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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 (OMEs). In this work,
the sooting propensity of ethylene (CoH,4) blended with OMEg is numerically investigated on
a series of laminar burner-stabilized premixed flames with increasing amounts of OMEg,
from pure ethylene to pure OMEs. 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
OMEg; 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 OME3z blending on
the particle size distribution is studied applying the entropy maximization concept. The
effect of increasing amounts of OME; is found to be different for soot nanoparticles and
larger aggregates. While OME; blending significantly reduces the amount of larger
aggregates, only large amounts of OMEg, close to pure OMEjg, lead to a considerable
suppression of nanoparticles formed throughout the flame. A linear correlation is identified
between the OME; 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-
Hoinghaus, 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 OME:s 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. OME; to OMEs in particular exhibit
properties favourable to their use as fuel blends in compression
ignition applications. For instance, the cetane number of OME; to
OME; is in the range of 72-93 (Lautenschiitz 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 (OME;)
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 OME; blended into C,H, 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 OMEj; has not been investigated yet. Additionally,
a systematic assessment between the blending ratio of OME,,
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 OME; combustion. The
correlation between the OME; blending ratio and the soot
reduction will be numerically investigated. The analysis
systematically evaluates the complete range of OME;
blending ratios using detailed chemistry combined with a
quadrivariate soot model enabling a deeper understanding
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of the effects of different amounts of OME; 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 OME; up to a pure OME;/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
OME; 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
OME; 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 OME; to ethylene
blending ratio and the subsequent soot reduction is analyzed to
verify whether OME; 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 OME; 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 OME; (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-C,H,-
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 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(¢;x,t), which
depends on the spatial coordinates x, the time information t and
the internal property vector & = (&, &mcs Estars f,yP]T. This
vector contains two continuous properties &,,, indicating the
number of carbon atoms with &, € [0, 00), and £y, describing
the carbon to hydrogen ratio with &yc € [0, 1]. &, and &,
are discrete dimensions representing the type of entities
&yp € A, A = {large PAHs, clusters, aggregates}, and &,y
the chemical reactivity with &,, € B, B = {stable, radical}.
Applying Bayes’s decomposition, the quadrivariate number
density function f(&;x,t) reads as follows

f(§) :fH/C(fH/CEnc: Estat’ Eryp) 'fnc(fncm.stat) f!yp) ! n(fsmnftyp)’

1)

where the time and spatial dependencies are omitted for brevity.
Here, the distributions fy;,c and f,. are conditioned on the state
(&> Estar» Eyp) and (Ears &), respectively. The joint bivariate
distribution (&, £4y) can have only six values for the different
possible combinations (u, v) of the two discrete particle properties
Estar = &stary and &, = &, 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 H(u,v)

H(u,v) (fnc’ EH/C) = ?ﬁc (fH/ClEnc) fz,cv (Enc) *Mys (2)

in which the conditional distribution f;;-(§,clé,.) and the
marginal distribution f7(&,.) 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 &, and a single quadrature node
for &y,c conditioned on &,. The system of six bivariate NDFs is
therefore represented by 36 additional moment transport

several
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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, H,, H,O,
C,H,, HCO, CO, O,) 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 wunivariate continuous
distribution function f(§;,) that maximizes the entropy
(Shannon, 1948) H (f), being &, the internal coordinate

H(f) = —jg FENI(f (&) dé,. 3)
131

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

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 OME; 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, ¢ = 2.16 and ¢ = 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 ¢ = 2.16 presents minor formation of soot
aggregates, while the flame at ¢ = 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 OME; 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 OME;
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 OME; 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
OME; compared to the overall carbon fed to the flame is specified
in the table. The oxygen (O,) stream is adapted to match the
equivalence ratios of ¢ = 2.16 and ¢ = 2.46. The fuel and oxygen
streams are diluted with nitrogen (N,) 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

OMES Blending Effect on Sooting Ethylene Flames

TABLE 1 | Inflow mixture compositions of the investigated flames. Entries for 15 to
90 %caron Of OME3 blending are omitted for brevity.

¢ OME; blending ratio Inflow composition in mole fractions
in o/"’carbcm c2H4 02 N> OME3
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
2.16 5% steps
95 0.007 0.148 0.796 0.050
100 0.000 0.146 0.802 0.053
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
2.46 5% steps
95 0.007 0.145 0.792 0.056
100 0.000 0.143 0.798 0.059

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 OME; and C,H, using the same modeling
approach. In Ferraro et al. (2021), the soot reduction trends of OME;
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
C,H, and C4Hg based on the example of two different blending
ratios of pure ethylene and 50% OME; blending ratio with
equivalence ratios of ¢ = 2.16 in Figure 2A and ¢ = 2.46 in
Figure 2B. It is observed that 50% OME; blending significantly
reduces the mole fraction profiles of C;H, and C¢Hg for both
equivalence ratios. In the OME; blended flame, both species are
reduced by a factor of approximately 40-50% compared to the
pure ethylene flame. Additionally, the shape of the C¢Hj profile
changes in the richer flame configuration since the peak visible in
the pure ethylene flame vanishes with 50% OMEj; 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 (C,H,), benzene (CgHg),
naphthalene (C,oHg) and pyrene (Ci¢H;o) are plotted against
increasing amounts of OME; blended into the ethylene flame for
both equivalence ratios, ¢ = 2.16 and ¢ = 2.46. These species have
been selected because of their important role in particle inception
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FIGURE 2 | Species mole fraction profiles of acetylene (CoHa, blue lines) and benzene (CeHs, red lines) as a function of the height above the burner with an
equivalence ratio of ¢ = 2.16 (A) and ¢ = 2.46 (B) for pure ethylene flames (solid lines) and 50% OME; blending ratio (dashed lines).
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peak values of the aromatic species CgHg, C1oHg and C4gH4q are scaled by the factors of 5.0e1, 5.0e2 and 1.0e5 for better clarity.
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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. OME; by contrast, does not feature direct single or double
carbon-to-carbon bonds in the molecule and there is no direct
pathway from OME; forming alkenes (He et al., 2018). This
results in lower mole fractions of acetylene due to OME; blending
in both flame configurations and overall higher quantities of
acetylene in the richer flame. Following C,H, profiles, aromatic
species are also reduced with OME; blending. Comparing the
results for the two equivalence ratios, it can be observed that the
absolute amount of C,H, does not change significantly, while the
flame at an equivalence ratio ¢ = 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 d, < d, ;i and aggregates with diameters d, > d, spir.
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 d,, ;> the calculations are
performed for d,, o = 2 nm and for d,, s = 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 OME; for both
equivalence ratios, ¢ = 2.16 (left) and ¢ = 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
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FIGURE 4 | Nanoparticle (A,B) and soot (C,D) volume fraction profiles as a function of the height above the burner for different OMEg blending ratios and

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 OME;
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 OME; blending
in the richer condition, which is consistent with the findings in
(Ferraro et al.,, 2021). For instance, OME; blending results in a
slightly increased amount of nanoparticles at HAB = 12.5 mm in
Figure 4B for blending ratios between 0 and 50% OMEj;. Overall,
the formation of nanoparticles is slowed down with OME;
blending until no significant nanoparticle formation can be
identified for pure OME; combustion. The amount of

nanoparticles formed in the flames follows the amount of soot
precursors such as PAHs and C,H, 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 = 5mm and
HAB = 10 mm, whereas the leaner configuration exhibits a
single peak with a monotonic reduction in nanoparticle
volume fraction for HAB > 7.5mm for the pure ethylene
flame. Closer investigation of the richer configuration shows
that the plateau with the two peaks for smaller OME;
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 CsHy 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 CsHg with a monotonic reduction until the end of
the domain for the leaner flame configuration indicating that
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flame for an equivalence ratio of ¢ = 2.16 (A) and ¢ = 2.46 (B).
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FIGURE 5 | Correlation between nanoparticle volume fraction and blending ratio of OME; for three different positions in the flame and the maximum peak in the
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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 OME; blending ratios and the volume fraction of
large particles is significantly decreased at both equivalence ratios.
Therefore, OME; 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 OME; 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 OME; 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 OME; are burnt. Here, no substantial change in nanoparticle
volume fraction can be identified for OME; contents between 0%
and approximately 70% for both equivalence ratios. Further
increasing the OME; 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% OME;
blending. This effect is true for both configurations, whereas the
overall reduction in nanoparticles due to OME; blending is larger
in the richer configuration. Meanwhile, only a small reduction
can be observed in the lean configuration for the same OME;
percentages.

Figure 6 shows the soot volume fraction originating from
large aggregates over the OME; blending ratio of three locations
along both flame configurations. At all three positions in the
flame, OME; 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 OME; 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 OME; is added. For soot (large particles and
aggregates), there is a direct correlation with the C,H,
concentration, since surface growth plays a dominant role at
the investigated equivalence ratio of ¢ = 2.46.

At the lower equivalence ratio, Figure 6A, a decreasing
aggregate reduction effect can be observed with increasing
amounts of OME; 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 C,H,. Overall, both configurations show a significant
reduction in soot aggregates for OME; blending with a
monotonic effect for all ratios throughout the flame.
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To evaluate the effect of different OME; 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 = 20 mm. Blending steps with 10%,,,1,,, 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 d,,. The mobility
diameter d,, considers the fractal-like shape of larger soot
aggregates in contrast to the spherical diameter d,, which
assumes a purely spherical particle. The mobility diameter is
derived from the collision diameter d, with d,,, = d,. = dp(np)”Df
(Kruis et al, 1993). A fractal dimension Dy equal to 1.8 and a
primary particle diameter of d, = 15nm are applied and the
number of primary particles 7, 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 OME; blending ratio between 0 and
60% in both flame configurations. Further increasing the OME;
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 OME; combustion, while no such large intermediate
increase in the number of clusters is visible in the leaner flame
configuration of ¢ = 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 = 15 mm, in which the leaner
flame configuration shows a monotonic decrease of nanoparticle
volume fraction with increasing OME; blending, whereas the
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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
OME; content. A considerable amount of aggregate formation
occurs for OME; blending ratios of < 70%, while higher contents
of OME; 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% OME;, with a maximum at approximately
50% OME;, the size of the particles changes significantly from an
average mobility diameter of approx. 15nm 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 OME; in the leaner flame configuration, with a
suppression to negligible levels for blending ratios of above
40% OME;.

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

5 CONCLUSION

A numerical study is performed simulating two series of laminar
premixed burner-stabilized flames burning a mixture of C,H,
and OME; for two equivalence ratios, corresponding to highly
and lightly sooting flame conditions. The sets cover flames
with increasing blending ratios of OME; reaching from pure
ethylene to pure OME; 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 OME; blending are found to be different for
nanoparticles compared to larger aggregates. While the formation
of larger aggregates is approximately linearly reduced for
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