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Abstract

Up to date, the soot evolution process during hydrocarbon combustion is not fully
understood. This fact basically derives from the simultaneous interplay of numerous
chemical reactions linked to rapid changes, complex physical processes such as heat
and mass transfer or agglomeration, and a required size of observation in the nanometric
down to the atomic scale. Laser diagnostics in many cases provide high temporal and
spatial resolutions and are therefore ideal to provide insight into different stages of the
soot evolution process.

In this work, the further development of two in situ diagnostic techniques is described.
On the one hand, broadband absorption spectroscopy is applied to investigate the early
stages of soot formation. Here, polycyclic aromatic hydrocarbons are considered as
precursor molecules responsible for the nucleation and growth of solid soot particles.
They reveal a characteristic absorption behaviour in the ultraviolet wavelength range.
With the compilation of a database of the individual compounds and a simplified
energetic model to account for the elevated flame temperatures, it becomes thus feasible
to measure a possible species distribution in situ. The technique is further applied to
observe changes in the optical properties linked to the maturity of soot particles. A
change in the fine structural arrangement of the soot particles similar to graphitization
tends to decrease the optical band gap value, which can be derived from broadband
absorption measurements. Additionally, the type of transition is inferred from the
measurements indicating towards an indirect allowed transition for mature soot
particles.

On the other hand, time-resolved laser-induced incandescence allows to determine the
size of soot primary particles. Here, one challenge derives from the fact that these
primary particles cluster to dendritic fractal-like aggregates and therefore heat
conduction of particles in the centre is reduced by those surrounding them. Bayesian
inference is used to investigate how much knowledge about the morphology of these
aggregates is required to reliably estimate primary particle size distributions. Laser-
induced incandescence is further combined with a tomographic approach to obtain 3D
distributions of primary particle sizes. Here, the focus is set to the influence of periphery
parameters such as the initial flame temperature or the laser profile on 3D particle sizing
jointly for the first time.

This work thus builds a bridge from the initial stages of soot formation by the detection
of precursor molecules to the determination of soot particle sizes as an important

quantity to follow the evolution process.



Kurzdarstellung

Bis heute ist der Prozess der RuBentstehung bei der Verbrennung von
Kohlenwasserstoffen nicht vollstindig verstanden. Dies ist im Wesentlichen auf das
Zusammenspiel umfangreicher Reaktionskinetik, komplexer physikalischer Prozesse
wie Wirme- und Massentransfer oder Agglomeration sowie eines erforderlichen
Beobachtungsmalfstabs im Nanometer- bis hin zum atomaren Bereich zuriickzufiihren.
Lasermesstechniken ermdglichen in vielen Fillen eine hohe zeitliche und rdumliche
Auflosung und sind daher ideal, um Einblicke in verschiedene Stadien des
RuBentstehungsprozesses zu gewinnen.

In dieser Arbeit wird die Weiterentwicklung von zwei in situ Messtechniken
beschrieben. Zum einen wird die Breitband-Absorptionsspektroskopie eingesetzt, um
die frithen Stadien der RuBbildung zu untersuchen. Dabei werden polyzyklische
aromatische Kohlenwasserstoffe als Vorlaufermolekiile betrachtet, die fiir die
Keimbildung und das Wachstum von festen RuBpartikeln verantwortlich sind. Thr
Absorptionsverhalten im ultravioletten Wellenldngenbereich erlaubt es, gemessene
Spektren mdglichen Speziesverteilungen zuzuordnen. Letzteres erfordert die
Zusammenstellung einer Datenbank mit Absorptionsspektren der Einzel-Spezies sowie
ein vereinfachtes energetisches Modell zur Beriicksichtigung der hohen
Flammentemperatur. Die Technik wird aullerdem eingesetzt, um Verdnderungen der
optischen Eigenschaften zu beobachten, welche mit der Alterung der RuBpartikel
zusammenhéngen. Eine Verdnderung der atomaren Anordnung der RuB3partikel, éhnlich
der Graphitisierung, fithrt zu einer Verringerung der optischen Bandliicke, die auf der
Grundlage von Breitbandabsorptionsmessungen ermittelt wird. Zusitzlich wird die Art
des optisch-elektronischen Ubergangs aus den Messungen abgeleitet, welche fiir
vollentwickelte RuBpartikel auf einen indirekt erlaubten Ubergang hinweisen.

Zudem kann mit Hilfe der zeitaufgeldsten laserinduzierten Inkandeszenz die Grof3e der
RuBprimirpartikel bestimmt werden. Eine Herausforderung besteht darin, dass diese
Primérpartikel fraktale Aggregate bilden und daher die Warmeleitung der Partikel im
Zentrum durch die sie umgebenden Partikel reduziert wird. Mithilfe der Bayesschen
Statistik wird untersucht, wie viel Wissen iiber die Morphologie dieser Aggregate
erforderlich ist, um die GréBenverteilung der Priméarpartikel zuverlissig zu bestimmen.
Die laserinduzierte Inkandeszenz wird zudem mit einem tomographischen Ansatz
kombiniert, um 3D-PrimérpartikelgroBen zu erhalten. Dabei liegt erstmals der

Schwerpunkt auf der Bestimmung und dem FEinfluss von lokalen



Umgebungsparametern wie der anfinglichen Flammentemperatur oder dem
Laserprofil.

Diese Arbeit schldgt somit eine Briicke von den Anfangsstadien der Ru3bildung durch
den Nachweis von Vorldufermolekiilen hin zur Bestimmung der RuB3partikelgrof3e als

wichtige GroBe zur Verfolgung des Entwicklungsprozesses.
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II Symbols and Abbreviations

0 Symbols and Abbreviations

Latin symbols

Symbol Unit Description

A - Absorbance

a m Interlayer spacing

Ay - Hydrocarbon specific constant
c m-s’! Speed of light

(O m? Absorption cross section
Caet - Detection constant

Cov - Overlap coefficient

Cq Jkg'K-!  Specific heat

d, m Aerodynamic diameter
Ds - Fractal dimension

dm m Mobility diameter

dp m Primary particle diameter
e C Elementary charge

E(m) - Absorption function

E, eV Energy of a photon

Eg eV Optical band gap

fv ppm Soot volume fraction

h Is Planck’s constant

H Jm?2 Laser fluence

I W-m Intensity after passing absorbing media
I, W-m? Initial intensity

Iy, W-m2m  Spectral blackbody intensity
kg JK! Boltzmann constant

k¢ - Fractal prefactor

L m Absorption path length
L, m Conjugation length

m kg Mass

m/z kg-C! Mass-to-charge ratio

m - Complex refractive index
n; m> Number density



Symbols and Abbreviations

I

N, - Number of primary particles

p Pa Pressure

q m’! Scattering wave vector

R, m Radius of gyration

Rg eff m Effective radius of gyration

S W-m?m'! LII signal

Sabs m2-Pa’! Absorption line strength

Ty K Gas temperature

T, K Particle temperature

X; - Mole fraction
Greek symbols

Symbol Unit Description

a m! Absorption coefficient

ar - Accommodation coefficient

B - Scaling constant

& - Wavelength dependent emissivity

A m Wavelength

AAFR - Air-fuel ratio

¢ - Equivalence ratio

Qv m Line shape function

p kg'm Density

Oext m’! Extinction coefficient

0 ° Scattering angle

Y m! Wavenumber

& - Dispersion exponent
Abbreviations

AFM Atomic force microscopy

ART Algebraic reconstruction technique

BSU Basic structural unit

CAHM Carbon addition hydrogen migration

CARS Coherent anti-Stokes Raman scattering

CHRCR Clustering of hydrocarbons by radical-chain reactions



v Symbols and Abbreviations
CPC Condensation particle counter
CWwW Continuous-wave
DCM Dichloromethane
DIB Diffuse interstellar absorption band
DMA Differential mobility analyzer
EI Electron-impact
ELPI Electric low pressure impactor
ELS Elastic light scattering
FSN Filter smoke number
FWHM Full width at half maximum
GC Gas chromatography
HAB Height above burner
HACA Hydrogen abstraction C2H; addition
HIM Helium-ion microscopy
HITEMP High-temperature spectroscopic absorption parameters
HITRAN High-resolution transmission molecular absorption database
HOMO Highest occupied molecular orbital
HRTEM High resolution transmission electron microscopy
IC Internal conversion
ICE Internal combustion engine
IR Infrared
ISC Intersystem crossing
LDLS Laser driven light source
LE Laser extinction
LIBS Laser-induced breakdown spectroscopy
LIF Laser-induced fluorescence
LII Laser-induced incandescence
LOS Line-of-sight
LUMO Lowest unoccupied molecular orbital
MAC Mass absorption cross-section
MALS Multi-angle light scattering
MART Multiplicative algebraic reconstruction technique
MB Molecular beam
MBMS Molecular beam mass spectrometry
MD Molecular dynamics



Symbols and Abbreviations

MIR
MPI
MS
Nd:YAG
NIR
NMR
NO«
OME
OPO
PAHs
PMT
QCL
Qol
REMPI
SAXS
SCLAS
SEM
SMPS
SPI
SSA
STM
TDLAS
TEM
TEOM
TiRe
TOF-MS
TRFA
Uv

Vis
vVUuv
WALS
WAXS
XAS
XPS
XRS

Mid-infrared

Multiphoton ionization

Mass spectrometry

Neodymium-doped yttrium aluminum garnet
Near-infrared

Nuclear magnetic resonance

Nitrogen oxides

Polyoxymethylene dimethyl ether

Optical parametrical oscillator

Polycyclic aromatic hydrocarbons (singular: PAH)
Photomultiplier tube

Quantum cascade laser

Quantities of interest

Resonance-enhanced multiphoton ionization
Small-angle X-ray scattering
Supercontinuum laser absorption spectroscopy
Scanning electron microscopy

Scanning mobility particle sizer
Single-photon ionization

Soot self-absorption

Scanning tunnelling microscopy

Tuneable diode laser absorption spectroscopy
Transmission electron microscopy

Tapered element oscillating microbalance
Time-resolved

Time-of-flight mass spectrometer
Time-resolved fluorescence anisotropy
Ultraviolet

Visible

Vacuum ultraviolet

Wide-angle light scattering

Wide-angle X-ray scattering

X-ray absorption

X-ray photoelectron spectroscopy

X-ray Raman spectroscopy




1 Introduction

1 Introduction

The combustion of hydrocarbons has played an outstanding role in energy conversion
for centuries and will be involved in the global energy sector for decades to come [1].
The conversion from chemical energy to heat and further conversion to motive power
or electricity benefits from the high energy density of the fuels and the ease of their
handling and logistics, e.g., availability and storage. The main areas relying on
combustion technologies include power generation, transportation and various
industrial sectors. Especially industries that depend on temperatures between 900 °C to
1600 °C are based on combustion processes capable of providing such high
temperatures. In Germany, the largest sectors are the iron/steel, cement/lime and
glass/ceramics industries [2]. At the same time, hydrocarbon combustion is always
accompanied by carbon dioxide (CO2) emissions, which is a major contributor to global
warming. The emission reduction of this gas is undoubtedly one of the major challenges
for mankind in the near future [3]. With the combustion of fossil fuels, CO> is reemitted
to the atmosphere, which was chemically bonded and stored for thousands of years.
This ultimately leads to a continuous increase in the global CO; net balance. Besides
COz, the emission of other combustion species must also be considered. The operation
conditions substantially affect the resulting combustion products and pollutants.
Especially the ratio of fuel to oxidizer allows for the differentiation between a “fuel-
rich” or “lean” combustion. With a shift to carbon-free fuels such as hydrogen (H») or
ammonia (NH3), the formation of nitrogen oxides (NOx) is relevant, mainly due to high
combustion temperatures [4]. For fuel-rich combustion of hydrocarbons the surplus
carbon atoms (C) that cannot oxidize to CO> due to the lack of oxygen form solid
carbonaceous particles known as soot.

The process of soot formation — as the main topic of this thesis — can be simplified as
the transition from gaseous fuel radicals, over polycyclic aromatic hydrocarbons
(PAHs) as intermediate molecules to carbonaceous solid soot nanoparticles and
aggregates [5-7]. As will be shown, this transformation includes several stages. A
detailed understanding is required to technically control the soot evolution in many
different applications. Here, one main aspect is the reduction of soot (and soot
precursor) emission as harmful pollutants. Its impact on the environment can take
several forms, e.g., the reduction of albedo effects on the polar caps, its role as
condensation nuclei during cloud formation, or an influence on radiation balance as a
broadband absorber in the atmosphere [8-10]. Further, soot directly influences human

health as a nanoparticle aerosol penetrating deeply into the respiratory system, causing



Introduction 2

lung diseases such as cancer or chronic obstructive pulmonary disease [11], as well as
cardiovascular diseases [12]. Here, besides the size and morphology [13, 14], it is
particularly the reactivity of soot particles linked to their chemical structure that is
assumed to be responsible for mutagenic damage [15]. Similar carcinogenic properties
are known for PAHs [16, 17], which lead to increased attention on emission of, e.g.,
benzo[a]pyrene in the European Union over the last decade [18]. The World Health
Organization assumes that 7 million death cases worldwide are related to air pollution
every year [19]. At the same time, the reduction of soot and PAH emission bears the
potential of rapid counteraction against these adverse health and environmental effects
as the lifetime of these particles in the atmosphere is limited to a few days [9]. This was
confirmed during the first weeks of the global COVID-19 pandemic in 2020, when due
to decreased worldwide transport and economic activities, air pollution was noticeably
reduced [20, 21].

Besides industrial processes, power generation or natural sources such as wild fires [9],
a large contributor to soot emissions is the propulsion sector, e.g., by aircraft, light-duty
vehicles or freight transportation [22]. This is especially true for heavy transport
technologies such as shipping or truck traffic, as no sophisticated electrical technologies
are available, mainly due to the low gravimetric and volumetric energy density of
commonly used accumulator materials such as lithium-ion (Li-ion) batteries [23-25].
Therefore, most drive units of freight vehicles are based on the use of Diesel or heavy
fuels as the cheaper fraction of the refinery procedure of crude oil [26]. The burning of
these high carbon content fuels with high boiling points results in enhanced soot
formation and its release into the atmosphere with the exhaust gas. To avoid these
emissions, particulate filters are typically installed downstream of the internal
combustion engines (ICE). To guarantee that the separated soot particles are completely
oxidized to CO: and clogging of the particulate filter is avoided, a sufficiently high
oxidation rate must be ensured even at lower temperatures present in the exhaust line
[27, 28]. Here it was found that the nanostructure of the soot particles again strongly
influences their oxidation behaviour [29]. A second possibility for emission reduction
is the use of chemical additives that directly influence individual steps of the soot
evolution process. For example, the addition of gases like hydrogen, CO- or water [30],
as well as liquid additives such as polyoxymethylene dimethyl ether (more familiar as
“OME”) to the fuel blend can directly reduce soot concentrations [31, 32]. Further, the
addition of certain salts such as potassium chloride or alkali salts to the flame can impact
soot and PAHs formation mechanisms [33, 34]. To assess the modes of action of these

additives detailed knowledge about soot formation and oxidation mechanisms is
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required [35]. A third option to minimize soot emissions is to provide defined operation
conditions under which no enhanced soot formation occurs. Increasing the combustion
temperature, for example, can drastically reduce soot concentrations. Yet, the
correlation of temperature with other combustion species such as NOx often leads to a
conflicting trade-off between the resulting pollutants [36]. In reality, legal regulations
are required to reduce emissions. To give an example, standards such as “Euro 6” for
the automotive sector have been very limited to non-existent for ocean shipping. Within
the last years, increased decarbonisation efforts have evolved in this sector and tighter
regulations can be expected for the foreseeable future [37]. To this date, the emission
of soot particles into the atmosphere remains a problem on a global scale.

At the same time, certain forms of soot are an industrially manufactured raw product
called “carbon blacks” [38] with a large production volume, which is assumed to
increase to a total capacity of 15 million tons a year by 2025 [39]. They are widely used
as filler material to rubber and elastomer materials, specifically in the tyre industry.
Here, the carbon black aggregates strongly influence physical parameters such as the
abrasion resistance, elasticity or the reinforcement of the final product [40]. A second
purpose of carbon blacks is their use as a black pigment [41]. Here, excellent
insolubility in different media as well as strong thermal and colour stability can be
named as some main advantages in comparison to competing black pigments based on
iron oxide or other inorganic spinel materials [42]. In addition, carbon blacks are
promising candidates in the design of energy conversion and storage technologies [43],
e.g., improved Li-ion batteries, fuel cells or supercapacitors [44-46] and can further play
a key role in the recycling economy of products such as tyres [47]. Again, the physical
properties of the carbon blacks are a crucial parameter for their intended purpose [48].
The major share of carbon blacks’ production goes back to the oil furnace black process.
Here a fine mist of crude oil (or feedstock) is atomized into a natural gas combustor
providing high temperatures of approx. 1650 °C. The oil droplets vaporize and form
carbon black aggregates that are rapidly cooled or quenched from the further reaction
by water spray insertion downstream of the reactor [38, 49]. This allows for specific
control and design of a variety of different carbon black materials.

So far, the discussion about soot formation has been mainly related to combustion
processes. Yet, the formation process is not strictly limited to combustion at all. Very
similar processes that include the transition from aromatic hydrocarbons to solid carbon
particles take place in a variety of different phenomena and applications. For example,
the interstellar medium and especially the interstellar dust contains multiple forms of

carbon, ranging from ionized C atoms over PAHs, carbon clusters and fullerenes to
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carbonaceous solids [50-52]. It is assumed that PAHs could be responsible for a
characteristic ultraviolet (UV) absorption band at 217.5 nm, as well as diffuse
interstellar absorption bands (DIBs) from UV to near infrared (NIR) in galactic
extinction observations [50, 53]. Also in our solar system, Saturn’s largest moon Titan
has an aerosol “rain” in its atmosphere similar to soot, which likely forms from PAHs
[54]. Another technical challenge are solidified carbon depositions in components such
as fuel injectors or combustion chamber valves mainly resulting from petrogenic PAHs
that are initially contained in the fuel blend [55, 56]. These processes are strongly
dependent on the fuel composition as well as pressure and temperature, and again a
detailed understanding of the various soot formation routes is required for an improved
design of these technical devices.

In almost all of the previously mentioned applications and effects, the physical and
chemical properties of soot particles dictate their use and behaviour and therefore
techniques to characterize quantities related to these properties are required. These
include size and shape related, compositional or optical parameters of soot and are
described in more detail in section 2.2.1. The challenges of determining these quantities
include the nanometric to atomic size range, rapid conversions in milli- to microsecond
timescales and harsh flame environments at elevated temperatures or pressures coupled
to turbulent flow fields. These facts complicate the development of appropriate — and
in the best case non-disturbing — diagnostics and therefore it remains an active research

field to ultimately improve understanding of the soot formation process.

The aim of this work is the development and advancement of optical diagnostics to track
and investigate the soot evolution process including (mainly) formation and (in parts)
subsequent oxidation. The thesis is structured as follows: State of the Art, Aim of the
Thesis, Overview of the Publications and their Interrelationships and finally
Conclusions and Prospect. The publications themselves, which form the core of the
thesis are reproduced thereafter. Specifically, UV-Vis absorption spectroscopy is used
to identify PAH molecules as soot precursors [M1] and is used to investigate the type
of optical band gap transition related to soot maturity [M2]. In addition, the laser-
induced incandescence (LII) technique, which allows for determination of soot particle
sizes and concentrations, is extended to the third dimension [M4] and critically assessed
by means of statistical methods regarding the resulting quantities and influencing

parameters [M3].



5 State of the Art

2 State of the Art

This section provides a brief overview of the current state of the art linked to the
characterization of the soot evolution process. It is thus divided into two parts: first, the
theoretical background and knowledge about the process itself are given. Second, the
metrology and measurement techniques that allow us to gain a deeper understanding
about the process by providing certain quantities of interest (Qol) are introduced.
Obviously, both aspects are closely linked and the separation into two sections is mainly

for reasons of structure and readability.

2.1 Fuel-Rich Hydrocarbon Combustion

While in the introduction several fields were mentioned where the transition of gaseous
hydrocarbons to solid nanoparticles occurs, the upcoming sections focus on the soot
evolution process during fuel-rich combustion. The thermodynamic definition of
combustion involves the transition of chemically bonded energy of fuels to heat by an
exothermal reaction with an oxidizer. By now, this complex process is not fully
understood, and an advancement in this field requires the interplay between diagnostics

and comprehensive models.
2.1.1 Kinetics and Modelling of Combustion Processes

The stoichiometric or lean combustion of hydrocarbons with air as the oxidizer medium
can be described in terms of a global reaction equation with its general formulation
given by

CxHy + AAFR ) axy (02 + 376 ) Nz)

Y

1
—)XC02+EH20+(/1AFR—1)axy02+376 AAFR'axy'NZ. ()

Here, a,, depends on the used hydrocarbon fuel and can be substituted by a,,=x+y/4
and A,pg stands for the air-fuel ratio with values of 1 for stoichiometric, >1 for lean and
<1 for fuel-rich conditions. It is directly related to the equivalence ratio ¢ = 1/A5pg as
the more commonly used quantity for sooting flames [57]. This global equation can be
divided into multiple elemental reactions that form intermediate species that in turn
might serve as source material for further reactions. In the case of fuel-rich combustion,
the mass balance leads to an excess of carbon atoms that remain in form of, e.g., soot
on the product side. The entire cascade of elemental reactions is hardly understood and

consists of thousands of equations and possible reaction paths with hundreds of



State of the Art 6

participating species. Over the last decades, several groups have defined kinetic models
that allow for the simulation of combustion processes (some including the formation of
soot) based on listing most of the elemental reactions, thermodynamics and transport
properties. One main effort of kinetic modelling lies in the reduction of mechanisms to
the most dominant ones to reduce computational expense and complexity.

For a first assessment of such kinetic models, the high-temperature soot mechanism for
ethene/ethylene (C2Hs), combustion from the “CRECK modelling group” [58, 59] was
adopted to an adiabatic one-dimensional freely-propagating premixed flat flame reactor
provided and preset by the open source tool “Cantera” [60]. The equivalence ratio was
set to 2.1, which corresponds to a slightly sooting flame. The profiles of some
combustion species and intermediates as well as the adiabatic temperature are depicted

in Figure 2.1.
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Figure 2.1: Mole fraction profiles of several combustion species and temperature in an adiabatic
flame reactor (Cantera) for a one-dimensional ethylene/air flame at an equivalence ratio of ¢=2.1
using the high-temperature soot mechanism from the CRECK modelling group. The average
flame speed was 1.4 m-s’.

For reasons of readability and presentation, the calculated profiles are divided into two
diagrams with the main combustion species and products depicted in the left plot A,
while some major aromatic species and soot are exemplarily shown on the right side B.
The absolute value of the abscissa is arbitrary as the zero point was randomly chosen.
The location of the flame front can best be identified by the steep temperature rise from
293 K to ~1900 K depicted as dashed grey lines in both diagrams. As can be seen in the
left plot, the reactants oxygen (O2) and ethylene (CoHs) (see Equation (1)) are rapidly
consumed while at the same time combustion products such as water (H>O) and carbon
dioxide (COy) are formed. Additionally, species such as carbon monoxide (CO) or
hydrogen (Hz) are present due to the high-temperature environment and a comparably
large share of acetylene (C2H>) exists, which will later be identified as a decisive species

responsible for aromatic growth. While the species shown in the left plot A are covered
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by most of the standard reaction mechanisms (e.g. “GRI-30” [61] with 53 species and
325 reactions) the profiles in the right diagram B require the formation mechanisms of
PAHs [62] and soot [58, 59] (the latter with 452 species and 24041 reactions). Some
exemplary aromatic species are displayed, including benzene (C¢He) as the smallest, up
to Ci¢Hio (pyrene and fluoranthene) and a summarized group of larger PAHs with more
than 19 C atoms. Considering the species-specific scaling in the legend, it becomes
obvious that generally smaller aromatics are present in larger amounts. At the same
time, the peak positions of larger species are shifted to increased z values, which
corresponds to longer residence times in the flame environment and consequently a
progressed formation schedule. The formation of soot particles and aggregates starts
relatively late with an exponential-like increase between 24 mm and 30 mm, already
indicating that PAHs might serve as precursor molecules.

For the understanding and design of combustion devices, these models are already
valuable tools and might become even more useful with further development. Yet, to
validate these models, measurement techniques are required that provide species
selective information. Further, the simulations of more complex scenarios (beyond a
one-dimensional flame) become excessively more complex [63] and certain boundary-

and input parameters such as temperature maps must be defined prior to the simulations.
2.1.2 Flame Types and their Impact on Soot Formation

To allow for a comparison between model predictions and experimental data, standard
type flames are required [64]. Therefore, multiple burner designs with standard
configuration settings have evolved within the last decades and have been intensively
studied and characterized by various research groups and different measurement
techniques. In principle, a classification can be made into premixed flames, where fuel
and oxidizer are mixed prior to ignition, and non-premixed flames, where both
components are added separately and diffusion processes become dominant [65]. There
are also mixed forms commonly named partially premixed flames, for which some share
of the oxidizer is added to the fuel before ignition. In addition, combustion is always
linked to fluid dynamics and therefore a division between laminar and turbulent flames
is drawn. The chaotic randomness and transient nature of turbulence complicates
investigations and typically requires a high temporal resolution in the millisecond range
or below [66]. While many technical flames in, e.g., aircraft gas turbines or rotary kilns
are of a non-premixed and turbulent nature, the focus of this work lies on two types of

laminar flames, as their steady and reproducible behaviour is ideal for the development
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of optical metrology. In addition, they provide an ideal test bed for comparison against
simulation results leading to an increased process understanding.

First, to reduce the degrees of freedom a one-dimensional reactor serves as an ideal
system as the soot formation process is simply a function of residence time, or — as
related to the flow velocity and direction — a function of the height above the burner
(HAB) outlet. Its technical realization corresponds to a laminar premixed flat flame
usually stabilized by a stagnation plate and shielded from the surrounding air by an inert
gas, e.g., a nitrogen (N2) shroud [67, 68]. The adjustment of the fuel and oxidizer flows
allows for a straightforward setting and variation of the equivalence ratio. Figure 2.2 A
and B show two C;Has/air flat flames at ¢ = 1.3 on top and ¢ = 2.1 below. Although
both flames are run under fuel-rich conditions (¢p > 1) the yellowish flame luminosity
deriving from the radiation of soot particles can only be observed for the ¢ = 2.1 flame.
This can be traced back to the existence of a soot threshold, describing the transition
point when the first solid soot particles are formed. It is strongly dependent on the fuel
used, as well as on temperature and pressure [69]. As a rule of thumb, the higher the C
share (compared to H) of the CxHy fuel the lower the equivalence ratio of the soot
threshold. As an example, the soot formation threshold of a methane (CH4) flame is at
larger ¢ values compared to a CoHz flame. Yet, as highlighted by Michelsen et al. [70]
the definition of the soot formation threshold varies throughout the literature and is
sometimes defined by the detection of first LII signals or by the onset of light absorption
in the visible (Vis).

< premixed < non-premixed

< laminar > > < turbulent g

Figure 2.2: Overview of different types of laboratory flames ranging from premixed flat flames
(A & B), over a laminar non-premixed flame (C) to a partially turbulent flame (D).
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A further observation from the premixed flame photographs is the blue
chemiluminescence signal right after the burner outlet. These photon emissions arise
from chemical reactions of certain species and can mainly be attributed to CH and C;
radicals [71, 72], the latter of which are also called “Swan” bands [73, 74]. To achieve
a deeper understanding of this aspect, Figure 2.3 shows the spectrally resolved emission
signals of both premixed flames meaning that the emission intensity is plotted against
the wavelength A. Here, three spectrometers covering different spectral ranges are
combined and a wavelength dependent intensity calibration was performed in a
wavelength range from 350 nm to 1000 nm. Therefore, the absolute intensities must be
treated with caution as the different instrument responses are not corrected over the
entire spectral range and especially the decrease of intensities at A>1000 nm does not
present a physical behaviour. Yet, the CH and Cz emissions can clearly be observed as
peaks in the visible wavelength range between 400 nm to 750 nm for the flame at
¢ = 1.3. There are further chemiluminescence peaks located in the UV (4<400 nm),
e.g., from the hydroxyl radical (OH) at ~306 nm and ~290 nm. In addition, emission
bands of water can be observed in the NIR region >900 nm. For the flame at ¢ = 2.1 a
broadband emission signal with an exponential-like increase for A>400 nm results from
the incandescence signal of the soot particles at flame temperatures of approximately
1750 K. Here, the optical properties of soot cause the deviation from an ideal black
body, as will be discussed in more detail in an upcoming section. The high-frequency
oscillations superimposing the infrared (IR) signals are not related to the emission but

very likely derive from etalon effects in an optical component [75].
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Figure 2.3: Spectral features of both fuel-rich premixed flames are shown in Figure 2.2 (A & B).
The blue lines refer to the flame at ¢p = 1. 3, while red lines indicate a ¢p = 2. 1.
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A second type of flame investigated in this work is a non-premixed laminar coflow
ethylene/air flame depicted in Figure 2.2 C. In contrast to a premixed flame, the oxidizer
and fuel are first spatially separated forming a defined reaction front named flame front.
On both sides of the flame front, the gas composition and stoichiometry differ, leading
to the growth of larger aromatics as the decomposition products on the fuel side favour
certain PAH and soot formation pathways. Besides the coflow design, the fuel and
oxidizer streams can also be directed from opposite sides leading to counterflow flames
[76, 77]. Overall, the non-premixed type flame is closer to most applications and is
commonly used as a standard type flame for investigating the soot evolution process
regarding measurements and models [78-81]. An example of a partially turbulent
diffusion flame is depicted in Figure 2.2 D and can serve as a next logical step of a
laboratory burner concept towards more technical and applicative flames [82]. For a
detailed description of the burner designs and configurations, the reader is referred to
the respective manuscript [M1-M4] and the references therein.

Besides the utilized fuel and flame types, the formation of soot is further dependent on
surrounding conditions such as pressure and temperature [69, 83]. It has been shown
that soot forms preferably in a range from 1500 K to 1900 K and the formation rate
increases under elevated pressure, which is particularly relevant as many applications
such as internal combustion engines run at these conditions [84]. As a consequence,
specialized high-pressure burners have been developed for closer investigations [85-
88]. In contrast, low-pressure burners are widely used to spatially stretch the main
reaction region and facilitate investigations of individual regimes of the soot evolution
process [89, 90]. Yet, it must be kept in mind that with changed surrounding conditions
different pathways of the soot formation process may become relevant. To give an
extreme example, it was found that under detonation experiments soot particles with
diamond-like structures are formed due to extreme temperature and pressure conditions
[91].

2.1.3 The Soot Evolution Process

The previous section highlighted that the evolution of soot is dependent on various
parameters such as utilized fuel, pressure, temperature or stoichiometry, which is often
linked to the flow conditions. Yet, in any case it ultimately includes a transition from
hydrocarbon fuels to solid carbonaceous soot particles. The different forms of
hydrocarbons or amorphous carbons are depicted in the ternary diagram of Figure 2.4
with the corners pure hydrogen, sp? hybridized graphite and the sp® hybridization of the
diamond structure of carbon. With the simplification of neglecting the oxygen share, a
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common soot evolution route (e.g., for atmospheric combustion of gaseous
hydrocarbons such as C>H4) is schematically depicted by the red arrow (adopted from
Ref. [92]). It reveals that besides the deposition from fuel molecules to solid particles a
change in the internal atomic structure of soot particles occurs, which is often referred
to as the maturing of soot. This goes hand in hand with a morphological transition from
gaseous precursor molecules, to first spherical nanoparticles and finally fractal-like

aggregate structures composed of multiple primary particles.
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Figure 2.4: Ternary diagram of amorphous carbon taken from [92] with the corners H (lower
right), sp?>-carbon (lower left) and sp*-carbon (top). Different forms of hydrocarbons are located
at different regions, and the red arrow indicates a common route of soot formation.

The entire process can be divided into several transition regimes, which are often
described as the gas-phase and PAH chemistry-, the particle inception-, the surface
growth and coalescence-, the particle graphitization, agglomeration and aggregation-
and finally the particle oxidation-regions. In reality, there is always overlap and no
sharp separation between the individual stages exists, and as a result, this work refrains
from a structuring classification into these regions. However, to provide a lucid
overview Figure 2.5 shows a simplified description of the proceeding soot formation
process and the participating species and will help to follow the discussion in this

section.
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Figure 2.5: Schematic illustration of the different species and formation steps during the soot
formation process.

As the naming of the participating species showed a large variation especially regarding
the different research fields (e.g., atmospheric research, pyrolysis research, combustion
research) one essential requirement is the use of precise and uniform terminology that
was recently clarified by Michelsen et al. [70] and builds the basis for this work.

The first step of the soot evolution process is the decomposition of the hydrocarbon fuel
by small radicals such as CH, OH, O, H or CHz [64, 93]. The subsequent formation of
the first aromatic benzene (C¢Hs) ring is strongly dependent on the utilized fuel as well
as the temperature-dependent rate coefficients as shown by Kohse-Hoinghaus et al.
[94]. Yet, four important reactions could be identified with the recombination of two
propargyl radicals (C3H3) as one possible option [95]. Besides, the reaction of CsHjs
with acetylene (CoHz) results in the formation of benzene + H. As a third option, the
reaction of C4Hs [96] with acetylene (C2H2) leads to a phenyl ring (C¢Hs), which can
hydrogenate to C¢Hs under the presence of H> and H. A fourth reaction includes
cyclopentadienyl (CsHg) and a methyl radical (CH3) to form benzene + 2H. The
formation of the first benzene ring is considered the rate-defining process step in the
soot formation process followed by its growth to multiple ring PAHs [64].

The two-ring PAH naphthalene (CioHs) can be formed by the self-reaction of
cyclopentadienyl (CsHs). However, it is widely accepted that the main reaction pathway
for planar growth to PAHs is the “hydrogen abstraction C,H> addition” (HACA)
mechanism first described by Frenklach [97]. It is based on the activation of a benzene
ring by the abstraction of a hydrogen atom and the addition of a CoH> molecule. By
repeating this mechanism a second ring forms. This pathway is schematically depicted

in Figure 2.6.
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Figure 2.6: Hydrogen abstraction C;H; addition (HACA) mechanism responsible for the growth
of aromatic rings derived from [69]. The aryl radical (incorporating a free carbon atom) is
depicted with a black dot.

Recalling the mole fraction profiles of Figure 2.1, CoH»> as well as H> are present in
adequate amounts during the entire formation region. The ring arrangement of PAHs
with more than two rings can obviously take different forms and a distinction is made
between cata-condensed (where just two rings share a single carbon atom resulting in
more linear arrangements) and peri-condensed (also three rings have the same carbon
atom in common leading to more circular structures) PAHs. Their formation is closely
linked to their stability, which mainly depends on temperature. On the one hand,
temperature drives the kinetic mechanisms but at the same time causes fragmentation
of the molecules [98]. It was found that at high temperatures in flames stable peri-
condensed PAHs such as pyrene or coronene are more likely to be present [5, 98, 99].
In addition to PAHs, aliphatic species are known to exist in sooting flames [100] and
aliphatic branches at six-membered benzenoid rings were identified by atomic force
microscopy [101]. This suggests that besides the sole growth through the HACA
mechanism other reaction routes occur, and resonance stabilized free-radical species
were identified as major contributors through clustering of hydrocarbons by radical-
chain reaction (CHRCR) mechanisms [98, 102].

The next step of the soot evolution process is the particle inception or gas-to-solid phase
deposition. It is the least understood step of soot evolution and can be grouped into
chemical and physical mechanisms [98, 103]. There are also mixed forms of both
phenomena and overall three major routes were identified. The CHRCR mechanism as
a first chemical pathway is responsible for the growth of initiator radicals, which in
combination with hydrocarbons form disordered three-dimensional covalently bonded
incipient particles [102]. The shift from planar 2D to 3D objects can result from
chemical crosslinking between PAH monomers and a rotation between both of the
monomer fragments [104]. A second physical pathway is the formation of dimers and
trimers through the stacking of planar PAHs by Van der Waals forces. Here, a remaining
inconsistency was the finding that only Van der Waals forces between PAHs as large
as or larger than circumcoronene (Cs4Hig) are thermodynamically stable at flame
temperatures, contradicting the observation that mainly moderately sized PAHs such as

pyrene and coronene exist in sufficient amounts to explain soot inception [105]. Yet,
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recent studies experimentally confirmed the existence of dimers of moderately sized
PAHs stabilized through covalent bonds [106, 107]. A third chemical route is given by
a fullerene-like growth through the curving of planar PAHs, but this process was found
to be too slow to explain the soot inception in flames [98]. Yet, the formation of curved
PAHs through the addition of a pentagonal ring in the 6-membered ring lattice is still
considered as a relevant process [108], especially regarding curvature in the basic
structural unit (BSU) of soot particles as observed by high resolution transmission
electron microscopy (HRTEM) [109]. Further, pentagonal rings can be responsible for
the crosslinking between peri-condensed PAHs [110] as well as dimer stabilisation and
therefore support the formation of disordered incipient particles.

After the formation of these 1 nm-6 nm sized incipient particles they grow further
through coalescence (describing the complete merging of two particles similar to
droplets) as well as surface growth [111]. The surface growth of the particles follows
very similar processes as discussed during the planar PAHs growth section. Besides
HACA and CHRCR the carbon addition and hydrogen migration (CAHM) was
identified as a possible candidate at lower flame temperatures of ~1500 K [112]. Yet,
during the discussion session at the 37" International Symposium on Combustion in
2018 in Dublin (Ireland), Frenklach generalized the definition of HACA to “hydrogen
activation carbon addition” as a more universal description as the aryl radical sites might
also serve as bonding partners to other aliphatic or aromatic species. Therefore, HACA
covers a larger range of possible reactions and remains the driving mechanism during
particle inception and surface growth [113, 114]. The particle growth process leads to
the formation of spherical primary particles of ~10 nm-50 nm in diameter and is
accompanied by a maturing process in form of a fine structural change. First, the
particles are highly amorphous with a large H/C ratio and a high sp’-share and are
typically referred to as young soot particles. Over time, the structure of these particles
partially matures and transforms into so-called turbostratic graphite forming onion-like
graphitic layers at the surface of the particle (growing towards the core). This process
is mainly temperature-driven and accompanied by carbonization and an H/C-ratio
decrease.

Simultaneously, the spherical primary particles collide with each other and first form
loosely bond agglomerates mainly by Van der Waals and electrostatic forces [115]. This
process is followed by the formation of tightly bonded aggregates mainly due to
ongoing surface growth [116]. This finally leads to the formation of random, dendritic
fractal-like aggregates comprised of primary particles that often follow a log-normal

size distribution [117]. The sizes of the aggregates formed are also polydispersely
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distributed and can be approximated by a log-normal distribution as well. More details
are provided in manuscript [M3] and the references therein.

Oxidation as the last step of the soot evolution process describes the reaction of the soot
particle surface with oxygen or oxygen-containing gases to CO and COx. It leads to a
decrease in the particle size and can further result in the breakup or fragmentation of
soot aggregates. Stanmore et al. discerned between oxidation at temperatures >800 °C
occurring in flames and oxidation at lower temperatures mainly relevant in the exhaust
gases [118]. For the former, especially the existence of the hydroxyl radical with
increased reactivity in comparison to molecular oxygen dominates the process and with
the addition of gases such as COz or H2O the OH-balance can directly be influenced
[30]. Oxidation at lower temperatures is extensively studied to assess the possibilities
of emission reduction [27, 119]. Yet, for the present work the oxidation processes
occurring in flame environments are more relevant [120] and in the case of a non-

premixed flame is located towards the tip of the flame [121].

2.2 Measurement Techniques to Characterise the Soot Evolution Process

Large parts of the knowledge about the individual steps of the soot evolution process
derive from the development and utilization of various measurement techniques which
are capable of providing certain quantities for its characterization. For a comprehensive
understanding, the combination of multiple measurement techniques is required, as each
technique is typically only applicable to a certain stage of the process and is also limited
in terms of its achievable spatial and temporal resolution [64, 79, 92, 93, 122, 123]. In
this section, first, an overview of some of the most important quantities related to the
soot evolution process is given, followed by listing some of the most commonly used
diagnostics. The latter is divided into sampling-based ex sifu techniques and in situ
capable approaches, which in many cases are optical techniques allowing for non-
disturbing investigations. An additional reasonable classification could be drawn
between diagnostics for gas phase molecule detection and techniques to quantify the
properties of solid soot particles and aggregates. However, in the present work, it is

explicitly mentioned for each measurement technique which quantities can be resolved.
2.2.1 Quantities to Describe the Soot Evolution Process

Prior to the discussion about the various diagnostics for investigating the soot evolution
process, several of the most important quantities are introduced. Obviously, one main

interest lies in the assignment of the type and amount of species present in the
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measurement volume. Therefore, the mole fraction X; or the number density n; of
species i mainly in the form of precursor molecules or the soot particles are of
paramount interest. The latter is often described by the soot volume fraction
fv = Ngoor* T* dg / 6, which can be expressed as the product of the number
concentration ng,,; and each particle’s volume if monodispersly distributed and
spherical particles are assumed [124]. As shown in Figure 2.7 several quantities
describe size-related or morphological parameters and can therefore be obtained from
imaging techniques such as microscopy. These include the primary particle diameter d,
typically ranging from 10 nm-50 nm for soot. The radius of gyration R, is the radius
from the aggregate’s centre of mass that results in the same moment of inertia as the
actual mass distribution of the aggregate and is therefore a measure for its effective size.
Obviously, it strongly depends on the morphology of the aggregate, which is defined
by the fractal dimension D;. As can be taken from the inset of Figure 2.7 A, the
dimensionality Dr of the aggregate structures varies somewhere between 1 as a linear
neckless-like shape and 3 as a clustered raspberry-like structure. For soot, typical values
lie within a range of 1.5 to 2.0.

There are further aggregate-related size descriptors such as the mobility diameter d,,
[125], which is an equivalent diameter for a balance between drag- and electric forces
of charged particles in an electric field. It is measured by techniques described in detail
in section 2.2.2.3. Empirical relationships between d,, and quantities as d;, or R, allow
to retrieve the actual size parameters [126, 127]. As the aggregate is comprised of
multiple primary particles, the number of primary particles per aggregate N, is relevant

and can be described by the fractal relationship [128] with

2R\t
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Here, k¢ is the fractal prefactor with values ranging from <1 up to ~4 for soot [115, 129].
Figure 2.7 reveals that in reality the primary particles are not in perfect point contact
but overlap to a certain degree, which can be described by the overlap coefficient
Cov = (dp —d;;)/d, with typical values between 0-33 % [128-130]. This mainly
derives from ongoing surface growth after agglomeration as described in section 2.1.3.
Further important measures are related to the fine structure of soot, which can be seen
as lamella-like structures in the HRTEM image of Figure 2.7 B, taken from [119]. For
example, the largest length in a PAH monomer (schematic illustration in the inset) is

termed the conjugation length L, and typically takes values of ~1 nm for soot BSUs.
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The separation between the monomer layers is given by the interlayer spacing a, which
is 0.335 nm for graphite and decreases from values >0.5 nm for young soot down to

~0.35 nm for mature soot [109].

Figure 2.7: Schematic depiction of certain quantities related to the soot formation process.
A: Transmission electron microscopy (TEM) image of a dendritic soot aggregate sampled from a
premixed C;Hy/air flame with an equivalence ratio of ¢=2.7 at HAB=17 mm. B: A HRTEM image
of iso-octane soot taken from [119].

Beyond these concentration- and size-related descriptors, further properties related to
the fine structure of soot are known to change throughout the soot evolution process.
These include the density of soot p, the amount of sp?/sp® hybridization, the defect
density, the C/H ratio or the reactivity. Excellent overviews are provided by various
references [92, 93, 131] and summarize the evolution of these quantities throughout the
soot formation process. In many cases, these quantities are highly correlated, such as
the density p and the specific heat ¢, and additionally often show strong temperature
dependencies [132]. This complicates evaluation routines of optical diagnostics that
often rely on precise knowledge of these parameters. Obviously, also the optical
characteristics of the targeted materials are of great importance. The most important
ones are the absorption function E(7) with the complex refractive index 71, the
absorption coefficient @, the dispersion exponent ¢ or the optical band gap Eg, which
will be explained in more detail in upcoming sections. Additionally, the entire soot
formation process is strongly dependent on the flame temperature Ty, which makes its
determination an important aspect from which to draw reasonable conclusions. Various

optical thermometry techniques were developed, including pyrometry, laser-induced
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fluorescence, two-line atomic fluorescence, coherent anti-Stokes Raman- or absorption
spectroscopy, which are briefly described in the respective upcoming sections.

This list of quantities 1s not complete and for certain diagnostics, certain parameters
become relevant, e.g., the mass-to-charge m/z ratio for mass spectrometry or the thermal

accommodation coefficient ar for LI
2.2.2 Sampling Based ex situ Techniques

Sampling based measurement techniques are often considered the “gold standard” to
determine various Qol, as the measurement location is taken out of harsh flame
environments and the devices can specifically be designed to acquire high quality data
regarding sensitivity or resolution. Yet, they mainly suffer from disturbing the
underlying process by the sampling device as well as a possible transformation of the
probe materials throughout the sampling line, e.g., by ongoing chemical reactions. In
this section, the main focus lies on imaging microscopy, mass spectrometry, separation-
based techniques and Raman spectroscopy, as these techniques are widely used for soot
studies. Other ex sifu techniques such as nuclear magnetic resonance (NMR), are
capable of providing insight into the molecular structure of PAHs and soot but are not

discussed in more detail in this work [133, 134].

2.2.2.1 Imaging Microscopy

With regard to the previous sections, it is quite understandable that imaging techniques
are desirable as multiple quantities can directly be extracted from the images.
Microscopy approaches with resolutions of few nanometres and even down to the
atomic level are therefore widely applied at different stages of the soot evolution process
[92]. In any case, a sampling of the probes from the process is demanded as direct
measurements, e.g., inside the flame, are not feasible. Typically for extraction of soot
particles from a flame thermophoretic sampling is used. Here, a grid or a disc is rapidly
inserted into the flame with a dwell time of tens to hundreds of milliseconds during
which the soot particles are deposited on the substrate [135].

For decades, transmission electron microscopy (TEM) has been used to analyse the size
d, and morphology (Rg, Dr) of soot particles and aggregates, including their size
distribution parameters as well as the overlap coefficient Cqy [136]. It 1s based on the
transmission of an electron beam through a thin probe (<100 nm) and the (electron-)
wave-particle interaction. The very short wavelengths of the electron beam compared
to visible light improves the achievable resolution according to the Abbe limit. The

microscope consists of an electron emission source (~200keV), a collimating
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(electromagnetic) lens, the probe, a focusing lens and a detector. An exemplary TEM
image of a soot aggregate taken from a premixed flame is shown in Figure 2.7 A. In
combination with soot the technique is limited to particles with a diameter larger than
~10 nm as for smaller particles the low contrast between probe and substrate (usually
carbon) reaches the noise level. An increased electron beam intensity cannot solve this
problem as it leads to significant changes or damage of the particles [137].

A microscopy technique that allows to image smaller incipient soot particles is atomic
force microscopy (AFM) [138, 139]. Here, the surface of a probe is scanned typically
with a one-atomic tip on a cantilever. The movements of the tip caused by, e.g., surface
roughness or the deposited particle on the substrate are optically measured by the
reflection of a laser beam. By scanning the entire probe with precise piezoelectric
positioners, a topographic measurement of the probe is achieved. In most cases the tip
is operated in tapping mode, meaning that it oscillates at a high frequency to avoid probe
or tip damage and further increase the quality of the measurement [140]. More recently,
AFM was used to image PAHs from flames, revealing features such as aliphatic
branches or chains as well as five-membered rings for the first time [101, 141].

The detection of PAHs and PAH-clusters or stacks is also possible using scanning
tunnelling microscopy (STM) [142, 143]. Here, a voltage is applied to a metallic tip,
which is placed close to the sample surface. A scan of the sample leads to positions
where electrons are emitted from the sample’s atoms due to the quantum tunnelling
effect resulting in an electric current, which is measured and used to create an image.
Additionally, electronic properties can be inferred from the measurements such as the
band gap [144].

The use of helium-ion microscopy (HIM) as a sensitivity and contrast enhanced version
of scanning electron microscopy (SEM) enables a simultaneous detection from small
4 nm-8 nm sized incipient particles up to soot aggregates [137, 145, 146]. In contrast to
TEM, the principle of SEM is based on focusing an electron beam on the sample and
the detection of the secondary electrons emitted from the sample surface. For HIM the
electron source is replaced by an ion source with enhanced brightness and an increased
amount of secondary electrons for each incoming ion. In addition, the backscattering of
ions can be used for imaging, resulting in a better sub-nanometre resolution.

HRTEM allows to resolve the internal fine structure of soot particles by focusing the
electron beam on the sample and detecting the constructive and destructive interference
of transmitted and diffracted electrons to generate a phase-contrast image [109]. An
example image (taken from [119]) is depicted in Figure 2.7 B. This enables the

investigation of the maturity stage of the soot particles as turbostratic arrangements of
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matured and partially matured soot is clearly different from the amorphous character of
young soot [147]. In addition, quantities such as the stacking order, the conjugation
length L,, the interlayer spacing a or the fringe tortuosity can be extracted [27]. The
latter describes the deviation from linear fringes and might be closely related to the
existence of curved PAHs in the BSUs. One drawback of HRTEM is the possibility of
damaging the probe or changing its structure through annealing as typically higher
electron beam energies are required compared to TEM [148].

An excellent overview of the different microscopy techniques together with values for

their achievable resolutions and exemplary images is given by Baldelli et al. [92].

2.2.2.2 Mass Spectrometry for PAH Detection

While microscopy-based techniques allow for the investigation of single particles or
molecules individually, they do not directly provide information about the
concentration or distribution of certain species or at least require elaborate frequentist
repetitions to receive statistical meaningful results. Especially for the variety of
different PAH classes present during the soot formation process quantitative and
selective measurements are challenging. Over the years, mass spectrometry (MS) based
approaches have developed into powerful tools to characterize the type and amount of
molecular species such as PAHs. In principle, these techniques are based on sampling
from the process, a classification step based on, e.g., ionization and a detection device.
For each step various designs exist. Starting with the sampling method one common
option is sampling by molecular beam (MB) formation [149]. Here, a small (100 pm-
500 um) quartz nozzle is placed inside the flame and in a two-staged low-pressure
expansion the flame gases are extracted, stopped from the further reaction by quenching
and finally form a collisionless free-molecular flow. One advantage over continuous
regime microprobe extraction is the ability to investigate reactive species such as
radicals [122]. The use of gas chromatography (GC) allows to directly detect lighter
aromatics (up to benzene) [150] but requires additional extraction of heavier aromatics
in a solvent such as dichloromethane (DCM) [151].

The ionization of the molecules can either be achieved by electron-impact (EI) or
photoionization. The latter can be subdivided into single-photon (SPI) and multiphoton
ionization (MPI). While EI is commonly used for flame diagnostics, fragmentation of
the molecules is more likely compared to photoionization and overall lower selectivity
and sensitivity are given [122]. As the energies required for PAH ionization lie typically
somewhere around 6 eV-9 eV, SPI requires vacuum-ultraviolet light (VUV) and
therefore either a VUV laser (e.g., ninth harmonic Nd:YAG laser at 118 nm) or
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synchrotron radiation [152]. The latter benefits from a high brilliance and easy
tuneability and therefore a targeted choice of photon energies, yet the availability of
such devices is limited. Resonance-enhanced multiphoton ionization (REMPI) requires
the simultaneous absorption of two or more photons with energies below the ionization
threshold to ionize the targeted molecule [153]. As the energy gaps are specific for
different molecules this technique has a high selectivity, especially by coupling it with
a wavelength-tuneable dye laser. In addition, fragmentation becomes negligible due to
the low photon energies [64]. Yet, for targeted and quantitative results knowledge about
the ionization cross sections of the individual species is required [154].

For detection of the ions typically a time-of-flight mass spectrometer (TOF-MS) is used.
It relies on the dependency of the kinetic energy of the ions from their mass-to-charge
(m/z) ratio. This leads to a higher velocity of low mass ions and an earlier detection
compared to heavier species. A second option is a quadrupole mass spectrometer, which
consists of four rods with an oscillating voltage surrounding the sample flow and solely
ions of a certain m/z ratio pass through the electric field and reach the detector.

In contrast to MBMS a GC consists of a long flow-through column in which the sample
is injected, and due to adsorption and desorption processes different species have
different travelling times to the detector. Instead of a mass spectrometer also flame
ionization or thermal conductivity detectors can be coupled to the GC [155].

MBMS and GC-MS provide species selective measurements of hydrocarbons, which
are essential for the understanding of soot formation and the validation of combustion
models. Yet, besides the drawbacks of probe disturbance inherent to every ex situ
technique, the major disadvantage is that species with the same molecular weight such
as isomers can hardly be discerned. Some fragmentation-based approaches exist but are
associated with additional effort. Further, measurements in presence of soot are
challenging mainly due to the clogging of the sampling device impeding investigations

on most technical flames [64, 156].

2.2.2.3 Soot Classification by Separation-Based Techniques

In contrast to PAHs and molecular species, the measurement of soot concentrations,
masses and size distributions is often realized by separation-based techniques.
Especially in large emitting devices such as Diesel engines gravimetric filtration-based
techniques remain the industrial standard (e.g., ISO 8178-1:2020) based on
measurements of the filter’s weight increase due to particle deposition [157]. The filter
loading can also be monitored by changed oscillation frequencies using a tapered

element oscillating microbalance (TEOM) [158] or optically by tracking its blackening
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to retrieve the filter smoke number (FSN) [159] (e.g. ISO 10054:1998). In the context
of this work, comparative sizing techniques are of special interest.

For the investigation of soot size distributions a scanning mobility particle sizer (SMPS)
can be used [160]. It consists of a differential mobility analyser (DMA) for classification
coupled with a condensation particle counter (CPC) for quantification. First, the
polydispersly distributed soot particles must be extracted from the flame. In many cases
the burner stabilized stagnation method is used where the sampling orifice is embedded
in the stagnation plate of a premixed burner with variable HAB positions [127, 161].
After sampling a particle neutralizer in form of a Kr-85 or X-ray source is used to ensure
a defined charge distribution of the particles. The following DMA classifies the particles
of the aerosol by size. Here, the charged particles are accelerated perpendicularly to the
aerosol stream direction in an electric field, which is created between a high voltage
centre rod and a concentrically surrounding grounded tube. Dependent on the drag
forces and thus different electrical mobility, differently sized particles have
characteristic travelling traces through the device. A slit at the end of the DMA tube
selects a certain particle size in dependence of the applied voltage. The monodisperse
aerosol is then guided through a (typically) butanol saturated environment in the CPC
where condensation around each particle occurs and droplets are formed. The increased
size of the droplets enables optical counting through the scattering of laser light. A
voltage scan in the DMA allows the size distribution of the steady aerosol stream to be
determined. The detection of small incipient soot particles (<5 nm) requires specialized
SMPS devices, which for example have an additional activation stage through
diethylene glycol in the CPC to allow for the counting of these small particles [162].
Yet, it is important to keep in mind that the determined size is the mobility diameter
dm, which is not directly comparable to the actual particle diameter d, determined by
microscopy or optical techniques but rather relates to the aggregate size [145]. Further,
precise control of the dilution ratio is required for reliable size distributions [161].
Various studies of size distributions revealed a bimodal shape with one peak <10 nm
and one at ~20 nm related to the different species during the soot formation process
[163]. In addition to SMPS, particle size distributions can also be determined by the use
of an electric low-pressure impactor (ELPI) [164, 165]. Here, electrically charged
particles in a gas stream are deposited on several cascade impactor stages and the
current/charge is measured if a particle hits an impactor plate. The inferred quantity in
this case is an aerodynamic diameter d,, which for fractals is stronger related to the

primary particle size compared to the mobility diameter. The combination of d, and d
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measurements additionally yield information on fractal-like dimensions and effective
densities of soot [166].

2.2.2.4 Raman Spectroscopy

Raman spectroscopy is widely used to study carbonaceous materials ranging from
graphene [167] over soot [168] to its precursor molecules [169, 170]. It is based on
inelastic light scattering between a photon and the scatterer (e.g., a gas-phase molecule
or a solid), which is described in more detail in the upcoming section 2.2.3. In contrast
to elastic scattering (often called Rayleigh scattering), Raman scattering involves a
transition of rotational or vibrational energy states of the scatterer and therefore leads
to either a red- (Stokes) or blue-shifted (anti-Stokes) scattering signal as a characteristic
spectral fingerprint. This fingerprint is comprised of characteristic peaks located at
certain Raman-shifts expressed in the unit cm™! and calculated by ¥ ycer — Vscatter- YEL,
the occurrence of these processes is extremely rare, leading to the inherent problem of
weak Raman- compared to strong backgrounds signals.

While in recent years some online approaches have been developed [170, 171], the vast
number of Raman spectroscopy studies related to the soot evolution process are based
on ex situ approaches [92]. Therefore, a sampling procedure is demanded, which can
either consist of thermophoretic sampling similar to TEM probes [172, 173] or in many
cases is based on extraction from the flame using a vacuum pump and deposition on
quartz fibre filters [174, 175]. The sampling substrates require low Raman and
fluorescence background signal.

Raman signals are used to investigate the structural properties of soot particles linked
to their maturity. The spectra of soot (see manuscript [M2] Fig. 7) exhibit two
characteristic peaks referred to as D (~1325 cm™) and G (~1600 ¢cm™) band (first order)
and a second-order 2D peak between 2300 cm™ and 3300 cm™. The width of the 2D
peak yields information about the stacking order of the BSUs [175]. From the intensity
ratio of the D to G peak the conjugation length L, can be obtained, based on a
relationship described by Ferrari and Robertson [176]. Further, from the decomposition
of the measured first-order spectrum the individual peaks refer to certain properties such
as the defect density. A remaining inconsistency is the number of peaks fitted to the
measured spectra as addressed by Herdmann et al. [177] and was found to vary between
two to six peak models for soot [178] but can involve up to eight peaks for char [179].
The photoluminescence background can be used as an indicator of organic carbon
content (with fluorescing properties) to total sp? carbon content by dividing the slope of

the photoluminescence background by the G peak intensity [180, 181]. Therefore, the
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slope of the photoluminescence background decreases with increasing soot maturity. In
many cases, Raman measurements are applied to investigate soot oxidation as the
graphitization can directly be followed [27].

Additional focus should be put on the dependency of the polarization of the excitation
laser and the Raman signal, which should be sensitive to the structural order of the
material [182]. A recent work by Kim et al. [183] used a polarization-based background
suppression method pointing towards in situ capable approaches for simultaneous
determination of multiple gas phase molecules in a sooting flame.

Besides the investigation of soot particles by spontaneous Raman scattering, coherent
anti-Stokes Raman scattering (CARS) spectroscopy must be mentioned as a powerful
nonlinear in situ thermometry technique. It is based on the interaction of three laser
pulses and a targeted molecule to generate a fourth frequency, which contains the
temperature information in the form of the population distribution of the molecule’s
energetic levels. Various forms of CARS have been developed over the years
[184, 185], with the typical advantages of comparably strong signals, high accuracy and

precision (in the order of ~2% of the measured values) and a high spatial resolution.
2.2.3 In situ Techniques Related to the Soot Evolution Process

As previously mentioned, a major disadvantage of any sampling-based method is the
interference or even disturbance of the underlying process [64]. In the case of sooting
flames this may take the form of sampling bias towards certain particles, the ongoing
reaction of less stable species along the sampling path, local temperature drops causing
changed kinetics or sheer changes linked to the flow fields and fluid dynamics.
Therefore, in situ techniques are extremely valuable tools as their almost non-intrusive
nature can be used to gain information from the actual processes taking place [93, 122].
Yet, some forms of in situ diagnostics using strong laser pulses may influence the soot
particles through effects such as annealing, sublimation or precursor restructuring [ 186-
188].

In this section, an overview of several in situ techniques is provided. While some X-ray
or neutron-based techniques are discussed, the vast number of in situ diagnostics are
optical techniques [189]. Besides the self-occurring emission of light from molecules
or particles through chemiluminescence or thermal radiation (e.g., Figure 2.3), the use
of light excitation at specific wavelengths (typically provided by lasers) builds the basis
for most optical diagnostics. The interaction between light and matter can take several

forms and is summarized in simplified form in Figure 2.8.
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Figure 2.8: A: Simplified energetic levels for an exemplary molecule or particle. B: Possible
phenomena occurring by the interaction of the molecule/particle with photons.

Applying sufficiently strong laser pulses or light intensities can result in the formation
of a plasma with characteristic line emissions for each species as well as a broadband
Bremsstrahlung background. This laser-induced breakdown spectroscopy (LIBS) can
be used for species assignment [190] or can also be performed in a phase-selective
manner to follow the transition from gas-phase to solid particles, especially for metal
oxide nanoparticles in flame synthesis [191, 192]. For light intensities below the
breakdown threshold, one possibility is that incoming photons scatter elastically on the
particle or molecule leading to a change of the photons’ directions while maintaining
the wavelength. The angular dependent characteristic scattering pattern yields
information on quantities related to the size and morphology. A second possibility
involves a change in wavelength between incoming and emitted photons, so that one
can experimentally distinguish between excitation and emission signals. For an
exemplary and hypothetical molecule as depicted in Figure 2.8 different energetic levels
exist, ranging from rotational, over vibrational to electronic levels. An incoming photon
of a certain wavelength can interact with the molecule in the form of an absorption event
leading to an electron being lifted from the ground state to an excited state as well as an
increase in the internal energy and therefore heating of particles. Dependent on the

energy of the photon (given in the unit eV), which is directly related to its wavelength
via E, = /CE this excitation can occur between vibrational levels (infrared photons) or

electronic levels (typically UV-Vis photons). Here, h = 6.626 - 1073* Js is Planck’s
constant, c = 299792458 ms' the speed of light in vacuum and e = 1.602 - 1071° C
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the elementary charge. In the case of (mainly UV-Vis) absorption the relaxation of the
excited electronic state can lead to the emission of a photon; a process named
fluorescence. As discussed earlier, the energetic difference of a photon after an inelastic
scattering event can be called Raman-shift and derives from, e.g., phonon or molecular
rotational and or vibrational excitation (2.2.2.4). Further processes such as
phosphorescence, where the lifetime in the excited state is remarkably longer compared
to fluorescence, are not discussed in this work as they are not directly related to soot.
However, laser-induced phosphorescence can be used for thermometry in seeded
aerosol flows or directly on solids such as combustion chamber walls or pistons [193-
195]. In addition to optical diagnostics, in recent years some photoacoustic in situ
techniques were developed that allow to measure, e.g., soot volume fractions
[188, 196, 197].

2.2.3.1 X-Ray or Neutron-Based Techniques

A brief overview about various X-ray or neutron-based techniques used to investigate
the soot formation process is provided in this section. It should be mentioned that the
different techniques are hardly comparable to each other as they resolve different
quantities related to the formation of soot. Yet, they all have in common that they are
either based on X-rays and therefore electromagnetic radiation with wavelengths far
below the optical techniques or neutron radiation.

Small-angle X-ray scattering (SAXS) is a common technique to determine the average
aggregate morphology as well as the particle size distribution of soot in flames
[198, 199]. It is based on the elastic scattering of X-rays at the electrons of the material.
Dependent on the particle shape and size a characteristic scattering pattern is
observable. In case of in situ soot measurements, usually size distributions and random
orientations of the particles and aggregates are given, leading to a superposition of
several scattering patterns and therefore a radial symmetric distribution of the scattering
intensities. After a rotational averaging of the images the resulting one-dimensional
scattering intensity can be plotted versus the scattering vector. The experimental setup
consists of a collimated and monochromatic X-ray beam that is shone through the flame
on a detector. A beamstop of the initial beam size blocks the transmitted section of the
incident beam and defines the smallest angles resolvable together with the distance
between flame and detector. In most cases, this distance is adjustable, which is used to
resolve different size ranges of the particles [200]. The scattered X-rays hit a 2D
detector and show the amplitude of the Fourier transform. As mentioned before, the

one-dimensional scattering curve can be extracted from those images and a regression
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between this measured curve and a modelled one allows to infer the underlying particle
size distributions. One drawback of the technique lies in the dependency on typically
large-scale synchrotron devices. Further, SAXS is limited to particles smaller ~150 nm
and requires consideration of background scattering of gas molecules [201]. Yet, SAXS
is a valuable tool to determine soot size distributions and can be combined with other
techniques for a comprehensive analysis [120].

The combination of SAXS and wide-angle X-ray scattering (WAXS) additionally yields
information about the internal atomic structure of soot particles, e.g., clustering,
stacking or the level of graphitization [202]. Moreover, in situ WAXS measurements
can be used to indirectly infer the species composition (e.g. H>O, CO,, CO, C2H», C2H4)
and temperature by the comparison of experimental and modelled scattering curves
[203]. Experimentally, the required larger scattering angles (resulting in higher
resolution) in comparison to SAXS can be achieved by simply placing the detector
closer to the sample.

X-ray absorption (XAS) based on the interaction of monochromatic X-rays and core
electron excitation can be used to investigate the aliphatic and aromatic content of soot
as well as surface functional groups [204]. It should be mentioned that the vast number
of XAS experiments are performed on sampled probes, yet, there are some in situ [205]
(under specific low pressure conditions) or online in-flight approaches [206].
Additionally, X-ray photoelectron spectroscopy (XPS) is a prominent technique to
determine quantities as surface hybridization (sp? / sp?), defect ratios [121] or the work
function [206] and therefore allows insight to the maturity level of soot particles. Again
the technique is almost solely used in an ex situ manner and listed here to facilitate the
reader’s further research [92]. X-ray Raman spectroscopy (XRS) can complement XAS
approaches by providing information about disorder and carbonization [207].

An additional in situ technique is based on the scattering of a neutron beam and benefits
from reduced background influence and the capability of measuring in denser
environments compared to X-ray scattering [208]. Yet, the basic principle and the

determined quantities are similar to SAXS approaches.

2.2.3.2 Laser-Induced Fluorescence

As schematically depicted in Figure 2.8 B, laser-induced fluorescence (LIF) is based on
absorption of a laser pulse for excitation (typically at UV wavelengths) and detection
of the spectrally shifted fluorescence emission occurring during relaxation. The
wavelength shift of the emission signal is mainly caused by vibrational relaxations in

the exited state leading to decreased energy differences and therefore a red- or Stokes
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shifted photon. In case of higher occupied ground state levels (e.g., through elevated
temperatures of the molecules) the emission signal can also result in a blue shift as the
electron falls back to a lower energy level compared to its initial state. This process is
referred to as anti-Stokes fluorescence. Further, non-radiative energy conversion
processes of the excited state through intersystem crossing (ISC), internal conversion
(IC) or quenching through collision with molecules such as oxygen are known to occur
and make it difficult to obtain absolute quantitative results based on the fluorescence
efficiency.

LIF is widely used to resolve combustion species and intermediates such as PAHs,
formaldehyde (CH20), Cz [209], OH or NO [210]. It can either be used for pointwise
and spectrally resolved measurements [211] or as a 2D [212], 3D [213] or even highly
temporally resolved 4D [214] technique to obtain species maps and concentration fields
[215]. Some forms of LIF (e.g., NO-LIF or atomic-LIF [216, 217]) can be used for
thermometry as the temperature is directly related to the population distribution of the
energetic states for the targeted species. Typically, the use of two excitation
wavelengths is required to cancel out effects such as self-absorption and varying
concentrations in the measurement volume by using the ratio of both signals. While the
determination of OH fields is particularly relevant for the oxidation processes in flames,
this section focuses on the use of LIF for PAH detection as it directly relates to the
formation of soot particles.

As shown by Bejaoui et al. [218] by using a wavelength tuneable optical parametrical
oscillator (OPO) laser in a methane premixed flame, PAHs in flames can fluoresce up
to an excitation wavelength of 680 nm, a fact that becomes relevant for other emission-
based techniques such as LII. The resulting fluorescence spectra reveal a rather broad
characteristic resulting first from the coexistence of multiple PAH species at the
measurement location and second from the broadening of the spectra at elevated flame
temperatures through increased occupation of higher energetic levels. Quantitative
evaluations of certain species therefore requires a decomposition of the sum signal
[219, 220]. To overcome the drawback of the temperature broadening, jet-cooled LIF
was developed, where the species are extracted from the flame and cooled down rapidly
leading to LIF spectra with specific spectral characteristics facilitating assignments to
certain PAH classes [156]. However, this approach is just capable online but not in situ.
The fact that the absorption and fluorescence spectrum of larger PAHs is shifted to
longer wavelengths can be used to qualitatively follow PAHs growth by utilizing two
spectral detection windows [221]. In many cases PAH-LIF is also combined with LII

as an imaging technique (using a laser light sheet) relating the formation of the solid
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particles from the precursor molecules [222-224]. In 1997 Vander Wal and coworkers
reported the existence of a transition zone (called “dark zone”) between the PAH
fluorescence and the soot incandescence regions and attributed these to the presence of
soot precursor particles [225]. To investigate this region, a technique based on the
fluorescence lifetime, which is typically in the order of several tens of nanoseconds,
was developed. Precisely, the use of a short laser pulse (femto- or picosecond) and the
detection of the LIF signal decay at both polarization directions can be used to follow
the Brownian motion of the soot precursors. The latter is related to their average size as
the anisotropy of the polarization takes longer for larger species [226]. These
approaches named time-resolved fluorescence anisotropy (TRFA), however, require
cost intensive experimental set-up and therefore somehow have vanished over the last

few years.

2.2.3.3 Elastic Light Scattering

Based on similar principles as SAXS, elastic light scattering (ELS) can be used to
determine the size and morphology of aggregates or particle ensembles such as soot
[227]. Light of a specific wavelength scatters at the aggregates resulting in a
characteristic scattering pattern with an angle-specific intensity distribution. The

scattering pattern over scattering angle 0 depends on the aggregate size Ry, the utilized

laser light wavelength A and its polarization. For a detailed description the reader is

referred to the work of Sorensen [227] where the structure factor of the scattering wave
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Here, ,F; is the hypergeometric function. Exemplary scattering patterns in one plane
are depicted in the polar plot of Figure 2.9 A (intensities in log-scale) calculated for
three different aggregates with a fractal dimension of D¢=1.78 and a size of Rg=100 nm,
300 nm and 500 nm, respectively. The upper half of the polar plot shows the 1-
polarized scattering intensity, the lower half the ||-polarization with incoming laser light
(532 nm) from the left side. For discrete detection angles the scattering pattern can be
converted to a scattering curve plotting the scattering intensity versus q. Different
regimes allow to infer different quantities and are schematically shown in Figure 2.9 C.

It should be mentioned that the signals depend on the scattering at the aggregate
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structure as given in Equation (3) as well as from scattering at the primary particles as
Rayleigh scatterers. The latter have a cos? dependency if the incident light is polarized

parallel to the scattering plane (denoted by Il). The information about R, is contained in

the Guinier regime, while D¢ derives from the Power-law region.
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Figure 2.9: A: Calculated scattering patterns in logarithmic scale for three differently sized
aggregates (R;=100 nm, 300 nm, 500 nm) with a D¢=1.78 and a laser wavelength of 532 nm
following Sorensen [227]. B: Experimental scattering data taken in a premixed C,H,/air flame
with an equivalence ratio ¢=2.7 (see Figure 2.7) at different HABs using WALS apparatus
described in detail in [228] and converted to scattering curves. C: Different regimes of the
scattering curves and related quantities.

Experimentally, ELS can either be applied as a pointwise or a 2D measurement
[229, 230]. For pointwise measurements the use of an ellipsoidal-shaped mirror
segment facilitates to capture a wide angular range (10°-170°) with a high-angular
resolution and therefore is referred to as wide-angle light scattering (WALS) [231].
Here, the measurement volume in one focal point of the ellipsoid is spatially filtered by
an aperture in the second focal point and imaged on a camera [232]. Figure 2.9 B shows
one mirror-half illuminated by the scattered light of soot aggregates in a C;H/air
premixed flame at ¢p=2.7 and 12 mm HAB. Below, the intensity is converted to the
scattering plot with two additional HAB positions. Due to an ensemble of aggregates in
the imaged scattering volume the radius of gyration has an effective character and is
typically biased towards larger aggregates dominating the scattering signal. This fact
requires a deconvolution of the signal to obtain the aggregates’ size distribution
parameters (assuming log-normal distribution) as shown by Huber et al. [231]. Further,
the interpretation of scattering signals suffers from the changed sizes of the observed
measurement volumes with varying angle of detection and can, e.g., be solved by
appropriate calibration with isotropic scatterers [233] or by planar light sheet utilization

[234]. A comparison between WALS measurements (shown in Table 4.1 of Section 4.3)
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and TEM data of Figure 2.7 at HAB 17 mm with resulting R,=207 nm reveal a
discrepancy. This highlights that a comparison of in situ and ex situ data is not
straightforward. A possible explanation could be the preferable deposition of larger
aggregates at the TEM grid during the sampling or image analysis procedure [235].
For 2D measurements multiple cameras at fixed angular positions [230] or a rotation of
the 2D detector around the measurement volume is required [236]. The former benefits
from the capability of simultaneous acquisition at the expense of numerous
experimental devices. These approaches are termed multi-angle light scattering
(MALS). The definition of the scattering vector also makes it possible to fix the angle
of detection 8 and instead use broadband light and therefore a variation of A as shown
by references [237-239]. An inherent limitation of ELS approaches is the occurrence of
multiple scattering in optically thick measurement environments. It means that the
scattered light in the measurement volume is scattered again on its way to the detector.
Here, the polarization ratio (|| to 1) yields information on the relative amount of multiple
scattering as the latter leads to an increasing anisotropy [227].

For a comprehensive picture of soot aggregates, the combination of ELS and a primary
particle sizing techniques such as LII or TEM is desirable in context of Equation (2)
[240, 241]. At the same time particle sizing with LII benefits from knowledge about the

aggregate morphology from ELS measurements as laid out in detail in manuscript [M3].

2.2.3.4 Absorption Spectroscopy

For decades absorption spectroscopy has been a powerful diagnostic tool to investigate
reactive flows such as combustion processes regarding various Qol [242, 243]. The
technique is based on the attenuation of light, which can be described by Beer-

Lambert’s law relating the absorbance

1(A) L
A(A)) =—1n (10()[)) = fo a(l, x) dx 4

with the incident I,(4) and transmitted I(A) light intensities, based on the assumption
that Rayleigh scattering of small particles or molecules can be neglected (i.e. that the
extinction coefficient g,y equals the absorption coefficient a) [M2]. In the case of
homogenously distributed species along the measurement path, the absorbance can
simply be expressed as the product of absorption path length L and the absorption

coefficient a(A). As illustrated in Figure 2.8 B it can generally be discerned between
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IR and UV-Vis absorption spectroscopy dependent on the energy or wavelength of the
photons resulting in the excitation of different energetic transitions.

On the one hand, combustion gases and molecules such as H>O, CO; or CH4 exhibit
characteristic absorption bands in the NIR and the mid infrared (MIR) wavelength
region related to their vibrational and rotational transitions. Here, the absorbance can

also be expressed by

A(A) =f0

where p is pressure, X; the absorbing gas mole fraction, S,;,¢ the temperature dependent
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line strength and ¢,, the line shape function. The latter is typically described by a Voigt
profile as the convolution of a Gaussian and a Lorentzian line shape. Equation (5) in
combination with absorption line databases can be used to model the absorption spectra
of these gases for various conditions (e.g., Figure 2.10) and a comparison with
measurements enables to determine Qol such as temperature [244], species
concentration or even pressure [245]. To resolve the absorption peaks it is required to
measure a certain wavelength range. This is either realized by scanning in time domain
using tuneable diode laser absorption spectroscopy (TDLAS) [246] or broadband
supercontinuum laser absorption spectroscopy (SCLAS) [245]. The latter typically
benefits from covering a broader spectral range allowing for high-speed multiparameter
and multispecies determination. Yet, the expense of these broadband light sources in
combination with IR detection equipment such as line cameras or very fast
oscilloscopes makes TDLAS set-ups attractive for a broader span of applications. An
inherent disadvantage of absorption spectroscopy is its line-of-sight (LOS) nature and
a loss of spatial information along the measurement path. This problem is typically
overcome by combining the technique with tomographic reconstruction [247]. Here, the
detection of multiple paths builds the basis to computationally reconstruct the
underlying species maps, which is an ill-posed problem and often requires advanced
statistical methods such as Bayesian approaches (see also manuscript [M3]) and
regularization [248]. Besides the ability of using IR absorption spectroscopy to
characterize combustion products as well as the key parameter temperature, the
technique is especially interesting with respect to the soot formation process and the
detection of CoHz as the intermediate precursor molecule responsible for PAH and
surface growth through the HACA mechanism. As described in the previous sections,

a detailed understanding of the interplay of all the species is required to ultimately
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improve the understanding about soot formation. This makes IR absorption

spectroscopy a valuable tool to set a comprehensive framework.
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Figure 2.10: A: Theoretical absorbance lines of various combustion gas species in a wavelength
range from 1375 nm to 1670 nm. B: Broadband measurement in a C;H4/air flame at ¢=2.1 and
HAB=18 mm together with the model fit. C: Resulting species mole fractions and temperature
over HAB.

Figure 2.10 A shows the absorbance lines of six combustion-related molecules in a
wavelength range from 1375 nm to 1670 nm taken either from the database HITRAN
[249] (C2H2) or HITEMP [250]. The diagram below shows the derivative over
wavelength of the broadband absorbance spectrum taken in a ¢p=2.1 premixed C,H4/air
flame at a HAB of 18 mm together with the model fit. A detailed description of the
evaluation routine and the measurement set-up can be found in reference [245] showing
the multi-pass Herriott-cell, which was aligned to achieve 17 passes through the flame
in one horizontal plane. The derivative is used to reduce broadband baseline signals
mainly resulting from fluctuations of the light source intensity, however, at the expense
of measurement noise amplification. From the regression of measurement and model
the underlying species distributions of H>O, C2H2, CO and the temperature shown in
Figure 2.10 C can be inferred, providing an excellent experimental in situ tool to
validate simulation results as displayed in Figure 2.1. It should be kept in mind that the
idealized simulation settings of an adiabatic flame reactor can hardly be compared to
the measurements in a premixed flame, e.g., the stabilization plate mounted at 21 mm
HAB will influence temperature and species profiles. However, the temperature and
species profiles are quite well-pictured regarding the absolute values [251]. Other
species such as CO; or OH can hardly be extracted from the measurements. This can be
explained by the spectral resolution of the spectrometer in combination with the narrow

line width of these species at atmospheric pressure. In addition, the spectral overlap of
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these species with strong H2O absorption bands in the regarded wavelength range
further complicates their determination. In recent years, IR absorption spectroscopy has
developed more towards longer wavelengths in the MIR, especially with the availability
of suitable quantum cascade lasers (QCLs) [252]. Here, stronger absorption bands of
more species such as, e.g., aromatics, are accessible and spectral separation between the
species facilitates the evaluation [253].

On the other hand, PAHs show absorption in the UV-Vis region [254, 255] and soot
particles absorb over a broad spectral range from UV to IR [256, 257]. The wavelength
dependence of the latter relates with maturity mainly linked to the fine structural
composition of the particles and in general shows a decreasing trend of the absorption
coefficient towards longer wavelengths. UV-Vis absorption measurements can
therefore be used to infer several Qol of PAHs and soot related to the soot formation
process. In this work, in situ UV-Vis absorption spectroscopy measurements built the
basis to estimate PAH distributions in premixed flames [M1] and retrieve the optical

band gap E, of soot in a non-premixed coflow flame [M2]. Details are provided in the

respective manuscripts. Yet, the technique is also widely used to infer further
parameters such as E (7, 4) [28], the dispersion exponent & [258] or f, as will be
discussed in this section.

Extinction or laser extinction (LE) measurements (often in the visible wavelength
range) are widely used to determine the soot volume fraction in flames. The simplest
form is based on Equation (4) at one specific wavelength. From the path averaged
absorption coefficient and with the Rayleigh assumption that the size of the particles is

small compared to the laser wavelength, f;, can be obtained following

a-A

6 1 E(m) ©)

v

For reliable results several factors should be considered. First, knowledge about the
M2—1

m2+2

optical properties in form of E () = —3 ( ) are required, where J is the imaginary

part. Second, in case of non-homogenous distributions along the LOS path, an inversion
procedure is demanded to obtain the local absorption coefficients. For radial symmetric
objects such as many flames this can take the form of an inverse Abel transform [259].
Further, the extinction signal is the sum of scattering and absorption and the latter can
derive from soot particles or soot precursor structures such as PAHs [260]. In many
cases the contribution of scattering to the overall attenuation is assumed to be small and

therefore negligible [261, 262]. For a closer look at the influence of scattering on the
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absorption signal the reader is referred to manuscript [M2]. The influence of PAH
absorption can be avoided by utilizing longer wavelengths in the visible or a shift
towards the IR wavelength range. Figure 2.11 shows broadband extinction
measurements from 700 nm-1000 nm (solely attributed to soot) in a standard non-
premixed coflow flame at HAB=42 mm. The signals I(1) and I,(1) are background
corrected and with the absorption path length L (extracted from flame photographs), a
can be calculated based on Equation (4). Using the wavelength dependent E (71, 1)
values reported by Yon et al. [263], Equation (6) can be used to infer f,, as displayed in
the right diagram, revealing an almost constant value of ~4 ppm over all wavelengths.
Coflow diffusion flame (Giilder type): HAB = 42 mm
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Figure 2.11: A: Background corrected intensities. B: Resulting transmission and absorption
coefficient a using absorption length L evaluated from flame images. C: Resulting soot volume
fraction using E(m, A) from Yon et al. [263]. Data taken in a non-premixed coflow ethylene/air
flame at HAB=42 mm.

With the use of LE at multiple wavelengths further information about the optical
properties of soot can be obtained [258]. Equation (6) is based on the common
assumption of an a « A~! proportionality, which is valid for mature soot particles.
However, for young soot a « A~% relationships lead to & values larger than 1.0
[262, 264, 265]. This parameter, named dispersion- or Angstrdm exponent, therefore
accounts for the wavelength dependency of the absorption coefficient and also
emissivity assuming the validity of Kirchhoff’s law in thermodynamic equilibrium. An
evaluation of the absorption coefficient displayed Figure 2.11 leads to é=1.02 and
therefore a value close to mature soot. In case of a known f;, from, e.g., complementary
measurement techniques as SMPS, Equation (6) can also be used to infer wavelength
dependent E(7,1) from broadband absorption measurement [263, 266]. The link
between the dispersion exponent and the wavelength dependency of the absorption

function is given by [28]
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B

= 1) = q1-¢.
E(mA) =21 67 f]

(7)

where [ is a scaling constant. The LE measurements can also be applied in a 2D manner
using volumetric illumination of the flame [264, 267]. In some cases, and especially in
atmospheric research, the mass absorption cross-section (MAC) as a specific quantity
with the unit m?-g! is utilized as the absorption coefficient divided by the partial density
of the absorbing mass [8, 268, 269]. The latter is defined as the product of volume
fraction f}, and the solid density p. Several recent studies reported a mass and thus size
dependency of the absorption cross-section, concluding various reasons such as internal
scattering or quantum confinement effects [270-273]. The results by Corbin et al.,
however, indicate that it might mainly be linked to the size dependent degree of
graphitization of the soot particles [268].

In the UV wavelength range of the electromagnetic spectrum, PAHs show absorption
bands based on their n-n* transitions [274]. Larger PAHs show broadened absorption
towards the visible as the energetic separation between highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) decreases. This in
principle can be used to discern between different size classes by the evaluation of
wavelength scanning or broadband UV-Vis spectra. Similar to IR approaches, a
comparison of the measured absorption spectra to the sum of those of individual species
provides insight to their distribution in the measurement volume [275]. However, an
assignment to specific PAHs is complicated by the fact that the absorption peaks
broaden at flame temperature and the availability of spectroscopic data is limited. A
more detailed description can be found in manuscript [M1]. Similar approaches in the
UV wavelength range are used for in situ measurements of potassium in flames and
might further be applicable for NO determination [276].

2.2.3.5 Pyrometry and Laser-Induced Incandescence

Prior to the discussion about signals from thermal radiation after laser heating, the
natural incandescence of soot particles at flame temperatures already provides insight
to several Qol such as temperature or volume fraction [277]. As the intensity of the
thermal radiation signal is a function of temperature and the wavelength position of the
emission maximum, its detection at two or multiple wavelengths can be used to resolve
temperature fields by ratio pyrometry [82, 278]. Here, one must account for the optical
properties of soot and its deviation from an ideal black body. This is often expressed by

the emissivity ¢&;, which can be phrased by the Rayleigh approximation
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g = 4-m- d,-E(M)/Aif d, < A. However, using the emissivity is not a preferred
formulation as it defines the efficiency of a surface emitting radiation. In case of soot
nanoparticles the particle wave interaction occurs volumetrically and therefore the

absorption cross section C,,s = m%-d} - E()/A should be used [279-281]. The

resulting wavelength dependent incandescence signal of a single soot particle at

temperature 7T captured by a detector can therefore be expressed by

2mhc?

o () -]

where Iy, ; (T) is Planck’s function for a blackbody, kg is Boltzmann’s constant and Cye

Stia(T) = Caet * Caps * Ipa(T) = Caet * Caps * - [
A .

a constant accounting for detection efficiency. For temperature determination typically
the ratio of two signals following Equation (8) integrated over two different wavelength
intervals is used. Due to this ratio it is irrelevant if the emissivity or the absorption cross
section is used to account for the optical properties of soot particles. In both cases
everything but E (771) /A cancels out from the respective definition. The detection device
must be calibrated regarding its wavelength dependent response, which is typically
realized by placing a reference light source of known spectral irradiance in the
measurement volume [282]. The principle of two colour pyrometry together with an
exemplary measurement in a premixed C,Has/air flame at ¢p=2.1 is depicted in Figure
2.12. On the left side, a comparison between the emissive power of a black body (solid
lines) and soot particles (dashed lines) for four different temperatures is displayed. With
the detection of flame images at two spectral bands (here centre wavelengths at 561 nm
and 700 nm with filter transmission curves shown in subplot C), temperature values can
be obtained by comparing the calibrated intensity ratio of each pixel to the calculated
ratio shown in Figure 2.12 B. As can be seen in Figure 2.12 D, a decrease of the
temperature with increasing HAB can be observed similar to the temperature profile of
Figure 2.10. However, the technique is limited to regions where soot particles exist and
shows some dependency according to the choice of spectral detection, which leads to
higher uncertainties compared to other thermometry approaches. Yet, pyrometry
measurements can be used to determine the flame temperature assuming thermal

equilibrium between gas and soot particles.
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Figure 2.12: A: Emissive power over wavelength for a blackbody (solid) and for a soot particle
using &, for 20 nm and an E(im,A) from Yon et al. [263] (dashed) for four temperatures.
B: Intensity ratio of two signals following Equation (8) for 561 nm to 700 nm bandpass filters
(depicted in C) as a function of temperature. C: Calibration source intensity over wavelength and
transmission curves of the bandpass filters. D: Resulting temperatures in a premixed C,H4/air
flame at ¢p=2.1.

Laser-induced incandescence is based on heating an ensemble of particles in an aerosol
by a short laser pulse and detection of the subsequent incandescence signal, while
particles equilibrate to the initial gas temperature [283]. It is widely used for various
nanoparticle materials such as metals, metal oxides, semiconductors or even few-layer
graphene flakes [281, 284-288]. However, a large number of LII experiments and
diagnostic development is related to soot due to its suitable absorption and emission
characteristics close to a black body and the advantage that soot does not melt but
directly sublimates at elevated temperatures. From the laser-induced incandescence
signal multiple Qol can be inferred, including the soot volume fraction fy,, the primary
particle size d,, and the particle temperature T, thus making LII a valuable in situ tool
to investigate the soot evolution process.

Starting with the laser pulse: Commonly nanosecond pulse lasers, e.g., Nd:YAG at
1064 nm or frequency doubled 532 nm are used, with the former being preferred to
avoid interference of PAH fluorescence [289]. The temporal pulse shape of these lasers
is typically Gaussian-like with a full width at half maximum (FWHM) between 5 ns-
10 ns. There are some picosecond- [290, 291] and multiple continuous-wave (CW) laser
approaches [292], however, this work focuses on the use of nanosecond pulses. The
laser pulse is partially absorbed by the soot particles leading to their heating and an
increased thermal radiation or incandescence signal, which is captured by a detection

device. For detection either photomultiplier tubes (PMT) with high temporal sampling
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rates or cameras (typically short gated and intensified) can be utilized. Here, it can be
discerned again between spectrally filtered detection by using bandpass filters or
spectrally resolved measurements using, e.g., spectrographs [293]. Considering the
spatial expansion of the laser pulse (defining the measurement volume) different
dimensionalities of the measurements can be achieved, ranging from pointwise- (0D)
[294], to imaging- (2D) [295] or even volumetric (3D) approaches [296]. As highlighted
in the previous sections, the turbulent nature of most applicative flames requires to
either “freeze” the process with single shots or using high temporal repetition rates
utilizing burst-mode lasers [297]. This led to the development of various high-speed
(HS) imaging approaches [298,299]. Their combination with 3D tomography
reconstruction is typically referred to as 4D measurements [300]. These types of
measurements so far were mainly performed for the determination of soot volume
fraction fields. In case of 3D primary particle sizing approaches an average constant
flame temperature for the entire flame was considered [301]. Reliable 3D/4D
determination of temperatures and particle sizes is still pending.

To illustrate how the Qol can be inferred from the incandescence signal some exemplary
measurements are discussed in this section, starting with the determination of f;,. Figure
2.13 shows multiple time-resolved (TiRe) LII measurements in a premixed C,H/air
flame using a 532 nm excitation laser and a PMT equipped with a bandpass filter (centre
wavelength 650 nm, FWHM 40 nm) for detection.

A) Premixed C,H> flames at HAB = 17 mm  B) Variation of the laser fluence H C) Fluence
Aexc=5332 nm, H=100 mJ-em™ @=27, HAB =20 mm curve
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Figure 2.13: A: TiRe-LII signals taken in premixed C;H/air flames with ¢=2.3 and ¢=2.7 at
HAB=17 mm using 532 nm excitation at a fluence of H=100 mJ-cm. Inset shows the laser profile.
B: Variation of the laser fluence for the flame at ¢=2.7 and HAB=20 mm. C: Resulting fluence
curve by evaluation of the peak intensities of centre plot B.

Diagram A shows LII signals for two equivalence ratios of 2.3 and 2.7 at a HAB of

17 mm and a constant laser fluence of H=100 mJ-cm. The inset shows the underlying
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beam profile recorded with a beam profile camera. An increase of the signal intensity
with increasing ¢ and therefore presumably higher soot concentrations can be observed
[240, 258]. This quasi-proportional relationship is used to infer f;, from the prompt LII
signal peak intensity. To guarantee homogenous particle heating in the measurement
volume and reduced effects of inhomogeneous spatial laser profiles, f,,-experiments are
typically performed at a sufficiently high laser fluence, leading to particle heating close
to sublimation temperature of ~4000 K. Figure 2.13 B shows LII signals for a flame at
¢=2.7 and a fluence variation from 60 - 160 mJ-cm?. As can be seen, the peak
intensities converge towards a maximum value and plotting the maximum intensities
over H leads to a typical fluence curve depicted on the right side of Figure 2.13.
Therefore, LII can be classified into high fluence and low fluence regime measurements
with a limit at ~100 mJ-cm™ at 532 nm excitation (double for 1064 nm) [302, 303]. For
quantitative f; values a calibration procedure is required, commonly utilized by an
extinction measurement at one specific point in the flame such as those described in
section 2.2.3.4. For extended measurement volumes (e.g., 2D or 3D approaches), the
location of the calibration measurement in the flame is important as variations in, e.g.,
the optical properties are otherwise not pictured. Other calibration procedures have been
developed based on absolute incandescence intensities requiring measurements at two
or multiple wavelengths [304, 305] similar to the description at the beginning of this
section.

To resolve the primary particle size d, from TiRe-LII data the temporal decay of the
signal is analyzed. Due to the size specific surface-to-volume ratio of isolated spherical
particles, smaller ones cool faster compared to larger particles. Here, for a quantitative
evaluation the decay rates must be related to particle sizes, which can in principle derive
from other sizing techniques such as TEM. Yet, as this would be extremely time-
consuming and expensive and must be repeated for any change of the measurement
conditions, the use of a regression between measured and modelled LII signals evolved
as a standard for d, determination. In this context, obviously a suitable heat and mass
transfer model accounting for all heat transfer mechanisms is demanded, which was
extensively developed over the last decades [280, 306]. Figure 2.14 shows a schematic
illustration of some of the most important mechanisms together with modelled particle
temperatures T, and resulting normalized LII signals for four primary particle sizes. A
detailed description of the utilized model with its mathematical formulations are given
in manuscripts [M3] and [M4], while a brief overview about the basic principles is

provided here.
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Figure 2.14: A: Schematic illustration of heat transfer mechanisms to model particle
temperatures. B: Modelled particle temperature curves. C: Resulting normalized TiRe-LII
signals for four exemplary particle sizes and measurement conditions summarized in Table 2.1.

First, the absorption of the laser pulse (grey dashed line in the diagrams B and C) leads
to an increase of the internal energy and therefore heating of the particles. As the small
particles absorb the laser volumetrically, they all reach approximately the same peak
temperatures. After the laser pulse the particle temperature starts to decrease, which in
the first nanoseconds might be dominated by sublimation (dependent on the utilized
laser fluence) and is then overtaken mainly by heat conduction. Dependent on the
primary particle sizes the temperature decay shows different slopes. The detected LII
signal follows the cooling and is displayed in Figure 2.14 C. The modelled LII signals
are calculated by solving the energy and mass balance equations based on input

parameters summarized in Table 2.1.

Table 2.1: Input parameters to model T, and Sy; of Figure 2.14.

Parameter Value Remark

Laser wavelength Ao, 532 nm Nd:YAG (frequency doubled)
Laser width (FWHM) 6 ns -

Laser fluence H 80 mJ-cm™ -

Initial gas temperature Ty 1750 K Mean value of a premixed flame
Density p 1860 kg-m™ [307]

Absorption function E(m) 0.3 Average value in the visible [303]
Thermal accommodation 0.2 Reduced value to account for
coefficient ay shielding [308]

Specific heat ¢, 23 JgltK! T-dependent [309], value at 4000 K
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Vapour pressure py 1.89-10° Pa T-dependent [310], value at 4000 K
Heat of vaporization Ahy ~ 8.16:10° J'mol! T-dependent [310], value at 4000 K
Mean molecular weight of  0.0397 kg'mol! T-dependent [310], value at 4000 K
vapour My

Heat-transfer mechanisms Qabss Qsubl> Ocond

The schematic illustration in Figure 2.14 A reveals that besides the heat transfer
mechanisms reported in Table 2.1, additional ones such as radiation, oxidation,
thermionic emissions or annealing occur [311, 312]. However, these terms typically
have a small share in the energy and mass balance and are therefore often neglected.
This is further justified by an increasing model complexity possibly leading to higher
uncertainties of the inferred particle sizes as the knowledge on certain parameters
relevant to model these mechanisms is vague. To give an example, the models for
thermionic emissions — the release of electrons from the hot soot particle — are often
based on a work function value of graphite leading to an overestimation of the effect
[313]. Similar limitations hold for the formulation of sublimation models [314], which
for example in most cases neglect effects such as recondensation [315]. That is why
particle sizing with TiRe-LII is preferably applied at low fluence levels where
sublimation becomes negligible. A major challenge is the fine structural change of soot
particles with maturity and its impact on particle heating and sublimation [316],
especially as there is a strong correlation between particle growth and particle maturity.
The absorption and emission characteristics of the soot particles strongly depend on
their optical properties and can be addressed in the value of E (71, 1), which shows a
large variation reported in literature [302, 303, 317]. Recently, multiple studies are
dedicated to the question of E(#,1) changes and dependencies, including a size
dependency [273] or effects as internal multiple scattering in soot aggregates leading to
the introduction of a light absorption enhancement factor [318]. Besides the techniques
discussed in section 2.2.3.4, LII provides an additional possibility to infer E (i1, 1)
[319], e.g., by being applied in a dual-pulse manner [266]. Further, the reduction of
possible heat transfer mechanisms by, e.g., utilizing LII measurements at low fluence
(no sublimation) in the vacuum (no heat conduction) facilitates to determine this

quantity following [320]
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This is of particular interest with respect to recent findings related to specific heat and
density [132], which possibly allows for a re-evaluation of these measurements.
Another parameter that shows a wide range in reported values is the thermal
accommodation coefficient at. It is a relative quantity describing the efficiency of a
particle and gas molecule collision resulting in a value of 1.0 for complete energy
transfer and a value of zero for no energy transfer [321]. Here, an important aspect
derives from the fact that the LII signal does not result from isolated spherical particles
but from aggregates composed of polydispersly distributed primary particles. Typically,
a physical value of about 0.37 is considered for soot primary particles [308, 322], while
the dendritic structure of aggregates reduces the collision efficiency and therefore can
be considered by a reduced ar value. Here, the reader is additionally referred to
manuscript [M3] highlighting the role of aggregate morphology to particle sizing by
TiRe-LII. A remaining question is how reliable primary particle size distributions can
be inferred from LII signals if no further knowledge about the aggregate structure is
given. The main challenge to determine the correct value of ar results from the fact that
it is hard to measure for soot and in many cases derives from molecular dynamics (MD)
simulations [323]. The latter is complicated as there are multiple forms of structural
arrangement for different soot maturities and therefore the value for a is considered to
change throughout the soot evolution process.

The discussion about the “correct” choice of heat and mass transfer models as well as
utilized values of uncertain parameters leads to the question of the limitations of the
technique. Regarding the lower limit, Desgroux and coworkers reported f, values of
0.12 ppt in nucleation flames [89] and particle sizes of ~3 nm for incipient soot [145].
However, this was possible under very controlled conditions. The simultaneous
presence of larger soot aggregates as existent in many applications such as large scale
furnaces [324] shifts these limits. In such environments often the assumption of an
optically thin medium is violated and therefore effects such as soot self-absorption
(SSA) become increasingly important [277, 325, 326].
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3 Aim of the Thesis

The previous sections highlighted the complexity and challenges related to the soot
evolution process. While many aspects are already investigated, especially the early
phases of the process require an improved understanding. Same holds for the complete
characterisation of soot particles during their growth and oxidation in flames. Major
parts of the current knowledge derive from appropriate diagnostics. However, as the
process is not entirely understood additional effort in the development of these
techniques is demanded. While ex situ approaches mainly suffer from disturbance of
the underlying process, optical in sifu diagnostics in many cases offer fast and spatially
resolved results of targeted Qol necessary to follow and picture the evolution process.
In this work the main focus lies on the use of broadband absorption spectroscopy and
laser-induced incandescence. In detail, the manuscripts forming the main body of this
thesis are dedicated to several research questions related to soot formation, which can
be summarized in shortened form as:

= [s it possible to identify PAHs as soot precursors in flames based on their
absorption characteristics in the UV-Vis wavelength range?

The measurement concept developed can also be used for later process phases. Here,
also the spectral absorption of soot particles changes throughout the soot evolution
process leading to the following question:

» [s a direct or indirect transition assumption the better descriptor for the optical
band gap of soot particles, which is a quantity related to soot maturity?

The strong correlation between soot maturity in form of the structural arrangement of
the particles and their growth process requires a technique capable of providing reliable
size measurements. Here a pending question remained:

= [s it possible to infer not only an effective, average particle size but particle size
distribution parameters from TiRe-LII signals, and what knowledge is required
about the degree of aggregation and other model parameters?

With fundamental findings on the capabilities of the technique, a follow up question
remains in using TiRe-LII for extended measurement volumes:

* Can particle sizing through TiRe-LII be used as a volumetric technique providing
3D information and what is the impact of parameters such as the initial flame
temperature and the utilized laser fluence?

Only new developments as presented in the next section of this thesis allow for major
steps in answering these questions. Beyond these specific research questions, this work

is additionally dedicated to provide an overview about current state of the art.
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4 Main Approaches and Selected Results

This chapter gives an overview of the four publications in peer-reviewed journals that
form the core of the thesis. It describes the main concepts of the experimental
approaches, which are detailed in the respective manuscripts. In particular, it is also to
provide common routes in the experimental, which bridge from one manuscript to
another. A detailed presentation and discussion of the manifold results is also given in
the respective manuscripts, a repetition does not seem appropriate here. So in this
chapter only the respective major findings are summarized. In the case of [M4]
supporting results are presented in brief that complement the investigations presented
there. Instead of a chronological order of the publication dates, the reader is advised to

comply to the upcoming sequence as it follows the soot evolution process.

4.1 UV-Vis Absorption Spectroscopy for PAH and Soot Characterisation

To perform UV-Vis absorption spectroscopy measurements in flames a broadband light
source is required. In this work a laser driven light source (LDLS) was used, which is
based on the emission of a plasma powered by a 974 nm CW laser. In comparison to
other UV-Vis light sources such as deuterium lamps the LDLS benefits from a ~100
times high spectral radiance as well as a broad spectral range from 190 nm to 2100 nm.

The experimental setup used for the flame measurements is depicted in Figure 4.1.
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Figure 4.1: Experimental setup as utilized in [M1] for UV-Vis absorption spectroscopy
measurements in flames. The light of a LDLS is collimated by an off-axis parabolic mirror, shone
through the flame and focused into a detection fibre coupled to a spectrometer (resolving a
wavelength range from 200 nm to 540 nm). The signal is spatially filtered by the fibre and results
from one horizontal plane at a defined HAB position.

The output fibre of the LDLS is 230 um in diameter with a numerical aperture of 0.22.

For collimation of the broadband light an off-axis parabolic UV-enhanced aluminium
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mirror with a focal length of 20 mm was utilized. The flame under investigation is run
with a premixed C;Hs/air gas mixture at varying equivalence ratios. For each
measurement position I, and I were acquired and the respective background signal was
subtracted from the measurements. The absorption coefficient was then obtained
following Equation (4). The measured UV-Vis spectra were reconstructed in a next step
based on a database of the individual absorbing species. Here, the individual spectra
were first convoluted by a simplified energetic model to account for the high
temperature flame conditions. After reconstruction of the measured spectra the resulting
species distributions for two HAB positions and five equivalence ratios are shown in
the bar charts of Figure 4.2 taken from [M1].
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Figure 4.2: Resulting species distributions for two HAB positions and five equivalence ratios
taken from [M1]. The species size increases from left to right.

The diagrams reveal that the number density of many PAHs increase with increasing ¢
and especially larger PAHs and soot particles exist at the 7 mm HAB position. A case
study of two soot absorption spectra in the database revealed little impact to the inferred

PAH distribution, making the approach in principle attractive to other flame
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investigations. Overall, the approach sheds light on the early stages of soot formation

and investigates the role of PAHs as soot precursor molecules.

4.2 Absorption Spectroscopy to Investigate the Optical Band Gap of Soot

Following the soot formation process, after the PAH zone especially the particle
inception and growth regions are of paramount interest. At these stages the first solid
incipient particles, which are highly amorphous transform with increasing maturity to
more graphitic-like particles. This fine structural change manifests in form of a
decreasing value of the optical band gap, which is therefore an important parameter to
quantify the level of soot maturity. Its determination is possible by using the so-called
Tauc method applied to absorption spectra. The method is based on the extrapolation
of a linear function to the converted absorption data. The value of Eg can then be taken
from the intersection point of the linear fit and the abscissa. To acquire the absorption
spectra, basically the same experimental setup as shown in Figure 4.1 was used. The
premixed burner was replaced by a standard non-premixed flame similar to the one
shown in Figure 2.2 C and the spectrometer for detection was replaced by one that
covers a broader spectral range up to 1000 nm. One debated aspect lies in the transition
type of soot. Prior to the evaluation with the Tauc method the transition type value must
be defined and takes a value of 2 for an indirect allowed and 0.5 for a direct allowed
transition. This is illustrated in Figure 4.3, which shows the comparison of the resulting
band gaps for the different transition type assumptions for the same absorption

measurements at HAB=40 mm.
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Figure 4.3: Tauc plots for the indirect and direct allowed transition and the inverse logarithmic
derivative (ILD) method used in [M2]. The underlying absorption data are the same for each plot
taken at HAB=40 mm in a non-premixed C,H4 flame.
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As can be seen, the resulting band gap values differ if either an indirect or a direct
allowed transition is used. This led to the question which assumption is the better choice
for soot particles. To that end, an inverse logarithmic derivative method was adopted to
simultaneously infer the optical band gap value as well as the transition type exponent.
The results revealed that for mature soot an indirect allowed transition exists with a
band gap value close to 0.2 eV. However, a second slope can be observed at higher
energy ranges indicating towards a changed transition type and resulting in higher band
gap values. This can possibly be attributed to the coexistence of multiple species in the
measurement volume. To answer this question spatially resolved measurements of the
band gaps are required. This can be realized by coupling the technique with

tomographic reconstruction.

4.3 Laser-Induced Incandescence to Infer Primary Particle Size Distributions

It is still unclear whether the optical properties of soot are dominated by the degree of
maturity or the particle size. This is especially challenging as both parameters are
strongly correlated during the growth process. Therefore, besides the characterisation
of soot maturity in form of the optical band gap also an in situ sizing technique is
required for a comprehensive understanding of the process. Here, TiRe-LII is an ideal
tool for the determination of the primary particle size. While the technique is long
established the reliability of determining the primary particle size distribution
parameters (assuming a log-normal distribution) remained unanswered. Manuscript
[M3] is dedicated to the question if reliable primary particle size distribution parameters

Ha, and g, can be inferred from a TiRe-LII signal and how much knowledge about the

aggregate structure and certain model parameters is required.

A typical TiRe-LII experimental setup is depicted in Figure 4.4 and was used to record
LII signals as depicted in Figure 2.13. The intensity of a laser pulse is controlled using
the combination of a half-wave plate and a polarizing beam cube. Several optical
components shape the laser beam, which is shone through the flame. The resulting
incandescence signal is collected by several optics and recorded by a PMT (equipped

with filters) and an oscilloscope.
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Figure 4.4: Experimental setup to acquire TiRe-LII data for the determination of d,. The laser
pulse intensity is regulated and shaped by several optical components to ultimately heat the soot
particles in the premixed flame. The resulting incandescence signal is recorded under 90° with an
PMT detection setup monitored by an oscilloscope.

The determination of primary particle sizes using a regression between measurements
and the LII model is an ill-posed problem, meaning that multiple sets of parameters
explain the measured signal equally well. One source contributing to the uncertainties

in the inferred Qol (udp and adp) 1s the measurement noise. The acquisition of a

sufficient number of signals makes it possible to investigate the noise behaviour as laid
out in detail in [M3]. Additionally, uncertainties in model parameters propagate to the
uncertainties of the Qol. Here, Bayesian inference is used to incorporate prior
knowledge about certain parameters including the size of the aggregates. To investigate
the impact of shielding on the determination of the size distribution parameters,
knowledge about the aggregate structure is required. To that end WALS can be used to
obtain the radius of gyration R, and the fractal dimension Dy. A regression between the
measured scattering curves shown in Figure 2.9 B and modelled ones based on Equation
(3) results in aggregate sizes and fractal dimensions as listed in Table 4.1.

Table 4.1: Resulting quantities of ELS measurements at three HAB positions in a C;H,/air

premixed flame at ¢p=2.7. A prior of D;=1.78+0.01 was used during Bayesian evaluation similar
to the approach described in detail in manuscript [M3].

HAB / mm Rg,eff / nm Df
12 95 1.74
17 136 1.66

21 160 1.64
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As can be seen, the effective radius of gyration Rg ¢ increases at higher HAB positions
due to aggregate growth, while the fractal dimension tends to decrease indicating the
formation of more linearly-shaped structures. This information about the state of
aggregation can now be used as an input parameter in the LI model. Different scenarios
reflecting different levels of knowledge were analysed with respect to the resulting

uncertainties of Ha, and 0q,,- These are shown in Figure 4.5 for flame-case conditions.
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Figure 4.5: Resulting uncertainties of Ha, and o4 for various scenarios under flame conditions
taken from [M3].

The best-case scenario is depicted in blue assuming that all parameters other than Ha,
and 0q,are known. However, for flame measurements this is rarely the case and by
adding the aggregate size distribution parameters as unknowns (shown in red) the
uncertainties increase. If knowledge about the aggregate size in form of Rg ¢ deriving,
e.g., from WALS measurements or the aggregate size distribution parameters is present,
the uncertainties in Ha, and 0q, decrease again (purple and orange lines). A last scenario
reveals the impact of multiple uncertain parameters (as also discussed in Section
2.2.3.5) and is depicted in green. These findings allow to evaluate under which

conditions reliable estimates about Ha, and 0q,, can be obtained.

4.4 Volumetric Laser-Induced Incandescence for Particle Sizing

While the reliable determination of size distribution parameters requires knowledge of
various parameter, the determination of relative changes in particle size throughout a

flame is of great importance. This especially holds for extended measurement volumes,
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which in best case are three-dimensional to capture the full picture of soot formation in
a flame. Manuscript [M4] is dedicated to the possibility of using TiRe-LII for particle
sizing as a volumetric technique. Therefore, it is coupled with tomographic
reconstruction based on simultaneous recordings of flame images from various
detection angles. While the manuscript [M4] provides a proof-of-concept in a smaller
non-standard flame, a remaining question was the validation of the method against
planar and pointwise measurements. Therefore, additional measurements were taken in
the standard non-premixed coflow ethylene/air diffusion flame depicted in the centre of
Figure 2.2 and well characterized by various research groups [303]. In principle the
experimental setup follows the description of [M4], while the overall detection angle
was slightly increased to ~150° and a higher mean laser fluence of H=183 mJ-cm™ was
realized. The schematics are depicted in Figure 4.6 with the beam profile of the laser
shown in the inset.
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Figure 4.6: Schematic illustration of the optical setup for 3D TiRe-LII.

Regarding data evaluation, instead of the algebraic reconstruction technique (ART) a
multiplicative algebraic reconstruction technique (MART) implemented in LaVision’s
commercial DaVis software together with the therein suggested camera calibration
procedure was used. For details on the various forms of reconstruction algorithms the
reader is referred to a review paper by Grauer et al. [327]. Figure 4.7 shows a resulting

reconstructed LIT signal as well as f,, and d, maps for the centre layer together with

radial distributions for four HAB positions. The f;, values derive from the prompt LII
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signal and a calibration using the extinction measurements in the same flame displayed
in Figure 2.11. The d,, results derive from the regression of sequentially acquired decay
curves and the model accounting for various input parameters as described above or in
manuscript [M4]; including pyrometry measurements at 425 nm and 750 nm centre

wavelength detection.
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Figure 4.7: From Left to Right: 3D LII signal after tomographic reconstruction of a non-premixed
coflow ethylene/air flame. Centre layer of 3D data for f values with radial distributions at four
HAB positions in comparison with data by Hadef et al. [328]. Analogous for d, results.

As can be seen, a comparison to the planar data of Hadef et al. [328] for the same flame
configuration shows overall good agreement with a slight underestimation for f, at
HAB=40 mm. Obviously, the 3D results are more strongly affected by noise, however,
provide a remarkably higher information density regarding the total measurement
volume compared to 2D results. A comparison at a well characterized measurement
location at HAB=42 mm burner centreline reveals values of f,=3.5 ppm, d,=34.5 nm
and T,=1660 K, which are in good agreement with reported values in reference [303].
A qualitative comparison regarding fi, and d, maps to a slightly different non-premixed
ethylene/air flame again reveals overall consistency [329, 330]. Therefore, the
technique applied in a volumetric manner is considered to be capable of providing
reliable results regarding the various Qol. Further possible improvements may be
achieved by investigating the spectral and intensity dependent response of the detection
equipment. Intensified cameras are known to exhibit some slight non-linear behaviour

along the pixel array, which at this point is considered negligible.
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5 Conclusions and Prospect

This thesis explored optical diagnostics to investigate the soot evolution process in
hydrocarbon flames and provided an insight to several decisive quantities related to
different stages of the process. The focus lied on the in situ assignment of combustion
species and intermediates such as soot precursors in flames as well as the determination
of soot particle sizes related to growth and oxidation reactions. The main section is
composed of four publications, which are given in the appendix.

Precisely, several examples were named where the soot formation process plays and
will play an important role, and therefore an understanding of its detailed steps is
demanded. This was followed by an overview of the current understanding of the soot
evolution process and a list of commonly used ex situ and in situ diagnostics. The limits,
advantages and disadvantages of the respective techniques were highlighted and the
importance of combining various techniques was underlined. Special attention was paid
to two techniques, namely broadband absorption spectroscopy and time-resolved laser-
induced incandescence.

The first was used to investigate the absorption characteristics of PAH molecules in the
UV-Vis region, as they are considered as the building blocks of soot particles. The
assignment to defined PAHs is complicated by the broadening of absorption bands at
elevated flame temperature and the various species involved. One aspect was the
simultaneous existence of soot particles as strong broadband absorbers for in situ
measurements. The compilation of a database and a simplified energetic model was
used to reconstruct measured absorption spectra and provided indications of certain
PAH distributions for the first time. The development of this in situ measurement tool
therefore allows to investigate the early steps of soot formation. For future
improvements, some challenges related to the technique need to be addressed. In most
cases the absorption path length strongly impacts the signal quality and a multi pass
setup is mostly accompanied by reduced spatial information. Dedicated flames with
stretched out formation regions and long absorption path length could facilitate
investigations. Additionally, it must be kept in mind that due to temperature broadening
the absorption signals show limited spectral features that help to identify certain
molecules. Here, a coupling with additional techniques such as LIF can potentially
improve the results by increasing the information density through a comparative
technique.

Broadband absorption measurements were additionally utilized to shed light on the

optical band gap of soot particles in flames. The optical band gap is an important
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quantity for the use of carbon blacks in various applications such as solar cells. The
semiconducting behaviour of the particles mainly derives from their fine structural
arrangement, which changes throughout the formation process from amorphous to
graphitic-like. In this case, a method was applied that allowed to retrieve the optical
band gap value as well as the type of transition, which can be of a direct or indirect
nature. Additional ex sifu Raman measurements complemented the picture at the
respective measurement locations. The results suggest that in most cases an indirect
band gap assumption is the better choice for soot particles. However, the transition type
presumably shows a dependency on soot maturity. The main drawback derived from
the LOS integrated measurements and that the signal results from multiple species along
the measurement path. This can be overcome by investigating a flame with stretched
formation regions, e.g., using a low-pressure burner. A second option is the combination
of the measurements and tomographic approaches to receive a 2D map of soot band
gaps in a measurement plane, which is currently in progress.

The determination of soot particle sizes is based on a regression between TiRe-LII
measurements and a heat and mass transfer model. This method depends on multiple
model parameters as well as measurement noise of the LII signals. Both aspects make
this problem ill-posed, meaning that various sets of parameters explain the measured
decay rate equally well. To assess influences of the uncertainty of model parameters
and measurement noise, a Bayesian method was utilized to investigate the possibility to
obtain primary particle size distribution parameters with respect to the dendritic
structure of soot aggregates and its influence on heat conduction. The results suggest
that a certain degree of knowledge of the aggregate morphology is required to receive
reliable estimates, especially for TiRe-LII experiments conducted at ambient
conditions. With the help of these findings, assessments can now be made under which
measurement conditions reliable primary particle size distributions can be obtained.
Finally, TiRe-LII was applied as a volumetric technique for particle sizing with
emphasize on required input parameters such as initial flame temperature and local laser
fluence. A comparison to planar and pointwise techniques was provided in present work
to verify the approach in a standard flame. As a next step, the technique can be advanced
to a high-speed diagnostic. A high repetition rate pulse laser in combination with three
high-speed cameras allows for temporally resolved measurements at short time scales.
Two of the cameras detect the LII signal decay at two time instances, while the third
one is used in combination with one of the others for temperature determination via two
colour pyrometry. This approach could be used in turbulent flames to follow and track

changes of soot particle sizes. As under these conditions soot formation proceeds in all
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spatial dimensions and at short time scales a tomographic high-speed technique is
required. Additional focus should be on improvements regarding tomographic
reconstruction as well as experimental related aspects. For the latter, e.g., spatially
homogenous volumetric illumination can be improved with the use of adaptive optics
such as deformable mirrors.

While the above-mentioned research findings are dedicated to detailed sub-questions of
the soot evolution process, they contribute to improve its overall understanding. Optical
diagnostics as an often cheap and in situ capable option resolve these nanoscale
processes and are therefore increasingly important in the foreseeable future. Ultimately,
this is required to use the unique characteristics of soot nanoparticles in various

technical applications and also develop cleaner combustion technologies.
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