
Applications in Energy and Combustion Science 25 (2026) 100435 

A
2
n

 

Contents lists available at ScienceDirect

Applications in Energy and Combustion Science

journal homepage: www.elsevier.com/locate/jaecs  

Investigation of ethanol blending on soot particle evolution in counterflow 

diffusion flames of a gasoline surrogateI

Fenja Ahrendt a,1, Robert Schmitz a,1, Fabian P. Hagen b, Petros Vlavakis b, Dimosthenis Trimis b, 
Federica Ferraro a ,∗

a Institute of Jet Propulsion and Turbomachinery (IFAS), Technische Universität Braunschweig, Braunschweig, Germany
b Engler-Bunte-Institute, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany

A R T I C L E  I N F O

Keywords:
Ethanol
Gasoline surrogate
Soot formation
Soot modeling
Split-based Extended Quadrature Method of 
Moments (S-EQMOM)

 A B S T R A C T

Across all transport sectors, there is an increasing recognition of the importance of reducing not only CO2
emissions but also other climate-impacting pollutants, such as soot particulate matter. Ethanol, a widely utilized 
biofuel, has the potential to significantly reduce CO2 emissions. However, its influence on soot formation when 
blended with complex hydrocarbon fuels remains unclear. Previous studies showed that blending ethanol 
above 40 vol% reduces both the total soot volume fraction and particle diameter, while at lower blending 
ratios, 20 vol% ethanol or less, discrepant trends can be found in the literature. In some studies, a synergistic 
effect has been observed, where ethanol blending with various hydrocarbon fuels promotes soot formation. To 
address these uncertainties, this study investigates the effects of varying ethanol blending ratios with a gasoline 
surrogate (90 vol% iso-octane and 10 vol% toluene) on soot formation characteristics in a laminar counterflow 
diffusion flame for ethanol ratios up to 60 vol%. Experimental and numerical investigations are conducted 
to understand the effects of ethanol blending on gas-phase products, soot volume fraction and particle size 
distribution. Gas-Chromatography and two-color Time-Resolved Laser Induced Incandescence (TR-LII) were 
employed to measure gas species, soot volume fraction and primary particle size distribution, respectively. 
Numerical simulations are carried out using a detailed soot model based on the Split-based Extended 
Quadrature Method of Moments (S-EQMOM). Both experimental and numerical results consistently show a 
non-linear impact of ethanol blending on soot precursors and a non-monotonic effect on particle quantities. 
Small amounts of ethanol, up to 10 vol%, have little effect on soot formation. However, higher levels of ethanol 
significantly reduce soot formation and the diameter of large particles. Analysis of individual soot processes 
reveals that, when ethanol is added, PAH-related soot processes, such as inception and PAH-deposition, are 
the limiting steps, while the HACA and soot oxidation mechanisms are less affected.
1. Introduction

Anthropogenic emissions, including CO2, NO𝑥, and soot, which are 
primarily produced by the combustion of fossil hydrocarbons, are a ma-
jor driver of climate change [1]. Despite global efforts to reduce emis-
sions by scaling up renewable energy sources and electrification, fossil 
fuels still supply about 80% of global energy consumption [2]. One 
promising pathway to reduce carbon emissions is to use bio-derived 
oxygenated hydrocarbons or biofuels, which can enable a carbon-
neutral energy balance. Accordingly, biofuels, such as bio-ethanol and 
bio-butanol, have been extensively investigated as an alternative to 
fossil fuels over the past decades [3,4], showing the potential to reduce 
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not only CO2 but also soot emissions [5,6]. Soot emissions are con-
sidered a significant contributor to climate forcing, ranking second in 
impact [7]. Soot particles are not only detrimental to the environment 
but also harmful to human health. Specifically, ultrafine particles can 
be inhaled, absorbed by lung cells, and enter the circulatory system, 
reaching organs such as the liver and heart [8].

One advantage of biofuels is that they can be used in existing 
engines, or with minimal modifications, and could even enhance the 
engine efficiency [9]. Ethanol is currently the most widely used bio-
fuel [9], commonly blended at low concentrations with gasoline for 
spark-ignition engines. Several studies have explored its combustion 
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and emission characteristics in various canonical flame configura-
tions [10–13] as well as in engine tests [14]. Koegl et al. [14] investi-
gated the formation and oxidation of soot in ethanol and butanol fuel 
blends in a direct-injection spark-ignition engine at ethanol and butanol 
ratios of 20%. An increase in the formation of soot for both oxygenated 
fuels was observed.

Recently, Do et al. [15] studied turbulent diffusion flames of differ-
ent gasoline mixtures with varying ethanol ratios between 0 to 100%. 
Soot formation decreased quasi-linearly with increasing ethanol ratios 
up to 40%. No linear relation was observed beyond this point and no 
more soot particles were detectable at 85%.

To conduct fundamental investigations on soot formation from vari-
ous fuels and their blends, lab-scale laminar flames are often employed 
for their very well-defined boundary conditions and setup simplic-
ity, which enable also numerical modeling and detailed simulations. 
Salamanca et al. [10] experimentally investigated laminar premixed 
ethylene flames blended with ethanol ratios up to 30%. They found 
that as the amount of ethanol increases, the formation of soot particles 
decreases. A correlation was also identified between the reduction of 
soot and the equivalence ratio: the soot reduction effect increased for 
lower equivalence ratios. Additional analysis of particle size distribu-
tions in blended and unblended flames suggested that ethanol blending 
might either reduce coagulation efficiency or slow nanoparticle forma-
tion and growth mechanisms. In a counterflow diffusion configuration 
with a soot formation type of flame, similar effects as in the pre-
mixed flame are produced on the oxidizer side of the stagnation plane 
when ethanol is used as a substituent in the fuel stream, as reported 
in Salamanca et al. [11]. On the fuel side, adding low amounts of 
ethanol up to 20 vol% increased nanoparticle and soot formation, while 
larger amounts led to a reduced formation of larger particles [11]. 
This enhancement at low ethanol blending was attributed to increased 
fuel reactivity in the pyrolytic zone, which ultimately promotes poly-
cyclic aromatic hydrocarbon (PAH) formation and growth, while higher 
amounts of ethanol result in enhanced fuel oxidation [11]. Similarly, 
Frenzel et al. [12] experimentally investigated ethanol blends up to 
neat ethanol in laminar premixed iso-octane/air flames. A reduction 
in the volume fraction and particle diameter of soot could be observed, 
while the number of particles remained in the same range.

McNesby et al. [16] examined the soot formation mechanism in 
ethylene counterflow flames to which ethanol was added up to 8% on 
both the oxidizer and the fuel sides. Adding ethanol to the oxidizer 
side resulted in premixed combustion, creating a secondary flame zone 
prior to the main flame zone. Due to the convection of OH and other 
hot gas products into the primary flame zone, the peak temperature 
increased and the OH concentration profile expanded. As a result, 
the soot precursor and soot oxidation increased, which decreased the 
overall soot concentration. In contrast, the soot concentration increased 
when adding ethanol to the fuel side. The lack of oxygen in the fuel 
stream caused the ethanol to decompose via pyrolysis, leading to the 
production of methyl radical (CH3) in the initial steps and an increased 
production of benzene (A1).

The effects of ethanol addition on PAHs and soot in counterflow 
diffusion flames of ethylene was further investigated experimentally 
and numerically by Yan et al. [9]. A synergistic effect of ethanol 
addition on soot concentration was observed for lower blending ratios. 
The reaction pathway analysis indicated that ethanol blends enhance 
the formation of CH3 radicals and C3H3. This reaction pathway could 
promote the formation of benzene and larger aromatics leading to 
increased soot formation for low ethanol blending ratios.

The influence of the strain rate on soot and nanoparticle formation 
was investigated in laminar counterflow flames of ethylene blended 
with ethanol and oxymethylene ethers (OMEs) by Esposito and Sirig-
nano [17]. The study revealed that both nanoparticles and soot were 
formed in the pyrolytic and oxidative zone, while smaller particle 
sizes were observed in the pyrolytic zone. The amount of particles 
decreased with increasing strain rates. Additionally, a slight increase 
2 
of nanoparticles was detected in the pyrolytic zones of ethanol-blended 
flames.

To investigate the effects of oxygenated fuels at low blending ratios, 
McEnally and Pfefferle [18] experimentally examined the addition of 
10% dimethyl ether and ethanol to an ethylene laminar coflowing flame 
under atmospheric condition and compared with pure oxygenated fuel 
flames. The results showed that blending oxygenated fuels enhances 
soot formation compared to neat ethylene flames, even though pure 
oxygenated fuel flames show negligible soot formation. More recently, 
Yang et al. [19] and Lyu et al. [13] investigated soot formation at ele-
vated pressure in laminar coflowing flames of ethylene and n-heptane, 
respectively, with increasing ethanol concentrations. Similar to [9], 
both studies reported enhanced soot formation at 10% ethanol blend-
ing, while a significant reduction was observed at 20% and higher 
ethanol blending, also at elevated pressure.

In summary, although ethanol generally decreases soot formation, 
numerous studies have reported increased soot emissions at low blend-
ing ratios (around 10–20%) [13,14,17–19], depending on multiple 
factors such as fuel dilution, flame temperature, pressure and config-
uration. Most existing studies have focused on ethanol blended with 
ethylene, and only a few studies [11,17] have analyzed both soot 
volume fraction and particle size distribution.

Therefore, this work provides a thorough examination of how 
adding ethanol to a gasoline surrogate affects soot formation in a 
counterflow diffusion flame. Combined experimental and numerical 
analyses focus on gas phase, soot volume fraction, and particle size 
distribution to provide a comprehensive understanding of the soot-
ing behavior of complex blended hydrocarbon fuels. Although this 
well-controlled canonical flame configuration does not reproduce all 
physical phenomena present in a real engine, it allows to focus on 
fuel chemical effects separated from other processes. Specifically, the 
objectives are: (i) to present a comprehensive dataset of ethanol blends 
in gasoline surrogate over a wide range of blending ratios, between 0 
and 60%, with a particular emphasis on the low blending ratios, and 
(ii) to understand the conflicting trends in soot formation described 
above by exploring the effects of ethanol blending on soot precursors, 
nanoparticles and larger particles.

Non-premixed laminar counterflow diffusion flames with constant 
conditions of strain, carbon stream, and flame positions are inves-
tigated. A gasoline surrogate consisting of toluene and iso-octane is 
employed. Gas-phase major species and soot precursors are measured 
using Gas-Chromatography, while soot characteristics are evaluated 
using two-color Time-resolved Laser Induced Incandescence (2C-TiRe-
LII) [20,21]. The numerical simulations are performed using an ad-
vanced soot model based on the Split-based Extended Quadrature 
Method of Moments (S-EQMOM) [22], which allows for the reconstruc-
tion of the particle size distribution.

The structure of this work is as follows. First, the investigated 
flame conditions are described. Then, the experimental approach is 
presented, followed by the numerical modeling approach. The results 
section includes experimental and numerical comparisons of the flame 
structure, gas phase species, soot volume fractions, and particle size dis-
tributions. Finally, detailed analyses of the contributions of individual 
soot processes are presented.

2. Overview of investigated flames

In this study, laminar counterflow diffusion flames burning a gaso-
line surrogate mixed with different amounts of ethanol (C2H5OH) 
are investigated. The stoichiometric mixture fraction, temperatures of 
fuel and oxidizer streams, strain rate, and composition of the oxi-
dizer stream are kept constant in order to isolate the influence of 
the ethanol content in the fuel on the kinetics and soot formation 
processes. The gasoline surrogate consists of iso-octane (iC8H18) and 
toluene (C7H8) with a fixed volume ratio of 9:1. Toluene is chosen as a 
representative aromatic compound of gasoline fuel to guarantee sooting 
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Table 1
Ethanol content in the fuel mixture (in vol%), fuel composition of investigated flames in mole fraction, atomic ratios of the fuel 
stream and maximum temperatures.
 Flame Surrogate in vol% Fuel stream composition in mole fractions Atomic ratios Maximum temperature in K
 C2H5OH C2H5OH C7H8 iC8H18 N2 C/H C/O Numerical Experimental  
 EthOHX00 0 0.000 0.031 0.177 0.792 0.476 ∞ 1822 1837  
 EthOHX05 5 0.028 0.030 0.170 0.772 0.469 58.1 1828 1852  
 EthOHX10 10 0.056 0.029 0.162 0.753 0.462 28.8 1832 1839  
 EthOHX20 20 0.119 0.027 0.150 0.704 0.448 13.7 1845 1859  
 EthOHX40 40 0.248 0.021 0.118 0.613 0.420 6.40 1864 1883  
 EthOHX60 60 0.402 0.015 0.085 0.498 0.391 3.95 1887 1885  
conditions. Iso-octane mimics the principal combustion properties of 
gasoline fuel. The gasoline surrogate is blended with increasing amount 
of ethanol, from 0 vol% to 60 vol%. In addition, the fuel mixtures are 
diluted by N2 to maintain a constant stoichiometric mixture fraction 
of 𝑍𝑠𝑡 = 0.1 across all flames. This ensures that the position of the 
flame and the temperature peak remain similar in all investigated 
flames. The mixture compositions were chosen to isolate the effects of 
the fuel composition on polycyclic aromatic hydrocarbons (PAHs) and 
subsequent soot formation processes from the effects of temperature. 
Table  1 summarizes the fuel stream compositions in molar fractions for 
all investigated flames, including the respective C2H5OH content, the 
C/H and C/O atomic ratios, the maximum flame temperature and the 
naming convention adopted. The oxidizer stream consists of air, while 
a simplified composition of 𝑋N2

= 0.79 and 𝑋O2
= 0.21 is specified in 

the numerical simulations. The temperatures of the fuel and oxidizer 
stream at their corresponding inlets are 𝑇𝑓𝑢𝑒𝑙 = 393K and 𝑇𝑜𝑥 = 298K, 
respectively.

To ensure that the gas-phase stagnation plane is located approxi-
mately in the middle between the fuel and oxidizer ducts, a momentum 
balance of the inlet streams is established for all flames. A constant 
strain rate of 𝐾 = 60 s−1, calculated on the basis of the velocity 𝑢𝑜𝑥
of the oxidizer stream, is chosen for all flames. Hereby, the global 
strain rate definition provided by Seshadri and Williams [23] is applied 
and further simplified by the momentum balance of both inlet streams, 
leading to the correlation 
𝐾 = 4𝑢𝑜𝑥∕𝐿. (1)

3. Experimental approach

A counterflow burner developed by Niemann, Seshadri and Williams 
[24] was used to stabilize laminar counterflow diffusion flames at 
atmospheric pressure. It consists of two water-cooled opposing ducts 
with an inner diameter of 25mm and a fixed separation distance of 
12.5mm. The fuel is introduced through the lower duct, while the 
oxidizer, ambient air in this study, is supplied from the top. Both ducts 
are shielded by nitrogen sheath flows. Fine wire meshes at the duct exits 
ensure near plug-flow conditions. The liquid fuel is evaporated using a 
syringe pump and a direct vaporizer system [25,26]. Depending on the 
target fuel composition, a defined nitrogen flow is added downstream of 
the vaporizer. All fuel lines are heated to 400K to prevent condensation.

The axial temperature profiles were measured using an S-type ther-
mocouple probe as described in [27]. A spring mechanism prevents 
deformation of the thin thermowires with a diameter of 100 μm, which 
are fixed under tension and aligned parallel to the reaction zone. To 
eliminate catalytic effects, the wires were coated with zirconium oxide. 
The coated thermocouple bead has a diameter of 400 μm. The measured 
temperatures were corrected for radiation losses according to Shad-
dix [28]. Considering the standard deviation of the measurement and 
the uncertainties imposed by the radiation correction, the uncertainty 
of the reported temperatures is 80K [21,25–27].

A gas chromatograph (GC) with multiple detectors was used to 
determine the spatially resolved gas-phase composition. Sampling was 
carried out using a ceramic microprobe with an inner diameter of 
300 μm and an outer diameter of 500 μm, directly connected to the GC 
3 
and based on a design originally proposed by Carbone and Gomez [29]. 
The microprobe was inserted horizontally into the counterflow flames. 
Vertical movement along the flame axis was enabled by the traversable 
counterflow burner. A CCD camera monitored the probe position. 
While no visible disturbance of the flame was observed, the method 
introduces a spatial uncertainty of ± 500 μm. The transfer line was 
heated to 423K to prevent condensation. The GC, described in detail 
elsewhere [25,30], used three dedicated columns with thermal conduc-
tivity detectors to quantify CO, CO2, O2, H2, and H2O. A fourth column 
was used to separate lighter and heavier hydrocarbons. These fractions 
were analyzed using two additional GC columns, each connected to 
flame ionization detectors and mass spectrometry. The GC system 
including all detectors was calibrated using certified gas and liquid 
standards. The uncertainties are 3% to 10% for major species, 5% to 
30% for hydrocarbons including aromatics, and 20% for H2O.

The soot volume fraction and the primary particle size distribution 
(PSD) were determined by two-color time-resolved laser-induced in-
candescence (2C-TiRe-LII). The temperature rise of a particle ensemble 
upon laser pulse absorption is governed by the energy balance:
𝑁 𝜋 𝜌𝑝

6 ∫

∞

0

[

∫

𝑇 ∗
𝑝

𝑇 0
𝑝

𝑑3𝑝 𝑐𝑠 PSD 𝑑𝑇

]

𝑑𝑑𝑝 =

𝑁 𝜋2 𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) 𝑓𝑒𝑥𝑐
𝜆𝑒𝑥𝑐 ∫

∞

0
𝑑3𝑝 PSD 𝑑𝑑𝑝. (2)

Here, 𝑇𝑝 denotes the particle temperature, with 𝑇 0
𝑝  and 𝑇 ∗

𝑝  referring 
to the states before and after laser pulse absorption, respectively. 
The parameters 𝜌𝑝, 𝑑𝑝, 𝑁 , and 𝑐𝑠 represent the particle density, size, 
number, and volumetric heat capacity. Following [31,32], the PSD is 
best approximated by a log-normal distribution; in line with [20,21], 
we assume a geometric standard deviation of 1.4. Although devel-
oping geometric standard deviations have been reported in [20], the 
overall trends of the count median diameter remain robust against 
the chosen assumption, which justifies the use of a constant value in 
this study. In Eq. (2), 𝜆𝑒𝑥𝑐 denotes the excitation wavelength and 𝑓𝑒𝑥𝑐
the laser fluence integrated over the pulse. The absorption function 
𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) accounts for the complex refractive index 𝑚 at the excitation 
wavelength. Assuming temperature-independent volumetric heat ca-
pacity, 𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) can be inferred from pre- and post-pulse temperature 
measurements, as reported in [33,34]. The evolution of soot maturity 
during particle formation can thereby be monitored directly through 
𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) [35,36]. The temperature of the laser-heated soot particle en-
semble is derived from Planck’s radiation law. Under homogeneous and 
optically thin conditions within the laser probe volume, the thermal 
emission signal 𝑆(𝜆𝑑 , 𝑇𝑝) at a discrete detection wavelength 𝜆𝑑 follows 
Planck’s law integrated over all solid angles [31]:

𝑆(𝜆𝑑 , 𝑇𝑝) = 𝑁 ∫

∞

0

8𝜋3ℎ𝑐2𝜆 𝐸(𝑚, 𝜆𝑑 )𝛴𝑑 𝑑3𝑝 PSD

𝜆6𝑑

×
[

exp
(

ℎ𝑐𝜆
𝜆𝑑𝑘𝐵𝑇𝑃

)

− 1
]−1

𝑑𝑑𝑝. (3)

The spectral sensitivity of the detection system is accounted for by 𝛴𝑑 . 
Here, 𝑘𝐵 denotes Boltzmann’s constant, ℎ Planck’s constant, and 𝑐𝜆 the 
speed of light. Assuming Wien’s approximation, i.e., exp (ℎ𝑐 ∕𝜆 𝑘 𝑇

)

𝜆 𝑑 𝐵 𝑝
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≫ 1 [37], the particle temperature can be derived from the ratio of 
signals 𝑆(𝜆𝑖𝑑 , 𝑇𝑝) and 𝑆(𝜆𝑖𝑖𝑑 , 𝑇𝑝) measured at two detection wavelengths 
𝜆𝑖𝑑 and 𝜆𝑖𝑖𝑑 , respectively [31,38].

𝑇𝑝 =
ℎ𝑐𝜆
𝑘𝐵

(

1
𝜆𝑖𝑖𝑑

− 1
𝜆𝑖𝑑
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𝑖
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)

𝐶𝑐𝑎𝑙

]−1

(4)

The calibration constant 𝐶𝑐𝑎𝑙, accounting for the relative spectral sensi-
tivity of the detection system at both wavelengths, is determined using 
a tungsten lamp [21,33].

Following laser pulse absorption and the associated prompt temper-
ature rise, the gas-borne particle ensemble cools down to the ambient 
gas temperature. In the low-fluence regime of 2C-TiRe-LII, particle 
cooling is governed by heat conduction [38]. Since the conductive 
cooling rate scales with surface area, smaller particles cool faster 
than larger ones. As a result, the temporal decay of particle tempera-
ture – measured by 2C pyrometry, see Eq. (4) – reflects the primary 
particle size distribution. The decay, which depends non-linearly on 
the PSD moments, is simulated numerically using an energy balance. 
Assuming a log-normal PSD, the statistical moments of the actual PSD
are retrieved via multidimensional nonlinear fitting of the simulated 
decays to those measured experimentally [39]. In this work, the energy 
balance includes source terms based on the Karlsruhe model [21,33].

The experimental quantification of the primary particle size dis-
tribution from 2C-TiRe-LII decays is subject to several sources of un-
certainty. The fit quality between measured decay curves and the 
Karlsruhe model contributes about 2% to 5%. A major systematic 
contribution arises from the assumption of the geometric standard 
deviation by up to 15%. Additional contributions result from uncer-
tainties in the local gas temperature of about 3% and detector linearity 
below 2%. Furthermore, the choice of optical properties used in the 
evaluation introduces an additional systematic contribution of roughly 
10%, while variations in particle morphology may further influence 
heat transfer and optical properties in ways that are difficult to isolate 
quantitatively. Considering all contributions, the combined standard 
uncertainty of the count median diameter is estimated at about 15%. 
This range is consistent with comparisons to transmission electron mi-
croscopy data reported in the literature [40]. To remain conservative, 
the count median diameter of the primary particle size distribution is 
therefore reported with an expanded uncertainty of less than 20% with 
a coverage factor of two.

In the Rayleigh regime, laser pulse absorption by particles is pro-
portional to their volume within the detection volume. According to 
Kirchhoff’s law, thermal radiation follows the same scaling. Hence, 2C-
TiRe-LII also enables the quantification of the soot volume fraction, 
provided that all particles are heated uniformly regardless of size. 
This condition is met by operating in the plateau regime [38], not 
in the low-fluence regime. Under these conditions, the peak signal is 
approximately proportional to the soot volume fraction. The corre-
sponding calibration constant is determined using reference flames with 
known soot volume fraction. As mentioned above, flame-specific and 
spatially resolved values of 𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) were retrieved from low-fluence 
2C-TiRe-LII evaluations based on pre- and post-pulse temperature mea-
surements [33,34]. The plateau-calibrated soot volume fractions were 
subsequently corrected using these values to account for differences 
between the reference flame and the investigated counterflow diffusion 
flames. This ensures that variations in optical properties are reflected 
in the evaluation of soot volume fractions. Although such corrections 
reduce systematic errors, residual uncertainties remain and are explic-
itly accounted for. According to [21], the uncertainty in soot volume 
fraction can reach up to 40% due to repeatability and sensitivity to 
𝐸(𝑚, 𝜆𝑒𝑥𝑐 ). For soot volume fractions above 500 ppb and 𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) > 0.3, 
the uncertainty decreases to below 20%.
4 
The calibration constant used to quantify the soot volume fraction 
was determined by comparing the measured 𝑆∗(𝜆𝑖𝑖𝑑 ) from our laser-
optical setup with values obtained in a laminar, premixed ethylene/air 
reference flame at 2.1, for which the soot volume fraction is known 
from Hadef et al. [41]. The values of 𝐸(𝑚, 𝜆𝑒𝑥𝑐 ) were taken from [35] 
and verified against our measurements, showing good agreement.

In this study, a Q-switched Nd:YAG laser, operating at 10 Hz and 
at 𝜆𝑒𝑥𝑐 = 1064 nm, was used. A rotating half-wave plate combined 
with a polarizing beam splitter ensured a well-defined fluence. Pulse-to-
pulse fluence was monitored using a calibrated fast photodiode, while 
the total laser energy was measured with an energy sensor. The beam 
passed through a mirror array and aperture and was relay-imaged into 
the detection volume with 1:1 magnification. 2C-TiRe-LII signal decays 
were recorded at 120◦ to the laser axis using a 2C detection system 
consisting of a lens assembly and two fast photomultipliers equipped 
with 10 nm FWHM interference filters centered at 𝜆𝑖𝑑 = 450 nm and 
𝜆𝑖𝑖𝑑 = 650 nm. Signals were recorded using an oscilloscope, triggered by 
photodiode used for fluence monitoring. Further details on the setup 
are given in [20,21,33].

4. Numerical approach

Numerical calculations of the laminar counterflow diffusion flames 
are performed using the Universal Laminar Flame (ULF) solver [42] 
on a one-dimensional domain. Finite-rate chemistry is applied for the 
modeling of the gas-phase species. Soot particle formation is modeled 
using the S-EQMOM [22]. Both the chemical kinetics and the soot 
modeling approach are further elaborated in the subsequent sections.

4.1. Gas-phase modeling

The chemical kinetics of the gas-phase species is modeled using a 
semi-detailed reaction mechanism based on the DLR Concise mecha-
nism [43,44]. It covers the decomposition and oxidation of the fuel 
species described above and also includes the formation kinetics of the 
soot precursor species. In addition to this base mechanism, reaction 
kinetics of the formation pathways of polycyclic aromatic hydrocarbons 
up to pyrene (A4) were updated in [43,44].  Pyrene is the largest 
PAH species explicitly considered in the gas-phase mechanism, which 
accounts for all larger PAHs as a lumped species, similar to previous 
studies, e.g. [45,46]. This ensures consistency in the combination of 
kinetics and the inception step in soot modeling, with pyrene linking 
the gas-phase chemistry to the soot particle modeling. In total, the 
mechanism contains 214 chemical species and 1539 reactions. It has 
been successfully applied in combination with the soot model in previ-
ous studies of laminar ethylene/air counterflow flames in [45] and LES 
of a real aero-engine combustor [47].

4.2. Soot particle modeling

The soot particle model accounts for the evolution and dynamics of 
the solid particles in the flame, including their initial formation, parti-
cle interaction with the gas phase, and the interaction between multiple 
particles. In the S-EQMOM approach, developed in [22], particles are 
assumed to be spherical and characterized by their volume 𝑉 , resulting 
in a volume-based univariate number density function (NDF) 𝑛(𝑥𝑖, 𝑡;𝑉 ), 
which describes the particle population at each position 𝑥𝑖 and time 𝑡
in the flame. Since steady-state flames are investigated in this study, 
time dependencies are omitted below.

In the S-EQMOM, the evolution of the particle NDF, described by the 
population balance equation, is not solved directly but approximated by 
the evolution of its statistical moments 𝑚𝑘 of the order 𝑘, defined as 

𝑚𝑘 = ∫

∞
𝑉 𝑘𝑛(𝑥𝑖;𝑉 )d𝑉 . (5)
𝑉 =𝑉𝑖𝑛𝑐𝑒𝑝𝑡𝑖𝑜𝑛
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The transport equation describing the evolution of the 𝑘th moment 
is given by: 
𝜕𝑚𝑘
𝜕𝑡

+ 𝜕
𝜕𝑥𝑖

([𝑢𝑖 + 𝑢𝑇 ,𝑖]𝑚𝑘) = 𝑚̇𝑘. (6)

The soot particles follow the velocity of the gas phase 𝑢𝑖 due to their 
low Stokes number. The velocity change due to thermophoretic effects 
𝑢𝑇 ,𝑖 is modeled by 𝑢𝑇 ,𝑖 = −0.55 𝜈

𝑇
𝜕𝑇
𝜕𝑥𝑖

 including the local temperature 
𝑇  and the kinematic viscosity 𝜈 [48]. Diffusion effects are neglected 
due to the high Schmidt numbers of soot particles [49]. The right-
hand side of Eq. (6) 𝑚̇𝑘 represents the source terms of the moments 
due to interactions of the particles with the gas phase and particle–
particle collisions. Their physical and chemical modeling is described 
as follows. Inception, i.e., the formation step of soot particles, is as-
sumed to occur through the collision of two pyrene molecules [50], 
resulting in the formation of a particle with a volumetric size denoted 
as 𝑉𝑖𝑛𝑐𝑒𝑝𝑡𝑖𝑜𝑛. The chemical surface growth by C2H2 is modeled according 
to the hydrogen-abstraction-C2H2-addition (HACA) mechanism [51], 
while OH and O2 lead to particle oxidation [52]. The rate parameters 
for both processes are based on the work by Appel et al. [53]. PAH 
deposition onto the particle surface, also known as PAH-condensation, 
is described by the collision of particles with pyrene [50]. Collisions 
between multiple particles are assumed to result in coalescence, which 
is thus the sole coagulation process considered in this univariate model. 
Two collision kernels for the free molecular regime and the continuum 
regime are differentiated and a smooth transition between both regimes 
is achieved by applying a blending function [54]. The consumption of 
gas-phase species due to the described soot processes is considered in 
the species balance equations, establishing a coupling between the gas 
and soot particle phases.

To achieve the closure for the moment source terms 𝑚̇𝑘, which rely 
on the distribution itself in the case of soot growth, oxidation, and 
particle–particle collisions, the S-EQMOM [22] is applied. S-EQMOM is 
based on the approach of the Extended Quadrature Method of Moments 
(EQMOM), which is described in the work of Yuan et al. [55]. Both 
methods employ multiple kernel density functions of a given geometric 
shape to describe the particle NDF, which may exhibit a complex and 
multimodal distribution shape. In contrast to the standard EQMOM, the 
S-EQMOM splits the volume-based NDF 𝑛(𝑉 ) into a sum of 𝑁𝑠 sub-NDFs 
𝑛𝑠𝑖 (𝑉 ) leading to [22]: 

𝑛(𝑉 ) =
𝑁𝑠
∑

𝑗=1
𝑛𝑠𝑗 (𝑉 ) ≈

𝑁𝑠
∑

𝑗=1
𝑤𝑠𝑗 𝛿𝜎𝑠𝑗 (𝑉 , 𝑉𝑠𝑗 ). (7)

Each sub-NDF 𝑛𝑠𝑖 (𝑉 ) is individually approximated by a geometric func-
tion 𝛿𝜎𝑠𝑖 (𝑉 , 𝑉𝑠𝑖 ) of a predefined shape. 𝑤𝑠𝑖  represents the corresponding 
weights and 𝑉𝑠𝑖  the node or inner coordinate positions. In contrast to 
the standard EQMOM, where the inversion is applied to the moments 
of the entire NDF, in S-EQMOM the inversion is performed for each 
sub-NDF individually and the NDF is reconstructed based on the sum 
of the sub-NDFs. Applying this strategy leads to a unique solution of the 
moment inversion and thus to enhanced numerical robustness and sta-
bility [22]. In this work, the NDF of the soot particles is approximated 
using three sub-NDFs, each described by gamma function distribu-
tions [56]. The shape parameters of each sub-NDF are reconstructed 
from three of their lower-order moments, resulting in a total of nine 
transported moments to represent the particle size distribution (PSD). 
Further details of the modeling approach can be found in the work of 
Salenbauch et al. [22], which has been applied both in laminar [22,45] 
and turbulent conditions [47,57,58].

5. Results

First, the numerical temperature profiles and gas-phase species 
mole fractions are compared with the experimental data to validate 
the simulation setup. Following this gas-phase validation, detailed in-
vestigations are carried out to understand the effect of ethanol at 
varying blending ratios on sooting characteristics and the individual 
soot formation processes.
5 
Fig. 1.  Experimental (symbols) and simulated (lines) temperature profiles for 
varying ethanol content. Dashed vertical lines indicate the particle stagnation 
plane (PSP), gas-phase stagnation plane (GSP), and temperature peak location. 
The inset presents a close-up of the temperature peak region.

5.1. Gas-phase results

Fig.  1 shows the temperature profiles obtained from the simula-
tions and their corresponding experimental data for varying amounts 
of ethanol in the fuel mixture, as a function of the distance from 
the fuel nozzle. The positions of the peak temperature, the gas-phase 
stagnation plane, and the particle stagnation plane from the simulations 
are indicated as vertical lines. The peak temperatures, which are also 
reported in Table  1, increase marginally with higher ethanol content, 
while all the maximum temperatures remain within a narrow range 
of 60K. The reaction zones are located on the oxidizer side, causing 
the soot particles to form on the fuel rich side, i.e., on the left side 
of the flame temperature peak. Here, no significant differences in 
the temperature profiles can be observed. This consistency between 
the flames minimizes the effect of temperature and flame structure 
on flame chemistry, thereby isolating the influence of fuel chemical 
composition from other effects on gas-phase species and soot precursor 
formation.

The mole fraction profiles of selected combustion products and 
intermediate species obtained by the simulations are shown in Fig. 
2 and compared with available experimental data for CO and H2O. 
Increasing the ethanol content in the fuel mixture leads to an increase in 
CO, OH, and H2O mole fractions. The oxygenation of the ethanol is the 
primary cause of these trends, as OH and H2O are immediate products 
during the breakdown of the ethanol molecule [59,60]. Changes in 
OH-radical are especially relevant for the oxidation of soot particles. 
Overall, these simulation results closely reproduce the experimental 
trends both qualitatively and quantitatively, indicating that the main 
properties of the flames are well captured in the simulation.

To evaluate the influence of ethanol on the formation of soot pre-
cursor species, mole fraction profiles of acetylene (C2H2), naphthalene 
(A2), and pyrene (A4) are visualized in Fig.  3. Experimental data are 
available for C2H2 and A2. The C2H2 profile is almost unchanged at a 
lower ethanol content in the fuel mixture with non-monotonic behavior 
for the flame EthOHX10, while moderately increased acetylene mole 
fractions are observed at ethanol contents of 20% and above. The 
simulations capture this trend, while slightly overpredicting the overall 
experimental values. A2 and A4 mole fraction peaks decrease with in-
creasing ethanol content with an intermediate plateau for the A2 profile 
between EthOHX10 and EthOHX20. Therefore, both PAH species show 
an overall inverse trend compared to C2H2 with increasing ethanol 
content in the fuel. Close to the particle stagnation plane, an increase 
in the A2 and A4 mole fraction profiles can be observed for the 5%
ethanol flame compared to the neat gasoline flame. This behavior 
can be explained by the increased reactivity associated with small 
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Fig. 2. Experimental (symbols) and simulated (lines) mole fractions of CO 
(top), OH (middle), and H2O (bottom) for varying ethanol content.

amounts of ethanol, which enhances the radical pool generated during 
fuel decomposition, consistently with the results in [11]. At higher 
ethanol contents, fuel oxidation resulting from added oxygen and ac-
companying dilution effects becomes dominant, thereby reducing PAH 
formation again. The simulation accurately captures the experimental 
data for A2; however, it exhibits a reduced sensitivity to variations in 
ethanol content. A higher sensitivity is predicted by the modeling for 
the A4 mole fraction as shown in Fig.  3. The reduction of C7H8 in the 
fuel mixture of the ethanol flames, as noted in Table  1, is unlikely to 
be the sole reason for the reduction of larger aromatics, because the 
reduction of larger PAHs, such as A4, exceeds the changes of C7H8
in the fuel mixture. Therefore, adding ethanol to the fuel mixture not 
only dilutes the amount of C7H8, but also appears to actively alter PAH 
formation processes, thereby affecting the initial soot formation step.

5.2. Soot evolution

Fig.  4 shows the experimental and modeled soot volume fraction 
profiles for the various blends of ethanol in the fuel. The soot parti-
cles are formed and grow in the fuel-rich side of the reaction layer, 
where large PAHs and acetylene are present. Soot particles are then 
transported toward the fuel nozzle and surpass the gas-phase stagnation 
plane (GSP) due to thermophoresis, resulting in a soot formation flame 
6 
Fig. 3. Experimental (symbols) and simulated (lines) mole fractions of C2H2
(top), A2 (middle), and A4 (bottom) for varying ethanol content. The insets 
show the A2 and A4 mole fraction profile of the two flames EthOHX00 and 
EthOHX05 near the particle stagnation plane.

structure. The simulations correctly predict the soot inception and 
growth region, the stagnation plane location as well as the qualita-
tive trend of the experimental data. However, the computed profiles 
underestimate the experimental results by almost a factor of ten. Both 
experimental and numerical results indicate a notable reduction in soot 
volume fraction with increasing amount of ethanol. A slight increase in 
soot volume fraction occurs only when 5% ethanol is blended, which 
represents an exception to this trend. This particular effect observed in 
the experiments is captured by the numerical model. Similar behavior 
with an increase in particle formation at lower blending ratios has 
been observed for ethanol [13,17–19] and other oxygenated fuels in 
the literature, especially for nanoparticle formation [61].

The normalized peak values of the simulated soot volume frac-
tion profiles and the experimental data are summarized in Fig.  5 to 
demonstrate the quantitative reduction in the soot volume fraction for 
different amounts of ethanol in the fuel mixture. Both the experimental 
and simulation results exhibit their maximum soot volume fraction 
at 5% ethanol, which is used to normalize the data. Slightly smaller 
values of the normalized soot volume fraction can be observed in both 
experiments and simulation at 0% ethanol, while a larger, monotonic 
reduction is obtained starting from 10% ethanol concentration and 
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Fig. 4. Experimental (symbols) and simulated (lines) soot volume fraction 
profiles for varying ethanol contents.

Fig. 5. Normalized soot volume fraction peak values of experimental data and 
simulations for varying ethanol content.

beyond. The numerical predictions from 0% up to 20% ethanol concen-
tration are quantitatively well captured by the simulations. However, 
at the highest ethanol concentration investigated, the measured soot 
volume fraction decreases of 95%, while the simulation predicts only 
a 60% reduction. The gas-phase kinetics of soot precursors may par-
tially contribute to this discrepancy. As discussed in Section 5.1, the 
simulated C2H2 mole fraction profiles shown in Fig.  3 exhibit a slight 
overprediction compared to the experimental data. This deviation may 
lead to a slight overestimation of the C2H2-related HACA process across 
all flames investigated, regardless of the ethanol content. A systematic 
overprediction of the HACA contribution tends to diminish the relative 
influence of other soot processes, thereby reducing the sensitivity of 
the soot volume fraction to variations in ethanol content. Additionally, 
although the A2 mole fraction is well captured, a reduced sensitivity 
of its profiles to variations in the ethanol blending ratio in the fuel 
can be observed in Fig.  3. This leads to uncertainties in subsequent 
PAH growth pathways and PAH-related soot processes, which in turn 
are assumed to be less sensitive to changes in ethanol content. Both 
deviations may reduce the sensitivity of the simulated soot volume 
fraction to high ethanol content.

To better understand these effects and clarify the predominant 
mechanism of ethanol blending on soot formation pathways, the contri-
bution to soot particulate matter from each individual soot process such 
as inception, surface growth through the HACA-mechanism, surface 
growth through PAH-deposition (condensation), and oxidation is pre-
sented in Fig.  6. The data reveal that the maximum rates of inception of 
young soot particles, as well as the subsequent growth rates by both the 
HACA-mechanism and PAH-deposition, systematically decrease as the 
7 
ethanol fraction in the fuel blend is increased. Additionally, both HACA 
and oxidation rates are active in a narrow spatial region, between 6
and 6.5mm, compared to the broader region where soot is present and 
nucleation and condensation occur, from 5 to 6.5mm. The observed 
trends in nucleation and PAH-deposition can be attributed to a general 
decrease in the A4 mole fraction peak, the sole species considered for 
the modeling of these soot processes. This trend is present across the 
flame except close to the particle stagnation plane, as shown in Fig.  3.

The HACA source term depends on both C2H2 concentration and 
the particle size distribution itself. Therefore, since C2H2 is formed 
in larger amounts at higher ethanol concentration (see Fig.  3), the 
reduction of HACA source term may be attributed to a lower total active 
particle surface area available to interact with C2H2 at higher ethanol 
contents. Inception and condensation are strongly sensitive to ethanol 
content, while the variation of the HACA-mechanism is comparatively 
moderate. The magnitude of soot oxidation also decreases with in-
creasing ethanol content in the fuel mixture. As a result, oxidation 
does not contribute an additional soot reduction effect for increasing 
ethanol blending compared to the flames without (EthOHX00). The 
trend of the absolute value of soot oxidation does not correlate with 
the changes in the OH profiles shown in Fig.  2. Similarly to the HACA-
mechanism, the reduction in oxidation rate can be explained by a 
less active surface on the soot particles at higher ethanol content in 
the fuel mixture. Furthermore, OH is present primarily in a region 
between 6.5mm and 8.0mm, while soot particles begin to form closer 
to the fuel nozzle, for a distance lower than 6.5mm. These processes 
suggest that PAHs and PAH-based soot processes are the dominant 
factors influencing the effect of ethanol on soot formation in the flames 
studied, rather than oxidation or the HACA-mechanism. Therefore, the 
overprediction of naphthalene (A2) observed at 40 and 60% ethanol 
blends in Fig.  3 might cause a higher concentration of larger PAHs 
as pyrene (A4), consequently resulting in the overestimation of soot 
formation observed in Figs.  4 and 5.  The peak soot volume fraction 
shows a non-monotonic dependency on ethanol content, with an in-
termediate maximum at 5 % ethanol shown in Fig.  5. This behavior 
contradicts the monotonic decrease observed for the absolute peak 
values of all four soot formation processes plotted in Fig.  6, as the 
ethanol fraction is increased. The flame containing 5% ethanol shows 
slightly higher nucleation and condensation rates in the vicinity of 
the stagnation plane, where particle residence times are longest. This 
can be directly linked to the A4 species profile shown in Fig.  3. At a 
𝐻𝐴𝐵 = 5mm, the mole fraction of A4 is noticeably greater for the 
5%-ethanol flame than for the neat gasoline case, indicating that the 
enhanced nucleation/condensation at this location is responsible for the 
intermediate soot volume fraction maximum. Here, slight variations in 
the processes have time to accumulate, which ultimately explains the 
non-monotonic effects. 

5.3. Particle size distribution

The PSDs of all investigated flames are numerically and experi-
mentally analyzed to determine the effects of ethanol blending on the 
formation of both small and large soot particles. Fig.  7 presents the 
normalized particle size distributions for both the experimental and 
numerical data at axial distance 𝐻𝐴𝐵 = 5.5mm, corresponding approx-
imately to the peak soot volume fraction location within the flames. 
Each distribution is individually normalized either by the maximum 
number concentration of their second mode or by the corresponding ex-
perimental data, respectively. The results are presented here on a linear 
scale to clearly highlight the effect of ethanol on the second PSD mode. 
The correspondent log-scale plot is provided in the appendix. Overall, 
both experimental and numerical results indicate a decrease in particle 
diameter at their number concentration peaks with increasing ethanol 
content. However, this trend is different for lower ethanol content: the 
EthOHX05 flame exhibits the largest particle diameters, following the 
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Fig. 6. Computed source terms of the individual soot processes for vary-
ing ethanol content: nucleation, PAH-deposition, HACA-mechanism, and soot 
oxidation (from top to bottom). Insets highlight the source terms for the 
EthOHX00 and EthOHX05 flames near the particle stagnation plane.

trend of soot volume fraction for increasing ethanol content. Quanti-
tatively, the peak diameter in the experimental results varies between 
7 nm ≤ 𝑑𝑝 ≤ 54 nm and therefore features larger sensitivity than the 
numerical results, which have peak diameter changes of the second 
mode between 35 nm ≤ 𝑑𝑝 ≤ 50 nm. This trend remains significant 
even when the experimental uncertainty of less than 20% is taken into 
account. The numerical results additionally indicate the formation of 
smaller particles with particle diameters 𝑑𝑝 ≤ 5 nm, representing the 
inception mode. These nascent particles exhibit negligible absorption 
at the near-infrared laser wavelength used for 2C-TiRe-LII [20]. As a 
result, they remain undetected in the experiments.

Nevertheless, the particle size distributions obtained by 2C-TiRe-
LII are in good agreement with the nucleation mode particle sizes 
8 
reported by Maricq et al. [62] for ethanol/gasoline coflow diffusion 
flames, indicating that the primary particle sizes are of the same order 
of magnitude as those in the counterflow diffusion flames investigated 
here. Frenzel et al. [12] observed smaller count median diameters 
in premixed iso-octane/ethanol flames without aromatics, but when 
comparing flames with similar soot volume fractions, the reported 
values are consistent with the present results. Unfortunately, further 
validation data are not available.

To further investigate nanoparticle formation, Fig.  8 displays the 
experimental and modeled PSDs at three different axial positions within 
the flame on logarithmic scales. The data at 𝐻𝐴𝐵 = 5.5mm corresponds 
to the data of Fig.  7. Additional PSDs are provided for positions on 
the fuel side of the particle stagnation plane (𝐻𝐴𝐵 = 5.0mm) and 
closer to the flame front (𝐻𝐴𝐵 = 6.0mm). At 𝐻𝐴𝐵 = 5.0mm, both 
the experimental and the modeling results mainly indicate the presence 
of particles with a diameter smaller than 𝑑𝑝 = 10 nm. The simulation 
results show the formation of a second mode with particle diameters in 
the range of 10 nm ≤ 𝑑 ≤ 20 nm, hence the transition from unimodal to 
bimodal PSDs. The largest particles are formed in the EthOHX05 flame 
while no clear trend is observed for other ethanol blending ratios at 
this position in the flame. Afterwards, the soot particles are transported 
towards the particle stagnation plane at approximately 𝐻𝐴𝐵 = 5.1mm
limiting further particle evolution on the fuel nozzle side of the particle 
stagnation plane.

The PSDs at 𝐻𝐴𝐵 = 6.0mm represent an early stage in the par-
ticle maturation process. This stage occurs after the initial inception 
at higher 𝐻𝐴𝐵𝑠, near the flame front, and precedes the convective 
transport of the particles to 𝐻𝐴𝐵 = 5.5mm, shown in the center 
column of Fig.  8. Ultimately, the particles reach the peak soot volume 
fraction position on the oxidizer side of the particle stagnation plane. 
Therefore, at 𝐻𝐴𝐵 = 6.0mm, the PSDs exhibit particles with smaller 
peak diameters and higher number density than at 𝐻𝐴𝐵 = 5.5mm. 
However, they follow the trends observed for varying ethanol blending 
ratios in Fig.  7. While experimental data only proves the presence 
of larger particles at these positions, simulation results also indicate 
a significant decrease in the number of smaller particles at ethanol 
contents above 10 vol%.

6. Conclusion

In this study, the effects of ethanol blending on the sooting be-
havior of non-premixed gasoline surrogate flames are investigated. 
Counterflow diffusion flames under constant conditions of strain, flame 
position, and carbon stream, but with varying amounts of ethanol, 
are studied combining experimental data with detailed numerical sim-
ulations. Detailed kinetics combined with the S-EQMOM soot mod-
eling approach are employed to provide a deeper insight into the 
underlying soot formation processes. The results show that small ad-
ditions of ethanol increase the amount of soot formed, while higher 
amounts of ethanol significantly reduce soot particulate matter. This 
non-monotonic trend, featuring a maximum soot volume fraction at 
approx. 5 vol% ethanol and a noticeable soot reduction at intermediate 
ethanol contents, is well captured by the model, although it quan-
titatively underpredicts the soot reduction at higher ethanol levels. 
Further analysis indicates that soot inception, condensation, and HACA-
mechanism are reduced at higher ethanol ratios, while the processes 
most sensitive to the ethanol content are those governed by the PAH 
concentrations. Although both the absolute HACA-process and soot 
oxidation decrease with increasing ethanol blending, the correspond-
ing gas-phase species concentrations (C2H2 and OH) exhibit opposite 
trends. These findings suggest that the inception and condensation 
mechanisms are the main limiting factors of the soot formation pro-
cess when ethanol is added, leading to the observed soot reduction 
effects under the investigated non-premixed conditions. Additionally, 
the investigated particle size distribution primarily shows a reduc-
tion in peak diameter for larger particles and a reduction in number
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Fig. 7. Normalized particle size distribution of experimental data (left) and simulation results (right) at 𝐻𝐴𝐵 = 5.5mm. All distributions are normalized to the 
peak particle concentration, while the corresponding value of the second PSD mode is used for the simulation results.
Fig. 8. Normalized particle size distribution for varying ethanol content at 𝐻𝐴𝐵 = 5.0mm (left column), 𝐻𝐴𝐵 = 5.5mm (middle column), and 𝐻𝐴𝐵 = 6.0mm
(right column). Experimental results (bottom row) are normalized to the peak number, whereas simulation results (top row) are in absolute numbers.
concentration for smaller particles. These effects occur at intermedi-
ate and higher blending ratios, while low ethanol amounts increase 
the particle diameter. This result is of significant importance, as it 
contributes to a deeper understanding of the effects of ethanol fuel 
blends not only on soot volume fraction but also on the size of the 
produced particles. In particular, quantifying the impact of ethanol 
blending on the production of fine particles, which are challenging to 
detect experimentally, provide valuable input for future assessment on 
the potential effects on local air quality and human health.
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Fig. A.1. Normalized PSD of experimental data (left) and simulation results (right) at 𝐻𝐴𝐵 = 5.5mm. All distributions are normalized to the peak number of 
their first (experiments) or second mode (simulations), respectively.
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Appendix. PSDs on logarithmic scale

To support the analysis of the effects of ethanol blending on the for-
mation of both nanoparticles and larger soot particles, the particle size 
distribution results presented in Fig.  7 are also shown on a logarithmic 
scale in Fig.  A.1.
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