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Abstract

The alternative fuel oxymethylene ether (OME) combines CO2-neutral and si-
multaneously almost sootless combustion under the condition of a sustainable
synthesis. A precise understanding of its mechanisms that lead to reduced soot
emissions is necessary for the efficient utilization of this valuable and limited
alternative to fossil fuels. This study examines the impact of mixing processes
between fuel and oxidator, as well as the influence of OME fuel on soot formation.
The investigation is structured into six scientific objectives, isolating influencing
factors systematically. Laminar premixed and counterflow diffusion flame config-
urations are numerically considered. For the soot modeling, the simulations use
direct chemistry coupled with two distinct quadrature-based moment methods.
The modeling of the physical and chemical processes enables the examination and
explanation of the impact of individual factors throughout the entire chain of
events on a mechanistic level. The validation of the soot modeling shows that
numerical results are congruent with the experimental results.
Strain has minimal quantitative influence on the soot processes, whereas fuel
dilution significantly reduces all soot sub-processes. Adding OME3 into sooting
ethylene flames causes a substantial reduction in soot aggregates and shows only
a slight influence on nanoparticles. The decrease is related to the OME3 decom-
position in the gas phase towards mainly formaldehyde (CH2O) without a direct
reaction pathway to species crucial to soot formation. Therefore, soot precursor
species such as acetylene (C2H2) are reduced leading to weakened soot growth
processes. An increase in the OME3 content within the fuel mixture results in a
linear decrease in soot volume fraction. The three OMEn variants, OME2, OME3,
and OME4, show similar qualitative and quantitative effects on the soot precursors
and formation. Closer investigations of the particle size distribution provide further
insights into the underlying processes.
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Kurzfassung

Der alternative Kraftstoff Oxymethylenether (OME) kombiniert CO2-neutrale und
gleichzeitig beinahe rußfreie Verbrennung unter der Voraussetzung einer nach-
haltigen Synthese. Für eine effiziente Nutzung dieser teuren und nur begrenzt
verfügbaren Alternative zu fossilen Kraftstoffen, sind genaue Kenntnisse über die
Wirkmechanismen, die zu einer Reduktion der Rußemissionen führen, notwendig.
In dieser Ausarbeitung wird der Effekt von der Vermischung zwischen Oxidator und
Brennstoff sowie der Einfluss des Brennstoffs OME auf die Rußbildung analysiert.
Die Untersuchung ist in sechs wissenschaftliche Ziele unterteilt, in der Einflussfak-
toren systematisch voneinander isoliert untersucht werden. Laminar vorgemischte
Flammen und Gegegenstromdiffusionsflammen werden numerisch betrachtet. Für
die Simulation wird direkte Chemie genutzt, die mit zwei verschiedenen quadratur-
basierten Momentenmethoden zur Rußmodellierung gekoppelt ist. Die Model-
lierung der physikalischen und chemischen Prozesse ermöglicht es, den Einfluss
einzelner Faktoren auf die gesamte Wirkkette auf einer mechanistischen Ebene zu
untersuchen und zu erklären. Die Validierung der Rußmodellierung zeigt, dass die
Simulationsergebnisse mit den experimentellen Ergebnissen übereinstimmen.
Streckung bewirkt einen geringen Einfluss auf die Rußprozesse, wohingegen
Brennstoffverdünnung alle Rußraten stark reduziert. Die Hinzugabe von OME3
in eine rußende Ethenflamme führt zu einer starken Reduktion von Rußaggre-
gaten und zeigt nur einen geringen Einfluss auf Nanopartikel. Diese Abnahme
ist durch die Aufspaltung von OME3 in der Gasphase zu hauptsächlich Formalde-
hyd (CH2O) ohne direkte Reaktionspfade zu rußrelevanten Spezies zu begründen.
Die hierdurch verringerte Acetylenbildung (C2H2) wird zusätzlich mit zunehmen-
dem OME3-Anteil im Brennstoffgemisch verstärkt, wodurch das Rußwachstum
abgeschwächt wird und der Rußvolumenbruch linear abnimmt. Die drei OMEn
Varianten OME2, OME3 und OME4 zeigen ähnliche qualitative und quantitative
Effekte auf die Rußvorläufer und die Rußbildung. Die nähere Betrachtung der
Partikelgrößenverteilung gibt weiteren Aufschluss über die zugrunde liegenden
Vorgänge.
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1 Introduction

This cumulative dissertation is based on five journal publications, as listed in the appended
Chap. Publications. While the primary outcomes of the underlying publications are combined
and discussed in this manuscript, the reader is referred to the publications themselves for more
comprehensive details.

1.1 Motivation for chemical energy carriers and soot modeling research

Driven by the continuously progressing climate change, the world is rapidly transitioning towards
electrification of industrial production, private households, and the overall transport sector. In-
creasing adoption of renewable energy sources turns the energy sector upside down and will
potentially replace fossil fuel-based power plants in the long term. Electric vehicles already provide
efficient and sustainable transportation without carbon dioxide emission, assuming that they are
charged with electricity from renewable sources. Still, numerous obstacles exist, especially in the
near future and medium term. Renewable energies such as wind or solar-based energy sources
typically encounter fluctuations due to outside influences, namely weather conditions. Energy
storage systems could bridge these periods of low or no renewable energy output, which often
coincide with periods of high energy demand. Batteries based on electrochemical principles do not
qualify for energy storage on large scales due to their low capacity [1].

Therefore, chemical energy carriers are assumed to remain playing a vital role [2] also in the
future. One primary benefit of chemical energy carriers is their higher energy density compared
to electrical energy storage systems [1], making them an attractive option for storing energy on
large scales or for energy-intensive transport applications. Given the availability of the required
fuels, this benefit is accompanied by their controllable supply, e.g., independence of wind or solar
conditions.

Alternative fuels could combine both benefits when synthesized using renewable energy and on
the basis of carbon sources such as carbon waste streams or atmospheric carbon capture. No
additional CO2 is released into the atmosphere compared to the carbon that is bound during their
production, creating a closed carbon loop. The synthesis or utilization of many e-fuels such as
hydrogen, ammonia, sustainable aviation fuels, methanol, and alternatives to fossil gasoline or
diesel fuel [3] are topics for various current and past research programs. They combine a low
impact on the global carbon balance with the possibility of being used as alternatives to fossil
fuels in current combustion devices. This retrofitting allows for extending the life span of already
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existing systems with more or less adaptations. Hence, their usage exhibits great potential in
short-term or medium-term time frames. For areas of application that are hard to electrify, such as
aero-engines, they also present a valid solution for the long term. Overall, synthesized alternative
e-fuels could complement the transition toward climate neutrality.

Besides these huge potentials, major disadvantages still remain. Carbon-based e-fuels negatively
impact the environment due to the emission of unwanted combustion byproducts such as soot
particles. Soot particles are respirable and harm human health due to an increased risk of cancer
and respiratory, or cardiovascular diseases [4]. Human exposure to such combustion emissions is
assumed to result in increased mortality [5]. Hence, predicting, controlling, and reducing such
soot particulate matter emissions is of utmost importance and, at the same time, challenging [6].

The application of oxygenated, synthetic fuels is one solution to reduce soot particle emissions
due to the oxygen enclosed in this fuel. Promising candidates are oxymethylene ethers (OMEs),
which exhibit similar properties compared to commercial diesel fuel, favoring their utilization in
compression-ignition engines.

Several experimental studies demonstrated the performance of OME fuels as a blending component
or as a neat fuel. Significant reductions of soot particle emissions were observed for a wide range
of operating conditions, effectively overcoming the soot-NOx trade-off encountered for fossil diesel
fuel. Despite these studies, more profound knowledge of the underlying principal mechanisms of
the chemical and physical effects of OMEn fuel on the soot formation processes is still missing.

By modeling the individual physical and chemical phenomena of the soot formation processes, a
detailed understanding can be achieved. The need for closer insights in order to control soot particle
emissions in future engines is the motivation for the underlying publications of this dissertation.
Here, the main parameters, including chemical fuel structure and mixing, which control soot
formation and evolution processes, are analyzed using two numerical quadrature-based moment
method approaches. These parameters involve the mixing of fuel and oxidizer through variations
of strain and fuel dilution. Additionally, the effect of the chemical fuel structure for OME on the
gas-phase soot precursors and the subsequent effect on soot particle development is systematically
investigated. Hence, this dissertation and underlying publications aim to understand the cause-and-
effect chain of the soot formation processes in OMEn flames and their comprehensive, numerical
modeling. The latter is crucial to optimize combustion systems further, ensure efficient usage
of cost-intensive synthetic fuels with limited availability, and simultaneously reduce unwanted
emissions.

After highlighting the relevance of alternative fuels as sustainable energy carriers and soot formation
research in order to reduce soot particulate emissions, the remainder of this manuscript is structured
as follows: In the beginning, in Sec. 1.2 a brief overview of the chemical and physical soot formation
mechanisms is given, as these processes are essential for this study. Then, in Sec. 1.3, general
soot modeling approaches are presented before details of the two applied modeling strategies
are described in Sec. 1.3.1 and Sec. 1.3.2. The current state of research and understanding of
the OME fuel and its effect on soot formation is summarized in Sec. 1.4. Chapter 2 defines the
scientific research objectives, that guide the following chapters. The main outcomes and findings
for the individual objectives are reassembled based on the underlying publications and discussed
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in Chap. 3. Additionally, the manuscript ends with a conclusion and outlook about possible future
research topics in Chap. 4.

1.2 Basics of soot formation processes

Soot particulate matter represents a liquid-like or solid phase dispersed within the gas phase.
Soot particles mainly consist of carbon atoms and, depending on their age, of varying amounts of
hydrogen. Additional elements, such as oxygen, were also found to be embedded in soot particles.
The soot particles originate from the fuel decomposition and soot precursor formation in the gas
phase. Gas-phase precursors lead to the formation of initial, young particles. Subsequently, particles
grow in size and evolve due to interactions with the gas phase or collisions among themselves.

The following sections briefly describe these processes of soot formation and their further evolution.
Fig. 1.1 visually represents the gas-phase and solid-phase steps of the soot formation processes
and aids their corresponding description below.

1.2.1 Fuel decomposition and soot precursor formation

Requirements for forming carbonaceous soot particles are a surplus of hydrocarbon fuels with
direct carbon-to-carbon bonds combined with sufficient temperatures for thermal cracking of
the fuel [7]. These conditions can occur during premixed combustion processes with mixtures
richer than stoichiometric fuel-to-oxidizer ratios, locally under non-premixed or partially premixed
combustion, or in pyrolytic conditions entirely without or with little presence of oxygen. In practical
applications, such as aero-engines, gas turbines, or piston-driven combustion engines, conditions
prone to soot formation can be present despite overall stoichiometric combustion events. Here,
primarily insufficient mixing of the fuel and oxidizer leads locally to fuel-rich conditions, causing
one of the major sources of soot emissions [8].

Fuel-rich or pyrolytic conditions lead to incomplete combustion without complete oxidation of
hydrocarbon fuels due to the lack of oxygen in the mixture composition. Unwanted byproducts such
as soot precursor species are formed, which lead in subsequent steps to soot particle formation [8]
instead of fuel oxidization toward the combustion products CO2 and H2O.

The fuel molecules are decomposed by thermal cracking, H-abstraction, or β-scission reactions if the
required activation energy is available, such as in close proximity to the flame front [9]. Depending
on the initial fuel mixture, the products of these decomposition processes are smaller alkenes,
alkynes, aromatic structures, or radicals. Acetylene (C2H2) can be found as a decomposition
product in sooting conditions [10], which promotes the formation of soot precursor species and
also interacts directly with the soot particles, leading to soot growth. These fuel fragments are not
oxidized but participate in forming polycyclic aromatic hydrocarbons (PAHs).

The formation of PAHs is initiated with the emergence of small, aromatic ring structures such as
benzene (C6H6) or naphthalene (C10H8). In premixed acetylene and ethylene flames, benzene
is mainly formed by the combination of C2H2 to several C4 species (n-C4Hx) [11, 12] or through

3



Pe
ri-

co
nd

en
se

d 
st

at
e

(f
lu

or
es

ci
ng

)

Gas phase

Solid phase
(incandescing)

Inception

Fuel decomposition Cyclization PAH formation PAH growth

HACA PAH-deposition
(condensation)

Oxidation

Agglomeration
+ Aggregation

Coalescence

Coagulation

Surface growth

Cluster

Fragmentation

Aggregate

Large PAH
(fluorescing)

Fig. 1.1: Schematic overview of fuel decomposition, soot precursor formation, and further soot
evolution.

propargyl radicals (C3H3) and successive cyclization reactions [13, 14, 15, 16]. On the other hand,
the two-ring aromatic compound naphthalene can directly emerge through the combination of
cyclopentadienyl (C5H5) [9].

The initial aromatic ring structures grow in size and weight by multiple reaction pathways, accu-
mulating to PAHs with several aromatic ring structures. For instance, two acetylene molecules can
connect to adjacent edges of the PAH with subsequent closure of a new ring structure while hydro-
gen gets abstracted following the hydrogen abstraction carbon addition mechanism (HACA) [17,
12, 18]. This chain of reactions leads to pericondensed aromatic hydrocarbons (PCAHs) featuring
mainly six-membered rings and a high carbon-to-hydrogen ratio. On the other hand, benzyl,
propargyl, or cyclopentadienyl radicals or other aromatic and aliphatic compounds add further

4



weight to the PAHs by the resonance stabilized free radical reaction and, therefore, lead to the
growth of the molecule [19, 20, 21, 22, 23]. Reaction products of the latter pathways are aromatic
aliphatic linked hydrocarbons (AALH) featuring lower carbon-to-hydrogen ratios than PCAH. Their
structure consists of pentagonal, aromatic, or heptagonal groups of planar or curved shape [7].
Further PAH growth mechanisms can be found in the literature [24, 25].

1.2.2 Soot particle inception

Inception describes the transition from PAHs of the gas phase to young nanoparticles. The large
number of available inception models illustrates that this process is not fully understood up to
today and is still a topic of current research [7, 26, 27]. Physical, chemical or a combination of
both phenomena are current explanations for the inception process in the literature. A concurrent
combination of several pathways is most likely, and some pathways may be favored depending
on the flame conditions and existing species pool. A widely assumed process is the stacking
of multiple large PAHs with a planar shape connected through van der Waals forces [28, 29,
30, 24, 31]. Others explain the process by chemical interlinking of multiple PAHs through, e.g.,
acetylene, by continuous chemical growth through adsorption of acetylene, aromatic, or aliphatic
hydrocarbons [32]. Another theory is the transition from planar PAHs toward three-dimensional,
curved shells. The subsequent layering of several of these shells forms fullerene-like spheres [24].

Incipient soot particles are in a condensed state with liquid-like properties and turn to solid
soot nuclei after further particle growth processes. These young soot particles consist of a three-
dimensional structure in the range of one to six nanometers in size [33, 34, 35] and work as growth
centers for subsequent particle evolution. Due to their origin from gas-phase hydrocarbons, they
contain a low molar carbon-to-hydrogen ratio of approximately 1.4-2.5 [26, 33, 36, 37] combined
with a low density, which changes with further growth.

1.2.3 Soot particle evolution and growth

After their initial formation, particle structures interact with the gas-phase species leading to
surface growth, oxidation, or dehydrogenation processes. Gas-phase species are adsorbed by the
particles and form layers around the surface of the initial growth centers either by chemical bonds
or physical adsorption processes. Similar to the PAH formation in the gas-phase due to the HACA
mechanism, acetylene can deposit onto the particle by chemisorption [38, 39]. PAHs condense
onto the particle surface [12], and depending on the flame conditions and species pool of the gas
phase, additional deposition or physisorption processes are possible [26].

These processes lead to a continuous evolution of the young particles toward matured soot particles
with a spheroidal shape. Their chemical and physical properties are altered, and they grow in mass
and size while their molar carbon-to-hydrogen ratio increases, which leads to a carbonization of
their chemical composition. Simultaneously, oxygen-containing species, such as OH, O, O2, and
O3, oxidize or desorb parts of the outer particle surface and inner structure, forming CO, CO2,
and H2O [40, 41, 42, 43]. These oxidating processes lead to particle shrinking or their complete
oxidation.
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Besides the interaction of particles with gas-phase species, collisions of several primary particles
among one another can occur. This coagulation process forms joined particles with a larger
size. Depending on the size of the involved primary particles and underlying flame conditions,
coagulation can lead to coalescence or agglomeration of these particles. Younger soot particles
with a smaller size tend to fully merge upon collision [18], creating a new particle of spheroidal
shape such that the initial entities smelt to one structure without any distinguishable boundaries.
Agglomeration, on the other hand, loosely connects several primary particles at confined areas
of their surface such that the individual primary particles are still identifiable [44]. Aggregation
describes further surface growth, which strengthens the bond between these sub-units of the
agglomerate to form a chain- or fractal-like structure [45]. These aggregates grow up to several
micrometers, while larger aggregates are also referred to as super-aggregates. The later process
may be reversed by oxygen, which diffuses into the particle structure and weakens their bonds
through oxidizing their connecting links, increasing the possibility for an O2-induced fragmentation
of the aggregates into its primary particles again [46, 42, 47].

1.3 Soot modeling approaches

Additionally to the description of the gas-phase chemistry and thermodynamic evolution, the
formation of the dispersed particles and further interaction with the gas phase and among the
particles themselves must be modeled appropriately. A short overview of different soot particle
modeling classifications is described in the following before models based on particle property
distributions are explained.

An exhaustive reproduction of all the described chemical and physical processes for the soot
precursor species and soot particle formation in a model requires considerable computational
power. Therefore, the applied modeling strategy is adjusted to the scientific objective of the
research, the desired level of accuracy, and the scale of the numerical domain but is limited by the
compromise between modeling accuracy and calculation costs.

Different types of modeling strategies can be grouped on the basis of the length scales they are
reflecting for the gas-phase phenomena and soot formation processes of the dispersed phase into
molecular dynamics (MD) models, models considering one or several property distributions of
the particles, and empirical modeling approaches [48]. Figure 1.2 visualizes these modeling
approaches, and a brief overview of current soot modeling strategies is described in the following
before explaining the applied models of the current work. Li et al. [48] wrote a review article that
provides a detailed overview of the different soot formation modeling types.

MD models consider processes on the intermolecular scale to describe the evolution of molecules,
such as the formation of larger PAHs. Interatomic forces [49] and the motion of the individual
atoms within the molecules are directly taken into account to describe the microscale processes of
molecules quantitatively [50]. Newton’s second law of motion and interatomic potentials, such
as the force field of the atoms, govern the atoms’ motion [50]. The motion path of the molecules
and constituent atoms is numerically evaluated by integrating these equations over time for a
significantly large set of particles [50]. While this approach provides detailed insights into molecule
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Fig. 1.2: Overview of soot modeling approaches.

interactions and subsequent reaction paths, numerical costs and small time scales of atomic motions
prevent soot simulations of application scale. In the context of soot formation, MD are used to
investigate the stability and internal properties of PAH dimers [51, 52], the interaction forces
between nanoparticles [49], or the PAH growth to incipient particles [53].

Models on the macroscale are able to describe integral properties of the soot formation process, such
as the soot mass or soot number density. These models are based on one or two transport equations,
and the soot formation processes are empirically or semi-empirically fitted approximations [48].
A widely used model is the model that is developed by Khan et al. [54], which only contains a
soot creation and soot destruction step. A prominent two-equation model with slightly larger
complexity [55, 56] includes additional surface growth and coagulation phenomena. Due to their
simple formulation and minimal number of transport equations, these models involve low numerical
expenses. Although quantitative predictions of soot formation can be accurately predicted within
specific scenarios for which they are designed and empirically optimized, their lack of generality
can restrict their predictability in other cases. Macroscale models mainly assume monodispersed
particle distributions [48] and only reflect a small number of particle properties. In contrast,
particles generated from combustion processes exhibit polydisperse characteristics, leading to
distribution functions of their physical features, chemical compositions, and molecular structures.

A compromise between the simulation of the individual atoms composing the soot particles with MD
and the confinement to integral values with the macroscale models is to resolve such distribution
functions of the particles as described above for the modeling of the particle processes. This
dissertation applies a distribution-based approach for the soot particle properties. The distribution
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function or number density functions (NDFs) n(t, x; ξ) of the particles describing the distribution
of the entire particle population within a volume of interest is modeled at the spatial coordinates x
in time t [57]. Each soot particle can be described by its properties or coordinates, accumulated in
the internal coordinate vector ξ [57].

The general population balance equation (PBE) describes the evolution of the NDF and is defined
as [58]:

∂n(t, x; ξ)

∂t⏞ ⏟⏟ ⏞
rate of change

+
∂un(t, x; ξ)

∂x⏞ ⏟⏟ ⏞
convection

− ∂

∂x

(︃
0.55

ν

T

∂T

∂x
n(x, t; ξ)

)︃
⏞ ⏟⏟ ⏞

thermophoresis

− ∂

∂x

(︃
Γm

∂n(t, x; ξ)

∂x

)︃
⏞ ⏟⏟ ⏞
molecular diffusion

(1.1)

= Rinc +Rsg +Rdepo +Rox +Rcoag.

The balance equation includes the temporal rate of change, spatial convection considering the
velocity vector u of the gas phase, the molecular diffusion term considering the Brownian diffusion
Γm, and thermophoresis with the kinematic viscosity ν and temperature T of the gas phase [59].
The source termsRsootprocess withRsootprocess ∈ {inc, depo, sg, coag, ox} represent the source terms
of the NDF due to the interaction of the particles with the gas-phase species (inception, surface
growth, deposition, oxidation) and collisions among themselves (coagulation). Due to their small
size, soot particles follow the streamlines of the gas-phase flow, resulting in low Stoke’s number flow,
which justifies applying the velocity vector of the gas phase [60, 61, 62]. Molecular diffusion is
neglected in this work, considering the particles’ high Schmidt numbers according to the approach
of Bisetti et al. [63].

It is difficult to solve the PBE directly with analytical or numerical approaches, considering its high
complexity [64]. Several models have been developed to simplify the representation of the NDF
and to solve approximations of the PBE in soot simulations. Figure 1.2 shows three commonly
applied methods in the context of soot simulations for the calculation of the PBE: Monte Carlo
methods (MC), sectional methods (SM), and method of moments (MOM). These methods utilize
different approaches to approximate the NDF and, therefore, reduce the complexity of the PBE.
The basic concepts of these strategies are presented in this overview, while combinations of these
modeling strategies have been proposed in the past to overcome some of their limitations.

MC methods approximate the evolution of a particle ensemble by individually tracking the matura-
tion process of particles [65, 66]. Each individual particle undergoes a series of soot maturation
steps, which are selected by a stochastic algorithm. These steps follow a probability distribution
based on the individual rates of the soot processes, which are calculated from the respective particle
properties and the thermo-chemical state of the gas phase [65, 66]. Considering a statistically
sufficient number of particles leads to an exact representation of the soot particle processes for
the considered particle distribution [67] and thus results in a detailed evolution of the NDF. The
requirement of tracking a large number of particles is accompanied by high computational demands,
limiting this method to relatively simple configurations [48]. This approach is mainly used to
generate reference solutions for evaluating and validating SM and closure assumptions in MOM
models [57, 68, 67, 69, 70, 71].
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SMs, or class methods, divide the NDF into discrete sections or bins, and transport equations are
formulated and evaluated for each individual section [72, 73]. The NDF within each section can
be approximated by a low-order polynomial [74] or assumed to be constant [57]. Depending
on the number of considered soot particle properties, hence the NDF’s dimensionality, and the
resolution choice for the NDF discretization, this can lead to many equations accompanied by high
computational costs [48]. Without prior knowledge of the property space and especially of its
upper boundaries, it can be challenging to define a suitable discretization for the coordinates of the
property vector that cover the complete NDF due to contrary aspects of computational efficiency
and sufficient resolution [48].

Both the MC and the SM approximate and solve for the shape of the NDF. On the other hand,
MOMs solve for the statistical moments of the NDF and approximate the NDF by their mean
quantities [69]. Following Marchisio and Fox [57], a momentmk with the moment order k1, ..., kNξ

of a NDF consisting of Nξ internal coordinates ξ =
[︁
ξ1, ..., ξNξ

]︁T is defined as
mk = mk1,...,kNξ

=

∫︂
Ωξ

n(t, x; ξ)ξk11 , ..., ξ
kNξ

Nξ
dξ. (1.2)

Herein, Ωξ delimits the definition interval of the internal coordinates [57]. The PBE describes the
particle distribution’s evolution and can be reformulated by approximating the NDF by its moments.
This results in the following moment transport equations

∂mk(x, t)

∂t
+

∂umk(x, t)

∂x
− ∂

∂x

(︃
0.55

ν

T

∂T

∂x
mk(x,t)

)︃
= ṁk(x, t). (1.3)

Like equation 1.1, equation 1.3 includes the temporal evolution, advection, thermophoresis, and
source terms (l.t.r), while the diffusion term is neglected in this study. Knowing and solving for all
moments of the NDF would be equivalent to calculating the PBE.

For the practical simulations of combustion-generated soot, only a small set of moments and,
hence, equations are of interest to limit numerical costs. Therefore, a small set of the low-order
moments of the NDF is used to approximate the statistical evolution of the soot particle distribution.
Considering only a finite number of equations for the low-order moments leads to unclosed terms
since the source terms of the moments additionally include moments that are not directly solved
for [69]. In order to retrieve a closed set of equations, all terms must be formulated based on
a finite number of low-order moments, which are then transported in the simulations. Multiple
approaches have been developed to overcome this closure problem by modeling these unclosed
terms.

The most prominent variants of the MOM are based on interpolation and Gaussian quadrature. The
method of moments with interpolative closure (MOMIC) interpolates the higher-order moments
based on the transported, lower-order moments [18].

The quadrature-based moment methods (QbMMs) use the Gaussian quadrature rule to approximate
the integral within the moment definition of Eq. 1.2.
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Fig. 1.3: Approximation of the NDF by QMOM (left) and S-EQMOM (right).

A sum of weighted functions estimates the integral term, and based on this simplification, the
moment definition of order k can be reformulated as

mk =

∫︂
Ωξ

n(t, x; ξ)ξk11 , ..., ξ
kNξ

Nξ
dξ =

M∑︂
i=1

wi

Nξ∏︂
j=1

ξki
j,i
. (1.4)

Herein, wi are the weights, and ξ are the abscissas or nodes used for the calculation of the unclosed
terms for theM -point quadrature, while the temporal and spatial dependencies are dropped for
brevity.

McGraw et al. [75] suggested utilizing a set of simple Dirac delta functions for f(ξi), leading to the
qudrature method of moments (QMOM). The resulting approximation is schematically illustrated
in the left part of Fig. 1.3.

Yuan et al. [76] and Chalons et al. [77] applied, on the other hand, several kernel density functions
of a known shape, such as gamma or lognormal distributions, for the NDF approximation, leading
to the extended quadrature method of moments (EQMOM). This approach allows for a continuous
reconstruction of the NDF in contrast to standard QMOM.

For bivariate and multivariate systems, the conditional quadrature method of moments (CQMOM)
has been introduced by Cheng et al. [78] and further developed by Yuan and Fox [79]. In a bivariate
case, this model considers an independent first distribution and second distribution, which is
conditioned on the first one. For a first, fixed distribution and each of its sets of weights and abscissas,
conditioned weights and abscissas reflecting the second internal variable are searched [78].

Additional variations or combinations of the methods above have been proposed in the past years.
In the direct quadrature method of moments (DQMOM), the weights and abscissas are directly
tracked and transported in the simulations instead of moment transport equations [80, 44]. The
hybrid method of moments (HMOM) combines benefits from DQMOM and MOMIC.

Two soot modeling approaches are applied in the simulations of this dissertation to analyze the soot
formation and growth processes. These two modeling approaches are described in the following
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section, together with the considered processes of particle evolution and their implementation.
The reader is referred to the cited literature for additional details. The first model is a univariate,
split-based extended quadrature method of moments (S-EQMOM) [81, 58], and the second one is
a quadvariate CQMOM [58, 82].

1.3.1 Univariate split-based extended quadrature method of moments

The S-EQMOM is an advancement to the EQMOM and has been introduced by Salenbauch et
al. [81, 58]. It solely characterizes soot particles by their volume V . It is, therefore, a univariate
model with the internal coordinate ξS−EQMOM = V . All particles are assumed to have a spherical
shape with constant density. The moment definition introduced in equation 1.2 reduces to:

mk =

∫︂ ∞

V=Vinit

V kn(t, x;V )dV. (1.5)

Herein, Vinit represents the smallest possible volume of the particles after their initial inception.
Similar to the EQMOM approach of Yuan et al. [76], the complete NDF is reformulated in de-
pendence on Nsi sub-NDFs as illustrated in the right part of Fig. 1.3. The sum of these sub-NDFs
nsi(V ) is approximated by the sum of kernel density function (KDF) δσi of a defined shape. Each
KDF is weighted by the weighting factor wsi , leading to the following approximation of the NDF
for this model:

n(V ) =

Nsi∑︂
i=1

nsi(V ) ≈
Nsi∑︂
i=1

wsiδσsi
(V, Vsi). (1.6)

The kernel density functions are characterized by the shape parameter σsi and by the node positions
Vsi . si represents the individual sub-NDFs. The main difference between the standard EQMOM
and S-EQMOM lies in the inversion process of the moments. In standard EQMOM, moments of the
entire NDF are considered, and the moment inversion step is applied for the moments of the entire
NDF. In contrast, moments of each sub-NDF are inverted individually in the S-EQMOM approach,
but adding the requirement to transport these moments for each sub-NDF during the simulations.
The sum of the strongly coupled sub-NDFs composes the complete NDF by superposition after
the individual inversion steps. Inverting the moments of each sub-NDF leads to a unique solution
and, therefore, to a more stable inversion process and more robustness of the soot model. The
individual shape parameters are independent in the S-EQMOM. Three sub-NDFs are utilized in
this dissertation, each approximated by a KDF of a gamma-function shape [81]. These kernel
density functions are approximated by their three lower-order moments, resulting in nine moment
transport equations for describing the soot particles. Due to its limited numerical costs based on this
small number of transport equations, this soot modeling approach is also suitable for application in
simulations of turbulent jet flames or aero-engine combustors, such as in [83, 84]. This efficiency
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goes along with a relatively simple description of the soot evolution. Not all soot processes, as
described in Sec. 1.2, are implemented due to the limitation of a univariate particle distribution
considering one soot particle property.

Therefore, the source term mk̇ of the moments in equation 1.3 is limited to inception, surface
growth through the HACA-mechanism as well as PAH-deposition, particle oxidation, and particle
collisions. Due to the limitation of purely spherical particles, coagulation is assumed to only lead to
the coalescence of the colliding particles. Inception is realized through a dimer reaction involving
two C16H10 molecules, which are also involved in the PAH-deposition process.

The soot particulate model in this dissertation is combined with detailed chemistry of the gas phase.
A bidirectional coupling between the soot model and the description of the gas phase is achieved
through the species H2, H, CO,H2O,O2, OH, C2H2, andC16H10. Additional source terms are added
to the balance equations of these species, which represent the sink and source terms arising from
interaction with the soot particles. The gas-phase kinetics itself is based on the Deutsches Zentrum
für Luft- und Raumfahrt (DLR) Concise mechanism [85] with minor adaptations. This mechanism
considers the breakdown and oxidation of ethylene fuel. Additional kinetics were added for the
description of kerosene surrogate species such as toluene, n-propylbenzene, m-xylene, and 1,3,5-
trimethylbenzene, whereas other fuels were removed, leading to 214 species and 1539 reactions.
Pyrene is the species with the highest carbon number and simultaneously the largest PAH species
in the gas phase.

1.3.2 Quadvariate conditional quadrature method of moments

The quadvariate CQMOM soot model achieves a more detailed description of the soot particles
by considering multiple physical and chemical soot particle properties. The quadvariate particle
distribution is based on the internal coordinate vector ξ = [ξtype, ξstat, ξ#C , ξH/C ]

T . The internal
coordinate ξtype ∈ A,A = {large PAH, cluster, aggregate} captures the type or level of maturity of
a particle. Three stages during the evolution process of particles are, therefore, differentiated. The
first step involves large PAHs of a liquid-like state during their transition towards soot particles.
Clusters represent young soot particles with a spherical shape after their inception step. The last
stage contains aggregates, which are matured soot particles of fractal-like shape. The second
tracked property of the particle ξstat ∈ B,B = {radical, stable} covers the reactivity of the particles
and divides them into the two groups of radical or stable molecules and particles. The coordinates
ξ#C ∈ [0,∞) and ξH/C ∈ [0, 1] represent the number of carbon atoms in a particle and the ratio of
hydrogen to carbon atoms, respectively. The internal coordinates ξtype and ξstat contain discrete
values, which allows to simplify the quadvariate NDF. For all six discrete combinations of the
internal coordinates ξtype and ξstat, one bivariate distribution containing the internal coordinates
ξ#C and ξH/C can be formulated. The single quadvariate NDF is reformulated into a system of six
bivariate NDFs, which are strongly coupled. CQMOM is utilized to solve this system.

All entities (large PAHs, clusters, and aggregates) are able to gain mass through the HACA-mechanism
and the addition of aromatic structures, whereas oxidation and dehydrogenation lessen their total
carbon number and hydrogen-to-carbon ratio. Large PAHs additionally deposit onto clusters and
aggregates. The inception can occur through PAHs of the gas-phase mechanism, large PAHs tracked
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by the soot model or a mix of both. Collisions of several clusters can lead to both coalescence or
aggregation towards the entity of aggregates. Collisions of two aggregates result in aggregation,
whereas mixed collisions can also lead to coalescence of clusters with aggregates.

The soot model is coupled to the gas-phase kinetics in a two-way manner similar to the approach
of the S-EQMOM model described in Sec. 1.3.1. The species H,OH,H2, H2O,C2H2, HCO, CO,O2,
and aromatic compounds starting from C6H6 to C16H10 are directly involved in soot processes
and therefore considered for coupling. The applied kinetic mechanism is composed of a base
mechanism by D’Anna et al. [86] featuring ethylene decomposition/oxidation reactions and the
formation of aromatic species up to pyrene. Kinetic rates of the CH2O decomposition are updated
according to literature values [87, 88, 89, 90, 91, 92] as further discussed in [93]. Reactions
for the oxymethylene ethers OME2 and OME3 are taken from Sun et al. [94]. OME4 kinetics are
introduced with reaction pathways corresponding to the smaller OMEs. The final mechanism
consists of 154 species with 758 elementary reactions.

1.4 Oxymethylene ether as sustainable future fuel

Polyoxymethylene dimethyl ethers or oxymethylene ethers are a group of alternative fuels mainly
investigated due to their applicability in compression ignition engines.

Their molecular structure is illustrated in Fig. 1.4 for OME2, OME3, and OME4 in comparison to
n-dodecane (C12H26), representing one component for diesel or kerosene surrogates and ethylene
(C2H4), which is widely employed for studies analyzing soot formation phenomena. In contrast to
the shown alkane and alkene, OMEn does not contain any direct carbon-to-carbon bonds.

OME2

OME3

OME4
Ethylene

N-dodecane

Fig. 1.4: Molecular structure of C2H4, C12H26, OME2, OME3, and OME4.

The properties of OMEn fuels can be summarized as follows: The cetane number for OME2,
OME3, and OME4 increases with the chain length starting from 68, over 72 to 84. In contrast to
alcohols or biodiesel fuels, OMEs combine sizable cetane numbers with high oxygenation levels
of 45.2%wt, 47%wt, and 48.1%wt for OME2, OME3, and OME4, respectively. Melting points of
temperatures below 0 ◦C [95] and boiling points starting above 100 ◦C [95] for OMEn for n = 2, 3, 4
are comparable to values of diesel fuel. Viscosity and density do not comply with the regulations for
conventional diesel fuel according to the standard DIN EN 590:2022 [96], as density [95] exceeds
and viscosity [97] is below the required values for diesel fuel. Since OMEs have heating values
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of 20.2MJkg−1 for OME2 and smaller values for longer OMEn variants [98], fuel consumption is
approximately doubled when compared to conventional diesel fuel [99]. Even slight efficiency
increases through engine optimizations [100] cannot compensate for this deficiency, leading to
limitations by the injection system and the fuel pump for retrofitting current generations of diesel
engines. Smaller OMEs exhibit better miscibility with diesel fuel than long-chain OMEn variants,
while the overall miscibility can be altered by additives [101].

Due to these promising properties of OME fuels, multiple experimental studies have been per-
formed on various types of compression ignition engines, such as single-cylinder research engines,
commercial engines already in series production, and light-duty or heavy-duty versions. Different
load cases and also legislation-relevant test cycles within transient operations were tested.

For earlier studies, Liu et al. [99] provide an overview of OME fuel investigations in compression
ignition engines and their emission measurement results. Slightly higher NOx emissions are
observed for OME fuels in some of the studies, which was compensated for in other studies
with optimizations of the combustion strategy and engine adaptations according to the fuel
specifics. On the other hand, almost complete suppression of soot particulate matter is found
for wide ranges of load cases for neat OME fuel and also significant soot emission reduction for
diesel/OME blends. This benefit breaks the soot-NOx trade-off and allows focusing on reducing NOx
through optimizations such as increased exhaust gas recirculation ratios. Additionally, CO and total
hydrocarbons are reduced in most cases, indicating a change in the combustion efficiency [102].

More recent studies analyze the influence of the exhaust gas system components on the particle
emissions and found that for neat OME blends, the number of particles, which are larger than
23 nm, is one order lower than the legal requirements [103]. Later, sub-10 nm particles were
identified to be primarily volatile, whereas solid particle numbers between 10 nm and 23 nm were
also decreased, even without a diesel particle filter [104]. Zacherl et al. [105] provide particle
size distributions for diesel fuel and OME blends measured in a non-road single-cylinder engine.
Here, OME leads to a shift of the particles into the sub-23 nm range. On the other hand, some
conditions lead to the significant formation of nanoparticles, which was assumed to originate from
the combustion of engine oil. Barro et al. [106, 107] also observed higher numbers of particles in
the range below 20 nm for OME/diesel blends despite a reduction of total particle mass.

Engine investigations, including simulations with soot modeling, are sparse. Ren et al. [108]
performed such simulations and compared OME3 against diesel and other fuels. The soot reduction
was attributed to a larger proportion of premixed combustion with OME3 fuel. In [109], the
reduced soot formation is explained by the combustion of OME fuel in areas of lower equivalence
ratios. Wei et al. [110] found that soot highly decreased for high-load cases, whereas no significant
changes were found for low loads compared to diesel fuel.

All in all, numerous analyses have already been performed, which mostly observed a significant
reduction of the soot particles. Primarily, studies focused on engine-out or tail-pipe emissions since
these values are most relevant for the cost-reduction of exhaust treatment systems and fulfilling
legal requirements. Because the application of neat OME or OME-blends comes with changes
to additional aspects, no apparent connection between reduced soot emissions and chemical
fuel structure can be established based on the studies above. These changes are to the exhaust
temperatures, the center of combustion, mixture formation, possibly different engine strategies,
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and further variations of the combustion conditions. Analyzing the universally valid fundamental
processes has not been prioritized so far, leading to limited deeper insights, which comprehensively
explain the reduced soot formation for OME-doped flames. Unlike these studies, this current work
emphasizes the fundamental soot formation processes for OMEn combustion in particular.
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2 Research objectives

Research studies involving laboratory-scale or even full-scale engines similar to production versions
are of high practical significance. They are essential for evaluating complete combustion systems
for, e.g., exhaust gas emission legislation of combustion engines. On the other hand, the presence of
multiple simultaneous phenomena such as transient flow, turbulence, chemical reactions, and their
interactions in such complex systems prevents a detailed analysis of fundamental soot formation
processes and their chain of events. Here, only the result of many superposed mechanisms can be
observed. In studies observing complete engine systems, these simultaneous processes may provoke
similar or competing effects, complicating the cause-and-effect chain analyses of the underlying
chemistry and physics. As a consequence, the reduction of soot particle emissions with OME
addition can not solely be attributed to chemical fuel effects for investigations of full engine scale.
OME addition also changes the injection and evaporation processes of the fuel, mixture formation,
possible development of a wall film, and all subsequent processes in a combustion engine. Thus,
the quantitative contribution of the chemical fuel effect can not precisely be quantified in engine
investigations and may be exceeded by other indirect effects.

2.1 Definition of the research objectives

This work pursues a different approach following the example of the International Sooting Flame
workshop [111]. In the soot research community, soot particle formation is frequently investigated
based on canonical flame configurations that feature a reduced complexity but are well character-
ized. Here, the studies focus on one specific effect, and investigations are performed on a suitable
flame configuration. This way, the effect of interest is isolated from other phenomena to the greatest
possible extent, enabling a detailed cause-and-effect chain analysis. More profound knowledge
of the underlying basic principles, e.g., the initial steps leading to soot particle formation, can
be obtained this way. The findings observed based on the underlying fundamental chemical and
physical processes exhibit general universality, and the conclusions can be transferred from these
more straightforward canonical flame configurations to other combustion systems, such as real
passenger engines or aero-engines with multiple combined aspects and thus higher complexity.

This dissertation and the underlying publications investigate the main parameters controlling the
soot emissions in flames. These soot formation processes are highly dependent on the chemical
structure of the burnt fuel and the gas-phase composition. The latter is controlled by the mixing
between fuel and oxidizer, limiting the presence of fuel-rich zones in proximity to the flame for
cases of non-premixed combustion. This mixing process can be quantified by the strain rate of
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the flow field. It is highly relevant, especially in turbulent flames that are present in most of the
practical combustion chambers. In a counterflow diffusion flame, this quantity determines the
mixing of the two opposing fuel/oxidizer streams and affects flame stretch and the residence
time of soot particles in areas prone to soot formation. The fuel dilution controls the excess fuel
and, consequently, the concentration of soot precursors in the fuel/oxidizer mixture. Exhaust gas
recirculation is one practical application causing fuel dilution in combustion devices. Exhaust gas
recirculation dilutes the fuel/oxidizer mixtures with mainly nitrogen and combustion products,
both acting approximately as inert gases.

The fuel-specific influence on the soot formation is studied based on the alternative fuel OME.
OME fuels exhibit a molecular structure without direct carbon-to-carbon bonds. In contrast, fossil
fuels with aliphatic or aromatic structures feature single, double, or triple carbon-to-carbon bonds.
This molecular structure determines the initial dissociation reactions and decomposition pathways
of the fuel. The subsequent influence on the species pool, the formation of aromatic structures,
hence soot-relevant species, and finally, on soot formation itself is determined.

OMEnmolecules of different chain lengths decompose into similar molecule fragments but in varying
numbers. This dissertation examines the consequences of soot precursor species formation for
different OMEs. Effects of three OMEn variants and their differences or similarities are determined.
The goal is to evaluate whether their soot reduction characteristics are comparable.

As OME fuel is currently only available in limited quantities, and due to its high production costs,
a fuel blend of OME together with fossil fuel is the most viable option for its usage.

Different blending ratios of OME in combination with conventional fuels and the resulting soot
emissions are additional practical aspects of interest in order to optimize this fuel type’s usage.
Hence, the effects of different amounts of OME fuel on the soot precursors and soot formation are
evaluated.

Mixing between the fuel and oxidizer, fuel dilution, and fuel-specific effects are investigated
independently in this dissertation to isolate their effects. With that, the overarching goal is
subdivided into six parts, each focusing on one specific scientific objective (O). All of these scientific
objectives aim to increase the mechanistic understanding of the physical and chemical principles
of the soot formation processes and are defined as follows:

• (O0): Validation of the soot modeling approach
The requirement for subsequent studies is a validation of the applied modeling approaches
of the gas-phase kinetics combined with the soot models against experimental data. These
modeling approaches should capture fundamental trends and sensitivities observed in exper-
imental data.

• (O1): Influence of the strain and fuel dilution on soot formation
The processes controlling the mixing of fuel and oxidizer are investigated separately from the
fuel-specific effects. The well-understood fuel ethylene is diluted with nitrogen. Strained flow
conditions are realized through a counterflow diffusion flame configuration. The influence of
different strain rates and fuel dilutions is evaluated based on integral soot quantities, soot
production rates of the individual soot processes, and the PSD.
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• (O2): Influence of OME3 fuel chemistry on gas-phase species and soot precursor pool
The fuel-specific influence of OME3 fuel on soot-relevant species is investigated. This study in-
cludes the initial decomposition pathways of the OME3 molecule, resulting species fragments,
and subsequent formation of PAH species as well as acetylene. The sensitivity of selected
initial decomposition reactions on the formation of PAH species is additionally quantified
to evaluate the importance of these reactions for the predictivity of their soot reduction
potential.

• (O3): Influence of OME3 on soot formation and growth
The fuel-specific influence of OME3 fuel on the soot formation process is evaluated based on
integral quantities of the nanoparticles, soot particles, and the PSD.

• (O4): Influence of OME3 blending ratios on soot formation and growth
Blends of increasing amounts of OME3 combined with ethylene and their effect on the soot
formation and growth processes are analyzed. Changes in different blending ratios and
their quantitative influence on the species pool, on young, and on matured soot particles are
investigated.

• (O5): Influence of OMEn variants - from fuel chemistry to soot evolution
OMEs with an engine-relevant molecule length of OMEn with n = 2, 3, 4 are compared for
their influence on soot formation. It is tested whether this results in significant differences
or similarities regarding the soot formation processes. This includes the fuel decomposition
pathways, resulting species pool, species relevant for soot formation, the soot formation itself,
and its further evolution. It is validated if the findings of O2 and O3 regarding the influence
of OME3 can also be generalized for smaller or larger OMEn variants.

The combination of these six scientific objectives enables a deeper understanding of the effects of
OMEn fuel, fuel dilution, and strain rate on the relevant phenomena during the soot formation
processes. A brief overview of the main outcomes and accomplishments is presented in Chap. 3,
while details about the individual investigations are part of the corresponding publications.

2.2 Contribution to the research objectives by each publication

Below is a brief description of the individual flame configurations and applied conditions used in
the investigations of the underlying publications. The purpose is to provide a brief overview and
understanding of the boundary conditions necessary to relate critical assumptions of the flame
sets to the defined objectives. Further details are described in the individual publications. Each
objective is covered in one or multiple publications (P) as reported in Tab. 2.1.

Laminar flames of premixed and non-premixed conditions are chosen to investigate the influence
of the described parameters on the gas-phase chemistry and soot formation processes. The mixture
composition and the flame type are adjusted to match the intended research objective.

A non-premixed counterflow diffusion flame is selected for studying objective O1, which features
strained flow in a simple flame configuration of two opposing streams with a nozzle distance
of L = 12.5mm. Artificial air with a molar composition of 21% oxygen combined with 79%
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Tab. 2.1: Scientific objectives (O) of this dissertation, contribution by each publication (P), and
applied soot modeling strategy.

Scientific objectives Publications Soot model

O0: Validation of the soot modeling approaches P2, P3, P4, P5 both
O1: Influence of the strain and fuel dilution on soot formation P4 S-EQMOM
O2: Influence of OME3 fuel chemistry on species and soot precursors P1, P2, P3 CQMOM
O3: Influence of OME3 on soot formation and growth P1, P2, P3, P5 CQMOM
O4: Influence of OME3 blending ratios on soot formation and growth P1 CQMOM
O5: Influence of OMEn variants - from fuel chemistry to soot evolution P2, P3 CQMOM

nitrogen at a temperature of 300K is supplied as the oxidizer stream. The fuel stream of an
identical temperature can be independently adjusted from the oxidizer to consider fuel dilution.
The ethylene mass fraction Yf in the fuel/nitrogen mixture is listed in Tab. 2.2 additionally to the
applied strain rate K, which is based on the oxidizer stream.

The numerical modeling for O1 is performed on the basis of a one-dimensional domain representing
the center line between the two nozzles. The univariate soot modeling approach, as described
in Sec. 1.3.1 is chosen. The studies of the influence of both, strain and fuel dilution, effects are
performed with the well-understood fuel ethylene.

Objectives 02-05, on the other hand, are investigated in premixed flames of a flat-flame burner.
Most parts of the fuel breakdown, precursor formation, initial soot particle inception, and particle
growth are spatially separated in this configuration, making it possible to distinguish the influences
of the applied fuel on each individual step of the complete sequence of events.

Inlet streams for the objectives O2, O3, and O5 consist of C2H4/OMEn/N2/O2-mixtures according
to the mole fraction values stated in Tab. 2.3. Neat C2H4/N2/O2-flames without any OMEn are
considered as reference flames, whereas OMEn replaces 20% of the carbon atoms (20%carbon)
in the C2H4/OMEn/N2/O2-flames. The four different equivalence ratios of ϕ = 2.01, ϕ = 2.16,
ϕ = 2.31, and ϕ = 2.46 are investigated. Hence, all flames with identical equivalence ratios also
feature identical carbon streams, allowing for a fair comparison of the soot evolution. Nitrogen

Tab. 2.2: Investigated flame conditions in O1. Ethylene mass fraction Yf of the ethylene/nitrogen
fuel stream and strain rate K.

Strain rate K in s−1 C2H4 mass fraction Yf in fuel mixture

50 0.30
60 0.30
70 0.30
60 0.20
60 0.25
60 0.35
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and oxygen streams are adapted accordingly to ensure identical inlet velocities of 0.1m s−1 (at
standard conditions) and simultaneously fixed equivalence ratios.

Investigations of O4 follow the same methodology of constant carbon streams and fixed inlet
velocities by adapting N2 and O2 streams but instead are limited to the two equivalence ratios of
ϕ = 2.16 and ϕ = 2.46. Additionally, different blending ratios are investigated in O4, resulting in
OME3 not replacing 20%carbon of the carbon streams but varying amounts between 0%carbon and
100%carbon in increments of 5%carbon.

Tab. 2.3: Mixture compositions for O2, O3, and O5 of the C2H4-flame and OMEn-doped flames in
mole fractions. OMEn indicates OME2, OME3, and OME4 in their corresponding flames,

respectively.

ϕ C2H4-flame OME2-doped flame OME3-doped flame OME4-doped flame

2.01

OMEn
C2H4
N2
O2

-
0.1234
0.6925
0.1841

0.0123
0.0987
0.7110
0.1780

0.0099
0.0987
0.7147
0.1767

0.0082
0.0987
0.7172
0.1759

2.16

OMEn
C2H4
N2
O2

-
0.1313
0.6862
0.1824

0.0131
0.1051
0.7055
0.1763

0.0105
0.1051
0.7093
0.1751

0.0088
0.1051
0.7119
0.1743

2.31

OMEn
C2H4
N2
O2

-
0.1392
0.6800
0.1808

0.0139
0.1114
0.7000
0.1747

0.0111
0.1114
0.7040
0.1735

0.0093
0.1114
0.7066
0.1727

2.46

OMEn
C2H4
N2
O2

-
0.1469
0.6739
0.1792

0.0147
0.1175
0.6946
0.1732

0.0118
0.1175
0.6987
0.1720

0.0098
0.1175
0.7015
0.1712

For O2-O5, soot particles are modeled with the quadvariate CQMOM approach, which is described
in Sec. 1.3.2. This detailed soot model covers the chemical features of soot particles and their
differences due to the OME fuels and their influences on the species pool and soot precursors.
Ethylene fuel is used as a reference fuel modeling a generic fossil combustible with a high sooting
propensity. OME-blended flames and pure ethylene flames are compared on the basis of constant
carbon streams and identical equivalence ratios. Several sooting intensities due to multiple in-
vestigated equivalence ratios are covered. Experimentally obtained temperature profiles for neat
ethylene flames are adopted for the soot simulations. These temperature profiles, which depend
on the equivalence ratio, are prescribed in the numerics. Hence, chemical effects of the fuel on
precursor formation are isolated from thermal effects.

Precisely defined boundary conditions in the applied laminar flames and consistency between
simulation and experiment simplify the validation of numerical results against the measurement
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data. Experimental measurements conducted at Karlsruhe Institute of Technology (Karlsruhe,
Germany) comprise laser-induced incandescence (LII) measurements to quantify soot volume
fraction in the counterflow diffusion flames. Intrusive particle sampling feeds particles through a
probing tube to a scanning mobility particle sizer to obtain information about the PSD. These data
sets establish the basis for validating the S-EQMOM model applied in O1. Measurements of the
premixed OMEn/C2H4-flames performed at the Università degli Studi di Napoli Federico II and
Consiglio Nazionale delle Ricerche STEMS (both Neaples, Italy) feature laser-induced fluorescence
(LIF) and (LII) data to evaluate the volume fraction of nanoparticles and soot particles, respectively.
Additional data include PSD measured by a nano-differential mobility analyzer and physiochemical
particle characterization after intrusive particle sampling onto a glass plate. PSD, LIF, and LII data
of the latter flames are used for comparison of the CQMOM modeling results for validation. In
P2-P5, further details of the comparisons for the soot modeling results against the corresponding
experiments are described, which are part of this dissertation.

Additionally, in P4, the S-EQMOM soot modeling approach is benchmarked based on a set of
established literature flames covering numerical and experimental data [112]. Validation of the
findings is additionally obtained by comparison against another soot modeling approach, the
discrete sectional method (DSM) [113], which implements a chemical and physical description
of the soot formation processes similar to the S-EQMOM. Similar trends can be observed for the
applied soot models and experimental or numerical reference results for all cases. Therefore,
both soot modeling approaches, the univariate S-EQMOM and quadvariate CQMOM, are able to
model the principal soot formation processes. Validation is hence obtained, and the usage of these
models within the studies of this dissertation is justified, accomplishing objective O0. Since the
validation against measurements is a part of most of the publications, there is no separate section
in this dissertation, and it is not explicitly mentioned throughout the remainder of this manuscript,
whereas experimental reference data is shown in some of the figures.

21



3 Results

This chapter summarizes the underlying publications and describes their main outcomes concerning
the topic of this dissertation. Their contribution in investigating the individual aspects of the
complete soot formation process is explained. This is done following the scientific research
objectives as defined in Chap. 2. In their entirety, these research objectives lead to the overarching
goal of investigating the main controlling parameters of the soot formation processes, emphasizing
the soot reduction effects of OMEn fuels.

3.1 Influence of the strain and fuel dilution on soot formation

The influence of strain and fuel dilution on soot formation and evolution is analyzed based on
a set of counterflow diffusion flames fueled with ethylene according to the mixture and flow
conditions stated in Tab. 2.2. In the left part of Fig. 3.1, the soot volume fraction profile over the
height above the burner (HAB) is shown for a fixed fuel dilution with an ethylene mass fraction
of YF = 0.30. By varying strain rates between K = 50 s−1, K = 60 s−1, and K = 70 s−1 their
influence is discussed. The S-EQMOM model reproduces the experimentally observed reduction of
the soot volume fraction with increasing strain rates. In contrast, the numerical sensitivity to strain
variations is quantitatively smaller compared to the measured soot volume fraction reduction. The
right part of Fig. 3.1 displays the soot volume fraction profiles for varying ethylene mass fractions
between YF = 0.20, YF = 0.25, YF = 0.30, and YF = 0.35 at a constant strain rate of K = 60 s−1.
Again, the soot model covers the main trend of increasing soot volume fraction for higher fuel
mass fraction, while the numerical results are less sensitive to changing fuel dilution compared to
the experimental data. For both data sets, the S-EQMOM slightly overpredicts the overall amount
of soot, while the soot volume fraction of the richer flames is within the same order of magnitude.

Figure 3.2 shows the modeled contribution to soot particulate matter itemized by the individual
rates of the soot sub-processes inception, PAH-deposition also referred to as PAH-condensation,
and surface growth by the HACA mechanism for the same sets of flames as above. Increasing strain
rates slightly reduce all three soot sub-processes, as shown in the left part of Fig. 3.2. At the same
time, this change is negligible compared to the soot volume fraction reduction, as seen in Fig. 3.1.
Consequently, a reduction of soot for increased strain rates can not entirely be attributed to the
quantitative changes of the underlying soot sub-processes. Similar acetylene and pyrene volume
fractions in the gas phase for different strain rates support this finding, as shown in P4. However,
strain rates mainly affect the underlying flow field. Increased strain rates lead to higher velocities
in the gas phase and, subsequently, to smaller residence times of soot particles in areas prone to
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Fig. 3.1: Soot volume fraction profiles for varying strain rates at a fixed fuel mass fraction of
YF = 0.3 (left), and for varying fuel mass fraction at a fixed strain rate of K = 60 s−1

(right) over HAB. Modeled results are shown as lines and experimental data as dots.

soot formation. The contribution to soot formation and soot growth by the soot sub-processes
for different ethylene fuel mass fractions is shown on the right part of Fig. 3.2. Here, higher fuel
mass fractions notably increase all three soot processes. As a consequence, higher amounts of
soot are mainly the result of increased rates of the underlying soot sub-processes. In addition to a
quantitative increase of the peak values, the area of surface growth by the HACA mechanism is
widened for higher fuel mass fractions. Since surface growth is the dominant contributor to soot
mass [98, 114], this also affects the overall amount of soot.

The influence of strain and fuel dilution on the modeled and measured particle size distribution
is displayed in Fig. 3.3. It has to be noted that the measurement results are limited by the
measurement range of the SMPS system to mobility diameters approximately between dm = 2nm
and dm = 79nm. On the left side, flames at a fixed fuel mass fraction of YF = 0.30 are presented
with varying strain rates. On the right side, flames at a fixed strain rate of K = 60 s−1 are plotted
with varying ethylene fuel mass fractions. Measurement results suggest a shift of the second mode
towards larger particle diameters for decreasing strain rates or for increasing fuel mass fractions.
Identical trends are found in the results of the S-EQMOM model, though modeled differences are
less obvious, corresponding to lower sensitivities for these parameters. The measured peak particle
density is less affected by the strain rate variation visible by the minor decrease as the strain rate
decreases and a slight increase for higher fuel mass fractions. S-EQMOM reproduces this trend for
the strain rate variation, whereas the modeled peak particle density is more or less unchanged for
a fuel mass fraction variation.
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Fig. 3.2: Modeled profiles of the soot sub-processes inception (top), Polycyclic aromatic
hydrocarbon (PAH) condensation (center), and surface growth by the HACA mechanism
(bottom) over HAB. Varying strain rates at a fixed fuel mass fraction of YF = 0.3 (left),

and varying fuel mass fractions at a fixed strain rate of K = 60 s−1 (right).

In contrast to the other flames, the experimental data of the flame with a fuel mass fraction of
YF = 0.20 solely contains particles of smaller diameters forming the first mode of the PSD while
the second mode starts to form. A pronounced first mode is also visible in the S-EQMOM results, a
unique feature among the modeled flames. In the S-EQMOM results, the second mode is established
to a larger extent. At the same time, its peak position and overall shape of the PSD still deviate
from the other flames, suggesting a transition from an unimodal to a bimodal shape for similar fuel
dilutions. For both variations, the S-EQMOM reproduces the principal shape characteristics and
trends, whereas the overall particle density and particle diameters are overpredicted, consistent
with the integral values of the soot volume fraction. A more detailed discussion of the results, also
concerning a comparison of the experimental and modeling results for different HABs, is covered
in P4 to a larger extent.

Overall, the applied univariate S-EQMOM soot formation model is able to replicate the critical
trends of the soot volume fraction profiles and characteristic features of the particle size distribution
with respect to changes in the strain rate and fuel dilution in the investigated set of flames. The
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mass fraction of YF = 0.3 (left), and varying fuel mass fractions at a fixed strain rate of
K = 60 s−1 (right).

decreasing amounts of soot with increasing strain rates are found to be mainly caused by changes
in the flow field and, subsequently, of the residence times of the particles rather than changes
in the soot formation sub-processes themselves. On the other hand, lowering the fuel dilution
significantly intensifies all underlying soot sub-processes and broadens the main contributor to
soot particulate matter, the HACA mechanism. An increase of the soot volume fractions occurs
as a result. Numerical data sets of a DSM modeling approach result in similar conclusions. The
S-EQMOM modeling results and experimental data exhibit consistent trends, resulting in a high
qualitative agreement. No exact quantitative agreement is observed while modeling results of the
integral values are still within the same order of magnitude as their corresponding measurement
data for the richer flames. The applied modeling approach quantitatively overpredicts the soot
formation processes, and a lower sensitivity of the investigated parameters onto the soot formation
processes is obtained. Both the soot volume fraction and sensitivity to strain are discussed in
Wang et al. [115] for different kinetic mechanisms of the gas-phase chemistry. Large variations
in the computed soot volume fraction and the sensitivity to strain were found with the applied
base mechanism of this dissertation, showing good quantitative agreement but lacking in their
sensitivity to strain [115]. Within this context, the current results are considered to reasonably
agree with the measurements.

Several studies include variations of strain rate [112, 116, 117] or fuel dilution [116, 117] and
discuss the corresponding effects on particle formation. The overall findings of the current work
agree well with the previous studies. In Wang et al. [112], strain rate variations and their influence
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on soot formation are investigated, and the importance of the residence time changes is highlighted
for the contribution of the HACA process. Kruse et al. [116] study a set of flames, including fuel
dilution and strain rate variations and their effects on soot formation, but without further analyzing
the underlying processes. Hagen et al. [117] feature a similarly comprehensive set of flames and
also analyze the fuel dilution effects but lacked a detailed analysis of the strain effects. To the
best of my knowledge, this combined study and the underlying publication P4 represent the first
comprehensive examination based on a systematic analysis of the soot sub-processes as well as
the modeled soot particle size distributions for both parameters, strain and fuel dilution. The
other studies focus on one of the two parameters and gain only partial insights into the underlying
principal processes. Moreover, the contrasting juxtaposition of both phenomena within this study
clearly emphasizes the similarities and differences between both parameters on the soot formation
processes. The combined consideration of both parameters highlights the relevant aspects and
decisive underlying chemical and physical phenomena.

3.2 Influence of OME3 fuel chemistry on gas-phase species and soot
precursor pool

The investigation to achieve O2 is performed with laminar premixed flames at four different
equivalence ratios corresponding from lightly to highly sooting flames. 20% OME3 is added to
ethylene-fuel flames according to the mixture compositions in Tab. 2.3. Neat ethylene flames
serve as the reference. The influence of the OME3 fuel chemistry on the gas-phase species and
soot precursor pool is analyzed by following the sequence of events leading to the soot formation
described in Sec. 1.2. Firstly, the initial decomposition pathways of the OME3 molecule are analyzed
to identify the main fuel fragments under rich conditions relevant to the formation of soot. Secondly,
the resulting species pool is contrasted against pure ethylene flames. The species are evaluated
based on their relevance during the soot precursor and soot formation processes before the aromatic
species are quantitatively compared against ethylene decomposition products.

Figure 3.4 displays the decomposition pathways of an OME3/C2H4/N2/O2 flame with an equiv-
alence ratio of ϕ = 2.46 at a position close to the flame front with a temperature of T = 1500K.
The shown numbers next to the arrows indicate the carbon fluxes starting from the source species
toward the decomposition products. Therefore, they quantify the contribution to soot-relevant
or to species that are oxidized in subsequent reaction steps. Formaldehyde (CH2O) is the main
decomposition product, whereas hydrogen radicals (H), methyl radicals (CH3), and aldehydic
compounds are formed in smaller amounts through the dissociation of the fuel molecule. While the
aldehydic compounds mainly lead to subsequent oxidation of the carbon matter, CH3 additionally
can form unsaturated hydrocarbons and subsequently aromatic structures after multiple following
reactions. However, this decomposition pathway is fundamentally different from the one of an ethy-
lene flame, as reported in Wang et al. [115]. Starting from C2H4, two subsequent H-abstraction
reactions form C2H2, which rapidly leads to the formation of aromatic structures. Due to the
molecular structure of the OME3 fuel, no direct dissociation pathways towards C2H2 or alkenes
are present, hence slowing down the formation of soot precursors. In contrast to earlier studies
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with emphasis on leaner combustion conditions [94], unimolecular pathways play an essential role
in OME3 decomposition in soot-relevant conditions.

In Fig. 3.5, selected mole fraction profiles of the resulting species pool are shown for the OME3/-
C2H4/N2/O2 flames at lower heights above the burner, corresponding to the initial fuel decom-
position and further species formation. The species profiles confirm that OME3 decomposition
pathways for the OME3-doped flames lead to significant differences in the species pool compared
to neat ethylene flames. For the OME3-blended flame, higher peaks of the CH2O and CH4 mole
fraction profiles are visible since CH2O is directly dissociated from the OME3 molecule, and CH4
gets formed subsequently to CH3 cleavage. Analyzing the profile of CH4 instead of CH3 radicals
is advantageous since CH4 is more stable and, therefore, less affected by subsequent reactions.
CH2O leads to a higher level of fuel oxidation, proven by the slightly increased CO2 profiles in the
OME3-doped flame. The carbon following this reaction pathway does not participate in the soot
precursor formation. As a consequence, C2H2 and C6H6 profiles are reduced in the OME3-doped
flames. Substantial amounts of C2H2 and C6H6 still remain present in the presented flames since
only 20% of the fuel is replaced by the OME3 regarding its carbon content. Adding OME3 subtracts
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carbon from forming soot-relevant species, leading toward a more complete oxidation process of
the OME3 fuel.

Overall, the influence of OME3 on the fuel decomposition pathways, species pool, and the formation
of soot-relevant species can be summarized as follows based on the conducted investigations.
Further information is detailed in P1, P2, P3, and P5: The decomposition process of the OME3
molecule deviates fundamentally from ethylene, the reference fuel in this dissertation representing
a sooting fossil fuel. During the breakdown of OME3, mainly CH2O, other aldehydic species, and
CH3 are formed. These fuel fragments lead to a species pool mainly consisting of oxygenated species
with no direct formation pathway to unsaturated hydrocarbons. The composition of the species
pool prevents a fast formation of C2H2 or other species that would lead to the formation of aromatic
structures. Instead, OME3 fuel fragments favor the complete oxidation of the carbonaceous fuel.
The formation of soot-relevant species is reduced in quantity and additionally slowed down.

With that, the fuel-specific influences of OME3 on the initial steps toward soot precursor formation
are explained. The chemical mechanisms subtracting carbon from the formation of soot-relevant
species and aromatic growth pathways are analyzed starting from its origin, the molecular fuel
structure.

No direct validation against measured species data is performed for these findings since experi-
mental species quantification does not exist for these conditions. However, experimental studies
with stoichiometric to slightly rich conditions observe similar trends with oxygenated species and
aldehydes in the species pool of OME3-fueled flames [118, 118, 94, 119].

In general, the development of kinetic gas-phase mechanisms for OME3 decomposition, oxidation,
and also for OMEn fuels started in more recent years [120]. Relatively limited knowledge about
exact reaction rates and the importance of different reaction pathways has been obtained up to this
point. The kinetic focus has been on conditions close to stoichiometry or slightly rich conditions.
Rich conditions are less known, primarily due to a lack of comprehensive experimental data for
sooting conditions regarding species concentration and basic combustion properties, such as flame
speed and ignition delay times [120]. Therefore, quantitative optimization of reaction kinetics
can be expected in the future as the number of experimental examinations increases and kinetic
uncertainties are reduced.

As part of this study, the preferential class of decomposition pathways has been observed for the
investigated, rich conditions. Unimolecular pathways are relevant for the topic of soot formation in
OME3-flames. Additional sensitivity studies on the initial decomposition reactions of OME3 and
their influence on the formation of aromatics have been conducted, as described in P3. These
studies demonstrate the potential for a quantitative improvement of the kinetic rates under these
conditions.

Further numerical and experimental research is needed for rich OME flames, particularly empha-
sizing the soot precursors and soot formation pathways.
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3.3 Influence of OME3 on soot formation and growth

After the effect of OME3 on the gas phase has been unraveled, the influence of OME3 on the soot
formation itself and further soot evolution and growth processes is analyzed. Soot simulations using
the quadvariate CQMOM soot model are conducted on the laminar flames reported in Tab. 2.3. In
Fig. 3.6, the comparison of experimental and corresponding numerical results for LIF and LII is
shown over the height above the burner.
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Fig. 3.6: Modeled (lines) nanoparticle volume fraction against experimental LIF signal (symbols)
of neat ethylene flames (black) and OME3-doped flames (blue) for four the four

equivalence ratios of ϕ = 2.01, 2.16, 2.31, and 2.46 (top row). The bottom row shows the
modeled soot volume fraction against the experimental LII signal using identical

coloring and symbols.

After its reconstruction, the modeled PSD is split into two sections based on the particle diameter
dsplit. The first section contains smaller nanoparticles up to the diameter dsplit, and the second
section has soot particles larger than the diameter dsplit. The integrated nanoparticle volume
fraction of the first section is compared against the measured LIF signal, whereas the integrated
soot volume fraction is evaluated based on the corresponding LII signal. Details are explained in P5
with a justification of the choice for the parameter dsplit. However, no direct information about the
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PSD is obtainable from the CQMOM results. Following the approach of entropy maximization [121,
122], distribution functions can be reconstructed for the individual entities tracked in the CQMOM
soot model. This method was demonstrated by Salenbauch et al. for the applied soot model [123,
82].

By comparing the amount of nanoparticles between the neat ethylene and OME3-doped flame
in the upper row of Fig. 3.6, no clear difference can be observed in the experimental data. At
downstream positions, the modeled nanoparticle volume fraction follows this trend but slightly
overpredicts the initial nanoparticle formation for the neat ethylene flame. A slight delay of the
nanoparticle formation is present in the OME3-doped flame, visible through different gradients at
lower positions in the flame at approximately HAB = 3mm. Overall, the influence of OME3 on the
formation of nanoparticles can be summarized as marginal since the neat ethylene flames exhibit
similar nanoparticle profiles.

The measured LII and modeled soot volume fraction fv in the lower row of Fig. 3.6 shows a
different influence of the OME3 addition. Considerable differences between the neat ethylene and
the OME3-doped flames are visible. OME3 reduces the amount of soot in the flame throughout the
entire length, hence mainly affecting the larger soot particles. The model reproduces this behavior,
whereas the measured and numerical soot reduction differs in quantity. LII results quantify the
soot reduction between neat ethylene flame and OME3-doped flame as 70% and the simulation
results predict a 44% reduction. The exact quantity is largely affected by the CH2O kinetics, as
discussed in P3. An improvement starting from a soot reduction of 25% in P5 could be shown for
slight changes in the kinetic rates for selected CH2O reactions, further details are given in P3.

Closer insights are obtained by analyzing the PSD for both fuel types. The normalized PSD at a
position in the flame of HAB = 15mm is plotted in Fig. 3.7 for the four investigated equivalence
ratios of ϕ = 2.01, 2.16, 2.31, and 2.46. Based on the experimental data, one can observe character-
istic and quantitative differences between both fuels. The neat ethylene flame features a bimodal
shape in the leanest flame condition with an equivalence ratio of ϕ = 2.01. In contrast, a transition
from an unimodal shape to bimodality is seen for the OME3-doped flame at higher equivalence
ratios of ϕ = 2.16 and above. Soot particles with a diameter smaller than approximately dm ≤ 4 nm
are very similar in terms of their quantity and size for both fuel types. However, particles of the
second mode, mainly consisting of soot aggregates, are reduced in quantity and diameter at their
peak value when OME3 is added to the flame.

In Fig. 3.7, both soot particle entities that are tracked in the CQMOM soot model, ξtype = cluster
and ξtype = aggregate, are plotted separately. No significant differences in the cluster distributions
can be seen for both fuels across all equivalence ratios. Analogously to the experimental data,
modeling results of larger particle aggregates deviate, resulting in a smaller peak diameter of the
second mode with a reduced peak number density for the OME3-doped flame. While a transition
to bimodality can not be observed for the ethylene flame in the richest condition at the plotted
position ofHAB = 15mm, it occurs at downstream positions aboveHAB = 16mm for the modeling
results in the case of the neat ethylene flame whereas no transition is observed for the OME3-
doped flame in the entire modeling domain. As the experimental particle sampling is performed
based on a probe volume rather than a point measurement due to the diameter of the sampling
tube, considering slight shifts of the positioning between experimental and numerical results for
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comparison seems reasonable. However, identical positions for the numerical and experimental
data at HAB = 15mm are chosen for Fig. 3.7 for consistency. At the equivalence ratio of ϕ = 2.16,
aggregates are present for both fuels of the CQMOM.
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Fig. 3.7: Normalized results of the modeled lines and experimental (symbols) particle size
distributions of a pure ethylene flame (black) and a OME3-doped flame (blue) at a

position of HAB = 15mm for the four equivalence ratios of ϕ = 2.01, 2.16, 2.31, and 2.46.
Simulation data is divided into clusters (dashed line) and aggregates (solid line).

All in all, OME3 primarily reduces the amount and diameter of larger soot particles such as
aggregates. In contrast, OME3 is found to not influence the nanoparticles significantly. Since
comparable amounts of smaller particles are present in flames for both fuel mixtures at a position of
HAB = 15mm, the influence of OME3-doping on the soot inception step is limited. The subsequent
particle evolution, on the other hand, is decelerated. Therefore, OME3 hinders the particle growth
processes, such as the HACA mechanism and PAH-condensation. Considerable amounts of incipient,
young nanoparticles are still present in the OME-doped flames despite the reduction of aromatic
species, as demonstrated in Sec. 3.2. The reduced inception toward nanoparticles seems to be
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compensated by a slowed growth process of the nanoparticles due to the mentioned influence on
the HACA mechanism or condensation of aromatics. Hence, a similar number of nanoparticles is
observed in both flames. With that, the cause-and-effect chain of the influence of OME3 on the
soot formation processes is broken down into its mechanistic steps and unraveled on this basis.

Modeling results using the quadvariate CQMOM captures the main trends observed in the experi-
ments. The main chemical and physical processes are reproduced, while quantitative differences
remain. The first steps towards improving the predictability of the nanoparticle and soot volume
fraction are performed by adaptations of the underlying kinetics (see P3). Detailed species con-
centration measurements in the gas phase for rich, sooting OME3 flames should be conducted for
further improvement. In particular, reliable data on soot-relevant PAH species could improve the
kinetics and, subsequently, soot formation for OME flames quantitatively. Since embedded oxygen
was found in the produced soot as described in P3, oxygenated PAHs could play a role during
OME3 combustion and be a factor in hindering soot formation.

3.4 Influence of OME3 blending ratios on soot formation and growth

While O2 and O3 consider the influence of OME3 based on a constant amount of OME3 in the
fuel mixture, O4 evaluates varying blending ratios between ethylene and OME3 fuel. Different
blending ratios are of particular practical and economic interest to optimize the use of this limited
availability fuel in the most effective way.

O4 investigates ethylene/OME3 fuel mixtures from pure ethylene to neat OME3 with increments of
5 %carbon for the two equivalence ratios of ϕ = 2.16 and ϕ = 2.46. Percentage numbers correspond
to the amount of carbon provided through OME3 compared to the overall carbon in the fuel mixture.
For precise mixture compositions, the reader is referred to P1. Similar to objective O2 and O3,
the influence of different blending ratios on the species pool, soot precursor species, soot volume
fraction, and PSD are evaluated.

Figure 3.8 shows the peak values of the mole fraction profiles over the OME3 content for selected
species. These species are found to have a relevant influence on the decomposition and reaction
pathways of OME3 as well as on the subsequent soot formation pathways, as results of objective
O2 suggest. As the OME3 content rises, also CO2 and H2O mole fractions slightly increase linearly,
proving a more complete combustion process. This is caused by the decomposition processes of
OME3 as described in objective O2 and confirmed by the corresponding linear increase of the
decomposition product CH2O in Fig. 3.8. CH4, another species formed by OME3 fuel fragments,
additionally increases for higher contents of OME3. Although CH4 can cause the formation of
soot-relevant species, C2H2 and C6H6 are reduced with increasing OME3 contents. Here, an
approximately linear reduction can be seen for C2H2, which controls the surface growth of soot
particles. Comparing both equivalence ratios, one can see that the sensitivity to the OME3 content
is quantitatively higher in the richer flames since the fuel mixture provides more carbon to the
flame. While the quantitative amount of C2H2 increases marginally in the richer flame, the amount
of C6H6 approximately triples.
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(blue), CH2O (red), CH4 (gray), C2H2 (green), and C6H6 (orange) over the OME3 content
with respect to the carbon in the fuel mixture for an equivalence ratio of ϕ = 2.16 (left)

and ϕ = 2.46 (right).

The resulting particle formation is visualized in Fig. 3.9 based on their nanoparticle and soot
volume fraction profiles and their corresponding peak values within the flames for the investigated
OME3/C2H4 fuel mixtures. Despite lacking an experimental reference, an identical distinction
between nanoparticle and soot volume fraction is applied as in O2 and O3 for consistency. The
nanoparticle formation increasingly slows down with higher amounts of OME3. A complete
suppression of nanoparticle formation can be obtained with the combustion of neat OME3 mixtures
for both equivalence ratios. Some positions in the flame, such at HAB ≥ 10mm, experience an
intermediate increase in nanoparticles for small content of OME3 but are decreased again for
contents above 50%carbon OME3.

Increasing amounts of OME3 delay the soot formation process, which is visible through the shift of
the starting soot volume fraction increase towards higher HABs in Fig. 3.9. The correlation between
soot volume fraction reduction and OME3 content in the fuel mixture is approximately linear for
both flames until a complete soot suppression is obtained for 80%carbon OME3 in the leaner flame
set and 90%carbon OME3 in the richer flame set, respectively. This proportional relationship can
be linked with the linear reduction of C2H2 for higher contents of OME3 and, as a consequence
thereof, limitation of the soot growth process through the HACA mechanism. Here, OME3 replaces
the soot-relevant species with soot-ineffective species such as CH2O and has a dilution effect on
the soot growth process. The linkage between nanoparticle volume fraction and involved species
in the inception process is more complex since aromatic and PAH species show progressively
decreasing, regressively decreasing, or linear decreasing functionalities (depending on their size)
with increasing amounts of OME3 content (see P1).
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Fig. 3.9: Nanoparticle (top row) and soot volume fraction (bottom row) profiles over HAB (left
and center) with their corresponding peak values (right) of fuel mixtures with different

OME3 content for the equivalence ratios ϕ = 2.16 (left) and ϕ = 2.46 (center).

Figure 3.10 shows the particle size distributions in dependence on the OME3 for increments of
10%carbon OME3 content steps. For both equivalence ratios, no significant change of the smaller
particle clusters is observed for blending ratios up to 60%carbon OME3. For OME3 contents above
this value, the OME3 reduces these clusters in size and number in the lean flame, whereas an
intermediate increase in its number is provoked in the rich flame. Aggregates are completely
suppressed for 50%carbon OME3 and above in the flame of equivalence ratio ϕ = 2.16 or 80%carbon

OME3 in the richest flames. Solely for higher OME3 quantities, a reduction of the aggregates’
diameter and number is taking place. At the same time, the richer flame shows a reduction mainly
in diameter and only for almost neat OME3 also in number with a slight intermediate increase.

Altogether, the correlation between increasing amounts of OME3 and the reduction of smaller
particles differs from the behavior of larger particles. Smaller particles get reduced with higher
amounts of OME3, although an intermediate increase in number is observed in some areas of very
rich flames before negligible amounts of nanoparticles occur for neat OME3. In contrast, the soot
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Fig. 3.10: Particle size distributions for varying OME3 contents in the fuel mixture for the two
investigated equivalence ratios ϕ = 2.16 and ϕ = 2.46.

volume fraction of larger particles is monotonically reduced proportionally to the amount of OME3
in the fuel mixture until a complete suppression of aggregates is found for higher amounts of
OME3.

This effect can be assessed in two ways. On the one hand, smaller soot particles represent a higher
risk to human health due to their increasing potential to penetrate deeply into the human body, e.g.,
as smaller soot particles are known to be respirable. On the other hand, smaller particles tend to
have larger surface areas related to their mass or volume compared to larger soot aggregates. This
aspect allows a faster oxidation process in practical applications. Particle oxidation of smaller soot
particles possibly takes place in a combustion system itself directly following their formation after
mixing richer, sooting pockets with the remaining fuel/air load. Depending on the exhaust-gas
system, this could also happen in later stages of exhaust-gas aftertreatment, such as in diesel
particulate filters during their regeneration.

3.5 Influence of OMEn variants - from fuel chemistry to soot evolution

While the objectives O2, O3, and O4 address exclusively the influence of OME3, additional
oxymethylene ethers with longer and shorter molecular structures or a blended mixture fea-
turing multiple OMEn variants are also viable options as alternative fuels, as discussed in Sec. 1.4.
Thus, the current objective O5 compares the influence of the two oxymethylene ether variants
OME2 and OME4 featuring shorter and longer chain lengths than OME3 with the results and effects

36



of OME3. Like O2 and O3, this study focuses on the initial fuel decomposition, resulting species
pool, soot precursor creation, soot formation, and soot evolution. The underlying target is to
evaluate whether oxymethylene ethers of varying chain lengths induce similar or different effects
on the chain of events of the soot formation process.

In P3, individual decomposition pathways of the species OME2, OME3, and OME4 are individually
shown. These specific reaction pathways are combined into one single schematic representing the
decomposition of a generalized OMEn molecule. The resulting diagram is visualized in Fig. 3.11.
This schematic is valid for the three investigated OMEn with n = 2, 3, 4 in rich flames at an
equivalence ratio of ϕ = 2.46 according to the mixture compositions stated in Tab. 2.3.
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Fig. 3.11: Schematic initial decomposition pathways of the generalized species OMEn derived
from OME2, OME3, and OME4 pathways for an equivalence ratio of ϕ = 2.46.

Unimolecular reaction pathways are marked by red arrows. Numbers correspond to the
relative carbon fluxes starting from the source specie. Colored numbers represent
specific values for OME2 (green), OME3 (blue), OME4 (red), and common numbers

(black).

The decomposition routes of these three OMEs are qualitatively equal, except for the apparent
presence of additional reaction pathways in dependence on the chain length of the molecule.
However, these additional pathways, such as for OME4, follow identical patterns to smaller OMEs.
Additional pathways are expected for OMEn with n ≥ 5 due to more possible options of the first
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H-abstraction reaction pathways. All three OMEs follow similar decomposition pathways with a
large share of unimolecular reactions. Nonetheless, slight quantitative differences can be observed
for unimolecular and H-abstraction reactions. The weightings of the individual reaction paths
differ among the three investigated OMEs. Whether this corresponds to differences regarding the
formed fuel fragments and subsequently to deviating influences of the soot precursor formation is
evaluated based on the species pool.

A quantitative comparison among the three investigated OMEs and neat ethylene flames based
on the mole fraction peak values for a small species selection is shown in Fig. 3.12. Mole fraction
peaks are normalized by the maximum mole fraction value across the four fuel mixtures of each
plotted species. Fig. 3.12 is limited to the richest flame set of an equivalence ratio of ϕ = 2.46
since this flame condition features the most significant contrast between the neat ethylene and
OME3-doped flame as described in objective O2.
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Fig. 3.12: Normalized species mole fraction peaks of the species CO2, H2O, CH2O, CH4, C2H2,
and C6H6 for the neat C2H4 flame and three investigated OMEn variants for the

equivalence ratio of ϕ = 2.46.

All three OMEn variants generate similar trends in the species pool compared to the reference
flames of neat ethylene fuel. The species CO2 and H2O are slightly increased, indicating a more
complete combustion process. The CH4 mole fraction peaks additionally rise slightly, whereas
a strong formation of CH2O is present across all OME-doped flames, and the C2H2 and C6H6
formation is reduced. While quantitative deviations among the OMEs can be observed, these
differences are assessed as negligible, taking into account the strong quantitative differences
between all OMEn flames and the reference flames of neat ethylene. Besides the similarity of these
quantitative peak values, species profiles of OME2, OME3, and OME4 also match very closely, as
demonstrated in P3. Further details therein also illustrate generally indifferent species pools for
OMEn flames at equivalence ratios ϕ = 2.01, ϕ = 2.16, and ϕ = 2.31. These results suggest that
OMEn variants featuring different chain lengths do not deviate in their chemical effects on the
species pool, at least for these premixed flames, which are based on identical carbon streams.
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No monotonic increase or decrease of these species is recognizable with increasing chain length of
the OMEn molecule. The general decomposition formula of OMEn into methoxy radicals, methyl
radicals, and formaldehyde would suggest a decomposition into the fuel fragments according to
the proportion OMEn = CH3O + (CH2O)n + CH3 proposed by Tan et al. [124] in the context of
non-premixed flames. Hence, a monotonic increase of formaldehyde and reduction of CH3 with
increasing chain length of the OMEn molecule is expected. While an increase of formaldehyde can
be observed for OME2 towards OME4 and a reduction of methane from OME2 to OME3, which
supports this formula, it is not reproduced for all three OMEs simultaneously. However, it has to
be reminded that the fuels are compared on the basis of identical carbon streams and consistent
OMEn fuel ratios of 20%carbon in the fuel mixture, so the overall concentration of OMEn molecules
in the investigated flames decreases with increasing OMEn chain length due to the higher carbon
number. Other factors, such as subsequent reactions, additionally outweigh the suggested ratios of
this decomposition formula.

The influence of different OMEn variants on soot formation and evolution is analyzed based on
Fig. 3.13. This figure presents the normalized PSD for the three investigated OMEs in relation to
the reference flames with neat ethylene. While the general trends for OME3-doping are discussed
in objective O1, only similarities and dissimilarities for the different OMEn variants are mentioned
and analyzed here.

No obvious difference is noticeable for the smaller particles in either the experimental or numerical
results. The investigated OMEn, therefore, all share the influence of delaying the initial soot
formation process. Additionally, their effects on aggregates follow common trends as results do not
contain qualitative differences for the variants of OMEn-doped flames. The second mode of the
PSD containing aggregates is diminished regarding its peak particle number density and also its
averaged mobility diameter in flames containing OMEn fuel mixtures. Additionally, OMEn delays
the bimodality in comparison to the neat ethylene flames. Modeling results of the aggregates exhibit
slightly increased severity of this effect from OME3 over OME4 towards OME2, while the overall
differences are assessed as negligible in contrast to the significant dissimilarity when comparing
against the neat ethylene flames. Experimental results do not show a consistent ranking of the soot
reduction effect for the investigated OMEn throughout the four equivalence ratios, and differences
fall within measurement uncertainty.

The studies of the integral nanoparticle volume fraction and soot volume fraction additionally
prove the indifferent influence of OME2, OME3, and OME4 on the soot formation and soot growth
processes. The nanoparticle and soot particle profiles OME2 and OME4 follow the trends of OME3.
(See P3)

All in all, the three investigated OMEn variants are decomposed through similar reaction pathways
with minor differences in their allocation. Nevertheless, fuel fragments and subsequent formation
of soot-relevant species in the gas phase are almost indifferent to the OMEn variant. Therefore,
their chemical effects on the species pool can be summarized to be similar for all three OMEs. This
leads to no significant deviations in the PSD among the three OMEs regarding their overall shape,
trends, and quantitative properties. As a consequence, the chain length of the OMEn molecule
does not alter the influence on the soot formation and evolution processes. Hence, it is justified
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to assume that additional findings described in O2, O3, and O4 for OME3-doped flames are also
valid for OME2 and OME4 flames.

As a result, no OMEn variant can be favored based on their soot reduction potential for identical
carbon streams in these premixed flames.
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4 Conclusion and outlook

Soot particle formation is highly affected by the flow field of the gas phase and the resulting mixing
processes between fuel and oxidizer. The molecular fuel structure influences the initial composition
of smaller fuel fragments in the gas phase. Since these gas-phase fragments affect soot precursor
formation and soot sub-processes, fuel structure is another essential factor in controlling soot
emissions.

The present work systematically investigates these parameters using quadrature-based moment
method soot models. The study of these factors is broken down into six research objectives (O#),
individually investigated in correspondingly adapted flame configurations to isolate competing or
assisting effects. The following scientific conclusions are obtained:

• (O0): Validation of the soot modeling approach
A prerequisite for all further studies is a validation of both the applied soot modeling ap-
proaches against multiple measurement techniques. The model trends are equivalent to the
experimental findings. Remaining quantitative differences for OME3-flames are traced back
to the underlying kinetics. Overall, the soot models achieve good quantitative agreement
with the experimental data in the context of soot modeling.

• (O1): Influence of the strain and fuel dilution on soot formation
Fuel/oxidizer mixing processes are analyzed in counterflow diffusion flames through varia-
tions of the strain rate and dilution of the fuel stream with nitrogen for lightly sooting flames.
The strain rate does not significantly alter the soot formation rates, but instead, the particle
residence times. In contrast, fuel dilution strongly reduces all soot processes (inception,
PAH-deposition, HACA). Both effects result in decreased soot volume fractions overall and a
shift of the second mode of the PSD towards smaller diameters for higher strain or dilution
ratios.

• (O2): Influence of OME3 fuel chemistry on gas-phase species and soot precursor pool
The influence of molecular fuel structure on soot particle formation is analyzed. The inves-
tigation utilizes the alternative e-fuel oxymethylene ether-3 (OME3) in burner-stabilized,
premixed flames using a detailed quadvariate conditional quadrature method of moments
considering physical and chemical soot particle properties. In general, the decomposition of
OME3 strongly favors the formation of aldehydic fuel fragments with no immediate formation
pathways toward unsaturated hydrocarbons, which leads to a direct reduction of soot-relevant
species such as C2H2 or aromatic structures.
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• (O3): Influence of OME3 on soot formation and growth
The subsequent influence of OME3 on soot particles in ethylene flames mainly affects large
particle aggregates, with minor changes of nanoparticles. The soot volume fraction highly
decreases, and aggregates reduce in diameter and number. Overall, there is a delay and
slowdown of the formation pathways. The cause-and-effect chain for OME3 reducing soot
emissions is, therefore, explained on the basis of chemical and physical principles.

• (O4): Influence of OME3 blending ratios on soot formation and growth
Increased blending ratios of OME3 in OME3/ethylene fuel mixtures result in a linear reduction
of C2H2, which analogously reduces soot volume fraction by preventing soot growth through
the HACA mechanism until completely suppressing the aggregate formation for high OME3
contents.

• (O5): Influence of OMEn variants - from fuel chemistry to soot evolution
Major effects on the initial species pool, soot precursor formation, and soot evolution, de-
scribed in objectives O2 and O3, are found to be similar for the investigated OMEn variants
OME2 and OME4. Therefore, additional findings for OME3, such as the ones for O4, are
also assumed to be valid for OME2 and OME4. The results suggest no favorite OMEn variant
through their effect on soot emissions for the comparison based on identical carbon streams.

These objectives follow the same overarching goal to deepen the knowledge about influencing
factors of particle emissions. The effects of fuel-oxidizer mixing and molecular OMEn fuel structure
are analyzed based on the underlying chemical and physical processes. This way, the influence
on the complete chain of events, from fuel decomposition to soot evolution, is comprehensively
explained and grounded on universal, physical, and chemical mechanisms. The accomplishments
are detailed insights into the particle formation and inhibition processes in OMEn flames.

After investigating individual parameters isolated from each other in laminar flame configurations,
the interactions of these effects are of interest. Flames with turbulent conditions combine multiple
processes of mixing, turbulence, thus exhibiting high intermittency of fuel-rich pockets prone to
soot formation, increasing the technical relevance. This approach is pursued with the start of
turbulent OMEn flame simulations, in which the influence of OMEn on the gas-phase pool and soot
formation is analyzed within a jet flame.

The high sensitivity of the initial OMEn decomposition pathways on soot precursor formation is
demonstrated (see P3), which suggests a revision of the OMEn kinetics. Additional experimental
studies for OMEn flames should be performed under rich, sooty conditions to quantify species
compositions including soot-relevant compounds, precisely. Since embedded oxygen was found
in the soot particles of OME3-doped flames (see P5), the effects of this aspect need to be closely
investigated.
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Numerical Investigation on the Effect
of the Oxymethylene Ether-3 (OME3)
Blending Ratio in Premixed Sooting
Ethylene Flames
Robert Schmitz1*, Mariano Sirignano2, Christian Hasse1 and Federica Ferraro1

1Institute for Simulation of Reactive Thermo-Fluid Systems (STFS), Technical University of Darmstadt, Darmstadt, Germany,
2Dipartimento di Ingegneria Chimica, dei Materiali e della Produzione Industriale, Università degli Studi di Napoli Federico II, Napoli,
Italy

Synthetic fuels, especially oxygenated fuels, which can be used as blending components,
make it possible to modify the emission properties of conventional fossil fuels. Among
oxygenated fuels, one promising candidate is oxymethylene ether-3 (OME3). In this work,
the sooting propensity of ethylene (C2H4) blendedwith OME3 is numerically investigated on
a series of laminar burner-stabilized premixed flames with increasing amounts of OME3,
from pure ethylene to pure OME3. The numerical analysis is performed using the
Conditional Quadrature Method of Moments combined with a detailed physico-
chemical soot model. Two different equivalence ratios corresponding to a lightly and a
highly sooting flame condition have been investigated. The study examines how different
blending ratios of the two fuels affect soot particle formation and a correlation between
OME3 blending ratio and corresponding soot reduction is established. The soot precursor
species in the gas-phase are analyzed along with the soot volume fraction of small
nanoparticles and large aggregates. Furthermore, the influence of the OME3 blending on
the particle size distribution is studied applying the entropy maximization concept. The
effect of increasing amounts of OME3 is found to be different for soot nanoparticles and
larger aggregates. While OME3 blending significantly reduces the amount of larger
aggregates, only large amounts of OME3, close to pure OME3, lead to a considerable
suppression of nanoparticles formed throughout the flame. A linear correlation is identified
between the OME3 content in the fuel and the reduction in the soot volume fraction of larger
aggregates, while smaller blending ratios may lead to an increased number of
nanoparticles for some positions in the flame for the richer flame condition.

Keywords: oxymethylene ether-3 (OME3), PODE3, soot particle formation, soot modeling, alternative fuels,
Quadrature Method of Moments (QMOM)

1 INTRODUCTION

The ongoing tightening of emissions legislation is resulting in increasingly vigorous efforts to control
the pollutants formed in hydrocarbon combustion systems in the transportation and power
generation sectors. Synthetic fuels produced with renewable energy and, in particular,
oxygenated fuels can improve both the overall carbon balance and local emissions, such as soot
particles, without extensively modifying the present combustion devices. Oxymethylene ethers
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(OMEs), which are promising synthetic fuel candidates (Kohse-
Höinghaus, 2021), deployable e.g. in self-ignition engines, have
been proven in recent studies (Ferraro et al., 2021; Tan et al.,
2021) to significantly reduce the sooting tendency of blended fuel
flames. Compared to other alternative and oxygenated fuel
candidates such as biodiesels and alcohols, oxymethylene
ethers combine high oxygenation of around 50% by mass
(Wang et al., 2016) with high propensity for self-ignition
(Lumpp et al., 2011; Wang et al., 2016). While the combustion
of pure OMEs exhibits almost the complete suppression of soot,
an application as a blending fuel is a more realistically viable
scenario in the short and medium term. The good miscibility of
oxymethylene ethers in fossil diesel (Lin et al., 2019; Omari et al.,
2019) supports this scenario. OME3 to OME5 in particular exhibit
properties favourable to their use as fuel blends in compression
ignition applications. For instance, the cetane number of OME3 to
OME5 is in the range of 72–93 (Lautenschütz et al., 2016; 2017;
Deutsch et al., 2017) and the flash, boiling and melting points are
comparable to those of diesel fuel (Zheng et al., 2013; Omari et al.,
2019). These suitable characteristics explain the recent research
interest in this specific group of oxygenated fuels in the field of
kinetic mechanism development (Sun et al., 2017; He et al., 2018;
Cai et al., 2019; Li et al., 2020; Bai et al., 2021; Niu et al., 2021),
their application in engine simulations (Lin et al., 2019; Lv et al.,
2019; Ren et al., 2019) or for different synthesis methods (Gierlich
et al., 2020; Klokic et al., 2020), and the assessment of the overall
carbon impact (Mahbub et al., 2019; Bokinge et al., 2020). The
application of oxymethylene ethers in engines in combination
with their emission propensity has been investigated in several
studies (Pellegrini et al., 2013; Barro et al., 2018; Huang et al.,
2018; Liu et al., 2019; Ren et al., 2019; LeBlanc et al., 2020;
Parravicini et al., 2020; Pélerin et al., 2020), while fewer
investigations have been conducted, notably, into soot
formation for pure or blended OMEs in canonical flames
(Ferraro et al., 2021; Tan et al., 2021). Hence, this work
addresses the potential of oxymethylene ether-3 (OME3)
and its effect on soot particle formation and growth to
deeply understand the soot suppression phenomenon in a
simple configuration and in blending with a well-known
fuel such as ethylene. While studies containing small
amounts of OME3 blended into C2H4 have been performed
for both premixed flames (Ferraro et al., 2021) and diffusion
flames (Tan et al., 2021), the effects of blending increased
amounts of OME3 has not been investigated yet. Additionally,
a systematic assessment between the blending ratio of OMEn
fuels and their effects on the overall soot reduction and
especially on the individual maturation steps in the soot
evolution process is unknown to the authors. Detailed
knowledge of the soot reduction potential including possible
saturation effects for higher blending ratios is needed for an
efficient application of synthetic fuels. Therefore, this study
aims to analyze these aspects for OME3 combustion. The
correlation between the OME3 blending ratio and the soot
reduction will be numerically investigated. The analysis
systematically evaluates the complete range of OME3
blending ratios using detailed chemistry combined with a
quadrivariate soot model enabling a deeper understanding

of the effects of different amounts of OME3 blending on the
entire soot formation process.

Simulations are performed on a series of laminar burner-
stabilized premixed flames burning ethylene blended with
increasing amounts of OME3 up to a pure OME3/air flame at
constant equivalence ratios. Detailed chemical kinetics in
combination with the Conditional Quadrature Method of
Moments (CQMOM) (Salenbauch et al., 2017, 2018), based on
the physico-chemical soot model by D’Anna et al. (2010), are
chosen to model soot formation, particle surface growth and
other occurring particle processes. This approach enables a
detailed investigation of the soot suppression behavior of
OME3 regarding the smaller carbon chemistry, and of
different particle size classes, such as large polycyclic aromatic
hydrocarbons, spherical clusters and larger aggregates including
their chemical properties. The effect that increasing amounts of
OME3 exert on soot formation is evaluated in terms of both the
total soot volume fraction and the particle size distribution.
Additionally, the relationship between the OME3 to ethylene
blending ratio and the subsequent soot reduction is analyzed to
verify whether OME3 has only a dilution effect on the mixture or
if it also has an active kinetic effect in the formation of soot gas-
phase precursors, nano-organic carbon and soot particles. Finally,
the range of OME3 blending ratios yielding a soot suppression
effect is identified to assess the overall potential of this oxygenated
fuel. This study is performed for two different equivalence ratios
covering lightly to highly sooting flame conditions.

2 NUMERICAL MODELING

The numerical modeling includes a description of the gas-phase
chemistry and of the soot particle formation and evolution. The
gas-phase chemistry is modeled by a detailed kinetic mechanism
accounting for 141 species and 674 reactions in total. The
decomposition and oxidation reactions of OME3 (41 species
and 213 reactions) are taken from Sun et al. (2017). The
reactions of smaller and larger carbon species up to polycyclic
aromatic hydrocarbons (PAHs) are described by the kinetic
mechanism by D’Anna et al. (2010), Sirignano et al. (2010,
2013), and Conturso et al. (2017).

To describe the soot particle evolution, the physico-chemical
soot formation model (D’Anna et al., 2010) is combined with the
Conditional Quadrature Method of Moments. The numerical
approach was developed in Salenbauch et al. (2017) and has been
successfully applied in atmospheric premixed flames (Salenbauch
et al., 2017, 2018; Ferraro et al., 2021). A short summary is
described in the following. The gas-phase kinetics consider
species up to pyrene, while larger PAHs are treated as lumped
species. The soot model distinguishes between three different
particle structures based on their state of aggregation (D’Anna
et al., 2010). Soot precursors with a molecular mass larger than
pyrene (molecules or large PAHs) are classified separately from
the spherically shaped, solid soot particles which are formed
through the inception step of several PAHs (clusters), and
aggregates. These in turn are formed due to the agglomeration
of several clusters with subsequent soot maturation steps leading
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to strongly bonded fractal-shaped particles. The physico-
chemical nature of the soot model allows an assessment to be
carried out based not only on the size and shape of the particles
but also on their chemical properties such as the carbon to
hydrogen ratio and their chemical reactivity. The soot
processes are formulated based on Arrhenius-rate laws and
include growth processes such as the H-Abstraction-C2H2-
Addition (HACA) mechanism, the resonantly stabilized free
radical mechanism or surface growth due to chemical
processes. Surface growth and oxidation reactions are applied
for all the three entities that describe the soot evolution such as
large PAH, clusters and aggregates. Additionally, nucleation steps
for different-sized large PAHs are accounted for, resulting in
clusters with varying chemical properties as well as soot oxidation
and oxidation-induced fragmentation, dehydrogenation and
aggregation processes of several clusters, resulting in
aggregates shaped like snowflakes, fractals or chains.

Due to the variety of the soot particles involved, classification
and bundling similar to lumped species is necessary. The
evolution of the chemical and physical properties of each
particle class is described by the population balance equation
(PBE) for the number density function (NDF) f ( ξ ; x , t), which
depends on the spatial coordinates x , the time information t and
the internal property vector ξ � [ξnc, ξH/C , ξstat , ξtyp]

T . This
vector contains two continuous properties ξnc, indicating the
number of carbon atoms with ξnc ∈ [0, ∞), and ξH/C describing
the carbon to hydrogen ratio with ξH/C ∈ [0, 1]. ξtyp and ξstat
are discrete dimensions representing the type of entities
ξtyp ∈ A, A � {large PAHs, clusters, aggregates}, and ξstat
the chemical reactivity with ξstat ∈ B, B � {stable, radical}.
Applying Bayes’s decomposition, the quadrivariate number
density function f ( ξ ; x , t) reads as follows

f (ξ ) � fH/C ξH/C|ξnc, ξstat , ξtyp( ) · fnc ξnc|ξstat , ξtyp( ) · n ξstat , ξtyp( ),
(1)

where the time and spatial dependencies are omitted for brevity.
Here, the distributions fH/C and fnc are conditioned on the state

(ξnc, ξstat , ξtyp) and (ξstat , ξtyp), respectively. The joint bivariate
distribution n(ξstat, ξtyp) can have only six values for the different
possible combinations (u, v) of the two discrete particle properties
ξstat � ξstat,u and ξtyp � ξtyp,v. The reader may be referred to
Salenbauch (2018) for further details. This simplification can be
exploited in combination with the conditional density function
definition to transform Eq. 1 into a system of six bivariate
NDFs Π(u,v)

Π(u,v)(ξnc, ξH/C) � f u,vH/C(ξH/C|ξnc) · f u,vnc (ξnc) · nu,v, (2)

in which the conditional distribution f u,vH/C(ξH/C|ξnc) and the
marginal distribution f u,vnc (ξnc) are evaluated for each of the six
combinations of (u, v).

The set of NDFs is not solved directly but only for a set of its
statistical moments closed with the CQMOM approach. In this
work, for all six combinations (u, v) two quadrature nodes are
used for the internal coordinate ξnc and a single quadrature node
for ξH/C conditioned on ξnc. The system of six bivariate NDFs is
therefore represented by 36 additional moment transport

equations. The numerical calculations have been performed
with the in-house universal Laminar Flame (ULF) solver
(Zschutschke et al., 2017), which includes the QMOM library
(Salenbauch, 2018). The conservation equations for each
individual species in the gas-phase and the equations of the
moments representing the solid-phase are solved using a
segregated approach. Small PAH species, from benzene to
pyrene, and the species involved in the surface growth,
oxidation and dehydrogenation reactions (H, OH, H2, H2O,
C2H2, HCO, CO, O2) are required for the calculation of the
soot moments and their gas-phase chemistry is coupled with the
soot chemistry. Herein, constant species and temperature fields
are applied when evaluating the soot moments, while a constant
set of moments and species consumption rate due to soot
processes are employed when solving for the gas-phase.
Coupling of the equations is ensured by iteratively solving and
updating both sets of equations until convergence is reached. Due
to the stiffness of the system of equations, a pseudo-time step
procedure is applied to solve the one-dimensional stationary
flame to ensure numerical stability. Additionally, the spatial
coordinate of the one-dimensional flame can be transformed
into a residence time (Blanquart, 2008; Salenbauch, 2018)
allowing to solve the set of moment equations in terms of a
homogeneous zero-dimensional reactor prescribing the species
fields and thermophysical properties of the gas-phase in
dependence of the residence time.

The CQMOM method does not provide access to the PSD
information but it reconstructs the moments of the NDF using
weighted Dirac-delta functions. Following Salenbauch et al.
(2018), the entropy maximization (EM) concept is used here
in post-processing to evaluate a continuous distribution of the
particle sizes from a given number of moments, without
prescribing the distribution shape. The idea from Mead and
Papanicolaou (1984) is to find a univariate continuous
distribution function f(ξ1) that maximizes the entropy
(Shannon, 1948) H (f), being ξ1 the internal coordinate

H( f ) � −∫
Ωξ1

f (ξ1) ln f (ξ1)( ) dξ1. (3)

Mead and Papanicolaou (1984) formulated the entropy for the
unknown distribution function using Lagrangian multipliers and
specified the moment set as constraints. This allows an explicit
expression of the distribution function, which can be iteratively
calculated by searching for its maximum. Further details on the
numerical approach can be found in Salenbauch et al. (2017,
2018) and references therein.

3 INVESTIGATED FLAMES

In this section, the numerical setup and the investigated flames
are described. A burner-stabilized flat flame is employed in this
work. The flame configuration is adopted from previous
experimental studies (Salamanca et al., 2012; Sirignano et al.,
2014; Conturso et al., 2017; Russo et al., 2019; Ferraro et al., 2021)
which used a capillary burner with an inner diameter of 5.8 cm
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including a stainless steel plate located 30 mm above the burner
exit for flame stabilization. The combustion parameters are kept
constant in both sets of flames investigated, varying only the
blending ratio of OME3 and ethylene. Laminar, premixed
conditions at atmospheric pressure and a cold gas velocity of
0.1 m/s are considered, allowing a one-dimensional simulation
approach. Two equivalence ratios, ϕ � 2.16 and ϕ � 2.46, are
investigated based on neat ethylene flames investigated in a
previous study (Ferraro et al., 2021), representing lightly and
highly sooting conditions. More specifically, for neat ethylene
fuel, the flame at ϕ � 2.16 presents minor formation of soot
aggregates, while the flame at ϕ � 2.46 presents a significant
amount of soot aggregate and a distinct bimodality of the PSD.

Temperature profiles experimentally measured in Russo et al.
(2019) for the pure ethylene flames at corresponding equivalence
ratios, are prescribed for all the simulations and are plotted in
Figure 1. As with other alternative fuels (Conturso et al., 2017),
the effect that adding smaller amounts of OME3 up to 30% exerts
on the flame temperature is assumed to be insignificant, while
major effects are expected when higher percentages are used. Here,
this procedure is adopted to separate the thermal effects of OME3
blending from the chemical effects in the numerical simulations.

The mixture compositions at the inlet of the flames are stated in
Table 1. Fuel compositions are investigated ranging from pure
ethylene up to pure OME3 with intermediate blending steps. The
fuel is blended by keeping the overall carbon stream constant for all
flames, while the relative amount of carbon atoms provided as
OME3 compared to the overall carbon fed to the flame is specified
in the table. The oxygen (O2) stream is adapted to match the
equivalence ratios of ϕ � 2.16 and ϕ � 2.46. The fuel and oxygen
streams are diluted with nitrogen (N2) which is adapted to ensure
there is an identical cold gas velocity in all the flames. Since the
combustion parameters are kept constant for all flames in this
study, all the changes regarding the soot formation can be

associated with the difference in the fuel composition and fuel
structure. While a previous study Ferraro et al. (2021) compared the
numerical model against experimental data, this study extends the
variation of the investigated parameters and sets its focus on the
blending ratio between OME3 and C2H4 using the same modeling
approach. In Ferraro et al. (2021), the soot reduction trends of OME3
observed in the experiments on flames with different equivalence
ratios have been well captured by the numerical method. Additionally,
this burner configuration has been employed to evaluate several
oxygenated fuels and their sooting characteristics (Salamanca et al.,
2012; Sirignano et al., 2014; Conturso et al., 2017; Russo et al., 2019),
enabling cross-comparisons to be made.

4 RESULTS AND DISCUSSION

4.1 Gas-phase
In this section, the simulation results for the gas-phase are first
analyzed. Figure 2 shows the species mole fraction profiles for
C2H2 and C6H6 based on the example of two different blending
ratios of pure ethylene and 50% OME3 blending ratio with
equivalence ratios of ϕ � 2.16 in Figure 2A and ϕ � 2.46 in
Figure 2B. It is observed that 50% OME3 blending significantly
reduces the mole fraction profiles of C2H2 and C6H6 for both
equivalence ratios. In the OME3 blended flame, both species are
reduced by a factor of approximately 40–50% compared to the
pure ethylene flame. Additionally, the shape of the C6H6 profile
changes in the richer flame configuration since the peak visible in
the pure ethylene flame vanishes with 50% OME3 blending.

To investigate the whole range of blending ratios, only the
maximum values of the species profiles are considered in the
following. In Figure 3 the maximum value of the calculated mole
fraction profiles for acetylene (C2H2), benzene (C6H6),
naphthalene (C10H8) and pyrene (C16H10) are plotted against
increasing amounts of OME3 blended into the ethylene flame for
both equivalence ratios, ϕ � 2.16 and ϕ � 2.46. These species have
been selected because of their important role in particle inception

FIGURE 1 | Prescribed temperature profiles as a function of the height
above the burner for the two different investigated equivalence ratios ϕ � 2.16
and ϕ � 2.46. Profiles adapted from Russo et al. (2019) for pure ethylene
flames.

TABLE 1 | Inflowmixture compositions of the investigated flames. Entries for 15 to
90 %carbon of OME3 blending are omitted for brevity.

ϕ OME3 blending ratio Inflow composition in mole fractions

in %carbon C2H4 O2 N2 OME3

2.16

0 0.131 0.182 0.686 0.000
5 0.125 0.181 0.692 0.003
10 0.118 0.179 0.698 0.005

5% steps . . . . . . . . . . . .

95 0.007 0.148 0.796 0.050
100 0.000 0.146 0.802 0.053

2.46

0 0.147 0.179 0.674 0.000
5 0.140 0.177 0.680 0.003
10 0.132 0.176 0.686 0.006

5% steps . . . . . . . . . . . .

95 0.007 0.145 0.792 0.056
100 0.000 0.143 0.798 0.059
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and surface growth processes. Since the evolution of larger PAHs
is accounted for by the statistical soot model as described above,
here only small aromatic species are plotted for both flame
configurations. Acetylene can be formed from ethylene by
thermal decomposition through the cleavage of two hydrogen
atoms within only a few reactions, thus resulting in higher mole
fractions of acetylene with increasing amounts of ethylene in the
fuel. OME3 by contrast, does not feature direct single or double
carbon-to-carbon bonds in the molecule and there is no direct
pathway from OME3 forming alkenes (He et al., 2018). This
results in lower mole fractions of acetylene due to OME3 blending
in both flame configurations and overall higher quantities of
acetylene in the richer flame. Following C2H2 profiles, aromatic
species are also reduced with OME3 blending. Comparing the
results for the two equivalence ratios, it can be observed that the
absolute amount of C2H2 does not change significantly, while the
flame at an equivalence ratio ϕ � 2.16 lacks aromatic species.
Therefore, it is assumed that the soot formation in the richer
flame is mainly dominated by surface growth through the HACA
mechanism, while the soot formation in the leaner flame is

mainly limited by the initial inception step and therefore by
the amount of PAH formation.

4.2 Soot Formation
Following previous works (Salenbauch et al., 2017, 2018; Ferraro
et al., 2021), the simulated PSD obtained with CQMOM and EM
is split in a post-processing step to account for nanoparticles with
diameters dp < dp,split and aggregates with diameters dp > dp,split.
The separation between nanoparticles and aggregates allows a
more detailed analysis of the blending effect on the formation of
incipient young soot particles and larger soot particles. To lower
the sensitivity of this splitting diameter dp,split, the calculations are
performed for dp,split � 2 nm and for dp,split � 7 nm, but only the
average of the two quantities is plotted in the following graphs for
better clarity.

Figure 4 shows the soot volume fraction over the height above
the burner for different blending ratios of OME3 for both
equivalence ratios, ϕ � 2.16 (left) and ϕ � 2.46 (right). The
soot volume fraction of smaller nanoparticles is plotted in the two
upper graphs (Figures 4A,B), while the soot volume fraction

FIGURE 2 | Species mole fraction profiles of acetylene (C2H2, blue lines) and benzene (C6H6, red lines) as a function of the height above the burner with an
equivalence ratio of ϕ � 2.16 (A) and ϕ � 2.46 (B) for pure ethylene flames (solid lines) and 50% OME3 blending ratio (dashed lines).

FIGURE 3 |Maximum peak of species mole fractions in the flame with an equivalence ratio of ϕ � 2.16 (A) and ϕ � 2.46 (B) for different OME3 blending ratios. The
peak values of the aromatic species C6H6, C10H8 and C16H10 are scaled by the factors of 5.0e1, 5.0e2 and 1.0e5 for better clarity.
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originating from larger soot aggregates is visualized in the lower
ones (Figures 4C,D). It can be observed that the nanoparticle
volume fraction in Figures 4A,B increases rapidly for the pure
ethylene flame until a maximum is reached at HAB � 5 mm to
HAB � 7 mm depending on the equivalence ratio. Starting from
HAB � 7 mm in the leaner and HAB � 10 mm in the richer flame,
the particle growth becomes predominant over the inception
processes resulting in a decreasing nanoparticle volume fraction
further downstream in the flame. With increasing OME3
blending in the fuel, the initial nanoparticle volume fraction
decreases and the position of the peak value is shifted
downstream. For HAB >10 mm, even a small increase in the
nanoparticle volume fraction can be observed for OME3 blending
in the richer condition, which is consistent with the findings in
(Ferraro et al., 2021). For instance, OME3 blending results in a
slightly increased amount of nanoparticles at HAB � 12.5 mm in
Figure 4B for blending ratios between 0 and 50% OME3. Overall,
the formation of nanoparticles is slowed down with OME3
blending until no significant nanoparticle formation can be
identified for pure OME3 combustion. The amount of

nanoparticles formed in the flames follows the amount of soot
precursors such as PAHs and C2H2 formed in the gas-phase
according to the above findings.

A plateau of the nanoparticle volume fraction can be identified
in the richer configuration between HAB � 5 mm and
HAB � 10 mm, whereas the leaner configuration exhibits a
single peak with a monotonic reduction in nanoparticle
volume fraction for HAB > 7.5 mm for the pure ethylene
flame. Closer investigation of the richer configuration shows
that the plateau with the two peaks for smaller OME3
blending ratios can not be explained by a single soot process
alone, but is the result of coexisting soot processes. Nucleation
and surface growth reactions are competing against coagulation
and aggregation mechanisms in this flame region. The species
profile of C6H6 in Figure 2B suggests that a significant amount of
PAH species is present in this region of the flame, resulting in a
high nucleation rate not only close to the flame sheet at approx.
HAB � 2 mm but also further downstream. Figure 2A shows a
single peak of C6H6 with a monotonic reduction until the end of
the domain for the leaner flame configuration indicating that

FIGURE 4 | Nanoparticle (A,B) and soot (C,D) volume fraction profiles as a function of the height above the burner for different OME3 blending ratios and
equivalence ratios of ϕ � 2.16 (A,C) and ϕ � 2.46 (B,D).
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nucleation is predominant close to the flame sheet and plays a
limited role in the post-flame zone, where condensation followed
by coagulation and aggregation contribute to the soot evolution.

Furthermore, in Figures 4C,D it can be seen that the position
where aggregates start to form is shifted downstream with
increasing OME3 blending ratios and the volume fraction of
large particles is significantly decreased at both equivalence ratios.
Therefore, OME3 blending results in a monotonically decreasing
amount of aggregates. The slowing down of the particle formation
processes follows the decrease and delay of nanoparticle
formation and is also similar to other biofuels such as ethanol
or dimethyl ether (Salamanca et al., 2012; Sirignano et al., 2014).

Figure 5 shows the correlation between the nanoparticle
volume fraction and the OME3 content in the fuel for three
different positions in the flame for both equivalence ratios.
Additionally, the maximum value of the nanoparticle volume
fraction of the whole flame is added in the graphs, which allows
the results to be analyzed regardless of the position in the flame.

At a position of HAB � 6 mm and HAB � 10 mm, the
nanoparticle volume fraction evolves similarly for both
equivalence ratio flames. It is monotonically reduced with
increasing OME3 blending ratios. In contrast, at a position of
HAB � 20 mm, a non-monotonic evolution of the nanoparticle
reduction with increasing blending ratios can be observed in the
richer flame configuration, while the leaner flame configuration
exhibits no substantial change unless high blending ratios close to
neat OME3 are burnt. Here, no substantial change in nanoparticle
volume fraction can be identified for OME3 contents between 0%
and approximately 70% for both equivalence ratios. Further
increasing the OME3 content reduces the nanoparticle volume
fraction again. Comparing the three curves of the different
positions in the flames for both equivalence ratios, they are all
seen to share a flat gradient for smaller blending ratios and a steep
decline in nanoparticle volume fraction for increasing blending
ratios at increased HABs. These results indicate that even if the
nanoparticles decrease locally, the number of nanoparticles
downstream along the flame does not decrease substantially,
so the particle formation is slowed down. Additionally, the

maximum peak of nanoparticles in the flame indicates that a
significant reduction in the amount of nanoparticles, equivalent
to a larger gradient of the maximum peak, can only be obtained
for larger blending ratios. A monotonic reduction in the
maximum peak can be observed in both flames, with a rapid
drop for blending ratios larger than approximately 70% OME3
blending. This effect is true for both configurations, whereas the
overall reduction in nanoparticles due to OME3 blending is larger
in the richer configuration. Meanwhile, only a small reduction
can be observed in the lean configuration for the same OME3
percentages.

Figure 6 shows the soot volume fraction originating from
large aggregates over the OME3 blending ratio of three locations
along both flame configurations. At all three positions in the
flame, OME3 blending reduces the formation of aggregates until a
complete suppression is observed for a specific flame position in
both flame configurations. The quantitative correlation between
the amount of OME3 in the fuel and soot volume fraction is
approximately linear in the case of the rich flame configuration in
Figure 6B. Additionally, the gradient of the three curves changes
for the different positions in the flame, resulting in a larger soot
reduction further downstream in the flame when the same
amount of OME3 is added. For soot (large particles and
aggregates), there is a direct correlation with the C2H2

concentration, since surface growth plays a dominant role at
the investigated equivalence ratio of ϕ � 2.46.

At the lower equivalence ratio, Figure 6A, a decreasing
aggregate reduction effect can be observed with increasing
amounts of OME3 blending. This results in slightly
regressively declining soot volume fraction slopes compared to
the almost linear behavior of the rich conditions. This is thought
to be due to the leaner conditions, in which nucleation is one of
the limiting factors in the soot formation process. Therefore, the
shape of the curves follows the shape of larger PAHs such as
pyrene and is less heavily influenced by surface growth reactions
of C2H2. Overall, both configurations show a significant
reduction in soot aggregates for OME3 blending with a
monotonic effect for all ratios throughout the flame.

FIGURE 5 | Correlation between nanoparticle volume fraction and blending ratio of OME3 for three different positions in the flame and the maximum peak in the
flame for an equivalence ratio of ϕ � 2.16 (A) and ϕ � 2.46 (B).
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To evaluate the effect of different OME3 blending ratios on the
particle sizes and their distribution, Figure 7 shows the particle size
distribution (PSD) that is obtained by the entropy maximization
process at HAB � 20mm. Blending steps with 10%carbon are used
and larger PAHs are omitted to enhance readability. A distinction
is made between spherical clusters and fractal-shaped aggregates,
which are plotted over the mobility diameter dm. The mobility
diameter dm considers the fractal-like shape of larger soot
aggregates in contrast to the spherical diameter dp, which
assumes a purely spherical particle. The mobility diameter is
derived from the collision diameter dc with dm ≡ dc � dp(np)

1/Df

(Kruis et al., 1993). A fractal dimension Df equal to 1.8 and a
primary particle diameter of dp � 15 nm are applied and the
number of primary particles np is derived from the mass ratio
of an aggregate and the corresponding primary particles. This
procedure, previously used in (Ferraro et al., 2021), is applied here

to allow for a consistent comparison with our previous studies.
Note that the selected parameters are comparable with the
common values used in the literature (Kruis et al., 1993).

It can be seen that the distribution of the particle clusters is not
substantially changed for an OME3 blending ratio between 0 and
60% in both flame configurations. Further increasing the OME3
content for the rich condition results in a higher number of
particles with smaller diameters, and further on, in a significant
decrease in the number and size of the clusters for conditions close
to neat OME3 combustion, while no such large intermediate
increase in the number of clusters is visible in the leaner flame
configuration of ϕ � 2.16 in Figure 7A. This difference is consistent
with the findings of the nanoparticle volume fraction in
Figures 4A,B at a height of HAB � 15mm, in which the leaner
flame configuration shows a monotonic decrease of nanoparticle
volume fraction with increasing OME3 blending, whereas the

FIGURE 6 |Correlation between soot volume fraction and the blending ratio of OME3 for three different positions in the flame and for an equivalence ratio of ϕ � 2.16
(A) and ϕ � 2.46 (B).

FIGURE 7 | Particle size distributions of clusters and aggregates at a flame position of HAB � 20 mm for different OME3 blending ratios and equivalence ratios of ϕ �
2.16 (A) and ϕ � 2.46 (B).
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richer configuration exhibits a non-monotonic behaviour with an
intermediate increase in nanoparticle volume fraction. Similar
non-monotonic behavior was found previously for premixed
propene flames blended with ethylene (Lin et al., 2018), in
which small amounts of ethylene addition led to an
intermediate increase in soot formation while larger amounts
decreased the amount of soot. It was found that this effect is
due to a synergistic effect of the two fuels by the acetylene addition
and propargyl recombination/addition pathways (Lin et al., 2018).

The distribution of aggregates in the richer configuration in
Figure 7B indicates that there are significant changes regarding
the overall number and particle diameter with an increasing
OME3 content. A considerable amount of aggregate formation
occurs for OME3 blending ratios of ≤ 70%, while higher contents
of OME3 in the fuel delay the soot formation and suppress
aggregate formation to a negligible level. The distribution
function therefore changes from a bimodal to a unimodal
shape. While the number of aggregates differs only slightly in
the range of 60–0% OME3, with a maximum at approximately
50% OME3, the size of the particles changes significantly from an
average mobility diameter of approx. 15 nm to 100 nm. For
blending percentages above 60%, the number of aggregates is
additionally reduced. In contrast to that, the aggregates show a
simultaneous reduction in number and diameter even for small
blending ratios of OME3 in the leaner flame configuration, with a
suppression to negligible levels for blending ratios of above
40% OME3.

Further investigations at upstream positions in the flame show
that the PSD changes its shape, from bimodal to unimodal, for
lower levels of the OME3 blending ratio.

5 CONCLUSION

A numerical study is performed simulating two series of laminar
premixed burner-stabilized flames burning a mixture of C2H4

and OME3 for two equivalence ratios, corresponding to highly
and lightly sooting flame conditions. The sets cover flames
with increasing blending ratios of OME3 reaching from pure
ethylene to pure OME3 at a constant equivalence ratio and
identical carbon streams. The soot precursors in the gas-phase,
soot formation and PSD are analyzed using a detailed physico-
chemical soot model.

The effects of OME3 blending are found to be different for
nanoparticles compared to larger aggregates. While the formation
of larger aggregates is approximately linearly reduced for

increasing amounts of OME3 throughout the flame, the
nanoparticle formation shows a non-monotonic correlation to
the blending ratio and is mainly suppressed for higher amounts of
OME3, similarly to the combustion of pure OME3.

The particle size distribution is reconstructed with the concept
of entropymaximization at a fixed height above the burner of HAB
� 20mm. A substantially unchanged distribution of clusters for
OME3 blending ratios between approximately 0 and 60% and a
decreasing number of particles for higher blending percentages can
be identified for both equivalence ratios with a slight, intermediate
increase in the particle number for the richer flame condition at
around 70% OME3 in the fuel, whereas the leaner configuration
shows a monotonic reduction in the particle number. While the
number of aggregates in the richer configuration is not significantly
affected by smaller amounts of OME3 blending, their particle size is
mainly reduced, but a simultaneous reduction in the particle
number and particle diameter is observed for the leaner
configuration at this position in the flame.

These findings indicate that OME3 blending mainly delays the
soot formation processes and, as a consequence, suppresses the
formation of larger aggregates at a specific position in the flame.
This is due to the absence of direct carbon-to-carbon bonds in
OME3, which leads to a more complete oxidation process and
therefore subtracts carbon from the soot growth pathways. The
linear correlation for aggregate reduction suggests a predominant
dilution effect rather than an active kinetic effect.
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A B S T R A C T   

The reduction of carbon emissions is leading to alternative and renewable energy sources. Solar or wind sources 
can only be regulated to a limited extent and fluctuate considerably due to environmental conditions, which 
could be overcome by chemical energy storage solutions. 

Synthetic fuels are chemical energy carriers that can be produced using excess renewable electrical energy and 
can be directly used or easily stored. Different synthetic fuels have been investigated recently as a potential 
alternative or additive for fossil diesel and gasoline. Of the synthetic fuels, oxymethylene ethers (OMEs) have 
proven to be suitable candidates for compression-ignition engines while additionally reducing soot emissions 
when used either as a neat fuel or blended with fossil fuels. However, the effect of varying OME chain length on 
this soot reduction effect and the structure of the particulate matter has not yet been systematically investigated. 

This study therefore compares the soot reduction potential and analyzes the physicochemical particle features 
in laminar premixed flames fueled with pure ethylene and ethylene/OME2-4 flames at four equivalence ratios, 
from lightly to heavily sooting conditions. Particle size distribution (PSD) measurements and numerical in
vestigations (Conditional Quadrature Method of Moments—CQMOM) were conducted to study particle forma
tion and growth. The results indicate a reduction in the total number and size of particles at all equivalence 
ratios, while the number of nanoparticles remains almost unchanged. The CQMOM model predicts the general 
shape of the experimentally measured PSD for both ethylene and OME-blended flames. Further, carbon partic
ulate matter was thermophoretically sampled and its chemical structure was analyzed. The nanostructure of soot 
was investigated using ultraviolet–visible and Raman spectroscopy, revealing slightly higher aromaticity for the 
pure ethylene soot, whereas OME2-4 particles exhibited increased reactivity, as evidenced by thermogravimetric 
analysis. Fourier-Transform Infrared (FTIR) spectroscopy analysis showed that carbon particulate matter pro
duced from OME2-4-doped flames contained higher amounts of oxygen, mainly as C = O. Mass spectrometry 
confirmed the presence of oxygen-containing functional groups in OME2-4 particulate only.   

1. Introduction 

The search for clean and, where possible, net-carbon-free sources of 
energy has pushed research towards renewable and alternative sources 
such as the sun or wind. However, one of the common issues with 
renewable sources is the intrinsic intermittency of their availability and/ 
or the energy production process [1,2]. Hence, besides the pursuit of 
finding a clean source of energy, ongoing research is investigating 

different alternatives for energy storage. In addition to batteries and 
other traditional energy storage systems, one of the most interesting and 
promising possibilities involves the usage of chemical storage. This 
process would involve storing the energy produced with solar cells, 
wind, hydroelectric or other renewable sources in chemical energy 
carriers [3] that can be produced locally, close to the energy source. 
Having been distributed to places with a high energy demand, the en
ergy could be released in a controlled manner when required. Hydrogen 
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is one of the most promising sustainable chemical energy carriers. It can 
be produced directly from water hydrolysis, and some of the infra
structure used for other gaseous compounds such as methane can be 
retrofitted for its use, in terms of both transportation and energy con
version systems. However, the risks linked with hydrogen are consid
erably high, thus a new method has been explored that includes 
hydrogen as a starting point for chemical energy storage. The e-fuels are 
liquid hydrocarbons that can be produced on the basis of hydrogen (and 
other renewable feedstocks) [4,5]. Their role could become crucial in 
the near future, first as they can be used in almost all the present energy 
conversion systems and secondly as they can even be produced using 
CO2 captured from other energy conversion systems working with 
carbon-based fuels [6–9]. 

Oxymethylene ethers (OMEs), also known as polyoxymethylene 
dimethyl ethers (PODEs), have the chemical formula CH3O(CH2O)nCH3, 
with n indicating the length of the chain in the abbreviation OMEn. They 
have proven to be promising candidates for chemical storage. As well as 
being produced on the basis of renewable sources, they can also be 
synthesized using methanol from waste biomass at market prices 
[10–14]. They are non-toxic and miscible with diesel fuel and thus can 
be part of a carbon–neutral combustion process, both as additives or 
substitutes in diesel engines [10,15]. Similarly to other biofuels, OMEs 
have a high oxygen content, but interestingly they do not contain any 
C–C bonds. This latter aspect is highly important for reducing the for
mation of undesired carbon byproducts, including small hydrocarbons, 
PAHs, and carbonaceous particles [10]. 

The effect of OMEs has been already investigated in compression 
ignition engines, revealing a reduction in the emission of gases including 
CO, CO2, and NOx — as well as particles [16–20]. 

The development of reduced and detailed kinetic mechanisms is 
currently limited to smaller OMEs such as OME1-3 [10,21–23] and 
OME2-4 [24], with validation based on experimental data obtained for 
the ignition delay time [10,24–26] and laminar flame speed [22,27]. 

However, some of the compounds belonging to the homologous OME 
series have proven more suitable for direct application in present energy 
conversion systems when used as an additive rather than as a fuel 
alternative. OME1 and OME2 have a cetane number that is too low (24 
and 64 [28] respectively) to be selected as a fuel additive and a flash 
point below the ambient temperature [28], which increases the risk 
associated with their use. By contrast, OME4 seems to have physical 
features that make it harder to use (melting point above − 10 ◦C and 
boiling point above 202 ◦C [28]). OME3 was identified as a perfect 
candidate as a fuel additive. Another key point that needs to be 
considered is the OME production process. Several synthesis routes have 
been investigated in terms of economic or ecological criteria [14] and 
each favors a different OME composition in the blendstock formed. This 
composition of the blendstock can be partially changed by manipulating 
the synthesis route. 

Recently, several studies have been published on OME fuel sooting 
propensity and on the particulate emission of OME/fuel blends in gen
eral [29–31]. 

We recently focused our attention on OME3 [29,30], experimentally 
and numerically studying its effect on particulate emissions in premixed 
flames. In this study, we extend the investigation to include OME2 and 
OME4, concentrating on two aspects: 

1. clarifying whether there is a significant advantage in terms of par
ticle emissions in using OME3 compared with OME2 and OME4,  

2. determining whether there is a similarity in the chemical features of 
the soot particles produced with the different OMEs that may be 
generically linked with the fuel structure. 

Experimental investigations include ex-situ measurements of the 
particle size distribution (PSD) and the characterization of particulate in 
terms of composition and nanostructure utilizing UV–Visible (UV–Vis), 
Raman, and Fourier-Transform Infrared (FTIR) spectroscopy, 

thermogravimetric analysis, and mass spectrometry. Simulations are 
performed with the detailed physicochemical soot model proposed by 
D’Anna et al. [32,33] integrated into a conditional quadrature-based 
method of moments (CQMOM) approach [34,35]. OME1-3 gas-phase 
kinetics from Sun et al. [22] have been included to account for the 
fuel-specific oxidation reactions. The kinetic mechanism has recently 
been extended to include OME4 for the conditions investigated [36]. 
Following [35], PSDs have been reconstructed in this work, using the 
entropy maximization approach on a suitably selected set of transported 
moments. 

2. Experimental setup 

The experimental setup proposed in this work has been used to study 
other alternative fuels such as butanols [37], furans [38], ethanol [39], 
dimethyl ether [40], and most recently OME3 [30]. Details of the 
experimental setup can be found in previous papers and are reported 
briefly here. Atmospheric pressure, premixed ethylene/air flames with 
equivalence ratios, φ, equal to 2.01, 2.16, 2.31, and 2.46, which 
represent lightly to heavily sooting conditions, are stabilized on a 
capillary burner [41]. These flames are the reference cases for studying 
the effect of OME2-4 blending on soot particle formation and growth. 
OME2-4 was added by replacing some of the ethylene (20 % of the total 
carbon) fed to the reference ethylene/air flames. The combustion con
ditions investigated in this work are reported in Table 1. 

PSDs were measured by sampling from the flames at a height above 
the burner (HAB) of = 15 mm where soot reaches steady properties 
using a horizontal probe [42–47] with an inner diameter of ID = 1.2 
mm, a wall thickness of 0.5 mm, and a pinhole diameter of 0.8 mm. A 
two-stage dilution system with 3 Nl/min (at 273 K) for the first dilution 
stage and 45 Nl/min for the second stage guaranteed an overall dilution 
of 350; enough to achieve critical dilution conditions. A nano-DMA 
(TapCon 3/150 Differential Mobility Analyzer with a nominal size 
range of 2–100 nm, equipped with a Faraday cup electrometer) fitted 
with a Soft X-Ray Advanced Aerosol Neutralizer (TSI model 3088) was 
used to detect particles. The PSDs obtained with the DMA were cor
rected for losses in the pinhole and the probe following the procedure 
reported in the literature [48–50] and the particle diameter was deter
mined using the correlation proposed by Singh et al. [51]. PSD uncer
tainty derives from the evaluation of the wall losses and the coagulation 
of the small particles onto the large ones in the probing system. 

Particles were also collected on a 75 × 25 × 1 mm glass plate ar
ranged horizontally, following a consolidated procedure for mass 

Table 1 
Flame conditions. Inflow mixture composition is given in mole fraction. Inlet gas 
velocity @STP = 10 cm/s.  

φ Species Fuel composition in terms of carbon provided by each fuel 

100 % 
C2H4 

20 % OME2 +

80 % C2H4 

20 % OME3 +

80 % C2H4 

20 % OME4 +

80 % C2H4 

2.01 

C2H4 0.1234  0.0987  0.0987  0.0987 
O2 0.1841  0.1780  0.1767  0.1759 
N2 0.6925  0.7110  0.7147  0.7172 
OMEn 0  0.0123  0.0099  0.0082 

2.16 

C2H4 0.1313  0.1051  0.1051  0.1051 
O2 0.1824  0.1763  0.1751  0.1743 
N2 0.6862  0.7055  0.7093  0.7119 
OMEn 0  0.0131  0.0105  0.0088 

2.31 

C2H4 0.1392  0.1114  0.1114  0.1114 
O2 0.1808  0.1747  0.1735  0.1727 
N2 0.6800  0.7000  0.704  0.7066 
OMEn 0  0.0139  0.0111  0.0093 

2.46 

C2H4 0.1469  0.1175  0.1175  0.1175 
O2 0.1792  0.1732  0.172  0.1712 
N2 0.6739  0.6949  0.6987  0.7015 
OMEn 0  0.0147  0.0118  0.0098  
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collection for batch analysis, i.e. multiple insertions 2 s into the flame 
and successively cooled at room temperature for 10 s [52,53]. The 
physiochemical analysis was carried out on carbon particulate matter 
collected at 15 mm HAB and φ = 2.46 in the pure ethylene and ethylene/ 
OME flames. 

Samples deposited on the glass plate were analyzed by Raman 
spectroscopy using a Horiba XploRA Raman microscope system (Horiba 
Jobin Yvon, Japan) equipped with a frequency-doubled Nd:YAG solid- 
state laser (λ = 532 nm). For each flame condition, four glass plates 
covered by carbon particulate matter were analyzed by means of Raman 
spectroscopy. For each glass plate, two spectra were acquired within an 
investigated sample area of 2 cm2. To perform other diagnostic tech
niques, it was necessary to gently remove the samples from the glass 
plates with a laboratory spatula. Carbon particulate matter samples 
were mixed and ground to make KBr pellets (0.2–0.3 wt%) and analyzed 
by FTIR spectroscopy in the 3400–600 cm− 1 range using a Nicolet iS10 
spectrophotometer. Carbon samples were dissolved in N-methyl-2-pyr
rolidinone (NMP, with a concentration of 10 mg/L) and analyzed using 
UV–Vis spectroscopy in a quartz cuvette with a 1-cm path length using 
an Agilent UV–Vis 8453 spectrophotometer. Thermogravimetric anal
ysis (TGA) was also performed with a PerkinElmer Pyris 1 thermogra
vimetric analyzer. Approximately 1 mg of sample was used for each 
measurement; this was heated in air (flow of 30 mL min− 1) from 50 to 
750 ◦C at a rate of 10 ◦C min− 1. In the experimental conditions used with 
the described thermogravimetric apparatus, the temperature error was 
calculated to be +/-20 ◦C. 

Laser desorption ionization time-of-flight mass spectrometry (LDI- 
TOFMS) spectra were recorded in positive reflectron mode on a SCIEX 
TOF/TOF™ 5800 system using a N2 laser (λ = 337 nm). The target was 
prepared by depositing the carbon particulate matter suspended in NMP 
on a standard stainless-steel plate and heating it at about 100 ◦C for a 
few minutes to evaporate the solvent. The addition of matrices to the 
investigated samples is not necessary for their ionization, since they are 
able to absorb the laser beam at 337 nm and to act as a “self-matrix” 
[54–56]. Each spectrum represents the sum of 12,000 laser pulses per 
sample position, from randomly chosen spots. The obtained spectra 
were quantitatively analyzed using Fast Fourier Transform (FFT) anal
ysis and graphing software (Origin). More details on the method as 
applied to mass spectra are reported in [57]. 

3. Numerical modeling 

3.1. Gas-phase kinetic mechanism and soot model 

To model the gas-phase and soot particle evolution, a kinetic 
mechanism is combined with a detailed soot model described by D’Anna 
et al. [32]. The kinetic mechanism developed by D’Anna and coworkers 
in [32,33,38,58] is employed as a base mechanism taking into account 
the reactions of the smaller hydrocarbon chemistry and the formation of 
soot precursors. The mechanism described by Sun et al. [22], which 
originally captures oxidation reactions between OME1 and OME3, was 
extended to include reactions modeling the combustion of OME4 [36]. 
Reaction pathways for OME4 were added as with OME3. Therefore, a 
total of 154 species and 757 reactions are incorporated in the kinetic 
mechanism, of which 54 species and 286 reactions relate to OME2-4 
cleavage and oxidation processes. 

This procedure of taking similar rate rules to those used with smaller 
OMEs and applying them to OME4 is justified because of the homologous 
structure of the OME2-4 series and the identical functional groups 
dominating the decomposition and oxidation processes. The principle of 
generating reaction-class-based mechanisms was similarly applied in 
[24] for OME2-4 based on OME1 reaction kinetics. 

The formation and evolution of soot particles and PAHs larger than 
pyrene are not tracked by the kinetic gas-phase mechanism but by a 
detailed statistical soot model. The modeling approach developed by 
[58] was successfully applied previously for premixed laminar ethylene 

flames [34,35] and OME3-doped ethylene flames [29,30]. It is therefore 
only briefly described here. 

The kinetic mechanism contains PAHs with up to four rings, pyrene 
being the largest molecule. The transition from gas-phase PAHs to larger 
PAHs, which was included in the statistical soot model through lumping, 
arises from the reactions of two gas-phase PAHs. The physicochemical 
soot model subdivides the soot precursor formation of the larger PAHs 
and the soot particle evolution process into three stages to cover the 
specific properties of the individual particle entity. Therefore, the soot 
model tracks larger PAHs, which are still gaseous or peri-condensed 
molecules (named large PAHs in the following) separated from incipient 
soot particles exhibiting a spherical shape (clusters). The third stage 
represents fully evolved soot particles (aggregates) in fractal form after 
several clusters have aggregated. The maturation of each entity is rep
resented by the number of carbon atoms in a particle and by the carbon- 
to-hydrogen ratio. 

With all three entities, particle growth occurs through surface re
actions caused by the addition of C2H2 or the condensation of aromatics, 
while larger PAHs can additionally adsorb onto clusters and aggregates 
and grow due to the resonance-stabilized free radical (RSFR) mecha
nism. Coalescence and aggregation processes, along with further pro
cesses that alter the particulate matter, such as oxidation and 
dehydrogenation, are modeled using Arrhenius rate laws as with the 
kinetic gas-phase equations. 

Taking both physical and chemical properties into consideration 
leads to a multivariate description of the particles ξ with four inde

pendent parameters ξ =
[
ξnc, ξH/C, ξstat , ξtyp

]T
. ξtyp represents the 

structure of the entity with the three discrete values ξtyp ∈ A,A = {

large PAHs, clusters, agglomerates} and ξstat the reactivity of the particles 
with ξstat ∈ B,B = {stable,radical}. ξnc and ξH/C are the number of carbon 
particles and the hydrogen-to-carbon ratio of a particle, respectively. 
Both are continuous properties that can vary in the range of ξnc ∈ [0,∞)

and ξH/C ∈ [0,1]. 

3.2. Conditional Quadrature Method of Moments—CQMOM 

The population balance equation quantifies the evolution of the 
particle property distribution in terms of the quadrivariate number 

density function (NDF) f
(

ξ ; x , t
)

for the internal coordinate vector ξ

in space x and time t. The last two dependencies are neglected in the 
following for brevity. The NDF can be reformulated as a conditional 
density function. 

f
(

ξ
)

= fH/C

(
ξH/C|ξnc, ξstat, ξtyp

)
⋅fnc

(
ξnc|ξstat, ξtyp

)
⋅n
(
ξstat, ξtyp

)
, (1) 

in which the distribution fH/C of the hydrogen-to-carbon ratio ξH/C 

depends on the specific condition (ξnc, ξstat , ξtyp) and the distribution fnc 

of the carbon atoms in a particle ξnc depends on the state (ξstat , ξtyp). The 
joint bivariate distribution n

(
ξstat , ξtyp

)
holds six possible combinations 

(u, v) of the discrete particle properties ξstat = ξstat,u and ξtyp = ξtyp,v. Thus, 
it can be simplified as a set of six bivariate NDFs Π(u,v)

Π(u,v)

(
ξnc, ξH/C

)
= f u,v

H/C

(
ξH/C|ξnc

)
⋅f u,v

nc (ξnc)⋅nu,v, (2) 

in which the dependency of the distribution function fu,v
H/C is reduced 

to solely the number of carbon atoms ξnc and fu,v
nc , resulting in a marginal 

distribution function of the subset ξnc, both for each combination (u, v). 
The set of NDFs is discretized by its statistical moments using the 

CQMOM approach, as described in more detail in [29,35]. In this work, 
the integer-order moments are transformed into fractional-order mo

ments m
k1
z ,k2
u,v following [59] with z = 3 in terms of ξnc, resulting in. 
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m
k1
z ,k2

u,v =

∫ ∞

0

∫ 1

0
ξ

k1
z

ncξ
k2
H/CΠ(u,v)

(
ξnc, ξH/C

)
dξH/Cdξnc. (3) 

The distribution of the internal coordinates ξnc is discretized using 
two quadrature nodes and one for the carbon-to-hydrogen ratio ξH/C, 
resulting in a total of 36 moment transport equations for the system of 
six bivariate NDFs Π(u,v). Since the CQMOM approach uses weighted 
Dirac-delta functions to approximate the NDF, no continuous informa
tion about the distribution of the internal coordinates is given by the 
moments. 

An entropy maximization (EM) approach is applied in a post- 
processing step, producing the particle size distribution that is success
fully applied in Salenbauch et al. [35] and additionally described in 
references therein. In the current study, a continuous distribution 
function f(ξ1) is sought without prescribing its shape for the internal 
coordinate ξ1 which maximizes the entropy [60] H(f)

H(f ) = −

∫

Ωξ1

f (ξ1)ln(f (ξ1) )dξ1, (4)  

under the constraint of the moment set using Lagrangian multipliers. 
To take into account the fractal particle shape, the mobility diameter 

is used in this study for the evaluation of the aggregates. 
The solution of fractional moments provides the additional advan

tage that it is possible to directly evaluate the PSD using the EM concept. 
Given the expression between the equivalent-volume sphere diameter dp 

and the coordinate ξnc 

dp =

(
6Wc

πρs

)1/3

ξ1/3
nc = L1/3ξ1/3

nc , (5)  

where Wc is the mass of a single carbon atom and ρs the soot density, the 

diameter-based moments 
〈

mk1
u,v

〉
can be obtained from the transported 

fractional moments m
k1
z ,0
u,v 

〈
mk1

u,v

〉
=

∫∞

0

dk1
p fdp

(
dp
)
ddp = Lk1/3

∫∞

0

ξk1/3
nc fnc(ξnc)dξnc = Lk1/3m

k1
z ,0

u,v . (6) 

Finally, examining the particle aggregates, the simulated PSDs are 
expressed as a function of the mobility diameter dm, here equal to the 
collision diameter dc as in [61], dm ≡ dc = dpn

1/Df
p , where np is the 

number of primary particles in an aggregate calculated on the basis of 
the ratio between the mass of the aggregate and the mass of the primary 
particle. Similarly to [29], a fractal dimension Df equal to 1.8 and a 
primary particle diameter dp equal to 15 nm were assumed here. 

3.3. Numerical setup 

The laminar premixed flames are modeled using one-dimensional 
simulations with imposed temperature profiles. For each equivalence 

Fig. 1. Particle size distributions determined with EM on the CQMOM simulation results (dashed lines for clusters and solid lines for aggregates) compared with the 
experimental SMPS measurements (dots) at HAB = 15 mm for flames with different equivalence ratios of 2.01, 2.16, 2.31, and 2.46: pure ethylene flame (black), 
OME2-4-doped ethylene flame (green for OME2, blue for OME3 and red for OME4). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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ratio, a constant temperature profile is applied whatever fuel is used 
(pure ethylene or OME2-4/ethylene blends). The four temperature pro
files were experimentally measured in [37] for pure ethylene flames 
under consistent conditions. 

The close similarity of the temperature profiles when comparing the 
pure ethylene flame and the flame with substitute justifies the applied 
approach; this is consistent with the experimental observations for other 
biofuels [37–40,52,62–64]. The flame temperature in the current 
configuration is indeed strongly influenced by the heat losses between 
the flame and the burner. The temperature profile measured for pure 
flames was also used for doped flames, as with other biofuels investi
gated before [37–40,52,62–64]. 

Two-way coupling between the gas-phase and the particle phase is 
implemented. A segregated approach is utilized in the numerical in- 
house Universal Laminar Flame (ULF) solver [65], which solves the 
gas-phase and the moment transport equations of the particulate matter. 
The coupling includes the species involved in the transition to larger 
PAHs and the condensation process onto soot particles extending from 
benzene up to the four-ring member pyrene. Surface growth, oxidation 
and dehydrogenation are based on the species H, OH, H2, H2O, C2H2, 
HCO, CO, and O2, which are therefore required to evaluate the mo
ments. Further information about the solution strategy can be found in 
[30,35]. An increasing soot density between 1000 and 1800 kg/m3 is 
assumed for the particulate matter depending on the H/C ratio. Mo
lecular soot diffusion and thermophoresis effects are neglected, as they 
are known to be of minor importance in this flame configuration [66]. 

4. Results and discussion 

Below, the results are presented for the flames fueled with pure 
ethylene and with OME2-4/ethylene blends at different equivalence ra
tios φ (see Table 1). 

4.1. Soot evolution 

Fig. 1 shows the PSDs measured at a HAB of 15 mm for the four 
equivalence ratios investigated, with and without the addition of 
OME2-4, together with modeling results from the EM procedure applied 
to the CQMOM flame solutions. 

The effect of OMEs on the PSD is evident: starting from an equiva
lence ratio of ϕ = 2.01, the bimodality of the PSD is lost when OMEs are 
added. Moving to higher equivalence ratios, larger particles are still 
formed with OME blending but are significantly reduced in terms of 
their number and their diameter. Conversely, smaller particles (dp < 5 
nm) are present in large amounts in all the conditions and the addition of 
OMEn does not lead to a significant reduction of smaller particles or even 
a slight increase as for the flames with an equivalence ratio of ϕ = 2.01, 
as previously investigated in [29] for OME3 blending. It appears that 
with all equivalence ratios, the effect of different OMEs on small parti
cles and large soot aggregates is the same. All the investigated OMEs 
exhibit a delay in the soot formation process that mainly reduces larger 
aggregates while the number of smaller particles is not significantly 
affected or even slightly increased. Therefore, none of the investigated 
OMEs shows a significant advantage over the others in terms of soot 
emissions, at least in the investigated laminar premixed flames, which 
are based on identical carbon contents. 

The model proposed here is able to capture the trend with the 
equivalence ratio and the substantial indifference with respect to the 
OME chain length found experimentally in terms of soot reduction. As in 
previous works, the model also overpredicts the number concentration 
of smaller particles with a diameter smaller than approx. 3 nm. This can 
be partially attributed to the undermeasurement of small particles due to 
losses in the experimental sampling line [41,67]. While smaller clusters 
are overpredicted by the model, particles with a diameter between 3 nm 
and 10 nm are underpredicted, indicating a deviation from the experi
mental distribution of particles smaller than 10 nm with a focus on the 

smallest clusters. With regard to the density of the normalized total 
number of particles with a diameter smaller than 10 nm, the modeling 
results and experimental data are comparable and within the same order 
of magnitude. 

Since the number of nanoparticles of the OMEn-doped flames is in the 
same order of magnitude as with the pure ethylene flame, the reduction 
might be due to limited particle growth and therefore a delay in the soot 
evolution process. This suggests that the principal mechanism that 
involves OMEs in inhibiting particle formation relies on the particles’ 
interaction with the gas-phase and on the gas-phase itself. A thorough 
discussion of the changes in the gas-phase species with OME3 addition to 
ethylene flames is given in [30], which investigated the reduction of 
acetylene and PAH species, supporting this assumption. The reactions 
that lead to OME oxidation and are likely also responsible for removing 
carbon from the molecular growth path are also fast enough to overcome 
the effect of the chain length and corresponding differences in the 
OME2-4 decomposition. 

In general, OMEs have a similar effect in terms of particle reduction 
compared to other oxygenated fuels. Dimethyl ether (DME) fuel has 
proven to be the most reducing fuel in the conditions investigated [40] 
and also shares the absence of C–C bonds. In [40], DME-doped ethylene 
flames are investigated in a similar flame configuration with a DME 
content of 20 % in terms of carbon fed to the flame, allowing a 
quantitative comparison of the soot reduction effect for OMEn and DME 
flames. The reduction of soot volume fraction for a flame containing 
20 % DME is between 90 % and 80 % compared to the pure ethylene 
flames, with an increasing equivalence ratio from φ = 2.16 to φ = 2.46 
[40]. From a similar flame configuration [29], the reduction due to 
OME3 doping can be quantified as 75 % to 65 % for the same equiva
lence ratios. Since flames doped with OME2 and OME4 exhibit similar 
PSDs to those doped with OME3, similar quantities of soot reduction are 
also expected for flames doped with OME2 and OME4. Therefore, DME 
seems to be slightly more effective than OMEn fuel in reducing the soot 
formation in this premixed flame configuration. 

4.2. Soot structure analysis 

A detailed physicochemical analysis of the thermophoretically 
collected samples was performed to verify the effect exerted by OME on 
particulate properties. The investigation was carried out on carbon 
particulate matter collected on a glass plate at 15 mm HAB and φ = 2.46 
in the pure ethylene and ethylene/OME flames. 

Carbon particulate matter was firstly analyzed with Raman spec
troscopy, a diagnostic technique widely used to characterize the sp2 

Fig. 2. Raman spectra of soot particles sampled at 15 nm HAB and ϕ = 2.46 in 
ethylene/air and ethylene/OME2-4 /air flames (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to the web version of 
this article.). 
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phase of ordered and amorphous carbon materials [68]. In Fig. 2, the 
Raman spectra of the soot samples collected in the ethylene/air and 
ethylene/OME2-4/air are reported. The Raman spectrum of sp2-carbon- 
rich material with any level of disorder is characterized by the pre
dominance of two peaks: the G band, located at about 1600 cm− 1, and 
the D band, located at about 1350 cm− 1 [69]. 

The G band is due to the stretching vibration of pairs of sp2 carbon 
atoms. The D peak is a disorder-induced band arising from the presence 
of defects that initiate the breathing modes of sp2 carbon atoms in ar
omatic ring systems [69]. This mode thus necessarily requires the 
presence of aromatic rings. The ratio between the intensity of these two 
peaks is the Raman parameter most used to study soot, since it can be 
used to derive the size of the aromatic layers comprising the particles 
[70–75]. An accurate spectral deconvolution procedure was developed 
to study the contributions and features of these two peaks that strongly 
overlap in the soot samples [76]. Breit–Wigner–Fano and Lorentzian 
curves were used to fit the G and the D peaks, respectively. Two Lor
entzian lines were used to fit the features at 1100–1300 cm− 1, while a 
Gaussian line shape was chosen for a band around 1500 cm− 1. More 

details on the deconvolution procedure are reported in a previous work 
[76]. As can be seen in Fig. 2, the Raman features of the OME samples 
are very similar. The results obtained after the deconvolution are com
parable and differ from those of the ethylene soot. The I(D)/I(G) ratio 
calculated for the OME samples has an average value of 0.79 with a 
standard deviation of 0.035, whereas the ethylene sample has an 
average value of 0.83 with a standard deviation of 0.03. In highly 
disordered carbons, the development of a D peak indicates ordering, 
exactly the opposite of what happens in more ordered materials such as 
microcrystalline graphite [69]. Therefore, ethylene soot, which has a 
higher I(D)/I(G) ratio, presents longer aromatic islands in comparison to 
OME soot. As the I(D)/I(G) ratio increases, the bandwidths also increase, 
as previously found for soot collected from premixed flames [53,76], 
suggesting that as the layer length increases, distortions in the bond 
angle and aromatic planes occur to a larger extent. 

The G band in the OME samples is located at higher Raman shifts 
(about 1603 cm− 1) than the ethylene flame (1600 cm− 1), indicating a 
higher abundance of olefinic bonds and/or smaller aromatic layers [77]. 

UV–Vis spectroscopy was performed on samples consisting in NMP 
suspensions of carbon particulate matter. The mass absorption co
efficients (MACs) in the UV–Vis range are reported in Fig. 3. As already 
found with Raman spectroscopy, the UV–Vis spectra of OME samples are 
very similar to one another and differ from ethylene soot, which has 
higher MACs. In particular, at 550 nm, ethylene soot has a MAC of 5.2 
m2/g, whereas OME particles have an average value of 3.4 m2/g, 
significantly far outside the range of values lying between 5 and 13 m2/g 
as reported in an extensive review on the absorbing properties of soot 
and carbon black [78]. This comparison of the UV–Vis data confirms the 
higher aromaticity of ethylene soot, which absorbs more visible light. 

Particulate reactivity was assessed by TGA analysis. It can be seen 
from the thermogravimetric profiles reported in Fig. 4 that OME samples 
have a higher oxidation reactivity; indeed, their oxidation starts at 410 
◦C and is almost completed at 600 ◦C, whereas for ethylene soot the 
temperature range for particle oxidation is shifted to higher temperature 
values, namely 470–650 ◦C. Consequently, the temperatures at which 
the highest oxidation rate occurs are also different: 630 ◦C for ethylene 
soot and in the range 585–597 ◦C for OME soot samples. Slightly higher 
temperature values are experienced by OME4 soot during its oxidation. 
This small difference was found to be within the range of experimental 
error of the TGA apparatus and thus could be attributed to instrumental 

Fig. 3. UV–Vis absorption spectra of particulate collected at 15 mm HAB in the 
ethylene/air and ethylene/OME2-4 /air flame at ϕ = 2.46 (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.). 

Fig. 4. Thermogravimetric profiles measured for particulate collected at 15 mm HAB in the ethylene/air and ethylene/OME2-4 /air flame at ϕ = 2.46 (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.). 
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reproducibility. This conclusion seems to be supported by the fact that 
nanostructural and compositional features of all the OME2-4 soot 
described so far and in the following are found to be very similar, hence 
this result could not be attributed to a particular feature of OME4 soot, at 
least among those investigated. 

FTIR spectroscopy has been performed to analyze soot particle 
compositions. The spectra were acquired in the same conditions, i.e., the 
same carbon concentration within the KBr disk and disk thickness, to 
compare the results and calculate the mass absorption coefficient. The 
infrared mass absorption coefficients of soot samples are reported in the 
upper panel of Fig. 5. The spectra have been deprived of the absorption 
continuum to better visualize and compare the vibrational modes arising 
from the different functional groups. The spectra in the 4000–2500 cm− 1 

spectral region were not reported since they were very similar. Several 
peaks can be seen in the 500–2000 wavenumber range. The peak located 
at 1720 cm− 1 is due to the stretching of carbonyl C = O groups. At this 
wavenumber value, no other peak occurs, thus an absorption signal in 
this region is clear and undeniable evidence of the presence of oxygen 

bonds within the carbon nanostructure. The 1600 cm− 1 peak is due to 
the aromatic C = C stretching mode and is usually strengthened by 
dissymmetry of the aromatic systems, which can be caused by any kind 
of ring substitution [79,80]. In particular, it was found that if the 
structural irregularity is caused by the presence of oxygen, the increase 
in the dipole moment strongly enhances the intensity of the C = C 
stretching peak [81]. As can be observed in Fig. 5, complex carbona
ceous materials such as soot are characterized by a broad absorption in 
the 1000–1500 cm− 1 region [82–84] where aliphatic C–H bending and 
C–O stretching also occur. In the wavenumber region between 900 and 
600 cm− 1, peaks occur due to the out-of-plane (OPLA) bending of aro
matic hydrogen [85]. The differences in the FTIR signal intensity are 
shown more clearly in the lower panel of Fig. 5, which shows the spectra 
obtained as the difference between the infrared mass absorption co
efficients of carbon particulate of OME-doped flames and those of the 
pure ethylene flame. OME samples present a higher concentration of 
carbonyl groups, which could be responsible for the higher intensity of 
the C = C 1600 cm− 1 peak. All the region from 1500 to 100 cm− 1 

Fig. 5. Infrared mass absorption coefficients (upper 
panel) of particulate collected at 15 mm HAB in the 
ethylene/air and ethylene/OME2-4 /air flame at ϕ =
2.46. Difference (lower panel) between the infrared 
mass absorption coefficients in the 900–1900 cm− 1 

wavenumber range of carbon particulate matter at 15 
mm HAB and φ = 2.46 in the ethylene/OME2-4 /air 
flame and ethylene/air flame (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.).   
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presents slightly higher absorption coefficients for the OME samples, 
with no clearly distinguishable peaks. Moreover, the OPLA signals are 
higher, suggesting the presence of a more hydrogenated aromatic layer 
comprising OME soot nanostructure, supporting the hypothesis of a less 
ordered structure. 

The LDI mass spectrum of the ethylene sample is contrasted in Fig. 6 
with the spectrum of OME4 (representative of all the OME spectra, 
which are all very similar). Both the spectra extend over the 100–1000 
m/z range and appear very complex and crowded with peaks, as usually 
occurs for carbon particulate spectra [86]. The OME4 spectrum is richer 
in peaks, especially in the region below m/z 300. The application of a 
mathematical tool is very useful for extrapolating quantitative infor
mation from such complex spectra, demonstrating the periodic mass 
differences of peaks and therefore the main chemical functionalities of 
the mass sequences and growth paths [57]. The FFT analysis was carried 
out in two selected mass ranges (m/z < 300 and 300 < m/z < 900) of the 
spectra since all samples present some sort of bimodality with a change 
in the mass spectral distribution above m/z 300. Fig. 7 reports the 
height-normalized FFT profiles evaluated based on the spectra of all the 
particulate samples. 

The FFT analysis reveals that in all the samples, mass differences of 
12 and 14 predominate, with a prevalence of 14. The 14 difference can 
be traced back to homologous series increasing by a CH2 group (struc
tures with aliphatic moieties such as those featuring C5-PAHs). The 
presence of a smaller peak at m/z 24 (higher in the case of ethylene) is 

indicative, along with 12, of PAH growth sequences. It is due to the 
organic fraction present in the particulate [86]. One notable feature is 
the presence, only in the case of OME samples, of a mass difference of 16, 
which suggests the occurrence of species growing through the addition 
of oxygen. The peak at 16 is completely absent in pure ethylene, con
firming the presence of oxygenated functionalities found only in OME 
particulate. Above m/z 300, for all samples, the FFT mass differences are 
restricted to 12 and 24. With the prevalence of 24, this is indicative of 
the presence of carbon clusters that are not ascribable to the typical 
fullerene cluster series [84]. 

The pathways that lead to oxygen being incorporated in the particles 
are still not clear. The FTIR spectra indicate the presence of a very 
specific oxygenated functionality, namely C = O, which should be given 
serious consideration. When particles coming from the same experi
mental apparatus and generated in flames fueled with different 
oxygenated compounds—ethanol [63], butanols [37], DMF [52]—were 
analyzed, all different oxygen functionalities were detected. This pecu
liarity of particles coming from OME combustion hence suggests that 
kinetic pathways leading to the formation of specific intermediate 
compounds are enhanced. Looking at the kinetic pathways of the 
oxidation decomposition of the OMEs shown in the literature [24,36], 
aldehydes, and particularly formaldehyde (HCHO), are likely to play a 
dominant role in the formation of C = O functionality incorporated in 
the particles. Future investigation of rich flames doped with formalde
hyde could shed light on this point. At present, models for particle 
prediction do not consider these pathways, kinetics are not available, 
and in general, do not account for the role of oxygenated compounds in 
particle formation. In [87], a significant reduction of the PAH concen
tration was found due to the formation of oxygenated PAHs including C 
= O bonds while the concentration of these oxygenated PAHs was too 
low to be considered in the nucleation step of soot particles. The FTIR 
results and especially the presence of C = O functionalities in the soot 
particles suggest to consider oxygenated PAHs in other soot processes 
such as surface growth. 

Overall, the effect of oxygenated intermediate species on the total 
amount of particles or even on the PSD could be considered negligible 
with respect to other combustion and kinetic parameters. However, 
considering that the surface growth becomes effective and predominant 
as the combustion process evolves, covering up and undoing the original 
effect that fuel structure has on the particle features, the possibility of 
there being a more obvious effect and/or presence of oxygen function
alities on the particle in the first part of the flames is reasonable. Further 
studies will have to explore this topic in more detail, taking into 
consideration the impact that oxygenated functionalities can have on 
particle reactivity in after-treatment systems and on biological systems. 

5. Conclusions 

The combustion of OME2-3-4 has been investigated to assess whether 
their fuel structure, namely the length of the fuel chain, could have a 
significantly different effect on particle formation. The paper has also 
explored the effect of fuel structure on particle features, particularly 
regarding the presence of oxygen functional groups incorporated in 
particles. Premixed flames fueled with pure ethylene and ethylene/OME 
blends were investigated experimentally with ex-situ online measure
ments (SMPS) and batch measurements (UV–Vis, Raman and FTIR 
spectroscopy, TGA, mass spectrometry), and numerically with a 
CQMOM approach. OME2-4 were used as a substituent for 20 % of the 
total carbon while keeping the cold gas velocity constant, and four 
equivalence ratios were investigated: 2.01, 2.16, 2.31, and 2.46. 

A reduction in the number and size of the soot particles in all OME2-4- 
blended flames was found with PSD analysis, similar to that previously 
found for OME3-blended flames. OME2 and OME4 also follow the 
behavior of OME3 in that they have a negligible effect on small particles. 
Overall, the differences found between the different OMEs can be 
considered negligible, suggesting that the chain length plays a minor 

Fig. 6. LDI-TOF mass spectra of particulate collected at 15 mm HAB in the 
ethylene/air flame (upper panel) and the ethylene/OME4 /air flame (lower 
panel) at ϕ = 2.46. 
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role. This behavior can be attributed to the important role of oxidation 
reactions at high temperatures: they overcome the effect of chain length 
and are very effective in removing carbon from the molecular growth 
pathway. The model was able to predict all particle formation trends for 
the different OMEs, particularly the minor effect of the chain length over 
the fuel structure, suggesting that the absence of C–C bonds plays a 
major role in particle reduction. 

The effect of OME2-3-4 addition on the chemical features of carbon 
particulate matter at the highest equivalence ratio was investigated in 
terms of aromaticity, reactivity and composition. On one hand, OME2-4 
soot properties as a function of the chain length were found to be 
invariant. On the other hand, clear differences were found when OME2-4 
soot were compared with ethylene soot. UV–Vis and Raman spectros
copy analysis revealed a slightly lower degree of aromatization in the 
carbon particulate matter produced in the OME-doped flames. A higher 
presence of C = O functionalities in OME2-4 samples was found by 
analyzing the FTIR spectra of the particles. Mass spectrometric analysis 
confirm the presence of oxygenated functionalities for OME2-4 particu
late which might significantly impact the oxidation features of the 

particles in after-treatment systems and their interaction with living 
beings, i.e., their toxicity. Thermogravimetric analysis substantially 
confirmed results obtained with other techniques showing that the 
OME2-4 samples were more highly reactive, which was attributed both to 
the higher presence of oxygenated functionalities and to the smaller size 
of the aromatic layers, making them more dominated by edge positions. 
The measured FTIR spectra suggest that the oxygenated intermediate 
species coming from OME oxidation/decomposition may be closely 
related to the presence of C = O functionality in particles. Aldehydes and 
particularly formaldehyde are quite likely to be responsible for this. 
Future investigation of rich flames doped with formaldehyde could shed 
light on this point. Moreover, to show the role and presence of oxygen 
functionality, combustion conditions should be investigated where 
surface growth has not already played a dominant role, such as the early 
stage of rich premixed flames. Finally, a reduction in the particle size 
along with an increase in oxygen content can be critical determinants of 
carbon nanomaterial toxicity. This aspect must be further investigated 
and taken into account in the formulation of new fuels. 

Fig. 7. Mass differences evaluated based on the FFT of particulate soot sampled at 15 mm HAB and ϕ = 2.46 in ethylene/air and ethylene/OME2-3-4 /air flames.  
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A B S T R A C T

Alternative synthetic fuels can be produced by renewable energy sources and represent a potential route for
solving long-term energy storage. Among them, oxygenated fuels have the advantage of significantly reducing
pollutant emissions and can therefore be used as carbon-neutral substitute fuels for transportation. In this work,
the sooting propensity of different oxymethylene ethers (OMEs) is investigated using a combined experimental
and numerical study on a series of burner-stabilized premixed flames under mild to severe sooting conditions.
Herein, mixtures of ethylene in combination with the three individual oxymethylene ether (OME𝑛) for 𝑛 = 2, 3, 4
are compared in terms of soot formation behavior with pure ethylene flames. The kinetic mechanism from Sun
et al. (Proc. Combust. Inst. 36 (2017) 1269–1278) for OME𝑛 combustion with 𝑛 = 1, 2, 3 is extended to include
OME4 decomposition and combustion kinetics. It is combined with a detailed quadvariate soot model, which
uses the Conditional Quadrature Method of Moments (CQMOM), and the soot simulation results are validated
with Laser-Induced Fluorescence (LIF) and Laser-Induced Incandescence (LII) measurements. It is observed that
the three investigated OME𝑛 with 𝑛 = 2, 3, 4 show similar sooting behavior, mainly reducing larger aggregates
while not significantly affecting the formation of smaller particles. Furthermore, the extent of soot reduction
is comparable among the three OME𝑛. The trends and overall reduction are captured very well by the model.
The modeling results are analyzed through reaction pathway analyses and sensitivity studies that show the
importance of OME𝑛 decomposition and the formation of formaldehyde (CH2O) under rich conditions for
reducing species relevant for soot precursor formation. These findings are based on the negligible differences
in soot formation between the different OME𝑛 fuels observed in this study.

1. Introduction

Oxygenated synthetic fuels can support the decarbonization of
practical combustion devices by reducing pollutant emissions, espe-
cially in hard-to-electrify sectors such as maritime, heavy-duty, and air
transportation. Oxymethylene ethers (OMEs [1]), CH3O(CH2O)nCH3,
also known as polyoxymethylene dimethyl ethers (POMDMEs [2],
PODEs [3], or DMMs [4]), are promising fuel candidates and are
currently being investigated for self-ignition engine applications. They
can be produced by renewable energy sources [5] to yield a neutral
greenhouse gas balance. Recent studies, e.g., [6–11], have shown that
OME fuels, pure or in blends, can significantly reduce carbon monoxide
(CO), unburned hydrocarbons, and soot particles. Their molecular
structure exhibits no C–C bonds, resulting in a fast oxidation process,
smaller amounts of gas-phase particle precursors, and reduced particle
formation.

∗ Corresponding author.
E-mail addresses: ferraro@stfs.tu-darmstadt.de (F. Ferraro), mariano.sirignano@unina.it (M. Sirignano).

Although the combustion of pure OMEs yields an almost complete
soot suppression [9,12], its application would require a redesign of
available combustion systems to exploit its full potential. Therefore,
several studies are investigating an optimized injection and combustion
strategy with software or hardware changes, adaptations of the injector
nozzles, or the required exhaust gas after-treatment systems for the
combustion of pure OMEs and reveal the possibility for an efficiency
increase combined with a reduction of soot particles, nitrogen oxides
(NOx), and other regulated pollutants [12–15]. Due to its low avail-
ability of carbon-neutrally produced OMEs, using OMEs as a blend
component in combination with available fossil fuels is a more feasible
pathway in the near future to reduce the emissions of certain pollutants
while simultaneously decreasing the carbon footprint by retrofitting
available combustion systems. Expensive production costs [16] also
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make this an economically more practical option to maximize the
environmental effect than pure OMEn combustion [17].

OMEs show good miscibility in fossil diesel [18,19] with decreasing
solubility for increasing chain length [20]. The cetane number of OME2
to OME5 [21–23], as well as the flash, boiling, and melting points are
comparable to values of diesel fuel [19,24], indicating their preferable
use as fuel blends in compression ignition applications.

OME blends have been studied under practical conditions in high-
pressure vessels [25,26] and by engine simulations [27–30]. Inves-
tigations on soot formation for pure or blended OMEs in canonical
flames have been conducted by other groups in [10,31,32] under highly
controlled conditions. The application of oxymethylene ethers in self-
ignition engines in combination with their soot emission propensity
has been studied in several works summarized in [33] and more
recent work [13,34,35,35–37] showing that soot emissions are reduced
drastically with neat OMEn combustion or combined with conventional
diesel fuel while breaking the tradeoff between soot and NOx emission.
The exhaust gas recirculation parameter (EGR) is varied in some of
these studies [35,36,38] to characterize the simultaneous soot and NOx
formation in more detail. Due to the lower heating value of OME fuel,
adapted injectors or injection strategies need to be applied to maintain
the engine performance compared to fossil fuel combustion, which is in-
vestigated in [34,35,37] with subsequent effects on pollutant emissions.
Ren et al. [28] explained the soot reduction effect for OME combustion
in engines with a higher ratio of premixed combustion for OME and
higher content of oxygen embedded in the fuel. In Huang et al. [39],
engine investigations are combined with kinetic studies to investigate
the OME pyrolysis suggesting that the C–O bonds of the OME-molecule
break and result in formaldehyde formation. It can be summarized for
internal combustion engines, that OMEs allow for overcoming prior
limitations of the combustion strategy and designing new concepts
with a broader optimization range, focusing on the reduction of other
pollutants, or overall combustion efficiency [13].

Recently, reduced and detailed kinetic models have been developed
for OMEn with 𝑛 = 1–3 [3,4,40–44], 𝑛 = 1–4 [1], and 𝑛 = 1–6 [45] and
validated against experimental data for ignition delay time [1,3,46,47],
laminar flame speed [32,40,47], and species data from jet-stirred reac-
tors [4,48]. While the main combustion properties and concentration of
intermediate and major combustion species are adequately reproduced
by the kinetics, an accurate prediction of soot precursor species under
sooty conditions was not the main focus of their development.

In our previous work [8], 20 % of OME3 blended with ethylene
in premixed flames has been found to significantly affect the total
number and the size of the particles produced. Specifically, the number
of small particles with a diameter 𝑑𝑝 < 5 nm has been observed
to remain unchanged or slightly increase, while the total amount of
larger particles and aggregates with a diameter 𝑑𝑝 > 20 nm decreased
drastically. Similar trends are also found for OME2 and OME4 in our
recent work [11], suggesting the soot reduction effect to be indepen-
dent of the OME chain length. Furthermore, soot structure has been
investigated finding a slightly higher aromaticity for the pure ethylene
soot. Particles produced from OME3-doped flames contained increased
amounts of oxygen, mainly in the form of C=O bonds [8].

Previous studies focused on OME3 pure and in blends with tradi-
tional fuels (e.g., [8,9,28,31,40,49]) due to its better low-temperature
fluidity and volatility compared with OME4 or larger compounds.
OMEn with n > 5 exhibit a too-high melting point, i.e., 18 °C for
OME5 [19], while OME1 is too volatile as a diesel additive [49].
However, OME production is achieved by multiple processes, which
lead to a mix of OMEn at different levels of polymerization [35,50].
A commercially available OME mixture, with properties suitable for
diesel applications, will therefore contain besides short-chain OMEn
compounds also up to 30 wt% OME≥5 [19]. Hence, understanding
the behavior of the different OMEn compounds is of highly practical
relevance. Despite that, previous studies have only provided limited
insights into the chemical effects of OMEn fuels on gas-phase chemistry,

particularly soot precursors, and their subsequent influence on soot
formation processes. Additionally, the similarities or differences in the
effects of different OMEn variants are not thoroughly understood.

This work focuses, therefore, on the following three objectives: (i)
to compare the sooting propensity of OMEn fuels with 𝑛 = 2, 3, 4 using
quantitative, experimental data based on LIF and LII measurements; (ii)
to achieve a deeper understanding of the underlying processes by ex-
tending this analysis with simulations using a detailed, physicochemical
soot model; (iii) to investigate the OMEn decomposition pathways and
their effect on the gas-phase species pool, soot precursor formation, and
consequently reduced sooting tendency of different OMEn fuels.

This study was performed on laminar, premixed flames for a sys-
tematic variation between lightly to highly sooting conditions burning
a fuel mixture of ethylene and OMEn. Laser-based, in situ measure-
ments characterized the formation of large polycyclic hydrocarbons
and smaller nanoparticles by the LIF and the presence of matured soot
particles by the LII technique. Similar to [8,9], numerical investigations
of the sooting flames were conducted with the Conditional Quadrature
Method of Moments (CQMOM) [51,52], based on the quadvariate soot
model by D’Anna et al. [53]. The soot model was combined and coupled
with detailed kinetics for a comprehensive description of the whole
process chain. This method allows a detailed analysis of the physical
and chemical soot formation pathways starting from the initial step,
the fuel decomposition, to the soot growth processes. Detailed kinetic
analyses are conducted to obtain more insights into the evolution of
OME fuels in flames and to identify the main reaction pathways of
OMEn decomposition and oxidation, which affect the formation of
gas-phase precursors and species relevant for soot formation processes.

2. Experimental setup

Premixed flames burning ethylene (C2H4) as pure fuel and blended
with 20 % of OME2, OME3, and OME4 with equivalence ratios of
𝜙 = 2.01, 2.16, 2.31, and 2.46 are stabilized on a water-cooled capillary
burner with a diameter of 58mm. A steel plate positioned 30mm above
the burner exit and water-recirculating cooled from a water bath of a
temperature of 80 °C was used to stabilize the flame. Further details of
this atmospheric flat flame burner setup can be found in [54–56].

OMEn, for 𝑛 = 2, 3, 4, are added by replacing some of the ethylene
(20 % of the total carbon fed), being ethylene/air flames the reference.
Equivalence ratio, a cold gas velocity at room temperature (25 °C) of
𝑢 = 0.1ms−1 at the inlet, and total carbon flow rate are kept constant
while C2H4 is partially substituted by OMEn. In order to achieve this,
nitrogen (N2) and oxygen (O2) streams are adapted accordingly. All
flames of one equivalence ratio, therefore, feature identical carbon
concentration and carbon flow rates to prevent any dilution of the
carbon content across different fuel compositions. A blending ratio of
20 % is selected because substituting small amounts of ethylene with
an oxygenated fuel proved to not significantly change temperature
profiles when preserving the flame parameters as described above,
which is demonstrated in [54,57–62] for other oxygenated fuels in
a similar burner configuration. Additionally, practical considerations
described in the introduction support the investigation of blending
ratios containing only small amounts of OMEn. The summarized flame
conditions investigated in this work are reported in Table 1.

Constant carbon yield due to identical carbon streams and equiv-
alence ratio, similar temperature profile, and similar residence time
of the soot particles due to identical cold gas flow rates ensure a fair
comparison between the investigated fuels. Other studies investigating
fuel effects differentiate between dilution effects, thermal effects, and
chemical effects [63–65]. In the current study, any differences in the
gas-phase precursors or regarding the soot processes can be attributed
to chemical effects due to the molecular structure of the OMEn fuel
since thermal effects and dilution effects regarding the carbon content
are negligible or not present due to the choice of flame conditions and
mixture compositions as described above.
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Table 1
Flame inflow conditions given in mole fractions. OMEn indicates the mole fraction of OME2, OME3 and OME4 in the
corresponding flames, respectively.
𝜙 C2H4/O2/N2 C2H4/OME2/O2/N2 C2H4/OME3/O2/N2 C2H4/OME4/O2/N2

2.01

OMEn
C2H4
N2
O2

–
0.1234
0.6925
0.1841

0.0123
0.0987
0.7110
0.1780

0.0099
0.0987
0.7147
0.1767

0.0082
0.0987
0.7172
0.1759

2.16

OMEn
C2H4
N2
O2

–
0.1313
0.6862
0.1824

0.0131
0.1051
0.7055
0.1763

0.0105
0.1051
0.7093
0.1751

0.0088
0.1051
0.7119
0.1743

2.31

OMEn
C2H4
N2
O2

–
0.1392
0.6800
0.1808

0.0139
0.1114
0.7000
0.1747

0.0111
0.1114
0.7040
0.1735

0.0093
0.1114
0.7066
0.1727

2.46

OMEn
C2H4
N2
O2

–
0.1469
0.6739
0.1792

0.0147
0.1175
0.6946
0.1732

0.0118
0.1175
0.6987
0.1720

0.0098
0.1175
0.7015
0.1712

Laser-Induced Emission (LIE) measurements in the 200 nm to 550 nm
range are applied to detect particles in the flame, using the fourth
harmonic of an Nd:YAG laser at 266 nm as the excitation source [8,57].
The emitted spectra are collected with an intensified charge-coupled
device (ICCD) camera with a gate of 100 ns, allowing to distinguish
between the broad LIF signal, ranging between 300 nm and 400 nm, and
the LII following a blackbody curve and evaluated at 550 nm. Experi-
mental uncertainty of the LIF and LII measurements is estimated to be
approximately ±5 % of the measurement value. This quantification is
derived from uncertainties due to oscillations of the laser source (less
than 1 %) and variations in the applied mass flow (less than 1 %). A
more detailed description of the systems is given in [54,66,67].

3. Numerical modeling

3.1. Gas-phase kinetics

In this work, the kinetic mechanism employed in [8,9], constituted
by the detailed mechanism from D’Anna and co-workers [53] combined
with the OME1-3 kinetics from Sun et al. [40], is further developed.

The kinetic mechanism is extended to cover the decomposition and
combustion reactions of OME4. Reaction pathways for OME4 analogous
to smaller OMEs are added following the same reaction coefficients,
similar to the approach adopted by Sun et al. [40]. In Tab. S2 of the sup-
plementary material, reactions added for OME4 are reported. Similarly
to other OMEs, both formation of radicals and unimolecular decomposi-
tion are considered. Small fragments from OME4 decomposition follow
reaction pathways already established in previous mechanisms [8,40].
In addition, following considerations made in [8], a revised oxidation
of CH2O is proposed according to reaction rates found in the litera-
ture [68–73]. Further details on the modified reaction rate coefficients
are reported in Tab. S1 in the supplementary material. The gas-phase
kinetic mechanism extended for the OME4 fuel consists of 758 reactions
in total involving 154 species. It is worth noting that changes in CH2O
oxidation do not change the general trend found for different OMEn
compounds (See Fig. S2 in the supplementary material). Further details
are discussed hereon.

Experimentally quantified temperature profiles [60] for the pure
ethylene flames at the four different equivalence ratios of consistent
conditions are imposed in the simulations and also for OMEn doped
flames, similarly to the approach applied in [8].

3.2. Soot modeling

A detailed physicochemical soot formation model [53] combined
with the CQMOM is employed to study the sooting properties from

OME2 to OME4. The numerical approach developed in [51] has been
successfully applied in several atmospheric premixed flames [8,51,52].
The gas-phase kinetics account for species up to pyrene (C16H10),
whereas PAH compounds with a molecular weight larger than pyrene
are not treated as individual species but considered as lumped species
(large PAHs). The CQMOM describes the evolution of their distribution.
The soot model distinguishes between three different particle structures
based on their state of aggregation [53]: large PAHs, clusters, and
aggregates. Clusters are spherically shaped, solid soot particles formed by
the inception steps involving large PAHs. Aggregates are fractal-shaped
particles generated by the aggregation of several clusters.

The evolution of the chemical and physical properties of each
particle class is described by the population balance equation (PBE)
for the number density function (NDF) 𝑓 (𝜉; 𝑥, 𝑡), which depends on
the spatial coordinates 𝑥, the time 𝑡, and the internal property vector
𝜉 = [𝜉𝑛𝑐 , 𝜉𝐻∕𝐶 , 𝜉𝑠𝑡𝑎𝑡, 𝜉𝑡𝑦𝑝]𝑇 . 𝜉 contains two continuous properties 𝜉𝑛𝑐 ,
indicating the number of carbon atoms with 𝜉𝑛𝑐 ∈ [0,∞), and 𝜉𝐻∕𝐶
describing the carbon to hydrogen ratio with 𝜉𝐻∕𝐶 ∈ [0, 1]. 𝜉𝑡𝑦𝑝 and 𝜉𝑠𝑡𝑎𝑡
are discrete dimensions representing the type of entities 𝜉𝑡𝑦𝑝 ∈ 𝐴,𝐴 =
{large PAHs, clusters, aggregates}, and 𝜉𝑠𝑡𝑎𝑡 the chemical reactivity with
𝜉𝑠𝑡𝑎𝑡 ∈ 𝐵,𝐵 = {stable, radical}.

The CQMOM is used to solve the quadrivariate NDF. Following [51],
the quadrivariate NDF is reformulated in six bivariate NDFs and a set
of 36 statistical moments is solved to account for the soot particle
evolution. Further details on the numerical approach can be found
in [51,52].

The soot processes, which provide the moment source terms, are
formulated based on Arrhenius-rate laws and include growth processes
such as the H-Abstraction-C2H2-Addition (HACA) mechanism, the res-
onantly stabilized free radical mechanism, or surface growth due to
chemical processes. Nucleation steps for different-sized large PAHs are
accounted for, resulting in clusters with various chemical properties
as well as oxidation and oxidation-induced fragmentation, dehydro-
genation, and aggregation processes of several clusters, resulting in
chain-like formed aggregates.

The gas-phase kinetics with its largest species C16H10 and the
CQMOM, which models the distribution of the (large PAHs) and par-
ticles (clusters and aggregates), are bidirectionally coupled through all
species that are involved in the formation and growth of large PAHs
and the soot maturation processes namely the aromatic species (C6H6
to C16H10) and additionally H, OH, H2, H2O, C2H2, HCO, CO, and O2.
Nucleation accounts for several dimerization reactions by several large
PAHs.

The system of transport equations, chemical source terms, evalua-
tion of thermodynamic properties, and soot modeling by the CQMOM
is solved with the in-house solver Universal Laminar Flame solver
(ULF) [74].
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Fig. 1. Simulated species mole fraction profiles of CH4, CH2O, C2H2, and C6H6 as a function of height above the burner HAB obtained for pure ethylene and OMEn/ethylene
blended mixtures for 𝑛 = 2, 3, 4 at different equivalence ratios.

4. Results

Firstly, experimental and numerical results for gas-phase species and
soot formation in ethylene and ethylene/OMEn flames are presented.
Then, reaction pathways flux analyses are performed for the richest
condition 𝜙 = 2.46 to characterize the decomposition of the investi-
gated OMEn. Additionally, the influence of selected OMEn reactions on
formaldehyde formation is evaluated through a sensitivity study.

4.1. Gas-phase analysis and soot formation in OME2, OME3, and OME4
blended flames

The investigated flames with pure ethylene fuel and OMEn/ethylene
blended mixtures are analyzed based on simulation results of the mole
fraction profiles for the main combustion products, major intermediate
species, oxygenated products of the OMEn decomposition, and soot
precursor species. Graphs of selected species are plotted in Fig. 1, while
additional species are not shown here for brevity but are attached (see
Fig. S4 and Fig. S5 in the supplementary material).

The mole fraction profiles of H2O, CO, H, and H2 are almost
insensitive to the OMEn blending, while a slightly higher amount of
CO2 forms when adding OMEn compounds due to a more complete
combustion as expected. This finding agrees well with experimental

data measured in two laminar premixed configurations burning neat
OMEn with 𝑛 = 0, 1, 2, 3, 4 at leaner conditions with equivalence ratios
of 𝜙 = 1.0 and 𝜙 = 1.7 from Gaiser et al. [75]. There, the species pool
was almost independent of the OME chain length.

Generally, a better oxidation mechanism for OMEn is expected due
to the absence of C–C bonds in the fuel structure. Methane (CH4)
and formaldehyde (CH2O), which are principal species during the
decomposition process of OMEn, as well as the important soot precursor
species acetylene (C2H2) and benzene (C6H6) are plotted in Fig. 1
for the four equivalence ratios and fuel mixtures against the height
above the burner (HAB). As expected, CH4 and CH2O increase for
higher equivalence ratios due to higher carbon content in the flame.
An additional increase is visible in the OMEn-doped flames compared
to the pure ethylene flames. In particular, CH4 is significantly higher
in concentration in OMEn-doped flames as equivalence ratios increase,
suggesting a more effective decomposition process. The CH2O profile
contains a distinct peak close to the inlet again because of fast oxida-
tion/decomposition pathways. Then CH2O quickly decomposes further
downstream to even smaller species. In general, the preferential path-
ways leading to the formation of CH2O suggest a fast decomposition
and a more complete combustion process when OMEn is used compared
to pure ethylene. Further oxygenated species are reported in Fig. S5 in
the supplementary material.
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Fig. 2. Comparison of the simulated nanoparticle volume fraction against the measured LIF signal (top row) and the simulated soot volume fraction against the measured LII
signal (bottom row) for the four investigated equivalence ratios and fuel compositions. Lines indicate predicted profiles simulated using the quadvariate CQMOM model whereas
dots represent experimental data. The pure ethylene flame is colored black and the OMEn-doped flames are colored green, blue and red representing OME2, OME3, and OME4 fuel
addition to the flame. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Measurements in laminar flow reactors investigating flames burning
pure OMEn with 𝑛 = 0–5 at equivalence ratios of 𝜙 = 0.8, 1.2, 2.0 with
an electron ionization molecular-beam mass spectrometer for species
quantification [76] suggest that oxygenated intermediates are dominat-
ing the species pool. In the current simulations, the doping of 20 %
OMEn (𝑛 = 2, 3, 4) to ethylene flames results in a significant increase of
oxygenated species such as CH2O, which indicates that conclusions of
the experimental findings [76] are also valid for richer and therefore
soot-relevant conditions at 𝜙 = 2.01, 2.16, 2.31, 2.46.

OME doping inhibits the formation of species relevant for particle
formation and growth, such as C2H2 and C6H6. These species lead to
the formation of intermediate soot precursors and directly contribute to
soot formation processes due to surface growth by the HACA process or
deposition onto the particle surface (by C6H6 or larger PAHs). The C2H2
mole fraction is constantly higher in pure ethylene flames across all the
equivalence ratios because it mostly comes from ethylene dehydrogena-
tion pathways. Hence, C2H2 mainly depends on the amount of ethylene
present in the blend disregarding the equivalence ratio investigated.
The effect of OMEn is indeed of the first order on this species and
an even more pronounced effect on particle formation is expected at
higher equivalence ratios, where surface growth plays a major role. On
the other hand, the reduction of C6H6 increases at higher equivalence
ratios due to the relation of C6H6 formation to intermediate C3 and
C4 compounds. The effect of C6H6 on particles is more complex to
follow since it directly influences PAH formation, thus slowing down
the inception process. This is likely to have a significant effect also
at lower equivalence ratios where inception is the controlling step for
the soot evolution and growth process. Overall, it is interesting that
both the profile shape and the mole fraction values for all the key
species plotted show negligible differences for the different OMEn at

all the equivalence ratios. These findings suggest similar soot formation
behavior of the investigated OMEn compounds.

Fig. 2 shows the modeling results for particles compared with exper-
imentally measured nanoparticles and soot particles for the investigated
equivalence ratios and different OMEn-blended mixtures. As done in
previous works [8,9,11,52], here LIF signal is associated with aromatic
hydrocarbons in the condensed-phase, i.e., nanoparticles [66], whereas
the LII signal arises from the larger, solid soot particles and aggregates.
In order to better compare modeling results with experimental data,
following previous studies [8,52], the total amount of all particles
modeled of the state cluster and aggregate is split depending on particle
diameter. Specifically, nanoparticle volume fraction includes particles
smaller than the split diameter 𝑑𝑝,𝑠𝑝𝑙𝑖𝑡, while soot volume fraction in-
cludes particles with a diameter larger than 𝑑𝑝,𝑠𝑝𝑙𝑖𝑡. The splitting process
here is performed by varying the value of split particle diameter,
i.e., for 𝑑𝑝,𝑠𝑝𝑙𝑖𝑡 = 2 nm and 𝑑𝑝,𝑠𝑝𝑙𝑖𝑡 = 7 nm, to reduce the sensitivity of
the results on the selected value. The plotted volume fraction 𝑓𝑣 is
obtained as the average of both splitting processes. The error bars are
not reported here for the sake of clarity. However, as shown in previous
works [8,52], the choice of 𝑑𝑝,𝑠𝑝𝑙𝑖𝑡 is not affecting the profile shape nor
the absolute value of the volume fraction reduction by OMEn addition.

In previous studies [8,9], it has been found that OME3 addition
reduces the formation of large soot aggregates significantly, while the
formation of smaller nanoparticles is less affected. The LIF measure-
ments in Fig. 2 suggest similar trends for OME2 and OME4-doped
flames. There is indeed no noticeable difference in the LIF signal for
the pure C2H4 flame compared to OME3 and OME4-doped flames, the
OME2-doped flame exhibits the smallest signal value while still being
close to the other results and within the measurement uncertainty. The
simulation results of the nanoparticle formation show minor differences
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in OMEn compounds and therefore reproduce the trends observed in
the experiments. The model captures a slowing down of the parti-
cle formation process. Despite the model slightly overpredicting the
nanoparticle peak in the richest ethylene flame, it reproduces the trend
of nanoparticle concentration for ethylene and OMEn blends. Overall
it is interesting to note that all the OMEs behave similarly to other
oxygenated fuels [57], having a minor impact on the total formation
of small nanoparticles, which dominate particle size distribution in
terms of number [8]. In Richter et al. [32], the sooting propensity
of OMEn-doped laminar premixed diesel flames with 𝑛 = 3, 4, 5 were
measured and compared at which equivalence ratio the OMEn mixture
starts to soot. Similar sooting thresholds were found for the individual
OMEn, which agrees with the current quantitative investigations. The
LII measurements of this study show the onset of soot formation at an
equivalence ratio of 𝜙 = 2.16 for all OMEn mixtures, while no soot is
measured for 𝜙 = 2.01. Furthermore, the quantitative soot reduction for
the three investigated OMEn compounds at higher equivalence ratios is
comparable. Thus, the experimental results indicate that the reduction
of large aggregates is similar for mixtures blended with OME2, OME3,
and OME4. Regarding the simulation results, the significant reduction
of large particles due to OME2, OME3, and OME4 addition is well cap-
tured by the model. Nevertheless, the overall soot reduction predicted
by the model is less than the amount observed in the experiments.

In our previous work [8], a soot reduction of up to 70 % is
experimentally observed for the OME3-doped flames relative to neat
ethylene flames. Compared to the previous modeling results of the
OME3-doped flame simulations, the formaldehyde decomposition of the
base mechanism has been revised in this work. These changes improve
the numerically obtained soot reduction from approx. 25 % in [8] to
44 % for the richest OME3 flame and 33 % for the OME4 flame of this
work, which is significantly closer to the measurements. Furthermore,
these results confirm the validity of the approach of extending the gas-
phase kinetics, originally developed by Sun et al. [40] for OMEn with
𝑛 = 1, 2, 3, with the kinetics of OME4 similar to its smaller counterparts
for the investigated conditions.

4.2. Reaction analysis

The gas-phase kinetics is further analyzed to identify the main
reaction pathways under rich flame conditions and better understand
the reaction pathways for different OMEn. Fig. 3 schematically displays
the reaction pathways of the OME3 decomposition to smaller species for
a mixture of C2H4/OME3/O2∕N2 at an equivalence ratio of 𝜙 = 2.46 and
temperature 𝑇 = 1500K, which corresponds to a position of approxi-
mately 𝐻𝐴𝐵 = 0.001m within the premixed flames. The composition
of the gas-phase is according to Table 1. The carbon flux indicates that
for OME3, oxidation/decomposition pathways lead rapidly to CH2O
formation. The importance of this latter in OMEn-doped, rich com-
bustion is hence crucial, and its oxidation/decomposition determines
the overall particle reduction. Furthermore, it is observed that in the
fuel-rich conditions analyzed in this study, the unimolecular pathways,
almost irrelevant (<1 %) in the leaner conditions analyzed by Sun
et al. (See Fig. 5 in [40]), are here significant. Approximately 35 %
of the carbon contained in the OME3 fuel indeed decomposes through
unimolecular decomposition reactions. Similar trends have been ob-
served in the reaction pathway analysis for OME2 (≈50 %) and OME4
(≈36 %), shown in Fig. 4 and Fig. 5. Large amounts of CH2O and other
aldehydic compounds are formed during OMEn combustion, whereas
almost no other oxygenated species are produced. This could be linked
to the presence of a specific oxygen functionality on particles found
experimentally [8].

Molecular dynamics simulations for OME3, OME4, and OME5 py-
rolysis at high temperatures combined with calculation of bond dis-
sociation energies of the corresponding individual C–O bonds of the
OMEn molecule found CH3, CH3O, and CH2O to be the decomposition

products of the largest quantity [77]. C-H breaking and initial H-
abstraction were found not to be the dominating reaction pathways
for OMEn pyrolysis [77]. Among the unimolecular reactions, the ones
breaking the inner C–O bonds were the ones favored over the dissoci-
ation of outer C–O bonds in the OMEn molecules [77]. Both studies,
Zhu et al. [77] and the current one, suggest that unimolecular reaction
pathways mostly affect the initial reactions under rich or pyrolytic con-
ditions. Other studies, e.g., [40,48] focused on slightly lean to slightly
rich flames and found H-abstraction reactions to mainly decompose the
initial OMEn molecules under these conditions. Further investigation on
the unimolecular reaction pathways for the context of soot formation
is needed.

Finally, Fig. 6 shows the sensitivity of the mole fraction peaks of the
species CH2O, C2H2, C6H6, and C16H10 in the richest OME3 flame with
an equivalence ratio of 𝜙 = 2.46 for a small change (𝑘 = 0.5 %) of the
reaction rate coefficients of selected reactions decomposing OME3 into
radicals and smaller species. Sensitivity analysis confirms the general
picture seen in reaction pathway analysis for CH2O formation. The
formation of the OME3A radical and the breaking of OME3 into small
fragments strongly favor CH2O formation. On the other side, OME3B
radicals and even more OME3C radicals have a negative impact on
the CH2O formation, slowing down the process. OME3B eventually
decomposing into small fragments (R648) would recover its capability
of fast-producing CH2O. Similar results are obtained for OME2 and
OME4 (see Fig. S2 and Fig. S3 in the supplemental material). Sensitivity
analysis for OME2 shows a strong preference for OME2A radical for
CH2O formation without a possibility of recovering for OME2B. On the
other side, for OME4, the only radical that inhibits CH2O formation
is OME4C, whereas OME4B quickly breaks into small fragments and
favors CH2O formation.

The subsequent effect on soot precursor formation is addition-
ally shown in Fig. 6 through the soot-relevant species C2H2, and the
aromatic and PAH species benzene and pyrene, C6H6 and C16H10,
respectively. The sensitivities of their mole fraction peaks are scaled
by a factor of 2, 6, and 16, respectively, which represent the number
of carbon atoms of each molecule to demonstrate the sensitivity of the
carbon streams. Fig. 6 illustrates that the C2H2 peak is not significantly
affected by the initial decomposition reactions of the OME3 fuel. In
the investigated flames, the largest contribution to C2H2 formation
seems not to be originating from OME3 fuel but due to the C2H4
decomposition. On the other hand, C6H6 and C16H10 peaks are highly
affected by small changes in the initial OME3 decomposition reactions.
Direct decomposition of OME3 to smaller fragments, such as reactions
R621, R622, R623, and R624, slightly favors the formation of aromatic
species, with the impact being generally small. OME3B decomposition
shows a clear trend. Here, the decomposition of OME3B to a methyl
radical (R647) increases the aromatics formation, while decomposi-
tion into smaller fragments (R648) significantly reduces their peaks.
The two reactions with the highest sensitivity on the benzene and
pyrene peak (R647, R648) suggest a correlation between the CH2O
peak increase and the reduction of aromatic species. The remaining
reactions show an overall quite small sensitivity on the formation of
aromatics and PAHs. Here, additional aspects seem to superpose the
formation of benzene and pyrene and to have counteracting effects on
their formation.

Results for the OME2 and OME4 flames are attached (see Fig. S2
and Fig. S3 in the supplementary material). Similar trends can be
observed for OME2 and OME4. For instance, the reaction R691, which
decomposes OME4, is favoring CH2O formation and simultaneously
reduces the benzene and pyrene peak, and R692 shows the inverse
effect with a reduction of CH2O and an increase in C6H6 and C16H10
for a decomposition toward OME4C. The current results demonstrate
the high impact of the initial decomposition pathways of the OMEn
molecules on the formation of CH2O and subsequent soot precursors.

It can be concluded that the chemical effect of OMEn relies upon
a delay of the soot formation process due to the formation of CH2O
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Fig. 3. Reaction pathways for OME3 based on the integrated carbon flux for the C2H4/OME3/O2/N2 mixture at 𝜙 = 2.46. The numbers are the flux percent contribution
relative to the species on the source side. The red lines indicate the unimolecular decomposition pathways. According to [40], OME3A: CH3OCH2OCH2OCH2OCH2; OME3B:
CH3OCH2OCH2OCHOCH3; OME3C: CH3OCH2OCHOCH2OCH3; OME2A: CH3OCH2OCH2OCH2. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Reaction pathways for OME2 based on the integrated carbon flux for the C2H4/OME2/O2/N2 mixture at 𝜙 = 2.46. The numbers are the flux percent contribution relative
to the species on the source side. The red lines indicate the unimolecular decomposition pathways. According to [40], OME2A: CH3OCH2OCH2OCH2; OME2B: CH3OCH2OCHOCH3.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

subtracting carbon from the formation pathways of aromatic species.
The abstraction of methyl radicals CH3 seems to represent the only
major pathway that could lead to the formation of aromatic struc-
tures via subsequent acetylene formation or propargyl recombination

mechanisms during the initial decomposition process of the OMEn
fuel. In comparison, the decomposition of C2H4 leads to an immedi-
ate formation of C2H2 due to dehydrogenation and subsequent rapid
formation of PAH species.
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Fig. 5. Reaction pathways for OME4 based on the integrated carbon flux for the C2H4/OME4/O2/N2 mixture at 𝜙 = 2.46. The numbers are the flux percent contribution
relative to the species on the source side. The red lines indicate the unimolecular decomposition pathways. According to [40], OME4: CH3OCH2OCH2OCH2OCH2OCH3;
OME4A: CH3OCH2OCH2OCH2OCH2OCH2; OME4B: CH3OCH2OCH2OCH2OCHOCH3; OME4C: CH3OCH2OCH2OCHOCH2OCH3; OME3A: CH3OCH2OCH2OCH2OCH2; OME3B:
CH3OCH2OCH2OCHOCH3; OME3C: CH3OCH2OCHOCH2OCH3; OME2A: CH3OCH2OCH2OCH2. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Sensitivity of the mole fraction peaks of the species CH2O, C2H2, C6H6, and C16H10 for small perturbations of different reaction rates in the richest OME3
flame at 𝜙 = 2.46. Sensitivities are scaled by the number of carbon atoms present in the corresponding species. According to [40], OME3: CH3OCH2OCH2OCH2OCH3;
OME3A: CH3OCH2OCH2OCH2OCH2; OME3B: CH3OCH2OCH2OCHOCH3; OME3C: CH3OCH2OCHOCH2OCH3; OME2: CH3OCH2OCH2OCH3; OME3A: CH3OCH2OCH2OCH2; COCOCOj:
CH3OCH2OCH2O; COCOCOC⋅O: CH3OCH2OCH2OCHO.
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5. Conclusions

The sooting propensity of different OMEn compounds for 𝑛 = 2, 3, 4
was investigated by combining experimental measurements with nu-
merical simulations. Ethylene flames with equivalence ratios of 𝜙 =
2.01, 2.16, 2.31, 2.46 blended with 20 % OMEn compounds of different
chain lengths were studied. Experimental LIF and LII measurements
for these flames were performed, which exhibited similar trends for
the soot formation properties of the three OMEn investigated. Adding
all OMEn compounds leads primarily to a reduction of soot aggre-
gates compared to pure ethylene flames, which was observed in the
numerical results and confirmed by the LII measurements. On the other
hand, LIF measurements and modeling suggest that nanoparticles are
less affected. A comparable total amount of soot particle reduction for
the three OMEn was observed. Furthermore, the kinetic mechanism
from Sun et al. [40] for OME1−3 was extended with OME4 kinetics
to study the gas-phase species under fuel-rich conditions. Numerical
simulations were performed using the detailed kinetic mechanism in
combination with the CQMOM soot model. The modeling reproduces
the experimentally observed trends of the soot reduction very well
for all OMEn compounds. Reaction pathway analyses and sensitivity
studies for the OMEn show the importance of fuel decomposition under
the investigated conditions for CH2O formation. Overall, the different
OMEn showed similar soot formation under the conditions investigated,
suggesting that some differences could arise when the initial steps of
oxidation/decomposition become slow enough to be the controlling
steps.
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This supplementary material complements the article and provides additional information on the applied kinetic mechanism, species
profiles, and reaction sensitivity analyses.
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Supplement A Rate coefficients of CH2O decomposition and effects on soot formation

Table S 1: Changes to the reactions describing the formaldehyde breakdown. Reaction rate expression is k = ATnexp(−Ea/RT ). Units are
expressed in s−1, cm3 and calmol−1.

No. Reaction A n Ea

Mech. A (this work) [1–3] CH2O + H −−⇀↽−− H2 + HCO 2.29E+08 1.05 3280.2
Mech. A (this work) [1, 4–6] CH2O + OH −−⇀↽−− H2O + HCO 3.43E+07 1.18 -447.3
Mech. B ([7] + OME4 reactions from Tab. S2) CH2O + H −−⇀↽−− H2 + HCO 2.29E+10 1.05 3280.2
Mech. B ([7] + OME4 reactions from Tab. S2) CH2O + OH −−⇀↽−− H2O + HCO 3.43E+09 1.18 -447.3
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Fig. S 1: Normalized (to the corresponding value of the pure ethylene flame) soot volume fraction for the investigated equivalence ratios at
HAB = 15mm. Comparison of experimental LII signal with the modeling results of the soot volume fraction using mechanism A and mechanism
B.
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Supplement B Sensitivity analysis for OME2 and OME4
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Fig. S 2: Sensitivity of the mole fraction peaks of the species CH2O, C2H2, C6H6, and C16H10 for small perturbations of different reaction rates in
the OME2 flame at ϕ = 2.46. Sensitivities are scaled by the number of carbon atoms present in the corresponding species. According to [8], OME2:
CH3OCH2OCH2OCH3; OME2A: CH3OCH2OCH2OCH2; OME2B: CH3OCH2OCHOCH3; COCOC ·O: CH3OCH2OCHO.
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Fig. S 3: Sensitivity of the mole fraction peaks of the species CH2O, C2H2, C6H6, and C16H10 for small perturbations of different reaction
rates in the OME4 flame at ϕ = 2.46. Sensitivities are scaled by the number of carbon atoms present in the corresponding species. According
to [8], OME4: CH3OCH2OCH2OCH2OCH2OCH3; OME4A: CH3OCH2OCH2OCH2OCH2OCH2; OME4B: CH3OCH2OCH2OCH2OCHOCH3;
OME4C: CH3OCH2OCH2OCHOCH2OCH3; OME3A: CH3OCH2OCH2OCH2OCH2; OME2A: CH3OCH2OCH2OCH2; COCOCOCOj:
CH3OCH2OCH2OCH2O; COCOCOj: CH3OCH2OCH2O.

3

P-40



Supplement C Additional species mole fraction profiles
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Fig. S 4: Simulated species mole fraction profiles of CO, CO2, H2O, H and H2 as a function of height above the burner HAB obtained for pure
ethylene and OMEn/ethylene blended mixture for n = 2, 3, 4 at different equivalence ratios.
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Supplement D OME4 sub-mechanism reactions

Table S 2: Selected reactions of the OME4 sub-mechanism derived from the OME3 mechanism from Sun et al. [8]. Reaction rate expression is
k = ATnexp(−Ea/RT ). Units are expressed in s−1, cm3 and calmol−1.

No. Reaction A n Ea

1 OME4+M = COCOCOCOCOj+CH3+M 2.33E+19 -0.66 84139.5
LOW 1.72E+59 -11.40 93295.6
TROE 1.0 1.0E-30 880

H2/3.0/ H2O/9.0/ CH4/3.0/ CO/2.25/ CO2/3.0/ C2H6/4.5/ Ar/1.0
2 OME4+M = OME3A+M+CH3O 1.24E+25 -2.29 85330

LOW 3.55E+83 -18.70 98640
TROE 9.0E-6 506 1.14E+10 2470

3 OME4+M = COCOCOCOj+CH3OCH2+M 1.24E+25 -2.29 85330
LOW 3.55E+83 -18.70 98640
TROE 9.0E-6 506 1.14E+10 2470

4 OME4+M = OME2A+CH3OCH2O+M 1.24E+25 -2.29 85330
LOW 3.55E+83 -18.70 98640
TROE 9.0E-6 506 1.14E+10 2470

5 OME4+M = OME3+CH2O+M 1.0E+14 0.00 65210
LOW 5.72E+96 -23.0 80813
TROE 1.17E-3 379 1.58E+7 4730

6 OME4+H = OME4A+H2 3.940E+00 4.13 1.780E+03
7 OME4+H = OME4B+H2 7.400E+14 0.00 3.170E+03
8 OME4+H = OME4C+H2 3.700E+14 0.00 3.170E+03
9 OME4+OH = OME4A+H2O 1.954E+07 1.89 -3.656E+02
10 OME4+OH = OME4B+H2O 2.260E+03 2.93 4.040E+03
11 OME4+OH = OME4C+H2O 1.130E+03 2.93 4.040E+03
12 OME4+O = OME4A+OH 2.689E+07 2.00 2.632E+03
13 OME4+O = OME4B+OH 1.600E+13 0.00 3.038E+03
15 OME4+O = OME4C+OH 8.000E+12 0.00 3.038E+03
16 OME4+CH3 = OME4A+CH4 1.019E+01 3.78 9.688E+03
17 OME4+CH3 = OME4B+CH4 9.993E+11 0.00 9.767E+03
18 OME4+CH3 = OME4C+CH4 4.997E+11 0.00 9.767E+03
19 OME4+HO2 = OME4A+H2O2 1.680E+03 0.00 1.769E+04
20 OME4+HO2 = OME4B+H2O2 2.950E+04 2.60 1.390E+04
21 OME4+HO2 = OME4C+H2O2 1.475E+04 2.60 1.390E+04
22 OME4+O2 = OME4A+HO2 2.000E+13 0.00 4.560E+04
23 OME4+O2 = OME4B+HO2 6.660E+12 0.00 4.354E+04
24 OME4+O2 = OME4C+HO2 3.330E+12 0.00 4.354E+04
25 OME4+CH3O = OME4A+CH3OH 6.020E+11 0.00 4.074E+03
26 OME4+CH3O = OME4B+CH3OH 1.000E+12 0.00 4.552E+03
27 OME4+CH3O = OME4C+CH3OH 5.000E+11 0.00 4.552E+03
28 OME4A = OME3A+CH2O 4.450E+14 -0.22 2.727E+04
29 OME4B = COCOCOCOC*O+CH3 2.860E+15 -0.24 1.017E+04
30 OME4B = OME2A+CH3OCHO 2.860E+15 -0.24 1.017E+04
31 OME4C = COCOCOC*O+CH3OCH2 5.720E+15 -0.24 1.017E+04
32 OME4+M = CH3OCH2OCH2+COCOCOj+M 1.240E+25 -2.29 85330

LOW 3.55E+83 -18.70 98640
TROE 9.0E-6 506 1.14E+10 2470

Note: OME4: CH3OCH2OCH2OCH2OCH2OCH3; OME4A: CH3OCH2OCH2OCH2OCH2OCH2; OME4B:
CH3OCH2OCH2OCH2OCHOCH3; OME4C: CH3OCH2OCH2OCHOCH2OCH3; OME3: CH3OCH2OCH2OCH2OCH3; OME3A:
CH3OCH2OCH2OCH2OCH2; OME2A: CH3OCH2OCH2OCH2; COCOCOCOCOj: CH3OCH2OCH2OCH2OCH2O; COCOCOCOj:
CH3OCH2OCH2OCH2O; COCOCOj: CH3OCH2OCH2O; COCOCOCOC*O: CH3OCH2OCH2OCH2OCHO; COCOCOC*O:
CH3OCH2OCH2OCHO.
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A B S T R A C T

A detailed investigation of the process of soot formation in ethylene-fueled laminar counterflow diffusion
flames is conducted using dedicated experiments and numerical simulations. Two different strategies based
on the Discrete Sectional Method (DSM) and the Split-based Quadrature Method of Moments (S-EQMOM)
are considered to model the evolution of soot particle size distributions, and their comparative assessment
is carried out for soot formation prediction and particle growth. A consistent chemical reaction mechanism
describing the oxidation of hydrocarbon fuels and the prediction of soot precursors with the growth of
polycyclic aromatic hydrocarbons (PAHs) up to pyrene (C16H10) is examined. Experiments for various strain
rates and fuel compositions are performed to assess the sensitivity of soot production to these two parameters.
The results show that both modeling strategies captured well the qualitative trends of soot volume fraction
under variations in strain rate and mixture composition, with slight over-prediction of the peak values. For both
soot models, a higher sensitivity of soot formation is noticed by changes in mixture composition compared to
those of strain rate variation. Additionally, the soot models demonstrated promising performance in capturing
the experimentally observed evolution of the soot particle size distribution (PSD).

1. Introduction

The emission of particulate matter (predominantly soot) from com-
bustion systems is one of the major concerns due to its harmful effects
on human health and the environment. Soot particles can range from
large sizes that tend to precipitate by gravity, to small sizes that remain
in the atmosphere causing more adverse issues such as respiratory
problems. Especially soot particles emitted by aero-engines, typically
in higher altitudes, absorb sunlight and affect cloud formation when
acting as condensation nuclei leading to contrails [1]. For all these
reasons, current emission regulations in both air and road transporta-
tion are targeting not only soot volume fraction but also particle size
distributions [2]. The present-day emission legislation is based on inte-
gral values such as soot particle number density or soot particle mass

∗ Corresponding author.
E-mail address: a.j.kalbhor@tue.nl (A. Kalbhor).

1 Joint First Authors.

concentration. In fact, the physical and chemical processes associated
with soot formation depend on the size distribution of the particles
themselves, especially, soot oxidation, which significantly influences
the final particle concentrations during subsequent processes in non-
premixed flames [3,4]. Therefore, incorporating the size distribution
in addition to integral quantities, such as soot volume fraction, is of
significant interest to further understand the soot formation process and
develop appropriate models for predicting their characteristics.

Soot chemistry is characterized by slower time scales than that of
fuel oxidation [5,6]. Therefore, soot formation may be appreciably
influenced by characteristics of flow time scales that alter the residence
time of particles in a flame [7]. In practical combustion devices,
which often operate under turbulent conditions, the soot formation
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process is highly affected by complex interactions of reactive flow,
flame, and soot. Therefore, understanding soot response to flow varia-
tions is an important research topic concerning predictive soot model
development.

In this context, the counterflow diffusion flame is an attractive
configuration for systematic studies analyzing flow time effects on soot
formation through strain rate variations. Several experimental [8–12]
and numerical investigations [11–13] have addressed soot sensitivity to
strain rate for different fuels in counterflow configurations. It is shown
that increased strain rates inhibit soot formation (indicated by soot
volume fraction and PAH concentrations, e.g., pyrene concentration)
as a consequence of the lower residence times. While these studies
have contributed to understanding physical and chemical mechanisms
associated with interactions between flow and soot in more detail,
the systematic investigation of strain rate effects on the evolution of
soot particle size distribution in a counterflow configuration remains
limited. In addition, this configuration is suitable to investigate the
sooting tendencies of different fuels in the form of a limit curve [14],
as fuel composition can be manipulated with the dilution of non-
hydrocarbon gases such as nitrogen. Fuel dilution with nitrogen has
been shown to affect the sooting tendency through variation mainly of
the flame temperature or the concentration of soot precursors [15–17].

For these reasons, we perform numerical simulations with two
different state-of-the-art soot modeling strategies from recently mea-
sured counterflow flames [18] to investigate their sooting characteris-
tics. These modeling approaches include the discrete sectional method
(DSM) [19] and the split-based extended quadrature method of mo-
ments (S-EQMOM) [20], which provide direct information on the soot
particle size distribution (PSD). Sets of different mixture compositions
and strain rate variations are investigated with lightly and moderately
sooting conditions which extends the data pool for this configuration
with systematic parameter variations. The present study uniquely fea-
tures detailed measurements of the soot formation by including soot
volume fraction and PSD in combination with the comparison of two
different soot models. Furthermore, a new comprehensive chemical ki-
netic mechanism referred to as ESTiMatE-Mech [21] (abbreviated name
as EST3) is introduced for modeling the PAH formation chemistry. This
mechanism was developed with a focus on the prediction of the PAH
formation during the combustion of ethylene and a wide range of jet
fuel surrogates.

Considering the rich experimental database and the different mod-
eling approaches, the objectives of the present study are: (1) to sys-
tematically investigate the strain rate sensitivity of soot formation and
the effects of fuel dilution in laminar ethylene counterflow flames by
using new experiments and computations; (2) to study the evolution of
soot particle size distribution under strain rate variation and fuel dilu-
tion; (3) to introduce a new chemical kinetic mechanism and validate
its performance for soot prediction in laminar ethylene counterflow
flames; and (4) to perform a comparative assessment of the predictive
capabilities of two soot modeling strategies concerning soot formation
characteristics.

The manuscript is organized as follows: the experimental setup
and measurement techniques for the species, temperature, and soot
quantities are described. Subsequently, the modeling study is presented
in two parts. First, the kinetic mechanism is presented including val-
idation with species and temperature profiles measured within the
counterflow flames using ethylene as a fuel. Second, the performance
of the two soot models in the soot prediction in counterflow flames
from Wang and Chung [11] is evaluated by comparing the new reaction
mechanism EST3 with the well-established KM2 mechanism [22]. The
main investigation is performed on a series of ethylene counterflow
diffusion flames with varying strain rates and fuel compositions [23].
The experimental data sets for soot formation and PSD evolution are
compared against the simulation results. A detailed analysis of the soot
formation sub-processes is provided by comparing the numerical results
for both soot models. Finally, the concluding remarks and perspectives
are given.

Fig. 1. Schematic of the counterflow burner.

2. Experimental approach

The counterflow setup employed in the present work is based on
the burner design described in [24,25]. The details of the experimental
setup consisting of intrusive particle sampling coupled with differential
mobility particle sizing, i.e., a scanning mobility particle sizer (SMPS),
two-color time-resolved laser-induced incandescence (2C-TiRe-LII), and
fuel/oxidizer flow control systems can be found in the work of Hagen
et al. [18,23]. The burner consists of two concentrically placed identical
ducts with inner diameters of 25 mm, configured as opposed to each
other, with a separation distance of 12.5 mm. The bottom duct (fuel
duct) is surrounded by two concentric annular ducts. Nitrogen gas
shielding is applied through the inner annular gap to avoid ambient air
interference and the formation of secondary edge flames. To facilitate
the suction of product gases, an outermost annular duct is connected
to an exhaust system. Similar to the fuel duct, the oxidizer duct is also
shrouded by nitrogen. To ensure plug-flow type boundary conditions,
multiple stainless steel wire screens (200 meshes/inch) are placed at
the nozzle exit. The flow rates are adjusted by thermal mass flow
controllers (MFC) with an uncertainty of less than 1%. The schematic
of the counterflow burner setup is shown in Fig. 1.

In the present experiments, ethylene with a purity of > 99.9% is
used as fuel diluted with nitrogen, while synthetic air (21% O2/79%
N2 by volume) is used as an oxidizer. For the shielding and dilution of
the fuel, nitrogen with a purity of > 99.999% is used. The fuel and oxi-
dizer are maintained at 300 K ambient temperature under atmospheric
pressure. In the experiments, a momentum balance is imposed to ensure
the stagnation plane formed by the reactant streams lies approximately
in the central region between the two ducts. In the counterflow burner,
the global strain rate of the oxidizer is defined as:

𝐾 =
2|𝑢𝑜|
𝐿

(
1 +

|𝑢𝑓 |√𝜌𝑓
|𝑢𝑜|

√
𝜌𝑜

)
, (1)

where 𝑢 denotes the flow velocity of reactants, 𝐿 represents nozzle
separation distance, and 𝜌 is the gas density. Subscripts 𝑓 and 𝑜 indi-
cate the fuel and oxidizer streams, respectively. Under the momentum
balance (𝜌𝑓 𝑢2𝑓 = 𝜌𝑜𝑢2𝑜), global strain rate simplifies to 𝐾 = 4𝑢𝑜∕𝐿. In
the current study, variation in global strain rate and stoichiometric
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Table 1
Strain rates and fuel compositions of the investigated ethylene-air counterflow
flames.

Flame C2H4 mass fraction in fuel (𝑌𝐹 ,𝑓 ) [–] Strain rate (𝐾) [s−1]

1 0.20 60
2 0.25 60
3 0.30 50
4 0.30 60
5 0.30 70
6 0.35 60
7 0.25 100

mixture composition is achieved by altering the nozzle exit velocities
of reactants and the mass fraction of ethylene in the fuel stream (𝑌𝐹 ,𝑓 ).
The experimental conditions of the investigated flames are summarized
in Table 1.

In this study, temperature, concentrations of gaseous species, soot
volume fractions 𝑓𝑣 and mobility particle size distributions 𝑃 (𝑑𝑚) are
measured along the flame axis to obtain the profiles as a function
of the height above the fuel duct (HAB for brevity). Temperatures
were determined using a 300µm wire diameter (after coating) S-type
thermocouple that was built in-house and is described in detail in [25].
Taking into account the standard deviation of the measurement and
the uncertainties imposed by the radiation correction [26], the highest
level of uncertainty of the reported temperatures is 80 K [18,25]. The
influence of soot deposits on radiation correction can be neglected since
the residence time of the thermocouple in the low-sooting counterflow
flames was chosen to be less than three seconds.

Gas chromatography coupled with mass spectrometry (GC/MS) is
used to quantify gas species concentrations in the examined flames
via probing gas phase species. The used sampling system consisting
of a chemically inert, deactivated aluminum oxide (Al2O3) tube (ID
0.3 mm/OD 0.5 mm, 25 mm length) is explained in [24,25]. This micro-
probe is connected to a 1/16′′ stainless steel tube, which in turn is
fixed through a reducer fitting to a 6 mm stainless steel tube. The
transfer line connecting the flame probe to the gas GC/MS is heated
up to 423 K in order to prevent condensation of species from the flame
probe. The GC/MS is equipped with a Thermal Conductivity Detector
(TCD) for quantifying permanent gases (CO, CO2, O2, H2O, and H2)
and two Flame Ionization Detectors (FID) for hydrocarbons. Details of
the GC/MS, the probe as well as the sampling system used for these
investigations are given in the work from Sentko et al. [27].

The GC/MS was calibrated with gaseous and liquid mixtures. Gas
calibration of the GC/MS is performed with calibration reference gas
mixtures consisting of CO, CO2, O2, H2, N2, CH4, C2H2, and C6H6.
On the other hand, higher hydrocarbons and PAHs were calibrated
with liquid reference mixtures fed to the GC/MS using a calibration
unit consisting of a syringe pump and a direct vaporizer, or by liquid
injection. Both methods showed excellent agreement and were used
for different concentration levels. To ensure accurate quantification,
all species subjected to quantitative analysis were calibrated at least
at two different concentration levels, i.e., in a two-point calibration.
The overall uncertainty on the reported concentrations is ± 3%–10%
for the major species (N2, O2, H2, CO, CO2, and CH4), ± 5%–30% for
light and heavy hydrocarbons, which include several soot precursors
(i.e., styrene, ethylbenzene, naphthalene, pyrene, etc.), and ± 20% for
water. These values correspond to the largest uncertainty of the species
in the flames studied, taking into account the standard deviations of
three repeated measurements and the uncertainties from the calibration
procedures. The latter includes the uncertainties in concentrations of
reference gases and liquids. Note that there is an additional error in
the measured mole fractions arising from the non-isokinetic sampling,
which has already been discussed in [28]. The limit of detection (LOD)
for the higher PAHs, i.e., the three- and four-ring systems, is 1 ppm.

For the measurement of volume fraction 𝑓𝑣 and mobility size distri-
bution 𝑃 (𝑑𝑚) of soot particles formed in the investigated counterflow

flames, a particle sampling system coupled with differential mobility
particle sizing, i.e. SMPS, described in detail in [23], is employed.
Aerosol sampling features a tailored probe that is traversed through the
flame in combination with a two-stage dilution system. The dual-port
probe consists of a double-walled quartz tube with a wall thickness of
1.0 mm, an inner diameter of 6.0 mm for the outer tube, and 3.0 mm
for the inner tube, respectively. The outer tube narrows down to an
inner diameter at the tip of 0.2 mm to reduce flow perturbance and
minimize heat losses from the flame. The extracted aerosol sample is
rapidly diluted with nitrogen in two stages to prevent further surface
growth, coagulation, and oxidation processes of the particles. The
resulting dilution ratio (𝐷𝑅) of the particle-laden flame gas sample was
𝐷𝑅≈ 2 × 103 [23], which simultaneously corresponds to the maximum
values of [29]. To demonstrate the performance of the particle sampling
system, 𝑓𝑣 and 𝑃 (𝑑𝑚) derived via differential mobility sizing were
compared in [23] with those obtained by non-intrusive laser-based
diagnostics, i.e. 2C-TiRe-LII. Thereby, excellent agreement was found.
Further, a threshold for the developed probe was discussed, beyond
which no influence of 𝐷𝑅 on 𝑃 (𝑑𝑚) and 𝑓𝑣 was observed. In this study,
the dilution ratio 𝐷𝑅 exceeded this threshold. A sketch of the aerosol
probe and a description of the methods used to determine and control
𝐷𝑅 is given in [23]. The approach for correcting 𝑃 (𝑑𝑚) for particle
losses in the probe and tubes is also provided in [23]. For differential
mobility sizing, an electrostatic classifier (EC), a soft X-ray neutralizer,
a nano-differential mobility analyzer (nano-DMA), and a condensation
particle counter (CPC) have been used. Details of the instrumentation
can be found in [30]. As reported in [23,31], uncertainties in the
dilution ratio, perturbations of the flame, sampling from a volume
rather than a point source, and particle deposition in the probe lead
to unavoidable uncertainties in the measurement of 𝑓𝑣 and 𝑃 (𝑑𝑚) of
±30%.

3. Gas-phase modeling

Complementary to the experimental study, numerical simulations of
the measured ethylene flames are performed to compare the ability of
the models to predict the main features of the flame and their sooting
characteristics. The modeling assessment of the two-phase flow (solid-
gas) can be divided into two main parts: gas-phase validation and soot
prediction. In this section, the reaction mechanism used to describe the
chemistry of the gas phase is introduced, and numerical simulations
with detailed chemistry (without soot) are conducted to validate the
chemical kinetic mechanism. Dedicated experiments for non-sooting
conditions are used to examine the accuracy of the new reaction
mechanism EST3 to reproduce the concentrations of major species and
PAHs prior to the sooting flame calculations. The description of the
gas-phase reaction kinetic approach, along with its validation based on
experimental species and temperature data, is detailed below.

3.1. Chemical-kinetic reaction mechanism for soot formation

The chemical-kinetic reaction mechanism EST3 [21,32] is used
to describe the chemical breakdown and oxidation of the ethylene
fuel. In addition to the kinetics of ethylene, the EST3 mechanism
was developed to model the combustion of different compositions of
jet fuel surrogates as well as their components [21]. For modeling
surrogates of complex practical fuels, EST3 can handle several different
iso-alkanes up to iso-octane, n-alkanes up to n-dodecane, and cyclo-
alkanes up to cyclo-hexane. Moreover, EST3 includes the kinetics of
different potential candidates to represent the aromatics in a jet fuel
surrogate formulation, such as toluene, n-propylbenzene, m-xylene,
and 1,3,5-trimethylbenzene. The EST3 mechanism has been developed
with a focus on the formation of PAHs up to pyrene (A4), which is
considered the key precursor for soot nucleation within the employed
soot models. The EST3 mechanism consists of 214 chemical species and
1539 elementary reactions.
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Fig. 2. Comparison between experimental (symbols) and modeling results (curves) obtained with EST3 [21,32] (solid) and KM2 [22] (dashed) mechanisms for C2H4, CO2, and
C2H2 mole fractions and temperature profiles in counterflow ethylene flames 2, 6, and 7.

In the development of EST3, a recently updated and extensively
validated reaction mechanism for kerosene surrogate was selected as
a base mechanism, the DLR Concise [33,34]. DLR Concise is a compact
modular mechanism that encompasses the kinetics of many n-paraffins,
iso-paraffins, cyclo-paraffins, and aromatics. To generate EST3, species
that were not considered molecules of interest to be part of jet fuel
surrogates were removed from the base mechanism (e.g. larger iso-
paraffins iC > 8 and larger n-alkanes nC > 12). In addition, chemical
kinetic sub-models of species of interest that were not yet considered in
DLR Concise were developed and incorporated, such as m-xylene and
1,3,5-trimethylbenzene [21].

Furthermore, the chemical mechanism was updated taking into
account a new detailed experimental database obtained from a coun-
terflow burner [32]. In this counterflow burner, different fuels such
as iso-octane, 1,3,5-trimethylbenzene, a jet A-1 surrogate, and ethylene
were evaluated. This new experimental database allowed for validating
and refining the mechanism, taking into account different fuels, strain
rates, and fuel mass fractions. A description of the kinetics of these
fuel components is omitted here for brevity; for more information, see
Ref. [32]. To assure good predictability of species profiles of various
PAHs within the combustion of a wide range of fuel components, some
modifications based on reaction pathway (ROP) and sensitivity analysis
were made, including analyses of the base mechanism [21]. Therefore,
EST3 offers the capability to analyze a wide range of hydrocarbons,
from lighter compounds such as ethylene to the kinetics of kerosene sur-
rogates. It allows for consistent modeling of PAH formation that aligns
well with the applied soot model. This enables efficient studies on
soot formation across a diverse range of hydrocarbon fuels, including
ethylene.

3.1.1. Validation of the chemical-kinetic reaction mechanism EST3
The proposed chemical-kinetic reaction mechanism of ethylene is

validated for multiple PAH species including benzene (A1), toluene
(A1CH3), styrene (C8H8), indene (C9H8), naphthalene (A2), and ace-
naphthylene (A2R5). Experimental data for larger PAHs, such as
phenanthrene (A3) and pyrene (A4), were unavailable as their con-
centrations were below their detection limits. In Fig. 2, the modeling
results obtained with the EST3 mechanism are compared against the
measurements for three counterflow ethylene flames with different
strain rates and fuel compositions. The counterflow burner was mod-
eled with Cantera [35] to solve the governing equations of the 1-D
flame. The species diffusive mass fluxes were computed according to
the multi-component formulation. The simulations are carried out for
gas-phase description without the coupling of any soot model.

The spatial profiles for temperature and concentration (in mole
fraction 𝑋) of major species (C2H4, CO2, and C2H2) are shown in
Fig. 2. The results from the reference mechanism, KM2 [22], are also
included for completeness. As observed in Fig. 2, the profiles of major
species and temperature are well captured by the EST3 mechanism.
Especially, the concentration of C2H2, a key precursor species in soot
formation, is well predicted by EST3 as compared to KM2. Besides
major species, modeling results for the aromatics, such as benzene (A1),
toluene (A1CH3), naphthalene (A2), and pyrene (A4) are also presented
in Fig. 3. The EST3 model reveals a good qualitative and quantitative
predictability of benzene and naphthalene. Especially for flames with
lower dilution levels, EST3 mechanism shows better quantitative pre-
diction of toluene (Fig. 3(b)) and A2 (Fig. 3(c)) species. It is important
to note that, as introduced above, the EST3 mechanism is designed to
be applicable to a wide range of hydrocarbon fuels, not limited to C1–C4
fuels like the KM2 mechanism. However, there might be limitations in
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Fig. 3. Comparison between experimental (symbols) and modeling results (curves) obtained with EST3 [21,32] (solid) and KM2 [22] (dashed) mechanisms for benzene (A1),
toluene (A1CH3), naphthalene (A2), and pyrene (A4) mole fraction profiles in counterflow ethylene flames 2, 6, and 7.

accurately predicting each gas-phase species under certain conditions.
For instance, for higher dilution and higher strain rates, these aromatic
species by EST3 mechanism are overpredicted, compared to KM2.

The computed profiles of A4 are also included in Fig. 3 for analysis.
However, no experimental data were available for pyrene (A4) since its
concentration fell below the detection limits in this set of experiments.
Compared to KM2, a higher A4 concentration is obtained with the EST3
mechanism, with a wider spatial distribution and shifted peak locations.
This difference follows the expected trends since the reaction network
of A4 is formulated in a way that it includes also one of all larger PAHs
in the EST3 mechanism. Considering the model uncertainties associated
with the reaction rate expressions for aromatic species, the predictive
capabilities of the EST3 mechanism are promising. For the rest of the
sections, EST3 is selected for numerical simulations.

4. Soot modeling approach

In this section, the soot formation and the evolution of particle
size distribution are described using two soot models that rely on
a moment-based and on a discrete representation of the population
balance equations, respectively. Both models applied in this study
describe a univariate evolution of the soot particles and mainly differ
in the representation and approximation of the particle number den-
sity function (NDF). These models are based on the discrete sectional
method (DSM) [19] and the split-based extended quadrature method
of moments (S-EQMOM) [20] for describing the soot particle dynam-
ics. The modeling approaches assume purely spherical soot particles,
neglecting aggregation processes. However, the flames considered in
this study are predominantly lightly to moderately sooting, hence with
low levels of chain-like soot aggregates, which justifies this assumption.

4.1. Discrete sectional method (DSM)

In DSM, soot particle volume ranges are divided into a finite number
of sections (using a geometric progression here). For each section, 𝑖,
the governing equation for the soot mass fraction 𝑌𝑠,𝑖 is solved by
taking into account flow convection, diffusion (for numerical stability),
thermophoresis, and soot formation rates. The sectional soot transport
equation can be formulated along the flame-normal coordinate 𝑥 using
a quasi-1D approximation and is given by Eq. (2):

𝜕
(
𝜌𝑌𝑠,𝑖

)
𝜕𝑡

+ 𝜕
𝜕𝑥

(
𝜌
[
𝑢 + 𝑣𝑇

]
𝑌𝑠,𝑖

)
= 𝜕

𝜕𝑥

(
𝜌𝐷𝑠,𝑖

𝜕𝑌𝑠,𝑖
𝜕𝑥

)
+ 𝜌𝑠𝑄̇𝑠,𝑖,

∀ 𝑖 ∈
[
1, 𝑁𝑠𝑒𝑐

]
(2)

where 𝜌𝑠 is the density of soot particles (assumed to be 1860 kg/m3

[19]). In the transport equation, 𝑄̇𝑠,𝑖 is the sectional soot source term,
and 𝑣𝑇 is the thermophoretic velocity given by Friendlander et al. [36]
as:

𝑣𝑇 = −0.55 𝜈
𝑇

𝜕𝑇
𝜕𝑥

, (3)

where 𝜈 is the kinematic viscosity and 𝑇 is the local temperature.
The diffusion coefficient of soot particles of class 𝑖 is given by 𝐷𝑠,𝑖.
The sectional source terms 𝑄̇𝑠,𝑖 include the contributions from the
chemical and physical processes associated with the soot formation
such as nucleation, condensation, surface growth, soot oxidation, and
particle–particle coagulation.

The nucleation process is modeled through PAH (pyrene molecules
here) dimerization. The reaction networks of the larger species are
lumped within the gas-phase kinetics, resulting in pyrene serving as
the sole surrogate species in the transition pathway from gas-phase to
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young soot particles. The PAH condensation is considered as the coa-
lescence of a PAH molecule at a soot particle surface. The growth and
oxidation of soot particles by surface reactions are represented through
the hydrogen-abstraction-C2H2-addition (HACA) mechanism [37] with
rate coefficients given by Appel et al. [38]. In the surface growth model,
the fraction of sites available for hydrogen abstraction is assumed to
be a function of the thermal age, and particle size history [38]. The
soot oxidation is considered through surface reactions involving O2 and
OH molecules with soot. The coagulation of soot particles is described
following the model proposed by Kumar and Ramkrishna [39]. The
morphological description of particles is not considered for simplicity.
The DSM model has been validated for soot prediction in laminar
flames in earlier works [19,40,41]. A detailed description of the soot
model used in this study can be found in Hoerlle and Pereira [19].

4.2. Split-based extended quadrature method of moments (S-EQMOM)

In S-EQMOM [20], the number density function of the particles is
approximated by its statistical properties and their moments, so it does
not solve for the distribution of the particles directly. The univariate
particle distribution is described using the volume 𝑉 of the particles
leading to the definition of the moment 𝑚𝑘 of order 𝑘 as:

𝑚𝑘 = ∫
∞

𝑉 =𝑉min

𝑉 𝑘𝑛(𝑡, 𝑥;𝑉 )d𝑉 . (4)

Herein, 𝑛(𝑡, 𝑥;𝑉 ) defines the NDF of particles in space 𝑥 and time 𝑡.
Transport equations given in Eq. (5) for the low-order moments are
considered including thermophoresis effects on soot:
𝜕𝑚𝑘
𝜕𝑡

+ 𝜕
𝜕𝑥

([
𝑢 + 𝑣𝑇

]
𝑚𝑘

)
= 𝑚̇𝑘 (5)

The term 𝑚̇𝑘 represents the sum of source terms arising due to physical
and chemical soot processes such as nucleation, surface growth by
the HACA-mechanism or PAH adsorption, coagulation, and oxidation
analogously to the ones described in Section 4.1 for DSM. Following
the approach of the Extended Quadrature Method of Moments of Yuan
et al. [42], kernel density functions (KDF) of a known shape are used to
approximate the PSD and therefore, enable a closure for the calculation
of the moment source terms based on the distribution itself.

While in the standard EQMOM, the NDF is calculated based on
the sum of the kernel density functions, and the inversion process is
performed for the entire NDF, S-EQMOM splits this inversion procedure
up for every sub-NDF [20]. In S-EQMOM, the moments of several
coupled sub-NDFs are treated individually before the entire NDF is
composed again by the sum of all sub-NDFs. This method results in
an individual moment inversion step for every sub-NDF leading to a
unique solution for every sub-NDF, enhanced robustness, and more
stability of the inversion algorithm. The NDF 𝑛(𝑉 ) as the sum of
individual sub-NDFs 𝑛𝑠𝑖 is defined as:

𝑛(𝑉 ) =
𝑁𝑠∑
𝑗=1

𝑛𝑠𝑖 (𝑉 ) ≈
𝑁𝑠∑
𝑗=1

𝑤𝑠𝑖𝛿𝜎𝑠𝑖 (𝑉 , 𝑉𝑠𝑖 ). (6)

The sub-NDFs 𝑛𝑠𝑖 (𝑉 ) in Eq. (6) are approximated by the sum of
weighted sub-NDFs 𝛿𝜎𝑠𝑖 of a defined shape following the work of Salen-
bauch et al. [20]. In the current study, the entire NDF is approximated
with three sub-NDFs each with a gamma function shape. The individual
shape parameters 𝜎𝑠𝑖 , weights 𝑤𝑠𝑖 , and node positions 𝑉𝑠𝑖 of the three
applied sub-NDFs can be obtained based on the three lower-order
moments of each sub-NDF. This leads to nine transported moments
for reconstructing the entire particle NDF through superposition. In
contrast, moments of the entire NDF get transported in the standard
EQMOM. An extensive evaluation of the required number of sub-NDFs
and the impact of different shapes for the sub-NDFs is provided in [20,
43]. The modeling performance of S-EQMOM has been demonstrated
for premixed flames [20] and turbulent jet flames [44].

In both DSM and S-EQMOM modeling frameworks, a two-way cou-
pling between soot chemistry and gas-phase chemistry is incorporated

into the conservation equations to ensure mass/energy balance. The
solvers and soot models used in this study have been rigorously verified
and validated in prior research [19,20,43].

5. Assessment of the combined kinetic and soot modeling ap-
proaches

Before addressing the sooting flames from the experimental setup,
we assess the combination of the kinetic scheme EST3 and the corre-
sponding coupling with the different soot modeling strategies. This step
is crucial since the soot precursor formation depends on the underlying
gas-phase chemistry, and therefore subsequent soot formation results
strongly depend on the used gas-phase kinetics as demonstrated in [45].
Details of the validation of the individual soot models are provided for
the DSM in [19,40] and for the S-EQMOM in [20,43].

For this assessment, the counterflow ethylene flames under different
strain rates, studied by Wang and Chung [11] (referred to as KAUST
flames), are considered. In these flames, the fuel is C2H4 and the
oxidizer is composed of 25% of O2 and 75% of N2 (on a molar basis).
The reactant streams are separated with a distance of 8 mm. The
flow velocities for both the fuel and oxidizer streams are varied from
15 cm/s to 30 cm/s corresponding to four global strain rates 𝐾 (75 s−1,
100 s−1, 125 s−1, and 150 s−1). Simulations of counterflow flames are
conducted using a steady, 1-D formulation of reacting flow equations
with plug-flow type boundary conditions for the inlet streams. The 1-
D laminar flamelet solvers CHEM1D [46,47] and Universal Laminar
Flame solver (ULF) [48] are used for computing sooting flames with
DSM and S-EQMOM models, respectively. The investigated flames are
SF (soot formation) type flames, in which the flame (or reacting layer)
resides on the oxidizer side of the stagnation plane. Therefore, soot
particles, nucleated on the fuel-rich side of the flame, are convected
away from the flame towards the stagnation plane.

Computed profiles of soot volume fraction with the DSM and S-
EQMOM soot models are compared against the experimental data for
different strain rates in Fig. 4. In DSM, the soot volume fraction is
obtained by multiplying the total soot mass fraction with the ratio of
gas and soot density, assuming a constant soot density. On the other
hand, in S-EQMOM, the soot volume fraction is determined using the
first moment of the Number Density Function (NDF). Simulations are
performed using the EST3 kinetic mechanism introduced earlier. In
addition, modeling results for the KM2 mechanism [22] are added
for comparison. As it can be observed, both DSM and S-EQMOM soot
modeling strategies capture the spatial distribution and the lowered
peak 𝑓𝑣 values against strain rate reasonably well. Consistent with the
experimental observations, numerical profiles show that the sooting
zone thickness decreases with increasing strain rates. The measured
soot volume fraction is underestimated in simulations for both models,
DSM and S-EQMOM, and the disparity between numerical and exper-
imental values decreases with the strain rate. Compared to the DSM
method, S-EQMOM predicts a wider sooting zone starting closer to the
flame front which is in good agreement with experimental observations.
On the other hand, compared to S-EQMOM, the skewness of the 𝑓𝑣
distribution is better reproduced by DSM. At the particle stagnation
position, the diffusion transport and source term for soot balance leads
to a sharp decrement in 𝑓𝑣, which is consistent with the experimentally
observed leakage of soot through the stagnation plane. Both DSM
and S-EQMOM strategies favorably predict the strain rate influence of
soot formation for the reference flames, confirming the validity of the
employed soot modeling techniques as well as of the kinetic scheme
EST3 introduced in the present study.

6. Results and discussion

The previous section has shown that both DSM and S-EQMOM mod-
eling approaches tend to perform similarly for the KAUST flames [11]
using the new reaction mechanism EST3, specifically designed to use
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Fig. 4. Comparison between the numerical (curves) and experimental (symbols) profiles for soot volume fraction (𝑓𝑣) with DSM (solid) and S-EQMOM (dashed) models for
KM2 [22] (left) and EST3 (right) kinetic schemes. Experimental data are from Wang and Chung [11].

pyrene as lumped PAH species for particle nucleation. Therefore, these
modeling strategies are adopted to investigate the new set of counter-
flow diffusion flames measured at Karlsruhe Institute of Technology
(KIT) [23]. The predictive capabilities of these modeling approaches
are evaluated for strain rate sensitivity and dilution effects of soot
formation by comparing the computed results against the measured
soot volume fraction profiles and particle size distribution data. To the
best of our knowledge, this is the first time such a comparison has been
made on the same datasets. Additionally, the sub-processes of the soot
formation are analyzed based on both modeling strategies. The flames
under investigation are listed in Table 1.

6.1. Evaluation of soot volume fraction profiles

The measured (symbols) and computed (curves) profiles of soot
volume fraction 𝑓𝑣 are compared in Fig. 5 for strain rates 50 s−1,
60 s−1, and 70 s−1 at a constant fuel mass fraction of 𝑌𝐹 ,𝑓 = 0.30.
Both soot models predict the qualitative trend of the reduced 𝑓𝑣 with
increasing strain rate. The measured flames exhibit soot formation type
counterflow flames, where soot particles, incepted on the fuel-rich side
of the flame, are convected towards the stagnation plane. Compared
to DSM, higher 𝑓𝑣 values are obtained with the S-EQMOM model.
However, the width of the sooting zone is well predicted with the
S-EQMOM model compared to DSM. A detailed analysis of different
soot formation sub-processes will be presented later to investigate the
differences in the modeling results for the two retained methodologies.
While quantitative 𝑓𝑣 predictions are maintained within the same order
of magnitude in simulations, both models predict a lower sensitivity of
𝑓𝑣 to strain rate compared to the experiments.

The modeled soot volume fraction profiles for varying levels of
fuel mass fraction 𝑌𝐹 ,𝑓 at a constant strain rate of 𝐾 = 60 s−1 are
compared in Fig. 6 against measured SMPS data. An increase in 𝑓𝑣
for higher ethylene concentration is obtained experimentally as well
as in the modeling results. For the 𝑌𝐹 ,𝑓 = 0.35, the S-EQMOM slightly
overpredicts the soot formation, while the DSM model matches the
measuring results fairly well. However, the reduction of soot formation
with reduced ethylene mass fractions is stronger in the measurements
as compared to the computed results for both models. Apparently, the
soot formation is highly sensitive to the ethylene content in the fuel
as 5% of decrement in ethylene mass fraction from 𝑌𝐹 ,𝑓 = 0.35 leads
to approximately 71% reduction in 𝑓𝑣 measured at HAB = 5.5 mm.
In the DSM model, such a drop in 𝑓𝑣 values is obtained at 15% of
reduction in 𝑌𝐹 ,𝑓 = 0.35. Comparing the soot models, the S-EQMOM
predicts higher amounts of soot volume fraction than the DSM model

Fig. 5. Comparison between the numerical (curves) and experimental (symbols) soot
volume fraction profiles for varying strain rates at a fuel mass fraction of 𝑌𝑓 = 0.30.

Fig. 6. Comparison between the numerical (curves) and experimental (symbols) soot
volume fraction profiles for varying fuel mass fraction at a strain rate of 𝐾= 60 s−1.

P-53



Combustion and Flame 260 (2024) 113220

8

A. Kalbhor et al.

in all investigated flame configurations. While the position of the peak
value and particle stagnation plane agree well, the position of the soot
formation zone in the S-EQMOM is displaced to higher HAB positions.
Overall, the results are reasonably close to the experimental data taking
into account the large uncertainties associated with the predictions of
larger PAH concentrations in the EST3 mechanism.

The discrepancy between experimental data and modeling results in
counterflow diffusion flames is a common observation in the literature
across various modeling approaches [12,13,45,49,50]. These deviations
are particularly observed near the stagnation plane. One possible rea-
son for this discrepancy is the variation in the prediction of the flame
stagnation position by the models, as measurements for velocity were
not conducted and no scaling or numerical shift of the profiles was
applied. In cases where the conditions of the studied flames align
closely with those of other publications, a better agreement between
the soot formation zones is observed, as is the case in the current study.
The absolute misalignment between experimental data and models
roughly scales with the distance between the fuel and oxidizer ducts,
which in the current study is relatively large. The observed diffusion
of soot in fuel-rich regions may also be attributed to experimental
limitations. However, the exact cause of this systematic misalignment
in some flames remains unclear, and further investigation is needed to
determine its source.

Additionally, it is important to note, that the soot models were
not specifically tuned for the investigated flames. For highly sooting
conditions (𝑌𝐹 ,𝑓 = 1 as in KAUST flames), the predictive accuracy of
both soot models is reasonably good, though, a stronger variability
on the two soot models is observed for these challenging conditions
with high fuel dilution and low soot formation. This is because, in
flames with high fuel dilution that exhibit low-sooting conditions, the
soot formation process is primarily limited by the initial inception step.
While the bi-directional coupling between the gas-phase and soot model
has a significant effect on the pyrene concentration profile in the gas
phase (due to its very low concentration), the concentration of C2H2 (a
primary contributor for HACA) is not significantly affected due to its
overall high value. The sensitivity of the inception process to the gas
phase conditions often makes it challenging to accurately capture the
initial step and subsequent soot formation process.

6.2. Analyses of the soot sub-processes

To better understand the predictive capabilities of soot models an
analysis of the different sub-processes is conducted. The contribution to
the soot growth by nucleation, condensation, and HACA surface growth
are compared in Fig. 7 for varying strain rates at a constant fuel mass
fraction of 𝑌𝐹 ,𝑓 = 0.30. Both modeling results show a decreasing peak
value for the nucleation, condensation, and surface growth rates for
increasing strain rates. The DSM and S-EQMOM models agree on the
overall trends and also on the shape of the soot formation rate profiles.
While the soot volume fraction profiles in Fig. 5 contain a significant
sensitivity for strain rate variations, only small differences in the un-
derlying soot production rates can be observed. The computed rate
profiles for different sub-processes mainly differ in the peak position
and quantitative values. The condensation and, in the case of the S-
EQMOM method, also the nucleation process is markedly influenced
by strain rate variations while the difference in the surface growth
reactions is almost negligible. Comparing the nucleation rates between
the models, it can be seen, that only minor differences are present at
the start of the soot formation at HAB = 7 mm up to approximately
HAB = 6.2 mm since the nucleation process is solely depending on the
underlying gas-phase and on the amount of the PAH species pyrene that
initiates the inception step within both soot models. The condensation
and surface growth processes on the other hand depend additionally on
the modeled PSD, leading to larger deviations between both models.
Due to the bi-directional coupling between the gas phase and the
particle model, small deviations in some of these processes are also

Fig. 7. Computed profiles of soot growth sub-processes with the DSM (solid) and S-
EQMOM soot model (dashed) for varying strain rates (indicated by color) at a fuel
mass fraction of 𝑌𝑓 = 0.30.

altering the underlying gas-phase composition. In fact, the nucleation
and condensation processes reduce the pyrene concentration in the gas
phase. Hence, larger deviations in nucleation can be observed at lower
HAB positions, when condensation and surface growth processes are
dominantly affecting the gas-phase chemistry. Fig. 2 demonstrates that
the acetylene profile (which impacts the surface growth) is primarily
influenced by fuel dilution and only slightly decreases for higher strain
rates. However, increased strain rates significantly reduce the residence
time of particles in the flame due to higher gas phase velocities.
Consequently, despite similar surface growth rates, the variation in
residence times leads to different soot volume fractions. Considering
relatively small variations in the soot formation rates, the difference
in the amount of soot formed for different strain rates can be mainly
attributed to varying flow velocities and subsequently the change in the
residence times of soot particles.

The rate profiles of different soot sub-processes for varying fuel
mass fractions at a constant strain rate of 𝐾 = 60 s−1 are shown in
Fig. 8. The rates for all the sub-processes are significantly increased
at higher fuel mass fractions in the fuel stream at a constant strain
rate (and thus similar residence times). The increase in soot volume
fractions at increasing ethylene content in fuel, as observed in Fig. 6,
can therefore be mainly ascribed to the increment in soot formation
rates through HACA surface reactions, and higher concentration of soot
precursors (not shown) affecting soot inception rates. Again, both DSM
and S-EQMOM models follow similar trends and agree in the overall
shape; however, quantitative deviations and a shift of the profiles can
be observed. In both studies, Figs. 7 and 8, the DSM model leads
on one hand to higher condensation rates than the S-EQMOM model,
while on the other hand, nucleation rates are reduced which can be
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Fig. 8. Computed profiles of soot growth sub-processes with the DSM (solid) and S-
EQMOM soot model (dashed) for varying fuel mass fraction (indicated by color) at a
strain rate of 𝐾= 60 s−1.

explained by the dependence of both processes on the amount of
pyrene. These results clearly highlight the competing processes. The
S-EQMOM exhibits higher HACA surface growth rates leading also to
higher soot volume fractions due to surface growth, which is the largest
contributor to soot formation.

Overall, the surface growth mechanism through the HACA pathway
contributes significantly to the overall soot loading in terms of soot
volume or mass, surpassing the contribution of the inception process
or PAH deposition onto the particle surface by several orders of mag-
nitude (as identified in earlier works [11,49] for flames at atmospheric
pressure). This is attributed to the large differences in concentration
between the C2H2 and PAH species, which play key roles in the
respective soot processes. However, it is important to note that surface
growth is not the sole factor influencing the final soot profile. Other
factors, such as residence time due to varying strain rates, the profile
and peak concentration of gas-phase precursors, and the position of
the flame relative to the stagnation plane, also strongly influence soot
formation in the investigated counterflow configurations.

6.3. Evaluation of particle size distributions

In addition to the volume fraction, particle size distributions (PSD)
were measured for the investigated flames. The experimental and mod-
eling results of PSDs at a height above the burner of HAB = 5.5 mm
(location of highest 𝑓𝑣 value in the measurements) are compared in
Fig. 9. The experimental SMPS measurement range is limited to par-
ticles with a mobility diameter (𝑑𝑚) between 2 nm ⩽ 𝑑𝑚 ⩽ 79 nm, and
consists mainly of the log-normal mode of PSD referring to larger par-
ticles, while the inception mode is only partially visible at the smallest

Fig. 9. Comparison between the numerical (curves) and experimental (symbols) PSD
for varying strain rates at a fuel mass fraction of 𝑌𝐹 ,𝑓 = 0.30 (a), and for varying fuel
mass fraction at a strain rate of 𝐾= 60 s−1 (b).

detectable diameters. Furthermore, it should be noted that there is a
significant loss of particles smaller than 10 nm in the probe, tubes, and
mobility sizer, resulting in increased experimental uncertainties for the
small particle sizes [23]. PSD profiles for a constant fuel mass fraction
of 𝑌𝐹 ,𝑓 = 0.30 with varying strain rates are displayed in Fig. 9(a),
whereas in Fig. 9(b), results for varying fuel mass fractions at a constant
strain rate of 𝐾=60 s−1 are presented.

The current soot modeling approaches are based on the volume
equivalent particle diameter 𝑑𝑝, whereas measurement data represent
mobility sizes (𝑑𝑚) of particles. A scaling is applied to convert 𝑑𝑚
to 𝑑𝑝 as proposed in the Refs. [51,52]. Since the current modeling
approach assumes the spherical nature of soot particles, the conversion
of particle sizes using empirical scaling may be ambiguous, considering
the limitations of the empirical Cunningham slip correction transfor-
mation, uncertainty of the number of primary particles per aggregate
when converting mobility sizes (𝑑𝑚) to spherical particle sizes (𝑑𝑝). To
address these considerations and avoid ambiguity, the particle diameter
in Fig. 9 is generalized with the symbol 𝑑 and should be interpreted as
𝑑𝑚 for measurements and 𝑑𝑝 for simulations.

As evident in Fig. 9(a), the median diameter of the log-normal mode
shifts to larger particle diameters for decreasing strain rates at constant

P-55



Combustion and Flame 260 (2024) 113220

10

A. Kalbhor et al.

Fig. 10. Comparison between the numerical (curves) and experimental (symbols) PSD
profiles at different HAB positions (indicated by color) for the flame with 𝑌𝐹 ,𝑓 = 0.30
and 𝐾= 60 s−1.

fuel mass fraction. A similar shift towards larger diameters is also
noticed in PSDs for higher ethylene mass fractions at constant strain
rates (see Fig. 9(b)). However, the number density at this peak position
of PSD is not significantly affected by a strain rate or fuel mass fraction
variation. Only a slight reduction in number density is observed with a
decrement in strain rate or ethylene content in the fuel. The computed
profiles by DSM and S-EQMOM strategies favorably capture the shape
of PSD for varied strain rates and fuel compositions. The stronger
shift in the PSD profiles can be observed in the measurements as a
consequence of the high sensitivity of soot volume fraction to strain
rate and fuel composition variations for the investigated flames. The
simulated profiles, on the other hand, show only a marginal shift in
the median diameter of PSD as the soot sensitivity is under-predicted
in the simulations.

The modeling results are dominated by the log-normal mode as well
indicating that the soot inception area is placed at a higher HAB. The
particle evolution is mainly influenced by particle growth and coagu-
lation events during its convection to the particle stagnation plane at
smaller HAB. The shape of the DSM results matches the experimentally
observed profile quite closely, also the qualitative trends in PSD shift
are captured well by the DSM model. The S-EQMOM profiles are
dominated by a peak at a diameter of 50 nm in Fig. 9(a). Here, the
superposition of the three underlying sub-KDFs represented by gamma
functions results in a distinct peak of the second mode. The position of
the peak is equivalent to the position of one of the sub-KDFs containing
the largest particles, while the remaining two sub-KDFs represent the
first mode and particles in between. Overall, the modeling results are
consistent with experimental findings regarding the marginal change
in the number density of the peak of the log-normal mode. However,
the peak position of this mode is only slightly shifted for varying strain
rates and fuel mass fractions in computations.

A more detailed comparison of PSD evolution is presented in Fig. 10,
where PSD profiles at different HABs are shown for the flame at 𝑌𝐹 ,𝑓 =
0.30 and 𝐾=60 s−1. The computed PSD profiles show strong variations
in PSD shape along the HAB, including a transition from unimodal to a
bimodal distribution. However, measured PSD profiles hardly show this
transition, and PSDs predominantly exhibit the log-normal distribution.
As it occurs in SF-type flame, consistent soot inception occurs at higher
HABs (oxidizer side of stagnation plane), giving unimodal PSD shape
(HAB = 6.0 mm) in simulations. At the spatial position of HAB =
6.5 mm, which marks the start of the soot formation process, differences
between the PSD shape predictions by the S-EQMOM and DSM models

are prominent. The S-EQMOM model shows a slight contribution of
surface growth, indicating that particles have already undergone some
level of growth by this point. In contrast, the DSM model does not show
significant surface growth at the start of the soot formation process (as
can be seen also Figs. 7 and 8). This slight disparity in spatial positions
of soot growth rate profiles essentially leads to a different shape of the
particle size distribution (PSD) by both models at this position. Soot
particles grow by surface growth and coagulation while being convicted
towards the stagnation plane. In such conditions, the PSD becomes
bimodal, with an increase in the median diameter of the log-normal
mode.

Soot inception predominantly occurs for both models at HABs
greater than 5.5 mm, with the peak of inception at approximately
HAB= 6 mm and HAB= 6.25 mm for the respective models. However,
at HAB= 5.5 mm, coagulation dominates the soot evolution processes.
In Fig. 10 it is evident that smaller particles of the first mode, which
are present at HAB = 6 mm in both models, undergo rapid growth
and coagulation, transitioning towards the second mode. Due to slight
variations in the spatial rate profiles of sooting subprocesses between
the models, the coagulation process is more advanced in the S-EQMOM
model at HAB= 5.5 mm, resulting in fewer inception particles despite
higher inception rates in Figs. 8 and 7. The evolution of the growth
processes seems to overweigh the inception rate at this position in the
flame. This PSD evolution is qualitatively well captured by both DSM
and S-EQMOM models. However, the soot formation is found to start
at higher HABs in experiments, as evident from 𝑓𝑣 profiles (see Fig. 5).
Therefore discrepancy between numerical and measured profiles of PSD
suggests that the soot inception locations are predicted at lower HABs
in simulations as compared to measurements.

7. Concluding remarks

A systematic investigation of soot formation and particle size distri-
butions in laminar ethylene counterflow flames is conducted by com-
bining experimental and numerical methodology. The focus is given to
the analysis of the influence of strain rate and fuel dilution on sooting
characteristics. Such investigation is reported for the first time to the
best of the authors’ knowledge.

The modeling strategy consists of a recently developed reaction
mechanism considering the description of PAHs up to A4 and two
detailed soot modeling approaches DSM and S-EQMOM. The modeling
results are compared against dedicated experiments with optical diag-
nostics measuring the soot volume fraction profiles and the PSD for a
wide range of operation conditions. First, the kinetic scheme EST3 is
validated for the prediction of gas-phase species including PAHs and
temperature showing excellent agreement. The soot modeling results
also closely reproduce their experimental counterparts regarding the
strain rate and dilution effects on the soot volume fraction profiles.
Additionally, the results suggest that strain rate variations mainly
influence the residence time while only slightly affecting the rates of
the underlying soot production processes. Furthermore, a reduction
in the ethylene content of the fuel strongly reduces the soot pro-
duction rates and, thus, the overall soot volume fraction. Modeled
PAH-based sub-processes, namely inception, and condensation, exhibit
higher sensitivity to the strain and fuel variations than the HACA pro-
cess. The experimental results show a high sensitivity of soot formation
to the ethylene content compared to numerical results. Overall, the
simulation results are in close agreement with the experimental data
revealing certain over-predictions acceptable for the soot models. Still,
the predictivity of the models is considered good in the context of soot
investigations for this wide range of flame conditions.

Both models show similar quantitative trends under strain rate and
fuel composition variation, suggesting a high generality of the findings
and being independent of the applied soot modeling strategy. Differ-
ences between DSM and S-EQMOM are limited to minor deviations
of the overall quantity in the rate profiles of different sub-processes

P-56



Combustion and Flame 260 (2024) 113220

11

A. Kalbhor et al.

or slight shifts in their peak positions. One of the key highlights of
this study is the joint experimental and numerical investigation of
the soot PSDs for varying strain rates and fuel compositions, where
a close agreement is observed between modeling and measurement
for the response of soot PSD to these two changes. Nevertheless, the
numerical PSD profiles exhibit reduced sensitivities to these variations
as compared to the measurements.

Additionally, the present study demonstrates the promising capa-
bilities of the kinetic scheme EST3 in combination with detailed soot
models in capturing experimentally observed responses of soot forma-
tion and PSD evolution in laminar flames. While this study focuses
on the well-understood ethylene fuel, the applied kinetic mechanism
allows an extension of these investigations to more complex fuels such
as kerosene surrogates.
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A B S T R A C T   

The reduction and control of particulate matter generated by fossil fuel combustion are among the main issues 
for actual and future combustion devices due to the increasingly stringent emission regulations. Recently, various 
fuels have been investigated as a potential substitute or additive for diesel and gasoline. This work focuses on 
how oxymethylene ether-3 (OME3), the smallest promising OME compound, affects carbon particulate formation 
when blended with ethylene in burner-stabilized premixed flames at different equivalence ratios. Particle size 
distribution (PSD) and Laser-Induced Fluorescence (LIF) and Incandescence (LII) along with numerical (Condi
tional Quadrature Method of Moments – CQMOM, based on D’Anna physico-chemical soot model) investigations 
were conducted to study particle formation and growth in pure ethylene and ethylene/OME3 flames. The soot 
volume fraction and PSD indicate a reduction in the total number and the size of the soot particles at all 
equivalence ratios, while the number of small nanoparticles remains almost unchanged. The CQMOM model is 
able to predict similar trends for the soot volume fraction and, using the entropy maximization concept, the 
general shape of the PSD for both pure ethylene and OME3-blended flames, compared to the experimental 
measurements. 

Further, carbon particulate matter was thermophoretically sampled in the highest equivalence ratio conditions 
and spectroscopically analyzed. The soot structure was investigated using UV–Visible and Raman spectroscopy, 
finding a slightly higher aromaticity for the pure ethylene soot. FTIR analysis showed that carbon particulate 
matter produced from an OME3-doped flame contained larger amounts of oxygen, mainly in the form of C––O.   

1. Introduction 

Soot is a particulate pollutant generated by the incomplete com
bustion of all hydrocarbons, including oxygenated ones. Due to its 
carcinogenic effects on human health and its detrimental impact on 
polar ice melting and climate change, the soot emission limits for 
combustion devices have become more stringent. Both the soot mass 
concentration and particle size distribution (PSD) need to be controlled 
and accurately predicted to design the next generation of combustion 
devices. 

While bigger particles can be filtered with exhaust gas after- 
treatment systems, small nanoparticles are more difficult to trap [1] 
and, once released into the atmosphere, can penetrate deeper into the 
human respiratory system, causing severe damage [2,3]. 

In order to reduce the carbon footprint, as well as the particulate 

emissions of combustion systems, the use of alternative synthetic fuels 
has been widely explored [4,5]. Oxygenated fuels including molecules 
that can be mixed with diesel (dimethyl ether (DME), biodiesel, etc.) and 
gasoline (bioethanol, biobutanol, etc.) have been developed in recent 
years. The general belief is that due to their intrinsic structure with high 
levels of embedded oxygen, the decomposition/oxidation of oxygenated 
fuel molecules is faster and more efficient [5] and lower amounts of 
particulate pollutants are emitted [6,7]. Despite these advances, recent 
studies have shown that these fuels indeed have great potential in 
reducing the total amount of particulate produced and hence emitted; 
however, particles are produced which are smaller in size [8] and, in 
some combustion conditions, higher in concentration [4]. Additionally, 
recent findings have shown that the use of oxygenated fuels can lead to 
the production of oxy-PAHs (polycyclic aromatic hydrocarbons) [9] and 
of particles with different chemical features, namely a larger presence of 
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oxygen incorporated into particles [6,7,10]. This latter aspect could be 
responsible for the higher reactivity to oxidation [6,8,11–16] exhibited 
by the particulate which is formed, resulting in easier abatement in the 
after-treatment systems, but also in a higher propensity to interact with 
biological systems, yielding potentially higher toxicity [3]. These 
controversial aspects have to lead to research into new alternative fuel 
candidates in order to prevent possible negative outcomes from their use 
on a large scale. 

Among several alternative fuel candidates, oxymethylene ethers 
(OMEn), CH3O(CH2O)nCH3, also known as polyoxymethylene dimethyl 
ethers (PODEs), are promising for realizing carbon–neutral combustion, 
when used as additives or substitutes for diesel engines. OMEs belong to 
the class of e-fuels, i.e., fuels that can be produced by recycling CO2 via 
electrolysis using renewable energies, contributing to the overall 
greenhouse gas balance [17]. The high oxygen content and the lack of 
C–C bonds of OMEs generate fewer soot precursors such as C2H2, C2H4 
and C3H3, indicating that there could be a potential reduction in carbon 
particulates [18]. OMEs with n > 1 have a high propensity to ignite, 
with a cetane number exceeding 60 [18]. Additionally, OMEs are non- 
toxic and miscible in diesel fuel. OMEs have shown positive effects in 
terms of reducing CO, unburned hydrocarbons and soot particle emis
sions when used as an additive to diesel in engine experiments [19–25]. 
A higher rate of exhaust gas recirculation (EGR) can be applied to reduce 
NOx emissions [23,26]. Investigations on OME1 as an alternative fuel 
indicate that soot is suppressed entirely [27]. However, since severe 
modifications are required for the engine and fuel supply system, 
blending OMEs into diesel fuels is a more feasible strategy. 

Previous studies have identified OME3 as the smallest-sized OMEn 
compound qualified for practical applications [18]. It has a high cetane 
number equal to 78, a low melting point at − 41 ◦C and a high boiling 
point at 156 ◦C [24]. Examining the physico-chemical properties of the 
other OMEn compounds [18,24] it can be determined that: OME1 has a 
low cetane number (29) and low boiling point (42 ◦C), therefore it is 
highly volatile and can vaporize during storage; OME2 has a suitable 
cetane number (63), but a too low flash point to satisfy safety criteria 
[28]; OME4 has a cetane number of 90, a melting point of − 7 ◦C and a 
boiling point of 202 ◦C. Additionally, OMEs with n > 5 have a too high 
melting point. In summary, optimal compounds for blending with 
traditional fuels have n = 3 − 4 or n = 3 − 5 [18]. When OME3 is 
compared with OME4 and OME5, OME3 has a better low-temperature 
fluidity and volatility; therefore, it has been investigated in this study. 
In future, attention will be devoted to larger OME compounds and their 
blends. 

Recently, reduced and detailed kinetic mechanisms have been 
developed for OME1-3 [18,29,30] and for OME2-4 [17], validated against 
experimental data on the ignition delay time [17,18] and laminar flame 
speed [29]. The sooting propensity of OME/diesel blends in diffusion 
flames has been studied in [31] and a reduction in soot was found when 
OME compounds are added. 

Following previous studies on other alternative fuels [6,7,10,32–36], 
the primary goal of this work is to characterize the sooting properties of 
OME3 used as an additive in ethylene/air flames at different equivalence 
ratios [37]. In order to evaluate the effect of OME3 and to identify some 
specific patterns related to the fuel structure, both experimental and 
numerical investigations are performed. To the best of our knowledge, 
there are no comprehensive studies on sooting behavior in laminar 
flames when OME3 is used for blending other fuels. Experimental in
vestigations include quantitative measurements of particulate both in 
situ (laser-based technique) and ex situ (particle size distribution mea
surements), and the characterization of particulate (UV–Visible 
(UV–Vis), Raman, FTIR analysis) in terms of its composition and nano
structure. Simulations are performed with the detailed physico-chemical 
soot model proposed by D’Anna et al. [38,39] integrated into a Condi
tional Quadrature-based Method of Moments (CQMOM) approach 
[40,41]. Different types of species such as large PAHs, clusters and ag
glomerates are accounted for in the soot model, as well as 

dehydrogenation and oxidation-induced fragmentation processes. 
OME1-3 kinetics from Sun et al. [29] has been included in the gas-phase 
kinetic mechanism to account for the fuel mixture oxidation. Classical 
CQMOM methods are not able to approximate the PSD directly, and the 
Extended Quadrature Method of Moments [42–44] has recently been 
introduced to cope with this problem. Below [41], an alternative 
approach based on the entropy maximization concept is employed here, 
which allows the PSD to be reconstructed, given a suitably selected set of 
transported moments. 

2. Experimental setup 

Premixed ethylene/air flames at atmospheric pressure and with 
equivalence ratios, ϕ, equal to 2.01, 2.16, 2.31 and 2.46 are stabilized on 
a capillary burner (inner diameter of 5.8 cm) by means of a stainless 
steel plate located 30 mm above the burner surface. These flames are the 
reference cases for studying the effect of OME3 blending on particle 
formation and growth. OME3 was fed in by means of a syringe pump and 
pre-vaporized by the preheated ethylene/oxygen/nitrogen stream (150 
◦C). OME3 was added by replacing some of the ethylene (20% of the total 
carbon) fed to the reference ethylene/air flames. The equivalence ratio, 
the cold gas velocity and the total carbon flow rate were kept constant 
while OME3 was added. In order to achieve this, the nitrogen and oxygen 
streams were adapted accordingly. The combustion conditions investi
gated in this work are reported in Table 1. The same approach and 
experimental setup have been used for studying other alternative fuels 
such as butanols [10], furans [33], ethanol [34], and dimethyl ether 
[36]. 

Flame temperatures were not measured for OME3/ethylene flames, 
whereas temperature profiles were available for pure ethylene flames 
[10]. However, by keeping the combustion parameters constant as 
described above, the effect of OME3 on the flame temperature was 
considered to be negligible, similarly to the case of other alternative 
fuels [33]. The temperature profiles for pristine flames were used as an 
input for the modeling. In these conditions, the chemical effect of OME3 
on particle formation is isolated from the thermal effect. 

The experimental setup for optical and particle size distribution, as 
well as the method of collecting particulate on a glass plate, are the same 
adopted in previous works (see [10,33,35]). Below, a brief description is 
given for completeness. 

Laser-Induced Emission (LIE) measurements in the 200–550 nm 
range were used to detect particles in the flame, using the fourth har
monic of a Nd:YAG laser at 266 nm as the excitation source [32,35–37]. 
The emitted spectra were collected with an ICCD camera with a gate of 
100 ns, allowing to distinguish between the broad Laser-Induced 

Table 1 
Flame conditions. Inflow mixture composition is given in mole fraction. Inlet Gas 
velocity @STP = 10 cm/s.  

ϕ  % OME3 0 20 

2.01 C2H4 0.1234 0.0987 
O2 0.1841 0.1767 
N2 0.6925 0.7147 
OME3 0 0.0099  

2.16 C2H4 0.1313 0.1051 
O2 0.1824 0.1751 
N2 0.6862 0.7093 
OME3 0 0.0105  

2.31 C2H4 0.1392 0.1114 
O2 0.1808 0.1735 
N2 0.68 0.704 
OME3 0 0.0111  

2.46 C2H4 0.1469 0.1175 
O2 0.1792 0.172 
N2 0.6739 0.6987 
OME3 0 0.0118  
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Fluorescence (LIF) signal, ranging between 300 and 450 nm, and the 
Laser-Induced Incandescence (LII) following a blackbody curve and 
evaluated at 550 nm. 

In order to retrieve information on the PSD, particle sampling from 
the flames was performed with a horizontal probe [45–50]. The hori
zontal probe adopted here has an inner diameter of 8 mm, a wall 
thickness of 0.5 mm, and a pinhole diameter of 0.8 mm. This very large 
pinhole was set up here with a two-stage dilution system: the carrier gas 
was set to 4 Nl/min (at 273 K) for the first dilution and to 65 Nl/min in 
the second dilution stage [32,37,45]. An overall dilution of 500 was 
achieved. 

Particles sampled from the flame were sent to a nano-Differential 
Mobility Analyzer (DMA) (TapCon 3/150 DMA system with a nominal 
size range of 2–100 nm, equipped with a Faraday Cup Electrometer de
tector). In order to charge the particles to Fuchs’ steady-state charge 
distribution [51], a Soft X-Ray Advanced Aerosol Neutralizer (TSI model 
3088) was used. The PSDs were obtained by averaging over 3 scans and 
resulting uncertainty is reported as error bars. The PSDs obtained by DMA 
were corrected for losses in the pinhole and the probe, following the 
procedure reported in the literature [52–54]. DMA separates particles 
based on their mobility diameter, so the particle diameter could be 
retrieved from the correlation proposed by Singh et al. [55]. Nano-DMA 
errors originate in the fluctuation of the suction pressure, the partial 
clogging of the orifice due to soot deposition at high equivalence ratios, 
wall losses and the coagulation of small particles onto large ones. Hence, 
the largest uncertainties concern the smallest particles. 

A 75 × 25 × 1 mm glass plate was horizontally inserted into the 
flame for 2 s to collect material from the flame at the highest equivalence 
ratio. The operation was repeated several times with a cooling cycle at 
room temperature of 10 s after each insertion. The procedure has been 
tested and validated before [7,56]. Spectroscopic techniques were used 
to characterize the sampled material, similarly to what has been done for 
particles collected in flames fueled with other oxygenated fuels [33] and 
benzene [56]. 

Raman spectra were measured directly on the carbon samples 
deposited on a glass plate using a Horiba XploRA Raman microscope 
system (Horiba Jobin Yvon, Japan) equipped with a frequency-doubled 
Nd:YAG solid-state laser (λ = 532 nm) [33]. Raman spectra analysis 
provides information on the features of the carbon network. FTIR and 
UV–Vis spectroscopy were performed on the samples removed from the 
glass plate. FTIR spectra in the 3400–600 cm− 1 range were acquired in the 
transmittance mode using a Nicolet iS10 spectrophotometer. For FTIR 
analysis, the sample needs to be prepared; in particular, carbon particu
late matter samples were mixed and ground in KBr pellets (0.2–0.3 wt%) 
[57]. FTIR gives information on the presence of oxygen within the carbon 
network. For the UV–Vis analysis, carbon particulate matter samples were 
suspended in N-methyl-2-pyrrolidone (NMP, with a concentration of 10 
mg/L) and analyzed in a 1-cm path length quartz cuvette using an Agilent 
UV–Vis 8453 spectrophotometer. The UV–Vis spectra were also measured 
on the soot fraction < 20 nm obtained by filtration on an Anotop filter 
(Whatman) of a 100 mg/L total particulate suspension. UV–Vis analysis 
provides information on the mass absorption coefficients for the particles 
sampled, indicating the level of aromaticity. 

Each sampling point was repeated at least three times. Each sample for 
each experimental condition was preliminarily analyzed using Raman 
spectroscopy to ensure the sampling reproducibility. After this check, the 
samples were added together for further spectroscopic analysis. The 
experimental error for Raman and UV–Vis spectroscopy measurements 
was evaluated as being less than 5%, whereas for FTIR spectroscopy the 
error was less than 10%. 

3. Numerical modeling 

3.1. Gas phase kinetic mechanism and soot model 

A detailed kinetic mechanism is used in this work, which includes the 

kinetic mechanism developed by D’Anna and coworkers [33,38,39,58] 
and the OME1-3 kinetics taken from Sun et al. [29]. The entire mecha
nism consists of 141 species and 674 reactions, of which 41 species and 
213 reactions are added to include the OME1-3 oxidation kinetics [29]. 

The physico-chemical soot formation model employed in this work 
[38] has been combined with the CQMOM approach to track the par
ticulate evolution in [40] and successfully applied for simulating lightly 
and highly sooting flames in [40,41]. The present model distinguishes 
between different particle structures based on their state of aggregation, 
i.e. high-molecular-mass aromatic molecules (molecules or large PAHs), 
clusters of molecules (clusters) and agglomerates of particles (aggregates) 
[38]. This allows not only the mass of the formed particles to be fol
lowed, but also their hydrogen content and internal structure. 
Oxidation-induced fragmentation is also accounted for. Oxygen is 
considered the only species which can avoid reaction on the surface and 
diffuse towards the points of contact of the primary particles, causing 
internal oxidation and subsequent particle fragmentation. PAH forma
tion is modeled by the H-Abstraction-C2H2-Addition (HACA) route and 
the resonantly stabilized free radical (RSFR) mechanism [38], while the 
molecular growth is described from benzene up to pyrene. All the PAH 
compounds with a molecular weight larger than pyrene are not treated 
as individual species but considered as lumped species (large PAHs), 
whose evolution is described by the CQMOM. If the Van der Waals forces 
are strong enough to hold together these large molecules, clusters are 
formed. Clusters can grow via chemical pathways and can interact 
through coagulation. When larger clusters are formed, coagulation be
comes an aggregation process, forming chain-like soot particles (aggre
gates). Their reactions are described based on similarity with gas-phase 
kinetics following Arrhenius-rate laws. 

3.2. CQMOM model 

Large hydrocarbons and particulates which are not directly solved in 
the gas-phase kinetics are described by the evolution of the population 
balance equation (PBE) for the number density function (NDF) 

f
(

ξ ̲; x̲, t
)

. Here, x̲ is the space vector, t is the time, and ξ ̲ is the internal 

coordinate vector defined as ξ ̲ =
[
ξnc, ξH/C, ξstat, ξtyp

]T, where ξnc is the 
number of carbon atoms, with ξnc ∈ [0, ∞), ξH/C is the H/C ratio with 
ξH/C ∈ [0,1], ξstat represents the state of the particular entity with ξstat ∈

A,A = {stable,radical}, and ξtyp is the type of the entity with ξtyp ∈ B,B =

{largePAHs, clusters, agglomerates}. Note that the four coordinates are 
independent of one other, and the two coordinates ξstat and ξtyp are 
discrete in nature. Using the concept of the conditional density function 
allows the quadrivariate NDF to be written as 

f
(

ξ ̲
)
= fH/C

(
ξH/C|ξnc, ξstat, ξtyp

)
⋅fnc

(
ξnc|ξstat, ξtyp

)
⋅n
(
ξstat, ξtyp

)
, (1)  

where x̲ and t dependencies are dropped for convenience. Here, fH/C 

represents the distribution of ξH/C conditioned on a certain state (ξnc,

ξstat , ξtyp) and fnc represents the distribution of ξnc conditioned on a state 
(ξstat ,ξtyp). The joint bi-variate distribution n

(
ξstat , ξtyp

)
can assume only 

six different values, one for each possible combination (u, v) of their 
discrete domain parameters ξstat = ξstat,u, ξtyp = ξtyp,v. Therefore, eval
uating n

(
ξstat, ξtyp

)
at the six discrete points (u, v) allows the quad

rivariate f
(

ξ ̲
)

to be reformulated as a set of six bivariate NDFs Πu,v 

Πu,v
(
ξnc, ξH/C

)
= f u,v

H/C

(
ξH/C

⃒
⃒ξnc

)
⋅f u,v

nc (ξnc)⋅nu,v, (2)  

where fu,v
H/C

(
ξH/C

⃒
⃒ξnc

)
is a conditional NDF, fu,v

nc (ξnc) is a marginal NDF 
depending only on ξnc and nu,v is the number density for each combi
nation of (u, v). This is numerically convenient for the moment-based 
CQMOM approach used in this work. However, the six bivariate distri
butions Πu,v are not independent of each other, but strongly coupled by 
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different source terms, e.g. the condensation of large PAHs on agglom
erates, which modifies both NDFs. A complete description of the 
coupling approach is described in [40]. Similarly to [41], transport 

equations for the fractional moments m
k1
z ,k2
u,v of the six bivariate NDFs in 

Eq. (2) are solved 

m
k1
z ,k2

u,v =

∫ ∞

0

∫ 1

0
ξ

k1
z

ncξ
k2
H/CΠu,v

(
ξnc, ξH/C

)
dξH/Cdξnc. (3)  

In the present study, fractional moments with z = 3 are used for the 
property ξnc. 

The moment inversion procedure for fractional moments in the 
CQMOM context has been extended in [41] and is used here. When the 
moment inversion is completed, the Nξnc 

quadrature nodes ξ1/3
nc,i and 

weights wnc,i for the coordinate ξnc, and the NξH/C 
conditional nodes 

ξH/C,i,j and weights wH/C,i,j for the coordinate ξH/C, for each combination 
(u,v), are employed to determine the unclosed moment source terms for 
all the physical and chemical processes described in [38] and treated 
here in a lumped formulation [40,41]. Two-way coupling between the 
soot phase and the gas phase is considered. The molecular diffusion of 
soot is neglected, as well as the thermophoresis, which is known to have 
negligible effects in premixed flames [59]. 

Following Salenbauch et al. [41], the entropy maximization (EM) 
concept is employed in post-processing to evaluate the PSD, without 
prescribing the distribution shape. It is noteworthy that solving for the 
fractional moments offers the advantage of being able to directly 

evaluate the PSD, applying the EM concept. Indeed, using the relation 
between the equivalent-volume sphere diameter dp and the coordinate 
ξnc 

dp =

(
6Wc

πρs

)1/3
ξ1/3

nc = L1/3ξ1/3
nc , (4)  

with Wc the mass of a single carbon atom and ρs the soot density, the 

transported fractional moments m
k1
3 ,0
u,v can be directly transformed into 

diameter-based moments 〈mk1
u,v〉

〈mk1
u,v〉 =

∫ ∞

0
dk1

p fdp

(
dp
)
ddp = Lk1/3

∫ ∞

0
ξk1/3

nc fnc(ξnc)dξnc = Lk1/3m
k1
3 ,0
u,v . (5)  

The diameter-based moments are then employed with the EM concept to 
evaluate the NDF fdp

(
dp
)

at each location in the domain. Further details 
can be found in [40,41]. 

4. Results and discussion 

Burner-stabilized ethylene/air and ethylene/OME3/air flames with 
different equivalence ratios ϕ (see Table 1) are investigated both 
experimentally and numerically. One-dimensional simulations have 
been performed imposing temperature profiles measured in the experi
ments for the pure ethylene flames at different equivalence ratios. 

Thus, the same temperature profiles are used at each equivalence 

Fig. 1. Comparison of the soot volume fraction predicted by the model with the experimental measured LIF signal (top) and LII signal (bottom) for ϕ = 2.16 (left) 
and 2.46 (right) flames: ethylene/air (blue line and symbols: LIF; red line and symbols: LII), ethylene/OME3/air (cyan line and symbols: LIF; orange line and symbols: 
LII). A separation is carried out for the particles calculated by CQMOM based on the PSD reconstruction with EM: for LIF, dp < dp,split , for LII, dp > dp,split . Error bars 
indicate the sensitivity with respect to the value of dp,split in the range of 2 nm ≤ dp,split ≤ 7 nm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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ratio for flames of pure ethylene and with added OME3. The CQMOM- 
based soot model is applied to solve the PBE for large PAHs, particle 
clusters and agglomerates. Two quadrature nodes for ξnc and one 
quadrature node for ξH/C conditioned on each ξnc node for all of the six 
combinations (state, type) are used, leading to a total of 36 moment 
transport equations. A variable soot density ρs is considered between 
1000 and 1800 kg/m3 as an inverse function of the H/C ratio. It is worth 
underlining the fact that the simulations are performed without tuning 
or modifying the model parameters for the different equivalence ratios 
and fuel mixtures. 

4.1. Soot evolution 

In Fig. 1, the comparison between LIF and LII signals and the 
respective simulated volume fraction is only qualitative and reported for 
two equivalence ratios: 2.16 and 2.46. It is worth noting that the pure 
ethylene flame at an equivalence ratio of 2.16 is the first flame condition 
where LII has been detected above the noise level. 

According to previous studies, LIF signals here are attributed to ar
omatic hydrocarbons in condensed-phase nanostructures that are not 
able to incandesce (see [2,37] and references therein). This attribution 
significantly affects the selection of adequate species from the modeling 
results for comparison with the LIF signal. In previous works, the LIF 
signal has been assumed to be directly related to the formation of 
condensed-phase nanostructures, i.e. particles with diameters of dp ≤

7 nm [41], while the detection of the LII signal indicates the presence of 
larger particles [10]. Following [41], the simulated PSD obtained with 
CQMOM and EM, as described in Section 3.2, is split in a post-processing 
step to account for small particles with diameters of dp < dp,split and 

larger particles with dp > dp,split , for comparison with the LIF and LII 
signals, respectively. The value of the split diameter was varied within 
the relevant range of 2 nm ≤ dp,split ≤ 7 nm and the results are indi
cated by the error bars in Fig. 1. The CQMOM model is able to predict a 
substantially unchanged volume fraction of small particles (as from LIF) 
when OME3 is added for both equivalence ratios shown in Fig. 1 (top). 

Furthermore, the simulations are able to reproduce the trend of large 
particles having an increasing volume fraction (as from LII in Fig. 1) as 
the equivalence ratio increases, and their volume fraction decreasing 
when OME3 is added. The simulations predict a delay in the onset of 
small particles, which suggests that OME3 affects their formation pro
cess. Similarly to the large particle aggregates, the effect of OME3 is 
linked to a delay in the onset and particle growth. More specifically, this 
is due to the lower abundance of particle gas-phase precursors, such as 
PAHs, and different concentrations of other important species such as 
C2H2, which is responsible for surface growth at high equivalence ratios. 
The simulations predict a lower reduction in large particles than that 
observed in experiments, which can be seen particularly clearly in the 
richest conditions investigated at ϕ = 2.46. 

The effects of OME3 shown so far have been similarly observed in 
ethylene flames doped with other oxygenated compounds such as 
ethanol [35], dimethyl ether [36], butanols [10] and furans [33]. This 
suggests, as for the other fuels, that the particle reduction must mainly 
be attributed to the modification of gas-phase precursors when OME3 is 
added. Hence it is possible that the gas-phase model adopted here, 
developed mostly in a low-pressure environment [29], needs to be 
updated to predict gas-phase compounds. 

Fig. 2 shows the PSD measured at a height above the burner (HAB) of 
15 mm for the four equivalence ratios investigated, with and without the 

Fig. 2. Particle size distributions determined with EM on the CQMOM simulation results compared with the experimental measurements (SMPS) at HAB = 15 mm for 
flames with different equivalence ratios of 2.01, 2.16, 2.31 and 2.46: ethylene/air (red line and symbols), ethylene/OME3/air (orange line and symbols). Dashed lines 
indicate the clusters and solid lines the aggregates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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addition of OME3. The measurements are compared with the predicted 
PSD from the EM procedure applied to CQMOM flame solutions. For soot 
particle aggregates, the simulated PSDs are plotted versus the mobility 
diameter dm, here equal to the collision diameter dc as in [60], dm ≡ dc =

dpn
1/Df
p , where np is the number of primary particles in an aggregate 

calculated on the base of the ratio between the mass of the aggregate and 
the mass of the primary particle. In this work, the fractal dimension Df is 
assumed to be equal to 1.8 and the primary particle diameter dp to be 
equal to 15 nm for all the investigated conditions to avoid altering the 
assessment of the model performance. It is worth underlining that the 
correlation has been used in order to provide a direct comparison be
tween the simulation results and the data coming from the nano-DMA. 
Since calculating the mobility diameter from the mass can be difficult, 
here the aim of the comparison is to show the output of the model. The 
chosen parameters can be considered reasonable compared with the 
average values used in the literature [60]. 

In Fig. 2 it can be observed that for slightly sooting conditions with 
ϕ = 2.01, adding OME3 changes the shape of the PSD from bimodal to 
unimodal. A bimodal PSD remains evident, instead, for higher equiva
lence ratio conditions. An additional effect of the OME3 blending is that 
a slightly higher number of small particles with dp < 5 nm is formed, 
while the number of larger particles with dp > 20 nm is drastically 
reduced at all equivalence ratios. 

The modeled PSDs indicate that all the relevant effects of adding 
OME3 described above are captured qualitatively. In particular, the 
model is able to reproduce the trend of increasing size and the total 
amount of aggregates at increasing equivalence ratios, and a substan
tially unchanged total number concentration of particles smaller than 
10 nm. However, the number concentration of small particles is over
predicted at all equivalence ratios. It has been also reported above and in 
previous work [37,61] that the SMPS measurements may be affected by 
significant losses of small particles. 

The reduction in the total number of particles produced and the 
minor or even enhancing effect of small particles is in line with the other 
oxygenated fuels studied in the same conditions [10,33–36]. The 
absence of C–C bonds as in DME leads to an even more significant, 
faster decomposition/oxidation and thus a reduction in gas-phase pre
cursors including PAHs and C2H2. As for other investigated biofuels, the 
presence of oxygenated molecules in fuel streams does not alter the 
process leading to particle formation, which mostly affects the main gas 
phase pathways. However, the formation of a small/trace amount of 
particular compounds – such as oxy-PAHs or other oxygenated large 
molecules – which may not even play a role in determining the total 
number of particles or the PSD – can significantly alter the features of the 
particles produced (see Section 4.2). 

4.1.1. Modeling tests 
In order to further investigate the importance of the different kinetic 

pathways that lead to the gas-phase decomposition of OME3 and its role 
in particle formation, a numerical experiment was performed. OME3 was 
numerically fed into the flame, decomposed into smaller hydrocarbons, 
to simulate fast decomposition towards the final products. The richest 
condition (ϕ = 2.46) was chosen for this study since the largest 
discrepancy with the experimental data in terms of soot reduction was 
found in this context (see Fig. 1). In particular, three possible cases were 
analyzed.  

OME3 ⇒ 4 CH2O + CH4                                                         (Case 1)  

16 OME3 (+39 O2) ⇒ 80 CO + 34 H2 + 62 H2O                        (Case 2)  

OME3 (+6 O2) ⇒ 5 CO2 + 6 H2O                                             (Case 3) 

It is possible to see that Case 1 is pure decomposition whilst the 
others are decomposition plus partial oxidation (Case 2) or complete 
oxidation (Case 3). In all the decompositions, the cold gas velocity was 
kept the same by adjusting the nitrogen flow rate and, overall, the same 

number of moles of C, H, and O were fed into the system. In fact, when 
OME3 was considered partially or fully oxidized, the oxygen in the fed 
stream was adjusted accordingly. For the sake of clarity, in Table 2 the 
molar fractions of the streams in the decomposed tests are reported 
together with the base case. The temperature profile was kept equal to 
the base case in order to evaluate only the chemical effects. 

In Case 1, OME3 was decomposed into 4 molecules of CH2O and 1 
molecule of CH4; this is the simplest possible decomposition and simu
lates the fast breaking of the C–O bonds. In Case 2, OME3 was broken 
and partially oxidized: all the carbon atoms coming from OME3 were 
considered to be partially oxidized to CO, the hydrogen atoms coming 
from OME3 were fed both as H2 and H2O. The amount of H2 converted to 
H2O was decided by leaving the remaining ethylene burning with C2H4/ 
O2 = 0.82 (i.e. ϕ for the ethylene equal to 2.46 – see Table 2). This 
decomposition simulates the capability of OME3 to go towards partially 
oxidized products. Finally, in Case 3, OME3 is considered to be fast 
enough to go towards the fully oxidized products and OME3 is decom
posed in CO2 and H2O. The selected pathways are used here to indicate 
whether considering a faster oxidation of the OME3 results in a further 
reduction of particles formed with respect to the current mechanism. 

In Fig. 3, modeling results for the base case and the three decom
position cases are reported in comparison with experimental data: the 
comparison with LIF is reported in the upper panel and the comparison 
with LII in the lower panel. It is possible to see that not all decomposition 
cases lead to an increase in particle reduction. In particular, when OME3 
is decomposed into smaller, highly reactive hydrocarbons (CH2O and 
CH4, the blue line in Fig. 3), the results do not significantly differ from 
the base case. This suggests that OME3 decomposition – according to the 
kinetic scheme adopted here – is already fast enough to form small hy
drocarbons. The lower increase may be associated with the higher 
propensity to form the radicals for molecular growth associated with 
CH2O. 

Looking at the second decomposition (the green line in Fig. 3), the 
reduction of both the nanoparticles and soot particles with respect to the 
base case is significant. In this case, the presence of stable species (CO 
and H2) is chemically slowing down the molecular growth process 
(radicals are less abundant). 

Finally, when OME3 is decomposed and fully oxidized, and CO and 
H2O are thus added to the system (the red line in Fig. 3), an increase in 
particle production is observed. The increase in particle formation has to 
be linked to the fact that the remaining ethylene and oxygen are burning 
in a much richer environment, even though it is diluted by CO2 and H2O. 
The increase in the equivalence ratio overwhelms the dilution effect and 
the chemical effect of CO2 and H2O that would lead to a reduction in the 
number of particles. 

Overall, the numerical tests suggest that the kinetic scheme used in 

Table 2 
Flame conditions for the decomposition cases with equivalence ratio ϕ = 2.46. 
Inflow mixture composition is given in mole fraction. Inlet gas velocity @STP =
10 cm/s.   

Base case 
OME3 

Case 1 
CH2O + CH4 

Case 2 
CO + H2 + H2O 

Case 3 
CO2 + H2O 

C2H4  0.1175  0.1175  0.1175  0.1175 
O2  0.172  0.172  0.1433  0.1015 
N2  0.6987  0.6517  0.6099  0.6517 
OME3  0.0118  –  –  – 
CH4  –  0.0118  –  – 
CH2O  –  0.047  –  – 
CO  –  –  0.0588  – 
H2  –  –  0.025  – 
CO2  –  –  –  0.0588 
H2O  –  –  0.0455  0.0705  

C, mmol/s  2.97  2.97  2.97  2.97 
H, mmol/s  6.18  6.18  6.18  6.18 
O, mmol/s  3.96  3.96  3.96  3.96  
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this work is probably underestimating the capability of OME3 to go to
wards partially oxidized products. It is possible that in conditions with a 
medium-high temperature and oxygen-rich environment – such as in the 
preheating zone of the investigated flame – a faster/direct formation of 
partially oxidized products could be favored. Future analysis and com
parison with experimental data on gas-phase products could help to shed 
light on this point. 

4.2. Soot structure analysis 

A detailed spectroscopic analysis of the thermophoretically collected 
samples was performed to verify how OME3 affected particulate prop
erties. The analysis was carried out on carbon particulate matter 
collected on a glass plate at 15 mm HAB and ϕ = 2.46 in the pure 
ethylene and ethylene/OME3 flames. UV–Vis spectroscopy was per
formed on NMP suspensions with a known concentration of carbon 
particulate matter removed from the glass plate. UV–Vis mass absorp
tion coefficients in the 250–900 nm range are reported in Fig. 4. The 
spectrum of particles sampled in the ethylene/OME3 flame in compari
son with that measured for the ethylene flame presents slightly lower 
mass absorption coefficient values, indicative of a lower aromaticity. On 
the other hand, the UV–Vis spectrum values of the soot fraction < 20 nm 
filtered from the total ethylene/OME3 particulate appear more intense 
with respect to those measured for the pure ethylene flame, as shown in 

Fig. 5. In view of the similarity in terms of the shape of the bulk ab
sorption spectra reported in Fig. 4, the lower absorption intensity for the 
ethylene/OME3 flame can be justified by the greater abundance of the 
less light-absorbing particles < 20 nm [62] in this flame, as also 
confirmed by PSD reported in Fig. 2. 

The upper panel of Fig. 6 reports the first-order region of the Raman 
spectra of particles sampled in ethylene and ethylene/OME3 flames. The 
spectra present the typical features of disordered/amorphous carbons: a 
G peak at 1600 cm− 1 (vibration mode associated with the in-plane bond- 
stretching motion of pairs of C sp2 bonds), and a D peak at 1350 cm− 1 

linked with the disorder present in the carbon network [63]. The spectra 
have been normalized at the G peak to allow an immediate comparison 
of the spectral features. The G peak position is seen to be higher for the 
particulate collected in the OME3/ethylene. It should be remembered 
that, whatever the excitation energy, the G peak position has a fixed 
value of 1580 cm− 1 in perfect and infinite graphite crystals [63], shifted 
upward to 1600 cm− 1 for microcrystalline graphite due to the finite 
crystal size [63]. The G peak position in carbon materials can be shifted 
up from the 1600 cm− 1 band limit of purely graphitic carbon by the 
presence of shorter sp2 C–C bonds, featuring olefinic bonds and/or 
small aromatic layers ([64,65]). Thus, the higher G peak position of 
OME3/ethylene soot (1606 cm− 1) in comparison to pure ethylene soot 
(1600 cm− 1) suggests a higher abundance of olefinic bonds (i.e. a lower 
abundance of sp2 aromatic carbon) and/or smaller aromatic layers. 

The ratio of the D to the G peak intensity, I(D)/I(G), is the main 
Raman parameter used for quantifying order/disorder, giving a quan
titative measure of the size of the aromatic sp2 phase organized in 
clusters. For highly disordered carbons, characterized by an aromatic 
cluster size smaller than 2 nm, the I(D)/I(G) ratio increases linearly with 
the crystal area following the equation proposed by Ferrari and Rob
ertson [63]. 

As can be seen from the upper part of Fig. 6, the spectrum of the 
OME3/ethylene soot is characterized by a slightly lower intensity of the I 
(D)/I(G) ratio. Along with the slightly high position of the G peak, this 
demonstrates that the average aromatic island size within the carbon 
network in the ethylene/OME3 particles is smaller. This suggests that the 
addition of OME3 slows soot aromatization and growth. These features 
can be associated with the generally smaller sizes of particles collected 
in ethylene/OME3 flame with respect to pure ethylene flames. A shift of 
PSD towards small particles indicates a slowing of the growth process 
that can also be associated with a lower level of aromatization. 

Finally, to verify the effect of OME3 on the composition of carbon 
particles, FTIR spectroscopy was performed to identify the functional 
groups of soot particles [57]. The spectra were measured in the same 
conditions, i.e. the same carbon concentration within the KBr disk and 
disk thickness, to compare the results. More details on the sample 

Fig. 3. Comparison of soot volume fractions predicted by the model with the 
experimentally measured LIF signal (top) and LII signal (bottom) for ϕ = 2.46 
flames of ethylene/OME3/air (empty symbols). The differently colored 
continuous lines represent modeling results for the decomposition cases as re
ported in Table 2, with the dotted line representing modeling results for the 
base case. A separation is carried out for the particles calculated with CQMOM 
based on the PSD reconstruction with EM: for LIF, dp < dp,split , for LII, 
dp > dp,split . Error bars indicate the sensitivity to the value of dp,split in the range 
of 2 nm ≤ dp,split ≤ 7 nm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 4. UV–Vis mass absorption coefficient of particulate collected at 15 mm 
HAB in the ethylene/air flame (red line) and ethylene/OME3/air flame (orange 
line) at ϕ = 2.46. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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preparation for FTIR measurements are available elsewhere [57]. 
The spectra in the FTIR spectral region 4000–2500 cm− 1 where OH 

stretching peaks (around 3500 cm− 1) and CH stretching peaks 
(3100–2800 cm− 1) occur do not exhibit any significant differences, and 
for this reason they are not reported. Thus, no significant differences in 
terms of hydrogen content were found, differently from our previous 

studies on flames doped with 2,5-dimethylfuran [7] and ethanol [6]. 
This confirms that the main features of the particles produced in pure 
ethylene and ethylene/OME3 flames can be considered to be quite 
similar. 

Infrared mass absorption coefficients of carbon samples collected in 
the ethylene and ethylene/OME3 with ϕ= 2.46 are reported in the lower 
panel of Fig. 6 in the range 1900–900 cm− 1. They are mostly sensitive to 
the carbon skeleton and oxygen (C––O and C–O–C) functionalities, and 
some differences between the spectra are noticeable. These differences 
in the FTIR signal intensity are better shown in Fig. 6, which also il
lustrates the spectrum obtained as the difference between the infrared 
mass absorption coefficients of carbon particulate of ethylene/OME3 
flames and that of the pure ethylene flame. 

The higher intensity of the 1600 cm− 1 peak, due to the C––C 
stretching mode of polyaromatic systems, is clearly visible for particles 
collected in the flame doped with OME3. The irregularity/dissymmetry 
of the aromatic moiety caused by whichever kind of ring substitution 
usually causes a strengthening of the 1600 cm− 1 peak. In particular, it 
was found that the increase in the dipole moment associated with ring 
vibrations in the presence of oxygen enhances the intensity of the C––C 
stretching peak [57,66]. In this regard, soot sampled from the ethylene/ 
OME3 flame also exhibits a higher intensity of the 1720 cm− 1 absorption 
peak, due to the stretching of ketonic and/or esteric C––O groups [67]. 

Moreover, no significant differences were found in the 1300–1000 
cm− 1 range associated with other oxygen functionalities such as ether 
type structures (C–O–C), as previously reported for flames doped with 
butanols [10] and dimethylfuran [7]. 

Overall, the presence of oxygen functionalities within the carbon 
network is in line with previous findings for other oxygenated fuels. 
Comparing these results with those obtained for ethanol [6], butanols 
[10] and furans [33], the main role of the oxygenated fuels appears to 
rely on the gas phase pathways: on one hand, oxygen incorporated into 
the fuel structure improves the decomposition/oxidation pathways, 
reducing the total number of precursors and hence the total number of 
particles produced; on the other hand, the same oxygenated group in 
rich conditions can lead to the formation – in small amounts – of oxy- 
PAHs or other large oxygen-containing molecules that can finally be 
included into particles. Studies are ongoing regarding the exact nature of 
these PAHs. The distinctive feature of OME3 seems to be the predomi
nance of C––O over C–O–C and OH functionalities and it is probably 
due to the different molecular structure of the fuel studied here with 
respect to other biofuels that have been investigated. The presence of 
C–O bonds in the fuel structure and the absence of C–C bonds probably 
drive the process toward the preferential formation of C––O bonds. 
Hence, in the case of OME3 it seems that oxygenated functionalities are 
not embedded inside the aromatic network of soot particles, but are just 
located at the edge of the aromatic systems in the form of C––O groups. It 
is not possible so far to conclude which pathways lead to the presence of 
oxygen that is incorporated into the particles. Numerical results and the 
present gas-phase scheme do not include the presence and/or an active 
role for oxy-PAH in particle formation. Their impact on the total number 
of particles or even on the PSD is generally considerable less significant 
than other combustion and kinetic parameters. However, further studies 
will have to examine this topic in greater depth, also considering the 
significant role that the presence of oxygen can have in terms of after- 
treatment systems and the impact on human health [3,4]. 

5. Conclusions 

In this study, the effects of OME3 addition on soot particle formation 
in burner-stabilized premixed ethylene flames have been investigated 
with experiments and numerical simulations based on the CQMOM 
approach. 20% of the total carbon was replaced with OME3 for four 
equivalence ratios – 2.01, 2.16, 2.31 and 2.46 – while the cold gas ve
locity was kept constant. The experiments (LII and PSD) and numerical 
results indicate that there is a reduction in the total number and the size 

Fig. 5. UV–Vis absorption spectra of the filtered fraction (< 20 nm) of 100 ppm 
of total particulate collected at 15 mm HAB in the ethylene/air flame (red line) 
and ethylene/OME3/air flame (orange line) at ϕ = 2.46. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 6. Raman spectra (top) and infrared mass absorption coefficients (bottom) 
of soot particles sampled at 15 mm HAB and ϕ = 2.46 in ethylene/air flames 
(red line) and ethylene/OME3/air flames (orange line). The difference in the 
infrared mass absorption coefficient between ethylene/air flames and ethylene/ 
OME3/air flames is shown by the black line (bottom). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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of soot particles in the OME3-blended flame. An almost negligible effect 
was observed on the small condensed-phase nanostructures tracked by 
the LIF signal. Comparisons with experimental data for pure ethylene 
and blended flames indicate that the model predictivity is fair both in 
terms of the soot volume fraction and PSD, without any tuning for 
different equivalent ratios and fuel mixtures. In very rich conditions, the 
soot reduction due to the addition of OME3 is underpredicted. This 
behavior has been hypothesized to be linked with the decomposition/ 
oxidation of OME3 in the early stage of combustion and subsequent 
formation of partially oxidized by-products and radicals. The gas-phase 
kinetic scheme for OME3 taken from the literature was originally 
developed for different combustion conditions. To investigate the in
fluence of the gas-phase reaction pathways on particle formation, nu
merical tests have been performed using, instead of OME3, its 
decomposed or oxidized products to identify possible chemical path
ways that lead to a reduction in the particle growth. It has been observed 
that a faster formation of partially oxidized products in the gas-phase 
kinetics may favor a further soot reduction with respect to the actual 
scheme; however, further research is needed to investigate the gas-phase 
pathways. 

Finally, the effects of OME3 addition on the chemical features of the 
particles, i.e. aromaticity and composition, have been analyzed in the 
highest equivalence ratio conditions. UV–Visible and Raman spectros
copy analysis suggest that there is a slightly lower degree of aromati
zation in OME3-doped flames, probably due to the higher concentration 
of particles smaller than 20 nm. A higher presence of C––O functional
ities was found when analyzing the FTIR spectra of the particle samples, 
while no significant differences were observed in C–O–C, OH, and CH 
functionalities. This could be attributed to the presence in the OME3 
molecule of C–O–C bonds and the total absence of C–C bonds. The 
presence of C––O groups associated with this fuel structure could be 
relevant for future studies of similar alternative fuels. 
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