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Abstract

The combustion of solid matter is a ubiquitous phenomenon governed by multiple factors, including
the properties of the solid phase, the surrounding flow field, and the reactions involved in thermochem-
ical conversion. This thesis addresses various aspects of this complex solid-flow-chemistry interaction,
driven by two primary motivations: First, the mitigation of anthropogenic climate change necessitates
solid fuel combustion technologies capable of carbon capture and storage. The application of oxy-fuel
combustion and the subsequent substitution of coal for biomass offers pathways to achieve negative
carbon dioxide emissions. Second, fire safety for polymers can be enhanced by the development and
utilization of effective flame retardants. Rigorous and reliable testing procedures are indispensable for
assessing the efficacy of such additives. The core focus of this thesis revolves around the comprehensive
exploration of these interconnected phenomena, facilitated by the application of minimally intrusive
optical diagnostics. Through these advanced measurement techniques, the underlying physicochemi-
cal phenomena governing solid-flow-chemistry interactions are scrutinized across a spectrum of exper-
imental scenarios. By systematically varying specific elements of the solid-flow-chemistry interaction,
the impacts of individual parameters and processes are investigated, accompanied by methodological
advancements needed to experimentally address these intricate phenomena.

The initial segment of this work discusses aspherically shaped biomass particles dispersed within a
turbulent round jet. Employing an ultra-high repetition rate fiber laser system, which operates at
frequencies exceeding several 100 kHz, facilitates the measurement of key parameters characteriz-
ing turbulent fluid flows. The laser enables time-resolved flow velocimetry while achieving unparal-
leled temporal dynamic ranges. Furthermore, an extension of the laser system is showcased, featuring
adaptable pulse-picking devices. This addition allows for remarkable flexibility in terms of repetition
rates and pulsing strategies, which can be used to perform both statistical and time-resolved fluid
flow measurements. In the context of a biomass-laden jet, the system is applied to perform two-phase
velocimetry and simultaneous diffuse back-illumination measurements. This multi-parameter mea-
surement setup allows for the continuous tracking of the slip velocity field and particle size evolution
over time, consequently enabling the computation of the particle Reynolds number at a repetition rate
of 200 kHz.

The second part of this dissertation focuses on the impact of oxidizer content and diluent composition
on the transition from single particle to particle group combustion under laminar conditions. Bitumi-
nous coal is studied using a multi-parameter optical diagnostics setup to determine particle number
density, three-dimensional volatile flame topology, and soot formation characteristics simultaneously.
An imaging simulation tool is developed and applied to the specific camera settings to assess the
measurement errors associated with particle number density determination arising from the line-of-
sight nature of extinction imaging methods. Decreased formation of soot and heightened reactivity of
the volatile flame is observed for increasing oxygen contents, while the substitution of nitrogen with
carbon dioxide in oxy-fuel conditions shows a negligible effect on combustion behavior.

Finally, optical diagnostics including laser-induced fluorescence of the OH radical (OH-LIF) are utilized
to explore flame retarded polypropylene. Various flame retardants, each with distinct mechanisms, are
studied in micrometer-sized polymer particles and stick-shaped specimens akin to solid fuel particle in-
vestigations. Complementary thermal decomposition analyses provide insights into pyrolysis products
that influence flame retardation. Remarkably, these investigations unveil a noticeable OH-LIF signal
decrease for gas-phase active flame retardants that release radical scavengers. Furthermore, altered
flame topology and extinction behavior during and after stick-shaped specimen interaction with a
premixed methane flame are observed, showcasing the potential of the methodological approach.

The presented results provide both methodological advancements in the use of optical diagnostics for
reactive multi-phase flows and new insights into the phenomena that occur during the combustion of
solid fuels and flame retarded polymers.



Kurzfassung

Die Verbrennung von Feststoffen ist ein weitverbreitetes Phänomen, das von Faktoren wie den Eigen-
schaften der festen Phase, dem umgebenden Strömungsfeld und der thermochemischen Umwandlung
beeinflusst wird. Diese Arbeit befasst sich mit verschiedenen Aspekten der komplexen Wechselwir-
kungen zwischen Feststoff, Strömung und Chemie, wobei zwei Hauptmotivationen im Fokus stehen:
Erstens erfordert die Eindämmung des anthropogenen Klimawandels Technologien, die zur Abschei-
dung und Speicherung von Kohlenstoffdioxid (CO2) geeignet sind. Die Anwendung der Oxy-Fuel-
Verbrennung für Festbrennstoffe und der Austausch von Kohle durch Biomasse bieten Möglichkeiten,
negative CO2-Emissionen zu erzielen. Zweitens kann die Brandsicherheit von Polymeren durch den
Einsatz wirksamer Flammschutzmittel verbessert werden. Für die Bewertung der Wirksamkeit solcher
Additive sind verlässliche Prüfverfahren unerlässlich. Das Hauptaugenmerk dieser Arbeit liegt auf
der umfassenden Erforschung dieser zusammenhängenden Phänomene, was durch die Anwendung
minimal-invasiver optischer Diagnostik ermöglicht wird. Mithilfe fortschrittlicher Messtechnik wer-
den relevante physikalisch-chemische Phänomene in unterschiedlichen experimentellen Umgebungen
untersucht. Durch die systematische Variation spezifischer Aspekte der Feststoff-Strömung-Chemie-
Interaktion werden die Auswirkungen einzelner Parameter untersucht. Hierdurch werden zudem we-
sentliche methodische Fortschritte erreicht.

Der erste Teil dieser Arbeit untersucht das Bewegungsverhalten asphärischer Biomassepartikel, die in
einem turbulenten Freistrahl dispergiert sind. Ein Faserlaser mit Pulswiederholraten von mehreren
100 kHz wird für die Messung charakteristischer Größen turbulenter Strömungen eingesetzt. Der La-
ser ermöglicht zeitlich aufgelöste Geschwindigkeitsmessungen in einem bisher unerreichten zeitlichen
Dynamikbereich. Darüber hinaus wird eine Erweiterung des Lasersystems mit geeigneten Puls-Picker-
Systemen demonstriert. Dieser Ansatz ermöglicht flexibel einstellbare Wiederholungsraten und Puls-
schemata, die sowohl für statistische als auch für zeitlich aufgelöste Strömungsmessungen verwendet
werden können. Im Kontext eines biomassebeladenen Freistrahls wird das System zur Durchführung
von Zweiphasen-Geschwindigkeitsmessungen und simultaner diffuser Rückbeleuchtung verwendet.
Dieser Aufbau ermöglicht eine zeitlich aufgelöste Messung des Schlupfgeschwindigkeitsfelds, der Par-
tikelgröße und somit der Partikel-Reynoldszahl bei 200 kHz.

Der zweite Abschnitt dieser Arbeit konzentriert sich auf den Einfluss des Sauerstoffgehalts und der Gas-
zusammensetzung auf den Übergang von Einzelpartikel- zu Partikelgruppenverbrennung von Stein-
kohle. Mittels optischer Diagnostik werden gleichzeitig Partikelanzahldichten, dreidimensionale vo-
latile Flammenstrukturen und Rußbildung erfasst. Ein Imaging-Tool wird auf die spezifischen Kame-
raeinstellungen angepasst, um Messfehler bei der Bestimmung der Partikelanzahldichte abzuschät-
zen. Es wird eine verringerte Rußbildung und eine erhöhte Reaktivität der Volatilenflamme für stei-
gende Sauerstoffgehalte beobachtet, während die Substitution von Stickstoff durch CO2 in Oxy-Fuel-
Bedingungen keine nennenswerten Auswirkungen auf das Verbrennungsverhalten zeigt.

Schließlich werden optische Diagnoseverfahren, darunter die laserinduzierte Fluoreszenz des OH-
Radikals, eingesetzt, um das Verhalten von flammgeschütztem Polypropylen zu untersuchen. Verschie-
dene Flammschutzmittel mit unterschiedlichenWirkungsmechanismen werden in Form von mikrome-
tergroßen Polymer-Partikeln und stäbchenförmigen Proben untersucht. Thermische Zersetzungsana-
lysen liefern Erkenntnisse über Pyrolyseprodukte, die die Flammhemmung beeinflussen. Gasphasen-
aktive Flammschutzmittel zeigen hierbei eine deutliche Abnahme des Fluoreszenz-Signals in der Reak-
tionszone. Darüber hinaus werden Veränderungen in der Flammenstruktur und im Verlöschungsver-
halten während und nach der Wechselwirkung der stäbchenförmigen Proben mit einer vorgemischten
Methanflamme beobachtet, was das Potential des methodischen Ansatzes herausstellt.

Die vorgestellten Ergebnisse bieten sowohl methodische Fortschritte bei der Verwendung optischer
Diagnoseverfahren für reaktive Mehrphasenströmungen als auch neue Erkenntnisse über die bei der
Verbrennung von Festbrennstoffen und flammgeschützten Polymeren auftretenden Phänomene.
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1 Introduction

1.1 Motivation

The scientific phenomena and methodological advancements investigated in this work are motivated
by two paramount and extensively discussed concerns that necessitate comprehensive fundamental
research: the mitigation of anthropogenic climate change through carbon capture and storage tech-
nologies, and the enhancement of fire safety in polymers facilitated by the use of effective flame
retardants. This motivational chapter provides a concise overview of these key issues, shedding light
on the underlying scientific questions that serve as the foundation for the research conducted in this
thesis. The subsequent sections explore each issue in detail, emphasizing the existing gaps in our
understanding and providing the necessary context for the research investigations conducted.

Biomass energy with carbon capture and storage The mitigation of anthropogenic climate change
represents a great challenge, which demands a wide range of technological solutions for the decar-
bonization of emission-intensive industries. Even though the installed capacity of power stations based
on renewable energies has risen worldwide in the last years, 64% of greenhouse gas emissions stem
from the utilization of fossil fuels in power generation and industry. This underlines the need for clean
and reliably available energy from combustion as wind and solar power are subject to strong tem-
poral fluctuations [6]. At the same time, a reduction of the carbon dioxide (CO2) already present in
the atmosphere is desirable to lower the greenhouse effect and further mitigate global warming. One
attractive carbon capture and storage (CCS) technology is oxy-fuel combustion, in which fuels are
burned in a mixture of pure oxygen and CO2-enriched recirculated flue gas, enabling a sequestration
of the carbon dioxide after condensation of the water vapor within the flue gas [7, 8]. This technology
effectively enables a climate-neutral combustion of solid fossil fuels like bituminous coal and therefore
represents a promising bridge technology. The introduction and utilization of biomass, which captures
CO2 from the atmosphere during its growth, and the simultaneous usage of oxy-fuel technology leads
to negative CO2 emissions. This approach is known as biomass energy with carbon capture and stor-
age (BECCS) [9]. A detailed knowledge of the physicochemical interactions present in the combustion
of pulverized coal and biomass in air and oxy-fuel environments is of great importance to employ this
technology for the retrofit of existing and construction of future power stations.

Phosphorus-containing flame retardants for polymers The second issue addressed in this thesis is
the widespread usage of polymer materials. Polymers have replaced other materials – particularly
metals and alloys – in the construction of components in many engineering applications. Especially
applicable to automotive and aerospace engineering, key features of polymers are their relatively low
density, leading to lower part weights combined with an unparalleled design flexibility. The versatility
of polymers enables the manufacturing of parts with complex geometries as they are required in the
construction of fuselages and airfoils of modern fuel-efficient airplanes, where carbon fiber reinforced
polymers are used. However, a crucial disadvantage of polymers is their high flammability, which
requires the usage of tailor-made flame retardant additives. Especially in safety-critical applications,
flame retardants are indispensable to guarantee mitigation of the fire hazard and the protection of
human lives. Therefore, a reliable experimental characterization of the effectiveness of such additives
is highly desirable [10].
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1 Introduction

These motivational aspects, the reduction of carbon emissions in power generation by BECCS and the
introduction of sustainable flame retardants for polymers, share multiple phenomenological similari-
ties on the meso- and microscale, which were studied in the works included in this dissertation using
similar experimental methodologies. Essentially, both the combustion of flame retarded polymers and
the thermochemical conversion of pulverized solid fuels like coal or biomass can be classified as reac-
tive solid (particle) matter interacting with gaseous flows. As was shown in the publications forming the
core of this doctoral thesis, both phenomena are connected through the interaction of a solid phase,
the surrounding flow characteristics and combustion. Hence, in the case of a complex technical system
like the boiler of a power station or a fire within a building, knowledge of the individual aspects of this
solid-flow-chemistry interaction is crucial to accurately predict and control the desired or undesired
thermochemical conversion of solid matter and/or particles.

1.2 Scientific questions addressed in this work

The complexity of individual aspects of the combustion of solid matter involves multiple parameters
and their interactions, which are shown in Fig. 1.1. The combustion behavior of a solid material is
dependent on its surrounding flow field, which can be laminar or turbulent, as well as the particle
number density, ranging from single particles to dense particle clouds. If a flame retardant is added
to the solid phase composition, inhibition of the combustion adds another level of complexity to this
interaction triangle. In order to characterize the impact of specific phenomena on the overall combus-
tion behavior, parametric experimental studies varying only one parameter should be carried out. As
is apparent, many different combinations of parameter studies are possible. In addition, many further
aspects play a crucial role for the physicochemical behavior of the reactive multi-phase flow, such as
the particle and specimen shape or the composition of the surrounding atmosphere.

Flow field
laminar, turbulent

Combustion
reactive, inhibited

Solid phase
size, shape, number density

X ⋅
CxHyOz

O2

Figure 1.1: Typical interactions between solid phase, flow field, and combustion. Radical scavengers
are denoted by X ⋅ .

With regard to particle-resolved experimental investigations using laser-based in situ diagnostics, the
combustion behavior of single bituminous coal particles and particle groups in laminar flows has been
studied in previous works [11, 12]. For flame retarded polymers, in situ combustion studies have not
yet been performed with optical diagnostics. However, many scientific questions are still open (as will
be explained in the respective chapters) and need to be experimentally investigated using minimally-
invasive optical diagnostics to not disturb the processes themselves while performing measurements.
In this thesis, three groups of subject areas based on specific aspects of solid-flow-chemistry interac-
tions were identified and investigated. The research in each of the three subject areas presented in
this thesis advances the scientific understanding of the respective subject area with respect to both
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1.2 Scientific questions addressed in this work

methodological and phenomenological aspects. The publications included within this thesis are inte-
gral components of a broader body of work, encompassing additional investigations and collaborations
as detailed in the list of publications (see pp. XV).

Subject area 1: Ultra-high repetition rate diagnostics of biomass-laden turbulent jets

This subject area deals with the interaction of solid biomass fuels with their surrounding turbulent flow
field. Here, the surrounding carrier phase was isothermal and hence non-reactive while biomass parti-
cles of different shapes were dispersed in a high-velocity turbulent jet. The introduction of aspherical
biomasses causes complex particle-turbulence interactions, which need to be investigated to under-
stand the coupling between the movement of aspherical particle shapes and the surrounding turbulent
carrier phase. These phenomena were studied at ultra-high repetition rates using a novel fiber laser
system, which was first demonstrated for velocimetry in single-phase turbulent flows in Paper I [1].
The laser system was enhanced to enable a flexible repetition rate illumination of turbulent flows for
optimized statistical and time-resolved velocimetry measurements using an acousto-optic pulse pick-
ing approach. This system was then applied for two-phase velocimetry of a biomass-laden jet, where
particle Reynolds numbers could be measured at repetition rates of several 100 kHz as presented in
Paper II [2]. Remaining drawbacks of this laser system were eliminated by using electro-optic mod-
ulation for pulse picking. This improved methodology was published in a conference paper and is
hence not part of the official list of peer-reviewed publications included in this thesis, while being still
discussed in this thesis [13]. To summarize, subject area 1 contains the following publications:

• Paper I [1]:
Geschwindner, C.; Westrup, K.; Dreizler, A. and Böhm, B.: “Ultra-high-speed time-resolved PIV
of turbulent flows using a continuously pulsing fiber laser.” In: Experiments in Fluids 63.4 (2022).
doi: 10.1007/s00348-022-03424-7.

• Paper II [2]:
Geschwindner, C.; Westrup, K.; Dreizler, A. and Böhm, B.: “Pulse picking of a fiber laser enables
velocimetry of biomass-laden jets at low and ultra-high repetition rates.” In: Proceedings of the
Combustion Institute 39.1 (2023), pp. 1325–1335. doi: 10.1016/j.proci.2022.07.138.

Subject area 2: Group combustion of solid fuels in laminar oxy-fuel environments

This part of the thesis focuses on the effect of particle number density on the combustion behavior of
coal particles. The surrounding atmosphere of the laminar flow field of a flat flame burner was varied
to study the combustion of changing particle number densities within air and oxy-fuel atmospheres, as
documented in Paper III [3]. The comparison of these two atmospheres is especially relevant because
a retrofit of existing power stations working with air to CO2-rich oxy-fuel environments will also po-
tentially change the combustion behavior of the pulverized fuel flames due to the higher heat capacity
of CO2 together with a lower diffusivity of oxygen (O2) in CO2. Multi-parameter three-dimensional
optical diagnostics were used to derive conditioned statistical data. The measurement error of the
particle number density measurements was evaluated using an imaging simulation, which was con-
ceptualized and programmed from the ground up. Consequently, the use of laser-based measurements
and the characterization of the associated measurement errors resulted in an improved understanding
of the combustion behavior of particle groups in air and oxy-fuel atmospheres. To summarize, subject
area 2 contains the following publication:
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• Paper III [3]:
Li, T.; Geschwindner, C.; Dreizler, A. and Böhm, B.: “An experimental study of coal parti-
cle group combustion in conventional and oxy-fuel atmospheres using multi-parameter opti-
cal diagnostics.” In: Proceedings of the Combustion Institute 39.3 (2023), pp. 3259–3269. doi:
10.1016/j.proci.2022.07.081.

Subject area 3: Optical diagnostics of flame retarded polymers

This field comprises the experimental investigation of flame retarded polymers using optical diagnos-
tics. The combustion of single flame retarded polypropylene (PP) particles in laminar environments
was studied by means of planar laser-induced fluorescence of the OH radical (OH-PLIF), which is a
widespread method for the characterization of the combustion of gaseous fuels and which was suc-
cessfully transferred to study the inhibition behavior of a well-known gas-phase active flame retardant
in Paper IV [4]. In a next step, OH-PLIF was combined with diffuse back-illumination (DBI) to simul-
taneously measure the combustion and particle size of individual flame retarded polymer particles in
a more extensive study containing four flame retardants with different modes of action in PP. This ap-
proach enabled a comparison of the material formulations by means of a dimensionless flame stand-off
distance. The study, published in Paper V [5], revealed that the combustion characteristics of single
polymer particles and coal particles are fairly similar in terms of the flame topology, since the dimen-
sionless flame radius decreases with increasing particle size. To bridge the gap to a more realistic fire
scenario, the optical diagnostics methods were also used to study standardized stick-shaped specimens
as they are commonly used in standard material testing procedures for flame retarded polymers. This
revealed that minimally-invasive optical combustion diagnostics can provide a comprehensive under-
standing of the inhibition behavior when combined with pyrolysis fragment analysis methods during
thermal decomposition, which are commonly used in the polymer chemistry community. To summa-
rize, subject area 3 contains the following publications:

• Paper IV [4]:
Geschwindner, C.; Goedderz, D.; Li, T.; Köser, J.; Fasel, C.; Riedel, R.; Altstädt, V.; Bethke, C.;
Puchtler, F.; Breu, J.; Döring, M.; Dreizler, A. and Böhm, B.: “Investigation of flame retarded
polypropylene by high-speed planar laser-induced fluorescence of OH radicals combined with a
thermal decomposition analysis.” In: Experiments in Fluids 61.2 (2020). doi: 10.1007/s00348-
019-2864-5.

• Paper V [5]:
Geschwindner, C., Goedderz, D., Li, T., Bender, J., Böhm, B. and Dreizler, A.: “The effects of
various flame retardants on the combustion of polypropylene: Combining optical diagnostics
and pyrolysis fragment analysis.” In: Polymer Degradation and Stability 211 (2023), p. 110321.
doi: 10.1016/j.polymdegradstab.2023.110321.
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2 Theoretical background

This chapter provides a concise overview of the fundamental principles necessary to comprehend
the phenomena and methodological approaches investigated and described in this thesis. Section 2.1
delves into the fundamental aspects of systems characterized by particle-turbulence-chemistry inter-
actions. It encompasses single-phase and multi-phase turbulent flows, elucidating the complex behav-
ior of reactive streams of solid fuel particles, as well as the mechanisms governing the inhibition of
polymer combustion by suitable flame retardants. Section 2.2 explores the fundamental principles of
optical diagnostics, which play a pivotal role in this research. This discussion includes a brief analysis
of relevant laser-optical devices and the underlying principles of optical measurement methods that
have been extensively utilized throughout this thesis.

2.1 Phenomenological aspects

2.1.1 Laminar and turbulent flows

Fluid flows can be categorized into two fundamentally different regimes: laminar and turbulent flows.
Laminar flows are characterized by smooth motion in parallel ordered layers with low levels of mixing.
They have been extensively studied and well-described by classical theories [14, 15]. However, under
certain conditions, laminar flows can undergo a transition to turbulent flows, marked by a significant
alteration in their characteristics. This transition occurs due to the presence of perturbations in the
flow, which disrupt orderly motion and introduce chaotic behavior. The transition from laminar to
turbulent flows is influenced by the fluid’s kinematic viscosity 𝜈, with lower viscosity promoting the
onset of turbulence. Turbulent flows, in contrast to laminar flows, exhibit complex, three-dimensional
motion, high velocity fluctuations, and enhanced mixing. They are characterized by the presence of
vortices and fluctuations in pressure and velocity. This section introduces the most important concepts
within the field of turbulent flows relevant to this thesis. An extensive introduction to turbulent flows
can be found in [16–18].

The transition from laminar to turbulent flows can be described using the Reynolds number Re, which
quantifies the ratio of inertial forces to viscous forces in the flow and is computed as

Re=
𝒰ℒ
𝜈

, (2.1)

where 𝒰 denotes a characteristic velocity and ℒ is a characteristic length scale. Turbulent flows
are often studied in a statistical manner by decomposing the instantaneous velocity 𝑢𝑖 (as well as the
instantaneous pressure 𝑝) into a mean component ⟨𝑢𝑖⟩ and a fluctuating component 𝑢′

𝑖 as 𝑢𝑖 = ⟨𝑢𝑖⟩+𝑢′
𝑖.

Based on this approach, the Reynolds-averaged Navier-Stokes (RANS) equations can be derived, which
differ from the standard Navier-Stokes equations by the appearance of the Reynolds stress ⟨𝑢′

𝑖𝑢
′
𝑗⟩. This

additional unknown term introduces a closure problem, as the number of equations is smaller than
the number of unknowns, motivating the need for a determination of the Reynolds stresses through
modeling approaches [16].
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2 Theoretical background

A distinct feature of turbulent flows is the wide range of scales they encompass, from large-scale struc-
tures to small-scale fluctuations. To derive the most important set of scales, the Eulerian correlation
coefficient of velocity components in stationary turbulent fields ℛ𝑖𝑗 is introduced by Eq. (2.2).

ℛ𝑖𝑗( ⃗𝑥, ⃗𝜉,𝜏) =
⟨𝑢′

𝑖( ⃗𝑥, 𝑡0) 𝑢
′
𝑗( ⃗𝑥 + ⃗𝜉, 𝑡0+𝜏)⟩

√⟨𝑢′2
𝑖 ( ⃗𝑥, 𝑡0)⟩ ⟨𝑢′2

𝑗 ( ⃗𝑥 + ⃗𝜉, 𝑡0+𝜏)⟩
(2.2)

The correlation coefficientℛ𝑖𝑗 can be computed for different dimensions (𝑖, 𝑗 = 1,2,3) and at different
locations ⃗𝑥 = (𝑥1,𝑥2,𝑥3) = (𝑥,𝑦,𝑧) with spatial variations ⃗𝑥 + ⃗𝜉 = (𝑥 +Δ𝑥,𝑦 +Δ𝑦,𝑧 + Δ𝑧) (where
Δ𝑥 = 𝜉). The temporal lag 𝜏 is the time increment between the two times 𝑡0 and 𝑡0 +𝜏. Using the
autocorrelation functions ℛ𝑖𝑖, one can compute the integral length scales 𝐿𝑖𝑖 (or 𝐿Int) and time scales
𝑇𝑖𝑖 at a position ⃗𝑥 within the flow field as

𝐿𝑖𝑖( ⃗𝑥) =∫
∞

0
ℛ𝑖𝑖( ⃗𝑥,𝜉𝑖,𝜏 = 0) d𝜉𝑖, (2.3)

𝑇𝑖𝑖( ⃗𝑥) =∫
∞

0
ℛ𝑖𝑖( ⃗𝑥, ⃗𝜉 = 0⃗,𝜏) d𝜏. (2.4)

The integral scales represent the characteristic size of energy-containing flow features such as large
eddies and vortices. These structures facilitate the transfer of energy from larger scales to smaller
scales through an energy cascade, which drives the continuous breakdown of turbulent energy until it
is dissipated into heat.

According to Kolmogorov’s first similarity hypothesis, the statistics of small-scale motions attain a
universal form, which is solely determined by 𝜈 and the turbulent dissipation rate 𝜀. Dimensional
analysis using these two parameters leads to a derivation of the smallest scales within a turbulent flow
given by Eq. (2.5) (also called Kolmogorov scales denoted by the index □𝑘), which characterize the
size of dissipative eddies. The Reynolds number based on the Kolmogorov scales is unity (as Re𝑘 =
𝜂𝑘𝑢𝑘/𝜈 = 1), which underlines the notion that the scales or turbulent motion decrease through the
cascade process until the viscous forces have a significant impact.

𝜂𝑘 =(
𝜈3

𝜀
)

1/4

(2.5a)

𝜏𝑘 = (𝜀 𝜈)1/4 (2.5b)

𝑢𝑘 =(
𝜈
𝜀
)
1/2

(2.5c)

An important set of intermediate scales between the scale of large eddies 𝐿 and the Kolmogorov scales
𝜂𝑘 are the Taylor microscales 𝜆Taylor, which are often used in the study of isotropic turbulence. The
transverse Taylor microscale 𝜆𝑔 can be computed from the transverse correlation coefficient ℛ22 as
𝜆𝑔 = [−1

2 𝜕2ℛ22/𝜕𝜉
2|𝜉=0]

−1/2. This definition is easier to grasp through its geometric construction
using ℛ22: 𝜆𝑔 is determined by finding the intersection of the osculating parabola 1−𝜉2/𝜆2

𝑔 with the
abscissa (see Fig. 2.2(c)).

Having introduced some of the most important characteristic scales in turbulent flows, their relation-
ship and scale separation plays an important role as it directly influences the measurement systems
trying to capture turbulent flows in their entirety, both from the aspect of resolution as well as dy-
namic range. Defining the size of energy-containing large eddies as 𝐿 ≡ 𝑘3/2/𝜀, where 𝑘 = 1

2 ⟨𝑢
′
𝑖𝑢

′
𝑖⟩

is the turbulent kinetic energy, the relations shown in Eq. (2.6) between the turbulent scales can be
derived using the macroscopic Reynolds number Re𝐿 = 𝑘1/2𝐿/𝜈 [16]. As can be seen from Eq. (2.6),
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2.1 Phenomenological aspects

increasing Reynolds numbers lead to a larger separation of scales of the turbulent flow. Consequently,
the dynamic range of flow velocity measurement techniques has to be increased capturing the entirety
of the existing scales.

𝜂𝑘/𝐿 = Re−3/4
𝐿 (2.6a)

𝜆𝑔/𝐿 =√10Re−1/2
𝐿 (2.6b)

To understand the contribution of different scales of the flow to the turbulent kinetic energy 𝑘, the en-
ergy spectrum function 𝐸(𝜅) is considered as a function of the wavenumber 𝜅 (where ∫∞

0 𝐸(𝜅)d𝜅 = 𝑘).
Kolmogorov’s second similarity hypothesis states that the statistics of motion in the intermediate range
between large eddies and small-scale fluctuations are only determined by 𝜀 and are independent of 𝜈
for sufficiently large Reynolds numbers. In this inertial subrange where kinetic energy is transferred
from the energy-containing range to the dissipation range, the spectrum attains the power-law form
𝐸(𝜅) = 𝐶𝜀2/3 𝜅−5/3, which is also known as the Kolmogorov −5

3 spectrum including a constant 𝐶.

In practice, the experimental determination of energy spectra is often performed for one-dimensional
spectra 𝐸𝑖𝑗(𝜅1) as for example the longitudinal spectrum 𝐸11(𝜅1), for which the power-law form
𝐸11(𝜅1) = 𝐶1 𝜀

2/3 𝜅−5/3
1 is equally applicable and has been confirmed in numerous experimental studies

[16]. Figure 2.1 shows the relationship between the energy spectrum 𝐸(𝜅) and the one-dimensional
spectra 𝐸11(𝜅1) and 𝐸22(𝜅1) including a depiction of the scales 𝐿, 𝜆𝑔 and 𝜂𝑘 for a model spectrum in-
troduced in [16, p. 232]. The biggest share of turbulent kinetic energy is contained in the large scale
vortices. As kinetic energy is transferred from large to small scales in the inertial subrange through
the cascade process, the characteristic decay of all spectra scaling as ∝ 𝜅−5/3 is apparent. As the Kol-
mogorov scale is approached at high wavenumber, the spectra decay more rapidly than any power of
𝜅. In contrast to 𝐸(𝜅), the one-dimensional spectrum 𝐸11(𝜅1) is maximum at zero wavenumber and
monotonically decreases as a function of 𝜅1.

The majority of spectra were obtained experimentally by a time-resolved measurement at a fixed
position. Using this approach, temporal spectra were converted into spatial coordinates using Taylor’s
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𝜂𝑘/𝜂𝑘𝜂𝑘/𝐿 𝜂𝑘/𝜆𝑔
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5)1/4

Figure 2.1: Comparison of spectra (based on the model spectrum in [16, p. 232]) in isotropic turbu-
lence at Re𝜆 = 1000 normalized by the Kolmogorov scales.
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2 Theoretical background

frozen flow hypothesis [19]. This model assumes that spatial patterns are carried past a fixed point
with a convective velocity 𝑈⃗ = (𝑈,0,0), which is classically assumed to be the local mean stream-wise
velocity ⟨𝑢⟩. Essentially, this means that the velocity 𝑢( ⃗𝑥 + ⃗𝜉, 𝑡 +𝜏) at a downstream location ⃗𝑥 + ⃗𝜉 =
(𝑥1+𝜉,𝑥2,𝑥3) and time 𝑡+𝜏 can be approximated as 𝑢( ⃗𝑥+ ⃗𝜉, 𝑡+𝜏) = 𝑢( ⃗𝑥+ ⃗𝜉−𝑈⃗𝜏,𝑡). Consequently,
the space-time correlation can be expressed asℛ(𝜉,𝜏) =ℛ(𝜉−𝑈𝜏,0), which means thatℛ(𝜉,𝜏) stays
constant for any separation 𝜉 or 𝜏 on the characteristic lines 𝜉−𝑈𝜏 = const. as is shown in Fig. 2.2(a).
This property of ℛ however violates the physical nature of correlation functions, which inherently
decay in turbulence [20] (as e.g. shown in Fig. 2.2(c) for a typical spatial correlation function ℛ(𝜉)).
Still, Taylor’s hypothesis represents an accurate model for low turbulence intensities but is known to
fail for free shear flows and at high turbulence levels [16].

An alternative model for the determination of space-time correlations in turbulent flows was developed
by He and Zhang [21] using an elliptic approximation (EA) of the iso-correlation contours of ℛ(𝜉,𝜏),
which approximates the shape of space-time correlations experimentally and numerically determined
in shear flows [20–23]. The EAmodel expresses the correlations in terms of the characteristic velocities
𝑈 and 𝑉 as ℛ(𝜉,𝜏) = ℛ(√(𝜉−𝑈𝜏)2+𝑉2𝜏2,0) resulting in elliptical iso-contours of the correlation
function (Fig. 2.2(b)). For 𝑉 = 0, the EA model is identical with Taylor’s frozen flow model while for
𝑈 = 0, the EA model expresses Kraichnan’s random sweeping model [21]. Further model development
for the approximation of ℛ(𝜉,𝜏) requires the simultaneous measurement of space and time, which
is especially challenging for high Reynolds numbers and small turbulent scales as these boundary
conditions require a high dynamic range of the velocity measurement as well as a high spatio-temporal
resolution.
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= 0

𝜉−
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= con
st.

0
𝜏

0𝜉 (𝜉−
𝑈𝜏

)2 +𝑉
2 𝜏2 = con

st.

𝜉−𝑈EA 𝜏 = 0

𝜉
0

1
ℛ
(𝜉

,𝜏
=
0) 𝜆Taylor

𝐿Int

(a) (b) (c)

𝑝(𝜉) = 1−𝜉2/𝜆2
Tay

Figure 2.2: Iso-correlation contours of (a) frozen (Taylor’s hypothesis) and (b) nonfrozen (EA model)
turbulence. (Adapted from [20]) (c) Representative spatial autocorrelation function ℛ(𝜉)
including a depiction of the determination of 𝜆Taylor and 𝐿Int.

2.1.2 Dispersed particle-laden flows and particle-turbulence interaction

Dispersed particle-laden flows are ubiquitous in many disciplines of engineering and environmental
sciences. From the combustion of biomass in furnaces, the transport of sediment in rivers to the forma-
tion of clouds in the atmosphere, multi-phase flows consisting of liquid or solid particles dispersed in
an often turbulent carrier flow represent an important field of study requiring extensive experimental
and numerical investigation. Compared to single-phase fluid flows discussed in Section 2.1.1, the de-
scription and modeling of multi-phase flows is much more complicated as multiple interacting phases
are involved, whose behavior has to be captured and described accordingly. An extensive introduction
into dispersed particle-laden flows is found in several books [24, 25] and review papers [26, 27].
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2.1 Phenomenological aspects

The properties of particle-laden flows can be characterized by several important quantities. Consider-
ing a domain of volume 𝑉𝑑 including a total number of particles𝑁𝑝, the particle number density (PND)
is defined as

PND=
𝑁𝑝

𝑉𝑑
. (2.7)

Similarly, the volume fraction of particles 𝛼𝑝 within this domain can be computed as

𝛼𝑝 =
∑

𝑁𝑝
𝑖=1𝑉𝑝,𝑖

𝑉𝑑
, (2.8)

where the volume of individual particles is denoted as 𝑉𝑝,𝑖. For monodisperse particles of uniform
volume 𝑉𝑝, the volume fraction of particles can be computed as 𝛼𝑝 = PND𝑉𝑝.

The interaction of the surrounding flow field with the dispersed phase is captured by a set of additional
parameters linking the properties of particles and the carrier phase. Based on the general definition
in Eq. 2.1, a relative Reynolds number (also termed particle Reynolds number Re𝑝) is defined as

Re𝑝 =
𝑑𝑝| ⃗𝑢𝑓− ⃗𝑢𝑝|

𝜈
=

𝑑𝑝| ⃗𝑢𝑠|

𝜈
. (2.9)

In this definition, the characteristic length is the representative particle diameter 𝑑𝑝 and the charac-
teristic velocity is chosen to be the magnitude of the relative or slip velocity | ⃗𝑢𝑠|, which is calculated
as ⃗𝑢𝑠 = ⃗𝑢𝑓− ⃗𝑢𝑝, where the indices □𝑓 and □𝑝 denote the fluid and particle properties, respectively. In
the fixed frame of a resting particle, Re𝑝 can be used to determine the characteristics of the local flow
field around the particle similar to the famous case of the flow past a sphere (or other rigid objects).

Further, the momentum response time of a particle 𝜏𝑝 in a carrier flow is important to describe the
interaction of both phases as it displays the particle’s ability to respond to changes in the surrounding
fluid velocity. Based on the motion equation of a spherical particle in a fluid flow [25, p. 24], the
response time of a particle for low Reynolds numbers can be computed as Eq. (2.10). Based on this,
the Stokes number, defined as the ratio between particle and fluid timescales (Eq. (2.11)), represents
a dimensionless number describing the ability of particles to follow the motions of the surrounding
flow. If Stll1, particles perfectly respond to all changes of the flow field and can be termed tracers,
which is important for the experimental characterization of fluid flows as outlined in Section 2.2.2.

𝜏𝑝 =
𝜌𝑝 𝑑

2
𝑝

18 𝜇𝑓
(2.10)

St=
𝜏𝑝
𝜏𝑓

(2.11)

As discussed in Section 2.1.1, turbulent fluid flows exhibit a wide range of spatial and temporal scales
with the Kolmogorov time scale 𝜏𝑘 representing the smallest scale at which the dissipation of kinetic
energy into heat occurs. Consequently, different Stokes numbers based on the chosen fluid timescale
can be found for different fluid mechanical configurations (e.g. in particle-laden turbulent round jets,
the definition 𝜏𝑓 = 𝐷/𝑢𝑏𝑢 is often found [28, 29] for the exit diameter 𝐷 and the bulk flow velocity
𝑢𝑏𝑢). Still, the most widely used Stokes number for the description of particle-turbulence interaction is
based on the Kolmogorov timescale as St𝑘 = 𝜏𝑝/𝜏𝑘. Using this definition, different regimes of particle-
turbulence interaction can be found [30] as outlined in Fig. 2.3, where the Stokes number St𝑘 is
displayed as a function of the particle volume fraction 𝛼𝑝.

For the smallest particle concentrations (𝛼𝑝 <1⋅10−6), only themotion of the particles is affected by the
fluid phase with the turbulence structure of the carrier phase remaining almost unchanged. Therefore,
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Figure 2.3: Classification map of particle-laden turbulent flows showing the interplay of volume frac-
tion 𝛼𝑝 and the Kolmogorov-based Stokes number St𝑘. (Adapted from [30])

one-way coupling occurs in this regime as the behavior of the fluid phase can be treated separately from
the particle phase. Increasing the particle volume fraction beyond 𝛼𝑝 >1⋅10−6, one enters the region
in which two-way coupling occurs, as the fluid flow is now affected by the presence of particles with the
particles themselves being affected by the fluid motion. Within this regime, zone A includes particles
with St𝑘 ≤ 10 and particle Reynolds numbers Re𝑝 ≤ 1, which results in a large variety of different
effects of the presence of particles on the turbulent flow. As 𝜏𝑝 increases (the particle size increases
at a given particle concentration 𝛼𝑝), zone B is reached, in which vortex shedding occurs for particle
Reynolds numbers beyond values of 400 for spheres [30]. It should be noted that the exact value of
Re𝑝 for the onset of vortex shedding also depends on the shape and orientation of the particle towards
the local flow. For 𝛼𝑝 > 1 ⋅ 10−3, dense suspensions of particles result in an increasing importance
of particle-particle collisions leading to four-way coupling. The upper separation line between zones
A and B and the four-way coupling regime is slightly inclined as the probability of particle-particle
collision rises as 𝜏𝑝 increases at a given value of 𝜏𝑓.

The majority of investigations of particle-turbulence interaction have been performed using spher-
ical particles, whose behavior however differs greatly from the modulation properties of aspherical
particles, which have been fundamentally studied to a much lesser extent [27]. The most primitive
shape representing an aspherical particle is an ellipsoid, whose properties have been recently studied
in highly-resolved simulations to e.g. obtain the drag coefficients depending on their orientation and
the particle Reynolds number [31–33]. The momentum response time of a prolate ellipsoid can be
expressed as

𝜏𝑝 =
2𝑎2 𝜌𝑝
9𝜇𝑓

𝛽 ln(𝛽+(𝛽2−1)1/2)

(𝛽2−1)1/2
, (2.12)

where 𝑎 is the minor axis radius and 𝛽 is the aspect ratio of the ellipsoid (which is the ratio between
major and minor axis radii) [27, 34].
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2.1.3 Combustion of carbonaceous solid fuels

As discussed in Section 1.1, the combustion of coal and biomass represents a critical area of investiga-
tion due to its substantial impact on power generation and the urgent need to decarbonize the energy
sector. Consequently, this subject has garnered significant attention and undergone extensive study.
In line with this, the following section offers a concise overview of the composition and combustion
characteristics of fossil and regenerative carbonaceous solid fuels.

Solid fuel types and composition

Solid fuels can be characterized based on their degree of carbonization or coalification. Coalification
refers to the natural process by which buried plant matter evolves into a dense, dry, carbon-rich,
and hard material. It is primarily influenced by heat and pressure over time, with heat playing a
dominant role [35]. Depending on the degree of coalification, four major ranks of coal are defined:
lignite (often known as brown coal), sub-bituminous coal, bituminous coal, and anthracite. Biomass,
on the other hand, represents organic matter derived from living or recently living organisms and
is not considered a fossil fuel. The different ranks of coal exhibit variations in color, hardness, and
elemental composition.

The transition in composition from biomass through peat to different coal stages can be observed in
the Van Krevelen diagram (Fig. 2.4), which provides a graphical representation of the elemental com-
position of fuels, depicting the hydrogen-to-carbon ratio (H/C) on the vertical axis and the oxygen-to-
carbon ratio (O/C) on the horizontal axis [36]. In this diagram, solid fuel types with a lower degree of
carbonization, such as biomass and peat, demonstrate higher atomic H/C and O/C ratios. Conversely,
as the coal rank increases, both ratios notably decrease. As is apparent, the majority of carbonaceous
solid fuels are found in a narrow band. Fuels with higher H/C and lower O/C ratios tend to exhibit
higher energy content such as bituminous coals. Conversely, fuels with lower H/C and higher O/C ra-
tios, such as biomass, often have lower energy content and may require different processing techniques
such as torrefaction to improve their storage, transport and combustion properties.
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Figure 2.4: Van Krevelen diagram highlighting different carbonaceous solid fuels. (Adapted from [36,
37])

Solid fuels exhibit varied chemical compositions, consisting predominantly of carbon, hydrogen, oxy-
gen, and a range of other elements that necessitate thorough characterization. Proximate analysis
emphasizes the determination of relative quantities pertaining to essential components such as fixed
carbon, volatile matter, ash, and moisture content. Conversely, ultimate analysis ascertains the precise
elemental composition of the fuel, enabling a more intricate comprehension of its chemical properties
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2 Theoretical background

and energy content. The combination of proximate and ultimate analyses is indispensable for com-
prehensive characterization of solid fuels, facilitating the evaluation of their suitability for thermal
conversion. Especially for biomass, the chemical composition of a chosen solid fuel can vary signifi-
cantly depending on factors like the plant species, growth conditions, fertilizers or harvesting time,
which requires tedious characterization and the generation of extensive data sets for kinetic mod-
eling. In comparison to coal, biomass contains a larger fraction of volatile matter mostly exceeding
60%, which affects the interaction with the surrounding fluid phase altering the mixing, ignition and
combustion properties [38]. In this work, the combustion of bituminous coal and the particle-fluid
interaction of miscanthus is experimentally investigated.

Single particle and particle group combustion

The thermochemical conversion of solid fuel particles in furnaces consists of multiple phenomenologi-
cal phases, which are depicted for a representative particle in Fig. 2.5. As particles enter the combustion
chamber, they are heated resulting in the release of water and subsequently flammable volatile mat-
ter. After devolatilization, the fuel diffuses away from the particle mixing with the available oxidizer
resulting in the ignition and homogeneous combustion of volatiles in a spherical flame surrounding
the particle. This leads to an increase of the local gas temperature 𝑇𝑓,local until all volatile matter is
consumed. As the oxidizer further diffuses towards the particle, heterogeneous combustion (or char
combustion) occurs, during which reactions take place on the particle surface until only mineral non-
flammable residues are left, which make up the ash.
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Figure 2.5: Temporal evolution of the combustion of a single solid fuel particle including relevant sub-
processes. (Adapted from [11, 39])

While studies of single particle combustion (SPC) have been extensively reported in the literature,
the experimental investigation of the combustion of streams or a group of particles is much more
challenging, leading to fewer studies in this area [39]. The key difference between SPC and particle
group combustion (PGC) lies in the importance of particle-particle interaction, which significantly
influences the local transport processes and chemical reactions. The intensity of this interaction mainly
depends on the local volume fraction 𝛼𝑝 or PND of solid fuel particles, which can alternatively be
expressed in terms of the inter-particle distance 𝑙𝑝𝑝,1. Despite the challenges in conducting experiments
on PGC, understanding these particle-particle interactions and their impact on combustion processes
is crucial for characterizing the transition from single particle combustion to the complex interaction
occurring in a group combustion scenario. Based on this, the definition of the interaction factor (IF)
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can be used to determine the local interaction of two neighboring particles of size 𝑑𝑝 and 𝑑𝑝,1 to
IF= 1

2(𝑑𝑝+𝑑𝑝,1)/𝑙𝑝𝑝,1 [40].

Oxy-fuel combustion

Traditionally, the combustion of coal in power stations takes place within air atmospheres. However,
as discussed in Section 1.1, the combination of biomass with oxy-fuel combustion in a CO2-enriched
atmosphere offers a pathway to achieve BECCS, a method that can effectively achieve negative CO2
emissions [9]. The basic idea of oxy-fuel combustion starts with the separation of air into its primary
components: nitrogen (N2) and O2. In this process, only O2 is utilized for the combustion of the solid
fuel. However, hydrocarbon combustion in pure O2 can result in extremely high flame temperatures,
which may cause irreversible damage to the boiler. To mitigate this issue, coal-fired power plants
often introduce recycled flue gases into the boiler inlet flow to reduce the flame temperature. As there
is no N2 present in the combustion chamber, the flue gas mainly consists of CO2 and water (H2O).
This composition allows for the recirculation, as well as the energetically efficient sequestration and
storage, of CO2. Thus, oxy-fuel combustion offers a promising approach to address the challenge of
carbon capture and storage in the pursuit of sustainable energy solutions and was extensively reviewed
in previous works [7, 8].

The presence of CO2 (and H2O) in oxy-fuel combustion introduces significant alterations in combustion
behavior due to changed thermochemical properties compared to N2. Consequently, oxy-fuel combus-
tion exhibits different characteristics when compared to traditional air-firing combustionwhose impact
on combustor performance is not entirely understood, motivating the need for detailed experimental
studies. Amongst several quantities of interest, three key properties of the combustion atmosphere
change: the heat capacity (and heat sink), the mass diffusivity of O2 in the respective diluent species
and the radiative behavior. Table 2.1 lists some of these properties calculated for a temperature of
1123 °C.

Table 2.1: Properties of N2 and CO2 at a temperature of 1123 °C [7].

N2 CO2 Ratio CO2/N2

Density (𝜌) / kg/m³ 0.244 0.383 1.6
Specific heat capacity (𝑐𝑝) / kJ/(kgK) 1.22 1.31 1.1
Heat sink (𝜌𝑐𝑝) / kJ/(m³K) 0.298 0.502 1.7
Mass diffusivity of O2 in other species (𝐷O2,𝑋

) / m²/s 1.7 · 10⁻⁴ 1.3 · 10⁻⁴ 0.8

The replacement of N2 with CO2 in the oxy-fuel combustion environment introduces several notable
changes. Firstly, the higher heat sink of CO2 enables it to store 1.7 times more heat per unit volume
compared to N2. Consequently, the flame temperature decreases proportionally when the ratio of oxy-
gen to inert gases is maintained, potentially causing challenges with flame stabilization in combustors.
This issue is further exacerbated by the lower mass diffusivity of O2 in CO2, which leads to reduced
transport rates of the oxidizer into the diffusion flames surrounding solid fuel particles. Moreover, the
presence of CO2 and H2O in oxy-fuel combustion significantly impacts radiative heat transfer. Both
CO2 and H2O are radiative species in contrast to N2. As a result, the radiative heat flux increases even
if the temperature remains unchanged. Additionally, the thermal radiation from soot and char parti-
cles becomes influential in the radiative heat transfer process. The formation of soot, intricately tied to
the local interaction between fuel and oxidizer in coal flames, displays alterations as gas composition
and flow dynamics shift during oxy-fuel combustion.

Considering the combined effects and interactions between these factors, extensive research on oxy-
fuel combustion remains imperative, particularly when characterizing the transition from SPC to PGC.
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2 Theoretical background

The comprehensive understanding of these phenomena is crucial for advancing the knowledge in this
field and optimizing oxy-fuel combustion systems.

2.1.4 Flame retarded polymers

Polymers are widely utilized in diverse industries, such as construction, electronics, automotive, and
consumer goods, due to their key advantages. These include lightweight properties, durability, design
flexibility, and excellent electrical insulation. These characteristics make polymers highly desirable for
various applications, e.g., enhancing overall performance of cars and airplanes.

While polymers have proven invaluable in many applications, their pronounced flammability poses a
significant drawback that demands attention in sensitive applications. This especially concerns halogen-
free polymers such as polyethylene (PE), PP or polyethylene terephthalate (PET), which are not in-
herently flame retarded compared to their halogen-containing counterparts. The potential hazards of
fires, including the loss of human lives and substantial economic ramifications, underscore the urgent
requirement for effective fire protection strategies. Consequently, the significance of flame retarda-
tion in polymers has garnered increasing recognition as industries strive to develop materials that are
both safer and more sustainable [41–43]. Unlike the previous section that focused on enhancing the
combustion of solid fuels, this section emphasizes the crucial objective of effectively inhibiting flames
emerging from a solid material, i.e., a polymer.

To provide a foundation for understanding different inhibition mechanisms, the combustion of poly-
mers is examined, emphasizing the thermal decomposition and combustion chemistry. The left part of
Fig. 2.6 illustrates the processes involved in the combustion of polymers. Upon exposure to heat, poly-
mers undergo decomposition through melting, pyrolysis, and vaporization. Polymer pyrolysis is gener-
ally an endothermic process, requiring a sufficient energy input to break bonds with bond dissociation
energies typically ranging from 200 to 400 kJ/mol [44, 45]. The pyrolysis zone encompasses solid,
liquid, and volatile products, often referred to as the mesophase [45]. While certain polymers natu-
rally develop a char layer during decomposition, the polymer PP, studied within this thesis, exhibits
a negligible char yield, resulting in a high fire hazard as the entire polymer material can potentially
fuel a fire [45].

The volatile products generated in these processes consist of flammable hydrocarbon molecules that,
when combined with oxygen, form a flammable mixture. During the combustion of hydrocarbon fuels,
exothermic chain branching reactions (Eq. (2.13)) release heat and are primarily characterized by the
presence of highly reactive hydrogen and hydroxyl (OH) radicals, with Eq. (2.13c) generating the
highest heat of reaction [41, 46]. The reradiation of heat onto the polymer surface completes the
flame stabilization cycle, which flame retardant substances aim to disrupt.

H ⋅ +O2 −−−→OH ⋅ +O ⋅ (2.13a)
O ⋅ +H2 −−−→OH ⋅ +H ⋅ (2.13b)

OH ⋅ +CO−−−→ CO2+H ⋅ (2.13c)

Flame retardants exhibit a range of distinct modes of action to impede or suppress combustion pro-
cesses in polymers as shown on the right side of Fig. 2.6. Gas-phase action involves scavenging radicals,
disrupting heat and mass transport, and restricting the availability of combustible gases and oxygen.
Condensed-phase action encompasses the promotion of charring, intumescence, and the formation of
a protective barrier that limits the transport of fuel by inhibiting pyrolysis. Inorganic flame retardants,
such as aluminum trihydroxide (ATH), decompose endothermically while releasing water, effectively
dissipating heat from the reaction zone. The specific mode of action employed by a flame retardant is
dependent on its composition and the particular polymer matrix under consideration. Understanding
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Figure 2.6: Combustion inhibition mechanisms of phosphorus-containing flame retardants added to
polymer materials. (Adapted from [10])

these diverse mechanisms is vital for designing and selecting appropriate flame retardants to enhance
the fire safety of polymer materials.

Traditionally, halogenated flame retardants based on e.g. bromine or chlorine have been widely used
due to their efficacy in suppressing flames. However, increasing environmental concerns and poten-
tial health hazards associated with these halogenated compounds have led to their banning in many
countries as first stated in the Montreal Protocol of 1987 [47]. Their persistence in the environment,
potential for bioaccumulation, and toxicity have raised significant alarms, prompting the exploration
of alternative flame retardants.

In recent years, phosphorus-based flame retardants have gained renewed attention as they offer re-
duced toxicity and a lower environmental impact compared to halogenated counterparts [10, 48].
Phosphorus-based substances have demonstrated promising flame inhibition properties while exhibit-
ing improved environmental profiles. Previous investigations have revealed relevant reactions involv-
ing gas-phase active flame retardants containing phosphorus in a hydrocarbon flame, as summarized
in Eq. 2.14 [10, 43, 48, 49]. These reactions involve the substitution or neutralization of highly re-
active radicals through radical recombination within the gas phase. As a result, the progression of
chain branching reactions involved in hydrocarbon oxidation is impeded or halted, leading to flame
inhibition and reduced heat generation. The involvement of the phosphorus monoxide (PO) radical is
widely acknowledged as pivotal in the flame inhibition mechanism [48].

PO ⋅ +H ⋅ −−−→HPO (2.14a)
PO ⋅ +OH ⋅ −−−→HPO2 (2.14b)
HPO+H ⋅ −−−→H2+PO ⋅ (2.14c)

OH ⋅ +H2+PO ⋅ −−−→H2O+HPO (2.14d)
HPO+OH ⋅ −−−→ PO ⋅ +H2O (2.14e)
HPO2+H ⋅ −−−→ PO ⋅ +H2O (2.14f)
HPO2+H ⋅ −−−→H2+PO2 ⋅ (2.14g)

HPO2+OH ⋅ −−−→ PO2 ⋅ +H2O (2.14h)
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Several methods have been employed to assess the effectiveness of flame retardants in the gas phase,
but most of these methods are intrusive and can disrupt the combustion processes [50]. Optical tech-
niques, such as laser-induced fluorescence (LIF), offer a minimally invasive approach and have primar-
ily been utilized in hydrocarbon gas flames with added inhibition agents. However, there is a significant
gap in the literature regarding the characterization of gas-phase active flame retardants in burning
polymer systems. This gap will be addressed in Section 5, where the methodology for evaluating the
efficacy of flame retardants in burning polymers will be explained.

2.2 Methodological aspects

2.2.1 Lasers and optical devices

This section serves as an introduction to fundamental concepts and devices in laser optics that are
pertinent to the research and advancements presented in this thesis. It starts by exploring pulsed solid-
state lasers and provides a brief overview of the acousto-optic and electro-optic effects. Furthermore, it
discusses measurement techniques employed in studying reactive multi-phase flows within the context
of this thesis.

Pulsed solid state lasers

In turbulent flow systems, obtaining high temporal and spatial resolutions is crucial to capture the
multitude of scales present in these phenomena. Minimally invasive laser diagnostics have proven
invaluable for such measurements, especially in combustion systems [51]. Pulsed diode-pumped solid
state (DPSS) lasers, schematically shown in Fig. 2.7(a), are often employed for laser diagnostics at
kilohertz repetition rates [52, 53]. These lasers mostly employ a Q-switch to generate nanosecond
pulses. The Q-switch blocks lasing action until the laser medium’s population inversion reaches its
peak, after which it rapidly releases the stored energy, resulting in short and intense laser pulses [54].
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Figure 2.7: Schematic working principle of (a) the resonator of a DPSS laser (M = Mirror, A = pump-
reflective layer) and (b) a master oscillator power amplifier (MOPA) fiber laser including
(c) the side pumping mechanism of the active fiber. (Adapted from [4, 55])

Approaching repetition rates beyond 100 kHz, the continuous pulsing of Q-switched DPSS lasers faces
significant limitations, primarily due to thermal stress within the laser cavity, restricting output power
and repetition rates. To overcome these challenges, burst-mode lasers have been introduced, pulsing
for a limited duration but with higher energies and repetition rates [53, 56]. State-of-the-art systems
implement the master oscillator power amplifier (MOPA) approach, utilizing a low-power pulsed seed
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laser amplified in subsequent stages to achieve high pulse energy. This approach provides flexibility
in controlling pulse duration and energy, allowing the generation of pulses ranging from nanoseconds
to femtoseconds with high average power and megahertz repetition rates.

Recently, pulsed MOPA fiber lasers have become available employing a side pumping strategy depicted
in Fig. 2.7(b). Fiber lasers and amplifiers feature a distinctive design with a core fiber doped with rare
earth ions surrounded by an undoped fiber for diode-laser pump beam guidance. The optimized core
design ensures efficient excitation of the laser crystal as the pump radiation passes through the doped
core. Unlike DPSS resonators, the large surface-to-volume ratio in optical fibers allows for efficient
heat transfer. However, specific nonlinear loss mechanisms such as stimulated Brillouin and Raman
scattering need to be considered leading to power limitations [57, 58].

Acousto-optic and electro-optic devices

The interactions between light and various external fields, such as acoustic waves and electric fields,
give rise to phenomena known as the acousto-optic (AO) and electro-optic (EO) effects. These effects
provide essential tools and devices used in a wide range of applications, from telecommunications and
signal processing to laser technology and imaging [54, 59, 60].

The acousto-optic effect arises from periodic mechanical strain induced by an acoustic wave, creating
a refractive index grating in the medium. When a light beam interacts with this grating, it undergoes
diffraction in either multiple orders (Raman-Nath diffraction) at low acoustic frequencies or a single
order (Bragg diffraction) at high acoustic frequencies, similar to X-ray diffraction in crystals [54, 60].
In the Bragg regime, the deflection angle 𝜃 can be calculated using the formula for Bragg diffraction
sin𝜃 = (𝜆𝑙 𝑓𝑠)/(2𝑉𝑠) = 𝜆𝑙/(2Λ), with 𝑉𝑠 being the velocity of sound, 𝑓𝑠 the frequency of sound, 𝜆𝑙 the
laser beamwavelength, and Λ the acoustic wavelength. The acousto-optic effect is harnessed in devices
like acousto-optic modulators (AOMs) and acousto-optic deflectors (AODs), enabling applications such
as laser scanning [54].

The electro-optic effect is a phenomenon observed in crystals, where an externally applied electric
field alters the crystal’s refractive indices. This effect can induce birefringence in otherwise isotropic
crystals or modify existing birefringence. Two main types of the electro-optic effect are the Pockels
effect (linear electrooptic effect) and the Kerr effect (quadratic electrooptic effect). In the Pockels
effect, changes in refractive indices are directly proportional to the applied electric field. This effect
finds practical applications in various optical devices to control and manipulate light propagation by
modulating its phase, amplitude, or frequency [54, 60].

2.2.2 Optical diagnostics of reactive multi-phase flows

This thesis employs minimally invasive laser diagnostics to gather precise and comprehensive data
about combustion processes, without disrupting the flow or chemical reactions [61]. These laser tech-
niques offer high spatial and temporal resolutions, making them versatile in various combustion en-
vironments, particularly in solid fuel combustion experiments [39]. The laser diagnostic techniques
utilized in this study are well-established and will be briefly explained in the following sections, with
more comprehensive information available in the literature [61–63].

Particle image velocimetry (PIV)

Particle image velocimetry (PIV) is widely acknowledged as the standard experimental method for
flow velocimetry [62, 64]. In PIV, fluid tracer particles are introduced into the flow and illuminated
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by two short light pulses (usually a nanosecond-pulsed laser to avoid motion blur) with a precisely
known time delay 𝑡𝑙. To ensure accurate tracking of the flow, it is important for the tracer particles to
exhibit a Stokes number Stll1, as discussed earlier in Eq. (2.10). A camera captures the Mie scatter-
ing of particles in two separate frames. By employing a cross-correlation algorithm within a defined
interrogation window (IW), the fluid velocity can be computed by dividing the particle displacement
signified by the peak of the cross-correlation function and 𝑡𝑙. Modern PIV algorithms operate in the
frequency domain to speed up the correlation calculations, which requires a Fourier transform of the
raw images. A common method to increase vector accuracy and density is a multi-pass approach with
window overlaps in which a series of IWs with decreasing size are used to improve and refine vector
calculations [62]. It is important to note, however, that the IW size still determines the spatial res-
olution of the velocity measurement in PIV, independent of the window overlap [65]. Alternatively,
the tracking of single particles is possible leading to an unstructured grid of velocity data with higher
local spatial resolution termed particle tracking velocimetry (PTV).

Typically, PIV is used in a planar arrangement to measure two velocity components (2D-2C) as it was
the case in this thesis, but it can be extended to multiple dimensions and resolved in time (termed
time-resolved particle image velocimetry (TR-PIV)). Current trends go towards 3D Lagrangian particle
tracking methods, which provide a full picture of position, velocity, and acceleration of fluid elements
in space and time [66].

Laser-induced fluorescence (LIF)

Laser-induced fluorescence (LIF) is a fundamental optical measurement technique wherein atoms
or molecules absorb laser radiation to reach specific rotational-vibrational states and subsequently
undergo transitions to lower energy levels, emitting radiation in the process. LIF finds extensive appli-
cation in combustion diagnostics and has been discussed in numerous works in the literature [67, 68].
In this chapter, the focus lies on laser-induced fluorescence of the OH radical (OH-LIF) as it is applied
for the hydroxyl (OH) radical, an important intermediate species in combustion systems.
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Figure 2.8: Rydberg-Klein-Rees potential energy curves of the ground state 𝑋2Π and first excited state
𝐴2Σ+ the OH molecule highlighting the excitation 𝑣′ = 1 ← 𝑣′′ = 0 at an incident photon
energy of ℎ𝜈𝑙. (Adapted from [69])

Most commonly, excitation of the diatomic OH molecule is performed between 𝐴2Σ+ (𝑣′ = 0) ← 𝑋2Π
(𝑣′′ = 0) or 𝐴2Σ+ (𝑣′ = 1) ← 𝑋2Π (𝑣′′ = 0) bands, where the latter was chosen in this thesis at laser
wavelengths of around 283nm as shown in Fig. 2.8. Here, 𝐴2Σ+ denotes the first excited electronic
state and 𝑋2Π the electronic ground state. Compared to the excitation of the 𝑣′ = 0 ← 𝑣′′ = 0 band,
the transition strength of the 𝑣′ = 1 ← 𝑣′′ = 0 is much lower [69]. However, after excitation, colli-
sions will lead to vibrational and rotational energy transfer, lowering the energy of OH molecules and
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therefore subsequent fluorescence will be Stokes shifted, enabling straightforward distinction between
excitation and emission using spectral filters in the detection units.

The fluorescence emitted originates from various rotational levels in both 𝐴2Σ+ (𝑣′ = 0) and 𝐴2Σ+

(𝑣′ = 1), resulting in different wavelengths. Predissociation, caused by interaction with the 4Σ− state
at higher vibrational levels, and collisional quenching, leading to de-excitation without radiation emis-
sion, are competing processes [70, 71]. The specific rotational excitation transition chosen in this thesis
is the 𝑄1(6) line from the state 𝑋2Π (𝑣′′ = 0) at the angular momentum quantum number 𝐽 = 13/2.
This transition was selected due to its uniform population over a wide temperature range and its
successful application to OH-PLIF in solid fuel combustion [69, 71, 72].

Diffuse back-illumination (DBI)

Diffuse back-illumination (DBI) serves as an extinction imaging technique extensively employed in
the analysis of multi-phase flows, including sprays and pulverized solid fuel combustion [39, 73]. The
setup entails positioning a diffused light source, ideally a Lambertian emitter, in front of a camera that
captures the light attenuated by objects within its path. Differing from shadowgraphy and schlieren
imaging methods [63], the focus of DBI is not to visualize density gradients but rather to counteract
beam steering by employing diffuse light instead of collimated light. Beam steering can lead to either
a reduction or amplification in the recorded radiant flux. This phenomenon occurs when rays originat-
ing from the source experience refraction, causing them to fall beyond the defined angular aperture
of the collection system, or when rays that initially exist beyond the collection cone are redirected
inward. Nonetheless, when the illumination source adheres to criteria of sufficient extension, spatial
uniformity, and Lambertian behavior, any light ray diverging from its original path due to refraction
will be compensated by another ray possessing equivalent radiance originating from the same source.
This quality makes DBI particularly suitable for capturing liquid-gas or solid-gas interfaces, as well as
the projected sizes and shapes of particles [39].
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Figure 2.9: Optimized diffuse back-illumination (DBI) setup for the mitigation of beam steering.
(Adapted from [73])

To address beam steering in a DBI setup, the calculations conducted by Westlye et al. [73] have un-
veiled a pivotal principle, visually illustrated in Fig. 2.9. This principle dictates that the Lambertian
illumination’s opening angle (𝛿) must surpass twice the combined value of the beam steering angle
(𝜁), which is often unknown, and the angle formed between the lens-captured steepest ray and a
vector perpendicular to the light source’s emission plane (𝜒): 𝛿 ≥ 2𝜒 +2𝜁. This fundamental con-
cept underscores the imperative of aligning the selected diffuser with the imaging system, particularly
when using high-repetition-rate imaging necessitating short exposure durations. Opting for a wider
opening angle involves a trade-off: it diminishes the signal collected by the imaging system’s lens
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while concurrently enhancing the effectiveness of beam steering mitigation. In scenarios encompass-
ing substantial focal lengths and optical magnifications, which are typical in investigations focused on
micrometer-sized solid fuel particles, a more restricted opening angle is requisite for a specific beam
steering angle. As a result, utilizing narrower diffuser opening angles are sufficient for achieving high-
resolution particle imaging while maintaining robust signal-to-noise ratios, effectively addressing the
challenges stemming from beam steering.
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3 Ultra-high-speed diagnostics of turbulent
non-reactive biomass-laden jets

3.1 Outline and state of research

Understanding particle-flow interactions in solid fuel systems is crucial for the efficient combustion of
carbonaceous fuels. Previous studies investigated solid fuel particles dispersed in a reactive laminar
gaseous carrier flow using optical multi-parameter diagnostics [11, 39]. These experiments achieved
high optical magnifications resulting in pixel resolutions of approx. 5 µm/px and were performed
at recording rates of 10 kHz. Such resolutions were sufficient to track individual particle positions
over time. However, extending comparable spatial resolutions to high-speed turbulent flows while si-
multaneously capturing particle movement demands significantly higher repetition rates for cameras
and synchronized laser systems, depending on the specific diagnostic setup used. The primary objec-
tive of this chapter is to tackle this challenge by developing and implementing advanced diagnostic
techniques that can capture particle dynamics in turbulent flows with enhanced temporal and spatial
resolutions.

The need for ultra-high repetition rates becomes evident when considering the scenario of tracking a
typical biomass particle over time with a diameter of 𝑑𝑝 = 200µm within a turbulent flow field while
simultaneously capturing the fluid phase using PIV. To achieve a sufficient spatial resolution for the
particle, a pixel resolution 𝑅 of approximately 10 µm/px is required, ensuring an adequate number
of data points. At the same time, capturing the PIV vector field with satisfactory spatial resolution
demands a typical pixel displacement 𝑠px of around 5 px, which, in turn, requires an IW size that
is at least twice the size of 𝑠px, determining the spatial resolution of the vector field. Considering a
particle velocity of 𝑢𝑝 = 20m/s, the inter-pulse time 𝑡𝑙 between two frames can be calculated using
𝑡𝑙 = (𝑠px𝑅)/𝑢𝑝. The resulting value is 𝑡𝑙 = 2.5µs, implying that both the camera and laser systems
need a repetition rate of at least 𝑓𝑙 = 1/𝑡𝑙 = 400kHz to continuously track the particle motion while
resolving its size and shape using TR-PIV.

This straightforward analysis highlights the connection between the desired flow parameters and the
necessary repetition rates. Specifically, higher flow velocities, smaller pixel displacements (leading to
higher spatial resolutions of the PIV-derived flow field), and smaller 𝑅 values all demand an increase
in the repetition rate of the time-resolved diagnostics system. This realization underscores the critical
importance of ultra-high repetition rates in effectively capturing the desired particle and flow dynamics
within turbulent flows, demanding advancements in laser system specifications for velocimetry beyond
the current state of the art. Hence, the primary objective of the works presented in this chapter is to
develop and apply ultra-high repetition rate diagnostics for characterizing both the particle and fluid
phases in a biomass-laden jet.

In the past, different laser types have commonly been used for high-speed PIV measurements, with
notable examples being high-speed Q-switched DPSS lasers operating at single-cavity repetition rates
of up to 150 kHz [52, 74], and burst-mode lasers that overcome thermal limitations by operating at
a limited duty cycle, making them suitable for operation in the megahertz range [53, 56]. Due to the
resolution of both space and time in TR-PIV, it is suited to both the determination of statistical quanti-
ties as well as temporal spectra and space-time correlations [75], as was first demonstrated by Wernet
[76] for a turbulent jet using a DPSS laser at 25 kHz. Recent advancements in burst-laser technology
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has enabled TR-PIV in a high-speed wind-tunnel at 50 kHz [77] and subsequently at 400 kHz [78] to
measure temporal spectra. However, the high repetition rate restricted the active sensor area of the
used complementary metal-oxide-semiconductor (CMOS) camera to a small field of view (FOV). In
turbulent single-phase jets, dual-pulse ultra-high repetition rate PIV was performed at 100 kHz using
a burst laser with operating durations of 100ms, currently representing the highest possible temporal
dynamic range (TDR) [79]. The data were subsequently analyzed to show deviations from Taylor’s
hypothesis in the intermediate region of the turbulent jet based on the convection velocity of turbu-
lence structures extracted from space-time correlations [80]. However, both DPSS and burst-mode
laser systems have technological and practical limitations, including thermal stress, limited burst du-
rations, and high costs. To address these challenges, this work introduces a MOPA fiber laser capable
of achieving ultra-high repetition rates of up to 400 kHz in Section 3.2 (Paper I [1]), enabling the
utilization of TR-PIV in a single-phase turbulent round jet.

Investigating the interaction of particles with carrier-phase turbulence in multi-phase flows poses sig-
nificant challenges. Computational studies often adopt the Lagrangian point-particle approach, uti-
lizing empirical correlations for unresolved fluid-particle interactions [26]. This approach becomes
particularly relevant when dealing with aspherical particle shapes, frequently encountered in biomass
[27, 31, 33, 81]. Complementing experimental investigations of both phases are desired, but introduce
increased complexity compared to single-phase velocimetry.

In the past, simultaneous measurement of particle and fluid phases was achieved through the intro-
duction of phase Doppler anemometry (PDA) and laser Doppler velocimetry (LDV), as demonstrated
in swirling flows [82, 83]. More recently, two-phase PIV has emerged as a widely used experimental
technique for multi-phase flows. Two-phase PIV can be performed in different ways. In this thesis, a
single-camera method was employed, utilizing the scattering intensity and size differences between
the dispersed phase and fluid phase, separated using discrimination algorithms [84–86]. This ap-
proach was applied to investigate particle-turbulence interaction, resolving the Kolmogorov scales in
a test stand replicating homogeneous isotropic turbulence (HIT) without mean velocity [87]. Alterna-
tively, two-color methods based on fluorescence [88], phosphorescence [89], and incandescence [90]
are available, but they require the introduction of a second camera and spectral filtering for two-phase
velocimetry.

However, the majority of velocimetry measurements in multi-phase flows were conducted separately
for each phase, which hinders the accurate determination of turbulence modulation caused by the
presence of particles. Recent advancements in PIV measurements for turbulent jets have explored
the influence of the Stokes number on particle velocity and concentration distributions, including 3D
measurements revealing the phenomenon of preferential concentration [28, 29, 91]. Velocimetry in
turbulent solid fuel flames has been conducted using LDV and PIV [92]; however, measurements of
coal particles and tracers following the flowwere carried out separately. TR-PIV investigations of multi-
phase flows are even scarcer in the literature, mainly due to the need for high repetition rate lasers
and cameras. For instance, Sabban et al. have utilized TR-PIV at a repetition rate of 3 kHz to study
the behavior of fibers in forced homogeneous isotropic turbulence, addressing particle orientation
through holographic imaging [93]. However, as previously mentioned, TR-PIV systems with similar
projected pixel sizes often require laser and camera repetition rates beyond 10 kHz to effectively study
technically relevant dispersed shear flows at high velocities, especially when capturing transient effects
like particle rotation.

Based on these requirements, the fiber laser system introduced in Paper I was applied to perform
multi-phase velocimetry of biomass-laden jets together with a simultaneously running DBI system, in-
cluding a time-resolved measurement of the apparent particle Reynolds number (Section 3.3, Paper II
[2] and conference paper [13]). Due to the small FOV of the camera resulting from cropping the sen-
sor at high repetition rates, low-speed dual-pulse particle image velocimetry (DP-PIV) was employed
to statistically characterize the single- and multi-phase flow fields. Given the laser’s high repetition
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rates, it effectively functions as a single-cavity dual-pulse laser, requiring a suitable pulse picking de-
vice to eliminate unwanted pulses. Consequently, pulse picking systems based on the acousto-optic
and electro-optic effects were developed and characterized. The comprehensive approach adopted in
this chapter enables a detailed examination of the particle and fluid phases in a biomass-laden jet,
providing valuable insights for the advancement of high-speed diagnostics in particle-laden turbulent
flows.

3.2 Ultra-high-speed time-resolved PIV of turbulent flows

3.2.1 Aim

In Paper I [1], the utilization of a compact fiber laser for ultra-high-speed TR-PIV measurements in a
turbulent round jet is investigated. Operating at repetition rates of up to 1MHz, this laser system offers
promising potential for the characterization of turbulent flows. The primary focus of this study is to
evaluate the feasibility and performance of the compact pulsed fiber laser for TR-PIV measurements,
providing insights into its capabilities and limitations in capturing complex flow dynamics. As out-
lined in the previous section, the thorough characterization of this novel laser system is an important
prerequisite for the application within turbulent multi-phase flows, which is presented in Section 3.3.
By addressing the scientific aims listed below, this research aims to contribute to the advancement of
high-speed PIV techniques for the experimental characterization of turbulent flows.

• The compatibility of the compact pulsed fiber laser with high-speed camera systems, such as a
high-speed CMOS camera operating at different frequencies (e.g., 200 kHz, 400 kHz) and an in
situ storage CCD camera for burst-mode PIV measurements at 500 kHz, is investigated.

• The measurement capabilities of the CMOS camera system are shown, including the quantifica-
tion of measurement uncertainties for capturing turbulence statistics within a round jet.

• The measurement of turbulent scales, spectra, and space-time correlations is demonstrated at
an unprecedented TDR while investigating the limitations of the novel TR-PIV system.

3.2.2 Methods

Fiber laser

In this study, a nanosecond-pulsed Yb-doped fiber laser (GLPN-500-1-50-M, IPG Photonics) was uti-
lized. The laser’s output properties are detailed in Table 3.1. As explained in Section 2.2.1, the MOPA
laser architecture is based on amplifying a low-power seed laser in a diode-pumped gain medium. The
fiber resonator design ensures efficient thermal management, eliminating the need for water cooling.
The laser pulse travels through a polarization-maintaining single-mode delivery fiber and exits the
laser head after second-harmonic generation at an output wavelength of 515 nm. The beam profile re-
mains consistent across all power set points, exhibiting an excellent beam quality factor of𝑀2 = 1.43,
allowing for the creation of thin laser sheets without the use of additional optics.

While this laser architecture facilitates ultra-high repetition rates for continuous outputs in the visible
spectrum, the pulse energy diminishes as the inter-pulse time decreases beyond a repetition rate of
100 kHz at a fixed output power of 50W. Consequently, the pulse energy is lower than that of conven-
tional DPSS and pulse-burst systems, which typically operate in the millijoule range. To compensate
for this drawback, a limited lateral expansion of the laser sheet while maintaining a simultaneous thin
beam waist has to be realized, thereby ensuring a sufficiently high laser fluence in the measurement
volume.
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3 Ultra-high-speed diagnostics of turbulent non-reactive biomass-laden jets

Table 3.1: Properties of the continuously pulsing ultra-high-speed fiber laser.

Property Value
Output wavelength (𝜆𝑙) 515 nm
Polarization s-polarized
Pulse widths 1.3 ns, 4.4 ns, and 11.8 ns
Repetition rates (𝑓𝑙) 10–1000 kHz
Pulse energy 500µJ (up to 𝑓𝑙 = 100kHz at 50W)
Beam quality factor (𝑀2) 1.43
Beam diameter (𝑑𝑏) 2.68mm (at 1/𝑒2)

Experimental setup

Velocimetry was conducted within the potential core of an axisymmetric turbulent jet, which exited
as a fully developed pipe flow from a stainless steel pipe of diameter 𝐷 = 2.8mm (Fig. 3.1). Particle
seeding was achieved using an aerosol generator creating di-ethylhexyl sebacate (DEHS) droplets
with a mean size of 0.5 µm. The jet flow was operated isothermally at ambient conditions, and the
operating points were chosen at bulk flow Reynolds numbers Re of 10,000 and 18,200 (details are
listed in Table 2 of the original publication in A.1). The fiber laser system, along with high-speed
cameras, was mounted on a traversable beam delivery system to create a laser sheet with a thickness
of 290 µm to optimize both laser fluence and spatial resolution of the PIV measurements.
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Figure 3.1: (a) Experimental setup for ultra-high-speed TR-PIV measurements. (b) Detail view of the
near-nozzle region and measurement positions. The captured fields of view of the individ-
ual measurement configurations are displayed by dashed rectangles. (Adapted from [1])

Two high-speed camera systems, a continuous readout CMOS camera (further denoted by the camera
model name SA-X2) and an in situ storage CCD (ISIS-CCD) camera (FOV C), were employed. The
main focus of the flow field analysis lies on the SA-X2 recordings, which were performed at the jet exit
at 200 kHz (FOV A) and higher-resolved measurements in the centerline region at 400 kHz (FOV B)
shown in Fig. 3.1(b). The potential core of the round jet, with its small temporal and spatial turbulent
scales, served as an ideal target for highlighting the capabilities and limitations of the ultra-high-speed
repetition rate system. The images were captured and processed in the software Davis 10 (LaVision)
using a correlation-based multi-pass algorithm with a window overlap of 75%. The final four passes
at the smallest interrogation window size 𝑤 were performed with a Gaussian weighting and vectors
were subsequently validated using a universal outlier detection [94].
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3.2 Ultra-high-speed time-resolved PIV of turbulent flows

Given the continuous pulsing of the fiber laser, the duration of each recording was constrained solely
by the storage capacity of the cameras. Consequently, the SA-X2 recordings resulted in over 1.2 million
consecutive vector fields at 400 kHz. In theory, this setup could offer a remarkable temporal dynamic
range (TDR) up to 600,000, denoting the ratio of the highest to the lowest resolvable frequency (TDR=
𝑓max/𝑓min). However, practical limitations, such as noise, spatial resolution, and variance in power
spectral density estimation, were assessed based on the experimental findings, potentially influencing
the actual achieved TDR.

3.2.3 Results and discussion

Initiated partly by the challenges posed by increased noise levels at ultra-high repetition rates, the
analysis began with a thorough assessment of the raw images captured by both camera systems. For
the SA-X2 camera, spherical particle shapes were clearly distinguishable, allowing for accurate PIV
measurements. However, with the ISIS-CCD camera, defocusing was necessary due to its large pixel
size optimized for storage gates, resulting in undesired particle flashing during motion across the field
of view. Despite being capable of capturing images with sufficient signal-to-noise ratio at 1MHz, the
PIV system’s poor dynamic range of the velocity measurement was constrained by the large pixel size
of the ISIS-CCD chip (66.3 µm/px) and limited flow rates dictated by the particle seeder resulting in
pixel displacements below 2px.

Furthermore, the analysis verified the absence of peak locking by examining the velocity histograms
at selected positions (Fig. 5 in Paper I shown in A.1). Peak locking, a systematic error in PIV mea-
surements, arises when particle images are smaller than one pixel, resulting in preferential particle
displacements of integer multiples that can impact the accuracy of the velocity field [95]. This finding
is crucial as it serves as a prerequisite for employing measurement uncertainty algorithms, which are
sensitive to data affected by peak locking [96].

Measurement uncertainty evaluation is essential to ensure accurate and reliable estimation of local
turbulence statistics in PIV measurements. Apart from systematic errors like peak locking, PIV systems
introduce additional errors to instantaneously measured velocities, which are superimposed on the
true velocity fluctuations caused by turbulent motion and therefore motivate the correction of these
measured values. This is expressed by Eq. (3.1), where the apparent variance of the measured velocity
distribution 𝜎2

𝑢,𝑚 is a superposition of the true velocity fluctuations 𝜎2
𝑢,turb and the error variance 𝜎2

𝑢,err,
which is similar to the mean-square of the uncertainty of instantaneous velocities 𝜎2

𝑈𝑢
[96, 97].

𝜎2
𝑢,𝑚 =𝜎2

𝑢,turb+𝜎2
𝑢,err ≈𝜎2

𝑢,turb+𝜎2
𝑈𝑢

(3.1)

Various methods have been proposed in the literature to directly determine the measurement uncer-
tainty from PIV recordings [96]. In this study, a robust method for quantifying random uncertainty,
known as the correlation statistics (CS) method proposed by Wieneke [98], was chosen. The selection
of the CS method was motivated by its favorable performance compared to other methods [96] and
its ready availability in the software Davis, which was utilized for PIV processing.

Figure 3.2 presents the probability density functions (PDFs) of the uncertainty for the instantaneously
measured streamwise velocity measured at 400 kHz using the CS method for various interrogation
window sizes 𝑤. The uncertainty distributions reveal that increasing the IW size leads to lower un-
certainty, indicating a trade-off between spatial resolution and velocity measurement accuracy. As the
CS method considers the individual contributions of each pixel within the IW to the correlation cal-
culation, larger IWs, which include more particles, result in lower uncertainties. Conversely, smaller
IWs tend to overemphasize the contribution of noise to the correlation calculation, leading to higher
uncertainties.
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Figure 3.2: (a) PDFs of the uncertainty of the streamwise velocity component 𝑢 and (b) corresponding
PDFs of the correlation value on the centerline at a position of 𝑥 = 1.2𝐷 for the 400 kHz
measurements. (Adapted from [1])

However, the uncertainty levels show similar levels for IW sizes of 24 px and 32 px, deviating from the
aforementioned trend. The presented uncertainties are therefore further analyzed in conjunction with
the correlation values in Fig. 3.2(b). As the IW size increases, the correlation values for the PIV vector
calculation decrease, contrary to the trend observed in the uncertainty distributions. This behavior
could be attributed to the inhomogeneous flow field, where differently positioned particles within a
shear flow cause a gradient of particle movement within the IW, lowering the correlation value for
larger values of 𝑤. Effectively, this means that an increase of the IW size from 24px to 32 px decreases
the correlation level outweighing the decreased amount of noise in the correlation calculation for the
final uncertainty estimation. The findings highlight the importance of selecting an appropriate IW size
to balance spatial resolution and accuracy. Based on the computed uncertainty values, the correction
of the turbulence level based on the CS method and the influence of interrogation window size on
higher-order statistics are further discussed in the full publication (Tables 3 and 4 in Paper I shown
in A.1).

In addition to the evaluation of statistical properties of the turbulent flow, the high imaging rate and
sample size of the TR-PIV data sets allowed for a high-resolution analysis of velocity time series. By
increasing the repetition rate to 400 kHz, the constrained active sensor area provides temporally re-
solved data but lacks spatial information over larger displacements. Extracting longitudinal integral
turbulent scales 𝑇11 based on ℛ11, it is observed that decreasing the IW size leads to earlier decor-
relation of turbulent fluctuations as is shown in Fig. 3.3(a). This can be attributed to the combined
effects of increased spatial low-pass filtering of small turbulent structures in larger IW and higher noise
levels for the vector computation in smaller IW. The computed integral scales between 𝑇11 = 11.3µs
(𝑤 = 16px) and 𝑇11 = 15.3µs (𝑤 = 48px) demonstrate the need for ultra-high repetition rates to
accurately measure the integral time scale, which had previously only been achieved by pulse-burst
lasers with significantly lower amounts of consecutively recorded samples [79]. The temporal (and
spatial) autocorrelation results further support these findings, revealing the influence of IW size on
the decorrelation behavior of turbulent fluctuations along the axial coordinate.

The effective number of statistically independent samples 𝑁𝑒 =𝑇𝑡/(2𝑇11) revealed a value of 137,831
for 𝑤 = 16px, ensuring robust computation of statistical moments. The standard measurement un-
certainty of the mean axial velocity is 𝑈⟨𝑢⟩ = 𝜎𝑢/√𝑁𝑒 = 0.01m/s, which is remarkably small due to
the high value of 𝑁𝑒, showing the benefit of this TR-PIV system compared to low-speed PIV systems
offering superior spatial resolution and lower measurement noise resulting in lower uncertainties of
individually measured velocities at the cost of lower amounts of samples per recording. Based on the
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Figure 3.3: (a) Longitudinal temporal autocorrelation coefficient and (b) temporal power spectral den-
sity estimation at an axial distance of 𝑥 = 1.2𝐷 measured at 400 kHz. (Adapted from [1])

integral scales, the Taylor microscale was estimated to a value of 199µm and the Kolmogorov length
scale was estimated to a value of 15 µm.

Furthermore, this study examined longitudinal temporal turbulence spectra shown in Fig. 3.3(b) to
investigate the filtering characteristics for varying values of 𝑤. Welch’s method, including Hann win-
dow functions, was chosen for the computation of the power spectral density (PSD) estimates, which
segments the time series and averages individual periodograms, lowering the variance of the PSD at
the cost of spectral resolution. The spectra start to decay around 10 kHz, marking the onset of the
inertial subrange with the characteristic decay curve of 𝐸11 ∝ 𝑓−5/3. The maximum resolvable fre-
quency beyond the sampling theorem depends on several factors, including the spatial filtering due to
the finite size of IWs, the particle frequency response, and noise levels. Smaller IW sizes yield higher
noise levels, and a trade-off between noise and spatial resolution must be considered when analyz-
ing turbulence using PIV data. As shown in Fig. 3.3(b), almost all spectra exhibit a steeper slope of
decay beyond a value of ⟨𝑢⟩/(2𝑤), which represents the highest resolvable frequency based on the
finite size of the IW employing Taylor’s frozen flow hypothesis. For 𝑤 = 16px, this limit is reached at
around 𝑓 = 100kHz, resulting in an effective TDR of approx. 1500. This indicates that, for this study,
the finite spatial resolution of the vector field is the main limiting factor of the frequency resolution of
turbulence spectra.

The computation of spatial spectra for these data would usually rely on transforming temporal to
spatial quantities due to the decreased amount of active pixels of the CMOS camera at ultra-high repe-
tition rates. Taylor’s hypothesis of frozen turbulence is typically used for this transformation, assuming
turbulent structures are convected by the mean velocity ⟨𝑢⟩. However, it is known to fail in free shear
flows and high turbulence levels as outlined in Section 2.1.1. Despite the limited spatial dynamic range
of the presented TR-PIV measurements, the applicability of Taylor’s hypothesis could be tested using
the space-time correlation ℛ11(𝜉,𝜏) which is displayed in Fig. 3.4.

The isocorrelations in the shape of elongated ellipses are in line with previous investigations of turbu-
lent shear flows [99] and the elliptical space-time correlation model of He and Zhang [21]. Deviations
from Taylor’s hypothesis are observed, as the isocorrelation contours should be straight lines repre-
senting the convection velocity of turbulent structures through the flow field (compare Fig. 2.2(a)).
In the limited FOV of the 400 kHz measurements, minor deviations from this assumption are encoun-
tered, which is probably due to the low turbulence level of about 5% at the measurement position. At
200 kHz, it is apparent that the space-time correlations become more asymmetric with increasing spa-
tial and temporal lags indicating a deviation from the elliptical model, which employs one constant
convection speed of turbulence structures demanding a uniform angular orientation of the ellipses.
Comparing the convection of fluid elements by mean axial velocity with the correlation peak’s loca-
tion over several time lags reveals significant deviations at large lags. The decreased axial turbulent
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Figure 3.4: Space-time correlations of the streamwise velocity fluctuations for (a) 200 kHz and (b)
400 kHz at at an axial position of 𝑥 = 1.2𝐷. (Adapted from [1])

convection speed on the centerline is influenced by the magnitude and direction of turbulent fluctua-
tions, leading to slower convection in the axial direction for fluid elements transported radially away
from the centerline. Further investigations are needed to quantify the different contributions to this
phenomenon, particularly considering Eulerian and Lagrangian space-time correlations [20, 100].

To conclude, the application of a Yb-doped fiber laser for ultra-high-speed TR-PIV was successfully
demonstrated in the near-nozzle region of a turbulent round jet using two high-speed cameras, a CMOS
and an ISIS-CCD camera. The system provided sufficient pulse energy and excellent beam profile
characteristics at up to 1MHz. The continuously pulsing laser allowed recording large time series,
enabling the derivation of statistical quantities, space-time correlations, and turbulence spectra. A
detailed analysis of said quantities including measurement uncertainties was performed while varying
the IW size. Space-time correlations revealed deviations from Taylor’s hypothesis. Pulsed fiber laser
technology offers valuable insights into turbulent flows with high flexibility, benefiting future ultra-
high-speed PIV investigations with unprecedented temporal dynamic ranges in a compact format.

3.3 Pulse picking PIV andmulti-phase velocimetry of biomass-laden jets

3.3.1 Aim

The objective of this section is to expand the diagnostic system based on the introduction of the fiber
laser for velocimetry of turbulent flows, with the overarching goal of experimentally characterizing
biomass-laden jets. As demonstrated in the previous section, one limitation of ultra-high repetition
rates required for temporal particle tracking is the need to crop the high-speed camera sensors, which
limits the field of view (FOV). Complimentary conventional low-speed PIV is therefore desirable, which
is useful to capture a wide range of spatial scales in the flow field surrounding the biomass particles.
However, low-speed PIV cameras usually demand a separate dual-pulse low-speed laser system. There-
fore, the development of a single cavity laser system with highly flexible repetition rates and pulsing
schemes based on pulse picking of the fiber laser was a primary focus of this research, as thoroughly
discussed in Paper II [2] and an additional conference paper [13]. This laser system can effectively be
used for ultra-high-speed and low-speed PIV measurements independent of the used camera systems.
As both laser pulses emerge from the same cavity, beam overlap is not necessary, which simplifies the
experimental setup and improves the traceability of single particles potentially leading to improved PIV
correlation values. Additionally, the application of the fiber laser within a multi-parameter measure-
ment system for the characterization of biomass-laden jets is exemplified in Paper II, demonstrating
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its capabilities for multi-phase velocimetry measurements. In summary, the works presented in this
section address the following scientific issues:

• Two realized pulse picking system based on the acousto-optic and electro-optic effect are pre-
sented, exploring their limitations in terms of factors such as the smallest possible inter-pulse
time, pulse energy losses, and beam profile alterations.

• The application of a multi-parameter diagnostics system to characterize multi-phase flows incor-
porating pulse picking is discussed, including the measurement of particle Reynolds numbers at
high temporal and spatial resolutions in biomass-laden jets.

These studies contribute to the advancement of experimental techniques for turbulent flow measure-
ments and provide valuable insights into the behavior of biomass-laden jets, enhancing the under-
standing of complex multi-phase flows.

3.3.2 Development and characterization of pulse-picking PIV systems

For the characterization of turbulent flows, PIV systems typically incorporate two coupled nanosecond-
pulsed solid-state laser cavities, enabling microsecond inter-pulse times necessary for optimized parti-
cle displacement and high spatial resolution of the resulting flow field. These PIV illumination sources
require short illumination pulse widths (nanosecond pulses), thin laser sheet focus, and high fluence
in the probe volume to achieve sufficient scattering intensity from tracer particles [62]. However, cur-
rent technological advances in laser and camera systems motivate further improvements in PIV lasers,
as outlined in the following aspects driving the need for enhancements:

• Repetition rate flexibility: To capture statistical flow properties, low-speed dual-frame cameras
with large sensors and small pixel pitches are ideal, while time-resolved measurements require
ultra-high repetition rate cameras. Therefore, a single laser system offering a wide range of
repetition rates is desirable.

• Pulse scheme flexibility: TR-PIV requires a steadily pulsing laser, while low-speed cameras
require pulse pairs for PIV measurements. The laser system should provide pulses only when
needed, avoiding unnecessary light emission during recording.

• Single cavity dual-pulse output: Current DPSS PIV lasers with two cavities complicate beam
alignment and suffer from pulse-to-pulse beam inhomogeneity. A single-cavity dual-pulse output
simplifies these aspects and improves performance as particle images appear similar in subse-
quent imaging frames.

The motivation behind the work presented in this section is to design a PIV laser system that fulfills
all necessary requirements for PIV while incorporating the proposed improvements. This is achieved
by coupling the previously introduced ultra-high repetition rate fiber laser with a pulse picking device
to selectively block unwanted pulses from a continuous pulse train.

In pulse picking PIV, pulse pairs are selectively picked from a continuously running high-speed laser.
This enables dual-pulse (or multi-pulse) measurements with low-speed dual-frame cameras, as the
laser repetition rate can be adjusted accordingly. As the laser is running at a fixed repetition rate 𝑓𝑙,
it has to be an integer multiple of the camera recording rate 𝑓𝑐: 𝑓𝑙 = 𝑐𝑓𝑐(𝑐 ∈ ℕ). For a given camera
recording rate, a variation of the duty cycle factor 𝑐 yields all possible inter-pulse times 𝑡𝑙 = 1/𝑓𝑙.
The fiber laser is especially suited to this as repetition rates up to 1MHz are necessary to achieve
inter-pulse times of only a few microseconds required for high-speed turbulent flows. Additionally, the
continuously pulsing laser output is essential for enabling pulse picking PIV as the recording time of
low-speed cameras is not constrained. The only remaining drawback is that the pulse energy of the
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fiber laser decreases with repetition rate beyond 𝑓𝑙 = 100kHz such that an output power of 50W is
maintained. In the following, two pulse picking laser systems shown in Fig. 3.5 are presented.
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Figure 3.5: Experimental setups and working principles of both realized pulse picking systems based
on the acousto-optic (a,b) and electro-optic (c,d) effect. (Adapted from [13])

AOD picking system The first experimental setup shown in Fig. 3.5(a,b) utilizes an AOD for pulse
selection. This AOD operates by diffracting an incident laser beam through a tellurium dioxide (TeO2)
crystal, driven by a voltage-controlled radio frequency driver in sync with the camera frame rate. A
piezo transducer generates the sound wave necessary for pulse picking. The TeO2 crystal exhibits an
acoustic velocity of 𝑉𝑠 = 650m/s, resulting in a transit time (or access time 𝑡𝑎) of 4.12 µs for the
sound wave to travel across the full beam diameter (2.68mm). When the sound wave is present,
the deflected pulses (first-order beams) are directed into the measurement volume. In the absence
of the sound wave, pulses are guided into a beam dump, effectively blocking unwanted pulses. The
incident angle and output intensity of the deflected pulses can be optimized by rotating the AOD on
a motorized rotation stage. This versatile principle can also be applied to laser scanning, where the
sound wave frequency is modulated using a step function [101].

EOMpicking system The second pulse picking option, illustrated in Fig. 3.5(c,d), employs an electro-
optic modulator (EOM) based on a voltage-controlled beta barium borate (BBO) Pockels cell featuring
a 4mm clear aperture. The EOM is operated at its half-wave voltage of 3.6 kV, suitable for a laser wave-
length of 515 nm. A voltage-controlled high-voltage switch enables a maximum switching repetition
rate of 500 kHz. When the half-wave voltage is applied to the BBO crystal, it rotates the polarization
of the incident pulses by 90°, resulting in p-polarized light that can pass through a Glan-laser prism
made from calcite (Analyzer, GL2) located behind the EOM. Conversely, unwanted s-polarized pulses
pass through the BBO crystal and are reflected by the prism into a beam dump. To ensure and adjust
the vertical orientation of the polarization plane at the laser output, another Glan-laser prism (GL1)
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3.3 Pulse picking PIV and multi-phase velocimetry of biomass-laden jets

is positioned directly behind the laser head, serving as a polarizer. While other polarizing optics could
be used, Glan-laser prisms offer superior extinction ratios for the polarized output beam (typically in
the order of 100,000:1), making them a preferred choice for Q-switches in pulsed solid-state lasers.

Performance and limitations

After the introduction and setup both pulse picking options, a characterization of their performance
and technical limitations was performed. Based on this analysis, the selection of a device suited to a
specific application is enabled.

First, the smallest possible inter-pulse duration was evaluated. The EOM creates an electric field in
the Pockels cell, causing birefringence in the BBO crystal to rotate the polarization of the laser beam.
The EOM’s switching time is only 4 ns while the subsequent propagation of the electric field change
happens at the speed of light. Therefore, the switching time of the EOM itself does not constitute
a limitation to the smallest possible inter-pulse time for a maximum laser repetition rate of 1MHz,
equal to an inter-pulse time of 1 µs. Consequently, the EOM pulse picking device is only limited by the
picking rate of max. 500 kHz, which is much higher than the recording rates at which state-of-the-art
high-speed cameras operate without a sensor crop.

The inter-pulse duration limitation of the AOD relies on the device’s access time 𝑡𝑎 = 𝑑𝑏/𝑉𝑠, signifying
the time taken for an acoustic wave to travel across the entire beam diameter 𝑑𝑏. In the current TeO2
crystal, the access time is approximately 4 µs, corresponding to a laser repetition rate of 250 kHz,
setting the lower limit of 𝑡𝑙 for this system [59]. Although the rise and fall time of the radio frequency
driver is about 50 ns, it is much smaller in magnitude compared to the access time. Still, as outlined
in Paper II [2], an AOD pulse picking system can be operated at lower inter-pulse durations than
the access time limit by adjusting the picking window to avoid diffraction of unwanted pulses before
and after the selected pulse pair. However, as the following analysis shows, this leads to partially
overlapping beam profiles of the picked laser pulses. Based on the relationship of 𝑡𝑎 and 𝑡𝑙, three
scenarios are possible:

• Fully overlapping picked beams (𝑡𝑙 > 𝑡𝑎): In this regime, the inter-pulse time 𝑡𝑙 is larger than
the passage time of the sound wave over the beam width 𝑡𝑎. Each desired pulse can be picked
while unwanted pulses are fully avoided.

• Partially overlapping picked beams (𝑡𝑎/2 < 𝑡𝑙 < 𝑡𝑎): In this scenario, the inter-pulse time is
smaller than the access time, resulting in partially overlapping pulses picked by the AOD. The
timing chart in Fig. 3.6(a) illustrates this configuration for a symmetrically picked pulse pair P₁
and P₂ with negligibly small incident angles, while also showing the presence of the sound wave
at the transducer-facing beam edge position E and the opposite edge O.

The sound wave reaches position E optimally just after P₀ passed through the AOD. During the
time between this point and the arrival time 𝑡1 of P₁, the sound wave travels a distance of 𝑑𝑏 𝑡𝑙/𝑡𝑎
across the beam, as depicted in Fig. 3.6(b). This results in only a fraction of 𝑡𝑙/𝑡𝑎 of the beam
width of P₁ being deflected. Similarly, at 𝑡 = 𝑡2, an interaction length of 𝑑𝑏 𝑡𝑙/𝑡𝑎 at the opposite
beam edge is achieved for P₂, as the switching window 𝑡𝑠𝑤 is adjusted to avoid deflection of
P₃, set as 𝑡𝑠𝑤 = 3𝑡𝑙 −𝑡𝑎. In DP-PIV, quantifying the spatial overlap 𝑑𝑣/𝑑𝑏 between both picked
pulses is crucial, as it determines the necessary beam expansion for a given axial extent of the
FOV, where 𝑑𝑣 denotes the absolute width of the spatial overlap. The calculation of the overlap
is visually demonstrated in Fig. 3.6(c) as 𝑑𝑣/𝑑𝑏 = 2𝑡𝑙/𝑡𝑎−1.

• Non-overlapping picked beams (𝑡𝑎/3 < 𝑡𝑙 < 𝑡𝑎/2): The partially-overlapping picking approach
for DP-PIV reaches its limit when the overlap of both deflected pulses disappears, which occurs at
𝑡𝑙 = 𝑡𝑎/2. At higher laser repetition rates, the cross-sections of both picked pulses are completely
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separated spatially. When 𝑡𝑙 = 𝑡𝑎/3, 𝑡𝑠𝑤 becomes zero, indicating that deflection of unwanted
neighboring pulses cannot be avoided beyond this point.

Figure 3.7 illustrates measured beam profiles for different configurations of the AOD and EOM pulse
picking systems, along with the output beam profile of the fiber laser shown in Fig. 3.7(a). Minimal
changes are aimed to maintain a homogeneous intensity distribution within the expanded laser sheet.
In the EOM picking system, the beam passes through three optical elements: GL1, a Pockels cell, and
a second analyzing Glan-laser prism. The beam profile of a single picked pulse shows slight intensity
disturbances due to imperfections in the BBO crystal but retains similar focusing abilities as the original
output. As discussed above, the AOD pulse picking system’s smallest inter-pulse duration depends on
the access time of about 4 µs, equivalent to a laser repetition rate of 250 kHz for which both picked
pulses are shown in Fig. 3.7(c,d). It can be observed that both pulses almost retain the full beam width
with disturbances being visible in a wavy pattern stemming from the interaction with the sound wave
in the AOD crystal. At a higher repetition rate of 312.5 kHz (Fig. 3.7(e,f)), the picked pulses only
partially overlap to avoid interference. However, this setup remains suitable for DP-PIV measurements
by expanding the laser beams for sufficient overlap in the measurement volume as can be seen in
Fig. 3(b) of Paper II, in which this configuration was used for DP-PIV.
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Figure 3.7: Measured laser beam profiles of the fiber laser head output (a), the EOM pulse picking sys-
tem (b), and the AOD pulse picking device (c-f) running at different operating conditions.
(Adapted from [13])

Finally, the pulse energy losses caused by laser beams interacting with critical optical elements in
each pulse picking system were measured using a pyroelectric pulse energy meter. In the EOM setup,
measurements were carried out behind each optical element, yielding a total remaining normalized
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3.3 Pulse picking PIV and multi-phase velocimetry of biomass-laden jets

pulse energy of 0.875𝐸0, where 𝐸0 represents the output pulse energy of the fiber laser. Interestingly,
the primary cause of pulse energy losses was found to be the suboptimal broadband anti-reflective
coating on the Glan-laser prisms, rather than the Pockels cell. Implementing laser-line coatings could
potentially boost the picking system’s efficiency. On the other hand, the AOD demonstrated an opti-
mized first-order diffraction efficiency of 0.883𝐸0. Consequently, both systems exhibited reasonably
acceptable pulse energy losses, each below 13%.

3.3.3 Multi-phase velocimetry of biomass-laden jets

After introducing the fiber laser as a tool for ultra-high repetition rate velocimetry of single-phase
turbulent jets in Section 3.2, and expanding it to a universally applicable single-cavity laser suitable for
both TR-PIV and DP-PIV measurements, this section delves into its integration into a multi-parameter
measurement system for characterizing non-reactive biomass-laden turbulent jets. It is essential to
mention that during the experiments presented in this section, only the AOD pulse picking device was
available, which also prompted the subsequent development of the EOM pulse picking system shortly
afterward.

Experimental setup

Investigations were conducted on a biomass-laden turbulent jet originating from the same ceramic-
insulated round pipe as described in Paper I (Section 3.2). The experimental setup is illustrated in
Fig. 3.8. The experiments were conducted under ambient conditions, and the air flow rate was con-
trolled using mass-flow controllers. The air was divided to feed an aerosol generator with fluid tracers
(particle size 0.2 µm) and a custom biomass particle seeder. The jet Reynolds number was 7500, cor-
responding to an axial bulk velocity of 𝑢𝑏𝑢 = 41.75m/s. The investigated pulverized raw miscanthus
particles ranged in size from 90µm to 150µm, and low particle concentrations were chosen to mini-
mize inter-particle interactions. The Stokes number (estimated as 𝑆𝑡 ≈ 210 using Eq. (2.12)) indicates
that particles are expected to trail behind the flow within the pipe but decelerate slower than the car-
rier phase as the jet expands axially resulting in a significant slip.
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Two camera systems, referred to as system A and system B, were utilized. System A consists of two
low-speed dual-frame cameras operating at 25Hz, providing a FOV of 12.84×10.83mm². On the
other hand, system B utilizes two high-speed cameras running at 200 kHz, with a cropped FOV of
3.8×1.1mm² (equivalent to 384×112px²). For the two-phase PIV measurements, one camera from
each system was used, while the other camera faced a pulsed light-emitting diode (LED) for DBI
imaging. To prevent spectral overlap, a temporal separation was implemented between LED and laser
pulses. The DBI FOV was inclined at an angle of 30° to the PIV FOV, ensuring the axial coordinate
alignment during calibration. For the high-speed TR-PIV measurements, laser, LED, and cameras were
synchronized to run simultaneously, while the AOD pulse picking approach was adopted for low-speed
DP-PIV measurements at a laser repetition rate of 312.5 kHz (equal to an inter-pulse time of 3.2 µs).

Results and discussion

The processing of PIV and DBI images involved several steps. Figure 4 in Paper II (A.2) [2] presents
image recordings of miscanthus particles captured in both low-speed and high-speed systems. Two-
phase PIV recordings were separated into tracer and biomass images using threshold-based binariza-
tion. While the fluid velocity field was determined using a standard multi-pass PIV algorithm, biomass
particle velocities were derived based on their centroid movement. Biomass particles in DBI recordings
were identified based on the attenuation of the background signal following a matching with large par-
ticles in PIV images. Subsequent parameter extraction from DBI images included the circle-equivalent
diameter,´as well as the orientation and aspect ratio of a fitted ellipse.

While the single-phase flow field could be determined using the AOD pulse picking approach (as shown
in Fig. 5 of Paper II [2] in appendix A.2), the multi-parameter measurement of a miscanthus particle is
further analyzed as shown in Fig. 3.9 for the ultra-high speed system B. Here, a TR-PIV FOV positioned
at 𝑥/𝐷 ≈ 8 in the intermediate region of the turbulent jet is chosen, as this region is characterized
by merging shear layers, leading to increased turbulence levels along the centerline. Due to the high
Stokes number of the investigated biomass particles, a significant slip velocity is expected.

The velocity fields (Fig. 3.9(a)) illustrate a miscanthus particle moving through a region of decreasing
fluid velocity and high turbulence at two selected time points, along with corresponding slip velocity
fields (Fig. 3.9(b)). Most slip velocity vectors point left, indicating that the axial particle velocity
surpasses the axial fluid velocity, resulting in a wake on the lee side of the particle. As the jet develops
spatially, the average axial velocity of the particle reduces less drastically than that of the carrier phase,
as expected. The flow structure’s temporal evolution around the particle is assessed using the particle
Reynolds number Re𝑝 (Fig. 3.9(e)). Re𝑝 increases from 80 to nearly 300 with an increase in the slip
velocity magnitude. A comparison with Re𝑝,⟨𝑢⟩, calculated using pseudo slip |⟨ ⃗𝑢⟩− ⃗𝑢𝑝| from single-
phase pulse picking PIV measurements, reveals a significant discrepancy, emphasizing the necessity of
multi-phase velocimetry for accurately determining particle-flow interaction. Furthermore, the particle
orientation 𝜙 decreases over time (Fig. 3.9(c,d,f)), leading to reduced drag and possibly decreased
turbulence enhancement through vortex shedding. As the particle rotation speed 𝜙̇ remains relatively
constant, the alignment of particles with the axial jet coordinate is potentially not maintained after
leaving the FOV.

In conclusion, the utilization of the ultra-high repetition rate diagnostics system has offered a valu-
able means to observe the dynamics of micrometer-sized particles in turbulent flows with exceptional
spatio-temporal resolutions. The successful integration of the ultra-high repetition rate pulsed fiber
laser with an appropriate pulse picking system has resulted in a highly versatile dual-pulse and time-
resolved PIV measurement system, applicable in both single- and multi-phase environments. By em-
ploying a simultaneously running DBI imaging system to determine slip velocity, particle diameter,
and orientation, a detailed temporal analysis of the particle Reynolds number for aspherical miscant-
hus particles dispersed within a high-velocity turbulent jet was enabled. These findings underscore
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the significance of ultra-high repetition rates in enhancing the understanding of particle dynamics
within turbulent flows and present new avenues for studying multi-phase systems in a wide range of
engineering applications.
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4 Group combustion of solid fuel particles in laminar
environments

4.1 Aim and state of research

This chapter focuses on investigating particle group combustion (PGC) in a laminar flow reactor (LFR)
using advanced optical diagnostics. A recent review paper [39], authored together with Dr.-Ing. Tao
Li with whom this study was collaboratively conducted, covers various experimental setups and me-
thodical approaches utilized by researchers when exploring PGC, comprehensively showcasing the
current state of research. As previously introduced in Section 2.1.3, solid fuel combustion studies can
be broadly categorized into two types: single particle combustion (SPC) and particle group combus-
tion (PGC), which takes into account the impact of particle-particle interactions on flame characteris-
tics. Paper III [3] specifically examines the dynamics of particle group combustion in a well-controlled
LFR environment, leveraging state-of-the-art optical techniques to gain deeper insights into the un-
derlying processes.

In the realm of test stand environments, literature features experiments conducted in both drop-tube
furnaces (DTFs) and LFRs, with the latter offering improved accessibility for optical measurements
[39]. Some studies have utilized cost-effective digital single-lens reflex (DSLR) cameras to record
color images of PGC or perform pyrometric temperature measurements [102, 103]. However, these
techniques posed challenges in obtaining precise temperature information, particularly for bitumi-
nous coal, and in distinguishing between particle surface temperature and soot particle temperature
in groups of combusting particles. Recently, the transition from single to group combustion in the
LFR was characterized using particle temperature measurements and probe sampling via a two-color
pyrometry system with simultaneous shadow imaging [104]. Other approaches involve employing
chemiluminescence imaging with spectral filters and broad-band thermal radiation detection to ex-
plore particle cloud flames [102, 105–109]. Additionally, digital in-line holography has been used for
particle size and 3D position measurements of pulverized coal flames [110].

OH-PLIF has proven effective in accurately detecting the volatile flame surrounding solid fuel particles
during homogeneous combustion, as demonstrated for single solid fuel particles [72] with high spatial
resolutions. Balusamy and colleagues carried out flow field measurements [92] followed by OH-PLIF,
Mie scattering, and laser-induced incandescence (LII) measurements to assess soot within a swirling
coal flame [111]. Xu et al. recently employedOH-PLIF to investigate the effects of ambient temperature
and oxygen content on the volatile combustion of coal particle streams in a Hencken-type burner.
However, unlike the SPC scenario, the combustion of a group of particles requires multi-dimensional
diagnostics, necessitating an extension beyond the planar approach.

Recent progress in high-speed volumetric LIF measurements of OH radicals has allowed for the 3D
reconstruction of volatile flames and a detailed analysis of PGC flame topology [112]. Combining
this technique with instantaneous PND measurements using DBI, ignition and flame extinction char-
acteristics were investigated in an N2/O2 atmosphere with 10 vol% O2 [40]. To achieve a deeper
understanding of solid fuel combustion, multiple essential quantities need to be acquired in situ with
high spatio-temporal resolutions. Building upon previous experiments [40, 112], Paper III extends
the investigation to different environments, including air (AIR) and oxy-fuel (OXY) atmospheres with
varying O2 content. The focus lies in exploring PGC of solid fuels, employing simultaneous DBI, 3D
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OH-LIF, and Mie scattering measurements. Additionally, addressing an open question from the previ-
ous study [40] regarding the transition from SPC to PGC, a DBI imaging simulation tool was developed
and applied to the current data to assess measurement errors of PND. To summarize, the present chap-
ter covers the following objectives explored in Paper III [3] (see Section A.3):

• Development of a novel diffuse back-illumination (DBI) imaging simulation tool to quantify
PND measurement errors within an idealized environment. Subsequent application of the tool
to experimental data obtained from the multi-parameter measurement system.

• Investigation of the impact of PND and surrounding gas atmosphere (specifically O2 content and
diluent composition) on volatile combustion and soot formation dynamics of a particle group
composed of bituminous coal in a well characterized laminar flow reactor (LFR).

4.2 Experimental setup

Multiparameter experiments were conducted in the laminar flow reactor (LFR) depicted in Fig. 4.1.
A ceramic honeycomb structure was used to stabilize a premixed flat flame, and particles were intro-
duced through a central tube via carrier gases of different composition. To investigate PGC, a larger
particle injection tube with a 2.9mm inner diameter replaced the previous 0.8mm jet in [40], enabling
higher solid particle flow rates. The LFR allowed for operation in N2/O2 and CO2/O2 atmospheres with
varying post-flame O2 content ranging from 10–40 vol% O2 (AIR10 to AIR40 and OXY20 to OXY40).
Measurements were conducted with Colombian high-volatile bituminous coal particles of diameter
106–125µm and different PNDs. Details of each atmosphere, including equivalence ratios and gas
temperature profiles, are described in [113], while proximate and ultimate analyses of the fuel par-
ticles are reported in [114]. Three simultaneously running optical diagnostics systems were used,
whose FOVs are shown in Fig. 4.1. Further information on technical details is available in Paper III in
Section A.3.
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Figure 4.1: Experimental setup of multi-parameter diagnostics for PGC in a LFR. (Adapted from [3])

Scanning OH-LIF was conducted for volatile flame visualization using a 10 kHz dye laser, tuned to
283.01 nm to excite the Q₁(6) transition of the 𝐴2Σ+ (𝑣′ = 1)←𝑋2Π(𝑣′′ = 0) system. The laser beam
was scanned at 1 kHz frequency using an AOD, and then parallelized through laser sheet optics, re-
sulting in 10 individual scan positions, similar to [40]. The laser sheets had a thickness of 130 µm, and
the scan planes were at an average distance of 420 µm from each other. Fluorescence was detected
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using a CMOS camera, combined with a high-speed intensifier and a band-pass filter, with a recorded
projected pixel size of 32.4 µm/px in the imaged scanning planes.

For measuring PND, a high-speed diffuse back-illumination (DBI) system was utilized with a high-
power LED operating at 1 kHz with a pulse duration of 1 µs. The LED pulses were triggered in the
middle of each OH-LIF scan cycle for synchronization. A CMOS camera equipped with a long-distance
microscope captured particle shadow images with a projected pixel size of 9.2 µm. To eliminate signals
from flame luminosity, a band-pass filter was chosen to match the LED emission spectrum.

Mie scattering measurements of solid and soot particles were conducted using a DPSS Nd:YAG laser
operating at 10 kHz, triggered with a time offset of 5 µs relative to the OH-LIF measurements. The
laser was combined with the dye laser for OH-LIF using a dichroic mirror and aligned with the burner
centerline. The forward Mie scattering was captured by a CMOS camera with an exposure time of
5 µs and a projected pixel size of 36.8 µm. To suppress interference signals from luminescent particle
flames, a band-pass filter was applied to the camera.

4.3 Error estimation of DBI-based PNDmeasurements

An accurate measurement of the particle number density (PND) is crucial for capturing the transition
from SPC to PGC during volatile combustion. As explained in Section 2.1.2, PND can be determined
by considering the number of particles 𝑁𝑝 within a domain volume 𝑉𝑑 (or 𝑉jet) as was demonstrated
in [40]. In this study, 𝑁𝑝 was extracted from binarized DBI images and ranges from 1 to 250 parti-
cles per frame. The mean volume 𝑉jet was computed from the projected particle jet boundary with
the assumption of rotational symmetry. Both parameters are inherently associated with measurement
errors, which have to be investigated.

First, a sensitivity study of the influence of 𝑁𝑝 on 𝑉jet was performed. Single and normalized mean
images in split view are shown for selected 𝑁𝑝 and corresponding particle ranges of 𝑁𝑝 = 51−100
and 𝑁𝑝 = 151−200 in Figure 4.2(a,b). The 2D particle residence boundaries (yellow dashed lines)
are determined using a fixed threshold of 0.95 for each range of 𝑁𝑝. The overall mean boundary (red
solid line) is obtained by including all 𝑁𝑝 values. Comparing both boundaries, a slight expansion of
the width of the particle residence area, driven by increasing volatile release and thermal expansion
within the flame, is observed for rising values of 𝑁𝑝. As can be observed in Figure 4.2(c), PND is only
minimally affected by the choice of a domain based on 𝑁𝑝 (𝑉bin) compared to the global jet 𝑉glob,
which was subsequently chosen for PND determination. Comparing these curves to the one of Li et al.
2021 [40] with a jet diameter of 0.8mm but similar particle sizes shows a steeper slope due to the
smaller residence volume of the old jet, emphasizing that direct comparison of PND values is difficult
for varying burner configurations to quantify particle interaction.

To determine the measurement error of 𝑁𝑝 using the DBI system, a synthetic imaging tool was devel-
oped in MATLAB and applied to the current data. Figure 4.3(a) displays the 3D domain derived from
the experimental boundary (dashed red lines) into which an exemplary number of 200 ellipsoids of
random aspect ratios in a range of 1-2 and the given sieving size range were randomly positioned. The
Gilbert-Johnson-Keerthi algorithm was used to detect particle-domain and particle-particle collisions
[115], which is applicable to investigate convex bodies. Therefore, the concave 3D domain is separated
into convex pieces, which are individually used for collision detection with convex particles. Subse-
quently, particle images were generated through projection and pixelation as shown in Figure 4.3(b,c)
resulting in overlapping particle shapes caused by the line-of-sight nature of the DBI method. The
synthetic images were post-processed using the identical particle recognition algorithm than the real
images. Figure 4.2(d) displays the results of an extensive parameter variation of 𝑁𝑝,3D resulting in
an increasing underestimation of imaged particles 𝑁𝑝,proj. However, considering that 𝑁𝑝,proj is mostly
smaller than 200 in the experiment, the error in PND calculation remains below 15% due to particle
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overlap. To improve accuracy in dense particle clouds, tomographic particle tracking velocimetry is
highly desirable to resolve 3D particle locations in the future. Alternatively, a statistical correction of
PND could be performed using correction factors derived from the presented imaging simulations.
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4.4 Results and discussion

Additionally to PND, mean particle velocities were derived from DBI images using a standard PIV
algorithm and are displayed for different PNDs in Fig. 4 in Paper III (see Section A.3). The axial
particle velocity decreases with increasing PNDs, which is consistent with previous investigations [40].
This causes a longer particle residence time in the LFR at increasing particle concentrations. Besides,
the axial particle velocity is higher in AIR than in OXY atmospheres due to the higher fluid velocities
for these atmospheres determined in previous works [113].
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4.4 Results and discussion

The scanning OH-LIF images were intensity-corrected and linearly interpolated to generate 3D volatile
flame structures. Results of this procedure are exemplarily shown for different O2 contents at a similar
PND in Fig. 5 in Paper III (see Section A.3), where non-flammable regions in the fuel-rich central
region of the particle flame disappear with increasing oxygen availability. Again, this result is consistent
with previous experimental [40] and a corresponding numerical investigation [116], showing that
local gas temperature and fuel-air ratio are responsible for non-flammability within the central region
of PGC volatile flames of a particle jet. As PND is kept constant, the local gas temperature, mainly
decreasing through particle heating, should be similar, emphasizing the effect of O2 concentration on
flame extinction.

The Mie scattering images show both coal and soot particles, which can be easily distinguished from
another by the size and intensity differences as shown in Fig. 6 of Paper III (see Section A.3), where in-
stantaneous images are compared at a constant PND for varying O2 content. Lower O2 concentrations
exhibit intensive soot formation, which can be explained by the promotion of soot through emerg-
ing polycyclic aromatic hydrocarbons (PAHs) created from lighter hydrocarbon molecules or directly
released as volatile matter [117]. Conversely, increasing the O2 availability causes a dramatic reduc-
tion of soot formation. This observation is similarly confirmed in PND-conditioned mean isocontour
images of Mie scattering and OH-PLIF for varying O2 concentrations, displayed in Fig. 7 of Paper III
(see Section A.3), where increasing soot formation is correlated with appearing flame extinction. The
same trends are also applicable to OXY atmospheres shown in Fig. 9 of Paper III (see Section A.3).

Using the same split view, Fig. 4.4(a-d) shows results for atmosphere AIR20 with increasing PND
(number under atmosphere). Similar to the previously discussed effects of O2 content and in line with
[40], a non-flammable region surrounded by a reaction zone grows in size with rising PND. However,
as more particles are injected into the flue gases of the flat flame, increasing devolatilization rates
push the reaction further outward and downward, actually causing a reduction of the lift-off height.
This observation could be explained by both the decreasing particle velocities at higher PND and the
Bunsen-like shape of the pilot flame caused by the increased jet diameter. Additionally, strong soot
formation might cause radiative heat transfer to enhance preheating and earlier devolatilization of
solid fuel particles at high number densities. As a frame of reference, Fig. 4.4(e,f) again shows the
previously discussed influence of O2 content at constant PND.
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4 Group combustion of solid fuel particles in laminar environments

To evaluate the combined effects of O2 content, PND and diluent composition on volatile flame topol-
ogy of PGC, Fig. 4.4(g,h) displays the non-flammability ratio 𝑅𝑛𝑓 = 𝑉𝑛𝑓/(𝑉𝑓+𝑉𝑛𝑓) determined from
3D volatile flame structures, where 𝑉𝑛𝑓 is the volume of the non-flammable core and 𝑉𝑓 is the vol-
ume of the reaction zone, determined by areas exceeding a fixed threshold of 1.4 with respect to the
background-normalized OH-LIF signal intensity (similar to [40]). Dashed lines highlight the mean
PND of each gas composition, at which no flame extinction was detectable, representing a transition
limit from weak to strong inter-particle interaction.

As can be observed, decreasing O2 contents and increasing PNDs are correlated with increasing values
of 𝑅𝑛𝑓, promoting non-flammable region within the volatile flame. However, a comparison of AIR and
OXY atmospheres yields similar results, signifying a negligible influence of diluent composition for
PGC in this study. As outlined in Section 2.1.3, amongst several influences, two main effects have to
be considered to explain this behavior. On the one hand, the lower diffusivity of O2 in CO2 compared
to N2 should cause an earlier onset of oxygen depletion causing flame extinction. On the other hand,
the heat sink (𝜌𝑐𝑝) of CO2 is significantly higher than that of N2, resulting in a higher amount of heat
stored in the same volume. As the different atmospheres in the LFR exhibit similar gas temperatures
[113], it is expected that the heating of a similar amount of particles results in lower temperatures for
AIR atmospheres than OXY atmospheres, similar to the observations made for earlier ignition delay of
single particles in OXY atmospheres in [113]. The competition of both of these effects in PGC seems to
balance out as suggested by the similar correlation of PND and 𝑅𝑛𝑓 for AIR and OXY atmospheres.

In summary, this experimental multi-parameter study revealed new insights into the transition from
SPC to PGC by utilizing conditioned statistics to address the influence of PND, O2 content, and diluent
composition on the volatile flame topology and soot formation. To estimate the measurement errors
introduced through the line-of-sight nature of the DBI-based determination of PND, synthetic images
were generated in a newly developed simulation tool, which made direct use of the experimental
data generated in this study. Main results include the suppression of soot formation by rising O2
concentrations, also promoting the reactivity of the volatile consumption. Similar to a previous study
[40], rising PNDs lead to increasing flame extinction quantified by the non-flammability ratio 𝑅𝑛𝑓
computed from 3D volatile flame structures. Finally, the effect of CO2 replacement was found to have
a negligible influence on the flame topology and soot formation, which was explained by the competing
effects of decreased oxygen diffusivity and higher heat sink of CO2 compared to N2.
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5 Optical diagnostics of flame retarded polymers

5.1 Outline and state of research

This chapter highlights the advancements in optical diagnostics applied to flame retarded polymers.
As mentioned in Section 2.1.4, the widespread use of polymers necessitates tailored flame retardant
solutions, driving fundamental research on the impact of flame retardant additives on polymer com-
bustion under various test conditions. Flame retardants are classified based on their mode of action into
condensed-phase active, gas-phase active, and endothermically decomposing substances. The focus of
the works presented in this thesis is primarily on gas-phase inhibition during combustion. Consider-
ing the previously discussed topics of carbonaceous solid fuel combustion, the combustion of flame
retarded polymers adds another layer of complexity as it involves active flame inhibition within a
reactive multi-phase system. As will be demonstrated, this research explores similar methodological
approaches originating from solid fuel combustion research to investigate these phenomena.

Extensive research has been devoted to investigating the inhibitory effect of gas-phase active flame
retardants in canonical hydrocarbon flames without a present polymer specimen. Experimental con-
figurations, such as spherically expanding flames [118] or opposed-jet flames [119–123] have been
employed to assess the impact of flame retardants, complemented by numerical studies [124]. The
effectiveness of gas-phase active flame retardants strongly depends on the specific flame type utilized,
underscoring the significance of exploring various canonical and complex burner setups [125]. Addi-
tionally, in situ studies of flame retarded polymer combustion are essential for gaining insight into the
polymers’ influence on pyrolysis and combustion processes [126–129].

A wide range of diagnostic methods are available to assess the gas-phase effectiveness of flame re-
tardants, each with varying applicability to realistic fire conditions and precision of measured param-
eters [50]. Chemical analyses, including thermogravimetric analysis coupled with Fourier transform
infrared spectrometry (TG-FTIR), thermodesorption mass spectrometry (TDMS), thermogravimetric
analysis coupled with mass spectrometry (TG-MS), and pyrolysis gas chromatography with mass spec-
trometry coupling (Py-GCMS), are commonly used to provide detailed information on species rela-
tive to decomposition temperature [50, 130, 131]. However, these decomposition analyses are typi-
cally performed at lower heating rates than those experienced by samples in combustion systems. For
studying physicochemical phenomena during polymer combustion and evaluating flame retardant
inhibition, chemically active radical measurement methods such as molecular beam mass spectrome-
try (MBMS) [132], vacuum ultraviolet photoionization (VUV) [133], and OH-LIF (limited to inhibited
gas flames) have been employed [119–121, 123]. While probe-based methods like MBMS provide de-
tailed knowledge of the chemistry within a flame, their intrusive nature can be a drawback, which
is not present in optical methods like LIF. The research presented in this thesis aims to extend the
application of OH-LIF to study the combustion of flame retarded polymer specimens, an area that has
not been explored before.

With the objective of studying flame retarded polymers in situ, Paper IV [4] focuses on OH-PLIF of
polymer particles blended with a well-known gas-phase active flame retardant, utilizing the laminar
flow reactor (LFR) introduced in Section 4. This method, previously demonstrated for the ignition and
volatile combustion of coal particles [72], is adapted to analyze the gas-phase combustion of pyrolyzing
polymer particles. The investigation centers on the thermoplastic polymer polypropylene (PP) due to
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5 Optical diagnostics of flame retarded polymers

its simple chemical structure and widespread use in commodity plastics. Building on the successful
application of OH-PLIF to flame retarded PP, Paper V [5] extends the experimental setup to a multi-
parameter optical diagnostics system, exploring three additional flame retardants in both particle and
stick-shaped PP specimens. Both papers include chemical decomposition analyses to comprehensively
understand the flame inhibition effects on polypropylene combustion.

5.2 In situ OH-PLIF of flame retarded polypropylene particles

5.2.1 Aim

Paper IV [4] investigates the combustion behavior of micrometer-sized PP particles in the presence
of the phosphorus-containing flame retardant pentaerythritol spirobis(methylphosphonate) (PSMP).
By employing high-speed planar laser-induced fluorescence of the OH radical (OH-PLIF) and conduct-
ing thermal decomposition analysis, the study aims to gain comprehensive insights into the flame
retardant’s pyrolysis fragments and their impact on the combustion process. The analysis of pyroly-
sis fragments was performed by Dr. Daniela Goedderz, and her doctoral thesis [49] encompasses the
findings of Paper IV. Individual contributions of each author are listed in Section B. The publication
addresses the following scientific aims:

• The decomposition products released from the flame retardant during combustion are obtained
and potential radical scavengers, influencing the combustion process through flame poisoning,
are identified.

• The ignition and combustion of single particles is temporally tracked by OH-PLIF and relevant
parameters of the spherical flame are extracted. Based on this, the changes induced by the flame
retardant on the diffusion flame surrounding the particles is analyzed.

5.2.2 Materials and experimental setup

The particles used in this study were produced through compounding PP and PSMP with a co-rotating
twin-screw extruder. Pelletization and grinding resulted in particle diameters ranging from 100–150µm.
The research focused on two specimens: neat PP and a flame retarded formulation containing 10wt%
of PSMP. PSMP is a well-known phosphorus-containing flame retardant for polypropylene applica-
tions, whose gas-phase activity has been the subject of some earlier studies [134, 135]. The chemical
structures of polymer and flame retardant are shown in Fig. 5.3 in Section 5.3. The details of the
thermal decomposition analysis conducted in Paper IV can be found in Section 2.2 of the original
publication (see Section A.4). Additionally, cone calorimetry as a standard procedure in polymer com-
bustion testing was performed.

Particle combustion studies using OH-PLIF were conducted within the laminar flow reactor (LFR)
introduced in Section 4.2 to visualize reaction zones surrounding neat and flame retarded PP parti-
cles. The experimental setup shown in Fig. 4 of Paper IV (see Section A.4) utilized a fully premixed
flat flame with an excess oxygen content in the flue gas of 10 vol% (atmosphere AIR10 described in
[113]). The same dye laser system, line transition for OH-LIF, and high-speed intensified CMOS cam-
era recording images at 10 kHz were utilized as in Paper III (see Section 4.2). Traversing the burner
height position provided two FOVs for investigation. The obtained pixel resolution of OH-PLIF images
was 24.6 µm/px, and the optical resolution measured with a Siemens star was 100µm.
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5.2 In situ OH-PLIF of flame retarded polypropylene particles

5.2.3 Results and discussion

Following shot-to-shot background correction and normalization of the OH-PLIF images to eliminate
the effects of pulse energy fluctuations and the ultraviolet (UV) laser sheet’s inhomogeneous beam
profile, relevant parameters of the spherical diffusion flame were extracted during particle image post-
processing. Fig. 5.1 displays the corrected OH-LIF images and corresponding radially averaged OH-LIF
intensity profiles for selected PP particles. As particles ascend, released pyrolysis products ignite and
combust in the diffusion flame, leading to an observable increase in the OH-LIF intensity surround-
ing the particle. To ensure accurate analysis, only particles centrally hit by the UV laser sheet were
included, as indicated by the shadow cast on the left side of the particles. This approach guarantees
proper assessment of the flame stand-off distance and prevents underestimation. From the radial in-
tensity profile, two parameters were extracted for analysis: the radius of peak reactivity rate 𝑟PRR
(defined at the position of the highest positive gradient of the LIF signal) and the peak intensity value
in the flame 𝐼max,OH.
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Figure 5.1: Evolution of the ignition and combustion of exemplary PP particles at increasing centroid
positions 𝑧 tracked by OH-PLIF including corresponding radial profiles of the normalized
OH signal intensity 𝐼OH,norm. (Adapted from [4])

Extending the analysis to multiple particles, 10 neat PP and 18 PP particles flame retarded with PSMP
were studied. The evolution of 𝑟PRR and 𝐼max,OH was analyzed for various heights above the burner
head, as shown in Fig. 5.2. Each data point represents a value extracted from a single OH-PLIF image,
and for clarity, individual points of a single particle are connected by lines in Fig. 5.2(b).

The results indicate that the flame retarded polymer had larger average values of 𝑟PRR compared to
neat PP. At 𝑧 = 28mm, 𝑟PRR was 373µm for PP and 427µm for PP + 10wt% PSMP, respectively.
This distinction remained consistent across most axial positions, indicating that the outgassing flame
retardant influenced the radial position from the beginning of ignition. As the combustion process pro-
gressed, the outgassing decomposition products pushed the diffusion flame outward, until both curves
coincided at 𝑧 = 30mm. The TDMS experiments performed with the same samples revealed that the
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major part of the flame retardant’s decomposition fragments was released before the decomposition
of PP, possibly explaining this observation.

The evolution of 𝐼max,OH shows an apparent retardation of the ignition process. Neat PP particles
reached an 𝐼max,OH of around 4 at 𝑧 = 14mm, whereas the flame retarded PP particles only achieved
an 𝐼max,OH of 3 at the same height, indicating the gas-phase activity of the PSMP fragments. How-
ever, a large scattering of values is detectable, which could be potentially caused by agglomerations
or particle size deviations. Beyond 𝑧 = 20mm, both compounds showed a similar evolution of 𝐼max,OH,
approaching a value of 5 indicative of a fully developed diffusion flame where flame inhibition was not
noticeable. Nevertheless, flame retardant fragments might still be present in the fuel-rich gap between
the reaction zone and particle. TDMS experiments suggested that the flame retardant fragments were
still evolving through a detectable pyrolysis process.

In conclusion, the study demonstrated the influence of the flame retardant PSMP on the combustion
process of PP particles, with flame retardant particles showing larger radial positions and a delayed
ignition process successfully detected by OH-PLIF. Corresponding thermal decomposition analyses
showed that the thermal decomposition of PSMP produced radical scavenging fragments confirming
its gas-phase activity. However, as the particle diameter was not measured simultaneously, it is not clear
whether these trends change with particle size motivating the need for a simultaneous determination
of flame and particle size in a subsequent study.

5.3 Optical multi-parameter diagnostics of flame retarded PP particles and
specimens

5.3.1 Aim

Following the introduction of OH-PLIF for in situ combustion analysis of flame retarded polymer par-
ticles, Paper V [5] extends the previous study by incorporating OH-PLIF measurements of PP samples
with three additional flame retardants. An adapted diagnostic setup served as a multi-parameter mea-
surement system. To enhance statistical significance, an AOD laser scanner was employed to increase
the number of particles centrally hit by the UV laser sheet. Simultaneous particle size measurements
using DBI generated size-selective statistics, improving comparability among different samples. Four
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flame retardants were mixed in PP at a fixed concentration of 10wt%, ensuring an identical amount
of combustible polymer. The selected flame retardants exhibit different fire behaviors and modes of
action. In summary, this publication addresses the following scientific analyses:

• An OH-PLIF analysis of flame retardants with different modes of action added to PP particles
was performed with a special focus on the detection gas-phase activity.

• The low statistics and lack of in-situ particle diameter measurement of Paper IV were addressed
by improving and extending the optical diagnostics setup.

• The high heating rates in the laminar flow reactor may not represent real fire scenarios. There-
fore, the interaction of a premixed flamewith a larger polymer slab containing the same chemical
formulations as the particles was also investigated using optical diagnostics.

5.3.2 Materials andmethodology

Four different flame retardants, including PSMP, zinc diethylphosphinate (DEPZn), aluminum trihy-
droxide (ATH), and ammonium polyphosphate (APP), were mixed with PP at a fixed concentration of
10 wt%. These flame retardants were chosen for their diverse fire behavior and mode of action. PSMP
and DEPZn are known for their gas-phase activity, releasing phosphorus-containing radicals in differ-
ent polymers [4, 136]. In contrast, ATH and APP act as condensed-phase flame retardants, promoting
char formation by reacting to aluminum oxide or polyphosphoric acid while releasing water vapor or
ammonia in the gas phase [137, 138]. The endothermic decomposition of ATH into water additionally
provides local cooling and dilution.
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Figure 5.3: Chemical compounds of PP and investigated flame retardants. (Adapted from [5])

Following the procedures outlined in Paper IV, flame retarded PP composites were manufactured by
extrusion with 10wt% of the respective flame retardant, followed by pelletizing, grinding, and size
separation using a vibratory sieve shaker. Standardized samples were subjected to thermogravimetric
analysis (TGA) coupled with Fourier-transform infrared spectroscopy (FTIR) and cone calorimeter
tests, each performed in triplicate under defined conditions.

Laser-optical combustion experiments were conducted using two setups, shown in Fig. 5.4. The first
setup involves the LFR to study polymer particle combustion at high heating rates. The second setup
investigates the interaction of a premixed methane flame with a horizontally aligned stick-shaped
polymer specimen, measuring 70 × 10 × 4mm³.

The particle combustion experiments in the LFR extended the setup described in Paper IV with a
larger jet diameter but were conducted at the same atmosphere AIR10. Similar to Paper III, the UV
laser for OH-PLIF was guided through an AOD, resulting in 10 parallel laser sheets. However, instead
of using the scanning approach for three-dimensional reconstructions, it was employed to increase the
number of particles centrally hit, ensuring a higher amount of particles for statistical evaluation. To
address the lack of particle diameter measurement in Paper IV, a DBI system operated at a repetition
rate of 10 kHz and a high pixel resolution of 5.2 µm/px for accurate particle size determination. Both
OH-PLIF and DBI systems recorded parameters simultaneously, enabling statistical evaluation and
selective observation of flame retardation effects, linking properties of the volatile flame to particle
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size. An exemplary multi-parameter measurement of a single PP particle is shown in Fig. 3 of Paper
V (see Section A.5).

The second experimental setup investigates the combustion of flame retarded polymer sticks in a
newly designed flame interaction test stand, where polymer specimens are exposed to a stable pre-
mixed methane (CH4) Bunsen flame. During the testing, high-speed OH-PLIF and luminosity images
were captured to observe the combustion process. The test procedure involves precise ignition and
extinguishing of the external flame after 60 s of interaction with the polymer specimen. While realistic
fire scenarios for burning polymers often involve diffusion flames, using a stable laminar premixed
flame with a fixed equivalence ratio provides a controlled and repeatable setup, facilitating compar-
isons between different polymer specimens. The effectiveness of flame retardants heavily relies on
the burner and flame setup [125], especially when dealing with flame retarded polymers, which in-
troduce added complexity due to polymer decomposition. In this context, premixed flames generate
higher flue gas temperatures, influencing thermal decomposition and inhibitory processes in both the
gas and condensed phases.

5.3.3 Results and discussion

Thermal decomposition analysis

The thermal decomposition analysis mostly confirmed the modes of action, which were previously ob-
served in the literature. Looking at the TGA curves, the lowest residues for both neat flame retardants
and flame retarded PP at elevated temperatures were found for PSMP clearly indicating high volatility,
whereas the lowest value was detected for APP, which is known to provide flame retardancy through
condensed-phase activity. The subsequent TG-FTIR analysis allowed the monitoring of released sub-
stances during thermal decomposition, where defined absorption bands indicate the chemical species.
Generally, the temperatures at which the flame retardants’ decomposition products are released reach
higher levels when incorporated into the flame retarded PP composites due to the interplay between
the polymer matrix and the flame retardants during pyrolysis.

The thermal decomposition of neat PP is characterized by the release of flammable alkenes starting at a
temperature of 378 °C. The chemical decomposition behavior of PSMP was already observed in TG-MS
measurements discussed in Paper IV [4], where a characteristic aldehyde compound is released and
strong gas-phase activity including the formation of the PO radical was confirmed. For APP, the main
decomposition product ammonia (NH3) is tracked in the FTIR measurements. The remaining residue
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of 8wt% shows that the majority of the initial flame retardant forms a non-volatile residue indicating
the formation of a char barrier, confirming APP’s condensed-phase activity. As expected, ATH’s main
decomposition product is water with aluminum oxide (Al2O3) remaining as a condensed-phase barrier,
which shifts the decomposition temperatures of PP + 10wt% ATH to significantly higher temperatures
than those of the neat polymer. DEPZn also provides a delayed pyrolysis of the flame retarded polymer
compound with the main decomposition products being ethane (C2H6) and phosphinic acid (H3PO2).
The latter further decomposes into phosphine (PH3) and phosphoric acid, as was confirmed by MBMS
measurements of Lau et al. [132, 139]. It should be noted that both C2H6 and PH3 are flammable
gases, which could impede the flame retardation effectivity of DEPZn. Due to its low residue of 35%,
DEPZn is expected to show a gas-phase activity and moderate char yield.

Multi-parameter diagnostics of particle combustion

Next, the particle combustion experiments in the LFR are analyzed under high heating rate condi-
tions. Despite prior sieving of particles, a widely scattered size distribution was measured by DBI, with
particles ranging from 80µm to over 300µm. These deviations, particularly the presence of agglom-
erates, are observed, where particles melt, adhere, and fuse during rapid heating in the flat flame. To
ensure a meaningful statistical comparison, particles were categorized into three size intervals with
cutoff points at 𝑑𝑝,1 = 154µm and 𝑑𝑝,2 = 188µm, enabling a reliable assessment of the flame retardant
behavior for small, medium, and large particles.

Figure 5.5(a-c) displays the maximum normalized OH fluorescence signal 𝐼max,OH detected in the parti-
cle flame at various height positions. The curves for different particle sizes exhibit similar trends, with
particle ignition starting around 𝑧 = 5mm, marked by a notable increase in the OH-LIF signal. Up to
𝑧 = 14mm, the flame retardant additives show minor variations among size distributions. However,
beyond this point, PSMP and DEPZn exhibit a downward branch, indicating a reduction in the normal-
ized OH-LIF signal and a pronounced radical scavenging activity. In contrast, APP displays no change
from neat PP, confirming its lack of gas-phase activity as condensed-phase activity is suppressed at the
high heating rates for micrometer-sized particles. ATH, as a water-generating flame retardant, shows
higher OH-LIF signals compared to PP, potentially due to released water vapor dissociating into OH
radicals in the exhaust atmosphere.

Further, the spatial extent of the spherical envelope flame for different particle sizes is investigated
using the dimensionless flame radius 𝑟max,OH/𝑟𝑝 displayed in Fig. 5.5(d-f). This parameter is calcu-
lated based on the radius of the maximum OH-LIF signal and the circle-equivalent radius detected
by DBI. Subtle differences can be observed in the curves for various compositions within each size
interval. Surprisingly, even for gas-phase active flame retardants like PSMP and DEPZn, no significant
increase in flame radius is observed compared to neat PP. As the height above the burner increases, all
dimensionless flame distances show an upward trend, which might indicate a Stefan flow emerging
from the particle during pyrolysis.

Comparing the three size intervals, it becomes evident that smaller particles exhibit a higher dimen-
sionless flame distance at each height compared to larger particles. This behavior aligns with previous
observations in single coal particles with high volatile content [112], where larger particles experi-
enced slower heating and devolatilization rates, resulting in a closer flame proximity. Similarly, the
maximum normalized OH-LIF signal intensity evolution indicates greater differences in the flame re-
tardant’s inhibition efficiency for large particles, substantiated by the reduced devolatilization rate of
the flame retardant contained in the PP polymer matrix.
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Figure 5.5: (a-c) Peak normalized OH-LIF intensity and (d-f) dimensionless flame radius for all inves-
tigated flame retarded polymer particles compared to neat PP. (Adapted from [5])

Combustion of polymer sticks

The thermal decomposition analysis employed low heating rates in an inert environment, whereas
the particle combustion experiments were conducted at high heating rates, limiting the evaluation of
flame retardants with condensed-phase action. To address this limitation, a custom test stand was
designed, resembling the standardized horizontal burning test. This setup allows for the investigation
of stick-shaped polymer specimens interacting with a methane (CH4) flame using advanced optical
diagnostics.

The photographs in Fig. 5.6 show different time points relative to the ignition of the external flame.
PSMP and APP in PP exhibit rapid self-extinguishing behavior compared to other flame retardants. In
contrast, neat PP and DEPZn in PP sustain a flame. The combustion of ATH-containing samples in PP
also self-extinguishes before the moment when neat PP and DEPZn in PP are externally extinguished.
DEPZn in PP exhibits a distinctive behavior, characterized by the emergence of multiple smaller flames
within the main flame volume, likely due to the release of combustible gases detected in the TG-FTIR
analysis. The flames of phosphorus-containing samples, including PSMP, APP, and DEPZn, display
a purple to orange hue immediately after ignition, possibly attributed to the formation of luminous
decomposition products from the flame retardants, as opposed to soot observed downstream in neat
PP and ATH in PP after approximately 45 s of interaction with the external CH4 flame. This hypothesis
could be explained by the spatial separation of the blue-colored portion of the flame and the soot
luminosity for non-phosphorus-containing compounds, in contrast to the uniform orange hue observed
right after ignition for phosphorus-containing samples.

Figure 5.7 displays OH-PLIF images averaged over 200ms just before the external flame’s extinction,
revealing the interaction between the CH4 flame and the combusting polymer specimens after nearly
60 s of interaction. For reference, Fig.5.7(f) shows the external flame 200ms after igniting, where al-
most no pyrolyzation of the polymer should have taken place yet. Samples containing PP, PP + ATH,
and PP + APP show relatively large regions of increased OH fluorescence signal before the external
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Figure 5.6: Photographs of the combustion of stick-shaped specimens at different instants relative to
the time of ignition 𝑡𝑖 and extinction 𝑡𝑒 of the external flame. (Adpated from [5])

flame’s extinction, while phosphorus-containing flame retardants with gas-phase activity exhibit re-
duced flame volumes. Notably, the reaction zone size is reduced for PP + PSMP due to its radical
scavenging effect in the gas phase. For PP + DEPZn, the reaction zone is smaller compared to PP,
but additional flames emerging directly from the specimen’s surface influence the combustion due to
the release of combustible substances, possibly C2H6 and PH3. Similar to the particle experiments, the
highest OH signal intensity is observed for PP + ATH, where water from ATH decomposition increases
the OH signal intensity in the gas phase. This observation is likely due to the low concentration of ATH
used in this sample, rendering the cooling effect undetectable.
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Figure 5.7: (a-e) OH-PLIF of stick-shaped specimens interacting with a CH4 Bunsen flame just before
extinction of the external flame. (f) Reference case of neat PP taken just after ignition of
the external flame. (Adpated from [5])

The temporal evolution of the OH-LIF signal intensity is further examined after the CH4 Bunsen flame
extinction (refer to Fig. 12 of Paper V in Section A.5). Neat PP displays a gradually expanding self-
sustaining flame, while PP + PSMP exhibits rapid self-extinguishing behavior accompanied by smoke
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release. PP + APP and PP + ATH demonstrate conical flames with flickering motion, indicating local
fuel deficiencies in the reaction zones. The flames of PP + APP extinguish after 550ms, while those
of PP + ATH continue flickering for several seconds before eventually ceasing. The reduced pyrolysis
rate due to the condensed-phase modes of action of ATH and APP likely accounts for this behavior,
making their gas-phase effects undetectable using OH-PLIF, akin to the particle combustion experi-
ments. Samples containing PP + DEPZn exhibit self-sustaining conical reaction zones with a luminous
signal above the surface, suggesting the release of gaseous decomposition products from the poly-
mer sample. To investigate this behavior, high-speed imaging capturing both the polymer sample and
the self-sustaining combustion in a similar FOV to OH-PLIF was performed. The formation of bubbles
within the molten polymer sample can be observed, releasing combustible gases that contribute to the
ongoing combustion of the polymer, competing with the flame inhibition effect.

Concluding remarks

This study investigated the gas-phase combustion of flame retarded PP containing 10wt% of different
flame retardants (PSMP, APP, ATH, DEPZn). Characteristic decomposition products were identified
using TG-FTIR, while OH-PLIF (alongside complementing cone calorimetry) enabled the detection of
gas-phase effects for flame inhibition. This work demonstrated the extension of OH-PLIF to flame re-
tarded polymer particles based on Paper IV [4], facilitating the simultaneous determination of the di-
mensionless flame radius and the normalized peak OH-LIF intensity in the diffusion flame surrounding
particles. Additionally, optical diagnostics of stick-shaped specimens in an adapted horizontal burning
test stand provided insights into the combustion of larger samples, where condensed-phase activity
was not suppressed, unlike the particle experiments in the LFR exhibiting high heating rates. The find-
ings revealed that PSMP exhibited the most significant decrease in the OH-LIF signal, while ATH led to
increased OH signal intensity due to water release during decomposition. DEPZn showed observable
jet-like flames, but still had a detectable flame inhibition effect in the gas phase. The combination of
various optical measurement techniques and chemical pyrolysis fragment analyses provided a com-
prehensive understanding of combustion processes and flame retardant interactions during ignition
and combustion.
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6.1 Summary

The research conducted in this thesis represents significant advances in the experimental study of
various phenomena within the context of solid-flow-chemistry interactions. Specifically, two techni-
cally relevant examples were investigated in detail: the combustion of carbonaceous solid fuels, such
as biomass and coal, and flame retardancy of polymers. Within the five peer-reviewed publications
included in this thesis, three distinct subject areas were identified. These lead to substantial contri-
butions to the phenomenological understanding of these processes. The key achievement lies in the
development and adaptation of minimally intrusive optical measurements, allowing for the precise
and non-invasive characterization of the studied phenomena. By addressing complex challenges and
advancing experimental techniques, this research has provided valuable insights and opened newways
for future studies in this field.

In the first subject area, which was discussed in Section 3, the interaction between solid fuel parti-
cles and the surrounding carrier-phase turbulence was investigated in a non-reactive round jet. To
achieve the necessary spatial and temporal resolutions, a pulsed fiber laser system was adapted and
integrated into a TR-PIV system for flow velocimetry. The capabilities of this system were successfully
demonstrated in a single-phase turbulent jet, achieving unprecedented temporal dynamic ranges. The
investigation yielded valuable insights, including a detailed analysis of measurement errors and spa-
tial resolution for determining turbulent scales, spectra, and space-time correlations. Notably, devia-
tions from Taylor’s frozen flow hypothesis were identified, revealing important aspects of turbulent
shear flows. Expanding efforts, the ultra-high repetition rate of the fiber laser system facilitated the
design of a single-cavity laser suitable for both dual-pulse and time-resolved PIV measurements. By
combining it with pulse picking systems based on the acousto-optic and electro-optic effects, the se-
tups’ performance and limitations were thoroughly characterized. Finally, the improved diagnostics
setup was applied to study the particle-turbulence interaction of single miscanthus particles. Utilizing
a multi-parameter measurement system, particle-flow interactions were observed and analyzed with
remarkable spatial and temporal resolutions.

In Section 4, the combustion of bituminous coal particles in a laminar flat flame burner was investi-
gated using comprehensive multi-parameter optical diagnostics, comprising subject area 2. The pri-
mary objective was to understand the transition from SPC to PGC and analyze the combined effects
of PND, gas-phase O2 content, and diluent composition, including both air and oxy-fuel conditions. A
DBI system was employed to determine particle concentration; however, its line-of-sight nature intro-
duced measurement errors that necessitated ground truth data for accurate quantification. To address
this, a new particle generation tool was developed, enabling the creation of virtual images based on
measured line-of-sight particle residence volume and properties. A thorough parameter study allowed
the evaluation of the magnitude of the error in determining PND. The investigation further utilized
scanning OH-PLIF, DBI, and Mie scattering to observe volatile flame structures and soot formation un-
der varying boundary conditions. The results showed that increasing the gas-phase O2 content could
effectively suppress soot formation, particularly prevalent at high PND. Three-dimensional volatile
flame structures were observed, revealing that an increase in PND and a decrease in gas-phase O2
concentration led to non-flammability in the fuel-rich core or the flame. Interestingly, these trends
were consistent across both air and oxy-fuel environments. Additionally, it was hypothesized that the
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effects of decreased oxygen diffusivity and higher heat sink of CO2 could potentially balance out,
though this would need confirmation in future studies. The multitude of results obtained from the
experiments provided valuable insights into solid fuel combustion transitioning from single to dense
streams of particles.

Subject area 3 (discussed in Section 5) focused on investigating the inhibition of combustion in solid
materials, specifically examining the effect of flame retardants on polymers. Notably, the diagnostic
methods established for solid fuel combustion were successfully adapted for in situ flame inhibition
studies of polymers, highlighting the versatility of the experimental approach in gaining valuable in-
sight into the gas-phase activity of flame retardants. The application of OH-PLIF to burning flame
retarded polypropylene particles represented an important achievement, showcasing its potential in
identifying gas-phase activity of flame retardants. Complementing this, thermal decomposition analy-
ses provided essential information on the chemical decomposition products, aiding in determining the
mode of action of flame retardants. Building upon this foundation, the optical diagnostics setup was
expanded into a multi-parameter measurement system, enabling the determination of the normalized
OH-LIF intensity and dimensionless stand-off distance of the diffusion flame surrounding particles
treated with four different flame retardants, each with distinct modes of action. The results indicated
a reduction in OH-LIF signal intensity within the flame for gas-phase active flame retardants, con-
firming the viability of using laser-induced fluorescence for studying flame inhibition. To extend this
methodology to larger polymer samples, the interaction of stick-shaped specimens with a premixed
CH4 Bunsen flame was explored, demonstrating the applicability of optical diagnostics in studying
polymer combustion and flame inhibition in real fire scenarios. The combination of optical diagnostics
and pyrolysis fragment analysis methods proved to be a meaningful approach for gaining a compre-
hensive understanding of the chemistry and combustion dynamics of flame retarded polymers.

By identifying gaps in our understanding of solid-flow-chemistry interactions and advancing experi-
mental techniques, the research presented in this thesis has provided valuable insights into the funda-
mental mechanisms governing solid fuel combustion and flame retardancy. The versatility of the de-
veloped experimental approach was evident in its successful application across different subject areas,
highlighting its potential for gaining comprehensive understanding of complex combustion processes.
Overall, the research conducted in this thesis opens new avenues for future studies and paves the way
for practical applications in fields ranging from energy production to fire safety.

6.2 Outlook

This section offers an outlook on future research directions in the experimental study of solid-flow-
chemistry interactions building upon the achievements of this thesis. This mainly concerns further
analysis of the existing data and potential parameter studies beyond the current scope of this thesis.

Subject area 1 encompassed multi-phase TR-PIV measurements, generating an extensive dataset ex-
amining the interaction between biomass particles and surrounding carrier phase turbulence in a
non-reactive environment. A thorough statistical evaluation for investigating the influence of particle
size, shape, and rotation velocity on turbulence modulation and slip velocity field topology is possible,
holding significant implications for future reactive cases involving volatile transport. One limitation
was the spatial dynamic range of ultra-high-speed measurements, constrained by the small FOV due
to cropping the active sensor area. To address this, the use of backside-illuminated CMOS cameras op-
timized for ultra-high repetition rate imaging, exemplified by the TMX 7510 (Phantom) operating at
76 kHz with a frame size of 1280 × 800px², could provide improvements. Additionally, TR-PIV mea-
surements of single-phase turbulence highlighted the spatial resolution, determined by the IW size,
as a limiting factor for resolving the smallest turbulence structures. Optical flow velocimetry methods
[140–142], generating dense motion fields, offer a valuable enhancement for this issue. Moreover, a
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complementary numerical study featuring fully resolved particles in the turbulent jet, similar to previ-
ous work [143], would facilitate comparison. Future fiber lasers with higher output powers at similar
repetition rates could enable TR-PIV measurements of larger volumes, potentially enabling pulsed
volumetric illumination for ultra-high-speed 3D Lagrangian particle tracking experiments, addressing
gaps in our understanding of Eulerian and Lagrangian turbulence statistics coupling [66, 100].

In subject area 2, which focuses on group combustion experiments of solid fuels, potential future in-
vestigations could involve exploring additional parameters and employing complementary diagnostic
methods. To gain insights into the detailed formation of soot and its precursors, a combination of LIF
of PAHs and LII is desirable [144]. Shifting from coal combustion to biomass combustion, variations
in solid fuel composition, size, and shape may influence devolatilization and volatile flame structure.
To better understand the negligible differences observed between air and oxy-fuel atmospheres, ac-
companying numerical simulations (as demonstrated in [116]) could provide valuable insights into the
underlying effects. Additionally, a study linking the global PND to a local interaction distance between
particles could be evaluated for the given configuration, in conjunction with the developed imaging
simulation tool. Beyond its use in this work, the DBI imaging simulation algorithm offers the oppor-
tunity to systematically analyze the limitations and uncertainties of line-of-sight imaging methods for
determining parameters such as particle size, shape, number density, and volume fraction. A system-
atic study for different characteristic residence volume shapes, potentially investigating the role of the
number of simultaneously running DBI systems with multiple cameras, could also be conducted. These
explorations would provide further insights into the complex combustion processes of solid fuels and
contribute to the continuous improvement of diagnostic methodologies in this field.

The experiments conducted in subject area 3 have revealed the immense research potential of optical
diagnostics in the testing and evaluation of flame retarded polymers. The current focus of the research
community in this domain centers on either detailed reaction kinetics for flame inhibition modeling
or investigating polymers in application-relevant test procedures [10, 50]. However, the results pre-
sented in this thesis have illuminated an alternative research approach, where physicochemical effects
on the micro- and mesoscale can be linked to the underlying chemical kinetics, ultimately enabling
the prediction of burning polymer specimen behavior and the inhibition potential derived from flame
retardant additives. A systematic study exploring the impact of further individual parameters of solid-
flow-chemistry interactions, progressively increasing in complexity, is highly desirable. By decoupling
the individual processes that prevail in the combustion of flame retarded polymers, a better under-
standing of their individual contributions can be achieved, facilitating the modeling of these effects.
This holistic understanding of flame retardancy at different scales could pave the way for more efficient
and targeted design of flame retarded polymers, enhancing their safety across various applications.
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Abstract 
The application of a compact pulsed fiber laser for high-speed time-resolved particle image velocimetry (TR-PIV) measure-
ments in the potential core of a turbulent round jet is presented at repetition rates of up to 500 kHz . The master oscillator 
power amplifier laser architecture consists of a pulsable seed diode whose emission is amplified in a Yb-doped fiber. The 
pulsed laser is operated continuously at repetition rates ranging from 10 kHz to 1MHz with adjustable pulse widths at an 
output power of 50 W. The maximum rated pulse energy of 486 μJ is reached at 100 kHz , making the laser suitable for meas-
urements of turbulent flows and highly transient phenomena. To demonstrate the feasibility of the laser for flow velocimetry, 
TR-PIV is conducted in a turbulent round jet. Two different high-speed camera systems are employed: a high-speed CMOS 
camera running at 200 kHz and 400 kHz and an in situ storage CCD camera for burst-mode PIV measurements at 500 kHz . 
For the CMOS system, the capability of measuring several characteristic quantities of turbulent flows is discussed with 
regard to the effects of uncertainty and spatial resolution. The presented system extends the range of suitable laser systems 
for high-speed PIV measurements offering continuous pulsing at repetition rates of up to 1MHz at a compact footprint. The 
amount of consecutive images is solely limited by the onboard storage of the camera, which enables unprecedented temporal 
dynamic ranges.
Graphical Abstract
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1  Introduction

Particle image velocimetry (PIV) has become a widely used 
experimental method to measure flow fields in various appli-
cations (Raffel et al. 2018; Westerweel et al. 2013). For the 
investigation of transient phenomena as they appear in tur-
bulent flows, high-speed PIV (HS-PIV) systems with kilo-
hertz repetition rates have become an established standard. 
Typically, nanosecond-pulsed high-power lasers are needed 
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to generate images with sufficient signal-to-noise ratio and 
low motion blur caused by particle movement during illu-
mination. Within this work, we use the term high-speed 
for repetition rates beyond 1 kHz and ultra-high-speed for 
repetition rates beyond 100 kHz given that these terms have 
been defined loosely within the context of PIV or imaging 
methods.

Generally, two different approaches exist to generate 
time-resolved high-speed PIV (TR-PIV) recordings depend-
ing on the temporal recording scheme (Beresh 2021). The 
first option, employed within this work, is to operate both 
laser and camera systems continuously, creating a set of 
temporally equidistant images. The second approach, high-
speed double-pulse PIV (DP-PIV), is commonly used when 
the maximum desirable particle shift between two consecu-
tive images dictated by the interrogation window (IW) size 
requires an inter-frame time �t smaller than the minimally 
possible duration between two laser pulses of one cavity or 
the minimally possible inter-frame recording duration of the 
camera at a given amount of utilized pixels. This recording 
scheme has been enabled by the introduction of high-speed 
dual-cavity lasers in combination with double-frame record-
ing modes on modern high-speed camera sensors. As both 
laser cavities can be triggered individually, the particle shift 
of high-speed flows can be captured without the limitation 
of the repetition rate of a single laser cavity, which, how-
ever, still dictates the effective temporal resolution of the 
high-speed time series. TR-PIV data can be used to derive 
both statistical properties of turbulent flows and quanti-
ties only computable from time series of velocities such as 
integral time scales or spectra (Willert 2015; Beresh 2021). 
The latter makes TR-PIV suitable for replacing single-point 
hot-wire measurements with the additional benefit of local 
spatial information suitable for space–time correlation meas-
urements (Wernet 2007). In the following, a brief summary 
of current high-speed camera and laser technologies for PIV 
applications is given including representative examples of 
investigations in the literature. Eventually, continuously 
pulsing fiber lasers are introduced in the context of flow 
velocimetry.

A multitude of digital high-speed imaging sensor tech-
nologies has emerged over the course of the last decades, 
which has enabled diagnostics of turbulent and highly 
transient flow phenomena. For high-speed PIV, three main 
technological approaches are worth noting: complementary 
metal-oxide-semiconductor (CMOS) sensors, burst image 
sensors including in situ storage image sensors (ISIS), and 
multi-sensor camera arrays. An overview on high-speed 
imaging technologies is found in Tsuji (2018) and Thurow 
et al. (2013). Continuous readout CMOS cameras are the 
most common category of imaging sensors found in high-
speed PIV as they offer relatively small pixel sizes in the 
order of 20 μm∕px enabling high spatial resolutions for 

optimized particle imaging when coupled to high-quality 
lenses. Temporally, they offer frame rates of several 10 kHz 
at megapixel sensor sizes and can be run faster when the 
amount of active pixels is decreased. For instance, TR-
PIV at 400 kHz for spectra measurements is possible when 
a small field of view (FOV) is chosen as exemplified by 
Beresh et al. (2018). The dual-frame exposure capabilities 
of such sensors can as well be utilized to perform DP-PIV 
given that a higher amount of active pixels is preferred over 
a desired temporal resolution. State-of-the-art ISIS sensors 
can be operated in burst-mode at full sensor size at repetition 
rates of up to 100MHz (Suzuki et al. 2020). As the charge 
of each acquired image is stored on memory arrays on the 
sensor itself, the sensor size limits the number of acquired 
frames to a few hundred images. Due to the need of space 
for the in situ storage, however, the ratio of the photoactive 
area to the total sensor size for conventional CCD sensors is 
small, resulting in relatively large effective pixel sizes (e.g., 
66.3 μm∕px for the chip developed by Etoh et al. (2003) of 
the Shimadzu HPV-2 used within this study) and distortions 
of small imaged objects (Rossi et al. 2014), which imposes a 
challenge for the imaging of small tracer particles. Recently, 
CMOS burst image sensors, which make use of a spatial 
separation between the photosensitive pixels and their cor-
responding memory, have been developed to achieve an 
improved sensor array design for high-resolution imaging 
(Tochigi et al. 2013; Suzuki et al. 2020). When the amount 
of active pixels at a given frame rate is too small, multiple 
cameras can be optically combined in an array such that 
every sensor only images one or two frames (in dual-frame 
exposure mode) of the time series. Such systems have ena-
bled full-frame megahertz PIV measurements (Wernet and 
Opalski 2004; Murphy and Adrian 2010; Brock et al. 2014) 
but obviously come at the cost of a very limited amount of 
consecutive recordings.

As of yet, three main laser architectures have been used 
for high-speed PIV measurements: clustered multi-channel 
(CMC) laser systems, diode-pumped solid state (DPSS) 
bulk lasers, and burst-mode lasers (Thurow et al. 2013; Slip-
chenko et al. 2020). CMC laser systems are used when high 
pulse energies at repetition rates much higher than individual 
laser cavities can provide are needed, such that each cavity 
corresponds to a single frame in the final PIV recording. 
Similar to multi-sensor camera arrays, the amount of consec-
utive pulses is limited by the amount of laser cavities, mak-
ing CMC lasers only suitable for the observation of single 
events like flows close to propagating shock waves (Murphy 
and Adrian 2010). High-speed Q-switched DPSS lasers offer 
continuous pulsing operation at single-cavity repetition rates 
up to 150 kHz (Edgewave IS and GX series) and have been 
used extensively in fluid mechanics and combustion research 
applications (Böhm et al. 2011). In DP-PIV systems, dual-
cavity DPSS lasers offer flexible transient adjustment of 
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the inter-frame pulse duration �t , which, for instance, has 
enabled high-speed PIV in statistically unsteady turbulent 
flows in running combustion engines (Baum et al. 2014). 
Operation of DPSS laser systems is, however, challenging 
due to the limitations imposed by high thermal loads at high 
repetition rates and the optical beam overlap needed for flex-
ible DP-PIV pulsing. In order to overcome the thermal limi-
tations at higher repetition rates, burst-mode lasers operate 
at a limited duty cycle and are therefore able to reach suf-
ficient energy output for operation in the megahertz range 
(Slipchenko et al. 2020). Modern systems rely on the master 
oscillator power amplifier (MOPA) architecture pioneered 
by Lempert et al. (1996) in which a low-power seed laser is 
guided through several amplification stages. Recent advance-
ments have allowed for the development of compact doublet 
pulse systems incorporating fiber seed lasers utilized for DP-
PIV at repetition rates of 100 kHz yielding pulse energies 
of 800 μJ at burst durations of 10 ms (Smyser et al. 2018). 
Longer burst durations of up to 100 ms have been enabled 
by dual-wavelength diode pumping (Slipchenko et al. 2014) 
utilized for spatio-temporal correlation measurements from 
DP-PIV at 100 kHz in the intermediate region of a turbulent 
jet (Miller et al. 2016). The data were subsequently ana-
lyzed to demonstrate deviations from Taylor’s hypothesis 
of frozen turbulence by showing that the mean convective 
velocity is larger than the actual velocity of the time-delayed 
cross-correlation function (Roy et al. 2021). Other notable 
recent investigations using pulse-burst lasers include PIV 
measurements of supersonic jets emerging into a transonic 
wind tunnel (Beresh et al. 2015) and subsequent spectra 
measurements at 400 kHz (Beresh et al. 2018) and 1MHz 
(Beresh et al. 2020) using a limited amount of active pix-
els on CMOS sensors. In reactive flows, pulse-burst lasers 
have been recently applied for 100 kHz PIV in a gas turbine 
swirl combustor simultaneously with OH* chemilumines-
cence imaging (Philo et al. 2021). While pulse-burst lasers 
have facilitated the majority of recent investigations with a 
focus on ultra-high-speed laser diagnostics, they suffer from 
limited burst durations due to overheating of the amplifier 
stages and a complicated optical architecture that demands 
high investment and maintenance costs and explains their 
almost exclusive usage within research applications.

As is apparent from the presented state-of-the-art laser 
systems for HS-PIV, several technological and practical limi-
tations have to be dealt with when scaling laser systems up 
for ultra-high repetition rate PIV applications. First, ther-
mal stress within the laser cavity limits the continuously 
available output power and repetition rate of DPSS systems, 
while the high pulse energy output of pulse-burst lasers is 
temporally limited by thermal constraints in the amplifiers. 
Thermal lensing changes the beam profile for increasing 
pump energies in both systems, too. Hence, neither laser 
architecture can currently provide a continuously pulsing 

high-energy output at repetition rates beyond 150 kHz with 
unchanged beam profile characteristics over all power set 
points. Second, both DPSS and pulse burst lasers require 
the full laser system to be mounted rigidly onto a balanced 
surface for stable operation, which might be challenging 
for test environments with limited optical access and pos-
sible vibrations as they, e.g., appear in optically accessible 
engines. Third, the financial investment and maintenance 
costs of DPSS bulk lasers, and especially pulse-burst lasers, 
are high as they are often custom-built and not aimed toward 
a larger industrial market, limiting their usage to specific 
research applications in aerodynamics and combustion. This 
limitation might impede the wide-spread application of HS-
PIV outside of these research communities.

Within this work, we introduce fiber lasers as an alterna-
tive laser architecture suitable for HS-PIV, which show an 
improved performance on all of the three discussed limita-
tions. In the following, a brief introduction into the charac-
teristics of fiber lasers is given. Fiber lasers have become a 
widespread variant among solid-state lasers within the last 
decades, frequently used in materials processing applica-
tions such as silicon scribing (Yang et al. 2016), milling 
(Williams et al. 2014), and marking (Gabzdyl 2008). Com-
prehensive information of fiber laser technology is provided 
by Samson and Dong (2013) and Ter-Mikirtychev (2019). 
The distinctive feature of fiber lasers and amplifiers is the 
fiber resonator design consisting of a core fiber doped with 
rare earth ions such as Nd3+, Yb3+, Er3+, or Tm3+ covered in 
an undoped fiber through which the diode-laser pump beam 
is led. The center core design of such double-clad fibers is 
optimized such that the pump radiation always passes the 
doped center core, leading to an excitation of the laser crys-
tal. In contrast with DPSS resonators or pulse-burst ampli-
fiers, the ratio of the surface area to the volume of the crystal 
is large in optical fibers, leading to an efficient heat transfer 
to the outside of the fiber diminishing the need for active 
water cooling entirely. However, other loss mechanisms 
peculiar to fiber optics such as stimulated Brillouin scatter-
ing, stimulated Raman scattering, and Kerr nonlinearity have 
to be considered (Samson and Dong 2013).

Nanosecond-pulsed fiber lasers suitable for HS-PIV 
can either be realized by Q-switching or amplification of a 
diode laser seed pulse within a MOPA configuration. The 
latter approach allows for a flexible setting of the laser pulse 
width combined with a diffraction-limited beam quality at 
high fiber amplifier gains. As will be demonstrated with the 
fiber laser unit used within this work, pulsed MOPA con-
figurations can be operated continuously at repetition rates 
of 1MHz for average power outputs of 50 W with excellent 
beam quality factors. As the output laser beam is already 
led through a fiber, collimated output fibers can be directly 
mounted to fiber lasers enabling flexible output beam cou-
pling in challenging environments. The fiber-based beam 
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path allows compact footprints and the use of standard com-
ponents, enabling relatively low costs of ownership com-
pared to DPSS and pulse-burst systems.

In this work, we systematically explore the feasibility 
of a state-of-the-art pulsed Yb:YAG fiber laser for ultra-
high-speed TR-PIV measurements up to repetition rates of 
500 kHz . Two camera systems, a high-speed CMOS camera 
and an in situ storage CCD camera, are used to capture the 
particle images taken in the potential core of a turbulent 
round jet.

The paper is structured as follows. Section 2 describes 
the basic properties of the utilized fiber laser system fol-
lowed by a description of the experimental methodology 
in Sect.  3. Initial analysis of the investigations includes the 
assessment of the raw PIV images in Sect.  4.1 and the miti-
gation of peak locking in Sect.  4.2. Further, the computa-
tion of statistical turbulent moments based on an analysis 
of the measurement uncertainty is presented in Sect.  4.3, 
followed by a discussion of turbulent scales derived from 
correlation measurements in Sect.  4.4. The computation of 
temporal power spectral density measurements is discussed 
in Sect.  4.5, and the applicability of Taylor’s hypothesis 
through an analysis of space–time correlations is presented 
in Sect.  4.6. The main findings are summarized in Sect.  5.

2 � Fiber laser system

The laser system utilized for PIV within this study is a com-
mercial nanosecond-pulsed Yb:YAG fiber laser (GLPN-
500-1-50-M, IPG Photonics) depicted in Fig. 1a. The nano-
second-pulsed Yb:YAG fiber laser is based on the master 
oscillator power amplifier (MOPA) architecture in which a 
low-power seed laser is amplified by guiding the seed pulse 
through a pumped gain medium in which stimulated emis-
sion increases the final output power significantly. Here, a 
pulsed seed diode laser operated at 1030 nm is amplified 
within a Yb-doped double-clad fiber as depicted in Fig. 1b. 
The linear s-polarization of the seed laser beam is main-
tained within the single-mode fiber. Energy-efficient diode 
laser pumping of the fiber gain medium enables a compact 

footprint of the laser module of 0.07m2 ( 0.27m × 0.26m ), 
which is solely cooled through fans. The amplified 
laser pulse is guided into a water-cooled laser head by a 
1.7-m-long delivery fiber, resulting in second-harmonic 
generation (SHG) to the final output wavelength of 515 nm. 
Table 1 summarizes the main technical properties of the 
fiber laser system.

Continuous operation of the laser is possible at pulse rep-
etition rates (PRR) of 10 kHz to 1 MHz with a nominal aver-
age output power of 50 W. The MOPA architecture allows 
for a direct control of the seed laser pulse width. The maxi-
mum pulse energy of approx. 500 μJ is kept constant between 
10 kHz and 100 kHz and further decreases with repetition 
rate such that the output power is kept constant at 50 W.

A measurement of the output laser beam profile at a PRR 
of 100 kHz using a beam-profiling CMOS camera (Win-
CamD-LCM, Dataray) is shown in Fig. 2. As is apparent, the 
beam shows a symmetric Gaussian profile with only minor 
deviations, indicating the diffraction-limited beam quality 
obtained through the laser architecture. In fact, a fit of a 2D 
Gaussian profile described by I(x, y) = exp(−(x2 + y2)∕�2

) 
to the normalized profile yields a standard deviation 

Fig. 1   a Fiber laser system. 
b Internal fiber-based MOPA 
architecture

(b)(a)

Laser head (incl. SHG)

Output delivery fiber

Fiber laser module

27 cm

26 cm
22 cm

7 cm

6.5 cm

9 cm

Highly-reflective
Bragg grating

Output coupler
Bragg grating

Collimated
laser output

Multi-mode pump coupler

Cladding-pumped active fiber

Multi-mode pump diodes

Table 1   Properties of the fiber laser. All values were obtained at the 
maximum setpoint of the diode laser drivers

Property Value Setting

Output wavelength 515 nm
Polarization s-polarized
Pulse widths 1.3 ns ( P1 ), 4.4 ns 

( P2 ), 11.8 ns ( P3)
Repetition rates f 10 kHz–290 kHz P3

10 kHz–600 kHz P2

10 kHz–1MHz P1

Pulse energies 486 μJ f = 100 kHz , P3
162 μJ f = 300 kHz , P2
48 μJ f = 1MHz , P1

M2 1.43 f = 100 kHz , P3
Beam diameter ( 1∕e2) 2.68mm f = 100 kHz , P3
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of � = 0.67mm with a coefficient of determination of 
R2

= 0.987 . The beam diameter, calculated at a normalized 
intensity of 1∕e2 is 2.68 mm. The measured beam quality 
factor of M2

= 1.43 underlines the great potential of the 
laser to be focused to small beam waists, which is important 
for precise material processing applications. This is as well 
beneficial for PIV as thin laser sheets are needed to reach 
high spatial resolutions, although the bell-shaped laser pro-
file has to be expanded wide enough in the perpendicular 
dimension to guarantee a homogeneous particle scattering 
intensity throughout the whole field of view. It has to be 
noted that the size and shape of the beam profile remain 
unchanged when the output intensity is varied which under-
lines the advantage of the laser architecture in contrast with 
thermal lensing occurring in bulk lasers and amplifiers of 
pulse-burst lasers.

3 � Experimental methodology

To demonstrate the feasibility of the fiber laser system for 
the diagnostics of turbulent flows, TR-PIV was conducted 
within the potential core of an axisymmetric turbulent jet 
exiting as a fully developed pipe flow, which is a well-inves-
tigated generic configuration (Papadopoulos and Pitts 1998; 
Xu and Antonia 2002; Mi et al. 2001). The experimental 
setup is displayed in Fig. 3a.

A pipe of diameter D = 2.8mm was mounted horizon-
tally within the burner head of the microwave plasma heater 
test stand at TU Darmstadt (Eitel et al. 2015). The stainless 
steel pipe can be used for fuel injection into hot co-flows 
and was therefore coated with a ceramic insulation, which 

increased the size of the tip to an outer diameter of 6 mm 
as depicted in Fig. 3b. It was bent 90◦ upwards to facilitate 
injection of the jet flow from above. The straight part of the 
pipe from the bending to the jet exit had a length of 185D 
to ensure a fully developed turbulent pipe flow as bound-
ary condition. Particle seeding was provided by an aerosol 
generator (AGF 10, Palas) generating di-ethylhexyl sebacate 
(DEHS) droplets with a mean size of 0.5 μm . The seeder was 
placed directly in front of the pipe connection to mitigate 
the influence of agglomeration on the particle size distribu-
tion. The air flow through the aerosol generator and pipe 
was regulated by mass flow controllers (EL-Flow Prestige, 
Bronkhorst) which were connected to a pressurized dried air 
supply system. The co-flow did not run during the experi-
ments such that the ambient can be approximated as quies-
cent. As the near-field potential core region of the jet was 
analyzed within this study, the ambient air was not seeded 
with tracer particles. The jet flow was operated isothermally 
at ambient conditions of T = 295K and p = 1 bar . The oper-
ating points chosen for the experimental investigation at bulk 
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flow Reynolds numbers Re of 10,000 and 18,200 are dis-
played with the respective laser and camera configuration 
in Table 2.

The output head of the fiber laser was mounted directly on 
a traversable beam delivery system including all additional 
optics as shown in Fig. 3a. The high-speed cameras were rig-
idly connected to the traversing system as well (not shown) 
to fix the relative position of the laser beam and the field 
of view. The laser sheet was created by a set of cylindrical 
lenses (effective focal lengths of  f1 = −50mm , f2 = 300mm,  
and f3 = 1000mm ), which resulted in a beam thickness in 
the probe volume of 290 mm (FWHM) while being later-
ally expanded to a length of 35 mm. The laser sheet thick-
ness was optimized as a compromise between high fluence 
resulting in sufficient Mie scattering signal from the DEHS 
particles and high spatial resolution on the one side, and the 
prevention of out-of-plane motion of the quickly moving 
particles in the turbulent flow on the other side.

Two high-speed camera systems were utilized in the 
TR-PIV analysis, a continuous readout CMOS camera 
(Photron FASTCAM SA-X2) and an in situ storage CCD 
camera (Shimadzu HPV-2), to evaluate their performance 
for UHS-TR-PIV measurements at different frame rates. 
The lens configurations and pixel calibration values are 
displayed in Table 2. Although the apertures of the camera 
lenses were fully open causing a limited depth of field, 
the small laser beam thickness resulted in a uniform size 
distribution of the particle images, which was verified 
by defocussing the lens and simultaneously observing 
changes in the imaged particle sizes throughout the frame. 
The fields of view of all three configurations are shown in 
Fig. 3b including an instantaneous vector field measured 
in configuration C. The SA-X2 recordings were used to 
capture the flow field directly at the jet exit at 200 kHz and 
for higher-resolved measurements in the centerline region 
starting at x = 0.9D using a repetition rate of 400 kHz . 
The characteristic temporal and spatial turbulent scales 
of a round jet are smallest within its potential core, which 

therefore serves as an ideal target to highlight the capabili-
ties of an ultra high-speed repetition rate system at a finite 
spatial resolution, whose effect on measured turbulence 
properties will be discussed in Sect.  4. For the HPV-2 
measurements, the flow velocity was increased and the 
measurement position was traversed slightly downstream 
to optimize the particle shift for the lower spatial reso-
lution and higher repetition rate of the imaging system. 
The spatial resolution of correlation-based PIV algorithms 
was thoroughly investigated by Kähler et al. (2012) and 
is around the size of the interrogation window as long as 
particle images do not exceed more than 3 px.

The PIV images were captured and processed in the 
software Davis 10 (LaVision). The data acquisition system, 
laser, and camera were synchronized using an external tim-
ing unit (9520 Series, Quantum Composers). The length of 
each recording was solely limited by the on-board storage 
of the cameras, which resulted in over 1.2 million vector 
fields at 400 kHz for the SA-X2. Theoretically, this setting 
would allow for a temporal dynamic range (TDR), defined 
as the ratio of the highest to the lowest resolvable frequency, 
of over 600,000. However, as shown in Sect.  4.5 in the fre-
quency domain, this value is limited by multiple other fac-
tors like noise, spatial resolution, and the variance of the 
power spectral density estimation (Beresh 2021) and will 
be evaluated based on the experimental results. For PIV 
processing, a correlation-based multi-pass algorithm with 
a window overlap of 75% was used. The final four passes at 
the smallest interrogation window size w were performed 
with a Gaussian weighting. This ensures better spatial reso-
lution as the local information around the IW centroid is 
weighted higher and is commonly used in state-of-the-art 
PIV codes. The vectors were subsequently validated using 
the universal outlier detection method of Westerweel and 
Scarano (2005) using a 5 × 5 median filter kernel. No addi-
tional denoising (as proposed by Oxlade et al. (2012) for 
TR-PIV spectra measurement) was performed to sincerely 
assess the quality of the PIV data set for further analysis.

Table 2   Operating points and 
hardware used for the TR-PIV 
investigations of the near-nozzle 
region in the turbulent jet

Configuration A B C

Bulk flow velocity u
b

55 m/s 55 m/s 100 m/s
Gas temperature T 295 K 295 K 295 K
Reynolds number Re 10,000 10,000 18,200
Camera system SA-X2 SA-X2 HPV-2
Repetition rate f 200 kHz 400 kHz 500 kHz

Number of vector fields N 294,226 1,242,298 101
Lens configuration Sigma 105 mm, f/2.8 Sigma 180 mm, f/3.5 Sigma 180 mm, f/3.5
Extension tube – – 80 mm
Pixel resolution 34.03 μm/px 19.60 μm/px 34.22 μm/px
Interrogation window length w 24 px 16 px, 24 px, 32 px, 48 px 24 px
Active sensor size 256 px × 152 px 128 px × 72 px 312 px × 260 px
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4 � Results and discussion

4.1 � Assessment of raw particle images

As an initial step of analysis, the data quality of the raw 
images is assessed. Figure 4 shows representative single-
shot particle images and their associated computed vector 
fields for every configuration. Recordings obtained with 
the SA-X2 CMOS camera show clearly distinguishable 
spherical particle shapes with sufficient signal-to-noise 
ratio to reliably compute a vector field. The single-shot 
raw images of the HPV-2 CCD in situ storage camera 
(Fig. 4e) were obtained at a similar pixel resolution than 
those at 200 kHz of the SA-X2 but could only be properly 
processed when defocussing the image slightly such that 
single particles have merged into a continuous structure. 
This was necessary as the large pixel size of the HPV-2 
( 66.3 μm × 66.3 μm ) is mainly needed for storage gates, 
which limits the ratio of the photoactive area to the entire 
pixel area (also referred to as fill factor) to only 0.6%. 
This poses a problem to accurate imaging of small-scale 
structures as it was reported by Rossi et al. (2014) for the 
same camera chip model. When small moving structures 
like particles are imaged in focus at the given magnifi-
cation, the particle image does not span more than one 
pixel and even disappears completely when a particle posi-
tion between two neighboring photoactive CCD areas is 
imaged. Subsequently, the particle image flashes and dis-
appears as particles are moving from frame to frame which 
can only be avoided by defocusing the image slightly. Still, 
the mean correlation value of the PIV processing was 
0.84 for the adjusted imaging system of the HPV-2, which 

underlines the validity of the data for an ultra-high-speed 
flow analysis. It can be expected that the next generation 
of in situ storage cameras with smaller pixel pitch values 
based on CMOS technology can further improve the met-
rological performance of such a setup when high repeti-
tion rates are preferred over the amount of consecutively 
recorded frames (Suzuki et al. 2020).

It should be noted that at a repetition rate of 1MHz , the 
PIV system was capable of capturing images with sufficient 
signal-to-noise ratio such that PIV processing would have 
been possible. However, due to the large pixel size and hence 
poor spatial resolution of the ISIS-CCD chip in combina-
tion with the limited flow rates dictated by the maximum 
throughput of the used seeder, all particle shifts were below 
2 px such that the dynamic range of the computed vector 
field was poor.

4.2 � Peak locking

A common systematic error introduced in PIV measure-
ments is peak locking (Michaelis et al. 2016). This effect is 
relevant when the Mie scattering signal of a single particle is 
imaged smaller than one pixel, leading to a loss of sub-pixel 
accuracy resulting in preferential particle displacements to 
integer multiples of the imaged pixel resolution. Figure 5 
displays the velocity histograms of the entire field of view 
of all vector fields of one measurement in units of pixel 
displacements together with the associated modulo plots 
for the two worst-resolved camera configurations. For the 
HPV-2, a total of 808 vector fields from eight camera bursts 
are included. Instead of comparing the velocity histograms 
at a fixed point, the display of velocities within the entire 
camera frame increases the amount of data points for the 
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Fig. 4   Instantaneous snapshots of PIV raw images and their corresponding processed vector fields for all measurement configurations
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HPV-2 in comparison to the high amount of consecutively 
recorded vector fields of the SA-X2 CMOS camera. Hence, 
as the measurements encompass different fields of view, the 
histograms contain a wide range of velocities depending on 
their position within the jet (i.e., lower velocities in the shear 
layer and higher velocities in the centerline region of the 
potential core). As is apparent, the distributions show no 
clear sign of a preferential displacement toward integer mul-
tiples, demonstrating the negligible effect of peak locking 
for all presented measurements. Previously conducted high-
speed TR-PIV measurements by Wernet (2007) ( 25 kHz ) 
and Beresh et al. (2018) ( 400 kHz ) both had to mitigate the 
effect of peak locking through the use of either special PIV 
processing algorithms or diffusion filters to spread out the 
particle image over several pixels. In this investigation, no 
additional filtering or post-processing was necessary as the 
pixel magnification was high enough to image particle scat-
tering images larger than 1.5 pixels on average.

4.3 � Measurement uncertainty and turbulence 
statistics measurement

Apart from the systematic errors introduced by peak locking, 
PIV measurements suffer from additional sources of uncer-
tainty, whose quantification is important to reach accurate 
estimations of the local turbulence statistics. Generally, the 
measurement of statistical moments does not require time-
resolved PIV but is usually performed using low-speed DP-
PIV systems with statistically independent single shots of the 
flow field (as recently exemplified by Scharnowski et al. (2019) 
in a high-speed wind tunnel). However, as has been pointed 

out by Willert (2015) for the example of wall-bounded flows, 
TR-PIV offers the capability of efficiently extracting statistical 
measurements and quantities, which require a time series of 
the flow field like temporal correlations and spectra from the 
same measurement. For the CMOS camera, the large number 
of samples (in the case of 400 kHz over 1.2 mio. consecutively 
recorded vectors) is made possible by the continuously pulsing 
fiber laser and is solely limited by the on-board memory size 
of the camera. It should be noted, however, that the effective 
number of statistically independent samples Ne is lower and 
will be computed using the temporal autocorrelation of fluc-
tuating velocities in Sect.  4.4.

As the camera noise level is increased substantially for 
measurements at repetition rates of several 100 kHz compared 
to the full frame operation at max. 12.5 kHz , the following sec-
tion explores the PIV measurement uncertainty with respect 
to the size of the chosen interrogation window at a fixed posi-
tion on the jet centerline and how the turbulence level and 
higher-order statistics are affected by the spatial filtering effect 
associated with an increase in the interrogation window size.

For the streamwise velocity component u, the turbulence 
level is computed by the ratio of the standard deviation �u , also 
referred to as the root-mean-square of the velocity fluctuations √
⟨u′2⟩ , and the mean velocity ⟨u⟩ as is shown in Equation (1).

Generally, all measurement systems introduce errors to 
instantaneously measured velocities, whereby the apparent 
standard deviation of the measured velocity distribution �u,m 

(1)Tuu =
�u

⟨u⟩ =

√
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Fig. 5   a–f Velocity histograms within the entire FOV of the respec-
tive configurations displayed as pixel shifts �x and �y for all 
employed measurement setups. g–h Normalized histograms of the 
sub-pixel shift for the streamwise velocity component of measure-

ments at 200 kHz using the SA-X2 and 500 kHz using the HPV-2 
highlighting the suppression of peak locking of the presented PIV 
measurements
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is a superposition of the true velocity fluctuations caused 
by turbulent motion of the flow �u,turb and the measurement 
error �u,err and can be expressed as Equation (2).

This relationship implies that accurate turbulence level 
measurements should be conducted such that the error vari-
ance �2

u,err
 is small compared to the actual fluctuations �2

u,turb
 . 

Otherwise, it is necessary to quantify the measurement error 
reliably such that the true velocity fluctuations �2

u,turb
 can be 

extracted from the measured standard deviation of the veloc-
ity fluctuations. As the true error variance �2

u,err
 is unknown, 

it will be approximated by the mean-square of the uncer-
tainty of instantaneous velocities �2

Uu
 which holds true for 

accurate uncertainty quantification methods as the number 
of independent observations approaches infinity (Sciacch-
itano et al. 2015; Sciacchitano and Wieneke 2016).

In the literature, several methods have been proposed to 
directly determine the measurement uncertainty from PIV 
recordings as was collaboratively explored by Sciacchitano 
et al. (2015). Alternatively, Scharnowski et al. (2019) have 
presented a method with which the measurement uncertainty 
and turbulence level can be extracted simultaneously through 
a variation in the particle shift �x by altering the inter-frame 
time �t of a DP-PIV system. Although this method is prom-
ising for accurate turbulence level measurements using DP-
PIV systems, it has drawbacks with regard to the presented 
TR-PIV measurements in this study: a variation in the inter-
frame time is not feasible for ultra-high repetition rates as 
a further decrease in �t simultaneously increases the meas-
urement uncertainty due to an increase in camera noise at 
higher recording speeds and a decreased signal-to-noise ratio 
due to a decrease in the laser pulse energy resulting in a 
lower Mie scattering intensity of individual tracer particles. 

(2)�2
u,m

= �2
u,turb

+ �2
u,err

≈ �2
u,turb

+ �2
Uu

Therefore, the correlation statistics (CS) method of Wie-
neke (2015) was chosen to quantify the random uncertainty 
of the PIV measurements discussed within this study. As 
current uncertainty quantification methods including CS 
do not account for the error bias introduced through peak 
locking (Sciacchitano et al. 2015), the prevention of small 
particle images resulting in distorted velocity histograms 
as discussed in Sect.  4.2 is an important prerequisite for a 
reliable quantification of the random error.

To exemplify a turbulence level correction based on the 
uncertainty estimation, configurations A and B including 
measurements at 400 kHz and 200 kHz with varying inter-
rogation window sizes are used in the following analysis at 
a fixed position of x = 1.2D on the centerline. For configura-
tion B, Fig. 6a shows the distribution of the instantaneous 
uncertainty of the streamwise velocity Uu both in units of 
meters per second and pixel shifts per image pair.

The uncertainty distributions reveal that an increase in 
the interrogation window size lowers the uncertainty (also 
expressed as the mean uncertainty ⟨Uu⟩ in Table 3). The 
uncertainty from the CS method takes the individual con-
tribution of each pixel within the IW to the correlation cal-
culation into account. Thus, as the IW size is increased, 
a larger number of particles is included in the correlation 
computation which mitigates the influence of noise that is 
overemphasized for smaller IW sizes and leads to an overall 
lower uncertainty value. Hence, a higher spatial resolution 
comes at the cost of higher individual velocity measurement 
uncertainties. This is especially evident when comparing 
the largest and smallest IW sizes in Fig. 6a. However, when 
observing the uncertainties for IW lengths of 24 px and 
32 px, both distributions show similar uncertainties. This 
discontinuity from the previously identified trend might be 
explained when observing the distribution of the correlation 
values in Fig. 6b. As the IW size increases, the correlation 
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Fig. 6   a Uncertainty distribution of the streamwise velocity component. b Correlation value distribution for different interrogation window sizes 
at 400 kHz
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values for the PIV vector calculation decrease, which is con-
trary to the trend of the uncertainty distributions. A reason 
for this could be the inhomogeneous nature of the turbu-
lent shear flow in which these particles move: although the 
number of particles per IW increases with w, additionally 
included particles are differently positioned in the inhomo-
geneous flow field and therefore behave differently, lower-
ing the correlation value. Besides, Westerweel (2008) has 
presented a theoretical analysis of how gradients within the 
correlation window correlation window lower the peak cor-
relation values. Hence, for an increase in the IW size from 
24 px and 32 px, the correlation values are decreased, which 
outweighs the decreased amount of noise in the correlation 
calculation for the uncertainty calculation.

As shown in Table 3, the mean absolute uncertainty 
ranges between 0.14 px and 0.16 px, which is equal to mean 
relative uncertainties between 1.63% and 2% of individually 
measured velocities. For the correction of the streamwise 
turbulence level, the ratio of the variance of the measure-
ment uncertainty and the measured variance of the velocity 
fluctuations �2

Uu

∕�2

u,m
 provides a measure of the amount of 

uncertainty contained in the measured velocity fluctuations. 
For the measurements taken at 400 kHz , this ratio increases 
as the IW size decreases, which results in a higher relative 
correction of the turbulence level from the measured value 
Tuu,m to the corrected value Tuu,corr . At 200 kHz , an addi-
tional temporal filtering of the turbulent fluctuations results 
in a significantly smaller measured turbulence level, which 
translates into an increased ratio between measurement 
uncertainty and measured fluctuations. The results of the 
corrected turbulence levels finally show that as the repetition 
rate is increased and the IW size is decreased, the extent of 
temporal and spatial filtering of turbulent structures 
decreases leading to higher measured turbulence levels. The 
measured turbulence levels are similar to previously con-
ducted measurements of the exit conditions of turbulent jets 
performed by Papadopoulos and Pitts (1998) ( ≈ 4% at 
x∕D = 0.16 ), Xu and Antonia (2002) (4%), and Mi et al. 

(2001) ( ≈ 3% at x∕D = 0.05 ) which used velocity measure-
ments based on hot wire anemometry. Given that the meas-
urements presented in Table 3 are located further down-
stream at x∕D = 1.2 , a slightly increased value to the 
literature references is reasonable.

Two additional rows in Table 3 show results for ellipti-
cally weighted interrogation windows with weighting factors 
wx × wy of 32 px × 16 px (axially aligned) and 16 px × 32 px 
(radially aligned). As both IWs have the same size, they 
should include a similar amount of noise. Still, the uncer-
tainty of u of the radially aligned IW is on average higher 
than that of the axially aligned IW, further explaining the 
trends observed in Fig. 6 based on the inclusion of differ-
ently moving particles in the inhomogeneous flow as inter-
rogation windows are increased in sized radially. It is inter-
esting to note that �2

Uu

∕�2

u,m
 for the axially aligned elliptically 

weighted IW is even lower than that of the square window 
of size w = 48 px , underlining the additional benefit of IWs 
with adapted shapes in shear flows.

The increasing measured turbulence level with decreasing 
IW size can be directly seen from the widths of the veloc-
ity histograms of configuration B in Fig. 7. Apart from the 
width of the distribution, which is associated with the stand-
ard deviation or magnitude of measured velocity fluctua-
tions, it can be observed that the shape of the distribution 
functions are affected by a change of IW size, too. Namely, 
the smaller the size of the IW is set, the larger is the devia-
tion of the skewness S and kurtosis K from the Gaussian ref-
erence values of S = 0 and K = 3 as is shown in Table 4. A 
similar trend is observed for elliptically weighted IWs with 
different orientations but equal size: the axially aligned IW 
displays a stronger departure from a Gaussian distribution 
than the radially aligned counterpart. Interestingly, former 
investigations in the exit region of a turbulent pipe jet have 
shown similar values to those measured with the small-
est IW size of 16 px: Figure 1 of Papadopoulos and Pitts 
(1998) shows a measured skewness of –0.5 and a kurtosis 
of 3.4 at the jet exit (read from plot) and distributions of 

Table 3   Uncertainty 
quantification based on the 
method of Wieneke (2015) and 
subsequent correction of the 
streamwise turbulence level for 
400 kHz and 200 kHz at 1.2D 
(centerline). The last 2 data 
rows show results for elliptically 
weighted IW with weighting 
factors wx × wy for an IW length 
of w = 32 px

f IW length w ⟨Uu⟩
⟨
U

u

u

⟩
�2

Uu

�2
u,m

Tuu,m Tuu,corr

400 kHz 16 px / 313.5 μm 0.158 px / 1.236 m/s 2.00% 2.41% 5.86% 5.78%
400 kHz 24 px / 470.3 μm 0.1386 px / 1.087 m/s 1.75% 1.50% 5.45% 5.41%
400 kHz 32 px / 624.1 μm 0.1396 px / 1.094 m/s 1.76% 1.49% 4.95% 4.91%
400 kHz 48 px / 940.6 μm 0.129 px / 1.009 m/s 1.63% 1.42% 4.09% 4.06%
200 kHz 24 px / 816.6 μm 0.137 px / 1.070 m/s 1.64% 2.67% 3.42% 3.38%

IW weights wx × wy

400 kHz 32 px × 16 px 0.1392 px / 1.091 m/s 1.76% 1.37% 5.11% 5.08%
400 kHz 16 px × 32 px 0.143 px / 1.124 m/s 1.82% 1.74% 4.83% 4.79%
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the scalar fluctuations show similar values in Fig. 21 of Mi 
et al. (2001). Both experiments were conducted with wire 
probes, which were smaller than the majority of turbulent 
structures of the respective flows and only minimally fil-
tered the measured quantities spatially. It can therefore be 
concluded that the larger the IW size is chosen, the higher 
will be the low-pass filtering effect resulting in a closer-
to-Gaussian distribution shape quantified by higher-order 
statistics such as skewness and kurtosis.

To conclude, in an inhomogeneous flow as discussed 
herein, an increase in the IW size results in more particles 
being taken into account during vector calculations that are 
further away from the centerline and therefore exhibit differ-
ent conditions in the shear flow of the turbulent jet. Filtering 
over a multitude of such differently moving particles results 
in a distribution closer to a normal distribution, suppressing 
the underlying probability distribution of turbulence struc-
tures. Similar to the measurement of turbulence intensities, 
the effect of spatial filtering of the IW needs to be considered 
when computing higher-order statistics in turbulent shear 
flows.

4.4 � Measurement of turbulent scales using 
autocorrelations

Apart from the statistical analysis performed in Sect.  4.3, the 
high imaging rate and large sample size of the presented PIV 

data sets enable a high-resolution analysis of velocity time 
series for correlations and power spectral density estimates. 
As the repetition rate is increased to 400 kHz for the highest 
temporal dynamic range, an IW length of 16 px only yields 32 
vectors to be extracted along the axial coordinate (128 px win-
dow length with 75% IW overlap), limiting the spatial dynamic 
range. Therefore, this postage-stamp approach (Beresh et al. 
2018) serves as a promising tool to extract temporally resolved 
data but lacks at providing simultaneous spatial information 
over larger spatial displacements.

First, the longitudinal integral turbulent scales are extracted 
at a planar spatial position � = (x, y) based on the Eulerian 
autocorrelation function

where the spatial lag in two dimensions is denoted by 
� = (�, �) and the temporal lag is expressed by � . From this 
definition as the most general form of a space–time correla-
tion in the Eulerian sense, the temporal autocorrelation can 
be calculated by setting � = � , whereas the spatial autocorre-
lation is computed along the axial direction using � = (�, 0) 
and � = 0 . Figure 8a shows the results of the temporal 
autocorrelation at a position of x = 1.2D on the centerline 
( y = 0D ) and Fig. 8b displays the spatial autocorrelation at 
a position of x = 0.9D on the centerline ( y = 0D ), such that 

(3)�uu(�, �, �) =
⟨u�(�, t) u�(� + �, t + �)⟩

√
⟨u�2(�, t)⟩ ⟨u�2(� + �, t + �)⟩
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Fig. 7   Histograms of fluctuating velocities u′ (a) and v′ (b) for different interrogation window sizes at 400 kHz

Table 4   Skewness and kurtosis 
of the velocity fluctuations for 
400 kHz at 1.2D (centerline)

f IW length w Skewness Su Kurtosis Ku Skewness Sv Kurtosis Kv

400 kHz 16 px / 313.5 μm −0.43 3.38 −0.010 3.32
400 kHz 24 px / 470.3 μm −0.40 3.30 −0.010 3.26
400 kHz 32 px / 624.1 μm −0.35 3.25 −0.002 3.22
400 kHz 48 px / 940.6 μm −0.25 3.14 −0.002 3.16

IW weights wx × wy

400 kHz 32 px × 16 px −0.38 3.25 −0.003 3.20
400 kHz 16 px × 32 px −0.31 3.24 −0.002 3.23

A Journal publications

76



	 Experiments in Fluids (2022) 63:75

1 3

75  Page 12 of 18

the full field of view of the 400 kHz measurements (until 
x = 1.6D ) is encompassed by the spatial lag.

For both the spatial and temporal autocorrelations, 
a decrease in the IW size leads to an earlier decorrela-
tion of the turbulent fluctuations. This observation can be 
explained by two superimposed effects. First, larger IW 
sizes lead to increased spatial filtering of small turbulent 
structures. These smaller structures will however decay 
quicker (according to the energy cascade) and are therefore 
not taken into account leading to an increased value of 
the correlation coefficient compared to smaller interroga-
tion windows, which resolve smaller turbulent structures. 
Second, velocity vectors calculated within smaller inter-
rogation windows are computed at higher noise levels, as 
less particles contribute to the overall correlation calcula-
tion. Consequently, a correlation of noisier velocity signals 
leads to a decreased value of the correlation coefficient as 
both the temporal and spatial lag increase (Nobach 2015).

Based on the correlation functions calculated, the inte-
gral scales (Eqs. (4) and (5)) are listed in Table 5. For 
the temporal autocorrelation, the computation of the inte-
gral time scale Tuu is realized by numerically integrating 
the correlation function until the first zero-crossing using 
the trapezoidal rule. Due to the limited spatial range, the 
integral length scale Luu is only evaluated for the smallest 
IW of 16 px by integrating over all available data points. 
The correlation value at the highest spatial lag is 0.028 
and therefore close to the zero-crossing such that the left 
out area under the correlation curve is small and the com-
puted integral length scale is slightly underestimated. As 
the computed values show, an accurate measurement of the 
integral time scale requires high repetition rates (beyond 
200 kHz to at least acquire 10 samples before the zero-
crossing), which has been previously only achieved by 
pulse-burst lasers at significantly lower amounts of con-
secutively recorded samples (Miller et al. 2016).

Additionally, the effective number of statistically independ-
ent samples Ne can be computed using Equation (6), where Tt 
is the total observation time of the time-resolved measurement 
(Sciacchitano and Wieneke 2016). For an IW size of 16 px, Ne 
is 137,831, showing that even though the temporal autocorre-
lation function is well-resolved, a large number of statistically 
independent samples for the robust computation of statistical 
moments remain.

To put the measurements of statistical quantities 
into perspective, the standard measurement uncer-
tainty of the mean axial velocity can be computed as 
U⟨u⟩ = �u∕

√
Ne = 0.01m/s  (Sciacchitano and Wieneke 

2016). This small value truly shows the advantage of a 
TR-PIV measurement equipped with a continuously puls-
ing laser in combination with a large on-board memory of 
the camera to achieve a high value of Ne. In comparison to 
state-of-the-art low-speed PIV systems, it should be con-
cluded that despite the lower amounts of Ne of these systems 

(4)Tuu =∫
∞

0

�uu(�) d�

(5)Luu =∫
∞

0

�uu(�) d�

(6)Ne =
(N − 1) ��

2 Tuu
=

Tt

2 Tuu
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Fig. 8   Longitudinal autocorrelation functions of the streamwise velocity component �uu from 400 kHz TR-PIV. a Temporal autocorrelation at a 
fixed position of x = 1.2D . b Spatial autocorrelation along the centerline at x = 0.9D

Table 5   Longitudinal integral time scale at x = 1.2D and length scale 
at x = 0.9D (downstream) for 400 kHz TR-PIV measurements

f IW length w Tuu Luu

400 kHz 16 px / 313.5 μm 11.3 μs 623 μm

400 kHz 24 px / 470.3 μm 12.9 μs

400 kHz 32 px / 624.1 μm 13.7 μs

400 kHz 48 px / 940.6 μm 15.3 μs
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(typically around 1000), they still offer superior spatial 
resolution and lower measurement noise leading to lower 
uncertainties of individually measured vectors. For instance, 
Scharnowski et al. (2019) report a value of ⟨Uu⟩ = 0.05 px 
for an interrogation window length of 16 px compared to 
our measured value at the same IW size of ⟨Uu⟩ = 0.16 px.

Based on the calculation of the integral scales, further 
characteristic turbulent scales can be determined. In iso-
tropic turbulence, the Taylor microscale is defined as

where the dissipation rate of turbulent kinectic energy is 
given by � and the kinematic viscosity is denoted by � . A 
direct experimental determination of the Taylor microscale 
without the need of assuming isotropic turbulence requires 
a highly resolved measurement of the transverse autocorre-
lation Rvv , at which an osculating parabola is fitted, whose 
zero-crossing determines � (Pope 2012). Due to the limited 
spatial resolution of the given measurements, this direct 
approach is unfortunately not feasible and equation (7) will 
be used instead. The smallest dissipative length scale is the 
Kolmogorov length scale �k , which is given by equation (8).

As is apparent from the definitions of � and �k , the dissipa-
tion rate of turbulent kinectic energy � is required for the 
computation of both values. The determination of � is, how-
ever, strongly affected by a limited spatial resolution, as � 
is defined through the gradient tensor of fluctuating veloci-
ties, instead of the velocity fluctuations themselves (Pope 
2012). A number of investigations have developed methods 
to improve the accuracy of dissipation rate measurements 
from PIV to extract � from, e.g., curve fitting of energy spec-
tra (Xu and Chen 2013) or using a large-eddy approach to 
correct for the filtering of the IW size (Bertens et al. 2015), 
but the results of these methods are dependent on the indi-
vidual flow boundary conditions and further assumptions. 
Hence, we will employ a simple dimensional analysis to 
roughly estimate the turbulent dissipation rate using the inte-
gral length scale Luu and the standard deviation of the axial 
velocity component �u (Batchelor 1953):

Unfortunately, as discussed by Burattini et  al. (2005), 
the constant C� is dependent on the boundary conditions 
of the flow and can not be assumed to be a universal con-
stant. Available data in the literature ranges from values of 

(7)� =

√
15��2

u

�

(8)�k =

(
�3

�

) 1

4

(9)� =

C� �
3
u

Luu
≈

�3
u

Luu

C� = 0.5–2.5 depending on flow type and turbulent Reynolds 
numbers (Burattini et al. 2005), which is why we estimate 
C� as unity in Equation (9). This approach at least guaran-
tees an estimation of the order of magnitude of the derived 
turbulent scales. The results of the estimation of turbulent 
scales are 199 μm for the Taylor microscale and 15 μm for the 
Kolmogorov scale. The spatial resolutions of the PIV system 
estimated to be around 314 μm for the smallest IW size is in 
the order of the Taylor microscale and much larger than the 
Kolmogorov length.

4.5 � Power spectral density estimation

Turbulence spectra provide detailed knowledge on the scales 
through which turbulent kinetic energy is transported in 
the energy cascade. Therefore, they offer the capability to 
compare differently resolved PIV measurements and their 
low-pass filtering characteristics on the small-scale portion 
of the turbulent structures. Their computation from time-
resolved data is usually performed by a periodogram, which 
represents the Fourier transform of the biased estimate of 
the temporal autocorrelation. As 1242 298 consecutive 
time-resolved samples could be obtained at a repetition rate 
of 400 kHz , a periodogram spanning a frequency range of 
0.32 Hz to 200 kHz (given by the sampling theorem) could 
theoretically be computed. However, the variance of the 
periodogram does not approach zero as the number of sam-
ples N is increased, making the periodogram an inconsistent 
estimate of the power spectrum (Hayes 1996). The widely 
used method of Welch solves this issue by intruducing a 
windowing scheme, such that the time series is separated 
into smaller overlapping portions for which a periodogram 
is computed. Subsequently, the individually computed peri-
odograms are averaged, which results in a variance of zero as 
N approaches infinity, leading to a consistent estimate of the 
power spectrum (Welch 1967). Thus, a lower variance of the 
power spectral density is achieved by effectively lowering 
the spectral resolution, which is determined by the amount 
of samples in each window. This underlines the need for 
large amounts of continuously recorded velocity samples 
enabled by the fiber laser system to achieve low-variance 
high-resolution power spectrum estimates.

Figure 9 displays the temporal power spectral density 
estimations calculated using Welch’s method on the center-
line of the potential core at an axial distance of x = 1.2D . 
The signal was divided into portions of 6200 consecutive 
velocity samples and the overlap was chosen to be 50%. A 
Hann window function was applied to each periodogram 
calculation to minimize spectral leakage occuring during 
the discrete Fourier transform of the data sets. The chosen 
parameters lead to an increase in the minimally resolvable 
frequency to 64 Hz, which is still much lower than the rel-
evant frequency scales of the turbulence decay.
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The power spectral density curves all start to decay 
around a frequency of 10 kHz , marking the onset of the iner-
tial subrange. This again shows that repetition rates beyond 
100 kHz are necessary to capture large amounts of the turbu-
lence decay. However, the maximum resolvable frequency is 
not only dependent on the sampling rate but also on several 
other factors:

–	 The spatial filtering of the finite interrogation window 
size also translates into a temporal filter through the 
convection of particles with the mean streamwise veloc-
ity ⟨u⟩ . According to the sampling theorem and Taylor’s 
hypothesis, the highest resolvable frequency through 
spatial filtering is computed through ⟨u⟩∕(2w) and high-
lighted by dashed lines for each IW size in Fig. 9. Beyond 
this limit, all curves but the smallest IW size of 16 px 
show a steeper slope of decay due to the spatial low-
pass filtering, which seems to be the main limiting factor 
of the highest resolvable frequency for the given flow 
configuration and TR-PIV system. It is however interest-
ing to note that the curves are already slightly separated 
before reaching the respective resolution limits. This 
behavior could be the result of the shear flow charac-
teristics (similar to the changes observed in the velocity 
histograms) or the increased amount of noise for smaller 
IW sizes that increases the amplitude of the power spec-
tral density.

–	 The frequency response of tracer particles is another fac-
tor that determines the maximum resolvable frequency of 
turbulent fluctuations. Following the analysis of Melling 
(1997), the used DEHS particles with a mean diameter 
of 0.5 μm have a response time �p of 0.8 μm , which is 
calculated as �pd2p∕(18�) . This can be used to derive the 
ratio between the kinetic energies of the particle velocity 
fluctuations and the fluid velocity fluctuations for high 
density ratios between particles and fluid as 

 This ratio gradually decreases with the sampling fre-
quency f such that a ratio of 0.5 (as suggested by Mei 
(1996)) is reached at a frequency of 190 kHz . Beresh 
et al. (2020) argues that this ratio can be further low-
ered to still resolve smaller velocity fluctuations as these 
contain a smaller amount of kinetic energy than large 
scales which is supported by in situ measurements of 
the particle response time. Hence, the particle response 
should not be the limiting factor in the presented TR-PIV 
measurements in this work.

–	 As was already observed earlier, velocity time series 
calculated from smaller IW sizes are subject to higher 
amounts of noise, which adds to the overall spectral den-
sity estimation. Although the spatial low-pass filtering 
effect is less pronounced for smaller interrogation win-
dows, the amplitude of the high-frequency noise floor 
is increased compared to larger IW lengths. Again, the 
trade-off between noise (or uncertainty of velocity meas-
urements) and spatial resolution is apparent and has to be 
considered when performing turbulence analysis using 
PIV data.

	   It should be noted that multi-frame correlation algo-
rithms could decrease the high-frequency correlation 
noise level as was recently assessed (Beresh et al. 2021). 
However, the particle shift per image pair of the pre-
sented measurements at 400 kHz was too large such that a 
multi-frame correlation algorithm could not improve the 
noise level of the high-frequency content of the measure-
ments.

The results show that several factors have to be considered 
when assessing the temporal dynamic range of spectral 
density estimations. Despite these limitations however, the 
continuously pulsing fiber laser architecture enables unprec-
edented amounts of consecutively recorded samples at 
similar repetition rates to pulse-burst laser systems (Beresh 
et al. 2018; Miller et al. 2016) enabling a detailed analysis 
of small-scale turbulent flow structures.

4.6 � Space–time correlations and applicability 
of Taylor’s hypothesis

Due to the decreased amount of active pixels of the CMOS 
camera at high repetition rates, the computation of spatial 
spectra relies on the transformation of temporal to spatial 
quantities. This is classically performed using Taylor’s 
hypothesis of frozen turbulence (Taylor 1938), which 
relies on the assumption that turbulent structures are con-
vected by the mean velocity such that a straightforward 
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transformation of temporal to spatial frequencies is per-
formed as � = f∕⟨u⟩ . This hypothesis is, however, only 
applicable in flows with low turbulence levels and is 
known to fail in free shear flows (Pope 2012; Del Álamo 
and Jiménez 2009). One option to experimentally test the 
applicability of Taylor’s hypothesis is an analysis of the 
space–time correlation �uu(�, �) (Wallace 2014; He et al. 
2017). As TR-PIV offers the extraction of space–time cor-
relations from a single measurement (Wernet 2007), it has 
been recently applied to analyze the deviations from Tay-
lor’s hypothesis in the intermediate regions of a turbulent 
jet at a repetition rate of 100 kHz (Roy et al. 2021). It is 
therefore interesting to test if a deviation is observable on 
the centerline of the potential core, which shows a much 
lower turbulence level ( Tuu ≈ 5% ) than the fully developed 
region of the turbulent jet ( Tuu ≈ 25% ) (Xu and Antonia 
2002; Mi et al. 2001). Although the spatial extent of the 
TR-PIV measurements of this work is fairly limited, a cal-
culation of the space–time correlation �uu(�, �) according 
to equation (3) at moderate spatials lags is possible and 
was performed for both 200 kHz and 400 kHz as is shown 
in Fig. 10.

The isocorrelations, which are displayed by filled con-
tours, represent elongated ellipses, as both numerical and 
experimental investigations of turbulent shear flows have 
shown before (Wernet 2007; Wallace 2014; Del Álamo and 
Jiménez 2009). If Taylor’s hypothesis would hold true, the 
isocorrelation contours were straight lines, whose slope rep-
resent the convection velocity with which turbulent struc-
tures are transported through the flow field (Zhao and He 
2009; He et al. 2017). In the limited field of view of the 
400 kHz measurements in Fig. 10b, this assumption is met 
with minor deviations. However, due to the decay of turbu-
lence, the value of the correlation decreases from 1 at zero 
temporal and spatial lag as turbulent structures are convected 
downstream. The space–time correlations at 200 kHz in 
Fig. 10a provide a more complete view of the isocorrelation 

shapes, which become more asymmetric as the spatial and 
temporal lags increase.

A direct measure of this deviation can be given by com-
paring the convection of fluid elements by the mean axial 
velocity ⟨u⟩ (dashed line) with the location of the correlation 
peak over several time lags (circles) in Fig. 10. It should be 
noted that the change in mean velocity over spatial lags was 
taken into account when calculating the convection of fluid 
elements. While the convection of turbulent structures is 
initially matching the mean velocity of the flow field, it devi-
ates significantly at large lags. The decreased axial turbulent 
convection speed on the centerline is in parts a direct con-
sequence of the local magnitude and direction of turbulent 
fluctuations, as fluid elements, which are radially transported 
away from the centerline through fluctuations are subject 
to lower mean velocities and will hence be convected more 
slowly in the axial direction. Further detailed investigations 
are, however, necessary to quantify the contributions of dif-
ferent influences to this phenomenon, especially considering 
the coupling between Eulerian and Lagrangian space–time 
correlations (He et al. 2017; Viggiano et al. 2021). While 
the differences are much smaller than those observed in the 
intermediate region by Roy et al. (2021), they show that a 
high-resolution TR-PIV system equipped with a fiber laser 
is capable of reliably measuring deviations from Taylor’s 
hypothesis in a region of relatively low turbulence intensity.

5 � Conclusion

The application of a Yb:YAG fiber laser for ultra-high-speed 
time-resolved particle image velocimetry was demonstrated 
in the potential core of a turbulent round jet. The system 
provides sufficient pulse energy and excellent beam profile 
characteristics at repetition rates up to 1 MHz for the veloci-
metry of highly transient turbulent flows. Two different high-
speed cameras, a CMOS and an in situ storage CCD camera, 
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were employed to demonstrate turbulence measurements at 
repetition rates up to 500 kHz.

The continuously pulsing laser enables the recording 
of large time series, which can be used to derive statisti-
cal quantities of turbulence, space–time correlations, and 
turbulence spectra. The quality of the PIV recordings was 
assessed in terms of their spatial resolution and measure-
ment uncertainty, whose dependence on the interrogation 
window size was quantified. The computation of turbulent 
scales was demonstrated at a repetition rate of 400 kHz , 
which was necessary to resolve the autocorrelations reason-
ably well. The influence of the interrogation window size on 
the power spectral density was investigated, which showed 
that the spatial resolution was the limiting factor of the fre-
quency resolution of the presented TR-PIV measurements. 
Finally, space–time correlations revealed the deviations from 
Taylor’s hypothesis of frozen turbulence through a compari-
son of the convection velocity of the correlation peak with 
the mean axial flow velocity.

The demonstrated measurements show that the recent 
development of pulsed fiber laser technology can provide 
new insights into turbulent flows at a compact footprint and 
high flexibility. Future high-speed PIV investigations will 
strongly benefit from this advancement as unprecedented 
temporal dynamic ranges are possible, which challenge 
existing laser solutions for high-speed flow velocimetry.
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Abstract 

The introduction of fibrous aspherical biomasses for the substitution of coal as a sustainable solid fuel causes 
complex particle-turbulence interactions, which need to be captured using minimally invasive laser-based di- 
agnostics. High-resolution two-phase particle image velocimetry (PIV) of high-velocity biomass-laden turbu- 
lent flows require laser inter-pulse times of only a few microseconds, which is usually achieved with separate 
laser systems for low-speed statistical and time-resolved measurements. In this work, we introduce a novel 
approach to achieve low-speed dual-pulse and ultra-high-speed time-resolved two-phase PIV using a single 
laser system. The flexible repetition rate laser output is realized by coupling a continuously pulsing fiber laser 
to an acousto-optic deflector (AOD) for pulse picking. The selective deflection of two adjacent laser pulses 
into the measurement volume is presented at a camera repetition rate of 25 Hz and laser repetition rate of 
312.5 kHz resulting in an inter-pulse time of 3.2 μs. Temporal limitations of the AOD pulse picking system 

are evaluated beyond the access time limit for partially overlapping pulse pairs. To demonstrate the feasibility 
of the diagnostic system, low-speed measurements and additional ultra-high-speed measurements at 200 kHz 
are performed at high spatial resolutions to resolve individual biomass particles and their surrounding flow 

field in a non-reacting turbulent round jet. Simultaneous diffuse back-illumination measurements using a 
pulsed LED for particle size measurements of a high-aspect-ratio biomass (miscanthus) are conducted. The 
diagnostic system offers the capability of determining the slip velocity field and projected particle size, en- 
abling a direct measurement of the local particle Reynolds number under high-velocity turbulent conditions 
at low and ultra-high repetition rates. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The interaction of particles with surrounding 
carrier-phase turbulence is of high relevance in 

many combustion applications. For instance, the 
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utilization of pulverized biomass in boilers in 

combination with carbon capture and storage is 
a potential solution to generate negative carbon 

dioxide emissions [1] . Both the retrofit of existing 
coal-fired power stations to support bioenergy 
with carbon capture and storage (BECCS) as 
well as the design of new plants based on this 
technology require accurate predictive simulation 

tools to capture the complex multi-phase phe- 
nomena occurring in biomass-fired combustion 

chambers. State-of-the art computational studies 
of turbulent particle-laden flows often make use 
of a Lagrangian point-particle approach, which 

requires knowledge of empirical correlations of 
the unresolved fluid-particle interaction [2] . This 
is especially relevant for aspherical particle shapes 
[3] , which represent a better approximation for 
elongated fibrous biomasses such as miscanthus gi- 
ganteus [4] . Fully-resolved simulations of ellipsoids 
in uniform flows have been conducted to derive 
such correlations [5–7] , but detailed simulations 
of large-scale furnaces will remain computation- 
ally unfeasible for the foreseeable future. Model 
development demands the ongoing enhance- 
ment of high-resolution experimental methods 
to capture particle-turbulence interactions of 
complex shapes in technically relevant turbulent 
flows. 

The majority of recent experimental studies 
employing simultaneous velocimetry of particles 
and carrier phase have been realized by parti- 
cle image velocimetry (PIV), which has replaced 

laser Doppler velocimetry. In dispersed gas flows, 
this approach is commonly realized by imaging 
of small tracers and larger particles of the dis- 
persed phase with a single camera, followed by 
a phase separation using image processing algo- 
rithms [8] . Alternatively, phase separation meth- 
ods based on the emitted wavelength of scattered 

light by flow tracers and larger particles including 
fluorescence [9] , phosphorescence (often used for 
the measurement of both the velocity and temper- 
ature field in thermographic PIV) [10] , incandes- 
cence [11] , or a combination of them [12] can be 
employed. However, all of these methods require 
at least two monochrome cameras for capturing 
both phases separately using color filters. Fluores- 
cence and phosphorescence methods mostly also 

require multiple excitation wavelengths and there- 
fore multiple laser systems, further complicating 
the optical setup. For instance, two-phase PIV has 
enabled the measurement of the turbulence modu- 
lation by spherical particles at high spatial resolu- 
tions [13] and particle slip velocity measurements 
in laboratory-scale coal combustors [14] . However, 
multi-phase investigations of aspherical particles 
are sparse [3] . Sabban et al. have used time-resolved 

high-speed PIV (TR-PIV) at 3 kHz to study the be- 
havior of fibers in forced homogeneous isotropic 
turbulence in combination with holographic imag- 

ing to address the particle orientation [15] . How- 
ever, TR-PIV systems with similar projected pixel 
sizes of only a few micrometers require laser and 

camera repetition rates far beyond 10 kHz to study 
technically relevant dispersed shear flows at high 

velocities. This is especially important for captur- 
ing transient effects like particle rotation. 

Camera systems for PIV can be classified as 
low-speed (LS) dual-frame and high-speed (HS) 
cameras, the latter of which can be operated both 

continuously and in dual-frame mode. LS cam- 
eras provide large amounts of small-sized pix- 
els for high spatial resolutions and large fields of 
view (FOV). Besides, the high dynamic range typ- 
ically facilitates intensity-based two-phase separa- 
tion. HS cameras provide high recording speeds 
but require cropping of the active sensor area for 
time-resolved measurements of highly turbulent 
flow phenomena at recording speeds beyond sev- 
eral tenths of kilohertz. Hence, to achieve high res- 
olutions and dynamic ranges in the spatial and tem- 
poral domain, measurements with both LS and HS 

systems are desirable. 
Typically, LS and HS diagnostics of turbulent 

flows also require separate laser sources. Especially 
for LS systems, dual-cavity (or dual-pulse, DP) 
lasers are needed as inter-pulse times are in the 
order of microseconds compared to inter-frame 
times of several milliseconds. At ultra-high repeti- 
tion rates beyond 200 kHz, burst-mode lasers have 
been the only available choice, which also provide 
high pulse energies but suffer from a limited opera- 
tion time to prevent overheating [16] . 

To overcome this problem and essentially intro- 
duce a flexible repetition rate single-cavity laser sys- 
tem, a continuously pulsing ultra-high-speed laser 
is necessary, whose output pulses can be selectively 
chosen at the camera recording rate. In this study, 
we demonstrate such a system based on pulse pick- 
ing of a nanosecond-pulsed fiber laser. In an ear- 
lier work, the authors have conducted TR-PIV of 
a turbulent jet at repetition rates up to 400 kHz us- 
ing the same laser system [17] , which has previously 
only been possible with pulse-burst lasers [18] . Fur- 
ther, as the fiber laser does not suffer from limited 

burst rates, the amount of consecutively recorded 

vector fields exceeded 1.2 million as this value is 
solely limited by the storage capacity of the HS 

camera. As will be shown, a fiber laser system ex- 
tended with a pulse picker can be used for both 

LS and HS PIV systems in both time-resolved and 

dual-pulse modes. Next to the advantage that only 
cameras need to be changed to switch between LS 

and HS investigations, a single laser source does not 
demand the spatial adjustment of the pulse over- 
lap in dual-cavity lasers, similar to dual-pulse burst- 
laser systems [19] . To demonstrate the capabilities 
of such an approach, two-phase PIV of a biomass- 
laden jet was conducted with both LS and HS cam- 
era systems at low and ultra-high repetition rates, 
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Fig. 1. (a) Experimental setup and optical beam path. Cameras of the low-speed dual-pulse system A were changed to 
high-speed system B for TR-PIV measurements at 200 kHz. Mirrors (M) and irises (I) are highlighted by their encircled 
initial. (b) Geometry of the injection lance generating a particle-laden turbulent jet. (c) Working principle of an acousto- 
optic deflector. 

resolving interactions of turbulent flow structures 
with aspherical particles. 

2. Experimental methodology 

2.1. Biomass-laden jet 

A biomass-laden turbulent jet emerging from 

a ceramic-insulated round pipe (also referred to 

as injection lance) with an inner diameter of 
D = 2.8 mm was investigated. The lance was 
mounted in the burner head of the microwave 
plasma heater test stand at TU Darmstadt [20] with 

only the air supply through the lance running 
during the experiment at ambient conditions 
( T = 297 K, p = 1 bar). Fig. 1 (a) displays the exper- 
imental setup with a close-up of the injection lance 
in Fig. 1 (b). The air flow rate was set by mass-flow 

controllers (EL-Flow Prestige, Bronkhorst), which 

was subsequently split to feed an aerosol generator 
filled with Di-Ethyl-Hexyl-Sebacate as fluid tracers 
(UGF 2000, Palas, particle size 0.2 μm) and a cus- 
tom biomass particle seeder before entering the L- 
shaped pipe. The length of the final straight pipe 
section was 185 D to ensure a fully developed turbu- 
lent pipe flow. A flow rate of 14.18 ln/min resulted 

in a jet Reynolds number of 7500 at an axial bulk 

velocity u b of 41.75 m/s. 
Pulverized raw miscanthus sieved in a particle 

size range of 90–125 μm was investigated. A 

fibrous biomass like miscanthus can exhibit large 
aspect ratios beyond 8 at bulk densities of ap- 
proximately ρp = 0.2 g/cm 

3 . To mitigate strong 
inter-particle interaction, low particle concentra- 
tions were chosen such that each particle and its 
closest neighbor were around 5 projected particle 

diameters apart from each other. This seeding 
strategy largely avoids the merging of neighboring 
particle wakes occurring at higher particle number 
densities. 

The Stokes number St describes the ratio be- 
tween particle response time τp and fluid time scale 
τ f . In particle-laden jets, it is convenient to define 
τ f as D/u b [21] . When taking the aspect ratio β and 

the minor axis radius a into account for the calcu- 
lation of τp of a spheroid [3,22] , the Stokes number 
can be calculated as 

St = 

τp 

τ f 
= 

2 a 2 ρp u b 
9 μD 

β ln 

(
β + (β2 − 1) 1 / 2 

)

(β2 − 1) 1 / 2 
, (1) 

where μ is the dynamic viscosity of the fluid. As- 
suming typical values of a = 50 μm and βmis = 5 , 
the Stokes number is St mis ≈ 210 . As St � 1 , par- 
ticles are expected to drag behind the flow within 

the pipe but will decelerate slower than the carrier 
phase as the jet expands axially as was shown by 
Lau and Nathan [21] , creating a slip velocity u s = 

u − u p , where u p and u are the particle and fluid 

velocity vectors, respectively. Simultaneous knowl- 
edge of slip, particle diameter d p , and kinematic vis- 
cosity of the surrounding fluid ν enables the com- 
putation of the particle Reynolds number Re p = 

| u − u p | d p /ν, which determines the local flow struc- 
ture around a particle. Knowledge of the local 
highly-resolved slip velocity field is especially rel- 
evant for the assessment of turbulence modifica- 
tion mechanisms like local dissipation from particle 
drag or vortex shedding [2] . 

2.2. Optical diagnostics 

Fig. 1 (a) displays the experimental setup includ- 
ing the interchangeable low-speed camera system 
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A and high-speed camera system B , both equipped 

with long-distance microscopes (K2 DistaMax, In- 
finity). System A consists of two low-speed dual- 
frame cameras (Imager sCMOS, LaVision) run- 
ning at a repetition rate of 25 Hz, capturing a field 

of view of 12.84 × 10.83 mm 

2 at a pixel resolution 

of 5 μm each. System B makes use of two high- 
speed cameras (SA-X2, Photron) operated at a rep- 
etition rate of 200 kHz, which requires the sensors 
to be cropped to 384 × 112 px 2 equal to a FOV of 
3.8 × 1.1 mm 

2 at a pixel resolution of 10 μm. 
One of each cameras was used for PIV measure- 

ments, while the other one was facing a pulsed LED 

(LPS V3, ILA_5150, central emission wavelength 

of 523 nm) running in sync with the camera frame 
rate with a pulse duration of 800 ns for diffuse 
back-illumination (DBI) imaging. DBI has proven 

to be a reliable diagnostic to measure solid fuel 
particle sizes in contrast to Mie scattering, which 

often leads to overpredicted sizes due to large 
particle scattering images [23] . Due to the spectral 
overlap, a temporal separation of LED and laser 
pulses was chosen to mitigate cross-talk between 

DBI and PIV systems using a delay of 1 μs between 

each LED pulse and the previous laser pulse. The 
FOV of the DBI system is inclined by 30 ◦ to the 
PIV FOV, which still guarantees matching of 
the axial coordinate x of both techniques in the 
calibration process. For HS TR-PIV investigations, 
laser, LED, and cameras were all operated in sync, 
while for LS dual-pulse PIV measurements, a pulse 
picking approach was utilized. In the following, the 
fiber laser system and pulse picking PIV approach 

will be presented and discussed. 

2.2.1. Pulsed fiber laser 
A nanosecond-pulsed Yb-doped fiber laser 

(GLPN-500-1-50-M, IPG Photonics) was used as 
an illumination source for PIV measurements. Sim- 
ilar to pulse-burst lasers, this system is based on 

the master oscillator power amplifier (MOPA) ar- 
chitecture in which a seed pulse is amplified by a 
diode-pumped gain medium. However, the pulse 
amplification takes place in rare-earth doped opti- 
cal fibers, which guarantees an efficient heat trans- 
fer to the outside as the surface area to volume ratio 

is large. For this reason, continuous operation of 
the laser is possible at high repetition rates, which is 
the prerequisite for usage in a duty-cycle pulse pick- 
ing approach. A polarization-maintaining single- 
mode delivery fiber connects the laser module with 

the head, in which second-harmonic generation 

(SHG) to the final output wavelength of 515 nm 

takes place. This flexibility allowed a direct mount- 
ing of the head on the traversing system, simplify- 
ing the beam path adjustment for measurements at 
different axial positions of the jet. 

The laser can be operated at pulse repetition 

rates between 10 kHz and 1 MHz with an ad- 
justable pulse width, which was set to 10 ns in 

this study. The maximum pulse energy of 500 μJ 

is emitted between repetition rates of 10 kHz and 

100 kHz and further decreases with higher rep- 
etition rates at a nominal output power of 50 
W. The laser output shows a beam quality fac- 
tor of M 

2 = 1.4 displaying the ability to achieve 
thin laser sheets, which are needed to reach high 

spatial resolutions. The laser sheet optics con- 
sisted of a set of cylindrical lenses ( f 1 = −50 mm, 
f 2 = 300 mm, f 3 = 500 mm). Beam profile mea- 
surements (WinCamD-LCM, DataRay) of the 
laser sheet showed a thickness of 140 μm at full 
width half maximum, which was adjusted as a com- 
promise between high spatial resolution and the 
prevention of out-of-plane loss of tracer particles 
between pulses. 

2.2.2. Possible inter-pulse times of pulse picking 
PIV 

To utilize a continuously pulsing high-speed 

laser for dual-pulse measurements with low-speed 

dual-frame sensors, one cannot freely choose a suit- 
able inter-pulse delay time t l as the laser repetition 

rate f l requires to be an integer multiple of the cam- 
era system frame rate f c such that 

f l = c f c , (2) 

where c is the duty cycle factor ( c ∈ N ). Further, 
from all possible f l computed using Eq. (2) , only 
those should be chosen, whose inverse (or inter- 
pulse time t l ) are also integers in units of the small- 
est acceptable time accuracy. While the delay gen- 
erator (9520 Series, Quantum Composers) works at 
an accuracy of 1 ns, choosing a longer acceptable 
resolution of t l in the order of the pulse width of 
the laser beam of 10 ns should be considered. Still, 
the amount of suitable f l passing these criteria is 
fairly high. In this study we have chosen an inter- 
pulse time of 3.2 μs for reasonable particle dis- 
placements at a camera repetition rate of 25 Hz, 
which requires a steady operation of the fiber laser 
at a repetition rate of 312.5 kHz with a pulse pick- 
ing duty cycle factor of c = 12,500. Essentially, this 
means that every 40 ms, 2 pulses are picked for LS 

PIV, while the 12,498 following ones need to be 
blocked by a suitable device. This picking approach 

will be discussed next. 

2.2.3. AOD pulse picking at high repetition rates 
To separate a defined amount of laser pulses 

from a continuous pulse train, a controllable light 
switch or pulse picking device altering some prop- 
erty of the incident light in a timely manner is nec- 
essary. Commonly, such devices operate by utiliz- 
ing either the acousto-optic or electro-optic effect 
[24] . In this work, we utilize an acousto-optic de- 
flector or AOD (DTSX-400, AA Opto Electronic), 
whose working principle is schematically shown in 

Fig. 1 (c). An incident beam is deflected at multiple 
diffraction orders as a radio frequency (RF) sig- 
nal controls a piezo transducer, which generates a 
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Fig. 2. AOD-based selection of two pulses at t a > t l including (a) a timing chart and (b) visualizations of the interaction 
between the acoustic wave and the laser pulse (green line). (c) Calculation of the beam overlap of picked pulses. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

sound wave propagating through a tellurium diox- 
ide (TeO 2 ) crystal. A voltage-controlled oscillator 
generating the RF signal (DRFA10Y, AA Opto 

Electronic) enables a flexible setting of amplitude 
and frequency of the sound wave for adjustment of 
the deflection angle of the first-order beam, which 

is guided into the measurement volume, while the 
zeroth-order beam is led into a beam dump. The 
switching duration of the RF driver t s is controlled 

by a function generator (33500B Series, Keysight), 
which receives a trigger every c laser pulses from 

the delay generator. A detailed description of the 
working principles and applications of AODs for 
laser diagnostics can be found in Li et al. [25] and 

Bass [26] . 
To select pulses from a high repetition rate laser 

source, the access time t a of the AOD needs to be 
considered, which is the time period a sound wave 
requires to travel along the beam diameter d b . For 
an acousto-optic deflector working in the Bragg 
regime with small incident beam angles θB , the ac- 
cess time is given by 

t a = d b /V s , (3) 

where V s is the speed of sound in the crystal 
[26] . For the given configuration, a beam width of 
d b = 2.68 mm (at a normalized intensity of 1 /e 2 ) 
and the speed of sound in TeO 2 of V s = 650 m/s 
lead to an access time of t a = 4.12 μs. As long 
as the time period between two adjacent laser 
pulses t l is greater than t a , an arbitrary amount of 
pulses can be deflected along their full beam width 

without interference from neighboring unwanted 

pulses. However, PIV measurements at high opti- 
cal magnifications and fluid velocities often require 
inter-pulse times t l < 4 μs. Hence, the following 
analysis briefly outlines to which extent an AOD 

can be operated for multi-pulse picking beyond the 
access time limit. 

Fig. 2 (a) displays a timing chart of two sym- 
metrically picked pulses P 1 and P 2 at a laser repe- 

tition rate f l = 1 /t l > 1 /t a . In addition, the pres- 
ence of the sound wave at the transducer-facing 
beam edge position E and the opposite edge O is 
shown. Assuming a negligible laser pulse duration 

(10 ns in this study) and fast rise time of the RF 

driver ( < 50 ns) and hence the sound wave, the op- 
timal arrival time of the sound wave at position E 

is just after P 0 has passed the AOD. Between this 
point in time and the time of arrival t 1 of P 1 , the 
sound wave has traveled a distance of d b t l /t a as out- 
lined in Fig. 2 (b). Therefore, only a fraction of t l /t a 
of the beam width of P 1 is deflected. Similarly, at 
t = t 2 an interaction length of d b t l /t a at the oppo- 
site beam edge is realized for P 2 , as the switching 
window t s is limited by avoidance of the deflection 

of P 3 to a value of 

t s = 3 t l − t a . (4) 

For the utilization of both pulses in DP-PIV, the 
spatial overlap d v /d b is important to quantify as it 
determines the necessary beam expansion at a given 

axial extent of the field of view, where d v describes 
the absolute width of the spatial overlap. Fig. 2 (c) 
visualizes the calculation of the overlap as 

d v /d b = 2 t l /t a − 1 . (5) 

The limit of this approach for DP-PIV is reached 

when the overlap of both deflected pulses vanishes, 
which can be observed at t l = t a / 2 . At higher laser 
repetition rates, both picked pulses are spatially 
fully separated. For t l = t a / 3 , t s will become zero 

indicating that a deflection of unwanted neighbor- 
ing pulses cannot be avoided. 

To verify the applicability of the presented anal- 
ysis, beam profile measurements of the individual 
picked beams behind the AOD are presented for 
the selected laser repetition rate of 312.5 kHz in 

Fig. 3 (a-b). A switching window of 5.6 μs was set 
according to Eq. (4) . As can be observed, both 

pulses have been cut off at opposite sides and are 
approximately equal in size, indicating that the de- 
lay between the laser and AOD has been set to 
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Fig. 3. Beam profiles of the first (a) and second (b) deflected pulse at t l = 3 . 2 μs. (c) Normalized intensity of individual 
laser sheets of each pulse along the axial jet coordinate x . 

fulfill the symmetric picking strategy presented in 

Fig. 2 . The beam overlap can be calculated by bi- 
narizing both beam images at a threshold of 1 /e 2 

of the maximum beam intensity and subsequently 
calculating the width of the conjunction of both 

binarized beams, which can be compared to the 
output beam diameter. A measured value of the 
beam overlap of 0.52 is similar to the theoretical 
value of 0.55 calculated using Eq. (5) . It should be 
noted that the peak intensity position of the Gaus- 
sian beam was altered by the diffraction across the 
sound wave, which explains deviations from the cal- 
culated value. 

Fig. 3 (c) shows the axial distribution of the in- 
tensity within the laser sheet captured in the PIV 

measurement volume. As can be observed, both 

pulses show similar intensity values in the cen- 
tral overlapping region and start to deviate from 

each other towards the edges. Still, images captured 

with the dual-frame PIV system show easily track- 
able particles in the edges of the large FOV of 
the LS system, which is also evidence of the ideal 
lateral beam overlap of both pulses usually being 
an additional source of uncertainty for dual-cavity 
laser systems when focused to small beam waists. It 
should be noted that a further optimization of the 
axial overlap of both laser sheets can be achieved 

by directly monitoring the intensity distribution of 
the individual laser sheets in the measurement vol- 
ume instead of the laser beams behind the AOD as 
it was done in this investigation. 

In conclusion, to realize two perfectly axially 
overlapping picked laser sheets, the access time of 

the pulse picking device should not exceed the inter- 
pulse duration. However, when the desired laser flu- 
ence in the sheet is still sufficient at an increased 

axial expansion, centrally overlapping pulses can 

be generated at inter-pulse times of down to t l = 

t a / 2 . When examining Eq. (3) , one could further 
decrease the access time of the AOD by focusing 
down the incident beam, lowering d b . However, this 
will risk reaching the AOD crystal’s damage thresh- 
old and will lower the resolution of single deflected 

beams N, which is directly proportional to the ac- 
cess time [24] . Hence, decreasing t a by decreasing 
d b comes at the cost of losing diffraction resolu- 
tion, resulting in larger diffraction patterns than 

those observed in Fig. 3 (a-b). Consequently, alter- 
native pulse picking approaches based on electro- 
optic modulation need to be considered when even 

shorter inter-pulse durations t l are needed. 

3. Image processing 

Fig. 4 exemplarily shows image recordings of 
representative miscanthus particles of both LS and 

HS systems. As can be seen in the detail views 
( Fig. 4 (c-d)), the superior dynamic range and pixel 
resolution of the LS system results in higher detail 
of the imaged particle. However, the HS recordings 
at 200 kHz still offer high-resolution images in a 
limited FOV compared to the LS system. 

The two-phase PIV recordings were divided into 

separate images for tracer and biomass particles 
based on their intensity and size difference. Similar 
to Tanaka and Eaton [13] , the high spatial resolu- 

A Journal publications

90



C. Geschwindner, K. Westrup, A. Dreizler et al. / Proceedings of the Combustion Institute 39 (2023) 1325–1335 1331 

Fig. 4. Selected single images of both LS and HS camera systems. LS PIV (a) and simultaneously recorded LS DBI (b) 
images including detail views of a miscanthus particle (c-d). (e-f) Single shots of TR-PIV and TR-DBI recordings. The 
outlines of the HS fields of view are displayed in the LS images by a dash-dotted rectangle (a-b). 

tion of both LS and HS investigations enabled a bi- 
narization based on a user-defined threshold. Small 
structures exceeding the intensity threshold were 
inserted back into the tracer images, while large 
structures were first dilated isotropically to prevent 
scattering halos around them and then masked in 

the tracer images. 
The fluid velocity was calculated from the 

tracer images using a multi-pass correlation-based 

PIV algorithm (DaVis 10.1, LaVision) with an 

interrogation window size of 32 × 32 px 2 for the 
HS system and 64 × 64 px 2 for the LS system at 
an overlap of 75%, resulting in a similar vector 
spacing of 80 μm. Biomass particle velocities u p 
were computed by tracking the individual cen- 
troids of the binarized particle images. Due to 

the large scattering intensity differences between 

tracers and biomass particles, most of the large 
particles were imaged close to or in saturation of 
the imaging sensors (especially using the 12 bit 
HS camera). Hence, this centroid-based tracking 

approach yielded more accurate results than clas- 
sical particle tracking velocimetry (PTV) methods, 
which assume a Gaussian scattering intensity 
distribution across the particle. 

Biomass particle images were identified in the 
DBI recordings if an intensity reduction of at least 
85% of the local background intensity was de- 
tected. Large particles in the PIV recordings were 
then matched to particles in the DBI images. Subse- 
quent parameter extraction for the DBI images in- 
cluded the circle-equivalent diameter based on the 
projected particle area and the orientation and as- 
pect ratio of a fitted ellipse. 

4. Results and discussion 

As an initial frame of reference, Fig. 5 displays 
the mean axial velocity 〈 u 〉 and standard devia- 
tion σu of the single-phase turbulent jet, which was 
measured using more than 1000 individual vector 
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Fig. 5. Mean axial velocity 〈 u 〉 (top half) and standard deviation σu (bottom half) of the single-phase jet. A single FOV of 
LS pulse picking PIV (vertical lines) and HS TR-PIV (dash-dotted box) is outlined. 

fields acquired with the LS pulse picking PIV sys- 
tem. Additionally, a TR-PIV FOV of the HS sys- 
tem is shown. When comparing LS and HS (TR- 
PIV) measurements, the advantage of the large LS 

camera sensor to capture larger portions of the 
jet for statistical measurements is apparent. How- 
ever, despite its limited FOV, TR-PIV provides ad- 
ditional information about integral time scales and 

spectra [18,19] . Therefore, a combination of both 

approaches is desirable for a comprehensive char- 
acterization of the flow field, which is achieved by 
simply exchanging cameras with the pulse picking 
laser system as outlined in Section 2.2 . 

Similarly, multi-phase investigations benefit 
from a combined HS/LS approach as time- 
resolved quantities like particle rotation and the 
temporal evolution of the instantaneous particle- 
turbulence interaction can be measured in a small 
FOV at ultra-high repetition rates, while LS pulse 
picking PIV provides large-field statistical data on 

quantities such as particle orientation, slip velocity, 
and particle Reynolds numbers. In the following, 
the capability of the HS system to investigate 
time-resolved particle-turbulence dynamics in the 
outlined TR-PIV FOV in Fig. 5 at x/D ≈ 8 is 
demonstrated. In this region, the shear layers sur- 
rounding the potential core merge, which results 
in a rise of the centerline turbulence level. The 
high Stokes number of particles crossing this area 
can therefore result in strong temporal changes of 
the slip velocity, which determines turbulence en- 
hancement through vortex shedding and influences 
the devolatilization of pulverized biomass in a jet 
flame. 

A time-resolved two-phase measurement of a 
representative aspherical miscanthus particle mov- 
ing through the turbulent flow field recorded with a 
repetition rate of 200 kHz is displayed in Fig. 6 . A 

total of 22 consecutive frames equivalent to a tran- 
sit time of 105 μs could be captured. The veloc- 
ity fields in Fig. 6 (a) reveal that the particle passes 
through a region of decreasing fluid velocity, which 

is depicted at two selected points in time relative to 

its first appearance in the FOV (referred to as t I and 

t II ). Further, the interaction between the adjacent 
flow field and the particle is observed in the refer- 

ence system of the particle using the correspond- 
ing slip velocity fields u − u p illustrated together 
with both binarized particle shapes for the respec- 
tive particle velocity calculation in Fig. 6 (b). This 
visualization replicates the scenario used in highly 
resolved simulation frameworks of a fixed particle 
interacting with a surrounding flow to derive em- 
pirical correlation functions [7] . As almost all of 
the slip velocity vectors point left, the axial parti- 
cle velocity largely exceeds the axial fluid velocity 
potentially leading to a wake on the lee side of the 
miscanthus particle, which is in accordance with 

the high magnitude of the projected Stokes num- 
ber. As the axial velocity of the particle decreases 
less drastically than that of the carrier-phase, the 
magnitude of the slip velocity increases over time, 
which is recognizable when comparing t I and t II in 

Fig. 6 (b). 
To investigate the temporal evolution of the 

flow structure around these particles, the particle 
Reynolds number Re p is evaluated. In contrast to 

the uniform flow approaching fixed particles in a 
simulation, the turbulent flow structures interact- 
ing with the particle require an adapted definition 

of the slip velocity magnitude, which is calculated 

as the average value along all positions adjacent to 

the masked area of the biomass particle. The circle- 
equivalent diameter d p = 244 μm and aspect ra- 
tio β = 6.9 are calculated as mean values observed 

from the DBI sequence. Additionally, the temporal 
evolution of the particle centroid and orientation 

visualized by ellipse fits is shown in Fig. 6 (c) for the 
PIV and Fig. 6 (d) for the DBI images. 

The dynamics of the particle Reynolds num- 
ber are shown in Fig. 7 (a). Values for Re p increase 
from 80 to almost 300 as the magnitude of the 
slip velocity increases. For comparison, the particle 
Reynolds number Re p, 〈 u 〉 calculated with the pseudo 

slip 〈 u 〉 − u p based on the mean velocity at the parti- 
cle position measured with single-phase pulse pick- 
ing PIV is depicted. As expected, this approach sig- 
nificantly deviates from the instantaneous slip of 
the two-phase PIV system, confirming the need of 
simultaneous multi-phase velocimetry to assess the 
particle-turbulence interaction. For spherical par- 
ticles, Re p ≥ 20 indicates flow separation, which 
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Fig. 6. Miscanthus particle moving through a region of high turbulence. (a) Two-phase velocimetry visualizations at two 
selected instants. (b) Corresponding slip velocity fields. (c-d) Temporal evolution of particle centroid position of the PIV 

(c) and DBI measurements (d) including ellipse fits and the definition of the angle of orientation φ. 

is, however, dependent on the angle of orientation 

φ for aspherical particles. Highly resolved simula- 
tions for Re p ≤ 100 have shown that no separation 

occurs for horizontally aligned particles with aspect 
ratios β > 3 [7] . As is shown in Figs. 6 (c-d) and 7 (b), 
the angle of orientation φ steadily decreases over 
time as the particle rotates clockwise. Hence, even 

though Re p increases, the particle rotation results in 

the flow around an increasingly streamlined body, 
which induces less drag and might reduce the turbu- 
lence enhancement through vortex shedding. Still, 
the rotation speed 

˙ φ reduces only minimally as can 

be observed in Fig. 7 (b), indicating that the parti- 
cle will not stay aligned with the axial jet coordi- 
nate after it has left the FOV. It is expected that the 

rotation speed of particles with lower aspect ratios 
further increases as the rotational inertia decreases, 
emphasizing the necessity of repetition rates be- 
yond 100 kHz. As can be seen from this analysis, 
time-resolved two-phase diagnostics at ultra-high 

repetition rates enables an observation of the dy- 
namics of micrometer-sized aspherical particles in- 
teracting with a turbulent flow at high flow speeds. 

5. Conclusions 

An ultra-high repetition rate pulsed fiber laser 
was equipped with a pulse picker to generate a 
flexible repetition rate single-cavity laser system 
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Fig. 7. (a) Temporal dynamics of the Reynolds particle numbers Re p and Re p, 〈 u 〉 . (b) Angle of orientation φ and rotation 
speed ˙ φ normalized to particle revolutions per second measured with the DBI system. 

for dual-pulse and time-resolved PIV measure- 
ments. An acousto-optic deflector is used to select a 
pulse pair from the continuously pulsing laser out- 
put. The smallest possible inter-pulse time t l is de- 
pendent on the access time of the AOD t a and the 
available pulse energy at a given laser repetition rate 
1 /t l . For t a / 2 < t l < t a , partially overlapping pulses 
can be picked if the resulting overlap is sufficient for 
the desired FOV. This approach was demonstrated 

at a laser repetition rate of 312.5 kHz resulting in an 

inter-pulse time of t l = 3.2 μs for a low-speed PIV 

measurement at a camera repetition rate of 25 Hz. 
Further, time-resolved two-phase PIV/PTV 

measurements of a micrometer-sized aspherical 
biomass particle moving through a turbulent jet 
at a repetition rate of 200 kHz using the same 
laser system are presented, highlighting the ben- 
efit of high repetition rate velocimetry to study 
the interaction of biomass particles and their 
surrounding carrier-phase turbulence. The simul- 
taneous measurement of slip velocity, projected 

particle diameter and orientation using an addi- 
tional DBI imaging system enables a temporally 
resolved analysis of the particle Reynolds num- 
ber. The ultra-high repetition rates of the laser 
system facilitate the highly resolved study of 
particle-turbulence interaction at elevated flow 

speeds relevant to large-scale combustion systems. 
Future pulse picking PIV systems can be im- 

proved by utilization of the electro-optic effect in 

Pockels cell pulse pickers as they are currently used 

for mode-locked lasers emitting ultrashort pulses 
[24] . Furthermore, higher output powers of future 
fiber laser systems will enable larger fields of view 

and improved signal-to-noise ratios for PIV mea- 
surements. For a measurement of the local slip 

velocity field, the method can be easily extended 

to reactive flows using sub-micron sized aluminum 

oxide flow tracers, which are commonly used for 
PIV measurements in flames. However, it should be 

noted that a computation of Re p in reactive flows 
requires the simultaneous measurement of the lo- 
cal carrier-phase temperature, which is challenging 
to achieve at ultra-high repetition rates. Still, many 
PIV applications in the fields of combustion and 

fluid mechanics might potentially benefit from this 
flexible methodology. 
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Abstract 

The present work reports an experimental study of particle group combustion of pulverized bituminous coal 
in laminar flow conditions using advanced multi-parameter optical diagnostics. Simultaneously conducted 

high-speed scanning OH-LIF, diffuse backlight-illumination (DBI), and Mie scattering measurements en- 
able analyses of three-dimensional volatile flame structures and soot formation in conventional (i.e., N 2 /O 2 ) 
and oxy-fuel (i.e., CO 2 /O 2 ) atmospheres with increasing O 2 enrichment. Particle-flame interaction is assessed 

by calculating instantaneous particle number density (PND), whose uncertainties are estimated by gener- 
ating synthetic particles in DBI image simulations. Time-resolved particle sequences allow the evaluation 

of the particle velocity, which indicates a PND dependency and interactions between particles and volatile 
flames. 3D flame structure reconstruction and soot formation detection are first demonstrated in single-shot 
visualizations and then extended to analyze effects of O 2 concentration, PND, and inert gas composition 

statistically. The increasing O 2 concentration significantly reduces local flame extinction and suppresses soot 
formation in N 2 and CO 2 atmospheres. Volatile flames reveal higher intensities and lower lift-off heights 
as O 2 concentration increases. In contrast to that, an increased PND leads to earlier flame extinction and 

stronger soot formation due to the local gas temperature reduction and oxygen depletion. The lift-off height 
reduces with increasing PND, which is explained by the complex interaction between particle dynamics, heat 
transfer, and volatile reactions. Slightly stronger soot formation and delayed ignition are observed in CO 2 
atmospheres, whereas CO 2 replacement reveals insignificant influences on the flame extinction behavior. Fi- 
nally, non-flammability is quantified for particle group combustion at varying PNDs in different atmospheres. 
© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Oxy-fuel combustion is reported as one of 
the most energy-efficient approaches among the 
carbon capture and storage (CCS) technologies 
[1] . However, combustion processes are signifi- 
cantly impacted by introducing carbon dioxide 
(CO 2 ), instead of nitrogen (N 2 ), as the primary in- 
ert species due to its different chemical and ther- 
mal properties. To enable industrial employment of 
oxy-fuel combustion in pulverized-fuel-fired power 
plants, fundamental investigations on the labora- 
tory scale are essential to understand the individ- 
ual sub-processes and their interactions. For this 
purpose, temporally and spatially resolved non- 
intrusive laser diagnostics provide novel insights 
into the combustion fundamentals. 

To understand solid fuel combustion at the par- 
ticle level, drop tube furnaces (DTF) and laminar 
flow reactors (LFR) are two established configu- 
rations to achieve particle heating rates in the or- 
der of 10 5 K/s. Most DTFs are electrically heated, 
capable of providing controlled wall temperatures 
and gas compositions for fuel particle combustion, 
whereas LFRs utilize the exhaust gas of a hydro- 
carbon flame to create desired combustion envi- 
ronments. Due to the better accessibility, LFRs are 
preferred for optical measurements. Hencken and 

McKenna-type burners are different technical re- 
alizations [2,3] . In the literature, studies on solid 

fuel combustion can be divided into two groups, 
namely single particle combustion (SPC) and par- 
ticle group combustion (PGC). These two combus- 
tion modes differ in whether the particle-particle in- 
teraction significantly modifies the flame character- 
istics. The present work focuses on particle group 

combustion in a LFR using advanced optical diag- 
nostics. 

Regarding particle group combustion, a con- 
siderable diversity in the experimental appara- 
tus and analysis approaches can be found in the 
literature. Cost-effective digital single-lens reflex 
(DSLR) cameras were adapted to record color 
images of burning particle groups [4] or to per- 
form pyrometric temperature measurements using 
the RGB channels [5] . Although temperature in- 
formation was obtainable via pyrometry measure- 
ments [4,5] , a clear distinction between particle sur- 
face temperature and soot particle temperature was 
not feasible, especially for bituminous coal. CH 

∗

chemiluminescence imaging using spectral filters 
[2,5] , broad-band thermal radiation detection using 
ICCD [6] or CMOS cameras [3,7,8] were reported 

to study particle cloud flames. Recent advance- 
ments with high-speed volumetric laser-induced 

fluorescence measurements of OH radicals (OH- 
LIF) enabled the 3D reconstruction of volatile 
flames and an in-depth analysis of flame topology 
[9] . Combined with instantaneous particle number 
density (PND) measured with diffuse backlight- 
illumination (DBI), ignition and flame extinction 

Fig. 1. Experimental setup of simultaneous scanning 
quasi-4D OH-LIF, DBI, and Mie scattering measure- 
ments in the laminar flow reactor. 

characteristics were investigated [10] in a conven- 
tional atmosphere with 10 vol% oxygen (O 2 ). 

A further understanding of solid fuel combus- 
tion requires an in-situ acquisition of multiple es- 
sential quantities (i.e., scalars and velocities) with 

high spatiotemporal resolutions. The present work 

extends the previous laboratory-scale experiments 
in [9,10] to different oxygen-rich environments, in- 
cluding both conventional air (i.e., N 2 /O 2 ) and oxy- 
fuel (i.e., CO 2 /O 2 ) atmospheres. The particle group 

combustion of solid fuels with gas temperatures at 
about 1800 K is investigated by using simultane- 
ous DBI, 3D OH-LIF and Mie scattering measure- 
ments. 

In the following, experimental configurations 
and methods are introduced with high-speed 

multi-parameter diagnostics highlighted in Sec- 
tion 2. PND is determined by defining a particle 
residence volume, and the uncertainties in its cal- 
culation are carefully estimated in Section 3.1. Par- 
ticle velocities are evaluated in Section 3.2 based on 

time-resolved DBI measurements. In Section 3.3, 
the influences of O 2 concentration, PND, and in- 
ert gas composition (N 2 vs.CO 2 ) on flame topology 
and soot formation is discussed based on single- 
shot visualizations and statistical comparison. Fi- 
nally, the non-flammability of 3D volatile flame 
structures is analyzed for different atmospheres and 

PNDs. 

2. Experimental methodology 

2.1. Laminar flow reactor 

Fig. 1 illustrates a schematic layout of multi- 
parameter experiments with a generic laminar flow 

reactor for solid fuel combustion studies. A ce- 
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ramic honeycomb structure was utilized to sta- 
bilize a premixed flat flame, and particles were 
fed through a central tube by carrier gases. To 

study particle group combustion, a particle injec- 
tion tube with an inner diameter of 2.9 mm op- 
erated with fully premixed gases was installed, re- 
placing the 0.8 mm N 2 -inert jet in the previous 
study [10] . With other boundary conditions kept 
identical, the larger jet tube allows for seeding 
more particles for particle group combustion ex- 
periments. N 2 /O 2 atmospheres with inlet mixtures 
of CH 4 /O 2 /N 2 and CO 2 /O 2 atmospheres with in- 
let mixtures of CH 4 /O 2 /CO 2 can be operated in the 
current LFR. In this study, measurements were per- 
formed in four N 2 /O 2 atmospheres with increased 

post-flame O 2 content from 10 to 40 vol%, denoted 

as AIR10, AIR20, AIR30, and AIR40, and three 
CO 2 /O 2 atmospheres with 20 to 40 vol% O 2 , de- 
noted as OXY20, OXY30, and OXY40. The mass 
diffusivity of O 2 in CO 2 is lower than in N 2 , e.g, it 
reduces by approximately 20% at 1400 K [11] . De- 
tails of each atmosphere are described in [12] , 
providing well-characterized boundary conditions, 
e.g., equivalence ratios, gas temperature profiles, 
and axial gas velocities. Colombian high-volatile 
bituminous (hvb) coal particles sieved within a di- 
ameter range between 106 - 125 μm were studied 

with a broad variation of particle number densities. 
Other parameters such as particle size and type of 
fuel particles also influence particle group combus- 
tion; they will be considered in future work. The 
proximate and ultimate analyses were reported in 

[13] . 

2.2. Scanning OH-LIF 

For volatile flame visualization, the scanning- 
based quasi-4D OH-LIF measurement was per- 
formed. A 10 kHz diode-pumped solid-state 
Nd:YAG laser (Innoslab, Edgewave) was used to 

pump a dye laser (Credo, Sirah) operated with Rho- 
damine 6G dissolved in ethanol. The wavelength 

was tuned to 283.01 nm to excite the Q 1 (6.5) line of 
the A-X(1-0) system with a pulse energy of approx- 
imately 0.4 mJ at the laser output. The fundamen- 
tal wavelength and line width were measured using 
a wavemeter (WSU-30, HighFinesse), which was 
calibrated using a temperature-stabilized single- 
mode HeNe laser. Using an acousto-optic deflec- 
tor (AOD, D1340, ISOMET), the laser beam was 
scanned at a frequency of 1 kHz, resulting in 10 in- 
dividual deflection angles. The deflected laser beam 

was collected and parallelized by sheet optics and 

focused at the burner centerline. The laser sheet re- 
vealed a height of about 25 mm and a thickness 
of 130 μm (FHWM) with an average distance of 
420 μm between scan planes and an entire scan 

depth of approximately 3.8 mm. Further details re- 
garding the scanning LIF method with an AOD are 
described in [9,10] . The OH fluorescence was de- 
tected by a CMOS camera (HSS6, LaVision) cou- 

pled with a high-speed intensifier (HS-IRO, LaVi- 
sion). A 100 mm UV lens (Cerco, f /5.6) provided a 
depth of field (DOF) of > 4 mm. A band-pass filter 
(T � 90% between 310 - 320 nm) and a short inten- 
sifier gate of 100 ns suppressed the flame luminosity 
and LIF signals of polycyclic aromatic hydrocar- 
bons (PAH). The field of view (FOV) of OH-LIF 

slices was approximately 25 × 25 mm 

2 with a pro- 
jected pixel size of 32.4 μ. 

2.3. Diffuse backlight-illumination 

For the measurement of particle spatial distri- 
bution and number densities, a high-speed DBI sys- 
tem was employed, which was inclined by about 
64 ° to the OH-LIF cameras. Particles were back- 
ward illuminated by a high-power LED (IPS2, 
ILA) operated with a pulse duration of 1 μs at 
1 kHz. The LED pulses were temporally synchro- 
nized to the middle of each OH-LIF scan cycle, 
providing one shot for every tenth OH-LIF im- 
age. A CMOS camera (HSS6, LaVision) equipped 

with a long-distance microscope (K2, Infinity) col- 
lected particle shadow images with a high spatial 
resolution. A band-pass filter (T � 50% between 

500 - 550 nm) was selected to match the LED emis- 
sion spectrum (peak at 518 nm) and maximize the 
signal-to-noise ratio (SNR). The FOV of DBI im- 
ages was 9.4 × 9.4 mm 

2 with a projected pixel size 
of 9.2 μm. 

2.4. Mie scattering 

For detection of solid and soot particles in 

a large FOV, Mie scattering measurements were 
conducted by using a diode-pumped single-head 

Nd:YAG laser (Innoslab, Edgewave) with a pulse 
energy of 2.5 mJ at 10 kHz and 532 nm. Mie scat- 
tering was synchronized with OH-LIF measure- 
ments with a time offset of 5 μs between 283 nm 

and 532 nm laser pulses. Both laser beams were 
combined by a dichroic mirror and aligned to the 
burner centerline. The 532 nm laser beam was 
expanded to a volume with a thickness of ap- 
proximately 8 mm for covering the entire particle 
jet. A CMOS camera (SA-X2, Photron), equipped 

with a macro lens (Sigma, f = 180 mm, f /32, 
DOF > 10 mm) was angled at 32 ° to the z - 
axis in the forward scattering direction. The expo- 
sure time was reduced to 5 μs. A band-pass fil- 
ter (T � 50% between 527 - 537 nm) suppressed 

the interference signals from luminescent particle 
flames. The Mie scattering camera provided a FOV 

of 37.7 (height) × 21.6 (width) mm 

2 with a pro- 
jected pixel size of 36.8 μm. The relative positions 
of FOVs from the three diagnostics are schemati- 
cally illustrated in Fig. 1 . 
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Fig. 2. Particle DBI raw images (left, raw intensities I raw ) and normalized mean images (right, normalized intensities I norm 

) 
for two different particle numbers N p . 

3. Results and discussion 

3.1. PND determination and uncertainties 

PND is an important parameter to evaluate 
the volatile flame topology and flame stabilization 

in particle group combustion. PND can be evalu- 
ated based on the particle number N p and the 3D 

particle residence volume V jet obtained from DBI 
measurements, namely PND = N p / V jet [10] . Here, 
N p , obtained from binarized DBI images using 
gradient-based particle detection, varies between 

1 and 250 particles per frame. The mean 3D vol- 
ume V jet is computed from a projected particle jet 
boundary by assuming rotational symmetry. Deter- 
mination of both parameters is associated with in- 
trinsic uncertainties and limitations by the line-of- 
sight nature of DBI measurements. 

Fig. 2 compares two different particle numbers, 
N p = 75 and N p = 175, by showing the single-shot 
and mean DBI images side by side. The mean im- 
ages are conditioned on N p between 51 - 100 in 

Fig. 2 (a) and 151 - 200 in Fig. 2 (b), and are nor- 
malized by their own maximum intensity. Particles 
within the flat flame (about 1 mm high) are ex- 
cluded due to strong beam steering. The 2D par- 
ticle residence boundaries (yellow dashed lines) are 
determined by using a fixed threshold of 0.95 for 
each respective N p , while the red solid line repre- 
sents the boundary with the same threshold but 
includes all N p from 1 to 250 particles, indicating 
an overall mean boundary. Generally, particle resi- 
dence area expands along the y -axis mainly due to 

the volatile release and thermal expansion within 

the flame. With an increasing N p , the area of dense 
particle cloud penetrates further downstream and 

becomes slightly wider. 
Fig. 3 (a) compares the PND calculated using 

an average volume V mean (circles) based on all N p 
and V bin (squares), which is computed for each N p - 
segment with a bin width of 50 particles. Compared 

to V mean , PNDs calculated with V bin are slightly 

higher for small N p and lower at large N p . This is 
mainly due to the expansion of the particle resi- 
dence area with increasing particle number. Con- 
sidering the minor discrepancies, V mean is consis- 
tently used in the present work for PND calcula- 
tion. It also avoids the small drops of PND when 

changing from one bin size to another by using 
V bin . Additionally, the number density determined 

in the previous experiment [10] is shown in Fig 
3 (a). A higher maximum PND was achieved in [10] , 
but the smaller jet diameter of 0.8 mm limited N p 
to about 130. In the present work, a larger tube di- 
ameter of 2.9 mm allows for the seeding of more 
particles, whereas the particle residence volume V jet 
enlarges by a factor of 2, leading to smaller PND 

values with the same N p . It should be noted that a 
quantitative comparison of PND should be care- 
fully considered as it is highly sensitive to the resi- 
dence volume. 

Due to the line-of-sight nature of DBI measure- 
ments, particle overlap is an inevitable problem for 
dense particle clouds, leading to an underestima- 
tion of particle numbers. To assess this uncertainty, 
synthetic particle image simulations are performed, 
in which generic ellipsoids are first generated in 3D 

space and then projected onto the xy -plane. The 
simulation considers the frame size, pixel pitch, 
particle size distribution, and particle aspect ratios 
of the real DBI measurements and randomly dis- 
tributes a defined number of ellipsoids N p , 3D 

within 

the 3D volume V mean . The particle number from 2D 

projection N p , proj is evaluated with the same pro- 
cessing steps as real measurement data. Fig. 3 (b) 
shows the mean and standard deviation (error bars) 
of N p , proj by increasing N p , 3D 

with an increment of 
10 particles and repeating 100 simulations for each 

increment. Above N p , 3D 

= 100, the particle number 
is gradually underestimated in 2D projections and 

the discrepancy enlarges with an increasing particle 
number. Considering that N p is mostly smaller than 

200 in the current experiment, the uncertainty in 

PND calculation is less than 15% due to the particle 
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Fig. 3. (a) PNDs (in mm 

-3 ) with an increasing particle number N p detected in DBI measurements. (b) 2D projected particle 
numbers N p , proj from synthetic DBI image simulations with particle numbers N p , 3D 

. 

overlap. Towards a more accurate PND determina- 
tion in dense particle clouds, tomographic particle 
tracking velocimetry (tomo-PTV) is highly desired 

to resolve the 3D particle location in the future. 

3.2. Particle velocity 

The particle velocity is evaluated by applying 
the PIV algorithm (Davis, LaVision) to the time- 
resolved DBI particle sequences. An interrogation 

window size of 96 × 96 pixels is selected, and 

vectors with correlation values of less than 0.6 
are neglected. The statistical velocity evaluation is 
conditioned on the PND of instantaneous DBI 
images and performed for AIR and OXY atmo- 
spheres, respectively. Fig. 4 exemplarily presents 
the average velocity V y , p ( y -component) and V x , p 
( x -component) for AIR30 in (a-b) and OXY30 
in (c-d) and a side-by-side comparison for PND 

of 0.15 mm 

-3 (left half) and 0.95 mm 

-3 (right 
half). Note that velocities outside the reference vol- 
ume (dashed lines) are associated with higher un- 
certainties due to smaller particle densities. Gener- 
ally, V y , p reduces with increasing PNDs, which is 
consistent with the previous observation of parti- 
cle jet expansion, indicating a longer particle res- 
idence time at higher PNDs. The non-zero V x , p is 
probably due to the acceleration by the flat flame, 
which reveals a small Bunsen-like flame structure 
above the particle exit with a vertical length of 
about 2 mm. Besides, V y , p is higher in AIR at- 
mospheres due to higher gas velocity than OXY 

atmospheres [12] , whereas V x , p is very similar. At 
PND = 0.95 mm 

-3 , V y , p first increases along the 
radial direction and then decreases towards the 
outside of the particle residence volume (dashed 

line). Differences in mean particle velocities are also 

observed by varying O 2 concentrations within AIR 

or OXY atmospheres (not shown), although the 
gas bulk velocity was kept the same. Both observa- 
tions are correlated to the lift-off height of volatile 
flames, which reduces with increasing PNDs and in- 
creasing O 2 concentrations. The reduced flame lift- 

off height leads to a more intense interaction be- 
tween flame and particles downstream. Further dis- 
cussion of the flame lift-off height continues in Sec- 
tion 3.3, including O 2 and PND effects. 

3.3. Volatile flame topology and soot formation 

Three-dimensional volatile flame structures are 
reconstructed by applying linear interpolation 

between 10 OH-LIF images of each scan se- 
quence. The OH-LIF intensity is corrected with re- 
spect to the inhomogeneous laser profile and nor- 
malized to the background signal resulting from 

the water dissociation reaction. Fig. 5 presents four 
instantaneous flame visualizations represented by 
isocontours of the OH-LIF intensity for AIR10 - 
AIR40 atmospheres. These flames have a similar 
N p of about 60 particles in frame, corresponding 
to a PND of approximately 0.35 mm 

-3 . In AIR10, 
a non-flammable region enclosed by the envelop- 
ing flame is observed, which extensively reduces as 
the O 2 concentration increases and entirely disap- 
pears in AIR40. With the same O 2 concentration, a 
reduction of gas temperatures before ignition with 

increasing PNDs was reported in previous experi- 
ments [10] , due to a higher energy demand for par- 
ticle heating. Further numerical simulations sug- 
gested that the oxygen depletion and low gas tem- 
peratures within the flame were mainly responsi- 
ble for the non-flammable phenomena [14] . On the 
other hand, with the same PND, a similar amount 
of heat transferred from gas to solid phase and 

thus similar gas temperatures before ignition could 

be assumed. In this case, the local O 2 availabil- 
ity extends the flammability and suppresses the 
flame extinction from AIR10 to AIR40. In ad- 
dition, volatile flames reveal higher OH-LIF in- 
tensities and lower lift-off heights with increasing 
O 2 concentrations, indicating overall enhanced gas- 
phase reactions. 

Fig. 6 illustrates four instantaneous Mie scat- 
tering images for the same instants shown in 

Fig. 5 . Both coal particles and soot particles are 
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Fig. 4. Velocity components V y , p and V x , p for AIR30 (a-b) and OXY30 conditions (c-d) at two different PNDs of 0.15 
and 0.95 mm 

-3 . 

Fig. 5. Individual 3D visualization of volatile flames in AIR conditions with increasing O 2 content. 
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Fig. 6. Simultaneous Mie scattering images corresponding to the sequence in Fig. with increasing O 2 concentrations at 
PND = 0.35 mm 

-3 . 

recorded via Mie scattering. In AIR10, the parti- 
cle group shows intensive soot formation starting 
approximately from y = 10 mm. Molecular diffu- 
sion limits the reaction rate of volatile gas mix- 
tures in laminar flows. The local oxygen depletion 

promotes the formation pathway of soot through 

PAH, which could be formed from light hydrocar- 
bon molecules such as CH 4 and C 2 H 4 in rich condi- 
tions or released directly from the coal during the 
devolatilization process [15] . Since the volatile re- 
lease mostly depends on the particle heating rate, 
which is kept constant in air and oxy-fuel condi- 
tions, the directly released PAHs can be expected 

similar. Hence, soot formation at lower O 2 concen- 
trations mainly results from direct release of tars. 
The appearance of soot is in accordance with faint 
shadows in particles’ surroundings observed in pre- 
vious DBI measurements [9] . As O 2 content in- 
creases from 10 to 40 mol%, soot formation is sig- 
nificantly suppressed and only appears in the vicin- 
ity of individual particles in AIR40. Higher global 
O 2 concentrations avoid extended fuel-rich condi- 
tions near particles and promote fuel and soot oxi- 
dation. A better understanding requires simultane- 
ous measurements of PAH and soot particles via 
laser-induced incandescence (LII) [16] in future in- 
vestigations. 

The influence of the atmospheric O 2 concen- 
tration on flame topology and soot formation 

is further investigated by statistically comparing 
Mie scattering and OH-LIF signals conditioned 

on PNDs, which are sliced with a bin width of 
0.1 mm 

-3 starting from 0.05 mm 

-3 . Fig. 7 presents 
a comparison at PND = 0.35 mm 

-3 for AIR con- 
ditions with mean Mie (left half) and OH-LIF 

(right half, center scan plane only) images shown 

side by side. OH-LIF intensity isocontours begin 

with 1.4, a threshold applied to define the lift-off 
height h ign , approximating the location of the max- 
imum OH-LIF intensity gradient. In consistence 
with the discussion on Fig. 6 , OH-LIF intensities 
increase with O 2 concentrations, whereas Mie scat- 
tering intensities reveal an opposite trend. Consid- 
ering that coal particles exist outside and within the 
volatile flame region, the change of Mie scattering 
intensities within the flame is mostly attributed to 

soot particle clouds. The area of the soot particle 
cloud is mostly enclosed by the volatile flame and 

shrinks axially and radially as more O 2 molecules 
become available. Moreover, the size of the en- 
veloping volatile flames enlarges due to the expan- 
sion of the flammability limit with higher O 2 frac- 
tions. A clear correlation between soot formation 

and flame extinction or non-flammability can be 
noticed. A significant decrease of h ign is observed, 
indicating a shortened ignition delay time and a 
stronger interaction between flame and particles 
(residence area indicated by dashed lines). 
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Fig. 7. Mean Mie scattering images (left) and mean OH-LIF images (right) with increasing O 2 concentration at 
PND = 0.35 mm 

-3 . 

Fig. 8. Mean Mie scattering images (left) and mean OH-LIF images (right) with increasing PNDs (mm 

-3 ) for AIR20. 

An evident transition of flame structures with 

increasing PNDs has been discussed in previous ex- 
periments [10] and simulations [14,17] . The present 
work extends the data set and evaluation to dif- 
ferent AIR and OXY atmospheres. Fig. 8 ex- 
emplifies conditional mean Mie and LIF images 

at PND = 0.05, 0.35, 0.65, and 0.95 mm 

-3 for 
AIR20. A non-flammable region enclosed by the 
enveloping flame grows extensively with increasing 
PNDs. The high temperature region becomes thin- 
ner and is pushed away from the centerline by the 
substantial release of volatile matter and enlarg- 
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Fig. 9. Mean Mie scattering images (left) and mean OH-LIF images (right) with different O 2 concentration and PNDs 
(mm 

-3 ) in OXY atmospheres. 

ing non-flammable regions. A reduction of back- 
ground OH signals before ignition indicates lower 
gas temperature as more heat is required for particle 
heating. Correspondingly, soot particles start form- 
ing inside the flame and soot regions significantly 
increase in size (indicated by isocontours) and in- 
tensity with PNDs. 

Different from the previous observation in [10] , 
volatile flames in the present study show a decreas- 
ing h ign with PNDs, which is similar to the ob- 
servations reported in [2] . The strong soot forma- 
tion at higher PNDs might enhance the heat trans- 
fer between gas and unignited particles upstream 

via thermal radiation, accelerating the volatile re- 
lease and chemical reactions. Besides, lower parti- 
cle velocities at higher PNDs could lead to decreas- 
ing lift-off heights. For a better understanding of 
the ignition and devolatilization process, particle 
surface temperature measurements are highly de- 
sired in future work. In addition, the structure near 
the flame base appears similar to a non-premixed 

lifted gas flame. The “leading edge ” of this lifted 

volatile flame is spatially aligned with the parti- 
cle volume boundary (dashed line in Fig. 7 and 

Fig. 8 ). Stronger interaction between flame and 

particles near this boundary has been noticed in 

the vertical velocity ( Fig. 4 ), as they are acceler- 
ated by the surrounding gas when approaching the 
high-temperature volatile flame. These particles are 
substantially heated and are expected to release 
volatiles faster, forming a flammable mixture near 
the jet boundary. 

Regarding the influence of CO 2 replacement, 
Fig. 9 exemplarily illustrates the flame structure 
and soot formation in (a) OXY20, (c) OXY30, and 

(d) OXY40 at PND = 0.35 mm 

-3 . Compared to 

AIR conditions, the same effects of additional O 2 
on soot reduction and enhancement of gas-phase 
reactions can be observed. With the same O 2 con- 
centration, volatile flames reveal structural similar- 
ity in flame size, intensity, and lift-off height be- 
tween AIR and OXY conditions. However, slightly 
higher Mie scattering intensities are noticed in 

OXY atmospheres indicating stronger soot for- 
mation probably due to lower O 2 diffusivity in 

CO 2 atmospheres. Comparing PNDs of 0.35 and 

0.65 mm 

-3 in OXY20, a heavier soot load and the 
growth of the non-flammable region are observed 

in Fig. 9 (a) and (b). Additionally, the flame base is 
similar in AIR and OXY conditions. Since the par- 
ticle velocity is lower, as shown in Fig. 4 , a delayed 

ignition time can be expected in CO 2 atmospheres. 
The combined effects of O 2 concentration, 

PND, and inert gas composition (N 2 or CO 2 ) 
on the flame topology are quantified by evalu- 
ating the non-flammability ratio R nf of the 3D 

volatile flame. R nf is calculated by dividing a 3D 

flame structure into a flammable region and a non- 
flammable region with respective volume of V f 
and V nf , and defined as R nf = V nf / (V f + V nf ) . The 
spatial separation is based on a fixed intensity 
threshold of 1.4 to deal with the intensity fluctu- 
ations in the post-flame region of the premixed flat 
flame. This parameter has been applied to quantify 
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Fig. 10. Comparison of non-flammability ratio R nf over 
increasing PND and O 2 concentrations in (a) AIR and (b) 
OXY atmospheres. 

the transition from single to particle group combus- 
tion [10] . 

Fig. 10 shows the conditional mean (symbols) 
and standard deviation (colored polygons) of R nf 
in different AIR and OXY atmospheres over in- 
creasing PNDs. Only the flame structures with 

R nf � 0.3% are included in the statistical analy- 
sis to deal with erroneous R nf values due to a par- 
tially blocked laser sheet by solid particles. The re- 
maining flames with R nf < 0.3% are considered 

to reveal full flammability, and the mean PND of 
them are indicated by dashed lines. This mean PND 

represents a transition limit from weak to strong 
particle-flame interaction leading to local flame ex- 
tinction. Since the particle number is roughly mod- 
ulated by the seeder during the experiments, data 
collected in different atmospheres do not have the 
same PND range. Nevertheless, the significant in- 
fluence of PND and O 2 on local flame extinction 

can be qualitatively analyzed. Generally, volatile 
flames show higher resistance against local flame 
extinction for accommodating higher particle den- 
sities if more O 2 is available in the atmosphere. Be- 
sides, in AIR and OXY conditions, R nf consistently 
increases with PND due to the local gas tempera- 
ture reduction and oxygen depletion, as discussed 

in section 3.3. However, in the limits of experimen- 
tal uncertainty, it remains unclear whether CO 2 re- 
placement plays a significant role in promoting the 
flammability, as no obvious differences are noticed 

between AIR and OXY conditions with the same 
O 2 concentration. 

4. Conclusions 

Particle cloud flames of pulverized hvb coal 
is experimentally studied in a laminar flow reac- 

tor with well-defined boundary conditions using 
multi-parameter optical diagnostics. Compared to 

our previous studies on particle group combus- 
tion [9,10] , this work is extended to different com- 
bustion environments with a larger diameter of 
the particle injection tube. Simultaneously applied 

quasi-4D OH-LIF, high-speed DBI and Mie scat- 
tering measurements allow for detection of volatile 
flame structures, particle velocity, number density, 
and soot formation in various AIR and OXY at- 
mospheres. For PND determination, generic parti- 
cle simulations suggest an underestimation of the 
particle number up to 15% due to particle overlap 

in the line-of-sight DBI measurements. Particle ve- 
locity decreases with increasing PNDs and shows 
an evident acceleration by the enveloping volatile 
flame. Based on experimental observations, effects 
of O 2 concentration, PND and inert gas composi- 
tion can be conclusively summarized as follows. 

(1) Local flame extinction is gradually sup- 
pressed by increasing O 2 concentrations, indicat- 
ing that local oxygen availability extends the gas 
flammability and counteracts the negative effect 
of gas temperature reduction during particle heat- 
ing. Additional O 2 enhances the reactivity of 
volatile gas mixtures, leading to reduced soot for- 
mation and a lower flame lift-off height. (2) An 

increased PND induces stronger flame extinction 

and soot formation likely due to local oxygen deple- 
tion and gas temperature reduction. Importantly, 
the lift-off height decreases at higher PNDs, and 

the flame structure near the stabilization point is 
similar to the edge flame in non-premixed com- 
bustion. This structure is spatially aligned with the 
boundary of particle residence volume, indicating 
a complex interaction between particle dynamics, 
heat transfer and volatile reactions. (3) A similar 
lift-off height is observed in OXY and AIR at- 
mospheres with the identical O 2 concentration and 

PND, but a larger ignition delay time can be ex- 
pected in OXY conditions as a result of lower par- 
ticle velocities. No obvious difference is observed 

in the flame extinction behavior with CO 2 replace- 
ment, however, soot formation slightly increases, 
probably due to the lower O 2 diffusivity in CO 2 . 
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Abstract
The combustion of micrometer-sized polypropylene (PP) particles is analyzed in situ using a combination of high-speed 
planar laser-induced fluorescence of the OH radical (OH-PLIF) and a thermal decomposition analysis. The gas phase is 
investigated by multiple analytical techniques to gain comprehensive knowledge on the decomposition products of flame 
retardants and their effect on the combustion process. Neat PP is compared with a formulation consisting of 10 wt% of a 
phosphorus-containing flame retardant (pentaerythritol spirobis(methylphosphonate), PSMP) which is known to provide gas 
phase activity. The decomposition of the neat flame retardant, PP and the flame retardant formulation is investigated using 
a simultaneous analysis (STA) consisting of a thermal gravimetric analysis and a differential thermal analysis device which 
is coupled to Fourier-transform infrared spectroscopy and mass spectrometry devices. By this, the release of decomposi-
tion products of the flame retardant additive can be determined. The excitation of OH radicals is used to temporally track 
the diffusion flame surrounding the particles during combustion in a laminar flow reactor. The radial distance to the peak 
reactivity zone of flame retardant containing particles increased by about 70 µm compared with neat PP particles. Tracking 
the peak OH signal in the diffusion flame, during ignition and the early phase of combustion, a decrease in the peak intensity 
is observed for flame retardant polymer particles. Additionally, cone calorimeter tests are used to evaluate the combustion 
behavior as a standard test in flame retardancy.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0034​8-019-2864-5) contains 
supplementary material, which is available to authorized users.
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Graphic abstract

1  Introduction

Combustible organic polymeric materials require tailor-
made flame retardant solutions to lower the fire hazard 
by supplying suitable flame retardancy. The price, the 
influence on properties of the polymer, and the release of 
toxic decomposition products are selection criteria which 
have to be considered. Flame retardants can be classified 
in terms of their mode of action into gas phase active 
agents, condensed phase active agents, and a combina-
tion of both mechanisms. The condensed phase activity 
of flame retardants is mainly based on the formation of 
a protective char layer (Lewin and Weil 2001; Schartel 
2010), while gas phase active flame retardants are able to 
scavenge OH and H radicals in the flame by decomposing 
into highly reactive radicals themselves (Eqs. 1–4) (Green 
1996; Hastie 1973; Klinkowski et al. 2015; Schartel 2010).

The volatile decomposition products of methylphos-
phonate containing flame retardants are phosphorus-based 
radicals like PO, PO2, and their corresponding acids HPO 
and HPO2 which poison the flame by chemical inhibition 
(Hastie 1973; Klinkowski et al. 2015; Lewin and Weil 
2001; Schartel 2010).

The evolved decomposition products of the polymer dur-
ing the combustion process can be analyzed using various 
methods such as thermal desorption mass spectrometry 

(1)PO
⋅

+ H
⋅

→ HPO,

(2)PO
⋅

+ OH
⋅

→ HPO2,

(3)HPO + H
⋅

→ H2 + PO
⋅

,

(4)HPO
⋅

2
+ OH

⋅

→ H2O + PO2.
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(TDMS), thermogravimetry coupled with mass spectrometry 
(TG–MS), thermogravimetry coupled with Fourier-trans-
form infrared spectroscopy (TG–FTIR) or pyrolysis–gas 
chromatography (Py–GC) which are most commonly used.

If a sample is exposed to a defined temperature program, 
volatile products are released in the gas phase. The evolved 
products can be analyzed by mass spectrometry, FTIR or 
other suitable devices. The gaseous products can be trans-
ferred by a direct inlet (TDMS) or with a heated column 
(TG–MS, TG–FTIR) into the ion source (Bart 2006; Salmeia 
et al. 2015).

Based on this approach, the decomposition mechanism 
of the flame retardant can be assessed, but these techniques 
are not comparable to a real combustion scenario due to an 
oxygen-free environment, the absence of an ignition source 
and a relatively low heating rate of 10 K/min (Salmeia et al. 
2015).

Apart from the experimental methods used to observe the 
thermal decomposition products with respect to the polymer 
chemistry, an analysis of highly active radicals in combus-
tion systems is of great interest to evaluate the effectiveness 
of flame retardants and to replicate similar conditions as they 
appear in a fire. The detection of active radicals in flames 
doped with flame retarding substances has been achieved 
using molecular beam mass spectrometry (MBMS) (Beach 
et al. 2009; Korobeinichev et al. 2013; Shmakov et al. 2007), 
chemiluminescence imaging (Beach et al. 2009), vacuum 
ultraviolet (VUV) photoionization (Liang et al. 2015) cou-
pled with time-of-flight MS, and laser-induced fluorescence 
(LIF) (MacDonald et al. 2001; Siow and Laurendeau 2004; 
Vora and Laurendeau 2001; Vora et al. 2001). In the con-
text of in situ measurements, optical techniques such as LIF 
are non-intrusive and therefore have negligible instrumental 
effects on the results in contrast to MBMS, which requires 
a probe perturbing the observed flame (Hartlieb et al. 2000; 
Kohse-Höinghaus et al. 2005; Liang et al. 2015; Salmeia 
et al. 2015).

So far, the influence of flame retardants on the com-
bustion process using laser-induced fluorescence of the 
hydroxyl radical (OH-LIF) was mainly analyzed in counter-
flow burner gas flames by adding vaporized agents to the 
fuel or oxidizer streams. The objects of interest of these 
studies were organophosphorus substances and halons 
including phosphorus-containing substances such as dime-
thyl methylphosphonate (DMMP) (MacDonald et al. 2001; 
Siow and Laurendeau 2004), trimethyl phosphate (TMP) 
(Siow and Laurendeau 2004), and bromotrifluoromethane 
(Vora and Laurendeau 2001; Vora et al. 2001). The quanti-
tatively measured OH number density along the centerline 
of the burner decreased as the amount of flame retardants 
increased, indicating a reduction of the reactivity. Apart 
from hydroxyl concentration measurements, the decrease of 

the global extinction strain rate was used to determine the 
effectiveness of flame retardancy for the investigated addi-
tives in counter-flow burners (MacDonald et al. 1999). As 
non-combustible gas phase active flame retardants gener-
ally lower the reactivity within the flame by both dilution 
and radical scavenging, the decrease of the OH signal and 
the extinction strain rates, respectively, were compared with 
nitrogen which provided a measure for flame retardant effi-
cacy solely induced by dilution. Subsequently, halons and 
organophosphorus substances showed a higher efficacy than 
nitrogen pointing towards the importance of flame poison-
ing in the inhibition process (MacDonald et al. 1999; Vora 
et al. 2001).

As the pyrolysis and ignition are key aspects of the 
combustion of solids, the influence of flame retardants on 
polymers has to be investigated in situ at high spatial and 
temporal resolutions to approach realistic conditions in 
experiments when compared with burning polymer materi-
als in fire scenarios. The advancement of laser and cam-
era systems in recent years has enabled the application of 
high-speed OH-PLIF to investigate the devolatilization and 
ignition of coal particles (Köser et al. 2017). The ignition 
and combustion of flame retarded polymer particles can be 
investigated using a similar methodology.

To the best of the author’s knowledge, this work describes 
the detection of OH radicals within the diffusion flame of 
flame retarded polymers for the first time by the applica-
tion of OH-PLIF. For this purpose, the combustion of poly-
propylene (PP) particles of a defined size distribution was 
initiated within a laminar flow reactor. The influence of the 
flame retardant pentaerythritol spirobis(methylphosphonate) 
(PSMP) on the relative OH intensity as well as the flame 
shape was observed using a well-defined post-process-
ing methodology by extracting parameters of the flame 
topology from the radial OH signal profiles. A combina-
tion of chemical decomposition analyses using differen-
tial thermal analysis (DTA) coupled to Fourier-transform 
infrared spectroscopy and mass spectrometry devices 
(TGA–DTA–FTIR–MS) and TDMS provides knowledge 
on the chemical aspect of flame retardancy regarding the 
mode of action and the identification of evanescent frag-
ments of the flame retardant participating at the flame inhibi-
tion. Additionally, cone calorimetry results as a standard test 
procedure for the determination of heat release of polymer 
compounds are included to evaluate the flame retardant effi-
cacy. Thus, the combination of the used methods OH-PLIF, 
TDMS, TGA–DTA–FTIR–MS and cone calorimetry sup-
plies information about the gas phase during the combustion 
process in the flame zone as well as the pyrolysis process 
and offers a more detailed insight about the combustion pro-
cess than the individual methods.
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2 � Experimental setups and procedure

2.1 � Materials and preparation

PP (Moplen HP 500N) was provided by LyondellBasell, the 
Netherlands. Pentaerythritol spirobis(methylphosphonate) 
(PSMP) was supplied by Thor, Germany. The compound-
ing was carried out using a co-rotating twin-screw extruder 
(Thermo Fisher Scientific Process 11; screw diameter: 
11 mm) with a screw rotation speed of 150 rpm. The first 
temperature zone (1) was set to 210 °C, while all other 
temperature zones (2–7) were stabilized at 220 °C. The die 
temperature was set to 220 °C. The melt strand was cooled 
with a water bath and pelletized in a pelletizing system 
(VariCut Granulator). The extrusion process is pictured 
in Fig. 1.

The pelletized polymer was ground several times with 
a centrifugal mill (Retsch ZM 200). The grinded poly-
mer was separated by size using a vibratory sieve shaker 
operated for 15 min. Particles in the range of 100–150 µm 
were collected using different sieves (DIN ISO 3310, 
Ø = 200  mm, openings 100  µm and 150  µm). Optical 

microscope images of the particles and the particle distri-
bution are displayed in Figs. 2 and 3.

2.2 � Characterization of thermal decomposition 
products and cone calorimetry

The thermogravimetric analysis (TA Instruments TGA 
Q500) was carried out with a heating rate of 10 K/min 
under constant nitrogen atmosphere. The simultaneous ther-
mal analysis was carried out using a TGA/STA (Netzsch 
Gerätebau GmbH STA 449C Jupiter) coupled to FTIR 
(Bruker Tensor 27) and MS (Netzsch Gerätebau GmbH 
QMS 403C Aёolos) at a constant heating rate of 10 K/
min in a temperature range of 35–600 °C under a flowing 

Fig. 1   Scheme of the extrusion process

Fig. 2   Optical microscope images of neat PP particles (a) and PP particles with 10 wt% PSMP (b)

Fig. 3   Particle size distribution of 15 obtained particles per com-
pound. The average of the mean particle size is 213 µm for PP and 
237 µm for PP + 10 wt% PSMP
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nitrogen atmosphere (30 ml/min). Thermodesorption MS 
(Finnigan MAT 95) experiments were conducted using a 
constant heating rate of 25 K/min in a temperature range of 
40–400 °C. Previous experiments showed that the pathway 
of the decomposition products is heating rate independent 
which is in accordance to studies presented in the literature 
(Wang et al. 2019).

PSMP is a well-known phosphorus-containing flame 
retardant for polypropylene applications. The gas phase 
activity of this flame retardant has been the subject of some 
earlier studies (Goedderz et al. 2020; Pfaendner et al. 2014; 
Salmeia et al. 2018). The decomposition products of the 
flame retardant can be detected by simultaneous thermal 
analysis including TG–MS and TG–FTIR due to the vola-
tility of the decomposition products. Neat PSMP as a phos-
phonate has a phosphorus content of 24.2%. Compounds 
containing neat PP and PP + 10 wt% PSMP with a calculated 
phosphorus content of 2.4% were prepared (Table 1).

The cone calorimeter samples were obtained by hot press-
ing (300E, Collin) of the compounds at 220 °C and 5 bar for 
5 min. The cone calorimeter tests were carried out according 
to ISO 5660 on a device (Fire Testing Technology, accord-
ing to ASTM E 1354) with 35 kW/m2 heat flux burning 

specimen with a size of 100 × 100 × 2 mm3. All samples 
were tested in triplicate.

2.3 � High‑speed planar laser‑induced fluorescence 
of the OH radical (OH‑PLIF)

For the present study, the polymer chosen for the analysis 
of flame retardancy is PP. When excited with UV radiation, 
PP as a non-aromatic polymer shows a less intense fluores-
cence emission than aromatic polymers such as PET and is 
therefore better suited for monitoring the adjacent gas phase 
combustion using OH-PLIF. To visualize the reaction zones 
surrounding igniting PP particles in the gas phase, planar 
laser-induced florescence of the OH radical was applied 
within a laminar flow reactor test rig depicted in Fig. 4a. 
The experimental setup has been previously used to study 
the ignition and volatile combustion of solid fuel particles 
and is well described in Köser et al. (2017, 2019). A fully 
premixed flat flame was stabilized upon a ceramic honey-
comb using a gas mixture of CH4, O2 and N2 such that the 
exhaust gases contain an oxygen volume fraction of 10 vol%. 
Single polymer particles were injected through a centrally 
mounted tube (inner diameter 0.8 mm) using a carrier gas 
flow of N2. As the particles passed through the region of 
strong heat-up (≈ 105 K/s) within the premixed flat flame, 
pyrolysis of combustible products was induced which fur-
ther lead to ignition and combustion. Assuming convective 
heat transfer with a constant surrounding gas temperature, 
the maximum heat flux from the surrounding flat flame to a 
particle of diameter 220 µm is 1600 kW/m2. The coordinates 
x and z were defined with respect to the exit of the particle 
injection tube on the top surface of the ceramic honeycomb 
which is hereafter referred to as the burner head.

Table 1   Phosphorus content of neat PSMP, neat polypropylene and 
polypropylene containing 10 wt% PSMP

Composition Calculated phos-
phorus content 
(%)

PSMP 24.2
PP –
PP + 10 wt% PSMP 2.4

λ

λ

± 15 nm

(a) (b)

Fig. 4   a Schematic drawing of the laminar flow reactor test rig. The 
outlines of the fields of view imaged within this work are represented 
by two dashed rectangles. b Experimental setup including the beam 

path of the laser excitation as well as the fluorescence detection unit 
consisting of a high-speed CMOS camera coupled with an image 
intensifier, a UV lens as well as a bandpass filter

A.4 Paper IV - OH-PLIF of flame retarded polymer particles

113



	 Experiments in Fluids (2020) 61:30

1 3

30  Page 6 of 16

As shown in Fig.  4b, a frequency-doubled dye laser 
(Sirah Credo; Rhodamine 6G) was pumped by a solid-state 
Nd:YAG laser (EdgeWave IS8II-E) at 532 nm. The dye laser 
was tuned to an output wavelength of 283.01 nm to excite 
the Q1(6) line of the A-X(1-0) transition of the OH radical. 
The repetition rate of the laser source was set to 10 kHz with 
a mean pulse energy of ~ 0.4 mJ obtained directly after exit-
ing the enclosure of the laser. Subsequently, the laser beam 
was shaped into a 90 µm thick sheet using a set of cylindri-
cal lenses (fL1 = − 50 mm, fL2 =  + 400 mm, fL3 =  + 500 mm) 
as well as UV-reflective mirrors guiding the beam into the 
test rig. The detection unit consisted of a high-speed CMOS 
camera (LaVision HSS6) operating at 10 kHz in sync with 
the laser pulses as well as an image intensifier (LaVision 
HS-IRO) and a UV lens (Halle 150 mm f/2.5) which was 
equipped with a bandpass filter (300 nm ± 15 nm) to restrict 
the detection of fluorescence in a defined spectral range. By 
traversing the burner in the z-direction, two fields of view 
with a size of 19.10 × 19.25 mm each and an overlap of about 
5 mm were recorded to investigate both the ignition (field of 
view 1: z = 0.94–20.18 mm) as well as the fully developed 
flame (field of view 2: z = 15.94–35.18 mm) surrounding 
the polymer particles. The pixel resolution of the obtained 
images, measured with a calibration plate, was 24.6 µm/px, 
while the optical resolution of the imaging system, measured 
with a Siemens star, was ≈ 100 µm.

3 � Data processing of OH‑PLIF images

The obtained OH-PLIF raw images were analyzed using 
a custom post-processing strategy. At first, a normali-
zation of the OH signal was conducted for every image 
individually. Assuming a constant OH background from 
the flue gas of the flat flame, a 100 px wide background 
in a region without interference with particle combustion 
was sampled over the entire height of the field of view 
similar to previous OH-PLIF studies of coal particles by 
Köser et al. (2015). This image section was averaged over 
the x-coordinate to generate a mean OH background for 
every image obtained. As both the spatial distribution of 
the laser intensity beam profile as well as the shot-to-shot 
intensity fluctuations affect the detected OH signal, a row-
wise normalization of the image based on the intensity 
value of the mean OH background signal was applied to 
compensate for both effects. This qualitative approach ena-
bles the comparison of normalized OH signal intensities 
Inorm with respect to the background assuming minor influ-
ence of changing temperature environments.

Figure  5a illustrates further processing of preproc-
essed OH-PLIF images of burning polymer particles. The 
combustion of a PP particle in the upper field of view 
is depicted. As the laser approaches the particle flame 

from the positive x-direction (from the right in Fig. 5a), a 
shadow is cast on the left side of the particle indicating its 
central position in the light sheet. To ensure that the par-
ticles are centrally positioned within the laser sheet, only 
particles with this recognizable feature are included within 
this study. Otherwise, an underestimation of the distance 
of the particle to its reaction zone would be possible. Next, 
the normalized intensity signal of the right half of the 
particle signal is averaged along a semicircle generating 
the normalized radial intensity profile indicated in Fig. 5b. 
Both the peak intensity value in the flame Imax,flame and 
the radius of peak reactivity rate rPRR are extracted from 
the intensity profile. The latter parameter represents the 
radial distance of the particle center to the onset of the 
reaction zone of the diffusion flame and is calculated using 
the radial derivative of the intensity profile according to 
Eq. (5). The methodology uses the mean radius of the radii 
corresponding to the peak 95% of the radial derivative of 
the normalized intensity and therefore assures a robust 
calculation of rPRR, as the gradient curve does not always 
show one single pronounced peak. Prior to calculating the 
derivative, the radial profile is smoothed using a spline 
interpolation which prevents any oscillations between val-
ues for rPRR caused by the pixel discretization.

One of the challenges of LIF measurements of PP par-
ticles is the photoluminescence of neat PP (Osawa et al. 
1984) and its decomposition products when excited with 
UV radiation. This is obvious from inspecting the center of 
the particle shown in Fig. 5a. Therefore, the luminescence 
images were recorded tuning the dye laser off-resonance 
by 10 cm−1 to analyze the spatial influence of the fluo-
rescence of PP and its decomposition products (Fig. 5c). 
Figure 5d shows that the detected signal quickly decays 
to 10% of the peak intensity in the center of the parti-
cle within a radius of 200 µm with respect to the particle 
center. This confirms that the circular signal detected for 
resonant excitation can be solely attributed to the OH sig-
nal within a diffusion flame surrounding the particle.

4 � Results and discussion

4.1 � Simultaneous thermal analysis of flame 
retardant formulations

The neat flame retardant PSMP, PP and 10 wt% of PSMP 
in PP were analyzed using an STA in a nitrogen atmos-
phere (Fig. 6, Table 2). The sample is heated at 10 K/min, 

(5)rPRR = mean

[

r

(

0.95 ×max

(

�Inorm

�r

))]

.
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while transformations of the sample mass are monitored 
to investigate the pyrolysis behavior regarding the mass 
loss with respect to temperature. The sample mass and its 
derivative (Fig. 6a) as well as the differential tempera-
ture (Fig. 6b) are plotted against the temperature. The 
flame retardant PSMP and PP both decompose in one 
step. However, the formulation 10 wt% of PSMP in PP 
decomposes in a two-step process with a weight loss of 
10% in the first step. The addition of the flame retardant 
leads to a decomposition of the mixture at lower tem-
peratures compared with the neat polymer. A weight loss 

of 1% occurs at 383  °C for PP and at 299  °C for the 
flame retardant formulation. The decomposition tempera-
ture of 10 wt% PSMP + PP is significantly lowered by 
84 °C when compared with neat PP. The residues of both 
polymer samples at 600 °C are 1–2%, so the addition of 
10 wt% flame retardant leads to no significant increase of 
the residue at 600 °C. In the DTA curve of PP + 10 wt% 
PSMP, the melting point of PSMP at 250 °C is apparent.

TDMS is a method used to detect desorbed molecules 
or fragments while the sample is being heated up. The 
TDMS diagrams of neat PSMP, neat PP and PP + 10 wt% 

(a) (b)

(c) (d)

Fig. 5   a Preprocessed OH-PLIF signal of a PP particle in the upper 
field of view. The right section of the signal without the cast shadow 
is averaged for every radius indicated by a dashed semicircle. b Asso-
ciated normalized radial intensity profile of the OH signal (solid 
line) and corresponding gradient curve (dashed line). The peak flame 

intensity Imax,flame and the radius of peak reactivity rate rPRR for the 
resonant case are marked with dashed lines. c Raw off-resonant OH-
PLIF image of a PP particle. d Radial intensity profile of a particle 
imaged off-resonant
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PSMP were measured in vacuum in a temperature range of 
40–400 °C with a heating rate of 25 K/min. The intensity of 
the desorbed molecules or fragments with respect to the tem-
perature as well as the corresponding mass spectrum for neat 
PP, the flame retardant and the flame retarded compound are 
shown in Fig. 7.

The decomposition temperatures of all investigated sam-
ples are lower in TDMS measurements than in TG–MS/
TG–FTIR because the decomposition in TDMS measure-
ments is taking place in vacuum, whereas TG–MS/TG–FTIR 
measurements are conducted under a nitrogen atmosphere. 
The thermodesorption MS diagram of neat PP (Fig. 7b) 
depicting the total ion current (TIC) shows a maximum at 
396 °C, whereas the release of decomposition products of 
neat PSMP reaches a maximum at 156 °C (Fig. 7d). The 
decomposition of 10 wt% PSMP in PP shows maxima at 
159 °C, 224 °C and 398 °C (Fig. 7f). The first decomposi-
tion step at 159 °C results from the starting decomposition 
of PSMP and is similar to neat PSMP (Fig. 6b). The third 
decomposition step at 398 °C is similar to the decomposi-
tion of neat PP (Fig. 6a). The second decomposition step 
at 224 °C shows a delayed release of flame retardant frag-
ments from the polymer matrix which is caused by an inter-
action between the flame retardant and the polymer. The 
decomposition products of the polymer matrix retain the 

decomposition fragments of the flame retardant. The frag-
ments of the flame retardant PSMP are easily identifiable 
in all three decomposition steps of the TDMS diagrams. 
The TIC curves for neat PSMP and PP + 10 wt% PSMP are 
shown in the supplementary material.

The retreat effect is already described in literature for 
polystyrene formulations containing sulfur- and phosphorus-
based flame retardants (Wagner et al. 2016; Wagner 2012). 
The release of PO radicals from flame retardant formula-
tions affects a gas phase activity of the flame retardant and 
is already described in literature for PSMP in polyester flame 
retardant formulations (Goedderz et al. 2020; Salmeia et al. 
2018). The release of PO radicals (m/z = 47 u) is obvious in 
the second and third decomposition step in the TDMS dia-
grams. The intensity of the released decomposition products 
of PSMP in the flame retarded formulation decreases with 
proceeding pyrolysis process. The decomposition mecha-
nism of PSMP in terms of MS studies has been the subject 
of investigation in the literature and is in accordance to the 
results obtained from TDMS analysis (Fig. 8).

TG–FTIR allows to monitor the absorbance of the sam-
ple based on its dependence on time and temperature and is 
depicted in Fig. 9 for neat PP, neat PSMP and PP + 10 wt% 
PSMP. The measurements were conducted in a nitrogen 
atmosphere with a heating rate of 10 K/min from 35–600 °C. 
The neat substances PP and PSMP decompose in one step, 
whereas the formulation consisting of PP + 10 wt% PSMP 
shows two decomposition steps.

The course of the absorbance of a specific band with 
respect to the temperature is depicted in Fig. 9. For the 
decomposition of PP, different absorption bands con-
firming the release of alkene species were detected: 
1672–1628  cm−1, 2944–2904  cm−1, 2986–2950  cm−1, 
3099–3062  cm−1, 915–873  cm−1, 1394–1366  cm−1and 
1481–1435 cm−1. The maxima of the evolution of alkenes 

µ µ

(a) (b)

Fig. 6   Thermogravimetric analysis with its first derivative plot (DTG, a) and DTA curve (b) of neat flame retardant PSMP, PP and PP + 10 wt% 
PSMP at 10 K/min under nitrogen

Table 2   Thermal properties of the flame retardant formulations in PP 
by simultaneous thermal analysis (TGA–DTA)

Composition T1% (°C) Tm (°C) Tmax dec rate (°C) Residue 
at 600 °C 
(%)

PSMP 267 250 386 6
PP 383 170 455 1
PP + 10 wt% PSMP 300 169 467 2
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Fig. 7   Mass spectrum of PP (a), PSMP (c) and 10 wt% PSMP in PP 
(e) in a mass range of 0–270  u with the corresponding thermodes-
orption MS diagrams (b, d, f) showing the total ion current (TIC). 

The samples are measured in vacuum with a heating rate of 25 K/min 
from 40–400 °C
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Fig. 8   Fragmentation mecha-
nism of PSMP based on Saei-
dian et al. (2014) and Salmeia 
et al. (2018)
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Fig. 9   TG–FTIR results of neat PP (a), neat PSMP (b) and PP + 10 wt% PSMP (c, d) in a temperature range of 35–600 °C with a heating rate of 
10 K/min in nitrogen atmosphere
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from PP range from 468 to 482 °C. For the samples con-
taining PSMP, the evolution of aldehydes is obvious. The 
maxima of the released aldehyde absorption bands of neat 
PSMP range from 398 to 408 °C. In the first decomposition 
step regarding TGA results of the formulation PP + 10 wt% 
PSMP, the release of aldehydes and alkenes was detected, 
which is in accordance to the formerly described retreat 
effect. The second decomposition step confirms mainly the 
evolution of alkenes. The maxima of released aldehyde and 
alkene absorption bands of the formulation PP + 10 wt% 
PSMP range from 389 to 477 °C. Due to the ratio of the 
released alkenes in the first and second decomposition 
step, the polymer matrix decomposes mainly in the second 
decomposition step which is in accordance with the TDMS 
results in which the intensity of the decomposition products 
of PSMP in the flame retarded formulation is increased in 
the beginning.

4.2 � OH‑PLIF combustion analysis of neat and flame 
retarded PP particles

In the following, the parameters introduced in Sect. 3, the 
peak normalized intensity Imax,flame and the radius of peak 
reactivity rate rPRR, are evaluated in terms of ignition and 
combustion behavior of neat and flame retarded polypro-
pylene particles using high-speed OH-PLIF. For this pur-
pose, the temporal evolution of selected single particles is 
compared and an analysis of multiple particle trajectories 
is presented.

Figure 10 illustrates preprocessed OH-PLIF images dis-
playing the normalized spatial intensity distribution with 
respect to the OH background for three different regions 
downstream of the burner head. In the first column, the 
early combustion phase after ignition is shown for both 
compounds. At a height of z = 10.9 mm, the displayed PP 
particle shows a circular diffusion flame structure with a 
peak normalized OH intensity value of 2.7, whereas the 
flame retarded compound has just undergone ignition with 
a peak normalized intensity value of 1.8 indicating a retar-
dation of the ignition process. Simultaneously, the radius of 
peak reactivity rate is 310 µm for neat PP, while the PP with 
addition of PSMP shows a larger rPRR of 400 µm. As the 
ignition process continues, Imax,flame at a height of z = 13 mm 
in the second column reveals an increase for the PP particle 
up to a value of 3.6, while the peak normalized intensity of 
the flame retarded polymer at z = 13.2 mm only increased 
to 2.9. Values for rPRR decreased for neat PP to a radius of 
260 µm, while for the flame retarded compound, the flame 
front distance decreased to 370 µm. For the particles con-
taining PSMP in the lower field of view, the ignition and 
flame development process were delayed and at larger dis-
tances from the particle center.

In the rightmost column, the normalized OH signal of two 
particles in the upper field of view is compared at a height 
of z = 24.9 mm. A circular diffusion flame has developed 
at this stage with a pronounced gap to the particle in its 
center. The values for Imax,flame are 4.8 for neat PP and 4.7 
for the flame retarded PP indicating that the peak reactivity 
is similar for both particles. At this stage of the combus-
tion process, the diffusion flame is fully developed and only 
marginally inhibited in its reactivity. Nevertheless, at this 
height above the burner, the radial distance to the zone of the 
highest reactivity rate is still larger with a value of 400 µm 
for flame retarded PP compared to an rPRR value of 330 µm 
for neat PP. The fuel-rich gap between the pyrolizing par-
ticle and the diffusion flame is maintained in its size over 
the course of the combustion process. This indicates that 
similar diffusion speeds of fuel and oxygen into the reaction 
zone stabilize the position of the flame. As the ignition and 
evolution of the diffusion flame are observed for larger radii 
in case of flame retardant particles, rPRR remains larger even 
though flame inhibition is not evident anymore, as values 
for Imax,flame are similar for both compounds. Nevertheless, 
flame inhibition might still be present for the flame retarded 
compound within the gap between reaction zone and particle 
which is not possible to detect solely from the OH signal.

The previously presented results from TGA–DTA (Fig. 6) 
and TG–FTIR (Fig. 9) measurements show that the radical 
scavenging agent thermally decomposes at lower tempera-
tures than PP and hence imply that it might not be present 
in the peak reactivity zone anymore. As the heating rate of 
the thermal decomposition analyses is significantly smaller 
than in the laminar flow reactor, comparisons drawn between 
both methods are yet limited. Lau et al. (2019) have shown 
that increased heating rates delay the thermal decomposition 
of polymers to higher temperatures. Furthermore, due to the 
high thermal stress, they have shown that the decomposition 
temperatures of the flame retardant and the polymer merge. 
Therefore, the release of flame retardant fragments is likely 
to be delayed, too.

As comparisons of single particles are not necessarily 
representative of the processes investigated, multiple par-
ticle trajectories are analyzed. A total of 10 neat PP and 18 
PP particles flame retarded with PSMP are included in the 
subsequent investigation. The values of rPRR are shown for a 
variety of heights above the burner head z in Fig. 11a includ-
ing the mean curves for a bin size of 1 mm, whereas the evo-
lution of Imax,flame is depicted for various individual particles 
in Fig. 11b. Each data point represents a value extracted 
from the radial intensity profile of a single OH-PLIF image. 
For reasons of clarity, individual points of a single particle 
are not connected by lines in Fig. 11a.

As obvious from Fig. 11a, values of rPRR of the flame 
retarded polymer are on average larger than those of neat 
PP. The mean value curves of the depicted data points reveal 
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that rPRR of neat PP particles is 309 ± 21 µm at z = 10 mm 
and increases to 373 ± 17 µm at 28 mm, whereas the flame 
retarded polypropylene exhibits respective rPRR values 
of 389 ± 37 µm and 427 ± 42 µm at 10 mm and 28 mm. 
Therefore, independent of the axial position, the difference 
between values of rPRR for PP and PP + 10 wt% PSMP can 
be distinguished clearly. This indicates that the outgassing 
flame retardant shifts the radial position already at the onset 
of ignition. Over the course of the combustion process, the 
outgassing decomposition products slightly push the diffu-
sion flame outwards until both curves coincide at z = 30 mm 
when the flame retardant’s activity is not detectable any-
more. This is in accordance to the findings for the individual 
particles shown in Fig. 10. The TDMS experiments show 
that all decomposition fragments of the flame retardant are 
released over a broad temperature range, but the major part 
is released before the decomposition of PP (Fig. 7b, f). This 
cannot be observed for TG–FTIR experiments due to higher 
sensitivity of TDMS than TG–FTIR.

The retardation of the ignition process becomes obvious 
from the evolution of Imax,flame shown in Fig. 11b. Particles 
ignite at approx. z = 7 mm, indicated by values of Imax,flame 
exceeding the background intensity. Ignition and the phase 
of subsequent flame development where Imax,flame rises dra-
matically are observed between z = 6 mm and 16 mm. While 
almost all neat PP particles have already reached a value of 
Imax,flame = 4 at z = 14 mm, the flame retarded PP particles 
show a significantly lower value of Imax,flame = 3 at the same 
height indicating a gas phase activity of the PSMP frag-
ments. Single deviations from this trend might be caused 
by either particles which are on average smaller and there-
fore ignite at lower heights or particles which are larger on 
average and therefore show a retarded ignition which might 
as well be caused by agglomeration of several particles to 
one large sample. For z > 20 mm, both compounds show a 
similar evolution of Imax,flame which approaches a value of 5 
identified as a fully developed diffusion flame in which the 
effect of flame inhibition is not noticeable anymore. Never-
theless, flame retardant fragments might still be present in 
the fuel-rich gap between reaction zone and particle. TDMS 
experiments have shown that fragments of the flame retard-
ant are still evolving in a sophisticated pyrolysis process 
(Fig. 7b, f).

4.3 � Cone calorimetry of flame retardant 
formulations

As a standard test for the estimation of the flame retardant 
efficacy, cone calorimetry was conducted to evaluate the 
flame retardant performance of the flame retardant formu-
lation of PP + 10 wt% PSMP in contrast to neat PP. The 
sample is being heated up with a heat flux of 35 kW/m2 and 
the heat release rate (HRR) is monitored over time. The heat 
release rate curves (heat flux of 35 kW/m2), time to ignition 
(TTI), total heat release (THR), maximum average rate of 
heat emission (MARHE), and peak heat release rate (PHRR) 
of both samples are shown in Fig. 12 and Table 3. The flame 
inhibition efficacy of 10 wt% PSMP in PP is evident through 
a reduction of PHRR by 29%. The ignition of the samples 
starts at 51–62  s with no significant difference in TTI 
between both specimen, but the PHRR is reached at 115 s 
(tmax) for neat PP and at 180 s (tmax) for PP + 10 wt% PSMP 
resulting in a significant delay reaching the PHRR value. 
The reduced PHRR and delayed tmax are the main effects of 
the flame retardant. The THR value of the flame retardant 
formulation is 4% lower than in neat PP. The total smoke 
release (TSR) takes the irradiated area into account and con-
tains no information about the smoke toxicity which can be 
tested according to ISO 5659-2. If a flame retardant with a 
condensed phase activity is compared to a flame retardant 
which is active in the gas phase, the TSR is expected to be 
higher for the flame retardant formulation containing the 
gas phase active flame retardant, because a condensed phase 
active flame retardant can promote the formation of a dense 
char layer which acts as a barrier. The use of gas phase active 
flame retardants leads to incomplete combustion in the gas 
phase. A combination of both—gas and condensed phase 
activity—can result in a reduced TSR in combination with 
flame retardant efficacy for certain applications. The TSR is 
increased by 84% for the flame retarded compound, which 
indicates that a flame inhibition effect takes place in the gas 
phase when compared to neat polypropylene.

5 � Conclusions

The efficacy of the f lame retardant pentaerythritol 
spirobis(methylphosphonate) (PSMP) in polypropylene was 
investigated using a combination of TDMS, TG–MS, and 
TG–FTIR simultaneously, cone calorimeter tests, and high-
speed OH-PLIF imaging in a laminar flow reactor. The flame 
retardant efficacy of 10 wt% PSMP in polypropylene (PP) 
showed a reduction of PHRR by 34%. The analysis of the 
evolved products showed mainly decomposition products of 
PSMP in the first pyrolysis step. Using TDMS, the decom-
position products of PSMP were identified and correlated 
with the flame retardant effect of PSMP in PP.

Fig. 10   Normalized OH-PLIF signal of neat PP (a–c) and the flame 
retardant formulation PP + 10  wt%  PSMP (g–i) for three different 
heights above the burner head with their corresponding radial inten-
sity curves (d–f, j–l). The first two columns show the OH signal of 
one particle for each material formulation during the early phase of 
combustion, while the third column shows the fully developed diffu-
sion flame of another particle recorded in the upper field of view

◂
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High-speed OH-PLIF imaging was applied to track 
the ignition and early combustion phase of neat PP and 
flame retarded particles. The radial distance towards the 

region of the peak reactivity rate of the flame retardant 
sample is increased throughout the entire observed region 
above the burner head compared with neat polypropylene 
which implies that the ignition and flame development 
happen further away from the particle when compounded 
with PSMP. Furthermore, the normalized peak OH sig-
nal intensity in the diffusion flame increases slower dur-
ing the ignition process showing the retardation effect of 
the investigated additive. In later stages of combustion 
when the diffusion flame is fully developed, the radial dis-
tance between the particle and the diffusion flame is still 
increased for the flame retarded compound although no 
inhibition of the OH peak signal is detectable anymore. As 
the ignition and flame development of the flame retarded 
particles happen at larger radii, the outgassing polymer 
decomposition products, which diffuse into the reaction 
zone, maintain a larger radial distance of the reaction zone. 
At this stage of combustion, the primary inhibition effect 
of the flame retardant on the OH intensity has vanished, 
but the repercussion of the effect of PSMP on the location 
of ignition at increased distances is still detectable through 
the radial intensity profile.

Fig. 11   a Radius of peak reactivity rate for all analyzed particles 
over the height above the burner head z. Error bars depict one stand-
ard deviation for a mean within a bin of 1 mm in size. b Normalized 

peak OH signal within the diffusion flame for neat PP and the flame 
retarded formulation with respect to the height above the burner head 
z 

Fig. 12   Heat release rate curves (heat flux of 35 kW/m2) for PP and 
PP + 10 wt% PSMP with a sample thickness of 2 mm (sample size: 
100 × 100 mm)

Table 3   Cone calorimetry (irradiation 35 kW/m2) results of flame retardant formulations in PP with a sample thickness of 2 mm

Composition TTI (s) PHRR (kW/m2) tmax (s) PHRR reduc-
tion (%)

THR (MJ/m2) MARHE 
(kW/m2)

Total smoke 
release (m2/
m2)

PP 51 880 ± 97.1 115 – 82 345 1115
PP + 10 wt% PSMP 62 620 ± 51 180 30 79 302 1786
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The TDMS, TG–MS and TG–FTIR results are consistent 
with the results obtained by OH-PLIF, as the decomposition 
products of the flame retardant in PP + 10 wt% PSMP are 
released in the gas phase before the main part of pyroly-
sis products of polypropylene are evolved in the gas phase. 
Therefore, the early inhibition effect at ignition is accom-
panied by a decreased relative peak OH intensity induced 
by phosphorous-containing scavenging radicals, while this 
effect is not detectable in the fully developed flame where 
most of the flame retardants have already thermally decom-
posed. In summary, the combination of both experimental 
approaches led to a more thorough understanding of the 
mode of action of flame retardants in polymers as they are 
investigated in situ. Although phosphorous-containing radi-
cals are known to provide a gas phase activity with a combi-
nation of radical scavenging and dilution within the reaction 
zone, the presented method is not suitable to distinguish 
between the two mechanisms individually, as no inert flame 
retardant is compared with the investigated compounds. To 
visualize radical scavenging of these radicals, future inves-
tigations should focus on the visualization of the chemical 
inhibitors themselves.
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Figure S1 TG-MS analysis of neat PSMP with 10 K/min from 35-600 °C under nitrogen atmosphere. 

 

Figure S2 TDMS of 10 wt% PSMP in PP showing the total ion current (TIC) in a temperature range of 40-

400 °C with a heating rate of 25 K/min. 

 

Figure S3 TDMS of neat PSMP showing the total ion current (TIC) in a temperature range of 40-400 °C with a 

heating rate of 25 K/min. 
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Figure S4 3D TG-FTIR diagrams of neat PP (left), neat PSMP (center) and PP + 10 wt% PSMP (right) in a 

temperature range of 35-600 °C with a heating rate of 10 K/min in nitrogen atmosphere. 

A.4 Paper IV - OH-PLIF of flame retarded polymer particles

127



A Journal publications

A.5 Paper V - Optical diagnostics of flame retarded polymers

Reproduced with permission from Elsevier.

Home Help Live Chat Sign in Create Account

© 2023 Copyright - All Rights Reserved | Copyright Clearance Center, Inc. | Privacy statement | Data Security and Privacy
| For California Residents | Terms and Conditions

Christopher Geschwindner,Daniela Goedderz,Tao Li,Johannes Bender,Benjamin Böhm,Andreas
Dreizler

Polymer Degradation and Stability

Elsevier

May 1, 2023

Copyright © 2023, Elsevier

Please note that, as the author of this Elsevier article, you retain the right to include it in a thesis or dissertation,
provided it is not published commercially. Permission is not required, but please ensure that you reference the
journal as the original source. For more information on this and on your other retained rights, please
visit: https://www.elsevier.com/about/our-business/policies/copyright#Author-rights

Comments? We would like to hear from you. E-mail us at customercare@copyright.com

Rightslink® by Copyright Clearance Center https://s100.copyright.com/AppDispatchServlet#formTop

1 von 1 13.08.2023, 02:37

128



Polymer Degradation and Stability 211 (2023) 110321

Available online 10 March 2023
0141-3910/© 2023 Elsevier Ltd. All rights reserved.

The effects of various flame retardants on the combustion of polypropylene: 
Combining optical diagnostics and pyrolysis fragment analysis 
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A R T I C L E  I N F O   
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A B S T R A C T   

The assessment of the efficacy and mode of action of flame retardants in polymers requires a thorough knowledge 
of the coupling of the presence of chemical inhibitors with the underlying heat and mass transport processes. In 
this experimental work, we combine a thermal decomposition analysis with optical combustion diagnostics in 
different test environments to gain a comprehensive understanding of the relevant sub-processes and demon
strate how this approach provides future opportunities for the research regarding the mode of action of flame 
retardants. Four different composites of polypropylene (PP) and 10 wt% of selected flame retardants as well as 
neat PP are prepared. Flame retardants include pentaerythritol spirobis(methylphosphonate) (PSMP), zinc 
diethylphosphinate (DEPZn), aluminum hydroxide (i.e. aluminum trihydrate, ATH) and ammonium poly
phosphate (APP). The released substances in the gas phase are investigated by using thermogravimetric analysis 
coupled to Fourier-transform infrared spectroscopy (TGA-FTIR), and the burning behavior regarding carbon 
monoxide concentration and heat release rate (HRR) is studied in cone calorimeter experiments. The ignition and 
combustion of flame retarded micrometer-sized particles of PP are experimentally investigated in a laminar flat 
flame burner by means of simultaneous scanning planar laser-induced fluorescence of OH radicals (OH-PLIF) and 
diffuse back-illumination (DBI) at a repetition rate of 10 kHz. Particles with gas-phase activity show a decreased 
normalized OH signal intensity during combustion. A dependency of the dimensionless flame radius on the 
particle size is found which can be linked to the faster heating and pyrolysis of smaller particles compared to 
large particles and agglomerations. Eventually, the interaction with an external premixed flame and the sub
sequent extinction of self-sustaining flames of polymer sticks is investigated using OH-PLIF in an adapted hor
izontal burning test suited for the application of optical diagnostics. This approach allows to link the findings of 
investigations encompassing multiple scales, resulting in a thorough understanding of both polymer chemistry 
and combustion dynamics in flame retarded polymers.   

1. Introduction 

Polymer components have replaced metals in many industrial sectors 
and can be found in almost all areas of daily life. A crucial disadvantage 
of polymers, however, is their high flammability, which can be reduced 
by effective and tailor-made flame retardant additives. Particularly with 
regard to the use of polymers in safety-critical applications, research on 
innovative flame retardant concepts is necessary [1]. 

Flame retardants are classified based on their modes of action. These 
include, for example, condensed-phase active flame retardants, which 

inhibit pyrolysis by promotion of charring, intumescence, formation of a 
protective barrier, and gas-phase active flame retardants, which ther
mally decompose into radicals in order to prevent radical chain re
actions in the reaction zone of the flame [2–5]. In addition, 
endothermically decomposing flame retardants such as aluminum tri
hydrate (ATH) remove heat from the reaction zone and thus indirectly 
influence flame stabilization [6–8]. The mode of action of flame re
tardants is also a result of the complex interaction of the flame retardant 
and the polymer matrix and thus dependent on the polymer matrix used 
[9–11]. 
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Studies of the inhibition effect of gas-phase active flame retardants 
are usually performed in laminar canonical hydrocarbon flames without 
pyrolyzing polymers. Experimental investigations of flame retardants 
added to flames in generic configurations include spherically expanding 
flames [12], premixed flames (flat flames [13–15] and flames in a 
side-wall quenching arrangement [16]), co-flow diffusion flames [17, 
18] and opposed-jet (i.e. counterflow) flames [19–23]. Beyond, studies 
in a shock tube have been performed to investigate ignition delay times 
of dimethyl methylphosphonate (DMMP) added to mixtures of different 
simple hydrocarbons and oxygen [24]. Additionally, complementing 
numerical studies are reported in the literature to investigate the effects 
of flame retardants on the inhibition of various flame configurations [14, 
16,25–28] and on the thermal decomposition properties. For instance, 
Coimbra et al. developed a reaction mechanism for the pyrolysis of 
polyethylene blended with ammonium polyphosphate including a 
model of the pyrolysis process and compared their results to experi
mental data [29]. When comparing different burner setups, it could be 
observed that the effectiveness of gas-phase active flame retardant ad
ditives is highly dependent on the flame type used, further emphasizing 
the need for a wide range of studies in both various canonical and more 
complex burner configurations [18]. Apart from canonical in
vestigations of hydrocarbon flames, in situ studies of the combustion of 
flame retarded polymers are necessary [30] as the pyrolysis and com
bustion is strongly influenced by the polymer itself including studies of 
burning flame retarded particles [31], slabs [32] and cylindrical speci
mens [33] (also in microgravity [34]). 

An investigation of the efficacy of a flame retardant is possible with a 
variety of diagnostic methods, which, however, differ greatly from each 
other, especially in the aspects of closeness to a realistic fire case and the 
quantity and precision of the measured parameters. In the following, we 
will briefly introduce the experimental methods used in the literature, 
limiting ourselves to the diagnostics of the gas phase of the burning 
polymer. 

In the chemical analysis of flame retardants, an investigation of the 
components of the flame retardant decomposed by pyrolysis is common. 
The most commonly used method is the thermogravimetric analysis 
coupled with Fourier transform infrared spectrometry (TG-FTIR). 
Further complementary methods used for decomposition analysis 
encompass thermodesorption mass spectrometry (TDMS), thermogra
vimetric analysis coupled with mass spectrometry (TG-MS) and pyrol
ysis gas chromatography with mass spectrometry coupling (Py-GCMS). 
These involve subjecting a sample to a defined temperature increase, 
typically in the range of 10 K/min. While these methods provide a 
detailed knowledge of the chemical species formed with respect to the 
decomposition temperature, the heating rate is much lower than in 
realistic fire tests [35–37]. 

In addition to chemical analyses of the decomposition products of the 
flame retardant, an investigation of the physicochemical phenomena 
occurring in the reaction zone during the actual combustion of the 
polymer is helpful. Here, the measurement of chemically active radicals 
is primarily used to assess the inhibition efficacy of the flame retardant. 
Such diagnostic methods include molecular beam mass spectrometry 
(MBMS), vacuum ultraviolet photoionization (VUV), chem
iluminescence, and laser-induced fluorescence (LIF) of selected radicals 
[19–22,31,33,38–40]. Optical methods such as LIF have the advantage 
of not distorting the processes occurring in the reaction zone due to their 
minimally invasive nature. In this regard, quantitative laser-induced 
fluorescence of the OH radical (OH-LIF) has been used in the past for 
the study of gaseous inhibitors in gas flames, where the addition of 
phosphorus-containing flame retardants and halons has demonstrated a 
reduced OH radical concentration in the flame as an indication of flame 
poisoning [19–22]. In recent studies, Lau et al. investigated the pyrolysis 
process of diethylphosphinate (AlPi) in ultra-high molecular weight 
polyethylene (UHMWPE). The pyrolysis behavior of the flame retardant 
and the released phosphorus-containing decomposition products were 
monitored by MBMS considering the released decomposition products in 

the gas phase decoupled to the fire behavior. In a more recent study, the 
combustion behavior regarding thermal and chemical structures of 
diffusion flames was investigated for AlPi in UHMWPE by using differ
ential mass-spectrometric thermal analysis (DMSTA) [40,41]. 

Furthermore, the application of planar OH-LIF of a flame retarded 
polymer was presented in an earlier work of the authors, where par
ticulate PP samples were introduced into a laminar flat flame burner and 
ignited under known ambient conditions [31]. Using high-speed 
OH-PLIF at a repetition rate of 10 kHz, individual particles could be 
tracked during ignition and combustion, and the OH fluorescence in
tensity normalized to the background of the flat flame flue gasses was 
compared between neat PP and PP with the gas-phase active flame 
retardant pentaerythritol spirobis(methylphosphonate) (PSMP). The 
flame retarded particles showed an intensity reduction of the fluores
cence signal as well as an increase in the flame radius compared to neat 
PP. This study revealed the high research potential regarding more 
detailed clarification of flame retardant modes of action and the ongoing 
processes in the gas phase. 

The present work supplements our previous study including OH-PLIF 
measurements of PP samples with three additional flame retardants of 
different modes of action and uses an adapted diagnostic setup for this 
purpose, which functions as a multi-parameter measurement system. A 
laser scanner is used to increase the number of particles centrally hit by 
the UV laser sheet in order to increase the statistical significance. In 
addition, the particle size is measured simultaneously by diffuse back- 
illumination (DBI) to generate size-selective statistics, improving the 
comparability of different samples. In total, four different flame re
tardants are mixed in PP with a fixed concentration of 10 wt% to 
maintain the identical amount of combustible polymer. The flame re
tardants were selected for their different fire behavior and thus their 
mode of action. PSMP and DEPZn are described in the literature as 
predominantly gas-phase active flame retardants in different polymers 
releasing phosphorus-containing radicals in the gas phase [31,42]. In 
comparison, ATH and APP are predominant condensed-phase active 
flame retardants promoting char formation by the reaction to aluminum 
oxide or polyphosphoric acid while releasing water vapor or ammonia in 
the gas phase. All selected flame retardants are suitable for the usage in 
PP but are commonly used in flame retardant formulations together with 
other flame retardants, partially in higher amounts than 10 wt%. 
Although one-component flame retardant formulations are not very 
effective in flame inhibition, they are suitable for investigating the in
fluence of the single flame retardant on the combustion process of the 
polymer matrix [6,7,43–48]. 

2. Materials 

PP (Moplen HP 500 N) was provided by LyondellBasell, the 
Netherlands. PSMP was provided by Thor, Germany. APP was provided 
by Budenheim, Germany. ATH was provided by Nabaltec, Germany. 
DEPZn was provided by Clariant, Germany. 

In the present study, PP particles are investigated which have been 
additivated with a total of 4 different flame retardants at a level of 10 wt 
%. Structures of the flame retardants are shown in Fig. 1. 

Fig. 1. Structures of used flame retardants in this study.  
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3. Methods 

3.1. Sample preparation and chemical decomposition analysis 

The flame retarded PP composites contain 10 wt% of the respective 
flame retardant and were compounded on a co-rotating twin-screw 
extruder (Thermo Fisher Scientific Process 11; screw diameter: 11 mm) 
with a screw rotation speed of 150 rpm. The first temperature zone was 
set to 210 ◦C, while the temperature zones 2–7 and the die temperature 
were stabilized at 220 ◦C. The polymer melt was cooled with a water 
bath and pelletized in a pelletizing system (VariCut Granulator). To 
prepare polymer particles, the pelletized polymer was ground several 
times with a centrifugal mill (Retzsch ZM 200) and separated by size 
(openings: 100 and 150 µm) using a vibratory sieve shaker. 

The thermogravimetric analysis coupled to FTIR was performed on 
STA449 F3 (Netzsch Instruments, Selb, Germany) and ALPHA FTIR 
(Bruker Optics, Ettlingen, Germany) in nitrogen atmosphere (gas flow: 
80 ml/min) with a constant heating rate of 10 K/min in a temperature 
range of 25–700 ◦C. The temperature at which 1 wt% of the sample is 
released in the gas phase was determined (T1%). 30 mg of powdered 
samples were used. Cone calorimeter tests were performed according to 
ISO 5660 with a heat flux of 35 kW/m2 (Cone Calorimeter Pro, Wazau). 
The samples were obtained by hot pressing (300E Collin) at 200 ◦C and 
5 bar for 5 min with a sample size of 100 × 100 × 3 mm3. All samples 
were tested in triplicate. The interaction with a premixed Bunsen flame 
was conducted with specimens of size 70 × 10 × 4 mm3. 

3.2. Laser-optical multi-parameter combustion diagnostics 

The laser-optical combustion experiments were carried out within 
two experimental setups at TU Darmstadt, which are both displayed in 
Fig. 2. The combustion of polymer particles at high heating rates is 
studied in a laminar flat flame burner shown in Fig. 2(a,c), while the 
interaction of a premixed methane flame with a horizontally aligned 
stick-shaped polymer specimen is investigated in a custom-built flame 

interaction test stand as shown in Fig. 2(b,d). Both facilities were 
designed to allow the use of optical diagnostics including laser-based 
measurements. 

3.2.1. Particle combustion studies in a laminar flow reactor 
The laminar flat flame burner allows the injection of particles 

through a fully premixed methane flame such that particle ignition in a 
hot exhaust atmosphere of about 1800 K enriched with a defined 
amount of oxygen is achieved. The premixed flame is stabilized approx. 
2 mm above a ceramic honeycomb. The test rig environment has been 
previously used to study the particle combustion of coal [49–53] and PP 
particles additivated with PSMP [31] and has been extensively docu
mented in the literature. In the present work, equivalent to [31], an 
exhaust gas atmosphere enriched with 10 vol% of oxygen was set, into 
which PP particles were injected. 

Fig. 2(a) displays the experimental setup of the laser optical multi- 
parameter measurement. Here, two measurement techniques, planar 
laser-induced fluorescence of the OH radical (OH-PLIF) and diffuse 
back-illumination (DBI) were combined. 

To visualize the reaction zones around burning polymer particles, a 
dye laser operated with rhodamine 6G and pumped by a Nd:YAG laser 
was tuned to a wavelength of 283.01 nm such that the Q1(6) line of the 
A2Σ+ ← X2Π system (ν′ = 1 ← ν′ ′ = 0) of the OH radical was excited. The 
laser was operated at a repetition rate of 10 kHz with an average pulse 
energy of 0.4 mJ. For an accurate measurement of the radial evolution of 
the spherical flame around a polymer particle, the laser sheet must hit 
the particle centrally, as shown in Fig. 3(a) by the shadow cast by the 
laser light on the particle’s left side. To increase the probability of such a 
hit and thus increase the number of available individual measurements 
for statistical evaluation, an acousto-optic deflector was inserted into the 
beam path of the dye laser in analogy to [52,53], with the aid of which 
10 scans were performed in the depth direction. The laser light section 
thickness was approximately 130 µm (full width half maximum). The 
OH-LIF signal was detected as in [31] by means of a high-speed camera 
equipped with an image intensifier. Here, a pixel resolution of 30.3 

Fig. 2. Experimental setup of the laser-optical combustion diagnostics. (a) Particle combustion experiments in a laminar flow reactor. (b) Flame interaction test 
stand. (c) Color photograph of particle streaks of combusting flame retarded PP particles. (d) Color photographs of the flame interaction test stand including images 
of the premixed methane flame with and without an interacting polymer specimen. 
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µm/px was achieved with a field of view of 23.2 × 23.2 mm2. 
Simultaneously with the OH-PLIF system, a DBI system detected 

high-resolution images of the particles as exemplified in Fig. 3(b). Here, 
an LED pulsed at 10 kHz repetition rate was arranged 17◦ offset from the 
OH-PLIF detection axis with an opposite high-speed camera capturing 
the DBI images. The pixel resolution of the system was 5.2 µm/px with a 
field of view of 9.9 × 7.0 mm2, which was centrally positioned at the 
upper edge of the OH-LIF field of view. 

To ensure that a large field of view could be covered by both camera 
systems, the burner was traversed in height in steps of 8 mm to a total of 
4 different fields of view, so that the range from the particles leaving the 
injection tube at z = 0 mm to the fully developed spherical flame at 
approximately z = 35 mm could be covered with sufficient overlap of the 
individual measurements. 

From both measurements, several simultaneously recorded param
eters can be extracted, facilitating the calculation of conditioned sta
tistics as is shown in Fig. 3. From the OH-PLIF measurements, the 
maximum normalized OH signal in the flame Imax,OH and the radius at 
which this maximum signal occurs rmax,OH were determined. For each 
frame, the fluorescence signal was normalized to the background in
tensity of the hot flat flame exhaust gasses on the side of the image facing 
the laser in analogy to [31] in order to enable comparisons between 
individual images. Since both the temperature and OH concentration of 
the flat flame exhaust are minimally affected by particle combustion, 
this assumption is justified [49]. 

From the DBI images, the circle-equivalent radius of the projected 
image rp (or diameter dp) were measured simultaneously, which is 
schematically shown in Fig. 3(b). The combination of both measurement 
techniques thus allows the selective observation of certain parameter 
effects, which is only possible by simultaneous measurements of all 
relevant parameters and their subsequent statistical evaluation. This 
methodology will be demonstrated by selectively linking properties of 
the volatile flame to the particle size. 

3.2.2. External flame interaction test stand 
To replicate a fire scenario in which a flame retarded polymer 

component of representative size is exposed to an external source of 
heat, we further extend our investigation to a second test environment in 
which we analyze the combustion of polymer sticks using optical com
bustion diagnostics. Flame retarded specimens usually undergo a stan
dardized testing procedure such as the horizontal or vertical burning test 
specified in the UL94 plastics flammability standard, whereas the ver
tical test setup of the UL94 burning test is of greater importance [54]. 
However, these tests are not designed for the use of laser-based optical 
diagnostics and have to be adapted. Consequently, we have designed a 

novel flame interaction test stand inspired by the horizontal burning test 
(HB) in which a premixed Bunsen flame heats up a polymer specimen of 
defined dimensions. 

Even though realistic fire scenarios of burning polymers are char
acterized by diffusion flames, the stabilization of a laminar premixed 
flame at a fixed equivalence ratio represents a highly repeatable setup 
with a temporally and spatially stable flame front which simplifies a 
comparison between different polymer specimens. As explained in the 
introduction, the study of flame retardants and their inhibition effec
tiveness is highly dependent on the used burner and flame setup [18]. 
This reasoning is especially important for combustion studies of flame 
retarded polymer specimens in contrast to doped canonical hydrocarbon 
flames, as the level of complexity is further increased. In this case, 
premixed flames show higher flue gas temperatures, influencing the 
thermal decomposition of the flame retarded polymer and hence the 
inhibition processes both in the gas phase as well as the formation of 
char layers in the condensed phase. 

Fig. 2(b) schematically displays the setup of both the flame inter
action test stand and the optical diagnostics systems. The polymer 
specimen is placed on top of a thermal insulation plate (made from 
Kelutherm 800 M, thermal conductivity of 0.26 W/mK) which is put on 
top of a fireproof calcium silicate (CS) plate. The first insulation plate 
also serves as an easily cleanable base from which molten plastic can be 
removed without residue after the combustion tests. All insulation plates 
are fit into a custom-built aluminum enclosure and can be exchanged for 
mounted calibration plates for the determination of the pixel to real- 
world coordinate conversion of the camera systems. 

The external flame is stabilized on the chamfered tip of a stainless- 
steel pipe with an inner diameter of 4 mm fed by separate mass flow 
controllers (MFC, Bronkhorst EL-Flow) for methane (CH4) and air at an 
equivalence ratio of 1.6. The flame provides a thermal output power of 
79.4 W calculated using the lower heating value of CH4, where the 
volume flow of methane is 0.145 l/min and the volume flow of air is 
0.858 l/min. After exiting the MFCs, the premixed gasses are led through 
a directional control valve (DCV), which guides the mass flow either to 
the flame tube (solenoid active) or the exhaust (solenoid inactive). The 
flame can be ignited remotely using an automotive-grade ignition coil 
(IC, Mercedes-Benz) connected to copper wires serving as electrodes. 
Both the DCV and the IC are controlled by a FPGA controller (National 
Instruments CompactRIO) running a custom software compilation 
controlled through LabVIEW. This configuration allows the experi
mentalist to ignite and extinguish the flame at pre-defined points in time 
with a high temporal accuracy (down to 25 ns given by the clock speed 
of the FPGA chip) and simultaneously provides the trigger signals for the 
diagnostics systems. While the ignition spark is initiated only a few 

Fig. 3. Multi-parameter measurement of an exemplary PP particle in the laminar flow reactor. (a) OH-PLIF signal of a burning PP particle normalized to the 
background. The radial evolution of the signal was calculated along the right semicircle to exclude shadowing. (b) Corresponding DBI image with algorithmically 
detected edge of the particle (in red). A circle with the equivalent projection area to derive the circle-equivalent radius rp is highlighted by a dashed green line. 
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microseconds after receiving the trigger signal (checked with an oscil
loscope and a photodiode monitoring the spark), the shutdown of the 
flame using the DCV happens at a lag of approx. 50 ms. This value is 
given by both the time the solenoid requires to shut off after operation 
and the subsequent downstream propagation of the change of the 
ignitable fluid mixture until the external flame is no longer stabilized. 

Similar to the particle combustion experiment, high-speed OH-PLIF 
measurements at a repetition rate of 10 kHz were performed during the 
combustion of the polymer sticks using the same diagnostics setup apart 
from the acousto-optic deflector resulting in a single centrally aligned 
laser sheet across the length axis of the polymer specimen. For the OH- 
PLIF camera, a pixel resolution of 32.3 µm/px was achieved with a field 
of view of 24.8 × 24.8 mm2. The flame tube was fixed in position at an 
angle to the polymer specimens (as shown in Fig. 2(b)) to avoid re
flections of the UV laser sheet. Simultaneously, a high-speed camera 
positioned at the opposite side of the OH-PLIF detection unit recorded 
luminosity images of the burning polymer at a repetition rate of 500 Hz 
with a pixel resolution of 23.8 µm/px resulting in a field of view of 24.4 
× 24.4 mm2 similar in size to the OH-PLIF images. Both cameras were 
centrally pointed at the horizontal midpoint of the polymer specimens. 

The ignition and extinction signals for the external flame and the 
trigger signals of the diagnostics systems were automatically created in a 
pre-defined test procedure, which was controlled by the custom Lab
VIEW program. All specimens were exposed to the external premixed 
flame for 60 s, equal to the time interval between the point of ignition ti 
and the point of extinction te. The test procedure can be summarized as 
follows:  

• t = ti - 5 s: The DCV is switched on to guide the methane-air mixture 
through the flame tube. 

• t = ti: The IC is triggered, resulting in the spark ignition of the pre
mixed flame.  

• t = ti + 55 s = te - 5 s: The HS imaging system is triggered and starts 
recording.  

• t = ti + 59.8 s = te – 0.2 s: The OH-PLIF imaging system is triggered 
and starts recording.  

• t = te = ti + 60 s: The DCV is switched off and the external flame is 
extinguished. 

4. Results and discussion 

4.1. Thermal decomposition of flame-retardant polypropylene 

The neat flame retardants APP, ATH, DEPZn, PSMP and their com
posites in PP (10 wt% flame retardant) were analyzed by using TGA 
coupled to FTIR (Fig. 4 and Table 1). The first derivative of the TGA 
curve (DTG) is plotted in Fig. 4(c) and (d). The flame retarded samples 
and the neat PP were extruded by using a co-rotating twin-screw 
extruder. The amount of all flame retardants was kept at 10 wt% to 
maintain the amount of combustible polymer. Some flame retardants 
require higher amounts to cause a self-extinguishing behavior to PP. 

Fig. 4. Thermogravimetric analysis of neat flame retardants ((a), PSMP, APP, ATH, DEPZn) and their composites in PP ((b), PP, PP + 10 wt% PSMP, PP + 10 wt% 
APP, PP + 10 wt% ATH, PP + 10 wt% DEPZn) with a heating rate of 10 K/min in a nitrogen atmosphere. (c,d) Corresponding DTG curves. 

Table 1 
Thermal properties of APP, ATH, DEPZn, PSMP and their composites (10 wt% 
flame retardant) in PP using a heating rate of 10 K/min in nitrogen atmosphere.  

Composition T1% / ◦C Residue at 600 ◦C / % 

PSMP 301 15 
APP 319 80 
ATH 237 66 
DEPZn 418 35 
PP 378 0 
PP + 10 wt% PSMP 303 1 
PP + 10 wt% APP 342 8 
PP + 10 wt% ATH 297 7 
PP + 10 wt% DEPZn 391 1  
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Different amounts of flame retardants result in different amounts of 
combustible polymer. A decreased fuel concentration in the gas phase 
can be induced by a flame retardant effect and the amount of used flame 
retardant. To overcome this problem, a total level of 10 wt% flame 
retardant was used [31]. Initially, the TGA curves are analyzed and 
subsequently the FTIR results from the decomposition products are 
discussed. The neat flame retardants show an increasing residue at 
600 ◦C in the following order: 

PSMP < DEPZn < ATH < APP. 
Although the flame retardants are decomposing in a temperature 

range of 237–418 ◦C, they are used in PP [44,55–57]. The flame re
tardants have been selected for their reported different mode of action to 
analyze their impact on hydroxy radical concentration. The relatively 
high residue at 600 ◦C for APP (80%) and ATH (66%) indicates a low 
volatility of the flame retardants. In comparison, PSMP results in a 
relatively low residue at 600 ◦C with 15% indicating a high volatility, 
which is related to predominantely gas-phase activity [31]. The residue 
of DEPZn is about 35%. The 10 wt% polymer composites of the flame 
retardants in PP result in a similar trend: 10 wt% APP and ATH in PP 
effect a residue of 8 and 7% at 600 ◦C, whereas DEPZn and PSMP effect 
1% residue in PP at 600 ◦C. The T1% of PP is reduced by all flame re
tardants but DEPZn which is caused by the high thermostability of neat 
DEPZn. ATH affects the T1% of PP the most with 297 ◦C which is due to 
the relatively low thermostability of the neat flame retardant in com
parison to PSMP, APP and DEPZn. The decomposition of PP + 10 wt% 
ATH and PP + 10 wt% PSMP takes place in a two-step process, which is 
also visible in the corresponding DTG curves (Fig. 4(d)). In the case of 
PP + 10 wt% ATH, the weight loss in the first decomposition step 
comprises about 4 wt% rising to 7 wt% at 600 ◦C corresponding to the 
calculated residue without an interaction between the flame retardant 
and the polymer matrix. The first decomposition step of PP + 10 wt% 
PSMP comprises of approximately 10 wt% corresponding to the amount 
of flame retardant used. This indicates no interaction between the flame 
retardant PSMP and the polymer matrix during the decomposition 

process due to almost complete evaporation of the flame retardant out of 
the PP matrix. 

All neat flame retardants, the neat PP and the melt extruded flame 
retarded PP compounds were analyzed by TGA-FTIR. A thermal analysis 
coupled to FTIR allows the monitoring of released substances depending 
on temperature by integrating the characteristic absorption bands. The 
Gram-Schmidt plot as well as the TGA curve are included in every graph 
of Figs. 5 and 6. The Gram-Schmidt curve represents the total FTIR 
absorbance intensity of volatile substances during a TGA-FTIR mea
surement. In contrast to that, the DTG curve quantifies the mass loss rate 
of a sample. The TGA-FTIR analysis of the neat flame retardants in a 
nitrogen atmosphere and a heating rate of 10 K/min are shown in Fig. 5. 
The pyrolysis behavior of PSMP was investigated in detail in Gesch
windner et al. [31] using a different device for analysis. Aldehydes and 
water are characteristic decomposition products released in a one-step 
degradation at 390 and 385 ◦C peak temperatures. 

Regarding APP, the main decomposition product is ammonia (NH3), 
which is released in two steps at about 380 and 450 ◦C. Bands at 
933–927 cm− 1, 968–959 cm− 1, 1634–1616 cm− 1 as well as 3338–3330 
cm− 1 correspond to N-H stretching and deformation vibrations. A full 
list of peak temperatures of all detected decomposition substances is 
listed in the Supporting Information in Table S1. The two decomposition 
steps are clearly visible by looking at the release curve of NH3, but this is 
not the case for TGA or Gram-Schmidt curves of APP. According to 
literature, APP releases water in a third step during its decomposition 
[46] with a peak temperature of about 660 ◦C, where crosslinking to 
P-O-P structures (ultraphosphate) [45,47] takes place. 

ATH releases water during an endothermic dehydration process, 
whereas aluminum oxide remains in the condensed phase acting as a 
barrier for mass and heat transfer. The water release reaches its 
maximum at 305 ◦C [47]. 

The pyrolysis of DEPZn results in the release of ethane and phos
phinic acid with a maximum at 475 ◦C. Phosphinic acid (H3PO2) reacts 
to phosphine and phosphoric acid when heated up. Using MBMS, Lau 

Fig. 5. TGA-FTIR of neat flame retardants in a temperature range of 25–600 ◦C and a heating rate of 10 K/min in a nitrogen atmosphere.  
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et al. proved the formation of phosphinic acid and phosphine (PH3) as 
decomposition products of AlPi, the alumina derivate of DEPZn [40,41]. 
Phosphine and ethane (C2H6) are flammable gasses which may not 
compensate the flame retardant performance of DEPZn, otherwise it 
would not show a flame retardant effect for engineering plastics. 
Compared to the other used flame retardants, the pyrolysis products of 
DEPZn and PSMP contain a high amount of volatile substances resulting 
in low residues of 35 and 15% at 600 ◦C indicating a gas-phase activity. 

The TGA-FTIR results of neat PP and the flame retardant polymer 
composites are depicted in Fig. 6. PP (Fig. 6(a)) decomposes in a one- 
step process in nitrogen atmosphere characterized by typical alkene 
absorption bands: 2986–2950 cm− 1, 2944–2904 cm− 1, 1672–1628 
cm− 1, 1481–1435 cm− 1, 1394–1366 cm− 1 and 915–873 cm− 1. The in
tegrated alkene absorption bands are not shown for the flame retarded 
polymer composites for clarity. 

The pyrolysis of 10 wt% PSMP in PP is discussed in detail in 
Geschwindner et al. [31]. A characteristic aldehyde structure is released 
during the pyrolysis of PSMP, which cannot be identified by TGA-FTIR 
results. APP in PP (Fig. 6(c)) results in a slightly delayed release of the 
decomposition products of PP and APP. NH3 as the main decomposition 
product in the gas phase of APP pyrolysis is released in neat APP at a 
peak temperature of 381 ◦C, whereas the release in PP takes place at a 
peak temperature of 473–496 ◦C. The release of alkene-containing 
structures is affected by the decomposition of APP resulting in 10 ◦C 
higher peak temperatures. The remaining residue of 8 wt% at 600 ◦C 

corresponds to approximately 80 wt% of the initial APP mass and is 
equivalent to the expected residue at 600 ◦C for neat APP pyrolysis. 

The polymer composite of PP and 10 wt% of ATH (Fig. 6(d)) de
composes in two steps at 311 and 488 ◦C. The first decomposition step at 
311 ◦C mainly corresponds to water release by ATH going along with a 
mass loss of 3.5 wt%. This temperature maximum is in accordance to the 
pyrolysis behavior of neat ATH with a temperature maximum of 305 ◦C 
regarding water release. The release of alkene structures also shows a 
flat rise in this temperature range which can be observed in the ab
sorption band 2986–2950 cm-1. The temperature maxima of the alkene 
species in PP + 10 wt% ATH are in a temperature range of 487–494 ◦C 
and significantly higher compared to neat PP with 445–464 ◦C. The 
decomposition of ATH to aluminum oxide (Al2O3) acting as a barrier 
[48] for fuel, oxygen and heat might inhibit the release of gaseous 
substances from the condensed phase in the gas phase resulting in a 
delayed release of alkene substances. The residue of 7 wt% at 600 ◦C for 
10 wt% ATH in PP corresponds to 80 wt% residue of neat ATH after 
pyrolysis indicating a low volatility of ATH in PP. 

A significant delay in the pyrolysis process regarding the tempera
ture maxima (461 and 588 ◦C) can be observed for PP + 10 wt% DEPZn 
(Fig. 6(e)). A pronounced two-step decomposition process is indicated in 
the Gram-Schmidt-curve and the corresponding DTG curve, whereas the 
second decomposition step is not finished at 600 ◦C, although the res
idue at 600 ◦C is 1 wt%. The two-step degradation process in the Gram- 
Schmidt curve and the corresponding DTG curve results from the 

Fig. 6. TGA-FTIR of flame retardants in PP in a temperature range of 25–600 ◦C and a heating rate of 10 K/min in a nitrogen atmosphere.  
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decomposition of the polymer composite in the first step and the 
decomposition of the residue to CO2, CO and water in the second step. 
The residue at 600 ◦C also indicates a high volatility and thus a gas- 
phase activity for DEPZn in PP. As observed for the pyrolysis process 
of neat DEPZn, C2H6 and H3PO2 are the main decomposition products 
detected. Additionally, alkene species show a release in two steps. 

To sum up this section, all flame retardants are releasing character
istic decomposition products in the gas phase during the pyrolysis pro
cess, which can be monitored by TGA-FTIR experiments. The volatility 
of the decomposed flame retardants and flame retarded composites al
lows a rough estimation of an evaporation of the flame retardant or its 
decomposition products in the gas phase acting as a potential flame 
inhibition or dilution agent, although this pyrolysis behavior is inves
tigated decoupled of a realistic fire scenario. To evaluate a possible 
flame retardant effect, the combustion process has to be considered. The 
peak temperatures of the release of characteristic decomposition prod
ucts of the flame retardants are shifted to higher temperatures regarding 
their corresponding flame retarded PP composite, which is induced by 
the interaction of the polymer matrix and the flame retardants during 
the pyrolysis process. 

4.2. Particle combustion in a laminar flat flame burner 

Similar to our previous study [31], the investigation of polymer 
particles in a high heating rate condition provides knowledge about the 
ignition and combustion of flame retarded PP at the microscale. Using an 
improved experimental setup in the current study, a comprehensive 
analysis of the flame retardant effect in such a generic configuration is 
performed. 

Despite previous sieving of the particles with a mesh size of 100–150 
µm, a broadly scattered size distribution between 80 µm and in some 
cases over 300 µm can be seen in the histograms of the DBI particle size 

measurements of all particles centrally hit by the OH laser light sheet in 
Fig. S1. Deviations towards larger particles are particularly noticeable, 
which cannot be caused by the sieving alone. An observation of indi
vidual DBI images reveals that agglomerates of several particles are 
sometimes noticeable. These particles melt when heated in the flat 
flame, adhere to each other and finally fuse to form a “superparticle”. 
Due to the high heating rate, this process occurs relatively fast and is 
completed after a few millimeters of axial movement through the 
laminar flow reactor. 

A statistical comparison of all five sample formulations is influenced 
by their particle size distributions. Therefore, a determination of the 
comparable particles based on the circle-equivalent diameter is 
reasonable if the particles considered in the statistics all have similar 
particle sizes. Intuitively, this can be realized by setting narrow size 
intervals for each formulation, but this is opposed by the desire to have 
as many individual particles per interval as possible to reach statistical 
convergence. Here, this trade-off is solved by defining three size in
tervals with cutoff points dp,min and dp,max such that the total number of 
all particles present in each interval is similar. The detailed optimization 
procedure is explained in Section 2 of the Supporting Information. The 
penalty function shows a global minimum at dp,min = 154 µm and dp,max 
= 188 µm. Consequently, based on this histogram classification, the 
quantities extracted from the OH-PLIF images are compared for small, 
medium, and large particles or agglomerates. 

Fig. 7 shows the maximum normalized OH fluorescence signal Imax, 

OH detected in the particle flame as a function of the particle height 
position z, where Fig. 7(a–c) shows the scatter plots of all individual 
particles and Fig. 7(d–f) shows the corresponding mean values and 
standard deviations at intervals of 4 mm. For all size intervals consid
ered, the overall shape of the curves is similar to each other, with the 
ignition of the particles starting at about z = 5 mm, which is recogniz
able by a strong increase of the normalized OH fluorescence signal 

Fig. 7. Normalized maximum OH-LIF signal intensity Imax,OH as a function of the particle position above the burner head z for all investigated compounds. (a-c) 
Scatter plots of all selected single frames of particles hit centrally by the UV laser sheet. (d-f) Display of mean and standard deviation of Imax,OH of particles binned 
into height intervals of 4 mm. 
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compared to the background. Up to a height of z = 14 mm, the different 
particle compositions deviate only marginally from each other for all 
size distributions. During the ignition phase, no effect of the flame re
tardants can yet be detected due to the high heating rate of the indi
vidual particles, since the dominant effect at this point is the 
decomposition of the polymer matrix and the ignition of the released 
fragments. 

Upon reaching a spherical flame from a height of z = 14 mm, all 
curves flatten slightly until the last measured height at z = 30 mm. 
However, for all particle sizes, the two gas-phase active flame retardant 
additives PSMP and DEPZn branch downward so that a reduction in the 
OH-LIF signal occurring in the flame can be detected. This reduction in 
the fluorescence signal is slightly more pronounced for large particles 
than for smaller particles, which could be due to the larger absolute heat 
capacity of larger particles. Smaller particles reach higher particle 
temperatures more quickly and thus higher pyrolysis rates of the poly
mer matrix, which impedes inhibition of the emerging flame. 

The flame retardant APP, which is usually used as a part of an 
intumescence system with a charring agent providing different modes of 
action like the formation of glassy polyphosphates, flame inhibition and 
enhancing charring, shows no change to neat PP for all size intervals and 
particle height positions, confirming the non-existent gas-phase activity 
of the flame retardant. The curves of ATH as a water-generating flame 
retardant reveal a different behavior. From a height of z = 14 mm on
ward, it can be clearly noticed that the normalized OH-LIF signal is 
higher than that of neat PP. This observation can be interpreted based on 
two considerations: the released water vapor dissociates to some extent 
in the hot exhaust atmosphere of the flat flame to OH radicals, which 
locally increase the fluorescence signal around the particle. On the other 
hand, the endothermic cooling of this release should lead to a reduction 
of the OH signal compared to conventional PP, provided that the tem
perature reduction is sufficiently high. However, the curves of ATH in 

Fig. 7 show that the first effect dominates. This could be partly due to the 
fact that only 10 wt% ATH are present in the polymer samples, which 
results in a low flame retardant effect compared to commercial amounts 
of over 50 wt% of ATH [57–59]. However, a higher concentration of 
ATH would also mean that the concentration of flammable polymer is 
lowered compared to the other flame retarded samples and thus 
comparability would not be given. While, as expected, no gas-phase 
activity is detectable for APP and ATH in the current test setup with 
OH-PLIF, a clear reduction of the fluorescence signal is detectable for the 
two gas-phase active flame retardants PSMP and DEPZn. 

In addition to the intensity of the OH-LIF signal, the spatial extent of 
the spherical envelope flame for different particle size intervals is 
investigated by means of the dimensionless flame radius rmax,OH/rp, 
which is calculated from the radius of the maximum OH-LIF signal rmax, 

OH measured by OH-PLIF and the circle-equivalent radius rp detected by 
DBI. Fig. 8 displays this metric as a function of the height above the 
burner z, with scatter plots of all individual particles shown in Fig. 8 
(a–c) and the associated mean values and standard deviations within 
intervals of 4 mm shown in Fig. 8(d–f). As can be observed, the curves of 
different compositions only differ slightly for each individual size dis
tribution interval. Even for the gas-phase active flame retardants PSMP 
and DEPZn, no significant increase in flame radius can be seen compared 
to neat PP. The flame retardant additive thus only affects the local OH 
intensity for all size intervals considered, but not the dimensionless 
flame distance. All dimensionless flame distances increase with the 
height above the burner, whereas during ignition at a height of about z 
= 5–7 mm values of up to 20 are measurable, which, however, are due to 
the fact that at the beginning of ignition only a slight increase of the OH 
fluorescence signal above the background is detectable. For this reason, 
the position of the local maximum of the OH-LIF signal in the envelope 
flame varies strongly. Accordingly, the average values in Fig. 8(d–f) are 
shown starting from a height of 10 mm. 

Fig. 8. Dimensionless stand-off distance rmax,OH/rp of all compounds and size intervals with respect to the particle position above the burner head z. (a-c) Scatter 
plots of all selected single frames of particles hit centrally by the UV laser sheet. (d-f) Display of mean and standard deviation of rmax,OH/rp of particles binned into 
height intervals of 4 mm. 
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The influence of the particle size can be seen when comparing the 
three size intervals. It is noticeable that the dimensionless flame distance 
for small particles (dp < 154 µm) at each height is 2–3 higher than for 
large particles (dp > 188 µm). Accordingly, smaller particles exhibit a 
larger flame radius relative to the particle radius. This effect has already 
been observed in a similar way for coal particles with a high volatile 
content and discussed in [53]. Here, the dimensionless flame radius was 
also measured by simultaneous OH-PLIF and DBI and a decreasing 
dimensionless stand-off distance for large particles was found. It was 
argued that larger particles experience a slower heating and devolatili
zation rate at the same ambient gas temperature and, accordingly, a 
flame burning closer to the particle is established. This argumentation is 
conclusive with regard to the evolution of the maximum normalized OH 
signal intensity in Fig. 7 since greater differences in the inhibition effi
ciency of the flame retardant can also be observed here for large parti
cles, which can be justified by the reduced devolatilization rate of the 
polymer matrix. 

4.3. Cone calorimetry 

Cone calorimetry was performed on samples with 3 mm thickness. 
The total flame retardant amount was set to 10 wt% for ATH, APP, 
DEPZn and PSMP to correlate the results with OH-LIF measurements, 
although a significant flame retardant effect is not expected for the 
selected flame retardants in this concentration in PP besides the fact that 
only one-component flame retardant systems are investigated in this 
study. The amount of ATH in PP to generate a sufficient peak heat 
release rate (PHRR) reduction is about 60% going along with a signifi
cant decrease of combustible polymer [57–59]. 

The HRR curves and the time-dependent carbon monoxide (CO) 
concentration of the PP samples are shown in Fig. S2 and the corre
sponding results of the cone calorimeter measurements are listed in 
Table S2. The measurements were performed according to ISO 5660 
with a retainer frame, but this prevented a complete combustion of the 
samples due to an overflow of the polymer melt. Problems regarding the 
use of the retainer frame are reported in the literature [60,61]. For flame 
retarded samples containing ATH, PSMP and APP, the time to ignition 
(TTI) is reduced in comparison to neat PP. This phenomenon is a result 
of the lowered decomposition temperature of the samples, which can 
also be observed in the TGA curves in Fig. 4. 10 wt% of ATH, APP and 
DEPZn in PP are not resulting in a sufficient flame retardant effect due to 
the low concentration of the flame retardants and the incomplete com
bustion. This results in higher PHRR for those samples than for neat PP. 
However, PP + 10 wt% ATH shows a sharp increase of the HRR curve, 
which is significantly pronounced in comparison to the other flame 
retarded samples. The initial increase of the HRR is a result of the 
increased OH radical concentration due to water vapor release which 
can also be observed for coal particle combustion with steam under 
oxy-fuel conditions. A relatively low steam content enhances the 
oxidation process of gaseous hydrocarbons accelerating the ignition. 
With increasing steam content, an inhibition effect of water vapor can be 
observed [62]. The same accelerated combustion behavior can be 
observed for a low ATH concentration in PP visible by a sharp HRR 
increase and an increase in OH radical concentration in OH-LIF exper
iments. The addition of 10 wt% of PSMP to PP leads to a reduction of the 
PHRR by 8,5%. All flame retardants lead to a delay of the PHRR. 

The corresponding CO concentration curves depicted in Fig. S2(b) 
show a significantly increased CO concentration for the samples con
taining DEPZn and PSMP. The increase in CO as an incomplete com
bustion product as well as the increase of the total smoke release (TSR) is 
a result of a mode of action in the gas phase. The highest increase of CO 
and TSR can be observed for the flame retardants DEPZn and PSMP, 
indicating a gas-phase activity of the flame retardants. The volatility of 
DEPZn and PSMP in PP is also indicated by TGA measurements resulting 
in a low residue at 600 ◦C in comparison to other tested samples. The 
OH-LIF measurements also pointed out a mode of action in the gas phase 

for the samples containing DEPZn and PSMP by the radical scavenging 
mechanism. 

4.4. Interaction of stick-shaped samples with a premixed methane flame 

While the thermal decomposition analysis discussed in Section 4.1 
was conducted at low heating rates without combustion, particle com
bustion experiments presented in Section 4.2 were performed in an 
environment with very high heating rates [31]. The latter setup espe
cially impedes the assessment of flame retardants with different 
condensed-phase modes of action, as micrometer-sized polymer parti
cles instantly melt, pyrolyze and burn without any available residue. In 
realistic fire scenarios, a heating rate somewhere in between both dis
cussed environments could be present [63], which motivates the vali
dation of our previous experimental findings in an environment similar 
to a standard flammability test. 

As outlined in Section 3.2.2, a custom test stand inspired by the 
standardized horizontal burning test was designed in which the inter
action of stick-shaped polymer specimens with a premixed methane 
flame can be investigated using optical diagnostics such as OH-PLIF and 
high-speed luminosity imaging. A horizontal test setup prevents the 
polymer from melting away from the reaction zone. Methane was cho
sen as the fuel of the external flame as it is the simplest alkane and hence 
should only introduce chemically simple decomposition products 
similar to the molecular structure of PP. As the external flame interacts 
with the central portion of the surface of the polymer specimen instead 
of the edge of the sample, an investigation using OH-PLIF is facilitated 
due to decreased thermo-structural problems of the sample during the 
combustion. Additionally, the repeatability of the investigation is 
improved as the flame interaction region is not dependent on the ge
ometry of the edges but the flat surface of the specimen which is easier to 
control when preparing samples for testing. 

Fig. 9 shows color photographs of the adapted burning test as 
described in Section 3.2.2 at selected times relative to the ignition of the 
external flame. After extinguishment of the external flame, PSMP and 
APP in PP show a relatively fast self-extinguishing behavior (less than 
one second) in comparison to the other used flame retardants. In 
contrast, a self-sustaining flame can be observed for neat PP and DEPZn 
in PP. The combustion of the samples containing ATH in PP showed a 
self-extinguishing behavior before te + 55 s at which instant neat PP and 
DEPZn in PP were externally extinguished. 

DEPZn in PP takes up a special role in this test setup since multiple 
smaller flames emerging from the polymer specimen within the main 
flame volume can be observed (right column in Fig. 9), which might be a 
result of the released combustible gasses found in the TGA-FTIR anal
ysis. Due to the high luminosity of the combustion of samples containing 
DEPZn, a second set of images were taken at an adapted exposure time to 
prevent overexposure of the image sensor. The flames of the 
phosphorus-containing samples (PP + 10 wt% PSMP, PP + 10 wt% APP, 
PP + 10 wt% DEPZn) show a purple to orange hue right after the ignition 
of the external flame. The reason for this change in color of the flame is 
likely caused by the formation of luminous decomposition products of 
the flame retardants. It is unlikely that the orange hue is caused by the 
formation of soot, which is however visible in a bright zone of lumi
nosity downstream of the attached external flame for neat PP and ATH 
in PP after approx. 45 s of interaction with the external methane flame. 
As the samples melt and the devolatilization rate of the polymer speci
mens increases, the formation of polycyclic aromatic hydrocarbons 
(PAH) is favored, which are precursors of soot [64–66]. The spatial 
separation between the blue-colored portion of the flame and the soot 
luminosity further supports this hypothesis in contrast to the purple or 
orange luminosity of the phosphorus-containing samples present in the 
whole region of the flame possibly emerging from decomposition 
products of the flame retardants. It should be noted that recent in
vestigations have shown that phosphorus-containing flame retardants 
promote soot formation, which can cause a reduction of the combustion 
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efficiency of polymers burned in a diffusion flame [67]. Due to the flow 
arrangement and the high temperatures of the premixed flame used in 
this study, further investigations of polymers burning in diffusion flames 
at lower temperatures are necessary to generalize this finding. 

Photographs of the samples before and after the flame interaction 
test procedure are shown in Fig. 10. No significant carbonaceous residue 
can be observed for all tested samples. The addition of flame retardants 
has limited the melt-away process of the polymer sample since the re
gion impacted by the external flame causing melting is significantly 
reduced compared to neat PP. 

In the following, we explore the behavior of the fully developed 
flames of all samples just before and after the extinction of the external 
flame using OH-PLIF. Fig. 11(a-e) displays OH-PLIF images averaged 
over the 200 ms time period just before the extinction of the external 
flame, highlighting the interaction of the CH4 flame with the combusting 
polymer specimen after almost 60 s of interaction. This post-processing 

strategy guarantees a comparability between compounds and experi
ments as shot-to-shot intensity fluctuations of the UV laser are sup
pressed. For reference, Fig. 11(f) shows a mean OH-PLIF image 
computed from the first 200 ms after ignition of the external flame 
which serves as a comparison for all samples at the later stages of flame 
interaction as almost no pyrolysis of the polymer specimen has occurred 
at this stage. Right before the extinction of the external flame, the 
samples containing PP, PP + 10 wt% ATH and PP + 10 wt% APP show a 
relatively large region of increased OH fluorescence signal, whereas the 
addition of phosphorous-containing flame retardants is able to reduce 
the flame volume in this experiment. The extent of the reaction zone is 
significantly reduced for PP + 10 wt% PSMP due to its radical scav
enging effect in the gas phase. In this case, the propagation of the re
action in the downstream direction of the external flame is least 
developed from all samples. In the special case of PP + 10 wt% DEPZn, 
the size of the reaction zone is reduced in comparison to PP, but the 

Fig. 9. Color photographs of the adapted horizontal burning test at various times relative to the point of ignition ti and extinction te of the external premixed 
methane flame. 

Fig. 10. Polymer specimens before and after a 60 s exposure to a premixed CH4 flame. The self-sustaining flames of PP and PP + 10 wt% DEPZn were externally 
extinguished at ti + 115 s. 
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combustion is affected by the additional flames directly emerging from 
the surface of the specimen caused by the released combustible sub
stances resulting in an additional flame source. According to TGA-FTIR 
results, combustible substances like ethane and PH3 might be involved 
in this process. It can be assumed, that the additional flame source is 
significantly affecting the local concentration of the substances also due 
to the additional inertia of the released gasses pushing the flame upward 
as can be observed by the modified flame shape in Fig. 11(e). In line with 
the particle experiments, the highest OH signal intensity was observed 
for PP + 10 wt% ATH. In the gas phase, water as the main product of 
ATH decomposition is not diluting the fuel in the gas phase as expected 
for relatively high amounts of ATH in the polymer matrix (up to 60 wt 
%), but it is decomposing to OH radicals and thus causes an increase of 
the OH signal intensity in the gas phase. This is a result of the relatively 
low concentration of ATH used in this sample showing not a less effec
tive flame retardant but a combustion enhancer. As observed for coal 
particles, a low water steam concentration accelerates the combustion 
until an increased steam content is reached in the gas phase, which can 
be achieved by increasing the ATH amount in the polymer [66]. 

The temporal development of the OH-LIF signal intensity relative to 
the point of extinction of the external flame is illustrated in Fig. 12, 
depicting the transient behavior of extinction or self-sustaining polymer 
flames when no additional source of heat is present anymore. Here, each 
image represents a moving average encompassing a total of 11 frames 
(equal to a time period of 1 ms) such that a qualitative comparison be
tween the compounds at a fairly high temporal resolution is valid. After 
the external flame is switched off, first changes in the flame shape are 
visible at around te + 45 ms, which represents the time period between 
the initiation of the trigger of the directional control valve (te) and the 
point in time at which the reduction of the gas flow through the flame 
tube is visible in the chosen field of view of the OH-PLIF detection sys
tem. As the external flow pushing the flame to the left ceases, the flames 
of most compounds restabilize by moving right and displaying a sym
metrical conical shape. 

For neat PP, this self-sustaining flame above the polymer surface 

gradually expands as the heat released by the combustion is sufficient to 
melt and pyrolyze the stick specimen providing the reaction zone with 
fuel from the polymer decomposition. In contrast, the depicted sample of 
PP + 10 wt% PSMP shows a rapid self-extinguishing behavior with an 
almost entirely vanished reaction zone just 10 ms after the first changes 
in the flame shape are noticeable. Following this, smoke release can be 
observed, which causes a scattering of the UV laser onto the surface of 
the polymer specimen resulting in a luminosity of the polymer surface, 
similar to the bright appearance of particles in the OH-PLIF study in 
Section 4.2. This observation is in accordance with the cone calorimetry 
results presented in Section 4.3, where a significantly increased smoke 
production was noticeable for PP + 10 wt% PSMP as a result of 
incomplete combustion in the gas phase, which is a characteristic 
feature of predominantly gas-phase active flame retardants. For PP + 10 
wt% APP and PP + 10 wt% ATH, conical flames form which however 
start flickering in an oscillatory movement at around te + 100 ms indi
cating that a local fuel deficiency is present in the reaction zones. As the 
heat release locally decreases due to the flickering behavior, a stabili
zation of the flame is increasingly difficult up to the point that the flame 
vanishes entirely. For PP + 10 wt% APP, extinction occurs at around te 
+ 550 ms, while the flickering behavior of the reaction zones of samples 
containing PP + 10 wt% ATH continues for several seconds until com
bustion eventually stops, too. Due to the tendency of both ATH and APP 
to act predominantly in the condensed phase with different modes of 
action like the formation of a protective layer or polyphosphates, a 
significantly reduced pyrolysis rate is likely to be the reason for this 
behavior since – similar to the particle combustion experiments – the 
mode of action in the gas phase is not detectable using OH-PLIF. 

Flames of samples containing PP + 10 wt% DEPZn do not extinguish 
after the interaction with the external flame and form a self-sustaining 
conical reaction zone, which is accompanied by a luminous signal 
right above the surface of the specimen. To test our hypothesis that this 
behavior is caused by gaseous decomposition products released from the 
surface of the polymer sample, we make use of the high luminescence of 
the combustion of these samples and record the combustion with a high- 

Fig. 11. OH-PLIF images of all investigated compounds interacting with a premixed methane flame. (a-e) Mean of the last 200 ms before extinction of the external 
flame after 60 s of flame interaction. (f) Reference image taken 200 ms after ignition (mean image of the subsequent 200 ms) of the external flame. All images are 
intentionally depicted mirrored with regard to the x axis to replicate the same viewing direction as the photographs in Fig. 9. 
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speed camera capturing both the polymer sample and the self-sustaining 
combustion in a similar field of view to the OH-PLIF images. 

Fig. 13(a,b) displays the formation of bubbles within the molten 
polymer sample at a selected instant after extinction of the external 
flame. As these bubbles rise and burst at the surface of the specimen, a 

bright jet of gasses shoots upwards, indicating the formation of 
combustible gasses. However, as the polymer surface is partially char
red, the flammable gasses only escape irregularly from the pulsating 
char surface and possibly after coalescence of several bubbles causing a 
strong momentum upwards as the gaseous products are released. This 

Fig. 12. OH-PLIF time series after extinction of the external methane flame interacting with polymer sticks. A corresponding video file (Vid1_Sticks_Ext
Flame_Extinction) is found in the Supplementary material. 

Fig. 13. Selected frames from high-speed luminosity imaging of a polymer stick containing PP and 10 wt% of DEPZn. (a,b) Formation of bubbles inside the molten 
polymer. (c,d) Release of combustible gasses resulting in a jet-like flame emerging from the surface of the polymer sticks. A corresponding video file (Vid2_
DEPZn_HS_Imaging) is found in the Supplementary material. 
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process is selectively displayed in Fig. 13(c,d) but is occurring 
throughout combustion of the self-sustaining polymer flame. The TGA- 
FTIR results presented in Section 4.1 have shown a release of ethane 
and phosphinic acid, which decomposes to combustible phosphine 
under influence of heat. The jet-like flames caused by this decomposition 
maintain the combustion of the polymer and compete with the flame 
inhibition effect. It is apparent that the use of optical diagnostics and 
imaging provides a straightforward approach to assess the peculiarities 
of the combustion of PP + 10 wt% DEPZn and the other investigated 
flame retardants and extends the available methods for testing flame 
retarded polymers in a meaningful way. 

5. Discussion of the mode of action of flame retardants and 
opportunities thereof 

Even though the combustion of particles with diameters below 200 
µm is not relevant for typical polymer applications, the processes of 
flame inhibition by flame retardants are of high interest regarding the 
processes on the microscale, where OH radicals are involved. The par
ticle combustion experiments provide information about the ignition 
process as well as the early stage of combustion and the combustion with 
a fully developed diffusion flame. The ignition process is not influenced 
significantly by any tested flame retardant, whereas the combustion 
process with a fully developed diffusion flame around the particle is 
affected by the different flame retardants regarding the OH fluorescence 
signal and hence, given that the gas temperature differences are negli
gible, also the OH radical concentration. 

The flame retardants, which are described in the literature as gas- 
phase active like PSMP and DEPZn are capable of scavenging OH radi
cals and thus lower their concentration in the gas phase. PSMP de
composes thermally into, among other components, the gas-phase active 
PO radical, which promotes flame poisoning. Regarding the cone calo
rimetry results, PSMP is a very effective flame retardant in PP, which can 
be attributed to the high phosphorus-content of the flame retardant. 
TGA-FTIR results show that most of the flame retardant decomposition 
products of PSMP are released before the decomposition of the PP matrix 
and are therefore already capable of inhibition in the early phase of 
flame formation [31]. The flame retardant effect of DEPZn is described 
in the literature as a mixture of gas- and condensed-phase activity. The 
release of phosphinic acid (H3PO2) in the gas phase and the formation of 
zinc phosphates takes place. Phosphinic acid decomposes under heat 
exposure into flammable phosphine and phosphorous acid. TGA-FTIR 
detected flammable ethane during the pyrolysis of neat DEPZn. The 
flame retardant effect of phosphorus-containing decomposition prod
ucts are predominating the formation of flammable decomposition 
products, which are visible in the flame color and flame brightness [42]. 
The visible release of gaseous products in PP + 10 wt% DEPZn leads to a 
competition of the flame inhibition effect and the combustion of flam
mable decomposition products in the gas phase. 

ATH and APP which are described as predominantly condensed- 
phase active flame retardants due to the formation of a protective 
layer or polyphosphates are not able to lower the concentration of the 
OH radicals. Due to the low concentration of the flame retardants and 
their use as one-component systems, it is not possible to evaluate the 
flame retardant effect in the condensed phase. This study focuses on the 
processes taking place in the gas phase with special regard to the OH 
radical concentration. APP as sole flame retardant in PP might only 
generate polyphosphate. An intumescent effect was not observed in this 
study, because no charring agent was added. Both flame retardants are 
releasing water or ammonia during the combustion process, which are 
not able to dilute the OH radicals in the gas phase or to affect the 
combustion process in the gas phase due to a flame retardant effect. Of 
course, both flame retardants are used in lower concentrations than 
requested in PP, but even at this concentration no effect in the gas phase 
regarding the reduction of the OH radical concentration is visible. 
However, the addition of ATH leads to an increase in OH radical 

concentration. During the decomposition of ATH water is released in the 
gas phase, which is not diluting the gas phase but the water itself is 
decomposing into hydrogen and OH radicals in the flame zone and thus 
increasing the OH radical concentration. The amount of ATH was too 
low to generate the dilution effect of the water vapor showing an 
antagonistic effect of ATH in PP in low concentration. This experiment 
also shows that released water vapor has no flame retardant effect in the 
gas phase at low ATH loadings [57]. The addition of APP has no effect on 
the OH radical concentration like neat PP, which shows that APP as a 
one-component flame retardant system releases no gas-phase active 
decomposition products. The release of ammonia has also no effect on 
the OH radical concentration which indicates that under the tested 
conditions, the condensed-phase activity forming polyphosphoric acid 
promoting a dense char layer is the predominant process in fire 
retardancy. At higher loadings of APP, the released ammonia is expected 
to show a dilution effect similar to water vapor at higher concentrations. 

The results regarding the burning behavior of polymer particles and 
sticks are comparable with respect to the main aspects like the ability to 
affect the OH-radical concentration. Thus, the mode of action of the 
investigated flame retardants remains similar for microscale and 
macroscale samples. 

6. Conclusions 

The combustion of flame retarded PP containing 10 wt% of flame 
retardants (PSMP, APP, ATH, DEPZn) with different modes of action was 
investigated in detail regarding the gas phase. The characteristic 
decomposition products of the flame retardants were identified by TGA- 
FTIR. The mode of action of the flame retardants in the gas phase was 
analyzed using cone calorimetry and OH-PLIF enabling a categorization 
of the effectivity in the gas phase regarding CO production and flame 
inhibition by monitoring the OH fluorescence signal. The OH-PLIF ex
periments were performed with micrometer-sized particles and bulk 
polymer sticks. Although different effects can be observed during the 
combustion of both samples, the main effect on the flame inhibition 
monitored using the local OH-PLIF signal intensity is similar for both 
sample geometries: the flame retardant PSMP showed the most signifi
cant decrease of the OH-LIF signal in the gas phase of all investigated 
flame retardants. A peculiar combustion behavior was observed for the 
flame retardants ATH and DEPZn in PP: a 10 wt% concentration of ATH 
resulted in an increase of the detected OH signal intensity in the gas 
phase due to the released water decomposing into OH radicals and 
maintaining the combustion due to a low water steam concentration 
which is not sufficient to provide a cooling effect in the gas phase. Even 
though DEPZn decomposition products contain combustible gasses 
resulting in clearly observable jet-like flames, the flame inhibition effect 
in the gas phase is detectable during the combustion of PP particles 
including DEPZn. The use of OH-PLIF in the external flame test stand 
enabled a detailed investigation of combustion processes including the 
change in flame topology revealing and enabling access to processes and 
interactions of the flame retardants during ignition and combustion. 
Hence, the unique combination of measurement techniques utilized in 
this work demonstrates how a comprehensive understanding of the 
combustion of flame retarded polymers can be achieved. 
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Experimental and numerical investigation of the gas-phase effectiveness of 
phosphorus compounds, Fire Mater. 40 (5) (2016) 683–696. 

[19] N. Vora, N.M. Laurandeau, Analysis of CF 3 Br flame suppression activity using 
quantitative laser-induced fluorescence measurements of the hydroxyl radical, 
Combust. Sci. Technol. 166 (1) (2001) 15–39. 

[20] N. Vora, J.E. Siow, N.M. Laurandeau, Chemical scavenging activity of gaseous 
suppressants by using laser-induced fluorescence measurements of hydroxyl, 
Combust. Flame 126 (1–2) (2001) 1393–1401. 

[21] J.E. Siow, N.M. Laurandeau, Flame inhibition activity of phosphorus-containing 
compounds using laser-induced fluorescence measurements of hydroxyl, Combust. 
Flame 136 (1–2) (2004) 16–24. 

[22] M. MacDonald, F. Gouldin, E. Fisher, Temperature dependence of phosphorus- 
based flame inhibition, Combust. Flame 124 (4) (2001) 668–683. 

[23] M.A. MacDonald, T.M. Jayaweera, E.M. Fisher, F.C. Gouldin, Inhibition of 
nonpremixed flames by phosphorus-containing compounds, Combust. Flame 116 
(1–2) (1999) 166–176. 

[24] O. Mathieu, W.D. Kulatilaka, E.L. Petersen, Experimental and modeling study on 
the effects of dimethyl methylphosphonate (DMMP) addition on H2, CH4, and 
C2H4 ignition, Combust. Flame 191 (2018) 320–334. 

[25] V.I. Babushok, G.T. Linteris, V.R. Katta, F. Takahashi, Influence of hydrocarbon 
moiety of DMMP on flame propagation in lean mixtures, Combust. Flame 171 
(2016). 

[26] T.M. Jayaweera, C.F. Melius, W.J. Pitz, C.K. Westbrook, O.P. Korobeinichev, V. 
M. Shvartsberg, et al., Flame inhibition by phosphorus-containing compounds over 
a range of equivalence ratios, Combust. Flame 140 (1–2) (2005) 103–115. 

[27] F. Takahashi, V. Katta, G. Linteris, V Babushok, K Harada, K Himoto, K Matsuyama, 
Y Nakamura, K Wakatsuki, Numerical simulations of gas-phase interactions of 
phosphorus-containing compounds with cup-burner flames. Fire Science and 
Technology 2015: The Proceedings of 10th Asia-Oceania Symposium on Fire 
Science and Technology, 1st ed., Springer Singapore; Imprint: Springer, Singapore, 
2017, pp. 751–758. 

[28] F. Takahashi, V.R. Katta, G.T. Linteris, V.I. Babushok, Numerical study of gas-phase 
interactions of phosphorus compounds with co-flow diffusion flames, in: 
Proceedings of the Combustion Institute. International Symposium on Combustion 
37, 2019. 

[29] A. Coimbra, J. Sarazin, S. Bourbigot, G. Legros, J.-.L. Consalvi, A semi-global 
reaction mechanism for the thermal decomposition of low-density polyethylene 
blended with ammonium polyphosphate and pentaerythritol, Fire Saf. J. 133 
(2022), 103649. 

[30] O. Korobeinichev, A. Shmakov, A. Paletsky, S. Trubachev, A. Shaklein, A. Karpov, 
et al., Mechanisms of the action of fire-retardants on reducing the flammability of 
certain classes of polymers and glass-reinforced plastics based on the study of their 
combustion, Polymers 14 (21) (2022) (Basel). 

[31] C. Geschwindner, D. Goedderz, T. Li, J. Köser, C. Fasel, R. Riedel, et al., 
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[50] J. Köser, T. Li, N. Vorobiev, A. Dreizler, M. Schiemann, B. Böhm, Multi-parameter 
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1 Chemical decomposition analysis 

Table S1 provides detailed information on the TGA-FTIR traces in addition to Figure 4 in the original manuscript. 

 

Table S1. Peak temperatures of the traces detected by TGA-FTIR (nitrogen atmosphere, heating rate of 10 K/min). 

Trace Tpeak,1 / °C Tpeak,2 / °C 

PSMP 

H2O 1763-1694 cm-1 385,89  

Aldehyde 2836-2699 cm-1 390,89  

Aldehyde 1735-1694 cm-1 393,39  
Aldehyde 958-882 cm-1 390,89 598,39 

CH2O 2838-2794 cm-1 390,89  

CH2O 1798-1760 cm-1 388,39  
CH2O 940-925 cm-1 393,39  

-COOH 1736-1693 cm-1 393,39  
Gram Schmidt 385,89 560,89 

APP 

NH3 3338-3330 cm-1 379,22 446,72 

NH3 1634-1616 cm-1 384,35 441,70 
NH3 968-959 cm-1 381,72 451,72 

NH3 933-927 cm-1 381,72 451,72 

Gram Schmidt 506,70  

ATH 

H2O 3759-3731 cm-1 304,16  

H2O 1763-1694 cm-1 304,16  
H2O 1564-1505 cm-1 306,66  

Gram Schmidt 299,16  

DEPZn 

H2O 3759-3731 cm-1 663,16  
H2O 1564-1505 cm-1 680,66  

C2H6 3013-2910 cm-1 475,67  

C2H6 2899-2864 cm-1 475,67  
H3O2P 1156-1128 cm-1 488,17  

H3O2P 1086-1053 cm-1 473,17 558,17 

H3O2P 730-707 cm-1 475,67  
Gram Schmidt 475,66  

PP 

Alkene 3099-3062 cm-1 460,08  
Alkene 2986-2950 cm-1 457,59  

Alkene 2944-2904 cm-1 444,80  

Alkene 1672-1628 cm-1 462,58  
Alkene 1481-1435 cm-1 463,80  

Alkene 1394-1366 cm-1 461,30  

Alkene 915-873 cm-1 461,30  
C2H4 952-948 cm-1 641,30  

CH4 3019-3011 cm-1 461,30  

CH4 1307-1301 cm-1 463,80  
CO2 2378-2302 cm-1 466,30  

Gram Schmidt 444,80 482,49 
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PP + 10 wt% APP 

CO2 2378-2302 cm-1 440,90 534,17 

Alkene 2986-2950 cm-1 473,72  
Alkene 2944-2904 cm-1 471,22  

Alkene 1481-1435 cm-1 476,22  

Alkene 1394-1366 cm-1 476,22  
Alkene 915-873 cm-1 476,22  

NH3 3338-3330 cm-1 473,72  

NH3 968-959 cm-1 483,72  
NH3 933-927 cm-1 496,22  

Gram Schmidt 469,65 499,94 

PP + 10 wt% ATH 

CO2 2378-2302 cm-1 310,75  

Alkene 2986-2950 cm-1 486,91  

Alkene 2944-2904 cm-1 486,91  
Alkene 1481-1435 cm-1 492,50  

Alkene 1394-1366 cm-1 494,41  

Alkene 915-873 cm-1 489,41  
H2O 3759-3731 cm-1 688,51  

H2O 1763-1694 cm-1 310,75 487,80 

Gram Schmidt 474,60 531,87 

PP + 10 wt% DEPZn 

CO2 2378-2302 cm-1 395,66  

Alkene 2986-2950 cm-1 468,17  
Alkene 2944-2904 cm-1 465,67  

Alkene 1481-1435 cm-1 473,17 580,67 

Alkene 1394-1366 cm-1 473,17  
Alkene 915-873 cm-1 470,67  

H2O 3759-3731 cm-1 485,66  

H2O 1564-1505 cm-1 670,66  
C2H6 3013-2910 cm-1 463,17  

C2H6 2899-2864 cm-1 473,17  

H3O2P 1156-1128 cm-1 485,67  
H3O2P 1086-1053 cm-1 473,17  

H3O2P 730-707 cm-1 478,17  

Gram Schmidt 460,66 588,16 

PP + 10 wt% PSMP 

CO2 2378-2302 cm-1 418,14  

Alkene 2986-2950 cm-1 388,14 463,14 
Alkene 2944-2904 cm-1 388,14 460,64 

Alkene 1394-1366 cm-1 470,00  

Alkene 915-873 cm-1 465,64  

H2O 1763-1694 cm-1 468,14  

Aldehyde 2836-2699 cm-1 369,80 470,67 

Aldehyde 1735-1694 cm-1 369,80 391,61 
Aldehyde 958-882 cm-1 320,63 470,67 

CH2O 2838-2794 cm-1 369,80 470,67 

CH2O 1798-1760 cm-1 595,55  
CH2O 940-925 cm-1 388,86  

-COOH 1736-1693 cm-1 369,80 391,61 

Gram Schmidt 383,14 460,64 
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2 Size classification of polymer particles 

The statistical comparison of the combustion behavior of a finite amount of differently sized particles represents a 

trade-off between a large sample size and a high amount of compared size classifications. Figure S1(a-e) illustrates 

the histograms of the measured circle-equivalent diameters dp of the polymer particles based on diffuse back-

illumination (DBI) measurements. In this work, we define three size intervals with cutoff points dp,min and dp,max 

(further expressed as 𝑑𝑝,𝑐𝑢𝑡 = (𝑑𝑝,min, 𝑑𝑝,max)
𝑇
) such that the total number of all particles present in each interval 

is similar. The selection of optimal size intervals can therefore be written as 

𝑑𝑝,𝑐𝑢𝑡 = arg min
𝑑𝑝,𝑚𝑖𝑛, 𝑑𝑝,𝑚𝑎𝑥

√
1

2
∑(𝑁𝑖 − 𝑁) 

3

𝑖=1

= arg min
𝑑𝑝,𝑚𝑖𝑛, 𝑑𝑝,𝑚𝑎𝑥

𝜎(𝑁𝑖) 

where i denotes the size interval and Ni is the amount particles in a particular interval. Essentially, this expresses 

a minimization of the standard deviation of the amount of particles between size intervals. The function was 

computed for all possible combinations of dp,min and dp,max and is displayed in Figure S1(f). The penalty function 

shoes a global minimum at dp,min = 154 µm and dp,max = 188 µm. Consequently, based on this histogram 

classification, the quantities extracted from the OH-PLIF images can be compared for small, medium, and large 

particles or agglomerates. 

 
Figure S1. (a-e) Particle size distributions and size classification based on the size distribution optimization. (f) Selection of 

optimal limits of histogram interval division with global minimum marked with a white cross. 
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3 Cone calorimetry 

Figure S3 provides the heat release rate curves and CO concentration measurements taken from cone calorimetry 

measurements. Figure S3 displays the entire time interval of the cone calorimetry measurements is an extension 

of the results shown in Figure S2. 

 

 
Figure S2. Heat release rate curves (heat flux of 35 kW/m2, left) and CO (%) concentration for different flame retarded PP 

formulations with a sample thickness of 3 mm (sample size: 100 × 100 mm). 

 
Figure S3. Heat release rate curves (heat flux of 35 kW/m2, left) and CO (%) concentration for different flame retarded PP 

formulations with a sample thickness of 3 mm (sample size: 100 × 100 mm). 

 

Table S2. Cone calorimetry results of flame retardant formulations in PP with a sample thickness of 3 mm (irradiation: 

35 kW/m2; sample size: 100 x 100 mm). 

Sample PP PP + 10 wt% 

PSMP 

PP + 10 wt% 

APP 

PP + 10 wt% 

ATH 

PP + 10 wt% 

DEPZn 

TTI / s 58 ± 6 45 ± 3 44 ± 4 38 ± 2 53 ± 4 

PHRR / kWm-2 404.9 ± 7.9 370.4 ± 23.6 705.0 ± 80.7 622.2 ± 66.6 526.7 ± 15.8 

PHRRΔ / % 100.0 ± 0.0 91.5 ± 5.8 174.1 ± 19.9 153.7 ± 16.4 130.1 ± 3.9 

tmax (PHRR) / s 152 ± 11 157 ± 4 179 ± 10 167 ± 2 164 ± 13 

THR / MJm-2 36.6 ± 7.4 40.2 ± 12.8 71.6 ± 2.9 73.2 ± 10.1 51.2 ± 12.2 

TSR / m2m-2 208.5 ± 25.6 743.2 ± 123.7 695.2 ± 17.7 463.2 ± 94.8 745.9 ± 111.0 

COmax / % 0.1 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 0.1 ± 0.0 

tmax (CO) / s 162 ± 11 158 ± 3 187 ± 9 176 ± 2 172 ± 10 
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