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A B S T R A C T

Alternative aviation fuels are crucial to achieve CO2 neutrality and reduce non-CO2 climate effects. By reducing 
soot and advancing the understanding of contrail formation, these fuels hold the potential to mitigate warming 
effects on a global scale while also improving local air quality. Consequently, a comprehensive understanding of 
pollutant formation during the combustion of fuels or single component model fuels, with a particular focus on 
soot formation, is crucial for further fuel optimization. The development of fast and efficient methods for 
measuring parameters like the soot potential with regard to different molecular components are essential to 
achieve this objective. A novel screening method is currently under development to provide a fast overview of 
soot tendencies of different fuels or fuel components. To enhance the efficiency of measuring the soot tendency 
related to the yield sooting index (YSI), through the reduction of sample volumes, automation, and increased 
throughput in a shorter time frame compared to existing experiments with diffusion flames. This approach is 
based on measurements of soot precursors in the DLR’s flow reactor coupled with molecular-beam mass spec
trometry (MBMS). In order to optimize the throughput of samples, a standalone autosampler apparatus has been 
integrated into the existing experimental setup, together with a new method for the data evaluation. This study 
provides insights into the soot formation by demonstrating a correlation between measured signal intensities of 
C12H10 as soot precursor, obtained through the developed method, and the YSI, while also introducing a novel 
sooting index, called derived sooting index (DSI).

1. Introduction

Alternative, sustainable fuels represent a significant contribution in 
the pursuit of CO2 neutrality within the aviation sector. The application 
of these sustainable aviation fuels (SAFs) has the potential to improve air 
quality at the local level and mitigate the climate impact by two distinct 
effects: reducing effective CO2 emissions by its sustainable feedstock and 
non-CO2 effects [1] by reducing aviation induced contrail formation.

With regard to the impact of climate change, it is of greater conse
quence to examine the influence of non-CO2 effects than to focus on CO2 
alone. In their study, Lee et al. [1] estimated radiative forcing values for 
CO2 at 34.3 mW/m2 and for non-CO2 emissions at up to 114.8 mW/m2 in 
the year 2018, emphasizing the relevance of investigations into non-CO2 
terms. This climate metric describes the changes of the earth’s energy 
balance due to alterations in radiation from space caused by external 

drivers, such as the amount of particles in the atmosphere [2]. Radiative 
forcing classifies the influence of emissions on the climate change as 
positive (warming) or negative (cooling) contribution [1–3]. For 
example, soot particles contribute to warming with radiative forcing 
values at 0.94 mW/m2, exerting a significant radiative effect [1]. When 
considering the overall impact of total emissions, the net result of all 
mentioned contributions is a warming effect [3].

The adverse effect of soot particles on the climate is attributed to 
their involvement in the formation of contrails. This process is initiated 
by the emission of water vapor, which subsequently condenses onto soot 
and other atmospheric particles [4]. The formation of water droplets on 
the particles surface is initiated until they freeze due to low tempera
tures at higher altitudes in the troposphere. Consequently, contrails 
consist out of hundreds of ice particles, which are responsible for 
numerous negative impacts such as positive radiative forcing with 
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values at 111.4 mW/m2 for high-humidity regions [1]. In response, the 
aviation sector is aiming for sustainable solutions to reduce these 
various emissions.

A significant contributing factor in the pursuit of CO2 neutrality and 
the reduction of non-CO2 effects within the aviation industry can also be 
achieved by alternative aviation fuels. The application of these fuels 
holds the potential to improve local air quality and mitigate the climate 
impact of aviation on a global scale once properly designed [5]. Voigt 
et al. [6] demonstrated that the formation of ice particles and the 
resulting contrails could be reduced by using alternative fuels compared 
to a conventional fossil reference fuel. Developing more environmen
tally friendly aviation fuels requires a deeper understanding of the for
mation pathways of pollutants during combustion processes and their 
dependence on the chemical composition of the fuel.

In this context, the formation mechanisms and mitigation of soot 
particles have become renewed significant areas of investigation in the 
field of emission research with major focus on the sooting tendency of 
different fuels. The tendency of a fuel to form soot is generally influ
enced by the chemical structures of the molecules [7–9]. Conventional 
jet fuels are complex mixtures composed of hundreds of individual 
compounds, encompassing a broad range of chemical structures and 
properties [10]. In both conventional and alternative aviation fuels, the 
main components are hydrocarbons with carbon chain lengths ranging 
from C8 to C16 [10]. The sooting tendency increases with the 
complexity of the molecules, and therefore, aromatic or polyaromatic 
structures have a strong influence on the soot nucleation process, lead
ing to higher soot production [8,9]. Therefore, the hydrocarbon struc
tures are the main focus of the evaluation of the fuel’s sooting tendency.

During the combustion process, the fuel is degraded into hydrocar
bon radicals and combustion intermediates. In the subsequent reaction 
stages, these radicals combine to form larger molecules, ultimately 
leading to the presence of polycyclic aromatic hydrocarbons (PAHs), 
which are known as soot precursor species. After the formation of soot 
precursors, the transition into the particle zone occurs along with sur
face growth. Through coagulation the soot particles are built up [11,12].

To quantitatively characterize the tendency of a fuel to form such 
particles, various sooting indices have been developed. The smoke point 
(SP) is a widely used parameter for evaluating the sooting behavior. It 
represents the flame height of a laminar wick flame at the onset of visible 
soot formation and is inversely related to the tendency of the respective 
sample to produce soot [13–16]. Lower SP values indicate stronger 
sooting tendencies. The exact procedure to measure this index can be 
found in the ASTM D1322.

In order to improve comparability across different instruments and 
laboratories, the threshold sooting index (TSI) was subsequently 
developed. This index converts measured SP into an instrument- 
independent metric based on calibration constants derived from refer
ence compounds. In its equation, the molecular weight of the fuel is 
included to account for differences in the stoichiometric oxygen demand 
per mole of hydrocarbon, which is closely related to the carbon-to- 
hydrogen ratio of the respective sample and thus its intrinsic sooting 
tendency. By normalizing the SP with molecular weight, the TSI enables 
a more consistent comparison of sooting behavior among fuels of 
varying molecular structures [9,15–18].

Beyond the TSI, McEnally and Pfefferle [19] introduced an index 
without measurements of the SP to calculate the sooting tendency of 
different hydrocarbon structures and fuel mixtures doped into a base 
flame. The so-called yield sooting index (YSI) represents the basis for the 
method developed in this work and serves as a useful tool for the clas
sification of single fuel components for their sooting potential. With this 
method the index can be calculated by the following equation according 
to [9]: 

YSITF= (YSIU − YSIL)×
fTF − fL

fU − fL
+YSIL (1) 

where U and L describing the lower and the upper endpoint compounds 
to define a scale for the index. This indicates that YSIU and YSIL establish 
the evaluation scale, typically defined by toluene (YSIU = 170.9) and n- 
heptane (YSIL = 36.0). TF represents the equivalent test fuel being 
analyzed. The maximum soot volume fraction fi of the different hydro
carbons is measured in the basic method by laser-induced incandescence 
(LII) at a co-flow non-premixed methane flame doped with the respec
tive fuel of interest [19]. The resulting scale can be customized for 
various single components investigations by individually selecting the 
starting and ending points with specific parameters [9,19,20]. In the 
further development of this index, Das et al. [21] established a unified 
scale for neat compounds, with the objective of integrating disparate 
databases. This unified scale is specifically designed to facilitate the 
calculation of scales for oxygenated hydrocarbons, which are of greater 
relevance for biofuels. Herein, all YSIs refer to this unified scale.

The development of this index has led to the improvement of mea
surement methods for obtaining fi. By using the experimental methods of 
color-ratio pyrometry, LII and laser extinction (LE) for measurements of 
fi, it was possible to create a database with more than 400 hydrocarbon 
compounds on a unified scale [9,21,22]. The new scale grouped both 
non-aromatic and oxygenated compounds in YSI values between 6.6 and 
161, while the YSIs of aromatic hydrocarbons span the range from 100 
to 1400 [21]. An additional part of this study was the development of a 
model which predicts the YSI based on the molecular structure applying 
a group contribution model [9,21]. With the unified scale for different 
YSIs and the predicting model, a large scale with many hydrocarbons 
could be defined.

The study presented in this paper demonstrates that correlating YSI 
data with specific soot precursor species formed during the oxidation in 
a flow reactor setup of neat components, mixtures and complex fuels 
provides a valuable tool for screening the sooting tendency. This 
approach builds upon established constant temperature ramp mea
surement techniques, originally developed at DLR, which have tradi
tionally been used to gain detailed insight into the kinetics of 
intermediate species formation, but are limited by long measurement 
times and high sample consumption [23–28]. By integrating key 
experimental principles of the constant ramp methodology into a fast, 
automated injection strategy, this approach represents a direct 
advancement of the conventional technique. It enables comparable 
chemical insight while significantly improving time efficiency through 
higher sample throughput and reduced required sample volumes 
(~2 mL). Above all, this development extends the capabilities of the 
experimental framework by enabling an efficient measurement of fuel 
sooting tendencies. This constitutes the central objective and primary 
contribution of this study. Based on this, the method offers the possi
bility to investigate soot precursor formation in the combustion pro
cesses of various fuels and single fuel components. However, the method 
is currently only applicable to fuels with low concentrations of multi- 
ring species or low aromatic fractions, as determining the sooting ten
dency of fuels with high fractions of either remains challenging. 
Regardless of this constraint, the analysis was intentionally restricted to 
samples with YSI values above 100, as this range is particularly relevant 
for the investigation of complex fuel compositions and soot formation in 
general. The prediction of the sooting tendency of different hydrocarbon 
structures is demonstrated by quantifying and comparing specific soot 
precursor molecules formed during the combustion process and subse
quent calculation of a new sooting index called derived sooting index 
(DSI). This approach aims for the categorization of the sooting tendency 
of the respective fuel or neat component under investigation on a 
defined scale. Note, that the presented approach establishes the corre
lation earlier in the soot formation process compared to standard YSI 
measurement techniques, which primarily focus on soot particles. The 
investigation of the YSI correlation is therefore carried out with the soot 
precursor C12H10 by analyzing these species in an atmospheric flow 
reactor with electron-ionization molecular-beam mass spectrometry (EI- 
MBMS) at a defined temperature [23,24]. This soot precursor was 
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identified as a promising candidate through analyzing a previous study 
[24]. The selection of the soot precursor C12H10 was based on an eval
uation of complex fuel measurement data from previous constant ramp 
experiments reported by Oßwald et al. [24], reanalyzed in accordance 
with the data treatment required for the DSI approach and afterwards 
measured again with the new developed approach. Among several soot 
precursors considered, C12H10 exhibited the strongest correlation with 
predicted YSI values and was therefore chosen for the present study. In 
the following, the experimental setup, the results containing preliminary 
experiments and their correlation with the YSI as well as its discussion 
will be demonstrated.

2. Experiment and investigated fuels

The experimental setup for the developed method consists of three 
main components: (1) an automated sample inlet system, (2) a flow 
reactor, and (3) an analytical data acquisition system. Fig. 1 illustrates 
the experimental setup of the flow reactor coupled with the automated 
sample application, the flow reactor and the EI-MBMS system including 
a time-of-flight (TOF) mass spectrometer [23].

The liquid samples are automatically injected with a 100-µL syringe 
(Smart syringe, U100-PrS-072-017-65LC) via an autosampler system 
(MultiPurposeSampler, GERSTEL). The autosampler system is imple
mented in the experimental setup and enables an automated sample 
preparation, application and cleaning process of the syringe. Reaction 
conditions are inspired by previous studies performed with this system 
[23–25]. After passing a heated injection port integrated in the auto
sampler system, the defined sample volume enters a carrier gas stream 
heated through heating hoses. To ensure complete evaporation for all 
samples this injection port is heated between 100 ◦C (373 K) up to 
250 ◦C (523 K) depending on the boiling point of the respective sample 
using a heating tape. Following evaporation, the gas stream composes, 
besides the sample, of 17.64 g/min argon and 71.37 mg/min oxygen as 
the oxidizer. The flow rates of the gases are regulated by Coriolis mass 
flow controllers (Bronkhorst® mini CORI-FLOW). Flow conditions are 
carefully stabilized across all measurements, maintaining a constant fuel 
equivalence ratio of ϕ = 2. The fuel flow is adjusted to the fixed oxygen 
flow to realize an injection period of 50 s at the desired equivalence 
ratio. Density at 20 ◦C (293 K) was applied to calculate the liquid volume 
flow. The residence time in the oven section of the reactor is dependent 
on the selected temperature. At 477 ◦C (750 K), the residence time is 2.8 
s, whereas at 977 ◦C (1250 K), it decreases to 1.7 s.

The gas flux is preheated to 200 ◦C (473 K) after the injection process 

with heating hoses and transferred to the inlet flange of the flow reactor. 
The sample is highly diluted with more than 99% of the inert gas argon 
before entering the flow reactor in the next step to prevent heat release 
and self-sustaining reactions in the subsequent process.

The atmospheric flow reactor consists of a quartz tube with an inner 
diameter of 40 mm and a length of 1500 mm that is gas-tight mounted in a 
stainless-steel flange at the inlet. The temperature of the inlet flange is 
maintained at 200 ◦C using a heating tape. The flow reactor can be 
operated either with a controlled temperature ramp (e.g. 200 K/h), as 
used in previous detailed fuel investigations [23]. For this reference 
method, continuous fuel flow conditions are maintained by a commercial 
vaporizer (Bronkhorst® CEM W-102A-133-K) as used in previous studies 
[26,27,29]. Alternatively, the reactor can be held at a specific tempera
ture in the new method, further mentioned as measurements for the 
derived sooting index (DSI). The reactor temperature in the experiments 
for this study vary from 700 to 900 ◦C (973–1173 K) in 50 K steps by a 
split tube furnace with a heated length of 1040 mm (Carbolite Gero model 
FZS 13/40/1000). The temperature difference between the reactor’s inlet 
flange and the active heating zone generates a temperature profile along 
the reactor length, which is published in [25].

For analyzing, a gas sample is directly extracted from the reactive 
zone at the reactor outlet using a quartz nozzle. After passing the nozzle 
the products and intermediates from the combustion process undergo a 
two-stage expansion into the ionization chamber of the reflectron time- 
of-flight mass spectrometer (Kaesdorf, m/Δm = 3000 at m/z 28) to 
determine the exact elemental composition (C/H/O). Due to the sig
nificant pressure drop from atmospheric level to about 10− 3–10− 4 mbar, 
a molecular-beam is formed, and the composition at the sampling po
sition is preserved so that all chemical reactions are immediately 
quenched. The ionization process takes place at a two-stage Wiley- 
McLaren ion source. The nominal ionization energy is set to 13.5 eV 
(FWHM ≈ 1.4 eV), which is an adequate tradeoff between a sufficient 
signal intensity and low fragmentation. A detailed description of the 
applied EI-MBMS setup and the data acquisition process can also be 
found in [23].

The EI-TOF-MBMS system allows the analysis of different formed 
soot precursors at defined temperatures for each sample. The data 
acquisition process is synchronized with the injection method, 
commencing at the initiation of the autosampler injection method and 
ending at a point that exceeds the end of injection for a suitable time, 
described below in chapter 3.1, to capture the full process. The auto
sampler injection sequence itself begins with different wash steps with 
solvents for cleaning the syringe prior to the injection of the actual 

Fig. 1. Schematic figure of the automated sample application via autosampler, the flow reactor and the electron-ionization molecular-beam mass spectrometry 
(EI-MBMS) system including the time-of-flight (TOF) mass spectrometer.
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sample.

2.1. Reference substances and fuels

A total of 16 different neat hydrocarbon samples as well as seven 
binary mixtures and nine different complex fuels are selected to analyze 
the soot precursor signals in correlation with YSI values. As the primary 
focus is on conventional and alternative jet fuels the selection is limited 
to neat hydrocarbons exhibiting YSI values above 100. Within this 
regime the selection represents a broad range of boiling points and YSI 
values. To access a continues YSI scale at the relevant range, binary 
mixtures were introduced. For this purpose, a low-sooting hydrocarbon, 
dodecane (YSI = 67.1), was combined with a higher-sooting aromatic 
compound, propylbenzene (YSI = 235.7). Both species are common 
representatives at technical jet fuels [24,30,31]. Table 1 shows the 
different samples and the YSI values from the unified scale [21] for the 
neat hydrocarbons. The YSI values for the mixtures were calculated by 
weighting the indices from literature with respective mole fractions.

A broad range of alternative and conventional complex fuels was 
selected, including conventional Jet A-1, hydrotreated Jet A-1, SAF 
blends containing Fischer–Tropsch (FT) fuel and hydroprocessed esters 
and fatty acids (HEFA) components, a catalytic hydrothermolysis jet 
(CHJ) fuel, as well as a high-aromatic surrogate. The technical fuels 
were gathered from a previously conducted speciation study [24] and 
combined with predicted YSI values. These predicted sooting indices 
were obtained from a model-based approach that estimates YSI values 
using the compositional group-type analysis assuming a uniform isomer 
distribution for available data at each chemical group. This model fol
lows a weighted averaging method [32,33] and is reported on by Pütz 
et al. [34]. Reaction conditions are designed according similar to the 
neat substances, i.e., constant oxygen while maintaining the fuel flow to 

match the ϕ = 2 conditions. Calculations are based on the reported bulk 
parameter (mean molar mass and C/H ratio) from [24]. An overview is 
given in Table 1.

3. Results and discussion

To gain a comprehensive understanding of the new measurement 
process, the injection system was examined for potential inconsistencies 
in terms of sample flow and data reproducibility. Additionally, the 
comparability between the constant ramp measurement procedure as 
reference and the new DSI-method was assessed in terms of temperature 
alignment. Using the soot precursor C12H10, an attempt was made to 
identify correlations between soot precursor species and existing YSI 
data.

3.1. Validation and verification of the experimental approach

To evaluate stability and consistency during sample injection, the 
automated sampling system was configured to deliver a steady fuel flow 
for a 50 s period to the flow reactor for the respective sample. The mass 
spectrometer was set to record one spectrum every seven seconds, 
resulting in a total of seven spectra over the 50 s injection period of the 
sample, enabling assessment of flow stability across the entire injection 
window. For these experiments, the reactor temperature was main
tained at 200 ◦C (473 K) to prevent combustion reactions, focusing the 
mass spectra on fuel specific components.

Fig. 2 shows the results for three representative samples, benzene, 1- 
methylnaphthalene and diphenylmethane, representing species with in
termediate and high boiling point, respectively. The signal intensity (a.u.) 
over the injection period displays a near-rectangular profile, indicating 
stable conditions within the reactor throughout the sample application. 

Table 1 
Investigated samples, including single components, binary dodecane/propylbenzene mixtures with their respective mole fractions of dodecane, and real fuel samples. 
The table lists the (average) molecular formula, YSI values from literature for the single components, calculated YSI values for the binary mixtures, predicted YSI values 
for the real fuels, and the injected fuel flux over 50 s [21,24].

Sample Molecular formula YSI Injection flux [µL/s]

Dodecane C12H26 67.1 0.93
Benzene C6H6 100.3 0.88
Decahydronaphthalene C10H18 105.5 0.81
Farnesane C15H32 109.8 0.89
1,8-Cineole C10H18O 111.0 0.89
Bicyclohexyl C12H22 117.1 0.82
R-Limonene C10H16 137.4 0.86
Ethylbenzene C8H10 216.0 0.86
Propylbenzene C9H12 235.7 0.87
Butylbenzene C10H14 245.1 0.86
Octylbenzene C14H22 257.1 0.85
1,3,5-Trimethylbenzene C9H12 310.9 0.86
1,2,3,4-Tetrahydronaphthalene C10H12 336.0 0.78
1,5-Dimethyltetralin C12H16 607.3 0.78
Diphenylmethane C13H12 612.5 0.77
1-Methylnaphthalene C11H10 649.1 0.77
Mixture YSI-79 C11.7H24.6 (xC12 = 0.9) 79.1 0.93
Mixture YSI-91 C11.4H23.2 (xC12 = 0.8) 91.9 0.92
Mixture YSI-105 C11.1H21.8 (xC12 = 0.7) 105.5 0.91
Mixture YSI-135 C10.5H19.0 (xC12 = 0.5) 135.9 0.90
Mixture YSI-171 C9.9H15.2 (xC12 = 0.3) 171.1 0.89
Mixture YSI-190 C9.6H14.8 (xC12 = 0.2) 190.8 0.88
Mixture YSI-212 C9.3H13.4 (xC12 = 0.1) 212.3 0.87
JS-A1.3 C11.11H22.31 100.2 0.88
E2-SAJF2 C10.42H21.05 111.9 0.89
E1-FSJF C11.36H22.35 118.6 0.86
E1-SSJF1 C16.26H32.50 120.2 0.88
JS-A1 C11.15H21.67 135.9 0.88
E1-Ref2 C11.85H22.49 149.2 0.87
E2-Ref3 C11.88H22.38 157.7 0.86
JS-B3 C11.43H21.20 163.3 0.88
JS-C3 C13.36H24.01 207.1 0.85
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This near-rectangular shape, with a consistent signal level confirms that 
the automated injection system, equipped with the autosampler, delivers 
a steady and controlled sample flow.

The red-marked area at the end of the almost rectangular profile 
represents deviations caused by a trailing in the injection, which results 
from delayed vaporization of the respective compounds. 1-methylnaph
thalene, with a boiling point of 245 ◦C (518 K), exhibits a higher 
retained fraction and a shorter tail compared to diphenylmethane, 
which has an even higher boiling point of 264 ◦C (537 K). Deviations of 
up to 10% were identified as the most critical case; thus, an approxi
mately rectangular profile with more than 90% is considered acceptable. 
The stability of these profiles validates that the calculated measurement 
conditions were maintained for 50 s, with no observable shift in pa
rameters like the fuel equivalence ratio. Ramp up and decay periods are 
expected to be negligible compared to the steady state period. This 
experiment was additionally performed for all other samples mentioned 
in chapter 2 with the similar results.

The reproducibility of the injection system combined with the MBMS 
setup was evaluated by performing three replicate measurements of the 
selected samples with YSI values over 100 at 800 ◦C (1073 K). Fig. 3
shows the mean relative signal of the soot precursor C12H10, with error 
bars representing the absolute standard deviation (1σ). The deviations 
were found to be negligible, with a maximum standard deviation of 0.05 
(5.7% for 1,5-dimethyltetralin) and a minimum of 0.0007 (1.7% for 
benzene). These results confirm the reproducibility of the system, 

consequently, measurements at other temperatures were conducted only 
once.

Following the successful demonstration of stability and 

Fig. 2. Evaluation of the signal (a.u.) during the injection for the three exem
plary samples benzene, 1-methylnaphthalene and diphenylmethane at 200 ◦C 
(473 K) with constant injection flow over 50 s and signal fraction within the 
predefined injection window (gray shape).

Fig. 3. Relative signal of the soot precursor C12H10 from the MBMS system for 
the neat hydrocarbon structures at 800 ◦C (1073 K) with error bars (one 
standard deviation of three measurements) from triple determination in 
full scale.

Fig. 4. Signal intensities of C6H6 (a and c) and C10H8 (b and d) from constant 
ramp measurements (grey) as well as the new methods (red) correlated to the 
temperature of the flow reactor for the samples decahydronaphthalene (a and 
b) and 1,2,3,4-tetrahydronaphthalene (c and d). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.)
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reproducibility in the automated measurement system, a comparative 
analysis with the constant ramp measurements was conducted to eval
uate data consistency. The DSI approach is based on the experimental 
framework of the constant temperature ramp measurements, utilizing 
the same flow reactor and MBMS system but incorporating a fast, 
automated injection strategy. This configuration enables more efficient 
measurements with reduced sample volumes while retaining the capa
bility to investigate soot precursor formation and sooting tendencies. 
This comparison aimed to determine whether data acquired with the 
new DSI-method could be integrated with existing datasets to expand 
the overall database and build a more comprehensive basis for analysis. 
16 neat components were measured with the DSI-method for reactor 
temperatures spanning from 700 ◦C (973 K) to 900 ◦C (1173 K) in 50 K 
steps to gain respective temperature profiles. Intermediate species evo
lution with the reactor temperature can be reconstructed from those five 
injections. For reference, data from the constant ramp measurement 
procedure was obtained using decahydronaphthalene (decalin) and 
1,2,3,4-tetrahydronaphthalene (tetralin) as test samples.

In the constant ramp measurements, the temperature ranged from 
550 ◦C (823 K) to 1000 ◦C (1273 K), with a controlled temperature 
decrease of 200 K/h. Fig. 4 compares normalized soot precursor re
sponses of C6H6 (a and c) and C10H8 (b and d), obtained from both 
methods for the fuels decahydronaphthalene and 1,2,3,4-tetrahydro
naphthalene. Dataset from both measurement techniques were ac
quired under rich fuel conditions (ϕ = 2) allowing a direct comparison. 
The signal intensity profiles as a function of temperature reveal that the 
peak positions of both investigated soot precursors align closely across 

both methods.
This proves the ability of reconstruction the well-known species 

evolution of fuels and single components [28,35] by single injections at 
selected temperatures. As a result, the two measurement approaches are 
comparable in terms of soot precursor generation relative to tempera
ture. The comparability of the two methods validates that previously 
acquired data can be compared to data from the new DSI-method, 
facilitating an expanded dataset and enabling broader analysis of soot 
formation dynamics. Note that under these conditions, the peak con
centrations of most soot precursors occur between 800 ◦C (1073 K) and 
950 ◦C (1173 K), which enables further correlation of the YSI with soot 
precursor signals. A set of five temperatures, i.e., 700, 750, 800, 850 and 
900 ◦C, has been identified to cover the majority of soot precursors 
within the selected fuels.

3.2. Soot precursor selection for the DSI-method

Previous studies, e.g. [16,36,37] have proven the ability of rating a 
specific sooting propensity of complex fuels and single compounds. In 
order to determine a suited soot precursor, species for particular ranking 
technical fuels, the respective peak mole fractions from previous 
detailed speciation study involving various complex jet fuels were 
correlated. In the study by Oßwald et al., 42 jet fuels were investigated 
[24] and nine of them were selected for the present work based on their 
availability and the ability of predicting YSI data. Fig. 5 presents the 
peak maximum signal obtained from constant ramp measurements of 
the soot precursors C12H10 (c), C6H6 (a) and C13H10 (b) for these nine 

Fig. 5. Correlation between peak mole fraction of the soot precursors C6H6 (a), C13H10 (b) and C12H10 (c) for the jet fuels gathered from constant ramp measurements 
at the MBMS setup [24] and predicted YSI values based on the molecular composition of the complex fuels; Linear fit in red. (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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fuels, correlated with their predicted YSI values. The strongest correla
tion to YSI was found for the soot precursor signal of C12H10 (c), 
confirmed by a linear fit (red line), yielding a Pearson R of 0.98. Weaker 
correlations are seen for smaller (e.g. benzene, C6H6) as well as larger 
soot precursor species (e.g. C13H10, expected to consist primarily from 
fluorene).

Non ideal correlation of small soot precursors as benzene or 
substituted benzenes for the jet fuels can be expected since these fuels 
typically consist of a noticeable fraction of aromatic compounds, pri
marily substituted benzenes. For technical fuels containing aromatics, 
previous studies have not validated benzene as proper predictor of its 
sooting propensity when particular direct reaction channels from 

Fig. 6. Signals of the soot precursor C12H10 obtained from the new injection system combined with MBMS system across all investigated temperatures for 16 neat 
hydrocarbon structures; Peaks interpolated with a Gaussian fit (red line). (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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specific fuel constituents towards benzene are active [16,24]. From this 
perspective a large soot precursor should be chosen to ensure equili
bration of individual fuel specific reaction channels. However, larger 
soot precursor species decrease in concentration and approach the 
detection limit of the measurement system. Pyrene isomers (C16H10) for 
example have only been detected for very high sooting fuels. C13H10 
appears to be the largest precursor exhibiting a sufficient signal-to-noise 
ratio for all fuels even though scatter is clearly increased compared to 
C12H10. For this reason, the soot precursor C12H10 was selected in the 
following. Please note that for the elemental composition C12H10, the 
isomers acenaphthene with its naphthalene base structure as well as 
biphenyl with its benzene base structure have to be expected to 
contribute to signal and different formation routes may exhibit still over 
proportional sensitivity to specific fuel components. To assess potential 
contributions from different formation pathways and isomer-specific 
fragmentation behavior, the fragmentation patterns of acenaphthene 
and biphenyl were investigated at 200 ◦C under the applied experi
mental conditions; the corresponding mass spectra are provided in the 
supplementary material (supporting Fig. S1). No observable fragmen
tation patterns were identified that could affect the subsequent corre
lations and slope determinations.

3.3. Species peak reconstruction and intensity determination

Due to the convincing correlation between YSI values and the peak 
mole fraction of C12H10 measured at the detailed jet fuel experiments 
[24] determination of the actual peak signal value appears appropriate. 
Actually, initial approaches at a fixed temperature had indeed not shown 
comparable correlation to the reference YSIs. Also considering the 
maximum signal from a set of temperatures is not fully convincing. For 
this reason, a peak signal determination strategy was developed with 
five specific temperatures, ranging from 700 ◦C (973 K) to 900 ◦C (1173 
K), where the actual signal peak is determined based on a Gaussian fit.

For the samples 1,2,3,4-tetrahydronaphthalene and 1,3,5-trimethyl
benzene, additional data points at 950 ◦C (1223 K) were included to 
improve the further fit process. This enables the replication of the results 
from the constant ramp measurements using only a limited number of 
data points at these defined temperatures. The uncertainty in the 
interpolated peak signal obtained using the Gaussian fit function is 

18.3%. The Gaussian fit function is used to interpolate the peak 
maximum from at least five data points, aiming to reproduce the values 
obtained from the time-consuming constant ramp measurements, which 
typically require several hours. Fig. 6 presents the signals of the soot 
precursor C12H10 across all investigated temperatures for the 16 neat 
hydrocarbon structures, which were used as calibration samples for the 
subsequent determination of the complex fuels. The peak value of the 
Gaussian fit (red line) serves as the basis for further correlation analysis. 
Fig. 6 demonstrates that the peak maxima can be successfully interpo
lated from only a few data points, with the Gaussian fit sufficiently 
representing the measured values.

3.4. YSI correlation with the DSI-method

The following section presents data from the oxidation experiments 
conducted on 16 different neat samples, seven mixtures and nine 
different complex fuels using the flow reactor setup with the new DSI- 
method. For the investigation of the correlation between the YSI 
values of these samples and the mass spectrometer signals of the soot 
precursor C12H10, a temperature range between 700 ◦C (973 K) and 
900 ◦C (1173 K) in 50 K steps was recorded and processed to interpo
lated the peak maxima. This correlation may serve as a calibration step 
for the subsequent analysis of complex fuel mixtures.

Fig. 7 presents the relationship between the peak soot precursor 
signals and the YSI values obtained from YSI database [21]. For 13 
molecular structures, the linear fit (red line) demonstrates an accept
able correlation with a Pearson coefficient of 0.98. The 95% confidence 
interval (CI) including upper (UL) and lower limit (LL) were deter
mined for both, the slope and the y-intercept of the regression. For the 
slope, the 95% confidence interval ranges from 43.8 (LL) to 57.1 (UL), 
while for the y-intercept the corresponding limits span from − 5022.3 
(LL) to − 1456.5 (UL). Three outliers, 1,5-dimethyltetralin, benzene, 
and diphenylmethane, were identified and excluded from the fit. These 
species likely promote the direct formation of C12H10 through specific 
structural features. 1,5-dimethyltetralin already contains the carbon 
framework of acenaphthene and may form C12H10 through dehydro
genation, whereas benzene can generate phenyl radicals that recom
bine to form biphenyl. Diphenylmethane may thermally decompose to 
phenyl radicals, which can also recombine to yield C12H10 [38]. As a 

Fig. 7. Peak maximum signals of the soot precursor C12H10 obtained from the 
new injection system combined with MBMS for 16 neat hydrocarbon structures 
with outliers marked as red points (1,5-dimethyltetralin (YSI = 607.3), benzene 
(YSI = 100.3), and diphenylmethane (YSI = 612.5)); Linear fit as red line with 
95% CI for slope (UL = 57.1, LL = 43.8) and y-intercept (UL = − 1456.5, LL =
-5022.3). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Fig. 8. Peak maximum signals of the soot precursor C12H10 obtained from the 
new injection system combined with MBMS for 16 neat hydrocarbon structures 
(black squares), seven mixtures (blue triangles) and nine complex fuels (orange 
dots). (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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result, these fuels produce disproportionately high C12H10 signals 
relative to their overall sooting tendency and are therefore not repre
sentative for the general correlation.

However, the focus of this study lies primarily on the YSI range be
tween 100 and 300, which is most relevant for jet fuel samples in the 
further process and uncertainties at these higher YSIs may be acceptable.

In the next step, the measured signals of the soot precursor C12H10 
were analyzed for the designed mixtures and the complex fuels. The 
peak maxima were again determined using a Gaussian fit based on these 
discrete temperature points. The results for all seven mixtures as well as 
the nine complex fuels are comparable to the data shown in Fig. 7 and 
provides a reliable estimation of the peak maximum of the soot pre
cursor C12H10. Fig. 8 presents the relationships of peak maximum and 
respective YSI values across the different sample groups. The compari
son reveals that the correlation for the neat hydrocarbons and the binary 
mixtures collapse and follow a similar trend. In contrast, the correlations 
for the complex fuels deviate noticeable from this trend, indicating that 
their behavior does not align with the aforementioned trend. This is 
unexpected facing the strong linearity within the fuel series. This 
behavior either hints toward a massive underestimation of the YSI by the 
modeling approach or the significant contribution of fuel species 
exhibiting direct reaction channels towards C12H10 as seen for some of 
the neat compounds. However, based on the measured signals the fuels 
would need to have YSIs up to 450 which appears to be unrealistic. As a 
consequence, we expect the multiring components (aromatic as well as 
aliphatic) forcing this over-proportional formation of C12H10 at the 
complex fuels only. Indeed, a collapse of the trends can be observed for 
lager soot precursor but a reliable correlation is prohibited by the low 
signal level.

Unfortunately, this behavior does not allow to determine DSI for jet 
fuels based on C12H10 and a significant increase of sensitivity is needed 
to reliably determine higher soot precursor species following the DSI 
logic yet. Nevertheless, the systematic approach of determining a DSI 
based on soot precursor species for ranking the sooting tendency of fuels 
can still be verified for fuels that do not exhibit larger cyclic fuel con
stituents, i.e., the tailored mixtures, while the determination of highly 
aromatic fuels remains a limitation. Another limitation of the presented 
correlation is the selected YSI range. Within the range considered in this 
study, the correlation is valid and reproducible. However, the correla
tion based on the soot precursor C12H10 cannot be extended to YSI values 
below 100. For neat hydrocarbons in this lower YSI regime, the targeted 
soot precursor cannot be detected with the applied MBMS setup, as such 
large soot precursors are not formed under the selected measurement 
conditions at low sooting tendencies. Consequently, the applicability of 
the correlation is currently restricted to the investigated YSI range. 
Despite these limitations, the method offers several advantages. These 
include a high degree of automation, enabling increased sample 
throughput while requiring only a small sample volume (~2 mL) and 
shorter measurement times.

Using the linear correlation established between the neat hydrocar
bons and their YSI values, the DSI was calculated for the binary mix
tures. Table 2 summarizes the calculated DSI values in comparison with 
the corresponding YSI values for the respective mixture. The results 
demonstrate that the newly developed DSI-method provides reliable 
predictions for mixtures and surrogates, as the DSI and YSI values agree 
closely within the experimental uncertainty. The comparatively larger 
uncertainties of the new method relative to the established YSI approach 
underline the need for further optimization, which is expected to benefit 
from improvements in signal intensities. However, the failure of deter
mining a plausible DSI for the complex fuels discloses a significant re
striction: The chosen soot precursor needs to be decoupled from direct 
fuel decomposition pathway, i.e., it needs to be significantly larger than 
the fuel constituent to ensure an equal distribution to the soot formation 
channels.

4. Conclusion and outlook

This study presents the first results from a novel method for the 
assessment of the sooting potential of liquid fuel samples. A respective 
soot index, called derived sooting index (DSI), is established. The method 
allows for higher sample throughput, while requiring only a small sample 
volume, thereby enhancing efficiency and reducing material consump
tion. The established setup was expanded with an automated sample 
application system to ensure reproducibility and facilitate high- 
throughput operation. Comparability with previous measurement series 
at the flow reactor allows the integration of previous data, thereby 
enabling the transfer of established experimental findings to the new soot 
precursor-based method. Yale’s YSI values were compared to soot pre
cursor signals (C12H10) obtained during oxidation by molecular-beam 
mass spectrometry coupled to an atmospheric flow reactor. A good cor
relation between YSI and DSI was demonstrated for both single compo
nents and binary mixtures thus underscoring the functionality of the 
method. This is a proof of the functionality of the experimental setup and 
the process of the data handling and evaluation. The presented results 
principally demonstrate the ability of determining soot propensity of fuels 
based on comparison of intermediately formed soot precursors and their 
ranking by a respective index. Its application within as fuel screening and 
development process may enable efficient development of alternative 
sustainable fuels.

While major efforts have already been made, the next step is un
doubtedly to cover complex technical fuel mixtures. Further research is 
required to establish a correlation between the soot precursor signals 
and the YSI values for complex fuels containing multiring compounds. 
First attempts indicate significant deviations from the behavior of the 
neat hydrocarbons and the binary mixtures that may overcome by the 
application of larger soot precursors species, but sensitivity of the system 
is not sufficient for proper evaluation of larger soot precursors yet. 
Further research is required to extend the DSI-method to larger complex 
fuels and to verifying the underlying detailed causes of their differing 
behavior compared to single components and binary mixtures. The 
largest uncertainty arises from the peak interpolation using the Gaussian 
fit function. However, this also presents an opportunity to improve the 
new method and reduce uncertainty by exploring alternative fit func
tions that could better interpolate and represent the data points. Once 
this integration is achieved, subsequent work should also address fuels 
and neat hydrocarbon structures with YSI values below 100 to better 
understand their sooting behavior within the framework of the new 
method.
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