly affect the “blue” fluorescence channel — and thus the fluorescence ratio
used for the two-color thermometry. The results also suggest that, because this effect is neg-
ligible for coumarin 152, it makes this tracer a promising candidate for temperature measure-
ments in spatially extended evaporating sprays with variation in concentration (cf. section
8.1.4) or in tracer-doped fluids in large-scale containers with significant re-absorption path
lengths.

7.3.4.2 Fluorescence signal re-absorption in evaporating ethanol droplets: Tempera-
ture measurement error

To assess the impact of fluorescence signal re-absorption for 2cLIF temperature measure-
ments for applications in, e.g., spray flames, the measurement error was calculated caused by
re-absorption in spherical evaporating ethanol droplets of different initial diameter and tracer
concentration. The calculations are an extension of our model calculations presented in the
previous section 7.3.4.1 and are based on the Lambert-Beer law as given in equation (7.7).
For the initial fluorescence intensity and the determination of the molar attenuation coefficients,
measured spectra were used, which were verified by data given by Brackmann [396]. Neglect-
ing reflections within the droplet, the average fluorescence signal path length through the liquid
was assumed as the droplet radius. Considering a tracer-doped ethanol droplet in a spray
flame: With progressing evaporation, its radius decreases and hence the tracer concentration
increases. Originating from the fact that the concentration increases significantly stronger than
the radius of the droplet decreases, the fluorescence signal re-absorption increases with pro-
gressing droplet evaporation (cf. equation (7.7)). This would cause an increasingly lower de-
tected fluorescence intensity in chosen 2cLIF color bands located in the spectral range of the
overlap region of absorption and fluorescence spectrum (see, e.g., Figure 65 for the case of
rhodamine B). With progressing droplet evaporation this consequently leads to color band in-
tensity ratios different from the ones derived from spectra measured for more dilute solutions,
and hence to increased temperature measurement errors.

To achieve a sufficient signal-to-noise ratio in measurements, the tracer concentration needs
to be adjusted according to its fluorescence quantum yield. For the present estimation of
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temperature error this was not taken into consideration; the temperature dependence of the
fluorescence quantum yield and possible detection band widths (trade-off with good tempera-
ture sensitivity) were also not included. Furthermore, reflections within the droplet and addi-
tional droplets within the signal path between the considered droplet and the detector were not
taken into account. The calculation results of rhodamine B (large spectral overlap) and cou-
marin 152 (small spectral overlap) are presented in Figure 77. The measurement error caused
by fluorescence signal re-absorption is plotted against the droplet diameter. Various applica-
tion-related initial droplet diameters (15—-100 um) [397] and tracer concentrations (1-20 mg/l)
were considered. Once the laser dye reaches its maximum solubility, it precipitates as a solid
and is anticipated to decompose in the flame without generating additional fluorescence. The
maximum solubility of the laser dye is a limit for the measurement error. Since the maximum
solubility of the laser dyes investigated in this study is unknown to us, as an indication, dye
concentrations >50 g/l are plotted as dashed lines in Figure 77 and Figure 78.
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Figure 77: Measurement error caused by fluorescence re-absorption vs. droplet diameter; given in the
legend are the initial droplet diameter and the initial tracer concentration, a) rhodamine B and b) cou-
marin 152 dissolved in ethanol. Assumed detection bandwidths: 10 nm, dashed lines: Tracer concen-

tration exceeding 50 g/I.

It can be seen from the diagrams that for fixed starting parameters of droplet size and tracer
concentration, the ratio-based temperature error increases exponentially with decreasing drop-
let diameter. Larger initial droplet diameters and higher initial tracer concentrations cause
larger measurement errors during the droplet evaporation process. The impact of fluorescence
signal re-absorption on the measurement accuracy is significantly larger for rhodamine B in
comparison to coumarin 152 originating from the larger spectral overlap of absorption and
fluorescence spectra, which includes regions where the optimized color detection channels
are located. Three-color ratio techniques [376] have been developed to circumvent this diag-
nostic deficiency, but are experimentally more involved. In order to minimize the measurement
error caused by fluorescence signal re-absorption within evaporating droplets in general a low
tracer concentration (e.g., achievable with tracers having high fluorescence quantum yields)
and tracers with small spectral overlaps are beneficial.
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Figure 78: Measurement error caused by fluorescence signal re-absorption vs. droplet diameter, initial
droplet diameter: 50 um, initial tracer concentration: 10 mg/l, chosen tracers dissolved in ethanol. Opti-
mized detection bandwidth: 10 nm, dashed lines: Tracer concentration exceeding 50 g/l.

Figure 78 shows the developing temperature error for the tracers investigated in this work for
fixed initial droplet conditions, where the tracers are dissolved with a concentration of 10 mg/l
in an ethanol droplet with a diameter of 50 um. It can be seen that the coumarin tracers exhibit
the smallest measurement error due to re-absorption and rhodamine B the highest. Among the
tracers excitable at 532 nm pyrromethene 597 shows the smallest error.

7.3.5 Spectral influence of solvent composition

In this chapter, the effect on the fluorescence specitra is investigated when chosen tracers are
dissolved in a solvent mixture composed of two components of varying amount typically pre-
sent in spray-based nanoparticle synthesis flames, where 2cLIF liquid-phase temperature
measurements may be applied. Related research to this topic was published by [378, 393,
398]. Changes in spectral signature with varying solvent-mixture composition which interfere
with spectral shifts caused by temperature changes induce measurement errors to 2cLIF ther-
mometry. Thus, the lowest possible spectral variation of tracer fluorescence spectra with sol-
vent compositions is desired for 2cLIF thermometry.

Figure 79 shows the normalized fluorescence spectra of coumarin 152, rhodamine B and pyr-
romethene 597 (columns) dissolved in solvent mixtures of EHA/ethanol, HMDSO/ethanol,
H.O/ethanol (rows). The shown spectra were all recorded with 355 nm excitation. To verify for
possible impacts due to another excitation wavelength, the fluorescence spectra of rhodamine
B and pyrromethene 597 were also recorded with 532 nm excitation (not shown) without any
noticeable spectral difference as a result of the different excitation wavelength. The black ar-
rows in Figure 79 indicate the direction of the spectral shift with increasing solvent fraction of
EHA, HMDSO and H.O. A general statement to the spectral shift direction linked to the solvent
or the laser dye cannot be made.

Further fluorescence spectra of laser dyes (coumarin 153, coumarin 47, DCM, pyrromethene
567, stilbene 3 and PTP) in various mixing ratios of EHA/ethanol are presented in the appendix
in section 12.6.3. Among these tracers, DCM features the strongest spectral shift while pyrro-
methene 567 shows the smallest.
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Figure 79: Normalized fluorescence spectra of 10 mg/l coumarin 152, rhodamine B and pyrromethene
597 dissolved in different solvent mixtures at various volume fractions; excitation wavelength: 355 nm,
temperature: 298 K. The arrows indicate the spectral shift with increasing solvent fraction of EHA,
HMDSO, and H:0.

7.3.5.1 Solvent mixture: EHA/ethanol

The mixture of 65 vol.% EHA and 35 vol.% ethanol is commonly used as a solvent for metal-
nitrate precursors in spray-flame based nanoparticle synthesis [154, 156]. To measure the
liquid-phase temperature of this evaporating fuel composition, a tracer is desired, whose fluo-
rescence spectrum is not affected by preferential evaporation processes inside this two-com-
ponent mixture. Since the vapor pressure of ethanol is significantly higher than that of EHA
(EHA: <1 Pa, ethanol: 5.9 kPa at 20 °C), a strong increase in volume fraction of EHA is ex-
pected during evaporation. Figure 79a—c shows the fluorescence spectra of coumarin 152,
rhodamine B and pyrromethene 597 dissolved in mixtures of various EHA/ethanol fractions.
As can be seen from the diagrams, a change in solvent composition of EHA/ethanol causes a
strong blueshift for coumarin 152 (Figure 79a) with increasing fractions of EHA whereas pyr-
romethene 597 (Figure 79c) is not detectably affected (see inset). The fluorescence spectra of
rhodamine B (Figure 79b) show a slight redshift up to a volume fraction of 60 % EHA, which
turns with higher EHA fractions into a strong blueshift. From these results it can be concluded,
that coumarin 152 and rhodamine B are no suitable temperature tracers for this two-compo-
nent solvent since the described spectral shift is clearly predominant compared to the spectral
shift caused by temperature changes. In contrast, pyrromethene 597 is well-suited for this ap-
plication case due to its independence of the fuel composition. Similar results were reported
by Deprédurand et al. [393], who did a spectroscopic study on pyrromethene 597-8C9 in multi-
component fuels and successfully performed droplet-temperature measurements of ethanol/3-
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pentanone mixtures in a heated-air environment. Unfortunately, this tracer exhibits a compar-
atively low temperature sensitivity (cf. chapter 7.3.3.2) and is more affected by fluorescence
signal re-absorption than the coumarin tracers.

7.3.5.2 Solvent mixture: HMDSO/ethanol

For the spray-flame synthesis of silica nanoparticles, one common precursor is HMDSO (hex-
amethyldisiloxane) dissolved in ethanol which provides the liquid mixture in the spray combus-
tion process [28]. Because of the slightly different vapor pressures (HMDSO: 44 hPa, ethanol:
59 hPa at 20 °C) a variation of the fractional composition during the combustion process can-
not be excluded. A comparison of the resulting fluorescence spectra of coumarin 152, rhoda-
mine B and pyrromethene 597 in HMDSO/ethanol is shown in Figure 79d—f. With an increasing
amount of HMDSO the fluorescence spectra show either a blueshift (coumarin 152), a redshift
(pyrromethene 597), or a mix of both (rhodamine B). In consequence of partial evaporation of
one of the components during the heat-up phase of the solution in a spray flame, the spectral
shift with solvent composition will affect the accuracy of the 2cLIF temperature measurements.
For the here considered example of coumarin 152, a change in the solvent fraction from 90 %
ethanol and 10 % HMDSO to 50 % ethanol and 50 % HMDSO would cause a ratio change by
a factor of 1.8 (using the optimized color band positions for the first mentioned case). This
would correspond to a temperature bias of 43.7 K.

7.3.5.3 Solvent mixture: H.O/ethanol

The solvent mixture of ethanol and water is relevant in the context of spray flame based nano-
particle synthesis because dissolved metal nonahydrates (e.g., iron(lll) nitrate nonahydrate)
release water when mixed with a fuel, e.g., ethanol. Due to a difference in vapor pressure
(H20: 23.4 hPa, ethanol: 59 hPa at 20 °C) a change of solvent fraction towards a higher water
content is expected. In contrast to the strong blueshift of coumarin 152 in the other solvent
mixtures presented in Figure 79a,d, the spectra in H,O/ethanol show a strong redshift (Figure
799g). The fluorescence spectra of rhodamine B (Figure 79h) shift slightly to longer wavelength
with increasing water fraction. Pyrromethene 597 (Figure 79i) exhibit a declining fluorescence-
signal intensity with increasing water fractions. A general spectral response which is associ-
ated with a respective solvent due to the changing solvent mixture cannot be determined.

7.4 Discussion

The present work shows that the best suitable tracer for 2cLIF thermometry in liquids depends
on the specific application. For measurements with single-component liquids, all investigated
tracers can be used (with a ranking in temperature sensitivity of selected tracers of coumarin
dyes, DCM, rhodamine B, and pyrromethene 597). They exhibit different temperature sensi-
tivities depending on the solvent. In general, coumarin 152 exhibits the highest temperature
sensitivity, rhodamine B only features a high temperature sensitivity when using a narrow blue
color band, and pyrromethene 597 shows the lowest temperature sensitivity compared to the
tracers presented in this work. Another issue for tracer suitability is the need for large absorp-
tion cross-sections at available laser excitation wavelengths to provide sufficient fluorescence
signal with a low desired concentration. With a view to the desired temperature measurements,
rhodamine B, pyrromethene 597, and DCM have the disadvantage that their fluorescence
quantum yield strongly decreases with rising temperatures (Figure 65, Figure 68, and Figure
A35), which will necessitate higher tracer concentrations for measurements at higher
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temperatures. In contrast, the fluorescence quantum yield of the coumarin dyes (Figure 62 and
Figure A32) tend to rise with temperature, although from a lower level compared with rhoda-
mine B (Table A4).

The extent of fluorescence signal re-absorption is another factor that can affect the tracer per-
formance for 2cLIF thermometry. Choosing tracers with a small overlap between absorption
and fluorescence spectra reduces errors resulting from variations in tracer concentration
and/or from variations in path length through tracer-doped liquid. We have shown in this work
that the investigated coumarin tracers exhibit very low re-absorption while rhodamine B is
strongly affected due to the large overlap of its absorption and fluorescence spectra. To reduce
signal re-absorption, a preferably low tracer concentration is essential, which favors tracers
with high fluorescence quantum yield.

In systems where the solvent consists of more than one component with different evaporation
characteristics, a tracer needs to be preferably unaffected by changes in the solvent composi-
tion. For the specific cases aimed for spray-flame synthesis of oxide nanoparticles, the results
show that for the EHA/ethanol solvent mixture, coumarin 152 is not suitable since the spectral
shift caused by a change in composition dominates over that caused by the temperature vari-
ation. In this respect, pyrromethene 597 turned out to be much less affected by a compositional
change and might be well-suited for this thermometry method, although, its comparatively low
temperature sensitivity and sizeable signal re-absorption limits its applicability. It is therefore
obvious, that a global estimation of tracer performance is essential when choosing a suitable
tracer for the 2cLIF thermometry method, taking into account all mentioned aspects under the
specific limitations of the application case, before a meaningful temperature measurement can
be performed.

Excitation at different Nd:YAG laser harmonics did not show any spectral impact on the fluo-
rescence spectra of the fluorescent tracers investigated in this study. Merely due to a different
absorption cross-section at the respective excitation wavelengths, a change in the fluores-
cence intensity was observed. The comparison of measured laser-dye fluorescence spectra in
various solvents shows that there is no general impact on the spectral shift direction or mag-
nitude which can be linked to the solvent (Figure 71). Also, for the laser dyes dissolved in
various compositions of dual-component solvents, a statement on the general shift direction or
impact on the spectra cannot be made (Figure 79 and Figure A38).

The spectral shift of organic dyes with changing solvent compositions enables the possibility
of concentration measurements of two-component solvents based on the spectral signature
using the two-color LIF approach. For this application a strong, preferably constant spectral
shift of the fluorescence spectra with the mixing ratio is desired. On the other hand, spectral
changes as a result of temperature changes should be as low as possible. One possible ap-
plication of this approach is the spatially and temporally resolved investigation of mixing pro-
cesses of two liquids with the determination of local liquid compositions. For this application
case with long fluorescence signal path lengths, low fluorescence signal re-absorption is pre-
requisite.
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7.5 Conclusions

The absorption and fluorescence spectra of various tracers (most notably: Coumarin 152, cou-
marin 153, DCM, pyrromethene 597 and rhodamine B) were investigated for the impact of
changes in temperature, concentration, excitation wavelength, type and solvent composition.
The tracers were selected for their high fluorescence quantum yield after excitation by har-
monics of Nd:YAG lasers (266, 355, 532 nm) that would be able to generate signal strong
enough for single-shot measurements in liquids. The applicability of the laser dyes as tracer
for liquid phase two-color laser-induced fluorescence (2cLIF) temperature measurements was
assessed. The focus was on temperature sensitivity and the effect of fluorescence signal re-
absorption and changes of solvent composition on the measurement accuracy. The results
show that temperature sensitivity and signal re-absorption effects strongly depend on the
tracer and solvent. The influence of varying solvent composition can lead to spectral changes
and hence to significantly decreasing measurement accuracies. On the other hand — provided
that the temperature stays constant — the spectral changes due to different solvent composi-
tions provide the potential for solvent composition measurements.

Among the investigated tracers, coumarin 152 was found to be best suitable as tracer for 2cLIF
in the examined single-component liquids related to temperature imaging in spray flames. For
the two-component solvent EHA/ethanol, pyrromethene 597 turned out to be best suitable be-
cause its fluorescence spectra are independent towards composition changes. Coumarin 152
can be dissolved in all examined solvents (in water poor solubility) and exhibits the highest
temperature sensitivity for all considered solvents. With respect to the transmissivity of the
used solvents it is excitable by Nd:YAG lasers at 266 or 355 nm and just like the other tracers
proved stable against temperature up to at least 393 K. Compared to the other tracers, the
detectable fluorescence spectra of coumarin 152 are significantly less affected by concentra-
tion changes or fluorescence path length variations in the liquid phase (lowest fluorescence
signal re-absorption due to a large Stokes shift). This leads to a significantly higher measure-
ment accuracy for our desired application in spray flames.
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8 Liquid-phase temperature imaging in the SpraySyn flames
with two-color tracer LIF

Some sections of the following chapter are reprints or else contain contents from the listed publications:

M.M. Prenting, M.l. Bin Dzulfida, T. Dreier, C. Schulz, Characterization of tracers for two-color laser-induced
fluorescence liquid-phase temperature imaging in sprays, Exp. Fluids 61 (2020) 77.
https://doi.org/10.1007/s00348-020-2909-9

© Springer-Verlag GmbH Germany, part of Springer Nature 2020. Reprinted with permission.

M.M. Prenting, S.-J. Baik, T. Dreier, T. Endres, A. Kempf, C. Schulz, Liquid-phase temperature in the Spray-
Syn flame measured by two-color laser-induced fluorescence thermometry and simulated by LES, Proc.
Combust. Inst. 39 (2023) 2621-2630.

https://doi.org/10.1016/j.proci.2022.07.131

© 2022 The Combustion Institute. Published by Elsevier Inc. Reprinted with permission.

My contributions to the publications were the design and setup of the experiment, execution of the meas-
urements supported by students under my supervision, analysis and interpretation of the data, conception
and writing of the manuscripts supported by the coauthors who especially contributed to structuring and
wording. All presented LES simulations in this chapter were contributed by Seung-Jin Baik.

The aim of the work presented in this chapter is to apply averaged and instantaneous two-
color laser-induced fluorescence thermometry to the liquid phase of the SpraySyn flames (sec-
tion 3.1 and 3.2).

In the context of improvement of combustion processes, it is desired to validate and support
kinetics and fluid-dynamics simulations and to gain insight into particle formation processes.
An extended database is being collected for various operating conditions and various meas-
urement and simulation approaches [56]. The SpraySyn burner was already investigated for
droplet size and velocity [397], the gaseous velocity field [186], synthesized nanoparticle char-
acteristics [143], and gas-phase temperature [210]. The liquid-phase temperature of the Spray-
Syn flames is of particular interest for understanding involved transport phenomena and fluid
mechanics during liquid disintegration, and when modeling evaporation processes [154, 399],
and particle formation in the liquid phase [143, 154], and when investigating droplet breakup,
evaporation, superheating [400], droplet explosion [126, 401, 402] and droplet puffing [194]
that are known to strongly influence the resulting quality of nanoparticles [154]. Therefore, in
situ measurements of the liquid-phase temperature in sprays — if possible, with high temporal
and spatial resolution — are highly desired. Various approaches for non-intrusive liquid-phase
temperature measurements have already been reported, such as rainbow refractometry [403-
405], infrared emission [406], or Raman scattering [407]. Two-color tracer LIF (2cLIF) ther-
mometry has been applied to probing the temperature of single droplets [365, 408] and tem-
perature maps of sprays [281, 368]. Ulrich et al. [409, 410] investigated the combination of two
laser dyes in single ethanol droplets to increase the temperature sensitivity of two-color LIF
thermometry.

8.1 Averaged liquid-phase temperature maps

In this work, two-color laser-induced fluorescence (2cLIF) thermometry based on the fluores-
cence tracer coumarin 152 dissolved in ethanol is applied to provide temporally averaged but
spatially resolved liquid-phase temperature maps of the SpraySyn1 flame. It was decided to
derive temperature from temporally averaged LIF signals for each color channel, enabling im-
plementation of 2cLIF through sequential measurements with a single camera. In contrast to
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instantaneous single-pulse measurements with two cameras, this approach is less affected by
artifacts caused by noise in low-intensity regions, e.g., representing weak signal from small
droplets. While in single-shot measurements such artifacts must be suppressed by signal
thresholding, this is not required for averaged LIF images. Signal from small droplets is thus
considered in the evaluation due to the acquisition of sufficient signal relative to the background
through excitation with a sequence of laser shots. Because of the improved signal-to-noise
ratio, the signal intensity ratio and thus the temperature can be calculated with a significantly
lower error. In the single-shot approach in contrast, the signal of small droplets is very low
towards the background causing large errors (section 8.2.4). The single-shot approach can
also be affected by imperfect spatial mapping of the highly structured images, a requirement
that is relaxed in the smoother signal distributions in averaged images. The resulting potential
bias resulting from averaging the LIF signal before calculating temperature from the signal ratio
is quantified in this work based on simulation data (section 8.1.2.3).

8.1.1 Two-color LIF thermometry with coumarin 152

The measurement technique of two-color laser-induced fluorescence is based on the temper-
ature-sensitive fluorescence of a tracer added to the liquid under investigation and excited by
laser light at a fixed wavelength within its absorption spectrum. The temperature dependence
of the resulting fluorescence is exploited by detecting two spectral bands, where the fluores-
cence intensity (I1(T), I2(T)) changes with temperature as differently as possible to each other
to obtain the highest temperature sensitivity from the signal ratio. Sufficient fluorescence signal
intensities in the color channels are necessary to maximize the signal-to-noise ratio. From the
signal-intensity ratio of the two fluorescence bands (Rur(T)), the local liquid-phase temperature
can be derived:

L(T) m

— exp((B1 — B2)/T) (8.1)

Ryp(T) = L,

More details of the theoretical background of the two-color LIF technique are provided in sec-
tion 7.2.5. Detailed information about 2cLIF thermometry utilizing laser dyes is presented in
Refs. [365, 368, 393, 411].

As a result of the study on suitable fluorescence tracers for two-color LIF (for more details refer
to chapter 7), coumarin 152 turned out to be the most appropriate tracer for the measurement
application in the SpraySyn flame operated with ethanol. Coumarin 152 was dissolved in the
fuel ethanol at a concentration of 10 mg/l. The corresponding absorption and fluorescence
spectra at various temperatures are given in Figure 80. The transmission spectra of the chosen
optical filters are shown as colored areas and were measured with the UV/VIS absorption
spectrometer described in section 7.2.2. The g factor is plotted as black symbols and was
calculated from the spectra at 303 and 343 K. The laser excitation at 266 nm is indicated by a
purple line.
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Figure 80: Temperature-dependent absorption (left) and fluorescence (right) spectra of coumarin 152 in
ethanol (10 mg/l, 3.9x10-5 mol/l). The vertical line indicates the Nd:YAG excitation wavelength of 266 nm
and the black symbols show the g factor calculated for a temperature difference of 40 K (between spec-
tra taken at 303 and 343 K). Colored areas indicate the optical transmission of the utilized optical filters.

Among the Nd:YAG laser harmonics, coumarin 152 can be excited at 266 or 355 nm and its
fluorescence spectra show a maximum at around 510 nm at room temperature. The fluores-
cence spectra range from 430-750 nm. At the peak wavelength, the absolute fluorescence
intensity decreases from 296 to 348 K by about 29 %. At wavelengths shorter than 475 nm,
the fluorescence intensity increases with temperature whereas at wavelengths larger than
475 nm the intensity decreases. This is reflected in g changing from negative to positive val-
ues, which results in a difference of the temperature sensitivity of about 2000 K between the
spectral ranges at 445 and 640 nm. The normalized fluorescence spectra (appendix Figure
A39) exhibit a significant blue shift with temperature up to 0.15 nm/K in the temperature range
investigated. The absorption cross-section does not change significantly with temperature, and
is almost equal to each other at the two standard Nd:YAG laser excitation wavelengths of 266
and 355 nm; at the excitation wavelength of 266 nm used in this work the absorption cross-
section varies by 0.9 % (0.017 %/K) in the considered temperature range.

8.1.2 Experimental setup for 2cLIF temperature imaging

The two-color LIF temperature imaging experiments were conducted in an ethanol spray flame
generated by the SpraySyn1 burner (section 3.1) designed for the synthesis of oxide nanopar-
ticles [174]. In this burner, the spray is generated in a two-fluid nozzle where the liquid exits a
small capillary (inner/outer diameter: 0.4/0.7 mm) and is atomized by a co-annular (internal
diameter 1.5 mm) high speed (approx. 130 m/s at the standard operating condition) dispersion
gas flow of oxygen. The spray nozzle is surrounded by a premixed methane/oxygen pilot flame
stabilized on a sintered bronze matrix (outer diameter 15 mm). This flame is shielded against
laboratory air by a nitrogen flow through a co-annular 70 mm diameter sintered bronze matrix.

For the temperature imaging measurements, the beam of a frequency-quadrupled Nd:YAG
laser (B.M. Industries, Serie 5000, 266 nm) was formed into a vertical light sheet with a
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cylindrical telescope (LaVision) resulting in low fluence (F = ~1.25 mJ/cm?) excitation. The
energy of each laser pulse was recorded with a reference photodiode (LaVision, Energy Mon-
itor V9) for laser-energy correction during postprocessing. Fluorescence within an area of
31 x 43 mm? was imaged from the spray flame (section 3.1) or the calibration cell (section
7.2.1) with an achromatic lens (Nikon, Nikkor UV, f= 105 mm, f/4.5) onto an intensified CCD
camera (LaVision, Nano-Star) with a spatial dispersion of 14.8 pixel/mm (67.6 um/pixel). The
deviation from linearity is specified by the manufacturer to less than 1 % up to its maximum
allowable number of counts per pixel. Furthermore, the intensifier was operated in the linear
regime in medium range gain regions exposing the CCD to not more than 80 % of its maximum
counts.

Two interference filters (ThorLabs) were chosen according to the selected fluorescence detec-
tion bands of coumarin 152 (section 7.3.3.1) with center wavelengths of 452 and 605 nm
(FWHM: 40 nm each). The filter transmission curves for the blue and red color channels are
shown in Figure 80. The optical filters were placed sequentially in front of the lens, and a series
of LIF-signal images was acquired for averaging and further post processing. Because the
spray is sparse, a large number of individual experiments were averaged (21,000 LIF images
and 4,200 background images (without laser excitation) in sequences of 3,000 LIF images and
600 background images each) to generate a continuous intensity distribution for each color
channel. The experimental setup is shown in Figure 81.
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Filter slide Sheet-forming optics
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Pellin-Broca prism

Figure 81: Top view of the 2cLIF thermometry setup in the SpraySyn flame.

The ethanol fuel was doped with the laser dye coumarin 152 (10 mg/l, 3.89x107° mol/l) as the
fluorescence tracer, which has several advantages for applications in spray flames. In our pre-
vious study (chapter 7), the tracer coumarin 152 (dissolved in ethanol) showed the highest
temperature sensitivity and no measurable fluorescence signal re-absorption. The dye does
not co-evaporate with the solvent and is expected to burn without further fluorescence once
the solvent is evaporated. Chaze et al. [369] did a detailed analysis regarding the effect of
saturation of the molecular transition excited in the dye molecules on the temperature sensi-
tivity of the tracer. According to their results, our experiments were conducted in the linear LIF
regime since for the laser dyes they investigated (including rhodamine B, which has a higher
absorption cross-section than coumarin 152) the laser intensity limiting the linear range was
about 1.2x10° W/cm?, which is one order of magnitude above the intensity we used for our
measurements with coumarin 152. With tracer concentrations cr, in the 10-° mol/l range in our
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experiments, self-quenching is not important, because according to the relation derived in Ref.
[365] (section 2.3.2), the threshold value of ¢, < 0.01 C* (with a critical concentration C* for
self-quenching of approx. 0.6 mol/l for rhodamine B) is not violated.

8.1.2.1 Calibration of LIF measurement setup

For the calibration of the two-color LIF-measurement setup depicted in Figure 81, the same
temperature-controlled UV-transmitting quartz cuvette utilized in the spectroscopic measure-
ments (section 7.2.1) was placed in the laser sheet at the position of the spray flame and
heated to the desired temperature. The imaging setup with its wavelength-dependent sensitiv-
ities was calibrated with homogeneous ethanol/coumarin 152 solutions for the desired range
of temperatures and various concentrations in the temperature-stabilized quartz cuvette. The
two-color LIF ratios were determined for temperatures between 296 and 348 K by taking
5 x 300 = 1,500 fluorescence images of the cuvette through the chosen filters. In the following
Matlab evaluation code the fluorescence images were background and laser-pulse-energy cor-
rected to compensate background light and laser intensity fluctuation. In the next step, the
corrected fluorescence intensity from a region of interest was averaged and the ratios for each
camera pixel were calculated from the respective LIF signals at various temperatures. The
resulting intensity ratios correspond to unique temperature values and are plotted versus tem-
perature for three solute concentrations in the diagram in Figure 82.
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Figure 82: Two-color LIF intensity ratios (symbols) as a function of temperature, measured for coumarin
152 solutions (2.5, 5, 10 mg/l in ethanol). An exponential fit is plotted as solid line. Intensity ratios cal-
culated from the measured spectra (5 mg/l solution) are shown as red diamonds.

The temperature dependence of the two-color intensity ratio follows the expected behavior
based on the measured fluorescence spectra (Figure 82). Due to the large Stokes shift for
coumarin 152, the signal-ratio—temperature function (or alternatively termed calibration func-
tion) does not change within the tracer concentration range investigated here. A least-squares
data fit with an exponential function (R? = 0.99786) results in

T(Ryp) = 383.39184 — 197.74433 exp(—0.981 Ryp) (8.2)

To compare the calibration results to the optimal signal-ratio-temperature function derived
from the measured fluorescence spectra, the calculated ratios are normalized to the fit function
at 303 K and plotted in Figure 82. The accordance of the calibrated to the calculated signal-
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ratio-temperature function is very high. In the following the determined signal-ratio—tempera-
ture function is used to convert measured ratios to their corresponding temperature.

8.1.2.2 Data evaluation and postprocessing

To maximize the signal-to-noise ratio and to generate consistent averaged LIF-signal images
from the sparse and highly intermittent spray, 21,000 LIF images and 4,200 background im-
ages were recorded per color channel and operating condition. By using a Matlab script [232],
background-subtracted LIF images were corrected for fluctuations in laser energy using data
from the reference photodiode before averaging. The averaged LIF-signal images are depicted
in Figure 83 for the red (a) and blue (b) channel with an exponential color scale. In the last
step, both LIF signal maps are divided pixel by pixel to obtain the ratio map that was finally
converted by the determined signal-ratio—temperature function (Figure 82) to the desired tem-
perature map shown in Figure 83c). For comparison with the visible flame structure within the
same field of view, the intensity of the flame luminescence (measured without any optical filters
in front of the camera) is shown in Figure 83d) as a false-color image.
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Figure 83: Measurement results from the SpraySyn flame operated with ethanol seeded with coumarin
152 (10 mg/l, 3.89%10-% mol/l). Burner operating conditions: 5 ml/min ethanol, 10 sim O2 dispersion gas,
2/16 sIm CHa4/O2 pilot flame, 120 sim Nz coflow, a) red and b) blue LIF channel (exponential color scale).
c¢) Liquid-phase temperature map d) Flame luminescence intensity map in false colors.

For the depiction of the temperature map, pixels with signal levels in either one of the color
channels below an average LIF-signal intensity threshold of 0.5 counts per image were colored
white (maximum values of averaged counts per pixel are ranging in the magnitude of
500 counts). It is expected that after droplet evaporation the tracer disintegrates and oxidizes
with no significant fluorescence generated from the gas phase.

The SpraySyn flame features a turbulent combustion process for which ‘true’ temperatures
would only be obtained with optical diagnostics of instantaneous (i.e., single-pulse) measure-
ment capability. For the current method, this would need simultaneous image acquisition of
the two color channels, e.g., by two separate cameras triggered simultaneously. Therefore,
with the current measurement strategy, only temporally averaged temperature fields can be
obtained. An error propagation analysis was conducted to estimate the uncertainty of the

120



Liquid-phase temperature imaging in the SpraySyn flames with two-color tracer LIF

present approach. The analysis included the magnitude of the camera noise and the fluctuation
of the measured ratio to quantify the statistical error (ranging in the magnitude of AR/R = 0.1—
0.4 %), the standard error of the fit parameters of Eq. (8.2) calculated by least-square fitting
(Aala = 1.19 %, Ab/b = 1.93 %, Ac/c = 8 %), and the uncertainty of the thermocouple meas-
urements (AT = £0.15 K). A Matlab routine was created to calculate the uncertainty of the
measured temperature for every single pixel resulting in values ranging from 6.5 to 9.5 K de-
pending on the region within the liquid-phase temperature map. The measurement uncertainty
in the outer regions of the flame is higher due to the strong intermittency of the signal compared
to regions close to the capillary outlet where LIF signal is detected regularly.

Depending on the operating conditions, liquid temperatures down to 283 K were measured in
the core region of the SpraySyn flame close to the nozzle outlet of the SpraySyn burner. For
validation purposes, the temperature in the spray core of liquid ethanol at the capillary outlet
without flame was measured by a thermocouple showing values down to less than 278 K due
to ethanol evaporation. Deprédurand et al. [393, 412] measured droplet temperatures of ace-
tone and ethanol/3-pentanone mixtures by two-color LIF in a heated air environment (air tem-
perature ranging from 21 to 370 °C) and observed a similar initial cooling effect accompanied
with a decrease in droplet size due to evaporation. These results confirm the plausibility of
average droplet temperatures lower than ambient at the nozzle outlet of the SpraySyn flame
since in our case an environment of cool dispersion gas is present and thermal fluxes should
be lower than in the referenced work where the cooling effect was observed despite a sur-
rounding air temperature of 370 °C. Consequently, the measured temperatures in the Spray-
Syn flame at the capillary outlet are plausible.

8.1.2.3 Discussion of experimental error

An experimental bias is caused by the determination of an averaged liquid-phase temperature
by the intensity-ratio method detailed in section 8.1.2.2. In the experiment, the temperature
maps are not recorded instantaneously but are ensemble-averaged from single-shot measure-
ments. The two bandpass-filtered LIF images were recorded sequentially and averaged before
the temperature maps were calculated from their pixel-count ratios [188]. Based on the as-
sumption that droplets are present intermittently at different temperatures across most of the
imaged region of the spray, using averaged images for the temperature calculation leads to a
systematic error because the fluorescence intensity ratio is not a linear function of temperature
(Figure 82). This non-linearity causes a bias towards higher temperatures if LIF images are
averaged before ratioing.
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Figure 84: Simulated droplet-temperature distributions (Seung-Jin Baik) at the SpraySyn flame center-
line (i.e., r= 0 mm) at various HAB for the standard operating condition.
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Table 13: Bias error at various HAB and radial positions as a result of LIF-signal averaging before tem-
perature calculation from pixel-count ratios. In this evaluation the simulated droplet distributions shown
in Figure 84 were used.

HAB / mm 10 20 30 10 20 30
Radial pos. / mm 0 0 0 1 1 1
Biased error / K 06 09 02 14 05 01

The magnitude of this bias is assessed in a numerical experiment based on simulated droplet-
temperature distributions at the flame centerline and at 1 mm radial offset for various HAB.
Figure 84 shows the distributions at the flame centerline which were obtained by sampling
droplets located in a cube (1 mm?3) centered on the given coordinate for the simulation time of
22 ms. From these temperature distributions, a resulting averaged LIF signal was calculated
from which a temperature could be computed. This temperature differs from the real averaged
temperature. The difference between these temperatures is the bias sought. The calculations
show that the error increases with broader temperature distributions. Due to the minor nonlin-
earity of the calibration function, the bias is small (Table 13) and not considered for the further
evaluations.

The tracer concentration builds up within the droplets during evaporation keeping the fluores-
cence signal intensity approximately constant (neglecting quenching effects, see [365, 413,
414]) until the maximum solubility is reached. At this point, the droplet diameter is expected to
be so small that according to the D? law [266] it disappears very quickly without significant
contribution to the average fluorescence signal. Therefore, the detected fluorescence signal
per droplet corresponds approximately to its initial droplet diameter. Initial diameters range
between 5 and 35 ym, thus a factor of 7 which is significantly smaller than the dynamic range
factor of the utilized 12-bit camera (4096 = 16). Initially large droplets provide stronger signal
than small ones. This leads to a volumetric average of the measured temperature.

In droplets containing laser dyes, morphology-dependent resonances (MDRs) can cause drop-
let lasing [411, 415, 416] resulting in narrower emission spectra with modified temperature
dependence [378, 417]. This effect is most relevant in cases with high dye concentration,
strong excitation laser fluence [418], and spherical droplets [378, 411, 419]. Perrin et al. ob-
served that MDRs are extremely sensitive to the droplet sphericity [378]. The magnitude of
lasing also depends on the droplet size [409, 416, 417, 419]. To suppress lasing in our exper-
iments, a low tracer concentration and low laser intensity (1.25x10° W/cm? at 266 nm) was
applied. The absence of lasing was checked by inspecting fluorescence spectra of coumarin
152 (10 mg/l) at various laser fluences in a cuvette (MDR-free reference), in the cold ethanol
spray, and in different regions of the SpraySyn flame at various operating conditions. The de-
tected fluorescence spectra showed no indications of lasing-induced spectral narrowing or las-
ing peaks [420-426].

8.1.3 Large-eddy simulation of the SpraySyn flame

The SpraySyn flames were reproduced by large-eddy simulation (LES) performed by Seung-
Jin Baik (EMPI Fluid Dynamics, University Duisburg-Essen) using their in-house solver PsiPhi
[427, 428], where the gas and liquid phases are modeled by a Eulerian-Lagrangian approach.
Inlet turbulence is generated with the method of Klein [429, 430], turbulent viscosity is deter-
mined following Nicoud et al. [431]. Gas-phase combustion is described by the premixed
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flamelet-generated manifold (PFGM) approach [432] with a reduced reaction mechanism for
ethanol by OIm et al. [433]. In contrary to pure gas-phase combustion, in the spray flame the
mixture fraction is no longer a conserved scalar because local fuel sources are provided from
evaporating liquid. In the present burner, fuel evaporation occurs rapidly due to the high-speed
oxygen dispersion flow. Since such fast spray evaporation leads to an earlier mixing of the fuel
and oxidizer before reaction [434], a premixed condition can be assumed in the present study.
In the PFGM approach in the SpraySyn flame, the chemical source terms of these flamelets
are tabulated into a manifold, where the compositions and progress spaces are controlled by
two mixture fractions of the burned pilot products (Z1 = Yco2 + Yo + Yoz + Yco) and the un-
burned evaporated spray (Z2 = Yewano), and the progress variable (Yp= Yco+ Ycoz). Moreover,
By represents the Spalding number for heat transfer, and B represents the Spalding number
for mass transfer. In the present study, the liquid droplets are represented by Lagrangian par-
ticles, which are two-way coupled with the carrier gas through momentum exchange and evap-
oration and are described from a set of differential equations of the droplet location xq,, velocity
Ug,, mass mgy, and temperature T4 [428, 435, 436]:

dxd"

"y, (8.3)
dug; f1,. ﬁ)
Tl a(ui —uq;) + (1 L (8.4)
dmg - Shma o4 p (8.5)

dt  3Sct, n( m) '
daT, Nuc, T—T; In(1+B ngL

d _ p a In( n) n MgLg (8.6)

dt N 3PGC’d Tdq Bh mdcp'd

Previous work by Rittler et al. [399, 427] can be consulted for further details on the gaseous
and liquid-phase modeling. In the present study, the simulations were performed in a domain
of 90 x 40 x 40 mm? on an equidistant cartesian grid with a 0.5 mm spacing for the simulations,
which feature 1.15 million cells. To check for grid independence, finer (0.25 mm spacing) sim-
ulation of the SpraySyn flame standard operating condition was performed in the same domain
using 9 million cells. Each simulation represents a process time of 0.2 s and requires ~3,500
core hours for the main simulation and ~20,000 core hours for the finer grid, respectively. Since
the simulated liquid droplet temperature showed identical results on both grids, we relied on
the coarser grid for all other simulations.

The computational domain starts at 3 mm height above burner (HAB), where the primary and
secondary fluid breakup processes can be assumed to be complete [397, 428]. Droplet veloc-
ities and diameters were measured at this HAB with a fiber-coupled PDA (phase-Doppler an-
emometry, Dantec Dynamics A/S) in the cold ethanol spray with the sinter matrix supporting
the pilot flame and the co-flow removed. This was necessary to not cut one of the laser beams
of the crossed two-color PDA sending unit, which would preclude measurements lower than
6 mm HAB. It is assumed that within the initial distance of 3 mm, the flame has no significant
influence on the droplet size and velocity and hence the cold spray measurement results are
used as input for the spray flame simulations. Nevertheless, minor deviations can originate
from this modification. In the simulation, one numerical particle represents one liquid droplet.
These droplets are injected into the computational domain, where their initial velocity and di-
ameter are obtained from samples of measured data, which ensures that the measured joint
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probability density function (PDF) of particle size and velocity vector is satisfied. The maximum
droplet temperature is set as the boiling temperature, and any droplet that has a diameter
below 1 um is treated as fully evaporated.

8.1.4 Results

Temporally averaged liquid-phase temperature maps for five operating conditions (OC) of the
SpraySyn flame (version 1, section 3.1) were measured by two-color laser-induced fluores-
cence based on the tracer coumarin 152. The operating conditions for the spray formation are
shown in Table 14 and were modified by varying the ethanol injection rate and the oxygen
dispersion gas flow. In the standard operating condition of the SpraySyn burner (OC1), the
pilot flame is fed with 16 sim O, and 2 sIm CH4 and surrounded by a 120 sIlm nitrogen sheath-
gas flow [174]. Ethanol is injected with 2 ml/min and atomized by a dispersion gas flow of
10 slm. In two other cases (OC2 and 3), the spray was varied by changing the fuel injection
rate at constant dispersion gas flow, while for OC4 and 5, the dispersion gas flow was varied
at a constant fuel flow.

Table 14: SpraySyn flame operating conditions: Variation of dispersion gas flow and injection rate.

Operating Dispersion gas Injection rate
condition (O2) / sIm (ethanol) / (ml/min)
OC1 10 2
0167 10 5
0C3 10 10
0OC4 7 5
0C5 15 5

With the main aim to understand, model, and ultimately optimize spray-flame based nanopar-
ticle synthesis processes, the same operating conditions were modeled by large-eddy simula-
tion (LES), where the spray is modeled by a Eulerian—-Lagrangian approach based on meas-
ured liquid droplet properties (initial liquid-phase temperature, droplet size, and velocity distri-
bution). Droplet size and velocity were measured by phase-Doppler anemometry (PDA) to
provide input data for the simulation and to enable a better interpretation of the liquid phase
temperature results. Average droplet size and velocity are given in Figure 85. Droplet temper-
ature distributions were provided by the simulation to assess the systematic measurement
error caused by LIF-signal averaging (section 8.1.2.3). From various publications it is known
that the SpraySyn flame inherently features a minor flame tilt [174, 204]. For the comparison
to the simulation a correction for these minor flame tilts was done to ensure comparability to
the simulated liquid-phase temperature maps. In the context of liquid mixing with the surround-
ing gas phase the droplet temperature is affected by heat transfer with the potentially reacting
gas and evaporative cooling. The simulation results were found to be in good agreement with
the experiment by showing a suitable prediction of the droplet evaporation and heat-up process
within the experimentally probed spray region.

8.1.4.1 Droplet size and velocity (PDA)

The PDA results at 3 mm HAB for operating conditions (OC1-5, Table 14) that were used as
simulation input are presented in Figure 85. The droplet mean diameter is plotted as data
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points connected by solid lines and the downstream droplet velocity as dashed lines. Addition-
ally, the fuel capillary and the dispersion gas outlet are indicated in black close to the abscissa.

At a constant ethanol injection rate and increasing dispersion gas flow (OC4, OC2, OC5), at
3 mm HAB the droplet mean diameter decreases and the droplet velocity increases. With an
increasing injection rate at a constant dispersion gas flow (OC1-0C3), generally, the droplet
mean diameter increases and the velocity decreases. The droplet velocity depends on the
dispersion gas flow and is slightly influenced by the injection rate. The droplets at larger radial
positions show lower velocities with respect to the core region, because in the latter the dis-
persion gas flow continuously accelerates the droplets. From the peaks of the downstream
droplet velocity the shear region between dispersion gas and fuel can be identified. At
HAB = 3 mm, the velocity corresponds to the position of the capillary and the dispersion gas
outlet. The majority of droplets are detected within a radius of 0.75 mm around the flame center
line. For OC1, 90 % of the droplets are detected within this region. On the centerline, the drop-
let count is 10° within 10 s for OC1, which is a high count rate for this evaluation and statistical
analysis. In the outer regions where the droplets feature a larger diameter, the droplet count
rate is significantly lower.
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Figure 85: PDA results for operating conditions OC1-5 at 3 mm HAB, droplet mean diameter (solid
lines) and downstream droplet mean velocity (dashed lines), burner capillary and dispersion gas outlet
indicated in black.

8.1.4.2 Gas-phase temperature, evaporation (LES)

Figure 86 shows simulated instantaneous (left) and mean (right) gas temperature (a), and
evaporation rate (b) of ethanol to illustrate the general shape of the SpraySyn flame. Since the
computational domain starts 3 mm above the burner, it is assumed that the O2/CHj pilot flame
is completely burned at the computational domain inlet, as can be seen in Figure 86a. The
surrounding cold sheath-gas flow cools the hot pilot flame and prevents external influences on
the nanoparticle synthesis. Simulated gas-phase temperatures have shown good agreement
with experimental data in so-far unpublished work. Strong turbulence and mixing are observed
in the shear layer between the fast dispersion gas and the surrounding pilot flame, as shown
in Figure 86a. Since evaporation occurs mainly near the burner, as shown in Figure 86b, the
measurements were focused on the region up to HAB = 30 mm.
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Figure 86: Instantaneous (left) and mean (right) contour plots of a) the gas-phase temperature and b)
evaporation rate in a centerline plane of the flame for OC1 from LES. Figure created by Seung-Jin Baik,
reprint from Ref. [189].

8.1.4.3 Liquid-phase temperature (2cLIF, LES)

Figure 87 shows the measured (upper row) and simulated (lower row) liquid-phase tempera-
ture maps of the five investigated operating conditions (Table 14). The dashed lines at
HAB = 3 mm indicate the boundary of the simulations. In the experimental maps, pixels with
averaged LIF-signal intensities of less than 0.5 counts in at least one of the two LIF channels
were masked and colored white [188]. The effect of the dispersion gas flow and the fuel injec-
tion rate representing the operating conditions are discussed in the following.

It can be seen from the experimental liquid-phase temperature maps in Figure 87a,c,e, i.e., for
varying the fuel flow rate at constant dispersion gas flow, that the temperature in the lower
regions of the flame increases with increasing ethanol injection rate. The core temperature
(averaged over 30 x 21 = 630 pixels, corresponding to a spatial region of interest (ROI) be-
tween 3 and 5 mm in HAB and +0.7 mm in radial direction resulting in a ROl of 2 x 1.4 mm?)
increases from about (a) 290 K over (c) 293 K to (e) 298 K. A similar observation is made for
the temperature maps in Figure 87g,c,i, i.e., for varying the dispersion gas flow at constant fuel
injection rate. In this case, the core temperature at HAB = 3—5 mm decreases from (g) 295 K
over (c) 293 K to (i) 287 K. From these findings, one can infer that an increase in the ratio
between dispersion-gas flow to liquid flow rate (DGL ratio) causes a decrease of the liquid-
phase temperature in the respective core region of the spray flame. Figure 85 shows that at
higher DGL ratios the spray atomization is more effective [397] with droplet distributions shifted
to smaller count mean diameters (CMD) at constant liquid volume and hence larger total drop-
let surface areas leading to accelerated evaporation. The higher dispersion gas flow velocity
also supports evaporation in the shear layer between fuel and oxidizer, leading to faster liquid
breakup, smaller droplets, and faster evaporation. On the other hand, stronger evaporative
cooling accompanying the larger DGL ratios causes liquid-phase temperatures lower than the
ambient temperature of injected ethanol in the regions close to the capillary outlet, as was
confirmed by thermocouple measurements in the core of the cold ethanol spray [188]. Since
the simulation of the droplet temperature starts at HAB = 3 mm, where the droplets are as-
sumed to have been formed, this observation cannot be confirmed by the simulation. Instead,
the measured liquid-phase temperatures at this height (dashed line) were taken as initial tem-
perature values for the simulated droplets.
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Figure 87: Liquid-phase temperature maps of the ethanol SpraySyn flame at various operating condi-

tions, i.e., where the dispersion-gas flow and the fuel injection rate were varied from the standard OC1.
Upper row: Measurement, lower row: Simulation.

With decreasing DGL ratios and hence less effective droplet atomization, the regions where
significant data is available are further extended in vertical and radial direction (Figure 87g).
Larger droplets survive within the flame over longer distances [397] and provide sufficient LIF
signal in the outer regions of the flame. Most notably, the temperature maps with a small DGL
ratio in Figure 87e and g feature a broad extension in the lower flame regions, with low tem-
peratures in the range of 300 K. The high temperatures at the lower edge region of the liquid-
phase temperature maps are caused by the hot pilot flame with heat release close to the sinter
matrix.

Figure 88 shows centerline liquid-phase temperature profiles for OC1-3 (solid lines) and cor-
responding simulation results (dashed lines). The temperature values from the experiment and
the simulation were spatially averaged along the flame centerline within 0.75 mm (experiment:
11 pixels, i.e., 74 um, simulation: 3 voxels, i.e., 75 ym), and both data sets were slightly
smoothed with a five-point moving average. Due to low signal strength in the experiment the
profiles of OC2 and OC3 were cut at HAB = 27 mm and 29 mm, respectively.

As can be seen in Figure 88, an increase in injection rate at a constant dispersion gas flow
leads to a generally higher temperature level along the flame centerline. The less effective
atomization (low DGL ratio) with weaker evaporative cooling leads to elevated temperatures
for OC2 and OC3 in comparison with OC1. Additionally, with higher injection rates, more fuel
is fed into the flame, providing stronger heat release. The slopes of the profiles are almost
equal for the chosen operating conditions. In contrast to these observations, with increasing
dispersion gas flow (not shown here) the slope of the vertical temperature profiles increases
(linear fit, OC4: 1.64 K/mm, OC2: 2.24 K/mm, OC5 2.33 K/mm).
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Figure 88: Centerline liquid-phase temperature profiles for OC1-3 (dispersion gas flow: 10 sIm, variation
of injection rate). Measurement (solid) and simulation (dashed lines).

8.1.4.4 Comparison of experiment and simulation

The dashed lines in Figure 88 show the simulated centerline temperature profiles derived from
the liquid-phase temperature maps in Figure 87 (lower row). Overall, the simulations are in
good agreement with the measurements. The slope of the simulated and measured centerline
temperature profiles changes somewhat in different sections along the flame height. At
HAB = 3—10 mm, the slope of the temperature profiles is comparatively low while it increases
afterwards and flattens again at higher HAB when approaching the boiling point of ethanol.
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Figure 89: Radial liquid-phase temperature profiles (averaged: 0.75 mm) of experiment (solid lines) and
simulation (dashed lines) at various HAB, standard operating condition.

Figure 89 shows radial liquid-phase temperature profiles of the standard operating condition
(OCA1) for various heights above the burner. The experimental temperatures (solid lines) and
simulations (dashed lines) were averaged and smoothed as described for Figure 88. The sim-
ulated temperature profiles are overall in good agreement with the experiment. The dip in lig-
uid-phase temperatures in the flame center is well predicted by the simulation. Generally, the
measured profiles are broader and the radial temperature gradient, i.e., the droplet heat-up
rate, is smaller compared to the simulation, especially at small HAB. It is assumed that heat
transfer from the hot pilot-flame environment to the droplets is overpredicted by the simulation,
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or the PDA results provide inaccurate droplet-size distributions in the outer flame regions due
to low droplet count rates. The flame in the experiment is slightly asymmetric due to imperfec-
tions of the nozzle. In the experiment, multiple scattering effects within the dense spray region
could result in a spatial broadening of the LIF signal [437]. In general, the same observations
regarding the deviation in the radial temperature gradient were made for the other operating
conditions not shown here.

Figure 90 shows measured (left image half) and simulated (right) liquid-phase temperature
maps for (a) OC1 and (b) OC2 representing the cases of the standard operating condition and
an increased liquid injection rate. The other (not shown) SpraySyn flame cases compare sim-
ilarly (Figure 87). Since the measured temperature maps are asymmetric both sides were av-
eraged to include all information and to enable a more meaningful comparison. As shown in
Figure 90, the shape and the magnitude of the simulated liquid-phase temperature are in over-
all good agreement with the measurements. The figure shows that the temperature increase
in vertical and horizontal direction is well predicted by the simulation model (Figure 88 and
Figure 89). The simulation provides more reasonable data of the outer regions of the flame
where droplet temperatures close to the boiling point exist. In contrast to the simulation, the
outer and higher regions of the flame are difficult to resolve in the experiment because the
droplet field is already spread out and becomes sparse and hence the signal within the laser
sheet becomes weak. These regions were cut out by the LIF-intensity threshold (section
8.1.2.2).
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Figure 90: Liquid-phase temperature maps of (a) OC1 and (b) OC2. Left image half: Measurements,
right: Simulations.

The strongest deviation between measurement and simulation was observed for OC4 (Figure
879g,h), especially for the lower outer region of the temperature map and the centerline tem-
perature profile, where the simulation predicts a higher slope. One explanation for the dispari-
ties is that for the low DGL ratio, atomization of the spray was less efficient, and the PDA was
not able to detect the mostly larger and not perfectly spherical droplets. Thus, some parts of
the liquid phase (especially larger droplets) are not included in the simulation.

8.1.4.5 Discussion

From the presented results, it can be inferred that one of the main influences affecting the
liquid-phase temperature of the SpraySyn flame operated with ethanol is evaporative cooling
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in the lower regions of the flame, where spray atomization takes place. The ratio between the
dispersion gas flow and the liquid injection rate was found to be crucial for the liquid-phase
temperature distribution. Due to better atomization with more evaporative cooling, higher DGL
ratios result in lower liquid-phase temperatures down to 278 K in the spray formation zone
[188], below the ethanol injection temperature of 295 K.

The simulations show an overall good agreement with the measured liquid-phase temperature
in that magnitude and shape of the temperature zones (Figure 87) are well predicted for differ-
ent SpraySyn flame operating conditions. Temperature gradients in radial and vertical direction
show a high correspondence for the investigated operating conditions. Merely for OC4, there
are significant deviations between simulation and measurement regarding the vertical temper-
ature profile that is characterized by a low DGL ratio. It is assumed that the PDA measurements
were not able to accurately detect larger non-spherical droplets resulting from the less effective
atomization. Therefore, a droplet size distribution shifted to smaller diameters was recorded
and hence the prediction of a faster temperature increase along the flame center line can be
explained. For the same reason, the cool regions in the lower range of OC3 and 4 can be
explained. We assume that less efficient atomization causes larger non-spherical droplets that
move outwards at low HAB, heat up slowly, and are not included into the simulation and thus
causing a deviation between experiment and simulation.

8.1.4.6 Conclusions

Averaged liquid-phase temperature maps were recorded by two-color laser-induced fluores-
cence in the SpraySyn flame for five operating conditions and were compared to simulation
results. The simulation utilized a Euler—Lagrange approach for the gas and spray phases using
large-eddy simulation (LES). The simulated ethanol droplets are described by Lagrangian par-
ticles and the simulated liquid phase temperatures were found to be in an overall good agree-
ment with the measurements. From the comparison between measurements and simulations,
it can be concluded that the model provides a good prediction of the droplet heat-up and evap-
oration process within the SpraySyn flame. The simulations show that most of the evaporation
occurs close to the nozzle outlet [428]. This can be confirmed by the experiment with low liquid-
phase temperatures in the spray core near the burner surface indicating fast evaporation in
this region due to high gas velocities creating an environment of low gas temperatures in con-
trast to the outer hot pilot flame. Simulated temperature distributions were used to assess the
bias caused by temporal averaging of the experimental data. From the good accordance be-
tween experiment and simulation it can be concluded that the available simulation models are
suitable for describing liquid temperature and evaporation rates in the SpraySyn flame.
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8.2 Instantaneous 2cLIF droplet thermometry in the SpraySyn2 flame

8.2.1 Measurement principle of instantaneous 2cLIF droplet thermometry

In this work, instantaneous 2cLIF thermometry was applied to measure the temperature of the
liquid spray in the SpraySyn2 flame (section 3.2). To clarify the distinction between both Spray-
Syn burner versions the SpraySyn burner version 1 is referenced as SpraySyn1 burner, and
version 2 as SpraySyn2 burner. Detailed explanations to the basic principle of two-color tracer-
LIF thermometry were given in section 8.1. For the measurement approach with one camera,
the color channels are recorded sequentially, so that temporally not correlated LIF-intensity
images are obtained for further post-processing. With instantaneous 2cLIF, both color chan-
nels are recorded simultaneously and thus the image pairs are temporally correlated. With
these image pairs, single-shot ratio maps and thus instantaneous liquid temperature maps can
be derived. To perform instantaneous 2cLIF thermometry the measurement setup described
in chapter 8.1.2 is extended by a beam splitter and a second camera to enable the simultane-
ous detection of both color channels. Details to the experimental setup and post-processing
are given in chapter 8.2.2.

The advantage of instantaneous 2cLIF is that single-shot temperature maps and thus the tem-
perature of individual temperatures imaged in the spray can be measured. But for single-shot
measurements, the signal-to-noise ratio is poorer compared to averaged measurements. For
averaged maps more LIF signal is accumulated from many images and the background noise
is reduced by averaging. For single-shot measurements, artifacts must be suppressed by sig-
nal thresholding, so that only droplets with strong LIF signal are considered for evaluation.
When only one camera is used, the color channels are temporally not correlated and the LIF
signal from each channel must be averaged before the ratio is calculated. This results in a
temperature bias caused by the nonlinearity of the calibration function (sections 8.1.2.1 and
8.2.2.2). By recording both color channels simultaneously, this error is prevented (assuming
sufficient signal quality), because each image pair is analyzed individually and only the result-
ing temperature is averaged in post-processing if desired. The results for temporally-correlated
average liquid-temperature maps of the SpraySyn2 flame are presented in chapter 8.2.5.

Recently, Shahbaz et al. [438] performed single-shot 2cLIF thermometry based on the tracer
anisole to measure the gas temperature within a combustion engine piston. Due to the high
signal level of anisole the quality of single-shot images was improved significantly compared
to the previously often used tracer toluene [439].

8.2.2 Experimental setup

In this chapter, the liquid temperature of spray flames and cold sprays generated by the Spray-
Syn2 burner is investigated. The burner was located in a reactor housing with UV-transmissive
quartz windows, which enable the optical access to the flame. The reactor was operated at
ambient pressure. Figure 91 shows the experimental setup for instantaneous 2cLIF.
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Figure 91: Top view of the experimental setup for instantaneous 2cLIF in the reactor housing of the
SpraySyn2 burner.

The instantaneous 2cLIF measurements were based on the fluorescent tracer coumarin 152
(section 7.3.1.1). The used solvent ethanol was seeded with a low dye concentration of 10 mg/I
to reduce MDRs with lasing effects (section 8.1.2.3) and fluorescence signal re-absorption
(section 7.3.4). Different from the previous chapter, the excitation wavelength was 355 nm,
generated by a Nd:YAG laser (InnoLas Laser, SpitLight 1000.1, fi, = 10 Hz). The laser energy
per pulse was 5 mJ at the laser exit. The laser fluence within the laser sheet generated by
sheet-forming optics (LaVision, Sheet Optics (divergent), Collimator Optics UV), was 5-
10 mJ/cm?. The tracer-doped liquid was excited by the laser sheet and the resulting fluores-
cence light of coumarin 152 (indicated in green) was spectrally divided at ~505 nm by a beam
splitter (ThorLabs, DMLP505L, longpass dichroic mirror, 505 nm cut-on, @ = 2”) into a trans-
mitted red part and a reflected blue part (Figure 92). In front of each camera lens, optical filters
(ThorLabs, bandpass filters, blue: FB450-40, red: FB600-40, @ = 17, Figure 92) isolated each
color band before it was detected by two intensified cameras (LaVision, intensified relay optics
(IRO) and Imager M-Lite, resolution: 1936 x 1216 pixels, pixel size: 3.45 um?) equipped with
lenses (Nikon, Nikkor UV, f= 105 mm, fz = 4.5). The spatial dispersion of the optical setup was
35 pixel/mm or 28.6 um/pixel. The intensifier gains were set differently to compensate for dif-
ferent wavelength-dependent detection sensitivities of the color channels. The intensifier gate
was set to 200 ns to minimize background signal from the flame. Different from the setup
shown in section 8.1.2, no laser-energy monitor was needed because the intensity ratios were
calculated from images recorded during the same laser pulse. Therefore, the laser energy
cancels out.

With this setup, the optical magnification of the detection system was limited by the size of the
reactor housing, which prevented to reduce the distance between cameras and flame. An in-
creased optical magnification can be achieved by performing the measurements without reac-
tor housing to reduce the camera distance or by a different optical setup (e.g., telephoto lens
or microscope lens with an achromatic tube lens [194]).
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8.2.2.1 Beam splitter and optical filters

Figure 92 shows the transmission spectra of the optical filters used as blue and red colored
areas, and the reflectance of the dichroic beam splitter in green. The optical filters were the
same as utilized in the previous work presented in chapter 8.1.1. Moreover, the absorption and
fluorescence spectra of coumarin 152 in ethanol at different temperatures are plotted for com-
parison to the optical components. The laser excitation wavelength is indicated as purple line
at 355 nm. The absorption cross-section is about the same as at 266 nm (4" harmonic of the
Nd:YAG laser wavelength), used in the previous work.
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Figure 92: Temperature-dependent absorption (left) and fluorescence (right) spectra of coumarin 152 in
ethanol (10 mg/l, 3.9x10-5 mol/l). The vertical line indicates the Nd:YAG excitation wavelength of 355 nm
and the black symbols show the 3 factor calculated for a temperature difference of 40 K (between spec-
tra taken at 303 and 343 K). Colored areas indicate the optical transmission of the utilized optical filters
and the reflectance of the dichroic beam spilitter.

8.2.2.2 Calibration of measurement setup (signal-ratio—temperature function)

For every 2cLIF measurement setup with its specific optical components and also for all differ-
ent camera and intensifier settings, a signal-ratio—temperature function (or alternatively termed
calibration function) needs to be determined. The calibration function is used to convert the
measured LIF intensity ratios to temperature values. The procedure to calibrate the function is
from the principle the same as described in section 8.1.2.1. In this work, the temperature-
controlled measurement cell (section 7.2.1) was used to set the temperature of the cuvette
(Hellma, macro cuvette 111-QS, quartz glass, 10 x 10 mm?) filled with a solution of 10 mg/I
coumarin 152 in ethanol. The cell with the cuvette was placed at the same position where the
flame is located during the measurements. By controlling the temperature of the cell various
temperature stages were targeted and the temperature of the dye solution was kept constant
for two minutes to ensure a homogeneous temperature distribution within the cuvette (Figure
94). At each temperature stage, LIF intensity images were recorded simultaneously for both
color channels to determine the intensity ratio related to each temperature stage (image map-
ping was done in advance according to the procedure described in section 8.2.3). Per temper-
ature stage 100 pairs of images were recorded and after background correction the intensity
ratio map was calculated for each pair. After averaging the ratio maps a region of interest was
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defined to determine the LIF intensity ratio related to the temperature set. The data points are
plotted in the diagram shown in Figure 93.
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Figure 93: Two-color LIF intensity ratios (symbols) as a function of temperature, measured instantane-

ously with two cameras for 10 mg/l coumarin 152 in ethanol. A quadratic function fit is plotted as solid
line (signal-ratio—temperature function).

The data points were fitted by a quadratic function to determine the signal-ratio—temperature
function. The curve is plotted as solid line in Figure 93 and the function is given in Eq. (8.7).

T(Ryg) = 10.77 R g + 36.61 Ry + 247.58 (8.7)

8.2.3 Measurement procedure

A key point for the successful execution of instantaneous 2cLIF measurements is to align the
field of view of the two cameras exactly. The position and angle of the cameras were manually
adjusted by multi-axis linear translation stages as precisely as possible to establish the best
matching field of view towards a target placed on top of the burner. An image mapping feature
integrated in the DaVis software was used to correct minor camera misalignments. With this
feature, slightly different view angles and distances between camera and target were compen-
sated. A target (calibration plate) was placed on top of the burner in the plane of the laser sheet
and an image was taken by each camera. Based on the pattern of the target a correction file
was generated. The SpraySyn2 flame was operated with ethanol as solvent with 10 mg/I cou-
marin 152. Dye concentration and laser excitation intensity were kept low to reduce MDRs with
lasing effects (section 8.1.2.3) and fluorescence signal re-absorption (section 7.3.4). The laser
sheet was positioned vertically above the capillary outlet with a width of less than 1 mm. For
each operating condition, 800 pairs of LIF intensity images were recorded at 10 Hz. The IRO
gain of the red channel was set higher than the blue channel to compensate for its lower wave-
length-dependent detection sensitivity (typical gain: 90 vs. 85). Background images were rec-
orded with the flame operated at the respective condition and the laser blocked.

Post processing — Matlab script

Postprocessing and data evaluation was done by custom-made Matlab scripts. One script was
used to determine the calibration function specific to the given setup and device settings (as
described in section 8.2.2.2). The function was saved to a file. A second script calculated the
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instantaneous and average liquid temperature maps based on imported LIF intensity images,
background images, and the calibration function. First, the LIF intensity images were back-
ground corrected. Next, pixels with intensity values below a certain threshold were cut out. A
threshold of 15 counts (~0.5 % of typical peak signal) was chosen to exclude areas with too
low LIF signals for further evaluation. Then the ratio maps were formed from the processed
intensity image pairs (Figure 95). With the calibration function, the ratio maps were converted
to single-shot liquid temperature maps. Average liquid temperature maps (section 8.2.5) were
formed by averaging the single-shot temperature maps. A mask was applied to the averaged
maps to ensure a suitable data basis for averaging. The mask cut out pixels that in less than
10 % of the images provide above-threshold signal.

8.2.4 Measurement error of single-shot liquid-temperature maps

The single-shot liquid temperature maps determined with the experimental setup and meas-
urement procedure described above feature strong spatial fluctuations in temperature. Even
within single droplets or liquid ligaments in the spray breakup zone, temperature fluctuations
are seen, which are physically not reasonable. One possible source of error is the noise intro-
duced by the measurement approach. To illustrate this, intensity ratio maps of the cuvette are
shown in Figure 94. The cuvette was placed in the temperature-controlled cell (section 7.2.1)
and was filled with ethanol doped with 10 mg/l coumarin 152 and excited with a 355 nm laser
sheet as described in section 8.2.2. The tracer concertation and the settings of the detection
system were the same as used for the spray-flame measurements. On the top left, single-shot
and on the top right averaged intensity ratio maps are shown. One temperature level is shown
per row. The bottom section shows single-shot images for both color channels, from which the
single-shot ratio map for the 70 °C case is created.

100 ratio maps averaged
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Figure 94: Fluorescence images measured in a quartz cuvette (Hellma 111-QS) with 10 mg/I coumarin
152 in ethanol at various temperatures, top left: Single-shot ratio maps, top right: 100 ratio maps aver-
aged. The vertical lines at the image sides are caused by scattered light from the cuvette walls. Bottom:
Single-shot images of both color channels, left: Red channel (CS: 0—-1200 counts), right: Blue channel
(CS: 0-1750 counts). All images: Full pixel resolution without spatial filtering.
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From the left column with single-shot ratio maps one can see that even in a static, continuous
and temperature-homogeneous liquid with sufficient signal, strong ratio fluctuations are pre-
sent when the image is analyzed pixel by pixel. This shows that the photon noise caused by
the low dye concentration and low signal intensities strongly amplifies during ratioing. To esti-
mate the noise level, single-shot images of the red and blue color channels are provided in the
lower section of Figure 94. Strong intensity variations between closely adjacent pixel ranges
are evident, despite the expected homogeneous fluorescence signal in the cuvette. No spatial
filtering or software pixel binning was applied. The top right column shows ratio maps averaged
over subsequent measurements. The noise of the ratio maps is significantly reduced when the
results from 100 image pairs are averaged. For the average liquid temperature maps pre-
sented in section 8.2.5, 800 temperature maps were averaged.

Figure 95 shows typical examples of 2cLIF single-shot raw-image ratio maps of the SpraySyn2
flame (left) and the cold ethanol spray (right) generated by the SpraySyn2 burner. The ratios
are converted pixel-by-pixel to temperatures based on the calibration function (Figure 93). It is
clearly visible that the result is dominated by noise and the color scale in Figure 95 ranging
from intensity ratio 0.4 to 2 corresponds to temperatures of approximately 265 to 370 K, par-
tially outside the calibration range. In the lower part of each image the spray nozzle with its
capillary is indicated in black. The spatial image section is identical in all cases.
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Figure 95: Typical examples for 2cLIF single-shot ratio maps of the SpraySyn2 flame (left) and cold
spray (right). Spray conditions: Dispersion gas: 6 slm, liquid flow rate: 4 ml/min ethanol, equal detection
and post-processing conditions. Higher intensity ratios correspond to higher temperatures.

The single-shot ratio maps using unfiltered images are affected by strong noise and ratio gra-
dients between local areas are often physically not reasonable. The overall ratio level (~ tem-
perature level) in turn is reasonable (albeit with large scattering). In the spray flame, the spray
break-up zone features rather a low ratio and the outer areas rather higher ratios. Across the
whole field of view the cold ethanol spray features a constant lower ratio level. The fluores-
cence signal of the cold spray is spatially more extended due to the temperature-related lower
evaporation rate, so that droplets survive over a longer distance compared to the spray flame.
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Figure 96: Single-shot images of both color channels which result in the ratio maps shown in Figure 95,
enlarged sections of selected areas indicated by black rectangles. Top: Flame, bottom: Cold spray, left:
Red channel, right: Blue channel.

To analyze the background for this large scattering, Figure 96 shows selected sections of sin-
gle-shot images, which are used to generate the intensity-ratio maps depicted in Figure 95
(indicated by black rectangles). The single-shot images of the liquid phase appear blurred, and
individual droplets cannot be identified in the spray core. The overall signal intensity distribution
roughly corresponds to each other. However, the fine structures differ, possibly due to noise,
signal scattering within the spray, and potentially out-of-plane fluorescence from scattered la-
ser light.

To improve the quality of the results, various smoothing filters were applied to the single-shot
intensity maps after background correction, effectively reducing the spatial resolution of the
analysis. The single-shot images were processed by Gaussian and median filters, as well as
by pixel binning at different kernel sizes. The results are provided in section 12.7 in the appen-
dix. The median filter delivered the most promising results, as it preserves the original structure
of the intensity images while effectively smoothing. However, significant errors still remain in
the single-shot temperature maps, making the results unreasonable in certain areas. The
Gaussian filter provides better smoothing and thus ratio calculation but changes the structure
of the temperature distribution at larger kernel size in a non-acceptable way.

Even with the various spatial filtering approaches, the single-shot image analysis recorded by
the current experimental setup resulted in unreasonable single-shot temperature maps outside
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the core area. These problems are associated to the weak signal levels obtained in the attempt
to prevent droplet leasing through low dye concentration and excitation fluence resulting in
images affected by shot noise. Additionally, multiple light scattering can blur the images and
affect local intensity ratios. Scattered laser light can also induce out-of-plane fluorescence.
One way to overcome the latter problems is to apply the technique of ‘structured laser illumi-
nation planar imaging’ (SLIPI) [437, 440, 441]. Another well-known issue is the occurrence of
‘morphology-dependent resonances’ (MDR) [409, 442, 443] and the resulting lasing effects
[378, 415] that can locally lead to non-linear signal response on the laser pulse energy. Various
approaches have been suggested to overcome this problem (e.g., the use of a second dye as
quencher [411]). As described in section 7.3.4, signal trapping can also be a problem, espe-
cially in strongly evaporating sprays when a high dye concentration and a high laser excitation
energy exists [444]. A detailed discussion of these topics and improvement suggestions for
future work is given in section 8.4.

However, scattering effects and the noise of the recorded single-shot ratio maps can be com-
pensated by multi-shot averaging. But a distinct measurement error should nevertheless still
exist. When the single-shot maps are averaged, the noise is reduced significantly and the re-
sulting average liquid-temperature maps become reasonable (section 8.2.5).

8.2.5 Results

Temporally-averaged liquid-temperature maps of the SpraySyn2 flame and cold spray were
measured and postprocessed according to section 8.2.2 and section 8.2.3. Table 15 gives an
overview of the SpraySyn2 operating conditions investigated in this work. Column 1 defines its
identifiers and columns 2—6 provide the flow rates. To investigate the impact of the spray form
on the liquid temperature the dispersion gas flow was varied between 4 and 8 slm, and the
liquid injection rate between 2 and 6 ml/min. To investigate the impact of the pilot flame on the
liquid temperature its heating power was set to standard or 50 % of the standard heating power.
OC-D6L2 is the standard operating condition of the SpraySyn2 burner. HAB = 0 mm is defined
as the outlet of the burner capillary (section 3.2).

Table 15: SpraySyn2 operating conditions investigated in this chapter: Variation of dispersion gas flow,
liquid injection rate and pilot flame power, liquid solvent: Ethanol, identifiers according to scheme: Op-

erating condition — dispersion gas flow (slm) — liquid injection rate (ml/min) — pilot flame heating power
(HP = half power).

Operating Dispersion gas Injection rate Pilot flame Sheath gas
condition O2/slm ethanol / ml/min  CHa/slm O2/slm N2/ slm
0C-D4L2 4 2 2 16 120
OC-D6L2
OC-D8L2
0OC-D4L4
OC-D6L4
0OC-D8L4
OC-D6L6
OC-D6L2-HP
OC-D6L4-HP
OC-D6L6-HP
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8.2.5.1 Average liquid temperature maps of the cold spray

Figure 97 shows on the left the average liquid temperature map of a cold ethanol spray gen-
erated by the SpraySyn2 burner. The operating condition is equivalent to OC-D6L4 without
pilot flame but with a sheath gas flow of 120 slm nitrogen. The cold ethanol spray was meas-
ured for reference to check the plausibility of the liquid-temperature results. On the right of the
figure centerline temperature profiles are shown. The solid line shows the smoothed tempera-
ture profile (Savitzky—Golay filter, 20 data points) while the dashed line indicates the un-
smoothed profile from the temperature map on the left.
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Figure 97: Liquid-phase temperature distribution in a cold ethanol spray generated by the SpraySyn2
burner. Averaged from 800 single 2cLIF temperature measurements. Dispersion gas flow: 6 sIm, liquid
flow rate: 4 ml/min, left: Temperature map, spray nozzle and capillary are indicated in black, right: Cen-
terline temperature profile from a width of 0.49 mm.

The liquid temperature map on the left is an average of 800 single-shot temperature maps
(three of them were shown as typical examples in Figure 95). Ethanol at room temperature
(ca. 296 K) was ejected through the capillary. In the lower regions of the spray a low-temper-
ature zone below 290 K can be seen. In the regions above this zone, the liquid-phase temper-
ature is restricted to a narrow range around 300 K. The outer regions tend to feature slightly
higher temperatures. The diagram on the right shows the centerline temperature profiles ex-
tracted from a radial width of 0.49 mm. The measurement results show that the liquid temper-
ature is decreasing strongly within the first millimeter (down to a minimum temperature of
280 K). This is certainly a result of evaporative cooling of ethanol within the high-speed disper-
sion gas flow. After the temperature minimum at about HAB = 1 mm the liquid temperature is
increasing steadily and approaching room temperature at about 296 K. Overall, the results
shown in Figure 97 are reasonable for an ethanol spray and approve the measurement ap-
proach.

8.2.5.2 Average liquid temperature maps of the SpraySyn flame

Figure 98 shows average liquid phase temperature maps of various operating conditions of
the SpraySyn2 flame. The pilot flame was operated with 2 sim CH4 and 16 sim O2 surrounded
by a 120 slm N coflow. The ethanol spray was changed by varying the dispersion gas flow
rate between 4 and 8 sim and the liquid flow rate between 2 and 6 ml/min. The position and
shape of the spray nozzle and capillary is shown in black at the bottom of the temperature
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maps to get a better understanding of the size ratio between nozzle and the liquid temperature
maps. |dentifiers for the operating conditions are shown above the temperature maps (see
Table 15 for more details).

0OC-D4L2 0OC-D6L2 OC-D8L2 0OC-D4L4 OC-D6L4 OC-D8L4 OC-D6L6

HAB / mm
w
S
Temperature / K

-2 0 2-2 0 2-2 0 2-2 0 2-2 0 2-2 0 2-2 0 2
Radial position / mm

Figure 98: Liquid-phase temperature maps of the SpraySyn2 flame at various operating conditions:
Standard pilot flame and sheath gas, identifiers are given on top of each temperature map, liquid: Eth-
anol, 800 single-shot temperature maps averaged. Spray nozzle and capillary are indicated in black.

The repetition of some of these 2cLIF measurements on different days showed high reproduc-
ibility. The range of the liquid temperature and the shape of the maps are reasonable. A cool
core in the lower range of the spray flames is observed, as also for the average liquid temper-
ature maps of the SpraySyn1 flame (Figure 87). Towards the outer regions and larger HAB the
liquid temperature increases steadily. For a constant liquid flow rate of 2 ml/min the spatial
extend where droplets are detected shrinks with an increasing dispersion gas flow. An obvious
explanation is a faster evaporation and combustion due to a better atomization. With an in-
creasing dispersion gas flow and a constant liquid flow rate of 4 ml/min the spatial extend gets
thinner and higher. This can be explained by more droplets following the faster dispersion gas
flow and a lower radial-velocity component. With a constant dispersion gas flow and an in-
creasing liquid flow rate, the temperature maps extend in size because poorer atomization
results in larger droplets that survive over longer distances within the flame. Moreover, also
the cold zone extends in size and the minimum temperature decreases.

Centerline temperature profiles

Figure 99 shows centerline temperature profiles of liquid temperature maps presented in Fig-
ure 98. In the diagram on the left operating conditions with an ethanol injection rate of 2 ml/min
and on the right with 4 ml/min are shown. For both diagrams the dispersion gas flow ranges
between 4 and 8 sim. The data were slightly smoothed using a Savitzky—Golay filter with a 20-
data-point range.

From the diagrams it can be seen that at a constant liquid injection rate (2 or 4 ml/min) the
variation in the dispersion gas flow has no significant impact on the general course or slope of
the profiles. Only for the liquid injection rate of 2 ml/min (left diagram) in the lower range at
about HAB = 1 mm with increasing dispersion gas flow, an increase of the minimum liquid
temperature can be seen.
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Figure 99: Centerline temperature profiles of average liquid-temperature maps shown in Figure 98, ex-
traction width: 0.26 mm, left: Liquid flow rate of 2 ml/min, right: Liquid flow rate of 4 ml/min.

In comparison to the centerline liquid-temperature profiles of the SpraySyn1 burner (cf. Figure
88) the profiles of the SpraySyn2 flame feature a significantly steeper temperature gradient
over HAB (2.25 vs. 9 K/mm). This can be explained by a better atomization of the new two-
fluid nozzle (cf. section 3.2) and as a result, a faster droplet combustion. In general, the aver-
age liquid temperature maps of the SpraySyn1 burner are spatially more extended than the
ones of the SpraySyn2 burner. This finding indicates that the SpraySyn1 burner features a
poorer droplet atomization with larger droplets that experience a slower heat-up and thus sur-
vive longer distances within the spray flame.

Radial temperature profiles

Figure 100 shows the radial liquid-temperature profiles of OC-D6L4 at different HAB. The radial
profiles of the other operating conditions are similar and are shown in the appendix in section
12.8. The data of the radial profiles were slightly smoothed using a Savitzky—Golay filter with
a 20-data-point range.
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Figure 100: Radial liquid-phase temperature profiles at various heights above burner (HAB), averaged
for 800 laser pulses from an extraction width of 0.4 mm, profiles smoothed (Savitzky—Golay filter, 20
data points), dispersion gas flow: 6 sim, liquid flow rate: 4 ml/min ethanol.
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In the lower range of the flame (up to HAB = 6 mm), the liquid temperature increases from the
center to the outer regions of the spray flame. In the higher range of the flame (HAB > 6 mm)
the liquid temperature is largely constant in radial direction. Up to a height of 6 mm the tem-
perature level on the right is higher than on the left. This can be explained by the fundamental
asymmetry of the SpraySyn2 flame, which is mainly caused by manufacturing imperfections
of the nozzle.

8.2.5.3 Comparison between standard and half-powered pilot flame

Figure 101 shows a comparison of the impact of the standard (left) and the half-powered pilot
flame (right) on the average liquid-temperature maps for three spray conditions. The spray
operating conditions were generated by a variation of the liquid flow rate at a constant disper-
sion gas flow of 6 sIm oxygen. To generate the pilot flame with 50 % of the heat energy of the
standard operating condition, the methane and oxygen flow rates were halved to 1 slm CH4
and 8 sim O, (Table 15).

14 OC-DeL2 OC-D6L2-HP OC-D6L4 OC-D6L4-HP 0C-D6L6 OC-D6L6-HP

360

12 - -

HAB / mm

0 2 -2 0 2
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Figure 101: Average liquid-phase temperature maps of the SpraySyn2 flame at various spray operating
conditions, identifiers are given on top of each temperature map, liquid: Ethanol, 800 single-shot tem-
perature maps averaged. Spray nozzle and capillary are indicated in black. Variation of liquid flow rates,
comparison between standard pilot flame (left) and half-powered pilot flame (right).

The variation in heat release of the pilot flame has essentially the same impact on the three
spray operating conditions investigated. The average liquid-temperature maps with the half-
powered pilot flame feature a lower temperature and spatially more extended cold zone in the
lower range of the spray flames. This is obviously due to the lower heat input from the pilot
flame, which results in lower gas temperatures and slower droplet heating. In the higher flame
regions, no significant difference of the temperature level is observed as here the heat release
is dominated by the burning spray. Moreover, the average liquid-phase temperature maps with
the half-powered pilot flame are spatially more extended. This can be explained by a lower
droplet heat-up and thus the droplets survive longer distances through the spray flame. Espe-
cially in the lower range of the spray flame (HAB < 2 mm) the radial extension of the liquid
temperature map is larger for the half-powered pilot flame.
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Centerline temperature profiles

Figure 102 shows flame-centerline profiles of the average liquid-temperature maps given in
Figure 101. The profiles were more strongly smoothed (Savitzky—Golay filter with a 50-data-
point range) to reduce the noise. The profiles for operating conditions with the standard pilot
flame are plotted as solid lines, the profiles with the half-powered pilot flame as dashed lines.
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Figure 102: Centerline temperature profiles of averaged liquid-temperature maps shown in Figure 101,
extraction width: 0.26 mm, comparison between the standard pilot flame (solid lines) and the half-pow-
ered (HP) pilot flame (dashed lines).

The centerline temperature profiles confirm the conclusions stated above. Compared to the
standard, the operating conditions with the half-powered pilot flame feature a lower centerline
liquid temperature up to about HAB = 7 mm. As the HAB increases, the liquid temperature of
both pilot-flame operating conditions converges. In the higher flame regions, the temperature
level shows no significant difference. For both pilot-flame operating conditions the average
liquid temperature in the lower flame regions (HAB < 7 mm) decreases with increasing liquid
flow rate. The temperature gradient over HAB is approximately the same for all operating con-
ditions shown in Figure 102. Thus, the droplet heating rate is largely the same, but the initial
liquid-temperature level at about HAB = 1 mm is significantly affected by the variation of the
liquid flow rate at a constant dispersion gas flow.

Radial temperature profiles

Figure 103 shows a comparison of the radial liquid-temperature profiles between two operating
conditions with different pilot-flame heat inputs (OC-D6L4 vs. OC-D6L4-HP). The operating
condition with the standard pilot flame is plotted as solid lines, and with the half-powered pilot
flame as dashed lines. To ensure clarity, only the profiles of 4 HAB with an equal distance of
3 mm to each other are shown.
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Figure 103: Radial liquid-temperature profiles at chosen HAB for the standard pilot flame (OC-D6L4,

solid) vs. half-powered pilot flame (OC-D6L4-HP, dashed), averaged from an extraction width of 0.4 mm.

Profiles smoothed (Savitzky—Golay filter, 20 data points), dispersion gas flow: 6 sim, liquid flow rate:
4 ml/min ethanol.

The radial liquid-temperature profiles of both operating conditions investigated feature a similar
shape. For the lower flame region (HAB = 1 and 4 mm), the temperature profiles for the flame
with the half-power pilot are shifted to lower liquid-phase temperatures. With increasing HAB,
the liquid temperatures converge and the profiles (HAB = 7 and 10 mm) end up on the same
temperature level. Looking at the profile of HAB = 1 mm, the droplet heating in radial direction
appears to be the same for both pilot-flame heating powers.

8.3 Summary and discussion

By using two-color laser-induced fluorescence (2cLIF) thermometry, liquid temperature maps
of spray flames generated by the SpraySyn1 (section 8.1) and SpraySyn2 burner (section 8.2)
were measured and evaluated.

The average liquid-temperature results of the SpraySyn1 flame show that the dispersion-gas
flow rate and the liquid-injection rate affect the liquid-temperature. The ratio between the dis-
persion gas flow and the liquid injection rate was found to be crucial for the liquid-phase tem-
perature distribution. With an increasing dispersion gas flow the liquid temperature in the lower
ranges of the SpraySyn1 flame decreases and with an increasing liquid flow rate the liquid
temperature increases. This can be explained by the efficiency of the spray atomization. A
higher dispersion gas flow results in a better atomization with smaller droplets, which feature
a higher evaporation rate within the faster dispersion gas. These results fit well to gas-phase
temperature measurements performed by Karaminejad et al. [51]. They applied multi-line OH-
LIF thermometry to various operating conditions of the SpraySyn1 flame. The gas-temperature
maps show a decreasing gas temperature with increasing dispersion-gas flows at a constant
liquid flow rate of ethanol. Within the spray core of the flames, liquid temperatures below room
temperature were measured. This was confirmed by thermocouple measurements in the cold
ethanol spray [188]. From these results it can be inferred that evaporative cooling is one
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important factor for the liquid temperature in ethanol spray flames. In the spray core it is the
main influencing factor for droplet temperature.

The liquid temperature should be substantially different for solvents with other properties. For
fuels that feature lower evaporation enthalpies and evaporation rates, evaporative cooling in
the spray formation region is expected to be reduced. The cooling effect in the SpraySyn flame
should be significantly lower for the mostly used solvent mixture of 65 vol.% 2-ethylhexanoic
acid (EHA) and 35 vol.% ethanol [154] because it features a low vapor pressure (EHA:
<0.001 kPa, ethanol: 5.9 kPa at 293 K) and a high boiling point (EHA: 501 K, ethanol: 351.5 K)
compared to ethanol. Furthermore, fuel properties such as the viscosity affect atomization and
consequently influence the droplet size, velocity, and temperature.

The SpraySyn2 burner with the improved two-fluid nozzle (section 3.2) generates an ethanol
spray with significantly different droplet properties than the first version. It features a substan-
tially better spray atomization [162], even at lower dispersion gas flow rates (standard operat-
ing condition: 6 vs. 10 slm). Despite the lower dispersion gas flow, significantly smaller droplet
diameters and higher droplet velocities are achieved (section 5.3 and Ref. [122]). The Spray-
Syn1 flame features flame instabilities that are manifested by extinguishing and re-ignition of
the spray flame [163]. These instabilities were reduced by the new nozzle design [162]. The
operating conditions for SpraySyn1 and SpraySyn2 investigated in this work are significantly
different in terms of dispersion gas and ethanol mass flows. As a result of these differences,
the liquid-phase temperature maps of both burners are not directly comparable.

The average liquid temperature of the SpraySyn2 flame was measured, and ten operating
conditions of the SpraySyn2 burner were investigated. The dispersion gas flow, liquid injection
rate, and pilot-flame power were varied to analyze their impact on the liquid-phase tempera-
ture. The dispersion gas flow rate has no significant impact on the liquid-phase temperature
along the centerline of the SpraySyn2 flame. With an increasing ethanol injection rate, the
temperature in the lower regions of the flame decreases, whereas the temperature increases
stronger with rising HAB. The impact of the pilot flame on the liquid-phase temperature was
investigated by halving its heating input. The power of the pilot flame mainly affects the droplet
temperatures in the lower regions of the SpraySyn2 flame. The lower heat supply to the spray-
generation zone results in slower droplet heating. With greater HAB the impact of the pilot
flame decreases and the droplet heating is driven by the burning spray. The heat release orig-
inates from the burning ethanol droplets themselves, causing the liquid temperature to con-
verge for both pilot flame operating conditions.

The presented liquid-temperature results measured by 2cLIF thermometry for various operat-
ing conditions of the SpraySyn1 and SpraySyn2 flames approve the feasibility of the measure-
ment technique based on the fluorescent tracer coumarin 152. The applicability and effective-
ness of the new fluorescent tracer coumarin 152 was demonstrated for the solvent ethanol in
the challenging environment of spray flames. More details and the discussion of its advantages
compared to other tracers used in the literature are given in section 7. The measured liquid-
temperature maps are reasonable. The reproducibility of the results was confirmed by repeti-
tion of the measurements. 2cLIF measurements in the cold ethanol spray generated by the
SpraySyn2 burner proved to be plausible (section 8.2.5.1). The results show that liquid tem-
peratures lower than ambient are present close to the capillary, which then increase with HAB
and converge to ambient temperature. In line with the expectations, the liquid-temperature

145



Liquid-phase temperature imaging in the SpraySyn flames with two-color tracer LIF

maps of all spray flames measured range from slightly below room temperature to approxi-
mately the boiling point of ethanol.

To enable single-shot 2cLIF liquid-phase temperature measurements, some open issues need
to be addressed, which are listed and discussed in the following section 8.4.

8.4 Outlook and improvement suggestions for future work

For future work, to enable 2cLIF single-shot measurements in sprays the following points
should be considered. The most important point is to improve the quality of the single-shot
images by reducing erroneous signal caused by, e.g., light scattering and secondary fluores-
cence in the spray, as well as noise induced by the detection system. The fluorescence-signal
detection error amplified by pixel rationing must be significantly lower than the color-channel
intensity ratio change caused by temperature variations of the tracer-doped liquid.

An obvious improvement is to use a camera system with generally a low noise level, e.g., by
the use of a camera without intensification. The temperature-sensitive color channels in the
fluorescence spectrum of coumarin 152 are in the visible light spectrum, which can be detected
by common cameras without intensification. It would be beneficial to choose a gated camera
to limit the exposure time to the laser pulse length, to reduce interference from background
signal due to, e.g., chemiluminescence. High-quality lenses with a low f-number (larger aper-
ture with more light collection) in combination with suitably sized optical filters should be used
to increase the detectable fluorescence signal. In case an intensifier is used, the gain can be
reduced to a level of operation where the noise introduced by the intensifier is minimized.

Another option to reduce noise from the spray or detection system is to use camera pixel bin-
ning. For measurement approaches targeting extended areas, such as instantaneous LIF ther-
mometry in the gas phase, spatial areas can be combined and noise reduced by pixel binning.
However, for applications in sprays, this should be done in combination with higher optical
magnification to maintain sufficient resolution of single droplets. It may be necessary to limit
the field of view to smaller areas of interest in the spray flame. The optical magnification can
be realized for example by the use of macro lenses and a shorter distance between spray
flame and camera, or microscope lens with an achromatic tube lens [194], or the use of exten-
sion tubes to increase the distance between lens and camera sensor [445].

Moreover, cameras with a high dynamic range are an advantage for 2cLIF thermometry. A
high dynamic range enables the detection of a broader range of fluorescence signal intensities,
thus a wider range of droplet sizes and droplets with an enriched dye concentration due to
evaporation (section 8.1.2.3). When the dynamic range of the camera is a limiting factor, the
detectable intensity range is constrained, preventing the detection of either low or high fluo-
rescence signal intensities.

Multiple light scattering between the droplets of sprays cause stray light, secondary fluores-
cence and imaging artifacts [446]. For instantaneous 2cLIF imaging this results in blurry fluo-
rescence images that cause errors in the intensity ratios of the color channels. One way to
reduce the multiple light scattering contribution is to apply ‘structured laser illumination planar
imaging’ (SLIPI) [440]. For this technique line patterns are created within the excitation laser
sheet, e.g., by placing a transmission grating in the laser light path. Only not scatted light
maintains the introduced line pattern while scattered light loses this modulation information.
This allows the distinction between not scattered and scattered light to correct the recorded

146



Liquid-phase temperature imaging in the SpraySyn flames with two-color tracer LIF

images by removing the scatted light part. In the initial stage, the degree of scattering in the
spray can be assessed by incorporating a grating structure into the laser sheet. Various
measures such as varying tracer concentration, adjusting detection settings, and optimizing
laser energy can be employed to minimize scattered light as much as possible.

An approach to reduce secondary fluorescence caused by scattered laser light was recently
presented by Stiti et al. [447]. They enhanced instantaneous two-color laser-induced fluores-
cence thermometry in liquids by implementing the two-photon excitation approach earlier in-
troduced by Berrocal et al. [448, 449]. This improvement reduces the excitation of fluores-
cence-tracer molecules outside the laser-sheet region (e.g., excitation by scattered laser light).
This is particularly advantageous for applications in two-phase systems with high refractive
indices or significant light scattering, such as sprays.

The detectable fluorescence signal should be maximized without affecting the fluorescence
spectrum. Morphology-dependent resonances (MDR) in connection with lasing remain a cru-
cial problem in two-color LIF applications in droplets and sprays. On one hand, higher laser
dye concentrations and higher laser excitation energies increase the detectable fluorescence
signal, but on the other hand it increases MDR [411] and lasing effects [415] within tracer-
doped droplets. Lasing effects are reflected by a narrowing of the fluorescence spectrum or
the formation of lasing peaks within the spectrum. These effects can cause large measurement
errors when spectrally located within the 2cLIF color channels. These effects tend to occur in
droplets when they feature larger diameters and a high roundness [418], a high dye concen-
tration or a high laser excitation intensity is applied (cf. section 8.1.2.3). Especially for instan-
taneous 2cLIF applications in sprays or droplets this effect becomes relevant in the context of
maximizing the signal-to-noise ratio. In contrast to averaged 2cLIF the pixel-intensity ratios and
hence the temperature values are derived from only two images recorded during a single laser
shot. Consequentially the detectable signal especially from small droplets is a limiting factor.
And as indicated above, the detectable signal cannot be arbitrarily increased because lasing
effects need to be avoided by using low dye concentrations and low laser excitation intensities.
In addition, especially in environments with fast evaporating droplets, low laser dye concentra-
tions should be used, in order to reduce fluorescence signal re-absorption. This problem was
discussed in detail in section 7.3.4.
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9 Summary and conclusions

The gas-phase synthesis of nanoparticles enables the production of functional materials with
a broad range of characteristics and properties, which are of interest for various applications
(e.g., in the field of energy technology). The nanoparticle synthesis in spray flames has the
advantage that a broad variety of inexpensive precursors can be added to the liquid fuel. This
precursor solution is atomized into the spray flame and opens access for all sorts of metal
atoms to the gas-phase synthesis. The SpraySyn burner was developed as a standardized
burner for the investigation of metal-oxide nanoparticle synthesis in spray flames. The design
and the operating conditions were standardized to ensure the reproducible operation in various
research laboratories across the globe. A calibration routine was developed to verify the accu-
rate and comparable operation of the SpraySyn burner [174]. After undesired spray-flame in-
stabilities were identified, an improved two-fluid nozzle was developed [163] and a new version
of the SpraySyn burner established [162].

The aim of the overarching research project, embedded within the DFG Priority Program
SPP1980, is the characterization of the SpraySyn flame and the generation of a comprehen-
sive data base (SpraySyn Database [56]) to support the further development of the process
understanding of the gas-phase synthesis of nanoparticles. Within the scope of this project,
the burner design and operating conditions shall be further improved. Ultimately, the acquired
knowledge is intended to enable the upscaling of the nanoparticle-synthesis process to an
industrial production level.

In the context of the work conducted within this subproject, the SpraySyn burners (version 1
and 2) and two pilot-scale spray burners were investigated and measurement data generated
for provision to the SpraySyn Database and therefore to the SpraySyn-burner community. Var-
ious measurement techniques were applied to the spray flames to generate an extensive data
set for the use as input in simulations and to provide information to enable a deeper under-
standing of the processes relevant for nanoparticle synthesis in spray flames. This data is
intended to be the basis for the development of kinetic models, the validation of simulation
models, and as boundary conditions for simulations. For various spray flames and operating
conditions, spectrally resolved chemiluminescence spectra, droplet velocity and size distribu-
tions, gas-phase temperature maps and liquid-phase temperature maps were measured.
Moreover, an extensive study on suitable fluorescence tracers for the application of two-color
laser-induced fluorescence thermometry in liquids was conducted to enable 2cLIF measure-
ments in the liquid-phase of spray flames. A short summary of the contents of this work with
the description of the provided data and the measurement techniques applied to generate this
data is given below.

Spectrally resolved Chemiluminescence measurements

Chemiluminescence spectra were measured by a spectrometer setup at different heights
above the SpraySyn1 burner for various operating conditions with the precursors iron nitrate
nonahydrate and HMDSO. Several species emissions in the SpraySyn1 flame were identified
and their spatial distribution analyzed and illustrated in various diagram formats. The chemilu-
minescence spectra of pure solvents (ethanol, 65EHA35EtOH, 1-butanol, o-xylene) were in-
vestigated and the emission of OH*, CH*, CO2*, C>*, and Na* analyzed. SiO; nanoparticles
were synthesized from HMDSO in ethanol. Si* and SiO* emission was observed in the lower
flame regions between 215 to 275 nm. Emission spectra during the synthesis of iron oxide
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nanoparticles from iron nitrate nonahydrate were recorded and analyzed. Emission from Fe*
and FeO* was identified between 340—400 nm and 530-690 nm, respectively.

The chemiluminescence measurements in the SpraySyn1 flame were performed to get deeper
knowledge about the presence and location of chemically excited species. The data is intended
to help understanding chemical reactions during nanoparticle synthesis in spray flames and
can be the basis for the development of reaction mechanisms or the validation of simulation
models. This data set was used for the validation of tomographic flame reconstructions [204]
and for the identification of flame luminescence in the context of optical measurements in the
SpraySyn1 flame [250].

Laser-Doppler and phase-Doppler anemometry

A comprehensive study on droplet velocity and size distributions for various solvents and op-
erating conditions of the SpraySyn2 flame and cold spray is presented and analyzed. The
measurements were performed by laser-Doppler and phase-Doppler anemometry with a com-
mercial LDA/PDA system. The spray generated by the SpraySyn2 burner is characterized in
all spatial dimensions. Averaged false-color maps of the mean axial droplet velocity, mean
radial droplet velocity, mean droplet size and droplet count rate are provided in various spatial
planes in vertical and horizontal direction. Moreover, centerline and radial profiles of the same
parameters are given.

The results for the SpraySyn2 burner show that the mean axial and radial droplet velocities
are significantly driven by the dispersion gas flow rate, while they are less affected by the liquid
flow rate or the type of solvent used. The mean droplet size is significantly affected by the
chosen solvent and the dispersion gas flow, with comparatively less impact from the liquid flow
rate. The chosen solvent has the strongest influence on the droplet count rate, while the dis-
persion gas and liquid flow rate have rather a minor impact.

These results are of great interest for the understanding of nanoparticle synthesis in spray
flames and are especially designed as input for spray flame simulations or its validation. Data
of this study and the data presented in section 8.1.4.1 were used as input data for boundary
conditions of simulations and for the validation of simulation models by various research
groups [179, 181, 183, 189, 269]. Schneider [122] presented a related study for the SpraySyn1
burner measured by the identical LDA/PDA system.

Multi-line NO laser-induced fluorescence thermometry

Gas-temperature maps of two pilot-scale spray flames (Berlin burner and HSW burner) were
measured by multi-line NO-LIF thermometry to analyze the impact of the gas temperature on
the properties of synthesized iron-oxide nanoparticles. The pilot-scale burners were designed
to investigate the process of upscaling nanoparticle production to an industrial level. The pilot-
scale Berlin burner was designed to be operated with hydrogen as fuel gas and is equipped
with an electrical heat ring to establish continuous auto-ignition of the pilot flame. The HSW
burner is an upscaled version of the SpraySyn burner operated with methane and oxygen. The
nanoparticles were synthesized from the precursor solutions of iron nitrate nonahydrate dis-
solved in ethanol or in a mixture by volume of 65 % 2-ethylhexanoic acid and 35 % ethanol. In
line with the expectations, the pilot-scale burners show for various operating conditions signif-
icant differences in the gas-temperature shape and level. Especially the type of liquid fuel and
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the species of pilot and dispersion gas affects the gas temperature. The investigations of the
nanoparticle properties conducted by Martin Underberg, showed that higher gas temperatures
result in a lower fraction of large particles and thus a higher specific surface area of the particle
samples. Furthermore, the size of the particles in the small particle fraction increases. This
indicates that higher gas temperatures tend to suppress the liquid-to-particle synthesis path-
way and promote the gas-to-particle synthesis pathway [147]. Moreover, gas-phase tempera-
ture maps of the pilot-scale HSW burner were used for the validation of three-dimensional
RANS-modeling [183].

Two-color laser-induced fluorescence thermometry

The main focus of this work was on two-color laser-induced fluorescence thermometry in the
liquid phase of spray flames. The 2cLIF measurements followed a comprehensive study on
suitable fluorescent tracers for the single-dye approach, specifically tailored for the application
in evaporating droplets within spray flames. This study was necessary, because in the litera-
ture there was no reference available for a suitable tracer for this challenging application case.
Proposed fluorescent tracers feature disadvantages like, e.g., a low temperature sensitivity or
high fluorescence signal re-absorption [376, 450]. As a result of the study, the laser dye cou-
marin 152 is proposed as a new tracer for 2cLIF thermometry in liquids. Due to its large Stokes
shift it features low fluorescence signal re-absorption and therefore is in particular favorable
for the application in liquids that face changing tracer concentrations (e.g., evaporating drop-
lets) or when changes in the fluorescence-signal path lengths through the tracer-doped liquid
are present (e.g., mixing of liquid flows). Moreover, coumarin 152 is characterized by a high
temperature sensitivity, it is soluble in many solvents, and features a high excitation-light ab-
sorption at the 3" harmonic (266 nm) and 4" harmonic (355 nm) of Nd:YAG lasers. The ability
to pulse Nd:YAG lasers enables single-shot measurements. The applicability of coumarin 152
for 2cLIF thermometry was demonstrated in the challenging application case of spray flames.

The liquid temperature of the SpraySyn1 and SpraySyn2 flames were measured by 2cLIF for
various operating conditions. Single-shot measurements in the liquid phase of the SpraySyn2
flame were performed, but it turned out that erroneous signal in the recorded images was too
high to obtain reasonable single-shot temperature results. Scattering and secondary fluores-
cence in the spray and noise from the detection system amplified by color-channel rationing,
superimposed the impact of liquid-temperature changes on the color-channel intensity ratios.
By averaging the single-shot temperature maps, the noise was significantly reduced and rea-
sonable average liquid-temperature maps were obtained.

The main finding from the comparison between the liquid temperature of both SpraySyn burn-
ers is that the liquid-temperature gradient over the measurement position (HAB) is significantly
higher for the SpraySyn2 flame compared to the first version. This can be explained by the
more efficient atomization resulting in smaller droplets and a faster and more stable combus-
tion of the ethanol droplets [162]. The average liquid-temperature maps of the SpraySyn1 and
SpraySyn2 flames show close to the capillary outlet a spray core with liquid temperatures be-
low room temperature, which indicate strong evaporative cooling of ethanol. The average liquid
temperature of the ethanol droplets within the flames range between somewhat below room
temperature and approximately the boiling point of ethanol, what approves the plausibility of
these results. Moreover, 2cLIF temperature measurements in the cold ethanol spray of the
SpraySyn2 burner showed reasonable results. To the best of the author’s knowledge, there is
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no documented application of the 2cLIF technique in sprays or spray flames in the literature
that surpasses the results presented in this work. This study represents the most advanced
2cLIF imaging measurements of liquid-phase temperature within the complex environment of
spray flames.
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10 Outlook and future work

The production of functional materials via the nanoparticle synthesis in spray flames has great
potential and offers ample room for further developments. Currently, numerous research
groups work on advancing the synthesis process, extending the range of producible materials,
and on upscaling of the production output [106]. In this context, the SpraySyn data base [56]
for the standardized SpraySyn burners [162, 174] have been established to support the under-
standing of the nanoparticle synthesis in spray flames.

In future work, the NO-LIF thermometry approach can be applied to pilot-scale spray-flame
facilities with iron-oxide nanoparticle synthesis by utilizing an alternative spectral range of the
NO excitation spectrum to avoid interference with the Fe-LIF peak [354]. The dye laser output
should be improved (by maintenance or a new laser system) to improve the LIF signal and
facilitate the use of the bandpass filter to enable the measurement-error analysis based on the
relative standard deviation of the NO-LIF signal (section 6.3.2). Moreover, the HSW burner
design should be enhanced to enable the alignment of the flame (section 6.4.2). This is espe-
cially important in the context of laser sheet-based measurement techniques.

Besides temperature measurements in liquids, the two-color tracer-LIF technique can be used
for other application cases such as concentration measurements or measurements of the mix-
ture composition of two liquids. When a constant temperature and laser dye concentration is
present, the fluorescence spectrum is primarily affected by the mixture composition (section
7.3.5 and appendix Figure A38). In case temperature variations are present, a tracer that is
temperature insensitive can be utilized. Depending on the mixture composition of the solvent
the fluorescence spectrum experiences a spectral shift, that can be exploited by the 2cLIF
approach. As in the case of 2cLIF thermometry, fluorescence signal trapping needs to be con-
sidered (section 7.3.4).

To the author’s knowledge, there is no extensive investigation of MDRs, lasing effects and re-
absorption within sprays or spray flames available in the literature. Palmer et al. [411] con-
ducted a study on MDRs and lasing effects inside single micro droplets and suppressed the
undesired effects by an additional dye for signal quenching [408]. However, this approach re-
sults inherently in higher fluorescence signal re-absorption effects (section 7.3.4) and therefore
is not applicable in evaporating droplets. For the application in evaporating droplets (laser-dye
enrichment), an improvement proposal for this approach would be the application of a quench-
ing species that does not fluoresce and features a more constant absorption spectrum to re-
duce the impact on the fluorescence signal emitted from the droplets. For future work, a de-
tailed spectral study for the single-dye approach on these effects in sprays and single droplets
is of interest to optimize the maximum laser excitation energy and dye concentration that can
be applied for various applications (e.g., sprays, spray flames, single droplets). The fluores-
cence spectra of various laser dyes in systems like sprays should be measured and investi-
gated with regard to the occurrence of spectral narrowing and lasing peaks [420-425]. The
knowledge of the thresholds of dye concentration and laser excitation energy would be valua-
ble information for the optimization and customization of 2cLIF setups for desired applications.
Parameters to be investigated for its impact on lasing should be the laser-dye concentration,
the laser-excitation intensity, the droplet diameter and roundness, the solvent, the type of dye
with its fluorescence quantum yield, and the excitation wavelength.
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Two-color tracer-LIF thermometry features a high potential for the application in liquids where
the accessibility is restricted by the framework conditions, therefore, where common tempera-
ture-measurement techniques are not applicable (e.g., turbulent flows or droplets in flames).
The 2cLIF technique is a possible option for application cases, where two-dimensional infor-
mation of temperature is of interest (e.g., temperature maps in turbulent flows, mixing pro-
cesses). Instantaneous 2cLIF temperature imaging is promising in systems with high temporal
dynamics where the temperature could be spatially and visually monitored in real time. It is
especially suitable for application cases with rapid events where detailed temperature mapping
is of interest. Moreover, the 2cLIF approach is non-intrusive and can be applied to systems
without physical interference and can provide information from the inside of fluids. However,
numerous unresolved issues remain. There are many possible approaches for further devel-
opment and optimization of the two-color laser-induced fluorescence thermometry in liquids
which should be addressed and solved in future work. The most relevant topics were summa-
rized and discussed in section 8.4.
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12 Appendix

12.1 Substances used in this work

Table A1: Chemical and physical properties of the substances used in this work [37, 451-453].

L 98- 811000 G6'6€ L-1€-0v¥. v uobuy
L €100 €G2- 600000 20 0-¥2-€€€1 2H uaboupAH
L 8€00°0 ZSLl- 621000 10°0€ 6-€7-20101) ON 9pIX0 SLYUN
L ¥0°0 G'l9l-  2L000°0 ¥0°9l 8-28-¥. YHO aueyja N
b €8l-  €¥100°0 ze L¥¥-28L1 20 uabAxQ
012 €Ll ¥0°08 2-25-v8%9 EONHN ajesjiu wnjuowwy
ajelp
Gzl v9'l 1400% 8-19-28/. ®(O%H)-€(EON)ed|  -Ayeuou ajeniu uoi
8¢l 4% L0l ¥92°0 8€°291 0-9%-201 ASOEHO OSAnH
ogL 90¢ zve 1°9G G8.°0 8085 L-%9-29 O%HED auojady
8¢l 9'Zy 9z G'z8 G8.°0 109 0-€9-29 OBHED Jouedoud os|
1G'L L G'.¢ evl 9180 L1790 9-/¥-G6 0LH8D aua|Ax-o
L7l L9 z6e LLLL 1870 4% 7 €-9¢-1. Q%H"D Joueing-}
ev'l 100 > 90¢ 8z¢ €060 Y44 G-1G-6¥l 209'HeD p1oe olouexaylAyy3-g
9gL 65 Ve €8 68.°0 L0°9% G-L1-%9 O%H?D Joueyy3
(0. 02) edy / I/IFIN Do/ (2. 02)

xapul ainssaid uonsnquwos juiod cwio/B | low/6

EY N BTN Jlodep Jo Adjeyjug Buljlog Ajsuag ssew Jejoly Jaquinu SY9H e|nwio4 aouelsqng

182



Appendix

12.2 HSW burner
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Figure A1: Detailed technical drawings of the HSW burner. Printed with permission of HSWmaterials
GmbH (Kamp-Lintfort) [215].
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12.3 Spectrally resolved chemiluminescence in the SpraySyn flame

The data presented in this section are chemiluminescence spectra complementing the results
discussed in chapter 4. Details regarding the experimental setup can be found in section 4.2.

12.3.1 Liquid fuel: Ethanol
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Figure A2: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min ethanol at various HAB, detection-sensitivity corrected, 600 grooves/mm grating, top: Three-
dimensional illustration, middle: Uncorrected spectra, bottom: Background corrected.
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12.3.2 Liquid fuel: 65EHA35EtOH
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Figure A3: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min 65EHA35EtOH at various HAB, detection-sensitivity corrected, 600 grooves/mm grating, top:
Three-dimensional illustration, middle: Uncorrected spectra, bottom: Background corrected.
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Figure A4: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min 65EHA35EtOH at various HAB, detection-sensitivity corrected, 600 grooves/mm grating, top:
Three-dimensional illustration, middle: Uncorrected spectra, bottom: Background corrected.
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Figure A5: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min 65EHA35EtOH: Smoothed radial emission spectra at chosen peak positions over HAB, top
left: OH* emission intensity at 310 nm, top right: CH* emission intensity at 430 nm, bottom: Na* emission
intensity at 589 nm.
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12.3.3 Liquid fuel: 1-Butanol
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Figure A6: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 mil/min 1-butanol at various HAB, detection-sensitivity corrected, 150 grooves/mm grating, top: Three-
dimensional illustration, middle: Uncorrected spectra, bottom: Background corrected.
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Figure A7: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 mi/min 1-butanol, top left: Normalized emission intensity of chosen peaks over HAB extracted from
background-corrected spectra (cf. Figure AB), others: Smoothed radial emission spectra at chosen peak
positions over HAB, top right: OH* emission intensity at 311 nm, lower left: CH* emission intensity at
430 nm, lower right: C2* emission intensity at 512 nm.
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12.3.4 Liquid fuel: o-Xylene
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Figure A8: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min o-xylene at various HAB, detection-sensitivity corrected, 150 grooves/mm grating, top: Three-
dimensional illustration, right: Background corrected.
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Figure A9: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min o-xylene, top left: Normalized emission intensity of chosen peaks over HAB extracted from
background-corrected spectra (cf. Figure A8), others: Smoothed radial emission spectra at chosen peak
positions over HAB, top right: OH* emission intensity at 312 nm, lower left: CH* emission intensity at
430 nm, lower right: C2* emission intensity at 514 nm.
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12.3.5 Liquid fuel: Iron nitrate nonahydrate in ethanol
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Figure A10: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min iron nitrate nonahydrate (0.05 mol/l) in ethanol at various HAB, detection-sensitivity corrected,
600 grooves/mm grating, spectral region of 210 to 516 nm, top: Three-dimensional illustration, middle:
Uncorrected spectra, bottom: Background corrected.
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Figure A11: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min iron nitrate nonahydrate (0.05 mol/l) in ethanol at various HAB, detection-sensitivity corrected,
600 grooves/mm grating, spectral region of 519 to 819 nm, top: Three-dimensional illustration, middle:

Uncorrected spectra, bottom: Background corrected.
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Figure A12: Emission spectra recorded in the SpraySyn flame at the standard operating condition,
2 ml/min iron nitrate nonahydrate (0.05 mol/l) in ethanol, top left: Normalized emission intensity of cho-
sen peaks over HAB extracted from background-corrected spectra (cf. Figure A10 and Figure A11),
others: Smoothed radial emission spectra at chosen peak positions over HAB, top right: OH* emission
intensity at 308 nm, lower left: Fe* emission intensity at 374 nm, lower right: FeO* emission intensity at

593 nm.
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12.4 Droplet velocity and size distributions (PDA)

The data presented in this section are droplet velocity and size distributions complementing
the results discussed in chapter 5. Details regarding the experimental setup can be found in
section 5.2.

12.4.1 Ethanol

12.4.1.1 Cold spray

Dispersion gas flow rate: 4 sim
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Figure A13: PDA results for the SpraySyn2 cold spray at the standard operating condition, 2 ml/min
ethanol, 4 sim dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts.
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Figure A14: PDA results for the SpraySyn2 cold spray at the standard operating condition, 2 ml/min
ethanol, 4 sim dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet di-
ameter, mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to
right is: 6, 15, and 30 mm. Note the differently scaled spatial axes within each row and the shift of the
zero-point by 1 mm relative to the center of the x axis.
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Dispersion gas flow rate: 8 sim
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Figure A15: PDA results for the SpraySyn2 cold spray at the standard operating condition, 2 ml/min
ethanol, 8 sim dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts.
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Figure A16: PDA results for the SpraySyn2 cold spray at the standard operating condition, 2 ml/min
ethanol, 8 sim dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet di-
ameter, mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to

right is: 6, 15, and 30 mm. Note the differently scaled spatial axes within each row.
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12.4.

1.2 Flame

Dispersion gas flow: 4 sim

Droplet diameter / pm

Axial droplet velocity / m/s

Radial droplet velocity / m/s

Droplet count/ 10°

108 8.8 200
94 6.4 175
81 4.0 150
67 16 125

IS

S

- -0.8 100

o 54

<

T
40 -3.2 75
27 -5.6 50
13 | -8.0 | 25

11 0 -10.4 0
0\‘\‘\‘\‘\‘\‘\ rT1rr1rrr1rrTTrrTTrTT rT T TTT 7T 7T 7T T7T rTTr 11717171 T1TTTTT

6-4-20 2 4 6
Radial position / mm

-6-4-20 2 4 6
Radial position / mm

-6-4-20 2 4 6
Radial position / mm

-6-4-20 2 4 6
Radial position / mm

Figure A17: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol,
4 sIlm dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean
axial droplet velocity, mean radial droplet velocity, droplet counts.
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Figure A18: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol,
4 sim dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6,
15, and 30 mm. Note the differently scaled spatial axes within each row.
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Dispersion gas flow: 8 sim
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Figure A19: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol,
8 sIm dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean
axial droplet velocity, mean radial droplet velocity, droplet counts.
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HAB =6 mm HAB = 15 mm HAB = 30 mm
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Figure A20: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min ethanol,
8 slm dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6,
15, and 30 mm. Note the differently scaled spatial axes within each row.
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12.4.2 1-Butanol
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Figure A21: PDA results for the SpraySyn2 flames at standard operating condition, various dispersion
gas flow rates, 2 ml/min 1-butanol, top: Centerline profiles over HAB, bottom: Radial profiles through the
flame center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid
lines), right: Mean droplet diameter.
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Figure A22: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min 1-buta-
nol, 6 slm dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean
axial droplet velocity, mean radial droplet velocity, droplet counts.
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Figure A23: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min 1-buta-
nol, 6 sIm dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6,
15, and 30 mm. Note the differently scaled spatial axes within each row.
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12.4.3 o-Xylene
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Figure A24: PDA results for the SpraySyn2 flames at standard operating condition, various dispersion
gas flow rates, 2 ml/min o-xylene, top: Centerline profiles over HAB, bottom: Radial profiles through the
flame center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid
lines), right: Mean droplet diameter.
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Figure A25: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min o-xylene,
6 sIm dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean
axial droplet velocity, mean radial droplet velocity, droplet counts.
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Figure A26: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min o-xylene,
6 slm dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is:
6 mm, 15 mm, and 30 mm. Note the differently scaled spatial axes within each row.
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12.4.4 Isopropyl alcohol
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Figure A27: PDA results for the SpraySyn2 flames at standard operating condition, various dispersion
gas flow rates, 2 ml/min isopropyl alcohol, top: Centerline profiles over HAB, bottom: Radial profiles
through the flame center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count
rate (solid lines), right: Mean droplet diameter.

209



Appendix

12.4.5 Acetone
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Figure A28: PDA results for the SpraySyn2 flames at standard operating condition, various dispersion
gas flow rates, 2 ml/min acetone, top: Centerline profiles over HAB, bottom: Radial profiles through the
flame center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count rate (solid

lines), right: Mean droplet diameter.
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Figure A29: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min acetone,
6 sIm dispersion gas flow, vertical cross-sections of (from left to right): Mean droplet diameter, mean
axial droplet velocity, mean radial droplet velocity, droplet counts.
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Figure A30: PDA results for the SpraySyn2 flame at the standard operating condition, 2 ml/min acetone,
6 slm dispersion gas flow, horizontal cross-sections of (from top to bottom): Mean droplet diameter,
mean axial droplet velocity, mean radial droplet velocity, droplet counts. The HAB from left to right is: 6,
15, and 30 mm. Note the differently scaled spatial axes within each row.
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12.4.6 Deionized water
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Figure A31: PDA results for the SpraySyn2 flames at standard operating condition, various dispersion
gas flow rates, 2 ml/min deionized water, top: Centerline profiles over HAB, bottom: Radial profiles
through the flame center at HAB = 15 mm. Left: Mean axial droplet velocity (symbols) and droplet count
rate (solid lines), right: Mean droplet diameter.

213



Appendix

12.5 Multi-line NO-LIF (IUTA)

12.5.1 Table of devices and components used

Table A2: Devices and components used for the multi-line NO-LIF measurement setup (cf. chapter 6).

Device Manufacturer Details and serial number

Nd:YAG laser Continuum Electro- Powerlite Precision Il Scientific, 10 Hz, 532 nm and
Optics Inc. 355 nm, Model PL8010, serial: 6800, Date: 12/08

Dye laser Radiant Dyes Laser NarrowScan D-R, serial: 1334 03/10

Laser energy monitor

Sheet-forming optics

Optical longpass filter

Optical bandpass filter

UV camera lens
IRO
CCD camera

Pulse generator

Signal interrupter

PC

Dye laser software

Oscilloscope

Laser energy meter

Accessories GmbH

LaVision
LaVision

Optics workshop
UDE

Laser Optik

LaVision
LaVision
LaVision

Stanford Research
Systems

Custom-made
(EMPI)

EMPI

Radiant Dyes Laser
Accessories GmbH

Le Croy

Coherent

Serial: VZ09-0530

Beam steering sheet, Collimator UV, serial: VZ09-
0537

Cut-on wavelength: ~230 nm @ 20°

Dielectric-reflection bandpass filter with 4 mirrors,
transmission: ~230-255 nm

f=85 mm, fx = 2.8, serial: VZ20-0620
Intensified relay optics, serial: VC09-0228
LaVision Imager Intense, serial: VC09-0231

Four Channel Digital Pulse/Delay generator
DG535, serial: 18452

Equivalent to an AND gate for signals

Standard with Windows 7

NarrowScan Laser control, version: Rev. ATMega
3.9 2014

Waverunner LT 342, f4z = 500 MHz, DSO
FieldMaxII-TOP Laser Power and Energy Meter,

equipped with the energy head: EnergyMax
1110743, J-25MB-LE, 25 pJ — 50 mJ
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12.5.2 Details of the Berlin burner operating conditions

Table A3: Details of volume and mass flows for the operating conditions of the Berlin burner (BB), pre-
heater: 227 °C, heat ring: 700 °C, tracer gas: 10 % NO in argon, calculated NO concentration within
pilot and dispersion gas, unit sim is based on reference condition at a temperature of 0 °C. The disper-
sion gas mass flow includes, in addition to the oxidizer, 0.55 kg/h of tracer gas mixture or argon.

Berlin burner
Ethanol H20 | + AN
Pilot Hz Pilot CH4 Pilot Hz2
Air2  Air3 Aird Ox2 Ox3 Ox4 Ar3 Ox3 H02 HO0.2
Sheath gas / m3h 1200 1200 1200 1200 1200 1200 1200 1200 1200 1200
Sheath O2 / slm 3235 3235 3235 3235 3235 3235 3235 3235 3235 3235
Sheath N2/ sim 12084 12084 12084 12084 12084 12084 12084 12084 12084 12084
Pilot Hz2 / sim 108 108 108 108 108 108 0 0 108 108
Pilot CH4 / slm 0 0 0 0 0 0 39.1 3941 0 0
Pilot air / kg/h 100 100 100 100 100 100 60 60 100 100
Pilot Oz / slm 270 270 270 270 270 270 162 162 270 270
Pilot N2 / sIm 1007 1007 1007 1007 1007 1007 604 604 1007 1007
Disp air/Ar / kg/h 2 3 4 0 0 0 3 0 0 0
Disp O2/Ar / kg/h 0 0 0 2 3 4 0 3 0 0
Disp H2/Ar / kg/h 0 0 0 0 0 0 0 0 0.22 0.22
Disp N2 / slm 151 251 354 0 0 0 25 0 0 0
Disp O2/sIm 4 6.7 9.5 17.5 29 40.9 6.7 29 0 0
Disp Hz / slm 0 0 0 0 0 0 0 0 40 40
Disp Ar / sim 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5 4.5
Disp NO / sIm 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Spray EtOH / I/h 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8
Spray H20 / I/h 0 0 0 0 0 0 0 0 3 3
Spray AN / g/h 0 0 0 0 0 0 0 0 0 0.33
Pilot+Disp NO / ppm | 355 352 348 355 352 349 594 596 350 350
Gesamt NO / ppm 298 298 298 298 298 298 309 309 297 297
Equivalenceratio ¢/ 1 646 046 046 044 043 041 090 079 028 0.28
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12.6 Absorption and fluorescence spectra of chosen tracers

Some sections of the following chapter are reprints or else contain contents from the listed publications:

M.M. Prenting, M.|. Bin Dzulfida, T. Dreier, C. Schulz, Characterization of tracers for two-color laser-induced
fluorescence liquid-phase temperature imaging in sprays, Exp. Fluids 61 (2020) 77.
https://doi.org/10.1007/s00348-020-2909-9

© Springer-Verlag GmbH Germany, part of Springer Nature 2020. Reprinted with permission.

M.M. Prenting, M. Shilikhin, T. Dreier, C. Schulz, T. Endres, Characterization of tracers for two-color laser-
induced fluorescence thermometry of liquid-phase temperature in ethanol, 2-ethylhexanoic-acid/ethanol mix-
tures, 1-butanol, and o-xylene, Appl. Opt. 60 (2021) C98-C113. hitps://doi.org/10.1364/A0.419684 and sup-
plementary document [453]

© 2021 Optical Society of America. Reprinted with permission.

My contributions to the publications were the design and setup of the experiment, execution of the meas-
urements supported by students under my supervision, analysis and interpretation of the data, conception
and writing of the manuscripts supported by the coauthors who especially contributed to structuring and

wording.

12.6.1 Physical and chemical properties of relevant laser dyes

Table A4: Photo-physical and thermo-physical properties of the investigated laser dyes, fluorescence

quantum yield (FQY): Most recent literature, solvent ethanol.

Formula Molar mass Melting point  FQY in ethanol
Tracer
/ (g/mol) /°C ol -
0.16 [455]
Coumarin 152 [454] C12H10F3NO2 257.21 147-149 0.19 [456]
0.21 [457]
) 0.53 [459]
Coumarin 153 [458] C16H14F3NO2 309.28 164-168 0.54 [460]
DCM [461] C19H17NsO 303.37 215-220 0.44 [460]
Pyrromethene 597 [462] C22H33BF2N2 374.32 256-261 0.43 [463]
0.65 [465]
Rhodamine B [464] C2sH31CIN203 479.02 199-201 0.7 [413]
0.73 [466]
Coumarin 47 [467] C14H17NO2 231.29 72-75 0.67 [457]
) 255.31 0.93 [457]
Coumarin 102 [468] C16H17NO2 152-156 0.764 [460]
Coumarin 120 [469] C10H9NO2 175.18 223-226 0.72 [457]
PTP [470] CisH14 230.3 212-213
Pyridine 1 [471] C19H23N2.ClO4 378.85
Pyrromethene 567 [472] C1sH25BF2N2 318.22 208-209 0.83
Rhodamine 101 [473] Cs32H31N203.ClO4 591.05 0.913 [460]
Stilbene 3 [474] CasH22(NaO3S)2 562.56 >320 0.76 [475]
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Appendix

12.6.2 Analysis regarding 2cLIF thermometry

12.6.2.1 Coumarin 153

Temperature dependence of absorption and fluorescence spectra

In Figure A32 the absorption and fluorescence spectra of coumarin 153 dissolved in
65EHA35EtOH and excited at 355 nm are shown up to the temperature of 373 K.
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Figure A32: Temperature-dependent absorption (up to 373 K) and LIF spectra (up to 373 K) of 1 mg/l
coumarin 153 in 65EHA35EtOH, excitation at 355 nm indicated as purple line. Top: Absolute values and
inset illustrating the peak intensities vs. temperature, bottom: Peak-normalized values, optimized 10-nm
wide 2cLIF detection bands (blue and red bars) and g factor for the spectra at 303 and 373 K.

As for coumarin 152, it can be observed that coumarin 153 in 65EHA35EtOH has a large
Stokes shift resulting in a corresponding small overlap of absorption and fluorescence spectra.
In contrast to coumarin 152 the absolute fluorescence intensity of coumarin 153 increases with
increasing temperature (see inset in Figure A32) while the temperature-dependent absorption
spectra behave very similar to the ones of coumarin 152. The absorption decreases with tem-
perature up to 363 K, from where it starts to strongly increase again. Absorption and fluores-
cence spectra exhibit a significant blueshift and a low spectral broadening (Table A5). The g
factors start to rise from —1250 K at 470 nm to about —200 K in the range between 580-660 nm.
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Impact of concentration: Signal re-absorption
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Figure A33: Peak-normalized absorption and fluorescence spectra of coumarin 153 dissolved in
65EHA35EtOH at various concentrations. Excitation wavelength: 355 nm indicated as purple line, tem-
perature: 303 K. The dashed area shows the overlap O (unit: nm) between normalized absorption and
emission for the 0.1 mg/I case.

The concentration dependence of the fluorescence spectra of coumarin 153 dissolved in
65EHA35EtOH are presented in Figure A32. It can be seen that the spectral overlap
(O =6.03 nm) causes a slight spectral change of the shape in the range of the overlap. In
regions where no overlap exists, no difference in the shape or position of the spectra is ob-
servable.

Impact of various solvents

Figure A34 shows the absorption and fluorescence spectra of coumarin 153 dissolved in o-xy-
lene, 65EHA35EtOH and ethanol. As for coumarin 152, the spectra are significantly affected
by the kind of solvent, e.g., a significant blueshift of the spectrum is observed for coumarin 153
dissolved in o-xylene.
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Figure A34: Peak-normalized absorption (dashed lines) and fluorescence (solid lines) spectra of 1 mg/l
coumarin 153 dissolved in various solvents, excitation: 355 nm indicated as purple line, temperature:
303 K.
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The FWHM of the fluorescence of coumarin 153 in o-xylene is with 76.5 nm much smaller than
for the other two solvents presented in Table A5. The absolute fluorescence intensity increases
in ethanol with 0.52 %/K significantly stronger than in the other solvents. The blueshift of cou-
marin 153 is smaller in comparison to coumarin 152 and in o-xylene almost no spectral broad-
ening is observable.

Table A5: Characterization of the fluorescence spectra of 1 mg/l coumarin 153 dissolved in various sol-
vents, excitation at 355 nm. The parameters are extracted from smoothed fluorescence spectra.

65EHA35EtOH Ethanol o-Xylene
(Pé%askigosition / nm 5945 5295 4775
- " 5
(Ps%askt(l)n:taigskt)y change / %/K 0.21 0.5 0.07
g(\)’:'s-"r\(n)/ " 91.7 90.5 76.5
G5 0saK) 0.12 0.13 0.1
é%%c:;a;4%r?<a;denlng / nm/K 0.03 0.05 0.01

12.6.2.2 DCM

Temperature dependence of absorption and fluorescence spectra

The absorption and fluorescence spectra of DCM dissolved in 65EHA35EtOH at different tem-
peratures are depicted in Figure A35. DCM dissolved in pure ethanol and 65EHA35EtOH can
be excited in the UV at 355 nm as well as in the visible at 532 nm, whereas it is only excitable
at 355 nm when dissolved in o-xylene because the absorption spectra are strongly shifted to
shorter wavelengths (Figure A37).
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Figure A35: Temperature-dependent absorption (up to 373 K) and fluorescence spectra (up to 373 K)
of 1 mg/l DCM in 65EHA35EtOH, excitation at 532 nm indicated as green line. Top: Absolute values
and inset illustrating the peak intensities vs. temperature, bottom: Peak-normalized values, optimized
10-nm wide 2cLIF detection bands (blue and red bars) and  factors for the spectra at 303 and 373 K.

For a tracer excitable at 532 nm, DCM shows a comparatively large Stokes shift. As depicted
in the inset of Figure A35 the fluorescence intensity decreases strongly with increasing tem-
perature, while the absorption spectra decrease from room temperature to 333 K and then stay
almost constant. The normalized spectra show a distinct blueshift, which is stronger for the
absorption than for the fluorescence spectra. In comparison to the other investigated tracers,
DCM exhibits a notably stronger blueshift of the absorption spectra. As a result of the strong
decrease in fluorescence intensity with increasing temperature the g factor features compara-
tively high values (between 2000 and 4500 K). The lower g factor are located to shorter wave-
lengths while the highest can be found around 630 nm.

Impact of tracer concentration: Signal re-absorption

Figure A36 shows the fluorescence spectra of DCM at 303 K for various concentrations. Since
the spectral overlap between absorption and fluorescence spectra is not reaching out to the
fluorescence peak the fluorescence spectra were normalized at their respective peak posi-
tions.
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Figure A36: Peak-normalized absorption and fluorescence spectra of DCM dissolved in 65EHA35EtOH
at various concentrations. Excitation wavelength: 532 nm indicated as green line, temperature: 303 K.

The dashed area shows the overlap O (unit: nm) between normalized absorption and emission for the
0.1 mgl/l case.

It can be seen from the diagram that the variation of concentration only slightly affects the
fluorescence spectra in the region of the spectral overlap, which is the smallest of the investi-
gated tracers excitable at 532 nm. The same behavior is observed for the other investigated
solvents — refer to appendix section 12.6.4.4. For the same reason as for Pyrromethene 597
(cf. 7.3.1.3) only the overlap area up to the intersection of absorption and fluorescence spec-
trum can be calculated (Ointersec. = 1.86 nm) resulting in an estimation of O = 3.72 nm.

Impact of various solvents

The absorption and fluorescence spectra of DCM dissolved in ethanol, 65EHA35EtOH and
o-xylene are presented in Figure A37. Two excitation wavelengths are indicated because DCM

dissolved in o-xylene can only be excited at 355 nm among the harmonics of the Nd:YAG
laser.
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Figure A37: Peak-normalized absorption (dashed lines) and fluorescence (solid lines) spectra of 1 mg/l
DCM dissolved in various solvents, excitation for 65EHA35EtOH and ethanol: 532 nm indicated as green
line, excitation for o-xylene: 355 nm indicated as purple line, temperature: 303 K.
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Also for this tracer, the fluorescence spectrum is strongly affected by the solvent (the shift of
the fluorescence color with different solvents is visible by the naked eye). The trends in spectral
shift of the absorption spectra with solvent are the same as for the fluorescence spectra.

Table A6: Characterization of the fluorescence spectra of 1 mg/l DCM dissolved in various solvents,

excitation at 532 nm, for o-xylene excitation at 355 nm. The parameters are extracted from smoothed
fluorescence spectra.

65EHA35EtOH Ethanol o-Xylene
(P?)%%ké))osition /nm 603.5 622 485
g%%kt(i)n:tiir:;s}ity change / %/K 183 138 177
(F;(\)’ng")/ nm 87.9 89.6 96.1
st 0.18 0.16 0.14
(S?’%%cttcr)'asl‘groKa)dening I nm/K 0.13 011 018

Among the investigated solvents, the decrease of the fluorescence peak intensity of DCM with
temperature is the smallest in ethanol. In o-xylene DCM has a significantly larger FWHM than
the others, exhibits the largest spectral broadening and has the smallest blueshift.
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12.6.3 Spectral influence of the solvent ratio of EHA/ethanol
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Figure A38: Normalized fluorescence spectra of different tracers (concentration: 10 mg/l) dissolved in
EHA/ethanol mixtures at various fractions, displayed are the fractions by volume, excitation wavelength:
355 nm (except for PTP: 266 nm), temperature: 298 K, the arrows indicate the spectral shift with in-
creasing solvent fraction of EHA.
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12.6.4 Temperature and concentration dependent spectra in various solvents

12.6.4.1 Coumarin 152

Solvent: Ethanol
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Figure A39: Temperature dependend absoprtion (up to 348 K) and fluorescence spectra (up to 348 K)
of coumarin 152 in ethanol, 1 mg/l, excitation at 355 nm indicated as purple line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 343 K.
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Figure A40: Peak-normalized absorption and fluorescence spectra of coumarin 152 dissolved in ethanol
at various concentrations, excitation wavelength: 355 nm indicated as purple line, temperature: 303 K.

224



Appendix

Solvent: 1-Butanol
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Figure A41: Temperature dependend absoprtion (298 K) and fluorescence spectra (up to 383 K) of
coumarin 152 in 1-butanol, 1 mg/l, excitation at 355 nm indicated as purple line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 373 K.
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Figure A42: Peak-normalized absorption and fluorescence spectra of coumarin 152 dissolved in
1-butanol at various concentrations, excitation wavelength: 355 nm indicated as purple line, tempera-
ture: 303 K.
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Solvent: o-Xylene
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Figure A43: Temperature dependend absoprtion (298 K) and fluorescence spectra (up to 393 K) of

coumarin 152 in o-xylene, 1 mg/l, excitation at 355 nm indicated as purple line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 373 K.
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Figure A44: Peak-normalized absorption and fluorescence spectra of coumarin 152 dissolved in o-
xylene at various concentrations, excitation wavelength: 355 nm indicated as purple line, temperature:
303 K.
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12.6.4.2 Coumarin 153

Solvent: Ethanol
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Figure A45: Temperature dependend absoprtion (298 K) and fluorescence spectra (up to 348 K) of

coumarin 153 in ethanol, 1 mg/l, excitation at 355 nm indicated as purple line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 343 K.
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Figure A46: Peak-normalized absorption and fluorescence spectra of coumarin 153 dissolved in ethanol
at various concentrations, excitation wavelength: 355 nm indicated as purple line, temperature: 303 K.
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Solvent: o-Xylene
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Figure A47: Temperature dependend absoprtion (300 K) and fluorescence spectra (up to 393 K) of
coumarin 153 in o-xylene, 1 mg/l, excitation at 355 nm indicated as purple line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 373 K.
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Figure A48: Peak-normalized absorption and fluorescence spectra of coumarin 153 dissolved in o-

xylene at various concentrations, excitation wavelength: 355 nm indicated as purple line, temperature:
303 K.
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12.6.4.3 Rhodamine B

Solvent: Ethanol
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Figure A49: Temperature dependend absoprtion (up to 348 K) and fluorescence spectra (up to 348 K)
of rhodamine B in ethanol, 1 mg/l, excitation at 532 nm indicated as green line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 343 K.
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Figure A50: Peak-normalized absorption spectrum and at 630 nm normalized fluorescence spectra of

rhodamine B dissolved in ethanol at various concentrations, excitation wavelength: 532 nm indicated as
green line, temperature: 303 K.
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Solvent: 1-Butanol
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Figure A51: Temperature dependend absoprtion (298 K) and fluorescence spectra (up to 383 K) of
rhodamine B in 1-butanol, 1 mg/l, excitation at 532 nm indicated as green line, upper diagram: Absolute
values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 373 K.
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Figure A52: Peak-normalized absorption spectrum and at 630 nm normalized fluorescence spectra of
rhodamine B dissolved in 1-butanol at various concentrations, excitation wavelength: 532 nm indicated
as green line, temperature: 303 K.

230



Appendix

12.6.4.4 DCM

Solvent: Ethanol
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Figure A53: Temperature dependend absoprtion (up to 348 K) and fluorescence spectra (up to 348 K)
of DCM in ethanol, 1 mg/l, excitation at 532 nm indicated as green line, upper diagram: Absolute values,
lower diagram: Peak-normalized values and g factor for the spectra at 303 and 343 K.
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Figure A54: Peak-normalized absorption and fluorescence spectra of DCM dissolved in ethanol at vari-
ous concentrations, excitation wavelength: 532 nm indicated as green line, temperature: 303 K.
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Solvent: o-Xylene
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Figure A55: Temperature dependend absoprtion (296 K) and fluorescence spectra (up to 393 K) of DCM
in o-xylene, 1 mg/l, excitation at 355 nm indicated as purple line, upper diagram: Absolute values, lower
diagram: Peak-normalized values and g factor for the spectra at 303 and 373 K.
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Figure A56: Peak-normalized absorption and fluorescence spectra of DCM dissolved in o-xylene at var-
ious concentrations (0.1 mg/l not shown due to low signal-to-noise ratio), excitation wavelength: 355 nm
indicated as purple line, temperature: 303 K.
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12.6.4.5 Pyrromethene 597

Solvent: Ethanol
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Figure A57: Temperature dependend absoprtion (296 K) and fluorescence spectra (up to 348 K) of
pyrromethene 597 in ethanol, 1 mg/l, excitation at 532 nm indicated as green line, upper diagram:
Absolute values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 343 K.

1.04 —— Absorption
Fluorescence: 14
—— 0.1 mg/l
— 1 mg/l

0.8 ——10mgl 1.2

1.0

o
»
1

0.8

o
~
1

0.6

Normalized absorption / -

0.4

o
N
1

0.2

Normalized fluorescence (600 nm) / -

wavelength excitation

0.0 T T T T T 0.0
400 450 500 550 600 650 700

Wavelength / nm

Figure A58: Peak-normalized absorption and at 600 nm normalized fluorescence spectra of pyrrome-
thene 597 dissolved in ethanol at various concentrations, excitation wavelength: 532 nm indicated as
green line, temperature: 303 K.
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Solvent: o-Xylene
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Figure A59: Temperature dependend absoprtion (296 K) and fluorescence spectra (up to 393 K) of

pyrromethene 597 in o-xylene, 1 mg/l, excitation at 532 nm indicated as green line, upper diagram:
Absolute values, lower diagram: Peak-normalized values and g factor for the spectra at 303 and 373 K.
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Figure A60: Peak-normalized absorption and at 600 nm normalized fluorescence spectra of pyrrome-
thene 597 dissolved in o-xylene at various concentrations, excitation wavelength: 532 nm indicated as
green line, temperature: 303 K.
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12.7 Application of smoothing filters to single-shot images (inst. 2cLIF)

This section is connected to section 8.2.4 and presents the results of applying different smooth-
ing filters to single-shot intensity maps (2cLIF color channels) to enhance fluorescence signal
quality and improve the single-shot liquid temperature maps.

12.7.1 Single-shot intensity maps

Figure A61 shows single-shot intensity maps of the blue and red color channels smoothed by
different filters (Gaussian, median, binning).

GauBR(3) GaulBy(3) Gaul(8) Gauly(8) Gaull(20) Gaul3(20)

blue red blue red blue red ®
' ’ | | ] c
| | | _ =2
@]
1 1 1 o
£ m . . - g
= i Y] Y] i =
5 ] ] ] 2
o . . . . ()
T h ] ] ; =
AR () () 5
-] - —_ _ C
a0
(7]
Median(3) Median(3) Median(8) Median(8) Median(20) Median(20)
blue red blue red blue red
12 3 — : _ o
] ] 5
@]
1 1 O
£ - g
E ' : z
~ ] ] 2
m i
< . _. g
1 W 1 W T
i | D
(7]
Binning(3) Binning(3) Binning(8) Binning(8) Binning(20) Binning(20)
blue red blue red blue red
12 — i o il o
4 Sy -_ g
(@]
1 1 [S)
e E ~
S ] ] | =
~ [2]
om A ] ac)
1 1 ] £
] ] T
] C
i | D
(73]

-2 0 2 -2 0 2 -2 0 2 -2 0 2 -2 0 2 -2 0 2
Radial position / mm

Figure A61: Single-shot intensity maps (same case as shown in Figure 95 and Figure 96) processed
with smoothing filters, top row: Gaussian filter, middle row: Median filter, bottom row: Binning filter. The
degree of smoothing is indicated in brackets in the headlines. The intensity maps are arranged in pairs,
respectively, left: Blue color channel, right: Red color channel. Each intensity map has an individual
color scale ranging from its minimum to maximum values. Pixels with values less than 15 counts in
either of the two channels after filtering were masked in white.
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The numbers in brackets in the headlines of the Gaussian-filtered intensity maps (top row)
represent the standard deviation osp of the Gaussian distribution used for filtering. The num-
bers in brackets in the headlines of the median- and binning-filtered intensity maps (middle
and bottom rows) represent the kernel size (side length in pixels of the square data window)
used for filter application.

12.7.2 Single-shot ratio maps

Figure A62 shows single-shot ratio maps derived from the spatial filter-smoothed single-shot
intensity maps, as partially shown in Figure A61.
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Figure A62: Single-shot ratio maps derived from both color channels processed with smoothing filters
at various degrees of filtering as described in section 12.7.1. Top row: Gaussian filter, middle row: Me-
dian filter, bottom row: Binning filter.

236



Appendix

12.7.3 Average liquid-temperature maps

Figure A63 shows average liquid-temperature maps derived from 200 single-shot ratio maps,
as shown in Figure AG2.
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Figure A63: Average liquid-temperature maps derived from 200 single-shot ratio maps as shown in

section 12.7.2. The underlying single-shot intensity maps were processed using smoothing filters (de-

gree of smoothing given in brackets), top row: Gaussian filter, middle row: Median filer, bottom row:
Pixel binning.
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12.8 SpraySyn2 flame: Radial average liquid-temperature profiles

OC-D4L2
370

360

350

w w w w
= N w »
o o o o
1 1 1 Il

Temperature / K

300

290

280

T T T
0.0 0.5

Radial position / mm

OC-D6L2
370

360

350

340

Temperature / K
w w w
- N w
o o o
1 1 1

300

290

280

T T T
0.0 0.5

Radial position / mm

OC-D6L6
370

w w w
= N w
o o o
1 1 1

Temperature / K

290 ~

280

00 05
Radial position / mm

-0.5 1.0

\%
360
350
340

Radial position / mm

OC-D4L4
370
HAB =
360 - —— 1mm
—~ — 2mm
350 — 3mm
—— 4mm
« 3404 — 2 mm
mm
E 3304 ; mm
= — 8mm
E — 9mm
‘é_320 1 — 10 mm
— 11 mm
5] 4
R 310 —— 12 mm
300
290
280
T T T
-0.5 0.0 0.5 1.0
Radial position / mm
OC-D6L4
370
HAB =
360 \ — 1mm
— 2mm
350 — 3mm
— 4 mm
340 5 mm
X 6 mm
® 330 ; mm
5 S
® -
g 3201 —tomm
= — 11 mm
2 310 4
300
290
280
T T T
-0.5 0.0 0.5 1.0
Radial position / mm
OC-D8L2
370
HAB =
360 — 1mm
— 2mm
350 - — 3mm
— 4mm
o 3401 7 2 mm
x 7 mm
© 330 - ; mm
S —— 8mm
® S
& 320 —— 9mm
Q
§
2 3104
300 +
290
280
T T T
-0.5 0.0 0.5 1.0

Figure A64: Radial liquid-phase temperature profiles at various height above burner from an extraction
width of 0.4 mm, SpraySyn2 flame, identifiers for the operating conditions are given on top of each

temperature map.
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Figure A65: Radial liquid-phase temperature profiles at various height above burner from an extraction
width of 0.4 mm, SpraySyn2 flame, identifiers for the operating conditions are given on top of each
temperature map.
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Archiving and Reuse of Research Data

All research data collected and used in this dissertation have been archived. The data have
been partially made publicly accessible in the research data repository SpraySyn Database
[56], available at <https://spraysyndb.cfd.uni-due.de/> under the Meta IDs 168, 171, 183, and
in the EU Open Research Repository Zenodo [476] available at <https://doi.org/10.5281/ze-
nodo.4613143>. Additionally, the data have been fully stored in the research data archive of
the Institute for Energy and Materials Processes (EMPI) for reuse. The archived data include
raw measurement data with metadata, used programs and evaluation routines, lab books, and
descriptions of the experiments and conditions.
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