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Abstract

The present work attempts a comprehensive assessment of the interaction of sub-processes
in the flame zone of an Entrained Flow Gasifier (EFG) for liquid and suspension fuels
based on detailed experimental data and validated model calculations.
EFG convert liquid, solid or suspension feedstocks into syngas (CO and H2) by partial
oxidation. In the EFG process, a fuel rich spray flame is stabilized within a hot syn-
gas environment, featuring a reaction zone structure different from typical combustion
conditions. The burner controls reactand mixing and temperature field and determines
spray properties, providing the boundary conditions for conversion of the fuel. Despite
the relevance for process efficiency, the relation between burner related parameters, flame
structure and fuel conversion in EFG is not well explored. This is especially true for
suspension fuels. Major gaps in literature concerning experimental data and suitable
models of the EFG flame zone were identified.
One EFG burner concept (central liquid jet surrounded by an annular oxidizer stream) is
selected as reference configuration for this work. A system for measurement of OH-LIF and
Fuel-Tracer-LIF was installed at an atmospheric pressure EFG plant, complemented by
PDA and invasive temperature measurements. Different liquid and suspension surrogate
fuels were applied. A previously developed 2-Phase Free Jet Model (2-Ph-FJM) was
extended and validated with respect to an improved reaction model, the description of a
variable spray angle and suspension droplets. This simplified model allows to independently
analyze the impact of selected process parameters on the flame and enables the simple
exchange of sub-process models in order to evaluate their applicability to the EFG flame.
The model was used to interpret experimental results and to conduct sensitivity studies
on process parameters and droplet conversion models.
In the EFG flame, a core zone, an oxidation zone and a gasification zone were identified.
The liquid fuel EFG flame can be regarded as a turbulent inverse diffusion flame of an
oxidizer jet reacting with syngas from the surrounding atmosphere, which is superimposed
by a fuel spray. Syngas entrainment and fuel evaporation are the dominant sub-processes.
The impact of gas momentum flow, droplet size and spray angle on flame length, flame
shape and fuel conversion within the flame were described quantitatively. Two different
flame shapes (closed and hollow cone) were identified. A significant portion of liquid
fuel evaporates outside the flame, depending on process conditions. This may cause the
formation of unwanted by-products like soot or cenospheres in a technical process. When
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suspension fuels are applied, the reaction zone structure does not fundamentally differ
from liquid fuels. Under the investigated conditions, most solid fuel was released from
droplets after the flame. The choice of the droplet conversion sub-model shows critical
influence on the prediction of the flame.
The 2-Ph-FJM shows the capability to reproduce the experimentally observed trends for
liquid and suspension fuels in the investigated range of operating conditions and input
parameters, improving process understanding of the EFG flame zone. The model provides
a framework to evaluate sub-process models and conduct parameter sensitivity studies,
making it suitable to assist the further development of more complex CFD models and
EFG burners.
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Kurzfassung

Die vorliegende Arbeit hat zum Ziel, die Interaktion der Teilprozesse in der Flammenzone
eines Flugstromvergasers für flüssige und suspensionsförmige Einsatzstoffe auf Grund-
lage detaillierter experimenteller Daten und validierter Modellrechnungen umfassend zu
beschreiben.
In Flugstromvergasern werden feste, flüssige oder suspensionsförmige Einsatzstoffe durch
partielle Oxidation zu Synthesegas (CO und H2) umgesetzt. Dabei bildet sich eine
unterstöchiometrische Sprayflamme in einer Umgebung aus heißem Synthesegas. Die aus-
gebildete Flammenstruktur unterscheidet sich dabei grundlegend von einer Sprayflamme
unter Verbrennungsbedingungen. Der Brenner bestimmt die Mischung der Reaktanden,
das Temperaturfeld und die Eigenschaften des Brennstoffsprays und definiert somit die
Randbedingungen für die Umsetzung des Brennstoffs im Reaktor. Trotz der Relevanz
dieser Vorgänge für die Effizienz des Gesamtprozesses ist die Wechselwirkung zwischen den
brennerspezifischen Parametern, der Flammenstruktur und der Brennstoffumsetzung im
Flugstromvergaser nur unzureichend untersucht. Dies gilt insbesondere für Suspensions-
brennstoffe. Forschungslücken bezüglich experimenteller Daten und geeigneter Modelle zur
Beschreibung der Flammenzone im Flugstromvergaser wurden im Rahmen dieser Arbeit
identifiziert.
Eine Brennerkonfiguration (zentraler Flüssigkeitsstrahl mit Gaszugabe über einen umgeben-
den Ringspalt) wurde als Referenzkonzept für diese Arbeit ausgewählt. Ein System
zur Messung der laserinduzierten Fluoreszenz von OH-Radikalen und Brennstofftracern
wurde an einem bei Atmosphärendruck betriebenen Flugstromvergaser installiert. Die
damit gewonnenen Messdaten wurden durch Spraymessungen mittels PDA und invasiven
Temperaturmessungen ergänzt. Verschiedene flüssige und suspensionsförmige Modell-
brennstoffe wurden in den Experimenten eingesetzt. Ein in Vorarbeiten entwickeltes
2-Phasen Freistrahlmodell wurde im Rahmen dieser Arbeit im Hinblick auf ein verbessertes
Reaktionsmodell, die Beschreibung eines variablen Spraywinkels und die Beschreibung von
Suspensionstropfen erweitert und validiert. Das vereinfachte Modellkonzept ermöglicht
die unabhängige Variation verschiedener Prozessparameter zur Charakterisierung ihrer
Auswirkung auf die Flamme sowie den einfachen Austausch von Teilprozessmodellen zur
Bewertung ihrer Anwendbarkeit auf die Flammenzone. Das Modell wurde zur Interpreta-
tion experimenteller Ergebnisse und für Sensitivitätsstudien bezüglich Prozessparametern
und Tropfenmodellen eingesetzt.
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Im Flammenbereich wurden eine Kernzone, eine Oxidationszone und eine Vergasungszone
identifiziert. Die Flamme in Flugstromvergaser kann aufgefasst werden als eine von
einem Brennstoffspray überlagerte turbulente inverse Diffusionsflamme eines oxidierenden
Gasstrahls in einer heißen Synthesegasumgebung. Die Einmischung von Synthesegas in den
Strahl sowie die Brennstoffverdampfung stellen die dominierenden Teilprozesse dar. Der
Einfluss von Gasimpulsstrom, Tropfengröße und Spraywinkel auf die Flammenlänge- und
Form sowie die Brennstoffumsetzung innerhalb der Flamme wurde im Rahmen der Arbeit
quantitativ beschrieben. Zwei unterschiedliche Flammenformen (geschlossene Flamme
und Hohlkegelflamme) wurden identifiziert. In Abhängigkeit der Prozessbedingungen
verdampft ein signifikanter Teil des flüssigen Brennstoffs außerhalb der Flamme in der
Vergasungszone. Dies kann im technischen Prozess zur Bildung unerwünschter Neben-
produkte wie Ruß und Cenosphären beitragen. Die Flammenstruktur beim Einsatz von
Suspensionsbrennstoffen unterscheidet sich nicht prinzipiell von der Flammenstruktur bei
Flüssigbrennstoffen. Unter den untersuchten Bedingungen wird der größte Teil des festen
Brennstoffs nach der Flamme in der Vergasungszone aus den Tropfen freigesetzt. Die Wahl
des zur Simulation verwendeten Tropfenumsetzungsmodells zeigt einen entscheidenden
Einfluss auf die Vorhersage der Flamme.
Das 2-Phasen Freistrahlmodell ist in der Lage, die im Experiment beobachteten Ab-
hängigkeiten für flüssige und suspensionsförmige Brennstoffe im untersuchten Parameter-
bereich korrekt vorherzusagen. Das Modell trägt somit zu einem tieferen Verständnis der
Prozesse in der Flammenzone von Flugstromvergasern bei. Das Modell ermöglicht die
einfache Durchführung von Sensitivitätsstudien und den Vergleich von Teilprozessmodellen
und ist daher geeignet, die weitere Entwicklung von CFD-Modellen und Brennerdüsen für
die Flugstromvergasung zu unterstützen.
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1 Introduction

1.1 Motivation and Background

Motivation
Society is becoming increasingly aware that with the current linear economic model, human-
ity is exceeding the planetary boundaries [1]. It is thus imperative to transform established
linear production chains into a circular system where waste streams and biomass can
be integrated in order to reduce CO2-emissions and save fossile resources. Processes fea-
turing the ability to make such feedstocks accessible for industrial use are therefore required.

Entrained Flow Gasification
Thermochemical processes are expected to play an important role for providing base
chemicals in a future system featuring closed material cycles [2–5]. Entrained Flow Gasifi-
cation (EFG) provides the capability to convert liquid and solid feedstocks originating
from biomass and waste, e.g. pyrolysis products, into syngas (CO and H2) by partial
oxidation, making these feedstocks accessible for the C1 chemical value chain [6]. EFG
allows pressurized operation at high throughput and produces a high quality, tar-free
syngas that can be directly integrated into chemical synthesis with minimal aftertreatment.
EFG plants operating on fossil based feedstocks already exist in chemical industry. Most
of these plants currently operate on coal and heavy refinery residues [7]. The switch to
new waste based feedstocks poses challenges, as these materials are often characterized by
low fuel quality, i.e. high heterogeneity, low heating value and high content of inorganics.
In the context of circular economy, suspension fuels gain importance. Efficient and fuel
flexible operation of EFG plants applying these alternative feedstocks requires detailed
understanding of the complex interaction of physical and thermochemical sub-processes in
the reactor (see Fig. 1.1).
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Figure 1.1: Selected relevant thermochemical sub-processes in the burner near field in an
Entrained Flow Gasifier. Adapted from [8].

Processes in the Burner Near Field
In the EFG process, the solid, liquid or suspension feedstock is fed to the reactor through
a burner nozzle together with the gasification agents, typically oxygen and steam, that
also act as atomization medium for the liquid / suspension feedstock. This leads to the
stabilization of a fuel rich spray flame within a hot syngas environment. The resulting
reaction zone structure of the flame depends on the specific burner. The flame initiates
the gasification process and provides thermal thermal energy required for the endothermic
gasification reactions. Flame geometry and thermal radiation define the temperature field
in the reactor and therefore directly influence the fuel conversion processes. As the burner
also dominates reactand mixing and spray pattern, it provides the boundary conditions
for the initial conversion of the fuel within the flame and the further conversion in the
downstream reactor volume. The burner near processes are thus highly relevant for global
fuel conversion, syngas yield and composition as well as the formation of unwanted by
products like soot, hydrocarbons and cenospheres (see section 2.1.2).
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1.2 Scope and Objectives of this Work

Current State of Research
Despite the importance for process performance, the relation between burner related pa-
rameters, flame structure and fuel conversion in EFG is not well explored. This is especially
true for suspension fuels. As the EFG flame is stabilized in a fuel rich environment, it
features a different reaction zone structure and parameter dependencies than flames under
combustion conditions, hence typical design rules for such burners are not transferable.
The conversion steps of suspension fuel droplets and the impact of atomization on the
EFG flame zone receive little attention in EFG literature. Diagnostic limitations in EFG
systems make it difficult to provide meaningful experimental data, which also induces a
lack of validated models for the EFG flame zone. Existing literature often investigates
single cases without systematic parameter variations. Studies feature different burner
concepts, reactor types, fuels, and operating conditions, which makes it difficult to derive
a systematic process understanding (see section 2.1.2).

1.2 Scope and Objectives of this Work

Preceding Works and Scope
This thesis has been written at the Institute for Technical Chemistry (ITC) at Karlsruhe
Institute of Technology (KIT) and is embedded in the frameworks of Carbon Cycle Lab
(CCLab, formerly bioliq®), and the prior Helmholtz Virtual Institute for Gasification
Technology (HVIGasTech). Within this framework, research on EFG has been conducted
from laboratory to pilot scale under cooperation with various institutions, including TUC,
DLR, RWTH, FZJ, LTU, TNO, TUW and STEMS-CNR. Research topics involve solid
fuel kinetics, liquid fuel atomization, reaction mechanisms, slagging, thermal radiation
and modeling.
RANS and LES models for high-pressure EFG were developed within this research frame-
work before [9, 10]. The models are based on sub-process models developed under
pressurized conditions, while their interaction in a technical system has been studied
under atmospheric pressure conditions to increase experimental accessibility. A lack of
understanding of the EFG flame zone was identified in this context. The need for a more
detailed assessment of the interaction of sub-processes in the EFG flame and the necessity
to evaluate suitable sub-process models have both motivated the development of a 2-Phase
Free Jet Model (2-Ph-FJM) based on the theory of turbulent jets in prior works [11–13].
The model allows to independently analyze the impact of selected process parameters
(e.g. droplet size, gas momentum flow) on the flame. The modular architecture of the
2-Ph-FJM further allows the simple exchange of sub-process models (e.g. for droplet
evaporation) in order to evaluate their applicability to the EFG flame. This simplified
and flexible model can be used as a tool to (i) to interpret experimental observations in
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order to provide a more profound understanding of the sub-processes in the EFG flame
and (ii) to improve CFD simulations by enabling identification of relevant parameters and
evaluation of sub-process models.

Thesis Objectives
One task of this work was to extended and validate the existing 2-Ph-FJM developed by
Hotz [13] with respect to (i) the radial distribution of liquid mass flux in the fuel spray
in order to describe the effect of spray angle on the flame, (ii) the gas phase reaction
model including the description of flame radicals like OH to enable an experimental
validation of the flame structure and (iii) the addition of a solid fuel phase together with
the implementation of droplet conversion models for suspension fuels (see chapter 4).
A further task of this work was to provide detailed experimental data of the EFG flame
for assessment of the flame structure and model validation. The atmospheric pressure
REGA plant at ITC was used as a well defined model system for the complementary
gasification experiments in the present work. For detailed spray and flame diagnostics, a
Laser Induced Fluorescence (LIF) system was implemented at the plant over the course of
this work. The OH radical detected by LIF was used as flame front marker which was
complemented by invasive temperature measurements. Fuel-Tracer-LIF and PDA were
applied to characterize the reacting sprays, accompanied by spray characterization under
ambient conditions using the atomization facilities at ITC (see chapter 3).
Building on this foundation, the present thesis attempts a comprehensive assessment
and description of the interaction of sub-processes in the EFG flame zone for liquid and
suspension fuels based on detailed experimental data and validated model calculations.
For this purpose, one burner concept (central liquid jet surrounded by an annular oxidizer
stream) is selected as reference configuration in this work. Burners of this principle are
widely established in combustion applications and have in more complex configurations
been successfully applied for gasification for example at the 5 MW High Pressure Entrained
Flow Gasifier (HP-EFG) pilot plant operated at the Carbon Cycle Lab at KIT [14]. The
present work aims to achieve the following research objectives:
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Objective 1: Quantitative description of the impact of the burner related parameters gas
momentum flow, droplet size and spray angle on the reaction zone structure of a liquid
fuel EFG flame. (addressed in chapter 5.1).

Objective 2: Quantification of the influence of gas momentum flow, droplet size and
spray angle on liquid fuel conversion within a liquid fuel EFG flame. (addressed in chapter
5.2).

Objective 3: Assessment of the conversion of suspension fuels in an EFG flame, including
(i) the impact of suspension fuel parameters (solid content, solid particle size) on flame
structure and (ii) the impact of different suspension droplet models on the predictions of
the flame. (addressed in chapter 5.3)

These objectives are dealt with in chapter 5. First, the individual objectives are assessed
using experimental observations, which are then further studied using the 2-Ph-FJM.
During these investigations, the model is validated at selected examples. Full experimental
datasets and detailed validation of the model are provided in the Appendix. The results
of this thesis have partly been published in [15–17].
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2 Fundamentals

2.1 Entrained Flow Gasification

2.1.1 Gasification Definitions and Fundamentals

In gasification, an organic feedstock is partially oxidized to form a product gas consisting
of the value products hydrogen and carbon monoxide and the fully oxidized components
water and carbon dioxide. Soot and hydrocarbons may be formed as by-products in the
process:

CαCHαHOαO +
(

αC + 1
4αH − 1

2αO

)
· λtec · O2 → αCO · CO + αCO2 · CO2

αH2 · H2 + αH2O · H2O

Hydrocarbons + Soot

(2.1)

The terms synthesis gas (= syngas) and product gas are used as synonyms in this work.
The technical air-to-fuel ratio λtec is defined as the ratio of the oxygen amount present
in the system ṅO2 and the oxygen amount required for complete oxidation ṅO2,stoic of the
feedstock:

λtec = ṅO2

ṅO2,stoic
. (2.2)

In the broadest sense, processes featuring technical air-to-fuel ratios of 0 < λtec < 1 can
be referred to as gasification. This distinguishes gasification from other thermochemical
conversion processes like pyrolysis (λtec = 0) and combustion (λtec ≥ 1). In gasification,
a part of the chemical enthalpy in the fuel H


fuel is converted to thermal energy, whereas
the remaining chemical enthalpy is contained in the syngas H


SG. The ratio of chemical
enthalpy transferred to the product gas to the chemical enthalpy of the feedstock at
standard conditions is denoted as cold gas efficiency CGE

CGE = H

SG

H

Fuel

. (2.3)

7



2 Fundamentals

The carbon conversion CC is defined as the amount of fuel carbon transferred to permanent
gases [7]

CC = ṅCO + ṅCO2 + ṅC,GaseousHydrocarbons

ṅC,Fuel
= 1 − ṅC,residue

ṅC,Fuel
. (2.4)

A comprehensive description of the fundamentals of gasification, reactor configurations
and technical aspects is provided in [7, 18].
Typically, gasifiers are distinguished in fixed bed, fluidized bed and entrained flow gasifiers
(EFG), the latter being the subject of this work. In EFG, fuel droplets and solid particles
are dispersed in the reacting gases [7]. This requires a small size of fuel droplets / particles,
typically dp < 100 µm and high temperature, typically T > 1200°C, to ensure their
reaction within adequate residence time. EFG feature the highest degree of oxidation
and the highest operating temperature of the 3 gasifier types and thus allow for high
throughput and low amounts of hydrocarbons and soot in the product gas. Together with
their capability of pressurized operation, this makes EFG especially relevant for syngas
production in the context of chemical synthesis.
Liquid, solid and suspension fuels can be used as EFG feedstocks. The fuel is fed to the
reactor through a burner nozzle together with the gasification agents, typically oxygen and
steam, which also act as atomizaton medium in case of a liquid or suspension feed (see
section 2.2.1). This makes the mass flow ratio of gasification agent ṁGA and fuel ṁFuel a
relevant parameter for operation of EFG:

GLR = ṁGA

ṁFuel
(2.5)

Today, EFG are mainly applied for gasification of dry coal, coal-water-slurry (CWS)
and heavy refinery residues. Applications for pulverized biomass, biomass pyrolysis oils,
suspensions of biomass pyrolysis oils with biogenic char and more recently also plastic
pyrolysis oils are reported in pilot projects and research literature, e.g. [3, 14, 19–25].
The typical operating window of EFG in terms of λtec depends strongly on the feedstock
and the intended usage of the syngas. The advantages of higher λtec, i.e. higher process
temperature, lie in higher CC and less hydrocarbons and soot, with the disadvantages of
lower CGE, more production of waste heat and CO2 and a higher demand in oxygen and
steam.
The most widely used reactor designs for EFG are the GE Energy (formerly Chevron-
Texaco), ConocoPhillips E-Gas, Shell, PRENFLO (thyssenkrupp-Uhde), Siemens (formerly
GSP-Noell) and Lurgi MPG designs [7, 18, 26]. The CCLab EFG at KIT [14] is an EFG
reactor of the Lurgi MPG type equipped with a cooling screen for slagging operation
and is selected as an example configuration for this work shown in Fig. 2.1, where a
schematic of the reaction chamber during operation on a suspension fuel is depicted. The
fuel is fed together with the oxidizer through a burner at the top of the reactor. At the
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2.1 Entrained Flow Gasification

burner outlet, the suspension fuel is atomized into a spray (section 2.2.1) and a flame
zone is formed (see section 2.1.2). The liquid phase evaporates (section 2.2.3), which is
accompanied by droplet conversion phenomena leading to solid residues featuring highly
variable morphologies (section 2.2.4). The remaining solid organic matter then reacts
further downstream (section 2.2.5). The flow field in the reactor can be divided into a
region in the vicinity of the burner which is dominated by the gas jet emerging from the
burner, whereas the surrounding atmosphere is characterized by a recirculation eddy that
is driven by the jet momentum (section 2.2.2). The temperature field in the recirculation
zone is comparatively uniform, whereas the burner near jet zone is characterized by both
high temperatures and strong temperature gradients induced by the interaction of gas
phase mixing and oxidation reactions (sections 2.2.6, 2.2.7).

Droplet
Evaporation

Pyrolysis

Char
Gasification

SlagParticle

FuelOxidizer
(O2, H2O)

Synthesis gas, 
slag, soot

Tgas

Figure 2.1: Schematic of the CCLab EFG reactor at KIT depicting different stages of
suspension droplet conversion, temperature field and flow field. Adapted from
[9, 27]

2.1.2 Situation in EFG Burner-Near Field

Overview of EFG Burner Concepts
EFG systems commonly use external mixing burner nozzles with coaxial configuration
of the input streams [18, 28]. Most industrially applied burner designs are confidential.
Research and patent literature provides a large variety of concepts differing in number of
input streams and arrangement of the streams, in which two principal concepts dominate.
The first group features a central fuel jet surrounded by oxidizer streams and is for example
described for solid [29–31], liquid [10, 32–34] and suspension feedstocks [35–37]. The second,
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inverse, configuration featuring central streams of oxidizer surrounded by an annular fuel
stream is also reported for solid [38–40], liquid [41] and suspension [42] feedstock.
Configurations featuring alternating orders of fuel and oxidizer also exist [43–48]. Ar-
rangements of multiple burners are sometimes applied in order to intensify mixing and
eliminate dead zones in the reactor that do contribute litte to carbon conversion [39, 49–52].
Application of swirl is also an often investigated concept for EFG burners [38, 39, 53–57],
because it can have beneficial impact on CC but as a downside also increases thermal
stress on reactor walls and burner. Several experimental, non-coaxial burner concepts are
also reported in research literature [53, 58, 59].
The burner design in EFG systems dominates flow field, reactand mixing, droplet size,
droplet dispersion and temperature field and therefore directly influences reaction zone
structure and fuel conversion processes [28, 60–64]. It has been shown in various numerical
[39, 53, 65] and experimental studies [28, 29, 59, 66] that the EFG burner impacts syngas
yield, carbon conversion and the formation of undesired by-products like soot or methane,
underlining its relevance for process efficiency.

Flame Structure under EFG Conditions
For the 2 main burner concepts discussed above, a direct comparison is conducted by
Bader et al. [65], Li et al. [67] and Ulber [68]. They showed significant differences in
reaction zone structure and temperature field between the two configurations. For the
first concept featuring a central fuel jet and an annular gas stream, the authors describe
a hollow cone flame (Fig. 2.2 left). For the inverse configuration, a lifted, closed flame
is reported (Fig. 2.2 right) [65, 67, 68]. In contrast, there have also been descriptions
of a closed, non-lifted flame for the first concept (Fig. 2.2 center) [10, 69]. These flame
structures are however only addressed in modeling literature and have not been described
in sufficent detail in the limited experimental literature on EFG flames [33, 64, 67, 70–72].
The effects determining temperature field, species concentrations, reaction zone geometry
and fuel conversion within these flames are currently not well understood.
In this thesis, the configuration featuring a central fuel jet and an annular gas stream is
selected as a reference for further investigation. The flame structure in this configuration
can be described as a turbulent inverse diffusion flame of oxidizer and surrounding hot
syngas that is superimposed by a fuel spray (see section 2.2.7).
The gasification medium forms a turbulent jet, leading to entrainment of hot syngas
into the jet. The entrainment rate can be described by the theory of turbulent jets and
is dependent on the gas momentum flow (see section 2.2.2). The high relative velocity
between gas and liquid phase at the burner outlet disintegrates the liquid jet into droplets.
The resulting spray properties such as droplet diameter and radial distribution of liquid
mass flux are influenced by fuel specifications and are likewise dependent on gas momentum
flow (see section 2.2.1).

At the burner outlet, a core zone exists at the jet axis where no mixing between jet
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Figure 2.2: Different EFG flame structures reported in literature, visualized for gasification
of a liquid fuel.

medium and the surrounding syngas has occured. This zone is characterized by low
temperatures and the absence of chemical reactions. At the outer jet boundary, the oxygen
rich gasification medium mixes with syngas at high temperatures, leading to immediate
oxidation reaction. This serves as a stabilization mechanism of an high temperature
oxidation zone that envelopes the core zone [10, 15, 69]. Along the oxidation zone, oxygen
is consumed through reaction with syngas entrained into the gas jet and through the
reaction with fuel vapor released from the droplets. After complete oxygen consumption,
endothermic gasification reactions together with fuel evaporation and further entrainment
of syngas into the jet lead to a decrease in temperature. The oxidation zone is embedded
in a gasification zone, which is characterized by moderate temperatures and fuel rich
conditions. The remaining fuel droplets in the gasification zone are converted in a fuel
rich syngas atmosphere, which may result in the formation of soot and hydrocarbons [59].
As stated above, hollow cone and closed oxidation zone shapes have both been reported
in literature for the reference burner configuration, while the determining factors are not
clear. In this work, both flame shapes could be experimentally observed and explained
using modeling results. More detail is given in section 5.1.1.

State of Research on EFG Flame Zone
This section attempts to list major research gaps concerning the EFG flame zone.
In general, high quality experimental data of flames under EFG conditions is scarce. Lim-
ited optical access at pressurized systems, high temperatures and a particle laden turbulent
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gas flow causes difficulties for diagnostic equipment. Local heat flux measurements at
the reactor wall [73] and non-spatially resolved spectroscopy [74, 75] have been applied
for flame studies in EFG systems, but the insight provided by such techniques is limited.
Information on temperature and species concentration fields in the post flame region has
been provided by invasive probe measurements [8, 29, 76, 77] and line-of-sight absorption
spectroscopy [78–81]. Spray behavior and flame dynamics have been investigated in EFG
reactors using camera systems [33, 35, 53, 64, 82]. For reaction zone mapping, chemilu-
minescence imaging of OH and CH radicals has been applied [11, 70, 71, 83]. However,
these studies mostly focus on single effects like flame lift-off distance, temperature field or
particle dispersion, which makes it difficult to derive an overall process understanding [15].
A number of numerical studies explicitly addresses the EFG flame, e.g. [9, 10, 65, 69] but
the lack of comprehensive experimental datasets makes validation difficult. The majority
of simulation studies focuses on global reactor performance without detailed assessment of
the flame zone. Most simulation studies on EFG systems apply RANS-models (see section
2.2.2). While RANS models provide a good tool for reactor simulations, they have shown
difficulties in predicting droplet and solid particle dispersion, gas temperature and species
concentrations in the burner near field [9, 15]. Mancini et al. [84] and Eckel et al. [10]
conducted RANS and LES simulations for the same boundary case described in [8] but
predicted different flame structures (see above). Abani et al. [85] also compared RANS
and LES simulations for coal gasification. They found that the RANS model predicted an
accumulation of coal particles at the jet axis, whereas the LES model showed stronger
dispersion of particles in radial direction. This again lead to significant differences in flame
structure between both models. Similar observations were made by Kumar et al. [86]. As
EFG is characterized by the interaction of multiple sub-processes on different time and
length scales, such approaches cause high computational cost. The suitability of LES for
sensitivity studies for EFG systems is therefore currently limited. The further development
of validated models for the flame zone is necessary.
Although it is known that the size and dispersion of fuel droplets and solid particles affect
EFG flame geometry [10, 61, 65, 87], the consequences have not been comprehensively
investigated to the author’s knowledge. The process of atomization - linking arrangement
and momentum of the inlet streams with size and dispersion of fuel droplets - is dealt with
in a few experimental studies in-situ, e.g. [35, 37, 64, 88] but the implications on flame
structure or fuel conversion were not sufficiently discussed. The preceding work by Hotz
[13] provides a sensitivity study on the impact of droplet size and gas momentum flow on an
EFG flame using the model that is expanded in this work, but the trends predicted by the
model were not experimentally verified. For combustion conditions, the relation between
spray parameters, flame geometry and fuel conversion has been extensively researched
for coaxial jet burners. Droplet size [89–93] and the radial dispersion of the liquid phase
[91–96] were shown to exhibit an influence on flame geometry and on the formation of
soot. The influence of gas momentum flow on flame length has been well researched and
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scaling laws based on entrainment of ambient air have been developed [91–93, 97–100].
Studies of EFG burners investigated under combustion conditions are found in literature
[32, 44], but the transferability of information on flames under gasification conditions is
limited due to the different flame structure in a syngas environment (see above).
Furthermore, the influence of fuel specifications on the EFG flame zone is not well investi-
gated, which is especially the case for suspension fuels. Experimental work provides little
insight. Model sensitivity studies on the impact of suspension fuel specifications like solid
mass fraction [42, 101, 102] and solid particle size [42] for Asphalt-Water-Slurry (AWS)
and CWS focus on global process performance and elaborate little on the fuel conversion
processes in the flame zone. The impact of solid mass fraction on the flame zone was
explicitly investigated for Pet-Coke-Water-Slurry (PCWS) by [103]. More insight on the
flame zone of suspension fuel EFG is given by [9, 36, 104], but only for single cases without
variation of fuel parameters.
For suspension droplets, different droplet conversion pathways are possible during EFG
depending on fuel specifications and process conditions (see section 2.2.4). This impacts
the release rates of fuel vapor to the gas phase and the morphology of the remaining
solid particles, which is critical for their further conversion in the post-flame region. Solid
agglomerates from oils and suspensions formed under EFG conditions have been described
by [77, 105–107]. Due to high computational costs, modeling studies usually neglect these
phenomena and apply simplified droplet models (see section 2.2.4).
It can be summarized that on the topic of the EFG flame zone, existing literature often
investigates single cases without systematic parameter variations. Studies feature different
burner concepts, reactor types, fuels, and operating conditions, which makes it difficult to
derive a systematic understanding of the processes in the flame zone and their impact on
fuel conversion. As the EFG flame is stabilized in a fuel rich environment, it features a
different reaction zone structure and parameter dependencies than flames under combustion
conditions, hence typical design rules for such burners are not transferable. The process
of atomization, despite its high relevance, is often neglected in literature on EFG flames.
The conversion steps of suspension fuel droplets in the EFG flame zone are also mostly
ignored in literature. Diagnostic limitations at EFG systems make it difficult to provide
high-quality experimental data, which also induces a lack of validated models for the EFG
flame zone.
The intention of this thesis is to contribute to closing these research gaps by a comprehen-
sive assessment of the interaction of sub-processes in the EFG flame zone for liquid and
suspension fuels based on detailed experimental data and validated model calculations
(see research objectives in section 1.2).
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2.2 Physical and Thermochemical Sub-Processes in EFG

2.2.1 Atomization

In EFG, gas assisted atomization is used. The liquid phase is exposed to a gas stream
featuring a high relative velocity, leading to the transfer of kinetic energy from the gas to
the liquid phase. A part of the kinetic energy is converted to surface energy of the liquid
phase, resulting in the formation of a spray, whereas the major part of the kinetic energy
is used for acceleration of the resulting droplets and entrainment of ambient gas [108].
A decisive parameter for gas assisted atomization is the mass flow ratio of atomization
medium and liquid phase expressed by the gas to liquid ratio GLR (eq. 2.5).
During gas assisted atomization, surface tension poses a stabilizing force on the liquid
phase. Liquid viscosity also poses a resistance against changes in geometry of the liquid
phase. Aerodynamic forces induced by the gas phase counteract the stabilizing forces
and promote deformation and disintegration of the liquid phase [108]. The aerodynamic
Weber number Weaero is a commonly applied dimensionless number describing the ratio of
destabilizing aerodynamic forces to stabilizing surface forces:

Weaero = (ugas − uliq)2 · ρgas · Lc

σ
. (2.6)

The velocities of gas and liquid phase are denoted as ugas and uliq respectively, ρgas is the
gas phase density, Lc is the characteristic length and σ is the surface tension. The liquid
Reynolds number Reliq is an often applied dimensionless quantity that takes the ratio
between inertia and viscous forces in the liquid phase into account:

Reliq = uliq · ρliq · Lc

ηliq
(2.7)

It contains the density ρliq and dynamic viscosity ηliq of the liquid phase.
When a liquid jet emerges from a twin-fluid atomizer nozzle, the relative velocity between
liquid and gas phase causes shear forces at the gas-liquid interface. Dependent on liquid
properties and gas flow, this leads to the formation of Kelvin-Helmholtz instabilities
or Rayleigh-plateau-instabilities. These give rise to the formation of large droplets and
ligaments, which is referred to as primary breakup. The aerodynamic forces then cause a
further disintegration of droplets and ligaments into smaller fragments, which is denoted
as secondary breakup [91, 108]. For the central liquid jet nozzle configuration applied in
this work, different primary breakup regimes are distinguished in literature. The most
widely applied classification is the one based on Weaero and Reliq proposed by Chigier and
Farago [109] shown in Fig. 2.3.
The fiber and membrane breakup regimes are the most relevant regimes in this work. In

both fiber and membrane breakup regime, a periodic oscillation of the liquid primary jet
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Figure 2.3: Primary breakup regimes for central liquid jet nozzles according to [109]. High
speed images were obtained in this work (see section 3.4.2)

can take place. This oscillation can either occur radially symmetric (pulsating) or radially
asymmetric (flapping) and is described for example in [110, 111].
The resulting sprays are polydisperse and can be described using distributions of the
droplet diameter d. In this work, droplet size distributions Q0(d) based on droplet number
n and droplet size distribution Q3(d) based on droplet volume V are applied [92]

Q0(d) =
n(d)∑
n=1

nn

/
N∑

n=1
nn , (2.8)

Q3(d) =
n(d)∑
n=1

Vn

/
N∑

n=1
Vn (2.9)

where droplets are categorized into N droplet classes. The Sauter mean diameter d32 is
evaluated as a characteristic parameter of the droplet collective [108].

d32 =
N∑

n=1
d3

n

/
N∑

n=1
d2

n (2.10)

The Sauter diameter describes the diameter of an hypothetical monodisperse spray featuring
the same volume to surface ratio as the polydisperse spray [108]. It is a commonly applied
quantity to describe two-phase flows which feature heat and mass transport as well as
chemical reactions. Besides droplet size, spray dispersion is of high relevance for conversion
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of droplets in reacting sprays. This can be described using the local liquid mass flux ϕliq,
which is defined as the liquid mass flow ṁliq(A) passing through a unit area A perpendicular
to the flow:

ϕliq = ṁliq(A)
A

, for A → 0. (2.11)

2.2.2 Mixing in Turbulent Free Jets

Physics and Modeling of Turbulent Flows
Most flows in technical systems are of turbulent nature. Turbulence occurs when viscous
forces in the flowing medium are not sufficient to damp instabilities in the flow, which is
the case at high Reynolds numbers. Turbulence is a chaotic phenomenon characterized
by random fluctuations of velocity around a temporal average value and the occurence
of 3-dimensional vortex-like structures called eddies at every length scale. This allows
momentum, species and energy to be transported perpendicular to the stream lines at
much higher rates than in laminar flows, where molecular diffusion of these quantities
is the governing mechanism [92, 112, 113] The temporal average of this exchange can
be described using effective transport coefficients depending on the state of the flow, e.g.
turbulent viscosity ηt, turbulent diffusion coefficient Dt and turbulent heat conductivity
λt [92].
A turbulent flow features a size spectrum of eddies, where large eddies at the scale of the
system gradually decay towards smaller scales in a cascade-like process. The largest scale
eddies are typically generated by external forces or hydrodynamic instabilities and provide
the dominant contribution to the kinetic energy spectrum of the turbulent flow. Kinetic
energy is then gradually transferred to increasingly smaller eddy length scales. Spatial
velocity gradients within and between the eddies become steeper with decreasing eddy
size, increasing the influence of viscosity, until at the smallest scale at which eddies can
exist (Kolmogorov Scale), viscous friction eventually leads to dissipation of kinetic energy
into thermal energy of the fluid [92, 113, 114].
Like laminar flows, turbulent flows can be described using the Navier-Stokes equation,
which can be solved numerically by discretization in time and space. To completely
describe a turbulent flow by this means, all length and time scales occuring in the flow
need to be resolved by the model. This approach called Direct Numerical Simulation
(DNS) requires an immense amount of computational capacity that makes it unsuitable to
solve practical problems with the currently available methods [92, 113]. A compromise is
the application of Large Eddy Simulation (LES) where the flow is spatially and temporally
resolved up to a certain scale, while smaller features of the flow down to the Kolmogorov
scale are modeled. By this approach, the large-scale unsteady features of the flow that are
relevant for macroscopic transport of momentum, energy and mass remain intact, which is

16



2.2 Physical and Thermochemical Sub-Processes in EFG

of special relevance for the description of reacting and multiphase systems [92, 113]. As
the computational effort of LES is still considerable, the Reynolds-Averaged-Navier-Stokes
(RANS) approach is by far the most commonly used concept in engineering applications.
In this approach, the Navier-Stokes equations are temporally averaged and the impact of
turbulence on scalar transport is no longer resolved but is entirely modeled. In comparison
to LES, the accuracy of RANS for prediction of turbulent free jets is reduced, especially
for two phase flows [85, 86, 115, 116].
A special role is taken by semi empirical and analytical models, where exact or approximate
solutions to the temporally averaged equations are given for a certain application under
additional assumptions. While these approaches are typically less accurate than the
numerical models described above, they feature the advantage of an explicit formulation
of the equations, enabling an evaluation with minimum computational effort and a direct
insight into parameter dependencies. This idea is also the basis of the 2-Phase Free Jet
Model (2-Ph-FJM) applied in this work.

Single Phase Turbulent Free Jet
A stream that expands into a quiescent gas ambience that is not influenced by other flows
or walls is referred to as free jet. A characteristic of free jets is the entrainment and
subsequent mixing of ambient medium from the surrounding atmosphere into the jet.
A non-swirled turbulent free jet exiting a circular orifice with diameter d0 first shows a
Potential Core in which the flow keeps its initial state (see Fig. 2.4). At the jet boundaries,
shear forces caused by the velocity gradient between ambient medium and jet medium lead
to exchange of momentum. This also causes transfer of mass and energy. The potential
core narrows towards the jet centerline in consequence. With increasing nozzle distance,
the potential core ends when the velocity at the jet centerline falls below its initial value,
which is the case at approximately z ≈ 4 · d0 for a circular homogeneous gas free jet [117,
118].
In the following Transition Region, exchange of momentum with the surrounding medium
continues and the profiles of velocity, mixture fraction and temperature lose their initial
shape and gradually approach the profiles in the self similar region. The transition region
ends at approximately z ≈ 8 · d0 for a circular homogeneous gas free jet [117, 118].
While in the potential core and transition region, the profiles of velocity, mixture fraction

and temperature are highly dependent on input conditions [117, 119–121], the Self Similar
Region is characterized by the fact that these quantities can be described using the same
self similar function for all nozzle distances (see below).
During the process of entrainment, momentum is exchanged between jet and environment,
while the total momentum flow remains constant and equal to the momentum flow of the
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Figure 2.4: Axial velocity, mixture fraction and entrainment rate in a non-swirled, round
homogeneous free jet according to [117, 118]

initial input stream:

J0 = ṁ0 · u0 (2.12)

This exchange of momentum is the driving force for entrainment in turbulent free jets
[117]. According to Thring and Newby [98], each turbulent free jet with initial momentum
and mass flows J0 and ṁ0 emerging from an arbitrary nozzle geometry into a medium
with density ρ1 can be described by a hypothetical homogeneous free jet emerging from a
round nozzle with a generalized equivalent diameter deq,gen:

deq,gen = 2 · ṁ0√
J0 · π · ρ1

. (2.13)

Jets consisting of multiple streams emerging from different coaxial outlets can be described
using eq. 2.13 when their individual mass and momentum flows are summed [117]. For
a single homogeneous free jet emerging from a non-circular outlet like an annulus, the
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equation simplifies to the geometric equivalent diameter

deq =
√

4 · Agas

π
. (2.14)

with the nozzle exit area Agas. If the jet’s initial density ρ0 differs from the density of the
surrounding medium, eq. 2.13 can be written as

deq,gen = deq ·
√

ρ0

ρ1
. (2.15)

The mass flow entrained by the free jet ṁ (z) increases linearly with nozzle distance in the
self similar region (see Fig. 2.4), which can be described using the well known correlation
by Ricou and Spalding [122]

ṁ (z)
ṁ0

= 0.32 · z − z0

deq
·
√

ρ1

ρ0
. (2.16)

The virtual jet origin z0 is the axial distance at which the extrapolated linear relationship
becomes zero (see Fig. 2.4) [117, 118]. Recent publications have shown that while LES
simulations perform excellently at predicting entrainment rates of turbulent jets, the simple
eq. 2.16 still shows better agreement with experimental data than most modern RANS
approaches for circular jets [115, 116].
To describe fields of velocity, mixture fraction and temperature in the self similar region of
a free jet, nondimensional radial and axial coordinates η and ζ can be used:

η = r

z − z0
, (2.17)

ζ = z − z0

deq
. (2.18)

If this coordinate system is applied, radial profiles of velocity normalized to the axial
maximum can each be described using the same function at all nozzle distances past the
transition region, giving the self-similar region its name. This is also true for mixture
fraction and temperature and has been extensively investigated in literature [117, 120,
121].
It has been shown that universal self-similarity between all free jets independent of the
input conditions (Reynolds number, nozzle geometry, and properties of jet and ambient
medium) does not exist. As detailed in the literature reviews by Hotz [13] and Ball [120],
this fact is mainly relevant for turbulent moments of higher order and the implications
for the temporal averages of velocity, mixture fraction and temperature are minor. The
assumption of universal self-similarity provides the advantage of a simplified description of
the processes in the free jet, which has lead to the development of several models [13, 112,
118]. The approach developed by Günther [118] is the basis of the 2-Phase Free Jet Model
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(2-Ph-FJM) applied in this work and will thus be discussed in the following.
Günther proposes the description of the field of axial velocity ugas in the self similar region
by the semi-empirical relationship

ugas (ζ, η)
ugas,0

= 1
2 · ωi

· 1
ζ

·
√

ρ0

ρ1
· exp

[
−
( 1

ωi
2 − 1

2 · ωi
2

)
· η2

]
. (2.19)

The derivation of this equation is detailed in [13, 118]. The experimentally determined
coefficient ωi contains the information on turbulent exchange of momentum. For gas free
jets, a value of around ωi ≈ 0.07 provides a good approximation [118]. Eq. 2.19 shows that
in axial direction, the axial velocity decreases proportional to 1/ζ, while in radial direction,
a Gaussian profile occurs. Due to the self similar properties of the Gaussian function, a
constant free jet angle can be defined, which is typically given as 19°[118]. The radial
component of velocity is neglected in this description, as the axial component is typically
of much larger magnitude [117, 121]. It has been shown that the radial integration of the
Gaussian profiles yields the correlation by Ricou and Spalding (eq. 2.16) [13, 115].
For the mixture fraction of jet medium mjet and ambient medium mamb

xjet (ζ, η) = mjet (ζ, η)
mjet (ζ, η) + mamb (ζ, η) (2.20)

an analogous description has been proposed [12, 117, 118]:

xjet (ζ, η)
xjet,0

= ωi

2 · ωx
2 · 1

ζ
·
√

ρ0

ρ1
· exp

[
−
( 1

ωx
2 − 1

2 · ωi
2

)
· η2

]
(2.21)

The coefficient for turbulent exchange of mass is denoted as ωx, which can be derived from
the turbulent Schmidt number

Sct = ηt

Dt · ρ
= ωi

2

ωx
2 (2.22)

where ηt is the turbulent viscosity and Dt the turbulent diffusion coefficient (see above).
Günther gives a typical value of Sct ≈ 0.75 [118].
If a jet is enclosed by walls, the fluid entrained by the jet cannot flow in freely from the
environment. A recirculation eddy in the form of a closed loop as depicted in Fig. 2.1 is
established due to conservation of mass. Theories for enclosed jets have been developed
for example by Thring and Newby [98], and Curtet [123]. An enclosed jet emerging into a
cylindrical space can be divided into three regions. In the first region, the jet entrains mass
from the recirculation eddy. If the nozzle diameter d0 is small compared to the diameter
of the surrounding space dR (typically d0 < 0.1 · dR), the flow field in this region does not
considerably differ from the one in an open free jet. For nozzle distances larger than the
center of the recirculation eddy zrec, the jet gives off mass to the recirculating flow and
the flow field can no longer be described by free jet theory. Thring and Newby propose
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the following relationship to calculate zrec:

zrec = dr

2 ·
(

2.925 + Θ
0.32

)
, using Θ = d0

dR
·
√

ρ0

ρ1
(2.23)

After the point where the extrapolated jet angle meets the wall, the flow transitions into a
plug flow [117, 118].

Two Phase Turbulent Free Jet
While single phase turbulent free jets have been thoroughly investigated over the last
decades, the knowledge on two phase turbulent free jets is comparatively scarce and
there is no comprehensive description available in literature. Notable work on two-phase
jets relevant for the scope of this work is provided for the aspects of velocity field and
turbulence [124–126], particle dispersion [13, 125, 127, 128] and entrainment [12, 13, 127,
129]. These studies however mostly focus on single effects and no general theory for two
phase turbulent free jets has been developed.
The two phase jets considered in this work feature a continuous gas phase and a dispersed
liquid phase, where the gas phase carries the major portion of the initial momentum. Such
a two phase jet can be considered as a gas free jet that is superimposed by a liquid spray
[12]. The mass of the gas phase within the jet increases through entrainment while the
liquid mass remains constant. The liquid phase is gradually diluted and its influence on
the flow field decreases with increasing ζ [12].
The most essential difference of the above described situation to pure gas free jets is
that the dispersed phase exchanges momentum with the gas phase. Initially, droplets
feature a lower velocity than the gas phase and are thus accelerated while the gas phase is
decelerated due to the conservation of momentum. If buoyancy and gravity are neglected,
the acceleration of a droplet featuring velocity u⃗drop can be described by [92]

π · d3 · ρliq

6 · du⃗drop

dt
= π

8 · cw · d2 · ρgas · (u⃗gas − u⃗drop) · |u⃗gas − u⃗drop|. (2.24)

The drag coefficient cw depends on droplet Reynolds number, droplet shape and, for the
case of high temperature systems, droplet evaporation. It can be calculated using empirical
correlations [13]. The residence time of a droplet, which is relevant for assessing droplet
conversion later in this work, can be obtained by integration of droplet velocity over the
path s⃗ along the droplet trajectory T :

τ =
∫

T

1
|u⃗drop|

d|s⃗| (2.25)

A second major difference between pure gas free jets and two phase free jets is the influence
of the disperse phase on the turbulence properties of the flow. Small droplets can damp
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turbulence by absorption of kinetic energy, while large droplets can induce additional
turbulence by generation of eddies [12, 91, 130, 131]. Of special relevance to this work
is the atomization process (see section 2.2.1). Through the large differences of density
and velocity of gas and liquid phase, the breakup process of a liquid jet emerging from a
coaxial jet nozzle causes additional flow instabilities that can influence mixing processes in
the nozzle near region and provide a source of turbulence [97, 111, 131–135]. The impact
of the atomization process on jet mixing under conditions similar to this work has been
studied in [12].
The radial distribution of mass flux and velocity of the dispersed phase in two phase free
jets does not necessarily follow the mass flux distribution of the gas phase. Especially
in the nozzle near region, mass flux of the disperse phase is predominantly defined by
atomization. For fine particles and larger nozzle distances, mass flux distribution and
velocity field of the disperse phase are typically bell shaped and approach the distribution
of gas phase. For large particles with high momentum, de-mixing of gas and liquid phase
can occur [12, 127, 136]. By relating local gas and liquid mass flux (eq. 2.11), a local
gas-to-liquid-ratio GLRlocal can be defined:

GLRlocal = ϕgas

ϕliq
. (2.26)

Among the studies investigating the concept of self similarity in two-phase jets [125, 127,
136, 137], the studies by Hotz [12, 13] are the most relevant for this work because the
investigated nozzles and operating conditions match those applied in this work most closely.
Hotz investigates local mixture fraction xjet (ζ, η) and local liquid mass flux ϕliq for central
liquid jet nozzles applying 2-phase flows at GLR = 0.5 - 1.5 using air and water under
ambient conditions including a single phase air jet for comparison. It is shown that the
radial profiles of mixture fraction in the investigated range of ζ = 10 − 50 are self similar
and can be described using the same Gaussian function as in the original model for single
phase free jets developed by Günther (eq. 2.21). The coefficients of turbulent exchange
of mass ωx and momentum ωi differed from the pure gas jet case, but were found to be
dependent solely on the atomization regime and independent of GLR in the investigated
range. For a fiber-type breakup (see section 2.2.1), enhanced mixing between jet medium
and ambient medium was observed while for a super-pulsating-type breakup, no significant
difference to a gas free jet was found.
Free jet theory and the concept of self similarity was also shown to be applicable to
evaporating and reacting sprays [92, 97].
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2.2.3 Liquid Droplet Evaporation

Evaporation of droplets transfers liquid fuel to the gas phase, where reaction of the fuel
with other gaseous species can take place. Heat can be transferred to a liquid droplet from
the surrounding by convection, conduction and radiation. This causes liquid temperature
to rise, increasing liquid vapor pressure. Liquid fuel molecules at the droplet surface are
transferred to the gas phase and are transported away from the droplet by diffusion and
convection. Mass and diameter of the droplet decrease as a consequence. To mathematically
describe the process of droplet evaporation, the conservation laws for mass, energy and
species must be solved together with the respective kinetics of heat and mass transfer for
both phases. This subject has been extensively researched over the last decades, leading
to comprehensive descriptions in literature [138, 139].
Numerous droplet evaporation models with varying degrees of complexity have been
proposed in literature, with the d2-law as one of the simplest and most widely applied
approaches in engineering applications. The d2-law, which is also applied in this work (see
section 4.2) relies on the following assumptions. The evaporation process is assumed to be
quasi-steady and spherically symmetric in a quiescent medium. The liquid consists of one
single component with infinite thermal conductivity, eliminating temperature gradients in
the droplet. The droplet temperature during evaporation is assumed to be equal to the
boiling point. The thermophysical properties of the species involved in the evaporation
process are constant. The Lewis number is assumed to be Le = 1, leading to equal heat
and mass transfer rates. The heat capacities of fuel vapor and gas phase are assumed to
be equal [113].
Heat transfer to droplets is typically described in literature using the Ranz-Marshal
correlation for the Nusselt number Nu:

Nu = 2 + 0.6 · Re1/2 · Pr1/3 (2.27)

applying a Reynolds number Re based on the relative velocity of gas phase and droplets and
the Prandtl number Pr containing the gas phase properties. The heat transfer coefficient
α is calculated from Nu by

α = Nu · λgas

d
(2.28)

using the gas phase heat conductivity λgas and the droplet diameter d. Under high ambient
temperatures, the heat-up period is typically quick in comparison to the evaporation
period and is neglected in the d2-law. The temporal change of droplet temperature Tdrop

is then modeled by

mdrop · cp,liq · dTdrop

dt
= α · πd2 · (Tgas,∞ − Tdrop). (2.29)
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with the droplet mass mdrop, mass specific heat capacity of the liquid phase cp,liq and bulk
gas temperature Tgas,∞. Once the droplet reaches its boiling point, evaporation is assumed
to start. Under the above given assumptions, the decrease of droplet diameter over time t

can then be written as

d2(t) = d2
0 − K · t ; using K = 8 · λgas

ρliq · cp,gas
· ln (1 + BT ) (2.30)

containing the initial diameter d0, the liquid density ρliq, the gas phase heat conductivity
λgas and the mass specific heat capacity of the gas phase cp,gas. The term BT is referred to
as the Spalding number and is given by

BT = cp,gas · (Tgas,∞ − Tdrop)
∆hvap,liq

(2.31)

featuring the liquid heat of evaporation ∆hvap,liq [113, 138].
The d2-law relies on many simplifying assumptions, and models considering more effects
are available. One approach applied in this work additionally considers liquid evaporation
during the heat-up period and also abandons the assumption of a quiescent surrounding
atmosphere, taking additional heat and mass transfer through convection into account.
During the heat up period, the evaporation process is governed by mass transport of fuel
vapor from the droplet surface

dmliq,drop

dt
= −πd2 · β · (cvap,s − cvap,∞). (2.32)

The mass transfer coefficient β is provided by a Sherwood correlation analogous to eq.
2.27, the concentration of fuel vapor at the droplet surface cvap,s is calculated from the
vapor pressure at the droplet temperature. The bulk concentration of fuel vapor is denoted
as cvap,∞. When droplet heating and evaporation occur in parallel, the droplet energy
balance to determine droplet temperature is given by

mdrop · cp,liq · dTdrop

dt
= α · πd2 · (Tgas,∞ − Tdrop) − dmdrop

dt
· ∆hvap,liq (2.33)

with α being calculated using eqs. 2.27 and 2.28. When the droplet temperature reaches
the boiling point, the evaporation rate can be assumed to be solely controlled by heat
transfer [113]. The rate of liquid evaporation is then given by

dmdrop

dt
= −πd2 · α · ln (1 + BT )

cp,gas
. (2.34)
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2.2.4 Suspension Droplet Conversion

The presence of a solid phase in suspension fuels strongly increases the complexity of
droplet conversion. In technical fuels, pyrolysis of solid and liquid phase can occur. Thus, a
large number of droplet conversion pathways are possible for suspension droplets, affecting
the temporal development of droplet mass, composition and morphology. These depend
on initial thermochemical properties of liquid and solid phase, solid mass fraction and
particle size, heating rate, surrounding atmosphere as well as possible chemical reactions
of the components in the droplet. Liquid evaporation times for suspension droplets can be
significantly longer than for pure liquid droplets.
For low solid mass fractions xsol < 1 wt-% and low pyrolysis tendency of the liquid
component, the droplet typically evaporates without formation of a solid agglomerate
[140, 141]. Otherwise, after an initial period of regressing diameter, agglomerate formation
starts with the development of a shell at the droplet surface [141–145]. This can be
caused by accumulation and caking of solid particles at the droplet surface [146, 147] or
enrichment and pyrolysis of less volatile liquid fuel components, which is especially relevant
for biogenic pyrolysis oils [148–152] or heavy fuel fractions like HFO [153–157]. For a bet-
ter overview, these two main mechanisms are regarded separately in the further description.

Non-Pyrolyzing Liquid Phase
For suspension fuels where solid formation by liquid phase pyrolysis is not relevant, i.e. for
conversion of CWS or the suspensions of MEG and beech wood char (MEG-BWC) applied
in this work (see section 3.4.3), droplet conversion is comparatively well characterized. It
has been shown that for a non-pyrolyzing liquid phase, the caking behavior of the solid fuel
phase plays a decisive role for agglomerate formation [158]. Two main pathways are reported
in literature after initial shell formation, which are visualized in Fig. 2.5. According to the
review by Handscomb [140], it is at present not possible to reliably predict the development
of suspension droplet morphology during conversion with currently available suspension
droplet models.
In a bubble forming pathway, local boiling inside the droplet leads to the emergence of gas
bubbles and possible pressure increase. This can result in droplet inflation, formation of
blowholes or fragmentation of the droplet, leaving different possible hollow solid agglomerate
morphologies at the end of the process. These are especially relevant at high temperatures
and heating rates [142, 145, 159, 160]. Droplet models including bubble formation leading
to hollow agglomerates (cenospheres) have been developed for low and high temperature
conditions [140, 141]. The model proposed by Lee and Law [141] has been validated for
combustion of CWS and is chosen as an example of a simple cenosphere formation model
in this work (see Shell Formation Model, section 4.3.4).
In the wet kernel pathway, an evaporation front recedes into the droplet while a wet kernel
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remains inside [142]. Vapors diffuse outwards through the porous shell, which poses a
resistance to mass transport. At lower temperatures and heating rates, the agglomerate
completely dries to a porous solid particle [140]. At higher heating rates and temperatures,
local superheating inside the agglomerate can again lead to fragmentation into sub-particles.
Droplet models dealing with the wet kernel pathway relevant for this work are for example
presented by [142, 146]. One approach of this type is also implemented in this work (see
Fragmenting Particle Model, section 4.3.4).

No Particle
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Shattered
Particle

Solid Particle
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Temp. Collapse

Re-Inflation

Uninflated 
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Internal Bubble
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Figure 2.5: Morphology development of a suspension droplet during evaporation when
liquid phase pyrolysis is not relevant. Adapted and modified from [140]. The
original graphic by Handscomb was developed with focus on low temperatures,
the processes depicted are however also found at high temperature (see text)

Pyrolyzing Liquid Phase
Pyrolysis of the liquid phase complicates the above mentioned processes, as additional solid
can be formed. A number of phenomenological studies investigated the effects of liquid
phase pyrolysis in droplets under high temperature conditions for biogenic pyrolysis oils
and HFO [148–157]. For HFO and suspensions of biogenic pyrolysis oils with biogenic chars,
solid agglomerates formed under EFG conditions have been experimentally characterized
[77, 105, 107]. Only a few droplet models explicitly take into account pyrolysis of the
liquid phase, as this requires a discretized calculation of heat and mass transport in the
particle together with a model of the pyrolysis reactions specific to the fuel and process
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conditions [143, 151, 156, 161].

Models for Suspension Droplets applied in EFG Literature
Table 2.1 summarizes different model concepts for suspension fuels applied in literature
on CFD simulations of EFG systems. To the author’s best knowledge, none of the above
mentioned models dedicated to suspension droplets have been applied to simulate EFG
systems in literature. The most common approach applied in EFG literature is the simple
Wet Particle model, where single solid particles are assumed to be covered by a liquid
film. The film thickness is defined by the liquid mass fraction in the suspension and the
solid particle diameter. This model is also applied in this work as a comparison to the
more detailed models outlined above (see Wet Particle Model, section 4.3.4). Some studies
also inject liquid droplets and solid particles as two separate phases. The description of
suspension droplets is entirely avoided by this approach. Another treatment of suspension
droplets found in EFG literature is based on the assumption that suspension droplets are
injected and the solid mass is released from the droplets proportionally to the evaporating
liquid mass.

Table 2.1: Overview of model concepts for suspension fuels applied in literature on CFD
simulation of EFG.

Concept Description Droplet Size Used by

Wet Particle

Single solid particles
are each surrounded by
a liquid film, applying
a standard liquid evap-
oration model.

Droplet size and
solid particle size
coupled by liquid
mass fraction

[36, 101, 102, 162–166] (CWS),
[42] (AWS),
[167] (MEG-BWC),
[65] (HFO)

Separate
Injection

Pure liquid droplets
and solid particles are
injected as separate
phases.

Droplet size and
solid particle size
are defined inde-
pendently

[9, 168] (MEG-BWC),
[103] (PCWS)

Simultaneous
Release

Solid phase suspended
in liquid phase. Liquid
phase evaporates
acording to standard
evaporation model,
solid is released pro-
portional to liquid
phase.

Droplet size and
solid particle size
are defined inde-
pendently

[69, 104] (MEG-BWC)
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2.2.5 Solid Fuel Conversion

The conversion of solid fuel particles in an EFG reactor is characterized by high temper-
atures and high heating rates that can act upon the particle under both oxidizing and
reducing conditions [169]. During heat up of a carbonaceous solid fuel particle, moisture
is first released from the particle which is succeeded by thermal decomposition of the
fuel at higher temperatures (Devolatilization / Pyrolysis). This process typically yields
gaseous species (Volatile Species) and a solid phase (Char), consisting primarily of the
remaining carbon matrix (Fixed Carbon) and ash. Conversion of the char takes place
in heterogeneous gas-solid reactions that mostly occur after complete devolatilization at
higher temperatures, but can also temporally overlap with late phases of devolatilization
[169]. Devolatilization and char conversion processes strongly dependent on the mor-
phology, chemical composition and minerals content of the solid fuel particle, as well as
temperature and species concentrations of the surrounding gas phase. A detailed review
of these complex dependencies and their modeling is provided in the literature reviews by
Hasse [169] and Mularski [170].
During the devolatilization process, pyrolysis reactions within the particle lead to the
breakup of chemical bonds, producing light gases that are released from the particle to the
surrounding atmosphere. This process can be modeled using empirical models like single-
step, multi-step or distributed activation energy models [169, 170]. More comprehensive
approaches approximate the fuel structure using lattice statistics or pseudo-components
and apply detailed reaction mechanisms as for example the network pyrolysis models CPD
or FLASHCHAIN. These models provide higher flexibility in terms of process conditions
and an enhanced level of detail but are rarely used in global reactor simulations [169]. In
this work, a single-step first order Arrhenius type approach is applied that is elaborated in
section 4.3.4.
For the heterogeneous char conversion, the most important reactions under gasification
conditions are the Boudouard reaction (eq 2.35) and the heterogeneous water gas reaction
(2.36):

C + CO2 −−→ 2CO (2.35)

C + H2O −−→ CO + H2 (2.36)

The microkinetic rate ri of these reactions is often described using a Langmuir-Hinshelwood
model or a power law approach, which is also applied in this work (section 4.3.4). As
these reactions occur at the gas-solid-interface, they require transport of gaseous reactands
from the bulk phase to the solid surface, their adsorption at the solid surface, followed by
desorption and mass transport of products to the bulk phase after reaction. Due to the
fact that the inner surface of char particles is typically much larger than the outer surface
due to the high porosity of chars induced by pyrolysis, the mass transport processes within
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the particle require special attention. The morphology and reaction properties of the char
are strongly influenced by the devolatilization process [171–173]. Typically, three regimes
are distinguished in literature [169, 170]. In the chemically controlled regime (I), transport
processes are considerably faster than chemical reactions, leading to a uniform profile of
reactand concentrations over the particle. In this regime, the effective rate reff,i of reaction
i is equal to the microkinetic or intrinsic rate ri. In the pore diffusion controlled regime
(II), the microkinetic rate exceeds the rate of mass transport of reactands within the pores,
which is typically the case at higher temperatures. This gives rise to a concentration
gradient over the particle cross section, causing reff,i to be determined by pore diffusion
processes. In the external mass transfer controlled regime (III) present at the highest
temperatures, the microkinetic rate is faster than the transport processes from the bulk
phase to the particle. In this regime, reactand concentration within the particle is nearly
zero and the reaction predominantly occurs at the outer particle surface. reff,i is determined
by reactand transport from the bulk phase to the particle surface. EFG conditions feature
all three regimes, with regime II as the most relevant one [170].
The most common approach to account for mass transport limitations within the particle
is to use an effectiveness factor ηi:

reff,i = ηi · ri (2.37)

that is calculated from a Thiele modulus ϕi [170]

ηi = 1
ϕi

·
(

1
tanh(3 · ϕi)

− 1
3 · tanh(ϕi)

)
(Compact Sphere) (2.38)

ηi = tanh(ϕi)
ϕi

(Hollow Sphere) (2.39)

For a power law kinetic equation, the Thiele modulus is defined as

ϕi = Lc ·

√√√√ni + 1
2 ·

ki · cni−1
i,∞

Deff
(2.40)

using the reaction order ni, the pre-exponential factor ki from the power law kinetic
equation (eq. 4.37). The characteristic length is defined as Lc = dp,sol/6 (compact sphere
with diameter dp,sol) or Lc = δs/2 (hollow sphere with shell thickness δs). The effective
diffusion coefficient Deff depends on the particle porosity and the radius of the porous
structures, taking into account molecular and Knudsen diffusion [170].
More advanced models also consider the evolution of the morphological structure of the
char during the heterogeneous gasification process or account for thermal annealing [169].
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2.2.6 Gas Phase Reactions

Relevant Gas Phase Reactions under EFG Conditions
In the EFG flame zone, oxygen from the gasification agent reacts exothermally with CO
and H2 from the surrounding syngas (eq. 2.41 and 2.42). In the product gas, the water
gas shift reaction is dominant (eq. 2.43):

H2 + 1
2O2 −−→ H2O (2.41)

CO + 1
2O2 −−→ CO2 (2.42)

H2O + CO −−⇀↽−− CO2 + H2 (2.43)

Gas phase reactions of vaporized fuel components are more complex and depend on the
fuel composition. Typically, large hydrocarbon molecules are cracked towards smaller
hydrocarbons that can be directly oxidized or converted to syngas via reforming reactions
with H2O and CO2. Depending on the reaction conditions and molecule structure, soot
may form during this process. Reaction mechanisms for hydrocarbons under fuel rich
conditions are for example discussed by Bockhorn [174]. Kathrotia et al. [175] and Hafner
et al. [176] discuss the reactions of monoethylene glycol under fuel rich conditions, which
is used as a surrogate fuel in this work.
At the high temperatures present in an EFG, oxidation reactions feature the highest
reaction rates, followed by the water gas shift reaction. Decomposition and reforming
reactions are typically slower. An overview about time scales of in-flame and post-flame
reactions for autothermal methane reforming, which is comparable to EFG concerning
reaction conditions, is given by Hunger et al. [177, 178].

Thermodynamics of Gas Phase Reactions
The thermodynamic state of a system can be described by the Gibbs Free Energy

G = H − T · S (2.44)

using the enthalpy H and entropy S of the system. For a multicomponent mixture of N

species ni, G can be expressed by

G(ni,T ) =
N∑

i=1
ni ·

(
∆G


f ,i + RT ln(pi/p+)
)

(2.45)

featuring the Gibbs energy of formation ∆G

f ,i, the reference pressure p+ = 1 bar and

the partial pressure pi of component i [179, 180]. In chemical equilibrium, the differential
of G for constant temperature, system mass and pressure is zero, which can be used to
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calculate the equilibrium composition of the reaction mixture:

(dG)T ,p,m = 0 (2.46)

This procedure is also implemented in the model applied in this work (see section 4.3.2
for further details). When a mixture reacts to equilibrium under adiabatic and isobaric
conditions, the resulting temperature is referred to as adiabatic equilibrium temperature
Tad.

Intermediate Species
The reactions discussed above involve numerous intermediate species that are formed
and consumed along the process. While these species are typically not stable at ambient
conditions, some (e.g. OH, H, and O) can exist in significant concentrations in chemical
equilibrium at high temperatures in a flame.
The OH radical is produced during oxidation processes and is among the most well
investigated flame intermediates. Reactions of OH formation during the oxidation of
hydrocarbons and syngas are for example discussed by [181, 182]. A strong increase
of equilibrium OH concentration with temperature is usually reported [183]. OH has
been widely used in flame structure analysis and is typically measured by laser induced
fluorescence (LIF, see section 3.3.1) [184–187]. Under non-premixed conditions, OH is
mostly found at the interface between oxidizer and fuel gas and marks the transition
from unburned to burned gases in the flame (see section 2.2.7 and Fig. 2.6). Examples
and additional details on the interpretation of OH-LIF signals as flame front marker
are provided by [187–192]. The suitability of OH as a marker for heat release has been
discussed but was found to be limited without further information on other intermediate
concentrations [193, 194]. Several studies also applied OH as a spatial marker for the
oxidation zone in rich inverse diffusion flames [178, 195–197], which is of special relevance
for this work.

2.2.7 Flame Stabilization

Flame Fronts
Flames can be distinguished in premixed flames, where combustible gas and oxidizer have
been homogeneously mixed before reaction, and non-premixed flames, where both gases
are separate and the reaction occurs at the interface of both streams. In premixed flames,
the propagation of the flame front is determined by the interaction of chemical kinetics
and diffusive processes within the reaction mixture, which is characterized by the laminar
flame velocity Λf. In non-premixed flames, mass transport of oxidizer and combustible
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gas towards the flame front is the defining mechanism for the flame structure [92, 113,
179, 198]. The flame in an EFG reactor can as a first approximation be regarded as
non-premixed.
Fig. 2.6 shows schematic profiles of relevant species concentrations, mixture fraction
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Figure 2.6: Example Flame Front in a laminar CH4 - Air

and temperature around the flame front of an exemplary laminar non-premixed CH4 -
air flame. The reaction takes place in a narrow zone where the mixture of both streams
is stoichiometric (λtec = 1). Oxidizer and combustible gas are transported by molecular
diffusion towards this flame front where they are consumed, whereas product gases formed
in the flame front diffuse away in both directions. The gradients of the species induced by
the chemical reactions are the driving force for species transport, which in turn determines
reaction rate. The heat released by the reaction leads to a temperature maximum near the
flame front. Due to the high temperatures and ongoing chemical reaction, intermediate
species like OH exist in a limited space around the flame front. These can then be used
as diagnostic markers (see sections 2.2.6 and 3.3.1). For the description of non-premixed
flames, the assumption that chemical reactions are fast compared to mixing (»mixed =
burned«) can often be applied as a good approximation, allowing the use of equilibrium
chemistry. For further information, the reader is referred to the respective literature
literature [92, 113, 179, 198]

Turbulent Jet Flames
Due to the relevance of mixing of oxidizer and combustible medium, the description of
turbulent non-premixed jet flames is closely linked to the theory of turbulent jets (section
2.2.2). With the assumptions that (i) the transport of thermal energy proceeds with the
same rate as the transport of species (Le = 1) and (ii) no heat loss through radiation
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occurs, the enthalpy field in a turbulent jet is directly related to mixture fraction [179]:

xjet (ζ, η) = h (ζ, η) − hamb

hjet − hamb
. (2.47)

Together with the equilibrium chemistry assumption, species concentrations and tempera-
ture in a non-premixed jet flame are an exclusive function of mixture fraction. Based on
this approach, different simple models and scaling laws for turbulent non-premixed jet
flames based on gas momentum have been developed [113, 117, 118]. From thee models
it can be derived that the length of an ideal turbulent jet flame scales linearly with the
nozzle equivalent diameter (eq. 2.13, [118]).
However, flame phenomena like local extinction and flame liftoff cannot be modeled using
the equilibrium chemistry assumption. Especially at higher turbulent mixing rates, the
times scales of mixing and reaction become comparable and the assumption of equilibrium
chemistry must be relaxed. More advanced approaches and concepts for these issues are
reviewed in [92, 179].

Inverse Diffusion Flames
An Inverse Diffusion Flame (IDF) is a special configuration of a non-premixed flame where
an oxidizer jet emerges into a combustible environment, in contrast to a Normal Diffusion
Flame (NDF). This configuration has gained interest over the last years. The current state
of research is summarized in the literature reviews by Hariharan et al. [199] and Zhen et
al. [200]. However, most of the literature on IDF is of minor relevance for EFG conditions.
The flame situation in an EFG reactor (see section 2.1.2) is characterized by (i) globally
fuel rich conditions, (ii) high oxygen concentrations in the gas jet, (iii) high temperature of
the combustible ambient atmosphere, (iv) turbulent flow, (v) superposition of the oxidizer
jet with a fuel spray. There are no known studies conducted at well defined laboratory
systems that take effects (i)-(iv) into account simultaneously. Further, there are no known
publications on laboratory systems for IDF combined with aspect (v).
Studies within the scope of this work are provided by [201–205] where the effect of oxygen
enrichment on the structure of IDFs is investigated within the context of autothermal
methane reforming. Li et al. [67, 204] and Richardson et al. [206] investigate the structure
of fuel rich IDFs in a high temperature surrounding atmosphere. It is shown that under
the conditions relevant for autothermal methane reforming, which are comparable to
EFG, the high temperature surrounding gas leads to a flame stabilization by autoignition
[204]. Hunger et al. [178] compare a fuel rich, turbulent, oxygen enriched IDF and
an analogous NDF in detail using LES. It was shown that although the stoichiometric
mixture fraction of jet medium changes through inversion of the streams, the same flame
structure emerges as long as the flow remains in the turbulent regime. Stelzner et al.
[195, 207] investigate a fuel rich, oxygen enriched, laminar IDF using OH-LIF, focusing on
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temperature measurements and the relationship between temperature and OH concentra-
tion. It is shown that due to the oxygen enrichment, temperatures up to 3000 K can be
reached. Rabee et al. [208] shows that for fuel rich turbulent IDFs, a linear relationship
of flame length and nozzle diameter is observed analogously to normal jet flames (see above).

Spray Flames
The main difference between spray flames and gas flames is that in a gas flame, the fuel
is directly available for reaction, whereas in a spray flame, fuel droplets first need to
evaporate to enable a reaction (see section 2.2.3). This leads to different flame structures
and stabilization mechanisms than for gas flames. Spray flames can typically be considered
to be of predominantly non-premixed character but can also feature local zones of premixed
combustion [91].
The presence of a second phase makes spray flames considerably more complex than
gas flames. Effects of droplet inertia on the gas velocity field and volume expansion by
evaporation need to be considered when modeling spray flames. Turbulence properties of
the gas phase that impact mixing of reactands are also affected by droplets (see section
2.2.2). Local stoichiometry is strongly influenced by the unsteady local dispersion of
droplets [91, 93, 209]. A detailed overview of the effects occuring in spray flames and
corresponding modeling approaches is provided in the reviews by Kuo [92], Jenny et al.
[91] and Brito Lopes et al. [210]. Modeling spray combustion is still an active area of
research.
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This chapter describes the experimental facilities for the gasification and atomization
experiments (sections 3.1 - 3.2), as well as the diagnostics and data evaluation methods
applied in this work (section 3.3). The description and operating conditions of the
individual experimental datasets are given in section 3.4.

3.1 Research Entrained Flow Gasifier REGA

The gasification experiments were carried out at the Research Entrained Flow Gasifier
REGA. The plant has been detailed in various publications [8, 13, 15], thus only a brief
description will be given here.
The gasifier consists of a ceramic tube featuring an inner diameter of d = 280 mm
and a length of L = 3.1 m. The plant is typically operated at fuel mass flows around
ṁfuel ≈ 10 kg/h, resulting in an input thermal power of Pfuel ≈ 50 − 100 kW, depending
on the fuel. The ceramic refractory lining is electrically heated to a temperature of
T = 1200 °C and surrounded by a thermal insulation and a steel containment. A schematic
of the upper reactor section is shown in Fig. 3.1, a detailed sketch of the entire reactor is
provided in A.1.
The gasifier can be operated on liquid and suspension fuels that are fed to the reactor via
an external mixing twin fluid nozzle. The burner nozzle is embedded in a burner plate
made of the same ceramic material as the refractory lining. Fuel flow is controlled using a
progressing cavity pump and a Coriolis mass flow meter. Oxygen enriched air is applied
as gasification medium, which is fed to the burner nozzle along the liquid fuel stream in a
twin fluid lance (see section 3.4). Fuel and gasification agent enter the reaction chamber
and form a product gas, which is cooled down at the reactor outlet by a heat exchanger
and a water quench, after which it is burned in a flare. Gas samples are continuously taken
at the reactor outlet and analyzed in standard gas analytics provided by ABB in order
to measure concentrations of permanent gases (H2, CO, CO2, CH4, O2). The elemental
balancing is described in [8].
Due to safety reasons, the plant is operated at ∆p = 1 to 2 mbar below atmospheric pres-
sure in order to avoid leakage of syngas into the ambience. The operation near atmospheric
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pressure facilitates detailed diagnostic access to the reactor volume by access ports at
different levels along the reactor axis (E0 - E3, see 3.1). The access ports can be equipped
with nitrogen purged Quartz glass windows (Appendix A.1) for optical measurements or
probes for invasive measurements. The layout of the ports allows optical measurements in
angles of 180°, 110°, 90°and 70°. The burner plate is movable in axial direction, which
enables measurements over the entire main reaction zone.

Figure 3.1: Sketch of REGA reactor (upper part) and OH-/Fuel-Tracer-LIF setup applied
and this work. Modified from [15].

3.2 Atmospheric Spray Test Rig ATMO

Atomization experiments under ambient conditions were performed at the Atmospheric
Spray Test Rig ATMO, which has been described in prior publications [110, 167]. A
twin fluid atomizer nozzle is mounted to an axially movable feeding lance. The liquid or
suspension fuel is fed by a progressing cavity pump and controlled by a Coriolis mass flow
meter. The atomization experiments are conducted using air. The spray emerges into the
ambient atmosphere and is then analyzed using the diagnostic techniques described in the
sections below. In order to avoid recirculation of droplets and gas, the two-phase flow is
collected in an honeycomb structure below the measurement plane. A sketch of the plant
is included in Appendix A.1.
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3.3 Diagnostics

3.3.1 OH Laser Induced Fluorescence

A system for measuring laser induced fluorescence (LIF) of the OH radical was installed
at the REGA plant over the course of this work. LIF allows the spatially resolved,
non-invasive detection of reaction intermediates in low concentrations in-situ and is thus
ideal for studying flames [211, 212]. This section first describes the physical principle
of the OH-LIF measurement, followed by a description of the applied devices and an
outline of the procedure for measurement and data evaluation. The relation of OH to
the processes in the flame has been elaborated in the respective Fundamentals section 2.2.6.

Measurement Principle
The measurement principle of OH-LIF is the electronic excitation of OH molecules by
absorption of photons from a laser pulse, which is followed by the detection of the resulting
photon emission through fluorescence by a camera system. In a diatomic molecule like OH,
rotational, vibrational and electronic states can be excited by incoming photons. During
a LIF measurement, the wavelength of a laser source is tuned to match the energy of a
selected transition of states in the target molecule. As OH-LIF is a well established and
widely applied method in combustion diagnostics, the reader is referred to literature for
details [186, 211, 212]
According to fluorescence theory, at excitation laser fluences F0 sufficiently below saturation,
the intensity of the fluorescence signal measured by the detection optics ILIF originating
from an illuminated volume Vdet is given by

ILIF = Vdet F0 N0
1 B12 ci · A21

A21 + Q21
· h ν

c
· Ω

4 π
· ηopt. (3.1)

The first term of this expression describes laser absorption by the molecules, with the
Einstein coefficient for absorption B12, the population density of the ground state N0

1

and the number density of the absorbing molecule ci. The middle term is referred to
as fluorescence quantum efficiency and contains the spontaneous emission rate constant
A21 and the collisional quenching rate constant Q21. The last term represents the signal
detection, where hν/c is the emitted photon energy, Ω is the collection solid angle and
ηopt is the efficiency of the detection optics [185, 186, 211].

Measurement Uncertainties
According to eq. 3.1, the measured signal intensity ILIF is linearly proportional to the
number density ci of the target species i. Thus, a quantitative measurement of OH
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concentration is possible if the other parameters are known. B12, A21 and ν are quantum
properties that only depend on the energy levels of the respective transition and are
tabulated [186].
The ground state population density N0

1 is temperature dependent and can be described by
a Boltzmann distribution [186]. This temperature dependency can be minimized for a given
temperature range by selecting an appropriate ground state, which is described in [177]
for oxygen-rich inverse diffusion flames in a similar temperature range. In accordance with
this investigation, the rotational Q1(8)-line of the vibrational (1-0)-band of the electronic
A2ΣX2Π transition at a wavelength of λlaser ≈ 283.55 nm was selected, which exhibits a
temperature variation of 7 % in the temperature range of 2000-2800 K.
The parameters ηopt, Ω and Vdet can be obtained in different ways, most simply by a
calibration experiment featuring a known OH concentration using the measurement setup
[192].
The most difficult effect to quantify is the process of collisional quenching described by
Q21, which is dependent on the collision rate of the OH molecules with the other gas phase
species depending on pressure, temperature and their mole fractions [186, 211, 213, 214].
Quantifying this effect in-situ would either require steady state conditions like in a laminar
flame [182, 185, 186] or require a simultaneous measurement of temperature and species
concentration in a turbulent flame [215–217]. Methods requiring additional data input
from simulations [218] have also been reported. In this work, the influence of collisional
quenching on the measured signal has been quantified in Appendix A.3 using data from
2-Ph-FJM calculations.
Another source of uncertainty is the absorption of laser light, which affects F0, and fluores-
cence light, which additionally decreases ηopt [192]. This may be caused by spray droplets,
solid fuel particles, soot and fouling of the optical access windows.
As detailed by [192], most relevant information for flame analysis can already be obtained
using qualitative OH-LIF measurement without determining absolute concentrations. As a
consequence of the reported limitations, a quantitative calibration of the OH measurement
was thus not attempted in this work.

Optical Setup
The measurements were carried out using an optical setup provided by LaVision. A
schematic of the setup at the REGA plant is shown in Fig. 3.1. A pulsed, frequency
doubled Nd-YAG laser (Quantel Q-smart 850 ) was coupled into a frequency doubled
tunable dye laser (Sirah Cobra-Stretch) using Rhodamine 6G as laser medium to create a
laser wavelength of λlaser ≈ 283.55 nm. The output energy of the dye laser was determined
to be Elaser ≈ 20 mJ per pulse at a pulse frequency of flaser = 10 Hz. The beam was
steered through a cylindrical lens optics and a collimator optics, resulting in a laser sheet
with a height of 50 mm and a width of 0.5 mm. The laser sheet was steered into the
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reactor at measurement plane E0 (see Fig. 3.1) and adjusted to the centerline of the gas jet
emerging the burner nozzle. Fluorescence was measured in a 90°angle to the measurement
plane using an image intensifier (LaVison IRO) and a CMOS camera (Lavision Imager
M-lite 2M ) applying a gate time of 50 ns. The image intensifier was equipped with an UV
objective and a bandpass filter featuring a transmission of 320 nm/40 nm FWHM. The
spatial resolution of the detection optics was determined to be 132 x 132 µm.

Measurement and Data Evaluation Procedures
Before each flame measurement, the position of the laser sheet relative to the gas jet in the
reactor and the laser pulse energy Elaser were checked. Since the wavelength calibration of
the tunable dye laser is highly sensitive towards changes in internal beam steering and
temperature, the tunable optics were recalibrated before each flame measurement using a
peakfinding scan. During a flame measurement, the burner was axially moved in 20 mm
steps, while taking one set of images at each position. An image set consists of 500 images
of each (i) fluorescence images at the Q1(8)-line at a wavelength of λlaser ≈ 283.55 nm,
(ii) offline images with laser excitation at λlaser ≈ 283.51 nm and (iii) background images
without laser illumination.
For data evaluation, the single images in each set were averaged. In order to remove the
background signal and possible fluorescence of trace components other than OH from
the measurement signal, the averaged offline and background images were subtracted
from the averaged OH fluorescence images. The OH-images were then smoothed and
corrected for spatial inhomogeneities in laser sheet and camera sensitivity using standard
procedures [219]. The OH-images of each burner position were combined to yield an image
of the entire reaction zone. The OH-LIF intensity ILIF was used to determine longitudinal
extension LOH and volume VOH of the OH zone using a procedure described in section 4.3.5.

3.3.2 Fuel Tracer Laser Induced Fluorescence

Measurement Principle
Fuel-Tracer LIF (FT-LIF) is a diagnostic technique that has been widely applied for inves-
tigation of mixing and reaction processes in single- and two-phase systems. The theory
and applications of the method are reviewed in detail by Fansler et al. [220] and Schulz
and Sick [219]. In FT-LIF, the fuel stream (gaseous or liquid) is doped with a molecule
featuring known fluorescence characteristics at a predefined concentration (tracer). The
spatial distribution of fuel in the investigated system can then be derived from the spatial
distribution of the tracer molecule, which is detected by laser induced fluorescence. In this
work, FT-LIF of the liquid fuel phase was conducted. The physical fundamentals of liq-
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uid phase fluorescence are similar to fluorescence in the gas phase described in section 3.3.1.

Measurement Uncertainties
Ideally, the FT-LIF signal is proportional to the number of tracer molecules in the excita-
tion volume and thus also proportional to the local concentration of fuel. Quantitative
measurements are possible, as for example shown by [221–227]. Several additional factors
must be considered in measurements of liquid phase FT-LIF in comparison to measure-
ments in the gas phase. (i) The curved gas-liquid interface of droplets can lead to non-linear
effects like scattering of light, droplet lensing or morphology dependent resonances, causing
measurement errors. This affects dense sprays featuring fine droplets as for example
present in internal combustion engine systems, but becomes less relevant in dilute sprays
[220, 228–231]. (ii) Due to the higher rate of molecule collisions in the liquid phase in
comparison to the gas phase, fluorescence quenching plays a major role in liquid phase
LIF. A consequence is that the fluorescence spectrum and fluorescence quantum yield of
the tracer strongly depends on the chemical composition of the liquid phase it is dissolved
in [232]. Quenching typically also causes a strong temperature sensitivity of fluorescence
quantum yield in liquid systems that must be accounted for [220, 233, 234]. (iii) For
quantitative measurements in evaporating systems, it must be ensured that tracer and
fuel have similar vapor pressures and that the fluorescence signal of gas and liquid phase
can be spectrally separated [220, 235–237]. Sophisticated detection techniques applying
so-called exciplex-substances have been developed for this purpose, but are currently
limited to gasoline and diesel surrogates [220]. A different strategy is to use a tracer
with negligible vapor pressure that remains in the liquid phase. This eliminates signal
interference from the gas phase but prohibits quantitative concentration measurements in
evaporating system due to enrichment of fuel tracer in the droplets [238].

Measurement Approach and Optical Setup
In this work, Rhodamine 6G was applied as a fuel tracer because its fluorescence properties
are well characterized and spectral data for solutions in MEG is available [232, 239,
240]. The substance class of Rhodamines has been successfully applied as fuel tracer
for non-reactive as well as reactive conditions [234, 238, 241]. Rhodamine 6G features a
negligible vapor pressure and is reported to thermally decompose at temperatures above
219 °C [240].
A tracer concentration of cRh6G = 10−6 mol/l was applied in all experiments. Under
reactive conditions, simultaneous measurements of OH and fuel tracer fluorescence were
conducted applying the LIF setup described in section 3.3.1 using the same experimental
procedure and measurement parameters. The emission spectra of OH and Rhodamine 6G
are shown in Appendix A.3. To measure both fluorescence signals in separate spectral
channels, a stereoscope (LaVision Image Doubler) was used, which was equipped with the
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bandpass filter for the OH fluorescence and a bandpass filter (572 nm/33 nm FWHM) for
the fuel tracer fluorescence. Spatial overlap of both signals was ensured by applying a cali-
bration plate before the measurement. For the reasons described above, the measurements
conducted under reactive conditions are of qualitative nature.

3.3.3 Phase-Doppler Anemometry

Droplet size and axial velocity were measured using a DANTEC Dynamics SprayExplorer
system described in [242]. For the fundamentals of the Phase-Doppler Anemometry (PDA)
technique, the reader is referred to the respective literature [243].
Measurements were conducted in forward scattering mode over an off-axis angle of 70°.
Lenses featuring a focal length of 1000 mm for laser and receiver were applied. The
receiver was equipped with a slit featuring a length of 200 µm and an asymmetric mask
for high data rates in dense spray conditions and to reduce measurement errors due to the
Gaussian beam effect [243]. This configuration was able to detect droplet sizes ranging from
d = 1 µm up to d = 1357 µm for MEG. PDA measurement parameters were determined
in a sensitivity study. Further system specifications and instrument settings are given in
Appendix A.3.
To enable the measurement of radial profiles of droplet size and axial velocity in the
spray, the system was mounted on a traverse system with a spatial accuracy of < 0.1 mm.
Radial profiles were recorded from r = -40 mm to 40 mm in steps of 4 mm. In order to
provide a statistically relevant sample, a measurement time of 60 seconds was applied at
each position to ensure the detection of 50000 droplets when possible. As the data rate
diminishes in the outer spray region, only measurements with at least 5000 droplets were
taken into account in the data evaluation.
For each axial position in a dataset, one full radial profile and two half profiles were
recorded. Under reactive conditions, only one full profile was measured. At each measure-
ment point of a radial profile, a number based droplet size distribution Q0, a volume based
droplet size distribution Q3 and the Sauter mean diameter d32 were evaluated. For each
radial profile, the integral Sauter mean diameter ID32 was calculated (see eqs. 2.8-2.10). A
modified version of the SprayCAT routine described in [110] was applied in the evaluation.
Mean axial droplet velocities weighted by droplet number and droplet mass were calculated
at each measurement point. Velocity profiles along the jet axis were used to calculate
droplet residence times using eq. 2.25 assuming a linear trajectory and a linear interpola-
tion of droplet velocity between measurement points using uliq,0 at the nozzle outlet as
starting value.
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3.3.4 High Speed Imaging and Shadowgraphy

In order to qualitatively characterize the sprays, images of the nozzle near region were
recorded using a high speed camera (Vision Research, Phantom v1840 ). The camera was
mounted at the Atmospheric Spray Test Rig ATMO. A section of 74 x 74 mm below the
nozzle exit was recorded with a resolution of 1007 x 1007 pixels at a frame rate of 8000 fps
and an exposure time of 2 µs. Backlight illumination was provided using an LED array
with a light intensity of 100 000 Lumen.
For the quantitative droplet size measurement using shadowgraphy reported in section
3.4.3, the intensified relay optics (IRO) was equipped with a far field microscope (DANTEC
Dynamics) while keeping the backlight illumination. This was done because the opaque
suspension fuels could not be investigated using the PDA system. The resulting measure-
ment area accessible by the shadowgraphy setup spanned a range of 3.2 x 3.2 mm with a
spatial resolution of 3.1 µm / pixel. 300 images were recorded with a frame rate of 50 fps at
an axial nozzle distance of z = 100 mm. An image evaluation routine described by Sänger
[110] was applied to calculate droplet size distributions from the image sets. The system
was calibrated using a calibration plate and tested using a monodisperse droplet generator.
The minimum detectable droplet size using this method was determined to be 30 µm.
Further validation was conducted at a MEG spray, where the droplet size distribution
measured by Shadowgraphy was compared to a droplet size distribution determined using
the PDA system under the same conditions (see Appendix A.3).

3.3.5 Mechanical Patternator

Radial distribution of liquid mass flux ϕliq in sprays was measured under ambient conditions
applying a mechanical patternator initially presented by Hotz [13]. The mechanical
patternator is a linear array of 62 chambers featuring a width of 4.9 mm, a length of
6.2 mm and a height of 150 mm. The chambers are separated by walls of 0.25 mm thickness.
At the beginning of a measurement, the patternator is positioned below the nozzle with
the chambers closed by a cover panel. When liquid and gas mass flows reach steady state,
the patternator is uncovered until at least one chamber is filled with liquid by 90 %. The
patternator is then covered again. 3 Measurements are conducted and averaged for each
experimental case. The measurement time t and the liquid height h in each chamber are
used to determine the local mass flux [13]:

ϕliq(r) = h(r) · ρliq

t
(3.2)
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As the system measures mass flow per area, the area of the chamber does not occur in the
equation. The measured radial profiles are fitted by a logistic distribution:

ϕliq(r) = A · e−ξ

(e−ξ + 1)2 , using ξ = r − ∆r

w
. (3.3)

The parameters A and w are the amplitude and the width of the distribution. The fit
function is corrected for the center offset from zero, ∆r, and then used to determine the
integral mass flow:

ṁliq(r) =
∫ r

0
ϕliq(r) · r dr. (3.4)

The total mass flow ṁliq(r → ∞) is used to quantify the measurement error by a mass
balance. The normalized mass flow ṁliq(r)/ṁliq(r → ∞) is used to determine the angle
θ0.9 that contains 90 % of the spray mass:

θ0.9 = 2 · arctan
(

r0

z

)
, where ṁliq(r0)

ṁliq(r → ∞) = 0.9. (3.5)

The evaluation procedure is shown for an example dataset in Fig. 3.2.
In order to derive input data for the extended 2-Ph-FJM, the logistic distributions derived
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Figure 3.2: Example dataset of measured radial mass flux distribution and logistic fit (left)
and determination of spray angle (right). Case MEG-A, z = 100 mm

from the experiments were corrected for the mass balance error by modifying the amplitude
A, which keeps the shape of the distribution including spray angle θ0.9 intact. Validation
data for this approach under ambient conditions is presented in Appendix C.2.4.
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3.3.6 Gas Temperature Measurement

Radial profiles of gas temperature Tgas were measured using type B thermocouples. The
thermocouples were inserted into the reactor using a ceramic rod. At each radial position,
temperature data were averaged over a time of 30 s. Due to the high temperatures in
the gasifier, radiation effects are relevant for invasive temperature measurement. To take
this into account, a method developed by Fischer was used [244, 245], applying a double
bead thermocouple with bead diameters of 300 and 1500 µm. In the calculation, a wall
temperature of 1473 K was assumed to correct the measured values for radiation.

3.4 Burner Nozzles and Operating Conditions

For fuel feeding, external mixing twin-fluid atomizer nozzles were applied. The liquid
fuel is fed as a central jet while the gasification medium enters the reactor through a
surrounding annulus (see Fig. 3.3). Three nozzles were applied. The liquid jet width
dliq, gas exit angle α and the wall thickness between gas and liquid s were constant for
all nozzles. The three nozzles are distinguished by their width of the gas annulus dgas,
which leads to different gas exit areas and results in different nozzle equivalent diameteres
(Nozzle A: deq,geo = 6.5 mm, Nozzle B: deq,geo = 4.3 mm, Nozzle C: deq,geo = 5.0 mm,
see eq. 2.14). Detailed technical drawings of the nozzles are presented in Appendix A.2.
Three experimental datasets were produced in this work. The operating conditions are
presented in the following.

dgas

dgas = 2.1 mm (Nozzle A) 
dgas = 1.1 mm (Nozzle B)
dgas = 1.4 mm (Nozzle C)

α = 30°
dliq dliq = 2 mm

s

s = 0.5 mm

α

 

Figure 3.3: Sketch and characteristic parameters of the burner nozzles applied in this work.
Gas (green) and liquid (blue) channels are marked.

44



3.4 Burner Nozzles and Operating Conditions

3.4.1 Dataset MEG

The MEG-dataset was generated for detailed assessment of reaction zones and fuel evapo-
ration in the EFG flame and is used in chapters 5.1 and 5.2. The complete experimental
data is given in Appendix D.1. The MEG-dataset consists of two experimental cases
featuring nozzles A and B (see Table 3.1). Monoethyle glycol (MEG) was applied as fuel
with a liquid mass flow of ṁfuel = 12.4 kg/h. MEG (C2H6O2) is a monocomponent fuel
featuring a boiling point of 196°C and a viscosity of 21 mPas at ambient conditions. MEG
was chosen as a model fuel because of its optical transparency, low sooting tendency and a
elemental composition which is similar to biogenic pyrolysis oils [8]. Additional fuel prop-
erties of MEG are given in Appendix B. The fuel was gasified applying a O2/N2-mixture
at a volume flow of V̇GA,STP = 7.5 m3/h and an oxygen content of yO2,GA = 69%, resulting
in an adiabatic equilibrium temperature of Tad = 1700 °C (λtec = 0.47).
Under reactive conditions, spatial distributions of OH and liquid fuel were detected using
OH- and Fuel-Tracer-LIF from the nozzle exit up to a nozzle distance of z ≈ 300 mm. Spray
images were taken using the LIF-setup without bandpass filters and laser excitation. Gas
temperatures were measured by double-bead thermocouples at z = 300 mm for MEG-A
and z = 150, 200, 300 mm for MEG-B. For both cases, radial profiles of droplet size
and droplet velocity were measured by PDA for z = 20 - 250 mm under gasification
conditions. Syngas composition at the reactor outlet was measured using the standard
analytics described above.
Under ambient conditions, a qualitative characterization of the primary jet breakup was
conducted using the high speed camera. Radial profiles of droplet size and droplet velocitiy
were measured by PDA for z = 50 - 250 mm for model input and comparison to the
reactive data. Radial distributions of spray mass flux ϕliq for z = 50 - 250 mm were
obtained in patterantor experiments.

3.4.2 Dataset GLYCEROL

The GLYCEROL-dataset was designed to vary spray parameters independently from gas
momentum flow, in order to separately investigate their influence on the EFG flame. Based
on the spray characterization experiments, experimental cases were selected to decouple
the influence of the burner related parameters on the flame. This dataset also serves as
the basis for the modeling study presented in chapter 5.1. The complete experimental
data is given in Appendix D.2.
Glycerol (C3H8O3) is a monocomponent fuel featuring a boiling point of 290 °C and a
viscosity of 1412 mPas at ambient conditions. Glycerol was used as a model fuel due to
its high temperature sensitivity of viscosity and an elemental composition similar to MEG
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(see Appendix B). Liquid feed temperature Tliq was varied between 45 °C and 70 °C in
order to modulate feed viscosity between 200 mPa · s and 50 mPa · s (see Appendix B).
Feed temperature was controlled by a thermocouple placed in the liquid feeding channel
35 mm upstream of the nozzle exit. In order to minimize the impact of temperature
deviations in the feeding system on viscosity, feed temperature was kept constant in a
range of ±1.5 °C around the respective setpoint.
A liquid mass flow of ṁfuel = 13.2 kg/h and gasification agent volume flow of V̇GA,STP =
7.5 m3/h featuring an oxygen content of yO2,GA = 71% were applied (λtec = 0.47). These
conditions result in an adiabatic equilibrium temperature of Tad = 1700 °C. Based on these
conditions, the set of experimental cases given in Table 3.2 is defined.
In the gasification experiments, flame structure was measured in an area of z = 0 - 330 mm
using OH-LIF. Experiments under ambient conditions involved measurement of radial
profiles of droplet velocity and droplet size in an axial nozzle distance of z = 100 mm,
patternator measurements at z = 100 mm, and high speed camera imaging of the primary
breakup.

3.4.3 Dataset SLURRY

The SLURRY-dateset provides a basis to study the flame structure of suspension fuels
under gasification conditions. The dataset is discussed in section 5.3. The full data is
provided in Appendix D.3.
In this series of experiments, reference suspensions consisting of MEG and 3 different
beech-wood chars were used. These fuels are selected because MEG is a well defined
monocomponent substance that does not exhibit formation of solids through pyrolysis
reactions prior to evaporation, while the char does not show any caking behavior during
conversion (see section 5.3). The chars BWC-A, BWC-B and BWC-C are different size
fractions of a commercially available char originating from the pyrolysis of beech-wood
(Holzkohleverarbeitung Schütte). The suspensions were stirred continuously during the
experiments. Char BWC-A (d32,sol = 9 µm) was used to vary solid mass fraction in the
suspensions, ranging from xsol,0 = 0 (pure MEG) up to xsol,0 = 30% (see Table 3.3). At
xsol,0 = 30%, the char particle size was varied by additionally using suspensions of BWC-B
(d32,sol = 4 µm) and BWC-C (d32,sol = 19 µm). Data on chemical properties and particle
size distribution of the chars are provided alongside rheological data of the suspensions in
Appendix B.
The input conditions for the gasification of the suspension fuels were derived from case S0,
which features the same input conditions as the cases in the MEG-dataset. As elemental
composition and heating value of the suspension varies with char content, the suspension
cases were adapted from case S0 in order to keep gas momentum flow, adiabatic equilibrium
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temperature (Tad = 1700°C) and reactor residence time (τR = 3.2 s) constant. The oxygen
content in the gasification agent and to a lesser extent fuel mass flow were thus adjusted
(see B.3).
For all cases, flame structure was measured in an area of z = 0 - 330 mm using OH-LIF.
Under ambient conditions, liquid mass flux distributions were determined by Patternator.
As PDA could not be applied in this dataset due to the opaqueness of the suspensions,
droplet size was measured using Shadowgraphy.

Table 3.1: Case names, applied nozzles and operating conditions of experimental cases in
the MEG-dataset. Input gas volume flow is V̇GA,STP = 7.5 m3/h for all cases.

Case Nozzle deq

mm
Jgas

kg m/s2
uGA,0

m/s
ṁfuel

kg / h
yO2,GA

%
λtec

−
MEG-A A 6.5 0.20 69

12.4 69 0.465
MEG-B B 4.3 0.45 156

Table 3.2: Case names, applied nozzles and operating conditions of experimental cases in
the GLYCEROL-dataset. Input gas volume flow is V̇GA,STP = 7.5 m3/h for
all cases.

Case Nozzle deq

mm
Jgas

kg m/s2
uGA,0

m/s
ṁfuel

kg / h
yO2,GA

%
λtec

−
Tliq
◦C

ηliq

mPa · s
A50 70 ≈ 50
A100 A 6.5 0.20 69 13.2 71 0.471 57 ≈ 100
A200 45 ≈ 200
B50 70 ≈ 50
B100 B 4.3 0.45 156 13.2 71 0.471 57 ≈ 100
B200 45 ≈ 200
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Table 3.3: Case names, fuel parameters, operating conditions and nozzle parameters for
the SLURRY-dataset. Input gas volume flow is V̇GA,STP = 7.5 m3/h for all
cases.

Case Char d32,sol

µm
xsol,0

−
Nozzle deq

mm
Jgas

kg m/s2
uGA,0

m/s
ṁfuel

kg /h
yO2,GA

%
λtec

−
S0 none - 0

C 5.0 0.34 116

12.4 69 0.465
S10-A BWC-A 9 10 12.5 72 0.447
S20-A BWC-A 9 20 12.6 75 0.431
S30-A BWC-A 9 30 12.7 77 0.417
S30-B BWC-B 4 30 12.7 77 0.417
S30-C BWC-C 19 30 12.7 77 0.417
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For theoretical investigations of the flame zone, a 2-Phase Free Jet Model (2-Ph-FJM)
is used, which was originally developed by Hotz based on theoretical considerations and
experimental work [11–13]. The modeling concept and the original calculation procedure
developed by Hotz are explained in sections 4.1 and 4.2.
In this work, the model was expanded in order to investigate the conversion of liquid and
suspension fuels in the EFG flame with respect to fuel composition and burner related pro-
cess parameters. For this purpose, the model was improved regarding the following aspects:

• The description of the droplet injection was refined with respect to the radial distri-
bution of liquid mass flux and droplet size, allowing the analysis of experimentally
observed spray effects (section 4.3.1).

• The reaction model was expanded to a fuel flexible approach that also calculates
intermediate species in chemical equilibrium (section 4.3.2). This enables a validation
of the model using experimental OH-LIF data and provides the ability for a variable
input fuel composition.

• An additional solid fuel phase was implemented in the model. Accompanied by
the implementation of solid kinetics and appropriate droplet conversion models,
this extension allows to study the conversion of suspension fuels in the EFG flame
(sections 4.3.3 and 4.3.4).

4.1 Model Concept

The 2-Ph-FJM is a two-phase, steady state model based on the mathematical description
of 2-phase free jets outlined in section 2.2.2. The model calculates fields of gas temperature,
gas composition, gas velocity, and spray parameters in the jet dominated region based
on input conditions given at the exit of the burner nozzle. In contrast to typical CFD
models, the 2-Ph-FJM applies a simplified, semi-empirical description for the exchange
of mass, momentum and energy and does not calculate these processes ab initio. The
2-Ph-FJM exclusively describes the flame zone and provides the advantage of substantially
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reduced computing times in comparison to CFD models. The modular architecture of
the 2-Ph-FJM allows to easily exchange and compare models for sub-processes within the
model framework. This simplified and flexible approach enables sensitivity studies in order
to analyze the response of the EFG flame towards changes in input conditions, identify
relevant process parameters, evaluate sub-process models and generate a more profound
understanding of the interaction of sub-process in the flame.

The model basis is provided by the description of two-phase free jets developed as an
extension of the established single-phase free jet theory by Hotz (see section 2.2.2). In
the 2-Ph-FJM, a jet of gasification agent originating at the nozzle exit expands into a
surrounding atmosphere of syngas. The gas jet is mixed with the surrounding atmosphere
and exchanges momentum, heat and mass with fuel droplets that are seeded into the gas
jet using input conditions defined at the nozzle exit. The flow field in the recirculation
zone is not resolved, instead, the surrounding atmosphere is assumed to be quiescent. This
allows to describe the mixing processes using free jet equations. Sub-models for gas phase
reaction and droplet conversion are added to this description (see section 4.2 below).
The simulation domain is divided into a grid of angular discretized radial segments using
a nondimensional (ζ,η)-coordinate system from free jet theory (section 2.2.2). Geometry
parameters are shown in Fig. 4.1. The inlet for gas and liquid phase is described as a
circular orifice with an equivalent diameter deq (eq. 2.15). In this coordinate system, the
free jet equations are applied to calculate the mixing of gaseous jet medium and ambient
gas. Coefficients for turbulent exchange of momentum and mass for the gas phase were
defined according to [12] based on the results of spray characterization experiments. In
each radial segment, the liquid phase is introduced as droplet collective with a given
droplet size distribution. Droplets are coupled to the gas phase via mass, momentum and
energy balances. The droplets can move on fixed trajectories along their respective radial
segment, where they heat up and evaporate (Fig. 4.1, left). Recirculation of droplets is
not considered. Gas phase composition, temperature and velocity field as well as droplet
temperature, velocity and mass are calculated in an iterative approach depicted in Fig. 4.1
(left). The procedure and the respective balance and transfer equations will be detailed in
the following section.
The geometry of the surrounding environment determines the validity of the free jet
assumption, which can, for the for the REGA plant, be applied up to a nozzle distance of
around z = 0.4 m (see section 2.2.2). For larger nozzle distances, the flow field is influenced
by the geometry of the reactor wall and the free jet description is no longer applicable. As
global reactor variables like total fuel conversion, outlet syngas composition or reactor heat
losses are highly influenced by processes outside the jet region, they cannot be predicted
using the 2-Ph-FJM.
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Figure 4.1: Modeling geometry (left) and calculation procedure (right) of the original
2-Ph-FJM, adapted from [11, 13].

4.2 Original 2-Ph-FJM by Hotz

The foundations and implementation of the original 2-Ph-FJM have been elaborated in
great detail in [11–13], so the description in this work is reduced to the most relevant
principles and equations. The theoretical fundamentals of two phase jets have been
described in 2.2.2.
In a first step A in Fig. 4.1, mixing ratio and gas velocity are calculated for a non-reacting
gas jet of gasification agent (GA) and a quiescent syngas atmosphere (SG) using the free
jet equations (eqs. 2.19 and 2.21). In each control volume (ζ,η), a mixture fraction xj is
calculated for each stream ṁj:

xj(ζ, η) = ṁj(ζ, η)
ṁGA(ζ, η) + ṁSG(ζ, η) . (4.1)

In step B, the gas phase enthalpy hgas in each control volume is calculated as

hgas = xGM(ζ,η) · hGM + xSG(ζ,η) · hSG. (4.2)
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with the enthalpy hj of stream j given by

hj =
N∑

i=1
yi,j

(
∆h


f ,i +
∫ T

T0
cp,i dT

)
(4.3)

For each of the N components i, the molar fraction in the stream j is given by yi,j , standard
heat of formation by ∆h


f ,i and isobaric heat capacity by cp,i. In the original model, O2, N2,
CO, CO2, H2 and H2O are considered as gas phase species. The gasification agent consists
of an O2 / N2 mixture at T = 25 °C, the syngas entrained from the environment has the
equilibrium composition of the input mass flows at reactor temperature T = 1200 °C. In
order to calculate the gas phase temperature and composition field in the first iteration,
the oxidation of H2 and CO and the WGS-reaction (eqs. 2.41 - 2.43 in section 2.2.6)
are considered. Due to the high temperatures in the flame zone, the reaction rates are
assumed to exceed the turbulent mixing rates. Thus, each control volume is modeled to
be in chemical equilibrium (see section 2.2.7). The equilibrium reaction model assumes
complete conversion of oxygen when reaction partners are available, followed by the water
gas shift reaction being calculated from a temperature dependent equilibrium constant
Kp(T ). Gas phase temperature and composition are calculated in an iterative approach
under the constraint of the gas phase energy balance:

hgas
!=

N∑
i=1

yihi(T ) (4.4)

In the following step C, the liquid phase is taken into account. 50 discrete droplet size
classes defined by a measured Q3-distribution are fed to the individual trajectories (see
Fig. 4.1). The original model assumes that the liquid phase in the jet is distributed
proportionally to the gas phase. Before evaporation, the initial liquid mass flow in each
control volume is thus given by

ṁliq(ζ,η) = ṁGA(ζ,η)
GLR (4.5)

Starting at the nozzle exit (0,η), droplets are accelerated along their respective trajectory
through exchange of momentum with the gas phase. The initial momentum of the liquid
phase is defined by the liquid velocity at the nozzle outlet uliq,0 given by liquid mass
flow and nozzle geometry. Droplet velocities are calculated based on the gas phase mean
velocity field from the prior step using a force balance regarding inertia and drag force
(eqn. 2.24). The change of gas phase velocity via momentum transfer from the gas phase
to the liqid phase is considered in the balance. Details on this aspect are given in [11, 13].
The effect of turbulence on droplet transport and interaction of closely spaced droplets is
not accounted for by the model (see Appendix C.2.6).
Droplet heating and evaporation is described using the d2-law outlined in section 2.2.3
using eqs. 2.29 and 2.30. During the evaporation process, the droplets transfer mass to
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the gas phase. The liquid conversion Xliq is used to express the progress of evaporation
along a trajectory η at a nozzle distance ζ:

Xliq(ζ, η) = ṁliq(0, η) − ṁliq(ζ, η)
ṁliq(0, η) . (4.6)

In step D, fuel vapor is accounted for in the gas phase calculations. Considering eqs. 4.5
and 4.6, the mass flow of fuel vapor in the gas phase at a given position is expressed by

ṁFV(ζ, η) = ṁGA(ζ, η)
GLR · Xliq(ζ, η). (4.7)

Since the gas phase now consists of gasification agent, syngas and fuel vapor, eqs. 4.1 and
4.2 are expanded to:

xj(ζ, η) = ṁj(ζ, η)
ṁGA(ζ, η) + ṁSG(ζ, η) + ṁFV(ζ, η) , (4.8)

hgas(ζ,η) = xGM(ζ,η) · hGM + xSG(ζ,η) · hSG + xFV(ζ,η) · hFV, (4.9)

hFV = ∆h

f ,liq +

∫ Tvap

T0
cp,liq dT + ∆hvap,liq. (4.10)

The next step is to calculate gas phase composition and temperature for the reacting
mixture containing fuel vapor. In the reaction model, fuel vapor is not considered as a gas
phase species itself. Instead, a reaction equation for the decomposition of the fuel (MEG,
in the present case) is applied, assuming instantaneous and complete conversion of MEG
to the decomposition products:

C2H6O2 −−→ 2CO + 3H2 (4.11)

The procedure to model the gas phase reactions described above is now repeated. Reaction
induced changes in the gas phase molecule number and changes in temperature can lead
to expansion of the gas phase volume, causing thrust. This affects the velocity field of the
gas phase, which is considered in the original model by a thrust sub-model. Details on
this are given in [11, 13].
As changes in gas phase velocity impact the movement of the droplets and their evapora-
tion, steps C and D are iteratively repeated in the 2-Ph-FJM.
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4.3 Extended 2-Ph-FJM

4.3.1 Radial Distribution of Liquid Mass Flux and Droplet Size

The first adaptation of the 2-Ph-FJM conducted in this work was the implementation
of a variable radial distribution of liquid mass flux and droplet size. This modification
has been published in [15]. In the original model, the initial droplet size distribution at
ζ = 0 was based on measured values and was the same for each trajectory. In the extended
2-Ph-FJM, each trajectory can be fed with an individual droplet size distribution and a
variable fuel mass flux.
For this, in each trajectory the droplet size distribution is assumed as a Weibull-distribution
using a scale parameter σ and a shape parameter of 2

Q3(d) = 1 − exp
(
− (σ · d)2

)
. (4.12)

The Weibull-distribution can be expressed as a function of Sauter mean diameter d32 with
quantile diameters dn representing the N = 50 droplet size classes:

Q3(d) = 1 − exp
−

(
d√

π · d32

)2
 (4.13)

dn = d32 ·
√

−π · ln (1 − n/N) (4.14)

For modeling experimental datasets, the measured radial distribution of the d32 at
z = 100 mm was used as input. The description of the experimental droplet size distribu-
tions by Weibull-distributions was verified. This definition also allows a simple variation
of d32 in sensitivity studies. Further information is given in Appendix C.1.1
The original model distributes liquid mass flux over the trajectories based on the gas mass
flow calculated from the free jet equations and the global GLR (eq. 4.5). The extended
model uses a trajectory dependent liquid mass flux, resulting in a variable local GLR
GLRlocal(η):

GLRlocal(η) = ṁGA(η)
ṁliq(η) . (4.15)

The logistic distributions obtained in the patternator experiments (eq. 3.3) are used as
input for ṁliq(η) (see section 3.3.5). For sensitivity studies, the logistic function parameter
w was modified in order to yield a mass flux distribution with the desired spray angle θ0.9

(eq. 3.3).
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4.3.2 Reaction Model

The original model uses 4 distinct reactions to describe fuel decomposition (eq. 4.11),
oxidation reactions (eqs. 2.41 and 2.42) and water gas shift equilibrium (eq. 2.43), which
are coupled via an energy balance to calculate the gas temperature and concentrations of
the main components. High temperature dissociation of main components is neglected
by this approach, which leads to an overprediction of gas temperature and also limits
the comparability of model results with experimental OH data [15]. The use of a fuel
decomposition reaction also restricts the applicability of the model for complex fuels.
To overcome these restrictions, a new approach for the gas phase reactions applying
adiabatic Gibbs Free Energy minimization was implemented. Instead of reaction equations,
the method uses elemental and energy balances to calculate the equilibrium state of the
reaction mixture [180, 198]. The fundamentals of this approach are described in 2.2.6. This
reaction model was implemented in all modeling steps calculating gas phase reactions (steps
A, B and D). As before, each control volume is assumed to be in chemical equilibrium. In
each control volume, the Gibbs free energy

G(ni,T ) =
N∑

i=1
ni ·

(
∆G


f ,i + RT ln(pi/p+)
)

(4.16)

is minimized for all N species ni using the Gibbs energy of formation ∆G

f ,i and the

partial pressure pi of component i at temperature T under isobaric conditions [198]. The
elemental balance serves as a boundary condition for the minimization [198]. Since each
control volume assumes adiabatic equilibrium, an iterative calculation with the additional
constraint of constant enthalpy

hgas
!=

N∑
i=1

yi · hi(T ) (4.17)

is performed using thermodynamic data from NASA-polynoms [246], where hgas is defined
by the mixture fraction of the streams (eq. 4.9 in the original and 4.27 in the extended
model). The calculation procedure is described [180], and its implementation in [247].
The main species O2, N2, CO2, CO, H2O and H2 as well as the radicals OH, O, H and
NO were considered. These were chosen based on a sensitivity study in which calculated
temperatures and concentrations for typical mixtures in the 2-Ph-FJM were compared
against validation data obtained using Aspen Plus and Cantera applying GRI 3.0 (see
[247, 248] and Appendix C.1). Due to their absence in chemical equilibrium at high
temperatures typical for EFG-conditions, hydrocarbons such as CH4 were not considered
as equlibrium species. To assess the local degree of oxidation of the gas phase mixture,
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the absolute stoichiometry is defined as

λabs =
∑N

i=1 yi · νO,i

2 ·∑N
i=1 yi · νC,i + 0.5 ·∑N

i=1 yi · νH,i
(4.18)

with the number of atoms νk,i in species i, (k = C, H, O).

4.3.3 Suspension Fuels

The original model describes single-component liquid fuels and uses the d2-law as evapora-
tion model (eq. 2.30). The model was expanded in the present work in order to account
for more complex droplet evaporation models and the additional treatment of a solid fuel
phase, including particle reaction sub-models. The model extensions necessary for the
description of suspension fuels and the extended balance equations for mass and energy
are presented in this section. The individual suspension droplet models as well as the
treatment of the remaining solid particles after complete liquid evaporation are described
in section 4.3.4. These model extensions have also been published in [17].
The extended model allows input of liquid and suspensions fuels, which are fed to the
simulation domain as droplets containing a mixture of both phases. The following assump-
tions concerning solid particles and suspension droplets are universally applied within the
2-Ph-FJM:

• Suspension droplets and solid particles are spherical.

• Solid particles all have the same initial diameter corresponding to the measured d32

of the respective char.

• All suspension droplets contain the same initial solid mass fraction xsol,0.

• Ash and moisture content in the solid phase is neglected, the solid phase only consists
of C, H and O.

• There is no change of solid phase composition during conversion. The composition of
solid mass flow transferred to the gas phase ṁFG (eq. 4.23) and the composition of
the solid particle mass msol,drop (eq. 4.35) are constant and correspond to the input
elemental composition of the solid phase.

In the first modeling step A, the composition of the syngas in the recirculation zone is
calculated (see section 4.2). For suspension fuels, the syngas was modeled to have the
equlibrium gas phase composition of the input mass flows, assuming full liquid conversion
and a variable solid conversion degree of Xsol,rec. Recirculation of solid particles into the
free jet flame is not taken into account in the model. This is described in Appendix C.3.3,
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where a sensitivity study on the influence of this parameter on the flame is also provided.
Calculations of equilibrium compositions of the syngas from the recirculation zone (step
A) and the local gas phase composition in the simulation domain (step B) were done
using the Gibbs-approach presented in section 4.3.2.
The description of momentum exchange between the gas phase and the fuel droplets
in step C is the same as in the original model (section 4.2). To calculate changes of
droplet / particle temperature during liquid and solid conversion, an energy balance is
solved for each single droplet in each control volume:

(msol,drop · cp,sol + mliq,drop · cp,liq) · dTdrop

dt
= Q̇con,drop + Q̇rad,drop + Ḣreac,drop (4.19)

Convective and conductive heat transfer Q̇con,drop, radiative heat transfer Q̇rad,drop and
the change of thermal energy induced by chemical reaction and phase change Ḣreac,drop

are considered. These terms are relevant during heat up, evaporation and heterogeneous
conversion steps and are calculated using the specific droplet model. The solid and liquid
mass in the suspension droplet in eq. 4.19 are given by msol,drop and mliq,drop. As long
as liquid and solid phase coexist in the suspension droplet, both phases have the same
temperature which is limited by the liquid boiling temperature. If only solid is present,
the particle temperature can increase further. During the droplet heat-up phase, the heat
flows to the droplet are calculated by

Q̇con,drop = α · πd2 · (Tgas − Tdrop) (4.20)

Q̇rad,drop = σ · ϵrad · πd2 · (T 4
rad − T 4

drop). (4.21)

During the conversion phase, the heat flows are given by the respective droplet evaporation
model (section 4.3.4). The calculation of the heat transfer coefficient α is analogous to
the original model. For the calculation of radiation, suspension droplets and remaining
solid particles are assumed as spherical ideal black bodies with emission factor ϵrad = 1
surrounded by a uniform temperature reactor wall. This results in the simplified description
of the radiative heat flow given by eq. 4.21 with the Stefan-Boltzmann constant σ and
the radiation temperature Trad equal to the reactor wall temperature of 1200 ◦C [249].
After the heat-up phase is complete, heat transfer is described according to the selected
droplet model. The term Ḣreac,drop in eq. 4.19 expresses the change of thermal energy
of a droplet by chemical reaction and phase changes. Depending on the stage of droplet
conversion, the mass specific heat of evaporation ∆hvap,liq and the heat of the Boudouard
and heterogeneous water gas reactions ∆hR,CO2 and ∆hR,H2O are relevant:

Ḣreac,drop = −dmliq,drop

dt
· ∆hvap,liq − dmsol,drop

dt
· rCO2 · ∆hR,CO2 + rH2O · ∆hR,H2O

rCO2 + rH2O
(4.22)
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The reaction enthalpy of devolatilization was neglected. The solid reaction rates ri are
defined in eq. 4.37.
For the description of the gas phase in modeling step D, a local mixing ratio of the mass
flows of jet medium ṁGA, surrounding syngas ṁSG and fuel vapor ṁFV is used in the
original model (see eq. 4.8). This local mixing ratio is now extended to contain the fuel
mass flow ṁFG that enters the gas phase through solid fuel gasification and devolatilization
reactions. The local mixing ratio for stream i is defined in each control volume by

xi(ζ, η) = ṁi(ζ, η)
ṁGA(ζ, η) + ṁSG(ζ, η) + ṁFV(ζ, η) + ṁFG(ζ, η) . (4.23)

The relation between ṁFV and the local liquid conversion Xliq(ζ, η) is now given by

mFV(ζ, η) = mGA(ζ, η)
GLRlocal(η) · Xliq(ζ, η) · (1 − xsol,0). (4.24)

where the original eq. 4.7 has been modified to consider the initial solid content xsol,0 in
the droplets in the last term. The mass flow transfered from the solid phase to the gas
phase ṁFG is defined analogously as

ṁFG(ζ, η) = ṁGA(ζ, η)
GLRlocal(η) · Xsol(ζ, η) · xsol,0. (4.25)

with Xsol(ζ, η) as the local degree of solid conversion:

Xsol(ζ, η) = ṁsol(0, η) − ṁsol(ζ, η)
ṁsol(0, η) . (4.26)

Liquid and solid conversion in each control volume are determined by summing the
individual droplet masses calculated by the selected droplet conversion model. The
enthalpy of the conversion products of the solid fuel hFG and the sum of the convective
heat flows towards the droplets / particles q̇con have been added to the gas phase energy
balance in each control volume:

hgas = xGA(ζ, η) ·hGA +xSG(ζ, η) ·hSG − q̇con(ζ, η)+xFV(ζ, η) ·hFV +xFG(ζ, η) ·hFG. (4.27)

The enthalpy of the conversion products of the solid fuel hFG is calculated analogously to
eq. 4.10 with an enthalpy of formation ∆h


f ,sol derived from the char heating value and
assuming a mean solid temperature equal to reactor temperature:

hFG = ∆h

f ,sol +

∫ TR

T0
cp,sol dT + ∆hR,sol. (4.28)

The reaction enthalpy of the char ∆hR,sol accounts for conversion using heterogenous water
gas and Boudouard reactions. Due to the small amount of solid typically converted within
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the flame zone (see section 5.3), the contribution of hFG to the gas phase energy balance
in the model is insignificant.
The gas phase equilibrium composition in step D is calculated based on eqs. 4.27 and
4.23 using the adiabatic Gibbs reactor approach described in section 4.3.2.

4.3.4 Suspension Droplet- and Solid Particle Conversion Models

This sections deals with the models for conversion of suspension droplets and the following
treatment of the solid particles which were implemented in this work. The models are taken
as examples of the different approaches outlined in section 2.2.4. The implementation of
these models has been published in [17].

Model 1: Wet Particle Model
The Wet Particle model is the most widely applied droplet model for simulation of
gasification systems (see section 2.2.4). The model assumes each solid particle as a
compact solid core that is surrounded by a liquid film. The resulting initial droplet
diameter is thus determined by the size of the solid particle and the initial solid content in
the suspension, posing a limitation of this approach.
In a first step, the droplet is heated according to eqs. 4.19 - 4.22 assuming a spatially
uniform temperature in the suspension droplet. During the heat up phase, evaporation is
calculated by

dmliq,drop

dt
= −πd2 · β · ρgas · (cFV,s(T ) − cFV,∞(T )) (4.29)

with β as the mass transfer coefficient calculated by a Sherwood correlation [162, 250].
The concentrations of fuel vapor at the droplet surface and in the bulk phase are given
by cFV,s and cFV,∞ respectively. After the droplet temperature reaches the liquid boiling
point, evaporation rate is assumed to be governed by heat transfer and a quasi steady
state model can be used [162, 250]. This is typically implemented using a Spalding-type
evaporation rate:

dmliq,drop

dt
= −πd2 · α ·

ln(1 + cp,gas · (T∞−Tdrop)
∆hvap,liq

)
cp,gas

(4.30)

with T∞ being the bulk gas temperature and cp,gas the specific heat capacity of the sur-
rounding gas atmosphere. The heat flow to the droplet Q̇con,drop is calculated using the
droplet energy balance 4.19 assuming Tdrop = Tvap = const (also see Fundamentals section
2.2.3). The droplet shrinks until the liquid phase is completely evaporated. Thereafter,
the remaining solid core is regarded as one single particle that reacts according to the
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description below in this section.

Model 2: Fragmenting Particle Model
This model is based on the wet-kernel models (section 2.2.4). The model uses a droplet
size distribution and a single solid particle size as input, where ddrop > dp,sol. Fast mixing
within a suspension droplet is assumed, leading to uniformly distributed solid particles in
the liquid phase. In the first evaporation phase, the droplet heating and liquid evaporation
rate are described analogously to the prior model by eqs. 4.19, 4.29 and 4.30. The solid
volume fraction in a droplet is defined as

ϵsol,drop = Vsol,drop

Vsol,drop + Vliq,drop
(4.31)

with the solid and liquid volumes in the droplet Vsol,drop and Vliq,drop. During the evaporation
process, ϵsol,drop increases until a critical particle density ϵsol,drop,crit is reached where the
particles cannot further contract. This value is assumed to correspond to the porosity of a
cubical packing of spheres (ϵpor,cubic = 0.476):

ϵsol,drop,crit = 1 − ϵpor,cubic (4.32)

If solid particles do not exhibit caking behavior under high temperatures and the liquid
does not form any solid phase via pyrolysis reactions, agglomerate formation does not
take place. After the droplet reaches ϵsol,drop,crit, a droplet disintegration is thus assumed
where the suspension droplet disintegrates into its individual solid particles that are each
surrounded by a liquid film corresponding to the remaining amount of liquid in the droplet.
These wet solid particles are then converted according to the Wet Particle model using the
corresponding equations (see above). The single solid particles are afterwards converted
according to the description below.

Model 3: Shell Formation Model
The droplet model developed by Lee and Law [141] describes a shell formation process
in two steps. Like the Fragmenting Particle model, the present model uses a droplet size
distribution and a single solid particle size as input. The model requires small particles in
comparison to the droplet size (ddrop ≫ dp,sol), posing a model limitation. In contrast to
the Fragmenting Particle model, the transport of the solid particles in the liquid phase
is assumed to be slow compared to the movement of the receding liquid phase boundary,
leading to the formation of a porous shell at the droplet surface.
At the start of the evaporation process, the droplet is assumed to have a spatially
homogeneous distribution of solid particles suspended in the liquid phase. Droplet heat up
to the liquid boiling point is modeled using eq. 4.19 assuming a homogeneous temperature
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distribution in the suspension droplet. Evaporation during the heat up is not accounted
for.
After reaching the liquid boiling point, the droplet undergoes an initial regressing diameter
period as outlined in section 2.2.4. In this phase, the evaporating liquid mass flux is given
by

dmliq,drop

dt
= −π

4 · d · ρliq · K (4.33)

with

K = 8 · λgas

ρliq · cp,gas
· ln

(
1 + cp,gas · (T∞ − Tdrop)

∆hvap,liq

)
. (4.34)

These equations lead to the d2-law that has also been applied in the 2-Ph-FJM for modeling
the evaporation of pure liquid droplets (eq. 2.30) [141]. Convective heat transfer from
the gas to the liquid phase Q̇con,drop in the 2-Ph-FJM is again calculated using the droplet
energy balance 4.19 with Tdrop = Tvap. During this period, solid particles accumulate at
the droplet surface due to the receding evaporation front and the lack of particle transport
in the liquid phase until a critical porosity ϵsol,surf,crit is reached, where the particles at the
surface reach their maximum packing density. This porous layer of solid particles thickens
until a critical layer thickness δcrit is reached, where a rigid porous shell is established. The
diameter of the suspension droplet at this point is denoted as ddrop,crit. The evaporation
process now switches to a fixed diameter stage. The authors provide experimental values
for suspensions of carbon particles with water and oil. On this basis, they propose to
use the porosity of a cubical packing of spheres ϵc = 0.476 for the shell and suggest
δcrit = 3dp,sol as an estimate [141].
During the second stage, the droplet diameter is fixed by the rigid shell while the par-
ticle temperature is again assumed to be homogeneous and equal to the liquid boiling
point. The particle surface is assumed to be continuously wetted by the liquid phase,
which is supported by experimental data provided by the authors [141]. The mass flow
of evaporating liquid is thus again given by eq. 4.33 using the diameter of the droplet
at the transition ddrop,crit. Since the droplet diameter is fixed and the liquid within the
droplet is boiling, the continuous depletion of liquid through evaporation must create
an expanding space of vapor within the droplet. For simplification, since the exact dis-
tribution of vapor inside the droplet is not known, it is assumed as a spherical bubble
located at the droplet center. During further evaporation, continuous deposition of solid
particles at the inside of the porous shell leads to its further thickening. Inhibition of
vapor transport through transport limitations in the porous shell are neglected by the
model. When the liquid is completely evaporated, a solid agglomerate in form of a hollow
sphere with diameter ddrop,crit and a shell thickness calculated by a solid mass balance is left.

61



4 2-Phase Free Jet Model

Solid Conversion Reactions
When the liquid evaporation processes described by the models above are complete,
solid particle conversion through devolatilization reactions and heterogeneous gasification
reactions is modeled. The fundamentals of these processes are provided in section 2.2.5.
In the model implementation, the total solid mass msol,drop is separated in a volatile mass
msol,vol,drop and a fixed carbon mass msol,fix,drop that has been determined in literature for
the char applied in this work [251]:

msol,drop = msol,vol,drop + msol,fix,drop. (4.35)

Devolatilization and gasification reactions are assumed to occur sequentially. For simplifi-
cation, the Uniform Conversion Model (UCM) was used to describe the particle conversion.
In this approach, the depletion of mass due to devolatilization and heterogeneous reactions
are assumed to only affect particle density, resulting in a constant solid particle diameter.
The individual particles are modeled to have a spatially uniform temperature.
The devolatilization of the particles is modeled using a single first order Arrhenius law
approach:

dmsol,vol,drop

dt
= −msol,vol,drop · k0,vol · exp

(
−EA,vol

RT

)
(4.36)

with the universal gas constant R and the pre-exponential factor k0, vol and the activation
energy EA,vol for the devolatilization reaction. Kinetic data for devolatilization of the
present char determined in a Drop-Tube-Reactor are given in [251]. The heterogeneous
char reactions with CO2 and H2O were modeled using a power law approach:

ri = k0,i · exp
(

−EA,i

RT

)
· pni

i (4.37)

with the intrinsic reaction rate ri, the partial pressure pi and the reaction order ni for
the component i (CO2, H2O). The heterogeneous gasification kinetics were determined
for the applied char in a Pressurized Single Particle Reactor (pSPR) for both reactands
[252]. Due to the high temperatures during char conversion under gasification conditions,
the influence of pore diffusion on reaction rate must be considered [168, 170, 253]. The
effective reaction rate for the gasification reactions is thus expressed by

dmsol,fix,drop

dt
= −msol,fix,drop · M̄C · (rCO2 · ηCO2 + rH2O · ηH2O) (4.38)

with the molar mass of carbon M̄C and the effectiveness factor η, which is calculated
using a Thiele-modulus ϕ (eq. 2.40). The mean pore size required for calculation of ϕ was
obtained using a pore size distribution measurement carried out for the char in [173].
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4.3.5 Characteristic Parameters for Reaction Zone Analysis

The OH radical is used to define a series of characteristic parameters for flame evaluation,
as it plays a significant role in high temperature oxidation reactions and is often applied
as flame front marker (see section 2.2.6). Its spatial distribution is accessible by both
experiment and model. These quantities are used to assess the impact of changes in input
parameters on flame length and shape.
For this purpose, measured OH-LIF intensity fields ILIF (z,r) and calculated OH concen-
tration fields cOH (z,r) are each normalized to their maximum value ILIF,max or cOH,max

and binarized using a threshold value of 0.1:

bin(z,r) =


0, if ILIF (z,r) < 0.1 · ILIF,max

1, if ILIF (z,r) ≥ 0.1 · ILIF,max

 (4.39)

and correspondingly

bin(z,r) =


0, if cOH (z,r) < 0.1 · cOH,max

1, if cOH (z,r) ≥ 0.1 · cOH,max

 . (4.40)

The longitudinal extension of the OH zone LOH is then defined as the axial nozzle distance
at the jet centerline at which the OH profile falls below 10 % of the maximum value:

bin (LOH,0) < 1. (4.41)

The volume of the OH zone is defined accordingly by integration of the volume within the
10 % OH contour over the measurement or simulation domain D and is derived assuming
rotational symmetry of the flame:

VOH =
∫∫

D
bin(z,r) · r dr dz (4.42)

An uncertainty analysis of the procedure to derive these quantities is presented in Appendix
A.4. In order to quantify the transition of the flame shape from a closed to a hollow cone
structure as reported in section 2.1.2, the OH aspect ratio AROH is introduced as a shape
parameter. It is defined as the ratio of the longitudinal extension of the OH zone at the jet
centerline LOH to the most distant point from the nozzle zmax,OH where bin(z,r) = 1:

AROH = LOH

zmax,OH
(4.43)

In case of a closed flame shape, zmax,OH is found on the jet centerline, resulting in AROH = 1.
In case of a hollow cone flame shape, the most distant point within the OH zone is found
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off the jet centerline, and AROH < 1 (compare Fig. 2.2).
The OH contour is also used to define fuel conversion progress variables within the flame.
As these quantities are currently not experimentally accessible, they are only defined in the
model. These definitions will later be applied to assess the impact of changes in process
parameters and fuel properties on fuel conversion.
The liquid conversion progress within the OH volume Xliq,OH is defined by the total mass
of evaporated liquid integrated over the 10 % OH contour relative to the total input
liquid mass. In each trajectory, a liquid mass flow ṁliq(0,η) is initially applied. At the
axial distance where a droplet trajectory reaches the boundary of the 10 % OH contour
ζmax,OH(η), the mass of evaporated liquid along the trajectory is evaluated. The evaporated
liquid mass along all trajectories is summed and divided by the total input liquid fuel
mass flow ṁliq,total = ṁfuel · (1 − xsol,0).

Xliq,OH =
∫ ηmax

η=0 [ṁliq(0, η) − ṁliq (ζmax,OH(η), η)] dη

ṁliq,total
(4.44)

The solid conversion within the OH zone Xsol,OH is defined analogously:

Xsol,OH =
∫ ηmax

η=0 [ṁsol(0, η) − ṁsol (ζmax,OH(η), η)] dη

ṁsol,total
. (4.45)

In the evaporation models used in this work, solid reactions start when liquid evaporation
of a droplet has finished and only solid phase is left. To quantify which amount of the
solid phase is no longer contained in droplets and is available for reaction with the gas
phase, the fraction of dried solid mass Xsol,dry,OH is introduced analogously to the above
definition:

Xsol,dry,OH =
∫ ηmax

η=0 [ṁsol,dry (ζmax,OH(η), η)] dη

ṁsol,total
. (4.46)

64



5 Results and Discussion

5.1 Flame Structure

This section deals with the detailed analysis of the structure of the EFG flame, its govern-
ing sub-processes and their dependencies on process parameters. This section addresses
Objective 1 (Quantitative description of the impact of the burner related parameters gas
momentum flow, droplet size and spray angle on the reaction zone structure of a liquid
fuel EFG flame).
Section 5.1.1 first gives a detailed description of the structure of the EFG flame. The EFG
flame is analyzed based on the comprehensive experimental MEG-dataset, featuring 2
cases with different input conditions, leading to different flame shapes. Both flame shapes
described in numerical literature (see section 2.1.2) are verified and investigated.
Based on the experimental observations, the 2-Ph-FJM is used to conduct sensitivity
studies on the influence of the burner related parameters gas momentum flow, droplet size
and spray angle on length and shape of the EFG flame. The numerical studies are based
on the input conditions of the GLYCEROL-dataset. The single-parameter variations are
described in the following sections 5.1.2 - 5.1.4. Section 5.1.5 finally aims to quantify the
interaction of the single process parameters and identifies the most relevant parameters
for flame length and shape.
Throughout the sections, the model is validated at different examples. Full validation of
the model is provided in Appendix section C.2 in order to improve readability. Validation
of OH radical distribution, spray parameters and gas temperature is performed based on
the MEG-dateset. The trends identified in the sensitivity studies are validated against
data from the GLYCEROL-dataset. Both experimental datasets are fully provided in
Appendix sections D.1 and D.2.

5.1.1 Reaction Zone Structure in EFG Flame

The typical features of the EFG flame are discussed in this section based on the experimental
MEG-dataset. The dataset consists of spray data under ambient and reacting conditions,
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OH-LIF data and temperature profiles. The data is fully provided in Appendix D.1 and
partially published in [15, 16]. The discussion in this section is mostly based on [15].
As described in the Fundamentals section 2.1.2, the EFG flame can be considered as an
inverse diffusion flame that is superimposed by a fuel spray. In this flame, the gasification
agent and the fuel droplets form a two-phase jet that emerges into a hot syngas environment.
Under these conditions, the oxygen in the gasification agent can react with both syngas
entrained from the surrounding and fuel vapor from droplet evaporation. This oxidation
reaction and the resulting high temperatures lead to the formation of OH, which is used
as an indicator for the oxidation zone (see section 2.2.6).
Fig. 5.1 shows OH-LIF and Fuel-Tracer LIF data for case MEG-A, which is shown as
an example case of a closed EFG flame structure. The presence of OH in close vicinity
of the nozzle exit indicates an immediate ignition. The M-shaped OH radial profile at
z/deq = 5 indicates that most OH can be found at the outer region of the jet while at
the jet centerline, the OH concentration is lower. This originates from the reaction of the
surrounding hot syngas atmosphere and the oxygen rich gasification medium at the jet
boundaries, which serves as a stabilization mechanism of the flame.
Further entrainment of syngas into the jet leads to an extension of the oxidation zone
towards the centerline with increasing nozzle distance. This is indicated by the increase of
OH-LIF intensity at the jet centerline and the transition of the M-shaped OH-LIF profile
in the transition region at z/deq = 5 into a bell shaped profile in the self similar region at
z/deq = 15.
Further downstream, the bell-shaped OH-LIF profiles broaden due to the radial expansion
of the jet. The entrainment of syngas, which is cooler than the flame temperature, combined
with ongoing evaporation lead to a decrease in temperature and local stoichiometry. These
two factors cause the decrease of OH concentration, which is reflected by the lower OH-
intensities at z/deq = 30 and z/deq = 45.
All Fuel-Tracer-LIF profiles show the highest liquid concentrations at the jet centerline
and exhibit a bell-shape, which is consistent with the ambient spray characterization data
(Appendix D.1) and the considerations on 2-Phase Free Jets by Hotz (see Fundamentals
section 2.2.2). The profiles broaden with increasing nozzle distance, while the absolute
intensity decreases. This is caused partly by the expansion of the gas jet, but also through
fuel evaporation. The Fuel-Tracer-LIF-image and radial profiles show significant amounts
of liquid fuel outside the flame volume, both in lateral and axial direction. This is indicated
by the dotted red line in Fig. 5.1 and will be further discussed in section 5.2, which is
dedicated to fuel evaporation.
Fig. 5.2 shows experimental OH-LIF and Fuel-Tracer-LIF data for case MEG-B. In this

case, a different burner nozzle is used, featuring a smaller gas exit area (deq = 4.3 mm) in
comparison to case MEG-A. This leads to a higher gas momentum flow, causing enhanced
jet mixing and a spray featuring smaller droplets (ID32 = 73 µm) with narrower spray
angle (θ0.9 = 23.5 ◦). Detailed ambient and reactive spray data are given in Appendix D.1.
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Figure 5.1: Normalized OH-LIF- (left) and Fuel-Tracer-LIF-signals (right) for case MEG-
A. Smoothed radial profiles of both quantities are shown at different nozzle
distances with respect to the nozzle equivalent diameter deq. The dotted red
line in the Fuel-Tracer-LIF-image indicates the 10%-OH contour. Process
conditions: Jgas=0.20 N, ID32 = 160 µm, θ0.9 = 40.4 ◦, Fuel: MEG. Data
published in [15]. For better display, the scale of the Fuel-Tracer-LIF profile at
z/deq = 5 differs from the scale in the other diagrams.

The higher entrainment rate caused by the higher gas momentum leads to a faster
consumption of oxygen, which reduces the longitudinal extension of the OH zone. This
is directly evident from the OH-LIF image. To compare the OH distributions of cases
MEG-A and MEG-B despite the different gas entrainment rates, OH-LIF-intensity and
Fuel-Tracer-LIF-intensity radial profiles in Fig. 5.2 are displayed at the same normalized
nozzle distances as above (also see Fundamentals section 2.2.2).
In the vicinity of the nozzle exit at z/deq = 5, the radial distribution of OH is similar
to case MEG-A, where OH is mostly found in a narrow region at the jet boundaries,
as above. Further downstream at z/deq = 15 and 30, the bell shaped OH-LIF radial
profiles from case A are not detected. Instead, M-shaped profiles are found. This effect
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is a consequence of the high droplet concentration at the jet centerline, which creates a
fuel rich low temperature zone. This will be investigated in detail in section 5.1.4. At
z/deq = 45, where a considerable OH signal was still detected in case MEG-A, OH is
almost absent in case MEG-B. This is again a consequence of the lower stoichiometry and
lower temperature induced by the increased amount of fuel evaporation within the jet.
The Fuel-Tracer-LIF radial profiles in Fig. 5.2 do not show significant amounts of liquid
fuel in the region lateral to the flame, which stands in contrast to case MEG-A and is
a consequence of the narrow spray angle. At the jet centerline however, a considerable
Fuel-Tracer-LIF singal is still detected after the end of the OH zone, again indicating
incomplete fuel evaporation (see z/deq = 45).

Figure 5.2: Normalized OH-LIF- and Fuel-Tracer-LIF-signals for case MEG-B. Radial
profiles of both quantities are shown at different nozzle distances respective to
the nozzle equivalent diameter deq to enable a comparison with case MEG-A
above. Process conditions: Jgas=0.45 N, ID32 = 73 µm, θ0.9 = 23.5 ◦, Fuel:
MEG. Data published in [15].
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Fig. 5.3 displays gas temperature profiles measured by a double-bead-thermocouple for
cases MEG-A and MEG-B at different normalized nozzle distances. In analogy to the
OH-LIF-signal, the gas temperature profile for case MEG-A at z/deq = 47 shows a bell-
shape. For case MEG-B, on the other hand, a flatter temperature profile without distinct
temperature maximum at the jet axis is observed at this position. Temperatures for case
MEG-B are also generally lower than for case MEG-A at z/deq = 47, which is consistent
with the lower OH-intensities in the downstream flame region for case MEG-B described
above. The temperature profile at z/deq = 35 for case MEG-B shows a clear M-shape,
which is again in agreement with the OH-measurements. The observed asymmetry of the
profiles is likely caused by a slight asymmetry of the burner nozzle that is also evident
from the OH-LIF-profiles, and is further enhanced by infiltration air during the invasive
temperature measurement.
The OH-LIF, gas temperature and Fuel-Tracer-LIF measurements in this section provide
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Figure 5.3: Radial profiles of gas temperature measured using a double-bead-thermocouple
for cases MEG-A (Jgas=0.20 N, ID32 = 160 µm, θ0.9 = 40.4 ◦) and MEG-B
(Jgas=0.45 N, ID32 = 73 µm, θ0.9 = 23.5 ◦) at z/deq = 47. Fuel: MEG. Data
published in [15].

a comprehensive dataset and show a clear influence of syngas entrainment and fuel evapo-
ration on length and shape of the EFG flame. These sub-processes are determined by gas
momentum flow, spray angle and droplet size. Both flame shapes reported in modeling
literature (see section 2.1.2) have been verified experimentally. This provides a starting
point for further analysis, focusing on an independent assessment of the influence of the
burner related process parameters on flame length and shape. This is discussed in the
following sections 5.1.2 - 5.1.5.
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5.1.2 Influence of Gas Momentum Flow on EFG Flame

This section investigates the influence of gas momentum flow on the EFG flame. First, as
an example of the approach followed by the design of the underlying GLYCEROL-dataset,
an experimental investigation of the influence of gas momentum flow on flame length
and shape is presented. This is omitted in the following sections in order to improve
readability. After that, a model based analysis of the influence of gas momentum flow
on gas temperature, OH concentration, local fuel evaporation and local stoichiometry is
discussed. Full data and spray characterization results are given in Appendix D.2. The
trend prediction is validated in Appendix C.2.2.
In the GLYCEROL-dataset described in section 3.4.2, viscosity of the reference fuel glyc-
erol was varied by temperature in order to modulate the spray parameters independently
from the burner nozzle geometry. To study the role of syngas entrainment in the EFG
flame, two cases featuring similar spray angle and droplet size at different gas momentum
flow are compared (cases A50 and B200).
Fig. 5.4 a shows the measured normalized OH-LIF signals for cases A50 and B200. In
both cases, the OH zones exhibit a similar shape. However, in case B200, the longitudinal
extension is considerably reduced. As discussed in the previous section, the higher gas
momentum flow Jgas in case B200 induces a higher entrainment rate of ambient syngas
into the gas jet according to free jet theory. This results in a shorter OH zone for case
B200 due to faster consumption of oxygen through combustion reactions with entrained
syngas.
OH-LIF intensity radial profiles at different nondimensional distances z/deq are depicted in
Fig. 5.4 b. In contrast to the previous section where spray parameters differed between the
two cases, the profiles now show a good similarity as spray parameters are kept constant.
This result suggests that under the given conditions, the flame is mainly governed by the
entrainment rate of ambient syngas determined by Jgas.
To further study this effect, the 2-Ph-FJM is applied. Validation of the model is provided

in detail in Appendix section C.2 and is thus not discussed here. A sensitivity study on the
impact of gas momentum flow on the EFG flame was conducted where Jgas was changed
by modulating deq from 3 to 9 mm applying input mass flows as in the GLYCEROL-
experiments. A spatially homogeneous droplet size distribution featuring a Sauter mean
diameter of d32 = 100 µm and a spray angle of θ0.9 = 40 ◦ was postulated. Fig. 5.5 shows
axial profiles along the jet axis of absolute stoichiometry λabs, mass fraction of entrained
syngas in the jet mixture xSG (eq. 4.8), gas temperature Tgas and OH mole fraction yOH.
For all investigated cases, the data shows a core region in the vicinity of the nozzle exit.
In this core zone, syngas has not yet been mixed into the gas jet, which is indicated by
xSG = 0. At nozzle distances of z/deq ≈ 10, the mass fraction of syngas at the jet axis
increases. Higher gas momentum flows cause a higher entrainment rate, leading to an
earlier increase of xSG for smaller deq. The mixing of jet medium with syngas reduces
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Figure 5.4: Normalized OH-LIF-signals for cases A50 (Jgas=0.20 N, ID32,jet = 88 µm,
θ0.9 = 40 ◦) and B200 (Jgas=0.45 N, ID32,jet = 68 µm, θ0.9 = 39 ◦) from the
GLYCEROL data set. Radial profiles of both quantities are shown at different
normalized nozzle distances z/deq. Fuel: Glycerol.

λabs. The additional decrease of λabs by fuel evaporation is small, as the mass fraction of
fuel vapor is xFV < 5% in the simulation domain in all presented cases (not depicted in
the graph). This shows that under the investigated conditions, syngas entrainment is the
governing factor for λabs.
For all cases, the mixing of syngas into the jet first leads to an increase of temperature
and the formation of OH through exothermic oxidation reactions. At the point where
stoichiometric conditions (λabs = 1) are met, temperature shows a maximum. As stoi-
chiometry further decreases, gas temperature and OH mole fraction are reduced. The low
gas momentum case (deq = 9 mm) thus shows a longer zone of high temperatures and
high OH concentrations than the case featuring a high gas momentum (deq = 3 mm).
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Figure 5.5: Calculated λabs, Tgas, xSG and yOH on jet axis for different deq, using input mass
flows conditions analogous to the GLYCEROL data set. Constant parameters:
d32 = 100 µm, θ0.9 = 40 ◦, evaporation model: d2-law, Fuel: Glycerol.

5.1.3 Influence of Fuel Droplet Size on EFG Flame

This section numerically investigates the effect of droplet size, which influences fuel evapora-
tion rate, on the EFG flame structure. A model study based on the GLYCEROL-dataset
described in section 3.4.2 is conducted to study temperature field, local fuel evaporation
and stochiometry as well as flame length and shape for varying droplet size. Additional
experimental data for validation is given in Appendices C.2.2 and D.2.
In the model study, geometry parameters of Nozzle B were applied under input flows
provided in section 3.4.2. Spray angle is kept constant at 25 °, while using droplet size
distributions with Sauter mean diameter (d32) values ranging from 50 µm to 400 µm.
In Fig. 5.6, calculated OH concentration fields and LOH are shown for varying d32. The

general shape of the OH zone is unaffected by the droplet size. However, a clear increase
in longitudinal extension with increasing droplet size is observed. This effect is more
pronounced for smaller droplet diameters, as indicated by the strong increase of LOH from
207 mm to 263 mm by increasing d32 from 50 µm to 100 µm. For larger droplet diameters,
an asymptotic approach of LOH to a maximum value is observed.
To explain this observation, droplet evaporation has to be regarded. Fig. 5.7 a) shows the

calculated fuel vapor mass fraction in the jet mixture xFV (eq. 4.8) on the jet centerline
for the 50 µm, 100 µm and 400 µm cases. For smaller droplets, a considerable amount
of fuel evaporates along the jet axis, while the evaporated fuel mass for d32 = 400 µm is
negligible. In the 400 µm case, oxygen consumption and thus absolute stoichiometry λabs

along the jet axis are therefore almost exclusively determined by entrainment of syngas.
For smaller droplet diameters, fuel evaporation leads to an additional reduction of λabs as
shown in Fig. 5.7 a). For the 50 µm case, stoichiometric conditions (λabs = 1) are met at
an axial distance of 117 mm, while for the 400 µm case, λabs = 1 is found at z = 144 mm.
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Figure 5.6: Calculated OH-concentration fields and LOH derived from the OH-data for
droplet sizes from d32 = 50 µm to d32 = 400 µm. Constant parameters:
Jgas=0.45 N, θ0.9 = 25 ◦, evaporation model: d2-law. Fuel: Glycerol, input
mass flows analogous to the GLYCEROL-experiments.

As long as lean conditions are present, the higher fuel evaporation rate for the smaller
d32 cases leads to slightly higher gas temperatures due to fuel combustion in addition to
syngas combustion reactions, as shown in Fig. 5.7 b). After reaching λabs = 1, further fuel
evaporation causes a decrease in temperature due to evaporation cooling and endothermic
gasification reactions in addition to entrainment of syngas. This leads to lower tempera-
tures in the downstream flame region for the smaller d32 cases in comparison to the 400 µm
case. As shown by Fig. 5.7 b), the lower stiochiometry λabs and the lower temperatures in
the downstream flame region also lead to a faster decline of the OH molar fraction yOH

for smaller droplet diameters, which is in line with the experimental validation data (see
Appendix D.2).
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Figure 5.7: Impact of droplet size on axial profiles of λabs, Tgas, xF V , yOH calculated using
the 2-Ph-FJM. Droplet size was varied from d32 = 50 µm to d32 = 400 µm.
Constant parameters: Jgas=0.45 N, θ0.9 = 25 ◦, evaporation model: d2-law.
Fuel: Glycerol, input mass flows analogous to the experiment.

5.1.4 Influence of Spray Angle on EFG Flame

This section aims to numerically investigate the effect of liquid mass flux distribution on
EFG flame length and shape using the spray angle θ0.9 as representative parameter (see
section 3.3.5). A model study based on the GLYCEROL-dataset described in section
3.4.2 is conducted to study temperature field and OH distribution in the EFG flame under
the influence of spray angle. Experimental validation data for the effect of spray angle
is given in Appendices C.2.2, D.1 and D.2. The considerations made in this section are
partly published in [15].
Fig. 5.8 shows OH concentration and LOH in the burner near region for input conditions
analogous to the GLYCEROL-experiments applying geometry parameters of nozzle B
(deq = 4.3 mm). Spray angle is varied from θ0.9 = 15 ◦ to θ0.9 = 40 ◦. A droplet size of
d32 = 50 µm is applied, as the effect of spray angle becomes more pronounced for smaller
droplet sizes. It is observed that a decrease in spray angle from 40 ◦ to 25 ◦ leads to a
shorter OH zone, which is reflected by the decrease in LOH. Further narrowing the spray
again decreases LOH, but additionally, a shift of the closed flame shape to a hollow cone
shape occurs. This hollow cone shape is especially pronounced for the smallest spray angle
θ0.9 = 15 ◦ and resembles the flame observed under similar conditions for case MEG-B in
section 5.1.1.
To explain this effect, radial profiles of absolute stoichiometry λabs, gas temperature Tgas,

fuel vapour mass fraction in the jet mixture xFV (eq. 4.8) and OH mole fraction yOH at
an axial distance z = 150 mm are presented in Fig. 5.9 for 3 selected model cases. A
wider spray angle reduces liquid mass flux at the jet centerline, whereas at higher radial
distances from the jet centerline, liquid mass flux is increased. The case featuring θ0.9

= 40 ◦ thus shows the highest λabs at the jet centerline in comparison to the other cases,
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Figure 5.8: OH-concentration fields and LOH for spray angles from θ0.9 = 15 ◦ to θ0.9 =
40 ◦ calculated using the 2-Ph-FJM. Constant parameters: Jgas=0.45 N, d32 =
50 µm, evaporation model: d2-law. Fuel: Glycerol, input mass flows analogous
to the GLYCEROL-experiments.

because the amount of fuel evaporation indicated by xFV at the jet centerline is lowest as
the smallest amount of liquid fuel is available for evaporation. This also causes the highest
Tgas and yOH at the jet axis. A narrower spray angle with θ0.9 = 25 ◦ increases the amount
of liquid fuel within the gas free jet angle, enhancing evaporation in the jet dominated
region (see Fig. 5.9). This leads to lower gas phase stoichiometries, which reduces Tgas

and yOH.
A further decrease of spray angle to θ0.9 = 15 ◦ strongly increases the amount of fuel
evaporation at the jet centerline, which is reflected by the high values of xFV in this case.
In contrast to the other cases, local stoichiometry shows a local minimum at r = 0. The
profiles of both Tgas and yOH show a transition from a bell-shape to am M-shape, which is
in agreement with the experimental results from section 5.1.1.
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Figure 5.9: Radial profiles of λabs, Tgas, xFV, yOH at z = 150 mm for spray angles from
θ0.9 = 15 ◦ to θ0.9 = 40 ◦. Constant parameters: Jgas=0.45 N, d32 = 50 µm,
evaporation model: d2-law. Fuel: Glycerol, input mass flows analogous to the
GLYCEROL-experiments.

5.1.5 Comparison of Parameter Sensitivities

After the individual impacts of the burner related parameters gas momentum flow, droplet
size and spray angle on the flame have been analyzed in the previous sections 5.1.2 - 5.1.4,
their interaction is now assessed using the 2-Ph-FJM.
As fuel evaporation is influenced by both spray angle and droplet size, their impact is com-
pared in Fig. 5.10 using the longitudinal extension of the OH zone LOH as a characteristic
parameter. Spray angle was varied from 15° to 50°, while droplet size distributions with
Sauter mean diameter (d32) values ranging from 25 µm to 400 µm were applied.
As analyzed before, both an increase in θ0.9 and d32 lead to a longer flame, indicated by

increasing LOH. For small spray angles θ0.9 < 25◦ and small droplet sizes d32 < 150 µm,
the sensitivity of LOH on these parameters is most pronounced, since these cases feature
the highest amount of evaporation within the jet. For larger spray angles and droplet sizes,
i.e. cases with lower fuel evaporation rate, LOH approaches a maxmimum value of around
LOH/deq = 70. This value is determined by the entrainment of syngas into the gas jet
and corresponds to the length of a pure gas inverse diffusion flame of oxidizer and syngas
under the given conditions. There is no significant influence of spray angle on LOH for
d32 = 400 µm, as in this case, only a negligible amount of fuel evaporation takes place in
the flame (see above).
For model validation, experimental values of LOH for the cases B50, B100 an B200 are
displayed in Fig. 5.10 together with a calculated curve for d32 = 64.5 µm, approximately
corresponding to the experimental cases. The model overpredicts the values of LOH for the
experimental cases by at maximum 13 %. Since the main goal of applying the 2-Ph-FJM
is to investigate the interaction of the sub-processes and to evaluate their impact on
reaction zone structure and fuel conversion, deviations from the absolute experimental
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Figure 5.10: Calculated LOH for spray angles from θ0.9 = 15 ◦ to θ0.9 = 40 ◦ and droplet
sizes from d32 = 25 µm to d32 = 400 µm using the d2-law as evaporation
model. Measured values of LOH from cases B50, B100 and B200 are displayed
for reference. Constant parameters: Jgas=0.45 N, Fuel: Glycerol.

values are to be expected. Considering this aspect however, the calculated values match
the experimentally determined longitudinal extensions of OH well.
As the longitudinal extension of the OH zone defined by LOH only considers the jet
centerline, it cannot describe the transition from the closed to the hollow cone flame
shape discussed above. Thus, the OH aspect ratio AROH (see section 4.3.5) will now
be considered as additional parameter. Fig. 5.11 shows a heatmap of AROH for the
model cases described above. Fields of local stoichiometry and the respective OH contours
are provided for two selected cases. It is evident that for high spray angles and droplet
diameters, i.e. conditions that reduce fuel evaporation within the jet, the flames show
a closed shape, which is expressed by AROH = 1. If the spray conditions promote fuel
evaporation within the jet, the flame shape can deviate from this. For small spray angles
of θ0.9 < 20 ◦, fuel evaporation at the jet centerline can be high enough to induce a local
minimum of absolute stoichiometry. Under these conditions, a hollow cone flame shape
expressed by AROH < 1 can occur, which is amplified by smaller droplet sizes.
In the following, syngas entrainment determined by Jgas is additionally considered in

order to identify the most relevant parameters for the EFG flame. Cases B50 and A200
were selected as reference for further numerical investigation, which both are validated
against experimental results (see Appendix D.2). Case B50 was chosen as a case with
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Figure 5.11: Calculated fields of λabs and AROH for spray angles from θ0.9 = 15 ◦ to θ0.9 =
50 ◦ and droplet sizes from d32 = 25 µm to d32 = 400 µm using the d2-law as
evaporation model. Jgas=0.45 N, Fuel: Glycerol, input mass flows analogous
to the GLYCEROL-experiments.

small droplet diameter and narrow fuel spray where a high spray influence is expected,
whereas case A200 is selected as a case with larger droplets and wider spray angle. The
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parameters θ0.9, d32 and deq were varied in a range of ±30 % around the setpoints of the
respective cases. Results for the calculated values of LOH are displayed in Fig. 5.12.
Variation of deq results in the strongest effect on LOH in both cases, showing the entrain-
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Figure 5.12: Sensitivity of LOH towards changes in θ0.9, d32 and deq calculated using the
2-Ph-FJM. Fuel: Glycerol, evaporation model: d2-law, input mass flows
analogous to the GLYCEROL-experiments.

ment of syngas to be the dominant factor determining flame length under the investigated
conditions. For case A200, an almost proportional dependence of LOH on deq is observed.
This proportional relationship would ideally be expected from free jet theory for a pure
turbulent gas diffusion flame without a fuel spray superposition (see Fundamentals section
2.2.7). For case B50 featuring a higher fuel evaporation rate, the spray influence indicated
by the curves of θ0.9 and d32 is stronger and the impact of deq is reduced compared to
case A200. These results imply that for larger droplet diameters and spray angles as in
case A200, the flame is almost exclusively governed by entrainment of ambient syngas,
while for spray conditions promoting fuel evaporation in the jet, the fuel spray parameters
become an additional secondary source of influence.
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5.2 Fuel Evaporation

This section deals with the detailed analysis of the liquid evaporation processes in the EFG
flame, focusing on Objective 2 (Quantification of the influence of gas momentum flow,
droplet size and spray angle on liquid fuel conversion within a liquid fuel EFG flame). After
the response of the flame to changes in process parameters has been investigated in the
last section, this section concentrates on the amount of liquid evaporation occurring within
the flame boundaries, how it is influenced by the process parameters and the resulting
implications for technical EFG burners. Results of this section have in part been published
in [16]. All experimental data and modeling results are based on the MEG dataset (see
section 3.4.1).
The section is structured as follows: Section 5.2.1 describes the processes during fuel
evaporation in the EFG flame using experimental data of case MEG-A supported by model
calculations. The observations gained in the first chapter again provide a starting point
for model sensitivity studies. The impact of droplet residence time in the EFG flame and
its relation to gas momentum flow is assessed in section 5.2.2 by numerical calculations
supported by experimental data. As droplet size and spray angle significantly affect fuel
evaporation but also alter flame length and shape, this coupling is numerically investigated
in section 5.2.3. The relation between gas momentum flow and spray parameters is also
considered in this section.
Further validation data regarding the prediction of spray parameters under ambient and
reacting conditions by the 2-Ph-FJM is provided in Appendix C.2.4. An additional nu-
merical study on the impact of the liquid evaporation model is presented in Appendix C.3.1.

5.2.1 Droplet Evaporation in the EFG Flame

In this section, fuel evaporation in the EFG flame is investigated using detailed spray data
from case MEG-A (see 3.4.1) and supporting model calculations. The flame for this case
has been analyzed in section 5.1.1.
Fig. 5.13 shows representative images of the near-nozzle region for case MEG-A recorded
under ambient and reacting conditions, respectively. The image under ambient conditions
(Fig. 5.13 left) shows a flapping primary instability caused by the low gas exit velocity
of 69 m/s, which is consistent with prior work on atomization using external mixing
twin-fluid nozzles (see section 2.2.1). It is evident that through the flapping primary
instability, a significant portion of the liquid fuel is found outside the gas jet, indicated by
the dotted red lines. These droplets are typically large and follow ballistic trajectories.
The comparatively wide spray angle of θ0.9 = 40.4 ◦, measured under ambient conditions
by patternator experiments, is represented by the dashed blue lines (see Appendix D.1).
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The spray images under reacting conditions (Fig. 5.13 right) indicate the same situation
for the gasification experiment.
Fig. 5.14 shows radial profiles of mean droplet velocties udrop and Sauter mean diameter

Ambient 
Conditions (ATMO)

Gasification 
Conditions (REGA)

10 mm

Θ0.9, ATMO

10 mm

Θ0.9, ATMO

40.4 °

Figure 5.13: High-speed camera images of the nozzle near area for case MEG-A under
ambient and reacting conditions. Spray angle (dashed blue lines) and gas free
jet angle starting from the virtual jet origin (dotted red lines) are marked.
Process conditions: Jgas=0.20 N, ID32 = 160 µm, θ0.9 = 40.4 ◦, Tad = 1700 ◦C,
Fuel: MEG. Data published in [15].

d32 for case MEG-A at different axial nozzle distances under reacting conditions. The
graph shows bell-shaped droplet velocity profiles that become wider with increasing nozzle
distance, which is expected for a 2-Phase Free Jet (see Fundamentals section 2.2.2).
Whereas under non-reacting conditions, the centerline velocity of the droplets would
decrease along the jet axis, the centerline droplet velocity under reacting conditions shows
no substantial decline and even increases from z = 50 mm to z = 100 mm. This is
caused by the expansion of the gas phase through exothermic oxidation reactions and fuel
evaporation [11] and is consistent with model calculations (see Appendix C.2.4).
At z = 50 mm, d32 shows a U-shaped profile with a minimum at the jet axis and an
increase of droplet size further outwards. For increasing axial nozzle distances, the profiles
flatten, expressed by an increase of d32 at the jet centerline and a decrease in the outer
regions of the jet. While the decrease of droplet size far from the jet centerline is also
present in the ambient spray data, the increase of droplet size at the jet centerline occurs
exclusively under reacting conditions as it is caused by evaporation. The data generated
by the 2-Ph-FJM shows the same qualitative trends, although quantitative discrepancies
appear (see Appendix C.2.4 for further detail).
To explain the increasing d32, measured droplet size distributions at the jet centerline

at z = 50, 150 and 250 mm are shown in Fig. 5.15 (top). The data clearly shows a shift
towards higher droplet sizes with increasing nozzle distance. Small droplets with d < 50
µm present at z = 50 mm have almost completely vanished at z = 250 mm. While droplets
with d < 100 µm constitute roughly 50 wt-% of the spray at z = 50 mm, this fraction
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Figure 5.14: Radial half-profile of droplet velocity and radial half-profile of droplet size for
case MEG-A measured by PDA under reactive conditions. Process conditions:
Jgas=0.20 N, ID32 = 160 µm, θ0.9 = 40.4 ◦, Fuel: MEG. Data published in
[16].

contributes only around 30 wt-% to the spray at z = 250 mm. The 2-Ph-FJM-calculation
is in line with this observation. Fig. 5.15 (bottom) shows calculated diameters of selected
droplet size classes from the droplet collective along the trajectory at the jet centerline
together with the respective OH-concentration profile. Simulations show that heating of the
droplets starts at an axial distance of about 71 mm at the end of the core zone. The initial
increase in droplet diameter is caused by the reduction of liquid density with increasing
droplet temperature. The droplet diameters then decrease according to the d2-law. The
12.5 µm droplet class fully evaporates within a nozzle distance of 103 mm, whereas larger
droplets take a longer distance to heat up and evaporate. The 59.8 µm droplet class
(not shown) is the largest class to fully evaporate within the OH zone. Larger droplet
classes take considerably longer to heat up and show only a small decrease in droplet size
within the OH zone, which shows that only a small amount of fuel is released by these
large droplets within the oxidation zone. These droplets release most of the fuel vapor in
the gasification zone and may thus contribute to the formation of unwanted by-products
during the technical process. These observations and the model based description within
this work provide a starting point for further investigations on this matter.
To study the fuel evaporation progress within the entire flame volume, the OH concentra-

tion field of case MEG-A is displayed in Fig. 5.16 together with mass concentration of
liquid fuel χliq(z,r) and local fuel conversion Xliq(z,r) calculated using the 2-Ph-FJM. It
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Figure 5.15: Droplet size distribution at the jet centerline for different nozzle distances,
measured under reaction conditions using PDA (upper). Calculated diameter
of different droplet size classes along the jet centerline using the d2-law as
evaporation model (lower) using the 2-Ph-FJM. Process conditions: MEG-A,
Jgas=0.20 N, ID32 = 160 µm, θ0.9 = 40.4 ◦, Fuel: MEG. Data published in
[16].

is evident that only low Xliq are reached in the flame zone. The total amount of liquid
evaporation within the flame volume was calculated to be Xliq,OH = 15 %, applying the
d2-law (Xliq,OH = 23 % for the heat transfer controlled evaporation model, see section
2.2.3).
For case MEG-B on the other hand, an integral fuel conversion of Xliq,OH = 22 % is
calculated using the d2-law (Xliq,OH = 32 % for the heat transfer controlled evaporation
model). This substantial difference to case A is caused by the changes in gas momentum
flow, droplet size and spray angle induced by the different burner nozzles. The impact of
these parameters on fuel evaporation in the EFG flame will be further investigated in the
following sections. Spray data under ambient and reactive conditions as well as modeling
results for case MEG-B are provided in Appendix sections C.2.4 and D.1.
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Figure 5.16: Calculated fields of OH concentration cOH, liquid fuel concentration χliq and
local liquid evaporation progress Xliq applying the d2-law as evaporation
model. Process conditions: MEG-A, Jgas=0.20 N, ID32 = 160 µm, θ0.9 =
40,4 ◦, Fuel: MEG. Data published in [16].

5.2.2 Influence of Droplet Residence Time on Evaporation Progress
in Flame

This section discusses the impact of droplet residence time on fuel evaporation in the
EFG-flame and its relation to gas momentum flow using experimental data and model
calculations. Fig. 5.17 shows droplet residence times τ for cases MEG-A and MEG-B
along the jet centerline derived from experimental PDA data (see section 3.3.3) and the
longitudinal extensions of the OH zone LOH calculated from the OH-LIF measurements.
Additionally, droplet residence time calculated using the 2-Ph-FJM and the d2-law are
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added for comparison.
The lower gas momentum flow in case MEG-A in comparison to case MEG-B leads to
lower droplet velocities, which results in a higher residence time over nozzle distance z.
The calculated droplet residence times match the values derived from the experimental
droplet velocities well for both cases. Additionally, as analyzed in section 5.1.2, the lower
gas momentum flow also causes a higher LOH for case MEG-A in comparison to case
MEG-B due to the lower entrainment rate of ambient syngas into the jet. These two
effects both contribute to the overall residence time of the droplets in the flame along
the jet centerline, which is substantially higher for case MEG-A (τOH,axis ≈ 10.1 ms) as
compared to case MEG-B (τOH,axis ≈ 2.5 ms).
In order to study the impact of this effect on fuel evaporation, model calculations using

Figure 5.17: Calculated and experimentally determined droplet residence times along
the jet axis for cases MEG-A (Jgas=0.20 N, ID32 = 160 µm, θ0.9 = 40,4 ◦)
and MEG-B (Jgas=0.45 N, ID32 = 73 µm, θ0.9 = 23,5 ◦). Fuel: MEG. Data
published in [16].

the input conditions of the MEG-cases were conducted for nozzles with deq ranging from
4 - 10 mm, leading to gas momentum flows Jgas from 0.08 - 0.48 N (u0,gas from 184 - 29
m/s). A spray angle of θ0.9 = 20 ◦ and a droplet size distribution featuring a Sauter mean
diameter of d32 = 100 µm was used in all calculations. Calculated droplet residence times
along the axis τOH,axis and fuel evaporation progress along the jet centerline Xliq,OH,axis

each within the OH zone are shown in Fig. 5.18. Because the longitudinal extension of the
OH zone LOH itself is affected by fuel evaporation, its values are also displayed in absolute
and nondimensional form LOH/deq. A similar investigation has been conducted by [13].
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The graph shows that for decreasing Jgas, the residence time of the droplets in the OH
zone significantly increases, which was also observed in the experiments above. As droplets
have more time to evaporate, this causes higher degrees of fuel evaporation Xliq,OH,axis

within the OH zone for lower Jgas. This leads to an increased amount of fuel vapor reacting
under oxidizing conditions, which shifts oxygen consumption from oxidation of entrained
syngas towards oxidation of fuel vapor. The proportional relationship between deq and
LOH, which would be expected for an ideal IDF of syngas and gasification medium, thus
shifts to a slower increase (further detail given in section 5.1.5). Normalized values of LOH

also reflect this by a decrease from LOH/deq ≈ 57 for conditions featuring the lowest fuel
evaporation to LOH/deq ≈ 34 for the deq = 10 mm case.
In conclusion, as long as spray parameters are kept constant, a low gas momentum increases
the amount of fuel evaporation within the EFG flame. However, spray parameters are
strongly affected by gas momentum flow if external mixing twin fluid nozzles are applied.
This interaction is explored in the next section.
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Figure 5.18: Influence of Jgas on droplet residence time τOH,axis and evaporation progress
Xliq,OH,axis within the OH zone along the jet centerline calculated using the 2-
Ph-FJM. Constant parameters: θ0.9 = 20 ◦, d32 = 100 µm, evaporation model:
d2-law. Fuel: MEG, input mass flows analogous to the MEG-experiments.
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5.2.3 Influence of Spray Parameters on Evaporation Progress in Flame

Isolated Variation of Spray Parameters
This section aims to quantify the effects of droplet size and spray angle on the total amount
of liquid fuel evaporation within the EFG flame using the 2-Ph-FJM. In section 5.1, it was
shown that both parameters affect the flame through their influence on local stoichiometry.
Due to this coupling, no straight forward conclusions on the impact of spray parameters
on total fuel evaporation within the flame can be drawn.
The integral degree of fuel evaporation within the OH zone Xliq,OH is considered in a
modeling study for a range of spray angles (θ0.9 = 15 − 40 ◦) and droplet size distributions
(d32 = 50 − 250 µm) for a nozzle featuring deq = 6 mm and input mass flows as in the
MEG-experiments. The d2-law was applied as evaporation model. The results in Fig.
5.19 indicate that over the entire investigated parameter range, finer sprays lead to higher
Xliq,OH, which is not surprising. For larger d32, only very small amounts (< 10 %) of the
fuel evaporate within the OH zone. Even under the most favorable investigated conditions,
only around 40 % of the fuel is found to evaporate within the flame.
A wide spray angles causes a substantial amount of fuel droplets to move on trajectories
outside the flame, decreasing Xliq,OH. This situation occurs in case MEG-A, which has
been analyzed above (see section 5.2.1). A narrower spray angle increases Xliq,OH, because
more liquid fuel is on trajectories within the gas jet. This leads to an optimum of Xliq,OH

at around θ0.9 = 20 ◦, as indicated by the isolines. For very narrow spray angles θ0.9 < 20 ◦,
a decrease of Xliq,OH is evident. This is caused by the development of a cold, fuel rich zone
at the jet centerline that inhibits evaporation (hollow cone flame). This situation has been
experimentally observed in case MEG-B and is described in section 5.1.4 and 5.1.5.
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Figure 5.19: Calculated Xliq,OH for spray angles from θ0.9 = 15 ◦ to θ0.9 = 40 ◦ and droplet
sizes from d32 = 50 µm to d32 = 250 µm using the d2-law as evaporation
model. Jgas=0.21 N, Fuel: MEG, input mass flows analogous to the MEG-
experiments. Data published in [16].

Coupling of Spray Parameters and Gas Momentum Flow
The last section investigated the impact of gas momentum flow on droplet residence time,
which was revealed to have a strong impact on the amount of fuel evaporation in the
flame. For technical external mixing twin-fluid nozzles, gas momentum flow and spray
parameters are linked (see section 2.2.1). Typically, a higher gas momentum flow leads to
smaller droplets and narrower spray angles. Fig. 5.20 shows a series of model calculations
for input conditions analogous to the MEG-dataset, where the gas momentum flow Jgas

and the Sauter mean diameter d32 was varied. For simplification, a constant spray angle of
θ0.9 = 20 ◦ is assumed. The integral degree of fuel conversion within the OH zone Xliq,OH

is calculated for all Jgas and d32. To consider the relationship between gas momentum
flow and droplet size for the applied external mixing twin-fluid nozzles, an empirical
correlation for Sauter mean diameter in dependence of Weber number developed by [110]
was additionally applied in the model calculations, indicated by the red line (see Appendix
C.1 for further detail).
It is evident that Xliq,OH generally decreases with gas momentum flow Jgas (increases

with deq) for a constant droplet diameter due to the reasons discussed above. The absolute
value of Xliq,OH strongly depends on droplet size. Highest fuel conversion within the
flame occurs when a small droplet size is produced at low gas momentum flow. For a
technical burner, this is however a contradiction. The correlation by [110] was applied
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Figure 5.20: Fuel evaporation within the OH zone Xliq,OH calculated for different Jgas and
droplet sizes from d32 = 50 µm to d32 = 400 µm. The red dots indicate values
where d32 is calculated from Jgas using a correlation developed by Sänger
[110]. Evaporation model: d2-law, θ0.9 = 20 ◦, Fuel: MEG, input mass flows
analogous to the MEG-experiments. Data partially published in [16].

in the model calculations in order to investigate which effect dominates for the applied
type of burner nozzle (dotted red line). As the correlation does not provide information
on spray angle, θ0.9 = 20 ◦ is again assumed. As indicated by the dotted red line, the
highest Xliq,OH is achieved at high gas momentum flow, where the droplet size is the
smallest. For decreasing Jgas, the effect of the increasing droplet size surpasses the bene-
ficial impact of the increased droplet residence time, leading to decreasing Xliq,OH. If a
high fuel conversion within the flame boundaries is desired by an operator, a high gas
momentum flow should be used, given this atomization characteristic. The model based
description of these parameter sensitivities provides a starting point for further investiga-
tions on the impact of the burner on the formation of by-products like soot and cenospheres.
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5.3 Suspension Fuels

This section investigates addresses Objective 3 (Assessment of the conversion of suspen-
sion fuels in an EFG flame, including (i) the impact of suspension fuel parameters (solid
content, solid particle size) on flame structure and (ii) the impact of different suspension
droplet models on the predictions of the flame).
To describe the increased complexity of the burner near processes in comparison to liquid
fuel gasification, the 2-Ph-FJM was extended with respect to solid phase reactions and
suspension droplet conversion in the EFG flame (see sections 4.3.3 and 4.3.4). OH-LIF
measurements for different reference suspension fuels consisting of MEG mixed with
beech-wood char are used as experimental database for flame structure analysis and for
model validation (SLURRY-dataset, see section 3.4.3). The complete dataset including
char properties, rheological data of the suspensions and ambient spray parameters is given
in Appendix B and D.3.
First, flames of a liquid and a suspension fuel are compared. Differences and similarites
are discussed based on experimental data supported by model calculations (section 5.3.1).
A detailed numerical assessment of suspension droplet conversion in the EFG flame is
conducted in section 5.3.2, focussing on the conditions the droplets and solid particles
experience during their conversion. Different model approaches are systematically com-
pared in order to study the impact of the droplet conversion model on the flame in section
5.3.3. In the following, the influence of solid particle content and solid particle size in the
reference suspension on the flame is assessed using a combined experimental and numerical
approach (section 5.3.4).
Validation of the model against all experimental OH data is provided in Appendix D.3.
Results of this section have in part been published in [17].

5.3.1 Comparison of Liquid and Suspension Fuel EFG Flame

In this section, the flames of a pure liquid and a suspension fuel are compared using
experimental data and model calculations. The SLURRY-dataset is designed to compare
the gasification of liquid and suspension fuels in the REGA gasifier under constant fuel
mass flow, gas momentum flow, adiabatic temperature and residence time. Cases S0 and
S30-A are selected for comparison, featuring pure MEG and a mixture of 70 wt-% MEG
and 30 wt-% char BWC-A as fuel. Fig. 5.21 shows results of the OH-LIF measurement for
both cases together with their respective calculated OH distribution using the Fragmenting
Particle Model (see section 4.3.4). For comparison, both quantities are normalized to
their maximum value. Ambient condition spray data are used as input for the model
calculations (Appendix D.3). Details on the suitability of the Fragmenting Particle Model
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approach for the used suspension fuel are given in section 5.3.4. In all calculations, a char
conversion degree of Xsol,rec = 100 % in the recirculated gas was assumed (see Appendix
C.3.3)
The structure of the MEG flame indicated by the OH-LIF measurements in Fig. 5.21 is

Experiment Model

S0 S30-A

LOH

S0 S30-A

LOH

LOH

LOH

Figure 5.21: Normalized measured OH-LIF intensities and normalized calculated OH
concentration fields for cases S0 (Jgas=0.34 N, ID32 = 114 µm, θ0.9 = 27 ◦,
Fuel: MEG) and S30-A (Jgas=0.34 N, ID32 = 189 µm, θ0.9 = 29 ◦, dp,sol = 9
µm, Fuel: MEG with 30 wt-% BWC-A). Evaporation model: Fragmenting
Particle model.

the result of the interaction of syngas entrainment and fuel evaporation in the jet and has
been discussed in section 5.1.1. The comparison with the measured S30-A flame shows
that the principal structure of the flame is not fundamentally altered when solid particles
are added to the liquid fuel. However, the OH zone for case S30-A shows a larger extension
(LOH = 300 mm) in comparison to the MEG case (LOH = 174 mm).
The 2-Ph-FJM also predicts similar flame structures in both cases. The extension of the
core zone is overpredicted by the model in both cases, which is caused by the simplified
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description of mixing in the nozzle near area (Appendix C.2.3). Further downstream,
better agreement between model and experiment is found. The 2-Ph-FJM captures the
trend of a longer OH zone for the suspension fuel. In comparison to the experiments, the
longitudinal extension of the OH zone is estimated with reasonable accuracy for MEG
(∆LOH = 13%), whereas it is underpredicted for S30-A (∆LOH = −19%).

In order to analyze the increased extension of the OH zone in the suspension fuel case in
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Figure 5.22: Radial profiles of calculated mixture fractions of gasification agent (GA), syn-
gas (SG), fuel vapor (FV) and gasified solid fuel (FG) for cases S0 (Jgas=0.34
N, ID32 = 114 µm, θ0.9 = 27 ◦, Fuel: MEG) and S30-A (Jgas=0.34 N, ID32
= 189 µm, θ0.9 = 29 ◦, dp,sol = 9 µm, Fuel: MEG with 30 wt-% BWC-A).
Evaporation model: Fragmenting Particle model.

comparison to the pure liquid fuel, calculated radial profiles of mixture fractions xi for
gasification agent, syngas, fuel vapor and gasified solid fuel at three axial nozzle distances
are shown in Fig. 5.22. Mass fractions of fuel vapor and gasified solid fuel are multiplied
by 5 for better visibility. The jet entrainment rates in both cases are equal due to identical
gas momentum flow. Hence, mixing of jet medium and syngas does not differ between both
cases, as indicated by xGA and xSG (green and orange lines). It is however evident that
more liquid fuel is found in the vapour phase for the gasification of pure MEG compared
to the suspension fuel (xFV, blue lines). The lower amount of liquid evaporation in the jet
for S30-A leads to higher local stoichiometry λabs at a given nozzle distance, causing a
longer flame zone. Gasified solid fuel mass is not present in significant amounts in the gas
phase (xFG, black lines), implying that solid reactions play a minor role for the processes
in the flame zone under the investigated conditions. These aspects are analyzed in the
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following sections in further detail.

5.3.2 Conversion of Suspension Droplets in EFG Flame

In a numerical study, the conversion of suspension droplets in the EFG flame is examined
based on the sub-models described in section 4.3.4. Process conditions for case S30-A
(section 3.4.3) are used as input conditions for the 2-Ph-FJM. Fig. 5.23 shows droplet
trajectories originating from the nozzle exit in angles of 0◦, 7◦ and 15◦ for an example
droplet size class d = 75 µm present in the investigated sprays. Droplet conversion histories
in the burner near region are compared for the Fragmenting Particle model and the Shell
Formation model (section 4.3.4). The calculated normalized OH concentration field is
shown as a reference for the flame.
The figure shows that both models exhibit similar flame lengths and shapes, but concern-

ing droplet conversion, significant differences between the models occur. To reach complete
liquid evaporation, the droplets require considerably less distance using the Fragmenting
Particle model in comparison to the two-stage evaporation process in the Shell Formation
model. The droplets at the outer trajectories generally require a shorter nozzle distance
to reach complete liquid evaporation as compared to the droplets at the jet centerline,
which is caused by their lower velocities and thus longer residence times in comparison
to the inner trajectories. For the Fragmenting Particle model, the 75 µm droplets reach
the char conversion stage within or shortly after leaving the OH zone, while for the Shell
Formation model, the char conversion is reached further outside the flame. For none of
the models, complete char conversion is reached at the end of the simulation domain at an
axial nozzle distance of z = 500 mm. Gas temperatures, particle temperatures and species
mole fractions surrounding the particles are provided for these trajectories in Appendix
C.3.2.

A quantitative comparison of droplet diameter d, evaporated liquid mass fraction of the
droplet Xliq,drop, converted solid mass fraction Xsol,drop and normalized total droplet mass
m/m0 is shown in Fig. 5.24 for all three investigated droplet conversion models. A 75 µm
droplet on the jet centerline trajectory is regarded as an example. As the Wet Particle
model assumes single char particles surrounded by a liquid film, droplet and solid particle
diameter are linked. Given a char particle size of dp,sol = 9 µm, a solid mass fraction of
xsol,0 = 30 % and the respective densities, the diameter of all droplets for the Wet Particle
Model is fixed to 15 µm.
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Figure 5.23: Calculated OH concentration fields and particle conversion steps of a 75
µm droplet along selected trajectories for two different suspension droplet
conversion models. Input conditions of case S30-A were applied (Jgas=0.34 N,
d32 = 189 µm, θ0.9 = 29 ◦, dp,sol = 9 µm, Fuel: MEG with 30 wt-% BWC-A).
The trajectories displayed are in an angle of 0◦, 7◦ and 15◦ to the jet centerline.

All models first show a droplet heat up period, in which droplet size initially increases
due to the temperature induced decrease in liquid density. The distance required to heat
the droplets to the boiling point is around z = 80 mm for the Fragmenting Particle and
the Shell Formation Model and around z = 55 mm for the Wet Particle Model, which is
caused by the smaller initial droplet size. Due to the quick droplet heat up, the amount of
liquid evaporation during the heating phase is shown to be negligible.
The heat up step is followed by a liquid evaporation step in all models. As the Wet
Particle model assumes single char particles that are surrounded by a liquid film, the
low initial droplet diameter of 15 µm leads to an extremely short liquid evaporation
distance of around z = 62 mm. In the Fragmenting Particle model, the 75 µm droplet
shrinks during evaporation until the critical porosity of the char particles is reached at
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Figure 5.24: Calculated evaporation progress variables of a 75 µm droplet along the jet
centerline for the suspension droplet conversion models investigated in this
work. Input conditions of case S30-A were applied (Jgas=0.34 N, d32 = 189
µm, θ0.9 = 29 ◦, dp,sol = 9 µm, Fuel: MEG with 30 wt-% BWC-A).

z = 195 mm. At this point, the droplet fragments into the single char particles that are
each surrounded by the remaining liquid as a film, in analogy to the Wet Particle model.
Since the fragmentation into the sub particles generates a higher surface area as compared
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to the initial slurry droplet, the evaporation rate increases rapidly, leading to complete
liquid evaporation at z = 214 mm.
The Shell Formation model leads to a significantly slower evaporation rate in comparison to
the two models discussed above. A first receding diameter period up to the formation of a
rigid porous shell is followed by a constant diameter period until the liquid has completely
evaporated at z = 419 mm, leaving a spherical hollow agglomerate with a diameter of
d = 63 µm.
Solid conversion reactions start for all models when the liquid phase has completely
evaporated. The devolatilization and heterogeneous gasification reactions are slow in
comparison to the liquid evaporation processes. In none of the model calculations, a
significant reduction of mass takes place during this step. Since the solid phase leaves
the flame zone in different conditions (single particle or agglomerate, as indicated by the
droplet diameter), the conversion of the solid phase downstream the flame is presumably
strongly affected by these in-flame processes. Especially for technical fuels, such agglom-
erate formation processes gain relevance (see section 2.2.4), making the application of
experimentally supported suspension droplet conversion models necessary for an accurate
description of the EFG process.

5.3.3 Influence of Suspension Droplet Model on Flame

The results of the prior section showed major differences in liquid evaporation rate
between the droplet models, suggesting a substantial influence of the droplet model on
the prediction of flame and fuel conversion. This is further investigated in this section
using model calculations. Fig. 5.25 shows the total evaporated mass fraction of liquid
fuel Xliq,OH, total mass fractions of dried char available for reaction with the gas phase
Xsol,dry,OH and total mass fraction of converted char Xsol,OH (see section 4.3.5) integrated
over all droplet size classes and the entire flame volume for input conditions of case S30-A.
The Shell Formation model shows the lowest amount of liquid evaporation within the

flame (Xliq,OH ≈ 9 %), while the Fragmenting Particle model predicts a higher amount of
evaporation (Xliq,OH ≈ 17 %). While these values are relatively low, they are of comparable
magnitude to the results of the fuel evaporation analysis for MEG in sections 5.2.2 and
5.2.3 considering the droplet sauter mean diameter of d32 = 189 µm. The increased liquid
evaporation for the Fragmenting Particle model reduces the longitudinal extension of the
OH zone LOH in comparison to the Shell Formation model. Both models produce LOH

values that are reasonable in comparison to the experimental value of LOH = 300 mm.
The Wet Particle model on the other hand produces high evaporation rates due to the small
initial droplet diameter, leading to around 86 % fuel evaporation within the flame. The
resulting longitudinal extension of the OH zone LOH = 82 mm does not fit the experimental
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Figure 5.25: Calculated integral conversion variables of the flame zone for the suspension
droplet conversion models investigated in this work. Input conditions of case
S30-A were applied (Jgas=0.34 N, d32 = 189 µm, θ0.9 = 29 ◦, dp,sol = 9 µm,
Fuel: MEG with 30 wt-% BWC-A).

data. Due to the coupling of solid particle diameter and droplet diameter, this model is
not suitable for simulations of suspension fuel EFG.
Only minor amounts of char completely dry up within the flame zone for the Shell
Formation (Xsol,dry,OH ≈ 2 %) and Fragmenting Particle model (Xsol,dry,OH ≈ 6 %). Due to
the slow char gasification reactions, the total amount of char converted within the flame
volume Xsol,OH is below 1 % for all cases.
In order to assess the situation in case of a more reactive char, a calculation applying the
measured solid kinetics from literature (see section 4.3.4) is compared to a calculation
featuring inert solid particles and a calculation applying devolatilization and heterogeneous
solid reaction rates increased by a factor of 10 in Fig. 5.26. The comparison shows no
significant impact of the solid conversion rate on LOH. Given the prior insights, this result
is expected as only a minor amount of solid particles are released from droplets within the
flame zone. The possible influence of solid reactions is on local stoichiometry within the
flame is therefore inherently small. Even for the char kinetics enhanced by a factor of 10, its
contribution is orders of magnitude smaller than that of evaporation (see section 5.3.2). As
a consequence, the impact of the solid particles on the flame can be considered as limited
and the flame length is mostly determined by fuel evaporation under the investigated
conditions. This emphasizes the choice of an appropriate suspension droplet evaporation
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model when accurate flame predictions for suspension fuels are desired.
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Figure 5.26: Calculated integral conversion variables of the flame zone for the Fragmenting
Particle model applying different evaporation and char conversion conditions.
Input conditions of case S30-A were applied (Jgas=0.34 N, d32 = 189 µm, θ0.9
= 29 ◦, dp,sol = 9 µm, Fuel: MEG with 30 wt-% BWC-A).

5.3.4 Impact of Suspension Fuel Specifications on Flame

The previously observed elongation of the flame zone when switching from liquid to
suspension fuel (section 5.3.1) is now investigated applying the insights gained in the above
sections. The impact of solid mass fraction xsol,0 and solid particle size dp,sol is investigated
using experimental data supported by 2-Ph-FJM calculations for interpretation of the
experimental results. Model calculations were conducted using the Fragmenting Particle
Model (see 4.3.4). Applying this model to the given suspension fuels is justified for the
following reasons. MEG is a monocomponent fuel with a defined boiling point that does not
produce a solid residue during evaporation. Additionally, in the experiments for determina-
tion of reaction kinetics caking of the beech wood char particles was not observed. These
conditions typically prohibit shell or agglomerate formation during suspension droplet
conversion [158]. In particle extraction experiments for the experimental case S30-A, no
particle agglomerates were found, further supporting the use of the Fragmenting Particle
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Model (see Appendix D.3). Thus, for further model calculations, the Fragmenting Particle
model was chosen as it best reflects the gasification behavior of the applied suspension fuels.

Effect of Solid Mass Fraction xsol,0

First, the impact of the solid mass fraction in the suspension fuel on the flame length
is analyzed using data of cases S0, S10-A, S20-A, S30-A. All cases feature constant gas
momentum flow Jgas, fuel mass flow ṁfuel, adiabatic temperature Tad, residence time τ

and particle size distribution (see Table 3.3 and Appendix D.3).
Fig. 5.27 shows measured and calculated values for the longitudinal extension of the OH
zone LOH as well as calculated values for the absolute evaporated liquid mass within the
flame volume ṁliq,vap,OH for interpretation of the results. This absolute quantity is chosen
because the initial liquid mass fractions in the suspensions varies, so the relative expression
Xliq,OH would not provide meaningful results. The full dataset on the OH distributions is
provided in Appendix D.3.
The experimental data shows a monotonous increase of LOH with increasing solid content.
However, several parameters impacting the flame are changed simultaneously with increas-
ing solid content in the experiment. These are i) feed viscosity, which affects atomization,
ii) elemental composition of the applied feedstocks leading to different composition of
recirculated syngas and iii) oxygen content in the gasification agent yO2,GA, which was
adapted in order to keep a constant adiabatic equilibrium temperature of 1700 °C (see
section 3.4.3). In order to decouple these effects and to assess their individual impact on
the flame, a model sensitivity study is conducted.
The isolated influence of solid mass fraction xsol,0 on flame length without superposition

by the effects i)-iii) was investigated in a series of model calculations applying spray condi-
tions, yO2,GA and composition of recirculated gas set equal to the MEG case while only
varying xsol,0. As expected from the previous results, the total amount of fuel evaporation
within the flame ṁliq,vap,OH is not significantly changed by the increase of xsol,0. Particle
reactions itself were shown to exhibit no significant influence on the flame under the
present conditions. Local stoichiometry and temperature remain therefore unaffected and
xsol,0 does not show a significant influence on LOH (see dotted lines).
The influence of effects ii) and iii), i.e. the changes in yO2,GA and the composition of
recirculated gas due to the different feedstock elemental composition is investigated by
a separate series of model calculations (dashed line). These parameters influence local
stoichiometry and thus may have an impact on the flame. For the investigated cases
though, only a minor difference to the isolated variation of xsol,0 occurs when taking these
additional effects into account.
If additionally, the impact of spray parameters (effect i)) is considered, a considerable
change in ṁliq,vap,OH and thus LOH occurs (solid line). The addition of particles increases
viscosity (see Appendix B.2) and thus impacts atomization. Only when spray influence is

99



5 Results and Discussion

0 5 1 0 1 5 2 0 2 5 3 0 3 5
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

L O H  m l i q , O H
          E x p e r i m e n t
  S p r a y  +  G a s  C o m p o s i t i o n  a d a p t e d
  G a s  C o m p o s i t i o n  a d a p t e d
  E x c l u s i v e  V a r i a t i o n  o f  x s o l , 0

x s o l , 0  /  w t - %

L O
H /

 m
m

L O H

.m l i q , O H

0 , 0

0 , 5

1 , 0

1 , 5

2 , 0

2 , 5

3 , 0

3 , 5

4 , 0

 m
liq,

OH
 / k

g/h

Figure 5.27: Experimental and calculated LOH for different initial suspension solid content
under input conditions of case S0 - S30-A. Calculated values for the liquid mass
flow evaporated within the OH zone are added for comparison. Evaporation
model: Fragmenting Particle.

taken into account, the experimentally observed trend of LOH is reproduced by the model.
The observation is also consistent with results of section 5.1, where the impact of liquid
evaporation rate on local stoichiometry is investigated. Due to uncertainties in measuring
the droplet size and spray angles at higher xsol,0 (see Appendix D.3), a better agreement
between experiment and model may be expected for more accurate input data.

Effect of Solid Particle Size dp,sol

The influence of solid particle size on the flame was investigated for suspensions containing
xsol,0 = 30 wt-% of char with d32,sol ranging from 4 - 19 µm under constant process condi-
tions (see cases S30-A, S30-B and S30-C in section 3.4.3). From the previous investigations,
no significant influence of the char particle size should be expected. This is verified by the
experimental data shown in Fig. 5.28, and also reflected in the model calculations where
only negligible differences between the calculated values of LOH and ṁliq,vap,OH occur.
The exclusive variation of char particle size does not affect liquid evaporation rate in the

Fragmenting Particle Model. Because yO2,GA is the same for all three cases and the compo-
sition of recirculated gas exhibits only negligible changes, the additional consideration of
these parameters neither significantly contributes to ṁliq,vap,OH and LOH. As the differences
in spray parameters between the investigated cases are also small, no considerable spray
effects occur.
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Figure 5.28: Experimental and calculated LOH for different initial particle size in the
suspensions at xsol,0 = 30 % under input conditions of case S30-A - S30-C.
Calculated values for the liquid mass flow evaporated within the OH zone are
added for comparison. Evaporation model: Fragmenting Particle.
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The goal of this thesis was a comprehensive assessment and quantitative description of
the interaction of sub-processes in the EFG flame zone for liquid and suspension fuels
based on detailed experimental data and validated model calculations. The flame zone
provides thermal energy for the gasification process, defines the temperature field in the
reactor and establishes the boundary conditions for conversion of fuel droplets. A literature
study revealed significant deficits in process understanding of the EFG flame zone due
to limited experimental data and the lack of validated models. Especially the impact of
spray parameters on the flame and the conversion of suspension droplets within the flame
have not received sufficient attention (see section 2.1.2).
In this work, a burner concept applying a central fuel jet surrounded by an annular
stream of gasification agent is selected as a reference burner configuration. Experiments
were carried out at an optically accessible, atmospheric pressure EFG plant (REGA)
using surrogate fuels. An OH-LIF system and other optical and invasive diagnostics were
implemented at the REGA plant and applied to study the flame and the reacting spray.
An existing 2-Phase Free-Jet model was expanded to describe suspension fuels, allow for a
variable spray angle and to describe the experimentally accessible OH radical distribution.
The model was validated using the experimental data and applied to conduct numerical
studies on different sub-processes in the flame zone. Special focus is put on assessing the
impact of burner related parameters (gas momentum flow, droplet size, spray angle) and
fuel specifications (liquid /suspension, solid particle content, solid particle size) on flame
shape and fuel conversion within the flame.

Main Findings
The thesis is structured into three detail objectives (see section 1.2). In the following,
these are presented here together with the respective main findings.

Objective 1: Quantitative description of the impact of the burner related parameters gas
momentum flow, droplet size and spray angle on the reaction zone structure of a liquid
fuel EFG flame.

This objective is addressed in section 5.1. A detailed experimental dataset of two EFG
flames including OH radical and fuel spray distribution, spray high-speed images, radial
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profiles of droplet size, droplet velocity and gas temperature was generated. Based on the
experimental data and model calculations, a core zone, an oxidation zone and a gasification
zone were identified. Results show that as a first approximation, the EFG flame can be
regarded as a turbulent inverse diffusion flame of an oxidizer jet reacting with syngas from
the surrounding atmosphere, featuring a structure defined by jet entrainment. This flame
is superimposed by a fuel spray. Transfer of fuel to the gas phase by evaporation of fuel
droplets locally reduces absolute stoichiometry in the flame zone, which produces a shorter
flame and can alter flame shape. Both principle flame structures found in CFD literature
(closed and hollow cone, see section 2.1.2) were experimentally verified and explained using
model calculations. Validated model sensitivity studies show the effect of burner related
parameters on the sub-processes in the flame, influencing flame length and shape:

• Gas momentum flow, which determines entrainment of ambient syngas into the jet
of gasification agent, is the primary parameter influencing temperature field and
flame length. Higher gas momentum flow leads to an enhanced entrainment rate of
surrounding syngas, causing a shorter flame (see sections 5.1.1 and 5.1.2).

• Droplet size impacts the rate of fuel evaporation in the flame, which poses a secondary
influence on the flame through decreasing absolute stoichiometry within the flame.
Smaller droplets feature an higher evaporation rate and lead to a shorter flame (see
section 5.1.3).

• Spray angle impacts local stoichiometry by determining the amount of liquid fuel
available in the jet. A more narrow spray angle causes a shorter flame due to higher
amount of fuel vapor within the flame contour. A transition from a compact to a
hollow cone flame structure occurs for very narrow spray angles when the evaporation
rate at the jet axis is especially high (see sections 5.1.4 and 5.1.5).

Objective 2: Quantification of the influence of gas momentum flow, droplet size and
spray angle on liquid fuel conversion within a liquid fuel EFG flame.

This objective is addressed in section 5.2. As flame geometry is itself dependent on fuel
evaporation, the findings of Objective 1 have to be considered. By model calculations, a
significant mass fraction of liquid fuel (35 % up to 98 % for the investigated conditions)
was found to evaporate outside the boundaries of the oxidation zone, depending on burner
related parameters. This fuel is converted in the gasification zone under the absence
of oxygen and under lower temperatures than in the flame. As this may contribute to
the formation of undesired by-products like soot and cenospheres in a technical process,
the results of this objective provide a basis for further research on this topic. Model
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calculations supported by experiments provide the following conclusions on the impact of
the burner related parameters on liquid fuel conversion in the flame:

• Gas momentum flow: A lower gas momentum flow leads to reduced droplet velocity
combined with a longer flame (see above). Both effects increase droplet residence
time and thus increase liquid fuel conversion within the flame (see section 5.2.2).

• Droplet size: smaller droplets unsurprisingly enhance liquid fuel conversion in the
flame zone. Using twin-fluid atomizer nozzles, however, a fine spray requires high
shear forces between gas and liquid phase that are provided by a high gas momentum
flow. Regarding the application to technical EFG burners, these two parameter
influences are opposing each other (see sections 5.2.1 and 5.2.3).

• Spray angle: For a given droplet size and gas momentum flow, liquid fuel conversion
within the flame zone is highest at spray angles close to the gas free jet angle. A
wider spray angle causes more droplets to evaporate in the gasification zone outside
the flame. A too narrow spray angle causes a cold and fuel rich zone on the jet
centerline, inhibiting fuel evaporation (see section 5.2.3).

Objective 3: Assessment of the conversion of suspension fuels in an EFG flame, including
(i) the impact of suspension fuel parameters (solid content, solid particle size) on flame
structure and (ii) the impact of different suspension droplet models on the predictions of
the flame.

This objective is addressed in section 5.3. A combined experimental and numerical ap-
proach leads to the findings listed below.

• The structure of the flame is not fundamentally changed when solid particles are
added to the liquid fuel, as it is still governed by syngas entrainment and local mass
transfer of fuel to the gas phase within the flame (see section 5.3.1).

• For increasing solid content in the suspension fuel, model calculations supported by
experimental data show that under the investigated conditions, the primary impact
on flame length and shape does not stem from solid particle reactions, but from the
change in spray parameters induced by increased fuel viscosity. Furthermore, no
significant impact of solid particle size on the flame was observed for the investigated
process conditions (see section 5.3.4).
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• Calculations show that only the smallest droplets in the fuel spray evaporate quick
enough for solid reactions to take place within the flame (see section 5.3.3). The
impact of solid particle reactions on the flame was thus found to be considerably
weaker than that of liquid fuel evaporation.

• The droplet conversion sub-model has significant impact on the prediction of the
flame. For the three droplet models investigated, the different mass transfer rates of
fuel to the gas phase influence local stoichiometry and thus impact temperature and
gas phase reactions in the simulation. For an accurate description of the EFG flame,
the selection of a sub-model correctly describing the fuel specific droplet conversion
processes is thus important (see section 5.3.2 and 5.3.3). The widely applied Wet
Particle model shows severe limitations, while the Fragmenting Particle model is
identified as suitable to describe the reference suspension fuel applied in this work.

Remarks on the 2-Ph-FJM
Based on the model investigations conducted in this work, the following conclusions on
the 2-Ph-FJM approach used to describe the EFG flame can be drawn:

• The 2-Ph-FJM proves to be a useful tool to gain understanding of the dependencies of
sub-processes in the EFG flame. Using appropriate sub-process models, it shows the
capability to reproduce the experimentally observed trends for liquid and suspension
fuels in a broad range of operating conditions and input parameters. The model
provides a basis to interpret experimental results and to identify relevant process
parameters, improving process understanding of the EFG flame zone.

• As the 2-Ph-FJM is able to independently predict the impact of process parameters
on reaction zone structure and fuel conversion in the EFG flame zone with low
computational time with reasonable accuracy, it is well suited to conduct param-
eter sensitivity studies. The 2-Ph-FJM can thus be applied as a tool to support
development and optimization of EFG burners.

• The 2-Ph-FJM provides a framework to evaluate sub-process models and to analyze
their impact on the prediction of the EFG flame. This makes the model suitable to
assist the further development of more complex CFD models that focus on modeling
the integral system.

Outlook
The present work provides a basis for future research. An area of major interest is un-
derstanding the impact of the processes in the EFG flame on global fuel conversion and
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the formation of unwanted by-products like soot, hydrocarbons and cenospheres in the
gasification process. This requires further experimental work that can be complemented by
2-Ph-FJM calculations. The results obtained under Objectives 2 and 3 provide a starting
point for this. The development of improved droplet evaporation models for technical fuels
like pyrolysis oils is necessary. A detailed analysis of droplet conversion in the burner near
zone in a combined 2-Ph-FJM/LES approach can provide further insight.
The 2-Ph-FJM can be further improved to describe the effect of pressure on the EFG flame.
This requires experiments on the exchange of mass, energy and momentum in pressurized
two phase jets. A further improvement lies in the transfer of the present results to other
burner concepts. For this, the applicability of the 2-Ph-FJM to other configurations of the
input flows needs to be assessed.
The influence of additional energy sources like plasma on the processes in the burner near
field is another focus of research that may soon gain relevance in the context of process
electrification [254].
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A Appendix - Methods

A.1 Experimental Facilities

Flow sheets of the REGA and ATMO plants are provided in Figs. A.1 and A.2. A
transmission diagram of the quartz glass windows applied at REGA is shown in A.3. Fig.
A.4 depicts detailed sketches of the applied burner nozzles.

Figure A.1: Flow sheet of REGA plant, adapted from [8, 9].
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Figure A.2: Flow sheet of ATMO plant, adapted from [242].

Figure A.3: Wavelength dependent transmission of the quartz glass windows applied at
REGA [255].
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A.2 Burner Nozzles

A.2 Burner Nozzles

A 
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Figure A.4: Detailed sketches of the applied burner nozzles.
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A.3 Diagnostics

LIF Measurements
This section provides additional information on the LIF measurements described in sections
3.3.1 and 3.3.2. Absorption spectra of OH and Rhodamine 6G are shown together with
their respective fluorescence spectra upon excitation at 283.55 nm in Fig. A.3. Spectral
data for OH was calculated using LIFBASE, spectral data for Rhodamine 6G are taken
from [239]. Transmission windows of the applied bandpass filters are shown for reference.
Fluorescence of MEG and glycerol is negligible at the excitation wavelength [256].
The process of collisional quenching, explained in section 3.3.1, is further discussed in
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Figure A.5: Normalized absorption and emission of OH and Rhodamine 6G.

this section. It is assessed if collisional quenching impacts the qualitative interpretation
of the measured signals. The collisional quenching rate Q21 depends on local species
concentrations and temperature and impacts flourescence quantum yield of the OH radical.
Therefore, the measured OH-LIF signal distribution can deviate from the actual distribution
of OH concentration. To assess the relevance of this effect on the interpretation of the
measured OH-LIF signals, 2-Ph-FJM results are used to calculate quench rates for typical
conditions.
The physical background on collisional quenching is detailed by [186, 211, 213, 214]. The
description of the quenching processes and the parameters given by Tamura et al. [214] are
used to calculate Q21. According to eq. 3.1, the measured LIF signal ILIF is proportional
to the population density of the ground state N0

1 and the fluorescence quantum yield
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depending on Q21:

ILIF ∝ ci · A21

A21 + Q21
(A.1)

Using the 2-Ph-FJM, normalized OH-LIF signals are calculated by applying eq. A.1.
Results are compared in Fig. A.6 for the example of case S30-A, where the highest differ-
ences occured. The comparison shows that in a region up to the axial maximum of OH
concentration, the calculated normalized OH-LIF intensities show higher values than the
normalized concentrations without quenching correction. For larger nozzle distances, the
effect is inverted. Axial profiles of both quantities however show no substantial quantitative
differences. The longitudinal extension of the OH zone LOH deviates by 2.7 % between
both calculations. These results imply that collisional quenching is not a relevant source
of error for the interpretation of measured OH-LIF signals and for the comparison of
experimental and calculated values under the conditions in this work.

PDA Measurements
System parameters and instrument settings of the PDA system used in this work are given
in Table A.1.

Normalized Axial Profiles 
(Jet Axis)
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Figure A.6: Normalized calculated LIF signals considering quenching compared to normal-
ized calculated OH concentration for case S30-A.
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Table A.1: System parameters and instrument settings of the PDA system.

Paremeter Unit Value

Transmitter focal length mm 1000
Receiver focal length mm 1000
Beam expander ratio - 1.00
Receiver slit width µm 200
Laser wavelength µm 561
Laser power mW 140
Off axis angle ◦ 70
Frequency shift MHz 80.00
Beam diameter mm 2.20
Beam spacing mm 40
Detector sensitivity V 1000
Gain dB 8
Anode current limit µA 3000
Signal to noise ratio dB 2

Shadowgraphy Measurements
Shadowgraphy measurements were conducted to measure droplet size distributions for the
suspension fuels, where PDA was not applicable due to the opacity of the droplets. The
shadowgraphy system was calibrated using a size calibration plate and verified using a
monodisperse droplet generator. For case S0 using pure MEG (see section 3.4.3), both
methods were applied. A comparison of droplet size distributions using both methods is
shown in Fig. A.7. With the used shadowgraphy setup, the image evaluation software is
only able to reliably detect droplets with d ≥ 30 µm and is therefore underestimating the
amount of small droplets. This results in a higher dv,10 than for the PDA measurement
(72 µm in comparison to 44 µm). dv,90 is also increased (216 µm in comparison to 188 µm).
For Sauter mean diameter d32, better agreement between both methods is found (117 µm
in comparison to 102 µm). As the shadowgraphy data is primarily used as input for the
model sensitivity study, this deviation is considered acceptable.
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Figure A.7: Integral droplet size distributions for case S0 measured at z = 100 mm using
PDA and Shadowgraphy.

A.4 Evaluation of Flame Parameters

This section provides additional information on the calculation of the longitudinal extension
of the OH zone LOH and the volume of the OH zone VOH, originally described in section
4.3.5. For measured OH-LIF intensities and calculated OH concentrations, LOH and VOH

were calculated using a threshold of 10 % of the global maximum value. Especially for
evaluation of LOH, the question can be asked if a normalization to the axial maximum
instead of the global maximum is more reasonable. Both maxima may differ in value,
leading to different absolute threshold values. A comparison of both normalization methods
is shown in Fig. A.8 for all experimental data points in this work. The evaluation of VOH

shows to be more sensitive towards changes in the threshold, as indicated by the stronger
scattering in comparison to LOH. For certain single points, deviations up to 16 % occur
for VOH.
VOH is calculated by integration of the volume within the 10 % OH contour assuming
rotational symmetry of the flame. Therefore, uncertainties in determination of the radial
extension of the OH zone contribute to the value of VOH (see eq. 4.42). This makes
the evalutaion of VOH more prone to error in contrast to LOH, which contains only the
uncertainty in axial direction. For LOH, a better agreement with the highest deviation
of 6 % is found. It can thus be concluded that the choice of the maximum does not
significantly affect the calculation of LOH and that LOH is the more robust quantity for
assessment of the flames in this work. It should be noted that the agreement between both
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methods is also good for the hollow-cone flame shape of case MEG-B (LOH = 135 mm in
comparison to LOH = 133 mm).
For the datasets calculated using the 2-Ph-FJM, differences between axial and global
maximum of the OH concentration fields were typically negligible, resulting in even smaller
differences.
For different fuels and operating conditions, maximum OH concentrations in the flame
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Figure A.8: Values of LOH and VOH determined using 2 different normalization methods
for all experimental datapoints in this work.

may change. This is for example the case in dataset SLURRY. A definition of LOH

using an absolute OH concentration would be more stringent in these cases. As absolute
OH concentrations cannot be measured using the current experimental setup (see section
3.3.1), this approach is not applicable in this work. Using absolute values of measured
OH-LIF intensity would be an alternative option. These are however affected by laser
and fluorescence absorption by particles in the gas phase as well as contamination of the
optical windows. For these reasons, the normalization of the OH-LIF intensity fields to
the global maximum was chosen to evaluate the flame parameters. To assess the influence
of different maximum OH concentration on the determination of LOH, calculated axial
profiles of OH concentration for cases S0 and S30-A are compared in Fig. A.9. Using
the standard method applied in this work, LOH is calculated as 198 mm for case S0 and
246 mm for case S30-A (left). If the absolute OH-concentration at LOH = 198 mm for case
S0 is used as reference, the new LOH for S30-A is calculated as 259 mm (right), which is
a deviation of 5 %. The method used in this work is thus considered as an acceptable
approximation.
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B.1 Liquid Fuels

Table B.1 shows relevant fuel data for MEG and glycerol. Fig. B.1 depicts the temperature
dependence of viscosity for glycerol. Literature values were taken from [257] and verified
by viscosity measurements using a cylinder-cylinder rheometer system (Anton Paar MCR
302e) For interpolation of the values, a bi-exponential fit function was used.

Table B.1: Fuel data of MEG and glycerol.

Parameter Unit MEG Glycerol

Viscosity (20◦) mPas 21 1412
Boiling point (1 bar) ◦C 196 290
Lower heating value MJ/kg 17.0 16.1
Elemental composition - C2H6O2 C3H8O3

B.2 Solid and Suspension Fuels

Fuel properties of the chars applied in this work are summarized in B.2. Kinetic data for
BWC-A was determined for devolatilization in a drop tube reactor by [251], imitating the
high temperatures and heating rates present under EFG conditions. For determination of
gasification kinetics, the raw char was pyrolyzed in a drop tube reactor at T = 1600◦C,
followed by measurement of gasification kinetics with CO2 and H2O using a pressurized
single particle reactor by [252]. Kinetic parameters for BWC-A are summarized in Table
B.3. The porosity of the fast-pyrolyzed BWC-A was determined to be 55.3 % by Hg-
intrusion porosimetry [107], giving a mean pore diameter of 0.22 µm by [258]. The skeletal
solid density was determined to be 2203 kg/m3 by He-pycnometry [107]. For the all chars,
a packing density corresponding to a cubical packing of spheres was assumed.
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Figure B.1: Viscosity of glycerol at different temperatures. Values measured in this work
were fitted by a bi-exponential fit function and compared with literature values
[257].

The char fractions BWC-B and BWC-C applied in this work were obtained by grinding and
sieving char BWC-A. Because of their origin from BWC-A and because their composition
does not substantially differ from the main fraction, kinetic parameters for BWC-A were
applied for description of BWC-B and BWC-C. Particle size distribution of the char
fractions were measured applying laser diffraction (Malvern Spraytec) and are shown in
Fig. B.2. REM images of the different char fractions applied in this work are shown in
B.3.
The chars were mixed with MEG to produce the suspension for experiment cases S10-A -
S30-C (see section 3.4.3). Viscosities of the suspensions were measured using a cylinder-
cylinder rheometer system (Anton Paar MCR 302e) at shear rates of γ = 10 − 2000 · 1/s.
Three flow curves of fresh samples were recorded and averaged for each suspension. Pure
MEG and the suspensions featuring solid mass fractions up to xsol,0 = 20 % exhibited
Newtonian behaviour, whereas suspensions featuring the highest solid load of xsol,0 = 30 %
behaved non-Newtonian. Viscosity values of all suspensions are shown for a shear rate of
γ = 1000 · 1/s at a temperature of 20◦C in Fig. B.4. Flow curves of the non-Newtonian
suspensions are provided in Fig. B.5. Atomization data for cases S0 - S30-C will be
discussed in section D.3.
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Table B.2: Fuel data of the chars applied in this work. Measured by Eurofins Umwelt Ost
GmbH, DIN EN ISO/IEC 17025:2018.

Parameter Unit BWC-A BWC-B BWC-C

Lower heating value (ar) MJ/kg 28.8 29.9 30.5
Fixed carbon (ar) wt-% 76.00 78.8 79.7
Volatiles (ar) wt-% 11.8 11.9 12.2
Humidity (ar) wt-% 7.3 6.3 4.5
Ash (815◦C, ar) wt-% 4.8 3.1 3.5
C (d) wt-% 84.8 86.6 86.6
H (d) wt-% 2.5 2.5 2.5
N (d) wt-% 0.3 0.4 0.4
O (d, difference) wt-% 7.1 7.2 6.6
Cl (d) wt-% 0.0 0.0 0.0
S (d) wt-% 0.1 0.1 0.1

Table B.3: Kinetic data for BWC-A.

Parameter Unit Value Source

k0,vol 1/s 266 [251]
EA,vol kJ/mol 48.2 [251]
k0,CO2 mol/(g s barn) 5.76 · 109 [252]
EA,CO2 kJ/mol 301 [252]
nCO2 - 0.186 [252]
k0,H2O mol/(g s barn) 5.76 · 106 [252]
EA,H2O kJ/mol 235 [252]
nH2O - 0.445 [252]
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Figure B.2: Particle size distribution of the chars applied in this work, measured by laser
diffraction.

B.3 Adaptation of Process Parameters for Changing Fuels

The experiments in dataset SLURRY were designed to exchange fuels while keeping
input gas momentum flow Jgas, adiabatic equilibrium temperature Tad, reactor residence
time τR and fuel mass flow ṁfuel constant.
The base case is given by case S0, featuring pure MEG as fuel. In this case, the same
liquid and gas input mass flows as in dataset MEG are applied using nozzle C. This leads
to a gas momentum flow Jgas = 0.34 N at Tad = 1700◦C, τR = 3.2 s and ṁfuel = 12.4 kg/h.
The fuels in dataset SLURRY feature varying lower heating values and elemental composi-
tions, which would lead to a change in equilibrium temperature and reactor residence time
if fuels were substituted applying equal input mass flows. For compensation of adiabatic
equilibrium temperature, oxygen content in the gasification agent yO2,GA was adjusted at
constant gas volume flow. The effect on reactor residence time by the change in amount
of product gas was compensated by a minor adjustment of fuel mass flow ṁfuel.
The adjustment of yO2,GA affects gas density, causing a deviation of gas momentum flow
Jgas by a maximum of 1.0 % between the setpoints in the dataset. The fuel mass flows
ṁfuel deviate by a maximum of 2.4 %.
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Figure B.3: REM images of the applied char fractions.
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Figure B.4: Viscosities of all applied suspension fuels at γ = 1000 · 1/s and Tliq = 20◦C.
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Figure B.5: Flow curves of the non-Newtonian suspensions at xsol,0 = 30 % and Tliq = 20◦C.

146



C Appendix - Model

C.1 Model Details

This section provides additional information on the 2-Ph-FJM. Section C.1.1 describes
the implementation of droplet size distributions in the model. Section C.1.2 elaborates on
a correlation applied in a sensitivity study on droplet evaporation. Section C.1.3 gives
additional information on the gas phase reaction model.

C.1.1 Implementation of Droplet Size Distributions

Section 4.3.1 described the definition of input conditions for the 2-Ph-FJM regarding
droplet size, which is further detailed here. For modeling the experimental cases, measured
radial profiles of d32 at z = 100 mm were fitted using 4-th degree polynomials. The
polynomials were used to define a d32 for each trajectory in the model. For the sensitivity
studies using the 2-Ph-FJM, uniform profiles of d32 were used for simplicity.
In each trajectory, the assigned d32-value was used to define a droplet size distribution
featuring 50 size classes applying a Weibull-distribution with a scale parameter σ and a
shape parameter of 2. The equations are given in section 4.3.1 and are repeated here for
convenience.

Q3(d) = 1 − exp
(
− (σ · d)2

)
. (C.1)

Q3(d) = 1 − exp
−

(
d√

π · d32

)2
 (C.2)

Eq. C.2 can be derived from eq. C.1 by applying the definition of d32. The applicability
of Weibull-distributions to describe the measured droplet size distributions was verified.
Fig. C.1 shows droplet size distributions measured by PDA for case MEG-B under
ambient conditions at z = 100 mm for different radial distances r. It can be seen that the
Weibull-distributions describe the measured droplet size distributions well, justifying their
application in the 2-Ph-FJM.
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Figure C.1: Measured droplet size distributions under ambient conditions for case MEG-A
at z = 100 mm and different radial positions. Measured data was fit using
Weibull-distributions.

C.1.2 Correlation for Droplet Diameter

In the modeling study in section 5.2.3, a correlation is used to calculate the Sauter mean
diameter d32 from nozzle input conditions, i.e. fuel mass flow ṁfuel and gas momentum
flow Jgas. The correlation was developed by Sänger [110] for coaxial jet nozzles featuring a
central fuel jet and an annular gas stream, using a similar geometry as the nozzles applied
in this work (dliq = 2.0 mm, s = 0.1 mm, dgas = 1.6 mm, compare 3.4). In contrast to
this work (αgas = 30◦), the nozzle investigated by Sänger featured a gas angle of αgas = 0◦.
For glycerol-water mixtures at ṁfuel = 10 kg/h featuring liquid viscosities ηliq from 1 - 400
mPas, Sänger varied gas mass flow from ṁgas from 4 to 15 kg/h, influencing gas-to-liquid
ratio GLR, aerodynamic Weber number Weaero and Ohnesorge number Oh. Droplet size
was measured using a laser diffraction system (Malvern Spraytec). The measured values
were fitted by the function

d32 = CLP · OhC1 · (GLR · Weaero)C2 (C.3)

yielding the constants CLP = 5.5, C1 = 0.13 and C2 = −0.81. The Ohnesorge number Oh
is given by

Oh = ηliq√
σ · ρliq · Lc

(C.4)

featuring the liquid surface tension σ and the characteristic length Lc. The definition of
the aerodynamic Weber number Weaero is given in eq. 2.6.
The change of gas momentum flow that was investigated in section 5.2.3 modulates Weaero,
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which was varied by Sänger in a range of 80 - 1200. For the conditions investigated in
this work, this leads to a validity range from deq = 4 mm (Jgas = 0.48 N) to deq =8 mm
(Jgas = 0.12 N). It should be noted that in the work of Sänger, Weaero was changed through
ṁgas. A correlation featuring an explicit variation of Weaero by changing dgas is not known
for the operating conditions in this work.

C.1.3 Reaction Model

This section deals with the verification of the Gibbs-minimization approach implemented
in the 2-Ph-FJM, which is described in section 4.3.2. The main species O2, N2, CO2, CO,
H2O and H2 as well as the radicals OH, O, H and NO were considered in the 2-Ph-FJM.
The radicals were chosen based on an analysis applying GRI 3.0, in which equilibrium
concentrations of 53 species were calculated for exemplary mixtures of gasification agent
and syngas based on case MEG-A (see table C.1). Molar mixture fraction ySG of syngas
in a hypothetical binary gas mixture was varied between 0 and 1:

ySG = nSG

nSG + nGA
(C.5)

The maximum molar fraction of each species over the molar mixture fraction range is
shown in Fig. C.2. All species featuring a maximum molar fraction of yi,max > 10−3 were
considered as relevant and were implemented in the 2-Ph-FJM.

Table C.1: Example gas compositions for the verification of the implemented Gibbs-
minimization approach.

Gas yO2
−

yN2
−

yCO
−

yCO2
−

yH2
−

yH2O
−

T
K

GA 0.693 0.307 0 0 0 0 298
SG 0 0.104 0.219 0.131 0.188 0.340 1473

For typical mixture fractions of gasification agent, syngas and MEG present in the flame
zone, predictions of the implemented model were compared to equilibrium calculations
applying GRI 3.0 (gasification agent - syngas) and AspenPlus (gasification agent - fuel).
The calculations were also compared with the reaction model from the original 2-Ph-
FJM by Hotz. Calculated results are compared in Figs. C.3 and C.4 for mixtures of
gasification agent and syngas (see table C.1). Temperatures show no notable differences
between the models for mixture fractions ySG < 0.45 and ySG > 0.85. For conditions
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Figure C.2: Calculated maximum molar fractions yi,max of the 53 species contained in
GRI 3.0 for mixtures of example syngas and gasification agent.
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near stoichiometry however (ySG,stoic ≈ 0.76), deviations between the models occur. The
temperature calculated by the original reaction model is significantly higher than predicted
by GRI 3.0 and the model implemented in the present work. The latter two models agree
well over the entire range of mixture fraction. The deviations are mainly caused by the
neglect of radical formation by the original model, which becomes relevant at the high
temperatures T > 2000 K present around stoichiometric conditions. Main species and
radical concentrations in Fig. C.4 show good agreement between GRI 3.0 equilibrium
calculations and the present reaction model for all mixture fractions. Further data is
provided in [247]. The results verify the correct implementation of the Gibbs-minimization
approach and show that the consideration of the radical species OH, O, H and NO is
sufficient to enable reasonably accurate species and temperature predictions in the flame.
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Figure C.3: Calculated gas temperature T for mixtures of example syngas and gasification
agent compared for different model approaches.

151



C Appendix - Model

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0

0 , 0 5

0 , 1 0

0 , 1 5

0 , 2 0

0 , 2 5

0 , 3 0

0 , 3 5

y CO

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

C O

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0

0 , 0 5

0 , 1 0

0 , 1 5

0 , 2 0

0 , 2 5

0 , 3 0

0 , 3 5

y CO
2

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

C O 2

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0

0 , 0 5

0 , 1 0

0 , 1 5

0 , 2 0

0 , 2 5

0 , 3 0

0 , 3 5

y H2

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

H 2

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5

0 , 6

0 , 7

y H2
O

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

H 2 O

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0

0 , 0 5

0 , 1 0

0 , 1 5

0 , 2 0

0 , 2 5

0 , 3 0

0 , 3 5

y N2

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

N 2

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0

0 , 1

0 , 2

0 , 3

0 , 4

0 , 5

0 , 6

0 , 7

y O
2

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

O 2

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0 0

0 , 0 0 5

0 , 0 1 0

0 , 0 1 5

0 , 0 2 0

0 , 0 2 5

0 , 0 3 0

0 , 0 3 5

y NO

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

N O

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0 0

0 , 0 0 5

0 , 0 1 0

0 , 0 1 5

0 , 0 2 0

0 , 0 2 5

0 , 0 3 0

0 , 0 3 5

y H

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

H

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0 0

0 , 0 0 5

0 , 0 1 0

0 , 0 1 5

0 , 0 2 0

0 , 0 2 5

0 , 0 3 0

0 , 0 3 5

y O

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

O

0 , 0 0 , 2 0 , 4 0 , 6 0 , 8 1 , 0
0 , 0 0 0

0 , 0 0 5

0 , 0 1 0

0 , 0 1 5

0 , 0 2 0

0 , 0 2 5

0 , 0 3 0

0 , 0 3 5

y O
H

y S G  /  -

 G R I  3 . 0
 P r e s e n t  W o r k
 O r i g i n a l  2 - P h - F J M

O H

Figure C.4: Calculated molar fractions yi of main species and radicals for example mixtures
of syngas and gasification agent compared for different model approaches.
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C.2 Model Validation

The 2-Ph-FJM was applied in chapter 5 to analyze the interaction of sub-processes within
the EFG flame, conduct sensitivity studies of process parameters and sub-models and
to interpret experimental observations. The model was validated at selected examples
throughout chapter 5. Detailed validation of the 2-Ph-FJM is provided in this section.
Section C.2.1 first assesses the prediction of the characteristic flame parameters by the
2-Ph-FJM. In section C.2.2, the trend predictions made by the 2-Ph-FJM regarding the
imapct of gas momentum flow, droplet size and spray angle on the liquid fuel EFG flame
are experimentally validated. The deviations between measured and calculated OH data in
the nozzle-near region are discussed in section C.2.3. A detailed validation of the prediction
of spray data is conducted in section C.2.4. Measured and calculated gas temperature is
compared in section C.2.5. Section C.2.6 discusses the effect of turbulent droplet dispersion
and compares it to the model description.

C.2.1 Prediction of Characteristic Flame Parameters

One focus of the present work lies in the model based analysis of the characteristic flame
parameters LOH and VOH by the 2-Ph-FJM. This aspect is validated in this section. A
comparison of measured and calculated values of these quantities is provided in Fig. C.5
for all experimental cases. The datapoints for dataset SLURRY were calculated using
the Fragmenting Particle model, which uses an evaporation rate determined by convective
heat transfer (eqs. 2.32 - 2.34). Datapoints for the dataset GLYCEROL were calculated
using the standard d2-law (eq. 2.30). For dataset MEG, both approaches are displayed
for comparison.

153



C Appendix - Model

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0 D a t a s e t  G L Y E R C O L
 D a t a s e t  M E G
 D a t a s e t  S L U R R Y
 U n i t y
 ±  2 0 %

L O
H /

 m
m,

 M
od

el

L O H  /  m m ,  E x p e r i m e n t

d ² - l a w
C o n v .  

T r a n s f e r

 D a t a s e t  G L Y E R C O L
 D a t a s e t  M E G
 D a t a s e t  S L U R R Y
 U n i t y
 ±  2 0 %

V O
H /

 cm
³, M

od
el

V O H  /  c m ³ ,  E x p e r i m e n t

C o n v e c t i v e
T r a n s f e r

d ² - l a w

d ² - l a w
C o n v e c t i v e

T r a n s f e r

Figure C.5: Comparison of measured and calculated LOH and VOH for all experimental
cases.

Concerning LOH, most datapoints lie within a maximum deviation of 20 %. The largest
deviations are found for dataset MEG when the d2-law is applied as evaporation model
(∆LOH = 71 % and 29 %). The reason for the large deviation in case MEG-B is that the
transition from a closed flame shape to a hollow cone flame shape in the model requires
slightly smaller spray angles than provided by the experimental input data [15]. For the
evaporation rate determined by convective heat transfer, the model matches the experi-
mental values better (∆LOH = 41 % and 19 %). For the SLURRY-dataset using the same
evaporation approach, the agreement is better, with the highest deviation ∆LOH = -20 %
at case S30-B. Dataset GLYCEROL also shows good agreement in terms of LOH with a
maximum deviation of ∆LOH = 20 %.
Concerning VOH, the model mostly underestimates the measured values with a maximum
deviation of ∆VOH = -46 %. Generally, larger deviations between experiment and model
are found for VOH in comparison to LOH. One reason for this may lie in the higher
uncertainties in predicting VOH (see section A.4).
It can be concluded that the 2-Ph-FJM is able to provide reasonable quantitative agreement
regarding LOH if the appropriate sub-models are used.

C.2.2 Impact of Gas Momentum Flow, Spray Angle and Droplet Size

The impact of gas momentum flow, droplet size and spray angle is analyzed in this
section based on the experimental data to validate the trends identified by the model
sensitivity studies in sections 5.1.2 - 5.1.5. Axial profiles of normalized OH-LIF intensity
and calculated normalized OH concentration are shown in Fig. C.6 for cases A50, A200,
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B50 and B200 of the GLYCEROL-dataset.
Based on the spray characterization results in section D.2, cases B50 and B200 were
selected to investigate the influence of spray angle on the flame. Since both cases use the
same nozzle, deq and gas momentum flows are identical. From case B50 to B200, the spray
angle θ0.9 increases by 24 % while the Sauter Mean Diameter in the jet region increases
only by 4 µm (7 %), enabling a statement on the variation of spray angle. Comparison of
the axial OH profiles shows a longer OH zone for the wider spray angle (case B200), which
is in accordance with the trend predicted by the model. The calculated values match the
experimental data in the region downstream the axial OH maximum well.
In order to experimentally assess the influence of droplet size on the processes in the
nozzle-near region, the cases A50 and A200 were chosen. Increasing liquid viscosity from
50 to 200 mPas leads to a moderate increase of θ0.9 by 10 % and a more pronounced
increase of droplet diameter in the jet region by 21 % while keeping deq and therefore gas
momentum flow unchanged. The axial OH-LIF profiles in Fig. C.6 indicate that case
A200, featuring larger droplets, exhibits a longer OH zone. This result is in line with the
model prediction. Again, reasonable agreement between measured and calculated OH data
in the downstream flame region is found.
If the axial coordinate is normalized to deq (Fig. C.6 right), the axial profiles of the
cases featuring different gas momentum flow show strong similarity. This experimental
observation has also been discussed in section 5.1.2 and is in accordance with the 2-Ph-FJM
predictions.
It can be concluded that the 2-Ph-FJM is able to correctly describe the impact of gas
momentum flow, spray angle and droplet size on the flame within the parameter range of
this work. The shape of the OH profiles and the qualitative trends are predicted well and the
quantitative agreement between experiment and model is good in the region downstream
the axial OH maximum. However, discrepancies between model and experiment in the
nozzle-near region occur, which will be investigated in the following section.
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Figure C.6: Axial profiles of normalized OH-LIF intensity and normalized calculated OH
concentrations for cases A50, A200, B50 and B200. Profiles are shown for
absolute (left) and normalized (right) axial coordinates.

C.2.3 Deviations between Measured and Calculated OH-Data in the
Nozzle-Near Region

The measured and calculated OH fields in section D show that the 2-Ph-FJM, which is
designed to describe the mixing in the similarity region of the jet, achieves reasonable
agreement with the experiment in the downstream flame region. In the nozzle-near region
however, the present description leads to strong deviations.
As elaborated in section 2.2.2, a comprehensive mathematical theory to describe mixing in
2-phase free jets in the nozzle-near region does not exist. For 2-phase jets, the interaction
of gas and liquid phase during the atomization process influences mixing between jet
medium and ambient medium in the nozzle-near region. Enhanced mixing can lead to
higher temperatures and the presence of OH early in the jet (see Fig. C.7).
In general, the 2-Ph-FJM calculates fields of mixture fraction using eq. 2.21. For all
control volumes where xGA > 1, the value is set equal to 1. This simplifying approximation
leads to radial profiles of xGA as shown in Fig. C.8 (left) for the example of case MEG-A.
At z/deq = 3 to z/deq = 9 this approach generates profiles featuring a flat top with a
value of 1 at the jet axis, imitating a potential core. For larger nozzle distances, Gaussian
profiles are calculated.
The axial profile of xGA displayed in Fig. C.8 shows the abrupt transition to the self-similar
region at z/deq ≈ 10. An hypothetical approach similar to the dotted red line could account
for the transition region present in free jets and consider the additional disturbances to
the flow field caused by the atomization process (see Fig. C.7), which might provide more
realistic results.
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Several additional limitations of model and experiment contribute to the observed differ-
ences:

• Mixing of jet medium (T = 25 °C) and surrounding syngas (T = 1200 °C) leads to a
temperature increase and onset of oxidation reactions in the jet. At the relatively low
temperatures in the region close to the nozzle exit, OH is not present in equilibrium
and occurs only as a kinetic intermediate of the oxidation reactions, which is neglected
by the equilibrium reaction approach used in the model. This causes the model to
predict a later onset of OH than found in the experiment.

• The model does not account for the enhancement of droplet residence time through
turbulent dispersion of droplets. This effect can increase local evaporation rate and
therefore induce additional oxidation reactions (see section 2.2.7). However, this
effect is presumably more relevant in the downstream flame region.

• Scattering effects of laser and fluorescence light in the highly dense spray region at
the nozzle exit should be considered as an experimental source of error. Droplets
may scatter laser light perpendicular to the laser sheet, exciting OH radicals that
are not within the measurement plane. Scattering of fluorescence emitted by OH
may also be a contributing factor for fluorescence detected in the core region of the
jet. This may lead to an over-estimation of OH within the first few nozzle diameters
on the jet axis. Estimations on these processes would require complex computations
using Mie-theory and have not been performed in this work [220].

The main purpose of applying the 2-Ph-FJM is to predict the sensitivites of sub-processes
on process parameters and sub-process models in the similarity region of the jet. Thus,
the model should not be applied to derive insight into the situation in the nozzle-near
region.
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Figure C.7: Spray image under ambient conditions and single OH-LIF raw images in the
vicinity of the nozzle exit (Case MEG-A).
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Figure C.8: Mixture fraction of gasification agent for case MEG-A calculated using the
2-Ph-FJM. Radial profiles are shown at different nozzle distances (left). An
axial profile featuring a hypothetical improvement is also displayed (right)
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C.2.4 Prediction of Spray Behavior

This section validates the 2-Ph-FJM against the detailed spray data of cases MEG-A and
MEG-B presented in section D.1 for ambient and reacting conditions. MEG-A features
a lower gas momentum flow, wider spray angle and larger droplet size in comparison to
MEG-B.

Ambient Conditions
Fig. C.9 shows radial profiles of mass averaged axial droplet velocities udrop,m for both
cases under ambient conditions. The measured profiles show the highest centerline velocity
at z = 50 mm, which decreases for higher nozzle distances. Additionally, the profiles
widen with increasing nozzle distances. The shape of the profiles and both effects are
captured by the 2-Ph-FJM. In the model, droplet velocities are limited to 5 m/s in order
to avoid stagnating droplets in the quiescent environment. The 2-Ph-FJM tendentially
overestimates droplet velocites at the jet centerline and underestimates droplet velocity in
the outer jet region. At the jet centerline, measured and calculated values deviate between
0 and 39 %.
In the outer regions, relative deviations are larger for the profiles closer to the nozzle.
Droplet velocities in a spray are determined by the atomization process and the downstream
exchange of momentum between droplets and gas phase. While the latter is calculated
within the 2-Ph-FJM, the atomization process is not resolved, which is presumably the
main source of error (see section 4.2).
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Figure C.9: Comparison of measured and calculated mass averaged droplet velocities (PDA,
ambient conditions) for cases MEG-A and MEG-B.
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Mean gas velocities ugas were estimated from the PDA measurements by averaging the
velocity of droplets d < 10 µm, which follow the gas flow in good approximation [110].
Results are displayed in Fig. C.10. The profiles show the typical Gaussian shape which
is expected for the 2-Phase jets investigated in this work (see section 2.2.2). The shape
and trend of the profiles is correctly predicted by the model. For z = 50 mm, the devia-
tions between experiment and model are most pronounced, especially for case MEG-A
(∆ugas = 41 % at the jet centerline). At larger nozzle distances, the quantitative agreement
improves (∆ugas =1 % at the jet centerline, z = 250 mm). For case MEG-B, the maximum
relative deviation at the jet centerline for all nozzle distances is ∆ugas = -14 %.
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Figure C.10: Comparison of measured and calculated gas velocities (PDA, ambient condi-
tions) for cases MEG-A and MEG-B.
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Radial profiles of liquid mass flux ϕliq are compared in Fig. C.11. Case MEG-B shows
a more narrow spray in comparison to case MEG-A, which is caused by the higher gas
momentum flow. The profiles flatten and widen for increasing nozzle distances, which is
again expected for 2-phase jets (see section 2.2.2). This is also predicted by the 2-Ph-FJM.
Measured radial profiles at z = 100 mm were used as input for these calculations. The
overprediction of ϕliq by the model at this measurement position by at most ∆ϕliq = 17 %
stems from the fact that the input data for the 2-Ph-FJM are corrected for the mass
balance error from the patternator measurement (see section 4.3.1).
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Figure C.11: Comparison of measured and calculated liquid mass flux (Patternator, ambi-
ent conditions) for cases MEG-A and MEG-B.
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Measurements of Sauter mean diameter d32 under ambient conditions are shown in Fig.
C.12. Case MEG-B generally shows smaller droplet sizes in comparison to case MEG-A
due to the higher gas momentum flow at the nozzle exit. Again, notable deviations
between 2-Ph-FJM predictions and experimental values at z = 50 mm occur. The profiles
at z = 100 mm, which were fitted by 4-th degree polynoms and used as input conditions,
are reproduced by the model. The widening of the profiles for further nozzle distances is
correctly predicted by the 2-Ph-FJM. The quantitative accuracy for larger nozzle distances
is acceptable, based on a maximum deviation of ∆d32 = 17% in the dataset at z = 250 mm.
This result shows that the description of droplets propagating on straight-line trajectories
originating at the nozzle is a reasonable approximation.
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Figure C.12: Comparison of measured and calculated Sauter mean diameter (PDA, ambient
conditions) for cases MEG-A and MEG-B.
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C.2 Model Validation

Reacting Conditions
Mass averaged droplet velocities udrop,m measured by PDA under reacting conditions are
compared with 2-Ph-FJM calculations in Fig. C.13. In contrast to ambient conditions,
the profiles are wider. The centerline droplet velocity does not change significantly for
increasing nozzle distances in both cases. This effect is caused by the volume expansion
through temperature increase and evaporation and has been discussed in [11]. The 2-Ph-
FJM predicts this behavior. The jet centerline velocities are predicted with a maximum
deviation of ∆udrop,m = -22 %. As already observed for ambient conditions, the droplet
velocities in the outer jet region are underestimated, which is especially the case for low
nozzle distances, as the transfer of momentum from the gas phase to the droplets during
the atomization process is not accounted for by the model (see section 4.2).
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Figure C.13: Comparison of measured and calculated mass averaged droplet velocities
(PDA, reacting conditions) for cases MEG-A and MEG-B.
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Fig. C.14 depicts radial profiles of d32 under reacting conditions for both cases. It can
be seen that especially for MEG-A, the droplet size at the jet centerline increases due to
evaporation of small droplets. For case MEG-B, this is less pronounced. The 2-Ph-FJM
predicts the general trend of the d32 profiles, but strong quantitative differences appear
especially in the outer jet regions. This is presumably caused by the underestimation of
droplet velocities in this region, as shown in Fig. C.13, leading to longer residence times
and therefore higher evaporation rates.
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Figure C.14: Comparison of measured and calculated Sauter mean diameter (PDA, reacting
conditions) for cases MEG-A and MEG-B.

The validation results show that the 2-Ph-FJM is able to qualitatively capture the relevant
physical effects in the non-reacting and reacting spray in the investigated cases, which
is the main goal of the applied model concept. Especially close to the jet centerline,
reasonable quantitative predictions of the spray variables are also achieved. In the outer
jet regions and close to the nozzle exit, the model limitations cause more pronounced
quantitative discrepancies.
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C.2 Model Validation

C.2.5 Prediction of Gas Temperature

A comparison of measured and calculated temperature profiles is displayed in Fig. C.15.
While case MEG-A shows a temperature maximum at the jet centerline, MEG-B features
a local temperature minimum at r = 0 in the experiment. This is a consequence of the
narrow spray angle in case MEG-B and has been investigated in section 5.1.4. The shape
of the profile is correctly predicted for case MEG-A. For case MEG-B, a flat profile at
the jet centerline is predicted by the model. For narrower spray angles under otherwise
equal input conditions, a local minimum has been calculated for case MEG-B, as reported
in [15]. Regarding quantitative comparison, deviations between experiment and model
occur. Especially at the jet centerline, temperature predictions by the 2-Ph-FJM exceed
the measured values. This may be caused by the neglect of gas radiation by the 2-Ph-FJM,
which would reduce calculated flame temperature. The fact that turbulent dispersion
of droplets is not modeled in the 2-Ph-FJM may also contribute to the overestimation
of temperatures, as this effect would increase mass transfer of fuel to the gas phase and
therefore reduce temperature (also see [15]).
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Figure C.15: Comparison of measured and calculated gas temperatures (double-bead
thermocouple) for cases MEG-A and MEG-B. Profiles are diesplayed for
z = 300 mm (MEG-A) and z = 150 mm and z = 200 mm (MEG-B).

C.2.6 Turbulent Droplet Dispersion

The effect of turbulent droplet dispersion has been mentioned above, but is not modeled
in the 2-Ph-FJM. PDA raw data of case MEG-A at z = 150 mm at the jet axis under
ambient conditions are shown in Fig. C.16. It can be seen that the droplets in the
spray feature a 2-dimensional distribution of droplet velocity and size. The 2-Ph-FJM
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calculates mean velocities for each droplet class. The effects of turbulent droplet disper-
sion on droplet residence time and evaporation are thus not accounted for in the 2-Ph-FJM.

Figure C.16: Measured raw data of droplet velocity and droplet size, together with calcu-
lated droplet velocities and size in the 2-Ph-FJM (Case MEG-A, ambient
conditions, z = 150 mm, r = 0 mm).

C.3 Additional Modeling Studies

C.3.1 Comparison of Liquid Evaporation Models

This section compares the 2 liquid evaporation models applied in this work, which was not
shown in section 5.2.3 in order to improve readability. The results were published and
discussed in [16].
A model sensitivity study was conducted for spray angles θ0.9 = 15 ◦ to θ0.9 = 40 ◦ and
droplet sizes from d32 = 50 µm to d32 = 250 µm based on input mass flows of the MEG-
dataset. A gas momentum flow of Jgas=0.21 N is applied. The d2-law (left) and the
evaporation rate controlled by convective heat transfer (right) are compared in Fig. C.17
regarding the total amount of liquid fuel evaporation within the flame Xliq,OH.
Comparison of both models shows that for the investigated parameter space, the evapora-
tion rate controlled by convective heat transfer yields higher values for Xliq,OH than the
d2-law, which only takes into account heat conduction. This is an expected result. The
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absolute values of Xliq,OH differ by as much as 0.1. For low evaporation rates (e.g. at high
droplet size and spray angle), this leads to high relative differences of up to 75 %. At the
point of highest evaporation rate, the models differ by 21 %. Despite the quantitative
differences, the trends predicted by both models is the same, showing that the simple
d2-law can give an reasonable approximation for parameter studies.
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Figure C.17: Calculated Xliq,OH for spray angles from θ0.9 = 15 ◦ to θ0.9 = 40 ◦ and droplet
sizes from d32 = 50 µm to d32 = 250 µm. The d2-law (left) and the evaporation
rate controlled by convective heat transfer (right) are compared. (Jgas=0.21 N,
Fuel: MEG, input mass flows analogous to the MEG-experiments.) Adapted
from [16].

C.3.2 Conversion of Suspension Droplets

In section 5.3.2, the conversion of suspension droplets along different trajectories was
investigated. An example for the conditions the suspension droplets experience during
conversion is provided in Fig. C.18. Calculated gas temperature Tgas, particle temperature
Tp and mole fractions yi of O2, OH, CO2 of case S30-A are shown for different droplet
sizes and trajectories using the Fragmenting Particle model. The profiles are plotted as
function of particle / droplet residence time τ .
Suspension droplets are first heated to the liquid boiling point, which occurs on a time
scale of τ ≈ 2 ms for the 75 µm-droplets and τ ≈ 3.4 ms for the 150 µm droplet. At
τ ≈ 4 ms, the liquid phase has completely evaporated for the 75 µm-droplets. This is
indicated by the steep increase of particle temperature, which marks the point where the
solid particles are fully dried and the temperature is no longer limited by liquid evaporation.
The 150 µm-droplet takes significantly longer to fully evaporate (τ ≈ 11.7 ms). There
is no substantial difference in evaporation time for the 75 µm-droplets between the jet
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centerline and the 7◦-trajectory.
It is clearly shown that the solid particles emerging from the droplets are predominantly
released in the gasification zone where O2 and OH are no longer present in significant
amounts. Only for the smaller initial droplet size, char particles experience the high flame
temperatures up to 2500 K. Solid particles are heated up quickly and adopt temperatures
close to the gas temperature. The small particle size of 9 µm causes particle heating rates
predicted by the model to reach up to 107 K/s. For larger particles, this value is reduced
due to the higher particle mass. The influence of devolatilization gases emerging from
solid particles on convective heat transfer is also not accounted for by the 2-Ph-FJM. In
reality, this would reduce particle heating rates.
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Figure C.18: Calculated gas temperature Tgas, particle temperature Tp and mole fractions
yi of O2, OH, CO2 of case S30-A are shown for different droplet sizes and
trajectories using the Fragmenting Particle model. The profiles are plotted
as function of particle / droplet residence time τ .
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C.3.3 Influence of Recirculation Gas on Flame

The neglection of solid particle recirculation in the 2-Ph-FJM is a significant simplification.
This has been discussed in the supplementary material of [17] and is repeated here for
clarification. In order to estimate the effect of recirculated particles, a model calculation
was performed. The development of a char particle (dp,sol = 9 µm) seeded into the gas
jet at the nozzle exit is tracked for conditions of case S30-A. The calculation shows that
the solid particle leaves the flame at a conversion of Xsol = 5.0 %. The particle residence
time in the flame zone is calculated as τ = 6 ms. »This shows that particle residence
times in the EFG flame are under the present conditions too short to induce a significant
conversion of the investigated solid particles. The impact of recirculated char particles on
gas composition in the flame is therefore likewise low, justifying their neglection for the
present conditions. If other, more reactive solid fuels are applied, this needs to be checked
in the individual case.«[17]
While the reactions of recirculated solid particles presumably exhibit a minor influence on
the flame, the composition of the recirculated gas shows a higher influence on flame length.
A sensitivity study for this aspect was conducted using input conditions of case S30-A
(see Fig. C.19). »For the case when char particles are not completely converted in the
recirculation zone, equlibrium compositions of recirculated gas were calculated from the
input mass flows assuming full liquid phase conversion and a set degree of char conversion
Xrec. Results show that for decreasing Xrec, the amount of non-fully oxidized species (H2

and CO) present in the gas phase decreases. This effect leads to an increase of LOH, as
more syngas needs to be entrained into the oxidizer jet to achieve stoichiometric conditions.
If the experimentally determined char conversion of Xsol ≈ 0.90 (see section D.3) at the
reactor outlet is used as approximation for Xrec, the longitudinal extension of OH LOH

would decrease from 246 mm to 251 mm.«[17]
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Figure C.19: Composition of recirculated syngas for different degrees of char conversion in
the recirculation zone and its impact on longitudinal extension of the OH
zone. Input conditions for case S30-A were applied. Adapted from [17]
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This section provides the complete experimental datasets obtained in this work. Calculated
OH-data for the experimental cases is additionally provided for comparison. The complete
validation of the 2-Ph-FJM using spray data, temperature fields and flame parameters
including error analysis is provided in section C.2.

D.1 Dataset MEG

The relevant spray and flame data for cases MEG-A and MEG-B is summarized in Table
D.1. Spray images under ambient and reacting conditions are shown in Fig. D.1. Case
MEG-A features a fiber type primary breakup with a flapping sub-mode (see section 2.2.1).
Case MEG-B on the other hand features a super-pulsating primary breakup caused by the
higher gas momentum flow, which leads to a smaller droplet size and more narrow spray
angle in comparison to case MEG-A. The spray images under gasification images indicate
that the same qualitative spray characteristics are also present under reacting conditions
[15].
Radial profiles of droplet size and droplet velocity measured under ambient and reactive
conditions by PDA are provided in Fig. D.2. The data of liquid mass flux measured
under ambient conditions by Patternator is provided in Fig. D.3. The radial profiles at
z = 100 mm were used as input conditions for the model calculations according to the
procedure described in section 4.3.1. Additional discussion of the effects in the spray and
comparison to model results is given in section C.2.4.
Fields of measured OH-LIF intensity and calculated OH concentrations normalized to
their maximum value are displayed in Fig. D.4. Respective axial and radial profiles are
given in Fig. D.5.
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Table D.1: Integral Sauter mean diameter ID32, spray angle θ0.9 and Patternator mass
balance error ∆mliq at z = 100 mm for the MEG-dataset. Longitudinal
extensions of the OH zone from experiment LOH,exp and model LOH,mod are
also provided. Model results were obtained for both evaporation models

Case ID32

µm
θ0.9

°
∆mliq

%
LOH,exp

mm
LOH,mod,d2

mm
LOH,mod,conv

mm

MEG-A 160.3 ±1.9 40.4 -8.5 298 384 353

MEG-B 72.8 ±0.3 23.5 -11.5 133 228 188
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Figure D.1: Spray images for case MEG-A and MEG-B under ambient and reacting
conditions (adapted from [15]).
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Figure D.2: Radial profiles of droplet size and droplet velocity measured under ambient
and reactive conditions by PDA for cases MEG-A and MEG-B.
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Figure D.3: Radial profiles of liquid mass flux measured under ambient and reactive
conditions by Patternator for cases MEG-A and MEG-B.
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Figure D.4: Fields of normalized measured OH-LIF intensity and normalized caclulated
OH concentration for cases MEG-A and MEG-B. Model results displayed were
obtained using the evaporation rate determined by convective heat transfer.
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Figure D.5: Axial and radial profiles of normalized measured OH-LIF intensity and nor-
malized caclulated OH concentration for cases MEG-A and MEG-B. Model
results displayed were obtained using the evaporation rate determined by
convective heat transfer.
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D.2 Dataset GLYCEROL

This section provides the complete experimental spray data for dataset GLYCEROL as
well as measured and calculated OH data. Spray images taken under ambient conditions
recorded by the high speed camera are shown in Fig. D.6. Cases A50, A100 and A200
exhibit a predominantly membrane-type primary breakup mode with a flapping instability
for increasing viscosities. Cases B50, B100 and B200 on the other hand are characterized
by a higher gas momentum and show a fiber-type primary breakup mode coupled with a
pulsating primary instability.
The relevant spray data at z = 100 mm is summarized in Table D.2. As OH-LIF data
could only be measured up to an axial distance of z ≈ 340 mm, LOH could not be de-
termined for cases A50, A100 and A200. Radial profiles of droplet size measured under
ambient conditions by PDA at z = 100 mm are provided in Fig. D.2. The data of
liquid mass flux measured under ambient conditions by Patternator at z = 100 mm is
provided in Fig. D.8. The data were used as input conditions for the model calculations
according to the procedure described in section 4.3.1. Measured OH-LIF intensity and
calculated OH concentrations normalized to their maximum value are displayed for all cases
in Figs. D.9 and D.10, along their respective axial and radial profiles (Figs. D.11 and D.12).

Table D.2: Integral Sauter mean diameter ID32, Sauter mean diameter integrated within
the gas jet boundaries ID32,jet, spray angle θ0.9 and Patternator mass balance
error ∆mliq at z = 100 mm for the GLYCEROL-dataset. Longitudinal
extensions of the OH zone from experiment LOH,exp and model LOH,mod are
also provided. Model results were obtained using the d2-law.

Case ID32

µm
ID32,jet

µm
θ0.9

°
∆mliq

%
LOH,exp

mm
LOH,mod

mm

A50 249.7 ±54.1 88.3 ±1.3 39.7 -19.4 - 392

A100 273.7 ±65.8 99.8 ±1.6 43.0 -14.9 - 412

A200 443.5 ±28.5 106.7 ±14.2 43.6 -14.3 - 418

B50 195.1 ±84.8 63.7 ±1.0 31.2 -11.8 212 255

B100 373.9 ±33.0 64.5 ±0.3 35.6 -12.9 249 268

B200 470.4 ±26.6 67.9 ±0.8 38.8 -15.7 258 278
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Figure D.6: Spray images for the GLYCEROL-dataset under ambient conditions.
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Figure D.7: Radial profiles of droplet size for the GLYCEROL-dataset at z = 100 mm
measured by PDA under ambient conditions.
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Figure D.8: Radial profiles of liquid mass flux for the GLYCEROL-dataset at z = 100 mm
measured by Patternator under ambient conditions.
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Figure D.9: Fields of normalized measured OH-LIF intensity and normalized caclulated
OH concentration for the GLYCEROL-dataset. Model results were obtained
using the d2-law.
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Figure D.10: Fields of normalized measured OH-LIF intensity and normalized caclulated
OH concentration for the GLYCEROL-dataset (continued). Experimental
data around z = 250 mm (Case A200) and z = 20 mm (Case B200) are not
available. Model results were obtained using the d2-law.
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Figure D.11: Radial and axial profiles of normalized measured OH-LIF intensity and
normalized caclulated OH concentration for the GLYCEROL-dataset. Ex-
perimental data around z = 250 mm (Case A200) are missing. Model results
were obtained using the d2-law.
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Figure D.12: Radial and axial profiles of normalized measured OH-LIF intensity and
normalized caclulated OH concentration for the GLYCEROL-dataset (con-
tinued). Experimental data around z = 20 mm (Case B200) are missing.
Model results were obtained using the d2-law.
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D.3 Dataset SLURRY

This section provides the complete experimental spray data for dataset SLURRY along
measured and calculated OH data. The relevant spray data at z = 100 mm is summarized
in Table D.3. As the shadowgraphy system can only measure integral droplet size distri-
butions along a line of sight, radial profiles of droplet size are not available. Values of
integral Sauter mean diameter ID32 measured under ambient conditions at z = 100 mm are
provided in Fig. D.13. The data of liquid mass flux measured under ambient conditions
by Patternator at z = 100 mm is provided in Fig. D.14. The data were used as input
conditions for the model calculations according to the procedure described in section
4.3.1, assuming flat radial profiles. This leads to a possible source of error for the model
calculations, as the values for droplet size in the jet region can differ from ID32.
Measured OH-LIF intensity and calculated OH concentrations normalized to their maxi-
mum value are displayed for all cases in Figs. D.15 and D.16, along their respective axial
and radial profiles (Figs. D.17 and D.18).
In addition to the discussion in section 5.3.3, a comparison of calculated OH fields for case
S30-A using the three different suspension droplet conversion models applied in this work
is provided in Fig. D.19.

Table D.3: Spray data at z = 100 mm for the SLURRY-dataset with longitudinal ex-
tensions of the OH zone from experiment LOH,exp and model LOH,mod. Model
results were obtained using the Fragmenting Particle Model.

Case ID32

µm
θ0.9

°
∆mliq

%
LOH,exp

mm
LOH,mod

mm

S0 114.0 ±3.5 26.8 -13.2 174 197

S10-A 119.7 ±2.0 27.1 -9.0 219 203

S20-A 134.1 ±2.6 26.9 -17.5 247 212

S30-A 188.8 ±7.0 29.0 -21.4 300 246

S30-B 184.6 ±1.6 33.2 -21.2 304 251

S30-C 195.0 ±0.7 27.8 -43.8 283 248
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Figure D.13: Integral Sauter Diameter for the SLURRY-dataset measured at z = 100 mm
under ambient conditions using shadowgraphy.
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Figure D.14: Liquid mass flux for the SLURRY-dataset measured at z = 100 mm under
ambient conditions using shadowgraphy.
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Figure D.15: Fields of normalized measured OH-LIF intensity and normalized caclulated
OH concentration for the SLURRY-dataset. Model results were obtained
using the Fragmenting Particle Model.
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Figure D.16: Fields of normalized measured OH-LIF intensity and normalized caclulated
OH concentration for the SLURRY-dataset (continued). Model results were
obtained using the Fragmenting Particle Model.
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Figure D.17: Radial and axial profiles of normalized measured OH-LIF intensity and
normalized caclulated OH concentration for the SLURRY-dataset. Model
results were obtained using the Fragmenting Particle Model.
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Figure D.18: Radial and axial profiles of normalized measured OH-LIF intensity and nor-
malized caclulated OH concentration for the SLURRY-dataset (continued).
Model results were obtained using the Fragmenting Particle Model.
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Figure D.19: Normalized calculated OH concentration fields for different suspension droplet
conversion models compared against the normalized measured OH-LIF inten-
sity for case S30-A.
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Experimental Determination of Char Conversion
The conversion of the solid particles in the suspension fuel experiment was determined by
gas phase balancing. Global carbon conversion CC, defined in eq. 2.4, is determined from
measured gas concentrations in the REGA experiments by

CC = ṅSG · (yCO + yCO2 + yCH4)
ṅC,fuel

(D.1)

using the molar flow of syngas ṅSG and the molar flow of carbon in the fuel ṅC,fuel. Based
on these results, solid phase conversion in the suspension experiments was determined.
For each suspension experiment, a liquid phase conversion equal to the CC of the pure
MEG experiment S0 is assumed:

CCsolid = CC · (ṅC,MEG + ṅC,char) − ṅC,MEG · CCS0

ṅC,char
(D.2)

The values of total and solid carbon conversion at the reactor outlet are given in Table
D.4.

Particle Extraction Experiments
Particle extraction experiments were conducted in order to determine the morphology
of the remaining unconverted char. The procedure and results have been published in
the supplementary material of [17] and are repeated here. »The experimental setup is
shown schematically in Fig. D.20. Gas is extracted through a ceramic probe through a
heated filter by a vacuum pump. The filter is flushed with nitrogen before and after a
measurement to avoid the particles coming in contact with oxygen. A particle sample was
extraced at the end of the reactor applying a gas volume flow of V̇probe = 2m3/h (STP)
over a time of 30 min.«[17]

»A representative REM image of an extracted particle sample is shown in D.21. Especially
in comparison to the raw particles in section B.2, the sample clearly shows that no particle

Table D.4: Total and solid phase carbon conversion for the experiments in dataset
SLURRY determined by gas phase balancing.

Case S0 S10-A S20-A S30-A S30-B S30-C

CC 93.1 91.9 91.1 91.2 92.5 90.2

CCsolid - 87.4 87.8 89.3 91.9 87.3
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Figure D.20: Setup for particle extraction experiments [17]

agglomerates were found in the product gas. The char particles itself do not show any
caking behavior, which was observed in TGA experiments. MEG as liquid phase has a
clearly defined boiling point and does not undergo significant pyrolysis reactions before
evaporation. Under these conditions, the use of a Fragmenting Particle model approach is
justified [158].«[17]

Figure D.21: Particle sample for case S30-A extracted at the end of the reactor. [17]
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